Scuola Internazionale Superiore di Studi Avanzati - Trieste

Functional Analysis and Applications Sector

GEOMETRY AND ANALYSIS OF
CONTROL-AFFINE SYSTEMS: MOTION
PLANNING, HEAT AND SCHRODINGER

EVOLUTION

Ph.D. Thesis in
Applied Mathematics

Supervisor Candidate

Prof. Ugo Boscain Dario Prandi

Academic Year 2013/2014

SISSA - Via Bonomea 265 - 34136 TRIESTE - ITALY

1



I1 presente lavoro costituisce la tesi presentata da Dario Prandi, sotto la direzione del Prof.
Ugo Boscain, al fine di ottenere 'attestato di ricerca post-universitaria Doctor Philosophiae
presso la SISSA, curriculum in Matematica Applicata, Area di Matematica. Ai sensi dell’art.
1, comma 4, dello Statuto della Sissa pubblicato sulla G.U. no. 36 del 13.02.2012, il predetto
attestato e equipollente al titolo di Dottore di Ricerca in Matematica. Trieste, Anno Accademico
2013-2014.



To Meg.

Knowledge and ability were tools,
not things to show off.
— Haruki Murakami, 1Q84






CONTENTS

INTRODUCTION 1

1.1 Sub-Riemannian geometry 3
1.1.1  Metric properties 4
1.1.2 The sub-Laplacian 6

1.2 Complexity of control-affine motion planning 7
1.2.1  Control-affine systems 8
1.2.2 Holder continuity of the value function 9
1.2.3 Complexity and motion planning 10

1.3 Diffusions on singular manifolds 15

1.3.1 The Laplace-Beltrami operator in almost-Riemannian geometry
1.3.2 The Laplace-Beltrami operator on conic and anti-conic surfaces
1.3.3 Spectral analysis of the Grushin cylinder and sphere 22

1.4 Perspectives and open problems 31
1.4.1 Complexity of non-admissible trajectories 31
1.4.2 Singular diffusions 31

Complexity of control-affine motion planning

PRELIMINARIES OF SUB-RIEMANNIAN GEOMETRY 35

2.1 Privileged coordinates and nilpotent approximation 35
2.2 Continuous families of coordinates 38

HOLDER CONTINUITY OF THE VALUE FUNCTION 41

3.1 Time-dependent systems 42
3.1.1  Finiteness and continuity of the value function 43
3.1.2 Estimates on reachable sets 48

3.2 Control-affine systems 53
3.2.1  Connection with time-dependent systems 54
3.2.2 Estimates on reachable sets 55

COMPLEXITY AND MOTION PLANNING 61

4.1 Coordinate systems adapted to the drift 62

4.2 Cost functions 64

4.3 First results on complexities 66

4.4 Complexity of curves 69
4.5 Complexity of paths 73

Diffusions on singular manifolds

THE LAPLACE-BELTRAMI OPERATOR ON CONIC AND ANTI-CONIC SURFACES

15
17

83

33

81



5.2

5.3
5.4

Geometric interpretation 84
5.1.1  Topology of My 84
5.1.2  Surfaces of revolution 87

Self-adjoint extensions 90
5.2.1 Preliminaries 90
5.2.2  Fourier decomposition and self-adjoint extensions of Sturm-Liouville op-

erators 92
5.2.3 The first Fourier component z 0 96
Complex self-adjoint extensions 100
Bilinear forms 101
5.4.1 Preliminaries 101
5.4.2 Markovian extensions of £ |Cg°(M) 104
5.4.3 Stochastic completeness and recurrence on M 108

SPECTRAL ANALYSIS OF THE GRUSHIN CYLINDER AND SPHERE 111

6.1

Spectral analysis and the Ahronov-Bohm effect for the Grushin cylinder 111
6.1.1  Grushin metric and associated Laplace-Beltrami operator 111

6.1.2 Spectral properties of the Laplace-Beltrami operator 112

6.1.3 Aharonov-Bohm effect 113

Spectral analysis and Ahronov-Bohm effect for the Grushin sphere 116

6.2.1  Grushin metric and associated Laplace-Beltrami operator 116

6.2.2  Spectral properties of the Laplace-Beltrami operator = 117

6.2.3 Aharonov-Bohm effect 120






INTRODUCTION

Dynamics, from how a car moves up to the evolution of a quantum particle, are modelled in
general by differential equations. Control theory deals with dynamics where it is possible to
act on some part of the equation by means of controls, e.g., how to park a car or how to steer
a quantum particle to a desired state.

More precisely, a control system on a smooth manifold M is an ordinary differential equation
in the form

q(t) =f(q(t),u(t)), (1.0.1)

where u : [0, T] — U is an integrable and bounded function — called control — taking values in
some set U C R™, and f: M x U — TM is a continuous function such that f(-,u) is a smooth
vector field for each u € U. Thus, fixing a control and an initial point q¢, system (1.0.1) has a
unique maximal solution q..(t). Every curve y : [0, T] — M that can be written as solution of
system (1.0.1) for some control u and with starting point y(0), is said to be admissible.

With a control system it is possible to associate an optimal control problem. Namely, one
considers a cost | : (u, T) — [0,+00), where T > 0 and u € L*([0, T],R™). Then, given two
points do, q1 € M one is interested in minimizing the functional ] among all admissible
controls u € L*([0, T],R™), T > 0, for which the corresponding solution of (1.0.1) with initial
condition q,(0) = qo is such that q,,(T) = q;. This is written as

q(t) =f(q(t),u(t)),
q(0) =q1, q(T) = qq, (1.0.2)
J(u, T) — min.

The final time T can either be fixed, or free to be selected in a certain interval of time.

From the optimal control problem associated with a cost J, one defines the value function
V:MxM — [0,+00]. This is a function that associates to every pair of points qo, g1 € M
the infimum of the cost of controls admissible for the corresponding optimal control problem
(1.0.2). If there are no such controls, then V(qq, q1) = +o0.

The aim of this thesis is to study two different problems arising from control theory, re-
garding control-affine systems with unbounded controls, i.e.,, with U = R™. A control-affine
system on a smooth manifold M is a control system in the form

q(t) = folq(t)) + D_ wi(t)fi(q(t)), (1.0.3)
i=1

where, u : [0,T] — R™ is an integrable control function and {fy, fy,...,fm} is a family of
smooth vector fields. The vector fields fq,...,fn are called control vector fields, while g is



called the drift. For most of the dissertation we will consider as a cost J : (u, T) — [0,+00) the
L-norm of u. Namely we will be interested in the optimal control problem

q(t) =folq(t) + ) wi(t)fi(q(t),
i=1

0) = ’ T) = ’
q(0) = qo q(T) =q (1.0.4)

m
Zui(t)z dt — min.

i=1

T

H(u,T)=J

0

From a mathematical point of view, these systems describe the underlying geometry of
hypoelliptic operators, as we will see later. In applications, they appear in the study of many
mechanical systems, from the already mentioned car parking problem up to most kind of
robot motion planning, and recently in research fields such as mathematical models of human
behavior, quantum control or motion of self-propulsed micro-organism (see [ADLo8, BDJ " 08,
BCGoz2a]). A suggestive application of these systems and of hypoelliptic diffusions, in the
particular case where fy = 0, appeared in the field of cognitive neuroscience to model the
functional architecture of the area V1 of the primary visual cortex, as proposed by Petitot,
Citti, and Sarti [PTg9, Petog, CSo6].

We will focus on the following two general problems for these kind of systems.

1. Complexity of non-admissible trajectories. A common issue in control theory, used for ex-
ample in robot motion planning, is to steer the system along a given curve I'. Since, in
general, I is not admissible, i.e., it is not a solution of system (1.0.3), the best one can
do is to steer the system along an approximating trajectory. The first part of the thesis
is dedicated to quantify the cost of this approximation — called complexity — depending
on the relation between I" and (1.0.3). As a preliminary step, it is necessary to study the
value function associated with the optimal control problem (1.0.4), estimating its behavior
along the curve I'. This research appears in [Prai4, JP].

2. Singular diffusions. In the second part of the thesis we will focus on a class of two di-
mensional driftless control systems in the form (1.0.3), to which it is possible to asso-
ciate intrinsically a Laplace-Beltrami operator. Due to the control vector fields becoming
collinear on a curve Z, this operator will present some singularities. This research ap-
pears in [BP, BPS]. In [BP] our interest lies on how Z affects the diffusion dynamics. In
particular, we will try to understand if solutions to the heat and Schrodinger equations
associated with this Laplace-Beltrami operator are able to cross Z, and whether some heat
is absorbed in the process or not. On the other hand, in [BPS] we are interested in how
the presence of the singularity affects the spectral properties of the operator, in particular
under a magnetic Aharonov-Bohm-type perturbation. Recent results on this topic, that
have been part of the research developed during the PhD, but are not presented here, are
contained in the work in progress [PP].

The mathematical motivation of the problems considered in this thesis lies in sub-Riemannian
geometry. Thus, next section will be devoted to a short introduction to this topic. Our contri-
butions will then be described in Sections 1.2, 1.3.2, and 1.3.3, while Section 1.4 is devoted to
expose some open problems and future lines of research.



Other material that is related to these topics and that has been part of the research developed
during the PhD, but is not presented here, is contained in the following papers and preprints.

P1. U. Boscain, J.-P. Gauthier, D. Prandi and A. Remizov, Image reconstruction via non-isotropic
diffusion in Dubins/Reed-Shepp-like control systems, to appear on Proceedings of the 51th IEEE
Conference on Decision and Control, December 2014.

P2. R. Chertovskih, J.-P. Gauthier, D. Prandi and A. Remizov, Image reconstruction and hypoellip-
tic diffusion: new ideas — new results., in preparation.

P3. D. Prandi, Sobolev and BV integral differential quotients, in preparation.

1.1 SUB-RIEMANNIAN GEOMETRY

Sub-Riemannian geometry can be thought of as a generalization of Riemannian geometry,
where the dynamics is subject to non-holonomic constraints. Classically (see, e.g., [Mono2]), a
sub-Riemannian structure on M is defined by a smooth vector distribution A C TM —ie., a
sub-bundle of TM — of constant rank k and a Riemannian metric g defined on A. From this
structure, one derives the so-called Carnot-Carathéodory distance dsg on M: The length of any
absolutely continuous path tangent to the distribution — called horizontal — is defined through
the Riemannian metric, and the distance dsr(qo, q1) is then defined as the infimum of the
length of all horizontal paths joining q¢ to q7. If no such path exists, dsr(qo,q1) = +oo.
Locally, it is always possible to find an orthonormal frame {fy, ..., fm} for A. This allows to
identify horizontal trajectories with admissible trajectories of the non-holonomic control system

q(t) =) wi(t)fi(q(t)). (1.1.1)
i=1

The problem of finding the shortest curve joining two fixed points qo, q1 € M is then naturally
formulated as the optimal control problem

q(t) =) ui(t)fi(q(t),
i=1

q0) =q1,  q(T) =4z,

T m
I, T) = L . Z u;(t)2 dt — min.
i=1

With this point of view, the Carnot-Carathéodory distance is the value function associated with
(1.1.2).

This framework is however more general than classical sub-Riemannian geometry. Indeed,
choosing f1,...,fm to be possibly non-linearly independent, this optimal control formulation
allows to define sub-Riemannian structures endowed with a rank-varying distribution A(q) =
span{f1(q),...,fm(q)}. Namely, it is possible to define a Riemannian norm on A(q) as

(1.1.2)

m
[vllq = min {|u| lv= Zuifi(q)} , forany v e A(q),

i=1



=

from which the metric g, follows by polarization. Through this metric we obtain the Carnot-
Carathéodory distance, coinciding with the value function of the optimal control problem
associated with the non-holonomic control system, as in the classical case. Since it well known
that every distribution can be globally represented as the linear span of a finite family of
(possibly not linearly independent) vector fields (see [Suso8, ABB12a, DLPR12]), it is always
possible to represent globally a sub-Riemannian structure as a non-holonomic system.

Although it is outside the scope of the following discussion, we remark that this control
theoretical setting can be stated in purely geometrical terms, as done in [ABB12a].

1.1.1 Metric properties

Once the Carnot-Carathéodory distance is defined, the first natural question is: is it finite? This
amounts to ask if every pair of points of M is joined by an horizontal curve. This property, in
the control theoretic language, is known as controllability or accessibility.

A partial answer (for analytic corank-one distributions) can be found in Carathéodory paper
[Carog] on formalization of classical thermodynamics, where the role of horizontal curves is
roughly taken by adiabatic processes’. However it is not until the 30’s, that Rashevsky [Ras38]
and Chow [Cho39] independently extendend Carathéodory result to a general criterion for
smooth distributions. The key assumption of this theorem is the Hormander condition (or Lie
bracket-generating condition) for A, i.e., that the Lie algebra generated by the horizontal vector
fields spans at any point the whole tangent space.

Theorem 1.1.1 (Chow-Rashevsky Theorem). Let M be a connected sub-Riemannian manifold, such
that A satisfies the Hormander condition. Then, the Carnot-Carathéodory distance is finite, continuous,
and induces the manifold topology.

Heuristically, the Chow-Rashevsky theorem is a consequence of the fact that, in coordinate
representation,

e Yoe tfoet9oetf(q) = q+t2[f, gl(q) + o(t?). (1.1.3)

Iterating this procedure shows that, if the Lie bracket-generating condition is satisfied, it is
possible to move in every direction and hence to connect every couple of points on M.

Let us remark that the converse is not true without assuming M and A to be analytic (see
[Nag66]). From now on, we will always assume the Lie bracket-generating condition to be
satisfied.

Although finite, the Carnot-Carathéodory distance presents a quite different behavior than
the Riemannian one. It is a basic fact of Riemannian geometry that small balls around a fixed
point are, when looked in coordinates, roughly Euclidean. This isotropic behavior is essentially
due to the fact that geodesics tangent vectors are parametrized on the Euclidean sphere in the
tangent space. In sub-Riemannian geometry this is no more true, and as a consequence the
Carnot-Carthéodory distance is highly anisotropic. Indeed, in order to move in directions
that are not contained in the distribution, it is necessary to construct curves like (1.1.3). This
suggest that the number of brackets we have to build to attain a certain direction is directly
related to the cost of moving in that direction.

Indeed, the proof of this fact relies on the theory of Carnot cycles. This is why the sub-Riemannian distance is known
as “Carnot-Carathéodory” distance.



In order to exploit this fact, it is necessary to choose an appropriate coordinate system. Let
A" = A and define recursively AST! = AS +[AS,Al, for every s € N. By the Hérmander
condition, the evaluations of the sets A® at q form a flag of subspaces of T4M,

A'(q) C A*(q) C...C AT(q) = TqM. (1.1.4)

The integer r = 1(q), which is the minimum number of brackets required to recover the whole
TqM is called degree of non-holonomy (or step) of A at q. Finally, let wy < ... < wy be the
weights associated with the flag, defined by w; = s if dim ASTT (q) <1< dimA®(q), setting
dim Ao(q) = 0. A system of coordinates z = (z1,...,zn) at q is privileged whenever the non-
holonomic order of z; is exactly w; —i.e., if fi, --- i, zi = 0 for any {iy,...,in,} C{1,...,m}
but f;, ---fi,, fi,, ,zi # 0 for some {iy,... ,iwi,iwﬁf} C {1,...,m}. In particular, any system
of privileged coordinates at q induces a splitting of the tangent space as a direct sum,

TyM =AN(q) @ A%(q)/ A (q) @ ... &A™ (q)/ A" " (q),

iw;

where each A%(q)/ A% '(q) is spanned by 9,[q with w; = s.
Starting from the 80’s, various authors exploited privileged coordinates to obtain the fol-
lowing result, showing the strong anisotropy of the Carnot-Carathéodory distance. For early

versions see [NSW85, Gergo, Grog6], while a general and detailed proof can be found in [Belg6].

Theorem 1.1.2 (Ball-box Theorem). Let z = (z1,...,zn) be a system of privileged coordinates at
q € M. Then, there exist C, eq > 0 such that for any € < €, it holds

Box (és) C Bsr(q, €¢) € Box (Ce).

Here, we let Bsr(q, €) be both the sub-Riemannian ball of radius € > O centered in q and its coordinate
representation z(Bsr(q, €)). Moreover, we let

Box(e) ={x € R™ | [x;] < e™i}. (1.1.5)

An immediate consequence of this theorem is the Holder equivalence of the Carnot-Carathéodory
distance and the Euclidean one. Namely, in any coordinate system centered at q and for q’
sufficiently close to g, it holds

9’ —ql S dsr(q,q") S g’ —qI (1.1.6)

Here we used “<” to denote an inequality up to a multiplicative constant.

As a consequence of the anisotropy of the distance, the Hausdorff dimension of a sub-
Riemannian manifold is different from its topological dimension. A point q is said to be
regular if dim A® is constant near q for any 1 < s < r. If every point is regular, then the sub-
Riemannian manifold is said to be equireqular. This allows to prove the following celebrated
theorem [Mit85].

Theorem 1.1.3 (Mitchell’s measure theorem). The Hausdorff dimension dimgC M of a sub-Riemannian
manifold at a reqular point q is given by

T
dim3M =} s(dim A®(q) —dim A" '(q)).
s=1
In particular, if dim A(q) < dim M, then dim M < dimgf M. Moreover, the (dimgc M)-dimensional
Hausdorff measure is absolutely continuous with respect to any smooth volume, near q.



The theorem has been proved only at regular points since near these points the Ball-Box
Theorem holds with uniform constants. See [G]13] for some more general results in this
direction.

1.1.2  The sub-Laplacian

A differential operator P is hypoelliptic if for any a : U C M — R it holds that Pa € C*(U)
implies a € C*®(U). The deep connection between second-order hypoelliptic operators and
sub-Riemannian geometry became evident after the celebrated work [Hor67]. In this paper,
Hormander proved that the Lie bracket-generating condition is sufficient for the hypoellipticity
of a second order differential operators with local expression

m
L= Z 2 + “first-order terms”,
i=1
where the fi’s are first-order differential operators. Then, interpreting {fy,...,fm} as a family
of vector fields, it is possible to define a sub-Riemannian structure on M.
The operator £ = Y ™, f# is commonly called the sub-Laplacian on M associated with the
frame {fy, ..., fm}. From a sub-Laplacian it is possible to recover the Carnot-Carathéodory met-

ric dgg defined by the frame. In fact, letting the sub-Riemannian gradient Viyu =Y I, fiu, it
holds that

dsg (4o, q1) = sup {u(x) —uly) | w € CX(M) and | Vuuf? < Tae.},

where |Vyul2 = >y (fiw)2. This has allowed to find many estimates on the fundamental
solution of £ in terms of the associated Carnot-Carathéodory distance (see, e.g., [FS74, RS76]),
and was at the origin of the renovated interested in sub-Riemannian geometry in the 70’s
[Gavy7].

However, the correspondence between hypoelliptic operators and sub-Riemannian mani-
folds is not one-to-one. Indeed, it is easy to check that the sub-Riemannian gradient does
not depend on the family of vector fields {fy,...,fm}, but is intrinsically defined by the sub-
Riemannian structure>. On the other hand, the sub-Laplacian £ associated with a different
family of vector fields {g1,...,gm}, generating the same distribution, differs from £ by a first-
order differential operator. Thus, the same sub-Riemannian structure is associated with differ-
ent sub-Laplacians.

Since we are interested in having a diffusion operator intrinsically associated with the sub-
Riemannian structure, we have to resolve this ambiguity. The same problem arises in Rie-
mannian geometry, when defining the Laplace-Beltrami operator, and it is resolved through
the Green identity. We will proceed in the same way. Namely, instead of defining the sub-
Laplacian through a local frame of the distribution, we consider a global smooth volume form
dy, and let the sub-Laplacian £ to be the only operator satisfying the Green identity:

—J f(Lg)du= J g(Vuf, Vig)dy, for any f,g € CZ(M). (1.1.7)
M M

Hence, in order to have an intrinsically-defined sub-Laplacian, one needs the volume du to be
intrinsically defined by the geometric structure of the manifold.

Indeed, the sub-Riemannian gradient of u is the only vector field such that g q (Vau(q),v) =du(v),forany g € M
and v € A(q).



In the Riemannian case this problem is readily settled. Indeed, on any Riemannian man-
ifold there are three common ways to define an intrinsic volume: The Riemannian metric
defines the Riemannian volume, with coordinate expression dV = ,/gdx; /A --- /A dx;, while
the Riemannian distance allows to define the n-dimensional Hausdorff and spherical Haus-
dorff volumes. Since these three volumes are proportional up to a constant (see, e.g., [Fed69]),
they are equivalent for the definition of the Laplace-Beltrami operator through (1.1.7).

In the sub-Riemannian setting, through the sub-Riemannian structure it is possible to define
an intrinsic measure — called Popp measure — that plays the role of the Riemannian volume, and
which is smooth if M is equiregular. In the equiregular case, by Theorem 1.1.3, we have at our
disposal also the (dim”f M)-dimensional Hausdorff measure and spherical Hausdorff measure,
which are commensurable one with respect to the other (see, e.g., [Fed69]) and are absolutely
continuous with respect to the Popp measure. Recent results [ABB12b], have however proved
that the density of the Hausdorff measures with respect to the Popp measure is not, in general,
smooth. Thus these measures define different intrinsic sub-Laplacians. When the manifold is
not equiregular, moreover, these sub-Laplacians can present terms that diverge near singular
points, as we will discuss in the next section.

This said, considering sub-Riemannian manifolds endowed with additional structure can re-
solve this ambiguity. For example, for left-invariant sub-Riemannian structures, i.e., Lie groups
equipped with a left-invariant distribution and metric, both the Popp and the Hausdorff mea-
sures are left-invariant and hence Haar measures. The uniqueness up to a constant of Haar
measures, allows then to define the sub-Laplacian through (1.1.7), as studied in [ABGRog].

1.2 COMPLEXITY OF CONTROL-AFFINE MOTION PLANNING

The concept of complexity was first developed for the non-holonomic motion planning prob-
lem in robotics. Given a control system on a manifold M, the motion planning problem
consists in finding an admissible trajectory connecting two points, usually under further re-
quirements, such as obstacle avoidance. If a cost function is given, it makes sense to try to
find the trajectory costing the least. This study is critical for applications. As examples we
cite: mechanical systems with controls on the acceleration (see e.g., [BLos], [BLS10]) where the
drift is the velocity, or quantum control (see e.g., [D’A08], [BMo6]), where the drift is the free
Hamiltonian.

Different approaches are possible to solve this problem (see [LSL98]). Here we focus on
those based on the following scheme:

1. find any (usually non-admissible) curve or path solving the problem,

2. approximate it with admissible trajectories.

The first step is independent of the control system, since it depends only on the topology of
the manifold and of the obstacles, and it is already well understood (see [SS83]). In the first
part of this thesis, we are interested in the second step, which depends only on the local nature
of the control system near the path. Our goal is to understand how to measure the complexity
of the approximation task for control-affine systems. Namely, we are interested in systems in
the form

q(t) = folq(t) + ) wi(t)filq(t), (1.2.1)
i=1



By complexity we mean a function of the non-admissible curve I' C M (or path vy : [0, T] = M),
and of the precision of the approximation, quantifying the difficulty of the latter by means of
the cost function.

The following two sections will be dedicated to some generalities on systems of the form
(1.2.1) and to the preliminary results contained in [Prai4], respectively. These results are es-
sential for the study of the complexity carried out in Section 1.2.3, where we will present the
results contained in [JP].

1.2.1  Control-affine systems

It has been known since the the 70’s that under the strong Hormander condition, i.e., if {fy,...,fm}
satisfies the Hormander condition, and with unbounded controls, systems in the form (1.2.1)
are controllable. Such a result is proved for example in [BLy5], considering (1.0.3) as a per-
turbation of a non-holonomic control system. From now on, we will always assume the
strong Hormander condition to be satisfied. Such assumption is generically satisfied, e.g.,
by finite-dimensional quantum control systems with two controls, as the ones studied in
[BCo4, BCGo2a, DDo1].

Although out of the scope of the present work, we have to mention that from as early as the
60’s the problem of controllability of such systems under the Hérmander condition - i.e., that
the Lie algebra generated by the drift and the control vector fields spans the whole tangent
space at any point — has been subject to a lot of attention, see for example [Kal6o, Her64, BL75,
Sus82]. In particular, the main focus has been the so-called small time local controllability around
an equilibrium point, i.e., if given an equilibrium point ¢ € M and any time T > 0 the end-
points of admissible trajectories defined on [0, T] and starting from q cover a neighborhood of
q. This problem is important, for example, in the context of quasi-static motions for robots
with controls on the acceleration. For a review on results obtained in this direction see e.g.,
[Kawgo].

System (1.2.1) can be seen, from a geometrical point of view, as a generalization of sub-
Riemannian geometry, where the distribution A(q) is replaced by the affine distribution fo(q) +
A(q). Thus, in addition to the L' cost J considered in (1.0.4), it makes sense to study also the
cost

that measures the “Riemannian” length of admissible curves. We then fix a time 7 > 0 and
consider the two value functions V? (go0,9q1) and Vj(qo, d1) as the infima of the costs g and J,
respectively, over all controls steering system (1.0.3) from qo to q7 in time T < 7. Contrarily
to what happens in sub-Riemmanian geometry with the Carnot-Carathéodory distance, these
value functions are not symmetric, and hence do not induce a metric space structure on M. In
fact, system (1.2.1) is not reversible —i.e., changing orientation to an admissible trajectory does
not yield an admissible trajectory.

The reason for introducing a maximal time of definition for the controls — not needed in the
sub-Riemannian context — is that, by taking T sufficiently small, it is possible to prevent any
exploitation of the geometry of the orbits of the drift (that could be, for example, closed). Let
us also remark that, since the controls can be defined on arbitrarily small times, it is possible to



approximate admissible trajectories via trajectories for the sub-Riemannian associated system
(i.e., the one obtained by posing fyo = 0 in (1.0.3)) rescaled on small intervals.

1.2.2  Holder continuity of the value function

The work [Pra14], is dedicated to generalize the Chow-Rashewsky theorem and the Ball-box
theorem to system (1.0.3) with the cost J. This is a technical but essential result for the under-
standing of complexities, as we will see in the following section. Indeed, the first result we
obtain is a global continuity result for the value function.

Theorem 1.2.1. For any 0 < T < +oo, the function VI : M x M = [0, +00) is continuous. Moreover,
letting dggr be the sub-Riemannian distance induced by {f1,...,fm}, it holds

J n < : tfo / /
Vi(q,q") < Og}lgdeR(e q,9"),  foranyq,q € M.

Letting R¢ (q, ) be the reachable set from q with cost g less than ¢, Theorem 1.2.1 shows
that

|J Bsr(e*oq,e) Ry, (q,e). (1.2.2)
0<t<T

Thus, the cost to steer the sub-Riemannian system from one point to another is always larger
or equal than the cost to steer the control-affine system between the same points. Moreover,
the fact that in coordinates it holds

etfoef o etfot et (q) = 2tfo(q) + telfo, f11(q) + o(et),

suggests that exploiting the drift it is actually possible to move more easily in some directions.
Indeed, we will prove that this is the case, but only on very special directions realized as
brackets of the drift with the control vector fields. Although this will not suffice to improve
(1.2.2), we will be able to obtain a ball-box-like estimation of the reachable set from the outside.

Assume that the drift is regular, in the sense that there exists s € IN such that fo C A® \ASTT,
where A® is defined through the vector fields {f;,...,fm} as in the sub-Riemannian case. In
particular, this allows to build systems of privileged coordinates rectifying fo. Let {9, };* ; be
the canonical basis of R™ such that 9., be the coordinate expression of fy, and consider the
following sets:

=) = U (£9z, +Box(m))

0<EST

Mn) = U ZE€R™: |z2g— & <n®, [zl <™ +nE s forwy <s, ik,
0<ELT 1
and |z;i] <+ &5)ViT for wy > s},

In particular, observe that TT(n) is contained in Box(n), defined in (1.1.5), and that TT(n) N{z, <
0} = Box(n) N{z¢ < 0}. We then get the following generalization of the Ball-Box theorem



Theorem 1.2.2. Let z = (z1,...,2n) be a system of privileged coordinates at q for {f1,...,fm],
rectifying fo as the k-th coordinate vector field 0, for some 1 < { < n. Then, there exist C,ep, To > 0
such that, if the maximal time of definition of the controls satisfies T < Ty, it holds

= (ée) C Ry, (q,¢) CTI(Ce), for e < gop. (1.2.3)

Here, with abuse of notation, we denoted by R (q, €) the coordinate representation of the reachable set.

This theorem represent the key step for generalizing the estimates on the complexity of
curves from sub-Riemannian control systems to control-affine systems.

Finally, as in the sub-Riemannian case, as a consequence of Theorem 1.2.2 we get the follow-
ing local Holder equivalence between the value function and the Euclidean distance.

Theorem 1.2.3. Let z = (z1,...,2n) be a system of privileged coordinates at q for {f1,...,fm],
rectifying fo as the k-th coordinate vector field 9,,, for some 1 < € < n. Then, there exist Ty, g9 > 0
such that, if the maximal time of definition of the controls satisfies T < To and VI(q,q’) < eo, it holds

1
dist (2(q"), z(e* 7)) < V7(q,q") < dist (2(q"), 2(el*Toq)) "

Here for any x € R™ and A C R™, dist(x, A) = infyc A [x —y| denotes the Euclidean distance between
them and v is the degree of non-holonomy of the sub-Riemannian control system defined by {f1, ..., fm}.

In this result, instead of the Euclidean distance from the origin that appeared in (1.1.6), we
have the distance from the integral curve of the drift. This is due to the fact that moving in
this direction has null cost.

It is worth to mention that these results regarding control-affine systems are obtained by
reducing them, as in [AL10], to time-dependent control systems in the form

qt)=> w(t)fi(qt)), ae telo,T], (1.2.4)
i=1

where ffl‘ = (e tfo),f; is the pull-back of f; through the flow of the drift. On these systems,
that are linear in the control, we are able to define a good notion of approximation of the control
vector fields. Namely, we will define a generalization of the nilpotent approximation, used in
the sub-Riemannian context, taking into account the fact that in system (1.2.4), exploiting the
time, we can generate the direction of the brackets between fy and the fjs. This approximation
and an iterated integral method yield fine estimates on the reachable set.

1.2.3 Complexity and motion planning

The core of the first part of the thesis is [JP], in collaboration with F. Jean. Here, we focus
on extending the concept of complexity, already introduced in the sub-Riemannian setting by
Gromov [Grog6, p. 278] and Jean [Jeao1a], to the control-affine case, and to give weak estimates
of these quantities.

Heuristically, the complexity of a curve I' (or path y : [0, T] = M) at precision ¢ is defined as
the ratio

“cost” to track I" at precision &
“cost” of an elementary e-piece’

(1.2.5)
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Tube(T, €)

Figure 2: Tubular approximation complexity

Bsr(v(t), €)

X

Figure 4: Neighboring approximation com-
plexity

Figure 3: Time interpolation complexity

In order to obtain a precise definition of complexity, we need to give a meaning to the no-
tions appearing above. Namely, we have to specify what do we mean by “cost”3, tracking at
precision ¢, and elementary e-piece. Indeed, these choices will depend on the type of motion
planning problem at hand.

First of all, we classify motion planning problems as time-critical or static, depending on
wether the constraints depend on time or not. The typical example of static motion planning
problem is the obstacle avoidance problem with fixed obstacles. On the other hand, the same
problem where the position of the obstacles depends on time, or the rendez-vous problems,
are examples of time-critical motion planning problems.

For static motion planning problems, the solution of the first step of the motion planning
scheme (introduced at the beginning of the paper) is usually given as a curve, i.e., a dimension
1 connected submanifolds of I' C M diffeomorphic to a closed interval. On the other hand,
in time-critical problems we have to keep track of the time. Thus, for this type of problems,
the solution of the first step is a path, i.e., a smooth injective function vy : [0,T] — M. As
a consequence, when computing the complexity of paths we will require the approximating
trajectories to respect also the parametrization, and not only the geometry, of the path. While
in the sub-Riemannian case, due to the time rescaling properties of the control system, these
concepts coincide, this is not the case for control-affine systems.

In this thesis, we consider four distinct notions of complexity, two for curves (static problems)
and two for paths (time-critical problems). In both cases, one of the two will be based on the
interpolation of the given curve or path, while the other will consider trajectories that stays

The cost appearing in (1.2.5) is not necessarily related with the cost function (J or J) taken into account. This is the
reason for the quotation marks.



near the curve or path. Thus, for this complexity, we will need to fix a metric. In this work
we will consider only the sub-Riemannian metric of the associated sub-Riemannian control
system (obtained by putting fo = 0 in (1.2.1)).

We remark that the two complexity for curves are the same as the sub-Riemannian ones
already introduced in [Grog6, Jeaoia]. This is true also for what we call the neighboring
approximation complexity of a path, since in the sub-Riemannian case it coincides with the
tubular approximation complexity. On the other hand, what we call the interpolation by time
complexity never appeared in the literature, to our knowledge. Here, we define them for the
cost J, but the same definitions holds for J.

Fix a curve I'. Then, denoting by g, the trajectory associated with a control u and with
starting point q.(0) = x, we define for any ¢ > 0 the following complexities.

o Interpolation by cost complexity: (see Figure 1) For ¢ > 0, let an e-cost interpolation of T to
be any control u € U such that there exist 0 =t < t; < ... < ty =T < T for which
the trajectory q, with initial condition q,,(0) = x satisfies q.(T) =y, qu(ti) € T and
H(u\[tH,ti),ti —ti_1) <¢ foranyi=1,...,N. Then, let

int

1
I (Ie) = - inf {J(u, T) | qu is an e-cost interpolation of T'}.

This function measures the number of pieces of cost € necessary to interpolate I'. Namely,
following a trajectory given by a control admissible for Z?nt(l", €), at any given moment it

is possible to go back to I' with a cost less than e.

o Tubular approximation complexity: (see Figure 2) Let Tube(T, €) to be the tubular neighbor-
hood of radius € around the curve I' w.r.t. the small sub-Riemannian system associated
with (1.2.1) (obtained by putting fy = 0), and define

1 0<TKT,
23T e) = Sinf Q3w T) | qu(0) =x, qu(T) =1y,
qu ([0, T]) C Tube(T, ¢)

This complexity measures the number of pieces of cost ¢ necessary to go from x to y
staying inside the sub-Riemannian tube Tube(T, €). Such property is especially useful for
motion planning with obstacle avoidance. In fact, if the sub-Riemannian distance of I'
from the obstacles is at least ¢y > 0, then trajectories obtained from controls admissible

for ngp(]", €), € < g9, will avoid such obstacles.

We then define the following complexities for a path y : [0, T = M at precision ¢ > 0.

o Interpolation by time complexity: (see Figure 3) Let a b-time interpolation of v to be any
control u € L*([0, T, R™) such that its trajectory q., : [0, T] — M with g (0) = y(0) is
such that g (T) = y(T) and that, for any interval [to,t1] C [0, T] of length t; —ty < 5,
there exists t € [tg, t1] with g (t) =y(t). Then, fix a 6o > 0 and let

Gy, €) = inf{T ’

5 €(0,80) and exists u € L*([0, T],R™), }
)

5-time interpolation of v, s.t. 6 J(u, T) < ¢

Controls admissible for this complexity will define trajectories such that the minimal
average cost between any two consecutive times such that y(t) = q(t) is less than ¢. It
is thus well suited for time-critical applications where one is interested in minimizing the
time between the interpolation points - e.g. motion planning in rendez-vous problem.



e Neighboring approximation complexity: (see Figure 4) Let Bsr(p, €) denote the ball of radius
e centered at p € M w.r.t. the small sub-Riemannian system associated with the control-
affine system, and define

1. (0) =x, qu(T) =y, }

J _ qu qu Y

o ,e)=—-inf<{J(u, T .

fptr:e) = int{atu, | 0 25 0 5 %

This complexity measures the number of pieces of cost ¢ necessary to go from x to y
following a trajectory that at each instant t € [0, T] remains inside the sub-Riemannian
ball Bsr(v(t),€). Such complexity can be applied to motion planning in rendez-vous
problems where it is sufficient to attain the rendez-vous only approximately.

We remark that for the interpolation by time complexity the “cost” in (1.2.5) is the time,
while for all the other complexities it is the cost function associated with the system. For
the motivation of the bound on & in the definition of the interpolation by time complexity,
see Remark 4.3.3. Finally, whenever a metric is required, we use the sub-Riemannian one.
Although such metric is natural for control-affine systems satisfying the Hérmander condition,
nothing prevents from defining complexities based on different metrics.

Two functions f(e) and g(e), tending to co when ¢ | 0 are weakly equivalent (denoted by
f(e) < g(e)) if both f(e)/g(e) and g(e)/f(e), are bounded when ¢ | 0. When f(e)/g(e) (resp.
g(e)/f(e)) is bounded, we will write f(e) < g(e) (resp. f(e) = g(e)). In the sub-Riemannian
context, the complexities are always measured with respect to the L'cost of the control, J.
Then, for any curve I' C M and path v : [0, T] — M such that y([0, T]) = T it holds zﬂu(r, g) <
Zop(Tre) < 0dpp (v, €).

Let us remark that in the sub-Riemannian setting the asymptotic behavior of o(I',¢) as € | 0
is strictly related with the Hausdorff dimension dim”‘ . A complete characterization of weak
asymptotic equivalence of metric complexities of a path is obtained in [Jeao3]. We state here
this result in the special case where M is an equiregular sub-Riemannian manifold.

Theorem 1.2.4. Let M be an equiregular sub-Riemannian manifold and let T C M be a curve. Then,
if there exists k € IN such that TqT" C Ak(q) \ AR (q) for any q € T, it holds

1
Zint(r/ 8) = Zalgp(r, 8) = £7k
In particular, this implies that
dim”* I = k.

Here, similarly to what happened in Theorem 1.1.3, the equiregularity is needed in order
to have a uniform Ball-Box theorem near I'. Indeed, to get the general result of [Jeao3], it is
necessary to use a finer form of the Ball-Box theorem that holds uniformly around singular
points, proved in [Jeao1b].

We mention also that for a restricted set of sub-Riemannian systems, i.e., one-step bracket
generating or with two controls and dimension not larger than 6, strong asymptotic estimates
and explicit asymptotic optimal syntheses are obtained in a series of papers by Gauthier, Za-
kalyukin and others (e.g., see[RMGMPo4, GZo5, GZ06] and [BG13] for a review).

Our first result is the following. It completes the description of the sub-Riemannian weak
asymptotic estimates started in Theorem 1.2.4, describing the case of the interpolation by time
complexity.



Theorem 1.2.5. Assume that {fq,...,fm} defines an equiregular sub-Riemannian structure and let
v : [0, T — M be a path. Then, if there exists k € IN such that y(t) € A*(y(t)) \Akf] (y(t)) for any
t € [0, T], it holds

1
O-l'i’lt(YI £) = €7k

Here the complexity is measured w.r.t. the cost J(u, T) = |||y (10, 71,R™)-

Since in the sub-Riemannian context one is only interested in the cost J, Theorems 1.2.4 and
1.2.5 completely characterize the weak asymptotic equivalences of complexities of equiregular
sub-Riemannian manifolds.

Then, exploiting the results of the previous section, we are able to prove the following
theorem for the genuinely control-affine case, in the same spirit as Theorem 1.2.4 and 1.2.5.

Theorem 1.2.6. Assume that the sub-Riemannian structure defined by {fy, ..., fm} is equiregular, and
that fo C AS\AS™! for some s > 2. Then, for any curve T C M, whenever the maximal time of
definition of the controls T is sufficiently small, it holds

(T e) <2l (Te)=<%d (Ne)=<x) (Te)= l

d
L int app app e

int
Here k = maxtk: TpI" € Ak(p) \ Ak (p), for any p in an open subset of T'}.
Moreover, for any path vy : [0, T — M such that fo(y(t)) # v(t) mod AS™! forany t € [0,T), it
holds
00, (,8) = 07, (v, 8) < of

o J -
apph// £) < Gapp(% €)= gmax{k,s}’

Here k = max{k: y(t) € A*(y(t)) \Ak’] (v(t)) for any t in an open subset of [0, T]}.

This theorem shows that, asymptotically, the complexity of curves is uninfluenced by the
drift, and only depends on the underlying sub-Riemannian system, while the one of paths
depends also on how “bad” the drift is with respect to this system. We remark also that for
the path complexities it is not necessary to have an a priori bound on 7.

We conclude this section by considering the problem of long time local controllability (hence-
forth simply LTLC), i.e., the problem of staying near some point for a long period of time T > 0.
This is essentially a stabilization problem around a non-equilibrium point.

Since the system (1.2.1) satisfies the strong Hérmander condition, using unbounded controls
it is always possible to satisfy some form of LTLC. Hence, we try to quantify the minimal cost
needed, by posing the following. (To lighten the notation, we consider only the cost J.) Let
T>0,q0€M,and vq,: [0, T] = M, vq,(-) = qo-

o LTLC complexity by time:
LTLCtime(do, T,8) = 0} (Yqo, 0)-

Here, we require trajectories defined by admissible controls to pass through q¢ at inter-
vals of time of length at most &.

o LTLC complexity by cost:
LTLCCOSt(qOr T/ S) = O_gpp (Yqor 5)'

Admissible controls for this complexity, will always be contained in the sub-Riemannian
ball of radius ¢ centered at qg.



Clearly, if fo(qp) = 0, then LTLCime(qo, T,8) = LTLCcost(qo, T, €) =0, for any ¢,5, T > 0.
Although v 4, is not a path by our definition, since it is not injective and v 4, = 0, the arguments
of Theorem 1.2.6 can be applied also to this case. Hence, we get the following asymptotic
estimate for the LTLC complexities.

Corollary 1.2.7. Assume that the sub-Riemannian structure defined by {f1,...,fm} is equiregular,
and that fo C AS\ AS™ for some s > 2. Then, for any qo € M and T > 0 it holds

1
LTLCtime(qo, T, €) < LTLCcost(qo, T, &) < —.

£S

1.3 DIFFUSIONS ON SINGULAR MANIFOLDS

The second part of the thesis is devoted to the study of diffusions on some family of sub-
Riemannian structures and their generalizations. This interest is motivated by the fact that
these structures allow for an intrinsic Laplace-Beltrami operator to be defined without the
ambiguities due to choice of the measure that arise in general sub-Riemannian structures (see
Section 1.1.2).

1.3.1  The Laplace-Beltrami operator in almost-Riemannian geometry

A 2-dimensional almost-Riemannian structures (abbreviated to 2-ARS) is a rank-varying sub-
Riemannian structure on a 2-dimensional manifold M that can be defined locally by a pair
of smooth vector fields satisfying the Lie bracket-generating condition. The name almost-
Riemannian is due to the fact that these manifolds can be regarded as equipped with a general-
ized Riemannian metric g, whose eigenvalues are allowed to diverge approaching the singular
set Z where the two vector fields become collinear. Such structures were introduced in the con-
text of hypoelliptic operators [Gruyo, FL82], then appeared in problems of population transfer
in quantum systems [BCG"o2b, BCo4, BCCos5], and have applications to orbital transfer in
space mechanics [BCo8, BCSTog].

Almost-Riemannian manifolds present very interesting phenomena. For instance, geodesics
can pass through the singular set with no singularities, even if all Riemannian quantities (e.g.,
the metric, the Riemannian area, the curvature) diverge while approaching Z (see Figures 7
and 8 in Section 1.3.3 for examples of this type of geodesics in the Grushin cylinder). Moreover,
the presence of a singular set allows the conjugate locus to be nonempty even if the Gaussian
curvature, where it is defined, is always negative (see [ABS08]). See also [ABS0o8, ABC™ 10,
BCG13, BCGS13] for Gauss—Bonnet-type formulas, a classification of 2-ARS from the point of
view of Lipschitz equivalence and normal forms for generic 2-ARS.

Given a 2-ARS on M it is always possible to write, in coordinates (x,y), its local orthonormal
frame as

o= (5 ), =00 ),



for some smooth function f. With this choice, the singular set Z is the zero-level set of f.
Outside Z the Riemannian metric g, the area element dw, and the Gaussian curvature K are

1 0
gyl ={ o _1__ |,
f(x,y)?

1
= ——dxdy,
() Y

f(XIUJaif(X/U) B Zaxf(xzy)z
f(x,y)? '

K(XIU) =

Since almost-Riemannian structures are not equiregular, both the Popp measure dP and
the 2-dimensional Hausdorff measures diverge on Z. On the other hand, on M \ Z the Popp
measure coincides with the Riemannian volume and is thus proportional to the 2-dimensional
Hausdorff measures. This allows to define an intrinsic sub-Laplacian £ through formula (1.1.7)
applied to smooth functions compactly supported on M \ Z. Namely, we get

Oy f
Lo=05¢+f 0 ¢~ %axcp + f(9y )y .

Due to the explosion of the metric and of the volume when approaching the singularity, this
operator is singular on Z. Since £ is actually the Laplace-Beltrami operator of the Riemannian
manifold M\ Z, it is called the Laplace-Beltrami operator associated with the 2-ARS.

Let us remark that this Laplace-Beltrami operator does not coincide with the hypoelliptic
operator classically associated with the 2-ARS. Indeed, on trivializable structures over R? —
i.e., structures on R? admitting a global orthonormal frame — the latter corresponds to the
“sum of squares” sub-Laplacian L. This sub-Laplacian can be defined through (1.1.7) using the
2-dimensional Lebesgue measure, and thus it is not intrinsic. Moreover, since the Lebesgue
measure is locally finite on IR?, the operator L is not singular on Z.

In [BL] the following has been proved for a class of 2-ARS, with strong evidence suggesting
that the same is true in general.

Theorem 1.3.1. Let M be a 2-dimensional compact orientable manifold endowed with a 2-ARS. Assume
moreover that Z is an embedded one-dimensional sub-manifold of M and that A +[A,A] = TM. Then
the Laplace-Beltrami operator £ is essentially self-adjoint on L*(M, dP) and has discrete spectrum.

The proof proceeds in two steps. First, the statement is proved for the Laplace-Beltrami
operator associated with a compactified version of the Grushin plane ([Gruyo, FL82]), and
then this result is extended to a general compact 2-ARS, through perturbation theory [Katgs].

The Grushin plane is the 2-ARS defined globally by the couple of vector fields

xixu = (g ) xemu=() xR (130

and, thanks to the normal forms obtained in [BCG13], it is a good model for general 2-ARS
satisfying A +[A, A] = TM. For this structure, the Laplace-Beltrami operator £ and the “sum
of squares” sub-Laplacian L are, respectively,

1
L= ai—;ay +x%07 and L=Xj+Xj=0%+x2;.



Theorem 1.3.1 has a number of implications. First, it shows that the singularity splits the
manifold in two connected components that a quantum particle or the heat cannot cross: The
explosion of the area naturally acts as a barrier which prevents the crossing of Z by the particles.
Moreover, since the Carnot-Caratheodory distance between points on different sides of the
singularity is finite, there is no hope to get estimates for the fundamental solution of £ in
terms of this distance. However, such estimates have been found by [Léa87] for L, showing that
this operator and £ have quite different properties. The first one is not intrinsic, but however
keeps track of intrinsic quantities such as the Carnot-Carthéodory distance. In particular, the
corresponding heat flow crosses the set Z, contrarily to what happens for £.

The statement on the compactness of the spectrum of £ contained in Theorem 1.3.1 is, up
to our knowledge, the only result regarding spectral properties of Laplace-Beltrami operators
associated with almost-Riemannian structures. We remark that, differently from the Rieman-
nian setting, for genuinely almost-Riemannian manifolds this result is not trivial since the
considered structures have always infinite volume.

1.3.2 The Laplace-Beltrami operator on conic and anti-conic surfaces

Our work [BP], in collaboration with U. Boscain, is devoted to extend Theorem 1.3.1 to more
general singular surfaces, as well as to understand whether the effect of the singularity on the
heat diffusion is repulsive or absorbing.

Namely, we consider a family of Riemannian manifolds depending on a parameter « € RR,
defined on the disconnected cylinder M = (IR \{0}) x 81, and whose metric has orthonormal
basis

X1(x,0) = ( (1) ), X5(x,0) = ( \X(I)O‘ ), x€R, 0S8 (1.3.2)

In other words, we will consider the Riemannian metric g = dx? + |x|*d62. Notice that for
o = 1 this reduces, up to a sign difference in X;, to the Grushin structure (1.3.1) defined on
the cylinder.

Through a standard procedure, it is possible to extend this metric to Mcylinder = R x8!
when « > 0, and t0 Mcone = Mylinder / ~ when « < 0. Here, (x1,01) ~ (x2,02) if and only
if x;1 = x2 = 0. We will let My be this extended metric space. Notice that in the cases
«a=1,2,3,..., M is an almost Riemannian structure in the sense of Section 1.3.1, while in the
cases « = —1,—2,—3,... it corresponds to a singular Riemannian manifold with a semi-definite
metric.

One of the main features of these metrics is the fact that, except in the case o« = 0, the
corresponding Riemannian volumes have a singularity at Z,

dp = v/detgdx d6 = |x|”*dx de.

Due to this fact, the corresponding Laplace-Beltrami operators contain some diverging first
order terms,

2
1 ; x
L= E 0; (\/detg ngak) =02 + x[**03u— ;6,(. (1.3.3)

y/detg P

Here, we proceed as in Section 1.3.1 and initially define £ as an operator on C°(My \ Z) =
C(M).
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Figure 5: Geometric interpretation of M. The figures above the line are actually isometric to M, while
for the ones below the isometry is singular in Z.

We have the following geometric interpretation of M« (see Figure 5). For o« = 0, this metric
is that of a cylinder. For o« = —1, it is the metric of a flat cone in polar coordinates. For « < —1,
it is isometric to a surface of revolution 8§ = {(t, v(t) cos 9, r(t)sind) | t > 0, 9 € §'} ¢ R3 with
profile r(t) = [t|=* + O(t~2%) as [t| goes to zero. For o > —1 (& # 0) it can be thought as a
surface of revolution having a profile of the type v(t) ~ [t|~* as t — 0, but this is only formal,
since the embedding in R? is deeply singular at t = 0. As already mentioned, the case « = 1
corresponds to the Grushin metric defined in (1.3.1), considered on the cylinder.

In [BP] we considered the following problems about M.

(Q1) Do the heat and free quantum particles flow through the singularity? In other words, we
are interested to the following: consider the heat or the Schrodinger equation

0 =L, (1.3-4)
up = — L, (1.35)

where £ is given by (1.3.3). Take an initial condition supported at time t = 0 in M~ =
{x € M | x < 0}. Is it possible that at time t > 0 the corresponding solution has some
supportin Mt ={x € M | x > 0} 4

(Q2) Does equation (1.3.4) conserve the total heat (i.e. the L' norm of {)? This is known
to be equivalent to the stochastic completeness of M — i.e., the fact that the stochastic
process, defined by the diffusion £, almost surely has infinite lifespan. In particular, we
are interested in understanding if the heat is absorbed by the singularity Z.

The same question for the Schrodinger equation has a trivial answer, since the total
probability (i.e., the L? norm) is always conserved under the Schrodinger evolution, by
Stone’s theorem.

In order for this two questions to have a meaning it is necessary to interpret £ as a self-
adjoint operator acting on L*(M, du). However, since £ is defined only on CZ°(M), it cannot
be self-adjoint and hence one has to apply the theory of self-adjoint extensions. As a compar-
ison, in order to have a well defined evolution for the equation 9\ = 921 on the half-line

Notice that this is a necessary condition to have some positive controllability results by means of controls defined only
on one side of the singularity, in the spirit of [BCG].



[0, +00), it is necessary to pose appropriate boundary conditions at 0: Dirichlet, Neumann, or a
combination of the two. These conditions, indeed, guarantee that 92 is essentially self-adjoint
on L2([0, +00)).

Passage through the singularity

The rotational symmetry of M suggests to proceed by a Fourier decomposition of £ in the 6
variable. Thus, we decompose the space L2(M, du) = @3 Hy, where Hy = L?(R \{0}, x|~ *dx),
and the corresponding operators on each Hy will be

-~ 08
Ly =02 — ~0x— Ix|2%K2. (1.3.6)

It is a standard fact that £ is essentially self-adjoint on L*(M, du) if all of its Fourier compo-
nents Ek are essentially self-adjoint on L*(IR \{0}, [x|~*dx), while the contrary is not true.

As remarked at the end of Section 1.3.1, if the Laplace-Beltrami operator is essentially self-
adjoint — i.e., if it admits only one self-adjoint extension that is the Friederichs extension L
— then (Q1) has a negative answer. Indeed, by definition, {F acts separately on the two sides
of the singularity hence inducing two independent dynamics. The following theorem — that
extends Theorem 1.3.1 — classifies the essential self-adjointness of £ and of its Fourier compo-
nents.

Theorem 1.3.2. Consider My for « € R and the corresponding Laplace-Beltrami operator £ as an
unbounded operator on L*>(M, dp). Then the following holds.

o If o < =3 then L is essentially self-adjoint;

e if o € (—3,—1], only the first Fourier component Lo is not essentially self-adjoint;
o if « € (—1,1), all the Fourier components of £ are not essentially self-adjoint;

o if « > 1then L is essentially self-adjoint.

As a corollary of this theorem, we get the following answer to (Q1).

ax<—3 Nothing can flow through Z
—3 < o < —1 | Only the average over S' of the function can flow
through Z

—1 <a<1 | Itis possible to have full communication between
the two sides
1< Nothing can flow through Z

More precisely, when —3 < o < —1 there exists a self-adjoint extension of £, called the
bridging extension and denoted by Lp, such that the heat and Schrodinger flows allow the
passage of only the first Fourier component through the singularity. On the other hand, when
—1 < o < 1, there exists a self-adjoint extension of £, still called the bridging extension,
such that (Q1) has a positive answer, i.e., all the Fourier components can flow through the
singularity.

Remark 1.3.3. Notice that in the case « € (—3,0), since the singularity reduces to a single
point, one would expect to be able to “transmit” through Z only a function independent of 6



(i.e. only the average over S). Theorem 1.3.2 shows that this is the case for « € (—3,—1], but
not for o« € (—1,0). Looking at My, @ € (—1,0), as a surface embedded in R3 the possibility
of transmitting Fourier components other than k = 0, is due to the deep singularity of the
embedding. In this case we say that the contact between M and M~ is non-apophantic.

Stochastic completeness

It is a well known result that each non-positive self-adjoint operator A on a Hilbert space H
defines a strongly continuous contraction semigroup, denoted by {etA}t>o. If H =L1>(M,du)
and it holds 0 < et < 1 dp-a.e. whenever P € L2(M, du), 0 < < 1 dp-a.e., the semigroup
{etA}t>0 and the operator A are called Markovian.

When {e**};> is the evolution semigroup of the heat equation, the Markov property can be
seen as a physical admissibility condition. Namely, it assures that when starting from an initial
datum 1 representing a temperature distribution (i.e., a positive and bounded function) the
solution et remains a temperature distribution at each time, and, moreover, that the heat
does not concentrate. Hence in the following we will focus only on the Markovian self-adjoint
extensions of £.

The interest for Markovian operators lies also in the fact that, under an additional assump-
tion which is always satisfied in the cases we consider, Markovian operators are generators of
Markov processes {Xt}¢>o (roughly speaking, stochastic processes which are independent of
the past).

Since essentially bounded functions are approximable with functions in L*(M, du), the
Markov property allows to extend the definition of etA from L2(M, dp) to L®°(M, du). Let
1 be the constant function 1(x,0) = 1. Then (Q2) is equivalent to the following property.

Definition 1.3.4. A Markovian operator A is called stochastically complete (or conservative) if
eA1 =1, for any t > 0. It is called explosive if it is not stochastically complete.

It is well known that this property is equivalent to the fact that the Markov process {X¢}¢>o,
with generator A, has almost surely infinite lifespan.
We will consider also the following stronger property of {X¢}¢>0.

Definition 1.3.5. A Markovian operator is called recurrent if the associated Markov process
{Xt}ht>o satisfies, for any set O of positive measure and any point x,

P«{there exists a sequence t, — 400 such that X, € Q} =1.

Here P, denotes the probability measure in the space of paths emanating from a point x
associated with {X¢}¢>0-

We are particularly interested in distinguishing how the stochastic completeness and the
recurrence are influenced by the singularity Z or by the behavior at co. Thus we will con-
sider the manifolds with borders My = M N ([-1,1] x 81) and My = M\ [—1,1] x 8, with
Neumann boundary conditions. Indeed, with these boundary conditions, when the Markov
process {Xt}¢>0 hits the boundary it is reflected, and hence the eventual lack of recurrence or
stochastic completeness on M (resp. on M) is due to the singularity Z (resp. to the behav-
ior at 0o). If a Markovian operator A on M is recurrent (resp. stochastically complete) when
restricted on M we will call it recurrent (resp. stochastically complete) at 0. Similarly, when
the same happens on M, we will call it recurrent (resp. stochastically complete) at co.
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Figure 6: A summary of the results obtained in [BP].

In this context, it makes sense to give special consideration to three specific self-adjoint
extensions of £, corresponding to different conditions at Z. Namely, we will consider the
already mentioned Friedrichs extension L, that corresponds to an absorbing condition, the
Neumann extension £, that corresponds to a reflecting condition, and the bridging extension
L, that corresponds to a free flow through 2 and is Markovian only for « € (—1,1). Observe
that L and L are always self-adjoint Markovian extensions, although it may happen that
Ly = L. In this case L is the only Markovian extension, and the operator £ is called Markov
unique. This happens, for example, when £ is essentially self-adjoint.

The following result will answer to (Q2).

Theorem 1.3.6. Consider M, for € R, and the corresponding Laplace-Beltrami operator £ as an
unbounded operator on L*>(M, dp). Then it holds the following.

o If o < —1 then L is Markov unique, and Ly is stochastically complete at 0 and recurrent at oo;
o if o = —1 then £ is Markov unique, and L is recurrent both at 0 and at oo;

o if x € (—1,1), then £ is not Markov unique and, moreover,
- any Markovian extension of £ is recurrent at oo,

— Lr is explosive at 0, while both L and L are recurrent at 0,
o if o > 1 then £ is Markov unique, and Ly is explosive at 0 and recurrent at oo;

In particular, Theorem 1.3.6 implies that for « € (—3,—1] no mixing behavior defines a
Markov process. On the other hand, for x € (—1,1) we can have a plethora of such processes.



Figure 7: The geodesics for the Grushin cylinder starting from the singular set (red circle), for t € [0,1.7].
The black (self-intersecting) curve line is the wave front (i.e., the end point of all geodesics at
time 1.7). For the explicit expression of these geodesics see for instance [BL].

Classifying all possible Markov processes in this interval of parameters is the aim of [PP], in
collaboration with A. Posilicano.

Since the singularity 2 is at finite distance from any point of M, one can interpret a Markov
process that is explosive at 0 as if Z were absorbing the heat. Thus, as a corollary of Theo-
rem 1.3.6, we get the following answer to (Q2).

a < —1 The heat is absorbed by Z
—l<a<l The Friedrichs extension is absorbed by Z, while
the Neumann and the bridging extensions are not.
1<« The heat is absorbed by Z

In Figure 6, we plotted a summary of the results we obtained.

1.3.3 Spectral analysis of the Grushin cylinder and sphere

In the last part of the thesis, following the work [BPS], in collaboration with U. Boscain and
M. Seri, we study the spectral properties of the Laplace-Beltrami operator £ in two relevant
almost-Riemannian structures with infinite volume, one of which is non-compact: the Grushin
structures on the cylinder and on the sphere.

Note that in the following we use the convention 0 ¢ IN. When needed, we denote Ny =
{0} UIN. We will also denote the ceiling and floor functions with [-] and |-], respectively.

Almost-Riemannian structures under consideration

In the following we introduce the two main structures studied in this section and we describe
some of their properties.



Figure 8: The geodesics for the Grushin cylinder starting from the the point (0.3,0), for t € [0, 1.7]. Notice
that they cross the singular set (red circle) with no singularities. For the explicit expression of
these geodesics see for instance [BL].

Definition 1.3.7. The Grushin almost-Riemannian structure on the cylinder is the structure on
M = R xS' whose generating frame is

X1(x,6):((1)), Xz(x,6)2<2>.

For this structure the singular set is Z = {0} x §'. On M\ Z the Riemannian metric g, the
area element dw, and the Gaussian curvature K are

1 0

1 2
glx,y) = < 0 X] ) ’ dw = mdxdy, K(x,y) = -2

Notice that dw is not integrable on any open set intersecting the 6 axis.
The associated Laplace-Beltrami operator is

1
Lu=0lu— ;axu—i—xza%u. (1.3.7)

By Theorem 1.3.1 this operator, with domain C°(M \ Z), is essentially self-adjoint on L2(M, dw).
Hence, it separates in the direct sum of its restrictions to M+ = R4 %81, Therefore, w.lo.g.
we will focus on £ on M. Notice that the Grushin metric restricted to M is not geodesically
complete, since geodesics can exit My in finite time. The same happens for M_.

Definition 1.3.8. The Grushin almost-Riemannian structure on the sphere is the structure on
M = S2 whose generating frame is, in polar coordinates (x, ¢),

Yi(x,0) = ( (‘) ) Y, (x,0) = ( taflx >

Indeed, the Grushin almost-Riemannian structure on the sphere S? is the trivializable almost-
Riemannian structure obtained by taking as generating frame two unitary rotations along two
orthogonal axis. More precisely, let 5 = {y7 +y3 +y3 =1} and

0 —Y3
Xi=1 —ys |, Xy = 0
Y2 Y1



Then, passing in spherical coordinates (y1,y2,y3) = (cosxcos ¢, cos x sin ¢, sinx) and oppor-
tunely rotating X1, X2, we recover

Y1(q) = cos($p —7/2)X1(q) —sin(d —7/2)X2(q),
Y2(q) = sin($p —7/2)X1(q) + cos(p —/2)X2(q).

For this structure the singular set is Z = {0} x S, while the singularities for x = +m/2 are
apparent and due to the choice of the coordinates. On S? \ Z the Riemannian metric g, the area
element dw, and the Gaussian curvature K are

1 0 1 2
7 = 7 d = i d d 7 K 7 = .
oy ( 0 Gty ) ©= Tanpg] T4 KV = g

Notice that dw is not integrable on S2.
The associated Laplace-Beltrami operator on L2(S2\ 2) is

Lu= aiu— Oxu+ (tanx)zaéu. (1.3.8)

sin(x) cos(x)
This operator, with domain CSO(S2 \ Z), is essentially self-adjoint in L2(S2, dw) and its spec-
trum is purely discrete, by Theorem 1.3.1. Similarly to the cylinder case, this operator separates
in the direct sum of its restrictions to the north and south hemispheres S+, cutted at the equa-
torial singularity. Thus, we will restrict to consider £ on the north hemisphere S .

This almost-Riemannian metric has been first defined in [BCG " o2c].

Spectral analysis of the Laplace-Beltrami operators

Very little is known regarding how the spectral properties of the sub-Laplacian interwines
with the underlying sub-Riemannian geometry. For compact Riemannian manifolds, a first
result in this direction is the Weyl law (see, e.g., [Cha84]), that describes the growth ratio of
the counting function of the eigenvalues of the Laplace-Beltrami operator

N(E):=#{A € 0q(— L) | A < EL (1.3.9)
Namely, N(E) can be expressed asymptotically as a function of the dimension d, the volume
of the Euclidean ball wg, and the volume of the manifold vol(M),

wq
(2m)d

N(E) ~ vol(M) E4/2. (1.3.10)
Similar results have been obtained also for some families of non-compact Riemannian mani-
folds eventually with boundary. See, e.g., [Ivr8o, Nory2, Vasgz2, Pargs, Shao2, Boroy, GMo8].

In the context of Riemannian manifolds, Weyl asymptotics of the form (1.3.10) can be ob-
tained through pseudo-differential calculus techniques. Some promising results in this direc-
tion have been obtained in step 2 equiregular sub-Riemannian structures (see [Pono8]), where
notably the power exponent is dim?¢ M/2. However, these techniques rely heavily on the
Heisenberg group structure of the tangent cone, and cannot be applied on the non-equiregular
almost-Riemannian structures.

We will now focus on the two structures introduced in the previous section. For these, we
will present an explicit description of the spectrum, the eigenfunctions and their properties.



This allows us to compute the Weyl law for — £, obtaining as leading order N(E) ~ Elog(E),
which is fairly unusual for Laplace-Beltrami operators on 2-dimensional Riemannian mani-
folds.

In the following theorem we describe explicitly the spectrum of the Laplace-Beltrami opera-
tor on the Grushin cyilinder.

Theorem 1.3.9 (Grushin cylinder case). The operator — £ on L2(My), defined in (1.3.7), has abso-
lutely continuous spectrum o(— L) = [0, co) with embedded discrete spectrum

04(—L) ={Anx =4kin|neN, k € Z\{0}}.

The corresponding eigenfunctions are given by

ko |
Pk (x,0) = e™0—W,_ 1 (kix?),
x ™2
where Wy, . is the Whittaker W-function of parameters v and .

Through the above explicit description, it is then possible to calculate the Weyl law for the
Grushin cylinder.

Corollary 1.3.10 (Grushin cylinder case). The Weyl law with remainder as E — +o0 is

N(E) = = log(E) + (y — 2log(2)) 5 +O(1),

where 7y is the Euler-Mascheroni constant.
Similar results can be obtained also for the Laplace-Beltrami operator of the Grushin sphere.

Theorem 1.3.11 (Grushin sphere case). The operator — £ on 12(S.), defined in (1.3.8), has purely
discrete spectrum

o(—L)={Ak=4dnn+kl) IneN, ke Z}.

The corresponding eigenfunctions are given by
PYnk(x,d) = ek(@+73) cos(x)*F (—(n+ 1), n+k+1; 14+%; cos(x)z)

where F(a,b; c;x) is the Gauss Hypergeometric function with parameters a, b, c.

Corollary 1.3.12 (Grushin sphere case). The Weyl law with remainder as E — +oo0 is

N(E) = glog(E) + <y—log(2) — ;) % +O0(VE),

where y is the Euler-Mascheroni constant.

Spectra of the Aharonov-Bohm perturbed Laplace-Beltrami operator

A magnetic field B on a Riemannian manifold is an exact 2-form taking purely imaginary
values. Classically the action of B is given by the Lorentz force @, which is a (1, 1) tensor field
given by

g(®(X),Y) =B(X,Y) X, Y& Vec(M).



The trajectories of charged particles under the magnetic field B are then the solution of the
Lorentz equation Vv = @(v). In particular, if B = 0 the Lorentz force is null ® = 0.

In quantum mechanic the situation is different. Given a magnetic field B there exists a 1-
form A, taking purely imaginary values and called magnetic vector potential, such that B = dA.
The magnetic Laplace-Beltrami operator is then defined via the following “magnetic” Green
identity (compare it with (1.1.7)),

—JM f(Lag)du= JM g((Va +A)f, (Vg +A)g) du, for any f,g € C(M).

The evolution of a charged particle with wave function { in the magnetic field is then given
by the Schrédinger equation

. d
v =—4%aw.

When M is simply connected (i.e., if H};z (M) = 0) for any two magnetic vector potentials A
and A’, it holds that A — A’ is exact. Thus the two magnetic Laplace-Beltrami operators £
and £ 5 are unitarily equivalent, by gauge invariance, and the evolution of charged particles
depends only on the magnetic field, as in the classical case.

When M is non-simply connected (i.e., if H]iR (M) # 0) this is no more true, as A — A’ needs
only to be closed. This is known as the Aharonov-Bohm effect [AT98, dOPo8]. Two choices of
magnetic potential may lead to in-equivalent magnetic Laplace-Beltrami operator. In R? with
a bounded obstacle, this phenomenon can be seen through a difference of wave phase arising
from two non-homotopic paths that circumvent the obstacle, and has been experimentally
observed [TOM " 86].

If in the Euclidean case the effect of the hidden magnetic fields is surprising but somewhat
simple, the same cannot be said for what concerns asymptotically hyperbolic manifolds with
cusps. In such cases, as proved in [GMo8], a change in vector potentials can drastically modify
the spectral properties of the operator, e.g. by destroying the absolutely continuous component
of the spectrum. This phenomenon can be useful for counting eigenvalues embedded in the
absolutely continuous spectrum in non-separable problems [GMo8, MTo8].

In this section, we investigate the Aharonov-Bohm effect on the spectrum of the Laplace-
Beltrami operators of the Grushin cylinder and sphere. To this purpose, we introduce a mag-
netic vector potential for the zero magnetic field whose flux is non zero and we show that
the aforementioned drastic effect on the spectrum is present. Additionally, we show that the
degeneracy of the eigenvalues is extremely sensitive to the vector potential.

To mimic the Ahronov-Bohm effect for the Laplace-Beltrami operator in the Grushin cylinder
we consider the connection (e.g. a one-form) w? = —ib d6, b € R. The associated magnetic
Laplace-Beltrami operator on the Grushin cylinder is then

1
£b =02 - “0xt x|%(93 — 2ib 9g — b2).

As expected, for b = 0 this coincides with £.
As first results, we obtain the following explicit description of the spectrum of the operator
£, which will allow to compute the corresponding Weyl law.

Theorem 1.3.13 (Grushin cylinder case). The operator — £L® on 1?(M ) has a non-empty discrete
spectral component

og(—LP) = {Ag,k —4njk—bl|neN, ke Z\{b}} : (1.3.11)



When b € Z the operator has in addition absolutely continuous spectrum [0, +00). When b ¢ Z the
spectrum has no absolutely continuous part. In any case, the eigenfunctions are

io |
W7 (x,0) = MW, 1 (k—Dbh).

N

Corollary 1.3.14. If b € Z, the Weyl law is the one of Corollary 1.3.10. If b € Z, let k € Z be the
closest integer to b. Then, the Weyl law with remainder as E — +oo0 is

V(1 —[k—=bl) + (1 +|xk—b])
2

N(E):Elog(E)—i—E( ] +v—2log(2) —

(s >+om,

where <y is the Euler-Mascheroni constant and \p(x) is the digamma function. Here, the O(1) is uni-
formly bounded with respect to b.

Remark 1.3.15. Notice that N(E) diverges for b — « since, in this limit, part of the discrete
spectrum degenerates and gives rise to an absolutely continuous one.

For this operator, we can also explicitly describe the degeneracy of the spectrum, depending
on the value of b.

Theorem 1.3.16 (Degeneracy of the spectrum in the Grushin cylinder case). Let d(n) denote the
number of divisors of n. Then,

e Ifb € R\ Q, the spectrum is simple.

e If b € Q, the discrete spectrum is degenerate in the following sense: each eigenvalue A has
multiplicity bounded from above by 2d(A/4).

o Ifb € Z, the eigenvalues achieve the maximal degeneracy and the multiplicity is exactly

2d(A/4), if A/4 is odd,
2d(A/4)—2, if N/4is even,

(in particular it is bounded below by 2).

Remark 1.3.17. A direct consequence of the previous theorem is that the maximal multiplicity
of the eigenvalues has very slow growth. In fact, it is well known [Apo76] that as n — oo

d(n) = o(n®), for any € > 0.

Finally, we give deeper information on the decompactification of the spectrum in the limit
b — k.

Corollary 1.3.18 (Decompactification of the spectrum on the Grushin cylinder). Fix k € Z.
Then, for every n. € IN, the spacing between the eigenvalues

A2 =AS = 0asb — k.
Moreover, for any fixed interval I = [x1,%3] C [0, 00) and any N € N

#HneN|AL e} >Nasb — k.
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Figure 9: The first row shows the spreading of the projection onto 6 = 0 of ﬂ’zjj o(x) as j increases for

A = 3.75. The second row shows the spreading of the projection onto 6 = 0 of 11)1’1 (b) o(x) as
b — 0 for A = 3.75. See Theorem 1.3.19 and Remark 1.3.20

In the following theorem, we show that the Ahronov-Bohm perturbation strongly affects the
structure of a subset of the eigenfunctions and makes it degenerate into the set of generalized
eigenfunctions. Up to our knowledge this is the first result of this kind.

Theorem 1.3.19 (Degeneration of the eigenfunctions on the Grushin cylinder). Fix k € Z. Then
forany X € Q, A > 0, there exist a sequence of pairs (bj,n;) € (k— %,kJr %) x N, with b; — k and
ny — oo, such that

q)fjjlk(x,e) - eiw?]] (VAX) (1.3.12)

uniformly on compact sets, where J~ (z) is the Bessel function of the first kind of order v. The limit func-
tion on the r.h.s. is the generalized eigenfunction of £° with generalized eigenvalue A (see Remark 6.1.1).

Remark 1.3.20. Theorem 1.3.19 can be rewritten as follows. For every A > 0, let

n(b):=2 Hb)‘kﬂ ) (1.3.13)

Then

: b _ 'ke\/X
&lir}cll)n(b),k(xf 0) =e' 7]1 (\/XX)

uniformly on compact sets. The proof is similar to the one of Theorem 1.3.19 with n; replaced
by n(b).

Remark 1.3.21. Figure 1.3 shows the collapse of the eigenfunctions to the generalized eigen-
functions, while Figure 1.4 shows the collapse of the eigenvalues to the continuous spectrum.

We now shift our attention to the Grushin sphere. Here, we consider the magnetic Laplace-
Beltrami operator induced by the magnetic vector potential wy = —ib d¢ on the north emi-
sphere of $? with removed north pole S° and Dirichlet boundary conditions. See Section 6.2.3
for more details. The corresponding operator is

1

b_ A2
£ =0% sin(x) cos(x)

dx + tan(x)? (aﬁ, —2ibdg — bz) : (1.3.14)
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Figure 10: The dots correspond to the eigenvalues up to energy 5 for some values of b as it gets closer to
k = 0. The thick red dot represents the only embedded eigenvalue A = 4 of the operator with
b = 0 up to energy 5. The grey line is the the curve ?\Tbl(b) « (see Remark 1.3.20) converging to

1.75 as b — k. The purple one is the curve )\g(b) « converging to 3.75.

We then have the description of the spectrum and the corresponding Weyl law, depending
onb.

Theorem 1.3.22 (Grushin sphere case). The operator — £ defined in (1.3.14) and acting on 12 (S%),
has purely discrete spectrum

o(—L%) =k =4nm+k—bl) [ neN ke Z}
The corresponding eigenfunctions are given by
Ynx(x, d) = eikdei(k—b)3 cos(x)k"PF (—(n +1),n+k—b+1,1+k—Db; cos(x)2> .

As a consequence of the explicit description of the spectrum, we obtain the following.

Corollary 1.3.23. The Weyl law with remainder as E — 400 is

N(E) = %log(E) + (y—log(Z) — ;) E+ O(VE),

where v is the Euler-Mascheroni constant, and the big O is uniformly bounded w.r.t. b.

Notice that the first two orders of the asymptotic expansion of N(E) are the same with
or without the Aharnov-Bohm perturbation. Indeed, the dependence on b is hidden in the
remainder term.

The degeneracy of the spectrum for the Laplace-Beltrami operator on Grushin sphere is less
explicit than the one in Theorem 1.3.18. Indeed, we can only obtain the following result.



Corollary 1.3.24 (Degeneracy of the spectrum in the Grushin sphere case). If b € R\ Q the
spectrum is simple, if b € Q the spectrum is finitely degenerate.

A brief but more detailed discussion of the topic can be found in Section 6.2.

More general results on conic and anti-conic type surfaces

To conclude this last part of the thesis, we consider the Aharonov-Bohm perturbation on the
conic and anti-conic structures introduced in Section 1.3.2. Here, the Aharonov-Bohm effect
affects not only the spectrum but also the self-adjointness properties of the operator.

As before, we turn it on by considering the connection wy, = —ibd6, where b € R. The
corresponding Laplace-Beltrami operator is

Ly =02 + [x|2*02 + [x2% (ag — 2ibdg —bz) .

Through the same Fourier decomposition as in (1.3.2), we get that L>(M, dpu) = @y_, Hy,
where Hy = L*(IR\{0}, |x|~*dx), and the corresponding operators on each Hy is

~

[0
Loy =03 — _0x —** (b k)% (13.15)

The same argument of Theorem 1.3.2 applied to (1.3.15) yields the following.

Theorem 1.3.25. If b ¢ Z, the operator LY with domain CX(M) is essentially self-adjoint in
L2(M, dw) if || > 1, and Theorem 1.3.2 still applies for |«| < 1.
On the other hand, if b € Z, Theorem 1.3.2 holds with the following change: if =3 < o < —1 for

every k # b the operator 31 is essentially self-adjoint, while ﬁz, is not.
The Aharonov-Bohm effect on the spectrum extends to this more general setting as follows.

Theorem 1.3.26. For o > 0, the operator — L on 12(M, dwy) has a non-empty discrete spectral
component Ud(—L};) C [0, 4+00).

When b € Z the operator has absolutely continuous spectrum [0,4o00) with embedded discrete
spectrum. When b & Z the spectrum has no absolutely continuous part.

Proof. For b # k, the spectrum of the operators ﬁl;,k (or of any of their self-adjoint extensions)
is purely discrete (see e.g. [Tit62, Chapter 5]). For b = k, on the other hand, the essential

spectrum of ﬁf,’(,k is non-empty and in particular it contains the half line [0, +00) (see e.g.
[Wei87, Theorem 15.3]). O

The previous theorems suggest that, for b = 0 and « > 0, the 0-th Fourier component, is
the only responsible for the continuous spectrum. The Aharonov-Bohm perturbation, when
b € Z, shift this role to the b-th Fourier component. When b ¢ Z no Fourier component pro-
duces a continuous spectrum. This is a well-known phenomena in the case of asymptotically
hyperbolic manifolds with finite volume [GMo8], but completely new in this setting.

Further study of the cases « < 0 is outside the scope of this thesis. As a side remark, note
that the case « = —1 considered on Ry xS' coincides with the standard Aharonov-Bohm
Laplacian in polar coordinates. Moreover, in the case « = —1/2, —£% has discrete spectrum
accumulating at 0 and absolutely continuous spectrum in [0, +00). When b ¢ Z an additional
family of eigenvalues accumulating at 0 appears.



1.4

PERSPECTIVES AND OPEN PROBLEMS

The results exposed in this thesis are part of ongoing work. Here, we list some of the natural
extensions of this work.

1.4.1

1.

1.4.2

Complexity of non-admissible trajectories

Currently, we are working on improving two aspects of Theorem 1.2.6. First, we are
considering the case where fo(y(t)) =v(t) mod AP (y(t)) for some 1 < h < s and for
any t € [0, T]. We have strong evidence suggesting that this yields smaller complexities.
Secondly, we are trying to weaken the assumption fy € A® \s~ 1 to fo(q) ¢ A(q) for any
qge M.

. In mechanical systems, where one controls the acceleration and the drift is the velocity,

one is usually interested in quasi-static motion planning, i.e., moving along trajectories
near the zero-level set of the drift. In order to develop a complete theory of control-affine
complexities for the costs J and J, it is then necessary to extend our results to curves or
paths contained in the zero-level set of fo.

. We focused on costs based on the L*-norm. While in the sub-Riemannian case, thanks to

the rescaling properties of non-holonomic control systems, this is essentially equivalent
to minimize the LP-norm, such a statement is no more true for control-affine system.
Thus, we intend to study what happens for this kind of costs. This problem is not just a
mathematical curiosity, but is critical for a fruitful application of these results to quantum
control, where the cost is usually the L*>-norm.

. In this thesis we obtained only weak asymptotic estimates for the complexities. It is

then natural to look for strong asymptotic estimates and asymptotic optimal syntheses
in the spirit of [RMGMPo4, GZos5, GZ06] . The techniques employed by Gauthier and
Zakalyukin should indeed admit a natural generalization to the control-affine case.

Singular diffusions

. As already mentioned, we are currently collaborating with A. Posilicano on [PP] which

is a direct continuation of the results exposed in Section 1.3.2. Our aim is to completely
classify all the Markovian self-adjoint extensions of £ in the case « € (—1,1), where
the deficiency indexes of the Laplace-Beltrami operator are infinite. This would allow
for a better understanding of which kind of transmissions are possible in this context.
The main motivation for this classification, however, is the interest these metrics have for
o € (0,1) in the control of partial differential equations, see e.g., [Mor13].

. It would be nice to understand the scattering properties of these operators (taking the

bridging extension as a reference), and to derive the associated transmission and reflec-
tion coefficients. This would give informations on how much of a wave packet would be
reflected or transmitted, when hitting the singularity.

. We give results on the behavior of Markov processes by working solely on their gener-

ators. It is natural to try to understand if it is possible to obtain the same results from



a purely probabilistic point of view, for example by defining such Markov processes as
limits of random walks.

. The spectral properties derived in Section 1.3.3 for two specific almost-Riemannian struc-
tures suggest that in general the first order of the Weyl law should be of the form ElogE,
at least for generic structures. At the moment we are working with M. Seri in this
direction, trying to adapt pseudo-laplacian techniques [CdV82, CdV83] to the almost-
Riemannian case.

. As already mentioned, some work has been done in order to develop a pseudo-differential
calculus on step 2 sub-Riemannian manifolds, through the group structure of the tangent
cone. It would be very interesting to develop a general pseudo-differential calculus for
sub-Riemannian manifolds, that exploits the natural Hamiltonian formulation on the
cotangent bundle. This is a work in progress with Y. Chitour and M. Seri.
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Z PRELIMINARIES OF SUB-RIEMANNIAN
GEOMETRY

In this chapter we present some preliminaries in sub-Riemannian geometry. Recall from Sec-
tion 1.1, and in particular from (1.1.2), that a sub-Riemannian structure is determined by a
control-affine system without drift of the form

m
g=) wifild)) geM, u=(uy...,.um) ER™, (SR)
i=1

where {f1,...,fm} are smooth (not necessarily linearly independent) vector fields that we al-
ways assume to satisfy the following.

(SR1) The family of smooth vector fields {f1, ..., fm} satisfies the Hormander condition, i.e., its
iterated Lie brackets generate the whole tangent space at any point.

The chapter is divided in two sections. In Section 2.1 we discuss more in detail some of the
sub-Riemannian notions already presented in the introduction, as priviliged coordinates and
the ball-box theorem. Then, in Section 2.2 we present some properties of families of coordinates
depending continuously on the points of some curve or path, needed in Chapter 4.

2.1 PRIVILEGED COORDINATES AND NILPOTENT APPROXIMA-
TION

In this section we discuss more in detail some classical notions and results of sub-Riemannian
geometry, already mentioned in the introduction. In particular, we focus on the equivalent,
in the sub-Riemannian context, of the linearization of a vector field. This classical procedure,
called nilpotent approximation, is possible only in carefully chosen sets of coordinates, called
privileged coordinates.

Let us recall some notation. Let A' = A = {f1,...,fm} and define recursively ASTT =
A’ +[A%, A, for every s € IN. Since by (SR1) the family {fy,..., fm} satisfies the Hormander
condition, the values of the sets A® at q form a flag of subspaces of TqM,

A'(q) C A*(q) C...C AT(q) = TqM. (2.1.1)

The integer r = r(q), which is the minimum number of brackets required to recover the whole
TqM, is called degree of non-holonomy (or step) of the family {fy,...,fim} at q. Set ns(q) =
dim A®(q). The integer list (n1(q),...,n(q)) is called the growth vector at q. From now on
we fix ¢ € M, and denote by r and (ny,...,n,) its degree of non-holonomy and its growth
vector, respectively. Finally, let w1 < ... < wq, be the weights associated with the flag, defined
by wi =sif ng_1 <i< ng, setting ng = 0.
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2 PRELIMINARIES OF SUB-RIEMANNIAN GEOMETRY

For any smooth vector field f, we denote its action, as a derivation on smooth functions, by
f:ae C®(M)+— fa € C*°(M). For any smooth function a and every vector field f with f # 0
near q, their (non-holonomic) order at q is

ordg(a) =min{s € N: Ji5,...,is € {1,...,m}s.t. (f;, ... f;, a)(q) # 0},
ordq(f) = max{o € Z: ordq(fa) > o+ ordq(a) for any a € C*(M)}.

In particular, it can be proved that ordq(a) > s if and only if a(q’) = O(dgr(q’, q))*.
The following proposition clarifies the relationship between non-holonomic orders and the
flag (2.1.1).

Proposition 2.1.1. Let (SR1) be satisfied, i.e. assume that {f1, ..., fm} satisfies the Hormander condi-
tion, and let q € M and s € IN. Then, for any smooth vector field f it holds that ordy/ f = —s for any

q' near q if and only if f(q') € A%(q")\ AS~'(q’) for any q’ near q.

Remark 2.1.2. In the previous proposition, the fact that the assumptions hold in a neighbor-
hood of q is essential. Indeed, although it is true that ordq f > —s implies f(q) € A®(q), when
the growth vector is not constant around q the contrary is false. To see this, it suffices to con-
sider the sub-Riemannian control system on R? with (privileged) coordinates (x,y), defined
by the vector fields dx and x?dy. Outside {x = 0}, the non-holonomic degree of these vector
fields is —1, while on {x = 0} we need two brackets to generate the y direction and hence
the non-holonomic degree of 9y is —3. Then, the vector field f(x,y) = 0x + x0y is such that
£(0,0) € A'(0,0) but ord g o) f = —2.

Definition 2.1.3. A system of privileged coordinates at q for {fy,...,fm} is a system of local
coordinates z = (z1,...,zn) centered at q and such that ordq(zi) =w;, 1 <i<n.

The family of smooth vector fields{g1, ..., gn}is an adapted basis at ¢ € M if span{g1(q),...,
A®(q) for any 1 < s < 1. (Equivalently: if span{g1(q),...,gn(q)} = T¢yM and g; € A™i(q) for
any 1 < i < n.) By continuity, if {gy,..., gn} is an adapted basis at q, it is a basis of TqyM for
any q’ near ¢, which in general will not be adapted.

Through an adapted basis at g, it is always possible to define a system of privileged coordi-
nates at . Namely, for any permutation {ij,...,in} of {1,...,n}, the inverse z = (z1,...,zn)
of the local diffeomorphism

G :(z1,...,2n) = eFindin o... 01911 (q),

is a system of privileged coordinates at q, called canonical coordinates of the second kind. In
particular, in this system g, is rectified, ie., z.«gi, = az.m, where z, is the push-forward
operator on vector fields associated with the coordinates, defined as z.f = dzofo z=T. We
immediately obtain the following.

Proposition 2.1.4. Let (SR1) be satisfied, i.e. assume that {f1, ..., fm} satisfies the Hormander condi-
tion, and let q € M and f be a smooth vector field such that f(q) # 0 and f(q) € A®(q) \AST] (q) for
some s € IN. Then, there exists a system of privileged coordinates z = (z1,...,zn) at q rectifying f,
i.e., such that z,f = 0y for some 1 <k < n.

Consider any system of privileged coordinates z = (z1,...,zn). We now show that it allows
to compute the order of functions or vector fields in a purely algebraic way. Given a multiindex
o = (a1,...,00n) we define the weighted degree of the monomial z* = z?“ coozdmas w(a) =
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2.1 Privileged coordinates and nilpotent approximation

wixy + - - - +wnon and the weighted degree of the monomial vector field z“@zj as w(o) —wj.
Then given a € C*°(M) and a smooth vector field f with Taylor expansions

~ Z axz® and f(z) ~ Z f(x,jzo‘azj,
x &,

their orders at q can be computed as
ordg(a) = min{w(«): ax #0} and ordq(f) = min{w(o) —wj: fy; # O}

A function or a vector field is said to be homogeneous if all the nonzero terms of its Taylor
expansion have the same weighted degree.

We recall that, for any a,b € C*°(M) and any smooth vector fields f, g, the order satisfies
the following properties

ordq(a+b) =min{ordq(a),ordq(b)}, ordq(ab) = ordq(a) +ordq(b),

ordq(f + g) = min{ordq(f),ordq(g)},  ordq([f,g]) = ordq(f) + ordq(g). (2.1.2)

Consider the control vector fields fi, T < i < m. By the definition of order, it follows that
ordq(fi) = —1. Then we can express f; in coordinates as

n
Z h'l] + T‘1.]

where hy; are homogeneous polynomials of weighted degree w; — 1 and ry; are functions of
order larger than or equal to wj.

Definition 2.1.5. The nilpotent approximation at q of fj, 1 < i < m, associated with the
privileged coordinates z is the vector field with coordinate representation

n
Z*fi = Z hij 6Zj.
j=1

The nilpotentized sub-Riemannian control system is then defined as
m ~
q=> u(t)f(q). (NSR)

The family of vector fields {f1,...,fm}is bracket-generating and nilpotent of step r (i.e., every
iterated bracket [f;, [..., [f;, ,,fi ]l of length larger than r is zero).
The main property of the nilpotent approximation is the following (see for example [Belg6,

Proposition 7.29]).

Proposition 2.1.6. Let (SR1) be satisfied, i.e. assume that {f1,...,fm} satisfies the Hormander con-
dition, and let z = (z1,...,zn) be a system of privileged coordinates at ¢ € M for {fq,...,fm]}. For
T> 0and u e L'([0, TI; R™), with [u| = 1, let y(-) and Y(-) be the trajectories associated with wu in
(SR) and (NSR), respectively, and such that v(0) = ¥(0) = q. Then, there exist C, Ty > 0, independent
of u, such that, for any t < Ty, it holds

lzi(y(t)) — zi(F(1))] < CEWitT, i=1,...,n

37



2 PRELIMINARIES OF SUB-RIEMANNIAN GEOMETRY

We recall, finally, the celebrated Ball-Box Theorem, that gives a rough description of the
shape of small sub-Riemannian balls.

Theorem 2.1.7 (Ball-Box Theorem). Let (SR1) be satisfied, i.e. assume that {fy, ..., fm} satisfies the
Hormander condition, and let z = (z1,...,zn) be a system of privileged coordinates at ¢ € M for
{f1,...,fm). Then there exist C,eo > O such that for any € < ¢, it holds

Box (]C£> C Bgr(q,€) € Box(Ce).

Here, Bsr(q, €) is identified with its coordinate representation z(Bsr(q, €)) and, for any ny > 0, we let
Box (n) ={z € R™: [z;| <n™}, (2.1.3)

Remark 2.1.8. The constants C and ¢ in the above theorem depend on q and are not uniform,
in general. However, this is clearly true on some compact set N C M if there exists for each
q € N a system of privileged coordinates z9 such that q — z9 depends continuously on q.
Observe also that this is always true except when q is a singular point for the sub-Riemannian
structure, i.e., if the growth vector is not constant near q.

We now state an uniform version of the Ball-Box theorem along integral curves of vector
fields, which we will need in Section 3.2.2. This is a particularization of a much more general
result contained in [Jeao1b].

Proposition 2.1.9. Let (SR1) be satisfied, i.e. assume that {f1, ..., fm} satisfies the Hormander condi-
tion, and let z = (z1,...,zn) be a system of privileged coordinates at q € M for {fy,...,fm}. Let f
be a smooth vector field such that q be regular on its integral curve. Namely, there exists to such that
dim A% (e*(q)), s € N, is constant for t < to. Then, there exist C,eo > O such that for any ¢ < ¢g
and t < tg, it holds

z(e'0(q)) + Box (é£> C Bsr(e'(q), ¢) C z(e*™0(q)) + Box (Ce) .

As a corollary of the Ball-Box Theorem, we get the following result on the regularity of the
distance.

Corollary 2.1.10. Let (SR1) be satisfied, i.e. assume that {f1,...,fm} satisfies the Hormander condi-
tion, and let z = (z1,...,zn) be a system of privileged coordinates at q € M for {f1,...,fm}. Then
there exists C, e > 0 such that

1

clzla’)l <dsr(a,q") < Clz(a)"",  q’ € Bsrla,e).

2.2 CONTINUOUS FAMILIES OF COORDINATES

In this section we consider properties of families of coordinates depending continuously on

points of some curve or path.
From the definition of privileged coordinates, we immediately get the following.
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2.2 Continuous families of coordinates

Proposition 2.2.1. Let v : [0,T] — M be a path. Let t > 0 and let z be a system of privileged
coordinates at y(t) for {f1,...,fm}). Then, there exists C > O such that

lzj(y(t + &) < CIE| foranyj=1,...,nand any t+& € [0, T]. (2.2.1)

Moreover, if for k € IN it holds that y(t) ¢ AT (y(t)), then there exist C1,Ca,&0 > 0 and a
coordinate z, of weight > k, such that for any t € [0, T| and any |&] < & with t+ & € [0, T] it holds

Cr& <zaly(t+8&)) < C28 (2.2.2)
Finally, if y(t) € AR (y(1)) \A* T (y(t)), the coordinate z« can be chosen to be of weight k.

Proof. By the smoothness of vy, there exists a constant C > 0 such that |(z;).y(t + &)| < C for
any j=1,...,nand any t+ & € [0, T]. Thus, we obtain

t+¢&
j (z3)+7(t +1)l dn| < CIEl
t

|z (y(t+ &)l <

Let us prove (2.2.2). Let {fy,...,fn} be an adapted basis associated with the system of
coordinates z. In particular it holds that z,f;(y(t)) = 0,,. Moreover, let k’ > k be such that

() € A (y(1)\A¥ T (v (1)) and write y(t) = Y, <\ a1 ()f; (y(t)) for some a; € C=([0, T)).
Hence

Zyt)= ) aitz.fily(t) = ) ai(t)dz.
Wigk/ Wigk/
Since there exists i with w; = k’ such that a;(t) # 0, this implies that (z;)«y(t) # 0. Since
k’ > k, we have then proved (2.2.1). O

As a consequence of Remark 2.1.8, in order to apply the estimates of Theorem 2.1.7 uniformly
on v it suffices to consider a continuous family of coordinates {z'};¢[o 1] such that each z* is
privileged at y(t) for {fy,...,fm}. We will call such a family a continuous coordinate family for y.

Let us recall that, fixed any basis {fy,...,fn} adapted to the flag in a neighborhood of
([0, T]), letting z' be the inverse of the diffeomorphism

(z1,...,zn) — e T1 0 Loe®nn(y(1)), (2.2.3)

defines a continuous coordinate family for y.
The following proposition precises Proposition 2.2.1.

Proposition 2.2.2. Let v : [0, T] — M be a path and let k € IN such that y(s) € A*(y(s)) for any
t € [0, T]. Then, for any continuous coordinate family {z%} ¢ (o 1) for v there exists constants C, &y > 0
such that for any t € [0, T] and 0 < & < &y it holds

2 (v(t+EI < CE  ifwy <k and  |zf(y(t+E&))| < ce® ifwj > k. (2.2.4)

Proof. Fix t € [0,T] and let {fy,...,fn} be an adapted basis associated with the privileged
coordinate system z'. To lighten the notation, we do not explicitly write the dependence on
time of such basis. Writing z!fi(z) = 2?21 fi(z)azg, it holds that f{ is of weighted order
> wj —wj, and hence there exists a constant C > 0 su)ch that

I£(2)] < Cllz]| i (225)
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2 PRELIMINARIES OF SUB-RIEMANNIAN GEOMETRY

Here ||z|| is the pseudo-norm |z; I%l +o Iznl%n and h™ = max{0, h} for any h € R. Due to
the compactness of [0, T], the constant C can be choosen to be uniform w.r.t. the time.
Since V(&) € A*(y(&)) for & > 0, there exist functions a; € C®([0, T]) such that

V(&)= ) ai(&fi(v(&))  forany &€ [0, Tl. (2.2.6)
ngk
Observe that, for any t € [0, T], it holds that
1

t+§&
aj jas(m)ldn = lag (O] + O(E) as &40, (2.27)
t

where O(§) is uniform w.rt. t. In particular, for any ¢ sufficiently small, this integral is
bounded.
By (2.2.6), for any t € [0, T] we get

t+& .
doie+0)= ¥ | aiEam)a,  foranytree o (2.2.8)
wigk”t

Then, applying (2.2.5) we obtain

t+§ .
max |zH(y(t+ < J a; (2t d
pe[0,£]| 5 (v(t+p))l Z< . lai(m)I1f;(z" (y(n)))l dn
w;<k
(wi—k)+ t+E (2:2.9)
< C( max IIZt(v(ter))II) > J lai(m)ldn.
pel0,&] kIt
Up to enlarging the constant C, this and (2.2.7) yield
t k t k (wj—Kk)* gk
maxeo,] 25 (v(t+p )l max,cio,z) |1z (v(t+ "))l 1 [t+e
= <C % lai(n)|dn
&) & = e
(wj—k)*
< c [ ®Xecloel 2t vt + pR) )\
- 3
(2.2.10)

Clearly, if max,¢(o ) |25 (v(t + p*))||/& < C uniformly in t, inequality (2.2.10) proves (2.2.4).
Then, let us assume by contradiction that max,¢ o ¢; llzt(y(t + p*))||/& is unbounded as & | 0.
For any £ let & € [0, ] to be such that ||zt (y(t +&¥))|| = max,c(o ¢ [|2t (v(t+ p*)) . Then, there
exists a sequence &, — oo such that

!

Izt (y(t+ EK)) t £k . t £k
py = AOUEEN g TIROCEEDI v v ED)
V) n &y Ev
Moreover, by (2.2.10), it has to hold that wj > k. Then, again by (2.2.10), follows that
-
by <Cnb, ' —0 asv— +oo.

This contradicts the fact that by, — +o00, and proves that there exists £y > 0, a priori depending
on t, such that ||zt (y(t + &%))||/& < C for any & < &p. Since [0, T] is compact, both constants
&0, C are uniform for t € [0, T], thus completing the proof of (2.2.4) and of the proposition. []

40



HOLDER CONTINUITY OF THE VALUE
FUNCTION

In this chapter we prove the results contained in [Pra14] and already mentioned in Section 1.2.2,
regarding the value function control-affine systems satisfying the strong Héormander condition
w.r.t. the cost

T

Ju,T) :J

0

(3.0.11)

Let us remark that in this chapter we will also discuss some results where the maximal time
of definition of the controls is infinite, i.e., T = +oo.

The chapter is divided in two sections. In Section 3.1 we consider control systems in the
form (1.2.4), and prove the continuity of the value function for general time-dependent vector
fields, under the following assumptions.

(T1) The map t — f} is smooth for 1 <i<mandte L

(T2) The family of smooth vector fields {f}, ..., ! } satisfies the strong Hérmander condition,
i.e., for any t the family {f¥,..., f% } satisfies the Hérmander condition.

Then, in Theorem 3.1.9, restricting to the case where the time dependency is explicitly given
as ﬂ‘ = (e~tf0),f;, we establish some estimates on the reachable sets, in the same spirit as the
Ball-Box theorem.

Finally, in Section 3.2 we consider control-affine systems satisfying the following assump-
tions.

(D1) The family {fo,f1,..., fm]} satisfies the strong Hormander condition, i.e., the family {f{, ..., fm}
satisfies the Hormander condition and thus defines a sub-Riemannian control system.

(D2) The point q is regular for the integral curve of the drift, i.e., is such that dim A% (etfo(q)),
s € N, is constant for small t.

(D3) The point q is regular w.r.t. the drift, in the sense that there exists s € IN such that
folq’) € AS(q")\ A~ 1(q’), for any q’ near q.

Here, after proving the relation between control-affine systems and time-dependent systems,
we prove the continuity of the value function. Then, in Lemma 3.2.6, exploiting the affine
nature of the control system, we give an upper bound on the time needed to join two points
g and q’ as a function of V1(q,q’). From this fact and the estimates of Section 3.1 we finally
obtain Theorems 1.2.3 and 1.2.2.
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3 HOLDER CONTINUITY OF THE VALUE FUNCTION

3.1 TIME-DEPENDENT SYSTEMS

Consider the following time-dependent non-holonomic control system
m
g=) uifi(@), qeM, u=(up...,um) ER™, tel, (TD)
i=1

where 1 = [0,b) for some b < +oo0 and {f,...,f} } is a family of non-autonomous smooth
vector fields depending smoothly on time and satisfying (T1) and (T2). We let ff, = 3 " ; u; .

As we will see later on in Section 3.2, when considering families of time-dependent vector
fields of the form f{ = (e o), f; assumption (T2) will follow from the strong Hormander
condition for the affine control system with drift fy and control vector fields {fy,...,fm} (ie.,
assumption (D1)).

Since we will discuss multiple control systems at the same time, to better distinguish them,
in the following we will call the horizontal curves of a sub-Riemannian system (SR)-admissible.
Analogously, we define (TD)-admissible curves as absolutely continuous curvesy : [0, T] C I —
M such that y(t) = fa(t)(y(t)) for a.e. t € [0, T] and for some control uw € L*([0, T],IR™). Ob-
serve, however, that contrary to what happens in the sub-Riemannian case, the (TD)-admissibility
property is not invariant under time reparametrization, e.g., a time reversal. Thus, we define
the cost (and not the length) of v to be

J(v) = min [[ul|i:j0,11,rR™),

where the minimum is taken over all controls u such that vy is associated with u and is attained
due to convexity. The value function induced by the time-dependent system is then defined as

p(q,q") =inf{J(y): v is (TD)-admissible and y : ¢ ~ q’}.

Clearly, the value function is non-negative. It is not a metric since, in general, it fails both to be
symmetric and to satisfy the triangular inequality. Moreover, as the following example shows,
p could be degenerate. Namely, it could happen that q # q’ but p(q,q’) =0.

Example 3.1.1. Let M = R, with coordinate x and consider the vector field f* = (1 — t)*zaX
defined on [0,1). For any xp € R, xo # 0, and for any sequence tn, 1 1, let un, € L*([0, tn]) be
defined as un = (1 —tn)xp. By definition, each u,, steers the system from 0 to xo. Hence,

tn

< i 1 =i ]— = i — = 0.
P1(0,%0) nlg]f\]HUnHL([o,tn]) T:relfJ' (1 —tn)xodt Xorgg{\]tnﬁ th) =0

NJo
This proves that, for any xo € IR, p1(0,%0) =0.

For T >0, g € M and ¢ > 0, we denote the reachable set from q with cost less than ¢ by

R(q,€) ={q’ € M: p(q,q") < e}

We will also consider the reachable set from q in time less than T > 0 and cost less than ¢, and
denote it by R1(q, €). Clearly R1(q, e) C R(q, €).

In general, the existence of minimizers for the optimal control problem associated with (TD)
is not guaranteed. We conclude this section with an example of this fact.
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3.1 Time-dependent systems

Example 3.1.2. Let M = R, with coordinate x, and consider the vector field f* = e~ t0y for
t € [0,1). Fixxg € R, xg # 0. Observe that, for any T > 0 and any control u € L*([0, T])
steering the system from O to x¢ , it holds

T T
Ixol = J;) u(t)e*t dt| < J'O Iu(t)\e*t dt < ||u||L1([O,T})' (3.1.1)

This implies p(0,xp) = Ixol. Let now uyn € L1([0,1/n]) be defined as un (t) = xone'. Clearly
U steers the system from 0 to xo. Moreover,
el —1
O, < i f 1 = i f = .
p(0,%0) Inf [wnllL(o,1/n1) \X0|T}2N T Ixol

This proves that p(0, %) = [xol. Hence, the non-existence of minimizers follows from (3.1.1).

3.1.1  Finiteness and continuity of the value function

In this section, we extend the Chow—-Rashevsky Theorem to time-dependent non-holonomic
systems under the strong Hérmander condition. Namely, we will prove the following.

Theorem 3.1.3. Assume that {f}, ..., ft }icq satisfies (T1) and (T2). Then, the function p: M. x M —
[0, +00) is continuous. Moreover, for any to € Land any q,q’ € M, letting dgg be the sub-Riemannian
distance induced by {f%o, ..., f5Y, it holds p(q,q’) < dsr(q,q").

Let us introduce some notation. Following [ABB12a], the flows between times s,t € R of an
autonomous vector field f and of a non-autonomous vector field T — f* will be denoted by,
respectively,

t
et M - M and GWDJ ffdt: M — M.
S
Fix ¢ € M and assume, for the moment, that to = 0. Let £ € N and F = (i1,...,1¢) €
{1,...,m}*. Forany T € I, T > 0, we define the switching end-point map at time T and associated
with J to be the function Eg 5 : R® — M defined as
T % ? .
1 5’51 fi] dT(q)

Eg (&) = ETISJ
:@J

)
E;TEE'E]C:‘C@ dTo~--oeT}>>L
7

' , (3.1.2)
4

e ]eaefffdm.-.oe‘f;x J L&y 17 dr(q).
=1 0

[4

Here, we applied a standard change of variables formula for non-autonomous flows. Let then

&, f{ff ifo<T<1/4,
e fVYT i< <2,

2

975 = (3.1.3)

et V0T if - <<,
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3 HOLDER CONTINUITY OF THE VALUE FUNCTION

so that we can write

Eg5(& —WJ g7 5(&) dt(q).

Clearly, t — (ﬁjo g;?(i) dt(q), t € [0,1], is a (TD)-admissible trajectory. Thus, Eq 5(&),
T > 0, is the end-point of a piecewise smooth (TD)-admissible curve of cost ) ; |&;l.
We recall that, by the series expansion of exp (see [ABB12a]), for any non-autonomous

smooth vector field 7, it holds exp fé ftdt(q) = et ° (q) + O(t?). Thus, we can define
Eo,5(&) ZI‘}%E‘L?(E) —ebt Mo, oeb _e-ISJ 96,5(&) dt(q),

where, 955(&) is defined in (3.1.3). Then t W)J"O ga?(a) dt(q), t € [0,1], is an (SR)-
admissible curve for the sub-Riemannian structure defined by {£9,..., f?n} and Eg 5 (&) is the
end-point of a piecewise smooth trajectory in (SR).

After [Susy6], we say that a point q’ € M is (TD)-reachable from q at time ty = 0, if there
exist £ € IN Fe{l,...,m}, T>0and & € R such that Eg (&) = q’. In this case it is clear
that p(q,q’) < > ;1&l. Moreover, if & — Eg 5(&’) has rank n at &, the point q’ is said to
be (TD)-normally reachable at time ty = 0. Finally, the point q’ is said to be (SR)-reachable or
(SR)-normally reachable for the vector fields {f{,..., 5}, if these properties holds for T = 0.

In the case ty > 0, taking T > 0 such that T+t € I and changing the interval of integration
in (3.1.2) from [0,7] to [to, to + 7], it is clear how to define (TD)-reachable and (TD)-normally
reachable points from q at time to, and (SR)-reachable and (SR)-normally reachable points for the
vector fields {f%o, ., fRo)

The proof of the following lemma is an adaptation of [Sus76, Lemma 3.1].

Lemma 3.1.4. Let ¢’ € M be (SR)-normally reachable for the vector fields {f%" .., F10) from q, by
somel € N, & € R and F € {1,...,m}*. Then, there exist €0, To > 0 such that, for any ¢ < ¢,
the point q’ is (TD)-normally reachable at time to, by the same { and F, and some &' € RY, with
Z]- &5 — Ej’\ e andany T < Tp.

Proof. Without loss of generality, we assume to = 0.

Let U c R® be a neighborhood of & such that Eg 5 has still rank n when restricted to it.
Then, there exists B = {x: ) jIxj — & < ¢} C U such that Eg g maps diffeomorphically a
neighborhood of B in U onto a neighborhood of q. It follows, from standard properties of
differential equations, that, for 7 > 0 sufficiently small, the map Eg g is well defined on B and
that Ex ¢ — Eg g as T | 0 in the C'-topology over B. Thus, there exists 77 > 0 such that, for
T < 77, Eg g has rank n at every point of B.

Since the map Eg g is an homeomorphism from B onto a neighborhood of g, and Eg 5 —
Eo,g uniformly as T | 0, it follows that there exists a fixed neighborhood V of q and 7, > 0
such that V C Eg 5(B), for any T < T,. Then, for any T < min{T7, T}, there exists &’ € B such
that the point q" = Eg 5(&’) is (TD)-normally reachable. O

We will use the following consequence of Lemma 3.1.4. We remark that the result holds
even if {f%, ..., f5 }tc1 satisfies the Hérmander condition only at the time to € L.

Lemma 3.1.5. Let dgg be the sub-Riemannian distance induced by {f}‘o, . fto} then for any t1 € 1,
such that t1 —to > 0 is sufficiently small, and for any q,q’ € M it holds that

inf{J(v): v : [to, t1] = M is (TD)-admissible, v (to) = q and y(t1) = q'} < dsr(q, q').
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3.1 Time-dependent systems

In particular, p(q,q’) < dsr(q,q").

Proof. Fix ¢ > 0. By Chow’s theorem it is clear that q’ is (SR)-reacheable from q. More-
over, since there exist (SR)-normally reachable points from q’ arbitrarily close to q’ (see
e.g., [ABB12a, Lemma 3.21]), follows that q’ is always (SR)-normally reacheable from q by
& such that Z]- &1 < dsr(q,q’) +¢/2. Hence, by Lemma 3.1.4, if ¢ and n > 0 are suffi-
ciently small, we have that q’ is (TD)-normally reachable from q at time ty by &’ such that
P |E,j’| < dsr(q,q’) +€eand T < ty. This clearly implies that

inf{J(y): v is (TD)-admissible,y(to) = q and y(t1) = q'} < dsr(q,q’) +&.
Finally, the lemma follows letting ¢ | 0. O
We now prove the main theorem of the section.

Proof of Theorem 3.1.3. By Lemma 3.1.5, we only need to prove the continuity of p. We will
prove only the lower semicontinuity, since the upper semicontinuity follows by similar argu-
ments.

We start by proving the lower semicontinuity of p(q, ) at q’. Consider a sequence q — q’
and let w € L*([0, ], R™) be controls such that each one steers system (ID) from q to qy
and liminfy Vo (q, qx) = liminfy |[uy||:. Then, by Lemma 3.1.5, for any & > 0 there exists a
sequence of Ty > 0 and a sequence of controls vy € L*([Ty, Ty],R™) all steering system (TD)
from qy to q’ and such that HkaLl([Tk,Tk],]Rm) < dsr(qx,q’) + €. Since dsr(qx, q’) — 0, this
implies that

p(q,q') < lim (HukLl([O,Tk],]R"‘) + ”Vk”Ll([Tk,Tk],lRm})) = liminfp(q, qi) + &.
Letting ¢ | O proves that p(q, -) is lower semicontinuous at q’.
In order to prove the lower semicontinuity of p(-,q’) at g, let us define
@c(p) =inf{J(y): v :[e,TI € I = M is (TD)-admissible and v : p ~ q'}.

We claim that for any p € M it holds that ¢.(p) — p(p,q’) as € | 0. Since it is clear that
@e(+) = p(+, q’), it suffices to prove that

lim ¢e(p) <plp,q’) foranype M. (3-1.4)

To this aim, fix p € M andn > 0 and let v : [0,T] — M be such thaty : p ~ q’ and that
J(v) < p(p,q’') +1. Itis clear that y(2¢) — p as ¢ | 0, and hence that p(p,y(2¢)) — 0 as
e | 0, by the first part of the proof. Thus, for any ¢ > 0 sufficiently small, there exists a (TD)-
admissible curve v, : [¢,2¢] — M such that ye : p ~ y(2¢) and J(ve) < p(p,v(2¢)) +1n. By
concatenating vy with v|;;. 1), we get that

@e(p) <Jlve) +J(v) < plp,v(2¢)) +p(p, q’) + 2n.

Letting ¢ | 0 and then 1 | 0, this proves (3.1.4) and thus the claim.

Let now qx — q and fix 1 > 0. By Lemma 3.1.5 this implies that p(qy,q) — 0 and that
for any ¢ > 0 sufficiently small, there exists a (TD)-admissible curve v, : [0, e] = M such that
Ye i qx ~ q and J(ve) < p(qk, q) +n. Hence

p(qk, q') < clye) + @elq) < plqr, q) + @e(q) +n.
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3 HOLDER CONTINUITY OF THE VALUE FUNCTION

1
Figure 11: The two vector fields of Example 3.1.7 with h(x) =ce 72 forx € [-1,1].

By the previous claim, letting ¢,n | 0, this implies that p(qy, q’) < p(qk, q) +p(q,q’). Since
p(qk, q) — O, taking the liminf as k — +oo, this proves the lower semicontinuity of p(-, q’) at
q, completing the proof. O

Remark 3.1.6. From the proof of Theorem 3.1.3, it follows that hypothesis (T2) is not sharp.
Indeed, the following would suffice to prove the theorem.

(T2") The family of smooth vector fields {f}, ..., ft }ic1 satisfies the strong Hérmander condi-
tion at t = 0 and in an open neighborhood of sup I.

We will conclude this section by showing that, in our framework, it is essential to assume the
Hormander condition on both ends of I and hence that assumption (T2’) is minimal. Although
outside the scope of the present work, we remark that stronger assumptions on the regularity
of the vector fields, i.e., that they are uniformly Lipschitz, would allow to prove Theorem 3.1.3
assuming only that {f, ..., ft }ie1 satisfies the Hormander condition at one time tg € 1.

The following example proves that if the family {f},..., % }ic1 satisfies the Hormander
condition only near t = 0, then the value function is in general not continuous. Through a
slight modification, the same argument can also be used to prove that the same holds if the
Hormander condition is satisfied only at a neighborhood of sup I or of any ty € L.

Example 3.1.7. Let M = (—2,2) x (—1,400), with coordinates (x,y), and consider the vector
fields

((y+1)(1=x%),—x)
Viy+ 120 =x2)21x2’

_ (xhx¥)y+2)
VX2 +h(x)Z(y +2)%

f(x,y) = g(x,y)
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3.1 Time-dependent systems

where h : [-2,2] — R is a smooth cutoff function such that supph C [-1,1], h > 0 and h(0) =1

(see Figure 11). Fix0 < e <1, C > 16 and let ¢, P : [0,1] — R be two smooth functions such
that

1 fo<t<e, 1 if 0 <t <2,

wo-| {

t:
0 if 2e <t<1, b() C if3e <t<,

and such that ¢ is nonincreasing while 1 is nondecreasing. Finally, consider the time-dependent
system on M specified by the vector fields ft(x,y) = ¢(t)f(x,y) and g'(x,y) = P(t)g(x,y),

t € [0,1]. We will show that {ft, gt} satisfies the Hormander condition for t € [0, ¢], but that

the value function associated with the family {f*, g'};¢ 0,1} is not lower semicontinuous.

We start by showing that f(p) and g(p) are transversal for any p = (x,y) € M, thus proving
the Hormander condition for {ft, gt}, t € [0,¢]. If x € (=2, —1]U[1,2), then, by definition of h,
g(p) = (1,0) is clearly transversal to f(p). On the other hand, if x € (—1,1)\ {0} and g(p) is
parallel to f(p), a simple computation shows that h(x) < 0, which is a contradiction. Finally, for
x = 0, it is clear that g(p) = (0,y +2) and f(p) = (y +1,0) are never parallel. We remark that
this implies also that the value function p, induced by controls defined on [0, €], is a distance
equivalent to the Euclidean one. In particular, [p7 —p2| < 2p¢(p1,p2) for any py,p2 € M.

Fix now q’ = (1,0). The set of points from which q’ is reachable using only f is exactly O q' =
{(1,y): y > —1}. Let then q¢p € (—1,0) x {0} be such that p.(qo, (—1,0)) < %minpeoq, Pe(q0,P)-
In order to show that pi(qo,-) is not lower semicontinuous at q’, consider any sequence
{dntnen C (1/2,1) x {0} such that qn — q’. By continuity of p, and the fact that —q, —
(—1,0), we can always assume that, up to subsequences, p¢(qo, —qn) < % minpegq/ pe(q0,P).

Since gt = 0 for t > 2¢, if u € L*([0, 1], R?) is a control steering the system from q to q’, the
control ul(g 5. steers the system from qo to some p € 0. Exploiting the fact that p2. > p. by
monotonicity of 1, this implies that

p1(qo0,q’) = prg(‘;)n pe(do,P) = 2pe(do, —qn)- (3.1.5)
q/

Let now u € L([0, 1], R™) be the control constructed as follows. From time 0 to ¢, ulj ] is
the minimizer of p. steering the system from qo to —qn. Then, u|(, 3.) = 0 and, after this, the
control acts only on f* for time t € [3¢, 1], steering the system from —qn to qn. Hence,

1
ldn — (—qn)| = - cj u(t)] dt. (3.1.6)

1
j WO (x(0),y (1) dt
3¢ 3¢

Since |qn — (—qn)l <2, C > 16/|q0 — q’| > 8/pe(q0,q’), and by (3.1.6), it holds that

L 1 3
P1(do, qn) < JO lu(t)] dt = pe(qo, —qn) + E|qn —(—qn)I < 2P (do,q’).

Taking the lim inf as n — oo shows that p1(qo,-) is not L.s.c. at q'.
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3 HOLDER CONTINUITY OF THE VALUE FUNCTION

3.1.2  Estimates on reachable sets

In this section, we concentrate on a particular class of time-dependent systems. Namely, let
{f1,...,fm} be a family of smooth vector fields, fo be a smooth vector field, and consider the
time-dependent system

m
q= Zui f{, f’{ = (e’tfo)*fi(q), geM, u=(uq,...,uy) €ER™. (3.1.7)

Here, (e~ tf0), is the push-forward operator associated with the flow of fy. Throughout this
section we will assume the following.

(T3) The family of smooth vector fields {fy, ..., f} satisfies the Hérmander condition.

Observe, in particular, that from (T3) it follows immediately that the family {(e= o) fq,..., (e o) i)

satisfies (T2), i.e., the strong Hérmander condition for time-dependent systems. Moreover, (T1)
is an immediate consequence of the definition of the f}’s.

As we will see in the next section, this class of systems arises naturally when dealing with
control systems that are affine with respect to the control.

Before proceeding to estimate the shape of the reachable sets, we need to define a suitable
approximation of system (3.1.7). Namely, fix a system of privileged coordinates (in the sub-
Riemannian sense) at q for {f,...,fm}. Assume that fo(q) # 0, and let s € {1,...,7} be such
that ordq fo = —s. In particular, by Remark 2.1.2, this implies that fy(q) € A®(q) \A*"T(q). In
this case, there exist, in coordinates, an homogeneous vector field f, *, of weighted degree —s,
and a vector field f5 ~*, of weighted degree > —s + 1, such that f;* # 0 near z(q) = 0 and

zofo =1y ° +157°. (3.1.8)
For any smooth vector field f, let (ad]fo)f = [fo, f] and (adgfo)f = [fo, (adef]fo)ﬂ, for any
£ € IN. We recall (see for example [Herg1]) that the following Taylor expansion holds

N — t*
(e tfo)*f~Zﬂ(ad€fo)f. (3.1.9)
(=0

Since ordq(f;) > —1, by (2.1.2) we have that ordq((adefo)f)-) > —Us — 1. Then, by decompo-
sition (3.1.8), for any £ > 0, there exists, in coordinates, an homogeneous vector field Ff of
weighted degree —(s, and a remainder ¢ of order > —{s — 1, such that

Zy [(adefo)f)-} = Ff + b (3.1.10)

Definition 3.1.8. The homogeneous series approximation at q of f)?, 1 <j < m, associated with the
privileged coordinates z, is the vector field with coordinate representation

°
Z F (3.1.11)

where p = |[7—1/s] and r is the non-holonomic degree of {fy,...,fm} at q. The approximated
time-dependent control system is then defined as

q=> u()fi(q). (ATD)
i=1
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3.1 Time-dependent systems

If a system, in some system of privileged coordinates, coincides with its homogeneous series
approximation , we will say that it is series homogeneous.

The homogeneous series approximation encodes the idea that the time t is of weight s =
—ordq(fp). This is a consequence of the fact that, due to the expansion (3.1.9), t allows to
build brackets of fy with the fjs. In this sense, the homogeneous series approximation is a
generalization of the nilpotent approximation.

We are now ready to state the main theorem of this section.

Theorem 3.1.9. Let (T3) be satisfied, i.e., assume that {fy,. .., fm} satisfies the Hormander condition,
and let z = (z1,...,2zn) be a system of privileged coordinates at ¢ € M for {f1,...,fm}. Then there
exist C,T,ep > 0 such that, for any € < ¢ and any q' € Ry(q, €), setting s € IN to be such that
ordq fo = —s it holds

lzi(q")] < C(EWi + ETV?> ifwy <s, (3.1.12)

Wif]
1
lzi(q") < C£<£+Ts) ifwi > s. (3.1.13)
Moreover, if the system is series homogeneous, then it holds the stronger estimate

zi(q")] < Ce™t ifwyi <s. (3.1.14)

To prove this theorem we need the following proposition, estimating the difference between
(3.1.7) and (ATD).

Proposition 3.1.10. Let (T3) be satisfied, i.e., assume that {f1, ..., fm} satisfies the Hormander con-
dition, and let z = (z1,...,zn) be a system of privileged coordinates at ¢ € M for {fq,...,fm]}. For
T > 0and uw e L'([0, T;R™), let y(-) and §(-) be the trajectories associated with w in (3.1.7) and
(ATD), respectively, and such that y(0) = ¥(0) = q. Then there exist C,eo, To > 0, independent of u,
such that, if t < Ty and f(t) lulds = e < g, and setting s € IN to be such that ordq fo = —s it holds

2 (v(1) —z(F(D) < Ce(e +t5)™,  i=1,...mn (3.1.15)

Remark 3.1.11. This proposition generalizes Proposition 2.1.6. In fact, in the sub-Riemannian
case, since fy = 0, any curve y associated with u € L*([0,t], R™), t > 0, is associated also to
ue(-) = fu(§), for any T > 0. Thus, since fg [welds = IS [ulds = ¢, (3.1.15) reduces to

2 (Y(1)) =z (F())] < Inf C(e™ T +7eT) = Cem .

T

Finally, assuming that u satisfies the hypotheses of Proposition 2.1.6, i.e., that [u| = 1, we get
t=c¢.

Proof. Let z(y(-)) = x(-), z(¥(-)) = y(-), and ||z|| = > |zg|"/Wi. We mimic the proof of
Proposition 7.29 in [Belg6]. The first step is to prove that there exists a constant C > 0 such
that ||x(t)|], |ly(t)]] < Ce for t and ¢ = fé [ul ds small enough. We prove this for ||x(t)||, the
same argument works also for |jy(t)|].

In z coordinates, the equation of the control system (3.1.7) is,

Xl(t) :ZU](t)(ZJ*f}(V(t))I 'L:],,TL
j=1
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3 HOLDER CONTINUITY OF THE VALUE FUNCTION

Due to the fact that z*f}‘ = z4fj + O(t) uniformly in a neighborhood of q, that ordq(zi) =
w; and that ordq(fj) > —1, we have that there exist Tp and C > 0 such that |(zi)*f;‘(q)| <
%I(zi)*f]- (q)l < C||x(t)||wi*], for any t < Tp. Thus we get

k(< CY )l (3.1.16)
j=1

As in the proof for the sub-Riemannian case, choosing N sufficiently large, so that all N/w;
are even integers, and setting |l|zl|| = (2?11 IzelN/Wi)% we get a norm equivalent to ||z|.
Deriving with respect to time and using (3.1.16) we get %ll\x(t)ll\ < CZJTQ luj(t)]. Finally,
by integration, equivalence of the norms, and the fact that x(0) = z(q) = 0, we conclude that
IIx(t)|| < Ce.

Now we move to proving (3.1.15). By construction of (ATD) and the Taylor expansion of ft,
for any £ < p = |r—1/s], there exist homogeneous polynomials hfi of order w; — s —1 and
remainders T’jzi of order larger than or equal to w; — {s, such that we can write

P 0
t
(z0)+ff =) W(hfi—&-rfi) +0(tP+,

~ Pt
§ 4

Here, the O is intended as t | 0 and is uniform in a compact neighborhood of the origin. Then,

m P i
% (004 (t) = me([ () R () + 1 00) +0(tp“))
=0

m P ¢
- Zuj(t)(z Z,( S ()~ ye(0) Qi (x,y) +r§i(x)) +ou~p+‘)),

=0 " “wyr<w;—Ls

where ink are homogeneous polynomial in x and y, of order w; —wy — s — 1. We observe
that, if wi —wy —{€s —1 < 0, then ink = 0. Thus, for sufficiently small ||x|| and ||y||, we have

Qfe (oY) < C ([ Pt gy vt T) e ()] < Cl OV

it
Here, we let (£)T = max{¢, 0}, for any & € R. Using the inequalities of the first step, taking
t < T sufficiently small, and enlarging the constant C, we get

P

£
[xi(t) —yi(t)] < Clu(t)] ( Z JL( Z |Xk(t) —yk(t)|awi—wk—€s—1 + £(w1—€s)+> +tp+1)

=0 wi<wi—{s
P
< Clu(t)(Zte( Z !Xh(t)_yh(t)kwii“}hi] +€(Wifs)+) —|—tp+]>.
=0 WhH<Wi

In the last inequality we applied the change of variable wy — wy — s in each of the sums.
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We can integrate the system by induction, since it is in triangular form. For w; = 1, since
(wi —s)™ =0 for any { > 1, the inequality reduces to

% (t) = 0: (B)] < Chu(®) (Zte Pocts)” tp+1><Cu(t)|(£Wi+t).

Here we enlarged the constant C. Thus, integrating the previous inequality, we get |x;(t) —
Yi(t)] < Ce(e™t +1) < Cefe + 5 )W

Let, then, w; > 1 and assume that [xp (t) —yn(t)] < Cele +t%)wh for any wy < wj. To
complete the proof it suffices to show that [x;(t) — Ui (t)] < Clu(t)|(e + ts )Wi, since (3.1.15) will
follow, as above, by integration. Thus, we have, enlarging again the constant C and taking t
sufficiently small,

i (t) —yi(t)] < Clu(t) (Zt“< > (s+tl>whaWi—Wh+a(Wi_“s)+>+tp+‘>

WhH<Wj
(3.1.17)
S Chut) (Z t < > £ WiV E(Wi“5)+> +tp+1>.
WhH<Wj
If t < ¢, from (3.1.17) it is clear that [x;(t) —yi(t)] < Clu(t)|e". Here we used the fact that

p+12> wl/s On the other hand, if ¢ < t'/*, it holds

wi—{s wi
i () — 91 ()] < Clu(t) <Z< Y TR TS >+tp+‘><cm(t)ts.

=0 \wpr<wj

Putting together these two estimates, we get that |x; (t) —y; (t)] < Clu(t)|(e™t +t%) < Clu(t)|(e+
ts )Wi, completing the proof of the proposition. O

Proof of Theorem 3.1.9. We start by claiming that (3.1.14) implies (3.1.12). In fact, if y: q ~ q’
is the trajectory associated in (3.1.7) to a control u € L*([0, T],R™), and ¥ is the trajectory
associated with the same control in the homogeneous series approximation (ATD), with §(0) =
g, it holds

2 (") < 2 (F (T + 2 (F(T)) — zi (v (T))]-

Thus, by Proposition 3.1.10, the claim is proved.
Hence, from now on we assume our system to be in the form (ATD). Let us define, for
1<j<nand 0 < « < 1, the vector fields (pJfX as

Zel i’

where sz are defined in (3.1.10). We do not explicitly denote the dependence on time, to lighten

the notation. Observe that, if « = p, then, by (3.1.11), (p]?‘ = ?)‘

We claim that, letting x(®)(.) be the trajectory associated with a control u € L*([0, T|, R™)
in system (TD) with {@f,..., @} as vector fields, then, for some constant C > 0 and any
ie{l,...,ntand « > 1, it holds

{0 if wi < as,

(o) (oe—T1)
x: O (T)—x; T)| <
() M Ce(s#—T%)Wi*1 if wi > as.

1

(3.1.18)
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3 HOLDER CONTINUITY OF THE VALUE FUNCTION

In fact, due to the homogeneity of the Ff, proceeding as in the proof of Proposition 3.1.10, we
get that for w; < «s it holds

ox—1
0= TV OI< Col 3t 3 b (1) = e,

W <Wi

By induction on 1 < w; < «s, this proves the first part of the claim. On the other hand, if
wj > «s, it holds

(™0 =5 0] < Chuly) ( Zte > |x£f’”(t>—xif“”(tnaWi—Wh—‘+t%Wi—“s—1).

WhH<Wji

Then, again by induction over w;, we get that \xg‘x) (T) _xle (T)] < CT*e™i~ %5, Finally, the

1
claim follows considering the cases T < €% and T > €%.

Due to the fact that (p]Q = 1?]-, by Theorem 2.1.7 it holds ngo)(T)l < Ce™i. Thus, applying
(3.1.18) and enlarging the constant C, we get

T :
CeMi ifwy <s
Z3 / = X-(r) T < E X(e) T —X(e ]) T + X(O) T < 1 7
B )+ <) Cele+TH™i T ifwy >s.
This proves (3.1.13) and (3.1.14), completing the proof of the theorem. ]

We end this section by showing that the estimate (3.1.13) is sharp, at least in some directions.
Indeed, for a system which is series homogeneous at q in some privileged coordinates z, and
satisfies the hypotheses of Theorem 3.1.9, it holds that z*((ad fo) ;) is an homogeneous vector

field of weighted degree —sk — 1. Thus, since et < e(e +ts )Sk, the following proposition
shows that (3.1.13) is sharp in this direction. The proof is an adaption of an argument from
[Coro7].

Proposition 3.1.12. Let (T3) be satisfied, i.e., assume that {f1,..., fm} satisfies the Hormander condi-
tion. Let, moreover ¢ € M, i € {1,...,m}and k > 0. Then, for any coordinate system y at q, there
exist T, eq > O such that, for any € < eo and t < T there exists a (ID)-admissible curvey : [0,t] — M,
with J(v) < ¢, and such that

y(y(t)) = et®dy((ad“fo)f;(q)) + O(et*) aset — 0.

Proof. Let t,m > 0 be fixed, and define u € Ll([O T] R™) as ui(t) =, uj(t) = 0 for j #1,
T € [0,t]. Then, fix any ® € C*([0, 1]) such that ®¥(0) = @1)(1) = 0, for 0 < i < k. Thus, by
integrating by parts and the fact that E( e to), g = (e tfo), (ad( 0) ) we get

t t
j q)(k)(T/t)(e_Tf")*fi(q)dr:th

0 0

(%/0)(e7™"). ((ad*fo)f:) (q) dr,
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3.2 Control-affine systems

for any t and q. This implies that the flows generated by @ X (t/t) (e~ *fo), f; and t*®D (/1) (e TFo), ((adkfo)fi>

7tf0)

coincide. Using the series expansions of the chronological exponential and (e «, see

[ABB12a, Section 2.4], it holds
t m t
&8 | 3 @M (/) (e 0.1 dr = &8 | noM) () (e ). fr de
0 0
j=1
t
= &P | nt“ @(v)(e), ((ad fo)fi) dr
0

rl

—&xp | nt*T ofs)(e ). ((ad fo)f) ds
0

1
—exp | nt“t o(s) ((adkfo)fi + O(t)) ds
0

=1d 4+ nt*" 1 (ad®fy)f; + O(Mt<T2)

Finally, considering any coordinate system and letting ¢ = nt, this completes the proof. O

3-2 CONTROL-AFFINE SYSTEMS

In this section we apply the results of Section 3.1 to control-affine systems. Let {f1,...,fm}
be a family of vector fields, fo be a smooth vector field, called the drift, and consider the
control-affine system

m
a="fola)+) uifild) qeM, u=(ur,...,um)€R™. (D)
i=1

Throughout this section we will assume the following.

(D1) The family of smooth vector fields {fo, f1, ..., fm]} satisfies the strong Hormander condition,
i.e., the family {fy,..., fx} satisfies the Hérmander condition.

An absolutely continuous curve y : [0,T] — M is (D)-admissible if y(t) = fo(y(t)) +
fu(t)(v(t)) for some control u € L*([0, TI, R™). Its cost is defined as

J(v) = ming(u,T),

where the minimum is taken over all controls u such that vy is associated with u. The two value
functions we are interested in are

Vr(q,q") =inf{J(y): v:[0,T'] = M is (D)-admissible, y:q ~ q’, T' < T},
Ve (q,q") = inf{J(y): v (D)-admissible and vy : ¢ ~ q'}.

Here, we omit any reference to the cost under consideration, since we will only consider
(3.0.11). It is clear that V1(q,q’) \ Vo(q,q’) as T — +oo, for any q,q’ € M. Moreover, we
observe that, Vy(q,etfoq) = 0 for any 0 < t < T. Finally, the reachable sets with respect to
these value functions, from any q € M and for ¢, T > 0, are

RI(q,€) ={q" € M: V1(q,q") <), RS(q,e) =1{q’ € M: Vio(q,q’) < e).
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3 HOLDER CONTINUITY OF THE VALUE FUNCTION

3.2.1  Connection with time-dependent systems

Applying the variations formula (see [ABB12a]), system (D) can be written as a composition
of a time-dependent system in the form (3.1.7) and of a translation along the drift. Namely, for
any u € L*([0, T],R™), it holds

T m
ebeJ'o (fo + Z ui(t) fi) dt =e'foo e%‘[ Z i (t) (e o), £ dt. (3.2.1)
i=1

We call time-dependent system associated with (D) the following control system,

m

g=) ui(e )fi(q), geM, u=(u,...,um) ER™. (3-2:2)

i=1

Observe that, since diffeomorphisms preserve linear independence, the strong Hérmander con-
dition for (D), implies that {(e ), fq,..., (e7t70) . fi}ic(0 100 satisfies (T3), i.e., the strong
Hormander condition for time-dependent systems.

Observe that by the same argument as Lemma 3.1.5 we can prove

Lemma 3.2.1. For any n > 0 sufficiently small and for any qo, q1 € M, it holds

inf{g(w,n) | if qu(0) = qo then qu(n) = q1} < dsr(qo, q1)-
Exploiting these facts, we can prove the following.

Proposition 3.2.2. Let (D1) be satisfied, i.e., assume that {fo, f1, ..., fm} satisfies the strong Hormander
condition. Then, for any T > 0, the functions V1,V : M x M — [0, 4+00) are continuous. Moreover,
letting dgg be the sub-Riemannian distance induced by {f1, ..., fm}, for any q,q" € M it holds

/ tfo / tfo /
V1(q,97) < Ogui‘TdSR( 4,9"),  Velq,q") < lglgdSR( q,9°).
Proof. The continuity of the two functions, and the fact that V1(q,q’), Voo(q,q") < dsr(q,q’),
for any q,q’ € M, follows from the same arguments used in Theorem 3.1.3, adapting Lem-
mata 3.1.4 and 3.1.5 to the system (D). In particular, one has to consider (T,7F,&) + e”foo
Eg 5(&) instead of (T, F, &) — Eg 5(&).
To prove the second part of the statement, we let, for any t € [0, T),

ei(p) =inf{J(y): v:[t, T'] = M is (D)-admissible, y : p ~» q’, T < T}.

By Lemma 3.2.1 we immediately have @+(p) < dsr(p, q’). Moreover, we observe that V1 (q, etfoq) =
0 for any 0 < t < T, and hence that for any such t it holds

V1(q,q") < oilet™oq) < dsg(e'foq, q').

Taking the minimum for 0 < t < T, proves the inequality regarding V. To complete the proof
it suffices to observe that V(q,q’) < Vr(q,q’) for any T > 0. O

We point out that in system (D), as in time-dependent systems, the existence of minimizers
is not assured. Moreover, this lack of minimizers is possible even if they exist for the associated
time-dependent system, as the following example points out.
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3.2 Control-affine systems

Example 3.2.3. Consider the following vector fields on R3, with coordinates (x,y,2),
f1(x,y,2) = 0x, f2(x,y,z) = 0y +x0z.

Since [f1,f2] = 02, {f1, f2} is a bracket-generating family of vector fields. The sub-Riemannian
control system associated with {f1,f,} on R® corresponds to the Heisenberg group.

Let now fo = 0, be the drift. Since [f1,9,] = [f2,0.] = 0 it holds that (e~ tf0),f; = f; and
(e~tfo),f, = f,. Hence, the associated time-dependent system is actually not time-dependent.
Thus, by (3.2.1), a curve vy : [0, T] — R3 is (SR)-admissible for {f;,f,} if and only if y(-) =
e'fo oy(-) is (D)-admissible. As a consequence of this, for any q € R® and any & > 0,

Rio(q,e) = | J e’ o Bsgr(q, ). (3-2:3)
t>0

As already pointed out, minimizers for the sub-Riemannian system exist between any pair
of points in Bgr(q, €), if ¢ is sufficiently small. Let us show that, for any point in ngg (q,¢€)
with positive z coordinate, we have an explicit minimizer, while for the others there exists no
minimizer. Without loss of generality we can consider q = 0. Then, since et'fo(x/ ',z =
(x,y’, 2 +1'), every point (x,y,z) € Rio (0, €) with z > 0, can be reached optimally considering
the sub-Riemannian minimizing curve between the origin and (x,y,0) rescaled on time z.

If, instead, z < 0, we cannot construct any sub-Riemannian trajectory from 0 to (x,y,z—t),
t > 0, with cost < dgr(0, (x,y,2z)). This is due to the fact that the minimizing trajectories
in Heisenberg group are the lifts of arcs on the plane (x,y), spanning area equal to the z
coordinates, and that [z—t| = —z+1t > |z|. Since, by Proposition 3.2.2, Vs (0, (x,y,2)) <
dsr(0, (x,y,z)), this implies that there exists no minimizer for V. (q, (x,y,z)).

3.2.2 Estimates on reachable sets

In this section we apply Theorem 3.1.9, in order to prove Theorem 1.2.3. Fixed a point q € M,
we will need the following assumptions, already stated at the beginning of the chapter.

(D2) the point q is regular for the integral curve of the drift, i.e., is such that dim A%(etfo(q)),
s € IN, is constant for small t;

(D3) the point q is reqular w.r.t. the drift, in the sense that there exists s € IN such that fo(q’) €
A%(q")\ A% '(q"), for any q' near q.

By Proposition 2.1.1, (D3) is equivalent to ord 4 fo = —s for any q’ near q. We remark also that,
by (D3) and Proposition 2.1.4, it is always possible to find a system of privileged coordinates
at g satisfying the assumptions of Theorem 1.2.3.
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3 HOLDER CONTINUITY OF THE VALUE FUNCTION

Set s € IN to be such that ordq fo = —s and define the following sets, for parameters n > 0
and T > 0. We remark that Box (1) is defined as in (2.1.3) and that {0,,}]* ; is the canonical
basis in R™.

=m= (aazk +Box () )
O0<ELT

Mt(m) = Box (n) U U ZER™ 0< 2 — £ <1, [z <™ 4mEs forwy <s, ik,

0<&LT
1
and |z;i| <M+ &)V for wy > s},
Mr(n) =Box(MU J {z€R™ 0<zc—£<n®, |z <™ forwi <s,i#K,
0<&LT

1
and |zi| <M+ &)V for wy > sh.

As for Corollary 2.1.10 in the sub-Riemannian case, Theorem 1.2.3 is a direct consequence of
some local estimates on the shape of the accessible sets, contained in the following. We cannot

expect anything global, since in general the sets R (q, ¢) are noncompact.

Theorem 3.2.4. Let (D1) be satisfied, i.e., assume that {fo,f1,..., fm} satisfies the strong Hormander
condition, and let q € M be a point satisfying (D2) and (D3). Assume, moreover, that z = (z1,...,zn)
is a system of privileged coordinates at q for {fq,...,fm}, such that z.fy = 0., , for some 1 <k < n.
Then, there exist C, o, To > O such that, setting s € IN to be such that fo(q) € A®(q) \AST! (q),

=1 (és) C fRfr"(q,a) C TT7(Ce), fore <egand T < Tp. (3-2.4)

Here, with abuse of notation, we denoted by fR-fr" (q, €) the coordinate representation of the reachable set.
In particular,

1
Box (C£> N{zx <0} C fR?"(q,a) N{zy <0} C Box (Ce) N{zy < O}L
Moreover, if the system is nilpotent, it holds

1 ~
o (CE') CRP(q,e) CTit(Ce),  fore<eoand T < To. (3-2.5)

Example 3.2.5. Consider the sub-Riemannian control system of Example 3.2.3, which is nilpo-
tent and corresponds to the Heisenberg group, and endow it with the drift fo(x,y,z) =
0, + g(x,y,z), where g(-) € span{f;(-),f2(-)}. Then, by Proposition 2.1.4, for any g we can
find a system of privileged coordinates z = (z1,z2,23) at (0,0,0) such that z,fo = 9,,. Hence,
since (0,0, 0) satisfies (D2) and (D3), by Theorem 3.2.4, for sufficiently small ¢ and T, it holds

o (C*‘ e) c R10((0,0,0), €) € Tir(Ce),
where (see Figure 12),
=7 (C’] e) = [—C’1 g, c! e} X [—C’1 g, c! e} X {— (T+ c! 52) , T+ c! 52} ,

~ _ B 1 1 )
fi+(Ce) Box(Ce)Uongng({ (Cs+Ceaz),Ca+Caaz] % [0, Ce ])
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= fiT(Ce)

[ ] “

Figure 12: The section at z; = 0 of the boxes of Example 3.2.5.

In particular, since the coordinates (x,y, z) are priviliged, by (3.2.3) this is true although not at
all sharp, when g = 0.

In order to prove Theorem 3.2.4, we need the following lemma.

Lemma 3.2.6. Let (D1) be satisfied, i.e., assume that {fo,f1,...,fm} satisfies the strong Hormander
condition. Let z = (z1,...,2zn) be a system of privileged coordinates at ¢ € M and set s € IN to be

such that ordq fo = —s. Then there exist C,eo, To > 0 such that, for any q’ € R?(q, o) for e < gp
and T < Ty, and such that

(i) for any t < e it holds that ordq fo = —s, where q'(t) = e~tfo(q’),
(ii) dzi (fo(z(q"))) # O, for some k with wy = —s,

it holds that, if w € L*([0, T],R™) is a control steering the system (D) from q to q’, with ||u; = ¢,
then

T < C(e* +max{zi(q'),0}).

Proof. For any 11 > 0, let v be the trajectory associated with u € L*([0, T], R™) in the system
(D), and satisfying v : g ~ q’. Let ¥ be the trajectory associated with u and starting from q, in
the time-dependent system (3.2.2). Thus y(t) = etfooy(t) and p(q, ¥(T)) < e.

Recall that, for any vector field g and point p € M, it holds that zi(e"9(p)) — zi(p) =
fg dzy (g(etg (p) )). Thus, by the mean value theorem, there exists T € [0, T] such that

zi(q’) = 2 (v(T)) = T dzx (fo (€T (¥(T)))) + zic (¥(T)). (3.2.6)

Since e™fo (y(T)) = e*(T*T)fO(q’ ), by hypothesis (ii) and the smoothness of fy, there exist
To,Cy > 0, independent of vy, such that dzy (fo(e™™(¥(T)))) > C; for T < Tp. Hence, by
Theorem 3.1.9 (since wy. = s), there exist C,,& > 0 such that, if e < €and T < T,

T< |21 (Y(T))] + max{zic(q), 0} _ Cz (&% +Te) + max{zk(q’), 0}
h Cy h Cq ’

Since the constants are independent of vy, taking C = C,/Cy and ¢p < min{Ty, &, (C—1)/ C?)
completes the proof. O
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Proof of Theorem 1.2.2. The first inclusion in (3.2.4) follows from Theorem 3.2.2, Proposition 2.1.9,
and the fact that z;(etfo(q)) = 0, if i # k, and zy(efo(q)) = t. In fact, combining them, we
have that, for any ¢ < ¢g and any T > 0,

— 1
=T <C£> - U BSR(ethq/ E) C :R‘fro(q/ £)~
o<t<T

To prove the second inclusion, we let q’ € fR%O (q,¢). Fix any n > 0 and consider a control
u € L'([0,7,R™), T < T, such that its associated trajectory vy, in the system (D), satisfies
Y:q~ q"and cgy(v) < e +n. We distinguish two cases. First we assume that z(q’) < 0. In
this case, by Lemma 3.2.6 it follows there exists C,ep, Tp > 0 such that if T < Tp and ¢ < ¢y,
then T < Ce®. Moreover (3.2.1) implies that e fo(q’) € Rr(q,¢). Then, enlarging the constant
C, Theorem 3.1.9 yields

zi(q")] = |zi (e (q"))| < C(e™ + e"c%) <Ce™i, ifw; <sandi#k,
iz (q") < T+ |zic(e7 0 (q)) | < T+ C(ﬁ-l—T%)S < CeS,

zi(q")| = |zi(e ™ ()| < Ce(e+75)V T < Ce™, ifwy > s,
Here, we used the fact that, for any p € M, from z,fy = ., , it holds z; (p) = zi (e~ T (p)) and
|dzy (fo(p))l = 1. Thus, if T < Ty, it holds q’ C Box (Ce) C TT(Ce).

On the other hand, if zy,(q’) > 0, Lemma 3.2.6 yields that T < C(e® 4z (q’)). Then, applying
again Theorem 3.1.9, we get

zi(q") = |zi (e (q"))] < C(e™ +51%), if wi <sandi#k,

2(q") < T+ |z (e7T0(q)))| < T Cle +13)° < T+ Ce,
zi(q") = |zi (e~ (q"))| < Ce(e —|—T%)wi_1, if wi > s.
Letting T = &, this proves that q’ C TT(Ce), completing the proof of (3.2.4).
To prove (3.2.5) it suffices to use the same argument as above, applying the result on nilpo-
tent systems in Theorem 3.1.9. O

Remark 3.2.7. Theorem 1.2.2 suggests that the behavior of system (D), when moving in the
direction —f, is essentially sub-Riemannian. However, although this is true locally in time, it
is false in general. For example, consider the Euclidean plane endowed with a rotational drift,
i.e., such that{e'fo(q)}ic (0,1 o) is diffeomorphic to 8! for any q # 0. Then, Voo (q, e tfo(q)) =0
for any t > 0 and thus we can move in the direction —f; for free.

Remark 3.2.8. By the arguments used in the proof of [BSgo, Theorem 2.2] applied to our
setting, it is possible to recover the first inclusion of Theorem 1.2.2. There, a different notion
of approximation of control-affine systems is used. Namely, the authors do not consider the
associated time-dependent system, preferring to define fi as a vector field such that ordq(fi —
ﬂ) > 0. In the literature this is sometimes called a first-order approximation. However, such
notion does not take into account the role played by the time in control-affine systems, and thus
it does not seem well suited to derive the estimates necessary to obtain the second inclusion.
We thank the anonymous referee of [Prai4] for bringing this fact to our attention.
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Proof of Theorem 1.2.3. Since every norm on R™ is equivalent, dist(z(q’), [0, T]0, ) is equivalent
to

a(q’) = zi(q)|+ min |z (q’) —tl.
(q") 1<;<n| i(q7)l te[O,T]' k(q') —t
itk

Thus, to complete the proof it suffices to prove that it holds C~'a(q’) < Vr(q,q’) < Ca(q’)"/".

By Theorem 3.1.9, =1 (CTe) ¢ fR?"(q,s) C TI7(Ce) for any & < ¢p. The first inclusion is
equivalent to the fact that, for every ¢ < ¢¢ such that Ca(q’) < ¢", one has V1(q,q’) < ¢. From
this follows that V1(q,q’) < C'/"a(q’)"/". The same reasoning applied to the other inclusion
proves that

2i(q") < C(VT(q, ") + Vr(q,q)) TS ) if wy <5, i £k,

: / —t gcv , / S,
Dnin lzi(q") —tl T(d,9")

w;—1

zi(q") < C(Vr(q,q")" + Vr(q,q )T 5 ) if wy > s.

Clearly, this implies that a(q’) < CVy(q, q’), for some larger constant, completing the proof of
the theorem. O

59






4 COMPLEXITY AND MOTION PLANNING

In this chapter we present the contents of the work [JP] regarding asymptotic estimates of the
four complexities for control-affine systems introduced in Section 1.2.3. In particular, we prove
Theorems 1.2.5 and 1.2.6.

Let us consider the control affine system

q(t) =folq(t) +D_wi(t) fi(q(t)),  ae tel0T], (4.0.7)
i=1

where u : [0, T] — R™ is an integrable control function and fy, f1,..., fm are (not necessarily
linearly independent) smooth vector fields. When posing fy = 0 in (4.0.7) we obtain the (small)
sub-Riemannian control system associated with (4.0.7), i.e., the driftless control system in the
form

qt) =) wi(t)filq(t)), ae telo,T], (4.0.8)

Our working assumptions will be the following.

(C1) The family {fo, f1, ..., fm]} satisfies the strong Hérmander condition, i.e., the family {fy, ..., fm}
satisfies the Hormander condition and thus defines a sub-Riemannian control system.

(C2) The distribution A defined by {f1, ..., fm} is equiregular, i.e., the quantities dim A®(q) are
independent of q.

(C3) There exists s > 2 such that fo(-) C A%(+) \ASTT().

Observe that these assumptions implies the assumptions (D1)—-(D3) made in the previous chap-
ter.

Our first result is the following, already stated in the Introduction as Theorem 1.2.5, that
completes the description of the sub-Riemannian weak asymptotic estimates started in Theo-
rem 1.2.4, describing the case of the interpolation by time complexity. It is proved in Section 4.5.

Theorem 4.0.9. Assume that {f1,...,fm} defines an equiregular sub-Riemannian structure and let
v : [0, T] — M be a path. Then, if there exists k € IN such that y(t) € AR (y(t))\ AR (v(t)) for any
t € [0, T], it holds

Oint (¥, €) =< -

Here the complexity is measured w.r.t. the cost J(u, T) = |||y : ([0, 1],R™)-

The main result of this chapter is then following theorem, already stated in the Introduction
as Theorem 1.2.6.
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Theorem 4.0.10. Assume that the sub-Riemannian structure defined by {f1,...,fm} is equiregular,
and that fo C AS\AS™! for some s > 2. Then, for any curve T C M, whenever the maximal time of
definition of the controls T is sufficiently small, it holds

¥d

int

1
(N e) < £,(T, ) < 23, (I e) < £, ¢) < =
Here k = max{k: T,T € A(p)\ A* 1 (p), for any p in an open subset of T).

Moreover, for any path vy : [0, T| — M such that fo(y(t)) # v(t) mod AST! forany t € [0, T, it
holds

1

1
3 ~ J ~ maxy K,s S j N —_—,—,—
0_im‘(‘Y’é) - 0—ini?(‘y’é) = fmaxtest, G’?PP(‘Y’ E) - G”PP(‘Y’s) - emax{k,s}’

Here x = max{k: y(t) € A%(y(t))\ A*! (v(t)) for any t in an open subset of [0, T]}.

The chapter is divided in 5 sections. In Section 4.1 we present some technical results regard-
ing families of coordinates depending continuously on the base point and adapted to the drift.
These results will be essential in the sequel. Section 4.2 collects some useful properties of the
costs J and J, proved mainly in [Pra14], while Section 4.3 is devoted to relate the complexities
of the control-affine system with those of the associated sub-Riemannian systems, and to prove
Theorem 4.0.9. In this section we also prove Proposition 4.3.5, that gives a first result in the di-
rection of Theorem 4.0.10 showing when the sub-Riemannian and control-affine complexities
coincide. Finally, the proof of the main result is contained in Sections 4.4 and 4.5, for curves
and paths respectively.

4.1 COORDINATE SYSTEMS ADAPTED TO THE DRIFT

We now focus on coordinate systems adapted to the drift. In particular, if for some s € IN it
holds that fo € A%\ A%, it makes sense to consider the following definition.

Definition 4.1.1. A privileged coordinate system adapted to fy at q is a system of privileged coor-
dinates z at q for {fy, ..., fi} such that there exists a coordinate z; such that z,fy = 9,,.

Observe that completing fo to an adapted basis {f1, ..., fo,..., fn} allows us to consider the
coordinate system adapted to f( at g, given by the inverse of the diffeomorphism

(21,...,2zn) — 200 oe®nin(q). (4.1.1)

The following definition combines continuous coordinate families for a path v : [0, T] = M,
defined in Section 2.2, with coordinate systems adapted to a drift.

Definition 4.1.2. A continuous coordinate family for 'y adapted to fy is a continuous coordinate
family {z'};c[o 1] for v, such that each z' is a privileged coordinate system adapted to fy at
y(t).
Such coordinates systems can be built as per (4.1.1), letting the point q vary on the curve.
Recall that fo C AS\AS~! for some s, and consider a path v : [0, T] — M such that y(t) €
A®(y(t)) and that fo(y(t)) # y(t) mod ASTT(y(t)) for any t € [0, T]. In this case, there exists
fo C AS\ A% and two functions ¢, @« € C®([0,T]), 9 = 0, such that

Y(t) mod A*(y(t)) = @e(t)fo(v(t) + @alt)faly(t)).
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4.1 Coordinate systems adapted to the drift

Moreover, by the assumption fo(y(t)) # v(t) mod AST] (v(1)), if @e(t) = 1 then @(t) > 0.
Then, using f« as an element of the adapted basis used to define a continuous coordinate
family for y adapted to fo, it holds (z}).V(t) = @i(t) for i = «,€ and any t € [0, T]. The
following lemma will be essential to study this case.

Lemma 4.1.3. Assume that there exists s € IN such that fo C A® \AS’]. Lety :[0,T] - Mbea
path such that y(t) € AS(y(t)) and such that fo(y(t)) # y(t) mod AS™!(y(t)) for any t € [0, T].
Consider the continuous coordinate family {z%};c|o 1) for v adapted to fo defined above. Then, there
exist constants &p,p,m > 0 and a coordinate o # { of weight s such that for any t € [0,T] and
0 < &< &, it holds

(2D ¥(t+8) <T—p ifteEy ={p¢<1-2p), (4.1.2)
(zg)sV(t+E) >m ifte By ={1—-2p < @¢ < T1+2p), (4-1.3)
(z8)sY(t+E) = 1+p ift€ Bz ={p¢>1+2p}) (4.1.4)

In particular, it holds that E1 UE; UE3 = [0, T].

Proof. Since ¢ > 0 on (p[1 (1), by continuity of ¢, and ¢« there exists p > 0 such that ¢ >0
on (pe_1 (1 —2p,1+42p]). Since E, = (Pe_] ([1—2p, 1+ 2p]) is closed, letting 2m = ming, @y >0
property (4.1.3) follows by the uniform continuity of (t,&) — (z&)«V(t+ &) on E; x [0, &], for
sufficiently small &g. Finally, the uniform continuity of (t,&) — (z§).V(t + &) over Eq % [0,&p)
and E3 x [0, &o] yields (4.1.2) and (4.1.4). O

We end this section by observing that when the path is well-behaved with respect to the sub-
Riemannian structure, it is possible to construct a very special continuous coordinate family,
rectifying both y and fy at the same time.

Proposition 4.1.4. Let y : [0,T] — M be a path and k € IN be such that y(t) € AR(y(1) \
A T(y(t)) for any t € [0, T), there exists a continuous coordinate family {z%} 0,17 for v adapted such
that

1. there exists a coordinate zo of weight k such that zty =9, _;

2. forany &, t € [0, T] it holds that 2% = z&7 & + & and z! = 25 if i # «.

Moreover, if there exists s € IN such that fy C A® \ AT and such that fo(y(t)) # v(t) mod AS™'(y(t))
for any t € [0, T] whenever s =X, such family can be chosen adapted to f.

Proof. By the assumptions on 7, it is possible to choose fo C AN\ A¥~! such that y(t) =
fo(v(t)). Let then {fy,...,fn} be the adapted basis obtained by completing f, and fy. Finally,
to complete the proof it is enough to consider the family of coordinates given by the inverse

of the diffeomorphisms

(21,...,2n) > €70 0.0 ety (1)),
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4.2 COST FUNCTIONS

In this section we discuss some properties of the cost functions under consideration, namely

and of the associated value functions. These are respectively denoted by VI(.,) and V().
For § such function is defined by

Vi(q,q") =inf {J(u, T)IT >0, qu(0) = q, qu(T) =q'}. (4.2.1)

The definition of V7 is analogous.

Most of the properties discussed in this section will be derived from the results obtained
in the previous chapter. We remark, however, that in the notation of the previous chapter
Vi = Vg, i.e., here we are always assuming a maximal bound on the time of definition of the
controls.

It is quite easy to extend Proposition 3.2.2 to J, thus obtaining the following.

Theorem 4.2.1. For any T > 0, the functions V9 and V° are continuous from M x M — [0, +o0) (in
particular they are finite). Moreover, for any q,q’ € M it holds

V8’l< : d tfo//’
(4,9") i sr(€7°q,q")

Vf] / < : t+d tfo , Y.
(9,9") 021127( +dsr(e*'0q,q"))

Here efo denotes the flow of fq at time t and dsg denotes the Carnot-Carathéodory distance w.r.t. the
system (4.0.8), obtained from (4.0.7) by putting fo = 0.

We notice also that, since Example 3.2.3 is easily extendable to J, it follows that, for neither J
nor J, the existence of minimizers is assured. However, the following proposition assures that
a minimizer for § and J always exists when moving in the drift direction.

Proposition 4.2.2. Assume that there exists s € IN such that fo  AS\AS~'. Forany 0 < t < T, the
unique minimizer between any qo € M and etT0qq for the cost J is the null control on [0, t]. Moreover,
if fo & A(qo), i.e. s > 2, and the maximal time of definition of the controls T is sufficiently small, the
same is true for J.

Proof. Since, for t € [0, 7], we have that vd (q,etfoq) = 0, the first statement is trivial.

To prove the second part of the statement we proceed by contradiction. Namely, we assume
that there exists a sequence J,, — 0 such that for any n € IN there exists a control v, €
L*([0,tn], R™) C Ug, , vn # 0, steering the system from qg to e’nfo(qy) and such that

th + ”vTLHL‘([O,tn],]Rm) = j(Vn,tn) < J(O, ‘J'n) =Th. (4.2.2)

Letz = (z1,...,2zn) be a privileged coordinate system adapted to fy at g, as per Definition 4.1.1.
Thus, by Theorem 1.2.2, it holds

‘Tnfo (

‘Zﬁ(e qO))l <tn+ C||Vn||]2_1([oltn]’]Rm)- (423)
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4.2 Cost functions

Since z¢(e"nf0(qg)) = Tn, putting together (4.2.2) and (4.2.3) yields Vil (o,e0,R™) < C||Vn||]%1([0,tn},Rm)

for any n € IN. Since by the continuity of V’ we have that Vil (o,600,R™) — 0O, this is a con-
tradiction. O

We remark that, in the case of J, the assumption fo ¢ A(qp) of Proposition 4.2.2 is essential.
In particular, in the following example we show that when fy C A even if a minimizer between
qo and e'fo(qg) exists, it could not coincide with an integral curve of the drift.

Example 4.2.3. Consider the control-affine system on R?,

S = folx) +urfolx) +uaf(x), (4.2.4)

where fo = (1,0) and f = (¢1, $2) for some 1, 2 : R? — R, with d2 # 0 and dx(d1/d2)l(0,0) #
0. Since fp and f are always linearly independent, the underlying small sub-Riemannian sys-
tem is indeed Riemannian with metric

B 1 —d>1/<zl>z
I=\ —o1/d2 ];?1 '
2

Let us now prove that the curve y : [0,1] — R?, y(t) = (tT,0) is not a minimizer of the
Riemannian distance between (0,0) and (T, 0). In particular, it is enough to prove that y is not
a geodesic for small T > 0. For y the geodesic equation writes

£, (v(6) =0,
0/

tzr]z] (v(1)) for any t € [0, 1] = r(,0) = rlz1 (.,0) = 0 near 0.

Here, Ffd are the Christoffel numbers of the second kind associated with g. A simple compu-
tation shows that

Of Of Of
M.o=2Lo,, (=), T3 =0y ()
6, ](d>z> 1 "\ $2

Thus, if dx, (d1/d2)l(0,0) # 0, then ]"]2] (0,0) # 0, showing that vy is not a geodesic.

We now show that this fact implies that for any minimizing sequence un = (u},u?) €
L1([0, tn], R? for V? between (0,0) and e' 0 ((0,0)) = (T,0), such that Jun 1, thet) < Jlun, ta),
then u%l # 0 for sufficiently big n. To this aim, fix any t, — 0, let un(s) = u(s/tn) and qn(-)
be the trajectory associated with u, in system (4.2.4). Moreover, let v = (v,0) € L*([0, S], R?)
be the minimizer of J between (0,0) and (T, 0) in the system x; = 14 v;. Since the trajectory of
v is exactly v, by rescaling it holds length(y) = J(v, S). Then, by standard results in the theory
of ordinary differential equations, it follows that qn (tn) — (T,0) and the fact that v is not a
Riemannian minimizing curve implies that

[unllLs = [ < length(y) =I(v,S).
Hence, for sufficiently big n it holds that J(un, tn) < I(v,S), proving the claim.

As a consequence of Proposition 4.2.2, we get the following property for the complexities
with respect to the costs J and J. It generalizes to the control-affine setting the trivial minimality
of the sub-Riemannian complexity on the path I' = {q}.
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4 COMPLEXITY AND MOTION PLANNING

Corollary 4.2.4. Assume that there exists s > 2 such that fo C AS\AS™". Let x € Mand y = e fox,
for some 0 < T < T. Then, for any ¢ > 0, the minimum over all curves T C M (resp. paths
v : [0, T] — M) connecting x and y on?m(-, ¢) and ngp(-, €) (resp. O‘?Ht(-, 8) and crgpp(-, €)) is attained
at T = {etfo}te[olﬂ (resp. at y(t) = etfox). Moreover, the same is true for the cost J, whenever T is
sufficiently small.

When we consider two points on different integral curves of the drift, it turns out that the
two costs J and J are indeed equivalent, as proved in the following.

Proposition 4.2.5. Assume that there exists s € N such that fo C AS\AS~". Let q, q' € M be such
that there exists a set of privileged coordinates adapted to fo at q. Then, there exists C, g0, T > 0 such
that, for any w € U such that, for some T < T, q (T) = q’ and J(u, T) < ¢o, it holds

I, T) <I, T) < CJ(u, T).
The proof of this fact relies on the following particular case of Lemma 3.2.6.

Lemma 4.2.6. Assume that there exists s € N such that fo € AS\AS™'. Let ¢ € M and let
z = (z1,...,2zn) be a system of privileged coordinate system adapted to fo at q. Then, there exist
C, €0, T > 0 such that, for any u € U, with J(u, T) < g¢ for some T < T, it holds

T<C(Iw,T)® +2ze(qu(TNT).
Here, we let £+ = max{&,0}.

This Lemma is crucial, since it allows to bound the time of definition of any control through
its cost. We now prove Proposition 4.2.5.

Proof of Proposition 4.2.5. The first inequality is trivial. The second one follows by applying
Lemma 4.2.6, and computing

JuT) < T+ T) < (Ce T +1)d,T).

4.3 FIRST RESULTS ON COMPLEXITIES

In this section we collect some first results regarding the various complexities we defined.

Firstly, we prove a result on the behavior of complexities. For all the complexities under
consideration, except the interpolation by time complexity, such result will hold with respect
to a generic cost function ] : U — [0, +00), satisfying some weak hypotheses.

Proposition 4.3.1. Assume that for any q1 € M and any q, ¢ {etfoqy Yeefo, 7, it holds \%2 (q1,92) >
0. Then, the following holds.
i. For any curve I' C M it holds the following.

a) If the maximal time of definition of the controls, T, is sufficiently small, then limg o Z; (T, €) =
limgw Zapp(l“, 8) = 4o00.

b) If T is an admissible curve for (4.0.7), then eX;y (T, &) and eXapp(T, €) are bounded from above,
for any € > 0.
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4.3 First results on complexities

ii. For any pathy : [0, T] — M it holds the following.
a) Ifvy is not a solution of (4.0.7), limg o Oapp(y, €) = +oo0.

b) If the cost is either § or J, fg € AS\ A3, y(t) € AR(y(t)) \ AN (y(t)) and fo(y(t)) #
v(t) mod AS~! (v(t)) for any t € [0, T], then limg | o Oy (v, €) = +00 whenever 5o < 1.

c) Ify is an admissible curve for (4.0.7), then €oyy(y, €) and eoapp(y, €) are bounded by above,
forany §,¢ > 0.

Proof. The last statement for curves and paths follows simply by considering the control whose
trajectory is the curve or the path itself, which is always admissible regardless of «.

We now prove the first statement for the interpolation by cost complexity of a curve I'. The
same reasonings will hold for Zapp, and oapp. Let x,y be the two endpoints of I' and assume T
to be sufficiently small so that % (x,y) > 0. Then, the first statement follows from

lii% Zint(T,€) = Vix,y) h?(}]g +00.

Consider now the interpolation by time complexity and proceed by contradiction. Namely,
let us assume that there exists a constant C > 0 such that ojy(y,€) < C for any € > 0. Then,
by definition of oy, this implies that for any & > 0 there exists 5, € [CT/2,8p) and a 0.-time
interpolation u, € L*([0, T], R™) such that 8¢ J(u,, T) < e.

Firstly, observe that by Lemma 4.2.6 and the assumptions on fy and ¥, we obtain that there
existn > 0 and an interval I C [0, T], with |I| > 1, such that

V(y(th),y(t})—0ash |0 = th —tl—0ash |0, (4.3.1)

whenever t!' € Tand t} >t for any h in a right neighborhood of zero.

Forany e let0 =t <tj <...< t%g = T be a partition of [0, T] such that qq (t{) = v(t{)
forany i€ {0,N¢}and t{ —t{ ; < 0. Itis clear that, up to removing some t{’s, we can assume
that t{ —t{_; > 6./2 > CT/4. Let us fix, 1§ = t8 € I for some index i, and 5 =t{ ;. Such
5 always exists, since |I| > 8¢. Since, by the def1n1t10n of u, and the choice of the Cost follows
that VJ (y(t 1),v(t5)) = 0 as e | 0 we obtain a contradiction. In fact, this implies that

CT
0=l 5—15) > — > 0.
51?8(T2 t¥) 7>

O

Remark 4.3.2. Result ii.b, regarding the interpolation by time complexity, holds for any cost
satisfying the assumptions of Proposition 4.3.1, such that for any path v it holds (4.3.1), and
that, for any u € L*([0, TI,R™), there exists a constant such that, if t;,t; € [0, T], t; < t2, then

J(uliey 10+ t1),t2 =) < CJ(w, T).

Remark 4.3.3. The bound on 8¢ in Proposition 4.3.1 is essential. For example, consider the
cost J(u, T) = |[ul[rr(jo,7;rm), and a curve such that, for some N € N, it holds y(jT/N) =
e (T/N)fo (y(0)) for any j = 1,...,T/N (see, e.g., Figure 13). In this case, the null control
is a (T/N)-time interpolation of vy, with J(0,T) = 0. In particular, if 5o > T/N, it holds
Oint(v,€) < N.
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4 COMPLEXITY AND MOTION PLANNING

v() efo(x)

Figure 13: An example of a curve satisfying Remark 4.3.3, with a rectified drift.

In the following, we will denote with an apex “SR-s” - e.g. I3RS — the complexities associ-

ated with the small sub-Riemannian system (4.0.8) defined at p. 61, and with an apex “SR-b”,

e.g. Z38P, the ones associated with the big sub-Riemannian system

qt)=> w(t)filq(t), aetelo,T], (43.2)

We immediately get the following.
Proposition 4.3.4. Let ' C M be a curve and vy : [0, T] — M be a path.

i. Any complexity relative to the cost J is smaller than the same complexity relative to J. Namely,
forany €,8 > 0, it holds

20,1 e) S Thu(Me),  £3,(Te) < I, (Te),
ol (v.e) < opuv.€), 05y, E) < oppy(v,€)

ii. For any cost, the neighboring approximation complexity of some path is always bigger than the
tubular approximation complexity of its support. Namely, for any vy : [0, T] — M and any € > 0,
it holds

£hp(v(0, T, e) < ody(vie), I (v(10,T)), €) < opp(v,€)

iii. Any complexity relative to the cost J is bigger than the same complexity computed for the system
(4.3.2). Namely, for any €,6 > 0, it holds

IR, e) < Zjy(Te),  IaRb(re) < £,,(T¢),
ok (y, ) < opylv,€), O'g;,;bh/,i) < ngp(y,s)

iv. In the case of curves, the complexities relative to the cost J are always smaller than the same
complexities computed for the system (4.0.8). Namely, for any € > 0 it holds

ijnt(r/ E) < Zis;ﬁ_s(r/ 8)/ ngp(rls) < Zgﬁs(r/ E)'
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Proof. The inequality in (ii) is immediate, since any control admissible for the oapp (v, €) is also
admissible for Zpp (v([0, T]), €).

On the other hand, the inequalities in (iii) between the complexities in (4.3.2) and the ones
in (4.0.7), with cost J, is a consequence of the fact that, for every control u € U, the trajectory
v is admissible for (4.3.2) and associated with the control uy = (1,u) : [0, T] — R™*! with
||u0||L1([0/T]/IRm+1) = J(u, T). The inequalities in (i) between the complexities in (4.0.7) with
respect to the different costs follows from the fact that J < J.

Finally, to complete the proof of the proposition, observe that, by Theorem 1.2.1, it holds
that

V’(q,q') <dsr(q,q’), foranygq, q’ € M.

This shows, in particular, that every e-cost interpolation for (4.0.8), is an e-cost interpolation
for (4.0.7), proving the statement regarding the cost interpolation complexity in (iv). The part
concerning the tubular approximation follows in the same way. O

We conclude this section by proving an asymptotic equivalence for the complexities of a
control-affine system in a very special case. In particular, we will prove that if we cannot
generate the direction of I" with an iterated bracket of fo and some fy,...,fm, then the curve
complexities for the systems (4.0.7), (4.0.8) and (4.3.2) behaves in the same way.

Let £, be the ideal of the Lie algebra Lie(fo, f1,...,fm) generated by the adjoint endomor-
phism ad(fp) : f — ad(fo)f = [fp, f], f € Vec(M). Then the following holds.

Proposition 4.3.5. Assume that there exists s € IN such that fo € AS\AS™1, and let T € M be a
curve such that there exists k € N for which TT' € A%\ A=, Assume, moreover, that for any q € T
it holds that TqT" ¢ L¢,(q). Then, for sufficiently small T,

(T,e) <% (Ie) =) (Te)= l (4-3-3)

57
(T e) = I app app ok

nt

yd

int

Proof. By the fact that TqT" ¢ Ly (q), follows that TqT" C Lie'&(fo, f1,...,Tm) \Lieéq (fo,T1,...,Tm).
Thus, approximating I" in the big or in the small sub-Riemannian system is equivalent, and by
Theorem 1.2.4 follows

1
- b - -b
I e) < I Pl e) < Ind(Te) < LoneP(T ) =< s

The statement then follows by applying Proposition 4.3.4. O

Remark 4.3.6. Observe that if fy € A in a neighborhood U of T', it holds that Lielfl (fo,f1,...,fm) =
A¥(q) for any q € U. Then, by the same argument as above, we get that (4.3.3) holds. This
shows that, where fy C A, the asymptotic behavior of complexities of curves is the same as in
the sub-Riemannian case.

4.4 COMPLEXITY OF CURVES

This section is devoted to prove the statement on curves of Theorem 4.0.10. Namely, we will
prove the following.
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Theorem 4.4.1. Assume that there exists s > 2 such that fo C AS\AS™". Let T C M be a curve and
define xk = max{k: T,T" € A%(p)\ A= (p) for some p € T}. Then, if the maximal time of definition
of the controls T is small enough,

1
(Me) =<zl (Ne)=2xd (Ne)=<x) (T,e)=—,

dJ
L int app app ek

int

Due to the fact that the value functions associated with the costs J and J are always smaller
than the sub-Riemannian distance associated with system (4.0.8), the < immediately follows
from the results in [Jeao3].

Proposition 4.4.2. Let T C M be a curve such that there exists k € IN for which TT' C AX. Then,

(Ne) <) (r,ewl 3 (T, e) < I) (r,sHl.

Y
int ek’ app app ek

int
Proof. By (i) in Proposition 4.3.4, follows that we only have to prove the upper bound for
the complexities relative to the cost J. Moreover, by the same proposition and [Jeao3, Theo-
rem 3.14], follows immediately that Zijm(l",e) and XJ_ (T,e) < 7K, completing the proof of

o app
the proposition. O

In order to prove =, we will need to exploit a sub-additivity property of the complexities. In
order to have this property, it is necessary to exclude certain bad behaving points, called cusps.
Near these points, the value function behaves like the Euclidean distance does near algebraic
cusps (e.g., (0,0) for the curve y = /|x| in IR?). In the sub-Riemannian context, they have been
introduced in [Jeao3s].

Definition 4.4.3. The point q € I is a cusp for the cost ] if it is not an endpoint of I' and if, for
every c,m > 0, there exist two points q7,q, € I' such that q lies between q; and q;, with q;
before q and q, after q w.r.t. the orientation of I" (in particular q # q1, q2), \%2 (q1,92) <nand
VI(q,492) > ¢ V(q1,92).

In [Jeao3] is proved that no curve has cusps in an equiregular sub-Riemannian stucture. As
the following example shows, the equiregularity alone is not enough for control-affine systems.

Example 4.4.4. Consider the following vector fields on IR®, with coordinates (x,y,z),
f1(x,y,2) = 0x, f2(x,y,2z) = 0y +x0;.

Since [f1, f2] = 04, {f1, f2} is a bracket-generating family of vector fields. The sub-Riemannian
control system associated with {f1,f,} on R® corresponds to the Heisenberg group.

Let now fo = 3, C A?\ A be the drift, and let us consider the curve I' = {(t,0,t) | t €
(—m,m)}. Let g = (0,0,0). Since TqI" ¢ A(q), by smoothness of I" and A, for 1 sufficiently small
TI' C A%\ A. We now show that the point q is indeed a cusp for the cost J. In fact, for any
& > 0 such that 2§ < 7, it holds that the null control defined over time [0, 2£] steers the control
affine system from q; = ((2,0,—&) € T to q2 = (£2,0,&) € T. Hence, by Proposition 4.2.2,
Vg(q1, q2) = 0. Moreover, since q and g, are not on the same integral curve of the drift,
V3(q,q2) >0=V3I(qy,qz). This proves that q is a cusp for J.

The following proposition shows that cusps appear only where the drift becomes tangent to
the curve at isolated points, as in the above example.
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Proposition 4.4.5. Assume that there exists s > 2 such that fo C AS\AS~'. Let T ¢ M be a curve
such that TT ¢ A¥\ A*=1. Moreover, if s =k, let T be such that either fo(p) & T,T @ AS—T(p) for
any p € T or folp € TT @ AS™1. Then T has no cusps for the cost V9.

Proof. If folr C T,T @ AS—1(p), the statement is a consequence of Proposition 4.2.2. Hence, we
assume that fo(p) ¢ Tl @ AS~1(p) for any p € I'. Lety : [0,%] — M be a path parametrizing
I' and consider the continuous coordinate family {z'};c (o5 adapted to fo given by Proposi-
tion 4.1.4. In particular, it holds that z!y(-) = 9, for some coordinate z, of weight k and for
any t € [0,F]. We now fix any to € (0,%) and prove that y(to) is not a cusp. In fact, letting
n > 0 be sufficiently small, by Theorem 1.2.2 and the fact that z} (v(:)) = 0 we get

==

1
V3 (y(to), ¥(to +m)) CZ|Z Y(to 1™ = Clzey(to + 1)l

?\~

= 2(:|7.‘° "y(to +m)I* < CVly(to =), v(to +m)).
Letting t; = to —n and t, = tp + 1, this proves that V3 (y(to),v(t2)) < VI(y(tq),v(t2)). By
definition, this implies that y(to) is not a cusp, completing the proof of the proposition. O

Finally, we can prove the sub-additivity of the curve complexities.

Proposition 4.4.6. Let " C ' C M be two curves. Then, if the endpoints of ' are not cusps for the
cost J, there exists a constant C > 0 such that for sufficiently small T it holds

(Ne),  £d,(Me =<zl

d
(r S PE app

int

yd

int

Proof. Cost interpolation complexity. Let u € L*([0, T], R™) be a control admissible for Z?nt(l", €),
and let 0 = t; < ... <ty = T be such that [[u|p«(, ;1) < & Recall that by Theorem 1.2.1,
V3 is a continuous function. Since for small T > 0, for any ¢ > 0 and for any qo € M the
reachable set Ry (q, €) is bounded, it holds that Ry (q,€) \, {e*fo(qo) |t € [0,T]}as € | 0, in
the sense of pointwise convergence of characteristic functions. From this follows that, for ¢
and 7 sufficiently small, there exist i; # 12 such that qu(ty) € I’ for any i € {iy,...,1i2} and
qu(ti) €T’ for any i ¢ {iy,...,12}. Since x’ and y’ are not cusps, there exists ¢ > 0 such that,
letting x” and y’ be the endpoints of I'’, it holds V7 (x/, qu(ty,)) < CVJ(qu(ti]_h qu(ty,)) <e
and Va(qu(tiz),y/) < Vg(qu(tiz),qu(tinr] )) < ce. Thus, there exists a constant C > 0 such
that

(F' 6) < 3(u|[ti],tiz]) L 2e < Ca(uhtiﬁ”tiz“]) < Cg(u).
£ £ £
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Taking the infimum over all controls u, admissible for th(r ¢) completes the proof.

Tubular approximation complexity. Let u € L*([0, T],R™) be a control admissible for zapp(r, €).
Then, letting q., be its trajectory such that q,,(0) = x, there exists two times t; and t, such
that gy (t7) € Bsr(x/,Ce) and qu(tz) € Bsgr(y’, Ce). Then, since VI < dgg by Theorem 1.2.1,
the same argument as above applies. O

Thanks to the sub-additivity, we can prove the = part of Theorem 4.4.1 in the case where the
curve is always tangent to the same stratum A*\ ART,
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4 COMPLEXITY AND MOTION PLANNING

Proposition 4.4.7. Assume, that there exists s € N such that fo € AS\AS~'. Let T C M be a curve
such that there exists k € N for which T,T" € A*(p) \ A"V (p) for any p € T. Then, for sufficiently
small time T, it holds

(Fe) s~ (Fe) s

(r E) k’ gpp

(T e) =

mt mt ”PP Ek

(Ne) = £8,(T€) and £3,,(T¢) 3=

I e) = e ¥, since the same arguments apply to £

Proof. By Proposition 4.3.4, X (I',e). We will only

mt app
mt( app(F,a).

Lety:[0,%] = M be a path parametrizing I'. We will distinguish three cases.

prove that *

cASE 1 fo(p) ¢ AS 1 (p) & T,T For ANY p € T Fixn > 0 and consider a control u € L* ([0, T], R™),
admissible for (T, €) such that

u 1
% < Zine(T, €) +m. (4-4.1)

Let uy = ulp

i—1,t

JLi=1,...,N= [%-‘ to be such that ||ui|: = ¢ for any
1 <1< N, |lun]lL: < e. Moreover, let s; be the times such that y(si) = g (ti).

By (4.4.1), it holds N < [Zj(T, ¢) + 11+ 1]. However, we can assume w.lo.g. that
N < [Zine(T, €) + 1. In fact, N > [Zine(T, ) + 1] only if [[un]|| < &. In this case
we can simply restrict ourselves to compute Zin (T, ¢) where T is the segment of T com-
prised between x and q (tn—1). Indeed, by Propositions 4.4.5 and 4.4.6, it follows that
Zint(r/ e) < Zine(T, ).

We now assume that ¢ and 7T are sufficiently small, in order to satisfy the hypotheses of
Theorem 1.2.2 at any point of I'. Moreover, let {z'}; <o ¢] be the continuous coordinate
family for I" adapted to fo given by Proposition 4.1.4. Then, it holds

T=Y (si-sisn) =) |28 (v(s)l = Z|zsl "(qu ()] < C(Zin(T, €) +1)e"

i=1 i=1 i=1

(4-4-2)

Here, in the last inequality we applied Theorem 1.2.2 and the fact that Zfif] (qu(ty)) =
0 by Proposition 4.1.4. Finally, letting n | 0 in (4.4.2), we get that for any e sufficiently
small it holds Zin (T, ¢) > CT ¢~ X. This completes the proof in this case.

cASE 2 s = k AND fo(p) € ASTT (p) ® TpT For ANY p € T Let{z'} ;[0 ¢] be a continuous
coordinate family for y adapted to fy. In this case, since (zzf)*f o = 1, it holds that
(z’g)*yt) # 0. Hence, there exist C1, C, > 0 such that for any t, & € [0, T]

Ci(t—8&) <zp(v(&) < (t—é), if (zg)«V(-) > 0; (4-43)
< —zp(v(8)) < Ca(t—¢&), if (z§)+7(-) <O, (4-4-4)
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4.5 Complexity of paths

If (4.4.4) holds, then we can proceed as in Case 1 with o = {. In fact, \zs‘ "(qu(ty)] <
Ce® by Theorem 1.2.2. On the other hand, if (4.4.3) holds, by applying Theorem 1.2.2 we
get

N

N
T=3 (si—si1) \%Z s = o 3 125 (qulto)]

i=1 i=1

N
1
<& > (CeS+ti—ti1) < C(ZZ(T, &) +m)es +T.
Ty

By taking T sufficiently small, it holds T < T < %. Then, letting n | 0 this proves that

Zglt(]", €) = ((T—=T)/C)e™3 = e 5. This completes the proof of this case.

CASE 3 s =k AND fo(p) € ASTT (p) ® TpT For soME p € T In this case, there exists an open
interval (t1,t;) C [0,F] such that fo(y(t)) # v(t) mod AS~'(y(t)) for any t €
(t1,t2). Thus, ' = y((ty,t2)), satisfies the assumption of Case 1 and hence Zglt( I, e) =
¢ K. Moreover, by Proposition 4.4.5, we can assume that y(t;) and y(t,) are not cusps.
Then, by Proposition 4.4.6 we get

1

EE’\ Zgu(rll ) ZH

int

(T, e),

completing the proof of the proposition.

Finally, we are in a condition to prove the main theorem of this section.

Proof of Theorem 4.4.1. Since it is clear that TT C A*, the upper bound follows by Proposi-
tion 4.4.2. Moreover, by Proposition 4.3.4 it suffices to prove that Zglt( I',e) and ngp( €) =
¢~ *. Since the arguments are analogous, we only prove this for X glt.

By smoothness of ', theset A = {p € T [ T,T" € A%(p) \ A%~ 1(p)} has non-empty interior.
Let then I’ C A be a non-trivial curve such that either fo(p) ¢ T,/ @ AS—1(p) for any p €

I’ or that fo|pr € TI' @ AS~1. Then, since by Proposition 4.4.5 we can choose ' such that

it does not contain any cusps, applying Proposition 4.4.6 yields that Zg (Te) = Zf;t(l’, €).
Finally, the result follows from the fact that, by Proposition 4.4.7, it holds Zﬂlt( T, e) = e K.
O

4.5 COMPLEXITY OF PATHS
In this section we will prove the statement on paths of Theorems 4.0.9 and 4.0.10.
Recall the definition of §-time interpolation given in Section 1.2.3, and define the following

function of a path vy : [0, T] = M and a time-step 5 > 0

w(y,8) =8inf {J(u, T)| uis a 5-time interpolation of v } .
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4 COMPLEXITY AND MOTION PLANNING

Controls admissible for the above infimum define trajectories touching y at intervals of time of
length at most 6. Then, function w (v, &) measures the minimal average cost on each of these
intervals. It is possible to express the interpolation by time complexity through w. Namely,

Oint(v,€) = inf {T’ w(y,8) < e} = sup {T’ w(y,8’) > ¢ forany 8’ > 6}. (4.5.1)
5<80 (O 5<b, L O

From (4.5.1) follows immediately that, for any k € IN,

—k —k

— w(vy,58) = 6%.
(4.5.2)

1
oint(v, &) K €7 ° = w(y,8) 0%k and ojnly,€) = ¢

Exploiting this fact, we are able to prove Theorem 4.0.9.

Proof of Theorem 4.0.9. Let {z'} [0 1] to be the continuous family of coordinates for y given
by Proposition 4.1.4. We start by proving that w(vy, %) < 5% which, by (4.5.2), will imply
G?IE_S(Y,E) < e~ X, Fix any partition 0 = tp < t7 < ... < tn = T such that /2 < t; —
ti_1 < b. If § is sufficiently small, from Theorem 2.1.7 follows that there exists a constant C >
0 such that forany i = 0, ..., N in the coordinate system z'i it holds that Box(y(ti), C§ 13 ) C
BSR(y(ti),E%). Hence, since z5 =" (v(t;)) = t; — t;_1, that z;"" (v(ti)) = 0 for any
j # «, and that N < [2T/8] < CT/5, we get
N n

N N
w(y,8) <8 dsp(y(ti1),v(t:)) < C8Y Y 1z (v(t)™ =C8 Y (ti—ti_1)k

i=1 i=1j=1 i=1

This proves completes the proof of the first part of the Theorem.

Conversely, to prove that oin (v, €) < ¢~k we need to show that w(y,§) = §%. To this
aim, let 1 > 0 and u € L* be a control admissible for w (v, &) such that
w(y,8)
Iwlloe e, 00 S —5  tn
Let 0 = tg < t; < ... < tn = T be times such that q(t;) = y(ty), i = 0,..., N,

0 <ty —ti_71 < d. Moreover, let u; € L*([ti_1,ti]) be the restriction of u between t;_;
and t;. Observe that, up to removing some t;’s, we can assume that t; —tj_1 € (%, %6]
This implies that [2T/(38)] < N < [2T/¢8].

To complete the proof it suffices to show that ||w;||r: (¢
n > 0, this yields

1

) 2 Coéx. In fact, for any

w(y,d)

N
1 2T 1
—5 = IulLorrmy = = > luillie(re 00— =C Y 8% —m>C-8% —m.

3%

i=1 i=1
Letting n |. O, this will prove that w(vy, 8) = 5%, completing the proof.
Observe that, by Theorem 2.1.7, for any i = 1,..., N in the coordinate system zti-1 it
holds Bsg (v (ti), lwillLr (e, ;,¢,0)) € Box (Y(ti), C||ui|\L1([ti,1,ti}))- Since 25! (1) =
t; — ti_1, this implies that

5 ti
> Sti—tioy =z (v ()] < C il ey )0

proving the claim and the theorem. O
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4.5 Complexity of paths

The rest of the section will be devoted to the proof of the statement on paths of Theo-
rem 4.0.10. Namely, we will prove the following.

Theorem 4.5.1. Assume that there exists s > 2 such that fo C A°® \AS’1. lety:[0,T] = M
be a path such that fo(y(t)) # v(t) mod AT (y(t)) for any t € [0, T] and define k =
max{k: y(t) € A%(y(t)) \ A= (v(t)) for any t in an open subset of [0, T1}. Then, it holds

1

Emax{K,s} 4

Gg’lt(y’a) = Gijnt(yli) = Ggpp(Y/a) = Ggpp('y,ﬁ) =

where the asymptotic equivalences regarding the interpolation by time complexity are true only when
b0, i.e., the maximal time-step in o, (7y, €), is sufficiently small.

Differently to what happened for curves, the < part does not immediately follow from the
estimates of sub-Riemannian complexities, but requires additional care. It is contained in the
following proposition.

Proposition 4.5.2. Assume that there exists s € IN such that fo C A®\ ASTV. Let vy:[0,T] - M
be a path such that v (t) € AX(y(t)). Then, it holds

1 1
J
Git(V/E) S Oy, €) < emax(s, K}’ app(r ) < app(r ) < max(s, k] (4.5.3)

Proof. By (i) in Proposition 4.3.4, follows that we only have to prove the upper bound for the
complex1t1es relative to the cost J. We will start by proving (4.5.3) for oi .. In particular, by

(4.5.2) it will suffices to prove w (y,8) <6 13
Let {z'}{c[0,1) be a continuous coordinate family for y adapted to fo. Let y¢(&) =

e (&=t)fo(y(&)). Then, since ztfy = 92, it holds

2i(¥e(8)) = zg(v(&)) = (—1),  z{(Ve(&)) =zi(v(E)) foranyi # L.  (4.5.4)

Fix & > 0 sufficiently small for Proposition 2.2.2 to hold and choose a partition 0 < t7 <

. < tny = T such that 6/2 < t; —tij—7 < &. In particular, N < [2T/§]. We then
select a control u € L*([0, T], R™) such that its trajectory g, in (4.0.7), with q..(0) = x,
satisfies g (ti) = y(ti) forany i = 1,...,N as follows. For each i, we choose u; €
L*([ti—1,ti], R™) steering system (TD) from y(ti_1) = V¢, ,(ti—1) to ¥¢, ,(t;i). Then,
by (3.2.1) and the definition of ¥¢, ,, the control u; steers system (4.0.7) from y(ti_1) to
Y (ti).

Since by [Pra14, Theorem 8] it holds Vi < dsgr, by (4.5.4), Proposition 2.2.2 and Theo-
rem 2.1.7, if § is sufficiently small we can choose u; such that there exists C > 0 for which

1
ti_ VT ti_ Wi 1
J(ug, ty—ti—1) < C E |z; P ( i < C E E2 Ty ()" + 8
j=1 j=1

(4.5.5)
1
C( § 6w]+6 + E 6k> <C5max{k,s}‘

w; <k wj>k

Hence, we obtain that

T !
J(uw, T) K NJ(ug, ty —ti—q) < 3Cg5m““‘f”- (4.5.6)
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4 COMPLEXITY AND MOTION PLANNING

1
Since the control u is admissible for w? (v, §), this implies that w?(y,d) = §max(ksT. This
proves the first part of the theorem.
To complete the proof for oapp(v,€), let &6 = gmax{k,;s}  Then, by Theorems 2.1.7 and

1.2.2, there exists a constant C > 0 such that fR;O(y(t), e) C Bsr(v(t),Ce) for any t €
[0, T]. In particular, dsr(v(ti), qu(t)) < Ce for any t € [t;_1,ti]. Moreover, again by
Theorem 2.1.7, Proposition 2.2.2, and the fact that y(-) € A¥(y(-)), this choice of & implies
also that dgg (v(ti—1),v(t)) < Ce forany t € [ti_1,ti]. Hence, for any t € [t;_1,ti], we
get

dsr(v(t), qu(t)) < dsr(v(ti—1), qu(t)) +dsr(v(ti—1),v(t)) < 2Ce.

Thus, u is admissible for Ggpp(y, Ce). Finally, from (4.5.6) we get that Ggpp(y, Ce)<e 'I(u,T) <
3CTe~ maxtk,s} proving that Oapp (v, €) < €7 max{k,s} This completes the proof. O

Now, we prove the = part of the statement, in the case where v is always contained in the
same stratum AX \ AT,

Proposition 4.5.3. Assume that there exists s > 2 such that fo € AS\AS~'. Lety : [0,T] = M
be a path, such that y(t) € AR (y(t)\ AR (v(t)) forany t € [0, T]. Moreover, if s = k, assume
that fo(vy(t)) # v(t) mod ASTT forany t € [0, T]. Then, it holds

1

emax{s,k}”’

1

g g 9 J
Oint (v, &) 7 of v, 8) = Oapp (Vs €) 7 Ol (V. €) 7 g

Proof. By Proposition 4.3.4, G].E'nt(y,e) < Gijnt(y,e) and Ggpp(y,s) < Gajpp(y,s). Hence,

to complete the proof it suffices to prove the asymptotic lower bound for Giit(y, ¢) and

Ggpp(y, ¢). In the following, to lighten the notation, we write oyt and oapp instead of Uignt

and Ggpp.

!
Interpolation by time complexity. By (4.5.2), it suffices to prove that w(y,8) = &maxiks}
Letn > 0 and u € L*([0, T],IR™) be a control admissible for w (y, &) such that

w(y,9d)
I(w, T) = [[ulli (o, 11,rR™) < —5 (4.5.7)

N

Let N = [T/8] and 0 = tg < t; < ... < tn = T be times such that q (t;) = v(ty),
i=0,...,N,and 0 < t; —tj_71 < 0. Observe that, up to removing some t;’s, we can always
assume 6/2 < ti —tiq < (3/2)0 and N > [(2T)/(38)]. Moreover, let u; = wl, | ¢,1-

Proceding as in the proof of Theorem 4.0.9, p. 74, we get that in order to show that w (v, 6/) =

1 .
o max{k,s} it suffices to prove

1 .
lwillne e,y = COmaxisk, i=1,...,N. (4.5.8)
We distinguish three cases.
CASE 1 k > s Let {z'} be the continuous coordinate family for y adapted to fo given by

Proposition 4.1.4. Then, since z} (v(-)) =0and z (v(&)) = & — t, by Theorem 1.2.2 it
holds

b tig

5 < (i —tiog) = lzd (Y (80))] < Clluillf )

This proves (4.5.8).
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4.5 Complexity of paths

cASE 2 k < s Also in this case, let {z'} be the continuous coordinate family for -y adapted to
fo given by Proposition 4.1.4. Then, by Lemma 4.2.6 we get

b
3 Sti—ti1 < C||ui||li1([ti,1,ti})’
which immediately proves (4.5.8).

cAse 3 k =s Let {z'}c[o 1) be a continuous coordinate family for v adapted to fo. By the
mean value theorem there exists & € [t;_ 1, ti] such that

2 (v(t) = L_ (2§« ¥ (1) dt = ((z¢" ")V (£)) (ti = tio1). (4:59)

Consider the partition {Eq, E;, E3} of [0, T] given by Lemma 4.1.3 and let 6 < 8. Then,
depending to which E; belongs t;_7, we proceed differently.

(@) ti—1 € Ey: By Lemma 4.2.6 and (4.5.9) we get

tig

gy
ti—tio1 < Clwillfa e, e 2 (YD) = Cllwillfa o, ey + (27 )ev(8)) (b —tio1).

Then, by (4.1.2) of Lemma 4.1.3, we get

1

1—(2?”)*?(&) s 1 P\ 1
HuiHLi([tif],ti” > ( C (ti—tia)s > (E) 8+

This proves (4.5.8).

(b) ti—1 € Ez: By (4.1.3) of Lemma 4.1.3, (4.5.9) and Theorem 1.2.2 we get

ti.f ti,
mti—ti1) <lzo '(yv(t)) < C (Hui”Til([ti,],ti]) + il ey, e 12e 1(V(ti))|) -

Reasoning as in (4.5.5) yields that we can assume |[wi|[pr((¢; ;1) < C5%. Then,
by (4.5.9) and letting 6 < (m/(2+4p))*, we get
1
1 1 1 mys 1

Ieille ey = (M= 87 (14207 (4~ ti )7 > (5) 8%,

proving (4.5.8).
() ti—1 € E3: By Theorem 1.2.2 it follows that
\ZFA (v(t))l < CHui”iI([tF],ti]) +(ti—ti1). (4.5.10)

Then, by (4.5.9) and (4.5.10) we obtain

1
(zg"")ay(8) —1)° L (PYF L
ui||mﬂ,tm>< s (te-tens>(g) e

The last inequality follows from (4.1.4) of Lemma 4.1.3. This proves (4.5.8).
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4 COMPLEXITY AND MOTION PLANNING

Neighboring approximation complexity. Fix n > 0 and let uw € L*([0, T], R™) be admis-
sible for oapp (v, €¢) and such that [[u|[yc(jo,1],rR™) < Capp(v,€) + 1. Let gy : [0, T] = M
be the trajectory of u with q.,(0) = y(0). Let then N = [oapp(v,€) + ] and 0 = to <
t; <...<tn = Tbesuch that |[u|lp:((¢, ;) <eforanyi=1,...,N. By Lemma 3.2.1
and the fact that q,(t) € Bsr(y(t), ¢) for any t € [0, T], we can build a new control, still
denoted by w, such that g (ti) = v(ti), i=1,...,N,and |[u|p e, ;) < €.

Fixed a 69 > 0, w.l.o.g. we can assume that t; — t;i_7 < 8. In fact, we can split each inter-
val [ti_1, ti] not satisfying this property as ti_1 = &1 < ... < &pm = ty, with &, — &1 <
50. Then, as above, it is possible to modify the control u so that q,(&+) = v(&+) forany v =
1,...,M.Since M < [T/8¢p] and qu(-) € Bsr(v(-), e), wehave [|u|lp:((e,,e, ;1) < 5eand
the new total number of intervals is < (1 + [T/80])[0app(v,€) +1n] < Cloapp(v,€) +1).

We claim that to prove oapp(v,€) = ¢~ max{s,k} it guffices to show that there exists a
constant C > 0, independent of u, such that

ti —ti_q < Cemaxiskl foranyi=1,...,N. (4.5.11)

In fact, since N < C(0app (v, €) +m), this will imply that

N
T= Z ti—ti1 < C(O‘app('ylg) _A'_T])Emax{s,k}'

i=1

Letting n | 0, we get that oapp (v, €) = ¢~ ™38k} proving the claim.
We now let 6 sufficiently small in order to apply Lemma 4.1.3, Theorem 1.2.2, and Lemma 4.2.6.
As before, we distinguish three cases.

CASE 1 k > s Let {z'} be the continuous coordinate family for y adapted to fo given by
Proposition 4.1.4. By Theorem 1.2.2, using the fact that y(t;) = qu(ti) fori=1,..., N,
we get

(ti—ti1) = lzet ' (v(t1))] < Cek. (4.5.12)
This proves (4.5.11).

cASE 2 k < s Again, let {z'} be the continuous coordinate family for y adapted to fo given
by Proposition 4.1.4. As for the interpolation by time complexity, by Lemma 4.2.6 and
the fact that q, (ti) = v(ti), we get

(ti —ti1) < Ce?,
thus proving (4.5.11).
cAse 3 k =s Let {z'}; (o 1] to be a continuous coordinate family for y adapted to fo. Con-

sider the partition {Ey, E,, E3} of [0, T] given by Lemma 4.1.3 and recall (4.5.9). We
distinguish three cases.

(@) ti—1 € Ey: By Lemma 4.2.6 and (4.5.9) we get

ti—tio1 < Ce® 4z (y(ti)) =2Ce% + (257 )a7(8)) (ti — ti1).
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4.5 Complexity of paths

By (4.1.2) of Lemma 4.1.3, this implies

2C . 2C
ti —ti—1 < T €” < .
11— (Zel_ )« V(&) P

Hence, (4.5.11) is proved.

/
|
)

(b) ti—1 € E2: By (4.1.3) of Lemma 4.1.3, (4.5.9) and Theorem 1.2.2 we get

tig

m(ti—tio1) <28 (v () < C (e elzg T (v())]) < € (54 e et~ i)

This, by taking e sufficiently small and enlarging C, implies (4.5.11).
(c) ti_1 € E3: By Theorem 1.2.2 it follows that
l2¢" T (v (1)) < Ce® A+ (1 — tion). (45.13)
Then, by (4.5.9) and (4.5.13) we obtain
ti—tio < —— C e® <
(zg" ")V (&) —1

The last inequality follows from (4.1.4) of Lemma 4.1.3, and proves (4.5.11).

es.

2|0

O

As for the case of curves, in order to extend Proposition 4.5.3 to paths not always tangent
to the same strata, we will need the following sub-additivity property. Let us remark that due
to the definition of the path complexities, we do not need to make any assumption regarding
cusps.

Proposition 4.5.4. Let v : [0, T] — M be a path and let t, t, C [0, T].

i. If there exists k € IN such that Ggqt(y\[thtz], €) = €K, then Gigm(y, €)= ek,

1. ngp(yl[t]’tz],ﬁ) < ngp(Y/E)'

Proof. Time interpolation complexity. By (4.5.2), it suffices to prove that w? (Yle,, 6,1, 8) <
w3 (y,8). Let u € LT([0, T],R™) be a control admissible for zgﬂ(r, e),and let 0 = &7 <
... < &N = T be the times where q,(&;) = v(&i). Let i1 # i, such that t7 < &; < t; for
anyi € {i1,...,12}. Observe that, by Theorems 2.1.7 and 1.2.1, we have VI(y(t), Y(&i,)) <
dsr(v(t1),v(&i;)) < C5+ and VI (v(&i,),v(t2)) < dsr(v(&i,),v(t2)) < C57, where &
is sufficiently small, C is independent of 3, and r is the nonholonomic degree of the distribu-
tion. Thus, assuming w.lL.o.g. C > 1,

1 1
@ (Yliey,1,0,8) <83 (ulpe, v, 1) +2C8T T < CoF(u) +C8' 7.

Taking the infimum over all controls u admissible for w? (v, §), and recalling that, by Propo-
sition 4.5.2, it holds w? (v, §) < 6%, completes the proof.

Neighboring approximation complexity. In this case, the proof is identical to the one of Propo-
sition 4.4.6 for the tubular approximation complexity. The sole difference is that here, by

definition of crgpp, we do not need to assume the absence of cusps. O
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4 COMPLEXITY AND MOTION PLANNING

We can now complete the proof of Theorem 4.0.10, by proving Theorem 4.5.1.

Proof. The proof is analogous to the one of Theorem 4.4.1, using Propositions 4.5.2, 4.5.3 and
4.5.4. O
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Diffusions on sinqular manifolds
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5 THE LAPLACE-BELTRAMI OPERATOR ON
CONIC AND ANTI-CONIC SURFACES

In this chapter we consider the Riemannian metricon M = ( R \{O}) x S whose orthonormal
basis has the form:

X1(x,0) = < 2) ), Xs5(x,0) = < Ix(\)"‘ ), xeR,0e8. (5.0.14)

Here x € R, 8 € S and « € R is a parameter. In other words we are interested in the
Riemannian manifold (M, g), where

g= dx? + [x|72%d6?, i.e., in matrix notation g= ( (]) \X|92°‘ ) . (5.0.15)

One of the main features of these metrics is the fact that, except in the case « = 0, the
corresponding Riemannian volumes have a singularity at Z = {x = 0},

du = v/detgdxd6 = |x|”*dx de6.

Due to this fact, the corresponding Laplace-Beltrami operators contain some diverging first
order terms,

2
1 .
L= E 0; (\/detgg]kak) :a§+|x\2“aguf%ax (5.0.16)

Vdetg =1

As already anticipated in the introduction, the purpose of this chapter is to answer the
following two questions.

(Q1) Do the heat and free quantum particles flow through the singularity? In other words, we
are interested to the following: consider the heat or the Schrodinger equation

atlj) = L l-l)r (5017)
0ty =—L, (5.0.18)
where £ is given by (5.0.16). Take an initial condition supported at time t = 0 in

M~ ={x € M | x < 0}. Is it possible that at time t > 0 the corresponding solution has
some supportin M™ ={x € M | x > 0}?

(Q2) Does equation (5.0.17) conserve the total heat (i.e. the L" norm of {)? This is known
to be equivalent to the stochastic completeness of M « — i.e., the fact that the stochastic
process, defined by the diffusion £, almost surely has infinite lifespan. In particular, we
are interested in understanding if the heat is absorbed by the singularity Z.

The same question for the Schrodinger equation has a trivial answer, since the total
probability (i.e., the L2 norm) is always conserved by Stone’s theorem.
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The answer to (Q1) is related to the self-adjointness of £, and is contained in Theorem 1.3.2,
whose statement will be recalled in Theorem 5.2.3. On the other hand, the answer to (Q2) is
related to the Markovianity and the stochastic completeness of £, which is strictly related to
the theory of Dirichlet forms. The answer to this question is contained in Theorem 1.3.6, whose
statement is recalled in Theorem 5.4.17.

The chapter is divided into 4 sections. The first section is devoted to the geometric interpre-
tation of the above defined structures, both from a topological and from a metric point of view.
Then, in Section 5.2, after some preliminaries regarding self-adjointness, we analyze in detail
the Fourier components of the Laplace-Beltrami operator on M, proving Theorems 5.2.3 and
5.2.10. We conclude this section with a description of the maximal domain of the Laplace-
Beltrami operator in terms of the Sobolev spaces on M, contained in Proposition 5.2.13. In
this section we only concern ourselves with real self-adjoint extensions of £. The discussion
regarding the complex self-adjoint extension of L, is the subject of Section 5.3. Finally, in Sec-
tion 5.4, we introduce and discuss the concepts of Markovianity, stochastic completeness and
recurrence through the potential theory of Dirichlet forms. After this, we study the Markov
uniqueness of £ |cx(m) and characterize the domains of the Friedrichs, Neumann and bridg-
ing extensions (Propositions 5.4.11 and 5.4.12). Then, we define stochastic completeness and
recurrence at 0 and at oo, and, in Proposition 5.4.15, we discuss how these concepts behave if
the k = 0 Fourier component of the self-adjoint extension is itself self-adjoint. In particular, we
show that the Markovianity of such an operator A implies the Markovianity of its first Fourier
component /io, and that the stochastic completeness (resp. recurrence) at O (resp. at oo) of
A and /Xo are equivalent. Then, in Proposition 5.4.14 we prove that stochastic completeness
or recurrence are equivalent to stochastically completeness or recurrence both at 0 and at oo
Finally, we prove Theorem 5.4.17.

5.1 GEOMETRIC INTERPRETATION

In this section, we discuss how the topology and the metric properties of M « depend on «.

5.1.1  Topology of M«

Define Meylinder = R X5 and Mcone = Meylinder / ~ where (x1,01) ~ (x2,03) if and only
if x1 = x2 = 0. In the following we are going to suitably extend the metric structure to
Mcylinder through (5.0.14) when « > 0, and to Mcone through (5.0.15) when « < 0.

Recall that, on a general two dimensional Riemannian manifold for which there exists a
global orthonormal frame, the distance between two points can be defined equivalently as

d(q1,92) mf{J \/u1 2 +uy(t)2dt |vy:[0,1] = M Lipschitz ,y(0) = q1,

v(1) = g and wy, w; are defined by ¥(t) — s ()X1 (v(t)) +u2(t)Xz(Y(t))},
(5.1.1)
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5.1 Geometric interpretation

1
d(q1,q2) =inf{f0 Vovio (V(6), 7(1) dt |v:10,1] = M Lipschitz ,

Y(0) = a1, y(1) = qz}, (5.1.2)

where {X1, X} is the global orthonormal frame for (M, g).

Case x > 0

Similarly to what is usually done in sub-Riemannian geometry (see Section 1.1), when o > 0,
formula (5.1.1) can be used to define a distance on Myjinder Where Xy and X are given by
formula (5.0.14). We have the following.

Lemma 5.1.1. Forany o > 0, formula (5.1.1) endows Mcyiinder With a metric space structure, which
is compatible with its original topology.

Proof. By (5.1.1), it is clear that d : Mcylinder X Mcylinder — [0, +00) is symmetric, satisfies
the triangular inequality and d(q, q) = 0 for any q € Mylinder- Observe that the topology
on Mcylinder is induced by the distance dcylinder( (x1,01),(x2,02)) =|x1 —x2/+ 107 —02].
Here and henceforth, for any 61, 6; € S when writing 67 — 6, we mean the non-negative
number 07 — 0, mod 2n. In order to complete the proof it suffices to show that for any
{qn}nEN - Mcylinder and g € Mcylinder it holds

d(qn,q) — 0if and only if deylinder(dn, q) — 0. (5.1.3)

In fact, this clearly implies that if d(q1, q2) = 0 then q7 = q;, proving that d is a distance,
and moreover proves that d and deyjinder induce the same topology.

Assume that d(qn, q) — 0 for some {qn}neN C Mcylinder and g = (%, 0) € M¢ylinder- In
this case, for any n € IN there exists a control uy, : [0, 1] — R? such that |[u, (IS ([0,1,R2) —*
0 and that the associated trajectory yn(-) = (xn(:),0n(-)) satisfies yn(0) = gqn and
Yn (1) = g. This implies that, for any t € [0, 1]

t
()= %1 < | her (01 < s 10,012, —

Hence, xn (t) — X. In particular, this implies that [xn (t)| < [J[un || ([0,11,R2) T || for any
t € [0, 1], and hence

1 1
0 (0) =01 < | ua(t)lxn (817t < (lunll 1 o1, + 18D | lualt)lat

< HunH]_l ([O,H,IRZ)(HunHLl (10,1],R?) + |x[)* — 0.

Here, when taking the limit, we exploited the fact that « > 0. Thus also 6, (0) — 9, and
hence gn = (xn(0),0n(0)) — (%,0) = @ w.rt. deylinder-

In order to complete the proof of (5.1.3), we now assume that for some qn, = (xn,0n)
and q = (x,0) it holds deylinder (dn, §) — 0 and claim that d(qn, q) — 0. We start by
considering the case q ¢ Z, and w.l.o.g. we assume g € M ™. Since M is open with respect
to deylinder, we may assume that qn € M. Consider now the controls

0 (2= (10) i<t
ST 28— eIk (0, 1) if 1<t
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5 THE LAPLACE-BELTRAMI OPERATOR ON CONIC AND ANTI-CONIC SURFACES

A simple computation shows that each u, steers the system from q, to . The claim then
follows from

d(QnIC_I) < HunHLl([O,H,]RZ) < ‘i_xn‘ﬂ‘m_en”i‘i‘x < (] +|7_(‘7(X) dcylinder(qn/q) — 0.

Let now § € Z and observe that w.l.o.g. we can assume q ¢ Z for any n € IN. In fact, if this
is not the case it suffices to consider § = (xn +1/n,0y) ¢ Z, observe that d(qn, Gn) — O
and apply the triangular inequality. Then, we consider the following controls, steering the
system from qn to q,

3((6—911)1/2“—)(“)(1,0) ifOStS%,
vn(t) =43(8-6n)"72(0,1) iff<t<3$,
—3(0—0,)"72*(1,0) if £ <t<1.

Since X = 0 and o > 0, we have
d(qn, @) < [valliro,,r2) < (00 —8)/2% —xu|+18—0n|"/2 4105, —8]'/>* — 0.

This proves (5.1.3) and hence the lemma. O

Case x> 0

In this case X7 and X, are not well defined in x = 0. However, to extend the metric structure,
one can use formula (5.1.2), where g is given by (5.0.15). Notice that this metric identifies
points on {x = 0}, in the sense that they are at zero distance. Hence, formula (5.1.2) gives a
structure of a well-defined metric space not to Mcylinder but to Mcone. Indeed, we have the
following (for the proof see Appendix 5.1.1).

Lemma 5.1.2. For « < 0, formula (5.1.2) endows Mcone with a metric space structure, which is
compatible with its original topology.

Proof. By (5.1.2), it is clear that d : Mcone X Mcone — [0, +00) is symmetric, satisfies the
triangular inequality and d(q, q) = 0 for any q € Mcone.
Observe that the topology on Mcone is induced by the following metric

Ix1 —x2[+ 167 — 03] if x1x2 >0,
dcone((x1/e1)/(xz/92)): ‘X1_X2‘ ifX] =0orx; =0,
Ix1 —x2[+101]4+162] if x1x2 < 0.

By symmetry, to show the equivalence of the topologies induced by d and by dcone, it is
enough to show that the two distances are equivalent on [0, +00) x S. Moreover, since by
definition of g it is clear that d(qy, q2) = 0 for any q1, q2 € Z and that d is equivalent to
the Euclidean metric on (0, +00) x 5, we only have to show that for any {qn} C (0, +o0) x 5,
dn = (xn,0n),and g = (0,0) € Z, it holds that

d(qn, q) — 0if and only if deone(qn, ) — 0. (5.1.4)

We start by assuming that d(qn, ) — 0. Then, there exists y» : [0, 1] — M such that
Yn(0) = qn and yn (1) = @ and fg) \/g(yn(t),yn(t)) dt — 0. This implies that

1
xnl < jo VI (), vn (D) dt — 0,
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5.1 Geometric interpretation

and thus that x,, — 0. This suffices to prove that dcone(qn, ) — 0.
On the other hand, if deone(qn, §) — 0, it suffices to consider the curves

(1) = ((1—=2t)xn, 0n) if0<t<
T (0,80 4 (26— 1)(8 - 00)) ifl<t<

Clearly v is Lipschitz and yn (0) = qn and yn (1) = §. Finally, since gl = 0, the proof is
completed by

1 }
Alan, ) < | /oy (Tt Tn(0) at = [ /oy, ) (=28n,0), (=2x0,0)) dt = x

O

5.1.2  Surfaces of revolution

For o € R, we call M  the generalized Riemannian manifold obtained in the previous section.
Namely,

° a > 0: M« = Mcylinder and metric structure induced by (5.0.14);
o a < 0: My = Mcone and metric structure induced by (5.0.15).

The corresponding metric space is called (M, d). Moreover, with abuse of notation, we call
Z the singular set, i.e.,

o _ [10rxs, x>0,
{0} xS/~ « < 0.

The singularity splits the manifold M  in two sides M = (0, +o0) x Sand M~ = (—o0,0) x
S.

Notice that in the cases « = 1,2,3,..., M4 is an almost Riemannian structure in the
sense of Section 1.3.1, while in the cases « = —1,—2,—-3,... it corresponds to a singular
Riemannian manifold with a semi-definite metric.

Remark 5.1.3. The curvature of M « is given by K (x) = —a(1 + «)x 2. Notice that M 4
and Mg with B = —(« + 1) have the same curvature for any « € R . For instance, the
cylinder with Grushin metric has the same curvature as the cone corresponding to o« = —2,
but they are not isometric even locally (see [BCG13]).

This section is devoted to precise the following geometric interpretation of M« (see Figure
14). For oc = 0, this metric is that of a cylinder. For o = —1, it is the metric of a flat cone in polar
coordinates. For o < —1, it is isometric to a surface of revolution 8§ = {(t, r(t) cos 9, r(t) sind) |
t>09 €8 c R?with profile v(t) ~ [t|~ as |t| goes to zero. For o« > —1 (a # 0) it can
be thought as a surface of revolution having a profile of the type r(t) ~ [t|™* as t — 0, but
this is only formal, since the embedding in R® is deeply singular at t = 0. The case « = 1
corresponds to the Grushin metric on the cylinder.

Let us first recall the definition of isometric (generalized) Riemannian manifolds.
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W=l
>

Figure 14: Geometric interpretation of M. The figures above the line are actually isometric to M,
while for the ones below the isometry is singular in Z.

Definition 5.1.4. Given two manifolds M and N, endowed with two (possibly semi-definite)
metrics gM and gV, we say that M is C'-isometric to N if and only if there exists a C'-
diffeomorphism ® : M — N such that ®*gn = gm. Here @* is the pullback of @. Recall
that, in matrix notation, for any q € M it holds

(@*gN)q(Em) =)' 95 ()] (EM). (5.1.5)

Here J ¢ is the Jacobian matrix of ®.
We have the following.

Proposition 5.1.5. If « < —1 the manifold My is C'-isometric to a surface of revolution 8§ =
{(t,7(t) cos 9, r(t)sind) [t € R, D € S} € R3 with profile r(t) = [t|~* + Ot~ 2(*F 1)) as [t| | 0 (see
figure 15), endowed with the metric induced by the embedding in R3.

If « = —1, My is globally C'-isometric to the surface of revolution with profile r(t) = t, endowed
with the metric induced by the embedding in R3.

Proof. For any v € C'(R), consider the surface of revolution 8§ = {(t,7(t)cos?d,r(t)sin?d) |
t > 0,9 € S} ¢ R3. By standard formulae of calculus, we can calculate the corresponding
(continuous) semi-definite Riemannian metric on § in coordinates (t,9) € R xS to be

/ 2
gs(t,9) = < AL >

Let now « < —1 and consider the C! diffeomorphism @ : (x,0) € R xS — (t(x),d¥(0)) € §
defined as the inverse of

“T(t,9) = < X(t) ) _ ( Jo /T rrispas > | (5.16)

0(9)

Observe that @ is well defined due to the fact that r’ is bounded near 0. Since 3¢(®~ ') =
dtx(t) = \/1+71/(t)2, by (5.1.5) the metric is transformed in

] 0
®*gs(x,0) = (Jg,‘)Tgs(cp(x,e))lé1 = ( 0 +(®(x,0)>2 )
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5.1 Geometric interpretation

We now claim that there exists a function r € C'(R) such that r(t(x)) = |x|~* near {x = 0}.
Moreover, this function has expression

(5.1.7)

o) = t=% 4 Ot 2(xt1)y, ift>0,
T = (—t) x4+ Ot 2t )y ift <0.

Notice that, this function generates the same surface of revolution as r(t) = [t|~*+O (t—2(t 1)y,
but is of class C! in 0 while the latter is not.
The fact that v(t(x)) = [x|~% is equivalent to r(t) = [x(t)|~%, i.e.,

t —
r(t) = (Jo 141/(s)? ds) ) (5.1.8)

This integral equation has a unique solution. Indeed, after algebraic manipulation and a dif-
ferentiation, it is equivalent to the Cauchy problem

e 1
r(t) = \/(xzr(t)—Z(lH/cx) -1 (5.1.9)
r(0) =0.

It is easy to check that, thanks to the assumption « < —1, the rh.s. of the ODE is Holder
continuous of parameter 1+ 1/x at 0 (but not Lipschitz). This guarantees the existence of
a solution, but not its unicity. Indeed, this equation admits two kinds of solutions, either
r1(t) = 0 or r2(t) # 0, where the transition between 77 (t) and r,(t — to) can happen at any
to > 0. However, the only admissible solution of (5.1.8) is 2, as can be directly checked.

We now prove the representation (5.1.7). Assume w.l.o.g. that t, and hence x(t), be positive.
Due to the Holder continuity of the r.h.s. of the ODE in (5.1.9), we get that [v/(t)| < Ctl+1/e,
Hence,

X/ (8) =X/ (0) = y/T+7/ ()2 =1 < /(1)) < e/,

Here, we used the 1/2-Hoélder property of the square root. Finally, a simple computation
shows that [x(t) — tx/(0)| = O(t>*1/%), which yields

(t) = (x(1) "% = <t+ 0(t2+‘/°‘))_°‘ =t %4 Ot~ F/ellatl)y — gy gg— 2ty

Here, in the last step we used the fact that —(2+ 1/0)(cx+ 1) < —2(x + 1). This proves the
claim and thus the first part of the statement.
Let now o = —1. In this case, by letting r(t) = t, the metric on the surface of revolution is

gS(t/{}) = ( é tOZ )

Consider the diffeomorphism ¥ : (x,0) € R xS+ (t,9) € 8 defined as

Y(x,0) = ﬁ( g ) . (5.1.10)
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t
0
e N
1(t)
Figure 15: The surface of revolution of Proposition 5.1.5 with « = —2, i.e. 7(t) = t2.

Then the statement follows from the following computation,

T 1 0
°g5(x,0) = (Jy') 0s(¥(x 0Ty = ( 0 1(¥(x,0)%2 ) - < <]> XOZ )

O

Remark 5.1.6. If « > —1 we cannot have a result like the above, since the change of variables
(5.1.6) is no more regular. In fact, the function r(t) = t~* has an unbounded first derivative
near 0.

5.2  SELF-ADJOINT EXTENSIONS

In this section we prove Theorem 5.2.3, characterizing the self-adjointness of £ on L*(M, du),
and present some results on its possible self-adjoint extensions. In particular, we will show
when it is possible for a free particle to cross the singularity, thus answering (Q1).

5.2.1  Preliminaries

Let 3 be an Hilbert space with scalar product (-,-)5 and norm || - ||5c = +/(-,-)5¢. Given an
operator A on H we will denote its domain by D(A) and its adjoint by A*. Namely, if A is
densely defined, D(A*) is the set of @ € H such that there exists 1 € H with (A, @)gc =
(W, m)g¢, for all\p € D(A). For each such ¢, we define A*p =1.

An operator A is symmetric if

(A, @)gc = (b, A@)gc,  forallp € D(A).

A densely defined operator A is self-adjoint if and only if it is symmetric and D(A) = D(A*),
and is non-positive if and only if (A, ) < 0 for any P € D(A).
Given a strongly continuous group {Tt}ter (resp. semigroup {Ti}¢>0), its generator A is
defined as
Tru—u

Au = lin}) r— D(A) ={u € H | Au exists as a strong limit}.
t—
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5.2 Self-adjoint extensions

When a group (resp. semigroup) has generator A, we will write it as {e"Mer (resp. {etA}t>o).
Then, by definition, u(t) = etAuo is the solution of the functional equation

otu(t) = Au(t)
u(0) =uy € H.

Recall the following classical result.
Theorem 5.2.1. Let H be an Hilbert space, then

1. (Stone’s theorem)The map A — (et A} er induces a one-to-one correspondence

A self-adjoint operator <= {e"**}cR strongly continuous unitary group;

2. The map A — {e'}> induces a one-to-one correspondence

A non-positive self-adjoint operator <= {e'*};>¢ strongly continuous semigroup;

For any Riemannian manifold M with measure dV, via the Green identity follows that
L lcee () is symmetric. However, from the same formula, follows that

D(£L lcw ) *) ={w e L2(M,dV) | Lu € L2 (M, dV)} 2 C (M),

where £ u is intended in the sense of distributions. Hence, £ is not self-adjoint on C (M).

Since, by Theorem 5.2.1, in order to have a well defined solution of the Schrodinger equation
the Laplace-Beltrami operator has to be self-adjoint, we have to extend its domain in order to
satisfy this property. For the heat equation, on the other hand, we will need also to worry
about the fact that it stays non-positive while doing so. We will tackle this problem in the
next section, where we will require the stronger property of being Markovian (i.e., that the
evolution preserves both the non-negativity and the boundedness).

Mathematically speaking, given two operators A, B, we say that B is an extension of A (and
we will write A C B) if D(A) € D(B) and Ay = By for any P € D(A). The simplest
extension one can build starting from A is the closure A. Namely, D(A) is the closure of D(A)
with respect to the graph norm || - |ao = [|[A - ||9¢ + || - [l3¢, and A = limn_s oo APy, Where
{Wnlnen C D(A) is such that Yy, — P in H. Since if A is symmetric A C A C A*, any self-
adjoint extension B of A will be such that A C B C A*. For this reason, we let Dyin(A) = D(A)
and Dmax(A) = D(A*). Moreover, from this fact follows that any self-adjoint extension B will
be defined as By = A*\ for € D(B), so we are only concerned in specifying the domain of
B. The simplest case is the following.

Definition 5.2.2. The densely defined operator A is essentially self-adjoint if its closure A is
self-adjoint.

It is a well known fact, dating as far back as the series of papers [Gaf54, Gafs5], that the
Laplace-Beltrami operator is essentially self-adjoint on any complete Riemannian manifold.
On the other hand, it is clear that if the manifold is incomplete this is no more the case, in
general (see [Masos, Griog]). It suffices, for example, to consider the case of an open set
Q C R™, where to have the self-adjointness of the Laplacian, we have to pose boundary
conditions (Dirichlet, Neumann or a mixture of the two). In our case, Theorem 5.2.3 will give
an answer to the problem of whether £ |c (M) is essentially self-adjoint or not.
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The problem of determining the self-adjoint extensions of £ [ce(nm) on L?(M, du) has been
widely studied in different fields. A lot of work has been done in the case « = —1, in the
setting of Riemannian manifolds with conical singularities (see e.g., [CheS8o, Moo9g6]), and the
same methods have been applied in the more general context of metric cusps or horns (see
e.g., [Cheyo, Briig6]) that covers the case & < —1. See also [LP98]. Concerning o > —1, on the
other hand, the literature regarding A is more thin (see e.g., [Mor]).

In the following we will consider only the real self-adjoint extensions, i.e., all the function
spaces taken into consideration are composed of real-valued functions. The complex case will
be discussed in Section 5.3.

Applying the definition of minimal and maximal domain we immediately obtain that

Dmin (£ IC?(M)) = closure of C° (M) with respect to the norm

1A (L2 (Me,aw) + T 2 (Ma,aw) b
Dmax(£ lceom)) ={u € L? (Mg, du) : Au € L? (Mg, du) in the sense of distributions}.

Recall that the Riemannian gradient is given by Vu(x,0) = (dxu(x, 0), x|2*9gu(x, 0)). Follow-
ing [Griog], we let the Sobolev spaces on the Riemannian manifold M endowed with measure
du be

H'(M, du) = {u e L3(M, dw): [Vu| € L3*(M,dw)}, HA(M, du) = closure of C® (M) in H' (M, d),
HA(M, dp) ={u € H' (M, dp): AueL2(M,dp)},  H3(M, du) = H*(M, du) N H3(M, dp).

We define the Sobolev spaces H'! (M4, dit) and H? (M, dp) in the same way. We remark
that with these conventions H%(M, dp) is in general bigger than the closure of C* (M) in
H?(M, dpt). Moreover, it may happen that H' (M, du) = H} (M, dp). Indeed this property will
play an important role in the next section. In Proposition 5.2.13, is contained a description of
Dmax(£L IC?(M)) in terms of these Sobolev spaces.

Although in general the structure of the self-adjoint extensions of £ |C30(M) can be very
complicated, the Friedrichs (or Dirichlet) extension {F, is always well defined and self-adjoint.
Namely,

D(LF) = H§(M, dp).

Observe that, since L2(M, dp) = L2(M*,dp) @ L2(M—, dp) and Hé(M, du) = HJ)(MJF, du) &
Hg) (M™,du), it follows that

D(LF) ={ue HY(M*, dp) | Aue L2(MF, du)t @ fu € HY (M, dp) | Au e L2(M ™, du)}

This implies that £ actually defines two separate dynamics on M+ and on M~ and, hence,
there is no hope for an initial datum concentrated in M to pass to M, and vice versa. Thus,
if £lce(m) 1s essentially self-adjoint (i.e., the only self-adjoint extension is L) the question
(Q1) has a negative answer.

5.2.2 Fourier decomposition and self-adjoint extensions of Sturm-Liouville operators

The rotational symmetry of My suggests to proceed by a Fourier decomposition in the 6
variable, through the orthonormal basis {ex}xez C L2(S). Thus, we decompose the space
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L*(M,dp) = @ro Hx, Hk = L*(R\{0}, x|~ *dx), and the corresponding operators on each
Hy will be

~

o
Ly = a,% — ;ax — |x|?*K2. (5.2.1)

The aim of this section is to prove Theorem 1.3.2, that we recall here.

Theorem 5.2.3. Consider My for « € R and the corresponding Laplace-Beltrami operator L as an
unbounded operator on L*>(M, dp). Then the following holds.

o If o < =3 then L is essentially self-adjoint;

if « € (—3,—1], only the first Fourier component Lo is not essentially self-adjoint;

if x € (—1,1), all the Fourier components of L are not essentially self-adjoint;

if oo > 1 then L is essentially self-adjoint.

There exist various theories allowing to classify the self-adjoint extensions of symmetric
operators. We will use some tools from the Neumann theory (see [RS75]) and, when dealing
with one-dimensional problems, from the Sturm-Liouville theory. Let H{ be a complex Hilbert
space and 1 be the imaginary unit. The deficiency indexes of A are then defined as

ny(A) =dimker(A +1), n_(A) =dimker(A —1).

Then A admits self-adjoint extensions if and only if n (A) = n_(A), and they are in one to one
correspondence with the set of partial isometries between ker(A —1i) and ker(A +1). Obviously,
A is essentially self-adjoint if and only if ny (A) =n_(A) =0.

Following [Zetos], we say that a self-adjoint extension B of A in H is a real self-adjoint ex-
tension if uw € D(B) implies that i € D(B) and B(u) = Bu. When 3 = L*(M, dy), i.e. the
real Hilbert space of square-integrable real-valued functions on M, the self-adjoint extensions
of A in L*(M, dp) are the restrictions to this space of the real self-adjoint extensions of A in
L&(M, dp), i.e. the complex Hilbert space of square-integrable complex-valued functions. This
proves that A is essentially self-adjoint in L*(M, du) if and only if it is essentially self-adjoint in
Lé (M, du). Hence, when speaking of the deficiency indexes of an operator acting on L>(M, du),
we will implicitly compute them on LZ(M, dp).

We start by proving the following general proposition that will allow us to study only the
Fourier components of £ [ce (M), in order to understand its essential self-adjointness.

Proposition 5.2.4. Let Ay be symmetric on D(Ay) C Hy, for any k € Z and let D(A) be the set
of vectors in H = @z Hi of the form b = (1,2, ...), where Uy € D(Ay) and all but finitely
many of them are zero. Then A = Y y c7 Ay is symmetric on D(A), ny (A) = } 7z Ny (Ay) and
n_(A) =2 yez n—(Ax).

Proof. Let Y = (Pq,V2,...) € D(A). Then, by symmetry of the Ay’s and the fact that only
finitely many 1y are nonzero, it holds

(A, V)ge = Y (A vidn, = ) (W Avidn, = (1, Av) g
keZ keZ

This proves the symmetry of A.

Observe now that 1 = (P1,2,...) € ker(A+1) if and only if 0 = AP +1i = (AP £
i, A2y £1,...). This clearly implies that dimker(A £1) = } | .z dimker(Ay +1), completing
the proof. O
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Observe that, for any k € Z, the Fourier component Ek, defined in (5.2.1), is a second
order differential operator of one variable. Thus, it can be studied through the Sturm-Liouville
theory (see [Zeto5, EGNT13]). Let ] = (aj,b1) U (az,b2), —oo < a1 < by < az < by < +oo,
and for 1/p, q, w € Lfoc(]) consider the Sturm-Liouville operator on L2(J, w(x)dx) defined by

1
Au = v ( — Ox(p Oxu) + qu). (5.2.2)

Letting ] = R\{0}, w(x) = [x|~%, p(x) = —[x|~%, and q(x) = —k2|x|*, we recover Ek.
For a Sturm-Liouville operator the maximal domain can be explicitly characterized as

Dmax(A) ={u:] — R | u, p 0xu are absolutely continuous on J, and u, Au € Lz(],w(x)dx)}.
(5.2.3)

In (5.2.5), at the end of the section, we will give a precise characterization of the minimal
domain.

Definition 5.2.5. The endpoint (finite or infinite) ay, is limit-circle if all solutions of the equa-
tion Au = 0 are in L2((aj, d), w(x)dx) for some (and hence any) d € (a7, by). Otherwise aj is
limit-point.

Analogous definitions can be given for by, a; and b;.

Let us define the Lagrange parenthesis of u,v : ] — R associated to (5.2.2) as the bilinear
antisymmetric form

[W,v] =up 0xv—vp oxu.

By [Zetos, (10.4.41)] or [EGNT13, Lemma 3.2], we have that [u,v](d) exists and is finite for any
U,V € Dpax(£k) and any endpoint d of J.

Definition 5.2.6. The Sturm-Liouville operator (5.2.2) is reqular at the endpoint a; if for some
(and hence any) d € (a7, by), it holds

1

];/ q/ w e L1 ((a],d))

A similar definition holds for b7, ay, bs.

In particular, for any k € Z, the operator Ly is never regular at the endpoints +oo and —oo,
and is regular at 0" and 0~ if and only if o € (—1,1).

We will need the following theorem, that we state only for real extensions and in the cases
we will use.

Theorem 5.2.7 (Theorem 13.3.1 in [Zetos]). Let A be the Sturm-Liouville operator on 1% (], w(x)dx)
defined in (5.2.2). Then

n4(A) = n_(A) = #{limit-circle endpoints of J}.

Assume now that ny(A) = n_(A) = 2, and let a and b be the two limit-circle endpoints of
J. Moreover, let &1,b2 € Dmax(A) be linearly independent modulo Dyin(A) and normalized by
(b1, d2l(a) = (1, d2](b) = 1. Then, B is a self-adjoint extension of A over L2(], w(x)dx) if and only
if Bu = A*u, for any u € D(B), and one of the following holds
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1. Disjoint dynamics: there exists c,c_ € (—oo, +0o0] such that w € D(B) if and only if
[, $1](07) = e, d2l(a) and  [u,$1](07) = d+fu, 2] (b).

2. Mixed dynamics: there exist K € SL;(IR) such that w € D(B) if and only if

U(bu) =KU(a),  for U(x) = ( Eiﬁgg > '

Remark 5.2.8. Let ¢ and $§ be, respectively, the functions ¢ and ¢, of the above theorem,
multiplied by a cutoff function n : ] — [0, 1] supported in a (right or left) neighborhood of a in
J and such that nj(a) = 1 and n’(a) = 0. Let (1)11j and d)lzj be defined analogously. Then, from
(5.2.5), follows that we can write

Dimax(A) = Diin(A) +span{$§, d¥, 5, d3). (5.2.4)

The following lemma classifies the end-points of R \{0} with respect to the Fourier compo-
nents of £[ceo(m)-

Lemma 5.2.9. Consider the Sturm-Liouville operator Ay on R\{0}. Then, for any k € Z the endpoints
400 and —oo are limit-point. On the other hand, regarding 0" and 0~ the following holds.

1. If « < =3 orif « > 1, then they are limit-point for any k € Z;
2. if =3 < a < —1, then they are limit-circle if k = 0 and limit-point otherwise;
3. if =1 < « < 1, then they are limit-circle for any k € Z.

Before the proof, let us remark that, since [u, v](d) = 0 for any limit-point end-point d, by the
Patching Lemma (see [Zeto5, Lemma 10.4.1]) and [Zeto5, Lemma 13.3.1], Lemma 5.2.9 gives
the following characterization of the minimal domain of Ay,

~

Dmin(Ak) = {u € Dmax(Ak) | Iu, v1(07) = [, v](07) =0 for all v € Dmax(gk)}- (5.2.5)

Proof of Lemma 5.2.9. By symmetry with respect to the origin of Ay, it suffices to check only 0"
and +oo0.

Let k = 0, then for « # —1 the equation Aou = 1’ — (a/x)u’ = 0 has solutions uj(x) = 1
and uy(x) = x'**. Clearly, u; and wu, are both in L2((0,1),[x|~*dx), i.e., 07 is limit-circle,
if and only if @ € (=3,1). On the other hand, u; and u; are never in L2((1, 4+00), [x|~*dx)
simultaneously, and hence +o0 is always limit-point. If @ = —1, the statement follows by the
same argument applied to the solutions 1 (x) = 1 and u;(x) = log(x).

Let now k # 0 and « # —1. Then Agu = u” — (a/x)u’ —x2%k?u = 0, x > 0, has solutions

up(x) = exp (kl’i;“) and uy(x) = exp (— k{if;) If « > —1, both u; and u, are bounded

and nonzero near x = 0, and either 1y or u; has exponential growth as x — +oo0. Hence, in
this case, uj,uy € L2((0,1),[x|~%) if and only if « < 1, while 400 is always limit-point. On
the other hand, if « < —1, u; and u; are bounded away from zero as x — +oco0 and one of
them has exponential growth at x = 0. Since the measure |x|~*dx blows up at infinity, this
implies that both 0" and +oo are limit-point. Finally, the same holds for « = —1, considering
the solutions uj (x) = x* and u, (x) = x~K. O
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We are now able to classify the essential self-adjointness of the operator £ |ce (m)-

Proof of Theorem 5.2.3. Let D C CX (M) be the set of C2° (M) functions which are finite linear
combinations of products u(x)v(8). Since L*(M, du) = L2(R\{0}, [x|~*dx) @ L%(S, d6), the set
D is dense in L*(M, du) and hence, by Proposition 5.2.4 the operator A|p is essentially self
adjoint if and only if so are all KlemHk. Since ni (Alp) =ni (L \C?(M) ), this is equivalent to
L lce(m) being essentially self-adjoint.

To conclude, recall that by Theorem 5.2.7 the operator Ay is not essentially self-adjoint on
L?(R\{0}, |x|~*dx) if and only if it is in the limit-circle case at at least one of the four endpoints
—00, 07, 0" and +o0. Hence applying Lemma 5.2.9 is enough to complete the proof. O

5.2.3 The first Fourier component Eo

In order to have a more precise answer to (Q1) for « € (—3,1), we now describe the self-
adjoint extension realising the maximal communication between the two sides. We will call
such extension the bridging extension.

We start with the case o € (—3,—1] since here it suffices to study the equation on the first
Fourier component. Indeed, by Theorem 5.2.3, in this case any self-adjoint extension A of
Llce(m) can be decomposed as

AZR()EB( @ Zk . (5.2.6)

keZ\{0}

Here, /io is a self-adjoint extension of Zo and, with abuse of notation, we denoted the only
self-adjoint extension of Ek by c k as well.

We will thus focus on the first Fourier component Eo@ (R\J0}) on L2(R\{0}, [x|~*dx), when
o € (—3,1), and describe its real self-adjoint extensions. For a description of the complex self-
adjoint extensions of 20|Cgo (R\{0}), We refer to Theorem 5.3.3. We remark that this operator is
regular at the origin, in the sense of Sturm-Liouville problems (see Definition 5.2.6), if and only
if o« > —1. Hence, for o < —1, the boundary conditions will be asymptotic, and not punctual.

Let (DB and d)f\j be two smooth functions on R \{0}, supported in [0,2), and such that, for
any x € [0, 1] it holds

(1+x) T xIte if o £ —1,

log(x) if x =—1. (527)

d500 =1, (%) ={

Let also ¢5(x) = ¢ (—x) and ¢ij(x) = ¢ (—x). Finally, recall that, on R\{0} endowed
with the Euclidean structure, the Sobolev space H2 (R \{0}, |x|~*dx) is the space of functions
u € L2(IR\{0}, [x|~*dx) such that |05/, \a,%u| € L*(R\{0}, [x|~*dx). Then, the following holds.

Theorem 5.2.10. Let Dmin(zo) and Dmax(zo) be the minimal and maximal domains ofzo\cgo(]R \{0})
on L (R\{0}, x|~ *dx), for « € (—3,1). Then,

Dmin(ﬁo) = closure of CZ (R\{0}) in HZ(IR \{0}, x|~ *dx)

Dimax(£0) = (U = ug +uf o) +uidf +updp +undn: o € Dmin(Lo) and ud, ud

NE

Moreover, A is a self-adjoint extension of Lo if and only if Au = (Lo)*u, for any u € D(A), and one
of the following holds
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(i) Disjoint dynamics: there exist ¢, c— € (—oo,400] such that
D(A)={uce Dimax(Lo): uyy = cyuy and uy = c_uj}.
(ii) Mixed dynamics: there exist K € SL,(IR) such that

D(A) = { € Dmax(£0): (up,uy)" =K (up,wi)}.

Finally, the Friedrichs extension (EO)F is the one corresponding to the disjoint dynamics with ¢y =
c. =0ifa< —landwithcy =c_ =4ooif x> —1.

From the above theorem (see Remark 5.2.12) it follows that uN = lim, _, o+ [x]7%* 0xu(x) and,
if =1 < a < 1, that uD = u(0¥F). Moreover, the last statement implies that

D((z )g) = {uEDmax(zO) ﬁ: uy = 0} if x <1,
O 7 (u € Damax(£o): w(0F) =u(07) =0} ifa>—1.

In particular, if o < —1 the Friedrichs extension does not impose zero boundary conditions.

Clearly, the disjoint dynamics extensions will give an evolution for which (Q1) has negative
answer. On the other hand, the mixed dynamics extensions will permit information transfer be-
tween the two halves of the space. Since by Theorem 5.2.3, to classify the self-adjoint extensions
for « € (—3,—1] it is enough to study Lo, this analysis completely classifies the self-adjoint
extensions in this case. On the other hand, since for € (—1, 1) all the Fourier components are
not essentially self-adjoint, a complete classification requires more sophisticated techniques.
We will, in turn, study some selected extensions.

Remark 5.2.11. The mixed dynamics extension with K = Id is the bridging extension of the first
Fourier component, which we will denote by (2 0)B- If @ € (—3,—1], the bridging extension Lp
of £ ‘CgO(M) is then defined by (5.2.6) with Ay = (20)3. The bridging extension for o« € (—1,1)
is described in the following section.

Proof of Theorem 5.2.10. We start by proving the statement on Dmm(fzo). The operator Eo is
transformed by the unitary map Up : L*(R\{0}, [x|”*dx) — L2(R\{0}), Ugv(x) = |x|~*/?v(x),
in

Aoiai—g(2+1> ]

2 X2

By [AA12] and [Zetos, Lemma 13.3.1], it holds that Djp A o) is the closure of C2° (R \{0}) in
the norm of H2(R \{0}, dx), i.e.,

2
Iulliz (R \o1,ax) = 2R \0},ax) + 10x w2 (R \(0},ax) + 10x W12 (R \(0},ax)-

From this follows that Dmin(zo) = U(j] D min ( Ao) is given by the closure of CX (R\{0}) in
W = uo—1 H2(R \{0}, dx), w.r.t. the induced norm

[v[lw = [Wovlyiz(r\{0},ax)

2% (X2

= [Wlla (R \foy1x - ax) + X 0x (X172 V) || 2 (g o, - T 11X VllLe (R \ (0} Ix|~xax)
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(5.2.8)

To prove the statement, it suffices to show that on C°(R\{0}) the induced norm (5.2.8) is
equivalent to the norm of H2 (R \{0}, |x|~*dx), which is

V2 (R \oy1x1-ax) = VI ® \fonixI=ax) + 9% V]| 2 g \ o) - ax) + I€0VIIL2 (R \ (O} 1xI-dx)-
(5.2.9)

To this aim, observe that

D v(x) = X205 (IX|~°/?v) + %E, Lov = |x|*/?02 (le_“/zv) + % (% + 1) :—2 (5.2.10)
Moreover, by a cutoff argument, it is clear that we can prove the bound separately for v sup-
ported near the origin and away from it.

Letv € CZ (R\{0}) be supported in (—1,0) U (0, 1). By (5.2.10) and the fact that if [x| < 1 then
xI=T,[x|=2 > 1, it follows immediately that [VIIH2 (R \{0},x|-~dx) < [[VIlw. In order to prove
the opposite inequality, observe that x?2>xTandve H%((O, 1),dx) ® H(z)((fh 0), dx). Thus,
by [AA12, (3.5)] we obtain

Hvx’]

-2

—2
< 2|vx™ 7 Iz (R \ {0}, Ix| -« dx)

+ Hvx
L2(R\{0},Ix|~*dx) L2(R\{0},Ix|~*dx)

= 2w 22| 20,1y < 2C10x (VD) 2 ((0,1)) = 2CIVIlw.  (5.2.11)
Finally, let v € C2 (R\{0}) be supported in (1,+oc0) (the same argument will work also

between (—oo,—1)). In this case, x 2 < x~! < 1. Thus, by (5.2.10), (5.2.8), (5.2.9) and the
triangular inequality, we get that for any v € C (IR \{0}) it holds

‘||V||w = IVIlnz2 (R \f0},1x|-~dx)

< C(Hvx] —2

> < 2C|V[L2 (R \ {0}, Ix|-*dx)

+ Hvx
L2(R\{0},|x|~*dx) L2(R\{0},Ix|~*dx)

for some constant C > 0. Since [[v[lw and [[v[lj2(r\jo}x|-=ax) = [IVlILz(R\{0},/x|-*ax), this
completes the proof of the first part of the theorem.

We now proceed to the classification of the self-adjoint extensions of £(. For this purpose,
recall the definition of d)% and d)ﬁ given in (5.2.7) and let

On() = O () + N (), dp(X) = b (x) + bp ().

Observe that ¢p € L2(IR\{0}, |x|”*dx) and that zo(bD(x) = 0 for any x ¢ (—2,—1)U(1,2).
Since the function is smooth, this implies that ¢p € Dmax(zo). The same holds for ¢.
Moreover, a simple computation shows that [¢f), d31(01) = [d7), $7,1(07) = 1, and hence ¢
and ¢p satisfy the hypotheses of Theorem 5.2.7. In particular, by Remark 5.2.8, this implies
that

Dimax(£0) = Dmin(Lo) + span{dbi, by, o5, dx)-

We claim that for any u = uo +uf, ¢ + ui, ¢ + updp + uy ¢y € Dmax it holds

[u, dNI(0T) = uf, [u, dpl(0F) =uy, u, dNI(07) = up, w, dNI1(07) = uy.
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(5.2.12)

This, by Theorem 5.2.7 will complete the classification of the self-adjoint extensions. Ob-
serve that, (5.2.5) and the bilinearity of the Lagrange parentheses imply that [ug, pn](0F) =
[wo, dpl(0F) = 0. The claim then follows from the fact that

(b5, dnI(0T) = (b7, dpl(07) = [bg, dnI(07) = (b, dpl(07)
(g, dNI(0T) = [, dpI(0T) = [, dNI(07) = [, dpl(07) =

To complete the proof, it remains only to identify the Friedrichs extension (EO)F. Recall that
such extension is always defined, and has domain

1,

D((Lo)F) = {1 € HY(R\{0}, [x|~*dx) | Lou € L2(R\{0}, [x|~*dx)).

Since if & < —1, ¢ ¢ H' (R\{0}, [x|~*dx), it is clear that the Friedrichs extension corresponds

to the case where uﬁ =uy =0,ie, tocy =c_ =0. On the other hand, if o > —1, since all
the end-points are regular, by [EGNT13, Corollary 10.20] holds that the Friedrichs extension
corresponds to the case where w(0F) = u% =0,ie,tocy =c_ =+o0. O

~

Remark 5.2.12. If u € Dpax(Lo), it holds

wh = e onI(07) = lim (W) —x0xu(x))  and  wl =y ¢pl0") = limx *dulx).

This implies, in particular, that if « > —1 then ufj; = u(0"). Indeed this holds if and only if the
end-point 0% is regular in the sense of Sturm-Liouville operators, see Definition 5.2.6. Clearly
the same computations hold at 0~.

We conclude this section with a description of the maximal domain, in the case o € (—1,1).

Proposition 5.2.13. For any « € R, it holds that

H?(M, dp) = H3(M, dp) fa<—3ora>1,
Dmax(£ lceo(m)) = § H2(M, dp) @ span{dy, b} if —3<a<—1,
H2(M, dp) 2 H3(M, dp) if —1<a<l.

Here we let, with abuse of notation, q>§ (x,y) = d)ﬁ (x).

Proof. Recall that, by definition, H2(M, dpt) C Dmax (£ |C80(M) ). Moreover, if « < —3orifoa > 1,
by Theorem 5.2.3 it holds Dmax(£ ICgo(M)) =D(Lf) = H%(M, du) € H2(M, du). This proves
the first statement.

On the other hand, by Remark 5.2.8, if « € (—3,—1], since c k is essentially self-adjoint for
any k # 0 we can decompose the maximal domain as

Dimax(£ |czo(m)) = Dimax(Lo) @ ( ) D(Zk))
keZ\{0}
Moreover, letting 71y be the projection on the k = 0 Fourier component and defining (7151 uo)(x,0) =
U (x) for any up € L*>(IR\{0}, [x|~*dx), the previous decomposition and the fact that D, (£ |C80(M) ) C

H%(M, dn) C Dmax(£ cee(m)) implies that

Dmax (£ |Cg°(M)) = {u =Up +7T5]ﬁ | 1o € Dmin(£ ‘CgO(M))/ ie Span{dfﬁ, d)§/ d)B/ (bﬁ}}
= H?(M, du) + span{d ), o, b5, b -
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Here, in the last equality, we let dp(x,y) = dp(x) and dn(x,y) = dn(X). A simple computa-
tion shows that ¢p € H'(R\{0}, |x|~*dx) and ¢n ¢ H'(R\{0}, |x|~*dx). Since 20¢D =0, it
follows that ¢p € HZ(M, du), while ¢pr € HZ(M, dp). This implies the statement.

To complete the proof it suffices to prove that if « € (—1,1) it holds Dmax(£ IC?(M)) C
H2(M, dp). In fact, the inequality H2(M, dp) # H%(M, dp) will then follow from the fact
that Lr is not the only self-adjoint extension of £[ce(m). By Parseval identity, ¢,Ad €
L*(M, dp) if and only d)k,flkd)k € L*(R\{0},[x|~*dx) for any k € Z and thus the state-
ment is equivalent to Dmax(zk) C HZ(R\{0}, [x|~*dx) for any k € Z. Letu € Dmax(ﬁk).
Since lim, _, o+ x~*0u(x) = [u, dbpJ(0F), this limit exists and is finite. Moreover, since +oco
are limit-point, it holds limy_; 4+ X~ %*0xu(x) = [u, dpl(£oo) = 0. Hence, x~*0xu is square
integrable near 0 and at infinity, and from the characterization (5.2.3) follows that Lru €
L2(R\{0}, |x|~*dx). This proves that u € H2 (R \{0}, |x|~*dx) and thus the proposition. O

5.3 COMPLEX SELF-ADJOINT EXTENSIONS

The natural functional setting for the Schrodinger equation on M is the space of square
integrable complex-valued function Lé(M, dp). It is easy to see that the self-adjoint extension
of A over L>(M, du) studied in the previous section are exactly the restrictions to this space of
the real self-adjoint extension of A over L% (M, dp).

All the theory of Section 5.2 extends to the complex case, in particular, we have the following
generalization of Theorem 5.2.7.

Theorem 5.3.1 (Theorem 13.3.1 in [Zetos]). Let A be the Sturm-Liouville operator on Lé (J,w(x)dx)
defined in (5.2.2). Then

n4 (A) = n_(A) = #{limit-circle endpoints of J}.

Assume now that ny (A) = n_(A) = 2, and let a and b be the two limit-circle endpoints of
J. Moreover, let &1, b2 € Dmax(A) be linearly independent modulo Din(A) and normalized by
(b1, d2l(a) = [b1, d21(b) = 1. Then, B is a self-adjoint extension of A over Lé(],w(x)dx) if and only
if Bu = A*u, for any u € D(B), and one of the following holds

1. Disjoint dynamics: there exists ¢, c_ € (—oo, +0o0] such that w € D(B) if and only if
[, @11(07) = ci [, d2](07) and [, d11(07) = dyf, $21(07).

2. Mixed dynamics: there exist K € SL,(R) and y € (—m, 7] such that u € D(B) if and only if

u(-) =eYKu(oM), for Ulx) = ( El $SE3 )

Finally, B is a real self-adjoint extension if and only if it satisfies (1) the disjoint dynamic or (2) the
mixed dynamic with y = 0.

As a consequence of Theorem 5.3.1, we get a complete description of the essential self-
adjointness of £ ‘Cgo( M) over Lé(M, dp), extending Theorem 5.2.3, and of the complex self-

adjoint extensions of Lo, extending Theorem 5.2.10.
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Theorem 5.3.2. Consider My for o« € R and the corresponding Laplace-Beltrami operator £ |ce(m)
as an unbounded operator on L%(M, dp). Then it holds the following.

(i) If o < =3 then L |coo(m) is essentially self-adjoint;

(ii) if x € (—3,—1], only the first Fourier component Ay is not essentially self-adjoint;
(iii) if o € (—1,1), all the Fourier components of £ |ce () are not essentially self-adjoint;
(iv) if > 1 then Llceo(m) is essentially self-adjoint.

Theorem 5.3.3. Let Dinin (L) and Diax(Lo) be the minimal and maximal domains onOICgo(]R \(O})
on Lé(]R \{0}, Ix|=%), for o« € (=3,1). Then,

Dumin(Lo) = closure of C2 (R\{0}) in H& (R \{0}, [x|~*dx)
Dimax(£0) = {u = up + ufy b + ufdf + ugdp +undn: Uo € Dmin(Lo) and uf, u € C},

Moreover, A is a self-adjoint extension of Lo if and only if Au = (Lo)*u, forany u € D(A), and one
of the following holds

(i) Disjoint dynamics: there exist ¢, c_ € (—oo, +00| such that
D(A)={uce Dimax(£0): u, = cqpuf and uy = c_uf}.

(ii) Mixed dynamics: there exist K € SL,(R) and v € (—mn, ] such that
D(A)={uce Dimax(Lo): (up, uy) = eYK (uE,uﬁ)T}.

Finally, the Friedrichs extension (EO)F is the one corresponding to the disjoint dynamics with cy =
c. =0ifa<—landwithc, =c_ =4ooif x> —1.

54 BILINEAR FORMS

In this section we prove Theorem 1.3.6, that answers to (Q2).

5.4.1  Preliminaries

This introductory section is based on [FOT11]. Let HH be an Hilbert space with scalar product
(+,-)9¢- A non-negative symmetric bilinear form densely defined on X, henceforth called only
a symmetric form on 3, is a map € : D(€) x D(£) — R such that D(&) is dense in 3 and € is
bilinear, symmetric, and non-negative (i.e., £(u,u) > 0 for any u € D(&)). A symmetric form
is closed if D(€) is a complete Hilbert space with respect to the scalar product

('LL,V)S = (u,\))j-( + E(U,V), u,v e D(g) (541)

To any densely defined non-positive definite self-adjoint operator A it is possible to associate
a symmetric form € 5 such that

Ealu,v) = (—Au,v)
DA)={ueD(Ea): IveHst E(uw, ) =(v,d) forall d € D(EA)}

Indeed, we have the following.
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Theorem 5.4.1 ([Katgs, FOT11]). Let 3 be an Hilbert space, then the map A — E A induces a one to
one correspondence

A non-positive definite self-adjoint operator <= E A closed symmetric form.

In particular, the inverse correspondence can be characterized by D(A) C D(E) and EA(u,v) =
(—Auw,v) forallu € D(A), v e D(EA).

Consider now a o-finite measure space (X, J, m).

Definition 5.4.2. A symmetric form & on L%(X, m) is Markovian if for any ¢ > 0 there exists
Ve : R — Rsuchthat —¢ < P < T+4+¢ Pe(t) =tift € [0,1], 0 < Pe(t) —Pe(s) < t—s
whenever s < t and

ueD(E) = 1Pe(u) €D(€) and E(elu)he(u)) < E(u,u).

A closed Markovian symmetric form is a Dirichlet form.
A semigroup {T¢}¢>0 on L2(X, m) is Markovian if

ue LZ(X,m) st 0<u<]l m—ae=0<Tiu<1 m-—ae. foranyt>0.

A non-positive self-adjoint operator is Markovian if it generates a Markovian semigroup.

When the form is closed, the Markov property can be simplified, as per the following Theo-
rem. For any u: X — R let uy = min{1, max{u, 0}}.

Theorem 5.4.3 (Theorem 1.4.1 of [FOT11]). The closed symmetric form & is Markovian if and only
if

u € D(E) = uy € D(€) and E(uy, uy) < E(u,u).

Since any function of L*(X, m) is approximable by functions in L?(X, m), the Markov prop-
erty allows to extend the definition of {T}¢>o to L>(X, m), and moreover implies that it is
a contraction semigroup on this space. When {Ti};> is the evolution semigroup of the heat
equation, the Markov property can be seen as a physical admissibility condition. Namely, it
assures that when starting from an initial datum u representing a temperature distribution
(i.e., a positive and bounded function) the solution Tiu remains a temperature distribution at
each time, and, moreover, that the heat does not concentrate.

The following theorem extends the one-to-one correspondence given in Theorems 5.2.1 and
5.4.1 to the Markovian setting.

Theorem 5.4.4 ([FOT11]). Let A be a non-positive self-adjoint operator on 1%(X, m). The following
are equivalents

1. A is a Markovian operator;
2. Ea is a Dirichlet form;

3. {e" >0 is a Markovian semigroup.
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Given a non-positive symmetric operator A we can always define the (non-closed) symmetric
form

E(u,v) = (—Au,v), D(E)=D(A).

The Friedrichs extension A of A is then defined as the self-adjoint operator associated via
Theorem 5.4.1 to the closure & of this form. Namely, D (&) is the closure of D(A) with respect
to the scalar product (5.4.1), and €o(u,v) = limn_— 4 E(Un,vn) for un, — uwand vy, - v wrt.
(+,-)e. It is a well-known fact that the Friedrichs extension of a Markovian operator is always
a Dirichlet form (see, e.g., [FOT11, Theorem 3.1.1]).

A Dirichlet form € is said to be regular on X if D(€) N C¢(X) is both dense in D(€) w.r.t. the
scalar product (5.4.1) and dense in C¢(X) w.r.t. the L*°(X) norm. To any regular Dirichlet form
& A it is possible to associate a Markov process {Xi}¢>o which is generated by A (indeed they
are in one-to-one correspondence to a particular class of Markov processes, the so-called Hunt
processes, see [FOT11] for the details).

If its associated Dirichlet form is regular, by Definitions 1.3.4 and 1.3.5, a Markovian operator
is said stochastically complete if its associated Markov process has almost surely infinite lifespan,
and recurrent if it intersects any subset of X with positive measure an infinite number of times.
If it is not stochastically complete, an operator is called explosive. Observe that recurrence is a
stronger property than stochastic completeness. Since we will only consider regular Dirichlet
forms, we refer to [FOT11] for a definition of recurrence valid for general Dirichlet forms.

We will need the following characterizations.

Theorem 5.4.5 (Theorem 1.6.6 in [FOT11]). A Dirichlet form € is stochastically complete if and only
if there exists a sequence {un} C D(&) satisfying

0<u, <1, Iim u, =1 m-—ae,
n—+oo

such that
E(un,v) =0 foranyveD(E)N L'(X, m).

We let the extended domain D(E)e of a Dirichlet form € to be the family of functions u €
L*°(X, m) such that there exists {unJneny C D(E), Cauchy sequence w.r.t. the scalar product
(5.4.1), such that uy, — u m-a.e. . The Dirichlet form & can be extended to D(&). as a
non-negative definite symmetric bilinear form, by €(u, u) = limn 40 E(Un, Un).

Theorem 5.4.6 (Theorems 1.6.3 and 1.6.5 in [FOT11]). Let € be a Dirichlet form. The following are
equivalent.

1. & is recurrent;

2. there exists a sequence {un} C D(&) satisfying

0<un <1, Iim uqy,=1 m-—a.e,
n—+oo

such that

&(un,v) >0 foranyv e D(E)e.
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3. 1 € D(€)e, i.e., there exists a sequence {un} C D(E) such that limp_4ooun =1 m—ae.
and &(un,un) — 0.

Remark 5.4.7. As a consequence of this two theorems we have that if m(X) < +o0, stochastic
completeness and recurrence are equivalent.

We conclude this preliminary part, by introducing a notion of restriction of closed forms
associated to self-adjoint extensions of £ [coo(m)-

Definition 5.4.8. Given a self-adjoint extension A of £[ce(m) and an open set U C M, we
let the Neumann restriction Ealy of €A to be the form associated with the self-adjoint operator
Aly on L?(U, d), obtained by putting Neumann boundary conditions on dy,.

In particular, by Theorem 5.4.1 and an integration by parts, it follows that D(Ealy) = {uly |
ueD(EA)}

5-42 Markovian extensions of £ |ce(m)

The bilinear form associated with £ |ce(m) 18

E(u,v) = J g(Vu, Vv)du = J (axuaX\H— Ix|2*dou aev) dy, D(&)=CX (M).
M

MO( o

By [FOT11, Example 1.2.1], € is a Markovian form. The Friederichs extension is then associated
with the form

Erluv) = | (0xudww+ xPdoudov) du,  DIER) =HY(M, d)
M

where the derivatives are taken in the sense of Schwartz distributions. By its very definition,
and the fact that D(E¢) N CP°(M) = CX (M), follows that Ef is always a regular Dirichlet form
on M (equivalently, on M™ or on M™). Its associated Markov process is absorbed by the
singularity.

The following Lemma will be crucial to study the properties of the Friederichs extension.
Let Mg = (—1,1) xS, M = (1,+00) x 5 and recall the notion of Neumann restriction given
in Definition 5.4.8.

Lemma 5.4.9. If « < —1, it holds that 1 € D(Er|m,). Moreover, 1 ¢ D(Eflm,)e if « > —1 and
1€ D(Eflmy e if and only if « > —1.

Proof. To ease the notation, we let Ek to be the Dirichlet form associated to the Friederichs
extension of L. In particular, for k =0,

Eolu,v) = J 0xu 0y Vx|~ *dx, D (o) = H (R \{0}, [x|~*dx).
R\{0}

Let . : L*(M, dp) — Hy = L*(R\{0}, [x|~*dx) be the projection on the k-th Fourier compo-
nent. Then, from the rotational invariance of D(Ef) follows that

D(er) = P D), Erluv) = ) Exlmay,mcv).
kezZ keZ
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In particular, since o1 = 1 and 71 = 0 for k # 0, follows that T € D(E¢|nm,) (resp. 1 €
D(EfImy)e) if and only if 1 € D(§o|(o,1)) (resp. 1 € D(§o|“,+oo))e). Here, with abuse of
notation, we denoted as 1 both the functions 1 : M — {1} and 1: R — {1}. Thus, to complete
the proof of the lemma, it suffices to prove that 1 € D(§o|(o,1 y)if « < —1,that 1 ¢ D(EOI(OJ ))e
if x > —1 and that 1 € D(§0|(1,+oo))e if and only if & > —1.

For any 0 <1 <R < o0, let f' be the only solution to the Cauchy problem

Lof =0,
fr)=1,  f(R) =0.

Namely,
R1+oc X1+oc
RTTa 17« if 0 # -1,
x
T‘,R(X) =
log () a1
log ()

Then, the 0-equilibrium potential (see [FOT11] and Remark 5.4.10) of [0, r] in [0, R], is given by

1 fog<x«<r,
urr(x) = § frp(x) ifr<x<R, (5-4.2)
0 if x > R.

It is a well-known fact that u, g is the minimizer for the capacity of [0,r] in [0,R). Namely,
for any locally Lipschitz function v with compact support contained in [0, R] and such that
v(x) =1 for any 0 < x < r, it holds

+o0 5 +o00 2
Jo [0xuy gI“x ™ dx < Jo [0, v[“x™ % dx (5.4.3)

Since it is compactly supported on [0, +00) and locally Lipschitz, it follows that u, g € D (go l(1,400))
and 1 —u,r € D(g0|(o,1)) forany 0 < < R < 4o00.

Consider now « > —1, and let us prove that 1 € D(€o|(1, +o0))e- To this aim, it suffices to
show that there exists a sequence {un Jnen C D(§0|(1,+oo)) ={u 400) I € H'((0, +00), x*dx)}
such that u, — 1 a.e. and /8\0|(],+00). Let

Uy 12 if 0 =—1.

{unln if o £ —1,
Un =

It is clear that u,, — 1 a.e., moreover, a simple computation shows that

& , =
O|(1,+oo)(uﬂ Un ) ] _1 if o =—1.

1+ —(1 .
¢ J+Oo|axun|2x_°‘dXZ {ZHLXo:] n (1+a) 1fo¢7éf],
log(n)

Hence €0|(1,+oo) — 0if « > —1, proving that 1 € D(Eo\(1,+oo))e-
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We now prove that 1 € D(goho,] y) if o < —1. Consider the following sequence in H'((0,1),x%dx),

W — u1/2n,1/n ifoc;é—L
" u]/nz,]/n lf X = 71 .

A direct computation of fé [0y un[2x~*dx, the fact that suppun C [0,1/n]and 0 < un < 1,
prove that up, — 0 in H'((0,1),x *dx). Since 1 —un € D(§0|(o,l))r which is closed, this
proves that 1 —u, — 1in D(§o|(o,1 y), and hence the claim.

To complete the proof, it remains to show that 1 ¢ D(go\u, too))e if @« < —1. The same
argument can be then used to prove that 1 ¢ D(§o|(o,1))e if @« > —1. We proceed by contra-
diction, assuming that there exists a sequence {vnlnen C D(§0|(1, +o0)) such that vy — 1

a.e. and §o|(1,+oo)(\’m\’n) — 0. Since the form EO\(1,+oo) is regular on [1,+00), we can
take vy, € CX([1,4+00)). Moreover, we can assume that vo(1) = 1 for any n € N. In
fact, if this is not the case, it suffices to consider the sequence ¥, (x) = vn(x)/vn(1). Let
R > 0 be such that Umgn suppvm C [1,Rn]. Moreover, extend vy to 1 on (0,1), so that

§o|(1,+oo) (Vn,vn) = (')HX’ |05 vn|2x~*dx. Since the same holds for U1 r,., by (5.4.3), the fact that
Rn — +oo and « < —1, we get

. = . 5 . T4+«
ngrﬂoog()'“'*oo)(vn’v“) = ngffrloo8o|(1,+oo)(U1,Rn/u1,Rn) = ngfﬂoo W =—(1+a)>0.
This contradicts the fact that §0|(1,+oo) (Vn,vn) — 0, completing the proof. O

Remark 5.4.10. The 0-equilibrium potential defined in (5.4.2) admits a probabilistic interpre-
tation. Namely, it is the probability that the Markov process associated with £y and starting
from x, exits the first time from the interval {r < x < R} through the inner boundary {x = r}.

It is possible to define a semi-order on the set of the Markovian extensions of £ |Cg°(M) as
follows. Given two Markovian extensions A and B, we say that A C B if D(Ea) C D(Eg)
and € (u,u) > Eg(u,u) for any u € D(EA). With respect to this semi-order, the Friederichs
extension is the minimal Markovian extension. Let £ be the maximal Markovian extension
(see [FOT11]). This extension is associated with the Dirichlet form & defined by

& (u,v) :J (Oxudxv+ lez"‘aeua@v) du,
M
D(eF) ={u e L2 (M, dw) | €*(u,u) < +oo} = H' (M, dp),

where the derivatives are taken in the sense of Schwartz distributions. We remark that &*
is a regular Dirichlet form on M+ = Mg\ M~ and M~ = M4\ Mt (see, e.g., [FOT11,
Lemma 3.3.3]). Its associated Markov process is reflected by the singularity.

When £ ICgo(M) has only one Markovian extension, i.e., whenever £y = Ly, we say that it
is Markov unique. Clearly, if £ |ceo () is essentially self-adjoint, it is also Markov unique. The
next proposition shows that Markov uniqueness is a strictly stronger property than essential
self-adjointness.

Proposition 5.4.11. The operator £ |ce(m) is Markov unique if and only if « ¢ (—1,1).
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Proof. As observed above, the statement is an immediate consequence of Theorem 5.2.3 for
a < —3and a > 1. If « € (—3,—1], since by Theorem 5.2.3 all Ly for k # 0 are essentlally
self-adjoint, it holds that LN = Ao ® (Bren Ly) for some self-adjoint extension Ao of L.
Recall the definition of d)g and d)N given in (5.2. 7) and with abuse of notation let d)D (x,0) =
¢>D( x) and d)N(x, ) = . Since 8+(¢)N,¢N) = 4oo if and only if « < —1, we get that

ﬁ,cbﬁ ¢D(ET)D D(LN) 1f a < —1. Hence, by Theorem 5.2.10, it holds that Ao = (EO)F and
hence that L = LF.

On the other hand, if « € (—1,1), the result follows from Lemma 5.4.9. In fact, it implies
that p ¢ HY(M, dn) = D(EF) but, since £ (dp, dp) < +oo, we have that pp € D(E). This
proves that Lr & LN. O

By the previous result, when « € (—1,1) it makes sense to consider the bridging extension,
associated to the operator £ and the form Ep, defined by

Eglu,v) = J (Oxudxv+ |x|2“aeua9v) dy,
M«
D(&g) ={ue H'(M,dp) |u(0F,8) =u(0~,0) for ae. 6 € S}.

From Theorem 5.4.3 and the fact that Eg = £¥[p (¢,) follows immediately that £ is a Dirichlet
form, and hence £ C L C £N. Moreover, due to the regularity of € and the symmetry of
the boundary conditions appearing in D(Eg), follows that € is regular on the whole M. Its
associated Markov process can cross, with continuous trajectories, the singularity.

We conclude this section by specifying the domains of the Markovian self-adjoint extensions
associated with £, €' and, when it is defined, 5.

Proposition 5.4.12. It holds that D(Lp) = H%(M, dup), while
D(LN) ={ue H' (M, du) | (Au,v) = (Vu, VV) for any v € H' (M, du)).
Moreover, if o« € (—1,1), the domain of Ly is

D(£g) = {H? (Mg, dp) | u(0F,) =u(07,-), lim [x|”%*dxu(x,) = lim Ix[~*0xu(x,-) for a.e. ©
x—07F x—0~

Proof. In view of Theorem 5.4.1, to prove that A is the operator associated with € 4 it suffices to

prove that D(A) C D(€a) and that €5 (u,v) = (—Au,v) forany u € D(A) and v € D(EA). The

requirement on the domain is satisfied by definition in all three cases. We proceed to prove

the second fact.

Friedrichs extension. By integration by parts it follows that E¢(u,v) = (—Lfu, v) for any u,v €
C® (M), and this equality can be extended to u € H(Z)(M, du) =D(Lg)and v € Hg)(M, du) =
D(&F).

Neumann extension. The property that €7 (u,v) = (—LNw,v) for any u € D(Ly) and v €
D(€7) is contained in the definition.

Bridging extension. By an integration by parts, it follows that

J (Oxu dxv +x2%dpu dov) dp = (—Lpu,v) —J Vx| “axu’X o 46 = (=L, v).
M S
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5.4.3 Stochastic completeness and recurrence on My

We are interested in localizing the properties of stochastic completeness and recurrence of
a Markovian self-adjoint extension A of £[ce(pm). Due to the already mentioned repulsing
properties of Neumann boundary conditions, the natural way to operate is to consider the
Neumann restriction introduced in Definition 5.4.8.

Observe that, if U C M is an open set such that UN ({—00,0,400} x S) = &, then the
Neumann restriction €|y is always recurrent on U. In fact, in this case, there exist two
constants 0 < C; < C; such that C;1dxdf < dp < Cpdxd6 on U and clearly 1 € D(Ealy) =
H'(U, dx d0), that by Theorem 5.4.6 implies the recurrence. For this reason, we will concentrate
only on the properties “at 0” or “at co”.

Definition 5.4.13. Given a Markovian extension A of £[ceo(nm), we say that it is stochastically
complete at 0 (resp. recurrent at 0) if its Neumann restriction to My = (—1,1) x S, is stochas-
tically complete (resp. recurrent). We say that A is exploding at 0 if it is not stochastically
complete at 0. Considering Mq, = (1,00) x 5, we define stochastic completeness, recurrence
and explosiveness at co in the same way.

In order to justify this approach, we will need the following.

Proposition 5.4.14. A Markovian extension A of £ |ce(m) is stochastically complete (resp. recurrent)
if and only if it is stochastically complete (resp. recurrent) both at O and at oco.

Proof. Let {un}lnen C D(€a) such that u, — 1 a.e. and €a (un, un) — 0. Since D(Ealm,) =
{ulmy, | v € D(€A)} and D(Ealm,,) = {ulm, | u € D(EA)} follows that {unlmynen C
D(Ealm,) and {unlmtnen € D(Ealm, ). Moreover, it is clear that un|m,, unlm, — 1 ae.
and Ealm, (Unlmy, Unimg)r EAIMy (UnIMo, UnlM,) — 0. By Theorem 5.4.6, this proves that
if € 5 is recurrent it is recurrent also at 0 and co.

On the other hand, if Alyy, and Alp,, are recurrent, we can always choose the sequences
{untnen € D(EalM,) and {vninen C D(Ealm,,) approximating 1 such that they equal 1 in a
neighborhood N of dp, = Opm,, = ({1} x S) U ({1} x 5). In fact the constant function satisfies
the Neumann boundary conditions we posed on 0My = 0M, for the operators associated
with €A [m, and € |m,, - Hence, by gluing u,, and v, we get a sequence of functions in D(€a)
approximating 1. The same argument gives also the equivalence of the stochastic completeness,
exploiting the characterization given in Theorem 5.4.5. O

Before proceeding with the classification of the stochastic completeness and recurrence of
Lr, LN and L3, we need the following result. For an operator acting on L*(IR \{0}, |x|~%*dx),
the definition of stochastic completeness and recurrence at 0 or at co is given substituting M
and My, in Definition 5.4.13 with (—1,1) and (1, +00).

Proposition 5. 4-15. Let A be a Markovian self-adjoint extension of L|ce(n) and assume it decom-

poses as A = Ao @ A where Ag is a self-adjoint operator on Hoy and A is a self-adjoint operator
on @y .o Hk. Then, Ao is a Markovian self-adjoint extension of Ao. Moreover, A is stochastically
complete (resp. recurrent) at O or at oo if and only if so is Ao.

Proof. Letm, : L>(M, dpu) — Hy = L*(R\{0}, [x|~*dx) be the projection on the k-th Fourier com-
ponent. In particular, recall that mou = (2m)~! gﬂ u(x,0)doe. Letu € D(/?\o) c L2(R, [x|~*dx)
be such that 0 < u < 1. Hence, posing 1i(x,0) = u(x), due to the splitting of A follows
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that it € D(A) and by the markovianity follows that 0 < Ati < 1. The first part of the state-
ment is then proved by observing that, since mpii = u and mtt = 0 for k # 0, we have
All(x,0) = /?\Ou(x) for any (x,0) € M.

We prove the second part of the statement only at 0, since the arguments to treat the at oo
case are analogous. First of all, we show that the stochastic completeness of A and Ap at 0
are equivalent. If 1 : My — R is the constant function, it holds that o1 =1: (—1,1) — R.
Moreover, due to the splitting of A, we have that etA = ethAo g etA Hence, it follows that
etA1 = et?o1. This, by Definition 1.3.4, proves the claim.

To prove the equivalence of the recurrences at 0, we start by observing that D(Ea) =
D(S;\O) ® D(E4) and that

Ealw,v) = €5 (mou, mov) + € 5 (B0, Do V), foranyu,ve D(€a) (5.4.4)

In particular, since 7ol = 1 this implies that Ea[m, (1,1) = 8;\0|(_1’1)(1, 1). By Theorem 5.4.6,
this proves that if Ao is recurrent at 0, so is A. Assume now that Al M, is recurrent. By
Theorem 5.4.6 there exists {un}nen C D(Ealm,) such that 0 < up < 1T ae, un — 1 ae.
and €alm,(un,v) — 0 for any v in the extended domain D(Ea[m,)e. By dominated con-
vergence, it follows that mou, = (2m~! éﬁun(-,e)de — 1 for a.e. x € (—1,1). For any
v e D(E/A\OI(,U))Q, let ¥(x, 0) = v(x). It is easy to see that ¥ € D(€a|m,)e Then, by applying

(5.4.4) we get

Ex,l (=11 (Toun, v) = Ealm, (Un, V) — 0, forany v e D(E3 [(—1,1))e-

Since 0 < mpun, < 1, this proves that 7“0|(71,1 ) is recurrent O

The following proposition answers the problem of stochastic completeness or recurrence of
the Friedrichs extension.

Proposition 5.4.16. Let Ar be the Friedrichs extension of £ |ce (). Then, the following holds

at 0 at oo
o < —1 | recurrent | stochastically complete
o =—1 | recurrent recurrent
o > —1 | explosive recurrent
In particular, L is stochastically complete for o < —1, recurrent for o« = —1 and explosive for o« > —1.

Proof. The part regarding the recurrence is a consequence of Lemma 5.4.9 and Theorem 5.4.6,
while the last statement is a consequence of Proposition 5.4.14. Thus, to complete the proof
it suffices to prove that L is stochastically complete at +oo if &« < —1 and not stochastically
complete at 0 if « > —1.

By Proposition 5.4.15 and the fact that Ly = @kez(zk)]:, we actually need to prove this fact
only for (Lo)F. Moreover, since the Friederichs extension decouples the dynamics on the two
sides of the singularity, we can work only on (0, +00) instead that on R \{0}. Asin Lemma 5.4.9,
we let Eo to be the Dirichlet form associated to the Friederichs extension of £ 0-

We start by proving the explosion for &« > —1 on (0,1). Let us proceed by contradiction
and assume that (ZO)F is stochastically complete on (0,1). By Theorem 5.4.5, there exists
Un € D(go|(o,1))/ 0<un <1,uy, — 1 a.e. and such that §o|(o,1)(um\’) — Oforany v €
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5 THE LAPLACE-BELTRAMI OPERATOR ON CONIC AND ANTI-CONIC SURFACES

D(go\(O,”) ALY((0,1),x %dx). Since €0|(0,1) is regular on (0, 1], we can choose the sequence
such that u,, € C ((0,1]). In particular un (0) = limy o un (x) = 0 for any n. Let us define, for
any 0 <R <1,

Xl+oc/R1+oc if

rl0 1 if

vg(x) =lim (1 —uyr(x)) = {

where u, g is defined in (5.4.2). Observe that, by the probabilistic interpretation of u, g given
in Remark 5.4.10, follows that vg(x) is the probability that the Markov process associated with
(Z o) and starting from x exits the interval (0, R) before being absorbed by the singularity at 0.
A simple computation shows that vg € D(§o|(o,1 )N L'((0,1),x*dx). Thus, by definition of
{un}nen and a direct computation we get

R
0= lim_Eolom) (s, ve) = e Jim | dvundx = 1% timun (R
Hence, un (R) — 0 for any 0 < R < 1, contradicting the fact that u, — 1 a.e..

To complete the proof, we need to show that if o < —1, (Z 0)F is stochastically complete on
(1,400). Since on (1,400) the metric is regular, we can complete it to a C* Riemannian metric
on the whole interval (0,+o00). Then, the result follows by applying the characterization of
stochastic completeness on model manifolds contained in [Griog] and Theorem 5.4.14.

O

We are now in a position to completely answer to (Qz).

Theorem 5.4.17. Consider My, for o« € R, and the corresponding Laplace-Beltrami operator £ as an
unbounded operator on L*>(M, dn). Then it holds the following.

o If o < —1 then L is Markov unique, and Ly is stochastically complete at 0 and recurrent at oco;
o if o = —1 then £ is Markov unique, and L is recurrent both at 0 and at co;

o if x € (—1,1), then £ is not Markov unique and, moreover,
— any Markovian extension of £ is recurrent at oo,

— L is explosive at 0, while both Ly and Ly are recurrent at 0,
o if o > 1 then £ is Markov unique, and Ly is explosive at 0 and recurrent at oo,

Proof. By Propositions 5.4.11 and 5.4.16, we are left only to prove statement (iii)-(a) and the
second part of (iii)-(b), i.e., the stochastic completeness of L1y and £p at 0 when « € (—1,1).

Statement (iii)-(a) follows from [FOT11, Theorem 1.6.4], since for & € (—1,1) the Friederichs
extension (which is the minimal extension of £[ceo(n)) is recurrent at co. To complete the
proof it suffices to observe that, for these values of «, it holds that 1 € H' (Mg, du) = D(&1|m o)
and clearly €%|pm,(1,1) = 0. By Theorem 5.4.6, this implies the recurrence of €™ at 0. The
recurrence of g at 0 follows analogously, observing that 1 is also continuous on Z and hence
it belongs to D(EgIm,) O
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6 SPECTRAL ANALYSIS OF THE GRUSHIN
CYLINDER AND SPHERE

In this chapter, we study spectral properties of the Laplace-Beltrami operator on two rele-
vant almost-Riemannian manifolds, namely the Grushin structures on the cylinder and on the
sphere, proving the theorems stated in Section 1.3.3. As proved in [BL] and recalled in Theo-
rem 1.3.2, in these structures the singular set acts as a barrier for the evolution of the heat and
of a quantum particle, although geodesics can cross it.

6.1 SPECTRAL ANALYSIS AND THE AHRONOV-BOHM EFFECT FOR
THE GRUSHIN CYLINDER

In this section we study the spectrum of the Grushin cylinder, with or without an Aharonov-
Bohm magnetic field.

6.1.1  Grushin metric and associated Laplace-Beltrami operator

Recall from Section 1.3.3 that the Grushin almost-Riemannian structure on the cylinder defines
on My UM_ = (R\{0}) x S' the metric g = dx? + x2d6?, the volume dV = /[g|dx d6 =
‘;—‘ dx d® and the Laplace-Beltrami operator

1
Lu=02u— —dxu+x?3u.
X

As already mentioned, this operator with domain C°((R \{0}) x 81 is essentially self-adjoint
in L?(M, dw) and hence the evolutions on the two sides of the singularity are decoupled.
Thus, we will henceforth consider the self-adjoint operator £ acting only on M. Namely, the
domain D(£) will be the closure w.r.t. the graph norm of C¥(M.).

Recall the Fourier decomposition of L*(M4,dV) w.r.t. the varaible 0 introduced in Sec-
tion 1.3.3,

L*(M,,dV) = @ Hyx, where Hy ~12 (m, ldx) )
kezZ

The operator £ decomposes as £L = Pz Ly, where

1
X

~

Ly =02 — -0y — k2x2.

Since £ is essentially self-adjoint, each Ly is a self-adjoint operator on the closure w.r.t. the
graph norm of C°(R4).
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6 SPECTRAL ANALYSIS OF THE GRUSHIN CYLINDER AND SPHERE

Consider the unitary transformation U : L? (I[{+, %dx) — L?*(R4, dx) defined by Uv(x) =
v/xv(x). The operator Ly is then transformed to

—~ 1 ~
L =UL, U™ =02 — %7 —k?x%, D(Ly) = UD(Ly). (6.1.1)

6.1.2 Spectral properties of the Laplace-Beltrami operator

The following relations for the spectrum of direct sums A = @y czA are well known (see e.g.,
[RS80]):

op(A) = U op (Ax) (6.1.2)
kez
oc(A) = <( U Up(Ak)> N ( U GT(AK)> N (U Up(Ak)>>
keZ keZ kez
U {7\ € () p(Ak) | sup [Rr(AL)]| = +oo} . (6.1.3)
kezZ k

Since the spectrum is invariant under unitary transformations, from this it follows that we can
reduce the study of the spectrum of £ to that of the operators Ly. Exploiting this reduction we
can easily prove Theorem 1.3.9.

Proof of Theorem 1.3.9. The operator —Lg is the Schrodinger operator on the real line with a
Calogero potential of strength 3/4. It is well-known that this operator has continuous spectrum
[0, +00), see e.g., [RS8o, Sec. VIII.10].

Let now k # 0 and let us compute the solutions of the eigenvalue problem

Ly —Au=0 < (Lx—AU Tu=0. (6.1.4)

Through the change of variables [k|x? — z and multiplying by 4(k?)z, we obtain

1 A
aﬁv(z) + <—4 + 4|k|)

This is the well-known Whittaker equation, whose solutions are the Whittaker functions M _» 1 (z)

k\,

N—=

and W A (z). The solutions of the eigenvalue problem (6.1.4) are then

N

1
. 2 .
W) = =My (k3), walx) = S (i),
Through the asymptotic expansions of M ;, and Wy ,, (see e.g., [BE56]) one easily sees that
uq is never square-integrable near infinity. On the other hand, u; € L*(IRy) if and only if there

exists a non-negative integer { such that ¢ = § —v+p =3 — ﬁ + % Namely, for any k € N

Ni—

there exists a sequence {An x = 4lkIn}nen of elgenvalues with (non-normalized) eigenfunction
X = b k(x) =W, 1 ([khx?)/v/x.

Let k = 0. Then, the operator Ly given by (6.1.1) can be interpreted as a Laplace operator
with a relatively infinitesimally-bounded perturbation. It is a well known result [RS80] that its
spectrum is purely absolutely continuous and equal to [0, co).
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6.1 Spectral analysis and the Ahronov-Bohm effect for the Grushin cylinder

Finally, the statement follows from the definition of U~ and the relations (6.1.2) and (6.1.3).

O
Remark 6.1.1. Observe that (6.1.1) can be explicitly solved, it’s solutions being of the form
c1x3/2+\6} for A =0,
(6.1.5)
C]f]] fx +C2\[Y1 \/XX for A >0,

where J; and Y7 are the Bessel functions of order 1. In particular, for A > 0 one has the explicit
form of the generalized eigenfunctions of the absolutely continuous spectrum of L.

With the eigenvalue counting function N(E) defined as in (1.3.9), we are able to prove Corol-
lary 1.3.10.

Proof of Corollary 1.3.170. Obviously, by Theorem 1.3.9, the following holds,
#HA € op(—L) [A<E}=#(n, k) € N xZ\{0}|4n[k| < E} (6.1.6)

For fixed k € Z\{0}, this implies that the couples (n, k) admissible in the above, are those such
that n < E/(4/k|). Moreover, it is clear that for any [k| > E/4 there exist no couple (n, k) is
admissible. These facts and (6.1.6) yield the estimation

[E/4] 1

N rm

NE) = ) ik:

o<lkI<E

~

=1
The well-known asymptotic formula (see e.g., [CG96])

il—lo (n)+ +L—|—O 1 (6.1.7)
m_ 08 Yo nz)’ L7

m=1

where v is the Euler-Mascheroni constant, then implies the following asymptotic estimate as
E — o0,

N(E) = £ (log (E +y+0 (‘ )))

=3 1og(E) + (y —2log(2)) % +0(1).

6.1.3 Aharonov-Bohm effect

Now we look at the Aharonov-Bohm effect on the Grushin cylinder. As already introduced
in Section 1.3.3, the magnetic Laplace-Beltrami operator on M with vector potential w® =
—ibdf, b € R, is

1
£ =02 Ox +x%03 — 2ibx?99 — b2x2.
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6 SPECTRAL ANALYSIS OF THE GRUSHIN CYLINDER AND SPHERE

After the transformation U, introduced in Section 6.1.1, we obtain the following operator acting
on L2(M_,dx de),
Ly =UgbU =02 > L 1329y —ib)2
b = =032 +x p—1 .
Through a straightforeward extension of the proof of Theorem 1.3.9, we immediately get
Theorem 1.3.13. For b € Z it is evident that the role of Ly in the proof of Theorem 1.3.9 is now
taken by Ly,.

Proof of Corollary 1.3.14. W.l.0o.g. we restrict ourselves to b € (—1/2,1/2), therefore k = 0.
Clearly, if b = 0 the statement reduces to the one of Corollary 1.3.10. Thus we can assume
b #0.

Replacing k with [k —b| in the proof of Corollary 1.3.10 we observe that for k = 0 the
additional term E/4[b| appears in the count. Thus, we can rewrite the counting function as

E LE/4]

1
Kb a4 & kb

We now apply the following identity (see e.g., [OLBC10])

LA
=PpMm+x+1)—P(1+x),
kg]ker

and the asymptotic estimate as x — oo

1

P(x+1) :log(x)Jerrz]—XJrO (x2>'

where P (x) is the digamma function and v is the Euler-Mascheroni constant. By a straightfor-
ward computation we obtain

E E E

NE) =7 W{EA]+b+ 1) = b +b)) + 70+ 7 (W ([E/4] b+ T) = (1 —b))
_E E(1 _W(1—b)+(1+b)
=3 log(E) + 7 <2|b| +v—2log(2) 2 ) +0(1).
The general result then follows by shifting the above computation with b — [k — bl. O

We can now precisely determine the degeneracy of the eigenvalues, depending on the value
of b.

Proof of Theorem 1.3.16. The proof is divided in three cases.

Case 1, b € R\ Q: This immediately implies that [k —b| € R\ Q. It is then straightforward
to show that there exist no (n’,k’) # (n, k) such that }‘Pu,k/ = Ag/k.

Case 2, b € Q: Let us write b = p/q with p,q € Z such that (p,q) = 1. Fix (n,k) and
(m’/,x’) # (n, k) such that )\g,k = Aﬁ',k/' Then,

4n'|qk’ —pl = gAY .. (6.1.8)
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6.1 Spectral analysis and the Ahronov-Bohm effect for the Grushin cylinder

W.Lo.g. assume that gk’ > p. Then, since 4n’|qk’ — p| cannot divide q because (q,p) = 1, we
have that it must divide A, x.

From q # 1, {lgk’ —pl | K’ € Z} C (qZ—p) C Z, we obtain that the number of couples
(n’,x’) such that 4n’|k’ —b| = Ag,k is bounded above by Zd(?\ﬁrk/él), where d(n) denotes
the number of divisors of n. In fact, if |k’ —b| = d; for some d; € Q divides )\E’L,k/4' then

n' = )\Fl,k /(4d7). Observe that, due to the presence of a non integer b in the term |k — bJ, not
all the possible divisors can be considered. However, if a k’ > b can be taken, then there exists
a k’ < b that will give an additional couple (k”,n’).

Case 3, b € Z: In this case, equation (6.1.8) reduces to 4n’[k’ —b| = A,, k. Then, for any (n, k)
with k # b, a simple computation shows that

b _ b __ b _ b
}\k,n+b - )\n,k+b - )\n,—k+b - }\k,—n—b—b‘

However if n|k| is even, the combination n = k = ?\fL .+ k/8 is repeated twice. Therefore the
degeneracy is given by

2d(A/4), if A/4 is odd,
2d(A/4)—2, if A/4 is even.

Finally, this degeneracy cannot be achieved for b € Q \ Z. In fact, it would require Z > k’ =
(qn+p)/q which is impossible for (q,p) = 1. O

Corollary 1.3.14 suggests that in the limit b — k, the number of eigenvalues in a finite
interval explodes. Corollary 1.3.18 makes this statement more precise, namely

o for any fixed k € Z and for any n € IN, the spacing between the eigenvalues
AR —AL = 0asb—k;
e for any fixed interval I = [x1,x,] C [0, 00) and any N € IN
#HneN|A e} >Nasb— k.
Proof of Corollary 1.3.18 (Corollary of Theorem 1.3.13). Observe that
Ak —An_1 il =4Ik —Dl. (6.1.9)

Taking the limit for k — b in the above yields immediately the first statement.
To prove the second statement, assume w.l.o.g. k > 0 and define

— X1 L X2
Hb) = Luk—bﬂ o Rb)= Luk—bd ‘

Then )\E(b)/k > x1 and )\E(b),k < x2. If now

by (6.1.9) we obtain that
#A0 | L(b) i< R(b)} > N.

This completes the proof of the second statement and hence of the corollary. O
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6 SPECTRAL ANALYSIS OF THE GRUSHIN CYLINDER AND SPHERE

This limiting process affects also the eigenfunctions. Theorem 1.3.19 describes how the
spectrum of the k-th Fourier components decompactifies in the limit b — k and produces the
absolutely continuous part of the spectrum.

Proof of Theorem 1.3.19. Recall that wnk(x, ) = eikGWn %(Ik— blx%)/x. Since w.lo.g. we can
assume k = 0, to complete the proof it suffices to show that

VAx (VAX).

Wn),%(lbj |x ) — —]1 (6.1.10)

Let us recall the following classical results (see resp. [MOS66] and [BE56]).
Wy 1/2(2) = (1) ze 221 (2),
lim n=*L) (x/n) =x~ 2"‘](x (24/X).

n—oo

Here L{ is the generalized Laguerre polynomial of degree n with parameter « and the limit is
in the sense of uniform convergence on compact sets.

Define
. . A
n; :=2j and b; := I+ 1)
so that 7\n 410 =Aforallj>0. Then
Anyx? T Anyx? 1 Anyx?
li W b lim —2= ¢ - = il S (s S
Jim Wiy, 1 i) = oo 4(n; +1) P ( n; 4(n; +1)> My A 1 )
VAX
= )
This completes the proof of (6.1.10). O

Remark 6.1.2. By changing the parity of the sequence n; used in the previous proof, we could
change the sign of the limit in (1.3.12).

6.2 SPECTRAL ANALYSIS AND AHRONOV-BOHM EFFECT FOR
THE GRUSHIN SPHERE

In this section we consider the Grushin almost-Riemannian metric on the sphere introduced in
Section 1.3.3.

6.2.1  Grushin metric and associated Laplace-Beltrami operator
The Grushin almost-Riemannian structure defines the metric g = dx? + tan(x)~2d82 on S, U
S_, the sphere $? without the equatorial line. The natural volume form defined by this metric
isdV = 4/[gldxdo = |tan(x)|~! dx dO and the associated Laplace-Beltrami operator is
1
Lu= aiu ———0xu+ tanz(x)aiu

sin(x) cos(x)
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6.2 Spectral analysis and Ahronov-Bohm effect for the Grushin sphere

As shown in [BL], the operator £ with domain CZ°(S4+ US_) is essentially self-adjoint in
[?(S?, dw) and hence the evolutions on the two sides of the singularity are decoupled. More-
over it has purely discrete spectrum. In the following we will consider the self-adjoint operator
£ restricted to L*(S4,dV). Namely, the domain D(£) will be the closure w.r.t. the graph norm
of C(S4).

As in the previous section we can separate the space using the orthoromal eigenbase of S'
getting

L2( (Sy,dw) = @ H S+ ~ L]0, 7t/2),tan(x)dx). (6.2.1)
k=—o0

On each H]Sj the operator separates as

. 1
A2 22
Ly == 0% Sin(x) cos () 0x — tan” (x)k~.

6.2.2 Spectral properties of the Laplace-Beltrami operator
Exploiting decomposition (6.2.1), we can describe the spectrum of £.

Proof of Theorem 1.3.11. We look for solutions ¢ € H]sj of the eigenvalue equation

—Lrd(x) = Ad(x).

Since k appears in £y only squared, the eigenvalues are simmetric with respect to k = 0. To
simplify the notation, in the following we will assume k > 0, but the same considerations hold
for k < 0 substituting [k| to k.

With the change of variables z = cos(x)? and writing ¢(x) = (—z)%(p(z), the eigenvalue
equation becomes

st (zm —2)02¢(z) + (1 + K1 —z)azm(m}p(z)) —o.

The equation in bracket is a particular example of the well-known Euler’s hypergeometric
equations. Two linearly independent solutions can be found in terms of Gauss Hypergeometric
Functions F(a, b;c;z) (see [BE56, Vol. 1, Ch. 2]) as follows:

kK VA+KZ k  VAFKZ
$1(x) =i ®cos(x)FF —7—5,—7+ RS k; cos(x)? |,
2 2 2 2
k VA+KZ k VAFK2
$2(x) = i* cos(x)*F (2 ; ,§+ ;_ ,‘1+k;Cos(x)2>.

Notice here that in the case > ki )‘+k ,k—1 € Ny the first solution is not defined, in fact we
are in the so called degenerate case and the only regular solution is ¢,. Therefore we do not
need to introduce the other corresponding linearly independent solution.

A solution is an eigenfunction of the Laplace-Beltrami operator if it is in Hi*. For this to be
true, the solutions has to be square-integrable with respect to the measure dw := tan(x) ™' dx
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6 SPECTRAL ANALYSIS OF THE GRUSHIN CYLINDER AND SPHERE

near 0. This is equivalent to be O(sin(x)) for x — 0 and, in particular, it is requires that the
solution be zero at x = 0.
Let us recall that

. 1 —X%)
$1(0)=1"" , (6.2.2)
F(—';— Vk22”+1) r<—'§+vkzz”‘+1>
Mk+1)
$2 (0) =1* . (6.2.3)
F(E—ka“+4)r(§+V5?A+1>
Moreover, observing that
VK2
:i:;-l—kTH >0forallk e Ny and A € RY,

it is immediate to obtain ¢1(0) # 0 if k > 1. By the previous considerations, this implies that
b1 ¢ Hi* for k > 1. Since k = 0 corresponds to the degenerate case, where the two solutions
coincide, in the following we can restrict ourselves to consider only ¢,.

By (6.2.3), in order for ¢,(0) = 0 to hold there has to exist n € INy such that A satisfies

k VKZ+A
SHI——5— =

Solving the above for A, yields the following expression for the candidate eigenvalue
A= )\;n =4(14+n)(1+n+Xk).

In order to prove that the candidate eigenvalues 7\I,n are indeed eigenvalues, we check
the order of convergence of the solutions. For this purpose we use the well-known identity
[OLBC1o0, 15.2(ii)] fora =—m € Z_U{0}, b > 0 and ¢ ¢ Z_U{0}

- m (M) (ble ¢
F(—m,b;c;z) = g}(—]) (£>(C)2x . (6.2.4)
Plugging the values of the parameters for ¢, in the above, and setting A = 7\]'2,“, we obtain
AN mAT) (k1) 2
F(—(n+1),n+k+1;k+1;cos(x) )—EZO(U < 0 )(k-f'])e os(x)<".

This shows that ¢, and his derivative have the correct behaviour in 0 and are regular at /2,
completing the proof.

Finally, in order to obtain the expression of the eigenvalues and eigenfunctions given in the
statement, it suffices to replace n + 1 with n in the definition of ?\E’l’k. The theorem then follows
by the symmetry w.r.t. k = 0 of the problem. O

We are now in a position to derive the Weyl law for the Laplace-Beltrami operator of the
Grushin sphere.
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6.2 Spectral analysis and Ahronov-Bohm effect for the Grushin sphere

Proof of Corollary 1.3.12. By the simmetry of the eigenvalue problem w.r.t. k = 0, it follows that
N(E) =2#k € N,n € N [ A < E}+#n € IN | Ap0 < E}. Let No(E) be the counting

function for this second sum. It is easy to see that A(0,n) < E for n € {O, Lﬁ / ZJ} . Therefore
No(E) = O(VE).

Let N4 (E) be the counting function for positive values of k. A simple computation shows
that A(k,n) < E if and only if

E—4n?
4n ’

O<k<{

Additionally, notice that if n > [vE/2] =1 (E), then E%T‘fz < 0.
Let

Then we have

K(n) < # {k e [o, E- fﬂ mN} < K,

and consequently

n1(E) n1(E)
> KM <NLE) < Y (KM
n=1 n=1

Due to the asymptotic estimate (6.1.7), we immediately get the following asymptotic estimate
as B — +oo

M1 (E)
N(E) = 2N (E)+No(E) =2 ) K(n)+O(VE)
n=1
n1(E) 1 n1(E)
n=1 n=1

This completes the proof. O

It follows from Theorem 1.3.11 that for k # 0 the operator £y acting on Hy presents an
infinite amount of eigenvalues accumulating at infinity that can be explicitly described by

oq(Hi) = {An ) =40 +n)(T+n+ k) In €N,k € Z}

Due to the symmetry w.rt. k of A, i|, all the eigenvalues are at least double degenerate.
Moreover, this degeneracy must be finite. In fact it is enough to observe that each operator has
a ground state of energy greater than

Atk =4kl +1),
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Figure 16: Degeneracy (halved) of the first 4.893.535 eigenvalues (namely A, < 3 - 106). Observe that
only one of those eigenvalues attains the higher multiplicity of 110, far below than our upper
bound.

and that the function n — A, || is increasing in n € IN.

The degeneracy of an eigenvalue A can be easily bounded above by (A —4)/2, but this is far
from being optimal. In fact, the computation of the first five million eigenvalues (see Figure 16)
suggests the growth of the degeneracy to be irregular and slow as in the case of the Grushin
cylinder (see Theorem 1.3.16). We remark that plotting more eigenvalues yielded qualitatively
the same plot.

Unfortunately, it is not possible to obtain a more precise description of the degeneracy with
the simple techniques employed in Theorem 1.3.16. Indeed, in this case the problem reduces to
counting the number of solutions of a non-linear Diophantine equation, which is well-known
to be an hard problem.

6.2.3 Aharonov-Bohm effect

We now consider the Aharonov-Bohm on the Grushin sphere. Since S? is simply connected,
any closed form is exact and hence we cannot hope to obtain an Aharonov-Bohm effect without
artificially poking a hole in the manifold. This is the same phenomena as in the original
Aharonov-Bohm effect [AT98, dOPo8].

In this section we will thus consider the magnetic Laplace-Beltrami operator induced by the
magnetic vector potential w® = —ib dd, b € R, on the north hemisphere of S with the north
pole removed, denoted by S . Note that on S the corresponding magnetic field is 0. The
resulting operator is

1

b_ A2
£=0 sin(x) cos(x)

X

dx + tan(x)? (aﬁ, —2ibdg — bz) . (6.2.6)
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6.2 Spectral analysis and Ahronov-Bohm effect for the Grushin sphere

That decomposes in the Fourier components

1

2 2
max — tan(x) (k — b)

Ly =0}~
It is important to remark that, due to the forceful removal of the origin (the north pole), this
magnetic Laplace-Beltrami operator is not essentially self-adjoint on CZ°(SS ). As is customary
for the standard Aharonov-Bohm effect on R%, we will consider the self-adjoint extension
obtained by posing Dirichlet boundary conditions on the origin. Namely, we will take as
domain the closure of C2°(SS ) w.r.t. the Sobolev norm W(;’Z (S9).
We immediately get Theorem 1.3.22 by the same arguments of Theorem 1.3.11, replacing k
with k —b. We then easily obtain Corollary 1.3.23.

Proof of Corollary 1.3.23. Without loss of generality, we can assume b € (—1/2,1/2), i.e.,, k = 0.
If b = 0 then the statement reduces to the one of Corollary 1.3.12, so let us assume, by the
simmetry of the eigenvalue expression, that b < 0.

We then proceed similarly to the proof of Corollary 1.3.12, splitting the counting function in
two components N_(E) and N, (E), depending on wether k is smaller or bigger than b. The
estimates on N (E) and N_(E) are then obtained as in Corollary 1.3.12, paying attention to
the presence of b. Indeed, in the notation of the proof of that corollary, in both cases we obtain

B E—4n?
T 4n

K(n) +1bl.

Since the sum has to be computed for n < 1y (E), given by

2
miE) = {IH ¢2E+Ib|J

it is easy to see that b only appears (linearly) in the O(v'E) term. Since [b| < 1/2 this completes
the proof. 0

As already anticipated in the previous section, the degeneracy of the spectrum for the
Grushin sphere seems to be of similar nature as for the Grushin cylinder, at least from a
numerical point of view, but having a precise control on it is much more involved and proba-
bly not possible at present. However, one can still prove that the degeneracy is very unstable
with respect to the parameter b and, in particular, that the spectrum is simple for b € R\ Q
and finitely degenerate for b € Q. This is summarised in Corollary 1.3.23 and it follows from
an argument very close to the one in the proof of Corollary 1.3.16.
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