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ABSTRACT. Given a smooth manifold M and a totally nonholonomic distribution A C T'M
of rank d, we study the effect of singular curves on the topology of the space of horizontal
paths joining two points on M. Singular curves are critical points of the endpoint map
F : v+ (1) defined on the space €2 of horizontal paths starting at a fixed point z. We consider
a subriemannian energy J : Q(y) — R, where Q(y) = F~1(y) is the space of horizontal paths
connecting x with y, and study those singular paths that do not influence the homotopy
type of the Lebesgue sets {yv € Q(y)|J(y) < E}. We call them homotopically invisible.
It turns out that for d > 3 generic subriemannian structures in the sense of [5] have only
homotopically invisible singular curves. Our results can be seen as a first step for developing
the calculus of variations on the singular space of horizontal curves (in this direction we prove
a subriemannian Minimax principle and discuss some applications).

1. INTRODUCTION

1.1. Horizontal path spaces and singular curves. Let M be a smooth manifold of dimension
m and A C T'M be a smooth, totally nonholonomic distribution of rank d. Given a point x € M
(which we will assume fixed once and for all) the horizontal path space ) of admissible curves
is defined! by:

Q= {y:]0,1] = M |y(0) = =, v is absolutely continuous, 4 € A a.e. and is L*-integrable}.

The W2 topology endows €2 with a Hilbert manifold structure, locally modeled on L?(I,R%).
The endpoint map is the smooth map assigning to each curve its final point:

F:Q—= M, F(y)=~(1).

A singular curve is a critical point of F. Singular curves are at the core of nonholonomic
geometry, but some natural questions about these curves remain open. In fact even the existence
of a point y € M not joined by singular curves sorting from z is still an open problem (the
“subriemannian Sard’s conjecture”).

Given y € M we will denote by Q(y) the set of horizontal curves joining x and y:

Qy)=F'(y), yeM.

If y is a regular value of F', then there are no singular curves between z and y and the space Q(y)
is a smooth Hilbert manifold. As we just said, the absence of singular curves can not be granted
in general and the space Q(y) might be very singular. Despite this fact, from a homotopy theory
point of view (y) still turns out to be a “nice” space.

IThis definition requires the choice of an inner product in each fiber (a subriemannian structure on A) in order
to integrate the square of the norm of 4, but the fact of being integrable is independent of the chosen structure
(we refer the reader to [1, 13] for more details).
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FIGURE 1. A simplified picture of two fibers of the enpdoint map F : Q — M.
The path space Q(y2) is singular, but it is homotopy equivalent to Q(y1).

Theorem (Theorem 5, [3]). For every y € M the space Q(y) has the homotopy type of a CW-
complex and its inclusion in the standard path space (i.e. the space of W2 curves on M with no
nonholonomic constraint on their velocity) is a homotopy equivalence. In particular for a given
manifold M and totally nonholonomic distribution A C TM, all the spaces Q(y) (regardless
y € M being a regular value of F' or not) have the same homotopy type.

Thus, globally the homotopy type of Q(y), y € M, is not influenced by the fact of being sin-
gular. In fact all fibers of the endpoint map can be continuously deformed one into another, but
if an additional function J : Q — R (an energy functional) is considered, during the deformation
we cannot preserve the Lebesgue sets of J.

1.2. Soft singular curves and homotopically invisible curves. In this framework, the main
interest of calculus of variations is to determine the existence of critical points? of a functional:

J:Qy) = R.

Using the homotopy of the space (y) (which in this case is known by the previous theorem) one
is often able to force the existence of such critical points (typically via minimax procedures).

In our case the role of J will be played by a subriemannian Energy. In other words, we fix an
inner product on A smoothly depending on the base-point and define for v € Q:

0 =35 [FioPa.

If y is a regular value of F', then Q(y) is smooth and a critical point of J is simply a curve v for
which there exists a nonzero A € T*M such that:

(1) AL F = d.J.

In the language of subriemannian geometry curves satisfying (1) are called normal geodesics;
their short segments are length minimizers for the corresponding Carnot-Caratheodory distance
on M (not all length minimizers are normal geodesics though).

In the spirit of Morse theory, when (y) is smooth, normal geodesics with energy in [E7, Fs]
are precisely the obstruction to deform the Lebesgue set {J < Es} to {J < E;} following

2Note that, when Q(y) is singular it is not clear yet what a “critical point” for J should be; this will be
clarified below.
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FIGURE 2. A simplified picture of a fiber Q(y) and the Energy function (in
the vertical direction). The curves 7 and 7y, represent normal geodesics (they
are obstructions to deform the Lebesgue sets). The curve 73 represents a soft
singular curve: any cycle X C Q(y)®3 can be deformed a bit below the level Es.

the gradient flow of —J (if y is a regular value of F', the function J satisfies the Palais-Smale
condition [3, Proposition 10] and the classical theory can be used; we refer the reader to [3]).

If Q(y) is singular, even if there are no normal geodesics with energy in [Ey, Fs], the same
deformation is in general not possible (in fact it is not even clear what a gradient flow should
be on this singular space). Nevertheless, as we will see, for a generic (in the sense of [5])
subriemannian structure of rank d > 3 the absence of normal geodesics with energy in [Fy, Es]
is enough to guarantee a weak deformation.

Denoting by Q(y)¥ the set {y € Q(y)|J(y) < E}, the main result of this paper implies
Theorem 1 below. The technical condition that we need in order to guarantee the conclusion
of the results of this paper is that all singular curves with J < Fs satisfy the following three
properties: (a) they have corank one, (b) they are not Goh and (c) they are strictly abnormal.

When d > 3 subriemannian structures whose all singular curves satisty these conditions form
an open dense set in the C°°-Whitney topology by a result of Y. Chitour, F. Jean, and E. Trélat
[5] (see Theorem 4 below for a more precise statement).

We call a singular curve satisfying conditions (a), (b) and (¢) a soft singular curve; thus
generic structures only have soft singular curves. The message of this paper is to show that soft
singular curves are homotopically invisible.

Theorem 1 (subriemannian Deformation Lemma). Assume that all singular curves with energy
J < E5 are soft and that there are no normal geodesics in Q(y) with energy in [F1, Es]. Then
for every compact manifold X, every continuous map f : X — Q(y)¥? and every e > 0 there
exists a homotopy fi : X — Q(y)¥2 such that:

fo=f and fi(X)CQy)"Te
In particular Q(y)¥2 and Q(y)F17¢ are weakly homotopy equivalent.

The previous theorem says that (at least in the generic situation) singular curves with energy
E; < J < E; aren’t obstacles for the deformation of continuous maps (see Figure 2). They are
“homotopically invisible”.

1.3. The calculus of variations on the horizontal path space. Going back to the calculus
of variation, what we are interested in is the existence of subriemannian geodesics: horizontal
curves whose short segments are length minimizers for the Carnot-Caratheodory distance (this
is in fact what we mean by a “critical point” for J).
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As we already noted, curves satisfying (1) are geodesics — and these are all geodesics if Q(y)
is smooth, but in principle singular curves can also be geodesics.

On the other hand, condition (b) above (the non-Goh hypothesis) is a necessary optimality
condition for singular curves: if a subriemannian structure satisfies this condition, nonconstant
singular curves cannot be geodesics (in other words: soft singular curves cannot be geodesics).
Theorem 1 above can thus be considered as the starting point for the variational analysis on the
space of horizontal curves.

One comment on the fact that deformation in Theorem 1 is a weak deformation and on the
appearance of the “for every e > 0” in the statement. As a matter of fact a strong deformation
retraction of Lebesgue sets is not needed even in the classical theory: all one needs is to be able
to deform continuous maps (and more generally singular chains representing homology classes:
we will prove that this is possible in Section 7). Neither one needs to deform up to the level E;
included: the possibility of getting arbitrarily close (with the Energy) is still enough to use the
results and predict the existence of critical points.

If two functions f,g: X — Y between topological spaces are homotopic, we will write f ~ g.
The following statement is a subriemannian version of the Minimax principle.

Theorem 2 (subriemannian Minimax principle). Let X be a compact manifold and f : X —
Q(y) be a continuous map which is not homotopic to a constant map. Consider:

¢ = inf sup J(g(0)).
9~F oex

Assume that there exists § > 0 such that all singular curves with energy J < c+ 9§ are soft. Then
for every € > 0 there exists a normal geodesic v, € Q(y) such that:

c—e<J(y)<c+e

It should be clear at this point that in principle, using Theorem 1, the powerful machinery
of classical critical point theory can be adapted to the generic subriemannian framework — to
mention a specific example, we will show how to prove an analogue of Serre’s theorem on the
existence of infinitely many normal geodesics joining two points on a compact manifold (Corollary
25 below).

Remark 1. The study of the space of maps with some restrictions on their differential goes back
to the work on immersions of S. Smale [16]; the case of trajectories of affine control systems were
studied first by A. V. Sarychev [14] for the uniform convergence topology, by J. Dominy and H.
Rabitz [10] for the W topology and by the last two authors of this paper for the WP p > 1
topology [3]. The case of closed W2 curves on nonholonomic distribution has been addressed by
the last author and A. Mondino on [9]. A subriemannian version of Serre’s theorem was proved
by the last two authors of the current paper under the assumption that y € M is a regular value
of F' [3]. The paper [9] also contains various related results on variational problems on the closed
horizontal loop space in the contact case.

1.4. Structure of the paper. The paper is organized as follows. In Section 2 we recall the
main definitions and properties of the objects we use. We note that Section 2.6 contains an
interesting tool (the “global chart”) which allows to switch from the space of curves to the space
of controls (where the objects can be handled easier; we will switch back to the language of curves
in the last section). Section 3 contains the main technical idea, which is the construction of a
cross-section (a map “parametrizing” all possible values) for the pair (F, J) near a singular soft
curve. This is used in Section 4 to prove a quantitative non-smooth implicit function theorem
(Theorem 12) near a soft singular curve. In Section 5 we introduce the technical ingredients for
handling the deformation on a singular space but away from singular curves. The subriemannian
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Deformation Lemma (Theorem 21) is proved in Section 6.1. Indeed the invisibility of soft singular
curves is a corollary of the Serre fibration property (Theorem 20). In Section 7 we discuss some
applications and prove the subriemannian Minimax principle (Theorem 22) and Serre’s theorem
on the existence of infinitely many normal geodesics on a compact subriemannian manifold
(Corollary 25).

2. PRELIMINARIES

2.1. The endpoint map. Recall that we are considering a smooth totally nonholonmic distri-
bution A C T'M and that we have denoted by 2 the space of horizontal curves:

Q= {y:]0,1] = M |y(0) = =, v is absolutely continuous, 4 € A a.e. and is L*-integrable}.

This space endowed with the W12 topology has a Hilbert manifold structure, locally modeled
on L%(I,R%); we will call this topology the strong topology — the weak topology can also be
considered on § (see [3, 9, 13] for more details on these topologies).

The endpoint map is the map that gives the final point of each horiziontal curve:

F:Q—> M, F(y)=~(1).
If y € M, we indicate by:
Q(y) = F~(y) = {horizontal curves joining = and y}.
We recall some properties of the Endpoint map, see [3, Theorem 19 and Theorem 23].

Proposition 3. The endpoint map F : Q — M is smooth (with respect to the Hilbert manifold
structure on Q). Moreover if v, — v weakly, then F(v,) — F(v) uniformly (in particular F is
continuous for the weak topology) and d, F' — d. F in the operator norm.

A horizontal (admissible) curve « is said to be singular if it is a critical point of the endpoint
map. The codimension of the singularity is called the corank of the singular curve.

2.2. Abnormal extremals. Let us consider the cotangent bundle 7% M, and let us fix on it the
standard symplectic structure w. It is possible to find a distinguished subspace AL within 7% M,
called the annihilator of the distribution A, and accordingly we can restrict w to a two-form @
on A', which may now have characteristics.

An absolutely continuous curve X : [0,1] — AL is an abnormal extremal of A if A(t) €
kerw(A(t)) for any t € [0, 1].

There exists a remarkable connection between singular curves (which are defined on the man-
ifold M), and abnormal extremals (on T*M): a horizontal curve v is singular if and only if it
is the projection of an abnormal extremal A on the cotangent space. If this is the case, we say
that A is an abnormal extremal lift of ~.

2.3. The Energy and the extended endpoint map. A subriemannian structure on (M, A)
is a riemannian metric on A, i.e. a scalar product on A which smoothly depends on the base
point. If A is endowed with a subriemannian structure, we can define the Energy of horizontal
paths:

1
J:Q =R, J(v):/o |7(t)|%dt.

The Energy is a smooth (hence continuous) map on €2, but it is only lower semicontinous with
respect to the weak topology. Throughout this paper we will use the shorthand notation:

OF = {y€Q|J(y) < B}.
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The extended endpoint map ¢ : @ — M X R is defined by (notice that it depends on the
choice of the subriemannian structure on A):

v = (F (), J(7))-

2.4. Normal extremals. Once we have fixed a riemannian metric g on A, we can define the
subriemannian hamiltonian H : T*M — R as follows. We require that for every x € M, the
restriction of H to the fiber Ty M coincides with the nonnegative quadratic form

2
A= 1max{ )
2 gq(v,v)

veAx\{()}}.

We call normal extremal any integral curve of the vector field® ﬁ, that is any curve A : [0,1] —
T*M such that A(t) = H(A(t)). The Pontryagin maximum principle [2] states that a necessary
condition for a horizontal curve to be locally minimizing is to be either the projection of a
normal or an abnormal extremal (the two possibilities are not mutually exclusive); accordingly,
a singular curve 7y which is not the projection of a normal extremal will be said strictly abnormal.

2.5. The Goh condition. Let us consider a singular curve v : I — M, and let A: [ — T*M
1
an abnormal lift for v. We say that v is a Goh singular curve if A(t) € (Ai(t)) . A detailed

discussion of the Goh condition can be found in [1, Chapter 11]; here we just briefly recall the
salient facts. Since v is a critical point of the endpoint map, there is a well-defined map (the
Hessian):

Hess, I : kerd, ' — cokerd F' = Tp(,)M/imd, F.

If we precompose the Hessian with A = A(1) € Tp, M what we get is a real-valued quadratic
form defined on kerd, F'. A necessary condition for this map to have finite negative inertia index,
i.e. ind” AHess, F' < 400, is that = is a Goh singular curve. In this sense we may think of the
Goh condition as a necessary second-order optimality condition for singular curves.

2.6. The global “chart” and the minimal control. We discuss in this section a useful
construction introduced in [9] in order to switch from curves to controls.

Assume M is a compact manifold. Given a subriemannian structure on A C T'M, there exists
a family of vector fields X3, ..., X; with [ > d such that:

A, = span{ X (z),..., Xi(2x)}, Vo e M.

Moreover the previous family of vector fields can be chosen such that for all z € M and u € A,
we have [1, Corollary 3.26]:

(2) |u|*> = inf {u%—l——l—u?

!
u= Zule(x)} ,
i=1
where | - | denotes the modulus w.r.t. the fixed subriemannian structure. Denoting by U =
L2(I,RY), we define the map A : U — Q by:

!
A(u) = the curve solving the Cauchy problem 4 = Z u; (6) X;(y(¢)) and v(0) = x.

=1

3We recall that ﬁ is defined by the equation W = —dH
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(We can use the compactness of M to guarantee that the solution to the Cauchy problem is
defined for all ¢t € [0, 1], otherwise we need to define U as the open set of controls for which the
solution A(u) is defined up to time t = 1).

We will consider this construction fixed once and for all, and call it the “global chart”. Abusing
of notation, the endpoint map for this global chart will still be denoted by F' : U — M:

F:U— M, F(u)=F(A(u)).

The map A is continuous (both for the strong and the weak topologies on L?(I,R!)) and has
a right inverse p : Q — U defined by:

p(y) = v ()
where u*(7) is the control realizing the minimum of ||-||? on A=%(y) (notice that this in particular
implies J(A(u)) < J(u)). This control is called the minimal control [1, Remark 3.9]. The minimal
control exists and is unique by [9, Lemma 2]; it depends continuously on the curve v (for the
strong topologies) by [9, Proposition 4]. Moreover [9, Lemma 3] guarantees that:

TO) = Sl ()P

In the sequel, given a point y € M we will fix a set of coordinates on a neighborhood U ~ R™
of the point y, denote by U = F~1(U) and simply write:

0:U—UxRcR™!

for the extended endpoint map already in coordinates.
A singular control u is a critical point of F': U — M; its corank is the corank of d,, F' (notice
that the corank of u can also be defined as the corank of F'[{;—(u)})-

2.7. How to build a subriemannian manifold. Following the notation of [1], we will assume
that the distribution A C T'M is defined as the image of a bundle map with constant rank:

f:MxR - TM, A,=fU,)

In this way A can be endowed with a subriemannian metric by simply taking (2) as a definition.
By virtue of [1, Corollary 3.26], this construction is indeed equivalent to the standard one.
Denoting by {e1,...,e;} the standard basis of R!, this approach also has the advantage that the
vector fields generating the distribution are naturally defined as:

Xi(x) = f(z,e;), =€ M.

2.8. Generic properties and soft curves. In addition to the totally nonholonomic condition
on A (also called the Hérmander condition [1]), in this paper we will consider subriemannian
structures whose singular curves satisfy the following properties.

Definition 1 (Soft singular curves). We will say that a singular curve is soft if: (a) it has
corank one, (b) it is not Goh and (c) it is strictly abnormal. We will use the same terminology
for singular controls.

For generic subriemannian structures all singular curves are soft, as it is clarified by the
following result from [5]. We denote by Dy the set of rank d distributions on M endowed with
the Whitney C° topology and by G, the set of couples (A, g) where A is a distribution on M
and ¢ is a Riemannian metric on A, endowed with the Whitney C*° topology. We will say that
a distribution A C T'M satisfy a property from (a), (b), (c) if all its singular curves satisfy this

property.
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Theorem 4 (Chitour, Jean, Trélat). If d > 2 there exists an open dense set Oq q C D, where
condition (a) is satisfied [5, Theorem 2.4]; if d > 3 there exists an open dense set Opq C Dy
where also condition (b) is satisfied [5, Corollary 2.5]. Moreover, if d > 2 there exists an open
dense set Ocq C Gy where condition (c) is satisfied [5, Proposition 2.7]. In particular for a
generic subriemannian structure of rank d > 3 all singular curves are soft.

Using the approach of viewing the subriemannian structure as the image of a bundle map,
the above conditions are still generically satisfied. Specifically, when working in the global chart,
we consider the control system {X7,..., X;} whose trajectories are solutions to:

I
T = ZUiXia z(0) = .
i=1

The fact that generically in the Whitney topology for I-tuples of vector fields on M all singular
controls are soft is granted by [6, Theorem 2.6, Corollary 2.7]. Moreover it is not difficult to
verify that if a control is not soft then the same is true for the associated trajectory. In fact let
G : U — M Dbe defined as G = F o A, and assume that v is a critical point for G. Then the
following chain of implications holds

0=XMd,G& )\dA(u)F od,A=0< )\dA(u)F =0,

where we have used in the last implication that A is a submersion. Then any abnormal lift of u
is an abnormal lift for the (singular) curve v, hence it must be unique, and it must annihilate
Ai(t) for every ¢ € [0, 1] whence (a) and (b) follows also for controls. To prove (c) observe that
if the singular control v admits a normal extremal lift, then we must have A\d, G = d,J = u,
and in particular the curve A(u) has to be a local minimizer of the length, parametrized with
constant velocity. The Pontryagin maximum principle says that in this case A(u) is either the
projection of a normal or an abnormal extremal, but the first possibility is excluded by point
(c¢) for curves. Hence u cannot admit a normal extremal lift (it would also be a normal extremal
lift of A(w)), and it is therefore strictly abnormal. (As a corollary, if all singular curves are soft,
then the same is true for all singular controls.)
The set €2 can be decomposed as follows:

Q=RUCUA,

where R is the set of regular points for ¢, € consists of strictly normal curves, i.e. regular points
v of F for which there exists (Ao, A) with Ao # 0 such that Ad,F = Xod,J, and A are the
abnormal curves, for which there exists (0, A) such that Ad,F = 0. If properties (a) and (c) are
verified, these three sets are indeed disjoint.

All the “technical” results in the sequel will be proved for the global chart, but we will go
back to the general setting of horizontal curves for the main theorems. Abusing of notations, we
will still denote by € the set of strictly normal controls and by A the set of abnormal controls.

3. SOFT ABNORMAL CONTROLS: THE CROSS SECTION

Let ug be a soft abnormal control with Energy J(ug) < E. Then the corank of ¢ at a g is
one and there exist e (ug), ..., em(ug) such that:

imd,,p = span{dy,p e1(uo), - - ., duy@ em(uo)}-

Consider now the finite-codimensional set:

1
P= {v e LA(I,RY | ||v]|z2 <1 and / v(t)dt = 0}.
0
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For v € P, T € [0,1] and s € R small enough, we set:

v (k) T <+l
(3) vs(t) =
0 otherwise
An easy computation shows that for any v € P we have:
lvsllz= = [s]*lloll 2 =2 0

For any u € L%(I,R!) we define the non autonomous horizontal vector field f, = Zi:l u' X;;

if 0 <ty <ty <1, its flow is given by the diffeomorphism (we highlight from here on the explicit
dependence on u):

ta
Pt = fﬁ%/ fuydt.
t1
Since wug is not a Goh singular control, there exist? € [0,1/2] and a,b € R™ such that

(4) <(P{17uo)*)‘7 [favfbD # 0.
This in turn yields [1, Lemma 11.21] that the map Q"0 : P — R, defined by

(5) Q™ (u() = / (P2 N, [fuo): foion)) 6,

with w(f) = foe v(¢€)d¢, has infinite positive and negative index. It is then possible to choose v™
and v~ in P so that sign(Q¥° (vt)) = +1.
With this notation, we define:

Qi (:Z?, y) = ’Urgan(m) + ylel(u()) +o 4+ ymem(u())a

where in the definition of v‘sf‘n(w) (compare with (3)) we choose  as a time for which (4) holds.
The goal of this section is to prove the following key proposition.

Proposition 5. For every soft ug € A consider the function:

Guo(u,x,y) = (p(u + O‘uo(x7y)) - SD(U’)

where o, is defined as above. There exist weak neighborhoods V C W of ug, positive constants
r1,72,73 > 0 and a function:

g:B(0,m1) xW — B(0,713)
which is continuous for the strong topology and such that for every (w,u) € B(0,r1) x W
Gy (u, g(w,u)) = w.
Moreover for every u € VN{J < E} we have B(u,r2) CW.

We postpone the proof to Section 3.3, because it will require some preliminary results.

4Even small pieces of singular curves cannot be Goh curves.
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3.1. A change of coordinates. Let us start by writing:

Guo (’U,, T, y) = ((PO(U, Z, y)7 ¥1 (uvxvy)v R SDm(Ua Z, y)) - SD(U’)
and for i = 1,...,m let us denote by ¥ : R™*! — R the function:

¢?(Iay) = @i(uvxvy) - @i(uvoao)'

Notice that the map G, is weak continuous: the first components are continuous because the
Endpoint map itself is weak continuous; for the last component we have:

1
Um(2,y) = 5 (llu + Qg (2, 9)I” = [[ul®)

1

= 5 (20, g (@,9)) + vy (@,9)]7)

which is weak continuous as a function of (u,x,y). We will consider local coordinates on a
neighborhood W ~ R™*! of zero induced by the splitting:

(6) R™T ~ cokerd,, ¢ ® imd,, p.

Lemma 6. For every soft ug € AP there exist a weak neighborhood W1 of ug, a ball By C R™
centered at zero and an interval I; C R centered at zero such that for every u € Wy the map:

¢" = (z, 91, ..., ¢p) : i x By — R™H!
(@,y) = (2,91 (z,y), ... ¥ (2, 9))

is a coordinate chart (i.e. a homeomorphism onto its image).
Moreover there exist positive numbers ri,r{ > 0 and a weak neighborhood V1 C Wy such that
¢"(Iy x B1) D I, x B(0,r}) and B(u,r}) C Wy for every u € Vi N{J < E}.

Remark 2. Essentially working in the coordinate chart induced by ¢* is equivalent to changing
the differentiable structure on the target space R™*1. The last condition (the existence of 7} > 0)
tells that the size of the neighborhood where we use these new coordinates is uniform on a weak
open set in the u-parameter.

Proof. Denoting by (Go, G1,...,Gy) the components of G, , notice that the partial derivatives
0y, Gil(u,z,y) exist for 4,5 = 1,...,m and are continuous functions for the weak topology on the
u-variable. In fact there exists a matrix A (because we have performed the change of coordinates
(6) in the target space) such that:

(7)

%<U+OZUO(I,y),€1(U0)> %<u+0&uo($,y),6m(’UJ0)>
du-l—auo (w,y)Fel(u()) e du—i—auo (m,y)Fem(UO)
<8Gi 4
i | w,z.0) -
UsTs i,j=1,...,m
dquauD (z,y)Fel (UO) T du+au0 (m,y)F em(UO)

The elements of the first row in the above matrix are fixed linear functional evaluated on u +
Qu, (2, y) and are continuous in (u,z,y) even when considering the weak topology for the u-
variable; for all the other elements, the weak-continuity follows from the fact that the map
u +— d, F' is weak-strong continuous. We denote by:

oG, )
dy; (wzy)/ i i=1,....m

D(u,z,y) = <
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By assumption the matrix D(ug,0,0) is of rank m and there exists a ball W centered at zero in
R™ such that ¢ (0,-) : W — R™ is a diffeomorphism onto its image.
Consider the function H : L2 x R x W x §™~! — R defined by:
H(ua z,Y, ’U) = I{l&X {|<Vy901|(u,w,u)a 1)>|}

i=1,..., m

where Vygoi|(uﬁzﬁy) denotes the i-th row of D(u,z,y). Note that this function is continuous with
respect to the weak topology in the u-variable.

We claim that there exists a > 0 such that H(ug,0,0,v) > a for every v € S™~!. Assume that
this is false. Then, for every n € N there exists v, € S™* such that [(Vy@i|(ug,0,0),0n)] < 1/n
for every i = 1,...,m. By compactness of S™~! this gives the existence of a nonzero vector
limg v, =0 € S™ ! such that [(Vi](ue,0,0),7)| = 0 for every i = 1,...,m, which means that ©
is orthogonal to all the rows of D(ug, 0,0) which is impossible since this matrix is invertible.

We claim that there exists a weak-open neighborhood U™eak = Uyeak x U7} x Wy of (ug,0,0)
(here we take W7 to be a ball for simplicity) such that for every v € S™~1 there exists i = i(v) €
{1,...,m} such that [(Vy9i|(uzy),v)| > a for all (u,z,y) € U In fact, by weak-continuity
of H, for every v € S™~! there exists a weak-open neighborhood W (v)¥eak = 1 (v)Wweak x
Ui(v) x Wi(v) x Ugm-1(v) with the property that there exists ¢ € {1,...,m} such that for
every (u,z,y,w) € W(v)¥** we have [(Vy@i|(uzy),w)| > a. By compactness of S™~! there

exist v1,...,vy such that {Ugm-1(v;)};=1,. .~ is an open cover of S™~1. The open set U™k is
defined as:
N
Uweak = m (ul(’l)j)weak X U1 (’Uj) X W1 (’Uj)) .
j=1

We use this to prove that for every (u,z) € Uy°ak x Uy the following map is injective:

vz, ) = (Wi1(u,z, ), o U (u, x,2)) s Wy — R™.

To this end consider:

Il (2, 91) = 9" (@, )l = Y loi(u 2, 1) = @ilu, @, 42)]

i=1
m
i=1

where f;(u,z,t) = p;(u,x,y2 + t(y1 — y2)). Consequently:

/01 8tfi(u,x,t)dt‘ = (%)

atfi(uvxvt) = <vy(pi|(u,m,yz+t(y17y2))vyl - y2> = ”yl - y2||<vy90i|(u,m,y(t))vv>

where we have set y(t) = y2 + t(y1 — y2) € W1 and v = =08 € S™m=1 Thus we can write:

(9=

1
/0 llyr — y2||<vy</7i(v)|(u,m,y(t))v’U>dt‘

> |ly1 — yalla

1
/0 lyr — y2||<Vy30i|(u,z,y(t))7v>df’

>

which proves the injectivity of ¢*(x, -).
As a consequence for every u € UY®** the map:

¢ = (z,9") : Uy x Wy — R™ !
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is continuous and injective; by the Invariance of Domain Theorem this map is a homeomorphism
onto its image.

We prove now that (up to restricting the open set U"***) the image of (z,¢") contains a ball
of uniform radius.

First, notice that the above chain of inequalities implies that for every u € U¥°®¢ and z € U;
we have:

[ (2, 91) = " (@, 92)l| = callys — y2||

where a constant ¢ > 0 appears, but it only depends on m (because all norms on a finite
dimensional space are equivalent). We are now in the position of using [7, Lemma 5], which
guarantees that if B C W; (here rB is a shorthand notation for B(0,r)), then:

v*(z,)(rB) D ¢*(x,0) + rcaB.
The map G, is weak continuous and ¢*(0,0) = 0. Hence for every r > 0 there exists a weak open
set 07 (1) x Oy (r) such that for every (u,z) € OY°*(r) x O1(r) we have [¢*(x,0)|| < Facr.
In particular for every u € Uyeak N O¥eak(r) and for every x € Uy N Oy(r), if rB C Wi then:

P*(x,)(rB) D ¢¥*“(z,0) + racB D gracB.

Let now 7 > 0 be such that® 2FB C W; and denote by Uk = Ujyeak N Ok (7) and by
Us = U; N O1 (7). Then we have just proved that, for every u € U¥°** the map:

o" : Us x FB — R™H1
is a homeomorphism onto its image, and this image contains Us x %facB.
Consider now the two functions:
ag(u) = _min H(u,z,y,v) and ag(u) = max |[¢*(x,0)]|.
(z,y,v)EU3XFBXSm—1 zeUs
These functions are well defined (the max and the min are taken over compacts) and are con-
tinuous for the weak topology®. Moreover:

uvek 5 {og; >a} and OY(7) O {ay < aci’/3}.
Define finally, for € > 0 small enough, the open sets:
Wi ={a1 > a,a0 <acr/3}, Vi={a1 >a+e¢as <aci/3—¢€}, I =Us B;=7B.

The two open sets W;1,V; are weakly open because oy, as are weak continuous; € > 0 is taken
small enough in order to guarantee that ug € Wi, Vy (such an e exists because aj(ug) > a and
az(ug) < acf/3).

Then 7} = Zfac satisfies the requirements from the statement. For the existence of r{ > 0

3
we argue as follows. We consider the weak closed set C' = (W;)¢ and the weak compact:

K={a1>a+eas<aci/3—e}N{J < E}.

These two sets are disjoint and by Lemma 7 below there exists r{ > 0 such that each ball of
radius 7} centered on some v € K is entirely disjoint from C, which means it is contained in
'W;. This concludes the proof. O

5Here we chose 7 such that 27 C W1 in order to guarantee that:
(8) clos ((¢“)71(U3 x 2fac/3B)) C clos (Us x 7B).
We will need this property in the proof of Corollary 8.
6This follows from this elementary fact. Let ' : P x K — R be a continuous function, where P and K

are (just) topological spaces and K is compact. Define f(p) = maxpecx F(p,k). Then f is continuous (and the
analogue statement with max replaced with min is also true). The proof is easy and left to the reader.
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Lemma 7. Let X be a normed space, C C X be weakly closed and K C X weakly compact, and
assume that C N K = (). Then there exists v > 0 such that

dist(C, K) =inf {|lu—v|x |[ue C,ve K} > .

Proof. Let us suppose, on the contrary, that dist(C, K) = 0. Then we can find sequences
{tn}neny € C and {v, bnen C K such that, for every n € N, we have

1
[un —vnllx < —.
n

Since K is weakly compact, by the Eberlein-Smulian theorem it is also sequentially weakly
compact, and there exists v € K such that v,, = v. We claim that actually v is a weak limit
also for the sequence {uy }nen, and we have the absurd since then v is forced to be an element
of C. But this easily follows from the fact that, if A is any norm-one linear functional on X, the
following line holds

1
Aup —v) = Aun — vp) + Aoy, — ) < ||A|| x|t — On|lx + Alvn, —v) < - + A(v, —v) = 0.
O

Corollary 8. Keeping the notation of Lemma 6, for every soft ug € A¥ the function:
g1 - I x B(O,Tll) X W1 —>71 X El
giving for every (x,y,u) € I x B(0,7]) x Wy the unique solution to:

(9) ¢u(91($7y7u)) = ($,y)7

is well defined and continuous (for the strong topologies).

Proof. For every u € Wy the inverse of ¢* is defined on I; x By and continuous, hence g1 (z, y, u)
is well defined. To prove that it is continuous for the strong topology, consider a sequence
{(Zny Yn,un)tn C I1 X B(0,77) x W1 converging to (Z,7,w) € I; x B(0,7]) x W;. Then:
¢un (gl (xnu Yn,s un)) = (xna yn)
Denote by ¢g" = g1(2n,Yn,un); since I; x By is compact, let g — g € I; x By. Then, by
continuity of ¢ we have:
(7,7) = lim ¢" ¢ (¢g"*) = lim ¢"(7)
k—o0 k—o0
which proves g is a solution to (9); this solution is unique (because of (8)), hence:
g= gl(f,y,ﬂ)'
This proves that the bounded sequence {¢g"},, has only one accumulation point g, hence the all
sequence converges itself to g. O

3.2. Lipschitz inverses. The previous section provided a convenient change of coordinates to
express the last m components of G, (u, z,y); indeed these were linearized after we changed the
differentiable structure (Lemma 6), and the equation G, (u,x,y) = w can now be reinterpreted
as

(10) Guo (’LL, x, 1/},“) = (@O(U‘v'wiu) - <P0(U7 Oa O)vwlua e 7¢17¢7,) = w.
Using Corollary 8 it is evident how to choose the 1 coordinates in order to solve (10): this

means that the problem is reduced at this point in finding a continuous solution to the single
real equation

T @O(U’ €L, 1/}’11«) - @0(“7 Oa O)



14 ANDREI A. AGRACHEV, FRANCESCO BOAROTTO, AND ANTONIO LERARIO

where, we stress again this point, the 1)*-variables are treated as parameters.

Observe at first that if we want to study the a-derivative of G, (u,z,v), we may reduce
ourselves to the case ¥* = 0. Indeed, if we switch back for a moment to the (z,y)-coordinates,
we see that

wo(u, x,y) = Ap(u + o, (2,y)) = AF (u + au, (z,y))
= AF(u+ ) +yrer(ug) + - - - + Ymem (uo)),

||

where the equality in the second line follows from the fact that A = (\,0), by the corank one
assumption on singular curves. Then, the identity

0 0 ~
% = % , with @ =u+yie1(uo) + ...+ Ymem(uo),

(w,z,0)

(u,z,y)

shows that the z-derivative of G, at the point (u,x,y) coincides with the z-derivative of G,

evaluated at the point (u,x,0). Finally, notice that equation (7) implicitly defines ¥*(x,0) = 0.
Let us fix v € P and s¢ € R; our goal is to prove the following Proposition.

Proposition 9. For every v € P, the following estimates hold:

. F(u + vSJrSo) - F(u + vso) _ Sgn(so) ! 1u t,u 1,u
(11) Sh_r)% S = 5 ) (PO )*[gw(a)v gv(e)]dG + R(u, s0),
: F(U+Us)_F(U) /1 1,u T,u T,u
lim su = Py elg iy, G, 0 d6,
HOp 5 | (£o™) [Qw(e) gv(@)]
P F(u + US) B F(u) o ! 1,u tu t,u
lim fof s - /O (Po™)+[9uigo)> 9uie)1d0-

Moreover, the map (u, so) — R(u, so) is weakly continuous with respect to u, satisfies the equality
R(u,0) =0 for every u and, for |so| sufficiently small, there holds the estimate

| R(u, 50)| < a(u)(|so]'/*).
Proof. By the results in [2, Section 2.6], the limit (11) exists if and only if
lim G(u+ vsysy) — Glu + vs)

s—0 S

exists, with (observe that we give the inline definition of g%")

g/ 0 T+]q|*/* .
Glo) =5 [ (B fdt = [ gl
T 7
Moreover, the following identity holds:
lim F(u+vsys,) — Fu+vs,) _ (P()Lu) (

s—0 S

iy Seen) = Glon)).

s—0 S

The Volterra series [2, Section 2.4] provides the expansion:

>t .
Glvg) = Id+/{ o ()@t + // 90y © Gyl drdt + a2 0(1),
T<r<t<i+|q|3/4
where the last term |¢|>/20(1) is a consequence of the fact that |[v||z> < 1 and the change of
variables:
t—1
O
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This term weakly depends on u, since so does the flow u — Pt2 . The behavior of (11) will be
thus determined by a careful analysis, as s — 0, of the expression:

(12)
T Lot |3/4 T len(3/4
G(Vstso) = Glus,) _ 1 t+|s+so . . t+|s0] S
S T s i gvs+so(t) f 50 (t)
I'(s)
T,U t,u o ‘r,u
+ // Goeyag(r) © gv3+50(t)d7—dt // ) ° g ( )det
t<7T<t<t+|s+s0[3/4 T< T <t<T+|so|3/4

1" (s)

T (Js + o - |sO|3/2>0<1>)

= (P +165) + (15 + 502 — [sol*%)0(1))

3.2.1. Estimate on the remainders. In subsequent calculations, we will frequently use the fact
that, for any fixed u,v € L2(I,R!), the map ¢ + g&* is Lipschitzian. The following lemma gives
a quantitative version of this statement.

Lemma 10. Let u,v € L?(I,R!), and let g1(s, o) and ga(s, so) be any two real numbers depend-
ing on s and so. Then we have the estimate

/

where a is some weakly continuous function of u satisfying a(0) = 0.

2 $,50)0 t+g2(s,50)0
gL o0 gl o208 4p < Vla(u)|gi(s. s0) — ga(s. s0)[[v]| 2.

Proof. We have

k2 $,80)60 $,80)0
gt-(i-9q)1( 0) gz-(i-eq)z 0) }d@

0,u
/ ’ t+91 $,50)0 Pf+g2(5750)9)*fv(0)’ d9

0,u 0,u )
/ Z |’Ul | } Pt+q1 (s,80)0 Pf-l—gg(s,so)@)*Xl

1
. . 0,u _ pOu
< ax Xl /0 2 @) [N ol

yeen

dé

oo

1 ! 2 1/2
< a(u)|g1(s, 50) — ga(s, 50)] /0 (Z |vi(9)|> de
i—1

< Via(u)lgi(s, s0) = ga(s, 0)|[[v]] 2,

where the second-last line follows by the Lipschitz continuity of the flow and the Cauchy-Schwartz
inequality. (I
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3.2.2. Ezpansion of the first-order term. We consider here the asymptotic expansion of the first-
order term in (12). We have:

S8 3/4 u S 3/4 u
I’<s>:|s+sol”2/ Gty a0 |50|1/2/ Guioy "
0 0

=(|s+s |1/2 y 1/2 Tt |s+s0|3/4 0u g _ g |1/2 ! Tt]so|>/*0u ¥+\s+so|3/49-,ud9
- 0 sol ) 9 v(0) |50l y T 0 '

A B

If we now apply the conclusions of Lemma 10, to both the terms denoted by A and B (observe
that for the first one we are implicitly using the fact that, as v € P, we have fo )dt =0), we
deduce that:

A s+ so|Y/% — |so|Y/?
limu < a(u) lim || ol [50] |
s—0 § s—0 S

B s+ so|3/% — |so|3/4
limu < a(u) lim ! o 150l ||30|1/2
s—0 8 s—0 S

5+ sol*/* = Sa(uw)lsol

3
= Za(u)lsol'/"

3.2.3. Ezpansion of the second-order term. We turn now to the more complicated second order

term in (12). Let us first recall the equality w(t fo 7)dr; we have by construction that w

is a Lipschitz function from I into R!. Then we recall two useful formulas [1, Theorem 11.13]:
to 2

(13) /tl 9ot @ = 9u(iz) ~ Juitn) ~ /t Gyt

to t
T, U t,u T, U t,u
[QU(T)a U(t)]det /;1 [/t‘1 gv(f)dﬂ gv(t)]dt

t1 <7 <t<ts
to to .
T, U
= /; [QU(T)v/ gv(t)dt]dT-
1 T
We start with the observation that:

. 1 [EHla® i+lql*/* o
/ / Gug(r) © Guy (T = 5 /? Guq(n 9T © /{ 9oy (It

T<r<t<t+|q|3/4

T, U

95,7y 90,y et

Then (let us call for a moment s’ = s + sp):

17 1 s[5/ s [P t
) =3 /t Io,() d”/; gv;,<t)dt+ // 90,0y G )Tt

t<T<t<t+]|s'|3/4

1 piHlslt st .
-3 /? 9" (rydr 0 /{ gL it + / / (07" 1y 9" oyt

T <t<T+|s0|3/4
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We take into considerations the terms without the commutator: if we add and subtract the term

E+\s,|3/4 f+|so|3/4 .
U u
/? Gosy ()07 © /{ oy 0yt

we obtain the expression:

Tt|s’ |2/4 ¥+‘S/‘3/4 \ f+|so\3/4 ,
C= / o (4T /f 9o oyt — /f oL
T4 [s0|3/ , |3/ T+[s0]>/4
+/€ gv;o(t)dt /{ gv;/(T)dT—/{ US (T)dT .

Using again Lemma 10 and the same arguments as in the expansion of the first-order terms, we
easily deduce that:

e _3 1/2
M2,
i I8 < Satw

We move now to the commutator term: again we begin with a general computation, namely
using (13) and the fact that w, (%) = w, (T + |g[>/*) = 0, we can write:

+g|*/* +g|%/ \ N t+|g¥ .
/f [/f Gus(ry 4T Gy (1) )t = /t 92 9o ) = /f [/f Gy ()T 9o 1)l

f+|q|3/4 t,u t,u f+\q\3/4 - T, f+\q\3/4 tu
= /{ 91w, 61 Gy 1B = /? 93,7y /T 9y, AT
= /{ 9uryt02 Guto )t + / 190y Gy () 1O

T+q*/ Tl
+ /f 90y /T ooy t]dT.

We immediately realize that just the first summand matters for our purposes. Indeed in both the
other summands there is at least a double change of variables 6 = ‘;‘%}54 plus a differentiation,
which yields a power of |g| not smaller than 7/4. By virtue of the equalities

_ 1
vg(t + lq[*/*0) = |q|1/4v(9)7

+]q|%/*6 1 r—1
w, (T + q3/49 :/ (—)dT
q( | | ) - |q|1/4 |q|3/4
0
=l [ o) = o u(o),
0
we have
t+[q|3/* .
/f (92500900t =

_13/4 T+|ql3/*0,u t+|q| 3/49 t+|q|3/4eu T+|ql3/0,u
= lal /0 90, 1012730y Sugerlarao 0 =l | 9wy 900y ]
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Call
1 1
N s 13 0u TSP 40u T+|s0]3/40,u  T+|so]3/10,u
D= |5 |/0 [gw(g) 1 9 () ]d9 - |50| . [gw(g) 1 9 () ]d@.
Adding and subtracing the common term

1
T+lsol?/*0,u  Ft|so|?/40,
|S/|/ [gw(les)ol uvgv(g‘)sol u]d@a
0

we end up with

D — |S/| /1[gf+s/|3/49,u f+\s/\3/40,u] _ [g?~‘r|50|3/49,u E+‘SQ|3/49,U]d9
0

w(8) 1 () w(6) 1 9u(0)
L
1 ¢ so|?/%0,u  T+]|sol?/%0,u
(5 1= lsol) [ Il Ol .

H
On the one hand, by Lemma 10, there holds

v(6) Gu(6)

1
N s 1300 T+ |13/ 10,u T+s0]3/40,u T+’ 12/40,u T+[so|3/10,u  T4]|so|?/*0,u
L=]s |/0 [gw(g) g ] [gw(g) 9w (6) 194(6) Jdo

< a(u)|s'|(|s** = [s0[*/*),
which implies that
L3 3/4
Ll S g .
lim == < ~a(u)[so[*"™

on the other hand, whenever sy # 0, we have by similar reasonings (notice that ||v|jzz < 1
implies that also ||w]|p2 < 1):

. H Y da :
lim — = sgn(so)/ [gf;(e),gf)’(e)]d@ + R(u, s0), with |R(u,so)| < a(u)|so|*/4,
s—0 § 0
while if sg = 0 the following is true:

: H it o H T

hr?jélp P /0 [gw(g)agv(a)]dea llgilélf o —/0 [gw(e),gv(e)]cw.
This conlcudes the proof of Proposition 9. O
Lemma 11. For every soft ug € AP there erists a weak neighborhood Wy of ug, a neighborhood

I, C R of zero, a neighborhood Wy C R™ of zero and a positive number rhy > 0 such that for
every (u,v) € Wa x Wy the function:

x = o (u,z,0) —o(u,0,0), =€l

is invertible with inverse defined on (—rh,rh) and which depends continuously on u and . More
precisely, there exists:

g2 : WQ X (—T/Q,Té) X WQ — IQ
which is continuous for the strong topology and such that:
92(u, s,0) is the unique solution to o (u, ga(u, s,1), %) — po(u,0,0) = s

Moreover there exist 4 > 0 and a weak neighborhood Vo C Wy such that B(u,r4) C Wa for
every u € Vo N {J < E}.
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Proof. Consider the map Go(u,z,v) = ¢o(u,z,%) — po(u,0,0) = AF(u,z,v) — AF(u,0,0).
Proposition 9 yields that Go(u,z,0) is both weakly continuous in the w-variable and Lipschitz
continuous in the z-variable. Let us define:

0G)

xX

Hy(u,z,v) = min

(w,z,1h)

where the min is taken over all the elements in the Clarke z-subderivative of Gy. Our choice of
v* in (5) ensures that:

0Go(u, 2,0

1
lim inf ) = :|:/ <(P?1’u0)*)\, [fwi(g),fvi(g)bd@ > 0.
0

z—0% xX
In particular the subdifferential H(u,z,0) is not zero. By Clarke’s Implicit Function Theorem
[7] and the weak continuity of u — Hg(u, x,0), we deduce that there exist a weak neighborhood
W5, of ug and r > 0 such that Go(u, z,0) : (—r,7) — R is an homeomorphism onto its image, for
every u € Wy,
Consider the linear map

D(y1,... ,yYm) = y1€1(vo) + -+ + Ymem(uo);

being (weakly) continuous, there exist a neighborhood W3 C R™ of zero and a weak neighbor-
hood WY of ug such that u + ®(y) belongs to W), for every (u,y) € Wi x W3.

Finally, as the map (¢1,... ,%m) — (y1,... ,ym) is also continuous, we conclude that there
exists a further neighborhood W4 C R™ of zero such that Hoy(u,z,v) is of maximal rank
whenever (u, ) € Wi x Wy/'.

We take advantage of this fact to show that, for every (u, 1) € Wi x W4, the map Go(u, -, ) :
(—r,7) — R is injective. Indeed, let a be any positive number such that H(u,z,v¢) > a on
WY x (—r,7) x W4; then, by the Lipschitz version of the mean value theorem [8, Theorem 2.6.5],
we infer that:

|GQ(U, iUlﬂ/’) - GO(U, $27¢)| > (I|{I]1 - .’I]2|.

Again we can use [7, Lemma 5] to conclude that, whenever ' < r, then:
Go(u, -, ) (=", 7") D Go(u,0,%) + (=r'a,7’a).
Moreover, the weak continuity of u — Go(u,x, 1), and the fact that Go(u,0,0) = 0, imply that
for every 7 > 0, there exists a weak open set W53 (1) x Wa(r) on which |Go(u,0,)| < ar’/3.
Then, if 7' < r, for every (u,v) € (Wjy NW¥eak(r")) x (W' N Wa(r')) we will have that:
Go(u, -, ) D Go(u,0,9) + (—r'a,r'a) D (—2/3r'a,2/3r'a).
Choose 0 < 7 < /2, and let Wyeak = W4 N Wy (7) and W3 = W4 N Wa(7); our previous
arguments then show that, for every (u,v) € W¥eak x s, the map
GO(uu K Q/J) : (_:Fu;:) —-R

is an homeomorphism onto its image, and its image contains (—2/37a, 2/37a).
Similarly as in Lemma 6, we define the weakly continuous functions:

ag(u) = min  Hy(u,z,v), and as(u) = max |Go(u,0,)]
(z, ) E[-TF]|x W3 PYeWs

and, for € > 0 small enough, the weakly open sets:

Wy ={a1 >a,a0 <ai/3}, Vo={a1>a+e,as<ar/3—¢€}, Wo=Ws Iy=(-FT).
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Then we conclude as in Lemma 6, by choosing e.g. r5 = 2/37a, and where the existence of 7§ is
guaranteed by applying Lemma 7 to the sets (W3)¢ and Vo N {J < E}. Finally, the assertion on
the existence and the continuity of the function go follows literally as in Corollary 8. O

3.3. Proof of Proposition 5. Let ug € A" be soft and define W = Wi N'Wy and V =V, NV,
Let ro = min{ry,r4§} and r1,r3 > 0 be such that:
B(0,71) C (I N (=74, 75)) x (B(0,r]) NW5) and B(0,r3) D Iy X By.

(All these objects have been constructed in Lemma 6 and Lemma 11.) Then the function g
defined by:

g(:E, y,u) = (92($7 u)vgl (92(x7u)7 Yy, u))

verifies the required properties.

4. AN IMPLICIT FUNCTION THEOREM

Theorem 12. Assume all abnormal controls with J < E are soft. There exists a neighborhood
W(AE) and positive numbers 1,719,753 > 0 such that for every ug € W(AF) there exists a
function:
Oug * B(Oa Tl) X B(U’Ov TQ) - LQ(Iv RZ)
which is continuous for the strong topology and such that:
Oup(0,u) =0 and  p(u+ oy (w,u)) = o(u) +w  Y(w,u) € B(0,71) x B(ug, r2).
Moreover the family {ou, fuoew(ar) s equicontinuous.
Proof. Every u € A¥ is soft and we can consider the weak open sets V(u) C W(u), the positive
numbers r1(u),r2(u) > 0 and the functions ¢ = g, and «, constructed in Section 3. Notice
that AP is weakly compact (it is a weakly closed set in the weakly closed ball {J < E}). Then
{V(u)}cne is a weak cover of AF and consequently there exist u1,...,ur € A¥ such that:
WAE) =V, U-- UV,
is an open neighborhood of A¥. Set r; = min;{ry(u;)} and ro = min;{ra(u;)}.
Pick u € W(A®). Then u € W, for some i € {1,...,k} and we define the function o, by:
ou(w,v) = oy, (gu; (w,v))  for (w,v) € B(0,71) x B(u,rs).

Notice that g,, was defined on B(0,71(u;)) X W,,; on the other hand since v € V,, then
B(u,ry) C Wy, and the domain of ¢, is contained in the domain of definition of g,,.
The family {Uu}uew( Az is equicontinuous simply because it is finite. ]

5. REGULAR CONTROLS: GRADIENT FLOW
Throughout this section we will assume that all abnormal controls with J < E are soft.

Remark 3. As the endpoint map is weakly continuous, the set F'~!(y) is weakly closed. Then
U(y)F = {uecU|J(u) < E}YNF~1(y) is weakly compact in UF, this latter set also being weakly
compact.

Let W(AF) be the weak neighborhood of the abnormal controls with energy less than E
constructed in the previous section (abusing of the notation, we tacitly adopt the convention
that W(AF) and A are to be intended in the relative topology of U(y)¥; they are, respectively,
weakly open and weakly compact), and let BF = U(y)¥ \ W(AF). Now, BE and A¥ are two
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disjoint weakly compact subsets in U(y)¥, therefore they can be separated by means of weak
neighborhoods V(AF) and V(B¥). In particular we have the following sequence of inclusions:

BE C V(BF) c U(y)? \ V(AY),

and, by Lemma 7, the weakly compact set U(y)¥ \ V(AF) is strongly separated from AF.
Exploiting this distance from the abnormal set, the idea is to mimic the classical deformation
theory via the gradient flow. If we call

= Tlyge\var)
the restriction of the Energy, we can apply verbatim the arguments of [3, Proposition 10] in this
case: the only salient fact to be observed is that the set U(y)¥ \ V(AF) is weakly closed in U(y)Z,
and, as such, it contains all the weak limits of its sequences (in particular they are all regular
points of the endpoint map). Having this in mind, we obtain the following.

Proposition 13 (Palais-Smale condition). The function f satisfies the Palais-Smale condition,
i.e any sequence {uy, ynen C U(y)F \ V(AF) such that

lim d,, f—0

n—r oo
admits a convergent subsequence.

As an immediate consequence we also recover the following adapted version of the standard
Palais-Smale Lemma.

Corollary 14 (Palais-Smale lemma). Let 0 < s < E, and let N be any open set contained in
U(y)E (possibly empty). Assume that
(U)Z\ (VAP UN) N{J =s}ne=10;
then there exists a positive constant 0 < n(s) <1 such that
ldufll >0, Yu€ Uy \ (VAZ)UN))N{s—n<J <s+n}

Proof. We argue by contradiction and assume {uy, }nen to be a sequence in U(y)¥ \ (V(AF)UN)
such that

lL.upe{s—1/n<J<s+1/n}

2. ||du, fll < 1/n.
Then the assumptions of Proposition 13 are satisfied and therefore, passing possibly to a subse-
quence, we may assume that 7 = lim,, u,, exists in U(y)® \ (V(AF)UN), as this set is closed. By
point 1., J(@) = lim,, J(u,) = s; moreover, by point 2., @ has to be a critical point of f, which
leads to an absurd. O

A further application of Lemma 7 gives 8 > 0 such that
(14) dist (B, U(y)® \ V(BF)) > B;

in this situation we define the (strong) open set

B
15 W(BP) = B(u, =
(15) 5= U 5 (]

as the union of open balls of radius 3/2, centered on elements of BE.

The next proposition is a refinement of a classical result, which can for instance be found in
[4, Chapter 1, Theorem 3.4], adapted to our setting. Notice that this statement is stronger than
the analogous statement as in [4, Chapter 1, Theorem 3.3], which is in fact a consequence of [4,
Chapter 1, Theorem 3.4] (the constants depend on the Palais-Smale condition).
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Proposition 15. Let 0 < s < E, 0 < § < min{B,1} and N’ C N be two open sets in U(y)F
such that distON', U(y)® \ N) > §. Assume that there exists 0 < n < 1 such that
[dufll >0, Yue Uy)®\ (VAP UN) N {s—n < J <s+n},
and let
B

1)
t=n§, O<<€’<nz7 and ' <&’ <.

Then there exist a continuous map
© : [0,t] x W(B") = Uy)” \ V(A"),

such that

a) ©(0,-) = Id,

b) O(r,-) = Id on the set {J < s—e"}U{J > s+¢"},

c) For every u € (W(BEY\N)N{J <s+¢€'}, O(t,u) € W(y)E\ VAE)N{J <s—¢€},

d) J(O©(r,u)) is nonincreasing, for any (1,u) € [0,t] x U(y)F \ V(AF).
Proof. Define

0 ifrg(s—e’,s+¢")
x(r) = {1 ifre[s—¢,s+¢
to be a smooth function satisfying 0 < x(r) < 1. Consider two closed subsets C; = U(y)¥ \
(V(A®) UNG)y), where N, = {u € Uy)” |dist(u,N') < p}, and Co = NN (U(y)" \ V(AF)).
Then we can construct the function
dist(u, Ca)

9(u) = dist(u, C1) + dist(u, Ca)’

so that 0 < g(u) <1, g=11in C; and g = 0 in Cy. On the set U(y)¥ \ V(A¥), we define the
vector field

du f
[l fII*°
By the standard theory of differential equations on the real line, since || Y| < %, it is well-defined
the time-z flow of Y starting from the point ug for any time = > 0, which we will indicate by
Y (ug). Pick u € W(BP)\ N, and assume that it belongs to a ball centered at ug. If we let
YY (u) flow for a time Ty < ¢, by virtue of (14) and the inequality

T
o) —ull < [ V@Y @)l < 5,

Y(u) = —g(u)x(J (u))

we see that:

”d’%(u) —ugl| < |lu—uoll + ||1/J:,¥1 (u) —ul| < g + g = 3,

that is ¢}, (u) belongs to V(B¥) C U(y)¥ \ V(AF). Then we define the deformation map © by
O(r,u) =Y (u), V(r,u) € [0,t] x W(BF).

Points a), b) and d) are almost immediate: the only non trivial point to verify is ¢). Let
Ty = gn < §77 = t; we claim that flowing for time T3 suffices for our purposes, that is we want
to show that:

JWh,(w) <s—¢, Yue WBH)\N)N{s—e <J<s+e}.
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We observe at first that

(16) LI ) = —g@¥ )WY @),
To prove our claim we argue by contradiction, and we assume
(17) s—e <JW) (u) <s+e, Vre {O,gn} :
so that x(J(¥Y (u))) = 1. Moreover, since ||1Y (u) — u|| < 7> we also have
dist(4Y (), Nj ) > dist (u, N ) — %
1 1nd
>0 56~ 5% =0,

so that we even have the equality g(1/Y (u)) = 1. Finally, it follows from (16) that

d
ST W) = -1,

which implies, combined with our choice of ¢’ < %77, that the following line is true

J(WY, (w) = J(u) — gn <s+¢e - gn <s—¢.
Since this contradicts (17), the proof is complete. O
Corollary 16. Let N be a neighborhood of
€= (UP\VAP)N{J=sInC.

Then there exist 0 < n < 1 and a deformation map © satisfying the conclusions of Proposition
15.

Proof. The Palais Smale condition implies that the set Cy4 is (sequentially) compact; therefore
for sufficiently small values of the parameter v > 0 the closure of the set

Cs(v) = {u € UF | dist(u, €5) < v}

is contained in N. Let 7 be such that the inclusion holds, and define N’ = €4(7). Then by
construction

Uy)"\ (VAP)UN)N{J =stne=0;

therefore, by Corollary 14, there exists 0 < n < 1 satisfying the assumptions of Proposition 15,
and then we conclude. (]

Using somewhat the same ideas as in Proposition 15 we also have the following proposition.

Proposition 17. Let 0 < Ey < E3 < E and € > 0. Assume that there exists 0 < 1 < min{e/2,1}
such that

ldufll >n, Yue Wy E\VAP)N{EI +e—n<J < E>y+n},
and let
t:ng, and 0 <& <& <.
Then there exist a continuous map
0 : [0,t] x W(BE) = U(y)F \ V(AF),
such that
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a) ©(0,-) = Id,
b) O(r,-) = Id on the set {J < By +e—e"}U{J > Ea+¢€"},
c) For anyu € WBEP)N{E1+e<J<Ey} and 0 <7 <¢, O(r,u) € Wy)P \ V(AF) and
J(O(r,u)) = J(u) — 7.
Sketch of proof. In this case (the notations are mutuated from Proposition 15), we have
0 ifrg(Ev+e—e",Ey+e")
A= {1 ifre[Ey+e—¢ Ey+£]

and

duf
I fI*

The flow up to time t is well-defined, since for any point u in W(BF), Y (u) stays within
U(y)F \ V(AF), and we define the deformation map © by

O(r,u) =X (u), VY (r,u) € [0,t] x W(BF).

Only point c) needs a verification: but, since for any u € W(BE) N {E; + € < J < E»} and
0<7<¢

Y(u) = —x(J (u))

JWY () > J(u)—e > By +e—¢€,
then y(J(¢Y (u))) = 1, and the claim follows. O
Corollary 18. Let 0 < Fy < Ey < E be such that
(W) P\ VAP) N{E < J < Ex}ne=0.
Then, for any € > 0, the conclusions of Proposition 17 hold on the strip {E1 + ¢ < J < Eq}.

Proof. Let € > 0 be fixed. Then, for any F1 + € < s < F5, Corollary 14 applies, and permits to
find the corresponding parameter 0 < 7(s) < 1. Since

[Br+e Bl | (s—nls)s+n(s)),

s€[E1+e€,E2) 1(5)
by compactness we may extract a finite subcover consisting of the open intervals I(s1),... ,I(sp).
Now it is sufficient to choose 7 = min{ni,...,np,€/2} (notice in particular that 0 < 7 <
min{1,€/2}) to see that the assumption of Proposition 17 are satisfied. O

6. THE SERRE FIBRATION PROPERTY

We will need the following preliminary lemma, asserting that the property of being a Serre
fibration can be verified locally. Notice that if the open cover in the statement of Lemma 19 did
not depend on n, then this is classical (see [12] for a proof in the more general case of a Hurewicz
fibration); instead here we have to work with an open cover that might depend on n, but in the
case of a Serre fibration this is not an obstacle and the proof remains essentially unchanged.

Lemma 19. Let p : U — Y be a continuous function between topological spaces such that for
every n € N there exists an open cover U, = {Ya}aca of Y with the property that for every
a € A the map

p|p*1(Ya) : p_l(ya) — Yo
has the homotopy lifting property with respect to all n-dimensional CW-complexes. Then p is a
Serre fibration.
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Proof. Recall that in order for p to be a Serre fibration, it is enough to check that it has the
homotopy lifting property with respect to all cubes. Let H:I"xI =Y bea homotopy,
ﬁt = fl(, t) and hg : I — U be a lift; consider the open cover il,, and a subdivision of I" into
small cubes {Cg}gep and of I into small intervals {I;};=1, .~ with the property that for every
(8,7) € Bx{1,...,N} there exists € A such that:

(18) H(Cp x Ij) C Y.

We can assume by induction that h; has been constructed over 9Cy for every Cg. To extend
ht over the all cube Cg we use (18) and notice that it means that we are given a homotopy
hilc, : Cp — Yo with a lift:

(19) ht|305 : 805 — pil(Ya).

By assumption pl,-1(y,) has the homotopy lifting property with respect to all n-dimensional
CW-complexes. This is equivalent to the fact that p|,-1(y,) has the homotopy lifting property

with respect to all n-dimensional CW-pairs (see [11, Section 4.2]); that means exactly that we
can lift the homotopy h¢|c, : Cp — Y, with the constraint (19). O

.....

Theorem 20 (Serre fibration property). Assume all singular curves with J < Es are soft. If

there are no normal geodesics in U(y) with Energy E1 < J < Ea, then for every e > 0 sufficiently

small the restriction of the Energy to U(y)ngrE s a Serre fibration.

Proof. We will prove that for every n € N there exists 6 = d(n) such that for every point
s € [Eq + ¢, E»], denoting by:

I(s) = [B1 + e, Bo] N (s — 6,5 +6) and U(y)rs) = Wy) N T (L(s)),
then J|;-1(7¢s))nu(y) has the homotopy lifting property with respect to all n-dimensional CW-
complexes (or, equivalently with respect to all n-dimensional disks). The result will then follow
from Lemma 19.

We denote by 1:(-) the deformation O(¢,) coming from Proposition 17; it has the property
that for every u € W(BE)N{E; +¢,J < FEa} and t < €”:

Ye(u) € U(y) \V(AT) and T (v (u)) = J(u) - t.
Recalling the definition of W(BE) given in (15), we define the open set:
x(B%) = U Blus/49).
ueBE

Let ro be given by Theorem 12 and define the number:

/4 = min é 2
8 3 J°

By Proposition 17, if u € K(B¥), and t < min{¢’, £1}, then:

‘non
(20) lu =i (w)] < £.

Moreover by the equicontinuity (at zero) of the family of functions {oy,} from Theorem 12,
there exists ¢ such that if ||w — ¢(ug)|| + |[|Ju — ug|] < ¢ then:

(21) a4+ 0 (w,u) = uol| < £

B € uwloc
5—5(n)—m1n{2,2nn,2}.

We define accordingly:
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Consider then a map ho : D™ — WU(y)s(s) lifting the homotopy hi : D" — I(s) at time
t = 0. Endow D" with a CW-complex structure such that each cell is either entirely contained
in KX(BF) or entirely contained in hal(B% (h(z))) for some x € D".

We lift the homotopy inductively on the skeleta of D", starting from the zero skeleton. If
x € D" is a point in the zero skeleton such that h(z) € K(B¥), then we define the homotopy

hil¢zy by:
(%) = Yy (2) o () (R0 (),

in such a way that J(hy(z)) = J(ho(z)) — ho(x) + hy(x) = hy(x).

If otherwise x ¢ K(BE), then x € Bu (ug(z)) for some ug = ug(x). We consider the corre-
sponding function o = o, (z) : B(0,71) x B(ug(x),r2) — L? given by Theorem 12. Then hy|f,
is defined as:

ht(x) = ho(,@) + ng(z)((ﬁt(‘r)v y)7 ho(l’))
ERXR™ x L?

which lifts h;(z) by Theorem 12.
Notice that, because of (20) and (21), during the homotopy the point h:(x) has been moved
from its original location at most at a distance:

(22) () = o)l < &

Assume now that the homotopy has been lifted to the (k — 1)-skeleton of D™ (with the CW-
complex structure defined before). Composing with the characteristic map ¢ : D¥ — D™ of a
cell, reduces to the case when we have to extend to the whole disk D* a homotopy which has
been defined already on dD*.

If ho(DF) is entirely contained in K(BF), we simply define the homotopy using the flow as
above:

hi(@) = Vo ()= () (h0(@)), @ € DF.

This homotopy glues on the boundary dD¥, which by (22) is also entirely contained in K(B¥)
and for which the homotopy was defined by the flow.
Otherwise there exists 1 such that ho(D*) C Bu(ug). We need to extend to the all disk a

homotopy that has been defined already on D¥: notice that since at each previous inductive
step the homotopy moved the points from their original location at a distance at most £, then:

hi(0D*) C Buu (uo) C Byy(ug) Vte .
In other words, denoting by H : D™ x I — U(y) the partially defined homotopy, we have:
H(D* x I,D* x {0} UdD* x I) C B,,(ug).

The pairs (D* x I, D¥ x {0} U dD¥ x I) and (D* x I,D* x {0}) are homeomorphic and the
extension problem is equivalent to just the homotopy lifting property for a map from the k-
dimensional disk to I(s) with a time-zero lift all in B, (ug). For such a map hg : D* — B,.,(uq)
we define again the lifting homotopy as:

he(x) = ho + Gy () (he (), y), ho(2)).

This concludes the proof. O
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6.1. The deformation Lemma.

Theorem 21 (subriemannian Deformation Lemma). Assume that all singular curves with J <
Es are soft and that there are no normal geodesics in Q(y) with Energy between Ey and Es.
Then for every € > 0, every compact manifold X and any continuous map h : X — Q(y)¥? there
exists a homotopy hy : X — Q(y)F2 such that ho = h and h1(X) C Q(y)Fr+e.

Proof. Let us first show how to reduce the proof for horizontal curves to the proof of the exact
same statement for the global chart. Notice first that, as we have shown in Section 2.8, if a
singular curve - is soft, then the same is true for any control whose associated trajectory is =;
moreover if u is a singular control with J(u) < FE5 which is not soft, then the corresponding
trajectory =, is also singular, it is not soft and its energy satisfies J(7v,) < Fs. Also if u is a
normal control, then A(u) is a normal geodesic. This can be seen as follows: being locally length
minimizing, A(u) can be either the projection of a normal or an abnormal extremal. If it were
the projection of an abnormal extremal, it would be a singular curve, hence of corank one, and
strictly abnormal, contradicting the existence of a normal extremal lift for u. In particular the
hypothesis at the level of horizontal curves imply the same hypothesis for the set of controls.
Given h, we can consider the function:

TiX = U, R(0) = u(h(9))

(recall that p : © — U denotes the minimal control). Then, since J(u(y)) = J(v), we have
h(X) C U(y)F=.

If we can find a homotopy h; : X — U(y)®2 with the property that hy(X) C U(y)Fr1+e, then
the function:

ht:AOEtZX—)Q(y)

defines the desired homotopy. In fact ho(8) = A(ho(0)) = A(u(h(6))) = h(f) for every 6 €
X; moreover since J(A(h¢(0))) < J(hi(6)) then we also have hy(X) C Q(y)®2 and hi(X) C
Q(y)te.

This reduces to prove that the same statement holds true if Q(y) is replaced with U(y).
Consider the two open sets of V3 = h™*({J < Ey +€}) and Vo = h™}({J > E1 + €¢/2}). Let
{p1,p2} be a smooth partition of unity subordinated to the open cover {Vi,V2} of X. Then
p2lh-1({s>Ei+ep) = 1 and polp-1((s<p,+e/2p) = 0. Let ¢ € (E1 + ¢/2, E1 + €) be a regular value
of pa and consider the smooth submanifold:

M ={ps>c} with IM = {ps =c}.

The pair (M, 9M) is a CW-complex pair and h(M) C {J > ¢}. Then by Theorem 20 there exists
a homotopy

H:MxI—Qy)n{c<J<E)}

such that H(-,0) = hlas, hi(M) C {J < €} and H(-,t)|oar = hloar. The desired homotopy
H: X x I — Uy)P? is defined by:

h(z) 7TeX\M
H(z,t) = 3

H(z,t) zeM
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7. APPLICATIONS

7.1. A subriemannian Minimax principle. In this section we prove a subriemannian version
of the classical Minimax principle for variational problems. If X is a compact manifold and two
continuous maps f,g: X — Q(y) are homotopic we will write f ~ g.

Theorem 22 (subriemannian Minimax principle). Let X be a compact manifold and f : X —
Q(y) be a continuous map which is not homotopic to a constant map. Consider:

¢ = inf sup J(g(9)).
9~fpex

Assume that there exists 6 > 0 such that all singular curves with energy J < ¢+ J are soft (a
generic condition if d > 3). Then for every § > € > 0 there exists a normal geodesic v. € Q(y)
such that:

c—e<J(v) <c+e

Proof. First note that ¢ > 0. In fact, if  # y, then ¢ > d(x,y) > 0; if x = y this follows from
Proposition 23 below.

Assume that the claim of the theorem is false. Then there exists § > € > 0 such that any curve
in Q(y)SEe is either regular or a soft abnormal. Then let g ~ f such that supye x J(9(0)) < c+e.
By Theorem 21 the map g is homotopic to a map ¢’ : X — Q(y)¢~¢/2, which contradicts the
definition of c. O

Note that in the case x = y the following proposition requires no assumption on the type of
singular curves..

Proposition 23. Assume x = y. Then there exists ¢ > 0 such that any map f : X — Q(x)
satisfying supge x J(f(8)) < ¢ is homotopic to a constant map.

Proof. By [3, Corollary 7] the space Q(z) has the homotopy type of a CW-complex, and in
particular any point in it has a contractible neighborhood. Consider the constant curve y(y) = «,
and a neighborhood U, C Q(z) which is contractible in Q(z). Since the family {J < t}:cr is a
local basis for Q(x) at the constant curve v, then there exists e such that {J < e} C U,. Asa
consequence, if im(f) C {J < ¢}, then f is homotopic to a constant map. O

7.2. Serre’s theorem and another deformation lemma. We finish this section with a
proof of a subriemannian version of Serre’s Theorem, providing the existence of infinitely many
geodesics between any two points x and y on a compact subriemannian manifold. The case when
y is a regular value for the endpoint map centered at x and the case of a contact manifolds are
proved in [3]. We will need the following variation of the deformation lemma.

Lemma 24. Assume all singular curves with J < E are soft. Let 0 < s < E and M be a
neighborhood of CN{J = s}. Then for every n € N there exists € = €(n) such that for every
n-dimensional simplicial complex X and any continuous map:
frX = Q(y)yr M
there exists a homotopy of maps fr : X — Q(y)sT\M, t € [0, 1], such that fo = f and:
fl X = Q57

Proof. First, arguing as in the proof of Theorem 21, we reduce to prove the statement for U
instead of 2, thus working with N = A~1(M) instead of M.

We claim that the statement follows from the following fact (whose proof we postpone): there
exists € > 0 such that for every n-dimensional simplicial pair (Y, Z), Z C Y and any continuous
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map f: Y — (UWy)\M) N {s —2e < J < s+ €} such that f(Z) C {J < s — €} we can find
a homotopy f; : Y — (U(y)\M)N{s —2c < J < s+¢€} with f1(Y) C {J < s — ¢} and
ftlz = f. To see that this implies the statement consider ¢ € (s — 2¢,s — €) and the two open
sets Vi = f71({J < s—¢}) and Vo = f~1({J > c}). Since X is a simplicial complex, there exist
subcomplexes Y7,Ys C X such that X = Y1 UY; and Y7 C V4, Y5 C V. Applying the claim
to the map fly, and the pair (Y5,Y2 NY;) provides a homotopy f; : Yo — (U(y)\M) N {s —
2¢ < J < s+ €} which is stationary on Y7 N Yy and which consequently glues to a homotopy
fr: X = (Wy)\M) N {s —2¢ < J < s+ e} which is just f on Y2 and which satisfies the needed
requirements.

It remains to prove the claim. Arguing as in Lemma 19, we see that instead of proving it for
any simplicial pair, it is enough to do it for a map from the disk D™:

f:D" = (Uy)\M)N{s—2e < J<s+e}

(e will be chosen below).
First we use Corollary 16, which provides us with 0 < 7’ < 7 such that for every ¢ < ¢’ <
1’ < n we have a deforming map:

Y W(BF) — U(y)\V(A®)
with the properties: ¢ = id, ¥¢|{r<s—erjufr>stery = id and:
Y (WBP)I\N)N{J <s+€}) cUP\VAP)N{J <s—¢}
(here t = n3/2). We define I Yzt € [0,1] so that we have completely deformed at time

t = 1; moreover (using the notation of Proposition 15) if ¢ < ”TE" we also have:

e

|ww—m§4wnwwmm§%§%

o+

As before, by the equicontinuity (at zero) of the family of functions {o,,} from Theorem 12,
there exists ¢ such that if ||w — ¢(uo)| + ||u — uo|| < ¢ then:

4+ 0 (w,u) = uol| < £

We define accordingly:

. {6' uwl e Tl}
€ = ¢(n) = min .

2'2n1n2 2
The proof now proceeds exactly as the proof of Theorem 20, with the choice hy = f and hy
defined by:

hi(z) =J(f(2))(1—¢t)+t(s—¢€), z€ D"
]

Corollary 25 (Serre’s Theorem). Let x,y be any two point on a compact subriemannian man-
ifold whose singular curves are all soft. Then there are infinitely many normal geodesics joining
x and y.

Proof. The scheme of the proof is identical to the classical proof (see for example [4, Section
3.2]), except that here we have to work with the (possibly singular) space Q(y) of horizontal
curves joining x and y and with the functional J : Q(y) — R. The main difference is to replace
the classical deformation lemma with the one above. We only give a sketch, leaving the details
to the reader.



30 ANDREI A. AGRACHEV, FRANCESCO BOAROTTO, AND ANTONIO LERARIO

In the case the fundamental group of M is infinite, it is enough to apply a Minimax procedure
on each homotopy class (as it is done in [9]); otherwise one passes to the universal cover, which
is locally isometric to the manifold itself, and proves the statement for the case M is compact
and simply connected.

The homotopy of Q(y) is the same as the homotopy of the ordinary path-space (in fact the
inclusion is a homotopy equivalence, see [3]), and under the assumption that M is compact and
simply connected the cup-length of Q(y) is infinite [15]. The theorem follows then by applying
the same argument as in the proof of [4, Lemma 3.1], with the following modification. Using the
notation of [4, Lemma 3.1, pag. 106], the simplicial set |r;| is deformed below the level ¢y — €
using the previous Lemma. ([
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