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Chapter 1

Introduction

“A thing of beauty is a joy for ever.”
John Keats, Endymion.

In this first chapter, we present the main results of this manuscript, just focusing on their
motivations and statements, and not on their proofs. Along the way, we review basic facts
concerning subelliptic PDEs and sub-Riemannian geometry.

The original results of this thesis are presented in boxes, in order to distinguish them from
previously known results.
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12 CHAPTER 1. INTRODUCTION

1.1 Generalities

1.1.1 Motivations: Linear PDEs and sub-Riemannian geometry

A Partial Differential Equation (PDE) is an equation which relates the partial derivatives of a
function of several variables. As for ordinary differential equations, their unknowns are func-
tions. Partial Differential Equations are ubiquitous in science: they are one of the mathematical
grounds on which the modern description of many physical phenomena relies. For instance,
sound, diffusion, heat, waves, elasticity, electrostatics or else electrodynamics can be described
with PDEs. Well-known PDEs include Einstein equations in general relativity, the Euler and
Navier-Stokes equations in fluid mechanics, the Boltzmann equation in kinetic theory, the Yang-
Mills equations in particle physics...

One of the beauties of PDEs is that they interact since their birth in the 18" century with
many other branches of mathematics: with differential geometry for example through minimal
surfaces and the Atiyah-Singer theorem, with algebraic topology through the pioneering work of
Leray on sheaves, with numerical calculus through numerical schemes, with probabilities through
the Feynman-Kacs formula or stochastic PDEs, ...

In the second half of the 20*" century, among other developments, a certain class of PDEs
has been intensively studied: the so-called “subelliptic PDEs”. As most PDEs, their roots
are to be found in physics: the Russian mathematician Andrei Kolmogorov, in his study of
the motion of colliding particles [Kol34], was probably the first to notice that the equation
he wrote down was indeed hypoellipticﬂ Then, Lars Hormander, followed by dozens of other
mathematicians, undertook their systematic study; let us only mention the works [Hor67] and
[RS76] as illustrations.

In the years 1980-1990, while the field of subelliptic PDEs was progressively becoming less
active, another more geometric branch of mathematics has undergone an important development:
sub-Riemannian geometry. Starting from the study of the Heisenberg group, it focused on the
geometry of balls, shortest paths and isoperimetric sets in these particular geometries where
not all directions play the same role. Its interest relied also on its links with control theory, a
very active field of “applied” mathematics which serves, among other, to park cars or to design
motions of rockets.

In the same way as Riemannian geometry is the natural geometric framework for ellip-
tic PDEs, sub-Riemannian geometry became the natural geometric framework for subelliptic
PDEs. But sub-Riemannian geometers focused their attention mostly on the heat equation,
leaving aside other natural linear PDEs such as subelliptic wave equations and Schrodinger
equations. Indeed, these two linear equations give rise to particularly strong subelliptic effects
whose analysis required new approaches.

The present thesis aims at partly bridging this gap: it uses the new tools brought by sub-
Riemannian geometry to shed a different light on lineaIE] subelliptic wave and Schrédinger equa-
tions. Our initial target, finally partially achieved, was to understand the exact role played by
“abnormal minimizers”, discovered by Montgomery in 1991 (see [Mon94]), in their propagation.
But along the way, since this initial question was difficult, we were led to other problems, in
the control theory of subelliptic linear PDEs and concerning eigenfunctions of sub-Laplacians,
whose solutions involved tools coming not only from sub-Riemannian geometry, but also from
non-commutative harmonic analysis and semiclassical analysis.

'We will come back later to the relation between hypoellipticity and subellipticity.
2 Although people working in the field of PDEs are particularly interested in non-linear effects, we focus in this
manuscript on linear PDEs since in the subelliptic world, even linear PDEs are still imperfectly understood.
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1.1.2 Organization of the manuscript

The present manuscript is organized as follows.

Chapter [I] aims at presenting the main results of this manuscript, just focusing on their
motivations and statements, and not on their proofs. It is partly inspired by the survey [Let21a].

Then, the first part of our manuscript, composed of Chapters and [4] addresses problems
in control/observability of subelliptic PDEs. They illustrate the slowdown of energy propagation
of solutions of subelliptic PDEs in directions needing brackets to be generated.

e In Chapter[2] we prove that subelliptic wave equations are never observable. The proof uses
tools coming from sub-Riemannian geometry, namely the privileged coordinates and the
nilpotentization procedure of [RS76]. This Chapter essentially follows the article [Let20b].

e In Chapter [3| we establish a resolvent estimate with the tools of semiclassical analysis.
This resolvent estimate implies controllability results for subelliptic Schrodinger, heat and
damped wave equations. This Chapter essentially follows the article [LS20].

e Chapter [ lies at the intersection of two usually distinct fields: semiclassical analysis
and non-commutative harmonic analysis. Using ideas steming from [FF21], we construct
semiclassical measures adapted to the non-commutative framework provided by quotients
of Heisenberg-type groups, and we use them to prove a controllability results. This Chapter
essentially follows the preprint [FL21].

In the second part, we focus on the propagation of singularities in subelliptic wave equations.

e In Chapter [5| we revisit the paper [Mel86] by R. Melrose, providing a full proof of the main
theorem on propagation of singularities for subelliptic wave equations, and linking this
result with sub-Riemannian geometry. This theorem asserts that singularities of subelliptic
wave equations only propagate along null-bicharacteristics and abnormal extremal lifts
of singular curve. We also derive new consequences of Melrose’s result. This Chapter
essentially follows the preprint [Let21b].

e In Chapter[6] in the context of the subelliptic wave equation with Martinet sub-Laplacian,
we construct explicit examples of solutions whose singularities propagate along abnormal
extremal lifts of singular curves. We find that singularities can propagate at any speed
between 0 and 1, which is in strong contrast with the usual propagation of singularities
at speed 1 for wave equations with elliptic Laplacian. This Chapter essentially follows the
preprint [CL21].

A third part is devoted to the study of high-frequency eigenfunctions of some sub-Laplacians.

e In Chapter [7] we describe the behaviour of high-frequency eigenfunctions of some sub-
Laplacians, using the joint spectral theory of various operators. In some particular cases,
we are able to describe all “Quantum Limits” of the sub-Laplacians. This Chapter essen-
tially follows the preprint [Let20al.

Finally, we gathered in Chapter [8| open questions which seem of particular interest.

The rest of the introduction is organized as follows: in Section we introduce sub-
Laplacians and define the notions of hypoellipticity and subellipticity; in Section [I.3] we present
our main results related to control/observability of subelliptic PDEs; in Section we explain
our results about propagation of singularities of subelliptic wave equations; and finally in Section
we describe our results concerning eigenfunctions of sub-Laplacians.
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1.2 Subelliptic Partial Differential Equations

1.2.1 Sub-Laplacians and sub-Riemannian geometry

Sub-Laplacians are a natural generalization of the usual Laplacian in the Euclidean space, and
of the Laplace-Beltrami operator in Riemannian manifolds. They are also called “Hérmander
sums of squares” since they were studied a lot by Hormander (see [Hor67], [Hor07c¢, Chapter
XXVII]) and they take the simple form of a sum of squares of vector fields.

Let n € N* and let M be a smooth connected compact manifold of dimension n, with or
without boundary. Let u be a smooth volume on M. We consider m > 1 smooth vector fields
Xi,..., Xy, on M which are not necessarily independent, and we assume that the following
Hormander condition holds (see [Hor67]):

The vector fields X1,..., X, and their iterated brackets [X;, X;], [Xi, [X;, X&]], etc.

1.1
span the tangent space T, M at every point x € M. (L.1)
We consider the sub-Laplacian A defined by
m m
A== X7X =) X7+ divy (X)X, (1.2)
i=1 i=1

where the star designates the transpose in L?(M, ) and the divergence with respect to p is
defined by Lxp = (div,X)u, where Ly stands for the Lie derivative. Up to a lower order term,
a sub-Laplacian is thus a “sum of squares”. The domain D(A) is the completion in L?(M, i) of
the set of all uw € C°(M) for the norm ||(Id — A)ul|z2.

There is a natural geometry associated to such operators, called sub-Riemannian geometry,
which is an extension of the usual Riemannian geometry. We shall describe its foundations,
and refer the reader to the books [Mon02] and [ABBI19] for comprehensive treatments of sub-
Riemannian geometry.

We set
D = Span(Xy,..., X)) CTM

which is called the distribution associated to the vector fields X1, ..., X,,. For x € M, we denote
by D, the distribution D taken at point x. Note that D does not necessarily have constant rank.
When D =T M, the operator A is elliptic.

We also introduce the metric g on D defined at any x € M by

9z (v,v) = inf {Zu? | v= Zule(x)} .
i=1 i=1

This is a Riemannian metric on D. We call (M, D, g) a sub-Riemannian structure.

In the general case where D C T'M, the set T M\ D can be understood as the directions where
the metric g takes the value +00. A well-known theorem, due to Chow and Rashevskii, asserts
that any two points can be joined by a path, i.e., a continuous function v : [0,1] — M with
derivative §(t) contained in D, for almost any ¢ € [0, 1]. In other words, the sub-Riemannian
distance

1
dg(ZL‘(),ZL‘l) = inf {/0 ,/gw(t)('}/(t),'}/(t))dt } ’Y(O) = :E(),’)/(l) =x, v(t) S D'y(t) a.s. for t € [0, 1]}

is finite for any xg,x1 € M.
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When moving in a sub-Riemannian structure, D should be understood as the “set of allowed
directions for the motion”, and, although it is not possible to move directly in directions of
TM \ D, Chow-Rashevskii’s theorem asserts that any two points can be joined by a path.
This is due to “indirect motions”, that is, paths which describe spirals turning around a fixed
forbidden direction of 7'M \ D and thus advancing in this direction (although indirectly).

Definition 1.1. The step k of a sub-Riemannian structure (M, D, g) is the least integer k € N
such that D* = TM, where, for j € N*, DI is defined through the recursive relation DI =
DI~! 4+ [D, DI and D' = D.

Remark 1.2. More generally, the step k; can be defined at any point = € M, just by considering
D, instead of DJ in the above definition.

Examples

We now give a few examples of sub-Laplacians which we shall study in the sequel.

Example 1.3. On M =R, xR, we set Ag = 02 + xQBZ . This sub-Laplacian is the so-called
Baouendi-Grushin operator, sometimes unproperly called simply Grushin operator (see [GarlT,
Section 11]). In this case, D = Span(d,z9,) and D? = Span(d,,d,) = TM. In particular,
D = T'M outside the line {z = 0}. Also, p is the Lebesgue measure. The structure (M, D, g)
has step 2 on the line {x = 0} and step 1 outside this line. Since this sub-Riemannian structure
is “Riemannian” outside this line, the Baouendi-Grushin operator is sometimes called “almost-
Riemannian”.

Example 1.4. Given d € N*, one can also define a sub-Laplacian arising from the Heisenberg
group Hy of dimension 2d + 1. Recall that the Heisenberg group Hy is R%¢*+! endowed with the
group law (z,y, 2)-(2',y/, 2) = (z+a/, y+y/, 2+ 2 +1 Z?Zl(xjy;fx;yj)), where z,y, 2,y € R?
and 2,2’ € R. Let

ijaxj—%az, szayﬁ%az, for j=1,...,d.

We define the sub-Lapacian
d
Am,=> X7 +Y}
j=1

Since [X;,Y;] = 0, for any j, this sub-Laplacian is naturally associated with a step 2 sub-
Riemannian structure.

Example 1.5. Contact sub-Laplacians arise from a particular type of sub-Riemannian struc-
tures of step 2. We assume that the vector fields Xi,..., X, span a distribution D which is a
contact distribution over M, i.e., M has odd dimension n = 2m + 1 and there exists a 1-form «
on M with D = Ker(a) and a A (da)™ # 0 at any point of M. Then, for any smooth volume
1, the sub-Laplacian A is called a contact sub-Laplacian. A typical example is given by the
Heisenberg sub-Laplacian Aga defined above.

Example 1.6. Magnetic Laplacians are also sub-Laplacians. An example of magnetic Laplacian
is the following: in R3 with coordinates x,y, z, we consider the two vector fields X; = 0, —
Ay(z,y)0, and Xy = 0y — Ay(x,y)0, where A,, A, are functions which do not depend on z.
The magnetic Laplacian is then A = X? 4+ X2. The 1-form A = A,dx + Aydy is called the
connection form, and the 2-form B = dA is called the magnetic field. The modulus |b| of the
function b defined by the relation B = b dz A dy is called the intensity of the magnetic field.
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Example 1.7. On M = R3, we set A = 92 + (9, + 220,)%. This sub-Laplacian is called the
“Martinet sub-Laplacian”. The associated distribution D = Span(9,,dy + 220,) is of step 3
since D? = Span(d;, 0Oy, x0,) and D3 = TM. The Martinet sub-Laplacian is a particular case of
magnetic Laplacian with magnetic field B = —2xdx A dy. The line {x = 0} where B vanishes is
an example of “singular geodesic” (also called “abnormal minimizer”, see Definition , and
the Martinet distribution is one the simplest to exhibit such geodesics.

1.2.2 Hypoellipticity and subellipticity

Two notions are often used to qualify the smoothing properties of sub-Laplacians: hypoellipticity
and subellipticity. Here, we briefly recall their definitions and explain why they are not exactly
equivalent.

Definition 1.8. A (pseudo-)differential operator A with C*° coefficients in M is hypoelliptic
near x € M if for all u € D'(M), if Au € C*™ near x, then u € C™ near z.

Hypoellipticity appeared naturally in the work of Kolmogorov [Kol34] on the motion of
colliding particles when he wrote down the equation

Oou—Lu=f where L = xd, + 02.
Indeed, the operator £ is hypoelliptic.

Definition 1.9. A formally selfadjoint (pseudo-)differential operator A : C*°(M) — C°(M) of
order 2 is said to be subelliptic if there exist s,C > 0 such that

ey < C((Aw ) gaar) + [l ) (1.3)
for any u € C®°(M).

Since M is compact, the subellipticity of the selfadjoint operator A implies that its resolvent
is compact, and as a consequence, its spectrum is discrete.

Using , Hormander was able to prove that any sub-Laplacian A is hypoelliptic (see
[Hor67] and [HNO5, Chapter 2]). His proof relies on the fact that A is subelliptic; indeed, the
optimal s in is 1/k, where k is the step of the associated sub-Riemannian structure, as
proved by Rotschild and Stein [RS76, Theorem 17 and estimate (17.20)].

Conversely, note that an hypoelliptic “sum of squares” (i.e., an operator of the form (|1.2)
which is hypoelliptic) does not necessarily satisfy the Lie bracket assumption : given a
smooth function a : R — R vanishing at infinite order at 0 but with a(s) > 0 for s # 0, the
sub-Laplacian A = 92 + a(x1)?02, on R2, ,, is hypoelliptic although fails (see [Fed71] and
[Mor78]).

Let us finally mention that some operators A satisfy the property that if Au is real-analytic,
then w is real-analytic: they are called analytic hypoelliptic. The so-called Treves conjecture
describes a possible link between analytic hypoellipticity of an operator and the absence of
singular geodesics (see [Tre99] for the conjecture and [ABM18] for more recent results).

1.2.3 The characteristic cone X

In all our results, a central role is played by the characteristic cone ¥, which we now define. Let
us consider a general sub-Laplacian A given by (1.2]). We set

g* = op(—A) € C=(T*M) (1.4)
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where op denotes the principal symbol of a pseudodifferential operator (see Appendix . This
is the Hamiltonian naturally associated to the non-holonomic system defined by Xi,..., X,.
We denote by

Y= (¢")"H0) =Dt cT*M (1.5)
the characteristic cone (where L is in the sense of duality).

The cotangent bundle T*M is then composed of two regions:

o T*M\ X is the “elliptic part”, where g* # 0. In some sense, the sub-Laplacian acts as an
elliptic operator in this region of the phase-space;

e Y the characteristic cone, is the place where “truly subelliptic” phenomena show up.

It is a tautology to say that the existence of the characteristic cone Y is responsible for all
properties which differ between elliptic operators and “truly subelliptic” operators (for which

3 # {0}).

1.3 Main results on control of subelliptic PDEs

The first series of result we shall present in this manuscript concerns the control of subelliptic
PDEs.

The problem of (exact) controllability of PDEs, which has been intensively studied in the
past decades, is the following: given a manifold M, a subset w C M, a time 7" > 0 and an
operator A acting on functions on M, the study of exact controllability consists in determining
whether, for any initial state ug and any final state uq, there exists f such that the solution of

Ou = Au + 1, f, Uj—p = Ug (1.6)

in M is equal to u; at time T'. Here, 1,, is the characteristic function of w. In other words, exact
controllability holds if it is possible, starting from any initial state, to reach any final state just
acting on w during a time 7. The general answer depends on the time 7', the control set w, the
operator A, and the functional spaces in which ug, u; and f live. This problem is relevant in
many physical situations: typical examples are the control of the temperature of a room by a
heater, or the acoustic insulation of a room just by acting on a small part of it.

By duality (Hilbert Uniqueness Method, see [Lio88]), the exact controllability property is
equivalent to some inequality of the form

T
ACT > 0, Vuy, |uol? < CTM/ [ 1u(t)]|dt, (1.7)
0

where u is the solution of the adjoint equation (0 + A*)u = 0 with initial datum wg (here
again, one should specify functional spaces). This is called an observability inequality. In other
words, controllability holds if and only if any solution of (0; + A*)u = 0 can be detected from
w, in a “quantitative way” which is measured by the constant C7,. In the sequel, we focus our
attention on equations of wave-type, Schrodinger-type or heat-type:

(0 —L)u=0 (Wave-type), (1.8)
(10 — L)u =0 (Schrédinger-type), .
(Or—L)u=0 (Heat-type) (1.10)
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for various time-independent operators £ on M E| By duality, all the observability results pre-
sented here imply exact controllability results as explained above, but we won’t state them for
the sake of simplicity.

1.3.1 Observability of classical PDEs: known results

Let us present a first series of results, dating back to the 1990’s, which concern the observability
problem in case M is a compact Riemannian manifold with a metric g and with boundary
OM # 0, L = Ay is the Laplace-Beltrami operator on (M, g) and the equation is one of the
three equations , or , with Dirichlet boundary conditions u|gy; = 0. We deal
with these three problems in this order, following the chronology of the results.

Throughout this section, (M, g) is a fixed manifold with boundary OM # () and £ = A4. In
this section, the notation dx stands for the associated Riemannian volume dz = dvoly(x).

Remark 1.10. Because of the physical nature of the problems studied in control/observability
theory, most equations are set in compact manifolds, and this introduction is no exception to
the rule. Together with the hypoellipticity, the compactness of the underlying manifold implies
that all sub-Laplacians have a compact resolvent, and thus a discrete spectrum.

Observability of the Riemannian wave equation

Let us start with the wave equation (L.8) with initial data (u—o, dyuy—g) = (uo,u1) € H' (M) x
L?(M) and Dirichlet boundary conditions. The energy of a solution, which is conserved along
the flow, is

E(u(t)) = /Muvgu(u ) + |Bpult, 2)?)dx

which is in particular equal to the initial energy HVuoHLQ T HulHLQ(M Let T > 0 and w be
a measurable subset. The observability inequality reads as follows:

E(u(0)) < C’/OT/ |Ou(t, x)|2dxdt. (1.11)

Note that the left hand-side of ([1.11)) is the initial energy, and not the final energyﬁ

We set P = 07 — Ay (which is a second-order pseudo-differential operator), whose principal
symbol is

p2(t77—7x7£) = _7—2 +g*(x7§)

with 7 the dual variable of t and g* the principal symbol of —Ag. In T%(R x M), the Hamiltonian
vector field H), associated with py is given by Hp,f = {p2, f} (see Appendix . Since
H,,p2 = 0, we get that py is constant along the integral curves of Hy,,. Thus, the characteristic
set C(p2) = {p2 = 0} is preserved under the flow of H,,. Null-bicharacteristics are then defined as
the maximal integral curves of Hp, which live in C(p2). In other words, the null-bicharacteristics

3The wave equation involves a 8% term, and thus does not enter, strictly speaking, the framework given by
equation . However, it is possible to give a common framework for all three equations, at the cost of being a
bit more abstract. See [Cor(7, Section 2.3] for a general introduction.

4The HUM method tells us that the observability inequality is , which makes appear the final energy since
it concerns the adjoint problem, but we can then use the conservation of energy to obtain that the observability

inequality is equivalent to (|1.11).
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are the maximal solutions of

t(S) - _2T<3)7

(s) = Veg*(x(s),£(s)),

#(s) =0, (1.12)
5(3) = —V$g*($(8),€(8)),

72(0) = g*((0),£(0))

It is well-known that the projection z(s) of a bicharacteristic ray (z(s),&(s)) traveled at speed
1 is a geodesic in M, i.e., a curve which realizes the minimal distance between any two of its
points which are close enough.

Let us also mention the fact that at the boundary of M, the above definition of null-
bicharacteristics has to be completed (yielding the so-called Melrose-Sjostrand flow): due to
trajectories which “graze” along the boundary, one cannot always define the null-bicharacteristics
which touch the boundary by reflexion, and we refer the reader to [MS78b] and [LLTT17] for
more on this subject. In these papers, a notion of “generalized bicharacteristics” is defined,
which explains how to define bicharacteristics at the boundary. For us, this will only be useful
to give a precise statement for Theorem [1.12

Definition 1.11. Let T > 0 and w C M be a measurable subset. We say that the Geometric
Control Condition holds in time T in w, and we write (GCC)y, 1, if for any projection v of a
bicharacteristic ray traveled at speed 1, there exists t € (0,T) such that y(t) € w.

The following result states that the observability of (1.8]) is (more or less) equivalent to the
geometric condition (GCC'),, 7. It illustrates the finite speed of propagation for waves.

Theorem 1.12 ([BLR92], [BGI7], [HPT19]). Assume that w # 0 is open and that (GCC), 1
holds. Assume also that mo generalized bicharacteristic has a contact of infinite order with
(0,T) x OM. Then holds, i.e., the wave equation 1s observable in time T on w.
Conversely, if the wave equation is observable in time T, then (GCC)rg holds, where w
denotes the closure of w.

Note that the second statement in the last theorem is not the exact converse of the first
one, since it involves the closure @ and not simply w. This is due to the phenomenon of grazing
rays: if there exists a ray v which does not enter w but which touches the boundary dw, so that
the geometric control condition is not satisfied, it can however happen (notably if the flow is
“stable” close from the ray) that observability holds, see [Leb92a) Section VI.B] for an example.

Considering solutions of ([1.8]) of the form eitﬁgo where ¢ is an eigenfunction of —A, corre-
sponding to the eigenvalue )\, the following result follows from Theorem

Corollary 1.13. Assume that w # () is open and that there exists T > 0 such that (GCC)y 1
holds. Then, for any eigenfunction ¢ of —A,, there holds

/w\so(x)IQd:c > C/M lo(z)]d.

In particular, supp(p) = M.

All the observability inequalities stated in this introduction yield similar lower bounds, but
we will not state them thereafter.
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Remark 1.14 (Gaussian beams). The fact that (GCC)g 1 is a necessary condition for observ-
ability can be understood as follows. If (GCC)g 1 does not hold, then let v : [0,7] — M be
a geodesic which does not enter w. By compactness, there exists ¢ > 0 such that v 77 does
not meet an e-neighborhood of @. Then, one can construct a sequence of solutions (uy)nen of
the wave equation whose initial energy E(uy(0)) is normalized to 1, and with energy E(u(t))
localized around ~v(t) at any time ¢ € [0,T]: quantitatively, the energy of w, outside a tubular
neighborhood of v of size € tends to 0 as n — 4o00. This disproves the observability inequality
. The sequence (uy,)nen, if taken as a Gaussian profile centered at a point describing 7, is
called a Gaussian beam.

Observability of the Riemannian Schrodinger equation

For the Schrédinger equation (1.9)), the observability inequality reads as follows:

T
luolZaqan, < c/ /|u(t, ) [2dwdt. (1.13)
0 w

As for the wave equation (1.8)), the L?-norm of the solution is preserved along the flow, so that
lu(T)| 2 = ||uol|r2- A sufficient condition for observability is the following:

Theorem 1.15 ([Leb92b] and Appendix of [DGL06]). Assume that w # 0 is open and that
(GCC)y 1 holds for some T > 0. Then (L.13) holds, i.e., the Schridinger equation (L.9)) is

observable in any time T > 0 on w.

The interplay between T" and T in the above result is due to the fact that the Schrodinger
equation “propagates at infinite speed” so that no matter how large T” is, observability holds in
any time 7" > 0 if (GCC), 1 holds. This contrasts with the finite speed of propagation of the
wave equation.

The converse of the above theorem, namely to find necessary conditions on (w,T") for
to hold, is notoriously a difficult problem. The main results in this direction are for the torus (see
[Jafo0], [BZ12], [AM14]), and in Riemannian manifolds with negative curvature (see [DJN19]),
where holds for any non-empty open subset w and any time T > 0. Indeed, it is expected
that if the geodesic flow of the background geometry is unstable, solutions of are more
“delocalized” than those of for example. See also the case of the disk [ALM16].

Observability of the Riemannian heat equation

Let us end with the heat equation. The observability inequality reads as follows:

|u(T) ||L2 C/ /|ut x)|2dadt. (1.14)

Theorem 1.16 ([LR95]). Let w # 0 be open and T > 0. Then (1.14)) holds, i.e., the heat
equation (1.10) is observable in time T on w.

Note that no geometric condition on w is required in this case. This result illustrates the
infinite speed of propagation of the heat equation.

The works presented hereafter address that same problem of observability of linear PDEs,
but with focus on subelliptic PDEs, meaning that the Laplace-Beltrami operator is replaced in
these PDEs by a sub-Laplacian.
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1.3.2 Observability of subelliptic PDEs: known results

This section is devoted to stating results which were previously known in the literature about
controllability /observability of subelliptic PDEs. All PDEs we consider are well-posed in natural
energy spaces which we do not systematically recall.

Subelliptic heat equations

Let us start with the result proved in [BCG14], which concerns the heat equation (1.10) where
L = A, is the following generalized Baouendi-Grushin operator:

Example 1.17. For v > 0 (not necessarily an integer), we consider A, = 92 + |J:]278§ on the
manifold M = (—1,1), x Ty. When v € N, the associated sub-Riemannian structure has step
k=~v+1

The two main differences with Example are the following: there is an additional degree
of freedom v € RT, and Example is posed on a compact manifold, which is natural in
observability problems as already mentioned in Remark

The open subset of observation w C (—1,1) x T considered in [BCG14] is a vertical strip
of the form (a,b) x T where 0 < a < b < 1. The observability inequality is , with the
modification that u runs over the set of solutions of with £ = A,. The authors prove the
following result, to be compared with Theorem [1.16]

Theorem 1.18 ([BCGI14]). Let v > 0 and w be as above. Then

o Ify€(0,1), then for any T > 0, (L.14)) holds;

o Ifv=1, ie., Ay = Ag, then there exists Ty > 0 such that (L.14)) holds if T > Ty and
does not hold if T < Tp;

o Ifv>1, then, for any T >0, (1.14)) fails.

Koenig studied the observability of (1.10) with £ = Ag, but for another geometry of the
observation set w: this time, it is a horizontal band of the form (—1,1) x I where I is a proper
open subset of T.

Theorem 1.19 ([Koel7]). Let w = (—1,1) x I where I is a proper open subset of T. Then
(1.14) fails for any T > 0.

Although the observability properties of the heat equation driven by general hypoelliptic
operators are still mysterious, we list here a few works addressing this question. The recent
works [Lis20], [BDE20] and [DK20] continue and generalize the analysis of [BCG14] and [KoelT|
on the control of the Baouendi-Grushin heat equation. Besides, [BC17] establishes the existence
of a minimal time of observability, as in the second point of Theorem for the heat equation
driven by the Heisenberg sub-Laplacian of Example (with d = 1). Let us finally mention the
papers [DR20] and [BP18] which also deal with controllability issues for hypoelliptic parabolic
equations.

The above theorems show that some subelliptic heat equations driven by simple sub-Laplacians
require a larger time to be observable than the usual Riemannian heat equation, and observ-
ability may even fail in any time T > 0. As we will see, this is a very general phenomenon for
subelliptic evolution PDEs, at least for subelliptic wave equations and (some) Schrodinger-type
equations. Our results, however, do not shed any new light on subelliptic heat equations, which
remain mysterious due to the lack of “general arguments” which would not rely on geometric
and analytic features specific to very particular sub-Laplacians.
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Approximate observability of subelliptic PDEs

Recently, Laurent and Léautaud have studied the observability of subelliptic PDEs but with
focus on a different notion of observability, called approximate observability. The next paragraph

is devoted to a brief description of their results (see [LL20]).
Let us consider a sub-Laplacian A as in (|1.2), with associated sub-Riemannian structure
(M,D,g). We assume that the manifold M (assumed to have no boundary, OM = (), the

smooth volume p and the vector fields X; are all real-analytic. For s € R, the operator (1 —A)z
is defined thanks to functional calculus, and we consider the (adapted) Sobolev spaces

HUM) = {u e D' (M), (1—A)iue L3(M)}
with the associated norm [[ullye(ary = [[(1 — A)éuHLz(M).

Theorem 1.20 ([LL20]). Let w be a non-empty open subset of M and let T' > sup,e s dg(z,w).
We denote by k the step of the sub-Riemannian structure (M,D,g). Then there exist ¢,C > 0
such that

UQ, U Loge < N lul| pag W) with A = (0, 1) I3 <22 1.15
H( 0 1)”7‘[ X L H HL (=T, T)xw) H(u07U1)HL2x’H*1 ( )

Jor any solution w of (L8) on (—T,T) such that (u,du)j—o = (uo,u1) € H(M) x L*(M).

The above result in particular implies unique continuation (and quantifies it): if v = 0 in
(=T,T) X w, then u = 0. However, the exact observability inequality which we shall study
(see ) is a stronger requirement than , in particular because of the presence of the
“typical frequency of the datum” A in the right-hand side of . The techniques used for
proving Theorem are totally different from those we present in the sequel.

Observability of Baouendi-Grushin Schrédinger equation

The recent work [BS19) is the first one dealing with exact observability of a subelliptic Schrodinger
equation, namely in the context of Example (on (—1,1) x T instead of R x R) with obser-
vation set given by a horizontal band as in Theorem [I.19] The observability inequality is given
by , except that u runs over the solutions of the Schrédinger equation driven by the
sub-Laplacian Ag.

Theorem 1.21 ([BS19]). Let M = (=1,1) X T and Ag = 97 +2°02. Let w = (—1,1) x I where
I C T is open. Let Ty = ZL(w) be the length of the mazimal sub-interval contained in T \ I.
Then, the observability property (1.13) holds if and only if T > Tp.

Again, this result shows the existence of a minimal time of control which contrasts with the
“infinite speed of propagation” illustrated by Theorem Its proof relies on fine semi-classical
analysis.

Non-linear subelliptic PDEs

Although this thesis is devoted only to linear subelliptic PDEs, let us say a word about non-
linear subelliptic PDEs. To study the cubic Grushin-Schrédinger equation idyu — (92 —|—w28§)u =
|u|?u, Patrick Gérard and Sandrine Grellier introduced a toy model, the cubic Szegd equation,
which models the interactions between the nonlinearity and the lack of dispersivity of the linear
equation (already visible in the above Theorem . In [GG10], they put this equation into a
Hamiltonian framework and classify the traveling waves for this equation.
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1.3.3 Main results

Let us now present the main results contained in the papers [Let20b], [LS20] and [FL21]. All of
them illustrate the slowdown of propagation of evolution PDEs in directions transverse to the
distribution: in a nutshell, observability will require a much longer time to hold for subelliptic
PDEs than for elliptic ones, and this time will be even larger when the step k of the underlying
sub-Riemannian structure is larger. All our results are summarized in Figure at the end of
this section.

First main result

We start with a general result on subelliptic wave equations. Let A = — 3" X*X; be a sub-
Laplacian, where the adjoint denoted by star is taken with respect to a volume p on M, which is
assumed to have a boundary M # (DE| The sub-Riemannian gradient is defined by the formula

VG =) (Xig) Xi.
=1

Consider the wave equation

O2u—Au=0 in (0,T)x M
u=0 on (0,T) x OM, (1.16)
(u|t:07 atu\tZO) = (U(), Ul)
where T' > 0, and the initial data (ug,u1) are in an appropriate energy space. The natural
energy of a solution u of the sub-Riemannian wave equation (|1.16]) is

1

Blu(t, ) = 5 /M (10t )2 + [V Rut, 2)?) du(a).

Observability holds in time 7j on w if there exists C' > 0 such that for any solution u of (1.16)),

To
E(u(0)) < C'/O /|8tu(t,x)|2d,u(x)dt. (1.17)

Theorem 1: [Let20D]

Let Ty > 0 and let w C M be a measurable subset. We assume that there exist 1 < i,j <
m and z in the interior of M\w such that [X;, X;](z) ¢ D,. Then the subelliptic wave
equation (|1.16)) is not exactly observable on w in time Tp.

Theorem [I| can be reformulated as follows: subelliptic wave equations are never observable.
The condition that there exists z (in the interior of M \ w) such that [X;, X;](x) ¢ D, means
that A is not elliptic at x; this assumption is absolutely necessary since otherwise, in M \ w,
would be a wave equation with elliptic Laplacian, and its observability properties would
depend on the GCC, as stated in Theorem [1.12

The key ingredient in the proof of Theorem [1| is that the GCC fails for any time Ty > 0:
in other words, there exist geodesics which spend a time greater than T outside w. Then, the
Gaussian beam construction described in Remark allows to contradict the observability

inequality ((1.17)).

5This assumption is not necessary, since Theorem [1|also works for manifolds without boundary, but this would
require to introduce a slightly different notion of observability.
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Second main result

Our second main result, obtained in collaboration with Chenmin Sun, sheds a different light on
Theorem (I} For this second statement, we consider the generalized Baouendi-Grushin operator

of Example Le, Ay =82+ [x[*92 on (—1,1), x T,,.
We assume that v > 1 (not necessarily an integer). We consider the Schrodinger-type
equation with Dirichlet boundary conditions

i0u — (—A,)%u=0
Uj—g = ug € L*(M) (1.18)
Ujp=41 = 0

where s € N is a fixed integer. Given an open subset w C M, we say that (3.2]) is observable in
time T > 0 in w if

To ] .
3C >0, Yug € L* (M), luollF2(a) < c/ le™ A g2, - (1.19)
0

We define

Top = inf{T() >0, ' hOldS},
with the convention that Ti}, = +o0 if there does not exist Ty > 0 such that ((1.19) holds. Note
that Ty, depends on s,v and w.

Our result roughly says that observability holds if and only if the subellipticity (measured
by the step v+ 1 in case v € N), is not too strong compared to the strength of propagation s:

Theorem 2: [LS20]

Assume that v > 1 and s € N. Let I C T, be a strict open subset, and w = (—1,1), x I.
1. If 5(y+1) < s, then T, = 0;

2. If 5(y+1) = s, then 0 < Ty, < +00;

1
2
1
2
1
2

3. If 5(v+1) > s, then g, = +o0.

The case s = 1/2 corresponds to wave equations. Strictly speaking, it is not covered by
Theorem [2] since s is assumed to belong to N in this theorem, but we see that for any positive =,
this case is roughly related to Point (3), and we thus recover the intuition given by Theorem
that subelliptic wave equations should not be observable. The case v = s = 1 allows to recover
Theorem except that we do not find with our method the critical time . (w). Let us also
notice that if v € N, since v + 1 is the step of the sub-Laplacian A,, the number %(fy +1)
appearing in Theorem [2] coincides with the exponent known as the gain of Sobolev derivatives
in subelliptic estimates (see Section .

Third main result

Finally, our third main result, obtained in collaboration with Clotilde Fermanian Kammerer,
illustrates how tools coming from noncommutative harmonic analysis can be used to analyze
sub-Laplacians and the associated evolution equations. Our main message is that a pseudod-
ifferential calculus “adapted to the sub-Laplacian” can be used to prove controllability and ob-
servability results for subelliptic PDFEs (instead of the usual pseudodifferential calculus used for
example to prove Theorem . As we will see, in the present context, once defined this natural
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pseudodifferential calculus and the associated semi-classical measures (which relies essentially
on functional analysis arguments), observability results follow quite directly.

To relate this last result to the previous ones, let us say that it is roughly linked to the
critical case s = v = 1 of Point 2 of Theorem [2] i.e., to the case where subelliptic effects are
exactly balanced by the strength of propagation of the equation. Indeed, we consider the usual
Schrodinger equation (s = 1) in some particular non-commutative Lie groups, called H-type
groups, which have step 2 (corresponding to v = 1 for Baouendi-Grushin operators). As in Point
2 of Theorem [2 we establish that under some geometric conditions on the set of observation w,
observability holds if and only if time is sufficiently large. The main difference with Theorem
relies in the tools used for the proof, which could lead to different generalizations. For example,
the tools employed in this section allow to handle the case with analytic potential, see
below. Also, with these tools, we could imagine to prove observability results for higher-step
nilpotent Lie groups, but it requires to know explicit formulas for their representations, since
they determine the propagation properties of the semi-classical measures we construct.

To keep the presentation as simple as possible, we will present our last result only for the
Heisenberg groups Hy of Example and not for general H-type groups (which are handled in
[FL21]). By doing so, we avoid defining general H-type groups for the moment, while keeping
the main message of this work, namely the use of noncommutative harmonic analysis for proving
observability inequalities.

Let us explain how to get compact quotients of the Heisenberg group (as required in Remark
1.10). Using the notations of Example we consider the left-quotient of Hy by the discrete
subgroup I = (V21Z)?* x 77, which yields a compact manifold M = f\Hd. The vector fields
X, Y; are left-invariant and can be thus considered as vector fields on the quotient manifold M.
This allows to consider the sub-Laplacian Aj; as acting on functions on M.

We consider the equation

1
10y + iAMU +Vu=0 (1.20)

on M, where V is an analytic function defined on M. The factor % in front of Ajs plays no role,
we put it here just to keep the same conventions as in [FL21].

The Schrodinger equation ((1.20]) is observable in time 7" on the measurable set U if there
exists a constant Cr gy > 0 such that

2

dt. (1.21)

T
L*(M T < /
VUO € ( )’ Hu0||L2(M) CT7U 0 L2(U)

1
eZt(EAM"'V)UO‘

Recall that Theorem [1.15] asserts that, in the Riemannian setting and without potential, the
observability of the Schrodinger equation is implied by the Geometric Control Condition (GCC),
which says that any trajectory of the geodesic flow enters U within time T'. Here, one can also
define a sub-Riemannian geodesic flow (see ) but in some directions of the phase space,
called degenerate directions in the sequel, it vanishes due to the fact that ¥ # {0} (see Section
. In these degenerate directions, we thus need to replace GCC by another condition. In
the case of the Heisenberg group Hy, there is only one such direction, thought of as “vertical”
since it is related to the 9, vector field.

The Heisenberg group Hy comes with a Lie algebra g. Via the exponential map
Exp:g— Hy

which is a diffeomorphism from g to Hg, one identifies H; and g as a set and a manifold.
Moreover, g is equipped with a vector space decomposition

g=0vD3,
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such that [v,v] = 3 # {0} and 3 (of dimension 1) is the center of g. We define a scalar product
on 3 by saying that 9, has norm 1, which allows to identify 3 to its dual 3*. We define the scalar
product on v by saying that the 2d vector fields

o Yj _ L .
Xj =0y, — 585, Y; =0, + 585, j=1,....d (1.22)
form an orthonormal basis, denoted by V.
We consider the “vertical” flow map (also called “Reeb”, in honor of Georges Reeb) on M x3*:
B3 : (z,\) = (Bxp(sdZWM/2)z,\),  seR

where, for X € 3, ZW) is the element of 3 defined by A(ZM) = [A| (or equivalently, ZX) = \/|)|
after identification of 3 and 3*). We introduce the following H-type geometric control condition.

(H-GCC) The measurable set U satisfies H-type GCC in time T if
V(z,A) € M x (3" \{0}), 3s€(0,7), ®5((x,A) €U x3"

The flow ®f thus replaces the geodesic flow in the degenerate direction.

Definition 1.22. We denote by Tacoc(U) the infimum of all T > 0 such that H-type GCC holds
in time T (and we set Taoc(U) = 400 if H-type GCC' does not hold in any time).

We also consider the additional assumption:

(A) For any (z,w) € M x v* such that |w| = 1, there exists s € R such that Exp(sw-V)x € U.
Here, w -V = ZZd ij where w; denote the coordinates of w in the dual basis of V' and

it is assumed that Z w = 1.

More explicitly, denoting by (z,y,t) the elements of H;, we have
d
O5(z,y,t,\) = <:c,y,t+ 55 sgn()\),)\> , sER

and

d
Exp SZ a; X; + b;Yj) )(az,y,t): (x+5a,y+5b,t+§(az-b—y-a}>, seR.
j=1

These trajectories are the lifts in Hy of the geodesics of T2,
Theorem 3: [FL21

Let U C M be open and denote by U its closure.

1. Assume that U satisfies (A) and that 7' > Tgcc(U), then the observability inequal-

ity (1.21) holds.

2. Assume T < Tgee(U), then the observability inequality (1.21) fails.

This statement looks like Theorem which holds for elliptic waves. In some sense,
“the Schrodinger equation in Heisenberg groups looks like an elliptic wave equation”, a phe-
nomenon which was already pointed out by authors studying Strichartz estimates, see [BGX00]
and [BFG16] for example.

Let us also say that, as already mentioned, Theorem [3] holds more generally in quotients of
Heisenberg-type groups.
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Summary

To conclude, let us draw a table summing up most of the results presented in this introduction:

Elliptic Step 2 Step 2s | Step > 2s
Waves and half-waves (s = 1/2) | iy (under GCC) 00 00 00
Schrodinger (s = 1) 0 (under GCC) Ting 00 00
Generalized Schrodinger (s > 1) | 0 (under GCC) 0 Tint o0
Heat 0 Tins or 00 ? ?

Figure 1.1: Observability of subelliptic PDEs depending on the step.

If the results are established only in particular cases, they are in blue. The first line is covered
by Theorems and [1] the second line by Theorems and [3] the third line by Theorem
and the fourth line by Theorems [1.16} [1.18|and [1.19,

1.4 Main results on propagation of singularities

Our second series of results concerns propagation of singularities for subelliptic wave equations.
Thus, instead of addressing propagation of energy issues as in the observability inequalities of
Section we focus here on propagation of reqularity/singularity. It turns out that this
requires a deeper understanding of the characteristic cone ¥ introduced in Section [I.2.3]

Recall that the celebrated propagation of singularities theorem describes the wave-front set
W F(u) of a distributional solution u to a partial differential equation Pu = f in terms of the
principal symbol p of P: it says that, if p is real, then WF(u) \ WF(f) C p~1(0), and that,
if additionally the characteristics are simple (p = 0 = dp # 0 outside the null section), then
WF(u)\ WF(f) is invariant under the bicharacteristic flow induced by the Hamiltonian vector
field H), of p.

This result was first proved in [DH72, Theorem 6.1.1] and [Hor71a, Proposition 3.5.1]. How-
ever, it leaves open the case where the characteristics of P are not simple. In this case, the
difficulty is that at doubly characteristic points, H), vanishes, and thus the above theorem is
void. The results presented in this section seek to bridge this gap.

1.4.1 A general result

In a short and impressive paper [Mel86], Melrose sketched the proof of an analogous propagation
of singularities result for the wave operator P = D? — A when A is a self-adjoint non-negative
real second-order differential operator which is only subelliptic (for example, A can be a sub-
Laplacian, of the form ) Such operators P are typical examples for which there exist double
characteristic points, namely the points for which 7 = op(A) = 0. When A is a sub-Laplacian,
{op(A) = 0} is exactly the characteristic cone ¥ introduced in (1.5).

Restated in the language of sub-Riemannian geometry, Melrose’s result [Mel86, Theorem 1.8]
asserts that singularities of subelliptic wave equations propagate only along null-bicharacteristics
(solutions of (1.12), with ¢* replaced by op(A)) and along abnormal extremal lifts of singular
curves (see Definition [1.24). The propagation along null-bicharacteristics corresponds to sin-
gularities outside X, and it is indeed implied by the classical “elliptic” theorem recalled above.
But the true novelty of [Mel86] is the characterization of the propagation inside 3.
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Despite the potential scope of this result, we did not find in the literature any other paper
quoting it. The proof provided in [Mel86] is indeed very sketchy, and it took us months to
understand the statement and to reconstruct the full proof. But this paper contains truly new
ideas, if it is read with the magnifying glass of sub-Riemannian geometry (which was only at a
very early stage of development at the time of publication of [Mel86], in 1986).

The fact that singularities inside Y propagate along abnormal extremal lifts of singular curves
must be explained. Singular curves are something specific to sub-Riemannian geometry: non-
trivial examples of singular curves do not exist in Riemannian geometry, and they even exist
only in quite specific sub-Riemannian structures (e.g., in the Martinet structure of Example
but not in Heisenberg groups). They are central objects in control theory and played a key role
in the discovery of so-called abnormal minimizers in sub-Riemannian geometry (see [Mon94],
[Mon02]). Many open problems in sub-Riemannian geometry revolve around singular curves,
see [Agrl4].

In this introductory section, we state Melrose’s theorem in the case where A is a sub-
Laplacian, and we postpone the general statement of Melrose for subelliptic self-adjoint non-
negative real second-order differential operators to Chapter

We consider A = —A the opposite of a subelliptic sub-Laplacian on a manifold X. Take care
that in this section as well as in Chapter [5| the manifold is X and not M (as in the previous
sections), since M denotes indeed something different, see . These choices are made to be
coherent with the original notations of [Mel86].

The wave equation under study is

(D} —Au=Pu=0 inRxX,

(1.23)
u=1uy, OOu=u; at t=0

where D; = 18;. We denote by a = op(A) the principal symbol of A (which is indeed equal to
g*, introduced in (1.4))), and by p = op(P) = 72 — a that of P. We also consider
M=T*Rx X)\0 (1.24)

and we denote by w the canonical symplectic form on M (see Appendix for the sign conven-
tions concerning the Hamiltonian and symplectic formalism). In the next paragraphs, we define
some cones I';,, which generalize the bicharacteristic directions at points where the Hamiltonian
vector field H), defined by w(Hp, ) = —dp(-) vanishes.

We set
My ={me M, p(m) > 0,7 > 0}, M_={me M, p(m)>0,7 <0};
in particular, M, UM_ = {p > 0}. Let
Yoy =MiNM_={meM,7=a=0}.

(the last equality follows from the fact that a > 0).
For m € My \ ¥(), we set

Iy =R H,(m) C T,,M,

where H,, is the Hamiltonian vector field of p verifying w(H,,Z) = —dp(Z) for any smooth
vector field Z. To extend this definition to M_ \ Xy), for (t,7,a) € M_ \ ¥(3), we set

Iy =T where m' = (t,—7,a) € M,.
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At m € X(y), the Hamiltonian vector field Hy(m) vanishes, but the Hessian a, of a is
well-defined: it is a quadratic form on T}, M. For m € X(3), we set

Iy =RT(0: + B),

B = {b € ker(ay)*0, g(dr(b)) < 1}. (1.25)

Here, 1, designates the symplectic orthogonal with respect to the canonical symplectic form
wo on T*X.
Definition 1.23. A null-ray for p is a Lipschitz curve

v:I—={me M; p(m)=0}

defined on some interval I C R with (set-valued) derivative v'(s) C Ty for all s € I. In
particular, null-rays live in {p = 0}.

Theorem 4: [Mel86], [Let21b]

Let t — u(t) be a solution of (1.23)). For any ¢ > 0, if (x,&) € WF(u(0)) then there exists
(y,m) € WF(u(—t))UW F(dyu(—t)) such that (y,n) and (x,&) can be joined by a null-ray
of length ¢.

It follows from the definition of the cones I';, that there are two types of null-rays:
e Those contained in M\ (y): they are the usual null-bicharacteristics, for which 2 =a#0.
e Those contained in ¥(3), for which 2 =a=0.

A null-ray of the second type is tangent to the cones I'), defined by . The vector b in
belongs to both ker(a,,)*«o (by definition) and ker(a,,) (since the null-ray is contained
in (y). Therefore it is a characteristic curve, in the sense of the following definition. In this
definition, we take the notation D+, equivalent to ¥ (see ), to insist on the fact that the
characteristic cone depends only on the distribution, and not on the metric. Also, Wy denotes
the restriction to D+ of the canonical symplectic form wq on T*X.

Definition 1.24. A characteristic curve for D is an absolutely continuous curve t — \(t) € D+
that never intersects the zero section of D+ and that satisfies

A(t) € ker(@o(A()))

for almost every t. The projection of A(t) onto X, which is an horizontal curveﬁ for D, is called
a singular curve, and the corresponding characteristic an abnormal extremal lift of that curve.

With this definition, Theorem [4| can be reformulated as follows:

Singularities of subelliptic wave equations propagate only along usual null-bicharacteristics, and
also along abnormal extremal lifts of singular curves at speeds between 0 and 1.

Theorem [4] has consequences on the singularities of the wave kernel, which we now explain.
By the spectral theorem, for any ¢ € R, the self-adjoint operator

G(t) = A~Y2sin(tAY?)

Si.e., dm(A(t)) € Da(y) for almost every ¢, where 7 : T*X — X denotes the canonical projection.
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is a well-defined operator bounded on L?(X), in fact it maps L?(X) into the domain 2(A/?).
Together with the self-adjoint operator G'(t) = cos(tA'/?), this allows to solve the Cauchy

problem (|1.23]) by
u(t,r) = G (t)ug + G(t)u;.

For (ug,u1) € 2(AY?) x L*(X), we have u € C°(R; 2(AY?)) N C*(R; L*(X)). Then, the
Schwartz kernel K € D'(R x X x X) of G is defined by

Voe C%(X),  Kaltyo(z) = /X Ka(t, 2, 5)v(y)dy.

Theorem [4] implies the following inclusion.

Theorem 5: [Mel86], [Let21b]

We have

WE(Kg) C{(t,z,y,7.§—n) €ET"R x X x X)\ 0

) (1.26)
there is a null ray from (0, 7,y,n) to (¢,7,z,&)}.

In turn, we can deduce from Theorem [f the following corollary in the spirit of the trace
formula of Duistermaat and Guillemin [DGT5].

Corollary 1: [Let21Db]

Fix x,y € X with x # y. We denote by .Z the set of lengths of normal geodesics from z to
y and by T the minimal length of a singular curve joining x to y. Then ¥ : t — Kqg(t, x,y)
is well-defined as a distribution on (=T, T%), and

sing supp(¥) C0U L U —-Z.

Theorem [4 raises the following problem:

Is it really possible that singularities propagate along singular curves, and if yes, at which
speed?

Our next results answer this question.

1.4.2 Propagation along singular curves in the Martinet case
Let us consider the Martinet sub-Laplacian (see Example
A=X{+X;3

on R3, where
X1 =0, X :8y+x28z.

The Martinet half-wave equation is
10— V—Au=0 (1.27)

on Ry x R3, with initial datum u(t = 0) = uy.

We denote by Aj(u) the lowest eigenvalue of

—d% 4 (u+ 2?)? (1.28)
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over R, and we set

In the next result, the curve «y : t — (0,¢,0) plays a particular role. Indeed, it is one of the
simplest examples of singular curvesﬂ

Theorem 6: [CL21]

For any bounded union of intervals I, there exists U(t)ug solution of (1.27)) such that for
any t € R, we have

WF(U(t)ug) = {(0,,0; 0,0,\) € T*R3, A >0, y € tF'(I)} . (1.29)

In particular,
Sing Supp(U (t)uo) = {(0,y,0) € R?, y € tF'(I)}. (1.30)

Theorem [7] means that

singularities propagate along the singular curve (131)
at speeds given by F'(I). .

But the graph of F’, restricted to the interval p € (—10,10), is the following

T T T T T T T T T
-10.0 =75 =50 =25 0.0 2.5 5.0 75 10.0

and we have in particular:
Proposition 1.25. There holds F'(R) = [a,1) for some —1 < a < 0.

Together with (1.31]), and choosing I adequately, this implies the following informal state-
ment.

Theorem 7: [CL21]

Any value between 0 and 1 can be realized as a speed of propagation of singularities along
the singular curve ~.

This result is in strong contrast with the propagation of singularities along geodesics at speed
1 for wave equations with elliptic Laplacian.

"One can check that an abnormal extremal lift is given by £ = n = 0 and ¢ # 0, where £,7,¢ are the dual
variables of z,y, z.
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The proof of Theorem [7] can be summarized in a few lines. First, recalling that
“A= -2 (9, +2%0.)%,
we take the Fourier transform in the variables y, z (with dual variables n, {): we get the operator
Hy¢ = —dz + (n+2°¢)%.

Its lowest eigenvalue is denoted by «j, and the corresponding eigenfunction by v, ¢(x). For
F(@.y, 2) = Gy (@)eH 2 we have ~Af = ay f.
We make the following changes of variables: u = Cl%’ Yy e(x) = W(gl/%) and ap =
23N (). We get
(—=d3 + (+2°)*) g = M (1),

so that Ai(u) and ¢, are indeed the lowest eigenvalue and the corresponding eigenfunction of

(1.28). All in all, we deduce for any u,¢ € R a solution of ((1.27):

U.“ C(ta x,Y, Z) == eiitcl/:sF('u’) 6iy<1/3u+iz<¢u(<1/3$).

Making linear combinations of the previous solutions for different u, ( € R, we obtain a new
solution

(U (t)uo) (.9, 2) = //R Y () e Wiy, (6o dpd.

solution for fixed u, ¢

We choose Y € C*(R, [0, 1]) to be a truncation function: Y ({) =0 for ( <1 and Y (¢) =1 for
¢ = 2. The function ¢ will be specified a bit later.

We finally answer the question: How does this solution propagate ? Since the speed of
propagation is given by the group velocity, we differentiate the phase —CY/3(tF(u) — yp) + 2C
with respect to ¢ and pu.

e Differentiating with respect to (, we find that the critical points satisfy the relation z =
—%C‘z/‘g(tF(,u) — yu). Since singularities are created only in the regime where (71, the
speed in z is 0 (of course, these arguments are very rough and have to be justified).

e Differentiating now the phase with respect to u, we find that the critical points satisfy the
relation tF’'(u) = y. Therefore, the speed in y is F'(u), for p belonging to Support(¢).
Hence, we choose ¢ so that I = Support(¢).

This gives the intuition for Theorem [7] Mathematically, the above reasoning is justified by the
stationary phase method, see Chapter [6]

To conclude this section, let us mention that it might be possible to extend Theorem
to more general geometries, starting with non-flat Martinet metrics and non-flat quasi-contact
metrics, which are other examples where singular curves show up.

1.5 Main results on eigenfunctions of sub-Laplacians

1.5.1 Generalities about Quantum Limits

Our last series of results concerns eigenfunctions of sub-Laplacians in the high-frequency limit.
A typical problem is the description of their Quantum Limits (QL), i.e., the measures which
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are weak limits of a subsequence of squares of eigenfunctions. In the sequel, we denote by
Ay, a general sub-Laplacian of the form (|1.2)), since the notation A will denote a particular
sub-Laplacian (see ((1.40))).

Under the assumption , Ay, is hypoelliptic (see [Hor67]), and if moreover M is com-
pactﬂ then Ay, has a compact resolvent and there exists a sequence of (real-valued) eigen-
functions of —A, , associated to the eigenvalues in increasing order 0 = Ay < Ay < ... (with
A\j — +00 as j — +oc) which is orthonormal for the L?(M, p1) scalar product. Our main purpose
here is to describe the possible behaviours of the sequence of probability measures |¢|?dy when
(k) ken+ is a sequence of normalized eigenfunctions of —A, , with associated eigenvalue tending
to +o0, for particular sub-Laplacians A, ,, typically by describing its weak limits (in the sense
of duality with continuous functions).

There is a phase-space extension of these weak limits whose behaviour is also of interest. Let
us recall the following definition (see [Ger91al):

Definition 1.26. Let (ug)pen+ be a bounded sequence in L?>(M) and weakly converging to 0.
We call microlocal defect measure of (uy)ken+ any Radon measure v on S*M such that for any
a € (M), there holds

(Op(a)uo (ks Ug()) e S*MadV
for some extraction o. Here, (-,-) denotes the L?*(M, 1) scalar product, #°(M) is the space of
classical symbols of order 0, and Op(a) is the Weyl quantization of a (see Appendiz .

Microlocal defect measures are useful tools for studying the (asymptotic) concentration and
oscillation properties of sequences, and they are necessarily non-negative.

Definition 1.27. Given a sequence (¢r)ken= of eigenfunctions of —Ag,, with ||ok|l2(ar ) = 1,
we call Quantum Limit (QL) any microlocal defect measure of (¢k)ken--

Remark 1.28. Since for any k£ € N*, ¢ is normalized, any QL is a probability measure on
S*M.

Quantum Limits of Riemannian Laplacians.

Let us first state known properties of Quantum Limits in the case where A, , = A, is the
Laplace-Beltrami operator of a Riemannian manifold (M, g). It is known that any Quantum
Limit v of A, is then invariant under the geodesic flow exp(tﬁ ), where H denotes temporarily
the Hamiltonian vector field associated to (¢*)'/2: there holds exp(tH)v = 0 for any ¢t € R. To
see it, we note that for any sequence (¢ )gen+ consisting of normalized eigenfunctions of —Ag,
there holds

(exp(—it\/—Ay)Op(a) exp(ity/—Ag) ¢k, ¢r) 12 = (Op(a)pk, i) L2 (1.32)

for any ¢t € R, any & € N* and any classical symbol a € #%(M). It follows from Egorov’s
theorem that exp(—it\/—Ay)Op(a)exp(it\/—Ay) is a pseudodifferential operator of order 0
with principal symbol a o exp(tf-_f ), which in turn implies exp(tf-_f v =0.

Conversely, not any probability measure which is invariant under the geodesic flow is a
Quantum Limit. The description of all Quantum Limits of a given Riemannian manifold is
indeed a long-standing question. Over the years, a particular attention has been drawn towards
Riemannian manifolds whose geodesic flow is ergodic since in this case, up to extraction of a

8Note that we left the notation M of Section and came back to the notation M of Section
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density-one subsequence, the set of Quantum Limits is reduced to the Liouville measure, a phe-
nomenon which is called Quantum Ergodicity (see for example [Shn74], [Col85], [Zel87]). More
recently, the results [Ana0§| and [DJ18] gave more precise results in the negative curvature case,
using in the first case the notion of metric entropy and in the second one the fractal uncertainty
principle. For compact arithmetic surfaces, a detailed study of invariant measures lead to the
resolution of the Quantum Unique Ergodicity conjecture for these manifolds, meaning that the
extraction of a density-one subsequence in the Quantum Ergodicity result is even not necessary
for these particular manifolds ([Lin06]). In manifolds which have a degenerate spectrum, the set
of Quantum Limits is generally richer: see for example [Jak97] for the description of Quantum
Limits on flat tori or [ALM16] for the case of the disk. Also, the Quantum Limits of the sphere
S? equipped with its canonical metric have been fully characterized in [JZ96]. And Quantum
Ergodicity results have been also established on other mathematical objects such as quantum
graphs, see [Coll5].

Quantum Limits of sub-Laplacians

The structure and the invariance properties of the Quantum Limits of sub-Laplacians is more
complicated than that of Riemannian Laplacians. In the sequel, we make the identification

S*M = U*M U S% (1.33)

where S*M is the cosphere bundle (i.e., the sphere bundle of T*M), U*M = {g* = 1} is
a cylinder bundle and S, the sphere bundle of ¥, consists of the points at infinity of the
compactification of U*M. We also denote by exp(tg*) the sub-Riemannian geodesic flow, which
is the Hamiltonian flow of g*. Note that while working on U*M, it is equivalent to consider
exp(tg*) or exp(ts) where s = \/g*, since both flows coincide on U*M. Indeed, exp(t3) is the
flow which shows up from the application of Egorov’s theorem after the computation .

In comparison with the Riemannian case, the invariance of Quantum Limits of A, , under the
sub-Riemannian geodesic flow exp(tg*) is still true, but it does not say anything about the part
of the QL lying in ¥ since the geodesic flow is stationary at such points. Indeed, we note that the
above computation does not work anymore for general sub-Laplacians since /—Ay , is
not a pseudodifferential operator near its characteristic manifold 3, and hence Egorov’s theorem
does not apply. Therefore, it is interesting to determine other invariance properties for this part

of the QL.

In [CHT18|, Theorem BJ, it was proved that for any sub-Laplacian A, ,, any of its Quantum
Limit v can be decomposed as a sum v = Sy + (1 — B)vs of mutually singular probability
measures, where 1 is supported in the “elliptic part” U*M and is invariant under the sub-
Riemannian geodesic flow exp(tg*), and v is supported in S¥ (and its invariance properties
are far more difficult to establish, as will be seen below). It was also proved that for “most” QLs,
vy = 0, and therefore v, is the “main part” of the QL. The precise statement is the following.

Proposition 1.29. [CHT18, Theorem B] Let (pr)ren+ be an orthonormal Hilbert basis of
L%(M, u) consisting of eigenfunctions of —A,,, associated with the eigenvalues (Ag)gen+ la-

beled in increasing order. Let v be a QL associated with (pg)ren+. Using the identifica-

tion S*M = U*M U SY (see (1.33)), the probability measure v can be written as the sum
v =01+ (1 — B)vso of two mutually singular measures with vy, vs € P(S*M), 5 € [0,1] and

(1) v9(SXE) =0 and vy is invariant under the sub-Riemannian geodesic flow exp(tg*);

(2) voo is supported on SE.. Moreover, in the 3D contact case, v, is invariant under the lift
to SY of the Reeb ﬂowﬂ

9See [CHTIS] for a definition of the Reeb flow.
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Moreover, there exists a density-one sequence (ky)een of positive integers such that, if v is a QL
associated with a subsequence of (k¢)een, then the support of v is contained in SY, i.e., 5 =0
in the previous decomposition.

In [CHT1S], the authors also proved Weyl laws (i.e., results “in average” on eigenfunctions),
and Quantum Ergodicity properties (i.e., equidistribution of Quantum Limits under an ergod-
icity assumption) for 3D contact sub-Laplacians.

The Quantum Limits of H-type (or Heisenberg-type) sub-Laplacians were also implicitly
studied in [FE21] thanks to a detailed study of the Schrédinger flow. There are some relations
between the results of [FF21], which work for H-type sub-Laplacians, and our results, although
the precise statements are not the same and the techniques are totally different: semiclassical
analysis and non-commutative harmonic analysis for [FF21] (as in the third result of Section
versus joint spectral calculus for our work. We will come back to it in Chapter @

We end this section with the definition of joint microlocal defect measures, which is needed
to state our results in the next section.

Definition 1.30. Let (up)rens, (Vk)ken+ be bounded sequences in L*(M) such that uj and vy,
weakly converge to 0 as k — +o00. We call joint microlocal defect measure of (up)ken+ and
(vk)ken+ any Radon measure Vigint on S*M such that for any a € (M), there holds

(Op(a)ua(k) ) Ua(k)) k—>—+>oo . adyjomt

for some extraction o.

In case up = v for any k € N*, we recover the microlocal defect measures of Definition
Note that joint microlocal defect measures are not necessarily non-negative, and that joint
Quantum Limits (defined as joint microlocal defect measures of two sequences of eigenfunctions)
are not necessarily invariant under the geodesic flow, even in the Riemannian case.

1.5.2 Main results

Our results seek to describe the measure v, (see Proposition above) in other cases than
the 3D contact case handled in [CHTI§|. We restrict our attention to particular sub-Laplacians,
for which, despite their lack of ellipticity, techniques of joint (elliptic) spectral calculus apply
thanks to additional commutativity assumptions.

Let us fix sub-Laplacian Ay, given by (1.2) and denote by D the associated distribution.
We make the following assumption:

Assumption (A). There exist Z1,..., Z,, smooth global vector fields on M such that:

(i) At any point * € M where D, # T, M, the vector fields Z(z),..., Zy(x) complete D,
into a basis of T, M (in particular, they are independent);

(i) For any 1 <4,j < m, there holds [A, ,, Z;| = [Z;, Z;] = 0.

Assumption (A) is satisfied for example in the following cases:

e For Baouendi-Grushin-type sub-Laplacians, see Examples[I.3|and [[.I7] In this case, m =1
and Z1 = 0.

e For H-type sub-Laplacians, in particular for sub-Laplacians defined on the (2d + 1)-
dimensional Heisenberg group (see Example . In this case, the vector fields Z; form a
basis of the center of the associated Lie algebra.
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e For the Martinet sub-Laplacian, see Example [I.7] In this case, m =1 and Z; = 9,.

e For manifolds obtained as products of the previous examples (and associated sub-Laplacians
obtained by sum), since Assumption (A) is stable by product. For example, for the quasi-
contact sub-Laplacian 92 + (8, — x0,)? + 02,

Of course, in the above examples, M is not compact, but it is possible to take adequate quotients
and get sub-Laplacians defined on the quotients and still satisfying Assumption (A).

Let us introduce some notations of symplectic geometry. We denote by w the canonical
symplectic form on the cotangent bundle T*M of M. In local coordinates (q,p) of T*M, we

-

have w = dp A dg. Given a smooth Hamiltonian function h : T*M — R, we denote by h the
corresponding Hamiltonian vector field on T*M, defined by w(h,-) = —dh(-) (in other parts of
the manuscript, this Hamiltonian vector field is denoted by Hp, see Appendix . Given any
smooth vector field V' on M, we denote by hy the Hamiltonian function (momentum map) on
T*M associated with V', defined in local coordinates by hy(q,p) = p(V(q)). The Hamiltonian

flow exp(tl_iv) of hy projects onto the integral curves of V.

Quantum Limits under Assumption (A)

In all the sequel, we consider a sub-Laplacian A, satisfying Assumption (A). Let

P=P{L,...,m})

be the set of all subsets of {1,...,m}. We write ¥ as a disjoint union
o= J 2y (1.34)
JeP

where, for J € P, ¥ 7 is defined as the set of points (g, p) € ¥ with

(hz,(g,p) #0) < (j € T).

Note that (1.34) is a disjoint union and that the ¥ 7 are non-empty, thanks to point (i) in
Assumption (A) together with the fact that 7(X) = {x € M, D, # T, M} where 7 : T*M — M
is the canonical projection.

Our first main result on eigenfunctions states that it is possible to split any QL into several
pieces which can be studied separately, and which come from well-characterized parts of the
associated sequence of eigenfunctions.

The operator

m
E=-Ag,+ ZZ;ZJ
j=1
is elliptic. According to Assumption (A), the following decomposition holds:

L*(M) = @B Hapr,...m (1.35)

where, for any f € Hap,,..3,,, Wwe have

~Dguf=0f,  Z;Zif=Bif,  Ef=|a’+) 8| f
Jj=1
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The main idea is that there is a correspondance between the decomposition (|1.34]) of ¥ and
the decomposition ((1.35]) of L?(M) in the limit where o 4 Z;nzl sz — +00. Let us explain this
point. For n € N*, let x,, € C°(R, [0,1]) such that x,(z) =1 for |z| < 5 and x,(z) = 0 for
|z| > L. Then, for any J € P\ 0 and any n € N*, we consider

A= () o (%) T0 - (%), (1.30)

JjET

Similarly, we consider

PP = (1) <_AE9“) : (1.37)

These operators form a “microlocal partition of unity”, i.e., Tep PJ = 1. Moreover, we have
the following properties:

o If 7 # 0, then op(Py) — 1y, pointwise as n — +o0.
o If 7 =0, then op(PY) — 1y« pointwise as n — +o0.

Therefore, when applied to an (eigen)function, and as n — 400, the operators Py allow to cut
this function into small pieces whose “microlocalization” is known. These ideas are close to those
of [Col79, Theorem 0.6], which deals with the joint spectrum of commuting pseudodifferential
operators whose sum of squares is elliptic.

Therefore, the following result is not a surprise.

Theorem 8:

Let Ay, satisfy Assumption (A). We assume that (¢ )ren+ is a normalized sequence of
eigenfunctions of —A, , with associated eigenvalues A\; — 400. Then, up to extraction
of a subsequence, one can decompose

=00+ > 97 (1.38)
TEPVD)

with the following properties:
e The sequence (@)ren+ has a unique Quantum Limit v;

e For any J € P and any k € N*| ‘ij is an eigenfunction of —A, ,, with eigenvalue
Ak;

e Using the identification S*M = U*M U SX (see (1.33)), the sequence (gog)keN*
admits a unique microlocal defect measure S1?, where g € [0,1], v? € 2(5*M)
and 1?(SX) = 0, and, for any J € P\ {0}, the sequence (¢ )ren+ also admits a
unique microlocal defect measure v, having all its mass contained in S¥. 7;

e For any J # J' € P, the joint microlocal defect measure of the sequences (gokj )keN~
and (gp‘,z "ren+ vanishes. As a consequence,

v=p3"+ Z v/ (1.39)
JeP\{0}

and the sum in ((1.39)) is supported in SX.
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In this statement, we separated the emptyset from the other subsets 7 € P\{0} to emphasize
on the concentration of % on U*M, while the rest of the measure v in is supported in
SY.. This is purely artificial, since one could have included B into the sum over J. Besides,
the notation 1? used above corresponds to the notation vy in [CHTIS] (see Proposition m

above): we changed it to get a unified notation for the different parts of the QL, namely P and
J
v,

Products of flat contact sub-Laplacians

Our second main result gives much more information on Quantum Limits, but it works only for
a very specific family of sub-Laplacians, which in particular satisfy Assumption (A). In order to
define these sub-Laplacians, let us first recall the definition of the 3D Heisenberg group. This
definition is not exactly the same as in Example (with d = 1), but these two definitions yield
isomorphic groups. Endow R? with the product law

(z,y,2)* (@,y, ) = (@ + 2" y+¢, 2+ 2 —2y).
With this law, H = (R3,%) is a Lie group, which is isomorphic to the group of matrices
—z

y |, v,y,2z€R

1
0
0 1

o~ 8

endowed with the standard product law on matrices.

‘We consider the left quotient H = F\ﬁ where I' = (v/277Z)? x 277 is a cocompact subgroup
of H (meaning that H is compact). Note that H is not homeomorphic to T? x S! since its
fundamental group is I'. The vector fields on H

X =0, and Y =0, — 20,

are left invariant, and we consider Ag = X2 + Y2 the associated sub-Laplacian (here j is the
Lebesgue measure p = drdydz and (X,Y) is orthonormal for g).

Then, we consider the product manifold H™ and the associated sub-Laplacian A for some
integer m > 2, that is

A=Ag® (1)1 +Ide Ag ® Id)™ 2+ ... + (1)*" ! ® Ay, (1.40)

which is a second-order pseudodifferential operator. Below, we give an expression (1.41]) for A
which is more tractable.

Note that these sub-Laplacians are not contact sub-Laplacians (in the sense of Example|1.5]):
they are products of 3D Heisenberg sub-Laplacians.

In the sequel, we fix once for all an integer m > 2.

Remark 1.31. If (¢ )ren+ denotes an orthonormal Hilbert basis of L2(H) consisting of eigen-
functions of —Apyy, then

{‘Pk1®-~®§0kzm | kl,...,kmEN*}

is an orthonormal Hilbert basis of L2(H™) consisting of eigenfunctions of —A. However, there
exist orthonormal Hilbert bases of L?(H™) which cannot be put in this tensorized form.
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In order to give a precise statement of our second main result on eigenfunctions, it is necessary
to introduce a decomposition of the sub-Laplacian A defined by (1.40). Taking coordinates
(x,v;,2;) on the j-th copy of H, we can write

A= (X7+YD) (1.41)

Jj=1

with X; = 0, and Y; = 9, — x;0,,. We note that A satisfies Assumption (A) (for Z; = 9, for
j=1,...,m). In other words, the operator

m
E=-A+> 777
j=1

is elliptic.

Let us briefly describe ¥ (defined by (1.5))) for the sub-Laplacian A. Denoting by (g, p) the
canonical coordinates in T*H™, i.e., ¢ = (1,91, 21, -+, Tm, Ym, 2m) and D = (Day, Pyrs Dars - - -
D s Dym > Pzm )» We Obtain that

%= {(q,p) € T"H™ | Pz; =Py, — Tjpz; = 0 for any 1 < j < m},

which is isomorphic to H™ x R™. Above any point ¢ € H™, the fiber of X is of dimension m,
and therefore, above any point ¢ € H™, S¥. consists of an (m — 1)-dimensional sphere.

For 1 < j < m, we consider the operator R; = 8;,"],82]. and we make a Fourier expansion
with respect to the zj-variable in the j-th copy of H. On the eigenspaces corresponding to
non-zero modes of this Fourier decomposition, we define the operator €1; = —R;lAj = —AjR]71
where A; = X? + sz. For example, —A acts as

— A=) R;Q, (1.42)
j=1

on any eigenspace of —A on which R; # 0 for any 1 < j < m.

The operator €2;, seen as an operator on the j-th copy of H, is an harmonic oscillator, having
in particular eigenvalues 2n + 1, n € N (see [CHT18| Section 3.1]). Moreover, the operators €;
(considered this time as operators on H™) commute with each other and with the operators R;.

Instead of the simple decomposition ([1.35) with respect to the Z; (or, here, the R;), our
second result requires a decomposition of L?(H™) with respect to the operators R; and ;. This
decomposition is not easy to write down, and we postpone the full details to Chapter [7], but we
explain here the guiding lines.

Thanks to Theorem it is possible to fix J € P and to focus only on <p;€7 (with the notations
of this theorem). We decompose the action of —A on functions microlocalized in this part of
the phase space as a sum of the operators

> wjR;
JjeT

where w; accounts for the eigenvalue of €2;. Any of these first-order operators, is proportional
to an operator of the form
R7 =) siR;

jeJ
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where s = (s;)jes is in the simplex

S7= s:(sj)ER‘Z, Zsjzl
JjeT

This encourages us to introduce, for s € S 7,

pd (q.p) = (op(Rs)) s, (1.43)

where op denotes the principal symbol (see Appendix . These Hamiltonians are homogeneous
of degree 1, and they replace /g* (see around ((1.32))) in the invariance properties of the QLs.

Indeed, we will prove that v, introduced in Proposition belongs to the set (see the
footnotelﬂ for the notations)

= {I/OO = Z vwoe P(STH™), v :/ ngQJ(s),
TeP\{0} S
where Q7 € . #,(Sy), vJ € Z(S*H™), (1.44)

vJ (S*H™ \ S¥7) = 0 and, for Q7-almost any s € S , ¥ v = 0}

In a few words, (|1.44)) means that any measure vy, € HPgy is supported in S, and that its

invariance properties are given separately on each set SX 7 (for J € P\ {0}). Its restriction to

any of these sets, denoted by v7, can be disintegrated with respect to Sz, and for any s € Sz,
. . T . .. . tﬁj

there is a corresponding measure vy which is invariant under the flow e'’s .

Our second main result on eigenfunctions is the following;:

Theorem 9: [Let20al

Let (¢r)ren+ be an orthonormal Hilbert basis of L?(H™) consisting of eigenfunctions
of —A associated with the eigenvalues (Ag)gen+ labeled in increasing order. Let v be
a Quantum Limit associated to the sequence (pg)ren+. Then, using the identification
, we can write v as the sum of two mutually singular measures v = 3 0+ (1-8)vso,
with 12, v, € 2(S*H™), B € [0,1] and

(1) v%(S¥) = 0 and +? is invariant under the sub-Riemannian geodesic flow e'9";
(2) Voo € Pss.

Moreover, there exists a density-one sequence (k¢)een of positive integers such that, if v
is a QL associated with a subsequence of (k¢)sen, then the support of v is contained in
S, i.e., 8 =0 in the previous decomposition.

The reason why we consider here only orthonormal bases is to give a sense to the density-one
subsequence of the last part of the statement. However, the first part of the statement is true
for any sequence of normalized eigenfunctions of —A with eigenvalues tending to +oo.

0The notation .#4(FE) (respectively Z2(E)) denotes the set of non-negative Radon measures (respectively
Radon probability measures) on a given separated space E. The notation S¥ 7 designates the set of points (g, p)
of S¥ which have null (homogeneous) coordinate p., for any ¢ ¢ J and non-null p,; for j € J. Note that this set
is, in general, neither open nor closed.
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Note that Theorem@ holds for any orthonormal Hilbert basis of L?(H™) consisting of eigen-
functions of —A, and not only for the bases described in Remark

The converse of Theorem [9 holds too, in the following sense:

Theorem 10:

Let vy € Pgy. Then vy is a Quantum Limit associated to some sequence of normalized
eigenfunctions of —A with eigenvalues tending to +o0.

Theorem [L0] and Point (2) of Theorem [J] serve as substitutes to Point (2) of Proposition [1.29]
for the sub-Laplacians A on H™. Together, Theorem [9] and Theorem [10] yield a classification of
(nearly) all Quantum Limits of A.

The particular geometry of the QLs of A. As already recalled, the QLs of Riemannian
Laplacians are invariant under the geodesic flow: in some sense, this means that for any (z,&) €
T*M, the QL near (z,&) “is invariant in the direction given by £”. The above Proposition m
for 3D contact sub-Laplacians, and the result of [FF21, Theorem 2.10(ii)(2)] for H-type groups
extend this intuition to these sub-Laplacians. But Theorems[9]and [10]show that such a property
is not true for any sub-Laplacian: there exist QLs of A and points (x,£) € H™ such that the
QL near (z,¢) is not invariant in the direction &, but in some other direction of the cotangent
bundle (parametrized by s € S). This fact will be highlighted again along the proof of Theorem
1

The next chapters present our works [Let200, [LS20, [FL21), |Let21Y, [CL21), |[Let20d]. The pre-
sentation may very occasionally differ from the versions published (or submitted for publication).
To keep each chapter as self-contained as possible, we kept within these chapters nearly all re-
minders and comments, even when they were slightly redundant with the information already
provided in the introduction. In each chapter, the concluding section provides “supplementary
material”, which corresponds to appendices in the original preprints.
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INTRODUCTION



Chapter 2

Subelliptic wave equations are never
observable

“Un bon controle, c’est la moitié d’un but.”
Michel Platini.

This chapter is adapted from [Let20b]. Its main object is the proof of Theorem[1]

Contents

2.1 Introductionl . .. ... ... i e e e 44
1. ettingl . . . . . .. 44
212 Manresultl . . .. . ... 45
2.1.3  Ideas of the proof|. . . . . . . . .. ... 46
2.1.4  Normal geodesics| . . . . . . . . . . . 48
2.1.5 Observability in some regions of phase-space| . . . .. .. ... ... .. 49
2.1.6  Comments on the existing literature] . . . . . . . .. ... ... .. 50
[2.1.7  Organization of the chapterf . . . . . .. .. ... .. ... . ... ... 52

2.2 Gaussian beams along normal geodesics|. . . . .. ... ... ..... 53
2.2.1  Construction of sequences of approximate solutions|. . . . . . . .. . .. 53
12.2.2  Construction of sequences of exact solutionsin M| . ... ... .. ... 57

2.3 Existence of spiraling normal geodesics| . . . ... ........... 58
[2.3.1 Nilpotent approximation|. . . . . . . . . .. ... ... ... ..., 58
12.3.2  Reduction to the nilpotent casel . . . . . . . ... ... oL 60
12.3.3  End of the proof ot Proposition [2.17 . . . . . .. ... .. ... ... .. 62
R4 Proofd . ... ... e 65
2471 Proofof TheoremP.2 . . . . . ... .. ... .. . .. . ... ... 65
[2.4.2  Proof of Corollary [2.4] . . . . .. .. ... ... . 65
2.4.3  Proof of Theorem 2111 . . . . . . . . .. .. ... ... ... .. ..... 66
2-A Supplementary materiall . ... ... ... ... 00000000 69
2-A.1 Proof of Proposition[2.12} . . . . . . .. ... ... ... ... ..., 69
[2-A.2 Proof of (249 . . . . . . . . .. 73

43



44 CHAPTER 2. SUBELLIPTIC WAVE EQUATIONS ARE NEVER OBSERVABLE

It is well-known that observability (and, by duality, controllability) of the elliptic wave
equation, i.e., with a Riemannian Laplacian, in time Tpy is almost equivalent to the Geometric
Control Condition (GCC), which stipulates that any geodesic ray meets the control set within
time Tp. We show that in the subelliptic setting, GCC is never verified, and that subelliptic wave
equations are never observable in finite time. More precisely, given any subelliptic Laplacian
A =—-3"", XX, on amanifold M, and any measurable subset w C M such that M\w contains
in its interior a point ¢ with [X;, X;](q) ¢ Span(Xi, ..., X;,) for some 1 < i,j < m, we show
that for any Ty > 0, the wave equation with subelliptic Laplacian A is not observable on w in
time Tp.

The proof is based on the construction of sequences of solutions of the wave equation con-
centrating on geodesics (for the associated sub-Riemannian distance) spending a long time in
M\w. As a counterpart, we prove a positive result of observability for the wave equation in the
Heisenberg group, where the observation set is a well-chosen part of the phase space.

2.1 Introduction

2.1.1 Setting

Let n € N* and let M be a smooth connected compact manifold of dimension n with a non-
empty boundary OM. Let p be a smooth volume on M. We consider m > 1 smooth vector
fields X1, ..., X,, on M which are not necessarily independent, and we assume that the following
Hormander condition holds (see [Hor67]):

The vector fields X1, ..., X,, and their iterated brackets [X;, X;], [X;, [X;, Xi]], etc. span the
tangent space T,M at every point ¢ € M.

We consider the sub-Laplacian A defined by
A== X7X; =) X7+ divy (X)X,
i=1 i=1

where the star designates the transpose in L?(M, ) and the divergence with respect to p is
defined by Lxp = (div,X)u, where Ly stands for the Lie derivative. Then A is hypoelliptic
(see [Hor67, Theorem 1.1]).

We consider A with Dirichlet boundary conditions and the domain D(A) which is the com-
pletion in L*(M, i) of the set of all u € C°(M) for the norm ||(Id — A)ul[z2. We also consider
the operator (—A)% with domain D((—A)%) which is the completion in L?(M, 1) of the set of
all w € C(M) for the norm [|(Id — A)2u| 2.

Consider the wave equation

O2u—Au=0 in (0,7) x M
u=0 on (0,T) x OM, (2.1)
(U\tzo,atu\tzo) = (up,u1)

where T > 0. It is well-known (see for example [GRI5, Theorem 2.1], [EN99, Chapter II, Section
6]) that for any (ug,u1) € D((—A)%) x L?(M), there exists a unique solution

we C0,T; D((—A)2)) N CL(0,T; LA(M)) (2.2)

to (2.1) (in a mild sense).
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We set )
sR 2 2
o= ([ 1980 Pauta) ) (2.3
where, for any ¢ € C*°(M),

Vg =Y (Xig) X
=1

is the horizontal gradient. Note that V! is the formal adjoint of (—div,,) in L?(M, u), and that
A = div, o V¥R, Note also that [[v]|3 = [[(—A)20[| 12(ar-

The natural energy of a solution is

Bult, ) = 5 (100t, ) By + It 0.

If u is a solution of ([2.1)), then

d

—FE(u(t,-)) =0
 plu(t, ) =0,

and therefore the energy of v at any time is equal to

2 2 2
[[(uos u)l5gu 2 = luollf + llurllzear -
In this chapter, we investigate exact observability for the wave equation (2.1]).

Definition 2.1. Let Ty > 0 and w C M be a p-measurable subset. The subelliptic wave equation
(2.1)) is exactly observable on w in time Ty if there exists a constant Cr,(w) > 0 such that, for

any (up,u1) € D((—A)%) x L?(M), the solution u of satisfies
To
| [ 1ote)Pautaya > Cnl o) (2.4)

2.1.2 Main result
Our main result is the following.

Theorem 2.2. Let Ty > 0 and let w C M be a measurable subset. We assume that there exist
1 < 4,7 < m and q in the interior of M\w such that [X;, X;|(¢) ¢ Span(Xi(q),...,Xm(q)).
Then the subelliptic wave equation (2.1)) is not exactly observable on w in time Tp.

Consequently, using a duality argument (see Section [2.4.2)), we obtain that exact controlla-
bility does not hold either in any finite time.

Definition 2.3. Let Ty > 0 and w C M be a measurable subset. The subelliptic wave equation
[2.1) is exactly controllable on w in time Ty if for any (ug,u1) € D((—=A)2) x L2(M), there
exists g € L*((0,Ty) x M) such that the solution u of

OZu— Au=1yg in (0,Ty) x M
u=0 on (0,Tp) x OM, (2.5)
(U)=05 Oruj—0) = (uo,u1)

satisfies u(Tp, ) = 0.

Corollary 2.4. Let Ty > 0 and let w C M be a measurable subset. We assume that there exist
1 < 4,5 < m and q in the interior of M\w such that [ X;, X;](¢q) ¢ Span(Xi(q),...,Xm(q)).
Then the subelliptic wave equation (2.1)) is not exactly controllable on w in time Ty.
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In what follows, we denote by D the set of all vector fields that can be decomposed as linear
combinations with smooth coeflicients of the X;:

D = Span(Xy,..., X)) CTM.

D is called the distribution associated to the vector fields X1,...,X,,. For ¢ € M, we denote
by D, C T;M the distribution D taken at point gq.

The assumptions of Theorem are satisfied as soon as the interior U of M \ w is non-
empty and D has constant rank < n in U. Indeed, under these conditions, we can argue by
contradiction: assume that for any ¢ € U and any 1 < 4,j < m, there holds [X;, X;](q) €
Span(X1(q),...,Xm(¢)) = Dy. Then we have [D,D] C D in U, ie., D is involutive. By
Frobenius’s theorem, D is then completely integrable, which contradicts Hérmander’s condition.

The following examples show that the assumptions of Theorem are also satisfied in some
non-constant rank cases:

Example 2.5. In the Baouendi-Grushin case, for which X; = 0, and Xy = 210,, are vector
fields on (—1,1),, x T,, where T = R/Z, the corresponding sub-Laplacian A = X? + X2
(here, p = dx1dxy for simplicity) is elliptic outside of the singular submanifold S = {z; =
0}. Therefore, the corresponding subelliptic wave equation is observable on any open subset
containing S (with some finite minimal time of observability, see [BLR92]), but according to
Theorem it is not observable in any finite time on any subset w such that the interior of
M \ w has a non-empty intersection with S.

Example 2.6. In the Martinet case, the vector fields are X; = 05, and X3 = 0,, + .’E%am on
(—1,1)4, X Ty, x Ty, and the corresponding sub-Laplacian is A = X2+ X2 (again, u = dv1drodrs
for simplicity). Then, we have [X7, Xs] = 2x10,,. The only points at which this bracket belongs
to the distribution Span(X7j, X3) are the points for which z; = 0. Since this set of points has
empty interior, the assumptions of Theorem are satisfied as soon as M \ w has non-empty
interior.

Remark 2.7. The assumption of compactness on M is not necessary: we may remove it, and
just require that the subelliptic wave equation in M is well-posed. It is for example the
case if M is complete for the sub-Riemannian distance induced by Xy, ..., X, since A is then
essentially self-adjoint ([Str80]).

Remark 2.8. Theorem remains true if M has no boundary. In this case, the equation
is well-posed in a space slightly smaller than : a condition of null average has to be
added since non-zero constant functions on M are solutions of , see Section m The
observability inequality of Theorem remains true in this space of solutions: anticipating the
proof, we notice that the spiraling normal geodesics of Proposition still exist (since their
construction is purely local), and we subtract to the initial datum ulg of the localized solutions
constructed in Proposition m their spatial average [ M ulgdu.

Remark 2.9. Thanks to abstract results (see for example [Mill12]), Theorem [2.2| remains true
when the subelliptic wave equation ([2.1]) is replaced by the subelliptic half-wave equation Oyu +
iv/ —Awu = 0 with Dirichlet boudary conditions.

2.1.3 Ideas of the proof

In the sequel, we call “normal geodesic”lﬂ the projection on M of a bicharacteristic (parametrized
by time) for the principal symbol of the wave equation (2.1). We will give a more detailed

IThis terminology is common in sub-Riemannian geometry, and it is justified by the fact that we can naturally
associate to the vector fields X1i,..., X,, a metric structure on M for which these projected paths are geodesics,
see [Mon02].
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definition in Section 2.1.4
The proof of Theorem mainly requires two ingredients:

1. There exist solutions of the free subelliptic wave equation ([2.1)) whose energy concentrates
along any given normal geodesic;

2. There exist normal geodesics which “spiral” around curves transverse to D, and which
therefore remain arbitrarily close to their starting point on arbitrarily large time-intervals.

Combining the two above facts, the proof of Theorem [2.2|is straightforward (see Section [2.4.1)).
Note that the first point follows from the general theory of propagation of complex Lagrangian
spaces, while the second point is the main novelty of this work.

Since our construction is purely local (meaning that it does not “feel” the boundary and
only relies on the local structure of the vector fields), we can focus on the case where there is
a (small) open neighborhood V' of the origin O such that V' C M\w, and [X;, X;](O) ¢ Do for

some 1 < 7,5 < m. In the sequel, we assume it is the case.

Let us give an example of vector fields where the spiraling normal geodesics used in the
proof of Theorem are particularly simple. We consider the three-dimensional manifold with
boundary M; = (—1,1)z, X Ty, X Ty,, where T = R/Z ~ (—1,1) is the 1D torus. We endow
M; with the vector fields X; = 0, and Xy = 0y, — 10z,. This is the “Heisenberg manifold
with boundary”. We endow M; with an arbitrary smooth volume p. The normal geodesics we
consider are given by

x1(t) = esin(t/e)
x2(t) = ecos(t/e) — ¢ (2.6)
x3(t) = e(t/2 — esin(2t/e)/4).

They spiral around the x3 axis 1 = z2 = 0.

Here, one should think of € as a small parameter. In the sequel, we denote by x. the normal
geodesic with parameter €.

Clearly, given any Ty > 0, for ¢ sufficiently small, we have z.(t) € V for every ¢t € (0,Tp).
Our objective is to construct solutions u* of the subelliptic wave equation (2.1)) such that
| (uk, u¥)||2xr2 = 1 and the energy of u*(t,-) concentrates outside of an open set V; containing
ze(t), ie.,

/M w (\&suk(t,x)‘z + |V5Ruk(t,;p)’2) du(z)

tends to 0 as k — 400 uniformly with respect to ¢t € (0,7p). As a consequence, the observability
inequality ([2.4) fails.

The construction of solutions of the free wave equation whose energy concentrates on geodesics
is classical in the elliptic (or Riemannian) case: these are the so-called Gaussian beams, for
which a construction can be found for example in [Ral82]. Here, we adapt this construction to
our subelliptic (sub-Riemannian) setting, which does not raise any problem since the normal
geodesics we consider stay in the elliptic part of the operator A. It may also be directly justified
with the theory of propagation of complex Lagrangian spaces (see Section .

In the case of general vector fields Xi,...,X,,, the existence of spiraling normal geodesics
also has to be justified. For that purpose, we first approximate X, ..., X,, by their nilpotent
approzimations, and we then prove that for the latters, such a family of spiraling normal geodesics
exists, as in the Heisenberg case.
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2.1.4 Normal geodesics

In this section, we explain in more details what normal geodesics are. As said before, they are
natural extensions of Riemannian geodesics since they are projections of bicharacteristics.

We denote by Sii (T*((0,T) x M)) the set of polyhomogeneous symbols of order m with
compact support and by \Ifg}lg(((), T) x M) the set of associated polyhomogeneous pseudodiffer-
ential operators of order m whose distribution kernel has compact support in (0,7") x M (see
Appendix [A)).

Weset P =03 — A€ \Ilf)hg((O, T) x M), whose principal symbol is

p?(th)x7§) = _T2 + g*(l"f)

with 7 the dual variable of ¢t and g* the principal symbol of —A. For & € T*M, we have (see
Appendix
g = Z W
i=1

Here, given any smooth vector field X on M, we denoted by hyx the Hamiltonian function
(momentum map) on T*M associated with X defined in local (x,{)-coordinates by hx(z,&) =
§(X ().

In T*(R x M), the Hamiltonian vector field ﬁm associated with py is given by ﬁpz f=Aps, }
where {-,-} denotes the Poisson bracket (see Appendix . Since ﬁmpg = 0, we get that po is
constant along the integral curves of H,,. Thus, the characteristic set C(p2) = {p2 = 0} is
preserved by the flow of ﬁm. Null-bicharacteristics are then defined as the maximal integral
curves of ﬁm which live in C(p2). In other words, the null-bicharacteristics are the maximal
solutions of )

t(S) = _2T(S>7
(s) = Veg™(x(s),£(s5))
7(s) =0, (2.7)
(
2

8

£(s) = —Vag*(2(s),£(s))
72(0) = g*((0),£(0)).
This definition needs to be adapted when the null-bicharacteristic meets the boundary M, but
in the sequel, we only consider solutions of on time intervals where z(t) does not reach
oM.
In the sequel, we take 7 = —1/2, which gives g*(z(s),£(s)) = 1/4. This also implies that
t(s) = s+ to and, taking ¢ as a time parameter, we are led to solve

i(t) = Veg (@(t), €(1)),
Et) = —Vag*(a(t), (1)) (2.8)
g"(2(0), £(0)) = L.

In other words, the ¢t-variable parametrizes null-bicharacteristics in a way that they are traveled
at speed 1.

Remark 2.10. In the subelliptic setting, the co-sphere bundle S*M can be decomposed as
S*M = U*M U SX, where U*M = {g* = 1/4} is a cylinder bundle, ¥ = {¢* = 0} is the
characteristic cone and S¥ is the sphere bundle of ¥ (see [CHT18|, Section 1]).

We denote by ¢; : S*M — S*M the (normal) geodesic flow defined by ¢+ (xo, &) = (z(t), (1)),
where (x(t),£(t)) is a solution of the system given by the first two lines of and initial con-
ditions (z9,&o). Note that any point in S¥ is a fixed point of ¢;, and that the other normal
geodesics are traveled at speed 1 since we took g* = 1/4 in U*M (see Remark .
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The curves z(t) which solve (2.8) are geodesics (i.e. local minimizers) for a sub-Riemannian
metric g (see [Mon02, Theorem 1.14]).

2.1.5 Observability in some regions of phase-space

We have explained in Section [2.1.3|that the existence of solutions of the subelliptic wave equation
concentrated on spiraling normal geodesics is an obstruction to observability in Theorem
Our goal in this section is to state a result ensuring observability if one “removes” in some
sense these normal geodesics.

For this result, we focus on a version of the Heisenberg manifold described in Section [2.1.3]
which has no boundary. This technical assumption avoids us using boundary microlocal defect
measures in the proof, which, in this sub-Riemannian setting, are difficult to handle. As a
counterpart, we need to consider solutions of the wave equation with null initial average, in
order to get well-posedness.

We consider the Heisenberg group G, that is R? with the composition law
(w1, T2, w3) % (2, 25, 25) = (x1 + 2, 22 + 75, 3 + 2% — 2125).

Then X; = 0y, and X9 = 0, — 210, are left invariant vector fields on G. Since I' =
V217 x \2w7 x 217 is a co-compact subgroup of G, the left quotient My = I'\G is a compact
three dimensional manifold and, moreover, X7 and X5 are well-defined as vector fields on the
quotient. We call My endowed with the vector fields X; and X5 the “Heisenberg manifold
without boundary”. Finally, we define the Heisenberg Laplacian Ay = X? + X2 on My. Since

[X1, X2] = —0s,, it is a hypoelliptic operator. We endow My with an arbitrary smooth volume
L.
We introduce the space
L(Q): {uo GLQ(MH), / uQ d,uzO}
Mg

and we consider the operator Ay whose domain D(A) is the completion in L3 of the set of all
u € C°(Mpy) with null-average for the norm ||(Id — Ag)ul|z2. Then, —Ap is definite positive

and we consider (—AH)% with domain D((—AH)%) = Ho := L3 N H(Mpy). The wave equation

{ O2u—Apgu=0 in R x My (2.9)

()t=0, Oruy—0) = (uo,u1) € D((~Am)?) x L3

admits a unique solution u € CY(R; D((—AH)%)) N CY(R; L3).

We note that —Aj is invertible in L2. The space H is endowed with the norm ||ul|3; (defined
in and also equal to H(—AH)%uHLz), and its topological dual H{, is endowed with the norm
leallrgy = 11(=2) "2l 2.

We note that ¢g*(z,¢) = €2 + (£ — 21£3)? and hence the null-bicharacteristics are solutions

of .
i1(t) = 261, §1(t) = 283(&2 — 7183),

=2
To(t) = 2(&2 — 2183), &(t) =0, (2.10)
i3(t) = —221(& — 11&3),  &(t) =0.

The spiraling normal geodesics described in Section correspond to &£ = cos(t/e)/2, & =0
and & = 1/(2¢). In particular, the constant &3 is a kind of rounding number reflecting the fact

=2
=2
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that the normal geodesic spirals at a certain speed around the x3 axis. Moreover, £3 is preserved
under the flow (somehow, the Heisenberg flow is completely integrable), and this property plays
a key role in the proof of Theorem [2.11] below and justifies that we state it only for the Heisenberg
manifold (without boundary).

As said above, normal geodesics corresponding to a large momentum &3 are precisely the ones
used to contradict observability in Theorem We expect to be able to establish observability
if we consider only solutions of whose &3 (in a certain sense) is not too large. This is the
purpose of our second main result.

Set )
Vo= {9 e Tatu sl > L)

Note that since &3 is constant along null-bicharacteristics, V. and its complementary VS are
invariant under the bicharacteristic equations (2.10)).

In the next statement, we call horizontal strip the periodization under the action of the
co-compact subgroup I' of a set of the form

{(z1,22,23) : (21,22) € [0,V2m)?, w3 € I}
where [ is a strict open subinterval of [0, 27).

Theorem 2.11. Let B C My be an open subset and suppose that B is sufficiently small, so
that w = Mg\ B contains a horizontal strip. Let a € Sghg(T*MH), a = 0, such that, denoting
by j: THw — T* My the canonical injection,

J(T*w) UV, C Supp(a) C T*My,

and in particular a does not depend on time. There exists k£ > 0 such that for any € > 0 and
any T > ke~ !, there holds

T
CIu0),000(0)) Byygy < [ 1(O8@00,0pu) 1ol dt + [(00)-0u(OD g, (21D

for some C = C(g,T) > 0 and for any solution u € CO(R;D((—AH)%)) N CYR; L) of (2.9).

The term H(uo,ul)H%Qﬂ{6 in the right-hand side of cannot be removed, i.e. our
statement only consists in a weak observability inequality. Indeed, the usual way to remove such
terms is to use a unique continuation argument for eigenfunctions ¢ of A, but here it does not
work since Op(a)ep = 0 does not imply in general that ¢ = 0 in the whole manifold, even if
the support of a contains j(T*w) for some non-empty open set w: in some sense, there is no
“pseudodifferential unique continuation argument”.

2.1.6 Comments on the existing literature

Elliptic and subelliptic waves. The exact controllability /observability of the elliptic wave
equation is known to be almost equivalent to the so-called Geometric Control Condition (GCC)
(see [BLRO2|) that any geodesic enters the control set w within time 7. In some sense, our
main result is that GCC is not verified in the subelliptic setting, as soon as M\w contains in
its interior a point x at which A is “truly subelliptic”. For the elliptic wave equation, in many
geometrical situations, there exists a minimal time 7y > 0 such that observability holds only for
T > Ty: when there exists a geodesic 7 : (0,7y) — M traveled at speed 1 which does not meet
w, one constructs a sequence of initial data (u’é, u’f) ren+ of the wave equation whose associated
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microlocal defect measure is concentrated on (xg, &) € S*M taken to be the initial conditions for
the null-bicharacteristic projecting onto . Then, the associated sequence of solutions (u*)gen=
of the wave equation has an associated microlocal defect measure v which is invariant under the
geodesic flow: ﬁpu = 0 where ﬁp is the Hamiltonian flow associated to the principal symbol p
of the wave operator. In particular, denoting by 7 : T*M — M the canonical projection, m,v
gives no mass to w since + is contained in M \ @, and this proves that observability cannot hold.

In the subelliptic setting, the invariance property ﬁpl/ = 0 does not give any information on
v on the characteristic manifold 3, since ﬁp = —270; + g* vanishes on X. This is related to the
lack of information on propagation of singularities in this characteristic manifold, see the main
theorem of [Las82|. If one instead tries to use the propagation of the microlocal defect measure
for subelliptic half-wave equations, one is immediately confronted with the fact that v/—A is
not a pseudodifferential operator near X.

This is why, in this chapter, we used only the elliptic part of the symbol ¢g* (or, equivalently,
the strictly hyperbolic part of ps), where the propagation properties can be established, and
then the problem is reduced to proving geometric results on normal geodesics.

Subelliptic Schrédinger equations. The recent article [BS19] deals with the same ob-
servability problem, but for subelliptic Schrédinger equations: namely, the authors consider
the (Baouendi)-Grushin Schrédinger equation idu — Agu = 0, where u € L*((0,T) x Mg),
Mg = (-1,1); x T, and Ag = 92 + $28§ is the Baouendi-Grushin Laplacian. Given a con-
trol set of the form w = (—1,1),; x wy, where w, is an open subset of T, the authors prove
the existence of a minimal time of control £(w) related to the maximal height of a horizontal
strip contained in Mg\w. The intuition is that there are solutions of the Baouendi-Grushin
Schrodinger equation which travel along the degenerate line x = 0 at a finite speed: in some
sense, along this line, the Schrédinger equation behaves like a classical (half)-wave equation.
What we want here is to explain in a few words why there is a minimal time of observability for
the Schrodinger equation, while the wave equation is never observable in finite time as shown

by Theorem [2.2]

The plane Riy endowed with the vector fields 0, and z0, also admits normal geodesics
similar to the 1-parameter family ¢., namely, for ¢ > 0,

x(t) = esin(t/e)
y(t) = e(t/2 — esin(2t/e) /4)

These normal geodesics, denoted by ~., also “spiral” around the line x = 0 more and more
quickly as ¢ — 0, and so we might expect to construct solutions of the Baouendi-Grushin
Schrédinger equation with energy concentrated along 7., which would contradict observability
when € — 0 as above for the Heisenberg wave equation.

However, we can convince ourselves that it is not possible to construct such solutions: in
some sense, the dispersion phenomena of the Schrodinger equation exactly compensate the
lengthening of the normal geodesics 7. as € — 0 and explain that even these Gaussian beams
may be observed in w from a certain minimal time £(w) > 0 which is uniform in e.

To put this argument into a more formal form, we consider the solutions of the bicharacteristic
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equations for the Baouendi-Grushin Schrodinger equation i0;u — Agu = 0 given by

x(t) = esin(&yt)

) =, (5 - )
&2(t) = &y cos(&yt)

fy(t) =&y

It follows from the hypoellipticity of Ag (see [BS19l Section 3] for a proof) that

&2 S V=D = (|6 + 22E )Y = elg, .

Therefore €2|¢,| > 1, and hence |y(t)| 2 t, independently from ¢ and &,. This heuristic gives the
intuition that a minimal time £(w) is required to detect all solutions of the Baouendi-Grushin
Schodinger equation from w, but that for Ty > L£(w), no solution is localized enough to stay in
M\w during the time interval (0,75). Roughly speaking, the frequencies of order £, travel at
speed ~ &, which is typical for a dispersion phenomenon. This picture is very different from the
one for the wave equation (which we consider in this chapter) for which no dispersion occurs.

With similar ideas, in [LS20], the interplay between the subellipticity effects measured by
the non-holonomic order of the distribution D (see Section and the strength of dispersion
of Schrodinger-type equations was investigated. More precisely, for A, = 02 + |:L"|278§ on M =
(—=1,1)z x Ty, and for s € N, the observability properties of the Schrodinger-type equation
(i0r — (—=A4)®)u = 0 were shown to depend on the value x = 2s/(y + 1). In particular it is
proved that, for k < 1, observability fails for any time, which is consistent with the present result,
and that for k = 1, observability holds only for sufficiently large times, which is consistent with
the result of [BS19]. The results of [LS20] are somehow Schrdodinger analogues of the results of
IBCG14] which deal with a similar problem for the Baouendi-Grushin heat equation.

General bibliographical comments. Control of subelliptic PDEs has attracted much atten-
tion in the last decade. Most results in the literature deal with subelliptic parabolic equations,
either the Baouendi-Grushin heat equation ([Koel7|, [DK20], [BDE20]) or the heat equation
in the Heisenberg group ([BCIT], see also references therein). The paper [BS19| is the first to
deal with a subelliptic Schrédinger equation and the present work is the first to handle exact
controllability of subelliptic wave equations.

A slightly different problem is the approzimate controllability of hypoelliptic PDEs, which has
been studied in [LL20] for hypoelliptic wave and heat equations. Approximate controllability is
weaker than exact controllability, and it amounts to proving “quantitative” unique continuation
results for hypoelliptic operators. For the hypoelliptic wave equation, it is proved in [LL20] that
for T' > 2sup,¢r(dist(z,w)) (here, dist is the sub-Riemannian distance), the observation of the
solution on (0,7) x w determines the initial data, and therefore the whole solution.

2.1.7 Organization of the chapter

In Section we construct exact solutions of the subelliptic wave equation ([2.1) concentrating
on any given normal geodesic. First, in Section we show that, given any normal geodesic
t — x(t) which does not hit M in the time interval (0,7"), it is possible to construct a sequence
(vg)ken of approzimate solutions of whose energy concentrates along ¢ — x(t) during the
time interval (0,7) as k — ~+o0o. By “approximate”, we mean here that 9%vj, — Avy, is small, but
not necessarily exactly equal to 0. In Section we provide a first proof for this construction
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using the classical propagation of complex Lagrangian spaces. An other proof using a Gaussian
beam approach is provided in Sectionm Then, in Section using this sequence (vg)gen,
we explain how to construct a sequence (uy)ren of ezact solutions of (92 — A)u = 0 in M with
the same concentration property along the normal geodesic t — x(t).

In Section we prove the existence of normal geodesics which spiral in M, spending an
arbitrarily large time in M\w. These normal geodesics generalize the example described in
Section for the Heisenberg manifold with boundary. The proof proceeds in two steps: first,
we show that it is sufficient to prove the result in the so-called “nilpotent case” (Section ,
and then we prove it in the nilpotent case (Section .

In Section 2.4.1] we use the results of Section and Section to conclude the proof
of Theorem In Section we deduce Corollary by a duality argument. Finally, in
Section [2.4.3] we prove Theorem [2.11

2.2 Gaussian beams along normal geodesics

2.2.1 Construction of sequences of approximate solutions

We consider a solution (z(t),&(t))ejo,r) of (2.8) on M. We shall describe the construction of
solutions of
O2u— Au=0 (2.12)

on [0,7] x M with energy

1

Bu(t) =5 [ (0u(t.2)? + 1V u(t,0)?) du(o)

concentrated along x(t) for t € [0,7]. The following proposition, which is inspired by [Ral82]
and [MZ02], shows that it is possible, at least for approximate solutions of (2.12)).

Proposition 2.12. Fiz T > 0 and let (x(t),&(t))iejo,r) be a solution of (2.8) (in particular
g*(2(0),£(0)) = 1/4) which does not hit the boundary OM in the time-interval (0,T). Then
there exist ag,v € C?((0,T) x M) such that, setting, for k € N,

vp(t, ) = ki tag(t, z)e*®Ho)
the following properties hold:
e vy is an approximate solution of (2.12)), meaning that

_1
HE),?tvk — AkaLl((O,T);Lz(M)) < Ck™2. (2.13)

e The energy of vy is bounded below with respect to k and t € [0,T]:

JA > 0,Vt €[0,7], liminf E(v(t,-)) > A. (2.14)

k—+4o0

e The energy of vy is small off x(t): for any t € [0,T], we fix Vi an open subset of M for
the initial topology of M, containing x(t), so that the mapping t — Vi is continuous (V; is
chosen sufficiently small so that this makes sense in a chart). Then

sup/ (]atvk(t,x)\Q—k|V3Rvk(t,x)|2)d,u(x) — 0. (2.15)
te0, 7] J M\V; k—+o00
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Remark 2.13. The construction of approximate solutions such as the ones provided by Propo-
sition [2.12] is usually done for strictly hyperbolic operators, that is operators with a principal
symbol p,, of order m such that the polynomial f(s) = pn(t,q,s,&) has m distinct real roots
when £ # 0 (see for example [Ral82]). The operator 93 — A is not strictly hyperbolic because g*
is degenerate, but our proof shows that the same construction may be adapted without difficulty
to this operator along normal bicharacteristics. This is due to the fact that along normal bichar-
acteristics, 02 — A is indeed strictly hyperbolic (or equivalently, A is elliptic). It was already
noted by [Ral82] that the construction of Gaussian beams could be done for more general oper-
ators than strictly hyperbolic ones, and that the differences between the strictly hyperbolic case
and more general cases arise while dealing with propagation of singularities. Also, in [HorQ7b,
Chapter 24.2], it was noticed that “since only microlocal properties of ps are important, it is
easy to see that hyperbolicity may be replaced by Veps # 0”.

Hereafter we provide two proofs of Proposition [2.12] The first proof is short and is actu-
ally quite straightforward for readers acquainted with the theory of propagation of complex
Lagrangian spaces, once one has noticed that the solutions of which we consider live in the
elliptic part of the principal symbol of —A. For the sake of completeness, and because this also
has its own interest, we provide in Section [2-A.1|a second proof, longer but more elementary and
accessible without any knowledge of complex Lagrangian spaces; it relies on the construction of
Gaussian beams in the subelliptic context. The two proofs follow parallel paths, and indeed, the
computations which are only sketched in the first proof are written in full details in the second
proof, given in Section [2-A.1

First proof of Proposition[2.12 The construction of Gaussian beams, or more generally of a
WKB approximation, is related to the transport of complex Lagrangian spaces along bicharac-
teristics, as reported for example in [HorO7bl, Chapter 24.2] and [Ivr19), Volume I, Part I, Chapter
1.2]. Our proof follows the lines of [Hor07bh, pages 426-428].

A usual way to solve (at least approximately) evolution equations of the form
Pu=0 (2.16)

where P is a hyperbolic second order differential operator with real principal symbol and C'*°
coefficients is to search for oscillatory solutions

vp(2) = k1 ag(z)e™*V @), (2.17)

In this expression as in the rest of the proof, we suppress the time variable ¢. Thus, we use
x = (xg,21,...,2,) where xg = ¢ in the earlier notations, and we set «’ = (1, ..., 2,). Similarly,
we take the notation £ = (&,&1,...,&,) where § = 7 previously, and & = (&,...,&,). The
bicharacteristics are parametrized by s as in , and without loss of generality, we only consider
bicharacteristics with z(0) = 0 at s = 0, which implies in particular xo(s) = s because of our
choice 72(s) = g*(x(s),£(s)) = 1/4.

Taking charts of M, we can assume M C R". The precise argument for reducing to this case
is written at the end of Section Also, in the sequel, P = 9% — A.

Plugging the Ansatz into , we get
Pop = (k1T Ay + kT Ay + ki1 Ag)e™? (2.18)
with
Ai(z) = pa (2, Vi (2)) ao(x)
Ay(z) = Lag(x)
As(z) = 0Zag(z) — Aag(z).
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and L is a transport operator given by

apz 8&0 1 8217ZJ

In order for v; to be an approximate solution of P, we are first led to cancel the higher order

term in (2.18)), i.e.,

f(@) = pa, Vob()) = 0 (2.20)
which we solve for initial conditions
P(0,2") = tpo(a’), Vipp(0) = &'(0) and  4p(0) =0 (2.21)

(i.e., we fix such a 1)g, and then we solve for ¢)). Indeed, it will be sufficient for our purpose
for to be verified at second order along the curve z(s), i.e., DS f(z(s)) = 0 for any || < 2
and any s. For that, we first notice that the choice Vi)(z(s)) = &(s) ensures that holds
at orders 0 and 1 along the curve s — z(s) (see Section for detailed computations). Now,
we explain how to choose D?)(z(s)) adequately in order for to hold at order 2.

We use the decomposition of po into

pa(z0, 7', §0,€") = —(§o — r(2",§)) (&0 + r(,€)) + R(2',£)

where r = /¢g* in a conic neighborhood of (0,£(0)). Note that 1/¢g* is smooth in small conic
neighborhoods of (0,£(0)) since ¢g*(0,£(0)) = 1/4 # 0. Indeed, ¢g* is elliptic along the whole
bicharacteristic since g*(z(t),£&(t)) = 1/4 is preserved by the bicharacteristic flow. The rest term
R(2',¢') is smooth and microlocally supported far from the bicharacteristic, i.e., R(z',&") = 0
for any (2/,¢&") € T*M in a conic neighborhood of (2/(s),£(s)) for s € [0,T].

We consider the bicharacteristic 4 starting at (0,0, 7(0,£'(0)),£'(0)) and the bicharacteristic
v— starting at (0,0, —r(0,£(0)),£'(0)).

We denote by ®*(zg,y’, ') the solution of the Hamilton equations with Hamiltonian H. (xg, 2, &) =
& F r(2,¢) and initial datum (2/,¢') = (y/,n') at xp = 0. In other words, ®*(zo,v’,n’) =
emo s (0,9',7'). Then, for any s, ®(s,-) is well-defined and symplectic from a neighborhood of
(0,£'(0)) to a neighborhood of Hi(s 0 §’( ).

The solution (s, -) of (| and is equal to 0 on v+ and Vi (s, -) is obtained by the
transport of the values of Vz/JO by CIDi( ) In other words, to compute Vi) (s, -), one transports
the Lagrangian sub-space Ag = {(2/, V¢o(x’ ))} along the Hamiltonian flow H. during a time s,
which yields Ay C T*M, and then, if possible, one writes A; under the form {(z’, V1 (s,2'))},
which gives V,1(s,2’). The trouble is that the solution is only local in time: when z’ —
m(®F (s, 2", Vapg(z'))) ceases to be a diffeomorphism (conjugate point), where 7 : T*M — M is
the canonical projection, we see that the process described above does not work (appearance of
caustics). In the language of Lagrangian spaces, Ag = {(2, Vipo(2'))} € T*M is a Lagrangian
subspace and, since ®*(s,-) is a symplectomorphism, A, = ®*(s, Ag) is Lagrangian as well. If
A, is a local diffeomorphism, one can locally describe Ay by Ag = {(z/, Vurti(s,2’))} € T*M
for some function ¥ (s, -), but blow-up happens when rank(dm, ) < n (classical conjugate point
theory), and such a (s, -) may not exist.

However, if the phase 1 is complex, quadratic, and satisfies the condition Im(D?3) > 0,
where D?1)y denotes the Hessian, no blow-up happens, and the solution is global in time. Let
us explain why. Indeed, Ao = {(2/, Vipo(2))} then lives in the complexification of the tangent
space T*M, which may be thought of as C2"*+1). We take coordinates (y,n) on T*R"*! or
T*C"*! and we consider the symplectic forms defined by o = 3 dyj Ndn; and oc = ) dy; /\dinj.
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Because of the condition Im(D?g) > 0, Ag is called a “strictly positive Lagrangian space”
(see [HorO7h, Definition 21.5.5]), meaning that ioc(v,v) > 0 for v in the tangent space to Ao.
For any s, the symplectic forms o and oc are preserved by ®(s,-), meaning that ®(s,-).0c = o
and ®(s,)oc = oc, therefore ¢ = 0 on the tangent space to Ag, and ioc(v,v) > 0 for v
tangent to A;. It precisely means that Ag is also a strictly positive Lagrangian space. Then,
by [HorO7bl Proposition 21.5.9], we know that there exists (s, ) complex and quadratic with
Im(D%y(s,-)) > 0 such that Ay = {(2/, Vatb(s,2’))} (to apply [HorO7b, Proposition 21.5.9],
recall that for ¢(2') = (Aa’,2'), there holds V(') = Az’). In other words, the key point in
using complex phases is that strictly positive Lagrangian spaces are parametrized by complex
quadratic phases ¢ with Im(D?¢) > 0, whereas real Lagrangian spaces were not parametrized
by real phases (see explanations above). This parametrization is a diffeomorphism from the
Grassmannian of strictly positive Lagrangian spaces to the space of complex quadratic phases
with ¢ with Im(D?¢) > 0. Hence, the phase

U(s,y) = Varb(x(s)) - (y' — 2'(s)) + %(y' —a'(s)) - D3p(s, 2 (s))(y' —2'(5))

for s € [0, 7] and 3y € R™ is smooth and for this choice, (2.20) is satisfied at second order along
s — x(s) (the rest R(z', &) plays no role since it vanishes in a neighborhood of s — x(s)).

Then, we note that Ay vanishes along the bicharacteristic if and only if Lag(z(s)) = 0 (see
also [Hor07b, Equation (24.2.9)]). According to (2.19), this turns out to be a linear transport
equation on ag(z(s)), with leading coefficient V¢pa(x(s),£(s)) different from 0. Given a # 0 at
(t = 0,2 = 2/(0)), this transport equation has a solution ag(z(s)) with initial datum a, and,
by Cauchy uniqueness, ag(z(s)) # 0 for any s. We can choose ag in a smooth (and arbitrary)
way outside the bicharacteristic. We choose it to vanish outside a small neighborhood of this
bicharacteristic, so that no boundary effect happens.

With these choices of 1) and ag, the bound ([2.13]) then follows from the following result whose
proof is given in [Ral82, Lemma 2.8].

Lemma 2.14. Let c¢(z) be a function on R™™ which vanishes at order S — 1 on a curve T for
some S > 1. Suppose that Supp ¢ N {|xo| < T} is compact and that Im (z) > ad(z)? on this
set for some constant a > 0, where d(x) denotes the distance from the point x € R to the
curve I'. Then there exists a constant C such that

[orlror
0|

Let us now sketch the end of the proof, which is given in Section [2-A.1|in full details. We
apply Lemma 2.14to S = 3, ¢ = A; and to S =1, ¢ = Ag, and we get

2
de < Ck—5—1/2,

1070k — Avgll L 0,702y < Ck™2 + k™2 + k7Y,

which implies (2.13)). The bounds (2.14)) and (2.15) follow from the facts that Im(D?(s,-)) > 0
and v (z) = k1~ tag(x)eV (@), O

Remark 2.15. An interesting question would be to understand the delocalization properties
of the Gaussian beams constructed along normal geodesics in Proposition Compared with
the usual Riemannian case done for example in [Ral82], there is a new phenomenon in the
sub-Riemannian case since the normal geodesic z(t) (or, more precisely, its lift to S*M) may
approach the characteristic manifold ¥ = {g* = 0} which is the set of directions in which A is not
elliptic. In finite time T as in our case, the lift of the normal geodesic remains far from X, but it
may happen as T' — 400 that it goes closer and closer to 3. The question is then to understand
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the link between the delocalization properties of the Gaussian beams constructed along such a

normal geodesic, and notably the interplay between the time 7" and the semi-classical parameter
1/k.

2.2.2 Construction of sequences of exact solutions in M

In this section, using the approximate solutions of Proposition[2.2.1] we construct ezact solutions
of (2.12) whose energy concentrates along a given normal geodesic of M which does not meet
the boundary M during the time interval [0, 7).

Proposition 2.16. Let (z(t),{(t))icp0,1] be a solution of in M (in particular g*(z(0),£(0)) =
1/4) which does not meet OM. Let 6 € C°(]0,T] x M) with 6(t,-) = 1 in a neighborhood of x(t)
and such that the support of (t,-) stays at positive distance of OM.

Suppose (v)ken 1S constructed along x(t) as in Proposition and uy s the solution of
the Cauchy problem

(02 — A)up, =0 in (0,T) x M,
up =0 in (0,T) x OM,
Uk|t=0 = (‘%k)u:m atuk|t:0 = [3t(90k)]|t=0-

Then:

e The energy of uy is bounded below with respect to k and t € [0,T):

JA > 0,Vt € [0,T], liminf E(uk(t,-)) = A. (2.22)

k—+o0

o The energy of ug is small off x(t): for any t € [0,T], we fir V; an open subset of M for
the initial topology of M, containing z(t), so that the mapping t — V; is continuous (Vy is
chosen sufficiently small so that this makes sense in a chart). Then

sup/ (|8tuk(t,$)|2+]VSRuk(t,x)|2)du(x) — 0. (2.23)
te[0,7] J M\ V; k—+o00

Proof of Proposition[2.16. Set hy = (0% — A)(6vy). We consider wy, the solution of the Cauchy
problem
(03 — A)wy, = hy, in (0,T) x M,
wp =0 in (0,T) x OM, (2.24)
(Wi|t=0, Orwpji=0) = (0,0).

Differentiating F(wg(t,)) and using Gronwall’s lemma, we get the energy inequality

S[l(l]pT]E(wk(ta ))<C (E(wk(O, )+ Hhk”Ll(o,T;L2(M))) .
telo,

Therefore, using (2.13), we get sup;c(o 7] E(wi(t, ")) < Ck~!. Since u = vy — wy, we obtain
that

lim E(ug(t,-)) = lim E((Qvg)(t,-)) = lim E(vg(t,-))

k—+o00 k—4o00 k—+o0

for every t € [0,7T] where the last equality comes from the fact that 6 and its derivatives are
bounded and ||vg||;2 < Ck~! when k — +o0. Using (2.14)), we conclude that (2.22) holds.
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To prove (2.23)), we observe similarly that

sm>/ (10ug(t, 2))* + |VRu(t, 2)|?) du(z)
te[0,T7] J M\Vi

< C sup < / (10vr(t, 2)* + [V ok (¢, 2)|?) du(w)) +Ck73
1\

tel0,T

— 0

as k — 400, according to (2.15). It concludes the proof of Proposition m O

2.3 Existence of spiraling normal geodesics

The goal of this section is to prove the following proposition, which is the second building block
of the proof of Theorem after the construction of localized solutions of the subelliptic wave

equation (2.1)) done in Section
We say that X, ..., X,, satisfies the property (P) at ¢ € M if the following holds:

(P) For any open neighborhood V' of q, for any Ty > 0, there exists a non-stationary normal
geodesic t — x(t), traveled at speed 1, such that x(t) € V' for any t € [0, Tp].

Proposition 2.17. At any point ¢ € M such that there exist 1 < i,j < m with [X;, X;](q) € Dy,
property (P) holds.

In Section we define the so-called nilpotent approximations )?f ..., X% at a point
q € M, which are first-order approximations of X1i,...,X,, at ¢ € M such that the associated
Lie algebra Lie()?lq ,...,X%) is nilpotent. Roughly, we have )?Zq ~ X;(q), but low order terms
of X;(q) are not taken into account for defining )?Zq , so that the high order brackets of the )?Zq
vanish (which is not generally the case for the X;). These nilpotent approximations are good
local approximations of the vector fields X1,..., X,,, and their study is much simpler.

The proof of Proposition [2.17]splits into two steps: first, we show that it is sufficient to prove
the result in the nilpotent case (Section [2.3.2)), then we handle this simpler case (Section [2.3.3]).

2.3.1 Nilpotent approximation

In this section, we recall the construction of the nilpotent approximations )?f oo, X3, The
definitions we give are classical, and the reader can refer to [ABB19, Chapter 10] and |Jeald,
Chapter 2] for more material on this section. This construction is related to the notion of
tangent space in the Gromov-Hausdorff sense of a sub-Riemannian structure (M, D, g) at a point
q € M; the tangent space is defined intrinsically (meaning that it does not depend on a choice
of coordinates or of local frame) as an equivalence class under the action of sub-Riemannian
isometries (see [Bel96], [Jeald]).

Sub-Riemannian flag. We define the sub-Riemannian flag as follows: we set D = {0},
D! =D, and, for any j > 1, DI*! = DJ 4 [D, D). For any point ¢ € M, it defines a flag
{0}=D)cD}cC...cD; ' ¢ D' =T,M.

The integer r(q) is called the non-holonomic order of D at ¢, and it is equal to 2 everywhere
in the Heisenberg manifold for example. Note that it depends on ¢, see Example 2.5 in Section
(the Baouendi-Grushin example).
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For 0 < i < r(q), we set ni(g) = dim D}, and the sequence (n;(q))o<i<r(q) is called the growth

vector at point q. We set Q(q) = Z:iql) i(ni(q) — ni—1(q)), which is generically the Hausdorff
dimension of the metric space given by the sub-Riemannian distance on M (see [Mit85]). Finally,
we define the non-decreasing sequence of weights w;(q) for 1 < i < n as follows. Given any
1 < < n, there exists a unique 1 < j < n such that nj_1(¢) +1 <@ < nj(q). We set w;(q) = j.
For example, for any ¢ in the Heisenberg manifold, wi(q) = w2(q) = 1 and w3(q) = 2: indeed,
the coordinates x; and xy have “weight 17, while the coordinate x3 has “weight 2” since 0,
requires a bracket to be generated.

Regular and singular points. We say that ¢ € M is regular if the growth vector
(n:(q'))o<i<r(qy at ¢’ is constant for ¢’ in a neighborhood of ¢. Otherwise, ¢ is said to be
singular. If any point ¢ € M is regular, we say that the structure is equiregular. For example,
the Heisenberg manifold is equiregular, but not the Baouendi-Grushin example.

Non-holonomic orders. The non-holonomic order of a smooth germ of function is given
by the formula

ordy(f) =min{s € N: iy, ... ,i5 € {1,...,m} such that (X;, ... X;, f)(q) # 0}

where we adopt the convention that min() = +oo.

The non-holonomic order of a smooth germ of vector field X at ¢, denoted by ord,(X), is
the real number defined by

ordg(X) =sup{o € R:ordy(X f) > o+ ordy(f), VfeC®(q)}.

For example, there holds ord,([X,Y]) > ord,(X) +ord,(Y) and ord,(fX) > ord,(f)+ ordy(X).
As a consequence, every X which has the property that X (¢') € Dz, for any ¢’ in a neighborhood
of ¢ is of non-holonomic order > —i.

Privileged coordinates. Locally around ¢ € M, it is possible to define a set of so-called
“privileged coordinates” of M (see [Bel96]).

A family (Z1,...,Z,) of n vector fields is said to be adapted to the sub-Riemannian flag at
q if it is a frame of T, M at ¢ and if Z;(q) € D;Ui(q) for any ¢ € {1,...,n}. In other words, for
any i € {1,...,7(q)}, the vectors Z1,...,Z, ) at ¢ span Dfl.

A system of privileged coordinates at ¢ is a system of local coordinates (z1,...,z,) such
that

ordy(z;) = w;, for 1 <i<n. (2.25)

In particular, for privileged coordinates, we have 0,, € Df]’”(q)\Df]” i(a)-1

privileged coordinates are adapted to the flag.

at ¢, meaning that

Example: exponential coordinates of the second kind. Choose an adapted frame
(Z1,...,2Zy) at q. It is proved in [Jealdl Appendix B] that the inverse of the local diffeomorphism

(T1,...,xn) > exp(x1Z1) 0 - - 0 exp(znZn)(q)

defines privileged coordinates at ¢, called exponential coordinates of the second kind.

Dilations. We consider a chart of privileged coordinates at ¢ given by a smooth mapping
Yy : U — R™, where U is a neighborhood of ¢ in M, with ¢4(q) = 0. For every ¢ € R\{0}, we
consider the dilation J. : R™ — R™ defined by

de(w) = (5wi(q)x1, e ,5“’"(‘1)1’”)
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for every x = (z1,...,2,). A dilation J. acts also on functions and vector fields on R™ by pull-
back: 0¥ f = fod. and 6* X is the vector field such that (6 X)(8* f) = 6*(X f) for any f € C1(R™).
In particular, for any vector field X of non-holonomic order k, there holds 6 X = ekX.

Nilpotent approximation. Fix a system of privileged coordinates (z1,...,x,) at ¢. Given
a sequence of integers a = (aq, ..., ay,), we define the weighted degree of z® = z7" ... 28" to be
w(a) = wi(q)ar + ... + wy(q)ay,. Coming back to the vector fields X1, ..., X,,, we can write
the Taylor expansion

Xi(z) ~ ) o, a0y, (2.26)
a7j

Since X; € D, its non-holonomic order is necessarily —1, hence there holds w(«a) > wj(q) — 1 if
aq,j # 0. Therefore, we may write X; as a formal series

X=x"V4+ x4+ x|
where Xi(s) is a homogeneous vector field of degree s, meaning that
5 (W) X[ = & () X[,

We set )A(Zq = (wq)*Xi(*l) for 1 < i < m. Then )A(Zq is homogeneous of degree —1 with respect
to dilations, i.e., 6* X = e 1 X! for any € # 0. Each X! may be seen as a vector field on R”
thanks to the coordinates (x1,...,z,). Moreover,

XY = lim 67 (1), X;

in C* topology: all derivatives uniformly converge on compact subsets. For € > 0 small enough
we have
X5 =0k (q)«Xi = X! +eR;

where RS depends smoothly on ¢ for the C*° topology (see also [ABB19, Lemma 10.58]). An

important property is that ()?f, e ,ng) generates a nilpotent Lie algebra of step r(q) (see
[Jealdl, Proposition 2.3]).

The nilpotent approximation of Xi,...,X,, at ¢ is then defined as M? ~ R" endowed
with the vector fields )?f ....,X%. Tt is important to note that the nilpotent approximation
depends on the initial choice of privileged coordinates. For an explicit example of computation
of nilpotent approximation, see [Jeald, Example 2.8].

2.3.2 Reduction to the nilpotent case

In this section, we show the following

Lemma 2.18. Let X1,...,X,, be smooth vector fields on M satisfying Hormander’s condition,
and let ¢ € M. If the property (P) holds at point 0 € R™ for the nilpotent approximation
Xi,..., X}, then the property (P) holds at point q for X1,..., Xpm.

Note that the above lemma is true for any nilpotent approximation )?f ., X% at g, ie.,
for any choice of privileged coordinates (see Section [2.3.1)).

Proof of Lemma[2.18, We use the notation hy for the momentum map associated with the vector
field Z (see Section [2.1.4). We use the notations of Section in particular the coordinate
chart 1),.
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We set Y; = (1¢)«X; and X; = €07Y; which is a vector field on R™. Recall that
X5 = )A(Zq +eR;

where R; depends smoothly on ¢ for the C'*° topology. Therefore, using the homogeneity of X 4
we get, for any € > 0,

1 ~ ~
“(0):XF = Z(8)+ (XY + eR5) = XY+ (80). . (2.27)

&=
I
[
—
=)
L)
~—r
*
%
I

The vector field (0.)«R5(x) does not depend on ¢ and has a size which tends uniformly to 0

as © — 0 € M7 ~ R". Recall that the Hamiltonian H associated to the vector fields X 7is given
by

Similarly, we set

m
H=> hi,.
=1

We note that (2.27) gives

Hence

=2 hyhy,=H+8, (2.28)

where © is a smooth vector field on T*R™ such that
[(dm 0 ©)(x,&)|| < C|lz (2.29)

when ||z|| — 0 (independently of ¢) where 7 : T*R™ — R" is the canonical projection. This last
point comes from the smooth dependence of R on ¢ for the C* topology (uniform convergence
of all derivatives on compact subsets of R™).

Given the projection of an integral curve c(-) of H, we denote by ¢(+) the projection of
the integral curve of H with same initial covector. Combining (2.28) and (2.29), and using

Gronwall’s lemma, we obtain the following result:

Fix Ty > 0. For any neighborhood V' of 0 in R", there exists another neighborhood V' of 0
such that if ¢jp ) C V7, then ¢ 1) C V.

Therefore, if the property (P) holds at 0 € R™ for )?f ...., X%, then it holds also at 0 € R"
for the vector fields Y7,...,Y,,.

Using that X; = ¢;Y;, we can pull back the result to M and obtain that the property (P)
holds at point ¢ for X1, ..., X,,, which concludes the proof of Proposition [2.1 O

Thanks to Lemma it is sufficient to prove the property (P) under the additional as-
sumption that

M C R"™ and Lie(Xy,...,X,,) is nilpotent. (2.30)

In all the sequel, we assume that this is the case.
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2.3.3 End of the proof of Proposition [2.1
Let us finish the proof of Proposition Our ideas are inspired by [AGO1l, Section 6].

First step: reduction to the constant Goh matrix case. We consider an adapted frame
Y1,...,Y, at g. We take exponential coordinates of the second kind at ¢: we consider the inverse
1 of the diffeomorphism

(T1,...,zp) — exp(z1Y1) ... exp(z,Yy)(q).

Then we write the Taylor expansion ([2.26) of Xj,...,X,, in these coordinates. Thanks to
Lemma [2.18] we can assume that all terms in these Taylor expansions have non-holonomic order
—1. We denote by &; the dual variable of x;. We use the notations nq,ns,... introduced in

Section and we make a strong use of ([2.25]).

Claim 1. If a normal geodesic (z(t),£(t))ter has initial momentum satisfying &, (0) = 0 for
any k > ng + 1, then £ = 0 for any k > n; + 1, and in particular & = 0 for any k > ng + 1.

Proof. We write

Xj(x)zzaij(x)ax“ j=1,...,m
i=1

where the a;; are homogeneous polynomials. We have

. 2
S -3 (Z%m&) | (2.31)
=1

m
=1

Let k > ng + 1, which means that xj; has non-holonomic order > 3. If a;;(z) depends on xy,
then necessarily i > n3+1, since a;j(x)0,, has non-holonomic order —1. Thus, writing explicitly
& = _ngEZ thanks to , there is in front of each term a & for some ¢ which is in particular
> ng + 1. By Cauchy uniqueness, we deduce that & = 0 for any k& > no + 1.

Now, let k& > n; + 1, which means that zj; has non-holonomic order > 2. If a;;(z) depends
on xy, then necessarily i > ng + 1, since a;j(2)0,, has non-holonomic order —1. Thus, writing
explicitly & = —g—g: thanks to (2.31)), there is in front of each term a &; for some ¢ which is

> no + 1. It is null by the previous conclusion, hence fk =0. O

The previous claim will help us reducing the complexity of the vector fields X; once again
(after the first reduction provided by Lemma [2.18]). Let us consider, for any 1 < j < m, the
vector field

ng
X5 =" ay(2)0s, (2.32)
=1

where the sum is taken only up to ny. We also consider the reduced Hamiltonian on 7" M
m
2
g:ed - Z hX§Ed'
=1

Claim 2. Tf X1ed ... Xred gatisfy Property (P) at ¢, then Xi,. .., X,, satisfy Property (P)
at gq.
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Proof. Let us assume that X4 ... X' gsatisfy Property (P) at ¢. Let Tp > 0 and let
(z7°d£(0), £°44(0)) be initial data for the Hamiltonian system associated to g%, which yield
speed 1 normal geodesics (z7°4¢(t), €74¢(¢)) such that x7°4¢(¢t) — ¢ uniformly over (0,7p) as
e—0.

We can assume without loss of generality that {red °(0) = 0 for any i > ng + 1, since these

momenta (preserved under the reduced Hamiltonian evolution) do not change the projection
274 (1) of the normal geodesic. We consider (2°(0),£%(0)) = (z"%4(0), £°4(0)) as initial data
for the (non-reduced) Hamiltonian evolution associated to ¢g*. Then we notice that £ = 0 for

k > ng + 1 thanks to Claim 1. It follows that when i < ng, we have z5(t) = a:reds(t), i.e., the
coordinate x; is the same for the reduced and the non-reduced Hamiltonian evolution.

Finally, we take k such that no + 1 < k < n3. Since g* is given by ([2.31]), we have

8 *
&5 = 8—2 = 22% (Z ai;(z &) . (2.33)

But ay; has necessarily non-holonomic order 2 since d,, has non-holonomic order —3. Thus,

apj(x) is a non-constant homogeneous polynomial in x1,...,Z,,. Since zi,...,z;, converge to

q uniformly over (0,7p) as € — 0, it is also the case of x} according to (2.33)), noticing that

n
> aij(af
=1

for any j. In other words, x4, ...

| < @2 =172

, Ty, also converge to ¢ uniformly over (0,7p) as € — 0.
We can repeat this argument successwely forke {ns+1,...,n4}, k €{ng+1,...,n5}, etc,
and we finally obtain the result: for any 1 < k < n, zj, converges to ¢ uniformly over (0,7p) as

e — 0. ]

Thanks to the previous claim, we are now reduced to prove Proposition for the vector

fields X {ed, ..., X4 In order to keep notations as simple as possible, we simplify these notations
into X1,...,X,,, i.e., we drop the upper notation “red”. Also, without loss of generality we

assume that ¢ = 0.

If we choose our normal geodesics so that 2(0) = 0, then z; = 0 for any ¢ > ng + 1 thanks
to (2.32). In other words, we forget the coordinates x,,+1, ..., %, in the sequel, since they all
vanish

Second step: conclusion of the proof. Now, we write the normal extremal system in its
“control” form. We refer the reader to [ABB19, Chapter 4]. We have

() =Y ui(t)Xi(z(t)), (2.34)

ui(t) = hx, (x(t),(1))- (2.35)

ZNote that this is the case only because we are now working with the reduced Hamiltonian evolution; otherwise,
under the original Hamiltonian evolution associated to (2.31)), the z; (for ¢ > m2 + 1) remain small according to
Claim 2, but do not necessarily vanish.
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Thanks to (2.32)), we rewrite (2.34)) as
2(t) = F(x(t))u(t), (2.36)

where F' = (a;;), which has size ng x m, and u = *(uy,...,u,). Differentiating (2.35)), we have
the complementary equation

where G is the Goh matrix
G = (2{hx;, hx,})i<ij<m

(it differs from the usual Gox matrix by a factor —2 due to the absence of factor % in the
Hamiltonian ¢* in our notations).

Let us prove that G(t) is constant in ¢. Fix 1 < j,j° < m. We notice that in (2.32)), a;; is a
constant (independent of x) as soon as 1 < ¢ < ny since d,, has weight —1. This implies that

[Xj, Xj] is spanned by the vector fields 0z, ,,,0z, o550 (2.37)

» Ung -

Putting this into the relation {hx,h Xj/} = hx;, X,1) and using that the dual variables & for
n1 + 1 < k < ng are preserved under the Hamiltonian evolution (due to Claim 1), we get that
G(t) = G is constant in t.

We know that G # 0 and that G is antisymmetric. The whole control space R™ is the direct
sum of the image of G and the kernel of G, and G is nondegenerate on its image. We take ug in
an invariant plane of G; in other words its projection on the kernel of G vanishes (see Remark

. We denote by G the restriction of @ to this invariant plane. We also assume that uy,

tG

decomposed as ug = (ug1,-..,Uom) € R™, satisfies > 1*, ud; = 1/4. Then u(t) = e'“up and

since !¢ et

is an orthogonal matrix, we have ||e’“ug|| = ||ug||. We have by integration by parts

x(t):/o F(x(s))eSéuods

— Pla(1)G ('€ — Iug — /O %(F(x(s))é—l(esé ~ Dugds. (2.38)

Let us now choose the initial data of our family of normal geodesics (indexed by £). The
starting point x°(0) = 0 is the same for any €, we only have to specify the initial covectors
& =¢°(0) e TyR™. For any i = 1,...,m, we impose that

(€5, Xi) = uoi- (2.39)

It follows that g*(2(0),£%(0)) = Y1, u3, = 1/4 for any € > 0. Now, we notice that Span(Xj, ..., X,,)
is in direct sum with the Span of the [X;, X;] for 4,7 running over 1,...,m (this follows from

[2-37)). Fixing G° # 0 an antisymmetric matrix and GV its restriction to an invariant plane, we
can specify, simultaneously to (2.39)), that

(&, 205, Xi)) = <G,

Then z°(t) is given by ([2.38]) applied with G= zsfléo, which brings a factor ¢ in front of (2.38)).

Recall finally that the coefficients a;; which compose F' have non-holonomic order 0 or 1,
thus they are degree 1 (or constant) homogeneous polynomials in z1,...,z,,. Thus %(F(a:(s))
is a linear combination of ;(s) which we can rewrite thanks to (2.36)) as a combination with

bounded coefficients (since Y 7%, u? = 1/4) of the x;(s). Hence, applying the Gronwall lemma
in (2.38)), we get ||2°()|| < Ce, which concludes the proof.
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Remark 2.19. The normal geodesics constructed above lose their optimality quickly, in the
sense that their first conjugate point and their cut-point are close to q.

Remark 2.20. If we take ug in the kernel of G, then the corresponding trajectory is singular,
see [ABB19, Chapter 4]. In this case, we can find normal geodesics which spiral around this
singular curve, and do not remain close to their initial point over (0,7p) although their initial
covector is “high in the cylinder bundle U* M”. For example, for the Hamiltonian &2+ (& +23€3)?
associated to the “Martinet” vector fields X; = 0,,, Xo = 0z, + x%@xg in R3, there exist normal
geodesics which spiral around the singular curve (¢,0,0).

2.4 Proofs

2.4.1 Proof of Theorem [2.2]

In this section, we conclude the proof of Theorem

Fix a point ¢ in the interior of M \ w and 1 < 4,j < m such that [X;, X;](¢) ¢ D,. Fix also
an open neighborhood V' of ¢ in M such that V' C M \w. Fix V' an open neighborhood of ¢ in
M such that V/ C V, and fix also Ty > 0.

As already explained in Section to conclude the proof of Theorem we use Propo-
sition [2.16| applied to the particular normal geodesics constructed in Proposition [2.17]

By Proposition[2.17} we know that there exists a normal geodesic ¢ — x(t) such that z(t) € V'
for any t € (0,7p). It is the projection of a bicharacteristic (z(t),£(t)) and since it is non-
stationary and traveled at speed 1, there holds ¢*(z(t),£(t)) = 1/4. We denote by (ug)ren a
sequence of solutions of as in Proposition whose energy at time ¢ concentrates on
z(t) for t € (0,7p). Because of (2.22), we know that

[[(ur(0), Oyur (0))[l3¢x 2 = ¢ > 0

uniformly in k.
Therefore, in order to establish Theorem it is sufficient to show that

/ " / Oun(t, ) 2du(z)dt — 0. (2.40)
0 w

k——+o0

Since x(t) € V' for any t € (0,Tp), we get that for V; chosen sufficiently small for any ¢ € (0, Tp),
the inclusion V; C V holds (see Proposition for the definition of V;). Combining this last

remark with (2.23)), we get (2.40]), which concludes the proof of Theorem

2.4.2 Proof of Corollary

We endow the topological dual H(M)" with the norm [[v|ly sy = H(—A)_l/QUHLz(M).
The following proposition is standard (see, e.g., [TW09|, [LLTTIT]).

Lemma 2.21. Let Ty > 0, and w C M be a measurable set. Then the following two observability
properties are equivalent: )
(P1): There exists Cr, such that for any (vo,v1) € D((=A)2) x L*(M), the solution v €

CO(O,TO;D((—A)%)) N CY0,Ty; L?(M)) of satisfies

To
/0 / Byt 9)2du(a)dt > Cry (w0, v1) laecaryxzzan- (2.41)
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(P2): There exists Cp, such that for any (vo,v1) € L*(M) x D((—A)fé), the solution
v e C0,Ty; L?(M)) ﬂC’l(O,To;D((—A)_%)) of satisfies

To
/0 / ’U(ta Q)IZdIU'(Q)dt P CT()H(UO7'U1)”%2><H(M)/- (242)

Proof. Let us assume that (P2) holds. Let u be a solution of with initial conditions
(ug,u1) € D((—A)%) x L2(M). We set v = Oyu, which is a solution of with initial
data v—g = uy € L*(M) and Oy = Aug € D((—A)fé). Since ||(vo, v1) L2 xmmry =
(| (u1, Auo) || L2 pary = I[(uo, u1)llp(aryx 2, applying the observability inequality to v =
Ozu, we obtain . The proof of the other implication is similar. O

Finally, using Theorem Lemma and the standard HUM method ([Lio88]), we get
Corollary [2.4]

2.4.3 Proof of Theorem [2.11]

We consider the space of functions u € C*°([0,T] x M) such that fMH u(t,-)du = 0 for any
t € [0, 7], and we denote by Hr its completion for the norm ||-||3, induced by the scalar product

T
= wOLv sRy) - (VSR .
(1, 0y = / /MH (Db + (V) - (TF)) dp(g)dt

We consider also the topological dual Hj, of the space Hy (see Section [2.1.5).

Lemma 2.22. The injections Ho — L*(Mpy), L*(My) < H) and Hy — L*((0,T) x My) are
compact.

Proof. Let (¢r)ren be an orthonormal basis of eigenfunctions of L?( M), labeled with increasing
eigenvalues 0 = A\g < A\; < ... < A\ — +00, so that —App = Apwg. The fact that Ay > 0, which
will be used in the sequel, can be proved as follows: if —Ap = 0 then fMH |VSRop|2dp = 0 and,
since ¢ € C*°(Mp) by hypoelliptic regularity, we get X1¢(x) = Xop(z) = 0 for any x € My.
Hence, [ X7, X2]¢ = 0, and alltogether, this proves that ¢ is constant, hence A\; > 0.

We prove the last injection. Let u € Hp. Writing u(t,-) = Y po; ag(t)pr(-) (note that there
is no 0-mode since u(t,-) has null average), we see that

o0
R
HUH?-[T [V® UHL2 (0,T)x Mpr) ZAkHakHLz 0,T)) 2)\12”%”%2((0,1“))
k=1

= AllelZe o1y nay)

thus H7 imbeds continuously into L?((0,T) x Mg). Then, using a classical subelliptic estimate
(see [Hor67] and [RS76, Theorem 17]), we know that there exists C' > 0 such that

Together with the previous estimate, we obtain that for any u € Hr, |u| <
H2((0,T)% Myr)
C|u||3¢,- Then, the result follows from the fact that the injection H? ((0,T)xMp) < L*((0,T)x
Mypy) is compact.
The proof of the compact injection Ho <+ L?(Mpy) is similar, and the compact injection
L*(Mp) = H}, follows by duality. O
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Proof of Theorem[2.11] In this proof, we use the notation P = 9% — Apg. For the sake of a
contradiction, suppose that there exists a sequence (u*)pen of solutions of the wave equation
such that ||(uf, u¥)|lyxz2 = 1 for any k € N and

T
(g, )| L2y — O /0 |(Op(a)dpu®, Beu®) L2 a1yl At — O (2.43)

as k — +oo. Following the strategy of [Tar90] and |Ger91b|, our goal is to associate a defect
measure to the sequence (u*)ren. Since the functional spaces involved in our result are unusual,
we give the argument in detail.

First, up to extraction of a subsequence Wthh we omit, (uf,uf) converges weakly in Ho x
L?(My) and, using the first convergence in and the compact embedding Ho x L?(Mp) <
L2(My) x Hjy, we get that (uf, u¥) — 0 in Ho x L3. Using the continuity of the solution with
respect to the initial data, we obtain that u* — 0 weakly in H. Using Lemma we obtain
uF — 0 strongly in L%((0,T) x Mg).

Fix B € \I/phg((O,T) X Mpy). We have

(Bu®, u*)qy,. = /T /M Ot(Buk)Otuk + (VSR(Buk)) : (VSRuk)> du(q)dt
/ /M at, ok + ([VSR,B]uk) : <V5Ruk>) dy(q)dt
/ / B@tu (8tuk> + (BVSRuk) : (v%ﬂ“)) du(q)dt  (2.44)

Since [0;, B] € \I'phg(( ,T) x My), [V}, B] € \Ilphg((O,T) x Mpg) and v* — 0 strongly in
L2((0,T) x Mg), the first one of the two lines in converges to 0 as k — +oo. Moreover,
the last line is bounded uniformly in k since B € ‘I/phg((O,T) x My). Hence (BuF, u*)y, is
uniformly bounded. By a standard diagonal extraction argument (see [Ger91b| for example),
there exists a subsequence, which we still denote by (u*)ren such that (BuF,u*) converges for
any B of principal symbol b in a countable dense subset of C2°((0,7") x Mp). Moreover, the
limit only depends on the principal symbol b, and not on the full symbol.
Let us now prove that
liminf (Bu®,u*)3, >0 (2.45)

k—+o0

when b > 0. With a bracket argument as in (2.44)), we see that it is equivalent to proving that
the liminf as £k — +oo of the quantity

Qr(B) = (Bow®, 9uk) 12 + (BVSRUF, VoRuF) (2.46)

is > 0. But there exists B’ € W), ((0,T) x Mp) such that B’ — B € \II;hlg((O,T) X Mpy) and B’
is positive (this is the so-called Friedrichs quantization, see for example [Tay74, Chapter VII)).
Then, lim infy,_, o Qk(B') = 0, and Qx(B’ — B) — 0 since (B’ — B)d; € ), ((0,T) x My) and
u® — 0 strongly in L%((0,T") x My). It immediately implies that (2:45) holds.

Therefore, setting p = 0,(P) and denoting by C(p) the characteristic manifold C(p) = {p =
0}, there exists a non-negative Radon measure v on S*(C(p)) = C(p)/(0, +00) such that

(Op(b)u U )HT — bdv
5*(C(p))

for any b € S

phg((()’ T) X MH)
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Let C € ¥ hg((O T) x M) of principal symbol ¢. We have Hyc = {p,c} € S

phg((ovT) X M)
and, for any k € N,

((CP — PC)u* u¥)3y, = (CPuF, uk)y, — (CuF, Pub)y, =0 (2.47)

since Pu* = 0. To be fully rigorous, the identity of the previous line, which holds for any
solution u € Hyp of the wave equation, is first proved for smooth initial data since Pu ¢ Hp in
general, and then extended to general solutions v € Hp. Taking principal symbols in , we
get (v, flpc> =0.

Therefore, denoting by (1)s)scr the maximal solutions of

d

—ws(p) = Hy(s(p)).  p €T (R x M)

(see (2.7))), we get that, for any s € (0,7),

O:<I/,ﬁpcows>_< dcoz/)s>_ dS<I/CO¢3>

and hence
(v,c) = (v,cos). (2.48)

We note here that the precise homogeneity of ¢ (namely ¢ € Sp ((0,T) x Mp)) does not matter
since v is a measure on the sphere bundle S*(C(p)). The 1dent1ty (2.48) means that v is invariant
under the flow H,,.

From the second convergence in ([2.43]), we can deduce that
v=01in S*(C(p)) NT*((0,T) x Supp(a)). (2.49)
The proof of this fact, which is standard (see for example [BG02) Section 6.2]), is given in Section

2-A.7)

Let us prove that any normal geodesic of My with momentum £ € V enters w in time at most
ke~! for some k > 0 which does not depend on . Indeed, the solutions of the bicharacteristic

equations (2.10) with ¢g* = 1/4 and &3 # 0 are given by

1 & 1
xq(t — cos(2&3t + B — —sin(2&3t +
07 g B G B g0
&2 .
=C 2(2&st == 2€3t
where B, C,&s, &3 are constants. Since £ € V. and ¢g* = 1/4, there holds @ > 5. Hence, we

can conclude using the expression for x3 (whose derivative is roughly (4|¢3])~1) and the fact that
w = Mpy\B contains a horizontal strip. Note that if {3 = 0, the expressions of x1(t), z2(t), z3(t)
are much simpler and we can conclude similarly.

Hence, together with ([2.49)), the propagation property (2.48)) implies that v = 0. It follows
that ||u*|%, — 0. By conservation of energy, it is a contradiction with the normalization

[I(u, ub) |32 = 1. Hence, (2-11) holds. O
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2-A  Supplementary material

2-A.1 Proof of Proposition [2.12

In this Section, we give a second proof of Proposition [2.12] written in a more elementary form
than the one of Section Let us first prove the result when M C R"™, following the proof of
[Ral82]. The general case is addressed at the end of this section.

As in the proof of Section we suppress the time variable ¢t. Thus we use z =
(xo,x1,...,2Tn) where zy = t. Similarly, £ = (£o,&1,...,&) where & = 7 previously. Let I’
be the curve given by x(s) € R**!. We insist on the fact that in the proof the bicharacteristics
are parametrized by s, as in . We consider functions of the form

vp(z) = ki Lag(z)e*V @),

We would like to choose 9 (x) such that for all s € R, 1(x(s)) is real-valued and Imaaiéb (x(s))

is positive definite on vectors orthogonal to #(s). Roughly speaking, |¢?*¥(*)| will then 100k like
a Gaussian distribution on planes perpendicular to I' in R™*1.

We first observe that 8t2tvk — Awy, can be decomposed as
O2vp — Ay, = (ki1 A + kT Ay + k171 A3)eY (2.50)
with

Ai(z) = pa (2, Vi (2)) ao(x)
Ag(x) = Lag(z)

As(z) = d}ao(z) — Aag(x).

Here we have set

apg 8a0 1 32]92 621/}

— 4+ = v 2.51

Z @) g0 + 2 | 2 Fe0g @ V@) g |00 @5
=0

(For general strictly hyperbolic operators, L contains a term with the sub-principal symbol of

the operator, but here it is null, see Appendix )

In what follows, we construct ag and 1) so that A;(x) vanishes at order 2 along I and Aa(z)
vanishes at order 0 along the same curve. We will then be able to use Lemma with S =3
and S = 1 respectively.

Analysis of Aj(xz). Our goal is to show that, if we choose ¢ adequately, we can make the
quantity

f(x) = p2 (x, Vip(z)) (2.52)

vanish at order 2 on I'. For the vanishing at order 0, we prescribe that 1 satisfies Vi) (z(s)) =
&(s), and then f(z(s)) = 0 since (x(s),&(s)) is a null-bicharacteristic. Note that this is possible
since z(s) # :z( ) for any s # s, due to dp(s) =1 (bicharacteristics are traveled at speed 1,

see Section [2.1.4). For the vanishing at order 1, using and (2.7), we remark that for any



70 CHAPTER 2. SUBELLIPTIC WAVE EQUATIONS ARE NEVER OBSERVABLE

aof 8p2 32?2 O
oz, T8 = 5, @ Z agk ) ;02 &)
= —&i(s) + Zxk 8% ﬁxk (z(s)) (2.53)

- (g;i >+Zxk axjaxk ((s))
=0.

Therefore, f vanishes automatically at order 1 along I' (without making any particular choice
for 4): it just follows from and the bicharacteristic equations . But for f(x) to vanish
at order 2 along I', it is required to choose a particular ¥. In the end, we will find that if ¥ is
given by the formula below, with M being a solution of , then f vanishes at order
2 along I'. Let us explain why.

Using the Einstein summation notation, we want that for any 0 < ¢, j < n, there holds
_ o

N 8:6]6%1

_ Pp n py 9% py %Y Ppy 0% Y Ipy P

a O0x;j0x;  0§,0x; 0x;0x),  0x;0&, Oxi0x), 0§08, Ox;i0x), Oxj0x; 0§ Oxj0T1,0T;

along I'. Introducing the matrices

(16D = g (el (A = b (als) €05,
(B = s (a(s). €05, (€N = pilals)€(s)
this amounts to solving the matricial Riccati equation
%+MCM+BTM+MB+A:0 (2.54)

on a finite-length time-interval. While solving ({2.54), we also require M (s) to be symmetric,
Im(M (s)) to be positive definite on the orthogonal complement of %(s), and M (s)i(s) = &(s)
to hold for all s due to (2.53)).

Let My be a symmetric (n + 1) X (n + 1) matrix with Im(Mp) > 0 on the orthogonal
complement of #(0) and My@(0) = £(0) (in particular Im(M)2(0) = 0). It is shown in [Ral82]
that there exists a global solution M (s) on [0, 7] of which satisfies all the above conditions
and such that M(0) = Mj. The proof just requires that A, C' are symmetric, but does not need
anything special about py (in particular, it applies to our sub-Riemannian case where po is
degenerate). For the sake of completeness, we recall the proof here.

We consider (Y (s),N(s)) the matrix solution with initial data (Y (0),N(0)) = (Id, Mo)
(where Id is the (n + 1) x (n + 1) identity matrix) to the linear system

{ Y =BY +CN (2.55)

N =—-AY — BTN.
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We note that (Y'(s)2(0), N(s)2(0)) then also solves (2.55)), with Y and N being this time vecto-
rial. One can check that (2(s),&(s)) is the solution of the same linear system with same initial
data, and therefore, for any s € R,

i(s) = Y(s)&(0), £(s) = N(s)&(0). (2.56)

All the coefficients in (2.55|) are real and A and C' are symmetric, and it follows that the
flow defined by (2.55)) on vectors preserves both the real symplectic form acting on pairs (y,7n) €
(R™™1)? and (y',n') € (R"')? given by

o(ty,m), W) =y-1n"—n-y

and the complexified form ac((y, n), (¥',7')) = o((y,n). (v/, 7)) for (y,n) € (C**)? and (v, 1) €
(C"*t1)2, When we say that oc is invariant under ([2.55)), it means that we allow complex vectorial
initial data in (2.55]).

Let us prove that Y (s) is invertible for any s. Let v € C"*! and so € R be such that
Y(so)v = 0. We set y(so) = Y(sp)v and n(sg) = N(sg)v and consider x(so) = (y(s0),n(s0))-
From the conservation of o¢, we get

0 = oc(x(s0), x(s0)) = oe(x(0), x(0)) = v - Mov — & - Myv = —2i - (Im(My))v.

Since Im(M)) is positive definite on the orthogonal complement to #(0), there holds v = Az(0)
for some A € C. Hence
0 =Y (sg)v=AY(50)x(0) = A&(s0)

where the last equality comes from ([2.56). Since #o(so) = %(80) = —2&(so) = 1, there holds

%(sp) # 0, hence X\ = 0. It follows that v = 0 and Y'(s¢) is invertible.

Now, for any s € R, we set

which is a solution of (2.54) with M (0) = M. It verifies M(s)&(s) = &(s) thanks to (2.56).
Moreover, it is symmetric: if we denote by y*(s) and n’(s) the column vectors of Y and N, by
preservation of o, for any 0 < 4, j < n, the quantity

a((y'(s),1'(5)), (7 (5),17 (5)) = ' (5) - M(s)y’ (5) = 3/ (5) - M(s)y'(s)

is equal to the same quantity at s = 0, which is equal to 0 since My is symmetric.

Let us finally prove that for any s € R, Im(M(s)) is positive definite on the orthogonal
complement of &(s). Let y(so) € C**! be in the orthogonal complement of Z(sg). We decompose
y(sp) on the column vectors of Y'(sp):

n
y(so) = > biy'(so),  bi€C.
1=0

For s € R, we consider y(s) = Y1, biy'(s) and we set x(s) = > bi(y'(s),n(s)). Then,

oc(x(s),x(s)) = —2iy(s) - Im(M(s))y(s). (2.57)

By preservation of o¢ and using (2.57]), we get that

y(s0) - Im(M (s0))y(s0) = y(0) - Im(Mp)y(0). (2.58)
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But y(0) cannot be proportional to #(0) otherwise, using (2.56|), we would get that y(so) is
proportional to &(sp). Hence, the right hand side in (2.58]) is > 0, which implies that Im (M (sg))
is positive definite on the orthogonal complement to @(sg).

Therefore, we found a choice for the second order derivatives of ¢ along I' which meets all
our conditions. For z = (t,2') € R x R™ and s such that ¢ = #(s), we set

() =¢'(s) - (2 =2 (s)) + %(x’ —a'(s)) - M(s) (2’ — 2'(s)), (2.59)

and for this choice of 1, f vanishes at order 2 along I'.

To sum up, as in the Riemannian (or “strictly hyperbolic”) case handled by Ralston in
[Ral82], the key observation is that the invariance of o and o¢ prevents the solutions of
with positive imaginary part on the orthogonal complement of #(0) to blowup.

Analysis of Ay(z). We note that Ay vanishes along I if and only if Lag(x(s)) = 0. According
to , this turns out to be a linear transport equation on ag(z(s)). Moreover, the coefficient
of the first-order term, namely V¢po(2(s),£(s)), is different from 0. Therefore, given ag # 0 at
(t =0,z = x(0)), this transport equation has a solution ag(z(s)) with initial datum ag, and, by
Cauchy uniqueness, ag(z(s)) # 0 for any s. Note that we have prescribed ag only along I', and
we may choose ag in a smooth (and arbitrary) way outside I'. We choose it to vanish outside a
small neighborhood of T'.

Proof of (2.13). We use (2.50) and we apply Lemma to S =3, c=A4;and to S =1,

c = Az, and we get
|83 0k — Avkllro.izeary < C™2 + 572 + k7Y,
which implies (2.13)).

Proof of (2.14). We first observe that since Im(M (s)) is positive definite on the orthogonal
complement of #(s) and continuous as a function of s, there exist a, C' > 0 such that for any
t(s) € [0,7] and any 2/ € M,

Drui(t(s), ') 2 + [V*Ruy(t(s), 2') 2 > (Clao(t(s), ) 2kE + O(kHED) ) emokdle' ()"

where d(-,-) denotes the Euclidean distance in R". We denote by ¢,, the Lebesgue measure on

R™. Using the observation that for any function f,
n/2 d
N —akd(z! x'(s))? N ﬂ— / T,
[ pe e O T () G 0) (260

as k — 400, and the fact that ag(x(s)) # 0, we obtain (2.14)).
Proof of (2.15). We observe that since Im(M (s)) is positive definite (uniformy in s) on the
orthogonal complement of i(s), there exist C, @’ > 0 such that for any ¢ € [0, T, for any 2’ € M,
|0y (t(s),2")| and |V*Rwy(t(s),2")| are both bounded above by Ck% e~k @' (s)?  Therefore

[ 0t ) + 19 l(s). ) P) da

M\Vy(s)
< Ckn/2/ e—2a’kd(x’,x’(s))2du(x/>
M\Vy(s

ngn/Q/ ef2a’kd(:t’,:13'(8))2den(x/>+O(1) (261)
M\Vy(s)
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where, in the last line, we used the fact that |du/dl,| < C in a fixed compact subset of M (since
i is a smooth volume), and the o(1) comes from the eventual blowup of p at the boundary of
M.

Now, M C R", and there exists 7 > 0 such that By(x(s),r) C Vi for any s such that
t(s) € (0,T), where d(-, -) still denotes the Euclidean distance in R"™. Therefore, we bound above

the integral in (2.61]) by

O/ / o2k () gy (1) (2.62)
Rn\Bd(Z’(S),T)

Making the change of variables y = k~'/2(y — z(s)), we bound above (2.62) by

c / 2101 g, (3)
R7\ B4(0,rk1/2)

with || - || the Euclidean norm. This last expression is bounded above by
Ce—o'r%k / =12 g, (y)

which implies (2.15)).

Extension of the result to any manifold M. In the case of a general manifold M, not
necessarily included in R™, we use charts together with the above construction. We cover M by
a set of charts (Uy, ¢a), where (Uy,) is a family of open sets of M covering M and ¢, : Uy, — R"”
is an homeomorphism Uy, onto an open subset of R™. Take a solution (x(t),£(t))iejo.r) of (2.8).
It visits a finite number of charts in the order U,,, U,,, ..., and we choose the charts and ag so
that vk (t,-) is supported in a unique chart at each time ¢. The above construction shows how
to construct ag and 1 as long as x(¢) remains in the same chart. For any [ > 1, we choose ¢; so
that z(t;) € Uy, NU,,,, and ap(t;,-) is supported in Uy, N U, Since there is a (local) solution

vy, for any choice of initial ag(t;, z(¢;)) and Im (%) (t;, z(t;)) in Proposition [2.12} we see that

+1 +1°

v, may be continued from the chart U,, to the chart Uy, +1- This continuation is smooth since
the two solutions coincide as long as ag(t, ) is supported in Uy, N Uy,,,. Patching all solutions
on the time intervals [t;, t;41] together, it yields a global in time solution vy, as desired.

2-A.2 Proof of (2.49)

Because of the second convergence in (2.43) and the non-negativity of a, it amounts to proving
that

T
/0 |(VROp(a)u, TRuF) L2 a1, o ldE — 0.

Now, we notice that for any B € W9, ((0,7) x My), there holds

phg
(Buk, VSRUk)LQ((O7T)><MH) k—>—+>oo 0 and (Buk, 8tuk)L2((O7T)XMH) k—>—+>oo 0 (263)

since u* — 0 strongly in L?((0,T) x M) and both V*Ru* and 9;u* are bounded in L?((0,T) x
Mpr). We apply this to B = [V*R, Op(a)], and then, also using , we see that we can replace
Op(a) by its Friedrichs quantization Op®’(a), which is positive (see [Tay74, Chapter VII]). In
other words, we are reduced to prove

(OpF(a)VSRuk,VSRuk)Lz((O,T)XMH) — 0. (2.64)

k—+o0
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Let § > 0 and a € SO e (=0, T+ 6) ><MH) 0 < a < sup(a) and such that a(t,-) = a(-) for
0 <t << T. Making repeated use of (| and of integrations by parts (since a is compactly
supported in time), we have

(Op"(a)V*"Ru", VSRuk)LQ((O,T)xMH) = (VROp" (@)u®, V"u¥) 120 1) xnayy) + 0(1)
—(Op"(@)yu”, Auk) L2((0,1)x M) +0(1)
—(Op" (@)u”, 07u") L2 (0 7y x aryp) + 0(1)
= (0,0p" (@)u”, 3tu )L2((0,T)x M) + 0(1)
)

= (Op (a Oru®, 0uu) 120 )y x gy + 0(1),
Finally we note that since Op’ is a positive quantization, we have
(Op" (a) V", VRuF) a0 7y gy < (O (@) VP, V™M) 120 1) i)
= (0p" (@), 0vu™) L2 (0 7y aryy) + 0(1)
5+ (0p* (a)dpu®, 0uF) L2 (0 1) x ) + O(1)
§+o(1)

where C' does not depend on 6. Making § — 0, it concludes the proof of (2.64)), and consequently

(2.49) holds.

<C
<C



Chapter 3

Observability of
Baouendi-Grushin-type equations

“Science sans conscience n’est que ruine de l’ame.”
Francois Rabelais.

“Conscience sans science n’est qu’un vilain gros mot.”
Pierre Dac.

This chapter is adapted from [LS20]. Among other things, we prove Theorem@ (restated as
Theorem .
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3.1 Introduction and main results

3.1.1 Motivation

In this chapter, we will mainly use resolvent estimates to establish observability inequalities.
Resolvent estimates consist in a quantitative measurement of how much approximate solutions
(also named quasimodes) of an operator can concentrate away from an open set w, and in
particular resolvent estimates do not involve the time variable, at least in this context. See
for example [BZ04] and [Mil12] for detailed studies about the link between observability and
resolvent estimates.

Since the study of the controllability /observability properties of evolution equations driven by
sub-Laplacians in full generality seems out of reach (except for wave equations, see the previous
chapter), in this chapter we focus on a particular family of models, which we now describe.

Let

M= (-1,1), x T,

where T is the 1D torus in the y-variable and let v > 0. We consider the Baouendi-Grushin-type
sub-Laplacian
A'Y = ag + ",L.‘Q’Ya;’

together with the domain
D(A,) = {u e D'(M) : 9u, ]w\%*(‘);u € L*(M) and ujon = 0}

(see Example . By Hoérmander’s theorem, in the case where v € N, A, is subelliptic, since
0y can be obtained by taking « times the bracket of 0, with z70,,.

The observation region w that we consider is assumed to contain a horizontal strip (—1, 1), x
I, where I C T is a non-empty open interval of the 1D-torus. This choice for w is natural if one
is interested in understanding the specific features of propagation in the subelliptic directions
(here, the vertical y-axis), see Section below; this choice for w has already been made
in different but related subelliptic frameworks, see for example [Koel7], [BS19], [FL21]. We
note, and we will come back to this point later in our analysis, that w does not satisfy the
Geometric Control Condition, which is known to be equivalent to observability of elliptic waves
(see [BLR92]) and to imply the observability of the elliptic Schrodinger equation in any time
(see [Leb92b]). Several other choices for w could have been made (see [BCG14] for example).

3.1.2 Main results.

Our first main result is a resolvent estimate in the case v > 1, which reads as follows:

Theorem 3.1. Let v € R, v > 1 and let w contain a horizontal strip (—1,1) x I. There exist
C, hg > 0 such that for any v € D(A,) and any 0 < h < hg, there holds

vl 2y < Cllvllp2ey + hi(ﬂl)”(thv + Dl z2(ar))- (3.1)

Remark 3.2. In [LL21] (see Corollary 1.9), a resolvent estimate with an exponential cost
(replacing the above polynomial cost h*(“/*l)) was proved for any sub-Riemannian manifold of
step k and for any of its subsets w of positive Lebesgue measure. It was shown to be sharp for
the Baouendi-Grushin-type sub-Laplacian A, (with v + 1 = k) and for any open set w whose
closure does not touch the line {z = 0}. Our resolvent estimate is much stronger, but heavily
relies on the particular geometric situation under study.
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Remark 3.3. From the proof of (2) of Theorem the resolvent estimate is sharp in the
sense that there exists a sequence of quasi-modes v, which saturates the inequality. Indeed, a
better resolvent estimate than , together with [BZ04, Theorem 4], would contradict the lack
of observability for short times in Point (2) of Theorem (see the argument after Theorem
in Section .

Furthermore, the conclusion of Theorem does not apply to the case v < 1, at least if we
remove the boundary. For example, when v = 0 and Ag is the usual Laplace operator on the
torus T2, it follows from [BLR92] that the resolvent estimate with order O(h™!) cannot
hold if w does not satisfy the geometric control condition with respect to the geodesic flow.

In this chapter, we will explore the consequences of this resolvent estimate for the observ-
ability of evolution equations driven by A,.
Let us consider the Schrodinger-type equation with Dirichlet boundary conditions

i0u — (—A,)%u =0
U=p = U0 € LZ(M) (3.2)
Upp=+1 =0

where s € N is a fixed integer and v > 0, v € R. Here (—A,)* is defined “spectrally” by its
action on eigenspaces of the operator A, associated with Dirichlet boundary conditions. In other
words, by classical embedding theorems (recalled in Lemma [3.22), (A, D(A,)) has a compact
resolvent, and thus there exists an orthonormal Hilbert basis of eigenfunctions (¢;);en such that
—Aypj = )\?goj, with the \; sorted in increasing order. The domain of (—A)?® is given by

D((=A,)%) = {u € L*(M) : > Xj*|(u, ;) 12(an)|* < o0} (3.3)
jJjeN

Note that a function u in D((—A,)?®) verifies the boundary conditions

1
T (3.4)
In Section we prove this fact and we also show that is well-posed in L2(M). Of
course, the solution of does not live in general in the energy space given by the form domain
of (—A,)%, but only in L*(M).

Given an open subset w C M, we say that is observable in time Ty > 0 in w if there
exists C' > 0 such that for any ug € L?(M), there holds

(—A) ulon = 0, forany 0 <k <s—

Ty . .
JuollZsap) < C /0 e~ 8" g |2, dt. (3.5)

Our second main result, which is a reformulation of Theorem [2] roughly says that observability
holds if and only if the subellipticity, measured by the step v+ 1, is not too strong compared to
s:

Theorem 3.4. Assume that v € R, v > 1. Let I C T, be a strict open subset, and let
w=(=1,1)y x I. Then, for s € N, we have:

1. If S(y+ 1) < s, (3:2) is observable in w for any Ty > 0;

2. If %(’y + 1) = s, there exists Ting > 0 such that (3.2)) is observable in w for Ty if and only
if To 2 Tint;

3. If %('y +1) > s, for any Ty > 0, (3.2) is not observable in w.
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Indeed, Points (1) and (2) hold under the weaker assumption that w contains a horizontal band
of the form (—1,1), x I; and Point (3) holds under the weaker assumption that M \ w contains
an open neighborhood of some point (z,y) € M with x = 0.

Let us make several comments about this result:

e In the case %(’y +1) = s, our proof only provides a lower bound on T}, (see Remark |3.26)).
The exact value of Ti,r was explicitly computed in [BS19] in the case v = s = 1. It is an
interesting problem to compute this exact value for s,y satisfying s = %('y + 1), and more
importantly, to give a geometric interpretation for this exact constant in a more general
subelliptic setting.

e The number %(7 + 1) appearing in Theorem is already known to play a key role in

many other problems. Recall that the step of the manifold (defined as the least number
of brackets required to generate the whole tangent space) is equal to v+ 1 (when v € N).
Then, 2/(y + 1) is the exponent known as the gain of Sobolev derivatives in subelliptic
estimates. Note that 3(v+1) is also the threshold found in the work [BCG14] which deals
with observability of the heat equation with sub-Laplacian A, and that it is related to the
growth of eigenvalues for the operator —9?2 + 127, see for example Section 2.3 in [BCG14].

e In the statement of Theorem [3.4] we took s € N in order to avoid technical issues of non-
local effects due to the fractional Laplacian. We expect that the statements in Theorem
are also true for all s > 0.

e The assumption that v > 1 for Points (1) and (2) is mainly due to the technical issue
that the Hamiltonian flow associated with the symbol 92 + ]a:|2V8§ may not be unique
if 0 < v < 1 (see Section . Dealing with this case, and more generally addressing
the question of propagation of singularities for metrics with lower regularity, is an open
problem.

We now derive from Theorems [3.1] and two consequences. First, Theorem implies the
following result about observability of heat-type equations associated to A, (which are well-
posed, as proved in Section [3-A.1)):

Corollary 3.5. Assume that vy € R, v > 1 and w contains a horizontal strip (—1,1), x I. For
any s €N, s > %('y + 1) and any Ty > 0, final observability for the heat equation with Dirichlet
boundary conditions

Ou+ (—Ay)u =0

Ujp=p = U0 € LZ(M) (3.6)

Ug=+1 = 0

holds in time Ty. In other words, there exists C' > 0 such that for any ug € L*(M), there holds

To
le™ A g2 </0 le™ A g |72,

This is a direct consequence of Corollary 2 in [DM12] and Point (2) of Theorem Note
also that observability for fails for any time if v = s = 1 (see [Koel]), so that we cannot
expect that an analogue of Point (2) of Theorem holds for heat-type equations. This last fact
- observability of a Schrodinger semigroup while the associated heat semigroup is not observable
- gives an illustration of Proposition 3 of [DM12] (which states that the same phenomenon occurs
for the harmonic oscillator on the real line observed in a set of the form (—o0,xg), o € R).
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Finally, Theorem [3.1] also implies a decay rate for the damped wave equation associated to
A,. To state it, we introduce the following adapted Sobolev spaces: for k = 1,2,

HY(M) = {ve D'(M), (A, + )" ve LX(M)},  |ollgsan = (= + 1D 0]l 2

and H;,O(M) is the completion of C2°(M) for the norm || - HH%(M).
Let b € L*>(M),b > 0 such that infyezb(g) > 0. On the space H := H;ﬁO(M) x L2(M), the

operator
0 1
Sl P

with domain D(A) = (HZ(M) N Hio (M)) x H} o(M) generates a bounded semigroup (from the
Hille-Yosida theorem) and the damped wave equation

(07 — Ay +bI)u =0 (3.7)

with Dirichlet boundary conditions and given initial datum (ug,u1) € H admits a unique solution
u e CORY; H] o(M)) N CH(RT; L*(M)), see Section

Corollary 3.6. Assume v € R, v > 1 and w contains a horizontal strip (—1,1), x I. There
exists C' > 0 such that, for any (uop,u1) € D(A), the solution u(t) of (3.7) with initial conditions
(u, Opu)p=0 = (uo,u1) satisfies

SIS
ST

HQ

E(u(t), u(t)? < — B(A(ug, u1)) (3.8)

N

~

t

for any t > 1, where
B(v,w) = 1000121, + 112178,0022 01, + [10]25 0
In particular, E(u(t), Qu(t)) — 0 as t — +oo.

Remark 3.7. As usual for the damped wave equation, one cannot replace E (.A(uo,ul))% in

1
the r.h.s. of (3.8)) by E(uo, ul)%, otherwise the rate ¢ 2v could be improved to an exponential
decay.

The proof of this corollary from Theorem is essentially contained in Proposition 2.4 of
[ALI4]. To be self-contained, we prove Corollary in Section Note that the decay
rate =3 when v = 1 is not new. This special case is a direct consequence of the Schrédinger
observability proved in [BS19] and an abstract result (Theorem 2.3) in [ALI4], linking the
Schrédinger observability and the decay rate of the associated damped wave equation. However,
when v > 1, the Schrodinger equation is not observable ((3) of Theorem , and we have to
apply Theorem Also, we do not address here the question of the optimality of the decay
rate given by Corollary See |AL14l Section 2C] for other open questions related to decay
rates of damped waves.

3.1.3 Comments and sketch of proof

Let us describe in a few words the intuition underlying our results, notably Theorem [3.4] For
that, we start with the case s = 1/2 (corresponding to wave equations) which, although not
covered by Theorem [3.4] is of interest. Whereas elliptic wave equations are observable in finite
time under a condition of geometric control ([BLR92]), it is known that for (strictly) subelliptic
wave equations, observability fails in any time (see Chapter . This is due to the fact that
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in (co)-directions where the sub-Laplacian is not elliptic, the propagation of waves, and more
generally of any evolution equation built with sub-Laplacians, is slowed down. On the other
side, large s correspond to a quicker propagation along all directions. Therefore, Theorem
characterizes the threshold for the ratio of v and s to get an exact balance between subelliptic
effects (measured by the step v + 1) and elliptic phenomena (measured by s), and thus “finite
speed of propagation” along subelliptic directions.

This same analysis underlies the result on the Baouendi-Grushin-Schrédinger equation [BS19)],
which was the starting point of our analysis: indeed, [BS19] deals with the critical case §(y+1) =
s = 1. Although the elliptic Schrodinger equation propagates at infinite speed, in subelliptic
geometries, observability may hold only for sufficiently large time or even fail in any time if the
degeneracy measured by ~ is sufficiently strong. To our knowledge, the paper [BGX00], which
exhibited a family of travelling waves solutions of the Schrodinger equation for v =1, mov-
ing at speeds proportional to n € N, was the first result showing the slowdown of propagation
in degenerate directions.

The chapter is organized as follows.

In Section we prove Theorem roughly following the same lines as in [BS19]. Due to
the absence of the time-variable in our resolvent estimate, our proof is however slightly simpler,
but as a counterpart, our method does not allow us to compute explicitly the minimal time T;,¢
of observability in Point (2) of Theorem After having spectrally localized the sub-Laplacian
A, around h=2, our proof relies on a careful analysis of several regimes of comparison between
|Dy| and A, which roughly correspond to different types of trajectories for the geodesics in M:
we split the function v appearing in (3.1]) according to Fourier modes in y and then we establish
estimates for different “spectrally localized” parts of v of the form ¥ (h?A,)x,(Dy)v. Here, x4,
localizes D, in some subinterval of R which depends on h. Fixing a small constant by < 1, the
three different regimes which we distinguish are:

e the degenerate regime in Section (|Dy| = by *h~1), for which we use a positive commu-
tator method (also known as “energy method”, and used for example to prove propagation
of singularities in the literature, see [Hor71al Section 3.5]);

e the regime of the geometric control condition in Section (bg'h™' = |D,| = boh™1),
handled with semi-classical defect measures;

e the regime of horizontal propagation (|D,| < boh™!) in Sections and for which
we use a positive commutator argument, and then a normal form method.

In Section [3.3] using the link between resolvent estimates and observability of Schrodinger-
type semigroups established in [BZ04], we deduce Points (1) and (2) of Theorem from
Theorem [3.1] Indeed, we first establish a spectrally localized observability inequality, from which
we deduce the full observability using a classical procedure described for example in [BZ12].

In Section we prove Point (3) of Theorem For that, we construct a sequence of
approximate solutions of whose energy concentrates on a point (z,y) € (—1,1) x T with
xz =0 and y ¢ I. The existence of such a sequence contradicts the observability inequality
and is possible only when %(7 + 1) > s. For constructing the sequence of initial data, we add
in a careful way the ground states of the operators —92 + |z|*'n? for different n’s (the Fourier
variable of y). These initial data propagate at nearly null speed along the vertical axis = 0.

Finally, Section is devoted to the proof of basic results which were postponed to the
end of the chapter. In Section we prove the well-posedness of the Schrodinger-type
equation , the heat-type equation and the damped wave equation , using standard
techniques such as the Hille-Yosida theorem. In Section [3-A.2] we prove Corollary [3.6] Using
results of [BTT0], it is sufficient to estimate the size of (iA\ld — .A)~! for large A € R (and in
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appropriate functional spaces). This is done mainly thanks to a priori estimates on the system
(iAId — A)U = F, and using the resolvent estimate of Theorem

3.2 Proof of Theorem [3.1]

This section is devoted to the proof of Theorem [3.1] In all the sequel, v > 1 is fixed. It is

sufficient to deal with the case where w = (—1,1), x I where I is a simple interval, since if

Theorem holds for some w = wy, then it holds for any ws D wi. Hence, in all the sequel, we

assume that I is a simple interval (a1, ag2). Also, we use the notations D, = %ax and D, = %By.
We will argue by contradiction. Assume that there exists a sequence (vp,)p~0 such that

lonllzan =1, lonllrzw) = o),  [Ifallrzan = o(h7H1) (3.9)

where fj, = (h2A7 + 1)vp, and we seek for a contradiction, which would prove Theorem Let
us show that we can furthermore assume that v;, has localized spectrum: for that, we consider

an even cutoff ¢y € C2°(R), such that ¢ = 1 near £1 and ) = 0 outside (—2,—1) U (3,2).
We set wp, = (1 — (h?A,))vp. Then (h?A, + Dwy, = (1 — ¢(h%A,)) f, has L? norm which
is o(h7!). Moreover, we also deduce that w, = (h?A, + 1)71(1 — ¢(h%A,))fs and since
(R2A, + 1)71(1 — ¥(h2A,)) is elliptic and thus bounded from L?*(M) to L?(M), we obtain
l|wnll2(ary = o(1). Hence, considering v, — wy, instead of vy, we can furthermore assume that
Vp = ¢(h2A7)vh.

In the next subsections, we use a decomposition of vy, as v, = v,l1 + 1),21 + v,?; + v,‘i where

vp = (1= xo(bohDy))vn, v} = (xo(bohDy) — x0(by 'hDy))v,
v = (xo(by 'hDy) = xo(hDy))vn, vy = xo(hDy)va,

where 0 < € < 1,0 < by < 1 are small parameters which will be fixed throughout the article
and will be specified later (respectively in Proposition and in Lemma . This is a
decomposition according to the dual Fourier variable of i and defined by functional calculus. The
cut-off xo € C2°(R) will be defined later (see (3.10))). We prove that v] = o(1) for j = 1,2,3,4,
which contradicts . The methods used for each j are quite different, and roughly correspond
to the different behaviours of geodesics according to their momentum 7 ~ D,,.

3.2.1 A priori estimate and elliptic regularity

We start with the following coercivity estimate:

Lemma 3.8. There exists C1 > 0 such that for any u, the following inequality holds:
_2
1| Dy|" T ull2(ary < CrllAyullz2(an

Proof of Lemma[3.8 We write a Fourier expansion in y: for n € Z, we set Uy(-) := Fy(u)(-, n).
Then, we have

Fy(=Dou)(z,n) = (D3 + V0P )iy ().

We make the change of variables z = \n|ﬁm, and we set f(z,n) = Fy(—Ayu)(x,n) and v, (z) =
Uy (). Then we obtain

F(zm) = |71 (D2 + |2[27)5,(2),
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and thus, using that D? + |z|?7 is elliptic (since its spectrum is strictly above 0), we get

2
[+ {[onll 2 < CIFCm)lze

for some constant C' > 0 (independent of 1). Coming back to the x variable and summing over
7, we obtain

2 A4
1Dy 7Tl F2ary = D Inl 71|17
neL

<G Z [ Fy (= Ayu)(, 77)”%3

nez
= C1l|Ayull72(a

thanks to Plancherel formula, which finishes the proof. O

Let xo € C°(R; [0, 1]) such that

+1

o) = 1, i [¢] < (401) ™3 and xo(¢) = 0 [¢] > (8C1) % (3.10)
Corollary 3.9. For 0 < h < 1, there holds
Y(h*Ay)(1 = xo(K71Dy)) = 0.
Proof. For n € Z, we consider an Hilbert basis of eigenfunctions ¢, , of L? satisfying

(D + 121 1*)omn = Ay nmms N @mm(@)llr2(-1,1) = 1, (3.11)

so that ¢y, ,e™ is an eigenfunction of A, with associated eigenvalue —Afn’n. Let f € D(A,),

and consider f, = ¢(h?A,)(1 — xo(h’T1Dy))f. We write

=3 (202, ) (1 = xo(h710) )™,

We use Plancherel formula, apply Lemma to fj, and we obtain

_4
> T amn PO (—h2 AL, )P (1=x0 (B 'n)) <012Amnramnrw —h?A2, )% (1=x0 (R 'n))?

(3.12)
On the support of §(h, m, n) := 1(—=h*X2, )*(1 — xo(h"*'n))?, there holds \n\ﬁ > 1602h~4 >
C’%)xfnm. Indeed, for the first inequality, we used the support properties of xo, and for the second
the support of 9. This contradicts (3.12)), except if all a, y vanish, i.e., f = 0. O

Corollary [3.9 implies that
= 1p(h*Ay)xo (K" Dy)vp,. (3.13)

The next lemma shows that in the regime |D,|yh ™!, the energy of v, concentrates in the

region |z| < 1. Let x € C2°(R) such that x(¢) =1 for |¢| < 27 Also, possibly taking a larger
Cy in Lemma [3.8] we can assume that C; > 1: in particular, xo(¢) = 1 for [¢] < 1.
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Lemma 3.10 (Elliptic regularity). There exist small constants 0 < hg < 1 and 0 < by < 1
such that for all 0 < h < hg, there holds

H (1 — (bO l’))(l — Xo(bohD vhHLz(M) + H( bO x))(l - Xo(bohDy))haxvhHLz(M
<O (Jlonllzzny + 1090l z2an) )
for any N € N.

Proof. As in the previous lemma, we write the eigenfunction expansion of vy, as

(1 =x0(bohDy))vn = > €™ O n ()
m,’rz:|n|2bglif1
J5h T <Amn<V2RT

since xo(¢) =1 for [¢| < 1 and v, = Y(h?A,)vy,
We claim that it suffices to prove:

_1 _1
1L = x(Bg " @)l 2 + 11 = X(by " 2)hdspumnll 2 < Cnh™ (3.14)
for all N € N and m,n such that %hil < A < V207 0] > by 'h=1. Indeed, Cauchy-

Schwarz and together imply
_1
(1 = x(by ")) (1 = x0(BohDy))vnl p2rpy
_1
< S |amnl|[ (1= Xx(by ")) Emonl| 2

m,n:bglh71<|n\<0h*('v+1)
J5h ™ Am n<v2h 7!

1
<COxh™lonllza (#{(m, ) : 5 0" < Inl < CR™OFD, Zoh™ < A < VERTTHY2.
2
Since Amn = 7|77 ., Where pi ., is the m-th eigenvalue of the operator D? + |z|*? on

1
L?(|z| < |n|7#7) with Dirichlet boundary condition, we deduce from Weyl’s law that
1 pl
V2
for some Ny € NH Therefore, it is sufficient to establish (3.14)), which roughly says that in the
regime we consider, the energy of eigenfunctions concentrates near x = 0.
1

Multiplying (3.11]) by (1 — X(b(:;m))QEm’n and integrating over = € (—1,1), we obtain that

N

#{(m,n) : by h™! < |n| < Ch~OFD), W <V2hT1y < Ch M

1 1 1 1
/ (1= x(by " 2))° A%yl mn (@) dz = / (1= x(by " 2))* P () - (—0F + [2[P'0®) Q.
-1

Doing integration by part for the r.h.s., and using the fact that n?|z|?7 > % on the support of
1 — x(by ") when |n| > by 'h~', we deduce that the r.h.s. can be bounded from below by

1 _1 _1
% /_1(1 — x(by ”33))2|<Pm,n(w)|2dm +/ (1 — x(b 71’))2|8x90m’n(l‘)|2d1‘

L1 -1 -1
= [ 2y Xy (1= Xy ) @smnla)d

'To obtain this rough estimate, it suffices to apply Weyl’s law for each fixed n and count the number of n.
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Using the fact that ;5 — )\2 h22, we obtain that

_1 _1
202 (1= x(By " @) Pmanl3z + 11 = x(by " 2)Bucomnl:
1 1
vy

_1 1 1 (3.15)
<Cby " ||X/(b0 T)Pmanll 2 (1 = x(by ")) Oxpmmll L2

Using Young’s inequality in the r.h.s., this implies

101 = x(by " w))wmn!!L2+\\(1— (b ” Jf))hazsomnH Cbo”h

To prove a better estimate, i.e. with an A" in the r.h.s. instead of h, we observe that
1 1

IX' (b " @)m,nllze < ClI(L = X(by ")) @il 2

for another cutoff X such that xx = X. Therefore, we choose cutoffs x(1y, x(2), "+, x(v) € CZ(R)
such that x(1) = x and X()X(k+1) = X(k+1) for all 1 < k < N and such that (3.15) holds by
replacing x by x() and

1 1

Now since for x(y),

_1 _1 _1
11 = x) (b " @) Pmnll L2 + (1 = x(v) (bg ")) hOzpmnll < Cby 7 b,

we deduce by induction (in the reverse order) that

N

_1 _1 _N
11 = x(1) (b " @) @mnllzz + 11 = x(2) (b " 2))hdzpm,nll < Cy ” AN,

This completes the proof of Lemma [3.10 O

3.2.2 Degenerate regime

For 0 < h < 1 and by fixed once for all thanks to Lemma [3.10, we define the semiclassical

spectral projector
I = p(h*As) (xo (W' Dy) = xo(bohDy)).

In this subsection, we will show that
T 0 | p2(ary = 0(1),  h — 0. (3.16)

We prove it by contradiction. If not, we must have ||wp|[z2(rr) 2 1 where wy, = Hzohvh. We set
f: Hzohf so that N
(hQAV + 1)wh = fh.

Let us notice that
‘Hhv’ywhH%Q(M) — llwnlZoan | < llwnllz2an (B2 Ay + Vwp| 2 (ar

where V., = (0;,270,) is the horizontal gradient. This follows from integration by part in the
integral [ wp(h?A, + 1)wp. We deduce

1AV s wn | L2(ary = llwnl 20y + 0(1)- (3.17)
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The proof of (3.16)) is mainly based on the following commutator relation:
[Ay, 205 + (v + 1)y0,] = 24A,,.

This is an illustration for the positive commutator method, which we shall use again in other
parts of the proof. This method dates back at least to [Hor71al Section 3.5] and has been widely
used, for example for proving propagation of singularities for the wave equation.

Note that yd, is not defined globally on T,. This is why we introduce the following cut-off
procedure. Let ¢ € C°°(T) such that ¢ =1 on T \ (a1, az), supp(¢’) C (a1,a2) and ¢ =0 on a
strict sub-interval of I = (a1,a2). Then, considering ¢(y)yd, on the interval [21392 a1ta2 4 97]
and then periodizing, we obtailn an objet globally defined on T.

We also set xp,(2) = X(bo_;x) (see Lemma [3.10). We compute the inner product

Cy 1= ([W* Ay + 1, x50 ()9 (y) (20 + (v + 1)ydy)]wn, wn) L2 (ar)

in two ways. The first way is to expand the bracket and use the self-adjointness of A:

Cry = (b (@)(y) (20 0n+ (4 1)yDywn)s ) L2(ar) = (oo (2)() (@ f - (4190, ) wh) L2 a1)-

The second way is to use the computation

(W2 Ay + 1, x5 (2) 6 () (20 + (7 + 1)y0,)]
=2h% Xy (2)3(y) Ay + 2 (v + D)2 (¢" 1)y + 26 (y)) xpo (2) D
+R2G" () |2 2 X0y (2) 00 + 207 (v + 1) 2>y () Xbe (2) 0 + 207 || 2 x0 (2) ¢ ()02,
+h2(y) (Xo, (€) + 2X(2) 02 ) (202 + (v + 1)ydy).

From the elliptic regularity (Lemma|3.10)) and (3.17)), on the supports of 1—x4, (2), X}, (), Xp, (2),
the L? norm of wy, and V.,wy, is of order O(hY)||wy]| 12 for any N € N. Then, using integration

by part and Young’s inequality, we obtain
Cy = (20(y)H*Aqwn, wn) p2an O AV 22 0y + OB ln 3y +O DIV 002 gy
Equating the two ways of computing C', and using integration by parts, we obtain

”¢(y)1/2hvvwh\|%2(M) < O(W)[|WVywp | F2(5p) + OB wi|Z2(ar) + OWIAV w172 qupp(ary)
+ O frll L2any (10xwn | L2 (ary + 1| Oywhll L2 (ar))-

First, we notice that we can replace the left hand side simply by ||hvywh||%2(M) (which is

2 1 thanks to (3.17)) and the above inequality remains true: this is due to the presence of
O(1)||hV ywp]|3 (supp(¢)) 10 the right hand side. Then, for A sufficiently small, we absorb the
O(h)HhVVwH%Q(M) and the O(h)”whH%Q(M) terms in the left hand side. Finally, we use

10zwhll 2(ary < B MRV ywhl 2 S hT1

[0ywl|z2(ar) < h7(7+1)||whHL2(M)
I hllz2an) < I fnllz2qary = o(R7HY)

where the first line comes from (3.17)), the second line from Corollary together with wy, =
Y(h2A,)wp, and the third line from Plancherel formula and (3.9). We obtain

1S |V ywn 72 (3.18)

supp(¢’))
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Let us prove that this contradicts (3.9). Let ¢1 € C°°(T,) such that ¢; =1 on supp(¢’) and
¢1 =0o0n Ty \ I. In particular, together with (3.18]), this implies

1S 61(9) PV whl| 72 ary-

By integration by parts, there holds
161 (A0 22 ary = —h2 /M Wh(V(63) - Vywp)dady — h? /M S wpdady
= —h? / wi (VA ($3) - Vwp,)dody + / drwp(wp, — fr)dady
M M

where in the last line we used the equation of wy. Using (3.9)), (3.17) and Cauchy-Schwarz
inequality, we see that the first term in the last line is O(h). For the second term, we write

'/M ¢Fwn(wh — fh)dxdy' = l[rwnll72(pp) + o(1),
and we note that

lprwnllz2ary < W, T ol 2any + T (@10m) || L2y < O(R) + [[onll 2wy = o(1)

as h — 0, by assumption. All in all, we obtain ||¢; (y)hvnywhH%Z(M) = o(1), which is a contra-
diction. This concludes the proof of (3.16]).

3.2.3 Regime of the geometric control condition

Let
My b, = $(h*Ac)x0(bohDy) (1 — xo(by ' hDy))

and zj, = I, p,vp,. In this subsection, we will show that
l2nllL2(ar) = o(1),  h—0. (3.19)

We will use a defect-measure based argument as in [BS19, Section 5]. It consists in showing that
the semi-classical defect measure associated with a subsequence of (zp)p~¢ is invariant along the
Melrose-Sjostrand flow (corresponding to the principal symbol p = &2+ |z|?*'n?). Then to obtain
a contradiction, we just need to check the geometric control condition: there exists Ty > 0 such
that any trajectory of the Melrose-Sjostrand flow enters w within time Tp; but we recall that
only trajectories corresponding to |n| € (bg, by 1) are considered here. We omit the standard
steps of constructing the semi-classical measure and proving the invariance of the 1rneasu1reE|7 and
only proceed to check the geometric control condition.
For the principal symbol

plz,y; &) = E+ 2, > 1,

the Hamiltonian flow is given by the ODE

T =0p =2¢

é‘ = —0gp = _2'Y|x‘2(7_1)x772 (3 20)
g =2lz[*n '
i = 0.

2The argument is the same as in the Baouendi-Grushin-context v = 1 handled in [BS19, Section 5].
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Thanks to the integrability of (3.20]), we can define the Melrose-Sjostrand flow associated with
the symbol p on the compressed cotangent bundle *T*M | We will denote by 4(+) this flow.

Remark 3.11. The assumption that v > 1 is used here, since otherwise the coefficients of
(3.20) are not Lipschitz and the Cauchy-Lipschitz theorem does not allow us to conclude that
its solutions are unique.

Lemma 3.12. Assume that v > 1 and w C (—1,1) x T is a horizontal strip. There exist
To > 0,¢9 > 0, such that for all pg = (x0,y0;&0,n0) with |no| € (bo,bal) and p(xo, yo; o, M) =
Py € (%,2), there holds

I

T 1,(ps(po))ds = co > 0.
0Jo

In particular, the geometric control condition (GCC) holds for w.

Proof. Tt suffices to show that any trajectory ps(po) satisfying

1
p(po) =po € (5,2), |l € (bo,bp")

57
will enter the interior of w before some uniform time 7y > 0. By shifting the y variable we
may assume that yg = 0. Without loss of generality we can also assume that 7y > 0. Let
ws(po) = (x(s),y(s);&(s),n(s)). Note that n(s) = no # 0, so that z(-) is periodic. Moreover, we
have the first integrals

S
po = G+ la(e)PTad. (s) = 2m [ o)’ (mod 27) (3.21)
In a nutshell, to show that the flow reaches w, we first notice that y(-) evolves in a monotone
way in T, and that the larger |z| is, the more y varies. Now, if |z| remains too small, then
gives that |#| ~ 2,/po, which implies that 2| cannot remain too small, thus a contradiction.
To put it into a rigorous form, consider the interval Js = (—4,9) (for the x variable) for
0 < ¢ < 1. For § > 0 sufficiently small (not depending on |no| € (bo,by")) and if z(s) € Js,
using , we have |i(s)| > /po. Therefore, following the flow, it takes a time at most
TH = to leave the regionl Js x T.
Let us fix sg such that xz(so) € Js (if it does not exist, we are done thanks to the second relation
in (3-21)). We know that there exists sp < s1 < s + 79 such that |z(s;)| = 6. We consider the
minimal time sy > s; such that |z(ss)| = $. Since [|@[|sc < 2y/po (thanks to (3:21))), we know
that sg > s3:=s1 + %. Finally,

53

s3 7§\ 2 bos [ S\
s3) —y(sg) =2 x(s Q'Vds/ZQb/ () ds' = (> :
y(s3) —y(so) 770/80 lz(s")] 0 . \2 270 \2

21\’%;0 (g)Q7 within any time period of length

Hence, the result holds for some Ty of order 627, O

In other words, in any case, y increases of at least
) 34
Tt Tm S Une

3In our specific example, the flow in the interior is defined via (3.20); when it reaches the boundary, the flow
is continued directly at diffractive points and by reflection at hyperbolic points. There is no higher order contact
in this simple geometry, see [BS19, Section 5].
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3.2.4 Horizontal propagation regime I

Now we treat the regime |D,| < bph ™. We set ry, := ¥ (h2A.)xo0(by ' hDy)vy,. To finish the proof
of Theorem [3.1] it remains to show that

I£nllL2(ary = o(1),  h— 0. (3.22)

Let p be a semi-classical measure associated to a subsequence of (kp)p>0. Since it is invariant
along the Hamiltonian flow associated with p = £2 4 |z|?>7n? subject to the reflection and diffrac-
tion at the boundary. Since pl, = 0 and w is a horizontal strip (or union of horizontal strips),
we deduce that the only possible place where the defect measure concentrates is the set {n = 0}
on which the trajectories are horizontal. To exclude this possibility, we need to decompose |D,|
in a finer way. For some small parameter ¢ > 0 to be chosen later, we let

K, = (1 = x0(h°Dy))kn, Khe= x0(h“Dy)kp,
Our goal of this subsection is to show that
165 llL2(ary = o(1),  h =0 (3.23)
We use the positive commutator method (already used in Section with the relation

(WA +1,6(y)ydy] =26(y)|z[*7 (hdy)* + 298/ (y)|2[* (hD,)?
+h2¢" (y)ylz 719y + 2h°¢/ (y) |79,

where ¢ has been introduced in Section As in Section [3.2.2, we compute the inner product
([R2Ay + 1, 9(y)ydy ks, K5,) L2 in two ways, and using Cauchy-Schwarz, it gives

16(w)* Pl Dy k5|72 ar) SCRI2"RARL 120 155, | L2 (ar) + ORI 20y
+C\ ¢ ()" 2|2 By 172 0y + OBl L2 an) 10Dy 5 L2 ar)
Using Young’s inequality, we deduce that for any ¢ > 0, for any sufficiently small A > 0,

6 (W) 2 2 WDy |12 ary) <ONPDyKS T2 0ar) + ClIE BOYES 17 2 (wuppor)
+C(0)h QHthL2(M) + CO)P? (K512 ary

and therefore, using the ||[x|Yhdykj, || 12 y) term in the right hand side, we obtain

(supp(¢’

el By 220y < SR8 13 ar) + Clll By, |2 auppery

. ) (3.24)
+C OV ull32ar) + CORIK5 32 0p)-

We need the following lemma, which roughly states that in the horizontal regime, the mass
cannot concentrate on x = 0:

Lemma 3.13. We have
10yrillL2(ar) < Clllz"Oykg, | L2(ar) + o(1),

as h — 0.
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Let us postpone the proof of Lemma [3.13] for the moment and proceed to finish the proof of
(3.23). Thanks to (3.24) and Lemma by choosing ¢ small enough, we have

el 0ym5 12 ary < C a0y |2 uupperyy + C(8)0(h20™D) + C(8) 5 122(ag, + 0(L).

supp
Applying Lemma [3.13] again and plugging into the inequality above, we have
18y 85,172 ary + 120y l172(0r) < Cllle Dyrf 12 supp(aryy + CONERNZ2(ar) + 0(1)-
Now since Fy(kj,)(x,n) = 0, for all |n| < h™¢, by definition of &j, we have
H’ﬁ”%%M) < h26Hay’f§LH%2(M)v
hence, we have
HayfizH%%M) + ‘|‘x’78y“2HQL2(M) < C”‘x”YayK;LH%Q(supp(¢’)) +o(1).

Now, we proceed as in Section we insert a smooth cutoff ¢1(y) such that supp(¢;) C w
and ¢1(y) = 1 on supp(¢’). Hence H\x|78ymle%2(supp(¢,)) < ||z ¢1(y)9yks, ||*. Then we can write

|27 1 (y) hdy s, = |z hdyp (h* Ay ) xo(bg " hDy)(é1(y)vn) + Or2(an (h),
where the second term on the r.h.s. comes from the commutator. Therefore,
8561172y < B*NByRG N2 (ary < 0(h7) + CR¥|| @1 (y)onl|72(ar) + O(R).

Since supp(¢1) C w, there holds ||¢1(y)vallz2(ar) = o(1). The proof of (3.23) is complete.
It remains to prove Lemma [3.13

Proof of Lemma[3.13 This is a variant of horizontal propagation estimates in the spirit of
Lemma 6.2 in [BS19]. However, due to the absent of the time variable, here we need a slightly
different argument. The main idea is to use propagation arguments in the horizontal direction
in order to “get out” from the singular region x = 0.

Let zj, = Oykj,. Since J, commutes with hQAV + 1, zj, satisfies the equation

(R*Ay + 1)z = g = 02 (h7),
where g5, = (1 — x0(h°Dy))x0(by *hDy)dy fr. Let us show that for some rq € (0, 3,
2nll 2(2)<2r0) < C(ro)ll2nll L2(ro<|z)<1) + 0(1)

as h — 0, which is sufficient for proving Lemma We choose 1+ € C2°(R) such that

Lot 31— (8O < € < 2V,
0, i Jgl>3or [ </ - (8C)TIB.

=€) =

Let x € C°((0,1)) such that x(x) = 1 if |z] < ro and x(z) = 0 if |z| > 3rp/2. From the
localization property of zp, we know that

11

WEF(2n) C {(z,y:&n) :p =+ |z]Pn* € (%72), In| < (8C1)™2 bo}
C {(z,y,&m) : € € supp(v™) Usupp(v ™)},
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thus it suffices to estimate ||x(x)y® (hDg)z|| r2(m) and by symmetry we only need to estimate
Ix(2)9* (hDy)zn || L2(ar)- Moreover, by our choice of ¥,

WEFy(z1) N {(z, y;:€,m) : € € supp((v™)')} = 0.

Note that for any (semi-classical) pseudo-differential operator Opy,(a), compactly supported
in the interior of M, we have

- ([Op(a), B2 4 1)z, 24) 1aagy = 07 = 0(1), (3.25)

thanks to the equation of z;. Now we consider a specific pseudo-differential operator Opj,(a™)
with principal symbol x?(z)sin ( 4r0)(1/)i(§ ))2. By symbolic calculus,

OB LA 1) = Oy (€ + a0 (@) sin( o) (5(0)))) + Orasa(h)
We compute

(€ + a1, () sin( - )(W({)) }
=260+ () 1) cos (4 ) + 460 (€)x(@)X (x) sin ()

47“0 47’0

a2y (€ (€ (@) sin (10).
Let
= 26O (@) eos (15), a2 = 46O (@ (@) sin ()

and az = —4y|z|[*2an?YT (&) (Y1) (€)X () sin (£ ) From the property of WF(zp,), we have
(Opp(as)zn, 2n) L2(ar) = O(h™), for any N € N. From the support property of as, we have

|(Op4(a2) 2z z) 2 an)] < Cliznll 2 (g <t <1)-
Thus from ([3.25)), we have
(Opp(a1)zh, 20) 22y < 0(1) + Cliznll 22 (g < pj<1)- (3.26)

. . 0 1
Since a; > ¢g for some uniform constant ¢y > 0 on |z| < 3r¢/2, we can decompose a; = ag )—i—ag )

where ago) > cox ()% (T (€))? and supp(ay (1 )) C {lz| > 3”)} Using the sharp Garding inequality,
we have

(Opp(al”)zn, )2y = o(Opp (X(2)2 (07 (€))% 2hs 2) 2 ar) — Chillznll72 0

Together with ([3.26)), this yields

Ixo(@)¥(hDa)* 2nll7 < 0(1) + Cllznll L2(r0<fai<1)-

The proof of Lemma [3.13]is now complete. O
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3.2.5 Horizontal propagation regime II

To finish the proof of (3.22) (and hence that of Theorem , it remains to show that
|Knell2ry = o(1),  h—0, (3.27)

where kp . = x0(h¢Dy)kn = ¥(h?A,)x0(h¢Dy)ky with small parameter € > 0 to be fixed later.
In this subsection, we prove the following result which, combined with (3.9)), directly yields

B20):

Proposition 3.14. There exist C > 0, hg > 0, g9 > 0 such that for all 0 < h < hg and
0 < e < gg, we have

6nell 2 < Cllenell 2wy + Ch2 (R Ay + Dnellz2ary + Ch' = [onll 2(a-

We follow the normal form method as in [BS19, Section 7], originally inspired by the work
[BZ04]. The key point is to search for a microlocal transformation

w=(1+ hQDZ)v

for some suitable semi-classical pseudo-differential operator @ = ¢(z, hD, ), such that the con-
jugated equation (satisfed by w) is

h20%w + hQM(?;w + w = errors,

where

1t
M=- |x|*7dx
2 ),

is the mean value of |z|?Y. Roughly speaking, this normal form method puts into a rigorous
form the intuition that in the horizontal propagation regime, the vector field |z|70, acts as if it
were averaged along horizontal trajectories.

Then we will be able to use the following theorem:

Proposition 3.15 ([AL14],[BZ04],[AM14]). Let Ay = 03 + MO2. Then for any non-empty
open set wy C T2, we have

Hu||L2(11-2) < CHUHL2(UJO) + Ch72H(h2AM + 1)UHL2(T2)‘

However, dealing with Dirichlet boundary value problem induces difficulties and conse-
quently, we prefered to extend the analysis to the periodic setting. First we introduce several
notations. Let

T:=[-1,3]/{-1,3} and T?:=T, xT,.

Define
a(x) = |z|7, if |z| <1 and a(z) = |2 — 2|7, if 1 <z <3,
and the operator
P, =0+ a(w)28§.

Note that a(z) and a(x)? are Lipschitz functions on T. Let

HMT?) := {f € D'(T?) : P} f € L*(T?),¥0 < j < k}
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the associated function spaces and the domain of P, is D(P,) = H2(T?2). Recall that D(A,) =

Hio (M) N Hg (M). Consider the extension map:

1 D(A)) = D(P,), f+
with _ _
f(z,y) = f(z,y), if || <1, and f(z,y) = —f(2—z,y), if ] <z < 3.
The mapping ¢; is the odd extension with respect to x = 1. Note that for f € C°°(M), we have
O flo=1- = O (t1.f)]e=1+-
Recall the following lemmas from [BS19, Section 7]:

Lemma 3.16 ([BS19]). The extension map v1 : D(A,) = D(FP,) is continuous. Moreover, for
dll € D(A), o1 flyaze) = V2Ll 220

Note that this result was only proved for v = 1 in [BS19, Section 7], but the proof given
there works without any modification for general v > 1.

Lemma 3.17 ([BS19]). Let S1,S52 be two self-ajoint operators on Banach spaces Ey, Ea with
domains D(S1), D(S2) respectively. Assume that j : D(S1) — D(S2) is a continuous embedding
and that there holds j o S = So 0 j. Then, for any Schwartz function g € S(R), we have

jog(S)=g(S2)o0

Lemma ensures the preservation of the spectral localization property by odd extension
procedure. We deduce from Lemma [3.17] that for any Schwartz function g : R — C,

L1 0 9(h2A7) = g(h2Pa) o11.

Consequently, we have the following lemma, reducing the proof of Proposition to the ob-
servability of the extended solutions:

Lemma 3.18. Let ¢1(y) be a smooth function which is supported in w. Assume that there exist
ho,e0 > 0 such that for any 0 < h < ho,0 < € < g, the following observability holds for all
v € L?(T?):

1 (h* Pa)xo (h Dy) 0l 72 2y SCN(h* P+ 1)(h* Pa)xo (h Dy) 075 o
+Cl¢1(y) % (h* Pa) xo(h Dy)O()||7 oy dt + ChIBIT 70 (3.28)

Then Proposition is true. More precisely, with the same constant C' > 0, for all 0 < h < hg,
0 < € < gg, the resolvent estimate

14 (h* Ay)x0(h Dy)vl Ty SCUI(R* Ay + 1ol T2y
+Cll61(y) v (h*As)xo (h*Dy)vlTaapy + ChllvlZ2ar)
holds for all v € L?*(M).
The proof of Lemma [3.18]is straightforward and we omit the detail.

Remark 3.19. Since the extension operation is done for the z-variable, we keep the notation
¢1(y) for the extension of this function.
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Before proving (3.28), we need a lemma which, modulo errors, allows us to replace the
operator & (h2P,)xo(h D) by 1 (hDy)xo(hDy).

Lemma 3.20. Let 91 € C’COO(% < €] < 4) such that 1 = 1 on supp(y)). Then, as a bounded
operator on L*(T?), we have

(1 = ¢1(hD2)) Y (h* Pa)xo(h*Dy) = Opa,12(h*7%).

Proof. As D, commutes with D, and F,, by Plancherel, it suffices to show that, uniformly in
In| < (8C1)7Th~,

(1= 91(hDa))$(h*Ln) = Opa_yp2(h*179),
where £, = —02 + n%a(z)?. The key point here is that (1 — 11(£))¥(€) = 0. We will make use

of the Helffer-Sjostrand formula (see [DS99] and [BGT04]) :
1 —~
Y(h2L,) = — / o(2)(z — h2L,) " Ldz A dz,
211 C

where QZ(Z) is an almost analytic extension of 1), for example

_ NAL . (n)
P(z) := x(Imz) - nz:;) W(ilmz)", N > 2.

Note that as an operator-valued meromorphic function, we have
(z = R2L,) "t = (z = h2D2) 7 + W*n?(z — B2D2)ta(x)?(z — K2L,) 7Y,
we obtain that

(1 — 1 (hD))Y(h2Ly,) = il (1 =11 (hD,)) xcatz(z)(z — h?D,) ta(z)?(z — R2L,) Nz A dz,

21

where we used the Cauchy integral formula
1 ~
Y(h?Dy) = — / o(2)(z — h2D2) Ydz N dz
211 C

and (1 — ¢4 (hDy))(hD;) = 0. Using the fact that [0¢(z)] < Cn[Imz|NVyx(Imz) and ||(z —
P)7| < |Imz|~! for any self-adjoint operator P, we deduce that

(1 = 91 (D)) (R2Ly)|| < CH20-9).
This completes the proof of Lemma [3.20 -

Proof of Proposition|3.14). From Lemma it is sufficient to prove . With a little abuse
of notation, we denote by vy = i, . the extension of ry, ¢, which verifies vg = ¥ (h?Py)x0(h¢Dy)vo.
We are now in the periodic setting. Yet, we should pay an extra attention to the fact that
P, =02+ a(x)28§ is a hypoelliptic operator with only Lipschitz coefficient. More precisely,
a € Lip(T?) which is not C! when v =1 at z = 1.

Modulo an error OLz(h2_26)|]v0||L2(1~1,2), we may assume that vg = ¥1(hDz)xo(h“Dy)vg. Note
that

(W?Py 4+ Dvg = fo := t((B*Ay + Vripe).

Now we search for the function
woy = (1 - hQ@;)’UO
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with an h-pseudo-differential operator () acting only on z, to be chosen later. Let M =
: ff’l a(z)?dz = 3 f_ll |z|>dz be the average of a(x)? along the horizontal trajectory y = const.
Using the equation (h2P, + 1)vg = fo, we have
(h202 + MK*92)wo + wo =(1 — hQIZ)(W* Ay + 1)vg + (1 — hQO2) (M — a(x)*)h* 0} v
1
—E[h28§, QIR 0; v
1
=(1= Q) fo + (M — a(w)* — +[h*0;, Q) h*d5vo
2 217,292
—hQ0y(M — a(x)")h=0,vo

Take 19 € C°(1/8 < [€| < 8), such that 1911 = 1h1. We define the operator

Q=5 ([ 01 = ae)az ) (nD0)Hvai),

and set b(z) = 3 [* (M — a(2)?)dz, m(hD;) = (hD;) '42(hD,). Since a(z)? — M has zero
average, the function b is well-defined as a periodic function in the space C(T) N W2>(T).

From a direct calculation, we have

(02, Q] = 2ib/ (x)m(hDy)hDy + i[hDy, b (x)m(hDy,).

Note that [hD,, b (z)] = —ihbd"(x), and b" € L>°(T), thus

o1

1M = afw)® -

1202, QI)108e0l sy = O e
Therefore,
H(h2AM + 1)w0||L2(']~1*2) < C”f0||L2(']~I‘2) + O(h3_4€)”U0HL2(Tﬁ2)'

where Ay = 02+ M 85. Applying Proposition we obtain that
”w(]”[ﬁ(ﬁ?) < CH(Z)l(y)wOHL%NTQ) + Ch_2”fOHL2(rﬁr2) + Ch1_46||UOHL2(T“2)'

Since wo = vo + OLQ(ﬁQ)(hl_%)”’UO”LQ(Tﬁg) and supp(¢1) C w, the proof of Proposition is

now complete.

End of the proof of Theorem[3.1. We choose ¢ as in Proposition Combining (3.13]), (3.16)),

(3-19), (3.22) and (3.27)), we obtain ||v||z2(ar) = o(1), which contradicts (3.9) and proves The-
orem [3.11 O

3.3 Theorem [3.4: proofs of observability

3.3.1 Localized observability

In this section, we prove Point (1) and one part of Point (2) of Theorem namely that
observability holds for sufficiently large time in case s = VTH The proofs of these two results
are both based on the resolvent estimate given by Theorem

In general, we have the following abstract theorem:
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Theorem 3.21 ([BZ04]). Let P(h) be self-adjoint on some Hilbert space H with densely defined
domain D and A(h) : D — H be bounded. Fiz xo € C((—b,—a)). Assume that uniformly for
7 €I =[-b,—a] C R, we have the following resolvent inequality

G(h)
lulle < == I(P(R) + T)ulls + g(h)|A(R)ull3
for some 1 < G(h) < O(h=™No). Then there exist constants Cy,co, ho > 0, such that for every
T(h) satisfying

an) _
T(h) €o,
we have, Y0 < h < hg
h 2 T(h) P (h)
(Pl < e [ Lathe 5 (Pl

where 1 € C°((a,b)).

Let us prove Points (1) and (2) of Theorem using Theorems and For s € N,
s > 1, there holds:

(=h*A,)* — 1= Qp~(—h*Ay — 1)

where
Qny = (=P*A)" 4. 41

which is an elliptic operator, such that Q;}Y is bounded from L?(M) to L?>(M) (independently
on h). Hence if
(=D up, — up, = gn,

then
—h2Aup, — up, = Q;;lwgh

and, applying Theorem and using the L?(M) boundedness of Q,;lv, we get
lunllz2ary < O |[unllr2w) + O™ ) gnll L2 (ar)-

Let us now prove a spectrally localized observability inequality thanks to a rescaling argument.
We first assume s > 77“ The previous estimate gives

G(h
Junlzzy < OWlhunl zz) + S gnlgsqan

with G(h) = o(h'~2%). Applying Theoremto g(h) = 1, A(h) = 1, P(h) = (—h?A,)%, by
denoting uj, = xo((—h2A,)*)ug where xo € C°((1/2,2)), we have

Co T(h) — i—n2aq)®
el < 7y [ 175wl

for T'(h) = C1G(h) with C; = % By changing variables t' = h?*~1¢, we have

) CO h257101G(h) it (AL 9 ,
ban < Gyt | e gt
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Fix T > 0. Since h?*"1G(h) = o(1) as h — 0, we can apply the inequality above ~ Cﬂz+1c¥(}b)
times, together with the conservation of the L2(M) norm along the flow e~ (=2+)°. This yields

T
[unll72ary < C /0 le™ A |3, dt . (3.29)

In the case of Point (2) where $(y+1) = s, doing the same argument with G(h) = O(h'~2%),
we obtain that holds only for T sufficiently large, that is, T' > Tiyus.

It remains to show how to deduce Point (1) (or Point (2)) from the localized observability
inequality . This procedure is standard (see [BZ12), Section 4]), but we recall it here briefly
for the sake of completeness.

3.3.2 From the localized observability to the full observability
In the next lemma, H;l(M) denotes the dual of Hi’O(M) (defined in Section [3.1.2).

Lemma 3.22. The embeddings H;O(M) — L?(M) and L*(M) — HV_I(M) are compact.

Proof. By duality, we only need to prove that H} (M) < L?(M) is compact. Since H} ;(M) —
HI(M), it suffices to show that H (M) < L*(M) is compact. For s; € N,sy > 0, denote by
H?®v*2(M) be the Sobolev space with respect to the norm

1 ooy 2= 1 W ary + 105 £ 132 any + 1Dy £ 12200,

Note that H1(M) = [L(M), H2(M)]s and H*¥+1 (M) = [L2(M), H*551 (M)]1, here [X, ]y is
2 2
the standard notation of interpolation spaces (see Chapter 4 of [Tay11]). By Lemma we know
2
that H2(M) — H™5+1(M). Interpolating with the trivial embeddin L*(M) = L*(M), we
obtain that H%(M) — Ho’ﬁ(M) is continuous. Moreover, since [|0zul|r2(ar) < Hu||H;O(M), we
1
deduce that H%(M ) — H Lt (M) is continuous. Thus from the compactness of the embedding
Hlﬁ(M) < L?(M), we deduce that H;O(M) < L?(M) is compact. O
Proof of Point (1) and (2) of Theorem[3.J, Let 1(p) := xo((—p)*), hence up, = ¥(h2A,)ug

From (3.29), we deduce that for sufficiently small hg > 0, 0 < h < hg and any T > Tis (for
Point (1) we say that Ti,s = 0), there holds

1 (12 An Yol 22 ary < / lgre™ A (R Ay Yuo |72 gy dt, (3.30)

where supp(¢;) C w. Taking h = 277/ and summing over the inequality above for j > jo =
|log, (ha 1)J + 1, by decreasing hg if necessary, we will get

T
luol22ar) < Cr /0 et A0 ug|Bay dt + Crllbo(2 A uolPaays (3:31)

for some thy € C°(R). To see this, we first take 109 € C°(R), equaling to 1 on (—3,0]. By the
almost orthogonality, we have

ol < 900220 Aol Zagany + O3 (22 Aoy < ClluolZaan,

J=Jo

“Here we use the complex interpolation theorem, see for example [LP64].
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Applying (3.30)), we have for each j > jo,
(27 Ay JuollZ2(ar)

T T
<CT/ ||¢(2_2]Av)(¢1€_Zt(_A”)su0)||2L2(M)dt+CT/ Il (27 Ay, drle 2 g 72 5 dt
0 0
T
<CT/ 19272 A (@re™ "2 ug) |72 aydt + Cr2 5 |uo|F2 )
0

where for the last step, we used the symbolic calculus for the commutator [¢(27%/A,), ¢1] and
the fact that e *(~2+)° is unitary on L?(M). Summing the above inequality over j > jo, we
obtain , provided that hg > 0 is chosen smaller so that C'Thg = Cr27%0 < % Note that
the second term on the right side of can be controlled by \\u0|]z;1 (1)

To conclude, we follow the approach of Bardos-Lebeau-Rauch [BLR92]. For T" > 0, defining
the set '
NT’ = {UO S LQ(M> : e_n(_AV)SuO‘[O’T/]Xw = 0}

Let 77 € (Tint, T'). (3.31) implies that any function ug € N satisfies
lwoll 2y < Crluoll—1can

Thanks to Lemma we deduce that dim(N7) < co. Note that for any Ty < Ts, N, C Ny
Consider the mapping S(6) := 6~ (e7(=22)" —1d) : Ngv — Npr_s. For fixed T € (Tiut, T),
when § < T" —Tiy¢, dim Nv_s < oo. Since the dimension is an integer, up to a slight diminution
of T', there exists dyg > 0, such that for all 0 < § < dy, Nv_s = Np+. Therefore, S(9) is a linear
map on Np. Let 6 — 0, we obtain that

_i(_AW)S|NT/ : NT/ — NT’

is a well-defined linear operator. Take any eigenvalue A € C of this operator, and assume that
us € N is a corresponding eigenfunction (if it exists). There holds

(—A) Uy = idus.

This implies that u, is an eigenfunction of (—A,)® (thus u, is also an eigenfunction of —A,).
However, uy|, = 0, hence u, = 0 by the unique continuation property for A, (see [Gar93]).
Therefore, N = {0}.

Now we choose Ty = T" as above. By contradiction, assume that Point (1) or Point (2) of
Theorem is untrue. Then there exists a sequence (uy,o)ren, such that

—it(—Ay)°

To
luoll ey =1, lim le uk0ll72(ar)dt = 0.

k—o00 0

Up to extraction of a subsequence, we may assume that uy o — ug in L?(M). Thus from Lemma
upo — ug, strongly in H;'(M). Since e A 0 — 0 in L2([0, Tp] x w), we know
that ug € N, = {0}. Besides, letting k¥ — oo in (3.31]), we obtain ||u0HH71(M) > 0. This is a
contradiction, which concludes the proof of Points (1) and (2) of Theorem O

3.4 Theorem (3.4 proofs of non-observability

In this section, we prove the second part of Point (2) of Theorem namely that observability

fails for small times in case s = 'YTH, and Point (3) also follows from this analysis. The proof
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is totally different from the proofs of observability presented in Section [3.3] Let us assume
T(y+1) =s.
We note that if ¥ = 1, then necessarily s = 1, and the result was proved in [BS19]. Therefore,
in the sequel, we assume ~ > 1: this will be useful for establishing precise asymptotics of
eigenfunctions, see Proposition [3.25

The non-observability part of Point (2) immediately follows from:

Proposition 3.23. There exist Ty > 0 and a sequence of solutions (un)nen of (3.2) with initial
data (u®),en such that HU%”L%M) =1 and

To
2
n(l,, — 0. 32
/0 /w fun(t, 2, y) Pdadydt — 0 (3.32)

The goal of this section is to prove Proposition In all the sequel, using the invariance
by y-translation, we assume without lost of generality that T, \ I contains a neighborhood of 0.
Here is a sketch of the proof, which borrows ideas from [BS19, Section 9]:

e We can reduce the analysis to the construction of solutions of iu — (—A,)°u = 0 in
R x T: then, using an appropriate cut-off, we transplant it into solutions of (3.2]) (thus in
(=1,1) x T).

e In R x T and for n € R, we consider as initial datum the normalized ground state
|U|m¢w(|ﬁ|ﬁfﬂ) of the operator D2 + |5|?|x|*, mutiplied by ¢®¥". The associated
solution of i0;u — (—A,)*u = 0 is obtained by mutiplication by a phase, and the intuition
is that this solution has all its energy concentrated near x = 0 when 7 is large: it is ana-
loguous to the “degenerate regime” of Section Taking linear combinations of these
solutions for large n’s (this is the role of the multiplication by ¢ (h,k) in (3.34)), we obtain
a solution which travels along the y-axis at finite speed.

Let us now start the proof. The normalized ground state of the operator P, ,, = —02+|z|*Yw?

1
on R, is denoted by p,(w, -) and the associated eigenvalue is A (w). We set z = |w|"*+1z, and we
are then left to study the operator Q. = —02 + |2/*Y on R,. Recall that its normalized ground
state is ¢, which satisfies

Q6 = Hoé,

on R;. In particular, we have A\ (w) = u0|fw|% and

pr(w,2) = [w] T 6, (ju] 1),
Definition 3.24. We write f(z) = O(g(z)) as © — +oo if for any k € N,

B (@) = 0(g™ (@)]), @ — oc.

We need the following estimate, which is specific to the case v > 1:
Proposition 3.25. We consider the ground state
—¢ + 2T dy = hody,  4(2) >0, by even, |6yl 12wy = 1.

Then, for some constant ¢, € R we have the asymptotic behavior

cy ot
¢y (x) ~ —Le T,z — oo, (3.33)
T2
~ N _azYtl
and ¢, = O(x"2e F1).

Proposition [3.25] is proved in Section [3.4.4] below, but let us first explain how to deduce
Proposition from these estimates.
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3.4.1 Estimate of the source term

We set h,, = 27" and we consider

25
vnlt, 2, y) = D (k)BT | 7 6 (| ), (3.34)
keZ
where ¥ € 030(5 < n < 1), and ¢, is the first normalized eigenfunction of the operator
with the eigenvalue p9 > 0. Then v,, satisfies
i0pvy, — (—A,)°vy, =0

on R, x T,.

We consider a cut-off x € C°(R,) with x =1 for |z| < 1/4 and x(z) =0 for || > 1/2. Let
Uy = XVp, then

10Uy — (_A'y)sun = _[(_A'y)st]Un-

Our first goal is to show that

e (_ s
in L7, , as n — 400, uniformly in ¢ € [0, Tp).
We write .
(870 = Y (A [=A5, X](-A,)* (3.36)
=0

and we note that
[~Ay,X] = —2x'0s — X"
Let us fix 0 < 7 < s — 1 and focus on the term indexed by j in (3.36). We know that

(=80 X (=25) T ot y) = D (=20k[7 6 (KT )X (@) = 6, (KT 2)X"(2)) Oty ),
v (3.37)

with

_2s .
Bt 1, k) = 16 (ke =8I (g ] 7479 | 265
Now we have to take j times (—A,) on the left of the above expression. For that, we determine
the size of the new factors brought by any new 0, or |z|70, derivative. Indeed, we see that
(—A)[=Ay, x](—A4)* 771y, is a sum of terms of the form
0 i bay) =Y [k Q92 (|k| 77 2) XU () (|20, ) 70, (8, . )
keZ
with j1, jo,j3,j4 = 0 bounded above by a constant which only depends on s. We also notice

that necessarily j3 > 1, so that, with the properties of x, I Jl JQ s (t,z,y) = 0 for |z| < 1/4.
Therefore, we can assume |x| > 1/4. Because of the term 1 (hyk) in 6,,(t,y, k), the sum in the

definition of IJI’J]M3 , can be taken only over k € (h;;t/2,h,; ). Now, using the proﬁle of qﬁ(m)
given by Proposition (3. 25|7 we see that IJHIJJM3 i = = o(1) as n — +oo. Therefore, (3.35)) holds.

By Duhamel’s formula, we then have, for fixed Ty > 0,
lun(t) = 72" (xvn(0) g2, — O

.Y n—y4o0

uniformly in ¢ € [0,Tp]. Therefore, now considering u, as a function on (—1,1), x T,, we see
that (3.32) holds if and only if

To
/ / (on(t, 2, ) Pdadydt —> 0. (3.38)
0 JRxI n—+o0
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3.4.2 Proof of (3.38)

Recall that T, \ I is assumed to contain a neighborhood of 0. We prove that for any ¢ > 0, there
exists Tp > 0 such that [|vn1y>cllz2(0,m)xRoxT,) — 0, which implies (3.38). We consider

n—-+oo

the phase
D, (t, y, w) = wy — A\y(w)°t — 2rmw.

By the Poisson formula,

vn(tz,y) = Y KW (2mm)

meZ
where -
K" (2mm) = / W (hnw)py (w, ) P4 du (3.39)

The goal is to prove that for |y| > ¢, each Kfz,)y(Qﬂm) is small; therefore v, is also small for y
outside a neighborhood of 0.

We do the usual integration by part argument, writing

| 10 .
1Dy (w) _ i D
¢ 10w P w’ (340)

2
Here, using A (w) = polw|7+! and s = %“1, we find

awq)m(tayaw) =Y - 2tm — t}u(s)a

(for w > 0) and in particular 92 ®,, = 0 (for w > 0). Using (3.40), we integrate by parts three
times in ([3.39)):

) 1 83,(1/)(hnw)p7(w,1:)) i
Kt7x’y(27rm) = /R ERONCERNIE e""mdw. (3.41)

There is a 0, P, at the denominator, for which we need an estimate. We assume without loss
of generality that I C T, is an interval, which we denote by (a,b), with 0 < a < b < 7. Let
us fix Ty < a/pi. We see that [0, P, (t, y, w)| is bounded away from 0 uniformly in y € I and
0 <t < Tp. Moreover |m| < |0y®Pim(t,y, w)| when m — 400, uniformly in w € R, y € I and
0 <t <Tp. We write |0y ®Pm(w)| 2 |m — ¢o| for some 0 < ¢y < 1 which does not depend on m.

Let us now analyze (B.41]). Since on the support of ¢(hnw), |w| ~ k!, the main contribu-
tion of 93 (¢ (hnw)py(w, x)) comes from the situation where every derivative falls on the factor

¢7(\w|ﬁm), thus bounded by

3y 1

O(|w|TE 7573 = O(hy™ 2070), |w| ~ AL
Therefore, we obtain that
EERCE
S Chn K
sup ]Kfz)y(me)\ < == —
(t,2,9)€(0,T) xw [m — co|

—_— 4v—3

Hence, the sum over m of the |K£Z),y(27rm)| is O(hn Y I It gives (3.38), since v > 1.

Remark 3.26. Note that this proof provides the lower bound Tins > a/pg.

ertlng similar relations as , but at higher order, and then integrating by part sufficiently many times
in (3:41), we can obtain better bounds O(RY) for any N € N.
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3.4.3 End of the proof of Proposition [3.23

We finally need to estimate the size of the initial data.
Lemma 3.27. There exists ¢ > 0 such that |[vnoll2(ary) = ¢ for any n € N.

Proof of Lemma[3.27. By Plancherel (used for fixed x € R), we have

_1 _1
lonol2: =3 /R (o) 2| 757 | b ([ 757 ) Pl
keZ

=" (k) * 2 1,

kEZ

hence the conclusion. O

Combining Lemma and (3.38)), we get Proposition and the non-observability part
of Point (2) of Theorem (3.1 follows. Point (3) then follows immediately from the abstract result

[Mil12, Corollary 3.9]: if (3.2]) was observable for some T' > 0 and some s < 'YTH, then it would

be observable in any time for s = 2L which is not the case thanks to the non-observability

2
part of Point (2).

Remark 3.28. Note that it would be possible to obtain Point (3) by a similar construction
as the one of Section if s < WTH, the phase 0,®,, verifies an estimate of the form

1—-—=8 __2s
Ow®m =y — 2mm + O(hy, "' Tp), and, since h, "' Tj tends to 0 in any case as n — +oo, an
analysis similar to the above one shows that observability fails for any 7y > 0.

Remark 3.29. The proof of Proposition [3.23]is adapted from the vertical Gaussian-beam like
construction of [BS19] and this strategy was inspired by [RS20] for the controllability of the
Kadomtsev-Petviashvili equation. Since s is a natural number, our construction here simplifies
the analysis of Section 9 in [BS19], without appealing to the properties of first eigenfunctions
of the semi-classical generalized harmonic oscillators —d2 + n?|z|?” with Dirichlet boundary
conditions. When s is fractional, we do not have the nice formulas and , due to the
non-local feature, and the analysis will be considerably more involved. Nevertheless, we believe
that it is possible to handle a more precise analysis as in Section 9 of [BS19] to prove Point (3)
for general s > 0, not necessarily in N.

Remark 3.30. It might be possible to generalize Proposition to a more general setting
thanks to a normal form procedure. By normal form, we mean that a complicated sub-Laplacian
can sometimes be (micro)-locally conjugated (by a Fourier Integral Operator) to a simpler one,
see [CHT1S8, Theorem 5.2 for the example of 3D contact sub-Laplacians. Since in the above
proof of Point (3) the constructed sequence of solutions stays localized around a single fixed point
of the manifold, we could hope to disprove observability for equations involving sub-Laplacians
which are microlocally conjugated to —A,.

3.4.4 Proof of Proposition [3.25

Our proof is inspired by [Si70, Appendix IV]. Note that we are only interested in the region z+1.

Let Y = (:f,), and
0 1
A= (o 0):
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hence Q4% = pot is equivalent to Y’ = AY. We set

v+1 v+1
o_(x) =22 T, gy(x) =a V25T,

We compute

27 +1 27+
(Z)/,(«T) = —(1;% + %gjfgfl)ei T (bﬁr(g;) = (.CE% — %gjfgfl)e T,

27t LY+
¢ (x) = (7 + 25+ D32 T, ¢(a) = (@7 + 25+ Da I 2)e T
These two functions can be viewed as approximate solutions, as x — +o0o, to

Lip = =" + (@™ = o)ty = 0
and we will give an expression of ¢, in terms of ¢_ and ¢, which will imply (3.33)). Let

(- o4
U‘<¢.d)

) := U~'Y, or equivalently,

a—
ay

(@) = a-(2)p-(2) + ay(2)d4(2), ¢'(2) = a—(2)¢_(2) + at(x)¢! (2).
We remark that the inverse of U exists since det(U) = ¢/, ¢_ — ¢'_¢ = 2 and is given by

1 ¢ —oy
v ‘&ﬂm<ﬂﬁ ¢—>

We set the ansatz Y = Ua, hence Ly = 0 is equivalent to

anda:(

a' = —Ra,
where
0 0
R=UNUU*'-AU=U""! U
( ) po+3(3+1)z2 0
ie.,
L
po+3G+1e? [ o1 5w
R - x/y _232’7+1
e v+l 1
To solve a’ = —Ra, we expand the Neumann series as
= an,— ()
n,—
a(z) = an(x), an= .
@ =2 anle) an (at)
where

tnia@) = [ Rz,

provided that the series and the integration converge. In order to avoid the divergence at
x = 400, we initially choose
ap,—
ap(z) = ,
o(x) < 0 >

where we can set ag— = 1 is a constant. It turns out that the Neumann series a = Y 7 jan
converges to a smooth function a. Hence Y = Ua is the solution of Y/ = AY which tends to 0
as r — +00.
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Lemma 3.31. There holds

22V T 1 72:,;"/“1’1 ~ 1 2271

a_(z)—1=e +#1 O( ), ap(x) = 0(——e ).

271 27~

Proof. Tt follows from a simple recurrence that there exist C' > 0 and some (large) xzy > 0 such
that for any n € N and any = > x(, we have

Cug _2z7+1

g
(1) ¢

{E”('Y_l)

|an,—(z)] < v e (@)] <

2711
It follows that a_(x) — 1 = O(1/27!) and a, (x) = O(e” +** /27~1). Then, the estimates on
the derivatives of a_ and a4 follow from a recurrence using the relation «’ = — Ra. O

Thus we have constructed an explicit solution

Yoo(w) = a—(2)p—(2) + ay ()P (2)
with the asymptotic behavior

y+1
Yoo(x) ~ a3 7, - o0

~
and oo = O(z"2e ¥ ).
Note that the Wronskian of the equation L) = 0 is constant (so we can choose it to be 1),
so we find another independent solution (with some z¢y1 fixed)

T y et
Yoo(T) = %o(fU)/ m ~ T Ze il

Now the fundamental solution ¢ (z) should be a linear combination of ¥, 19—, namely, there
exist constants a,b € R such that

¢7($) = oo (T) + bY_oo(T)

for all large x > ¢ (this identity is only valid for large > 0). Since ¢(z) — 0 as x — +o0,
we must have b = 0, which finishes the proof.

3-A Supplementary material

3-A.1 Proof of the well-posedness
We intend to prove the well-posedness of (3.2)), (3.6) and (3.7]).

Schrédinger equation

The equation (3.2)) can be solved by spectral theory. Expanding the initial datum wug(x,y) as

x,y) = Z%"Pj(l"a Y), with — Ayp; = )\ggoj, (3.42)
jEN
the solution of (3.2)) is given by

(efit(fA ) t z y Zaj Zt)\?sgoj .’L‘ y)
jJEN
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which belongs to L?(M) for any t € R.
Let us now prove (3.4). For each N, we set

uy =) (u,05)¢;.

J<N

Then, (—A,)*un|gar = 0 for all k > 0. When k < s,

(—A) uy =" A (u, 0))p;
i<N

converges uniformly in Hg(s_k) (M) tou. When k < s—%, since this is equivalent to 2(s—k) >
—A)Fun g converges in L2(OM) by trace theore In particular, we have (—A~)*u|gpr =
v v
Note that when s = %0 € %N, 0<k<s— % is equivalent to 0 < k < L%J
Heat equation

To prove the well-posedness in If(M ), we will apply the Hille-Yosida theorem with generator
A= —(—A,)*. The domain D(A) is given by (3.3)), and it is dense in L*(M). For ug € D(A),
written as in (3.42)), there holds

Re({Auo, uo)r2(an) = — 3 la X205 22001 < O,
JEN

hence A is dissipative. Let us show that it is maximally dissipative, i.e., Id — ,ufT is surjective
for any p > 0. Let ug as in (3.42)) and p > 0. We consider

a;
“:Z 25 ¥3
‘N L+ pA;

Then u € L?(M) and (Id — M.Z)u — ug. Therefore, by the Hille-Yosida theorem, A generates a
strongly continuous semigroup of contraction, and in particular (3.6)) is well-posed.

Damped wave equation
Consider the damped wave equation
Ofu — Ayu + boyu =0

where b € L>(M) and b > 0. For its well-posedness in the energy space H = H;O(M) x L2(M),
we will apply the Hille-Yosida theorem to prove the existence and uniqueness of the semi-group

e!A with generator
0 1
A=(a, )

We need to check the condition that A is maximally dissipative, which we formulate this time
under the form

(a) (0,00) C p(A);

(b) [1(uId = A) "Ml £y < p s for any > 0.

5Though H3 is not the usual Sobolev space, the usual trace theorem applies since near the boundary, —A, is
uniformly elliptic.
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Indeed, (a) is proved in the beginning of the proof of Corollary We only need to check (b).
Let U = (u,v)! and F = (u,v)! such that (ux — A)U = F. Equipped with the inner product

((u1,v1), (u2,v2)) 5, = (Vyur, Vaua) 2ary + (v1,02) 2 (ar),

we verify directly that
Re(AU, U),H = —(bU, U)LQ(M) < 0.

Therefore,
pllU13; < (U, U)y — Re(AU, U)y = Re((uld — AU, U)3 < |[U]||(p1d — AU |3

This means that pl|(uld — A)" F|ly < ||F|lz. Therefore, (b) is verified. The proof of well-
posedness for the damped wave equation is then complete.

3-A.2 Proof of Corollary (3.6
Recall that v > 1 is fixed. Given b € L>®(M), b > 0, consider the damped wave equation
Ofu — Aju + boyu = 0

which can be written as ;U = AU with U = (u, Oyu)! and

(&%)
Let H := H&W(M) x L2(M) and H,Y_1 be the dual of H&,,Y(M). When b = 1,,, we have a stronger
version of Theorem 3.1}
Proposition 3.32. There exist C, hg > 0, such that for all 0 < h < hg, and any solution v of
(h*Ay +1)v = g1 + g2,

with g1 € L?>(M), go € H;l, we have

C C
1hVyvllp2qany + lollz2any < Cllvdallzzon + 35z llgtlizon + 55 19201 any -

Proof. Let P, = —h?A,—1+4ih""!. We first show that Py is invertible. Note that for v € D(A,),
we have

(Prv,v) 2ar) = [0V 40l 72(ary = 10l F2(ary + 07 (b0, 0) 20y
Taking the imaginary part of the identity above, we have (using b* = b)
ool 720y < h™OFVIM(Pyo, v) p2(ar) - (3.43)
Taking the real part of the identity and inserting Theorem we have

119 0l22a0) + 01E2ar) < 200l2ar) + IRe(Pr, ) z2ar)

<
< Cl[boll72(pp) + CR 20 Pyoll3a 0y + I Pvll 2wl 2y -

Applying Young’s inequality and ({3.43]), we have

WVl T2an) + [Vl F2(ar) < CAT2OTD | ProlT2 ayy-
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This implies that Py is invertible and
Pt =0(h 0 L2(M) — LX(M), Pyl =0(h 0Ty L2(M) — HY o (M).
Now if (h2A., + 1)v = g1 + go, for any w € L2(M), let z = P, 'w, and we have

(v, w) 200y =(0, Puz) 2 ar) = (Pav, 2) p2ary = (R0 — g1 — 92, 2) 12 ()
<[l — gall 2y |2l 2 ary + g2l g 2l e
<CH=CDYiHT 1 = g1l a0l 2 ar) + Ch™ O+ llgall s ol 2 qan.
Since w € L?(M) is arbitrary, by duality, we complete the proof of Proposition m O
Consequently, the following resolvent estimate for the damped wave equation holds:

Corollary 3.33. We have iR C p(A) and there exists \g > 1, such that for every A € R,
’)\’ P )\0;

1AL — A) 7 2ag) < CIAP. (3.44)

Proof of Corollary[3.33 from Theorem[3.33 We show that iR C p(A). This consists of two
steps. First, we prove that u € p(A) for all > 0. Let U = (u,v)! and F = (f,g)!, then

(pld = A)U =F

is equivalent to
pu—v=f (3.45)
—Ayu+ pv+bv =g,

hence u satisfies the equation
—Aju+ (ub+ pHu =g+ (b+p)f. (3.46)

Consider the bilinear form on H(%m:

By[u,v] := Re(=Aqut(pb+p?)u, v) p2ar) = Re (Voyu, Vo) 2ary + 12w, v) p2(ary + (0w, v) p2ar)

which is coercive for all 4 > 0. By Lax-Milgram, given (f,g) € H, posseses a unique
solution u € H&n, and setting v = pu — f, we obtain a solution (u,v) € H of . Hence
p € p(A). Moreover, we claim that (Id — .A)~! is compact. Indeed, from the equation of u,
we deduce that u € H2(M). Since v = pu — f, we then deduce that v € H;O(M). Now the
compactness of (Id — A)~! comes from the fact that the embedding HﬁH(M ) — Hfj(M ) is
compact (which we only need for k =0, 1).

Now for any z € C, we write

z—A=Id+ (1 —-2)(A-1d)"")(1d - A),

since Id + (1 — 2)(A — Id) ! is Fredholm with index 0, we deduce that z — A is invertible (i.e.
z € p(A)) if and only if it is injective. To prove that i\ — A is injective for all A € R, it suffices
to show that any solution u of

—Ayu— Nu+iXbu =0
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is zero. Multiplying by u, doing the integration by part and taking the imaginary part, we have
(bu,u)r2 = 0.

Since b = 1,,, we have bu = 0 a.e., hence we deduce that u is an eigenfunction of —A, which
vanishes on w. By the unique continuation property of —A, (see [Gar93]), we deduce that v = 0.
This proves that iR C p(A).

It remains to prove for large A. Without loss of generality, we assume that A > 1. Let
U= (u,v)! € H and F = (f,g)" € H such that (i\ — A)U = F. Equivalently, with h = \71,

w=—i(v+ f),
(R2A, + 1)v = ihbv — ihg — KA, f.

Applying Theorem to v and g1 = ihg + ihbv, go = hQAWf, we have
o]l <ClbFolly + Ch=D kb — ihg] 2 + Ch=OD|A2A, £l

<Ch™[b2v]| 2 + Ch ™ |gllz2 + Ch ||l (3.47)

We need to estimate ”b%UHLz. Multiplying the equation (h2A, + 1)v = ihbv — ihg — h*A, f by
v, integrating it and taking the imaginary part, we have

(bv,0) 2 <|(g,0) 2] + W (B2 A f,0) 2] < llgllzz vl 2 + hIIAL Fll g lloll
<llgllzzllvllze + I llih™ w = flla < llglzzlollze + I IZ A+ 1 Lzl -

Plugging into (3.47)) and using the fact that Hb%vH%Q = (bv,v)2 since b 2 1,,, we obtain that

_ 1/2) 111/2 - 1/2) 11/2 - _
lolle <Ch g2 ol ° + ChT IS I lullyfy + Ch gl + Ch T fllm. (348)
It remains to estimate HuHH% From the equation u = —ihv — ihf, we have

lallas < Allollas + Rll -

Next, multiplying the equation (h?A., +1)v = ihbv—ihg—h?A., f by U, integrating it and taking
the real part, we have

1A, 0122 <[lol22 + hl(g,0) 2] + [(B2A £,0) 2]

1 1
<llvliz + Chllgliz + SAlIvIIZ + CRAIAFIG - + 2ol

hence [kl < ChY2llgllza +Chll fllgs + lollge, and lullm < ol g2+ CAIflls + ChY2] gl 2.
Plugging into (3.48) and using Young’s inequality, we have

lull gy + 1ol 2 < Ch™*||gl 2 + CA7*| f 2.

This completes the proof of Corollary O

Now, using [BT10, Theorem 2.4], we obtain Corollary
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Chapter 4

Observability in quotients of groups
of Heisenberg type

“On a beau intervertir l'ordre des facteurs, le courrier n’arrive pas plus vite.”
Pierre Dac.

This chapter is adapted from [FL21)]. Its main result is Theorem [ (restated as Theorem
.
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4.1 Introduction

In this chapter, we consider on a compact manifold M a sub-Laplacian Ay, = Z?dzl V;? which
is the sum of the squares of 2d vector fields (V})i<j<2q that satisfy the Hérmander condition:
together with their commutators, they generate the tangent bundle to M. We give necessary
and sufficient conditions for the controllability and observability of the Schrédinger equation

associated with %A M + V where the potential V is analytic.

More precisely, the manifold M = f\G is obtained by taking the quotient of a group of
Heisenberg type (or H-type) G by one of its discrete cocompact sub-groups I'. The Lie group
G, as a differential manifold, is diffeomorphic to R2¢tP, where p is the dimension of the center
of the group, and it is an important example of stratified Lie group of step 2. We study the
controllability and the observability of the Schrodinger equation on M thanks to the Harmonic
analysis properties of the group G, and of M. Contrarily to what happens for the usual elliptic
Schrodinger equation for example on flat tori or on negatively curved manifolds, there exists a
minimal time of observability. The main tools used in the proofs are (operator-valued) semi-
classical measures constructed by use of representation theory and a notion of semi-classical
wave packets that we introduce here in the context of groups of Heisenberg type. The concrete
example given in Section which is constructed in Heisenberg groups, will probably help
the reader to follow the notations in the present introduction.

4.1.1 The quotient-manifold M and the Schrodinger equation

We consider an H-type group G, i.e., a connected and simply connected Lie group whose Lie
algebra is an H-type algebra, denoted by g. This means that:

e g is a step 2 stratified Lie algebra: it is equipped with a vector space decomposition
g=v®D3,
such that [b,v] = 3 # {0} and j is the center of g.

e g is endowed with a scalar product (-, -) such that, for all A € 3*, the skew-symmetric map

Jy:0—0
defined by
(INU), V) =X[U,V]) YU,V ev (4.1)
satisfies J3 = —|A|2Id. In other words, J) is an orthogonal map as soon as |\| = 1. Here, to

define |A|, we first identify 3* to 3 thanks to (-,-), then we define |A| as the norm (deriving
from (-, -)) of the image of A through this identification.

The Heisenberg group in any (odd) dimension is an example of H-type group, as will be recalled
below. H-type groups were introduced in [Kap80], the main motivation being that the sub-
Laplacians in these groups admit explicit fundamental solutions of an elementary form.

Via the exponential map
Exp:g—G

which is a diffeomorphism from g to G, one identifies G and g as a set and a manifold. We may
identify g with the space of left-invariant vector fields via

Xf() = S aBp(tX))| (4.2
t=0
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which acts on functions of € G' and on functions of x € M. Choosing an orthonormal basis V;
of v and identifying g with the Lie algebra of left-invariant vector fields on G, one defines the
sub-Laplacian

2d
AM = Z ‘/;'27
j=1

on M, where dimv = 2d. Note that this makes sense since the V; are left-invariant, and thus
pass to the quotient. We consider the hypoelliptic second order equation (see [Hor67])

00 + 5 Anith + Vi = 0 (4.3)

on M, where V is an analytic function defined on M (the latter assumption could be relaxed,

see Remark below).

4.1.2 Controllability and observability

One says that the Schrodinger equation (4.3|) is controllable in time T on the measurable set
U C M if for any ug,u; € L*(M), there exists f € L?((0,T) x M) such that the solution
Y € L2((0,T) x M) of

1
O+ SAMY + VY = fly
(where 1y denotes the characteristic function of U) with initial condition (0, x) = ug(z) sat-

isfies (T, x) = ui(z). By the Hilbert Uniqueness Method (see [Lio88]), it is well-known that
controllability is equivalent to an observability inequality.

The Schrédinger equation (4.3)) is said to be observable in time T' on the measurable set U
if there exists a constant Cr 7 > 0 such that

T 2
Yug € LQ(M), HUOH%Z(M) < CT,U/
0

1
eZt(gAM-i-V)uO‘

t. 4.4
pan® (4.4)

For the usual (Riemannian) Schrédinger equation, it is known that if the so-called Geometric
Control Condition is satisfied in some time 7" (which means that any ray of geometric optics
enters U within time 7”), then observability, and thus controllability, hold in any time 7' > 0
(see [Leb92b]). Much less is known about the converse implication, due to curvature effects.

4.1.3 Main result

Our main result gives a similar condition, replacing the rays of geometric optics by the curves
of the flow map on M x 3*:

B3 : (z,\) — (Bxp(sdZW /2)z, \),

where, for A € 3*, ZW) is the element of 3 defined by A(Z(M)) = |\|. Note that the integral curves
of this flow are transverse to the space spanned by the V;’s. We introduce the following H-type
geometric control condition.

(H-GCC) The measurable set U satisfies H-type GCC in time 7T if
Wi A) € M x (5 \{0}), Js € (0,T), Bi((a, ) €U x5"

Definition 4.1. We denote by Tacc(U) the infimum of all T > 0 such that H-type GCC holds
in time T (and we set Tgoc(U) = o0 if H-type GCC does not hold in any time).
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In the sequel, we will also consider an additional assumption (A). In geometric terms, it
consists in saying that all the normal geodesics reach U in finite time. To give a rigorous
statement, we fix an orthonormal basis V' = (Vi,...,Va4) of v to write the coordinates v =
(v1,...,v9q) of a vector

V=uvV14+...+v94Vo4 € 0.

Given w € v*, we write wj for the coordinates of w in the dual basis of V', and we write |w| =1
when 212'11 wjz» =1.

(A) For any (z,w) € M x v* such that |w| = 1, there exists s € R such that

2d
Exp(s ij‘/}):p cU.
j=1

Theorem 4.2. Assume that the potential V in (1.20) is analytic. Let U C M be open and
denote by U its closure.

1. Assume that U satisfies (A) and that T > Tgcc(U), then the observability inequality (4.4))
holds, i.e. the Schrodinger equation (4.3) is observable in time T on U and thus (4.3]) is
controllable in time T on U.

2. Assume T < Tgoc(U), then the observability inequality (4.4) fails, and thus the control-
lability in time T also fails on U.

Although this will be commented more thoroughly in Remark [£.15] let us already say that we
conjecture that the observability inequality holds in U at time T under the only condition
that T > Tgcoc(U) (and thus one could avoid using Assumption (A)). We also point out Re-
mark [£.T7]about the assumption that the potential is analytic. Finally, we notice that in general
Tacc(U) # Taec(U). This is due to the possible existence of “grazing rays”, see Remark
for more comments on this issue.

The existence of a minimal time of control in Theorem contrasts strongly with the
observability in arbitrary small time, under Geometric Control Condition, of the usual elliptic
Schrodinger equation (see [Leb92bh]), which is related to its “infinite speed of propagation”. In
the subelliptic setting which we consider here (meaning that Ay, is subelliptic but not elliptic),
in the directions defined by 3, the Schrédinger operator has a very different behaviour, possessing
for example a family of travelling waves moving at speeds proportional to n € N, as was first
noticed in [BGX00, Section 1] (see also [FF21, Theorem 2.10]).

More recently, in [BS19], it was shown that the Grushin Schrédinger equation i0yu — 02u —
x28§u = 0 in (—1,1); x T, is observable on a set of horizontal strips if and only the time T
of observation is sufficiently large. With related ideas, it is shown in [LS20] (see Chapter |3))
that the observability of the Grushin-type Schrédinger equation i0;u + (—02 — ]a:\h(‘);)su =0in
(—1,1); x Ty (with observation on the same horizontal strips as in [BS19]) depends on the value
of the ratio (7 4+ 1)/s: observability may hold in arbitrarily small time, or only for sufficiently
large times, or even never hold if (y+1)/s is large enough. These results share many similarities
with ours, although their proofs use totally different techniques. The existence of a minimal time
of observability for hypoelliptic PDEs was first shown in the context of the heat equation: for
instance the case of the heat equation with Heisenberg sub-Laplacian was investigated in [BC17].
Finally, in contrast with the usual “finite time of observability” of elliptic waves (under GCC),
it was shown in [Let20b] (see Chapter [2) that subelliptic waves are never observable. We can
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roughly summarize all these results by saying that the subellipticity of the sub-Laplacian slows
down the propagation of evolution equations in the directions needing brackets to be generated.

The proof of Theorem is based on adapting standard semi-classical approach to prove ob-
servability for a class of Schrodinger equations with subelliptic Laplacian, through the use of the
operator-valued semi-classical measures of [FE21] which are adapted to this stratified setting.
The proof also uses the introduction of wave packets playing in this non-commutative setting a
role similar to the ones introduced in [CR12] and [Hag80] in the Euclidean case. To say it differ-
ently, we follow the usual scheme for proving or disproving observability inequalities, but with
all the analytic tools (i.e., pseudodifferential operators, semiclassical measures and wave pack-
ets) adapted to our subelliptic setting: we do not use, for instance, classical pseudodifferential
operators.

4.1.4 Strategy of the proof

The theorem consists in two parts: firstly that the condition (A) guarantees that the observ-
ability holds when T > Tgcc(U) and, secondly, that the observability fails when T' < Tgec(U).
Beginning with the first part, it is standard (see [Leb92b]) to start with a localized observability

result as stated in the next lemma.

Lemma 4.3 (Localized observability). Assume the set U satisfies assumption (A) and that (H-
GCQ) holds in time T for U. Let h > 0 and x € C°((1/2,2),0,1]). Using functional calculus,
we set

Puf = x <—h2 (;AM +V>> f, fe (M) (4.5)

Then, there exists a constant Cy > 0 such that for any sufficiently small h > 0 and any ug €
L*(M),
2

1
elt(EAM-i-V)’phuO’

dt. (4.6)

T
2
IPuolaary < Co [ v

Remark 4.4. By conservation of mass in the LHS (and invariance of H-type GCC by translation
in time), this inequality also holds when the integral in the RHS is taken over an arbitrary time
interval (T1,7T3) such that T, — 77 > T.

The proof of the localized observablity is done in Section below. The argument is by
contradiction (as in [BZ12] or [AMI14] Section 7]) and it uses the semi-classical setting based on
representation theory and developed in [FF19, [FEF21] that we extend to the setting of quotient
manifolds in Section In particular, this argument relies in a strong way on the operator-
valued semi-classical measures constructed in Sections [£.2.3] and [£.2.4]

The role of semiclassical measures in the context of observability estimates was first no-
ticed by Gilles Lebeau [Leb96] and has been widely used since then [MaclO, [AMI14, [AFMI5,
MR1§|, with all the developments of semi-classical measures, especially two-scale (also called
two-microlocal) semi-classical measures that allow to analyze more precisely the concentra-
tion of families on submanifolds. These two-scale measures introduced in the end of the 90-s
(see [Fer00l Fer05, [FG02, Nie96, Mil96]) have known since then a noticeable development in
control theory (see the survey [Macl5]) and in a large range of problems from conical intersec-
tions in quantum chemistry [LT05 [FLO8] to effective mass equations [CEM19, [CEM20]. The
semi-classical measures that we consider here have common features with the two-scales ones
in the sense that they are operator-valued. This operator-valued feature arises from the inho-
mogeneity of the nilmanifolds, in parallel with the homogeneity introduced by a second scale of
concentration as in the references above. However, the operator-valued feature is more funda-
mental here since it is due to non-commutativity of nilmanifolds and is a direct consequence of
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the original features of Fourier analysis on nilpotent groups: it is thus intrinsic to the structure
of the problem.

The second step of the proof of the first part of Theorem consists in passing from the
localized observability to observability itself. Standard arguments (see [BZ12]) that we describe
in Section [4.3.2] allow to derive from Lemma a weak observability inequality in time T on
the domain U: there exists a constant C7 > 0 such that

1 2
ezt(§AM—0—V)uO‘
L2(

T
un € L200), ol < 1 | e+l = Bar) gy (47

Note that compared to , the latter inequality has an added term in its RHS which controls
the low frequencies. This weak observability inequality implies via a Unique continu-
ation principle for A,/ 4V (see [Bon69] and [LL20]), as we describe in Section m It is then
non surprising that the result of Theorem holds as soon as a Unique continuation principle
is known for %A M + V, without further assumption of analyticity on V (see Remark .

For proving the second part of Theorem — the necessity of the condition (H-GCC)
— we construct a family of initial data (uf) for which the solution (¢)°(¢)) of the Schrédinger
equation concentrates on the curve ®f(zg, \g), for any choice of (zg, \o) € M x 3\ {0}.
As mentioned above, this set of initial data is the non-commutative counterpart to the wave
packets (also called coherent states) in the Euclidean setting |[CR12, [Hag80]. These aspects
are the subject of Section [£:4] Our proof relies on a statement of propagation of semiclassical
measures which was proved in [FF21] when V = 0 and that we adapt to our setting. A second
proof consists in using the results of Section which are of independent interest: we prove
that, if the initial datum is a wave packet, the solution of is also (approximated by) a wave
packet.

Our approach could be developed in general graded Lie groups through the generalization
of the tools we use: for semi-classical measures in graded groups, see Remarks 3.3 and 4.4
in [FE19], and for an extension of non-commutative wave packets to a more general setting, see
Sections 6.3 and 6.4 in [E'F] (based on [Ped94]).

4.1.5 An example

Before closing this introduction, let us describe an example of a quotient manifold M to which
our result applies. It is known (see [BLUQ7, Theorem 18.2.1], and also [BEFG16]) that any H-type
group is isomorphic to one of the “prototype H-type groups”, which are defined as follows: let
P P® be p linearly independent 2d x 2d orthogonal skew-symmetric matrices satisfying
the property

POPE) 4 pEOPI =0 vrse{l,..,p}, r#s.

Let us denote by (z,s) = (21, , 224, 51, - - , Sp) the points of R24+P that is endowed with the

group law
. 242
(2,8) (2, 8) = <Sj + )+ 3(z, PO, j= 17'-'>p>

This defines a Lie group with a Lie algebra of left invariant vector fields spanned by the following
vector fields: for j running from 1 to 2d and k from 1 to p,

p 2d

1 (k)
Xj;:azj+2;lz;zlpl,j ds,, and Oy,



4.2. SEMI-CLASSICAL ANALYSIS ON QUOTIENT MANIFOLDS 115

For more explicit examples of H-type groups, see [BLUQT, Section 18.1] (e.g., Example 18.1.3).
It includes the Heisenberg group H? (of dimension 2d + 1), but also groups with a center of
dimension p > 1.

In this representation, the Heisenberg group H? corresponds to p = 1 and the choice of
P(l) _ 0 1Rd
_1Rd 0 '

x+a
(x7y73) : (x/aylvs/) = Yy + y,
d
s+s' + % Zj:1($j?/§‘ - x;y])

The group law then is

where z,y,2',y’ € R? and s,s’ € R. We define the scalar product on v by saying that the 2d
vector fields ' .
Xj:axj—%fas, Y =0+ L0 j=1....d

form an orthonormal basis, and we define the scalar product on 3 by saying that 05 has norm 1
(and v and 3 are orthogonal for the scalar product on g). Then we obtain

(—ijj + CLjY').

d d
=1

N Z(anj—i-ijj) =
Jj=1 J

where J) has been introduced in (4.1)). An example of discrete cocompact subgroup of the
Heisenberg group H? is _
I = (V272)% x 7Z, (4.8)

and the associated quotient manifold is the left quotient M = f\Hd. For more general examples
of discrete cocompact subgroups in H-type groups, see [CG04, Chapter 5.

A typical open set U C f\Hd of control which one may consider is the periodization (through
the multiplication on the left by elements of I') of the set

A= {(.Qj,y, s), ('%3/) < [07 \/%)de s € I}

where [ is a strict open subset of [0, 7). One can verify that both Assumption (A) and (H-GCC)
(in sufficiently large time, which depends on I) are satisfied.

4.2 Semi-classical analysis on quotient manifolds

Semi-classical analysis is based on the analysis of the scales of oscillations of functions. It uses a
microlocal approach, meaning that one understands functions in the phase space, i.e. the space
of position/impulsion of quantum mechanics. As the impulsion variable is the dual variable of
the position variable via the Fourier transform, microlocal analysis crucially relies on the Fourier
representation of functions, and on the underlying harmonic analysis.

Recall that, in the usual Euclidean setting, the algebra of pseudodifferential operators con-
tains those of multiplications by functions together with Fourier multipliers. These operators
are defined by their symbols via the Fourier inversion formula and are used for analyzing families
of functions in the phase space. Indeed, their boundedness in L? for adequate classes of symbols
allows to build a linear map on the set of symbols, the weak limits of which are characterized by
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non-negative Radon measures. These measures give phase space information on the obstruction
to strong convergence of bounded families in L?(R%). In a context where no specific scale is
specified, they are called microlocal defect measures, or H-measures and were first introduced
independently in [Ger91al, [Tar90]. When a specific scale of oscillations is prescribed, this scale
is called the semi-classical parameter and they are called semi-classical (or Wigner) measures
(see [HMRS&7, |Ger91al, IGLI3l, LP93l IGMMPO00]). If these functions are moreover solutions of
some equation, the semi-classical measures may have additional properties such as invariance
under a flow.

In the next sections, we follow the same steps, adapted to the context of quotients of H-
type groups, which are non-commutative: following the theory of non-commutative harmonic
analysis (see [CG04) [Tay1I] and some elements given in Section [4-A.1]), we define the (operator-
valued) Fourier transform , based on the unitary irreducible representations of the group,
recalled in , which form an analog to the usual frequency space. Then, we use the Fourier
inversion formula to define in a class of symbols and the associated semi-classical
pseudodifferential operators in (4.18)). From this, Proposition guarantees the existence of
semi-classical measures, whose additional invariance properties for solutions of the Schrodinger
equation are listed in Proposition

4.2.1 Harmonic analysis on quotient manifolds

Let G be a stratified nilpotent Lie group of H-type and [ be a discrete cocompact subgroup of
G. We consider the left quotient M = I'\G and we denote by 7 the canonical projection

. G—=M

which associates to 2 € G its class modulo I

For each A € 3"\ {0}, one associates with A the canonical skew-symmetric form B(\) defined
on v by
BN, V) =AU, V]).

The map Jy : v = v of Section is the natural endomorphism associated with B(A). In
H-type groups, the symmetric form —Jf is the scalar map |A|?Id (note that —Jf is always a
non-negative symmetric form). Therefore, one can find a A-dependent orthonormal basis

A A A A
(Pf )PV QS ),...,in))

of v where J) is represented by

(I\(U), V) =B\ (U,V) = |>\|UtJV with J = <—(;d 151) )

the vectors U,V € v being written in the (Pl()‘), . ,PCE’\),QY\), . .,Qg”)-basis. We then de-
compose v in a A-depending way as v = py + g, with
A A A A
pi=py = Span(Pl( ),...,PCE )) , qi=qy = Span(Qg ),...,Qé )).

Denoting by z = (21, , 2p) the coordinates of Z in a fixed orthonormal basis (Z1,--- ,Zp) of
3, and once given A € 3* \ {0}, we will often use the writing of an element x € G or X € g as

x = Exp(X), X :plpl(k)+...+de§A) + qugA)+...+quy) + 21 Z1+.. .+ 22y, (4.9)

where X = P+ Q+ Z, p = (p1, - ,paq) are the A-dependent coordinates of P on the vector
basis (PV, -, PV), g = (g1, ,qa) those of Q on (@Y, ,Q{Y), and 2 = (21, , ) of Z
are independent of A.
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Example 4.5. In the Heisenberg group HY, if A = adz with a € R, we have Pj()‘) = Xj,

Qy‘) =Y; for @ > 0, and Pj()‘) =Y, Q;A) = X; for a < 0. Therefore, the above (p,q, z)

coordinates are not the usual coordinates in Heisenberg groups (see [Tay86, Chapter 1]). This
choice is due to the fact that there is no canonical choice of coordinates in general H-type groups.
As a consequence, the formula for irreducible representations is not the same as the usual
one in Heisenberg groups [Tay86, Equation (2.23) in Chapter 1].

As already mentioned in Section we also fix an orthonormal basis (V1,..., Vaq) of b to
write the coordinates v = (vy,...,v9q) of a vector

V=viVi4+...4+v99Voq € ;

both this orthonormal basis and the coordinates are independent of A\. With these coordinates,
we define a quasi-norm by setting

1/4

| = (Jon* + -+ [oaal " + 121 P+ |27) T, 2 =Exp(V + Z) € G. (4.10)

We recall that it satisfies a triangle inequality up to a constant.

Functional spaces
We shall say that a function f on G is f—leftperiodic if we have
Ve eG, Vyel, f(yz)=f().
With a function f defined on M, we associate the f—leftperiodic function f o 7 defined on G.

Conversely, a f—leftperiodic function f naturally defines a function on M. Thus the set of
functions on M is in a one-to-one relation with the set of I'-left periodic functions on G.

The inner products on v and 3 allow us to consider the Lebesgue measure dvdz on g = v P 3.
Via the identification of G with g by the exponential map, this induces a Haar measure dx on
G and on M. This measure is invariant under left and right translations:

vfe LMM), YreM, /Mf(y)dy — /Mf(wy)dy — /M f(yz)dy

The convolution of two functions f and g on M is given by
fra@ = [ fay oty = [ gt o)

Using the bijection of the set of functions on M with the set of f—leftperiodic functions on G,
we deduce that f * g is well-defined as a function on M. Finally, we define Lebesgue spaces by

1 llzeon = ( / If(y)lqdy>q 7

for ¢ € [1,00), with the standard modification when ¢ = co.
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Homogeneous dimension

Since G is stratified, there is a natural family of dilations on g defined for ¢ > 0 as follows: if X
belongs to g, we decompose X as X =V + Z with V € v and Z € 3 and we set

X =tV +1227.

The dilation is defined on G via the identification by the exponential map as the map Exp o
8 o Exp~! that we still denote by &;. The dilations d;, ¢t > 0, on g and G form a one-parameter
group of automorphisms of the Lie algebra g and of the group G. The Jacobian of the dilation
5, is t9 where

Q :=dimv + 2dim3 = 2d + 2p

is called the homogeneous dimension of G. A differential operator 7" on G (and more generally
any operator T defined on C°(G) and valued in the distributions of G' ~ R?¥*P) is said to be
homogeneous of degree v (or v-homogeneous) when T'(f o &;) = t¥(T'f) o 6;. We recall that the
quasi-norm introduced in (4.10|) satisfies |0,x| = r|x| for all » > 0 and x € G. It is a homogeneous
quasi-norm and we recall that any homogeneous quasi-norm is equivalent to it.

Irreducible representations and Fourier transform

For the sake of completeness, many details about the results of this section, which are standard
in non-commutative harmonic analysis, are given in Section [4-A.1

The infinite dimensional irreducible representations of G are parametrized by 3* \ {0}: for
A € 3%\ {0}, one defines 7 on L%(py) ~ L%(R?) by

D (£) = M) +5 A patin/IA Eq g (g +vI ) 7 (4.11)
where = has been written as in (£.9). The representations 7*, A € 3* \ {0}, are infinite dimen-
sional. The other unitary irreducible representations of G are given by the characters of the first
stratum in the following way: for every w € v*, we set

0w — (V) 2 =Exp(V+Z)eG, withV evandZej.

0w) from 7. Tt is natural since we think

The 0 in the notation (0,w) is here to differentiate 7
of v* as “horizontal” and 3* as “vertical”. The set G of all unitary irreducible representations

modulo unitary equivalence is then parametrized by (3* \ {0}) U v*:
G = {class of ™ : A €3\ {0}} U {class of 7% : w € v*}. (4.12)
We will identify each representation 7 with its equivalence class. Note that the trivial repre-

sentation 15 corresponds to the class of 7(09) with w = 0, i.e. lg = 7(0.0).

The set G x G will be interpreted in our analysis as the phase space of G, and M X G as
the phase space of M, in analogy with the fact that R% x R? and T?¢ x R? are respectively the
phase space of the Euclidean space R? and of the torus T¢.

The Fourier transform is defined on G and is valued in the space of bounded operators
on L?(py): for any A € 3%, A # 0,

FIO) ::/Gf(x) (w;) dz, (4.13)
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Besides, above finite dimensional representations, the Fourier transform is defined for w € v* by
F(0,0) = FF(0,0) = / F@)(x02)) g = / FExp(V + 2))e=“Vavdz,

G (]

Functions f of L'(G) have a Fourier transform (F(f)()))
bounded operators on L?(py) with uniform bound:

xe;+ Which is a bounded family of

IFF 22 o)) < /G @) ez eadz = 1)

since the unitarity of #* implies ||(72)*[| z(£2(py)) = 1-

The Fourier transform can be extended to an isometry from L?(G) onto the Hilbert space of
measurable families A = {A(A)} g\ {0} of operators on L?(py) which are Hilbert-Schmidt for
almost every A € 3* \ {0}, with norm

N |=

Al = / A3 AYdr ] < oo.
1Al (3*\{0} AN s (29 [ )

We have the Fourier-Plancherel formula:
[ lr@Pdr=a [ IFFON sz A A,
G 3*\{0}

where ¢g > 0 is a computable constant. The Plancherel measure is co|A|%d)\, and is supported
in the subset {class of 7 : X € 3*\ {0}} of G. Besides, an inversion formula for f € S(G)
and x € G writes:

=C r 7T)\ d .
s = [T (RFS) A, (4.14)

where Tr denotes the trace of operators of £(L?(py)) (see [Tay86, Chapter 1, Theorem 2.7]). This
formula makes sense since for Schwartz functions f € S(G), the operators Ff(X), A € 3*\ {0},

are trace-class, with enough regularity in A so that fz:*\{O} Tr ‘]—"f()\)‘ |A|4d\ is finite.

To conclude this section, it is important to notice that the differential operators have a
Fourier resolution that allows to think them as Fourier multipliers. In particular, the resolution
of the sub-Laplacian —A¢ is well-understood

VfeS(G), F(=Acf)(A) = HN)F()N).

At 709) o € v* it is the number F(—Ag)(0,w) = |w|?, and at 7}, X € 3*\ {0}, it is the
unbounded operator

d
HO) =N (-8 +€), (4.15)
j=1
where we have used the identification py ~ R,

4.2.2 Semi-classical pseudodifferential operators on quotient manifolds

As observables of quantum mechanics are functions on the phase space, the symbols of pseudod-
ifferential operators on M are functions defined on M x GG. In this non-commutative framework,
they have the same properties as the Fourier transform and they are operator-valued symbols.
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Following [FE21], [FF19], we consider the class of symbols Ay of fields of operators defined on
M x G by ~
o(2, ) € L(LA(p)), (2,) € M x G,

that are smooth in the variable x and Fourier transforms of functions of the set S(G) of Schwartz
functions on G in the variable A: for all (z,\) € M x G,

o(x,\) = Fkz(N), kg € CP(M,S(Q)). (4.16)

Note that a similar class of symbols in the Euclidean context was introduced in [LP93l Section
3]. Note that we kept in the notation A also for the parameters (0,w), w € v*. In this
case, the operator Fr,((0,w)) = o(z, (0,w)) reduces to a complex number since the associated
Hilbert space is C.

If € > 0, we associate with x, (and thus with o(z, A)) the function % defined on G by
KE(2) = e 9kp(0.-1(2)), (4.17)

We then define the semi-classical pseudodifferential operator Op.(c) via the identification of
functions f on M with I'-leftperiodic functions on G:

Op. (o) f(x) = /G K (y™12) f(y)dy. (4.18)

When ¢ = 1, we omit the index € and just write Op instead of Op,.

Remark 4.6. The formulas (4.18), (4.17) and (4.16) may be compared to the formulas of the
semiclassical (standard) quantization on the torus T" = (R/27Z)", namely, for o(z,§),z €
T", & € R™ and f a (27Z)"-periodic function,

Ops (U)f(x) = - K® (QZ,CC - y) f(y)dy

where Ke(x,2) = e "K(x,e '2),

= Gy L et )i € (T S@)),

ie., o(x€)=FYK(zx¢).

We observe the following facts:

1. The operator Op,(c) is well-defined as an operator on M. Indeed,
O.(a)(3a) = [ wou™92) )y

= /G k(™ 2) f (yy)dy
= Op(0) f ().
Here we have used a change of variable and the relations rk;(-) = k,(-) and f(yy) = f(y).
2. Using and , we have the useful identity

Op. (o) f(x) =€_Q/0/€x(5e(y_lm))f(y)dy:/GX(A;TI"(WQ1x0($a€2>\))f(y)\>\!dd>\dy-

Note that the rescaling o(z,&2)) is considered here only for A € 3* \ {0} due to (4.14)).
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3. The kernel of Op_(co) is given by

ke(,y) =Y w5 (yy ')

vel

4. The family of operators (Op,(0)). is uniformly bounded in £(L?*(M)):
1060 ez < [ sup bl (4.19)
G zeM

5. Semi-classical pseudodifferential operators act locally: let o € Ay be compactly supported
in an open set U such that U is strictly included in a unit cell B of I" and x € C°(B) such
that yo = . Then, for all N € N, there exists a constant cy such that, for any € > 0,

10D () = XOP=()Xll £(12(a1y) = 10P<(0) = Op ()Xl £(12(ary) < eve™. (4.20)

Remark 4.7. The last property is crucial for our analysis since it allows to transfer results
obtained in the nilpotent group G for functions in LIZOC(G) to the case of square-integrable
functions of the homogeneous manifold M. Indeed, if f € L?(M), then f can be identified
to a I-leftperiodic function on L? (G). In particular, we have xf € L*(G) and Op.(o)xf =
XOp.(0)xf coincides with the standard definition of [FF19,[FEF21]. This correspondance between
computations in M and in G will be further developed at the beginning of Section [4.4.1] notably
through the periodization operator PP.

Properties (3), (4) and (5) are discussed more in details in Section [4-A.2]

We deduce from the latter observation (5) the next two properties. For stating them, we
introduce the difference operators, acting on £(L?(py)):

Ay =NVl Ay = AT i0g, ), 1< <d.
(6) The following symbolic calculus result holds:
Proposition 4.8. Let o € Ag. Then, in L(L*(M)),
Op.(0)* = Op.(0*) —cOp.(P - A)o* + Q- Ajo*) + O(e?).

Let 01,09 € Ag. Then in L(L*(M)),
Op.(71) © Op.(72) = Op.(01 02) — £ Op.. (A)o1 - Py + Ao - Q) + O(2),

Proof. We take f,g € L?(M). By using a partition of unity, we reduce to the case of o and x
as in Point (5) above. Thanks to Proposition 3.6 of [FE19], we observe
(Op.(0)*f, g)L2(M) =(/, OPE(U)Q)LQ(G)
= (XS5 Ope(9)x9) L2y = (Ope(0)" XS, X9) 12(cr)
= (Op.(0*)X S, X9) 121y — €(OP(P - Apo™ + Q - Ao*)xf, x9)r2(cx)
+O0E X fllz2 o) Ixallz2(a))
= (Op.(0™)f,9) 21y — €(Op=(P - Apo™ + Q - Ay0™) f,9) 2(ar)
+O0E | fll2anl9ll2ar) ) -
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Indeed, if xo = o in B, we also have XA;)\O' = Af,‘a and XAq’\a = Aéa whence xo* = o* in B.
The proof follows similarly for the product by considering

(OpE(Ul) © Ops(UQ)fa g)LQ(M) ’
passing in L?(G), using Point (5) and the observations above. O

(7) The main contribution of the function (x, z) — k;(z) to the operator Op, (o), o(z,A) =
F(kz)(A) is due to its values close to z = 1¢.

Proposition 4.9. Let xo € C°(G) be compactly supported close to 1. Let 0 = F(ky)(A\) and
oe = F(kaXo © Oc).
Then, in L2(M), for all N € N,
Op. (o) = Op.(0:) + O(™9).

Proof. Here again, we reduce by using a partition of unity to the case of o as in (5) above and
introduce the associated function x € C2°(B) such that yo = 0. We observe that yo. = 0. and
we use Proposition 3.4 of [FF19] to write for f,g € L*(M),

(Op(0)f:9) 2ar) = (OP(0)X S5 X9) 12(c3)
= (Op(00)Xf, X9) 126y + OV CIXS |2 (e I xall o)
= (0p=(02)f,9) r2(ar) + O 2 a9l 22(c)

which concludes the proof. O

4.2.3 Semi-classical measures

When given a bounded sequence (f¢)c~¢ in L?(M), one defines an observation /.(c) in analogy
with quantum mechanics as the action of observables on this family, i.e. the families

l=(0) = (Opc(0)f*, %), o € Ao.

Since these quantities are bounded sequences of real numbers, it is then natural to study the
asymptotic € — 0. The families (¢.(0)).>0 have weak limits that depend linearly on o and enjoy
additional properties. We call semi-classical measure of (f€).~¢ any of these linear forms.

For describing the properties of semi-classical measures, we need to introduce a few notations.
If Z is a locally compact Hausdorff set, we denote by M(Z) the set of finite Radon measures
on Z and by M (Z) the subset of its positive elements. Considering the metric space M x G
endowed with the field of complex Hilbert spaces L?(py) defined above elements (x, \) € M x G ,

we denote by Mo, (M x G) the set of pairs (7, I") where 7 is a positive Radon measure on M x G
and T' = {T'(z,\) € L(L%(py)) : A € G} is a measurable field of trace-class operators such that

[Ty ag = /MXaTrur(x,A)de(x,A) < .

Here, as usual, |I'| := +/I'T*. Note that I'(z,A) is defined as a linear operator on the space
L?(py) which does not depend on z but which depends on X. Considering that two pairs
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(v, T) and (¥,I") in Mou(M x G) are equivalent when there exists a measurable function
f:M x G — C\ {0} such that

1
fz, )

d’/(xa )‘) = f(xa )\)d"}/(l', )‘) and F/([E, /\) = F(J;? )‘)
for y-almost every (z,\) € M X A@, we define the equivalence class of (7,I") by I'dy, and the
resulting quotient by M, (M x G). One checks readily that M,,(M x G) equipped with the
norm || - [[o¢ is a Banach space.
Finally, we say that a pair (v,T') in Moy (M x CA;) is positive when I'(z, \) > 0 for y-almost all
(z,\) € M xG. In this case, we write (v,I') € M, (M xG), and T'dy > 0 for T'dy € M}, (M xG).
With these notations in mind, one can mimic the proofs of [FF21], considering the C*-
algebra A obtained as the closure of Ag for the Eorm SUD(, \)eM =G lo(z, Ml £(£2(py))- Indeed, the
properties of this algebra depend on those of G and the analysis of the set and of [FF19, [FF21]

also applies in this context. Then, arguing as in [FF19, [FF21], one can define semi-classical
measures as follows.

Theorem 4.10. Let (f¢).>¢ be a bounded family in L*>(M). There exist a sequence (gx) € (R* )N
with e, — 0, and T'dy € M}, (M x G) such that for all o € A,

k——+o0

(Ope, () [ )2y 2 _Tr(o(z, M(z, A))dy(z, A).
=+ JMxG

Given the sequence (ep)ken, the measure T'dy is unique up to equivalence. Besides,

/ Te(D(a, A))dry (@, A) < Timsup || £ 220.
MxG e—0

We emphasize on the operator-valued nature of I'(x, A)15¢;+ (M) in opposition to the fact that
I'(z,\)1xeo+(A) € RT (since finite dimensional representations are scalar operators).

The link of semi-classical measures with the limit of energy densities |f¢(z)|?dz will be
discussed below, it is solved thanks to the notion of e-oscillating families (see Section |4.2.4)).

4.2.4 Time-averaged semi-classical measures

The local observability inequality takes into account time-averaged quadratic quantities of the
solution of Schrodinger equation. Physically, it corresponds to an observation, i.e. the mea-
surement of an observable during a certain time. For example, when V = 0, the right-hand
side of inequality can be expressed with the set of observables introduced in the previous
section using the symbol o(z,A) = 1,epmx(H (X)) (see for a definition of H(A)). There-
fore, when considering time-dependent families, as solutions to the Schroédinger equation ,
we are interested in the limits of time-averaged quantities: let (u%).~o be a bounded family in
L>®(R,L*(M)), § € L'(R) and o € Ay, we define

£:(0,0) = [ 000) (Op.(a)u (0w () gaag

and we are interested in the limit as € goes to 0 of these quantities.

When introduced, semi-classical measures were first used for systems with a semi-classical
time scaling, i.e. involving €0; derivatives, which is not the case here when multiplying the
equation (4.3 by £2. It is then difficult to derive results for the semi-classical measures at each
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time t. However, one can deduce results for the time-averaged semi-classical measures that
hold almost everywhere in time. Indeed, these measures satisfy important geometric properties
that can lead to their identification (for example in Zoll manifolds). This was first remarked
by [Mac10] and lead to important results in control [AM14} [AFM15, MR19], but also for example
in the analysis of dispersion effects of operators arising in solid state physics [CEM19, [CEM20)].
This approach has been extended to H-type groups in [FF21] and, arguing in the same manner
as for the proof of Theorem 2.8 therein, we obtain the next result on the nilmanifold M.

Proposition 4.11. Let (uf).~o be a bounded family in L°(R, L?(M)). There exist a sequence

(er) € RN with ey, e 0 and a map t — Tydvy, in L°(R, M} (M x G)) such that we have

for all § € LY(R) and o € A,

/H(t)(OpEk(U)ue’“(t),ua’“(t)) r2(an)dt o O(t)Tr(o(x, \)T¢(z, X)) drye(x, N)dt.
R =10 JRx M xG

Given the sequence (ex)ken, the map t — T'idy; is unique up to equivalence. Besides,
L[ e e e < tm s o ooy
MxG

e-oscillating families

The link between semi-classical measures and the weak limits of time-averaged energy densities
is solved thanks to the notion of e-oscillation. Let (u®)c=o be a bounded family in L>°(R, L?(M)).
We say that the family (u®).~q is uniformly e-oscillating when we have for all T > 0,

li 1_ — 0.

P ety I Ol o,
Proposition 4.12. [[FF2i||Proposition 5.3] Let (uf) € L>®(R, L2(M)) be a uniformly e-oscillating
family admitting a time-averaged semi-classical measure t — T'ydy; for the sequence (ef)ken-
Then for all € C°(M) and 6 € L*(R),

lim 9(t)¢(:c)|u€k(t,x)|2d$dt:/Rﬁ(t) /Mxégb(x)Tr(Ft(a:,A))d’yt(x,)\) dt,

k—+o0 RxM

Semi-classical measures for families of Schrodinger equations

Families of solutions to the Schrédinger equation (4.3)) have special features. We recall that in
the (non compact) group G, the operator

= A i (-0 +¢)
j=1

introduced in (4.15)) is the Fourier resolution of the sub-Laplacian —Ag above A € 3%\ {0}. Up
to a constant, this is a quantum harmonic oscillator with discrete spectrum {|\|(2n + d),n € N}

and finite dimensional eigenspaces. For each eigenvalue |A|(2n + d), we denote by 1" and
7(3‘) the corresponding spectral orthogonal projection and eigenspace. Even though the spectral
resolution of —Ag and —A), are quite different, we shall use the operator H(\) as one uses the

function & — |£|? on the phase space of the torus T, when studying the operator —Arqa.

Proposition 4.13. Assume T'idvy; is associated with a family of solutions to (4.3)).



4.3. PROOF OF THE SUFFICIENCY OF THE GEOMETRIC CONDITIONS 125
1. For (x,\) € M x 3*

Ty(z,A) =Y T, A) with Tpy(z,A) =TIy (2, VI (4.21)
neN

Moreover, the map (t,z, \) — Ty (2, N)dy(z, X) defines a continuous function from R into

the set of distributions on M x (3% \ {0}) valued in the finite dimensional space E(Vy(f‘))
which satisfies

(at —(n+ ;l)z@)) (Tt (2, N drye(z, X)) = 0 (4.22)

2. For (z,(0,w)) € M x v*, the scalar measure I'ydy; is invariant under the flow
=% (z,w) = (zBExp(sw - V), w).
Here, w-V = Z?il w;Vj where w; denote the coordinates of w in the dual basis of V.

The proof of this proposition follows ideas from [FF21] that we adapt to our situation. We
give some elements on the proof of this Proposition in Section in particular we explain
the continuity of the map t — ['id~;.

We have now all the tools that we shall use for proving Theorem [4.2]in the next two sections.

4.3 Proof of the sufficiency of the geometric conditions

We prove here the first part of Theorem that if U satisfies condition (A), Tacc(U) < +oo
and T > Teoc(U), then the Schrédinger equation (4.3) is observable on U in time 7.

4.3.1 Proof of localized observability.

We argue by contradiction. If (4.6) is false, then there exist (uf)ren and (hg)gen such that
k k
ug = Phyug,

. 2
ez“%AMW)Phku’g) dt —> 0. (4.23)

T
k _
o =1 and | T

0

Because ulg = Phkulg with y compactly supported in an annulus (see (4.5)) and V is bounded,
the family uf is hi-oscillating in the sense of Section and so it is for

djk (t) — eit(%AMJrV)Phk ulg

We consider (after extraction of a subsequence if necessary), the semi-classical measure I'yd7y; of
Yy (t) given by Proposition and satisfying the properties listed in Proposition m

Proposition 4.14. We have the following facts:

1. There holds
T
/ / Te(Ty(, A)) e, Nt = 0. (4.24)
0 UxG

2. v is supported above 3* \ {0} for almost every t € R.
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Proof of Proposition[{.1] To prove (1), let us recall that for § € L'(R) and o € Ay,

/G(t)(Ophk(a)z/)k(t),z/;k(t))Lz(M)dtk—> _0(t)Tr(o(x, \)T(x, N))dye(z, N)dt.  (4.25)
R =400 JRx M xG

We take ¢;(z) a sequence of smooth non-negative functions converging to 1y (z) and bounded
above by 1, and a € C2°((—1, 1)) non-negative with & = 1 in a neighborhood of 0. Since ¥ ()
is uniformly e-oscillating for ¢ = hy, we have

T
[ [ mestre Mt i =
0 RxMxG

T

RLiIEoo kEI-iI-loo 0 (Ophk (SOJ' ((L')a(Rflﬂ()\)))T/Jk (t)’ T/Jk (t))LQ(M) dt.

Besides, Opy, (@;(z)a(R™TH(N))) = ¢j(z)a(—hjR 1 Ay), thus
1Py, (5 (@) (R H (M)l cary < 1

and

T T
/ (ophk<soj<x>a<R1H<A>>>wk<t>,wm))LQ(M)] < [ IOy
We deduce from that

T
/ / Tr(p;(@)Te(x, N))dye(z, N)dt = 0.
0 RxMxG

Taking the limit j — 400 and using Lebesgue’s dominated convergence theorem (since I'idry; >

0), we get (4.24).
Point (2) follows from Point (1), the positivity of I';dv;, Assumption (A) and Point (2) of
Proposition [£.13] O

Set
Yt (@, A) = Tr (D e(@, X)) e (@, A).

‘We have obtained

0= Z/OT/UXéTr(rn,t(x,A))d%(:c,x)dt:%/OT/UXGCZ%,t(x,A)dt

neN

whence, the positivity of I'; (and thus of 7,,+) yields
/ dynt(x,A) =0, for almost every t € [0,T], Vn €N,
Uxj*

where we have also used that the support of dv,; is above 3.
We now use transport equation (4.22). For n € N and A € 3*\ {0}, we set

Z,(3) = (n + )20

and we have
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We introduce the map ®; defined for s € R and n € N as an application from M x (3*\ {0}) to
itself by
®F (2, \) — (Exp[sZ,(N)]x, N) .

The flows ®; and @ are related by

®° (2, \) = B (x,\), s’ = (2; + 1) S.

The transport equation (4.22)) implies that for any interval I and any A C M x (3*\ {0}),

i / d")/n,tdt = O,
ds (I+5)x®3 (A)

(I+s)x®3 (A) IxA

Since T' > Tacc(U), we may choose T” such that Tooc(U) < T7 < T and (H-GCC) holds in
time 7. Assume that there exists 7 with 0 < 7 < T — T” such that

/ / dryedt > 0. (4.27)
0 JMxz*

Writing v; = Y07 o Yn,t, With all 4, ; being non-negative Radon measures on M x (3*\ {0})
(since Point 2 of Proposition ensures that it has no mass on the trivial representation), we
see that there exists ng € N and a bounded open subset A C M x (3* \ {0}) such that

/ / dyng et > 0.
0 JA

Fix (z,A) € A and s € (0,7”) such that ®((z,\)) € U x 3*. Note that, making A smaller
if necessary, by continuity of the flow and using that U is open, ®§((2’,\')) € U x 3* for any
(', N') € A. Therefore @i((,no)((m/,A’)) € U x 3* for any (2/,\) € A, where s(ng) = %SOid (with
a slight abuse of notation).

From (4.24)), we get

which means

We seek for a contradiction.

Yot (B0 (A)) = 0, a.e. t € (0,T),

T
/ / d')/no,tdt =0.
s(no) J @500 (A)
T—s(no)
/ / d’)’nﬂgdt =0.
0 A

Since 7 < T —T' < T — s(ng), we get
/ /d%,tdtzo
0 JA

0 JMxpz*

This implies y; = 0 for almost every ¢ € (0, 7). In turn, this contradicts the fact that ||y (t)] 2 =
1. Therefore (4.6)) holds.

and in particular

Therefore, by (4.26)),

which is a contradiction. Therefore
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Remark 4.15. Assumption (A) exactly corresponds to the usual Geometric Control Condi-
tion which is known to be a sufficient condition for the control/observation of the Riemannian
Schrodinger equation (see [Leb92b]), but this time it is assumed to hold for the sub-Riemannian
geodesic flow. It is well known that, in the Riemaninan setting, this condition is not always
necessary : it is not for the Euclidean torus (see [Jaf90, [AMI14, BZ12]) while it is for Zoll
manifolds [Macl] (these manifolds have geodesics that are all periodic); so, it depends on the
manifold. Thus, in the case of general subelliptic Schrodinger equations, it is likely that an
Assumption such as (A) has to be required in some cases for proving the observability of the
Schrédinger equation. However, as already mentioned in the introduction, we tend to think
that in the particular case considered in this chapter (quotients of H-type groups), Theorem |4.2
still holds without this assumption. Assumption (A) has been used in the proof of Point (2)
of Proposition [£.14] and it is the only place of the chapter where we use it. By analogy with
the results of [AMI4] [AFMI5| [BS19], it is likely that as in [BS19 Section 7], a key argument
should be a reduction to a problem on the Euclidian torus, as those studied in [AFMI5| for
example. Then, the semiclassical analysis of this reduced problem would show that the part of
the measure 7; located above M X v* vanishes. That would prove that H-type GCC alone is
enough and would avoid the use of Assumption (A).

4.3.2 Proof of weak observability
We prove here (4.6) = (4.7)).

Consider a partition of unity over the positive real half-line R™:
oo
Vo €RT, 1=xo(z)*+ ) xj(z)° (4.28)
j=1

where, for j > 1, xj(x) = x(2772z) with x € C°((1/2,2),]0,1]). To construct such a partition
of unity, consider ¢ € C°((—2,2), [0, 1]) such that ¢y = 1 on a neighborhood of [—1, 1], and set
x(x) = /¢(x) — (2x) for x > 0, which is smooth for well-chosen 1. Finally, define xo(x) for
z>0by xo(r)2=1- PO x; ()2, so that xo(x) =0 for x > 2. Then holds.

We follow the proof of [BZ12, Proposition 4.1]. Set h; = 27 for j = 1, and note that
Pr,; = Xj(—(%AM +V)). We choose K so that hg < hg, where hg is taken so that holds
for 0 < h < hg. We take € > 0 such that 7" + 2 < T and ¢ € C°((0,7),[0,1]) with ) =1 on
a neighborhood of [e, 7" 4 2¢]. Then

00 1 2
[uollZ2cary = Z X;j <_2AM +V> uo|l
7=0 L2(M)
K 0o
= IPwuollizon + Y IPruollizqn
7=0 j=K+1

2

<C + > PuyuollFagan

1
GdéAM+V0 "
L2(M)  j=K+1

<O = Ap)) MuolFay +C D Hw(t)elt(%AM-i-V)phqu‘
j=K+1

L2((0,T)xU)

where in the third line we bounded above the low frequencies with a constant C' = Ck, and in
the last line we used (4.6) (with the term on U being integrated for t € (¢,T7” + 2¢), which is
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of length > T’, see Remark . Note that we also used the fact that V is analytic and thus
bounded, and therefore the resolvents of the operators %A m + V and Ay are comparable in
L? norm. Using equation (4.3), we may change Pj,, = x;i(—(3An + V)) into x;(—D;) where
Dy = 0;/i. We get

> : 2
o2 ary < €l = Aa) ™ ol Faqay + € Y [[0E0xs (=D G2 g

L2((0,T)xU)

j=K+1
(4.29)
If ¢ € C2°((0,T),[0,1]) satisfies ¢ = 1 on supp(¢), we note that
D)X (=De) = ()X (= D)D) + P (B[ (1), x5 (—Dy)]
= Y()x;(=D(O) (1) + Ej(t, D) (4.30)

where Ej; is smoothing, i.e.,

9°E; = O((t)~N(r)"N2~)
for any a € N, any N € N and uniformly in j. This fact follows from the remark that, on the
support of 1, v is constant and therefore the bracket vanishes.

Therefore, integrating by parts in the time variable in the second term of the right-hand side
and absorbing the error terms Ej(t, Dy) in [[(Id — Apg) tug|[ 5, we get

_ > 0 it(x
ol Z2(ary < ClIAA = Anr) Mol F2ary +C Y (x5 (=De) ()™ 238 g2 .1y 0
j=K+1

_ = > it(L
< ClI(d = Anr) uolGaan +C Y (=D @A gl T o 1y
j=K+1

= ) = M) ol Zany + € D0 (a(=DOPBR) AT g (2)eit ANy, )

Pt L2((0,T)xU)

< Cl(1d - AM)ilu()”%ﬂ(M) +C ZXj(_Dt)QQZ(t)eit(%AMJFV)uO7 {pv(t)eit(%AM+V)u0
J=0 L2((0,T)xU)

_ it(x
< ONI(1d = Anr) Mol G2 (ary + Clle 3 Vgl B 0.1y 0

where we used (4.28)) in the last line. This concludes the proof of (4.7]).

4.3.3 Proof of observability

We prove here (4.7) = (4.4]), which concludes the proof of the sufficiency of the geometric con-
dition H-type GCC. We follow the classical Bardos-Lebeau-Rauch argument, see for example
[BZ12].

For § > 0, we set
Ns = {up € L2(M) | e"@2utV)yg =0 on (0,7 — §) x U}.

Lemma 4.16. There holds Ny = {0}.



130 CHAPTER 4. OBSERVABILITY IN GROUPS OF HEISENBERG TYPE

Proof. Let ug € Ny. We define
1/ .
Veo = - (e“%AM*V) - Id) Up. (4.31)
€

If ¢ < 6, then eit(%AMJFV)on = 0on (0,7 — ) x U. We write up in terms of orthonormal
eigenvectors fy of %AM + V (associated with A € Sp, the spectrum of %AM +V):

up =Y ugafa

AESP

For small enough «, 3, applying (4.7) with a slightly smaller T, we have

1 .
lva,0 = vsoll72 < Cll(1d — (5Am+V)) H(vao — vg0)ll72

2
<CZ

eia)\ -1 eiﬁ)\ -1 B
s (14 2o

AESP 6

<C ) Na—BP(1+A)Pugal
AESP

< Cla — g%

Hence there exists vy € L2(M) such that vy = lima—0 Va0 Where the limit is taken in L2(M).
This limit is necessarily in N for all § > 0, hence in Ny. Moreover, thanks to (4.31]), there holds
in the sense of distributions

eit(%AM-i-V)UO _ 8teit(%AM+V)uO

and therefore )
Vo = Z(iAM —{—V)UO.

Therefore Ay : Ny — Np is a well-defined operator. Moreover, according to (4.7), on Ny, we
have

1(1d = Anr) - Ml 2ary < CI - M2y

and, by compact embedding (see Lemma below), the unit ball of Ny C L?(M) is compact.
Hence A is finite dimensional and there exists an eigenfunction w € Ny of Ay +V : Ny — N,
ie.,

1
(§AM +Vw = pw, wy =0
By a standard unique continuation principle (see [Bon69] and [LL20, Theorem 1.12]), since V

and Ay are analytic (see [BLUQT, Section 5.10] for example), we conclude that w = 0, hence

Ny = {o}. 0

Remark 4.17. To our knowledge, the unique continuation principle used in the above proof is
only known when V is analytic. In C* regularity, counterexamples to the unique continuation
principle exist, see [Ba86]. However, the result of Theorem holds as soon as a unique
continuation principle holds for %A v+ V.

Lemma 4.18. Set
H(M) ={uec L*(M) | (Id—Ay)uc L*(M)}.

Then H(M) — L*(M) with compact embedding.
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Proof. By [LL20, Corollary B.1], we have ||ul|g1(ary < [[(Id — Apr)ul[z2(ar) since G is step 2.
Therefore, H(M) — H'(M) continuously. The result then follows by the Rellich-Kondrachov
(compact embedding) theorem. O

Assume that (4.4)) does not hold. Then there exists a sequence (uf)ren such that

2

dt — 0. (4.32)
L2(U)  k—+oo

2,01
ezt(iAM-&-V)ulg‘

T
|Mmmflwdé

Since (uf)ken is bounded in L2(M), we can extract from (uf)gen a subsequence which converges
weakly to some 4™ in L?(M). By Lemma we then have (Id — Apy) ~tuk — (Id — Apy) " tu™
strongly in L?*(M). Moreover, the second convergence in (4.32) gives u> € Np. Thanks to (4.7),

we know that
k2 T 2
iz < s |

I e [{ SN RY
e"\2 ug L) + C1 ||( M) ug

L2(M)
Therefore, taking the limit k — 400, we get
1< Cill(Id = Anr) ™ ™| Zaapy-

Therefore 4> # 0, which contradicts Lemma since u* € Np. Hence, (4.4]) holds.

4.4 Non-commutative wave packets and the necessity of the ge-
ometric control

In this section, we conclude the proof of Theorem and prove the necessity of the condition (H-
GCCQC) (for U). We use special data that we call non-commutative wave packets that we first
introduce, together with their properties, on which we also elaborate in Section Then,
we conclude to the necessity of the H-type GCC.

4.4.1 Non-commutative wave packets

Let us first briefly recall basic facts about classical (Euclidean) wave packets. Given (zg,&p) €
RY x R? and a € S(R?), we consider the family (indexed by ¢) of functions

Ua(®) = *a <x\/;0> et (@=20) g e RY, (4.33)

Such a family is called a (Euclidean) wave packet.

The oscillation along &y is forced by the term 280 (@=20) and the concentration on xo 18

. . 7d ~,
performed at the scale /¢ for symmetry reasons : the e-Fourier transform of ¢, ,, e~%2ug, ,(¢/¢)
presents a concentration on £y at the scale \/e. The regularity of the wave packets makes them
a flexible tool. Besides, taking a compactly supported in the interior of a unit cell for the torus,
one can generalize their definition to the case of the torus by extending them by periodicity. For

example, let us consider the torus T¢ = R¢/(277Z)?, we choose a € C°((—n,7)?) and we define

a.(z) as
a:(z) = a (“" ;;‘)) .

We consider the periodisation operator [P which associates with a function ¢ compactly supported
inside a set of the form zq + (—m, )¢ the periodic function defined on the sets k + zg + (—m, 7)¢
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for k € (2rZ)? by Po(x) = ¢(z — k). Then, the definition of a wave packet extends to functions
on the torus by setting _
Ugorus () = ¥/ *Pac (x)es s (7o),

We introduce here a generalization of these wave packets to the non-commutative setting
of Lie groups and nilmanifolds, in the context of H-type groups, which is strongly inspired
by [FF19]. For x € G, we write

z=Exp(V+Z) = 2,2y = xpz; with Vev, Z ey,

where
z; =e? € G, :=Exp(3) and z, =e" € G, := G/G,.

The concentration is performed by use of dilations: with a € C°(G), we associate
ac(z) =a(6.-1/2(x)).

The oscillations are forced by using coefficients of the representations, in the spirit of [Ped94]:
with Ay € 3%, @1, ®5 smooth vectors in the space of representations, i.e. in S(Rd), we associate
the oscillating term

A
es(z) = (W£‘5¢’1,¢2> , Ae = 6—3.

We restrict to ¢ € (0,1) and define the periodisation operator P in analogy with the case of
the torus described above, using the multiplication on the left by elements of I'. We consider
a subset B of G which is a neighborhood of 15 and such that Uyef(’VB) = G and we choose

functions a that are in C2°(B) (in other words, their support is a subset of the interior of B).

Proposition 4.19. Let ®1,®5 € S(R?), a € CX(B), z9 € M, \g € 3*\ {0}. Then, there exists
g0 > 0 such that the family (v°).c(0,¢,) defined by

ve(z) = |>‘6’d/2 e P/ P(eeag)(azo_la:),
is a bounded e-oscillating family in L?>(M) with bounded e-derivatives and momenta:
VkeN, 3Cy >0, Ve >0, [[(—*An)*"?v%||2ar) < Ch (4.34)

Moreover, (v°).c(0,z,) has only one semi-classical measure I'dy where
= cad(z — 20) ® 6\ — Ao), Ca = ||<I>2H2/ la(z,)dz,, (4.35)
Gé

and I is the operator defined by

((I)7(I)1>
@42

o = dy, VO € LA(RY).

In the following, we shall say that the family v° is a wave packet on M with cores (g, Ag),
profile @ and harmonics (®1, ®2), and write

vP=WP; \ (a,®1,P2) = ’/\a‘dm eP/2 P(eaae)(walw)-

0,0

Remark 4.20. 1. Note that ¢ is chosen small enough so that for € € (0,£0), the function
G > 2 — a-(z) has support included in a unit cell of G for T and thus = +— (ecac)(zg ')
can be extended by periodicity on G, which defines a function of M.
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2. Omitting the periodisation operator P, we construct wave packets on G that also satisfy
estimates in momenta

VkeN, 3C, >0, Ve>0, Y |llz(=eA¢)*v"||12(c) < Ch-
1<p+q<k

3. The coefficient |\.|%?¢~P/2 guarantees the boundedness in L?(M) of the family (v%).>o.

4. Characterization of wave packets. Let x € M be identified to a point of G and let us fix
®y, &y, xp and Ag. Then, v° is a wave packet on M if there exist zg € M, Ao € 3*\ {0},
a € CX(B) and @1, P, € S(R?), such that

e (200 z(2)) = A2V P Ra(2) (P, (1" ) ®2) (4.36)

—1/2

= [Xo| Y2 2a(z) (1, (W§:71/2(x))*<1)2)-

5. Generalization. The construction we make here extends to more general Lie groups fol-
lowing ideas from Section 6.4 in [FE19] and [Ped94].

4.4.2 Proof of Proposition |4.19

The proof of Proposition is relatively long, and we decompose it into several steps.

The norm of wave packets

By the definition of the periodisation operator P,
v (2))2dz = |\.|%eP ac (x5t 2) P e- (25 e) P da.
0 0
M G
We then use (4.36) and we write
197 2y = Pal's™ [ la@)Pme 1,0 Pdo

= ol [ la(6 elan)ay) B2, ) P

< ( [ smw |a<ynx3)|2dx3> (1ol? [ 11,200 )
GéyUGGu Gho

Let us note that the following relation holds for any &, <AIS, v, ves (RY):

|>\0|d/ (m0®, ) (120 ®, W)da, = (B, D) (W, V). (4.37)
Gy

Therefore,

Dol /G (72001, Bo)|2dy = 1] @

We deduce that v is uniformly bounded in L?(G).
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The c-oscillation and the regularity of wave packets.

Straightforward computations give that if A € 3*\ {0}, ®1,®2 € S(RY), z, = Exp[P + Q],
T = Ty

S P and 0= 300
=1 j=1
then, for 1 < j < d,
VN g (7??@1,(1)2) = ([ , 10, <1>1,<I>2) VIAp; (7@‘1’1»@2) = ([ﬂﬁvé’j]‘bl»%) - (4.38)
Besides,
P (7@@1,@2) -V (aw c1>1,q>2) and Q" (7@@1,@2) = |/\|( q>1,<1>2) (4.39)

)

For proving this formula for Pj , we use (4.2)) and we observe

L™, P+ q).

Exp(tPV)Exp(P + Q + Z) = Exp(tP) + P+ Q + Z + 5

Since [PV, Q] = 2™ and for k # j, [P, PV = [P, QY] = 0, we deduce

t
Exp(tPj()‘))Exp(P +Q+7) = Exp(tPj(A) +P+Q+7Z+ §qu()‘)).

Therefore, using A\(ZM) = ||, we obtain for ® € S(R?) and ¢ € R,

d [ x
& (TrExp(tP;)‘))xq)(g)>

The proof for Qg-)‘) is similar. We deduce (4.34]) and that the family (v®) is uniformly e-oscillating
by the Sobolev criteria of Proposition 4.6 in [FEF19).

IAm2 0, (€) + il Algyma @(€) = /N0 m @ (€)

t=0

Action of pseudodifferential operators on wave packets.

For studying their semi-classical measure, it is convenient to analyze first the action of pseudod-
ifferential operators on wave packets.

Lemma 4.21. Let &1, ®3 € S(RY), (20, \0) € G x 3%, a € C(B). Let o € Ao compactly
supported in an open set U such that U is strictly included in a unit cell B of I'. Then there
exist €1 > 0 and ¢1 > 0 such that for all e € (0,e1),

”Ope( )WPOAQ(av(I)h(I)Q) WP0)\o(a7U(x()v)‘O)(I)l’(I)Q)HL2(M) <a \/g

Remark 4.22. The proof we perform below shows that there exist sequences of profiles (a;);en
and of harmonics (®y Y ), U )) jen such that for all N € N,

N
- o
10D ()W PE, 5, (a, @1, 2) — > e3WPE 5 (a5, 87, @) 1200y < 1 (VE)NHL.
J=0
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Moreover, by commuting the operator (—EQAg)S/ 2 with the pseudodifferential operators, one
can extend this result in Sobolev spaces. Note also that the same type of expansion holds in G,
in refined functional spaces where momenta are controlled:

[0 (@)W PE, 5, (2, @1, B2) = ZsQW 5oo(@s; 87, 05y < ere™

0,0

where ¥ is the vector space of functions f € L?(G) for which the semi-norms

k

1l 1= D7 (Il Flliay + I(=22A0) L2 (4.40)

=0
are finite.

Proof. We first observe that, in view of Remark it is enough to prove the result for wave
packets in G. Indeed, consider x € C2°(B) with yo = o. Then for any function f € C:°(B) and
x € M identified to the point x of G N B, we have for all N € N, thanks to (4.20)),

Op.(0)B(f)(z) = Op.(o)XB(f)(z) + O(e™)
= Op.(0)xf(z) + O(™) = Op.(0) f(z) + O(e™).

Therefore, we are going to prove the result of Lemmal[4.21|for wave packets and pseudodifferential
operators in G. Besides, for simplicity, we assume that o(z,-) is the Fourier transform of a
compactly supported function. This technical assumption simplifies the proof which extends
naturally to symbols that are Fourier transform of Schwartz class functions.

We write

Op.(o)v°(z) = co\)\eld/%p/Q/G aTr(ﬂ;‘,lza(a:,52A))a5(maly)(ﬂi‘§1y¢>1,CIDQ)\)\\dd)\dy
X

1 _o(2,67N))ac (y) ()" @1, B) [ A|"dAdy.

-1
Zo

:c[)\)\g]d/zepﬂ/ ATr(7r2‘
GxG

where we have performed the change of variable y +— zoy. We now focus on e~?/4Op_ (o )v (x00 JET)
in order to simplify the computations. Note that this quantity is uniformly bounded in L?(G).

Op, (0)v" (w00 zx) = colAc|Y?e7P/? / (s 0 (200 22, €2 N)ac (y) (" @1, B2) [ A|“dAdy.
GxG

We perform the change of variable y = d_-1,2y and X = 2. We have

A _ A/a X Ae _ X/
Ty=16 ez = 5[(1/ z) 7T5671/2(l7_195)’ Ty = 7T5\/gl,7 - 7T5€0—1/2(y)
and o
IA2dNdy = e23e2Pe=Q2 | \|2ddy = £9/2|\|d\dy.
We obtain
Op,(0)v® (w00, z7) :co|)\s|d/2s_p/2e_Q/2

X/G T} (@t e )a)(m? B Ba) A Ay
X €
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The change of variables w = §__1/2(y ') (for which dy = ¢?/2dw and y = m(é\@w)_l)) gives
Op,(0)v* (w00 z7) zco\)\5|d/2€_p/2

X/G aTr(Tri‘JU(mo&\/gx, )\))a(x(é\/gw)*l)(wz\f71/2(:0))10_1(1)1,@2)|)\\dd)\dw
X €

X /GxéTr(Wﬁ)a(xO&ﬁx’ )\))a(x(é\/gw)_l)(wf;%@l, (77(?‘8071/2(I))*<I>2)|)\|dd>\dw.

Computing the integral in A thanks to the inverse Fourier transform formula (4.14]) and denoting
by k, the Schwartz function such that o(z,-) = F(kz) we have

—1/2(90

e9*0p_(0)v (206, zx) = |Xo| ¥/ 2™ /G Kaos e (W)a(z (8, zw) ) (I, 1, (130 ) Po)dw
that we can rewrite

Q10 ()0 (wod, ) = Mol 26~ (@4 (@), (7)) s)

Q X T a é g 7 >\7 d .

By performing a Taylor formula on the functions z — fgy5 zz(w) and w — a(z(8 zw)™1), we
see that the operator Q°(z) admits a formal asymptotic expansion of the form

Q(2) = Qol@) + VEQu(x) + - +3Qj(w) + - - (4.41)
with
Qo(x) = a(x) /G mmo(w)ﬂj‘uﬂldw = a(z)o(xg, Ao)-

It remains to prove the convergence of this asymptotic expansion by examining the remainder
term.

We examine the one-term expansion. We write

a(m(é\/gw)*l) = a(x) + A(z,d zw) (4.42)
with
2d
A w) €3 s [35IViate)| < Calul, (4.43)
j=11% <Jw

where for z € G, |z| denotes the homogeneous norm defined in (4.10). We obtain

£0p, (0)0" (w0d fzw) = Mol 2™ (Qoy, (75", ) ®2) al@) + VEri(2) + Veri(a) (4.44)
r5(0) = ol (RS0, (1), ) P) . RE(0) =7 [ (g o) =i )l sl
and

r5(z) = |Ao| ¥ 2e~Y/? (Rg(x)(bl, (77:5\:71/2(36))*(1)2) , Ry(z) =¢"1/? /G,%Ogﬁm(w)A(x, 5\@w)7rfl‘)°_1dw.
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Lemma 4.23. The families (15)e>0 and (r5)->0 are uniformly bounded in L*(G).

Applying (4.36]) to the first term in the right hand side of (4.44]), we see that Lemma
implies Lemma [4.21 ]

Proof of Lemma[{.23. The idea is that, for j = 1,2, there holds rj(x) = E*d/277§-(55_1/2 (2p), x5, x)
with
Y = 75 (Yo, Y, )
that is in L?(G), uniformly with respect to &, with continuity of the map z + ?‘V]E(, L T).
With this idea in mind, we write, for j =1, 2,

2
751122y = Aol %™ /) (R(@)@1, (7 | ) @) | do
2
!Ao\d/ ‘ 5172 (o) 1;) @1, (20)* <1>2)‘ dydz,. (4.45)

Let us first deal with r{. Writing a Taylor formula, we notice that
R{ (5172 (wo);) = &7 1/2 / (Koo (z0)o. e (ay) (W) = Ko (w))a(@) w2 dw

= f/ (z,w) )‘O,ldw

where (z,w) — B(x,w) is continuous and compactly supported in w. Therefore Rj(d,1/2(xy)z;)
is a bounded operator for any x € G. Since a is compactly supported, it implies that (r§)s>0 is
uniformly bounded in L?(G).

Let us now deal with r5. We are going to use that for all multi-indexes o € N2¢, the map
2 2 (B (0.2 (w0)a) @1, (720)"02) (4.46)

is uniformly bounded and has compact support in ;. Let us first prove these properties.

By assumption on the support of k., we know that the w’s contributing to the integral
defining R5(x) are contained in a compact set (independent of x). Then, using and the
fact that a has compact support, we obtain that R5 has compact support. It follows that the
map (4.46) has compact support in 3, i.e., there ex1sts RO > 0 such that |z;| < Ry for all x that
are in the support of R5(0,1/2(zy)x;). Because of and because the integral is compactly
supported in w, R5(z) is a bounded operator for all x € G. Besides, the bound is uniform since
x belongs to a compact set. Therefore, there exists a constant Cy > 0 such that

[(R5(6a1/20)2) 1, (722)7®2) | < Colayey ()

One now wants to prove also decay at infinity in z,. For this, we use the relations (4.38)
and the fact that ®; and ®9 are in the Schwartz class to absorb the factor |z,| in the right part
of the scalar product. Therefore, for all o € N, there exists C,, such that

2ol | (RS0t (o)) @1, (722)@2) | < Calayeny (2).
As a conclusion, there exists C' > 0 such that

/) R5(9, 1/2(%)3@3)@1,( )@2)’ dxydr; < C/1|x3|<RO( + |2o|?) N daydr; < +o0

by choosing N large enough. This implies the uniform boundedness of the family (r5) in L?(G),
which concludes the proof of Lemma O



138 CHAPTER 4. OBSERVABILITY IN GROUPS OF HEISENBERG TYPE

Let us now shortly discuss the generalization of this proof in order to obtain an asymptotic
expansion at any order, as stated in Remark The idea is to use a Taylor expansion at
higher order (see Section 3.1.8 of [FR16]). The terms of the expansion (4.41)) are of the form

Qj(x) = xaa(x)/ewﬁﬂxo(w)ﬂgo_ldw

where o and  are multi-indexes such that the sum of their homogeneous lengths is exactly j.
Denoting by A, sa(x, \g) the Fourier transform of w + w”k,,(w), we obtain

Qj(x) = z%a(x)Ayso(z, No).

Observe that the operator A, s is a difference operator as defined in [FR16]. It order to justify
Remark one then needs to remark that the rest term produced by the Taylor expansion at
order N is of the form

rivle) = ol (R (@)@, (7)) @)

71/2(56
and

_N+1
Ry (x) =¢ 2 Gﬁmoéﬁm(w)AN+1($a5\ﬁw)7Ti\,()—1dw

where Ay, satisfies convenient bounds so that an argument similar to the preceding one can
be worked out. We do not develop the argument further because we do not need such a precise
estimate for our purpose.

Semi-classical measure

We can now deduce (4.35]) from Lemma and the following lemma.

Lemma 4.24. Let (z9, o) € G x (3" \ {0}) a,b € C(B) where B is a unit cell of M, and
P, Do, U, V5 € S(Rp) Then

(W ;:O,Ao(a7q)17q)2)7WPwEo,>\o(b’\1117WQ))LQ(M) = (@17\111)((I>27\I’2)/G a(mé)b(xa)dxé +O(\/‘g)
3

Proof. Define u®* = W P¢

o (@ @1, @2) and v¥ = WPy
first use that

0,0

(b, ¥, ¥s) the wave packets in G. We

(W ° (CL,‘I)l,(I)Q),W ° (b’\l’l"llz))LQ(M) = (u€7v€)L2(G).

0,0 20,A0

Besides,
(1) 2@ = W [ o a)bla ), 0, ) (e W, Wa)da
_ yAO,d/Ga (%(xn)xa)é(aﬁ(%)%) (T0Dy, D) (MN0Wy, Uy )darydla,.
A Taylor expansion of the map = — a(é\/g(xu)xz,)m gives

a(dﬁ(mb)%)b(éﬁ(%)mz) = a(%)WJr Ve Z “jrj(xzw‘sﬁ(xn))

1<j<2d
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where zy = Exp(}_; ;<04 v;V;) and with |r;(z, w)| < C; for some constants Cj, 1 < j < 2d. We

deduce (using (4.38]))
(u®,0%) 120y = |)\0’d/ a(%)b(%)d%/ (TR0 D1, o) (10 W1, Ua)dzy + O(VE)
a; Gy

— (@1, 7,)(35, T) /G alw,)b{z;)dz, + O(V2),

3

where the second line follows from ({4.37]). O

Here again, the reader will observe that the expansion can be pushed at any order.
It follows from Lemma .21l and Lemma [£.24] that

(Ops(U)W ;o,)\o(aa (131,(1)2),W " (avq)lv(I)Z))

0,0

= (WP;, 5, (a,0(x0, Xo)®1, P2), WP;, , (a,®1,P2)) + O(Ve)
— (020, 2o) By, By) s /G lalay) [Pdz + O(V/E)
3

which concludes the proof of Proposition

4.4.3 End of the proof of Theorem

By the results of Section we only need to prove that if T < Tgcoc(U), the observability
inequality (4.4)) does not hold.

We first note that if the observability inequality (4.4]) is satisfied for some T > 0, then there
exists 0 > 0 such that (4.4) also holds in time 7" — §. Indeed, if it were not the case, there would
exist ul € L?(M) such that lugllz2(ary = 1 and

T—27"
(L
1= HUSH%Q(M) > n/o elt(QAM+V)un o dt
T 1 2 n
> n/ etGAMFV)yn dt — —.
0 L2(U) 2n

due to conservation of energy, and (4.4) would not hold in time 7'. Therefore, we shall assume

in the sequel that T' < Tgcc(U).

Let T' < Taec(U) and (29, Ao) € G x (3 \ {0}) such that
for all s € [0,7T], ®§(zo, o) ¢ U x 3. (4.47)

Let us chose initial data ug in (4.3) which is a wave packet in M with harmonics given by the
first Hermite function hg:
ug = WP . (a,ho, ho).

0,0

As a consequence, the semi-classical measure of (uf) is T'o(z, \)dy with Ty the orthogonal
projector on hg (this is where we use the fact that hg is the first Hermite function) and

Yo(z,\) = cd(x — z9) @ §(A — Ao)

where ¢ = limsup [lug|[z2(nr) > 0. Let us denote by u®(¢) the associated solution, u®(t) =

eit(zAu +V)u8. By Proposition any of its semi-classical measures I';dvy; decomposes above
G x 3* according to the eigenspaces of H(\) following (4.21]). Moreover, by Proposition
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the maps (¢,z,A) — 'y, 1(2, \)dvy(z, \) are continuous and satisfy the transport equation (4.22)).
We deduce that for n # 0, 'y, ;(x, A) = 0,

Ye(z, ) = cé (x — Exp <t‘2lz<k>> $0> ® (A — Ao) (4.48)

and I'gy is the orthogonal projector on hyg.

As a consequence of the conservation of the L2-norm by the Schrédinger equation, ||u® ()] 2(M) =
lugllL2(ar)- Besides, the e-oscillation (see Proposition [4.12)) gives that, for the subsequence defin-
ing I'edy,

g () ey = [ Tl Al V), Ve € R
e—0 MxG

We deduce that we have, for any t € R,

[ mTue (o) = [ (T ).
MxG MxG

On the other hand, the positivity of the measure Tr(T'¢(x, \))dyi(x, A) combined with (4.48)

gives
/ CTe(Cy () ), A) > / Te(Ty(, A)) e, ) = / Tr(To(, A))dro (x, \)
MxG M x3* M x3*
— [ ms(To(e )dw(e )
MxG

We deduce that ;1. = 0. Now, using (4.47)), there exists a continuous function ¢ : M — [0, 1]
such that ¢(®§(zo, A\g)) = 0 for any s € [0,T] and ¢ =1 on U x 3*. Using Proposition for
the subsequence defining the semi-classical measure I';dvy;, we get

T T
0 g/ / |uf (t, z)|*dzdt </ / o(x)|us(t, x) 2dacdt—>/ / x)dry(x, N)dt = 0.
o JuU 0o JM e—0 Mxz*

Therefore, the observability inequality (4.4]) cannot hold.

Remark 4.25. As already noticed in the introduction, it can happen that Tacc (U) < Tacce(U),
and in this case, Theorem does not say anything about observability for times 71" such that
Tacc(U) < T < Tgee(U). This is due to the possible existence of grazing rays, which are rays
which touch the boundary 0U without entering the interior of UU. This phenomenon already
occurs in the context of the observability of Riemannian waves, as was shown for example in
[Leb92al, Section VI.B|. The example given in this paper is the observation of the wave equation
in the unit sphere S? from its (open) northern hemisphere: although the GCC condition is
violated by the geodesic following the equator, observability holds in time 7" > m. Intuitively,
even wave packets following this geodesic have half of their energy located on the northern
hemisphere.

4-A Supplementary material

4-A.1 Representations of H-type groups

In this section, we provide a proof of the description (4.12)) of G. This material is standard in
non-commutative Fourier analysis, see for example [CGO04].
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The orbits of g

As any group, a nilpotent connected, simply connected Lie group acts on itself by the inner
automorphism i, : y — xyx~'. With this action, one derives the action of G on its Lie algebra

g called the adjoint map
Ad: G — Aut(g)
x = Ad, =d(iy)

1g>
and its action on g*, the co-adjoint map

Ad*: G — Aut(gh)
—  Ad

8

defined by
Ve e G, Vleg, VY g, (AdL)(Y)=((Ad;'Y).

It turns out that the orbits of this action play an important role in the representation theory of
the group. Let us recall that the orbit of an element ¢ € g* is the set Oy defined by

O, ={Ad}(¢), z € G}.
The next proposition describes the orbits of H-type groups.
Proposition 4.26. Let G be a H-type group, then there are only two types of orbits.
(1) 0-th. dimensional orbits. If £ € v*, then Op = {{}.
(i) 2d-th. dimensional orbits. If { = w + \ with w € v* and X € 3*\ {0}, then Oy = Oy and
Or={w' + ), W ev*}
Proof. Let v = Exp(V, + Z;) € G and y = Exp(V, + Z,) € G. Then

ir(y) = zyr ' = Exp(Vy + Z,)Exp(Vy + Z,)Exp(—Vy — Z,)
=Exp(V, + Z, + [Vo, V})]).

We deduce that if Y = V3 + Zy € g,
AdH(Y) =Wy + Zy + [Va, .
Therefore, if £ = w + A with A € 3* and w € v*,
AdL(Y) = (6, Ad N (V) = (w, W) + (N, Zy + [Va, W) = (w + Ia(Va), V) + (A, Zy)

As a consequence, if A =0, Ad;0(Y) =¢4(Y) for all Y € g. We deduce Ad¢ = ¢ for all z € G,
which gives the first type of orbits.

If now A # 0 and if ' € v*, one can find V, € v such that
(W, V) =(w+ J\(Vp), V), VYV €v.

One deduces that for all Y € g, Ad}4(Y) = ¢(Y) with ¢ = & + A\. We deduce that any of
these ¢’ is in the orbit of £, which concludes the proof. O

Let A € 3%\ {0}, the sets p) @ 3 and g @ 3 are maximal isotropic sub-algebras of g for the
bilinear map B(A) (with associated endomorphism Jy). Such an algebra is said to be a polarizing
algebra of g. We shall use these algebras in the next section.
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Unitary irreducible representations of G

The unitary representations of a locally compact group are homomorphisms 7 of G into the
group of unitary operators on a Hilbert space that are continuous for the strong topology.
The representations for which there is no proper closed 7(G)-invariant subspaces in H, are
called irreducible. Arbitrary representations can be uniquely decomposed as sums of irreducible
representations.

Kirillov theory establishes a one to one relation between the orbits (Oy)scg+ and the irre-
ducible unitary representations of G for any nilpotent Lie group which is connected and locally
connected. We shall first explain how one associates to an orbit Oy a representation m, (which
only depends on the class of the orbit Oy). Then, in the next subsection, we shall explain how
the Stone-Von Neumann Theorem implies that any representation can be associated with an
orbit.

e Let w € v*, the map yx,, defined below is a 1-dimensional representation of G.

Xow G — St
Exp(X) +~— @),

e Let A € 3%\ {0}. We consider the polarizing sub-algebra associated with A

my=qxD3

and the subgroup of G defined by M := Exp(my). Then, if £ € Oy, {([my,m,]) = 0, and the
map
XA M M — S1
Exp(Y) — ),

is a one-dimensional representation of M. This allows to construct an induced representation
7y on G with Hilbert space py ~ L?(RP) via the identification of Exp (Z;lzl QP;A)) € Exp(py)
with & = (&1, ,&;) € R Indeed, let us take £ € py and z = Exp(X), with X = P+ Q + Z
and P € py, Q € q) and Z € 3. We have, by the Baker-Campbell-Hausdorff formula,

Exp(€)Bxp(X) = Bxp(Q + 7 +[6,Q] + 3 [P, Q)Exp(€ + P),
with .
Q+Z+[€’Q]+§[P7Q] € m) and f"‘PEPA

Let us denote by p, ¢ € R? the coordinates of P and @ in the bases (Pj()\))lgjgd and (Q§-)‘))1<j<d
respectively. Following [CG04|, we define the induced representation by

m(2)1(©) = (Bxp(@ + 7 + [, Q1 + 5 [P.QD) S+ p).
Using APV, QV]) = BO)(PYY, Q1Y) = |Al, we obtain
mA(z) f(€) = AR arNEa f (e g )

We can then use the scaling operator T defined by
Taf(€) = [NUF(NV2¢)

to get the equivalent representation 772‘ = Ty (x)Ty written in (4.11]).
This inductive process can be generalized to the case of groups presenting more than two

strata. For our purpose, it remains to prove that any irreducible representation is equivalent to
one of those, which is a consequence of the Stone-Von Neumann Theorem.
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Stone-Von Neumann Theorem

Let us recall the celebrated Stone-Von Neumann theorem (see [CG04l Section 2.2.9] for a proof).

Theorem 4.27. Let p1, p2 be two unitary representations of G = R in the same Hilbert space
H satisfying, for some a # 0, the covariance relation

p1(z)p2(y)p1(x) ™ = € Ypy(y),  for all z,y € R%

Then H is a direct sum H = H1 ® Ho P ... of subspaces that are invariant and irreducible
under the joint action of p1 and py. For any k, there is an isometry Jy, : Hy, — L*(R%) which
transforms py and ps to the canonical actions on L?(RY):

[p1(2) f1(6) = f(E+ ), [B2(y) FI(E) = S (€).

For each o # 0, the canonical pair py, po acts irreducibly on L?(RY), so py, pa act irreducibly on
each Hy,.

Let 7 be an irreducible representation of G on H,. Our goal is to prove that it is equivalent
either to a y,, or to a my of the preceding section. For Z € 3, the operators m(Exp(Z)) commute
will all elements of {7, : g € G}. By Schur’s Lemma (see [CG04, Lemma 2.1.1]), they are thus
scalar: Typ(z) = X(Exp(Z))Idy, where x is a one-dimensional representation of the center
Z(G) = Exp(3) of G. Then, two cases appear:

o If y = 1, then 7 is indeed a representation of the Abelian quotient group G/Z(G) = Exp(v),
thus it is one-dimensional and of the form x,, for some w € v*.

o If xy # 1, there is A € 3*\ {0} such that x(Exp(Z)) = ¢*(4). We keep the notations of (4.9)),
the notations P = plPl(’\) + ... +deC(l/\), Q= qug)‘) + ...+ qufiA) and Z = 2121 + ...+ 24,
of the previous section, and we set p = (p1,...,p4), ¢ = (q1,...,q4) and z = (21,...,2p,). The

actions of the d-parameter subgroups p1(p) = Tgxp(p) and pa(q) = TEyp(q) satisfy the covariance
relation

-1 —1
PrPIP2OPT (PP (D) = 4 () 0ttt 0D

— e%P\lPﬂIdH

where we have used [Pj(/\),QE-A)] = ZW with A(ZW) = |\|. The joint action of p; and po is
irreducible since the d-parameter subgroups generate G and = is irreducible. Thus, we may
apply the Stone-Von Neumann theorem, which gives that there exists an isometry identifying
H, with L?(R?) such that the actions take the form

[o1(P)F1(8) = [TExp(p) 1) = f(§ + ),
[02(0) 11(t) = [TExp( f1(€) = €M7E £ (€)

for all f € L?(R%) and p,q € R%. Hence, in this model, the action of an arbitrary element of G
is

[TExp(P+Q+2) f1(§) = e AR patiNa £ e 4 p)
since Exp(P+Q+Z%2) = Exp(Z—i—%[P, Q])-Exp(Q)-Exp(P) by the Baker-Campbell-Hausdorff for-
mula. This is just the action of 7y modeled in L?(R?). Thus, an infinite-dimensional irreducible
representation 7 is isomorphic to 7y for some A.
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4-A.2 Pseudodifferential operators and semi-classical measures

In this section we focus on different aspects of the pseudodifferential calculus on quotient man-
ifolds.

Properties of pseudodifferential operators on quotient manifolds

We prove here properties (3), (4) and (5) of Section
e Proof of Property (3). We write G = U,Yeery 1 and, using the periodicity of f, we obtain

e, —1 _ _ 1CC .
/Gﬂm(y a:)f(y)dy—VGZ%/%MV_1 we(y ™ ) f(y)dy = Z/yEM (vy ') (y)dy

As a consequence, the action of the operator Op, (o) writes as a sum of convolution

e Proof of Property (4). By Young’s convolution inequality

1f k2 (v L2 ary < Fsup 55 ()L an 1F 1|22 -

zeM

We have

I sup 15500 ) loian = € / sup |ria(e - 79)ldy = / sup 1o (y)|dy.
reM M xeM ~y~IM xeM

Therefore
100-(0) F 2y < I lz2an S / sup [e )|y = 11l z2an / sup |10 ()| dy,
’yef ~y—IM xeM G zeM

which gives (4.19))
e Proof of Property (5). We argue as for the L? boundedness and observe that the kernel of
Op.(0) — Op.(0)x is the function

(z,y) = w3y~ @) (1= x(y))-
Writing
ko (y ) (1= x(y) = k5 (y ") (1= x(2(y ') ™)

we deduce that we can write the operator Op.(c) — Op.(o)x as the convolution with an a-
dependent function:

(Op.(c) — Op. (o = fx0(z,v)

'yeF

with 6°(z,2) = e Prz(e - 2)(1 — x)(zz~1). Therefore, if K = supp o (where x = 1), we have

[|'sup 6%(x, )l 1 (ar) < / sup [#z (72)[[(1 = x)(z(e - (v2))71)|dz.
zeK M zeK
A Taylor formula gives that there exists a constant ¢ > 0 such that for all x € K,

(1 =) (e~ (v2) 7] < ee®yzl™.
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Therefore,
Isup 8* (w19l < e [ sup s (1)l etz
zeK M zxeK

We deduce thanks to Young’s convolution inequality

1(Op- (o) (1 = x) fllr2ary < Vel fllzzan Y /M sup |k (v2) |ly2| N dz
~el v

= el iz [ sup a1V
G zeK

Time-averaged semi-classical measures

We give here comments about the proof of Proposition Note that when V = 0, Theorem
2.10(ii)(2) in [FE21] implies the statement, except for the continuity of the map ¢ — I';dy;. The
key observation is that for any symbol o € Ay,

1 g2 9 1 g2
- _EAM — eV, Ops(a) = E _EAMa Ope(a) + 0(6) (449)

in £(L?(G)) by the boundedness of V. As a consequence, the results of Theorem 2.10(ii)(2) in
[FEF21] without potential passes to the case with a bounded potential. Note in particular that
we do not need any analyticity on the potential. The two points of Proposition derive from
relation (4.49).

For (1), using Proposition and multiplying (4.49) by ¢, one gets that for any symbol
o€ Agand 6§ € LY(Q),

[ BTt ), HOT o )i, At = 0
RxGxG

which implies the commutation of I';(x, A\) with H () and thus the relation

Let us now prove the transport equation and the continuity property; Let H,(f) be the

projector on the n-th eigenspace of H(A). We prove here the continuity of the map ¢t +—

(Hgf\)f‘tla*ﬂ,(f‘) ,Y¢1;+). Since i ¢ Ay, it is necessary to regularize the operator Hg‘)a(x, )\)HS[\)

for 0 € Ap. In that purpose, we fix y € C*°(R) such that 0 < x < 1, x(u) =1 for on |u| > 1
and y(u) = 0 for |u| < 1/2. We consider o € Ay a symbol strictly supported inside a unit cell
of M and associate with it the symbol

o™ (@, \) = x(uHW))INo(e, VI, neN, ue (0,1].

In view of Corollary 3.9 in [FF21], this symbol belongs to the class S~ of regularizing symbols.
Besides, it is also supported inside a unit cell of M. Fix n € N and consider the map

t (0P (™™ (0),7(1)) = uc(t)

where 9°(t) is a family of solutions to (4.3) for some family of initial data (¢§)e>0.

Lemma 4.28. The map t — (Ops(a(“’”))¢5(t),w6(t)) is equicontinuous with respect to the
parameter € € (0,1).

We recall that from Theorem 2.5 (i) of [FE21] we have for all o € Ap, x and u as above,
6 € LY(R), and p,p’ € N with p # p/,

/R 0(t) (Op. (Ipx (wH (X))oTLy U= (¢), 9% (t)) dt = O(e) (4.50)
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Proof. For any symbol o € Ag, we have
2
G Op() 0,07 (0) = % ([0pelo). 5 A = V170,070
= 5 (Ol HO (6, 9°(1) — = (Op.(V - P (V)oyse (0 07(5))  (451)

~ 55 (OP.(B0) (), 0(1) = § (10p.(0), VIV<(0) (1)

For o(*™ (which commutes with H())) we have

Z(Opg ), Ay e wff(t),w(t))
= (o Wm0, 47(0) - 52 (0p(Baro ™) (1) 4%(1)) + O

where we used [Op,(c(*™), V] = O(e) in L(L*(M)) by Proposition By Lemma 4.1 in [FF21],
there exists oy (x, \) such that

VA V)o@ (2, \) = [o1 (2, ), H(N)] (4.52)
d 1
(V- (V)oi(z,\) = <(n + i)zzm - 2AM> o) (2, \)
The proof of these relations is discussed at the end of the proof of Proposition [£.29 where we
use quite similar properties. We then write for ¢,¢ € R,

lue(t) = lue(t) = —1/ (Op.([or, HN)])9"(5), ¢°(s)) ds

1€
1

- (opg<AMo<““ JUF (), 67(s) ) ds + O(elt — ).

Besides, using for the symbol o1, we deduce
— = (O, HOWW (1), (1)) = — (0p.(o0), VIe(0), (1)) — = (Op (1) (1), (1)
— 2 (Op.(V - P (V)00 (6, 47(1)) ~ = (Op.(Anien)u (), w7(0)).

This implies

t

buclt) = uclt) = =5 [ (0pV - (V)00 (9. °(0)) ds = 5 [ (Ol (s) °(s)) s

? 2i Jy
+ O(elt = t'])
d. [t A\
=+ 5) [ (0p(2Va) (). 07(5)) ds+ Ol 1) (4.53)
t/
which concludes the proof. ]

The continuity of the map t — (H&A)rgrn;”,%%*) follows from Lemma and the
Arzela-Ascoli theorem. Note that, equation (4.53]) of the proof of Lemma also implies the

transport equation (4.22)).
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Finally, let us prove Point (2) of Proposition We use the relation
1 1
~[=€?An, Op. ()] = —Op.([H (), 0]) = 20p.(V - 7(V)0) = £Op. (Ans0).

together with (4.49). We denote by ¢ the scalar measure I';dy;1,+ and we use that for the finite
dimensional representations 7(%“) we have W(O"’J)(Vj) = 4wj. In the limit € — 0, we obtain that
for any 6 € LY(R) and o € Ay commuting with H()),

/ () Tr(V - w(V)o(x, NI ¢(x, N))dye(z, N)dt + / 0(t)iw - Vo(x,w)ds(xz,w)dt = 0.
Rx M x3* Rx M xv*

Since I'y commutes with H(A) and V - w(V')o is off-diagonal when o is diagonal (see (4.52))), we
deduce that the first term of the left-hand side of the preceding relation is 0. Therefore,

/ O(t)w - Vo(r,w)ds(r,w)dt =0,
Rx M xv*
which implies the invariance of ¢(z,w) by the map (z,w) — (Exp(tw - V)z,w).

4-A.3 Wave packet solutions to the Schrodinger equation

We assume here V = 0. We prove that the solution of with an initial datum which is a
wave packet can be approximated by a wave packet. We focus on the case where the harmonics
verify ®; = ®9 = hg, see the discussion preceding Remark [£.30] for more details. We work in
G, keeping in mind that by Remark [£.7] the result extends to M. Note that the results of this
section give in particular a second proof of the necessary part of Theorem in case V = 0.

Proposition 4.29. Let u®(t) be the solution of equation (4.3) with V.= 0 and initial data of
the form
’U%:W 8 (a7h07h0)7

Z0,\0

where (xg,\o) € M x (3" \ {0}), a € S(G) and hg is the first Hermite function. Then, there
exists a map (t,r) — a(t,x) in CL(R,S(G)) such that for all k € N,

us(t, l‘) = WP.;:(t),Ao (a(ty ')a hOa ho) + O(ﬁ)

in XF (see ([E.40) for definition), with
- 4\ 5 (%)
x(t) = Exp 5152 x0.

In particular, this proposition means that, contrarily to what happens in Riemannian man-
ifolds, there are wave packet solutions of the Schrodinger equation which remain localized even
in very long time (of order ~ 1 independently of ). For example, this is not the case for the
torus (see [AM14, BZ12]) or semi-classical completely integrable systems (see [AFM15]).

In what follows, we use the notation 7*(X) for denoting the operator such that
FXA) =7 X)F(f), Vf €M

where X € g (recall that X f is defined in (4.2))). Using an integration by part in the definition
of F(X f)(\) and the fact that (7))* = 7}, we obtain in particular

X(m)®p, o) = (7N X)m) Dy, Do) (4.54)
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and, in view of (4.39)), we have
™) = VINde, and 7(QY) = iv/g;. (4.55)

We recall that extending the definition to —Ag, we have 7*(—Ag) = H(\) where H()) is the
Harmonic oscillator

d
N =D (= + &) (4.56)
Jj=1

Of course, we also have the relations

d d
H)) = -3 7 Z( PV 4 NQW)? ) (4.57)
j=1

j=1

In the sequel, in order to simplify notations, since A = Aq is fixed, we write P; and @); instead
of Pj(>\o) and QE.AO). We also use the notation II,, instead of TI{).

Proof of Proposition[{.29. We construct a function v°(¢, z) of the form

V(@) = WP 5, (07 (6, 2) (2, ), ho, ho) + O(VE) (4.58)

which solves for all t € R,
1
i0p° + §Agva = 0(Ve) (4.59)

in all the spaces X%, k € N. More precisely, we look for o°(t,z) = Zjvzl E%O'j(t,l‘), for some
N € N to be fixed later and some maps (t,z) — o;(t,z) that are smooth maps from R x G to
L?*(R%), and we shall require 0¢(0, ) = a(x) (note that, more rigorously, these operator-valued
maps are the values at A = A of fields of operators o;(t,z, \) over the spaces H) = L?(R%) of
representations, as the symbols of the pseudodifferential calculus). Then, an energy estimate
shows that u®(t) — v°(t) = O(y/2) in L*(Q) for all t € R.

In view of ({:36), it is equivalent to construct a family o°(t,z) = e@/4v%(t, z(t)d zx) which
satisfies

D" — igz()“))ﬁa + %Agaa = O(eV/2)

and

N
Ze% (oj(t, z)m)° ' p@hoiho), NEN. (4.60)
7=0

We emphasize that if we look for operators (¢, ) which are of finite rank, then, decomposing

0j(t,x)ho on the Hermite basis, the function (o} (tw)w?o

12 (x)hm ho) is a sum of terms of the

form
(a;5(t, x)w(g\im ()10 5),
which means that v®(t) satisfying is indeed a sum of wave packets.
Let us now construct the operators o;(¢,z). In order to simplify the notations, we set
So = |Xo|4 and
d 1
L= 152(/\0) - 54

Note that d
iiz()‘o)wi‘o = —Sowé‘o
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and that Sy is such that H(M\g)ho = 2Sphg. We denote by IIp the orthogonal projector on
the eigenspace of H(\g) for the eigenvalue 2Sj. For any operator-valued o(t,z), we have the
following result:

. S 1
(iedy — L)(o(t, x)m30 ho,ho):?o(o(t,x) 2o ho, ho) — = (o (t, ©) H(Ao)m)° ho, ho)

7r5571/2(50) 71-55*1/2(55) 2% _1/2(x)
1 .
+ %(Vd(t, aj) A (V)Wg\:—l/z(f)ho’ ho) + ((Ze’f@t — E)J(t, 1‘)71’2:]_1/2(36)}10, ho)

where Vo - TT% (V) = Z?il VijolI*(V;). Equivalently, we can write the latter relation under the
more convenient form:

. 1
(ied; — L) (o (t, x)wgil/z(x)ho, ho) = o ([H (M), o (t, g;)]wg;/z(x)ho, ho)
1 .
+ ﬁ(VJ(t, ) - WAO(V)@:?UQ(I)%, ho) + ((ied; — Lo (t, x)w(?:im(x)ho, ho)
(4.61)

Therefore, for o9 = a € C}(R,S(G)) a scalar map, we have
(ied; — L) (o0t x)wgggl/z(@ho, ho) = (r§(t, x)ﬂ'g‘:lW (o) 0: ho)
with

1 .
Tg(t, x) :E(VUo(t, x) - 0 (V)Wg\:_l/g (I)ho, ho) + ((iedy — L)oyp(t, a:)Trg‘;_l/Q(x)ho, ho) (4.62)

In other words, for any og(t, ) which is scalar, the rest term is of order e~'/2. At the end of
the proof, we will specify our choice of ¢ in (4.67)).

We now focus on constructing correction terms in order to compensate the rest term rg(z).
Note that since IIghg = hg, we also have

1 A A : A
ro(t, x) :%(Hovgo(t, x)-m O(V)ﬂ-éso,l/g (m)hO’ ho) + ((i€0y — L)oo (t, x)wéeo,l/g(z)ho’ ho)
The second term involves the scalar operator (ied; — L)oo(t, x) which commutes with IIy while
the first one depends on I1gV oo (t, x) - 70 (V) which does not. For constructing oy (¢, z), we use
the computation (4.61) and the fact that for symbols o (¢, x) that anti-commute with H (o), one
can find 6(t, z) such that o(t,z) = [H (o), 0(t, z)].

e Construction of the approximate solution up to \/. We have already noticed in Section

[A.2) that if

d
Oo(t,x) = —21.|1)\0| > (PjUO(t,fE)WAO(Qj) - QjUO(fﬂ?)WAO(PjD ;
j=1

we have the following relations that we prove below

VUO(ta 1‘) ’ WAO(V) = _[H(AO)v OO(t’ ﬂf)}, (463)

1 1 1
Ho(vgo(t,.ﬁ) : 7'(')\0 (V))Ho = §H0 <i;lz>\000(t, J}) - 2AcO‘0(t,£L‘)> H() = 5H0£0‘0(t,3§). (4.64)

Therefore, setting
o1 (tv .1‘) = 2H090(t7 .7}),
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and using (4.61)), we obtain that

. 1
(ie0y — L)(o1(t, z)m)° (x)ho,ho):—E(Vao(t,x)-wAO(V)ﬂg\O ho, ho)

_—1/2 —1/2(2)
1 .
+ ﬁ(ﬁao(t, x)ﬂ'g‘:_lﬂ (xy0: ho) + ((ied, — L) (¢, x)ﬁg‘;_l/z (20> h0)

Therefore, the function v5(t,z) = ((oo(t,x) + Veor(t,x 7o ho, ho) satisfies in ¥F the

1 5_—1/2(x) €
equation

(iedy — L)Vi(t, z) = ri(t,z) + O(eVe)

with

St ) = —ve(Loy(t, :1:)7?2‘:71/2 (xy0s o) + i (Dyo0 (¢, x)wg‘:im(x)ho, ho).

e Construction of the approzimate solution up to €. We observe that by construction (¢, x)
and o1 (t, z) anticommute with H(\g). Therefore, there exists oa(t, ) such that

1
Loy (t,z) = §[H()\(]),O'Q(t,$)], (4.65)
and the function v5(¢t,x) = ((o0(t,x) + Veoi(t,x) + ev/eoa(t, x))ﬂ§071/2(x)h0>h0) satisfies the
equation ‘
(iedy — L)V5(t, z) = r5(t, ) + O(ev/2)
with

r3(t, @) = e(Voa(t,z) - w0 (V)my° (yhos o) + ie(Bro0(t, x)w(?:im(z)ho, ho).

At this stage of the proof, we observe that by choosing an adequate term o3, the off-diagonal
part of Voo - 770 (V) can be treated in the same manner than the off-diagonal term Lo1. Finally
we are left with

%(t,x) = ((o(t,z) + Veor(t, z) + ev/eos(t, z) + 2o3(t, .’E))ﬂ'g\o

—1/2 (ﬂﬁ)ho’ ho)

and the equation
(iedy — L)T5(t, ) = r5(t, x) + O(e¥/?)
with
ri(t,x) = e((idhoo + oV (t, x) - 7 (V)Ip)ms®  1ho. ho).

e Construction of the approzimate solution up to €3/2. For concluding the proof, we use the
specific form of the term IlyVoa(t, z) - on (V)IIp. We claim, and we prove below, that there
exists a selfadjoint differential operator £ such that

Vot z) - (V) = Log(t, z)Iy. (4.66)
Therefore, it is enough to choose the function o (t, z) as the solution of the equation

idoo(t,x) + Log(t,z) =0 00(0,z) = a(x). (4.67)

e Proof of relations (4.63)), (4.64) and (4.66). Let us begin with (4.63). Using (4.55) and
(4.56), we get that for 1 < j < d there holds

[H(X0), 7(Q))] = 2i[Al7*(P;) and [H (o), 7 (P})] = —2i[ Aol (Q;)-
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Therefore

[H(Xo), 0

d
5 | (Pl 7@ = QuenlF <)

(Pjoom™ (P;) 4+ Q00 (Q;))

'M&

1

J
=—Voy- 7r’\0(V)

which gives (4.63).
The relation (4.64]) is a direct application of Lemma B.2 in [FF21] which states that if

d

2d
Z Vj17r/\0 (Vi) | o Z (PJQT‘-)\O (@) — szﬂ)\o (Pj2)> )

Jj1=1 Jo=1
then d .
I1,TTI, = |Ao| ((n + 5)Z()\o) 4 ;Ag) II

where II,, denotes the orthogonal projector on Vect(h,, |a| =n) (recall that II,, depends on Ag
since it is defined from H(\p) but we omit this fact in the notation). Note that these relations
are nothing but consequences of the elementary properties of the creation-annihilation operators
85]. and §;.

Let us now prove the claim (4.66)). We use the notations of [FF21] and introduce the operators

1

. - 1 .
R; = i(P] —iQj), and R;:= i(Pj +1Q);).

By (£39), the operators m0(R;) = Y= l/\o (O, + &) and T(R;) = Y ‘2)‘ (O¢;, — &) are the
creation-annihilation operators assomated with the harmonic oscillator H (/\ ). The well-known
recursive relations of the Hermite functions give for « € N¢ and j =1,...,d,

VA _ M| T <
TF)‘O(Rj)ha = |2(]|\/2ijha_1j WAO(Rj)ha = —\/|270| 2(0{7 + 1)ha+1]..

In the preceding formula, we use the convention hq—1; = 0 as soon as a; = 0. Actually, one has
m(Rj)ho = 0. We will also use the expression of Ilgm(R;) that derives from these formula.

Let us now compute oy. Starting from

Z J7T/\O (Qj) — @ 0 (Py)) = _QZZ (R; (R — R; )\O(RJ))7

d
Jj=1

and using Iym*(R;) = 0, we obtain
d
211
o1(t, z) = Tl Z_: (Rj)-
Therefore o1 = IIyo1Il; can be written

d
2
HQO’1H1 = T Z t .I' H()?T (Rj)
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We deduce from (4.65) that

1
7H0£01H1.

ITyooll; = ol

Therefore

o(t,x) = ‘)\0|2 Z,CR a(t, )Mo (R;).

We now use that for any operator-valued U(t, x),

(Rrom™ (Ry,) + Rpom™ (Ry))

M=

Vo -T1(V) =2

T
I

and we obtain

Voo - HAO

d
= |)\0| > (ReLRja(t, 2)Tom* (Ry)m (Ry) + ReLR;a(t, x)TTom™ (R;)m (Ry,)).
k;:

When computing the diagonal part of the operator above or, more precisely gV oo - TI (V)y,
we use Hom(R;)m(Ry) = Hom(Ry)m(R;) = 0 when j # k and we find

IV oy - I (V)1 =

ZR LRja(t, z)yn™ (R;)m™ (R;).

!/\0!2
Using
_ 1 1 _ 1
RiR; = 1(133'2 +Q7) + 12(’\0) and  [Rj, Rj] = 520‘0)7
we obtain \
RiLR; = (L —iZ®)R;R; and Tlyn™(R;)m°(R;) = —|20|H

and therefore

oVos - I (V) = — (£ —iZX))R; Rjally

y‘w
M=

o =

<
Il

2 , 1 id

=— m(z: - zz“o))(ZAG + Zz@(ﬂ)ano

= 2’1 ’ < (d - 1) zZ(o) _ ;AG> (Ag + idZP0)all
0

which concludes the proof of (4.66|) with

i — (z <;l - 1) zQ0) _ ;AG> (Ag +idZM))

that is clearly self-adjoint. O
In case the harmonics of the initial wave packet are no more equal to hg, e.g.
WP o, )\Q (a7 h‘Oé? h‘Oé)

with o € N of length n, the operator IL,,Vaor(V)II, is not scalar: it is matricial since one must
add terms of the form (bs(t, x)m20hg, hg) for all B € N? of length n. Equation (4.67) is then
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replaced by an equation with values in finite-rank operators. Setting F'(og) = II,,Voor(V)IL,,
F is a linear map on the set S(G, L(V},)) where V;, = Vect(hq, |a] = n). We endow this set of
matrix-valued functions with the scalar product (a,b) = [ Trz(y,)(a(z)b(z))dz. Then, one can
define two linear maps A and S such that F' =S+ A with S self-adjoint, A skew symmetric and
AoS =SoA. Observing that 0(0) = a(x)Idy, € KerA, one then solves i0;0¢0 = F'(09) in KerA,
which induces the solution oo(t) = e #Sg((0). As a conclusion, noticing that the argument
would be the same for
ug = WPy (a,hy,ha)

20,A0

for o # ~, we deduce the following remark from the linearity of the equation and the fact that
the set of Hermite functions generates L?(R%).

Remark 4.30. The solution to (4.3) with V = 0 and initial data which is a wave packet is
asymptotic to a wave packet in finite time.
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Chapter 5

Propagation of singularities of
subelliptic wave equations

“Si cela va sans le dire, cela ira encore mieux en le disant.”

Talleyrand.
This chapter is adapted from the preprint [Let21b]. It proves Theorems [/ and @
Contents
GBI Tntroductionl . . . . . .t v vttt e 156
5.2 The comes Lo -« v v v v i e e e e e e e e e e e e e e e e e e e e 159
5.2.1  First definition of the cones I',,| . . . . . . . . . .. ... ... ... ... 159
5.2.2  Formulas for the cones I',,)). . . . . . . .. .. ... ... .. 160
P.2.3  Inner semi-continuity of the cones I'y,| . . . . . . . .. ..o 162
B24 Timefunctiond . . . . . . . . . . 164
[6.37 A positive commutator] . . . . . . . . ..t e . 164
p.3.1  The operator C|. . . . . . . . . ... 165
p.3.2  The principal and subprincipal symbolsof | . . . . ... ... ... .. 166
6.4 Proofof Theorem 5.2 . . .« « ¢ v v v v v i ittt e it 167
b.41  Construction of the time functionl. . . . . . . . .. ... ... ... ... 168
P.4.2 A decompositionof O . . . .. .. ... L Lo 171
5.4.3  The Fefterman-Phong mequalityl] . . . .. ... ... ... ... ..... 172
b.4.4  End of the proof of Theorem|5.2] . . . ... ... ... ... . ...... 173
5 Proofof Theorem 5.3 . « « « v ¢ v v v v v v it it et e e 174
B51  The sub-Riemannian metrid . . . . . . .. ... oo o Lo 175
5.5.2 K as a solution of a wave equation| . . . . . .. ... ... ... .. 176
[5.5.3 Proof of (5.62)).|. . . ... ... . ... 177
p.5.4  Conclusion of the proof of Theorem|[5.3] . . . .. .. ... ... .. ... 177
[5.6 A consequence for wave equations with sub-Laplacians|. . . . . . . . 178
.6.1 Sub-Riemannian geometry and horizontal curves| . . . . . ... ... .. 179
[5.6.2  The singular support of Kg(,z,y)| . - - -« . o« . o oo oo 180
[5.6.3  Comments on the inequality in (5.14)[ . . . .. .. ... ... ... ... 181
[6-A Further properties of the cones L] « - « « v v v v v v v v v v v v e e v 181
P-A.1 Inner semi-continuity of the cones I'y, inal. . . . . . ... ... ... .. 181
[>-A.2 What 1s there exactly in the cone I';, when m € 257 . . . . .. .. .. 182

155



156 CHAPTER 5. PROPAGATION OF SINGULARITIES

We revisit the paper [Mel86] by R. Melrose, providing a full proof of the main theorem
on propagation of singularities for subelliptic wave equations, and linking this result with sub-
Riemannian geometry. This result asserts that singularities of subelliptic wave equations only
propagate along null-bicharacteristics and abnormal extremal lifts of singular curve.

As a new consequence, for z # y and denoting by K¢ the wave kernel, we obtain that the
singular support of the distribution ¢ — K¢ (t, z,y) is included in the set of lengths of the normal
geodesics joining x and y, at least up to the time equal to the minimal length of a singular curve
joining x and y.

5.1 Introduction

In microlocal analysis, the celebrated propagation of singularities theorem describes the wave-
front set WF(u) of a distributional solution u to a partial (or pseudo) differential equation
Pu = f in terms of the principal symbol p of P: it says that if p is real and homogeneous, then
WF(u)\WF(f) C p~1(0), and that if additionally the characteristics are simple (p = 0 = dp # 0
outside the null section), then WF(u) \ WF(f) is invariant under the bicharacteristic flow
induced by the Hamiltonian vector field of p.

This result was first proved in [DH72, Theorem 6.1.1] and [Hor71al, Proposition 3.5.1]. How-
ever, it leaves open the case where the characteristics of P are not simple. In a very short and
impressive paper [Mel86], Melrose sketched the proof of an analogous propagation of singularities
result for the wave operator P = D? — A when A is a self-adjoint non-negative real second-order
differential operator which is only subelliptic. Such operators P are typical examples for which
there exist double characteristic points.

Despite the potential scope of this result, we did not find in the literature any other paper
quoting it. The proof provided in [Mel86| is very sketchy, and we thought it would deserve to be
written in full details. This is what we do in the present note, before presenting in the last section
a new application of this result. Since the publication of [Mel86] in 1986, the development of
sub-Riemannian geometry (the geometry associated to subelliptic operators) has brought some
tools and concepts which we use here to shed a new light on this result: for example, we explain
that singular curves and their abnormal extremal lifts, which are central objects in control theory
and played a key role in the discovery of so-called abnormal minimizers (see [Mon94], [Mon02]),
appear naturally in [Mel86], although it is not written explicitly.

For the sake of coherence, we borrow nearly all notations to [Mel86]. A is a self-adjoint
non-negative real second-order differential operator on a smooth compact manifold X without

boundary:
Vu € C(X), (Au,u) = (u, Au) >0 (5.1)

with
(u,v) = / u(z)v(z)dy, (5.2)
X
where v is some positive C*° density. The associated norm is denoted by || - ||.

We also assume that A is subelliptic, in the following sense: there exist a (Riemannian)
Laplacian A on X and ¢, s > 0 such that

Vue C¥(X),  [[(=2)*ul® < e((Au,u) + [|ul®). (5.3)

Finally, we assume that A has vanishing sub-principal symbolﬂ

1Since X is endowed with a smooth density v, the sub-principal symbol makes sense, see Appendix|Al Note also
that the assumption of vanishing sub-principal symbol is not made in [Mel86], but it simplifies the presentation
and it is valid in applications.
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Example 5.1. An important class of examples of such operators A is given by sub-Laplacians (or
Hormander’s sums of squares, see [RS76] or [LL21]), that is, operators of the form A = Efi LYY
for some smooth vector fields Y; on X (here, Y;* denotes the adjoint of Y; for the scalar product
(5.2)) satisfying Hormander’s condition: the Lie algebra generated by Y1, ..., Yk is equal to the
whole tangent bundle T'X.

The assumption implies that A has a self-adjoint extension with the domain
P2(A) = {u e D'(X); Auc L*(X)}.
By the spectral theorem, for any ¢t € R, the self-adjoint operator
G(t) = A~Y2sin(tAY?)

is a well-defined operator bounded on L?(X), in fact it maps L?(X) into 2(AY?). Together
with the self-adjoint operator G’(t) = cos(tA'/?), this allows to solve the Cauchy problem for
the wave operator (here D; = %@)

(D —Au=Pu=0 inRxX,

(5.4)
u=uy, Ou=wu; at t=0

by
u(t,z) = G'(t)up + G(t)uy.
For (ug,u1) € P(AY?) x L*(X), we have u € CO(R; 2(AY?)) N CY(R; L*(X)).

For f € D'(Y) a distribution on a manifold Y (equal to X, R x X or R x X x X in the
sequel), we denote by W F(f) the usual Hérmander wave-front set (see [Hor71b]); in particular,
WE(f) C T*Y \ 0.

The first main result of [Mel86] is the following (the terminology “null-ray” is explained
below):

Theorem 5.2. Let t — u(t) be a solution of (5.4). For anyt > 0, if (z,§) € WF(u(0)) then
there exists (y,n) € WF(u(—t)) UWF(Ou(—t)) such that (y,n) and (z,&) can be joined by a
null-ray of length t.

The second main result of [Mel86], which we state here only in the context of sub—LaplaciansEL
concerns the Schwartz kernel K¢ of G, i.e., the distribution Ko € D'(R x X x X) defined by

Yue Co(X),  Gtu(z) = /X Ke(t, 2. y)u(y)dy. (5.5)

Theorem 5.3. [Mel86, Theorem 1.8] Assume that A is a sub-Laplacian (see Ezample [5.1)).
Then

WF(Kg) C{(t,z,y,7,&§,—n) € T*(R x X x X)\0; (5.6)
there is a null-ray from (0,7,y,n) to (t,7,2,§)}. '

Comments on Theorems and The null-rays which appear in the statements of
Theorems and are generalizations of the usual null-bicharacteristics (i.e., integral curves

of the Hamiltonian vector field H), of the principal symbol p of P, contained in the characteristic
set p~1(0)). Their definition will be given in Section they are paths tangent to a family

2This assumption is not made in [Mel86].
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of convex cones I'y, introduced in Definition For example, at m € T*(R x X) which is
not in the double characteristic set p = dp = 0, 'y, is simply R - H,(m) (or R™ - Hy(m)). In
the double characteristic set ) = {p = dp = 0} C M, their definition is more involved, but
readers familiar with control theory will recognize that null-rays contained in ¥y are abnormal
extremal lifts of singular curves (as in Pontryagin’s maximum principle). That is, they are
integral curves of ker(wg(z)) where Ws, = L*Z(2>w is the pullback of the canonical symplectic

form w on T*(R x X)) by the canonical injection ¢ : ¥y — M.

As a particular case of Theorems [5.2] and if A is elliptic, then we recover Hormander’s
result [Hor7la, Proposition 3.5.1] already mentioned above (see also [Hor(7a, Theorem 8.3.1
and Theorem 23.2.9] and [Lerll, Theorem 1.2.23]). In case A has only double characteristics
on a symplectic submanifold it was obtained in [Mel84] (in codimension 2) and by B. and R.
Lascar [Las82], [LL82] in the general case, using constructions of parametrices (and not positive
commutator estimates as in [Mel86]). It is explained in Remark [5.23| how Theorem implies
these results.

Also, in [Mel86], two other results are proved, namely the finite speed of propagation for P
and an estimate on the heat kernel exp(—tA), but it is not our purpose to discuss here these
other results, whose proofs are written in details in [Mel86].

Organization of the paper. As said above, the goal of this note is firstly to provide a
fully detailed proof of Theorems and and secondly to derive a new consequence on the
singular support of the Schwartz kernel K¢ of the wave operator.

In Section [5.2] we define the convex cones I'), generalizing bicharacteristics and give an
explicit formula for them, then prove their semi-continuity with respect to m, and finally
introduce “time functions”, which are by definition non-increasing along these cones. In this
section, there is no operator, we work at a purely “classical” level.

The proof of Theorems and is based on a positive commutator argument: the idea,
which dates back at least to [Hor7lal (see also [Ivrl9, Chapter 1.2]), is to derive an energy
inequality from the computation of a quantity of the form Im(Pu, Lu), where L is some well-
chosen (pseudodifferential) operator. In Section we compute this quantity for L = Op(®)D;
where @ is a time function, we write it under the form %(Cu,u) for an explicit second-order
operator C' which, up to remainder terms, has non-positive symbol.

In Section [5.4] we derive from this computation the sought energy inequality, which in turn
implies Theorem This proof requires to construct specific time functions and to use the
powerful Fefferman-Phong inequality [FP7§].

In Section [5.5, we prove Theorem the main idea is to see K¢ itself as the solution of a
subelliptic wave equation.

Whether Theorem implies a trace formula in the spirit of [DGTH] for subelliptic wave
operators is an open question: due to the particular role of the section 7 = 0, it is not clear
whether the trace K¢ (¢, z, x) is a well-defined distribution. However, in Section for x #£ y, we
are able to infer from Theorem that the singular support of the distribution ¢ — K¢g(t, z,y)
is included in the set of lengths of the normal geodesics joining x and y, at least up to the time
equal to the minimal length of a singular curve joining x and y.

In the supplementary sections [5-A.1] and [5-A-2] we prove two additional results concerning
the inner semi-continuity of the cones I'y,.
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5.2 The cones I',,

At double characteristic points where dp = 0, the Hamiltonian vector field H,, vanishes, and the
usual propagation of singularities result [DH72, Theorem 6.1.1] does not provide any information.
In [Mel86], Melrose defines convex cones Iy, which replace the usual propagation cone R - H,
at these points, and which will indicate the directions in which singularities of the subelliptic

wave equation may propagate.
5.2.1 First definition of the cones I,
In this section, we introduce several notations, and we define the cones I',.
We consider a € C°(T™* X) satisfying
a(z, &) =0, a(z,r€) =r?a(z,€), r>0 (5.7)
in canonical coordinates (z,&). Also we consider
p=7>—acC®M),  where M=T*RxX)\O.

Of course, a and p will be in the end the principal symbols of the operators A and P introduced
in Section but for the moment we work at a purely classical level and forget about operators.

We set
My ={meM, p(m)>0,7>0}, M_={meM, p(m)=>0,7<0}
in particular, M, UM_ = {p > 0}. Let
Y={meM; p(m)=0, 7 >0}.

Note that ¥ C {7 > 0}; the next few definitions also hold only at points where 7 > 0.

For m € M., we consider the set
Hyp =R Hy(m) C T,,M,

where H) is the Hamiltonian vector field of p verifying w(H,, Z) = —dp(Z) for any smooth
vector field Z (recall that w is the canonical symplectic form on the cotangent bundle M).

If m verifies dp(m) = 0 and p(m) > 0 (or equivalently 7 = a = 0, i.e., m is a double
characteristic point), .74, = {0}. We therefore extend the notion of “bicharacteristic direction”
at m. This will be done first for m € My, then also for m € M_, but never for m € {p < 0}:
the cones Iy, are not defined for points m € {p < 0}.

Let

E(Q)Z{WLEM,T:G:O}CZ.

Note that since a > 0, there holds ¥y = My N M_. At m € X(), we have 7 = a = da =
p = dp = 0 (this follows from the positivity ) and the Hessian of a is well-defined: it is a
quadratic form on T}, M. We denote by a,, the half of this Hessian, and by p,, = (d1)? — an,
the half of the Hessian of p. For m € X5, we set

Ay ={w € T, M; dr(w) >0, pp(w) >0} (5.8)
and, still for m € ¥y,

Ipi={vel,M; wv,w)<0 Ywe Ay} (5.9)
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If m € My \ X(g), we set
Ly, = . (5.10)

In particular, the cones I';, are defined also at points m outside X, i.e. for which p(m) # 0.
Note also that the relation ([5.10|) says that the cones I, are only half-tangents.

In order to extend the definition of the cones I',,, to M_, we want this extension to be
consistent with the previous definition at points in My N M_ = ¥,). We observe that M_ is
the image of M, under the involution sending 7 to —7. For (¢,7,«) € M_, we set

I =T, where m' = (t,—7,a) € M.

It is clear that at points of My N M_ = ¥3), the two definitions of I';, coincide. With this
definition in M_, note that for m € M_ \ X(y), there is a sign change:

Ty = — . (5.11)

In summary, the formulas (5.9)), (5.10) and (5.11)) define I, at any point m € My U M_, with
different definitions for m € ¥9), m € My \ ¥(9) and m € M_ \ X(5). The cones I, are not

defined for m ¢ M U M_. For any m € My U M_, the cone Iy, is closed and convex.

Definition 5.4. A forward-pointing ray for p is a Lipschitz curve v : I — My defined on some
interval I C R with (set-valued) derivative +'(s) C T'y(s) for all s € 1. Such a ray is forward-null
if v(s) € ¥ for any s € I. We define backward-pointing rays similarly, with v valued in M_,
and backward-null rays, with v valued in {m € M; p(m) =0, 7 < 0}.

Under the terminology “ray”, we mean either a forward-pointing or a backward-pointing

ray; under the terminology “null-ray”, we mean either a forward-null or a backward-null ray.

In particular null-rays live in {p = 0}. In Definition the fact that the curve ~ is only
Lipschitz explains why its derivative can be set-valued.

Remark 5.5. In the inclusion (|5.6)), the null-ray mentioned in the right-hand side is forward if
7 > 0 and backward if 7 < 0 (and both forward and backward if 7 = 0).

5.2.2 Formulas for the cones I',,

In this section, we derive a formula for the cones I'y, when m € ¥(5y. It is more explicit than
(5.9) and we will give in Section an application of this formula.

It relies on the computation of the polar of a cone defined by a non-negative quadratic form:

Proposition 5.6. Let S be a non-negative quadratic form on a real vector space Y, and let
O = (ker(S))* C Y* where L is understood in the duality sense. Let A = {& = (&,7m) €

RxY; &> Sm)2} and A = {¢ € (RxY)*; VE€ A, £(¢)<0}. Then

N

AP ={& = (&) e RxY)*; v €0 and — & > (S*(n'))2}. (5.12)

where R* is identified with R and

/
S*(nl — Sup 77 (77)

néker(S) (77) .

2

(5.13)
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Proof. Let & = (&),7) € (R x Y)* such that 7/ € © and —&, > (S*())2, we seck to prove that
€ €AY Let £ = (&,n) € A. In particular, & > (S(n))% We have

ol
poy
3
=
ol
+
3\
S
N
()

§'(&) = &%) +n'(n) < =(5"(1))

hence ¢ € A%, which proves one inclusion.

Conversely, to prove that A° is included in the expression , we first note that if ' ¢ ©,
then (&),n') ¢ A° for any & € R*. Indeed, if n’ ¢ ©, there exists n € Y such that S(n) =0 and
n'(n) > 0. Thus, considering £ = (0,7), which is in A by assumption, we get £'(§) = n'(n) > 0
for any & € R* and ¢ = (&), 7'), proving that ¢ ¢ AY. Now, if & = (£),7') € A° with ' € ©,
we take &, = (Son, M) With 1, & ker(S) so that n'(1,)?/S(n,) — S*(n'), and 7' (n,) 2 0 and
€on = S(nn)2. Then &, € A. Therefore, £'(£,) < 0, which implies that —¢, > (S*(y/))2. This
proves the result. O

Applying the previous proposition to S = a,, yields a different definition of the cones I';,.
First, A,,, which has been defined in (5.8), can be written as

= {w e Tp,M; dr(w) > (am(w))2},

Since the definition of A, does not involve dt, we have v(9;) = 0 for any v € AY,. Now, using
the notation a}, to denote (5.13|) when S = a,,, Proposition yields that

A, =Rt (—dr + By),
By = {by € (ker(am))*, a’,(bo) < 1}.

The duality L is computed with respect to the space ker(a,,) C T(T*X), i.e., bo € T*(T*X).

Comparing the definition of AY, as the polar cone of A,, and the definition of I'y,, we
see that Iy, is exactly the image of A through the canonical isomorphism w(v, ) — v between
Ty M and T,,M. Thus,

I, =RT(0; + B),

n (5.14)

B = {b € ker(a,)“x, a,,(Z(b)) < 1}.
Here, 1, designates the symplectic orthogonal with respect to the canonical symplectic form
wx on T*X and Z : b — wx (b, -) is the canonical isomorphism between T'(7T*X) and T*(T* X).

In case A = Zfil Y;*Y; is a sum of squares, the expression a;;, (Z(b)) which appears in
can be written in a much simpler form involving the sub-Riemannian metric associated to the
vector fields Y;, see Lemma For more on formula , which plays a key role in the
sequel, see also Section [5.6.3

Without assuming that A is a sum of squares for the moment, we can already write (|5.14])
differently, and for that we introduce the “fundamental matrix” F' (see [Hor(7a, Section 21.5])
defined as follows:

VY,Z € Tp(T*X),  wx(Y,FZ)=an(Y,Z). (5.15)

Then, wx(FY,Z) = —wx(Y,FZ). Note that there is a slight abuse of notations here since
Tm(T*X) stands for T, () (T*X) where 7 : M — T*X is the canonical projection on the
second factor (recall that M = T*(R x X))\ O).
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We now prove the following formulaﬂ

Iy =RT(8;+B), B=cxhl {FZl Z ¢ ker(am)} .
am(Z)2

Thanks to (5.14)), it is sufficient to prove that if b € ker(am)wa with a} (Z(b)) = 1, then
b= FZ/ay,(Z)2 for some Z ¢ ker(a,,). We set by = —Z(b) € ker(a,,)*. By Lax-Milgram’s
theorem applied to the bilinear form a,, which is continuous and coercive on T,,(T*X) /ker(ay,)
and by which is a linear form on this space, we get the existence of Z such that by = a,,(Z, ).
Using that a,(bg) = 1, we obtain a,,(Z) = 1, hence by = an(Z, ')/am(Z)%. It follows that
b=—T (b)) = FZ/am(Z)2.

Fixing a norm |- | on T'M, the expression implies that near any point m € {p > 0},
there is a (locally) uniform constant ¢ > 0 such that

vEl, =v=T0 +7, [v'| < T (5.16)

where v’ is tangent to T*X. Thus, if v : I — M, is a forward-pointing ray (thus a Lipschitz
curve) defined for s € I, (5.16) implies that dt/ds > /|dvy/ds|, hence dvy/dt = (dvy/ds)/(dt/ds)
is well-defined (possibly set-valued), i.e., v can be parametrized by t.

Finally, we define the length of a ray v : s € [so, s1] = My by £(y) := |t(s1) — t(so0)|.

Remark 5.7. Thanks to the above parametrization and with a slight abuse in the terminology,
we say that there is a null-ray of length || from (y,7n) to (z,&) if there exists a null-ray (in the
sense of Definition parametrized by ¢ which joins (0, 7,y,7n) to (T, ,z,§), where 7 verifies

™ =a(y,n) = a(z,§).

5.2.3 Inner semi-continuity of the cones I'),

Using the formula (5.14)), we can prove a continuity property for the cones I';,, inspired by the
arguments of [Mel86, Lemma 2.4].

Lemma 5.8. Let a € C*°(T*X) satisfying (5.7). The assignment m +— L'y, is inner semi-
continuous on My U M_ = {p > 0}. In other words,

Vmj; —m (m; € My UM_), VYuv; € Ty, such that v; — v € T,,,M, there holds v € T'y,.

Proof of Lemma . The assignments X9y > m +— I'y, and My UM\ X9y > m > 'y, are
clearly continuous thanks to formula (5.9) (resp. (5.10) and (5.11)). Therefore, we restrict to
the case where m € ¥ () and m; € My U M_ \ X(y).

The cone I'y,; at m; = (t;,7;,7;,§;) is given by the positive multiples of the Hamiltonian
vector field of p:
Ly, = RY[27;0, — Ho(my)] (5.17)

where Hy(m;) is the Hamiltonian vector field of a at m;. Dividing by 27;, we rewrite it as

~—

I, =Rt <at _ La(my)® Ha(m, (5.18)

j 27 a(mjﬁ)

We assume without loss of generality that 7; > 0, the case 7; < 0 being similar.

3This is formula (2.6) in [Mel86].
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Since m; € {p > 0}, we know that 7; > (a(mj))% (the equality would correspond to null-
bicharacteristics) thus the first fraction is bounded. For the second fraction, we consider its image

da(m;)/ a(mj)% through the isomorphism Z between the tangent and the cotangent bundle given
by the canonical symplectic form on T*X.

In the sequel, we work in a chart near m. If m; —m accumulates in a direction where a
vanishes at order exactly k > 2, then a Taylor development yields

| Ha(mj) = O(|m; —mlls) = o(|Jm; — m||§;7"/%) = o(a(m;)/?) = o(r;)

where || -||as is the Euclidean norm on a chart of M near m. Hence, using ([5.17)), we obtain that
the only limiting direction of the L, is R* - O;, which is contained in T,

Otherwise, we use the following elementary result.

Lemma 5.9. If W has no accumulation point in ker(an,), then for any v € T,,M, there

holds 1da(m3)(v) _ am(mj—m,v) -l-O(].)

a(m)17% = g (my—m)17?

Proof. Recall that ay, is half the Hessian of a at m. In a chart, we have da(m;)(v) = 2a,,(m; —
m,v) + o(||lmj — m||p) and a(m;) = am(mj —m) + o(||m; — m||3,), hence the result. O

In view of (5.18) and (5.14)), the inner semi-continuity at m is equivalent to proving that

‘ ) <1+0(1). (5.19)

Using the fact that a(m;) < 7' and Lemma |5.9| for any v € T,,, M \ ker(a,,), there holds

1 (1a(mj)5 da(mj)(’v)>2 < _m(mj —mv)® o(1) < 1+0(1)

am(v) \2 7 a(mj)% h am (V)am(m; —m)
by Cauchy-Schwarz, hence ([5.19)) holds, which concludes the proof of Lemma

Remark 5.10. We only proved the inner semi-continuity in m, since these arguments do not
seem to be sufficiently robust to prove the inner semi-continuity in a. However, we prove in
Section that if we make some additional assumptions, the cones I';, are also inner semi-
continuous with respect to a (and this second proof requires no formula for the cones, just
convexity arguments).

Remark 5.11. Let us explain briefly the intuition behind the semi-continuity stated in Lemma
Recall that the cones I'j, generalize bicharacteristic directions at points Where T=a=
da = p = dp = 0. To define the cones I';,, at these points, following formulas ) and ., we
have first considered directions where p grows (since p = dp = 0, we consider the (half) Hessian
Pm), vielding A,,, and then I',, has been defined as the (symplectic) polar cone of A,,. This
is exactly parallel to a procedure which yields bicharacteristic directions in the non-degenerate
case: the directions along which p grows, verifing dp(v) > 0, form a cone, and it is not difficult
to check that its (symplectic) polar consists of a single direction given by the Hamiltonian vector
field of p. This unified vision of the cones I';, (in the sense that they are obtained in a unified
way, no matter whether m € ¥ or not) is not used directly in the proof of Lemma but it
is at the heart of the proof of Proposition [5.30

Remark 5.12. We prove in Section that for any m € X9y, the cone I'y, is exactly given
by all limits of the cones I'y,; for m; ¢ %5 tending to m.
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5.2.4 Time functions

In this section, we introduce time functions which are one of the key ingredients of the proof of
Theorems [5.3] and 5.2

Definition 5.13. A C* function ¢ near m € {p > 0} C M is a time function near m if in
some neighborhood N of T,

¢ 1is non-increasing along I'y,, m € N N {p > 0}.

In particular ¢ is non- z'ncreasing along the Hamiltonian vector field Hy, in My but non-decreasing
along Hy, in M_ (due to (5.11))).

Note that outside {p > 0} there is no constraint on the values of ¢. The following result
asserts the existence of (local) time functions.

Proposition 5.14. Let m € {p > 0}. Then there exists a (non-constant) time function near
m, and moreover we can choose it independent of T and homogeneous of any fixed degree.

Proof. We choose ¢; < 0 and ¢ independent of z,£, which is clearly possible even with ¢
0-homogeneous and independent of 7.

Ifm ¢ Y (2), then m ¢ Y(2) for m close to m. Therefore, we want to check that ¢ is weakly
decreasing along Hp when 7 > 0, and weakly increasing along H, when 7 < 0 (because of the
sign conventions (| and - This is the case: if 7 > 0 in a small neighborhood of m,
then Hy, = 27¢; < 0 and if 7 < 0 in a small neighborhood of m, then H, = 27¢, > 0.

Let us now consider the case 7 € ¥(9). Firstly, for m ¢ ¥9) near m, we have dp(H,) = 27¢;
s<0if me My \ ¥ and > 0if m € M_ \ ¥9). Secondly, for m € X5y near 7, we have the
inequality d¢(v) = dt(v)¢; < 0 for any v such that dt(v) > 0, which is the case for v € T'y,. In
any case, ¢ is non-increasing along I';,. O

5.3 A positive commutator

The proof of Theorems and is based on a “positive commutator” technique, also known
as “multiplier” or “energy” method in the literature. The idea is to derive an inequality from the
computation of a quantity of the form Im(Pu, Lu) where L is some well-chosen (pseudodiffer-
ential) operator. In the present note, the operator L is related to the time functions introduced
in Definition [(5.13]

In the sequel, we use polyhomogeneous symbols, denoted by ngjg, and the Weyl quantization,
denoted by Op : Sphg phg (see Appendix . For example, we consider the operator D; =
19, = Op(7) (of order 1). The operator A € ‘I/ghg has principal symbol a € C*°(T*X) satisfying
, and P = D? — A has principal symbol p = 72 — a.

Also, ®(t, z, &) designates a smooth real-valued function on M, homogeneous of degree o € R
in £, compactly supported on the base R x X, and independent of 7. In Section we will
take ® to be a time function. By the properties of the Weyl quantization, Op(®) is a compactly
supported selfadjoint (with respect to v) pseudodifferential operator of order «.

As indicated above, our goal in the next section will be to compute C' defined byE|
1
Im(Pu, Op(®)Dsu) := i(C’u,u), (5.20)

since this will allow us to derive the inequality (5.50) which is the main ingredient in the proof
of Theorems [5.2] and

“In [Mel86], C is explicitly defined as Im(Op(®)D;u, Pu) := (Cu, u); however the formulas (6.1) and (6.2) in
[Mel86] are not coherent with this definition, but they are correct if we take the definition (5.20) for C.
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5.3.1 The operator C
Our goal in this section is to compute C' defined by (5.20)). We have

Im(Pu, Op(®)Dyu) :=1; — I» (5.21)

with
I = Im(D?u, Op(®)Dyu) and Iy = Im(Au, Op(®)Dyu).

Noting that
1
[Di, Op(®)] = Op(=P1)
where @} = 0, (see [Zwol2, Theorem 4.6]), we have for I:

I = 1 ((Dfu, Op(®)Dyu) — (Op(®)Dyu, Diu))

-

- ((DtOp(<I>)D§u7u) — (DEOP((I))DW?“))

1

[\

= —%(Dt [Dy, Op(®)| Dyu, u)

1 1
= _Z(Dthp((pg)Dtuv u)
1
= 5(D¢;Op(<I>2)Dtu, u) (5.22)

Then, we write Op(®)D; = S + T where

S = %(Op(@)Dt + D;Op(®))

1 1
T = L (Op(®)D, ~ D,Op(®)) = ;0p(}) (5.23)
Using that A, S and T are selfadjoint, we compute Is:

Iy = Tm(Au, (S + iT)u) = Tm((S — iT) Au, u) 2%,([5, Alu, u) — Re((T Au, 1))

([S, Alu,u) — =((TA+ AT)u, u). (5.24)

1 1
2 2
First,

S, 4] = £ ((Op(®), AID; + Di[Op(), A]). (5.25)

All in all, combining (5.21), (5.22)), (5.23), (5.24)) and (5.25), we find that C in (5.20)) is given
by

€ = DLO(@})D; — L([A, Op(®)]D; + Di[A, Op(®)]) + 5 (AOp(®]) + Op(#))4).  (5.26)

Note that C' is of order 2 + «, although we could have expected order 3 4+ a by looking too

quickly at ([5.20).
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5.3.2 The principal and subprincipal symbols of C

In this section, we compute the operator C' modulo a remainder term in ‘lighg. All symbols and
pseudodifferential operators used in the computations are polyhomogeneous (see Appendix ;
we denote by o,(C') the principal symbol of C. We use the Weyl quantization in the variables
y = (t,x), n = (7,€), hence we have for any b € S, and ¢ € s

phg*
Op(h)Op(c) — Op(be + %{b, c}) € w2 (5.27)
and )
[Op(b), Op(c)] = Op(-1{b;c}) € \If;’iigm"?’- (5.28)

Note that in (5.28), the remainder is in \Il;q‘lgml*:s, and not only in \Ilpmh?””/*2 (see [HorQ?a,
Theorem 18.5.4], [Zwo12, Theorem 4.12]). Finally, we recall that ®(¢, z, &) is homogeneous in £

of degree .
Now, we compute each of the terms in ([5.26|) modulo \Ifghg. We prove the following formulas:

5 (AOD(@)) + Op(@))4) = Op(a®}) mod W5, (5.29)
D¢Op(®;) Dy = Op(7®;) mod U, (5.30)
%([A, Op(®)]D; + Di[A, Op(®)]) = Op(r{a, ®}) mod W, (5.31)

Firstly, ((5.29) follows from the fact that A = Op(a) mod \I'ghg (since the subprincipal symbol
of a vanishes) and from ([5.27)) applied once with b = a, ¢ = ®}, and another time with b = @
and ¢ = a.

Secondly, Op(®;) D; = Op(®;)Op(7) = Op(®;7 + 5:{®}, 7}) + U2 ! thanks to (5:27). Hence,
using again (5.27)), we get

1
D;Op(@1) Dy = Op(7)Op(®;7 + 5-{@},7})  mod Wy,

T 1 o
= Op(r°®} + ﬂ{‘pé, T} + Z{T, ;7)) mod e

which proves (5.30)).
Thirdly, thanks to A = Op(a) mod \I/ghg and ([5.28)), we have

[A, Op(®)] = Op (1{0% <I>}> mod Wo !

not in ¥?

phg)- Using (5.27), we get

(note that the remainder is in \I!;hlg,

4,0p(@)]D1 + D1[4,0p(®)] = O (¥ 0,8} ) mod 05,

which proves ([5.31]).

In particular, we get the principal symbol

02(C) = 7°®}, — 7H,® + Pla.
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2

Using p = 7° — a, we can write it differently:

0,(C) = 72®, — 7{1% — p,®} + P}a
=720, — 7{r%,®} + TH,® + P,a
= 72®}, — 27%®}, + TH,® + Pla
=TH,® — ®)p. (5.32)

Moreover, the formulas (5.29), (5.30) and (5.31)) imply that the subprincipal symbol of C' van-
ishes:

e (C) = 0. (5.33)

5.4 Proof of Theorem [5.2

The goal of this section is to prove Theorem [5.2] For V C T*X and t € R, we set

SNV ={(~t,y,n) € R x T*X, there exist (x,£) € V, 7 € R and a ray

from (—t,7,,n) to (0,7,,&)}. (5.34)

Also, when we replace the upper index —t in the above definitions by an interval J C R, this
means that we allow —t to vary in J. Take care that the above notation ([5.34) refers to rays,
and not null-rays.

With the above notations, Theorem can be reformulated as follows: for any ¢ > 0
and any (xo,&) € WF(u(0)), there exists (yo,m0) € WFEF(u(—t)) UWF(Ju(—t)) such that
(—t,y0,m0) € & ({(w0,&)}) and one of the rays from (yo,n0) to (zo,&o) is null.

First reduction of the problem. If a(zg, &) # 0, then Theorem follows from the usual
propagation of singularities theorem [DH72, Theorem 6.1.1] and the fact that T';;, = RE - H,(m)
for m ¢ X(9). Therefore, in the sequel we assume that a(xo, &) = 0.

Also, note that, to prove Theorem it is sufficient to find 7' > 0 independent of (z,§)
(and possibly small) such that the result holds for any ¢ € (0,T).

Idea of the proof of Theorem To show Theorem [5.2] we will prove for T' > 0 sufficiently
small an inequality of the form

10p(Wo)ul|3rs < c(|Op(¥o)ul|F2 + ||Op(¥1)ul/72) + Remainder terms (5.35)
where Wy and Wy are functions of ¢, x, £ such that
e the function ¥y is supported near t € [—T,0] and the function ¥; near t = —T;

e on their respective supports in ¢, the operators Op(¥y) and Op(¥;) microlocalize respec-
tively near (z9,&o) and .7~ ({(z0,%0)}).

Then, assuming that u is smooth on the support of ¥, we deduce by applying ([5.35)) for different
functions W with different degrees of homogeneity in € that u is smooth on the support of Wy.

The inequality ([5.35)), written more precisely as (5.50|) below, will be proved by constructing
a time function ®(¢,z,&) such that ®, = ¥? — U2 and then by applying the Fefferman-Phong
inequality to the operator C' given by (5.26|) (for this ).
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Reduction to X C R? Let us show that it is sufficient to prove Theorem in the case
X c R% Note first that it is sufficient to prove Theorem “locally”, i.e., for sufficiently
short times and in a neighborhood of a fixed point € X, since null-rays stay close from their
departure points for short times (this follows from (5.10), (5.11)), (5.14)). Then, working in
a coordinate chart ¢ : @ — R? where Q is a neighborhood of z, the differential operator A
is pushed forward into a differential operator A on RY which is also real, second-order, self-
adjoint, non-negative and subelliptic. Moreover, we can lift 1 to a symplectic mapping ¥y :
(2,€) = (¥(x), ((dep(z))~1)T€). Through the differential of ¢y, the cones I'y, (computed with
a = op(A), in X) are sent to the same cones, computed this time with @ = op(4) in R?. This
follows from the “symplectic” definition of the cones in Section and the fact that op(A) is
the pushforward of op(A). Hence, ¢y¢ maps also null-rays to null-rays. To sum up, if we prove
the Theorem for subsets of R, then pulling back the situation to X proves Theorem in full
generality.

In the sequel, we assume X = Q C R%.

5.4.1 Construction of the time function

As explained in the introduction of this section, we construct a time function ®(¢,z, &) which
verifies several properties. Some time functions are also constructed in the classical proofs of
Hormander’s propagation of singularities theorem [Hor71al, Proposition 3.5.1], but in the present
context of subelliptic wave equations, the construction is more involved since the cones I,
along which time functions should be non-increasing contain much more than a single direction
(compare with ) The following lemma summarizes the properties that the time
functions we need thereafter should satisfy.

Lemma 5.15. Let (0,&) € T*X \ 0 and V C V' be sufficiently small open neighborhoods of
(20, &0) such that V. C V'. There exist T > 0 and &1 < T such that for any 0 < 69 < 01 and any
a € R, there exists a smooth function ®(t,z,&) with the following properties:

(1) it is compactly supported in t,x;

(2) it is homogeneous of degree o in &;

(8) it is independent of T;

(4) there exists § > 0 such that at any point of M where p > —2da, there holds TH,® < 0.

(5) its derivative in t can be written ®, = V3 — W2 with ¥y and ¥, homogeneous of degree cv/2
i &;
5 5 5
(6) Wy =0 outside . T2 (V') and U1 = 0 outside .12 ~T+3)(V);

(7) Wy > 0 on ST+E0(v);
59 6
(8) ® is a time function on . TT32)(V).
All of the above properties of ® will be used in Sections [5.4.2] and [5.4.4] to prove Theorem

(.2l The rest of Section is devoted to the proof of Lemmal[5.15] The figures may be helpful
to follow the explanations.

We fix (z9,&) € T*X \ 0. As said in the introduction of Section we assume that
a(wo,&o) = 0, and we set m = (0,0,z0,8n) € ¥(2) where the first two coordinates correspond to
the variables t, 7. For m near m, the cone —I';, is the cone with base point m and containing
the opposite of the directions of I';,.
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We are looking for a 7-independent time function; since any ray lives in a slice 7 = const.,
we first construct @ in the slice 7 = 0, and then we extend ® to any 7 so that it does not depend
on 7. If we start from a time function in {7 = 0}, then its extension is also a time function:
indeed, the image of a ray contained in {7 # 0,a = 0} under the map 7 + 0 is also a ray, this
follows from the fact that R*9; C T, for any m € Y(2) (see (5-14))). Thus, the property of being
non-increasing along I';, is preserved under this extension process.

After the 7 variable, we turn to the £ variable. There is a global homogeneity in £ of the
cones I';, and consequently of the null-rays:

Homogeneity Property. If [T1,75] > t — ~(t) = (z(¢),£(t)) € {a = 0} is a null-ray
parametrized by ¢, then for any A\ > 0, [T1,Th] > t — (t) = (x(t),\(t)) is a null-ray
parametrized by ¢ and joining the same endpoints as 7 (in the same time interval [T}, T5]).

This property follows from ([5.9)). Thanks to this property, we will be able to find ® satisfying
Point (2) in Lemma [5.15]

Consequently, in our construction, we should have the following picture in mind:

m' = (tg, 20, ) |

m = (to, o, &)

(to, wo)

t

(a) The coordinates and the cones I';;,. On the
picture, the cone I',,» has an aperture which is
equal to A\ times the aperture of I';,. -T 0

(b) The cones K; and Ky (see (5.30)).

t

Figure 5.1

At this point we should say that since we are working in the slice {7 = 0}, we will use in the
sequel the following convenient abuse of notations: for m = (¢,0, z, &), we still denote by m the
projection of m on R x 7% obtained by throwing away the coordinate 7 = 0. The fact that
the whole picture is now embedded in R?4*! (see Figure is very convenient: for example,
after throwing away the coordinate 7 = 0, we see the cones I',, as subcones of R?*! (and not
of its tangent space).

Also, in the sequel, we only consider points for which ¢ > —7" for some (small) 7" > 0E| We
set 01 = T'/10 and take 0 < dp < I7.

The set of all points which belong to a backward-pointing ray starting from (xo,&p) at time

5T is denoted by ¢ in [Mel86].
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0 and stopped at time —T' is denoted by .¥:

7= J 7 "{(=0.%)})-

0<t<T

Then, . is closed according to the first point of the following lemma (the second point will be
used later):

Lemma 5.16. The following two properties hold:
1. For any closed V C T*X and any T > 0, the set .#~1 (V) is closed.
2. The mapping (T,

T
(TTL? 1‘770 é.n) (T
belongs to S/~ 1(

z,8) = L T({(x,€)}) is inner semi-continuous, meaning that when
z,€), any pomt obtained as a limit, asn — +oo, of points of &~ 1n({(xn, &n)})
§

(z,)})-

Proof. Both properties follow from the locally uniform Lipschitz continuity (5.16]) combined with
the extraction of Lipschitz rays as in the Arzela-Ascoli theorem and the fact that the cones I'y,
are closed. O

We take two closed convex cones K7 and K5 such that
& C Int(K1) C Int(Ka). (5.36)

(see Figure . It is possible to define ® going backwards in time from time 0 to time —7'+ %0,
which is weakly increasing along the directions of Ky and strictly increasing along the directions
of Kj, and which is compactly supported in (¢,z) with support contained in the projection of
K5 on this base.

Since . C Int(K7), Point 2. of Lemma implies that

if V' is a sufficiently small neighborhood of (x¢, &),

]
® is strictly increasing from time 0 to time —71 + 50 (5.37)

along any backward-pointing ray starting from any point (z,§) € V.

Also, if V' is a sufficiently small neighborhood of V, then it has the property that . ~(V') C K»
for any 0 < ¢t < T, thus Property (6) can be guaranteed.

Fort > -T+ 60 , we have @} < 0 since 9; € I'y,, and thus we set ¥y = /—®}. Then, following

the rays backwards in time, we make ¥q fall to 0 between times —7T + 520 and —T. Similarly,

following the rays backward from time —71 + %0 to time —1 — %0, we extend ® smoothly and
homogeneously (in the fibers in ) in a way that ® is compactly supported in the time-interval
(=T — %0, %0) and @, + W3 > 0. Finally, we set U1 = \/®, + W2. It is clear that points (5), (6),

(8) are satisfied. See Figure [5.2| for the profile of ® along a ray.
In Lemma Properties (1), (2), (3), (5), (6), (8) follow from the construction. Property
(7) follows from ([5.37)). Finally, Property (4) follows from the fact that due to (5.36)), we can

replace the cones I';, by slightly bigger cones in a way that along the rays associated to these
new cones, ¢ is still non-decreasing.
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Support of W, Support of Wy

Figure 5.2: Profile of the function ¢ along a ray. The abscissa indicates variable t.

5.4.2 A decomposition of C

When @ satisfies (2), (3), (4) and (5) in Lemma the operator C' given by (/5.26)) can be
expressed as follows:

Proposition 5.17. If & satisfies (2), (3), (4) and (5) in Lemma then writing ®, = W2 —WZ,
there holds

C=R+RP+ PR +C —§(0p(¥o)AOp(¥g) + Dy Op(W0)?Dy) (5.38)

where § > 0 is the same as in (4), R’ = —gOp(‘I%) €W, R = §Op(V1)(D? + A)Op(¥y) €

\Ifitga, and C' € \Ilzzgo‘ has non-positive principal symbol and vanishing subprincipal symbol.

We start the proof of this proposition with the following corrected version of [Mel86, Lemma
5.3]:

Lemma 5.18. Let ¢ be a time function near m € X(9) which does not depend on 7. Then, there
holds

THy¢ < ¢ip (5.39)

in a neighborhood of .

Proof of Lemmal[5.18. Recalling that 7 > 0 on My, it follows from the definition of a time
function that

qg=7{p.¢} <0 on {p>0} (5.40)

Now, since ¢ does not depend on 7, we get that ¢ is a quadratic polynomial in 7, vanishing at
T=0:
g=br’—cr, p=1>—a, a>=0.

More explicitly, b = 2¢; and ¢ = {a, ¢}. From , we know that b < 0. Moreover,
also implies that if b = 0, then ¢ = 0, hence ¢, = Hp¢ = 0, and is automatically satisfied.
Otherwise, b < 0. Since ¢ < 0 on 7 ¢ [—a'/?,a'/?] by , we get that the other zero of g,
T = ¢/b, must lie in [—a1/2, al/Q]. Thus, ¢? < b%a. Then,

Hp, o} — dlp = %b(T —e/b)? + (Ba — 2)/2b < 0 (5.41)

where we used that b < 0. O
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Let us come back to the proof of Proposition Following the proof of Lemma [5.1§]
and keeping its notations, we replace by the condition that 7H,® < 0 on {p > —2da}
(this is Point (4) in Lemma [5.15). The proof then gives that in case b < 0, there holds ¢/b €
[—((1 = 20)a)"/2, ((1 — 26)a)'/?], hence ¢? < b%a(1 — 26). Therefore, yields this time

{p,®} — ®p < (b*a — *)/2b < bad = 2®}ad.
This inequality obviously also holds in case b = 2®, = 0. Hence, setting r’ = —g@;, we have
m{p,®} — ®lp — 2r'p < 2®}ad + P}pd = O,5(7% + a) = (V3 — V2) (7 + a). (5.42)

We set R = §Op(¥;)(D? + A)Op(¥4). It follows from (5.42)), (5.32), (5.33) and (5.27) that the
operator

C'=C —R— (R'P+PR) + §(0p(¥y)AOp(¥g) + D;Op(¥o)%Dy) (5.43)

has non-positive principal symbol and vanishing sub-principal symbol. This proves Proposition

B.I7

5.4.3 The Fefferman-Phong inequality

The Fefferman-Phong inequality [FP78] (see also [Lerlll Section 2.5.3]) can be stated as follows:
for any pseudodifferential operator C of order 2+ o whose (Weyl) symbol is non-positive, there
holds for any u € C°,

(Chu,u) 2 < e((Id — A)%u, u) 2 (5.44)

where A is a Riemannian Laplacian on X. The following lemma is a simple microlocalization
of this inequality.
Lemma 5.19. Let W, W' C T*(R x X) be conic sets such that W' is a conic neighborhood of

W. Let C' € \I/;Zgo‘ with essupp(C') C W such that op(C") < 0 and o4,,(C") < 0. Then there

gﬁ; with essupp(Cy) C W' such that

exists C,, € W
Vue CERx X),  (Cluu)ze < oll|Coul2: + ul22). (5.45)

Proof. Taking a microlocal cut-off ¥ homogeneous of order 0, essentially supported in W’ and
equal to 1 on a neighborhood of W, we see that

(C'u,u) = (C"(Op(x) + Op(1 — x))u, (Op(x) + Op(1 — x))u)
= (Op(x)C"Op(x)u, u) + (Q"u, u) (5.46)
where Q' € U~ is explicit:
Q" = Op(1 = x)C"Op(x) + Op(x)C"Op(1 — x) + Op(1 — x)C"Op(1 - x).
Since Q' € ¥~°°, we have in particular
(Qu,u) < cl|ull?.. (5.47)

Then, we write C" = C] + (5 where C] has non-positive full Weyl symbol, and C3 € U5, . First,
we apply (5.44) with Op(x)u instead of u: we obtain

(Op(x)C1Op(x)u, u) < c||Caull?e (5.48)

with C,, = (Id— A)*/*Op(x). Secondly, writing C, = (Id — A)*/*C¥ (Id — A)*/* with CY € \I'ghg,
we see that
(Op(x)C50p(x)u, u) < c|Caul)?e. (5.49)

Combining ([5.46), (5.47), (5.48)) and (5.49)), we get (5.45)). O
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5.4.4 End of the proof of Theorem [5.2

We come back to the proof of Theorem We fix (z9,&p) € T X \ 0 and consider u a solution
of (5.4). For the moment, we assume that u is smooth. We consider a time function ® as
constructed in Lemma [5.15

Using ((5.38]), we have
0 = 2Im(Pu, Op(®)Dsu)
= (Cuv U)
= ((R+ R'P+ PR+ C" = §(Op(Wo) AOp(¥g) + D;Op(Wo)*Dy))u, u).
Hence, using Pu = 0 and applying Lemma to C’, we get:
(AOp(Wo)u, Op(¥o)u) + ||Op(¥o)Diul2s < c¢((Ro + R'P + PR + C")u, u)
< call|Caul7z + [lull7z + (Rau, u)).

with ¢, > 1/6 and R, = R, just to keep in mind in the forthcoming inequalities that it depends
on «.

But (AOp(¥o)u, Op(¥o)u) = ((—A)*Op(¥o)u, Op(¥o)u) — |Op(Po)ul|? by subellipticity
(5.3]). Hence

I(=2)*20p(¥o)ul|Z2 + Op(¥o) Deull 72 < calllCatlfz + [lulfz + (Rau,u) + [Op(Yo)ul|Z2)

(5.50)
which we decompose into
I(=2)*20p(o)ul72 < calllCaulfz + l[ull72 + (Rau, u) + [ Op(¥o)ul72) (5.51)
and
|0p(o) Deul|72 < call|CalZe + lull?2 + (Rau, u) + [|Op(Po)ul72). (5.52)

Now, assume that u is a general solution of (5.4]), not necessarily smooth. We have u €
CO(R; 2(AY?)) N CY(R; L*(X)). Recall the following definition.

Definition 5.20. Let sp € R and f € D'(Q). We shall say that f is H* at (x,§) € T*Q\ 0
if there exists a conic neighborhood W of (x,£) such that for any 0-th order pseudodifferential
operator B with essupp(B) C W, we have Bf € Hj ().

We shall say that f is smooth at (z,£) of it is H*® at (z,£) for any so € R.

Lemma 5.21. Let V, V' be sufficiently small open neighborhoods of (xq,&o) such that V. C V'.

Let u be a solution of (5.4). If u and dyu are smooth in Y(fo%O’*T*%O)(V’), then u is smooth
m

U= TH30y),
When we say that w is H® at (¢,y,n), we mean that u(t) is H* at (y,n) € T*Q.

Proof of Lemmal[5.21. We set u. = p. * u where p. = e~ (@Vp(./e) and p € CP(RH ) is of
integral 1 (and depends on the variables ¢, ). Recall that d is the dimension of X (and of the
coordinate patch Q).

Applying Lemmal[5.15| for any « € R yields a function ®,, which is in particular homogeneous
of degree « in &; its derivative in ¢ can be written ®/, = (¥$)? — (¥5)? (the upper index being
not an exponent). Then we apply to u. and with o = 0: we get

1(=2)*20p(¥R)uc 2 < co(l|CoucllZz + lluclgz + (Roue, ue) + Op(¥0)ue|72) (5.53)
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where Ry = 60p(¥9)(D? + A)Op(¥Y) (see Proposition [5.17) and ¢ > 0 does not depend on &.
All quantities

ICoullrz,  lullz2,  (Rou,u),  [|Op(¥6)ull7
are finite. Therefore, taking the limit € — 0 in , we obtain u € H?® in U. Using the family
of inequalities , we can iterate this argument: first with o = 2s, then with a = 4s, 6s,
etc, and each time we replace W), Ry, Cy by Vg, R., C,. At step k, we deduce thanks to
that u € H?**. In particular, we use the fact that ||Cpul|z2 and ||Op(¥§)ul|2 are finite,
which comes from the previous step of iteration since C, is essentially supported close to the

essential support of C’ (whose essential support is contained in that of ® thanks to (5.43)).
Thus, u € ey H? = C> in U.

Then, using (5.52)) for any a € N with ¥§ in place of ¥(, we obtain that D,u is also H* in
U. Hence, it is C*° in U, which concludes the proof of Lemma [5.21 O

We conclude the proof of Theorem We assume that
w is smooth in W = Y(_T_ETO’_T+670)({(:L‘0,§O)}). (5.54)

Then, u is smooth in a slightly larger set W’, i.e., such that W C W’. By Lemma there
exists V' C T*X \ 0 an open neighborhood of (zg,&p) such that

W e ST 2-TH () c W,
Fix also an open set V' C T*X \ 0 such that
(vg, &) eV CV CV.
Lemma [5.21| implies that u is smooth in Y(_T*'%’O)(V). In particular,

u is smooth in Y(_T+570’0)({(x0,§0)}). (5.55)

The fact that (5.54) implies (5.55)) proves that singularities of (b.4)) propagate only along
rays. Using that singularities of P are contained in {p = 0}, we obtain finally Theorem

5.5 Proof of Theorem 5.3

In the last two sections of this note, we assume that A is a sub-Laplacian. As mentioned in the
introduction, it means that we assume that A has the form

A=>"YY, (5.56)

where the global smooth vector fields Y; are assumed to satisfy Hormander’s condition (the Lie
algebra generated by Yi,...,Yx is equal to the whole tangent bundle 7X). Here Y;* denotes
the adjoint of Y; for the scalar product (5.2]).
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5.5.1 The sub-Riemannian metric

In this preliminary section, we work with a general sub-Laplacian A, on a smooth compact
manifold X, without boundary. This is because the results of this section will be used in
Section also for a sub-Laplacian defined on X x X. We have

Ko
A= ViV (5.57)
=1

There is a metric g, on the distribution Dy = Span(Ye1, ..., Yex):

Ko Ko
(ge)2(v,v) = inf {Z ul fo=>" uiY.i(ac)} . (5.58)
1=1 1=1

The triple (X, D, ge) is called a sub-Riemannian structure (see [Mon02]).

The principal symbol of A,, which is also the natural Hamiltonian, is

Ke

E 2
e = hY-z .

=1

Here, for Y, a vector field on X,, we denoted by hy, the momentum map given in canonical
coordinates (z,&) by hy, (z,&) = £(Ye(2)).

Denote by me denotes the canonical projection me : T*Xe — Xo and by Ze : b — we(b, )
the canonical isomorphism between T(7T*X,) and T%(T*X,). The notation ae,, stands for the
Hessian of the principal symbol of A, at m.

Lemma 5.22. There holds a%, (Ze(D)) = ge(dme(b)) for any b € (ker(aem)) s C T(T*X,).
Proof. We consider a local ge-orthonormal frame Z1, ..., Zy. In particular, the Z; are indepen-
dent, and the Hth are also independent. We have e, = Z;V:l(dhzj)Q. Hence, Hp,, ... ,HhZN
span (ker(dem)) «* since

N

ker(aem) = | ker(dhz,) = {¢ € T(T*X.), dhz,(§) =0, V1< j < N}
j=1
={£ € T(T"X.), we(§, Hpy ) =0, V1 <j < N}
= Span(HhY17 sy thN)J_w. :

We fix b € (ker(den))* s and we write b = Zévzl uthZj. Note that 9-(2?7:1 ujZ;) = Z;VZI u]2
By definition, I.(thj) = —dhyz; and dw(Hth) = Z; for any j, so there holds

2
N N (0 wjdnz, ()
J=1"J J
anr, | Zo wjHp, = ay,, ujdhz, | = sup
; & ; T ngker(aen)  Y05e dha ()2
2
(Zj‘v—l uﬂj) N N
= 2
= Sup ——x 5 = U = ge Zuij
(0;)ERN Zj:l 932' j=1 ’ j=1

where, to go from line 1 to line 2, we used that the dhz; are independent. ]
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5.5.2 K as a solution of a wave equation

The rest of Section [5.5]is devoted to the proof of Theorem [5.3] i.e., we deduce the wave-front set
of the Schwartz kernel K¢ from the “geometric” propagation of singularities given by Theorem
The idea is to consider K itself as the solution of a wave equation to which we can apply
Theorem 5.2

We consider the product manifold X x X, with coordinate z on its first copy, and coordinate
y on its second copy. We set

1
A® = i(Ax ®Id, +1Id, ® Ay)
and we consider the operator
acting on functions of R x X, x X,. Using (5.5)), we can check that the Schwartz kernel K is

a solution of
Kgji—o = 0, 8tKG|t:0 = 0p—y, PKqg =0.

The operator A® is a self-adjoint non-negative real second-order differential operator on
X x X. Moreover it is subelliptic: it is immediate that the vector fields Y1 ® Idy,...,Yr ®
Idy,1d, ® Y1,...,1d; ® Yi verify Hormander’s Lie bracket condition, since it is satisfied by
Yi,...,Yg. Hence, Theorem m applies to P, with the null-rays being computed with A% in
T*(X x X) (see for the associated cones). We denote by ~; the relation of existence of a
null-ray of length |¢| joining two given points of 7%(X x X )\ 0 (see Remark [5.7| for the omission
of the variables ¢ and 7 in the null-rays).

Since WF(K¢(0)) = (0 and
WF(atKG(O)) = {(Z,Z,C, _C) € T*(X X X) \O}a
we have
WF(Kqa(t)) C {(z,y,§,—n) € T*(X x X)\ 0, 3(2,¢) € T" X\ 0,
(Zv z, ¢, _C) ~t (IE,y,ga _77)}

Let us denote by g' the sub-Riemannian metric on X, and by g? the sub-Riemannian metric

on X,. The sub-Riemannian metric on X, x X, is ¢© = %(g1 @ ¢?). In other words, if ¢ =

(q1,q2) € X x X and v = (v1,v2) € Ty(X x X) = T, X x T,,,X, we have

63 (0) = 5 oby (v1) + 62, (12)). (5.60)

Now, the cones I'® associated to A® are given by
Iy =R*Y(0,+ B),
B = {b € ker(a2)®, ¢®(dn®(b)) < 1}.
Here, | & designates the symplectic orthogonal with respect to the canonical symplectic form
w® on T*(X x X), and 7® : T*(X x X) — X x X is the canonical projection.

To evaluate the right-hand side of ([5.59)), we denote by = the relation of existence of a null-
ray of length |¢| joining two given points of 7% X \ 0 (the cones I, are subsets of T(T*(R x X))
as defined in Section . Let us prove that

{(:1:7:%67 _77) € T*(X X X) \07 H(Zv C) € T*X \ 07 (27 2, Cv _C) ~t ($7y7£7 _77)}
CH{(z,y,§,—n) € T(X x X)\ 0, (2,8) = (y,m)}-
Combining with (5.59)), it will immediately follow that

WF(Ka(t) C{(z,y,§,—n) € TH(X x X)\ 0, (x,8) =t (y,m)}- (5.63)

(5.59)

(5.61)

(5.62)
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5.5.3 Proof of (5.62).

We denote by 7 : [0,¢] — T*(X x X)\0 a null-ray from (z, 2, {, —() to (z,y,&, —n), parametrized
by time. Our goal is to construct a null-ray of length [¢| in 7% X \ 0, from (y,n) to (x,§). It is
obtained by concatenating a null-ray from (y,n) to (z,() with another one, from (z, () to (z,&).
However, there are some subtleties hidden in the parametrization of this concatenated null-ray.

We write v(s) = (ai1(s), aa(s), B1(s), B2(s)), and for i = 1,2 and 0 < s < ¢, we set y;(s) =
(ai(s), Bi(s)) € T*X. We also set 6;(s) = g*(dm;(¥i(s))), where m; : T*X — X (here X is the
i-th copy of X). The upper dot denotes here and in the sequel the derivative with respect to
the time variable. Since g®(dn®(¥(s))) < 1 for any s € [0,t], we deduce from that

1
5(51(5) +d2(s)) < 1.
We are going to construct a null-ray € : [0,¢] — T*X of the form

e(s) = (a2(0(s)), —B2(0(s))),  0<s<so (5.64)
e(s) = (a1(6(s)), B1(0(s))), sp < s <t

The parameter sp and the parametrization 6 will be chosen so that the first part of € joins (y,n)
to (z,¢) and the second part joins (z, () to (z,£). We choose 6(0) = t, hence £(0) = (y,n). Then,
for 0 < s < s, we choose 0(s) < t in order to guarantee that g'(dm(¢(s))) = 1. This defines sg
in a unique way as the minimal time for which e(sg) = (z, (). In particular, 6(sy) = 0. A priori,
we do not know that sg < ¢, but we will prove it below. Then, for sy < s, we choose 6(s) > 0
in order to guarantee that g?(dma(¢(s))) = 1. This defines s; in a unique way as the minimal
time for which e(s1) = (z,§). Finally, if s; < ¢, we extend € by (s) = (z,§) for s < s < t.

We check that ¢ is a null-ray in 7% X. We come back to the definition of null-rays as tangent
to the cones I';,. It is clear that

ker(a®)1e® = ker(am,) =1 x ker(a,,)+

where w; is the canonical symplectic form on T*X;. Therefore, &(s) € ker(a,,)*~: for i = 1 when
0 < s < sg and for i = 2 when sy < s < t. Thanks to Lemma, the inequality in
(but for the cones in X; and X3) is verified by £(s) for any 0 < s < ¢ by definition. There is a
“time-reversion” (or “path reversion”) in the first line of ; the property of being a null-ray
is preserved under time reversion together with momentum reversion. Hence ¢ is a null-ray in
T°X.

The fact that sg, s1 < ¢ follows from the following computation:

0> [Pt = 5 [ gimnnis+ g [ amtial))ds
1

= /0 g (dmi(£(s)))ds + % / G (dms(£(s)))ds

=50+ (s1 — S0) = 1.

where the second equality follows from the fact that we € is a reparametrization of v; (resp. v2)
for s € [0, 5] (resp. [so,s1]). This concludes the proof of ((5.62]).

5.5.4 Conclusion of the proof of Theorem [5.3

Let us finish the proof of Theorem We fix (x0,&0), (y0,m0) and to such that there is no
null-ray from (yg,n0) € T*X to (zo,&) € T*X in time ty.

Claim. There exist a conic neighborhood V' of (zg, yo, &0, —10) and a neighborhood Vj of tg
such that for any N € N and any ¢ € Vp, 92" K¢(t) is smooth in V.
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Proof. We choose V' so that for (z,y,&,—n) € V and t € Vj, there is no null-ray from (y,n) to
(x,€) in time ¢t. Such a V exists, since otherwise by extraction of null-rays (which are Lipschitz
with a locally uniform constant, see ((5.16))), there would exist a null-ray from (yo, 7o) to (xo,&o)

in time ty. Then, we can check that for any N € N, KgN) = 0V K is a solution of
(2N) o (2N) o N (2N)
K o=0, OKG " _g=(A%) 0y,  PK; =0

Repeating the above argument leading to (5.63) with K, g M) instead of K¢, we obtain

WEEEN () € {(w,y,6,—n) € T*(X x X)\ 0, (2,€) ~ (y,m)},

which proves the claim. O

We deduce from the claim that if there is no null-ray from (yo,n0) € T*X to (xo,&) € T*X
in time to, then (o, 70, Z0, Yo, &0, —10) ¢ WF(K¢) for any 7 € R.

Finally, if there is a null-ray from (yo,n0) to (xo,&p) in time to, then a(xg, &) = a(yo,no),
and due to the fact that W F(K¢) is included in the characteristic set of 9% — A%, the only m0’s
for which (to, 70, %0, Yo, &0, —10) € W F(K¢) is possible are the ones satisfying 78 = a(wo, &) =
a(yo,no). This concludes the proof of Theorem

Remark 5.23. Theorem allows to recover some results already known in the literature.

In the situations studied in [Las82], [LL82] and [Mel86], (o) is a symplectic manifold. In
this case, thanks to , we see that the only null-rays starting from points in X9 are lines
in ¢t. Therefore Theorem implies:

e the “wave-front part” of the main results of [Las82] and [LL82] (but not the effective
construction of parametrices handled in these papers).

e Theorem 1.8 in [Mel84], which can be reformulated as follows: if ¥ (in the notations of
[Mel84]) is of codimension 2, then

singularities outside Yo propagate along bicharacteristics,
and singularities inside Y9 propagate along lines in ¢.

This is exactly the content of Theorem in this case. To see that Theorem 1.8 of
[Mel84] can be reformulated as above, we must notice that on Yo, >O<t:|: extends as the
identity for any ¢ € R, which follows from the following property (denoting by U; X the
set of covectors of norm 1 with base point xg):

Vt >0, Vzo € X, expl, : Us X — X is proper (5.65)

(when restricted to minimizers), which implies that for any open neighborhood V' of z,
(expl )1 (X \ V) is compact, at positive distance from 3. The property (5.65)) is always
true in the absence of singular curves (defined in Section [5.6.1]).

5.6 A consequence for wave equations with sub-Laplacians

We now turn to the consequences of Theorem For that purpose, we briefly introduce
notations and concepts from sub-Riemannian geometry. Our presentation is inspired by [Mon02,
Chapter 5 and Appendix D]. In this last section, we continue to assume that A is a sub-Laplacian
on X (see Example [5.1). The associated sub-Riemannian metric (see (5.58)) is denoted by g.
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5.6.1 Sub-Riemannian geometry and horizontal curves

Fix an interval I = [b, ¢] and a point xg € X. We denote by Q(I, zo; D) the space of all absolutely
continuous curves v : I — X that start at v(b) = x¢p and whose derivative is square integrable
with respect to g, implying that the length

/I\/mdt

of v is finite. Such a curve ~ is called horizontal. The endpoint map is the map
End: Q(I,20;D) — X, v+~ v(c).

The metric (5.58) induces a distance d on X, and d(z,y) < +oo for any z,y € X thanks to
Hormander’s condition (this is the Chow-Rashevskii theorem).

Two types of curves in Q(I,zp; D) will be of particular interest: the critical points of the
endpoint map, and the curves which are projections of the Hamiltonian vector field H, associated
to a.

Projections of integral curves of H, are geodesics:

Theorem 5.24. [Mon02, Theorem 1.14] Let y(s) be the projection on X of an integral curve (in
T*X ) of the Hamiltonian vector field H,. Then ~ is a horizontal curve and every sufficiently
short arc of v is a minimizing sub-Riemannian geodesic (i.e., a minimizing path between its
endpoints in the metric space (X, d)).

Such horizontal curves v are called normal geodesics, and they are smooth.
The differentiable structure on (I, xg; D) described in [Mon02, Chapter 5 and Appendix D]
allows to give a sense to the following notion:

Definition 5.25. A singular curve is a critical point for the endpoint map.

Note that in Riemannian geometry (i.e., for a elliptic), there exist no singular curves.

In the next definition, we use the notation D+ for the annihilator of D (thus a subset of the
cotangent bundle 7% X), and @wx denotes the restriction to D+ of the canonical symplectic form
wyx on T*X.

Definition 5.26. A characteristic for D is an absolutely continuous curve \(t) € DL that
never intersects the zero section of DL and that satisfies \(t) € ker(@x (\(t))) at every point t
for which the derivative \(t) ezists.

Theorem 5.27. [Mon02, Theorem 5.3] A curve v € Q is singular if and only if it is the
projection of a characteristic A for D+ with square-integrable derivative. X is then called an
abnormal extremal lift of the singular curve ~.

Normal geodesics and singular curves are particularly important in sub-Riemannian geometry
because of the following fact (Pontryagin’s maximum principle):

any minimizing geodesic in (X, d) is either a singular curve or a normal geodesic.

The existence of geodesics which are singular curves but not normal geodesics was proved in
[Mon94].



180 CHAPTER 5. PROPAGATION OF SINGULARITIES

5.6.2 The singular support of Kg(-,z,y)
When A is a sub-Laplacian (5.56]), the cones I';, defined in Section have an additional

geometric interpretation, which we now explain.

We consider a null-ray, as introduced in Definition It is necessarily of one of the following
types (depending on the value of 7, which is a constant):

e cither a null-bicharacteristic with (constant) 7 # 0, since I';;, = R* - H,(m) in this case;

e or contained in ¥y and tangent to the cones I';, given by (5.14), with 7 = 0 since
dr(v) =0 for any v € Iy, according to ([5.14]).

In the second case, setting n = ma(m) and writing v = ¢(; + b) as in (5.14)), we have b € T,,D+
since a = 0 along the path. There holds ker(a,,) = T, D+ and, plugging into the above formula,
we also get b € (T, D+)1«x . Tt follows that b € T,,D-N(T,, D )*wx = ker Gy, i.e., the trajectory
of the null-ray (forgetting the time variable) is a characteristic curve.

In summary, when A is a sub-Laplacian , Theorem asserts that singularities of
the wave equation propagate only along integral curves of H, and characteristics for D+.
From that, we can infer the following proposition, in the spirit of Duistermaat-Guillemin’s trace
formula [DGT5):

Proposition 5.28. We fiz z,y € X with x # y. We denote by £ the set of lengths of normal
geodesics from x to y and by Ty the minimal length of a singular curve joining x to y. Then
Gt — Kg(t,x,y) is well-defined as a distribution on (=Ts,Ts), and

sing supp(¥9) C LU —-Z.

Note that this proposition does not say anything about times |t| > Tg: it could happen a
priori that ¢t — Kq(t, z,y) is not a distribution after Ts.

Proof. As said above, null-rays living in {7 = 0} are characteristic curves (in the sense of
Deﬁnition tangent to I'y,. Now, it follows from , Theorem and Lemma that
the least ¢ > 0 for which there exists a null-ray of length ¢ with 7 = 0 joining x and y is equal
to the length of the shortest singular curve joining x and y.

We consider ¢ : R =+ R x X x X, t — (t,z,y) which has conormal set N, = {(t,z,y,0,£,7)}
(in other words N, corresponds to 7 = 0). Thus, using Theorem we see that W F(¥) does
not intersect the conormal set of ¢_1, 7,). Then, [Hor71bl Theorem 2.5.11°] ensures that ¢,
which is the pull-back of Kg by ¢|_71, 1), is well-defined as a distribution over (—T5,T;). Of
course, sing supp(¥) is the projection of WF(9) (for [t| < Ts).

For |t| < T, null-rays between x and y are contained in {7 # 0}, thus they are tangent to
the cones I',, = R* . H,(m). Hence, the singularities of & occur at times belonging to the set
Z of lengths of normal geodesics (for 7 > 0, we obtain normal geodesics from y to x, and for
7 < 0, normal geodesics from x to y). O

Remark 5.29. If x = y, the same reasoning as in the proof of Proposition [5.28| says nothing
more than sing supp(Kg(-, z, x)) C R since for any point (z,£) € D+ and any ¢ € R, the constant
path joining (x,&) to (z,€) in time ¢ is a null-ray (with 7 = 0).
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5.6.3 Comments on the inequality in (5.14))

In the formula for the cones I'y,, the inequality a’,(Z(b)) < 1 may seem surprising at first
sight. When A is a sub-Laplacian, according to Lemma it is equivalent to g(dm(b)) < 1.
In rough terms, Theorem does not exclude that singularities contained in D+ propagate
at speeds < 1, which would be in strong contrast with the usual propagation “at speed 1”
of singularities of wave equations with elliptic Laplacian. In a joint work with Yves Colin de
Verdiere [CL21] (see Chapter @, we give explicit examples of initial data of a subelliptic wave
equation whose singularities effectively propagate at any speed between 0 and 1 along singular
curves.

5-A  Further properties of the cones I',,

5-A.1 Inner semi-continuity of the cones I',, in «a

In this appendix, we prove that if we make some additional assumptions, the convex cones I';,
are inner semi-continuous with respect to a (in addition to their inner semi-continuity with
respect to m proved in Lemma . For that, we introduce the following class of functions on
T*X (for k € N):

= {> 1, (V) € %},

where Zy, is the set of families of smooth vector fields generating a regular (i.e., constant rank)
distribution of rank k. Note that any a € 7, automatically satisfies (5.7)).

Proposition 5.30. The mapping (M1 U M_) X &, > (m,a) — T'Y is inner semi-continuous
(for the C*° topology in a € < ). In other words,

Vm; — my (mj,m, € My UM_), Vaj € 4, a; o=, ax, Yvj€ rﬁ,?fj), v = v € Ty, M,

there holds v € ngi‘)

where we temporarily denoted by D(fl) the cone computed with the Hamiltonian a at point m.

Proposition follows quite directly from the computations done in the proof of Lemma
However, we give here a different proof which has the advantage of requiring no formula,
and which illustrates Remark (.11]

Definition 5.31. Let F' be a manifold and E C F be a closed set. For x € E, the tangent
cone C(x) is the R -subcone of the tangent space T, F consisting of all the vectors 7' (0) where
v : [0,a[— F is a C* curve so that ¥(0) = x and v(t) € E for t > 0 small enough. The dual
tangent cone C°(x) is the subcone of T F' of all covectors & so that £(v) < 0 for allv € C(x).

Let us remark that if OF is smooth at x, then C°(x) is generated by the normal outgoing
covectors at x.

Proof of Proposition . We set Y = T*X. The statement clearly holds if m, = (t., Ts, Ys)
does not verify 7. = 0 and a.(y.) = 0. Hence we assume in the sequel that 7, = 0 and
Yy € a;1(0). Writing m; = (¢;,7;,y;), we can also assume that for any j, 7; # 0 since otherwise
0= sz > a;(y;) = 0, meaning that all cones I, are computed according to the formula ,
and in this case we even have continuity of the cones Fﬁ,‘ig ) towards F,(ﬁ: ). Tn other words, with

a;) (ax)

transparent notations, we assume in the sequel that m; ¢ ZEZ) and m. € Z(g) .
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For a € %, po > 0, and b = (a,poy), we consider
Ey={(t,7,y) € T"R X Y; 7> 0and 7% — a(y) > po}-

There are two steps: 1) prove that the mapping (m, a) — Cp(m) is inner semi-continuous where
b= (a,p(m)) and CY(m) is the dual tangent cone of Ej at m (which is in 9E}); 2) conclude the
proof of Proposition [5.30

1) Since a. € %, the characteristic manifold Z = a;1(0) C Y is smooth (see [ABB19], below
Definition 4.33), and it is non-degenerate. Thus, the Morse-Bott Lemma (see [BH04]) guarantees
the existence of local coordinates y = (7,2) € N such that y, = (0,0) and a«(y) = ||7]|>. In
these coordinates (valid for (¢,7,y) € N), the set Ep, NN is convex.

The boundary OFp; is smooth at m; and, for any j, the tangent cone of Ej, at m; € 0Ey, is
a set H; C T,,; M which is nearly a half tangent spaceﬂ Indeed, the convergence a; — a, (in
the C*° topology) implies that any set H., which is the limit of a convergent subsequence of
(H;) is a half-space, and Ej,, C Hy. Hence, by convexity of E, NN, the tangent cone at m, is
contained in H,,. By taking duals, we get the opposite inclusion: any limit of the dual tangent
cones C. (m;) belongs to Cy (m.). This proves the result: the mapping (m,a) — Cy(m) is inner
semi-continuous at (M., a.).

2) Let us compute Cy(m) depending on m and a.

If m ¢ (), then its tangent cone is Cp(m) = {w € T;,M, dp(w) > 0}. Hence C7(m) =
{Ne Ty M, \Nw) < 0 Vw such that dp(w) > 0} = {—dp} where this last differential is taken at
m.

If m € ¥9), then Cy(m) = {w € T,,M; dr(w) = 0,pm(w) = 0} = Ay, and Cy(m) = {\ €
TxM; Mw) <0Vwe Ay}
Then, identifying 7, M and T,, M through the isomorphism w(v, -) — v, we see that in both

cases Cp(m) identifies with I'y, (see the sign conventions for symplectic geometry in Appendix
A.1)). Since this identification between T, M and T, M is continuous in m, we get the result. [

5-A.2 What is there exactly in the cone I',, when m € X9)?

Lemma[5.8 and Proposition [5.30]state that the cones Ty, are inner semi-continuous. It is natural
to wonder whether a cone I';;, can be much bigger than the set of limits of the cones I',; for m;
tending to m. The answer is given by the following:

Proposition 5.32. For any m € ¥y), the cone I'p, (resp. its boundary) is exactly given by all
limits of the cones I'y,; for mj & Yoy (resp. mj € ¥\ ¥(3)) converging to m.

Proof. As in Section we work in a chart near m. Let v € I'},,, which, up to multiplication
by a constant, we can take equal to d; + b according to (5.14). According to (5.18)), we have
1
to prove that b is the limit of %%% for some well-chosen m; — m. Playing with the
a(m;)2

multiplication factor a(mj)% /7j, it is sufficient to show that if a,(Z(b)) = 1, then b is the limit

Hg(my)

a(mj)lj/ ?
Since our computations do not depend on ¢, 7, we replace m;, m by ma(m;), m2(m) (omitted

in the notations).

1
Of§

for some well-chosen m; — m.

5The formula for the tangent cone in point 2) at m ¢ X() is perturbed since we take coordinates, but this
perturbation is smooth since a; — a. in the C* topology.
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Following the computations of Lemma and using the notation F for the “fundamental
matrix” introduced in (5.15)), we get

1 1
QwX(Ha(mj),w) = —§da(mj)(w) = —am(m; —m,w) + o(m; —m)
= wx (F(mj —m),w) + o(m; —m),
and finally %alz;(;;j/é = amF( 1(;’?_ _7:;3 75 +0(1). But it follows from ({5.15) that

F : T (T*X) Jker(am) — (ker(an,))tx

is an isomorphisrrﬂ Thus, choosing the sequence (m;) adequately, we can take F(m; — m)
colinear to b € (ker(a,,)) *x, and then we compute

Z(F(mj—m)))= sup = sup
( ( ’ )) wéker(am) am(w) wéker(am) am(w)

= am(m; —m).

Hence, with this choice of mj, any limit v' of F(mj — m)/am(m; — m)'/? is colinear to b and

the above computation implies that

a5, (Z(v)) = ap, (Z(D)),

m

which implies that F(m; —m)/am(m; —m)/? tends to b. O

"It follows for example from Lax-Milgram’s lemma applied in the space Tr, (T X)/ker(am), see Section
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Chapter 6

Propagation of well-prepared states
along Martinet singular geodesics

“Regardez les singularités, il n’y a que cela qui compte.”
Gaston Julia.

This chapter is adapted from [CL21)]. Its main object is the proof of Theorem [, restated as
Theorem [6.2.
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We prove that for the Martinet wave equation with “flat” metric, which a subelliptic wave
equation, singularities can propagate at any speed between 0 and 1 along any singular geodesic.
This is in strong contrast with the usual propagation of singularities at speed 1 for wave equations
with elliptic Laplacian.

6.1 Introduction

6.1.1 Propagation of singularities and singular curves

Restated in the language of sub-Riemannian geometry, Melrose’s result [Mel86] presented in the
previous chapter asserts that singularities of subelliptic wave equations propagate only along
usual null-bicharacteristics (at speed 1) and along singular curves (see Definition . Along
singular curves, Melrose writes in [Mel86] that the speed should be between 0 and 1, but nothing
more. It is our purpose here to prove that for the Martinet wave equation, which is a subelliptic
wave equation, singularities can propagate at any speed between 0 and 1 along the singular
curves of the Martinet distribution. As explained in Remark an analogous result also holds
in the so-called quasi-contact case (the computations are easier in that case).

To state our main result, we consider the Martinet sub-Laplacian
A=X7+ X3

on R3, where
X1 =0z  Xo=0,+2%0,.

Hormander’s theorem implies that A is hypoelliptic since X1, Xo and [X71, [X1, X2]] span TR3.
The Martinet half-wave equation is

10w —V—Au=0 (6.1)

on R; x R3, with initial datum u(¢ = 0) = ug. The vector fields X; and X span the horizontal
distribution
D = Span(X1, Xo) C TR,

Let us recall the definition of singular curves. We use the notation D+ for the annihilator of
D (thus a subcone of the cotangent bundle T*R?), and @ denotes the restriction to D+ of the
canonical symplectic form w on T*R3.

Definition 6.1. A characteristic curve for D is an absolutely continuous curve t — \(t) € D+
that never intersects the zero section of D+ and that satisfies

At) € ker@(A\(1)))

for almost every t. The projection of A(t) onto R3, which is an horizontal curveﬂ for D, is called
a singular curve, and the corresponding characteristic an abnormal extremal lift of that curve.

We refer the reader to [Mon02] for more material related to sub-Riemannian geometry.

The curve ¢ — (t) = (0,¢,0) € R3 is a singular curve of the Martinet distribution D. De-
noting by (£, 7, () the dual coordinates of (z,y, ), this curve admits both an abnormal extremal
lift, for which £(¢) = n(t) = 0, and a normal extremal lift, for which £(¢) =0, n(t) =1, ((t) =0
(meaning that, if 7 = 1 is the dual variable of ¢, this yields a null-bicharacteristic). Martinet-type
distributions attracted a lot of attention since Montgomery showed in [Mon94] that they provide

Ye., dr(A(t)) € Dy for almost every t, where 7 : T*R* — R® denotes the canonical projection.
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examples of singular curves which are geodesics of the associated sub-Riemannian structure, but
which are not necessarily projections of bicharacteristics (in contrast with the Riemannian case,
where all geodesics are obtained as projections of bicharacteristics).

In this chapter, all phenomena and computations are done (microlocally) near the abnormal
extremal lift, and thus away (in the cotangent bundle T*R3) from the normal extremal lift,
which plays no role.

6.1.2 Main result

Let Y € C*°(R,R) be equal to 0 on (—o0,1) and equal to 1 on (2,00). Take ¢ € C'O (]R R)
with ¢ > 0 and ¢ # 0. Consider as Cauchy datum for the Martinet half-wave equation (6.1]) the
distribution wug(z,y, z) whose Fourier transform E| with respect to (y, z) is

Fyzuo(@,m,C) =Y (Q)d(n/¢* e (). (6.2)

Here, 9, ¢ is the ground state of the x—operator
—d3 + (n +2%¢)?

with 1, ¢(0) > 0 and ||y, ¢||z2 = 1, and aq is the associated eigenvalue. Thanks to the Fourier
inversion formula applied to (6.2)), we note that

VB (x,,2) // Y () (/¢ /@10, )iy ()OO dd(.

We call ug a well-prepared Cauchy datum. It yields a solution of (6.1]), namely

U .2) = [ [ Y00n/C i clw)e T
For 1 € R, we set H, = —d2 + (u + 22)? and we denote by 1, its normalized ground state

Hyy = Al(#)%ﬁ
whose properties are described at the beginning of Section [6.2] We also define

Fp) = vAi(w).

We assume that
F’ is strictly monotonic on the support of ¢, (6.3)

which is no big restriction (choosing adequately the support of ¢) since F' is an analytic, non-
affine, function]

We set n = (Y35, and we note that Py c(r) = C1/6wn/<1/3(ﬁl/3a:) = (M6, (¢M32) and
Va1 = ¢Y3F(n/¢Y3). Hence,

(U(t)ug)(z,y, 2z // Y (¢ 1/2 )V (C1/3$)e—iCl/S(tF(m)—ym)eizcdmdg' (6.4)

We denote by WFE(f) C T*R3\ 0 the wave-front set of f € D'(R?), whose projection onto
R3 is the singular support Sing Supp(f) (see [Hor07al, Definition 8.1.2]). Our main result states
that the speed of propagation of the singularities of ug is in some window determined by the
support of ¢.

2We take the convention ff( fRd e~%Pdq for the Fourier transform in R%.
3
See Point 1 of Lemma and Proposmon
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Theorem 6.2. For anyt € R, we have
WE(U(t)up) = {(0,4,0; 0,0,\) € T*R3, A >0, y € tF'(I)}, (6.5)
where I is the support of ¢. In particular,
Sing Supp(U(t)ug) = {(0,,0) € R3, y e tF'(I)}. (6.6)
Theorem [6.2] means that

singularities propagate along the singular curve ~y 6.7)
at speeds given by F'(I). '

Let us comment on the notion of “speed” used throughout this paper. In the Riemannian
setting, when one says that singularities propagate at speed 1, this has to be understood with
respect to the Riemannian metric. In the context of the Martinet distribution D, there is also
a metric, called sub-Riemannian metric, defined by

gq(v) = inf {u] +u3, v=uX1(q) +u2Xa(q)}, q€R’ veTR (6.8)

which is a Riemannian metric on D. This metric g induces naturally a way to measure the speed
of a point moving along an horizontal curve: if § : J — R3 is an horizontal curve describing
the time-evolution of a point, i.e., §(t) € Dy for any ¢ € J, then the speed of the point is

(9st) (8(t)))"/2. n the case of the curve 7, since g,(d,) = 1 for any ¢ of the form (0,y,0), we
have (gq(F'(I)0,))"/? = F'(I). This is why the set F’(I) is understood as a set of speeds in
6.

Proposition 6.3. There holds F'(R) = [a,1) for some —1 < a < 0.
Together with (6.7)), and choosing I adequately, this implies the following informal statement.

“Corollary” 6.4. Any wvalue between 0 and 1 can be realized as a speed of propagation of
singularities along the singular curve .

According to ((1.29)), the negative values in the range of F” yield singularities propagating
backwards along the singular curve. This happens when F’(I) contains negative values (see

Proposition |1.25]).
The next remarks explain possible adaptations of the statement of Theorem

Remark 6.5. Putting in the initial Fourier data an additional phase e~%0¢ for some fixed
zo € R, we obtain that the singularities of the corresponding solution propagate along the curve
t — (0,t,2), which is also a singular curve: for this new initial datum, we replace in the
0 in the 2z coordinate by zg.

Remark 6.6. If we consider (u, Dyu)ji—g = (uo,0) as initial data of the Martinet wave equation
0?u — Au = 0, the solution is given by

u(t) = % (U (#)up + U(—t)up)

Hence, under the assumption that F’'(I) and —F’(I) do not intersect, (6.5) must be replaced by

WF(u(t)) = {(0,4,0; 0,0,\) € T*R3, A\ >0, y € £tF'(I)}.
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Remark 6.7. If we take ¢ < 0 instead of ( > 0 in the (Fourier) initial data

Y (IKDom/ 11 )y ¢ (=),

then we must replace F'(I) by —F'(—1I) in the Theorem [6.2, The same if we replace Xa by
9y — 220, and keep ¢ > 0 in the Fourier initial data. This is due to the “orientation” of the
singular curve ~: for Theorem to hold without any change, we have to take (0,0, {)(X2) > 0.

Remark 6.8. Instead of v, ¢, we can use in the Fourier initial datum the k-th eigenfunction
of —d? + (n+ 22¢)?. This yields a function Fy and the associated velocity F, instead of F' and
F’'. Theorem also holds for this initial datum with the same proof, just replacing F’ by F}
in the statement.

Remark 6.9. It is possible to establish an analogue of Theorem for the half-wave equation
associated to the quasi-contact sub-Laplacian

A =02+ 0, + (0. — 20,)
on R*. For that, we take Fourier initial data of the form

fy,z,suo (1’, 7, C7 O') = ¢(77/‘71/2a C/UI/Z)w%CyU (x)

where ¢ € C3°(R%,R), n,(, o denote the dual variables of y, z, s, and Yy .o is the normalized
ground state of the z—operator —d2 +n?+ (¢ —zc)?. Then, the singularities propagate along the
curve t — (0,t,0,0) which is a singular curve of the quasi-contact distribution Span(0,, 0y, 0. —
x0s). The proof of this fact requires simpler computations than in the Martinet case since,
instead of quartic oscillators, they involve usual harmonic oscillators. Note that the (non-flat)
quasi-contact case has also been investigated in [Sav19], with other methods.

6.1.3 Comments and organization of the chapter

The singular curve ¢ — ~(t) = (0,¢,0) € R3 of the Martinet distribution D has played an
important role in the last decades in the development of sub-Riemannian geometry. This role is
due to the fact that ~ is a minimizing geodesic for the sub-Riemannian distance induced by the
metric g defined in . However, we insist on the fact that in the present work,

the minimizing character of the singular curve v plays no role.

For example, as explained in Remark our computations can be adapted to the quasi-contact
case, where singular curves are not minimizing.

It follows from Definition [6.1] that the existence of singular curves is a property of the
distribution D, and does not depend on the metric g on D (or on the vector fields X1, X9 which
span D). Besides, it was proved in [Mar70, Section I1.6] that generically, a rank 2 distribution
Dy in a 3D manifold My is of contact type outside a surface ., called the Martinet surface,
and near any point of . except a finite number of them, the distribution is isomorphic to
D = ker(dz—x2dy), which is exactly the distribution under study in the present work. Therefore,
we expect to be able to generalize Theorem to more generic situations.

To explain further the importance of singular curves, let us provide more context about sub-
Riemannian geometry. A sub-Riemannian manifold is a triple (M, D, g) where M is a smooth
manifold, D is a smooth sub-bundle of T'M which is assumed to satisfy the Hormander condition
Lie(D) = TM, and g is a Riemannian metric on D (which naturally induces a distance d on
M). Sub-Riemannian manifolds are thus a generalization of Riemannian manifolds (for which
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D =TM), and they have been studied in depth since the years 1980, see [Mon02] and [ABB19]
for surveys.

As already mentioned, a particular interest has been devoted to the understanding of geodesics,
i.e. absolutely continuous horizontal paths for which every sufficiently short subarc realizes the
sub-Riemannian distance between its endpoints. It follows from Pontryagin’s maximum principle
(see also [Mon02l, Section 5.3.3]) that any sub-Riemannian geodesic is

e cither normal, meaning that it is the projection of an integral curve of the normal Hamil-
tonian vector field ﬁ

e or singular, meaning that it is the projection of a characteristic curve (see Definition [6.1)).

A sub-Riemannian geodesic can be normal and singular at the same time, and it is indeed the
case of the singular curve ¢t — (x,y,z) = (0,¢,0) in the Martinet distribution described above.
But it was proved in [Mon94|] that there also exist sub-Riemannian manifolds which exhibit
geodesics which are singular, but not normal (they are called strictly singular).

The study of the spectral consequences of the presence of singular minimizers was initiated
in [Mon95], where it was proved that in the situation where strictly singular minimizers show
up as zero loci of two-dimensional magnetic fields, the ground state of a quantum particle
concentrates on this curve as e/h tends to infinity, where e is the charge and h is the Planck
constant. In [CHT21D], it is proved that, for 3D compact sub-Riemannian manifolds with
Martinet singularities, the support of the Weyl measure is the 2D Martinet manifold: most
eigenfunctions concentrate on it.

The present work gives a new illustration of the intuition that singular curves play a role “at
the quantum level”, this time at the level of propagation for a wave equation. However, the fact
that the propagation speed is not 1, but can take any value between 0 and 1 was unexpected,
since it is in strong contrast with the usual propagation of singularities at speed 1 for wave
equations with elliptic Laplacians.

The chapter is organized as follows. In Section [6.2] we prove some properties of the eigen-
functions 1, which play a central role in the next sections. In Section we compute the
wave-front set of the Cauchy datum wug thanks to stationary phase arguments; this proves The-
orem [6.2] at time ¢ = 0. In Section [6.4] we complete the proof of Theorem [6.2] by extending
the previous computation to any ¢ € R. We could have directly done the proof for any ¢t € R
(thus avoiding to distinguish the case ¢ = 0), but we have chosen this presentation to improve
readability. In Section [6.5] to illustrate Theorem we prove Proposition we provide plots
of F and F’ and compute their asymptotics.

6.2 Some properties of the eigenfunctions 1,

Let us recall that H,, is the essentially self-adjoint operator H,, = —d2 + (u + 2%)? on L*(R, dx)
and v, is the ground state eigenfunction with fR wu(x)Qd:c =1 and #,(0) > 0. We denote by
A1(p) the associated eigenvalue, A\ (u) = F(u)?.

Lemma 6.10. The domain of the essentially self-adjoint operator H,, is independent of ji. It is
denoted by D(Hy). Moreover, the following assertions hold:

1. The map p— Ai(p) is analytic on R, and the map p — 1, is analytic from R to D(Hy);

4By this, we mean the Hamiltonian vector field of ¢*, the semipositive quadratic form on Ty M defined by
g*(a,p) = llp|p, |l3, where the norm || - ||, is the norm on Dj dual of the norm g,.
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2. The function 1), is in the Schwartz space S(R) uniformly with respect to . on any compact
subset of R P

3. Any derivative in D(Hy) of the map p+— 1, is in the Schwartz space S(R) uniformly with
respect to . on any compact subset of R.

Proof. The domain of H,, is given by
D(H,) = {$ € L*(R), " + 2"y € L*(R), 2™y € L*(R)}

the last property coming from the finiteness of the associated quadratic form Q(¢) = [ ((¢')*+
(1 + 2%)%¢?)dx. We have hence D(H,) = D(Hy). The map pu — H,, is analytic from R into
L(D(Hy), L*(R)). Moreover, by [BS12, Theorem 3.1], the eigenvalues of H,, are non-degenerate
(simple). This implies (see [Katl3, Chapter VII.2] or [CR19, Proposition 5.25]) that the eigen-
values A\q (1) and eigenfunctions 1, are analytic functions of p, respectively with values in R and
in D(Hp). This proves Point 1.

Point 2 follows from Agmon estimates (precisely, [Hel88, Proposition 3.3.4] with h = hy = 1),
which are uniform with respect to u on any compact subset of R.

This allows to start to prove Point 3 by induction. Assume that Point 3 is true for the
derivatives of order 0, ...,k — 1. Then, taking the derivatives with values in the domain D(Hj)
with respect to p in the equation (H, — A1(i))1, = 0, we get

dk
(Hp — M(u))djkwu = Vk,u (6.9)

and we know, by the induction hypothesis, that vy, € S(R) uniformly with respect to y on any
compact subset of R. We now use the results of [Shu87, Section 25| (see also [Shu87, Section
23] for the notations, and [[IR82] for similar results). We check that £2 + 2 is a symbol in the
sense of Definition 25.1 of [Shu87], with m = 4, my = 2 and p = 1/2. Its standard quantization
(i.e., 7 = 0 in Equation (23.31) of [Shu87]) is H,. By [Shu87, Theorem 25.1], H, — A\i(1)
admits a parametrix B,,; in particular, B,(H, — M\ (p)) = Id + R, where R, is smoothing.
Hence, composing on the left by B, in (6.9), and noting that B,vg, € S(R), we obtain that

%wu € S(R) uniformly with respect to p on any compact subset of R, which concludes the
induction and the proof of Point 3.

6.3 Wave-front of the Cauchy datum

The goal of this section is to compute the wave-front set of ug. In other words, we prove Theorem
for t = 0. Recall that (see (6.4)))

i) = [ Y0 (¢Hon)e 0 4D (6.10)

Lemma 6.11. The function ug is smooth on R3\ {(0,0,0)}.

Proof. We prove successively that ug is smooth outside x = 0, y = 0 and z = 0. Any
derivative of (6.10)) in x,y, z is of the form

// Y ()¢S (3 a) gm0+ dny dg (6.11)
R2

®This means that for any compact K C R, in the definition of S(R), the constants in the semi-norms can be
taken independent of p € K.
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for some «, 3,7 > 0. By the dominated convergence theorem, locally uniform (in z,y, z) con-
vergence of these integrals implies smoothness. Recalling that ¢ has compact support, we see
that the main difficulty for proving smoothness comes from the integration in ¢ in (6.11)).

For x # 0 it follows from Lemma (Point 2) that the integrand in (6.11)) has a fast decay
in (. This proves that ug is smooth outside = = 0.

If y # 0, we use the fact that the phase y¢'/3n; + z¢ is non critical with respect to 71 to get
the decay in (. More precisely, (6.11) is equal to

/ Y (O (w3 N DN (00 (M3 g (i) e =0 gy d¢
R2

after integration by parts in 7y (where D,, = i~'9,,). Taking N sufficiently large and using

that Dé\i (wgp(fl/%)qb(m)nf) is bounded thanks to Lemma [6.10| (Point 3), we obtain that this
integral converges when y # 0, and that this convergence is locally uniform with respect to
z,1y, z. This proves that ug is smooth outside y = 0.

Finally, let us study the case z # 0. We can also assume that y < 1 due to the previous
point.

Claim. The function

¢ = Y (IS 2o (m )l (¢ Pa)ele ™ m (6.12)
is a symbol (see Definition uniformly on every compact in (y,71).

Proof. The functions ¢ — ¢/2¢(n;) and ¢ — Y(C)eiycl/?’?71 are symbols. Besides, (
z,b,(,Y)(C 1/32) is also a symbol (of degree 0 with p = 1): we notice for example that the first deriva-
tive with respect to ¢ writes (1/3)¢~1(¢!/32) 7+1>(§1/3 ) which is uniformly O(1/¢) thanks
to Lemma (Point 2). Finally, since the space of symbols is an algebra for the pointwise
product, we get the claim.

Integrating (6.12)) in 77 € R and using Lemma (in the variable (), we obtain that (6.10))

is smooth outside z = 0, which concludes the proof of Lemma [6.11

The following lemma proves Theorem [6.2] at time ¢ = 0.
Lemma 6.12. There holds W F(ug) = {(0,0,0; 0,0,\) € T*R3, X > 0}.

Proof. The Fourier transform of ug is

Uo(&,,¢) = Y(Q)(n/¢ /)W, €/ (6.13)

where W, is the Fourier transform of the eigenfunction 1),. By Lemma (Point 2), for any
N € N we get

Uo(&m. Q) < Cxlo(n/¢)I(L +1€/¢M ). (6.14)

We show that Uy is fastly decaying in any cone C' := {|¢| + |n| = ¢|C|} for ¢ small. We split
the cone into C'= C; U Cy with C1 = CN{¢| < |n|} and C2 = C N {|n| < €|}
In Cy, we have |/¢'/3| > ¢1|n*/3|. This implies that ¢(n/¢'/3) vanishes for 7 large enough.
Hence, Uy has fast decay in C7.
In Cy, we have |£/CY3] > eo)€]?/? > e3(1 + €2 + n? + ¢2)V/3, hence, plugging into , we get
that Uy has fast decay in Cs.

This proves that no point of the form (z,v,z; &,7,¢) € T*R? with (&,7) # (0,0) can belong
to WF(up). Moreover, due to the factor Y (¢), necessarily WF(ug) C {¢ > 0}. Combining with
Lemma [6.11} we get the inclusion C in Lemma [6.12

Let us finally prove that (0,0,0; 0,0,A) € WF(ug) for A > 0. We pick a,b € R such that
#(a) # 0 and W,(b) # 0. Then, we note that Uy((/3a, ¢1/3b, ¢) is independent of ¢ and # 0, thus
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it is not fastly decaying as ¢ — 4o0. Since ((/3a, ¢1/3b,¢) converges to the direction (0,0, +00)
as ( — +00, we get that there exists at least one point of the form (z,%, z; 0,0, \) € T*R3 which
belongs to WF(up). By Lemma we necessarily have x = y = z = 0, which concludes the
proof.

6.4 Wave front of the propagated solution
In this Section, we complete the proof of Theorem We set
Gi = {(0,4,0; 0,0,A), A> 0, y € tF'(Support(¢))}.

In Section we prove the inclusion WF (U (t)ug) C G, and then in Section the converse
inclusion G C WF (U (t)up). This completes the proof of Theorem

6.4.1 The inclusion WF(U(t)ug) C G;

For this inclusion, we follow the same arguments as in Section [6.3} we adapt Lemma to
find out the singular support of U(t)ug, and then we adapt Lemma to determine the full
wave-front set.

Lemma 6.13. For anyt € R, U(t)ug is smooth outside {(0,y,0) € R3, y € tF'(I)}.

Proof. As in Lemma we prove successively that U(t)ug is smooth outside x = 0,
y ¢ tF'(I) and z = 0. Any derivative of U(t)uy is of the form

/ / Y ()¢ (CV3) b e F ) =vm) i€ gy (6.15)
]R2

for some «, 3,y = 0.
For z # 0, it follows from Lemma (Point 2) that the integrand in (6.15)) has a fast decay
in ¢ (locally uniformly in x,y, z). This proves that U(¢)ug is smooth outside x = 0.

If y ¢ tF'(I), we use the fact that the phase ¢'/3(tF(m1) — ym) — 2¢ is non critical with
respect to 7 to get decay in (. We set Ry, H = D,, (Q~'H) where Q = D, (—i(¢C'/3(tF(n1) —
ym) — 2C)) = —C/3(tF'(m) — y). Note that Q # 0 since y ¢ tF'(I). Doing N integration by
parts, the above expression becomes

/ Y (Q)CRY (S0(¢H3a) d(m )t ye =1 @R Om)=m) 2 gy, e (6.16)
RQ

We set H(x,m1,¢) = vy (¢ 22)¢(m)nf.
Claim. For any N, there exists C such that |Rf7\iH(a:,771,C)| < Cy|¢|=N/3 for any ¢ € R,
any 11 € I = Support(¢) and any x € R.

Taking N sufficiently large, the claim implies that (6.16)), and thus (6.15)), converge (locally
uniformly), which proves the smoothness when y ¢ ¢F’(I) thanks to the dominated convergence
theorem.

Proof of the claim. We prove it first for V = 1. We have
DT/lH . HDH12Q.
Q Q

Since H is bounded (thanks to Point 2 of Lemma [6.10) and |Q| > ¢[¢|'/? with ¢ > 0 and

1D, Q| < C|¢|'? on the support of ¢, we have ]HD£’212| < ¢[¢|71/3. For the first term in the

Ry, H =

(6.17)
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right-hand side of (6.17)), we only need to prove that D, H is bounded. When D, falls on ¢(n;)

or nlﬁ , it is immediate. When D, falls on w,({ly) (¢1/3x), we use Lemma (Point 3) and also get
the result. This ends the proof of the case N = 1. Now, we notice that our argument works not
only for H, but for any function of the form w,@?')(gl/%)gb(‘s) (nl)nlﬁ/ where ¢ is any derivative
of ¢ and ’,+" > 0. Hence, applying the previous argument recursively, we obtain the claim for
any N.

Finally, the case z # 0 is checked in the same way as in the case t = 0, just shifting the
phase by it¢Y/3F(n;) in (6.12).

Let us finish the proof of the inclusion W F(U (t)ug) C G.

The Fourier transform of U (t)ug is

F(U o) (€n,¢) = Y (Q)d(n/¢*) W, ey (/¢ )em Vo), (6.18)

The change of phase with respect (6.13]) has no influence on the properties of decay at infinity.
Hence, the proof of Lemma allows to conclude that WF (U (t)ug) C G for any ¢t € R.

6.4.2 The inclusion G, C WF(U(t)uy)

We fix t € R and we prove the non smoothness at (0,tF’(c),0) for any ¢ € I. We can assume
that ¢ is in the interior of I and that ¢(c) # 0. This implies thanks to that F"(c) # 0.
We want to show non-smoothness with respect to z at x = 0, y = tF'(c) and z = 0. We
set v(z) := (U(t)uo)(0,tF'(¢),z). We will show that the Fourier transform of v is not fastly
decaying.

Starting from (6.4)), we get the explicit formula for the Fourier transform of v,

Fo(¢) = Y ()¢ K ()

where

K(Q) = [ dlm)is, ()< HEOI=F gy,
R

The only critical point of the phase 1y — —i¢'/3t(F(n1) — F'(c)n) located in I is ¢ thanks to
(6.3). Applying the stationary phase theorem with respect to 7;, we obtain

K(¢) = oI P (F ()= F'(c)e) Zaj(cl/?)’t’)fj/?
i>1
where

T 1/2 T
1 = 0(10e0) (i) ep(-isen(F (@) 20

Since ¢(c) > 0 and 1.(0) > 0,we have K (¢) ~ co(¢'/3|t])~/? where ¢y # 0, and Fv(¢) is not
fastly decaying as ¢ — +o00. Applying Lemma to a = Fv which is a symbol in (, this
implies that v is not smooth at z = 0, thus U(¢)uo is not smooth at (0,¢F’(c),0).

6.5 The function Fj(u) =/ Ai(p)

In this Section, we illustrate Theorem [6.2] with some plots and asymptotics of the functions
F}, defined by p — +/Ag(n). As shown by Theorem (and Remark , the speeds of the
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propagation of singularities along the singular curve are determined by the derivative Fj (p).
Below, we plot F'= F} and F’ for p € (—10, 10)@

1.0 4

10 4

0.8

0.6

0.4

0.2
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(a) Plot of F(u) for p € (—10,10) (b) Plot of F'(u) for u € (—10,10)

Recall that the F}’s are analytic (see Point 1 of Lemma [6.10). We state a more precise
version of Proposition [6.3

Proposition 6.14. For any k € N\ {0}, there holds F} () — 1~ as p — +oo, Fl(n) — 0~ as
p — —oo, and Fj is minimal for some value pj, < 0. There exists ar, € (—1,0) such that the
range of Fy. is [ay, 1).

Proposition will be a consequence of the following result:

Proposition 6.15. Denote by \p(u) the k-th eigenvalue of H, = —d2 + (u + 22)2. Then, for
ke N\ {0}, as p — +o0,
Ae(p) = 2 +V2(2k — 1 by > =342 6.19
k() = p” + V2( WH+ ) bogn (6.19)
(=2
and d 2k — 1
— () =1 = =——p32 po(u3/? 6.20
m k(1) Wols (0% (6.20)

These derivatives are > 0 and converge to 1.
As pp — —o0, for k € N\ {0},

Aog—1(p) = 2(2k — 1)v/—p + Z%k(—#)%w? (6.21)
=2
)\gk(,u,) =MXgp_1+o0 (,u_oo) (6.22)
and
il =~ oy (6.23)

and the same for %x/)\gk(u). These derivative are < 0 and converge to 0.

SWe thank Julien Guillod for his help in making the first numerical experiments.
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Proof of Proposition . For ;1 > 0, we consider the operator T), : ¢ — Y(-/u'/*). Then
H, = lelGuTu where G, = p?+pt/?(—d2 + 222 + 24 /i*/?). The eigenvalues of —d?2 + 222 + ha?
for h — 0 can be computed with the usual perturbation theory (see [RST8, Chapter XII.3]),
and this yields with h = p~3/2. Moreover the formal expansion can be differentiated with
respect to u, hence we get -

For p = —pup < 0, we see that the transformation z +— ,uo/ 4(

T F péﬂ) conjugates H,, to
the operator uo/ (—d? + 42% + Apo 3/4,3 + Hg ~3/2 x*). Using again perturbation theory and the

separation into pairs of eigenvalues in double wells (see [HS84]), we get (6.21]) and (6.22)), and

(6.23]) follows.

Proof of Proposition [6.14. The convergences at oo are proved by Proposition [6.15] This
behaviour at oo implies the existence of uj such that Fj(u}) = aj is minimal. We denote by
wl]j the normalized eigenfunction corresponding to Ag (). Taking the first derivative (with value
in the domain D(Hj)) with respect to p of the eigenfunction equation (H,, — )\k(,u))zp/’j =0, and

then integrating against ww we obtain X (1) = [p(u+ )1/)#( x)2dx. Thus,
Fw) =~ [ (u+ )b
/\k ,u) R

which is positive for 4 > 0, hence p7 < 0.
It remains to show that |F}(u)| < 1 for every u: by the Cauchy-Schwarz inequality, we get

R < 5 [ Pub@Pae [ ohe)as

and, from the quadratic form associated to H,,

[ a2 Pul@ds < M.

which concludes the proof.

6-A Fourier transform of symbols

Definition 6.16. A smooth function a : R® — C is called a symbol of degree < m if there exists
0 < p <1 so that the partial derivatives of a satisfy

Vae N, |D%(€)] < Call+ €)™l

The space of symbols is an algebra for the pointwise product. If a is a real valued symbol of
degree m < 1 and p > m, €'® is a symbol of degree 0 (with a different p).

We will need the

Lemma 6.17. If a is a symbol, the Fourier transform Fa of a is smooth outside x = 0 and all
derivatives of Fa decay fastly at infinity. If moreover a does not belong to the Schwartz space
S(RY), then Fa is non smooth at x = 0.

Proof. For x # 0 and for any «, 8 € N¢, we have
. c3 .
F @) = Cs [ Sage s =L [ De(eatene as (6.24)
R4

The multi-index § € N being fixed, this last integral converges for || sufficiently large since
a is a symbol. By the dominated convergence theorem, this implies that Fa is smooth outside
x = 0. Moreover, also implies that all derivatives of Fa decay fastly at infinity.

Finally, if Fa were smooth at 0, then Fa would be in the Schwartz space as well as a.



Chapter 7

Quantum limits of sub-Laplacians
via joint spectral calculus

“La chance c’est comme le Tour de France, on [’attend longtemps et ¢a passe vite.”
Amélie Poulain.

“Combien de personnes savent que pour rester éveillé, il faut soustraire les moutons ?”
Les Marx Brothers.

This chapter is adapted from the preprint [Let20d)]. It proves Theorems[8 [ and[10
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Warning: Section [I.5] must be read before this chapter, since we use without recalling them
a lot of notations introduced in this section.

Structure of the chapter. In Section we prove Theorem [8| using joint spectral calculus.
Then, Section [7.2]is devoted to the proof of Theorem[9] In Section[7.2.2] we explain the spectral
decomposition of L2(H™) according to the eigenspaces of the harmonic oscillators ;. Building
upon this spectral decomposition and Theorem [§ we establish in Section [7.2.3] Theorem [9] In
Section we prove Theorem [10| by constructing explicitely a sequence of eigenfunctions with
prescribed Quantum Limit. In Section [7.4] we make a few remarks concerning the links of our
main results with non-commutative harmonic analysis.

Then, we provide some supplementary material (this is an appendix in the preprint [Let20a]).
In Section we prove two elementary lemmas. In Section [T-A.2] we provide some supple-
mentary material on Assumption (A). Finally, in Section we prove a result concerning
Quantum Limits of flat contact manifolds in any dimension: for such manifolds, the invariance
properties of Quantum Limits are essentially the same as in the 3D case. Although this is a
direct consequence of the results in [FEF21], we decided to provide here a short and self-contained
proof since this can be seen as a toy model for the averaging techniques used repeatedly in the
proof of Theorem [9]

We also mention that in a previous version of the corresponding paperﬂ we explain an
alternative way to obtain the measure Q7 on S and the family of measures (17 ) es s onS¥z,
based on pure functional analysis.

Joint spectral calculus. A key ingredient in the proof of all results of the present chapter is
the joint spectral calculus (see [RS72, VII and VIIL.5] and [Col79]) associated to the operators
Z1,. ..y Zm and —Ay ,. This joint calculus, at least for Heisenberg groups, is well-known, see for
example [DS84] Section 2|, or [Tha09] for the quotient case. It was used for instance in [MRS95]
to prove a Marcinkiewicz multiplier theorem in H-type groups.

7.1 Proof of Theorem

In this Section, we prove Theorem (8l We fix a sub-Laplacian A, , satisfying Assumption (A),
we fix (or)ren+ a sequence of eigenfunctions of —A, , associated with the eigenvalues (Ag)ren=
with Ay — +o0 and ||¢|| 2 = 1, and we consider v, a Quantum Limit associated to the sequence
(k) ken+

Let us first give an intuition of how the proof goes. We decompose ¢ as a sum of functions
which are joint eigenfunctions of —A, ), and of all the Z7Z; for 1 < j < m. Each of these
functions is an eigenfunction of —A, , with same eigenvalue \; as ¢j. Then, roughly speaking,
we gather some of these functions into go% or into ¢y for some J € P\ {0}, depending on their
eigenvalues with respect to the operators Z7Z; (for 1 < j < m) and —A, . More precisely,
setting

E=-ANgu+ Y ZjZj€ V*(M), (7.1)
j=1

the functions which we select (asymptotically as k — +00) to be in gokj are those such that:

1. =Ay K E;

"https://arxiv.org/pdf/2007.00910. pdf
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2. if i ¢ J, then Z}Z; < E;
3. ifj€ J, then Z:Z; 2 E.

Here, since we consider joint eigenfunctions of —A, ,, £ and ZJ’-k Zj for any 1 < j < m, the
above notation A < B (resp. A 2 B) means that the eigenvalue with respect to A is negligible
compared to (resp. is greater than a constant times) the eigenvalue with respect to B.

This splitting “quantizes” the fact that 37 is the set of points (gq,p) of T*M for which
g*(¢,p) = 0 (point 1 above) and hz, (4, is non-nul if and only if j € J (points 2 and 3 above).

Here is the rigorous proof:

Proof of Theorem[8 For n € N*, let x,, € C°(R, [0,1]) such that xn(z) =1 for |z| < 5= and
Xn(z) =0 for |z| > % We consider E given by ([7.1)) which, thanks to point (i) in Assumption
(A), is elliptic. Its principal symbol is

m

op(E)=g"+ Y op(ZZ)).
j=1

Also, thanks to point (ii) in Assumption (A), we know that £ commutes with Z;, for any
1 < j < m, and with —A, . Therefore, thanks to functional calculus (see [RS72, VII and
VIIL5]), for J € P\ {0}, it makes sense to consider the operator

Pl =xa <_AE”> I[ Xn (Z’EZ’> [T ) <Z;Ezj> . (7.2)

JjeT

Similarly, we consider
—-A
P?? = (1 - Xn) ( Eg,u) : (7.3)

As we will see, for any J € P, PY € W°(M) and, as n — o0, its principal symbol tends either
to the characteristic function 1y, : T*M — R of X7, or to the characteristic function 1y+ps of
U*M if J = 0. Recall that 37 has been defined in (1.34).

For any J € P, the following properties hold:
(1) Py € ¥O(M);
(2) [P, g = 0;

(3) If J # 0, then op(Py) — 1y, pointwise as n — ~+oc.

n

If 7 =0, then op(Py) — 1y+p pointwise as n — 4o0.

Let us prove Point (1). Since E € W?(M) is elliptic, it is invertible, and thus —A, ,E~1 =
—E71A, € U9(M) is self-adjoint. Hence, by [HV00, Theorem 1(ii)], (1—xXz) (%) € vO(M)

with principal symbol
g*
1—xn) | —=—= ).
d-x )<0'P(E)>

Similarly, the operators Xn( %‘“‘), Xn (Z’EZZ) and (1 — xp) ( JEJ> (for any 1 < 4,5 < m)
belong to WO(M) with respective principal symbols

v @515))’ v (l’;z(}[})) nd (=) (L};Z(J%)
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Hence, Py € WO(H™).

Point (2) is an immediate consequence of functional calculus, since A, ,, commutes with E
and with Z; for any 1 < j < m.

Let us prove Point (3). For k > 0, we consider the cone

g* .
S. = —2 <kt CT*M
{UP(E) }

and, for 1 < j < m, we also consider the cone

T = <Ky CTTM.

op(F)

For the moment, we assume J # (). Then, the support of op(PY) is contained in Si, in T%

for i ¢ J and in the complementary set (T] )¢ for j € J. It follows that, in the limit n — 400,
op(PJ) vanishes everywhere outside the Set of points (g, p) satisfying g*(¢,p) = 0,

hz;(¢,p) #0, Vi€ J.

We note that these relations exactly define the set X 7.
Conversely, let (¢,p) € 7. Our goal is to show that op(PY)(q,p) = 1 for sufficiently large
n € N*. It follows from a separate analysis of the principal symbol of each factor in the product

2):
e Since (q,p) € %, there holds ¢g*(q,p) = 0, hence

v (i) =

e For i ¢ J, since hy,(q,p) = 0, there holds

All in all, op(PY)(q,p) = 1 for sufficiently large n, which proves Point (3) in case J # 0. The
proof in the case J = () is very similar, for the sake of brevity we do not repeat it here.

We now conclude the proof of Theorem[8] We consider, for fixed n € N and J € P\ {0}, the

sequence (P ¢y )pen+, which, thanks to Points (1) and (2), is also a sequence of eigenfunctions of

—A, , with same eigenvalues as ¢j. We denote by V a microlocal defect measure of (P 7 o) ken-
and by I/w a microlocal defect measure of the sequence given by the eigenfunctions

2.

JeP\{0}
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Furthermore, we can assume thanks to the diagonal extraction process that the extraction used
to obtain all these microlocal defect measures is the same for any n € N* and any J € P.

Finally, we take 7 a weak-star limit of (v3),en and Bv? a weak-star limit of (1?),en, with
ve P(S*M) and 8 € [0,1]. Thanks to the analysis done while proving Point (3), we know that
v’ gives no mass to the complementary of S¥7 in S*M, and that 1?(SX) = 0. Again, thanks
to the diagonal extraction process, up to extraction of a subsequence in k € N*, we can write

pe=vh+ > ¢l (7.4)
JEeP\{0}

where the unique microlocal defect measure of (@%)keN* is A0, and gokj = P;{k)gok (for some

function r tending (slowly) to +o0o as k — +00) has a unique microlocal defect measure as
k — +o0, which is v7.

Let us prove that (7.4]) implies ((1.39)). For that, we first recall an elementary lemma con-
cerning joint microlocal defect measures (see Definition [1.30]). It is proved in Section m

Lemma 7.1. Let (ug), (vk) be two sequences of functions weakly converging to 0, each with a
unique microlocal defect measure, which we denote respectively by p11 and poo. Then, any joint

microlocal defect measures pia (resp. p21) of (ug)pen+ and (vi)ken+ (resp. of (vi)ken+ and
(ug)ken+ ) is absolutely continuous with respect to both i1 and pas.

Using Lemma we then notice that if 7, J" € P\ {0} are distinct, the joint microlocal
defect measures of (go;z Jken+ and (gpkj )ken+ vanish since Y7 and X4/ are disjoint. Similarly,
the joint microlocal defect measure of (¢9)ren+ with the sequence (¢ )xen+ vanishes for any

J € P\ {0}. Therefore, evaluating (Op(a)pk, ¢x) and using (7.4), we obtain ((1.39)), which
finishes the proof of Theorem O

Remark 7.2. The above proof is inspired by the proof of a slightly different fact (see [Ger91b,
Proposition 3.3]): if 6 is the unique microlocal defect measure of a sequence (1 )en+ of functions
over a manifold M, A (resp. B) is a closed (resp. open) subset of S*M, and A and B form a
partition of S*M, then we can write § = 64 + 0p, with 64 (resp. 6p) supported in A (resp.
05(A) = 0) and 1 = ¥+ such that 04 (resp. 0p) is a microlocal defect measure of (7}) ey
(resp. of (w,f Yren+). The proof just consists in choosing symbols p, € .#°(M) concentrating on
A and taking w,‘? = Op(pp)¥y as in the proof above.

In the proof of Theorem [8, we had to choose particular symbols p,, in order to ensure that
‘ij and gog are still eigenfunctions of —A, ;.

Remark 7.3. As already mentioned, the ideas underlying Theorem are close to those of [Col79,
Theorem 0.6], which deals with the joint spectrum of commuting pseudodifferential operators
whose sum of squares is elliptic. The parallel is the following: the elliptic operator @ in [Col79]
is replaced here by E, and the operators P; in [Col79] are replaced here by the X; and the Z;.

With this parallel in mind and using the tools developed in the above proof, given a Rieman-
nian Laplacian Ay = X2 with all the X; commuting and a sequence of eigenfunctions of Ay,
one could identify which part of the eigenfunctions concentrates on each part of the cotangent
bundle.

In our setting, not all X; and Z; commute, but Zf\i 1 X7 X; commutes with all Z;, which is
sufficient because we do not look for any information on the QLs in U*M. Our statement is, in
some sense, more precise than [Col79, Theorem 0.6] since the splitting of eigenfunctions is made
precise, but also less general because X; and Z; are differential, and not general pseudodifferential
operators as in [Col79].
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7.2 Proof of Theorem

This section is devoted to the proof of Theorem [} In other words, we seek to prove that for
any continuous function a : S% — R, there holds

/ adVso = / (/ adu:f) dQ7 (s)
S% gepun /Ss \/szs

where 7, v and Q7 are as in (1.44).
Therefore, we fix m > 2 and Ay, = A as in Section [I.5.2] The last part of Theorem [J] is
an immediate consequence of the last part of Proposition [1.29] and therefore we are reduced to

prove Points (1) and (2). The first step in the proof consists in reducing the analysis to the part
of the QL above X 7 for some J € P\ {(}, and it is achieved thanks to Theorem [§] as follows.

Reduction to a fixed J € P\ {0}. Combining Theorem [§ with Point (1) of Proposition
we see that it is enough to prove Point (2) of Theorem @ and that it is possible to assume
that (o )ken is a sequence of eigenfunctions with eigenvalue tending to 400, and with a unique
microlocal defect measure v, which can be assumed to be supported in S¥. Indeed, thanks to
Theorem [8, we can even assume that all the mass of v is contained in S¥ 7 for some J € P\ {0},
i.e., v = v’ once we have established the decomposition

J _ T 10T
v _/SJVSdQ (8)7

Point (2) of Theorem |§| follows by just gluing all pieces of v together thanks to Theorem

Therefore, in order to establish Point (2) of Theorem@ we assume that the unique microlocal
defect measure of (¢k)ren+ has no mass outside SY. 7 for some J € P\ {0}. By symmetry, we
can even assume that J = {1,...,J} with J = Card(7).

To sum up, the sequence (pg)ren+ that we consider is no more a general sequence of nor-
malized eigenfunctions with eigenvalues tending to +o0o, but it satisfies the following property:

Property 7.4. (¢r)ken+ is a bounded sequence of eigenfunctions of —A labeled with increasing
etgenvalues tending to 400, and with unique microlocal defect measure v. Moreover, there exist
J <m and r(k) = +0o0 as k — 400 such that

Pk = P;?k)s% (7.5)

for T ={1,...,J} and for any k € N*, where PY is defined in (7.2). In particular, v has no
mass outside S 7.

Remark 7.5. Writing ¥ as a disjoint union ((1.34)), we notice that ¥ 7 is indeed the set of points
<Q7p) € X with p= (pxlvpylapzu s 7pwm7pym7pzm) such that

(p; 20) & (j € J).

7.2.1 Illustration and sketch of proof

Since the rest of the proof is a bit involved, in this section we provide an illustration and a sketch
of proof which could be helpful. The proof is written in full details in Sections [7.2.2] and [7.2.3]
Logically, one may omit the discussion which follows and proceed directly to the next section.
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An illustration of Point (2) of Theorem [0} A way to get an intuition of Point (2) of
Theorem |§| is to fix (n1,...,ny,) € N and to consider a sequence of normalized eigenfunctions
(Vg )ken+ of —A given in a tensor form as in Remark such that, for any k£ € N*, ¢, is also,
for any 1 < j < m, a sequence of eigenfunctions of R; with eigenvalue tending to +o0, and of
2; with eigenvalue 2n; + 1. We notice that any associated Quantum Limit v is supported in
53 it follows directly from the arguments developed in the proof of Theorem [§] since for any

1 < 7 < m, the eigenvalues with respect to R? are much larger than the eigenvalues with respect
to —A.

Let 7 ={1,...,m} € P. Then, v is necessarily invariant under the Hamiltonian vector field
pY, where s = (s1,...,8m) € S7 is defined by s; = 2n1+1i’?f'112n 1 forj=1,...,m. To see it,

we set

Z;n:1(2”j +1R;

R =
> 2ng+1

and we note that for any A € WO(H™), we have

([A, Rltw, vx) = (AR, ¥r) — (Ath, Rypy) =0

since vy, is an eigenfunction of R. In the limit £k — 400, taking the principal symbol, we obtain
Jsx{a, p }Ydv = 0 where a = op(A). Since it is true for any a € .#°(H™), this implies 57 v = 0.
Hence, for such sequences (y)ren+, any QL verifies v = vJ (which is invariant under 57 ), Q7
is a Dirac mass on s and Q‘T =0forP>J #J.

In some sense, any QL supported on S is a linear combination of sequences as in the above
example, for different 7 € P\ {0} and different s € S 7.

Roles of R; and ;. The operators R; and €); play a key role in the proofs of Theorem |§|
and Theorem As illustrated in the previous paragraph, the operators {}; are linked with the
parameters s € S 7: in some sense, once the eigenfunctions have been orthogonally decomposed
with respect to the operators R; and §2; (as explained in Section, the ratios between the €2;-
s determines the invariance property of the associated Quantum Limits through the parameter
s and the Hamiltonian vector field 5. On the other side, the operators R; ‘determine’ the
microlocal support of the associated Quantum Limits, for example the element J € P\ {0}
(such that the QL concentrates on S¥ 7). The next paragraph, which is devoted to a sketch of
proof of Theorem [J] will make these intuitions more precise.

Sketch of proof. In order to simplify the presentation, in this sketch of proof, we assume
that J = {1,...,m} and we omit this notation (writing for example S instead of S ), but the
ideas are similar for any J € P\ {0}.

Le us use the decomposition (|1.42)) to write each ¢y as a sum of eigenfunctions of operators
of the form 37", (2n; + 1) R; for some integers ni, ..., 7n:

Pk = Z Pkni,...,nm> (76)

(n1,0 i ) EN™M

with Q0kn, o mm = 205+ D)0kt mm, V1I<G<m.

We will see in Section that the decomposition ([7.6]) is orthogonal, and therefore each
eigenfunction ¢y, ;... »,, has the same eigenvalue \;, as . Then, we do a careful analysis of this
decomposition into modes, which, in the limit £k — 400, gives the disintegration v = fs vsdQ(s).
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This analysis builds upon a partition of the lattice N into positive cones, each of them gathering
together the modes ¢y, ;... n,, for which the m-tuples

2n1 +1 2n, +1
2+ 1+ ... 420, +1" " 20+ 14+, .+ 20, +1

are approximately the same: each of these positive cones accounts for a small region of the
simplex S. If N™ is partitioned into 2%V positive cones C}¥ (with 0 < ¢ < 2% — 1), this gathering
defines eigenfunctions
N
Prp = Z Phkni,....nm

(”1a~--»nm)ecév

of —A such that
2N —1
Pk = Z SDkN,z (7.7)
=0

for any N € N*.

Taking a microlocal defect measure Vév in each sequence ((p]kv s)ken+ and making N — 400
(i.e., taking the limit where the positive cones degenerate to half-lines parametrized by s € S),

we obtain from (7.7) the disintegration v = [q v5dQ(s).

Given a certain s = (s1,...,8n) € S, dQ(s) accounts for the relative importance, in the
limit N — +o0, of the eigenfunction ¢ ¢(n) i the sum (7.7), where ¢(N) is chosen so that the

positive cone Cg ) converges to the half-line with parameter s as N — +oo.

The invariance property psvs = 0 can be seen from the fact that, for any large N and any

0 < ¢ < 2V —1, each eigenfunction Chni,nm With (n1,..., 1) € Cév is indeed an eigenfunction
of the operator
= 2n; + 1 R
;(2n1+1+...+2nm+1> ’

which, by definition of gpfxf, is approximately equal to Ry = s1 R1+. . .4+s$p R if s = (s1,...,8m) €
S denotes the parameter of the limiting half-line of the positive cones CéN as N — +o00. Hence,
cpfx ¢ is an approximate eigenfunction of R, from which it follows by a classical argument that
Vs is invariant under the Hamiltonian vector field ps of ps = (op(Rs))s-

7.2.2 Spectral decomposition of —A

In this section, we start the proof of Theorem [J] with a detailed study of the action of —A on
L?(H™), writing it under the form of an orthogonal decomposition of eigenspaces.

Let us recall that, for 1 < j < m, we set R; = , /8; 0., and we made a Fourier expansion with

respect to the z;-variable. On the eigenspaces corresponding to non-zero modes of this Fourier
decomposition, we defined the operator 2; = —R;lAj = —AJR;l where A; = ij + YjQ. For
example, —A acts as

—A= i R;Q;
j=1

on any eigenspace of —A on which R; # 0 for any 1 < 7 < m. Moreover, R; and §2; are
pseudodifferential operators of order 1 in any cone of T*H"* whose intersection with some conic
neighborhood of the set {p., = 0} is reduced to 0 (for example in small conic neighborhoods of
Y7 for J containing j).
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The operator €2}, seen as an operator on the j-th copy of H, is an harmonic oscillator, having
in particular eigenvalues 2n + 1, n € N (see [CHT18| Section 3.1]). Moreover, the operators ;
(considered this time as operators on H”) commute with each other and with the operators R;.

Recall that P stands for the set of all subsets of {1,...,m}. We fix J € P. In the sequel,
we think of 7 as the set of j for which R; # 0. For j € J and n € N, we denote by E}, C L*(H)
the eigenspace of §2; corresponding to the eigenvalue 2n + 1. For (n;) € N7, we set

7‘[‘7

(nj

y=Fle. @F"cL*H")

where FJ = Eﬂ;j for j € J and FV = L?(H) otherwise.

We have the orthogonal decomposition

rEM=g f M, (7.8)

JEP (nj)eNT

We can also write the associated decomposition of —A:

A= D Hy,

J€EP (nj)eNT
with H )= =) @nj+1)R; =) (92, +05).
JjeT i¢TJ
From this, we deduce
JEP (ny) ENJ
= { D @ny+1) o] +2m Y (kT +47),
JjeET [Ng

with k;, ¢, € Z, J € P, n; €N, Q; G(Z\{O})}

where sp denotes the spectrum.

Remark 7.6. The particularly rich structure of the Quantum Limits of the sub-Laplacian —A
described in Theorem [9]is due to the high degeneracy of this spectrum. To make an analogy
with the Riemannian case, the QLs of the usual flat Riemannian torus T? = R?/Z? have a
rich structure (see [Jak97]), whereas the QLs of irrational Riemannian tori are much simpler to
describe.

7.2.3 Step 2: End of the proof of Point (2) of Theorem [9

In the sequel, the notation (-, -) stands for the L?(H™) scalar product, and the associated norm
is denoted by || - || 2.

Positive cones. We set V = (—%, cen —%) € R’ and we consider the quadrant

1
V_|_RJ:{(l’l,...,l‘])eRJ|fL‘j>_2 foranyléjéJ}-
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We now define a series of partitions of V + Ri into positive cones with vertex at V', each of
these partitions (indexed by N) being composed of 2V thin positive cones, with the property
that each partition is a refinement of the preceding one.

More precisely, these positive cones C’év cV+ ]RJJF, for N € N* and 0 < £ < 2V — 1, satisfy
the following properties, some of which are illustrated on Figure below:

(1) For any N € N* and any 0 < ¢ < 2V — 1, Cév is a positive cone with vertex at V, i.e.,

VAW =V)ecl, vYA>0, VIV e Oy,

(2) For any N € N*, (C)ocycon_1 is a partition of V +RY, i.e.,

2N 1
U ¢V =V +R] and CNnC) =0, v+,
=0

N—l,

(3) Each partition is a refinement of the preceding one: for any N > 2 and any 0 < ¢ < 2
there exists a unique 0 < ¢ < 2V~ — 1 such that Cév ccol-1.

Denote by .Z the set of half-lines issued from V' and contained in V + Ri. Note that .Z is

parametrized by s € S7. We also assume the following property:

(4) For any L € £ parametrized by s € Sz, there exists a subsequence (C’é\(fs N)) Nen+ which

converges to ., in the following sense. There exists d : N — RT with d — 0 as N — +o0,
such that, for any s’ € S7 parametrizing a half-line L’ € £ contained in Sggs Ny We have

Is" = sll1 < d(N). (7.9)

This last property is equivalent to saying that the size of the positive cones tends uniformly to
0as N — +o0.

(S
~ P ™ -

[ ]
L]
\
kY
.
AY

Figure 7.1: The positive cones C¥, for J =2, N = 3.

Remark 7.7. The positive cones C’év can be seen as positive sub-cones of the Heisenberg fan
(whose definition is recalled in Section [7.4)).
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Spectral decomposition. Decomposing ¢ on the spaces ng y defined in Section [7.2.2 we
J
write
2N —1
k=Y Oh (7.10)
=0
where
SO;C\,]Z = Z (Pk,nh...,nJ

N
(”hu-»”J)ECg

and, for any (n;) € N7, k € N* and j € J,

ngok:nl,n-ynJ - (2nj + 1)90k,n1,“.,n‘]'

For any N € N* and any 0 < £ < 2V — 1, we take I/év to be a microlocal defect measure of the
sequence (oY, )ken+. By diagonal extraction in k € N* (which we omit in the notations), we
can assume that any of these microlocal defect measures is obtained with respect to the same
subsequence.

Lemma 7.8. The following properties hold:
(1) All the mass of v}¥ is contained in SE7 for any N € N* and any 0 < £ <2V —1;

(2) For N € N* and £ # ¢ with 0 < £,/ < 2V — 1, the joint microlocal defect measure (see
Definition of (@{X@)keN* and (gp{gve,)keN* vanishes. In particular, for any N € N*,

v= Z vl (7.11)

Proof. The proof mainly relies on averaging techniques (see also Section for a result
obtained by these techniques in the much simpler context of flat contact sub-Laplacians).

We first prove Point (1). Using (7.5), (7.10) and the fact that PY € U9(H™) commutes with
the operators €2; and R;, we get that

N N
RS P;zk)‘ﬂk,z-

Point (1) now follows from the fact that ap(Pr‘{k)) — 1y, as k — +oo (see the proof of Theorem

8).
We now turn to the proof of Point (2). Let N, £, ¢ be as in the statement. By Point (1) and

Lemma we know that the joint microlocal defect measure of (¢ ,)ken+ and (P4, )ken+ has
no mass outside S 7.

Let b € .#°(H™) which is microlocally supported in a conic set in which R;,€Q); act as first-
order pseudodifferential operators for any j € J. A typical example of microlocal support for b
is given by any conic subset of T*H™ whose intersection with some conic neighborhood of the
set {p., = 0} is reduced to 0, for any j € J. We set U(t) = U(ty,...,ts) = e!t@t+t2) for
t=(t,...,t;) € (R/2nZ)".

The average of Op(b) is then defined by

A= U(—t)Op(b)U (t)dt
(R/2rZ)7



208 CHAPTER 7. QUANTUM LIMITS OF SUB-LAPLACIANS

(see [WeiTT7]). For 1 < j < J, since

d
2. U (=1)0p(0)U(t) = U(-1)[O0p(b), 41U (1),
J
integrating in the t; variable, using that all ; commute together, and that exp(2in§2;) = Id
(since the eigenvalues of 2; belong to N), we get that [A, ;] =0 for any 1 < j < J.

By a bracket computation, A has principal symbol
a:zap(A):/ bobi(ty)o...00,(ty) dt.
(R/2nZ)7

Here, 0;(-) denotes, for 1 < j < J, the 2m-periodic flow of the Hamiltonian vector field of op(€2;)
(see [CHT18, Lemma 6.1] for similar arguments).

Remark 7.9. If D is a 0"*-order pseudodifferential operator on H™ which satisfies [D, ;] = 0
for any j € J, then D leaves 7—[‘(7 ) invariant for any (n;) = (n1,...,ny) € N. It follows that for

nj

any f € H‘(le) and any g € HZZL,_) such that (ni,...,n;) # (n},...,n;), we have (Df, g) = 0.
J
We know that op(A) = b on S¥ 7. Therefore,

(Op®)ere: erer) = (Agre ore) =2 0
—+00
Since A commutes with €; for any 1 < j < J, by Remark we know that (AcpkNé, gokNZ,) =0.
Hence, (Op(b)¢l,,,) tends to 0 as k — +oo. Using this result for all possible b with
microlocal support satisfying the property recalled at the beginning of the proof, we obtain

that the joint microlocal defect measure of (gpkN s)ken+ and of ((pév o )ken+ vanishes. Evaluating
(Op(b)¢k, ¢x) in the limit & — +oo and using ([7.10), we conclude the proof of Point (2). O

Approximate invariance. We fix N € N* and 0 < ¢ < 2 — 1 and we consider s € Sz
such that the half-line issued from V and defined by the J equations ms—is—x]—j-lz:em =55 (and
zj > —1/2) lies in CJ.

Let A be a 0-th order pseudodifferential operator microlocally supported in a conic set where
R;,Q; act as first-order pseudodifferential operators for any j € J. Assume moreover that A
commutes with y,...,Q; and with 9,,,9,, and 0,, for any J +1 < j < m. Recall that R was
defined in (1.43)). Using that [A, Rs] commutes with Qy,...,Q; in order to kill crossed terms
(see Remark [7.9), we have

([AvRS]QD]k\{b(rD{c\fé) = ([AvRS] Z Pkni,...,ngs Z Sok,nh---,nj)

(nl,...,nJ)GCéV (TLl,...,TLJ)GCZZ\]

Z ([A7 Rs]@k,nl,..‘,npQOk,nl,‘..,nJ) (712)

N
(nl,.‘.,nJ)GCZ

Let us fix (n1,...,ny) € C) and prove that
([Av Rs]wk’,nl,---,n(]a ‘Pk,nl,...,nJ)

J
2n: + 1
=> ( - ) ([A, Rilkmy oy Phimasons) (7.13)
j=1 2

72+ 1
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We set ;
m
2= (ny + )R =300 0 A
Z;j:l 2n; +1

and, for the sake of simplicity of notations, ¢ = ¢, . n,. Using that R is selfadjoint (since R;
is selfadjoint for any j) and that ¢ is an eigenfunction of R, we get

([A, Rlp, p) = (ARp, p) — (Ap, Rp) =0

and therefore, since A commutes with Ajyyq1,...,4A,,, we get

R =

(14, Rl ) = (4, R~ Flp.9) = Y ( - ;”“) (A Rl o)

= 72+ 1

which is exactly (7.13)).

Thanks to our choice of microlocal support for A, we know that [A, R;] € VO(H™) for

1 < j < J. Combining (7.12)) and (7.13), we obtain

J
[([A, R eie)| < C Z Z

(nl,...,nJ)GCéV Jj=1

< CA(N) o132

2nj+1

5i— oo | |oknrns 112
J 22'121 o, + 1 ni,.. Ny Il L

(7.14)

where in the last line, we used ((7.9)) and the fact that the decomposition ([7.8)) is orthogonal.

In order to pass to the limit £ — +o00 in these last inequalities, we note that

(see [CHT18, Lemma 6.2] for a similar identity). Here, the Poisson bracket {- '}leg is the
Poisson bracket on the manifold (¥7,w)s ;) which is symplectic as it is defined as a product of

symplectic manifolds (recall that for m = 1, the 4-dimensional manifold ¥ is symplectic, see for
example [CHTIS]).

Since all the mass of I/év is contained in S¥ 7 by Lemma we finally deduce from (|7.14])
the upper bound

‘ [ s b, o] < CANY (532, (7.16)
J

The upper bound has been established only for aj5, the restriction to ¥z of the
symbol of an operator A of order 0 which commutes with Qy,...,Q; and Oy;,0y; and 0, for
any J+1 < j < m, and we would like to remove this commutation assumption. Let b € .#"(H)
of the form

b(g,p) =bs(q1,.--,qs,P1,---,PJ)

where (g, p) denote the coordinates in 7*H™, (g;,p;) the coordinates in the cotangent bundle of
the j-th copy of H, and by € .#°(HY) is an arbitrary 0-th order symbol supported in a subset
of T*HY where R;,Q; act as first-order pseudodifferential operators for any j € J. We consider
the operator
A= U(—t)Op(b)U(t)dt € T°(H™)
(R/27Z)7

where U(t) = Ul(ty, ..., t;) = e+-+Q0) for ¢ = (t1,...,t;) € (R/2rZ)’. By an argument
that we have already in the proof of Point (2) of Lemma (7.8)), A commutes with €; for any
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1 < j < J, and it also commutes with 8xj,8yj and 8Zj for any J + 1 < j < m. Moreover, the
principal symbol of A on SX s coincides with bs by the Egorov theorem. Using for A,
this proves that is valid for any symbol a of order 0 on H™ supported far from the sets
{p-; = 0} for j € J, without any assumption of commutation on A.

Disintegration of measures. From the equality taken in the limit N — 400, we will
deduce that 7 = fsg vJ dQY (s). Note that a simple Fubini argument does not suffice since Q7
is not the Lebesgue measure in general (it may contain Dirac masses, see Section. Instead,
we have to adapt the proof of the classical disintegration of measure theorem (see [Roh62]).

First of all, we define a measure Q7 over S as follows. It was explained at the beginning of
Section that the set .Z of half-lines issued from V and contained in V' +Ri is parametrized
by s € S7. For N € N* and 0 < £ < 2V — 1, we consider the subset of S given by

Sl = {s € Sy, s parametrizes a half-line of . contained in C’év} . (7.17)

Then we define
Q7(Sy") = v’ (S%). (7.18)

This definition is consistent thanks to the partition of V + Ri into nested positive cones:
Q7 is well-defined on any Sév and it is also additive. By the properties of the positive cones
CN, for any s € S, there exists a sequence (¢(s, N))nen+ such that Sé\(f ny € Sz converges to

S
s, in the sense that any sequence (s"V)yen+ such that sV € Sé\([ s.N) for any N € N* converges to
s as N — +o00. Therefore, by extension, (7.18|) defines a (unique) non-negative Radon measure
Q7 on S.

Given N > 1,0< /£ < 2N _ 1 and a continuous function f:927 =R, we set

1
N = fdvl¥ 7.19
¢ I/év(szj) SEJ J4 ( )

if vV (SE7) #0, and £ = 0 otherwise.

Proposition 7.10. Given any continuous function f : S¥ — R, for Q7 -almost all s € S,
there exists a real number e(f)(s) such that

féjz/:g7N) N~>_+>oo e(f)(s),

where, for any N € N*, £(s, N) is the unique integer 0 < £(s, N) < 2V —1 such that s € Sé\([s N
In the sequel, we call £(s, N') the approximation at order N of s.

Proof. By linearity of formula (7.19)), it is sufficient to prove the statement for f > 0. Therefore,
in the sequel, we fix f > 0. For N > 1, we define the function fV :S; — R by fV¥(s) = fézfs Ny

where /(s, N) is the approximation at order N of s. Note that f~ is constant on Sév for
0<e<2V —1.

For 0 < a < B < 1, we define S(«, 8) as the set of s € S such that

liminf f(s) < a < B < limsup f(s).
N—+o0 N—+o0

To prove Proposition it is sufficient to prove that S(a,3) has @Q7-measure 0 for any
0 < a < p <1 Fixsuch a, 5. For s € S(a, 3), take a sequence 1 < N{*(s) < Nlﬁ(s) < N&(s) <
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NJ(s) < .. < Ni(s) < N,f(s) < ... of integers such that fVi()(s) < a and lef(s)(s) > [ for
any k > 1. We finally define the following sets:

B Ne(s)
Ae= U Sibapw)
s€S(a8)

N{(s)

Be= |J s,
£(s, s
weSts) (s,N¢ (5))

We have S(«, ) C Ag+1 C By C Ay for every k > 1. In particular,

S(e,B) € S(a,B) = () A= () B (7.20)
keN* keN*
Ng (s)
N (s
in the other. Consequently, Ax may be written as a disjoint union of such sets, denoted by Ag/.
Therefore,

Given any two of the sets S, o ) that form Aj, either they are disjoint or one is contained

£aQ7 =3 [ 107 < 30 a@7(4F) = aQ(4y)
Ak k! AZ k!
and analogously, with similar notations,

£aQ7 =3 [ 1407 > 37 pQ7(BE) = 507 (B).
By W BR K’

Since By, C Ay, we get aQ (Ay) > BQJ(Bk) Taking the limit k — +o0, it yields aQ7 (S(a ,0)) >
BQY (S(av, B)), which is possible only if Q7 (S) = 0. Therefore, using ( (720), we get Q7 (S) =0,
which concludes the proof of the proposition. O

From ([7.11)) and (7.19), we infer that for any N > 1

2N —1 2N —1
far = 3 [ g = 3 v s5)
(=0 /587 =0

S

and the dominated convergence theorem together with the definition of Q7 and Proposition

[7.10] yield
[ g /S e(£)(5)dQ7 (s). (7.21)

We see that for a fixed s € Sz,
COS57,R) 3 f - e(f)(s) € R

is a non-negative linear functional on CO(S Y 7,R). By the Riesz-Markov theorem, there exists
a unique Radon probability measure v¢ on SY. 7 such that

e(f)()= [ favd. (7.22)
ST
Putting (7.21)) and (7.22)) together, we get
fav? = | favi’ ) dQ7 (s)
5% Sy \Jsz,

which is the desired disintegration of measures formula.
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Conclusion of the proof. There remains to show that Y is invariant by 7. Let a €
SY(H™) be supported in cone of T*H™ whose intersection with some conic neighborhood of
the set {pzj = 0} is reduced to 0, for any j € J. For Q7 -almost every s € Sz, we have

[ tapfiad = cllani i) (v @)

1
= lim —— [ {ap7}dvl, (7.23)
N—+o0 Vt{\(]s,N)(SEJ) 55 £(s,N)
< i N 1
NirfmCd( ) (by (7.16))
=0

with the convention that if the denominator in is null, then the whole expression is null.
For an arbitrary a € .%Y(H™), taking a sequence a,, € .#°(H™) whose support has the above
property and such that a, — a in SX 7 (in the space of symbols) as n — +o0, we see that
the above quantity also vanishes since v¢ has finite mass and {an,p?} — {a,p?} in S¥ 7 as
n — +oo. This implies that v¥ is invariant by the flow etﬁsj, which concludes the proof of
Theorem [l

Remark 7.11. Contrarily to those of flat tori (see [Jak97]), the Quantum Limits of H™ (or,
more precisely, their pushforward under the canonical projection onto H™) are not necessarily
absolutely continuous. It was already remarked in the case m = 1 in [CHTIS8, Proposition

3.2(2)].

7.3 Proof of Theorem [10

In this section, we prove Theorem [I0] The four steps are the following:

1. In Lemma and Lemma we prove the result for a fixed 7 € P\ {0}, Q7 the Dirac
mass at some s € Sz, and vY € Z(S*H™)

(i) has no mass outside S 7,

(ii) is invariant under the flow of p¥,

(iii) and is in a simple tensor form that we make precise below.
In other words, if vo, = vJ with v7 satisfying (i), (ii) and (iii), then it is a QL.

2. In Lemma we extend the result of Step 1 to the case where (iii) is not necessarily
satisfied, i.e., Voo = v¥ satisfies only (i) and (ii).

3. In Lemma [7.18] we extend the result of Steps 1 and 2 to the case where v, € gy, has
no mass outside SX. 7 for some J € P\ {0}, i.e., voo = /7.

4. Finally, using the previous result for all 7 € P\ {0}, we prove Theorem[10]in full generality
(i.e., for arbitrary vo € Pgy).

The specific algebraic structure of sp(—A) plays a key role at each of these four steps. Note that
similar roadmaps have been followed in different but related contexts, see [JZ96] and [Stul9].

The map ¥ — H™ xR™, (¢,p) — (¢, P2, - - -, Pz, ) is an isomorphism, and thus, in the sequel,

we consider the coordinates (q,ps,, .- .,Dz,) on X and the coordinates (¢,pz, : -+ : ps,,) on S%,
where the notation p,, : --- : p,,, stands for homogeneous coordinates.
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Let us summarize the proof, which uses in a key way the precise description of the spectrum
of —A (see Section [7.2.2)) and the knowledge of the flows of the Hamiltonian vector fields p¥ .

Remark 7.12. Projecting the flow of 57 on M, we obtain straight lines described by changes
proportional to s; in the z; coordinates, for j € J. Once all coordinates x;,y; (for 1 <i < m)
and z; (for i ¢ J) have been fixed - since they are preserved by the flow -, these straight lines
are similar to the lines given by the geodesic flow on the flat |7|-dimensional Riemannian torus
in the variables z; (for j € J).

We fix J € P\ {0}. Since any two of the operators R; and Qj for j,j" € J commute,
the orthogonal decomposition can be refined: more precisely, given (n;) € N7 and () €
(Z \ {0})7, we consider the joint eigenspace 7—[‘({1.)7(&) C L*(H™) on which the operator 19,
acts as «; and € acts as 2n; + 1. Y

Voo 18 obtained as a QL of a sequence of normalized eigenfunctions (g )gen+ which is described
through its components in these eigenspaces. Moreover, each of the four steps is achieved by
taking linear combinations of eigenfunctions (with same eigenvalues) used in the previous step.

Therefore, the number of eigenspaces H‘g@ (@) used for building (¢ )ren+ increases at each step.
J/2\g

In order to achieve Step 1, we focus on the eigenspaces ’Hgl 3 (ay) corrreponding to
I\
2t o and MaPE
Zie._’](Qn’i + 1) o pzj/

for any j,j' € J.

For Step 2, we add the results of the previous step for different p € S¥ 7, and we take care
that each term in the sum corresponds to the same value of —A. Hence, (n;) € N7 is the same
as in Step 1, but we use various (a;) € (Z\ {0})7 to reach all p.

For Step 3, we add the results of Step 2 for different s € S 7. Therefore, we use the eigenspaces
”H‘(ZLJ,)’( o) also for different (n;) € N7. Finally, in Step 4, we sum the sequences obtained at Step
3 for J ranging over P \ {0}.

In order to describe the measures in a “tensor form” which we consider for Step 1, we need
to introduce a few notations.

Notations. For the first three steps, we fix 7 € P\ {0}. Any s € Sz can be identified to
some homogeneous coordinate p,, : --- : p,,. (with p,, = 0 for ¢ ¢ J), in a way which does not
depend on ¢ € H™. Thus, for any ¢ € H™, t € R and s € Sz, it makes sense to consider the
point ¢ + ts € H™, which has the same coordinates x; and y; as ¢ for any 1 < j < m (only the
coordinates z; for j € J change).

Let us consider the set

Mj={q+ts, tc R} CH"
where the bar denotes the closure in H™. The set My is a submanifold of H™ of dimension
dy < m, and we denote by 7 the Hausdorfl measure of dimension dj on M.

For any (¢,p) € S¥ and any ¢ € H™, it makes sense to consider the point (¢’, p) € S3, which
is the point in the fiber of S¥ over ¢ that has the same homogeneous coordinates p,, : --- : p,,,
as p.
Lemma 7.13. Let (¢,p) € SX7 and s € Sz be such that there exists a J-tuple (n;) € N7 with
2n; + 1
=l (7.24)

> (2ni+1)

eJ
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for any j € J. Then, the measure 7, ® 0p is a Quantum Limit. [The associated sequence of
normalized eigenfunctions is specified in the proof, see also Remark /

Proof. Since the s; are pairwise rationally related, the mapping ¢ — g+ts is periodic and dy = 1.
Without loss of generality, we assume that J = {1,...,J} for some 1 < J < m.
We construct a sequence of eigenfunctions (¢ )ken+ of —A which admits pj , as unique

Quantum Limit. In our construction, for any & € N*, ¢ belongs to the eigenspace ’H( for

n;),(a;)
some (n;) € N7 and some () € (Z\ {0})7, and it does not depend on the variables in the i-th
copy of H for i ¢ J. Our goal is to choose adequately the J-tuples (n;) and (). Note that a
similar argument for m = 1 is done in the proof of Point 2 of Proposition 3.2 in [CHT1S].

We fix a sequence of J-tuples (a1, ..., ) € (Z\ {0})7, for k € N*, such that:

e Forany 1 <j<J, ajp — 400 as k — +00, so that for any 1 < j, j' < J, there holds

I ¥ (7.25)
Qj  k—+oo
e Forany 1 < j,5' < J, N )
5k Zj
Qgk -, P (7.26)

Y
Qi K k—+o00 pzj,
where p,, : --- : p,,, are the homogeneous coordinates of p in S.

Now, for any k € N*, denoting by 1 the constant function equal to 1 (on some copy of H),

we define
=P®..001®...01, 7.27
p=0,®..00,R1®...® (7.27)

m—J times

where, for 1 < j < J, ' ‘
Oy (25,5, 25) = Gn (s, y;)e o+

is an eigenfunction of —A; (on the j-th copy of H) with eigenvalue (2n; + 1)|a;x|. The precise

form of ¢, ; will be given below.

Using and the proof of T heorem notably the pseudodifferential operators P intro-
duced in , we obtain that the mass of any Quantum Limit of (¢k)ken+ is contained in S 7.
Moreover, from the decomposition into cones done in Section and the equality , we
infer that any Quantum Limit of (¢ )ren+ is invariant under 5.

In the next paragraphs, we explain how to choose ¢;; with eigenvalue 2n; + 1 in order to
ensure that (¢r)ren+ has a unique QL, which is 1o p- For the sake of simplicity of notations,
we set o = ;. The eigenspace of —A; corresponding to the eigenvalue (2n; + 1)|a| is of
the form (A})™ (ker(Aqy))e’®*, where Aq = 0y, + i0,; + iax; locally, and, accordingly, A% =
—0y; + 0y, + iax; locally (see for example [Col84, Section 2]). This follows from a Fourier
expansion in the z; variable, which gives

—-Aj = @Bw where B, = ATA, + for v € Z.
YEZ

2
We note that the function f;(z;,y;) = cx exp(—a% + 2 (z;+1iy;)?) (normalized to 1 thanks
to c¢g) is a quasimode of A,, as o — +oo, for the eigenvalue 0. Moreover, a well-known
computation on coherent states (see Example 1 of Chapter 5 in [Zwol2]) guarantees that for
any a € SO(R?™),
(Op(a)(A2)"™ fik, (Aa)™ fix) — a(0,0).
—+00
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In other words, (A%)™ f;x, seen as a sequence of functions of R*™, has a unique Quantum Limit,
which is dg 0.

Now, using that the spectrum of B, has gaps that are uniformly bounded below, this property
is preserved when we consider eigenfunctions of —A;: when « varies, the projection CIDfC of
(A% f; e onto the eigenspace of —A; corresponding to the eigenvalue (2n; + 1)|a| has a
unique QL, which is J4 ® d,. The Dirac mass at p comes from and from Lemma
applied, for any 1 < ¢,5 < J to the operator ﬁ' — 5". Note that the point ¢ = 0 plays no
specific role, and therefore any measure J° ® 4, can be obtained as a QL, when dg = 1 and
under (|7.24]). O

Lemma 7.14. Let (¢,p) € S¥7 and s € Sy be arbitrary. Then, the measure K’ ® 6, is a
Quantum Limit. [See Remark for the description of the associated sequence of normalized
eigenfunctions./

Proof. We still assume that J = {1,...,J}. Using Lemma we can assume that ¢ € H™
and s € S; verify either dj > 2, or dj = 1 but (7.24)) is not satisfied. In both cases, the following
fact holds:

Fact 1. The measure 7 is in the weak-star closure of the set of measures f%’jl‘?/ for which
dfli =1 and (7.24)) is satisfied.

Let us denote by TY = (R/27Z)” the Riemannian torus of dimension #.J equipped with
the flat metric. Due to Remark proving Fact 1 is equivalent to proving the following fact,
called Fact 2 in the sequel: if v is a geodesic of TV and 2, is the Hausdorff measure on -, then
JC, is in the weak-star closure of the set of measures %, with 7/ a periodic geodesic of T of
slope (s1,...,sy) verifying for some J-tuple (nq,...,ny). Let us prove Fact 2.

In case dy > 2, possibly restricting to the flat torus given by the closure of v, we can assume
that v is a dense geodesic in TY. To prove Fact 2 in this elementary case, we take a sequence
of geodesics (7, )nen+ contained in TY | with rational slopes given by J-tuples (st,...,s7) of the
form , and which become dense in TY as n — +oo.

For the case dj = 1 where is not satisfied, similarly, we take a sequence of geodesics
with rational slopes which converges to . This proves Fact 2 and hence Fact 1 follows.

Since the set of QLs is closed, Fact 1 implies Lemma [7.14] O

Remark 7.15. Note that, following the proofs of Lemma and Lemma any measure
H; ® 6p is a Quantum Limit associated to a sequence of normalized eigenfunctions (¢r,)ken

such that, for any £ € N*, ¢ belongs to some eigenspace HT In particular, ¢ is an

(n5,5):(aj,1)"

eigenfunction of ; for any j € J.

Note also that to guarantee this last property, it is not sufficient to invoke, at the end of the
proof of Lemma the closedness of the set of QLs: it is necessary to follow the proof of this
fact, which consists in a simple extraction argument.

Lemma 7.16. Let s €Sz andvy € P (S*H™) having no mass outside SY. 7 and being invariant
under pY . Then vy is a Quantum Limit. [See Remcu"k‘for the description of the associated
sequence of normalized eigenfunctions.]

Proof. Let us consider the set 227 C 22(S*H™) of probability measures
v = ) B0, (7.28)
(gi:pi)€E

where i ranges over some finite set F, & is a set of pairs (g;, p;) € S, and §; € R.
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We consider vy € 27 defined by (7.28). Note that if i # i/, either Hy @ Op;, = %”5 ® Opr,
or the supports of 7’ ® J,, and jf ; ® 6y, ; are disjoint. Therefore, poss1bly gatherlng terms in
the above sum, we assume that the supports of H} ® dp, and jf ® 4, ; are disjoint as soon as
i £

For ¢« € F, using Lemma and Lemma [7.14] we consider a sequence of eigenfunctions
(¢} )ken+ with eigenvalues (A})ren+ and whose unique QL is 77 ® dp,. According to the proof

of these lemmas (see also Remark [7.15)), we can also assume that gok € ’Hgl (el ) for some
s ik
J-tuples such that ’

f = Z(Q”j,k + 1)]e
JjeJ
does not depend on ¢ € F. In other words,

o forany 1 < j < J, go}; is also an eigenvalue of (}; with eigenvalue n;; which does not
depend on i € F;

e for any 4,7 € F, )\}; = X,‘: and we denote this common value by Ax. This means that for
any ¢ € F, goij belongs to the eigenspace of —A corrresponding to the eigenvalue Ag.

Since 7 ® 0p, and %”3 ® 5 have disjoint supports, the joint microlocal defect measure of
(¢% )ken+ and (S%)keN* Vamshes for 7 # i’ by Lemma . It follows that
ok =Y Bigh
i€EF

is an eigenfunction of —A with eigenvalue )y, and that in the limit k — 400, it admits v/ as
unique Quantum Limit.

Finally, we note that any vJ € 2(S*H™) having all its mass contained in S¥7 and belng
invariant under p¥ is in the closure of #27. Since the set of QLs is closed, Lemma is
proved. ]

Remark 7.17. The above proof shows that v, = v¢ is a QL for a sequence (¢, )ren+ such that

i belongs to
J
D M
(aj)€(Z*)7
for some J-tuple (n; 1) € N which depends only on k € N*.

Lemma 7.18. Let J € P\ {0}, and
v = [ wdQ7(s)
Sg

for some Q7 € P(S7) and vJ € @(S*Hm) having no mass outside S 7 and such that, for
Q7 -almost any s € Sz, p7 j = 0. Then v is a Quantum Limit. [See Remark- for the
description of the assoczated sequence of normalized eigenfunctions./

Proof. As in the previous proofs, we assume without loss of generality that J = {1,...,J} for
some 1 < J < m. Let (s*)c, be a finite family of distinct elements of Sz indexed by £, and
let v € R for ¢ € L. For any ¢ € L, let also v, with mass only in S¥ 7, be invariant under the

flow of ﬁgg Let us prove that
I — Z’YEVSZ (7.29)

el
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is a Quantum Limit. This corresponds to the case where the measure @7 on S is given by

T = Zveése.

el

For any ¢ € L, we take (cpk) ren* to be a sequence of eigenfunctions of —A whose umque
QL is ve. As emphasized in the proof of Lemma [7.16 . it is possible to assume that gpk is an
eigenfunction of €; for any 1 < j < J, with eigenvalue 2nt sk T 1 such that

ot +1
7,k V4
y e (7.30)
> (@nfy) +1
=1

where st = (s{,...,s%).

Let us prove that the joint microlocal defect measure v of (ka) ken+ and ( ) ken+ vanishes
for £ # ¢': we note that for Op(a) commuting with 2, ..., Q,,, with a € .Z°(H™),

(2”§,k + 1)(019(@)90%7%,) = (Op(a)2 J‘le k)
= (Op(a)¢}, )
= (2nf, + 1)(Op(a)¢}, o)

From and the fact that s* # s*, we deduce that, for any sufficiently large k € N*,

there exists 1 < j < J such that n?k #* nflk Hence, the above computation shows that

(Op(a)cpf;, Lpil) = 0 for sufficiently large k € N*. Therefore,

/ adl/g,g/ =0.
S*H™

Since vy and v give no mass to the complementary set of S¥ 7 in S*H™, we know that it is
also the case for vy by Lemma Therefore, if b € .#°(H™) is arbitrary, averaging Op(b)
with respect to the operators Q1,...,€Q; as in Lemma we obtain an operator A € WO(H™)
such that op(A) coincides with b on ¥ 7, and A commutes with Q4,...,Q;. Therefore,

/ de&g/ = / bdl/&gl = / Up(A)dV&gl = 0,
S*Hm Spop 5%z

and since this is true for any b € .°(H™), we conclude that vy = 0.
This implies that the sequence given by

ol => 7o

el

admits 7 as unique QL, where v is defined by (7.29). Note that to ensure that gpkj is still
an eigenfunction of —A, it is necessary, as in the proof of Lemma [7.16] to adjust the sequences
(nﬁ’k) and (« ]k) in order to guarantee that all ¢ (for £ € L) are eigenfunctions of —A with
same eigenvalue.

We notice that the closure of the set of Radon measures on S% 7 which may be written as a
finite linear combination (7.29) is exactly the subset of Pgy; for which Q7" = 0 for any J' # J.
Using that the set of QLs is closed, Lemma is proved. O
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Remark 7.19. The above proof shows that vs = 7 is a QL for a sequence of normalized
eigenfunctions (g )ren+ such that ¢x belongs to

D D i

(n;)eNT (aj)e(z*)T

Let us now finish the proof of Theorem Let vy € Hgy,

Voo = Z v,

JeP\{0}

Note that the measures v are non-negative, but are not necessarily probability measures.

Let ((pkj Jken+ be a sequence of eigenfunctions of —A whose unique microlocal defect measure
is v7. The proof of Lemma guarantees that, for any k£ € N*, one may choose all gokj , for J
running over P \ {(}, to have the same eigenvalue with respect to —A. Therefore,

or= > @

JeP\{0}

is also an eigenfunction of —A. Moreover, for any distinct J, J’ € P\ {0}, the joint microlocal
defect measure of (@g)keN* and (gokjl)keN* vanishes (see Lemma. Computing (Op(a)¢k, k)
for any a € °(H™) in the limit k — +o00, we obtain that the unique Quantum Limit of
(¢r)ren+ 18 Veo. Note that, as already explained in Remarks [7.15] [7.17] and [7.19] the sequence
(pr)ken~+ is fully explicit in our construction.

Finally, we note that the invariance properties of v, can be established separately on each
S¥. 7 since ([A, Rs]gakj,gokjl) — 0 as k — 4oo for J # J' (the bracket [A, R, is the natural
operator to consider for establishing invariance properties, see Section . This concludes
the proof of Theorem

Remark 7.20. The exact converse of Theorem [9] would guarantee that all measures v €
P(S*H™) of the form v = Bv? 4+ (1 — B)vs with the same assumptions on 8, v and v
as in Theorem [9] are Quantum Limits. Our statement is weaker since it does not say anything
about the measures v for which 8 # 0 (which are rare, as stated in Theorem E[), but we do not
think that a stronger converse statement for Theorem [9] holds.

Remark 7.21. Theorems [9] and [I0] remain true for slightly more general sub-Laplacians than
those considered here. Indeed, for any d € N, one can consider the (2d+1)-dimensional Heisen-
berg group ﬁd and its quotient Hy = Fd\ﬁd by the discrete cocompact subgroup I'y =
(vV27Z)?? x 2rZ. Then, one can define as in Section a natural sub-Laplacian Ag, on
H, (see Section . Given a finite sequence of positive integers d, ..., d;,, one can consider
the associated sub-Laplacian on Hg, x ... x Hy,, defined as in (1.40). Then, Theorems [9and
are still true in this setting (mutatis mutandis). However, for the sake of clarity of presentation,
we found it preferable to write full details only in the case d1 = ... = d,, = 1, since it already
contains the key ideas.

Remark 7.22. The problem of identifying other families of sub-Laplacians for which a full
characterization of QLs is possible is open; it requires to identify a family of 1-homogeneous
Hamiltonians on ¥ replacing the family (p7). E.g., for the quasi-contact sub-Laplacian 92 +
(0y — x0,)? + 02, defined on H x (R/27Z), it does not seem possible to identify such a family
because of the additional 02 term which is separated from the RQ-factorization of the rest of
the sub-Laplacian.
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7.4 Links with non-commutative harmonic analysis.

The point of view taken in this chapter is definitely Euclidean, meaning that we do not use
pseudodifferential calculus adapted to the stratified Lie algebra which possibly shows up while
studying sub-Laplacians. However, our results share connexions with important problems in
non-commutative Fourier analysis.

It is possible to use the stratified Lie algebra structure to study the spectral theory of (nilpo-
tent) sub-Laplacians, as done for example in [FEF21]. This work builds upon non-commutative
harmonic analysis (see [Tay86]) to develop a pseudodifferential calculus and semiclassical tools
“naturally attached to the sub-Laplacian”. It is very likely that one could have given a proof
of Theorems [9] and [10] based on similar tools as in [FEF21]. The point of view we adopt in the
present chapter is different: it only requires “classical” pseudodifferential calculus (briefly re-
called in Appendix since there is still enough commutativity and ellipticity from the choice
of operators under study. Beside making the results more accessible to some readers, it allows us
to isolate in each eigenfunction the piece which is responsible, in the high-frequency limit, for a
given part of the QL. Moreover, our method only builds upon abstract commutation arguments,
at least for Theorem [8] and in particular it avoids the computation of irreducible representations
which are always specific to certain families of groups (e.g., H-type groups in Chapter |4 and
[FE21]).

Part of our results can be reinterpreted through the light of noncommutative harmonic
analysis. For example, the part of the QL in U* M, namely Sv/” (see ), is described in [FE21]
as the part of the semiclassical measure supported above the finite dimensional representations
79 (see [FF21, Section 2.2.1]), and the fact that S? = 0 for “almost all” QLs (see Proposition
can be recovered from the fact that the Plancherel measure denoted by |A|¢d\ in [FF21]

gives no mass to finite-dimensional representations.

Also, in the setting covered by Theorems [J] and i.e., products of quotients of the Heisen-
berg group, the joint spectrum of (A1, ..., Ay, i710,,,...,i710,, ), which can be drawn in R?*™
is called “Heisenberg fan”. This terminology was introduced in [Str91] for the 3D Heisenberg
sub-Laplacian; in our case, this fan consists in a discrete set of points which can be gathered
into lines (see [Str91, Figure 1]). In case m = 1, the subset of points (or joint eigenvalues)
corresponding to 902 and ¥ in the statement of Theorem @ can be seen as points close to the
vertical line {0} x R C R?. Similar descriptions can be given in case m > 2. Also, let us
mention that we could derive from the proof of Theorem 8] a generalization of the definition of
the Heisenberg fan to any sub-Laplacian satisfying Assumption (A), as the joint spectrum of
(~Agyus| Z1l, . | Zun))-

Let us also mention that sub-Laplacians on products of Heisenberg groups (and, more gen-
erally, on “decomposable groups”) were analysed in [BFG16] with a non-commutative harmonic
analysis point of view in order to establish Strichartz estimates (see notably [BFG16, Section
1.4 and Corollary 1.6]).

7-A  Supplementary material
7-A.1 Proof of two lemmas
Let us prove Lemma [7.1] of Section

Proof of Lemma[71} If a € .#°(M) is such that a > 0 and a is supported in a set where 17 = 0,
then, setting a. = a + ¢ for any ¢ > 0, we get

(Op(ac)ug, v) = (Op(al/?)uy, Op(al/?)vy) + o(1) < [|Op(al/*)ugl| 2 | Op(al/?)vg| 2 + o(1)
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where al/? € O(M). We know that
I0p(al/?)uk |72 = (Op(ac)ur, ur) + o(1) = (Op(a)uk, ux) + €llur]|3 + o(1) = &l|ug||* + o(1)

and that HOp(a,;/Q)ka%2 < (C+e)l|vg||? where C does not depend on €. Therefore (Op(ag)ug, vi) <
. Hence (Op(a)ug,vi) — 0. The same result holds for a < 0 supported in a set where 117 = 0.
Therefore, decomposing any symbol as a = a* + a~ + r, where a™,a=,r € (M), a* > 0,
a” <0, and |r| < § for some small § > 0, we get that p;2 is absolutely continuous with respect

to p11. The rest of the lemma follows by symmetry. O

Lemma 7.23. Let us assume that £ € N and P € V(M) is elliptic in any cone contained in the
complementary of a closed conic set F C T*M. Assume that (uy)gen+ s a bounded sequence in
L?(M) weakly converging to 0 and such that Puy — 0 strongly in L?>(M). Then any microlocal
defect measure of (ux)gen+ is supported in F.

Proof. Let p be a microlocal defect measure of (uy)ken-, i-e.,

(Op(a)tg(r), to(k)) e S*Madu

for any a € (M), where o is an extraction. Let a € .#°(M) be supported outside F. Let
Q € V(M) be such that PQ — I € ¥~}(M) on the support of a. Then QOp(a)P € ¥O(M)
has principal symbol a, and therefore

(QOP(a)Pug(r), to(r) , S*Madu.

Using that Pu, i) — 0, we get (QOp(a) Pug(k), Ug(r)) — 0as k — +o00, and therefore fS*M ady =
0. Hence, p is supported in F'. O

7-A.2 Supplementary material on Assumption (A)
The Martinet sub-Laplacian

In this Section, we provide an example of a sub-Laplacian on a compact manifold which satisfies
Assumption (A) but which is not step 2, meaning that brackets of length > 3 of the X; are
required to generate the whole tangent bundle, see (|L.1).

For that, we consider M = (R/27Z)% with coordinates x,, z, endowed with the Lebesgue
measure dy = dxdydz. Let A be a smooth 1-form A = A,dx + Aydy, where A, and A, depend
only on z and y. The 2-form B = dA = (0,4, — 0yA;)dx A dy is the “magnetic field” and
b= 0,A, — 0yA; is its “strength”. We consider the sub-Riemannian structure associated to the
vector fields Xy = 0, + A;0. and Xo = 0, + A,0.. Then, [X1, X3] = b0,. Now, we choose A
so that b vanishes along a closed curve in (R/ QWZ)EW, and (0;b, 0yb) # 0 along this curve. This
construction is classical, see Example and [Mon95]. When adding the z-variable, this yields
a surface . C M, called Martinet surface, on which [X7, X3] = 0 but some bracket of length
3 of X1, Xy generates the missing direction of the tangent bundle thanks to (0,b,0,b) # 0. In
other words, the sub-Riemannian structure has step 3 on .. Nevertheless, Assumption (A) is
satisfied with Z; = 0,.
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7-A.3 Quantum Limits of flat contact manifolds

The study of Quantum Limits of higher dimensional contact manifolds is also an interesting
problem. In this section, we prove that for the sub-Laplacian defined on the quotient of the
Heisenberg group Hy of dimension 2d + 1 by one of its discrete cocompact subgroups, the
invariance properties of Quantum Limits are much simpler than those described in Theorem [9]
even though “frequencies” show up: the part of the QL which lies in S¥ is invariant under the
lift of the Reeb flow, as in the 3D case.

For d > 1, we consider the group law on R2¥+1 given by
(z,y,2)* (@,y, )= (@ +2" y+y, 2+ —z-y)

where z,2,y,y € R and z, 2 € R. The Heisenberg group H, is the group Hy = (]RQA“}H,*).
We consider the subgroup I'y = (v277Z)%¢ x 217 of Hy, and the left quotient Hy = I'y\Hy. We
also define the 2d left invariant vector fields on Hy given by

X; =0y, Y;j=08, —x;0.

for 1 < 7 <d Wefix f1,...,8q > 0 satisfying H;l:lﬁj =1, we set 8 = (f1,...,84) and we
consider the sub-Laplacian

d
2 2
j=1
which is an operator acting on functions on Hy. The positive real numbers 3; are sometimes
called frequencies, see [Agr96|.

We set p = hz|s, which is the Hamiltonian lift of the Reeb vector field Z = 0, to X (see
[CHT18, Section 2.3] for properties of the Reeb vector field).

Proposition 7.24. Let (¢ )ren+ be a sequence of L?(Hy) consisting of normalized eigenfunc-
tions of —Ag. Then, any Quantum Limit v associated to (¢ )ren+ and supported in S¥ is
invariant under e'?, the lift of the Reeb flow.

Remark 7.25. This result follows from [FF21] Theorem 2.10(ii)(2)], but we provide here a
simple self-contained proof which illustrates the averaging techniques used in Section [7.2.3

Remark 7.26. We do not expect such a result to be true when the frequencies 3; are not
constant on the manifold.

Proof of Proposition[7.24. Denoting by (q,p) the canonical coordinates in T*Hy, i.e.,
q= (331’ cesXdy Y1y -5 Ydy Z) and p = (p:rlv <oy PzgsPyrs - - - apydapz)v we know that

¥ ={(q,p) € T"Hy, Pa; = Dy; — TjPzy; = 0}

is isomorphic to Hy x R.

Up to extraction of a subsequence, we may assume that (¢g)ken+ has a unique QL oo,
which is supported in S¥. We set R = /030, and, on its eigenspaces corresponding to non-zero
eigenvalues, we define Q; = —}Tl(X]2 + Yf) = —(Xj2 + YjQ)R*1 for 1 < 7 < d. On these
eigenspaces, the sub-Laplacian acts as

d
~Ag=RQ=0QR with Q=Y B,
j=1



222 CHAPTER 7. QUANTUM LIMITS OF SUB-LAPLACIANS

and [R, Q] = 0.
Let V be a (small) conic microlocal neighborhood of ¥, and let us consider R, () as acting
on functions microlocally supported in V' (meaning that their wave-front set is contained in V).
If B € W9(Hy) is microlocally supported in V and commutes with 2, then
S _ L
Ak Ak
1 1
= ~—(BRyy, RQpy) — -~ (RBRQyx, ¢y)
Ak Ak

([B, Rk, pr) = — (BRpk, —Apgpr) (RB(—Ag)pk, x)

1
k
= 0.

Let U(t) = Ulty,...,tq) = elt@itettaa) for  — (t;,... ty) € (R/27Z)%. For A € WO(Hy)
microlocally supported in V', we consider

A= / U(—t) AU (t)dt
(R/277Z)4

As in the proof of Lemma we know that [A4,Q] =0 and that op(A) and op(A) coincide on
3. Therefore, using the previous computation with B = A, we obtain

/ {op(A), Plumdvae = / {op(A). Pluydvee = lim ([A, Rlgr, o) = 0.
by by

——+o00

Since it is true for any A microlocally supported in V, this implies that v, is invariant under
the flow e'?. O



Chapter 8

Perspectives and open questions

“J’ai souhaité comprendre le coeur des hommes;
j’ai souhaité comprendre pourquoi les étoiles brillent.”
Bertrand Russell.

This concluding chapter gathers some perspectives and open questions related to the present
manuscript.

8.1 Singular curves

At the microlocal level, the two main specificities of sub-Riemannian geometry, compared to
Riemannian geometry, are the existence of the characteristic cone ¥ (see (|1.5))) and, in some
but not all sub-Riemannian distributions, the existence of singular curves, and hence of abnormal
extremal lifts.

The characteristic cone. The characteristic cone is by now well understood. At the “clas-
sical” level (at the level of geometry, and not of operators), it is responsible, for example, for
a “spiraling” of normal geodesics around curves transverse to the distribution, see [CHT21al],
[Let20D).

Several works have also been devoted to the influence of the characteristic cone on the
“quantum” level, i.e., that of operators: see for example [MS78al, [CHT21b] for asymptotics of
eigenvalues, [CHT1S], [CHT21b], [Let20a] for the repartition of eigenfunctions (in particular,
quantum ergodicity), and [BS19], [LS20], [FL21] for the propagation of energy (observability).

Singular curves. Singular curves, in particular when they are minimizing, remain more mys-
terious. Since their discovery in the 90’s by Montgomery [Mon94], many efforts have been
devoted to understand the “classical” aspects of singular minimizers: for example, are they al-
ways smooth? (still open, see [HL16] for a recent breakthrough); do they exist generically? (see
[CJT06]); how do they influence the regularity of the sub-Riemannian distance? (see [AGO1]),

But the effects at the level of operators (“quantum” level) of the presence of singular (mini-
mizing) curves are still poorly understood. This is due to the fact that many usual tools do not
detect the presence of singular curves. For example, in [CHT21b], precise Weyl laws (i.e., the
asymptotic distribution of eigenvalues and eigenfunctions) are established even in the presence
of singular curves, but singular curves have no real influence on these asymptotics: roughly
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speaking, what only matters in these asymptotics is the growth vector. Indeed, the problem
of establishing Weyl laws is related to that of establishing small-time asymptotics of subelliptic
heat kernels (see [CHT20]), but the heat kernel “is too rough to see singular curves”.

In Riemannian geometry, the correspondance between classical and quantum aspects relies
on the Hamiltonian framework (think of Egorov’s theorem for example), but in sub-Riemannian
geometry, singular curves are not directly related to the Hamiltonian framework: their existence
is dictated by the distribution, not the metric (or equivalently the cometric). The only works
available which show the effects at the quantum level of singular curves, namely [Mon95], [Sav19]
and [CL21], are thus devoted to only particular sub-Laplacians, for which, in some sense, explicit
computations or “normal forms” can be derived (for example, quasi-contact or magnetic sub-
Laplacians).

The work [Mel86], revisited in [Let21b], could pave the way to a general understanding of
the interplay between classical and quantum level in the presence of singular curves, thanks to
the cones T, (see Chapter , which generalize the usual Hamiltonian framework.

8.2 Magnetic fields

The first examples of minimizing singular curves, exhibited in [Mon94], were inspired by the
study of magnetic fields. Indeed, there is a dictionary between some S!-invariant sub-Riemannian
geometries on a manifold M with a codimension one distribution transverse to the action of S!,
and magnetic fields on the quotient X = M/S!. A first illustration has been given in Example

Let us describe this correspondance, following [Coll6] (unpublished). We assume that M is
equipped with a free action of S! (with coordinate ) given by m + 6-m. Let D be a distribution
on M which is transverse to the action of S' and invariant under the differential of the action,
and g be a metric on D which is also invariant under this differential. Then, M is a (principal)
bundle over X = M/S! with projection p : M — X, and D is an Ehresmann connection on
this bundle (see [Mon02), Section 11.1]). The distribution D is the kernel of a 1-form ©, which
is normalized by ©(dy) = 1. On every open subset U of X where the bundle is trivialized, i.e.,
M = U x S! with the action (x,¢) — (z,0 + ¢), the form © is given by © = d¢ + p* A where A
is a 1-form on X. The 2-form dA = B on X is called the magnetic field, and it does not depend
on the choice of the trivialization. For more more on this, see [Mon94], [Mon95], [Mon02].

This approach relates results in sub-Riemannian geometry with results for magnetic fields,
both at the “classical” level (sub-Riemannian geodesics versus trajectories in magnetic fields)
and at the “quantum” level (spectral asymptotics of sub-Laplacians versus magnetic Schrodinger
operators). This is interesting because the classical motion of a charged particle in a varying
magnetic field is a well-studied problem, especially in view of the important applications to
physics (charged particles in the earth magnetic dipole, plasma physics, ...).

If X is oriented and of dimension 2 (thus M has dimension 3), then B = b dvolx for some
function b on X. The sub-Riemannian metric g is contact at any point where b # 0 and it has a
Martinet singularity along the curves where b = 0 and db # 0. Also, the quasi-contact case (in
which M has dimension 4) is related to magnetic fields in dimension 3. In this case, there exist
some nontrivial singular curves that correspond to lines of the magnetic field.

This powerful dictionary could serve as a motivation and as an inspiration to study physical
phenomena with a hidden sub-Riemannian geometry, such as magnetic mirrors (see Part 2 of
[Mon02] for other physical examples).
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8.3 Propagation of singularities

Our third focus in this concluding chapter is not related to singular curves; it illustrates on an
example the problem of adapting classical notions of Riemannian geometry (or elliptic PDEs)
to the “stratified setting” given by the sub-Riemannian flag. This example is the problem of
propagation of singularities, already addressed in Chapters [5] and [6] Recall that, using for the
definition of singularities the usual notion of wave-front set due to Hérmander,

e Chapter [5] explains how singularities of general subelliptic wave equations propagate;

e Chapter [0] constructs an explicit example where singularities propagate along abnormal
extremals. It can probably be extended to more general geometries, starting with non-flat
quasi-contact metrics and non-flat Martinet metrics.

We speculate that a different notion of singularity, adapted to sub-Riemannian geometry (i.e.,
taking into account the number of brackets needed to generate each direction), would yield more
refined results for what concerns the propagation of singularities contained in the characteristic
set (¢*)71(0). To say it differently, Theorem implies that in the absence of abnormal extremals,
singularities pointing in a characteristic direction do not move as time evolves. But this might
be due to the fact that the right notion of singularity in this region of phase-space is not the
usual one with Hormander’s wave-front set. Semiclassical tools adapted to the graded structure
of the sub-Riemannian tangent space as in Chapter [4| might indicate what should be this refined
notion of singularity.

However, the transposition to the non-group setting of the tools of Chapter [4]is not straight-
forward. By that, we mean that if the sub-Riemannian manifold under study does not derive
from a group (e.g., H-type groups), representations do not make sense, and non-commutative
harmonic analysis cannot directly help. The hope is that the tangent space of sub-Riemannian
manifolds has a group structure (at least at regular points, see [Bel96), Section 5.5]); in general,
this group structure changes from point to pointF_], in which case there is no reason to hope
that non-commutative harmonic analysis could help. But it is sometimes possible to relate the
tangent spaces at different points (in 3D contact manifolds, for example): in these manifolds,
all hopes are permitted.

8.4 Spectral invariants and trace formulas

Another beautiful question is the following: can one hear something in a sub-Riemannian man-
ifold? This is the counterpart of Mark Kac’s well-known question “Can one hear the shape of a
drum?”

Mathematically, spectral invariants (also called “audible quantities”) are geometric quantities
which are determined by the knowledge of the spectrum. In Riemannian geometry, for instance,
if the spectrum of the Laplace-Beltrami operator is given, then one can compute just from this
data the volume of the manifold, and, in some cases, the lengths of its closed geodesics.

The same question can be raised in sub-Riemannian geometry, i.e., for sub-Laplacians. For
instance, in the equiregular caseE], is the rank of the distribution a spectral invariant? And its
non-honolomic order? Or even its full growth vector? These simple questions have received no

1To say it differently, in contrast to the Riemannian case where tangent spaces at neighbor points are isometric,
this is far from being true in sub-Riemannian geometry. This induces moduli in the normal forms of Carnot groups,
as soon as the dimension is larger than or equal to 5. These normal forms are known in small dimension, see
[ABB12] Theorem 29].

2That is, when the growth vector does not depend on the point.
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answer for the moment, it is only known that the Hausdorff dimension is a spectral invariant.
Of course, not only the vector fields X, ..., X,,, but also the volume p on M may play a role
in the answers.

An exemple of known spectral invariant for sub-Laplacians is the following. When M = S3
and P is the Popp probability measure (see [Mon02], [CHT1S]), then 1/P (M) is the asymptotic
Hopf invariant of the Reeb vector field Z (with respect to P) introduced in [Arn86|. It follows
from the Weyl formula proved in |[CHTIS| that the asymptotic Hopf invariant is a spectral
invariant.

A common way to find audible quantities in Riemannian geometry is to establish trace
formulas. It consists in computing quantities of the form

> )

neN

where f is a (possibly complex-valued) function and A, describes the spectrum (with multi-
plicities) of —A, i.e., —Ap, = A\, for smooth functions ¢,. Classical choices for f are the
following: f(z) = e~ (heat equation), f(x) = |x|~% (zeta functions), f(z) = cos(t\/x) (wave
equation), f(z) = e~ */" (semi-classical Schrédinger equation).

The literature on trace formulas in Riemannian manifolds is vast. But in the sub-Riemannian
case, only few trace formulas have been established, and most of them are formulated with the
heat kernel. It would be of interest to prove trace formulas for other kernels. A possible
conjecture is the following:

Conjecture. In the absence of singular curves, the Duistermaat-Guillemin trace formula
[DG75, Corollary 1.2 and Theorem 4.5] holds for the wave trace distribution

W(t)=> etV

neN

outside t = 0: the singular support of W (t) is included in the set of lengths of periodic geodesics
and, assuming some non-degeneracy assumption, the principal term is given explicitly in terms
of the Poincaré map and the Morse index of the periodic geodesics.

The paper [Mel84] proves the above conjecture in a particular case.

A simple question, asked by Yves Colin de Verdiere, is the following: in the 3D contact case,
are the periods of the closed Reeb orbits spectral invariants? Although several computations
support this conjecture, no proof has been found for the moment.

Another question is: are the periods of the closed singular curves of a 4D Engel distribution
spectral invariants? To answer this question, the first step is probably to compute the (semi-
classical) Schrodinger kernel in quotients of the Engel group. But this is not an easy task, since
elliptic functions come into play.

8.5 Observability and controllability

There are also interesting open questions that are still unanswered in the field of observabil-
ity /controllability of subelliptic PDEs.

Heat equation. As explained in Section the observability properties of subelliptic heat
equations are known only in particular geometries. More general results would require a deeper
understanding of the geometric meaning of the solutions constructed in [BCG14] or [KoelT].
Let us formulate two conjectures:
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1. For any sub-Laplacian of step 2, if M \w has non-empty interior, the observability property
for the associated heat equation fails for sufficiently small times T > 0;

2. For any sub-Laplacian of step > 3, if M \ w has non-empty interior, the observability
property for the associated heat equation fails for any time T > 0.

These conjectures are inspired by the results mentioned in Section [I.3.2] and by the paper
[LL20] (see notably Section 1.4).

Schrodinger equation. Even in the Riemannian case, the observability properties of the
Schrodinger equation remain mysterious: although (GCC) is known to be a sufficient condition
for observability, it is not a necessary condition (see Section . In the sub-Riemannian case,
the problem is even “more open”, since no general sufficient condition is known for the moment,
except trivial ones: only very particular geometries have been explored (see Theorems m,
and , and they rely on tools which are not robust enough to cover general (in particular
non-flat) sub-Riemannian geometries.

In consonance with Section [8.1] we can also ask the following question: how does the energy
of solutions of subelliptic Schrédinger equations propagate along singular curves, when the latter
exist?

8.6 Eigenfunctions and quasimodes

Despite recent progresses (recalled in Chapter , the properties of eigenfunctions and quasi-
modes of sub-Laplacians remain mostly unknown. Here are a few simple cases which could be
interesting:

e Higher-dimensional contact case. The Quantum Limits of 3D contact sub-Laplacians
have been studied in detail in [CHTIS|, but the higher dimensional contact case (see
Example remains open, except in a flat case handled in the Appendix of [Let20a].

e Sasaki case. For Sasaki sub-Laplacians, which are a particular family of contact sub-
Laplacians of arbitrary dimension, we can however formulate a conjecture. To state it, we
recall the definition of this family.

Let (X, h) be a compact Riemannian manifold, and let M = S*X be the unit cotangent
bundle of X, which is naturally endowed with the contact form « defined as the restriction
of the Liouville 1-form A = pdg to M. Let Z be the associated Reeb vector field. Identifying
the tangent and cotangent bundles of X thanks to the Riemannian metric h, the set M is
viewed as the unit tangent bundle T'X of X. Using a metric g, for example the canonical
metric (or “Sasaki metric”, see [Sash8|), such that the restriction of the symplectic form to
D = ker(«) is the volume form of g, Z is identified with the vector field on the unit tangent
bundle of X generating the geodesic flow on S*X. Therefore, with this identification, the
Reeb flow is the geodesic flow on M.

Sasaki sub-Laplacians, i.e., defined with such a contact metric g, are known to have all
fundamental frequenciesﬂ equal to 1. This leads us to the following question:

Is any Quantum Limit of a Sasaki sub-Laplacian invariant under the Reeb flow?

3see [Agr96], Section 2.1] for a definition.
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8.7 Nodal sets

Let us finish with a totally open and beautiful question, which seems difficult. A nodal set is a
set go)_\l(O) where ¢ is an eigenfunction of a (sub-)Laplacian: —Agy) = Apy. For Riemannian
Laplacians, when the manifold and the metric are analytic, it is known since the work of Donnelly
and Fefferman [DEF8S8] that there exist ¢, C' > 0 such that

VA< A9 1(0)) < CVA

where 7" is the (n — 1)-dimensional Hausdorff measure (the dimension of the manifold being
n). Yau’s conjecture asserts that these bounds remain true if the manifold and the metric are
only assumed to be C*°. Many recent progress have been made recently in this field, see [LM18]
for a review.

One can wonder what happens to these bounds in the sub-Riemannian case. Indeed,
Hausdorff measures are already known to play an important role in the metric geometry of
sub-Riemannian structures: the topological dimension and the Hausdorff dimension of a sub-
Riemannian manifold do not coincide in general (see [Mit85]). Here is a possible conjecture:

Conjecture. Let A = — 3" X*X; be a sub-Riemannian Laplacian on a compact manifold M
endowed with a smooth volume . We assume that X1, ..., Xy, span an equireqular distribution

(see Section . Then there exists ¢ > 0 such that

VA < A5 9 10)).

Here, %Shq denotes the Q — 1-dimensional spherical Hausdorff measure, where Q is the homo-

geneous (or Hausdorff) dimension of the manifold M.

What could be the upper bound is not clear: maybe ¢/v/A, but it could also be ¢ NE/2
where k is the step of the distribution. In any case, we expect that the proof of such bounds
would require the development of new tools, in particular in the geometric measure theory of
sub-Riemannian structures.



Appendix A

Technical tools and conventions

A.1 Symplectic geometry

Given a smooth d-dimensional manifold M, the canonical symplectic form on the cotangent
bundle T*M is
w=dé Ndx

in local symplectic coordinates (z, ). The Hamiltonian vector field Hy of a function f € C°°(M)
is defined by the relation

w(Hy,") = —df ().
Alternatively, we use the notation
f=H;.
In the coordinates (z,§), it reads

d

Hy = Z(aﬁjf)axj = (0u;.f)0;.-

j=1
In these coordinates, the Poisson bracket is

d

{f,9} = w(Hy, Hy) = (9, £)(D2,9) — (02, 1) (e, 9),

=1

which is also equal to Hyg and —H, f.

The Hamiltonian lift of a vector field X on M is the function defined by hx(z,&) = £(X(x)).
Given two vector fields X and Y on M, we have {hx,hy} = hix y]-

A.2 Pseudodifferential calculus

This section is a short reminder on basic properties of pseudodifferential operators. Most proofs
can be found in [Hor(07a].

A.2.1 Pseudodifferential operators in R

Definition A.1. Let m € R. The class of symbols of order m, denoted by S™(R?), is the set
of complez-valued functions a € C™(T*R?) such that, for any o, 3 € N%, there exists Cop >0
such that

V(w,€) € T'RY,  |0207a(x, )] < Cap(1+[¢)™ 1.
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We set

S = ﬂ s

meR

Also, Cg°(RY) denotes the set of smooth functions on R? which are bounded and all of whose
derivatives are bounded, and S(R?) denotes the Schwartz space.

Definition A.2 (Elliptic symbols). Let m € R. A symbol a € S™(R?) is elliptic if there exist
C, R > 0 such that
(@, €T'RY, €] > R = |a(e, )| > Clg™,

Theorem A.3. Let m € R. Ifa € S™(RY) and u € S(RY), the formula

Opga(a)u(z) = (2m)~¢ //Rd y elle=a)€y <a: —g xl,{) u(x')dx'd¢

defines a function Opga(a)u of S(R?). Moreover, Opga(a) is continuous from S(R?) to S(R?).

The map a — Oppa(a) is called the Weyl quantization. We say that Opga(a) is a pseu-
dodifferential operator with Weyl symbol a. We denote by W™ (R?) the set of pseudodifferential
operators of order m and we set

T = () T(RY).
meR

A.2.2 Pseudodifferential operators on manifolds

The definitions of the previous section can be extended to manifolds. We consider M a smooth
compact d-dimensional manifold without boundary, and p a smooth volume on M. Let 7 :
T*M — M be the canonical projection.

Definition A.4. [AG07, Chapter 7] A linear operator A : C*°(M) — C*°(M) is called pseudod-
ifferential of order m if, for any local chart k : U — V C R?, the operator A : u — [A(uok)]or™!
from C=(V) into C®(V) is pseudodifferential of order m in V, i.e., Yo, € C®(V), pAp €
U™(RY). We then write A € U™(M).

Proposition A.5. If a is real-valued, then Op(a)* = Op(a).

To a pseudodifferential operator A € W™ (M), we can associate its principal symbol op(A)
and its sub-principal symbol ogu,(A). The subprincipal symbol is usually defined for operators
acting on half-densities (this was a discovery of Leray [GKL64], see also [Zwol2l, Section 9.1]);
here we make the identification f <+ fdu'/? between functions and half-densities, taking into
account that the manifold M is equipped with a half-density. The principal and subprincipal
symbols are characterized by the action of pseudodifferential operators on oscillating functions:
if Ac U™(M) and u(z) = b(z)e’*®) with b, S smooth and real-valued, then

/M Aluyady = k™ /M (ap(A)(% §'(2)) + pomn(A)(z, s’<x>>) fu() Pdu(z) + O(k™2).

The map
(09, Osub) + W (M) [ 2(M) — Sfhy (T*M) @ S (T*M) (A1)

hom

is bijective, where S}]fom(T *M) is the space of smooth homogeneous functions of order k defined
on the cone T*M \ 0 (see Appendix |A.2.3). We have the following properties:
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e If m is an integer and A =}~ <., @a(x)D® with the convention D = 10,, then

op(A) = D aa(x)E*.

|a|=m

o If Ac V(M) and B € (M), then AB € U™ (M) and op(AB) = op(A)op(B).
o If Ac V(M) and B € (M), then [A, B] € ¥**™~1(M) and

op(A, B]) = ~{op(4),0p(B)}

e If X is a vector field on M and X* is its formal adjoint in L?(M, p1), then X*X € W2(M),
with op(X*X) = h% and ogu,(X*X) = 0.

o If @ € S™(M), then, for any s € R, Op(a) maps continuously the space H*(M) to the
space H*7"™(M).

The characteristic set of A € ¥"(M) is defined by
Char(A) = {(z,&) € T"M \ {0}, op(A)(z,§) = 0}

Finally, the essential support of A € ¥""(M), denoted by essupp(A), is the complement in T* M
of the points (x, &) which have a conic-neighborhood W so that A is of order —oco in W, i.e.,

V(N,a,8) € N x N x N, S (0200a)(z, &)|IEN < +o00
x,£)E

(this definition depends indeed only on A).

A.2.3 Polyhomogeneous pseudodifferential operators

Sometimes, it is preferable to work with classes of polyhomogeneous symbols and operators.

The class of polyhomogeneous symbols Sgﬁg is slightly smaller than the class S™, but it has
two main advantages (see [HorO7al], the paragraph before Section 18.6, and [GL20, Appendix
Al):

e the principal and subprincipal symbols of a polyhomogeneous pseudodifferential operator
are functions (and not equivalence classes as in (A.1])) and they can be read easily on the
Weyl symbol,;

e they are particularly suited for the definition of microlocal defect measures.

We write S (T*M) for the set of positively homogeneous degree m functions on T*M:
that is, a € St (T M) if a € C°°(T*M) and there exists R > 0 such that for any (z,§) € T*M
with [£] > R, and any A > 1, we have a(x, \{) = \"a(z,§).

We also denote by Sg}lg(T*M ) the set of polyhomogeneous symbols of degree m. Hence,

a € Sh(T"M) if a € C*(T*M), and for any j € N there exists a; € S}:';;j(T*M) such
that for any N € N, a — Zj‘vzo a; € Sg}lgN_l(T*M). We denote by W7} (M) the space of
polyhomogeneous pseudodifferential operators of order m on M (see [GL20, Appendix A] for

the detailed properties).
Since we work with the Weyl quantization, the principal and subprincipal symbols of A =
Op(a) with a ~ >, a; are simply op(A) = ay, and gy (A) = am—1.

j<m
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A.2.4 Wave-front set

Definition A.6. Let v € D'(M). A point (xo,&) € T*M \ {0} is not in the wave-front set
W F(u) if there exists a conic neighborhood U of (xg,&y) such that for any smooth function
x € C(n(U)), in any set of local coordinates, one has

VN €N, sup|xu(é)||¢|" < +oo.
&elU

This definition is independent of the choice of local coordinates. We say that u € D'(M) is
smooth at (xg,&o) if (zo, &) ¢ WF(u). An equivalent definition is

WF(u) = {Char(P), Pue C™(M)}

where P runs over all pseudodifferential operators of all orders. Therefore:

Theorem A.7. Singularities are contained in the characteristic manifold:
Pu=0= WF(u) C Char(P).
Proposition A.8. For any u € D'(M), there holds
T(WF(u)) = Sing supp(u)

where Sing supp(u) denotes the singular support of u.
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Titre : Equations sous-elliptiques : controle, singularités et théorie spectrale.

Mots Clefs : Equations aux dérivées partielles, géométrie sous-Riemannienne, analyse mi-
crolocale, théorie spectrale, théorie du controle.

Résumé : Dans cette these a la frontiere entre analyse et géométrie, nous étudions des
équations aux dérivées partielles (EDPs) sous-elliptiques en utilisant des outils récents de
géométrie sous-Riemannienne et d’analyse microlocale.

Nous étudions tout d’abord la controlabilité et 1’observabilité d’EDPs sous-elliptiques, en mon-
trant que plus une direction demande de crochets de Lie pour étre engendrée, plus la propaga-
tion de ’énergie (et donc 'observabilité) se fait lentement dans cette direction. Nos résultats
s’appliquent de facon générale aux équations d’ondes sous-elliptiques linéaires, mais aussi a des
équations de type Schrodinger et a des équations d’ondes amorties.

Ensuite, nous étudions la propagation des singularités dans les équations d’ondes sous-
elliptiques : nous montrons que les singularités ne se propagent que le long des bicaractéristiques
nulles et le long des relevements anormaux extrémaux de courbes singulieres. Ce résultat fait
donc le lien avec des notions classiques de géométrie sous-Riemannienne. Nous l'illustrons dans
le cas Martinet, en construisant des données initiales dont les singularités se propagent le long
des courbes singulieres a n’importe quelle vitesse entre 0 et 1.

Enfin, nous étudions les fonctions propres de certaines familles de Laplaciens sous-elliptiques,
dans la limite des hautes fréquences : nous montrons que leurs limites, appelées limites quan-
tiques, peuvent étre décomposées en une infinité de morceaux, correspondant & une infinité de
dynamiques classiques sur la variété sous-jacente.

Title: Subelliptic equations: control, singularities and spectral theory.

Keys words: Partial differential equations, sub-Riemannian geometry, microlocal analysis,
spectral theory, control theory.

Abstract: In this thesis at the boundary between analysis and geometry, we study some
subelliptic partial differential equations (PDEs) with modern tools coming from sub-Riemannian
geometry and microlocal analysis.

We first study the controllability and observability of some subelliptic PDEs: we show that in
directions requiring more brackets to be generated, the propagation of energy (and hence the
observability) takes more time. Our results apply with full generality to linear subelliptic wave
equations, but also to some Schrédinger-type and damped wave equations.

Then, we study the propagation of singularities in subelliptic wave equations: we show that
singularities propagate only along null-bicharacteristics and abnormal extremal lifts of singular
curves. This result makes a bridge with classical notions in sub-Riemannian geometry. We
illustrate it in the Martinet case: we construct initial data whose singularities propagate along
any singular curve at any speed between 0 and 1.

Finally, we study the eigenfunctions of some families of subelliptic Laplacians, in the high-
frequency limit: we show that their limits, called quantum limits, can be decomposed in an
infinite number of pieces, corresponding to an infinite number of dynamics on the underlying
manifold.
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