MEASURE PROPAGATION ALONG A ¥°-VECTOR FIELD AND WAVE
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CONTROLLABILITY ON A ROUGH COMPACT MANIFOLD

NICOLAS BURQ, BELHASSEN DEHMAN, AND JEROME LE ROUSSEAU

ABSTRACT. The celebrated Rauch-Taylor/Bardos-Lebeau-Rauch geometric control condition
is central in the study of the observability of the wave equation linking this property to high-
frequency propagation along geodesics that are the rays of geometric optics. This connection
is best understood through the propagation properties of microlocal defect measures that
appear as solutions to the wave equation concentrate. For a sufficiently smooth metric this
propagation occurs along the bicharacteristic flow. If one considers a merely €*-metric this
bicharacteristic flow may however not exist. The Hamiltonian vector field is only continuous;
bicharacteristics do exist (as integral curves of this continuous vector field) but uniqueness is
lost. Here, on a compact manifold without boundary, we consider this low regularity setting,
revisit the geometric control condition, and address the question of support propagation
for a measure solution to an ODE with continuous coefficients. This leads to a sufficient
condition for the observability and equivalently the exact controllability of the wave equation.
Moreover, we investigate the stability of the observability property and the sensitivity of the
control process under a perturbation of the metric of regularity as low as Lipschitz.
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1. INTRODUCTION

The observability property for the wave equation has been intensively studied during the
last decades mainly because of its deep connection with the problem of exact controllability.
Until the end of the 80’s, most of the positive results of observability were established under a
(global) geometric assumption, the so-called I'-condition introduced by J.-L. Lions, essentially
based on and well-adapted to a multiplier method [20]. Later, following [22], Bardos, Lebeau
and Rauch established in [3], boundary observability inequalities under a geometric control
condition (GCC for short), linking the set on which the control acts and the generalized
geodesic flow. Proofs of this result are based on microlocal tools, such as the propagation in
phase space of wavefront sets in [3] or the propagation of microlocal defect measures in more
modern proofs [8]. For the latter approach, microlocal defect measures originate from the
concentration phenomena for sequences of waves if one assumes that observability does not
hold. Away from boundaries one obtains

(1.1) th,u =0,

yielding the transport of the measure p along the bicharacteristic flow in phase space. This
flow is generated by the hamiltonian vector field H, associated with the symbol of the wave
operator p. However note that despite their high efficiency and robustness, these methods
present the great disadvantage of requiring too much regularity in the coefficients of the
wave operator and the geometry. To define the generalized bicharacteristic flow and prove
the propagation properties mentioned above a minimal smoothness of the metric and the
boundary domain is needed. To our knowledge, the best result, in the context of € metrics,
was proven in [4], and barely misses the natural minimal smoothness required to define the
geodesic flow (W2°) and thus the geometric control condition.

In this context, in the present article, we address the following natural question: how can
one derive observability estimate for the wave equation from optimal observation regions in
the case of a nonsmooth metric? This problem has already received some attention and
answers by E. Zuazua and his collaborators, in [9, 10], and more recently in [16] (see also
the result of [14]). More precisely, in [9, 10], the authors prove a lack of observability of
waves in highly heterogeneous media, that is, if the density is of low regularity. In [16], the
authors establish observability with coefficients in the Zygmund class and also observability
with loss when the coefficients are Log-Zygmund or Log-Lipschitz. Furthermore, this result
is proven sharp since one observes an infinite loss of derivatives for a regularity lower than
Log-Lipschitz. Note that these analyses are carried out in one space dimension. This calls
for the following comments. First, in this simplified framework, for smooth coefficients all
the geodesics reach the observability region in uniform time: captive geodesics are not an
issue. Second, proofs are based on a sidewise energy estimate, a technique that is specific
to the one-dimensional setting; the underlying idea consists of exchanging the roles of the
time and space variables and, finally in proving hyperbolic energy estimates for waves with
rough coefficients. Unfortunately, such a method does not extend to higher space dimensions.
Furthermore, for the low regularity considered in these articles, the geodesic flow is not well
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defined. Proving propagation results for wavefront sets or microlocal defect measure appears
quite out of reach in such cases.

The present work is the first in a series of three articles devoted to the question of observ-
ability (and equivalently exact controllability) of wave equations with nonsmooth coefficients.
Here, we initiate this study on a compact Riemannian manifold with a rough metric, yet
without boundary, while the two forthcoming articles will present the counterpart analysis on
manifolds with boundary (or bounded domains of R?) [6, 7]. The presence of a boundary
yields a much more involved analysis and in [6, 7] we develop Melrose-Sjostrand generalized
propagation theory in a low regularity framework. In the present article, our main result is
the observability of the wave equation with a €'-metric, completed with the stability of the
observability property for small Lipschitz (WW1>°) perturbations of the metric. More precisely,
we first show that if the geometric control condition in time 7" holds for geodesics associated
with a €'-metric g, then the observability property holds for the wave equation, and equiv-
alently exact controllability. For this low regularity case one has to carefully consider the
meaning of the geometric condition (or more generally the meaning of a geodesic) since the
metric does not define a natural geodesic flow: geodesics are not uniquely defined. Only their
existence is guaranteed. Second, we consider a reference ¢*-metric ¢° as above and we prove
that observability also holds for any Lipschitz metric g chosen sufficiently close to ¢g* (in the
Lipschitz topology). It has to be noticed that Lipschitz metrics are too rough to permit the
use of microlocal tools and a direct proof of the observability property. Even worse for such
a metric the geometric control condition itself does not seem make sense (as the generating
vector field is only L>°), and we have to use a perturbation argument near the (not so) smooth
% reference metric.

Following the strategy of [4], we argue by contradiction and we prove a propagation result
for microlocal defect measures in a low regularity setting. We prove that these measures
are solutions to the ODE (1.1) with here H, having ¢°-coefficients. Then, we deduce some
general properties about their support. Namely we show that their support is a union of
integral curves of the vector field. This latter step also follows from Ambrosio and Crippa’s
superposition principle [1]. Yet, we give a completely different proof which is of interest since
it can be extended to the case of a domain with a boundary [6, 7]. We have not been able
to extend the approach of [1] to that case. To derive the ODE fulfilled by the microlocal
defect measure we heavily rely on some harmonic analysis results due to R. Coifman and
Y. Meyer [11, Proposition IV.7] that express that the commutator of a pseudo-differential
operator of order 1 and a Lipschitz function is a bounded operator on L?.

Finally, going further in the analysis, we investigate another stability property with respect
to perturbations of the metric. We prove that the HUM optimal control associated with a
fixed initial data is not stable with respect to perturbations of the metric.
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101097172 - GEOEDP). The research of B. Dehman was partially supported by the Tunisian
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nally, the authors wish to thank the anonymous reviewer for pointing out arguments that
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1.1. Outline. The article is organized as follows. In Section 1.2 we set up the geometric
framework we shall use and in Section 1.3 we precisely recall the equivalence of observability
and exact controllability for the wave equation. In Section 1.4 we state the main results of
the article.

In Section 2 we recall some geometric facts and the notions of pseudo-differential calculus
and microlocal defect (density) measures on a manifold. In addition, using bicharacteristics
we state the geometric control condition of [3] in its classical form (4?-metric) and generalized
form (¢ '-metric).

In Section 3 we recall what microlocal defect measures are and we show how, if associated
with sequences of solutions of PDEs, their support can be estimated and how a transport
ODE can be derived, in the particular context of low regularity of coefficients.

Section 4 is devoted to our proof of the support propagation for measures solutions of a
ODE with € -coefficients, Theorem 1.10.

In Section 5 we use the results of Section 3 and the propagation result of Theorem 1.10 to
prove the observability and controllability results for the wave equation, Theorems 1.11 and
1.12.

Finally, in Section 6 we prove the results related to stability properties of the HUM control
process.

1.2. Setting and well-posedness. Throughout the article, we consider M a d-dimensional
€ *°-compact manifold, that is, a manifold without boundary with a topology that makes
it compact equipped with a ¥°°-atlas. We assume that the topology is also given by a
Riemannian metric g, to be chosen either Lipschitz or of class €* for some value of k to be
made precise below!.

We denote by p, the canonical positive Riemannian density on M, that is, the density
measure associated with the density function (det g)l/ 2. We also consider a positive Lipschitz
or of class @*-function x and we define the density Kflg-

The L?-inner product and norm are considered with respect to this density kg, that is,

(1.2 (oo = [ womng ullfaan = [ Tuf ey
M M

We denote by L2V (M) the space of L2-vector fields on M, equipped with the norm

ol = [ atv.00mmg, o e VM)

We recall that the Riemannian gradient and divergence are given by

9% f0) = olf) and [ paivyon == [ o,
M M
for f a function and v a vector field, yielding in local coordinates

(Vaf) = Z 970, f, divy v = (det g)~Y/2 Z Oz, ((det g)l/Zvi),

155<d 1<i<d
with (g%) = (g2.4;) "

INote that despite considering €* metrics with & < co we still impose the underlying manifold to be smooth.
This is due to our use of pseudo-differential techniques that are simple to introduce on a smooth manifold. See
Section 2.3
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We introduce the elliptic operator A = A, ; = K1 divy(kV}), that is, in local coordinates
Af = k1 (det g)~1/2 Z Oz, (K(det g)l/zgij(x)&rj f).
1<i,j<d

Its principal symbol is simply a(z,§) = —3 1<, <4 g7 &&;. Note that for k = 1, one has
A = Ay, the Laplace-Beltrami operator associated with g on M. Similarly to A4, the operator
A is unbounded on L?(M). With the domain D(A) = H?(M) one finds that A is self-adjoint,
with respect to the L2-inner product given in (1.2), and negative. Moreover, one has

(Auav)LQ(/\/l) == /M g(Vgu, Vg’l_)) KHg, u € H2(M)a v E Hl(M)

Together with A we consider the wave operator P, ; = 0?7 — Ay g +m, with m > 0 a constant
and the equation

(13) {ngy =f in (0, +00) X M,

Yjt=0 = y07 aty|t:0 = yl in M.
It is well-posed in the energy space H'(M) @ L?(M).

Proposition 1.1. Consider r and g both of Lipschitz class. Let (y°,y*) € HY(M) x L*(M)
and let f € L? (O,T; LQ(M)), for any T > 0. There exists a unique

y € €°([0,+00); H'(M)) N ([0, +00); L*(M))
that is a weak solution of (1.3), that is, y—o = y° and OtYpi—o = y' and
Pogy=f in2'((0,+00) x M).
Remark 1.2. At this level of regularity of x and g, the well-posedness of the wave equation
is classical. For less regular coefficients we refer to [12] and [13].
In what follows, for simplicity we shall consider the case m = 1, that is for
Pog=0} —Agy+1.

In this case, we denote by
1
Erg(y)(t) = §(Hy(t)\|12qlw> + 10Ol 7200

1
= 5 (WO Z2a) + 1%y O Z2p 0y + 1900 (D1 Z2(00)) -

the energy of this solution at time ¢. For a weak solution y of (1.3), if f = 0 this energy is
independent of time ¢, that is,

1 2 2
ErgW)(t) = Eig(y)(0) = §(Hy0|’H1(M) 1y 2 n)-

Remark 1.3. The equation we consider, with the constant m > 0, is often referred to the
Klein-Gordon equation. Here, we keep the name wave equation. We choose this equation
instead of the classical wave equation that corresponds to the case m = 0. In fact, on a
compact manifold without boundary, constants are eigenfunctions of the elliptic operator
Ay g with 0 as an eigenvalue. Hence, constant functions are solutions to the wave equation
and are so-called invisible solutions, as far as the observability property we are interested
in is concerned. If one considers a manifold with boundary and say, homogeneous Dirichlet
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conditions, this issue becomes irrelevant. We could have dealt with the case m = 0 (the usual
wave equation) at the cost of additional technical complications.

1.3. Exact controllability and observability. Let w be a nonempty open subset of M
and T" > 0. The notion of exact controllability for the wave equation from w at time T is
stated as follows.

Definition 1.4 (exact controllability in H!(M) @ L?(M)). One says that the wave equation
is exactly controllable from w at time 7' > 0 if for any (y°,y') € H' (M) x L?(M), there
exists f € L?((0,T) x M) such that the weak solution y to

(1.4) Pregy =Lor)xwfs  Wi=o: Oyj—0) = (", "),

as given by Proposition 1.1 satisfies (y, 9;y)—r = (0,0). The function f is called the control
function or simply the control.

Observability of the wave equation from the open set w in time T is the following notion.

Definition 1.5 (observability). One says that the wave equation is observable from w at time
T if there exists Cyps > 0 such that for any (u®,u!) € HY(M) x L?(M) one has

(1.5) Erg(u)(0) < CobsHI(O,T)xw atuHQLQ(E)v

for u € €°([0,T]; H'(M)) n€* ([0, T]; L*(M)) the weak solution of P, gu = 0 with uj_q = u’
and Opuj—g = ul as given by Proposition 1.1; see [20].

Proposition 1.6. Let w be an open subset of M and T > 0. The wave equation is exactly
controllable from w at time T if and only if it is observable from w at time T.

Remark 1.7. In the case m = 0 the energy function is given by

1 2 2
Erg(W)(t) = 5 (10 T2y + NGB 22y (11))-
It follows that a constant function u, a solution to the wave equation (9? — A)u = 0 has zero

)

an observability inequality of the form of (1.5). Possibilities to overcome this difficulty are
to work in a quotient space or to change the wave operator into the Klein-Gordon operator.
Here, we chose for simplicity the latter option.

energy. Since [|1(g,7)x 6tuHiQ % also vanishes, one sees that such a solution are invisible for

1.4. Main results. We introduce the following spaces for the coefficients (k, g) to distinguish
various levels of regularity:

X%2(M) ={(k,g); kK € €*(M) and g is a €*metric on M},
XYM) = {(k,g); K € €1 (M) and g is a € -metric on M},
YM) ={(k,9); K € Wh*(M) and g is a WH>-metric on M}.

We start by recalling the controllability result known for regularity higher than or equal to
%2, under the Rauch-Taylor geometric control condition.

Definition 1.8 (Rauch-Taylor, geometric control condition). Let g be a €* metric, k = 1
or 2, and let w be an open set of M and T" > 0. One says that (w,T) fulfills the geometric
control condition if all maximal geodesics associated with g, traveled at speed 1, encounter w
for some time t € (0,7).
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A second formulation of this geometric condition based on the dual notion of bicharacter-
istics is given in Section 2.2 below.

Theorem 1.9 (Exact controllability — ¢?-regularity). Consider (k,g) € X?(M), w an open
subset of M and T > 0 such that (w,T) fulfills the geometric control condition of Defini-
tion 1.8. Then, the wave equation is exactly controllable from w at time T .

This result was first proven by Rauch and Taylor [22] for a smooth metric. The case (k, g) €
X?%(M) was proven by the first author in [4]. On smooth open sets of R?, or equivalently on
manifolds with boundary equipped with smooth (&, g), for instance in the case of homogeneous
Dirichlet boundary conditions, this result is given in the celebrated articles of Bardos, Lebeau
and Rauch [2, 3].

In the present article, we extend the result of Theorem 1.9 to cases of rougher coefficients.
Our extension is twofold: we treat the case (k,g) € X1(M) and, we treat small perturbations
in Y(M) of some (k,g) € X1(M). Most importantly, these two results rely on the under-
standing of the structure of the support of a nonnegative measure subject to a homogeneous
transport equation with continuous coefficients.

1.4.1. Transport equation and measure support. Let O be an open set of a smooth manifold.
We denote by '2'(0) and '2'9(0) the spaces of density distributions and density Radon
measures on O.

Consider a continuous vector field X on O and let p be a nonnegative measure density
on O. Assume that p is such that *Xp = 0 in the sense of distributions, that is,

(1.6) (X1, a)1900) 62 (0) = (1 Xa)1g10(0)500) = 0, a € €2(0).

If X is moreover Lipschitz, one concludes that p is invariant along the flow that X generates.
However, if X is not Lipschitz, there is no such flow in general. Yet, integral curves do exist
by the Cauchy-Peano theorem. The following theorem provides a structure of the support of

1.
Theorem 1.10. Let X be a continuous vector field on O and pu be a nonnegative density

measure on O that is a solution to ‘X = 0 in the sense of distributions. Then, the support
of 1 is a union of mazximally extended integral curves of the vector field X .

In other words, if m® € O is in supp(u), then there exist an interval I in R with 0 € I and
a ¢! curve v : I — O that cannot be extended such that v(0) = m" and

LA = XG0, sel,
and y(I) C supp(u).

Theorem 1.10 can actually be obtained as a consequence of the superposition principle of
L. Ambrosio and G. Crippa [1, Theorem 3.4]. Here, we provide an alternative proof that
is of interest as it allows one to extend this measure support structure result to the case of
an open set or a manifold with boundary [7] as needed for our application to observability
and controllability. Ambrosio and Crippa’s proof is based on a smoothing-by-convolution
argument. Extending this approach does not seem to be straightforward in the context of a
boundary.

Theorem 1.10 is proven in Section 4 and its proof is independent of the other sections of
the article. A reader only interested in our proof of Theorem 1.10 may thus head to Section 4
directly.
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1.4.2. Ezact controllability results. If (k,g) € X*(M), x € M and v € T, M there is a unique
geodesic originating from x in direction v. In the case (x,g) € X1(M) uniqueness is lost.
Existence holds however and maximal (here global, see below) geodesics can still be defined
by the Cauchy-Peano theorem. In particular, the geometric control condition of Definition 1.8
still makes sense. As announced above, our first result is the following theorem.

Theorem 1.11 (Exact controllability — ¢'-regularity). Consider (k,g) € XY(M), w an
open subset of M and T > 0 such that (w,T) fulfills the geometric control condition of
Definition 1.8. Then, the wave equation is exactly controllable from w at time T.

A second result is the following perturbation result.

Theorem 1.12 (Exact controllability — Lipschitz perturbation). Let (k°,¢°) € X (M), w be
an open subset of M and T > 0 be such that (w,T) fulfills the geometric control condition of
Definition 1.8 with respect to the metric g°. There exists e > 0 such that for any (x,g) € V(M)
satisfying

|(x,9) — (HOaQO)Hy(M) <,
the wave equation associated with (k,g) is exactly controllable by w in time T.

Observe that Theorem 1.11 is a direct consequence of Theorem 1.12. We shall thus con-
centrate on this second more general result. Its proof relies on the measure support structure
result of Theorem 1.10.

The sequence of Theorems 1.9, 1.11, and 1.12 calls for the following important comment.
Under the assumption of Theorem 1.9, that is, (k,g) € X%(M), there is a geodesic flow
and the geometric condition of Definition 1.8 is actually a condition on the flow. Under
the assumption of Theorem 1.11, that is, (k,g) € X'(M), as pointed out above there is
no geodesic flow in general. Yet, maximal geodesics are still well defined and, the geometric
condition of Definition 1.8 makes sense because it does not refer to a flow. However, under the
assumption of Theorem 1.12, that is, (k,g) € Y (M), geodesics cannot be defined in general.
No geometric condition can be formulated. Yet, Theorem 1.12 is a perturbation result and a
geometric condition is expressed for a reference pair (k%, ¢°) € X!(M) around which a (small)
neighborhood in (M) is considered.

The following remark further emphasizes that the perturbation is to be considered around
a pair (k°, g%) € X1 (M) for which the geometric control condition holds and not around a
pair (k%,¢%) € X1(M) for which exact controllability (or equivalently observability) holds.

Remark 1.13 (On the perturbation result). Having both our results, geometric control for ¢!
metrics and Lipschitz stability of exact controllability around a reference metric satisfying the
geometric control condition, a natural question is whether the exact controllability property
is itself stable by perturbation. On the one hand, it is classical that the exact controllability
property is stable under lower-order perturbations of the elliptic operator A, , but on the
other hand, it is possible to show that it is not stable under (smooth) perturbations of the
geometry or the metric.

Let us illustrate this instability property with a quite simple example. Consider the wave
equation on the sphere

St={zxe RdH;Zx? =1},
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endowed with its standard metric and with control domain the open hemisphere
w={z € S%z; > 0}.

Even though w does not fulfill the geometric control condition of Definition 1.8 exact control-
lability holds for this geometry by an unpublished result by G. Lebeau (see [19, Section VI.B]
and [24] for extensions). Consider now the sphere endowed with the above standard metric,
with the smaller control domain

we = {z € S x> ¢},

for some € > 0. This second geometry is e-close to the Lebeau example in the €*°-topology.
Yet, for all € > 0, exact controllability does not hold, because there exists a geodesic (the
equator, {z € S% 21 = 0}) that does not encounter @;. This shows that in Theorem 1.12, the
assumption that the reference geometry should satisfy the geometric control condition cannot
be replaced by the weaker assumption that it should satisfy the exact controllability property.
This also shows that our perturbation argument will have to be performed on the actual proof
that geometric control implies exact controllability and not on the final property itself.

1.4.3. Further results on the control operator. We finish this section with results analyzing
the influence of some metric perturbations on the control process.
We introduce further levels of regularity for the coefficients by setting for k € NU {40},

XE(M) = {(k,9); k€ €F(M) and g is a €*-metric on M}.

First, we consider £ > 2. We recall the notation P, ;, = (9,52—A,§79+1 with A, 4 = k1 divy(kV),
and we assume that (x,g) € X¥(M), and that (w,T) satisfies the geometric control condition
of Definition 1.8 for geodesics given by the metric g. Then, by Theorem 1.9, given (y°,y!) €
HY(M) x L?*(M), there exists f € L?((0,T) x w) such that the solution to (1.4) satisfies
y(T) = 0 and Owy(T) = 0. One can prove that among all possible control functions there is

one of minimal L?-norm. We denote by f,ﬁ’f)g’yl this control function usually named the HUM
control function; see for instance [20]. Moreover, the map
(1.7) Hy,: HY(M) @ LA (M) — L*((0,T) x M)
0,1

Wy = fLY
is continuous. Note that f,%f)g’yl is actually a weak solution of the wave equation with initial
data in L2(M) x H~1(M), meaning that one moreover has f;’f;yl € ¢°([0,T], L>(M)).
Theorem 1.14 (Lack of continuity of the HUM-operator — Case k > 2). Let k > 2 and (k, g)
as above. For any neighborhood U of (k,g) in X*(M), there exist (i, §) € U and an initial
data (y°,yt) € HY (M) x L2(M), with Hy0||12gl + Hy1||ig =1, such that the respective solutions

y and § of
(1.8)

_ .yt = vyl
Pn,gy - 1(O,T)><w fl‘i,g m (0>T) X M? Pﬁ,gy - 1(0,T)><w fﬂ,g m (07 T) X Ma
(1, 0) =0 = (¥, y")  in M, (7,00 =0 = (¥°,y1)  in M,

are such that

(1.9) Erg( —Y)(T) = Eny(y)(T) 2 1/2.
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Moreover, there exists Cr > 0 such that
0 1 . 07 1 07 1
(110) H(ng - Hﬁ,g)(y ’y )HLZ((O,T)XUJ) - Hf/g,gy - f,g,gy HLZ((O,T)

for (y°,y') as given above.

> CT7

Xw) =

Remark 1.15. The result of Theorem 1.14 states that starting from the same initial data
and solving the two wave equations with the same control vector f, , associated with P 4, a
small perturbation of the metric can induce a large error for the final state (y(7"), ;y(7)). In
other words, the two dynamics are no longer close. In particular, the map

XF(M) 3 (k,9) — Hyy € L(HY (M) ® L2 (M), L*((0,T) x M))
is not continuous.

Remark 1.16. The result of Theorem 1.14 can also be stated on open bounded smooth
domains of R™ in the case of homogeneous Dirichlet condition. In fact, as can be checked in
what follows, its proof only relies on basic properties of microlocal defect measures (support
localization and propagation) that are known to be valid in this framework; see [4].

Remark 1.17. In the statement of Theorem 1.14 if the neighborhood U of (x,g) in X* is
small enough, the pair (w,T’) also satisfies the geometric control condition of Definition 1.8

for (%, g) and therefore fé’ogiyl is well defined. In particular, this is clear as in the case k > 2
there is a well defined and unique geodesic flow.

The case k = 1 is quite different as there is no geodesic flow, as already mentioned above.
However, given (k,g) € X! and (w,T) if the Rauch-Taylor geometric control condition of
Definition 1.8 holds for (w,T’) for the geodesics associated with g, given any neighborhood U
of (k,g) in X! one can still find (%, §) € U such that

(1) the geometric control condition still holds for the geodesics associated with g,
(2) the result of Theorem 1.14 also holds.

Theorem 1.14" (Lack of continuity of the HUM-operator — Case k = 1). Let k = 1 and
(k,g) € X' as above. For any neighborhood U of (k,g) in X'(M), there exist (k,§) € U and
an initial data (y°,y*) € HY (M) x L2(M), with HyOHiﬂ + ||y1Hig =1, such that the geometric
control condition of Definition 1.8 for geodesics given by the metric g holds and moreover the
results listed in Theorem 1.1/ hold.

The proofs of Theorems 1.14 and 1.14" are given in Section 6.1.
We finish this section with some remarks and some questions.

Remark 1.18. In all results above we have used 1y 7)., as a control operator, that is, the
characteristic function of an open set. We could have also considered a control operator given
by 1(0,7)(t)x (), with x a smooth function on M. The controlled wave equation then has the
form

(1.11) Pigy=10r) X/ (y|t:078ty|t:(]) = (3/07?J1)7

In such case, the open set to be used in the geometric control condition is w = {x # 0}. This
is often done this way, in particular since the smoothness of the function x allows one to use
some microlocal techniques that require regularity in the operator coefficients. The results
and proofs of the present article can be written mutatis mutandis for this type of control
operator.
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1.4.4. Comparison with the smooth case and some open questions. Following on the previous
remark, with a smooth in space control operator, one can wonder above the smoothness of
the HUM operator. This question is addressed in the work of the second author jointly with
G. Lebeau [15]. In fact, a gain of regularity in the initial data (y°, y') yields an equivalent gain

of regularity in the HUM control function ff{?g’yl. For instance, for (y°,y') € H?(M)x HY(M)

one finds f,%’,og’yl € ¢°([0,T], H*(M)). Note that the result of [15] is proven in the case of
smooth coefficients, that is, (k,g) € X*°. We thus consider this smooth case in the discussion
that ends this introductory section. Open questions around the results of Theorems 1.14 and
1.14’ are then raised.

As we shall see in their proofs, the result of Theorems 1.14 and 1.14’ rely on the high
frequency behavior of the solutions to (1.8). In the case of smooth coefficients and a smooth
control operator, if we assume smoother data (y°,y') in the HUM control process, the result
of Theorem 1.14 does not hold any more. The HUM control process becomes regular with
respect to (k,g) as expressed in the following proposition.

Proposition 1.19 (HUM control process for smooth data). Consider (k,g) € X*°(M) and
let x € €°(M). Set w = {x # 0} and assume that (w,T) fulfills the geometric control
condition of Definition 1.8 for the geodesics associated with (k,q). Let o € (0,1]. There
exists Cp, > 0 such that for any (k,§) € X*°(M) and any (y°,y') € HT*(M) x H*(M), the
respective solutions y and § to

0,1 . 5 0,1
Pegy =10 x fig’ m(0,T)x M, Prgy =1 x fig” m(0,T)x M,
(¥ 0y)j=0 = (4°,y")  in M, (7 09 je=0 = (4°,y")  in M,

satisfy

Erg(y — 9)(T)V? < Coll(k, 9) — (B D% () 1% 9 e (mys e (v
The proof of Proposition 1.19 is given in Section 6.2.

In the above proposition coefficients are chosen smooth, quite in contrast with the rest of
this article. As explained above, and as the reader can check in the proof, this lies in the
use of the regularity of the HUM operator with respect to the data (y°,y'), a result proven
for smooth coefficients in [15]. The result of Proposition 1.19 raises the following natural
questions:

(1) Does the HUM operator exhibit regularity with respect to the data (y°,y') similar to
what is proven in [15] in the case of not so smooth coefficients?

(2) If so, if one increases the smoothness of the data (3°,y') as in Proposition 1.19, does
the HUM control process also become regular with respect of the metric?

2. GEOMETRIC ASPECTS AND OPERATORS

We define the smooth manifold £ =R x M and T*L its cotangent bundle. We denote by
7w : T*L — L the natural projection. Elements in T*L are denoted by (¢,x,7,£). One has

’R—(t7 $7 T? 5) = (t7 x)'
Setting |¢|2 = g.(&, &) the Riemannian norm in the cotangent space of M at x, we define

S*C={(t,z,7,8) € T*L,T* + [¢|2 = 1},
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the cosphere bundle of £. We shall also use the associated cosphere bundle in the spatial
variables only,

M ={(z,6) € T"M, [¢[3 = 1/2}.
For a €*-metric both S*M and S*£ are €*-manifolds.

Consider a € >-atlas AM = (CM);jes of M, #J < oo, with CM = (0;,0;) where O; is an
open set of M and 0; : O; — O is a bijection for O an open set of R%. For j € J, we define
Cj = (Oj,’ﬁj) with O; =R x Oj and

’19j : Oj — (7)]'
(t,z) = (t,0(x)),
with O; = R x O;. Then A = (C})jes is a €>®-atlas for L.

In what follows for simplicity we shall use the same notation for an element of T*L and its
local representative if no confusion arises.

2.1. Hamiltonian vector field and bicharacteristics. Let (k,g9) € X*, k = 1 or 2. The
principal symbol of the wave operator P 4 is given by
(21) p(t,l’,T,é) :pn,g(tavaag) = _7—2 + |€|3¢7 (tavavg) € T*ﬁ
In local charts, one has
Pt =1 Y et
1<i,5<d

Note that (g% (z));; is the inverse of (g;;(x));,;, the latter being the local representative of the
metric.

We denote by H,, the Hamiltonian vector field associated with p, that is, the unique vector
field such that {p, f} = H, f for any smooth function f. Here, {.,.} denotes the Poisson
bracket, that is, in local chart

(2.2) (P Sy =00 Of — 0w 0rf + S (O;p Duyf — Ouyp O, ),
1<j<d
yielding
Hy, = —-270; + V¢p -V — Vup - Ve,

as p is in fact independent of the time variable t. The Hamiltonian vector field H,, is of class
€*~1. Observe that, for a function f of the variables (¢,z,7,£), one has

"Hyf =270 f — dive(fVep) + dive(fVap),
with which one deduces
(2.3) 'H, = — H,
even in the case (k,g) € XL

First, consider the case k = 2. Thus, H, is a ¢ 1-vector field. For p € T*L one denotes by
s+ ¢s(p) the unique maximal solution to

d
(2'4) %?bs(g) = Hp ¢S(Q)7 ENS R7 and ¢s:0(9) =0,



MEASURE PROPAGATION AND WAVE CONTROLLABILITY 13

as given by the Cauchy-Lipschitz theorem. One calls (s,0) — ¢s(0) the Hamiltonian flow
map. Let s — 7(s) be an integral curve of H,, that is, y(s) = ¢s(0) for some o € T*L. For
any smooth function f on T*L one has

2 Jor(s) = Hy F(3(9)),

Note that H, 7 = 0, meaning that the variable 7 is constant along . Note also that the
value of p remains constant along v since H,p = {p,p} = 0. Hence, |£]2 = g.(£,&) is also
constant. Thus, if v(0) € S*L then ~(s) remains in S*L, and for p € S*L, the vector field H,,
at o is tangent to S*L. Consequently, we may consider H, as a tangent vector field on the
%2-manifold S*£. In particular H, a makes sense if a € €} (S*L). If moreover a € €2T(S*L),
¢ >0, one has Hy,a € €}(S*L).

Since H,p = 0, the flow ¢, preserves Char(p) = p~({0}), the characteristic set of p. As
is done classically, we call bicharacteristic an integral curve for which p = 0. Observe then
that (2.4) defines a flow on the ¢2-manifold

Char(p) N S*L = {(t,z,7,€); 7> =1/2 and |¢|2 = 1/2}.

Second, consider the case k = 1. Then H,, is only a continuous vector field. Thus, for any
o0 € Char(p) there exists a maximal bicharacteristic s — ~y(s) defined on R such that v(0) = p,
that is,

Lie) =H, (), seR

by the Cauchy-Peano theorem. Uniqueness is however not guaranteed and the notion of flow
cannot be used in the case k = 1. Since the value of |¢|,; remains constant and the manifold
M is compact, maximal bicharacteristics are actually defined globally.

As above, if v(0) € S*L (resp. Char(p) N S*L) one has ~(s) € S*L (resp. Char(p) N S*L)
for all s € R. The hamiltonian vector field H, can be viewed as a €°-vector field on the
%'-manifold S*£L (resp. on the €'-manifold Char(p) N S*L). For a € €1H(S*L), £ > 0, one
finds Hya € €2(S*L).

Finally, connection between bicharacteristic and geodesics can be made. For this we recall
that if £ € T*M for some 2 € M one can define v € T, M by v = £, which reads in local
coordinates v¢ = > g (x)&;. In particular |v|2 = g;(v,v) = ||z If now o = (t°,2°,79,£%) €
Char(p) N S*L and letting s — o(s) = (t(s),z(s),7,&(s)) be a bicharacteristic such that
0(0) = ¢°. One has 7 = 7% and t(s) = t° — 27%s. The map

X:it— a:((to — t)/(27'0)),

can be proven to be the geodesic originating from z° in the direction given by v0 = (¢°)# and
parametrized by t.
We now compute the speed at which the geodesic is traveled. We have ‘%(t) = %dfl(;),

which yields

_ 5t
) = —iVen(ats). &(s)) = L)

70
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It follows that

%(t)!x = &()* /17 = [E(5)]a/17%) = 1€%a/17°] = 1,

since ¢° € Char(p). Hence, the projection of the bicharacteristic s — 7(s) yields a geodesic
traveled at speed 1.

2.2. Geometric control condition. As the projections of bicharacteristics onto £ yield
geodesics, in the case k > 2, we can state the Rauch-Taylor geometric control condition [22]
formulated in Definition 1.8 with the notion of Hamiltonian flow introduced above.

Definition 1.8 (geometric control condition, k > 2). Let g be a ¥ metric and let w be an
open set of M and T > 0. One says that (w,T) fulfills the geometric control condition if for
all o € Char(p) one has m(¢s(0)) € (0,T) x w for some s € R.

In the case k = 1, since g is only €' there is no flow in general, one rather writes the
geometric control condition by means of maximal bicharacteristics.

Definition 1.8” (generalized geometric control condition, k = 1). Let g be a ¢! metric and
let w be an open set of M and T" > 0. One says that (w,7’) fulfills the geometric control
condition if for any maximal bicharacteristic s — 7(s) in Char(p) one has 7(7(s)) € (0,T) xw
for some s € R.

In other words, for all ¢ € Char(p), all bicharacteristics that go through ¢ meet the cotan-
gent bundle above (0,7") X w.

Naturally, Definitions 1.8" and 1.8” coincide in the case k = 2 because of the uniqueness of
a bicharacteristic going through a point of Char(p).

2.3. Symbols and pseudo-differential operators. Here, we follow [5, Section 1.1] for the
notation. We denote by H*(X) or HE (X), with X = M or L, the usual Sobolev space for
complex valued functions, endowed with its natural inner product and norm. In particular,
the L?(X)-inner product is denoted by (., r2(x)-

Classical polyhomogeneous symbol classes on T*R"™ ~ R"™ x R™ are denoted by Sg}l(R" xR™)
and the classes of associated operators by \I/gfl(R"). We recall that symbols in the class

SPh (R™xR™) behave well with respect to changes of variables, up to symbols in Sg;:l (R™xR™);
see [18, Theorem 18.1.17 and Lemma 18.1.18].

We define Sg’:‘ph(T*E) as the set of polyhomogeneous symbols of order m on T*L with
compact support in the variables (¢,2) € £ (note that compactness with respect to z € M
is obvious). Having the manifold M smooth is important for symbols and following pseudo-
differential operators to be simply defined.

For any m, the restriction to the sphere

(25) glph(T*[/) — %COO(S*[,), a — a‘S*L?

is onto. This allows one to identify a homogeneous symbol with a smooth function on S*L
with compact support.
We denote by \If;”ph(ﬁ) the space of polyhomogeneous pseudo-differential operators of order

m on L: one says that @ € U, (£) if Q maps €.°(£) into Z'(L) and

(1) its kernel K(z,y) € 2'(L x L) is such that supp(K) is compact in £ X L;
(2) K(z,y) is smooth away from the diagonal Ay = {(¢,z;t,x); (t,x) € L};
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(3) for any local chart C; = (O0;,9;) and all ¢y, ¢1 € €°(O;) one has
d)l o (19]—1)* o Q 019; O¢O e Op( cph(]Rd+1 % Rd+1))
For Q € ¥ ph(ﬁ), we denote by 0,,(Q) € Cph( *L) the principal symbol of @Q; see [18,
Chapter 18.1]. Note that the principal symbol is uniquely defined in St L(T*L) because of

the polyhomogeneous structure (see the remark following Definition 18. 1 20 in [18]). The
application o, enjoys the following properties.

(1) The map oy, : W7, (£) = S7,(T7L) is onto.

(2) For all Q € U, (L), 0(Q) = 0 if and only if Q € \I/;nphl(ﬁ)

(3) For all Q € \Iicph( )y om(QF) = o (Q).

(4) For all Q1 € U, (£) and Q2 € W2 (L), one has Q1Qq € W™ (L) with

¢,ph
Omy+mo (QlQQ) = Om (Ql)o'mz (QQ)

(5) For all @1 € ¥} (L) and Q2 € V™ (L), one has [Q1,Q2] = Q1Q2 — Q201 €

gt (L) with

1
Jm1+m2—1([Q17 QQ]) - *.{Uml (Ql)a Omg (QQ)}
(6) If @ € ¥, (£), then @ maps continuously HE (L) into HY ™(L). In particular, for

comp

m < 0, Q is compact on L2 (L).
Given an operator @ € W/ ph(ﬁ), one sets
Char(Q) = Char (0,(Q)) = {0 € T*L,0m(Q)(0) = 0}.
3. MICROLOCAL DEFECT MEASURE AND PROPAGATION PROPERTIES

A defect measure is used to characterize locally the failure of a sequence to strongly con-
verge, meaning some concentration phenomenon. This characterization can be made finer by
further considering microlocal concentration phenomena.

3.1. Microlocal defect density measures. We define M (S*L) as the set of positive
density measures on S*£. For u € M (S*L) and a € €2(S*L), we shall write

a)sc = [ alowldo),

for the duality bracket. This notation will also be used for a € S° on(I7L) according to the
identification map (2.5).

Consider a sequence (u*)reny C L2 (L) that converges weakly to 0. Here, to define the
L?-norm and inner product on £ we use a fixed (k°, g°) chosen in X1(M); see (1.2).

As a consequence of [17, Theorem 1], there exists a subsequence of (u*)ren (still denoted
by (u*)ren in what follows) and a density measure u € M (S*L£), such that

(3.1) Jim <QU Ry e iz o) = (1 00(Q))s s

comp
for any Q € \I/gph(ﬁ). Recall that symbols in S? on(I™L) are compactly supported in time ¢
here. We also refer to [23] and [5]. One calls p a microlocal defect (density) measure associated
with (uF)gen.
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Similarly, one can use the notion of H'-microlocal defect density measure. Consider
(uF)ken C HL_(L) that converges weakly to 0. Then, there exists a subsequence of (u¥)xen
still denoted by (uF)reny ) and a density measure p € M, (S*L) such that for any Q €

H +
\112,ph(‘c)
(3.2) lim (Qu¥, uF)

k500 comp (£);

Hy (L) — <M702(Q)>S*L.

Naturally, in either cases, the density measure 1 depends on the choice made of (x°, ¢°) €
XY(M). In what follows we shall make clear what choice is made.

3.2. Local representatives. Consider a finite atlas A = (C;)jes on L, as introduced in
Section 2, with C; = (0j,7;). Consider a smooth partition of unity (x;);jes subordinated to
the covering by the open sets (O;);. We consider also x;, x; € €°°(L) supported in O; such
that x; = 1 on a neighborhood of supp(x;) and x; = 1 on a neighborhood of supp(x;). Set
also X5 = (01" xg, %0 = (971)7 %y, and 57 = (971)*%;. One has x5, 35, X5 € €°(0;),
with O; = 9,(0;).

Let (u®), c H}

loc

L) that converges weakly to 0, Q € W2 . (£), and j € J. One can write
c,ph
XiQ@ = x;Qx; + x;Q(1 = X;j)-
Since x;Q(1 — X;) is a regularizing operator one finds
(1, xj02(Q))s+2 ~ <XyQU u >Hc(§np(£) HL (L)
~ <X]XJQX]UJ7 .7>Hc_o}np( L), loc(‘c) as k — +OO,

for U = Xg
The operator @Q; = (19]-_1)*5@@)23- (9;)* is a pseudo-differential operator of order 2 on R4*!
with principal symbol ¢; = )Z?ch, where ¢© is the local representative of o2(Q). Set also

o = (19;1)*21?. It converges weakly to 0 in H'(R%!). Associated with this sequence is a

microlocal defect measure p;. If one writes

“kCj

ok
<X]X]QX]U]) j>Hc_omp(£)H ) = < Q] ; J, v; >Hc_o}np(Rd+l),Hlloc(Rd+l)7

loc

one obtains
ci ¢l Ci
(1, x502(Q)) 572 = (13, X5 @) 565 = (s X5 4 g6
Note that here, the L? and H*-norms on R%*! are based on the local representative of the
density measure mougo dt. One thus sees that the local representative of x;u is precisely ng” s
that is, x;pu = ; (XJC-J Hj) = X;Ujp;j. Summing up, we thus have
p=> X = xju;
Jje€J Jje€J
and

(1,02(Q)) 502 = I {1 X;02(@) 502 = (15 X§ ¢ ) 565

jedJ jedJ
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Remark 3.1. Local properties of microlocal defect measures like p can be deduced from the
properties of XJC] ;. In what follows most results are of local nature. In such cases we shall

work in local charts and use Sections 2.3 and 3.2 to bring the analysis to open domains of
Rd—‘rl‘

3.3. Operators with a low regularity. An important tool we use to handle low regularity
terms in what follows is a result due to R. Coifman and Y. Meyer (see [11, Proposition IV.7])
and some of its consequences that we list below.

Theorem 3.2 (Coifman-Meyer). Let Q € \Illljh(R" x R"). If m € WL°(R") the commutator
[Q, m] maps L?(R") into itself continuously. Moreover there exists C > 0 such that

H[Qam]HLzﬁL2 < CHmHWLOO’ m e Wl’oo(Rn)'
We deduce the following corollary.

Corollary 3.3. Let Q) € \Illljh(R" xR™) be such that its kernel has compact support in R™ x R™.
With q € Séh(]R" x R™) its principal symbol.

Let m € €Y(R™). There exist K1 and K, compact operators on L*(R™), with compactly
supported kernels, such that

1 1
(3.3) (Q.m) = ~Vam - Op(Veq) + K1y = - Op(Veq) - Vorn + Ko

Proof. Consider a sequence (m*)rey C €°°(R") such that

Z 0% (m* —m)|| ;e — O as k — +oo.
o<1

Classical symbolic calculus gives
1
(3-4) [Q.m*] = ~Vam" - Op(Veq) + K7,

with KF = Op(r}) for some 7% € Sp_hl, j = 1,2. Thus, K} is bounded from L?(R") into
H'(R™). In addition, since K f has a kernel with compact supports in R” x R"™, it is compact
on L2(R™). Note that the support of the kernel of K¥ lies in a compact K of R” x R” that is
uniform with respect to k.

On the other hand, observe that
Vom" - Op(Veq) —  Vum-Op(Veq) in Z(L*(R™)).
Moreover, from Theorem 3.2 applied to m* — m, one also has
[@m*] = [Q,m] in Z(L*R")).

Using then (3.4) we deduce that (K¥),en converges to some K! in .Z(L?(R")), and from
the closedness of the set of compact operators in .Z(L?(R")) we find that K' is compact.
Moreover, K' has a kernel supported in K. The limits above give the first equality in (3.3).
The second equality follows similarly. O

Let Q be a bounded open set of R” and (k°, ¢°) € X1(Q), with definition adapted from that
of X1(M). The L%inner product and norm are given by the density Ko,ugo. The following
result is also a consequence of Theorem 3.2.
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Proposition 3.4. Let (u*)yen C HL (Q) be a sequence that converges weakly to 0 and let p
be an H'-microlocal defect density measure on S*Q associated with the sequence (uF)y.

Let by € WH°(R") and by € €°(R"). Consider also Q1,Q2 € ‘Ifrl)h(R”), both with kernels

compactly supported in  x Q, with q1,q2 € Srl)h(R" x R™) for respective principal symbol.
Then, one has

(3.5) (01Q1 b2 QQuk,JMC—O}np( Q) HL.(Q) o bib2aia2) s

k—+
More generally, assume that (b})reny C WEH©(R™) and (b5)reny € L (R™), and (kg, gr)ren C
V() with
16— b1y 185~ Boll ey + 15k, 1) — (52, iy = 0, a5 k= +oo.
Then

k k k k&
(3'6) <b1Q1 bQ Qou ’uk>H&a%np(ﬂyﬂkﬂgk)7H110c(ﬂ,nkligk) k—>—+>oo <'UJ7 b1b2q1q2>s*ﬂ.

Remark 3.5. Note that by is chosen in W% (R™) because one cannot multiply an element
in H~! by a bounded function. One derivative is needed.

Proof of Proposition 3.4. With Lemma 3.6 below We may replace the density sipg, in the
L2-inner product by HO,U,QO and thus in the Hco}np L duality.
We write

WQ1 b5 Qo = b1Q1 b2 Q2 + RF, RF = b1Q1 (b5 — b2) Q2 + (B — b1)Q1 b5 Qo.

Note that R¥ maps HL _(Q2) into H, COmp(Q) continuously. Moreover because of the convergences
of bY and b5, and the boundedness of (u*)en in HL () one finds that RFu* — 0 strongly in

loc
HCO}np(Q). Thus we can write

(BEQq b5 QouF,u >HC—O}np(Q),HEOC(Q) = (b1Q1 bo Qou” uk>H_omp(Q)H1

loc
and (3.6) follows if we prove (3.5).
According to Theorem 3.2 the commutator [b1, Q1] is bounded on L?(Q) implying that
[b1, Q1] b2 QouF is bounded in L?(9) yielding

([blan]szwkaﬁhc—o}np() HL () = = ([b1, Q1] b2 Qo uM) 2y  — 0,

k——+o0

Q )+0(1)k—>+oo

since u¥ — 0 strongly in L2(Q2). We may thus assume that by = 1 without any loss of

generality.
Let € > 0 and let b5 € €°°(Q2) be such that ||by — b5, < €. Write

QibrQo=QulE Qo+ R, R =Qu (b —b5) Qs
ek ok
One has [(R°u”, u >H;omp(9) Hi (
(3.7)
(Q1 by Qau”, Uk>H;,1ﬂp(Q) Hi

loc

| < Ce, and this leads to
= (Q1 b5 Qau*,u >H ohp@.HL (@) T 0(1)e—0 + 0(1)k—+oo-

Since b5 is smooth, by symbohc calculus one has

(3.8) <Q1 ba qu u >H 1

comp (§2),

loc

HLAQ) o, (Mo U301d2)s+0-
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Finally, since (u,b5¢1¢2)s+0 — (1, b2q1g2)s+q as € — 0, with (3.7) and (3.8) one concludes
that (3.5) holds. O

Lemma 3.6. Assume that ||(kg, gx) — (HO,gO)Hy(Q) — 0 and consider a sequence (fx, hi)keN
bounded in L2, (Q) @ L2 (Q). Then

comp loc
(s ) 12(Quipngy) = (fios o) £2(0) + 0(1)k—s0c-
If (fi, hie)ken is bounded in Hyl () @ HL (Q) then

comp
<fk’ hk)HC_O}np(Qv’ﬁkugk)leloc(Qv’iknugk) - <fk’ hk>HC_()1l'xlp(Q)7H11c>c(Q) + 0(1)k—>+oo-

Here, Lemma 3.6 is written in the case of a bounded open set of the Euclidean space but
the same result holds in the case of a compact manifold.

Proof. One has jig0 = (det g°)/2dx and pg,, = (det gr)'/?dx. Therefore riypig, = gk g0 with

1/2
a = = (322;8) and «y, — 1 in the Lipschitz norm. O

3.4. Measures and partial differential equations. Microlocal defect measures associ-
ated with sequences of solutions of partial differential equations with smooth coefficients can
have properties such as support localization in the characteristic set and invariance along the
Hamiltonian flow. With the material developed above, we extend these results to the case of
¢ -coefficients. We focus on the case of wave operators.

Proposition 3.7. Let (x°,¢°) € X1 (M) and set P° = P,o p0. Denote by p°(z,7,§) = —72 +
g2(&,€) its principal symbol. Let (K, gr)xen C V(M) be such that ||(kg, gr) — (/@D,gO)Hy(M) —
0 as k — +oo and set P, = Py, 4, .
Consider a sequence (u*)geny C Hi (L) that converges to 0 weakly and p an H'-microlocal
defect density measure associated with (u*)pen.
Let Ty < Ty. The following properties hold.
(1) If Peu® — 0 strongly in H,X ((T1, Tz) x M) then

(3.9) supp(p) N S*((T1, Tz) x M) C Char(p).
2) If moreover Pyu® — 0 strongly in L2 _((Ty,Ty) x M) then one has
loc
(3.10) "Hyop = 0 in the sense of distributions on S*((T1,T») x M),

that is, (1, Hyo q)s+c =0 for all ¢ € €° (S*((Tl,Tg) X ./\/l))

Since H,o is a tangent vector field on S*L where p lives (see Section 2.1) note that tho I
makes sense in the second item of the proposition. Moreover note that H,o is a tangent vector
field on S*£ N Char(p°) and one has supp(u) N.S*((Ty, Tz) x M) C Char(p®) by the first item
of the proposition. Finally, notice that for a Hamiltonian vector field, H,o = —tho as recalled
in Section 2.1 even in the case (k°, ¢°) € X1 (M).

Naturally, Proposition 3.7 and its proof can be adapted to the other energy levels. We shall
also need the following result.

Proposition 3.7'. With the notation of Proposition 3.7, consider a sequence (uk)ng C

LIQOC(E) that converges to 0 weakly and p an L?-microlocal defect density measure associated

with (uF)gen.
Let Ty < T5. The following properties hold.
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(1) If Peu® — 0 strongly in H2((T1, To) x M) then
supp(p) N S*((T1,Tz) x M) C Char(p®).
(2) If moreover PyuF — 0 strongly in ngcl((Tl, Ty) x M) then one has
"Hyop = 0 in the sense of distributions on S*((Ty,Ts) x M).
Proof of Proposition 3.7. Consider B € W? pn(£) with kernel supported in (Th, T) ></\/l)2 and
be Sg’ph(ﬁ) its principal symbol. For the definition of the L2-inner product we use (x°, g°).
We also use the partition of unity 1 = Z]EJ x; with x; € €2°(0;) associated with the atlas A

and the additional cutoff functions x;, x; € €°°(0;) that are introduced in Section 3.2 and,
as obtained in that section, we write

(3.11) <BPkuk7ﬁ>H;,%np(z:),Hfoc(c) =2 <XjBPk“k’J>H;}np(£) HL (L)

jeJ
= Z X]X]BP]CX]U]’U] >Hco}np (L), HL (L) + 0(1)k—+o0;
jeJ
with v;-“ = Y u*. Associated with (19; )*v¥, the local representative of U , is a microlocal

defect measure p; in ¥;(0;) = @j =R x Oj and Xj 'wj is the local representative of x;u in
this chart. See Section 3.2.

Note that we use local representatives of the operators, functions, and measures without
introducing any new symbols. Yet to keep clear that the analysis is carried out in a local
chart we use the notation L(0;), H*(O;) and not L*(L), H*(L). To further lighten notation

we set 7, = (det gz)'/?k;. One has
Py =07 — (i)"Y Oppghi0g+ 1= D, — > R,

P, P,
with P, = 07 =3, , 0040, + 1 and RY? = (y)~'[0p, Fxlg}'0,. Note that x;BRX;
defines a sequence of bounded operators from H'(L) into L?(L£), uniformly with respect to k.
Consequently, one has

P4 ok d .o k
(s BRY X505, v} >HCO}np((5) HL (0;) = (G BRY X0, J)L2(éj) O

k——+o0

since v}“ converges strongly to 0 in LZ(Oj). This leads to

<XJX]BPI€XJU]’ f>H;)}np((§ ), loc(@' - <XJXJBP1€XJ Vi, ;C>H§(,mp(0 ), IOC(O ) + 0(1)k—>+oo
= <Mj,ijP >s*(@j) + 0(1) k400>
by Proposition 3.4. Since x;u; = x;ju locally, lifting back the analysis to the manifold level,
with (3.11), one finds
(B uF) o o i oy = D xabP sy = (1 08°) s 0) + 0(Doo:
Jj€J
Now, one has

k Tk kt
(B ub) s ey ey = (P BE) s iy 0o
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with the transpose operator !B bounded from H}! (L) into HL,,, (L) since B is itself bounded

comp
from ngé([,) into Hggp,,(£). If one assumes that Piuf — 0 strongly in ngcl((Tl,Tg) x M)
one obtains

k k
<BPku v >Hco%np )Hlloc([') k:—>_—>|—oo O,

and thus
(11, 69") 2y = 0, Wb € S (L) with supp(b) C T*((Th, Tz) x M),

and one obtains the support estimation (3.9).

We now prove the second item of the proposition. We assume that Pyu* lies in LE ((Tl, T5) X
M) and converges strongly to 0 in this space. Consider B € ¥} oh (L) with kernel supported

((Tl,Tg) X /\/l)2 and b € Séph(ﬁ) its principal symbol. We are interested in the limit

ok
of <Pk u U >Hco%np(£) Loy
[Pk,B] = PkBu — BPkU S Hﬁl((Tl,TQ) X M) Since Pkuk lies in L2((T1,T2) X M) by
assumption, BPuF lies in H ! ((Tl, Ty) x M) and the same holds for P,Bu*. We may thus
write

<[Pk,B]u uk>

which makes sense since [Py, B] is of order 2. We have

<PkBu u> <Pku B*uk >L2

Hf;%np(‘c) 1OC(L) Hf;)}np(‘c)leloc(‘C‘) loc 20mp(£’) ’

where the adjoint is computed with respect to the L2-inner product associated with (k°, g°)
here. As B maps continuously L2 _((T1,T2) x M) into Hegl,, ((Th, To) x M), we have B* maps

loc comp
continuously H! (L) into Lgomp([,). Thus, one has
k *, k
(Pku , B u )LQ(L) k_:oo 0.

By Lemma 3.6 it is asymptotically equivalent to use (k°, g°) or (kg,gx) for the definition of
the L2-inner product and H, oc duality, that is,

comp

= <PkBu U >H

P, BuF, uk
< k >H 1 Comp (L nk,ugkdt) HIDC(E Kkflgy,

ok ( )Hl dt) + O(l)k—H-oo'

Since Py is selfadjoint for this latter L-inner product, one obtains

<PkBuk7ﬁ>H&)}n OHL(6) = = (Bu", Pku> aty T 0Dk 4o

20mp(£’7nk:u'gkdt)7L120C(£9ﬂk::ugk
— k k
= <Bu ,Pku >Lgomp(‘c) loc(l:) + 0( )k—>+00'

Using again that Pyu* — 0 strongly to 0 in Lloc((Tl, T5) x M) we obtain

<PkBu ’ v >HCO%UP(£’) Hloc (L") k—)joo 0,
and finally
3.12 Py, B uk) 0.
( ) <[ ko ]u u >HCO}UP(‘C’) Hloc(‘c) k‘)—j*OO

As above, with the partition of unity 1 = ZjeJ X; we write

(3.13) ([P BIu® uR) pr oy

loc

L) ; Ol Bt ”k>Hco%np<c> Hy, (L)
J
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For each term in the sum one has

(x) [Py, Blu®, “k>HgO}np(£) H}

loc

- <Xj kaB } ]7 f>Hgo}np(E) (L) + 0(1)k—>+oo-

with Bj = x;Bx;. This allows one to work in a local chart and write

(3.14) ([P, Blu* uk>Hgomp (£),HL Z (Xl Py, B J’ Yj >H;Omp(o ), H
jeJ

loc

(0;)

loc

with the (manifold-local chart) identifications described above. With A, = A, 4., in the
local chart C; one writes
XilPe, Bjl = x3107, Bj] = X[ Ak, Bj] = x5108, Bj] — > (@4 + Q57 + Q7 + Q47),
1<p,q<d
with
Qlfq = ng[;laxp%ngQ[axw é]]v ng = Xj'%];lazp [ng£q7 Bj]azqa
Q8" = xjFy ' [Ory, BijlRrgy Ouys Q4 = XylRy s BjlOu, Fr gy O,
We now compute the limit of each term associated with this decomposition of [Py, B;] on
the right-hand side of (3.14). The principal symbol of x;[07, B;] is ix;{r%,b} and thus

(3107, Bjlvy, J>H;0mp(o )HL (0;) = <Mjain{T2ab}>s*(@j) + 0(1) ks 400-
Proposition 3.4 applies and yields

(@Y} ) x5 = (W3 iX39"P"6pDa,b) 52 6 + 0(Lksoc:

loc

and
(5" 0F) ot 020y = (1 1X39" P (O, 0)Ea) 56y + 0(Wksoc-

With Theorem 3.2 one has [Rrgt?, B;] — [R°g%P?, B;] in X(Lz((? )) as k — 4o0. It follows
that

pq _ /P9 )k
<Q U‘], '] >HC—01“P(O )Hloc ~.7 <Q2 a ‘7’ ‘j >HC0}'“P(O )Hloc(oj) + O<1)k*>+oo,
with
Qb = Xify, O, [R0g°P, B;10,
With Corollary 3.3 one writes
g%, Bj] = —*V (#g"7) - Op (Ve(X5b)) + K1,
with K a compact operator on L? (RdH) with compactly supported kernel. One thus obtains

<quvj, J >Hco%np(o DHLE (0) — <ngb ;c? Y >Hc:>mp(o ),

loc

HL (O;) + 0(1)k—+00s
with
1 -
g,qb = _*Xj’fk 18y, V. (R0g"P7) - Op (VE(X?b))axq
Proposition 3.4 applies and yields

<quvj, vy >H;Omp(o VHL (05) — <Mj> _ingpfq(’% ) lv ( 0 Opq) v£b>5*((’3j) + 0(1)k—>+oo-

loc
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We now treat the term associated with Q4. Note that one has - Q4! = x; (7!, BjlfrAy.
We write, lifting temporarily the analysis back to the manifold,

Pq — Jz— k
Z<Q ) (@ it 05 = (XlRR s BIRRAR ) s oy (o)

=Xy [%ElyB]FﬂkAkukauk>H;mp(c) () T OWhotoo-

loc

Setting f* = (87 — Ag)uF with f¥ — 0 strongly in LIOC((Tl,Tg) X M), we thus find
% ~—1 2
Z (@ ) gty 0.0 = QR BIRONS W) s oy s )

- <X][’%k_: ’ ]’ikf Uk:>Hc0}np(£) HL (L )+0(1)k—>+oo

loc
= Cale s BRORof o)) s (0,),1,6,) + ODkrtoos

bringing again the analysis at the level of the local chart.
Using that &y is independent of t we may write

XilRy ' BlRkd = x; 0y Bilan + xR By,
where E; = [0, Bj] € \I/C ph((’)-), with 9;b € S} ph((’)j) for principal symbol. With Theo-

rem 3.2 we see that [mk , E;] maps L?(0;) into itself continuously and moreover [; ', E;] —
[(R%)~1, E;] in J(LZ((’) )). Thus we obtain

~—1 ~ k
(xjlRy s B0y, of >Hc01np(0 ), HL (O;)

= (Gl EjlRkOw], J>H;,%np(@j),H1

loc

(el + (Do k:—>_-&>-oo 0,

arguing as above. Similarly we write

OaOlRp BRws o) g o0 m o)

loo
AIEN-1 B, & N B
]{?H:OO <X]8t[(/{’ ) ’ ]]Kkatv‘] ’ U‘j >HC—0}‘UP(O ) loc(oj)

Arguing as we did for the term associated with Q57 we thus find

(XOuy ", BjlRdes v} >Hco}np((§ ), HL (0;)
= (s, —ix; TR (Vo (R7) 1) - Veb) g6,y + 0(kmsoo-
Collecting the various estimates we found we obtain
(3.15) OGP BT 0F) s (6,000, = 3 X50) 52, + 0k oo
with
o =i{r? b} =iy (¢"P1E0n,b + 9771 (On,b)8q — Epa(R0) T Va(Rg"P7) - Veb)

psq
+ir2 &V (&%) 71 - Veb.
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Recalling that p® = —72 + va g g¥Pag,€, one finds
o = —i{p®, b} +ip" (8°) VL (&°) - Veb.

Since p, and thus g, is supported in Char(p) by the first part of the proposition, one
concludes that

D1,k ok - 0
<Xj|:Pk7Bj}ij7,U§:>H(;)}np(@j)7Hlloc(@j) = —i(pj, xi{p ’b}>5*(@j) + 0(1) ks +00-
Since xju = Xt  (see Section 3.2), with (3.13)—(3.14) one obtains
(P B, w8) o, ) = — 800 42° D)+ 0D v

With (3.12), this concludes the proof of the second part of the proposition since {p°,b} =
Hyob. U
P

4. MEASURE SUPPORT PROPAGATION: PROOF OF THEOREM 1.10

Theorem 1.10 is stated on an open subset of a smooth manifold. Yet, its result is of a local
nature. Using a local chart we may assume that we consider an open of set Q of R? instead
without any loss of generality.

The strategy we follow is very much inspired by the approach of Melrose and Sjostrand
to the propagation of singularities [21] and relies on careful choices of test functions allowing
one to construct sequences of points in the support of the measure relying on nonnegativity?.
Then, a limiting procedure leads to the conclusion, in the spirit of the classical proof of the
Cauchy-Peano theorem.

The proof of Theorem 1.10 is made of two steps that are stated in the following propositions.

Proposition 4.1. Let X be a €°-vector field on Q an open set of R?. For a closed set F' of
Q, the following two properties are equivalent.

(1) The set F is a union of maximally extended integral curves of the vector field X .

(2) For any compact K C ) where the vector field X does not vanish,

Ve >0, 369 >0, Yz € KNF, V6 € [-d0,d0), B(z+0X(x),6e) N F # 0.

Proposition 4.2. Let X be a €°-vector field on 2 an open set of R%. Consider a nonnegative
measure p on S that is a solution to 'Xu = 0 in the sense of distributions, that is,

(4.1) ("X, a) gr) o) = (s Xa) oy 0@) =0, a € E2°(Q).
Then, the closed set F' = supp(u) satisfies the second property in Proposition 4.1.

Proof of Proposition 4.1. First, we prove that Property (1) implies Property (2) and consider
a compact set K of R? such that K ¢ Q and K N F # (.

There exists 7 > 0 such that K C K, C Q with K, = {z € Q; dist(z, K) < n}. One has
| X < Cp on K, for some Cyp > 0. Let x € K and let 7(s) be a maximal integral curve
defined on an interval ]a,b[, a,b € R and such that 0 €]a,b[ and (0) = x. If b < oo then
there exists s' €]0,b[ such that y(s') ¢ K,. Since y(s) € K, if s < /C, one finds that
b > n/Cy. Similarly, one has |a| > 7n/Cy. Consequently, there exists S > 0 such that any
maximal integral curve 7(s) of the vector field X with v(0) € K is defined for s € I = (=S5, ).

2of the measure in our case and of some operators for Melrose and Sjéstrand, via the Garding inequality.



MEASURE PROPAGATION AND WAVE CONTROLLABILITY 25

(a) Iterative construction of the curve . (b) Convergence of -y, as n increases.

FIGURE 1. Construction and convergence of the sequence (v, ).

Let us pick z € K. According to Property (1), there exists
v : 1 — F such that 4(s) = X(v(s)) and v(0) = =.
By uniform continuity of the vector field X in a compact neighborhood of K we have
S S
v(s) =~(0) +/ Y(s)ds = ~(0) +/ X(y(s))ds =z + sX(x) +7(s),  s€(=519)
0 0
where limg_,q ||7(s)]| /s = 0, uniformly with respect to . We deduce that for any ¢ > 0 there
exists 0 < §g < S such that ||7(s)|| < se for any s € (—do, dp), which implies
F > 7(s) € B(z + sX(z), se).
Second, we prove that Property (2) implies Property (1). It suffices to prove that for any
x € F there exist an interval I > 0 and an integral curve
v : I — F such that 4(s) = X(y(s)) and 7(0) = z.

Then, the standard continuation argument shows that this local integral curve included in F
can be extended to a maximal integral curve also included in F.

If X(z) = 0, then the trivial integral curve v(s) = =z, s € R, is included in F. As a
consequence, we assume X (z) # 0 and we pick a compact neighborhood K of x containing
B(x,n) with n > 0 and where, for some 0 < cx < Cf,

ck < || X ()| £Ck, yeK.

Let n € N*. Set x,0 =  and ¢ = 1/n and apply Property (2). One deduces that there
exist 0 < 6, < 1/n and a point

Tn1 € F'N B(l‘mo + 0, X (2ny0), 5n/n)

If z,1 € K one can perform this construction again, starting from x, 1 instead of z, . If a
sequence of points xp 0, Tn1,-- ., Ty 1+ 18 obtained in this manner one has

(4.2) Tno+1 € FNB (2 + 0,X (200), 0n/1), 0=0,...,L"T —1.

One can carry on the construction as long as x,, 1+ € K. We can perform the same construc-
tion for £ < 0, with the property

(4.3) Tno—1 € FNB(2n — 6,X (Tne), 0n/n), (| =0,...,L= —1.
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Having || X|| < Ck on K and B(x,n) C K ensures that we can construct the sequence at least
for

=1 == e S e )

where |.| denotes the floor function. With the points x4, |¢| < L;,, we have constructed we
define the following continuous curve 7, (s) for |s| < L, d,:

L for s € (60, (£+1)5,) and |f] < L, — 1.

This curve and its construction is illustrated in Figure 1(a). Note that ,(s) remains in a
compact set, uniformly with respect to n. In this compact set X is uniformly continuous.

We set S =n/(Ck +1). Since S < L6, we shall in fact only consider the function ~,(s)
for |s| < S in what follows. Note that since x, 4 € F for |¢| < L,, one has

(4.4) dist (yn(s), F) < 6n(Cx + 1/n), 5| < S.
From (4.2), for £ > 0 and s € (¢d,,, (£ + 1)d,), we have

n(8) = xpp + (s — dy)

n(s) = T = X (w,0) + O(1/n).

Similarly, from (4.3), for £ <0 and s € ((¢ — 1)dy, £5,), we have

n(s) = L = X (@0,0) + O(1/n).

In any case, using the uniform continuity of the vector field X, we find
Yn(8) = X (m(s)) + enls),
where the error |e,| goes to zero uniformly with respect to |s| < S as n — +oo.

Since the curve =, is absolutely continuous (and differentiable except at isolated points),
we find

(4.5) Tn(s) = 1 (0) + /OS An(o)do =z + /(;SX(’)/n(O'))dO' + /OS en(0)do.

We now let n grow to infinity. With (4.5), the family of curves (s — v,(s),|s| < S)nen+
is equicontinuous and pointwise bounded; by the Arzela-Ascoli theorem we can extract a
subsequence (s +— Vp, )pen that converges uniformly to a curve 7(s), |s| < S. Convergence is
illustrated in Figure 1(b). Passing to the limit n, — 400 in (4.5) we find that (s) is solution
to

16 =2+ [ X,

From estimation (4.4), for any |s| < S, there exists (y,), C F such that lim, ,~ y, = ¥(s).
Since F is closed we conclude that v(s) € F. O

Positivity argument and proof of Proposition 4.2. We consider a compact set K where the
vector field X does not vanish. By continuity of the vector field there exist 0 < cx < Cg
such that 0 < cx < [| X (2)|| < Ck, for all z € K.
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Let us consider 2z € K Nsupp(u). By performing a rotation and a dilation by a factor
| X (z2)||, we can assume that X (2°) = (1,0,...,0) € R%. We shall write 2 = (21,2') with
x e R,

Let x € €°°(R) be given by

(46) X(5) = Locr exp(1/(s — 1)),

and § € €°°(R) be such that

(4.7) B=0on]—o00,—1], B >00n]-1,-1/2[, B=1on[-1/2,+c0.
We then set

(4.8)  Gega0 = (xov)(Bow), gesao = 0v)(Bow)Xv, hesu0=(xov)(8 ow)Xuw,
with

v(x) =1/2 = 6 Yoy — 29) + 8(ed) 2|2’ — :CO’||2 and w(z) =21 (1 -6z —aY)),
for e > 0 and > 0 both meant to be chosen small in what follows. We have Xgq. 5,0 =
9e,5,20 T e 540

The function ¢, 5 ;0 is compactly supported. Indeed, in the support of Sow one has w > —1
implying

z1 — 29 <6(1+¢/2),
while on the support of x o v one has v < 1 which gives
—1/2 + 8(e8) 2|2 — 2Y))* < 6 Ny — 29).
On the supports of ¢. 5,0 and (x’ o v)(8 o w) one thus finds
(4.9) —5/2 <z — 20 <8(1+¢/2) and 8(e6) 2|2’ — 2| < 3/2 + /2.
Similarly, on the support of 8’ o w one has —1 < w < —1/2 yielding
§(1+e/4) <m —af <6(1+¢/2),

which implies that on the support of A, 5 ;0 one has

(4.10) S(1+e/4) <z —2Y<5(1+¢/2) and 8(ed) 2|z’ — J:O'H2 <3/2+¢/2.
In particular, in the case € < 1, one finds
(4.11) supp(h, 5,0) C B(:UO + 06X (29), £d).

These estimations of the supports of ¢, 5,0 and h, 5 ;o are illustrated in Figure 2.

Lemma 4.3. For any 0 < € < 1 there exists 69 > 0 such that for any 2° € K and 0 < § < &y,
the function g, s .0 is nonnegative. Moreover, g, 5 o is positive in a neighborhood of 20,

Proof. Let 0 < e < 1. We have g, 5,0 = (X' o v)(f ow)Xwv. Since f > 0 and x’' < 0 it suffices
to prove that Xv(z) < 0 for  in the support of (x’ o v)(8 o w) for § > 0 chosen sufficiently
small, uniformly with respect to 2° € K.

We write

X(2) — X(2°) = ol (z,2°)0,, + o/ (2,2°) - Vo,



28 NICOLAS BURQ, BELHASSEN DEHMAN, AND JEROME LE ROUSSEAU

_5/2 20 X($0) = 811 ) T —(5/2 20

b
=
5
(=}
=
L <,

(g,
o
S8

(a) Support of g, s 0. (b) Support of h, s 0.

FIGURE 2. Estimation of the test function supports in the case ¢ < 1.

with a!(z,2°) € R and o/(z,2°) € R4 By (4.9), for x € supp(x’' o v)(8 o w) we have
|z — 2% < 6. From the uniform continuity of X in any compact set we conclude that

(4.12) |a1(a;,a:0)] + Ha’(aj,xO)H =o0(l1) asd — 07,

uniformly® with respect to #° € K and z € supp(x’ o v)(3 o w). Using that X (2°) = d,, and
the form of v given above, we write

Xv(z) = (X(2)v)(z) = (Op,v + (X () — X(mo))v) (x)
=51 (1 + ot (z,2%) — 1671 (e0) Lo/ (2, 2°) - (2 — xO')).
Using again (4.9), we thus find for x € supp(x’ o v)(8 o w)
‘al(x,zo) — 16 1(e0) o (z,2%) - (2 — xO/)‘ S ’al(az,xo)‘ +e o (z,29)].

With ¢ fixed above and with (4.12) we find that Xv(z) ~ —6~! as § — 0T uniformly with
respect to 2 € K and = € supp(x’ o v)(8 o w).

Finally, we have g.s,0(2%) = —67'x/(1/2)8(2¢™!) > 0 and thus g. 5,0 is positive in a
neighborhood of 29. O

We are now in a position to conclude the proof of Proposition 4.2. Note that it suffices
to prove the result for 0 < ¢ < 1. We choose dy > 0 as given by Lemma 4.3. Let then
2% € K Nsupp(p). We apply (4.1) to the family G520 Of test functions with 0 < ¢ < do:

(413) 0= <M> X(Qe,é,xo» = <,u7 ge,é,x0> + <:u7 hs,&,x())‘

By Lemma 4.3, g, 5,0 > 0 and g, 5 ;0 is positive in a neighborhood of 20, As 2° € supp(p) we
find (p, gc 5,0) > 0. Consequently, (i, he5,0) # 0. By the support estimate for h. 5,0 given
in (4.11) the conclusion follows: supp(p) N B(2? 4 6X (2"),26) # 0. O

30Observe that the change of variables made above for X (2°) = (1,0,...,0) does not affect uniformity since
the dilation is made by a factor in [ck, Ck].
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5. EXACT CONTROLLABILITY: PROOF OF THEOREM 1.12

Let (k°,¢%) € XY (M) and assume that (w,T) fulfills the geometric control condition of
Definition 1.8”.

Let also (k,g) € Y(M). With Proposition 1.6, the result of Theorem 1.12 follows if we
prove that there exists € > 0 and Cy,s > 0 such that

2
gn,g(u) (O) < CobsH]-(O,T)Xw 815””[/2(57,{#9&)7
for any weak solution u of the wave equation associated with (k, g) chosen such that

(5, 9) = (5% ) Iy <&

The L?-norm on the r.h.s. is associated with (k, g), that is,

T
2 _ 2
10,7y xw 8tuHL2(L7wgdt) = /0 /w |Opu|® Kpgdt.

Yet, for &€ > 0 chosen sufficiently small one has H'HLQ(ZZ,%Ougo) ~ L2z mpy) Where A =~ B
means ¢; < A/B < ¢y for some c1, cg > 0. In other words, we have equivalence with constants
uniform with respect to (k,g). In what follows, L?- and more generally H*-norms on M
are chosen with respect to nougo unless explicitly written. Our goal is thus to prove the
observability inequality

(5‘1) 550790(11’)(0) < C’ObS”]-(O,T)Xw 8t“”i2(£)

The Bardos-Lebeau-Rauch uniqueness compactness argument reduces the proof of (5.1) to
the proof of the weaker estimate

(5'2) gﬁo,go( )( ) < CH]- 0,T)Xw atu||L2(£ +C/H( atu »Hiﬁ(M)EBH*%M)’

which exhibits an additional compact term, and expresses observability for high-frequencies.
Low frequencies are dealt with by means of a unique continuation argument.

To prove (5.2) we argue by contradiction and we assume that there exists a sequence
(Kk, 9k ) ken C V(M) such that

(5.3) kEI-iI-loo | (ks gr) — ("60790)”)2(/\/1) =0,

and yet for each & € N the associated observability inequality does not hold. Thus, for each

k € N, there exists a sequence of initial data (vk’p’o,vk’p’l)peN C HY(M) x L*(M) with

associated solution (vk’p)peN, that is,
Pokr =0 in (0, +00) x M,
1 .
,Uk)aplt:O — 'Uk7p70, atka)‘t:O — vkap7 mn M’

with P, = Py, 4., that moreover has the properties

1
MSHIM) S pT

We take p = k and we set (ukvo,ukvl) = (v’“”“’omk’k’l) and u* = v®* one obtains Pyu* = 0 in
L and

(54) £ o(uF)(0) =1 and |10 A

5,€07go (’Uk’p)(()) =1 and Hl(O,T)XW atvk’pHLz + H( wp 0 U i )HL2

1
L2(L) + H(uk’o,uk,l)HL2(M)@H—1(M) < m
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From (5.4) one has u* — 0 weakly in H} (£). With (3.1)~(3.2), we can associate with (a
subsequence of) (u¥); an H! mlcrolocal defect measure 4 on S*(L£). Here, the measure is
understood with respect to L*(L, k% ,0dt). From the second part of (5.4) one has

(5.5) p=01in S*((0,T) x w).

In fact, for any ¢ € €°°((0,T) X w) one has \|1/18tukHL2(£) ~ 0 and thus (i, 72%?) = 0. Hence,
supp(p) N S*((0,T) x w) C {r = 0}. Since {7 = 0} N Char(p®) N S*(L) = () with (3.9) one
obtains (5.5).

With the first part of (5.4) one has the following lemma.

Lemma 5.1. The measure p does not vanish on S* (E)
A proof is given below.

We now use Proposition 3.7 to obtain a precise description of the measure p. First, one
has supp(p) N S*((0,T) x M) C Char(p°). Furthermore, one has ‘Hyop = 0 in the sense
of distributions on S*((0,T) x M). Since Hyo is a €-vector field on the manifold S*Z,
Theorem 1.10 implies that supp(u) is a union of maximally extended bicharacteristics in
S*((0,T) x M).

Under the geometric control condition of Definition 1.8”, any maximal bicharacteristic
meets S*((0,7T) X w) where p vanishes by (5.5). Thus supp(u) = 0 yielding a contradiction
with the result of Lemma 5.1. We thus obtain that (5.1) holds. This concludes the proof of
Theorem 1.12. O

Proof of Lemma 5.1. Let T1 < T3 and ¢ € €°(R) nonnegative and equal to 1 on a neigh-
borhood of [Ty, T3]. On L, consider the elliptic operator Q = —9? — Ao g0 + 1 with symbol
qg="1%>+ > pa g°P9(x)€,€,. Taking (3.2) and Lemma 3.6 into account one can write

(5.6) (6*Qu* uk>HC_0}np(L),Hlloc(L) et (1, 8°q) 5.

Integrating by parts one obtains

($*Qu”,u >Hco;p<c> HL (L)

/ o(t) |8 k> + ¢ (V ou*, Vv ouk) + [uk|? )mo,ugodt +2(¢'¢ 8tuk,uk)L2(£)

= [ 90280 o)t + 2 D0 )
Since the energy built on kP, g” is preserved by the evolution given by P,, we have by (5.4)
(5.7) Epo.go(uP)(t) = Er g (WF)(8) 4+ 0(1) = Ee g (uF)(0) + 0(1) = Ex0 40 (uF)(0) + o(1)
=1+o0(1)

and since (¢'¢ Ou¥, u )LQ(E) — 0 as u¥ — 0 strongly in L2 (L), one obtains

2 2
(¢ Qu Uk>HC—Omp(£) HL (L) k_q_oo”?bHL?(R)’

With (5.6) this proves that p # 0. O
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6. LACK OF CONTINUITY OF THE CONTROL OPERATOR WITH RESPECT TO COEFFICIENTS

6.1. Proof of Theorems 1.14 and 1.14’. We prove the result of both theorems, that is,
in the case K > 1. In the case k = 1 we are simply required to prove additionally that
the geometric control condition of Definition 1.8 is fulfilled for geodesics given by the chosen
metric g; see Remark 1.17.

Let ¢ > 0. We set § = (1 +¢)g. Given any neighborhood U of (x,g) in X¥(M), for £ > 0
chosen sufficiently small one has (k,§) € U.

Moreover, observe that for € > 0 chosen sufficiently small geodesics associated with ¢ can
be made arbitrarily close to those associated with g uniformly in ¢ € [0,7]. Hence, for such
€ > 0 the geometric control condition is fulfilled for geodesics associated with g.

Observe that one has

(6.1) Char(ps,g) N Char(pk,z) N S*L = 0.
We consider a sequence (y*°,3%1) — (0,0) weakly in H'(M) @ L?(M) such that

1 2 2
§(||yk’0||H1(M) Y 2y = 1

L?- and H'-norms are based on the Klgdt measure on L.

Setting ff, = Hyg(y*0,y™") € L*((0,T) x M) with H, g4 defined in (1.7), one obtains
a sequence of control functions. According to the HUM method [20], f,’jyg is itself a (weak)
solution to the following free wave equation

(6‘2) Pf@,gf,’;g = 07
in the energy space L?(M) @ H~'(M), that is, ( ,’579(0),015]‘",’;9(0)) € L2 (M) x H1(M).
Moreover, ( ,’j’g(O),atf,’j,g(O)) depend continuously on (y*°,y*1). The function f,’j,g is thus

bounded in €°((T1,T3), L?>(M)) uniformly with respect to k for any T3 < T. Since the
map H, 4 is continuous f,’j g — 0 weakly in L120c<£)‘ Up to extraction of a subsequence, it is

associated with an L?-microlocal defect measure p #. With Proposition 3.7" one has

(6.3) supp(ps) C Char(pi.g)-

We consider the sequences of solutions (3*); and (7*)x to

Pn,gyk = 1(O,T)><w Ilj,g in L, Pﬁ,ggk = 1(07T)><W f]fg,g in £,
", 0y*) im0 = (WF0,971) i M, (7", 07" ) ji=o = (WF0,9™1)  in M.

Both are bounded and weakly converge to 0 in Hﬁ)c(ﬁ). Up to extraction of subsequences,
both are associated with H'-microlocal defect density measures p and fi respectively. Since
1(0,7)xw ,f’g — 0 weakly in L2 (L), we have l(O,T)wa/]:,g — 0 strongly in ngg (L) and, with

Proposition 3.7, one finds supp(fi) C Char(p, 5). Thus one has

(6.4) supp(f1) N supp(pif) = 0.
The sequence (9;7*) converges to 0 weakly in L2 (£) and can be associated with an L2-

microlocal defect density measure whose support is given by supp(ji).

Lemma 6.1. One has (19 1)xw f,’jyg,ﬁtﬂk)p(ﬁ,wgd” — 0 as k — 4o0.
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A proof is given below.
Using the density of strong solutions of the wave equation, with integration by parts, one
finds the classical energy estimate

Exg(T)(T) = Exg(@)(0) = (L) w0 FL g O™ 2(0pzat)-

With Lemma 6.1 one obtains

With the form of § chosen above one has

Erg(T)(t) = (14 O(e)) € 5(5)(1),

uniformly with respect to ¢t € [0,T]. Choosing € > 0 sufficiently small and & sufficiently large,
the first part of Theorem 1.14 follows since & 4(7*)(0) = 1.

We use the values of ¢ and k chosen above. To prove (1.10), we write ¥ in the form
gjk = v1 + v where v; and vy are solutions to

(6.5) Pegv1 = Lomyxw E; in L, Pegva = Lomyxu(fhy — fE;) in L,
(vl)atvl)|t:() = (yk’ovyk’l) in M, (U2,3tU2)|t:0 = (0,0) in M.

with ff’g = Hﬁ’g(y’“O, y*1). A hyperbolic energy estimation for the solution vy to the second
equation in (6.5) gives

Ex,g(02)(T) < Crll Lo myw(fE, — fI’:,g)HiQ(E)'
Since one has (v1(T), 0:v1(T")) = (0,0) because of the definition of f/j’g one finds
Eng(v2)(T) = Eng(§F)(T) = 1/2,
which gives the second result of Theorem 1.14. O
Proof of Lemma 6.1. The key point in the proof is the following lemma.

Lemma 6.2 ([17, Proposition 3.1]). Assume that uy and v are two sequences bounded in
L?O . that converge weakly to zero and are associated with defect measures i and v respectively.

Assume that p L v, that is, p and v are supported on disjoint sets. Then, for any ¢ € €2,
li =0.
Jm (Yur, vk) 2

To apply this result, we just need to exchange the rough cutoff 1(g 7)., for a smooth cutoff
Y (t,z). First, note that one has

k ~k k ~k
(L0.1)xw Frg: OF" ) L2(L mpugar) et (Lo,1)xw frgr O ) L2(Loepigdt)-

We may thus simply consider the L?-norm and inner product associated with Kpgdt.
Second, let & > 0. Since (f¥ ) and (7*)x are both bounded in 6°((0,T), L?(M)) uniformly
with respect to k, there exists 0 < T7 < Th < T and O € w such that

J[ 1t lidsnge < 5
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with K = ((0,T) x w) \ ((T1,T2) x O). Let ¢ € €°((0,T) x w) such that 0 < ¢ < 1 and
equal to 1 in a neighborhood of [T7,T5] x O. One thus has

|(Lor)xw R4 00 200y | < N 0FE 42 05" 200y | + (L 0,m) e — V) L g2 O 1201y |

< | fF 3 0 2oy | + 0.

With (6.4) and Lemma 6.2, one finds
(6.6) (Wi %820y | 72 O

and the conclusion of the lemma follows. O

6.2. Proof of Theorem 1.19. We consider first the case @ = 1. As proven in [15] one has
fﬁ{f}’yl € ¢°([0,T], H}(M)) and the estimate

0,1
Hf;g,éy ||Loo(07T;H1(M)) g H(yoayl)||H2(M)EBH1(M)'

With this regularity of the source term in the right-hand-side of the wave equations in (1.8),
one finds y,§ € €°([0, 7], H*(M)). Computing the difference in (1.8) one writes

(6.7) Pegly —9) = (Arg — Arg)y.
A hyperbolic energy estimate yields

Engy — DY S W Ang — Al om0y S 10559) = o D)t 17 e o 2502000
. 0 1
S ]\(m,g) - (va)HXluffg,éy HLOO(O’T;HI(M))

Sk, 9) = R Dl 1, ) 2 ay o (any-

In the case a = 0, one writes
Eng(U = D)2 S ExgW)T)? + Exg ()T S Eng (W) (T)'? + E g(9)(T)"/?

SN v sz -

Finally, the result follows from interpolation between the two cases @« = 0 and o = 1. U
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