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Résumé

Cette these est divisée en trois parties. Dans la premiere partie, nous commengons

par décrire des résultats tres connus en théorie du controle géométrique tels que le
théoreme de Chow-Rashevsky, la condition de rang de Kalman, I'application Entrée-
Sortie et le test linéaire. De plus, nous définissons et nous étudions brievement la
controlabilité locale au voisinage d'un controle de référence au premier et au se-
cond ordre. Dans la deuxieme partie, nous donnons une preuve élémentaire du
lemme de Franks linéaire pour les flots géodésiques qui utilise des techniques ba-
siques de théorie du controle géométrique. Dans la derniere partie, étant donnée
une variété Riemanienne compacte, nous prouvons un lemme de Franks uniforme
au second ordre pour les flots géodésiques et on applique le résultat a la théorie de
la persistance. Dans cette partie, nous introduisons avec plus de détails les notions
de controlabilité locale au premier et au second ordre. En effet, nous donnons un
résultat de controlabilité au second ordre dont la preuve est longue et technique.



Abstract

This thesis is devided into three parts. In the first part we begin by describing
some well known results in geometric control theory such as the Chow-Rashevsky
Theorem, the Kalman rank condition, the End-Point Mapping and the linear test.
Moreover, we define and study briefly local controllability around a reference control
at first and second order. In the second part we provide an elementary proof of the
Franks lemma for geodesic flows using basic tools of geometric control theory. In
the last part, given a compact Riemannian manifold, we prove a uniform Franks’
lemma at second order for geodesic flows and apply the result in persistence theory.
In this part we introduce with more details notions of local controllability at first
and second order. In fact, we provide a second order controllability result whose
proof is long and technical.
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CHAPITRE 1

Introduction

A classical subject of the theory of dynamical systems is the stability conjec-
ture [67]. Let us recall some main definitions required to state this conjecture.
Let M be a closed smooth manifold. Denote by Diff(M) the space of C* diffeomor-
phisms of M endowed with the C* topology. First, we define the structural stability.

Definition 1.0.1 We say that f € Diff(M) is structurally stable if it has a neigh-
borhood V in Diff(M) such that for every g € V there exists a homeomorphism
h:M — M such that g = hfh™!.

Hyperbolic sets play an important role in the description of dynamical properties of
orbits.

Definition 1.0.2 A set A C M is a hyperbolic set of f € Diff(M) if it is compact,
f-invariant (i.e f(A) = A) and there exists a continuous splitting T My = E° @ E*
invariant under the derivative of f such that there exist K > 0,0 < X\ < 1, satisfying

H(Dmf")m;

for every x € A and n > 0.

x S kA" and H(Drf_n)lEx“HX < kA

A more general notion than the periodic points are nonwandering points.

Definition 1.0.3 = € M is a nonwandering point of f € Diff(M) if for every
neighborhood U of x in M there exists n # 0 such that f*(U)NU # (.

Denote by €(f) the set of nonwandering points of f and Per(f) the set of periodic
points of f. Q(f) is a closed subset of M. A less general notion than the structural
stability is the (2-stability.



Definition 1.0.4 A diffeomorphism f is Q)-stable if for every g near f there exists a
homeomorphism h : Q(f) — Q(g) such that gjog) = hfh‘_ﬂl(g).

Let us now define a specific type of diffeomorphisms namely the Axiom A diffeo-
morphism.

Definition 1.0.5 We say that f € Diff( M) satisfies Aziom A if Q(f) is hyperbolic

and Per(f) = Q(f).
The stable manifold of a given point z is given by

W) = {yl lim (£"(2). () = 0}

n—-+00

and its unstable manifold is given by

we@) = {yl lim (@), /() = 0},
If fis an Axiom A diffeomorphism, 2( f) has a unique decomposition Q(f) = Q;U...U
(), in disjoint, compact and transitive sets (transitive meaning that each ; contains
a point whose orbit is dense in ;). These sets are called basic sets. The stable
(unstable) manifold of a basic set is defined as the union of the stable (unstable)
manifolds of its points. Now we define the no cycles condition.

Definition 1.0.6 We say that f satisfies the no cycles condition if for every family
Dy, -, i, of basic sets such that the stable manifold of Q;, has nonempty intersec-
tion with the unstable manifold of €, for every 1 < j < n, the stable manifold of
;. does not intersect the unstable manifold of §2;, .

In [67], Smale provides sufficients conditions of Q-stability.

Theorem 1.0.7 An Aziom A diffeomorphism which satisfy the no cycles condition
1s C)-stable.

Now, we are ready to state the stability conjecture due to Smale [67].

Conjecture 1.0.8 (The Stability Conjecture)
Q-stable diffeomorphisms satisfy aziom A and the no cycles condition.

In the early of the 70’s years, mathematicians began to reflect how prove or disprove
this conjecture. In fact, in 1970 Palis ([54]) proved that an Q-stable diffeomorphism
that satisfies Axiom A also satisfies the no cycles condition. Moreover, in 1971 Franks
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([23]) proved that an Q-stable diffeomorphism has only hyperbolic periodic points (a
periodic point x of a diffeomorphism ¢ is said to be hyperbolic if the eigenvalues of
D.g™ : T.M — T, M have modulus # 1 where m is the period of z). To prove this,
Franks used his well known lemma (The Franks lemma) showing how to perturb
the derivative of a diffeomorphism along a periodic orbit by small perturbation of
the diffeomorphism on a neighborhood of the orbit. This constitutes a remarquable
successful step used to prove the stability conjecture for surfaces. Let F (M) be the
set of diffeomorphisms f € Diff(M) that have a neighborhood V such that for all
g € V every periodic point x of g is hyperbolic. So thanks to Franks, if f is -
stable then f € F(M). But in [48, Lemma 3.1] Mané proved that if f € F(M) then
Per(f) = Q(f). So to finish the proof of the stability conjecture, it remains to show
that if f € F(M) then Q(f) is a hyperbolic set. The last statement was proved by
Mané (see [46]) in the case of surfaces (dim(M) = 2).

Concepts that we have described above concern only C! diffeomorphisms. An inter-
essant subject is describing stability and hyperbolicity properties of geodesic flows.
Let M be a closed riemannian manifold endowed with a C'*° riemannian metric g
and let ¢; = ¢} be the geodesic flow of g on the unit tangent bundle SYM. Given a
point (p,v) € SIM, ¢i(p,v) = (v(t),7(t)), where () is the unit geodesic of M such
that v(0) = p and 4(0) = v. Let [¢¥] be the inverse matrix of [g;;]. The geodesic
flow is conjugate to the hamiltonian flow of the function

1 .
H(z,y) =3 > g7 (@)yiy;.
i,J

Hamilton’s equations are

d y
i = zj:g I(2)y;,

d 1 o
_ - __ _— A%J 7.
il 5 E] 909 (@)yy;.

An invariant set A of a smooth flow v, : Q — @Q acting without singularities on a
complete manifold @ is called hyperbolic if there exist constants, C' > 0, A € (0, 1),
and a direct sum decomposition 7,Q) = E*(p) ® E"(p) ® X (p) for every p € A, where
X (p) is the subspace tangent to the orbits of ¢4, such that

L || DYy(W) IS CAY || W || for every W € E5(p) and t > 0,
2. || DY (W) [|[< CXTH|| W || for every W € E¥(p) and t < 0.

When the set A is the whole @ the flow is called Anosov. Denote by A(M) the set
of Anosov geodesic flows of the manifold M. A closely related with hyperbolicity of
dynamical systems is the concept of expansivity.



Definition 1.0.9 A non-singular smooth flow ¢, : Q — @ acting on a complete
Riemannian manifold Q) is e-expansive if given x € ) we have that for each y € )
such that there exists a continuous surjective function p : R — R with p(0) = 0
satisfying

d(oi(), Doy (y)) < €,

for every t € R then there exists t(y), | t(y) |< € such that ¢yy)(z) = y.

A smooth non-singular flow is called expansive if it is expansive for some ¢ > 0.
The number of closed orbits of an expansive geodesic flow is finite. Let E*(M) be
the set of expansive geodesic flows of riemannian metric of M endowed with the
C* topology. First interessant results describing hyperbolicity properties of geodesic
flows have been provided by Ruggiero (see [64]).

Theorem 1.0.10 Let (M, g) be a compact Riemannian manifold of dimension n.

If the geodesic flow ¢; belongs to int(EY) the set P(¢) -the closure of the set P(¢)
of periodic orbits of ¢4- is a hyperbolic set.

Using this result, Ruggiero caracterised Anosov flows in surfaces. Recall that A(M)
is the set of Anosov geodesic flows of the manifold M.

Theorem 1.0.11 Let M be a compact manifold of dimension 2. Then intci (EY(M)) =
A(M).

One of the aims of this thesis is to describe similar properties in the C? topology. As
we stated before, the Franks lemma (for diffeomorphisms) has a crucial role in the
proof of the stability conjecture. The Franks lemma has since been proven in other
interesting contexts such as geodesic flows (see [I5] and [12]) and more generally
Hamiltonians flows (see [79]). In this thesis, we focus on the Franks lemma for
geodesic flows. This problem was first studied in the particular case of surfaces by
Contreras and Paternain (see [15, Theorem 4.1]). They proved that on any surface,
the linearized Poincaré map along any geodesic segment of length 1 can be freely
perturbed in a neighborhood inside Sp(1) by a C2-small perturbation of the metric,
where for every m € N*| the symplectic group Sp(m) is defined by

Sp(m) = {4 € My (R) | 414 = T},

0 I,
I= [_ " O} |
In 2010, Contreras studied the higher-dimensional analogue (see [12, Theorem 7.1]).
He generalized the previous result for a special set of metrics : those such that

with
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every geodesic segment of length % has a point whose curvature matrix has all its
eigenvalues distinct and separated by a uniform bound.
Given a geodesic arc of length 1

v:[0,1)] — S9M,

with unit speed and ¥y and X; transverse sections at (0) and (1) respectively.
Let Py(Xo, X1, ) be a Poincaré map going from Xy to ;. One can choose ¥ and
Y1 such that the linearized Poincaré map

By(v)(1) := dy)Fy(30, 21, 7)

is a symplectic endomorphism of R"~! x (R*~1)* (in local coordinates). Let R (M),
k € NU{+o0o} be the set of all C¥ Riemannian metrics g on M. If n > 3, we denote
by G, the set of Riemannian metrics on M such that every unit geodesic segment
of lenght 1 admits a point where the curvature matrix has distinct eigenvalues.
Denote by R¥(M,G;) the set of all Riemannian metrics g on M such that if n = 2,
g € R¥(M) and for n > 3, g € R¥(M) N G,. For every k > 2, R¥(M,G;) is an
open and dense subset of R¥(M). Consider the map S : R¥(M,G,) — Sp(n — 1)
given by S(g) = P;(7)(1). The following theorem summarizes the Franks lemma for
geodesic flows on surfaces and its higher-dimensional analogue (under the Contreras
assumption on the spectrum of the curvature matrix) with estimates on the size of
perturbation in terms of the radius of the ball of Sp(n — 1).

Theorem 1.0.12 Let gy € R¥(M,G1),2 < k < oo. There exists 7, K > 0 such that
for any geodesic arc v of gy of lenght 1 and any r € (0,7),

B(S(go), Kr) N Sp(n—1) C S(Bck (go,r)>.

In [12], Contreras used the Franks lemma to prove that a C? generic Riemannian
metric has a non-trivial hyperbolic basic set in its geodesic flow. Recall that a non-
trivial hyperbolic basic set is a locally maximal compact invariant subset A C SIM
which is hyperbolic, has a dense orbit and which is not a single periodic orbit. Recall
that a closed geodesic is said to be hyperbolic if its linearized Poincaré map has no
eigenvalue of modulus 1. Given a set A C S9M, define

P(g) := {7 | v periodic orbit forg},

Plg.4) = {7 € Pl9) h(B) C A},

Per(g, A) := Uyep(g,4)7(R),
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H(A) = {g | Vv € P(g,A),vis hyperbolz'c},
F2A) = inteaH(A).

To prove the previous result, Contreras shows a result similar to Theorem [L.0.10L

Theorem 1.0.13 ([12, Theorem E]) If g € Gy N F?*(A), then A = Per(g, A) is a
hyperbolic set.

This theorem is proved by adapting R. Mané’s theory of stable hyperbolicity, deve-
loped for the stability conjecture in [46], to the case of geodesic flows. Let us explain
why the Franks lemma plays here also a crucial role to prove this theorem but before
this let us recall some definitions.

We say that a linear map 7' : R*® — R?" is hyperbolic if it has no igenvalue of
modulus 1. Equivalenty, T is hyperbolic if there is a splitting R*® = E* @ E* and
an iterate M € Z* such that T(E®) = E*, T(E") = E" and

1 _ 1
| T ll< 5 and || (Tig) ™ Il< 5.

The subspaces E* and E" are called the stable subspace and unstable subspace of
T. Let ¢ : Z — GL(n) be a sequence of such isomorphisms. Fix j € Z and denote
by EZ(1) the set of vectors v € R" such that

sup{ || (02 551.) o] } < oo,

n>0

and by EY (1) the set of vectors v € R™ such that
sup{H(H?:O@Dj_l_,-)_l UH} < 0.
n>0

Let us say that the sequence 1 is hyperbolic if £¢(1)) @ E} (1)) = R for every j € Z.
Actually, this definition is equivalent to require the above direct sum decomposition
for some j. A periodic sequence v is characterized by the existence of ng > 0 such
that ¢ ,, = ¥, for every j. It is easy to check that the hyperbolicity of a periodic
sequence 1 is equivalent to the classical hyperbolicity of the linear map H;‘ial ;.
Now, let

{@DO‘, a € A}
be a family of periodic sequences of linear maps indexed in a set A. Let us define
the distance d(v¢),n) between two families of periodic sequences indexed in A by

dw.n) = sup {]lug —nt [},

neZ,a
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We say that the family {¢)* o € A} is hyperbolic if every sequence in the family
is hyperbolic. Let us call by periodically equivalent two families ¢, n® for which
given any «, the minimum periods of ¥* and n® coincide. Following Mané, we say
that the family {¢* « € A} is uniformly hyperbolic if there exists € > 0 such that
every periodically equivalent family n* such that d(¢,n) < € is also hyperbolic.
The geodesic flow of a Riemannian manifold (M, ¢g) will be denoted by ¢, the flow
acts on the unit tangent bundle S9M, a point § € S9M has canonical coordinates
6 = (p,v) where p € M, v € T,M, and 7y denotes the unit speed geodesic with
initial conditions v4(0) = p, 715(0) = v. Let Ny C TpS?M be the plane of vectors
which are perpendicular to the geodesic flow with respect to the Sasaki metric (see
for example [66]). The collection of these planes is preserved by the action of the
differential of the geodesic flow :Dyy(Ng) = Ng, () for every 6 and ¢ € R. Let us
consider a geodesic arc, of length T’

Yo - [O,T] — M,

and let 3y and X7 be local transverse sections for the geodesic flow which are tangent
to Ng and Ny, ) respectively. Let Py(3o,¥7,7) be a Poincaré map going from >
to Y. In horizontal-vertical coordinates of Ny, the differential Dy¢r that is the
linearized Poincaré map

P,(1)(T) = DyPy(So, S, 7)
is a symplectic endomorphism of R?*=2) x R(**=2) This endomorphism can be ex-
pressed in terms of the Jacobi fields of 7y which are perpendicular to () for every
t:

Py(y)(T)(J(0), J(0)) = (J(T), J(T)),

where J denotes the covariant derivative along the geodesic. We can identify the set
of all symplectic endomorphisms of R?"~2 x R?"~2 with the symplectic group

Sp(n — 1) = { X € REn=2xe-2, ey x = ],

where X* denotes the transpose of X and

. 0 In—l
=0

Let [ be the injectivity radius of g. For each o € P(g, A) let T' = T'(«) be the period
of a and choose 0 = tg < t; < ty < ... < t,, = T such that t;,; — t; € [il,%l].
For every i = 0, ...,m, denote by ¥, the transverse section for o at «(t;) which is
tangent to Ny, - Let ¥® : Z — Sp(n) be the periodic sequence of period m such

that for every i = 0,...,m — 1, ¢¢" is the matrix of Do, 87, , 4, = Py()(tiv1 — ;) =
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Do) Pg(24;, i,y ,, o) where Py(3,,, %, ,, «) is the Poincaré map going from 3, to
Y., - The Franks lemma is necessary to show the following lemma proved in the
case of surfaces by Contreras and Paternain in [15, Lemma 5.6]. In the case of
general Riemannian manifold under an additional assumption on the curvatures, it
is showed by Contreras in [I2, Lemma 9.1].

Lemma 1.0.14 If g € Gy N F*(A), then the family ¢ = {¢*}aep(g,a) is uniformly
hyperbolic.

These interessant results obtained thanks to the Franks lemma motivate us to focus
carefully on this lemma. In [12], the author says that this perturbation lemma is ”the
main technical difficulty of the paper”. In fact, its proof was very long and technical.
In this thesis, we provide a simple proof of the Franks lemma using geometric control
tools. Such techniques have been initially introduced by Rifford and Ruggiero in
[62]. Moreover, we obtained a Franks lemma at lower order (r < K+/§) without the
Contreras assumption and we apply this to extend some results (similar to Theorem
[LOTI3) concerning the characterization of hyperbolic geodesic flows.

Given a geodesic vy : [0,7] — M, an interval [t;,t2] C [0,7] and p > 0, we
denote by Cy (7o ([t1,t2]); p) the open geodesic cylinder along vy ([t1,t2]) of radius p,
that is the open set defined by

Cq ('76([t1,t2]);p) —
{p € M |3t € (t1,t2) with dy(p,76(t)) < p and dy(p, ve([tr, t2])) = dy(p, %(t))}’

where d, denotes the geodesic distance with respect to g. Our main result is the
following.

Theorem 1.0.15 (Franks’ Lemma) Let (M, g) be a smooth compact Riemannian
manifold of dimension > 2. For every T > 0 there exist o7, 7r, Kr > 0 such that the
following property holds :

For every geodesic v : [0,T] — M, there are t € [0,T — 77| and p > 0 with

Cy (0 ([E:7+ 7)) 15) N[0, T1) =70 (5. + 7))

such that for every 6 € (0,07), for each symplectic map A in the open ball (in
Sp(n — 1)) centered at Py(v)(T) of radius 6 and for every p € (0, p), there exists a
C> metric h in M that is conformal to g, h,(v,w) = (1+ o(p))g,(v,w), such that :

1. the geodesic g : [0,T] — M s still a geodesic of (M, h),
2. Supp(o) € Cq (o ([t T+ 77]) 5 p),
3. Ph(70)(T) = A,
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4. the C? norm of the function o is less than Kpv/§.

Theorem improves a previous result by Contreras [12, Theorem 7.1] which
gives a controllability result at first order under an additional assumption on the
curvatures along the initial geodesic. Other proofs of Contreras Theorem can also
be found in [78] and [42]. The Lazrag proof follows already the ideas from geome-
tric control introduced in [62] to study controllability properties at first order. Our
new Theorem shows that controllability holds at second order without any
assumption on curvatures along the geodesic. Its proof amounts to study how small
conformal perturbations of the metric g along I' := ([0, T) affect the differential of
P, (X0, X7, 7). This can be seen as a problem of local controllability along a reference
trajectory in the symplectic group. As in [62], The idea is to see the Hessian of the
conformal factor along the initial geodesic as a control and to obtain Theorem [1.0.15]
as a uniform controllability result at second order for a control system of the form

X(t)=AMX() + Y w(t)BX(t), forae ¢,

in the symplectic group Sp(n — 1).

We apply Franks’ Lemma to extend some results concerning the characterization of
hyperbolic geodesic flows in terms of the persistence of some C! generic properties
of the dynamics. These results are based on well known steps towards the proof
of the C' structural stability conjecture for diffeomorphisms. Let us first introduce
some notations. Given a smooth compact Riemannian manifold (M, g), we say that
a property P of the geodesic flow of (M, g) is e-C*-persistent from Maiié’s viewpoint
if for every C*° function f : M — R whose C* norm is less than e we have that the
geodesic flow of the metric (M, (1 + f)g) has property P as well. By Maupertuis’
principle, this is equivalent to the existence of an open C*-ball of radius € > 0 of
functions ¢ : M — R such that for every C*> function in this open ball the Euler-
Lagrange flow of the Lagrangian L(p,v) = 3g,(v,v) — ¢(p) in the level of energy
equal to 1 has property P. This definition is inspired by the definition of C*~!
persistence for diffeomorphisms : a property P of a diffeomorphism f : M — M is
called e-C*~! persistent if the property holds for every diffeomorphism in the e-C*~!
neighborhood of f. It is clear that if a property P is e-C' persistent for a geodesic
flow then the property P is €-C? persistent from Mafié’s viewpoint for some €.

Theorem 1.0.16 Let (M, g) be a smooth compact Riemannian manifold of dimen-
sion > 2 such that the periodic orbits of the geodesic flow are C*-persistently hy-
perbolic from Mané’s viewpoint. Then the closure of the set of periodic orbits of the
geodesic flow is a hyperbolic set.
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An interesting application of Theorem [[.O.16] is the following extension of Theorem
A in [64] : C" persistently expansive geodesic flows in the set of Hamiltonian flows
of S9M are Anosov flows.

Theorem 1.0.17 Let (M, g) be a smooth compact Riemannian manifold, suppose
that either M is a surface or dim M > 3 and (M, g) has no conjugate points. Assume
that the geodesic flow is C? persistently expansive from Mané’s viewpoint, then the
geodesic flow is Anosov.

Having completed the presentation and the explanation of the most part of our
research work, we now proceed to an inventory, chapter by chapter, of the present
results of this thesis.

In the next chapter we describe some well known results in geometric control
theory such as the Chow-Rashevsky Theorem, the Kalman rank condition, the End-
Point Mapping and the linear test. Moreover, we define and study briefly local
controllability around a reference control at first and second order.

In chapter 3, we provide an elementary proof of the Franks lemma for geodesic
flows using basic tools of geometric control theory. This chapter is the subject of an
article to be published ([42]).

The last chapter is devoted to the proofs of Theorem [[.0.15] Theorem
and Theorem [LLO.I7l In this chapter, we introduce with more details notions of
local controllability at first and second order. In fact, we provide a second order
controllability result whose proof is long and technical. This chapter is the subject
of an article written in collaboration with Ludovic Rifford and Raphael Ruggiero

(H3]).
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CHAPITRE 2

Geometric control methods in
finite dimension

2.1 Introduction

Let M be a smooth (C*) n-dimensional manifold with tangent space at z
denoted T, M. A general control system has the form

T = f(x,u), (2.1)

where

- x is the state in M ;
- u i8 the control in R™ ;

- f(+,u) is a vector field on M Vu.

Proposition 2.1.1 Suppose that f is locally Lipschitz relative to the second va-
riable. For every x € M and every control u € L*([0,T],R™), the Cauchy problem

{ 2(t) = f(x(t), u(t)) ae te]0,T],
admits a unique solution

() =xz(;z,u) : [0, T — M,
with T < T.

17
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Controllability is the ability to steer a system from an initial state to a final state
using the available controls. In fact, studying the controllability of a control system
returns to focus on the following question :
Given two points xq, xo in the state space M and T" > 0, can we find a control
u € L*([0,T],R™) such that the solution of

{ @(t) = f(z(t),u(t)) ae tel0,T), (2.2)

satisfies
x(T) = 37

There are three main types of controllability : global controllability, local controlla-
bility at an equilibrium point and local controllability along a reference trajectory
(see [16]). In this chapter we define and study local controllability around a reference
control. Before this, we recall some well known results about global controllability
and small time local controllability at an equilibrium point.

2.2 A global controllability result : the Rashevsky-
Chow Theorem

Definition 2.2.1 A general control system (21) is said to be globally controllable
on M if for any x1, xo € M and T > 0, there exists a control uw € L*([0,T],R™)
such that the solution of the Cauchy problem (2.3) starting at x, satisfies x(T) = x.

Given a family F of smooth vector fields on M, we denote by Lie{F} the Lie
algebra generated by F. It is the smallest vector subspace S of smooth vector fields
containing F that also satisfies

(X, Y]eS VX eFVYes.

The following theorem provides sufficient conditions of global controllability for a
driftless affine control system. It was proved independently by Peter Rashevsky in
[59] and by Wei-Liang Chow in [I0]. Other proofs are given by Rifford in [61] and
Jean in [37].

Theorem 2.2.2 (Chow 1939, Rashevsky 1938)
Let M be a smooth connected manifold and fi, ..., f,, be m smooth vector fields on
M. Assume that

Lie{fi, ..., fm} (x) =T, M Ve e M
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Then the control system
i=1

15 globally controllable on M.

Remark 2.2.3 The converse of the Chow-Rashevsky Theorem is false in general.
It is true when M and the vector fields fi, ..., f, are in the analytic category.

An application of the previous theorem is the classical example of the car.

Example 2.2.4 The state of the car is given by the position of its center of mass
(r1,72) € R? and the orientation angle 6 € S which is relative to the position
direction of the axiz x1.

So the state space is

M = {:c = (x1,29,0)|z1,20 € R, 0 € Sl} =R? x St

X2

X1

FIGURE 2.1 — Model of the car
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There are two possible kinds of motion :
e Linear motion : drive the car forward and backward with some fixed linear velocity
v=/&?+ i3, that is
1 = v cosb,
To = v sinb,
f=0.

e Rotational motion : turn the car around its center of mass with some fized angular
velocity w =0 :

1 =0,
9 =0,
0 =w
In vector form we have
T cost 0
r= a2 | ,91(x) = | sind | and g2(x) = | 0
0 0 1

Combining both kinds of motion, we obtain

i = vgi(x) + wnl2).

It is a driftless affine control system.

We have
sinf
[91, 92)(x) = | —cosb
0
So

Lie{g1, 92 }(@) = Span{g1(2), o(@). [91. )(@) } =B Var = (w1,22,6).

Hence the system is globally controllable.

The next section focuses on the controllability of linear control systems.

2.3 Controllability of linear control systems

Let Ty, T} be two real numbers such that 7y < 7} and let A : (Ty, T1) — M, (R)
and B : (Ty,T1) = M, m(R) be two maps of class C* on [1y, T3], where M, ,,,(R)
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denote the set of real n X m-matrices.
Consider the time-varying linear control system

&= A(t)x + B(t)u, t € [Ty, T1], (2.3)
where, at time ¢ € [Ty, T3], the state is 2(t) € R™ and the control is u(t) € R™.

Definition 2.3.1 The linear time-varying control system (2.3) is controllable on
[Ty, T4 if for any o, 1 € R™, there exists a control u € L*((Ty, T1), R™) such that
the solution of the Cauchy problem

(t) = A(t)z(t) + B(t)u(t), 2(Ty) = o

satisfies x(11) = x1.
Let us define the controllability Gramian of the control system (2.3).

Definition 2.3.2 The controllability Gramian of the control system
T = A(t)l’ + B(t)u, t e [To, Tl]

1s the symmetric n X n-matrix

T

G = / R(Ty,7)B(t)B(7)" R(Ty, 7)™ dr,
To

where R is the resolvent of the time-varying linear system & = A(t)x and M'" denotes

the transpose of such matriz M.

The following theorem provides a necessary and sufficient condition of the time-
varying linear system (2.3)) (see [39, Theorem 5] and [16, Theorem 1.11]).

Theorem 2.3.3 The linear time varying control system & = A(t)x + B(t)u is
controllable if and only if its controllability Gramian is invertible.

Although the previous theorem gives a necessary and sufficient condition to charac-
terize the controllability of the linear system (2.3)), in general it is difficult to verify
whether that condition is satisfied or not because the controllability Gramian matrix
is expressed in terms of the resolvent of a time-varying linear system, such resolvent
can be computed only for a very little number of systems. So it is interessant to
provide a simpler sufficient condition of controllability for the linear control system
23).

Let us define, by induction on i a sequence of maps B; € C*((To, T1), Mpm(R)) in
the following way :

By(t) := B(t), Bi(t) := Bi_1(t) — A(t)B;i_1(t), ¥Vt € [Ty, T}].
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Theorem 2.3.4 (see [16, Theorem 1.18])
Assume that, for some t € [Ty, T1],

Span{B;(t)u; u € R™, i € N} = R".

Then the linear control system (2.3) is controllable on [Ty, T1].

Remark 2.3.5 In general, the sufficient condition given by the previous theorem is
not necessary (unless n =1, or A and B are assumed to be analytic).

Let us now provide two examples of controllable and non controllable time-varying
linear control system.

Example 2.3.6 Consider the linear control system

#(t) = A(t)x(t) + B(t)u(t),

where
t 1 0 0
z(t) €R®, u(t) eR, Al)= |0 3 0 and B(t)= |1
0 0 ¢ 1
We have
0 -1
Bo(t)=|(1], Bit)= —t3 ,
1
t+¢ 14 5t2 —t* — 16
By(t) = | =3t +15 | and Bas(t —6t+9t5—t9
—2t + t4 —2 4613 — 6

It is clear that
Span{B;(0)u; u € R, i =0,1,2,3} = R,

So our system is controllable.

Example 2.3.7 Consider the linear control system

where
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We have
cost 0 ) N
By(t) = <sint) and B;(t) = (O) Vi e N*.
It is clear that for every t

Span{B;(t)u; u € R, i € N} # R?

So our system is not controllable.

Suppose now that A(t) and B(t) do not depend on time. We have the famous Kalman
rank condition for controllability (see the proofs given by Trélat in [74, Théoreme
2.2], Jean in [35], Corollaire 6.1] and Coron in [16, Theorem 1.16]).

Theorem 2.3.8 The two following assertions are equivalent :
(i) The time invariant linear control system & = Az + Bu is controllable on [Ty, T1].
(ii) The Kalman rank condition is satisfied :

rk:(B,AB,A2B, ...,A"—lB) —n.

Let us now study two examples of controllable and non controllable invariant linear
control systems.

Example 2.3.9 The position of a train on the track is identified by its position x(t).
Its acceleration is controlled by
T = u.

Let X = (z,%) € R? be the state of the system, we obtain

X(t) = (8 (1)) X(t) + ((1)) u(t).

It is an invariant linear control system of the form &(t) = Ax(t) + Bu(t), where

(0D wa 5o (%)

rk(B,AB) —rk ((1] (1)) _9

So the Kalman rank condition is satisfied and the system is controllable.

Moreover, it holds that
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Example 2.3.10 Consider the linear control system

&(t) = Ax(t) + Bu(t),

where
1 -3 1 1
z(t) eR®, u(t)eR, A=[|1 0 0 and B=| 0
-2 3 =2 —1
We have
1 0 =3
rk(B,AB,A2B> —rk[0 1 0] =2#3
-1 0 3

So the Kalman rank condition is not satisfied and the system is not controllable.

In the next section, we study briefly local controllability at an equilibrium
point.

2.4 Local controllability at an equilibrium point

Throughout this section, we consider the nonlinear control system

T = f(x,u), (2.4)

where x € R"™ is the state, u € R™ is the control, with (z,u) € O where O is a
nonempty open subset of R” x R™. We assume that f € C*(O,R").
First, let us recall the definition of an equilibrium of a control system.

Definition 2.4.1 An equilibrium of the control system & = f(x,u) is a pair (z., u.) €
O such that

f(xe,ue) = 0.
In [16], Coron defines small-time local controllability (with controls close to u.).

Definition 2.4.2 Let (z.,u.) € O be an equilibrium of the control system & =
f(z,u). The control system & = f(x,u) is small-time locally controllable at the
equilibrium (xe, u.) if, for every real number e > 0, there exists a real number u > 0
such that, for every 2° € By(z.) == {x € R™; ||z — a.|| < u} and for every z' €
B, (z.), there exists a mesurable function u € L*([0, €], R™) such that

|u(t) — ue|| <€ Vt €06,

(a’: = f(w,ut)), z(0) = x0> = (:)s(e) - xl).
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Usually, to decide whether such a general control system is small-time locally control-
lable at an equilibrium or not, we begin by studying the controllability of the linea-
rised control system at the equilibrium point.

Definition 2.4.3 The linearised control system at an equilibrium (x.,u.) of the
control system & = f(x,u) is the linear control system

af af

T = = (Te, Ue)T + = (e, Ue)u,

oz ou
where, at time t, the state is x(t) € R™ and the control is u(t) € R™.

The following important theorem (see [16, Theorem 3.8]) provides a sufficient condi-
tion of small-time local controllability at an equilibrium point.

Theorem 2.4.4 (The linear test)

Let (xe,ue) € O be an equilibrium of the control system & = f(x,u). Let us assume
that the linearized control system of the control system & = f(x,u) at (x,ue) is
controllable. Then the nonlinear control system & = f(xz,u) is small-time locally
controllable at (xe,u,).

Let us study the example of the inverted pendulum.

Example 2.4.5 Consider an inverted pendulum with mass m, attached to a carriage
of mass M. We shall control its acceleration.

Y2+

M
o O
T i)

FIGURE 2.2 — an inverted pendulum
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The kinetic energy and potential energy are given by

1 1
B = isz + §m(1’§ +93) and E, = mglcost.

Moreover, we have ys = lcosf and xo = x1 + [sinf. So the Lagrangian of the system
18

1 . 1 .
L=E,—Ep= §(M +m)i&] + mliihcost + §ml292 — mglcosb.
According to the Euler-Lagrange equations (x = (z1,0)),

ddL  dL

Hor - ox + Pt

Assume that Fopy = (u,0), we obtain

(M + m)iy 4+ mlfcosd — mlf?sind = u,
mliycosd + mi20 — mglsing = 0,

which gives that

mléQSinO—mQCOSGSinG—l—u

~ M+msin?0 ’ (2 5)
é _ —ml#?sinfcosO+(M-+m)gsind—ucosd ’
- I(M+msin20) :

T =

Let X = (xl,:itl,e,é) be the state of the system, we obtain a control system of the
form

X = .f(X> u)>
where
. milfsind — mgcoshsind +u . —mlb?sinfcosd + (M + m)gsinf — ucosd
f(X,U):(l'l, ) 797 )
M + msin?6 [(M + msin?0)

Fiz &y > 0, notice that (X, ue) := ((321,0,0,0),0) is an equilibrium of the control

system X = f(X,u). The linearised control system at the equilibrium (X,,u.) can
be written as

X = AX + Bu,
with
0 1 0 0 0
0 0 —% 0 %
A= 0 0 0 1 and B = 0
M+m
0 0 etmo -

).
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The Kalman matriz (B, AB, A’B, A3B) equals

1 m,
0 5 0 e
SRR T
1 (M+m)
0 - (MO | —
1 +m
T Ml 0 T M2 . 0
Its determinant equals
2
g
A # 0.

In conclusion, the inverted pendulum is small-time locally controllable at (X, u.).

Let us now define the strong jet accessibility subspace of a control system at an
equilibrium point.

Definition 2.4.6 The strong jet accessibility subspace of the control system & =
f(z,u) at an equilibrium (x.,u.) is the linear subspace of R™, denoted by A(z.,u.),
defined by

A(xe,ue) = {g(:ce); g€ Lie(aamTo‘lf(~,ue), a€ Nm>} :

In the case of a driftless affine control system, we obtain a local version of the
Chow-Rashevsky Theorem (see [10]).

Theorem 2.4.7 Let us assume that € is a nonempty open subset of R™, that ) x
0} C O and that, for some fi, ..., fm € C°(;R™),

fla,u) = Zuzfz(f)a V(z,u) € O

Let x. € Q be such that
Az, 0) := {g(:)se);g € Lie{f1,..., fm}} =R"
Then the control system & = f(x,u) is small-time locally controllable at (x.,0) € O.

The following theorem provides necessary conditions of small-time local controlla-
bility around an equilibrium point.

Theorem 2.4.8 (see [16/) Assume that the control system & = f(x,u) is small-time
locally controllable at the equilibrium point (x.,u.) and that f is analytic. Then the
control system © = f(x,u) satisfies A(ze, u.) = R™.

The remaining of this chapter is devoted to the study of local controllability
around a reference control at fixed time.
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2.5 Local controllability around a reference control

Our aim here is to provide sufficient conditions for first and second order local
controllability result.

2.5.1 The End-Point Mapping

Let us consider a nonlinear control system on R” (with n,m > 1), of the form

m

Y(t) = XO(y(1) + > wi(H)X'(y(t), forae t, (2.6)

i=1

where the state 7y(t) belongs to R", the control u(t) to R™, and the functions
X0 X1 .. X™ are smooth functions on R™. Given 7 € R™ and @ € L*([0,T]; R™)
(T > 0), the Cauchy problem

{ Y(t) = XO(y(t) + o0, a(t) X (y(t) forae. tel0,T],
7(0) =7,

possesses a unique solution 75 4(-) that we suppose to be defined on [0,7]. The
End-Point mapping associated with 4 in time T is defined as

ET o L2([0,T);R™) — R™
u o (D).

We are interested in local controllability properties of (2.6) around u. The control
system (2.6 is called controllable around u in (in time T') if for every final state
v € R" close to 75,,(T) there is a control u € L?([0,T];R™) which steers ¥ to 7,
that is such that E*T(u) = v. Such a property is satisfied as soon as E77T is locally
open at @. Our aim in the next sections is to give an estimate from above on the
size of ||u|| 2 in terms of ||y — v5.4(T)]|.

2.5.2 First-order controllability results

The End-Point mapping is a smooth mapping. Given ¥ € R", 4 € L? ([0, Ty, ]Rm),
and setting J() := v5.4(+), the differential of E77 at u is given by the linear operator

DEYT . L*([0,T;R™) — R™
v — o(T),
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where ¢(+) is the unique solution to the Cauchy problem

o(t) = A(t)p(t) + B(t)u(t) for ae. te[0,T],

Lo 20

where the matrices A(t) € M, (R) and B(t) € M, ,,(R) are defined by
A(t) = dX°(3(8)) + Z wi(t)dX" (5(t))
and
B(t) = (X' (1)), .. X" (3(1))),
where 7(t) = 75.4(t) for a.e. t € [0,T7].
Note that if we denote by S(-) the solution to the Cauchy problem
S(t) = A(1)S(1),
{ = (25)

then there holds

Da () = Y0 S(T) [ )07 X (1) . (29

for every v € L2([0,T]; R™).
We say that the control system (2Z0]) is controllable at first order around u if the
mapping E77T : Lz([O,T];Rm) — R™ is a submersion at u, that is if the linear
operator

DyE?" : L*([0,T];R™) — R",

is surjective.
Let us introduce the definition of the linearised control system along a trajectory.

Definition 2.5.1 The linearised control system along the trajectory (7,u) : [0,T] —
R™ x R™ is the linear time-varying control system

b(t) = A(t)p(t) + B(t)v(t) for a.e. te0,T), (2.10)

where, at time t, the state is ¢(t) € R™ and the control is v(t) € R™,

The following theorem describes a first order controllability result.
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Theorem 2.5.2 Let us assume that the linearised control system along the trajec-
tory (7,a) is controllable. Then, the control system [2.0 is controllable at first order
around u. Moreover, for every ¥ € R™ and T > 0, there are pu,v > 0, n smooth
controls u', -+ u" : [0,T] — R™ with Supp(v/) C (0,T) for j = 1,...,n and a
smooth mapping

U= (U, U, : B(ﬁ(T),u> s B(0,v)

with U(ﬁ(T)) = 0 such that for every y € B(ﬁ(T), u),

BT (Z U ()’ ) =7.

Proof of Theorem : From the definition of the controllability of the li-
nearised control system along the trajectory (7, %) we deduce that the map E77T :
L2([0,T];R™) — R™ is a smooth submersion at @ = 0. Thus, remembering that the
set of controls u € C*([0,T],R™) with supp(u) C (0,7T) is dense in L*([0,T],R™),
there are n smooth controls u!,...,u"™ : [0,7] — R* with Supp(u’) C (0,T) for
7 =1,...,n such that

Span {DE""(u)(u’)|j =1,..,n} = R™. (2.11)

Define F' : R" — R" by

F(\) = E’_Y’T<a + zn: Ajuﬂ'> YA = (Ag, . An) € R™

i=1

The function F is well-defined, smooth, and satisfies F/(0) = E7T(a) = 4(T). Its
differential at A = 0 is given by

DF(0)(\) = Z NDEY(@)(w)) VA € R™,

hence it is invertible By (8.10)). By the Inverse Function Theorem, we conclude the
proof. O

The result below follows easily from the previous theorem.
Proposition 2.5.3 Assume that assumptions of Theorem [2.5.2 hold. Then there

are pu,C > 0 such that for every v € R™ with ||y —5(T)|| < w, there is a C*
function u : [0, T] — R™ such that

Supp(u) C (0,T), |luller < Clly =3(T)]

and
Yy.u(T) = 7.
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Let us now provide an example of first order controllable control system.

Example 2.5.4 Let us consider a nonlinear control system on R?, of the form
A1) = X(y(1) +u®) X (y(1),  for ae. t, (2.12)

where the state y(t) = (x(t),y(t)) belongs to R?, the control u(t) to R, and the

functions X° and X' are two smooth functions on R? given by
X%z, y) = (y,—=) and X'(z,y):= (0,2).
Given 7 := (1,0) € R? and u = 0, the Cauchy problem

{ ’}/(t) _ XO('Y(t)) fO’r’ a.e. te€ [O> 1]7

possesses the unique solution 75 4(t) = (cost, —sint). The linearised control system
along the tragectory (3, u) : [0,1] — R? X R is the linear time-varying control system

o(t) = At)o(t) + B(t)u(t) for a.e. te0,1], (2.13)

All) = (_01 (1)) and  B(t) = (Cfst).

An easy computation yields

where

By(t) = B(t) — (Cfs t) and  By(t) == Bo(t) — A(t)Bo(t) = (‘CO“) .

—sint

It is clear that
Span{B;(0)u; u € R, i = 0,1} = R%

Then by Theorem[2.3.7), the linearised control system (Z13) is controllable on [0, 1].
Therefore the control system (2.12) is controllable at first order around u = 0.

2.5.3 Some sufficient condition for local openness
Here we are interested in the study of mappings F : U — R of class C? in
an open set U in some Banach space X. We call critical point of ' any u € U such

that D, F : U — RY is not surjective. We call corank of u, the quantity

corank(u) := N — dim (Im (D, F)) .
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If Q:U — R is a quadratic form, its negative index is defined by

ind_(Q) == max{dim(L) | Qo < o}.

The following non-quantitative result provides a sufficient condition at second order
for local openness. For sake of completness, we provide its proof (see [61]).

Theorem 2.5.5 Let F : U — RN be a mapping of class C? on an open setU C X
and u € U be a critical point of F' of corank r. If

ind_ (A (D2F) gorpory) 27 VA€ (Im(DaF)) "\ {0}, (2.14)

then the mapping F is locally open at u, that is the image of any neighborhood of u
is a neighborhood of F(u).

Proof of Theorem [4.2.5] : We need two preliminary lemmas.

Lemma 2.5.6 Let G : RF — R! be a mapping of class C? with G(0) = 0. Assume
that there s

v € Ker(DoG) with DjG - (v,0) € Im(DoG), (2.15)
such that the linear mapping
w € Ker(DoG) — Proje [DiG - (0,w)] € K (2.16)

is surjective, where K := Im(DyG)* and Projc : Rl — K denotes the orthogonal
projection onto K. Then there is a sequence {u;}; converging to 0 in R¥ such that
G(u;) = 0 and D,,G is surjective for any i.

Proof of lemma : Let E a vector space in R* such that R* = E@Ker(DyG).
Since D3G - (v,0) belongs to Im(DyG) there is ¢ € E such that

1
DyG(d) = —§D§G - (v,).
Define the family of mappings {®.}eso : £ x Ker(DyG) — R! by
1
P(z,t) = =G (€0 + ¥t + €'0 + €°2) V(z,t) € E x Ker(DyG), Ve > 0.
€

For every ¢ > 0, @, is of class C? on E x Ker(DyG) — R! and its derivative at
(z,t) = (0,0) is given by

1
D(070)¢6(Z, T) = DE21—)+E4{)G(Z) + —2D621—)+E4{)G(T),
€
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for any (Z,T) € E x Ker(DoG). For every (Z,T) € E x Ker(DyG), the first term of
the right-hand side D.2;.4;,G(Z) tends to DyG(Z) as € tends to 0 and since

1 1
E—QDEQHE%G(T) = 5 [DOG(T) + DG - (€04 €'0,T) + |0 + €0 0(1)]
1
= - [DSG (€0 + €', T) + |0 + €'0| 0(1)],
€

the second term tends to D2G(v,T) as € tends to 0. By (ZI6]), the linear mapping
(Z,T) € E x Ker(DyG) — DyG(Z) + DG - (v,T) € R!

is surjective. Then there is € > 0 such that Dy®. is surjective for all e € (0,€).
Therefore for every € € (0, €) the set

{(z,t) € E x Ker(DoG) | & (2,1) = o}
is a submanifold of class C? of dimension k — [ > 0 which contains the origin. Then

there is a sequence {(z;,t;)}; converging to the origin such that ¥, ;(z;, ;) = 0 and
D, +,y¥1/; is surjective for all i large enough. Thus setting

S D T DL
U; = Z—2’U—|—Z—3t2—|—l—4’0+7 V’L,
we get G(u;) = 0 and D,,G surjective for all i large enough. This proves the lemma.
OJ
Lemma 2.5.7 Let Q : RF — R™ be a quadratic mapping such that
ind_ (A*Q) >m, Ve (R™)\{0}. (2.17)

Then the mapping Q has a regular zero, that is there is v € R¥ such that Q(v) = 0
and D,Q s surjective.

Proof of lemma [2.5.7] : Since @) is a quadratic mapping, there is a symmetric
bilinear map B : R* x R* — R™ such that

Q) = B(v,v) Vv € R,
The kernel of Q, denoted by Ker(Q) is the set of v € R* such that

B(v,w)=0 Vw € R”,
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It is a vector subpace of R*. Up to considering the restriction of @) to a vector space
E satisfying F @ Ker(Q) = R*, we may assume that Ker(Q) = 0. We now prove the
result by induction on m.

In the case m = 1, we need to prove that there is v € R* with Q(v) = 0 and
D,Q # 0. By (21I7), we know that ind_ (@) > 1 and ind_ (—@) > 1, which means
that there are two vector lines L™, L™ in R* such that Qz+\foy < 0and Q{0 > 0.
Then the restriction of Q to L™ @& L~ is a quadratic form which is sign-indefinite.
Such a form has regular zeros.

Let us now prove the statement of the lemma for a fixed m > 1 under the assumption
that it has been proven for all values less than m. So we consider a quadratic mapping
Q : RF — R™ satisfying (ZI7) and such that Ker(Q) = {0}. We distinguish two
cases :

First case : Q71(0) # {0}.

Take any v # 0 such that Q(v) = 0. If v is a regular point, then the statement of
the lemma follows. Thus we assume that v is a critical point of Q. Since D,Q(w) =
2B(v,w) for all w € R* and Ker(Q) = {0}, the derivative D,Q : R* — R™ cannot
be zero. Then its kernel £ = Ker(D,(Q) has dimension k —r with r := rank(D,Q) €
[1,m — 1]. Set F :=Im(D,Q)* and define the quadratic form

Q: Ex~R7" — FR™T

by

Q(w) := Proj,(Q(w)) Yw € F,
where Proj, : R™ — F' denotes the orthogonal projection to F. We have for every
A € F and every w € F,

A Q(w) = X Q(w).
We claim that ind_ (A\*Q) > m — r, for every A € F'\ {0}. As a matter of fact, by
assumption, for every A € F'\ {0} there is a vector space L of dimension m such that
(A Q)iz\goy < 0. The space L N E has dimension at least m — k as the intersection

of L of dimension m and E of dimension k — r in R¥. By induction, we infer that Q
has a regular zero w € E = Ker(D,Q), that is Q(w) € Im(D,Q) and

w € E = Ker(D,Q) +— Projp (B((w,w)) € F
is surjective. Define F : R¥ — R™ by
F(u) = Qv +u) Vu € R”.

The function F is of class C? verifies DoF = D,Q, D3F = B and the assumptions
of Lemma 2.5.6] are satisfied with v = w. We deduce that () has a regular zero as

well.
Second case : Q71(0) = {0}.
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In fact, we are going to prove that this case cannot appear. First we claim that @)
is surjective. Since @ is homogeneous (Q(rv) = r?Q(v) for all v € R¥ and r € R),
we have

Q(R®) = {rQ(v) 17> 0,0 € Sk—l}.

The set Q(S¥1) is compact, hence Q(R*) is closed. Assume that Q(R*) # R™ and
take x = Q(v) on the boundary of Q(R¥). Then z is necessarily a critical point for Q.
Proceeding as in the first case, we infer that 2 = Q(w) for some non-critical point.
This gives a contradiction. Then we have Q(R*) = R™. Consequently the mapping

Q= % ;S Sl

Q(v)

U Q)]

is surjective. By Sard’s Theorem (see [24]), it has a regular value z, that is x € S™!
such that D,Q is surjective for all v € S¥~! satisfying Q(v) = z for all v € SF-1.
Among the set of v € S¥7! such that Q(v) = z take © for which |Q(v)| is minimal,
that is such that

Q(v) = ax
and
Va > 0,Yv € "', Q(v) = ar = a > a.

In other terms, if we define the smooth function ¥ : (0, +00) x S¥~! — R™ as,
U(a,v) = Qv) — ax, Va > 0, Vv € SF71,
then the pair (a,v) satisfies
a<a forevery (a,v)€ (0,+00) xS with ¥(a,v)=0.

By the Lagrange Multiplier Theorem, there is A\g € R and A € R™ with (Ag, \) #
(0,0) such that
AN'D;Q=0 and — Nz =M\

Note that we have for every h € T;S*~' C R*, we have

1
DyQ(h) = == DuQ(h) + [D5]QI(h)] Q(v)
Q(v)]
DyQ(h) + a[Ds|Q[(h)] . (2.18)

Q==

Consequently, if Ay = 0 (that is if (a,v) is a critical point of ), then A*D;Q = 0
which contradicts the fact D;Q is surjective (because A cannot be collinear with
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x by 2-homogeneity of Q). In conclusion, we can assume without loss of generality
that \g = —1. Since (@, v) is not a critical point of 1, the set

C= {(a, v) € (0, +00) X "1 | W(a, v) = o}

is a smooth submanifold of (0, +oc0) x S¥~! of dimension k& — m in a neighborhood
of (d,@). Then for every (h,, hy,) € Ker(D; V), which is equivalent to h, = 0 and
DyQ(h,) = 0 with h, € T;S*¥7!, there is a smooth curve v = (74, V) : (—€,¢) — C
such that v(0) = (a,v) and ¥(0) = (hq,hy). Then differentiating two times the
equality U(v(t)) = 0 and using that ?;T‘%’ =0 and A*2%(a,0) = A*DyQ = 0, we get

2
A*a—\y(a, v) = A*ﬁ(o)a—\y

502 5 (a,v) =5(0)X*z = (0).

Note that ?;Tif = (. Furthermore, since (a, v) is solution to our minimization problem
with constraine, we have ~,(t) > a = 7,(0) for all ¢t € (—¢, €). Then we have
NQ(h) >0 Vh e Ker(D;Q) NT,S"
Since Q(v) = a > 0 we have indeed
NQ(h) >0 Vhe (Ker(DyQ) NT:S* ') @ Ro =: L. (2.19)

Let us compute the dimension of the non-negative subspace L of the quadratic form
A*Q. Since D3 @Q is surjective, we have

dim (Im(DﬁQ)) =m — 1.

Which means (remember (ZI8)) that Im (D5Qr-1) has dimension m or m — 1. But
AN D@ = 0 with X\ # 0, thus we have necessarily

dim (Im (D Qpsx-1)) =m — 1
and
dim (Ker(D;Q) N T:S"") = dim (Ker(DyQgi-1)) =k — 1 — (m — 1)
=k—m.

Consequently, dim(L) = k—m+1, thus ind_ (A\*Q) has to be < m—1, which contra-
dicts the hypothesis of the lemma. This shows that Q~*(0) = {0} is impossible and
concludes the proof of the lemma. O

We are ready to prove Theorem [4.2.5 Set

S = {A e (Im(DyF))" | A = 1} c RY.
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By assumption (4.I4]), for every A € S, there is a subspace E) C Ker (DzF') of
dimension 7 such that

N (DLF) 0.

EXYOI

By continuity of the mapping v +— v* (D2F )| &, there is an open set Oy C S such
that

* 2
v (DEF) gy <0 YV E O

Choose a finite covering
I
S=Jo,
i=1

and a finite dimensional space F C X such that
Im (DﬂF‘E) = Im(DaF).

Then the restriction F of F to the finite dimensional subspace E + Zle E,, CX
satisfies

ind_ (A" ( D2F > A € (Im(DaF)) \ {0
1n_< ( u )Ker(Duﬁ))_r e(m( E )) \ {0}
with
r = corankp (&) := N = dim (Im(DyF)) = N — dim (Im (D F) )
A\ L .
Set IC := (Im (DﬂF>> and define the quadratic mapping @ : Ker(DgzF') — K by

Q(v) := Projy [(Dgﬁ) . (v,v)] Vv € Ker (D;f’) :
where Proj, : RY — K denotes the orthogonal projection onto K. The assumption
[2.I7) of Lemma 2.5.7is satisfied. Then by Lemma 257, @ has a regular zero, that
is v € Ker(DgF) such that
Q) =0 = D (v,0) € K=Im (DyF)

and

D;(Q) surjective
& weE Ker(DaF) — Projy [D?;F (@,w)} € K surjective.
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Setting G(v) := F(u+4v)— F(@) and applying Lemma 2.5.6, we get a sequence {u;};
converging to u such that F(u;) = F(u) and D, F is surjective for any i. By the
Inverse Function Theorem, this implies that F' is locally open at u. 0J
In the above statement, (D2F)
Ker(DgF) to RY defined by

Ker(par) refers to the quadratic mapping from

(DgF)\Ker(DﬂF) (v) := D2F - (v,v) Vo € Ker(DiF).

The following result is a quantitative version of the previous theorem. (We denote
by Bx(:,-) the balls in X with respect to the norm || - ||x.)

Theorem 2.5.8 Let F : U — RN be a mapping of class C? on an open setU C X
and u € U be a critical point of F' of corank r. Assume that ({{.14) holds. Then there
exist €,¢ € (0,1) such that for every e € (0,€) the following property holds : For
every u € U,z € RY with

lu—1ly <€ |2—F(u)|<cé, (2.20)
there are wy,ws € X such that u + wy + we € U,
2= F(u+w; +w,), (2.21)
and

wy € Ker(D,F), leHX <€, ngHX < €% (2.22)

Proof of Theorem : Proceeding as in the proof of Theorem [4.2.5] we may
assume that X is finite dimensional. We may also assume that « = 0 and F'(u) = 0.
As before, set K := (Im (D3 F))" and define the quadratic mapping Q : Ker(DyF) —
IC by

Q(v) == Proj [(DFF) - (v,v)] Vo € Ker (DoF),

where Proj, : RY — K denotes the orthogonal projection onto K. By (£I4]) and
Lemma 257, Q has a regular zero v € Ker(DoF). Let E be a vector space in R¥
such that X = E @ Ker(DyF). Define G : E x Ker(DoF) — RY by

G(z,t) .= DoF(z) + % (DSF) - (t,t) V(z,t) € E x Ker(DoF).

Then assumptions of Lemma [2.5.0] are satisfied and there is a sequence {(z;,t;)};
converging to 0 such that G(z;,t;) = 0 and Dy, ;G is surjective for all .
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Lemma 2.5.9 There are p,c > 0 such that the image of any continuous mapping
G :B(0,1) = RN with

sup{’é(u) — G| |u=(z1) € Bx(0, 1)} <u (2.23)
contains the ball B(0,c).

Proof of lemma : This is a consequence of the Brouwer Theorem which
asserts that any continuous mapping from B(0,1) C R" into itself has a fixed point,
see [7]. Let i large enough such that w; := (¢;, z;) belongs to B(0,1/4). Since D,,G
is surjective, there is a affine space V' of dimension N which contains u; and such
that D,,G|v is invertible. Then by the Inverse Function Theorem, there is a open
ball B = Bx(u;,p) NV of u; in V' such that the mapping

G‘V B — G‘V(B) CRN

is a smooth diffeomophism. We denote by G : Gyv(B) — B its inverse. The set
G)v(B) contains some closed ball B(0,c). Taking ¢ > 0 sufficiently small we may
assume that

G(y) € Bx(ui,p/4) Yy € B(0,c).

There is 11 > 0 such that any continuous mapping G : Bx(0,1) — RN verifying

([2:23) satisfies i
G(u) € Gy (B) Yu € Bx(ui, p/2) NV

and

‘(goé)(u)—u‘ < Vu € Bx(ui, p/2) N V.

~ D

Let G : Bx(0,1) — RY be a continuous mapping verifying (2.23) and y € B(0, ¢)
be fixed. By the above construction, the function

U Bx(G(y), p/4) — Bx(G(y), p/4)
defined by
U(u) :=u— (Qoé)(u)+g(y) Yu € Bx(G(y), p/4),

is continuous from Bx(G(y), p/4) into itself. Thus by Brouwer’s Theorem, it has a
fixed point, that is there is u € Bx(G(y), p/4) such that

U(u)=u <= Gu)=uy.

This concludes the proof of the lemma. O
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Define the family of mappings {®c}cso : £ x Ker(DoF) — R by
O (2,t) = 6—12F (€2 + et) V(z,t) € E x Ker(DoF), Ve > 0.
By Taylor’s formula at second order for F' at 0, we have
Q. (z,t) = G(z,t) + o(1),
as € tends to 0. Then there is € > 0 (with |(€2, €)| < 1/2) such that for every € € (0, ),
1B (2,1) — G(z,1)] < g ¥(z,t) € (E x Ker(DoF)) N B(0,1).

By Lemma 259 applied to G = ., we infer that B(0, ¢) is contained in ®.(B(0,1)),
which in turn implies that for every z € RY such that |z| = |z — F(u)| < c€?, there
are wi, wo in X such that

z=w;+wy, wi € Ker(DzF), Jwi|x <e€ |ws|x < 2.

Let us now show that the above result holds uniformly for u close to u = 0. Since F
is O, the vector space Ker(D, F) is transverse to E for u close to 4. Moreover, again
by C* regularity, for every § > 0, there is v > 0 such that for every u € Bx(u,v),

Ker(D,F) N B(0,1) € {y+ 2 € X |y € Kex(DoF) N B(0,1), [l2]lx <},
Therefore, there is v > 0, such that for every u € Bx(u, V), there is a vector space
W, C X such that (W, could be reduced to {0})

X =EoW,®Ker(D,F),
and there are linear mappings
7 Ker(DoF) — W,, my: Ker(DoF') — Ker(DuF)
such that for every t € Ker(DyF'), we have
t=m(t)+m(t), |m()|, <K, |m)|, <Kt

for some constant K > 0 (which depends on Ker(DoF), E, and | - [|x). Given
u € Bx(u,v) and € € (0,€) we define G : (E x Ker(DoF)) N B(0,1) — RY by

G(et) 1= 5 (Flut @24 Emlt) +em(t) — Fw)).

2
for every (z,t) € (E x Ker(DoF))NB(0,1). Taking v and € > 0 smaller if necessary,
by Taylor’s formula for F' at u at second order, by the above construction and by the
fact that D, F and D?F are respectively close to DoF and DZF, we may assume that
(223) is satisfied. We conclude easily. O

We provide now a parametric version of the previous theorem.
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Theorem 2.5.10 Let § € ©, © a compact set of parameter and let F? : U — RN
be a mapping of class C* on an open set U C X such that the mapping 0 — F°
is continuous and u € U be a critical point of F° of corank r. Assume that ({.17)
holds. Then there exist €, ¢ € (0,1) such that for every ¢ € (0,€) the following
property holds : For every 0 € ©,u € U,z € RY with

|lu—ally <e, }Z—Fe(u)} < cé, (2.24)
there are wy,wy € X such that u + wy + we € U,
z=F’(u+w +w), (2.25)
and

wy, € Ker (DuFO) , leHx <€, ngHX < €. (2.26)

Proof of Theorem [2.5.10 : Fix § € ©. We may also assume that & = 0 and
_ N L

F%(u) = 0. As before, set K := (Im <DQFG>) and define the quadratic mapping

Q’ : Ker(DyF?) — K by

Q°(v) := Proj, [<D§F§> : (v,v)} Vv € Ker <D0F9_> ,

where Proji : RY — K denotes the orthogonal projection onto K. By (£I4) and
Lemma 257, Q° has a regular zero v € Ker(DyF?). Let E be a vector space in R
such that X = E @ Ker(DyF?). Define G : E x Ker(DoF?) — RY by

GO(z.1) = DoF?(2) + % (DiFP) - (t.1)  ¥(at) € B x Ker(DyF”)

Then assumptions of Lemma 25.0] are satisfied and there is a sequence {(2¢,9)},

converging to 0 such that G(z?,?) = 0 and D t(_;)Gé is surjective for all 7.

1771

Define the family of mappings {®}.~o : E x Ker(DyF?) — RN by
_ 1 _ _
(2, t) = E—QFG (2 + et) Y(z,t) € E x Ker(DyF?), Ve > 0.
By Taylor’s formula at second order for F? at 0, we have
07(2,t) = G(=,1) + o(1),

as € tends to 0. Then there is € > 0 (with |(€2, €)| < 1/2) such that for every € € (0, €),

0 (2,t) — Gz, 1)| < g V(z,1) € (E x Ker(DyF®)) N B(0,1).
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Take now @ near 6. By the continuity of the mapping 6 — ®’, we have
O (2,t) — GOz, t)| < Y(z,1) € (E x Ker(DoF%)) N B(0, 1).

By Lemma 259 applied to G = ¢ we infer that B(0, ¢?) is contained in ¢ (B(O 1)),
which in turn implies that for every z € RY such that |z| = |z — F(a@)| < ?¢2, there
are wi, wo in X such that

z=Fw, +wy), w € Ker(DaF?), |wi|x <e |wa|x <éX

We conclude easily as in the proof of Theorem [£.2.0l O

The control system which is relevant in the present section is not always
controllable at first order. We need sufficient condition for controllability at second
order.

2.5.4 Second-order controllability results

Using the same notations as above, we say that the control system (28] is
controllable at second order around u in R™ if there are p, K > 0 such that for every

v E B(V(T% ,u), there is u € L2([0, T}, Rm) satisfying

EVT(w) =~ and |ju|e < K|y —~5(T)["?.

Obtaining such a property requires a study of the End-Point mapping at second
order. For every v € L2([0,T],R™), the second derivative of E7T at @ is given by
(see [61])

D2EYT(@).(v,v) = 25(T) /0 ' S()~! (C(t) + D(t))dt,

where
m

= () DX (3(t)).(o(t)),

=1

m

D(t) = %(D?X%(t)) + Tt DXG1))-(o(t). 0().

i=1
and

o(t) = S(t)/o S(s)"'B(s)v(s)ds.

The following theorem describes a second order controllability result.
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Theorem 2.5.11 Let us assume that the End-Point mapping E7' . L*([0, T]; R™) —
R™ wverify the condition (4.14). There are p, K > 0 such that for every ¥ € R™ and

every vy € B(W(T), u), there is u € C*([0,T], R*) with support in [0,T] satisfying

EYT(w) =~ and ||ullgw < K |y —5(T)["*.

Proof of Theorem [2.5.11] : The End-Point mapping E77 : L2([0,T];R™) — R"
verify the condition (£14), so there exists a vector subspace L of KerDyE"T with
p :=dimL > r such that

NDZEVT(0) <0 Ywe L YA€ (Im(DyEYT))"\ {0} (2.27)

Remember that the set of controls u € C*°([0,7T],R™) with supp(u) C (0,7T) is
dense in L%([0,T],R™), then there are p smooth controls u!, ..., u? : [0,7] — R*
with Supp(u?) C (0,7) Vj =1,...,p, such that

p
NDIE (1) <0 Vu:=> MNu € L VA€ (Im(DzEYT)) "\ {0}.  (2.28)
j=1

Define F : R? — R" by
p
F(\) = EW(Z Ajuﬂ'> VA= (A1, Ay) € R,
=1

The function F is well-defined, smooth, and satisfies F'(0) = E77(0) = 5(T). Its
second differential at A = 0 is given by

D2FO)(\.&) = DBV (O)( Y\, 3¢ ).

So thanks to (2.28), the map F' verify the assumption (4.14). Hence thanks to
Theorem [£.2.6], there exist €,¢ € (0,1) such that for every e € (0,€) the following
property holds : For every A € R?, v € R" with

IA=0llzs <&, |7 = F(N)] <ce, (2.29)
there are wq, wy € RP such that
v =F(A 4w + ws), (2.30)
and

wy € Ker (D\F), leHRP < €, ngHRP < €. (2.31)
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Apply the above property with A = 0 and v € R” such that

2
|y —3(T)| = % with € < €.

Therefore by the above property, there are wy,w, € RP such that
v=F (w1 + w2),
and
wy € Ker (D\F), ‘wl‘ <€, ‘wg‘ < é.

Note that any

p
w=>Y M’ with A= (.., \) €R”
b=1

is a smooth control whose support is strictly contained in [0,7] and there exists
L > 0 such that

Jullow < 2(Jun] + Juwal) < (e + ).

We infer that (for € > 0 small enough)

N = E:”T(u) and H“ch < 2Le = 2L\/§ |y —7(T)|1/2.



CHAPITRE 3

A geometric control proof of
Franks’ lemma for Geodesic Flows

Summary : We provide an elementary proof of the Franks lemma for geodesic flows
that uses basic tools of geometric control theory.

3.1 Introduction

In 1971, John Franks stated and proved an elegant lemma (see [23] lemma 1.1])
showing how to perturb the derivative of a diffeomorphism along a periodic orbit by
small perturbations of the diffeomorphism on a neighbourhood of the orbit. Since
the original Franks’ lemma concerns diffeomorphisms, its proof is quite simple. The
Franks lemma has since been proven in other interesting contexts such as geodesic
flows (see [15] and [12]) and more generally Hamiltonians flows (see [79]). In this
work, we focus on the Franks lemma for geodesic flows. This problem was first stu-
died in the particular case of surfaces by Contreras and Paternain (see [15, Theorem
4.1]). They proved that on any surface, the linearized Poincaré map along any geo-
desic segment of length 1 can be freely perturbed in a neighborhood inside Sp(1)
by a C?-small perturbation of the metric, where for every m € N*, the symplectic
group Sp(m) is defined by

Sp(m) = {4 € My (R) | 474 = T},

0 I,
J= [_ o } .
In 2010, Contreras studied the higher-dimensional analogue (see [12, Theorem 7.1]).
He generalized the previous result for a special set of metrics : those such that every

with
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geodesic segment of length % has a point whose curvature matrix has all its eigen-
values distinct and separated by a uniform bound. The proof was long and technical.

Let M be a closed manifold of dimension n > 2 endowed with a Riemannian
metric g and SYM be the unit tangent bundle. Given a geodesic arc of length 1

~v:10,1] — SIM,

with unit speed and X, and ¥ transverse sections at v(0) and 7(1) respectively.
Let P,(20, X1,7) be a Poincaré map going from 3, to X;. One can choose ¥y and
Y31 such that the linearized Poincaré map

Pg(’y)(l) = d’Y(O)]P)g(207 Z17 7)

is a symplectic endomorphism of R"~! x (R*~1)* (in local coordinates). Let R¥(M),
k € NU{+o0} be the set of all C* Riemannian metrics g on M. If n > 3, we denote
by G, the set of Riemannian metrics on M such that every unit geodesic segment
of lenght 1 admits a point where the curvature matrix has distinct eigenvalues.
Denote by R¥(M,G;) the set of all Riemannian metrics g on M such that if n = 2,
g € RE(M) and for n > 3, g € R¥(M) N G,. For every k > 2, R¥(M,G;) is an
open and dense subset of R¥(M). Consider the map S : R*¥(M,G;) — Sp(n — 1)
given by S(g) = P;(7)(1). The following theorem summarizes the Franks lemma for
geodesic flows on surfaces and its higher-dimensional analogue (under the Contreras
assumption on the spectrum of the curvature matrix) with estimates on the size of
perturbation in terms of the radius of the ball of Sp(n — 1).

Theorem 3.1.1 Let gy € R¥(M,G1),2 < k < co. There exists ¥, K > 0 such that
for any geodesic arc v of gy of lenght 1 and any r € (0,7),

B(S(go), Kr) N Spn—1) C S(Bck (g, 7’)).

Let F := {&,...,En} be a finite set of geodesic segments that are transverse to 7.
We have the following result.

Proposition 3.1.2 For any tubular neighborhood W of ~v and any finite set F of
transverse geodesics, the support of the C* perturbation can be contained in W \ 'V
for some neighborhood V' of the transverse geodesics F.

Franks’ Lemma type results has many interesting applications. For instance, in [15]
Contreras and Paternain used it to show that the set of C*° Riemannian metrics on
S? or RP? whose geodesic flow has positive topological entropy is open and dense in
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the C? topology. In [12] Contreras used the Franks lemma to prove that a C? generic
Riemannian metric has a non-trivial hyperbolic basic set in its geodesic flow. The
author says that this perturbation lemma is "the main technical difficulty of the
paper”. Recently, Visscher (see [78]) gave a shorter and less technical proof for the
two cases.

The purpose of the present chapter is to provide a simple proof of the Franks
lemma using geometric control tools. Such techniques have been initially introduced
by Rifford and Ruggiero in [62]. We mention that recently in a joint work with Rif-
ford and Ruggiero, we obtained a Franks lemma at lower order (r < K+/0) without
the Contreras assumption (see [43]).

The chapter is organized as follows. In the next section, we introduce some
preliminaries in geometric control theory. We describe the relationship between local
controllability and the properties of the End-Point mapping. In Section 3.3, we
provide the proof of Theorem 3.1.1. Then, in Section 3.4, we provide the proof of
Proposition 3.1.2.

3.2 Preliminaries in geometric control theory

Our aim here is to provide sufficient conditions for first order local controllabi-
lity results. This kind of results could be developed for nonlinear control systems on
smooth manifolds. For sake of simplicity, we restrict our attention here to the case
of affine control systems on the set of (symplectic) matrices. We refer the interested
reader to [1I, [16] [61] for a further study in control theory.

3.2.1 The End-Point mapping

Let us a consider a bilinear control system on Ms,(R) (with m, k > 1), of the
form

X(t)=AMX()+ Y w(t)BX(t), forae ¢, (3.1)

where the state X (t) belongs to Ma,,(R), the control u(t) belongs to R* ¢t € [0, T] —
A(t) (with T > 0) is a smooth map valued in My, (R), and By, ..., By are k matrices
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in My, (R). Given X € My, (R) and @ € L?([0, T]; R¥), the Cauchy problem
' k
X(t)=AMX()+)_w(t)BX(t), forae tel0,T], X(0)=X, (3.2)

1=1

possesses a unique solution X ;(-). The End-Point mapping associated with X in
time T > 0 is defined as

EXT  L2([0,T);RF) — My,(R)
u r— X)_Qu(T)-

It is a smooth mapping. Given X € My, (R), @ € Lz([(), TY; Rk), and setting X () :=
X a(+), the differential of E* at @ is given by the linear operator

D,EXT o L2([0,T;RY) — My, (R)
v —  Y/(T),

where Y'(+) is the unique solution to the Cauchy problem

Y(t) = AD)Y () + S8, vi(t)Bi X (t) for a.e. te[0,T], (3.3)
Y (0) =0. '
Note that if we denote by S(-) the solution to the Cauchy problem
S(t) = A(1)S(1),
{ s oy
then there holds
. k T
DyEXT(v) = ZS(T)/ v (1)S(t) B X (t) dt, (3.5)
0

i=1

for every v € L2([0, T]; R).

Let Sp(m) be the symplectic group in Ms,,(R) (m > 1), that is the smooth
submanifold of matrices X € My, (R) satisfying

—I, O

Sp(m) has dimension p := 2m(2m + 1)/2. Denote by S(2m) the set of symmetric
matrices in My, (R). The tangent space to Sp(m) at the identity matrix is given by

X*JX =] where J = [ 0 [m] )

T, Sp(m) = {Y € Mo (R)|JY € S(2m)}.
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Therefore, if there holds
JAt), IBy, ..., IBr € S(2m) vt € [0,7], (3.6)

then Sp(m) is invariant with respect to (&I]), that is for every X € Sp(m) and
ac 12(10,T): R¥).
Xx.(t) € Sp(m) vVt € [0,T].

In particular, this means that for every X € Sp(m), the End-Point mapping EXT
is valued in Sp(m). Given X € Sp(m) and @ € L*([0,T]; R*), we are interested in
local controllability properties of (41]) around @. The control system (4.1]) is called
controllable around @ in Sp(m) (in time T') if for every final state X € Sp(m) close
to Xx.,(T) there is a control u € L*([0,T]; R*) which steers X to X, that is such
that EXvT(u) = X. Such a property is satisfied as soon as EXT ig locally open at .

3.2.2 First order controllability results

Given T > 0, X € Sp(m), a mapping t € [0,T] — A(t) € My,(R) and
k matrices By, ..., By € My, (R) satisfying (45), and u € Lz([O,T];Rk), we say
that the control system (@) is controllable at first order around @ in Sp(m) if the
mapping EXT 1 L*([0, T]; R*) — Sp(m) is a submersion at @, that is if the linear
operator )

DiE*T  L*([0,T);R¥) — Tx(r)Sp(m),

is surjective (with X (T) := Xx,(T)). The following sufficient condition for first
order controllability is given in [62] Proposition 2.1]. For sake of completeness, we
provide its proof.

Proposition 3.2.1 LetT > 0,t € [0,T] — A(t) a smooth mapping and By, ..., By €
Mo, (R) be matrices in Ma, (R) satisfying ({4.3). Define the k sequences of smooth
mappings ' '

{Bi},.. . ABi} [0, T] = T, Sp(m)

by

{ B?(t) = B; (3‘7)

B](t) = BI"'(t) + Bl (DA(t) — AW)B] (1),

for everyt € [0,T] and everyi € {1,...,k}. Assume that there exists somet € [0, T]
such that

Span{Bg'(i)ue (1,..., k), j eN} — T, Sp(m). (3.8)

Then for every X € Sp(m), the control system (Z.1) is controllable at first order
around u = 0.
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Proof of Proposition @21 : If D,EX7T is not onto, there is a nonzero matrix
Y € Ms,,(R) such that

X(T)IY € S©2m)

and )
Tr (Y*DﬁEX’T(v)) =0 we L*([0,T;RY).

By (4.4), this can be written as
k T
3 / w®Tr(Y*S(T)S() " BX(8) dt =0 Vo € L*([0,T]; RY).
i=1 70

Taking for every i € {1, ..., k},

vi(t) == Tr(Y*S(T)S(t) ' B;X(t)) tel0,T],

we obtain that
Tr(Y*S(T)S(t)_lBi)_((t)> —0 Vtelo,T). (3.9)

The above equality at ¢t = t yields
Tr (Y*S(T)S(a—lBg(z)X(a) ~0.

Using that £(S(t)™!) = —S(#)7TA(t), X(t) = A(t)X () and differentiating (FJ) at
t =t again and again gives

Tr(Y*S(T)S(t_)‘le(E)X(E)) —0 VjeNVie{l .. k}.
By (&3]), we have
X(T)*J(S(T)S(a—lBg(f)X(f)) e S(2m).

So all the matrices S(T)S(f)"'B/(£) X () belong to Tk (rySp(m). Since the matrix
S(T)S(t)~! is invertible and (1T) holds, we infer that

Tr(Y*H) =0 VH € Tgq)Sp(m)

which yields a contradiction.

As a corollary, we deduce a local controllability property on Sp(m).
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Proposition 3.2.2 Assume that assumptions of Proposition [{.2.1] hold. Then, for
every X € Sp(m) and T > 0, there are p,v > 0, p smooth controls u',---  uP :
0, 7] — R* with Supp(u?) C (0,T) for j =1,...,p and a smooth mapping

U= (U, ,U,): B(X(T),u) N Sp(m) —s B(0, v)

with U(X(T)) = 0 such that for every X € B(X(T), u) N Sp(m),
B p
EXT <Z Uj(X)uj> = X.
j=1

Proof of Proposition : Remember that the set of controls u € C*°([0, T], R¥)
with supp(u) C (0,7T) is dense in L?([0, T, R*) and from Proposition 211, we know

that the mapping EX7T : Lz([(), TY; ]Rk) — Sp(m) is a smooth submersion at u = 0.
Then there are p smooth controls u*, ..., u? : [0, 7] — RF with Supp(u?) C (0,T) for
j =1,...,p such that

Span {DEX’T(TL)(uj) j=1,... p} = T(n)Sp(m). (3.10)
Define F : R? — Sp(m) by

— p .
F(\) = EXT (a +3 )\ju9> YA = (A1, \,) € R,
j=1

The function F is well-defined, smooth, and satisfies F(0) = EXT(u) = X(T). Its
differential at A = 0 is given by

p
DF(0)(A) =Y _NDEY(w)(uw)) VAR,
j=1
hence it is invertible By (B.10). By the Inverse Function Theorem, we conclude the
proof. O
Remark 3.2.3 The radii depend on the size of the datas (see [61, Theorem B.1.4]).
The result below follows easily from Proposition B.2.2]

Proposition 3.2.4 Assume that there exists t € [0,T] such that (.7) holds. Then
there are p, C > 0 such that for every X € Sp(m) with || X — X(T)|| < p, there is a

m(m+1)

C> function w : [0,T] — R™ 2z such that
Supp(u) € (0,T), |uller < C || X = X(T)]

and
X.(T)=X.
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3.3 Proof of Theorem 1.1

Since M is compact, there exists 7 > 0 such that

(=) na(o1-7) =0,

for every geodesic 7y arc of go. Let v : [0, 1] — S9M be a geodesic arc of gy of length
1 (this can be obtained by scaling).

-
i =0
’VWT>

\_

FI1GURE 3.1 — Avoiding self-intersection

Fix a set of Fermi coordinates {(t,z)} along 7. The linearized Poincaré map
P, (7)(t) satisfies a first order system of the form (see [62, Section 3])

Wo(t) = (_Ig(t) I”O‘l) Wo(t) tel—r1],

where K (t) represents the matrix of the sectional curvature of the metric go. In fact,

.....

1 0?2
-g0°(,0).

K(): = 20101

Let f : M — R be a C? function with f(¢,0) = 0 and 32 f(t,0) = 0 Vk =
1,..,n—1. Let u := (;;);j=1,..n—1 be the function defined by

.....

1 o2

_5 al’il’j

wi;(t) = f(t,0), VYij=1,..n—1 and tel[l—r1].

Consider the metric g, := e/ go. The linearized Poincaré map P, (7)(t) is given by

Wo(t) = (_[O(gu ["0—1) Wo(t) tell—r 1), (3.11)
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where
K, (t) = K(t) + Zuii(t)E(ii) + Z'uij(t)E(z’j), (3.12)

with F(ij),1 <i < j < m are the symmetric n — 1 x n — 1 matrices defined by
(E(Z.]))k,l = ik(sjl"‘(siléjk VZ,] = 1,...,n—1.
Set m =n —1, k :== m(m + 1)/2. The formulas BII)-B3I2) giving P,,(7)(t) can

be viewed as a control system of the form

wi; (1) E(17) X (1), (3.13)

Ja
T
=
=
g
NE

1<j
where the 2m x 2m matrices A(t), E(ij) are defined by

Alt) = (_Ig(t) %ﬂ) Vie[l—1,1]

6= (i o)

To avoid eventually self-intersection at (1), we assume that the support of u is
included in (1 —7+6,1—90), with0 <d < 7.

It is clear that if for every final state X € Sp(m) close to y(1) there is a control
u € L*([1 — 7,1]; R*) which steers (1 — 7) to X (see Figure 1), then the control @
defined by

and

0 iftel0,1—7]

u(t) := { u(t)  otherwise. for a.e. t € [0, 1].

steers v(0) to X. For sake of simplicity assume from now that [1 — 7, 1] = [0, 1].

Let us first prove the higher-dimensional (n > 3) Franks’ lemma for geodesic
flows.
The Jacobi matrix K (t) is real and symmetric, so it is diagonalisable and there are

A (8, o Am(t) € R, P(t) € GLn(R) such that K (&) = P(t)"'diag (Al(t), )\m(t))P(t).
Recall that by hypothesis,

37 (0,1] / M(®) # N (D), Vi # . (3.14)

Hence if we change our coordinates, we can suppose that K () = diag <>\1 (1), ..., Am(ﬂ> :
Since our control system has the form (4.1]), all the results gathered in Section



54 A geometric control proof of Franks’ lemma for Geodesic Flows

apply. Since the £(ij) do not depend on time, we check easily that the matrices
By, B}, By, B; associated to our system are given by

Bi(t) = &(ij)

B, (t) = [€(if), A(1)]

B;(t) = [[€(i7), A()], A(1)]

Bj(t) = B}(t) + [[[€(i5), A(t)], A(1)], A(t)]

for every t € [0,1]. An easy computation yields for any i,7 = 1,.. ., m with i < j
and any ¢ € [0, 1],

e am) = (5 g0).

g 0 —2E(ij)
[[E(i7), A(D)], A(t)] = (—E(ij)K(t) — K(t)E(ij) 0 ! ) ’
[[€G), A1), A, At)] = (SE(U)K@)J ROE —E(ij)K (1) 0 3K<t>E<w‘>) '

We need to show that S = Span{ij(f) 11 <i<j<mandl = 0,1,2,3} has
dimension d = 2m(2m + 1)/2. For all 1 <i < j < k we have

(BE(ij)K(ﬂ + K (D) E(ij) 0 ) _
0 —E(ij)K(t) — 3K(t)E(ij)
E(ij)K(t) + K(t)E(ij) 0 [E(ij), K(T)] 0
2 ( 0 _E(ij)K(F) - K(E)E(ij))+( 0 [E(ij), K(f)]) '

Moreover, it holds that

0 0 0 . .
<—E(z'j>f’<(£) — K(DE(ij) o) € Span{Bij(ﬂ [1<i<j< m},
and
E(if) K(t) + K () E(ij) 0 1 N
( j 0 j —E(ij)K(t) — K(E)E(ij)) © Spa“{Bz-j(ﬂ [1<i<j< m}.

Let’s now compute the m x m matrices [E(ij), K(¢)] forall 1 <i < j <m:

Crs = 00f (1, 5) # (i, 7) or (r,s) # (j,1),
[E(if), K()] == (crs)rs with § ey = A;(t) — Mi(?),
cji = Ai(t) = A;(D).
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Hence, using the condition (BI4) we obtain

o (N ) ) 1< =5 (5 i) 1<}

where F'(pq) is the skew-symmetric matrix defined by

(F'(pq)) s 7= 0rpdsqg — Org0sp-

Therefore we have

0  F(pg)

This allow us to compute the dimension of S. In fact, since the matrices £(ij) form
a basis of the vector space of symmetric matrices S(m), we check easily that the
vector space

S:Span{Bf-j(f),(F(pq) 0 ) |1SigjSm,le,l,Qand1§p<q§m}.

Span{ £(i7), [[E (kD). ()] A1) |0, k. 1}

has dimension m(m+1). It remains to check that the rest spans a space of dimension
d —m(m + 1) = m?. The spaces respectively spanned by

{1£6). A 14 |

TS ) 19}

are orthogonal with respect to the scalar product tr(P*Q). The first has dimension
m(m + 1)/2. It remains to show that the second one has dimension m(m — 1)/2.
The second space is generated by the matrices of the form

<F((]]9€I) F (2%1))

with 1 < p < ¢ < m. Finally, the condition (A7) is satisfied and we conclude easily
using Propositions [L2.1] B224 and a compactness argument (see Remark B2.3).

and

Let us now provide the proof of Franks’ lemma for geodesic flows on surfaces.
Set m = 1, the control system (B.I3]) becomes

X(t) = A(6)X (¢) +un()E(11) X (b),

where the 2 x 2 matrices A(t),£(11) are defined by

Alt) = (_[g(t) (1)) vt € [0, 1]
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g(11) = (g 8) .

Since our control system has the form (4.1]), all the results gathered in Section
apply. Since the £(11) do not depend on time, we check easily that the matrices
BY|, Bi,, B}, associated to our system are given by

and

By, (t) = £(11)
By, (t) = [E(11), A(t)]
By (1) = [[E(11), A1)}, A()],

for every t € [0,T]. An easy computation yields for any t € [0, T,
ean.aml= (" 9).
e, Aw) 401 = (e o)

We check easily that dim (Span{B?l (0), B{,(0), B%l(O)}> =3 =dim (TIQSp(1)> :
So the condition (1) is satisfied and the result follows from Propositions 2], [3.2.4]
and a compactness argument.

3.4 Proof of Proposition 1.2

51 62 ¢ €N

|

FIGURE 3.2 — Avoiding a finite number of transverse geodesics
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Let F :={&, ...,&En} be a finite set of geodesic segments that are transverse to
7, with for every i = 1, ..., N, ; intersect v at the point y(t;), where t; € [0, 1]. From
Proposition [3.2.2] we know that there are p smooth controls u!,--- u? : [0,T] — R*
with Supp(u?) C (0,1) for j = 1,...,p, such that the following End-Point mapping
(associated to the control system (B.13)

Elml: Span {u',--- ,u?} — Sp(m)
?:1 )\iul — X[2m’zf:1 )\’Lul(].)
is a local diffeomorphism. Take now p C*°-functions @', --- ,@” : [0,T] — R* such
that for every j = 1,...,p, Supp(@’) C (0,1), @’ vanishes in a neighborhood N; of t;
and @/ is a equal to u/ outside of Nj. By C! regularity of the End-Point mapping
Em1 it holds that the map

Efmd o Span {at,--- @} — Sp(m)
PO s Xy (D)

remains a local diffeomorphism, which concludes the proof.



CHAPITRE 4

Franks’ lemma for C*-Mané
perturbations of Riemannian
metrics

Summary : Given a compact Riemannian manifold, we prove a uniform Franks’
lemma at second order for geodesic flows and apply the result in persistence theory.

4.1 Introduction

One of the most important tools of C! generic and stability theories of dyna-
mical systems is the celebrated Franks Lemma [23] :

Let M be a smooth (i.e. of class C*°) compact manifold of dimension n > 2
and let f : M — M be a C! diffeomorphism. Consider a finite set of points
S =A{p1,p2, . pm}, let =@, T,,M, II' = @, Ttp, M. Then there exist ey > 0
such that for every 0 < e < ¢ there exists 0 = d(¢) > 0 such that the following holds :

Let L = (Ly, Lo, .., L,,) : I — I’ be an isomorphism such that

|Li — Dy fl|<d  Vi=1,....m,

then there exists a C! diffeomorphism ¢ : M — M satisfying
1. g(p;) = f(p;) for every i =1,...,m,
2. Dypg=L;foreachi=1,...,m,
3. the diffeomorphim ¢ is in the e neighborhood of f in the C* topology.

o8
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In a few words, the lemma asserts that given a collection S of m points p;
in the manifold M, any isomorphism from II to IT" can be the collection of the
differentials of a diffeomorphism g, C! close to f, at each point of S provided that
the isomorphism is sufficiently close to the direct sum of the maps D, f,i =1,...,m.
The sequence of points is particularly interesting for applications in dynamics when
the collection S is a subset of a periodic orbit. The idea of the proof of the lemma
is quite elementary : we conjugate the isomorphisms L; by the exponential map of
M in suitably small neighborhoods of the points p;’s and then glue (smoothly) the
diffeomorphism f outside the union of such neighborhoods with these collection of
conjugate-to-linear maps. So the proof strongly resembles an elementary calculus
exercise : we can glue a C! function h : R — R outside a small neighborhood U
of a point x with the linear function in U whose graph is the line through (z, h(x))
with slope //(z) and get a new function that is C close to h.

The Franks lemma admits a natural extension to flows, and its important
applications in the study of stable dynamics gave rise to versions for more specific
families of systems, like symplectic diffeomorphisms and Hamiltonian flows [63] [79].
It is clear that for specific families of systems the proof of the lemma should be more
difficult that just gluing conjugates of linear maps by the exponential map since this
surgery procedure in general does not preserve specific properties of systems, like
preserving symplectic forms in the case of symplectic maps. The Frank’s Lemma was
extensively used by R. Mané in his proof of the C! structural stability conjecture
[47], and we could claim with no doubts that it is one of the pillars of the proof
together with C. Pugh’s C! closing lemma [56, 57] (see Newhouse [52] for the proof
of the C* structural stability conjecture for symplectic diffeomorphisms).

A particularly challenging problem is to obtain a version of Frank’s Lemma
for geodesic flows. First of all, a typical perturbation of the geodesic flow of a Rie-
mannian metric in the family of smooth flows is not the geodesic flow of another
Riemannian metric. To ensure that perturbations of a geodesic flow are geodesic
flows as well the most natural way to proceed is to perturb the Riemannian me-
tric in the manifold itself. But then, since a local perturbation of a Riemannian
metric changes all geodesics through a neighborhood, the geodesic flow of the per-
turbed metric changes in tubular neighborhoods of vertical fibers in the unit tangent
bundle. So local perturbations of the metric are not quite local for the geodesic flow,
the usual strategy applied in generic dynamics of perturbing a flow in a flowbox
without changing the dynamics outside the box does not work. This poses many
interesting, technical problems in the theory of local perturbations of dynamical
systems of geometric origin, the famous works of Klingenberg-Takens [40] and Ano-
sov [3] (the bumpy metric theorem) about generic properties of closed geodesics are
perhaps the two best known examples. Moreover, geodesics in general have many
self-intersections so the effect of a local perturbation of the metric on the global
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dynamics of perturbed orbits is unpredictable unless we know a priori that the geo-
desic flow enjoys some sort of stability (negative sectional curvatures, Anosov flows
for instance).

The family of metric perturbations which preserves a compact piece of a given
geodesic is the most used to study generic theory of periodic geodesics. This family
of perturbations is relatively easy to characterize analytically when we restrict our-
selves to the category of conformal perturbations or more generally, to the set of
perturbations of Lagrangians by small potentials. Recall that a Riemannian metric
h in a manifold M is conformally equivalent to a Riemannian metric g in M if there
exists a positive, C* function b : M — R such that h,(v,w) = b(z)g, (v, w) for
every € M and v,w € T, M. Given a C*°, Tonelli Lagrangian L : TM xTM — R
defined in a compact manifold M, and a C* function v : M — R, the function
L,(p,v) = L(p,v) +u(p) gives another Tonelli Lagrangian. The function u is usually
called a potential because of the analogy between this kind of Lagrangian and me-
chanical Lagrangians.

By Maupertuis principle (see for example [19]), the Lagrangian associated
to a metric A in M that is conformally equivalent to g is of the form L(p,v) =
%gp(v, v) + u(p) for some function u. Since the Lagrangian of a metric g is given by
the formula Ly(p,v) = 3g,(v,v), we get Ly(p,v) = Ly(p,v) + u(p). Now, given a
compact part vy : [0,7] — M of a geodesic of (M, g), the collection of potentials
w: M — R such that v[0, T is still a geodesic of L(p,v) = Ly(p,v) + u(p) contains
the functions whose gradients vanish along the subset of T’ M which are perpen-
dicular to 7/(t) for every t € [0,7] (see for instance [65, Lemma 2.1]). Lagrangian
perturbations of Tonelli Lagrangians of the type Ly (p, v) = Ly(p, v)+u(p) were used
extensively by R. Mané to study generic properties of Tonelli Lagrangians and appli-
cations to Aubry-Mather theory (see for instance [49, 50]). Mané’s idea proved to be
very fruitful and insightful in Lagrangian generic theory, and opened a new branch
of generic theory that is usually called Mané’s genericity. Recently, Rifford-Ruggiero
[62] gave a proof of Klingenberg-Takens and Anosov C! genericity results for closed
geodesics using control theory techniques applied to the class of Mané type per-
turbations of Lagrangians. Control theory ideas simplify a great deal the technical
problems involved in metric perturbations and at the same time show that Mané
type perturbations attain full Hamiltonian genericity. This result, combined with
a previous theorem by Oliveira [53] led to the Kupka-Smale Theorem for geodesic
flows in the family of conformal perturbations of metrics.

These promissing applications of control theory to the generic theory of geo-
desic flows motivate us to study Frank’s Lemma for conformal perturbations of
Riemannian metrics or equivalently, for Mané type perturbations of Riemannian
Lagrangians. Before stating our main theorem, let us recall first some notations
and basic results about geodesic flows. The geodesic flow of a Riemannian manifold
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(M, g) will be denoted by ¢;, the flow acts on the unit tangent bundle T3 M, a point
¢ € Ty M has canonical coordinates § = (p,v) where p € M, v € T,M, and -y, denotes
the unit speed geodesic with initial conditions v4(0) = p, v,(0) = v. Let Ny C TyT1 M
be the plane of vectors which are perpendicular to the geodesic flow with respect to
the Sasaki metric (see for example [66]). The collection of these planes is preserved
by the action of the differential of the geodesic flow :Dy¢p¢(Ng) = Ny, (9) for every 6
and t € R.

Let us consider a geodesic arc, of length T
Yo : [07 T] — M )

and let 3y and X7 be local transverse sections for the geodesic flow which are tangent
to Ny and Ny, ) respectively. Let Py(3o,37,7) be a Poincaré map going from >
to Y. In horizontal-vertical coordinates of Ny, the differential Dy¢r that is the
linearized Poincaré map

Py(V)(T) := DyPy(X0, X7, 7)

is a symplectic endomorphism of R?"=2) x R®"=2) This endomorphism can be ex-
pressed in terms of the Jacobi fields of 7y which are perpendicular to v,(t) for every
t:

Py()(T)(J(0), J(0)) = (J(T), J(T)),

where J denotes the covariant derivative along the geodesic. We can identify the set
of all symplectic endomorphisms of R?"~2 x R?"~2 with the symplectic group

Sp(n — 1) = { X € REn=2x@-, e — .

where X* denotes the transpose of X and

_ 0 [n—l
=

Given a geodesic vy : [0, 7] — M, an interval [t1,t5] C [0,7] and p > 0, we denote
by C, (79([151, tg]) : p) the open geodesic cylinder along 79([151, tg]) of radius p, that is
the open set defined by

Cq ('76([t1,t2]);p) —
{p € M |3t € (t1,t2) with dy(p,76(t)) < p and dy(p, ve([ts, t2])) = dy(p, %(t»}’

where d, denotes the geodesic distance with respect to g. Our main result is the
following.
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Theorem 4.1.1 (Franks’ Lemma) Let (M, g) be a smooth compact Riemannian
manifold of dimension > 2. For every T > 0 there exist o7, 70, Kt > 0 such that the
following property holds :

For every geodesic g : [0,T] — M, there are t € [0,T — 7r] and p > 0 with

Cy (v ([E+7r):5) N[0, 1) =70 (.F+7r))

such that for every 6 € (0,07), for each symplectic map A in the open ball (in
Sp(n — 1)) centered at Py(v)(T) of radius 6 and for every p € (0, p), there exists a
C> metric h in M that is conformal to g, h,(v,w) = (1+o(p))g,(v,w), such that :

1. the geodesic vy : [0,T] — M s still a geodesic of (M, h),

2. Supp(o) C Cy (70 ([t T+ 7r])5p).
3. Pu(7)(T) = A,
4. the C? norm of the function o is less than Kp\/6.

Theorem LT Tlimproves a previous result by Contreras [12, Theorem 7.1] which
gives a controllability result at first order under an additional assumption on the
curvatures along the initial geodesic. Other proofs of Contreras Theorem can also
be found in [78] and [42]. The Lazrag proof follows already the ideas from geome-
tric control introduced in [62] to study controllability properties at first order. Our
new Theorem 1.1l shows that controllability holds at second order without any
assumption on curvatures along the geodesic. Its proof amounts to study how small
conformal perturbations of the metric g along I' := ~([0, 7]) affect the differential of
P, (2o, X7,7). This can be seen as a problem of local controllability along a reference
trajectory in the symplectic group. As in [62], The idea is to see the Hessian of the
conformal factor along the initial geodesic as a control and to obtain Theorem 1]
as a uniform controllability result at second order for a control system of the form

k
X(t)=AMX(t) + ) w(t)BX(t), forae ¢,
i=1
in the symplectic group Sp(n — 1).

We apply Franks’ Lemma to extend some results concerning the characteri-
zation of hyperbolic geodesic flows in terms of the persistence of some C! generic
properties of the dynamics. These results are based on well known steps towards the
proof of the C! structural stability conjecture for diffeomorphisms.

Let us first introduce some notations. Given a smooth compact Riemannian
manifold (M, g), we say that a property P of the geodesic flow of (M, g) is e-C*-
persistent from Maiié’s viewpoint if for every C* function f : M — R whose C*
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norm is less than € we have that the geodesic flow of the metric (M, (14 f)g) has
property P as well. By Maupertuis’ principle, this is equivalent to the existence of
an open C*-ball of radius ¢ > 0 of functions ¢ : M — R such that for every
C* function in this open ball the Euler-Lagrange flow of the Lagrangian L(p,v) =
%gp(v, v) — ¢q(p) in the level of energy equal to 1 has property P. This definition is
inspired by the definition of C*~! persistence for diffeomorphisms : a property P of
a diffeomorphism f : M — M is called e-C*~! persistent if the property holds for
every diffeomorphism in the e-C*~! neighborhood of f. It is clear that if a property
P is e-C"! persistent for a geodesic flow then the property P is €-C? persistent from
Mané’s viewpoint for some €.

Theorem 4.1.2 Let (M, g) be a smooth compact Riemannian manifold of dimen-
sion > 2 such that the periodic orbits of the geodesic flow are C*-persistently hy-
perbolic from Mané’s viewpoint. Then the closure of the set of periodic orbits of the
geodesic flow is a hyperbolic set.

An interesting application of Theorem is the following extension of Theo-
rem A in [64] : C' persistently expansive geodesic flows in the set of Hamilto-
nian flows of T1M are Anosov flows. We recall that a non-singular smooth flow
¢+ Q — @ acting on a complete Riemannian manifold @ is e-expansive if given
r € () we have that for each y € () such that there exists a continuous surjective
function p: R — R with p(0) = 0 satisfying

d (¢t(x)7 ¢p(t)(y)> <e vVt € R,

then there exists ¢(y), | t(y) |< € such that ¢ (r) = y. A smooth non-singular flow
is called expansive if it is expansive for some ¢ > 0. Anosov flows are expansive, and
it is not difficult to get examples which show that the converse of this statement is
not true. Theorem yields the following.

Theorem 4.1.3 Let (M,g) be a smooth compact Riemannian manifold, suppose
that either M is a surface or dim M > 3 and (M, g) has no conjugate points. Assume
that the geodesic flow is C? persistently expansive from Manié’s viewpoint, then the
geodesic flow is Anosov.

The proof of the above result requires the set of periodic orbits to be dense.
Such a result follows from expansiveness on surfaces [64] and from the absence
of conjugate points in any dimension. If we drop the assumption of the absence of
conjugate points we do not know whether periodic orbits of expansive geodesic flows
are dense (and so if the geodesic flow in Theorem is Anosov). This is a difficult,
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challenging problem.

The chapter is organized as follows. In the next section, we introduce some
preliminaries which describe the relationship between local controllability and some
properties of the End-Point mapping and we introduce the notions of local control-
lability at first and second order. We recall a result of controllability at first order
(Proposition 2.1]) already used in [62] and state results (Propositions and
127 at second order whose long and technical proofs are given in Sections
and In Section 4.3, we provide the proof of Theorem [£.1.1] and the proof of
theorems [4.1.2] are given in Section [4.4

4.2 Preliminaries in control theory

Our aim here is to provide sufficient conditions for first and second order local
controllability results. This kind of results could be developed for nonlinear control
systems on smooth manifolds. For sake of simplicity, we restrict our attention here
to the case of affine control systems on the set of (symplectic) matrices. We refer
the interested reader to [I], 16, [44, [38] [61] for a further study in control theory.

4.2.1 The End-Point mapping

Let us a consider a bilinear control system on My, (R) (with m, k > 1), of the
form

X(t)=AMX() + Y w(t)BX(t), forae t, (4.1)

i=1

where the state X (t) belongs to Ma,,(R), the control u(t) belongs to R* ¢t € [0, T] —
A(t) (with T' > 0) is a smooth map valued in My, (R), and By, ..., By, are k matrices
in My, (R). Given X € My, (R) and @ € L?([0, T]; R¥), the Cauchy problem

X() = AOX () + Y a(t)BX(t) forae. te[0,T), X(0)=X, (4.2)

i=1

possesses a unique solution X ;(-). The End-Point mapping associated with X in
time T > 0 is defined as

EXT  L2([0,T);R*) — My, (R)
u — Xx (7).

U



4.2 Preliminaries in control theory 65

It is a smooth mapping whose differential can be expressed in terms of the linearized
control system (see [61]). Given X € M, (R), u € L2([0,T]; R¥), and setting X (-) :=
X% a(+), the differential of EX at u is given by the linear operator

DyEXT o L2([0,T;R*) — Mo, (R)
v —  Y/(T),

where Y'(+) is the unique solution to the linearized Cauchy problem

{ Y(t) = A®)Y (t) + 5 vi(t) Bi(t) X (t) for ae. te[0,T],
Y (0) = 0.

Note that if we denote by S(-) the solution to the Cauchy problem

(50 -4050)  yepn, 9
then there holds
DEXT(v) = Z S(T) / ' v; (1) S(t) ' B; X (t) dt, (4.4)

for every v € L2([0, T]; R¥).

Let Sp(m) be the symplectic group in My, (R) (m > 1), that is the smooth
submanifold of matrices X € Ms,,(R) satisfying

s [0 I,
XJX =] WhereJ.—{_Im O}'

Denote by S(2m) the set of symmetric matrices in My, (R). The tangent space to
Sp(m) at the identity matrix is given by

T, Sp(m) = {Y € M, (R)|JY € 5(2m)}.
Therefore, if there holds
JA(t), IBy, ..., IB, € S(2m) vt € [0,7], (4.5)
then Sp(m) is invariant with respect to (&I)), that is for every X € Sp(m) and

u € L*([0,T]; R¥),
( ) Xx.(t) € Sp(m) vVt € [0,T].
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In particular, this means that for every X € Sp(m), the End-Point mapping EXT
is valued in Sp(m). Given X € Sp(m) and @ € L*([0,T]; R*), we are interested in
local controllability properties of (41]) around @. The control system (4.1]) is called
controllable around @ in Sp(m) (in time T') if for every final state X € Sp(m) close
to X 4(T) there is a control u € L?([0,T]; R*) which steers X to X, that is such
that EXvT(u) = X. Such a property is satisfied as soon as EXT ig locally open at .

Our aim in the next sections is to give an estimate from above on the size of ||u||2
in terms of || X — X, (T)].

4.2.2 First order controllability results

Given T > 0, X € Sp(m), a mapping t € [0,T] — A(t) € My,,,(R), k matrices
By, ..., By € My, (R) satisfying [@.5), and a € L?([0, T]; R¥), we say that the control
system (1)) is controllable at first order around @ in Sp(m) if the mapping EXT
L2([O, TY; Rk) — Sp(m) is a submersion at @, that is if the linear operator

DaEXT - L2([0,T);R*) — T 1Sp(m),

is surjective (with X (7) := Xx4(T)). The following sufficient condition for first
order controllability is given in [62, Proposition 2.1] (see also [42, [44]).

Proposition 4.2.1 LetT > 0,t € [0,T] — A(t) a smooth mapping and By, . .., By €
My, (R) be matrices in My, (R) satisfying (4.3). Define the k sequences of smooth
mappings . .

{Bi}, ... {Bi} : [0, T] = T, Sp(m)

by

L B0 = B0+ B 040 - 0B (46)

(2

oy
<
—~
~
SN—
Il

for everyt € [0,T] and everyi € {1,...,k}. Assume that there exists somet € [0, 7]
such that

span{Bg(t‘) lie{l,... k) je N} — Ty, Sp(m). (4.7)

Then for every X € Sp(m), the control system (Z.1) is controllable at first order
around u = 0.

The control system which is relevant in the present paper is not always control-
lable at first order. We need sufficient condition for controllability at second order.
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4.2.3 Second-order controllability results

Using the same notations as above, we say that the control system (1)) is
controllable at second order around u in Sp(m) if there are pu, K > 0 such that for

every X € B(X(T), u) N Sp(m), there is u € Lz([(), TY; ]Rk) satisfying

EXT(u)= X and |ulp < K|X - X(T)|"*.

Obtaining such a property requires a study of the End-Point mapping at second
order. Recall that given two matrices B, B' € My, (R), the bracket [B, B'] is the
matrix of Ms,,(R) defined as

[B,B'] :== BB' — B'B.

The following results are the key points in the proof of our main theorem. Their
proofs will be given respectively in Sections [4.2.5] and [4.2.0l

Proposition 4.2.2 LetT > 0,t € [0,T] — A(t) a smooth mapping and By, ..., By €
My, (R) be matrices in Mo, (R) satisfying ([{{.9]) such that

Define the k sequences of smooth mappings {BJ}, ..., {Bi} 10,7 — T, Sp(m) by
(4-0) and assume that the following properties are satisfied with t =0 :

[Bij(f),Bi}eSpan{Bj(t_Hr:l,..,k,sZO} Vi=1,...k V=12 (4.9)
and
Span{B{@, [B(), Bl ()] |i,1 =1,..,kand j = 0,1, 2} = T, Sp(m).  (4.10)

Then, for every X € Sp(m), the control system (f.1]) is controllable at second order
around u = 0.

Remark 4.2.3 For sake of simplicity we restrict here our attention to control sys-
tems of the form ({.1) satisfying (4-8)-(4-9). More general results can be found in

44).

To prove Theorem [4.1.1] we will need the following parametrized version of
Proposition [4.2.2] which will follow from the fact that smooth controls with support
in (0,7) are dense in L*([0, T]; R*) and compactness.
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Proposition 4.2.4 Let T > 0, and for every € in some set of parameters © let
t € [0,T) — A%(t) be a smooth mapping and BY,... BY € My, (R) be matrices in
My, (R) satisfying (7.5) (with A(t) = A®) such that

0o __ .

B'BY=0  Vij=1,... .k (4.11)

D ; 07] 67.7 .
efine for every 8 € O the k sequences of smooth mappings {B;”},....{B.’} :

0,T] — Ty, Sp(m) as in {{-6) and assume that the following properties are satisfied
with t =0 for every 6§ € © :

[vaj(f),Bf} c Span{Bf’S(ﬂ r=1,.k s> o} Vi=1,... k Vj=1,2(4.12)
and
Span{Bf’j(ﬂ, (B (), B*' (D) |i,1=1,..,kandj = 0,1, 2} = Ty, Sp(m). (4.13)
Assume moreover, that the sets
{Bf\i: L.k, ee@} C Mo (R)
and
{t € [0,7] — A°(1) |0 € @} C C2([0, T); Map(R))

are compact. Then, there are ju, K > 0 such that for every 6 € ©, every X € Sp(m)
and every X € B(XQ(T), ,u) N Sp(m) (XO(T) denotes the solution at time T of the
control system ({-1) with parameter § starting from X ), there is u € C"X’([O, TY; Rk)
with support in [0, T satisfying

EXT(w) =X and |ule> < K |X — X(T)|"

(Eg(’T denotes the End-Point mapping associated with the control system ({{.1) with
parameter ).

Our proof is based on a series of results on openness properties of C? mappings
near critical points in Banach spaces which was developed by Agrachev and his co-
authors, see [1].

4.2.4 Some sufficient condition for local openness

Here we are interested in the study of mappings F : U — RY of class C? in
an open set U in some Banach space X. We call critical point of ' any u € U such
that D, F : U — RY is not surjective. We call corank of u, the quantity

corank(u) := N — dim (Im (D, F)) .
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If Q:U — R is a quadratic form, its negative index is defined by
ind_(Q) = max{dim(L) | Qiz\oy < O}.

The following non-quantitative result whose proof can be found in [11, 144} [61] provides
a sufficient condition at second order for local openness.

Theorem 4.2.5 Let F : U — RN be a mapping of class C? on an open setU C X
and uw € U be a critical point of F' of corank r. If

ind_ (N (D2F) gorpory) =7 VA€ (Im(DaF))*\ {0}, (4.14)

then the mapping F is locally open at u, that is the image of any neighborhood of u
is an neighborhood of F(u).

In the above statement, (D2F)
Ker(DzF) to RY defined by

Ker(par) refers to the quadratic mapping from

(D%F)‘Ker(DﬁF) (v) := D2F - (v,v) Vv € Ker(DgF).

The following result is a quantitative version of the previous theorem. (We denote

by Bx(-,-) the balls in X with respect to the norm || - ||x.)

Theorem 4.2.6 Let F: U — RY be a mapping of class C* on an open setUd C X
and u € U be a critical point of F' of corank r. Assume that ({{.14) holds. Then there
exist €,¢ € (0,1) such that for every ¢ € (0,€) the following property holds : For
every u €U,z € RN with

lu—1ly <€ |2—F(u)|<cé, (4.15)
there are wq,wy € X such that u + wi; +wy €U,
z=F(u+w +ws), (4.16)
and

wy € Ker(D,F), leHX <€, ngHX < €. (4.17)

Again, the proof of Theorem which follows from previous results by
Agrachev-Sachkov [I] and Agrachev-Lee [2] can be found in [44, [6I]. A parame-
tric version of Theorem that will be useful in the proof of Proposition [4.2.4] is
provided in [44].
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4.2.5 Proof of Proposition [4.2.2]

Without loss of generality, we may assume that X = I,,. As a matter of fact,
if X, :[0,7] = Sp(m) C Ms,,(R) is solution to the Cauchy problem

k
Xu(t) = AW X, (t) + > wi(t) BiXu(t) for ae. t €[0,T], X,(0) = Iy, (4.18)
i=1
then for every X € Sp(m), the trajectory (X, X) : [0,T] = My, (R) starts at X
and satisfies

k
(Xu(t)X) = A(t) (Xu()X) + > ui(t)B; (X, (H)X) forae. te[0,T].

1=1

q
dt

So any trajectory of (4l), that is any control, steering Iy, to some X € Sp(m)
gives rise to a trajectory, with the same control, steering X € Sp(m) to XX €
Sp(m). Since right-translations in Sp(m) are diffeomorphisms, we infer that local
controllability at second order around @ = 0 from X = I, implies controllability
at second order around % = 0 for any X € Sp(m). So from now we assume that
X = I, (in the sequel we omit the lower index and simply write I). We recall
that X : [0,7] — Sp(m) C Ma,(R) denotes the solution of (I8 associated with
w = u = 0 while X,, : [0,7] — Sp(m) C M,,,(R) stands for a solution of (4.I8)
associated with some control u € Lz([O, TY; ]Rk). Furthermore, we may also assume
that the End-Point mapping BT : Lz([O,T l; ]Rk) — Sp(m) is not a submersion at
4 because it would imply controllability at first order around u and so at second
order, as desired.

We equip the vector space My, (R) with the scalar product defined by
P-Q=tr(P'Q) VP,Q € My, (R).

Let us fix P € Tx)Sp(m) such that P belongs to (Im(DOEI’T))l \ {0} with
respect to our scalar product (note that (Im(DoE’ ’T))L \ {0} is nonempty since

DoE"T - L*([0, T]; R*) — Tx(1ySp(m) is assumed to be not surjective).
Lemma 4.2.7 For everyt € [0,T], we have
tr[P*S(T)S(t)—l Bg(t)S(t)} —0  Vj>0¥i=1,..,k

Proof of Lemma [.2.7) : Recall (remember ([4])) that for every u € L2([0, T]; R¥),

DoE" (u) = S(T) /OT St Z ui(t)B; X (t) dt,
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where S(-) denotes the solution of the Cauchy problem (Z£3]). Thus if P belongs to
(ImDOEl’T)L, we have

r | P*S(T) /OT S(t)_lzui(t)Bi)_((t) dt] =0  Yue L'([0,T];RM).

i=1

This can be written as
k T
3 / wi(t) tr [P*S(T)S(t)‘lBiS(t)] dt=0  VYue L0, T];R").
; 0

We infer that
tr[P*S(T)S(t)‘lBZ-S(t)] —0  Vie{l,... .k} Vtelo,T).

We conclude by noticing that

571- (S()'BiS(1)) = S(H)'BI(1)S(t) Vi €[0,T).

Let u € L*([0, T];R¥) be fixed, for every ¢ € R small we define 4, : [0,7] —
My, (R) by
S5c(t) == B (eu) vVt € [0,T7.

By regularity of the End-Point mapping (see [61]), we have formally for every ¢ €
[0, 77,
0c(t) = X(t) + 0: (1) + 02(t) + o€?),

where ¢! is linear in € and 62 quadratic. Then we have for every ¢ € [0, T,

5c(t) = X(t)+0Lt) +6%(t) + o(e?)

= I+ /0 A(s)éﬁ(s)—i—Zeui(s)Biée(s)ds

= X(t)+/0t
+ [ 4

Consequently, the second derivative of EXT at 0 is given by the solution (times 2)
at time 7' of the Cauchy problem

{szA@ﬂw+ZLuMWM@,
Z(0) =0,

s)ds

s)B;0! (s) ds + o(€?).
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where Y : [0,T] — My, (R) is solution to the linearized Cauchy problem (4.3]).
Therefore we have
k

DEEM () =25(T) [ S0 3 wlt) Br(t) .

i=1

where
o(t) = ZS(T)/O S(t) () B X (t) dt.
Then we infer that for every u € L2([0, T]; R¥),
P-DIEM (u) =
k T pt
2 Z / / wi(t)u;(s)tr [P*S(T)S(t)_lBiS(t)S(s)_lBjS(s) dsdt. (4.19)

It is useful to work with an approximation of the quadratic form P - DZE"T. For
every § > 0, we see the space L%([0,d]; R¥) as a subspace of L([0,T];R¥) by the
canonical immersion

we L0, R¥) +— @ € L2(0,T); RY),
with

_on () ifte]0,0]
u(t) := { 0 otherwise. for a.e. t € [0, T7].

For sake of simplicity, we keep the same notation for @ and wu.
Lemma 4.2.8 There is C > 0 such that for every 6 € (0,T), we have
P DB (u) ~ Quu)| < CO*lull}s  Vu € LA([0, 8 RY) € L(0, T RY),

where Qs : L*([0,6]; R*) — R is defined by

Qo) =23 /0 /0 wi(t)us(s)Pos(t, ) dsde Y € L2([0, 6); R),

ij=1
with
2
Pt s)=tr [P*S(T) (832‘3;-(0) +tB;(0)B; + %BZBJZ(O)
t2

BB, + B0 BIO)) |

2
for any t,s € [0,T].
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Proof of Lemma [4.2.8] : Setting for every 7,5 =1,...,k,

2
Bi(t) = Bi + ¢ B(0) + % B20)  Wiel0,T]

and using (A.8]), we check that for any ¢,s € [0, 77,
Bz(t)B](S) = P@j(t, S) + A@j (t, S),

with
t2 2
iyt s) = 7 *B0)BY0) + - "B O)B0) + —— B(0)B(0).
Moreover, remembering that
Jj )
% (S(t)"'B;S(t)) = S(t) ' BI(t)S(t) Vvt e[0,T],
we have

S(t)'BS(t) = Bi(t) + O(t?).
Then by ([EI9) we infer that for any § € (0,7) and any u € L2([0, 6]; R¥),
P DQEI’T( ) — Qs(u)
- / / ui(t)uy(s)ix [P S(T) (B(1) + O(#)) (B,(s) +O(+*))

i,j=1

~Pis(t,s)] dsat

_ 22 / / ui(t)uy()tx [ PS(T) (O() B, (5) + BHO(*) + O() O/

ij=1
+A,; (¢, s))} dsdt.

But for every nonnegative integers p, ¢ with p + ¢ > 3, we have

//uZ uj(s)tPs?dsdt

i,j=1
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\oﬁ \oﬁ
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which by Cauchy-Schwarz inequality yields

//u, uj(s)tPs?dsdt
i,7=1

s [ k 2 s 2
/<Z|u,~(t)|tp+‘1) dt /(/Zm] |ds) dt
o \'I 0

IN
-

é k ) t k 2
< k/ 200 S w0 di /t/ <Z|uj(s)|) ds dt
\ 0 i=1 0 0 \j=t
5 _k s s [ k 2
< | ko2ero / S ) ? dt / ¢ / <Z|uj(s)|> ds dt
\ (it o Jo \GI
N ’ ka2
< Vko 24|k 22/ tdt = —9 2.
< [llze [ KllullF i 7 iz
We conclude easily. O

Returning to the proof of Proposition 4.2.2, we now want to show that the
assumption (LI4]) of Theorems is satisfied. We are indeed going to show
that a stronger property holds, namely that the index of the quadratic form in (4.14])
goes to infinity as 0 tends to zero.

Lemma 4.2.9 For every integer N > 0, there are 6 > 0 and a subspace Ls C
LQ([O, Jl; ]Rk) of dimension larger than N such that the restriction of Qs to Ls sa-
tisfies

Qg(u) < —2C||u||2Lz<54 Yu € L.
Proof of Lemma : Using the notation

hl ® h2 = hl @ h2 / / hl h2 dS dt

for any pair of continuous functions hy, he : [0,0] — R, we check that for every
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uE LQ([O,é];Rk),

k
Qi) = Y (w0 (sw) x| PS(T)BBI0) (4.20)

2 ,_1
+ zk: (tw) © ) x| P*S(T)BL(0)B]

w @ <822“ J )) r [P*S(T)B,.B;(O)]

(tzu ) @uj) tr [P*S(T)BE(O)B]}

+ 37 () © (suy) e[ PUS(T)BL0)BL(0)]

i,j=1

Fixi,j € {1,..., k} with ¢ # j and take v = (vy, ..., vg) € L*([0, 6]; R¥) such that
vi(t)=0 Vtel0,0], Vie{l,..., Ey\{i,7}.
The sum of the first two terms in the right-hand side of (£20) is given by

i {(vi ® (svy)) tr [P*S(T)BiBl(O)] + ((tv;) © v;) tr [P*S(T)B}(O)Bj] }

= (v; ® (sv5)) tr[P S(T)B;Bj(0) ) tr [P S(T)B*-B-l(()):

0] + (
+ (v ® (sv7)) tr [P S(T)B: 31(0)] ) tr [P S(T)B; (0)'
)

+((t1r)®v)tr[PS() (B]} (( )@v)tr[PS() 1(0)B;]
(1) © ) [ PSIVBIOB] + (1) ©1;) e [P () Bl 0}

By integration by parts, we have
5 5
w@@mz(/vmm§(/sm@w)—mw@w.
0 0
So

(i (sv9) tr [ P*S(T)BBHO)| + ((tvy) © ) tr| P*S(T) BH(0) B

_ < /0 " (s) ds) < /0 ’ eu(s) ds) w[P*S(T)B;B(0)]

+ (tv;) © vp)tr [P*S(T) [B(0), B;H .
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But according to (£9) with ¢ = i (remember that = 0), we have
[B;(0), B;] € Span{Bﬁ(O) Ir=1,..k s> 0},

then by Lemma [L.2.7 we obtain

and consequently,

(v: ® (s0:)) tr | P*S(T)B;BH(0) | + ((tvy) © vr) x| P*S(T)B(0) By

= (/06 v;(s) ds ( 06 svi(s) ds) tr [P*S(T)BgB%(O)].
Similarly, we obtain
(v © (sv7)) tr [P*S(T)Bngl'(O)] + ((tvg) © v3) tr [P*S(T)B%(O)Bj}

= ( /0 5 vi(s) ds> ( /0 6 sv;(s) ds) tr[P*S(T)B;B}(0)].

In conclusion, the sum of the first two terms in the right-hand side of (£20) can be
written as

Zk_: {(Ui ® (sv;)) tr [P*S(T>Bile'(O)} + ((tvy) © vj) tr [P*S(T)Bil(())Bj”

= (15 © (sv7)) [ P*S(T)B:BJ(0)] + (v © (sv9) x| P*S(T) B;BL(0)]

(sv;
N (/0675-(5) ds) (/06 sv5(s) ds) tr [P*S(T)BgB;l(O)}

+ ((to;) © v3) tr [P*S(T)BJ(O)B;] + ((tvy) © ;) tr [P*S(T)B—l.(O)Bg]

? J

+ (/06 v;(s) ds) (/06 s5v;(s) ds) tr [P*S(T)BEB%(O)]'

By the same arguments as above, the sum of the third and fourth terms in the
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right-hand side of (£20) can be written as

)t 5]
+(/5 )(/ zd)t

the fifth (and last) part of 1 Qs(v) is given by

i {((tvz-) © (sv;)) tr [P*S(T)B;(O)B;(oﬂ } -

((tv) © (sv7)) tr [P*S(T)B%(O)B%(O)] + ((tv) ® (sv7)) tr [P*S(T)B%(O)B%(O)}
+ (1) © (sv)) x| P*S(T)(BL(0))?]
+ ((tv;) @ v7)) tr [P*S(T)(B;(O))ﬂ.

By integration by parts, we have

o o) =5 | () d) ) o) =5 ( | " s(s) d)
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Therefore the last part of 2 Qs(v) can be written as

i_{ )) tx| P*S(T)BL(0)B}(0)] } =
((t07) ® (s07)) x| P*S(T) [BL(0), BH0)]|

- < /0 5 sv;(s) ds) < /0 5 sv3(s) ds) tr [P*S(T)B%(O)B%(O)]
([ onto ds)2 w[PS(T)BHO)]

5 ([ s d8)2 u|PsE o]

_|_

To summarize, we have

%@5@) -
(07 © (sv7)) | PS ] (v © (sv7)) tr[P*S(T)B;BL(0)]
+ ( 06 ) ( ) 0| P*S(T)B;BL(0)|
+ ((tv) © vj) tr| P*S(T)B ()B;] + ((tvy) © vy) x| P*S(T)B}(0) B
+ ( v ) ( ) [P*S(T)B;B%(O)}

T)); T)B:B2(0 (v @(S%U)) [P*S( )B—.BE(O)}
+(/0 )( i) [s0 <>J
o] (%)

(e )(/ ) [ >J
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tr| P*S(T)(B(0))?]

_|_

—

(t0r) © (sv7) tr | P*S(T) [BL(0), B} (0)]]
We now need the following technical result whose proof is given in Appendix.

Lemma 4.2.10 Denote by L;; the set of
v = (vl, o ,vk) c L*([0,1]; R¥)
such that
vi(t)=0 Vtel0,1],Vie{l,....k}\{i7},

/OIUZ(S) ds = /01 svi(s) ds = /01 vj(s)ds = /01 sv;(s)ds = 0,

v; © (sv5) = v; © (sv3) = v; © (s7v5) = v; © (s*v;) = 0,
and
(tv;) © (sv;) > 0.

Then, for every integer N > 0, there are a vector space L;].Vj C L;;U{0} of dimension
N and a constant K(N) > 0 such that

(tv;) ® (svy) > |v]|%2 Yv € Lf\%

)2 K@

Let us now show how to conclude the proof of Lemma 2.9 Recall that P €
T'x(1)Sp(m) was fixed such that P belongs to (Im(DOEI’T))L \ {0} and that by
Lemma .27, we know that (taking ¢ = 0)

P-S(T)B}(0)=0 Vj>0,Yiel,.,k
By (@I0) (¢ = 0), we also have

span{S(T)Bg’(O),S(T)[B;(O),B;(O)] liys €1,k j=0, 1,2} = Ty Sp(m).
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Consequently, we infer that there are 7,7 € {1,...,k} with i # j such that

tr(P*S(T) [BX(0), Bl(O)}) <0.

2 J

Let N > 0 an integer be fixed, L;].Vj C L;; U {0} of dimension N and the constant

K(N) > 0 given by Lemma 210, for every § € (0,t) denote by LY the vector
space of u € L*([0,6); R*) < L*([0, T}; R¥) such that there is v € L;; satisfying

u(t) = v(t/d) vt € [0, 4].
For every v € L;j, the control us : [0, 7] — R* defined by

us(t) == v(t)5)  te0,d]

belongs to LY and by an easy change of variables,

Jus]|” = / us)?dt = / lusto)]? e = 8 / ool de = 8ol
Moreover it satisfies
Qs(us) =2 ((t7) © (sv7)) 8" tx (P*S(T) [BL(0), BL(0)] ).
Then we infer that
Qslus) _ 2((tv) © (s7)) |

lusllZ20* ool

2
< tr( P*S(T) [B}(0), B .
We get the result for § > 0 small enough. O

We can now conclude the proof of Proposition 4.2.2l First we note that given
N € N strictly larger than m(2m + 1), if L C Lz([O,T];]Rk) is a vector space of
dimension NN, then the linear operator

(DoE"T) |+ L — Tx(rySp(m) C My (R)

L
has a kernel of dimension at least N — m(2m + 1), which means that
Ker (DoE"") N L

has dimension at least N —m(2m+1). Then, thanks to Lemma[£.2.9] for every integer
N > 0, there are § > 0 and a subspace Ls C L2([0,5];Rk) C L2([0,T];Rk) such
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that the dimension of Ls := Ls N Ker (DoE"™) is larger than N and the restriction
of Qs to E(s satisfies .
Qg(u) < —2C||u||2Lz<54 Yu € L.

By Lemma [£.2.8] we have
P-DIE"T (u) < Qs(u) + O ||ul|2e Vu € Ls.
Then we infer that
P-D2EMT(u) < —C0* |ul|?. <0 Yu € Ls. (4.21)

Note that since EXT is valued in Sp(m) which is a submanifold of M,,,(R), assump-
tion (4.14)) is not satisfied and Theorems [1.2.5 and 4.2.6] do not apply.

Let IT : My, (R) — Tz (1) Sp(m) be the orthogonal projection onto T’y (7ySp(m).
Its restriction to Sp(m), II := H\Sp(my is a smooth mapping whose differential at

X(T) is equal to the identity of T'g()Sp(m) so it is an isomorphism. Thanks to the
Inverse Function Theorem (for submanifolds), II is a local C'*°-diffeomorphism at

X (T). Hence there exist p > 0 such that the restriction of Il to B (X(T), ,u) NSp(m)

s ry s * B(X(T), 1) 08p(m) = I B(X(T), 1) N Sp(m) )
is a smooth diffeomorphism. The map E’T is continuous so
U= (B (B(X(T), 1) N Sp(m))

is an open set of L*([0,T];R¥) containing @ = 0. Define the function F : U —
Tx)Sp(m) by F :=1lo EMT =1l o EXT. The mapping F is C* and we have

F(u) = X(T), DuF = DzE"" and D2F =110 D2E"T.
Let us check that I satisfies assumption (£I4). For every P € T Sp(m) such
that P belongs to (Im(DQ—LF))l \ {0} and every v € L%([0, T]; R¥), we have
P-D2EMT(p) = P-Tlo D2EM (u) + P - (DgEﬂT(m Mo D?LEI’T(u)>.
But N
D2E"(u) ~ Mo DB (u) € (TxnSp(m))

hence
P-D2E"(u) = P- D2F(u).
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Therefore, by (L.21]), assumption (L.14) is satisfied. Consequently, thanks to Theorem
[4.2.6] there exist €,¢ € (0,1) such that for every e € (0,€) the following property
holds : For every u € U, Z € Tk (rSp(m) with

lu—all. <e [Z—F(u)|<ce,
there are wy, wy € L*([0,T]; R*) such that u + w; + w, € U,
Z = F(u+w; + wy),
and
wi € Ker (DF), e < e [, < €

Apply the above property with u = and X € Sp(m) such that

2
X = X(D)| =t - with e <&

Set Z :=I1(X), then we have (II is an orthogonal projection so it is 1-lipschitz)
2
Z — F()| = |TI(X) - T(X(T))| < |X — X(T)| = % < cé.

Therefore by the above property, there are wy,w, € L2([0, T];Rk) such that @ :=
u + wy + wy € U satisfies

Z =F(a),
and
]| 2 < llwill e + lJwall 2 < €+ €.

S}ilnce ﬁ| B(X (T),u)nSp(m) 15 & local diffeomorphism, taking € > 0 small enough, we infer
that

X = B'(i) and Ha}}mng:z\/g X — X(1)|"2.

In conclusion, the control system (4] is controllable at second order around @ = 0,
which concludes the proof of Proposition 2.2.

4.2.6 Proof of Proposition 4.2.4]

As in the proof of Proposition .2.2] we may assume without loss of generality
that X = Iy,. Recall that for every § € ©, E)" - L2([0, T]; R¥) — Sp(m) C Moy, (R)
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denotes the End-Point mapping associated with (A1) with parameter 0 starting at
I = 1I,,. Given 6 € O two cases may appear, either EGI’T is a submersion at . = 0 or
is not submersion at © = 0. Let us denote by ©; C © the set of parameters 6 where
EGI’T is submersion at « = 0 and by O, its complement in ©. By continuity of the
mapping 6 — DOEQI T the set ©; is open in © while O, is compact.

For every 6 € Oy, since Eg T is submersion at @, we have uniform controllability
at first order around @ for a set of parameters close to 6. So we need to show
that we have controllability at second order around u for any parameter in some
neighborhood of ©,.

By the proof of Proposition .22l (see (£21)), for every § € Oy, every P in the

I
nonempty set (Im (DOEQI’T)> \ {0} and every integer N > 0 there exists a finite
dimensional subspace Ly pn C L*([0,T]; R¥) with

D = dim (LG,P,N) > N,

such that
P-DIEy"(u) <0  Yue Lypy\{0}

and
dim (Lg,p,N N Ker (DOEGLT)) > N —m(2m + 1).

By bilinearity of u + P - D2E, " (u) and compactness of the sphere in Ly p y, there
is Cyp pn > 0 such that

P DSEGI’T(U) < _CQ7P’N HUH%Z Yu € LQ’PJ\/'.
Let ul,...,uP € L?([0,T]; R*) be a basis of Lg p v such that
|u'||2 =1 Vi=1,...,D.

Since the set of controls u € C*([0,T],R*) with Supp(u) C (0,7T) is dense in
L%([0,T],R¥), there is a linearly independent family @', ..., @ in C*°([0, T], R¥) with
Supp(u) C (0,7T) (from now we will denote by C5°([0,T], R¥) the set of functions in
C>([0,T], R*) with support in (0,7")) such that

Co.p.N

P DB () < — =2

|ull7.  Yu€ Lopy:=Span{d'|i=1,...,D}.

Moreover by continuity of the mapping (P,0) ~ P - DaEQI’T, we may also assume
that the above inequality holds for any 6 close to 8 and P close to P. Let an integer
N > 0 be fixed, we check easily that the set

A= {(e,P) €0 x Mop(R)[|P| =1, P € (Im(DOEGI’T)Y}
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is compact. Therefore, by the above discussion there is a finite family { (04, Ps) }a=1,..4
in A together with a finite family of open neighborhoods {V,}.—1
(04, P,) (a=1,...,A) in A such that

.....

Ly

such that 3
P-DIEy"(u) <0  Yue L, )\ {0},
for every a € {1,..., A} and any (0, P) in V,. Then set
~ A ~
L(N) = La < CF([0,T],RY),

a=1

pick a basis @', ..., " of L(N) and define FN : © x R® — Sp(m) by

B
FN(\) = Z ) VA= (\,..., ) € RP Vh €O,

b=1

By construction, F'V is at least C? and for every § € ©, and every P € (Im (DOFGN))l\
{0}, there is a subspace Ly'p C L(N) such that

dim (L§p) > N,

P-DiF)(u) <0 Vue Lip\{0}
and
dim (Lg'p N Ker (DoFyY)) > N —m(2m + 1).
As in the proof of Proposition £2.2] we need to be careful because F N is valued
in Sp(m). Given 0, we denote by Il : My, (R) — Tk, )Sp(m) the orthogonal
projection onto Ty, r)Sp(m) and observe that the restriction of II to T'g, (Sp(m)

is an isomorphism for # € Wj; an open neighborhood of . Then we define G :
© x R? — Tx, 1)Sp(m) by

GYON) =TI (FY (V) VAERZ Vo eW,

Taking N large enough, by compactness of O3, a parametric version of Theorem
42,6 (see [44]) yields €, ¢ € (0,1) such that for every € € (0,€) and for any 0 € O,
the following property holds : For every 6 € Wy, A € R”, Z € T, (1Sp(m) with

A2 <, ‘Z - Gév’é()\)’ <cé,
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there are (31, B € R? such that

Z =GN+ B+ ),
and
BreKer (DAG)), |Bi] <e [B]<e
Note that any

B

> Nt with A= (Ar, .., Ap) € RP

b=1
is a smooth control whose support is strictly contained in [0, T]. Then proceeding
as in the proof of Proposition we conclude easily.

4.3 Proof of Theorem 4.1.1]

We recall that given a geodesic g : [0, 7] — M, an interval [t;,t2] C [0,7] and
p >0, Cy (79([t1,t2]); p) stands for the open geodesic cylinder along g ([t1,t2]) of
radius p, that is the open set defined by

Cg ('76([151, tQ]);p) —
{p € M |3t € (t1,t2) with dy(p,76(t)) < p and dy(p, ve([tr, t2])) = dy (p, Ve(t))}.

The following holds :

Lemma 4.3.1 Let (M, g) be a compact Riemannian manifold of dimension > 2.
Then for every T > 0, there exists 70 € (0,T) such that for every 6 € Ty M, there
are t € [0,T — 77| and p > 0 such that

Cg<% ([£ &+ 7)) ;f>> N([0,7]) =7 (.t + 7)) -

Proof of Lemma [4.3.1] : Let 7, > 0 be the injectivity radius of (M, g), that is the
supremum of r > 0 such that any geodesic arc of length 7 is minimizing between its
end-points. We call self-intersection of the geodesic curve 74([0,7]) any p € M such
that there are ¢ # ¢’ in [0, 7] such that v4(t) = 79(t') = p. We claim that for every

integer k£ > 0 the number of self-intersection of a (non-periodic) geodesic of length

kry is bounded by
k-1

N(k) ::Zz:@.

1=
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We prove it by induction. Since any geodesic of length r, has no self-intersection, the
result holds for & = 1. Assume that we proved the result for £ and prove it for (k+1).
Let v : [0, (k4 1)ry] = M be a unit speed geodesic of length (k+ 1)r,. The geodesic
segment y([krg, (k+1)r,y]) has no self-intersection but it could intersect the segment
([0, kry)). If the number of intersection of vy ([kry, (k+1)r,]) with v([0, kr,]) is greater
or equal than (k + 1), then there are t; # ty € [kr,, (k+ 1)ry], ¢ € {0,..., k — 1},
and sy, sy € [iry, (i + 1)r,] such that

Y(t1) =(s1) and ~y(t2) = v(s2).

Since 7 is not periodic, this means that two geodesic arcs of length < r, join y(¢;) to
v(ts), a contradiction. We infer that the number of self-intersection of «y is bounded
by N(k) 4 k, and in turn that it is bounded by N(k + 1). We deduce that for every
integer £ > 2, all the disjoint open intervals

I = <¢]5€Z),(¢+1);ZZ)) i=0,...,N(k) -1

can not contain a point of self-intersection of a unit speed geodesic 7 : [0, kr,] — M.
Hence for every unit speed geodesic 7 : [0, kr,] — M there is i € {0,...,N(k) — 1}
such that no self-intersection of v is contained in the closed interval

vy 6 D

We conclude easily. 0

Let T > 0 be fixed, 7 € (0,T) given by Lemma 3T and v, : [0,7] — M be
a unit speed geodesic of length T'. Then there are t € [0,7 — 77| and p > 0 such that

Cy (v ([E.+7r])30) 19010, T]) =30 (.7 + 7))
Set B 3
0= (0.0) = (1(1),%() 0= (57):= (), % +7r)),
Or = (pr,vr) == (76(T), ¥6(T)),
and consider local transverse sections Yo, 2,3, Sy C Ty M respectively tangent to
Ny, Ng, Nj, Ny,.. Then we have
Pg(f}/)(T> = DGPQ(E(]v ET, 7) = Dé]P)g (27 ZTv 7) © Dng (27 i:7 7) © DG]P)g (207 i:7 /7)

Since the sets of symplectic endomorphism of Sp(n — 1) of the form D;P, (‘2, >, 7)
and DyP, (ZO, >, 7) (that is the differential of Poincaré maps associated with geode-
sics of lengths T'— t — 71 and t) are compact and the left and right translations in



4.3 Proof of Theorem [4.11] 87

Sp(n — 1) are diffeomorphisms, it is sufficient to prove Theorem LTIl with 7 = T.
More exactly, it is sufficient to show that there are o7, K+ > 0 such that for every
5 € (0,67) and every p > 0, the following property holds :

Let v : [0,77] — M be a geodesic in M, U be the open ball centered at P,()(7r)
of radius § in Sp(n — 1). Then for each symplectic map A C U there exists a C'™
metric h in M that is conformal to g, h,(v,w) = (1 + o(p))g,(v, w), such that

1. The geodesic vy : [0, 7r] — M is still a geodesic of (M, h),

2. Supp(a) € Cy (3 ([0, 72]) 5 ),

3. Pu(ye)(mr) = A,

4. the C? norm of the function o is less than K7v/0.
Set 7 := 7 and let v : [0,7] — M a geodesic in M be fixed, we consider a
Fermi coordinate system ®(t, 2y, o, .., 2,_1), t € (0,7), (21,22, .., 2p_1) € (—5,6)" 1
along ([0, 7]), where ¢ is the arc length of 7, and the coordinate vector fields
e1(t), ..., en_1(t) of the system are orthonormal and parallel along 7. Let us consider

.....

F)ij (yl,yg, --ayn—l) =YY Q(‘y‘) Vi #] S {1, NN 1}

and

2
Yi ~
Pii(y1>y2a“ayn—1) = ? (|y|) Vi € {1,...,77,—1},

for every y = (y1,y2,-,Yn_1) € R*"™1 where Q : [0,+00) — [0,+00) is a smooth
cutoff function satisfying

QN =1 if A<1/3
{Q(A):O if A >2/3.

Given a radius p > 0 with C, (v ([0,7]);p) C ®((0,7) X (—6,8)"!) and a family of
smooth function v = (;)i<j=1,..n—1: [0, 7] = R such that

Supp(u;;) C (0,7)  Vi<je{l,...,n—1},

we define a family of smooth perturbations

p7u}
1 Ji<j=1,..,n—1

.....

M — R

with support in ®((0,7) x (=6,8)""1) by

o (I)t> ’ g rey n— = 2 i'tPi'<ﬂaﬂ>">xn_l)>
T35 ( ( Z1, T2 .5 X 1)) P~ u(t) P P
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for every p = CI)(t,xl,x2, . SL’n_l) € ®((0,7) x (=4,6)"1) and we define o”* : M —
R by

3
—

pu p,u

4,j=1,i<]

The following result follows by construction, its proof is left to the reader. The
notation d; with [ = 0,1,...,n — 1 stands for the partial derivative in coordinates
o =1t,x1,...,2,_1 and Ho”" denotes the Hessian of " with respect to g.

Lemma 4.3.2 The following properties hold :

1. Supp(a”™) C Cy (v ([0,7]) 5 p),
g (y(t)) =0 for every t € (0,7),
0o (y(t)) =0 for everyt € (0,7) andl=0,1,...,n—1,
(Hap,u)w (v(t)) =0 for everyt € (0,7) andi=1,...,n—1,
(Ho"),; (1(8)) = () for cvery ¢ € (0.7) and i, j =1,....n ~ 1

o™ ||c2 < C||lullc2 for some universal constant C' > 0.

SRR IR IR

Set m =n —1and k := m(m + 1)/2. Let v = (w;;)i<j=1,..n-1 : [0,7] = R be a
family of smooth functions with support strictly contained in (0,7) and p € (0, p)
be fixed, using the previous notations we set the conformal metric

h:=(1+0"")?g.

We denote by (-, -}, V, ', H, Rm respectively the scalar product, gradient, Christoffel
symbols, Hessian and curvature tensor associated with g. With the usual notational
conventions of Riemannian geometry (as in [I8]), in components we have

Ffj = %(azgjm + ajgim - 8mgij>gmk
(Hf)y = Of — T50Lf.
where (¢g*‘) stands for the inverse of (gp), and we use Einstein’s convention of
summation over repeated indices. We shall use a superscript i to denote the same
objects when they are associated with the metric h. As usual 6;; = 6 = §] will be
1 if ¢ = j, and 0 otherwise. The Christoffel symbols are modified as follows by a
conformal change of metrics : if h = €2/g then (see for example [41])

Thus, since f = In(1 + o) and its derivatives Oy f, 01 f,...,0,_1f vanish along
([0, 7]) (by Lemma .32l (2)-(3)), the Christoffel symbols of A and g coincide along
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7. Then the family of tangent vectors eo(t) = 4(t), e1(t), ..., e,_1(t) is still a family
which is orthonormal and parallel along ([0, 7]). Moreover, if h = e*/g then the
curvature tensor Rm", Rm respectively of h and ¢ satisfy

2 (Rm"(u,v) v w> (Rm(u,v)v,w) — Hf (u, w),

at any p € M where V f vanishes and any tangent vectors u,v,w € T,M such that
u,w L vand Hf(v,-) =0. By Lemma[£.3.2] (2)-(5), we infer that along ([0, 7]), we
have for every i,7 € {1,...,n— 1} and every t € [0, 7],

Ri(t) = (Rl (e:(t),7(6) 3(1). (1)), (4.22)
= (R (es(), 5(0) (1), €5(0)) ) — i (8)
= Ri;(t) —uy(t),
with
Rij(t) = <Rm'y(t) (6i(t)a V(t)) ;}/(t)a ej(t)>py(t) . (423)

By the above discussion, v is still a geodesic with respect to A and by construction
(Lemma (1)) the support of o”* is contained in a cylinder of radius p, so
properties (1) and (2) above are satisfied. it remains to study the effect of o”* on
the symplectic mapping P, (7y)(7). By the Jacobi equation, we have

Py(7)(7)(J(0), J(0)) = (J(7), J (7)),
where J : [0, 7] — R™ is solution to the Jacobi equation
Jt)+RME)J) =0  Vte|o,1],

where R"(t) is the m x m symmetric matrix whose coefficients are given by ([E22)).
In other terms, P,(7y)(7) is equal to the 2m x 2m symplectic matrix X (7) given by
the solution X : [0, 7] — Sp(m) at time 7 of the following Cauchy problem (compare
[62], Sect. 3.2] and [42]) :

m

X(t) = ADX(D) + S ugEGX(E) W eD,7), X(0) =L,  (424)
<j=1
where the 2m x 2m matrices A(t), £(ij) are defined by (R(t) is the m x m symmetric
matrix whose coefficients are given by (£23))

Alt) = (_Ig(t) 16") vt € [0,7]
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£(ij) = ( ) 8) ,

where the F(ij),1 <i < j < m are the symmetric m X m matrices defined by

and

and  (E(ij))y, = dudji + dadjk Vi,j=1,....m

Since our control system has the form (4.1]), all the results gathered in Section
apply. So, Theorem 4. T.1] will follow from Proposition [£.2.4l First by compactness of
M and regularity of the geodesic flow, the compactness assumptions in Proposition
1.2.4] are satisfied. It remains to check that assumptions (4I1)), (£12) and (I3
hold. First we check immediately that

EGNHEKL) =0 Vi, j,k,le{l,...,m} withi <j, k <I.

So, assumption (4.I1]) is satisfied. Since the £(ij) do not depend on time, we check

easily that the matrices BZO], B}J, B2 associated to our system are given by (remember

that we use the notation B, B'| := BB’ — B'B)

BY(t) = = E(iy)

ngu):[ezf 7)) AW
B(t) = [[€(i7), A(B)], AW)],

for every t € [0,7] and any i,j = 1,...,m with i < j. An easy computation yields
forany i,j =1,...,m with i < j and any t € [0, 7],

B0 = e awl = (57 L6
and

30 = 1663400401~ (_pipme” mopen o)

Then we get for any 7,7 =1,...,m with ¢ < j,

[Bl (0), B;;] =2 ((E(Sj))2 8) € Span{BSS(O) |r < s}

and
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So assumption ({I2)) is satisfied. It remains to show that (£I3) holds. We first notice
that for any 4, j,k,l =1,...,m with ¢ < j, k <[, we have

[BL(0), BLO)] = [1€(7), AO)], [E(kD), A(0)]]

([E(ijw(km 0 )
0 (B(ij), E(k)])

with
(E(ij), E(kl)] = 0uF (jk) + 06 F (il) + 0 F' (j1) + 0. F (ik), (4.25)

where F'(pq) is the m x m skew-symmetric matrix defined by

(F(P4)),s = 0rp0sq — Orqlsp-
It is sufficient to show that the space S C My, (R) given by
5= Span{ B3,(0). B(0), B3(0), [B(0). BL(O0)] i.j.k.Lror'} € T, Splom)
has dimension p := 2m(2m + 1)/2. First since the set matrices £(ij) with i,j =

1,...,m and 7 < j forms a basis of the vector space of m x m symmetric matrices
S(m) we check easily by the above formulas that the vector space

$1 := Span{ B, BL(0) |1, } = Span{£(ij), [[€(is), A()], A®)] |7, |
has dimension 2(m(m + 1)/2) = m(m + 1). We check easily that the vector spaces
Sy 1= span{ng(O) | u} - Span{[é'(z’j),A(O)] |z',j}
and
Sy = span{ [BL(0), B(0)] \i,j,k,l} -
Span{ [ [€(ij), AO)] [E(kD). AO)]] 14,5k, 1}

are orthogonal to S; with respect to the scalar product P-Q = tr(P*Q). So, we need
to show that S, + S5 has dimension p — m(m + 1) = m?. By the above formulas, we

have Sy = Span { <_E0(ij) E?ij)) |i’j}

% = Span { ([E(ij)bE(kl)] [E(z'j)?E(kl)]) [, l} ’

and
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and in addition Sy and S5 are orthogonal. The first space S; has the same dimension
as S(m), that is m(m+1)/2. Moreover, by (£.25]) for every i # j, k =i, and [ ¢ {i, j},
we have

[E(i)), E(kl)] = F(jl).

The space spanned by the matrices of the form

(7" #Go)

with 1 < 7 <[ < m has dimension m(m — 1)/2. This shows that S3 has dimension
at least m(m — 1)/2 and so Sy @ S3 has dimension m?. This concludes the proof of
Theorem [LT.1]

4.4 Proofs of Theorems 4.1.2 and 4.1.3

Let us start with the proof of Theorem [A.1.2] namely, if the periodic orbits of
the geodesic flow of a smooth compact manifold (M, g) of dimension > 2 are C*-
persistently hyperbolic from Mané’s viewpoint then the closure of the set of periodic
orbits is a hyperbolic set. Recall that an invariant set A of a smooth flow ¢, : QQ — @
acting without singularities on a complete manifold @ is called hyperbolic if there
exist constants, C' > 0, A € (0,1), and a direct sum decomposition 7,,QQ = E*(p) &
E"(p) ® X (p) for every p € A, where X(p) is the subspace tangent to the orbits of
1, such that

L || DYy (W) IS CAY || W || for every W € E5(p) and t > 0,

2. || DY (W) [|[< CXTH|| W || for every W € E¥(p) and t < 0.
In particular, when the set A is the whole @) the flow is called Anosov. The proof
follows the same steps of the proof of Theorem B in [64] where the same conclusion is

obtained supposing that the geodesic flow is C! persistently expansive in the family
of Hamiltonian flows.

4.4.1 Dominated splittings and hyperbolicity

Let F?(M,g) be the set of Riemannian metrics in M conformal to (M, g)
endowed with the C? topology such that all closed orbits of their geodesic flows are
hyperbolic. The first step of the proof of Theorem is closely related with the
notion of dominated splitting introduced by Mané.

Definition 4.4.1 Let ¢, : Q — @ be a smooth non-singular flow acting on a
complete Riemannian manifold () and let Q C @ be an invariant set. We say that
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Q has a dominated splitting in € if there exist constants 6 € (0,1), m > 0, and
invariant subspaces S(0),U(0) in TyS) such that for every 0 € €Q,

1. If X(0) is the unit vector tangent to the flow then S(0) @ U(0) & X (0) = TpQ,
2.1l Dodmlso) | - | Doyo)O-mlv(ome) 1< 0.

The invariant splitting of an Anosov flow is always dominated, but the converse may
not be true in general. However, for geodesic flows the following statement holds

Theorem 4.4.2 Any continuous, Lagrangian, invariant, dominated splitting in a
compact invariant set for the geodesic flow of a smooth compact Riemannian ma-
nifold is a hyperbolic splitting. Therefore, the existence of a continuous Lagrangian
wmvariant dominated splitting in the whole unit tangent bundle is equivalent to the
Anosov property in the family of geodesic flows.

This statement is proved in [64] not only for geodesic flows but for symplectic dif-
feomorphisms. Actually, the statement extends easily to a Hamiltonian flow in a
nonsingular energy level (see also Contreras [I1]). The following step of the proof of
Theorem relies on the connection between persistent hyperbolicity of periodic
orbits and the existence of invariant dominated splittings. One of the most remar-
kable facts about Mané’s work about the stability conjecture (see Proposition II.1 in
[46]) is to show that persistent hyperbolicity of families of linear maps is connected
to dominated splittings, the proof is pure generic linear algebra (see Lemma I1.3
in [46]). Then Mané observes that Franks’ Lemma allows to reduce the study of
persistently hyperbolic families of periodic orbits of diffeomorphisms to persistently
hyperbolic families of linear maps. Let us explain briefly Mané’s result and see how
its combination with Franks’ Lemma for geodesic flows implies Theorem Let
GL(n) be the group of linear isomorphisms of R". Let ¢ : Z — GL(n) be a se-
quence of such isomorphisms, we denote by E? (1)) the set of vectors v € R" such
that

ig}g{}}(ﬂ?:o%ﬂ)v\\} < 00,

and by E¥ (1) the set of vectors v € R™ such that
sup{H(Hg‘:O@Dj_l_,-)_l UH} < 00.
n>0

Let us say that the sequence 1 is hyperbolic if £ (1) @ E} (v)) = R for every j € Z.
Actually, this definition is equivalent to require the above direct sum decomposition
for some j. A periodic sequence v is characterized by the existence of ng > 0 such
that 1;4,, = ¥; for every j. It is easy to check that the hyperbolicity of a periodic
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sequence 1 is equivalent to the classical hyperbolicity of the linear map H"O ! ;.
Now, let

{@DO‘, a € A}
be a family of periodic sequences of linear maps indexed in a set A. Let us define
the distance d(1,n) between two families of periodic sequences indexed in A by

dw,m) = sup {llvs—n3 |}

neZ,aeN

We say that the family {¢)* o € A} is hyperbolic if every sequence in the family
is hyperbolic. Let us call by periodically equivalent two families ¢*, n® for which
given any «, the minimum periods of ¥* and n® coincide. Following Mané, we say
that the family {¢* a € A} is uniformly hyperbolic if there exists € > 0 such that
every periodically equivalent family n* such that d(v),n) < € is also hyperbolic. The
main result concerning uniformly hyperbolic families of linear maps is the following
symplectic version of Lemma I1.3 in [46].

Theorem 4.4.3 Let {¢Y*, a € A} be a uniformly hyperbolic family of periodic
linear sequences of symplectic isomorphisms of R™. Then there exist constants K >
0, meN, and A € (0,1) such that :

1. If a € A and ¥ has minimum period n > m, then
k-1
LIS ) 2, e || < KON,
=0

and
HH Hm ' %J—H _1

where k 1is the integer part of 7.
2. Foralla €\, j €Z,

w e[| < KX

(S 5 ) s e || - (| (TG 05) ™ sy || < A

3. For every a € A

e S (022l o) <0

n—+oo N

and

lim sup — Zln(H (75 ) 1|Em(]+1) a)H) <0

n—+oo N
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At the end of the section we shall give an outline of the proof of Theorem based
on Mané’s Lemma II.3 in [46] which is proved for linear isomorphisms without the
symplectic assumption. Now, we are ready to combine Franks” Lemma from Mané’s
viewpoint and Theorem to get a geodesic flow version of Theorem 4.3l

Lemma 4.4.4 Let (M,g) be a compact Riemannian manifold. Then there exists
T, > 0 such that every closed geodesic has period greater than Tj.

The proof is more or less obvious from the flowbox lemma since the geodesic flow
has no singularities and the unit tangent bundle of (M, g) is compact.
Let Per(g) be the set of periodic points of the geodesic flow of (M, g). Given a

periodic point 6 € Per(g) with period T(6), consider a family of local sections ¢,

i=0,1,..,ky = [%j)], where [%:))] is the integer part of %(j), with the following

properties :
1. 3¢ contains the point ¢;r, (6) for every i = 0,1, .., kg — 1,
2. ¢ is perpendicular to the geodesic flow at ¢i1, (0) for every i.

Let us consider the sequence of symplectic isomorphisms
Yoy = {Aoig i €2}
1. For i =nkg+ s, wheren € Z, 0 < s < kg — 1, let
A9ig = Doz 007, T, 20 — Ty, 0 S0r15
2. For i = nky — 1, where n € Z, let
A0.9 = Doy 1z, 00T, 4r0 * Toy 1y, 0) S hg—1) — o2
where T'(0) = kT, + rp.

Notice that the sequence 1y , is periodic and let

Yy = {w&me € Per(g)}.

The family 1), is a collection of periodic sequences, and by Franks’ Lemma from
Mané’s viewpoint (Theorem .1.1]) we have

Lemma 4.4.5 Let (M, g) be a compact Riemannian manifold. If (M,g) is in the
interior of F?(M, g) then the family v, is uniformly hyperbolic.
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Proof of lemma : Let 07, > 0, Kr,, be given in Franks’ Lemma, Theorem
ATl If (M, g) is in the interior of F(M, g) then there exists an open C? neighbo-
rhood U of (M, g) in the set of metrics which are conformally equivalent to (M, g)
such that every closed orbit of the geodesic flow of (M,h) € U is hyperbolic. In
particular, given a periodic point 6 € T} M for the geodesic flow of (M, g), the set
of metrics (M, hy) € U for which the orbit of # is still a periodic orbit for the
geodesic flow of (M, hy) have the property that this orbit is hyperbolic as well for
the hy-geodesic flow. By Theorem 1.1l for any § € (0,dr,), the (K7, V/0)-C? open
neighborhood of the metric (M, g) in the set of its conformally equivalent metrics
covers a d-open neighborhood of symplectic linear transformations of the derivatives

of the Poincaré maps between the sections X9, 39 | defined above. Then consider

d > 0 such that the (K7, V/8)-C? open neighborhood of the metric (M, g) is contai-
ned in U, and we get that the family Ay, , is uniformly hyperbolic. Since this holds
for every periodic point € for the geodesic flow of (M, g) the family ¢, is uniformly
hyperbolic. 0

Therefore, applying Theorem .4.3] to the sequence v, we obtain,

Theorem 4.4.6 Suppose that there exists an open neighborhood V (€) of (M, g) in
F%*(M,g). Then there exist constants K >0, D > T,, A € (0,1) such that :

1. For every periodic point 6 with minimum period w > D, we have

k—1
[T I Denleme < KA*
=0
and
k-1
H | Db_plpu ipe) IS KAF,
=0

where E*(1) @ E“(1) = N, is the hyperbolic splitting of the geodesic flow of
(M, g) at a periodic point T and k = [5].

2. There exists a continuous Lagrangian, invariant, dominated splitting
T, M = G*(0) © G*(0) @ X (0)

in the closure of the set of periodic orbits of ¢, which extends the hyperbolic
splitting of periodic orbits : if 0 is periodic then G*(0) = E*(0), G*(0) = E"(0).

Theorem improves Theorem 2.1 in [64] where the same conclusions are claimed
assuming that the geodesic flow of (M, g) is in the C! interior of the set of Hamilto-
nian flows all of whose periodic orbits are hyperbolic. Hence, the proof of Theorem
follows from the combination of Theorems and Theorem
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4.4.2 Proof of Theorem [4.1.3

Let E*(M,g) be the set of Riemannian metrics in M conformally equivalent
to (M, g), endowed with the C? topology, whose geodesic flows are expansive. The
main result of the subsection is an improved version of Proposition 1.1 in [64].

Theorem 4.4.7 The interior of E*(M, g) is contained in F*(M,g).

We just give an outline of the proof based on [64]. The argument is by contradiction.
Suppose that there exists (M, h) in the interior of E?(M, g) whose geodesic flow has
a nonhyperbolic periodic point 6. Let ¥ be a cross section of the geodesic flow at
tangent to Ny. The derivative of the Poincaré return map has some eigenvalues in the
unit circle. By the results of Rifford-Ruggiero [62] DP every generic property in the
symplectic group is attained by C? perturbations by potentials of (M, h) preserving
the orbit of #. This means that there exists (M, h) C%-close to (M, h) and conformally
equivalent to it such that the orbit of  is still a periodic orbit of the geodesic flow
of (M, h) and the derivative of the Poincaré map P : ¥ — X has generic unit circle
eigenvalues. By the central manifold Theorem of Hirsch-Pugh-Shub [34] there exists
a central invariant submanifold >y C X such that the return map Py of the geodesic
flow of (M, h) is tangent to the invariant subspace associated to the eigenvalues of
DP in the unit circle. Moreover, we can suppose by the C* Mafié-generic version of
the Klingenberg-Takens Theorem due to Carballo-Gongalves [9] that the Birkhoff
normal form of the Poincaré map at the periodic point € is generic. So we can apply
the Birkhoff-Lewis fixed point Theorem due to Moser [51] to deduce that given
§ > 0 there exists infinitely many closed orbits of the geodesic flow of (M, h) in the
0-tubular neighborhood of the orbit of . This clearly contradicts the expansiveness
of the geodesic flow of (M, h) € E*(M, g).

In the case where (M, g) is a closed surface, we know that the expansiveness of the
geodesic flow implies the density of the set of periodic orbits in the unit tangent
bundle (see [64] for instance). So if (M, g) is in the interior of E?(M, g) the closure
of the set of periodic orbits is a hyperbolic set by Theorem [4.1.2] and since this
set is dense its closure is the unit tangent bundle and therefore, the geodesic flow
is Anosov. If the dimension of M is arbitrary, then we know that if (M, g) has
no conjugate points, the expansiveness of the geodesic flow implies the density of
periodic orbits as well, so we can extend the above result for surfaces.

4.4.3 Main ideas to show Theorem 4.4.3

As mentioned before, Theorem [.4.3] is a symplectic version of Lemma I1.3 in
[46] that is proved for general families of periodic sequences of linear isomorphisms
of R™. Theorem [£.4.3] has been already used in [64], and since there is no written
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proof in the literature we would like to give a sketch of proof for the sake of comple-
teness. We shall not repeat all the steps of the proof of Lemma I1.3 in [46] because
the arguments extend quite forwardly, we shall just point out where the symplectic
assumption matters. The proof of Lemma I1.3 in [46] has two main parts. The first
part is based on the generic linear algebra of what Mané calls uniformly contracting
families of periodic sequences of linear isomorphisms, namely, uniformly hyperbolic
families of periodic sequences where the unstable part of each sequence is trivial
(see [46] from pages 527 to 532). Since the restriction of the dynamics of a uni-
formly hyperbolic periodic sequence to the stable subspace gives rise to a uniformly
contracting periodic sequence the argument consists in proving separatedly uniform
contraction properties for the stable part of the dynamics and then uniform ex-
pansion properties for the unstable part of the dynamics. In the case of hyperbolic
symplectic matrices, the invariant subspaces of the dynamics are always Lagrangian,
so we have the following elementary result of symplectic linear algebra :

Lemma 4.4.8 Given a symplectic matrix S and a Lagrangian invariant subspace L
there exists an unitary matriz U such that

1. S=UTYU where Y is a 2n x 2n symplectic matriz formed by n x n blocks of

the form
A B
Y= ( 0 (A7) )

where AT is the adjoint of A.
2. The matriz A represents the restriction of S to L.

Now, symplectic matrices in n X n blocks can be characterized in terms of certain
algebraic properties of their blocks.

A B
=(ep)
be a 2n x 2n matriz where A, B,C, D are n X n blocks. The matrix S is symplectic
if and only if
1. ATD-CT"B=1

2. The matrices B'D and ATC' are symmetric.

So any matriz
A B
=3 )

formed by n x n blocks A, B,0, D is symplectic if and only if D = (AT)~! and BTD
18 Symmetric .

Lemma 4.4.9 Let
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Hence, to extend to the symplectic case Mané’s generic linear algebra arguments
for uniformly contracting families of periodic isomorphisms one can consider the
family of restrictions of hyperbolic symplectic matrices to their stable subspaces.
This family is represented by a family of uniformly contracting periodic n x n linear
isomorphisms ¢ = { A%, a € A} placed in the upper left block of the differentials of
Poincaré maps according to Lemmal[£.4.8l Then observe that any open neighborhood
of the family ¢ according to the distance d(), ) can be embedded in a neighborhood
of a family of symplectic isomorphisms just by applying Lemma [4.4.9. We can build
a symplectlc family of symplectic isomorphisms from a perturbatlon A2 of A® taking
D = (AT)~" and finding B close to B such that BT D is symmetric. Such matrix B
exists because the set of symmetric matrices is a submanifold of the set of matrices,
and BTD is close to the symmetric matrix BT D. So there exists € > 0 such that the
ball V, of radius € of matrices centered at BT D meets the submanifold of symmetric
matrices in an open (relative) neighborhood of B"D . But the multiplication of an
open neighborhood V(BT) of BT by D gives an open neighborhood of BTD in the
set of matrices. Then for a suitable choice of V(BT) we have that V(BT)D contains
a matrix BT D that is symmetric.

Therefore, Mané’s arguments for uniformly contracting families can be extended
to the symplectic category. Finally, let us remark that the symplectic nature of
the family implies that contraction properties of the norm of the restriction to the
stable part under the action of the dynamics already give expansion properties for
the action of the dynamics on the norm of the restriction to the unstable part.
This yields that it is enough to consider the contracting part of the dynamics of
a symplectic family of periodic linear isomorphisms to extend the first part of the
proof of Lemma I1.3 in [46] to such families.

The second part of the proof deals with the angle between the invariant subspaces
of uniformly hyperbolic families (see [46] pages 532-540).

Definition 4.4.10 Given two subspaces E,S C R"™ such that E@S = R", let
L(E,S) be defined by
L(E,S)=| LI

where L : B+ — E is such that S = {v+ L(v),v € E*}. In particular, £(E, E*+) =
.

The main goal of this part of the proof of Lemma IL.3 in [46] is to show that
the invariant splitting of a uniformly hyperbolic family is a continuous dominated
splitting. The general idea of the proof of this second part is to "move” one of the
invariant subspaces of the dynamics with perturbations of the map L while keeping
the other subspace unchanged.

The proof of the continuous domination has two steps. First of all, so show that the
angle between the invariant subspaces must be bounded below by a positive constant
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(Lemma I1.9 in [46] pages 532 to 534). This is the content of the following result
whose proof we present in detail to give a sample of how the arguments extend to
symplectic matrices. We just follow step by step Mané’s proof, we even respect the
notations in his paper.

Lemma 4.4.11 Let {¢* « € A} be a uniformly hyperbolic family of periodic se-
quences of symplectic isomorphisms of R?". Then, there exist ¢ > 0, v > 0, and
nog € Z~ such that if {n™, a € A} is a periodically equivalent family with d(v,n) < €
then {n*, o € A} is hyperbolic and the angle between stable and unstable subspaces
satisfies

L(E0), By () > A

for every a € A such that the minimum period of n® is greater than nyg.

Proof of lemma [4.4.17] : Suppose by contradiction that the statement is false.
Then there would exist hyperbolic periodic sequences n : Z — Sp(2n,R) with
arbitrarily large period n, such that

1. L(E5(n), E§(n®)) is arbitrarily small,
2. For some o € A the periods of ¥* and n coincide,
3. sup; || 7 —¥f) || is arbitrarily small.
Suppose that in the coordinates of the base Fj(n)* € Ej(n) the matrix of H;L:_S ur

is
A 0
v=(75)
where A, P, B are n X n matrices. By the uniform contraction property of the stable
part of the dynamics of the family there exist K > 0, A € (0,1) such that

A~ < KA

and
| B[|< K"

Since we can choose an orthogonal change of coordinates (), we have that the matrix
M = QA is a symplectic matrix and thus, by Lemma 2.8 we get B = (AT)~1.

Let L : E(n)* — E5(n) be such that {v+ L(v),v € Ej(n)*} = E¥(n). Since
n—1 u m
[15=0 mi(EG(n) = Eg(n) we get
LA= P+ BIL,

and therefore,
L=PA'+BLA™!
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and by the previous inequalities
I Ll PATH || +E2X" | L |-

For n large enough, K2A\?" < 1. so we have
1 —1 -1 —1 S ([ QL U, o
5 I PAT T =l L7 = £(E5(n"), Eg(n™)),

and hence the number || PA™! || 7! assumes arbitrarily small values by the contra-
diction assumption.

Next, define a sequence ¢ : Z — Sp(2n,R) with minimum period n, where
1. & =mn; forevery 0 < <n—1,

2. 502770<é C;)

The matrix < é ? ) is symplectic for every C such that C'is symmetric by Lemma

[4.4.9] Then,
ﬁ§~— AoN(IcC\ (A AC
LIS=\p B )\o 1 )7\ P B+PC )

So the goal is to find a symmetric matrix C' with small norm such that the above
matrix has an eigenvalue equal to 1. In this way we get a contradiction because we
are supposing that the family {¢* « € A} is uniformly hyperbolic so any sufficiently
close family would have to be as well.

To find the matrix C' let us consider the system

Az + ACy =z
Px+ (PC+ By = .

For a solution (z,y) of the system we would have
v=(I-A)"TTACy = -1 - A1)-1Cy

and
(I — B)_lP(I - - A‘l)_l)Cy = .

Notice that I — (I — A ™)'= —A7Y (I — A1)~ s0 we get
—(I -B)'PAT' I - A Y Oy =vy.
Take a vector v such that || v |=|| PA™! |7}, and || PA™ v ||= 1. Let
y=—(—B)'PA .
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Since || B [|[< KA™ we can assume that || I — B ||< 2. Hence || y || 7'< 2. Now take
a vector w such that

(I—AH " w=0.

Since the norm of A~! is small the matrix (I — A™!) is close to the identity, so we
can suppose that || w ||< 2 || v ||. Next, consider a matrix C' such that

| w |
Cy=w, [|[C]= T

Observe that
I Cl<4]vl=4| PAT||7'< 2L(E5 (), Eg (™))

that can be made arbitrarily small. Thus, the matrix C' and the vector y defined

AC ) which shows that

above give a fixed point (z,y) for the matrix < P B+ PC

the sequence &; is not hyperbolic.

Notice that the conditions defining C' are quite loose, there are many possible
candidates. In particular, the matrix C' can be taken symmetric. Indeed, symmetric
matrices are linear maps which send the unit sphere to ellipsoids centered at 0. Mo-
reover, the norm of such a map is the length of the largest axis of the corresponding
ellipsoid. So let us consider a linear map 7" such that T'(y) = w as the linear map C
does, and take 1" such that

1. The image of the unit vector ﬁ by T'is pio.
2. The image of the unit sphere by 7' is an ellipsoid whose largest axis is contained

in the line tw, t € R, and whose length is H

If we take C' =T we have a symmetric matrix solving the above system of equations.
O

The final step of the second part of the proof is to show that the uniform
hyperbolicity of families combined with the existence of a lower bound for the angle
between invariant subspaces implies the domination condition ([46] pages 534-540).
The argument is by contradiction : if the domination condition is not satisfied then
it is possible to find a small perturbation of the family such that the invariant
subspaces of the perturbed one are very close to each other, which is impossible
by Lemma [£.4. 111 The proof is involved but again, the tools of the proof are quite
general and elementary in linear algebra, they can be adapted straighforwardly to
symplectic matrices.
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4.5 Appendix : Proof of Lemma 4.2.10

First of all, we observe that given Lévj, the existence of K(N) follows by ho-
mogeneity and continuity of the mapping

ve L — (ty;) © (sv5) € R.

Let us now demonstrate the existence of Lf.v3 by induction over N. In fact, setting

f = v, g = vj, it is sufficient to show that the set £ of w = (f,g) € L*([0, 1};R?)
with f and ¢ polynomials satisfying

( 1

S
V2)

Q

—~
V)
IS
V2)
Il

(4.26)

|
coococoo o o o

and

(tf)© (sg) #0 (4.27)

contains (adding the origin) vector spaces L™ of any dimension. When f,g are
polynomials, that is of the form

ft) = Z a,t? and g(t) = Z byt?

pEZL qEZ

with a, = b; = 0 for any p,q < 0 and a, = b, = 0 for large p, ¢, we check easily that
(from now on, we omit to write the set Z containing p and q)

fog= Zo‘p,qap by,
P,
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with 1/, 4 = (¢ + 1)(p + ¢ + 2). Then we have

([ fsds = X,
o sf(s)ds = 3, -La,

b g(s)ds = Y, b,
f()ng(S)ds = qu}rzb

fO(sg) = Zp,q p,qQp bg—1
fo(s’g) = Zp,q p,qQp bg—2
go(sf) = Zp,q g plp—1 bg
go (s’ f) = Zp,q gplp—2 by,

and

= E :O‘p,qap—l bg—1.
P.q

We can now show that the set £U {0} contains a vector line. As a matter of fact,
taking f(t) = 1 — 6t + 6t* and taking ¢ in the set of polynomial of degree < d, leads
to the system

( 27
247

- b

> by

a0 = 6a1 g+ 6ag4) by1 = zqm b,
b b

b

b

+\H+\H

. Ll (4.28)
Zq(aoq_6a1q+6a2q> -2 = ZQW q '
4

2
Qg1 — 6ag o + 6ay3) by, = qu

. b
2
B 42 —164—60
L Zq(aq72 Gargs + 6ag) bg = 35 Zq (g+4)(q+5)(q+6)

q =

o O O O o O

q Y

which is the system of equations of the intersection of 6 hyperplans Hy, Hy, H3, Hy,
Hj5 and Hg respectively, that we denote by

V=N H; C Ry[X].

Then V has dimension at least d —5. We can check with Maple that there isa d € N
sufficiently large such that V' is not contained in the kernel of the linear form

) ) q+3
01 ) RN = D O o)

For every ¢« = 1,...,6, let ¢; be the linear form correspoding to the i-th line in
(428) and denote by A(d) the 7 x (d+ 1) matrix whose seven lines are given by the
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coeficients of ¢1, @9, @3, G4, @5, P and ¢ respectively, that is

1

1

1
L3 d a+1
1 1 _1 1
2 3 d+1 d+2
1 1 d d+1
60 60 (@+2)(d+3)(d+a)  (d+3)(d+4)(d+5)
11 d+1 d+2
A(d) =18 70 (d+3)(d+4)(d+5)  (d+4)(d+5)(d+6)
1 1 d+1 d+2
30 10 (@+2)(d+3)(d+a)  (d+3)(d+4)(d+5)
-1 =5 (d—1)2—-16(d—1)—60 d?>—16d—60
2 14 (@+3)(d+4)(d+5)  (d+4)(d+5)(d+6)
1 2 d+2 d+3
0 105 (@+3)(d+4)(d+5)  (d+4)(d+5)(d+6)
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We check with Maple that rank(A(50)) = 7, which shows that ¢ ¢ Span (¢1, ..., @) ,
and in turn that V ¢ Ker(¢). Therefore there is a solution (b,) € Rj0[X] of the

above system which satisfies

(f(t) =1—6t+ 6t2) © (Q(t) — qutq> _

q+3 B
D3 e e R

Assume now that we proved the existence of a vector space LY C £ U {0} of
dimension N > 1. Let {(f1,91),--.,(f~,gn)} be a basis of L. We need to find a
pair (f, g) such that for any a = (ay,...,ay) € RY and 3 € R, the pair

N N
<Bf + > aufi,Bg+ Y algl)
=1 =1

satisfies (4.26]) and (£.27). By bilinearity of the ® product, this amounts to say that

BFo(sg)+ BN i f O (sq) +BY0, aufi © (s9)

Bfo(sPg)+p Zz]\; afo(s*q)+ 5 Zz]\; a1 © (s*g)
Bg@(sf)+BY i cug® (sfi) + B, g ®(sf) =

Bgo(sf)+ B g ® (sh) + B, cug © ()

{ Jy f(s)ds = 0 {
folsf(s)ds = 0,

B () © (sg9) + B au(tf) © (sg) + B au(thi) © (sg) + Y ai(tfi) © (sg)
: : 20 (431)

(4.29)

o O O O

fol 9(S> ds = 0

[} sg(s)ds = 0, (4.30)

and



106 Franks’ lemma for C*-Mané perturbations of Riemannian metrics

In fact, any pair (f, g) satisfying (£20])- (£27) and the systems

fO(sg) = 0 fio(sg) = 0

fo(sqg) = 0 fio(s?g) = 0

gz@(Sf) =0 go(sfi) = 0 (4.32)
gl®( f) =0 @(Szfl) =0
tf) o (sq) = 0 (tfi) ©(sg) = 0

provides a solution. First we claim that there is a polynomial f; satisfying the left
systems in ({30 and (£32). As a matter of fact, fy has to belong to the intersection
of 245N hyperplanes in R;[X]. Such an intersection is not trivial if d is large enough.
The function f = fy being fixed, we need now to find a polynomial ¢ solution to
the four last equations of system (4.20), to (4.27)), and to the right systems in (4.30)
and (432). Thus g needs to belong to the intersection of 6 + 5N hyperplanes and
to satisfies (A27]). Let

P P
= Z afntp and g¢(t) = Z bfltq,
p=0 q=0
d
= Z agt’ and  g(t) = Z byt?,
p=0

qEZL

where P is the maximum of the degrees of fi,..., fn,91,...,9n and d is the degree
of fyo. We have

Lg(s)ds = —- b,
{ fo 9(s) %q q+1 : (4.33)

Jo s9(s)ds = 3, 25 by,
( fi©(sg) = Zq <Zp Ap g+1 a’p) by
fi© (329) = Zq <Zp Ap g+2 a’p) by (4.34)
9O (sfi) = Zq <Zp Agp+1 a’p) by
9o (s*fi) = Zq <Zp Qg,p+2 a’p) bq

and

p+1,g+1 a;) by (4.35)

for every [ =1, ..., N, and moreover

(tfo) © (s9) =D D apsrgn ag) b,. (4.36)

q p
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We need to show that the kernel of the linear form (given by (£36))

Dy, o (by) € Ry[X] — Z (Z Qp+1,g+1 ag) bq
q P

does not contain the intersection of the kernels of the 24+ 4(N + 1)+ N = 5N +6
linear forms given by ([A33)-(@35]). If this is the case, for every integer d > 0, any
choice of fy in Ry[X], and any integer d’ > 0, there are C' = 5N + 6 real numbers
(not all zero)

PYLIUNNED CLE VD VLD VLD VD D L

such that for every integer ¢ € {0,...,d'},

S st = 3N (Do) + 3 (S e
+ZW (Zawa>+zw (Za)
+ZW (Za) Y <Za>
A (Zapq+2a ) + A5 (Zaqp+1a>

p=0 p=0
d’ d’

d A A
1\ > agproa) | + 0 4 S
’ (p:o ety qg+1 q+2
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Observe that the above equality can be written as

d N
_ 2 : Ld 1 0
0 = )\5 ap | — ap| Qptig+1
p=0 =1
d [/ N 1
Ld I 0,d" 0
+ g E AT a, | AT a,| apgr
p=0 L \I=1 J
d [/ N 1
Ld 1 0,d" 0
+ E g As©oa, | AT ay| apgre
p=0 L \I=1 h
d [/ N 1
Ld 1 0,d" 0
+ E E As©a, | H AT a, | agpi
p=0 [ \i=1 J
d [/ N 1
Ld I 0,d" 0
+ E E Al a, | AT ay| agpre
p=0 L \I=1 J
d d
Ao A1
qg+1 q+2

For every ¢, let

with
Vig) = (Vo(q),...,Vi(g)) eR™ Vi=1,....7,
defined by
( V;(Q) Apt1,g+1
V;?(Q) = Qpg+1
Vps(Q) = Qpg+2
‘/;94((]) = Qgp+1
VpS(Q) = Qgpt2
_ 1
G
7 _ 1
L Vi) = (d+1)(q+2)

for every p = 0,...,d. The above equality means that for every d’ > 0, there is a
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linear form U¢ on R7@+D of the form

for every V = (V1,...,V7) € (R™)7 such that
v (V(g) =0 Vge{o,....d}.
For every integer d' > 0, let dim(d’) be the dimension of the vector space which is

generated by V(0),...,V(d’). The function d’ — dim(d’) is nondecreasing and valued
in the positive integers. Moreover it is bounded by 7(d + 1). Thus it is stationnary

and in consequence there is d’ > 0 such that for every ¢ > d’,
V(q) € Span{V(O), e V(CZ/)}.

Therefore there is a linear form ¥ : R7@+) s R of the form

d d
V) = Y [Th—af] V4> M2+ 2a] V2

for every V = (V1,...,V7) € (R™)7 such that
¥(V(g)) =0 VgeN.
We observe that for any integers p, ¢ > 0,

1 1 1 1
OK = = —_ s
PE(q+D)(p+q+2) p+1lg+l qg+p+2
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then we have for all ¢ € N,
0 = \I/(V(q))

d
_ Z{Q—ﬂ( 1
p+2 q+2

p=0
d T2 )\0 0-

2[5 ()

1) i{rgmgagu 1 )
q+2 L p+l q+p+3

[ 1 I3+ \ap 1
2 1 +3) +1 +p+4
= Lopt q = Lop q+p
d rp7 0 o— d 5 0,0
F + X\sa 1 '+ Xsa 1
£y DIE.
— | p+2 q+p+3 p+3 qg+p+4
d

d
)\10 1 )\11 1
+Zd+1 <q+1 +Zd+1 <q+2)
p=0 p=0
This can be written as
0 = \IJ(V(q))
_zd:Am (1)+Zd:[r;—ag A )\11}<1)
 L—d+1 \g+1 — | p+2 p+1 d+1] \qg+2
p=0 p=0
d 3
3+ MNa 7+ X af 1
24\ —
2 (] ] - o) (7
3

F3+)\Oad B 54 A5 ad n Iy — af 1
d+1 d+3 d+2 qg+d+4)’
where for any r € {4,...,d + 3},
Il a4+ Mad s +T7 , + Xay_,

A, =
r—1
_F%—:ﬁ’r Lt Aga) s — a2_4 D+ A ay
r—2 r—3
ThaeT TR TR (8 N )
r—1 r—2 r—3 r—1 r—2 -3

o N L) o
+<7’—1_r—3_7’—2 Or—e:
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The function ¥ is a rational function with infinitely many zeros, so it vanishes
everywhere and in consequence all its coefficients vanish. Remember in addition
that by construction,

I _
r,=0 Vpe{P+1,....d},Vie{l,...,N}.
Then we have A, =0 for any r € {P +5,...,d + 3}, that is

AS A8\ o A9 A7 1 0
(r—l_r—Q s+ r—1 r—3 r—2 4-1=0,

1
q+d+4

NN,
d+1 d+3) 7 d+2
In conclusion, if there is no vector space of dimension N+1 in LU{0}, then for every
polynomial f, € Ry[X] of degree d (that is aj # 0) the linear form @, contains the
intersection of the kernels of the 5N + 6 linear forms given by (£33)-(Z35). By the

above discussion, this implies that there are four reals numbers A, B, C, D not all
zero (because a3 # 0) such that

1 r_2)%s r—1 r—2 r—3)%7"

for any r € {P +5,...,d+ 3} and in addition

0
(D + C)a&r—% :¢D:—M+U<%f+—£0.

and in addition the coefficient in front of vanishes, that is

d+1 " d+3 d+2 d+2  d+3
Note that for every p € {P +2,...,d},
C 1 D
p+2 p+l p
e 1 d+1/ 1 C
T op+2 p+1 p <d+2+d+3)

20(d+2)(p—d—1)(p+1) — (d+3)((2d+3)p+d+1)(p+2)
p(p+1)(p+2)(d+2)(d+3)

This means that the set of coefficients (ag)pe{ p+1,4y belongs to the algebraic set S
of (d — P)-tuples (ap)pe(p+1,ay € R for which there is (4, B,C) € R? such that

(20(d+ Np—d—1)(p+1)—(d+3)((2d+3)p+d+1)(p+ 2)) .
p(p+1)(p+2)(d+2)(d+3) P

A B
_ 4 — = P+2 ... . (4.
+<p+2+p+1> a,=0 Vpe{P+2 ...,d}. (4.37)
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For every triple (A, B,C) € R3, denote by S(A, B, ') the algebraic set of (d — P)-
tuples (ap)pe(p+1,ap € R satisfying (Z.37). Notice that for every (A4, B,C) € R?,
the function

A B (A+B)p+ (A+2B)

ce{P+2,....d} —> + =
ped } p+2 p+1 (p+1)(p+2)

vanishes for at most one p in {P + 2,...,d}. This means that given (A4, B,C) € R?
either we have
ap:C;fap_l Vpe{P+2,...,d},

with

c? .=

p

<2C(d+ Np—d—1)(p+1)— (d+3)((2d+3)p+d+1)(p+ 2))
pp+ 1) +2)(d+2)(d+3)
/ ((A+B)p+ (A+2B)
(p+1)(p+2)

or there is p = p(A, B,C) € {P +2,...,d} such that

) Vpe{P+2,...,d},

ay=Cla,, Vpe{P+2,...d}\{p}
and

(20(d+2)(ﬁ_d_1)@+1)—(d+3)((2d+3)p+d+1)(p+2)) o
p(p+1)(p+2)(d+2)(d+3) 51 =0.

Since the sets we are dealing with are algebraic (see [5, [I7]), we infer that given
(A, B,C) € R?, the algebraic set S(A, B, ) C R has at most dimension three,
which means that S C RV has at most dimension six.

In conclusion, the coefficients (a))peto,ay of fo have to belong to the intersection
of 2 + 5N hyperplanes in R;[X], and if in addition if there is no vector space of
dimension N + 1 in £ U {0}, then the (d — P)-tuples (a)),e{p+1,4) must belong to
S C RN of dimension < 6. But, for d large enough, the intersection of 2 + 5N
hyperplanes in R;[X] with the complement of an algebraic set of dimension at most
6 + P + 1 is non empty. This concludes the proof of Lemma [£.2.10.
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