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Abstract

This memoir is concerned with quantitative unique continuation estimates for
equations involving a “sum of squares” operator £ on a compact manifold M as-
suming: (i) the Chow-Rashevski-Hérmander condition ensuring the hypoellipticity
of £, and (iz) the analyticity of M and the coefficients of L.

k
The first result is the tunneling estimate ||¢||2(,) > Ce™*** for normalized
eigenfunctions ¢ of £ from a nonempty open set w C M, where k is the hypoellip-
ticity index of £ and A the eigenvalue.

The main result is a stability estimate for solutions to the hypoelliptic wave
equation (07 + L)u = 0: for T' > 2sup,c(dist(z,w)) (here, dist is the sub-
Riemannian distance), the observation of the solution on (0,7) X w determines
the data. The constant involved in the estimate is Ce®d” where A is the typical
frequency of the data.

We then prove the approximate controllability of the hypoelliptic heat equation
(0 + L)v =1, f in any time, with appropriate (exponential) cost, depending on k.
In case k = 2 (Grushin, Heisenberg...), we further show approximate controllability
to trajectories with polynomial cost in large time.

We also explain how the analyticity assumption can be relaxed, and a boundary
OM can be added in some situations.

Most results turn out to be optimal on a family of Grushin-type operators.

The main proof relies on the general strategy to produce quantitative unique
continuation estimates, developed by the authors in [LL19].
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CHAPTER 1

Introduction and main results

1.1. Introduction

Let M be a smooth compact connected d-dimensional manifold without bound-
ary. We denote by X*° the space of smooth vector fields on M (with real coeffi-
cients), which we identify to derivations on M. We assume M is endowed with a
smooth positive density measure ds, so that we may integrate functions on M*. We
may then define the space L?(M) = L?(M, ds) of square integrable functions with
respect to this measure. For X € X*, we define by X* its formal dual operator
for the duality of L?(M), that is?,

/ X*( (x)ds(z) = /M u(z) X (v)(x)ds(z), for any u,v € C*°(M).

Given m € N and m vector fields® X1, -+, X,, € X, we are interested in
properties of the following (non-positive) second order operator, associated to the
X;’s (namely the so-called type I Hérmander operator)*

(1.1) L= iXi*Xi'

Note that this operator is formally symmetric nonnegative, when defined on func-
tions in C*° (M), since we have

(1.2) (Lu,u)p2(pm) = Z (| X U||L2(M)

Both from the geometric control and the operator theoretic points of view, it is
in this context natural to consider iterated Lie brackets of the vector fields X;. We
refer for instance to the following classical article [Bel96] and textbooks [Mon02,
Jeald, Rifl4, ABB16b]|.

DEFINITION 1.1. For any family F of smooth vector fields on M and ¢ € N*|
we define the subspaces Lie‘(F) of X by iteration as follows:
e Lie'(F) is the space spanned by F in X',

ISee e.g. [Leel3, Chapter 16 p427]: given a local chart (Ug, ¢) of M, we have fU¢ u ds =
fd>(U¢) o~ (y)¢? (y)dy for an appropriate smooth positive function ¢, and for any u € C2(Uy).
2Note that in the local chart (Uyp, ) we have X¢ = Z~a¢5(x)<9j, and thus (X?)*

e
Zj —a?(z)(?j —0j a? 6](2 aJ which is a vector field (namely —X) plus a multiplication operator

(namely —divgs(X), see Remark 1.30 below).

3The assumption 1 < m < d is sometimes made in the references we use, but can always be
removed.

4See Remark 1.30 below for a discussion on general sub-Riemannian Laplacians.
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2 1. INTRODUCTION AND MAIN RESULTS

o Lic"t!(F) = span (Lief (F)U {[X, Y]; X € F,Y € Lie! (]—‘)}).

For any point x € M, ¢ € N*, we denote by Liez(}") (z) the set of all tangent vectors
X (x) with X € Lie*(F).

We shall always assume that the family (X;) satisfies the Chow-Rashevski-
Hormander condition (or is “bracket generating”).

ASsSUMPTION 1.2. There exists £ > 1 so that for any x € M,
Lie® (X1, -, Xm)(x) = Ty M5,
Denote then by k € N* the minimal ¢ for which this holds.

The integer k& will sometimes be refered to as the hypoellipticity index of L.
Assumption 1.2 is central in control theory and operator theory, for it characterizes
both the controllability of the controlled ODE driven by the vector fields (X;) and
the Hypoellipticity of the operator £. Let us now recall these two seminal results,
namely the Chow-Rashevski theorem and the Héormander theorem, which we both
use in the sequel.

THEOREM 1.3 (Chow [Cho39]|, Rashevski [Ras38]|). Under Assumption 1.2,
the following statement holds: for any xg,x1 € M, any T > 0, there exist u; €
LY(0,T) fori € {1,---,m} such that the unique solution of

(1.3) () =D w®)Xi(v(1),  ¥(0) = o
i=1

satisfies v(T) = x1.

We refer e.g. to [Jeald, Chapter 1.4], [Rif14, Chapter 1.4] or [Mon02, Chap-
ter 2] for statements and proofs of the Chow-Rashevski theorem, and in particular
for the definition of the solution of (1.3). See also [Cor07, Chapter 3] for examples
and applications in control theory. This theorem motivates the following definition.

DEFINITION 1.4 (Horizontal path). We say that an absolutely continuous func-
tion 7 : [0,7] — M is a horizontal path if there exist u; € L*(0,T;R) for i =
1,---,m such that for almost every ¢ € [0,T], we have Y(t) = >0, u; (¢) X;(v(1)).

Such a trajectory is in particular absolutely continuous and almost everywhere
tangent to the so-called horizontal distribution span(Xy,- -+, X,,). The second key
role played by Assumption 1.2 in analysis is summarized in the following result.

THEOREM 1.5 (Hormander [H6r67|, Rothschild-Stein [RS76]). Under As-
sumption 1.2, the operator L in (1.1) is hypoelliptic, that is, for all w € D'(M)
and rg € M, if Lu € C°° near xo then u € C* near xg.

S5Note that it is sufficient to assume that for all z € M, there is £ = £(z) € N such that this
holds. The upper semi-continuity of x — £(z) (see e.g. [Jeal4, Section 2.1.2]) and the compactness
of M then imply the stronger form of Assumption 1.2 as stated.
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Moreover, it is subelliptic of order %, that is, the following estimates hold: there
is C' > 0 such that for any u € C*°(M), we have

(1.4) [l 1y < C DX il (pgy +C llul Ty
=1
2 2
(1.5) lully ¢ ey < CLusw)L2r) + Cllull 2 -
(1.6) 1l 2 oy < C MLz 00) + C lellZz0g) -

The hypoellipticity was shown by Hérmander [H6r67], who also provided with
a subelliptic estimate with loss (see also [Koh78, Koh05]| or [HNO05, Chapter 2] for
a simpler proof). The optimal subelliptic estimate (1.4) with gain of 1/k derivatives
is proved by [RS76] (see also [FP81, p288| for a different proof, or [BCN82]
for a simpler one). More precisely, (even slightly hidden) it is written in [RS76|
Theorem 17 and estimate (17.20) p311 in a local form. It is then easy to globalise
on the compact manifold M to obtain (1.4) (since commutators of X; with smooth
cutoff functions are multiplication operators).

Both estimates (1.5) and (1.6) may then be deduced from (1.4). This is clear
for (1.5) when recalling (1.2). The proof of (1.6) requires a commutator argument
(detailed e.g. in [FP83|) and is proved in Appendix B.1, as well as H?® vari-
ants of (1.5) and (1.6). Note that these subelliptic estimates are also obtained in
Fefferman-Phong [FP83] for some wider class of symmetric operators, not necces-
sarily sums of squares.

Since the operator £ is symmetric non-negative, the hypoellipticity of £ + 1
and the compactness of M directly imply that £ is essentially selfadjoint (see e.g.
Reed-Simon [RS80, Theorem X.26]). Hence, it extends uniquely as a selfadjoint
operator (its Friedrich extension)

L:D(L)C LA (M) — LA(M),

with, according to (1.6), H2(M) C D(L£) C H% (M) (still under Assumption 1.2).
The operator £ is hence selfadjoint on L?(M), with compact resolvent: it admits a
Hilbert basis of eigenfunctions (¢;) e, associated with the real eigenvalues (A;);en,
sorted increasingly, that is

(1.7)
Lpi = Xipi, (@i, ¢5) L2 (M) = ij 0=MX <A1 <A< <Aj = +oo.

Note that a bootstrap argument in (1.6) shows that p; € C>°(M). Also, the
spectral decomposition allows to define solutions of the hypoelliptic wave and heat
equations (respectively (92 + L)v = f and (0; + L)u = f), which we shall consider
in this paper.

In addition to Assumption 1.2, we will also assume in the main part of the
article that everything is real-analytic. This assumption in not made in Section 5
though, where we give some results in the non-analytic context.

AssuMPTION 1.6. The manifold M, the density ds, and the vector fields X;
are real-analytic.
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In particular, it implies that the operator £ has analytic coefficients in any
analytic coordinate set compatible with the manifold M. Note that under this
assumption, the converse of Theorems 1.3 and 1.5 also hold, namely:

e Attainability, in the sense of Theorem 1.3, implies Assumption 1.2, see [Her63,
Nag66] (see also [Lob70, Sus73] for generalizations);

e The hypoellipticity of £, in the sense of Theorem 1.5, implies Assumption
1.2, see [Der71, Theorem 2.2] if there is no point zy where all X; cancel.

The analyticity assumption is further discussed in Sections 1.2.4 and 1.3 below.

Before stating our main results, let us provide with classical examples of oper-
ators that are considered in the present paper.

ExaMPLE 1.7 (Elliptic operators, k = 1). In the case k = 1, then,
span(Xq, -, Xp)(x) =T, M forall z € M,

and the operator L is elliptic. Most of the results stated in this paper (or stronger
versions of them) are already known in this situation (and in greater generality),
see [LR95, Leb92, LL19]. That all Laplace-Beltrami operators can be written
under the form (1.1) is a consequence of Remark 1.2 below.

EXAMPLE 1.8 (The Grushin operator, k& = 2). Consider the torus M =
(R/2Z) x (R/Z) (which we identify with [—1, 1[x[0, 1[ with periodicity conditions),
endowed with the Lebesgue measure ds = dzidxs and

0 0
2 202 * " .
£:7(811+1'1am2) :Xle +X2X2, with Xl:?m’ X2:x187m2.
We have span(X;, Xo) = R? if 21 # 0, but on the singular set x; = 0, we have
span(Xy, X2) = RX;. However, we have [ X1, X5] = 8%2’ so that
span(X1, Xy, [X1, Xo]) = R?

on the whole M, and Assumption 1.2 is satisfied for k¥ = 2. Remark that 22
is not analytic (not even C') on the torus M; here it can be replaced e.g. by
sin(mr1)?, being analytic and satisfying the same Hypoelliptic property (with two
zones of degeneracy). The original Grushin operator will also be discussed later
with Dirichlet boundary conditions, in which case it has smooth coefficients on
[-1,1] x (R/Z) or [-1,1] x [0,1].

ExXAMPLE 1.9 (Higher order Grushin operators, k € N). Consider again M =
(R/2Z) x (R/Z), ds = dx1dxs and, for v € N, set
0
(1.8) Ly =— (02, +23702) = X{ X1+ X3Xo, with X; = =——, Xo=a]-—.
or1 Oz
Again, 277 may be replaced by sin(wz1/2)%Y so that L, has analytic coefficients.
We have span(Xi, Xo) = R? if 71 # 0, but on the singular set z; = 0, we have to
use iterated Lie brackets: Since [%,xf%} = Ba:'f—laim for all 5 > 1, we have,
with F = {X17X2}7 that
e Lie'(F) is the space spanned by F in X'>;
o Lie!(F) = {f =ag 4+ o biwipE fa, b € R} for 1 <0 <~y+1;
e Lie*(F) = Lie" "} (F) = {f = az2- + B(z1)5% |a € R, B € RV[X] } if ¢ >
v+ 1.
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Hence, for = = (0, z), we have Lie*(F)(z) = Rail_l if ¢ < y+41 and Lie" ™ (F)(z) =
R2. In particular, Assumption 1.2 is fulfilled with & = v + 1. Note that we recover
Example 1.7 in case 7 = 0 and Example 1.8 in case v = 1.

EXAMPLE 1.10 (The Heisenberg operator on the Heisenberg group). On R3
with current point w = (x,y, s), the following two vector fields X; = 9, + 2yd, and
X2 = 0y — 220, constitute the model case for contact geometry. Indeed, we have,
with F = {X17X2}, that

e Lie'(F) = span(F) is of dimension 2 at any point in R?;
e Lie?(F) = R? at any point in R3, since [X;, Xo] = —40,.

Let us now define a compact context in which these are two analytic vector fields.
First equip R? with the (non-commutative) group law

wew' = (z,y,5) 8 (2,y/,) = (w+ 2",y +o s+ — 2ay +2ya').

With this law, (R3, e) (with R? endowed with its canonical differential structure) is
a Lie group which we denote by G. Given L > 0, the set I' = LZ x LZ x L?Z is a
subgroup of G, and both vector fields X; and X5 are left invariant vector fields on G,
i.e. settingmy : G — G,w — gew, we have dmy(X;(w)) = X;(mg(w)) = X;(gow)
for j = 1,2. The subgroup I" being co-compact, the left quotient M :=T'\ G is a
compact three dimensional analytic manifold. Moreover, the vector fields X7, X5
go to the quotient as analytic vector fields on M. From the computation on R, we
obtain dim Lie' (F)(w) = 2 and Lie*(F)(w) = T,,M for some/any point w € M.
The Haar measure turns out to be the Euclidian measure in the coordinates (z,y, s).
In this case, the operator we consider is £ = X7 X + X5 Xo = —X? — X2 = — Ay,
sometimes called the Kohn Laplacian, for which & = 2. We refer for instance
to [BFKG12, Section 1.2] for more on this example.

This last example belongs to the following general class of constant rank sub-
Riemannian structures.

ExaMPLE 1.11 (Lie Groups). Assume that (M, e) is a compact d-dimensional
Lie group. Let 1 be the identity of (M,e), and write L := Ty M its Lie alge-
bra. Recall (see e.g. [God82, Tome II, p627]) that there is a unique real-analytic
differentiable structure on M compatible with the action of e, with which we en-
dow M. We write as in the above example my : M — M,z +— g e x for the
left multiplication. Given m < d and m vectors (ey,---em) € L™, we denote by
(Xq, -+, X,,) the associated m left-invariant vector fields defined, for x € M, by
X, (2) = dm, (X, (1)) = dma(ey).
Now, we assume that the vectors (eq,---e,,) generate the whole Lie algebra,
namely Lie(M) = L, which implies that the vector fields (Xi,---,X,,) satisfy
Assumption 1.2, for some k.
Finally, we remark that, by construction, both the vector fields X; and the
Haar measure ds of M are real-analytic and left invariant. All our results shall
hence apply to the associated operator L.

Finally, let us mention that hypoelliptic operators appear naturally in several
physical and mathematical contexts such as stochastic processes and the theory
of functions of several complex variables. We refer to [Bral4, Chapter 2| for a
presentation of some of these applications.
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1.2. Main results

Our main results under Assumptions 1.2 and 1.6 are of three different types:

(1) Tunneling estimates for eigenfunctions ¢; of £ (Section 1.2.1);

(2) Quantitative approximate observability (and associated controllability) of
the hypoelliptic wave equation (02 + £)v = 0 from a subset w C M
(Section 1.2.2);

(3) Quantitative approximate observability (and associated controllability) of
the hypoelliptic heat equation (9; + £)u = 0 from w (Section 1.2.3).

Also, we provide with a class of examples (which are generalizations of those consid-
ered in Example (1.9)) where all these results hold as well without the analyticity
Assumption 1.6 (Section 1.2.4).

All results obtained have a global and quantitative flavor. Their local qualitative
counterpart in the present context could be formulated using the Holmgren theorem
(except in the partially analytic case of Section 1.2.4). We refer to Section 1.3 for
a comparison with the literature.

Also, all these results depend explicitely on the hypoellipticity index k of the
operator considered, i.e. the minimal number of iterated brackets necessary to
span the whole tangent space, given by Assumption 1.2. We finally prove with an
example that the results are optimal in general.

1.2.1. Eigenfunction tunneling. Our first result is the following.

THEOREM 1.12. Let w be a nonempty open subset of M. Then, there is C,c >0
such that for all (\,) € Ry x L?(M) satisfying Lo = Ao, we have

eAk/2
(1.9) lellze(ry < Ce™ ol 2 w)-

This estimate may be read as [¢[|z2() > %e’d‘k/rz for all normalized eigen-
functions ¢, and hence quantizes the possible vanishing rate of eigenfunctions on
any subdomain w.

In the case Kk = 1, i.e. when L is an elliptic operator, the analyticity as-
sumption 1.6 is not needed and the result follows from the Donnelly-Fefferman
paper [DF88]. In this situation, it also holds on a manifold with boundary for
Dirichlet eigenfunctions [DF90, LR95] (see also [LR97] for other boundary con-

ditions).

We shall also deduce from estimates of [BCG14, Section 2.3] that the tunneling
estimate (1.9) is optimal in the following particular setting (close to Example (1.9)).

ExaMPLE 1.13 (Higher order Grushin operators on the rectangle). Consider the
manifold with boundary M = [—1,1] x [0,1] or M = [-1,1] x (R/Z), endowed with
the Lebesgue measure dx, and for v > 0, define the operator £, = — (331 + xf”agz)
as in (1.8) with Dirichlet conditions on OM. If v € N, then the operator £, is
hypoelliptic of order k = v + 1 (i.e. Assumption 1.2 is fulfilled with & =~ + 1).

PRrROPOSITION 1.14. Consider, for~ > 0 the situation of Example 1.13. Assume
that @ N {x1 =0} = (0. Then there exists C,co > 0 and a sequence (\j, ;) of
eigenvalues and associated eigenfunctions of L, with A\; — 400 such that

a1
lesllz2) < Ce™N " sl z2an-
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We recall that if v € N*, then £, is hypoelliptic of order £k = v + 1, so that
Proposition 1.14 shows that, in general, one cannot expect a better estimate than
that of Theorem 1.12. We shall also prove (see Section 1.2.4) that Estimate (1.9)
holds as well in a setting containing those of Example 1.9 and Example 1.13, thus
providing a genuine converse of Proposition 1.14 (for v € N*).

Note that in the analytic context, the qualitative uniqueness:

<£<p:)\<pon/\/l, <p:()0nw) = p=0on M,

was proved by Bony [Bon69], as a consequence of the Holmgren-John theorem. Re-
moving the analyticity assumption, even for such a qualitative unique continuation
property, remains a very subtle issue, as discussed in Section 1.3.1 below.

1.2.2. Quantitative approximate observability of the hypoelliptic wave
equation. To state our main result here, we need to introduce the appropriate no-
tions of Sobolev spaces and sub-Riemannian distance, which are adapted to the
analysis of the operator L.

All along the paper, we shall use the functional calculus given, for appropriate
functions f and u, by

(1.10) f(Lyu= Z FOG) (W, 95) L2 (M) 5

This allows for instance to define the operators (1 + £)3 : C®(M) — C®(M),
which, by duality, may be extended as operators (14 £)3 : D'(M) — D’'(M). We
next define the Sobolev spaces

He ={uec D M), 1+L)5uec > (M)}, scR,
and associated norms
”“”H; = ||(1 + [,)quB(M) , S€ER.

Let us now also introduce basic notions of sub-Riemannian geometry needed to
formulate our main result. We refer to [Bel96, Mon02, Jeal4, Rif14, ABB16a,
ABB16D] for an introductions to sub-Riemannian geometry, as well as for further
developments. The so-called sub-Riemannian metric associated to the vector fields
(X1, -, X,,) is defined, for ¢ € M and v € T, M, by

inf {Zuf, (Ui, ,um) € Rm,ZuiXi(:E) = v}
i=1 i=1

if v € span(X;(z),i € {1,--- ,m}),
+oo if not.

(1.11) g(z,v) =

This defines for any x € M a positive definite quadratic form g(z,-) on the hori-
zontal space

span(Xy (z), - , X (2)).

Remark that, if finite, the infimum is in fact a minimum, and is realized by a vector
(ug, -+ ,um) € R™. Given v : [0,1] — M an absolutely continuous path, we define
its length accordingly by

length(y) := | Va3
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The fact that this quantity is finite implies that +(¢) € span (X1(7(2)), -+ , Xm(7(t)))
for almost all ¢ € [0, 1]. Note also that when the vectors are linearly independent,
the infinimum is among one unique w realizing the decomposition. Also, it is always
finite if 7 is a horizontal path (in the sense of Definition 1.4).

Then, this allows to define a sub-Riemannian (also called Carnot-Carathéodory)
distance on M by

de(xg, 1) = inf {length(y) |7y horizontal path, v(0) = zo,y(1) =21}, x0,21 € M

The Chow-Rashevski Theorem 1.3 implies that, under Assumption 1.2, the dis-
tance d. is always finite on M x M. We also define accordingly d.(xo, E) =
inf,,ep de(zo, 1) for a point g € M and a subset E C M.

With these definitions in hand, we may now state our main result, which con-
cerns the quantitative unique continuation (or quantitative approximate observabil-
ity) for the Hypoelliptic wave equation

{ u+Lu = 0
(

1.12
( ) u,atu)‘t:() = (UOaul)’

THEOREM 1.15. Let L as above satisfying Assumptions 1.2 and 1.6. Assume
that w is a non empty open set of M and let T > sup,c g dg(x,w). Then, there
exist v,C, ug > 0 such that we have

Dk 1
(1.13) ||(U0aul)||L2x7-[zl < Ce™ HU”L?(]—T,T[Xw) + ; ||(U0»U1)H7QXL2

for all > po, for any (ug,u1) € Hk x L?, and associated u solution of (1.12) on
| -T,T].

Note first that this estimate could be stated equivalently for all u > 0 (see
e.g. [LL19, Lemma A.3]). We chose to keep the above formulation to underline the
interesting case (being p large). Note also that this theorem can be equivalently
rewritten under one of the following two formulations (see e.g. [LL19, Lemma A.3|):
for all (ug,u1) € HE x L2\ {(0,0)}, one has

(o, w1y e o

)

k
(1.14) (I, )l e < Ce™ ullpogr ey - With A =
HE X L2 L2()=T,T[xw) H(anul)Hszq{;l

or

(0, un) s 1

1
log ('(“O”I)'H};ﬂ +1> *

(1.15) (0, un) 2z < C

9

lullz2 -z, 7ixw)

where, in the last expression, the function = +— (log(l + %))_% has to be ex-
tended by zero at x = 0.

Again, in the particular situation of Example 1.13, i.e. for the operators (1.8),
the sequence of eigenfunctions of Proposition 1.14 shows that the exponent evht

in (1.13) (resp. eA" in (1.14) and log™* in (1.15)) cannot be improved in general.

REMARK 1.16. That d is the relevant distance function in view of the study
of the Hypoelliptic partial differential operator £ comes from the fact that the
sub-Riemannian metric g(x,v) and the principal symbol ¢(z, &) of the operator £
are linked through the Legendre transform %g(x, v) = maxeer: m((§,v) — %K(L €))
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(see [Bel96, Section 1.2] or Appendix C): d is thus the appropriate distance when
analyzing properties of L.

Moreover, the assumption on the time T' > sup, ¢ dz (2, w) is optimal. More
precisely, even the qualitative unique continuation property

(1.16)  ((87 + Lyu=0o0n (=T, T)x M, u=0on (-T,T) x w) = u=0,

(weaker than Estimates like (1.13)-(1.14)-(1.15)) fails if T' < sup,c o4 do (2, w). This
follows from the fact that the hypoelliptic wave equation (1.12) also satisfies finite
speed of propagation. This property has a similar formulation to that associated to
the classical wave equation (k = 1), but with the Riemannian distance replaced by
the sub-Riemannian distance d., and was proved by Melrose [Mel86] (see also the
remarks in [JSC87, Section 4] for the link between the distance defined in [Mel86]
and dr).

As a corollary of this result (see [Rob95] or [LL18a, Appendix]), we obtain the
approximate controllability of the Hypoelliptic wave equation, as well as an estimate
of the cost of approximate controls. Here, we only state approximate controllability
to zero, which is equivalent to approximate controllability to the whole state space
HL x L? on account to the reversibility of the equation.

COROLLARY 1.17 (Cost of approximate control). For any T > 2sup ¢ de(z,w),
there exist C,c > 0 such that for any e > 0 and any (ug,u1) € Hr x L2, there exists
g € L*((0,T) x w) with

9112 ((0,1) xe) < Ce (o, un) 31, 12
such that the solution of
{ (02 4+ L)yu = 1,9 in (0,T) x M,
(

u, 615“/)'15:0 = (u()aul)a m M7
satisfies ||(U7atu)|t:THL2><'Hzl <e ||(U0aul)||H1£xL2'

To the authors’ knowledge, these results are the first ones concerning the ap-
proximate observability /controllability of hypoelliptic waves. They furnish not only
the approximate observability /controllability but also an (optimal in general) esti-
mate of the cost.

In the elliptic case k = 1, these can be obtained by the theory developed by
Lebeau in [Leb92] (even on a manifold with boundary). However, in this (ellip-
tic) case, the analyticity assumption can be removed, as proved by the authors
in [LL19|. This result followed a long series of papers concerning the qualita-
tive unique continuation (1.16), see [RT73, Ler88, Rob91, H6r92, Tat95] (see
also [RZ98, H6r97, Tat99b| for more general operators), and another series of
papers [Rob95, Phul0, Tat99a| concerning variants of Estimate (1.13) (still in
the elliptic case k = 1) which are not optimal with respect to the minimal time
and the exponent of p. We refer to the introductions of [LL19, LL16| for a more
detailed discussion on this issue. Here, in the analytic context, we directly prove
the quantitative result but, to our knowledge, even the qualitative result was not
known.

Note that if one is only interested in the qualitative statement (1.16), our
proof simplifies considerably. It reduces essentially to the geometric construction
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of Section 3.1 together with the use of the Holmgren theorem. See the begining of
Section 1.4 for a discussion.

Finally, we shall see that we prove actually a more general statement in which
the term ||(uo, u1)||HlﬁxL2 in the right-handside of Estimate (1.13) can be changed
into || (uo, “1)”3‘-[2%{5{1 for any s > 0, if changing the power of p accordingly, see
Theorem 1.33 below.

1.2.3. Quantitative approximate observability of the hypoelliptic heat
equation. We now turn to the study of observability properties for solutions of
the hypoelliptic heat equation

{ Oy + Ly =0, in (0,7) x M,

(117) y(0) = yo in M,

from a subdomain w C M. By duality, we are equivalently concerned here with
different controllability properties of the following system

(1.18) (0 + L)u = 1,9, in (0,7) x M,
’ u(0) = uyg, in M.
We provide with three main results, still under Assumptions 1.2 and 1.6:

(1) For any k € N*, we prove an approximate observability result in any
time T > 0 with a frequency-depending constant of order CeCAk, where

llyoll -

= %, or, equivalently, approximate controllability with cost e<*.
L

These are the analogues of Theorem 1.15 and Corollary 1.17 for parabolic
equations.

(2) If we moreover assume the data to be sufficiently smooth (in some Gevrey-
type norm with respect to the spectral decomposition of L), then the cost
of approximate observability can be improved to a polynomial one, i.e. of
the form 8% for some B > 0; this yields approximate controllability in a
much weaker topology, but with a much lower cost.

(3) Finally, in the very particular case k = 2 (including Grushin and Heisen-
berg operators), we prove an approximate observability/controllability
property to trajectories in large time with a polynomial cost. This may be
interpreted as a counterpart of the exact controllability to trajectories for
the heat equation [LR95, FI96] (case k = 1). There is no similar result
if k> 2.

The first result we obtain provides the cost of approximate observability of the
whole state space L?(M). There is no restriction for the hypoellipticity index k,
but the (exponential) cost depends on this parameter.

THEOREM 1.18. For all T > 0, there exist C,c > 0 such that for any yo € Hr
and associated solution y of (1.17), we have

_ ||y0||H1£

B ||Z/0||L2 ’

T
(1.19) ol gcecAk/ /\y(t,x)|2dx i, A
0 w

and, for any p >0,

v [T 1
(1.20) lwollZs < Ceor / / y(t.2) o dt+ = -

c
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That both inequalities (1.19) and (1.20) (as well as a “log_%” formulation as
in (1.15)) are equivalent comes for instance from [LL19, Lemma A.3|. Again, in
the particular situation of Example 1.13, i.e. for the operators (1.8), the sequence
of eigenfunctions of Proposition 1.14 shows that the exponent evm" in (1.20) (resp.
eA" in (1.19)) cannot be improved in general.

This theorem generalizes the results of Fernandez-Cara-Zuazua and Phung
[FCZ00, Phu04] in the elliptic case k¥ = 1. Yet, in this framework, the ana-
lyticity was not necessary (as in all above stated results in the case k = 1) and the
setting can be relaxed (uniform dependence of the constants with respect to lower
order terms and to the time 7', boundary value problems...).

As a corollary (see [LL18a, Appendix]), we obtain, given an initial state and
a target state both belonging to the space L?(M), and given a precision ¢, the
existence of a control function bringing the initial state in an e-neighborhood of the
target (in appropriate topology). We obtain as well an estimate of the cost of the
control.

COROLLARY 1.19 (Cost of approximate control to the state space). For any
T > 0, there exist C,c > 0 such that for any € > 0 and any ug € L*(M),u; €
L?(M), there exists g € L*((0,T) x w) with
gl 20,7y xw) < Ce [le™ uo —ua 1 p -
such that the solution of (1.18) issued from ug satisfies
—-TL
[w(T) — [y <ele “0_“1HL2(M)'

In this statement, e~ 7%

with g = 0.

ug stands for the solution at time T to Equation (1.18)

To state our second result concerning the hypoelliptic heat equation, we need
to introduce the following spectral Gevrey-type norms for functions defined on M:
For a > 0, 8 € R, we set

(1.21) fulZ g = e ju;|* €0, 400],  with u=»_ u;ep;.
JeN JEN

For § > 0, we define H* to be the subspace of L?(M) consisting in functions u such
that [[ull, 4 < co. For 6 <0, we let H*? be the completed of linear combinations
of eigenfunctions for this norm. Remark that taking as usual L?*(M) as a pivot
space, the space H*~9 is identified to (H("’e)/ for # > 0. Also, according to the
hypoellipticity Assumption 1.2 (see Corollary B.2) we have H*? ¢ C*(M) for
6 > 0, so that H*~% is larger than spaces of distributions on M (and its topology
weaker).

We obtain the following result, which assumes the data to be extremely reg-
ular and then yields approximate observability with a polynomial cost only. The
regularity needed is linked to the hypoellipticity index k.

THEOREM 1.20. Fiz any k € N*. There exists 0y > 0 such that for any T > 0
and any 0 > 6y, there exist C > 0 so that for € > 0, we have for any yo € H%0
and associated solution y to (1.17),

2 O T 2 2
(1.22) ool <~z [ [t dt da e ol
gbo-69 JT/2Jw
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Again Proposition 1.14 shows that a polynomial cost is optimal for data in H 0.5
in the situation of Example 1.13. As in the previous case of logarithmic dependence,
the previous polynomial estimate can also be written in terms of Hélder dependence,
or interpolation inequality. We refer to Remark 1.35 for more precision. Note that
we provide with an explicit dependence of the polynomial cost (i.e. the power 92000)
with respect to the regularity of the data; in particular, we see how it improves
when 6 becomes larger. As a Corollary of Theorem 1.20, we obtain an approximate
controllability result with polynomial cost, but the target is well approximated in
a very weak topology.

COROLLARY 1.21 (Cost of approximate control to the state space in very weak
topology). With 6y > 0 given as in Theorem 1.20 (depending only on M,w, L),
for any T > 0 and 0 > 60y, there exist C > 0 such that for any € > 0 and any
up € L>(M),u; € L3(M), there exists g € L*((0,T) x w) with

HgHLz((O,T)Xw) = 7 g T/:uO - ulHLQ(M) )
T

such that the solution of (1.18) issued from ug satisfies
[a(T) =il < €lle™ o = un| oy

We are not aware of any such results, even for the usual heat equation (i.e. with
k =1). In this case, our proof also works in the C* context, and in the presence of
boundaries, starting from the estimates obtained in [LL19] or the spectral estimates
of [LR95].

Our last main result concerning the hypoelliptic heat equation is, as opposed to
the first two ones, concerned with final state approximate observability (or equiv-
alently an approximate controllability to trajectories) with a polynomial cost, and
is restricted to the case k = 2.

THEOREM 1.22. Assume that k = 2. There exist Ty, C > 0 such that for all
n>0,alT >Ty+n and all € > 0, we have for any yo € L*(M) and associated
solution y to (1.17),

(1.23) DIy < & / /|ytz dt da + & lyo 2

with D = min{e "1} and B = W

In particular, we obtain an explicit (but certainly not optimal) estimate on
how the cost improves as T increases. Note that Estimate (1.23) can be refor-
mulated equivalently as an interpolation inequality, see Remark 1.35 below. This
result gives directly the following corollary concerning approximate controllability
to trajectories (or, equivalently, to zero) at a polynomial cost (see again [LL18a,
Appendix]).

COROLLARY 1.23 (Cost of approximate control to trajectories if k = 2). As-
sume that k =2, and let Ty > 0 as in Theorem 1.22. For allm >0, all T > Ty +n
and all € > 0, we have the following statement: for any ug, g € L2, there exists
g € L?((0,T) x w) with

Ql

N9l 220,17y xw) < - luo — ol 12
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such that the associated solution u of (1.18) satisfies
||U(T) — 67T£a0||L2(M) <e ||U0 - 110”1/2 5
where f = % and C = C(n, Ty, T).

Remark that these two results only hold in the case kK = 2. Once again, in the
particular situation of Example 1.13, i.e. for the operators (1.8), the sequence of
eigenfunctions of Proposition 1.14 shows that this result cannot hold if £ > 3 (or
even, if v > 1). Let us here be more precise: assume in the context of Example 1.13
that an estimate of the form (1.23) is satisfied for a cost function ®(¢), that is

T
ly(T) 2. < @ () / / y(t, o) dt de + < [y(0)|2., forall e >0,

and test it with y(t) = e~ iy, (solution of (1.17)), where ¢, is given by Proposi-
tion 1.14. Then we have for all € > 0,

6—200/\?/2
e 2NT < <I>(£))\7 +e, foralle>0.
J
Fixing then e = ¢; := efzng — 07 and taking logarithm yields
(1.24) 2(coAs? — N T) < log ®(<;).

That ®(¢) < C/e” (i.e. having a polynomial cost) implies k < 2. In the case k = 2,
(1.24) implies ®(g;) > (%)ﬁ’ so that for T' < ¢p, the polynomial cost cannot
be improved. Unfortuna‘cély7 the constant Ty in the above result is much larger
than c¢g, so that this discussion does not imply neither that the polynomial cost is
the optimal one, nor that a minimal time is necessary. However, as we shall see
in Section 1.3.2 below, it may happen that exact controllability holds for no time

T > 0, which may indicate that a polynomial cost is not far from being sharp.

1.2.4. Relaxing the analyticity assumption. Notice first that, strictly
speaking, the analyticity assumption required in the proofs of all above results
is not Assumption 1.6, but only that M is real-analytic, ds, X;’s are C*°, and that
all coefficients of £ (which depend both on the vectorfields (X;)ie(1,....m} and the
density ds) are analytic in every (analytic) chart. We did not state the assumption
this way for the sake of clarity.

In this section, we provide with a simple family of examples for which the
analyticity Assumption 1.6 (or even the above described condition) can be partially
removed. Still, this family contains those of Examples 1.9 and 1.13. In this context,
most above results hold as well. The motivation is both to show that the theory
of [LL19] allows to relax the analyticity assumption (and replace it with a partially
analytic condition), and to include the boundary setting of the article [BCG14].

EXAMPLE 1.24 (Partially analytic Grushin-type operators). Consider the man-
ifold with boundary M = [—1,1] x (R/Z), endowed with the Lebesgue measure dz,
and define, for f € C*>°([—1, 1] x (R/Z)), the Grushin type operator
(1.25) ,C:XTXl —|—X;X2, X4 Zaxl, X5 :f(ml,xg)&cz,
that is

L=-07 — f20%, — (2f0u, f)0u,,
with Dirichlet conditions on M. We further assume that
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o f(z1,x2) is analytic in the variable o (that is, for any point x = (z1, z2) €
]-1,1[x(R/Z), f is equal to its partial Taylor expansion at x5 with respect
to the variable xo uniformly in a neighborhood of z in | — 1, 1[x(R/Z));

e there exists e > 0 such that f(z1,x2) = f(z1) does not depend on x2, and
f(xz1) #0for all z; € [-1,-1+¢]U[1l —g,1];

e X and X, satisfy the Chow-Rashevski-Hérmander Assumption 1.2;

e f(x1,x2) does not depend on x5 in a neighborhood of w.

Note that under these assumptions, the operator L is elliptic near the boundary
oM.

For instance if f(z1,22) = f(z1) € C*°([—1, 1]) does not depend on the variable
9, and we have :

flz1) #0, for 1 #0 f("‘)(O) =0, forall a <k —2, and f(kfl)(O) #0,
then, the operator £ defined by (1.25), namely £ = —07 — f(x1)%03,, satisfies

T
all assumptions of Example 1.24 (in particular, it is hypoelliptic of order k). This
contains the situation of Examples 1.9 and 1.13 (for v € N of course).

We prove the following result.

THEOREM 1.25. In the context of Example 1.24, all results of Theorems 1.12, 1.20
and 1.22 still hold, as well as their corollaries.
Theorem 1.15 is true with the following estimate instead

» 1
(1.26) (w0, u1)ll 2 XHZ! < Ce ||UHL2(],T1T[XW) + " ”(uOvul)”H’ZX}L’Z*l :
Theorem 1.18 is still true but with the estimates
2 A T 2 ||y0H’HIZ

(1.27) llyoll72 < Ce™* ly(t, )|” dz dt, Ay = —F—%,

0 Jw HyOHL2

T
1.28 2 < Qe 2 4 dt + 2
(1.28) lyollz2: < Ce ; ly(t,z)|" do dt + 2 1%oll5 -

Note that since f does not vanish near M, the metric g defined as in (1.11)
is Riemannian near M and the notions of length and distance defined above can
be extended up to the boundary.

We explain in Section 5 how the proofs in the completely analytic case need
to be modified. Notice that the formulation of the estimates of Theorem 1.25
(with H% norms and e costs) differs slightly with all estimates above in the

completely analytic case (where H} norms and e" costs appeared instead). In

k
that case actually, we prove a whole family of estimates with #$ norms and e“**
cost functions (this is stated precisely in Theorem 1.33 in the case of the hypoelliptic
wave equation). For instance, the statement (1.26) is a particular case of that of
Theorem 1.33 with s = k. We refer to the discussion in Section 1.5 below.

REMARK 1.26. Under appropriate assumption on f, it is classical to extend
Theorem 1.25 to the same situation as in Example 1.24, but on the domain M =
[—1,1]4, x [-1,1],, with Dirichlet boundary conditions by using symmetry argu-
ments. Also, the case of the domain M = (R/Z)? is simpler.

REMARK 1.27. All observability results of Theorem 1.25 also hold if the in-
ternal observation term |[lul|p2(_7 7(x,, IS replaced by a boundary observation

[Onull 27 7(xT), Where I' is a nonempty open subset of M and 9, denotes
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the normal derivative to M. See [LL19, Section 5]. In turn, they imply their
boundary controllability counterparts. We do not state these results for the sake
of brevity.

1.3. Comparison to other works

1.3.1. Previous works on unique continuation for sum-of-squares op-
erators. Observability inequalities (as those provided by Theorems 1.12,1.15, 1.18, 1.20
and 1.22 above, or as (1.29) below) are quantitative estimates of the unique con-
tinuation property for the operator involved (namely £ — A\, 92 + £, and 0; + L
respectively). Hence, when studying such inequalities, it is natural to compare our
results with the known unique continuation properties for such operators. When
the ellipticity condition is dropped, i.e., when k£ > 1, this property seems to be a
very intricate problem, even under the simplest form

(L+lot)u=00on M, uw=0o0nw) = u=0 in a neighborhood of w in M.

To our knowledge, the most general such result was proved by Bony [Bon69], and
holds under both the Chow-Rashevski-Hérmander condition and the assumption
that the coeflicients of the operator are analytic. Therefore, our assumptions 1.2
and 1.6 (except in the partially analytic case of Theorem 1.25) are essentially the
same as in this paper. In particular, Theorem 1.12 could be read as a quantification
of Bony’s result. Also, the proof of the result of Bony mainly relies on the Holmgren-
John theorem and is quite indirect. Here, we need to make a new proof of his result,
that we are also able to quantify.

Some attempts have been done to relax this analyticity assumption. Watanabe
[Wat82] proved the unique continuation property for C° coefficients in dimension
d = 2. Yet, later on, Bahouri [Bah86] proved a surprising general non-uniqueness
result: for a large class of sum-of-squares operators £ with C'*° coefficients, and
satisfying Assumption 1.2, there is C'>° potentials V' such that £ + V' does not
satisfy the local unique continuation property. These counterexamples to unique
continuation contain for instance in dimension d = 3 and d = 4 the case where
the horizontal distribution is of dimension d — 1 (Heisenberg-like situations). More-
over, this result suggests both that a classical Carleman estimate approach cannot
work for all hypoelliptic operators, and that the (complete or partial) analyticity
assumptions that we make are not completely artificial.

This analyticity assumptions might be completely removed in some specific
situations where the operator is elliptic outside of a submanifold, see the comments
of Bahouri [Bah86, p140]. This was proved in the paper [Gar93] by Garofalo for
specific examples. Colombini-Del Santo-Zuily [CDSZ93] also treated some related
classes of degenerate elliptic operators having a specific form with respect to a
hypersurface. Nevertheless, even in these situations, the quantitative estimates
that we obtain are optimal as stated in Proposition 1.14.

All these results are concerned with the unique continuation property for oper-
ators like £ (“degenerate elliptic operators”). We are not aware of works studying
the unique continuation property for operators like 92 + £ or 9; + £ (“hyperbolic,
resp. parabolic operators with a degenerate elliptic part”), except in the context of
control theory, that we review in the next section.
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1.3.2. Previous works on the controllability of the hypoelliptic heat
equation. The investigation of the controllability properties of hypoelliptic equa-
tions has, to the best of our knowledge, been mainly restricted to some specific
operators or classes of operators. A striking result concerning the parabolic ob-
servation problem (1.17), where £ = L, is given by Example 1.13 (i.e. higher
order Grushin operators on the rectangle, with Dirichlet boundary conditions), was
proved by Beauchard, Cannarsa and Guglielmi [BCG14]. The authors are inter-
ested in the following observablity inequality, equivalent to the controllability to
zero (and hence to trajectories)

T
(1.29) T <€ [ [ ot ded
0 w
for all yo € L?(M) and y solution of (1.17).

THEOREM 1.28 (Beauchard, Cannarsa and Guglielmi [BCG14]). Assume L =
L is given by FExample 1.13.
(1) If v € [0,1], then the observability inequality (1.29) holds true for any
nonempty open set w C M in any time T > 0.
(2) If vy = 1 and if w =]a,b[x]0,1] where 0 < a < b < 1, then there exists
T* > a?/2 such that
o for every T > T* the observability inequality (1.29) holds true,
o for every T < T* the observability inequality (1.29) is false.
(3) If y > 1 and w C (0,1) x (0,1), then the observability inequality (1.29)
never holds true, in any time T > 0.

In the case v = 1 (i.e. k = 2) and with a symmetric observation region
w = (] —b,—a[ Ula,b[)x]0,1] with 0 < @ < b < 1, it has been recently proved by
Beauchard, Miller and Morancey [BMM15| that T* = a?/2 is actually the critical
time. This result is quite surprising since parabolic type equations often display
an infinite speed of propagation. The controllability of parabolic evolutions thus
usually holds in an arbitrary small time independent on the geometry; appearance
of a minimum controllability time is hence unusual. Yet, the proof uses a lot the
specific geometry of w as a vertical strip. Indeed, another very striking result was
recently proved by Koenig in the case v =1 (i.e. for the Grushin operator): if w is
disjoint from an horizontal strip, null-controllability never holds (in any time).

THEOREM 1.29 (Koenig [Koel7|). Let L = L., be given by Ezample 1.13 with
v = 1. Assume that there is 0 < ¢ < d < 1 such that wN (] — 1,1[x]e,d[) = 0.
Then, for any T > 0 the observability inequality (1.29) is false.

A remarkable consequence of this result, when compared with the two above-
mentioned ones is that a geometric condition on the set w is needed for the observ-
ability estimate 1.29 to hold.

Hence, the best result one can then expect in a general situation is a final
state approximate observability result with a cost function ®(g) —,._¢+ +oo (or
equivalently an approximate controllability to trajectories with cost ®(g)), which
is precisely our Theorem 1.22 and Corollary 1.23 with ®(g) = e h.

Finally, let us also underline that all these result hold in the context of Exam-
ple 1.13, that is for the operator —(8%1 + x?’agz), which coefficients are analytic
(indeed constant) with respect to the variable z5. As such, they fit into the frame-
work of Theorem 1.25 as long as v € N.
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More recently, the controllability of the heat equation on the Heisenberg group
has been investigated by Beauchard and Cannarsa [BC17|. It still corresponds
to the case k = 2 as described in Example 1.10. Some phenomenon similar to the
Grushin case seems to occur with the existence of a minimal time if the observability
is made on a cylinder. This strenghtens the fact suggested by our result, that the
important parameter is the hypoelliptic index k.

Yet, in both cases of Grushin and Heisenberg (or more generally when k =
2), it remains to understand geometric property on the observation set w makes
the difference between the polynomial cost provided by our result without any
assumption on w (which is likely to be optimal in general as suggested by Theorem
1.29), and the exact observability /controlability (1.29) (which requires geometrical
assumptions on w).

Finally, for generalized Grushin operators as in Example 1.13, the article BMM15|
also provides with a precise description of the reachable states in terms of spaces
of analytic functions in the vertical variable. It is quite likely, but not totally
clear to us, that these spaces are related to the Gevrey type spaces described in
Corollary 1.21.

1.3.3. Controllability of other equations driven by degenerate elliptic
operators. To conclude this section, let us mention different works related to the
controllability of parabolic equations driven by hypoelliptic or degenerate elliptic
operators, that do not fit in the framework of the present article.

First, the paper [Morl5| by Morancey treats the approximate controllabil-
ity (or the unique continuation property) for the heat equation associated with the
Laplace Beltrami operator of the Grushin sub-Riemannian metric defined in [BL13|.
This operator is equal to the Grushin operator discussed in Example 1.8 plus a sin-
gular potential on the singular set 1 = 0. Hence, the analysis of the cost associated
to approximate controls is much beyond the scope of the present paper.

Second, we only considered here type I (selfadjoint) Hérmander operators, that
is L = 2111 X7¥X;. Another classical class of hypoelliptic operators consists in
type II Hormander operators, namely £ = Z:r;l X7 X; + Xo, where the vector
field (the drift) X, is necessary to span the full tangent space with iterated Lie
brackets. These are no longer selfadjoint operators. The simplest example is the
so-called Kolmogorov (or Fokker-Planck) operator £ = —8% + vd,. Our results
do not apply in this setting, especially because our main theorems only see the
principal symbol of the operator. Yet, recent progress has been made to analyse
the observability /controllability of parabolic equations driven by such operators
(mainly for some variants of the Komogorov operator, though). We quote for in-
stance the papers [BZ09, Beald, BHHR15]|. The observability/controllability
problem has also been considered on the whole space R¢. This led to other
geometrical problems about how the domain is “spread out” at infinity, see Le
Rousseau-Moyano [LRM186] for the Kolmogorov equation and Beauchard-Pravda-
Starov [BPS18, BPS17] for some more general class of quadratic operators. In the
last three papers, the idea of the proof is to combine observability of low frequencies
(defined via the usual Fourier transform, or via the spectral theory of the harmonic
oscillator) together with decay and regularizing properties of the semigroup.

It would be very interesting to understand the common features and differ-
ences of our results and methods with these ones. At first sight, it seems that in
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both cases, one important idea (which goes back to Lebeau-Robbiano [LR95]) is
to compare the decay rate of high frequency solutions to the heat equation together
with the cost of observability (or control) of low frequencies. In the present paper,
“frequency” is defined with respect to the hypoelliptic operator £ and therefore,
decay estimates high frequency are rather classical. The hard part of the analysis
consists in understanding the cost of observability of low frequencies. In the pa-
pers [LRM16, BPS18, BPS17], it seems that the authors have chosen to define
frequency as the usual Euclidian one (or with respect to a fixed well known oper-
ator as the harmonic oscillator in [BPS17]). In this situation, the observation at
low (Euclidian) frequency does not really see the hypoelliptic operator and follows
from more usual Carleman estimates. Yet, the decay rate of high frequency (see for
instance Proposition 2.2 of [BPS18]) and the understanding of the commutation
with Fourier cutoff turns out to be much more intricate and to reflect deeply the
hypoelliptic properties of the operator.

Note that the unique continuation property for type II Hérmander operators
has also been investigated (see e.g. [LZ82] for related operators).

Finally, other types of degeneracies have also been studied, as for instance
elliptic operators with coefficients vanishing near the boundary of a domain M C
RY. In this case, adaptations of the usual Carleman estimates (combined with
appropriate Hardy inequalities) are sometimes tractable. The literature is vast,
and we simply mention the recent memoir [CMV16| and refer the reader to the
references therein.

1.4. Sketch of the proofs and plan of the paper

Even though this is not explicit in the discussion above, the cornerstone result
of this paper is Theorem 1.15, concerning the hypoelliptic wave equation. All
results concerning eigenfunctions (Theorem 1.12) or the hypoelliptic heat equation
(Theorems 1.18, 1.20 and 1.22) are then deduced from Theorem 1.15. The proof
in the partially analytic case (Theorem 1.25) shall be discussed afterwards. Let us
hence first comment the proof of Theorem 1.15.

The proof of Theorem 1.15 is based on the general strategy developed by the
authors in [LL19] for quantifying and propagating unique continuation proper-
ties. From [LL19], we only use here (except for the partially analytic situation
of Theorem 1.25) the “Holmgren-John” case, i.e. when the operator has analytic
coefficients. It states basically

e that an appropriate quantitative (low frequency) estimate holds across
any non-characteristic hypersurface;
e that such local estimates can be propagated, leading towards global ones.

In Section 2, we review results and tools developed in [LL19]; for sake of readability,
we specify the latter to the very particular case of second order operators that are
elliptic when restricted to ¢, = 0 (the cotangent variable to the analytic variable,
called &, in [LL19]), which includes all operators studied in the present article.

Here, when compared to the case of the classical wave equation, two addi-
tional difficulties arise: one being of geometric nature, and the other one related to
the compatibility between the energy spaces associated to £ and those dealt with
in [LL19].
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Let us first describe the geometric difficulty. The proof is inspired by the case
of the classical wave equation given in [LL19, Section 6.1]: the idea is, given a
point g € M, to take any path v : [0,1] — M with v(0) = z¢ and 7(1) € w
(observation set), of length sufficiently small, and then to construct a family of
appropriate noncharacteristic hypersurfaces in these coordinates near [T, T] x 7.
There, we apply the general theorem of [LL19], which allows to bound the solution
u to (02 — A)u = 0 in a neighborhood of (¢,z) = (0,7¢) by u in [T, T] X w.

Here, due to the non definiteness/ellipticity of the operator £, we are not able
to construct global coordinates near any path + together with appropriate non-
characteristic hypersurfaces, in which to apply the results of [LL19]. To overcome
this difficulty, we do not consider any path between zy and w, but rather only so
called normal geodesics, that is, projections on M of hamiltonian curves of the
principal symbol of the operator £. The existence of such paths v (minimizing the
sub-Riemannian distance) from any point zy to w is a well-known result in sub-
Riemannian geometry, proved by Rifford and Trélat [RT05]. Then, locally near a
point of 7y, the introduction of normal geodesic coordinates allows us to define local
coordinates in which to apply a local version of our results in [LL19].

Note that this single geometric construction, combined with the usual Holmgren
theorem would be enough to prove the qualitative uniqueness statement (1.16).

When considering the quantitative statement, a new difficulty, linked to the
methods used in [Tat95, Tat99b, RZ98, H6r97, LL19]|, then arises: the whole
setting of these papers relies on a splitting of space into analytic and non-analytic
coordinates. Hence, most “patchable estimates” (linked to a relation <1, see Sec-
tion 2.2) produced in [LL19] require the analytic variable to be global and straight,
which is obviously not the case here. To solve this problem we do not rely on the
main (neither global, nor local) result of [LL19], but rather on the specific result
of [LL19, Theorem 4.11], which takes into account the possible changes of variables.
These arguments eventually allows to prove an estimate of the form

Y C
(1.30) ull L2 g—c.epenty < C Null 2 —rrpxwy T — Nl g -

1
for p large and u solution to (02 + £)u = 0. This estimate is the same as that
obtained in [LL19] for the wave equation.

This leads us to the second main difficulty we have to face in the proof of
Theorem 1.15. Whereas the left hand-side of (1.30) is bounded from below by the
natural L? x 'Hzl norm of the data, the right hand-side is not directly linked to
their 'H% x L? norm. More precisely, the hypoelliptic estimates of Rothschild and
Stein [RS76] (see Theorem 1.5 above and Appendix B.1) imply that

||UHH1(]—T,T[X/\/1) <cC \I(anul)IIHgX%;fl :

This provides a weaker version of Theorem 1.15 which has exactly the same form as
in the case of the wave equation (cost e”*), but with the norm ||(uo, ul)”H'ZXHf;_l
in the right hand-side. This weaker version is however interesting for itself since
the proof is much less involved, and we prove it in Section 3.3.1.

To obtain the estimate of Theorem 1.15 (and in fact, a family of such estimates

with any H7 X 'H‘f‘c_l, s > 0, in the right hand-side, see Theorem 1.33 below), we
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thus need to work with a version of (1.30) still containing frequency cutoff localiza-
tion and an e~ small remainder (instead of the 1/ one). These low-frequency-
with-exponentially-small-remainder estimates are then combined with the spectral
representation of solutions to (02 + £)u = 0 in order to gain back derivatives in the
remainder term. Such estimates are close to those we prove in [LL18a] for the clas-
sical wave equation. These final energy estimates are performed in Section 3.3.3,
and conclude the proof of Theorem 1.15.

Starting from Theorem 1.15, let us now explain how to deduce the other results
of the paper, namely Theorems 1.12, 1.18, 1.20 and 1.22. First of all, Theorems 1.12
is simply deduced from Theorem 1.15 by using a particular solution to the wave
equation (1.12), namely u(t, ) = cos(v/At)p(z). See Section 3.3.2.

Section 4 is devoted to the proofs of Theorems 1.18, 1.20 and 1.22, which
follow the general idea that the controllability/observability properties for hyper-
bolic equations implies controllability /observability properties for their parabolic
counterpart, see [Rus73, Mil06a, EZ11a, EZ11b] (see also [LR95]). This has
been named as “transmutation methods” by Luc Miller [Mil06a]. Here, we use the
method developed in [EZ11a] (itself relying on a Lebeau-Robbiano strategy). In
that paper, Ervedoza and Zuazua deduced the (exact final time) observability of
the heat equation (known from [LR95, FI96|) from the approximate observability
estimate for waves (namely the analogue of Theorem 1.15) as proved in [Phul0]
(with loss) or [LL19] (without loss). Their proof consists in constructing an ap-
propriate kernel kr(t,s) such that if y(¢) is a solution to the usual heat equation,
u(s) = fOT kr(t,s)y(t)ds is a solution to the usual wave equation, to which we can
apply the analogue of Theorem 1.15. Because of the exponential cost in terms of
the frequency (e}), the resulting estimates are only useful at low frequency: for
data having (spectral) frequencies \/\; < V/\, one then obtain observability (or

controllability if we think about the dual problem) at cost e as in [LR95]. The
proof of final state observability then follows from comparing this cost with the heat
dissipation for frequencies \/E > v/, namely e~ as in the original proof [LR95]
(see also [LRL12] or the simplified argument of [Mil10]).

Here, we follow the approach of [EZ11a] (in particular, we use the same kernel
kr and its properties) in the proofs of Theorems 1.18, 1.20 and 1.22, with the
following modifications.

The proof of Theorems 1.20 and 1.22 are vey close to that of [EZ11a]. However,
application of the method of [EZ11a] yields that the observability of low frequencies
\//\7- < VX costs eC)‘k/z, see Lemma 4.2 (remark that Proposition 1.14 implies that
this is optimal in general). This cost has to be compared to the dissipation for high
frequencies \/x > v\, namely e~ **. Hence, we see that the cases k = 1 (classical
heat equation, already discussed), k = 2 (Grushin, Heisenberg...), and k > 2 display
very different features:

(1) In case k = 2, the cost of observation of low frequencies e“* and the para-
bolic dissipation for high frequencies e~ ** have the same strength: in this
case, we need to wait a time long enough so that the dissipation “beats”
the cost of the observability (essentially ¢ > ¢). Moreover, the iterative
procedure devised in [LR95] in order to control/observe all frequencies
in finite time cannot converge here: each step would need a time ¢t > c.
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Therefore, we only obtain the approximate controllability result of Theo-
rem 1.22; with a cost improving as time increases. See Section 4.1 for the
proof of Theorem 1.22.
(2) In case k > 2, the dissipation for high frequencies e~** has no chance to
. . . k/2 .
compete with the cost of observation of low frequencies e“*”’ . Assuming
that the initial data are in the Gevrey-type space H%® with o = k/2
allows to compensate for the cost of low frequencies eeA"? (the 0 having
to be compared to ¢), leading to Theorem 1.20. Note that parabolic
dissipation at high frequencies does not play any role here: low frequencies
are observed thanks to transmutation and high-frequencies are absorbed
by the Gevrey norm. The cases k = 1,2 (in which the Gevrey norm
is relatively weaker) in Theorem 1.20 are a little different and require
elements similar to those used in the proof of Theorem 1.18. Note that
this type of result seems to be new for the classical heat equation as well
(in which case our proof also holds in a much more general setting). The
proof of Theorem 1.20 is performed in Section 4.2.

Finally, the proof of Theorem 1.18 in Section 4.3 relies on the same transmuta-
tion technique. However, we do not split the solution into low and high-frequencies,
but rather apply the transmutation kernel kp(t, s) to the full solution y to the heat

equation: u(t) = fOT kr(t,s)y(s)ds is a solution to the wave equation. We then

prove a fine asymptotic analysis of fOT k7(0,s)e~**ds for high frequencies together
1w (0) [l 4,1

with convexity estimates to bound the “frequency function” of u(0), namely W

by the frequency function of y(0). The proof of this result via a direct transmu-
tation method seems to be new, even for the classical heat equation. The usual
proofs [FCZ00, Phu04] rather rely on the exact final time observability estimate,
which does not hold here in general. However, as opposed to [FCZ00, Phu04], we
do not recover uniform estimates in terms of the control time T as T — 0.

Finally, in Section 5, we prove the partially analytic result of Theorem 1.25.
Only the analogue of Theorem 1.15 at regularity 7-[_],3 needs to be proved (namely
estimate (1.26)), since, as discussed above, all results of Theorems 1.12, 1.18, 1.20
and 1.22 (under the appropriate form) are corollaries of that of Theorem 1.15.
The situation is almost the same as that of Theorem 1.15 except for four main
differences. First, the presence of the boundary makes it complicated to apply
globally the geometric result of Rifford and Trélat [RT05], and we only rely on
a local version of it. Second, the partial analyticity assumption does not allow to
make changes of variables. This difficulty is overcome by the very simple geometry
of [-1,1];, X Ty,, in which we barely do not perform any change of variable. Third,
the application of the results in [LL19| yields an observation term in a mixed
L? — H' norm; we have to refine this estimate to recover the L? observation term.
Finally, the available hypoelliptic estimates do not apply directly in the presence of
boundary and we have to patch hypoelliptic estimates in the interior with elliptic
estimates at the boundary.

The paper ends with three appendices, the first of which, Appendix A, is de-
voted to the proof of the optimality result of Proposition 1.14 using some estimates
of [BCG14, Section 2.3]. The second part, Appendix B provides the proof of
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several subelliptic estimates that are used throughout the paper. They are conse-
quences of Theorem 1.5. Finally, Appendix C contains a technical sub-Riemannian
computation.

1.5. Some remarks and further comments

This section contains several remarks concerning the setting of the present
paper and the results we obtain.

REMARK 1.30 (Sub-Riemannian Laplacians). Here, we explain why the as-
sumption that £ writes as a sum of X7 X, although seemingly restrictive, contains
in fact a general family of intrinsically defined sub-Riemannian Laplacians.

We first define here the sub-Riemannian Laplacian Ay, ) 45 associated to a
sub-Riemannian structure (U, f) on M and a smooth density ds. We then explain
why it can be rewritten under the form (1.1) for some (sufficiently many) vector
fields X1, -+, Xm.

First, we assume that M is equipped with a general sub-Riemannian structure
(U, f), see [Bel96, Definition 1.3] or [ABB16a, Definition 3.2] with U a Euclidean
bundle with base M and f: U — TM a smooth map being linear on fibers. This
allows to define first a sub-Riemannian metric, that is, a metric on the horizontal
distribution D with D, = f(U,) C ToM by g(z,v) = inf{|u|,u € Uy,v = f(x,u)}
(where | - | denotes the Euclidean norm in U). Second, this provides a sub-
Riemannian gradient V(g sy on M: namely, for v € C*°(M), V(y pyu(z) is the
unique vector in D, such that for all v € D, we have d,u(v) = g(=, V(y, pu(z),v)
(where g is the bilinear form associated to g).

Next, the smooth density ds allows to define the divergence divgs of a vector
field X € A by
4 (e)*(ds) = divgs(X)ds,
dt o
where e'X denotes the flow of X (or, equivalently, by the formula X* = —X —
divgs(X)). Hence, a natural definition of the sub-Riemannian Laplacian A, ), 4s
is

A(va)dsu = divgs (V(ny)u) , ue€ COO(M)

Now, according to [ABB16a, Corollary 3.26|, the sub-Riemannian structure
(U, f) is equivalent to a free one, that is, there exist m € N and m vector fields
X1, , X;m on M such that the horizontal distribution at x € M is given by D, =
span(Xi (z),- -+, X;m(z)), and the metric on this distribution is defined by (1.11). A
computation similar to that in Appendix C shows that the sub-Riemannian gradient
Vv, of a function u is then given by

V(U’f)u = (XZU)XZ

1=

Hence, the formula divgs(uX) = udivgs(X) + Xu for u € C®(M) and X € X
yields

—

m m m
Aw py.ast = divgs (Z(Xm)X,») = divas (X)) Xou + X7u ==Y X/ X;u.
i=1 i=1 i=1
As a consequence, all results presented in this article remain valid for general,
intrinsically defined sub-Riemannian Laplacians A, f) as-
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In the above discussion, we assume the density ds to be given: the sub-
Riemannian Laplacian Ay fy 45 then depends both on the sub-Riemannian struc-
ture (U, f) and the density. One may also wonder whether, given the sub-Riemannian
structure (U, f) only, there is an associated intrinsic choice of density ds, as in
the Riemannian case. This question is an object of current research. While it
seems that in the equiregular case, i.e., when the growth vector does not depends
on the point, there is a natural intrisic measure (namely the Popp measure, see
e.g. [Mon02]), there is no consensus for what should be the natural one in the
general case. For instance, in the Grushin case of Example 1.8 the metric g defined
in (1.11) is Riemannian outside of {#; = 0}. Hence, a natural choice would be to
take the Riemannian density outside of {z; = 0}. The associated Laplacian is equal
to that of Example 1.8 plus a potential which is singular on {x; = 0}. The analysis
in [BL13] shows that the zone {z; = 0} creates a barrier which the information
cannot cross. This phenomenon differs strongly from those exhibited in the present
paper.

To conclude this remark, let us also notice that the whole class of operators
studied by Fefferman and Phong in [FP83] is not contained in the class of sub-
Riemannian Laplacians Ay 5y 4, defined above. It would be interesting to investi-
gate the questions of the present paper for such hypoelliptic operators.

REMARK 1.31 (Norm of the observation term). Note that in the right hand-
side of (1.13), the observation term only comes with a L? norm (which is not the
case in most results in [LL19]). This is due to the fact that we are in the context
of operators with analytic coefficients with respect to all variables. In the case of
partially analytic operators as described in Subsection 1.2.4, we are able to get
observability in L? using a refined argument (see Section 5.3). Similar arguments
are also applied to the classical wave equation in a forthcoming companion paper
[LL18a].

REMARK 1.32 (Other levels of H? regularity). As already mentionned, The-
orem 1.15 is a particular case of general estimates where all Sobolev scales are
possible for measuring the typical frequency of the initial datum. Indeed, we prove
the following more general result.

THEOREM 1.33. Let L as above satisfying Assumptions 1.2 and 1.6. Assume
that w is a non empty open set of M and T > sup,cpqdg(z,w). Then, for any
s> 0, there exist v,C, o so that for all p > po, and all (ug,u1) € H % 7-[271 and
u solution of (1.12), we have

Dk 1
(1.31) ”(“Ovul)HLnyzl < e Hu||L2(]_T,T[><w) + E ||(u07u1)||7-[2><7-[2_1

Theorem 1.15 is the case s = 1 of Theorem 1.33 and we believe that the
frequency functions A used in Theorem 1.15 is the more natural presentation. Yet,
it turns out that Theorem 1.33 is actually easier to prove for s = k. Below, we first
prove this simpler case s = k (Section 3.3.1); then we need to prove refined estimates
for the general case (Section 3.3.3). The second part of the proof seems to require
additional arguments in the partially analytic case described in Section 1.2.4. That
is the reason why the estimate (1.26) of Theorem 1.25 is restricted to the case s = k.
Nevertheless, as already explained, most of the results about eigenfunction and the
hypoelliptic heat equation only use the easier case s = k.
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Remark also that, in inequalities such as (1.31), deducing the ’HSL/ case from the
7 case follows from an interpolation argument if s’ > s. Indeed, for 0 < s < ¢/,
denoting H* = H3 x H5 ' we have

1-%
10l < 1011,

U

Zo<- g)A 1U1520 + EAI*% Ul , forall A>0.
Taking then A = £u® and putting this into (1.31) yields the same estimate with s
replaced by s’. Hence, the difficulty in Theorem 1.33 when compared to the case
s = k (which proof is simpler) is only for small s > 0.

Finally, let us mention that the result of Theorem 1.18 remains valid as well
with the ’Hla—norm replaced by any H7-norm, s > 0, when modifying the powers
accordingly.

REMARK 1.34 (Constants). Note that there are mostly two relevant constants
in Theorem 1.15, namely the minimal time 2sup,c dz(z,w), and the constant
v in the exponent of (1.13). The constant v is expected to contain geometric
information, see e.g. [LL18b] in the elliptic case. All other relevant constants
appearing in the results of Section 1.2.3 can be explicitely estimated in terms of
these two. For instance, in Theorem 1.22, the constant T can be taken as Ty > v,
where v is the exponent in (1.13) for some S > sup,cpde(z,w). We refer to
Remark 4.3 below for more on this subject.

REMARK 1.35 (Interpolation spaces, see [Leb92, LL18a]). Notice that Es-
timate (1.23) may be reformulated (after an optimization in ¢) as the following
interpolation inequality, for y solution to (1.17)

T—(Ty+n)

T—(To+n) _To_
19Dl < C llglacig e IO
while (1.22) can be written

) 0-6g o
19(0)122 < C Iyl 2, .29y 19O

More generally, in both cases, there exists a €]0, 1 so that, we have the estimates

(1.32) ol 7, < Cllyoll %,

where Iy, Fi and F,,s are defined as the spaces of data obtained as the completion
of linear combinations of eigenfunctions of £ for the norms

11—«
yO”FO )

(1.33)
lyoll p, = [le™"“voll - » resp. (1Yol g, = llvoll 2 »
lvollz, = llvoll 2, resp. |yl = l[vollk 2,0 >
||yO||Fol7S = ||yHL2((O,T)><w) = He_t[,yOHL?((O’T)Xw) in both cases.

The latter are proper norms as a consequence of uniqueness, backward uniqueness
(consequence e.g. of Lemma 4.6 below) and unique continuation property for the
hypoelliptic heat equation (1.17). Note that we have Fy C Fips, F7 in the first case,
and Fy C I, C F,s in the second.

As a consequence of (1.32) (see for instance [Leb92, Appendix, Lemma 1]),
there exists § > 0 such that

[F07Fobs]6 - Fla
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where [Fy, Fops]s is the space of interpolation between Fy and Fips. As in Lebeau
[Leb92, Section 3], this yields
(134) Fll C [F(;7 (;bsh—(s'

Now, the duality between (1.17) and (1.18) will allow to identify the spaces Fj, F}

and F/, . to deduce properties of the controllable and the attainable sets.

First, the duality between (1.17) and (1.18) writes

(1.35) /OT(ﬂwy(T —1),9) L2(mydt = (Yo, w(T)) L2(m) — (Y(T), uo) L2 (a)-
We define
E,u= {u1 € LQ(M),there exists g € L2((O,T) X w),
s.t. the associated solution u to (1.18) with u(0) = 0 satisfies u(T) = u1 },
the space of attainable data from zero with L? controls, endowed with the norm
lrllg,,, = if { g2 0.y 5y -9 € L2(0,T) x )
s.t. the associated solution u to (1.18) with w(0) = 0 satisfies u(T") = ul}.

From (1.35), we obtain for all u; € Eqy C L? and all yo € L?

T
| (Yo, u1) 2oy | = /O (Loy(T = 1), 9) L2 dt| < llyoll . vt | 4y -

Hence, the L?(M) scalar product extends uniquely as a duality product

(Y0, U1) Fypo, Bare»
allowing to identify F, = with E.y. With the identification, we have as well F; =
eTEL2(M) and Fy = L*(M) (resp. Fy = L*(M) and Fy = H*/%%) so that
F| ~ e TFL2(M) and F} ~ L?*(M) (resp. F| =~ L*(M) and F} ~ H*/?~Y),
With (1.34), this yields
67T£L2 C [Eatt7L2]1—57
resp. L? C [Equ, H** 7)1 _s.

We also define E.,,: the (abstract) space of data that can be controled towards
zero as the completion of the space

{ug € L?, there exists g € L*((0,T) x w),
s.t. the associated solution u to (1.18) satisfies u(T") = 0}
for the norm
= inf { 9l 20,7y xw) 9 € L*((0,T) x w)
s.t. the associated solution u to (1.18) satisfies u(T) = 0}.

[uoll

cont

From (1.35), we obtain for all u; € E.on; C L? and all yo € L?

’U,l‘

T
|(y(T), u1) L2y | = ‘/ (Loy(T = t), 9) 2y dt| < llyoll rop. 11| £ -
0
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Similarly, the scalar product (yo,u1) = (e"*yo,u1)r2(pm) extends uniquely as a
duality product (yo,u1)r,,. E.,,, allowing to identify F/,  with E.o,. With this
same identification, we have as well F] ~ L?(M) and F} ~ e T£L%(M) (resp.
F| ~ e TEL?(M) and F} ~ e~ TFH*/2-9), Similarly, (1.34) also yields

L2 C [Econtye_TLLQ]lfﬁ
€7T£L2 C [Econt767T£Hk/2779]1—6~

Note that when k > 2, e"TEH*/2:=9 ~ H*/2:=9 which is not a distributional set
whatever the time T is. Yet, if k = 2, e " TLHF2-0 ~ HL=04T which is a space
of very regular functions if 7' > 6.

The next remark concerns the results of Theorem 1.22 and Corollary 1.23.

REMARK 1.36 (Large time approximate controllability with polynomial cost of
“critical anomalous diffusion”). The proof of Theorem 1.22 and Corollary 1.23 also
applies to any positive selfadjoint operator satisfying spectral estimates (or similar
estimates for the control of the heat equation for spectrally localized initial data)
like
(1.36) lwll g2y < Ce [wll2e,y, forall w= Z w;p;.

A <A

This is in particular the case for the square root of the Laplacian /—A, where
A, is the elliptic Laplace-Beltrami operator on a compact Riemannian manifold
(even without the analyticity assumption and with Dirichlet boundary condition),
see [LR95]. Therefore, for the associated evolution operator (so called “critical
anomalous diffusion”) d; + /—A, (studied in [Mil06b]), the same approximate
controllability result with a polynomial cost holds. Note also that even for the one
dimensional case (namely the operator 9; + |0, on the circle), it has been proved
by Koenig [Koel7] that exact controllability in finite time 7" > 0 never holds (as
long as the control domain is not the whole circle). In particular, it suggests that
approximate controllability at polynomial cost might be the best to obtain under
general spectral assumptions like (1.36).



CHAPTER 2

The quantitative Holmgren-John theorem of [LL19|

In this section, we briefly review some results obtained in [LL19], that will
be at the core of the proofs of the present paper. We shall only consider a very
particular class of operators, namely second order operators with real principal
symbol. Also, we shall only consider non-characteristic surfaces. This assumption
can be also relaxed (see e.g. [LL19, Definition 1.7 and Remark 1.9]), even though
we are not aware of any application of the refined result.

The interest of taking such operators and surfaces is that, in this context,
several assumptions and formulations of the results in [LL19| are simplified. In
this section, we state results for an operator P in R", where, in the application in
Section 3 below, we shall mainly consider P as a local version of 2 + £ on R x R¢
(recall that dim(M) = d), that is n = d+ 1. For this reason (and as opposed to the
notation of [LL19]), we shall denote by z € R™ the running variable and ¢ € R™ its
cotangent variable. In the applications in the next section, we will have z = (¢, z)

and ¢ = (7,€).

2.1. A typical quantitative unique continuation result of [LL19|

A typical instance (in the situation describe above) of the main result of [LL19]
may be stated as follows (see [LL19, Theorem 1.11] together with [LL19, Re-
mark 1.10]).

Geometric setting: (see Figure 1) We first fix two splittings of R™:
e R” = R™ x R™, where n, + n, = n. We denote z = (z4, z5) the global
variable and ¢ = ({,, (») the associated cotangent variable.
e and R" =R xR, ,
possibly in two different bases. We let D be a bounded open subset of R"~! with
smooth boundary and G = G(2’,¢) a C? function defined in a neighborhood of
D x [0,1], such that

(1) G(z',0) =0;
(2) Foralleé(() 1], we have {2/ € R""1 G(z',¢) >0} =D
(3) for all 2’ € D, the function ¢ — G(2',¢) is strictly i 1ncreasmg,
(4) for all € € (0,1], we have {2’ € R"" 1, G(2',¢) =0} = dD.
We set So = D x {0} and, for ¢ € (0,1],
Se ={(2',2,) €R", 2z, > 0 and G(7,¢) = 2, }
= (D xR)N{(2,2,) €ER",G(¢,¢) = z,,};
K={zeR"0<2, <G, 1)}

We recall that the local surface S := {¢ = 0} > zg, dp(z9) # 0 is called
non-characteristic at zo for the differential operator P with principal symbol p if

27
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Zn
Zb

FIGURE 1. Geometric setting of Theorem 2.1

p(20, dp(z0)) # 0, and that this is a property of the sole surface S (together with the
point 2o and the principal symbol of the operator p) and not its defining function
©.

Note also that in the main part of the paper, the operators are analytic with
respect to all variables. In this case, the following Theorem 2.1 is a quantitative
version of the Holmgren-John theorem (for second order operators, see [LL19] in
the general case), and may be seen as a generalization of [Leb92], which concerns
the (analytic) wave operator.

THEOREM 2.1. In the above geometric setting, we moreover let 3 C R™ x R™®
be a bounded open neighborhood of K, and P be a differential operator of order 2
on Q such that

e all coefficients of P are smooth and depend analytically on the variable z,,
e the principal symbol of P, namely p(z,() = Q.(C), is a z-family of real
quadratic forms such that ¢, — Q.(0, () is definite on R™ for any z € Q.

Assume also that, for any € € [0,1 + n), n > 0, the surface S is non-
characteristic for P at each point of S..

Then, for any open neighborhood & C € of Sy, there exists a neighborhood U of
K, and constants v, C, ug > 0 such that for all p > po and u € C§°(R™), we have

Y C
(2.1) HU||L2(U) < Ce™ (”UHHg(w) + ||Pu||L2(Q)) + ﬁ ||U||H1(Q) )

where we have denoted ||uHH;(U~J) = i8<1 HD?U’

L2(@)

Unfortunately, in the present paper, this global result does not apply under this
form. In order to state the refined (and more technical) version, used in the main
part of the paper, we shall need some definitions taken from [LL19, Section 2.3].



2.2. DEFINITIONS AND TOOLS FOR PROPAGATING THE INFORMATION 29

2.2. Definitions and tools for propagating the information

We first define the following regularization process for functions f defined on
R™ by f — f) with

_1Dal? 1 [ _lal?
fri=e A f:]:a e ]:a(f)(Cayzb) (Za)a
where F, denotes the Fourier transform in the variable z, only, or, equivalently

Fr(Za, 2) = (jﬂ) (e—%HQ *Rre f(.7zb))(za)

Na

>\ 2
- < ) f(ya,Zb) 67%‘%7‘%‘2 dya.-
Rna

ar
Then, we also need to introduce frequency localization functions, i.e. appropri-
ately smoothed Fourier multipliers. Let m({,) be a smooth radial function (i.e.
depending only on |(,|), compactly supported in |(,| < 1 such that m({,) =1 for

o] < 3/4. We denote by M* the Fourier multiplier M*u = m ( 22 ) v, that is
Cal y p ’

(M"u)(2q, 25) = F; * (m (%) fa(u)(Ca,Zb)> (2a)-
Given A, u > 0, we shall denote by M} the Fourier multiplier of symbol mA((,) =

my (%), ie. MY =mh(D,) = my (%) or

O00) o) = 7 (1 () )G ) (),

with, according to the above notation for the subscript A,

A\ NP
22) 6= (1) [ me et iy,

Note that in this definition, the symbol is first regularized and then dilated.
We stress the fact that these Fourier multipliers only act in the variable z,. The
following key estimate on regularized functions like my(¢,) will be used all along
the paper: given a bounded continuous function f on R™=, we have, for all {, € R"=

(23) /3Gl < CNF [l (dist(C,supp(f))) "~ e & HitCosuwpt),
It follows from [LL19, Equation (2.9)] in a simple situation.

The typical local estimate of [LL19, Theorem 3.1], which is the building block
for semiglobal statements like that of Theorem 2.1, reads as

||M£’“auu”1 < Ce" (||Miuﬁu“||1 + ”PUHLZ(B(O,R))> + CeV'H llwlly

for all p > po and u € C§°(R™), where o is a cutoff function in a small ball B(0, r),
r < R, whereas ¢ is a cutoff in only one side (the one where the information is
taken) of the hypersurface passing through zero (and being non-characteristic).

Here, and below, the norm ||-[|; is the norm ||| ;1 (gn)-

Such an estimate only provides information on the low frequency part of the
function, through the frequency cutoff M. f“ , with an exponentially small Ce™"'#
remainder (as opposed to the 1/u remainder term in (2.1)). Iterating this result
allows us to propagate the low frequency information. In this section, we recall
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some tools, used in [LL19, Section 4], for this iterative procedure. They are aimed
at describing how information on the low frequency part of the solution can be
deduced from one subregion to another one.

The following is [LL19, Definition 4.4], given here in the context of second
order operators.

DEFINITION 2.2. Fix © be an open set of R™ = R™ x R™ and P a differential
operator of order 2 defined in , and (V});ecs and (U;)ier two finite collections of
bounded open sets of R™. We say that (V}),cs is under the strong dependence
of (Uy;)ier, denoted by

(Vi)jes < (Ui)ier,

if there exists W; € U; such that for any ¥; € C§°(R™) such that ¢;(2) = 1 on
a neighborhood of W;, for any 9; € C§°(V;) and for all v,a > 0, there exist
C,v', B, o > 0 such that for all (u,u) € [uo, +00) x C§°(R™), we have

Z HMgﬂﬁiju

e (Z | M9 ], + nPunm) + O™ full,
JjeJ

el

If the cardinal of I is one, writing U the single set of the family (U;);cr, we simply
denote (V;);jecs JU. We use the same convention for V' in case the cardinal of J is
one. The norm ||-||; is taken in R™.

We summarize the properties of this relation in the following proposition [LL19,
Proposition 4.5].

PROPOSITION 2.3. We have the following properties
) If (V)jes < (Us)ier with Uy =U for all i € I, then (V;)jes QU.
2) If V; @ U; for any i € I, then, (V;)icr < (Us)icr-
3) If Vi e U; for any i € I, then J;c; Vi < (Ui)ier-
4) If for any i € I, V; < Uj;, then (Vz)zel < (Uy)ier- In particular, if for any
1€1,U; U, then (U;)ier < U.
(5) The relation < is transitive, that is

[(Vi)jes < (Ui)ier and (Us)ier < (Wi)ker] = (V)jes < Wi)rek -

Note that we do not always have U < U.

(1
(
(
(

REMARK 2.4. We stress the fact that the definition of < actually depends on
the set 2, the splitting R™ = R™ x R™ and the operator P. The dependence of
<l upon these objects will be mentioned when needed. For the applications, it is
important that the function w is not necessarily supported in €.

In the following, we will only need to use this relation < in some appropriate
coordinate charts. However, it will not be a problem for what we want to prove,
even on a compact manifold. Indeed, we will fix some coordinate chart on an open
set 2 C R™ close to a point or close to a trajectory. Then, we will use the relation
< related to €2 to finally obtain some estimates which will be invariant by changes
of coordinates.

We will also use the following proposition, [LL19, Proposition 4.9], which allows
to iterate local propagation results towards global ones.
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PROPOSITION 2.5. Assume that there exists some open sets Uy, U; j, wi i, Vi,
with j € [1,N] and i € I; (I; finite) such that we have

Uij<Vi; and w;; €U;j;, forallje[l,N] and i€ Ij;

Vinji+1 € |Up U U U wij|, forallle[0,N—1], andm € I}41,
JE[L,i] i€l;

where we consider the union Uje[[l,l]] empty if | = 0. Then, we have

Uy U U U wij| < Vo

JE[,N] i€l;
for any open set Vi such that Uy € Vj.

In this proposition, the local propagation results is U; ; <<'V; ; but the iteration
is made by packets. Roughly speaking, we use all sets corresponding to indices
i € I, j <1 to deduce the information on the sets with indices ¢ € Ij 4.

2.3. Semiglobal estimates along foliation by hypersurfaces

Now, we formulate the results of [LL19] in the form they will be used in the
next section, which is different from Theorem 2.1 with two respects:

e First, we keep the formulation with <; this means that we keep a frequency
cutoff in both handsides of the estimate, as well as an exponentially small
remainder (it is a low frequency estimate only). This allows to patch
estimates together (which is no longer the case when the high frequencies
have been taken into account, i.e. when estimates take the form of (2.1)).
The high frequencies will then be taken into account to close the estimates
with two different methods in Section 3.3.

e Second, we allow the linear change of variables between the two splittings
(namely (24, 2) for the analytic dependence and (2', z,,) for the geometry)
to be replaced by a diffeomorphism, which shall be very useful in the
following.

We give a first statement that is a low frequency formulation of Theorem 2.1,
using the notation < (see [LL19, Theorem 4.7]).

THEOREM 2.6. Under the assumptions of Theorem 2.1, there exists an open
neighborhood U of K such that

U <w.

This essentially means that Estimate (2.1) may be replaced by the following;:
for all x € C§°(U) and ¢ € C§°(92) such that ¢ = 1 on a neighborhood of @, we
have

24) Ml < O ([MEguull, + 1 Pull o ) +Ce " lull

(for any v > 0, there exist C, 5,0/, up > 0 such that for p > pg) i.e. keep the
frequency cutoff and the exponentially small remainder.

A remaining drawback of this statement, given by the geometric framework of
Theorems 2.1, is that the hypersurfaces are described by graphs in some coordinates
(namely (2, z,)). This choice of description is mainly convenient to make the
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foliation more effective and order the hypersurfaces more easily, but is too rigid
for the application in the present paper. Now, we give a slight variant of Theorem
2.6, more adapted to possible changes of variables. This result is a specific case
of [LL19, Theorem 4.11] and is proved in [LL19, Section 4.3]. The fact that
the operators described in the following Theorem fulfill the assumptions of [LL19,
Theorem 4.11] is actually a consequence of [LL19, Remark 1.10]: such operators
are analytically principally normal in {£, = 0} and any non-characteristic surface
is strongly pseudoconvex in {£, = 0} (we refer to [LL19, Section 1.2] for definitions
of these properties).

THEOREM 2.7 (Theorem 4.11 of [LL19]). Let @ C R™ = R" x R™ and P be
a differential operator of order 2 on € such that

e all coefficients of P are smooth and depend analytically on the variable z,,
e the principal symbol of P namely p(z,¢) = Q.(C) is a z-family of real
quadratic forms, such that ¢, — Q.(0, () is definite on R™ for any z € Q.

Let ® be a diffeomorphism of class C? from Q to Q = ®(Q). Assume that the
Geometric Setting of Theorem 2.1 is satisfied for some D, G, K, S. on Q (and not
on Q). Assume further that for any e € [0,1+n), n > 0, the surface ®~1(S.) (well
defined on ) is non-characteristic for P (at every point of ®~1(S:)).

Then, for all neighborhood w of ®~1(Sy), there exists an open neighborhood
UCQ of 1K) such that

U <dw,
where < = <l p is related to the operator P defined on Q (see Remark 2.4).

In this result, the operator P has the appropriate form in @ C R"= x R™
whereas the geometry of the surfaces is defined in , both being linked by a diffeo-
morphism.

With this theorem in hand, we may now prove the results presented in Sec-
tion 1.2.



CHAPTER 3

The hypoelliptic wave equation, proof of
Theorem 1.15

The main goal of this section is to prove Theorem 1.15. The proof is inspired
by the case of the classical wave equation (see [LL19, Section 6.1]) with mainly
two differences:

e We are not able to construct global coordinates near any path v, as in
the case of the wave equation. However, if v is a normal geodesic (see
definition 3.3 below), we are able to do this construction locally. Then,
this local result needs to be iterated.

e The H' norm is no longer equivalent to the energy norm for the hypoel-
liptic operator. We thus need to use hypoelliptic estimates instead.

The proof is divided into three parts, the first of which concerning the geomet-
ric constructions, the second the iterative use of quantitative unique continuation
arguments (propagation of smallness), and the last the energy estimates.

Let us start by introducing geometrical definitions and facts used all along
the proofs. First, denote by ¢ = ¢(z,£) € C°°(T*M) the principal symbol of the
operator L, that is

(3.1) Uz,6) =D (& Xi(x))”.

i=1
where (£, X (2)) = (§, X(2)) 7w g 1, o 18 the duality bracket.

REMARK 3.1. In view of unique continuation results, note that a local hyper-
surface {¢ = 0} at g € M (where ¢ : M — R with ¢(zg) = 0 and dp(zg) # 0) is
characteristic for the operator L if ¢(xo, dp(zo)) = 0, that is, according to (3.1), if

(dp(z0), Xi(z9)) =0 forallie {1,---,m}.
This means that a local hypersurface is characteristic for £ at xg if it is tangent to

all vectors X;(zo).

DEFINITION 3.2. The Hamiltonian curve of the symbol ¢ issued from py € T*M
is the unique maximal solution p(s) = (v(s),&(s)) of the ODE

(3-2) p(s) = He(p(s)), p(0) = po,

where H, is the Hamiltonian vector field associated to the Hamiltonian ¢. In local
charts, this is
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Such a curve is smooth (even real analytic since M and ¢ are). Moreover, the
first equation writes

m

(3-3) Y(s) = 22 (€(s), Xi(v(s))) Xi((s)),

so that the projection on M of a Hamiltonian curve is a smooth horizontal curve
(see Definition 1.4). Note also that a Hamiltonian curve, locally defined accord-
ing to the Cauchy-Lipschitz theorem, is actually globally defined (see e.g. |Rif14,
Proposition 2.3.2]). Note finally that the Hamiltonian £ is preserved along a Hamil-
tonian curve of ¢, i.e. £(p(s)) = €(po) for every py € T*M, s € R, where p is the
solution to (3.2).

Given a Hamiltonian curve p = (v,£) : [0,S] — T*M, one may compute
the speed along the horizontal geodesic 7 : [0,S] — M. Namely, we have (see
Lemma C.1 for a proof of the first identity)

9(7(s),7(s)) = 24 (€(5), Xi(1(5)))* = 4L(3(s), £(5)) = 4(p(0)), for all s € [0, 5.

We can hence compute the length of the horizontal path v, namely,

S
length(y) = [ VoG 3)ds = 25V/(0)).

This motivates the following definition:

DEFINITION 3.3. We say that a horizontal curve « : [0, L] — M is a normal
geodesic if there exists {(s) € 17, M such that s — (7(s),£(s)) is a Hamiltonian

curve of the symbol ¢ with £(v(s),&(s)) = 1.

As a consequence of this definition, such a curve v : [0,Lo] — M has unit
speed:

9(1(5),4(5)) = 2V/€(1(5),&(s)) = 2V/£(p(0)) = 1, for all s € [0, Lo,
(it is hence parametrized by arclength) and length Lyg.
DEFINITION 3.4. We say that a curve « : [0, L] — M is a minimizing geodesic

path between x and y if v(0) = =z, v(L) = y, if 7 is a horizontal curve and if we
have dz(x,y) = length(y) together with g(~(s),%(s)) constant.

See [Rif14, Chapter 2] or [ABB16a, Section 3.3]. Note that all above defini-
tions are intrinsic. The following key result in our proofs is [RT05, Theorem 1.1].

THEOREM 3.5 (Rifford-Trélat [RTO05]). For all x1 € M, there exists a dense
subset N, C M such that for all x € N, , there is a (unique) minimizing geodesic
path between x1 and x. Moreover, this path is a normal geodesic path.

As a direct corollary, we obtain the following result, which is a key step in the
proof of Theorem 1.15 (in particular for obtaining the minimal time).

COROLLARY 3.6. Letw a nonempty open subset of M and T > sup,erq de(z,w).
Then, for any x1 € M, there exists xg € w and a normal geodesic path ~y : [0, L] —
M of length L € (0,T), so that v(L) = x1, v(0) = x9, and v is also a minimizing
geodesic path.

Note that this path being minimizing, it is in particular non self-intersecting.



3. THE HYPOELLIPTIC WAVE EQUATION 35

PROOF. According to the definition of T, the set O,, := wN{x € M,d,(x,z1) <
T} is open (the continuity of d. is a consequence of the Chow-Rashevski Theo-
rem 1.3) and nonempty. Hence, it intersects the dense set N, given by Theorem 3.5.
Taking any g € O, N N,,, there is a normal geodesic curve v : [0, L] — M joining
xo and x; of length L € (0,7") which is also a minimizing geodesic. d

Now, one of the main purposes of the present Section 3 is to give a proof of the
following proposition (which essentially amounts to (1.30)). Indeed, Theorem 1.33
in the simple case s = k will follow. The proof of the full range of s in Theorem 1.33
will require more work.

PROPOSITION 3.7. Let T > 0, x9,x1 € M, and assume that there is a normal
geodesic path of length L € (0,T) between x¢ and x1. Then, for any € > 0, there
exists € > 0, there is C,v, g > 0 such that for allu € H*(] — T, T[x M) solution
of (0?2 + L)Yu=0 on]—T,T[xM, and for all ju > jig, we have

C

lellz2g-zex e 0y < €€ Ul g -ririx ooy T 5 Ilarg-rrmom -

Note here that the H'(] — T, T[xM) norm is the usual one, issued from the
structure of M as a compact manifold. Also, since € and £ are arbitrary small, balls
could be defined according to any metric on M defining an equivalent topology
(balls could equivalently be replaced by neighborhoods). It is convenient to use the
distance induced by the sub-Riemannian geometry since it appears in other parts
of the proof (for defining the distance d. for instance) and to avoid any confusion.

Using Proposition 3.7, together with Corollary 3.6 and a compactness argument
directly yields the following global estimate, which is the main result of this step.

COROLLARY 3.8. Let w a nonempty open set M and T > sup,cpde(z,w).
Then, there exist &, C, v, ug > 0 such that for all u € HY(] — T, T[x M) solution of
(02 4+ L)Yu=0 on]—T,T[xM, and for all p > po, we have,

» c
||UHL2(]—§,EI><M) < Ce ||u||L2(]—T,T[><w) + ﬁ HU||H1(]_T,T[xM) :

The last step towards the proof of Theorem 1.33 (in the case s = k; the general
case requires a slightly more precise version of this result), performed in Section 3.3,
will be to transfer the time-space information carried by this inequality into some
Sobolev norm H7 related to the operator £. This will be the object of Section 3.3.

Sections 3.1 and 3.2 are devoted to the proof of Proposition 3.7. For this,
the main point is to apply the quantitative unique continuation result adapted to
changes of variable, namely Theorem 2.7. The main drawback of this result is that
it only works in a subset Q of R™, i.e. it is not invariant by diffeomorphism. More
precisely, all estimates obtained from the results of Section 2.3 can only be patched
together in straight coordinates.

As a consequence, in the present context, we need to introduce global coordi-
nates near the trajectory between the points g and x;. Then, locally, we shall
define hypersurfaces to match the geometric setting of Section 2.1. This will be
done in another set of coordinates (not necessarily analytic), which is allowed by
the precise formulation of Theorem 2.7.

Finally, the energy estimates needed to conclude the proof of Theorem 1.33 are
performed in Section 3.3.
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3.1. Step 1: Geometric setting and non-characteristic hypersurfaces

We now consider x1, zg € M (recall that dim(M) = d), together with a normal
geodesic v as in Corollary 3.6. We first need to work in analytic coordinates near
the whole curve v. The existence of such coordinates is ensured by the following
lemma.

LEMMA 3.9. Let v : [0,L] — M be an analytic injective curve with 4(t) # 0
for all t € [0, L]. Then, there exist an open neighborhood N, of ([0, L]) in M, an
open neighborhood Q. of [0, L] x {Oga-1} in R? and an analytic diffeomorphism

(3.4) ¢yt Ny, = Q, CR?
such that ¢(v([0,L])) C ©Q, and ¢~(y(t)) = (¢,0,---,0) for all t € [0, L].

This results is classical in the C"*° setting, but we did not find a reference in
the analytic context. We give a proof for the sake of completeness.

ProoF. Without loss of generality (see [Mor58|), we can assume that M C
R¥ is an embedded manifold. We denote by g Riemannian metric on M induced by
the Euclidean metric on RY, and notice that it is real-analytic. Moreover, without
changing the image of v, we can assume that v has unit speed for the metric g. We
make the following claim that we prove hereafter.

Claim: there exists an analytic application: ¢ € (—e, L+¢€) > (va(t), - ,va(t))
with v;(t) € TyyM C TRN ~ RN so that (¥(t), v2(t), - ,v4(t)) is an orthonormal
basis of T’ 4 M.

We then define the application

¢y i (—&,L+¢) X Bra-1(0,6) = M,
Gyt 52, 5a) = expyp) (s202(E) + -+ + sava(t)),

where the exponential map is that of (M, g). Note in particular that

¢7(ta 0,--- aO) = 'y(t)'

Moreover, we can check that if we identify 7', M with R? thanks to the basis
(H(t),v2(t), -+ ,v4(t)), then the differential of <£7 at the point (¢,0,---,0) is the
identity matrix and is therefore invertible. In particular, we can apply the inverse
function theorem to get that (;37 is locally invertible. Since v does not have self-
intersection, one can prove (see for instance the second part of the proof of [Leel3,
Theorem 6.24]) that up to taking e small, g?),y is a diffeomorphism onto its image
which contains v by construction. The inverse diffeormorphism ¢, := gg,; ! satisfies
the statement of the lemma.

Now, we get back to the proof of the claim. By compactness, we can select
a finite number of open set U; ¢ RY, j € {1,---,J}, covering ([0, L]), ordered
so that U; NUj41 # 0 and U; N Uj42 = 0, and in which M is locally described
by Uyn M = {fiu, =0}N---N{fn_au, =0} for some analytic functions f v,.
We select J closed intervals (I});eq1,... sy such that I; C [0,L], [0,L] = UJ_,1;
and for all j € {1,---,J}, v(I;) € U; N M. In each coordinate chart U; N M,
we construct d — 1 continuous applications u; : I; — RY for i € {2,---,d}, such
that (¥(t), u2(t),--- ,ua(t)) is a basis of T',;)M for all t € I;. We may moreover
construct these applications iteratively (starting from Uy, passing from U; to Uj41,
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ending with Uy) so that they coincide on I;NI;1+1. We end up with d—1 continuous
applications

up i (=2, L +2¢) — TRY ~ RN, t 5 uy(t), with u;(t) € T,nRY ~ RN,
for i € {2,---,d}, so that

[ det(§(2), Vo fr,o;(v(8)), -+ s Vg n—au; (7(8)), uz(t), -+ s ual(t))] >0 >0

for all j € J and all ¢ such that v(¢) € U;. By an approximation argument applied
to each ¢ — w;(t) (just extend u; to R by setting zero outside of (—2¢, L + 2¢),
and then take the convolution with a one dimensional heat kernel for instance), we
obtain another family of applications ¢ — w;(t) for i € {2,--- ,d} that are analytic
from (—e, L +¢) — RY and moreover satisfy

|det(9(t), Vo fru; (v(®), -+ Vofn-au, (7(t), w2(t), -, wa(t))| > n/2

forall j € {1,---,J} and all ¢ such that v(t) € U;. In particular, for j € {1,---, J}
and for all ¢ € (—e,L + ¢) such that y(t) € Uj;, these vectors form a basis of
RY and we can apply the Gram-Schmidt algorithm to this family with respect
to the Euclidian metric. When doing this, we obtain some orthonormal basis
(), X1,5(t), +  Xn—a;(t),va(t), -+ ,va(t) of RY. 1In the process, notice that,
because of the order of the vectors, the algorithm yields for all ¢ € (—e, L + ¢)
that span{Xy ;(t), -, Xn—a;(t)} = span{Vyfr,u,(v(t)), -+, Vgfn-au,(7(1)} =
(Tv(t)./\/l)l, which does not depend on j. Since the construction of one v; only
involves its projection on %(t), on span{Xy;(t), -+, Xn—q,;(t)} = (TyM)* and
on the v;, i < [ already constructed, the vectors va(t),- - ,v4(t) produced do not
depend on the choice of chart U; and satisfy by construction

span{y(t),va(t),- -+ ,vq(t)} = T,y M.

Finally, we can also check that since the algorithm only involve orthogonal projec-
tions on vectors depending analytically on t € (—e, L + ¢), all functions involved
remain analytic. Therefore, §(t), va(t), - ,vq(t) is an analytic orthonormal basis
of Ty yM C R, which proves the claim. O

From now on, we shall only work in the chart (,,¢,). For the sake of
readability, we shall keep the same notation for all objects pulled back form N, ¢ M
to 1y C R?. For instance, we shall still denote X instead of (gb;l)*Xj, L instead
of (gb;l)*ﬁgﬁf;, v C §, instead of (qﬁ;l)*'y etc... Recall that all above definitions
(in particular Definitions 3.2, 3.3 and 3.4) are intrinsic, so that, in particular, the
whole sub-Riemannian structure may be transported to €2, and the curve v is still
a normal geodesic in 2.

Now, we define other local coordinates in which to construct the (local) non-
characteristic surfaces in order to apply Theorem 2.7. We first need the following
lemma.

LEMMA 3.10 (local coordinates). Given ~y : [0, L] — €, a normal geodesic path,
for any point xo = ~y(so) on this curve, there exists an open neighborhood Vy, of
xo, and appropriate coordinates, denoted x = (&, r4) € R4~ x R (with associated
cotangent variables &€ = (€,£4) € R4~ x R) in which

o the symbol ¢ can be written

(3.5) Uz, €) = & +r(x,£),
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where (z,€) is a non negative quadratic form in &;
e the point xg is sent to (0,---,0,s0) and v(s) = (0,---,0,s) for s close
enough to sg.

PRrROOF. This is e.g. a consequence of [H6r85, Appendix C.5|. More precisely,
we denote by s — (v(s),£(s)) € T*Q\ 0 the Hamiltonian curve associated to the
normal geodesic y. We let ¢ be a real-valued function defined locally in a neighbor-
hood of xg, such that ¢(zg) = 0 and dp(zg) = £(sp). Then, the hypersurface {¢ =
0} is non-characteristic for ¢ at zq since £(zo, dp(z0)) = £(v(s0),&(s0)) = + # 0,
according to the definition of a normal geodesic path. According to [H6r85, Corol-
lary C.5.3], there are local coordinates (#,z4) € R¢! xR, defined in a neighborhood

of 0 in which

e 1 is sent to 0,
e the surface {¢ = 0} is given by {z4 = 0},
e the first item of the lemma holds.

We now just have to check that the second item of the lemma holds in these coor-
dinates. First remark that do(xg) = £(so) is sent to (0,&4) for some &; € R*, so
that £(v(so),&(s0)) = 1 implies, with the form of ¢ in (3.5), that £2 = 1. Up to
changing x4 — —z4 (without changing any of the three properties described in the
above items), we may further assume that ; > 0. Hence dp(z¢) = £(s¢) is sent to
(€,€1) = (0,3). Second, the form of ¢ in (3.5) yields that the Hamiltonian curves

of ¢ satisfy in these coordinates:

(36) ‘IE = agr(x,f)7 :I.;d = 2&17 g: _air(xvg)a éd = —ag;d'f'(fﬂ,g)-

The Hamiltonian curve associated to the normal geodesic v in these coordinates
is the unique curve of (3.6) passing through = = 0 and (£,&;) = (0,3). But the
function (&, zq, #,&4)(s) = (0, s — 0,0, 3) solves (3.6) since d;r, 0,,r are quadratic
in £ and Ogr is linear in € (and, in particular, all vanish at € = 0). It also starts
at time so at (0,0,0, %), so that (0,s — 0,0, 3) is the sought Hamiltonian curve.
As a consequence, the normal geodesic v is given by (Z,24)(s) = (0,8 — s9) in
these coordinates. This concludes the proof after the linear change of variable
(Z,2q) = (Z,24 + s0)- O

LEMMA 3.11 (Construction of non characteristic hypersurfaces in normal co-
ordinates). Assume that for some ro,lg > 0, the symbol ¢ is given by (3.5) in
coordinates (,4) € Q := B(0,79)x] — lo, 2lo[C R4 x R,,. Then, for anyto > lo
and 0 < 1y < 1o, there exists D, G, K, Sc satisfying items 2-3-4 of the Geometric
Setting of Section 2.1 in R™ = R4 in the coordinates

(3.7) (2, 2n) = (t,8,2q), with 2 =(,%) and 2z, =1y,

together with
(4) D C [—to,t()] X E(O,’I’l), that is Sy C [_thtO]t X E(O,Tl)j’; X {O}CEd C
Ryx € R x {0}4,;
(5) {0} x {0}z x [0,10]s, C K
(6) for any e € [0,1+n), the surface S. is non-characteristic for P = 07 + L
at each point of Se.
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PROOF. The principal symbol of the operator P = 9? + L in the coordinates
of Lemma 3.10 is given by

(38) p(-')vf7$d,7', 57 §d) = _7—2 +€(i‘7xd7éa gd) = _7-2 +€§ + T(.’L’,g)7 5 = (ga 5d)7

To match the geometric setting of Section 2.1, we define the coordinates (2, z,,)
according to (3.7), as well as

(24 () <1} awaa - (5 ()
¢e(t, 2, 24) == G(t,&,6) —wa,  Se={¢-=0}, e€[0,1+n),
with r1,7 > 0 small to be fixed, where 9 is such that, for some 79, n; > 0,
Y [=1—=mn0,14+n0] = [-m,1], smooth and even, (+1) =10, ¢(0)=1,
(s) >0, if and only if s € [-1,1], and |[¢'| <« on [-1 — 19,1+ 1],

D:{@@

with 1 < a < t” This is possible since t—” > 1.

Note first that Item 4 is satisfied accordlng to the definition of D. Note also that
the point (t,Z,z4) = (0,0,ly) belongs to S1 = {¢1 = 0}. Hence, Item 5 is satisfied
since {0}; x {0}z € D and G(0;4,1) = ly, so that we have 0 < x4 < G(013,1) =1
if xrq € [0, lo]

Let us now check Item 6. We have

d(b(._« (ta jja xd)

N2 oty2) V2 N2 EN\2)\ [tdt  @di
(2 ) (VT ) (g 28) o
EO( 1 + to /(/) 1 + to t% * ’/‘% rd

Given the form of the principal symbol of the operator P in these coordinates (see
(3.8)), we obtain

— (&, x4,dd:(t, T, 2q))
. 1 . 1
:52132((i)2+(;)2) |¢'|2_zgilr<m,@((Z)Z(;)Q) -1,

N2 2
where [¢|? is taken at the point ( (i) + (i) ) Since 7 is non negative, we

T1
get

2ot (N2 N2
(@0 doelt,d00) < i ((5) + () ) WP
Since |¢'| < a and ¢ € [0,1 + 1], we obtain for any (¢,#,z4) € D x [0, 1],
2

(i : G VALY AA N
p(Z, 24, doe(t, &, 1q)) < —5 15 a—1
t5 to to

12
< (1+4n)°Ha” —1<0,
to
the last constant being negative for 17 small enough because o < % Therefore, the
surface S = {¢. = 0} is noncharacteristic for any ¢ € [0,1 + n], which concludes
the proof of Item 6, and hence of the lemma. O
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3.2. Step 2: Propagation of smallness
We recall that z = (¢,z) and n = d + 1, and introduce the notation
Vois(K, r) := U B(z,r) for K CR".
zeK

LEMMA 3.12 (local version near a piece of a normal geodesic). Given ~ :
[0,L] — € a normal geodesic path and fix § € [0,L]. Then, there exists L, 7s
small such that for any so € [0, L], Ly > 0 so that [sg, s + Lo] C]§ — Lo, 5+ is[,
for all T > Ly and 0 < 1y < T, there exists ro > 0 so that

(3.9) | = 72, m2[x Vois(v([so, s0 + Lo]), 72)<t] = T, T[x Vois((s0),71),
where < is related to the operator P = 0 + L in the set | — T — e, T + [x Q.

See Figure 1 for a picture of the sets involved in (3.9).
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FIGURE 1. Schematic representation of the sets involved in Lemma 3.12.
Recall that length(y([so, so + Lo])) = Lo < T'; the dashed line represents the
boundary of the wave cone.

The proof is almost the same as in Theorem 6.3 of [LL19]. The only difference
is that the coordinates where we have a nice diagonal form for the operator P are
not global and are not those where we want to apply the local result. Note that this
would not have been a problem if we had proved that the relation < is invariant
by change of coordinates. Now, we perform the following steps:

e use Lemma 3.10 to obtain nice coordinates in a neighborhood of (s);
e construct the non characteristic hypersurfaces in these coordinates accord-
ing to Lemma 3.11;
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e apply Theorem 2.7 in these coordinates, w.r.t. those surfaces, keeping
in mind that the fact to be non characteristic is invariant by changes of
coordinates.

Note also that the presence of § and sy in the statement may seem strange and
it would look simpler to consider only so and intervals [sg, sg + Lg]. Yet, this will
be useful later in compactness and covering arguments where we have to substract
and cut some intervals.

PrOOF. By Lemma 3.10, we can find a diffeomorphism from a neighborhood
of v(3) in Q, to Bra-1(0,70)x]3 — 4Ly, 5 + 4L,[> (#,24) in which the symbol
¢ is as in (3.5) and ~(s) is given by (&,24) = (0,5). By translation and using
[s0, S0+ Lo] C]$ — L, 5+ fjs[, we have a diffeomorphism ® from a neighborhood V
of v(sp) in Q4 onto Bra-1(0,79)x] — Lo, 2Lo[> (&, z4) where ®(y(so)) = 0.

For later purposes, fix r3 so that

(3.10) ©~(Bpa(0,73)) € Bra(v(s0),71)-

We will keep denoting ® the same diffeomorphism acting on | —T —e, T +¢[xV
leaving the ¢ variable unchanged, and set Q :=] — T — &, T + €[x Bga-1(0,r9) X] —
Lo, 2L].

Now, construct D, G, K, S. according to Lemma 3.11. In particular, all
surfaces S. are non characteristic for P (or, more precisely, for (®*)~!P®*) in Q).
By change of coordinates, the surface ®~1(S.) is non characteristic for P at each
point of ®~1(S,).

For 0 < Lo < tg < T, take w = ®1(] — tg,to[xB(0,73)) so that Item 4 of
Lemma 3.11 implies that w is a neighborhood of ®~1(S).

The assumptions of Theorem 2.7 are fulfilled (with n, =n =d+ 1, i.e. in the
Holmgren-John case), so there exists an open neighborhood U C Q of ®~!(K) such
that U <w. Note here that the strict application of Theorem 2.7 yields this result
for the relation <j_7_. 74 c[xv,p, but the latter then implies the same property for
the relation <j_7_c 74c(xq,,p. We will keep the notation <.

Moreover, Item 5 of Lemma 3.11 implies, after having applied ® !, that

71 ({0} x {0}z x [0, lo]z,) € @THE) C U
Using the form of P on Q and that 7 is a normal geodesic, we obtain that

7 ({0} x {0}z x [0, LoJa,) = {0} x ¥([s0, 50 + Lo))-

In particular since U is open and the previous set is compact, we can find r9 > 0
so that | — 7o, m2[x Vois(y([so — 72, S0 + Lo]),72) € U. Items 2 and 5 of Proposition
2.3 imply

| — ro, ra[g, X Vois(v([so — T2, S0 + Lol),2) < w.

Finally, the definition of w, T > ¢y and (3.10) imply w €] — T, T[x Vois(v(sg), r1)-
This gives the final result by applying again Item 2 and 5 of Proposition 2.3. [

We can iterate the previous local result to get a more global one, which will be
the main step for Proposition 3.7.

PROPOSITION 3.13 (global version near a normal geodesic). Given « : [0, L] —
2y a normal geodesic path, and let 0 < L < T. Then, there exists ro small, such
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that for any 0 < r1 < ro, there exists ro > 0 such that
(311) ] — T2, TQ[X VOIS(V([O? L])a T2><] - Ta T[X VOIS(’Y(O% 7"1)-

PROOF OF PROPOSITION 3.13. We prove the result for another T>T. It
gives the result since it is arbitrary.

For any § € [0, L], Lemma 3.12 provides L and 7, and an interval ]E—ES, §+is[
with the appropriate conclusion. By compactness of v([0, L]), we can extract a finite
covering such that ([0, L]) € Ujepr,np 7185 — Lj,3;+ Lj[). Then, the issue is that
Zj-vzl 2Ej may be very large with respect to 27". To overcome this difficulty, starting
from this covering, we can always obtain (for this, suppress some intervals and cut
them when they overlap too much) a finite number of intervals [s;,s; + L;] and
associate times 7} that satisfy the following properties:

o [0,L] c U}, ]sj, 85 + Ly,
® [sj,55 + Lj] C]$; — Ly, 55 + L[, for all j € [1, N,
o 51 =0,

Sj+1 €]s;4,8; + Lj[, for all j € [1, N — 1],

o« L< YL L <T,

o Lj<Tjand Y0 T, <T.
So, for any j € [1, N], since [s;,s; + L;j] C]5; — Lj,3; + L;[, Lemma 3.12 can be
applied to the path v([s;,s; + L;]) and gives the existence of 7 associated to §;,
which we here denote ré. We also denote by rg the minimum of all ré, Jj €[1,N],
so that the conclusion of Lemma 3.12 remains true with any choice of 1 < r. We
next define T{ and r% recursively in the following way:

e r1 = min(rg,r1)/2 and r} is given by the Lemma 3.12 for the interval

[81,51 +L1} : [O,Ll] ‘ )
e We choose 77" = min(rq, ) /4 and 3™ is given by Lemma 3.12 applied
to the path [Sj, S; + LJ] C]gj — Lj, §j + LJ[ and the time Tj > Lj.
The conclusion of Lemma 3.12 is then
(3812) ] = rd,rilee x Vois(y([s;, 5 + L)), r8) < (1= Ty, Tyl x Vois(1(s;), 1))

Now, for any [ € [1, N], consider a sequence of time (t!);c;, such that the family
(Jtt — v ¢t + Tl?DieIl is a finite covering of | — T'+ 2221 T;,T— 2221 T;[. One can
also impose t} €] — T + Zé.:l T;,T — 22:1 Tl
We want to apply Proposition 2.5 with the following definitions for j € [1, N,
1€l
Us,j =Jt] =3, t] + r[x Vois(v([s;. 55 + L;)),3),
wi,g =t = r3/2,t] + ] /2[x Vois(y([s;, 55 + Ly]):73/2),
Vij =t} — Tj,t] + Ty[x Vois(v(s;), 1),
Uo =] — T, T[x Vois(7(0), 2r}).

Since Lemma 3.12 is invariant by translation in time, (3.12) and the choices of

7], 1} give U; j < Vi j. We also have w; ; € U ;. So, the main point to check is

(3.13) Vmupr € [UoU |J Jwij|, forallme Iy, andle[l,N—1].
Je1,1] i€l;
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We first check the degenerate case [ = 0, which amounts to proving that V;,, 1 € Uy
for m € I. Since t}, €] — T + Ty, T — T1[ (by choice), we have JtL —T1,tL +Ti[€
] — T,T[. Moreover, since s; = 0, we have Vois(v(s1),7) € Vois((0),2r}), and
Vin,1 € Uy by definition.

Concerning the case | € [1, N — 1], we prove the stronger property

(3.14) Vini+1 € U wiy, forallm e Iy.
i€l

First, we have by definition

U wia = | 16 —r8/2,8 + /21| x Vois(y([si, s + Lil), 75/2).

S i€y
Since (Jt; — rh, t; +14[),., is a finite covering of | - T+ 22:1 T;,T — 25:1 T;[, we
have
! !
(3.15) [ =T+ 15T = Tj[x Vois(y([si, s + Li]), 74/2) € | wi-
j=1 j=1 el
We also have ¢/ €] — T + Zl+1 T;, EZH T, so that
I+1 I+1
= T 5 + T €] = T = Tia + Y T3, T+ Tia — 3 T4,
— =
that is
! !
(3.16) = Tip 67 + Ti[€] =T+ Y T3, T =) Tyl
j=1 j=1

Moreover, v(s;+1) € v(s1, 81 + Ly [) and 7™ < 74 /2 by construction, so
(3.17) Vois(y(s141), 71 € Vois(v([s1, 51 + Li]), r5/2).

Combining the definition of V; ;41 :]tﬁ"rl — Tiy1, 57 4 Ty 1 [x Vois(y(sp41), 7o),

(3.16), (3.17) and (3.15), we obtain V41 € J;ey, wis. This finishes the proof of

(3.14) and therefore (3.13), so that all assumptions of Proposition 2.5 are satisfied.
The conclusion of this proposition can then be written as

(3.18) Uy U U U wi ;| <V for any Vj such that Uy € V5.
je[1,N]i€l;

Now, we pick ro < min(T — Z;\Ll T;,75/2). Using (3.15) and then the covering
property [0, L] C U, eqi,np)85: 85 + Lj[, we obtain

| = ro, ro[x Vois(y([s;, s; + L;]),m2/2) C U Wi 4,
i€l

| = 7o, r2[x Vois(~([0, L]),r2/2) C U me

JE[1,N] i€l;
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In particular, we have

] = r2/4,m2/4[x Vois(y([0, L)), r2/9) € | | wi-

JE[1,N] €1,

Now, since T > T and r! < r,/2, we have Uy €] — T, T[x Vois(y(0),2r) := Vj.
Combining this together with (3.18) and the use of Proposition 2.3 (several times),
we finally obtain

| — ra/4, 79 /4]x Vois(y([0, L]), ro /4)<1] — T, T[x Vois(v(0), 2r1).
This concludes the proof of Proposition 3.13. ([l

From Proposition 3.13, let us now briefly explain the proof of Proposition 3.7.
We proceed exactly as in [LL19, Section 4.2], in the proof that Theorem 4.7 implies
Theorem 1.11 (which, in Section 2 of the present paper, corresponds to the proof
that Theorem 2.6 implies Theorem 2.1). Note that it only consists in getting
rid of the frequency cutoffs appearing in the definition of <, i.e. considering all
frequencies, at the cost of replacing the e™"* exponentially small remainder by a
i. This concludes the proof of Proposition 3.7.

For an application in the context of Section 5 (partially analytic operators with
a boundary), we need to relax the condition that v is globally a normal geodesic.

REMARK 3.14. The proof of Step 2 took the following structure.

e Lemma 3.12 proves some relations of dependence (3.9) for some local
region around some small part of a normal geodesic.

e Proposition 3.13 uses the fact that the relations of dependence that we
obtained in Lemma 3.12 can be iterated to be around a global normal
geodesic to get some relation of dependence that has the same form but
globally, namely (3.11).

Therefore, with exactly the same iteration process as Proposition 3.13, except that
we invoke Proposition 3.13 itself instead of Lemma 3.12, we can obtain that the
same result as Proposition 3.13 is true if = is only geodesic by piece. This is the
following Proposition.

PROPOSITION 3.15 (global version near a piecewise normal geodesic). The same
result as Proposition 3.13 is true if v is only normal geodesic by piece.

3.3. Step 3: Energy estimates

3.3.1. Simple energy estimates concluding the proof of Theorem 1.33
with s = k. As precised earlier in the introduction, Theorem 1.33 is easier to prove
in the specific case s = k. To conclude this proof from Corollary 3.8, it only remains
to prove for solutions of (1.12) the two estimates:

(3.19) (w0, )l L2 gzt < Czllull 2 —z210m) -
(3.20) lull g -z ey < O ll (o, un) g wqgir -

On the one hand, (3.19) is a “straightforward observability estimate”, the proof of
which is exactly the same as inequality (6.9) in the proof of Theorem 6.1 in [LL19]
for the classical wave equation.
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On the other hand, the proof of (3.20) relies on the (optimal) subelliptic esti-
mates stated in Theorem 1.5 and Corollary B.1. First define the energies

1 1 1 )
(3.21) Es(u) = §||8tu||§_[2,1 + 5““”%{5 =3 ||(ua8t“)||w£xw[1 , s€ER.

Then, rewriting (1.12) as (97 + £ + 1)u = u and taking the inner product with
(L +1)*19;u yields

Leuw) = ((C+ )T u L+ 1) T o)
and hence d
—&s(u)(t) = 2 &s(u)(t) < Es(u)(t),
so that we have
(3.22) Es(u)(t) < Cr&s(u)(0) fort e [-T,T).
Also, according to Corollary B.2, we have [ul ;1) < C’||u||H;Z. This estimate

yields
T

2 2 2
Il renn = [ (10lacun + Il ong )

< C’/T (el(u)+ lulls )dt.

-T
Since E4(u) < E,(u) for s < o, we obtain

T
2
||U||H1(]—T,T[xM) < C/T

This proves (3.20), which, combined with the estimate of Corollary 3.8 and (3.19)
implies

Ek(u)(t)dt S CT((:k(U)(O) = 2CT ”(uo’ul)”’QHIZXHZ_l .

C
ICuos un)llpzspizr < Coe™ lull 2 -mirixay + 2 100 ) gt syt -

This finally proves the estimate (1.31) with s = k, up to changing u by p*/C,
and po and v accordingly. Estimate (1.14) is then a direct consequence of [LL19,

Lemma A.3] and the inequality [[ull 12_77(xw) < € ||(U0,u1)||H;2XHIZ—1.

REMARK 3.16. Note that the previous energy estimates do not use any analyt-
icity property of the solution and are equally true in the partially analytic case.

REMARK 3.17. Until this point, all proofs work as well if £ is replaced by
L 4+ V where V is a time-dependent complex-valued analytic potential. Beware
that in Section 3.3.3 below, the spectral theory used restricts the discussion to
time-independent real-valued analytic potentials.

3.3.2. Interlude: eigenfunction tunneling, a proof of Theorem 1.12.
Here, we focus on eigenfunctions of £, that is, solutions to Ly = Ap. Denoting
v(t, x) = cos(v/At)p, we remark that v is solution to

{ Bv+Ly = 0
(v,00)i=0 = (¢,0).
Therefore, thanks to Theorem 1.33 with s = k, we have the estimate

||<P||HIL < Cet HUHLQ(]—T,T[Xw) = Cre™ ||<P||L2(w) )
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lell e

with A = Tl = (A + 1)*/2. This proves Theorem 1.12 from Theorem 1.33 with
s =k (or any given s > 0).

3.3.3. End of the proof of Theorem 1.33 in the general case. We now
prove the appropriate energy estimates to conclude the proof of Theorem 1.33 for
any s > 0. Recall again that z = (¢,x) and that all variables are analytic, that is
z = zq. Hence, we have ( = (, = (7,§) together with D = D, = Dy ;.

REMARK 3.18. The main idea of this section is that since we are only dealing
with low frequency estimates, the remainder can be taken in any “arbitrary weak”
norm; this gives then a lot of flexibility for the norms that we can finally take.

Yet, in our estimates, the remainder term is actually in H'. It would certainly
be possible to obtain a weaker norm in the general Theorem of Quantitative Unique
Continuation of [LL19], but it would require to revisit all proofs of [LL19], and
even the Carleman estimate itself. Instead, we could try to only apply our general
estimate to a function with low frequency, for example u = m*(D; ;)v where v
is solution of Pv = 0. But in this case, to obtain good estimates of Pu, we
need exponentially small estimates for the commutator [P, m* (D, ,)]. This would
certainly be possible but quite lengthy and would rely on global analytic regularity
properties for P. Instead, for the specific case of wave type equations, regularity in
time essentially translates into regularity in space. That is why it is more convenient
to consider a regularizer m*(D;) which commutes exactly with the wave operator.
Remark that the method may extend to other evolution equations.

REMARK 3.19. In this section, we are in the case where all variables are ana-
lytic, that is z, = z = (¢,2). Therefore, the proof below does not a priori apply
to the partially analytic case described in Section 1.2.4. This explains why the
statement of Theorem 1.25 is slightly less general. The same results might be true
in the partially analytic case but would certainly require more work and additional
arguments.

In the relation <, the remainder terms are always measured in the norm H'.
In this section, we describe how, in the case of solutions of the wave equation, the
remainder term can be chosen in any weak Sobolev norm.

The starting point of the proof is Proposition 3.13, which implies the following
statement (without the use of the notation <1). Let v : [0,L] — 2, a normal
geodesic path such that (0) € w, and let 0 < L < T. Then, there exists ¢ > 0 such
that for any ¥ € C§°(R¥*1) equal to one in a neighborhood of | — L, L[x{v(0)}
and 9 € Cs°(R4F1), supported in | — 2¢, 2e[x B(y(L), 2¢), we have: for all v,a > 0,
there exist C, v/, B, g > 0 such that for all (u,v) € [po, +00) x C§°(RI*1), we have

(3.23) HM/?H&W

< ce (Mg, + 1Pvl e, ) + Ce ol

where ﬁv =| — T,T[x,. In particular, we may (and we shall) take ¥ supported

in] —7T,T[xw and ¥ = 1 in a neighborhood of | — ¢, e[x B(xg, ). Notice also that
we can impose § < a < 1; indeed, the estimate for a smaller 3 is actually worse
(than that for a larger 8) up to an error term of the form Ce™ |lv||; (see e.g.
Lemma 3.25, Item 3 below).
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Up to choosing the coordinate charts €2, smaller, we can still select some other
open set Q C R? with ., € Q2 so that there is an analytic diffeomorphism from an
open neighborhood of v to £ and such that this diffeomorphism coincides with the
¢~ defined in (3.4) on €,.

From this starting point, the plan of the proof of Theorem 1.33 is to apply
(3.23) to the function

D )
(3.24) v = xo(t)xi(f)xi(t)xs(ﬂf)%
where v is a solution of
Pu=(0?+L)u = 0
3.25 t
(3:25) { (u, Ou)i=0 = (uo,u1) = Up,

pulled back to the local coordinate chart 2 (we however keep the notation w for
simplicity).
The time, frequency, and spatial cut off functions x* are chosen as follows:
e \2e€C(]—T —¢,T +¢[) so that x%(t) = 1 on | — T, T[; we also write
X = ()
e \* € C°(] =T — &,T +¢]) so that x°(t) = 1 in an neighborhood of
supp(x*),
o ? € C5°(Q) so that x3(z) =1 for z € Q,,
e \! € C§°(R) is supported in | —2, 2] and such that x!(7) = 1 for 7 €]—1,1[;
we also write x;, = (x'),.-

REMARK 3.20. Note that since x* € C5°(Q2) and x° € C§°(R), v is a well
defined function in C§°(R4*!) if Uy (and hence u) is smooth. So, (3.23) is ap-
plicable. Moreover, v is not a local function in terms of w in the time variable;
indeed, it depends on all values of u(t) for ¢ € R. However, since u is a solution to
Equation (3.25), u may rather be seen as a function of the data Uy only.

Our task is now to estimate each term in (3.23) in terms of the observation
lull L2 7,7(xw) and appropriate (weak) norms on Up. This is done respectively in
Lemmata 3.21, 3.22 and 3.23 below. Finally, to conclude the proof, it will remain to
estimate also the high frequency part of the solution (this is done in Lemma 3.24).
The proof of these results rely on several technical estimates, which are postponed
to the next Section 3.3.4 for the sake of readability.

All along this section, we shall use the following natural product norms for

s€EeR,
100114 s = 100llp 351 = V/2E:(00)-

LEMMA 3.21. For all s > 0, there is C, N, ¢, g > 0 such that for all p > po
and for all u solution to (3.25) and v defined accordingly in (3.24), we have

[0, < O™ llull g ricwy + Ce™ 100lI_y x -

PROOF OF LEMMA 3.21. First note that, according to (2.3), we have (for some
N € N, changing from line to line),

myu(n) < Cp (n)N e~ dist(nsupp(m))”



48 3. THE HYPOELLIPTIC WAVE EQUATION
Hence, recalling the definition of m in Section 2.2, we obtain, for all s > 0, for some
C,N,c>0,
> my,(n) = 1 m ()L <2 + 015 mu () Ly =3/2
w 12
< Clypcape + O ()N e 2 =D oy
s 2
< Cljyizago + CpN )V e 8L 500
< Cljyjcsye + Cem

As a consequence, since m = 1 on a neighborhood of [0,3/4], we obtain, for all
s > 0, the existence of C, N, ¢ > 0 such that for u > ug, we have

¢

N —-s —s_—cC
(Cmiu(3) < CHM{O ™ g g + CL) T
_ ¢ e
< N s S Se—cH
< OnN (€ (o) + 04 e
This implies
(3.26) M9, < Ou™ || M2, + Ce= 9,0, .

Concerning the last term, we have

xo(t)xi(%)xi(t)x?’(x)u

< Cxa)xP @)l < U

[P0l _y < Clvll s =C

—S8
I

where, in the last inequality, we used (3.37).
Concerning the first term in the right hand-side of (3.26), we write

(e} @ D
(3.27) HMI% Mﬁu””,s = HMz “ﬂuxo(t)xi(ﬁ)xi(t)x?’(x)u

—S8

D
= HMia”ﬁuXO(t)(l - Xfl‘(ft)) (X (2)u
+ {[ MR, ()G (X ()|
Concerning the first term in (3.27), we have

HMﬁ“%x%t)(l R CANToEen

—S

—S

< HM,%WM - x;<%>>x,%<t>x3<x>u

‘Mﬁwﬁu(l =X - X,ﬁ(%))xi(t)xg(@u

< Ce " [|x2 (x> (x)ul_,,

_|_

where we have used Lemma 3.30 for the first term and then that x°(¢) = 1 on supp 9
and Lemma 3.27 for the second. That this term is bounded by Ce™ [[Up|| _ ,, then
follows from to (3.37).

The second term in (3.27) is simpler to handle. Consider 6, a smooth cutoff
function supported in | — 7, T[xw and equal to one on a neighborhood of supp 9.
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‘We have

M9 OGO @], < [9u8ux OGO @)l
+ |9, (1 = 0)x° ()X ()X (@)u|
< ||u||L2(]—T,T[><w) +Ce™ " Hxi(t)x?’(:c)”u”ﬂ
< lull g2 -1, pxwy + Ce™ ol »
where we have used Lemma 3.27 and then again Estimate (3.37) in the last step.

The last two estimates combined with (3.26) and (3.27) conclude the proof of the
lemma. g

The proofs of the following two lemmata are based on the spectral representa-
tion (3.28) of the solution u as

(3.28) u(t,x) = Z (ajei\/rft + aj_efi\/)‘jt) pj(x), (t,z) € Rx M.
JEN
This explicit expression allows to prove that a time-frequency cutoff X(%) truncates

also space-frequencies (see in particular the use of Lemma 3.31 below).

LEMMA 3.22. For all s > 0, there is C,c > 0 such that for all p > 1 and for
all u solution to (3.25) and v defined accordingly in (3.24), we have

1Pl ey < O [Uoll_y -

PROOF OF LEMMA 3.22. Since Pu = 0, x3(z) = 1 on 2, and x°(t) = 1 on
| = T,T[, we have on Q, =] — T, T[x€,
D,

(3:29) Pv= (9} + E)xo(t)xi(f)xi(t)x?’(x)u = X" ()07 X (DX (2)u,

with [07, x5 ()] = (02x?)u(t) + 2(9x?)u0; (the terms [x°,07] and [x*, L] being
supported outside of 627) We only treat the second term in this commutator, the
first one being simpler to handle.

We split u given in (3.28) into high and low frequencies as u = u< + u~ with

(3.30) u<:=1,75,u= Z oy and us =17 g u= Z
VA <8 Vi >8u

We also write f(t) = 9x*(t) and f,(t) = (O:x?)u(t). We first estimate the low
frequencies as

xo(t)xi(%)fux?’ () Opu<

D
<C H]l]T,T[X,lL(/;)quB(m)atU<

L2(S,) L2(R;x$)

D )
<c Hn}_m[x;(/j)fux2<t>x3<x>atu§

0

+C HH]T»T[X}L(%HM(I - Xg(t))XS(l“)atug

0
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Concerning the fist term in the right hand-side, we have

D
Hn]T,T[x;x;>fux2<t>x3<x>atu<

D
< H]l]—T,T[X}L(Iut

) fu
L2(Ry)—L2(Ry)
< Cem " [[(u<, dpu<)e=oll; , < Ce™¥p’ [|Uol|

5,X ?

after having used Lemma 3.28 together with (3.38). Concerning the second term
in the right hand-side, we write

D
Hn]_T,T[xix/j)f#(l OO () s

L2(Ry X))

D
< Hnm,ﬂx,a(;)(l ~00)

1 £u(H)x )at“<H0
L2(R;)—L2(Ry)
and we conclude with the same arguments. Hence, we have the low frequency
estimate

0 1 D, 3 —cp
X (t)xﬂ(f)fux (2)0ru< < Ce™ || Uoll s, -

(3.31) ’
L3(@,)

Concerning now the high-frequency part, still denoting f = 9;x?, we have
D
OO 0

where
XA 00 )00
= Y WA E R0 (e e ] e )
\//\7j>8[,l,

As a consequence of the triangular inequality, the Plancherel theorem and the fact
that (¢;) is an orthonormal family in L?(M), we obtain

x}x%)f#(t)x?'(x)a%

Y

L2@,) ‘ L2(Ryx M)

Xt )X,L( ) Fult)X*(@)rus

L2(8,)
G0 (a5 V! a7/

@l
L2(Rq)

\FESM

L (N) (Futr = VAaf = Fulr+ /%))

L2(R,)

\/TJZ&L

< > VAladl |
VA =81

(M) Falr = V%)

L?(R,)

S

L2(R,)



3.3. STEP 3: ENERGY ESTIMATES 51

Using now Lemma 3.31, this yields

< Y UNCe VN (ot + las )
L2 () V>80
o B 1/2
<o (3 V(g P +laP))
Vi >8u
< Ce™ || Ug

x°<t>x5<%>fﬂ<t>x3<x>atu>

—5,% 7

after having used the Cauchy-Schwarz inequality in £?(N). This together with (3.31)
and (3.29) concludes the proof of the lemma. O

The following Lemma will be used to estimate the last term in (3.23).

LEMMA 3.23. For all s >0, there is C; N > 0 such that for all u > 1 and for
all u solution to (3.25) and v defined accordingly in (3.24), we have

lolly < Cu™ 0ol s -

PROOF. We first write

i

ol < \
H(Ry x M)

XL<%>xi<t>x3<x>u

and decompose u in (3.28) as u = u< +us with u< = 1 zeg uandus =1 7z ¢ u
being defined as in (3.30). We have -

x;<%>xi<t>x3<x>ug

S ‘

x;<%>xi<t>x3<x>u

H'(Ryx M) HY(Ryx M)

+!

D
Xp (AN (@)us ~
H H(Ryx M)

Concerning the first term (low-frequencies), we simply use (3.39) to write

x;<%>xi<t>x3<x>ug

< C XX @)us | g g, o pny

H(R,x M)
< C[(usg, Orus)li=olly, «
< O ||Uoll_, -

Concerning the second term (high-frequencies), we use

IF@®)g@) 1 @xany < ClF @ llglar
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and proceed as in the above proof of Lemma 3.22. This yields

RRCSNE
H1(Ry x M)
<c Y |lmn <;> (G = VA + 3+ VAgay)

VAi=8u L?(R,)
x5 @)2sl| g
<o 3 ANEI|L (;) (G = Vanaf + X2+ VA)ay)
Vi =8u L2(R,)
<0 3 ce VA (jaf |+ lay]) < C U]l
\//\T'ZSM

where we have used [|; || gs(pm) < C(N; + 1)'% (which follows directly from Corol-
lary B.2), Lemma 3.31 and the Cauchy-Schwarz inequality in £2(N). O

§,X 7

Before concluding the proof of Theorem 1.33, we need to explain how to esti-
mate the high-frequency part of the solution (recall indeed that our starting point,
Estimate (3.23), is a low-frequency estimate only). This is the aim of the following
lemma, which proof is close to the proof that Theorem 4.7 implies Theorem 1.11
in [LL19].

LEMMA 3.24. For all s € [0, k], there is C, ug > 0 such that for all p > ug and
for all w solution to (3.25), we have

~ C
_AfBe 0 (V02 (413
[ = 23 @G @, S S 100l
Note that this estimate is almost
~ C
_ ABe
= amdnl] o < o [0l

(which is also true, but not used here), the difference being that v contains an addi-
tional time-frequency cutoff X}L(%) (which does not play any role in the estimates
below).

The proof below only gives the endpoint case s = k, the intermediate situations
being deduced by interpolation. A direct proof of intermediate estimates would
follow the same lines, yet being slightly longer.

ProOOF. We first notice that it is enough to treat the case s = k. Indeed, s =0
is direct by standard energy estimates for v (see for instance (3.22)) and uniform
bound on Xﬁ and 5,, Hence, since all operators involved are linear, the result for
s € [0, k] follows by interpolation, see for instance [Tar07, Chapter 23].

Concerning the case s = k, we write w = x°(t)x7, (t)x*(x)u, together with

<n>‘1<1fmu>(5iu) Hﬁ“le'

In the range |n| > Bu/2 with u > pg, we have the loose estimate

'<77>_1 A —m)y| < ¢

Si
B 2

H(I—Ml?“)guwu <C sup
0 neRd+1
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whereas in the range |n| < Bu/2, using dist (supp(l =m(5)),{Inl < ,8/2}) > 0, we

have ‘(1 — mu)(ﬁ%t)‘ < Ce " according to estimate (2.3) below. This implies, for
B = po that

(3.32) H(l — MMy, w‘

<5 ]

L2(R, xRY H!(RyxRd)

Next, we have that

(3.33) Hﬁ” HHl(R «d) < w HHl (R¢ xR2) <HX;4 X (x)uHHl(Rthg)'

uniformly for p > 1, since all derivatives of 5# are uniformly bounded for p > 1.
We write for @ = xZ(t)x*(x)u
HUN)”Hl(Rthd) S ”wHHl(Rh[ﬁ(Rd)) + [0l 2, H1(R4)) »
and estimate each term separately. Concerning the first term in this estimate, we
have
@1 1 R, L2 (RaY) < ”wHL?(Rthd) 11060l L2 g, xra)
3
< qu UHL2(Rt><Rg) + H Dex?)u(t)x (x)“Hm(]Rthg)
+ HX;QL(t)XS(I)at“HM(Rtng)

<C HUOHk,x :
after having used (3.37), (3.38) and k > 1. Similarly, the second term is estimated
as

~ 2
HwHL?(Rt;Hl(]Rg)) = ||Xu(t X UHLz(Rt (H1(R2)) < CHUO”k X

as a direct consequence of (3.39). The above three estimates together with (3.32)
and (3.33) conclude the proof of the lemma. O

With the above four lemmata in hand, we can now conclude the proof of The-
orem 1.33.

PROOF OF THEOREM 1.33. We only prove the result for s €]0, k], the conclu-
sion for all s > 0 being then a consequence of Remark 1.32.

Starting form Estimate (3.23), combined with Lemmata 3.21, 3.22 and 3.23 to
bound the terms in the right hand side, we first obtain the intermediate estimate
(3.34) M0, < Ce ull agrrixay + Ce™H 1T x -

Note that in order to obtain this inequality, we have chosen v in (3.23) to be small
enough compared to the constant ¢ appearing in Lemmata 3.21 and 3.22. Now,
recalling that v = X%t)xi(%)xi(t))ﬁ(m)u, we decompose

DX () (X3 (x)u = M9 ,0 + M, x° (1) (1 - xi(%)) XX (@)u

(3.35) + (1= M9, ()X ()X ().
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The first term is estimated in (3.34), the last one is estimated in Lemma 3.24 so
that it only remains to estimate the second one. We have

~ D )
METAC0 (13 ) 0 o
— MBH{?J 1 1 Dt 2 t 3
- 12 14 - Xp(?) XH( )X (l’)u
ML= X00) (1300 ) K0 @)
" 14 X Xu, ,LL Xp, X z)u.
According to Lemma 3.30 and (3.37) below, the first of these two terms satisfies

9 D —c, —c,
3245, (1= B9 waiowon]| < e el < ce oal
0

whereas, according to Item 2 of Lemma 3.25, we have

EACERCON

< Ce,
L2(]Rn)*>L2(]Rn)

so that the second one is bounded as well as

Jvedt =) (10 2) oo 0

< Ce™ X2 (x> (x)ul|,
< Ce™ " ||Upllg.. -

Coming back to the decomposition (3.35), using the above two estimates together
with (3.34) and Lemma 3.24, we now have (for s €]0, k])

C

|7 O O3 @) < O Nl g r210) + 57 100l

L2(R, xRY)

Now, since J=1ina neighborhood of | — ¢,e[x B(xg, ), for u large enough, we
have 9, > 1/2 on | — &,e[xB(xo,¢), and the same also holds for x(t). Hence, we
obtain

y C
HU’”LQ(]fe,E[XB(:vO,e)) <Ce™ ”uHL?(]—T,T[xw) + /,Ls/k HUOHS,X '

Since zy € M is arbitrary, a compactness argument allows to obtain other constants
still denoted C, v, g, € > 0 such that for p > pg,

) c
lell e eixany < O gz ricwy + 275 W0l

We conclude the proof of Theorem 1.33, in the case s €]0, k|, by using Estimate
(3.19) and changing p into p*. In the case s > k, the proof follows from the estimate
with s = k£ and an interpolation argument, as explained in Remark 1.32. O

3.3.4. Technical lemmata used in the previous section (only). In this
section, we collect some technical results used in the above Section 3.3.3 (and in
that section only). We first state results that are either directly taken from [LL19],
or direct consequences of these. Second, we prove three lemmata using these results.
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Estimates taken from [LL19]. In addition to the fundamental Estimate (2.3),
we used the following four lemmata, taken from [LL19].
LEMMA 3.25 (Lemma 2.3 of [LL19]). The following three statements hold true.

(1) For any d > 0, there exist C;c > 0 such that for any fi, foa € L>(R")
such that

dist(supp(f1),supp(f2)) = d,
and all A > 0, we have
Lfiafollpeo < Ce™ M fillpoe ol s finforllpee < Ce™ M fill oo [ foll oo -
(2) If moreover f1, fo € C*°(R™) have bounded derivatives, then for all k € N,
there exist C,c > 0 such that for all A > 1, we have
||f17)‘f2||H"'(]R")~>H"'(]R") S Oeic)\~
(3) Let f1, foa € L®(R™) such that dist(supp(f1),supp(f2)) > 0 . Then there
exist C,c > 0 such that for all \ > 1, for all k € N, for all p > 1, we have
”fl,)\(Da/ﬂ)fZ(Da/ﬂ)”Hk(Rn)ﬂHk(]Rn) < Ceic/\v
Hflvk(Da//”L)jévA(Da//J‘)||Hk(]R”)~)Hk(R") < Ce .
LEMMA 3.26 (Lemma 2.9 of [LL19]). Let k € N and f € C§°(R™). Then, there
exist C, c such that, for any A, u > 0, we have

o o 20 7cﬁ —cA.
HM’\f)‘(l M, )HH’C(R")HH’“(]R") SOe™x +Ce™

2
L= 2 g | < Ce 5 4 Ce,
H( N PMY Hk(Rn)— HE(Rn) — e +Ce
LEMMA 3.27. Let f1, fo € C®(R) with all derivatives bounded and such that
supp(f1) Nsupp(f2) = 0. Then, for any s € N, there is C,c > 0 such that for all

w € H™*(R), we have
[f1fepw]_y < Ce™ fwl_,.

Lemma 3.27 is obtained by duality from Item 2 of Lemma 3.25.

LEMMA 3.28. Let f € C°(R) bounded such that supp(f) N [-T,T]) = 0. Then,
there is C,c > 0 such that

H]l]—T,T[X,lL(Dt/:U')f;L||L2(]Rt)HL2(Rt) < Ce ¢,

Lemma 3.28 is a particular case of [LL19, Lemma 2.10].

A few estimates using the above lemmata. Recalling the definition of €, in (3.21)
we now refine the rough Estimate (3.22). Indeed, on account to the spectral theory
of L, if we denote IIj the spectral projector on ker(L£) = span;2(1), we have, for all
uc HE,

||uHH2 o~ ||£§UHL2(M) + ol

_ 2
Notice now that the energy HL%quLQ + HETlatu ’ ) is preserved by the equa-
L

tion (3.25), and that the equation for the zero frequency is 0?Ilpu = 0 hence
growing at most linearly. As a consequence, we finally obtain that for all s € R,
there is C' > 0 such that for all solution u of (3.25), we have

(3.36) Es(u)(t) < CA+t))Es(u)(0), forallteR.
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This estimate is now used to bound some integrals of & (u).

LEMMA 3.29. Let n € C§°(R), denote x3(x) as above and fix s > 0. Then,
there is C' > 0 such that for all p > 1 and for all solution u of (3.25), we have

(3.37) 7. (X (@)u_, < C Ul « ,
(3.38) [ ()X (2)Byul | < C U0l

(3.39) |7 (X (@)l < C 0ol »
(3.40) ||77u(t)X3(I)“||L2(Rt;H%(Rg)) <C ||U0||5’X .

ProOF. We first remark (see e.g. (2.3)) that there is C,c¢ > 0 such that for
pw>1, we have 0 < n,(t) < Ce=°ltl for all t € R. To prove (3.37), we now simply
write

Innon* @, < [ et @pully it = [ O @l

S/RCe_CM ||u||§l,s(M)dt§/RCe_c|t‘ ||u|\;zs dt,

where we used (B.6) and s > 0 in the last inequality. Recalling the definition of &
in (3.21) together with estimate (3.36), we now have

() (@), < / Ceelle_ (u)(t)dt
R

<C </Rec|t(1 + It)dt> Es(u)(0) = Cl|Tl3,ze sz

which concludes the proof of (3.37). The proof of (3.38) is the same, except that we
use ||8tu||2LQ(M) < 2€&1(u) instead of (B.6). The proof of (3.39) is similar: after using
the chain rule, each term is either of the form 7, (£)x®(x)u (treated in (3.37)) or of
the form 7, (t)x>(z)0u (treated in (3.38)) or of the form 7, (t)x*(z)d,u, for which
the proof is the same using Hu||§{%(M) < 2&4(u), consequence of Corollary B.2,
instead of (B.6). The proof of (3.40) is the same, still using Corollary B.2. O

LEMMA 3.30. Fiz a < 1. Let x* € C§°(R) such that x*(7) =1 for 7 €] — 1,1]
and ¥ € C(RY). Then, for any s € N, there is C,c > 0 such that for all
w € H™*(R'™?), we have

a Dt —c
Hwal—x;(M))w\ < O flw]_,

—S

Note that in the proofs above, the parameter o of Lemma 3.30 is both taken
to be the parameters « or 8 appearing estimate (3.23). This is the reason why we
assumed «, 5 < 1 there.

PROOF. This lemma is very close to (and a consequence of) Lemma 3.26 except
that X}L(Dt) is a Fourier cutoff in D; only whereas M;# are Fourier cutoffs in
the whole D, , (and that the Sobolev orders are negative). Recall that M2# =

an )

|€] < 3/4 (see the beginning of Section 2.2).

my ( D ) D = D, ,, where m is compactly supported in || < 1 and m(§) =1 for
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Let m be a radial smooth function on R+ such that m(¢) = 1 in a neigh-
borhood of || < a and m(£) = 0 in a neighborhood of |{] > 1. Then we have
1 — x' = 0 on the support of m. For s € N, we write

10— XADO)B, M| | < |1 = XD /) (1~ (D)9 M
+ (| (1 = X (Do) (D /)0, M|
<C H(l - mM(D/,u))ﬁMMff“st
+ C|(1 = X (Do) (D) )9 M| -
According to Lemma 3.26 and the respective supports of /m and m(), we have
(1 = (D)), ME ||, < Ce ],
Also, according to Item 3 of 3.25, and the respective supports of 7 and ', we have
H(l - X}L(Dt/ﬂ))m#(D/u)HHs*}Ha < Ceicla
and hence
(1 = X (De/ 1) )i (D )0, My wl| | < Ce™ [|wl],
This finally yields for s € N
(X = X (De/ )0 M ]| < Ce™* [lw],,
and the sought estimate by a duality argument. O
LEMMA 3.31. Let x € C§°(R) and m € C§°(] — 1,1[), and define

T

Foa@) =y (Z) Tl = .
Then, for all 0 € R, there is C,c > 0 so that we have
(3.41)  (T)7 fua()]l 2 < Ce . forall \e R, >0 such that |\ > 4u.

Proor. We decompose f, » = fi)\ + ffb})\ with fi’)\(r) = fux(T)1}-<2, and
57/\(7') = fux(T)1}7|>2,. Using that m,, is uniformly bounded, we have
[r=x[2

2p
)7 2512, < Ot / R = VP dr

—2u

2u—A 7|ﬂ2 R )
— O(2p)° / e F R dr

—2pu—A

< C(A)U/ e
IT1ZIAl/2

A2

<ome / R < Ce M,
[T[>|A]/2

12
X ()1 dr

where we have used that |A] > 4u implies |A|/2 < |A| — 2p (and in particular
T € [—21 — A, 2 — A] implies |7| > |A|/2) and % > | Al

Concerning now f7 ,, remark that |s| > 2 implies dist(s, [-1,1]) > [s[/2. Hence,
using (2.3) together with the support of m, we have uniformly

_us?

O Ljs)z2-

[ ()L g2 | < C ()% e
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Using this with s = 7/u, we obtain
2 |r=a?

[ szl < cw [ e i R - NP dr

IT1=2p
2
<Cw' e [ eRe - NP an
R
where we have used the estimate ;—; +7=A? > XN min { s?/16 + (s — 1)?| s e R} >
cA? with ¢ > 0. Using now that |A| > 4u, we have
A2

I 2ol € OO E 7 [ IR ar < OOy
R

which concludes the proof of the lemma. O



CHAPTER 4

The hypoelliptic heat equation

This section is devoted to the proofs of Theorems 1.18, 1.20 and 1.22, which
all rely on the methods of [EZ11a, Propositions 1 and 2] (proved in [EZ11b,
Section 3]). We summarize these results in the next proposition for readibility.

PROPOSITION 4.1 ([EZ11a, EZ11b)|). Let T, S > 0 and o > 25%. Then, there
exists some kernel function kr(t,s) such that
o if y is solution of the heat equation (1.17), then w(s) = fOT Er(t, s)y(t)dt
is solution of
. 02w+ Lw =0, forse] SS[
1 N 1
( ) (w (9 w)|g 0= (0 fO 8 kT t 0) ) ( fT +T—t)y(t)dt>;

o for all § €]0, 1], there is C' > 0 such that for all (t,s) €]0,T[x]— S, S|, kr

satisfies
@2l < Cls T G
. xp|l ——[————= ] |.
T 81 = IS e min {t,T -t} \ 6 (1+9)
Note that this last estimate is most useful for ¢ sufficiently close to one so that
a>S%(1+3).

The proof of Theorems 1.22 and 1.20 then follows the Lebeau-Robbiano trans-
mutation method, as implemented in [EZ11a], splitting high and low frequencies.
The proof of Theorem 1.18 is slightly different and does not rely on this splitting.
For the purposes of Theorems 1.22 and 1.20, we define

Ey\ =span{p;, A; < A},

where ();, ;) are the spectral elements of £, defined in (1.7). The first step of
the proofs of Theorems 1.22 and 1.20 is to show, using the above transmutation
technique, that we can transfer estimates obtained for solutions of the wave equation
to solutions of the heat equation. More precisely, we first prove the following
low-frequency observability estimate, with a precise estimation of the observability
constant with respect to the cutoff frequency.

LEMMA 4.2. There exist C,vy > 0 such that for any T > 0,\ > 0, for every
Yo € Ex and associated solution y to (1.17), we have

C k/2 4
(43) ()2 < e / J .o at ds.

Moreover, there exists cg > 0 such that for any T > 0 there exists C = Cp > 0
such that for any A > 0, any yo € E) and associated solution y to (1.17), we have

T
(4.4) bl = 02X [ [ Wttt
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REMARK 4.3. e The constant v appearing in the exponent in (4.3) may
exactly be taken as v = v+e¢ for any € > 0 where v appears in the exponent
in Estimate (1.13) of Theorem 1.15 for some S > sup ¢ dz (2, w). In this
case, the constant C' > 0 in front of the exponential also depend on e.

e The constant ¢y appearing in the exponent in (4.4) may also be taken
as ¢g = v + ¢ for any € > 0 (where v appears in the exponent in Esti-
mate (1.13) of Theorem 1.15 for some S > sup e de(z,w)) in the case
where k > 2, but only ¢y = v + 2y/a + ¢ for any € > 0 in the case k = 1,
which is the classical (elliptic) heat equation (where « is any constant
> V2sup, e n de(m,w)).

e This is exactly the cost of controlling low frequencies, following [LR95].
For instance, (4.3) implies that for all yo € 11, L?(M) = E\ (IL, being the
orthogonal projector associated to the spectral space of £ with eigenvalues
lower that \), there exists f € L2((0,7); L2(w)) with || fl|72((0.1:12(w)) <

%6(27’\k/2+%) Hy0||2LQ such that the solution to
dy+Ly = ILiLf
4.5
9 i

satisfies y(T') = 0. Note that this finite dimensional observablity /controllabilty

property is interesting in itself. For the time being and to the authors’
knowledge, it is now understood in few situations, i.e. essentially in case
L is an elliptic selfadjoint second order operator [LR95], the bi-Laplace
operator [LR15], the Stoke operator [CSL16], and in case of some lower
order perturbation of such operators [Léal0].

Again, the situation of Example 1.13, the exponent A\*/2 is optimal in
general, as can be seen when testing on eigenfunctions and using Propo-
sition 1.14.

In the proofs of Estimate (4.4) and Theorem 1.18, we shall moreover make use
of the integral

T
(4.6) I(T, \) = / e—oitr) Mgy,
0

and associated operator
T
(4.7 Z(T, L)u = ZI(T7 Aj)ajp; = Z </ eo‘(iJrTlt)e_’\ftdt) a;pj,
jEN jeN \’0
for u = Z a;p;,
JEN
together with the norms
Y 2
(48) ulf, = (€ +DFu| =D 05 + 107y foru=" a0
jEN JEN

PROOF OF LEMMA 4.2. The proofs of (4.3) and (4.4) are similar. Let us begin
with that of (4.3). We start by using Theorem 1.33 in the simpler case s = k, for
some (any) S > sup e dz(z, w): Estimate (1.13) yields the existence of C, v, ug >
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0 such that for all Wy = (w, dsw)|s=0 (note that all constants then depend on these,
and hence on the chosen S > 0), the associated solution to (4.1) satisfies

» 1
(4.9) ||Wo||L2x7-t;1 < Ce ||w||L2(]—S,S[><w) + ; ||W0HH;ZX”124 ;B2 fo-

Note that (4.9) implies the same estimate for all 4 > 0, in which case v has to be
replaced by a bigger constant.

Assume now that w(s) is associated to y as w(s) = fOT kr(t, s)y(t)dt, where y
is the solution to (1.17) with initial datum yo € E). Then, in (4.1), Wy is of the

particular form Wy, = (0, fOT efo‘(%Jrﬁ)y(t)dt), so that a calculation (see [EZ11a,
Equation (3.3)]) yields

2
T
_ iyt
IWollZeazr = (LX) IWoll3es e = 1+ X! / e (75 y (1) dt
0 2
14+ A)"172 _9a
(4.10) > WLy,
Moreover, we have Wy € E\ x E) so that
[Woll3 xpgn—1 4
(4.11) e Me < (1405,

||W0||L2 xH"

As a consequence, (4.9) implies

(1+ )3 »
1- Y ||W0HL2X7{21 <Ce Hw”LQ(]—S,S[Xw) s = o,

and hence, choosing p = (1 + \)2 (1 4 ¢) for € (0,1), this is
k
eIWollpoyazr < O+ )TV wl o g gy A2 Ao = ug,

k
and ||W0||L2><H21 < CLelvterz lwllz2(—s,51xw) for all e > 0 (different from that
in the previous line). Using Cauchy-Schwarz inequality together with (4.2) (with §
sufficiently close to one) we obtain, for some C > 0 (depending only on S, «, §, but
not on T') the estimate

T
||w||2L2<]_s,5[xW) < (/ Er(t,s)%dt ds)/ / ly(t, 2| da dt
10,T[x]—S,S] 0 w

T
(4.12) < CTe* / / ly(t, x| da dt,
0 w

which then gives (4.3) for A > Ag. The estimate for A € [0, A\g] remains valid up to
changing the constant C.

To prove (4.4), we follow the same lines, except for the lower bound (4.10),
which we replace by an estimate of Corollary 4.5 below. Namely, with the nota-
tion (4.7), we have Wy = (0,Z(T, L)yo), so that, according to Corollary 4.5, we
have for all T > 0 and s € R, the existence of C' = C, 7 s > 0 such that

||WO||L2X7-121 = || Z(T, c)yoHyzl
(4.13) > Clolly —aym 13 = C|(C+ 17T 2Ey|

o,

L2’
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Recalling that yy € E), this implies

Hw%”L2xH21;z(jH(E—+1)_%e—2VEZyJ

L2

> C|jemGHVEy|| > Cem @OV [y,

Applying then (4.9) (for any g > 0) with this lower bound, together with (4.12)

k
and (4.11) as above and the fact that ereVaX < CeA? for any k > 2 (in case
k =1, the constant (2 + )/« has to be taken into account), concludes the proof
of (4.4), and hence of the lemma. |

Note that in the proof of (4.4), and in the case k > 2, we could simply re-
place (4.13) by the rough estimate

2 2
lya (072 < € Jlya (D)2 »

which would be enough for the purpose of Estimate (4.4). This is not possible at
all in case k = 1, and in case k = 2, would require ¢g to depend (linearly) on T

4.1. Approximate controllability with polynomial cost in large time:
Proof of Theorem 1.22

From the low-frequency Lemma 4.2, Estimate (4.3), the proof of the theorem
follows the spirit of [LR95, Mil10, EZ11a] but is simpler. It combines the cost
k

of controllability of low frequencies, of order e¥*> = ¢’ (k = 2 in this part) and
the dissipation of the heat at high frequency, of order e~**. However, here, we do
not perform the usual iterative procedure since it does not seem to improve the
estimates.

PROOF OF THEOREM 1.22. For y € L?(M), we decompose y = y + ) with
yr € Ey and r) € Ey-.

On the one hand, using Lemma 4.2 Estimate (4.3) for y on the time interval
(T —n,T) (the problem being time invariant), we obtain, uniformly with respect
toT > 0,n€]0,T[[A >0,

/2 T
(4.14) lya(T)])2. < Ce(2 +g)/ / lya(t,2)|” dt da.
(T—n) Jw

On the other hand, we have

(4.15) 77 ®lz2 < e IOl < ™ 90}
T
1
[ [ nta)? dede < e T )]

The last estimate gives

T T
1
Lo [mear aasa [ @l s e o)
—n) Jw w

(T—n)
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So, using successively (4.15), (4.14) and the last estimate, we finally obtain for
T>0,n€]0,T[,A>0,
2 2 2
ly(D)Iz> = lya (T2 + Ira(T) Iz
2 _ 2
< [lya (M7 + e Jly(0)]1 7

T
gce(w’””%)/ /|y(t,x)|2 dt da
T—nJdw

LC (€—2>\T n 6(27)\k/2+%—2>\(T—77))> Hy(o)||2L2

T
<cel ) [T [ yfea)? ddo
T—nJw
+ 206(27,\k/2+%_2)\(T—n)) Hy(o)||2L? )

Now, we recall that we assume k = 2 (for £ > 2, the diffusion cannot compete
with the cost of controllability of low frequencies). Consequently, we obtain, for all
T>0,7€0, T[>0,

N

T
(4.16) ly(T)|7= < Ce/" (62”/T / ly(t,2)|* dt dx+ 0= IIy(O)iz> :

This now provides information if T is sufficiently large. Namely, setting ¢ = e~2*,

we obtain the existence of C' > 0 such that for all n > 0, T > v + 7, all € €]0, 1],
we have

I -
ly(T) 72 < CeCr (EW / / ly(t2)* dt da+ 7O y<o>||i2>.

T—n

Changing €T~ into e, this implies the existence of C' > 0 such that for all
n>0,all T >~ +n and all € €]0, 1], we have

e=C/m 2 1 r 2 2
c ly(T)|7e < —=— ly(t,z)|” dt dz +e[ly(0)/|72 -

eT-0+m J1T—n

This concludes the proof of Theorem 1.22 with Ty := ~ after having remarked that
the parabolic dissipation yields |ly(T) Hi2 < Hy(0)||2L27 and hence the casee > 1. O

4.2. Approximate controllability in Gevrey-type spaces: Proof of
Theorem 1.20

The proof of Theorem 1.20 follows the same lines as Theorem 1.22, decomposing
into low and high frequencies, but uses Estimate (4.4) instead of (4.3).

PROOF OF THEOREM 1.20. For y € L?(M) arbitrary, we again write the
decomposition y = yy + 7\ with yy € E) and r) € Ef Note that, using the fact
that g, is solution of the heat equation in E, we obtain from Lemma 4.2 that

T
conk/
@13 < Cre= [ [ e dt do.
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Moreover, we have (recall that the norm |||, , is defined in (1.21); a will be even-
tually taken equal to k/2)

Ira(@)llz2 < e ra(0)ll 2 < e M a0l < €M [ly(0) 46

a0 =

T
1 — p— — (o3
[, Lol d o< e n @0 o).

From this last estimate, we obtain

T T T
/ /|y>\(t,x)|2 dt da;§2/ /\y(t,x)|2 dt d:v+2/ /|r,\(t7x)|2 dt dx
0 w 0 w 0 w

T
< 2/ / y(t o) dt dz+ A"1e2 y(0)|12, -
0 w
So, combining all these estimates, we finally obtain for A > 0

()72 = [lya(0)[I72 + 72 (0)]| 32
< ya(0)[f72 + e [ly(0)

2
T

(4.17) < Cpe2eoX”? (2 / / ly(t,2)[* dt da + e 20N ||y(0)||i,a>
0 w

+ e g0 -
Now, for a = k/2, we find for all A > 0 that

T
co\k/2 _ e k/2
y(0)[|2, < Ceeo /0 /|y(t,:c)|2 dt dz + Ce™ 0= ly(0)]F o -

Assuming 6 > ¢g, and setting ¢ = Cle=20—co)A"/? €]0, 1], this is precisely (1.22)

with 0y = ¢o. The full range of € > 0 follows from the simple estimate [|y(0)[?, <
2

||y(0)||k/2,9' .

4.3. Approximate controllability in natural spaces with exponential
cost: Proof of Theorem 1.18

Let us now proceed to the proof of Theorem 1.18. It does not rely on frequency
cutoff (we do not distinguish between low and high frequencies), and hence on
Lemma 4.2. Instead, we directly apply the transmutation result of Proposition 4.1
to the full solution and use precise properties of the operator Z(T', £) defined in (4.7)
(which we aready used in the proof of Estimate (4.4)), proved in the next section.
Note also that here, as opposed to the above two sections, we need to use the strong
version of Theorem 1.15 (i.e. with s =1, and not s = k).

PrOOF OF THEOREM 1.18. We apply directly the transmutation kernel to the
solution. Using Theorem 1.15, we obtain

ik 1
(4.18) HW0||L2><’H21 < Ce™ ||w||L2(]7s,s[Xw) + ; ||WOH7-LlﬁxL2 ;o m>0,

see e.g. [LL19, Lemma A.3] or [LL18b]| to obtain the range p € [0, uo]. Then, we
recall that, with the notation (4.7), we have

WO = (O,I(T, ‘C)y())v
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so that, according to Corollary 4.5, we have for all 7" > 0 and s € R, the existence
of C' = Cqy 1, > 0 such that

C lyolly —2yms—z < Wollyzrt s = IZ(T, L)yollagy < Clivolly —ayms—s

where ||y0||%,_2\/&,s = H(EJr 1)%@*2\/RyOHL2 (see (4.8) for the definition of the

[

norms). In particular, this implies, with Aq(yo) = Tols
L

1)’%672‘/57

and H\) = (A +

Wollgn 2 1ol —2ya,—2

< = CA1(H(L)yo) < 2CA1(yo),
Wollprzr — Mol ovm 13 ’ n

where we have used Corollary 4.9 in the last inequality using that H(\) is positive
and decreasing to zero.

When combined with (4.12) (still valid in this context), we now obtain, for all
p >0,

T
2 vk 2 C 2
[Woll2 g2 < O™ / / i) do dt -+ 50 ) [Wol o -

Writing A = A1 (yo), taking u = vV2CA, and recalling that C~" [[yolls 5 /5 1 s <
2 ’ 2
I WOHLQX%Zl, this gives after absorption

- ||y0||7-£1£

B ||Z/0HL2 .

T
(4.19) ||yo||2%7_2\/a,_1_% < C€CAk/ / ly(t, )| dx dt, A
0 w

To conclude, we recall that

\/ﬂyOH = CHefsw/a(z:ﬂ)yO’

_5 _
lwolly 2z 13 = (£ + 12

L L2

and we use Lemma 4.6 with F(s) = s + 1 and G(s) = e~3V®* which is convex, to
finally obtain

Hy0||L2 < CQCAl(yO)

—3y/a(L+1 A
’e o )yOHL2 < CetMwo) lyolls,—oym,—1-3 -

Together with (4.19), this conludes the proof of (1.19). Now, to prove (1.20), take
llwoll
any p > 0. Either Aq(yo) = &% > u, and (1.20) holds (without the observation

term), or else Aq(yo) < p, and (1.19) yields (1.20) (without additional term on the
right hand-side). This concludes the proof of the Theorem. (Il

4.4. Technical lemmata used for the heat equation

In this section, we collect three technical lemmata that we used in the proofs
of Theorems 1.18, 1.20 and 1.22 above.

First, we need an asymptotic expansion of the integral Z(7, A) defined in (4.6)
as A = +oo.

LEMMA 4.4. For all « > 0 and T > 0, there exists Cr, \g > 0 such that for all
A > X, there is R(T, \) € R such that we have
1
I(T, \) = \/Ei‘—;fe*?e*m <1 + R()) . |R(T,\)| < Cr.

1 1



66 4. THE HYPOELLIPTIC HEAT EQUATION

Next, this lemma allows us to link the operator Z(T, £) defined in 4.7 and the
norms ||-[|5 4, defined by (4.8).

COROLLARY 4.5. For all s € R, for all T, > 0, there exists C > 1 such that
we have

O lully _aymas < IT(T, Lullyyy < Cllully sz as

The proof of the corollary only consists in remarking that, once «, T are fixed,
we have, according to Lemma 4.4, that

—2VaA

1
€ 1 o
3> —/TaleT >0 as A — +oo,

1+

and this quantity does not vanish on R™ so that there is C' > 1 such that for all
A > 0, we have

0<Z(T, )\ (

e—QVaA -1
< )

C'<I(T,\) | ——
(I+XN)3
which yields the result.
Note that it would be interesting to make the asymptotic expansion of Lemma 4.4

uniform in the parameter T as T — 0%, which we do not do here.

PROOF OF LEMMA 4.4. Note first that, given € € (0, 1), we may assume that
Ao is chosen such that T > /§(1 +¢) for A > Ag. We first change variables in
I(T, \), denoting w = VaX (new large parameter) and setting ¢t = \/$s = s, we
have

Z(T,\) = Z/Owa fw(s)e_“(%Jrs)dS, Jw(s) = exp (_T _a%) .

The phase h(s) := L + s admits a single global strict (nondegenerate) minimum
at the point s = 1, with A(1) = 2. Note also that 0 < f,, < 1. Hence, using that
% > 1+ ¢ by assumption, we have for € € (0,1), the estimate

1+4e
Z(T,\) = %/1 fw(S)e_“(%“)ds + Op(e”hFea)ey >,
—€

Let ¢ : (1 —€,1+¢) = (—e1,£2) be a (Morse) diffeomorphism for some e1,e9 > 0,
such that ¢(1) =0, and with u = ¢(s), we have

h(s) = h(1) + h”(l)% =2+u? sgn(u) =sgn(s — 1).

Note that it is actually explicit, namely ¢(s) = (s — 1)/+/s. We change variable,
setting u = ¢(s), and obtain

2T =2 [T e B o g7 )07 (wldu+ Or(e GH), e >0,
where (¢~1)'(0) = 1.

Moreover, for s € [1 —e,1+¢] C [0, “L], we write f,(s) = fu(1) + R.(s) with
fu(l) = exp (—ﬁ) and

(4.20) IRo(s)| < ls—1] sup |f]<<fs—1],
[1—e,14€] w
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. / _ 1yv—2,—L1 _. _ a -1
where we used f,(s) = — =X "%e” % with X = (T — 2s)a™" €[0,T/a].
As a consequence, we obtain

(T, \) = ge_2w exp (_ T f a) / o—wu’ |(¢—1)'(u)‘du + R(w) + OT(e_(2+CE)w)

=S e (_Ti :) {/ e~ (67 1Y (0| du + R'(w)}

w —€

+ R(w) + OT(e—(2+cE)w)

= Se e (7 ) { [l O+ R
+ R(w) + Op(e ey -z >0

= ge_Qw exp (_Ta g> {\/z—i-R’(w)} + R(w) + Op (e~ FFe)w)y,

with, using (4.20),

and

R (w)| = | [ et (6w - 6 o)

—e1

&2
< C/ |u\67w“2du < 9
w

—e1

Using that exp (— ng) =e 7 (1+ 07 (2)), we finally obtain

w

s -emen(525) (£ v0r (&)

which, recalling that w = v a\, concludes the proof of the lemma. O

LEMMA 4.6. Let F : Rt — RT be any function and let G : F(RT) — R be a
function such that G* is convex (it is for instance the case if G is). Then, for all
u € HEND(Go F(L)), we have

el
(4.21) G lull 2 < G o F(L)ul

2
[[ul| 72
where the seminorm HE is defined by ||uH,2H§ =D jen F(\)a;]? ifu= D ienaiP;-

REMARK 4.7. Using the previous lemma with F(s) = s+1 and G(s) = %, we
obtain the interpolation inequality
Jull 2 el

lullgzr = llullg>

comparing two types of “frequency functions”, the first of which being used e.g.
in [Phu04] for the classical heat equation.



68 4. THE HYPOELLIPTIC HEAT EQUATION

Proor. Dividing by |[u|/,» (if non zero, otherwise the inequality is clear), it is
enough to prove (4.21) assuming |ul|. = 1. If so, we write u = >,y a;p; with
> jenlaj|? = 1. Using the Jensen inequality with the convex function G, we have

2
IG o F(L)ul7. = G(F( )l ? > G2 ST EOla | =G (lull5e),
JEN JEN
which concludes the proof of the lemma. O

LEMMA 4.8. Let F,G : Sp(L) — R* be two nondecreasing functions. Then, for
allu € D(F(L)G(L)), we have

IE(L)ull g2 |G (L)ull o < 2{|F(L)G(L)ul gz [l L2 -

Note that the spectrum of £ consisting in a sequence of nonnegative real num-
bers accumulating only at 400, we may think as F' and G to be two nondecreasing
continuous functions defined R™ — RT (extending them e.g. as piecewise affine
functions on R*).

Note also that, replacing F' and G by 1/F and 1/G, the same statement is true
as well if F, G are nonvanishing, nonincreasing.

loll e
——= the
llvll 2

modified frequency functions, we have for any H : Sp(L) — R nonvanishing,
nonincreasing function

COROLLARY 4.9. Denoting, for ¢ > 0 and v € HS by A,(v) =

(4.22) A (H(L)v) < 2A,(v), for allv € HE.

The corollary is obtained by taking F(s) = (s + 1)2 in Lemma 4.8, G = 1/H
and u = H(L)v. Remark that the frequency function A used in the main part of
the article is A = A;.

REMARK 4.10. The interpretation of the corollary is clearer. Indeed, in this
context, H(L) is a bounded operator (even compact if in addition H(s) —s— 400 0)
on all H7 spaces, and (4.22) only states that the “average frequency” of H(L)v is
always bounded by the “average frequency” of v.

REMARK 4.11. It is very likely that the previous Lemma (or at least Corol-
lary 4.9) is still true with the constant 2 replaced by 1. Indeed, when taking
H(s) = (s +1)7%, or H(s) = e~t" with 8,¢ > 0, Corollary 4.9 is true with a
constant 1; in the first case, it is proved using Sobolev interpolation and in the
second one using the monotonicity of the frequency function for solutions of the
heat equation, see Phung [Phu04].

PrOOF OF LEMMA 4.8. First, we extend both functions F' and G, initially

defined on Sp(£) only, as two nonnondecreasing continuous functions (still denoted
F,G) defined Rt — R™.
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Next, since F' and G are nondecreasing, by decomposing u = > a;p; with
frequency less than A and greater than A\, we notice that for any A > 0, we have

IF(L)ullz: = ZF Plag> = Y F)?lag® + Y F(3)*lag)

A <A Aj>A
Aj)?
Z|CLJ|2+Z 2| J|2
A <A Aj>A

< F(V)? |Jull 32 + W | F(£)G(L)ull7 -
Similarly, we have

1
IG(L)ullze < GOV ullze + 753

7o IF DGl
Multiplying these two estimates, we obtain, for all A > 0
IF(L)ul7z 1GLul72 < FO?GN ullze + 2 Jull: [ F(L)G(L)ulZ

1 4
+ FOVGO)? | F(L)G(L)ul|p-

which is

(4.23) |F(L)ull 2 [G(L)ull 2 < FOVGO) [[ullZe + =

m ||F(£)G(£)UH%2 )

for all A > 0. Now, s — F(s)G(s) is nondecreasing and hence has a limit as
s — +oo, which we call (FG)(0) = supFG € [F(0)G(0),+o0]. The func-
tion F'G being continuous, it is also onto its image FG([0,+0o0)), which is either
[(FG)(0), (FG)(o0)] in case FG (and hence both F and G) is constant near oo, or
[(FG)(0), (FG)(o0)) if not. We obtain in all cases
[l 2

Moreover, equality in the last inequality may only occur if FG is constant near
oo. Henceforth, in all cases, there exists A € [0,+00) such that F(A\)G(A\) =

ML) G(LIully> This, together with Estimate (4.23) yields the sought result. O

flwll,z






CHAPTER 5

A partially analytic example: Grushin type
operators

In this section, we are concerned with the setting of Example 1.24 and give a
proof of Theorem 1.25. As explained in Section 1.4, it only suffices to prove the
analogue of Theorem 1.15 (with estimate (1.26) instead of (1.13)), that is for the
hypoelliptic wave equation; all other results are then deduced as in Section 4.

The setting of Example 1.24 differs from the general setting of the paper (com-
pact manifolds, analytic context) with two respects: (i) we do not suppose analyt-
icity in all variables; (ii) the manifold M = [-1,1] x T has a boundary. Hence,
there are four main differences in the proofs, the first of which being of geometric
nature, the next two being linked to the analysis of [LL19], and the last one to
hypoelliptic estimates:

(1) the presence of the boundary makes it complicated to apply directly The-
orem 3.5 coming from [RT05].

(2) the partial analyticity assumption does not allow to make changes of vari-
ables to define the relation <1. For any couple of points z°, ', we thus
have to find some global set {2 containing one (short) path linking them.

(3) the application of the results in [LL19] yields an observation term of the
form HU”H; (&) and we would expect it to be in L2

(4) The available hypoelliptic estimates, similar to those of Theorem 1.5, do
not apply directly in the presence of boundary.

The problem imposed by Item 1 is that because of the boundary, the shortest
path between two points in Int(M) does not necessarily exist inside of Int(M). To
understand this issue, it may help to think about the flat metric in R™ \ O where
O a convex obstacle. In the present setting, for the Grushin case for instance, the
boundary OM = {x; = £1} can be thought of as a convex obstacle (see Figure 3.1 of
[BL13] for some drawing of geodesics of the Grushin sub-Riemannian metric). The
solution we propose is to apply the result of Rifford and Trélat [RT05] only locally
away from the boundary. The drawback is then that our path is only piecewise
normal geodesic. But this will be sufficient thanks to the variant Proposition 3.15
of Proposition 3.13.

The solution to the issue of Item 2 is the very simple straight geometry of
[—1,1];, x T,,, so we almost do not perform any change of variable.

The solution to the issue of Item 3 is to use the fact that the operator P is
elliptic in {¢, = 0} where (, is the dual to the anaytic variable z, = (¢, x2), see
Section 5.3. This is in fact useful in a more general setting.

Concerning the issue of Item 4, we prove the necessary estimates in Section
B.2. Recall that the operator is elliptic close to the boundary. So, we are left to
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patch the usual elliptic estimates close to the boundary with internal hypoelliptic
estimates.

All in all, the proof of Estimate (1.26) is as above in two steps: first, prov-
ing (1.30) (hard part), and then performing energy estimates (soft part). The latter
are done the same way as in Section 3.3.1, except that the hypoelliptic estimates
of Corollary B.1 have to be replaced by those of Theorem B.3 (with boundary).

We now focus on the first part of the proof, that is, proving (1.30) in the context
of Example 1.24. This corresponds to the above Step 1 (Section 3.1) and Step 2
(Section 3.2).

5.1. The geometric context

Denote 7 : [-1,1], X Ry, — [—1,1],, X T,, the natural covering map,

m(x1,22) = (21,22 + Z).

The vector fields X; and X, can be lifted to [-1,1],, X R,,, which allows to
define the natural sub-Riemannian distance on | — 1,1[;, xR,,. As for the case of
[-1,1],, X T,,, the latter can be extended up to the boundary as well as all the
other notions naturally inherited. We keep the same notations without leading to
any confusion.

We will need the following Geometric Lemma, the proof of which relies on an
iterative use of a slight variant of the result of Rifford-Trélat [RT05], see Theo-
rem 3.5.

LEMMA 5.1. Let 2° = (29,29) and o' = (x1,23) in [-1,1],, x Ty,. Then, for
any € > 0, there exists a continuous path v : [0,1] — [—1,1];, X R,, so that with
v(s) = (z1(s), x2(s)) we have

(1) 7(y(0)) = 2° and dist(7w(y(1)),z!) < &;

(2) #1(s) ¢ {-1,1) for s €]0,1];

(3) v is piecewise normal geodesic in | — 1,1z, XRy,;

(4) if x} = —1 (resp. 1) then there is § > 0 so that y(s) = (—s,z3) (resp.
v(s) = (s,23)) for s € [1—6,1]. Similarly, if 2§ = —1 (resp. 1) then there
is § > 0 so that y(s) = (=1+s,239) (resp. v(s) = (1—s,29)) for s € [0,6];

(5) length(y) < dist(2°, 21) +e.

PROOF. Note first that the paths defined in Item 4 are normal geodesic paths
(i.e. geodesics, since the metric is Riemannian near the boundary) corresponding to
(&1,&2) = (£1/2,0) since f does not depend on x5 near the boundary. Therefore,
by defining v like this for s € [1 — 4,1], we have v(1 — §) €] — 1,1[;, xT,, and
length((s),s € [1 — 4,1]) = §; hence up to changing the length of v by 4, we are
left to the case where z' does not belong to the boundary. The argument shows
that we may assume as well that 2 does not belong to the boundary.

Let now 7 be a smooth path on [-1,1],, x T,, so that 5(0) = 2%, 5(1) =
2! and length(y) < dist(2°, 2') + . We select one continuous lifting of 7 on
[—1,1]4, x Ry,, denoted by 71, so that w(y1(s)) =7(s) for s € [0, 1]. Moreover, we
have length(y;) = length(5) that we denote by L. Since 2%, 2! ¢ {£1} x T, then up
to deforming a bit v; without changing ~;(0) (and still denoting it with the same
name), we can assume that dist(v1(s), {£1} x R) > n > 0 for all s € [0, 1], up to
having only the estimate length(v;) < dist(2°, z1) + 2e. Now, we choose N € N
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large enough so that (L 4 ¢)/N < n. Up to reparametrization, we can also assume
that 7 : [0, L] —] — 1, 1[xR has unit speed.

Denote t; = v1(iL/N) for i = 0,--- , N. In particular, we have dist(¢;,t;41) <
L/N since 7, has unit speed.

We now define m; fori =0, - - - , N by induction, so that the following properties
are satisfied:

(Pl) dist(mi,ti) < 6/2N;

(P2) there is a minimizing normal geodesic between m; and m;1.
Note that these properties imply in particular

(5.1)
dist(m;, {£1} x R) > dist(¢;, {£1} x R) — dist(m;, t;) > n—¢e/2N > (L +¢/2)/N.
Let us now construct the points m; by induction as follows:
e mo = 7(0);
e m; — m;41: by iteration hypothesis, dist(m;,t;) < e/N. Note that the
ball B(m;, (L +¢/2)/N) does not intersect the boundary thanks to (5.1)
and that dist(m, t;41) < dist(mg, t;) + dist(¢;,t41) < (L +¢/2)/N. In
particular, ¢;11 € B(m;, (L +¢/2)/N), and there exists one ball of radius
r < /2N so that B(t;y1,7) C B(m;, (L +¢/2)/N).
A slight variant of Theorem 3.5 of Rifford-Trélat [RT05] implies that
the image of the exponential map (given by T*(R?) — R2, (mqg, &) —
m(1) where (m(t),£(t)) is the Hamiltonian curve issued from (mqg,&p),
see Definition 3.2) from the point m; is dense in B(m;, (L +¢/2)/N). In
particular, there exists one point, which we choose as m;11 € B(t;11,7) C
B(m;, (L + €/2)/N) so that there exists a minimizing normal geodesic
between m; and m;1, and (P2) is satisfied. Then, we have by construction

dist(m;q1,ti41) <1 < /2N, so the first induction assumption (P1) is also
fulfilled.

Once the process is finished, we have by construction,

dist(mi, mi+1) < dist(mi, ti) + diSt(ti, ti+1) + dist(mi_H, ti-i—l) < (L + E)/N
Now, denote by =y, the path defined by concatenation of the above defined normal
geodesic path linking m; and m;;1. We have v(0) = mg = 7(0) = 41(0) by con-
struction. Also, we have dist(y(L),v1(L)) = dist(my_1,tn—_1) < /2N < &. More-
over, since the geodesic linking m; and m;y; are minimizing, we have length(v) =
Z?L—Ol dist(m;, m;+1) < L + . This concludes the proof of the lemma. O

5.2. A proof of Estimate (1.26)

Let us now sketch the proof of Estimate (1.26). It is very similar to that of
Theorem 1.15, so that we only stress the main differences.

For this, we define Q = I xU with I a bounded neighborhood of (=T, T) (where
T is that of the statement of Theorem 1.25) and U a bounded neighborhood of ~
in [-1,1],, x R,,. We consider the operator P = 97 + £ in this set, and use the
splitting of variables in R = R" x R™ = R4 withn =3,n, =2,np = 1,d = 2,
as

2= (2a,2), Za=(t,22), 2 =11,

with ¢ being the time variable, and « = (z1, z2) the space variable.
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Now, we follow the general proof. The geometrical context being made pre-
cise in Lemma 5.1, it only remains to check that we can apply the equivalent of
Proposition 3.15, with the scheme of proof described in Remark 3.14. Since the
appropriate piecewise geodesic path is constructed in Lemma 5.1, we only need to
check that the local results (the equivalent of Lemma 3.12) can be applied in this
setting.

There are two differences:

e We are in a situation where the only analytic variables are z, = (¢, z2). So,
all Fourier multipliers defined in Section 2.2 (and therefore the associated
relation <) are taken with respect to these variables, see Remark 2.4. The
symbol of the wave operator P is

p(t,l’1,l‘2,7’, 51752) = _T2 +§% + f(l'l,l‘Q)Qfg-

But we check that we are still in the situation of Remark 1.10 of [LL19]
with z, = (t,72) and z, = x1. Indeed, p(t,x1,2,0,&1,0) = &7 that is
positive definite on R, .

e The equivalent of Lemma 3.12 should be obtained in the presence of
boundary. We have to check that we can apply [LL19, Theorem 5.12],
namely “propagation up to the boundary” {z; = +1}. Let us only ex-
plain the construction near the boundary {z; = 1}, the other case being
similar. One important thing is that we are in the geometric situation
described in Lemma 5.1: P is already under the form of (3.5) and the
choice of the geodesic close to the boundary of Item 4 of Lemma 5.1 is
already the same straight line. Indeed, we almost do not need to perform
any change of coordinates, but only a translation. We can directly con-
struct the noncharacteristic hypersurfaces of Lemma 3.11 with Iy = &,
(t,Z) = (t,z2) (tangential) and x4 = z1 + 1 — g9 (normal). Everything
works then as in the interior case precised before, except for the last hyper-
surface S; = {¢1 = 0}, which touches the boundary {z; = 1} tangentially.
For this last step, we apply the local propagation result up to the bound-
ary [LL19, Theorem 5.12]. We only need to check that the additional
assumptions of this result are fulfilled:

— The analytic variable z, = (¢,x2) are tangential with respect to the
boundary {z; = 1};

— Assumption 5.1 in [LL19] is fulfilled for P because close to the bound-
ary, p = ,((7,62)) + Gu(€1) where g, (r,&)) = —7° + (2)°€3 and
Gz(&1) = € are both quadratic forms independent on ¢ and ;

— The boundary {z; = 1} is non characteristic for P;

— To apply Theorem 5.12 of [LL19] in this context, calling (z’, x,,) the
variables in that reference (the domain is locally {z, > 0} in [LL19],
it is {z1 < 1} here), one needs to set x, = 1 — z; and 2’ = (¢, z2)
so that {x; <1} is transformed into R’. The defining function of
the last hypersurface ¢1(t,%,24) = G((t,%),1) — 24 is changed, for
the application of [LL19, Theorem 5.12] into ¢ (2, z,) = G(a',1) —
(1 — x,). The assumption 8, ¢; = —dp,¢1 = 1 > 0 of [LL19,
Theorem 5.12] is hence satisfied.
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This variant of Proposition 3.15, with an application of the boundary Theorem 5.12
of [LL19] as a last step, leads to the relation

M40l < Ce (|[ME"0,], + 1 Pullagey ) + Ce™ " [lul,

where M 5“ is defined with the analytic variables z, = (¢, x2) and naturally extended
to the boundary case since z, is tangential. The function ¥ € C§°(M) is chosen
supported close to 2° = (29,29) and can therefore be taken in C§°(] — T, T[xw).
The function o, € C§°(M) is equal to 1 in a small ball centered at x! = (z1,z3) of
size r > 0.

Lemma 5.2 below allows to obtain with different constants
M40 ], < Ce (Nl 2.0y + Pl 2y ) + ™ Jull,

Again, as in [LL19, Section 4.2], this leads, after a rough estimate of the high
frequency, to

,, 1
[ullz2—c elxBat,ryy < C™ (”uHL?(]—T,T[xw) + ||P“HL2<Q)) + o el grren

This is the equivalent to Proposition 3.7 which leads to a result similar to Corollary
3.8 by a compactness argument.

As explained above, the last step to get estimates (1.26) corresponds to the
energy estimates of “Step 3” of the general proof, in the simpler case of Section 3.3.1.
There, they relied on the hypoelliptic estimates of Corollary B.2. The equivalent
in the present situation with boundary is provided by Theorem B.3.

5.3. An observation term in L? in quantitative unique continuation
estimates

In this section, we explain how the observation term

||U||H,}(a)) = Z HDl?“‘

|BI<1

L2 (@)

in unique continuation estimates as (2.1) can actually be replaced by the weaker
norm |[u/[ 72z under suitable assumptions.

LEMMA 5.2. Let Q be a bounded open set of R™ with n = n, + ny. Let P be a
differential operator of order 2, defined in a neighborhood of 2, with real principal
symbol and coefficients independent on the variable z,, and being elliptic in {(, =
0}. Let w €@ Q and ¥ € C§°(w). Then, for all o > 0, there exists C > 0 such that
for every uw € C°(R™) and > 1, we have

[ME D] o < C () llull p2 ) + C I Pull o) + Ce™ [lull s -

Recall that the regularization process ¥ — 9, and the Fourier multiplier M},
are defined at the beginning of Section 2.2.

PROOF. Since P is elliptic (say positive to fix the ideas) in ¢, = 0 and Q is
compact, we can find A > 0 (fixed for the rest of the proof) so that A|(,|> +
p(2p,Ca, () is elliptic on  x R"+" (where p is the principal symbol of P), see
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for instance [LL19, Lemma A.1]. Using then the Garding inequality, there exists
C > 0 so that

|v]|5: < CRe ((A|Dqo]? + P)v,v) ., + C v}
< C[||Dalv]|72 + CRe (Pv,v) 12 + CJv]f7.

for every v € C§°(Q2). Let ¢, x € C5°(£2) being real valued and such that ¢ =1 on
a neighborhood of supp(¥}) and x = 1 on a neighborhood of supp ¢. Applying this
estimate to v = w for w € C§°(R™), we obtain that

2 2 2
lewlli < ClIValpw)llzs + CRe (Plpw), pw)p + C llowl
< C||Vaw| 72 + CRe (P(pw), (pw)) 12 + C |[w] 72
2 2
< ClVawllz: + ClIP(ew)ll -1 [lewll o + C llwl|7- -
Writing P(¢pw) = @Pw + [P, ¢|w, where [P, ¢] is of order 1, we have
[P(ew)ll -1 < [lePwl g + Clwl| 2,
so that, after absorption, we have proved the existence of C' > 0 such that for every
w € C§°(R™) (and so for w € S(R™)) , we have
2 2 2 2
(5.2) lewl[g < C[Vawlpz + CllePwlg— + Cllwl|z. -

We apply the previous estimate to w = M}, J,u. For the first term in the right
handside of (5.2), we have Hcamu(ca/M)HLoo(]Rna) Syt ||Camu(ga)||Loo(]Rna,) < Cu, so
that

[Va(ME,0uu)]| o < C ) [9pull 2 -

For this term, we further use that ¥ € C§°(w), which according to Lemma 3.25
Item 2, gives

[Puullpz < llull g2y + Cem* flull 2 -
Note that this previous inequality also rules the term ||w|| . in the right handside
of (5.2).
It only remains to estimate the term | Pw||,—, in the right handside of (5.2).
Using that P is invariant on z, (and hence commutes with M} ), it is
H@PMguﬁﬂuHHfl < ”[Pv ﬁu]uHHfl + H‘pM&LMﬁHPuHHfl
< I[P, ﬁu]uHH—l + ||<PM5M9MXPUHH71
+ HsaMgu(l - X)ﬂﬂPUHH—l .
Note that, a priori, since P is not defined on the whole R™ but only in a neigh-
borhood of €2, the term Pu does not have any meaning. Yet, since P is invariant
in z,, the differential operator ¥, P is a well defined operator on R", so as xP and
[P,¥,]. In the end, all terms involved are well defined for all u € C§°(R™), even if

not supported inside of €.
Now, using ¥ € C3°(w), we have by (a dual version of) Lemma 3.25 that

1P, Dplull -2 < Nlull 20y + Ce™* flull L2 -
Finally, since supp(y) Nsupp(l — x) = 0, |[LL19, Lemma 2.10| also yields

loME, (1 =) 41y < Ce™
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Combining the last five inequalities together with (5.2), we are led, after absorption,
to the estimate

oML, 0l o < CllPull 2y + C () llull oy + Ce™ [Jull g -

The property supp(1—¢)Nsupp(¢) = ) with [LL19, Lemma 2.10] gives the similar
estimate

H(l - @)MQ‘H%UHHl <Ce ™ ||UHH1 )

which allows to conclude the proof of the lemma. O






APPENDIX A

On the optimality: Proof of Proposition 1.14

In this appendix, we discuss the optimality of the results presented in the
main part of the paper, in the situation of Example 1.13, i.e. we give a proof
of Proposition 1.14. The estimates we use are mainly extracted from the article
[BCG14]| by Beauchard, Cannarsa and Guglielmi. They are slightly spread out in
this reference so that the proof below mainly explains where in [BCG14] to pick
the results. This is mainly the proof of Theorem 5, Section 3.2 and 3.3 in this
reference.

Proor or PROPOSITION 1.14. First, Fourier transforming the operator £, =
—(92, — vaaﬁz) in the x5 variable, we obtain a family A,, - of 1-dimensional op-
erators defined for n € Z by (An~ f)(z1) = —f"(x1) + (nm)223 f(z1) on | — 1,1],
with Dirichlet boundary conditions.

The sequence of eigenfunctions ¢,, is then taken of the form ¢, (x1,x2) =
V20, (21) sin(nmxs) where v, is the first normalized eigenvector of A, ~ (see Lemma
2 of [BCG14]). We have A, v, = \p Uy, wWith A, , the lowest eigenfunction of
Ap.~, and hence L, = Ay ¢n. Moreover, v, is even.

The following estimates hold:

(1) %n% <Any < CnT+ , see Proposition 4 of [BCG14].

(2) for 0 < a < b < 1, we have f; vn(z)2dz < Ce=C1ma ¢ with ¢, <
nP for some appropriate 3: this is inequality (35) of [BCG14] once we
have checked that for n large enough p,, = C(y)n (written in (33)) and

the definition of z, in (26). For v = 1, a more precise result is stated
[BCG14, Lemma 4|, where the constant is computed, namely A, , = nm

b —a?nn
and [ v, (x)*de ~ Samm fora> 0.
So, in any cases, if a > 0, there are C,c > 0, so that f: vp(2)?de < Ce <

1ty
— 2 . — .
Ce=*3  where we have used Item 1. Then, since wN{z; = 0} = §) and v, is even,

there exists a,b,C > 0 so that H<,0n||2LQ(w) < Cf; vn(x)3dz. To finish the proof,

it is enough to notice that v,, was chosen normalized in L?(] — 1,1]) so that ¢, is
normalized in L?(M). O

REMARK A.1. It is very interesting to compare the estimates obtained by
[BCG14]| with respect to those obtained in the present paper, even if the tech-
niques are quite different. The scheme of proof we followed may be summarized in
two steps:

(1) We prove an observability estimate where the cost is, more or less, expo-
nential of the usual Sobolev frequency. This step is performed in [BCG14]
by using only the analyticity of the coefficients in the x5 variable. In their
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Proposition 5, they prove a 1D Carleman estimate and the cost is of the
order of e where n is the frequency in the zo (the analytic frequency).
Then, we use the decay of the heat flow using hypoelliptic estimates.
For this, %n% <y < C’n% may be seen as a counterpart of the
hypoelliptic estimates of Theorem 1.5. Indeed, these estimates roughly say
that in the worst case, the operator £ counts (when we want estimates
from below) as % = % when compared to the usual derivatives (that is
to the usual Sobolev norms).



APPENDIX B

Subelliptic estimates

B.1. H® subelliptic estimates on compact manifolds

In this appendix, we draw classical consequences of the subelliptic estimate (1.4)
of Rothschild-Stein [RS76] and Fefferman-Phong [FP83|, that are used in the main
part of the paper. The following corollary of the subelliptic estimate (1.4) might
be written elsewhere, but we did not find any reference. The short proof below
stresses that the sole subelliptic estimate we rely on in the paper is (1.4).

COROLLARY B.1. Under Assumption 1.2, for any s > 0 there is C > 0 such
that we have

m

2 2 2
(B.1) el g gy S C SN Xetl3rergy + C o ngy
=1
2 2 2
(B.2) vt gy < C I8N (rg) + C el

for any u € C>*°(M).

The proof we give is inspired by [FP83] (see the beginning of the proof of
Theorem 1). For this, we let A be an elliptic invertible pseudodifferential operator
of order one in M, being selfadjoint in L*(M) (see e.g. [LL16, Remark 2.11] after
having endowed M with a Riemannian metric). Recall that the power operator
A® is an elliptic invertible pseudodifferential operator of order s in M, being also
selfadjoint in L2(M). All H* norms are equivalent to e (any = 1A% ([ L2 gy We
refer to [H6r85, Chapter XVIII] for pseudodifferential calculus.

PROOF. We start proving Estimate (B.1), which is simpler due to the fact that
X; is only of order 1 and therefore [X;, A®] is of order s and hence an admissible

remainder term (compared to the estimated norm H**%). Using the L? estimate
(1.4), we have

2 s, 112 s, 112 s, 12
[all et gy < CIN U 1 g < C D IXih 7o (ag) + C AUl 2 )
i=1

m m
s 2 s 2 s 2
<Y N Xl Ta oy + C D NAS XiullFa gy + C 1A ull72 0
=1 i=1
2 2
< C Y IXsullze gy + C lullre gy -
=1

An interpolation estimate gives |[ul| ;. vy < € lul| + C [|ull 2 pq) for any

H k(M)
e > 0, which yields (B.1) after having taken ¢ sufficiently small.
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Concerning Estimate (B.2), we have to be more careful since the commutator
[£, A®] is of order s+1 and hence not an admissible remainder term (compared to the
estimated norm H**#). Following [FP83], we apply the L2-based estimate (1.5)
to Ast 7w, yielding
2

2 s 1L s+ 1 s+ 1
ull? v (g < CRE(EA T, A ) o ay + C A7 L2 (M)

< CRe(A™F Lu, A5 u) g2 vy + C Re([L, A ], A Eu) 12 )
2

< CRe(A*Lu, A*FEu) 2 (ag) + CRe([L, A% Ju, ASTFu) 2 g
2

1 L1 s+ 1
2
(B.3) + O lullyort gy »

where we have used Cauchy-Schwarz inequality in the last step. The term with the
commutator has to be taken carefully since it is a priori of order 2s + % + 1. But
the following simple remark is in order: this pseudodifferential operator has purely
imaginary principal symbol. Hence, according to pseudodifferential calculus, it can
be written as AST#% [£, ASt%] = Ty +T, where T} is a skew-adjoint pseudodifferential
operator of order 2s + % + 1, and T5 is a pseudodifferential operator of order 2s + %
In particular, we have

Re(AS+%[£7AS+%]u7u)Lz(M)’ = |Re(Tou, u) 2| < ]|

R (M)
So, at this stage, we have proved
2 2 2
ol o < C Ll ety + C Nt -
This concludes the proof of (B.2), after an interpolation argument as above. (I

To conclude this section, we prove the continuous injection H} C H s/ k(M)
for all s > 0. We shall use the following classical operator theoretic (interpolation)
result for which we refer e.g. to [SSV12, Corollary 12.15]. Given two selfadjoint
nonnegative operators (4, D(A)) and (B, D(B)) on a Hilbert space, we have

(B.4)
[|Au|| < ||Bu|| for all w € D(B) = ||A%| < ||B%ul| for all a € [0, 1] and u € D(B®).

Note that this result already yields the simple inequality: for s > 0, there is C' > 0
such that for all w € H*(M),

(B.5) [ullzeg, < Cllull o py -

consequence of that obtained for s € 2N. It also yields by duality for all s > 0 the
existence of C' > 0 such that for all u € H,*,

(B.6) [ull =21y < C HUHHZS :

COROLLARY B.2. For all s > 0, there exists C > 0 such that for all u € H7,
we have

ol gy < C e -
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Note that it also yields by duality for all s > 0 the existence of C' > 0 such that
for all u € H=#% (M),

lullyze < Cllull - -

PROOF. We first prove the result for s = 2p, p € N, and then conclude by
interpolation. We prove by induction that for all p € N, we have

(B.7) HUHH%(M) <C ||uHHip =C (L4 D) ullp2(pgy, forallu e C*(M).

The case p = 0 is clear. Assume now that this is satisfied for p, and estimate
||u|| 2p41) . After having used (B.2), we have

o =142 (v

Il 20 < COlLul 2
(M)

2
HE (M) +C HUHL2(M) )

which, using the induction assumption (B.7) to Lu, yields
2 2
Ju || 2l SO+ DPLullze oy + C llullzeom -

Using the functional calculus (1.10), this implies

2 o0
Hu||22(plj1) " <C H(E + 1)P+1UHL2(M) =C ||u\|;i<p+1> ,  forallu e C®(M),

which is the sought estimate.

Now for s > 0, s ¢ N, pick p € N such that s € [0,p], write (B.7) as
1A% ull L2 agy < C (L + 1)Pul 120y and apply (B.A) to A = AF, B = (£ +1)7,
and v = 2 € [0,1] to obtain the result. O

B.2. Subelliptic estimates for manifolds with boundaries

In this section, we assume that M is a compact manifold with a nonempty
boundary OM, and write M = Int(M) U IM, with a disjoint union. We assume
that the coefficients of X;’s are smooth up to the boundary, and that we have
span(Xy, - -, Xp)(x) = T,M for z € M\ K, where K is a compact subset of
Int(M) (i.e. the operator L is elliptic in the neighborhood of the boundary) and
that Assumption 1.2 is satisfied on K.

THEOREM B.3. Denote by Ap the Laplace-Dirichlet operator associated to
some/any Riemannian metric equal to that issued from the vector fields (X1, , Xm)
in M\ K. Then, for all s >0, we have H} := D(L2) C D ((—Ap)3*). Moreover,
there exists C > 0 such that for all u € H}, we have

|ap)yul| | < Clully, .

L2(M)
Note that the space D ((—Ap)®) does not depend on the metric chosen to define

A inside Int(M) but only on its values in a neighborhood of M. Remark that we
also have the converse simple inclusion D ((—Ap)®) C D(L?).

We now explain how the estimates in the previous section have to be modified
to yield the statement of Theorem B.3.
We first let A% (with a slight abuse of notation: A% is not the % power of an
operator) be
e a pseudodifferential operator of order % on M, with kernel compactly
supported in M x M,
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e formally selfadjoint on L?(M),

e locally elliptic on a neighborhood N of K (i.e. K € Int(N) € Int(M)),

e with kernel compactly supported in an e-neighborhood of diag(M x M),
with & < dist(K, N¢). This implies that for n € N, (A%> has a kernel
compactly supported in an ne-neighborhood of diag(M x M). Here, we
will use the abuse of notation A% instead of (A%)™. This will not lead to

any confusion since we will only use A® for s of the form  with n € N.

When a maximal Sobolev exponent sg is fixed, we will need to use such oper-
ators for n < ng with ng = sgpk and make proofs by induction using several cutoff
functions. At each step, we shall need to make some estimates on some Ce neigh-
borhood of the zone where we get the information, with C' depending on sy and
some geometric properties of the cutoff functions. At the end, once the number of
steps is fixed, we can select € small enough (and the associated A%) so that all the
reasoning is valid. To make the presentation more readable, we have chosen not to
keep track of all the constants and the geometrical conditions involved. Yet, the
proof will make it clear that there is ¢g > 0 depending on sg, N/, K and M so that
all the support conditions of the following proof are fulfilled if 0 < € < &.

That Assumption 1.2 is satisfied on K (and hence on N, since L is elliptic
on M\ K) yields, for all x € C§°(M) such that xy = 1 in a neighborhood of K,
the existence of C' > 0 such that for all u € C§°(M), we have (see again [RS76|
Theorem 17 and estimate (17.20) p311)

1 2
[+bed

m
<C X;ull? C ||ul?
e S ; [ Xsullp2 ) + Cllullz2 gy »

and hence, still for u € C§° (M),

2

< C(Eu,u)Lz(M) +C Hu||2L2(M) :

B.8 HA% ‘
(B.8) XU vy S

We now decompose the proof in several lemmata.

Several times in the proof, we shall use the following fact of pseudodifferential
calculus. Given n < ng and a function ¢ € C§°(N), we remark that A% is elliptic of
order # in a neighborhood of supp(¢). As a consequence, the classical parametrix
construction (see for instance [H6r85, Proof of Theorem 18.1.9]) allows, for any

T
neighborhood of supp(y), such that Ay * A% = p(z)+ Rk and A¥ A * = o(z)+R%
with RY;, i = 1,2, pseudodifferential operators of order —N with kernel compactly
supported in M x M. In the applications, N will always be fixed, sufficiently large.

N € N, to construct a pseudodifferential operator Ay * of order —2, elliptic on a

LEMMA B.4. For all xo € C§°(N) such that xo = 1 in a neighborhood of K, and
all x1 € C§(N) such that x1 = 1 in a neighborhood of supp(xo), for all s € N/k
with s+2/k < sg, for e small enough, there is C > 0 such that for all u € C§°(M),
we have
L2(M

PRrROOF. The proof is almost the same as that of Estimate (B.2) in Corol-
lary B.1, and only relies on the application of (B.8) (instead of (1.5)). First,

2

s+2 2 2
A ’“Xou‘ + [Ix1ullzz g

< ClIAXoLulFang + O A7 xaed

L2 (M)
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estimate (B.8) applies for yu replaced by AS*% you since A5t you = XoA*T* you
for Yo =1 in an ne-neighborhood of supp(xo), with n = sk + 1. This yields

[ Exon]
XoU

< C (LA xou, A xou)
L2M) Xou Xou)

2
e HAH% ]
) XU L2y

2(M

Then, a computation similar to (B.3), and the only difference comes from the
estimate of the remainder term

Re(XoAS_‘—% [,C, AS+%X0]U,, U)LQ(M) = Re((T1 + TQ)U, U)LQ(M) = Re(Tgu, U)L2(M)7

where T5 is a pseudodifferential operator of order 2s + %, with kernel supported
in supp(xo) X supp(xo). Given ¢ € C5(N) such that ¢ = 1 on supp(x1), we
may define the associated parametrix A=G+5) of ASTE as above. Writing To, =
yieTopoy1, we now have Th = x1ASTEA-CHO* LA+ A %y, + R, where
R is a smoothing operator with kernel compactly supported in M x M. The
boundedness of A~(T#)*T,A~(+1%) (as a pseudodifferential operator of order zero)
and R on L?(M) then implies

| Re(Tou, w) 2 ()| = [Re(Taxau, xau) L2y

2
s++ 2
<C HA leuHLQ(M) + Cllxaullz2ag -

which concludes the proof. Note also that the term HAH%XOUH;(M) has been
bounded by HA“%XWH;(M) the same way using that AT %y, = A% yopy1 =
AsTE XO]\I(H%)A”%)@ + Ryx1 with R smoothing. O

Before going further, recall that we can localize (B.8) under the following form.

LEMMA B.5. For all xo € C§°(N) such that xo = 1 in a neighborhood of K,
and all x1 € C§P(N) such that x1 = 1 in a neighborhood of supp(xo), there is
C > 0 such that for all u € C§° (M), we have

ot
" XoU
X0 L2 (M

) < C (xoLu, Xou) 2 pq) + C ||X1u||iz(/\4)

ProoF. We apply Estimate (B.8) with x such that y = 1 on a neighborhood
of supp(xo):

. 2 2
et

o HA%XXOUH < C(Lxou, xou)r2(m) +C ||X0u||2L2(M)

L L2(M)
< C(xoLu, xou)L2(am) + Re([L£, xo]u, xou)r2(m) + C ||X0U||2L2(M) )
where [£, xo] is a skew-adjoint first order differential operator: the principal part
of x0[L, xo] is thus skew-adjoint, and hence
Re([£, xo]u, Xou) L2(m) = Re(xolL, xolx1u, xau)r2(amy < C HXlUHiz(M),
which, together with the preceding estimate, proves the lemma. (I

LEMMA B.6. For all xo,x1,x2 € C§°(N) such that xo = 1 in a neighborhood
of K, x1 = 1 in a neighborhood of supp(xo), and x2 = 1 in a neighborhood of
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supp(x1), for all p € N with ¥ + % < sg and & small enough, there is C > 0 such
that for all u € C§°(M), we have

2
st

P 2 2
L2(M) =¢ HAleEUHB(M) +c ||X2uHL2(M) :

ProOOF. We prove the statement by induction. The case p = 0 follows directly
from the estimate of Lemma B.4 with s = 0, combined with Lemma B.5 (using an
additional cutoff function as done below). Assume now this is true for p, then, the
estimate of Lemma B.4 with s = % yields, for some x; such that x; = 1 on a
neighborhood of supp(xo) and x; = 1 in a neighborhood of supp(x1),

pt1 2

+3 2
45 Fxon]

p+1 2 LH+%~
oo < CIAE XoﬁuHLz(M)JrC’HA ; kxlu’

L2(M)
~ 2
+ ClIx1ullz2(pm) -

Using then the induction assumption for p for the term ARFE X1u gives, since x1 = 1
in a neighborhood of supp(x1),

(B.9)

p+1

) 2
HAT"‘EXOU‘

pt1l P 2
L2 (M) < O|AF xoLullFa ) + ClIAT x1 Lul[F2(ag) +C Ix1ullz2 ) -

We now use pseudodifferential calculus and the parametrices of A% and Afto
write, for ¢ = 1 on supp(x1),

p+1

A" o = A xopx1 = A xoA ™"
Afx1=A¥pyr = AFA™%
and hence
1A xoLull L2y < CIIA x1.Lull L2 pn) + CllRxa Lull 12w
< CIA X1 Lull L2y + Cllxaul 2 ),
IAF X1 Lull 2y < CIAF 31 Lul|2(a) + Cllxaul 22,

which, combined with (B.9) concludes the proof of the statement for p + 1, and
hence of the lemma. O

LEMMA B.7. For all xo € C§°(N) such that xo = 1 in a neighborhood of K,
and all x1 € C§°(M) such that x1 = 1 in a neighborhood of supp(xo), for allp € N
and € small enough, there is C' > 0 such that for all w € C§°(M), we have

2 L g
L2 (M) = Oj;) HXlUUHLQ(M) '

PROOF. Again, we prove this by an induction argument. For p = 1, this is the
estimate of Lemma B.6 with p = 0.

Assume the result for p. Using Lemma B.6, we obtain, for some Y1, X2 such
that Y1 = 1 on a neighborhood of supp(xo), X2 = 1 on a neighborhood of supp(x1)
and y; = 1 in a neighborhood of supp(x2),

4% o

2

H 2p+2

ATF Xou’

2
<CHA2%~LH Cl5aular .
Ly S X1Lu L) + C[x2ull 72 (a0
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Applying the induction assumption with u replaced by Lu (and y¢ replaced by
X1) yields (since x1 = 1 in a neighborhood of supp(x1)),

2p+2

2 P . 2 -
HA k XOU‘ L2 (M) < CZ HXl[/](‘C'u)HLz(M) +C HX?uH%Z(M) ’
=0

which concludes the proof of the lemma since x; = 1 in a neighborhood of supp(x2)-
O

Combining Lemma B.7 together with classical ellipticity at the boundary, we
are now ready for proving the following results.

PROPOSITION B.8. For allm € N, there is C > 0 such that for allu € D(L™F),
we have

mk
2 j k
el Fgam pgy < C D N ullZapgy < CUE + 1™ 0 220y
§=0
From this proposition, we directly obtain by interpolation the statement of

Theorem B.3 (see e.g. the proof of Corollary B.2) using that Liu|gy = Aulga for
all w € C®°(M).

PROOF OF PROPOSITION B.8. First write Lemma B.7 with p = mk, xo €
C§°(N) with xo = 1 in a neighborhood N' C N of K, yielding

mk

(B.10) HU'HZ%L(K/) < HAszO“Hi?(M) < CZ HXlUuHiz(/“) :
=0

Then, concerning estimates near the boundary, we first have the following state-
ment. For all 8y € C°°(M) such that 8y = 1 in a neighborhood of M, supp(6y) N
K ={), and all §; € C>°(M) such that #; =1 in a neighborhood of supp(fy), since
L elliptic in supp(61), there is C' > 0 such that for all u € C*°(M) with ulgsm = 0,
we have

(B.11) 10ull7m2 a0y < ClIOLLUl T pgy + C 110l ) -

This is actually a corollary of the usual proof of elliptic regularity up to the bound-
ary. Yet, to check it directly, we can apply the global elliptic regularity result (see
[Eva98, Theorem 5 p323]) to fyu with a global elliptic operator L equal to £ on

supp(61). Let V be an open subset with supp(V#,) € V € U € M, where U in an
open set so that #; =1 on U. This yields

||90U||Hm+2(M) < CHHOZUHHW(M) + Cllullgm+rvy +C ||90U||L2(M)
< Cll01Luf may + Cll6rull 2 pg) -
where we have used interior regularity (see [Eva98, Theorem 2 p314|) that gives
ull zrmsr vy < CllLullgrm @y + Cllull oy < Cll61LU| () + C [[010]] 2 pg)- This
proves (B.11).
Then, from (B.11), another induction argument as in the proof of Lemma B.7

gives, for all m € N and 6y, #; as above, the existence of C' > 0 such that for all
u € COO(M) with u|3M = Lulgpq =+ = Em_1u|3M =0,

8ol gy < €D [01L70]
5=0
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Combining this for a function 6y equal to 1 on a neighborhood of M \./\7 together
with (B.10) now implies for all u € C*°(M) such that Liulgy = 0, for 0 < j <
m —1,
mk ) m 9
9 . ,
[l grzm gy < CZ HXlﬁ]uHL?(M) +C HelEJ”Hm(M) :
Jj=0

Jj=0

Since the set of such functions u is dense in D(£™F), this yields the sought result.
O



APPENDIX C

Sub-Riemannian norm of normal vectors

LeEMMA C.1. Let X; € R? fori=1,--- ,m and, forv € span(X;,i =1,--- ,m),

set
m m
inf{Zu?, (up,--- ,um)GRm,ZuiXiv}.
i=1 i=1

Then, for any ¢ € (Rd)*’ and for vy = Ezl 2(¢, X;) X;, we have g(vg) = 44(§)
where £(&) = Y"1 (€, Xi)?.

Note that this is clear if the family (X;);=1,.. » is linearly independent, in
which case the infimum is realized by a unique (u1, -, Uy) given by u; = 2(&, X;).

ProOOF. We want to compute the minimum

1}0) = inf {ZU?, (ul, ce ,Um) S Rm, ZU,LXZ = 22<§7X1>XL} .
i=1 i=1 i=1
First that taking u; = 2(¢, X;) in this definition direcly yields that
(C1) g(vo) < Y (2(€, Xi))? = 44(¢).

Then it only remains to prove the converse inequality. To this aim, remark that

L) —maX{ZuzfX Zuz, ul,-~-,um)€Rm}.

i=1
As a consequence, we have

£§)2<§,iuiXi>—iiu?7 for all (uy, - ,uy,) € R™.
i=1 i=1

Hence, for all (u1,- - ,um,) € R™ such that >0", w; X; = Y v, 2(€, X)) X;, we
obtain

m m 1 m
<§,Zz ->—7Z Zzgx Zu = 20(6) = 7 2wk,

i=1 i1 i1
that is 40(¢) < >, u?, and hence 46(5) < g(vg). This, together with (C.1)
concludes the proof of the lemma. Il
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