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Abstract

We study the local geometry of the space of horizontal curves with endpoints freely varying in
two given submanifolds P and Q of a manifold M endowed with a distribution D C T .M. We give
a different proof, that holds in a more general context, of a result by Bismut [Large Deviations and
the Malliavin Calculus, Progress in Mathematics, Birkhauser, Boston, 1984, Theorem 1.17] stating
that the normal extremizers that are not abnormal are critical points of the sub-Riemannian action
functional. We use the Lagrangian multipliers method in a Hilbert manifold setting, which leads to
a characterization of the abnormal extremizers (critical points of the endpoint map) as curves where
the linear constraint fails to be regular. Finally, we describe a modification of a result by Liu and
Sussmann [Memoirs Am. Math. Soc. 564 (1995) 118] that shows the global distance minimizing
property of sufficiently small portions of normal extremizers between a point and a submanifold.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

A sub-Riemannian manifold consists of a smooth n-dimensional manifold M, and a
smooth distribution D C T.M on M of constant rank n — k, endowed with a smoothly
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varying positive definite metric tensor g. The length is defined only for horizontal curves
in M, i.e., curves which are everywhere tangent to D. It was proven in [9] that a horizontal
curve which minimizes length is either a normal extremal or an abnormal extremal, where
the two possibilities are not mutually exclusive. This proof is obtained as an application of
the Pontryagin maximum principle of Optimal Control Theory; an alternative proof of this
fact obtained by variational methods is given in this paper (Corollary 5.8).

A normal extremal is defined as a curve in M that is a solution of the sub-Riemannian
Hamiltonian H(p) = %g” (plp, plp) on ]"M*, i.e., a curve that is the projection on M
of an integral line of the Hamiltonian flow H. Such curves are automatically horizontal. An
abnormal extremal can be defined as a curve which is the projection on M of a non-zero
characteristic curve in the annihilator DY C T M*; a characteristic curve is a curve in D°
which is tangent to the kernel of the restriction to D of the canonical symplectic form of
T M*.

As in the case of Riemannian geodesics, sufficiently small segments of a normal extremal
is length minimizing (see [9]); however, “most” abnormal extremals do not have any sort of
minimizing property (observe that the definition of abnormal minimizer does not involve
the metric g).

The first example of a length minimizer which is not a normal extremal was givenin [11].
The goal of this paper is to discuss the theory of extremals by techniques of Calculus of
Variations and to give the basic instruments to develop a variational theory (Morse theory,
Ljusternik—Schnirelman theory) for sub-Riemannian geodesics. The results of this paper are
used in [4], where the authors consider the problem of existence and multiplicity of geodesics
joining a point and a line in a sub-Riemannian manifold (M, D, g), with codim(D) = 1.

In [2, Theorem 1.17] it is proven that the normal sub-Riemannian extremals between
two fixed points of a sub-Riemannian manifold are critical points of the sub-Riemannian
action functional. The proof is presented in the context of the Malliavin calculus, em-
ployed to study some problems connected with the asymptotics of the semi-group asso-
ciated with a hypoelliptic diffusion. For this purposes, the author’s proof is restricted to
the case that the image of the normal extremal be contained in an open subset of M on
which the distribution D is globally generated by n — k smooth vector fields. In this paper,
we reprove the result of Bismut [2, Theorem 1.17] under the more general assumptions
that:

o the vector bundle D is not necessarily trivial around the image of the normal extremizer;
e the endpoints of the normal extremizers are free to move on two submanifolds of M.

As to the first generalization of the extremizing property of the normal extremizers, it is
interesting to observe that in the proof it is employed the Lagrangian multipliers technique
that uses time-dependent referentials of D defined in a neighborhood of the graph of any
continuous curve in M. The existence of such referentials is obtained by techniques of cal-
culus with affine connections, and it is likely that the method of time-dependent referentials
may be applied to other situations where global geometrical results are to be proven. For
instance, in [7] the author proves a Morse index theorem for normal extremizers, but in his
proof he implicitly assumes the triviality of the vector bundle D in a neighborhood of the
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curve. However, the arguments presented could be made more precise by a systematic use
of time-dependent referentials.

Another observation that is worth making about the Lagrangian multipliers is that, in the
functional setup of the method, the constraint is given by the kernel of a suitable submersion
(see formula (3)) from the set of H!-curves in an open subset of M taking values in the
Hilbert space of R¥-valued L?-functions. This submersion is defined using time-dependent
referentials of the annihilator D of D in the cotangent bundle 7 M*, and the surprising result
is that such map fails to be a submersion precisely at the abnormal extremizers. We therefore
obtain a new variational description of the abnormal extremizers in a sub-Riemannian
manifold.

Finally, it is important to emphasize the role of the endmanifolds PP and Q in the devel-
opment of the theory. An interesting result is that, if either one of the two is everywhere
transversal to D, then the set of horizontal curves between P and Q does not contain singu-
larities (Proposition 5.4); in particular, all the sub-Riemannian extremizers between P and
@ are normal. This fact can be used in several circumstances: for instance, in Corollary 5.6,
we obtain some information about the geometry of sub-Riemannian balls; moreover, it is
possible to obtain also some criteria to establish the smoothness for abnormal extremizers
(see Remark 5.7).

We outline briefly the contents of each section of this article.

In Section 2, we study the local geometry of the space of horizontal curves joining two
fixed points go and g; of M by two different techniques. On one hand, this space can be
described as the set of curves y joining g and g satisfying 6; (y) = 0, where 6y, ... , 6y is
a local time-dependent referential for the annihilator DO of D. On the other hand, the same
space can be obtained as the inverse image of g by the endpoint mapping restricted to the
set of horizontal curves emanating from ¢go (see [10]). We show that these two constraints
have the same regular points; such curves are called regular and a suitable neighborhood
of them in the space of horizontal curves joining gg and g has the structure of an infinite
dimensional Hilbert manifold.

In Section 3, we define the normal extremals, also called normal geodesics, in a sub-
Riemannian manifold, using the Hamiltonian setup.

In Section 4, we study the image of the differential of the endpoint mapping; to this aim
we introduce an atlas on the space of horizontal curves starting at gg.

Finally, in Section 5, we prove that aregular curve is a critical point of the sub-Riemannian
action functional if and only if it is a normal geodesic. We also study the case of curves
with endpoints varying in two submanifolds of M. If we consider the space of hori-
zontal curves joining the submanifolds P and Q, then provided that either P or Q is
transversal to D, this set is always a Hilbert manifold. Moreover, the critical points of
the sub-Riemannian action functional in this space are those normal geodesics between
P and Q whose Hamiltonian lift annihilates the tangent spaces of P and Q at its
endpoints.

To conclude the paper, we present two short appendices. In Appendix A, we prove that
every horizontal curve can be obtained as the reparameterization of an affinely parameterized
horizontal curve. In Appendix B, we adapt a proof of local optimality of normal geodesics
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due to [9, Appendix C] to prove that sufficiently small portions of normal geodesics are
length minimizers between an initial submanifold and a point.

2. The differentiable structure of the space of horizontal curves

We give a couple of preliminary results needed to the study of the geometry of the set
of horizontal paths in a sub-Riemannian manifold. The main reference for the geometry of
infinite dimensional manifolds is [8]; for the basics of Riemannian geometry, we refer to
(3].

Recall that a smooth map f : M +— N between Hilbert manifolds is a submersion at
x € M if the differential d f (x) : Ty M + Ty N is surjective; f is a submersion if it is a
submersion at every x € M.

Lemma 2.1. Let M, M| and M, be Hilbert manifolds andlet f : M +— My, g : M +— M,
be submersions. Let py € My, p» € Mj and choose x & f_l(pl) N g_l(pz). Then,
flg=1(py) is a submersion at x, if and only if g| p-1,, is a submersion at x.

Proof. We need to show that d f (x)|Ker(dg(x)) 1S surjective onto T'r(y M if and only if
dg(x)|Ker(d f(x)) is surjective onto Tg(y)M>. This follows from a general fact: if 7 : V
Viand S : V = V, are surjective linear maps between vector spaces, then 7 |Ker(s) 1S
surjective if and only if Ker(7") + Ker(S) = V. Clearly, this relation is symmetric in S and
T, and we obtain the thesis. O

We give one more introductory result concerning the existence of time-dependent local
referentials for vector bundles defined in a neighborhood of a given curve. We need the
following definition.

Definition 2.2. Let (M, g) be a Riemannian manifold and x € M. A positive number
r € RT is said to be a normal radius for x if exp, : B,(0) = B, (x) is a diffeomorphism,
where exp is the exponential map of (M, g), B, (0) the open ball of radius » around 0 € T, M
and B, (x) is the open ball of radius r around x € M. We say that r is totally normal for x,
if r is a normal radius for all y € B, (x).

By a simple argument in Riemannian geometry, it is easy to see that if K C M is a
compact subset, then there exists » > 0 which is totally normal for all x € K.

Given an vector bundle 7 : & — M of rank k over a manifold M, a time-dependent
local referential of £ is a family of smooth maps X; : U — &,i =1, ... , k, defined on an
open subset U € R x M such that {X; (¢, x)}f.‘=1 is a basis of the fiber &, forall (7, x) € U.

Lemma 2.3. Let M be a finite dimensional manifold, let w : £ — M be a vector bundle
over M and let y : [a, b] = M be a continuous curve. Then, there exists an open subset

U C R x M containing the graph of v and a smooth time-dependent local referential of
& defined in U.
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Proof. We first consider the case that y is a smooth curve. Let us choose an arbitrary
connection in &, an arbitrary Riemannian metric g on M and a smooth extension y :
[a —&,b+ €] — M of y with ¢ > 0. Since the image of y is compact in M, there exists
r > 0 which is a normal radius for all y (¢), ¢ € [a — ¢, b + ¢]. We define U to be the open
set:

U={(t,x)eRxM:tela—e b+e[,x € B.(y(1))}.

Now let X T ,}_(k be a referential of £ along y; for instance, this referential can be
chosen by parallel transport along y relative to the connection on £. Finally, we obtain a
time-dependent local referential for £ in U by setting for (1, x) € U and fori =1, ... ,k,
X;(t, x) equal to the parallel transport (relative to the connection of &) of X; (f) along the
radial geodesic joining y () and x.

The general case of a continuous curve is easily obtained by a density argument. Let
y : la, b] — M be continuous and let » > 0 be a totally normal radius for y (¢) for all
t € [a, b].Let yp : [a, b] = M be any smooth curve such that dist(y (¢), y1(¢)) < r for all
t, where dist is the distance induced by the Riemannian metric g on M. Then, if we repeat
the above proof for the curve yj, the open set U thus obtained will contain the graph of y,
and we are done. O

Let us now consider a sub-Riemannian manifold, that is a triple (M, D, g) where M is
a smooth n-dimensional manifold, D a smooth distribution in M of codimension k and g
a smoothly varying positive inner product on D.

Acurvey : [a, b] — M issaidtobe D-horizontal, or simply horizontal, if it is absolutely
continuous and if y(¢) € D for almost all ¢ € [a, b]. As we did in the proof of Lemma 2.3,
we will use sometimes auxiliary structures on M, which are chosen (in a non-canonical
way) once for all. We therefore assume that g is a given Riemannian metric tensor on M
such that g|p = g, that Dy is a k-dimensional distribution in M which is complementary
to D (for instance, D is the g-orthogonal distribution to D), and we also assume that V
is a linear connection in 7. M which is adapted to the decomposition D @ Dy, i.e., the
covariant derivative of vector fields in D (resp., in D;) belongs to D (resp., to Dy). For
the construction of these objects, one can consider an arbitrary Riemannian metric g on
M. Then, one defines D; as the g-orthogonal complement of D and g|p, = gl|p,; for the
connection V, it suffices to choose any pair of connections Vg and V1, respectively, on the
vector bundles D and D; and then one sets V = Vo @ Vj. Observe that the connection V
constructed in this way is not torsion free; we denote by t the torsion of V:

T(X,Y) = Vx¥ — Vy X — [X, Y].

Using Lemma 2.3, we describe D locally as the kernel of a time-dependent R¥-valued
1-form.

Proposition 2.4. Let y : [a, b] — M be a continuous curve. Then, there exists an open
subset U € R x M containing the graph of y and a smooth time-dependent R*-valued



188 P. Piccione, D.V. Tausk/Journal of Geometry and Physics 39 (2001) 183-206

1-form 6 defined in U, with 0y xy 1 TeM +— R¥ a surjective linear map and D, =
Ker(6,x)) forall (t,x) € U.

Proof. Let & be the subbundle of the cotangent bundle TM* given by the annihilator D°
of D. Apply Lemma 2.3to & and set8 = (01, ... , 6x), where {91-};‘=1 is a time-dependent
local referential of & defined in an open neighborhood of the graph of y. O

Observe that since D; is complementary to D for all (¢, x) € U the map
e(t,x) . D1 g Rk

is an isomorphism.

Let us now consider the following spaces of curves in M.

We denote by L?([a, b], R™) the Hilbert space of Lebesgue square integrable R -valued
maps on [a, b] and by H'([a, b], R™) the Sobolev space of all absolutely continuous maps
x : [a, b] — R™ with derivative in L?([a, b], R™). Finally, we denote by H'([a, b], M)
the set of curves x : [a, b] = M such that for any local chart (U, ¢) on M, with¢ : U C
M > R", and for any closed interval I € x~'(U), the map ¢ o (x|;) isin H' (I, R™). Itis
well known that H'([a, b], M) is an infinite dimensional smooth manifold modeled on the
Hilbert space H'!([a, b], R") (see for instance [12] for a recent reference on these issues).

For all pairs of points gg, g1 € M, we define the following sets of curves in M:

H, (la,b], M) = {x € H'(la,b], M) : x(a) = qo}.
Hy . (la,b], M) ={x € H'([a, b]. M) : x(a) = qo. x(b) = q1},
H'([a,b], D, M) ={x € H'([a, b], M) : k(1) € D a.e.on [a, b},
H, (la.b], D, M)=H'([a, b]. D, M) N H, ([a, b], M),

Hy . (la,b]. D, M)=H'([la,b]. D, M)N H,, , ([a.b]. M). (1)

We prove that the sets quo([a, b], M), quo,ql (la, b], M), H ([a, b], D, M) and quo ([a, b1,
D, M), are smooth submanifolds of H!([a, b], M) for all o, g1 € M. However, in gen-
eral, the space quo, a ([a, b], D, M), consisting of horizontal curves joining the two fixed
points go and g, is not a submanifold of quo’ ¢, (la, b], M), and this fact is precisely the
origin of difficulties when one tries to develop a variational theory for sub-Riemannian
geodesics.

In order to see that quo([a, b], M) and quo,ql ([a, b], M) are submanifolds of H!([a, b],

M), simply observe that the map

Eap 1y = (y(a), y(b))

is a submersion of H'([a, b], M) into M x M.
Then, H) ([a.b]. M) = &€, ,({qo} x M) and H)
smooth submanifolds of H!([a, b], M).
As to the regularity of H, qlo ([a, b], D, M), we will now show that this set can be covered
by a family of open subset {{/,} of quo([a, b], M) such that each intersection quo([a, b],

([a, b], M) = € ,(g0, q1) are

0,91
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D, M) NU, is the inverse image of a submersion of U,, in the Hilbert space Lz([a, b], R¥ ).
The regularity of H'([a, b], D, M) will follow by a similar argument.

To this aim, let y be a fixed curve in H, qlo (la, b], M) andlet U,, C R x M be an open set
containing the graph of yy and that is the domain of the map 6 of Proposition 2.4. Denote by
quo([a, b], M, U,,) the open subset of quo([a, b], M) consisting of those curves whose
graphs is contained in U,,:

H, (la,b], M, Uy,) = {y € Hy ([a,b], M) : (1, y (1)) € Uy, forall t € [a, b]}.
2)
Let © : H) (la. bl, M, Uy,) — L*(la, b], R¥) be the smooth map defined by

0
OO = .y 1)) (¥ (1)) 3)

Clearly, quo([a, b], M, Uy) N quo([a, b],D, M) = ©~1(0).
Proposition 2.5. ©® is a submersion.

Proof. Clearly ® is smooth because 6 is smooth. To compute the differential of ®, we
use the connection V adapted to the decomposition T M = D @ D; introduced above.
Lety € quo([a, bl, M, U,,) be fixed and let V € T, quo([a, b], M), i.e., V is a vector
field of class H' along y with V(a) = 0. We write V = Vp + Vp, with Vp(t) € D and
Vp, (t) € D for all t; using the properties of V, we compute easily

dOWIVIE) = [VvOla.yon Y ®) + 0¢. 1) (Ve V) + 0uy ) (T(V (@), ¥ (1)),
4)

where Vy 0 is the covariant derivative of 6 ..
Letnow f € L?([a, b], R¥) be fixed; for the surjectivity of d® (y), we want to solve the
equationin V: d®(y)[V] = f. To this aim, we choose Vp, = 0, and we get

Oty ) (Vi) VD) + [Vvp, Oy 1)) (¥ (D) + 0ty () (T (Vp, (1), ¥ (1)) = f. ()

Since 0,y 1)) : (P1)ye) = R is an isomorphism, (5) is equivalent to a first order linear
differential equation in Vp,, that admits a unique solution satisfying Vp, (a) = 0. Observe
that since y € H'([a, b], M) by (5), we get that V is also of class H!, and we are
done. O

Corollary 2.6. H'(la,b], D, M) and H, (la,b], D, M) are smooth submanifolds of
H'(la, b], M).

We now consider the endpoint mapping end: quo ([a, b], M) — M given by

end(y) = y (b).

It is easy to see that end is a submersion, hence we have the following corollary.
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Corollary 2.7. Letyo € H) (la, bl, M) be fixed and let H) (|a. b], M, Uy,), © be defined
as in (2) and (3).
Then, forally € @’I(O)ﬁend_l(ql) = ququl([a, b], D, M), the restriction@|HL}0([a,b]’
MUy NH) (a1 M) is a submersion if and only if the restriction end|Hq1 ([a.b]. D, M)
’ 0:91 0 o T

is a submersion.
Proof. It follows immediately from Lemma 2.1 and Proposition 2.5. |

Definition 2.8. A curve y € quo’ @ ([a, b], D, M) is said to be regular if the restriction
end| g ) ({a.b1,D.M) is a submersion at y. If y is not regular, then it is called an abnormal
, [a.01,D,

extremal.

Observe that the notion of abnormal extremality is not related to any sort of extremality
with respect to the length or the action functional, but rather to lack of regularity in the
geometry of the space of horizontal paths. The smoothness of length minimizing abnormal
extremals is an open question.

3. Normal geodesics

In order to define the normal geodesics in a sub-Riemannian manifold, we introduce a
Hamiltonian setup in 7.M* as follows.

Let us consider the cotangent bundle 7 M* endowed with its canonical symplectic form
w. Recall that w is defined by o = —d¥, ¢ being the canonical 1-form on 7 M* given
by #,(p) = p(dm,(p)), where w : TM* — M is the projection, p € TM* and p €
TPTM*. Let H : T M* — R be a smooth function; we call such a function a Hamiltonian
in (T M*, w). The Hamiltonian vector field of H is the smooth vector field on T M* denoted
by H and defined by the relation dH (p) = a)(ljl (p), -); the integral curves of H are called
the solutions of the Hamiltonian H. With a slight abuse of terminology, we will say that
a smooth curve y : [a,b] — M is a solution of the Hamiltonian A if it admits a [if
I' :[a,b] = TM* that is a solution of H.

More in general, one can consider time-dependent Hamiltonian functions on 7 M*, which
are smooth maps defined on an open subset U of R x T M*. In this case, the Hamiltonian
flow H is a time-dependent vector field in 7M™, and its integral curves in 7 M* are again
called the solutions of the Hamiltonian H.

A symplectic chartin T M* is alocal chart taking values in R” @ R"™* whose differential at
each point is a symplectomorphism from the tangent space 7, (T M*) to R" @R"** endowed
with the canonical symplectic structure. Given a chart ¢ = (g1, ... ,¢,) in M, we get a
symplectic chart (g, p) on T M*, where p = (p1, ... , pp)isdefined by p; (@) = «(3/9g;).
We denote by {9/9g;,d/dp;}, i,j = 1,...,n, the corresponding local referential for
T (T M*), and by {dg;, dp;} the local referential of T (T M*)*. We have

a):Xn:dqi/\dpi, f[:Xn:(a—Hi—a—Hi>

P = \0pi dq;  9qi Op;
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In the symplectic chart (g, p), a solution I"(¢) = (q(¢), p(t)) of the Hamiltonian H is the
solution of the Hamilton equations
dg dH dp  oH

= —, =——. 6
dr ap dr aq ©)

Definition 3.1. A normal geodesic in the sub-Riemannian manifold (M, D, g) is a curve
y : la,b] — M that admits a lift I : [a,b] +— T.M* which is a solution of the
sub-Riemannian Hamiltonian H : T M* — R given by

H(p) = g7 (plp. pID), 7

where g~!

lift of y.

is the induced inner product in D*. In this case, we say that I" is a Hamiltonian

The Hamilton equations for the sub-Riemannian Hamiltonian (7) will be computed ex-
plicitly in Section 5 (formula (31)). It will be seen that the first of the two equations means
that the solutions in M are horizontal curves and that I"|p = g(y, -) (see Remark 5.3).

We remark that a normal geodesic need not be regular in the sense of Definition 2.8,
hence there are geodesics that are at the same time normal and abnormal. Observe also
that, in general, a normal geodesic y may admit more than one Hamiltonian lift I". This
phenomenon occurs precisely when y is at the same time a normal geodesic and an abnormal
extremizer.

4. Abnormal extremals and the endpoint mapping

In this section, we give necessary and sufficient conditions for a curve to be an abnormal
extremal in terms of the symplectic structure of the cotangent bundle 7 M™*. We describe
a coordinate system in the Hilbert manifold H qlo([a, b], M) which is compatible with the
submanifold quo([a, b], D, M). This will provide an explicit description of the tangent
space T, H, ,}O ([a, b], D, M) which will allow us to compute the image of the differential of
the restriction of the endpoint mapping to quo([a, b], D, M).

Let M be a manifold endowed with a distribution D, with dim(M) = n and codim(D) =
k. The sub-Riemannian metric will be irrelevant in the theory of this section. Let U C Rx M

be an open set and let X1, ... , X, be a time-dependent referential of T M defined in U. We
say that such referential is adapted to the distribution D if X1, ... , X, _; forms a referential
for D.

It follows easily from Lemma 2.3 that given a continuous curve y : [a, b] = M, there
exists an open set U C R x M containing the graph of y and a referential of T .M defined
in U which is adapted to D. Namely, one chooses a vector subbundle D; C T .M such that
T M =D & D and then apply Lemma 2.3 to both D and D;.

Given a time-dependent referential of 7 M defined in an open set U C R x M, we are
going to associate to it a map

B: H'(la,b], M, U) — L*([a, b], R"),
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where H! ([a, b1, M, U) denotes the open set in H 1 (la, b], M) consisting of curves whose
graph is contained in U. We define B by

B(y) = h, ®)

where h = (hy, ..., hy) is given by

p() =Y hi)X(t. y (1) ©)

i=1

for almost all 7 € [a, b]. The map B is smooth. Its differential is computed in the following
lemma.

Lemmad.1. Lety € H([a,b], M, U)andvbean H! vector field along y . Seth = B(y),
z =dB, (v). We define a time-dependent vector field in U by

X(t,x) =Y hi(OXi(t.x), (t.x)eU, (10)
i=1

and a vector field w along y by
n
w(t) =Y ziOXi(t, y(®)). (11)
i=1

Givenachart (qy, ... , qy) defined in an open set V.C M, denote by v(t), f((t, q) and w(t)
the representation in coordinates of v, X and w, respectively. Then, the following relation
holds:

d~t—8)~(t )o(t v (¢ 12
av()—a(,y())v(Hw() (12)

forallt € [a, b] such that y(t) € V.

Proof. Simply consider a variation of y with variational vector field v and differentiate
relation (9) with respect to the variation parameter, using the local chart. O

Corollary 4.2. The restriction of the map B to the set
Hy ([a, b], M, U) = Hy ([a, b, M) N H'([a, b], M, U)

is a local chart, taking values in an open subset of L%([a, b], R").

Proof. Fory € quo([a, b], M) the tangent space T), quo([a, b], M) consists of those H'
vector fields v along y such that v(a) = 0. For a fixed z € L?([a, b], R"), formula (12) is
a first order linear differential equation for v; Lemma 4.1 and standard results of existence
and uniqueness of solutions of linear differential equations imply that the differential of 3 at
any y € quo ([a, b], M, U) maps the tangent space T, quo ([a, b], M) isomorphically onto
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L? (la, b1, R™). It follows from the inverse function theorem that 3 is a local diffeomorphism
in quo ([a, b1, M, U). Finally, by standard results on uniqueness of solutions of differential

equations, we see that the restriction of 5 to quo([a, b], M, U) is injective. O

If the referential X1, ..., X,, defining B is adapted to D, then a curve y in quo([a, b],
M, U) is horizontal if and only if B(y) = h satisfies h,_x4+1 = - -+ = h, = 0. This means
that B is a submanifold chart for quo (la, b], D, M). This observation will provide a good
description of the tangent space T, Hq]0 ([a, b], D, M).

Lety € quo([a, b], M, U) and set h = B(y). Define a time-dependent vector field X in
U asin (10). By Lemma 4.1, the kernel Ker d3,, is the vector subspace of T, H Y(a, b1, M)
consisting of those v, whose representation in coordinates v satisfy the homogeneous part
of the linear differential equation (12), namely

d~t—8)}t )o(t 13
av()—a(,y())v()- (13)

By the uniqueness of the solution of a Cauchy problem, it follows that for all ¢ € [a, b], the
evaluation map

KerdB, > v v(t) € T,y M

is an isomorphism. Therefore, for every ¢t € [a, b], we can define a linear isomorphism
@; : Ty@M > T, M by

d;(v(a)) = v(t), veKerdB,. (14)

Using the maps @;, we can give a coordinate free description of the differential of B, based
on the “method of variation of constants” for solving non-homogeneous linear differential
equations.

Lemma 4.3. Let y € H) ([a,b], M,U) and v € T, H, (la, b], M). Set h = B(y) and
z = dB,, (v). Define the objects X, w and ®; as in (10), (11) and (14), respectively. Then,
the following equality holds:

t
v(t) = @t/ & lw(s)ds. (15)

Proof. The right-hand side of (15) vanishes at t = a, therefore, to conclude the proof,
one has to show only that its representation in local coordinates satisfies the differential
equation (12). This follows by direct computation, observing that the representation in local
coordinates of the maps @, is a solution of the homogeneous linear differential equation
(13). O

Corollary 4.4. Suppose that the referential X1, ... , X, defining B is adapted to D. Let y

be a horizontal curve in quo (la, b], M, U). Then, the tangent space T, quo([a, b], D, M)
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consists of all vector fields v of the form(15), where w runs over all L* horizontal vector
fields along y .

Proof. Follows directly from Lemma 4.3, observing that 5 is a submanifold chart for
H, ([a, b], D, M), as remarked earlier. 0

We now relate the differential of the endpoint map with the symplectic structure of 7 M*.
We denote by D C T M* the annihilator of D. The restriction w|po of the canonical
symplectic form of T M* to DY is in general no longer non-degenerate and its kernel
Ker(w|po)(p) at a point p € D" may be non-zero. We say that an absolutely continuous
curve 1 : [a, b] — DY is a characteristic curve for D if

n(t) € Ker(w|po) (n(1))

for almost all ¢ € [a, b].
We take a closer look at the kernel of w|po. Let Y be a horizontal vector field in an open
subset of M. We associate to it a Hamiltonian function Hy defined by

Hy(p) = p(Y(x)),

where x = m(p). We can now compute the w-orthogonal complement of TI,DO in T, T M*.
Recall that Hy denotes the corresponding Hamiltonian vector field in 7 M™.

Lemma 4.5. Let p € T M™* and set x = w(p). The w-orthogonal complement of T,,DO in
T,T M* is mapped isomorphically by dr, onto Dx. Moreover, if Y is a horizontal vector
field defined in an open neighborhood of x in M, then FIY (p) is the only vector in the
w-orthogonal complement of TpDO which is mapped by drm ), into Y (x).

Proof. The function Hy vanishes on DY and therefore a)(l-}y, ) = dHy vanishes on T,,DO.
The conclusion follows by observing that since @ is non-degenerate, the w-orthogonal
complement of 7, D in T,T M* has dimension n — k = dim(D). O

Corollary 4.6. The projection of a characteristic curve of D is automatically horizontal.
Moreover, let y : [a, b] = M be a horizontal curve, let X1, ... , X, be a time-dependent
referential of T M adapted to D, defined in an open subset U C R x M containing the
graph of y . Define a time-dependent vector field X in U as in (10). Let iy : [a, b] — D° be
a curve with w on = y. Then n is a characteristic curve of D, if and only if n is an integral
curve of H X-

Proof. For p € D, the kernel of the restriction of w to T,,DO is equal to the intersection of
T, D° with the w-orthogonal complement of 7,D° in 7,7 M*. By Lemma 4.5, it follows
that the kernel of w|po projects by dzr into D, and therefore the projection of a characteristic
is always horizontal.
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For the second part of the statement, observe that for ¢ € [a, b], X (, -) is a horizontal
vector field in an open neighborhood of y (f) whose value at y (¢) is y (¢). Therefore 1 () is
w-orthogonal to Tn(,)DO if and only if n(r) = Hx (n(1)). a

Corollary 4.7. Let y : [a,b] — M be a horizontal curve and let Xy, ..., X, be a
time-dependent referential of T M adapted to D, defined in an open subset U C R x M
containing the graph of y. Let X be defined as in (10). A curve 1 : [a, b] — D° with
7w on = y is a characteristic of D if and only if its representation 7)(t) € R™ in any
coordinate chart of M satisfies the following first order homogeneous linear differential
equation:

d n(t) = 8X,(t ) () (16)
a nit) = ag 14 n(),
where X is the representation in coordinates of X.

Proof. Simply use Corollary 4.6 and write the Hamilton equations of I;VX in co-
ordinates. O

Differential equation (16) is called the adjoint system of (13). It is easily seen that 7 is
a solution of (16) if and only if 77(¢)v(¢) is constant for every solution v of (13). From this
observation, we get the following lemma.

Lemma 4.8. Let y : [a, b] = M be a horizontal curve and suppose that the referential
X1, ..., X, defining &, in (14) is adapted to D. Then a curve n : [a, b] — DY with
T on = y is a characteristic for D if and only if n(t) = (d)t*)_l(n(a))for everyt € [a, b].

Proof. By Corollary 4.7 and the observation above we get that 1 is a characteristic if and
only if n(¢)v(t) is constant for every v € Ker dB, . The conclusion follows. |

We can finally prove the main theorem of this section.

Theorem 4.9. The annihilator of the image of the differential of the restriction of the
endpoint mapping to quo([a, bl, D, M) is given by

Im(d(end| g} (0.1, M) )°

= {n(b) : n isacharacteristicfor D and won = y}. 17

Proof. By Corollary 4.4, we have

Im(d(end|quo([a,b],D,M))(V))
b
= {@,/ di's_lw(s) ds : wisan L? horizontal vector field along y} . (18)
a

By Lemma 4.8, if 7 is a characteristic with & o n = y then n(b) annihilates the right-hand
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side of (18). Namely
b b
n(b) <q>,,f o w(s) ds) = (@) (n(a)) <<1>bf o w(s) ds)

b b
=n(a) (/ @;1w(s) ds) :/ n(a)@;lw(s)ds

b b
=f (q)j)—ln(a)w(s)ds:/ n()w(s)ds =0. (19)

We have to prove that if ng € T, (;)/M™* annihilates the right-hand side of (18) then there
exists a characteristic n with 7 o n = y and n(b) = ny.

Define n by n(t) = (@)~ (@} (o)) for all t € [a, b]. By Lemma 4.8, we only have
to prove that n([a, b]) C Do, Computing as in (19), we see that since 1o annihilates the
right-hand side of (18), then

b
/ n(s)w(s)ds =0
a
for any horizontal L? vector field w along y. The conclusion follows. |

Corollary 4.10. The image of the differential of the restriction of the endpoint mapping to
H} ([a, b], D, M) contains Dy ).

Proof. By Theorem 4.9, the annihilator of the image of the differential of the restriction of
the endpoint mapping to quo([a, bl, D, M) is contained in the annihilator of D, ). The
conclusion follows. |

The next corollary, which is obtained easily from (17), gives a characterization of singular
curves in terms of characteristics.

Corollary 4.11. An H! curve y : [a, b] — M is singular if and only if it is the projection
of a non-zero characteristic of D.

Observe that by Lemma 4.8 a characteristic either never vanishes or is identically zero.

5. The normal geodesics as critical points of the action functional

In this section, we prove that the normal geodesics in (M, D, g) correspond to the critical
points of the sub-Riemannian action functional defined in the space of horizontal curves
joining two subsets of M. To this aim, we need to introduce a Lagrangian formalism that
will be related to the Hamiltonian setup described in Section 3 via the Legendre transform.

We consider the sub-Riemannian action functional Er defined in the space H 1 ([a, b],

D, M):

1 b
Er(y) = 5,/ g(y,y)dr. (20)
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The problem of minimizing the action functional ER is essentially equivalent to the problem
of minimizing length (see Lemma 5.5 and Corollary A.3).

By Corollary 2.7, given qo, g1 € M, the set Hq‘M1 ([a, b], D, M) has the structure of
a smooth manifold around the regular curves. It is easy to prove that Egr is smooth in
any open subset of H;O’ @ ([a, b], D, M) which has the structure of a smooth manifold;
such an open set will be called a regular subset of qum @ (la, b1, D, M). We will say that
acurve y € quo,ql ([a, b], D, M) is a critical point of EgR if it lies in a regular subset
of quom ([a, b], D, M) and if it is a critical point of the restriction of EgR to this regular
subset. The purpose of this section is to prove that the normal geodesics coincide with the
critical points of the Egg in ququl ([a, b], D, M).

To this goal, we will consider an extension E of EgR to the smooth manifold H L(a, b], M)
defined in terms of the Riemannian extension g of the sub-Riemannian metric g that was
introduced in Section 2:

1 b
E(y) = 5/ F.9)dr, y e H'(a. bl M),

Lety € qum ¢ (la, b], D, M) be a regular curve and let & be the map defined in a neigh-
borhood of the graph of y given in Proposition 2.4. By the method of Lagrange multipliers,
we know that y is a critical point of Egg if and only if there exists A € L%([a, b], R") such

that y is a critical point in Hq]O’ @ ([a, b], M) of the action functional

b
Ex(y) = E(y) — / MO - Bty 0 (7 () . @1

We will see in the proof of Proposition 5.2 that the Lagrange multiplier A associated to a
critical point of ER is indeed a smooth map.

E) is the action functional of the time-dependent Lagrangian £, defined on an open
subset of 7 M given by

L;(t,v) = $8(0,v) = A(t) - O my(v), v € TyM. (22)

The Lagrangian £, is L' in the variable ¢, moreover, for (almost) all 7 € [a, b], the map
v — L,(t,v) is smooth. Therefore the critical points of E, are curves satisfying the

Euler-Lagrange equations; in a chart ¢ = (g1, . .. , g»), the equations are
oL daL
=~ (23)
aq dt 9q

We recall that if £ : U C R x T M is a time-dependent Lagrangian defined on an open
subset of R x T M, the fiber derivative of L is the map FL : U — R x T M* given by

]Fﬁ(tv U) = (tv d(clUﬂTﬂ(v)M)(v))v

where 7 : TM — M is the projection. For t € R, we denote by U, the open subset of
T M consisting of those v’s such that (¢, v) € U. The Lagrangian L is said to be regular if,
for each ¢, the map v — FL(¢, v) is a local diffeomorphism; £ is said to be hyper-regular
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if v > FL(z, v) is a diffeomorphism between U, and an open subset of 7M*. Associated
to a hyper-regular Lagrangian £ in U C R x T M, one has a Hamiltonian H defined on
the open subset FL(U) by the formula

H[FL(t,v)) =FL(t, v)v— L(t,v), (t,v)eU.

This procedure is called the Legendre transform(see [1, Chapter 3]). If L is a hyper-regular
Lagrangian and H is the associated Hamiltonian, then the solutions of the Euler—Lagrange
equations (23) of L correspond, via FL, to the solutions of the Hamilton equations of H,
i.e., a smooth curve y : [a, b] = M is a solution of (23) if and only if ' = FL o (y, y) is
a solution of the Hamiltonian H.

Let us show now that this formalism applies to the case of the Lagrangian £, of (22).

Lemma 5.1. The Lagrangian L, is hyper-regular.

Proof. From (22), the fiber derivative FL, is easily computed as
FLw(t,v) = g(v, ") — A1) - Ot,m) € Ty M. 24

For each ¢t € [a, b], the map FL,(¢,-) : TyM — T, M* is clearly a diffeomorphism,
whose inverse is given by

TuM* 3 p> g ' (p+1(0) - Opmy) € TuyM. O (25)

We are finally ready to prove the following proposition.

Proposition 5.2. Let y be a regular curve in quo,ql ([a, b], D, M). Then, y is a critical

point of Egr if and only if it is a normal sub-Riemannian geodesic in (M, D, g).

Proof. A critical point of Egr is a curve satisfying the Euler—Lagrange equations (23)
associated to the Lagrangian £, of (22). By Lemma 5.1, £, is hyper-regular, hence the
solutions of (23) correspond via FL, to the solutions of the associated Hamiltonian Hj
computed as follows. First, for v € T;, M, we have

FL)\(t, v)v — Ly(t,v) =g, v) — A1) - O ) (V) — %g(v, V) + A() - O,m) (V)
=32, v).

Then, using (25), we compute

Hy(t,q.p) = 287" (p+1(1) - Og). p +2(1) - O1.0)- (26)

To prove Proposition 5.2, we need to show that if y is an absolutely continuous curve in
M, then y is horizontal and it is a solution for the Hamilton equations associated to the
Hamiltonian H, for some A if and only if it is a solution of the Hamilton equations associated
to the sub-Riemannian Hamiltonian H of formula (7).
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The Hamilton equations of H, are computed as follows:

d __ d __
_2=g1@+km-%mx ——:—-1<M0 S;{p+km %w>

dr dr
27)

From the horizontality of dg/d¢, using the first equation of (27), we get

(p+ @) - O¢.q)lD, =0,

and since 0|p, is an isomorphism, we get an explicit expression for the Lagrange multiplier
Al

A(t) = —p(t) o [B.q) D, 17" (28)

Observe that by a standard boot-strap argument from (28) it follows easily that X is smooth.

We now write the Hamilton equations of the sub-Riemannian Hamiltonian and of H)
using a suitable time-dependent referential X, ... , X,, of T M. The choice of the referential
is done as follows. Let 01, ... , 6; be a time-dependent referential of the annihilator DY =
(D1)* which is orthonormal with respect to g ~!. For the orthogonality, it suffices to consider
any referential of D and then to orthonormalize it by the method of Gram—Schmidt. Then,

let X;,_k+1, - .. , X, be the referential of D+ obtained by dualizing 01, ... , 6. Finally, let
X1, ..., Xy—k be any orthonormal referential of D, time-dependent or not.
In the referential X¢, ..., X, fori = 1,... ,n — k, we have
k
a0 20
-1 t.q) J
[0(1.q)|D,] [WX"] = ; [%(” q)x,} Xn ks (29)

We can rewrite (27) as

k
dq n—
Zp(x )Xi + Z (P(X) + Ai—nti) X
i=n—k+1
n—k n
0X; 0X;
——Zp( ,)p< )— D 2p(Xi) + hicar)p <3—> (30)
q i=n—k+1 q
where A = (A1, ..., Ax). On the other hand, the Hamilton equations for H are written as
n—k n—k
dp 3X,'
= X)X,  —==) pXop|——)- 31
,-;p( DX < izZ}p( »p(aq) (31)

Now, if y is horizontal and it satisfies (30) for some A it follows that the second sum of the
first equation in (30) is zero, and therefore y satisfies also (31). Conversely, if y satisfies
(31), then y is horizontal, and defining A by (28), it is easily seen that y is a solution
of (27). O

Remark 5.3. It follows easily from (31) that if y is a normal geodesic and I" is a Hamil-
tonian lift of y, then I'|p = g(y, ).
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We now consider the case of sub-Riemannian geodesics with endpoints varying in two
submanifolds of M.

Proposition 5.4. Let (M, D, g) be a sub-Riemannian manifold, let P, Q C M be smooth
submanifolds of M and assume that Q is transversal to D, i.e., T,Q 4+ D, = T, M for all
q € Q. Then, the set

H71,’Q([a, b],D, M) = {x € H'([a, b], D, M) : x(a) € P, x(b) € Q}

is a smooth submanifold of H' ([a, b], M). Moreover; the critical points of the sub-Riemannian
action functional Eg in H719 Q([a, bl, D, M) are precisely the normal geodesics y joining
P and Q that admit a lift I' : [a, b] — T M* satisfying the boundary conditions:

() eT,mP’,  T'(b)eTlp. (32)

Proof. The fact that H#Q([a, b], D, M) is a smooth manifold follows easily from the
transversality of Q and Corollary 4.10.

The proof of the second part of the statement is analogous to the proof of Proposition 5.2,
keeping in mind that the critical points of the action functional associated to a hyper-regular
Lagrangian in the space of curves joining P and Q are the solutions of the Hamilton
equations whose Hamiltonian lift vanishes on the tangent spaces of P and Q. O

Obviously, the role of P and Q in Proposition 5.4 can be interchanged, and the same
conclusion holds in the case that P is transversal to D.

As a consequence of Proposition 5.4, we get some information on the geometry of
sub-Riemannian balls. Given a horizontal curve y : [a, b] — M, we define £(y) to
be its length:

b
() = [ 8"
a
For qo, g1 € M, we set
dist(qo, g1) = inf{£(y) : y is a horizontal curve joining gg and g} € [0, +o0],

where such number is infinite if gg and g cannot be joined by any horizontal curve. A
horizontal curve y : [a, b] + M is said to be length minimizing between two subsets P
and Qof M ify(a) € P, y(b) € Q and

£(y) = inf dist(qo, q1)-
quP
q1€Q

A horizontal curve y is said to be affinely parameterized if g(y, y) is almost everywhere
constant. Every horizontal curve is the reparameterization of an affinely parameterized
horizontal curve (see Corollary A.3). Since the sub-Riemannian Hamiltonian is constant on
its integral curves, it follows that every normal geodesic is affinely parameterized. Moreover,
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using the Hamilton equations (31), it is easy to see that an affine reparameterization of a
normal geodesic is again a normal geodesic.

We relate the problem of minimization of the length and of the action functional by the
following lemma.

Lemma 5.5. Let y : [a,b] — M be a horizontal curve joining the submanifolds P
and Q. Then, y is a minimum of Eg in H;D Q([a, bl, D, M) if and only if y is affinely
parameterized and y is a length minimizer between P and Q.

Proof. By Cauchy—Schwartz inequality, we have
Ly)? <200 - )ER()*,

where the equality holds if and only if y is affinely parameterized. If y is affinely parame-
terized and it minimizes length, then for any u € H71, Q([a, b], D, M), we have

£(y)? e(n)?

Exr(y) = 20 —a) = 20 —a) < Egr(u).

Hence, y is a minimum of EgR.

Conversely, suppose that y is a minimum of Egr. There exists an affinely parameterized
horizontal curve u : [a, b] — M such that y is a reparameterization of u (see Corollary
A.3). We have

£(p)? Ly)?

ER(y) < Er(n) = 20 —a) = 20 —a) < ER(y),

hence the above inequalities are indeed equalities, and y is affinely parameterized.

Now, assume by contradiction that p : [a, b] — M connects P and Q and satisfies
£(p) < £(y). By Corollary A.3, we can assume that p is affinely parameterized, hence
E(p) < Egr(y). This is a contradiction, and we are done. |

For go € M and r € R, the open ball B, (qo) is defined by

B, (q0) = {q1 : dist(qo, q1) < r}.

Corollary 5.6. Suppose that there exists an affinely parameterized length minimizer y :
[a, b] — M between qqg and q| which is not a normal extremal; set r = dist(qo, q1). Then,
any submanifold Q through q| which is transversal to D at q| has non-empty intersection
with the open ball B, (qo).

Proof. By contradiction, suppose that we can find a submanifold Q through ¢; which is
transversal to D at ¢; and disjoint from the open ball B, (qo). It follows that y is a length
minimizer between the point go and the submanifold Q, hence by Lemma 5.5, y is a
minimum point for the action functional in qu0» o(la, b], D, M). By possibly considering
a small portion of Q around ¢, we can assume that Q is everywhere transversal to D. From
Proposition 5.4, it follows then that y is a normal geodesic, which is a contradiction. [
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Remark 5.7. Proposition 5.4 can also be used to establish the smoothness of abnormal
extremizers, which is in general an open question. Observe indeed that its statement can be
rephrased as follows. Let y : [a, b] — M be an affinely parameterized length-minimizer
connecting go and g1 in M; set r = dist(qo, ¢1)- If there exists a manifold Q transverse to
D passing through g; which does not intercept the open ball B(qo; r) then y is a normal
extremal and, consequently, it is smooth.

As a corollary of Proposition 5.2, we also obtain an alternative proof of a result of Liu
and Sussmann [9] that gives necessary conditions for length minimizing.

Corollary 5.8. An affinely parameterized length minimizer is either an abnormal minimizer
or a normal geodesic.

Proof. It follows immediately from Definition 2.8 and Proposition 5.2 and the fact that
affinely parameterized length minimizers are minima of the sub-Riemannian action func-
tional. O

The solutions of sub-Riemannian geodesic problem with variable endpoints in the case
that the end-manifold is one-dimensional has a physical interpretation in the context of
general relativity (see [5,6]). Such geodesics can be interpreted as the solution of a general
relativistic brachistochrone problem in a stationary Lorentzian manifold.

Appendix A. Affine parameterization of horizontal curves

In this appendix, we show that every horizontal curve in a sub-Riemannian manifold can
be obtained as the reparameterization of an affinely parameterized horizontal curve.

Given two absolutely continuous curves y : [a, b] — M and u : [c, d] — M, we say
that y is a reparameterization of p if there exists an absolutely continuous, non-decreasing
and surjective map o : [a, b] — [c,d] such that y = u o 0. It can be proven that in this
case y = ({t o 0)o almost everywhere.

Proposition A.1. Let (M, g) be a Riemannian manifold, y : [a, b] — M an absolutely
continuous curve. Then, there exists a unique pair of absolutely continuous maps | :
[0,L] = M and o : [a,b] — [0, L], with o0 non-decreasing and surjective, such that
g (), pu(t)) = 1 almost everywhere on [0, Llandy = poo.

Proof. Suppose that the pair u, o satisfying the thesis is found; then we obtain easily

t
o (1) = £ lia)) = f 55 )\ dr. (A1)

a
Since o is surjective, this proves the uniqueness of the pair.
As to the existence, set L = £(y) and define o as in (A.1). Obviously, o is absolutely
continuous, non-decreasing and surjective.
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Suppose that o (s) = o(t) for some s,¢ € [a,b] with s < ¢. Then, £(y]5,q) = O,
and therefore y (s) = y (¢). It follows that there exists a function u : [0, L] — M with
w oo = y. The curve u is Lipschitz continuous, hence absolutely continuous; for, if
s,t €0, L],letsy, t; € [a, b] be such that 0 (s1) = s and o (t;) = . Then

dist(pe(s), u(r)) = dist(y (s1), ¥ (11)) < €y Iy, = lo(s1) —o ()] = [s —1].

We are left with the proof that g(x, ;t) = 1 almost everywhere. To see this, let t € [0, L]
be chosen and let #; € [a, b] be such that t = o (¢1). Then, we have

t
/0 (i, ' dr = Lulio.n) = £ l.) = 0 (01) = 1. (A2)
The conclusion follows by differentiating (A.2) with respect to 7. O

Lemma A.2. Let M be a smooth manifold and D C T M be a smooth distribution. Let
w : [a, b] = M be an absolutely continuous curve; if i admits a reparameterization which
is horizontal, then | is horizontal.

Proof. Leto : [c,d] + [a, b] be an absolutely continuous non-decreasing surjective map
with ¥ = u o o horizontal. Define

X ={t € [c, d] : theequality y (t) = (o (t))o (¢) fails to hold},
Y={telc,d]:o() =0}.

Clearly, u is horizontal outside o (X U Y); to conclude the proof it suffices to show that
o (X UY) has null measure. To see this, observe that X has null measure and therefore o (X)
has null measure. Moreover, since ¢ = 0 in Y, it is not difficult to show that o (Y) has null
measure, and we are done. O

Corollary A.3. Let (M, D, g) be a sub-Riemannian manifold and y a horizontal curve in
M. Then, y is the reparameterization of a unique horizontal curve w : [0, L] — M such
that g(it, 1) = 1 almost everywhere.

Proof. Let g be any Riemannian extension of g and apply Proposition A.1. The curve u

thus obtained is horizontal by Lemma A.2. d

Appendix B. Local minimality of normal geodesics

The aim of this section is to prove that a sufficiently small segment of a sub-Riemannian
normal geodesic is a distance minimizer between an initial submanifold and a point. We
will simply adapt the proof of local optimality presented in [9, Appendix C].

Proposition B.1. Let (M, D, g) be a sub-Riemannian manifold, P C M a submanifold
and y : [a,b] = M a normal geodesic with y(a) € P and such that there exists a
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Hamiltonian lift I' : [a, b] — TM™* of y with I'@lr,,p = 0. Then, for ¢ > 0 small
enough, yl(a,a+e) is a length minimizer between P and y (a + ¢).

Proof. We can assume without loss of generality that g(y,y) = 1. Let S € M be
a codimension 1 submanifold containing a neighborhood of y(a) in P and such that
I'(a@)lr,,,s = 0. The existence of such a submanifold is easily proved using a coordinate
system in M adapted to P around y (a). Observe that by Remark 5.3, we have g_l (r'(@a)|p,
I'@lp) = 1.

Let A : S — TM* be a 1-form in M along S such that A(x)|r.s = 0, g tou)|p,
A(x)|p) = 1 forall x € S and such that A(y(a)) = I'(a). Let U C S be a sufficiently
small open subset containing y (a) and let ¢ > 0 be sufficiently small. Consider the map
@ la—¢,a+e[xU > TM*suchthatr — @(t, x) is a solution of the sub-Riemannian
Hamiltonian H defined in (7) and @ (a, x) = A(x) forallx € U. Let F = 7 o @, where
7w : TM* — M is the projection.

By Remark 5.3, I'(a)(y(a)) = 1, which implies that 7}, () M = T),()S ® (Ry (a)). It
follows easily that the differential of F at (a, y(a)) is an isomorphism, and by the inverse
function theorem by possibly passing to smaller ¢ and U, F is a diffeomorphism between
Ja — e, a+ e[ x U and an open neighborhood V of y (a) in M. By possibly taking a smaller
V, we can assume that V NP C S.

We define a vector field X, a 1-form A and a smooth map t on V by setting

d
T(F(t,x)) =t, X(F(t,x)) = EF(t,x), AMF(t,x)) = D(t,x)
for all (¢, x) €la — ¢,a + ¢[xU. Since H o @ does not depend on ¢, it follows easily that

¢ ' p, Alp) = 1. (B.1)

We prove next that A = dr. To this aim, let ¥x denote the flow of X, defined on an open
subset of R x V;fors € R, we set Wy = Wx(s, ). Clearly, t — F(z, x) is an integral curve
of X, and therefore we have 1 o lllf( = s + 7, hence drt is invariant by the flow of X, i.e.,

(¥y)*(dr) =dr.

We show that A is also invariant by the flow of X; the equality A = dr will follow from the
fact that these two 1-forms coincide on S. For the invariance of X, we argue as follows: let
x €U,vy € TyMand v(t) = dkl/}t(_“(x)[vo]; it suffices to prove that A(F (¢, x))(v(?)) is
constant in ¢.

In local coordinates ¢ = (q1, - .. , gn), v satisfies the following linear differential equa-
tion:
dv 09X ) (B.2)
— = —(). .
dt aq

Fort €] — ¢, ¢[ fixed, let X1, ..., X;,—¢ be an orthonormal frame for D around F (¢, x); by
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Remark 5.3, we have @ (¢, x)|p = g(X (F (¢, x)), -) from which it follows:

n—k
X = Zk(Xi)Xi. (B.3)
i=1
From (B.1), it follows that ) ;A (X D% =1,and differentiating this expression, we obtain

n—k

d
D AMXD— (X)) =0. (B.4)
i=1 9

From (B.3) and (B.4), it follows:

n—k

oX 0X;
Al— | = AMXO)A [ — ). B.S5
(5) = 2o (5) ®

Using the second Hamilton equation in (31), we finally get

d A(F (2, x)) A X (B.6)
— X)) =—Al— ). .
dr aq

Using (B.2) and (B.6) it is easily seen that L (F' (¢, x))v(¢) is constant in ¢, and A is invariant

by the flow of X.
The equality A = dt is thus proven, and by (B.1), we obtain

¢ 'dtlp,dtlp) = 1. (B.7)

Letnow i : [a, a+¢€] — V be ahorizontal curve with u(a) € Pand u(a+¢) = y(a+e¢).
Using (B.7), the length of w is estimated as follows:

a+e a+e
L) = f lieldr > f dr (1)) dr
(a4 8) — T(u(@) = £ = L [a.ase))-

This implies that ¥ |[4,a+¢] 1S a length minimizer between P and y (a + ¢) among all the
horizontal curves with image in V. The conclusion of the proof will follow from the next
lemma by possibly considering a smaller €. O

Lemma B.2. Let (M, D, g) be a sub-Riemannian manifold and let V. C M be an open
subset. Given x € U there exists r > 0 such that every horizontal curve u : [a, b] — M
with u(a) = x and L(w) < r satisfies u([a, b]) C V.

Proof. We compare the sub-Riemannian metric g with the Euclidean metric relative to an
arbitrary coordinate system around x. Let ¢ : W +— W be a coordinate system in M with
x €W, W C Vand W is an open neighborhood of 0 in R”. Let B C W be the inverse
image through ¢ of a closed ball of radius s, B[¢(x); s] C W.Form € Wandv e Ty M,
denote by ||v||e the Euclidean norm of the vector d¢ (m)[v]. The set of vectors v € D that
are tangent to the points of B with ||v]e = 1 form a compact subset of 7. M, in which the
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continuous function v — g(v, v)!/2 = ||v| attains a positive minimum k. Observe that for
all v € D tangent to some point of B, itis ||v|| > k- ||vle.

Take r = ks > 0. If u : [a,b] — M is a horizontal curve with w(a) = x and
w(la, b]) ,@ V, then there exists ¢ €]a, b[ with u([a, c] C B and y(c) € d B. Therefore,

L) > L(M|[a,c]) > kLe(po /'L|[a,c]) >ks=r,

where L. denotes the Euclidean length of a curve. This concludes the proof. d
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