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Introduction

This book concerns a fresh development of the eternal idea of the distance as the length of a shortest
path. In Euclidean geometry, shortest paths are segments of straight lines that satisfy all classical
axioms. In the Riemannian world, Euclidean geometry is just one of a huge amount of possibilities.
However, each of these possibilities is well approximated by Euclidean geometry at very small scale.
In other words, Euclidean geometry is treated as geometry of initial velocities of the paths starting
from a fixed point of the Riemannian space rather than the geometry of the space itself.

The Riemannian construction was based on the previous study of smooth surfaces in the Eu-
clidean space undertaken by Gauss. The distance between two points on the surface is the length
of a shortest path on the surface connecting the points. Initial velocities of smooth curves starting
from a fixed point on the surface form a tangent plane to the surface, that is an Euclidean plane.
Tangent planes at two different points are isometric, but neighborhoods of the points on the surface
are not locally isometric in general; certainly not if the Gaussian curvature of the surface is different
at the two points.

Riemann generalized Gauss’ construction to higher dimensions and realized that it can be
done in an intrinsic way; you do not need an ambient Fuclidean space to measure the length of
curves. Indeed, to measure the length of a curve it is sufficient to know the Euclidean length
of its velocities. A Riemannian space is a smooth manifold whose tangent spaces are endowed
with Euclidean structures; each tangent space is equipped with its own Euclidean structure that
smoothly depends on the point where the tangent space is attached.

For a habitant sitting at a point of the Riemannian space, tangent vectors give directions where
to move or, more generally, to send and receive information. He measures lengths of vectors, and
angles between vectors attached at the same point, according to the Euclidean rules, and this is
essentially all what he can do. The point is that our habitant can, in principle, completely recover
the geometry of the space by performing these simple measurements along different curves.

In the sub-Riemannian space we cannot move, receive and send information in all directions.
There are restictions (imposed by the God, the moral imperative, the government, or simply a
physical law). A sub-Riemannian space is a smooth manifold with a fixed admissible subspace in
any tangent space where admissible subspaces are equipped with Euclidean structures. Admissible
paths are those curves whose velocities are admissible. The distance between two points is the
infimum of the length of admissible paths connecting the points. It is assumed that any pair of
points in the same connected component of the manifold can be connected by at least an admissible
path. The last assumption might look strange at a first glance, but it is not. The admissible
subspace depends on the point where it is attached, and our assumption is satisfied for a more or
less general smooth dependence on the point; better to say that it is not satisfied only for very
special families of admissible subspaces.

Let us describe a simple model. Let our manifold be R? with coordinates z,, z. We consider
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the differential 1-form w = dz + %(a;dy — ydr). Then dw = dz A dy is the pullback on R? of the
area form on the zy-plane. In this model the subspace of admissible velocities at the point (z,y, 2)
is assumed to be the kernel of the form w. In other words, a curve t — (x(t),y(t),2(t)) is an
admissible path if and only if () = 5 (y(t)&(t) — z(£)y(t)).

The length of an admissible tangent vector (&, 7, 2) is defined to be (32 +g)2)%, that is the length
of the projection of the vector to the zy-plane. We see that any smooth planar curve (x(t),y(t))
has a unique admissible lift (x(t),y(t), 2(t)) in R3, where:

A0 =5 [ aoh6e) syt ds.

If 2(0) = y(0) = 0, then z(¢) is the signed area of the domain bounded by the curve and the segment
connecting (0,0) with (z(t),y(t)). By construction, the sub-Riemannian length of the admissible
curve in R? is equal to the Euclidean length of its projection to the plane.

We see that sub-Riemannian shortest paths are lifts to R3 of the solutions to the classical Dido
isoperimetric problem: find a shortest planar curve among those connecting (0, 0) with (z1, 1) and
such that the signed area of the domain bounded by the curve and the segment joining (0,0) and
(z1,y1) is equal to z1 (see Figure [).

z ((t), (1), 2(t))

Figure 1: The Dido problem

Solutions of the Dido problem are arcs of circles and their lifts to R? are spirals where z(t) is
the area of the piece of disc cut by the hord connecting (0,0) with (z(t),y(t)).

A piece of such a spiral is a shortest admissible path between its endpoints while the planar
projection of this piece is an arc of the circle. The spiral ceases to be a shortest path when its
planar projection starts to run the circle for the second time, i.e. when the spiral starts its second
turn. Sub-Riemannian balls centered at the origin for this model look like apples with singularities
at the poles (see Figure [3)).

Singularities are points on the sphere connected with the center by more than one shortest
path. The dilation (z,y,z2) — (rz,ry,r2z) transforms the ball of radius 1 into the ball of radius
r. In particular, arbitrary small balls have singularities. This is always the case when admissible
subspaces are proper subspaces.

Another important symmetry connects balls with different centers. Indeed, the product opera-
tion

. 1
(x,y,2)- (2',y,2) = (w +2 y+y, 2+ + §(wy’ — x’y)>



Figure 2: Solutions to the Dido problem

Figure 3: The Heisenberg sub-Riemannian sphere

turns R? into a group, the Heisenberg group. The origin in R? is the unit element of this group. It
is easy to see that left translations of the group transform admissible curves into admissible ones
and preserve the sub-Riemannian length. Hence left translations transform balls in balls of the
same radius. A detailed description of this example and other models of sub-Riemannian spaces is
done in Section and Chapter 77.

Actually, even this simplest model tells us something about life in a sub-Riemannian space. Here
we deal with planar curves but, in fact, operate in the three-dimensional space. Sub-Riemannian
spaces always have a kind of hidden extra dimension. A good and not yet exploited source for mystic
speculations but also for theoretical physicists who are always searching new crazy formalizations.
In mechanics, this is a natural geometry for systems with nonholonomic constraints like skates,
wheels, rolling balls, bearings etc. This kind of geometry could also serve to model social behavior
that allows to increase the level of freedom without violation of a restrictive legal system.

Anyway, in this book we perform a purely mathematical study of sub-Riemannian spaces to
provide an appropriate formalization ready for all eventual applications. Riemannian spaces appear
as a very special case. Of course, we are not the first to study the sub-Riemannian stuff. There
is a broad literature even if it is hard to find an expert who could claim that sub-Riemannian
geometry is his main field of expertise. Important motivations come from CR geometry, hyperbolic
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geometry, analysis of hypoelliptic operators, and some other domains. Our first motivation was
control theory: length minimizing is a nice class of optimal control problems.

Indeed, one can find a control theory spirit in our treatment of the subject. First of all, we
include admissible paths in admissible flows that are flows generated by vector fields whose values
in all points belong to admissible subspaces. The passage from admissible subspaces attached at
different points of the manifold to a globally defined space of admissible vector fields makes the
structure more flexible and well-adapted to algebraic manipulations. We pick generators f1,..., fi
of the space of admissible fields, and this allows us to describe all admissible paths as solutions
to time-varying ordinary differential equations of the form: ¢(t) = Zle u;(t) fi(q(t)). Different
admissible paths correspond to the choice of different control functions u;(-) and initial points ¢(0)
while the vector fields f; are fixed at the very beginning.

We also use a Hamiltonian approach supported by the Pontryagin maximum principle to char-
acterize shortest paths. Few words about the Hamiltonian approach: sub-Riemannian geodesics
are admissible paths whose sufficiently small pieces are length-minimizers, i.e. the length of such
a piece is equal to the distance between its endpoints. In the Riemannian setting, any geodesic is
uniquely determined by its velocity at the initial point ¢q. In the general sub-Riemannian situation
we have much more geodesics based at the the point ¢ than admissible velocities at q. Indeed, every
point in a neighborhood of ¢ can be connected with ¢ by a length-minimizer, while the dimension
of the admissible velocities subspace at ¢ is usually smaller than the dimension of the manifold.

What is a natural parametrization of the space of geodesics? To understand this question, we
adapt a classical “trajectory — wave front” duality. Given a length-parameterized geodesic t — 7(t),
we expect that the values at a fixed time ¢ of geodesics starting at v(0) and close to v fill a piece
of a smooth hypersurface (see Figure [d]). For small ¢ this hypersurface is a piece of the sphere of
radius ¢, while in general it is only a piece of the “wave front”.

p(t)

7(0)

Figure 4: The “wave front” and the “impulse”

Moreover, we expect that 4(t) is transversal to this hypersurface. It is not always the case but
this is true for a generic geodesic.

The “impulse” p(t) € T. ,’Yk(t)M is the covector orthogonal to the “wave front” and normalized by
the condition (p(t),%(t)) = 1. The curve t — (p(t),7(t)) in the cotangent bundle T*M satisfies a
Hamiltonian system. This is exactly what happens in rational mechanics or geometric optics.

The sub-Riemannian Hamiltonian H : T*M — R is defined by the formula H(p,q) = %(p, v)2,
where p € T/M, and v € T;M is an admissible velocity of length 1 that maximizes the inner
product of p with admissible velocities of length 1 at ¢ € M.

Any smooth function on the cotangent bundle defines a Hamiltonian vector field and such a

10



field generates a Hamiltonian flow. The Hamiltonian flow on T*M associated to H is the sub-
Riemannian geodesic flow. The Riemannian geodesic flow is just a special case.

As we mentioned, in general, the construction described above cannot be applied to all geodesics:
the so-called abnormal geodesics are missed. An abnormal geodesic v(t) also possesses its “impulse”
p(t)eT :( t)M but this impulse belongs to the orthogonal complement to the subspace of admissible
velocities and does not satisfy the above Hamiltonian system. Geodesics that are trajectories of the
geodesic flow are called normal. Actually, abnormal geodesics belong to the closure of the space of
the normal ones, and elementary symplectic geometry provides a uniform characterization of the
impulses for both classes of geodesics. Such a characterization is, in fact, a very special case of the
Pontryagin maximum principle.

Recall that all velocities are admissible in the Riemannian case, and the Euclidean structure on
the tangent bundle induces the identification of tangent vectors and covectors, i.e. of the velocities
and impulses. We should however remember that this identification depends on the metric. One
can think to a sub-Riemannian metric as the limit of a family of Riemannian metrics when the
length of forbidden velocities tends to infinity, while the length of admissible velocities remains
untouched.

It is easy to see that the Riemannian Hamiltonians defined by such a family converge with all
derivatives to the sub-Riemannian Hamiltonian. Hence the Riemannian geodesics with a prescribed
initial impulse converge to the sub-Riemannian geodesic with the same initial impulse. On the other
hand, we cannot expect any reasonable convergence for the family of Riemannian geodesics with
a prescribed initial velocity: those with forbidden initial velocities disappear at the limit while
geodesics with admissible initial velocities multiply.

Outline of the book

We start in Chapter [lfrom surfaces in R3 that is the beginning of everything in differential geometry
and also a starting point of the story told in this book. There are not yet Hamiltonians here, but a
control flavor is already present. The presentation is elementary and self-contained. A student in
applied mathematics or analysis who missed the geometry of surfaces at the university or simply
is not satisfied by his understanding of these classical ideas, might find it useful to read just this
chapter even if he does not plan to study the rest of the book.

In Chapter[2] we recall some basic properties of vector fields and vector bundles. Sub-Riemannian
structures are defined in Chapter Bl where we also prove three fundamental facts: the finiteness and
the continuity of the sub-Riemannian distance; the existence of length-minimizers; the infinitesimal
characterization of geodesics. The first is the classical Chow-Rashevski theorem, the second and the
third one are simplified versions of the Filippov existence theorem and the Pontryagin maximum
principle.

In Chapter [4, we introduce the symplectic language. We define the geodesic Hamiltonian flow,
we consider an interesting class of three-dimensional problems and we prove a general sufficient
condition for length-minimality of normal trajectories. Chapter [l is devoted to applications to
integrable Hamiltonian systems. We explain the construction of the action-angle coordinates and
we describe classical examples of integrable geodesic flows, such as the geodesic flow on ellipsoids.

Chapters [MHEl form a first part of the book where we do not use any tool from functional
analysis. In fact, even the knowledge of the Lebesgue integration and elementary real analysis are
not essential with a unique exception of the existence theorem in Section B4l In all other places
the reader can substitute terms “Lipschitz” and “absolutely continuous” by “piecewise C'” and
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“measurable” by “piecewise continuous” without a loss for the understanding.

We start to use some basic functional analysis in Chapter [6l In this chapter, we give elements
of an operator calculus that simplifies and clarifies calculations with non-stationary flows, their
variations and compositions. In Chapter 77, we use this calculus for a fast introduction to the Lie
group theory.

In Chapter [1l we interpret the “impulses” as Lagrange multipliers for constrained optimization
problems and apply this point of view to the sub-Riemannian case. We also introduce the sub-
Riemannian exponential map and we study conjugate points.

In Chapter B, we construct the nonholonomic tangent space at a point g of the manifold: a
first quasi-homogeneous approximation of the space if you observe and exploit it from ¢ by means
of admissible paths. In general, such a tangent space is a homogeneous space of a nilpotent Lie
group equipped with an invariant vector distribution; its structure may depend on the point where
the tangent space is attached. At generic points, this is a nilpotent Lie group endowed with a
left-invariant vector distribution. The construction of the nonholonomic tangent space does not
need a metric; if we take into account the metric, we obtain the Gromov—Hausdorff tangent to the
sub-Riemannian metric space. Useful “ball-box” estimates of small balls follow automatically.

Chapter ?7? is devoted to the explicit calculation of the sub-Riemannian distance for model
spaces. In Chapter [[0] we study general analytic properties of the sub-Riemannian distance as a
function of points of the manifold. It is shown that the distance is smooth on an open dense subset
and is semi-concave out of the points connected by abnormal length-minimizers. Moreover, generic
sphere is a Lipschitz submanifold if we remove these bad points.

In Chapter [II] we turn to abnormal geodesics, which provide the deepest singularities of the
distance. Abnormal geodesics are critical points of the endpoint map defined on the space of
admissible paths, and the main tool for their study is the Hessian of the endpoint map.

This is the end of the second part of the book; next few chapters are devoted to the curvature
and its applications. Let ® : T*M — T*M, for t € R, be a sub-Riemannian geodesic flow.
Submanifolds ®*(T*M), ¢ € M, form a fibration of T*M. Given A € T*M, let Jx(t) C Tx(T*M)
be the tangent space to the leaf of this fibration.

Recall that ® is a Hamiltonian flow and T;M are Lagrangian submanifolds; hence the leaves
of our fibrations are Lagrangian submanifolds and J () is a Lagrangian subspace of the symplectic
space T)\(T*M).

In other words, Jy(t) belongs to the Lagrangian Grassmannian of T\(7T*M), and t — Jy(t) is
a curve in the Lagrangian Grassmannian, a Jacobi curve of the sub-Riemannian structure. The
curvature of the sub-Riemannian space at A is simply the “curvature” of this curve in the Lagrangian
Grassmannian.

Chapter is devoted to the elementary differential geometry of curves in the Lagrangian
Grassmannian; in Chapter [I3] we apply this geometry to Jacobi curves.

The language of Jacobi curves is translated to the traditional language in the Riemannian
case in Chapter [4l We recover the Levi Civita connection and the Riemannian curvature and
demonstrate their symplectic meaning. In Chapter [[5] we explicitly compute the sub-Riemannian
curvature for contact three-dimensional spaces. In the next Chapter [[6 we study the small distance
asymptotics of the expowhree-dimensional contact case and see how the structure of the conjugate
locus is encoded in the curvature.

In Chapter 7?7, we consider two-dimensional sub-Riemannian metrics; such a metric differs from
a Riemannian one only along a one-dimensional submanifold. In the last Chapter 77 we define the
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sub-Riemannian Laplace operator, the canonical volume form, and compute the density of the
sub-Riemannian Hausdorff measure. We conclude with a discussion of the sub-Riemannian heat
equation and an explicit formula for the heat kernel in the three-dimensional Heisenberg case.

We finish here this introduction into the Introduction...We hope that the reader won’t be
bored; comments to the chapters contain suggestions for further reading.
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Chapter 1

Geometry of surfaces in R’

In this preliminary chapter we study the geometry of smooth two dimensional surfaces in R? as a
“heating problem” and we recover some classical results.

In this chapter we always assume R3 to be the ambient space, endowed with the standard
Euclidean product, which we denote by (-, ).

Definition 1.1. A surface of R? is a subset M C R3 such that for every ¢ € M there exists a
neighborhood U C R3 of ¢ and a smooth function a : U — R such that UNM = a~1(0) and Va # 0
on UNM.

1.1 Geodesics and optimality

Let M C R3 be a surface and v : [0, 7] — M be a smooth curve in M. The length of v is defined as

T
() = /O () lde. (1.1)

where |[v|| = 1/(v|v) denotes the norm of a vector in R3.

Remark 1.2. Notice that the definition of length in (LIJ) is invariant by reparametrizations of the
curve. Indeed let ¢ : [0,7'] — [0,T] be a monotone smooth function. Define =, : [0,7'] — M by
Yo := 7 © ¢. Using the change of variables ¢t = ¢(s), one gets

T

T’ T’
() = /0 4 (5)1ds = /0 14 (e(s)lllp(s)lds = /0 148t = £().

The definition of length can be extended to piecewise smooth curves on M, by adding the length
of every smooth piece of ~.

When the curve v is parametrized in such a way that ||¥(¢)|| = ¢ for some ¢ > 0 we say that v
has constant speed. If moreover ¢ = 1 we say that ~ is parametrized by length.
The distance between two points p,q € M is the infimum of length of curves that join p to ¢

d(p,q) = inf{l(~y), v : [0, ] — M piecewise smooth, v(0) = p,y(T) = ¢}. (1.2)

Now we focus on minimizers, i.e. curves that minimize the distance between two points: £(vy) =
d(~(0),~(T)).
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Figure 1.1: A smooth minimizer

Remark 1.3. Notice that, if v : [0,7] — M is a minimizer, then the curve 7|[ 4 is also a minimizer,
forall 0 <t <T.

The following proposition characterizes smooth minimizers. We prove later that all minimizers
are smooth (cf. Corollary [L.15]).

Proposition 1.4. Let v : [0,T7] — M be a smooth minimizer parametrized by length. Then
H(t) LTypyM for allt € [0,T].

Proof. Consider a smooth non-autonomous vector field (¢,q) — fi(q) € T,M that extends the
tangent vector to 7 in a neighborhood W of the graph of the curve {(¢,7(t)) € R x M}, i.e.

fi(y(8)) = 7(2) and Ife@ll =1, V(tq) €W

Let now (t,q) — g:(¢) € T,M be a smooth non-autonomous vector field such that f;(¢) and g:(q)
define a local orthonormal frame in the following sense

(fldlge(@) =0, la(@l=1,  V(t.qeW

Piecewise smooth curves parametrized by length on M are solutions of the following ordinary
differential equation

&(t) = cosu(t) fe(x(t)) + sinu(t)g(z(t)), (1.3)

for some initial condition z(0) = ¢ and some piecewise continuous function u(t), which we call
control. The curve « is the solution to (3] associated with the control w(t) = 0 and initial
condition ~y(0).
Let us consider the family of controls
urs(t) = {0’ b<r 0<7<T, seR (1.4)
s, t>T1

and denote by z, 4(t) the solution of (I.3) with control u, s(t) and initial datum z, s(0) = v(0).
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Lemma 1.5. For every 71, 79,t € [0,T] the following vectors are linearly dependent

0 0

Try,5(t) Try,5(t) (1.5)

s s=0 s s=0

Proof. By Remark [I.3] is not restrictive to assume t = T. Fix 0 < 71 < 75 < T and consider the
family of curves ¢(t; hy, ha) solutions of (L3]) associated with controls
0, t e [0, 1 [,
Uhy,h2 (t) = h17 te [7—177—2[7
h1 4+ ho, tE[Tg,T—i—E[,

where hq,hy belong to a neighborhood of 0 and ¢ is small enough (to guarantee the existence of
the trajectory). Notice that ¢ is smooth in a neighborhood of (¢, hy,hs) = (T,0,0) and

0o _ 0
ahz (hl,hg):O 83

rs(T), =12
s=0

By contradiction assume that the vectors in (L5]) are linearly independent. Then g—(g is invertible

and the classical implicit function theorem applied to the map (¢, hy, ho) — &(t; h1, ha) at the point
(T,0,0) implies that there exists 6 > 0 such that

Vte]T—&,T—F&[, Elhltha s.t. gb(ta h17h2) :W(T)v

In particular there exists a curve joining (0) and «(7") in time ¢ < T, which gives a contradiction,
since 7 is a minimizer. ]

Lemma 1.6. For every 7,t € [0,T)] the following identity holds

9
s

Proof. If t < 7, then the conclusion follows from (L4]). Let us now assume that ¢ > 7. Again, by
Remark [[3] it is sufficient to prove the statement at ¢ = T. Let us write the Taylor expansion of

P(t) = % «—oTr,s(t) in a right neighborhood of ¢t = 7. Observe that, for t > 7

re(®)|3(0)) =0 (16)

s=0

Er.s = cos(s) fe(zrs) + sin(s)ge(zrs).

Hence 9 9
Y(r) = Ds S:OxT78(T) =0, w(T) = 9s S:OjjT’S(T) = gr(z7,5(7)).
Then, for t > 7, we have
O(t) = (t = 7)gr(27,5(7)) + O((t = 7)?). (1.7)
For 7 sufficiently close to T', one can take ¢t = T in (7). Passing to the limit for 7 — T one gets
1 0
21 (T T)).
s D) (D)

Now, by Lemma all vectors in left hand side are parallel among them, hence they are parallel
to gr(y(T)). The lemma is proved since 4(T") = fr(v(T)) and fr and gr are orthogonal. O
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Now we end the proposition by showing that 4(t) L T, M. Notice that this is equivalent to
show

GO () = GB)lg:(v(1))) = 0. (1.8)

Recall that (§(¢)|7(¢)) = 1. Differentiating this identity one gets

0= 4 GOR) = 260)

which shows that %(t) is orthogonal to fi(y(t)). Next, differentiating (6] with respect to ¢, we
xns(t)‘ﬁ(t)> =0, (1.9)

havel for ¢ £T
0 . . 0
<$ SZOxT,s<t>'v<t>> n <a— y

Now, from (&, 4(t)|Zrs(t)) =1 one gets

<%sc7,s<t>

Evaluating at s = 0, using that z(t) = v(t), one has

9
Os s=0

:I':T,s(t)‘ﬁ(t)> =0, for t # 7.
Hence, by (L.9), it follows that
<§ a:TS(t)"'y(t)> =0,

=0
which, by continuity, holds for every ¢ € [0,T]. Using that 5= | oZTr,s(t) is parallel to g:(v(t)) (see
proof of Lemma [[6), it follows that (g:(v(¢))|5(¢)) = 0. O

Definition 1.7. A smooth curve 7 : [0,7] — M parametrized with constant speed is called geodesic
if it satisfies

iT7s(t)> =0, for t # 7.

() L TyyM,  Vte[0,T]. (1.10)

Proposition [[L4] says that a smooth curve that minimizes the length is a geodesic.

Now we get an explicit characterization of geodesics when the manifold M is globally defined
as the zero level of a smooth function. In other words there exists a smooth function a : R®> — R
such that
M = a"(0), and Va # 0 on M. (1.11)
Remark 1.8. Recall that for all ¢ € M it holds Vg a L T, M. Indeed, for every ¢ € M and v € T; M,
let v : [0,T] — M be a smooth curve on M such that v(0) = ¢ and 4(0) = v. By definition of M
one has a(y(t)) = 0. Computing the derivative with respect to ¢ at ¢t = 0 one gets (Vqalv) = 0.

Proposition 1.9. A smooth curve v : [0,T] — M is a geodesic if and only if it satisfies, in matriz

notation: . )
(0T (V2 a)i(0)
||V a||2 v(t) D

5(t) = — vt e[0,T). (1.12)

where V,%(t)a 1s the Hessian matriz of a.

notice that - s is smooth on the set [0, 7]\ {7}.
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Proof. Differentiating the equality <V,Y(t)a|"y(t)> = 0 we get, in matrix notation:
(O (V2 a)y(t) + 5 Vyma = 0.
By definition of geodesic there exists a function v(¢) such that
’y(t) = y(t)Vw)a.

Hence we get
AT (V2 a) (1) + v(t) [Vl = 0,
from which (LI2]) follows. O

Remark 1.10. Notice that formula (ILI2]) is always true locally since, by definition of surface, the
assumptions (IT]) are always satisfied locally.

1.1.1 Existence and minimizing properties of geodesics

Recall that every surface can be locally characterized as a regular level set of a smooth function (cf.
Definition [IT]), hence equations (I.12]) always characterize geodesics locally. As a direct consequence
of Proposition one gets the following existence and uniqueness theorem for geodesics.

Corollary 1.11. Let g € M and v € T;M. There exists a unique geodesic y : [0,&] — M, fore >0
small enough, such that v(0) = q and 4(0) = v.

Proof. By Proposition [.9, geodesics satisfy a second order ODE, hence they are smooth curves,
characterized by ther initial position and velocity. O

To end this section we show that small pieces of geodesics are always global minimizers.

Theorem 1.12. Let v:[0,T7] — M be a geodesic. For every T € [0,T[ there exists € > 0 such that
(Z) fY’[T,T+€] IS @ MINIMIZET, i.e. d(fY(T)/.Y(T + E)) = g(’Y’[T,T—l—E]))

(i5) V|ir,r4e] is the unique minimizers joining (1) and (7 + ¢€) in the class of piecewise smooth
curves, up to reparametrization.

Proof. Without loss of generality let us assume that 7 = 0 and that v is length parametrized.
Consider a length-parametrized curve a on M such that «(0) = v(0) and &(0) L 4(0) and denote
by (t,s) — x4(t) the smooth variation of geodesics such that z(t) = v(¢) and (see also Figure [[2])

z5(0) = a(s), z5(0) L a(s). (1.13)

The map ¢ : (t,s) — x5(t) is a local diffeomorphism near (0,0). Indeed the vectors

oY 0 oY 0

E t=5=0 - E E t=s=0 = & ':US(O) — CY(O))

s=0

t=0

are linearly independent. Thus ¢ maps a neighborhood U of (0,0) on a neighborhood W of ~(0).
We now consider the function ¢ and the vector field ¢ defined on W

¢ xs(t) —t,
& as(t) — ds(t).
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Figure 1.2: Proof of Theorem [[.12]

Lemma 1.13. V¢ = £(q) for every g € W.

Proof of Lemmal[L.13. We first show that they are parallel and then that they actually coincide.
To show that they are parallel, first notice that V¢ is orthogonal to its level set {¢ = const}, hence

<sz(t)¢‘%x5(t)> =0, Y (t,s) € U. (1.14)

<%xs(t)

Computing the derivative with respect to ¢ of the left hand side of (LI5]) one gets

<%x’5(t) j:s(t)> + <%xs(t) i’s(t)> :

which is identically zero. Indeed the first term is zero because () has unit speed and the second
one vanishes because of (LI0)). Hence, the left hand side of (LIH]) is constant and coincides with
its value at t = 0, which is zero by the orthogonality assumption (LI3).

By ([LI4) and (II5]) one gets that V¢ is parallel to . Actually they coincide since

Now, let us show that

x's(t)> —0, VY(ts)eU. (1.15)

(Vole) = S olaa(t)) = 1

O

Now consider € > 0 small enough such that ~j ; is contained in W and take a piecewise smooth
and length parametrized curve § : [0,¢'] — M contained in W and joining v(0) to y(¢). Let us
show that 7 is shorter than §. First notice that

{Vp,e) =€ = o(1(e)) = ¢(B(e"))
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Using that ¢(8(0)) = ¢(v(0)) = 0 and that ¢(58) = &’ we have that

o) =SB = o(3(0) = [ ZolBenar (1.16)

’

-/ " (vatsn|i) a
0

= [ {etsup]p)ar << = es), (1.17)
0

The last inequality follows from the Cauchy-Schwartz inequality

(e@n|sm) < leBEn sl =1 (118)

which holds at every smooth point of 5(¢). In addition, equality in (LI8]) holds if and only if
B(t) = £(B(t)) (at the smooth points of 3). Hence we get that £(3) = £(v]jo,e)) if and only if 3
coincides with ([ ..

Now let us show that there exists € < ¢ such that ’y][oﬂ is a global minimizer among all piecewise
smooth curves joining v(0) to v(£). It is enough to take & < dist(v(0), 0W). Every curve that escape
from W has length greater than &. U

From Theorem [1.12] it follows

Corollary 1.14. Any minimizer of the distance (in the class of piecewise smooth curves) is a
geodesic, and hence smooth.

1.1.2 Absolutely continuous curves

Notice that formula (L) defines the length of a curve even in the class of absolutely continuous
ones, if one interpret the integral in the Lebesgue sense.

In this setting, in the proof of Theorem [[L.T2] one can assume that the curve 8 is actually
absolutely continuous. This proves that small pieces of geodesics are minimizers also in the class
of absolutely continuous curves on M. Morever

Corollary 1.15. Any minimizer of the distance (in the class of absolutely continuous curves) is a
geodesic, and hence smooth.

1.2 Parallel transport

In this section we want to introduce the notion of parallel transport, which let us to define the
main geometric invariant of a surface: the Gaussian curvature.

Let us consider a curve v : [0,7] — M and a vector £ € Ty M. We want to define the
parallel transport of ¢ along . Heuristically, it is a curve £(t) € Ty M such that the vectors
{&(t),t € ]0,T]} are all “parallel”.

Remark 1.16. If M = R? C R3 we can canonically identify every tangent space Ty yM with R? so
that every tangent vector £(¢) belong to the same vector spaceld In this case, parallel simply means
¢ (t) = 0 as an element of R3. This is not the case if M is a manifold because tangent spaces at
different points are different.

2The canonical isomorphism R? ~ T,R? is written explicitly as follows: y — % { ot + 1y
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Definition 1.17. Let v : [0,7] — M be a smooth curve. A smooth curve of tangent vectors
§(t) € Ty M is said to be parallel if £(t) L T, M.

Assume now that M is the zero level of a smooth function a : R?* — R as in (LII). We have
the following description:

Proposition 1.18. A smooth curve of tangent vectors £(t) defined along v : [0,T] — M is parallel
if and only if it satisfies

ﬁ(t)T(V,%(t)a)g(t) V.o
IV, yall? L0

Et) = — vt e [0,T). (1.19)

Proof. As in Remark [L8 £(t) € Ty M implies <Vy(t)a,£(t)> = 0. Moreover, by assumption
£(t) = a(t)Vya for some smooth function a. With analogous computations as in the proof of
Proposition [[L9 we get that

HOT (V2 @)€(t) + alb)|Val® = 0,
from which the statement follows. O

Remark 1.19. Notice that, since (ILI9]) is a first order linear ODE with respect to &, for a given
curve v : [0,7] — M and initial datum v € Ty )yM, there is a unique parallel curve of tangent
vectors §(t) € Ty M along ~y such that §(0) = v. Moreover the operator §(0) — £(t) is a linear
operator, which is called parallel transport.

Next we state a key property of the parallel transport.

Proposition 1.20. The parallel transport preserves the scalar product. In other words, if £(t),n(t)
are two parallel curves of tangent vectors along v, then we have

Ly =0, veeloT] (120)

Proof. From the fact that §(t),n(t) € T M and E(t),n(t) L Ty M one immediately gets

% (EDn(0) = E@D)In()) + E@B)n()) = 0. 0

The notion of parallel transport permits to give a new characterization of geodesics. Indeed, by
definition

Corollary 1.21. A smooth curve v : [0,T] — M is a geodesic if and only if 7 is parallel along ~y.
In the following we assume that M is oriented.

Definition 1.22. The spherical bundle SM on M is the disjoint union of all unit tangent vectors
to M:
SM = | | S;M,  SgM ={veT,M€|v| =1} (1.21)
qeEM
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SM is a smooth manifold of dimension 3. Moreover it has the structure of fiber bundle with
base manifold M, typical fiber S', and canonical projection

m:SM — M, n(v)=q if veT,M.

Remark 1.23. Since every vector in the fiber S;M has norm one, we can parametrize every v &
S,M by an angular coordinate § € S through an orthonormal frame {e1(q),e2(q)} for S,M, i.e.
v = cos(f)ei(q) + sin(f)ea(q).

The choice of a positively oriented orthonormal frame {e;(q),e2(q)} corresponds to fix the
element in the fiber corresponding to # = 0. Hence, the choice of such an orthonormal frame at
every point ¢ induces coordinates on SM of the form (g, 0 + ¢(q)), where p € C>(M).

Given an element & € S;M we can complete it to an orthonormal frame (£,7,v) of R? in the
following unique way:

(i) n € T, M is orthogonal to £ and (&, n) is positively oriented (w.r.t. the orientation of M),
(ii) v L T,M and (&,n,v) is positively oriented (w.r.t. the orientation of R3).

Let t = &(t) € Sy M be a smooth curve of unit tangent vectors along 7 : [0,7] — M. Define

n(t),v(t) € TyyM as above. Since t + {(t) has constant speed, one has {(t) L £(t) and we can
write

E(t) = ue()n(t) + ve (v (t).
In particular this shows that every element of T¢SM, written in the basis (£,7,v), has zero com-
ponent along &.

Definition 1.24. The Levi-Civita connection on M is the 1-form w € A'(SM) defined by
we : TeSM — R, we(2) = uz, (1.22)
where z = u,n + v,v and (§,n,v) is the orthonormal frame defined above.

Notice that w change sign if we change the orientation of M.

Lemma 1.25. A curve of unit tangent vectors £(t) is parallel if and only if we (§(t)) = 0.

Proof. By definition &(t) is parallel if and only if £(t) is orthogonal to TypyM, i.e. collinear to
v(t). O

In particular, a curve parametrized by length ~ : [0,7] — M is a geodesic if and only if
wy ) (3(t)) =0, vVt el0,T]. (1.23)
Proposition 1.26. The Levi Civita connection w € AY(SM) satisfies:
(i) there exist two smooth functions ay,as : M — R such that
w=dl + a1 (z1,x2)dr1 + az(x1,x2)dxs, (1.24)

where (x1,2,0) is a system of coordinates on SM.
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(ii) dw = 7*Q, where Q2 is a 2-form defined on M and 7w : SM — M s the canonical projection.

Proof. (i) By Remark [[.223] the coordinate 6 is defined up to a constant. However the vector field
on SM defined by 9/00 is well-defined. Let us show that

()

Indeed consider a curve t — £(t) on SM which corresponds to a rotation of on a single fibre. Then
we have that velocity of this curve is exactly its orthogonal vector, i.e. & (t) = n(t) and equality
above is proved. It remains to show that coefficients a1, as do not depend on @, but this is due to
the rotational invariance of w.

(74) Follows directly from expression (I.24]) noticing that dw depends only on z1, 5. O

Remark 1.27. Notice that the functions a1, as in (L24]) are not invariant by change of coordinates
on the fiber. Indeed the transformation 6 — 6+ (21, x2) induces df — df + (0x, p)dx1 + (Oz,p)dx2
which gives a; — a; + Oy, for i =1,2.

By definition w is an intrinsic 1-form on SM. Its differential, by property (ii) of Proposition
[L26] is the pull-back of an intrinsic 2-form on M, that in general is not exact. Since any 2-form
on M is proportional to the area form dV', it makes sense to give the following definition:

Definition 1.28. The Gaussian curvature of M is the function k : M — R defined by the equality
Q= —kdV. (1.25)

Note that xk does not depend on the orientation of M, since both €2 and dV change sign if we reverse
the orientation.

1.3 Gauss-Bonnet Theorems

In this section we will prove both the local and the global version of the Gauss-Bonnet theorem. A
strong consequence of these results is the celebrated Gauss’ Theorema Egregium which says that
the Gaussian curvature of a surface is independent on its embedding in R3.

Definition 1.29. Let v : [0,7] — M be a smooth curve parametrized by length. The geodesic
curvature of v is defined as

Py (1) = wse) (3(2))- (1.26)

Notice that if v is a geodesic, then p,(t) = 0 for every ¢t € [0,7]. The geodesic curvature
measures how much a curve is far from being a geodesic.

Remark 1.30. The geodesic curvature changes sign if we move along the curve in the opposite
direction. Moreover, if M = R?, it coincides with the usual notion of curvature of a planar curve.

1.3.1 Gauss-Bonnet theorem: local version

Definition 1.31. A curvilinear polygon I' on an oriented surface M is the image of a closed polygon
in R? under a diffeomorphism. We assume that O is oriented consistently with the orientation of
M. In the following we represent OI' = U;v;(I;) where ~; : I, — M, for i = 1,...,m, are smooth
curves parametrized by length, with orientation consistent with 9. We denote by «; the external
angles at the points where 9T is not C! (see Figure [[3).

24



Figure 1.3: A curvilinear polygon

Notice that a curvilinear polygon is homeomorphic to a disk.

Theorem 1.32. (Gauss-Bonnet, local version)
Let T be a curvilinear polygon on an oriented surface M. Then we have

/ kdV 4+ Z/ P, (t)dt + Z a; = 2. (1.27)
r i=1 71 i=1

Proof. (i) Case OT" is smooth.
In this case I is the image of the unit (closed) ball By, centered in the origin of R?, under a
diffeomorphism

FZBl—>M, P:F(Bl).

In what follows we denote by v : I — M the curve such that v(I) = OI'. We consider on Bj the
vector field V' which has an isolated zero at the origin and whose flow is a rotation around zero.
Denote by X := F.V the induced vector field on M with critical point gy = F(0).

We refer to Figure L4l For e small enough, consider
I.:=T\ F(B.), and A == 0F(B.),

where B is the ball of radius ¢ centered in zero in R%. We have OI'; = A, U JT.
Define the map

_ X(9)
[ X(g)l”

and compute the integral of the curvature x on I'.. First notice that

/ dw:/ W*Q:/ a= [ « (1.28)
¢(Fs) ¢(Fs) W(¢(Fs)) re
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/\

Bi\ B: M

Figure 1.4: The map F

where we used the fact that 7(¢(I'z)) = . Thus

/de:—/Q:—/ do, (by (29))
€ € ¢(FE)
S / w, (by Stokes Theorem)
9é(Te)

= / w— / w, (since 0¢(T':) = ¢p(A:) U ¢(IT)) (1.29)
d(Ae) ¢(ar)

Notice that in the third equality we used the fact that the induced orientation on 9¢(T';) gives
opposite orientation on the two terms. Let us treat separately these two terms. The first one, by
Proposition [[.26] can be written as

/ W= / do +/ ay(x1, wo)dxry + az(x1, x2)dxs (1.30)
#(Ae) #(Ae) #(Ae)

The first element of (I.30]) is equal to 27 since we integrate the 1-form df on a closed curve. The
second element of (L30), for € — 0, satisfies

< CU($(AL)) — 0, (1.31)

/ al(azl,xg)dxl +a2(1’1,x2)d£2
#(Ae)

Indeed the functions a; are smooth (hence bounded on compact sets) and the length of ¢(A.) goes
to zero for ¢ — 0.

Let us now consider the second term of (L29]). Since ¢(dT') is parametrized by the curve
t— 4(t) (as a curve on SM), we have

(@mw=ﬁwmwmﬁzlm@ﬁ
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Concluding we have from (L.29)

/F/idV = ilﬁ% N kdV =21 — /Ipv(t)dt,

that is (I27) in the smooth case (i.e. when «a; = 0 for all 7).
(77) Case OI' non smooth.

We reduce to the previous case with a sequence of polygons I';, such that 0I';, is smooth and I';,
approximates I' in a “smooth” way. In particular, we assume that 9I',, coincides with OI' excepts
in neighborhoods U;, for i = 1,...,m, of each point g; where 91" is not smooth, in such a way that
the curve 02-(71) that parametrize (0T, \ 9T') N U; satisfies ¢(o]') < 1/n.

If we apply the statement of the Theorem for the smooth case to I',, we have

/ kdV + /pﬁ/(n) (t)dt = 2,

where ’y(") is the curve that parametrizes 0I'),. Since I',, tends to I' as n — oo, then

lim rdV = / rdV.
r

n—o0 T
n

We are left to prove that

lim / Py (t)dt = /1 P (D)t + > o (1.32)
=171 i=1

(n)

. and 7-(") as in Figure

For every n, let us split the curve v(™ as the union of the smooth curves o i

??. Then
/p,y(n) (t)dt = Z/pﬁ/gn) (t)dt—l—Z/,OU(n) (t)dt.
i=1 ‘ i=1 ‘

Since the curve ’y(") tends to «; for n — oo one has

lim P (t)dt = /p%(t)dt.

n—oo

Moreover, with analogous computations of part (i) of the proof
/pg(n) (t)dt = / w = / dl + al(xl, azg)dazl + ag(azl, xg)dxg
i 9(0,") 9(0}")

and one has, using that €(¢(0§n))) =0
/ dd — «, / a1($1,$2)dl‘1 + a2(l‘1,l‘2)dl‘2 — 0.
d)(crl(n)) n—00 ¢(ol(n)) n—00
Then (L32) follows. O
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Remark 1.33. Let us consider a geodesic triangle I'; i.e. a curvilinear polygon with m = 3 and such
that every ~; is a geodesic. Denote with A; := m — «; the internal angles of the geodesic triangle.
Using that the geodesic curvature of v; vanishes, the local version of Gauss-Bonnet Theorem (L27])
can be rewritten as

3
> A= 77+/de (1.33)
i=1 r

This formula shows that the Gaussian curvature measures how much the manifold M is far from
being an Euclidean plane (that corresponds to the case k = 0).

1.3.2 Gauss-Bonnet theorem: global version

Now we state the global version of the Gauss-Bonnet theorem. In other words we want to generalize
(L27)) to the case when I is a region of M not necessarily homeomorphic to the disk, see for instance
Figure As we will see that the result depends on the Euler characteristic x(I") of this region.

In what follows, by a triangulation of M we mean a decomposition of M into curvilinear polygons
(see Definition [[.3T]). Notice that every compact surface admits a triangulationﬁ

Definition 1.34. Let M C R? be a compact oriented surface with boundary M (possibly with
angles). Consider a triangulation of M. We define the Fuler characteristic of M as

X(M) = ngy —n1 + no, (1.34)
where n; is the number of i-dimensional faces in the triangulation.

The Euler characteristic can be defined for every region I' of M in the same way. Here, by a
region I' on a surface M, we mean a closed domain of the manifold with piecewise smooth boundary.

Remark 1.35. The Euler characteristic is well-defined. Indeed one can show that the quantity
(I34)) is invariant for refinement of a triangulation, since every at every step of the refinement the
alternating sum does not change. Moreover, given two different triangulations of the same region,
there always exists a triangulation that is a refinement of both of them, with show that the quantity
(L34) is independent on the triangulation.

Example 1.36. For a compact connected orientable surface M, of genus g (i.e. a surface that
topologically is a sphere with g handles) one has x(M,) = 2 — 2g. For instance one has x(5?) = 2,
x(T?) = 0, where T? is the torus. Notice also that x(B1) = 1, where Bj is the closed unit disk in
R2.

Following the notation introduced in the previous section, for a given region I', we assume that
Ol is oriented consistently with the orientation of M and OI' = U;v;([;) where ~; : I; — M, for
i=1,...,m, are smooth curves parametrized by length (with orientation consistent with oT"). We
denote by a; the external angles at the points where O is not C! (see Figure [LLT)).

Theorem 1.37. (Gauss-Bonnet, global version)
Let T be a region of a surface on a compact oriented surface M. Then

/F/idV + ; /IZ P, ()dt + ; a; = 2mx(T). (1.35)

3Formally, a triangulation of a topological space M is a simplicial complex K, homeomorphic to M, together with
a homeomorphism h: K — M.
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Figure 1.5: Gauss B

Proof. As in the proof of the local version of the Gauss-Bonnet theorem we consider two cases:

(i) Case OI' smooth (in particular a; = 0 for all z)

Consider a triangulation of I' and let {F ], j=1,...,n2} be the corresponding subdivision of I" in
curvilinear polygons. We denote by {’y } the smooth curves parametrized by length whose image
are the edges of I'; and by and 9,(3 ) the external angles of I';. We assume that all orientations
are chosen accordingly to the orientation of M. Applying Theorem to every I'; and summing

w.r.t. 7 we get
n2

Z (/FJ kdV + zk:/p%(ej)(t)dt + %:9](6])) = 27Tngo. (1.36)

j=1

g/l“j kdV = /F/idV, %/py}iﬁ(t)dt: g;/p%(t)dt. (1.37)

The second equality is a consequence of the fact that every edge of the decomposition that does
not belong to JI' appears twice in the sum, with opposite sign. It remains to check that

Z@ n1 — no) (138)

We have that

Let us denote by N the total number of elements of the left hand side of ([38]). After reindexing
we have to check that

N
Z m(n1 — no). (1.39)

Denote by ng the number of vertexes that belong to dT' and with nf := ng — ng. Similarly we

define n¢ and n{. We have the following relations:

29



(i) N =2n! +nd,
(ii) ng = n?v

Claim (i) follows from the fact that every curvilinear polygon with n edges has n angles, but
the internal edges are counted twice since each of them appears in two polygons. Claim (ii) is a
consequence of the fact that OI' is the union of closed curves.

If we denote by Ay := m — 6, the internal angles, we have

N N
d 0, =Nr—> A, (1.40)
v=1 v=1

Note that the sum of the internal angles is equal to 7w for a boundary vertex, and to 27 for an

internal one. Hence one gets
N

> A, =2mn{ + mnf, (1.41)

v=1

Combining ([40), (I.41) and (i) one has

14
Z 0, = (2n! +nd)r — 20! +nd)m
i=1
Using (ii) one finally gets (I.39).
(ii) Case OI' non-smooth.
We consider a decomposition of I' into curvilinear polygons whose edges intersect the boundary in

the smooth part (this is always possible). The proof is identical to the smooth case up to formula
(L37). Now, instead of (L.39]), we have to check that

N m
> 0, =) i+ 2n(n1 — no), (1.42)
v=1 i=1

Now (L42) can be rewritten as
Z 0, = 2mw(n1 — ng),
v¢ A
where A is the set of indices whose corresponding angles are non smooth points of JI'.

Consider now a new region f, obtained by smoothing the edges of I', together with the decom-
position induced by T' (see Figure [[5]). Denote by ny and ny the number of edges and vertexes of
the decomposition of I'. Notice that {0,,v ¢ A} is exactly the set of all angles of the decomposition
of I'. Moreover 7y — ng = n1 — Ng, since ng = ng +m and ny = ny + m, where m is the number of
non-smooth points. Hence, by part (i) of the proof:

Z 0, = 2n(n1 — no) = 2m(n1 — nop).
v¢A

Corollary 1.38. Let M be a compact oriented surface without boundary. Then

/ kdV = 2mx(M). (1.43)
M
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1.3.3 Consequences of the Gauss-Bonnet Theorems

Definition 1.39. Let M, M’ be two surfaces in R3. A map ¢ : M — M’ is called an isometry if
for every g € M it satisfies

(vlw) yy = (Dgd(v)|Dgd(w)) 5y » Vo,we T,M (1.44)

If the property (LZ4]) is satisfied by a map ¢ : U C M — M’ defined in a neighborhood U of g,
then it is called a local isometry.

Two surfaces M and M’ are said to be isometric (resp. locally isometric) if there exists an
isometry (resp. local isometry) between M and M’.

From (.44)) it follows that an isometry preserves the angles between vectors and, a fortiori, the
length of a curve and the distance between two points.

From the local version of the Gauss-Bonnet Theorem (in particular from formula (I.33]) and the
fact that the angles are preserved by isometries) we obtain that the Gaussian curvature is intrinsic,
in the following sense

Corollary 1.40. (Gauss’s Theorema Egregium)
The Gaussian curvature is invariant by local isometries.

More precisely if ¢ : U C M — M’ is a local isometry, then for every ¢ € U one has k(q) =
k' (#(q)), where k (resp. k') is the Gaussian curvature of M (resp. M').

Corollary 1.41. Let M be surface and q € M. If k(q) # 0 then M is not locally isometric to R?
in a neighborhood of q.

Exercise 1.42. Prove that a surface M is locally isometric to the Euclidean plane R? around a
point ¢ € M if and only if there exists a coordinate system (x1,x2) in a neighborhood U of ¢ € M
such that the vectors 0., and 0y, have unit length and are everywhere orthonormal.

As a converse of Corollary [[L41] we have

Theorem 1.43. Assume that k = 0 in a neighborhood of a point ¢ € M. Then M 1is locally
Euclidean (i.e. locally isometric to R?) around q.

Proof. From our assumptions we have, in a neighborhood U of ¢:
Q=rdV =0.
Hence dw = 7*Q = 0. From its explicit expression
w=db + a1 (x1, x2)dz1 + as(r1, x2)dxs,

it follows that the 1-form aydxi + asdzs is locally exact, i.e. there exists a neighborhood W of g,
W C U, and a function ¢ : W — R such that aq(x1,x2)dz1 + az(x1,x2)dxe = dé. Hence

w=d(0+ ¢(z1,x2)).

Thus we can define a new angular coordinate on SM, which we still denote by 6, in such a way
that (see also Remark [[.27))
w=db. (1.45)
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Now, let v be a length parametrized geodesic, i.e. ws (5 (t)) = 0. Using the the angular coordinate
0 just defined on the fibers of SM, the curve t — (t) € Sy )M is written as ¢ — 60(¢). Using

(CZ5), we have then .
0 =wy (5(t) = dO(5(t)) = 6(2).
In other words the angular coordinate of a geodesic v is constant.

We want to construct Cartesian coordinates in a neighborhood U of ¢q. Consider the two length
parametrized geodesics vy, and 72 starting from ¢ and such that 6;(0) = 0, 62(0) = 7/2. Define
them to be the zi-axes and zo-axes of our coordinate system, respectively.

Then, for each point ¢’ € U consider the two geodesics starting from ¢’ and satisfying 6;(0) = 0
and 62(0) = m/2. We assign coordinates (r1,x2) to each point ¢’ in U by considering the length
parameter of the geodesic projection of ¢’ on 41 and 72 (See Figure [L6]). Notice that the family of
geodesics constructed in this way, and parametrized by ¢’ € U, are mutually orthogonal at every
point.

By construction, in this coordinate system the vectors 0, and 0., have length one (being the
tangent vectors to length parametrized geodesics) and are everywhere mutually orthogonal. Hence
the theorem follows from Exercise O

Figure 1.6: Proof of Theorem [T.43]

1.3.4 The Gauss map

We end this section with a geometric characterization of the Gaussian curvature of a manifold M,
using the Gauss map.

Definition 1.44. Let M be an oriented surface. We define the Gauss map
N : M — S2, q— Vg, (1.46)
where v, € S? C R? denotes the external unit normal vector to M at g.
Let us consider the differential of the Gauss map at the point g:
DN : TyM — Ty S® =~ T,M
where an element tangent to the sphere S? at A/(q), being orthogonal to N'(q), is identified with a
tangent vector to M at q.
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Theorem 1.45. We have that r(q) = det(DyN).
Before proving this theorem we prove an important property of the Gauss map.

Lemma 1.46. The differential of the Gauss map DN is a symmetric map, i.e.
(DgN(&)In) = (€|DN ()}, V& n € TyM. (1.47)

Proof. We prove the statement locally, i.e. for a manifold M parametrized by a function ¢ : R? —
M. TIn this case T,M = Im D,¢ where ¢(u) = gq. Let v,w € R? such that & = D,¢(v) and
n = Dyd(w). Since N'(q) € T,M* we have (N'(q)|n) = (N(q)|Dug(w)) = 0. Taking the derivative
in the direction of £ one gets

(DN(E)ln) + (N (@) D2(0,w) =0,
where D2¢ is a bilinear symmetric map. Now ([L47) follows exchanging the role of v and w. O

Proof of Theorem [1.45 We will use Cartan’s moving frame method. Let £ € SM and denote with

(61(5)762(6)763(5))7 e SM — R37

the orthonormal basis relative to £ constructed in Section
Let us compute the differentials of these vectors in the ambient space R3 and write them as a linear
combination (with 1-form as coefficients) of the vectors e;

3
deei(n Z we)ij( wij € ALSM, ne€TeSM.
7j=1
Dropping ¢ and 7 from the notation one gets the relation
3
de; = Zwi]‘ €j, wij € AISM

Since for each £ the basis (e1(§),e2(§),e3(§)) is orthonormal (hence can be seen as an element of
SO(3)) its derivative is expressed through a skew-symmentric matrix Q = (w;;) (i.e., wij = —wj;)
and one gets the equations

de; = wizes + wizes,
dea = —wi2e1 + wozes, (1.48)

des = —wi3e1 — wazes.
Let us now prove the following identity
w13 A wog = dwia. (1.49)
Indeed, differentiating the first equation in (48] one gets, using that d? = 0,
0 = d’e; = dwiges + wia A des + dwises + wis A des

= (dwiz — w1z A wag)ea + (dwiz — wiz A wag)es,
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which implies in particular (TZ9]).
The statement of the theorem can be rewritten as an identity between 2-forms as follows

det(DyN)dV = kdV.
Applying 7 to both sides one gets
¥ (det(DgN)dV) = 1*kdV = dw (1.50)

where w is the Levi-Civita connection. Let us show that (I50) is equivalent to (L49).

Indeed by construction wis computes the coefficient of the derivative of the first vector of the
orthonormal basis along the second one, hence wis = w (see also Definition [[.24]). Moreover, since
e3 = N om, where m : SM — M is the canonical projection, one has

w13 A\ waz = ﬁ*(det(DqN)dV)

The proof is completed by the following

Exercise 1.47. Let V be a 2-dimensional Euclidean vector space and e, e2 an orthonormal basis.
Let F: V +— V a linear map and write F' = Fje; + Fyeg, where F; : V — R are linear functionals.
Prove that Fy A Fy = (det F')dV, where dV is the area form induced by the inner product.

O

Remark 1.48. Lemma [[.46] allows us to define the principal curvatures of M at the point ¢ as the
two real eigenvalues ki (q), k2(g) of the map D N. In particular

k(q) = k1(q)k2(q),  q€ M.

The principal curvatures can be geometrically interpreted as the maximum and the minimum of
curvature of sections of M with orthogonal planes.

Notice moreover that, using the Gauss-Bonnet theorem, one can relate then degree of the map
N with the Euler characteristic of M as follows

1

deg N = Area(S?)

1 1
/M(det D N)dV = e M/{dV = §X(M)
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Chapter 2

Vector fields and vector bundles

In this chapter we collect some basic definitions of differential geometry, in order to recall some
useful results and to fix the notation. We assume the reader to be familiar with the definitions of
smooth manifold and smooth map between manifolds.

2.1 Differential equations on smooth manifolds

2.1.1 Tangent vectors and vector fields

Definition 2.1. Let M be a smooth n-dimensional manifold. Two smooth curves v1,72 : (—¢,¢€) —
M such that v1(0) = 72(0) = ¢ € M are said to be equivalent if, in some coordinate chart, they
have the same 1-st order Taylor polynomial. If v : (—e,e) — M is a smooth curve its tangent
vector at the point ¢ = v(0), denoted by

d

E tZOV(t)’ or 7(0)7 (2‘1)

is the equivalence class in the space of all smooth curves in M such that v(0) = q.

It is easy to see, by the chain rule, that this is a well-defined object (i.e. it does not depend on
the representative).

Definition 2.2. Let M be a smooth n-dimensional manifold. The tangent space at a point ¢ € M

is the set
d

T, M : =< —

It is a standard fact that 7, M has a natural structure of n-dimensional vector space.

~v(t), v: (—e,e) = M smooth, v(0) = q} .

Definition 2.3. A vector field on a smooth manifold M is a smooth map
X :q— X(q) € T;M,

that associates to every point ¢ in M a tangent vector at g. We denote by Vec(M ) the set of smooth
vector fields on M.
In coordinates we can write X = Y " | X Z(m)%, and the vector field is smooth if and only if

its components X*(z) are smooth functions.
The value of a vector field X at a point ¢ is denoted both with X (¢) and X |q.
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Definition 2.4. Let M be a smooth manifold and X € Vec(M). The equation
qd=X(q), qge M, X & Vec(M). (2.2)

is called an ordinary differential equation (or ODE) on M. A smooth curve v : I — M is said to
be a solution of (2.2]), where I C R is an interval, if

() =X((@), VtelcCR. (2.3)
We also say that - is an integral curve of the vector field X.

A standard theorem on ODE ensures that, for every point, there exists a unique integral curve
of a vector field, defined on some interval and passing through this point.

Theorem 2.5. Let X € Vec(M) and consider the Cauchy problem

1(t) = X(q(t
it) = X(a(t)) -
q(0) = qo
For any point qo € M there ezists a unique solution of (2.4), denoted by
v(t; 90), te (to,t1), to<0<t (2.5)

defined on a sufficiently small interval (to,t1). Moreover the solution (t;qo) smoothly depends on
(t, qo) eER x M.

A vector field X € Vec(M) is called complete if, for every gy € M, the solution ~y(¢; qo) of the
equation (2.2)) can be extended for all ¢t € R.

Remark 2.6. Standard results from ODE ensure completeness of the vector field X € Vec(M) in
the following cases

(i) M is a compact manifold,
(7i) M =R"™ and X is sub-linear, i.e. there exists Cy,Cy > 0 such that
\X(a;)] Slex‘—l-Cg, Vo e R".
where | - | denotes the Euclidean norm in R”™.

In what follows we will always assume that the the vector field X is complete. Indeed if the
vector field X is not complete, but we are interested in the properties of its integral curves on
a compact set K C M, it is sufficient to multiply X by a cut-off function a : M — R that is
identically 1 inside K, and that vanishes out of a suitably bigger compact K’ such that K C K'.

In this way we get a vector field that is complete and has the same integral curve of f inside K.
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2.1.2 Flow of a vector field

Given a complete vector field X € Vec(M) we can consider the family of maps {¢, ¢ € R} defined
by

P:M— M, q+— y(t;q). (2.6)

In other words P;(q) is the shift for time ¢ along the integral curve of X that starts from ¢. By
Theorem it follows that the map

(tv Q) = (bt(Q),

is smooth in both variables and the family {¢;, t € R} is a one parametric subgroup of Diff(M),
i.e., it satisfies the following identities:

¢o = Id,
Pt 0 s = Ps © Pt = Prys, Vi, s €R, (2.7)
(¢) " = ot VteR,
Moreover it satisfies dé4(a)
2D = X(oua),  dl@)=a VaeM, (2.8)

The family of maps ¢; defined by (2.6]) is called the flow generated by X. For the flow ¢; of a
vector field X it is convenient to use the exponential notation ¢; := e'X, for every t € R.

Remark 2.7. When X is a linear vector field on R", then X(z) = Az and it can be identified
with the n X n matrix A. It is easy to show that the corresponding flow ¢; is precisely the matrix
exponential, namely ¢;(z) = ' ().

Following the exponential notation, the group properties (2.7)) takes the form:

eOX =1d, etX ° esX — esX ° etX — e(t—i—s)X7 (etX)—l — e—tX7 (29)
d
%etX = XetX, (2.10)

2.1.3 Nonautonomous vector fields

Definition 2.8. A nonautonomous vector field is a family of smooth vector fields { X} }icr, where
X € Vec(M) for every ¢t € R and the map ¢ — X; is measurable and locally bounded

Now we consider a nonautonomous ODE, i.e. an equation of the form
q=Xi(q), q€M, (2.11)

where X; is a nonautonomous vector field. If we consider local coordinates x = (z1,...,%,) in an
open set O on the manifold M, the equation (2.I1]) is written in coordinates as

T = f(t,x), x € R",

where the map (¢,x) — f(t,z) is defined on a subset of R x R™ and satisfies

li.e. for every smooth function a € C*°(M) the function ¢ — X;a is L>.
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(7) f is measurable and locally bounded with respect to ¢, for any fixed z € O,
1) f is smooth in x for every fixed t € R,
(12)

(73i) f has locally bounded derivatives, i.e.,

of
'a—fl(t,:n) <Cr K, ICR, KCO compact, i=1,...,n.
x

where we denote with f = (f1,..., f,) the components of the vector function f.
The existence and uniqueness of the solution in the nonautonomous case is guaranteed by the
following theorem (see [9]).

Theorem 2.9 (Carathéodory theorem). Assume that f : R x R" — R™ satisfies (i)-(iit). Then
the Cauchy problem

i(t) = f(t,z(t),  x(to) = o, (2.12)

has locally a unique solution x(t; tg, xg) such that [2.12) is satisfied for almost everyt and x(to; to, o) =
xg. Moreover the map (t,zq) — x(t;to, o) is Lipschitz with respect to t and smooth with respect to
Zo-

Let us assume now that the equation (2.9]) is complete, i.e. for all {5 € R and 2y € R"™ the
solution z(t;tp, zo) is defined for all ¢ € R. Let us denote by Py +(zo) = x(t;t0, z0). The family of
maps Py ¢+ is the nonautonomous flow generated by X;. It satisfies

d 0P, of
o o (@) = (8 P y(w0)) Py (2)

Moreover the following algebraic identities are satisfied

Py =1d,
Pt27t3 © Pt17t2 = Pt17t37 Vt17t27t3 S Ra (213)
(Pt1,t2)_l :Ptg,tly th,tz GR,

Conversely, to every family of smooth diffeomorphism P, ; : M — M satisfying the relations
([213]) one can define its infinitesimal generator X; as follows:

d
Xi(q) = —| Pu+s(e),  VgeM. (2.14)

S 1s=0

The following lemma characterizes the flows whose generator is autonomous.

Lemma 2.10. Let {P; s}+ scr be a family of smooth diffeomorphisms satisfying 2.13)). Its infinites-
imal generator is an autonomous vector field if and only if

PoioPos = Foitss Vi, s €R.
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2.1.4 Vector fields as operators on functions

A vector field X € Vec(M) induces an action on the algebra C>°(M) of the smooth functions on
M, defined as follows

X:C®(M) = C¥(M), ars Xa, aeC®(M), (2.15)
where i
(Xa)(q) = — t_oa(etX (@), qeM. (2.16)

In other words it computes the derivative of the function a restricted on integral curves of the
vector field X.

Remark 2.11. Let us denote a; := a o e!X. Clearly the map t + a; is smooth and from (ZI8]) it
immediately follows that Xa represents the first order term in the expansion of a;:

a; = a+tXa+ O(t?).

Exercise 2.12. Let a € C*°(M) and X € Vec(M), and denote a; = a o e!. Prove the following
formulas

d
aat = Xat, (217)
t2 t3 tk
at:a+tXa+§X2a+§X3a+...+EX’fa+O(tk+1). (2.18)

It is easy to see also that the following Leibnitz rule is satisfied
X (ab) = (Xa)b+ a(XD), Va,beC®(M), (2.19)

that means that X, as an operator on functions, is a derivation of the algebra C*°(M).

Remark 2.13. Notice that, in coordinates, if a € C*(M) and X = >, Xi(:n)a%i then Xa =

> Xi(:n)g—;. In particular, when X is applied to the coordinate functions a;(z) = z; then
Xa; = X;, which shows that a vector field is completely charactherized by its action on func-
tions.

Exercise 2.14. Let f1,..., fr € C*°(M) and assume that N = {f; = ... = fr = 0} C M where
dfi A ... ANdfy, # 0 on N. Show that X € Vec(M) is tangent to the smooth submanifold N if and
only if Xf; =0 foreveryi=1,...,k.

2.2 Differential of a map

A smooth map between manifolds induces a map between their tangent spaces, simply by trans-
forming the smooth curves.

Definition 2.15. Let ¢ : M — N a smooth map between smooth manifolds and ¢ € M. The
differential of ¢ at the point ¢ is the linear map

Pxq - TqM — Tp(q)N, (2'20)
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defined as follows:

d d

Prg(v) = 7 tzoso(v(t)), if V= t:oW)’ q=(0).

It is easily checked that this definition depends only on the equivalence class of ~.

Remark 2.16. Applying the definition, one immediately verifies that, if ¢ : M — N, ¢ : N — @
are two smooth maps between manifolds, then the differential of the composition ¢y o : M — Q

satisfies (1) 0 p)y = Vs 0 ps.
Notation. The differential ¢, , of a smooth map ¢ : M — N, sometimes called its pushforward,
is also denoted by the following symbols

Dqp,  dqo, (2.21)

and we will prefer the first one for smooth maps between manifolds while we use the second for
smooth functions, i.e. when N = R. In order to simplify the notation, we will sometimes omit
the point ¢ in writing ¢, 4(v) (writing simply ¢,v) when there is no confusion at which point the
tangent vector v is attached.

Sometimes it will also be useful to distinguish between intrinsic notation explained above and
its coordinate representation, when we identify the linear map with the Jacobian matrix. In this
case we will replace the notation (2.2I) with

dyp
TR

As we said, a smooth map induces a transformation of tangent vectors. If we deal with diffeo-

morphisms, we can also pushforward a vector field.

Definition 2.17. Let X € Vec(M) and ¢ : M — N be a diffecomorphism. The pushforward
v« X € Vec(N) is the vector field on N defined by

(P X)(0(q) == (X(q)), VgeM. (2.22)

If P € Diff(M) is a diffeomorphism of M, we can rewrite the previous identity as
(P.X)(q) = P.(X(PT'(@)), Vg€ M. (2.23)

Notice that, in general, if ¢ is a smooth map, the pushforward of a vector field is not defined.
Remark 2.18. From this definition it follows the useful formula for X,Y € Vec(M)

d s _
(eiXY)‘q = eiX (Y‘e,tx(q)) = S:OetX oeY oe tX(q).

The following lemma shows that P,X is the vector field whose integral curves are the image
under P of integral curves of X. Moreover it shows how the pushforward of a vector field acts on
functions:

Lemma 2.19. Let P € Diff (M), X € Vec(M) and a € C*°(M) then

X = poetXop!, (2.24)

(P.X)a = (X(aoP))oP L (2.25)
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Proof. From the formula

2l Pocopig) = PX(P @) = (RX)(a),
t=0

it follows that t ++ P o e!® o P7!(g) is an integral curve of P, X, from which (Z24)) follows.
To prove (Z25]) let us compute

(P.X)a|, = 5| a(e™¥(q).

4
dt],_,

Using (2.24)) this is equal to

|, PP @) = G| o P (P @) = (Xtao P o P
O
Remark 2.20. From this lemma it follows the following formula: for every X,Y € Vec(M)
(eXY)a =Y (aoe™)oe X, (2.26)

2.3 Lie brackets

Now we introduce a fundamental notion of all our theory, the Lie bracket of two vector fields X
and Y. Geometrically it is defined as the infinitesimal version of the pushforward of the second
vector field along the flow of the first one. As expalined below, it measures how much Y is modified
by the flow of X.

Definition 2.21. Let X,Y € Vec(M). We define their Lie bracket as the vector field?

(X,Y] := % e; XY (2.27)
t=0

Remark 2.22. The geometric meaning of the Lie bracket can be understood by writing explicitly

[X,Y]|, = % t:Oe*_tX Y|, = % t:Oe*_tX (Yx(p) = % t:szoe—tX oeYoeX(q).  (2.28)
We recover its algebraic properties in the following
Proposition 2.23. As a derivation on functions we have
[X,Y]=XY -YX. (2.29)

ZNotice the conventional minus sign.
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Proof. By definition of Lie bracket we have [X,Y]a = % ‘ —olex tXY)a. Hence we have to compute
the first order term in the expansion, with respect to ¢, of the map

t = (e;™Y)a.
Using formula (2.26) we have
(e ¥Y)a=Y(aoe ) oelX,
By Remark 21T we have aoe X =a_; =a —t Xa + O(t?), hence
(e Y)a=Y(a—tXa+O(?))oe
= (Ya—tYXa+ O(t?)) o e,
Denoting b = Ya —tY Xa + O(t?), by = bo €X', and using again the expansion above we get
(e™Y)a=(Ya—tYXa+O®)) +tX(Ya—tYXa+ O(t?)) + Ot?)
=Ya+t(XY —YX)a+ O(t?).

Hence the first order term is (XY — Y X)a. O
From this proposition it easily follows also the coordinate expression of the Lie bracket. Indeed
if
- 0 - 0
X = X;—, Y = Yi—,
Z 8$Z - J al‘ 7
i=1 7j=1
we have
- oY; 0X;\ 0
X, Y] = XL -y,—L) —.

Proposition 2.23] shows that Vec(M), being an associative algebra with commutator as multiplica-
tion, is a Lie algebra with the Lie bracket.
Now we prove that every diffeomorphism induces a Lie algebra homomorphism on Vec(M).

Proposition 2.24. Let P € Diff(M). Then P; is a Lie algebra homomorphism of Vec(M), i.e.
P, [X,Y] = [P.X, P.Y], VX,Y € Vec(M).

Proof. We show that the two terms are equal as derivations on functions. Let a € C*°(M), prelim-
inarly we see, using (2.25]), that

P.X(P.Ya)= P.X(Y(aoP)o P}
=X(Y(aoP)oP toP)o P!
=X(Y(aoP))o P
and using twice this property and (2:29))
[P.X,P,Y]a = P,X(P,Ya) — P,Y (P,Xa)

=XY(aoP)oP™' —YX(aoP)o P!

= (XY —YX)(aoP)o P!

= P,[X,Y]a.
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To end this section, we want to show that the Lie bracket of two vector fields is zero, that means
that they commute as operators, if and only if the same holds for their flows.

Proposition 2.25. Let X,Y € Vec(M). The following properties are equivalent:
(1) [X,Y]=0,
(ii) eX oe’Y =eY oetX, Vit seR.

Proof. We start the proof with the following

Claim. [X,Y]|=0 = ¥V =Y.

Proof of the Claim. Let us show that [X,Y] = 4| e7*XY = 0 implies that Le;**Y = 0 for

=0
all ¢ € R. Indeed we have !
ie*—tXY — i 6;(t+€)XY — i e*—tXe*—EXY
dt de |, de |,
d
=N Y =e"NX, Y] =0,
de |._g

and the Claim is proved.
(i) = (ii). Let us show that P, := e7?X 0 e*¥ 0 e!¥ is the flow generated by Y. Indeed we have

0 0 _
a_PS _ a_ e tX 5 e(s—l—e)Y ° etX
§ €le=0
0
- Z —tX g esY o etX ° e—tX ° esY o etX
e e=0

—e;"YoP, =Y oP,.

where in the last equality we used the Claim. Using uniqueness of the flow generated by a vector
field we get

e X oeY oM =¢%Y, Vit seR,

which is equivalent to (i7).
(74) = (i). For every function a € C* we have

2 2
XYa= ﬁ L eV oetX = ﬁ L X oeY =Y Xa.
Then (i) follows from (2:29]). O

Exercise 2.26. Let XY € Vec(M) and ¢ € M. Consider the curve on M
’V(t) — e—tY o e—tX o etY o etX(q)‘
Prove that tangent vector to the curve v(v/%) is exactly [X,Y](q).
Exercise 2.27. Let X,Y € Vec(M). Using the semigroup property of the flow, prove the following
expansion

Y =Y +[X, Y] + g[X, (X, Y]] + ?[X, (X, [X, Y]] +... (2.30)
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Exercise 2.28. Let X,Y € Vec(M) and a € C*°(M). Prove the following Leibnitz rule for the Lie
bracket:
[X,aY] =a[X, Y]+ (Xa)Y.

Exercise 2.29. Let X,Y, Z € Vec(M). Prove that the Lie bracket satisfies the Jacobi identity:
X, [, Z]] + [V, (2, X]] + [2,[X, Y]] = 0. (2.31)
Hint: Differentiate the identity e!X[Y, Z] = [elXY, elX Z].

2.4 Cotangent space

In this section we introduce tangent covectors, that are linear functionals on the tangent space.
The space of all covectors at a point ¢ € M, called cotangent space is, in algebraic terms, simply
the dual space to the tangent space.

Definition 2.30. Let M be a n-dimensional smooth manifold. The cotangent space at a point
q € M is the set

TyM = (Ty,M)* = {\: T;M — R, X linear}.
If A€ T;M and v € T, M, we will denote by (\,v) := A(v) the action of the covector A on the

vector v.

As we have seen, a smooth map yields a linear map between tangent spaces. Dualizing this
map, we get a linear map on cotangent spaces going in the opposite direction.

Definition 2.31. Let ¢ : M — N be a smooth map and ¢ € M. The pullback of ¢ at point ¢(q),
where ¢ € M, is the map
QO* : T;(q)N — T;M, A= QO*)\,
defined by duality in the following way
(p* N, v) = (A, puv) Vo eTyM, YA€ T, M.

Example 2.32. Let a : M — R be a smooth function and ¢ € M. The differential dya of the
function a at the point ¢ € M is an element of T;' M since we have a well defined linear action

d

(dqa,v) == pr i

a(y(t)), veT,M.

where 7(t) is any smooth curve such that v(0) = ¢ and %(0) = v.
Definition 2.33. A differential 1-form on a smooth manifold M is a smooth map
w:g—w(q) €Ty M,

that associates to every point ¢ in M a cotangent vector at q. We denote by A'(M) the set of
differential forms on M.

Since differential forms are dual objects to vector fields, it is well defined the action of w € A*M
on X € Vec(M) pointwise, defining a function on M.

(w, X) 2 ¢ = (w(q), X(q)) - (2.32)

The differential form w is smooth if and only if, for every smooth vector field X € Vec(M), the
function (w, X) € C>°(M)
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Definition 2.34. Let ¢ : M — N be a smooth map and a : N — R be a smooth function. The
pullback ¢*a is the smooth function on M defined by

vra(q) = a(p(q)), g€ M.

In particular, if 7 : T*M — M is the canonical projection and a € C*°(M), then
mra(N) = a(m(N)), AeT*M,

which is constant on fibers.

2.5 Vector bundles

Heuristically, a smooth vector bundle on a manifold M, is a smooth family of vector spaces
parametrized by points in M.

Definition 2.35. Let M be a n-dimensional manifold. A smooth vector bundle of rank k over M
is a smooth manifold F with a surjective smooth map 7 : £ — M such that

(i) the set E, := n~1(q), the fiber of E at g, is a k-dimensional vector space

(21) for every g € M there exist a neighborhood Oy of ¢ and a linear-on-fiber diffeomorphism (also
called local trivialization) 1 : 7~1(0,) — O, x R¥ such that the following diagram commutes

7 1(0,) —= 0, x RF (2.33)

S

Oq
The space F is called total space and M is the base of the vector bundle. We will refer at = as the
canonical projection and rank E will denote the rank of the bundle.

Remark 2.36. The existence of local trivialization maps v says that E, as smooth manifold, has
dimension
dimEF =dim M +rank E =n+ k.

In the case when there exists a global trivialization map, i.e. a local trivialization with O, = M,
then E ~ M x RF and we say that E is trivializable.

Example 2.37. For any smooth n-dimensional manifold M, the tangent bundle T M, defined as
the disjoint union of the tangent spaces at all points of M,

T™ = | T,M,
qeEM

has a natural structure of 2n-dimensional smooth manifold, equipped with the vector bundle struc-
ture (of rank n) induced by the canonical projection map

m:TM — M, m(v)=q if vel,M.
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In the same way one can consider the cotangent bundle T* M, defined as
M= | T;M.
qeEM

Again, it is a 2n-dimensional manifold, and the canonical projection map
T:T*M — M, m(A\)=q if XeT;M,

endows T*M with a structure of rank n vector bundle.
Let O C M be a coordinate neighborhood where

w:O%Rna ¢(q):($1,...,$n),
define a local coordinate system. The differentials of the coordinate functions

da:i| i=1,...,n, qe€ o0,

q7
form a basis of the cotangent space Ty M. The dual basis in the tangent space T;M is defined by
the vectors

eT,M, i=1,....n,  q€O, (2.34)

0 .
<dl‘i, %> = 52']', 1,] = 1, BRI N (2.35)

Thus any tangent vector v € T, M and any covector A € T'M can be decomposed in these basis

n 8 n
U:;Uia_xi : A:;pidiﬂi‘q,

q

and the maps

Uy 10 (L1, ey Ty, U1, e e, Up), Un: A= (T, o, Ty DLy - o5 D), (2.36)

define local coordinates on T'M and T™* M respectively, which we call canonical coordinates induced
by the coordinates 1) on M.

Definition 2.38. A morphism f: E — E’ between two vector bundles E, E’ on the base M (also

called a bundle map) is a smooth map such that the following diagram is commutative

E-l.p (2.37)

Nk

M
where f is linear on fibers. Here m and 7’ denote the canonical projections.

Definition 2.39. Let 7 : E — M be a smooth vector bundle over M. A section of E is a smooth
mapﬁ 0:AC M — E satisfying m oo = Id4. In other words o(gq) belongs to E, for each q € A,
smoothly with respect to q. If o is defined on all M it is said to be a global section.

3as a map between manifolds.
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Example 2.40. Let 7 : E — M be a smooth vector bundle over M. The zero section of E is the

global section
(:M— E, C(g) =0¢€ E,, Yqe M.

We will denote by My :=((M) C E.

Remark 2.41. Notice that vector fields and differential forms are, by definition, sections of the
vector bundles T'M and T*M respectively.

Definition 2.42. Let ¢ : M — N be a smooth map between smooth manifolds and F be a vector
bundle on N, with fibers {E,, ¢ € N}. The induced bundle *E is a vector bundle on the base M
defined by

¢'E:={(q,v)[qge M,v € E )} C M x E.

Notice that rank ¢* E = rank E, hence dim ¢*E = dim M + rank F.

Example 2.43. (i). Let M be a smooth manifold and 7'M its tangent bundle, endowed with an
Euclidean structure. The spherical bundle SM is the vector subbundle of T'M defined as follows

SM = | S;M,  S;M={veT,M||=1}
qeM

(i7). Let E,E’ be two vector bundles over a smooth manifold M. The direct sum E @ E' is the
vector bundle over M defined by
(E®E'),:=E,®E,,.

Remark 2.44. Let M be a smooth manifold and a : M — R a smooth function. Assume that ¢ € R
is a regular value of a@, then

(i) Ne=a"t(c)={q€ M|a(q) = c} C M is a smooth submanifold,

(21) if ¢ € N, then TN, = kerd,a = {v € T;M | (dqa,v) = 0}.

“that means dqa # 0 for every q € a~*(c).
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Chapter 3

Sub-Riemannian structures

3.1 Basic definitions

In this section we introduce a definition of sub-Riemannian structure which is quite general. In-
deed, this definition includes all the classical notions of Riemannian structure, constant-rank sub-
Riemannian structure, rank-varying sub-Riemannian structure, almost-Riemannian structure etc.

Definition 3.1. Let M be a smooth manifold and let F C Vec(M) be a family of smooth vector
fields. The Lie algebra generated by F is the smallest sub-algebra of Vec(M) containing F, namely

Lie F := span{[X1,..., [ X1, X;]], X; € F,j € N}. (3.1)
We will say that F is bmcket—genemtm if
Lie,F :={X(q),X € Lie F} =T;M, Vqe M,

Definition 3.2. (sub-Riemannian manifold) Let M be a connected smooth manifold. A sub-
Riemannian structure on M is a pair (U, f) where:

(i) U is an Euclidean bundle with base M and Euclidean fiber Uy, i.e. for every ¢ € M, U, is
a vector space equipped with a scalar product g4, smooth with respect to q. For u € U, we

denote the norm of u as |u| = \/(u|u)q.

(ii) f : U — TM is a smooth map that is a morphism of vector bundles, i.e. the following
diagram is commutative (here 7y : U — M and 7 : TM — M are the canonical projections)

u-—torm (3.2)

RN

M

and f is linear on fibers.

(iii) The set of horizontal vector fields D := {f (o), o smooth section of U}, is a bracket-generating
family of vector fields.

Lor that satisfies the Hormander condition
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When the vector bundle U admits a global trivialization we say that (M, U, f) is a free sub-
Riemannian structure.

A smooth manifold endowed with a sub-Riemannian structure (i.e. the triple (M, U, f)) is
called a sub-Riemannian manifold. When the map f : U — TM is fiberwise surjective, (M, U, f))
is called a Riemannian manifold (cf. Exercise [3.23]).

Definition 3.3. Let (M, U, f) be a sub-Riemannian manifold. The distribution is the family of
subspaces
{Dy}qems where D, := f(U,) C T,M.

We call k(q) := dimD, the rank of the sub-Riemannian structure at ¢ € M. We say that the
sub-Riemannian structure (U, f) on M has constant rank if k(q) is constant.

The set of horizontal vector fields D C Vec(M) has the structure of a finitely generated C*(M)-
module, whose elements are vector fields tangent to the distribution at each point, i.e.

D, = {X(q)| X € D}.
The rank of a sub-Riemannian structure (M, U, f) satisfies

k(q) <m, where m = rank U, (3.3)
k(q) <n, where n = dim M. (3.4)

In what follows we denote points in U as pairs (¢q,u), where ¢ € M is an element of the base
and u € U, is an element of the fiber. Following this notation we can write the value of f at this
point as

flg,u)  or  fulq).

We use the second one when we want to emphasize that, for each ¢ € M, f,(¢) is a vector in T, M.

Definition 3.4. (Admissible Curves) A Lipschitz curve v : [0,7] — M is said to be admissible
(or horizontal) for a sub-Riemannian structure if there exists a measurable essentially bounded
function

u:te [O,T] = ’LL(t) € U’y(t)v (3.5)

called the control function, such that
A(t) = f(y(t),u(t)), for a.e. t € [0,T]. (3.6)

In this case we say that u(-) is a control corresponding to 7. Notice that different controls could
correspond to the same trajectory.

Remark 3.5. Once we have chosen a local trivialization O, x R™ for the vector bundle U, where
O, is a neighborhood of a point ¢ € M, we can choose a basis in the fibers and the map f is
written f(q,u) = > ;" u;fi(¢), where m is the rank of U. In this trivialization, a Lipschitz curve
~v:10,T] — M is admissible if there exists u = (uq,...,uy) € L>®([0,T],R™) such that

A(t) = Zui(t)fi(y(t)), for a.e. t € [0,T]. (3.7)
i=1

Thanks to this local characterization and Theorem [2.9] for each initial condition ¢ € M and
u € L>®(]0,T],R™) there exists an admissible curve 7, defined on a sufficiently small interval, such
that u is the control associated with v and v(0) = q.
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Figure 3.1: An horizontal curve

Remark 3.6. Notice that, for a curve to be admissible, it is not sufficient that it satisfies y(t) € D,
for almost every ¢ € [0,T]. Take for instance the two free sub-Riemannian structures on R? having
rank two and defined by

f($,y,’LL1,’LL2) = (x7y7u17u2$)7 f/($,y,’LL1,’LL2) = ($,y,’LL1,’LL2$2). (38)

and let D and D’ the corresponding moduli of horizontal vector fields. On one hand, it is easily
seen that the curve v : [—1,1] — R?, ~(t) = (,?) satisfies 4(t) € D, and §(t) € ny(t) for every
te[-1,1].

On the other hand, v is admissible for f, since its corresponding control is (uy,us) = (1,2) for
a.e. t € [—1,1], but is not admissible for f’, since its corresponding control is uniquely determined
as (uq(t),u2(t)) = (1,2/t) for a.e. t € [—1, 1], which is not essentially bounded.

This example shows that, for two different sub-Riemannian structures (U, f) and (U’, f’) on
the same manifold M, one can have D, = Df] for every ¢ € M, but D # D’. Notice however that,
in the case of constant rank distribution, we have that D, = D(’J for every ¢ € M if and only if

D=7.
3.1.1 The minimal control and the length of an admissible curve
We start by defining a norm for vectors that belong to the distribution.

Definition 3.7. Let v € D,. We define the sub-Riemannian norm of v as follows
|lv|| :=min{|u|, w € Uy s.t. v=f(q,u)}. (3.9)

Notice that since f is linear with respect to u, the minimum in ([8.9)) is always attained at a unique
point. Indeed the condition f(q,-) = v defines an affine subspace of U, (which is nonempty since
v € Dy) and the minimum (3.9) is uniquely attained at the orthogonal projection of the origin onto
this subspace (see Figure [3.2)).

Exercise 3.8. Show that || - || is a norm in D,. Moreover prove that it satisfies the parallelogram
law, i.e. it induce a scalar product on D, by the polarization identity. We will denote this scalar
product by (:|-).
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Figure 3.2: The norm of a vector v for f(x,u1,us) = uy + ug

Exercise 3.9. Let uy,...,u, € U, be an orthonormal basis for U,. Define v; = f(q,u;). Show
that if f(q,-) is injective then vy, ..., vy, is an orthonormal basis for D,.

An admissible curve v : [0,7] — M is Lipschitz, hence differentiable at almost every point
where (t) exists. Hence it is well defined the unique control ¢ — w*(t) associated with v and
realizing the minimum.

Definition 3.10. Given an admissible curve 7 : [0,T] — M, we say that the control ¢ — u*(t) is
the minimal control associated with ~.

We stress that v*(t) is pointwise defined for a.e. t € [0,T]. In particular, if the admissible curve
v :[0,T] = M is C', the minimal control is defined everywhere on [0, .

Remark 3.11. Notice that, even if an admissible curve is smooth, its minimal control could be not
continuous. Consider, as in Remark the free sub-Riemannian structure on R?

f(l',y,Uhug) - (‘Tuyaul7u2x)7 (310)

and let v : [-1,1] — R% ~(¢) = (t,t%). Its minimal control u*(¢) satisfies (u}(t),u3(t)) = (1,2)
when ¢ # 0, while (u}(0),u5(0)) = (1,0), hence is not continuous.

The proof of the following crucial Lemma is postponed to the Section [3.Al

Lemma 3.12. Let v : [0,T7] — M be an admissible curve. Then its minimal control u*(-) is
measurable and essentially bounded.

Hence we are allowed to introduce the following definition.

Definition 3.13. Let v : [0,7] — M be an admissible curve, we define its sub-Riemannian length

T
() = /0 () lde. (3.11)

We say that v is length-parametrized if ||4(t)|| = 1 for a.e. t € [0,T]. For a length-parametrized
curve we have that ¢(y) =T.

52



Notice that (BI1]) says that the length of an admissible curve is the integral of the norm of its
minimal control.

T
) = / [ (1) dt. (3.12)
0
In particular any admissible curve has finite length.
Lemma 3.14. The length of an admissible curve is invariant by Lipschitz reparametrization.

Proof. Let 7y : [0,T] — M be an admissible curve and ¢ : [0,7'] — [0, T a Lipschitz reparametriza-
tion, i.e. a Lipschitz and monotone surjective map. Consider the reparametrized curve
o 0,7 — M, Yo =Y O Q.

First remark that ~, is a composition of Lipschitz functions, hence Lipschitz. Moreover it is
admissible since, using the linearity of f, it has minimal control (u* o p)¢ € L, where u* is the
minimal control of v. Using the change of variables ¢t = ¢(s), one gets

T’ T’ T T
() = /0 s (5)llds = /0 ™ ()| 6(s) ds = /0 (1)t = /0 I4(®)dt = €(7).  (3.13)
]

Lemma 3.15. Every admissible curve of positive length is a Lipschitz reparametrization of a length-
parametrized admissible one.

Proof. Let 1 : [0,T] — M be an admissible curve with minimal control u. Consider the Lipschitz
monotone function ¢ : [0,7] — [0, £(¢))] defined by

_ /Ot (7).

Notice that if ¢(t1) = (t2), the monotonicity of ¢ ensures 1(t1) = 1(t2). Hence we are allowed to
define « : [0,£4(¢))] = M by

~v(s) :=1(t), if s = p(t) for some t € [0,T].

In other words, it holds ¥ = vy o ¢. To show that ~ is Lipschitz let us first show that there exists
a constant C' > 0 such that, for every to,¢; € [0,7] one has, in some local coordinates (where | - |
denotes the Euclidean norm in coordinates)

t1

[U(t1) —P(to)| < C [ |u(7)|dr

to

Indeed

[¥(t1) — ¥(to)| < Z\u fi(p (@) dt

to ;=1
t m m
< / S| S () 2t
to i=1 i=1
<o [
to
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m 1/2
where K is a compact set such that ¢([0,7]) C K and C = max (Z\f,(m)\z) . Then if
T
=1

s1 = @(t1) and sp = ¢(tg) one has

t1
[v(s1) = v(so)| = [¥(t1) —¥(to)| < C [ Ju*(7)|dT = Cls1 — sol,
to
hence v is Lipschitz. It follows that 4(s) exists for a.e. s € [0, £())].
We are going to prove that v is admissible and its minimal control has norm one. Define for
every s such that s = ¢(t), ¢(t) exists and ¢(t) # 0, the control

o) ur(@)]
By Exercise B.16] the control v is defined for a.e. s. Moreover, by construction, |v(s)| =1 for a.e. s
and v is the minimal control associated with ~. O

Exercise 3.16. Show that for a Lipschitz and monotone function ¢ : [0,7] — R, the Lebesgue
measure of the set {s € R|s = ¢(t), ¢(t) exists, and ¢(t) = 0} is zero.

By the previuos discussion, in what follows, it will be often convenient to assume that admissible
curves are length-parametrized (or parametrized such that ||§(t)|| = const).

3.1.2 Equivalence of sub-Riemannian structures

In this section we discuss the notion of equivalence for sub-Riemannian structures on the same base
manifold M and the notion of isometry between sub-Riemannian manifolds.

Definition 3.17. Let (U, f), (U, f’) be two sub-Riemannian structures on a smooth manifold M.
They are said to be equivalent if the following conditions are satisfied

(7) there exist an Euclidean bundle V and two surjective vector bundle morphisms p : V. — U
and p’ : V — U’ such that the following diagram is commutative

/\
\/

(i4) the projections p, p’ are compatible with the scalar product, i.e. it holds

(3.14)

|’LL| = mln{|’u|,p(v) = u}’ \v/u c U’
| = min{[o|,p'(v) =u'}, V' €U,

Remark 3.18. Notice that if (U, f), (U’, f’) are equivalent sub-Riemannian structures on M, then:
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a) the distributions D, and D! defined by f and f’ coincide, since f(U,) = f/(U!) for all ¢ € M.
q q q q

(b) for each w € D, we have ||w|| = |Jw]||’, where the norms are induced by (U, f) and (U’, f’)
respectively.

In particular the length of an admissible curve for two equivalent sub-Riemannian structures is the
same.

Remark 3.19. Notice that (i) is satisfied, with the vector bundle V possibly non Euclidean, if and
only if the two moduli of horizontal vector fields D and D’ defined by U and U’ (cf. Definition [3.2])
are equal.

Definition 3.20. Let M be a sub-Riemannian manifold. We define the minimal bundle rank of
M as the infimum of rank of bundles that induce equivalent structures on M. Given q € M the
local minimal bundle rank of M at ¢ is the minimal bundle rank of the structure restricted on a
sufficiently small neighborhood O, of g.

Exercise 3.21. Prove that the free sub-Riemannian structure on R? defined by f : R? x R? — TR?
defined by

f(x,y,ur,ug,u3) = (2, Y, u1, ugx + uzy)

has non constant local minimal bundle rank.
For equivalence classes of sub-Riemannian structures we introduce the following definition.

Definition 3.22. Two equivalent classes of sub-Riemannian manifolds are said to be isometric
if there exist two representatives (M, U, f),(M’,U’, '), a diffeomorphism ¢ : M — M’ and an
isomorphism@ of Euclidean bundles 1 : U — U’ such that the following diagram is commutative

u—Lorm (3.15)

g

U/%/TM,
f

3.2 Examples

Our definition of sub-Riemannian manifold is quite general. In the following we list some classical
geometric structures which are included in our setting.

1. Riemannian structures.
Classically a Riemannian manifold is defined as a pair (M, (-|-)), where M is a smooth manifold
and (-|-) o 1s a family of scalar product on Tg M, smoothly depending on ¢ € M. This definition
is included in Definition by taking U = T'M endowed with the Euclidean structure induced
by (-|) and f: TM — TM the identity map.

Exercise 3.23. Show that every Riemannian manifold in the sense of Definition is indeed
equivalent to a Riemannian structure in the classical sense above (cf. Exercise B.8]).

Zisomorphism of bundles in the broad sense, it is fiberwise but is not obliged to send fiber in the same fiber.
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2. Constant rank sub-Riemannian structures.
Classically a constant rank sub-Riemannian manifold is a triple (M, D, (-|-)), where D is a
vector subbundle of TM and (-|-) o 1s a family of scalar product on Dy, smoothly depending
on g € M. This definition is included in Definition [3.2] by taking U = D, endowed with its
Euclidean structure, and f : D < TM the canonical inclusion.

3. Almost-Riemannian structures.
An almost-Riemannian structure on M is a sub-Riemannian structure (U, f) on M such that
its local minimal bundle rank is equal to the dimension of the manifold, at every point.

4. Free sub-Riemannian structures.
Let U = M x R™ be the trivial Euclidean bundle of rank m on M. A point in U can be
written as (q,u), where ¢ € M and u = (uq,...,uy) € R™.

Then, if we denote with {eq,..., ey} an orthonormal basis of R, then we can define globally
m smooth vector fields on M by fi(q) := f(g,e;) for i =1,...,m. Then we have

flau)=f (q, Zm&) =Y wifile), qeM (3.16)
=1 =1

In this case, the problem of finding an admissible curve joining two fixed points qg,q1 € M
and with minimal length is rewritten as the optimal control problem

() =D wi) fi((2))
i=1

/T [u(t)|dt — min (3.17)
0

¥(0) =qo, Y(T)=q

For a free sub-Riemannian structure, the set of vector fields fi,..., f;, build as above is called
a generating frame. Notice that, in general, a generating frame is not orthonormal when f is
not injective.

5. Surfaces in R? as free sub-Riemannian structures
Due to topological constraints, in general it not possible to regard a surface as a free sub-
Riemannian structure of rank 2, i.e. defined by a pair of globally defined orthonormal vector
fields. However, it is always possible to regard it as a free sub-Riemannian structure of rank
3.

Indeed, for an embedded surface M in R3, consider the trivial Euclidean bundle U = M x R?,
where points are denoted as usual (g,u), with u € R3, ¢ € M, and the map

f:U—=TM, flag,u) = 77 (u) € T, M. (3.18)
where 7TqL : R3 — T,M C R? is the orthogonal projection.

Notice that f is a surjective bundle map and the set of vector fields {7qu (0z), w;(ay), 7qu (0,)}
is a generating frame for this structure.

Exercise 3.24. Show that (U, f) defined in (BI8) is equivalent to the Riemannian structure
on M induced by the embedding in R3.
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3.2.1 Every sub-Riemannian structure is equivalent to a free one

The purpose of this section is to show that every sub-Riemannian structure (U, f) on M is equiva-
lent to a sub-Riemannian structure (U’, f’) where U’ is a trivial bundle with sufficiently big rank.

Lemma 3.25. Let M be a n-dimensional smooth manifold and 7 : E — M a smooth vector bundle
of rank m. Then, there exists a vector bundle my : EFy — M with rank Ey < 2n + m such that
E & Ey is a trivial vector bundle.

Proof. Remember that E, as a smooth manifold, has dimension
dim F = dim M +rank E =n+m.

Consider the map i : M — F which embeds M into the vector bundle ' as the zero section M.
If we denote with Ty E the vector bundle i*(T'E), i.e. the restriction of TE to the section M, we
have the isomorphism (as vector bundles on M)

TyE ~ E & TM. (3.19)

Eq. (BI9) is a consequence of the fact that the tangent to every fibre E,, being a vector space, is
canonically isomorphic to its tangent space T}, F, so that

TWE=T,E,®T,M ~ E, ®T,M, Yqe M.
By Whitney theorem we have a (nonlinear on fibers, in general) immersion
U:E—RY, U, :TyE Cc TE — TRY,

for N = 2(n+m), and ¥, is injective as bundle map, i.e. Th/FE is a sub-bundle of TRYN ~ RN xRN,
Thus we can choose as a complement E’, the orthogonal bundle (on the base M) with respect to
the Euclidean metric in RY, i.e

E'=|]JE, Ej=(T,E,oT,M)",
qeEM

and considering Ey := Ty E ® E’ we have that Ej is trivial since its fibers are sum of orthogonal
complements and by ([B.19) we are done.
O

Corollary 3.26. Every sub-Riemannian structure (U, f) on M is equivalent to a sub-Riemannian
structure (U, f') where U’ is a trivial bundle.

Proof. By Lemma [B.25] there exists a vector bundle U’ such that the direct sum U:=UpU is
trivial. Endow U’ with any metric structure. Define a metric on U in such a way that g(u+u', v+
V') = g(u,v) + ¢’ (v/,v") on each fiber U, = U, & %. Notice that Uy and U, are orthogonal.

Let us define the sub-Riemannian structure (U, f) on M by

f:U=TM,  f:=fop,

3we simplify notation, writing T, E;- for W, (T,E,)~*
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where p; : U® U’ — U denotes the projection on the first factor. By construction, the diagram

/\

UgpU’

\/

is commutative. Moreover condition (ii) of Definition B.I7 is satisfied since for every @ = u + o/,
with u € U, and o' € U], we have [u]* = |uf> + [u/|?, hence |u| = min{[|, p1 (@) = u}. O

(3.20)

This fact allow us to write every admissible curve of a sub-Riemannian structure in the form

= 3w f(r D), (3.21)
i=1

where its length is given by

T T m
()= [l =[S utera
=1

Here f1,..., fim are vector fields on M that are globally defined, with m big enough. As in Example
A of Section the set of vector fields f1,..., fin is called a generating frame.

We stress that this is equivalent to say that the modulus of horizontal vector fields D is globally
generated by fi1,..., fm-

Remark 3.27. Notice that the integral curve y(t) = e!fi, defined on [0,77], of an element f; of a
generating frame F = {f1,..., f;n} is admissible and ¢(v) < T. If F = {f1,..., fm} are linearly
independent then they are an orthonormal frame and ¢(y) =T

3.2.2 Proto sub-Riemannian structures

Sometimes can be useful to consider structures that satisfy only property (i) and (ii) of Definition
B2 but that are not bracket generating. In what follows we call these structures proto sub-
Riemannian structures.

The typical example is the one of a Riemannian foliation, that is obtained when the family of
horizontal vector fields D satisfies

(i) [D,D] C D,
(ii) dim D, does not depend on g € M.

In this case the manifold M is foliated by integral manifolds of the distribution, and each of them
is endowed with a Riemannian structure.
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3.3 Sub-Riemannian distance and Chow-Rashevskii Theorem

In this section we introduce the sub-Riemannian distance between two points as the infimum of
the length of admissible curves joining them.

Recall that, in the definition of sub-Riemannian manifold, M is assumed to be connected.
Moreover, thanks to the construction of Section B.2.1] in what follows we can assume that the sub-
Riemannian structure is free, with generating frame F = {fi,..., f;n}. Notice that, by definition,
F is assumed to be bracket generating.

Definition 3.28. Let M be a sub-Riemannian manifold and ¢qg,q1 € M. The sub-Riemannian
distance (or Carnot-Caratheodory distance) between g and ¢ is

d(qo,q1) = inf{(7), ~v admissible, v(0) = qo, V(T) = 1}, (3.22)

One of the purpose of this section is to show that, thanks to the bracket generating condition,
[B:22)) is well-defined since, for every qo,q1 € M, there exists an admissible curve that joins ¢y to
q1 and d(qo, q1) < +o0.

Theorem 3.29 (Chow-Raschevskii). Let M be a n-dimensional sub-Riemannian manifold. Then
(i) (M,d) is a metric space,
(ii) the topology induced by (M, d) is equivalent to the manifold topology.
In particular, d : M x M — R is continuous.
In what follows B(g,r) denotes the sub-Riemannian ball of radius 7 and center g
B(q,r) = {q € M|d(q,q) <r}.

The rest of this section is devoted to the proof of Theorem B.29] To prove Theorem [3.29 we have
to show that d is actually a distance, i.e.,

(a) 0 <d(qo,q1) < oo for all go,q1 € M,
(b) d(qo,q1) = 0 if and only if go = 1,
(¢) d(qo,q1) = d(q1,q0) and d(qo,q2) < d(qo,q1) + d(q1, g2) for all qo,q1,q2 € M,
and the equivalence between the metric and the manifold topology: for every qo € M we have
(d) for every € > 0 there exists a neighborhood Oy, of gy such that Oy C B(qo,¢),

(e) for every neighborhood Oy, of g there exists § > 0 such that B(go,d) C Og,.

3.3.1 Proof of Chow-Raschevskii Theorem

The symmetry of d is a direct consequence of the fact that if  : [0,7] — M is admissible, then the
curve 7 : [0,T] — M defined by 7(t) = (T — t) is admissible and ¢(7) = £().

The triangular inequality follows from the fact that the concatenation of two admissible curves
is still admissible. This proves (c).

We divide the rest of the proof of the Theorem in the following steps.
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Step 1. We prove that, for every gy € M, there exists a neighborhood Oy, of gy such that d(qo,-)
is finite and continuous in Ogy,. This proves (d).

Step 2. We prove that d is finite on M x M. This proves (a).
Step 3. We prove (b) and (e).
To prove Step 1 we first need the following lemmas:

Lemma 3.30. Let N C M be a submanifold and F C Vec(M) be a family of vector fields tangent
to N, i.e. X(q) € TyN,Vqe N,X € F. Then for all ¢ € N we have Lie,F C T,N. In particular
dim Lie, F < dim N.

Proof. Let X € F. As a consequence of the local existence and uniqueness of the two Cauchy
problems

i=X(q), qeM, and i=X|y(@), qeN,
q(0) = qo, g0 € N. q(0) = qo, qo € N.

it follows that e (¢) € N for every ¢ € N and ¢ small enough.

This property, together with the definition of Lie bracket (see formula (2.:28)) implies that, if
X,Y are tangent to IV, the vector field [X,Y] is tangent to N as well.

Iterating this argument we get that Lie,/ C TN for every ¢ € N, from which the conclusion
follows. O

Lemma 3.31. Let M be an n-dimensional sub-Riemannian manifold with generating frame F =
{fi,---s fm}. Then, for every qo € M and every neighborhood V of the origin in R™ there exist
5= (51,...,8,) €V, and a choice of n vector fields fi,,..., fi, € F, such that s is a regular point
of the map

P :R" — M, V(51,5 8n) = i o0 efin (gp).

Remark 3.32. Notice that, if Dy, # T, M, then 5§ = 0 cannot be a regular point of the map .
Indeed in this case, for each choice of the vector fields f;,,..., fi, € F, the image of the differential
of ¢ at s =0 is span, {fi;,j = 1,...,n} C Dy, and the differential of 1) is not surjective.

We stress that, in the choice of f;,,..., fi, € F, a vector field can appear more than once, as
for instance in the case m < n.

Proof of Lemma[3.31. 1. There exists a vector field f;, € F such that f;, (qo) # 0, otherwise all
vector fields in F vanish at gg and dim Liey, /' = 0, which contradicts the bracket generating
condition. Then, for |s| small enough, the map

1t 51— i1 (o),
is a local diffeomorphism onto its image . If dim M = 1 the Lemma is proved.

2. Assume dim M > 2. Then there exist t1 € R, with |t}| small enough, and f;, € F such that,
if we denote by g1 = etifin (qo), the vector f;,(q1) is not tangent to ¥;. Otherwise, by Lemma
.30, dim Lie,F = 1, which contradicts the bracket generating condition. Then the map

¢2 : (s1,82) = €212 0 51/ (g),
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is a local diffeomorphism near (#1,0) onto its image 9. Indeed the vectors

) D2

Equzl, :fiz(ql)u

951 {11 ,0) 952 |(11.0)

are linearly independent by construction. If dim M = 2 the Lemma is proved.

3. Assume dim M > 3. Then there exist t,¢2, with [t} — 1| and |¢2| small enough, and f;, € F
such that, if ¢; = et3fis o etafir (qo) we have that fi,(g2) is not tangent to 3g. Otherwise, by
Lemma 330, dim Liey, D = 2, which contradicts the bracket generating condition. Then the
map

B3 : (51,82,83) > €013 0 22 0 €11 (qp),

is a local diffeomorphism near (t%, £3,0). Indeed the vectors

P P P
993 9% €Ty, 0%
951 (11,200 952 1(13.2,0) 953 |(13,13,0)

= fi3(q2)7

are linearly independent since the last one is transversal to 77,2 by construction, while the
first two are linearly independent since ¢3(s1, s2,0) = ¢2(s1, s2) and ¢ is a local diffeomor-
phisms at (t3,¢2) which is close to (t1,0).

Repeating the same argument n times (with n = dim M), the lemma is proved. O

Proof of Step 1. Thanks to Lemma [3.31] there exists a neighborhood V C V of § such that P
is a diffeomorphism from V' to »(V), see Figure B3l We stress that in general gy = 1(0) is not
contained 1 (V), cf. Remark

Figure 3.3: Proof of Lemma [33T]

To build a local diffeomorphism whose image contains gy, we consider the map

~

z/b\: R"™ — M, Y(S1,...,8n) = e 5tfil o0 e nfin o(S1,..,Sn),

which has the following property: 1Z is a diffeomorphism from a neighborhood of s €V, that we
still denote V', to a neighborhood of () = qo.
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Fix now € > 0 and apply the construction above where V is the neighborhood of the origin
in R” defined by V = {s € R",>"" | |s;| < €}. Let us show that the claim of Step 1 holds with

~ ~

Ogo = (V). Indeed, for every g € (V), let s = (s1,...,sy) such that ¢ = ¢(s), and denote by ~
the admissible curve joining gg to ¢, built by 2n-pieces, as in Figure [3.41

-~

(G

)

Figure 3.4: The map QZ

In other words 7 is the concatenation of integral curves of the vector fields f;;, i.e. admissible

curves of the form ¢ — ¢'/is (¢) defined on some interval [0, T, whose length is less or equal than T
(cf. Remark B.27)). Since s,5 € V C V, it follows that:

d(qo,q) <L(Y) <lsal+ -+ sal +[51] + .o+ [5n] < 2,

which ends the proof of Step 1.

Proof of Step 2. To prove that d is finite on M x M let us consider the equivalence classes of
points in M with respect to the relation

q1 ~ q2 if d(ql, QQ) < 4o0. (323)

From the triangular inequality and the proof of Step 1, it follows that each equivalence class is open.
Moreover, by definition, the equivalence classes are disjoint. Since M is connected, it cannot be
the union of open disjoint and nonempty subsets. It follows that there exists only one equivalence
class.

Proof of Step 3. We start by proving the following lemma.

Lemma 3.33. Fiz gy € M. For every compact set K C M with qy € int K, there exists g > 0
such that every admissible curve v : [0,T] — M satisfying v(0) = qo and £(v) < dk is contained in
K.

Proof. Without loss of generality we can assume that K is contained in a coordinate chart of M,
where we denote by | - | the Euclidean norm in the coordinate chart.

Let us define
m 1/2
o . 2
Cl = max (; | fi(z)] > (3.24)
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and fix dx > 0 such that dist(go, 0K) > Ckdk (here dist is the Euclidean distance in coordinates).

Then let us show that for any admissible curve «y : [0, 7] — M such that v(0) = go and £(v) < 0x
we have v([0,7]) C K. Indeed, if this is not true, there exists an admissible curve ~ : [0,7] — M
with £(y) < dx and t* := sup{t € [0,T],7([0,t]) C K}, with t* < T. Then

0

() — 4(0)] < / ()]t = /0 S (1) £ (4()] dit (3.25)
=1

< [ [l | Y (3.26)
0 =0 =0

(3.27)
< Ckég < dist(qo, OK). (3.28)
which contradicts the fact that, at t*, the curve v leaves the compact K. Thus t* =1T. O

Lemma [B:33] implies property (b). Indeed the only nontrivial implication is that d(go,q1) > 0
whenever qo # ¢1. To prove this, fix a compact neighborhood K of gy such that ¢; ¢ K. By Lemma
[B.33] each admissible curve joining ¢p and ¢; has length greater than dx, hence d(qo,q1) > dx > 0.

Let us now prove property (e). Fix ¢ > 0 and a a compact neighborhood K of gy. Define Cx
and d0x as in Lemma [3.33] and set 6 := min{dx,c/Ck}. Let us show that |¢ — qo| < € whenever
d(qo,q) < 0.

Consider a minimizing sequence 7, : [0,7] — M of admissible trajectories joining gy and ¢ such
that £(,) — d(qo,q) for n — co. Without loss of generality, we can assume that ¢(y,) < § for all
n. By Lemma 333 +,([0,7]) C K for all n.

In particular we can repeat estimates (3.20)-(B.27) proving that |¢ — qo| = |7(T) — 1(0)] <
Ckl(~yy) for all n. Passing to the limit for n — oo, one gets

lg — qo| < Ckd(go,q) < Ckd <e. (3.29)

Corollary 3.34. The metric space (M, d)_z's locally compact, i.e., for any q € M there exists € > 0
such that the closed sub-Riemannian ball B(q,r) is compact for all 0 <r < e.

Proof. By the continuity of d, the set B(q,r) = {d(q,-) < r} is closed for all ¢ € M and r > 0.
Moreover the sub-Riemannian metric d induces the manifold topology on M. Hence, for radius small
enough, the sub-Riemannian ball is bounded. Thus small sub-Riemannian balls are compact. [

3.4 Existence of minimizers

In this section we want to discuss the existence of minimizers of the distance.

Definition 3.35. Let v: [0,7] — M be an admissible curve. We say that ~ is a length-minimizer
if it minimizes the length among admissible curves with same endpoints, i.e., £(y) = d(v(0),v(T)).

Remark 3.36. The example M = R?\ {0} endowed with the Euclidean distance shows that in
general there may be no minimizers between two points. However there may be several minimizers
between two fixed points, as it happens for two antipodal points on the sphere S2.
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Before proving the existence of length minimizers we show a general property of the length
functional.

Theorem 3.37. Let v, be a sequence of admissible curves on M such that ~, — v uniformly.
Then
() < linl)inf (). (3.30)

If moreover liminf, _,~ £(v,) < +00, then v is also admissible.

Proof. Without loss of generality we assume that v, and ~ are parametrized with constant speed
on the interval [0, 1]. Moreover, denote L := liminf ¢(-y,) and choose a subsequence, which we still
denote by the same symbol, such that ¢(v,) — L. If L = +oco the inequality (3.30]) is clearly true,
thus assume L < +4o0.

Fix 6 > 0. By uniform convergence, it is not restrictive to assume that, for n large enough,
l(v,) < L+ ¢ and that the image of 7, are all contained in a common compact set K. Since 7, is
parametrized by constant speed on [0, 1] we have that 4,(t) € V,, ) where

Vo={ful@)Jul <L+6} CT,M,  fulg) =D uifi(e).
i=1

Notice that V; is convex for every g € M, thanks to the linearity of f in u. Let us prove that « is
admissible and satisfies £(y) < L 4 4. Since 0 is arbitrary, this implies ¢(y) < L, that is (3:30).
In local coordinates, we have for every ¢ > 0
1 1 t+e
E(’yn(t +e) —mm(t) = = Jun(@) (W (7))dr € conv{V, (r),T € [t + €]} (3.31)
Moreover, for n sufficiently large, we have for 7 € [t,t + €]

[ (7) = 7 (O)] < [ (t) = W(T)] + [y (t) — (1) < C, (3.32)

where C” is independent on n,e. Indeed |7, (¢t) —v(t)| < € (by uniform convergence) and an estimate
similar to ([B27)) gives for 7 € [t,t + €]

nt) — ()] < / " Fn(s)lds < Cre(L + b, (3.33)

where Ck is the constant (3.24]) defined by the compact K. From the estimate (3.32]) and the
equivalence of the manifold and metric topology we have that, for all 7 € [t,t 4+ ¢] and n big
enough, v,(7) € By (r(€)), where r(¢) — 0 for e — 0. In particular

conv{V,, (), T € [t,t + €]} C conv{Vy,q € B,y (r(e))}, (3.34)
Plugging (3:34) in (331]) and passing to the limit for n — oo we get:
1
L0t + ) (1) € conv{Vy,q € By (r0)). (3.35)

Assume now that ¢ € [0, 1] is a differentiability point of 7. Then the limit for ¢ — 0 in ([B35]) gives
Y(t) € conv Vo (y) = V). For every such ¢ we can define the unique solution u*(t) to the problem
F(t) = f(y(t),u*(t)) and |u*(t)| = ||§(¢)]|. Using the argument contained in Appendix[B.Alit follows
that w*(t) is measurable in ¢. Moreover it is bounded since, by construction, |u*(¢)| < L+ 4. Hence
~ is admissible. Moreover ¢(y) < L + 0 since 7 is parametrized on [0, 1].

U
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Corollary 3.38 (Existence of minimizers). Let M be a sub-Riemannian manifold and qo € M.
Assume that the ball By, (r) is compact, for some r > 0. Then for all ¢ € By, (r) there exists a
length minimizer joining qo and q1, i.e., we have

d(qo,q1) = min{{(~y),y admissible,v(0) = qo,v(T) = q1 }.

Proof. Fix q1 € By, (r) and consider a sequence of admissible trajectories =, : [0,1] — M,
parametrized with constant speed, joining gy and ¢ and minimizing the lenght, i.e., £(v,,) — d(qo, q)-

Since d(qo,q) < r, we have {(v,) < r for all n large enough, hence we can assume without loss
of generality that the image of ~, is contained in the common compact K = qu (r) for all n. In
particular, the same argument leading to (3.33]) shows that for all n

[ (£) = (7)] < / [ (s)lds < Crlt —7],  Vit,7€[0,1]. (3.36)

In other words all trajectories in the sequence {7,}nen are Lipschitz with the same Lipschitz
constant. Thus the sequence is equicontinuous and uniformly bounded.

By the classical Ascoli-Arzela Theorem there exist a subsequence of ~y,,, which we still denote by
the same symbol, and a Lipschitz curve 7 : [0,7] — M such that we have uniform convergence ~,, —
. By Theorem B.37] the curve « is admissible and has length ¢(y) < liminf ¢(~y,) = d(qo,¢1). O

Corollary 3.39. Let go € M. Under the hypothesis of Corollary there exists € > 0 such that
for all m < e and q1 € By, (r) there exists a minimizing curve joining qo and qi.

Proof. Tt is a direct consequence of Corollary and Corollary 3.341 O

Remark 3.40. It is well known that a metric space is complete if and only if all closed balls are com-
pact, see for instance [12]. In particular, if (M,d) is complete with respect to the sub-Riemannian
distance, then for every qg,q1 € M there exists a length minimizer joining gg and ¢;.

3.5 Pontryagin extremals

In this section we want to give necessary conditions to characterize the length minimizers. To begin
with, we would like to motivate our Hamiltonian approach that we develop in the sequel.

In classical Riemannian geometry geodesics are local (in time) length-minimizers, appropriately
parametrized. They satisfy a second order differential equation in M, which can be reduced to a
first-order differential equation in T'M. Hence the set of all geodesics can be parametrized by initial
position and velocity.

In our setting (which includes Riemannian and sub-Riemannian geometry) we cannot use the
initial velocity to parametrize geodesics. This can be easily understood by a dimensional argument.
If the rank of the sub-Riemannian structure is smaller than the dimension of the manifold, the initial
velocity 4(0) of an admissible curve (t) starting from qo, belongs to the proper subspace Dy, of the
tangent space Ty, M. Hence the set of admissible velocities form a set whose dimension is smaller
than the dimension of M, even if, by the Chow and Filippov theorems, geodesics starting from a
point go cover a full neighborhood of ¢q.

The right approach is to parametrize the geodesics by their initial point and an initial cov-
ector Ao € Ty M, which can be thought as the linear form annihilating the “front”, i.e. the set
{74 (€), where 7, is a geodesic starting from ¢} on the corresponding geodesic for € — 0.
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Next theorem is the first version of Pontryagin maximum principle, whose proof is given in the
next section.

Theorem 3.41 (Characterization of Pontryagin extremals). Let v : [0,T] — M be an admissible
curve which is a length-minimizer, parametrized by constant speed. Let u(-) be the corresponding
minimal control, i.e.,

m T
() =D wmt (1), ) = /0 [u(t)|dt = d(v(0),v(T)),  [u(t)] = const. a.e.
=1

Denote with Py the flou@ of the nonautonomous vector field fz;) = Zle w;(t) fi. Then there exists
Ao € T;(O)M such that defining

A(t) == (Poftl)*/\o, A(t) € Ty M, (3.37)
we have that one of the following conditions is satisfied:
(N) ui(t) = (A@t), fi(y (1)), Vi=1,....m,
(A) 0= (\(t), fi(v(2))), Vi=1,...,m.
Moreover in case (A) one has \g # 0.

Notice that, by definition, the curve A(¢) is Lipschitz continuous. Moreover the conditions (N)
and (A) are mutually exclusive, unless u(t) = 0 a.e., i.e., v is the trivial trajectory.

Definition 3.42. Let vy : [0,7] — M be an admissible curve with minimal control u € L*°([0, T],R™).
Fix Ao € T7 ) M \ {0}, and define A(¢) by (B.37).

- If \(¢) satisfies (IV) then it is called normal extremal (and (t) a normal extremal trajectory).

- If A(t) satisfies (A) then it is called abnormal extremal (and ~y(t) a abnormal extremal trajec-
tory).

Remark 3.43. In the Riemannian case there are no abnormal extremals. Indeed, since the map f
is fiberwise surjective, we can always find m vector fields f1,..., fi, on M such that

spang {f1,.- -, fm} = Ty M,
and (A) would imply that (Ag,v) = 0, for all v € T, M, that gives the contradiction Ao = 0.

Remark 3.44. If the sub-Riemannian structure is not surjective at qo, i.e., span, {f1,..., fm} #
Ty M, then the trivial trajectory, corresponding to u(t) = 0, is always normal and abnormal.

Notice that even a nontrivial admissible trajectory v can be both normal and abnormal, since
there may exist two different lifts A(¢), ' (¢) € T3y M, such that A(t) satisfies (V) and X' (t) satisfies
(4).

Exercise 3.45. Prove that condition (N) of Theorem B.37] implies that the minimal control w(¢)
is smooth. In particular normal extremals are smooth.

At this level it seems not obvious how to use Theorem [B.41] to find the explicit expression of
extremals for a given problem. In the next chapter we provide another formulation of Theorem
[3.47] which gives Pontryagin extremals as solutions of a Hamiltonian system.

The rest of this section is devoted to the proof of Theorem [3.41]

4defined for ¢ € [0,7] and in a neighborhood of ¥(0)
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3.5.1 The action functional

Let 7 : [0,7] — M be an admissible curve. We define the action functional J as follows

T
ﬂw=%AHﬂw%t

Remark 3.46. Notice that, while ¢ is invariant by reparametrization (see Remark [B.14]), J is not.
Indeed consider, for every a > 0, the reparametrized curve

Yo : [0,T/a] — M, Ya(t) = y(at).

Using that 4, (t) = a¥(at), we have

1 T/« ‘ ) 1 T/« - )
T =5 [ e@lPa =5 [ a?tan i = a 7).

Thus, if the final time is not fixed, the infimum of J, among admissible curves joining two fixed
points, is always zero. The following lemma relates minimizers of J with fixed final time with
minimizers of £.

Lemma 3.47. Fiz T > 0 and let €y, 4, be the set of admissible curves joining qo,q1 € M. An
admissible curve v : [0,T] — M is a minimizer of J on Qg 4, if and only if it is a minimizer of ¢
on Qqy.q. and has constant speed.

Proof. Applying the Cauchy-Schwarz inequality

</0T f(t)g(t)dt> 2 < /OT f(t)%dt /OT g(t)%dt, (3.38)

with f(¢) = ||¥(t)]| and g(t) = 1 we get
0(y)* < 2J(y)T. (3.39)

Moreover in ([3.38]) equality holds if and only if f is proportional to g, i.e. ||¥(t)|| = const. in (3.:39).
Since, by Lemma [B.I5], every curve is a Lipschitz reparametrization of a length-parametrized one,
the minima of J are attained at admissible curves with constant speed, and the statement follows.

O

3.5.2 Proof of Theorem [3.41]

By Lemma [3.47] we can assume that v is a minimizer of the functional J among admissible curves
joining go = v(0) and ¢; = y(7T') in fixed time T' > 0. In particular, if we define the functional

T
J(u() = % /0 lu(t)2dt, (3.40)

on the space of controls u(-) € L>(]0,7],R™), the minimal control u(-) of v is a minimizer for the
action functional .J B B
J(@()) < J(u(-), VueL*(0,T],R™),
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where trajectories corresponding to u(-) join go,q1 € M. In the following we denote the functional
J by J.

Consider now a variation u(-) = @(-) +v(-) of the control u(-), and its associated trajectory ¢(t),
solution of the equation

q(t) = fuwy(a@),  q(0) = qo, (3.41)

Recall that Py denotes the local flow associated with the optimal control u(-) and that (t) =
Py +(qo) is the optimal admissible curve. We stress that in general, for ¢ different from g, the curve
t — Py(q) is not optimal.

Let us introduce the curve z(t) defined by

q(t) :== Pou(x(1)). (3.42)

In other words z(t) = Pftl (g(t)) is obtained by applying the inverse of the flow of u(+) to the solution
associated with the new control u(-) (see Figure B.5]). Notice that if v(-) = 0, then x(t) = qo.

Figure 3.5: The trajectories ¢(t), associated with u(-) = u(-) + v(+), and the corresponding x(t).

The next step is to write an ODE satisfied by x(t). Differentiating (3.42]) we get

q(t) = faw (a(t) + (Po.t)«(2(t)) (3.43)
= ey (Po,(x(t)) + (Po,0)« (& () (3.44)

and using that ¢(t) = fu4)(q(t)) = fu@)(Po(x(t)) we can invert (3.44]) with respect to @(t) and
rewrite it as follows

i(t) = (o) [(fu = Fa) (Pos((t)))]

= [Bs)-(fuy = fa)] ()

= [(Be)- a5 (@(®)

= [Ba)etuw] (=) (3.45)

If we define the nonautonomous vector field QZ(t) = (1, D fory we finally obtain by (B.45) the
following Cauchy problem for x(t)

©(t) = gy (@(1)),  2(0) = go- (3.46)
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Notice that the vector field g, is linear with respect to v, since f, is linear with respect to u.
Now we fix the control v(¢) and consider the map

J(u + sv)
seR— (a;(T;ﬂJrsv)) ceRx M

where x(T;u + sv) denote the solution at time T of (B.46]), starting from gy, corresponding to
control u(-) + sv(+), and J(u + sv) is the associated cost.

Lemma 3.48. There exists A € (R ® Ty, M)*, with A # 0, such that for all v € L>([0, T],R™)

AL <a'](a + 5v) s:o> . (3.47)

Ox(T;u + sv)
s=0 0s

Js

Proof of Lemma[3.48 . We argue by contradiction: if (3.47)) is not true then there exist vy, ..., v, €
L*>([0,T],R™) such that the vectors

0J (u + sv) 0J(u + svy,)
ds 5=0 0s 5=0

e ~ 3.48
Ox(T;u + svg) 0x(T;u + svy) (3.48)

Os s=0 s s=0

are linearly independent. Let us now consider the map
J(@+ >0 sivg)
D (s0,...,80) € R s T ) eRx M. (3.49)
o(Tsa+ )" s8iv;)

By differentiability properties of solution of smooth ODEs with respect to parameters, the map
(B:49) is smooth. Moreover, since the vectors (3.48]) are the components of the differential of ® and
they are independent, then the inverse function theorem implies that @ is a local diffeomorphism
sending a neighborhood of 0 in R"*! in a neighborhood of (J (1), qg) in R x M. As a result we can
find v(-) = >, siv;i(+) such that (see also Figure B.5.2])

z(T; 0+ v) = qo, J(@ +v) < J(@).

(T, u)

In other words the curve t — ¢(t;u + v) join ¢(0,u + v) = qo to
q(T;u +v) = Por(z(T;u+v)) = Por(q) = q1,

with a cost smaller that the cost of v(t) = q(¢,u), which is a contradiction O
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Notice that if A satisfies (3.47), then for every a € R, with o # 0, a\ satisfies (3.47) too. Thus
we can normalize A to be (=1, Ag) or (0, Ag), with Ag € T3 M, and Ag # 0 in the second case (since
A is non zero).

Hence condition (3.47)) implies that there exists A\g € 7 M such that one of the following
identities is satisfied for all v € L*°([0, T],R™):

dJ(u + sv) B 0x(T;u+ sv)
0s s=0 N <)\0, 0s s=0/" (350)
B Ox(T;u + sv)
0= <)\0, R Tha S:0>. (3.51)

with Ag # 0 in the second case. To end the proof we have to show that identities (.50) and (B.51])
are equivalent to conditions (N) and (A) of Theorem 341l Let us show that

U+ sv T
% 0 :/0 ;ﬂi(t)'vi(t)dt, (352)
0x(T;u + sv T, T m -
% -0 /0 Gu(r) (0)dt = /0 ;((P07t1)*fi)(QO)Ui(t)dt. (3.53)

Identity (8.52) follows from the definition of J
_ 1 (T 5
J(u+ sv) = 3 |u + sv|“dt, (3.54)
0

while ([B.:53)) can be proved in coordinates. Indeed by (3.46]) and the linearity of g, with respect to
v we have

T
z(T;u+ sv) = qo + S/ gf)(t) (x(t;uw + sv))dt,
0

and differentiating with respect to s at s = 0 one gets (3.53)).
Let us show that ([3.50) is equivalent to (N) of Theorem B.41l Similarly, one gets that (3.51]) is
equivalent to (A). Using ([8:52]) and ([B53)), equation (350) is rewritten as

/O Zuz vi(t)dt = / Z Mo (Pt £3)(ao) ) wi(t)ds
- [1 3 0. s60) o, (3.55)
i=1
where we used, for every i = 1,...,m, the identities

(0 (B )ef)(a0) ) = (Nos (B e fir(8) ) = ((Poi Y Moy fily(8)) ) = (A®), Fil2 (1)) -
Since v;(+) € L>®([0,T],R™) are arbitrary, we get w;(t) = (A(t), fi(v(t))) for a.e. t € [0,T].
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3.A Measurability of the minimal control

In this section we prove a general lemma that implies, for the specific case of sub-Riemannian
geometry, that the minimal control associated with an admissible curve is measurable.

Let us fix an interval I = [a,b] C R and a compact set U C R™. Consider two functions
g: I xU—R" v:I— R"such that

(M1) g(t,u) is measurable with respect to ¢ and continuous with respect to w.

(M2) v(t) is measurable in t.

Moreover we assume that

(M3) for every fixed t € I, the problem min{|u| : g(t,u) = v(t),u € U} has a unique solution.
Let us denote by u*(t) the solution of (M3) and consider the function ¢ — w*(t).

Lemma 3.49. The function t — |u*(t)| is measurable.

Proof. Denote ¢(t) := |u*(t)|. To prove the lemma we show that for every fixed r > 0 the set
A={tel:o(t)<r}
is measurable. By our assumptions
A={tel:JuelUst. |u <rg(t,u) =v(t)}

Let us fix » > 0 and a countable dense set {u;};cy in the ball of radius r in U. Let show that

A= 4= U 4in (3.56)

neN neN €N
=A,

where
Aipi={tel: |g(t,u;) —v(t)] < 1/n}

Notice that the set A;, is measurable by construction and if (3.56]) is true, A is also measurable.

C inclusion. Let t € A. This means that there exists 4 € U such that |a| < r and f(¢,u) = v(t).
Since f is continuous with respect to v and {u; };en is a dense, for each n we can find u;, such that
lg(t,u;, ) —v(t)| < 1/n, that is t € A, for all n.

D inclusion. Assume t € (), oy An. Then for every n there exists i(n) = i, such that the
corresponding w;,, satisfies |g(t,u;,) — v(t)] < 1/n. From the sequence w;,, by compactness, it is
possible to extract a convergent susequence u;, — u. By continuity of f in u one easily gets that
f(t,u) =wv(t). That is t € A. O

Next we exploit the fact that the function ¢(t) := |u*(¢)| is measurable to show that the vector
function u*(t) is measurable.

Lemma 3.50. The vector function t — u*(t) is measurable.
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Proof. We have to prove that, for every closed ball O in R™ (for instance a closed ball) the set
B:={tel:u*(t) e O}
is measurable. Since the minimum is uniquely determined this is equivalent to
B={tel:3uecO st |ul=ep),q(tu) =uv(t)}
Let us fix the ball O and a countable dense set {u;};cny in O. Let show that

B=()Bn=() Bim (3.57)

neN neN eN
=By

where
Bin i ={tel: |u| <o) +1/n,|g9(t,u) —ov(t)] <1/n;}

Notice that the set B;,, is measurable by construction and if (3.57) is true, B is also measurable.

C inclusion. Let t € B. This means that there exists @ € O such that |a| = ¢(¢) and
f(t,u) = v(t). Since f is continuous with respect to u and {u;};en is a dense in O, for each n we
can find u;, such that |g(¢,u;,) —v(t)] < 1/n and |u;,| < ¢(t) + 1/n, that is t € B, for all n.

D inclusion. Assume t € (), oy Bn. Then for every n it is possible to find i, such that the
corresponding w;,, satisfies |g(¢,u;,) — v(t)| < 1/n and |u;,| < ¢(t) + 1/n. From the sequence u;,,
by compactness of the closed ball O, it is possible to extract a convergent susequence u;, — u. By
continuity of f in u one easily gets that f(t,a) = v(t). Moreover |u| < o(t). Hence |u| = p(t).
That is t € B. ]

3.A.1 Proof of Lemma

Consider an admissible curve v : [0,7] — M and set g(t,u) = f(y(t),u), v(t) = F(t).
Notice that assumptions (M1)-(M3) are satisfied. Indeed (M1) and (M2) follows from the fact
that g(t,u) is linear with respect to u and measurable in t. Moreover (M3) is also satisfied. .

3.B Lipschitz vs Absolutely continuous admissible curves

In this book sub-Riemannian geometry is developed in the framework of Lipschitz admissible curves
(that correspond to the choice of L*™ controls). However, the theory can be equivalently developed
in the framework of H' admissible curves (corresponding to L? controls) or in the framework of
absolutely continuous admissible curves (corresponding to L' controls).

Definition 3.51. An absolutely continuous curve « : [0,7] — M is said to be AC-admissible if
there exists an L' function u : t € [0,7] — u(t) € Uy such that 4(t) = f(y(t),u(t)), for a.e.
t € [0, 7). We define H'-admissible curves similarly.

Being the set of absolutely continuous curve bigger than the set of Lipschitz ones, one could
expect that the sub-Riemannian distance between two points is smaller when computed among all
absolutely continuous admissible curves. However this is not the case thanks to the invariance by
reparametrization. Indeed Lemmas B.I4 and can be rewritten in the absolutely continuous
framework in the following form.
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Lemma 3.52. The length of an AC-admissible curve is invariant by AC reparametrization.

Lemma 3.53. Any AC-admissible curve of positive length is a AC reparametrization of a length-
parametrized admissible one.

The proof of Lemma differs from the one of Lemma 314 only by the fact that, if u* € L!
is the minimal control of v then (u* o ¢)¢ is the minimal control associated with v o . Moreover
(u* o @) € L', using the monotonicity of . Under these assumptions the change of variables
formula (BI3)) still holds.

The proof of Lemma [B.53] is unchanged. Notice that the statement of Exercise remains true
if we replace Lipschitz with absolutely continuous. We stress that the curve « built in the proof is
Lipschitz (since it is length-parametrized).

As a consequence of these results, if we define

dac(qo, q1) = inf{f(), v AC-admissible, v(0) = qo, Y(T) = q1}, (3.58)

we have the following proposition.
Proposition 3.54. dac(q0,q1) = d(qo,q1)

Since L%([0,7]) < L'([0,T]), Lemmas .52 B.53 and Proposition are valid also in the
framework of admissible curves associated with L2 controls.

Bibliographical notes
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Chapter 4

Hamiltonian setting

This chapter is devoted to the study of geometric properties of Pontryagin extremals. To this
purpose we first rewrite Theorem [B.41] in a more geometric setting, which permits to write a
differential equation in T*M satisfied by Pontryagin extremals and to show that they do not
depend on the choice of a generating frame. Finally we prove that small pieces of normal extremal
trajectories minimize the length.

To this aim, all along this chapter we develop the language of symplectic geometry, starting by
the key concept of Poisson bracket.

4.1 Geometric characterization of Pontryagin extremals

In the previuos chapter we proved that if v : [0,7] — M is a length minimizer on a sub-Riemannian
manifold, associated with a control u(-), then there exists Ao € T;(O)M such that defining

M) = Py ) Xos  At) € Ty M, (4.1)
we have that one of the following conditions is satisfied:
(N) wi(t) = (), fi(y()), Vi=1,...,m,

(A) 0= D, (1), Vi=1L...m A #0.

Here Py ; denotes the flow associated with the nonautonomous vector field f, ) = o ui(t) fi and

(P ) : Ty M = Ty (M. (4.2)
is the induced flow on the cotangent space.

The goal of is section is to characterize the curve ([AJ]) as the integral curve of a suitable (non-
autonomous) vector field on T*M. To this purpose, we first show that a vector field on T*M is
completely characterized by its action on function that are affine on fibers. To fix the ideas, we
first focus on the case in which Py; : M — M is the flow associated with an autonomous vector

field X € Vec(M), namely Py, = e*X.
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4.1.1 Lifting a vector field from M to T*M

We start by some preliminary considerations on the algebraic structure of smooth functions on
T*M. As usual 7w : T*M — M denotes the canonical projection.

Functions in C*°(M) are in a one-to-one correspondence with functions in C>°(7T*M) that are
constant on fibers via the map a +— 7m*a = a ox. In other words we have the isomorphism of

algebras
COM) =Cr(T*M) :={n"a|a € C*°(M)} C C®(T*M). (4.3)

In what follows, with abuse of notation, we often identify the function 7*a € C*°(1T* M) with the
function o € C*(M).

In a similar way smooth vector fields on M are in a one-to-one correspondence with functions in
C*>°(T*M) that are linear on fibers via the map Y +— ay, where ay (\) := (\,Y(q)) and ¢ = w()\).

Vec(M) ~ Can(T*M) := {ay | Y € Vec(M)} C C=(T*M). (4.4)

Notice that this is an isomorphism as modules over C*°(M ). Indeed, as Vec(M) is a module over
C>°(M), we have that CRo(T*M) is a module over C*°(M) as well. For any o € C*°(M) and
ax € Coo(T*M) their product is defined as cax = (7*a)ax = anx € Con(T*M).

Definition 4.1. We say that a function a € C*°(T* M) is affine on fibers if there exists two functions
a € CH{(T*M) and ax € C2(T*M) such that a = a + ax. In other words

cst lin
a(A) = alg) + (A X(9),  g=m(N).
We denote by Cflﬁc(T*M ) the set of affine function on fibers.

Remark 4.2. Linear and affine functions on T*M are particularly important since they reflects the
linear structure of the cotangent bundle. In particular every vector field on T*M, as a derivation
of C>°(T* M), is completely characterized by its action on affine functions,

Indeed for a vector field V' € Vec(T*M) and f € C°(T*M), one has that

d

=—| S O) = V), AETM. (4.5)
t=0

V)
which depends only on the differential of f at the point A. Hence, for each fixed A\ € T*M,
to compute (LE) one can replace the function f with any affine function whose differential at A
coincide with dy f. Notice that such a function is not unique.

Let us now consider the generator of the flow (/7 1) = (e7*X)*. Since it satisfies the group law
(e—tX)* o (e—sX)* — (e—(t—l—s)X)* Vt, s €R,

by Lemma [2.10] its generator is an autonomous vector field Vx on T*M. In other words we have
(e7tX)* = etVX for all t.
Let us then compute the right hand side of (43]) when V' = Vx and f is either a function
constant on fibers or a function linear on fibers.
The action of Vx on functions that are constant on fibers, of the form /o 7w with 8 € C*(M),
coincides with the action of X. Indeed we have for all A € T*M
d d

—| Bom((e™)N) =

t| =g = z|_ fe @) = Xa)@.  a=r(. (46)
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For what concerns the action of Vx on functions that are linear on fibers, of the form ay(\) =
(\,Y(q)), we have for all A\ € T*M

G @ =5 et @)
- % (A (e Y)(@) = (A X, Y] (@) (4.7)
t=0
= G[X,Y]()\)-

Hence, by linearity, one gets that the action of Vx on functions of C%‘%(T *M) is
Vx(B+ay)=Xp+ arx,yl- (4.8)

As explained in Remark {.2] formula (48) characterizes completely the generator Vx of (Fp, H)*.
To find its explicit form we introduce the notion of Poisson bracket.

4.1.2 The Poisson bracket

The purpose of this section is to introduce an operation {-, -} on C*°(T*M), called Poisson bracket.

First we introduce it in C35(7T*M), where it can be seen as the Lie bracket of vector fields in

Vec(M), seen as elements of Cg;(7*M). Then it is uniquely extended to Cgp(T* M) and C*°(T*M)
by requiring that it is a derivation of the algebra C°°(T*M) in each argument.

More precisely we start by the following definition.

Definition 4.3. Let ax,ay € Cgo(T*M) be associated with vector fields X,Y € Vec(M). Their
Poisson bracket is defined by

{ax,ay} = aixy), (4.9)
where a(x y) is the function in Cg5 (T M) associated with the vector field [X,Y].
Remark 4.4. Recall that the Lie bracket is a bilinear, skew-symmetric map defined on Vec(M),
that satisfies the Leibnitz rule for X, Y € Vec(M):

[X,aY] =alX,Y] + (Xa)Y, VaeC®(M). (4.10)
As a consequence, the Poisson bracket is bilinear, skew-symmetric and satisfies the following relation
{ax,aay} ={ax, a0y} = aix ov) = aaxy) + (Xa) ay, VaeC®(M). (4.11)

Notice that this relation makes sense since the product between o € CoG(T* M) and ax € Co(T* M)

lin
belong to Coo(T*M), i.e. aax = aax.

Now we extend this definition on the whole C*° (T M).
Proposition 4.5. There exists a unique bilinear and skew-simmetric map
{-,}:C®(T*M) x C°(T*M) — C>=(T*M)
that extends ([@9) on C°(T*M), and that is a derivation in each argument, i.e. it satisfies
{a,bc} ={a,b}c+ {a,c}b, Va,b,c € C(T*M). (4.12)

We call this operation the Poisson bracket on C*°(T*M).

7



Proof. We start by proving that, as a consequence of the requirement that {-,-} is a derivation in
each argument, it is uniquely extended to C;’%(T*M ).

By linearity and skew-symmetry we are reduced to compute Poisson brackets of kind {ax,a}
and {a, 8}, where ax € Ceo(T*M) and «, 5 € Co5(T*M). Using that a,y = aay and (£12) one

lin
gets

{ax,aay} ={ax,cay}

= ofax,ay} + {ax, o}ay. (4.13)

Comparing (&II) and (@I3) one gets
{ax,a}t = Xa (4.14)

Next, using (ZI2) and @Id)), one has
{aay, B} ={aay, B} = ofay, B} +{a, Blay (4.15)
=aY B+ {a,B}ay. (4.16)

Using again (£.14]) one also has {aqy,} = oY 3, hence {a, 5} = 0.
Combining the previous formulas one obtains the following expression for the Poisson bracket
between two affine functions on T* M

{ax +a,ay + B} :=axy) + X —Ya. (4.17)

From the explicit formula (4.I7) it is easy to see that the Poisson bracket computed at a fixed
A € T*M depends only on the differential of the two functions ax + « and ay + 3 at A.

Next we extend this definition to C*°(T*M) in such a way that it is still a derivation. For
frg € C®(T*M) we define

{£:g}x = {ag agata (4.18)

where ay ) and ag4 ) are two functions in C%‘%(T*M) such that dyf = dx(ay,) and dyg = dx(ag,»)-

The definition (£I8) is well posed, since if we take two different affine functions ayy and a’; ,
their difference satisfy dy(asx — a’f’ \) =dx(agy) —dy (a}7 ) = 0, hence by bilinearity of the Poisson
bracket

{ag, agatia = {d}x, aga}x
Let us now compute the coordinate expression of the Poisson bracket. In canonical coordinates
(p,x) in T*M, if

= 0 = 0

we have

ax(p, ) =Y piXi(x), ay(p,x)=>) pYi().
i=1 1=1
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and, denoting f = ax + a, ¢ = ay + 3 we have
{f,gt =axy) +XB-Ya
Y; X
—Zp]< Xigd VG )+ X vt
Ox;

F 0z; Op; Op;
E?Y 0B 0X; Ou
N E%X ( api) i <p] Ox; - api)
Z of g  Of g

Op; Ox; 83:, op;

From these computations we get the formula for Poisson brackets of two functions a,b € C*(T* M)

Ja 0b  Oa Ob 00 vk
{a,b} = Z@piaxi ae o “PEC (T*M). (4.19)

The explicit formula ([AI9]) shows that the extension of the Poisson bracket to C*°(T*M) is still a
derivation. O

Remark 4.6. We stress that the value {a,b}|) at a point A € T*M depends only on dya and dyb.
Hence the Poisson bracket computed at the point A € T*M can be seen as a skew-symmetric and
nondegenerate bilinear form

{0t TH(T* M) x TS (T*M) — R.

4.1.3 Hamiltonian vector fields
By construction, the linear operator defined by

a:Ce(T*M)—C>®(T*M) a(b) :=={a,b} (4.20)
is a derivation of the algebra C*°(T*M ), therefore can be identified with an element of Vec(T*M).

Definition 4.7. The vector field @ on T* M defined by ([4.20)) is called the Hamiltonian vector field
associated with the smooth function a € C*(T*M).

From (£I9]) we can easily write the coordinate expression of @ for any arbitrary function a €

Co(T* M)

0
Z o axz aa:, I (421)

The following proposition gives the explicit form of the vector field V on T* M generating the flow
(Pog )
Proposition 4.8. Let X € Vec(M) be complete and let Py = etX. The flow on T*M defined by

(P(;tl)* = (e7%)* is generated by the Hamiltonian vector field dx, where ax(\) = (A, X(q)) and
qg=m(N).
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Proof. To prove that the generator V' of (PO_’tl)* coincides with the vector field dx it is sufficient to
show that their action is the same. Indeed, by definition of Hamiltonian vector field, we have

ix(a) ={ax,a} = Xa
dx(ay) = {ax,ay} = ajxy).
Hence this action coincides with the action of V' as in (4.6l and (7). O

Remark 4.9. In coordinates (p, ) if the vector field X is written X = Y " | X28 then ax(p,x) =
> i1 piX; and the Hamitonian vector field @x is written as follows

aX—ZX Z 0X; 0 (4.22)

"dx; Op;
Notice that the projection of dx onto M coincides with X itself, i.e., m.(dx) = X.
This construction can be extended to the case of nonautonomous vector fields.

Proposition 4.10. Let X; be a nonautonomous vector field and denote by Py the flow of X; on
M. Then the nonautonomous vector field on T* M

Vi = CL—XZ? aXt()‘) = <)‘7Xt(Q)>7

1s the gemerator of the flow (P(;tl)*-

4.2 The symplectic structure

In this section we introduce the symplectic structure of 7% M following the classical construction. In
subsection 2.1l we show that the symplectic form can be interpreted as the “dual” of the Poisson
bracket, in a suitable sense.

Definition 4.11. The tautological (or Liouville) 1-form s € AY(T*M) is defined as follows:
st A sy €T (T*M), (sn,w) := (A, maw), VAXeT*M,weT\(T*M),
where 7 : T*M — M denotes the canonical projection.

The name “tautological” comes from its expression in coordinates. Recall that, given a system
of coordinates = = (z1,...,x,) on M, canonical coordinates (p,z) on T*M are coordinates for
which every element A € T*M is written as follows

A= zn:pldlﬂz
i=1

For every w € T\(T* M) we have the following

T

’LU—ZO(Z +ﬁz 0 — W*WZZﬁi%7
i=1 ¢
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hence we get

(sx,w) = (A, maw) = > pifi = > pi (dwi,w) = <Zpid$z‘,w> :
i=1 i=1 i=1

In other words the coordinate expression of the Liouville form s at the point A coincides with the
one of A itself, namely

5\ = Zpidxi. (4.23)
i=1

Exercise 4.12. Let s € A'(T*M) be the tautological form. Prove that
whs = w, Vwe AY(M).
(Recall that a 1-form w is a section of T*M, i.e. a map w: M — T*M such that 7 ow = id).

Definition 4.13. The differential of the tautological 1-form o := ds € A*(T*M) is called the
canonical symplectic structure on T M.

By construction ¢ is a closed 2-form on T* M. Moreover ¢ is non degenerate and its expression
in canonical coordinates (p,x) is written as follows

n
o= Z dp; N dzx;. (4.24)
i=1
Remark 4.14 (The symplectic form in non-canonical coordinates). Given a basis of 1-forms wq, ... ,wy,

in A'(M), one can build coordinates on the fibers of T*M as follows.

Every A € T*M can be written uniquely as A = > | hjw;. Thus h; become coordinates on the
fibers. Notice that these coordinates are not related to any choice of coordinates on the manifold,
as the p were. By definition, in these coordinates, we have

n n

s=Y hw, o=ds=Y dhAw;+ hidw. (4.25)
i=1 i=1

Notice that, with respect to ([4.24)) in the expression of o an extra term appears since, in general,

the 1-forms w; are not closed.

4.2.1 The symplectic form vs the Poisson bracket

Let V be a finite dimensional vector space and V* denotes its dual (i.e. the space of linear forms
on V). By classical linear algebra arguments one has the following identifications

non degenerate __ Jlinear invertible maps| non degenerate (4.26)
bilinear forms on V | — V-V ~ | bilinear forms on V* | '

Indeed to every bilinear form B : V' x V — R we can associate a linear map L : V — V* defined
by L(v) = B(v,-). On the other hand, given a linear map L : V — V*, we can associate with it
a bilinear map B : V x V' — R defined by B(v,w) = (L(v),w), where (-,-) denotes as usual the
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pairing between a vector space and its dual. Moreover B is non-degenerate if and only if the map
B(v-) is an isomorphism for every v € V, that is if and only if L is invertible.

The previous argument shows how to identify a bilinear form on B on V with an invertible
linear map L from V to V*. Applying the same reasoning to the linear map L~! one obtain a
bilinear map on V*.

Exercise 4.15. 1. Let h € C(T*M). Prove that the Hamiltonian vector field i € Vec(T*M)
satisfies the following identity

o(- h(N) =dyh,  VAeT*M.

2. Prove that, for every A € T*M the bilinear forms oy on T\(T*M) and {-, -} on T3 (T*M)
(cf. Remark [£.06)) are dual under the identification ([£.26]). In particular show that

{a,b} = @(b) = (db,@) = o(@,b),  Va,beC®(T*M). (4.27)
Remark 4.16. Notice that o is nondegenerate, which means that the map w — o)(-,w) defines a
linear isomorphism between the vector spaces T)\(T*M) and T} (T*M). Hence h is the vector field
canonically associated by the symplectic structure with the differential dh. For this reason h is also
called symplectic gradient of h.

From formula (4.24]) we have that in canonical coordinates (p,x) the Hamiltonian vector filed
associated with A is expressed as follows

n

- oh 0 oh 0
h= Z 8]% al‘l B 8:17@ api7

=1

and the Hamiltonian system A = h()\) is rewritten as

. _on

Z_api .

- on 1=1,...,n.
pi = o

We conclude this section with two classical but rather important results:

Proposition 4.17. A function a € C®(T*M) is a constant of the motion of the Hamiltonian
system associated with h € C*>°(T*M if and only if {h,a} = 0.

Proof. Let us consider a solution A(t) = etﬁ()\o) of the Hamiltonian system associated with %, with
Ao € T*M. Let us prove the following formula for the derivative of the function a along the solution

d
(A1) = {h a}(\(1). (4.28)

By (4£28) it is easy to see that, if {h,a} = 0, then the derivative of the function a along the
flow vanishes for all ¢t and then a is constant. Conversely, if a is constant along the flow then its
derivative vanishes and the Poisson bracket is zero. O

The skew-simmetry of the Poisson brackets immediately implies the following corollary.

Corollary 4.18. A function h € C®°(T*M) is a constant of the motion of the Hamiltonian system
defined by h.
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4.3 Characterization of normal and abnormal extremals

Now we can rewrite the Pontryagin Maximum Principle (see Theorem [B.41]) using the symplectic
language developed in the last section.

Given a sub-Riemannian structure on M with generating frame {f1,..., fi,}, and define the
fiberwise linear functions on T*M associated with these vector fields

hi :T*M =R, hi(\):=(\filg), i=1,....,m.

Theorem 4.19 (PMP). Let v : [0,T] — M be an admissible curve which is a length-minimizer,
parametrized by constant speed. Let u(-) be the corresponding minimal control. Then there exists a

Lipschitz curve A(t) € T5yM such that
At) = wW0hi(A(),  ae te0,T], (4.29)
i=1

and one of the following conditions is satisfied:
(N) hi(\1)) =u;(t), i=1,...,m, Vt,
(A) hi(\(t)) =0, i=1,...,m, Yt
Moreover in case (A) one has \(t) # 0 for all t € [0,T].

Proof. The statement is a rephrasing of Theorem B.41] combining Proposition .8 and Exercise
410 O

Notice that Theorem says that normal and abnormal extremals appear as solution of an
Hamiltonian system. Nevertheless, this Hamiltonian system is non autonomous and depends on
the trajectory itself by the presence of the controls u;(t) associated with the extremal trajectory.

Moreover, the actual formulation of Theorem for the necessary condition for optimality
still does not clarify if the extremals depend on the generating frame {fi,..., fi,} for the sub-
Riemannian structure.

The rest of the section is devoted to the geometric intrinsic description of normal and abnormal
extremals.

4.3.1 Normal extremals

In this section we show that normal extremals are characterized as solutions of an smooth au-
tonomous Hamiltonian system on 7% M, where the Hamiltonian H is a function that encodes all
the informations on the sub-Riemannian structure.

Definition 4.20. Let M be a sub-Riemannian manifold. The sub-Riemannian Hamiltonian is the
smooth function on T*M defined as follows

H:T*M - R, H(\)= max ((/\, fulq)) — %|u|2> . qg=m(\). (4.30)
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Proposition 4.21. The sub-Riemannian Hamiltonian H is quadratic on fibers. Moreover, for every
generating frame {f1,..., fm} of the sub-Riemannian structure, the sub-Riemannian Hamiltonian
H is written as follows

k
1 x
52 N fil@)?, XNeTyM, q=m(M). (4.31)
=1
Proof. In terms of a generating frame {f1,..., f}, the sub-Riemannian Hamiltonian (B.55]) is
written as follows
= 2
= max <Zu, (A, filg ZZ:; Z). (4.32)

Differentiating (£.32]) with respect to u;, one gets that the maximum is attained at u; = (A, fi(q)),
from which formula (£31]) follows. The fact that H is quadratic on fibers then easily follows from

E3T). O

Exercise 4.22. Prove that two equivalent sub-Riemannian structures (U, f) and (U’, f’) on a
manifold M define the same Hamiltonian.

Theorem 4.23. Every normal extremal is a solution of the Hamiltonian system A(t) = H(A(t)).
In particular, every normal extremal trajectory is smooth.

Proof. Denoting, as usual, h;(A) = (], fi(q)) for i = 1,...,m, the functions linear on fibers associ-

ated with a generating frame and using the identity l? = 2h;h; (see @ID)), it follows that

L 1& noo
H=23> hi=) hihi
i=1 i=1

In particular, since along a normal extremal h;(\(t)) = u;(¢) by condition (N) of Theorem FT9]
one gets

HA®) = Y kA AD) = Y @t hi(A(t)). O
i i=1

Remark 4.24. In canonical coordinates A = (p,x), H is quadratic with respect to p and

m
5 Z b, fz
=1

The Hamiltonian system associated with H, in these coordinates, is written as follows

i = aH By = T o file) fi(a)

b= —%—f =~ S (., £i@)) (. Defi(e)

N —

(4.33)

From here it is easy to see that if A(t) = (p(t),z(t)) is a solution of ([£33]) then also the rescaled
extremal a\(at) = (ap(at),z(at)) is a solution of the same Hamiltonian system, for every a > 0.
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Proposition 4.25. A normal extremal trajectory is parametrized by constant speed. In particular
it is length parametrized if and only if its extremal lift is contained in the level set H~'(1/2).

Proof. Thanks to Proposition 4.17] the sub-Riemannian Hamiltonian H is constant along the flow
of H, i.e. on normal extremals. Hence for every normal extremal \(¢) associated with a control u(-)

we have
s [ Ihora=3 /T\ wra=3 [ Zuz
/H = HO\)T

(4.34)

where we used the fact that, along a normal extremal, we have the relations for all ¢ € [0, 7T

H(A®) =H(Xo)  wilt) = (A1), filh (1)) - (4.35)

The fact that H is constant along A(t), easily implies by ([@34)) that ||§(¢)||? is constant. Moreover
one easily gets that ||[¥(¢)|] = 1 if and only if H(A(¢t)) = 1/2.

Moreover, by Remark [4.24] all normal extremal trajectories are reparametrization of length
parametrized ones. O

Remark 4.26. Let A(t) be a normal extremal such that A\(0) = Ao € Ty M. The corresponding
normal extremal path v(t) = w(A(¢)) can be written in the exponential notation

A(t) = mo et ().
By the previous discussion length parametrized normal extremal trajectories corresponds to the
choice of \g € H~1(1/2).

We end this section by characterizing normal extremal trajectory as characteristic curves of the
canonical symplectic form contained in the level sets of H.

Definition 4.27. Let M be a smooth manifold and Q@ € A¥M a 2-form. A Lipschitz curve
v :[0,T] — M is said characteristic for Q if for almost every ¢ € [0, 7] it holds

J(t) € Ker Qy ), (e Qy)(¥(t),-) =0) (4.36)
Notice that this notion is independent on the parametrization of the curve.

Proposition 4.28. Let H be the sub-Riemannian Hamiltonian and assume that ¢ > 0 is a reg-
ular value of H. Then a curve 7 is a characteristic curve of o|g- 1) i and only if it is the
reparametrization of a normal extremal on H~'(c).

Proof. Recall that if ¢ is a regular value of H, then the set H~!(c) is a smooth 2n — 1-dimensional
manifold in 7* M [] For every A € H!(c) let us denote by E) = T\H !(c) its tangent space at this
point. Notice that, by construction, E) is an hyperplane (i.e., dim Ey = 2n — 1) and d,\H|EA =0.

The restriction o|g-1(.) is computed by o)|g,, for each A € H —1(e).

by Sard Theorem almost every ¢ > 0 is regular value.
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One one hand ker oy |g, is non trivial since the dimension of E is odd. On the other hand the
symplectic 2-form ¢ is nondegenerate on 7 M, hence the dimension of ker 0|, cannot be greater
than one. It follows that dimker oy|g, = 1.

We are left to show that ker oy, = H(\). Assume that ker oy|p, = RE, for some € € Ty (T*M).
By construction, E) coincides with the subspace that is skew-orthogonal to &, namely

E\ = {w € T\(T*M))| o5 (£, w) = 0} = 7.

Since, by antisymmetricity, o(&,£) = 0, it follows that £ € E\. Moreover, by definition of Hamil-
tonian vector field o (-, H) = dH, hence for the restriction to E) one has

ox( HN)|p, = daH|p, =0. O

Exercise 4.29. The sub-Riemannian Hamiltonian encodes all the informations about the distri-
bution and the metric defined on it.
1. Prove that a vector v € T, M satisfies v € Dy and |[v|| < 1 if and only if

1 *
5|(A,v>|2 <HQ\), VAETIM.
2. Show that this implies the following characterization for the sub-Riemannian Hamiltonian

1
HN) =SIAI7, A= sup [{A0)].
2 vEDy,|v|=1

In particular if the structure is Riemannian, H is the “inverse” norm defined on the cotangent
space.
4.3.2 Abnormal extremals

In this section we provide a geometric characterization of abnormal extremals. Even if for abnor-
mal extremals it is not possible to determine their a priori regularity, we show that they can be
characterized as characteristic curves of the symplectic form. This gives an unified point of view of
both class of extremals.

We recall that an abnormal extremal is a non zero solution of the following equations

A) =D wi®hi(A(®),  h(A®) =0, i=1,...,m.
i=1

where {f1,..., fm} is a generating frame for the sub-Riemannian structure and hq,...,h,, are
the corresponding functions on T*M linear on fibers. In particular every abnormal extremal is
contained in the set

HH0) = A€ T"M (N fila) = 0,i=1,...,m,q = (M)} (4.37)
where H denotes the sub-Riemannian Hamiltonian (£.3T]).

Proposition 4.30. Let H be the sub-Riemannian Hamiltonian and assume that 0 is a regular value
of H. Then a curve 7y is a characteristic curve of O"H—l(o) if and only if it is the reparametrization
of a normal extremal on H~1(0).
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Proof. In this proof we denote for simplicity N := H~1(0) C T*M. For every A € N we have the
identity .
Keroy|y = ThN* = span{h;(\), i = 1,...,m}. (4.38)

Indeed, from the definition of IV, it follows that

TN = {w S T)\(T*M” <d)\hi, w) =0,:=1,... ,m}
= {w e T\(T*M)|o(w, h;(\)) =0,i=1,...,m}
= span{h;(\), i=1,...,m}*.
and ([A38) follows by taking the skew-orthogonal. Thus w € T\H ~1(0) if and only if w is a linear

combination of the vectors ;(A). This implies that A(¢) is a characteristic curve for o H-1(0) if and
only if there exists controls u;(-) for ¢ = 1,...,m such that

At) = ui(®)hi(A()). O (4.39)
i=1

The following exercise shows that the assumption of Proposition [4.30] is always satisfied in the
case of a regular sub-Riemannian structure.

Exercise 4.31. Assume that the sub-Riemannian structure is regular, namely the following as-
sumption holds
dim D, = dimspan,{ fi,..., fm} = const. (4.40)

Shows that, under this assumption, 0 is a regular value for H. In particular, the set H~1(0) defined
by ([37) is a smooth submanifold of T*M.

Remark 4.32. From Proposition 4.30] it follows that abnormal extremals do not depend on the
sub-Riemannian metric, but only on the distribution. Indeed the set H~1(0) is characterized as
the annihilator of the distribution

HH0)={AeT*M| (\,v) =0, Yv € Dy} = D+ C T*M,

Here the orthogonal is meant in the duality sense.

Under the regularity assumption we can select (at least locally) a basis of 1-forms wy,...,wp,
for the dual of the distribution

Dql = span{w;(q), it =1,...,m}, (4.41)

Let us complete this set of 1-forms to a basis wy, . .., w, of T* M and consider the induced coordinates
hi,...,hy, as defined in Remark[4.T4l In these coordinates the restriction of the symplectic structure
D+ to is expressed as follows

olpr = d(slpL) =Y dhi A w; + hiduw;, (4.42)
i=1

We stress that the restriction o|pi can be written only in terms of the elements wy, ..., wy,, (and
not of a full basis of 1-forms) since the differential d commutes with the restriction.
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Example: codimension one distribution and contact distributions

Let M be a n-dimensional manifold endowed with a constant rank distribution D of codimension
one, i.e., dim Dy, = n —1 for every ¢ € M. In this case D and D+ are sub-bundles of TM and T*M
respectively and their dimension, as smooth manifolds, are

dim D = dim M + rankD = 2n — 1,
dim D+ = dim M + rank D+ = n + 1.

Since the symplectic form o is skew-symmetric, by a dimensional argument we easily get that for
n even, the restriction o|p. has always a nontrivial kernel, hence there always exist characteristic
curves of o|p1, that correspond to reparametrized abnormal extremals by Proposition

Let us consider in more detail the simplest case n = 3. Assume that there exists a one form
wo € AY(M) such that D = kerw (this is not restrictive, at least for a local description). Consider
a basis of one forms wg,w1,ws such that wy := w and the associated coordinates hg, k1, ho the
coordinate associated to these forms (see Remark [4.14]). By (4.42)

0'|'DL = dhy N w + hg dw, (4.43)
and we can easily compute (recall that D+ is 4-dimensional)
o Ao|lpr =2hodho Aw A dw. (4.44)

Lemma 4.33. Let N be a smooth 2k-dimensional manifold and Q@ € A2M. Then Q is nondegen-
erate on N if and only if AFQ # 02

Definition 4.34. Let M be a three dimensional manifold. We say that a constant rank distribution
D on M of corank one is a contact distribution if w A dw # 0.

Since M is three dimensional, the differential form w A dw is a top dimensional form, hence it
is meaningful to consider the set, called Martinet set

M= {qgeM|(wAdw)|g =0} C M.

Corollary 4.35. Under the previous assumptions all nontrivial abnormal extremal trajectories are
contained in the Martinet set M. In particular if the structure is contact, there are mo nontrivial
abnormal extremal trajectories.

Proof. Assume that the structure is contact. Then w A dw # 0 and, thanks to (£.44), it follows that
o Aolpt # 0. By Lemma 433 o|p1 is non degenerate (notice that dhg is always independent on
wAdw since they depend on coordinates on the fibers and on the manifold, respectively). This shows
that, under the contact assumption, the set 91 is empty and there exists no nontrivial characteristic
curve of o|pr. The first part of the statement follows by analogue arguments. O

Remark 4.36. Since M is three dimensional, we can write

wAdw=adV

2Here AFQ=QA...AQ.
—_———
k
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where a € C°°(M) and dV is some smooth volume form on M, that is a never vanishing 3-form on
M.

In particular the Martinet set is 91 = a~!(0) and the distribution is contact if and only if a
is never vanishing. If 0 is a regular value of a, the set a~'(0) defines a two dimensional surface
on M, called the Martinet surface. Recall that this condition is true for a generic choice of the
distribution.

In this case abnormal extremal trajectories can be precisely characterized as the horizontal
curves that are contained in the Martinet surface 0. The intersection of the tangent bundle to
the surface 91 and the 2-dimensional distribution of admissible velocities defines, generically, a line
field on M. Abnormal extremal trajectories are exactly (reparametrized) integral curves of this line
field.

Exercise 4.37. Prove that if two smooth Hamiltonians hy, ho : T*M — R define the same level
set, i.e. E = {h; =c1} = {h2 = ¢z} for some c1, c2 € R, then their Hamiltonian flow hq, he coincide
on F, up to a reparametrization.

4.4 Lie derivatives

In this section we extend the notion of Lie derivative, already introduced for vector fields in Section
[3.3), to differential forms. Recall that if X,Y € Vec(M) are two vector fields we define

d
LxY =—| ™Y =[XY]
dt|,_,

If P: M — M is a diffeomorphism we can consider the pullback P* : T ;(q)M — Ty M and extend
its action to k-forms. Let w € A*M, we define P*w € A*M in the following way:

(P*w)q(fl,...,fk) = wp(q)(P*fl,...,P*fk), q € M, fz S TqM. (4.45)

It is an easy check that this operation is linear and satisfies the two following properties

P*(wl AN wg) = P*w1 A P*wo, (4.46)
P*od=doP*. (4.47)

Definition 4.38. Let X € Vec(M) and w € A¥M. We define the Lie derivative of w with respect

to X as

Lx : A*M — AFM, Lxw = % (") w. (4.48)
t=0

From (£.46) and (4.47), we easily deduce the following properties of the Lie derivative:
(i) £X(w1 A w2) = (£Xw1) N wo + w1 A (ﬁxwg),
(ii) ,CX od= dO,Cx.

The first of these properties can be also expressed by saying that Lx is a derivation of the exterior
algebra of k-forms.

The Lie derivative combines together a k-form and a vector field defining a new k-form. A second
way of combining these two object is to define their inner product, by defining a (k — 1)-form.
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Definition 4.39. Let X € Vec(M) and w € A¥M. We define the inner product of w and X as the
operator ix : A*M — A*=1M, where we set

(ixw)(Y1,..., Y1) :=w(X,Y7,..., Y1), Y;€ Vec(M). (4.49)
One can show that the operator ix is an anti-derivation, in the following sense:
ix(wi Awsy) = (ixwi) Awy + (—1)k1w1 A (ixws), w; € AkiM, 1=1,2. (4.50)

We end this section proving two classical formulas linking together these notions, and usually
referred as Cartan’s formulas.

Proposition 4.40 (Cartan’s formula). The following identity holds true
Ly =ixod+doiy. (4.51)

Proof. Define Dx :=ix od+ doix. It is easy to check that Dx is a derivation on the algebra of
k-forms, since ix and d are anti-derivations. Let us show that Dy commutes with d. Indeed, using
that d?> = 0, one can write

doDx =doixod=Dx od.

Moreover, since any k-form can be expressed in coordinates as w = > wj, 4, dz;, ...dxz;,, it is
sufficient to prove that Lx coincide with Dx on functions. This last property is easily checked by

Dxf=ix(df)+d(ixf) =(df,X)=Xf=Lxf. 0
=0

Corollary 4.41. Let X,Y € Vec(M) and w € A'M, then
dw(X,Y) =X (w,Y) - Y (w, X) — (w,[X,Y]). (4.52)
Proof. On one hand Definition implies, by Leibnitz rule

d
<£XW7 Y>q = a

<(€tX)*w, Y>q
t=0

_d £X
- a 0 <w,e* Y>etX(q)

=X (wY)—(w,[X,Y]).

On the other hand, Cartan’s formula ([@51) gives

(Lxw,Y) = (ix(dw),Y) + (d(ixw),Y)
=dw(X,Y)+Y (w, X).

Comparing the two identities one gets (E52)). O

90



4.5 Examples

4.5.1 2D Riemannian Geometry

Let M be a 2-dimensional manifold and fi, fo € Vec(M) a local orthonormal frame for the Rie-
mannian structure. The problem of finding geodesics in M could be described as optimal control
problem

q = u1f1(q) +uafa(q),

where length and action are expressed as

T T
o) = [ Vi rda aa0) =3 [+

Equations of geodesics are projections of integral curves of the sub-Riemannian Hamiltonian in
™M )
H = 5(’@ +h3), hi(A) = (A, fi(@)) -

Now we consider coordinates (g, hi,he) on T*M and using that on solutions we have wu;(t) =
hi(A¢), we find equation on the base:

4= h1f1(q) + hafa(q), (4.53)

and equation on the fiber (remember that along solutions a = {H, a})

: (4.54)
ho = {H, ho} = {h1, ho}ha

{hl = {H,h1} = —{h1, ha}hs
from here we can also show directly that H is constant along solution, because
H = hyhy + hohy = 0.
We fix the level )
H=g e h+hi=1,
and we restrict to the spherical bundle SM (see Example 2.43])
h1 = cos@, ho = sin 4,

and equations ({53]) and (£.54]) become:

{é = {h, i} (4.55)

G = cosffi(q) + sinffa(q)
Moreover we have {hy, ha}(A) = (A, [f1, f2]) so that, if we let
[f1, o] = a1 f1 + a2 fa, ai,az € C*(M),

we have

{h1,h2} = a1hy + azhas.
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{6' = a1(q) cos 0+ as(q) sin 0 (4.56)

q = cos 0 f1(q) +sind fa(q)

In other words we are saying that an arc-length parametrized curve on M (i.e. a curve which
satisfies the second equation) is a geodesic if and only if it satisfies the first! Heuristically this
suggests that the quantity

0 — a1(q) cos 6 — as(q)sinb,

has some relation with the geodesic curvature on M.
Let 1, pio the dual frame of f1, fo (so that dV = uj A ug) and consider the Hamiltonian field in
these coordinates

—

H = cosff +sinffo + (a1 cos @ + ag sin 0)0y. (4.57)

The Levi-Civita connection on M is expressed by some coefficients (see Chapter 77)
w = df + by + bapa,
where b; = b;(¢q). On the other hand geodesics are projections of integral curves of H so that
(w,ﬁ) =0 = by =—a1, by=—as.
In particular if we apply w = df — a1 1 — azpuo to a generic curve (not necessarily a geodesic)
A\ = cosOf; +sinf@fs + 00y,
which projects on v we find geodesic curvature
kig(7) = 0 — a1(q) cos O — as(q) sin 6,
as we infer above. To end this section we prove a useful formula for the Gaussian curvature of M

Corollary 4.42. If k denotes the Gaussian curvature of M we have

k= f1(a2) — fa(a1) — a% — a%.

Proof. From ([L28)) we have dw = —kdV where dV = py A pg is the Riemannian volume form. On
the other hand, using the following identities

dp; = —aipin A po, da; = fi(ai)p + falai)pz, i=1,2.
we can compute

dw = —day N p1 — dag A po — ardpy — agadjig
= —(fi(a2) — fa(ar) — a% — a%)ul A 2.
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4.5.2 Isoperimetric problem

Let M be a 2-dimensional Riemannian manifold, v its volume form. A € A'M and ¢ € R fixed.
Problem. Fixed qo,q; € M, find (if exists) the minimum:

min{£(7),7(0) = go,¥(T) = g1, / A=} (4.58)
Y

Remark 4.43. Local minimizers depend only on dA, i.e. if we add an exact term to A we will find
same minima for the problem (obviously value of ¢ will change!).

Problem 1 can be reformulated as a sub-Riemannian problem on the extended manifold

M=Rx M,

that means that solutions of the problem (458]) turns to be geodesics for the sub-Riemannian
structure on M.
So we define on the extended manifold the 1-form:

w=dy— A, M:{(y,q),ye]R,qu}.
Admissible curves are pairs z(t) = (y(t),7(t)) such that () € A, (), i.e. w(2(t)) = 0. This implies
w(£(t)) = y(t) = (A, 7)) = 0.

In other words v(t) is a curve on M and y(t) satisfies the identity

y(t)=wyo+ [ A, where v = v[joy-
Yt

In particular we can recover a basis for the distribution

¥ =u1f1 +uzfo 7)2 ( bit > ( f2 >
{y:u1<A,fl>ay+u2<A,f2>ay j(z) wlama,) T2 me,) 49

and D = span(Fy, F) where
Fi=f+(Af1)0,  Fa=fa+t(A f2)0,.
Remark 4.44. Notice that the projection of the control system
2 =u1F1(z) + uaFa(2),

on the manifold M is
¥ = u1fi(y) + uafa (),

from which follows that the sub-Riemannian length on M coincide exactly with the Riemannian
one on M.

93



We denote with h; = (A, Fi(¢)) the Hamiltonians linear on fibers of T*M and we want to
compute normal and abnormal geodesics of this problem. With analogous computations of 2D case

we get
q: = cos 0F1(q) + sin 0 F»(q) (4.60)
0 = {hi,ha}
where we have to compute {hy, ha} = (A, [F1, F3]). We set, as in the previous paragraph:
[f1, fo] = a1 f1 + a2 fa, ai,az € C(M). (4.61)

so that

[F1, Fa] = [f1 + (A, f1) Oy, f2 + (A, f2) O]
= [f1, fo] + (f1 (A, f2) — f2 (A, f1))0y
(by (@.61)) = a1(F1 — a1 (A, 1)) + a2(F2 — a2 (4, f2)) + f1 (A, f2) — f2 (A, f1))0y
= a1 F| + aoFy + dA(f1, f2)0,.

where in the last equality we use (£52)).
Being dA € A’M a volume form, dA = by A pg, for some b € C°(M). Then

[Fl, Fg] =a1F + ayFs + bay
Let we consider now hg linear on fibers Hamiltonian associated with 0,. From the previous we get
{hl, hg} = a1hy + ashs + bhy.

It follows that

é = ay cos 0 + a9 sin @ + bhg (4.62)
ho = 0 = hg = const.
In other words
kg(y) = 6 — ai1(q) cos @ — az(q) sin @ = hob. (4.63)

Normal geodesics are curves with geodesic curvature proportional to the function b at every
point. In the case M = R? and b = by costant we have that normal geodesics of this problem are
circles on M (and helix on M).

Abnormal geodesics are contained in the set of points where w A dw = 0.

wAdw=(dy — A) A (buy A p2)
=bdy A p1 A po.

In other words abnormal geodesics are connected components of b~1(0). They are independent on
the metric and, in general, they are not normal geodesics.

4.5.3 Heisenberg case
To be done
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4.6 Symplectic geometry

In this section we generalize some of the construction we considered on the cotangent bundle T M
to the case of a general symplectic manifold.

Definition 4.45. A symplectic manifold (N, o) is a smooth manifold N endowed with a closed,
non degenerate 2-form o € A%2(N). A symplectomorphism of N is a diffeomorphism ¢ : N — N
such that ¢*c = 0.

Notice that a symplectic manifold N is necessarily even-dimensional. We stress that, in general,
the symplectic form o is not necessarily exact, as in the case of N = T*M.

The symplectic structure on a symplectic manifold N permits us to define the Hamiltonian
vector field h € Vec(N) associated with a function h € C®(N) by the formula iro = —dh, or

—

equivalently o (-, h) = dh.
Proposition 4.46. A diffeomorphism ¢ : N — N is a symplectomorphism if and only if for every
h € C>®(N):

(67 )h=hoo. (4.64)

Proof. Assume that ¢ is a symplectomorphism, namely ¢*c = 0. More precisely, this means that
for every A € N and every v, w € Th\N one has

ox(v,w) = (¢* o)A (v, w) = og(r) (v, Prw),

where the second equality is the definition of ¢*o. If we apply the above equality at w = ¢, 11 one
gets, for every A € N and v € ThN

O-)\(Uv ¢*_1}_i) = (QS*O-))\(Uv ¢*_1]_7:) = Op(N) (qb*v, }_i)
= (dgyh, $uv) = (¢"dypyh,v) -
= (d(h o ¢),v)

This shows that oy(-, ¢5 1l_i) = d(h o ¢), that is exactly ([d64]). The converse implication follows
analogously. O

Next we want to characterize those vector fields whose flow generates a one-parametric family
of symplectomorphisms.

Lemma 4.47. Let X € Vec(N) be a complete vector field on a symplectic manifold (N,o). The
following properties are equivalent

(i) (eX)*oc = o for everyt € R,
(’l"i) ,CXa' = 0,

(iii) ixo is a closed 1-form on N.

Proof. By the group property e(tt5)X = ¢tX o ¢5X gne has the following identity for every ¢ € R:
i(etX)*O,:i (etX)*(CSX)*O':(etX)*EXU
dt ds|,_, '
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This proves the equivalence between (i) and (ii), since the map (e!*)* is invertible for every ¢ € R.
Recall now that the symplectic form o is, by definition, a closed form. Then do = 0 and
Cartan’s formula ([@5]]) reads as follows

Lxo = d(iXo') + ix(dO') = d(iXo').
This proves the the equivalence between (ii) and (iii). O

Corollary 4.48. The flow of a Hamiltonian vector field defines a flow of symplectomorphisms.

Proof. This is a direct consequence of the fact that, for an Hamitonian vector field ﬁ, one has

ipo = —dh. Hence izo is a cloded form (actually exact) and property (iii) of Lemma 447 holds. [

Notice that the converse of Corollary 4.48]is true when N is simply connected, since in this case
every closed form is exact.

Definition 4.49. Let (N,o) be a symplectic manifold and a,b € C*°(N). The Poisson bracket

-,

between a and b is defined as {a,b} = o(d,b).

We end this section by collecting some properties of the Poisson bracket that follow from the
previous results.

Proposition 4.50. The Poisson bracket satisfies the identities
(i) {a,b} o9 ={aop,bod},  Va,beC®(N),Vee Sympl(N),
(i1) {a,{b,c}} +{c.{a,;b}} +{b,{c,a}} =0,  Va,b,c € CP(N).

Proof. Property (i) follows from ([@64). Property (ii) follows by considering ¢ = ¢! in (i), for some
¢ € C*®(N),. and computing the derivative with respect to ¢ at t = 0. O

Finally we are able to prove the following generalization of (77).

Corollary 4.51. For every a,b € C*°(N) we have

{a,b} = [@5). (4.65)

Proof. Property (ii) of Proposition .50 can be rewritten, by skew-symmetry of the Poisson bracket,
as follows

{{a,b},c} = {a,{b,c}} —{b,{a,c}}. (4.66)

Using that {a,b} = o(@,b) = @b one can rewrite again (4.60]) as

{@.bie = a(be) — bac) = (@, ble. 0

Remark 4.52. Property (ii) of Proposition [L.50]says that {a, -} is a derivation of the algebra C*>°(N).
Moreover, the space C*°(N) endowed with {-,-} as a product is a Lie algebra isomorphic to a sub-
algebra of Vec(V). Indeed, by (465]), the correspondence a — @ is a Lie algebra homomorphism
between C*°(N) and Vec(N).
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4.7 Local minimality of normal trajectories

In this section we prove a fundamental result about local optimality of normal trajectories. More
precisely we show small pieces of a normal trajectory are length minimizers.

4.7.1 The Poincaré-Cartan one form

Fix a smooth function a € C>°(M) and consider the smooth submanifold of T*M defined by the
graph of its differential
Lo={dgalqge M} CT"M. (4.67)

Notice that the restriction of the canonical projection 7 : T*M — M to Ly defines a diffeomorphism
between Ly and M, hence dim Ly = n. Let us then consider the image L; of Ly under the

Hamiltonian flow .
Li:=eH(Ly), t>0, (4.68)

and define the (n + 1)-dimensional manifold with boundary in T*M x R as follows
L={{t,\)eRXT*M|Ne L, 0<t<T} (4.69)
—{(t, e )g) e R x T*M | N\ € Lo, 0 <t <T}. (4.70)

Here we assume that the Hamiltonian flow is defined on the interval [0, T].
Finally, let us introduce the Poincaré-Cartan 1-form on T*M x R ~ T*(M x R) defined by

s — Hdt € A" (T*M x R)

where s € A'(T*M) denotes, as usual, the tautological 1-form of T*M. We start by proving a
preliminary lemma.

Lemma 4.53. s|z, = d(ao7)|g,

Proof. By definition of tautological 1-form sy(w) = (A, maw), for every w € T\(T*M). If X € Ly
then A\ = dya, where ¢ = w(X). Hence for every w € T)\(T*M)

sy(w) = (N, maw) = (dga, mow) = (1"dga,w) = (dg(aom),w) . O
Proposition 4.54. The 1-form (s — Hdt)| is exact.

Proof. We divide the proof in two steps: (i) we show that the restriction of the Poincare-Cartan
1-form (s — Hdt)|. is closed and (ii) that it is exact.
(i). To prove that the 1-form is closed we need to show that the differential

d(s — Hdt) = 0 — dH A dt, (4.71)

vanishes when applied to a pair of tangent vectors to £. Since, for each ¢t € [0,T], the set £; has
codimension 1 in £, there are only two possibilities for the choice of the two tangent vectors:

(a) both vectors are tangent to L, for some t € [0, 7.

(b) one vector is tangent to £; while the second one is transversal.
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Case (a). Since both tangent vectors are tangent to Ly, it is enough to show that the restriction of
the one form o — dH A dt to L; is zero. First let us notice that dt vanishes when applied to tangent
vectors to Ly, thus ¢ — dH A dt|z, = o|r,. Moreover, since by definition £; = ¢/ (L) one has

olee = olaun e,

(etH)*O-|E0 = 0|£0 = d8|£0 = d2(a © 7T)|£0 =0.

—

tH is an Hamiltonian

where in the last line we used Lemmal£.53]and the fact that (etﬁ )*o = o, since e
flow and thus preserves the symplectic form.

Case (b). The manifold £ is, by construction, the image of the smooth mapping
U [0,T] % Lo — [0,T] x T*M,  W(t,\) s (£, e N),

Thus a tangent vector to £ that is transversal to £; can be obtained by differentiating the map ¥

with respect to t:

ov ~ 0
It is then sufficient to show that the vector (£72]) is in the kernel of the two form o — dH A dt. In
other words we have to prove

o—dH Ndt) =0. (4.73)

The last equality follows from the following identities

iﬁ-ﬁ-at(

igo=o(H,)=—dH, ig,0 =0,
(dH A dt) = (i gdH) Adt — dH A (i gdt) = 0,

q
N ——
=0 =0
ig,(dH Ndt) = (ig,dH) Ndt — dH A (ig,dt) = —dH.
=0 =1

where we used that i zdH = dH(H)={H,H} = 0.
(ii). Next we show that the form s — Hdt|, is exact. To this aim we have to prove that, for
every closed curve I' in £ one has

/ s— Hdt = 0. (4.74)
r
Every curve I' in £ can be written as follows

r:0,7]—L, I(s)= (t(s),et(s)ﬁ)\(s)), where A(s) € L.

Moreover, it is easy to see that the continuous map defined by

—

K0T xL— L, K (e ) = (t—7,e071 )

defines an homotopy of £ such that K(0, (¢, etﬁ)\o)) = (¢, etﬁ)\o) and K(t, (t,etﬁ/\o)) = (0, \g)-
Then the curve I' is homotopic to the curve I'g(s) = (0, A(s)). Since the 1-form s — Hdt is closed,
the integral is invariant under homotopy, namely

/S—Hdt:/ s — Hdt.
r To
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Moreover, the integral over 'y is computed as follows (recall that I'y C L and dt = 0 on Ly):

/S—Hdt:/ s = d(aom) =0,
To T'o T'o

where we used Lemma [£.53] and the fact that the integral of an exact form over a closed curve is
zero. Then (@74]) follows. O
4.7.2 Normal trajectory are geodesics

Now we are ready to prove a sufficient condition that ensures the optimality of small pieces of normal
trajectories. As a corollary we will get that small pieces of normal trajectories are geodesics.
Recall that normal trajectories for the problem

q= fu Zuzfz (475)

where fi,..., fin is a generating frame for the sub-Riemannian structure are projections of integral
curves of the Hamiltonian vector fields associated with the sub-Riemannian Hamiltonian

At = HA®), (e AMt) = et (\o)), (4.76)
V(t) = 7(A®),  telo,T). (4.77)

where -
) =y { O @) = 5l | = 330 00 ) (4.78)

1 =1

Theorem 4.55. Assume that there exists a € C*°(M) such that the restriction of the projection
7|z, is a diffeomorphism for every t € [0,T]. Then for any Ao € Lo the normal geodesic

() =m0 (), tel0,7), (4.79)
s a strict length-minimizer among all admissible curves v with the same boundary conditions.

Proof. Let ~(t) be an admissible trajectory, different from 7(t), associated with the control u(t)
and such that y(0) = 4(0) and v(7") = 5(T). We denote by u(t) the control associated with the
curve ¥(t).

By assumption, for every ¢ € [0,T] the map 7|z, : £ — M is a local diffeomorphism, thus the
trajectory (t) can be uniquely lifted to a smooth curve A(t) € £;. Notice that the corresponding
curves I and T in £ defined by

() = (L A1), D) = (6 A®)) (4.80)

have the same boundary conditions, since for ¢ = 0 and ¢t = T they project to the same base point
on M and their lift is uniquely determined by the diffeomorphisms 7|z, and 7|z, respectively.
Recall now that, by definition of the sub-Riemannian Hamiltonian, we have

H(A(t)) < (A®), fuwy ((1))) — %!W)!zy V(1) = (A1), (4.81)
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where A(t) is a lift of the trajectory 7(t) associated with a control u(t). Moreover, the equality
holds in (4.81)) if and only if A(¢) is a solution of the Hamiltonian system A(t) = H(\(t)). For this
reason we have the relations

1 2

HO®) < (AW, fu () = 5l (4.82)
HW) = (30), fao (310)) — a0 (4.83)

since X(t)~is a solution of the Hamiltonian equation by assumptions, while A(¢) is not. Indeed
A(t) and A(t) have the same initial condition, hence, by uniqueness of the solution of the Cauchy
problem, it follows that A(t) = H(A(t)) if and only if A(t) = A(t), that implies that 5(£) = v(¢).

Let us then show that the energy associated with the curve = is bigger than the one of the curve
~. Actually we prove the following chain of (in)equalities

1 /T 1 (T
—/ﬁwwﬁ:/Q—Hﬁ:/Q_Hﬁ<—/|mm%u (4.84)
2 Jo T r 2 Jo

where T' and T are the curves in £ defined in (80). N
By Lemma [£.54] the 1-form s — Hdt is exact. Then the integral over the closed curve ' UT

vanishes, and one gets
/s—Hdt:/s—Hdt.
r r

The last inequality in (£&4]) can be proved as follows
T
/@-Hﬁ:/<xmwm—ﬂuwmt
I 0

T

= [ Ot £ () ~ HO@)
T

< [ 00 g o)) = (N0 a0 — )P ) @ a9

where we used ([£82)). A similar computation gives computation, using ([£33)), gives

T
ﬁs—Hﬁ:%A|mm%t (4.86)

r
that ends the proof of ([A.84]). O

As a corollary we state a local version of the same theorem, that can be proved by adapting
the above technique.

Corollary 4.56. Assume that there exists a € C*°(M) and neighborhoods QU of y(t), such that
moe odalg, : Qo — Q is a diffeomorphism for every t € [0,T]. Then (&T9) is a strict
length-minimizer among all admissible trajectories v with same boundary conditions and such that
v(t) € Q¢ for all t € [0,T).
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We are in position to prove that small pieces of normal trajectories are global length minimizers.

Theorem 4.57. Let v : [0,T] — M be a sub-Riemannian normal trajectory. Then for every
7 € [0,T[ there exists € > 0 such that

(i) Virrte) 18 a length minimizer, i.e., d(y(7), (T +¢€)) = £(V|j7,r+e])-

(ii) ’y][ﬂﬂ_e] is the unique length minimizer joining v(T) and y(7 + €), up to reparametrization.

Proof. Without loss of generality we can assume that the curve is parametrized by length and prove
the theorem for 7 = 0. Let (¢) be a normal extremal trajectory, such that y(t) = w(e‘H ()\g)), for
t € [0,T]. Consider a smooth function a € C*°(M) such that dja = A\ and let £; be the family of
submanifold of T*M associated with this function by (L.67) and (£68]). By construction, for the

extremal lift associated with  one has A(t) = €' (X\g) € L; for all t. Moreover the projection 7| o
is a diffeomorphism, since L is a section of T M.

Hence, for every fixed compact K C M containing the curve 7, by continuity there exists
to = to(K) such that the restriction on K of the map 7r| o is also a diffeomorphism, for all 0 < t < t.
Let us now denote dx the positive constant defined in Lemma B.33] such that every curve starting
from 7(0) and leaving K is necessary longer than dg.

Then, defining e = ¢(K) := min{dg,to(K)} we have that the curve 7| ) is contained in K and
is shorter than any other curve contained in K with the same boundary condition by Corollary .56l
(applied to Q; = K for all ¢ € [0,T]). Moreover £(v|(p.)) = € since 7 is length parametrized, hence
it is shorter than any admissible curve that is not contained in K. Thus 7| 0,¢] 18 a global minimizer.
Moreover it is unique up to reparametrization by uniqueness of the solution of the Hamiltonian
equation (see proof of Theorem A.55]). O

Remark 4.58. When Dy, = T, M, as it is the case for a Riemannian structure, the level set of the
Hamiltonian
{H=1/2} ={\e T, M|H()\) =1/2},

is diffeomorphic to an ellipsoid, hence compact. Under this assumption, for each A\g € {H = 1/2},
the corresponding geodesic (t) = m(e!’(\g)) is optimal up to a time € = £()\g), with g belonging
to a compact set. It follows that it is possible to find a common ¢ > 0 (depending only on ¢p) such
that each normal trajectory with base point ¢g is optimal on the interval [0, £].

As we prove later, this is false as soon as Dy, = T, M, see Theorem [10.21]

Bibliographical notes
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Chapter 5

Integrable Systems

In this chapter we present some applications of the Hamiltonian formalism developed in the previous
chapter. In particular we give a proof the well-known Arnold-Liouville’s Theorem and, as an
application, we study the complete integrability of the geodesic flow on a special class of Riemannian
manifolds.

5.1 Completely integrable systems

Let M be an n-dimensional smooth manifold and assume that there exist n independent Hamilto-
nians in involution in T*M, i.e. a set of n smooth functions

h; : T"M — R, i=1,...,n,
(hi,hj} =0,  Yij=1,...,n. (5.1)

such that the differentials dyhq, ..., d\h, of the functions are independent at every point A € T*M.

Definition 5.1. Under the assumptions (5.I]), the Hamiltonian system defined by one of the Hamil-
tonian h;,i = 1,...,n, is said to be completely integrable.

Let us consider the vector valued map, called moment map, defined by
h:T"M — R", h=(hi,...,hy),
and let ¢ = (¢1,...,¢,) € R™ be a regular value of the map h.

Lemma 5.2. The set h=1(c) is a n-dimensional submanifold in T*M and we have
Thh~Y(e) = span{hi(N), ..., ha(N)}, YA eh™(e). (5.2)

Proof. Since c is a regular value of h, by Remark 244 the set h~!(c) is a submanifold of dimension
n in T*M. In particular dim T\h~'(c) = n. Moreover, by Exercise .14l each vector field h; is
tangent to h~!(c), since l_iihj = {hi,h;} = 0 by assumption. To prove (5.2) it is then enough to
show that these vector fields are linearly independent.

Recall that the differentials of the functions h; are linearly independent on h~'(c), namely

dyhi A ... Ndyh, 0, YAeh™le). (5.3)
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Moreover the symplectic form o on T*M induces for all X\ an isomorphism T (T*M) — T5(T*M)
defined by w +— o) (-,w). By nondegeneracy of the symplectic form, this implies that the vectors
hi(A), ..., hn()\) are linearly independent, hence they form a basis for T\h~!(c). O

Remark 5.3. Notice that the symplectic form vanishes on Th\h~!(c). Indeed this is a consequence
of the fact that o(h;, h;) = h;,hj =0forall i,j =1,...,n.

In what follows we denote by N, = h=!(c) the level set of h. If h~!(c) is not connected, N, will
denote a connected component of h=*(c).

Proposition 5.4. Assume that the vector fields hi are complete and define the map

U : R"™ — Diff(N,), W(sy,...,8,) =Moo esnhin o (5.4)

The map U defines a transitive action of R™ onto N,. In particular N, is diffeomorphic to T* xR"~*
for some 0 < k < n, where T* denotes the k-dimensional torus.

Proof. The complete integrability assumption together with Corollary .51 implies that the flows
of h; and h; commute for every i,j = 1,...,n since

[hi, hj] = {hi,hﬁ = 0.

By Proposition 2.25] this is equivalent to

— — — —

ethi o em™hi = i o thi) Vt, T eR. (5.5)

Since the vector fields are complete by assumption, we can compute for every s, s’ € R"

U(s+s') = bR o | o elontsn)hn
eslhl o es’lhl o.. .o es”h” ° esglhn
. . - .
—eSthio  oesnhnoeihio | oenhn (by (53))
= U(s) o U(s),

which proves that ¥ is a group action. Moreover, for every point A € N,, we can consider its orbit
under the action of ¥, namely
Q) ={T¥(s)\|s € R"}.

Notice that, for every A, this defines a smooth local diffeomorphism between R™ and ). Indeed

the partial derivatives
ov

ds;
are linearly independent on the level set N.. As a consequence the stabilizer Sy of the point A, i.e.
the set

(W(s)A) = hi(U(s)N), i=1,...,n,

Sy ={s e R"|U(s)\ = A},

is a discrete subgroup of R™. Then the proof of Proposition [5.4] is completed by the next lemma.
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Lemma 5.5. Let G be a non trivial discrete subgroup of R™. Then there exist k € N with1 < k <n

and ey, . ..,er € R™ such that
k
G = {Zmie,-, m; € Z} .

i=1

Proof. We prove the claim by induction on the dimension n of the ambient space R".

(i). Let n = 1. Since G is a discrete subgroup of R, then there exists an element e; # 0 closest
to the origin 0 € R. We claim that G = Ze; = {mey, m € Z}. By contradiction assume that there
exists an element f € G such that me; < f < (m + 1)e; for some m € Z. Then f := f — me;
belong to GG and is closer to the origin with respect to ey, that is a contradiction.

(ii). Assume the statement is true for n — 1 and let us prove it for n. The discreteness of G
guarantees the existence of an element e; € GG, closest to the origin. Moreover one can prove that
G1:= GNRey is a subgroup and, as in part (i) of the proof, that

G1:=GNRe; = Ze;.

If G = G then the theorem is proved with k = 1. Otherwise one can consider the quotient G/Gj.

Exercise 5.6. (i). Prove that there exists a nonzero element e; € G/G; that minimize the distance
to the line £ = Re; in R™.
(ii). Show that there exists a neighborhood of the line ¢ that does not contain elements of G/Gj.

By Exercise the quotient group G/Gy is a discrete subgroup in R"/¢ ~ R"~!. Hence, by the
induction step there exists eo, ..., e, such that

k

G/Glz {Zmiei, miGZ}. O
=2

O

From Proposition [5.4] and the fact that 7% x R** is compact if and only if kX = n we have the
following corollary.

Corollary 5.7. If N, is compact, then N, ~T".

Remark 5.8. On any level set A € N, the map ¥, : R” — N, defined by W)(s) = ¥(s)\ defines
coordinates (s1,...,8,) in a neighborhood of the point A. In these coordinate set (defined on N,.)
the Hamiltonian vector fields h; are constant.

5.2 Arnold-Liouville theorem
In this section we consider the moment map of a completely integrable system
h:T"M — R", h=(hi,...,hy),

and we assume that for all values of ¢ € R the level set h~1(c) is a smooth compact and connected
manifold. In particular N. ~ T™ for all ¢ € R by Corollary (.7

Fix ¢ € R and a point A\. € N.. Let us consider the basis ey, ..., e, in R" given by Lemma
and denote by (01, ...,6,) the coordinates defined in R™ by the choice of this basis.
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Since 01, . .., 6, are obtained by (s1,...,s,) by a linear change of coordinates on each level set,
the vector fields h; are constant in these coordinates (see Remark [5.8]) and the basis 0, , ..., 0y,
can be expressed as follows

o, = > _ bij(c)hj, (5.6)
j=1

where the coefficients b;; depend only on ¢, i.e., are constant on each level V..

Remark 5.9. Notice that the coordinate set (61,...,6,) are not uniquely defined. Indeed every
transformation of the kind 6; — 6; + 1;(c) still defines a set of angular coordinates on each level
set. The choice of the functions 1);(c) corresponds to the choice of the initial value of 6; at a point
(for every choice of ¢).

Notice that the vector fields 9y, are well defined and independent on this choice.

Let us now introduce the diffeomorphism
F.:T" — N, E.(01,...,0,) =9(01 +27Z,...,0, + 27Z)(Ae).

Next we want to analyze the dependence of this construction with respect to ¢. Fix ¢ € R and
consider a neighborhood O of the submanifold Nz in the cotangent space T*M. Being Nz compact,
in O we have a foliation of invariant tori V., for ¢ close to ¢. In other words we have a well defined
coordinate set (c1,...,¢n,01,...,0,).

Theorem 5.10 (Arnold-Liouville). Let us consider a moment map h : T*M — R™ associated with
a completely integrable system such that every level set N, is compact and connected. Then for
every ¢ € R there exists a neighborhood O of Nz and a change of coordinates

(Cl,...,Cn,el,...,en) — (Il,...,ln,cpl,...,(pn) (57)
such that
(i) I = ®oh, where ® : h(O) — R"™ is a diffeomorphism,

(’l’l) o = Z;L:I dI] A d(pj.

Definition 5.11. The coordinates (I, ) defined in Theorem [5.10] are called action-angle coordi-
nates.

Remark 5.12. This proves that there exists a regular foliation of the phase space by invariant
manifolds, that are actually tori, such that the Hamiltonian vector fields associated to the invariants
of the foliation span the tangent distribution.

There then exist, as mentioned above, special sets of canonical coordinates on the phase space
such that the invariant tori are the level sets of the action variables, and the angle variables are the
natural periodic coordinates on the torus. The motion on the invariant tori, expressed in terms of
these canonical coordinates, is linear in the angle variables.

Indeed, since the h; are functions on I variables only, we have

- = Ohy
h; = —7

- 2N
i=1 01;
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In other words, the Hamiltonian system in the angle-action coordinate (I, ¢) is written as follows

Ohj _ o . _ O

(5.8)

This explains also why this property is called complete integrability.
Proof of Theorem[5.10. In this proof we will use the following notation:
-ife=(c1y...,0n) €ER™ we set &9 = (cq,...,¢j+¢€,...,0),

- 7i(c) is the closed curve in the torus N, parametrized by the i-th angular coordinate 6;,
namely

vi(e) ={Fe(b1,...,0; +7,...,0,) € N.|T €[0,27]}.

- C’ij ° denotes the cylinder defined by the union of curves v;(c¢’7), for 0 < 7 < ¢.

Let us first define the coordinates I; = I;(c1, ..., ¢y,) by the formula

where s is the tautological 1-form on T*M. Being o|y. = 0, by Stokes Theorem the variable I;
depends only on the homotopy class of %-
Let us compute the Jacobian of the change of variables.

Ol (c) = ig / s — / s
dc; 2m Oe e=0 \/7i(ch?) vi(e)

1 0 /
= —— s
27 Oe e=0 86?’5

1
= L9 / o (where o = ds)
27 Oe e—0 Cf’s

L 0 /Cj+€/ (0., D9, )dbd
= 97 Oe ole, ’Yi(chT)O' cjr V0; AT
B 1

27 Jyite)

U(OCJ. s agl)del
Using that dp, = > bij(c)ﬁj (see (B.6])) one gets

Jj=1

o(-,00,) =Y _bij(c)dh;. (5.9)
j=1

"Hence, in principle, we are free to choose any basis 71, ..., vn for the first homotopy group of T™.
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Moreover dh; = dc; since they define the same coordinate set. Hence

oI; 1 &
= — birdcy, O, ) db;
Oc; (c) 27 [/i(C) <Z_: kel O l>

k=1
_ 1 / by (c)do;
27 Jyi(o)
= bi;j(c)

Combining the last identity with (5.9]) one gets

O'(', 892) = d[l

In particular this implies that the symplectic form has the following expression in the coordinates
(1,6)
o= ai;(I)dL; AdI; + Y dI; A db;. (5.10)
ij i

where the smooth functions a;; depends only on the action variables, since the symplectic form o
and the term ), dI; A df; are closed form. Moreover it is easy to see that the first term of (5.10)

can be rewritten as
> ag(Ddl ndl; =d <Z ﬁi(I)) A dI;

ij=1 i=1
and o can be rewritten as .
o= _dI; Ad(6; — Bi(I))
i=1

The proof is completed by defining ¢; := 6; — 5;(I). O

Remark 5.13. The notion of complete integrability introduced here is the classical one given by
Liouville and Arnold. Sometimes, complete integrability of a dynamical system is also referred to
systems whose solution can be reduced to a sequence of quadratures. Notice that by Theorem [5.10]
complete integrability implies integrability by quadratures (see also Remark [5.12)).

5.3 Integrable geodesic flows

In this section we want to discuss whether it is possible to apply the Arnold-Lioville’s Theorem to
the case of a geodesic flow on a Riemannian (or sub-Riemannian) manifold.
Recall that on a sub-Riemannian manifold, we denote by H the sub-Riemannian Hamiltonian.

Definition 5.14. We say that a complete smooth vector field X € Vec(M) is a Killing vector field
if it generates a one parametric flow of isometries, i.e. e : M — M is an isometry for all ¢t € R.

Recall that, for every X € Vec(M), we can define the function hx € C°°(T*M) linear on fibers
associated with X by hx(\) = (A, X(q)), where ¢ = 7(\).

The following lemma shows that, if X is a Killing vector field, i.e. a vector field on M whose
flow generates isometries, then the Hamiltonian associated with it is in involution with the sub-
Riemannian Hamiltonian.

108



Lemma 5.15. Let M be a sub- Riemannian manifold and H the sub-Riemannian Hamiltonian.
For a vector field X € Vec(M) is a Killing vector field if and only if {H,hx} = 0.

Proof. A vector field X generates isometries if and only if, by definition, the differential of its
flow X : T,M — T,ix (g M preserves the sub-Riemannian distribution and the norm on it, ie.
etXv € Dyix (g for every v € Dy and |eXv|| = ||v|. By definition of H, this is equivalent to the
identity

HEX*N) = H(\), VYAeT*M.

On the other hand Proposition EZ8 implies that (e!X)* = "X, where hy is the hamiltonian linear
on fibers related to X. Hence differentiating with respect to ¢t we find the equivalence

HoeX™ =H & hxH=0 < {H hx}=0.
O

In other words to every 1-parametric group of isometries of M we can associate an Hamiltonian
in involution with H. Let us show the complete integrability of the geodesic flow in some very
symmetric cases.

Example 5.16 (Revolution surfaces in R3). Let M be a 2-dimensional revolution surface in R3.
Since the rotation around the revolution axis preserves the Riemannian structure, by definition,
we have that the Hamiltonian generated by this flow and the Riemannian Hamiltonian H are in
involution. As a consequence the geodesic flow is completely integrable.

Example 5.17 (Isoperimetric sub-Riemannian problem). Let us consider a sub-Riemannian struc-
ture associated with an isoperimetric problem defined on a 2-dimensional revolution surface M (see
Section [4.5.2]). The sub-Riemannian structure on M x R is determined by the function b € C*°(M)
satisfying dA = bdV, where A € A'(M) is the 1-form defining the isoperimetric problem and dV is
the volume form on M.

(i) If both M and b are rotational invariant we find a first integral of the geodesic flow as in the
previous example

(ii) By construction the problem is invariant by translation along the z-axis

Hence there exists three Hamitonian in involution and the geodesic flow is completely integrable.

5.3.1 Geodesic flow

Let us consider now a smooth function a : R®™ — R and consider the family of hypersurfaces defined
by the level sets of a

M, :=a"'(c) CR", c is a regular value of a,

endowed with the Riemannian structure induced by the ambient space R™. By Sard’s Lemma
for almost every ¢ € R, ¢ is a regular value for a (in particular, M, is a smooth submanifold of
codimension one in R™).

Adapting the arguments of Proposition [[4] in Chapter [, one can prove the following charac-
terization of geodesics on a hypersurface M.
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Proposition 5.18. Let v :[0,1] = M a lenght-parametrized curve on M. Then 7y is a geodesic if
and only if §(t) L Ty M.

For a large class of functions a, we will find an Hamiltonian, defined on the ambient space T*R",
whose (reparametrized) flow generates the geodesic flow when restricted to each level set M..
Consider the standard symplectic structure on 7T*R"

T*Rn:Rn XR”Z{(‘Tup% ‘TupERn}a U:del/\dxla
i=1

For z,p € R™ we will denote by x 4+ Rp the line of R {z + tp,t € R}.

Assumptions. In what follows we assume that the function a : R™ — R satisfies the following
assumptions:

(7) the restriction of a : R™ — R to every line is strictly convex,
(i) a(x) — 400 when |z| — 4o0.

Under these assumptions the restriction of the function a to each affine line in R™ always attains a
minimum and we can define the function

h(z,p) = min a(z + tp). (5.11)
teR

Remark 5.19. Given x,p € R" the line x + Rp is tangent to the level set a=!(c) (with ¢ = a(z +1p))
at the point £ = z + tp € R™ at which the minimum in (5I7]) is attained. Indeed

d
0=—| a(z+tp) = (dea,p).
dt|,_s

It is clear from the definition of h that actually it is a well-defined function on the space of
affine lines in R™. This is formally proved in the following lemma.

Lemma 5.20. The Hamiltonian b(x,p) = %|p|2 satisfies {h,b} =0, i.e. h it is constant along the
flow of b.

Proof. The Hamiltonian system for b is easily solved for every initial condition (z(0), p(0)) = (xo, po)

. ab
=5 = T =ux9+t
T P = 0o (5.12)
P=—5,=0 P =Po
and it is easy to see that, by its very definition, A is constant under this flow. O

Remark 5.21. Notice that to restrict to a level set of b is equivalent to restrict the function h to
the space of affine lines in R"™ since

{(z,p) € T"R", b(x,p) = 1/2} = {(=,p) € T*R", |p| = 1}.
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Now we introduce the following function
§:R"xR"—=R",  &(z,p) =2+ s(z,p)p, (5.13)

where s(x,p) =t is the point at which the function f(¢t) = a(x + tp) attains its minimum.
The following proposition says that if we follow the flow of h, as a flow on the space of lines,
then the line is always tangent to the same quadric and actually describes a geodesic on it.

Proposition 5.22. Let (z(t),p(t)) be a trajectory of the Hamiltonian vector field h associated to
(BIID). Then the function

t = &(t) == &(z(t), p(t)) € R”, (5.14)
(i) is contained in a level set M. = a~'(c), for some c € R,
(ii) is a geodesic on M.,

Proof. Property (i) is a simple consequence of Corollary I8 since every function is constant
along the flow of its Hamiltonian vector field. Indeed, writing h(x,p) = a(é(x,p)) and denoting by
(z(t),p(t)) the Hamiltonian flow, we get

a(§(t)) = a(&(x(t),p(t))) = h(x(t),p(t)) = const,

i.e. the curve {(t) is contained on a level set of a. Moreover by definition s(x,p) denotes on the
line « + Rp where a attains its minimum, hence

(Vema,p(t)) =0, Vit (5.15)
The Hamiltonian system associated with h reads
P GV
{“”f sved (5.16)
p= —Vga

that immediately implies © + sp = 0. Computing the derivative

fz:i:—l—.ép%—szizép,
it follows that f is parallel to p, and actually p(t) is the velocity of the curve £(t), when reparametrized
with the parameter s, since |p| = 1 implies |¢] = .

Finally, the second derivative of the reparametrized of £ is p and, since p A V¢a = 0 from the
Hamiltonian system, the second derivative of {(t) (when reparametrized by the length) is orthogonal
to the level set, i.e. {(t) is a geodesic.

Notice also that s is a well defined parameter. Computing the derivative with respect to ¢ in
(EI5) we have that

é(V?ap,p) — |Veal* = 0.

and the strict convexity of a implies (Vga p,p) # 0. O
Remark 5.23. Thus we can visualize the solutions of & as a motion of lines: the lines move in
such a way to be tangent to one and the same geodesic. The tangency point x on the line moves

perpendicular to this line in this process. We will also refer to this flow as the “line flow” associated
with a.
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Consider now two functions a,b : R™ — R that satisfies our assumptions (i), (7). Following our
notation, we set

h(z,p) = a({(x,p)),  &(x,p) =z + s(x,p)p
g(z,p) = b(n(z,p)),  n(x,p) =z +t(z,p)p

where s(z,p) and t(z, p) are defined as above, and £, n denote the tangency point of the line z +Rp
with the level set of a and b respectively. The following proposition computes the Poisson bracket
of these Hamiltonian functions

Proposition 5.24. Under the previous assumptions
{h,g} = (s —t)(Vea, Vyb) . (5.17)
Proof. From the very definition of Poisson bracket
{h, g} = (Vph,Vag) — (Vih, Vyg)
= (s —t)(Vea, Vyb) .
where we used equations (5.16]) for both h and g. O

5.4 Geodesic flow on ellipsoids

It was Jacobi who first established that the geodesic flow on an ellipsoid is completely integrable,
using the separation of variables method. Here we give a different derivation, essentially due to
Moser, as an application of the theory developed in the previous section. More precisely we consider
the particular case when the function a is a quadratic polynomial, i.e. every level set of our function
is a quadric in R".

Definition 5.25. Let A be an n X n non degenerate symmetrix matrix. The quadric Q associated
to A is the set
Q={zeR", (A z, ) =1} (5.18)

For simplicity we consider the case when A has simple distinct eigenvalues a; < ... < .
Define, for every A that is not an eigenvalue of A,

ax(x) = (A = A7 ta, z), Q) ={z e R", ay(z) = 1}.
If A =diag(ay,...,q,) is a diagonal matrix then (G.I8]) reads

n_o 2
x4
={x eR" =1
Q= frer’ 3 =1}
and Q) represents the family quadrics that are confocal to Q
={z eR" E t— =1 VAeR
Q}\ {x b) i:1 C!Z' _ A }7 \ 9

where A = {aq,...,a,} denotes the set of eigenvalues of A. Note that Q) = ) when A > «,.

Note. In what follows by a “generic” point x for A we mean a point x that does not belong to
any proper invariant subspace of A. In the diagonal case it is equivalent to say that z = (z1, ..., 2,),
with z; # 0 for every 4.
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Exercise 5.26. Denote by A, := (A — AI)~!. Prove the two following formulas:
(i) LA, = A2,
(i) Ax— A, = (p—AN)Ar\A,.
Lemma 5.27. Let © € R™ be a generic point for A and let {Qx}ren be the family of confocal

quadrics. Then there exists exactly n distinct real numbers i, ..., A, in R\ A such that x € Qy,
for every i =1,...,n, and the quadrics Qy, are pairwise orthoghonal at the point x.
Proof. For a fixed x, the function A — ay(x) = (Ayz,x) satisfies in R\ A
day
o\
as follows from part (i) of Exercise and the fact that A (hence A)) is self-adjoint. Thus ay(z) is
monotone increasing as a function of A, and takes values from —oo to +o0 in each interval |a;, aj11]
contained between two eigenvalues of A. This implies that, for a fixed z, there exist exactly n values
AL, ..., Ap such that ay,(z) = 1 (that means x € Q,,). Next, using part (ii) of Exercise (also
known as resolvent formula) we can compute, for two distinct values A\; # \;j and € 9y, N Q A

<an>\i, an)\j> =4 <A>\i:17, A,\jx>
=4 <A,\iA>\jaz, a:>
4
DYDY
where again we used the fact that Ay is selfadjoint and (Ayz,z) =1 for all A. O

(z) = ( ?\x,m> = |Ayz|*> >0, where Ay = (A=),

(<A)\ix7x> - <A)\jx7x>) =0,

Now we define the family of Hamiltonians associated with the family of confocal quadrics
ha(z,p) = minax(z +tp) = ax(Ex(z, p)); (5.19)

Now we prove another interesting “orthogonality” property of the family. We show that if two
confocal quadrics are tangent to the same line, then their gradient are orthogonal at the tangency
points.

Proposition 5.28. Assume that two confocal quadrics are tangent to a given line, i.e. there exist
z,y € R" such that

ax(§y) = au(§u),  where =z +tp, =z +tup.
Then (Ve,ax, Ve,a,) = 0. In particular {hy,h,} = 0.

Proof. The condition that the quadric Q) is tangent to the line x + Ry at £, is expressed by the
following two equality

(Ax6ny) =0, (A6 &6) =1 (5.20)

and an analogue relations is valid for Q,. Notice than from (5.20) one also gets (A\&x, &) =
(Au€u, &) = 1. Then,with the same computation as before using (5.26))

<v§A ax, Vﬁu a#> =4 (A)\f)\, Au£u>

=4 <A)\A,u£)\7 £H>

4
= m((AA§A7§u> - <AM§M7§)\>) =0,

The last claim follows from Proposition (5.24]). O
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Proposition 5.29. A generic line in R™ is tangent to n — 1 quadrics of a confocal family.

Proof. Consider the projection along the fixed line x + Rp of the quadrics of the confocal family
onto an orthogonal hyperplane. The following exercise shows that this projection defines a confocal
family of quadrics on the reduced space.

Exercise 5.30. (i). Show that the map x — af (2) := (Ax(x + t\p),x + tAp) is a quadratic form
and that p € Ker ‘FZ- In particular this implies that a‘f\ is well defined on the quotient R™/Rp.
(ii). Prove that {a}}, is a family of confocal quadric on the factor space (in n — 1 variables).

Applying then Lemma B.27 to the family {af}}) we get that, for a generic choice of x, there
exists n — 1 quadrics passing through the point on the plane where the line is projected, i.e. the
line z + Rp is tangent to n — 1 confocal quadrics of the family {ay}x. O

Remark 5.31. Notice that this proves that every generic line in R" is associated with an orthonormal
frame of R™, being all the normal vectors to the n — 1 quadrics given by Proposition [5.29] mutually
orthogonal and orthogonal to the line itself.

Theorem 5.32. The geodesic flow on an ellipsoid is completely integrable. In particular, the
tangents of any geodesics on an ellipsoid are tangent to the same set of its confocal quadrics, i.e.
independently on the point on the geodesic.

Proof. We want to show that the functions A\i(x,p), ..., A\p—1(x,p) (as functions defined on the set
of lines in R™) that assign to each line z + Rp in R™ the n — 1 values of A such that the line is
tangent to Q) are independent and in involution.

First notice that each level set A\;(x, p) = ¢ coincide with the level set h. = 1. Hence, by Exercise
437 the two functions defines the same Hamiltonian flow on this level set (up to reparametrization).
We are then reduced to prove that the functions h,,...,h, , are independent and in involution,
which is a consequence of Proposition

Since the lines that are tangent to a geodesic on the ellipsoid Q) form an integral curve of
the Hamiltoian flow of the associated function hy, and all the Poisson brackets with the other
Hamiltonians are zero, it follows that the line remains tangent to the same set of n—1 quadrics. O
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Chapter 6

Chronological calculus

In this chapter we develop some tools from chronological caluculs that will allow us to manage in
a very efficient way with flows of nonautonomous vector fields.

The main idea is to replace a nonlinear object defined on the manifold M with its linear
counterpart, when interpreted as an operator on the space C>°(M) of smooth functions on M.

6.1 Duality

We recall that the set C°°(M) of smooth functions on M is an R-algebra with the usual operation
of pointwise addition and multiplication

(a+0b)(q) = a(q) + b(q),
(Aa)(q) = Aa(q), a,be C®(M), N €R,
(a-b)(q) = a(q)b(q).

Any point ¢ € M can be interpreted as the linear functional
q:C*(M) =R, q(a) == a(q)-
For every ¢ € M, the functional ¢ is a homomorphism of algebras, i.e. it satisfies
qa - b) = q(a)q(b).
A diffeomorphism P € Diff (M) can be thought as the linear “change of variables” operator
P:C®(M) — C®(M), P(a) := a(P(q)).

which is an automorphism of the algebra C>°(M).

Remark 6.1. Notice that every nontrivial homomorphism of algebras ¢ : C*°(M ) — R is represented
by some point, i.e. ¢ = ¢ for some ¢ € M. Moreover for every automorphism of algebras @ :
C®(M) — C>(M) there exists a diffeomorphism P € Diff (M) such that P = ®.

Now we want to characterize tangent vectors as functionals on C*°(M). As remarked in Chapter
[2 a tangent vector v € T, M defines in a natural way the derivation in the direction of v, i.e. the

functional
v:C*(M) =R, v(a) = (dqa,v),
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that satisfies the Leibnitz rule
v(a-b) =v(a)b(q) + a(q)v(b), Va,be C®(M).

On the other hand, considering v € T, M as the tangent vector of a curve ¢(t) such that ¢(0) = g,

—_

it is also natural to consider the family of functionals q(t) := ¢(t), and define

o

Bi= 2| qt):CC(M) > R (6.1)

t=0

It is easy to check that (6.1]) agrees with our definition of v, it is sufficient to differentiate at ¢t =0
the identity

q(t)(a-b) = q(t)a - q(t)b

In the same spirit, a vector field X € Vec(M) will be characterized, as a derivation of C>°(M)
(for vector fields we already discussed this property in Chapter [2]), as the infinitesimal version of a
flow (i.e. family of diffeomorphisms) P, € Diff (M). Indeed if we set

=L By s e,
dt|,_,

X
we find that X satisfies (see (Z17))
X(ab) = X(a)b+aX(b), Va,beC®M).

Remark 6.2. 1t is possible to define on C*° (M) the Whitney topology and define regularity properties
of family of functionals in a weak sense, i.e. we say that A; is continuos (differentiable, etc.) if the
map t — Aza has the same property for every a € C*°(M). For instance, if X; denotes some locally
integrable family of vector fields we denote

t t
/ Xsds:ar—>/ Xsads
0 0

For a more detailed presentation see [4]. [

6.2 Operator ODE and Taylor expansion

Consider a nonautonomous vector field X; and the correspondent nonautonomous ODE

d
Sat) = Xula(t), g€ M. (62)
Using the notation exploited in the previous section we can rewrite (6.2]) in the following way

L) =a() o Ko (6.3)

"'With this interpretation it makes sense to consider, for instance, the sum of a point ¢ and a vector v

g+v:ar alg)+ (dga,v)
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Indeed assume that ¢(t) satisfies ([6.2]) and let a € C>°(M). We compute
d_. d_. d
(50)) a = S0a = Gatato)

= (dga, Xi(q(t))) = (Xia)(q(t)) (6.4)
= (q(t) o X)a

We discussed in Chapter 2] that, considering the solution to the nonautonomous ODE (6.2]) ,
we have a well defined flow, i.e. family of diffeomorphisms, P; : go — ¢(t). We call P, the right
chronological exponential and use the notation

t
P, ;:eﬁ%/ X.ds. (6.5)
0

Lemma 6.3. The flow P; defined by (6.5]) satisfies the differential equation

d ~ ~ -~ .
Ept = Pt o} Xt7 P() =Id. (66)
Proof. Fix a point ¢y € M and denote by ¢(t) the solution of the Cauchy problem (6.2]) with initial
condition q@) = ¢o. By the very definition of P, we have that ¢(t) = Pi(qo), which easily implies

qA(t):qAOOPt- O

Notation. In the following we will identify any object with its dual interpretation as operator
on functions and stop to use a different notation for the same object when acting on the space of
smooth functions. The meaning of the notation will be clear from the context. Notice that there
is no risk of confusion since, when using operatorial notation, composition works in the opposite
side.

Our differential equation (6.6), namely

P,=PoX
t 1O A (6.7)
Py=1d
can be rewritten as an integral equation as follows
¢
P, =1d + / P, o X.ds (6.8)
0

Substituting into (6.8]), and iterating we have
t S1
P=1d —I—/ (Id +/ P, o X52d82> o X, dsy
0 0

t
:Id—l—/ Xyds + // P, 0 X, 0 X dsidss
° 0<s2<s1<t

N
:Id+z // XSko-uoXsldks—l—RN

k=1o<s <. .<si<t
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where
Ry = // PsNOXsNO"'OXsldNS

0<sn<...<s1<t

Formally, letting N — oo, we can write the chronological series

t o

@/ Xsds%Id—i-Z/"'/Xsko-uoXSldks (6.9)

0 _
k=1 Sk(t)

where Si.(t) = {(s1,...,5:) € R¥|0 < s, < ... < 51 <t} denotes the k-dimensional symplex.

Remark 6.4. If we write expansion (6.9) when X; = X is an autonomous vector field, we find
t o & tk
X ~ kg =N _xF
e —(ﬁ/OXdSNId—I—Z/ /Xo ons—Zk!X.
k=17 g ) k k=0

since meas(Sy(t)) = t*/k!. This also shows that in the nonautonomous case the order in which
$1,...,SE are presented in the composition is very important. The key point is that for different
time X and X might not commute.

Remark 6.5. Notice that the chronological exponential cannot be written as the flow of an au-
tonomous vector field

t
@/ Xqds # elo Xsds,
0

One can show that a necessary condition for the equality holds is [X;, X;] = 0 for all ¢, 7.

Consider now the inverse flow Q; := Pt_l, where P, satisfies (6.8]), and try to characterize the
differential equation satisfied by ;. First we differentiate the identity

Pt 9] Qt =1Id (610)

and Leibnitz rule give
PioQi+FoQi=0

Using ([6.7)) then we get
PoXioQi+FPoQ=0

hence we get, multiplying Q; both sides, that Q; satisfies

{Qt = —X; 00y, (6.11)

Qo = Id.

which is dual to the Cauchy problem ([6.7]).
The solution to the problem (6.I1]) will be denoted by the left chronological exponential

Q: ::&p/o (—X,)ds. (6.12)
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Repeating analogous reasoning, we find the formal expansion

ﬁ)/( ds~Id+Z / / o (= Xy, )dFs.

k=10, <. <s1<t

The difference with respect to the right chronological exponential is in the order of composition.
In particular the arrow over the exp says in which direction the time increases.
We can summarize properties of the chronological exponential into the following

t t
%exﬁ/ Xsds:eTf)/ X,ds o Xy, (6.13)
0 0
d t t
E&p/ Xsds:Xto&p/ Xds, (6.14)
0 0

t -1 t
(@5 / Xsds> _ &5 / (= X.)ds. (6.15)
0 0
Now we can study the action of diffeomorphisms on vectors and vector fields. Let v € T, M and
P € Diff (M). We claim that, as functionals on C* (M), we have
Pow=voP.
Indeed consider a curve ¢(t) such that ¢(0) = v and compute

d d

(Paa =5 alPla(t) - (% t_0q<t>) o Pa=wvo Pa

Recall that, if X € Vec(M) is a vector field we have P, X ‘q = P.(X|
will find an expression for P, X as derivation of C*° (M)

P*l(q))' In a similar way we

PX=PloXoP (6.16)

Remark 6.6. We can reinterpret the pushforward of a vector field in a totally algebraic way in the
space of linear operator on C*°(M). Indeed

P.X = (AdPHX
where
AdP: X~ PoXoP™!, VX e Vec(M)
is the adjoint action of P on the space of vector fieldda.

Assume now that P, = xp fg Xsds. We try to characterize the flow Ad P; by looking for the
ODE it satisfies. Applying to a vector field Y we have

d d d _
(thdB> — Z(AdPR)Y = Z(PoY e P

—PoXioYoP '+ PoYo(-X;)oP !
:Pto()(toY—YoX't)oPt_1

= (Ad P)[X¢, Y]

= (Ad P)(ad X;)Y

%it is the differential of the conjugation Q — P o Qo P~ Q € Diff(M)
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where
ad X : Y — [X,Y],

is the adjoint action on the Lie algebra of vector fields.
In other words we proved that Ad P; is a solution to the differential equation

Ay = Ayoad Xy, Ay = 1d.

Thus it can be expressed as chronological exponential and we have the identity

Ad <exﬁ /Ot Xsds> :@/Ot ad X,ds. (6.17)

Exercise 6.7. Prove that, if [X;,Y] =0 for all ¢, then (Ad P,)Y =Y.

Remark 6.8. More explicitly we can write the following formula

(AdPt)Y:YJri / (Xo, s [ Xy, [ Xy, V]|dEs, (6.18)

k=1 o<y <..<si<t

which generalizes the formula (Z30). Indeed if P, = €' is the flow associated to an autonomous
vector field we get

(Ade™)Y ~e; Xy =y + >
k=1

tk

o [(X,...,[X,Y]]

2

=Y Y]+ X X Y]

Exercise 6.9. Prove the following using operator notation:

1. Show that ad is the infinitesimal version of the operator Ad, i.e. if P; is a flow generated by the
vector field X € Vec(M) then

ad X = i AdP,.
dt |,

2. Show that, if P € Diff(M), then P, preserves Lie brackets, i.e. P[X,Y] = [P. X, P.Y].

3. Show that the Jacobi identity in Vec(M) is the infinitesimal version of the identity proved in 2.
(Hint. use P; = e'%)

Exercise 6.10. Prove the following formula on the change of variables on a nonautonomous flow
t t
Po exﬁ/ X dso P! = e?f)/ (Ad P) X ds. (6.19)
0 0
Notice that for an autonomous vector field it proves (2.24]).
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6.3 Variations Formulae

Consider the following ODE
¢ = Xi(q) +Yi(q) (6.20)

where Y} is some perturbation of our original equation (6.2)). We want to describe the solution to
the perturbed equation (6.20) as the perturbation of the solution of the unperturbed one.

Proposition 6.11. Let Xy, Y; be two nonautonomous vector fields. Then

e?ﬁ/ot(xs +Y,)ds = (ﬁ/ot <(ﬁ /0 ad X7d7> Yds o (ﬁ/ot X, ds (6.21)
= &xp /0 t(Ad P,)Y,ds o P, (6.22)

where P, = @fg Xsds denote the flow of the original vector field.

Proof. Our goal is to find a flow R; such that

t
Qi = (ﬁ/ (Xs+Y,)ds=R;0 P, (6.23)
0
By definition of right chronological exponential we have
Qi = Qo (X +Y)) (6.24)
On the other hand, from ([6.23]), we also find

Q=R oP,+RoP,
= Ryo P+ Ryo Po X,
:RtOPt“‘QtoXt (625)

Hence, comparing (6.24) and (6.25]), we get
QioYy = Rt o Py
and we can write the ODE satisfied by R;

Rt:QtOKtOPt_l
— R0 (AdP)Y;

Since Ry = Id we find that R; is a chronological exponential and
t t
e?ﬁ/ (Xs + Yy)ds = (ﬁ/ (Ad P,)Y.ds o P,
0 0
which is (6.:22]). Using ([6.17) we get (6.21)) O

Exercise 6.12. Prove the following
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(1) Prove the second form of the variational formula, where the original flow appear to the left
¢ t ¢ s
(ﬁ/ (Xs +Y,)ds = e?ﬁ/ X,ds o e?ﬁ/ (@/ ad X7d7> Y,ds (6.26)
0 0 0 t
(73) For autonomous vector fields X,Y € Vec(M) prove that
¢ ¢
tX+Y) — @/ 24Xy ds o etX = (ﬁ/ e;XYds o et (6.27)
0 0

t
=% o (ﬁ/ els—tad Xy g (6.28)
0
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Chapter 7

End-point and Exponential map

7.1 First order conditions

In this section we introduce the end-point map (i.e. the map which associates to every control the
final point of the associate trajectory) and we interpret the optimality condition obtained above as
a Lagrange multipliers rule.

We start by defining the end-point map. Consider a smooth n-dimensional manifold M and a
trivializable sub-Riemannian structure on it

k
U =M x RF, f:U—=TM, (q,u) — fu(q) :Zuifi(Q)
i=1

For every measurable square integrable control function ¢ — u(t) € L? there exists an admissible
trajectory (¢, u(-)) solution to the Cauchy problem

() = fury(Y®),  7(0,u(")) = qo.
In the sequel we fix the initial point ¢y € M and we consider the set of admissible controls
U = {u e L*([0,1],R*), ~(t,u(-)) is defined for t = 1} C L?

which is an open subset by ODE’s continuous dependence theorem. Notice that the choice of L?
will change topology in the space of controls but nothing change in our geometric space because
we know that we can always consider length parametrized curves.

Definition 7.1. In the previous hypothesis we define the end-point map

1
Fid—M,  Fu() = (1,u() = g0 0 & /0 Fugeydt. (7.1)

The end-point map is a map from an open set of an Hilbert space in a smooth finite-dimensional
manifold. Using chronological calculus developed in Chapter 77, it is easy to compute its (Frechét)
differential.

Proposition 7.2. Letuw € U and q1 = F(u(-)). The end-point map F is smooth and its differential
at u is the map

1
D,F : L* — T, M, D,F(v) = /0 Py fogey(q1)dt. (7.2)

where PL: 4, (1) = Y. (t) is the flow generated by u.
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Proof. The end-point map from ¢y can be rewritten as the chronological exponential

1
Fu(-)) = g0 (%3/0 Fu(ndt.

Using the Volterra expansion (6.9) we can immediately compute the differential of the end-point
map near u = 0. Indeed we have that, for any control v(-) sufficiently close to 0:

1
F(’U()) =qgoo | Id+ / fv(t)dt + // fv(tg) o fv(tl)d31d82 + ... (73)
0

0<t2<t1<t

From here we find that the linear term with respect to v is exactly where f appear only once,

1 1
DoF : L* = T, M, DoF(v) =qoo /0 Joydt = /0 fowy(qo)dt.

To compute the differential at a generic point u € U we have to consider the expansion near 0 of
the map

1
00) = F(ul)+00) = 003 [ ot

The variation formula (€.21]) let us to write (compare also with the proof of Proposition [3.41])
@/01 futv)(p)dt = 6?15/01 Ju@ty + Jop)dt
= 6?15/01 <<§5 /Ot ad fu(s)d8> Joydt o 6?15/01 Jupydt
- e?ﬁ/ol PO fydt o P}
where P! : v(7,u) — v(t,u). In other words we rewrite

F(u) = P3(G(u)),  D,F = Py, D,G,

and reduced the problem to the expansion of G, which is easier. Indeed we have the Volterra
expansion

1 1
&b [ P 1a+ [ Pids [[ 0 Ph o Phhdnda+ . (1)

0<t2<t1<t
from which we get, denoting ¢; = F'(u)
1 1
D F:L* - Ty M,  D,F(v)= Pol*/ Py fo) (qo)dt = / Py fo (qu)dt.
0 0

O

Now we want to characterize sub-Riemannian extremals as critical points of the end point map.
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Proposition 7.3. The following properties hold:

(i) (u(t),A(t)) is an abnormal extremal if and only if u(t) is a critical point for F. Moreover

there exists A\ € T ;(U)M such that

MDLF =0,  \t)=P"\, (7.5)
(11) (u(t), A(t)) is a normal extremal if and only if there exists A\ € TpM such that
MD,F = u, A(t) = Py (7.6)

where in the last equality we identify u € L? with the element (u,-)r2 € (L?)’

Proof. (i). w is a critical point of F' if and only if D, F' is not surjective. In other words there exists

a covector

A1 TF(u)M — R such that M\ D,F =0, (77)
where A\ D, F denotes the composition of maps
Dy F A
L2 — T, M = R (7.8)

Now, if we let \; = P!*)1, it remains to prove that the curve )\ satisfies the relation

hi(A()) =0, Rhi(A(1)) = (A(#), fila()))

We have
1
(A1, Dy F) =0 < /0 (M, P foy (@) dt = 0, Yo
1
o [ (@ fu a0 de = 0,50
0
1
- | oo ftaon)ae = o.vo
& (A1), filq(t))) = 0,Vi
(71). With analogous proof. O

At the end we can rewrite this result in the following way

Corollary 7.4. A controlu € U is an extremal if and only if there exist some “Lagrange multiplier”
AE TI’;(H)M , A#£0

such that the following equality holds
AD,F =vu

where

(i) v =0 in the abnormal case,

(ii) v # 0 in the normal case.
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7.2 Lagrange points and Lagrange submanifolds

In this section we will work in the following setting:
Let U be an open set in a Hilbert space and let M be a smooth n-dimensional manifold. Assume
we have a pair of smooth maps

F:U— M, p:U— R
We want to characterize critical points of the functional ¢ when restricted to level set of F'.
min ¢, q€ M. (7.9)

F=1(q)

Definition 7.5. Let a : M — R be a smooth function and N C M be a smooth submanifold.
Then q € N is said a critical point of a|N if dqa|T N =0
q

We start with a geometric version of the Lagrange multipliers rule, which characterize con-
strained critical points.

Proposition 7.6 (Lagrange multipliers rule). Assume u € U is a regular point of F': U — M such
that F(u) = q. Then u is a critical point of <,0|F,1(q) if and only if

INET; M, N#0, s.t. dyp = A D, F. (7.10)
Proof. Recall that the differential of F' is a well defined map
D,F : T, U — T,M, q = F(u),
and, since u is a regular point, D, F' is surjective and the level set
Ag:=F ) ={uel, Flu)=q} CU,

is a smooth submanifold, with u € A,.
Since u is a critical point of <p| 4> by definition du<p|T 4. = 0. Moreover T;,A; = Ker D, F.
q u4lq
Thus we have that

Ker D, F' C Kerd,p. (7.11)
Now consider the following diagram
T 2L 1M (7.12)
l?
dyp
R

From (ZI1)), using a standard lemma of linear algebra and the fact that D, F' is surjective, it follows
that there exists a nontrivial linear map A : T, M — R (that means A € T/ M \ {0}) that makes the
diagram (712 commutative. O
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Remark 7.7. In the case of sub-Riemannian geometry U represents the set of controls, F' is the
end-point map and ¢ is the length of the curve associated to controls. In this framework, the
problem of finding constrained critical points means exactly to find critical points of the length
when the initial point of the curve is fixed. Hence the solutions of the problem (7.9) represent
exactly sub-Riemannian geodesics. In particular abnormal extremals corresponds to critical points
of F', while normal extremals satisfy the Lagrange multipliers rule.

Now we want to consider second order information about our critical points. Recall that, if V
is a submanifold in a Hilbert space U, the first differential of a smooth function ) : ¥V — R at a
point u € V is well defined independently on coordinates

d

dyp : T,V — R, dul/J('U) = % 01/}('7@))7
t=

where v : (—¢,e) — V is a curve that satisfies y(0) = u, §(0) = v.

This is not the case for the second differential. Indeed the second order derivative of a function
1 is meaningful only at its critical points (at a regular point, by implicit function theorem, one
can always find coordinates such that 1 is locally linear). Hence, if u is a critical point for ¢ it is
intrinsically defined the quadratic map

2

Hess, ¢ : T,V — R, v 2 Y(v(t))

In our case V = F~1(q), ¢ = <,0|F,1(q), and since T, F'~'(q) = Ker D, F, we have a well defined
quadratic form

Hess,, cp‘F,l(q) :KerD,F — R
which is computed as follows
Proposition 7.8. For all v € Ker D, F' we have
Hess,, <,0|F,1(q) (v) = d2p(v) — AD2F(v). (7.13)
where X is defined by (T10).

Proof. Notice that F~!(q) C U is a submanifold in a Hilbert space. Fix a point ¢ € M and
u € F~1(q). Consider a path u(s) in & such that u(0) = u and u(s) € F~'(q) for all s. Then in
coordinates we have, differentiating twice with respect to u

dF .
F(u(s))=q¢ = %U—O
&’F . . dF .
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where we denoted] by @ = 4(0) and i = i(0). The same computation for ¢ gives

. d?
Do) = 55| luls)

dp . . dy ..

= <Wu,u> + %u
d2<p- d

= (G S A (by (D)
dp . . d’F

= (B i) - NG i) (by CID)

O

Definition 7.9. In the previous setting let u € & and X € TI’;(“)M be a non zero covector. We say
that X\ is a Lagrange multiplier for the problem (7.9) associated to u (equivalently that (u, ) is a
Lagrange point) if

INETM st dup=AD,F (7.15)

We denote the set of all Lagrange points by CF . More precisely
Cryp ={(u,\) eU xT*M | F(u) =7(N), dup = XD, F} (7.16)
The set Cr,, is a well-defined subset of the vector bundle F*(T*M) (see Definition [Z42).
Now we give some transversality conditions that ensure F, is an immersion.

Definition 7.10. The pair (F, ) is said to be a Morse pair (or a Morse problem) if 0 is not a
critical value for the smooth map

O: F*(T"M) >U" ~U, (u, \) — dyp — X\ D, F. (7.17)
Remark 7.11. Notice that, if M = {0}, then F' is the trivial map and with this definition we have

that (F, ) is a Morse pair if and only if ¢ is a Morse function.

In canonical coordinates A = (£, x) in T*M we can describe the set Cr, C F*(T*M) as the set
of (u,§,x) that satisfy

dp dF

e

du § du (7.18)
F(u) ==

The linearization of the system (.I8) at a point (u, &, z) is given by the set of points (v, &', z')
that satisfy

d? d’F dF
o g €y =0
IF (7.19)
—au' =12
du
Let us denote the linear map Q : U — U* ~ U defined by
d’F d?
S i
Qu—{duzu a2

'Recall that the notation ‘;—5 stands for the differential of F' in coordinates, while the notation (d,F, -) is intrinsic.
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Recall that U is an Hilbert space and we can identify the space with its dual using the scalar
product. Since @ is defined by second derivatives of the maps F' and ¢, it is a symmetric operator.

Note. We also need the extra assumption that im @ is closed. This is not restrictive for our
purposes since, as explained later, for a Morse problem Im () has finite codimension, hence it is a
closed subspace.

The definition of Morse problem is immediately rewritten as follows: the pair (F,p) define a
Morse problem if and only if the following map is surjective.
,dF
Tu
Indeed the map O is exactly the coordinate expression of the differential of the first equation in
([TI8) (that is the coordinate version of (ZI7)).

O:UxXxR™ U, OW,)=Qu —¢ (7.20)

Lemma 7.12. If (F,p) define a Morse problem, then CF,, is a smooth n-dimensional manifold in
F*(T*M).

Proof. First notice that, from (7.16) and (7I7), it immediately follows that
Cryp = 60710) (7.21)

Since 0 is not a critical value for ¢, from the implicit function theorem it follows that Cp, is a
submanifold. A simple dimension argument let us to conclude under the additional assumption
dim U < +oo. Indeed in this case, since the differential of the map (.I7) is surjective we have that

dim ¢*(T"M) — dim Cp, = dim U
so we can compute the dimension of Cr,

dim Cp, = dim ¢*(T"M) — dim U
= (dim U + rank T*M) — dim U
=rankT*M =n

In the general case (when dim U = +00) the above argument is no more valid and we have to use
explicitly that @ is self-adjoint. Let us denote with B : R™ — U the map

B¢ = 5’2—5, so that O: (W, &) — Qu — B¢
Since O is surjective and dim(Im B) < n we get
codimIm@ < dimImB <n
Moreover since @) is self-adjoint we have
U=KerQ dImQ, dim Ker @ = dim(Im Q)L <n

Now, being © the coordinate expression of the differential of 6, the dimension of Cf, coincide
with the dimension of the kernel of ©. In addition, if we denote with 7ge : U — Ker @ and
T : U — Im @Q the orthogonal projection onto the two subspaces, it is easy to see that

{ﬂ'Ker Bf/ =0,

O(w,&) =0 o BE' = O
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from which it immediately follows the identity
dim Ker © = dim Ker Q + dim Ker (mgey B) = n
since mger B : R™ — Ker ) is a surjective map between finite-dimensional spaces. O

The last characterization of Morse problem leads to a convenient criterion to check, in coordi-
nates, whether a pair (F, ¢) defines a Morse problem or not.

Lemma 7.13. Assume that Im @ is closed. Then the pair (F,y) defines a Morse problem if and

only if
KerQ NKer D, F =0 (7.22)

Proof. The problem is not Morse if and only if the image of the differential of the map (ZI7) is
not surjective, i.e. there exists w € U that is orthogonal to im O,

(@Qulsw) — (€% ) =0

Using that @ is self-adjoint we get
dF
!/ / / /
9 - TR = 07 v )
(o, Qu) — (€5 w) .
that is equivalent, since we have disjoint variables, to

Quw=20 and —w =0

Let us consider now the projection map ¢, : Cr, — T*M defined by :
Fe(u,\) = A.

Definition 7.14. Let N be a n-dimensional submanifold. An immersion F': N — T*M is said to
be a Lagrange immersion if F*o = 0, where ¢ denotes the standard symplectic form on T M.

Proposition 7.15. If the pair (F, ) defines a Morse problem, then F. is a Lagrange immersion.

Proof. First we prove that F, is an immersion and then that it is Lagragian.
(¢). Recall that Fi. : Cpy, — T*M where

Cr = {(u,§, ) | equations (ZIS8) holds}
The differential Dy, x)Fe : Ty 3)CFp — T\T*M is defined by the linearization of equations (Z.IS])
T CFyp = {(v,€,2") | equations (Z.I9) holds}

where
D(u,)\)Fc(u/7 5/7 33‘/) = (5/7 :E/)
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Now looking at (ZI9) it easily seen that

p_dr '=0.

D yFe(u',&,2") =0 iff Ou' = Sl =

Since (F, @) defines a Morse problem we have by (7.22)) that such a u’ does not exists. Hence the
differential is never zero and F, is an immersion.

(73). We now show that F o = 0. Since o = ds and pullback commutes with the differential it
is sufficient to show that Fs is closed. In particular we will show that

* —
Fis = dcp‘cw.
By definition the map F,. we have that the following diagram is commutative:

Crp —= T*M (7.23)

| LW

Moreover, notice that if F': M — N is smooth and w € A'(N), by definition of pull-back we have
(F*w)q = wp(q) © DyF. Hence

(FZ8) ) = sa0 DayFe (by definition of s)
=Aomro DoyFe (by (Z23))
= Xo DuF oy, (by (ID)
= dy(p o)

O

Remark 7.16. Recall that the set L, of Lagrange multipliers (see Definition [.9) is the image of
CF,, under the map

F.: CF,cp — T*M, (u, )\) — )\, »CF,cp = im F,

From the last proposition it follows that, if Lr, is a submanifold, then it is a Lagrangian subman-
ifold.

We resume the results obtained above in the following

Proposition 7.17. Let (F, ) be a Morse problem and assume (u, \) is a Lagrange point such that
w is a reqular point for F, where F(u) = q. The following properties are equivalent:

(1) Hessutp‘F,l(q) s degenerate,
(#i) (u,A) is a critical point for the map 7o F, = F|CF :Cpyp — M,
0

(iti) if LF,, is a submanifold, X is a critical point for the map 7T|£F :Lp,— M.
1)
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Proof. In coordinates we have the following expression for the Hessian
Hessu<,0|F,1(q) (v) = (Qu,v), Vv € Ker D, F.

and () is the linear operator associated to the bilinear form. Assume that Hess,, <p| F-1(q) is degen-
erate, i.e. there exists u’ € Ker D, F such that

(Qu',v) =0, Vv € Ker D, F.

In other words Qu’ L Ker D, F that is equivalent to say that Qu’ is a linear combination of the
row of the Jacobian matrix

dF
3¢ such that Qu' = ¢ —
du

From equations (7.I9)) it follows immediately that (i) is equivalent to (7). The fact that (i) is
equivalent to (7i7) is obvious. O

7.3 Sub-Riemannian case

In this section we want to specify all the theory we developed in the previous one to the sub-
Riemannian case. As we mentioned, we will consider the functional J defined by J(u) = % [ ul?
and we consider its critical points constrained to level set of the end point map F, that means that
we fix the final point of our trajectory (as usual we assume that the starting point gq is fixed by
the very beginning).

We already characterized critical points by means of Lagrange multipliers, now we want to
consider second order informations. We start by computing the Hessian of J.

Lemma 7.18. Let g1 € M and (u, \) be a critical point of J|F,1(q1). Then for every v € Ker D, F’

Hesqu|F,1(q1)(u):|yv|y2Lz—<A, / / [PL, fuir)> P ol drdt) (7.24)

0<T<t<1
where P! : ~(s) — ~(t) is the flow defined by the control u.

Proof. By Proposition [7.8 we have
Hesqu‘F,l(ql)(v) = d%J — \D*F.
It is easy to compute derivatives of J. Indeed we can rewrite it as J(u) = & (u,u) 2, hence
dyJ(v) = (u,v)r2, d2J(v) = (v,v)z2 = |32, Vv € Ker D, F

It remains to compute the second derivative of the end-point map. From the Volterra expansion
([T4) we get

DZF(v,v) =2q o // Pl foir) © PLfoydrdt
0<r<i<1

To end the proof we use the following lemma on chronological calculus, which we will use to
symmetrize the second derivative
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Lemma 7.19. Let X; be a nonautonomous vector field on M. Then
e ! 1
/ X, o Xdsdt = 5/ X.ds O/ Xdt + 3 / [Xs, X¢]dsdt (7.25)
0<s<t<1 0 0 0<s<t<1
Proof of the Lemma. 1t is a simple computation

// X, o Xydsdt = 2 // X, o Xydsdt — // X; o Xdsdt + / X; o Xdsdt

0<s<t<1 0<s<t<1 0<s<t<1 0<s<t<1

1 1
= / / X, o X;dsdt + / (X, X,]dsdt
0 0

0<s<t<1

1 1
:/ Xsdso/ Xydt + / [Xs, X¢|dsdt
0 0

0<s<t<1

where in the second line we exchange the role of s and ¢ in the integral.

Proposition 7.20. The sub-Riemannian problem (F,J) is Morse.

Proof. We use the characterization of Lemmal[7.13] We have to show that, in canonical coordinates

= (&),

2 2
Im <§d—F — Id) is closed, Ker <§d—F — Id) N Ker <d—F> =0. (7.26)

du? du? du
Using the previous notation and defining g := P_L f,, we can write

dF t
%U() =q O/O gv(t)dt

<£—( >—£ // Iu(r) © ooy drt

0<r<t<L1

Moreover we have

Since we want to find the kernel of the bilinear form we need to recover the linear operator associated
to it, i.e. to symmetrize the form

d2F t 1
()0 = (5500 ) 0= [ Gidrody + o [ G 20

Since (.27)) is an compact integral operator, then A — Id is Fredholm, and the closedness of
Im (A — Id) follows from the fact that it is of finite codimension. On the other hand, for every
control v € Ker D, F' we can compute (see (7.2))

t 1
o gZTdT:—qlo/ Go(y AT
/0 (7) ()
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Hence we have that v belong to the intersection (7.26]) if and only if it satisfies
d’F o
(1-€5500)) O = v+ € st [ st @)

which has trivial kernel since is a Volterra operator, of the form v(t) + fg K(t,)v(r)dr.
U

Corollary 7.21. The manifold of Lagrange multilpliers of the sub-Riemannian problem (F,J) is
a smooth n-dimensional submanifold of T*M , namely

ﬁ(FJ) = {)\1 S T*M’ A= eH()\()), Ao € T;()M}
where H s the sub-Riemannian Hamiltonian.

To end this chapter we consider the free initial point problem, i.e. we consider the free end
point map
F:MxU—=M,  (¢u)—(1,qu),

where

t
7(75,q,u) = qo(ﬁ/o fu(s)d37

is the solution to the Cauchy problem

V() = fury (@), 7(0) =q.
We look for solution of the problem

Fg}i(zll) J(u) + a(q), aeC>®(M) (7.28)

Critical points of this problem can be found with the Lagrange multiplier rule, where, following
the notation exploited in the previuos Chapter

F=F, p=J+a.
Fix a point (qo,u) € M x U. It is easy to see that

= F, = P}

IE“|{qo}><U ]F‘MX{H}

and it is easy to see that the equation
AD(go,m) = dgo,m)®

splits into
MDyF =dyJ = u,
M B, = dyya
In other words, by PMP, we have that to every critical point of the problem ((Z.28]) we can associate

the normal extremal

A = P2\, Ao = dy,a,

where the initial condition is defined by the function a.
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Exercise 7.22. Consider the free endpoint problem, i.e. find solution of the problem

min J(u) — a(F(u)), a€C™®(M) (7.29)

In other words now we do not restrict to the sublevel F~!(q;) (we do not fix the final point of
the trajectory) but we consider a penalty in the functional we want to minimize.
Prove that u is a critical point of this functional if and only if

AlDuF = u, )\1 = dF(u)CL

7.4 Exponential map

Now we can define the sub-Riemannian exponential map.

Definition 7.23. Let g9 € M. We define the exponential map (from qg) of the sub-Riemannian
problem the mapping

o TLM = M, E,(N) =moe (M), (7.30)
When the initial point gq is fixed we omit it in the notation, writing simply &.

The homogeneity of the sub-Riemannian Hamiltonian H yields to the following homogeneity
property of the flow of H.

Lemma 7.24. Let H be the sub-Riemannian Hamiltonian. Then, for every A € T*M

—

e o) = e (\),  Va,t>0. (7.31)

Proof. By Remark ?? we know that if A(t) = et (M\o) is a solution of the Hamiltonian system, then
also A\, (t) := aA(at) is a solution. The result follows from the uniqueness of the solution and the
identity that A, (0) = aA(0). O

The exponential map sends a covector Ag to the point at time 1 of the normal extremal path
with initial condition Ag. The homogeneity property let us to recover the whole geodesic as the
image of the ray that join 0 to Ag in the fiber T M.

Corollary 7.25. Let \(t), t € [0,T], be the normal extremal that satisfies the initial condition
A0) = Ao € T, M.
Then the normal extremal path y(t) = w(\(t)) satisfies
~(t) = E(t o), t€[0,7]
Proof. Using (.31]) we get

E(tho) = m(e (tho)) = w(eT (M) = 7(A(E)) = ~(t).
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Remark 7.26. Due to the homogeneity property we can consider the following map
Ey : RT x Oy — M, Eqo (t, o) = Eg (o)
where Cy, is the hypercilynder of normalized covectors
Cop ={Ae T, M| H(A) =1/2}

In other words we restrict to length parametrized extremal paths, considering the time as an extra
variable.

We end this section by the Hamiltonian version of the Gauss’ Lemma

Proposition 7.27 (Gauss’ Lemma). Let (u, A1) be associated with a normal minimizer starting
from qo. The covector A1 annihilates the tangent space to the sub-Riemannian front Eq,(Ty M).

Proof. Tt is enough to show that for every smooth variation n°® of initial covectors such that n° = X
we have
),
T dt

Let us consider a family of initial covectors \* € H~1(1/2) and their associated controls u®(-)
defined by the identities

Enl) ) =0

s=0

ui(t) = (@), fi(v* (@), (Wil =1
where 1°(t) is the solution of the Hamiltonian equation with initial value n°* and ~°(t) is the
corresponding trajectory. For these controls one has &, (n®) = F(u®) hence

a4
ds

o_ d : d
Ewln’) = | F@)=DuP(), v

=—| (7.32)
s=0 ds s=0

s=0

Notice that v is orthogonal to u since ||u®|| = const. Thus by the normal equation (7.5]) and (7.32])

</\(1),%

| Eal) ) = (A1) DuF) = () =0 (789

O

7.5 Conjugate points and minimality properties of geodesics

Consider now an extremal pair (u(t), A(t)), t € [0,1], such that the corresponding extremal path
~v(t) is strictly normal. Recall that by Corollary L57] the curve « is a geodesic. Moreover, 7| [0,s] also
is a geodesic, for every s > 0, and if we reparametrize it as vs(t) := y(st),t € [0, 1] it corresponds
to the control us(t) = su(st).

Definition 7.28. A geodesic () is said to be strongly normal, if 7[j 4 is stricly normal Vs > 0.
Proposition 7.29. Let v be a strongly normal geodesic. The following are equivalent:

(1) Hesqu|F,1(V(1)) is positive definite,
(17) HessusJ‘F,lw(l)) is non degenerate for all s > 0.
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Proof. Recall that
Hess,, J|, OE [vl|72 — (As, D2 F(v,v)) (7.34)

which is a well defined quadratic form of the kind Id — ), with Qs compact, since it is a Volterra
operator (see also the proof of Proposition [.20]). Then define the function

o) 1= inf {0l — (r. DL F(w.0)))

=1- sup (\s, D2 F(v,v)) (7.35)
[[v]l=1

Notice that, being a compact operator, if the quadratic form is not negative definite then the
maximum is attained in (35 and it is the maximum elgenvaludg On the other hand, if the
quadratic form is negative definite the supremum is always zero (it is sufficient to evaluate it on
any orthonormal sequence).

Now we prove the following claim, which immediately implies the proposition, using that the
Hessian is degenerate at some point 5 then «(s) = 0 (indeed a(S) = 0 means that the quadratic
form is nonnegative and has infimum zero, hence has zero as eigenvalue, by compactness).

Claim. «a(s) is a continuous and monotonic decreasing function, with a(0) = 1.

Proof of the Claim. 1t is easy to show that the following formulas hold for the first and second
differentials computed at points ug

— [ Pttt DiF0w = [ IPht Phildrde (730)
0

0<7<t<s

Now consider 0 < s <5< 1 and v € Ker D, F and define the control

I/\
I/\
W)l @

~
IN
—

0
0, §<
S

Then |[5]| = ||v||, ¥ € Ker D F and D7 F(v,v) = D;_F(0,9), hence a(s) > a(3).
On the other hand, if we consider ’ys( ) = y(st) as defined on the whole segment [0, 1], we can
rewrite (Z36)) as follows

1
v) =s / Pl fuwdt,  Di F(v,v) =5 / / [P fo(rys Pope foqy)drdt (7.37)
0 0<7<t<1

To prove that « is continuous we need that both the integrand in the expression of D, F' and the
kernel Ker D, F' of these quadratic form is continuous with respect to s. This follows from our
main assumption on 7. Indeed, since every restriction || 4 is strictly abnormal we have that rank
of the quadratic form is always equal to n, and the kernel continuously depend on s. O

2a compact operator in a Hilbert space is diagonalizable and the set of eigenvalues is countable, bounded, and can

be ordered in such a way that u, — 0.
3a piece of curve s is abnormal if and only if it is a critical point of F', that means that the rank of the derivative
is not maximum at this point
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Remark 7.30. Notice that (i) implies only that u is local minimizer in the L2-topology. We will
discuss more stronger minimality conditions in next sections.

As we said the definition of exponential map is nothing but the map of the Proposition [[.T7. Is
natural then to give the following definition:

Definition 7.31. Fix ¢y € M and consider the exponential map £ = &, starting from gg. A point
q # qo is said conjugate to qq if q is a critical value for £.

We say that ¢ is conjugate to qo along the geodesic v(t) = E(tA) if ¢ = ~(s) and s\ is a critical
point of the exponential map £.
Remark 7.32. Recall that £(\)

Proposition 7.33. Let y(t) be a strongly normal geodesic and 0 < s < t. Then y(s) is conjugate
to v(0) if and only if Hess,, C‘F,l(ﬁ/ ) is degenerate.

Proof. We apply Proposition [[.I7l Indeed 7(s) is a conjugate point if and only if us is a critical

point of the exponential map, that is equivalent to the fact that Hess,,, c‘ F1(7s) is degenerate. [

Corollary 7.34. Let v(t) be a strongly normal geodesic and assume that there are no conjugate
points. Then Hessuc‘ Fig) > 0. In particular ~(t) is a local minimizer in the L*-topology for
controls.

Proof. Indeed, since there are no conjugate points, by Proposition [7.33]it follows that Hess,,, c| F1(7s)

is non degenerate for every s € [0, 1], hence Hessuc| i) > 0 by Proposition [7.29] O

Corollary 7.35. Let y(t) be a strongly normal geodesic. Then the set {s > 0,7(s) is conjugate} is
isolated from 0.

Proof. 1t follows from the fact that small pieces of a normal geodesic are minimizers and Proposition

[C.33l O

Hence we have a good characterization of minimizers for the sub-Riemannian distance in terms
of conjugate points, but only in the L?-topology for controls, that is equivalent to the H'-topology
for the trajectories. Now we want to prove that, if there are no conjugate points, the trajectory is
also a minimizer in the C%-topology, that is more strong.

Proposition 7.36. Let v be a strongly normal geodesic. If v(s) is not conjugate to v(0) for every
0 < s <1, then v is a strong miminum in the CO-topology for trajectories.

Proof. Assume that B
vty =moe(N), NeTyM

We want to show that hypothesis of Theorem [4.55] are satisfied. We will use the following lemma,
which we prove at the end of the proposition.

Lemma 7.37. There exists a € C*°(M) such that
A =d H J >0
0 q0a7 ess(q07u) + a Ffl(_ys) )

In this case (F,J + a) is a Morse problem and

L, g1a) = {e"(dga), q € M}
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From this Lemma it follows that s)Ag is a regular point of the map 7 o H | Lo where as usual

Ly = {dsa,q € M} denotes the graph of the differential. Using the homogeneity property (Z.31)
we can rewrite this saying that

mTo ESﬁ‘EO is an immersion at \g, Vs € [0,1],
In particular it is a local diffeomorphism. Hence we can apply the local version of Theorem[455l [
Proof of Lemma [7.37 First we notice that
Ker D4y)F C TyoM & U, U Hilbert
In particular
Ker D4y.,)F N (0@ U) = Ker D, F

Since there are no conjugate points, it follows that

Hess(4y,u)J + @ boKer Do E Hess,J > 0 (7.38)

Then it is sufficient to show that there exists a choice of the function a € C*°(M) such that the
Hessian is positive definite also in the complement. We define

W = {{ @ v € Ker Dy ., F| Hess(J + a)(§ © v,0 ® Ker D, F) = 0}

Notice from (.38]) that, if there is some £ @ v € Wy, then £ # 0. Now we prove that there exists a
map

Bs:TyM — U, Ws={{® B, £ € T,M}

Then we will have

Ker D(49.u)F = (0 ® Ker D, F') + W

q0,Us

and we get

Hess(J + a)(€ ® BL + 0@ 0, @ BL+ 0D v) =
= HessJ (v, v) + Hess(J + a)(& ® Bs&, € ® Bsf)
= HessJ (v,v) + d*a(&, &) + Q(€)

where we used that mixed terms give no contribution and denote with Q(§) a quadratic form that
does not depend on second derivatives of a. In particular, since the first term is positive, we can
choose a in such a way that it remains positive. O

Remark 7.38. The assumption that the curve v is strictly normal is essential in what we proved.
Indeed if a curve « is both normal and abnormal we have that there exists two covectors Ay,v1 # 0
that satisfy

)\1DUF = u, VlDuF = 0,

that implies
(A + sv1) Dy F = u, VseR

and the whole one parameter family of covectors projects on the same geodesic, and v would be a
critical point of the projection. In this case the definition of conjugate point should be changed.
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Up to now we proved a sufficient condition for a strictly normal geodesic to be a strong minimum
of the sub-Riemannian distance. Indeed Proposition says that, if v contains no conjugate
points, then it is optimal with respect to sufficiently C°-closed curves.

On the other hand, if we consider a control u such that the corresponding trajectory

t
Y(t) =qoo (ﬁ/o fu(s)dS

is strictly normal, that means w« is not a critical point of the end-point map F, then it is well defined
the Hessian of J ‘ F-1(q1)’ where g1 = F(u) at the point u. Moreover, if « is locally optimal, also in

a very weak sense, then necessarily we have

Hess,, J|F, >0

Haq1) =

Indeed if the Hessian is sign-indefinite, then the map is locally open around the point v and we
have that small perturbations give rise to a smaller cost.
As in the proof of Proposition [[.29we consider the family of rescaled controls (and corresponding
trajectories)
Us(t) = SU(St)7 ’Ys(t) = ’Y(St% s, te [07 1]7

and we define the function

a(s) = min Hess,, J|F,

ljvo]|=1 Lvs(1))

that is well defined, continuous and non-increasing, under the assumption that v, is strictly normal
for every s € [0, 1]. Notice that a(5) = 0 if and only if (5) is a conjugate point. Since a(0) = 1 we
have only three cases

(a) (1) > 0. By monotonicity this implies a(s) > 0 for all s and we have no conjugate points.
Hence, by Proposition [7.36] 7 is a minimum in the strong topology.

(b) a(1) < 0. Then the Hessian at w is sign indefinite and 7 is not a minimum, also in the weak
topology.

(¢) a(l) = 0. In this case the Hessian is semi-definite and we cannot conclude anything on the
minimality of ~.

Notice that in cases (b) and (c) also a segment of conjugate point can appear. To analyze
in details case (¢) and to understand better the properties of a segment of conjugate point we
introduce the notion of Jacobi curves, which is some sense generalize the notion of Jacobi fields in
Riemannanian geometry. (see Chapter [13))

7.6 Application: Conjugate locus on perturbed S?

In this section we prove that the conjugate locus of a generic C? perturbation of the standard
metric on S2, generates a conjugate locus which has at least 4 cusps. Recall that the conjugate
locus from a point g on the standard sphere S? coincide with the point that is antipodal to ¢, where
all geodesics starting from ¢ meets and lose their optimality.

Let us then consider a point gy on S? with a Riemannian Hamiltonian H sufficiently close
to Hy (with respect to the C? topology). Normal geodesic starting from gy can be parametrized
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by an angle # € S!, that describes the set of normal extremal paths parametrized by length, or
equivalently covectors A € Ty M such that H(\) = 1/2.
For a fixed initial condition A\ = (go,6) we have that

A1) = (V) = (p(t,0),4(8,0)),

and we denote by &, the exponential map based at g

Eqo (t,A)=mo etH(/\) =(t,0)

For every initial condition § € S' let us denote by 74(t) (also (¢,6)) the normal extremal path
associated with € and starting from o, and by t.(#) the first conjugate time along 4. The conjugate
locus is the set Con(qo) = {v(t.(0),0),0 € S'}.

Proposition 7.39. The conjugate time along vy is characterized as follows

t.(6) = min {t >0 g—g(t, 0) = o} . (7.39)

Proof. The conjugate point corresponds to points (t,6) such that the differential of the exponential
map is not surjective, i.e. when

rank {g—i(t, 9), g—g(t, 9)} =1 (7.40)

Let us show that the two vector cannot be proportional unless ‘g—g(t, 0) = 0. Indeed it follows from

Proposition that
o0& o0&
<p75(t70)> - 17 <p7%(t70)> _07

thus, whenever ‘g—g(t, ) # 0, the two vectors appearing in (7.40)) are always linearly independent. [

Let us now consider solutions of the equation

o0&

—(t,0) =0. A1

% 1.0y =0 (7.1
In other words introduce the function g : 6 — £(t.(6),0). By the chain rule and (7.41)), it is easy

to see that € o€
B(0) = tc(0) 55 (2c(0),0) + 55 (tc(6), ) (7.42)

—_——
=0

Let us denote by g : S! — R? the function g(f) := g—g(tc(e)ﬁ). When H corresponds to the
Hamiltonian Hj of the standard Riemannian structure on the sphere then the function g describes

a circle:
cos 0
90(0) = (sin 9>

By assumption the perturbation of the metric is small in the C?-topology, hence the perturbation
does not change the convexity property of g. Then the cuspidal point of the conjugate locus
corresponds exactly to those points where the function 6 — t.(f) change sign.
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Theorem 7.40. The conjugate locus of the perturbed sphere has at least 4 cuspidal points.

Proof. Notice that the function 6 +— t.(6), seen as a periodic function defined on R, can change
sign only an even number of times on an interval [0, 27]. Moreover it is has zero mean since

/% t.(0)df = t.(2m) —t.(0) =0 (7.43)
0

that implies that, if it is not identically zero, it has to change sign at least twice on [0, 27]. Notice
also that

21 21
/0 ()9O = [ 5(6)d0 = p(2r) — B(0) = 0. (7.44)

0

Let us now assume by contradiction that the function 6 — ¢.(0) changes sign exactly twice at
points 01,0, € S'. Then, by convexity, there exists a covector A € (R?)* such that (), g(6;)) =0
for i = 1,2 and such that t.(6) (A, g(#)) > 0, that implies in particular

21
/0 £(6) (A g(6)) db # 0

which contradicts (7.44)). O

Remark 7.41. The same argument can be applied for every small C? perturbation H of the Rieman-
nian Hamiltonian Hy associated with the standard Riemannian structure on S?, and not necessarily
a quadratic Hamiltonian coming from a Riemannian metric.

7.7 Global minimizers

Before going to the analysis of global minimality of geodesics, let us resume in the following Theorem
our results about local minimality.

Theorem 7.42. Let M be complete and (s) with ¥|g s and (s 1) strictly normal 0 < s < 1.
(i) if v has no conjugate point then its a minimizer in the Cy-topology for the trajectories,
(ii) if v has at least a conjugate point then its not minimizer in the L*-topology for controls.

Remark 7.43. Notice that the hypotheses of the above theorem imply that in the case (ii) it not
possible to have ha segment of full conjugate point up to ¢t = 1.

Definition 7.44. We say that a point ¢ is in the cut locus of ¢q if there exists two length minimizers
joining qg and gq.

Our previous analysis of conjugate points let us to state the following result.

Theorem 7.45. Let M be a complete sub-Riemannian manifold and ~ : [0,1] — M be a normal
extremal path. Then

(i) assume that 7\[078} is strictly normal for all s > 0 and that 7y is not a minimizer. Then there
exists T €]0,1] such that v(7) is either cut or conjugate to v(0),

142



(ii) assume that 7|5 1) is strictly normal for all s > 0 and that there exists T €]0, 1] such that ~(s)
is either cut or conjugate to v(0). Then v not a minimizer.

In particular if v is strongly normal then we have that 7 is not a minimizer if and only if there
exists a cut or a conjugate point along .

Proof. (i). Let us assume that 7 is not a minimizer and that there are no conjugate points along
~v. We prove that this implies the presence of a cut point. Define

t := sup{t| 7|y is minimizing}

Let us show that 0 < ¢, < 1. Indeed t, > 0 since small pieces of a normal extremal path are
minimizers. Moreover, since i 1 is not a minimizer, by continuity of the distance also t. < 1.
Denote by as(-) a minimizer joining (0) to y(s), for each s > t.. The existence of such a minimizers
follows from the completeness assumption.

Let us consider the trajectories oy, for a sequence ¢, — t.. By compactness of minimizers
(up to considering a subsequence t,, , which we still demote by t,,) there exists a limit minimizer
oy, — o joining v(0) to y(t«).

Moreover, in the segment ’Y’[o,t*] there are no conjugate points (by definition of t¢,), hence the
curve i) is @ minimizer in the strict Co-topology. Thus «, that by continuity is not shorter than
7\[07,5*}, is not contained in a neighborhood . From this it follows that ~(¢.) is a cut point.

(ii). Assume that there exists a conjugate point (7) in the segment [0, 1]. Then ~ is not a local
(hence global) minimizer, as proved in Theorem It remains to show that the same remains
true if v(7) is a cut point. Indeed in this case we have a minimizer 7 such that 7(7) = ~(7).
From this it follows that the curve built with ”ﬂ[oﬂ and ’y][ﬂ] is also a minimizer and the piece
Y[r,1], by uniqueness of the covector, would be associated with two different normal covectors, hence
abnormal, that contradicts our assumptions.

O

Theorem 7.46. Let «y : [0,1] — M be a normal extremal path. Assume that for some s > 0
(i) Yljo,s 8 a global minimizer,

(ii) at each point in a neighborhood of v(s) there exists a unique normal minimizer joining (0)
to y(s).
Then ~(s) is not conjugate to v(0).

Proof. Let us consider a neighborhood O of «(s) and, for each g € O, let us denote by u? (resp.
~?) the minimizing control (resp. trajectory) joining (0) to g.

The map ¢ — ¢ is continuous in the L? topology. Hence we can consider the family A{ of
covectors such that

NDyoF = uf, VqeoO.

By the smoothness of F' and the contiuity of the map ¢ — Dy F we have that the map g — A}
is continuous. Thus the map ¢ — A} is continuous too, being the composition of the previous one
with (P(j"l)_l.

Moreover, the map ¢ — )\g is also injective. Indeed it is an inverse of the exponential map. By
the invariance of domain theorem we have that O' = {A\{, ¢ € O} is open in T M.

Thus (14 E))\g(s) € O for || small enough. This proves that for points in v([0,1]) N O that are
close to 7y(s), the restriction of 7 is the unique minimizer. Hence ~(s) is not conjugate. O
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Chapter 8

Nonholonomic tangent space

8.1 Jet spaces

Consider a smooth curve v on a smooth manifold M and assume v(0) = ¢ € M is fixed. In
coordinates we can write

Y(t) = ¢+ t5(0) + O(t?) (8.1)

and we defined a tangent vector v € T, M as equivalence classes of curves such that, in some
coordinate chart, they have the same 1-st order Taylor polynomial.

In the same spirit we can consider, given a smooth curve such that v(0) = ¢, its m-th order
Taylor polynomial at ¢

y(t) = g+ t4(0) + gf’y(O) +..+ ;—mfym (0) (8.2)

Exercise 8.1. Let v, be two curves starting from ¢q. We say that ~ is (m-)equivalent to v/, and
we write 7 ~,, 7/, if their Taylor polynomial of order m in some coordinate chart coincide. Prove
that ~,, is a well-defined equivalence relation on the set of curves starting from gq.

Definition 8.2. Let m > 0 be an integer and ¢ € M. We define the set of m-th jets of curves at
point ¢ € M as the equivalence classes of curves starting from ¢ with respect to ~,,. We denote
with Jg"y the equivalence class of a curve v and with

Jy" == {JJ"y,7 smooth curve on M}

Remark 8.3. Tt is easy to show from coordinates representation (8.2]) that Jg" is a smooth manifold
and dim J;" = nm. Indeed in (8.2) every term 7®(0) is an n-dimensional vector.

Notice that J;" is not a vector space since a change of coordinates does not act linearly on the
m-th Taylor polynomial. For instance, given a smooth curve 7 such that 4(0) # 0 there always
exists a coordinate chart in which ~ is a straight line, hence higher order derivatives have no intrinsic
meaning.

In the following we always assume that ¢ € M is fixed and we simplify the notation assuming
that it coincides with the origin in our coordinate chart. The Taylor expansion then is written as

follows m

m ti i
Ty =2 770
=1
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To better understand the structure of J;" as a smooth manifold we consider the map which
“forget about” the m-th derivative

m q q

m m—1

tt tt
>0 = Y 500

i=1 i=1

m

Proposition 8.4. Ji" is an affine bundle over Jg’"b_l with projection I, whose fibers are affine

spaces over Ty M.

Fix an element j € J;”_l, then the fiber at point j is the set of all m!"-jets with fixed m — 1
terms. To show that it is an affine space we should define properly an action of tangent vectors on
mth-jets with (m — 1)-jet fixed.

The geometric meaning of the fact that J;" is an affine bundle (and not an vector bundle) is

that we cannot complete in a canonic way a (m — 1)th—jet to a mt"-jet, i.e. we cannot fix an origin

in the fiber. On the other hand we can choose as a “global” origin on Jg* the jet of the constant
curve y(t) = gq.

Proof. Let j = J;"y be the mt*-jet of a smooth curve in M and let v € T, M. Extend the vector v
to a vector filed V' € Vec(M) such that V(q) = v and define the action of v on j as

T v = e ()

It is easily seen that
TV (v (1)) = Ty + 7V (q)

hence JI" " (y(1))) = J[T_l(etmv(v(t))) and one can check that all is well defined. O

Now we want to define dilations on jet spaces, analogously to homothety in Euclidean spaces.
Since we have no vector space structure we have to find an appropriate notion

Definition 8.5. Let a € R and define v,(t) := y(at) for every ¢t € R. Define the dilation of factor
« as

O 2 " = I Sa(Jg" ) = I3 (Va)

This definition does not depend on the representative and in coordinates it is a quasi-homogeneous

multiplication
m m
3a(Y_t&) =) tal
i=1 i=1

Now we extend the notion of jets also for vector fields. To start with we consider flows on the
manifold

Definition 8.6. A flow on M is a smooth family of diffeomorphisms

P ={P, €Diff (M), teR}, Py=1d
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Notice that we do not ask P to be a one parametric group (i.e. P, o P; # P,14) and this in
general is charachterized as the flow of the nonautonomous vector field

d
Xt = Ptt—‘ra.
de|._g

The set of all flows on M is a group with the point-wise product, i.e. the product of the flows
P, and Q; is given by

(PoQ)t:=P,oQy

Clearly we can act with a flow on a smooth curve on M as (P.y)(t) = Pi(y(t)). Moreover, since
Py = id, it makes sense to consider if this action is well-behaved with respect to J;". Indeed the
new curve start from ¢ and it is easy to see from the chain rule that J;" (P) depends only on first
m derivatives of v. Then we can define

Definition 8.7. Let F; be a smooth flow on M and j = J'v € J;". The action of P on Ji* is
defined by

P.(J"y) = J (Pry)

It can be easily checked that (P o Q).j = P.(Q.j) for every j € J;".

Given a vector field V' € Vec(M) we want to define its m!-jet Jg'V which should be an element
of Vec(J").

Let us denote with eV the 1-parametric group defined by the flow of V. As we explained we

can act on jets

eV S e'V(j)

By the way we need a family of flows to acts on a family of curves so we consider the 1-parametric
group of flows s — etV

Definition 8.8. The map J;'V : J* — T'J;" is defined as

9
s

-8 m 9
€ V(Jq 7) = 32

(V) = a
s=0

_OJZ]L (Y (v(1))) (8.3)

Exercise 8.9. A vector field, when written in coordinates, can be identified with a vector function.
Prove that
m

(mvy(my) =S L

1 T V(y(t)))

t:O(

1=

To end this section we study the interplay between dilations and jets of vector fields. Since d,
is a map on Ji* its differential (d4). acts on elements of Vec(J"), in particular on jets of vector
fields on M. Surprisingly, its action on these fields is linear with respect to a:

Proposition 8.10. (d,)«(J;"V) = J (aV) = a J'V
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Proof. From the very definition of the differential of a map (see also Chapter 2]) we have

TPV = 5| (6™ b1/o2(0)
=2 TG (/)

8.2 Admissible variations

In this section we define the appropriate notion of tangent vector to a sub-Riemannian manifold.
Our goal is to define the “tangent structure” to a sub-Riemannian one.

As we know, we can assume that the sub-Riemannian structure is defined by the orthonormal
frame {f1,..., fx}. Admissible curves on M are maps « : [0,7] — M such that there exists a
control function u(t) € L* such that

k
Y(t) = fuy (Y1) = D wit) fily(D))
1=1

To have a good definition of tangent vector we could not restrict to family of admissible curves,
because in this way we loose all the information about directions that are not in the distribution.
Indeed we want the tangent space to be a first order approximation of the structure, containing
informations about all directions.

We need a proper definition of tangent vector, that means a proper definition of variation of a
point, in order to give a precise meaning to its “principal term”, that is going to be the “tangent
vector”.

The idea is to introduce the notion of admissible variation

Definition 8.11. A curve v : [0,7] — M such that v(0) = ¢ is said a smooth admissible variation
of ¢ if there exists a family of controls {u(t, )}, 7] such that

(7) wu(t,-) is measurable and bounded for all t € [0,T7,
(73) (-, s) is smooth with bounded derivatives, for all s € [0, 7],
(#3i) u(0,s) =0 for all s € [0, 7],

(i) +(0) =005 [ fuuds

In other words ~ is an admissible variation if it can be parametrized as the final point of a smooth
family of admissible curves. We stress that « is not admissible, in general.
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Remark 8.12. We recall that two distributions are said to be equivalent (see also Definition B3 and
[B.I7) if and only if the corresponding modulus of horizontal vector fields are isomorphic D ~ D',
where we recall that

D = span{ f(o), o smooth section of U}.

which is finitely generated by a basis f1,..., fi.
Now we show that the definition of admissible variation does not depend on the frame fi, ..., f.
Notice that «(t) is an admissible variation if v(t) = ¢(t,7) where ¢(t, s) is a solution of

k
Lotts) =Y wilt, )ita(t. ), selo7]
i=1

Let now ]?1, e ,ﬁ be another set of local generators of the modulus. There exist functions a;; €
C*°(M) such that

k
fild =Y ai(@fila), VYgeM, Vi=1,..k (8.4)
j=1
and assume that 7 is an admissible variation with respect to u(¢,s) in this new frame, i.e.

k
Lot.9) =Y ut. ) la(t.9), s 0.7] (8.5)
i=1

Now we prove that there exist a control u(¢, s) such that v is an admissible variation of the old
frame with respect to this control. From (IT.23]) we get

Flu.q) =" uilt,s)filq)
= Z u;(t, 8)aij(q) fi(q)
i,J
= Z Uj(ta S, Q)f](Q)
J
= f(v(u,q),q)
Then we could define, using the solution ¢(t, s) of (83]), the new control

U(t,s) = Z ui(t, s)aii(q(t, s))

and we see from identities above that

k

alt,) = S wt )l s),  s€0,7] (5.6

1=1

Note. We assume that the sub-Riemannian structure is bracket generating at ¢ and let m the
degree of nonholonomy of the distribution, i.e. such that Dy* =T, M.
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Definition 8.13. The set of admissible jets with respect to the sub-Riemannian structure is
J[{ = {JJ"y, v is an admissible variation }
Example 8.14. Consider two vector fields X, Y € Vec(M) and the curve

tY —tX tY o etX(

yit—e " oe M oe q)

It is easily seen that - is an admissible variation if we set

4
t) = & /0 fuo(ey (@)

where
(1,0), if s € [0,1],
~ 0,1, if s e[1,2],
vis) = (-1,0), ifsel23],
(0,—-1),  ifse]3,4].

In coordinates we have expansion 7(t) = ¢ + t2[X, Y] + o(t?).

Now we want to describe the nonholonomic tangent space in an intrinsic coordinate free way.
Then we will see how it can be described in special coordinates.

Definition 8.15. The group of flows of admissible variations is
T
Pl = {@/ fu(t,s)ds, u(t,s) smooth Variation}
0

Any admissible variation is given by () = P;(q) for some P. € P/, where we identify ¢ with the
constant curve y(t) = ¢ for all ¢. Then we have

JI = {J7"(Pg)), P. € P!}
and the set of admissible jets is exactly the orbit of ¢ under the action of the group P/.

Remark 8.16. Tt is easy to see that Pf is a group since the following equality holds

T1+7'2

% [ s 05 [ s = [ ds

where

t 0<s<
w(t,s) _ {u( 78)7 =85 T1,

v(t,s —11), 1 <s< 714+ M.

is the concatenation of controls

Now we want to describe the tangent space as the quotient of this set with respect to some
subgroup of “slow” flows. The heuristic idea is that a flow is slow if the first nonzero jet of its
associated trajectory Jéy belong to a subspace A7, with j < 1.

'Here we see that is useful not to fix 7 in the definition, otherwise we need to rescale controls.
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Definition 8.17. Let P* € P/. P is said to be purely slow if it is associated to a smooth variation

0
u(t, s) such that satisfies u(0,s) = a—Z:(O, s)=0.

The subgroup of slow flows is the normal subgruop of P/ generated by purely slow flows, i.e.
Py ={(Q1) "' o PoQy, Qs € P/, P, purely slow}

Remark 8.18. Notice that, from the definition and the linearity of f, a purely slow flow can be
written as follows: u(t,s) = tu(t, s), where v(0,s) = 0. Moreover we have

P = eﬁ/() fu(t,s)ds = eﬁ/o ftv(t,s)ds = eﬁ/o tfv(t,s)ds = te@/() fv(t,s)ds7

Definition 8.19. Let 7,7 be two curves on M. We say that J;"y and Ji"7y are equivalent if
7(t) = Pi(y(t)) for some P; € 77({ . The nonholonomic tangent space qu is defined as

qu::J({/N

We end this section with the coordinate presentation of jets of horizontal vector fields of the
sub-Riemannian structure

Proposition 8.20. Let X € D be an horizontal vector field for the sub-Riemannian structure on
M. Then the one parametric group e!X acts on the set JJ. Moreover the action is well defined on
the equivalence classes with respect to ~.

Proof. From the very definition of J[{ it is easy to see that if J;"y is the jet of an admissible variation
then the right hand side of (8.3]) is an admissible variation for every s. We are left to show that if

Y(t) ~ A (1) = eXy(t) ~ XA (1),

From our assumption we get 7/(t) = () o Q4 for a slow flow Q. € Pg . It follows that

v'(t) o et = y(t) o Qpo e
:’y(t)oethe X 5.0, 0 etX
= (y(t) o e¥) 0 Q
where @t = e X 0 Qo etX is also a slow flow. This shows that X is independent on the
representative and is well defined on the quotient. O

8.3 Nilpotent approximation and privileged coordinates

In this section we want to introduce some coordinates in which we have a good description of the
nonholonomic tangent space.
Consider some non negative integers k1, ...,k such that n = ky + ... + k;, and the splitting

R*"=RF @ ... @R, = (T1,...,%m)
where every x; = (z},... ,xf’) € Rk,
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The space Der(R") of all differential operators in R™ with smooth coefficients form an associative
algebra with composition of operators as multiplication. The differential operators with polynomial

coefficients form a subalgebra of this algebra with generators 1,3:?, 83“ where i = 1,...,m; j =
1,...,k;. We define weights of generators as '
; 0
V(l) =0, V(‘Tg) =1 (—) - =
o

Then for any monomial

v(y) = ) v(z).

1 j=1

(2

o8 <
V(yl"'yam) = -

We say that a polynomial differential operator D is homogeneous if it is a sum of monomial terms
all of same weight.

Lemma 8.21. Let D1, Dy be two homogeneous differential operators. Then DyoDs is homogeneous

and
I/(Dl o DQ) = I/(Dl) + I/(DQ) (87)

Proof. 1t is sufficent to check for monomials of kind D; = aa and Dy = z}? and formula (8.7)

J1
1
follows from identity
J2
2 _ 2 Oy,
O Liy _:EiZa T
':Ull ':Ull ':Ull

O

A special case is when we consider vector fields. If V1, V5 € Vec(R™) are homogeneous vector
fields then [V1, V3] is homogeneous and v([Vi, Va]) = v(V1) + v(Va).

With these properties we can define a filtration in the space of all smooth differential operators
Indeed we can write (in multiindex notation)

Hlal
D= Z Sﬁa(iﬂ)w

Considering the Taylor expansion at 0 of every coefficient we can split D as a sum of its homogeneous
components

and define the filtration
DM = {D e Der(R"): DD =0,Vi<h}, heZ

It is easy to see that it is a decreasing filtration, i.e. D™ c D=1 for every h, and if we restrict
our attention to vector fields we get

VeVee(®R") = VOD=0, Vi<-m

Indeed every monomial of a N**-order differential operator has weight not smaller than —mN). In
other words we have
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(i) Vec(R") c D™,
(i3) V € Vec(R™) N D) implies V(0) = 0.

and every vector field that is not zero at the origin is necessarily in D(—Y. This motivates the
folowing definition

Definition 8.22. A system of coordinates near the point ¢ is said privileged for a sub-Riemannian
structure M if the following conditions are satisfied

(i) Di=RFr @ ... ®RM, Vi=1,...,m,
(i3) f e DD for every f € D.

Condition (i) says that our coordinates are linearly adapted to the flag Dé C Dg C...C Dy
Notice that this condition can be always satisfied with a linear change of coordinates.

Example 8.23. We analyze the meaning of privileged coordinates in the easiest cases m = 1,2
and we show that in general not all system of linearly adapted coordinates are privileged.

(1) If m = 1 all sets of coordinates are privileged because Vec(M) € DY since v(9,,) = —1 for
all 7.

(2) If m = 2 then all systems of coordinates that are linearly adapted to the flag are privileged.
Indeed we have V(@mjl‘) = —1 and V(@w%) = —2 and a vector field that belong to D(~2)\ D(-1)

must contain a monomial of the second kind, with constant coefficient. On the other hand
vector fields fi,..., fr cannot contain such a monomial since, by our assumption

span{f1(0),..., fx(0)} = Dj = R*".
(3) Let we consider the following set of vector fields in R? = R R @ R
J1= 01y + 210y, f2 = 2104, f3 = 22044
where we put v(z;) =i for i = 1,2,3. All nontrivial commutators are computed as follows
[f1, 2] = Oy Lo, f3l = 21003, (1, f2], f3] = Oaa,
and it is easy to see that the flag (computed at x = 0) is
D§ = span{d,, }, D2 = span{0y,, 0, }, D = span{0y,, Oy, Oy }

Then this set of coordinates are linearly adapted to the flag but are not privileged since
V(210g4) = —2

Theorem 8.24. Let M be a sub-Riemannian manifold and q € M. There always exists a system
of privileged coordinates near q.

We postpone the proof of this theorem to the end of this section, after having analyzed the
meaning of privileged coordinates.
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Theorem 8.25. Let M be a sub-Riemannian manifold and ¢ € M. In privileged coordinates we
have the following

(i) JJ = {0, 16,6 € Di} and dim J] = mky + (m — Dk + ... + k..
(i) Let ji,j2 € J[{. Then j1 ~ jo if and only if j1 — jo = Y ey t'n;, where n; € Df]_l.

First part of proof of Theorem [8.25. We start by proving the inclusion Jg c{>m .8 € Dg}.
For any smooth variation (t) we can write

fY(t) =4go° e@/o fu(t,s)ds

Taylor expansion leads to

’V(t) :q+z // qofu(t’&)O...Ofu(usj) dsl...de—FO(tH_l)

I=lo<s;<..<si<s

Indeed using the fact that f is linear in u, we can factor out ¢ from every term since u(0,s) = 0. If
we want compute our curve in privileged coordinates (to compute weights) it is sufficient to apply
all to the coordinate function. In particular, since f,, € D= we have that

fu(t,sl) 0...0 fu(t,Sj) S D(_Z)

and applying to a coordinate function azg, where o =1,...,mand 8 =1,...,k, we have

fu(t,sl) ©...0 fu(t,sj-)xg € D(_H_a)

because V(:Eg) = . Then, if @ > i we have that this function has positive weight. Thus, when

evaluated at x = 0 it is zero.
In other words we proved that, for every i = 1,...,m, up to the i*"-term we can find only
element in Dfl. O

To prove the converse inclusion we have to show that, given some elements &¢ € Dé we can find
a smooth variation that has these vectors as elements of its jet. We start with some preliminary
lemmas.

Lemma 8.26. Let m,n be two integers. Assume that we have two flows

P, =1d+t"V +0O(t"™)
Qi =Id +t™W + O(t™*)

Then PQUP7 Q" =1d + " F M [V, W] 4 O(t" 7+,
Proof. Denoting V; the nonautonomous vector filed associated to FP; it is easily check that
Vi = nt" 'V + O(t")
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Moreover for the inverse flow we have

P =1d —t"V + O(t"™™)
Q7' =1d —t"™W + o™ )

Define R(t,s) := PtQSPt_le_l. Since Py = Qg = Id we have that R is constant on the axes,i.e.
R(0,s) = R(t,0) = Id. Hence the only derivative that enter in our expansion, that coincide with
F(t) = R(t,t), are mixed derivatives. This remark let us to expand the product PtQtPt_th_ L and
consider only terms with mixed power of ¢t and s to get

(Id + "V + O(t" ™)) Id + t™W + O™ ))(Id — t"V + O(t" ™)) Ad — "W + O(t™ 1)) =

—Td+t"s™(VW — WV) + ...
= 1Id + t"s™[V, W]

and the lemma is proved. O

Lemma 8.27. For all l > h and Yiy,...,i, € {1,...,k}, there exists an admissible variation
u(t, s) such that

qo e@/oq— fu(t,s)ds =q+ tl[fha RN [fih,pfih]](Q) + O(tl+1)

Proof. By induction

-Vl>1and Vi=1,...,k there exists an admissible variation u(t, s) such that
008 [ fuvods = 0+ Fla) + 00

It is sufficient to consider u = (uq,...,u) where u; = t' and wuy, = 0 for all h # i.

-Vi>2and Vi,j =1,...,k, there exists an admissible variation u(¢, s) such that

go oD /0 Fueords = a+ 215 (@) + O+

It is sufficient to use the previous lemma where P and ; are flows respectively of nonau-
tonomous vector fields V; = /=1 fi, and Wy =tf;,.

With analogous arguments we can prove by induction the lemma

In other words we proved that every bracket monomial of degree ¢ can be presented as the i-th
term of a jet of some admissible variation. Now we prove that we can do the same for any linear
combination of such monomials (recall that D° id the linear span of all i-th order brackets). O

Remark 8.28. The previuous construction of u(t, s) does not depend on the sub-Riemannian struc-
ture but only on the structure of the Lie bracket.
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Lemma 8.29. Let m = 7(f1,..., fx) a bracket polynomial of degree degm < I. There exists an
admissible variation u(t,s) such that

g o &xp /0 Fugyds = a+t7(fr,. ., fi)(@) + O(EH)

Proof. Let w(f1,..., fx) = >2; Vj(f1,..., fx) where V; are monomials. By our previous argument
we can find v/ (¢, s),s € [0, 7;] such that

go 6?1%/07 Fuiesyds = a+tVi(fi,- .. fu)(@) + O

Now consider the concatenation of controls u(t,s), where s € [0,7] and 7 = ) 7; defined as follows
. J
u(t,s):uj(t,s—ZTi), ifr; <s<mn

i=1

Exercise 8.30. End the previous proof showing that the flow relative to u has as I-th term iV
Then prove, by rescaling that also any monomial of type aV' can be presented.

O

Now we can complete the proof of the first statemet of Theorem [RB.25] proving the following
inclusion {7, #&;, & € D} C JJ.

Second part of Theorem [8.28. Let we consider a m-th jet Y1 ;& € Dé. We prove by induction

- From previous lemmas there exists an admissible variation «(¢) such that
WO =105 [ uuads 0 =6
0

Then we will have (t) = t&; +t?n2 + . .. where 1o € D? from first part of the proof. We want
to correct the second order term

- From previous lemma there exists an admissible variation ~; (¢) such that

n0) =008 [ fugods A0 = £ —m) + o)
Defining v2(t) = v1(t) o y(t) we have

Yo(t) = t& + t2my + 12 (&3 — mo) + 1373
~ t€y 4 12E + 33

where 73 € D3.

At every step we can correct the right term of the jet and prove the inclusion.
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(7) We have to prove that
m . .
i =i =)t meDy
i=1
(=). Assume that j ~ j', where j = Ji"y = Y t'¢; and j' = J"y' = > t'€]. Then o/ = v 0 Q for
some slow flow Q; € 73({ of the form
Q=QiooQf
T
Qf‘, = Ptzoeﬁ/o ftvi(t,s)dSO(PtZ)_l

for some P* € Pf,i =1,..., h. For simplicity we prove only the case h = 1. By formula (6.19) we
have that

Q= P05 [ fudso B =5 [ P fuge o P
0 0
then by linearity of f we have

Q= [ AQP s

Now recall that P, = exp Jo Juw(t0)d0 for some admissible variation w(t,0) and from (G.I7) we get

Q0 = & /0 ¢t & /0 0 fue.0)d0 Fos)dls

Finally, if (t) = q o &xp Jo Jut,s)ds we can write

V(1) = q o & /0 Futssyds o &D /0 t &b /0 o fur0)d0 foes)ds

Expanding with respect to tQ; ~ (Id +t>_ t'V;) = Id + >_ t**1V; where V; is a bracket polynomial
of degree < i. Due to the presence of t it is easy to see that in the expansion of v we will find the
same terms of v plus something that belong to D1

(«<). Assume now that j = Ji"y = Y t'¢ and j' = J*y' = > '), with

m
=i = Ztlm, ni € Dy
=1

We need to find a slow flow @Q; such that v/ = y0@Q;. In other words it is sufficient to prove that we
can realize with a slow flow every jet of type > /", t'n;, n; € Dfl_l. To this purpose we can repeat
arguments of proof of part (i), using the following

Lemma 8.31. Let P;, Q; be two flows with P, € P! and Q; € 73(]; (or P, € 73(]; and Q¢ € Pf). Then
PQPT'Q; e Pl

Proof. If Q; € 77({ then Q; = Pg . Moreover from the definition of 77({ we have that PtQtPt_l € Pg .
Hence also their composition is in 73({ . O

O

157



Corollary 8.32. In privileged coordinates (x4, ... ,T;,) defined by the splitting R™ = RFt @ RFm we
have
try + O(t?)
2 3
J(; _ t°xo —I—O(t )

i eRM i=1,....m
t" o,
Proof. Indeed we know that D’ = R¥t @ R¥ and writing
&=+ ..+ 2, z;j € R
we have, expanding and collecting terms
G =t + %+ Ty
=tryy +t3(v21 +222) F o F (T o T

= (thl,l + t21172’1 + ...+ tm:L'mJ, t21172’2 + ...+ tml’mg, tml’m,m)
O

Corollary 8.33. The nonholonomic tangent space qu s a smooth manifold of dimension dim qu =

Z?i(f) ki(q). In privileged coordinates we can write

tml
t2l‘2
T = o meRNi=1,...,m

t" o,
and dilations 6, acts on qu n a quasi-homogeneous way

Oa(txy, ..., ") = (atzy,...,a"t"z,y,), a > 0.

Proof. 1t follows directly from the representation of the equivalence relation. Indeed two elements
j and j’ can be written in coordinates as

§ = (twy + O?), 2ay + O(t3), ..., t™2p)
i = (tyr + O(t?), 22 + O(t®), ..., t™ym)

and j ~ j" if and only if z; = y; for all j. -

Remark 8.34. Notice that a polynomial differential operator homogeneous with respect to v (i.e.
whose monomials are all of same weight) is homogeneous with respect to dilations ¢; : R” — R™
defined by

6e(@1,y .. ) = (tog, 220, . .. t™Ty), t>0. (8.8)

In particular for a homogeneous vector field X of weight h it holds 6, X =t~ "X.

Now we can improve Proposition [R.20] and see that actually the jet of a horizontal vector field
is a vector field on the tangent space and belongs to D(—1) (in privileged coordinates).
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Lemma 8.35. Fiz a set of privileged coordinate. Let V € DY) | then the jet J'V is tangent to the

submanifold J({. Moreover it is well defined as vector field V on the nonhonolomic tangent space.
In other words V & Vec(qu) and we have

v1 () v1(2)
V= Uw — V= U2@ (8.9)

where U; is the 1 — 1 order term of v;.

Proof. Let V€ D=1 and ~(t) be an admissible variation. When expressed in coordinates we have
(see ...)

vi(z) ter + O(t?)
Vo va(x) (6) = 229 + O(t3)
U () "2,

We know that (J;"V)(J;"y) is expressed as the m-th jet of tV(y(t)) by Exercise ...Hence we
compute
tur(tzy + O(t2), ..., t"ay,)
. - tug(try + O(t2), ..., t"xy,)
tog, (tzy + O(t?), ..., t"xy,)

Notice that V' € D) means exactly that

0 ; 0 0 .
V=2 g =2 iy )

and v; is a function of order at least ¢ — 1. Let we denote with v; the homogeneous part of v; of
order i — 1. To compute the value of V then we have to restrict its action on admissible variations
from T, qf , then evaluate and neglect the higher order part (that corresponds to the projection on
the factor space) in order to have

vi(tzy, .t E) = T (2, ) + O(E)

and using equality we have

tog(toy, ..., 1" T,,) o + O(t?)
tug(toy, ..., t"T,y,) 205 + O(t3)
(Jg'V) o 5 = E (8.11)
tog (tx, ..o ™) t 0, + Ot 1)
From this easily follows (8.9]). O
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Remark 8.36. Notice that, since v; is a homogeneous function of weight i — 1, it depends only
on variables x1,...,x;_1 of weight equal of smaller than its weight. Hence V has the following
triangular form

U1
172(%1)

V(z) = _ (8.12)
i}\m(iﬂl, PN ,:Em_l)
Moreover the flow of a vector field of this kind can be easily computed by a step by step substitution.
Now we prove existence of privileged coordinates

Proof of Theorem [8.24] Consider our sub-Riemannian structure on M defined by the orthonormal
frame {f1,..., fr} and its flag D; - Dg C...C D' =T,M, with

n; = dimDZ (nj=Fki+...+kj)
Let we consider a basis {V1,...,V,,} of the tangent space adapted to the flag, i.e.
Vi=mi(fi, -y fx)
m; bracket polynomial, degm; <j ifi<mn;
Dg = span{V1(q), ..., Vu,; (@)}, j=1,....m

In particular Vi, ..., V;,, areselected in { f;,i =1,...,k}, Vi, 41, ..., Vp, are selected from {[f;, f;],4,j =
1,...,k} and so on.
Define the map

s1V1 o

oentn (8.13)
We want to show that W1 defines privileged coordinates around ¢. It is easy to show that (8.I3)

is a local diffeomorphism since

ov o ‘
8_81' S=0_\I/*3_si s:o_vi(q)’ t=1,...,n (8.14)

U:(s1,...,8,) —qoe

Hence it remains to show that

N1 i 0 0
(Z) \II* 1(Dq) = Span{a—Sl, R

88—7”}7

(i5) W7 f; € DUV forevery i =1,... .k

Part (i) easily follows from our choice of adapted frame to the flag and (8I4]). On the other hand
the second part is not trivial since we need to compute differential of ¥ at every point and not only
at s =0.

Remark 8.37. In what follows we consider on T, M the weight defined by coordinates (yi,...,yn)
induced by the flag. In other words we consider the basis Vi(q),...,V,(q) in T,M and write

v=(Y1,--,Yn) = Zyi‘/i(Q), where v(y;):=w; =7 if nj_1 <i<ny

Moreover we can think at v € T, M as the constant vector field on T, M identically equal to v. In
this way it makes sense to consider the value of a polynomial bracket at 7(f1,..., fi) at the point
q and consider its weight v(7).
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We prove the following auxiliary

Lemma 8.38. Let X = n(f1,...,fr)(q) € Vec(TyM), v(X) < d. Consider now the polynomial
vector field on T,M

= iy (ad Vi o 0ad Vi, X)(g) (8.15)
= Zpi (y)Vi
for some polynomial p;. Then p; € DWi—9),
Proof of Lemma. It easily follows from definition of weights that
adVj, 0---oadVj, (X) € D725~

hence every summand of (8I5) belong to D%, Then if we rewrite the sum in terms of the basis
Vi(q),i = 1,...,k we have that every coefficient p;(y) must belong to D=9 since v(Vi(q)) =

Now we prove the following claim: for every bracket polynomial X = x(f1,..., fr) we have
U, 1X € DD, In particular part (ii) will follow when d = 1. Clearly we can write in coordinates

Ul = Zai(s)£ (8.16)

and our claim is equivalent to show that a; € D=9 First we notice that

0 0
\I,*E?_s, =5 6:Oqoe

:qoeslvlO,HoesiVioVioesiﬂViHO,,,Oeann

s1Vig L, (site)Vig ... o eSnVn

.oe

—gqo 681V1 6.0 eann o e_ann 0.0 e—si+1Vi+1 oVio esi+1Vi+1 0.0 eann

U(s)

In geometric notation we can write

0 S;i11Vi
\I,*_ — SnVn . *7'+1 H’l‘/i‘ 8.17
95 ‘ w(s) (347

Remember that, as operator on functions, e} = e~*24Y This implies that in [BIT7) we have a
series of bracket polynomials. Apply U, to (8I6]) we get

‘ E az SnVn .. 652+1Vz+1V
U(s)

e;*»Vn to both sides to compute the vector field at the point ¢

U(s)

Now we apply e;*1V1 ...

elslv“"e*_an”X‘ Zaz e Vet

(8.18)
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Rewriting this identity in coordinates
> bils)Vila) = Y ai(s)(wij(5)V; (@) + Vila)) (8.19)
i ij
where ¢;;(0) = 0. Indeed we split the zero order term since we know that for s = 0 the pushforward
of the vector fields is exactly V;. Using Lemma above with X and V;,7 =1,...,n we have
b; € 'Dwi_d, Yij € DwiTwi

On the other hand we can rewrite relation between coefficients as follows

where we denote B(s) = (bi(s),...,bn(s)), A(s) = (ai1(s),...,an(s)) and ®(s) = (¢4j)i; Thus we
get

= B(s) — (B®)(s) + (B®*)(s) — ...
and we can finish the proof noticing that
(B); = b; € D¥i™¢
(B®); = Z bipji € pwi—dt+(wi—w;) _ pwi—d

and so on. Hence we get a; € DVi~¢, U

Remark 8.39. One can repeat all calculation in chronological notation and recover the proof in a
purely algebraic way. In the above computations nothing change if we consider any permutation

o= (i1,...,in) of (1,...,n) and the coordinate map
Wy : (51,...,8,) > qoe’inVino, oenVi
In particular we can consider the coordinate map
D (1,...,2n) > qoeVm o, 0"V

and it is easy to see that it satisfies

<I>*_1V1 = 8%1

‘I)*_lv2 2120 = O,

(8.20)
<I>*_1Vi = ari
T1=..=x;_1=0

for i =1,...,n, the set of vector fields among fi,..., fi that generates D,,.
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In Riemannian geometry the tangent space depends only on the dimension of the manifold
(i.e. all tangent spaces to a n-dimensional manifold are isometric). Now we can prove that in
sub-Riemannian geometry this is not true. Indeed we see that, even in dimension 3, we can have
non isometric tangent space, depending on the growth vector (nq,...,ny,).

In bigger dimension it is also possible to prove that, for a fixed growth vector, we have non
isometric tangent space depending on the point on the manifold.

Example 8.40. (Heisenberg)
Assume n = 3 and that growth vector is (2,3). Then we consider coordinates (x1,x2,x3) and
weights (wy,wq,ws) = (1,1,2). We can assume that

Vi = fi, Va = fo, Vs = [f1, fo
From last Remark we have that, in privileged coordinates we can assume
fi= (95,;1, fo= 81,2 + aa:lc‘)xg, acR (8.21)

because f; = 0, + something that has weight —1 and depend only on d;;,j7 > ni. On the other
hand from (820) we have

[f17f2]0:8x3 — a=1
and we get the Heisenberg algebra
fl = a:cp f2 = 81‘2 + x18x37 f3 = a:c:; (822)

Example 8.41. (Martinet)
Assume n = 3 and that growth vector is (2,2,3). Then we consider coordinates (x1,x2,z3) and
weights (w1, wq,ws) = (1,1,3). We can assume, up to change indices, that

Vi=fi, Vo = fo, Va = [f1,[f1, fol]

From last Remark we have that, in privileged coordinates we can write
f1 =10z, fo = Opy + (22 + Bx122) 0y, a,feR (8.23)

since we assume fa|;,—0 = Oy, that implies fo = 0., + x1a(2)0s,, but v(f2) = —1 and so (8.23)
follows.
From V3|;—0 = 0., we have

[f1,[f1, fo]] = 200, = a = 1/2.

Moreover, since we are interested to normalize sub-Riemannian structure and not only the pair of
vector fields, we consider rotations of the orthonormal frame.

Remark 8.42. Notice that

]El = cos 0 f; —sinffy

fa =sinbf1 + cos fs - L1, fol = [f1, o).
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Thus, denoting as usual
Ju=wf1+uafo

we can consider the linear map

@ u [fu, [f1, f2]]/D

which vanish on some line on the plane D = span{f, fo}. Up to a rotation of the frame we can
assume that fs € ker ¢ so that [fa, [f1, f2]] = 0, hence 5 = 0.

1
fi= a:cu fo= a:cz + gx%axgv f3= aﬂ% (8'24)

8.4 Geometric meaning

In the previous section we very clearly found how Vis analitically recovered from V. It is nothing
else but the principal part of V in privileged coordinates. But now we want to discuss in which
sense V is an approximation of V. It turns out that in this nonholonomic setting it plays the same
role that linearization of a vector filed does in the Euclidean case.

Lemma 8.43. Let V a vector field. In privileged coordinates we have equality

€01,V = 1% + eWe, where Wy is smooth

Proof. Write V = V + W and applying the dilation we find

51*V:51*‘?+51*W
Since V is homogeneous of degree —1 we have §1 *TA/ = %f} and setting W, = €61 W we are done. [

Remark 8.44. Geometrically this procedure means that we consider a small neighborhood of the
point ¢ and we make a dilation. Then we properly rescale in order to catch the principal term.
This is a blow-up procedure. Notice that we are blowing-up in a nonisotropic way and it contains
information about local structure of the bracket .

Now we can give a very precise meaning of the fact that nilpotent approximation is the principal
part of the sub-Riemannian structure, which knows local geometry near the point ¢q. Let us consider
the end point map

1
F:U— M, u(-)n—>qoexj/ fu(t)dt
0

where U = L5(0,1) = L?([0,1],R¥) is the set of admissible controls. Let we denote by p the
sub-Riemannian distance from the fixed point

p(x) = d(z,q) = inf{[Jul|, F(u) = z} (8.25)
From Lemma [B.43] we can write for € > 0
fe =81, fu=futeWs
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Denote now with f¢ and frespectively the sub-Riemannian structures on R™ and by d® and d the
associated sub-Riemannian distance. Notice that, from the very definition of d® we have

F(2,y) = 2d(3-(2),5-(0)

that says d is d when we look infinitesimally near the point ¢ and rescale.
Let p%, p and F*, F' have analogous meaning. We start from an auxiliary proposition.

Proposition 8.45. F — F uniformly on balls in L5(0,1) (actually in C*= sense).

Proof. Consider the solution 2°(¢) and Z(t) of the two systems starting from ¢ = 0

2(t) = fu @), #°(1) = [y (2°(1)

Using Lemma [8.43] we rewrite the second equation as
(1) = Fug(2°(8) + W (25 (1))

and standard estimates from ODE theory prove that ¢ — Z.

Notice that, since nilpotent vector fields are complete, the solution Z(t) is defined for all t €
R. O

Lemma 8.46. {p°}.~¢ is an equicontinuous family.

Proof. We will prove the following: for every compact K C R" there exists ¢y, C' > 0, depending
on K, such that
d®(z,y) §C|x—y|1/m, Ve <egp,Va,y € K. (8.26)

where m is the degree of nonholonomy. Notice that from (8.26]) we get, using triangle inequality
10 (x) = p(y)| = |d°(0, ) — d°(0,)| < d*(x,y) < Clw —y|"/™

which proves the lemma. We are then reduced to prove (8.20). Idea is to cover a fixed neighborhood
of the origin using controls with bounded norms, uniformly in €.

Let ‘71, . ,‘A/n an adapted basis of the nilpotent system f, such that ‘A/, = m(f\l, .. ,ﬂ) for
some bracket polynomials 7;,¢ =1,...,n. From the very definition we have

~

VA(0) A ... AV, (0) %0

On the other hand, by continuity, this implies that they are linearly independent also in a small
neighborhood of the origin and by quasi-homogeneity we get

Vitz) A ... AVp(2) £0, VzeR™

Let ViF = m(ff,. .., fi) denote vector fields defined by the same bracket polynomials but in terms
of the vector fields of the approximating system. For every K C R™ there exists g = €¢(K) such
that

VE(@)N ... ANV () #£0, Vre K, Ve <ep.
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Recall that by Lemma [829] given a bracket polynomial 7;(g1,...,gx),degm; = w; there exists
an admissible variation u;(t, s), depending only on 7;, such that

1
@/ Gus(t5)ds =1d + t"' (g1, ..., gi) + O™ 1)

0
If we apply this lemma for ¢g; = ff we find w;(t, s) such that

1

@/ fji(m)ds = Id + tYiVF + O(tWith, Ye>0
0

where w; = deg 172 = deg V;°. Now consider the map

(t1,...,tn, @ _xoﬁ/ F2 @i 03 oe?ﬁ/ Fo aron (8.27)

Remark 8.47. We have the expansion

xoﬁ/f

'LU,L-+1

i dS—:E—I—tVa( )+ O, )

i(t;

In particular this is a C' map with respect to t. Notice that it is not C? if w; > 1 for some i (i.e. a
“real” subriemannian problem).

From this remark it follows that ®° € C! as a function of ¢, being a composition of C' maps.
Moreover we get the expansion

a a(I)s _ £
°(ty,...,t —x—i—ZtV )+ 0(t) = B = Vi)

Hence the map ®° is a local diffeomorphism near the origin t = (¢1,...,t,) = 0 and by Implicit
Function Theorem there exists a constant ¢ > 0 such that

x4+ cvB C ®°(vB,x), B=B(0,1) cR", z€K, (8.28)

where ¢ is independent of € and v is small enough.

Let us denote now with F, the end-point map starting from the point € R™ (with analogous
meaning for F2, F,), and with Bj: the unit ball in Lo, 1].

We claim that (828)) implies that there exists a constant ¢’ such that

©+vB C FE(vmB2), VYve>0 (8.29)

Since t +— wu;(t,-) is a smooth map for every i, and u;(0,-) = 0 we have that there exist a
constant ¢; such that

t € vB = u(t,-) € ¢;vBy2, (8.30)
= (Y ) € eV Bra, (8.31)

for all v > 0 small enough.
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For such v we have by inclusion (8.29) that
o —y| < v = d*(x,y) < v/

where we used the fact that d° is the infimum of norm of u such that F:(u) = y. From this easily
follows

d(xz,y) < c_%|x - y|% (8.32)

O

Remark 8.48. All estimates are valid also for ¢ — 0, i.e. for the nilpotent approximation. In
particular, using homogeneity

~

d(z,y) < Clz — y\%, Va,yeR" (8.33)

Indeed from the proof of Lemma B46] it follows that the estimate (8:33) holds in a compact K
containing the origin. Consider two arbitrary points z,y € R™ and € > 0 such that .x,6.y € K.
By the homogeneity of the distance

~ ~

d(d:x,0:y) = ed(x,y).
Moreover since the estimate (833]) holds in K

d(6.2,6.y) < C|6ex — Soy|M/™
< Celz —y|Y™

We can state now the main result
Theorem 8.49. p° — p uniformly on compacts in R™.

Proof. By Lemma [R.46] it is sufficient to prove pointwise convergence. We prove the following
inequalities
limsup p®(z) < p(x) < liminf p°(x) (8.34)

e—0+ e—07t

(1) Fix a point z and a control @ such that
Fu) ==z, |ul = plx),

i.e. such that the corresponding trajectory is a minimizer for the system f Now consider x° :=
F¢(u). From Proposition B45] we get 2 — x for ¢ — 0. Moreover, from the definition of p* we
have p®(z®) < p(z). Hence

po(x) = p=(a%) + p*(x) — p*(z7)
< pla) + |p7(x) — p=(27)]

Using that p° is an equicontinuous family and that 2 — x we have the left inequality in (8.34]).
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(7i) Let now u® be a control such that
) =a, us]] = p*(2)
and define 2° := ﬁ’(us) As before we have p(z°) < p°(z). Then
pla) = p(a%) + plx) — p(z°
< p7(x) + [p(x) — pla”)]

and now it is sufficient to notice that ¢ = F=(uf) — F(uf) = z since F* — F uniformly on balls
of L? and v bounded since p° are equicontinuous.. O

In privileged coordinates = = (x1,...,2,,) € RF @ ... @ RF" = R" we set
. = {z e R, |zi| < i=1,...,m}
Corollary 8.50 (Ball-Box Theorem). There ezists constants ci,ca > 0 such that
all; C B(z,e) C oIl
where B(x,€) is the subriemannian ball in privileged coordinates.
Notice that this is a weaker statement with respect to Theorem
Exercise 8.51. Prove Corollary

Definition 8.52. Let f and fbe two sub-Riemannian structures on the same manifold M. We say
that the structures are locally Lipschitz equivalent if, for any compact K C M there exist ¢1,co > 0
such that

Cld(x7y) < d(x,y) < C2d(x7y)
where 1 and ji are respectively the sub-Riemannian distances induced by f and f

From the Ball-Box Theorem we easily get a characterization of locally Lipschitz equivalent
structures in term of the distribution.

Corollary 8.53. Two sub-Riemannian structures are locally Lipschitz equivalent if and only if the
two flags are equal at al points, i.e.

D.=D.,  VgqeM, Vi>1l

Corollary 8.54. Two regular sub-Riemannian structures are locally Lipschitz equivalent if and
only if their distributions are equal at al points, i.e.

D,=D,  VYqe M.

In other words, in the reqular case, the distribution define the metric up to locally Lipschitz equiv-
alence.

Remark 8.55. In the proof of Theorem B. 49 we showed that, in some coordinates, the sub-Riemannian
metric has an holder estimate with respect to the Euclidean one. The fact that the metric is Lips-
chitz equivalent to the Euclidean one characterize exactly Riemannian structures on M.

Moreover we notice that this is only local property since we do not study the behaviour of the
constants c1, co when K become big.
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8.5 Algebraic meaning

In the last section we proved in which sense the sub-Riemannian tangent space approximate the
sub-Riemannian structure on the manifold. Now we also show that, at least in the regular case, the
nilpotent approximation has a structure of Lie group, endowed with a left-invariant sub-Riemannian
structure.

Recall that given an orthonormal frame {fi,..., fx} for the sub-Riemannian structure, by
Proposition the vector field J;"f;, jet of a vector field on M, is a well defined vector field

on the quotient qu = ({ / ~, which we denote fi-

Proposition 8.56. The Lie algebra Lie{fl, e ,fk} is a nilpotent Lie algebra of step m, where m
is the nonholonomic degree of f at q.

Proof. Consider privileged coordinates around the point q. Then ﬁ has weight —1 and is homoge-
neous with respect to the dilation d. Moreover for any bracket monomial we have

V([ﬁl? ce [ﬁj717ﬁj]]) =—J

Since every vector field V', when written in privileged coordinates, satisfies v(V') > —m, then every
bracket of m vector fileds is necessarily zero. O

Consider now the group generated by the flows of these vector fields
G =Gr{eth, .. etfr}

which acts on qu on the right, and is by definition a nilpotent Lie groupE Moreover in the proof
of Theorem we showed that this action is also transitive (i.e. we can realize every element of
qu with this action)

Collecting together all these results we have

Corollary 8.57. The nilpotent approzimation qu is a homogeneous space, diffeomorphic to the
quotient G /Gq, where Gy is the isotropy group of the trivial element of qu.

Before interpreting this contruction at the level of Lie algebras, we recall some definitions.

The free associative algebra on k generators x1,...,xj is the associative algebra Ay of linear
combinations of words of its generators, where the product of two element is defined by juxtaposi-
tion. The free Lie algebra on k generators, denoted L, is the algebra of Lie elements of Aj where
the product of two elements x,y is defined by the commutator [z,y] = xy — yz.

The nilpotent step m free Lie algebra on k generators x1,...,xg, is the quotient of the free Lie
algebra by the ideal Z*! generated as follows: Z'! = £, and 70 = [Z7~1, L].

Let Lie,,{X1,..., Xk} be the nilpotent step m free Lie algebra generated by the vector fields
X1,..., X, and consider the subalgebra

C:={r € Liep{X1,..., Xp} | 7(f1,..., fx)(0) = O}

of all polynomial bracket such that if we replace X; with ﬁ are zero when evaluated at zero. Then

Lie T] ~ Lie, {X1,..., Xx}/C

2A Lie group G is nilpotent if its Lie algebra g is nilpotent. The fact that G acts on the right is because right
action satisfies Ry = RgRp (ie. - (hg) = (z-h) - g).
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Remark 8.58. To discuss regularity properties of 7, qf with respect to ¢, we can restate this charac-
terization in such a way that does not depend on the nilpotent approximation:

Lie T ~ Lie,{X1,...,Xi}/Cq
where () is the core subalgebra
Cy = {m € Liep{X1,..., X} | 7(f1.-.., fx)(q) € DIE™1} (8.35)

Lemma 8.59. Assume that the sub-Riemannian structure has constant growth vector, i.e. that
ni(q) = dim D}, does not depend on q. Then Cy is an ideal.

In particular qu 1s a Lie group.
Proof. 1t is sufficent to prove that
XelC, = |[fi,X]eC, Vi=1,...,k

Since the structure has constant growth vector, we can consider an adapted basis Vi,...,V,, well
defined in a neighborhood O, of ¢. In particular if X = 7(fi,..., fx) is a bracket polynomial of
degree deg m = d we can write

X(¢) =Y aldWVild), Vd €0,

where a; are suitable smooth functions. From (8.35]) we have that X € C, if and only if it belongs
to Dfll_l, ie. ai(q) =0, Vis.t. w; =d. On the other hand

i X1 = [fi Y a;Vi]
w;<d
=D ol Vil + fila))V; (8:36)

w;<d

From this equality it is easy to check that every coefficient of degree d + 1 in this sum is null at g,

since they can appear only in the first summand of (8:30]). O

Corollary 8.60. Under previuos assumptions fl, e ,fk are a basis of left-invariant vector fields
Sf

on Ty .

Proof. All relies on the fact that if we consider a left invariant vector field X on a Lie group G, and
we consider the right action of a normal subgroup H on it, then X is a well defined left-invariant
vector field on the quotient G/H, which is still a Lie group. O
Examples

Heisenberg
Martinet

Grushin
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Chapter 9

The volume in sub-Riemannian
geometry

9.1 The Popp volume

For an equiregular sub-Riemannian manifold M, Popp’s volume is a smooth volume which is
canonically associated with the sub-Riemannian structure, and it is a natural generalization of
the Riemannian one. In this chapter we define the Popp volume and we prove a general formula
for its expression, written in terms of a frame adapted to the sub-Riemannian distribution.

As a first application of this result, we prove an explicit formula for the canonical sub-Laplacian,
namely the one associated with Popp’s volume. Finally, we discuss sub-Riemannian isometries, and
we prove that they preserve Popp’s volume.

9.2 Popp volume for equiregular sub-Riemannian manifolds

Recall that a distribution D is equiregular if the growth vector is constant, i.e. for each i =
1,2,...,m, ki(q) = dim(Dé) does not depend on ¢ € M. In this case the subspaces DZI are fibres of
the higher order distributions D* C TM.

For equiregular distributions we will simply talk about growth vector and step of the distribu-
tion, without any reference to the point q.

Next, we introduce the nilpotentization of the distribution at the point ¢, which is fundamental
for the definition of Popp’s volume.

Definition 9.1. Let D be an equiregular distribution of step m. The nilpotentization of D at the
point ¢ € M is the graded vector space

gr,(D) =Dy ®D2/Dg@® ... Dy /D"

The vector space gr (D) can be endowed with a Lie algebra structure, which respects the
grading. Then, there is a unique connected, simply connected group, Gry(D), such that its Lie
algebra is gr (D). The global, left-invariant vector fields obtained by the group action on any
orthonormal basis of D, C gr, (D) defines a sub-Riemannian structure on Gry(D), which is called
the nilpotent approximation of the sub-Riemannian structure at the point q.

In what follows, we provide the definition of Popp’s volume. Our presentation follows closely
the one that can be found in [?]. (See also [16]). The definition rests on the following lemmas.
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Lemma 9.2. Let E be an inner product space and V' a vector space. Let m: E — V be a surjective
linear map. Then w induces an inner product on V such that the length of v € V is

llvlly = min{|le||g s.t. w(e) =v}. (9.1)

Proof. Tt is easy to check that Eq. (@) defines a norm on V. Moreover, since || - || is induced
by an inner product, i.e. it satisfies the parallelogram identity, it follows that || - ||}, satisfies the
parallelogram identity too. Notice that this is equivalent to consider the inner product on V' defined
by the linear isomorphism 7 : (ker 7)* — V. Indeed the length of v € V is the length of the shortest
element e € 7 1(v). O

Lemma 9.3. Let E be a vector space of dimension n with a flag of linear subspaces {0} = FO C
F'CF)C...CF"=E. Letgr(F)=F' @ F?/F'®...® F™/F™ ! be the associated graded
vector space. Then there is a canonical isomorphism 0 : \"E — A"gr(F).

Proof. We only give a sketch of the proof. For 0 < i < m, let k; := dim F’. Let X1,...,Xp bea
adapted basis for E, i.e. Xi,..., X}, is a basis for F'. We define the linear map 6 : E — gr(F)
which, for 0 < j < m—1, takes Xy y1,..., Xg;,, to the corresponding equivalence class in Fitl/Fi,
This map is indeed a non-canonical isomorphism, which depends on the choice of the adapted basis.

In turn, 0 induces a map 6 : A"E — A"gr(F'), which sends X7 A...AX,, to (X1)A...AN0(X,). The
proof that 6 does not depend on the choice of the adapted basis is “dual” to [16, Lemma 10.4]. O

The idea behind Popp’s volume is to define an inner product on each Dfl / Dfl_l which, in turn,
induces an inner product on the orthogonal direct sum gr, (D). The latter has a natural volume
form, which is the canonical volume of an inner product space obtained by wedging the elements an
orthonormal dual basis. Then, we employ Lemma[d.3]to define an element of (A"T,M)* ~ A"T M,
which is Popp’s volume form computed at gq.

Fix ¢ € M. Then, let v,w € Dy, and let V, W be any horizontal extensions of v, w. Namely,
V,W e I'(D) and V(¢q) = v, W(q) = w. The linear map 7 : Dy ® Dy — D7 /D,

(v @w):= [V, W], mod Dy, (9.2)

is well defined, and does not depend on the choice the horizontal extensions. Indeed let V and
W be two different horizontal extensions of v and w respectively. Then, in terms of a local frame
Xi,..., X of D

k k
V=V+Y fiX;, W=W+> gX;, (9.3)
=1

i=1

where, for 1 <1i <k, fi,g; € C®°(M) and f;(q) = gi(q) = 0. Therefore

k k
VW] = [V,W]+ > (V(g) = W) X+ Y, figs[Xi, X;]. (9-4)
i=1 i,j=1

Thus, evaluating at g, [TN/, /va]q = [V, W], mod D, as claimed. Similarly, let 1 <14 < m. The linear
maps m; : ©'Dy — Dy, /D

(v @ @v) = [V, [Va,...,[Vie1, Vi]ll; mod DL, (9.5)
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are well defined and do not depend on the choice of the horizontal extensions Vi, ..., V; of vq,...,v;
By the bracket-generating condition, m; are surjective and, by Lemma [@.2] they induce an
inner product space structure on Dé / Df]_l. Therefore, the nilpotentization of the distribution at g,

namely
gr,(D) =D, & D;/Dy® ... & Dy /D ", (9.6)

is an inner product space, as the orthogonal direct sum of a finite number of inner product spaces.
As such, it is endowed with a canonical volume (defined up to a sign) u, € A"gr,(D)*, which is the
volume form obtained by wedging the elements of an orthonormal dual basis.

Finally, Popp’s volume (computed at the point ¢) is obtained by transporting the volume of
gr,(D) to T, M through the map 6, : A"T;M — A"gr (D) defined in Lemma 0.3l Namely

Py = 92(#[]) = pg 0 bq, (9.7)

where 67 denotes the dual map and we employ the canonical identification (A"T,M)* ~ A"Ty M.
Eq. ([@.1) is defined only in the domain of the chosen local frame. Since M is orientable, with a
standard argument, these n-forms can be glued together to obtain Popp’s volume P € Q"(M). The
smoothness of P follows directly from Theorem

Remark 9.4. The definition of Popp’s volume can be restated as follows. Let (M, D) be an oriented
sub-Riemannian manifold. Popp’s volume is the unique volume P such that, for all ¢ € M, the
following diagram is commutative:

81,(D) —— (\"g1(D))"

where p associates the inner product space gr (D) with its canonical volume i, and 6 is the dual
of the map defined in Lemma
9.3 A formula for Popp volume

In this section we prove an explicit formula for the Popp volume.

We say that a local frame Xi,..., X, is adapted if Xi,..., X}, is a local frame for D’, where
k; := dimD?, and X1,..., X}, are orthonormal. Even though it is not needed right now, it is useful
to define the functions cﬁj € C™®(M) by

(X5, X;] Z i X (9.8)

With a standard abuse of notation we call them structure constants. For j = 2,...,m we define
the adapted structure constants bél...z‘j € C*°(M) as follows:

Xy, [Xigs oo [X, 10 X Z b, X, mod DIt (9.9)
1= kﬂ 141
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where 1 < 4y,...,4; < k. These are a generalization of the céj, with an important difference: the
structure constants of Eq. (O.8)) are obtained by considering the Lie bracket of all the fields of the
local frame, namely 1 <4, 7,1 < n. On the other hand, the adapted structure constants of Eq. (9.9])
are obtained by taking the iterated Lie brackets of the first k& elements of the adapted frame only
(i.e. the local orthonormal frame for D), and considering the appropriate equivalence class. For
j = 2, the adapted structure constants can be directly compared to the standard ones. Namely
béj = céj when both are defined, that is for 1 <i,j <k, [ >k + 1.
Then, we define the k; — kj_1 dimensional square matrix B; as follows:

k
hl .
[Bj] = Z b?liz...ijbélig...ij ’ Jj=1L...,m, (910)

i1,i2,eyij=1

with the understanding that By is the £ x k identity matrix. It turns out that each B; is positive
definite.

Theorem 9.5. Let X1,..., X, be a local adapted frame, and let v, ... v™ be the dual frame. Then

Popp’s volume P satisfies

1
P=—ovo-— A AT, (9.11)

\/11; det B;

where Bj is defined by (Q.I0) in terms of the adapted structure constants ([Q.9]).

To clarify the geometric meaning of Eq. (@.I1]), let us consider more closely the case m = 2.
If D is a step 2 distribution, we can build a local adapted frame {Xy,..., Xi, Xp11,..., X} by
completing any local orthonormal frame {X7,..., X} of the distribution to a local frame of the
whole tangent bundle. Even though it may not be evident, it turns out that B, 1(q) is the Gram
matrix of the vectors Xj11,..., X, seen as elements of T, M /D,. The latter has a natural structure
of inner product space, induced by the surjective linear map [, ] : D, ® D, — T,M/D, (see
Lemma [0.2]). Therefore, the function appearing at the beginning of Eq. (O.I1]) is the volume
of the parallelotope whose edges are Xq,...,X,,, seen as elements of the orthogonal direct sum
gr,(D) =D, ® T,;M/D,.

Proof of Theorem

We are now ready to prove Theorem For convenience, we first prove it for a distribution of step
m = 2. Then, we discuss the general case. In the following subsections, everything is understood
to be computed at a fixed point ¢ € M. Namely, by gr(D) we mean the nilpotentization of D at
the point ¢, and by D’ we mean the fibre Dfl of the appropriate higher order distribution.

Step 2 distribution

If D is a step 2 distribution, then D? = T'M. The growth vector is G = (k,n). We choose n — k
independent vector fields {Y;};L, . | such that Xi,..., Xz, Yiy1,..., Y, is a local adapted frame for
TM. Then

(X, X5l = > b7 mod D. (9.12)
l=k+1
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For each I = K+ 1,...,n, we can think to bﬁj as the components of an Euclidean vector in RkQ,
which we denote by the symbol b'. According to the general construction of Popp’s volume, we
need first to compute the inner product on the orthogonal direct sum gr(D) = D @ D?/D. By
Lemma 0.2 the norm on D?/D is induced by the linear map 7 : ®2D — D?/D

The vector space ®>D inherits an inner product from the one on D, namely VX,Y,Z W € D,
(XY, ZoW) = (X,Z){(Y,W). « is surjective, then we identify the range D?/D with ker 7+ C
®2D, and define an inner product on D?/D by this identification. In order to compute explicitly
the norm on D?/D (and then, by polarization, the inner product), let Y € D?/D. Then

|D?/D|ly = min{|| ®%D|z s.t. 7(Z) =Y}. (9.14)

Let Y = Z?:kﬂ AY; and Z = Zﬁj:l a;; X; ® Xj € ®%D. We can think to a;; as the components
of a vector a € RF”, Then, Eq. (O@14)) writes

|D?/D|ly = min{la| s.t. a-b' =, I=k+1,...,n}, (9.15)

where |a| is the Euclidean norm of a, and the dot denotes the Euclidean inner product. Indeed,
|D?/D|ly is the Euclidean distance of the origin from the affine subspace of R* defined by the
equations a - b = ¢! for { = k +1,...,n. In order to find an explicit expression for | D?/D|2 in
terms of the b', we employ the Lagrange multipliers technique. Then, we look for extremals of

L(a, b5 b N ) = aP =2 > N(a- b = ). (9.16)
l=k+1

We obtain the following system

> b —a=0,

I=k+1 (9.17)
ot vr=c,  r=k+1,...,n

I=k+1

Let us define the n—k square matrix B, with components B = b"-b!. B is a Gram matrix, which is
positive definite iff the b are n — k linearly independent vectors. These vectors are exactly the rows
of the representative matrix of the linear map 7 : ®2D — D?/D, which has rank n — k. Therefore
B is symmetric and positive definite, hence invertible. It is now easy to write the solution of
system (@.17) by employing the matrix B~!, which has components B,:ll. Indeed a straightforward
computation leads to

|D?/ D%y, = "B, ;' (9.18)

By polarization, the inner product on D?/D is defined, in the basis Y;, by
(Y, Yi)p2yp = By, (9.19)
Observe that B! is the Gram matrix of the vectors Yy 1, ..., Y, seen as elements of D?/D. Then,
by the definition of Popp’s volume, if v',... v* pF*t1 .. 4" is the dual basis associated with

X1, Xk, Yiaq, ..., Yy, the following formula holds true
1

P = VEA - AVE A ETI A A (9.20)

vdet B
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General case

In the general case, the procedure above can be carried out with no difficulty. Let Xi,..., X,
be a local adapted frame for the flag D° ¢ D € D? C --- C D™. As usual k; = dim(D?). For
j=2,...,m we define the adapted structure constants bél...ij € C>®(M) by

k;
l j—1
[Xirs Xy [ Xy Xl = D by X0 mod DI, (9.21)
I=kj_1+1
where 1 <'iq,...,4; < k. Again, bél...z’j can be seen as the components of a vector b* € RF .

Recall that for each j we defined the surjective linear map 7 : ®ID — DI /pi~1
mi(Xi, @ Xy @+ © X)) = [Xiy, [Xig, -, [Xi,_,, X3,]]] mod DI (9.22)

Then, we compute the norm of an element of D7/D7~1 exactly as in the previous case. It is
convenient to define, for each 1 < j < m, the k; —k;_; dimensional square matrix B;, of components

k
hl
[Bj] = Z bﬁiz...ijbéliz...z‘j- (9.23)

01,020yt =1

with the understanding that B is the k x k identity matrix. Each one of these matrices is symmetric
and positive definite, hence invertible, due to the surjectivity of m;. The same computation of the
previous case, applied to each D7 /D=1 shows that the matrices Bj_1 are precisely the Gram matrices
of the vectors Xy, ,41,...,X; € DI /DI~ in other words

(Xky_y 41> Xk;_y4n)pijpi—1 = Byp" (9.24)
Therefore, if v1,...,v™ is the dual frame associated with X1,..., X,,, Popp’s volume is
1
P=——" A AV (9.25)

9.4 Popp volume and isometries

In the last part of the paper we discuss the conditions under which a local isometry preserves Popp’s
volume. In the Riemannian setting, an isometry is a diffeomorphism such that its differential is an
isometry for the Riemannian metric. The concept is easily generalized to the sub-Riemannian case.

Definition 9.6. A (local) diffeomorphism ¢ : M — M is a (local) isometry if its differential
¢« : TM — TM preserves the sub-Riemannian structure (D, (-|-)), namely

1) Dx (Dq) = D¢(q) for all ¢ € M,
i) (6,X[6.Y )y, = (X|Y), for all g € M, XY € D,.

Remark 9.7. Condition ), which is trivial in the Riemannian case, is necessary to define isometries
in the sub-Riemannian case. Actually, it also implies that all the higher order distributions are
preserved by ¢, i.e. gb*(Df]) = be(q), for 1 <i<m.
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Definition 9.8. Let M be a manifold equipped with a volume form p € Q"(M). We say that a
(local) diffeomorphism ¢ : M — M is a (local) volume preserving transformation if ¢*u = p.

In the Riemannian case, local isometries are also volume preserving transformations for the
Riemannian volume. Then, it is natural to ask whether this is true also in the sub-Riemannian
setting, for some choice of the volume. The next proposition states that the answer is positive if
we choose Popp’s volume.

Proposition 9.9. Sub-Riemannian (local) isometries are volume preserving transformations for
Popp’s volume.

Proposition may be false for volumes different than Popp’s one. We have the following.

Proposition 9.10. Let Iso(M) be the group of isometries of the sub-Riemannian manifold M. If
Iso(M) acts transitively on M, then Popp’s volume is the unique volume (up to multiplication by
scalar constant) such that Proposition holds true.

Definition 9.11. Let M be a Lie group. A sub-Riemannian structure (M, D, (-|-)) is left invariant
if Vg € M, the left action Ly : M — M is an isometry.

As a trivial consequence of Proposition [0.9 we recover a well-known result (see again [16]).

Corollary 9.12. Let (M, D, (-|-)) be a left-invariant sub-Riemannian structure. Then Popp’s vol-
ume s left invariant, i.e. LyP =P for every g € M.

This section is devoted to the proof of Propositions and [0.10]

Proof of Proposition
Let ¢ € Iso(M) be a (local) isometry, and 1 <4 < m. The differential ¢, induces a linear map

b : @Dy = @ Dyy - (9.26)
Moreover ¢, preserves the flag D C ... C D™. Therefore, it induces a linear map

T .pipi-l ‘ i—1
01 Dg/Dy " = Dy /Dy - (9:27)
The key to the proof of Proposition is the following lemma.

Lemma 9.13. quS* and QAS* are isometries of inmer product spaces.

Proof. The proof for gz~5* is trivial. The proof for QAS* is as follows. Remember that the inner product
on D'/D*"! is induced by the surjective maps 7; : D — D*/D*~! defined by Eq. (0.5). Namely,
let Y € D;/Di~!. Then

1Y gy it = mind]| Zlop, s.t. m(2) =Y} (9.28)

As a consequence of the properties of the Lie brackets, m; o 5* = (/5* o ;. Therefore

¥l g = minfl6:Zllsmyg, 56 7(6:2) = 6.Y} = 16 1y s (929)

By polarization, ;5\* is an isometry. U
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Since gr, (D) = @, D; /D" is an orthogonal direct sum, s gr4(D) = gry(q)(D) is also an
isometry of inner product spaces.
Finally, Popp’s volume is the canonical volume of grq(D) when the latter is identified with T, M

through any choice of a local adapted frame. Since ¢, is equal to qub* under such an identification,
and the latter is an isometry of inner product spaces, the result follows. O

Proof of Proposition

Let u be a volume form such that ¢*p = p for any isometry ¢ € Iso(M). There exists f € C°(M),
f # 0 such that P = fu. It follows that, for any ¢ € Iso(M)

fu=P=0¢"P=(fod)d"'n=_foo)pu, (9.30)

where we used the Iso(M )-invariance of Popp’s volume. Then also f is Iso(M )-invariant, namely
¢*f = f for any ¢ € Iso(M). By hypothesis, the action of Iso(M) is transitive, then f is constant.
U

Hausdorff dimension and Hausdorff volume
Density of the Hausdorff volume with respect to a smooth volume

Bibliographical notes
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Chapter 10

Regularity of the sub-Riemannian
distance

In this chapter we focus our attention on the analytical properties of the sub-Riemannian distance
d. In particular we want to answer to the following questions:

() Which is the minimal regularity of d that we can always expect?

(73) Is the sub-Riemannian distance smooth? If not, can we characterize smooth points?

10.1 General properties of the distance function

In the following we work in the usual setting
k
frUSTM, 4= uifi(q)
i=1
where U is a rank k trivial Euclidean bundle on M and u;(t) € L?, and fi, ..., fi are smooth vector

fields.

Definition 10.1. Fix a point ¢ € M. The flag of the sub-Riemannian structure at the point ¢ is
the sequence of subspaces D; C Dg C ... defined by

D; = Span{[filv ) [fil717fil]](q)7 I < Z}

Notice that D(} = D, is the set of admissible directions, Dg is the set of directions that are admissible
with one bracket etc.

The bracket generating assumptions implies that
Vge M, Im(q) >0 st DM =T,M
and m(q) is called the step of the sub-Riemannian structure at q.

Exercise 10.2. Prove that the filtration defined by the subspaces Dé,z’ > 1 is intrinsic for the
sub-Riemannian structure. In particular this implies that m(q) does not depend on the basis of
vector fileds (i.e. on the trivialization of U).
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In the Chapter ?? we already proved that the sub-Riemannian distance is Holder continuous.
For the reader’s convenience, we recall here the statement.

Proposition 10.3. For every q € M there exists a neighborhood Oy such that ¥ qo,q1 € Oy and
for every coordinate map ¢ : Oy — R"

d(q0,q1) < Clé(qo) — d(qr)|H™

where m = m(q) is the step of the sub-Riemannian structure at q.

Now fix a point gg € M and define the following functions

1

pla) = d(go,0),  ple) = 5 (a0, 9).

Note. In what follows we always consider the point gg to be fixed and ry > 0 such that
B = By, (ro) is a closed compact ball centered in go.
Our main goal is to prove the following

Theorem 10.4. The function M‘B : B — R is smooth on a open dense subset of B.

Let us denote by F' = F,, : Y — M the end-point map with fixed point go € M, i.e. the map
that associates to every control u(-) € U C L? the end-point g, (1) of the solution associated to the
control u and denote with B the ball of radius ro (defined above) in L?. Notice that since B is
compact then B C U.

The proof of Theorem [I0.4] is the object of all this section. Let us start recalling the following
result and its corollary, some of which were already obtained in the previous chapters.

Proposition 10.5. F‘B is weakly continuous in L?. In other words if u, — u in the weak topology
then F(uy) — F(u).

Remark 10.6. Actually we prove that all trajectories converge uniformly and not only their end-
points.

Proof. Consider the solution of the problem
) = fuy(Y®),  7(0)=q, u€B.

Since the ball B is compact, all trajectories are Lipschitzian with the same Lipchitz constant. In
particular they form a precompact set in the C° topology.
Assume now that u, — u and consider the family of curves +,(t) associated to wu,, that satisfy

T (t) = qo +/0 Jun () (Y (7))dT.

By compactness there exists a subsequence, which we still denote ~,,, such that ~,, — ~ uniformly,
for some curve -y, in particular their endpoints converge. It remains to show that -~y is the trajectory
associated to u.

Since u, — u we have that f, ) (Yn(t)) — fuw)(7(t)) being the product between strong and
weak convergent sequences taking the limit we find

(1) = go + /0 Futny (V)

i.e. 7y is the trajectory associated to wu. O

one can write the coordinate expression 3" ul fi(qx(t))
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The previous proposition reproves the existence of minimizers

Corollary 10.7 (Existence of minimizers). For any g1 € By, (r) there exists u (with ||u| < r) that
join qo and q1 and is a minimaizer. i.e. ||u| = d(q0,q1) = p(q1)-

Proof. Consider a point ¢; in the compact ball B. Then take a minimizing sequence u,, such that
F(uy,) = ¢ and ||u,|| — p(q1). Since u, € B and bounded sets are compact in the weak L?
topology, we can assume u,, — u. On the other hand the standard semicontinuity result of the
norm gives

[a]l < Tim inf [lu,[| = p(q1),

and the equality holds.
O

Definition 10.8. A control u is called minimizer if it satisfies p(F'(u)) = J(u). Notice that in this
case we have |u(t)| = const and moreover |u(t)| = [|u|| = p(F(u)).

Theorem 10.9 (Compactness). The set of all minimizer controls with value in a compact ball
M = {u minimizer, F(u) € B},
is compact in the strong L? topology.

Proof. Consider a sequence u,, € M, that we can assume weakly convergent u,, — u (since bounded
sets are weakly compact). If we prove that ||u,| — ||u|| we are done by a standard argument.

From Proposition it follows that F'(u,) — F(u) strongly and the continuity of the distance
implies p(F(uy)) — p(F(u)). Moreover since u,, € M we have that ||u,|| = p(F(u,)) and by weak
semicontinuity of the norm we get

[ul <liminf [ju, || = lim inf p(F(un)) = p(F(u)),
that implies u, — v and u € M. O

Now we focus on normal extremal paths starting from the fixed point ¢y and we want to
understand how they cover a neighborhood of the initial point.
Recall that normal extremal paths are projections of the Hamiltonian flow on 1% M

—_

k
A(t) = H\(1)), ) =32 M fi@)?,
i=1

where H is the sub-Riemannian Hamiltonian.
In particular the exponential map can be interpreted as the restriction of the end-point map to
a special class of controls parametrized by a covector A\g € Ty M

Ea (o) =m0 ell (Ag) = F(u™),

where

w(E) = (0 ())i=1 ke w0 (8) = (M), Fi(y(2)) -
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Recall that, if we denote by 7),(f) the normal extremal path with initial covector Ao, from the
homogeneity property of H it follows that

E(A(0)) = 70 (D),
from which one get

. 0H

It follows that 0 is a regular point of £ if and only if Dy, = T}, M.

73, 01)

Remark 10.10. In the Riemannian case £ gives local coordinates to M around qg, being a diffeo-
morphism of a small ball in T;y M onto a small geodesic ball in M, where geodesics are images
of straight lines in the cotangent space. Moreover there is a unique minimizer joining gy to every
point of the (sufficiently small) ball and d? is a smooth function around gq.

1
As we show next, as soon as Dy, # Ty, M singularities appear. Recall the notation p(q) = §d2(q0, q)

and let us consider, as before, a compact ball B = By (), where we have existence of minimizers
by Proposition I0.71

Theorem 10.11. The function p is smooth in a neighborhood O, of ¢ € B if and only if for all
q €0,

(1) ¢ is connected with qo by a unique minimizer,
(17) ¢’ = Eqgy(Ny), where Xy is a reqular point of &,
In this case the final covector on the geodesic is N := eﬁ()\f)) =dgp.

We divide the proof of this Theorem into two part, proving separately the two implications.

First part of the Proof of Theorem [I0.11. Assume that p is smooth in a neighborhood O, of ¢ € B,
we want to show that (¢) and (i7) holds. Moreover, we show that dg, p is the covector associated to
the minimizer.

Denote by F' the endpoint map from gg and consider the function

1
%uH%AhMWﬁ—Mﬂw%

Notice that ¥ > 0 and ¥(u) = 0 if and only if w is lenght-minimizer. Since p is smooth we have
that u is lenght-minimizer implies D, ¥ = 0, but
Du\I’ =Uu-— (dF(u)N) DuF = 0,

that means exactly that w is normal and Ay = dp,)pu. Moreover u is unique, since from the
covector A\; € T,, M we can uniquely recover the extremal A(t) and its projection y(t) = 7(A(t)),
that uniquely determines w;(t) = (A(¢), fi(v(?))).

It remains to prove (ii). For any ¢; € O, define the following map

®: g e M (dg,p) € T M.
Clearly it is smooth and is a right inverse for the exponential map, since

E@®(q1)) = wo e (e (dy 1) = m(dgyp) = a1 (10.1)

The existence of a smooth right inverse, using the chain rule, implies that ¢ is a regular point. [J
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Remark 10.12. Notice that (i) proves that w is strictly normal, being a regular point of the
exponential map.

Before proving the converse we show an important corollary of this result. Denote by S, :=
p~1(r) the sub-Riemannian sphere centered at qo

Corollary 10.13. Assume that Dy, # T, M. Any non empty level set S, contains a non smooth
point of the function p.

Proof. Assume, by contradiction, that u is smooth at every point of the sphere S,.. Then, since
dqp # 0 for every ¢ € S, (since dypu is the nonzero covector attached at the final point of a geodesic,
see the Theorem [[0.1T]) it follows that S, is a submanifold of dimension n — 1. Moreover, being the
level set of a continuous function, it is closed, hence compact.

Consider the map

B:S, = ToM, g e T(dgu) € T M,
which defines an inverse of the exponential map (see also (I01)). Moreover
H(®(q)) =7,  since pu(q)=H(A) =r,
from which it follows that actually ® defines a map
®: 8, - H '(r)nT; M, (10.2)

that is a diffeomorphism of S;., onto some connected and compact n — 1 dimensional region in the
image. On the other hand the set

0

k
H'(r)NTEM={\eT; M : % Y i) =r)
i=1

is a connected n — 1 dimensional submanifold, being diffeomorphic to the cylinder S* x R*~¢, where
¢ is the rank of the structure at the point. Since the cylinder S¢ x R* ¢ is connected, but not
compact, we get a contradiction. O

Second part of the Proof of Theorem [I0.11l. We start with the definition of smooth point for p.

Definition 10.14. A point ¢ € M is called a smooth point if there exists a unique minimizer
joining go to ¢ such that it is strictly normal, associated to a control u s.t. A\;Dy,F = u for some
A €T M, and A\g = e H(\y) is a regular point for Eqo- The set of smooth points is denoted by 3.

Notice that this definition does not involve directly the regularity of p. Actually, the proof of
Theorem [T0.11] is completed by the following

Proposition 10.15. > is an open set and p is smooth at every point of 3.

Proof. Let us start proving that X is open. It is sufficient to show that
Vg, —¢q, dng €N suchthat ¢, €3, Vn>ng.

Due to the existence of minimizers there exists a sequence of controls u,,, such that w,, is a minimizer
control that join gg to g,. Moreover, by Proposition [I0.9] the set of minimizers is strongly compact
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in Ls. Then there exist v such that u, — v. On the other hand the control v is forced to be a
minimizer joining ¢ and ¢g, and by our assumption on uniqueness, we have v = u.

By smoothness of the end point map and w,, — u we get D, F — D,F. Since D,F has full
rank (u is strictly normal, hence is not a critical point for F') we have that, for n big enough, wu,, is
not a critical point of F. There exists a sequence A} € T; M such that

AN Dy, F = up, Dy, F: L3 — T, M has full rank
Considering the dual map
(Du, FY*AY = up, Dy, F*:T; M — L is injective

From here we get that also A7 — A; and A\; must be the unique solution for q.

Remark 10.16. In other words we proved that VV) nieghborhood of A in T M there exists a
neighborhood Oy of ¢ such that every point of ¢’ € O, is joined to gy by a minimal control «’,
whose corresponding covector is X' € V.

Now it remains to prove that the covector A; is unique and that wu is smooth at these points.
Since at A the exponential map is regular we have that £ ‘VA : M= E(N) is locally invertible. Hence

VgeO, IINeV, st. ¢ =EN) and ¢ +— X is smooth.

The conclusion follows from the equality p(q¢') = H(N') we are done.

Now we continue proving Theorem [I0.4l

Proof of Theorem [10.4 Our goal is to show that ¥ is a dense set in B. We start by characterizing
some larger set than the set of smooth pointﬂ.

Definition 10.17. A point ¢ € B is said to be a
- fair point if there exists a unique normal minimizer joining qg to q.
- good point if it is a fair point and the control is strictly normal.

We will denote by ¥y and X, the set of fair and good points respectively. Clearly ¥ C ¥, C Xy.

Notice that a smooth point is a good point which is also a regular point for the exponential map
E. We proceed into the following steps.

(i) X is a dense set,
(11) Xq is a dense set,
Y is a dense set.

)
)

(#43) p is Lipschitz in a neighborhood of points of ¥,
)

(iv

2recall that we always work in the compact ball B
3i.e. not only for the endpoint map, but also for its restriction to the manifold of critical control

184



Proof of (). Let O C B an open set. We want to show that X5 N O # 0.
Consider a smooth function @ : O — R such that a='([s,00]) is compact for every s. Then
consider the function

U:qge 0w p(g) —alq)

Clearly ¥ attains its minimum at some point ¢; € O.
Now consider also the map

V:ueld— Ju)—a(F(u))

Since J > p we get that U attain its minimum at the control u; that satisfy F'(u1) = ¢; and is a
minimizer. Then
Dy, ® =wuy — (dg,a)Dy,p =0

form which it follows that u; is normal with A\; = d,, a its covector.

Remark 10.18. In the Riemannian case ¥y = X, since there are no abnormal extremal.

Proof of (ii). We want to show that ¥, N O # () for any open subset O C B.
For any ¢ € ¥y N O (which is nonempty by (7)) define rank ¢ = rank D, F', where u is the control
associated to the unique minimizer v that join gy to g. To prove (i7) it is sufficient to prove that
there exists a point ¢’ € XN O such that rank ¢’ = n, i.e. D,/ F is surjective, for the unique control
u’ associated to ¢’. Assume by contradiction that

ko := max rankg <n
© qufﬂO 1 ’

and consider a point ¢ such that rank g = ko.
Claim: all points sufficiently close to ¢ have the same rank.

Indeed, if it is not the case, there exists a sequence of points ¢, — ¢ such that ¢, € Xy N
O, rankgq, < ko. But this implies that the sequence of controls u, associated to ¢, satisfies
U, — U strongly in Lo, by uniqueness and compactness (see also proof of (a) of Proposition [10.15]).
By smoothness of F' it follows that D, F' — DzF which implies the contradiction rank Dz F' < ko.

Hence we can assume that rankg = ko < n for every ¢ € ¥y N O (maybe restricting our
neighborhood).

We introduce the following set

M, = e #{¢ € T M| (D, F = \\D,F} C T:, M

which is an affine subset of T)x M such that dimIl; = ko. Indeed, let P; be the (local) nonau-

tonomous flow associated to the control u (which is the same for every ¢), then the the map e~ #

acts linearly on the subspace of covectors associated to the same control u since we know that
A0) = e H(\) = PF)\y, (see also Chapter M.

Moreover, the map ¢ + 11, is continuous on ¥y N O. Indeed if we consider a sequence g, — ¢
we have that w,, — u strongly and D, F' — D,F. Since rank D, F' is constant the kernel also is
continuous. ~

Consider now B C T;OM a ko-dimensional ball that contains \g = e~ (A1) and is transversal to
II,. By continuity B is transversal also to I, for ¢ € ¥ NO close to ¢q. In particular I N B # 0.
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This implies, since £(II;) = ¢, that X; N O C £(B). By (i) ¥y N O is a dense set, hence
E(B) is also dense. On the other hand, since £ is a smooth map and B is a compact ball of
positive codimension (ko < n), by Sard Lemma it follows that £(B) has measure zero, that is a
contradiction.

Proof of (iii). We start with the following

Theorem 10.19. Let K C B a compact in our ball such that any minimizer connecting qg to
q € K s strictly normal. Then p is Lipschitz on K.

Corollary 10.20. If g € ¥, then p is Lipschitz in a neighborhood of q.

Proof. 1t is sufficient to prove that in a neighborhood of good points there can be only points
reached by strictly normal minimizers (no uniqueness is required). Assume the contrary, then there
exists a sequence of points ¢, such that u, is also abnormal. By compacness of minimizers there
exists u such that u, — u and by uniqueness of the limit u is abnormal for the point ¢, that is a
contradiction. O

Proof of Theorem [10.19. Consider some point ¢ € K and a minimizing control u (maybe is not
unique). By our assumptions D, F' is surjective (u is strictly normal). Then, using inverse function
theorem, there is a smooth right inverse. In other words there exists € > 0 and C' > 0 such that

By(Cs) C F(By(s)), Vo<s<e

where B, (r) is the ball of radius r in L?. From this it follows that for every ¢ and any minimizer
u which connect gg to g:

u(d') < plq) + Cla — | (10.3)
By compactness of minimizers and compactness of K it follows that we can find € and C such that
[M0.3is valid for all points and minimizers. Then we can exchange the role of ¢ and ¢’ getting

u(d') = (@)l < Clg — ¢ (10.4)
O
Proof of (iv). Since we know that u is Lipschitz on O, p is differentiable almost everywhere in

O. Moreover, every point of differentiability of u is a fair point.
Indeed consider the functional

U:u— J(u) — p(F(u))

As noticed in (i), ¥ attains minimum at minimizers of u. Moreover, if u is differentiable at the
point F'(u) (where u is the minimizer) then W is differentiable at u and

Du\I’ =Uu— (dF(u)N)DuF =0

that implies that the point is fair. Hence the set of fair point has full measure in O. Moreover,
by Sard Lemma, the set of regular values of the exponential map is also a dense set. Since all fair
points are in the image of exponential map, for which thanks to Sard lemma almost all points are
regular. The intersection is still dense. O

We end this section by proving the following

Theorem 10.21. For every € > 0 there exists qo € M and a normal extremal path v starting from
qo such that ¢(v) =€ and v is not a minimizer.
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10.2 Lipschitz functions and maps

Recall that if ¢ : M — R is a Lipschitz function, the differential d,¢ is well defined for a.e. ¢ € M,
by Rademacher Theorem. Now we introduce a weaker definition of differentiability.

Definition 10.22. Let ¢ : M — R be locally Lipschitz function. The (Clarke) sub-differential of
¢ at the point ¢ € M is

Oqtp = conv{{ € TyM|{ = ligl dg, ¢, qn diff. point} (10.5)
qn—4

Notice that by definition the set d,¢ is bounded and closed, hence compact.

Note. In what follows if ¢ : M — R is a locally Lipschitz function the notation d,¢ means
that ¢ € M is a differentiability point of .

Example 10.23. Let ¢ : R — R defined by
(Z) (10(3:) = |$|7 then 80(10 = [_17 1]7
(i) o(x) =z, if £ <0 and p(z) = 2z, if x > 0, then dyp = [1, 2].

In particular in the first example 0 is a minimum for ¢ and 0 € Jyp. In the second case the function
is locally invertible near the origin and Oy is separated from zero.

This notion permits to extend some classical properties of critical points of smooth functions.
Proposition 10.24. Let ¢ : M — R be locally Lipschitz and q be a minimum for ¢. Then 0 € J4¢.

Proof. Assume by contradiction that 0 ¢ d,¢. Then by compactness the set d,¢ is separated from
0. In particular from this follows that

de>0, Jve ;M s.t. (€, v) < —e <0, V&€,
By continuity there exists a neighborhood O, of ¢ and V,, of v such that
(dyp,v") < —€/2 <0, V¢ €0, VU €V,

where ¢’ is a differentiability point. Since for a.e. direction v’ the intersection of the set of differ-
entiable points with the line {g + tv’} has full measure, the function a(t) = ¢(g + tv") cannot have
a minimum in ¢. Indeed

a(t) —a(0) = (g + ') — ¢(q) = /0 (dgp,v") < —et/2.
]

The following lemma gives an estimate for the sub-differential of some special class of function.

Lemma 10.25. Let ¢, : M — R be a family of C* functions, with w € Q a compact set. Assume
that the following maps are continuous:

(w,q) = pu(q), (w,q) = dgpu(q)

Then the function a(q) := mig ©vw(q) is locally Lipschitz and
we

Jga C conv{dyp,|Yw € Q s.t. ¢,(q) = alq)}. (10.6)

187



Proof. We divide the proof into two steps. First we prove that a is locally Lipschitz and then we
prove the estimate (I0.6]).

(7). Tt is enough to prove the statement for Lipschitz functions on a compact K C M. Since
every (,, is Lipschitz on K and () is compact, there exists a constant C' > 0 such that

u(q) —pu(d) <Clg—4d|, Vagd €K, weq,

Clearly
min ¢, (¢) — u(q) < Clg —¢|

weN
and passing to the min with respect to ¢’ we get
a(g) —a(q') < Cla—4',  Vg¢,d €K,
Since the constant C' depends only on K we can exchange the role of ¢ and ¢’, proving
la(g) —a(@)| < Cla -4, Ve, d €K,
(73). To prove (I0.6]) it is sufficient to show that, at every differentiable point ¢ € M
dqa € D, D := conv{d,p,|Vw € Q s.t. p,(q) =alq)}.
Take £ ¢ D. By separation theorem
de >0, JveT,M st. (dgpw,v) > (§v)+e, Vwst pu(q) =alg),
By continuity there exists a neighborhood O, of ¢ and V,, of w such that
(dgpur,v) > (&,0) +¢/2, V¢ €0, Vo' €V, st o) =ald),

A similar argument let us to prove that

%(%(q +tv) = pu(q) > (§v) +¢/4

which implies, repeating the argument used in (i),

Halg + 1) — a(g) 2 (€) +</4

and passing to the limit we get
(dga,v) > (€,v) +¢/4 (10.7)

If dya ¢ D we can replace £ with dga in (I0.7)) getting (d,a,v) > (dsa,v) 4+ €/4. O

For a Lipschitz map between manifolds f : M — N the (Clarke) sub-differential is defined in
analogous way to the scalar case

04f = conv{L € Hom(T,M, Ty N)| L = lim D, ¢, g, diff. point},
qn—4q
The following lemma shows how the standard chain rule extends to the Lipschitz case.
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Lemma 10.26. Let M be a C' manifold and f: M — N be a Lipschitz map.
(a) If - M — M s a diffeomorphism and q € M we have

04(f o @) = 0ypq)f - Dy (10.8)
(b) If o : N — W is a C' map, and ¢ € M we have
94(p o f) =Dy 0yf- (10.9)

Moreover the sub-differential, as a set, is upper semicontinuous, i.e. for every nez’ghborhood Qe
Hom(TyM, Ty () IN) of Oy f there exisxt a neighborhood Oy of q such that Oy f € €2, for every ¢ € O,.

Proof. (i). Since ¢ is a diffeomorphism, it sends every differentiability point ¢ of f o ¢ to a differ-
entiability point ¢(q) for f. Then (I0.8]) is true at differentiability point and passing to the limit it
is also valid for sub-differential (you prove both inclusion using ¢ and ¢—1).

With analogous reasoning one can prove (ii). The semicontinuity can be easily proved by
separation theorem or the Caratheodory Lemma. O

Definition 10.27. Let f : M — N be a Lipschitz map. A point ¢ € M is said critical for f if O, f
contains a non-surjective map. If ¢ € M is not critical it is said regular.

Theorem 10.28. Let f: R™ — R™ be a Lipschitz map and q € M be a reqular point. Then there
exists neighborhood Oyq) and a Lipschitz map g : Oy C R™ — R™ such that fog=go f=1d.

Remark 10.29. The C! version of inverse function theorem can be proved from Theorem and
the chain rule. Indeed Theorem implies that there exists a Lipschitz inverse g and using
the chain rule it is easy to show that the sub-differential of ¢ contains only one element (hence is
differentiable at that point) and the differential is the inverse of the differential of f.

We start the proof of the Theorem with two lemmas
Lemma 10.30. There exists a neighborhood Oy and € > 0 such that
Vo, lv| =1, 3&, & =1 s.t. (£v, 0xf(v)) > e, Yz €Oy

Proof. Since 0, f(v) is a compact convex set that does not contain 0 (all matrix in d, f are invertibles)
by separation theorem we can find &, such that (&,, 0, f(v)) > e(v), Vz € O,. By compactness of
the set of v, there exists € > 0 that works for all |v| = 1. O

Lemma 10.31. |f(z) — f(y)| > €lx — y|, for all z,y € O,.

Proof. Write y = x+ sv, where s = |x —y| and v is a vector of norm 1. Consider a direction v’ close
to v such that almost every point in that direction is a point of differentiability, and let ¢/ = x + sv’.
Then we can write

1) — f(@) = /0 (Dysn )0 dt

Hence
If(y) = f(@)] = (&, fy) = f(2))
/ (& (Do YV dt
>ely -l
Then we can pass to the limit for v — v (i.e. ¥’ — y) since € does not depend on v. O
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Proof of Theorem [10.28. Lemma [I0.31] shows that f is injective in a neighborhood O, of the point
¢ and that the inverse function (which is well defined) is Lipschitz. It remains to show that f(O,)
covers a neighborhood of the point f(q).

Without lack of generality we can assume that the estimate of the Lemma [T0.37] holds also on
00, (maybe considering some smaller neighborhood). Lemma [[0.31] also says that

dist(f(q),0f(Oq)) = edist(g,Oq) > 0

Then consider W C f(O,) such that |y — ¢| < dist(y,0f(Oy)), for every y € W.
Fix y € W and define the function

0:0, =R, o(z)=|f(x) -y

By construction ¢(g) < ¢(2), for all z € 0f(0g), hence by continuity ¢ attains the minimum on
some point = € O4. By Proposition [[0.24] 0 € 0,¢. Moreover, using the chain rule

Ovp = (f(x) —y)" - Ouf
and since x is a regular point of f, the set 0,¢ contains zero if and only if f(z) = y. O

Corollary 10.32. Let ¢ : M — R be Lipschitz and assume that y € R is a regular value of a, i.e.
0 Yy) # 0 and every x € ¢~ (y) is regular). Then ¢~ '(y) is a Lipschitz submanifold of M of
codimension 1.

Proof. We show that in any neighborhood O, of x € »~!(y) the set O, N~ !(y) can be described
as the zero locus of a Lipschitz function. Since d,a does not contain 0 there exists v, of norm 1,
such that (0., v) > 0 for every x in the compact neighborhood O, N ¢~ (y).

Then complete v to a orthonormal basis (v,&a,...,&,) of R™ and consider the map

(')
f10, >R, fa) = <§2’:x>
(&n, ')

By construction f is Lipschitz and x is a regular value of f.. Hence there exists, by Theorem [10.28]
a Lipschitz inverse g of f. In particular the inverse map transforms the hyperplane y; = const into
the level of . Hence the level of ¢ is a Lipschitz submanifold. O
10.2.1 A non-smooth version of Sard Lemma
In this section we prove a Sard Lemma-type result for some special class of Lipschitz functions.
Recall that the classical Sard Lemma says that, if
@ :R" - R™, e CF, k > max{n —m+ 1,1},

and X denotes the critical set of ¢, i.e. the set of points x in R™ at which the Jacobian matrix of
¢ has rank smaller than m, then ¢(X) has Lebesgue measure 0 in R™.
In particular, it does not apply even for C! functions ¢ : R” — R, when n > 1.
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Theorem 10.33. Let M be a smooth manifold and @, : M — R a family of smooth functions,
with w € Q. Assume that

(1) @ =Uqen Na is the union of smooth submanifold, and is compact,
(1) the map (w,q) — pu(q) and (w,q) — dyp, are continuous on € x M,

(13i) the maps Vg : No x M — R, (w,q) — ¢, (q) are smooth.

Then the set of reqular values of the function a(q) = mig ©w(q) has full measure in R.
we

Proof. 1t is enough to find a countable set of smooth functions such that any critical point of a is
a critical point of one of these fucntions with the same value. Then this result reduce to standard

Sard Lemma.
By Lemma [10.25] we already know that a is Lipschitz. Assume that ¢ is a critical point of a,

then
0 € 0ya C conv{dypu|Vw € Q s.t. p,(q) = alq)}.

In other words there exists finite number Aq,..., Ay such that A\; > 0, Zle A; =1 and

)4
OZZ)\qu(pww (pwz(q):a(q)) VZ:177£
i=1
Moreover, since ¢,,.(q) = a(q) = ming ¢, (q), if w; € N,, then w; is critical for the restriction

function w — gpw(q)‘N g

Then denote by Ay = {(A1,...,A¢)| \i > 0,3 \; = 1} and consider the map

l
Bg:UNaixAgxM—ﬂR

i=1

)4
(WO,...,W@,)\O,...,)\Z,Q) = Z)\Z‘PM(Q) (1010)
i=0
It is easy to see that
890w- .
£t =0 =1,...,¢
awl 9 ? ) )
d:Br =0 = { S Ndygn, =0 (10.11)
Pwo (Q) == prg(Q)
O

Corollary 10.34. Let ¢ : N — M be a smooth map between finite dimensional manifolds and
p: N — R be a smooth function. Assume that

(1) ¢ is a submersion
o(x)} # 0 is compact.

(i1) Vg € M the set Cy ={x € N, p(x) = d)mliga)
~1(q
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Then the function x mlizn) o(x) satisfies the Theorem 1033
¢~ (q

Proof. 1t is sufficient to prove the statement locally, i.e. for the restriction of our function to every
element of a countable covering of M. Consider a point ¢ € M. From (i) we know that ¢~1(q) is
a smooth submanifold in N. Let us consider now a function ¢ : N — R and ¢ > 0 such that the
following assumptions are satisfied

(a) Ay :=a"1([0,0a]) is compact for every a > 0.
(b) Cy Cint A,
(¢) cis a regular level of a‘(ﬁ,l(q).

By continuity it follows that (a)-(c) are satisfied also for every ¢’ in some neighborhood Oy of the
point ¢g. Noting that (c) is equivalent to the fact that level set of ¢ are transversal to level of a we
can conclude that ¢~1(0,) N A, has the structure of locally trivial bundle. Maybe restricting the
neighborhood of ¢ then we can assume

g NA. =Q, ¢ Oy N A~ O, x Q,

where €2 is a smooth manifold with boundary. In other words in this neighborhood we can split
variables and our function is rewritten as min,cq p(w,q). We can apply the previous theorem to
the function restricted to this domain (note that € is compact and is the union of its interior and
its boundary, which are smooth by (a)-(c)). Since we can cover M by a countable family of this
neighborhoods we are done. O

Remark 10.35. Notice that we do not assume that N is compact. In that case the proof is easier
since every submersion ¢ : N — M with N compact automatically endows N with a locally trivial
bundle structure.

Now we apply the previous result to the sub-Riemannian distance.

Theorem 10.36. Assume that By,(ro) does not contain abnormal minimizers. Then  is Lipschitz
and the sphere Sy, (r) is a Lipschitz submanifold, for a.e. r <y, .

Proof. Since there are no abnormal extremals every normal extremal is strongly normal.

Remark 10.37. Recall that for every strongly normal extremal A(¢) there exists to such that t\(0)
is a regular point of the exponential map, for 0 < t < ty3. Moreover, given a compact

* -1 *
K C T3 M\ (H'(0) N T M)

0

this to can be chosen in a uniform way with respect to the initial condition A(0) € K. (see also
Corollary [7.35])

We want to construct a map from a finite dimensional manifold into M, to apply the previous
result and prove that almost every level set of the distance is a Lipschitz submanifold.

The idea is to find an appropriate modification of the exponential map. Remove a small ball
By, with § > 0 around the point ¢y and consider the set D5 = B, \ Bs

Claim: the set C' = {)\g € T;;, M, Ao minimizer, £(X\g) € Ds} is precompact.
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Indeed assume that there exists a sequence A, of covectors (and the associate sequence u,, of
controls) such that |\,| — +o00. Since they are all normal extremals they satisfies
A Un,

Dy, F = —- (10.12)
[ An]

Dy, F = up =
| An|

and using compactness of minimizers we can assume that A, — A and u,, — u. Passing to the limit
in (I012) we find AD,F = 0, that is not possible since only normal minimizer reach points of D;.
(the only abnormal is the zero control u = 0, which is removed in our construction)

Hence the set C; := C C T, M is compact. Moreover define

0
Cy = {)\1 eCin H_l(]O,ED}
where ¢ is chosen in such a way that Ay, A1 is a regular point of quo (\o) for every Ao, A;. [ where

A)\O : T; M — quo()‘O)M

0

is the pullback of the flow defined by the control ug associated to Ag.
Define the map

U:Ci xCy— Dy C M, \If(/\o,/\l) = 55%()\0)(14)\0/\1)

By construction ¥ is a submersion. Moreover, since W(\g, sAg) = E((1 + s)Ag) for 0 < s < &, it
follows that ¥ attains miminum exactly at the same points as the sub-Riemannian distance.
Since § > 0 is arbitrary we are done. O

4t is possible to find € = (o) that works for every A1 € C2, once Ao is fixed. Since C1 is compact it is possible
to find a unique € that works for all.
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Chapter 11

Abnormal extremals and second
variation

In this chapter we are going to discuss in more details abnormal extremals and how the regularity
of the sub-Riemannian distance is affected by the presence of these extremals.

11.1 Second variation

We want to introduce the notion of Hessian (and second derivative) for smooth maps between
manifolds. We first discuss the case of the second differential of a map between linear spaces.

Let F: V — M be a smooth map from a linear space V on a smooth manifold M. As we know,
the first differential of F' at a point x € V'

DyF :V = Tpm M, D,F(v) Flz+tv), vev,

t=0

Tt

and is a well defined linear map independent on the linear structure on V. This is not the case for
the second differential. Indeed it is easy to see that the second order derivative

2

2

F(z +tv) (11.1)
t=0

has not geometric meaning if D,F(v) # 0. Indeed in this case the curve v : t — F(x + tv) is
a smooth curve in M with nonzero tangent vector. Then there exists some local coordinates on
M such that the curve v is a straight line. Hence the second derivative D2F(v) vanish in these
coordinates.
In general, the linear structure on V' let us to define the second differential of F' as a quadratic
map
DZF : Ker D F — Tppy M (11.2)

On the other hand the map (I1.2]) is not independent on the choice of the linear structure on
V and this construction cannot be used if the source of F' is a smooth manifold.

Assume now that F : N — M is a map between smooth manifolds. The first differential is a
linear map between the tangent spaces

D,F:T,N = Tp@yM,  x€N.
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and the definition of second order derivative should be modified using smooth curves with fixed
tangent vector (that belong to the kernel of D, F'):

d2

2

F(y(t)), v(0) =z, (0) =v € Ker D, F, (11.3)

Computing in coordinates we find that

d2
dt?

_d*F dF ..

(7(0),7(0)) + ——4(0) (11.4)

F(y(t))

= 2
t=0 dzx

that shows that term (I1.4]) is defined only up to Im D, F.
Thus is intrinsically defined only a certain part of the second differential, which is called the
Hessian of F, i.e. the quadratic map

Hess, I : Ker D F' — Tp(yM/Im D, F

11.2 Abnormal extremals and regularity of the distance

In the previuos chapter we proved that if we have abnormal minimizer that reach some point g,
then the sub-Riemannian distance is not smooth at ¢. If we also have that no normal minimizers
reach g we can say that it is not even Lipschitz.

Proposition 11.1. Assume that there are no normal minimizers that join qo to q. Then p is not
Lipschitz in a neighborhood of ¢. Moreover

lim |dgp| = +o0. (11.5)
a—=q

qeXS

Proof. Consider a sequence of smooth points ¢, € ¥ such that ¢, — ¢. Since ¢, are smooth we
know that there exists unique controls u,, and covectors A, such that

Dy, F = up, An = dg, [t

Assume by contradiction that |dg, ;| < M then, using compactness we find that w, — u, A\, — A
with AD,F = u, that means that the associate geodesic reach ¢. In other words, there exists a
normal minimizer that goes at g, that is a contradiction. O

Let us now consider the end-point map F' : U/ — M. As we explained in the previous section,
its Hessian at a point u € U is the quadratic vector function

Hess, I : Ker D, F' — Coker D, F' = Tp(,yM/Im D, F.

Remark 11.2. Recall that A D,F = 0 if and only if A\ € (Im D, F)*. In other words, for every
abnormal extremal there is a well defined scalar quadratic form

AHess, F' : Ker D, F — R

Notice that the dimension of the space Im D, F1 of such covectors coincide with dim Coker D, F.
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Definition 11.3. Let Q : V — R be a quadratic form defined on a vector space V. The index of
@ is the maximal dimension of a negative subspace of Q:

ind @ = sup{dim W' | Q‘W\{O} < 0}. (11.6)

Recall that in the finite-dimensional case this number coincide with the number of negative eigen-
values in the diagonal form of Q).

The following notion of index of the map F will be also useful:

Definition 11.4. Let F : U — M and u € U be a critical point for F. The index of F' at u is

Ind,F'= min ind (A Hess,F) — codimIm D, F’
AlIm D, F

Theorem 11.5. If Ind, F' > 1, then u is not a strictly abnormal minimizer.
We state without proof the following result (see Lemma 20.8 of [4])

Lemma 11.6. Let Q : RY — R™ be a vector valued quadratic form. Assume that Indg@ > 0. Then
there exists a regular point x € R™ of Q such that Q(x) = 0.

Definition 11.7. Let ® : £ — R™ be a smooth map defined on a linear space E and r > 0. We
say that ® is r-solid at a point x € E if there exists a constant C' > 0, & > 0 such that

Ve<g 38(e) >0, By, (Ce)C B(B,(c)), VO e, |®— @0 <0 (11.7)

Exercise 11.8. Prove that if x is a regular point of ®, then ® is 1-solid at z.
(Use implicit function theorem to prove that ® satisfies (I1.7]) and Brower theorem to show that
the same holds for some small perturbation)

We can assume that z = 0 and that ®(0) = 0.
Proposition 11.9. Assume that Indg® > 0. Then ® is 2-solid at x = 0.

Proof. We divide the proof in two steps: first we prove that there exists a finite dimensional
subspace E' C E such that the restriction ® v satisfies the assumptions of the theorem. Then we
prove the proposition under the assumption that dim £ < 4o0.

(7). Denote k := dim Coker Dy® and consider the Hessian

Hessg® : Ker Dy® — Coker Dy®
We can rewrite the assumption on the index of ® as follows
ind AHesso® >k, VX € Im Dydt \ {0}. (11.8)

Since property (II1.8) is invariant by multiplication of the covector by a positive scalar we are
reduced to the sphere
A e SFL = (X e Im Dyt A =1}

By definition of index, for every A\ € S¥~1, there exists a subspace Fy C E, dim E) = k such that

A Hess,, <0

|0}
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By the continuity of the form with respect to A, there exists a neighborhood Oy of A such that
Ey = E, for every X € O,.
By compactness we can choose a finite covering of S¥~! made by open subsets

SF1=0,,U...UOy,

Then it is sufficient to consider the finitedimensional subspace

N
E = @EAJ.
7j=1

(7i). Assume dim E < oo and split
E=F & FE FEy := Ker Dy®

The Hessian is a map
HeSS()(I) By — Rn/D()(I)(El)

According to Lemma [I11.6] there exists es € Ey, regular point of Hessg®, such that
Hesso®(e2) =0 = D2®(ey) = Dy®(ey), for some e; € F.

Define the map @ : E — R™ by the formula
1
Q(v1 +vg) := D()(I)(’Ul) + §D(2](I>(U2), v=uv1+1v2 € F=FE & Fs.

and the vector e := —ej /2 + e5. From our assumptions it follows that e is a regular point of ) and
Q(e) = 0. In particular there exists ¢ > 0 such that

Bo(c) € Q(Bo(1))

and the same holds for some perturbation of the map (). Consider then the map
D, : v+ v 5_12<I>(62U1 + ev9) (11.9)
Using that vy € Ker Dy® we compute the Taylor expansion with respect to ¢
O (v1 + v2) = Q(v1 +v2) + O(e) (11.10)
hence for small € the image of ®. contain a ball around 0 from which it follows that
By(o)(ce®) C ®(By(e)) (11.11)
Moreover as soon as ¢ is fixed we can perturb the map ® and still the estimate (IT.II]) holds. O

Actually we proved the following statement, that is stronger than 2-solideness of ®:

Lemma 11.10. Under the assumptions of the Theorem[I1.9, there exists C > 0 such that for every
e small enough
By(0)(Ce®) € @(By(e?) x By (e)) (11.12)

where B’ and B” denotes the balls in E1 and Eo respectively.
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The key point is that, in the subspace where the differential of ® vanish, the ball of radius ¢ is
mapped into a ball of radius €2, while the restriction on the other subspace “preserves” the order,

as the estimates (IT.9) and (IT.I0) show.

Proof of Theorem[11.5. We prove that if Ind, F' > 1, where u is a strictly abnormal geodesic, then
u cannot be a minimizer. It is sufficient to show that the “extended” endpoint map

O:U—-RxM, u— <;(“)>

is locally open at u. Since u is strictly abnormal it means that

d“J|KchuF ?é 0

Indeed recall that d,J = AD,F, for some A € Tp(u)M is equivalent to d,J !Ker DuF = 0 (see
Proposition [7.6]).
Moreover
Ker D,® = Kerd,J N Ker D, F, dimImd,J =1

and from this it follows that

Hess, ® = HeSSuF|Ker dyJNKer Dy F

since differential of the first coordinate is independent from the other.
From here it follows that
Ind,® > Ind, FF—1>0

Applying Proposition TT.9 we find that ® is locally open at u. Hence u cannot be a minimizer. [

Now we prove that, under the same assumptions on the index of the endpoint map given in
Theorem [IT.5] the sub-Riemannian is Lipschitz even if some abnormal minimizers are present.

Theorem 11.11. Let K C By, (r¢) be a compact and assume that Ind, F' > 1 for every abnormal
minimizer u such that F(u) € K. Then u is Lipschitz on K.

Proof. Recall that if there are no abnormal minimizers, Theorem ensures that p is Lipschitz.
Then, using compactness of the set of all minimizers, it is sufficient to prove the estimate near a
point ¢ = F(u), where u is abnormal.

Since Ind, F' > 1 by assumption, Theorem implies that every abnormal minimizer is not
strictly abnormal. Then we can assume that every abnormal minimizer » is both normal and
abnormal. We have

Hess, F' : Ker D, F — Coker D, F, with Ind, F > 1.

and, since u is also normal, it follows that d,J = AD,F for some \ € Tl’;(u)M , hence Ker D, F' C
Kerd,J.
The assumption of Lemma [[T.10] are satisfied, hence splitting the the space of controls

L([0,1]) = By ® Es, Ey :=Ker D, F

'Bo(c) C @.(B(1)) & Bo(ce?) C ®(*v1 + ev2),v; € B'(1) & Bo(ce?) C ®(B2 x BY)
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we have that there exists C' > 0 such that for £ small enough
B,(Ce?) C F(B.),  B.:=B,(c?) xBl(e), q=F(u), (11.13)

where B,(r) and Bl(r) are the ball of radius  in E; and Ej respectively.
Consider now coordinates on M and an element x € K such that |z — q| = Ce2. Then (IT.13)
implies that there exists v = (v1,v2) € Be such that F(v) = z. It follows that

(@) — plg) < J(v) — plq) (by definition of y)
=J(v) — J(u) (since w is a minimizer)
< C'vg| + C" vy — uf? (using d,,J = 0 on Ej) (11.14)
< Ce? (by definition of B;)
= §|x -4
O q

Notice that C and C’ does not depend on ¢, hence by compactness of K we can find constants
C,C" > 0 that does not depend on g and exchange the role of z and ¢ in the formulas above, getting

lu(x) — ()| < clz — 4
0

Now we present some necessary conditions for the index of the quadratic form along an abnormal
extremal to be finite.

Theorem 11.12. Let u be an abnormal minimizer and let A\ € T}(U)M satisfies My Dy F = 0.
Assume that ind A\{Hess, F' < 4+00. Then the following condition are satisfied :

(©) (A@),[fis fi](v(t)) =0,  forae. t, Vi,j=1,... k, (Goh condition)
(i1) (M), [[fuys fols fol(Y(E)) =0, fora.e. t, Vv e RF, (Generalized Legendre condition)
where A(t) and v(t) = w(\(t)) are respectively the extremal and the trajectory associated to Aj.

Notice that these condition are related to the properties of the distribution of the sub-Riemannian
structure and not to the metric. Indeed recall that the extremal A\(¢) is abnormal if and only if it
satisfies

k
=Y w®h(A®), (M@, fi(v(1) =0, Vi=1,...,k,
i=1

ie. \(t) € DL

) Goh condition are equivalent to require A\(¢) € (D,zy(t))L.

Corollary 11.13. Assume that the sub-Riemannian structure is 2-generating, i.e. Dg =T,M for
all g € M. Then there are no strictly abnormal minimizers. In particular p is globally Lipschitz.

Proof. Since D = T, M implies (D 0 for every ¢ € M, no abnormal extremal can satisfy the
Goh condition. Hence by Theorem&}] it follows that Ind, F' = +o0, for any abnormal minimizer

U.
In particular, from Theorem [IT.5] it follows that the minimizer cannot be strictly abnormal
Hence p is globally Lipschitz by Theorem IT.111 O
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Remark 11.14. Notice that p is globally Lipschitz if and only if the sub-Riemannian structure is
2-generating. Indeed if the structure is not 2-generating at a point ¢, then from Ball-Box Theorem
(Corollary [B50)) it follows that y is not Lipschitz at g.

If Goh condition is satisfied, generalized Legendre condition can also be characterized as an

intrinsic property of the module. Indeed one can see that the quadratic map
U’y(t) — R, v <)‘(t)7 [[fu(t)7 fv]a fU](’V(t))>

is well defined and does not depend on the extension of f, to a vector field f,;) on U.
Notice that, using the notation h,(A) = (A, f,(¢)) an abnormal extremal satisfies

hy(M) =0, VYoveRF
Recalling that the Poisson bracket between linear functions on T* M is computed by the Lie bracket
{ho; b }(A) = A, [fos ful(@))
we can rewrite the Goh condition as follows
{hy, R }(A#)) =0,  Vo,weR" (11.15)
while strong Legendre conditions reads
{{hu@). ho}, ho} >0, Vo e RF (11.16)
Taking derivative of (ITI5) with respect to t we find
{hut) {ho, hw} () = 0, Vo, we RF
and using Jacobi identity of the Poisson bracket we get that the bilinear form
(v, w) = {{hu(), o}, hw }(A) (11.17)

is symmetric. Hence the generalized Legendre condition says that the quadratic form associated to

(III7) is nonnegative.

Proof of Theorem [I1.12. Denote by u the abnormal control and by P, = exp fot fu(s)ds the nonau-
tonomous flow generated by u. Following the argument used in the proof of Proposition [[.2] we can
write the end-point map as the composition

F(u) = Pl(G(u)), DuF = Pl*D(]G,

and reduced the problem to the expansion of G, which is easier. Indeed denoting ¢! := Pl;l fi, the
map G can be interpreted as the end-point map for the system

k
q(t) = ghey (a(t) = vi(t)gl(q(t)
=1

and the Hessian of F' can be computed easily starting from the Hessian of G at v =0

Hess, F' = P;, HessgG
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from which we get, using that \g = P;"Aq,
A Hess, ' = A\ P HessgG = AgHessgG
Moreover computing

@), [fi F100() = (No, P Ui Fi1(0(1)))
= (Ao, [g5, g51(7(0)))

the Goh and generalized Legendre conditions can also be rewritten as

(Mo, [gf,g§]7(0)> =0, for a.e. t€[0,1], Vi,j=1,...,k, (G.1)
(20, [Gu@r)» 911 9i11(1(0))) = 0, forae. t€[0,1], Vi=1,....,k (L-1)

Now we want to compute the Hessian of the map G. Using the Volterra expansion computed
in Chapter 77 we have

1
G(v(+)) ~qoo Id+/ oo dt + // o) © Yo drdt | +O([v]®)
0 0<r<t<1

where we used that g! is linear with respect to v to estimate the remainder.
This expansion let us to recover immediately the linear part, i.e. the expressions for the first
differential, which can be interpreted geometrically as the integral mean

1
DoG(w) = | gl )i,
0
On the other hand the expression for the quadratic part, i.e. the second differential
D2G(v) =2qp 0 // Go(r) © gf}(t)det.
0<7<t<1

has not an immediate geometrical interpretation.
Recall that the second differential D3G is defined on the set

1
Ker DoG = {v € L}[0,1], /0 9oy (q0)dt = 0} (11.18)

and, for such a v, D3G(v) belong to the tangent space T, M. Indeed, using Lemma [7.19] and that
v belong to the set (IT.I]]), we can symmetrize the second derivative, getting the formula

D§G(v) = / / (95 9op)] (q0)drdt,
0<7<t<1

which shows that the second differential is computed by the integral mean of the commutator of
the vector field gf)(t) for different times.
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Now consider an element \g € Im DyG™', i.e. that satisfies
(X0, 95(q0)) =0, for a.e. t € [0,1],Yv € R¥.

Then we can compute the Hessian

dottessoGle) = [ 0[5y an)r (11.19)
0<r<t<1
Remark 11.15. Denoting by K the bilinear form
K(T7 t) (U7 w) = <)‘07 [917)—7 gfu](qo)> )

the Goh and generalized Legendre conditions are rewritten as follows

K(t, t)(v,w) =0, Vo,weRFE, for ae. tel0,1], (G.2)
88—5(7', ) (v,v) >0, Vo eRF, forae. tel0,1]. (L.2)
T=t

Indeed, the first one easily follows from (G.I]). Moreover recall that g¢, = Pt;l fuv, hence the map
t — ¢! is Lipschitz for every fixed v. By definition of P, = exp fg Juydt it follows that

8 t t t
agv = [gu(t)vgv]

which shows that (L.2)) is equivalent to (L.

Finally we want to express the Hessian of G in Hamiltonian terms. To this end, consider the
family of functions on T*M which are linear on fibers, associated to the vector fields g:

hy(N) = (X go(@),  AET'M, q=nr()).
and define, for a fixed element \g € Im DyG~:
nt = ht (No) € Th,T*M (11.20)
Using the identities
oa(hy By) = {Hy ki YN = (N [gh, gb)(@) . a=7(N)
and computing at the point Ao € Ty M we find

oo (0 mh) = (X0, 195, 9kl (90))

and we get the final expression for the Hessian

AoHessoG(v(+)) = // UAo(U;(T)’UZ(t))dth- (11.21)

0<r<t<1
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where the control v € Ker DG satisfies the relation (notice that m.n! = ¢ (qo))

1 1
t t
m | 7 dt:/ mnpdt =0
/0 ® 0 ®)

Moreover the “Hamiltonian” version of Goh and Legendre conditions is expressed as follows:

o (M) =0, Vou,we RF, forae. te0,1], (G.3)
o (@) >0, Vo eRE forae tel01]. (L.3)

We are reduced to prove, under the assumption ind A\gHessgG < 400, that (G.3]) and (L.3) hold.
Actually we will prove that Goh and generalized Legendre conditions are necessary conditions for
the restriction of the quadratic form to the subspace of controls in DyG that are concentrated on
small segments [t,t + s].

To do this we consider an arbitrary vector control function v : [0, 1] — R* such that its support
is concentrated on [0, 1] and we build, for every ¢ € [0, 1] and s small enough the control

T—1

vs(7) :v<

> ) suppvs C [t,t + $] (11.22)
s

Then we apply the Hessian to this particular control functions and we compute the asymptotics
for s — 0.

Moreover, since the index of a quadratic form is finite if and only if the same holds for the
restriction of the quadratic form to a subspace of finite codimension, it is not restrictive to restrict
also to the subspace

1
Es := {vs € Ker DyG, vs defined by (D:EZZI),/ v(T)dr = 0}.
0

Notice in particular that codim E4 does not depend on s.

Remark 11.16. We will use the following identities (writing o for o,) , which holds for every control
function v : [0,1] — R*

B i B B
| ot twiear = [ o [ iydraiyie= [t [ agdnar. a1

asST<t<f

Moreover we have the integration by parts formula, where w(t) = fot v(T)dr:

7 5 o g,
/ nv(t)dt = nw(ﬁ) () — / nw(t)dt‘ (1124)

Then we use equality (IT.23]) and we apply the Hessian to the function v, (since the control is
concentrated on the segment [t,t + s| we can restrict the extrema of the integral)

t+s T
AoHessoG(vs(+)) :/ 0(/ ngs(g)dﬁ,n;(ﬂ)dﬁ (11.25)
t t
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The integration by parts, by our boundary conditions, gives

’ (7] _ T T .0
/t%s(md@—nwsm—/t Tho, (6)d0- (11.26)

where

ws(H):/evs(T)dT, ocltts.
Using (11.26])

t+s t+s T
MoHessoG(vx() = [ o0yl )ir = [ o [ il gy )i
t t t

t+s t+s t+s 0
:/t O'(”I’]Z]S(T),T]Zé(,r))dT—/t 0'(7'];5(7_),/ T]Ué(g)de)dT (1127)

where the second equality follows from (IT.23]).
Now consider the second term in (IT.27]) and apply again the integration by part formula (now
we use the assumption w(t + s) = 0)

t+s t+s t+s
/t\ 0'(77;5(7_),/7— ngs(e)de)d’r = — /t\ 0-(7;};3(7-)777:1—]5(7'))(17'

t+s t+s 0
_ /t (], / i (9)d0)dr

Collecting together all the computations

t+s
MoHessoG(ux()) = [ 000y 1))
t

t+s
+/ (T (72 o (7)) AT
t

t+s t+s 0
+ / O'(??Z—US(T), / ﬁws(e)de)dT
t T

ws(0) = sw (0;t> :

and performing the change of variables

Then using the identity

-1
(=", Telt+s),

we come to the following expression for the Hessian:

1
olessGlu0) = 5 [ ol

1
+5° /0 o (o) My )40 (11.28)
1 1
+ st /0 AU /9 it d¢)do
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from which we get

1
AoHessoG(v(+)) = 32/0 a(nfu(g),nf)(e))d9+0(83). (11.29)

Since we assume ind \gHessgG < +oo, this implies that the quadratic form

1
w(:) = /0 (10 M (0)) 40 (11.30)

has finite index, otherwise by continuity every sufficiently small perturbation of (I1.30) would have
infinite index, contradicting our assumption on (I1.29]).

To prove that Goh conditions hold then it is sufficient to prove that if (IT.30) has finite index
then the integrand is zero, which is guaranteed by the following

Lemma 11.17. Let A : R* x RF — R be a skew-symmetric bilinear form and define the qudratic
form

1
Q:U—R, Qi) = [ Alwlt) i)
0
where U := {w(-) € Lip[0,1],w(0) = w(1) = 0}. Then ind Q < +oo if and only if A= 0.

Proof. Clearly if A =0, then @ = 0 and ind @ = 0. Assume then that A # 0 and we prove that
ind Q = +00. We divide the proof into steps
(7). The bilinear form B : U x U — R defined by

1
Bluwn (1), ws()) = /0 Ay (1), dha(t))dt

is symmetric. Indeed, integrating by parts and using the boundary conditions we get

1
Blw, ws) — /0 Alwi (1), s (1)) dt
1
:_/0 Aty (£), wa (£))dt
1
:/0 A(’U)Q(t),wl(t))dt:B(w27w1)

(74). @ is not identically zero. Since @ is the quadratic form associated to B and from the
polarization formula

Bl wz) = (Q(un +uz) — Qlun — )

it easily follows that () = 0 if and only if B = 0. Then it is sufficient to prove that B is not zero.
Assume that there exists x,y € R¥ such that A(z,y) # 0, and consider a smooth nonconstant
function

a:R =R, s.t. a(0) = a(l) = a(0) = a(1) = 0.



Then G(t)z, a(t)z € U for every z € RF and we can compute
1
Ba()r.a()) = [ Al
1
= A(z,y) / a(t)?dt # 0.
0

(731). @ has the same number of positive and negative eigenvalues. Indeed it is easy to see that
() satisfies the identity
Qw(l—"-)) = -Q(w())
from which (iii) follows.
(iv). @ is non zero on a infinite dimensional subspace.
Consider some w € U such that Q(w) = a # 0. For every z = (21,...,2y) € RY one can built
the function

. i 1+1 .
we(t) = x;w(Nt — i), te[ﬁ’T]’ i=1,...,N.
An easy computations shows that
N
Qwy) =a) af
i=1
In particular there exists a subspace of arbitrary large dimension where () is nondegenerate. O

Applying Lemma [[T.I7 for any ¢ we prove that the s order term in (IL28) vanish and we get
to

1
NoHessoGu()) = 5° [ ol it )0 +O(s")
0
1
_ /0 o (L5046 + O(s*)
where the last equalily follows from the fact that n! is Lipschitz with respect to t (see also (IT.20)),
ie.

nitsf =l 4+ O(s)

On the other hand 7! is only measurable bounded, but the Lebesgue points of u are the same of 7).
In particular if ¢ is a Lebesgue point of 7, the quantity ﬁfv(') is well defined and we can write

1
AoHessoG(v()) = 83/0 I (Ton(0) o)) 20
1
= ([ ot )~ oGy )0 + O
Using the linearity of ¢ and the boundedness of the vector fields we can estimate
[ ot o) — otk < © [T — i 0

<Csup / 4T — it dr — 0
lv|<1 S s—0
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where the last term tends to zero by definition of Lebesgue point. Hence we come to

1
NoHessoG(u(-)) = s /0 oLy 1)) 0 + (%) (11.31)

Then to prove the generalized Legendre condition we have to prove that the integrand is a non
negative quadratic form. This follows from the following Lemma, which can be proved similarly to

Lemma [IT.17]
Lemma 11.18. Let Q : R¥ — R be a quadratic form on R* and
U := {w(-) € Lip[0, 1], w(0) = w(1) = 0}.
The quadratic form !
Q:U—R Q) = [ Quun)
has finite index if and only if Q) is non negative.

O

Now we want to characterize the trajectories that satisfy these conditions. Recall that, if A(t)
is an abnormal geodesic, we have

At) = hypy(A(®), (M) =0, 0<t<L (11.32)
where Hu(t) = Zle u;(t)hi(t). Moreover for any smooth function a : T*M — R

k
La0) = (g, BHAW) = D ust)he, ahA)

i=1
Notation. We will denote the iterated Poisson brackets
hil---ik ()‘) = {hi17 SRR {hik—17hik}}()\) (11’33)
= <)\7 [fi17"'7[fik717fik]](q)>7 q= ﬂ-()‘) (1134)
Differentiating the identities in (I1.32]), using (IT.33)), we get

k
hi(A(t)) =0 = > u(hu(A(1) =0, Vt. (11.35)
j=1

If £ is odd we always have a nontrivial solution of the system, if k is even is possible only for
those X that satisfy det{h;;(A\)} = 0. But we want to characterize only those controls that satisfy
Goh conditions, i.e. such that

hw()\(t)) =0. (11.36)

Hence you cannot recover the control w from the linear system ([L35]). We differentiate again
equations (II36]) and we find

k
> w()hi (M) = 0. (11.37)
=1
For every fixed t, these are k(k — 1)/2 equations in k variables uy, ..., u;. Hence
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(1) If k = 2, we have 1 equation in 2 variables and we can recover the control u,ug up to a scalar
mutilplier, if at least one of the coefficients does not vanish. Since we can always deal with
lengh-parametrized curve this uniquely determine the control w.

(79) If k > 3, we have that the system is overdetermined.

Remark 11.19. For generic system it is proved that, when k > 3, Goh conditions are not satisfied.
On the other hand, in the case of Carnot groups, for big codimension of the distribution, abnormal
minimizers always appear.

11.3 Rank 2 distributions

Consider a rank 2 distribution, whose Hamiltonian equation for abnormal extremals is written as
follows

A(t) = ur(Hh(M(1) +ua(Oha (A1), (M) = ha(A(t)) = 0. (11.38)
Lemma 11.20. Fvery abnormal extremal satisfy the Goh condition.

Proof. Indeed differentiating the identities above we get, (omit ¢ in the notation for simplicity)

’LLg{hg, hl} = Uth()\) = 0,
ui{hi, ha} = —urho1(A) =0,

Since uy and ug are arbitrary and at least one of them is nonzero, we have that hi2(A(t)) = 0, that
is Goh condition. O

The fact that, in the rank 2 case, every abnormal extremal satisfies Goh conditions can be
rewritten as

At) € (D),

and the system (I1.37) reads
u1hi12(\) = uzhao1(A). (11.39)

Assume now that A € (D?)1\ (D?)+, then at least one coefficient in (I1.39)) is nonzero and we can
uniquely recover u up to a scalar. Under this assumption we find the control

w1 (t) = haa1 (A(t)), ua(t) = hi12(A(t)). (11.40)
If we plug this control into the original equation we find that A(t) solve
A = haot (M)A (A) + hi1i2(A\)ha(N).
In particular if we define the quadratic Hamitonian
H = hoo1hy + hii2hs (11.41)
using that any abnormal extremal belong to the subset {h1(A(t)) = ha(A(t)) = 0}, we have that

A(t) satisfies
At) = H(A(t)) (11.42)
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Remark 11.21. Notice that, as soon as n > 3, the set (Dg)l \ (D;;’)l is nonempty for an open dense
set of ¢ € M. Indeed assume that we have Dg = Dg’ for any ¢ in a open neighborhood Oy, of a
point gg in M. Then it follows that

2 _ 13 _ b _
Dy, =D, =D, =...
and the structure cannot be bracket generating, since dim Déo < dim M for every ¢ > 1.

From now on we consider extremals associated with covectors A\g € (Dg)l \ (DZ’)L. This repre-
sents the less degenerate case. The case n = 3 will be treated separately.

Now we prove that the flow of the Hamiltonian H defined by (IT.41]) characterize exactly these
extremals

Theorem 11.22. Any abnormal extremal belong to (D?)*. Moreover we have that A(t) € (D?)*\
(DL for allt € [0,1] if and only if \(t) satisfies (IL4A2) with initial condition \g € (D?):\ (D3)*.

Proof. Tt remains to prove that a solution of the system
At)=HA\®), X € (D) (D) (11.43)

satisfies A(t) € (D?)* \ (D?)* for every t. First notice that the solution cannot intersect the set
(D3)* since these are equilibrium points of the system (IT.Z3)) (since at these points the Hamiltonian
has a root of order two).

We are reduced to prove that (D?)* is an invariant subset for H. Hence we prove that the
functions h1, hs, hio are constantly zero when computed on the extremal.

To do this we find the differential equation satisfied by these Hamiltonians. Recall that, for any
smooth function a : T*M — R and any solution of the Hamiltonian system A(t) = e \g, we have
a={H,a}. Hence we get

hig = {haa1h1 + h112ha, hia}
= {ha21, hi2}h1 + {h112, hi2tha + hii2hoo1 + hoi2hi12

= c1h1 + c2ha =0

for some smooth coefficients ¢; and co. We see that there exists smooth functions aq, as, a12 and
b1, bs, b1o such that

hi = arhy + aghy + arzhys
hy = bihy + bahg + bighis (11.44)
hig = erhy + caha
If we plug the solution A(t) into the equation of (IT.43]), i.e. if we consider it as a system of differen-
tial equations for the scalar functions h;(t) := h;(A(t)), with variable coefficients a;(A(t)), b;(A(t)),

¢i(A\(t)), we find that hi(t), ha(t), h12(t) satisfy a nonautonomous homogeneous linear system of
differential equation with zero initial condition, since Ay € (DQ)L, ie.

hy ()\0) = hg()\()) = hlg()\o) =0. (11.45)

Hence

hi(A(t)) = ha(A(t)) = ha2(A(t)) =0, Vi
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Definition 11.23. An abnormal extremal A(t) is called nice abnormal if, for every ¢ € [0, 1], it
satisfies
At) € (D)5 \ (D)™

Lemma 11.24. Let A(t) be a nice abnormal. Then \(t) or —A(t) satz’sfﬂ the generalized Legendre
condition.

Proof. 1t is sufficient to prove that the quadratic form

Qv <)‘(t)7 [[fu(t)a fv]7 fv]> ) v eR? (11’46)

is semi-definite. We know that the bilinear form

By : (v,w) = (M), [fu@y, fols ful),  v,w € R? (11.47)

is symmetric. From (II.47) it is easy to see that u(t) € Ker By for every ¢. Hence Q) is degenerate
for every t. On the other hand if the quadratic form is identically zero we have A(t) € (D3)+, which
is a contradiction.

Hence the quadratic form has rank 1 and is semi-definite and we can choose £ in such a way
that (I1.46]) is positive at ¢ = 0. Since the sign of the quadratic form does not change along the
curve (it is continuous and it cannot vanish) we have that it is positive for all ¢. O

Up to now we proved that every nice abnormal extremal automatically satisfies the necessary
condition for optimality. Now we prove that actually they are strict local minimizers

Theorem 11.25. Let A(t) be a nice abnormal extremal and let y(t) be corresponding abnormal
trajectory. Then there exists s > 0 such that ’Y’[o,s] is a strict local length minimizer in the L?-
topology for the controlsﬁ

Remark 11.26. Notice that this property of v does not depend on the metric but only on the
distribution. In particular the value of s will be independent on the sub-Riemannian structure.

It follows that, as soon as the metric is fixed, small pieces of nice abnormal are also global
minimizers.

Before proving the Theorem we prove the following

Lemma 11.27. Let ® : E — R"™ be a smooth map defined on a Hilbert space E such that ®(0) = 0,
where 0 is a critical point for ®

ADgd =0, XeR™, \£0.

Assume that \Hessg¢ is positive definite quadratic form. Then for every v such that (\,v) < 0,
there exists a neighborhood of zero O C E such that

d(x) ¢ R, Vo e O,x#0, Rt = {a € R,a > 0}.

In particular the map ® is not locally open and 0 is an isolated point on the level set.

?Recall that if A(t) is an abnormal extremal, —\(t) is also an abnormal extremal.
3which is equivalent to H'-topology for trajectories.
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Proof. In the first part of the proof we build some particular set of coordinates that simplifies the
proof, exploiting the fact that the Hessian is well defined independently on the coordinates.
Split the domain and the range of the map as follows

E = El ©® Eg, E2 = Ker D()(I), (11.48)
R* =RM @R,  RM =1ImDy®, (11.49)

where we select the complement R*2 in such a way that v € R*? (notice that by our assumption
v ¢ R¥). Accordingly to the notation introduced, write

P (z1,22) = (P1(x1, 22), Pa(x1, 22)), x; € By, 1=1,2.

Since @, is a submersion by construction, by Implicit function theorem we can linearize ®; and
assume that ® has the form

(21, 22) = (Do®(21), P2(21,22)),

since x9 € Fy = Ker Dg®. Notice that, by construction of the coordinate set, the function zo —
$4(0, z2) coincide with the restriction of ® to the kernel of its differential, modulo its image.
Hence for every scalar function a : R¥? — R such that dga = A we have the equality

AHessg® = Hessg(a o ©2(0,-)) > 0

In particular the function a o ®5(0,y) is non negative in a neighborhood of 0.
Assume now that ®(x1,29) = sv for some s > 0. Since v € R*? it follows that

Do®(x1) =0 = 21 =0, and  ®3(0,22) = sv.

In particular we have

d d
—|  a(P2(0,22)) = —| a(sv)=(N\v) <0 = a(sv)<0 for s>0
ds|,_ ds|,_
which is a contradiction. O

11.3.1 Optimality of nice abnormal

Let A(t) be an abnormal extremal and let y(¢) be corresponding abnormal trajectory.

¥ = u f1(7y) + uafa (7). (11.50)

In what follows we always assume that ¥ = {y(¢) : t € [0,1]} is a smooth one-dimensional
submanifold of M, with or without border. Then either the curve v has no self-intersection or 4 is
diffeomorfic to S*. In both cases we can chose a basis fi, fo in a neighborhood of ¥ in such a way
that ~ is the integral curve of f;

= fi(v)

Then ~ is the solution of (IT.50]) with associated control u = (1,0). Notice that a change of the
frame on M corresponds to a smooth change of coordinates on the end-point map. With analogous
reasoning as in the previous section, we describe the end point map

F: (ug,uz) — (1)
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as the composition
F=e¢l'o@

where G is the end point map for the system
G = (ug — Ve f1 + uge 1 fo. (11.51)
Since ey /1 f1 = f1, denoting g, := er i fo and defining the primitives
t t
wlt) = / (1 —w()dr,  oft) = / ws(7)dr, (11.52)
0 0
we can rewrite the system, whose endpoint map is G, as follows

q=—uwfi(q) +09:(q).

The Hessian of G is computed
1 t
NoHessoG (ur, 0) = / Dos / () fi 4 0(7)gedr, —i () 1+ 0(8)ge] (qo))dt- (11.53)
0 0
Recall that
1
DoG(u ) = [ =ib(e) i) + 5O
1
——w(fia0) + [ o)t
0

and the condition A9 € Im DyG~ is rewritten as

(X0, f1(q0)) = (Mo, 9t(q0)) =0, V. (11.54)
Notice that since equality (II.54]) is valid for all ¢ then we have that
<A07gt(qo)> = <)‘07 [f17gt](q0)> = 07 (1155)

Then we can rewrite our quadratic form only as a function of ©, since all terms containing w
disappear

1 t
AoHessoG () :/ ()\0,[/ 0(T)grdT,0(t)gt](qo))dt (11.56)
0 0
with the extra condition

1
Avwm%w:wMﬁm» (11.57)

Now we rearrange these formulas, using integration by parts, rewriting the Hessian as a quadratic
form on the space of primitives

Using the equality

/0 O(7)grdr = v(t) gy —/0 v(T)g-dr (11.58)



we have

1
%mmmmzlumwmw@mth
1 t
—/uﬂ/vm%mwmwwmt
0 0

The first addend is zero since [g¢, g:] = 0. Exchanging the order of integration in the second term

/010\0, [/Ot v(7)g-dr, 0(t)g1)(q0))dt = /0

and then integrating by parts

1

<mmwwl@m%mmwﬁ

1 1
/t o(7)grdr =v(1)g1 — v(t)gr — /t v(T)grdr

we get to
1
AHessoG() — /0 (0, [d6, 91] (q0))o(t)2dt

1 t
+Aum%vmmmwm~MMMWMt (11.59)

which can also be rewritten as follows

1
AHessoG(v) = /0 (N0, [G¢, 9¢) (qo))v(t)? dt

1 t
+AQM1WWMHWW%MWMMM (11.60)

Moreover, again integrating by parts the extra condition (IL.57]), we find

1
/0 v(t)ge(qo0)dt = —w(1) f1(q0) + v(1)g1(q0) (11.61)

Remark 11.28. Notice that we cannot plug in the expression (IT.6I]) directly into the formula since
this equality is valid only at the point go, while in (IT59) we have to compute the bracket.

Notice that the vectors f1(q1) and f2(qy1) are linearly independent, then also

filao) = e (fil@)),  and  gi(q) = ex " (fo(q)),

are linearly independent. From (II.61]) it follows that for every pair (w, v) in the kernel the following
estimates are valid

)] < Cllollgz, o] < Cllv]l 2. (11.62)

Theorem 11.29. Let v :[0,1] — M be an abnormal trajectory and assume that the quadratic form

[II359) satisfies
MoHessoG(0) > al|v|)3.. (11.63)

Then the curve is locally minimizer in the L? topology of controls.
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Remark 11.30. Notice that the estimate (ILG3]) depends only on v, while the map G is a smooth
map of © and w. Hence Lemma does not apply.

Moreover, the statement of Lemma [IT.27] violates for the endpoint map, since it is locally open
as soon as the bracket generating condition is satisfied (this is equivalent to the Chow-Rashevsky
Theorem). Moreover the final point of the trajectory is never isolated in the level set.

What we are going to use is part of the proof of this Lemma, to show that the statements holds
for the restriction of the endpoint map to some subset of controls

Proof of Theorem[I1.29. Our goal is to prove that there are no curves shorter than ~ that join g
to g1 =(1).

To this extent we consider the restriction of the endpoint map to the set of curves that are
shorter or have the same lenght than the original curve. Hence we need to fix some sub-Riemannian
structure on M.

We can then assume the orthonormal frame fi, fo to be fixed and that the length of our curve
is exactly 1 (we can always dilate all the distances on our manifold and the local optimality of the
curve is not affected).

The set of curves of length less or equal than 1 can be parametrized, using Lemma B.15] by the
set

{(ur,up) | wf +uj < 1}
Following the notation (IL52]), notice that
{(uy,up)|u? 4+ u < 1} € {(w,v)|w > 0}.
We want to show that, for some function a € C*°(M) such that dya = A € Im Do F+, we have

R(w,v)

aoF| (w,v) = AHessoF(w,v) + R(w,v), where —_ —
o) o (o) Rt ) [l jwai-o

0 (11.64)
in the domain
D = {(w,v) € Ker DoF,w > 0}

Indeed if we prove (ILG4]) we have that the point (w,?) = (0,0) is locally optimal for F. This
means that the curve 7, i.e. the curve associated to controls u; = 1,us = 0, is also locally optimal.
Using the identity

t
= / o(r) fadr = *OF
0
and applying the variations formula ([6.21]) to the endpoint map F' we get
1
Fi.0) =0 | (1= o(O)fi + 50 fads
0

1
={qoo° Eﬁ/ (1- u')(t))e*_v(t)f2 f1 dt o e’z
0

Hence we can express the endpoint map as a smooth function of the pair (w,v).
Now, to compute (I1.64]), we can assume that the function a is constant on the trajectories of
f2 (since we only fix its differential at one point) so that

e!Mf2 60 =a
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which simplifies our estimates:

1
ao F(i,0) = qoo eTf)/ (1 —w(t)er "2 f dta
0
Writing
(1 —w(t)ex "D £ = f1 + XO((t)) + () X (v(t) (11.65)

and using the variation formula ([6.22)), setting Y, = e&t_l)f "X for i = 0,1, we get (recall that
a1 = qoo el (qo))

1
0o Pl i) =i o8B [ Y2u(0) + a0V w(O)dta,  YP(0) = Y/ (©0) =0
0
FExpanding the chronological exponential we find that
(a) the zero order term vanish since Y;°(0) = Y;}(0) = 0,

(b) all first order terms vanish since the vector fields fi; and [fi, f2] spans the image of the
differential (hence are orthogonal to A = d,a)

(c) the second order terms are in the Hessian, since our domain D is contained in the kernel of
the differential

In other words it remains to show that every term in v,w of order greater or equal than 3 in the
expansion can be estimated with O(H’UH2)H
Let us prove first the claim for monomial of order three:

1 1 t

w(t)v? = of||v||? w w(T)v(r)drdt = o(||v]|?

/O (D2 (t)dt = of[[o]2), /0 <t>/0 (r)o(r)drdt = of [v]}?)
1 t T
W w(T w(s)dsdrdt = o(||v]?
/O<t>/0 <>/0 (s)dsdrdt = of|[u]?)

Using that w > 0, which is the key assumption, and the fact that (w,v) € Ker DyF', which gives
the estimates (IL62)), we compute

/Olw(t)v2(t)dt' < /01 w(t)|v?(t)dt
! .

-,

1
= w(1)v?(1) —/0 w(t)v(t)o(t)dt

< [lol® +ellvl?,

|
w(t)v?(t)dt

4where o(||v||*) have the same meaning as in (I1.64]).
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where we estimate for the second term follows from

1 1
/ w(t)v(t)f[)(t)dt‘ < max w(t) / U(t)zk(t)dt‘
0 0
<w(D)]vllllo]]
< Cllollllvl?

The second integral can be rewritten

1 t 1 1
/0 (1) /0 b(rYo(r)drdt = w(1) /0 w(t)o(t)dt — /0 w(tyo(t)i(t)dt

and then we estimate

/0 B0 / t w(T)v(T)drdt‘ <2t [ o)t

< Cla|lfvl?

Finally, the last integral is very easy to estimate using the equality

/Olw(t) /Otib(T) /OT w(s)dsdrdt = %/Ollb(t)?’dt

< Cla|lfvl?

Starting from these estimate it is easy to show that any mixed monomial of order greater that three
satisfies these estimates as well. O

Applying these results to a small piece of abnormal trajectory we can prove that small pieces
of nice abnormals are minimizers

Proof of Theorem [I1.Z3 . 1f we apply the arguments above to a small piece vs = o 5 of the curve
v it is easy to see that the Hessian rescale as follows,

NoHessoG(v) = /O O [0 el (o)) o) 2dt

n /O o] | o gnr o0 - o(s)a

Since the generalized Legendre condition ensures that (see also Lemma [IT.24])

(o [9¢,9¢)(q0)) > C >0

then the norm
1/2

Iolly = ( [ o [gt,gtnqo»v(t)zdt) (11.66)

%it is semidefinite and we already know that fi is in the kernel
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is equivalent to the standard L?-norm. Hence the Hessian can be rewritten as
MHessoGs(v) = |[v|lg + (T, v) (11.67)

where T is a compact operator in L? of the form
(Tw)(t) :/ K(t,7)v(r)dr
0

Since ||T||* = [|K||2, — 0 for s — 0, it follows that the Hessian is positive definite for small
s> 0. O

11.4 Conjugate points

In this section, we give an effective way to check the inequality (I1.63]) that implies local minimality
of the nice abnormal geodesic according to Theorem

We set: Q1(v) = AHessoG(v). Quadratic form @5 is continuous in the topology defined by the
norm ||v||,. The closure of the domain of (); in this topology is the space

1
{veLz[o, 1 /0 v(t)gt<qo>dtespan{ﬁ(qo),gl(qo)}}.

The extension of )1 to this closure is denoted by the same symbol ()1. We set:

1(t) = (Mo, [0t 9t (q0)), Xe =011 +/1 v(T)gr dr

and rewrite the form )1 in these more compact notations:
1 1 )
Q1(v) :/ l(t)v(t)2 dt+/ (X0, [Xe, Xt](qo)) dt,
0 0

Xt = ?)(t)gt, X1 A g1 =0, X()(Q()) A fl(qo) =0. (1)

Moreover, we introduce a family of quadratic forms for 0 < s <1

Quv) = /0 CI(t)o(t)? di + /0 " oy [, Xl (a0)) d,

Xi =v()g, XsAgs=0, Xo(qo) A fi1(qo) = 0. (1)

Recall that [(¢) is a strictly positive continuous function. In particular, fol I(t)v(t)? dt is the
square of a norm of v that is equivalent to the standard Lo-norm. Next statement is proved by the
same arguments as Proposition [7.291 We leave details to the reader.

Proposition 11.31. The form Q1 is positive definite if and only if ker Qs = 0, Vs € (0, 1].

A time moment s € (0, 1] is called conjugate to 0 for the abnormal geodesic v if ker Qs # 0. We
are going to characterize conjugate times in terms of an appropriate “Jacobi equation”.
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Let & € Ty, (T*M) and ¢; € T»,(T* M) be the values at \g of the Hamiltonian lifts of the vector
fields f; and g;. Recall that the Hamiltonian lift of a field f € VecM is the Hamiltonian vector
field associated to the Hamiltonian function A +— (X, f(q)), A € T; M, q € M. We have:

/z dt+/s (2(t), (1)) dt,

x(t) = 'U(t)éh .Z'(S) A CS = 07 W*x(O) N 7T*§1 = 07 (2)
where o is the standard symplectic product on Ty,(T*M) and 7 : T*M — M is the standard

projection. Moreover, .
I(t)=0(C, ), 0<t<1l (11.68)

Let E = span{&1,¢;,0 <t < 1}. We use only the restriction of o to E in the expression of Qs
and we are going to get rid of unnecessary variables. Namely, we set: ¥ = E/(ker o|g).

Lemma 11.32. dim X < 2 (dim span{fi(qo), 9:(q0),0 <t < 1} —1).

Proof. Dimension of ¥ equals the double codimension of a maximal isotropic subspace of o|g.
We have: o(&1,¢) = (Mo, [f1,9:)(q0)]) = 0, Vt € [0,1], hence & € kero|g. Moreover, m(E) =
span{ fi(qo), 9:(qo),0 <t < 1} and E Nkerm, is an isotropic subspace of o|g. O

We denote by gt € ¥ the projection of (; to 2 and by II C ¥ the projection of E Nkerm,. Note
that the projection of & to ¥ is 0; moreover, equality (IL.68]) implies that ¢ ,#0.Vte [0,1]. Final

expression of (), is as follows:
/ ()b dt +/ o (2(t), (1)) dt,

T = v(t)(t, z(s) AN¢ =0, z(0) € IL. 4)
We have: v € ker Qs if and only if

for any w(-) such that
/ w(t)dt € T+ R(. (5)
. S

We obtain that v € ker Q; if and only if there exists v € II4 N gsé such that

() +o(x(t),¢,) =o(,(,), 0<t<s.
We set y(t) = z(t) — v and obtain the following;:

Theorem 11.33. A time moment s € (0, 1] is conjugate to 0 if and only if there exists a nontrivial
solution of the equation

(g = (¢, )¢, (11.69)
that satisfy the following boundary conditions:

Jv eIl* ﬂgf such that (y(s) +v) A¢, =0, (y(0) +v) €Il (11.70)
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Remark 11.34. Identity (IL68) implies that y(t) = ¢, 0 < ¢ < 1, is a solution to the equation
(IT89). However this solution may violate the boundary conditions.

Let us consider a special case: dim span{fi(qo),g+(qo),0} = 2; this is what we automatically
have for abnormal geodesics in a 3-dimensional sub-Riemannian manifold. In this case, dim F =
2, dimII = 1; hence II¥ = H,gf = }Rgs and T4 N gf = (0. Then v in the boundary conditions
(I1.70) must be 0 and y(s) = c¢_, where ¢ is a nonzero constant. Hence y(t) = ¢, for 0 <t <1
and y(0) = c(, ¢ II. We obtain:

Corollary 11.35. If dim span{fi(q),9:(90),0 < t < 1} = 2, then the segment [0,1] does not
contain conjugate time moments and assumption of Theorem [11.29 is satisfied.

We can apply this corollary to the isoperimetric problem studied in Section Abnormal
geodesics correspond to connected components of the zero locus of the function b (see notations in
Sec. [4.5.2]). All these abnormal geodesics are nice if and only if zero is a regular value of b. Take a
compact connected component of b~1(0); this is a smooth closed curve. Our corollary together with
Theorem implies that this closed curve passed once, twice, three times or arbitrary number
of times is a locally optimal solution of the isoperimetric problem. Moreover, this is true for any
Riemannian metric on the surface M!

Now consider another important special case that is typical if dimension of the ambient manifold
is greater than 3. Namely, assume that, for some k& > 2, the vector fields

f1, fo, (adf1)fa, ..., (adf)*1fo (11.71)

are linearly independent in any point of a neigborhood of our nice abnormal geodesic v, while
(adf1)¥ f2 is a linear combination of the vector fields (IL7I)) in any point of this neighborhood; in
other words,

(adf)f f2 = ai(adfr) fo + afi,

i

e
—_

I
o

where a;, « are smooth functions. In this case, all closed to « solutions of the equation ¢ = f1(q)
are abnormal geodesics.
A direct calculation based on the fact that (A, (adf{)f2)(y(t)) = 0, 0 < t < 1, gives the identity:

k-1
P =3 at) +alty®)a. 0<t< 1. (11.72)
1=0

Identity (IL72) implies that dimE = k and II = 0. The boundary conditions (IL.70) take the

form:
y(0) ¢4 (y(s) —y(0) A¢ =0. (11.73)

The caracterization of conjugate points is especially simple and geometrically clear if the ambient
manifold has dimension 4. Let A be a rank 2 equiregular distribution in a 4-dimensional manifold
(the Engel distribution). Then abnormal geodesics form a 1-foliation of the manifold and condition
([IT7T) is satisfied with & = 2. Moreover, dim E = 3, dim¥ = 2 and gf = RC,. Recall that
y(t) = ¢,, 0 <t <s, is asolution to (IL6J). Hence boundary conditions (LLT73)) are equivalent to
the condition

¢ NC,=0. (11.74)



It is easy to re-write relation (IL74) in the intrinsic way without special notations we used to
simplify calculations. We have:
a time moment ¢ is conjugate to 0 for the abnormal geodesic + if and only if

D, g) = Dy

The flow €'/t preserves D? and f; but it does not preserve D. The plane /' D rotates around the
line Rf; inside D? with a nonvanishing angular velocity. Conjugate moment is a moment when the
plane makes a complete revolution. Collecting all the information we obtain:

Theorem 11.36. Let D be the Engel distribution, fi be a horizontal vector field such that [f1, D?] =
D? and 4 = fi(y). Then v is an abnormal geodesic. Moreover, if eifIDV(O) # Dy, Vt € (0,1],

then v is a local length minimizer for any sub-Riemannian structure on D. If et D,y = Dy for
some t € (0,1) and ~y is not a normal geodesic then 7 is not a local length minimizer. ([l

11.5 Equivalence of local minimality

Now we prove that, under the assumption that our trajectory is smooth, it is equivalent to be
locally optimal in the H' topology or in the uniform topology for the trajectories.
Notice that the Theorem holds for general structure and not only for rank 2 distributions.

Theorem 11.37. Assume that the sub-Riemannian structure is extendable to a Riemannian struc-
ture G on M. Let y(t) be a (strict) local minimizer in the L? topology for the controls, that has
no self-intersection. If v € C', then it is a (strict) local minimizer in the C° topology for the
trajectories.

Proof. Since v has no self intersections, as before we can assume to choose coordinates z = (x1,¥)
in the cylinder

M=1I1.xB,_1={(x,y) e R, x €] —¢,1 +¢[,y € R ly| < e},

where our curve 7 is rectified, v(t) = ¢!/1(0). Moreover we can set £(vy) = 1.
In these coordinates v(t) = (£(t),n(t)) = (¢,0). Then we need the following

Lemma 11.38. There exists € and a set of coordinates such that G(x,0) = Id.

Proof of the Lemma. Our normalization of the curve v implies that

(g1 G2 ) B
- <G21 G22> ) with gll($70) =1

Now consider the orthogonal complement with respect to G, to our line at every point (z,0), that
can be written

{({(az,y),y),y eR™'}

for some vector a, € R®™!. The change of coordinates
(ﬂj‘,y) = (33‘ - (am,y> 7y)
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is regular (choosing e small enough) and normalize our metric in such a way that

10 .
g(l’,O) = <0 G> ’ with gll(‘rao) =1

With a linear change of cooordinates in the y space
(,y) = (2, G(x,0)"/?y)
we can then normalize all the matrix in such a way that G(z,0) = Id O

The action of a curve ~y is defined as follows

1
J(y) = /0 (Gyioy3(1), 5(1)) dt

Now notice that, in the Euclidean case G = Id, we have

1 .
Jeu(y) = /0 E(t) + iR ()dt (11.75)

and by definition of H' norm we get the equality

1 .
Iy = ol = /0 E(8) — 1 + li(t) Pt

= Jeu(7) — 1
= Jeu(7) = Jeu(0)
Thus, our assumption can be rewritten as follows: there exists € > 0 such that ~ is admissible and
Jeu(v) <1+ = J(v) =1

Now take 6 > 0 and a curve v contained in our domain such that the curve v5 := Fj(v), image of
~ under the dilation
F(S : ($7y) = ($75y)

is admissible. There are two possibilities:

(1) Jew(vs) < 1+4e. Then by our assumption J(v5) > 1

(#1) Jeu(vs) > 1+ €. Then since G(x,0) = Id and |y| < J, by smoothness of G we have that in
this neighborhood

G) =[o|+0(0) = J() = Jeuly) + O(9)
from which it follows that J(vy5) > 1+ ¢+ O(d) > 1, choosing ¢ in an appropriate way.
Hence every curve v that is contained in the d-strip is longer that .

O

Remark 11.39. Notice that this Theorem implies in particular the statement of Theorem [£355], since
normal extremals are always smooth. On the other hand, the argument of Theorem can be
adapted for any coercive functional (see [4]) while this proof use explicitly estimates that holds
only for our specific cost (distance).

Remark 11.40. Notice that nice abnormals are smooth. Hence we can apply this result and every
nice abnormal is also a C° local minimizer.
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Chapter 12

Curves in the Lagrange (Grassmannian

In this chapter we introduce the manifold of Lagrangian subspaces of a symplectic vector space.
After a description of its geometric properties, we discuss how to define the curvature for regular
curves in the Lagrange Grassmannian, that are curves with non-degenerate derivative. Then we
discuss the non-regular case, where a reduction procedure let us to reduce to a regular curve in a
reduced symplectic space.

12.1 The geometry of the Lagrange Grassmannian

In this section we recall some basic facts about Grassmanians of k-dimensional subspaces of an
n-dimensional vector space and then we consider, for a vector space endowed with a symplectic
structure, the submanifold of its Lagrangian subspaces.

Definition 12.1. Let V be an n-dimensional vector space. The Grassmanian of k-planes on V is
the set

Gp(V) :={W | W C V is a subspace, dim(W) = k}.
It is a standard fact that Gy (V') is a compact manifold of dimension k(n — k).
Now we describe the tangent space to this manifold.
Proposition 12.2. Let W € G(V'). We have a canonical isomorphism
Ty Gy(V) =~ Hom(W, V/W).

Proof. Consider a smooth curve on Gy(V) which starts from W, ie. a smooth family of k-
dimensional subspaces defined by a moving frame

W (t) = span{ei(t),...,ex(t)}, W (0) =W.

We want to associate in a canonical way with the tangent vector W (0) a linear operator from W
to the quotient V/W. Fix w € W and consider any smooth extension w(t) € W (t), with w(0) = w.
Then define the map

W — V/W, w +— w(0) (mod W). (12.1)
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We are left to prove that the map (I21) is well defined, i.e. independent on the choices of rep-
resentatives. Indeed if we consider another extension w;(t) of w satisfying wi(t) € W (t) we can

write
k

wi(t) = w(t) + Y ai(t)ei(t),

i=1

for some smooth coefficients «;(¢) such that a;(0) = 0 for every i. It follows that
k k
Wy (t) = w(t) + Z Q;i(t)ei(t) + Z ai(t)éi(t), (12.2)
i=1 i=1
and evaluating (I2Z.2)) at ¢ = 0 one has
k
w1 (0) = (0) +  _ di(0)es(0),
i=1

This shows that w;(0) = w(0) (mod W), hence the map (I21) is well defined. In the same way one
can prove that the map does not depend on the moving frame defining W (t).

Finally, it is easy to show that the map that associates the tangent vector to the curve W (t)
with the linear operator W — V/W is surjective, hence it is an isomorphism since the two space
have the same dimension. O

Let us now consider a symplectic vector space (X,0), i.e. a 2n-dimensional vector space X
endowed with a non degenerate symplectic form o € A%(X).

Definition 12.3. A vector subspace II C ¥ of a symplectic space is called
(i) symplectic if |1 is nondegenerate,
(ii) usotropic if ol = 0,
(iii) Lagrangian if ol = 0 and dim IT = n.

Notice that in general for every subspace II C ¥, by nondegeneracy of the symplectic form o, one
has
dim IT + dim IT* = dim . (12.3)

where as usual we denote the symplectic orthogonal by 11 = {z € ¥|o(z,y) =0, Vy € II}.
Exercise 12.4. Prove the following properties for a vector subspace II C X:
(i) II is symplectic iff I N I14 = {0},
(ii) II is isotropic iff IT C 14,
(iii) II is Lagrangian iff II = I14.
Exercise 12.5. Prove that, given two subspaces A, B C ¥, one has the identities (A + B)* =

A4 N B% and (AN B)* = A + B“.
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Example 12.6. Any symplectic vector space admits Lagrangian subspaces. Indeed fix any non-
zero element e; := e # 0 in 3. Choose iteratively

e; € spanfey, ..., e;_1}° \spanfer,...,e;_1}, i=2,...,n. (12.4)

Then II := span{ey, ..., e,} is a Lagrangian subspace by construction. Notice that the choice (12.4])
is possible by (12.3)

Lemma 12.7. Let II = span{ey,...,e,} be a Lagrangian subspace of ¥. Then there exists vectors
fi,---s fn € X such that

(1) T=1IaA, A = span{fi,..., fn},
(ZZ) O-(eivfj) = 51]7 O'(Ei,ej) = 0(f27f]) =0, Vi,j=1,...,n.

Proof. We prove the lemma by induction. By nondegeneracy of o there exists a non-zero x € 3
such that o(ey,z) # 0. Then we define the vector

Jn =

x
m, = o(en, fn) = 1.

The last equality implies that o restricted to span{e,, f,} is nondegerate, hence by (a) of Exercise
124
span{e,, fn} Nspan{en, fn}* =0, (12.5)

And we can apply induction on the 2(n — 1) subspace ¥’ := span{e,, f,}*. Notice that (TZH)
implies that o is non degenerate also on X' O

Remark 12.8. In particular the complementary subspace A = span{fi,..., f,} defined in Lemma
[[27is Lagrangian and transversal to II

Y=IIA.

Considering coordinates induced from the basis chosen for this splitting we can write 3 = R™@R",
(denoting R™ denotes the set of row vectors). More precisely = = (¢, z) if

v=> Ce+2fi, (=M, 2= ],

=1 Zn

and using canonical form of o on our basis (see Lemma [[2.7) we find that in coordinates, if
x1 = (C1, 21), 22 = (C2, 22) we get

o(x1,22) = Q22 — (221, (12.6)
where we denote with (z the standard rows by columns product.

Lemma [I2.7] shows that the group of symplectomorphisms acts transitively on pairs of transver-
sal Lagrangian subspaces. The next exercise, whose proof is an adaptation of the previous one,
describes all the orbits of the action of the group of symplectomorphisms on pairs of subspaces of
a symplectic vector spaces.

Exercise 12.9. Let Ay, Ay be two subspaces in a symplectic vector space ¥, and assume that
dim A1 N A2 = k. Show that there exists Darboux coordinates (p, q) in ¥ such that

Al = {(p70)}7 A2 = {((p17 s 7pk707’ .. 70)7 (07 .. 707qk+17’ .. 7QTL)}
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12.1.1 The Lagrange Grassmannian

Definition 12.10. The Lagrange Grassmannian L(X) of a symplectic vector space X is the set of
its n-dimensional Lagrangian subspaces.

Proposition 12.11. L(X) is a compact submanifold of the Grassmannian G, (X) of n-dimensional

subspaces. Moreover
n(n+1)

dim L(X) = 5

(12.7)

Proof. Recall that G,(X) is a n?-dimensional compact manifold. Clearly L(X) C G,,(X) as a subset.
Consider the set of all Lagrangian subspaces that are transversal to a given one

A"={AeL(Z):ANnA =0}

Clearly A™ C L(X) is an open subset and since by Lemma [[2.7] every Lagrangian subspace admits
a Lagrangian complement

Lz = J an
)

A€L(S

It is then sufficient to find some coordinates on these open subsets. Every n-dimensional subspace
A C ¥ which is transversal to A is the graph of a linear map from II to A. More precisely there
exists a matrix Sy such that

ANA=0sA={(z1,52),2 e R"}.
(Here we used the coordinates induced by the splitting ¥ = II® A.) Moreover it is easily seen that
Ae LX) e Sy =(Sa)T.
Indeed we have that A € L(X) if and only if o[y = 0 and using (I2.6]) this is rewritten as
o((2F,Sphz1), (2, Sp20)) = 21 Sazg — 28 Spz = 0,

which means exactly Sy symmetric. Hence the open set of all subspaces that are transversal to A
is parametrized by the set of symmetric matrices, that gives coordinates in this open set. This also
proves that the dimension of L(X) coincide with the dimension of the space of symmetric matrices,
hence (I2.7). Notice also that, being L(X) a closed set in a compact manifold, it is compact. [

Now we describe the tangent space to the Lagrange Grassmannian.

Proposition 12.12. Let A € L(X). Then we have a canonical isomorphism
TAL(%) = Q(A),
where Q(A) denote the set of quadratic forms on A.

Proof. Consider a smooth curve A(t) in L(X) such that A(0) = A and A(0) € TAL(X) its tangent
vector. As before consider a point z € A and a smooth extension z(t) € A(t) and denote with
& := &(0). We define the map

Az o(x, i), (12.8)
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that is nothing else but the quadratic map associated to the self adjoint map = — & by the
symplectic structure. We show that in coordinates A is a well defined quadratic map, independent
on all choices. Indeed

A(t) = {(z", Sa2), 2 € R"},

and the curve z(t) can be written

z(t) = (2()7, Sa2(®), @ =2(0) = (=", Sx2),

for some curve z(t) where z = 2z(0). Taking derivative we get
i(t) = (2(6)7, Sayz(t) + Saw 2(1)),
and evaluating at t = 0 (we simply omit ¢t when we evaluate at ¢ = 0) we have
x=(21,822),  i= (1,50 2+ Sp2),
and finally get, using the simmetry of Sy, that
o(x, @) = 27 (Spyz 4 Saz) — TS 2
= 2780z + 27902 — 3792
=218y z. (12.9)
O

Exercise 12.13. Let A(t) € L(X) such that A = A(0) and o be the symplectic form. Prove that
the map S : A x A — R defined by S(z,y) = o(z,y), where y = (0) is the tangent vector to a
smooth extension y(t) € A(t) of y, is a symmetric bilinear map.

Remark 12.14. We have the following natural interpretation of this result: since L(X) is a subman-
ifold of the Grassmanian G, (X), its tangent space ThL(X) is naturally identified by the inclusion
with a subspace of the Grassmannian

i L(X) = Gp(%), ix : TAL(Y) < TAG,(X) ~ Hom(A, X /A),

where the last isomorphism is Proposition[12.2] Being A a Lagrangian subspace of 3, the symplectic
structure identifies in a canonical way the factor space ¥ /A with the dual space A* defining

/A~ A", ([z]a,x) = o(z, ). (12.10)

Hence the tangent space to the Lagrange Grassmanian consist of those linear maps in the space
Hom(A, A*) that are self-adjoint, which are naturally identified with quadratic forms on A itself. [

Remark 12.15. Given a curve A(t) in L(X), the above procedure associates to the tangent vector
A(t) a family of quadratic forms A(t), for every t.

We end this section by computing the tangent vector to a special class of curves that will play
a major role in the sequel, i.e. the curve on L(X) induced by the action on A by the flow of the
linear Hamiltonian vector field & associated with a quadratic Hamiltonian h € (). (Recall that
a Hamiltonian vector field transform Lagrangian subspaces into Lagrangian subspaces.)

lany quadratic form on a vector space ¢ € Q(V) can be identified with a self-adjoint linear map L : V — V*,
L(v) = B(v,-) where B is the symmetric bilinear map such that ¢(v) = B(v,v).
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Proposition 12.16. Let A € L(X) and define A(t) = etﬁ(A). Then A = 2h|,.

—

Proof. Consider z € A and the smooth extension z(t) = e/’(z). Then i = h(z) and by definition
of Hamiltonian vector field we find

o(z, &) = o(z, h(z))
= (dgh,z)
= 2h(z),

where in the last equality we used that h is quadratic on fibers. O

12.2 Regular curves in Lagrange Grassmannian

The isomorphism between tangent vector to the Lagrange Grassmannian with quadratic forms
makes sense to the following definition (we denote by A the tangent vector to the curve at the point
A as a quadratic map)

Definition 12.17. Let A(t) € L(X) be a smooth curve in the Lagrange Grassmannian. We say
that the curve is

(i) monotone increasing (descreasing) if A(t) >0 (A(t) < 0).
(i) strictly monotone increasing (decreasing) if the inequality in (i) is strict.
(iii) regular if its derivative A(t) is a non degenerate quadratic form.

Remark 12.18. Notice that if A(t) = {(p,S(t)p),p € R"} in some coordinate set, then it follows
from the proof of Proposition that the quadratic form A(t) is represented by the matrix Sa(t)
(see also (IZ.9). In particular the curve is regular if and only if det Sy (t) # 0.

The main goal of this section is the construction of a canonical Lagrangian complement. (i.e.
another curve A°(t) in the Lagrange Grassmannian defined by A(t) and such that ¥ = A(t) S A°(¢).)

Consider an arbitrary Lagrangian splitting ¥ = A(0) & A defined by a complement A to A(0)
(see Lemma [I2.7) and fix coordinates in such a way that that

¥ ={(q),p,qcR"},  A0)={(»,0),peR"}, A={(0,9),qcR"}.

In these coordinates our regular curve is described by a one parametric family of symmetric matrices
S(t)
A(t) ={(p,S(t)p), p € R"},

such that S(0) = 0 and S(0) is invertible. All Lagrangian complement to A(0) are parametrized by
a symmetrix matrix B as follows

Ap ={(Bq,q),q € R"}, B = BT.

The following lemma shows how the coordinate expression of our curve A(t) change in the new
coordinate set defined by the splitting ¥ = A(0) & Ap.
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Lemma 12.19. Let Sp(t) the one parametric family of symmetric matrices defining A(t) in coor-
dinates w.r.t. the splitting A(0) ® Ap. Then the following identity holds

Sp(t) = (S(t)™t — B)~L. (12.11)

Proof. Tt is easy to show that, if (p,q) and (p/,¢’) denotes coordinates with respect to the splitting
defined by the subspaces A and Ap we have

/: —B
p=peoa (12.12)
q=q

The matrix Sp(t) by definition is the matrix that satisfies the identity ¢’ = Sp(t)p’. Using that
g = S(t)p by definition of A(t), from (I2Z12]) we find

¢ =q=St)p=St)¥ +Bq),
and with straightforward computations we finally get
Sp(t) = (I - S(HB)'S(t) = (S~ — B) ™.
O

Since S (t) represents the tangent vectors to the regular curve A(t), its properties are invariant
with respect to change of coordinates. Hence it is natural to look for a change of coordinates (i.e.
a choice of the matrix B) that simplifies the second derivative our curve.

Corollary 12.20. There exists a unique symmetric matriz B such that Sp(0) = 0.

Proof. Recall that for a one parametric family of matrices X (¢) we have

. o .
ZX(H)T = —XOT XXM

Applying twice this identity to (IZI1]) (we omit ¢ to denote the value at t = 0) we get

d d

T t:oSB(t) =—(s'-B)"! (E

570 ) (57 - )

t=0
= (57! -B)tstss (st - B)!
=(I-SB)"'S(I - BS)™.
Hence for the second derivative evaluated at ¢ = 0 (remember that in our coordinates S(0) = 0)
one gets ) ) o
Sp=5+25BS,
and using that S is non degerate, we can choose B = —%3_153_1. O

We set A°(0) := Ap, where B is determined by (I2.13]). Notice that by construction A°(0) is
a Lagrangian subspace and it is transversal to A(0). The same argument can be applied to define
A°(t) for every t.
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Definition 12.21. Let A(¢) be a regular curve, the curve A°(t) defined by the condition above is
called derivative curve of A(t).

Exercise 12.22. Prove that, if A(t) = {(p, S(t)p), p € R"} (without the condition S(0) = 0), then
the derivative curve A°(t) = {(p, S°(t)p), p € R™}, satisfies

S°(t) = B(t)" + S(t), where B(t) ::—%S(t)_lg(t)g(t)_l, (12.13)

provided A°(t) is transversal to the subspace A = {(0,¢),¢ € R"}. (Actually this condition is
equivalent to the invertibility of B(t).) Notice that if S(0) = 0 then S°(0) = B(0)~!.

Remark 12.23. The set A" of all n-dimensional spaces transversal to a fixed subspace A is an affine
space over Hom(X/A,A). Indeed given two elements Ay, Ay € A" we can associate with their
difference the operator

Ay — Ay — A€ Hom(X/A,A), A([z]a) = 22 — 21 € A, (12.14)

where z; € A; N [z]p are uniquely identified.

If A is Lagrangian, we have identification ¥/A ~ A* given by the symplectic structure (see
(IZI0)) that A™, that coincide by definition with the intersection A" N L(X) is an affine space over
Hom® (A*, A), the space of selfadjoint maps between A* and A, that it isomorphic to Q(A*).

Notice that if we fix a distinguished complement of A, i.e. ¥ = A ® A, then we have also the
identification /A ~ A and A" ~ Q(A*) ~ Q(A).

Exercise 12.24. Prove that the operator A defined by (I2.14]), in the case when A is Lagrangian,
is a self-adjoint operator.

Remark 12.25. Assume that the splitting ¥ = A®A is fixed. Then our curve A(t) in L(X), such that
A(0) = A, is characterized by a family of symmetric matrices S(t) satisfying A(t) = {(p, S(t)p),p €
R™}, with S(0) =

By regularity of the curve, A(t) € A™ for + > 0 small enough, hence we can consider its
coordinate presentation in the affine space on the vector space of quadratic forms defined on A (see
Remark [2.23)) that is given by S~!(¢) and write the Laurent expansion of this curve in the affine
space

-1
St = <tS + gs + O(t3)>

1. t.. -1

= Zs—l <1 + 555—1 + O(t2)>

1oy 1o qoe

=287 —287ISST +0(1).
N—————

B
It is not occasional that the matrix B coincides with the free term of this expansion. Indeed the
formula (I2.11)) for the change of coordinates can be rewritten as follows
Sp(t)y™' =57t) - B, (12.15)

and the choice of B corresponds exactly to the choice of a coordinate set where the curve A(t) has
no free term in this expansion (i.e. Sp(t)~! has no term of order zero). This is equivalent to say
that a regular curve let us to choose a privileged origin in the affine space of Lagrangian subspaces
that are transversal to the curve itself.
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12.3 Curvature of a regular curve

Now we want to define the curvature of a regular curve in the Lagrange Grassmannian. Let A(t)
be a regular curve and consider its derivative curve A°(¢).

The tangent vectors to A(t) and A°(t), as explained in Section 21l can be interpreted in a a
canonical way as a quadratic form on the space A(t) and A°(t) respectively

Ay e Q). A'() € Q(A°(1)).

Being A°(t) a canonical Lagrangian complement to A(t) we have the identifications through the
symplectic for
A(t)" =~ A°(¢), A°(t)* =~ A(t),
and the quadratic forms A(t), A°(¢) can be treated as (self-adjoint) mappings:

A(t) - A(t) = A°(t), A (t): A°(t) — A(2). (12.16)

Definition 12.26. The operator Ra(t) := A°(t)oA(t) : A(t) — A(t) is called the curvature operator
of the regular curve A(t).

Remark 12.27. In the monotonic case, when |A(t)| defines a scalar product on A(t), the operator
R(t) is, by definition, symmetric with respect to this scalar product. Moreover R(t), as quadratic
o A

form, has the same signature and rank as A (¢) sign(A (¢)).

Definition 12.28. Let A;, Ay be two transversal Lagrangian subspaces of 3. We denote
TA Ay 2 — Ao, (12.17)
the projection on As parallel to A1, i.e. the linear operator such that
TA A|A, =0 TA Ag A, = Id.

Exercise 12.29. Assume A; and A be two Lagrangian subspaces in ¥ and assume that, in some
coordinate set, A; = {(z,S;xz),€ R"} for i = 1,2 . Prove that ¥ = A; & Ay if and only if
ker(S; — S2) = {0}. In this case show that the following matrix expression for ma,a,:

_ ([ Sps —sE g
TA Ay = <S2SI_2151 _5251_21 , S19 := 51 — So. (12.18)

From the very definition of the derivative of our curve we can get the following geometric
characterization of the curvature of a curve.

Proposition 12.30. Let A(t) a regular curve in L(X) and A°(t) its derivative curve. Then
A(t)(21) = ma@yac(r) (), A°(t)(ze) = —Tpo(yng (E0)-

In particular the curvature is the composition Ry(t) = A" (t) o A(t).

%if ¥ = A@A is a splitting of a vector space then X/A ~ A. If moreover the splitting is Lagrangian in a symplectic
space, the symplectic form identifies ¥/A ~ A*, hence A* ~ A.
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Proof. Recall that, by definition, the linear operator A : A — ¥ /A associated with the quadratic
form is the map x — & (mod A). Hence to build the map A — A° it is enough to compute the
projection of & onto the complement A°, that is exactly mapo(#). Notice that the minus sign in
equation (I2.30) is a consequence of the skew symmetry of the symplectic product. More precisely,
the sign in the identification A° ~ A* depends on the position of the argument. O

The curvature R (t) of the curve A(t) is a kind of relative velocity between the two curves A(t)
and A°(t). In particular notice that if the two curves moves in the same direction we have R (¢) > 0.
Now we compute the expression of the curvature Ry (t) in coordinates.

Proposition 12.31. Assume that A(t) = {(p, S(t)p)} is a regular curve in L(X). Then we have
the following coordinate expression for the curvature of A (we omit t in the formula)

Ry = ((28)718) — ((29)715)? (12.19)
= 257 - s8R (12.20)

Proof. Assume that both A(t) and A°(t) are contained in the same coordinate chart with

A@) ={(,S®)p)},  A°(@) = {(p,S°(t)p)}-

We start the proof by computing the expression of the linear operator associated with the derivative
A : A — A° (we omit t when we compute at ¢t = 0). For each element (p,Sp) € A and any
extension (p(t), S(t)p(t)) one can apply the matrix representing the operator mapo (see (IZI8])) to
the derivative at t = 0 and find

mane(p, Sp) = (', S°p), P =—(S—S°)""5p.

Exchanging the role of A and A°, and taking into account of the minus sign one finds that the
coordinate representation of R is given by

R=(S°—8)"15°(8° - §)715. (12.21)

We prove formula (I2.20)) under the extra assumption that S(0) = 0. Notice that this is
equivalent to the choice of a particular coordinate set in L(X) and, being the expression of R
coordinate independent by construction, this is not restrictive.

Under this extra assumption, it follows from (I2.I3]) that

At) ={(p,S®p)}, A1) ={(p, 5°(t)p)},

where S°(t) = B(t)~! + S(t) and we denote by B(t) := —%S(t)_lg(t)S(t)_l.
Hence we have, assuming S(0) = 0 and omitting ¢ when ¢ = 0

R=(S8°—8)"18°(8° — §)"1§

_B <i
dt{—o

—(BS)? - BS.

B(t)™' + S(t)> BS

Plugging B = —%S ~155~1 into the last formula, after some computations one gets to (I2.20).
]
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Remark 12.32. The formula for the curvature Ry () of a curve A(t) in L(X) takes a very simple
form in a particular coordinate set given by the splitting ¥ = A(0) & A°(0), i.e. such that

A(0) = {(p,0),p e R"},  A°(0) ={(0,9),q € R"}.

Indeed using a symplectic change of coordinates in ¥ that preserves both A and A° (i.e. of the kind
p = Ap, ¢ = (A 1)*q) we can choose the matrix A in such a way that S(0) = I. Moreover we
know from Proposition that the fact that A° = {(0,q),q € R"} is equivalent to S(0) = 0. Hence
one finds from (I2.20) that

1..
R = 55

When the curve A(t) is strictly monotone, the curvature R represents a well defined operator on
A(0), naturally endowed with the sign definite quadratic form A(0). Hence in these coordinates the
eigenvalues of § (and not only the trace and the determinant) are invariants of the curve.

Exercise 12.33. Let f : R — R be a smooth function. The Schwartzian derivative of f is defined

as 9
B f// / f//
st=(37) - (3) (12:22)

at+b
ct+d

Prove that Sf = 0 if and only if f(¢) = for some a,b,c,d € R.

Remark 12.34. The previous proposition says that the curvature R is the matrix version of the
Schwartzian derivative of the matrix S (cfr. (I219) and ([I2:22])).

Example 12.35. Let ¥ be a 2-dimensional symplectic space. In this case L(3) ~ P!(R) is the real
projective line. Let us compute the curvature of a curve in L(X) with constant (angular) velocity
a > 0. We have

A(t) =A{(p,S(t)p),p € R}, S(t) = tan(at) € R.

From the explicit expression it easy to find the relation
St) =a(l+5%@1), = === =aS),

from which one gets that R(t) = aS(t) — a252(t) = o2, i.e. the curve has constant curvature.
We end this section with a useful formula on the curvature of a reparametrized curve.

Proposition 12.36. Let ¢ : R — R a diffeomorphism and define the curve Ay (t) := A(p(t)). Then
Ry, (t) = ¢* () Ra(p(t)) + R (1)1d. (12.23)

Proof. 1t is a simple check that the Schwartzian derivative of the composition of two function f
and ¢ satisfies

S(fog)=(Sfog)(d)+Sy.

Notice that R, (t) makes sense as the curvature of the regular curve ¢ : R — R C P! in the Lagrange
Grassmannian L(R?). O
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Exercise 12.37. (Another formula for the curvature). Let Ag, A1 € L(X) be such that ¥ = Ag® A4
and fix two tangent vectors &y € Tx,L(X) and & € Ty, L(X). Asin (I2I6]) we can treat each tangent
vector as a linear operator

f() : A() — Al, 61 : Al — AQ, (12.24)

andldeﬁne the cross-ratio [£1,&] = —&1 0 &. If in some coordinates A; = {(p, Sip)} for i = 0,1 we
have3

€1, &) = (S1— So)"1S1(S1 — So) 1 So.

Let now A(t) a regular curve in L(X). By regularity ¥ = A(0) @ A(¢) for all ¢ > 0 small enough,
hence the cross ratio

[A(t), A(0)] - A(0) — A(0),

is well defined. Prove the following expansion for ¢ — 0

Lra+ YRy o)+ o). (12.25)

A1), AO)] = 5 1d+ 5

12.4 Reduction of non-regular curves in Lagrange Grassmannian

In this section we want to extend the notion of curvature to non-regular curves. As we will see
in the next chapter, it is always possible to associate with an extremal a family of Lagrangian
subspaces in a symplectic space, i.e. a curve in a Lagrangian Grassmannian. This curve turns
out to be regular if and only if the extremal is an extremal of a Riemannian structure. Hence, if
we want to apply this theory for a genuine sub-Riemannian case we need some tools to deal with
non-regular curves in the Lagrangian Grassmannian.

Let (X, 0) be a symplectic vector space and L(X) denote the Lagrange Grassmannian. We start
by describing a natural subspace of L(X) associated with an isotropic subspace I' of 3. This will
allow us to define a reduction procedure for a non regular curve.

Let I'" be a k-dimensional isotropic subspace of %, i.e. U‘F = 0. This means that I' ¢ I'“. In
particular I'“/T is a 2(n — k) dimensional symplectic space with the restriction of o.

Lemma 12.38. There is a natural identification of L(I'“/T) as a subspace of L(X):
L(I4/T) ~{A € L(X),I € A} C L(%). (12.26)
Moroever we have a natural projection
' L(Y) = L(T4/T), A AL,
where AU .= (ANT4)+T = (A+T)NT4.

Proof. Assume that A € L(X) and I' € A. Then, since A is Lagrangian, A = A C I'“, hence the

identification (I2.26]).

Assume now that A € L(I'“/T") and let us show that 7' (A) = A, i.e. 7 is a projection. Indeed
from the inclusions I' € A C T'¥ one has 7' (A) = A = (ANT4)+T =A+T =A.

3here SZ denotes the matrix associated with &;.

234



We are left to check that Al is Lagrangian, i.e. (Al)4 = Al
(AD)% = ((ANT4) + 1)~
= (ANT%)*Nr4

= (A+T)NI4 =AY,

where we repeatedly used Exercise I2.5 (The identity (ANT4) +T = (A +T)NT¥ is also a
consequence of the same exercise.) O

Remark 12.39. Let I'™ = {A € L(X),ANT = {0}}. The restriction Fr‘rm is smooth. Indeed it can
be shown that 7! is defined by a rational function, since it is expressed via the solution of a linear
system.

N

The following example shows that the projection 7" is not globally continous on L(X).

Example 12.40. Consider the symplectic structure ¢ on R*, with Darboux basis {e1, e2, f1, f2},
i.e. o(e;, fj) = d;j. Let I' = span{e; } be a one dimensional isotropic subspace and define

A. = span{e; +efo,e2 +cf1}, Ve > 0.
It is easy to see that A. is Lagrangian for every € and that
Al = span{ey, fo}, Ve >0, (12.27)
AL = span{eq, es}.

Indeed f5 € ef, that implies e; + e fo € A NT¥, therefore fo € A. NT“. By definition of reduced
curve fy € AL and (IZ27) holds. The case € = 0 is trivial.

12.5 Ample curves

In this section we introduce ample curves.

Definition 12.41. Let A(t) € L(X) be a smooth curve in the Lagrange Grassmannian. The curve
A(t) is ample at t = tg if there exists N € N such that

5> = span{ AP (to)| A(t) € A(t), A(t) smooth,0 < i < N}. (12.28)

In other words we require that all derivatives up to order IV of all smooth sections of our curve in
L(X) span all the possible directions.

As usual, we can choose coordinates in such a way that, for some family of symmetric matrices
S(t), one has

S={(p,q) p,a eR"},  A@t)={(p,S(t)p)| p € R"}.

Exercise 12.42. Assume that A(t) = {(p, S(t)p),p € R"} with S(0) = 0. Prove that the curve is
ample at ¢ = 0 if and only if there exists N € N such that all the columns of the derivative of S(¢)
up to order N (and computed at ¢ = 0) span a maximal subspace:

rank{$(0), $(0),...,5™(0)} = n. (12.29)

In particular, a curve A(t) is regular at ty if and only if is ample at ¢ty with N = 1.
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An important property of ample and monotone curves is described in the following lemma.

Lemma 12.43. Let A(t) € L(X) a monotone, ample curve at ty. Then, there exists € > 0 such
that A(t) N A(tg) = {0} for 0 < |t —tg| < e.

Proof. Without loss of generality, assume tg = 0. Choose a Lagrangian splitting ¥ = A @ II, with
A = J(0). For |t| < €, the curve is contained in the chart defined by such a splitting. In coordinates,
At) = {(p, S(t)p)| p € R}, with S(t) symmetric and S(0) = 0. The curve is monotone, then S(t)
is a semidefinite symmetric matrix. It follows that S(t) is semidefinite too.

Suppose that, for some ¢, A(t) N A(0) # {0} (assume ¢ > 0). This means that 3v € R" such
that S(t)v = 0. Indeed also v*S(t)v = 0. The function 7 — v*S(7)v is monotone, vanishing at
7 =0 and 7 = t. Therefore v*S(7)v =0 for all 0 < 7 < t. Being a semidefinite, symmetric matrix,
v*S(7)v = 0 if and only if S(7)v = 0. Therefore, we conclude that v € ker S(7) for 0 < 7 < t. This
implies that, for any ¢ € N, v € ker S(i)(O), which is a contradiction, since the curve is ample at
0. O

Exercise 12.44. Prove that a monotone curve A(t) is ample at ¢ if and only if one of the equivalent
conditions is satisfied

(i) the family of matrices S(¢) — S(to) is nondegenerate for ¢ # ¢y close enough, and the same
remains true if we replace S(t) by its N-th Taylor polynomial, for some N in N.

(ii) the map ¢ — det(S(t) — S(tp)) has a finite order root at t = ¢.

Let us now consider an analytic monotone curve on L(X). Without loss of generality we can
assume the curve to be non increasing, i.e. A(¢) > 0. By monotonicity

AO)NA®) = (] Alr) =T

0<7<t

Clearly Ty is a decreasing family of subspaces, i.e. T, C T, if 7 < t. Hence the family T, for ¢ — 0
stabilizes and the limit subspace Y is well defined

T := lim Tt
t—0
The symplectic reduction of the curve by the isotropic subspace T defines a new curve K(t) =
AT € L(T4/7T).
Proposition 12.45. If A(t) is analytic and monotone in L(X), then A(t) is ample L(Y</Y).

Proof. By construction, in the reduced space T4 /Y we removed the intersection of A(t) with A(0).
Hence

AO)NA®#) ={0}, in L(T?/Y) (12.30)

In particular, if S(t) denotes the symmetric matrix representing A(t) such that S(0) = A(to), it
follows that S(t) is non degenerate for 0 < |t| < . The analyticity of the curve guarantees that
the Taylor polynomial (of a suitable order V) is also non degenerate. O
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12.6 From ample to regular

In this section we prove the main result of this chapter, i.e. that any ample monotone curve can
be reduced to a regular one.

Theorem 12.46. Let A(t) be a smooth ample monotone curve and set T' := Ker A(0). Then the
reduced curve t — AY(t) is a smooth reqular curve. In particular AF(O) > 0.

Before proving Theorem [12.40] let us discuss two useful lemmas.

Lemma 12.47. Let vi(t),...,vx(t) € R" and define V (t) as the n x k matriz whose columns are
the vectors vi(t). Define the matriz S(t) := fot V(T)V(r)*dr. Then the following are equivalent:

(1) S(t) is invertible (and positive definite),
(i1) span{v;(7)|i =1,...,k;7 € [0,t]} = R".

Proof. Fix t > 0 and let us assume S(t) is not invertible. Since S(t) is non negative then there
exists a nonzero z € R"™ such that (S(t)x,z) = 0. On the other hand

(S(t)e, ) = /0 V(AW (r)z,2) dr = /O |V (r)*z|2dr

This implies that V(7)*z = 0 (or equivalently 2*V (1) = 0) for 7 € [0,¢], i.e. the nonzero vector z*
is orthogonal to Im .¢jo 4V (7) = span{vi(7)|i = 1,...,k, 7 € [0,#]} = R", that is a contradiction.
The converse is similar. d

Lemma 12.48. Let A, B two positive and symmetric matrices such that 0 < A < B. Then we
have also 0 < B~ < A™1,

Proof. Assume first that A and B commute. Then A and B can be simultaneously diagonalized
and the statement is trivial for diagonal matrices.

In the general case, since A is symmetric and positive, we can consider its square root A2,
which is also symmetric and positive. We can write

0 < (Av,v) < (Bv,v)

By setting w = AY2v in the above inequality and using (Av,v) = <A1/2U, A1/21)> one gets
0 < (w,w) < <A_1/2BA_1/2w,w>,

which is equivalent to I < A~Y2BA~1/2_ Since the identity matrix commutes with every other
matrix, we obtain

0< AVBTIAY2 = (A7V2BATY )~ < 1

which is equivalent to 0 < B~! < A~™! reasoning as before. O
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Proof of Theorem [I2.46] By assumption the curve ¢ — A(t) is ample, hence A(t) NT' = {0} and
t — AT (t) is smooth for ¢+ > 0 small enough. We divide the proof into three parts: (i) we compute
the coordinate presentation of the reduced curve. (ii) we show that the reduced curve, extended
by continuity at ¢t = 0, is smooth. (iii) we prove that the reduced curve is regular.

(i). Let us consider Darboux coordinates in the symplectic space ¥ such that

Y={pq) :p,qeR"},  AQ®)={(p,SH)p)|lp eR"},  S(0)=0.

Morover we can assume also R” = R¥ ¢ R" % where T’ = {0} ® R"*. According to this splitting
we have the decomposition p = (p1,p2) and ¢ = (¢1,¢2). The subspaces I' and I'“ are described by
the equations

I'={(p,q):p1=0,¢=0}, T ={(p,q):q2=0}

and (p1,q1) are natural coordinates for the reduced space I'“/T. Up to a symplectic change of
coordinates preserving the splitting R = R¥ @ R" ¥ we can assume that

_ (Su(t) Sia(t) . v (I 0
S(t)_<Sik2(t) 522(t)>’ with 5(0)_<O 0). (12.31)

where [ is the k x k identity matrix. Finally, from the fact that S is monotone and ample, that
implies S(t) > 0 for each ¢ > 0, it follows

Sll(t) >0, Saa(t) > 0, Vit>0. (12.32)

Then we can compute the coordinate expression of the reduced curve, i.e. the matrix ST (t) such
that

AT(#) = {(p1,S" (1), p1 € R*}.
From the identity

Mﬂﬂf‘zﬂnsamxﬂﬂpeW@:{<S*@<%><%>>gleW% (12.33)

one gets the key relation ST (¢)~! = (S(t)~)11.
Thus the matrix expression of the reduced curve AT'(t) in L(I'“/T) is recovered simply by
considering it as a map of (p1,q1) only, i.e.

S Sz p1> <511p1 + 512292)
S(t)p = =
)p <5T2 522) (Pz STop1 + S22p2
from which we get S(t)p € R* if and only if S}, (t)p1 + S22(t)p2 = 0. Then
AT (t) = {(p1, S11p1 + S12p2) : Sio(t)p1 + Saz(t)p2 = 0}
= {(p1, (S11 — 51255 St2)p1)}

that means
SY = 811 — 512555 St (12.34)

(ii). By the coordinate presentation of S' () the only term that can give rise to singularities is
the inverse matrix 52_21(t). In particular, since by assumption ¢ — det Saa(t) has a finite order zero
at ¢ = 0, the a priori singularity can be only a finite order pole.
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To prove that the curve is smooth it is enough the to show that S*(t) — 0 for ¢t — 0, i.e. the
curve remains bounded. This follows from the following

Claim I. As quadratic forms on R¥, we have the inequality 0 < S'(¢) < Sy1(t).

Indeed S(t) symmetric and positive one has that its inverse S(¢)~! is symmetric and positive also.
This implies that ST (#)~! = (S(t)~1)11 > 0 and so is ST (t). This proves the left inequality of the
Claim I.

Moreover using (IZ34) and the fact that S is positive definite (and so Sy;') one gets

{(S11 = SM)p1,p1) = (81285 S1ap1, 1) = (S (Siap1). (Siap1)) > 0.

Since S(t) — 0 for t — 0, clearly Sy1(t) — 0 when ¢t — 0, that proves that ST (¢) — 0 also.

(iii). We are reduced to show that the derivative of ¢ —+ ST (¢) at 0 is non degenerate matrix,
which is equivalent to show that ¢ — ST (¢)~! has a simple pole at ¢ = 0.

We need the following lemma, whose proof is postponed at the end of the proof of Theorem
112.40|

Lemma 12.49. Let A(t) be a smooth family of symmetric nonnegative n x n matrices. If the
condztzon rank(A A, ..., AN, = n is satisfied for some N, then there exists g > 0 such that
etA(0) < fo T)dT for all € <egg andt > 0 small enough.

Applying the Lemma to the family A(t) = S(t) one obtains (see also (I2Z:31))

(S(t)p,p) > et|p1|®

for all 0 < € < g9, any p € R” and any small time ¢ > 0.

Now let p; € R¥ be arbitrary and extend it to a vector p = (p1,p2) € R™ such that (p, S(t)p) €
A(t)NT4 (ie. S(t)p = (q1 0)T or equivalently S(¢)~'(g1,0) = (p1,p2)). This implies in particular
that ST (t)p; = ¢1 and

(ST (t)p1,p1) = (S(t)p,p) = et|pa*,

This identity can be rewritten as S*(t) > et > 0 and implies by Lemma [[2.48]

1
0< STt < =1
(t) il

which completes the proof. O
Proof of Lemma [12.49. We reduce the proof of the Lemma to the following statement:

Claim II. There exists c, N > 0 such that for any sufficiently small e, > 0

det ( /0 t A(T) — eA(0) dT> > etV

Moreover C,N depends only on the 2N -th Taylor polynomial of A(t).

Indeed fix to > 0. Since A(t) > 0 and A(t) is not the zero family, then fg’o A(t)dr > 0. Hence, for
a fixed tp, there exists ¢ small enough such that foto A(1) —€A(0)dr > 0. Assume now that the

matrix Sy = fo —€A(0) dr > 0 is not strictly positive for some 0 < ¢ < ¢, then det S(7) =0
for some T € [t, to] that is a contradiction.
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We now prove Claim II. We may assume that ¢t — A(t) is analytic. Indeed, by continuity
of the determinant, the statement remains true if we substitute A(t) by its Taylor polynomial of
sufficiently big order.

An analytic one parameter family of symmetric matrices ¢ — A(t) can be simultaneously di-
agonalized (see ?77), in the sense that there exists an analytic (with respect to t) family of vectors
vi(t), with i = 1,...,n, such that

n

(At)z, z) = (vi(t),z)”.

i=1

In other words A(t) = V(¢)V(¢)*, where V (¢) is the n x n matrix whose columns are the vectors
v;(t). (Notice that some of these vector can vanish at 0 or even vanish identically.)
Let us now consider the flag Fy C Fs C ... C Eny = R" defined as follows

E; =span{o), 1< j <n,0<1 < i},

Notice that this flag is finite by our assumption on the rank of the consecutive derivatives of A(t)
and N is the same as in the statement of the Lemma. We then choose coordinates in R™ adapted
to this flag (i.e. the spaces E; are coordinate subspaces) and define the following integers (here
€1,...,€y, is the standard basis of R")

m; = min{j : ¢; € E;}, i=1,...,n.

In other words, when written in this new coordinate set, m; is the order of the first nonzero term in
the Taylor expansion of the i-th row of the matrix V(¢). Then we introduce a quasi-homogeneous
family of matrices V(t): the i-th row of V(t) is the m;-homogeneous part of the i-the row of V(¢).
Then we define A(t) := V(¢)V(¢)*. The columns of the matrix A(t) satisfies the assumption of
Lemma [[2.47] then fot A(7)dr > 0 for every t > 0.

If we denote the entries A(t) = {a;;(¢)}];—; and A(t) = {ai;(t)}

n .
ij=1 We obtain

Q1) = et™ M ag(t) = @y (t) + O M,
for suitable constants ¢;; (some of them may be zero).

Then we let A%(t) := A(t) — eA(0) = {aj;(t)

where

Of course a¢ (t) = c%tmi‘i'mj + O(tmi+mj+1)

n
i.j=1° ij

C;

6}_{(1—6)62']', ifmi—l—m]':(),
1)

Cijs if m; + mj; > 0.

From the equality

t E.
c(r)dr =ittt (Y4 Ot
| asiriar g+ Ol

t €.
det </ Ae(T)dT> — 22 m <det <7ch > + O(t)>
0 mi +m; + 1

On the other hand

t ..
det </ A(T)dT) = 2 Xl m <det <#> - O(t)) >0
0 m; + m; +1
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hence det (#ﬂijﬂ) > 0 for small . The proof is completed by setting

N
Cij -
c:=det | ———— |, N :=n+2 m;
<m,~+mj+1> ; !

12.7 Conjugate points in L(X)

In this section we introduce the notion of conjugate point for a curve in the Lagrange Grassmannian.
In the next chapter we explain why this notion coincide with the one given for extremal paths in
sub-Riemannian geometry.

Definition 12.50. Let A(t) be a monotone curve in L(X). We say that A(t) is conjugate to A(0)
if A(t) N A(0) # {0}.

As a consequence of Lemma [12.43] we have the following immediate corollary.
Corollary 12.51. Conjugate points on a monotone and ample curve in L(X) are isolated.
The following two results describe general properties of conjugate points
Theorem 12.52. Let A(t), A(t) two ample monotone curves in L(X) defined on R such that
(1) ¥ = A(t) ® A(t) for every t >0,
(i) A(t) <0, A(t) >0, as quadratic forms.
Then there exists no T > 0 such that A(T) is conjugate to A(0). Moreover 3 lim;_, oo A(t) = A(c0).

Proof. Fix coordinates induced by some Lagrangian splitting of ¥ in such a way that Sy ) = 0 and
Sa(0) = I. The monotonicity assumption implies that ¢ — Sy (resp. ¢+ Sa() is a monotone
increasing (resp. decreasing) curve in the space of symmetric matrices. Moreover the tranversality
of A(t) and A(t) implies that Sa(t) — Sy is a non degenerate matrix for all ¢. Hence

0 < Sp@y < Salt) <1, for all ¢t > 0.

In particular A(t) never leaves the coordinate neighborhood under consideration, the subspace A(t)
is always traversal to A(0) for ¢ > 0 and has a limit A(co) whose coordinate representation is
SA(OO) = limy 400 SA(t). |

Theorem 12.53. Let Ay(t), fort,s € [0,1] be an homotopy of curves in L(X) such that As(0) = A
for s € [0,1]. Assume that

(1) As(+) is monotone and ample for every s € [0,1],
(11) Ao(+),A1(:) and As(1), for s € [0,1], contains no conjugate points to A.

Then no curve t — Ag(t) contains conjugate points to A.
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Proof. Let us consider the open chart A™ defined by all the Lagrangian subspaces traversal to A.
The statement is equivalent to prove that A,(t) € A" for all t > 0 and s € [0,1]. Let us fix
coordinates induced by some Lagrangian splitting ¥ = A @ A in such a way that A = {(p,0)} and

As(t) = {(Bs(t)q, )}

for all s and t > 0 (at least for ¢ small enough, indeed by ampleness A (t) € A™ for ¢ small).
Moreover we can assume that Bg(t) is a monotone increasing family of symmetric matrices.

Notice that 27 Bs(7)x — —oo for every x € R® when 7 — 0%, due to the fact that Ag(0) = A is
out of the coordinate chart. Moreover, a necessary condition for A¢(t) to be conjugate to A is that
there exists a nonzero x such that 27 B,(7)z — oo for 7 — .

It is then enough to show that, for all z € R” the function (¢,s) — 2T B,(t)z is bounded.
Indeed by assumptions ¢ — x7 By(t)x and t — x” By (t)z are monotone increasing and bounded up
to t = 1. Hence the continuous family of values M, := 27 B,(1)x is weel defined and bounded for
all s. The monotonicity implies that actually 27 Bs(t)x < +oo for all values of t,s € [0,1]. (See

also Figure [[2.7)).

2T B,(1)z

.'I;TBo(l)fli/_\ 2" Bi(1)z

2T By(t)x

S

Figure 12.1: Proof of Theorem [12.53]

12.8 Comparison theorems for regular curves

In this last section we prove two comparison theorems for regular monotone curves in the Lagrange
Grassmannian.

Corollary 12.54. Let A(t) be a monotone and regular curve in the Lagrange Grassmannian such
that Ra(t) < 0. Then A(t) contains no conjugate points to A(0).

Proof. This is a direct consequence of Theorem [12.52] O
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Theorem 12.55. Let A(t) be a monotone and regular curve in the Lagrange Grassmannian. As-
sume that there exists k > 0 such that for all t > 0

(i) Ra(t) < kId. Then, if A(t) is conjugate to A(0), we have t > Lk
(ii) Ltrace Rx(t) > k. Then for every t > 0 there exists T € [t,t + ik] such that A(T) is conjugate
to A(0).

We stress that assumption (i) means that all the eigenvalues of Ry (t) are smaller or equal than
k, while (ii) requires only that the average of the eigenvalues is bigger or equal than k.

Remark 12.56. Notice that the estimates of Theorem [[2.55] are sharp, as it is immediately seen by
considering the example of a 1-dimensional curve of constant velocity (see Example [2.30)).

Proof. (i). Consider the real function

T 1 T
¢ : R —=]0, ﬁ[’ o(t) = ﬁ(arctan VEkt + 5)

Using that ¢(t) = (1 + kt?)~1 it is easy to show that the Schwarzian derivative of ¢ is

k

Ry(t) = T

Thus using ¢ as a reparametrization we find, by Proposition [12.30]

Ry, (t) = ¢*Ra(p(1)) + Ry(t)ld
1
= ———(R t)) —kId) <O0.
T () — kd) <
By Corollary [2.54] the curve A o ¢ has no conjugate points, i.e. A has no conjugate points in the
interval ]0, ﬁ[

(ii). We prove the claim by showing that the curve A(t), on every interval of length m/v/k has
non trivial intersection with every subspace (hence in particular with A(0)). This is equivalent to
prove that A(t) is not contained in a single coordinate chart for a whole interval of length m/v/k.

Assume by contradiction that A(t) is contained in one coordinate chart. Then there exists
coordinates such that A(t) = {(p,S(t)p)} and we can write the coordinate expression for the
curvature:

Ra(t)= B(t) - B(t)?>,  where B(t) = (25(t)) ' S(¢).
Let now b(t) := trace B(t). Computing the trace in both sides of equality
B(t) = B2(t) + Ra(t),

we get
b(t) = trace(B?(t)) + trace Ra(t). (12.35)

Lemma 12.57. For every n x n symmetric matriz S the following inequality holds true

trace(S?) > —(trace S). (12.36)

S
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Proof. For every symmetric matrix S there exists a matrix M such that MSM = D is diagonal.
Since trace(MAM ') = trace(A) for every matrix A, it is enough to prove the inequality (I2.36])
for a diagonal matrix D = diag(Ai,...,A,). In this case (IZ36]) reduces to the Cauchy-Schwartz

inequality
2
n n
1
sl (Z )\Z-) |
i=1 i=1

Applying Lemma [I2.57 to (I2.35]) and using the assumption (ii) one gets

b(t) > %b2(t) + nk, (12.37)

By standard results in ODE theory we have b(t) > ¢(t) , where ¢(t) is the solution of the differential
equation

1
o(t) = ;gﬂ(t) + nk (12.38)
The solution for (I2:38)), with initial datum ¢(ty) = 0, is explicit and given by
o(t) = nVktan(VE(t — to)).

This solution is defined on an interval of measure /v/k. Thus the inequality b(t) > ¢(t) completes
the proof. O
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Chapter 13

Jacobi curves

Now we are ready to introduce the main object of this part of the book, i.e. the Jacobi curve
associated with a normal extremal. Heuristically, we would like to extract geometric properties of
the sub-Riemannian structure by studying the symplectic invariants of its geodesic flow, that is the
flow of H. The simplest idea is to look for invariants in its linearization.

As we explain in the next sections, this object is naturally related to geodesic variations, and
generalizes the notion of Jacobi fields in Riemannian geometry to more general geometric structures.

In this chapter we consider a sub-Riemannian structure (M, U, f) on a smooth n-dimensional
manifold M and we denote as usual by H : T*M — R its sub-Riemannian Hamiltonian.

13.1 From Jacobi fields to Jacobi curves

Fix a covector A € T*M, with 7(\) = ¢, and consider the normal extremal starting from ¢ and
associated with A, i.e.

A1) = et (N), ~v(t) = w(A(t)). (i.e. At) € T5,)M.)
For any € T\(T*M) we can define a vector field along the extremal A(t) as follows
X(t) = e € Ty (T M)

The set of vector fields obtained in this way is a 2n-dimensional vector space which is the space of
Jacobi fields along the extremal. For an Hamiltonian H corresponding to a Riemannian structure,
the projection m, gives an isomorphisms between the space of Jacobi fields along the extremal and
the classical space of Jacobi fields along the geodesic v(t) = w(A(t)).

Notice that this definition, equivalent to the standard one in Riemannian geometry, does
not need curvature or connection, and can be extended naturally for any strongly normal sub-
Riemannian geodesic.

In Riemannian geometry, the study of one half of this vector space, namely the subspace of
classical Jacobi fields vanishing at zero, carries informations about conjugate points along the
given geodesic. By the aforementioned isomorphism, this corresponds to the subspace of Jacobi
fields along the extremal such that 7, X (0) = 0. This motivates the following construction: For
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any A € T*M, we denote V) := ker .|, the vertical subspace. We could study the whole family of
(classical) Jacobi fields (vanishing at zero) by means of the family of subspaces along the extremal

L(t) = eiﬁV)\ C T)\(t) (T*M)

Notice that actually, being eiﬁ a symplectic transformation and V) a Lagrangian subspace, the
subspace L(t) is a Lagrangian subspace of Ty (7™ M).

13.1.1 Jacobi curves

The theory of curves in the Lagrange Grassmannian developed in Chapter ?7 is an efficient tool
to study family of Lagrangian subspaces contained in a single symplectic vector space. It is then
convenient to modify the construction of the previous section in order to collect the informations
about the linearization of the Hamiltonian flow into a family of Lagrangian subspaces at a fixed
tangent space.

By definition, the pushforward of the flow of H maps the tangent space to T*M at the point
A(t) back to the tangent space to T*M at A:

e Ty (T* M) — Ty (T*M).

If we then restrict the action of the pushforward e, tH to the vertical subspace at A(t), i.e. the
tangent space T)y) (Tj:(t)M ) at the point A(t) to the fiber Ty M, we define a one parameter family

of n-dimensional subspaces in the 2n-dimensional vector space Th(T*M). This family of subspaces
is a curve in the Lagrangian Grassmannian L(T)\(T*M)).

Notation. In the following we use the notation Vy := T\(T; M) for the vertical subspace at
the point A € T*M, i.e. the tangent space at A to the fiber T, M, where ¢ = m(\). Being the
tangent space to a vector space, sometimes it will be useful to identify the vertical space V) with
the vector space itself, namely V\ ~ Ty M.

Definition 13.1. Let A € T*M. The Jacobi curve at the point A is defined as follows

J)\(t) = e*_tﬁV)\(t), (13.1)

where \(t) := etﬁ()\) and y(t) = m(A(t)). Notice that Jy(t) C Tx\(T*M) and J\(0) = V\ = T\(T; M)

is vertical.

As discussed in Chapter [[2] the tangent vector to a curve in the Lagrange Gassmannian can be
interpreted as a quadratic form. In the case of a Jacobi curve J)() its tangent vector is a quadratic
form J,(t) : JA(t) — R.

Proposition 13.2. The Jacobi curve Jy(t) satisfies the following properties:
(i) IA(t+s) = e;tﬁj)\(t)(s), forallt,s >0,

(ii) J,(0) = —2H

TrM S quadratic forms on Vy =~ T;M .

(ii) rank J,(t) = rank Y
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Proof. Claim (i) is a consequence of the semigroup property of the family {e*_tﬁ He>o-
To prove (ii), introduce canonical coordinates (p,x) in the cotangent bundle. Fix £ € V. The

smooth family of vectors defined by £(t) = e e ¢ (considering ¢ as a constant vertical vector field)
is a smooth extension of ¢, i.e. it satisfies £(0) = £ and £(t) € Jy(t). Therefore, by (12.8])

IN0)E = o(6.6) = o <5,

G| i) —ote.l.e), (132)

To compute the last quantity we use the following elementary, although very useful, property of
the symplectic form o.

Lemma 13.3. Let £ € V), a vertical vector. Then, for any n € T \(T*M)

o(&§,m) = (& mn), (13.3)

where we used the canonical identification Vy =Ty M.

Proof. In any Darboux basis induced by canonical local coordinates (p,z) on T*M, we have o =
S dpi Adx; and € =1 | £'9,,. The result follows immediately. O

To complete the proof of point (ii) it is enough to compute in coordinates

- OH 0 0H 0 32H (9

Hence by Lemma [I3.3] and the fact that H is quadratic on fibers one gets

. 2
o6, [H,€) = — <£, %7215> — 20(¢).

(iii). The statement for t = 0 is a direct consequence of (ii). Using property (i) it is easily seen that
the quadratic forms associated with the derivatives at different times are related by the formula

Jy(t) o et = Jy4(0). (13.4)

th ig o symplectic transformation, it preserves the sign and the rank of the quadratic formEI

O

Since e,

Remark 13.4. Notice that claim (iii) of Proposition implies that rank of the derivative of the
Jacobi curve is equal to the rank of the sub-Riemannian structure. Hence the curve is regular if and
only if it is associated with a Riemannian structure. In this case of course it is strictly monotone,
namely J,(t) < 0 for all ¢.

Corollary 13.5. The Jacobi curve Jy(t) associated with a sub-Riemannian extremal is monotone
nonincreasing for every A € T*M.

'Notice that J, (), lA(t)(O) are defined on Ji(t), Jx)(0) respectively, and Jx(t) = e:tﬁJA(t)(O).
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13.2 Conjugate points and optimality

At this stage we have two possible definition for conjugate points along normal geodesics. On one
hand we have singular points of the exponential map along the extremal path, on the other hand
we can consider conjugate points of the associated Jacobi curve. The next result show that actually
the two definition coincide.

Proposition 13.6. Let v(t) = &;(t\) be a normal geodesic starting from q with initial covector A.
Denote by Jy(t) its Jacobi curve. Then for s >0

v(s) is conjugate to v(0) <~ J\(s) is conjugate to Jx(0).

Proof. By Definition [.3T], v(s) is conjugate to v(0) if s\ is a critical point of the exponential
map &;. This is equivalent to say that the differential of the map from T;M to M defined by

A moest (M) is not surjective at the point \, i.e. the image of the differential eiﬁ has a nontrivial
intersection with the kernel of the projection m,

eSTIN0) N Ty Ty M # {0}, (13.5)

Applying the linear invertible transformation e, sH to both subspaces one gets that (I3.5]) is equiv-
alent to

Ja(0) N JIx(s) # {0}

which means by definition that Jy(s) is conjugate to Jy(0). O

The next result shows that, as soon as we have a segment of points that are conjugate to the
initial one, the segment is also abnormal.

Theorem 13.7. Let v : [0,1] — M be a normal extremal path such that 7| 4 is not abnormal for
all 0 < s < 1. Assume ’Y‘[to,tﬂ is a curve of conjugate points to ¥(0). Then the restriction ’Y‘[to,tl]
is also abnormal.

Remark 13.8. Recall that if a curve « : [0,7] — M is a strictly normal trajectory, it can happen
that a piece of it is abnormal as well. If the trajectory is strongly normal, then if ¢g,#; satisfy the
assumptions of Theorem [I3.7] necessarily to > 0.

Proof. Let us denote by Jy(t) the Jacobi curve associated with ~(¢). From Proposition it
follows that Jy(t) N Jx(0) # {0} for each ¢ € [to,t1]. We now show that actually this implies

IO N () A # {0}, (13.6)

tE[to,tl]

We can assume that the whole piece of the Jacobi curve Jy(t), with tg <t < ¢;, is contained in a
single coordinate chart. Otherwise we can cover [to, t1] with such intervals and repeat the argument
on each of them. Let us fix coordinates given by a Lagrangian splitting in such a way that

J)\(t) = {(p7 S(t)p)vp € Rn}7 J)\(O) = {(pv 0),]9 € Rn}
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Moreover we can assume that S(¢) < 0 for every tg < t < t;, i.e. is non positive definite and
monotone decreasing, A In particular Jy(¢t1) N Jy(0) # {0} if and only if there exists a vector v
such that S(t;)v = 0. Since the map t ~ vT'S(¢)v is nonpositive and decreasing this means that
S(t)v =0 for all ¢ € [tg,t1], thus

I0)NIA(t) € LO) N () ) (13.7)

te [to ,tﬂ

that implies that actually we have the equality in (I3.7).
We are left to show that if a Jacobi curve Jy(t) is such that every t is a conjugate point for
0 < 7 < 7, then the corresponding extremal is also abnormal. Indeed let us fix an element £ # 0

such that
ge () L
tel0,7]

which is non-empty by the above discussion. Then we consider the vertical vector field
() =ele e Ty(ThyM),  0<t<T

B_},’ construction, the vector field £ is preserved by the Hamiltonian field, i.e. eiﬁ & =&, that implies
[H,&](A(t)) = 0. Then the statement is proved by the following

Exercise 13.9. Define n(t) = £(A(t)) € 5 )M (by canonical identification T)\(T; M) ~ T M).
Show that the identity [H,&](A(t)) = 0 rewrites in coordinates as follows

Do m®)* =0, i) = 3 hi(A®)Ri(n(t)): (13.8)

Exercise [[3.9] shows that 7(t) is a family of covectors associated with the extremal path corre-
sponding to controls u;(t) = h;(A(t)) and such that h;(n(t)) = 0, that means that it is abnormal.
O

Corollary 13.10. Let Jx(t) be the Jacobi curve associated with X € T*M and ~v(t) = 7w(A\(t)) the
associated sub-Riemannian extremal path. Then 7|o - is not abnormal for all0 < 7 <t if and only
if (1) N Jx(0) = {0} for all0 <7 <t

13.3 Reduction of the Jacobi curves by homogeneity

The Jacobi curve at point A € T* M parametrizes all the possible geodesic variations of the geodesic
associated with an initial covector A. Since the variations in the direction of the motion are always
trivial, i.e. the trajectory remains the same up to parametrizations, one can reduce the space of
variation to an (n — 1)-dimensional one.

This idea is formalized by considering a reduction of the Jacobi curve in a smaller symplectic
space. As we show in the next section, this is a natural consequence of the homogeneity of the
sub-Riemannian Hamiltonian.

Indeed it is proved that the only invariant of a pair of two Lagrangian subspaces in a symplectic space is the
dimension of the intersection, i.e. the rank of the difference rank(S(t) — S(0)). Add exercise
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Remark 13.11. This procedure was already exploited in Section [Z.6], obtained by a direct argument
via Proposition Indeed one can recognize that the procedure that reduced the equation for
conjugate points of one dimension corresponds exactly to the reduction by homogeneity of the
Jacobi curve associated to the problem.

We start with a technical lemma, whose proof is left as an exercise.

Lemma 13.12. Let ¥ = X1 @ X9 be a splitting of the symplectic space, with 0 = o1 ® o3. Let
A; € L(%;) and define the curve A(t) :== A1(t) ® Ao(t) € L(X). Then one has the splittings:

A(t) = A, (t) & Ay (1),
RA(t) = Rp, (t) & Rp,(1).

Consider now a Jacobi curve associated with A € T*M:
W) = eV, Vo= Ta(Th M)
Denote by 64 : T*M — T M the fiberwise dilation o () = aA, where a >0 .
Definition 13.13. The Euler vector field E € Vec(T*M) is the vertical vector field defined by

. d

E\) 5s(\),  AeT*M.

ds|,_y

It is easy to see that in canonical coordinates (x,&) it satisfies E = S &% and the following
identity holds

B =el), ie. etﬁ(ﬁ,:n) = (e'¢, 2).
Exercise 13.14. Prove that the Euler vector field is characterized by the identity
ip0o =S, s = Liouville 1-form in T M.

Lemma 13.15. We have the identity e;tﬁﬁ = E — tH. In particular [ﬁ, E] =—H.
Proof. The homogeneity property (7.31]) of the Hamiltonian can be rewritten as follows

e (5,0) =6, (\),  Vs,t>0.
Applying §_; to both sides and changing ¢ into —t one gets the identity

d_go0 et o 0s = et (13.9)

Computing the 2"? order mixed partial derivative at (¢,s) = (0,1) in (I3 one gets, by Z2J),
that [ﬁ ) E] = —H. Thus, by ([230) we have e, HE = F—+H , since every higher order commutator
vanishes.

O

Proposition 13.16. The subspace Y= Span{E, ﬁ}~ 1s tnvariant under the action of the Hamilto-
nian flow. Moreover {E, H} is a Darboux basis on ¥ N H~1(1/2).
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Proof. The fact that Y is an invariant subspace is a consequence of the identities
esE=E—tH, e ""H=0.

Moreover, on the level set H~1(1/2), we have by homogeneity of H w.r.t. p:

Lo d ’ H
o(E,H)=E(H)=—| H((p,z) = pa— =2H = 1. (13.10)
dt|,_g Op
It follows that {E, H} is a Darboux basis for . O

In particular we can consider the the symplectic splitting > = PRI

Exercise 13.17. Prove the following intrinsic characterization of the skew-orthogonal to DF

24 = {E e T(T*M) : (d\H, &) = (s3,€) = 0}
The assumptions of Lemma are satisfied and we could split our Jacobi curve.
Definition 13.18. The reduced Jacobi curve is defined as follows
Ja(t) := Jy(t) N 7. (13.11)

Notice that, if we put V := Vy N Th"H~1(1/2), we get

~

J)\(O) = 9)\, j)\(t) = e*_tﬁﬁ)\.
Moreover we have the splitting
Jx(t) = JA(t) ®R(E — tH).

We stress again that Ty \(t) is a curve of (n—1)-dimensional Lagrangian subspaces in the (2n—2)-
dimensional vector space ¥.4.

Exercise 13.19. With the notation above
(i) Show that the curvature of the curve Jy(t) N in 3 is always zero.

(i) Prove that Jy(0) N Jy(s) # {0} if and only if Jy(0) N Jy(s) # {0}.
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Chapter 14

Riemannian curvature

On a manifold, in general there is no canonical method for identifying tangent spaces at different
points, (or more generally fibers of a vector bundle at different points). Thus, we have to expect
that a notion of derivative for vector fields (or sections of a vector bundle), has to depend on certain
choices.

In our presentation we introduce the general notion of Ehresmann connection and we then we
discuss how this notion is related with the notion of parallel transport and covariant derivative
usually introduced in classical Riemannian geometry.

14.1 Ehresmann connection

Given a smooth fiber bundle F, with base M and canonical projection w : E — M, we denote by
E, = n7%(q) the fiber at the point ¢ € M. The vertical distribution is by definition the collection
of subspaces in T'F that are tangent to the fibers

V= {VZ}ZEEa Vz = kerﬂ*,z = TzEw(z) C TZE.

Definition 14.1. Let E be a smooth fiber bundle. An Ehresmann connection on E is a smooth
vector distribution H in F satisfying

H= {Hz}zeEa T.E=V,®H,.

Notice that V, being the kernel of the pushforward m,, is canonically associated with the fibre
bundle. Defining a connection means exactly to define a canonical complement to this distribution.
For this reason H is also called horizontal distribution.

Definition 14.2. Let X € Vec(M). The horizontal lift of X is the unique vector field Vx € Vec(FE)
such that
Vx(z) € Hz, mVx = X, VzeE. (14.1)

The uniqueness follows from the fact that ., : T, £ — T ;)M is an isomorphism when restricted
to H.. Indeed 7, , is a surjective linear map with ker m, , = V,.

Notation. In the following we will refer also at V as the connection on F.
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Given a smooth curve v : [0,7] — M on the manifold M, the connection let us to define
the parallel transport along -, i.e. a way to identify tangent vectors belonging to tangent spaces
at different points of the curve. Let X; be a nonautonomous smooth vector field defined on a
neighborhood of «, that is an extension of the velocity vector field of the curv, i.e. such that

Y(t) = Xi(v(#),  Vte€[0,T].
Then consider the non autonomous vector field Vy, € Vec(E) obtained by its lift.

Definition 14.3. Let v : [0,7] — M be a smooth curve. The parallel transport along v is the map
® defined by the flow of Vy,

t1
Oy =6xD | Vx,ds: By = Bypy),  for0<to<t; <T. (14.2)
to
In the general case we need some extra assumptions on the vector field to ensure that (I4.2])
exists (even for small time ¢ > 0) since the existence time of a solution also depend on the point
on the fiber. For instance if we the fibers are compact, then it is possible to find such ¢ > 0.

Exercise 14.4. Show that the parallel transport map sends fibers to fibers and does not depend
on the extension of the vector field X;. (Hint: consider two extensions and use the existence and
uniqueness of the flow.)

14.1.1 Curvature of an Ehresmann connection

Assume that m : E — M is a smooth fiber bundle and let V be a connection on E, defining the
splitting F =V @ H. Given an element z € E we will also denote by zp,, (resp. zyer) its projection
on the horizontal (resp. vertical) subspace at that point.

The commutator of two vertical vector field is always vertical. The curvature operator associated
with the connection computes if the same holds true for two horizontal vector fields.

Definition 14.5. Let E be a smooth fiber bundle and V a connection on E. Let X,Y € Vec(M)
and define
R(Xv Y) = [VX7 vY]ver (143)

The operator R is called the curvature of the connection.

Notice that, given a vector field on F, its horizontal part coincide, by definition, with the lift
of its projection. In particular

Vx, Vylhor = Vixy), (le. m[Vx,Vy]=[X,Y])

Hence R(X,Y’) computes the nontrivial part of the bracket between the lift of X and Y and R =0
if and only if the horizontal distribution H is involutive.
The curvature R(X,Y) is also rewritten in the following more classical way

R(X,Y)=[Vx,Vy] - Vixy]
=VxVy = VxVy = Vixy]-

Next we show that R is actually a tensor on T, M, i.e. the value of R(X,Y’) at ¢ depends only
on the value of X and Y at the point ¢.

'this is always possible with a (maybe non autonomous) vector field.
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Proposition 14.6. R is a skew symmetric tensor on M.

Proof. The skew-symmetry is immediate. To prove that the value of R(X,Y’) at ¢ depends only
on the value of X and Y at the point ¢, it is sufficient to prove that R is linear on functions. By
skew-symmetry, we are reduced to prove that R is linear in the first argument, namely

R(aX,Y)=aR(X,Y), where a € C*(M).

Notice that the symbol a in the right hand side stands for the function 7*a = a o7 in C*°(E), that
is constant on fibers.

By definition of lift of a vector field it is easy to prove the identities V,x = aVx and Vxa = Xa
for every a € C*°(M). Applying the definition of V and the Leibnitz rule for the Lie bracket one
gets

R(aX,Y) = [Vax, Vy] - Viexy]
=a[Vx,Vy] = (Vya)Vx — Vixyi-(va)x
=alVx,Vy] - (Ya)Vx —aVixy + (Ya)Vx
— aR(X,Y).

14.1.2 Linear Ehresmann connections

Assume now that E is a vector bundle on M (i.e. each fiber E, = 7~1(¢) has a natural structure
of vector space). In this case it is natural to introduce a notion of linear Ehresmann connection V
on E.

Given a vector bundle 7 : E — M, we denote by C7°(E) the set of smooth functions on E that
are linear on fibers.

Remark 14.7. For a vector bundle 7 : £ — M, the base manifold M can be considered immersed
in E as the zero section (see also Example 2.40). The “dual” version of this identification is the
inclusion i : C*°(M) — C*°(E). Indeed any function in C*°(M) can be considered as a functions in
C*(F) which is constant on fibers, i.e. more precisely a € C*(M) — 7*a € C(E).

Exercise 14.8. Show that a vector field on E is the lift of a vector field on M if and only if, as a
differential operator on C*°(E), it maps the subspace C*°(M) into itself.

After this discussion it is natural to give the following definition.

Definition 14.9. A linear connection on a vector bundle E on the base M is an Ehresmann
connection V such that the lift Vx of a vector field X € Vec(M) satisfies the following property:
for every a € C3°(E) it holds Vxa € C3°(E).

Remark 14.10. Given a local basis of vector fields X1,..., X, on M we can build dual coordinates
(ug,...,uy) on the fibers of F defining the functions u;(z) = (z, X;(q)) where ¢ = 7(z). In this way

E ={(u,q),q € M,u e R"},
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and the tangent space to F is splitted in T,E ~ T, M © T, E,. A connection on F is determined by
the lift of the vector fields X;,i = 1,...,n on the base manifold (recall that 7.Vx, = X;)

n
Vx, =Xi+ Y ai(u,q)dy,, i=1,....n, (14.4)
j=1

where a;; € C*°(E) are suitable smooth functions. Then V is linear if and only if for every 4, j the
function a;;(u,q) = 5, Ffj(q)uk is linear with respect to u .

The smooth functions Ffj are also called the Christoffel symbols of the linear connection.

Exercise 14.11. Let vy be a smooth curve on the manifold such that §(t) = > i, vi(t) Xi(y(t)).
Show that the differential equation §(t) = Vs ;)§(t) for the parallel transport along v are written
as uj = Elk Ffjviuk where (uq,...,u,) are the vertical coordinates of §.

Notice that, for a linear connection, the parallel transport is defined by a first order linear
(nonautonomous) ODE. The existence of the flow is then guaranteed from stantard results form
ODE theory. Moreover, when it exists, the map ®;, ;, is a linear transformation between fibers.

14.1.3 Covariant derivative and torsion for linear connections

Once a connection on a linear vector bundle F is given, we have a well defined linear parallel
transport map

t1
q>t0,t1 = e?f:) vadS : Eﬁ/(to) — Eﬁ/(tl), for0<tg<t; <T. (14.5)
to

If we consider the dual map of the parallel transport one can naturally introduce a non autonomous
linear flow on the dual bundle (notice the exchange of tg,¢; in the integral)

to *
@:O’tl = <e?}>) ; VXSdS> : E::(to) — E::/(tl)’ for 0 < to <t < T. (146)
1

The infinitesimal generator of this “adjoint” flow defines a linear parallel transport, hence a linear
connection, on the dual bundle E*.

In what follows we will restrict our attention to the case of the vector bundle £ = T*M and
we assume that a linear connection V on T*M is given. Notice that, by the above discussion, all
the constructions can be equivalently performed on the dual bundle E* = T'M.

For every vector field Y € Vec(M) let us denote with Y* € C*°(T*M) the function
Y*(A) =(AY(q), a=m(2),

namely the smooth function on F associated with Y that is linear on fibers. This identification
between vector fields on M and linear functions on T M permits us to define the covariant derivative
of vector fields.

Definition 14.12. Let X,Y € Vec(M). We define VxY = Z if and only if VxY* = Z* with
Z € Vec(M).
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Notice that the definition is well-posed since V is linear, hence VxY™* is a linear function and
there exists Z € Vec(M) such that VxY™* = z+7

Lemma 14.13. Let {X,...,X,} be a local frame on M. Then Vx,X; = FZ-Xk, where I‘fj are
the Christoffel symbols of the connection V.

Proof. Let us prove this in the coordinates dual to our frame. In these coordinates, the linear
connection is specified by the lifts

Vx, =X+ Ffjukauj, where uj(A) = (A, X5) .
Moreover X ;‘ = u;. Hence it is immediate to show V x, X ;‘ = Fij &, and the lemma is proved. [

We now introduce the torsion tensor of a linear connection on T*M. As usual, o denotes the
canonical symplectic structure on 7M.

Definition 14.14. The torsion of a linear connection V is the map T : Vec(M)? — Vec(M) defined
by the identity
T(X,Y) :=0(Vx,Vy), VXY € Vec(M). (14.7)

It is easy to check that T is actually a tensor, i.e. the value of T'(X,Y") at a point ¢ depends only
on the values of X,Y at the point. The torsion computes how much the horizontal distribution H
is far from being Lagrangian. In particular H is Lagrangian if and only if 7' = 0.

The classical formula for the torsion tensor, in terms of the covariant derivative, is recovered in
the following lemma.

Lemma 14.15. The torsion tensor satisfies the identity
T(X,Y)=VxY —-VyX — [X,Y]. (14.8)

Proof. We have to prove that T(X,Y)* = VxY* — Vy X* — [X,Y]*. Notice that by definition of
the Liouville 1-form s € A'(T*M), sy = Ao, we have X*(\) = (A, X) = (s, Vx). Then we have,
using that 0 = ds and the Cartan formula (£.52])

T(X,Y)* = ds(Vx, Vy)

=Vx (s,Vy)—Vy (s,Vx) —(s,[Vx, Vy])
=Vx (5,Vy) = Vy (5, Vx) — (s, Vix,y])
= VXY* - VYX* - [ 7Y]*7

where in the second equality we used that (s,[Vx, Vy]) = (s, [Vx, Vy]hor) = (s, Vix,y]) since the
Liouville form by definition depends only on the horizontal part of the vector. O

Exercise 14.16. Show that a linear connection V on a vector bundle F satisfies the following
Leibnitz rule
Vx(aY)=aVxY + (Xa)Y, for each a € C*°(M).

2There is no confusion in the notation above since, by definition, Vx it is well defined when applied to smooth
functions on T* M. Whenever it is applied to a vector field we follow the aforementioned convention.
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14.2 Riemannian connection

In this section we want to introduce the Levi-Civita connection on a Riemannian manifold M by
defining an Ehresmann connection on T*M via the Jacobi curve approach.

Recall that every Jacobi curve associated with a trajectory on a Riemannian manifold is regular.
Moreover, as showed in Chapter [[2], every regular curve in the Lagrangian Grassmannian admits
a derivative curve, which defines a canonical complement to the curve itself. Hence, following
this approach, it is natural to introduce the Riemannian connection at A € T*M as the canonical
complement to the Jacobi curve defined at .

Definition 14.17. The Levi-Civita connection on T*M is the Ehresmann connection H is defined
by
Hy = Jy(0), AeT*M,

where as usual Jy(t) denotes the Jacobi curve defined at the point A € T*M and Jy denotes its
derivative curve.

The next proposition characterizes the Levi-Civita connection as the unique linear connection
on T*M that is linear, metric preserving and torsion free.

Proposition 14.18. The Levi-Civita connection satisfies the following properties:
(i) is a linear connection,
(ii) is torsion free,
(1ii) is metric preserving, i.e. VxH =0 for each vector field X € Vec(M).
Proof. (i). It is enough to prove that the connection H, is 1-homogeneous, i.e.
Hex = e Hos Ve>0. (14.9)

Indeed in this case the functions a;; € C*(T*M) defining the connection (see (I4.4)) are 1-
homogeneous, hence linear as a consequence of Exercise [4.19]

Let us prove (IZ9]). The differential of the dilation on the fibers §. : T*M — T*M satisfies the
property des(Tx(Ty M)) = ToA(T;; M ). From this identity and differentiating the identity

et o 0c = 0.0 eCtﬁ, Ve >0, (14.10)

one easily gets that
Jea(t) = bexdr(ct), Vit>0,\AeT"M. (14.11)

Indeed one has the following chain of identities
Jon(t) = e (TA(T; )

= s 6 6, (T\(T} M) (by (TZI))
— Gew 0 € (T (T M)
= dexJn(ct).
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Now we show that the same relation holds true also for the derivative curve, i.e.
A (t) = dexdy(ct), Vt>0,\eT"M. (14.12)

Indeed one can check in coordinates (we denote as usual Jy(t) = {(p, SA(t)p),p € R"}) that the
identity (IZII)) is written as S(t) = 155 (ct) thus Sex(£)~! = Sy (ct) . From herd3 one also gets
Bea(t) = ¢By(ct) and (IZ12) follows from the identity S°(t) = B~(t) + S(t). (See also Exercise
M2.22]). In particular at ¢t = 0 the identity (IZI2) says that Hey = desHx.

(ii). It is a direct consequence of the fact that J3(0) is a Lagrangian subspace of T)(1T™*M) for
every A € T* M, hence the symplectic form vanishes when applied to two horizontal vectors.

(ili). Again, for every X € Vec(M), both Vx and H are horizontal vector field. Since the
horizontal space is Lagrangian

—

VxH =0(Vx,H)=0.
O

Exercise 14.19. Let f : R — R be a smooth function that satisfies f(ax) = af(x) for every
xz € R™ and o > 0. Then f is linear.

The following theorem says that a connection satisfying the three properties above is unique.
Then it characterize the Levi-Civita connection in terms of the structure constants of the Lie algebra
defined by an orthonormal frame.

Theorem 14.20. There is a unique Ehresmann connection V satisfying the properties (i), (ii), and
(111) of Proposition [1{.18, that is the Levi-Civita connection. Its Christoffel symbols are computed

by

1 . )

where cfj are the smooth functions defined by the identity [ X;, X;] = > p_, cijk.

Proof. Let X1,..., X, be a local orthonormal frame for the Riemannian structure and let us con-
sider coordinates (q,u) in T*M, where the fiberwise coordinates u = (uq,...,u,) are dual to the
orthonormal frame. From the linearity of the connection it follows that there exist smooth functions
Ffj : M — R (depending on ¢ only) such that

n
Vx, =Xi+ Y Thupdy,, i=1,...,n.
j=1

In particular Vx, X; = Fijk. In these coordinates the Hamiltonian vector field associated with
the Riemannian Hamiltonian H = 33" | u? reads (see also Exercise 77)

n
H= Z u; X +C§juiukauj7

i k=1

while the symplectic form o is written (v1, ..., 1, denotes the dual basis to Xy,...,X,)

n

o= Z dug N vy, — cfjukyi A Uy.
i,k=1

3recall that B is the zero order term of the expansion of S71.
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Since the horizontal space is Lagrangian, one has the relations

n
0=0(Vx, Vx,)=> (O5 Tk —cup, Vi j=1,...,n,
k=1

hence cfj = Ffj — Ffi for all 4, j, k. Moreover the connection is metric, i.e. it satisfies

n
0=Vx,H=)Y Thuu;, Vi=1...,n.
]7k:1

The last identity implies that Ffj is skew-symmetric with respect to the pair (j, k), i.e. Ffj = —ng.
Thus combining the two identities one gets
cij = i+ oy = (05 = T5) — (T + Ty) + (T, = T)
k j k
O

Remark 14.21. Notice that in the classical approach one can recover formula (I4.I3]) from the
following particular case of the Koszul formula

Tl = gV, X5, X0) = 5 (000X X1, Xe) = 9(0X, X, Xa) + 9([ X, XiJ, X))

that holds for every orthonormal basis X7, ..., X,,. Notice also that the Hamiltonian vector field is
written in coordinates H = Y7 ; u;Vx,, which gives another proof of the fact that it is horizontal.

Let X,Y,Z, W € Vec(M). We define R(X,Y)Z =W if R(X,Y)Z* =W*.
Proposition 14.22 (Bianchi identity). For every X,Y,Z € Vec(M) the following identity holds
R(X,Y)Z+ R(Y,Z)X + R(Z,X)Y =0. (14.14)
Proof. We will show that (IZ14) is a consequence of the Jacobi identity (231]). Using that V is a

torsion free connection we can write
(X, Y, Z]] = Vx[Y, Z] = Vy, 71X
=VxVyZ —VxVzY = Vy X,
Z,[X, Y]] =VzVxY = VzVyX — VixyZ,
Y,[Z,X]] =VyVzX —VyVxZ -V x]Y,
Then
0=[X,[Y,Z]|+[Y,[Z,X]| + [Z,[X,Y]]
=VxVyZ = VxVzY = Vy 57X
+VzVxY = VzVy X = Vixy1Z
+VyVzX = VyVxZ - Viz Y
=R(X,Y)Z+R(Y,Z)X + R(Z,X)Y.
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Exercise 14.23. Prove the second Bianchi identity
(VXR)(Y, Z,W) + (VyR)(Z X, W) + (VzR)(X,Y,W) =0,  VX,Y,Z,W € Vec(M).
(Hint: Expand the identity V[X,[Y,Z]]+[Y,[Z,X]]—i—[Z,[X,Y]]W =0.)

Let us denote (X,Y, Z, W) := (R(X,Y)Z,W). Following this notation, the first Bianchi identity
can be rewritten as follows:

(XY, Z W)+ (Z, X, Y W)+ (Y,Z, X, W) =0, VXY, Z,W € Vec(M). (14.15)
Remark 14.24. The property of the Riemann tensor can be reformulated as follows
(X, Y, Z,W)=—(Y, X, Z W), (X, Y, Z,W)=—(X,Y,W, Z). (14.16)
Proposition 14.25. For every X, Y, Z,W € Vec(M) we have (X,Y,Z,W) = (Z,W,X,Y).

Proof. Using (I4.I5]) four times we can write the identities

(X,Y,Z, W)+ (Z,X,Y,W) + (Y, Z,X,W) =0,
Y, Z,W,X) +(W,Y, Z,X) + (Z,W,Y, X) = 0,
(Z,W,X,Y)+ (X, Z,W,Y)+ (W, X,Z,Y) =0,
W, X,Y,2) + (Y,W,X,2) + (X,Y,W,Z) = 0.

Summing all together and using the skew symmetry (IZ410), one gets (X, Z,W)Y) = (W,Y, X, Z).
O

Proposition 14.26. Assume that (X,Y, X, W) =0 for every X, Y, W &€ Vec(M). Then
(X.Y,Z,W)=0 VX,Y,Z,W € Vec(M).

Proof. By assumptions and the skew-simmetry properties (I4.10]) of the Riemann tensor we have
that (X,Y, Z, W) = 0 whenever any two of the vector fields coincide. In particular

0=(X,Y+W,Z,Y + W)= (X,Y,Z,W) + (X, W, Z,Y). (14.17)

since the two extra terms that should appear in the expansion vanish by assumptions. Then (I417])
can be rewritten as
(XY, Z,W) =(Z,X,Y,W),

i.e. the quantity (X,Y,Z, W) is invariant by ciclic permutations of X,Y, Z. But the cyclic sum of
terms is zero by ([4.I5]), hence (X,Y,Z, W) = 0. O

We end this section by summarizing the symmetry property of the Riemann curvature as follows

Corollary 14.27. There is a well defined map
R:NT,M — N*T,M, R(XAY):=R(X,Y).
Moreover R is skew-adjoint with respect to the induced scalar product on /\2TqM , that means

(RIXAY),ZAW)=(XANY,R(ZAW)).
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14.3 Relation with Hamiltonian curvature

In this section we compute the curvature of the Jacobi curve associated with a Riemannian geodesic
and we describe the relation with the Riemann curvature discussed in the previous section. As we
show, the curvature associated to a geodesic is a kind of sectional curvature operator in the direction
of the geodesic itself.

Definition 14.28. The Hamiltonian curvature tensor at A € T* M is the operator
Ry = RJA(O) V= V.
In other words R is the curvature of the Jacobi curve associated with A at ¢ = 0.

Proposition 14.29. Let £ € Vy\ and V be a smooth vertical vector field extending &. Then
RA(§) = _[ﬁv [ﬁ, Vihor]ver (A)

Proof. This is a direct consequence of Proposition [2.30l Indeed recall that the curvature of the
Jacobi curve is expressed through the composition

R = 43(0) 0 J,(0).
Moreover, being J)(0) = V) and J3(0) = H, we have that

T J(0)J°(0) (&) = Ehors T j°(0)J(0) (1) = Nver-

FInally we can extend vectors in Jy(0) (resp. J3(0)) by applying the Hamiltonian vector field

since Jy(t) = eiﬁJ)\(O) (resp. J3(t) = eiﬁji(O)). From these remarks we obtain the following
formulas

IO = [H Vinor, 30 = ~[H Wler
for some V vertical (resp. W horizontal) extension of the vector £ € V) (reps. n € H,). O

Another immediate property of the curvature tensor is the homogeneity with respect to the
rescaling of the covector (that corresponds to reparametrization of the trajectory). Indeed by
choosing ¢(t) = ct, with ¢ > 0, in Proposition [[2.36] one gets

Corollary 14.30. For every ¢ > 0 we have Re\ = ¢*Ry.

If we use the Riemannian product to identify the tangent and the cotangent space at a point,
we recognize that R is nothing but the sectional curvature operator where one entry is the tangent
vector 7 of the geodesic.

Let us denote by I : TM — T*M the isomorphism defined by the Riemannian scalar product
(:|'). In particular I(v) = X for A € Ty M and v € T,M if (\,w) = (v|w) for all w € T; M.

Let denote H, = H TyM- Recall that the differential of H, can be interpreted as a linear map
DH, : T;M — T,M that sends A € T/ M into DyH, seen as a linear functional on T7'M, i.e. a
tangent vector. This map is actually the inverse of the isomorphism I.

Lemma 14.31. DyH, = I"1(})).

Proof. Tt is a simple consequence of the formula H(\) = % (NI7HN)). O
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Corollary 14.32. Assume I(v) = A, then H(\) = V.

Proof. Indeed, since H is an horizontal vector field, it is sufficient to show that o H (\) = v, which
is a consequence of Lemma [[4.31] Indeed for every vertical vector £ € T)(T; M) one has

(€ v) = (€171 N) = DAH(E) = (¢, V) = (&, m (V)

—

By arbitrary of § € T\(T;; M) one has the equality v = m.H(A). O
Theorem 14.33. We have the following identity
Rix)(I(Y)) = R(X,Y)X, VXY eT, M. (14.18)

Proof. We have to compute the quantity

— —

RI(X)(I(Y)) = _[H7 [Haly]hor]ver(I(X))

First notice that m,[H,(Y)] = —Y hence [H,I(Y)]por = —Vy. Then

—

_[ﬁv [H’I(Y)]hor]ver(I(X)) = [VX,VY]UeT(I(X)) = R(X’Y)(X)
U

Definition 14.34. The Ricci tensor at A is defined as the trace of the curvature operator at A,
Ric(A) := trace Ry.

Exercise 14.35. Prove the following expression for the Ricci tensor, where X1,..., X, is a local
orthonormal frame and 4(0) = v = I"!()) is the tangent vector to the geodesic:

Ric(A) = ) " (R(v, X;)v|X;)

i=1

= Z 0’)\([}7, in]a VXi)'

i=1

This shows that Ric(\) = Ric(v) coincide with the classical Riemannian Ricci tensor.

14.4 Locally flat spaces

In this section we want to show that the Riemannian curvature is the only obstruction for a Rie-
mannian manifold to be locally Euclidean. Finally we show that the Riemannian curvature is also
completely recovered by the Hamiltonian curvature R.).

A Riemannian manifold M is called flat if R(X,Y) = 0 for every X,Y € Vec(M).

Theorem 14.36. M is flat if and only if M is locally isometric to R™.
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Proof. If M is locally isometric to R", then its curvature tensor at every point in a neighborhood
is identically zero.

Then let us assume that the Riemann tensor R vanishes identically and prove that M is locally
Euclidean. We will do that by showing that there exists coordinate such that the Hamiltonian, in
these set of coordinates, is written as the Hamiltonian of the Euclidean R".

Since R is identically zero the horizontal distribution (defined by the Levi Civita connection)
is involutive. Hence, by Frobenius theorem, there exists a horizontal Lagrangian foliation of T% M,
i.e. for each A € T*M, there exists a leaf £y of the foliation passing through this point that is
tangent to the horizontal space H,. In particular each leaf is transversal to the fiber T M, where
qg=m(A).

Fix a point g9 € M and a neighborhood O, where R is identically zero. Define the map

U:r N Og) = To M,  Aer (Og) — LAxNTEM

that assigns to each A the intersection of the leaf passing through this point and T M.

Exercise 14.37. Show that W is a linear, orthogonal transformation, i.e. H(U(\)) = H(A) for all
A€ m71(Oy,). (Hint: use the linearity of the connection and the fact that H is horizontal).

Fix now a basis {v1,...,vn} in Ty M that is orthonormal (with respect to the dual metric).
Being V¥ linear on fibers, we can write

U =Y Ny, where  4hi()) = (A Xi(q))
i=1

for a suitable basis of vector fields X,..., X, in the neighborhood O4,. Moreover Xj,..., X, is
an orthonormal basis since W is an orthogonal map.

We want to show that {X;,..., X, } is an orthonormal basis of vector fields that commutes
everywhere.

Let us show that the fact that the foliation is Lagrangian implies [X;, X;] = 0 for all ¢,j =
1,...,n.

Indeed the tautological 1-form is written in these coordinates as s =Y I | 9; 1; and

o=ds=Y_di; Av;+ Pidv;. (14.19)
=1

Since on each leaf the function 1; is constant by definition (hence di;|¢ = 0), we have that
olg =Y, %¥; dv;. In particular each leaf is Lagrangian if and only if dv; = 0 for ¢ = 1,...,n. Then,
from the Cartan formula, one gets

0= dVi(Xjan) = _Vi([Xj7Xk])7 \V/’i,j, k.

This proves that [X;, X;] = 0 for each ¢,j = 1,...,n. Hence, in the coordinate set (1, q), we have
H(,q) = §[v[*. O

The next result shows that the Hamiltonian curvature can detect if a manifold is flat or not.

Corollary 14.38. M is flat if and only if Ry = 0 for every A € T*M.
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Proof. Assume that M is flat. Then R is identically zero and a fortiori Ry = 0 from (I4.I8)).
Let us prove the converse. Recall that Ry = 0 implies, again by (I4.I8]), that

(XY, X,W)=0, VYX,Y,W €& Vec(M).
Then the statement is a consequence of Proposition O

Exercise 14.39. Prove that actually the Riemann tensor R is completely determined by R.

14.5 Example: curvature of the 2D Riemannian case

In this section we apply the definition of curvature discussed in this chapter to a two dimensional
Riemannian surface. As we explain, we recover that the Riemannian curvature tensor is determined
by the Gauss curvature of the manifold.

Let M be a 2-dimensional surface and fi, fo € Vec(M) be a local orthonormal frame for the
Riemannian metric. The Riemannian Hamiltonian H is written as follows (we use canonical coor-
dinates A = (p,z) on T*M)

H(p,) = 5((p, @) + (b, o)) (14.20)

Here, for a covector A = (p,x) € T*M, the symplectic vector space Xy = T)\(T*M) is 4-dimensional.

Recall that, being M 2-dimensional, the level set H~(1/2) NT, oM is a circle. Hence, there is a
well defined vector field that produces rotation on the reduced fiber. Let us define the angle 6 on
the level H=1(1/2) N T} M by setting

(p, fi(x)) = cosb,  (p, fa(x)) = sind,

in such a way that 8 =0 correspon(ls to the direction of fi. Denote by 0y the rotation in ‘Ehe fiber
of the unit tangent bundle and by E, the Euler vector field. Denote finally by H' := [0y, H].
Notice that X = V) ® H, where V, = span{F, 9y} and H, = span{H, H'}.

Lemma 14.40. The vector fields {E, Gg,ﬁ,ﬁ’} at A form a Darboux basis for 3.

Proof. We want to compute the following symplectic products of the vector fields:

0(09,E)=0, 00, H)=0, o(EH)=1. (14.21)
00, H)Y=1, o(E,H)=0, o(HH)=0. (14.22)

Indeed, let us prove first (I4.21]). The first equality follows from the fact that both vectors belong
to the vertical subspace, that is Lagrangian. The second one is a consequence of the fact that, by
construction, 9y is tangent to the level set of H, i.e. (9, H) = 9y(H) = (dH,8y) = 0. The last
identity is (I3.10).
As a preliminary step for the proof of (I4:22]) notice that, if s =i ;0 denotes the tautological
Liouville form, one has
(s, Hy=1,  (s,H)=0. (14.23)



These two identities follows from

7) =1, (14.24)

<37ﬁ> = U(E7 ) =
(s,H'Y = (s,[0p, H)) = ds(89, H) = (0, H) = 0, (14.25)

where in the second line we used the Cartan formula (4.52]) and the fact that Jy is vertical.
Let us now prove (I4.22]). Being [0y, H'] = [0y, [09, H]] = —H, we have again by Cartan formula

and (1423 . B . B o
0(0p, H') = ds(0g, H') = —(s,[09,H']) = (s, H) = 0(E,H) = 1

Moreover by (I4.23)) o B
o(E,H") = (s,H") = 0.
The last computation is similar. Let us write
o(H,H') = (dH,H') = (dH, [0y, H)),
and apply the Cartan formula to the last term (with dH as 1-form).

dH [0y, H)]) = d*H (89, H) — 0p(dH, H) + H (dH,y) = 0

since the three terms are all equal to zero.
O

Now we compute the curvature via the Jacobi curve, reduced by homogeneity. Notice that
by Lemma 440 we can remove the symplectic space spanned by {E, H} and, being {E, H}* =
{0y, H'}, we have

JA(t) = span{e; 9y},

Then we define the generator of the Jacobi curve

o

Vi = e;tHae’ V;ﬁ = e*_tH [H7 69] = _e;tHﬁ/
Notice that
o(Vi, V) = —1, for every t > 0. (14.26)
Indeed it is true for ¢ = 0 and the equality is valid for all ¢ since the transformation eiﬁ is symplectic.
To compute the curvature of the Jacobi curve let us write

Vi = a(t)Vo - B()Vo (14.27)

We claim that the matrix S(t) representing the 1-dimensional Jacobi curve (that actually is a
scalar), is given in these coordinates by

Indeed the identity
Vi= a0t - 0% = a(0) (Vo - 27, (14.28)



tells us that the matrix representing the vector space spanned by V; is the graph of the linear map

Vo — —%VO. Moreover, using that V and Vj is a Darboux basis, it is easy to compute

o(Vo, Vi) = a(t) o(Vo, Vo) —B(t) o(Vo, Vo) = B(t), (14.29)
T t:l—/
o(Vo, Vi) = a(t) o (Vo, Vo) —B(t) o (Vo, Vo) = a(t). (14.30)
=1 =0

Differentiating the identity (I4.26]) with respect to t one gets the relations
o(Vi, Vi) =0, o(Vi, V) = o (Wi, 1)

Notice that these quantities are constant with respect to ¢. Collecting the above results one can
compute the asymptotic expansion of S(t) with respect to ¢

3

—t+ %U(Vb, Vo) +O(t°)
S(t) = > (14.31)
1+ 50(‘70, Vo) +O(t4)
— <—t + %a(vo, Vo) + O(t5)> <1 - ga(f/@, Vo) + O(t4)> (14.32)

and one gets for the derivative of S(t) at t =0
S(0)=-1,  S0)=0,  §(0) =20(V, V).

The formula for the curvature R is finally computed in terms of S(¢) as follows:
1... .
R =-55(0) =0V, V) (14.33)

Using that V; = e, tH Oy we can expand V; as follows

- 2 L
Vi =0 + t[H789] + 5[H7 [HvaGH + O(tg)
hence (I4.33)) is rewritten as
R =o([H,[H,0]),[H,0)) (14.34)
— o([H,H'],H') (14.35)

To end this section, we compute the curvature R with respect to the orthonormal frame f7, fo.
Denote the Hamiltonians

hi(p,x) = (p, fi(z)), i=12.
The PMP reads
& = hyfi(x) + hafo(x)
hn = {H,ln} = {ha, b1} h (14.36)
hy = {H, hy} = —{ha, h1 } 1
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Moreover {ha, h1}(p,z) = (p,[f2, f1](x)). Assume that

[f1, fol =a1fi+asfe,  ai € C(M).

Then
{h2,h1} = —a1hi — azhs.

If we restrict to hy = cos @ and hs = sin 6 equations (I4.36]) become

& = cosff) +sinffo
0 = ay cosf + as sin b

and it is easy to compute the following expression for H and commutators@

H = hyfi + hafa + (arhy + ashs)dy,
H' = —hafi + hi fo + (—arhg + azhy),
[ﬁ,ﬁ/] = (f1a2 — foa1 — a% - a%)@g.

Recall that
2

k= fiag — fray — ai — a3,
is the Gaussian curvature of the surface M (see also Chapter H). Since o(dy, H') = 1 one gets
R =o([H,H'],H) = 0(kdp, H') = k.

Exercise 14.41. In this exercise we recover the previous computations introducing dual coordinates
to our frame. Let v1, 5 be the dual basis to f1, fo and set

fo = h1f1+ hafo, vp := hiv1 + havs.
Define the smooth function b := a1hy + agsho on T*M. In these notation
H=fy+b0s, H = fo+V0,

where ’ denotes the derivative with respect to #. Then, using that in these coordinates the tauto-
logical form is s = vy, show that the symplectic form is written as

o=ds=did Nvy —bvy A s,
and compute the following expressions

’L'ﬁ,O' = (b/ - b)l/@/ - d@,
[H, H'] = (fob' — forb — b* — /)0y,

showing that this gives an alternative proof of the above computation of the curvature.

4here we still use the notation h1, ho as functions of 0 satisfying dph1 = —hs, pha = h1
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Chapter 15

Curvature in 3D contact
sub-Riemannian geometry

The main goal of this chapter is to compute the curvature of the three dimensional contact sub-
Riemannian case. Then we will discuss some general features of the curvature in sub-Riemannian
geometry.

15.1 3D contact sub-Riemannian manifolds

In this section we consider a sub-Riemannian manifold M of dimension 3 whose distribution is
defined as the kernel of a contact 1-form w € AY(M), i.e. D, = kerw, for all ¢ € M. Let us also fix
a local orthonormal frame fq, fo such that

D, = kerw, = span{ f1(q), f2(q)}

Recall that the 1-form w € A'(M) defines a contact distribution if and only if w A dw # 0 is never
vanishing.

Exercise 15.1. Let M be a 3D manifold, w € A'M and D = kerw. The following are equivalent:
(1) wis a contact 1-form,
(ii) dw|, #0,

(iii) V f1, f2 € D linearly independent, then [f1, fo] ¢ D.

Remark 15.2. The contact form w is defined up to a smooth function, i.e. if w is a contact form,
aw is a contact form for every a € C°°(M). This let us to normalize the contact form by requiring
that

dw‘D =1 Ao, (i.e. dw(f1,f2)=1.)

where v, 15 is the dual basis to f1, fo. This is equivalent to say that dw is equal to the area form
induced on the distribution by the sub-Riemannian scalar product.

Definition 15.3. The Reeb vector field of the contact structure is the unique vector field fy €
Vec(M) that satisfies
dw(fo, ) = 0, w(fo) =1

269



In particular fj is transversal to the distribution and the triple {fo, f1, fo} defines a basis of
T,M at every point ¢ € M. Notice that w, vy, is the dual basis to this frame.

Remark 15.4. The flow generated by the Reeb vector field et/o : M — M is a group of diffeomor-
phisms that satisfy (e'/0)*w = w. Indeed

Efow = d(z'fow) + ifodw =0

since ifyw = w(fo) =1 is constant and i, dw = dw(fo,-) = 0.

In what follows, to simplify the notation, we will replace the contact form w by vg, as the dual
element to the vector field fy. We can write the structure equations of this basis of 1-forms

dvg =11 Ay
dvy = by A vy + clovo A ve + o Ay (15.1)
dvy = 6(2)11/0 A1+ cg2yo A vy + 6%21/1 A Vg

The structure constants cfj are smooth functions on the manifold. Recall that the equation
2 2
dy, = Z ciji A Vj if and only if [fj: fil = Zcfjfk
i,j=0 k=0

Introduce the coordinates (hg, hi, h2) in each fiber of 7*M induced by the dual frame
A = hovo + hivy + hots

where h;(A\) = (A, fi(¢)) are the Hamiltonians linear on fibers associated to f;, for i = 0,1,2. The
sub-Riemannian Hamiltonian is written as follows

1
H= §(h% + h3).

We now compute the Poisson bracket {H,hg}, denoting with {H, hg}, its restriction to the fiber
TrM.
q

Proposition 15.5. The Poisson bracket {H, ho}q is a quadratic form. Moreover we have

{H, ho} = ci1h? + (B + cly)hiho + cioh3, (15.2)
C(l)l + C(2)2 = O (153)

Notice that Aj C ker {H, ho}q and {H, ho}, can be treated as a quadratic form on Tq*M/AqL = Ay

Proof. Using the equality {h;, h;j}(A) = (X, [fi, fi](q)) we get

1
{H, ho} = 5{}1% +h3,ho} = hi{h1, ho} + ha{ha, ho}
= hl(Célhl + Cgth) + h2(C(1)2h1 + CthQ)

= c51h? + (B + cly)hihg + c2oh3.
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Differentiating the first equation in (I5J]) one gets:

O:d2V0:dV1/\V2—V1/\V2
= (chyvo A ) Avg — v A (GBor A 1)

= (Cél + 632)1/0 AN ZWAND)
which proves (I5.3). O

Remark 15.6. Being {H, ho}, a quadratic form on the Euclidean plane D, (using the canonical
identification of the vector space D, with its dual D given by the scalar product), it can be
interpreted as a symmetric operator on the plane itself. In particular its determinant and its trace
are well defined. From (I5.3]) we get

trace {h, ho}q = ¢ty + 3y = 0.

This identity is a consequence of the fact that the flow defined by the normalized Reeb fj preserves
not only the distribution but also the area form on it.

It is natural then to define our first invariant as the positive eigenvalue of this operator, namely:

x(q) =/ —det{h, ho}q. (15.4)

Notice that the function y measures an intrinsic quantity since both H and hg are defined only
by the sub-Riemannian structure and are independent by the choice of the orthonormal frame.
Indeed the quantity {H, ho} compute the derivative of H along the flow of fzo, i.e. the obstruction
to the fact that the flow of the Reeb field fy (which preserves the distribution and the volume form
on it) to preserve the metric. Notice that, by definition y > 0.

Corollary 15.7. Assume that the vector field fq is complete. Then {e'fo}icr is a group of sub-
Riemannian isometries if and only if x = 0.

In the case when x = 0 one can consider (locally) the quotient of M with respect to the action
of this group, i.e. the space of trajectories described by fy. The two dimensional surface defined
by the quotient strucure is endowed with a well defined Riemannian metric.

The sub-Riemannian structure on M coincide with the isoperimetric Dido problem constructed
on this surface. The Heisenberg case corresponds with the case when the surface has zero Gaussian
curvature.

15.1.1 Curvature of a 3D contact structure

In this section we compute the sub-Riemannian curvature of a 3D contact structure with a technique
similar to that used in Section [I4.5] for the 2D Riemannian case. Let us consider the level set
{H =1/2} = {h? + h3 = 1} and define the coordinate ¢ in such a way that

h1 = cos®, ho = sin 6.

On the bundle T*M N H~'(1/2) we introduce coordinates (x,0,hg). Notice that each fiber is
topologically a cylinder S x R.
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The sub-Riemannian Hamiltonian equation written in these coordinates are

& = h1fi(z) + haf2(2)

hy = {H,h1} = {ha, h1}ho
ho = {H,ho} = —{ha, b1}
ho = {H, ho}

(15.5)

Computing the Poisson bracket {hs,hi} = ho + cbhl + c%2h2 and introducing the two functions
a,b:T*M — R given by

2
a={Hho} =Y cyhihj,  bi=clohi+ clyhy.
ij=1

we can rewrite the system, when restricted to H~1(1/2), as follows

T = cos 6 f1 +sinffo
=—hyg—b (15.6)

h():a

Notice that, while a is intrinsic, the function b depends on the choice of the orthonormal frame.
In particular we have for the Hamiltonian vector field in the coordinates (g, 8, hg) (where we
use hy, he as a shorthand for cos§ and sin6):

H= hif1+ hofo — (h() +b)0p + a0, (15.7)
(09, H] = H' = —haf1 + h1 f2 + a/On, — V0 (15.8)

where we denoted by ' the derivative with respect to 6, e.g. h} = —hs and h, = hy.
Now consider the symplectic vector space ¥\ = T\ (T*M). The vertical subspace V) is generated
by the vectors Jg, On,, E. Hence the Jacobi curve is

Ja(t) = span{e;tﬁﬁg, e*_tﬁaho, e;tﬁﬁ}

The first reduction, by homogeneity, let us to split the space ¥, = span{E , H 1@ span{E, H }Z and
consider the reduced Jacobi curve A(t) := Jy(¢) in the 4-dimensional symplectic space

A(t) == e*_tﬁf))\/Rﬁ = span{e*_tﬁ(?g, e*_tﬁaho}/]Rﬁ

Next we describe the second reduction of the Jacobi curve, the one related with the fact that
the curve is non-regular. Indeed notice that the rank of Jy(¢) is 1. To find the new reduced curve,
we need to compute the kernel of the derivative of the curve at t =0

I := Ker A(0)
From the definition of A := A(0) it follows that
A(9p) = m[H, 0] = hafr — hi f
A(Ony) = milH, 0] = m:(99) = 0

Hence I' = Ry, and I'“ is 3-dimensional in Vy/RH.
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Proposition 15.8. We have the following characterizations:
(i) T4 = span{dh,, g, H'} in Vy/RH,
(ii) {8y, H'} is a Darbouz basis for T“T.

Proof. Since 0Oy, and 0y are vertical to prove (i) it is enough to show that H' is skew-orthongonal
to Op,. It is easy to compute, by Cartan formula

U(ahovﬁ/) = 8h0<37ﬁ/> - ﬁ/ <Svah0> - <37 [8h07ﬁ/]> =0,

since all the three terms vanish. Indeed (s, H') = o(E, H') = 0 and (s, 8),) = (s, [0h, H']) = 0
since Oy, and [Op,, H'] are both vertical, as can be computed from (I5.8]).
To complete the proof of (ii) it is enough to show, using [0y, H'] = —H, that

o(8p, H') = 8y(s, H'Y — H' (s,09) — (s, [0, H']) = (s, H) = 1.
O

Next we compute the curvature in terms of the Hamiltonian vector field and its commutators.
For a vector field W we use the notations

W= [ﬁ,W], W' = (09, W].
Let us consider the vector field V; = e*_tﬁ On,- Notice that
Vo = s, Vo=—H"
The fact that dg and O, are vertical implies that
o(Vi, Vi) =0,  ¥Yt>0
Differentiating the above identity at ¢ = 0 we get (from now on, we omit ¢ when we evaluate at

t=0)
cV,V)+o(V,V)=0 =  o(V,V)=0.

Differentiating once more the last identity and using o(V,V) = —o(9p, H' ) = —1 one gets
c(V,V)+o(V, VB =0 — o(V,V®)) =1,

With similar computations one can show that o(V,V®) = ¢(V,V#) = 0. Evaluating all deriva-
tives of order 4 one can see that

ri=0o(V,V®) = —o(V,VW) = (v, V),
Proposition 15.9. The sub-Riemannian curvature is

1 S oo o r
R=—o([H H),H)=——
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Proof. The second equality follows from the definition of 7 and the fact that V = —H and VO =
A, 1.

To prove the first identity we have to compute the Schwartzian derivative of the bi-reduced
curve, in the symplectic basis (V, —V) of the space I'“ /T (notice the minus sign).

Recall that A(t) = span{V;,V;}. To compute the 1-dimensional reduced curve AT(t) in the
symplectic space I'“/T" we need to compute the intersection of A(t) with I'“ (for all ¢). In other
words we look for z(t) such that

_o(Vi, Vo)

o(Vi+z(t)Vi,Vo) =0 = a(t)= A

(15.9)

Then we write this vector as a linear combination of the Darboux basis (cf. ([I4.28) for the 2D
Riemannian case)

Vi +2(t)V; = a(t)Vo — B(t)Vo + £(H)Vo (15.10)

To see it as a curve in the space I'/T¥ we simply ignore the coefficient along Vp. In these coordinates
the matrix S(t), which is a scalar, representing the curve is

S(t) = 0] (15.11)

a(t)

Notice that this is a one-dimensional non-degenerate curve. These coefficients are computed by the
symplectic products

at) = —o (Vi + 2(t)V;, Vo) (15.12)
Bt) = —o (Vi + z(t)V;, Vo) (15.13)

Combining (I512),([I5.13) with (I511]) and (I5.9) one gets

S(t) = ——= —— —— —— (15.14)
O-(V;‘/v VYO)O-(V;‘/) ‘/0) - O-(V;‘/v VYO)O-(V;‘/) ‘/0)
After some computations, by Taylor expansion one gets
s =t- L ow (15.15)
T 11200 '
Since Sy = 0 the curvature is computer by
_So_ 1
250 10
O

We end this section by computing the expression of the curvature in terms of the orthonormal
frame for the distribution and the Reeb vector filed. As usual we restrict to the level set H~1(1/2)
where

h+hi=1, hi1 =cosf, ho =sin.

In the following we use the notation

fo = hif1+ hafo, vg = hivi + havs.
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If h = (h1,h2) = (cosf,sinf) we denote by h' = (—hg,h;) = (—sin6,cosf) its derivative with
respect to 6 and, more in general, we denote I’ := 9y F for a smooth function F' on T*M.
To express the quantity r = o([H, H'], H') we start by computing the commutator [H, H'].

From (I5.7)) and (I5.8)) one gets
[H, H') = = fo+ hofo + (facls — frcla — (ho + b)b — (V') + d')dp.

Next we write, following this notation, the symplectic form ¢ = ds. The Liouville form s is
expressed, in the dual basis v, vy, 2 to the basis of vector fields f1, fa, fo as follows

s = hovy + vy
hence the symplectic form o is written as follows
o =dhg ANvg+ hovg ANvg +dO N vg + dug

where we used that dvy = v1 A e = vy Avg. Computing the symplectic product then one finds the
value of

3
10th(2)+§a/+/£
where

2 1
2 —c
k= facly — ficly — (c12)® — (c1y)” + % (15.16)

By homogeneity, the function R is defined on the whole 7% M, and not only for A € H~1(1/2).
For every A = (ho, h1,ha) € TxM

10R = h3 + ;a' + k(h? + h3)

Remark 15.10. The restriction of R to the 1-dimensional subspace A € D+ (that corresponds to
A = (ho,0,0)), is a strictly positive quadratic form. Moreover it is equal to 1/10 when evaluated on
the Reeb vector field. Hence the curvature R encodes both the contact form w and its normalization.

On the orthogonal complement (with respect to R) {hg = 0} we have that R is treated as a
quadratic form

R = ga' + k(h? + h3).
Remark 15.11. (i). If a # 0 there always exists a frame such that
a = 2xhihs
and in this frame we can express R as a quadratic form on the whole T* M
R = h% + (k + 3x)h3 + (k — 3x)h3.
It is easily seen from this formulas that we can recover the two invariants x, x considering

trace(lOR!ho:O) = 2K, discr(10R|hO:0) = 36x.

(ii). When a = 0 the eigenvalues of R coincide and x = 0. In this case x represents the Riemannian
curvature of the surface defined by the quotient of M with respect to the flow of the Reeb vector
field.
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Indeed the flow eif O preserves the metric and it is easy to see that the identities
elofi=fi, i=1.2

implies [fo, f1] = [fo, f2] = 0. Hence c3;, ¢}, = 0 and the expression of x reduces to the Riemannian
curvature of a surface whose orthonormal frame is fi, fo.

Exercise 15.12. Let f1, fo be an orthonormal frame for M and denote by fl, fg the frame obtained
rotating f1, f by an angle § = 6(q). Show that the structure constants Efjof rotated frame satisfies

Cla = cosf(ciy — f1(6)) — sin(cty — fa(0)),
Tty = sinf(cy — f1(6)) + cosO(cly — f2(6)).

Exercise 15.13. Show that the expression (I5.16]) for x does not depend on the choice of an
orthonormal frame fi, fo for the sub-Riemannian structure.
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Chapter 16

Asymptotic expansion of the 3D
contact exponential map

In this chapter we study the small time asymptotics of the exponential map in the three-dimensional
contact case and see how the structure of the cut and the conjugate locus is encoded in the curvature.

Let us consider the sub-Riemannian Hamiltonian of a 3D contact structure (cf. Section [[5.1.7])
H= hifi+ hafs — (h() +b)0p + a0, (16.1)

written in the dual coordinates (hg, hi,hg) of a local frame fy, f1, fo, where v is the normalized
contact form, fy is the Reeb vector field and f7, f is a local orthonormal frame for the distribution.
As usual the coordinate 6 on the level set H—'(1/2) is defined such a way that h; = cos® and
hg = sin 6.

In this chapter it will be convenient to introduce the notation p := —hg for the function linear
on fibers of T* M associated with the opposite of the Reeb vector field. The Hamiltonian system
(I6.10) on the level set H~1(1/2) is rewritten in the following form:

G = cosff1 +sinffo
0=p—1b (16.2)

p=—a

The exponential map starting from the initial point ¢o € M is the map that to each time
t > 0 and every initial covector (6o, po) € T M assigns the solution at time ¢ of the system (I6.2),
denoted by &y (t, 0o, po), or simply E(t, 0o, po).

Conjugate points are points where the differential of the exponential map is not surjective, i.e.
solutions to the equation

o o0& 0E
— AN—AN—=0. 16.3
890 8p0 ot ( )
The variation of the exponential map along time is always nonzero and independent with respect
to variations of the covectors in the set H~1(1/2) (see also Section [7.6] and Proposition [.27)). This
implies that (I6.3]) is equivalent to
o o0&
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16.1 Nilpotent case

The nilpotent case, i.e. the Heisenberg group, corresponds to the case when the functions a and b
vanish identically, i.e. the system

G = cosff1 +sinffs
0=p (16.5)
p=0

Let us first recover, in this notation, the conjugate locus in the case of the Heisenberg group.
Let us denote coordinates on the manifold R? as follows

q=(z,y), z=(z1,72) € Ry e R. (16.6)

Notice moreover that in this case the Reeb vector field is proportional to 9, and its dual coordinate
p is constant along trajectories. There are two possible cases:

(i) p=0. Then the solution is a straight line contained in the plane y = 0 and is optimal for all
time.

(ii) p # 0. In this case we claim that the equation (I6.4]) is equivalent to the following

Ox Ox

By the Gauss’ Lemma (Proposition [7.27]) the covector p = (p,, p) at the final point annihilates
the differential of the exponential map restricted to the level set, i.e.

o0& ox oy

<p7 8—90> = <p:c, 8—00> + 08—90 =0 (16.8)
o0& ox oy

,— — vy + p—— = O 169

<p dpo > <p dpo > o (16:9)

and since p # 0 it follows that among the three vectors
Om\ - (Oma\ (DY
009 00y 009
16.1

on | om| o e

dpo dpo dpo

the third one is always a linear combination of the first two.
Proposition 16.1. The first conjugate time is t.(0o, po) = 27/|po].

Proof. In the standard coordinates (z1, z2,y) the two vector fields f; and fo defining the orthonor-
mal frame are

X9 x1
f128m1_78y7 f2:am2+78y
Thus, the first two coordinates of the horizontal part of the Hamiltonian system satisfy
b cos
o1 o8 (16.11)
T9 = sinf
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It is then easy to integrate the z-part of the exponential map being 0(t) = 6y + pt (recall that
p = po and, without loss of generality we can assume p > 0)

t Oo+t
x(t; 00, po) = / 098(00 +ps) ds = / OSPE 4s (16.12)
o \sin(fo + ps) % sin ps
Due to the symmetry of the Heisenberg group, the determinant of the Jacobian map will not
depend on 6y. Hence to compute the determinant of the Jacobian it is enough to compute partial

derivatives at 6y = 0
Oz (cospt—1
o0y sin pt

Oz 1 ( sinpt —I-E cos pt
dpo  p* \1—cospt p \sin pt

and denoting by 7 := pt one can compute

3_x/\3_x_i o cosT — 1 TCOST — sinT
90y Opy  p? sint  —147sinT+cosT)’
1
= —(7sinT 4+ 2cos T — 2).
p
The fact that t. = 27 /|p| follows from Exercise 16.2] O

Exercise 16.2. Prove that 7. = 27 is the first positive root of the equation 7sin7+2cos7—2 = 0.
Moreover show that 7. is a simple root.

16.2 General case: second order asymptotic expansion

Let us consider the Hamiltonian system for the general 3D contact case

G = fo:=cosOf +sinffs
0=p—b (16.13)
p=—a

We are going to study the asymptotic expansion for our system for the initial parameter pg — +oo.
To this aim, it is convenient to introduce the change of variables r := 1/p and denote by v :=
r(0) = 1/pp its initial value. Notice that p is no more constant in the general case and py — oo
implies v — 0.

The main result of this section says that the conjugate time for the perturbed system is a
perturbation of the conjugate time of the nilpotent case, where the perturbation has no term of
order 2.

Proposition 16.3. The conjugate time t.(0p,v) is a smooth function of the parameter v. Moreover

te(Oo,v) = 27m|v| + O(\V\?’).
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Proof. Let us introduce a new time variable 7 such that j—ﬁ = r. If we now denote by F the
derivative of a function F' with respect to the new time 7, the system (I6.I3]) is rewritten in the
new coordinate system (q,6,7) (where we recall r = 1/p), as follows

q=rfy

0=1-rb

T (16.14)
r=r-a

P

To compute the asymptotic of the conjugate time, it is also convenient to consider a system of
coordinates, depending on a parameter ¢, corresponding to the quasi-homogeneous blow up of the
sub-Riemannian structure at gy and converging to the nilpotent approximation. In other words we
consider the change of coordinates ®. such that fy — % f; where

[ R
Accordingly to this change of coordinates we have the equalities

1 1 1
fi:_ffv f0:_2f§7 b:_b€7 a=—a°
€ € €
where f{ is the Reeb vector field defined by the orthonormal frame ff,..., f¢ (and analogously for
ac, be).
Let us now define, for fixed ¢, the variable w such that r = ew. The system ([[6.14) is finally
rewritten in the following form

i =l

f=1-ub (16.15)
W = ew3at

t =ew

Notice that the dynamical system is written in a coordinate system that depends on €. Moreover
the initial asymptotic for py — oo, corresponding to r — 0, is now reduced to fix an initial value
w(0) = wy and send £ — 0.

Consider some linearly adapted coordinates (z,y), with z € R? and y € R (cf. Definition B.22)).
If we denote by ¢¢ = (2%, 3°) the solution of the horizontal part of the e-system (I6.15]), conjugate
points are solutions of the equation

d¢°  O¢°

20, " Duwg =0

wo=1

As in Section 6.1l one can check that this condition is equivalent to

ox® A ox*
890 8w0

wo=1

Notice that the original parameters (¢, 6y, pg) parametrizing the trajectories in the exponential map
correspond to a conjugate point if the corresponding parameters (7,0, ) satisfy
ozt  0zxf

(10(7—76790) = 6—90 A aZU(]

=0 (16.16)

wo=1
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For € = 0, i.e. the nilpotent approximation, the the first conjugate time is 7. = 27, and moreover
it is a simple root. Thus one gets

&p(

»(27,0,600) =0, —(2m,0,6p) # 0. (16.17)
T

Hence the implicit function theorem guarantees that there exists a smooth function 7.(e,6p) such
that
@(7e(e,60),€,00) = 0. (16.18)

In other words 7.(g, 6y) computes the conjugate time 7 associated with parameters ¢, §y. By smooth-
ness of 7. one immediately has the expansion for € — 0

Te(€,60) = 27+ O(e).
Now the statement of the proposition is rewritten in terms of the function 7, as follows

Te(g,00) = 21 + O(£?). (16.19)
Differentiating the identity (I6.18]) with respect to ¢ one has

Opdr.  Op
oroe T oe

hence, thanks to (I6.17), the expansion (I6.19]) holds if and only if %(2%, 0,600) = 0.

Moreover differentiating the expression (I6.16]) with respect to € one has

Oy B 0%z 0xf 0%z 0af
2e 2™ 0:00) = 556 S+ Be0wg " 90,

wo=1,e=0,7=27

The second one vanish since at ¢ = 0 is the Heisenberg case, whose horizontal part at 7 = 27 does
not depend on 6y. Hence we are reduced to prove that

0%xf
Oe 890

= 0. (16.20)

e=0,7=2m

which is a consequence of the following lemma.

15

Oe

Lemma 16.4. The quantity does not depend on 6.

e=0,7=27

Proof of Lemma. To prove the lemma it will be enough to find the first order expansion in ¢ of the
solution of the system (I6.15).

Recall that when ¢ = 0 the system corresponds to the Heisenberg case, i.e. we have a®|.—g =
0,b%|c=0 = 0. This gives the expansion of w (recall that w(0) = wy = 1)

w(t) = w(0) + /t eaf (T (r)dr = w=1+0(?)
0

Analogously we have b° = & (8, u) +O(e?), where (8,u) = S1u1 + B2ug and B denotes the (constant)
coefficient of weight zero in the expansion of b with respect to €.

281



Denoting u(f) = (cos 8,sin §), the equation for 6 then is reduced to
0 =1—¢c(B,u(0))+0(),  6(0)= 0.
This equation can be integrated and one gets

@
Oe

t

—— [ {Bealor)) dr = (.l B0+ 1) — ' (00) (16.21)
e=0 0
where u/(6) = (—sin 6, cos 9).

Next we are going to use (I6.21I]) to compute the derivative of x° wrt €. The equation for the
horizontal part of (I6.I5]) can be expanded in ¢ as follows

i =u(0) +ef{) (@) + O(e?)

where the first term is Heisenberg, and fioz) is the term of weight zero of f,, which is linear with

respect to x1 and x5 because of the weight!] To compute the derivative of the solution with respect
to parameter we use the following general fact

Lemma 16.5. Let ¢(e,t) denotes the solution of the differential equation y = F(e,y) with fized
initial condition y(0) = yo. Then the derivative g—f satisfies the following linear ODE

dop, . OF ¢

O eot) = S bl T8+ S0l t)

We apply the above lemma when y = (x,0) and F' = (Fm,FG) and we compute at ¢ = 0. In
particular we need the solution of the original system at e =0

50.6) = (F(0.0()). B =bo+t.  F(t) = ul(B0) — o (B + ).
Then by Lemma we have

i@_@FJEO_x+8F$@+6F1’
dt 9  Ox Oe 08 O Oe

Computing the derivatives at € = 0 gives

o ort "0 OF* o) (-
= - 9 t — /. t
9z |._y o7 |, w'(0(1)), = |, Futay (@®)
and we obtain the equation for %
d o) _ 901 O :
a0z |_, = 9e| 00T fuyry (W (00) = (B0 + 1))

'Recall that this is the zero order part of the vector field f, along 9., hence only x variables appear and have
order 1.
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If we set s = 0y + t we can rewrite this equation

d Ox

x| _ 09
ds Oe

—o Oe

W(s) + £ (' (B0) — o/ (5))

and integrating one has

O_x
Oe

Oo+2m
:/’ (8,4 (s) — ' (60)) o (s)ds
@r0) o

0

Oo+2m (0)
<5é 10 (60) — ' (5))ds
0

In the last expression it is easy to see that all terms where 6y appear are zero, while the others
vanish since we compute integrals of periodic functions over a period (which does not dep on 6p).
This finishes the proof of Lemma [16.4] hence the proof of the Proposition 16.3 O

16.3 General case: higher order asymptotic expansion
Next we continue our analysis about the structure of the conjugate locus for a 3D contact structure
by studying the higher order asymptotic. In this section we determine the coefficient of order 3 in

the asymptotic expansion of the conjugate locus. Namely we have the following result, whose proof
is postponed to Section 16.3.11

Theorem 16.6. In a system of local coordinates around qo € M one has the expansion
Cong, (00,v) = qo = 7 folv|? £ 7(d fo, — af96)|1/|3 +O(lv|h), v — 0% (16.22)
If we choose coordinates such that a = 2yxuiug one gets
Cong, (00, v) = qo £ 7 folv|* £ 2mx(q0)(cos® O f2 — sin® 0 f1)|v]> + O(|v[*), v— 0%, (16.23)
Moreover for the conjugate length we have the expansion
le(B0,v) = 27|v| — 7e|v)® + O(Jv|Y), v — 0%, (16.24)

Analogous formulas can be obtained for the asymptotics of the cut locus at a point ¢y where
the invariant x is non vanishing.

Theorem 16.7. Assume x(qo) # 0. In a system of local coordinates around qy € M such that
a = 2xuiuy one gets

Cutg,(0,v) =qo = 72 fo(qo) £ 2mx(qo) cos 0.f1(qo)v> + O (1), v — 0F
Moreover the cut length satisfies
Ceut(0,v) = 27|v| — (K + 2xsin? O)|v]2 + O(*), v —0F (16.25)
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fa

Figure 16.1: Asymptotic structure of cut and conjugate locus

We can collect the information given by the asymptotics of the conjugate and the cut locus in
Figure [6.11

All geometrical information about the structure of this sets is encoded in a pair of quadratic
forms defined on the fiber at the base point ¢g, namely the curvature R and the sub-Riemannian
Hamiltonian H.

Recall that the sub-Riemannian Hamiltonian encodes the information about the distribution
and about the metric defined on it (see Exercise [£.29)).

Let us consider the kernel of the sub-Riemannian Hamiltonian

ker H={A€ T M : (\,v) =0, Vv € Dy} =D, (16.26)

The restriction of R to the 1-dimensional subspace Dql for every ¢ € M, is a strictly positive
quadratic form. Moreover it is equal to 1/10 when evaluated on the Reeb vector field. Hence the
curvature R encodes both the contact form w and its normalization.

If we denote by Dy the orthogonal complement of DqL in the fiber with respect to RE, we have
that R is a quadratic form on Dy and, by using the Euclidean metric defined by H on D, as a
symmetric operator.

As we explained in the previous chapter, at each gy where x(go) # 0 there always exists a frame
such that

{H) hO} = 2Xh1h2

2this is indeed isomorphic to the space of linear functionals defined on Dy.
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and in this frame we can express the restriction of R to D (corresponding to the set {hg = 0}) on
this subspace as follows (see Section [I5.1.1])

10R = (k + 3x)h? + (k — 3x)h3.
From this formulae it is easy to recover the two invariants x, x considering
trace(lOR‘ho:O) = 2K, discr(10R|hO:0) = 36x2,

where the discriminant of an operator (), defined on a two-dimensional space, is defined as the square
of the difference of its eigenvalues, and can be compute by the formula discr(Q) = trace?(Q) —
4det(Q).

The cubic term of the conjugate locus (for a fixed value of v) parametrizes an astroid. The
cuspidal directions of the astroid are given by the eigenvectors of R, and the cut locus intersect the
conjugate locus exactly at the cuspidal points in the direction of the eigenvector of R corresponding
to the larger eigenvalue.

Finally the “size” of the cut locus increases for bigger values of x, while x is involved in the
length of curves arriving at cut/conjugate locus

Remark 16.8. The expression of the cut locus given in Theorem [I6.7] gives the truncation up to
order 3 of the asymptotics of the cut locus of the exponential map. It is possible to show that this
is actually the exact cut locus corresponding to the truncated exponential map at order 3 (which
we compute in the next section).

As we show in the next section, the third order Taylor polynomial of the exponential map
corresponds to a stable map in the sense of singularity theory. More precisely it can be treated
as a one parameter family of maps between 2-dimensional manifolds that has only singular points
of “cusp” and “fold” type. As a consequence the original exponential map can be treated as a
perturbation of the (truncated) stable one. The classic Whitney theorem on the stability of maps
between 2-dimensional manifolds then implies that the structure of their singularity will be the
same, and actually the singular set of the perturbed one is the image under an omeomorphism of
the the singular set of the truncated map. This proves that the shape of the conjugate locus (and
the one of the cur locus) described in Figure [I6.1] obtained via its third order approximation is
indeed a picture of the true shape. The full statement of this fact can be found in [3].

16.3.1 Proof of Theorem [16.6: asymptotics of the exponential map

The proof of Theorem [16.6] requires a careful analysis of the asymptotic of the exponential map.
Let us consider again our Hamiltonian system in the form (I6.14])

qg=rfp

6=1—rb

T (16.27)
rTr=r"a

i=r

where we recall that equations are written with respect to the time 7. In particular, since we restrict
on the level set H~1(1/2), the trajectories are parametrized by length and the time ¢ coincides with
the length of the curve. Thus in what follows we replace the variable ¢ by £.
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Next, we consider a last change of the time variable. Namely we parametrize trajectories by
the coordinate #. In other words we rewrite again the equations in such a way that 8 = 1 and the
dot will denote derivative with respect to 6. The equations are rewritten in the following form:

q.: 1—rbf€

0=1

) 73 (16.28)
,r:_ 177‘ba
kEZ 1—17b

where we recall that fy = cos @ f1 + sin 0 fo. Moreover we define F'(t; 6y, v) := q(t + 6o; 6o, v), where
q(00;60,v) = qo- This means that the curve that corresponds to initial parameter 6 start from gq
at time equal to 6.

Notice that in (I6.28]) we can solve the equation for r = r(7) and substitute it in the first
equation. In this way we can write the trajectory as an integral curve of the nonautonomous vector
field
0o+t T(T)

6o 1 —7(T)b(T)

To simplify the notation in what follows we denote the flow Q?O’V simply by @; and by V; the non
autonomous vector field defined by this flow

F(t;600,v) = go 0 Q)" bov — &b frdr.

ot __
Qt = e@/eo VTdT, V—,— = W'fT (1629)

We start by analyzing the asymptotics of the end point map after time ¢ = 2.
Lemma 16.9. F(27;60p,v) = —7fo(q)v? + O(?)
Proof. From ([I6.28)), recalling that r(0) = v, it is easy to see that r satisfies the identity
r(t) =v+7t)® =v+ 0@

for some smooth function 7(¢). Thus, to find the second order term in v of the endpoint map
F(27;0,v), we can then assume that r is constantly equal to v = r(0).
Using the Volterra expansion (cf. (6.9]))

Oo+2m Oo+2m
exp / Vedr = | 1d + / Vidr + / / Vi 0 Vyydridry + ... (16.30)

90 00
0o <12 <71 <0p+27

and substituting 7(7) = v we have the following expansion for the first term in (I6.30):
Oo+2m Oo+2m v Oo+27
/ Vedr = / —frdT = / v(1 4 vb(t) + O(V?) f, dr,

0o 0o 1 —uvb(T) 9o

Oo+2m Oo+27
—v / frdr + V? / b(7) frdr 4+ O(%)
90 90

Oo+2m
=12 / b(T)frdT 4+ O(%)
[%

0
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Oo+2m f d

Notice that the first order term in v vanishes since we integrate over a period and f rdr =

The second term in (I6.28]) can be rewritten using Lemma [7.10}

1 Oo+2m Oo+2m
/ / Vey © Viydridrs = / Vidt o / V.dt + / / Vi, Vi, Jdrdr
6o 0o

0<m<n <t Oo<tmo<T1<6p+27

Oo+2m Oo+2m
/ deTO/ deT+ // [szule]dTldTQ
6o 6o

0o <T2<11<00+27
1/2
= ? [szyle]dTldT2

0o <T2<11<60p+27

| S

Oo+2m f

where we used again f ~dT = 0. Notice that higher order terms in the Volterra expansions

are O(v?). Collecting together the two expansions and recalling that

[f2, fi] = fo+arfi+aafo

one easily obtains

Oo+2m 1 t
F(2r:00, ) = 1 ( JACTY A [ [ ft} dt) Lo

0o
= —m2 fo(qo) + O(v°) (16.31)
Notice that the factor 7 in (I6.31]) comes out from the evaluation of integrals of kind f Oo 2T cos? rdr
and f 0027 gin? rdr. O

Next we prove a symmetry of the exponential map
Lemma 16.10. F(t;00,v) = F(t;6p + 7, —v)
Proof. Tt is a direct consequence of our geodesic equation. Recall that F(¢;60p,v) = q(t + 6o; 6o, v),
is the solution of the system, with initial condition g(6o; 6o, ) = qo.

Applying the transformation ¢ — ¢t + 7 and v — —v we see that the right hand side of ¢ in
([I628) is preserved while the right hand side of 7 change sign (we use that u;(t + 7) = —u;(t),

hence a(t + m) = a(t) and b(t + w) = —b(t)). Then, if (¢(¢),r(t)) is a solution of the system then
(q(t +m),—r(t +m)) is also a solution. The lemma follows. O

The symmetry property just proved permits to characterize all odd terms in the expansion in
v of the exponential map at ¢t = 27, as follows.

Corollary 16.11. Consider the expansion

F(2m;0,v) an

We have the following identities
(i) (0 +7) = (=1)"qn(0),
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1 [ dgonia

(i) @ns1(8) = — /9 2 ()

Proof. This is an immediate consequence of Lemma [I6.10] and the identity

_ [T dgann
2¢2n+1(0) = @2n+1(0) — qon1(0 + ) = — ; 20 (T)dr.

O

We already computed the terms ¢;(0) and ¢2(6). To find ¢3(6) we start by computing the
derivative of the map F' with respect to 6.

F
Lemma 16.12. 27(271';90,V) = —7[fo, foola> + O(?)
0

Proof. We stress that, since we are now interested to third order term in v, we can no more assume
that r(7) is constant. Differentiating (B.55)) with respect to 8 gives two terms as follows:

OF o o 0+2m
20, ~ a0, 0@ = w00 5 (ﬁ/ V*”)

= q0° (Q2r © Vggr2r — Vi, © Q2r) (16.32)

Next let us rewrite

—1
Q27r o ‘/:9()+27r = QQW © ‘/90+27T o Q27r ° Q27r

= Ad Q2r o Viy12x
so that (I6.32]) can be rewritten as
oF
98, — ° (Ad Qar © Vgyt2r — Vi) © Q2r (16.33)
Thanks to Lemma [I6.10] we can write
Qo = Id — 12 fo + O(v%) (16.34)

that implies the following asymptotics for the action of its adjoint by (6.17))
Ad Qo =1Id — m%ad fo + O(13)

We are left to compute the asymptotic expansion of (I6.33]). To this goal, recall that r = r(7)
satisfies

e 3 4
7= T30 =" a+ O(r®)
hence we can compute its term of order 3 with respect to v
t
r(t) =v+ 13 / a(T)dr + O(v?) (16.35)
0o

This in particular implies that 7(6g + 27) = v + O(v*) since 9900+27r a(t)dt = 0.
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This allows us to replace r(-) with v in the term Vg, 9, since 7(8 + 27) = v + O(v?). Moreover
using that b(6p + 27) = b(6p) and fg,+2r = fo, We gets

1% 14
AdQae o Viyar — Vi = 10 = o+ 00 (255 ) = (550) +00)

= —m?ad fo(vfe,) + O(W?) (16.36)
and finally plugging (I6.34) and (I6.30]) into (I6.33]) one obtains
oF
5= go © (—771/2ad fo(vfe,) + O(V4)) o(Id+ O(v))

= qo o (—m[fo, fao] + O())

16.3.2 Asymptotics of the conjugate locus

In this section we finally prove Theorem [16.6] by computing the expansion of the conjugate time
tc(6p,v). We know that
te(bo,v) = 21 + v25(6p) + O(®)

By definition of conjugate point, the function s = s(fy) is characterized as the solution of the
equation

oF OF OF
— A — N — =0, (16.37)
aS 80 al/ (27T+V2870,V)
where s is considered as a parameter. Notice that the derivative with respect to s is computed by
OF  OF Ot
s 0 T O 2 2 ~ 3 O 4
55 = or 95 = Wt Ow)) = v fo + 00
Moreover, from the expansion of F' with respect to v one has
oF
= —27vfo + O(1V?)

Thus
F(2m 4+ v?s;0,v) = F(2m,0,v) + 13sfy + O(")

and differentiation with respect to 6y together with Lemma [16.12] gives

oF
55 27+ v2s;0,v) = v3(n[fo, fo] + sfo) + O(W?)
where as usual fy denotes the derivative with respect to 6.
Then, collecting together all these computations, the equation for conjugate points (I6.37]) can

be rewritten as
f@ N (ng/ + 7T[f9, f()]) A fo = O(V) (1638)

Since fy, for are an orthonormal frame on D and fy is transversal to the distribution, (I6.38) is
equivalent to

fo N (sfor + 7 fo, fo]) = O(v)
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that implies
s(0) = 7 ([fo, fol, for) + O(v)

where (-, -) denotes the the scalar product on the distribution. Hence

tc(evl/) =27 +7TV2 <[f07f9]7f9’>q0 + O(Vg)

To find the expression of conjugate locus, we evaluate the ecponential map at time ¢.(6,v).
We first consider the asymptotic of the conjugate locus. Using again that the first order term
with respect to v of O;F is v fy we have

F(2m 4+ v2s(60), 00, v) = F(27;60,v) + 35(00) fo, + O(")

Hence, by Corollary [6.11] and Lemma one gets

' _ 5 3 Oo+m dgs 5 .
Con(qo; o, v) = —mv"folao) — = o dr 4 v35(60) fo, + O(*)
0

Moreover, since

S—Hi(zw, v,600) = v*[fao. fol + O()

we have by definition that g3(8) = [fy, fo] and

V3 o+
Conlan,0,) = ~v*folao) = [ wlfus fldr +°5(60) g

0o
5 V3 Oo+7 ,
= —v"fo(qo) — 7/0 [ foo, fol + 5'(t) foo + s(t) foy dt (16.39)
0
where the last identify follows by writing fg» = — fy and integrating by parts. Using that

s(0) = 7 ([fo, fol, for)
3/(9) = 7 ([ fo, forl, for) — 7 ([ fo, fol, fo) = 2ma

we can rewrite (I6.39) as follows

71-[fe())f(]] + S/(t)feo + S(t)fe(’) = w[f@o)f(]] + 27Taf90 + 7 <[f07f90]7f6(’)> fe(’)
= 7T<[f907f0]7f90> f90 + 27T6Lf90

=3 afgo

Finally

9 3V3 G0+ .
Con(qo; bo, v) = —v~ fo(qo) — TW/G a(t) f-dr + O(v*)
0

= —v*folao) + v’ (d fo, — afyy) + O(W*)
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16.3.3 Asymptotics of the conjugate lenght
Similarly, we consider conjugate lenght. Recall that

Oo+tc(0o,v) T‘(t)
0.0, v) = / dt
G0 = ], O

where we replaced b(t) by its value along the flow Qfo’”b(t).
As a first step, notice that we can reduce to an integral over a period, up to higher order terms
with respect to v. Namely

[t r(t) 3 A
(u(B0,v) = /00 g ) + 00 (16.40)

Indeed t.(6g,v) = 27 +125(0) + O(v>) and the first order term w.r.t. v in the integrand is exactly v
by ([I6.35]). In what follows we use again the notation @y := fo’y, and we compute the expansion
in v of the integral appearing in (I6.40).
First notice that
r(t)
1—r(t)Q:b(t)

Using that 7(t) = v+ O(v®) and (Qb(t)) = b(t) + O(v) we have that

r(t) _
1—r(t)Q:b(t)

Now each addend of the sum expands as follows

= 7(t) (L+r(H)Qeb(¢) + 7 (1)[Q:b(t) 0 Qub(t)] + O(r()*))

r(t) + r2(£)Qub(t) + 3 (t)b(t)* + O(v?h)

r(t)=v+v? /t a(t)dt + O(v*) (16.41)
0
r20)Q(w)b(t) = (V2 + O(v?)) <Id + u/t frdr + O(V)> b(t) (16.42)
0
= %b(t) + 13 / t frd7b(t) + O(v?) (16.43)
0
r)b(t)? = v3b(t)* + O(v?) (16.44)

Integrating the sum over the interval [0y, 6 + 27] and considering terms only up to O(v*) we have

Oo+2m t t
le(By,v) = 2T + < / [ / a(t)dr + / deT] b(t) + b2(t)dt> v+ 0wt
6o 0 0

where the coefficient in v? vanishes since f:oﬁz” b(T)dr = 0. A straightforward computation of the

integrals ends the proof of the theorem. O

291



292



Chapter 17

The sub-Riemannian heat equation

In this chapter we derive the sub-Riemannian heat equation and we discuss the strictly related
question of how to define an intrinsic volume in sub-Riemannian geometry.

17.1 The heat equation

To write the heat equation in a sub-Riemannian manifold, let us recall how to write it in the Rie-
mannian context and let us see which mathematical structures are missing in the sub-Riemannian
one.

17.1.1 The heat equation in the Riemannian context

Let (M, g) be an oriented Riemannian manifold of dimension n and let w be a volume form on M,
i.e., a never-vanishing n-form on M ] The most natural choice for w is of course the Riemannian
volume defined by

w(Xy,...,X,) =1, where {Xy,...,X,} is a local orthonormal frame.

In coordinates if g is represented by a matrix (g;;), we have

w = y/det(gij) dxi A ... ANdxy,.

However in the following we write the heat equation for a general volume form that not neces-
sarily coincides with the Riemannian one. This point of view is useful in sub-Riemannian geometry,
where a canonical volume exists only in certain cases.

Let ¢ be a quantity (depending on the position ¢ and the time t) subjects to a diffusion process
e.g. the temperature of a body, the concentration of a chemical product, the noise etc..... Let F be
a time dependent vector field representing the flux of the quantity ¢, i.e., how much of ¢ is flowing
through the unity of surface in unitary time.

Our purpose is to get a partial differential equation describing the evolution of ¢. The Rieman-
nian heat equation is obtained by postulating the following two facts:

'For simplicity here we assume that M is orientable, but since this construction is essentially local, this hypothesis
it is not restrictive
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(R1) the flux is proportional to minus the gradient of ¢ i.e., normalizing the proportionality con-
stant to one, we assume that
F = —grad(¢); (17.1)

(R2) the quantity ¢ satisfies a conservation law, i.e. for every bounded open set V having a smooth
boundary 0V we have the following: the rate of decreasing of ¢ inside V' is equal to the rate
of flowing of ¢ via F, out of V', through 0V. In formulas this is written as

_%/\/(ﬁw:/&)vF‘de. (17.2)

ov

Here v is the external (Riemannian) normal to OV and dS is the element of area induced
by w on M, thanks to the Riemannian structure, i.e., dS = w(v,-). The quantity F - v is a
notation for g,(F(q,t),v(q)).

Applying the Riemannian divergence theorem to (I7.2]) and using (I7.I]) we have then

_%/V(ﬁw:/avF-de:/vdivw(F)w:—/Vdin(grad(¢))w-

By the arbitrarity of V' and defining the Riemannian Laplace operator as
A¢ = div, (grad(e)) (17.3)
we get the heat equation

%(b(q, t) = Dg(g,t).

Useful expressions for the Riemannian Laplacian

In this section we get some useful expressions for A. To this purpose we have to recall what are
grad and div,, in formula (I7.13).

We recall that the gradient of a smooth function ¢ : M — R is a vector field pointing in the
direction of the greatest rate of increase of ¢ and its magnitude is the derivative of ¢ in that
direction. In formulas it is the unique vector field grad(y) satisfying for every ¢ € M,

gq(grad(p),v) = dp(v), for every v e T, M. (17.4)

In coordinates, if g is represented by a matrix (g;;), and calling (") its inverse, we have
grad(p)’ = Y _ g79;¢p. (17.5)
j=1
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If {X1,...,X,} is a local orthonormal frame for g, we have the useful formula

grad(p) = D Xi()X;. (17.6)
i=1

Exercise 17.1. Prove that if the Riemannian metric is defined globally via a generating frame
{X1,..., Xk} with & > n, in the sense of Section ....... then grad(p) = Y% | Xi(p)X;.

Recall that the divergence of a smooth vector field X says how much the flow of X is increasing
or decreasing the volume. It is defined in the following way. The Lie derivative in the direction
of X of the volume form is still a n-form and hence point-wise proportional to the volume form
itself. The “point-wise” constant of proportionality is a smooth function that by definition is the
divergence of X. In formulas

Lxw = divy,(X)w.

Now using dw = 0 and the Cartan formula we have that Lxw = ixdw + d(ixw) = d(ixw). Hence
the divergence of a vector field X can be defined by

d(ixw) = div, (X)w. (17.7)

In coordinates, if w = h(z)dz' A ...ds" we have

n

div,, (X) = ) > ai(h(x)X7). (17.8)
i=1

Remark 17.2. Notice that to define the divergence of a vector field it is not necessary a Riemannian
structure, but only a volume form.

If we put together formula and formula 78 with X = grad(y) we get the well known
expression

Ap) = dive(grad () = % S Oi(h(z)g"05¢). (17.9)
i,j=1

Combining formula with the property div(aX) = adiv(X) + X (a) where X is a vector field

and a a function, we get

n

A(p) = Z (X7 +div, (X)) Xi(p)) where {X1,...X,} is a local orthonormal frame. (17.10)

i=1

Similarly, defining the Riemannian structure via a generating frame we get

k
A(p) = Z (XZ?(,D + divw(Xi)Xi(go)) where {X1,... X}, k > n, is a generating frame (17.11)
i=1
Remark 17.3. Notice that the choice of the volume form does not affect the second order terms,
but only the first order ones.

When A is built with respect to the Riemannian volume form, it is called the Laplace-Beltrami
operator.
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17.1.2 The heat equation in the sub-Riemannian context

Let M be a sub-Riemannian manifold of dimension n. Let D be the associated set of horizontal
vector fields and g, the corresponding metric on the distribution D,.

As in the Riemannian case, we assume by simplicity that M is oriented and we assume that a
volume form w has been assigned on M. In Section 77 we show that, in the equiregular case, the
sub-Riemannian structure induces, canonically, a volume form on M. For the moment we assume
that the volume form is assigned independently of the sub-Riemannian structure.

As in the previous section, we denote by ¢ the quantity subject to the diffusion process, by F
the corresponding flux, and we postulate that:

(SR1) the heat flows in the direction where ¢ is varying more but only among horizontal directions;

(SR2) the quantity ¢ satisfies a conservation law, i.e. for every bounded open set V having a smooth
and orientable boundary 0V we have the following: the rate of decreasing of ¢ inside V is
equal to the rate of flowing of ¢ via F, out of V, through 9V

To derive the heat equation in the Riemannian case, we have used the following ingredients that
are not directly available in the sub-Riemannian context:

e the Riemannian gradient;
e the Riemannian normal to 9V, and the inner product to define the conservation 7.2}
e the Riemannian divergence theorem.

Hence the standard Riemannian construction fails in the sub-Riemannian context and we have to
reason in a different way to derive the heat equation. Let us analyse one by one the ingredients
above and let us see how to generalise them in sub-Riemannian geometry.

The horizontal gradient

In sub-Riemannian geometry the gradient of a smooth function ¢ : M — R is a horizontal vector
field (called horizontal gradient) pointing in the horizontal direction of the greatest rate of increase
of ¢ and its magnitude is the derivative of ¢ in that direction. In formulas it is the unique vector
field gradp () satisfying for every ¢ € M,

gq(gradg (), v) = dp(v), for every v € D M. (17.12)

If {X1,..., Xy} is a generating frame then

k
grady () = Y Xi(p)X;.
i=1
The postulate (SR1) is then written as
F = —grady(¢).
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Ip(t, Q)

Q

Figure 17.1:

The conservation of the heat

The next step is to express the conservation of the heat without a Riemannian structure. This can
be done thanks to the following Lemma, whose proof is left for exercise.

Lemma 17.4. Let M be a smooth manifold provided with a smooth volume form w. Let §) be an
embedded bounded sub-manifold (possible with boundary) of codimension 1. Let F be a (possible time
dependent) complete smooth vector field and Py be the corresponding flow. Consider the cylinder
formed by the images of Q translated by the flow of F' for times between 0 and t (see Figure[17.1)):

Hp(t, Q) = {P(2) [ s € [0,¢]}.

w= ZF‘ W,
dt ], /HF(t79) /Q =0

With the notation of this Lemma, the postulate (SR2) is written as

d / ¢ w d / w / P W
- = — = FW,
dt Jyv dt Jug o) oV

where in the last equality we have used the result of the lemma.
Now, using the Stokes theorem, the definition of divergence [I7.7] and using that F = —grad ¢

By the arbitrarity of V' and defining

Then
d

Ao = divy,(grady(9)), (17.13)

we get the sub-Riemannian heat equation

9 60.1) = Do, 1)

Definition 17.5. Let M be a sub-Riemannian manifolds and let w be a volume on M. The
operator Ag¢ = div,(grady(¢)) is called the sub-Riemannian Laplacian.

When it is possible to construct a volume from the sub-Riemannian structure, then the cor-
responding sub-Riemannian Laplacian is called the intrinsic sub-Laplacian. The construction of a
canonical volume form in a sub-Riemannian manifold is the purpose of Section 77. Here let us just
remark that in the case of left-invariant structures on Lie groups, a canonical volume can be built
naturally from the group structure. This will be done in Section for the Heisenberg group.
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17.1.3 Few properties of the sub-Riemannian Laplacian: the Hormander theo-
rem and the existence of the heat kernel

The same computation of the Riemannian case provides the following expression for the sub-
Riemannian Laplacian,

k
A (o) = Z (X7¢ + dive,(X;)X;(¢)) where {X1,... X}}, is a generating frame. (17.14)

i=1
In the Riemannian case, the operator Ay is elliptic, i.e., in coordinates it has the expression

n
Ag = Z a;j(x)0;0; + first order terms,
i,j=0

where the matrix (a;;) is symmetric and positive definite for every .

In the sub-Riemannian (and not-Riemannian) case, Ag it is not elliptic since the matrix (a;;)
can have several zero eigenvalues. However, a theorem of Hormander says that thanks to the Lie
bracket generating condition Ay is hypoelliptic. More precisely we have the following.

Theorem 17.6 (Hormander). Let Yy, Yy ...Yy be a set of Lie bracket generating vector fields on a
smooth manifold M. Then the operator L = Yy + Zle YZ-2 s hypoellptic which means that if ¢ is
a distribution defined on an open set 0 C M, such that Ly is C*, then ¢ is C* in ().

Remark 17.7. Notice that elliptic operators with C* coefficients are hypoelliptic. The heat operator
0y — A, where A is the standard Laplacian in R™ is not elliptic (since the matrix of coefficients of the
second order derivatives in R"*! has one zero eigenvalue), but it is hypoelliptic since 9,,, ..., 0%, , 0
are Lie Bracket generating in R™*1.

One of the most important consequences of the Hormander theorem is that the heat evolution
smooths out immediately every initial condition. Indeed if one can guarantee that a solution of
(0y — Ap)p = 0 exists in distributional sense in an open set Q of R x M, then, being 0 € C™, it
follows that ¢ is C* in €.

A standard result for the existence of a solution in L?(M,w) is given by the following theorem.
See for instance [?].

Theorem 17.8. Let M be a smooth manifold and w a volume on M. If A is a non negative and
essentially self-adjoint operator on L?(M,w), then, there exists a unique solution to the Cauchy
problem

(O —N)p=0
{ ¢(q,0) = ¢o(q) € L*(M,w), (17.15)

on [0,00[x M. Moreover for each t € [0,00[ this solution belongs to L*(M,w).

It is immediate to prove that Ay is non-negative and symmetric on L?(M,w). If in addition
one can prove that Ap is essentially self-adjoint, then thanks to the Hérmander theorem, one has
that the solution of (I7.15]) is indeed C* in ]0, co[x M.

The discussion of the theory of self-adjoint operators is out of the purpose of this book. However
the essential self-adjointness of Ay is guaranteed by the completeness of the sub-Riemannian man-
ifold as metric space. This condition guarantees also the existence of the solution to the Cauchy
problem in the form of a convolution kernel.
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Theorem 17.9 (Strichartz). Consider a sub-Riemannian manifold that is complete as metric space.
Let w be a volume on M. Then Ay is essentially self-adjoint on L?(M,w). Moreover the unique
solution to the Cauchy problem

(O —Am)p=0
{ #(q,0) =H¢o(q) € L*(M,w), (17.16)

on [0,00[xM can be written as

o(g,1) = /M o0(@)Ki(g, 3) (@)

where K¢(q,q) is a positive function defined on ]0,00[x M x M which is smooth, symmetric for the
exchange of q and @ and such that for every fized t,q, we have Ki(q,-) € L*(M,w).

Typical cases in which the sub-Riemannian manifold is complete are let-invariant structure on
Lie groups, sub-Riemannian structures obtained as restriction of complete Riemannian structures,
sub-Riemannian structures defined in R™ having as generating frame a set of sublLinear vector
fields.

Let us just remark that if the sub-Riemannian structure is not Lie-bracket generated then in
general the operator is not hypoelliptic and the heat evolution does not smooth the initial condition.

Consider for example the operator L = 92 + 8?3 on R3. This operator is not obtained from Lie-
bracket generating vector fields. Consider the corresponding heat operator d; — L on [0, 00] x R3.
Since the z direction is not appearing in this operator, any discontinuity in the z variable is not
smoothed by the evolution. For instance if ¢(x,y,t) is a solution of the heat equation 9, — L = 0
on [0,00] x R2, then ¢ (z,y,t)0(2) is a solution of the heat equation in [0, 00] x R?, where  is the
Heaviside function.

17.2 The heat-kernel on the Heisenberg group

In this section we construct the heat kernel on the Heisenberg sub-Riemannian structure. To this
purpose it is convenient to see this structure as a left-invariant structure on a matrix representation
of the Heisenberg group. This point of view is useful to build in a canonical way a volume form and
hence the sub-Riemannian Laplacian. Moreover this point of view permits to look for a simplified
version of the heat kernel using the group law.

17.2.1 The Heisenberg group as a group of matrices

The Heisenberg group Hs can be seen as the 3-dimensional group of matrices
1 =z 2+ %:L"y
Hy = 0 1 Y | z,y,z € R
0 0 1

endowed with the standard matrix product. H» is indeed R?, endowed with the group law

1
(1,91, 21) - (72,92, 22) = <331 + 22, Y1 +Y2,21 + 22+ 5 (1y2 — x2y1)> .

%j.e. a proto-sub-Riemannian structure
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This group law comes from the matrix product after making the identification

1 =z z—i—%xy
(z,y,2) ~ | 0 1 y
0 0 1

The identity of the group is the element (0,0,0) and the inverse element is given by the formula

(:Ev Y, z)_l = (_:Ev —-Y, —Z)
A basis of its Lie algebra of Hy is {p1, p2, k} where
010 0 0O 0 01
m=000)| p=]0o01 k=| 00 0|. (17.17)
0 00 0 0O 0 00
They satisfy the following commutation rules: [p1,p2] = k, [p1, k] = [p2, k] = 0, hence H is a 2-step
nilpotent group.
Remark 17.10. Notice that if one write an element of the algebra as xp; + yps + zk, one has that
1 =z 2+ %:Ey
exp(xpr +yp2a +2k)=| 0 1 Yy . (17.18)
0 0 1

Hence the coordinates (x,y, z) are the coordinates on the Lie algebra related to the basis {p1, p2, k},
transported on the group via the exponential map. They are called coordinates of the “first type”.
As we will see later, coordinate x,y,w = z + %xy, that are more adapted to the group, are also
useful.

The standard sub-Riemannian structure on Hs is the one having as generating frame:
Xi(9) = gp1, Xo(g) = gpa.

With a straightforward computation one get the following coordinate expression for the generating
frame:
Y x
Xl :am_§827 X2:ay+§aza

that we already met several times in the previous chapters.
Let Ly (reap. Ry) be the left (resp. right) multiplication on Hj:
Ly:Hy > hw— gh (resp. Ry: Hy 2 h+— hg).

Exercise Prove that, up to a multiplicative constant, there exist one and only one 3-form dhy,
on Hy which is left-invariant, i.e. such that Ljdh = dh and that in coordinates coincide (up to
a constant) with the Lebesgue measure dz A dy A dz. Prove the same for a right-invariant 3-form
dhpg,

The left- and right-invariant forms built in the exercise above are called the left and right Haar
measures. Since they coincide up to a constant the Heisenberg group is said to be “unimodular”.
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In the following we normalise the left and right Haar measures on the sub-Riemannian structure
in such a way that
dhr (X1, X2, [X1, Xo]) = dhr(X1, Xo, [X1, Xo]) = 1. (17.19)

The 3-form obtained in this way coincide with the Lebesgue measure and in the following we call
it simply the “Haar measure”
dh =dx Ndy A dz.

Exercise Prove that the two conditions (I7.19) are invariant by change of the orthonormal frame.

17.2.2 The heat equation on the Heisenberg group

Given a volume form w on R3, the sub-Riemannian Laplacian for the Heisenberg sub-Riemannian
structure is given by the formula,

Ap(9) = (XT + X3 + dive(X1) X1 + divy(X2) X2) ¢. (17.20)

If we take as volume the Haar volume dh, and using the fact that X; and X5 are divergence free
with respect to dh, we get for the sub-Riemannian Laplacian

Brr(9) = (X1)? + (X2)* = (8 — 500 + (9, + 50:)* (17.21)
The heat equation on the Heisenberg group is then
x
Bir(@) = (9 = 500 + (9 + 50.)%) dla,y,2.1) = Dl y, 2, 1).

For this equation, we are looking for the heat kernel, namely a function Ky(q,q) such that the
solution to the Cauchy problem

(0~ Am)d =0
{ 5(0,0) = do(a) € TR, dh) (17.22)
can be expressed as
oa.t) = [ Kila.0on(@dn(a) (17.23)

The existence of a heat kernel that is smooth, positive and symmetric is guaranteed by Theorem
79 since the Heisenberg group (as sub-Riemannian structure) is complete.

The construction of the explicit expression of the heat kernel on the Heisenberg group was an
important achievement of the end of the seventies. Here we propose an elementary direct method.
divided in the following step:

STEP 1. We look for a special form for K(q,7) using the group law.

STEP 2. We make a change of variables in such a way that the coefficients of the heat equation depend
only on one variable instead than two.
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STEP 3. By using the Fourier transform in two variables, we transform the heat equation (that was
a PDE in 3 variable plus the time) in a heat equation with an harmonic potential in one
variable plus the time.

STEP 4. We find the kernel for the heat equation with the harmonic potential, thanks to the Mehler
formula for Hermite polynomials.

STEP 5. We come back to the original variables.
Let us make these steps one by one.

STEP 1 Due to invariance under the group law, we have that for K;(q,q) = K¢(p-q,p-q) for every
p € Ho. Taking p = ¢~ we have that Ky(q,q) = K;(0,¢~'q) hence we can write

Ki(q, ) =pilg ") =p(Z— 2,5 —y,2— 2) = pi(w — T,y — §,2 — ),
for a suitable function p.(-) called the fundamental solution. In the last equality we have used the

symmetry of the heat kernel.

STEP 2 Let us make the change the variable z — w, where
w=z+ 5:171/

(cf. Remark [I7I0). In the new variables we have that the Haar measure is dh = dz A dy A dw.
The generating frame and the sub-Riemannian Laplacian become

1
Xi=|(0]=0 (17.24)

0

0
Xo=| 1 | =9, + 20, (17.25)

X
Ap(¢) = (X1)? + (X2)? = 92 + (0 + 20u). (17.26)

The new coordinates are very useful since now the coefficients of the different terms in Ay depend
only on one variable. We are then looking for the solution to the Cauchy problem

{ oz, y,w,t) = Ag(p(x,y, w,t)) = (92 + (9y + x0u)?) p(x,y,w, 1)

(2,9, w,0) = golz,y, w) € L2(R?, dh) (17:27)

where (,0(3:, Y, w, t) = ¢($, Y, w— %:Ey)
STEP 3 By making the Fourier transform in y and w, we have 9, — iu, d,, — iv and the Cauchy
problem become
Op(x, pyv,t) = (07 — (u+va)?) oz, p, v, t)
. . (17.28)
(P(x, u, v, O) = (,00(%, s V)‘
By making the change of variable x — 60, where p+va = v, ie., § =z + £ we get:
Ot (0,t) = (95 — v20°) @ (0,1)
o _p 17.29
{ @ (0,0) = ¢p™" (0), (17.29)
where we set @ (0,t) := $(0 — &, p, v, t), and @(" (0) = ¢o(0 — £, p, v).
STEP 4. We have the following
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Theorem 17.11. The solution of the Cauchy problem for the evolution of the heat in an harmonic

potential, i.e.
ou(0,1) = (37 — v*62) (0,
{ zbt(H, 0) = %(06) € L*(R,db (17.30)

can be written in the form of a convolution kernel
w(6.6) = [ Q1(6.0)0u(@)ad
where

(0% 4+ 6°) + LH) . (17.31)

vin Av . v _ 1vcosh(2uv1)
QL (0,0) = < sinh(2vt)

27 sinh(2vt) o 2 sinh(2ut)
Remark 17.12. In the case v = 0 we interpret Q9(6,0) as

1 (6 —0)?
exp|—

Vart 4t

Proof. For v =0, equation (I7.30) is the standard heat equation on R and the heat kernel is given

by formula (I7.32)). See for instance [?]. In the following we assume v # 0. The eigenvalues and
the eigenfunctions of the operator 85 — v26% on R are (see Appendix ?7?)

lim, -0QY (0, 0) =

). (17.32)

E; = —20(j + 1/2)

1 (0) = —— (1) exp(= 22y, (y0) (17.33)
7 NOTTRS: 2

where H; are the Hermite polynomials
2 d] 2
H;(0) = (—1)! exp(0 )% exp(—0-).

Being {¢}}jen an orthonormal frame of L?*(R), we can write
t) = Cit)p5(6)
J

Using equation (I7.30]), we obtain that

where Cj(0) = [ ¢%(0)1o(0) df. Hence

$(0,1) = /R QY (0, 8)bo(6) db

where

QY (0,0) Zcp] 0) exp(tE;).
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After some algebraic manipulations and using the Mehler formula for Hermite polynomials

H](H)H](é) i o\ 1 29@'(0 — (62 + 52)w2
;Tj!(wy—(l—w) 2 exp T , VweR

with 6 — 10, 0 — /vf, w — exp(—2vt), one get formula (T7.31]). O
Using Theorem [I7.11] we can write the solution to I7.30] as

7 (0,1) = /R Q1(6,6) g (B)dd.

STEP 5 We now come back to the original variables step by step. We have

. LG LH
Bl 1, t) = 0= [ Qe+ B @i~ [ ora+ Lot B s
1/ 1/ v
In the last equality we made the change of integration variable § — Z with § = z + £ and we used

the fact that ¢ (z + £) = ¢o(Z, p, v )
Now, using the fact that ¢o(Z, u,v) is the Fourier transform of the initial condition, i.e.

(T, p,v //gpo e e g dip,

and making the inverse Fourier transform we get

o(z,y, w,t) 22 // x, v, t)eY e dy dy
)2

= / < / / QY (z ) wly=p) v (w= “’)d,udu> o(Z, 7, ®)dz dij dw.
R3

Coming back to the variable z,y, z, we have

1
o(x,y, 2,t) = p(x,y, 2 + §xy) = /3 Ki(z,y,2,%,9,2)$0(Z, 7, 2)dz dy dZ.
R
where

Ki(x,y,2,%,9,2) = (27T //Qt ;L«+“ $+“) in(y—7) giv(z—7+5 (zy— D) dy dv.

Setting Z, 9, Z to zero and after some algebraic manipulations we get for the fundamental solution

1 27 (2% + 4?) 2T
pe(z,y,2) = i) /Rsinh(ZT) exp (—m COS(ZT)dT. (17.34)

The integral representation (I7.34]) can be computed explicitly on the origin and on the z axis.
Indeed we have

K,(0,0,0;0,0,0) = p,(0,0,0) = (17.35)

16¢2

1 1 d%(0,0,0;0,0, z)
K:(0,0,0;0,0,2) = p(0,0,2) = = — — RS t) (17.36
il 2) =pi(0,0,2) 8t2 (1 +cosh (7£))  4¢2 P < 4t > 1) )
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In the last equality we have used the fact that for the Heisenberg group d(0,0,0;0,0,2) = v4mz.
Here f(t) is a smooth function of ¢ such that f(0) = 1 (here z # 0 is fixed). A more detailed
analysis permits to get for every fixed (x,v,2) such that 22 + y? # 0

c+oW) <_d2(0,0,0;x,y,z)> |

Kt(()’oao;%%z) :pt(xayaz) = t3/2 At

(17.37)

Notice that the asymptotics (I7.35]), (IZ36), (IZ.37) are deeply different with respect to those
in the Euclidean case. Indeed the heat kernel for the standard heat equation in R” is given by the

formula 2 2 2
' 1 Ty A
Kt(0,0,07$7y7z) - (47Tt)n/2 CXp < 4t > ‘

Comparing (I7.38) with (I7.35]), (I7.36]), (I'C.37), one has the impression that the heat diffusion

on the Heisenberg group at the origin and on the points on the z axis, is similar to the one in
an Fuclidean space of dimension 4. While on all the other points it is similar to to the one in
an Euclidean space of dimension 3. Indeed the difference of asymptotics between the Heisenberg
and the Euclidean case at the origin is related to the fact that the Hausdorff dimension of the
Heisenberg group is 4, while its topological dimension is 3 (See Chapter ??7). While the difference
of asymptotics on the z axis (without the origin) is related to the fact that these are points reached
a one parameter family of optimal geodesics starting from the origin and hence they are at the
same time cut and conjugate points. For more details see [?]. It is interesting to remark that on a

Riemannian manifold of dimension n the asymptotics are similar to the Euclidean ones for points

1+0(t d2(q,q
(i e CXP <_ ng”)'

! (17.38)

close enough. Indeed for every g close enough to ¢ we have K(q,q) =
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