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Présentation générale du manuscrit

Ce mémoire d’habilitation rend compte d’une large partie des recherches que j’ai effectuées
aprés ma thése. J’ai organisé la lecture de mes travaux en quatre parties correspondant & des
thématiques distinctes et pouvant étre lues indépendamment. Chacune présente un point de
vue sur un sujet que j’ai exploré a travers plusieurs travaux, incluant des commentaires et des
questions ouvertes mentionnés au fil de la lecture.

Dans une premiére partie, je présenterai les travaux [EZ10, EZ11c, EZ13| concernant la contro-
labilité des systémes conservatifs et ’approximation numérique des controles. Je m’intéresserai
dans un premier temps a un résultat de régularité de 'opérateur de controle donné par la mé-
thode d’unicité de Hilbert développée par J.-L. Lions [Lio88al, dans l’esprit du travail récent de
B. Dehman et G. Lebeau [DL09]. Il s’agit en particulier de montrer que le controle de norme L2
minimale (éventuellement modifié convenablement) prend en compte la régularité des données
a controler, et construit automatiquement une trajectoire controlée avec la méme régularité que
les données. Je montrerai ensuite comment ce résultat permet de construire des approximations
numériques des controles avec des ordres de convergence explicites. Je me concentrerai notam-
ment sur deux cas, selon que l'on se base uniquement sur ’observabilité des modéles continus
ou que l'on suppose en plus I'observabilité des systémes discrétisés, uniformément par rapport
au(x) parameétre(s) de discrétisation.

Dans une deuxiéme partie, je m’intéresserai & un probléme inverse pour les ondes, étudié
dans [BDBE13, BE13, BEO]. La question posée est de retrouver un potentiel dans une équation
des ondes a partir de la connaissance du flux de la solution sur le bord ou une partie de bord.
Bien qu’il s’agisse d’une question reliée a ’observabilité de 1’équation des ondes, le probléme
est non-linéaire en le potentiel, et cela améne un certain nombre de difficultés. Dans un premier
temps, je rappellerai comment on peut établir la stabilité de ce probléme inverse via des inégalités
de Carleman pour les ondes en suivant Papproche de [IY01]. J’expliquerai que I'on peut alors
déduire des inégalités de Carleman et du mécanisme de la preuve de la stabilité un algorithme
convergeant vers le potentiel & retrouver, sans nécessairement en étre proche initialement. Par la
suite, je m’intéresserai a la convergence des problémes inverses correspondants pour 1’équation
des ondes semi-discréte vers le probléme inverse pour I’équation des ondes continue. Pour cela,
j’établirai en particulier des inégalités de Carleman pour I’équation des ondes semi-discrétisée en
espace.

Dans une troisiéme partie, je mentionnerai plusieurs transformations intégrales, étudiées dans
[EZ11a, EZ11b, EZ], et leur intérét pour les problémes de controlabilité. En particulier, a 1'in-
verse de la transformation proposée par L. Miller dans [Mil04], je présenterai une transformation
permettant d’associer aux solutions de ’équations de la chaleur une solution de I’équation des
ondes. J’en déduirai des résultats nouveaux sur ’espace atteignable pour I’équation de la cha-
leur sous des conditions de controle géométrique garantissant 1’observabilité de 1’équation des
ondes. J’appliquerai également une idée similaire pour obtenir des résultats d’observabilité pour
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les systémes conservatifs discrétisés en temps. Je présenterai notamment deux transformations
intégrales permettant de relier les solutions des équations discrétisées en temps aux solutions de
I’équation continue. Je montrerai ainsi un résultat d’observabilité uniforme par rapport au pas
de discrétisation pour les approximations semi-discrétes en temps de systémes conservatifs, avec
un temps optimal, contrairement au précédent résultat obtenu dans [EZZ08|.

Dans une quatriéme et derniére partie, je me concentrerai sur la contrélabilité des fluides
visqueux non-homogénes dans les cas compressibles [EGGP12] et incompressibles [BEG]|. La
difficulté de ces modéles vient du couplage entre ’équation de transport satisfaite par la densité
du fluide et ’équation parabolique satisfaite par la vitesse du fluide. Il s’agit alors de développer
un outil capable de gérer simultanément les propriétés des deux équations. Pour cela, nous
développerons dans un premier temps une inégalité de Carleman parabolique proche de celle
présentée par A. Fursikov et O. Imanuvilov [FI96], mais avec un poids dépendant des variables
d’espace et de temps. Cela permettra en particulier de considérer des poids constants le long des
caractéristiques de la trajectoire cible. Nous pourrons ainsi obtenir des espaces & poids appropriés
pour étudier la controlabilité des équations de Navier-Stokes avec densité non-homogéne. Dans le
cas des fluides compressibles, il faudra également veiller & une bonne compréhension du couplage
de la vitesse et de la densité, ce qui nous aménera a introduire la vitesse effective [BD03, BDLO03|
et le flux visqueux effectif [Lio98]. Dans le cas des fluides incompressibles, nous devrons prendre
soin d’obtenir une estimée d’observabilité suffisamment précise pour I’équation de Stokes pour
permettre de prendre en compte le couplage avec la densité.

Certaines des questions que j’ai développées depuis ma thése, un peu plus marginales dans
mon travail de recherche, ne seront pas abordées dans ce mémoire, ou bien seulement indirecte-
ment, afin de maintenir une certaine homogénéité dans mon propos. Ainsi, les travaux [DE]| et
[EAG11], respectivement en collaboration avec B. Dehman et F. de Gournay, ne seront mention-
nés et discutés que briévement dans les Sections 5.3.1 et 6.5.3. D’autres travaux ne seront pas
évoqués dans le texte, en particulier :

e Le travail [CEG09] en collaboration avec J.-M. Coron et O. Glass prouvant des propriétés
d’observabilité uniforme de I’équation des ondes discrétisée a 1'aide du schéma d’approxi-
mation de Glimm

e Le travail [EV10] en collaboration avec J. Valein prouvant des propriétés d’observabilité
uniforme pour des équations paraboliques discrétisées en temps;

e Le travail [EV14] en collaboration avec M. Vanninathan, qui étudie les propriétés de contro-
labilité d’un modéle simplifié d’interaction fluide-structure ot le fluide est modélisé par une
équation des ondes et la structure par un oscillateur;

o Le travail [EHL14] en collaboration avec C. Lacave et M. Hillairet sur le comportement en
temps long d’une boule rigide dans une fluide visqueux incompressible en dimension 2, en
particulier dans les espaces LP.

Mes articles sont disponibles sur internet a l’adresse
http ://www.math.univ-toulouse.fr/~ervedoza,/publis.html.



(General presentation

In this dissertation, I will account for a large part of the research I did after my PhD. This report
is composed of four parts which correspond to distinct thematics and can be read independently.
Each one presents a point of view on a topic I explored through several works, and includes
comments and open questions mentioned along the text.

In Part I, T will present the works [EZ10, EZ11c, EZ13] on the controllability of conservative
systems and the numerical approximation of controls. First, I focus on a regularity result of the
control operator given by the Hilbert uniqueness method developed by J.-L. Lions in [Lio88a],
in the spirit of the recent work [DL09] by B. Dehman and G. Lebeau. In particular, we show
that the standard control minimizing the L? norm (or a suitably modified version of it) takes
into account the regularity of the data to be controlled and automatically builds controlled
trajectories with the same regularity as the data. I will then explain how this result allows us
to design numerical approximations of the controls with explicit rates of convergence. I will
focus on two cases, depending on whether we only assume the observability of the continuous
models or if we also assume that the discrete systems are uniformly observable with respect to
the discretization parameter(s).

In Part II, T will focus on an inverse problem for the wave equation, studied in [BDBE13,
BE13, BEO]. The question is to find a potential in a wave equation from the knowledge of the
flux of the solution on the boundary of the domain, or a part of it. Although it is a matter
related to the observability of the wave equation, the problem is nonlinear in the potential, and
this brings a number of challenges. At first, I recall how one can establish the stability of the
inverse problem via Carleman estimates for waves following the approach of [IY01]. T will then
explain that from Carleman estimates and from the mechanism of the proof of the stability, we
can actually deduce an algorithm converging to the potential to be estimated, without necessarily
starting from an initial guess close to it. Subsequently, I will focus on the convergence of inverse
problems for the space semi-discrete wave equation to the inverse problem for the continuous
wave equation. This will require developing Carleman estimates for the space semi-discrete wave
equation.

In Part III, T will mention several integral transforms, studied in [EZ11a, EZ11b, EZ], and
their interest in controllability theory. In particular, unlike the integral transform proposed by
L. Miller [Mil04], T will present a transform associating a solution of the wave equation to any
solution of the heat equation. That way, we deduce new results on the reachable set for the
heat equation under geometric conditions ensuring the observability of the wave equation. We
will also apply a similar idea to get observability results for time semi-discrete approximations
of conservative systems. We will in particular present two specific integral transforms to link the
solutions of the time-discrete approximate equations to the solutions of the continuous equation.
I thus show a result of uniform observability with respect to the time discretization parameter
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for time semi-discrete approximations of conservative systems, with an optimal time, in contrast
to the previous results obtained in [EZZ08].

In Part IV, I will focus on the controllability of viscous non-homogeneous fluids in the com-
pressible [EGGP12] and incompressible [BEG] cases. In these models, the difficulty comes from
the coupling between the transport equation satisfied by the fluid density and the parabolic equa-
tion satisfied by the fluid velocity. It is then needed to develop a tool to handle the properties
of the two equations simultaneously. We therefore start by developing a parabolic Carleman
inequality similar to the one produced by A. Fursikov and O. Imanuvilov [FI96], but with a
weight function depending on the space and time variables. This will in particular allow us to
choose weight functions constant along the characteristics of the target velocity. That way, we
can construct suitable weighted spaces to study the controllability of the Navier-Stokes equations
with non-homogeneous density. In the case of compressible fluids, we must also ensure a good
understanding of the coupling of the velocity and of the density, which leads us to introduce the
effective velocity [BD03, BDL03] and the effective viscous flux [Lio98]. In the case of incompress-
ible fluids, we must be cautious and obtain a sufficiently precise observability estimate for the
Stokes equation for handling the coupling with the density.

Some of the questions I have developed since my PhD will not be addressed in this text,
or only indirectly, to maintain some homogeneity in the discussion. This is the case of the
works [DE] and [EdG11], done with B. Dehman and F. de Gournay respectively, which will be
mentioned and discussed only briefly in Section 5.3.1 and 6.5.3, respectively. Some other works
will not be referred to in the text, in particular:

e The work [CEG09| with J.-M. Coron and O. Glass proving uniform observability properties
for the wave equation discretized using Glimm’s scheme;

e The work [EV10] with J. Valein proving uniform observability properties for time-discrete
parabolic equations;

e The work [EV14] with M. Vanninathan studying the controllability of a simplified model
of fluid-structure interaction in which the fluid is modeled by a wave equation and the
structure by an oscillator;

e The work [EHL14] with C. Lacave and M. Hillairet on the large time behavior of a rigid
ball in a 2d viscous incompressible fluid, in particular in L? spaces.

My articles are available on the web at
http://www.math.univ-toulouse.fr/~ervedoza/publis.html.
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Chapter 1

Introduction

This part concerns the controllability of conservative models, which encompass some classical
models as for instance the wave and Schrédinger equations.
In the following, we consider the following abstract control problem given by

y' = Ay+ Bv, t>0, y(0) = yo. (1.1)

In (1.1), A is a skew-adjoint operator defined on some Hilbert space X, with dense domain
2(A) and with compact resolvent, y(t) is the state of the system at time ¢, the prime ’ denotes
differentiation with respect to time, B is the control operator, assumed to belong to .£(U, 2(A)")
where U is another Hilbert space, and v is the control function, that we look for in the space
L?(0,T;U), where T > 0 is some finite time horizon.

Under this setting, the operator A drives the dynamics of the state y. The control operator
B describes the way one can act on the system, and we choose the control function v in order to
steer the system from some initial state to some desired state, for instance a stationary state.

In the sequel, we assume that system (1.1) is well-posed for control functions v € L?(0,T;U),
in the sense that, given any yo € X and v € L?(0,T; U), there exists a unique solution y of (1.1)
in the class C([0,T]; X).

We will focus on the question of exact controllability for system (1.1) at time 7" > 0. System
(1.1) is said to be exactly controllable if, given any yg € X and y; € X, there exists a control
v € L?(0,T;U) such that the solution y of (1.1) satisfies

y(T) = 1. (1.2)
Thanks to the property A* = —A, system (1.1) is time reversible. As it is also linear, one
easily checks that the exact controllability property for system (1.1) at time T > 0 is equivalent
to the following null-controllability property at time 7" > 0: given any yo € X, there exists a
control v € L?(0,T;U) such that the solution y of (1.1) satisfies
y(T) = 0. (1.3)
Following the Hilbert Uniqueness Method [Lio88b, Lio88a|, using duality, the controllability
of (1.1) is equivalent to the observability problem for the adjoint equation:

2=Az, t>0, 2(0) = 2. (1.4)

Here, we used the assumption A* = —A, and this explains why the adjoint equation looks the
same as (1.1) (In general, one should rather consider the dynamics —z' = A*z with z(T) = zp
as initial data, the problem then being posed backward in time.)
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CHAPTER 1. INTRODUCTION 4

Namely, system (1.4) is said to be observable through B* in time T' > 0 if there exists a
constant Cpps such that for all zg € Z(A), the solution z of (1.4) satisfies

10l x < Cobs 1Bzl 120, 707) - (1.5)

In (1.5), we assumed 2y € Z(A) so that the solution z of (1.4) belongs to the space
C([0,T]; 2(A)) and the right hand-side of (1.5) makes sense. But it is convenient to extend
this inequality to any trajectory z solution of (1.4) with initial data zp € X. This is equivalent
to the hidden regularity or admissibility property for B*, namely the existence, for all T' > 0, of
a constant Cr such that any solution z of (1.4) with initial data zg € Z(A) satisfies

18"zl 20,707 < Cr [0l x - (1.6)

Under this admissibility property, both estimates (1.5) and (1.6), if satisfied when 2z € Z(A), can
be extended to any trajectory z solution of (1.4) with initial data zo € X. Actually, the hidden-
regularity condition (1.6) for B* is equivalent to the well-posedness in C([0,T]; X) of system
(1.1) with controls in L2(0,T;U), see [TW09, Chapter 4]. Of course, when B* is bounded from
X to U, property (1.6) is obvious.

In the following, we will always assume that system (1.4) observed through B* satisfies the
admissibility condition (1.6) and the observability condition (1.5) for some time T > 0. Under
these two conditions, system (1.1) is controllable in time 7', see [Lio88a]. Besides, [Lio88a]
exhibits a constructive manner to derive the control.

Namely, given yy € X, the control function v can be computed as follows. Let us introduce

the functionall
1

Teo) =5 [ 1B de+ o) (17)

defined for zp € X, where z is the solution of (1.4) with initial condition z;. From condition
(1.6), this functional is well-defined for zo € X. From condition (1.5), the quantity |[B*2| 2o 7.1
defines a norm on X, and the functional J is therefore coercive and strictly convex. Following,
J admits a unique minimizer Zy € X corresponding to a trajectory Z of (1.4). Setting

v=B*Z, t>0, (1.8)

the function v is a suitable control function for (1.1).
Another way to understand this control process is to introduce the Gramian operator defined
by the bilinear form

<ATZO,a7 Z(],b>X = A <B*Za(t), B*Zb(t)>U dt, (19)

for all (20,4, 20,5) € X2, where z,, 2, denote the corresponding solutions of (1.4) with initial data
20,4, %0,p Tespectively. Using this representation, one immediately sees that the functional J in
(1.7) simply is

1
J(20) = §<ATZOa z0)x + (20, Y0) x - (1.10)
As Ar is obviously symmetric due to its definition, the minimizer Z; is simply given by the

equation
ATZO = —Yo, (111)

1For sake a simplicity, we restrict ourselves from now to the case of real Hilbert spaces X and U, but our
strategy can be applied with minor changes to complex Hilbert spaces as well.
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It thus provides a way to rewrite the minimization problem above as the computation of the
inverse of a matrix, which exists thanks to (1.5).

The goal of the next sections is to present two results.

First, in Chapter 2, we focus on the following question. If yy is smoother, for instance in
2(A), does Zy belong to Z(A)? More generally, the question is to check if the following above
construction maintains the regularity of the initial data to be controlled, and this can be seen
at different levels: on Zy defined by (1.11), on the control function v given by (1.8), and on the
corresponding controlled trajectory y solution of (1.1).

It turns out that this question has a negative answer in the case of unbounded control op-
erators, see Section 2.1.2, and we shall therefore design an alternate technique to compute the
controls. Our technique will simply consist in introducing a smooth weight in time within the
Gramian operator vanishing at ¢ = 0 and ¢ = T. This harmless modification will avoid the
creation of singularities in the control process.

Before going further, let us emphasize that the question here is to design one process which
gives a positive answer to the above question for all levels of regularity higher than X. In
particular, we do not want to design a process adapted to the degree of smoothness of the initial
data.

Second, in Chapter 3, we shall explain how our understanding of this question helps in
designing numerical methods for the computation of the controls. We shall develop these results
in two directions, namely in the case in which the discrete versions of the equation (1.4) are
observable uniformly with respect to the discretization parameters, and in the case in which this
result is not available - and possibly wrong. In both cases, it will be of primary importance to
consider a control process which maintains the degree of regularity of the initial data.






Chapter 2

Control process and smoothness
1ssues

2.1 Study of the classical control process

Our first aim is to discuss the classical case and to recall some previous results.

2.1.1 State of the art

We focus on the case of the wave equation set in a smooth bounded domain Q ¢ R? and controlled
from an open subset w C 2:

Ony — Ay = vy, (t,z) € (0,T) x Q,
y(t,z) =0, (t,z) € (0,T) x 09, (2.1)
(y(o7 ')aaty(07 )) = (y07y1)’ z € €L

Here, x denotes a (possibly smooth) indicator function of the set w (i.e. w = {x > 0}). The
natural choice of functional setting for this problem is to choose control functions v in L?((0,7") x
w) and initial data in H}(Q) x L3(Q).

In this setting, it is well-known that system (2.1) is controllable in time 7" > 0 if and only if
(w,Q, T) satisfies the celebrated Geometric Control Condition (GCC) of C. Bardos, G. Lebeau
and J. Rauch [BLR88, BLR92]. In short, (w,$2,T) satisfies the GCC if and only if all geodesic
rays - or rays of geometric optics - traveling at velocity 1 in the domain 2 and bouncing on the
boundary 0f) according to Descartes Snell’s laws meet w in time less than 7.

In the following, for s > 0, we introduce the functional spaces H(SO)(Q) = @((—AD)S/2)7 where
—Ap is the Dirichlet Laplace operator on © defined on L?(Q2) and with domain 2(—Ap) = H?N
H}(Q). Note that these spaces include in their definition some boundary conditions compatible
with the ones required by equation (2.1).

We should first mention the works [BLR88, BLR92| which prove that, under the GCC, if
(yo,41) € H(SOng(Q) x H{y () for some s > 0, then there exists a control function v such that

the controlled trajectory y satisfies y € C°([0,77; H(S(;gl(Q)) NnCi([o,T); H{,)(£2)). Note however
that the controls constructed in [BLR88, BLR92| depend on the degree of regularity s.

Later on in [DL09|, it was proved that if x has the form

X(t,l‘) = U(t)X0($)7 (t,.%‘) € (OvT) x €1, (2.2)
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where n = n(t) is a nonnegative smooth cut-off function of time flat at t = 0 and ¢t = T
with {n > 0} = (0,7T), and xo = Xo(z) is a nonnegative smooth function of space such that
({xo0 > 0},9Q,T) satisfies the GCC, then the control of minimal L?-norm preserves the regularity
of the initial data.

To be more precise, here, the control is computed as follows. Introduce the functional JX
defined by

1 /T
JX(20,21) = 5/ /X2(t,x)\z(t7x)\2dtdx+ ((z0,21), (y07y1)>L2xH—1,H5xL2a (2.3)
0 w

over the set (29, 21) € L2(Q) x H1(Q), where z denotes the solution of the adjoint wave equation

6ttZ — Az = O, (t,x) S (O,T) X Q,
z(t,x) =0, (t,z) € (0,T) x 09, (2.4)
(2(0,-),0:2(0, ")) = (20,21), x€ K,

and the duality product ((20,21), (Yo, ¥1)) L2 xr-1,Hg x L2 In (2.3) means

<(ZOvzl)a(y07y1)>L2><H*1,Hé><L2 :/onyl—/ﬂv((—AD)flzl)Vy@ (2.5)

Under the GCC, the functional JX has a unique minimizer (Zo, Z1) € L?(Q) x H=1(Q). If we
denote by Z the corresponding solution of (2.4), the function

v(t,z) = x(t,x)Z(t, ), (t,xz) € (0,T) x Q, (2.6)

is a control function for (2.1), and it is the one of minimal L?((0,7') X w)-norm.

Note that here, though the operator driving the dynamics of y is skew-adjoint on H}(2) x
L3(Q), as L?(Q) is identified with its dual as it is done usually in the PDE context, the adjoint
equation (2.4) is set on L?(Q) x H~1(£), thus explaining the shift in the functional space and
the duality product in (2.5). In this manuscript, we shall not give more details on it, which can
be found in [EZ13] for instance.

Besides, as in the abstract case (recall (1.9)), (Zo, Z1) € L*(Q) x H~1(£2) can be characterized
through the Gramian operator AY, : L%(Q) x H~1(2) — H}(2) x L?(2) defined by

T
(MY (20,0, 21,0)s (20,6 21,0)) L2 5 -1 = / / X2 (t, ) 20 (t, ) 2 (t, ) dt da, (2.7)
0 w

where z, and z;, correspond to the solutions of (2.4) with initial data (20,4, 21,4), (206, 21,6)
respectively. Indeed, the minimizer (Zg, Z1) € L?(Q2) x H~1(Q) of the functional JX in (2.3) can
be characterized by

Nf(Zo, Z1) = —(yo, y1)- (2.8)

The result in [DL09] then reads as follows: under the GCC for ({xo > 0},Q,T), for all s > 0,
the Gramian operator A% is an isomorphism from H, () x HFO_)l(Q) into Hfdgl(Q) x Hp ().
Obviously, this result also implies that the controlled trajectory y of (2.1) stays smooth.

Besides, if the equation is stated in a smooth compact manifold without boundary, the
Gramian operator and its inverse actually are zero-order elliptic pseudo-differential operators.
Some numerical experiments were done in [LN10] to support this idea in several geometric con-
figurations. In particular, [LN10] conjectures that the inverse of the Gramian operator is a
micro-local operator even in the case of a bounded domain, provided that there is no ray of
Geometric Optics having infinite order of contact with the boundary.
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Unfortunately, the work [DLO09] does not apply to the case of boundary control, and this will
be the main improvement of our analysis hereafter.

The result in [Ima02] can also be viewed as a particular instance of this regularity result with
s = 1. Indeed, [Ima02| states a Carleman estimate with a source term in H~'. Such estimate
is performed by first deriving a Carleman estimate when the source term is in L?(L?), and then
using duality to obtain a control result for a source term in L2. But direct duality only yields
that the control function belongs to H~!. The article [Ima02] thus provides a proof that the
control function actually belongs to L2, hence that the source term is in L2, so that the controlled
trajectory belongs to H'. By duality, this yields a Carleman estimate in H 1.

Let us also mention that some previous results were considering the case in which the abstract
system (1.1) is exactly controllable in some time T > 0, and described the reachable set in the
case of smoother controls, see in particular [Mil05, Lemma 4.2], [TW09, Theorem 11.3.6] and
the more recent work [TW14]. But these works construct appropriate controls depending on the
functional setting under consideration.

Our goal rather is to adapt the results in [DL09] to the case of unbounded control operators.
In particular, we shall study if the control minimizing the L2-norm (or some weighted version of
it) will preserve the regularity of the initial data to be controlled.

2.1.2 Boundary control in the 1d setting

To better understand our study, let us start with the following simple setting of the 1d wave
equation set on (0,1) controlled from one side, say at = = 1:

04y — Opay = 0, (ta I) € (Oa T) X (07 1)7

y(t,0) =0, t€ (0,7), (2.9)
y(t, 1) = v(t), te(0,7), ’
(y(ov ')78153/(0’ )) = (y07yl)7 T € (07 1)’

If we assume v € L2?(0,T), the corresponding functional setting corresponds to (yo,%1) €
L?(0,1) x H~1(0,1). Indeed, for boundary conditions in L%(0,T) (L?((0,T) x 09) in higher
dimensions), the wave equation (2.9) is well-posed in C([0, T]; L?(0,1))nC*([0, T); H=1(0,1)) as
a consequence of the hidden regularity for the adjoint equation observed from the boundary, see
[LT83, Lio88a).

The classical Hilbert Uniqueness Method then proposes to minimize the functional

1 (T
J(z0,21) = 5/ |6zz(t,1)|2 dt + <(207'Zl)’(yanl)>Hé><L2,L2><H*1a (2.10)
0

over the set (29,21) € H}(0,1) x L?*(0,1), where z denotes the solution of the adjoint wave
equation
Oz — Oggz = 0, (t,fﬂ) € (OaT) X (Oa 1)7
z(t,0) = 2(t,1) = 0, t € (0,7), (2.11)
(2(0,-),0:2(0,-)) = (20,21) x € (0,1).
As the 1d wave equation can be solved explicitly using Fourier series and is 2-periodic, it is easily
seen that the functional J in (2.10) can be completely decoupled mode by mode if the time T is
even. In particular, for T' = 4, explicit computations show that, if (yo,y1) is given by

o0
(Wo,51) = > (fo.k: 01.) sin(kmz),
k=1
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Solution with control

Time

Figure 2.1: The controlled trajectory for the wave equation with initial data (yo(z),y1(z)) =
(0,sin(mz)) for the HUM control in time T' = 4. A kick is introduced by the control function at
(t,z) = (0,1) and travels in the domain, hence making the solution non-smooth.

then the minimizer (Zp, Z1) of J in (2.10) is given by

c- Y1,k Yok \ .
(Zo, Z1) = Z <4k2772’ ) sin(kmz).
k=1

The control function v of minimal L?(0,T)-norm then writes:

1 o
=1 Z <y1 b cos(kmt) — Jok Slﬂ(kﬂ)) .
k=1

We thus immediately conclude that the inverse of the Gramian operator in that case is an

isomorphism from H, (0,1) x H(So)l(() 1) to Hf(;gl(() 1) x H,(0,1) for all s > 0. But the cor-
responding controlled trajectory may not be smooth. Indeed if the initial data to be controlled
s (v0,%1) = (0,sin(mx)), the control function is given by v(t) = —cos(nt)/(4n), and the com-
patibility condition yo(1) = v(0) is violated. The control process therefore induces a kick in the
controlled trajectory, localized on the characteristic emanating from ¢t = 0, z = 1, as illustrated
in Figure 2.1.

We shall therefore propose an alternate method to handle this case. Inspired by [DL09], even
though we cannot “smooth up” the control operator as in [DLO09], it is natural to introduce a
smooth cut-off function in time in the control process.

What such a smooth cut-off function in time would do is intuitively clear on the above
example, as it would simply avoid the creation of singularities when the control starts acting on
the equations. In some sense, our results below show that this is the only reason for which the
control operator may not maintain the degree of smoothness of the initial data to be controlled.

2.2 An alternate strategy: main results

We come back to the abstract setting and focus on the controllability problem (1.1)—(1.3). We
assume from now on that solutions of the adjoint equation (1.4) satisfy the admissibility condition
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(1.6) and the observability condition (1.5) in some time 7*: In particular, there exists a positive
constant Cpps such that all z solution of (1.4) with initial datum zg € X satisfies

-
lol% < 2, / 1B =)\ dt. (2.12)

According to the counterexample exhibited above, we cannot expect regularity results on the
controlled trajectory for smooth initial data to be controlled if we do not modify the way the
control is computed.

We thus propose an alternate strategy based on a slightly modified controllability process in
the spirit of [DL09|. Assuming (2.12), for T > T* and 6 > 0 with T > T* + 2§, we introduce
some smooth cut-off function n = n(¢) : R — [0, 1] such that

n(t)=1for t € [0, T — 0], 7 is flat close to t =0 and t = T. (2.13)

Thanks to (2.12), any solution z of (1.4) satisfies

T
ll% < C2,, / n(t) | B* (D)% dt. (2.14)

We then introduce the functional J" defined by

Te) =5 [ a0 1B O dt+ o). (215)

where z is the solution of the adjoint equation (1.4) with initial zo € X. Again, the admissibility
property (1.6) and the observability inequality (2.14) imply that the functional J7 is well-defined
on X, coercive and strictly convex. Besides, similarly to the case in which no weight in time is
involved, if we denote by Zj the minimizer of J”, the function

o(t) = n(t)B*Z(t), te (0,T), (2.16)

yields a null control for (1.1). In fact, this control is the one of minimal L?(0, T’ dt/n; U)-norm?,
where L?(0,T’;dt/n; U) denotes the set of all functions w such that w/\/m € L*(0,T;U).

Let us also mention that, similarly as in (1.9), we can introduce the modified Gramian
operator A7. defined by the bilinear form

T
(A 20,0, 206) x = / 0(t)(B*2a(t), B* (1) dt, (217)

for zgq, 20, in X, where 2z, and 2, are the corresponding solutions of (1.4). The minimum Z,
of J" can then be characterized by the equation

The question then is to study the following control maps:

dt
_ X —X X—>L2<O,T,;U>
V= (-A1)"t: { o s 7o and 7 : n(t) (2.19)

Yo — v =nB*Z.

LIf we were looking for the control of minimal L?(0, T; U)-norm for 3 = Ay + nBwv, this could be obtained via

formula (2.16) by minimizing Jn’ (20) = %fOT n(t)? ||B*Z(t)H%] dt + {(z0,y0) x -
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To state our results in their full generality, for s € N, we set X; = 2(A%), and for s > 0,
we define X, as the Hilbert space obtained by suitably interpolating 2(Al*)) and 2(Al*1). In
order to simplify the notation, we denote the corresponding norm on X simply by ||-||,.

The main advantage of using the weight function 7 is that, with no further assumption on
the control operator B, the control inherits the regularity of the data to be controlled. Indeed,
with E. Zuazua we obtained the following result:

Theorem 2.1 ([EZ10]). Assume that the adjoint equation (1.4) satisfies the admissibility con-
dition (1.6) and the observability condition (2.12). Let s > 0 and n as in (2.13). If the initial
datum yo to be controlled belongs to X, then the minimizer Zy of J" and the control function
v given by (2.16), respectively, belong to X, and HF(0,T;U).

Besides, there exists a positive constant Cs > 0 independent of yo € X such that

2 2 2
120ll5 + 10l 5s 0,750y < Cs llwoll - (2.20)

In other words, the maps V and ¥ defined in (2.19) satisfy:
V:Xs; — Xs, V: X, — H;0,T;U). (2.21)

Summing up, our strategy yields the control of minimal L?(0, T; dt/n; U) norm, and naturally
reads the regularity of the initial data to be controlled, providing smoother controls for smoother
initial data. Besides, if one is interested to the regularity in space of the controlled trajectory, it
can be deduced as a consequence of Theorem 2.1:

Corollary 2.2 ([EZ10]). Under the assumptions of Theorem 2.1, if the initial datum yo to be
controlled belongs to X for s € N, then the controlled solution y of (1.1) with the control function
v given by (2.16) belongs to

C*(10.73:) 0 ([ (0.7 X)), (2.2

where the spaces (X;)jen are defined by induction by
X = X, X; = (A—-BI)"YX;_1 + BB*X;), (2.23)
for B in the resolvent set of A.

Let us add some other remarks. When the operator B is bounded from X to U, the HUM
functional J in (1.7), without the time cut-off function 7, satisfies the same regularity results as
the one in Theorem 2.1 for s = 1. For larger s, and if one furthermore assumes that BB* € Z(X;)

forall j < s—1,thenV = (—A;Zl(o’m )~! maps X, into itself. One immediately deduces Corollary
2.2 as well. Of course, in this latter case, an easy induction argument shows that &X; = X; for
all 7 <s.

The spaces & are not explicit in general. However, there are several cases in which they
can be shown to be included in Hilbert spaces of the form X, which in practical applications to
PDE are constituted by functions that are smoother than X with respect to the space variable.
This is in particular the case if BB* maps X to itself for all j € N: the spaces X; then simply
coincide with X for all j > 0. Of course, this is sharp, since one cannot expect the controlled
solution to be better than C°([0,T7]; X;) for initial data yo € X.

As we will see below, Theorem 2.1 mainly consists in suitable integration by parts in time.
The main difference appearing in the proof when 1 = 1 is that, when integrating by parts,
boundary terms appear at ¢ = 0,7, which can be suitably bounded when BB* is bounded in
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the case s = 1. But when the cut-off function 7 is introduced, these boundary terms vanish and
are transformed into time-integrated terms that are simply bounded by the weaker admissibility
condition, therefore avoiding extra assumptions on the observation operator B*.

Indeed, the main estimate allowing to prove Theorem 2.1 is the following commutator esti-
mate:

|A%AT. — ANTA
This can be proved as follows. For 2, € Z(A) and 29, € Z(A?),
((APA} — ANTA)20.0, 20) x = (M}20,0, A%20,0) x + (AT AZ0,a, Azob) x

T T
- / n(t)(B*za(t), B 2 (1)) dt + / n(t)(B* 2, (t), B* 2 (t)) dt

L(X.D(AY) <Cy. (2.24)

T
_ _/O W (6)(B* 2 (1), B* 24 (t))y dt,

where z, and z; are the corresponding solutions of (1.4) with initial data zg 4, 20,5. Thanks to
(1.6), we therefore obtain

!<(A2A¥ — AN A) 20,4, Zo,b>X| < Cllz0,all 5 ||ZO,b||@(A) ;

which proves (2.24).
Higher order estimates rely on

< Cps- (2.25)

[A%A7 = AATA| (9o paryy

which can be proved similarly.

Let us finally mention that Theorem 2.1 is less precise than the results in [DL09]. However,
the proof of the results in [DL09| requires the use of deep technical tools such as microlocal
analysis and Littlewood-Paley decomposition and seems specific to the wave equation, while
our approach is more robust and applies also for boundary control problems and any linear
conservative equations, including for instance systems of coupled wave equations, or a wave
equation coupled with an oscillator as in [EV14].

2.3 Application to the boundary controllability of the wave
equation

Let us present the case of a boundary control for the wave equation. Let €2 be a smooth bounded
domain of R%. Let x : 9Q — [0, 1] be a function defined on 9, and set T’ = {y > 0}.
We now consider the following wave equation:

Oy — Ay =0, (t,z) € (0,00) x Q
y(t,x) = x(x)v(t, x), (t,x) € (0,00) x 09, (2.26)
(y(O’ ')a 6ty(0, )) = (210791) S L2(Q) X H_l(Q)7

where v € L2((0,T) x T') is the control function.

Setting Ag = —A the Laplace operator defined on H~1(Q) with domain 2(Ay) = H}(Q),
system (2.26) fits the abstract setting given above, once written as a first order system in the
variable Y = (y,0;y) € C([0,T); L?(2) x H~1(Q)), which satisfies

0 I), {X:LQ(Q)XH—l(Q),

’_ 3 —
Y —AY+BU7 with A = < _AO 0 .@(A) ZHé(Q XLQ(Q),
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and B defined by

(0 “Aj=0, inQ,
Bv = < Aoi > ,  where { 7=\, on 9. (2.27)

The map v € L*(T) — § € HY?(Q) is continuous (see [TW09, Chap. 10]) and then B is
continuous from U = L(T) to {0} x H3/2(Q) € 2(AY?)". The control operator B is therefore
unbounded. The fact that B is admissible follows from a hidden regularity result, proved for
instance in [Lio88a].

Again, the exact controllability property for (2.26) in time T* is equivalent to the Geometric
Control Condition for (T, Q,T*), which asserts that all the rays of Geometric Optics in € touch
I at a non-diffractive point in a time smaller than 7%, see [BLR92, BG97].

In the following, we assume the GCC in time T for I'. Let T' > T*, choose § > 0 such that
T —26 > T* and fix a function 7 satisfying (2.13). The functional J” introduced in (2.15) is now
defined on Hg(Q) x L?(2) and reads as

(20, 21) / / 2)?|0n2(t, ) |* dydt

+ (20, 21), (Yo, Y1) mp () x L2(9), L2 (@) x -1 (2)»  (2-28)

where z is the solution of (2.4) with initial data (2o, 21).
Then Theorem 2.1 and Corollary 2.2 imply the following;:

Theorem 2.3 ([EZ10]). Assume that 1 is a smooth weight function satisfying (2.13). Given any
(yo,y1) € L*(Q) x H=Y(Q), there exists a unique minimizer (Zo, Z1) of J" over H}(2) x L?(Q2).
Denoting Z the corresponding solution of (2.4), the function

v(t,x) = n(t)x(x)0, Z(t, x), (2.29)

is a control function for (2.26), which is characterized as the control function minimizing the
L2(0,T;dt/n; L*(T))-norm.

Furthermore, if (yo,y1) belongs to H, (2) x Hfo)l( ) for some s > 0, (Zy, Z1) belongs to
Hfo'gl(ﬂ) X H(SO)(Q) and, if the function x is smooth, the control function v given by (2.29)
satisfies

s—1
ve H3((0,T) x )N (;rok([o,:r]; Hg—k—l/z(r))) : (2.30)
In particular, the controlled solution y of (2.26) then satisfies
y € CO([0, T H*(Q)) N C*7([0, T]; H~H(%)). (2.31)

Proof. Theorem 2.1 proves that (Zy, Z1) € H&;gl (€2) x H{, (€2). The regularity property (2.30) on
v is a consequence of the regularity property of the flux in [LLT86]. The regularity property (2.31)

is a consequence of the fact that v has regularity (2.30), the initial data is in H ) (£2) x Hfo)l(Q),
and of the compatibility conditions of the data at t = 0, z € 9f2, see [LLT86].

2.4 Sketch of the proof of Theorem 2.1

We now outline the proof of Theorem 2.1 in the case s = 1, the cases s € N being completely
similar, and the cases s > 0 being a consequence of interpolation theory. If Zy denotes the
minimizer of J7 in (2.15), then it satisfies the following Euler-Lagrange equation: for all zg € X,

0 = (A7Z0,20)x + (20 Y0) x - (2.32)
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Assuming temporarily that A?Z; € X, we apply the Euler-Lagrange equation (2.32) to zy =
A%Z,:
0= (A1Zy,A*Zo)x + (A*Zo, yo) x -
But on one hand we have
(A*Zy,yo)x = —(AZo, Ayo) x .-

On the other hand, according to (2.24),
[(M7Z0, A% Zo) x — (NFAZy, AZo)x| < C|| Zollx 1 Zol gy »
while, according to (2.14),
1AZol% < C2p(AFAZo, AZp) x.

Therefore, assuming some regularity on Zy, namely Zy € Z(A?), we obtain
2 2
1AZo|lx < CllZollx + CllAyollx 1 Zoll 2 a) » (2.33)

so that, using that the map V = (—=A7)~! in (2.19) is bounded in .Z(X), i.e. || Zollx < C ||lvoll
we derive

1Zoll g4y < Cllyolloa) -
Once such an estimate is proved, the estimate on v € H{(0,T;U) is straightforward.

To make the formal proof given above rigorous, instead of choosing zy = A%Z, as a test
function in (2.32), we take

1
- =3 (Z(1T)+ Z(—71) — 2Zy),
where Z is the solution of (1.4) with initial data Zj, and we then pass to the limit in 7 — 0.

Indeed, z , approximates Z”(0) = A%Zy, while for each 7 > 0, it belongs to X, and therefore is
an admissible test function in (2.32). Details can be found in [EZ10].






Chapter 3

Application to the numerical
computations of exact controls

3.1 Introduction

The goal of this chapter is to present an application of the results of Chapter 2 to the building of
efficient numerical algorithms to compute null-controls for the abstract controllability problem
(1.1)—(1.3).

Many articles have been devoted to this problem starting with the pioneering works by
R. Glowinski, C.H. Li and J.-L. Lions [GL90, GLL90], see the recent book |[GLHO08| for a more
complete account. The starting point is that when discretizing in space® the system (1.1) with
a mesh size h > 0, the discretized systems take the form

v, = Anyn + Brop, t€ (0,71, yn(0) = yo,n- (3.1)

One could then compute the null-controls v, for the discrete systems (3.1). But the null-controls
vy, computed for (3.1) do not necessarily converge to a control v for (1.1). Even worse, in general
the norms of the controls v, blow up as h — 0. As identified in [GL90, GLL90]|, this is due
to the presence of high-frequency spurious solutions created by the discretization process, and
this suggested the use of some penalization of the high-frequency components of the solutions in
order to re-establish a nice convergent behavior for the discrete controls vy. These results have
later received a thorough theoretical study starting from the work [IZ99], see also the recent
survey articles [Zua05, EZ11c|. All these works underline that convergent numerical schemes
for approximating (1.1) are not necessarily good for computing a convergent approximation of
the null-control of (1.1). This is a serious warning on the use of naive numerical algorithms to
compute controls.

We are then in a curious situation in which the discretization completely modifies the behavior
of the control process, even though the continuous control problem (1.1)—(1.3) is well-understood.
In the following, we explain how Theorem 2.1 can nevertheless yield a constructive approach to
numerically build suitable convergent approximations of the control given by (2.16)—(2.18). As
this algorithm will be based only on the understanding of the continuous control operator, we
will call this approach the continuous approach.

IFor simplifying the discussion, we focus on the case of a space semi-discretization, but the same phenomena
appear for the fully-discrete case.

17
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We shall then explain that if the adjoint systems z;, = Az, are uniformly observable through
B} with respect to the discretization parameter h > 0, then the sequence of discrete controls vy,
for (3.1) converges as h — 0 to the null-control for (1.1) given by (2.16)—(2.18). As this algorithm
is based on the understanding of the observability of all the discrete systems zj, = Apzp,, we will
call this approach the discrete approach.

In the following, we first develop an iterative process to approximate the null-controls in the
infinite-dimensional setting. The most natural strategy is to follow a minimization process for
the functional J" introduced in (2.15). We then approximate this iterative process using our
numerical scheme at hand. In the continuous approach, we shall show that, provided that the
number of iterations is not too large, these discrete iterates stay close to the continuous ones. In
contrast, in the discrete approach, the approximation error do not deteriorate as the number of
iterations goes to infinity.

The previous work [CMT11] based on Russell’s technique [Rus78] to construct controls from
stabilization results shares the same strategy as the continuous approach. This work actually
inspired our study of the continuous approach. Very close ideas were also developed in the context
of data assimilation, see e.g. [HR12| (see also [AB05, SU09|). Actually, as we will explain in
Section 3.5, strong links exist between these two problems.

As a byproduct of our analysis, for both continuous and discrete approaches, we will derive
rates of convergence for the controls computed that way. With the recent work [CMT11], these
are to my knowledge the only results on the rate of convergence of the discrete controls.

3.2 The continuous setting: an algorithm

In the following, we assume that the adjoint equation (1.4) satisfies the admissibility property
(1.6), the observability property (1.5), and we construct 7 as in (2.13) so that (2.14) is satisfied.
In other words we assume that there exist constants Cyps and Cyq such that for all zg € X,

1 2 2
e Iz0llx < (A%20,20)x < Clyllzollx - (3.2)

obs

Based on the characterization of Z; as the minimizer of the functional J7 in (2.15), one
can build an “algorithm” to approximate the minimizer in this infinite-dimensional setting. For
instance, it suffices to apply a steepest descent or conjugate gradient iterative algorithm.

We focus on the steepest descent algorithm with fixed step:

e Initialization: Define
20 =0. (3.3)

e Iteration: For z} € X, define 25" by
2t =25 — p(ATz5 + yo), (3.4)
where p > 0 is a fixed parameter, whose (small enough) value will be specified later on.

With E. Zuazua, we have obtained the following result:

Theorem 3.1 ([EZ13]). Assume (3.2). Let s >0, yo € X and Zy € X be the solution of (2.18).
Setting po = 2/C2,C%, ., for all p € (0, po), the sequence (z5) defined by (3.3)-(3.4) satisfies for
some constant C' > 0 that for all k € N,

126 = Zo|| < CO" [lyoll x » (3.5)
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where § € (0,1) is given by

D
obs
Besides, Zy € X, the sequence (zF) belongs to X,, and satisfies, for some constant C,
independent of Zy € X and k € N,

|26 — Zo||, < Cs(1 + k%)% |lyoll,, k€N (3.7)

The first statement (3.5) in Theorem 3.1 is a direct consequence of the well-known results
on the convergence rate for the steepest descent method when minimizing quadratic coercive
continuous functionals in Hilbert spaces (|Cia82]). However, the result (3.7) is new and relies in
an essential manner on the fact that the Gramian operator preserves the regularity properties
of the data to be controlled, a fact that was proved in [EZ10], see also Chapter 2, and for which
the weight function in time n = n(t) plays a key role.

Actually, Theorem 3.1 is strongly based on Theorem 2.1, and relies on the commutator
estimates

A% A0l g arny ) < Cor (5 €N, (33)

Note that this can be proved similarly as (2.24). In fact, both estimates (2.25) and (3.8) are
equivalent.

Of course, these convergence results also imply that the sequence (v¥) = (nB*2*), where z
is the solution of (1.4) with initial data 2§, converge to the control v given by (2.16): for instance
we have, for all & > 0,

k

H”k - vHLZ(O,T;dt/n;U) <o 1Yol - (3.9)

Note that, in general, (3.7) also gives estimates on the convergence of v* towards v in stronger
norms when the data yg to be controlled lies in X, for some s > 0.

Obviously, one could use other algorithms to minimize the functional J” in (2.15). But in
the following it will be important that the iterates z§ converge in X, as k — co when the initial
data to be controlled are in X;. To our knowledge, this is an open problem when considering
the iterates given by the conjugate gradient algorithm. This is due to the fact that it strongly
uses orthogonality properties in the natural space X endowed with the scalar product adapted
to the minimization problem (A7, -)x. This prevents us from using the iterates of the conjugate
gradient algorithm in the following.

3.3 Numerical algorithms

3.3.1 The discretization process

Once the iterative algorithm (3.3)—(3.4) is built at the infinite-dimensional level one can mimic
it for suitable numerical approximation schemes. In this way, combining the classical conver-
gence properties of numerical schemes and the convergence properties (3.5)—(3.7) of the iterative
algorithm (3.3)—(3.4), one can get quantitative convergence results towards the control.
To be more precise, let us consider a space semi-discrete approximation of equation (1.4)
taking the form
Z;l = Apzp, tE€ (O,T), 21(0) = zon, (3.10)

where Ay, is an approximation of the operator A in a finite dimensional vector space V}, embedded
into X via a map Fp : Vi — X. We assume that it induces an Hilbert structure on V}, endowed
by the norm || - ||, = ||Ex || x, and that Ay, is skew-adjoint with respect to that scalar product.
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In practice one can think of finite-difference or finite-element approximations of the PDE under
consideration, for instance, h being the characteristic length of the mesh size.

We also introduce Bj, an approximation of the operator B*, defined on V}, with values in
some Hilbert spaces Uy, and the discrete Gramian operator A7, , corresponding to the discrete
approximation of the Gramian operator (2.17), given by

T
AL, :/ n(t)e t4r By, By etAr dt.
0

By construction, A7, is self-adjoint in V},. We finally introduce a sequence of restriction operators
Ry, : X — Vj, which will be chosen so that (I — EjRy)z converges to 0 for smooth function
z € Ns>0Xs, see Assumption 1 below.
We will not make precise our set of assumptions on the operators A; and Bj, but rather
directly assume some convergence estimates on the discrete Gramian operator A7, :
Assumption 1. There exist s > 0, § > 0 and C' > 0 so that for all A > 0

|EnRuzllx < Clzllx, z€X, (3.11)

[Enby Bizlly < Cllzlly, z€X, (3.12)

I(BnBr —Ix)zlx < CR|l2l,, =€ X, (3.13)
|(EnAL, Ry — ERReAL) 2| < CRY|2l|,, =z € X, (3.14)

Assumption 2. The norms of the operators A7, in Z(V},) are uniformly bounded with
respect to h > 0:

Caa = 5P [|A7, [ 2 (y;,) < oo (3.15)

where, when h = 0, we use the notation Vy = X and AJ,, = A’
Assumption 3. There exists a constant C,;s such that for all h > 0 and z, € Vj,,

2nll7 < C2p (A% 205 20, (3.16)

where, for h = 0, we use the notation Vj = X and A7, = A7

Before going further, let us emphasize that Assumption 2, though straightforward when the
observation operators are uniformly bounded on V},, is not obvious when dealing with unbounded
control operators, as it is the case for instance when considering boundary controllability of the
wave equation. Indeed, in that case, one should be careful and prove a uniform admissibility
result (here and in the following, “uniform” always refers to the dependence on the discretization
parameter(s)). Also note that Assumption 2 together with (3.11) implies (3.12).

Assumption 3 states the uniform coercivity of the operators A7, , or equivalently, the uniform
observability of the discrete equations (3.10). This assumption often fails for classical convergent
numerical approximations of the waves, see [GLL90, Zua05, EZ11c, GLHO08|, and this is why
we develop the continuous approach without requiring Assumption 3. But several possibilities
exist to reinforce the coercivity of A7, when needed. Among the many available possibilities, let
us quote for instance Tychonoff regularization (see Section 6.1.2) or filtering techniques. This
modification has to be done “in the smallest possible way” to catch good convergence properties
of the numerical approximations of the controls found that way. It therefore requires a careful
analysis of the observability properties of the discrete dynamics, a fact which can be avoided
when following the continuous approach.
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3.3.2 The algorithm

Once the finite-dimensional approximations (3.10) of (1.4) have been set, we introduce the dis-
crete functional

1
Jp (zo0n) = §<A’%hz(m, 2on)h + (20n> Yoh) b (3.17)

where yop, is an approximation in Vj of yg € X.

Of course, the functional J)! is a natural approximation of the continuous functional J”
defined by (2.15). One could then expect the minima of J}! to yield convergent approximations
of the minima of the continuous functional J”. As recalled in the introduction, this is in general
not the case, see [GLHO08, Zua05, EZ11c, EZ13|. This can be seen as an evidence of the lack of
I'-convergence of the functionals J;! towards J”.

However, we can still focus on the following algorithm: For each h > 0, define the sequence
zgh by induction, inspired in the statement of Theorem 3.1, as follows:

20, =0, VkeN, zg}j'l =25 —p (A?hzgh + yon) - (3.18)

The idea is that the discrete iterates zgh should stay close to the continuous ones z§ given
by (3.3)—(3.4), at least if the number of iterations is not too large. Our results then simply are
a trade-off between the errors done at each iteration induced by the discretization process, and
the convergence estimates in Theorem 3.1.

3.3.3 The continuous approach

With E. Zuazua, we derived the following result:

Theorem 3.2 (|[EZ13]). Assume (3.2) and that Assumptions 1 and 2 hold. Let yo € X,

and (Yon)n>o be a sequence of functions such that for all h > 0, yor € V. Setting py =

min{pg,2/C2,}, where pq is given by Theorem 3.1, we choose p € (0, p1) and let the sequence 2§,

respectively z, , be defined by induction by (3.3)-(3.4), respectively (3.18).
Then there exists a constant C > 0 independent of h > 0 such that for all k € N,

| Enzby — 26| < ko lEryon — yollx + CER® ||yoll, - (3.19)

Using Theorems 3.1 and 3.2 together, we deduce the following convergence result:

Corollary 3.3 ([EZ13]). Assume (3.2) and that Assumptions 1 and 2 hold. Let yo € X, and
(Yon)n>o0 be a sequence such that for all h > 0,

1Enyon — yollx < Ch? [lyoll, - (3.20)
Then, choosing p € (0, p1) with p1 = min{po, 2/C2,}, for all h > 0, setting

log(h)
log(0)

where § is given by (3.6), we have, for some constant C independent of h,

K; =10

I (3.21)

| Bnisi = 20| < Cliog(=t1n? o, (3:22)

where zgf is the K -iterate of the sequence z(’)“h defined by (3.18).
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This is the continuous approach for building numerical approximations of the controls.

Let us emphasize that the above result yields a way to compute a good approximation of Zj
provided that the iterative process (3.18) ends at some threshold K in (3.21). But this threshold
can be difficult to estimate in practice as it involves the admissibility and observability constants
in (3.2) via ¢ in (3.6), while nothing guarantees that the error estimate would not deteriorate
when going beyond this threshold. Actually, the error estimate could indeed deteriorate as the
number of iterations goes to infinity when the discrete systems are not uniformly observable,
i.e. when Assumption 3 is not satisfied, as numerical evidences show, see Section 3.4. On the
contrary, as we will explain below, if Assumption 3 holds, this error estimate cannot deteriorate.

The algorithm above and the error estimates we obtain are similar to those in [CMT11] where
the iterative process proposed by D. Russell in [Rus78] to obtain controllability out of stabilization
results is mimicked at the discrete level. The number of iterations in [CMT11] is of the order
of |f]log(h)|m], where m is a constant that enters in the continuous stabilization property of
the dissipative operator A — BB*, and the error obtained that way is h?|log(h)|?>. But the
results in [CMT11] apply only in the context of bounded control operators and they do not yield
the control of minimal L?-norm, whereas our approach applies under the weaker admissibility
assumption on the control operator and yields effective approximations of the minimal norm
controls (suitably weighted in time). To better underline the close links existing between [CMT11]

and our approach, remark that the sequence 2§ in (3.3)—(3.4) can be simply written as

k—
== (I —pA%) (pyo), (3.23)

j=0

H

which indeed converges to (I — (I — pAL)) " (—pyo) = —(AF)"lyo = Zy as I — pA’L is of Z(X)-
norm smaller than ¢ in (3.6). The approach in [CMT11], based on the construction in [Rus78§],
solves the control problem by computing the inverse of an operator of the form I — L, for some
operator Ly of Z(X)-norm strictly smaller than 1, mainly consisting in solving subsequently
one forward and one backward damped Wave equation. The inversion of I — Ly then can be done
using approximations of the forms 3%~ ]_0 7, which is indeed very similar to (3.23).

Note that estimates (3.22) also imply that the sequence

vh(t) = 1(t) By, exp(tAn) 2,

defined for k > 0 satisfies that vfg is close to v in (2.16), with some bounds (usually the same)
on the error term. We do not state precisely the corresponding results since it would require to
introduce further assumptions on the way the spaces U, approximate U.

3.3.4 The discrete approach

The discrete approach differs from the continuous approach by the fact that we assume the
uniform coercivity property Assumption 3 on the discrete Gramian operators, i.e. the uniform
observability of the discrete adjoint equations (3.10). With E. Zuazua, we then obtained:

Theorem 3.4 ([EZ13]). Assume (3.2) and that Assumptions 1, 2 and 3 hold. Let yo € X, and
(Yon)n>0 be a sequence of functions such that for all h > 0, yop, € Vj,. Setting ps = 2/C2,C3, ., we
choose p € (0, p2) and let the sequence z§, respectively zk, , be defined by induction by (3.3)-(3.4),
respectively (3.18).

Then there exists a constant C > 0 independent of h > 0 such that for all k € N,

[Bnzon — 2011y < C (IBnyon — yollx +h? llyoll,) - (3.24)
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Under Assumptions 1, 2 and 3, for all yo5 € V}, the discrete functional J}! in (3.17) is coercive,
and the sequence zgh is therefore convergent to the unique minimizer Zoy, of J;', which can be
characterized by the equation

AL Zon + yon = 0. (3.25)

Since k can be made arbitrarily large in (3.24), we get the following result:

Corollary 3.5 (|[EZ13|). Assume (3.2) and that Assumptions 1, 2 and 8 hold. Let yo € X, and
(yon)n>o0 be a sequence such that (3.20) holds. Let Zy be given by (2.18). Then there exists a
constant C' > 0 such that the sequence of minimizers Zoy, of the functionals J}' in (3.17) satisfies

1EnZon — Zollx < Ch? [lyoll, , (3.26)

Corollary 3.5 is the convergence result obtained in [EZ11¢] using another proof, directly based
on the smoothness result obtained in Theorem 2.1. Indeed, using Theorem 2.1, Assumptions 1-3
and recalling the characterizations of Zy and Zy;, given in (2.18) and (3.25), we have

| EnZon — Zollx < [1Zon — RuZolly, + | (EnRr — 1) Zoll x

< C [N}y, Zon — Ny, RuZoll, + CBY |loll,

< C||A}y Zon — RpALZo||, + C | (Ep Ry A% — En Ay, Ry) Zol| i + CRY yoll,
< C[|Bnyon — EnRuyollx + CP’ [lyoll, < Ch |lyoll, -

We have preferred to present both continuous and discrete approaches similarly to underline
where the modification occurs between the two approaches. It is easily seen that the main differ-
ence between (3.24) and (3.19) is that when considering the discrete approach, the accumulation
of errors done at each iterate is bounded uniformly with respect to k& € N. Looking at the proof
more closely, this is due to the fact that, under Assumption 3, the errors come in a geometric
series of ratio strictly smaller than 1.

We refer to [EZ11c]| for numerical evidences of the fact that the convergence rates (3.26) are
close to sharp. We will also briefly illustrate this fact in Section 3.4.

Let us emphasize here that Corollary 3.5 is new regarding the convergence rates (3.26).
Otherwise, the strong (respectively weak) convergence in X of the discrete minimizers Ej, Zoy, to
Zo when the discrete initial data Ejyon converges strongly (resp. weakly) in X to yo as h — 0,
is a well-known consequence of Assumptions 1-3, going back for instance to [IZ99].

Thanks to Corollary 3.5, given h > 0, we can use any algorithm we wish to minimize J}',
which is a strictly convex and coercive functional. When Assumption 3 is satisfied, we will
therefore use the conjugate gradient algorithm, for which we know that the minimum is attained
in at most dim(V},) iterations, and in general much faster than that. Besides, performing the
conjugate gradient algorithm on J;' does not require anymore any estimate on the admissibility
and observability constants in (3.2). Of course, the counterpart is that one first needs to prove
Assumption 3, namely the uniform observability property for the space semi-discrete systems
(3.10), and as mentioned earlier, this is not an easy problem.

3.3.5 Continuous versus Discrete approaches

When comparing the results in Corollaries 3.3 and 3.5 one may think that the continuous ap-
proach, which applies with a lot of generality, yields essentially the same convergence estimates
as the discrete one, more intricate, making the latter irrelevant. This is not the case, and we list
below some other relevant facts that may be used to compare the two approaches.
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Implementation. To implement the continuous approach, as already mentioned, one imme-
diately sees in Corollary 3.3 that estimating the threshold K in (3.21) is an intricate problem
involving the estimates of the admissibility and observability constants in (3.2). This is a strong
limitation of the continuous approach.

On the other hand, the discrete approach requires the proof of uniform observability property
for the space semi-discrete systems (3.10), i.e. Assumption 3. This assumption fails in a number
of examples, see e.g. [GLLI0, 1299, EZ11c], due to the presence of spurious high-frequency waves
that do not travel - a phenomenon already mentioned in [Tre82]. Therefore, a natural strategy
to re-establish uniform observability properties is to filter out these high-frequency waves, via
filtering methods, Tychonoff regularization, or other suitable penalization techniques. We refer
to the survey articles [Zua05, EZ11c| for some account on these strategies, and to the recent work
[Mil12] for what is to my knowledge the most general setting in which Assumption 3 is proved.

Number of iterations. On one hand, the continuous approach uses a number of iterations
given by (3.21), which is not very explicit and can be large. On the other hand, in the discrete
approach, we can use a conjugate gradient algorithm - or any other algorithm - to minimize J;’
in (3.17), which is fast and for which no estimate on the constant of observability or admissibility
is needed.

3.4 Application to the wave equation

In this section, we present some numerical experiments to illustrate our results and discussions.
We focus on the emblematic example of the 1d wave equation controlled from the boundary, in
which case we can easily illustrate our results with some numerical simulations since the control
function will simply be a function of time.

Let us consider the 1d wave equation (2.9) controlled from 2 = 1, and the adjoint problem
(2.11). We take T' > 2 and 7 as in (2.13) (with T* = 2). The corresponding Gramian operator
A7 is then given as follows: For (zq,21) € Hg(0,1) x L?(0,1), solve (2.11) and then solve

6tt1/) - 8a:xw = Oa (tvx) € (OvT) X (0’ 1);
P(t,0) =0, ¥(t,1) = —n(t)0.2(t, 1), te (0,7), (3.27)
(d)(T? ’)7atw(Tv )) = (0,0), T e (07 1)
Then
Ag(zo’ Zl) = ((_amr,D)ilatw(Ov ')’ —1#(07 ))7 (3'28)

where —0, p is the Laplace operator on (0,1) with Dirichlet boundary conditions.
During the iterations (3.3)—(3.4), the control function is then approximated by the sequence

oR(t) = n(t)0.2"(t, 1), te(0,T), (3.29)

where 2* is the solution of (2.11) with initial data (2§, z¥).

We consider the space semi-discrete wave equations of (2.11) using the finite difference ap-
proximation of the Laplace operator on a uniform mesh of size h = 1/(N + 1), with N € N.
This yields an approximation A%, of the Gramian operator AZ.. Details on the discretization
and notations used can be found in Part IT Section 6.1.2, see also [EZ13].

One can check that this approximation scheme satisfies Assumption 1 with? s € (0,3], § =
2s/3. Assumption 2 is slightly more intricate as the observation operator is not bounded. But it

2Though this result would have been classical in the context of distributed controls, this did not seem to
be known for boundary controls. We therefore derived a detailed proof of this rate of convergence in [EZ13,
Chap.2-4].
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is a consequence of the multiplier identity in [IZ99, Lemma 2.2], see also Section 6.1.2. Finally,
Assumption 3 is not satisfied according to [1Z99], whatever T' > 0 is. We are thus led to consider
the continuous approach.

The continuous approach. To apply our numerical method, we need estimates on Cys and
Caq- In this 1d context, it is rather easy to get good approximations using Fourier series and
Parseval’s identity. Therefore, we can take T = 2, and we choose T = 4. We then have the
estimates C%, = 1/2 and C2, = 4. With p = 1/8, we have d(p) = v/3/2 ~ 0.86. From the
multiplier identity in [IZ99, Lemma 2.2|, we can also estimate C2; < 6. Choosing p = 1/8 is then
admissible for the continuous approach.

In order to test our numerical method, we fix the initial data to be controlled to yg = 0 and
y1 as in Figure 3.1, so that we obviously have (yo,v1) € H(0,1) x L?(0,1). We also compute a

reference control v,.s obtained for a much smaller A = 1/300, plotted in Figure 3.1, right.

Figure 3.1: Left, the initial velocity y; to be controlled. Right, the reference control.

In the numerical simulations below, we represent the functions UZ’C given, for k € N, by

) (Z]Iil’j-l,h(t) - Z?fh“)) Zjli/’ch (t)

o (1) =1 - = (B =, te(0.4),

where z/¢ is the solution of the numerical approximation of (2.11) with initial data (zg,’f, Zhey

the k-th iterate of the algorithm (3.18). Indeed, this formula is the discrete counterpart of (3.29).
For h = 1/100, the number of iterations predicted by our method is 21. It corresponds to a

relative error Hvil’c = Uref|| [ llvrefllp2 of 6.34%. It turns out that the smallest error (among
.

the first thousands iterations) is of 6.24% and is achieved when k = 13, which is close to the
predicted one. Figure 3.2 plots the corresponding controls.

To better illustrate how the iterative process evolves, we have run it during 50000 iterations

k,c
Uy, — Uref

see, the error does not reach zero but rather stays bounded from below. When looking more
closely at the evolution of the error, we see that it first decays and then increases.

But the error increases rather slowly. This is due to the fact that the algorithm (3.18) follows
the steepest descent algorithm for J;! in (3.17), which is convex quadratic. Therefore, the iterates
always move forward in the direction of the gradient of the functional J;'. In particular, the
evolution is very slow in the “bad directions” corresponding to the directions of weak coercivity of

and plot the relative error

Lo / |Vrefll 2. This is represented in Figure 3.3. As we
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Figure 3.2: Left, the control obtained by the continuous approach at the predicted number of
iterations, 21. Right, the control obtained by the continuous approach at the number of iterations
13 minimizing the relative error. In both cases, h = 1/100, p = 1/8.

Figure 3.3: The relative error Hvﬁ’c — Vref

/! |vres|l - for the continuous approach at each

iteration for h = 1/100, p = 1/8. Left: iterations from 0 to 50000. Right: zoom on the iterations
between 0 and 50.

A7, In fact, from [Mic02|, we know that the smallest eigenvalue in Apj, behaves like exp(—c/h),
so that the algorithm indeed evolves very slowly in these directions.

However, when taking NV = 20 - for larger N, the conjugate gradient algorithm does not even
converge due to the strong degeneracy of the coercivity of A’ -, we can compute the minimizer
of the functional J;! using the conjugate gradient algorithm. The corresponding discrete exact
control vf{yh is plotted in Figure 3.4, right. As one sees, this exact control vih has a strong

spurious oscillating behavior. The relative errors between the iterated controls vl,j’c and this
limit oscillating control v{ , is plotted in Figure 3.4, left, exhibiting a slow convergence rate due
to the bad conditioning of the Gramian matrix.

The continuous approach therefore requires some special care. In particular, if the algorithm
is employed for a too large number of iterations k, something that can easily happen since the
threshold in the number of iterations may be hard to compute in practice, the corresponding
control may be very far away from the actual continuous one.

We also illustrate the rate of convergence of the continuous approach as h — 0. In Figure 3.5,

we plot log (HU,IL{’C“C — ngfH) versus | log(h)|. By linear regression we get the slope —1.01. This
is due to the fact that y; is in H~17%(0, 1) for all s < 3/2, hence the convergence is expected to
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ive Error

wwwwwwwwww

/
iteration k from k = 0 to k = 50000 for h = 1/20, p = 1/8. Right, the discrete exact control vg ;
for h = 1/20.

Figure 3.4: Left, the relative error ‘vs’c - vi’h‘

U:’hH for the continuous approach at each

be like h?*/3 for all s < 3/2.

c
h>

Figure 3.5: Left, convergence of the continuous approach: log ( vf © — Vpes D versus |log(h)]

(slope —1.01). Right, convergence of the discrete approach: Hv,olo’d — Uref
—0.97).

’ versus |log(h)| (slope

The discrete approach. Recall that, according to [IZ99], the wave equation discretized using
a finite-difference scheme on a uniform mesh does not satisfy Assumption 3. However, as noted
in earlier works [GL90, Zua05], this is due to spurious high-frequency waves created by the
discretization scheme, and one way to re-establish Assumption 3 simply consists in removing the
frequencies higher than some threshold in the numerical scheme.

Following [IZ99], we can for instance consider the filtered spaces given for v € (0,1) by

kh<~

Vi(y/h) = {(Z()h,zlh), s.t. zon, z1n € Span {(sin(kwjh))je{lv._.7N}}} .

Of course, V},(7y/h) is a subspace of V},. Since the functions (w*); defined by w}“ = \/2sin(kmjh)
are eigenfunctions of the discrete Laplace operator, we can introduce the orthogonal projection
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P of V3 onto Vy(v/h) (with respect to the scalar product of V},) and the Gramian operator
should then be replaced by
AL, = PIAL, P (3.30)

Assumptions 1 and 2 still hold for any v € (0, 1), with proofs similar to those in the continuous
approach. Furthermore, according to [IZ99], Assumption 3 also holds when the time T is greater
than T, := 2/ cos(my/2). Note that this is not a consequence of the convergence of the numerical
schemes, and this requires a thorough study of the discrete dynamics. The proof of [IZ99] uses a
spectral decomposition of the solutions of the discrete wave equation and the Ingham inequality
for nonharmonic Fourier series.

For v € (0,1) and T" > T.,, we can then perform a conjugate gradient algorithm on the
discrete functionals J) defined by Vi, (v/h):

1
J) (zon, z1n) = §<A%h(’20h7 z1n), (Zon, 210))n + ((20ns 218), (Yor, Y1k))h- (3.31)

Doing this, we do not need any estimate on the admissibility and observability constants to run
the algorithms.

We therefore run the algorithms for A = 1/100 and h = 1/300, v = 1/3, and the initial data
(y0,y1) with yo = 0 and y; as in Figure 3.1, see Figure 3.6. The algorithm converges very fast
and it requires only 10 and 9 iterations for h = 1/100 and h = 1/300, respectively.

Figure 3.6: The controls vzo’d for h = 1/100 (left) and h = 1/300 (right). We have set v,.f = vzo’d
for h = 1/300.

In the previous simulations, the quantity vszoo’d has been computed using the conjugate
gradient method as indicated above. The reference control is the one computed for h = 1/300.

In Figure 3.5 right, we finally represent the rate of convergence of the discrete controls (to be
compared with Figure 3.5 left). Here again, the slope is —0.97, due to the fact that y; is almost
lying in H'/2(0,1).

3.5 A data assimilation problem

In this section, we discuss a data assimilation problem that can be treated by the techniques
developed in this chapter.
Under the same notations as before, we consider a system driven by the equation

Z'=AZ, t>0, Z(0) = Zy, m(t) = B*Z(t). (3.32)
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We assume that Zj is not known but, instead, we know the partial measurement on the
solution given by m(t) = B*Z(t) for t € (0,T). The question then is the following: Given
m € L*(0,T;U), can we reconstruct Z?

This problem is of course related to the study of the observation map:

. 2 .
0: X —>I*/ (0, T;0) (3.33)
zo — B*z,
where z is the solution of (1.4) with initial data z.

This map O is well-defined in these spaces under the condition (1.6). Besides, the observability
inequality (1.5) for (1.4) is completely equivalent to the fact that the map O has continuous
inverse from L?(0,7;U) N Ran(O) to X.

Tt is therefore natural to assume the admissibility and observability estimates (1.6) and (1.5)
in order to guarantee that O is well-defined and invertible on its range. In order to obtain an
efficient reconstruction algorithm, the most natural idea is to introduce the functional

N T T 17
) =5 [ i —mide—g [ niml ar (334

where z is the solution of (1.4) with initial data z. But J” can be rewritten as

. 1 (T T 1 [T
o) = [ olBeal do [Cumsmoan= g [CalEl de GosO)x, 635

where y(0) is given by the backward resolution of
y' =Ay+nBm, te(0,7), y(T) =0. (3.36)

Under the form (3.35), the functional J" appears as a particular case of the functional J” in
(2.15), and therefore the analysis developed in this chapter applies. The continuous approach
then provides similar results as the ones developed in [HR12].

3.6 Comments

The question of getting uniform observability properties for numerical approximations of wave
equations is still challenging. As we have seen, this property is helpful to derive efficient algo-
rithms to compute good approximations of the continuous controls.

In dimension higher than 2, there are a few results which prove uniform observability estimates
for the wave equation: we refer to [Zua99| for the 2d case on a uniform mesh, which yields a sharp
result on the scale of filtering needed to recover uniform observability properties. We also refer
to [Mil12] for the d dimensional case under general approximation conditions. To our knowledge,
the result in [Mil12] is the best one when considering general meshes in any dimension. Still,
a precise time estimate for the uniform observability result is missing and whether the filtering
scales obtained in [Mil12] are sharp is an open problem.

We also refer to the recent work [CFCM13| for another approach based on the Carleman
estimate for the continuous wave equation. This approach does not produce the control of
minimal L? norm, but rather the one minimizing the sum of the L?-norm of the controlled
trajectory and of the L?-norm of the control. The key idea then is to use a smooth enough
approximation space for which the Carleman estimate for the continuous wave equation applies,
guaranteeing that way the coercivity of the method. We refer to [CFCM13] for more precise
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details. Though this might be costly, this computation method is interesting as it also allows to
develop adaptive strategies [Miin].

So far, we have only focused on the computation of controls when considering space semi-
discrete approximations of (1.1), (1.4). Of course, similar ideas apply when considering fully
discrete approximations of the equations (1.1), (1.4). Let us also point out that the observability
properties for fully discrete approximations of (1.1), (1.4) can be studied in two steps, first ana-
lyzing the observability properties of the time-continuous and space semi-discrete approximations
of (1.1), (1.4), and then use the results presented in Chapter 9, see Section 9.3.1.

More recently, with A. Marica and E. Zuazua, we started to think again of the problem of
uniform observability of the approximations of the wave equation in a different manner. The
idea is that one should perhaps construct the approximation mesh depending on the control-
lability /observability problem under consideration instead of first discretizing and then try to
compute the discrete controls on it. We already have some preliminary results in that case,
showing that in 1d, if we consider a mesh which is the image of a uniform mesh by a strictly
concave diffeomorphism, observability from & = 1 - which corresponds to the side on which the
cells get smaller and smaller - holds uniformly with respect to the mesh size. This is a very
natural strategy as one has more information close to the observation set, and the mesh can then
be refined there. However, when going away from the observation set, there is no more reason
to keep an accurate description of the solution and the mesh can be larger and larger. Note
that this fact was already remarked and used in the context of inverse problems, see for instance
[BDKO05| where a similar idea has been discussed for recovering the conductivity of an elliptic
problem from the knowledge of the Neumann-to-Dirichlet map.



Part 11

On an inverse problem for the wave
equation
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Chapter 4

Introduction

The goal of this part is to present several results related to an inverse problem for the waves.

Roughly speaking, an inverse problem arises when one wishes to estimate some parameter(s)
of a system through a measurement on the physical system. The study of the problem then
usually follows the following steps:

e Uniqueness: the measurement determines uniquely the parameters.
e Stability: if two measurements are close, then the parameters are close.
e Reconstruction: given a measurement, how to reconstruct the parameters?

We refer for instance to [KT04, Isa06, Cho09, Yam09, Uhl99] for several examples of inverse
problems.

Hereafter, I will focus on the following inverse problem for the waves. Given {2 a smooth
bounded domain of R? and T > 0, we consider the wave equation:

8tty7Ay+py:f7 (t,(E)G(O,T)XQ,
y(t,x) = fa(t, z), (t,z) € (0,T) x 09, (4.1)
(y(oa '),aty(oa ) = (yanl)v z €L

We assume that the source terms f, fg and the initial data (yo,y1) are known, but the potential
p is unknown. To underline the dependence of the solution y of (4.1) with respect to p, we denote
it by ylp].

Our goal is to understand if one can determine and reconstruct the potential p from the
knowledge of the flux on some open subset I' of the boundary defined by

A (p) = duylpl(t, ), (t,x) € (0,T) xT, (4.2)

where 0, denotes the normal derivative on the boundary.

In the following, we shall always assume that f € L2(0,7T; L*(Q)), fo € H'((0,T) x I') and
(yo,v1) € HY(Q) x L*(Q) with the compatibility condition yo(x) = f5(0, ) for all x € 9. Under
these assumptions, y[p] belongs to C°([0,T]; H(€)) and its normal derivative on the boundary
belongs to L?((0,T) x 99Q). The definition (4.2) therefore makes sense in L?((0,7) x T).

Uniqueness for the inverse problem (4.1)—(4.2) has already been studied in the literature in
[BKS81, Kl1i92], and stability results were obtained in [PY97, Yam99, IY01, IY03b, Bau| for several
variants of the inverse problems (4.1)—(4.2).
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I will therefore report on works focusing on the reconstruction step, i.e. the reconstruction of p
from .# (p). As in Part I, I will start by studying the inverse problem (4.1)—(4.2) and explain how
we can design an algorithm to estimate the potential p from the measurement of the flux .# (p),
see Chapter 5. In Chapter 6, I will then explain the difficulties arising when trying to follow
this algorithm numerically, and in particular present a theoretical convergence result. We thus
achieve, at least theoretically, our goal of designing a convergent numerical method to compute
p from .# (p). However, the numerical implementation of our strategy is still challenging, as we
will explain in Sections 5.3.2 and 6.5.1.



Chapter 5

Stability and reconstruction

5.1 Stability of the inverse problem (4.1)—(4.2)

The goal of this section is to explain the strategy used for the stability of the inverse problem
set in (4.1)—(4.2), and how this can be used to derive a reconstruction algorithm for inverting
prr A (p).

One of the difficulty of the inverse problem (4.1)—(4.2) is that it is non-linear in the potential
p. In particular, if y[p?] and y[p’] denote the corresponding solutions of (4.1), the difference
z = y[p*] — y[p’] solves

Oz — Az +pPz =ypl(0° —p*),  (t,x) € (0,T) x Q,
z(t,x) =0, (t,x) € (0,T) x 092, (5.1)
(2(0,+),0:2(0,)) = (0,0), x €,
and its flux on the part I' of the boundary is
Dox(t,) = M (") — M), (L) € (0,T) xT. (5.2)

5.1.1 A simplified model

In order to give some insights on our strategy, we start by focusing on the following simplified
inverse problem. For z the solution of

Onz — Az =g, (t,x) € (0,T) x Q,
z(t,x) =0 (t,x) € (0,T) x 99, (5.3)
(2(0,-),0:2(0,-)) = (0,0), x € Q,
find the source term g from the measurement of
Oyz(t,x) for (t,x) € (0,T) x T. (5.4)

The first remark is that this inverse problem cannot be solved in general if g depends on both
variables t and x. Indeed, if Z is a smooth function compactly supported in (0,7) x 2, then
the measurements of z and z + Z are the same while they correspond to different source terms,
namely g and g + (0 — A)Z.

It is then natural to restrict ourselves to source terms g having a particular form, for instance
g given with separated variables:

g9 = a(t)s(@). (5.5)
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In the particular case o = 1, differentiating (5.3) with respect to time, one easily sees that
we are back to an observability problem as 0;z solves:

(O — A)(9pz) = 0, (t,z) € (0,T) x Q,
O z(t,z) =0 (t,z) € (0,T) x 09, (5.6)
((%Z(O, ')7 8t(6tz)(07 )) = (07 ﬁ(x))v x € Q.

Therefore, in the case a = 1, the possibility of reconstructing g - equivalently £ - from the Neu-
mann boundary measurement, is equivalent to an observability inequality for the wave equation
when observed from (0,7") x I, recall Section 3.5.

In the following, we shall therefore assume that the wave equation in (2 is observable through
T in time T > 0. Thanks to [BLR92, BG97], this is equivalent to the geometric control condition
for (T, Q,T).

For general a € W1(0,T), time differentiation of (5.3) yields

(O — A)(012) = (Orr) B, (t,z) € (0,T) x Q,
Oz(t,z) =0 (t,z) € (0,T) x 99, (5.7)
(8752'(0’ ')7 816(8753)(05 )) = (07 O‘(O)B(m))v z € (L

Therefore, using the observability inequality for the wave equation in €2, we get

e (0)] HB“LQ(Q) | (0 )5”1;2(9) <C HauatZHLZ((o,T)xF) +C H(ata)BHLl(O,T;LQ(Q))
< Cll0v0ezll 20,1y xry + C IOl Lo,y 1181l L2y -

Therefore, if |0y 11 (g 7 is small enough compared to [a(0)], i.e.
la(0)] > C ||6ta||L1(07T) ) (5.8)

we obtain an estimate on the L?(Q)-norm of 3 immediately.

Remark 5.1. When « is a given function in WH1(0,T), then one can identify 8 in (5.5) from
the measurement (5.3) under the geometric control condition. We refer for instance to the works
[Yam95, ASTTO09, TW14] for more detailed discussions of related cases.

5.1.2 The full model: preliminaries

Following Section 5.1.1, we would like to differentiate the equation (5.1) with respect to the time
variable. We therefore assume the potentials p = p(x) to be independent of the time variable ¢.
In that case, differentiating the equation (5.1) with respect to time, we get

(O — A+ ") (9e2) = Quylp“](* — ), (t,z) € (0,T) x Q,
Oz(t, ) =0, (t,x) € (0,T) x 092, (5.9)
(6tz(0,~)78t(8tz)(07~)) = (anO(pb _pa))’ r € Q.

As before, we assume that the wave equation with potential p® is observable through I' in time
T. To be more precise, we shall consider a class % of potentials p = p(x) such that for all p € €,
there exist two constants Cyps(p), Co(p) such that all solutions of

(04 — A+ pw =g, t,x) € (0,T) x Q,
w(t,z) =0, t,x) € (0,T) x 09, (5.10)
(’LU(O, ')’ 8tw(0, )) = (wo’wl)v z €L,

A/.\
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satisfy
”(wO?wl)”Hé(Q)xL?(Q) < Cops(p) Hauw”LZ((o,T)xr) + Co(p) HgHLl(O,T;L2(Q)) : (5.11)
Working in such class " and applying (5.11) to the function d;z solving (5.9), we obtain
Hyo(pb _pa)HLZ(Q) < Cobs(pb) ||aV8tZHL2((O,T)><F) + Co(pb) Haﬂ/[pa}(pb _pa)HLl(o,T;LZ(Q)) ’

In particular, this yields:
(igf lyo| — Co(p”) Haty[pa}||L1(O,T;L°°(Q))> [p” *PGHLQ(Q) < Cobs(0) 1000e2 | 20,1y ey - (5-12)
In other words, we have a stability estimate in the class € of potentials p = p(z) if
igf lyol > Co(p) [10:y[P°] | 11 (0.7, 1.5 () + (5.13)

to be compared with (5.8).

Of course, for the stability condition (5.13) and the stability estimate (5.12) to be valid for
all potentials in the class &, one should have observability estimates (5.11) uniformly in the class
%. In that case, introducing

C’obs (%) = SI;P Cobs (p)a C'0 (%) = S%P C'0 (p)a (514)

we get the following result: if p®, p® € € and p® is such that y[p®] belongs to W11(0,T; L>°(£2))
with
igf ol > Co(€) 110y}l 1 0,7, 1.5 () - (5.15)

then we have the stability estimate

(igf Yol — Co(%) ||aty[pa]||L1(07T;Loo(9))) ||pb *paHLz(Q)

< Cobs(€) ||0rtt (") — Ot 5.16)

PN 20 mn2my) -
The class of potentials % could be for instance the class
2(Q) = {p € L2(Q) | [pll o < M}

see [BLR92|. Let us also emphasize that for ¢ = L, () for some m > 0, yo € L>(12) and
y[p?] € WHL(0,T; L°°(R2)), estimate (5.16) is necessarily sharp, as hidden-regularity estimates
for 9;z in (5.9) imply

Hat%(pb) - 8t‘%(pa)HL2(O’T;L2(F)) = ||8V8tz||L2(O,T;L2(F))
< Cn [lyo®@” = ")[ 120y + O 001 0" = 2| 11 0,222 )

< Chn (||y0||Loe(Q) + ||3ty[pa]HLl(o,T;Lw(Q))) [p° _paHLz(Q) '
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5.1.3 The full model: main stability result

In this section, we present the results obtained in [Bau], closely related to the works [ITY01, IY03b].
For other related results, we refer to [BK81, Kli92, PY96, PY97, Yam99|.

These results require the following assumptions, originally due to [Ho86]. We say that the
triplet (T', Q,T) satisfy the Gamma-conditions (see [Lio88a]) if

o (I',2) satisfies the geometric condition:
Jzg e RV\Q, {2 €09, st. (x—x)-v(r) >0} CT, (5.17)
where v = v(z) is the outgoing normal at x € Q.

e T satisfies the lower bound:

T > sup |z — zo|- (5.18)
zeQ

Under these geometric conditions, the following stability result was proved:

Theorem 5.2 (|[Bau]). Let m > 0, and consider a potential p* € L, (Q) such that for some
K >0 N
ylp') € O, T L) with 1yl o.zvsmqay < K- (5.19)

where y[p®] denotes the solution of (4.1) with potential p®. Also assume the following positivity
condition:
Ja > 0, ing2 lyo(z)] > a. (5.20)
TE

Let us further assume that (T',Q,T) satisfies the Gamma-conditions (5.17)—(5.18). Then there
exists a constant C > 0 depending on m, K and o such that for all p® € LZ,(Q), A4 (p*) —

M (p?) € HY(0,T; L*(T)) and

1 a a a
G " =Pl ey < 20" = A O 1 0 iy < CHIP* =Pl 2 - (5.21)

Let us give some comments on Theorem 5.2.

First, Theorem 5.2 does not give any precise assumption on the smoothness of the data
yY, yt, f, fo directly. They rather appear through the bound K in (5.19) in an intricate way.

Second, the geometric condition (5.17)—(5.18) is stronger than the Geometric Control Condi-
tion of C. Bardos, G. Lebeau and J. Rauch [BLR92]. To our knowledge, only the recent result
[SU13| gets stability under this sharp geometric condition and under the assumption that one
can cover the domain with a foliation of strictly convex surfaces (this is needed to get local
Carleman estimates, see e.g. [Tat96]). We refer to [SU13] for a more accurate description of the
assumptions required, see also Section 5.3.1 for more comments. However, as we did not manage
to get a reconstruction algorithm from it, we focus our presentation on Theorem 5.2.

Below, we rapidly present the proof of (5.17)—(5.18). As we will see, these conditions come
from the derivation of a Carleman estimate for the wave equation. There is a huge literature on
that topic, starting from the pioneering works of Klibanov [BK81, K1i92]. Regarding Carleman
estimates, we refer to the works [F196, Zha00, Ima02, FYZ07] among many others.
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5.1.4 Sketch of the proof of Theorem 5.2

Let us briefly give a sketch of the proof of Theorem 5.2. The main idea is to modify the norms
appearing in (5.16) so that the coefficient in the right hand side can be made positive by suitably
tuning them.

In order to do that, Carleman estimates are used. Assume that T' satisfies (5.17) for some
2o & Q. According to (5.18), we can choose 3 € (0,1) such that

BT > sup |z — zo|. (5.22)
€N

We then introduce the Carleman weights defined for (¢,z) € (=7,T) x Q by
Y(t,x) = | — 20|> — Bt + Cy, and for A >0, o(t,z) = VD), (5.23)

where Cy > 0 is chosen such that ¢ > 1 in (=T,T) x Q.
We then have the following estimate:

Theorem 5.3. Assume the multiplier condition (5.17) and the time condition (5.22). Then
there exists A > 0 such that for ¢ as in (5.23), there exist so = so(m) > 0 and a positive constant
M = M(m) such that for all p € L2, (), for all s > so and for all w € L*(=T,T; H}())
satisfying Ofw — Aw + pw € L2((=T,T) x Q) and d,w € L*((-T,T) x I),

T T
8/ / e (|0ywl* + |[Vw|?) dzdt + 53/ / e**?|w|? dxdt
-1 Ja -1 Jo

T T
< M/ / e**?|0w — Aw +pw\2dxdt+Ms/ /625” 0,w|* dodt, (5.24)
-7JQ -7Jr

If w furthermore satisfies w(0,-) =0 in Q, one also has
T
31/2/ ¢?*?(9)9,w(0)|? dz < M/ / e*%10%w — Aw + pw|? dadt
Q -t Ja

T
+ Ms / / e*? |9,w|* dodt. (5.25)
-TJT

As stated, Theorem 5.3 can be found in our recent work [BDBE13], but it is used in several
places in the literature. Estimate (5.24) can be found in the articles [FI96, Ima02| and is also
deeply related to other Carleman estimates for hyperbolic equations, see e.g. [Zha00, FYZ07].
The additional estimate (5.25) is hidden in [IY01, TY03b, Bau].

Theorem 5.3 gives Carleman estimates for the wave operator with a potential in L ().
This actually follows easily from the Carleman estimates (5.24)—(5.25) with potential p = 0 by
choosing so(m) = max{sy(0), s1(m)} with s1(m)3 = 2M (0)m?.

One can apply (5.25) to w = 0,z = 9, (y[p?] — y[p®]) in (5.9) extended oddly on (=T, 7). We
then obtain,

2

< 2M ||e**8,y[p”](p" — p

an |12
§1/2 ‘ )HL2(0,T;L2(Q))

esgo(O)yO (pa . pb) ‘

L2 ()
s 2
+2Ms He (pat('%(pa) - %(pb))HLQ(O,T;L%F)) .
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Using that for all z, t — ¢(t,x) decays on [0, T, we get, instead of (5.16),

2
(/210 Iyl = 2M 1949l 2 0 11 ) e 0" = 7)]

< 2Ms | e*¢0, (A (p*) — M

L2(Q)

2
(pb))||L2(O,T;L2(F)) . (526)
Using (5.19) and (5.20), we can take s large enough so that the left hand-side becomes positive,
thus yielding (5.21).

Remark that this proof mainly consists in considering (5.15) in the weighted norms corre-
sponding to the Carleman estimates. Namely, looking at the Carleman norms with parameter s,
Co(%y,) in the corresponding version of (5.14) would be of the form 2M (m)/+/s, which can be
made arbitrarily small by taking s large enough, so that the corresponding weighted version of
(5.15) is satisfied.

5.2 A reconstruction algorithm

5.2.1 Statement

The idea now is to take advantage of the Carleman estimate of Theorem 5.3 to design a recon-
struction algorithm for the potential from the knowledge of the flux of the solution.

To be more precise, we assume that we want to recover the potential P € L*°(€2), on which
we have an a priori estimate of the form

HPHLOC(Q) <m. (5.27)

We denote by Y the corresponding solution to (4.1) with potential P, and we call .#(P) the
corresponding measurement of the flux on (0,7") x I, still under the geometric conditions (5.17)—
(5.18).

We also assume that Y satisfies the regularity assumption

Y € H*(0,T; L>(Q)), (5.28)

and that the initial condition yo enjoys the positivity condition (5.20).
An iterative process. To reconstruct P from .#(P) (= 0,Y[P]|(o,r)xr), we propose the
following algorithm:

e Initialization: p° = 0.

e Iteration. Given p*, we set pj, = 8, (8,y[p*] — 9,Y[P]) on (0,T) x T', where y[p*] denotes
the solution of (4.1) with potential p*.
We then introduce the functional J . [px,0] defined, for some s > 1 that will be chosen
independently of k, by

I .
Is i [, O] (w) = %8 /0 /9625“’|8ttw — Aw + pFw|? dedt

1 T
+ 7/ /625“”|8,,w — ug|? dodt, (5.29)
2Jo Jr
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on the trajectories w € L2(0,T; H}(R)) such that 9w — Aw + pFw € L2((0,T) x ),
d,w € L*((0,T) x T') and w(0,-) = 0 in €.
Let W* be the unique minimizer of the functional J ,« |1k, 0], and then set

N 9, W*(0, -
et BVH0.)

) 5.30
p " (5.30)
where yo is the initial condition in (4.1).
Finally, set
vz € Q, () = T (3 (x)),  where Th(p) = 4 © iflpl <m, g gy
’ " ’ " sign(p)m,  if [p| = m. '

According to Theorem 5.3, the above algorithm is well-posed provided that we choose § in
the construction of the weight function (5.23) such that (5.22) is satisfied. Indeed, in that case,
Theorem 5.3 implies that for all £ > 0, the functional J, ,«[1x,0] in (5.29) is coercive and strictly
convex and therefore possess a unique minimizer.

With L. Baudouin and M. de Buhan we obtained the following convergence result:

Theorem 5.4 ([BDBE13]). Assuming the multiplier condition (5.17), the time condition (5.22),
the positivity condition (5.20), the regularity condition (5.28) and the a priori assumption (5.27),
there exists a constant M > 0 such that for all s > so(m) and k € N,

M
/ o252(0) (pk—H . P)Q dr < 7/ e2sw(0)(pk _ p)Q de. (5.32)
Q s Ja

In particular, when s is large enough, the above algorithm converges.

Let us emphasize that this algorithm is constructive. Indeed, each iteration consists in a
minimization of a quadratic strictly convex functional. Besides, the algorithm converges with no
initial a priori guess. This is a great advantage compared to the classical methods for solving this
inverse problems usually based on a non-linear least square method, see for instance [GGS13],
i.e. on the minimization of the functional

T
NM:A AWWM—&YWWWﬁ, (5.33)

y[p] being the solution of (4.1) corresponding to potential p. But this minimization problem is
not convex and may have several local minima. Therefore, classical minimization algorithms are
not guaranteed to converge to the global minimum of J if the initial guess is not close to the
target potential P. We will later comment on the possible applicability of the above algorithm
into numerics. But one can already see that, due to the presence of double exponentials in the
functionals J p, [ttr, 0], the numerical implementation of the above algorithm is not straightfor-
ward.

5.2.2 Sketch of the proof of Theorem 5.4
The idea beyond the algorithm presented in Section 5.2.1 is to try to estimate

wy, = 0y (y[p*] — Y[P])
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which satisfies:

Oppwy, — Awy, + pFwy, = 0, Y [P)(P — p*), (t,x) € (0,T) x Q,
wg(t,z) =0, (t,x) € (0,T) x 092, (5.34)
('UJk;<O,'),8t’LUk(0,')) = (OvyO(P_pk))’ T e Qa
while its flux on the part I' of the boundary is
dywi(t,x) = pg(t,x), (t,z) € (0,T) x T. (5.35)

The idea then is to try to estimate wy solution of (5.34) from the knowledge of its flux py on
the boundary I". The problem is that we do not know a priori the source term in (5.34). As
the proof of the stability result given in Section 5.1.4 indicates that the source term in (5.34)
brings less informations than the normal derivative on (0,7") x I', we can therefore simply try to
approximate wy by minimizing the functional J . [px,0] in (5.29), i.e. by trying to fit w with
the flux condition d,w ~ ju;, and the source term Oyw — Aw + pFw ~ 0.

Indeed, by construction, setting g, = 9;Y[P](P — p*), w;, minimizes the functional

1 /7
I pr [1ks 9] (w) = —/ /6259"|8ttw—Aw +pkw—gk|2dxdt
? 25 0 Q
1 (T
—|-*/ /625“0|8,,w—,uk\2 dodt, (5.36)
2Jo Jr

over the set of w € L2(0,T; H}(Q)), Ouw — Aw + pFw € L2((0,T) x Q), d,w € L?((0,T) x T)
and w(-,0) =0 in .

Therefore, comparing wy to W amounts to compare the minimizers of J, . [px, gr] and
Js pr 111, 0]. But using the Carleman estimates (5.24)—(5.25), one easily shows that for all p €
L (), there exist positive constants so(m) and M = M(m) such that for s > so(m), p €

L%((0,T) x ') and g%, g* € L?((0,T) x Q), the minimizers w® of J ,[i1, g%] and w® of J p[u, ¢°]
satisfy:

T
81/2/ 22919, (0) — Byw®(0) > da < M/ / e¥5%|g® — g°|* dudt. (5.37)
Q o Ja

Using (5.37) for p = p* and g% = gx, g* = 0, we readily obtain

T
st/2 / (99,105 (0) — 9, W (0)|? dzz < M / / % gp|* dadt. (5.38)
Q 0 Q

Therefore, using dywy, (0) = yo(P—p*), setting 5! as in (5.30) and bounding the right hand-side,
we obtain

2 M (|0yY [P|[72( 1 2

s1/2

L2(Q)

estp(O) (P _ ﬁk+1) ‘

0P - |

L2(Q) infq [yo|?

The last step of the iteration argument only guarantees that pF+1 stays in the set L%om(Q) Of

course, due to the a priori estimate (5.27), the last estimate also holds for p**!, thus concluding
the proof of Theorem 5.4.
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5.3 Comments

5.3.1 On the geometric control condition

Designing a convergent algorithm similar to the one in Section 5.2.1 under the sharp geometric
control condition of [BLR88, BLR92| is an open problem, though, as we have said, [SU13|
obtained a stability result under this sharp geometric control condition and the assumption that
the domain can be foliated with strictly convex surfaces. Basically, this condition is needed to
get local Carleman estimates guaranteeing uniqueness.

This condition therefore reminds the one in [Tat96] for the unique continuation of the wave
equation when lower order terms are allowed. Though analyticity of the operator implies unique
continuation thanks to the classical Holmgren’s uniqueness theorem, see e.g. [Hor63], the situa-
tion is way more intricate when the coefficients in the lower order terms are only assumed to be
Cps- In that case, unique continuation across non-characteristic surfaces holds if the surface is
strictly pseudo-convex [Tat96], while it may fail otherwise [AB95].

A typical problem where this plays a critical role is for the observability of the wave equation
with potentials p depending on both time and space variables. When the potential p € L>(Q)
depends on the space variable only, observability holds under the GCC, thanks to the propagation
of singularities [Leb94]| and the propagation of regularity [MS78, MS82]. Actually, in [DE],
B. Dehman and myself have slightly improve that result to potentials L(Q) for ¢ > max{d,2}
in the case of a distributed observation, showing in particular that the observability constant is
uniform in balls of L%(Q2) for ¢ > max{d, 2}.

But when the potentials depend on both time and space variables, the situation differs dras-
tically: when the geometric control condition of [BLRS8S]| is satisfied, observability is known for
potentials p which are analytic in the time variable with values in L>°(Q), see [RZ98, Tat95];
when the Gamma conditions (5.17)—(5.18) are satisfied, observability holds for potentials in
L>(0,T; L4(2)) as an immediate consequence of the Carleman estimate in Theorem 5.3.

Back to the observability problem (4.1)—(4.2), one could argue that the potential p only
depends on the space variable. However, the source term depends on both time and space
variables, thus requiring the use of local Carleman estimates to get uniqueness.

Keeping that in mind, in [DE], we nevertheless considered the problem of recovering an initial
data from a measurement when doing an error on the potentials, assumed to depend only on
the space variable, with an algorithm in the spirit of Section 3.5. There, we managed to show
that the errors on the potentials only create minor errors on the high-frequency of the recovered
initial data, with quantified estimates on the error, see [DE, Theorem 1.3| for precise statements.
However, these ideas do not seem to be adaptable to solve the inverse problem (4.1)—(4.2).

5.3.2 On the numerical approximation of the algorithm

As we said, our proposed algorithm is based on the minimization of quadratic convex functionals
at each iterations. We therefore expect it to be well-suited for numerical implementations.
However, the functionals (5.36) contains weight functions involving double exponentials. This is
numerically intractable.

With L. Baudouin and M. de Buhan, we are currently investigating the possibility to derive
efficient numerical algorithms to compute the potential P based on the proposed algorithm in
Section 5.2.1. In order to do that, we have first removed one of the exponentials and replaced
the function ¢ in the functionals by . This can be done following basically the same ideas as
the one developed here, to the price of adding some new terms in the functional supported in the
set {¢ < 0}. Actually, this was the weight function used to prove stability results for a similar
inverse problem in [TY01].
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But it is still not enough to guarantee the good behavior of the algorithm as we prove that it
converges for sufficiently large parameters. We therefore propose to work only on the conjugated
variable e*¥w. This has the advantage of removing all the exponentials from the equations of
W = e*¥w, acting as a preconditioner. Also note that we could try to derive a more “step by step”
algorithm by trying to first get good approximations of the potential P close to the observation
set. We are currently exploring these ideas numerically.

Let us also mention that here we do not mention the difficulties arising from the discretization
effects, which provide several new phenomena that should be handled as well, see next chapter.



Chapter 6

Convergence issues for the inverse
problem (4.1)—(4.2)

6.1 Introduction

6.1.1 Presentation of the problem

In this chapter, following the works [BE13, BEO], our goal is to discuss convergence issues for
the inverse problem (4.1)—(4.2) and its numerical approximations.

To be more precise, we assume that we have a potential P satisfying the bound (5.27) with
some parameter m > 0, for which we know that the corresponding trajectory ¥ = Y[P] of
(4.1) satisfies the regularity assumption (5.28) and we know the measurement .#(P). We also
assume that the initial condition yo satisfies the positivity condition (5.20), and we furthermore
assume that we are in the geometric setting of Theorem 5.2, i.e. that (T',,T) satisfies the
Gamma-conditions (5.17)—(5.18).

When trying to numerically compute the potential P, it is natural to discretize the wave
equation (4.1) and then to try to fit the approximation of the flux given numerically with .# (P)
by suitably choosing the discrete potential. To be more specific, we consider a space semi-discrete
approximation of the wave equation (4.1), that we write for simplicity

Owyn — AnYn + pryn = fn, (t,zn) € (0,T) x Qp,
yn(t, zn) = fo,n, (t,zn) € (0,T) x 0Q, (6.1)
(yn(0,-), 0wyn(0,-)) = (Yon, y1n), zn € Qp,

where €2, is a mesh approximating € of mesh size h > 0, A}, is an approximation of the Laplace
operator, and yp, Pn, fn, fa,n, Yon, Y1n denote suitable approximations of y, p, f, fa, yo, ¥1-
Precise statements will be given later in the chapter.

We also introduce an approximation of the flux on the boundary 9, ,yn, and define

My (pr) = Oy nyn(t, zn) for (t,zp) € (0,T) x 'y, (6.2)

where I'}, is an approximation of T'.

In the sequel, we address the following issue: if p, is a sequence of discrete potentials in
L% (Qy) with [[pppeq,) < m such that .#),(ps) converges to .#(P) as h — 0 in a suitable
topology, do we have the convergence p, — P as h — 07

45
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Though such a statement would be very natural, it turns out that it is difficult to verify. This
is due to the possible presence of spurious high-frequency waves in the numerical approximations
(6.1), see e.g. [Tre82], [Zua05] for the consequences on the observability problems and Section
6.1.2 afterwards for more comments. Also note that there is a priori no reason for this convergence
issue to be independent of the numerical scheme employed for discretizing (4.1).

In order to study the convergence of the discrete inverse problems, we will follow the classical
strategy of Lax and rely on the two following properties:

e Stability of the discrete inverse problems. The discrete counterpart of the stability estimate
(5.21) has to hold uniformly with respect to the discretization parameter h.

e Consistency of the discrete inverse problems. For any potential P satisfying our assumption,
there exists a sequence of potentials py, such that .4}, (py,) converges to .# (P) (in a suitable
topology).

Of course, the most difficult part of the argument is the uniform stability of the discrete
inverse problems. This will be done following the strategy developed in the continuous case,
recall Sections 5.1.3-5.1.4. In particular, this will led us to develop Carleman estimates for space
semi-discrete wave equations, which have to hold uniformly with respect to the discretization pa-
rameter. In order to do this, we will follow the computations made in [Bau] in the discrete setting,
and develop discrete computations in the spirit of the discrete Carleman estimates derived in
[BHLR10a] for elliptic equations, and further developed in [BHLR10b, BHLR11, BR13, EdG11]
(see also [KS91] for an earlier elliptic discrete Carleman estimate, but with a non-optimal re-
striction on the Carleman parameter).

Similarly as in the continuous case, see Section 5.1.1, we start by studying the observability
properties of the discrete wave equation, that we briefly recall hereafter. We then present discrete
Carleman estimates for the 1d wave equation discretized in space using the finite-difference
method.

6.1.2 Observability properties of space semi-discrete wave equations

Let us focus on the case of the 1d wave equation

Oppw — Aw = 0, (t,xz) € (0,T) x (0,1),
w(t,0) = w(t, 1) =0, te (0,7), (6.3)
(w(0,-), Ow(0,-)) = (wo,w), z € (0,1),

observed from the boundary x = 1, i.e. observed from d,w(t, 1), t € (0,T). It is well-known that
this observation operator is admissible and that observability holds for T > 2, see [Lio88a]. This
can be proved (for T' > 2) using for instance the multiplier technique, i.e. multiplying equation
(6.3) by xd,w and integrating. We then obtain

T

1 T
2 [ wouit)di)da| + [ 0000) iy a0 @

0
_ /T Bpw(t, ) dt. (6.4)
0

Using that the energy of solutions of (6.3) is preserved, we immediately obtain the observability

inequality
T

(T—®Mww®ﬁmmymmmﬁé Dt 1) dt. (6.5)
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Let us then present what happens for the space semi-discrete wave equation, discretized
using the finite difference method. For N € N*, we set h = 1/(N + 1) and (0,1);, = {jh, j €
{1,---,N}}, [0,1)y, = {jh, j € {0,--- ,N}}. For x}, € (0,1)p, we define

iz (wh(zh + h) +wp(zn —h) = 2wp(28)) -

Apwp(zh) = .

The semi-discrete approximation of the wave equation (6.3) then reads as follows:

attwh — Ah’wh = O (t,xh) S O T) (0 1)
wn(t,0) = wa(t, 1) = te (0,T), (6.6)
(wh ) 8twh( )) (th,wlh), Ty € (07 1)h

To go further, it is convenient to introduce some notations. For xj, € [0,1), we define

wp(xp + h) — wp(ap)
h

8,Twh(xh) = :(“),;wh(a:h—kh)

We also introduce L?((0,1)) (respectively L?([0,1)5)) the set of discrete functions wy, defined
for xp € (0,1), (resp. xp, € [0,1)), which we endow with the norms

||wh||iQ((O’1)h) =h Z lwp (21,)]?, (rebp ”wh”L2 (0,1 =N Z |wp (x) )

z,€(0,1)n zp€[0,1)n

We similarly introduce L*°((0,1)5,) and L>°([0,1)5) endowed with the norms [[wl|pw((o1),) =
Sup(o,1y, |wp (xp)| and HwhHLOO([0,1)h) = supyo, 1), |wp (xr)], respectively.
As in the continuous case, solutions wy, of (6.6) have constant energy:

2
En(t) = 10on ()32 0.1 + 10 00050 17, = Enl0): (6.7)

Following [IZ99], we can then mimic the multiplier method in (6.4)—(6.5) and derive:

T
(T — 2)E}(0) g/ 10, w(t, 1)[>dt + = / | ho; atwhHLz (0. - (6.8)

The newly created term
17 2
+
; /0 |0 Buwn e g, (6.9)

cannot be absorbed by the left hand-side of (6.8) uniformly with respect to h > 0. To be more
specific, [1Z99] proves that for all T' > 0,

T
/ 10 w(t, 1)[2 dt
i e 0 0. 6.10
RS0 solving (6.6) E,(0) .

To show that it goes to 0 faster than any polynomial (Actually, it goes to 0 as exp(—c/h), see
[Mic02].), one can construct Gaussian beam solutions of the equation (6.1) traveling at a velocity
close to 0 and concentrated away from the observation set = 1, see e.g. [MZ10], as illustrated
on Figure 6.1.

This can also be seen from (6.8). As high-frequencies in a mesh of size h are of the order of
1/h, the operator h@; is of the order of 1 at frequencies £ ~ 1/h, so that for high-frequencies,
the term (6.9) is of the order of the energy.
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Figure 6.1: A discrete wave packet and its propagation. In the horizontal axis we represent the
time variable, varying between 0 and 2, and in the vertical one the space variable x ranging from
0to 1.

However, at frequencies & = o(1/h), the operator hd; is of the order of o(1) and the term
(6.9) can be absorbed from the left hand-side of (6.8) for T large enough.

For this reason, the operators hc’)}JLr weakly converge to 0 as h — 0. In particular, considering
the term (6.9) as a reinforcement of the observability operator, the observability inequalities (6.8)
for (6.6) converge to the observability inequality (6.5) for (6.3).

Therefore, in the following, we will consider that the discrete version of the observability
inequality (6.5) for (6.3) is the observability inequalities (6.8) for (6.6) containing the additional
term (6.9).

6.2 Discrete Carleman estimates

This section aims at presenting the counterpart of Theorem 5.3 for the discrete wave equations
(6.3), obtained with L. Baudouin in [BE13].

Theorem 6.1 ([BE13|). Let Q = (0,1), I' = {1}, and assume the multiplier condition (5.17) and
the time condition (5.22). There exists A > 0, such that for ¢ as in (5.23), there exist so > 0,
ho > 0, a positive constant M and € > 0 such that for all h € (0, hg), for all s € (so,e/h), for
all wy, € H*(=T,T; L*((0,1)3)) with wy,(t,0) = wp,(t,1) = 0, we have

T
s 2 sp o+ 2
s/,T (He Lpatwh”LZ((O,l)h) + ||e ‘pah wh||L2([0,1)h)) dt

T T
N Ss/T le*Pwn2e o1y, dt < M/T €% (Brewn — Anwn)1 72 0.1y, Ut

T T
S — s 2
+ Ms /JF |le*? D auy, (¢, 1) 2 dt + Ms [T lle wha,jatwh||m([071)h) dt. (6.11)

If wy, furthermore satisfies wp(0,-) = 0 in (0,1)p, one also has

2
§1/2 ‘ 520 9,0, (0, .)‘

L2(

T
2
(071)’1) S M/—T ||es¢(attwh - Ahwh)||L2((O,1)h) dt

T T
- 2
+ Ms /_Tlesm,l)ah wy(t,1)[?dt + Ms /_THewha,jatwhHLz([o’l)h) dt. (6.12)
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The proof of Theorem 6.1 follows the one of Theorem 5.3 and mainly consists in discrete
integration by parts, carefully following the computations similarly as in [BHLR10a]. However,
the discrete integrations by parts create a new term compared to Theorem 5.3, namely

T
s/_T |\es<f’ha,jatwh||;([oyl)h) dt, (6.13)
which has to be compared with (6.9).

Due to the results presented in Section 6.1.2, this term is needed. Otherwise, one would have
a contradiction with (6.10). Besides, it is at the right scale. Indeed, at frequency &, ha,j ~ £h,
so that the additional term (6.13) can be absorbed by the left hand side of (6.11) if £ = o(1/h),
while it cannot be absorbed for frequencies of the order of 1/h.

Another difference with Theorem 5.3 is that the parameter s in Theorem 6.1 cannot be taken
arbitrarily large and is limited to some threshold /h. This is due to the fact that

eSO (€%7) = s, + Ox(sh). (6.14)

Therefore, to mimic the computations of the continuous case, one should assume sh < €y, where
e) depends on A exponentially. Also note that these limitations on the size of the Carleman
parameters also appear in the discrete Carleman estimates derived in [BHLR10a, BHLR10b,
BHLRI11, BR13, EdG11].

As in the continuous case, the discrete Carleman estimates (6.12)—(6.11) can be used as well
for the wave operator with bounded potentials p, € L*((0,1)n) with [|pal|pc((o1),) < m by

taking s larger than (2Mm?)'/? if necessary.

Let us also point out again that, as h — 0, the discrete operator h@;{ weakly converges to
0 (in some appropriate sense). Therefore, one can derive Theorem 5.3 by passing to the limit
h — 0 in the discrete Carleman estimates in Theorem 6.1.

Finally, we would like to point out the remark used in [CFCM13] that if we were consid-
ering other discretization methods for which the discrete solutions automatically embed into
H2((=T,T) x Q), then the Carleman estimate of Theorem 5.3 can be used directly. But this
strategy requires the use of very regular spaces of discretization, and therefore makes the numer-
ical implementations possibly costly.

6.3 Convergence and stability results

Based on the discrete Carleman estimates derived in Theorem 6.1, one can follow the arguments
developed in the continuous case, recall Section 5.1.4, to deduce stability results for the discrete
inverse problem (6.1)—(6.2).

However, we have to take into account the additional term (6.13). This naturally leads us to
introduce an extended observation operator .4, defined for p, € L>=((0,1),) by

M (pr) = (05 yn(-, 1), R, dpyn) € L*(0,T) x L*(0,T; L*([0,1)1,), (6.15)

where yp, = yn[pn] denotes the solution of

OstYn — AnYn + PrYn = fhs (t,zn) € (0,T) x (0,1)p,
yh(ta O) = th(t)a yh(t7 ]-) = flh(t)a te (OaT)> (616)
(yr(0,-), 0cyn(0,-)) = (Yon, y1n), zp € (0,1)n

We then derive the following stability result:
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Theorem 6.2 ([BE13]). Lety >0, m >0, K >0, T > 1, and assume that the initial data yop
satisfies

inf >, 6.17
nf [yon| > (6.17)

the potential p§ € L>((0,1)) satisfies
P51l Loe ((0,1),) < 7705 (6.18)

and the corresponding solution yn[p}] of (6.16) belongs to H'(0,T; L>((0,1))) and satisfies

lyn il e 0,72 ((0,1)n)) < K- (6.19)

Then there exists a constant C' depending only on v, m, K, and T such that for any potential
pb € L>=((0,1),) with le;LHLw((O,l)h) <m,

1 b - > (b
] - <\|.z.00) - 4, H . 6.20
C th thL?((O,l)h) = H h(ph) h(ph) HY(0,T)x L2(0,T;L2([0,1)1)) ( )

The new discrete measurement operators M), contains an additional observation of the dis-
crete solution (6.16) supported everywhere in the domain. But as we have said, the second
component of the observation operator .4} weakly converges to 0 as h — 0 and this will there-
fore not significantly modify the expected convergence result. Consequently, for p € L°°(0,1),
we introduce the operator

Mo(p) = (9y(-,1),0) € L*(0,T) x L*(0,T; L*(0,1)),

where y = y[p] is the solution of

atty_Ay+py:f7 (t,.’IJ) € (0>T) X <071)7
y(t,0) = fo(t), y(t,1) = fi(t), (t,z) € (0,T), (6.21)
(y(O’ ')a 8ty(0, )) = (y07y1)a T e (07 1)

To state our convergence result, we need to be able to compare L?([0,1),) with L?(0,1). We
therefore introduce the extension operator e;, extending discrete functions wy, of L%([0,1);,) as
piecewise constant functions taking value wy, (jh) on the intervals (jh, (j+1)h) for j € {0,--- ,N}.
For simplicity, we still denote by M), the operator defined by

M (pr) = 3y, yn( 1), hen (8, dyn)) € L2(0,T) x L*(0,T; L*(0,1)),

where yp, = yn[pn] denotes the solution of (6.16).
Our convergence result then reads as follows:

Theorem 6.3 ([BE13]). Let T > 1, yo such that inf |yg| > 0, and assume that (yo,y1)

HY(0,1) x L2(0,1), f € L}(0,T; L2(0,1)), fo, f1 € H'(0,T) with y5(0) = fo(0), yo(1) = f1(0).
Let P in L>(0,1), and assume that y[P] belongs to H*(0,T;L>(0,1)). Then there exists a
sequence of discrete data (Yon,yin), frn, (fon, fin) only depending on (yo,y1), f and (fo, f1) with

inf inf >0,
;LI;O Ih,ér[%),l]h, |y0h(37h)|

and such that:
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e Consistency: there exists a sequence pp, € L>°((0,1)) for which
lm sup ([pall poo 0,1),) < 90
h—0 _ ~
lim |20 (o) — Ao (P)| =0,
B0 n(Pn) o(P) H(0,T)x L2(0,T;L2(0,1))
lim supy,_, ||3/h[Ph]||H1(0,T;L°°((0,1),,,)) <0

e Convergence: any sequence pp, € L>=((0,1)y,) for which

lim sup ([pal| oo ((0,1),) < 0
h—0

lim || Mo(P =0 (6.22)
0 H n(pn) = Aol )HHl(O,T)><L2(0,T;L2(0,1)) -
converges to P in L?(0,1) in the following sense:

lim [len(p) — P30, = 0. (6.2

Theorem 6.3 states that if we manage to find discrete potentials ps such that M, (pn) con-
verges to .#(P) with ep(ps,) uniformly bounded in L°°(0,1), then e,(ps) converges to P in
L?(0,1). The consistency part of Theorem 6.3 shows that it is indeed possible to find discrete
potentials py, such that .4}, (py,) converges to .# (P), so that the convergence result is not empty.

Let us also point out that the discrete systems (6.16) involve choices of discrete data (yon, y1n),
fns (fon, fin). In Theorem 6.3, we only say that such suitable data exist. But these discrete
data can be constructed explicitly from the knowledge of the continuous data (yo,y1), f and
(fo, f1), following for instance the proof of [BEO, Lemma 4.3], basically projecting on the discrete
mesh the continuous solution of (6.21) with p = 0. Another construction was proposed in
[BE13] requiring more assumptions on the set of data (yo,y1), f and (fo, f1), guaranteeing in
particular that y[P] belongs to C1([0,T]; H'(0,1)) so that Sobolev’s embedding automatically
implies y[P] € H(0,T; L>(0,1)), see Section 4 in [BE13].

6.4 More general geometric setting

In [BEO], in collaboration with L. Baudouin and A. Osses, we extended the analysis carried out
above to the multidimensional case for rectangular domains when the wave equation is space
semi-discretized using the finite difference method on a uniform mesh. The new difficulty is that
now the geometry plays an important role, as there are observation sets I' which do not satisfy
the geometric condition (5.17). We therefore discuss two cases:

e When (T',Q) satisfies the geometric condition (5.17). In that case, we obtain Lipschitz
stability results similar to the ones in Theorem 6.2.

e When (T',) does not satisfy the geometric condition (5.17). In this case, we develop
arguments similar to the ones in [BY06, Bel04].

6.4.1 Under the geometric condition (5.17)

This case is very similar to the one presented above in the 1d setting. The main difficulty is to
derive a Carleman estimate for the space semi-discrete wave equation discretized using the finite-
difference method on a uniform mesh. This is done similarly as in Theorem 6.1 and presents the
same features:
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e The presence of an additional term similar to (6.13) taking care of the high-frequency
components of the solutions.

e The limitation of the parameter s of the form sh < e for some € > 0.

We do not write the explicit details as it would require the introduction of several notations, and
we refer to [BEO, Section 2| for precise statements and proofs.

Once this is done, we can derive convergence results similar to the ones in Theorem 6.3. But
the condition y[p] € H(0,T;L>(Q)) in (5.19) is not easy to deal with, as the regularity of a

solution y[P] of the wave equation (4.1) is rather quantified in spaces of C([0,T]; H(50+)1(Q)) N

cL([0,T]; H{)(€2)). In dimension d, it is therefore natural to assume y[P] € C([0,T7; H(do/)HE(Q))
for some ¢ > 0. In dimension 2, this leads us to assume that y[P] € C1([0,T]; H*(2)) (here we
made the choice of restricting ourselves to integer regularity levels). This corresponds to a
regularity of the form y[P] € C°([0,T]; H3(2)) N C3([0,T]; L3(£2)) corresponding to (yo,%1) €
H3(Q)x H2(Y), f € N2_ WH1(0,T; H>~*(Q)) and fy € H3((0,T) x 92) with compatibility con-
ditions at t = 0, € 9Q and P € H'(Q). Under these regularity assumptions, the compatibility
conditions at time ¢ = 0 implies that

et f0(0,2) — Ayo(z) + Pyo(x) = f(0,z), VY € .

so that P|aq is also known (recall that infg yo > 0).

Therefore, to state a convergence result similar to Theorem 6.3 in 2d, it is natural to assume
P e HY(Q) N L*®(Q) and that its trace on the boundary P|sq is also known. Remark that this
latter condition is not too demanding in practice when the boundary is accessible and it still
makes sense for the inverse problem (4.1)—(4.2). When Q is a 2d rectangle, we indeed obtain
such convergence result in [BEO, Theorem 1.6] under the following assumptions on the potential
P and the observed trajectory y[P] of (4.1):

e 1y is strictly positive on Q, infg |yo| > 0,

o (yo,y1) € HY(Q) x L*(Q), f € L'(0,T;L3(R)), fo € H*((0,T) x Q) with y0(0) = fo(0),
yo(1) = £1(0),

o y[Pl € H'(0,T; H*()) N H*(0,T; H'()),
e Pc HY(Q)NL>®(Q) and P is known on the boundary 9Q: Plsq = pa-

Under these assumptions, we obtain the same convergence result as in Theorem 6.3. Details can
be found in [BEO].

6.4.2 When the geometric condition (5.17) is not satisfied

We still focus on the case of 2 being a 2d rectangle, and now I' is a part of the boundary which
does not satisfy the geometric condition (5.17). In that case, we shall first recall what can be done
in the continuous setting. To our knowledge, the best result available is due to M. Bellassoued
in [Bel04]. Below we state a slightly improved version of it:

Theorem 6.4 ([Bel04], revisited in [BEO]). Assume that there exists an open subset I'y C 99
of the boundary 0) and an open subset w of Q such that:

o I' C Ty and (T'1,0) satisfies the condition (5.17);
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e w contains a neighborhood of 'y in 2, i.e. for some § > 0,

I's:={xeQ, withd(z,I'1)<d} Cw. (6.24)

Let p* be a potential lying in the class A(P,,,m) defined for P, € L*™°(w) and m > 0 by
A(Py,m) ={p € L™(Q), s.t. plo =P, and |pllpeiq) < m}- (6.25)

Let yo € HY(Q) satisfying the positivity condition (5.20) and assume that y[p®] solving (4.1)
satisfies the regularity condition

y[p®] € HY(0,T; L°°(Q)) nW21(0,T; L*(Q)). (6.26)

Let « > 0 and M > 0. Then there exist C > 0 and T > 0 large enough such that for all
p® € A(P,,,m) satisfying

p* —p° € HY(Q) and | —pb”H&(Q) <M, (6.27)

we have 4 [p*] — #[p*] € H*(0,T; L*(T")) and

C 14+«
log | 2 + ' 6:28
< |4 [p2] — ///[pb]IIHl(o,T;m(r»ﬂ .

The geometric setting of the stability result in Theorem 6.4 is important. The set I' is an
arbitrary (non-empty) open subset of the boundary 9. This observation set is included in a
part T'; of the boundary satisfying the geometric condition (5.17), and in a neighborhood of
which the potential is known.

The idea underlying Theorem 6.4 is that in w, as the potential is known as p® = p® = P,, in w,
we can derive an estimate on y[p?] —y[p®] in w from the measurement .# [p®] —.# p°]. This is done
using the Fourier-Bros-Iagoniltzer (FBI) transform which links solutions of the wave equation
with solutions of an elliptic PDE. The critical ingredient of the FBI transform is the following:
taking the convolution of a compactly supported function w(t) with an analytic approximation
of the identity given by px(t) = Ap(At), the distribution

p" _prLz(Q) <C

WA = s ult) = [ par)ut—r)d -
converges to w in 2’'(R), while it can be extended to a neighborhood of R in C by the formula
Wit + is) = /RpA(T Fisyw(t—1)d T (6.29)
The interest of this formula is given by the following computation:

D WA(t +is) — /Ras (pa(r +18) Wt — 1) dr

i/ Or (pa(T +1is))w(t — 1) dr
R

= / px(T +1s)(10,)w(t — 7) dr.
R
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In particular, two derivatives of w in ¢ correspond to two derivatives of W (¢ + 1is) in s but with
a change of sign. Using this property for w = 9;(y[p®] — y[p®]) (actually, it has to be suitably cut
off in time, but we omit this for simplifying our presentation), and considering the time variable
t as a parameter, we are then back to an observability problem for W solving an elliptic type
PDE

—0ssWx — AWy + p*Wy =0 in w, (630)

with W), vanishing on Iy and with known estimates on 9,W) for s € R and x € I'. We can
therefore use classical Carleman estimates (see e.g. [H6r85]) to deduce estimates on Wy close to
s = 0 from the estimates of its normal derivative in I" and an a priori estimate on Wy. We then
use that the trace of W, at s = 0 contains some informations on w thanks to the convergence
Wi(-+1i0) = w as A — oo. Optimizing the parameters in the elliptic Carleman estimate, and
the parameter A quantifying the proximity of W) to w, one obtains a logarithmic estimate on
w on (—=T,T) x w from estimates on (—27T,2T) x I'. Now, to conclude the proof of Theorem
6.4, it is sufficient to combine this last estimate with the ones obtained in Theorem 5.2 (slightly
modified to the case of a distributed observation).

Therefore, everything amounts to suitably choose the kernel p in (6.29). In [Bel04], M.
Bellassoued used the classical gaussian kernel

p(t) = exp(—t?/2),

also used in the previous works by [Rob91, Rob95| to quantify the unique continuation property
for the wave equation. This choice proves (6.28) with oo = 1.

To obtain the proof of (6.28) with arbitrary o > 0, we use a more singular kernel p - first
used in [LR97] to estimate the decay rate of the damped wave equation when the damped region
does not satisfy the geometric control condition - and defined as the inverse Fourier transform
of exp(—|€|?™) for some suitable choice of n € N. We also refer to [Phul0] where such kernel was
used to improve the quantification of the unique continuation property for the wave equation
proposed in [Rob95].

When trying to adapt the above proof to the case of a semi-discrete wave equation in a square
observed from a part of the boundary T" which does not satisfy the geometric condition (5.17),
we will follow the same strategy. For the clarity of the exposition, we focus on the 2d case, when
the wave equation (4.1) is set on the square = (0,1)? and observed from one non-empty open
subset I' of the boundary and is discretized using the finite-difference method on a uniform mesh.

We do not introduce all the notations needed for the precise statement of the next result, but
we hope that they will be transparent enough for the reader to understand the main idea!.

Theorem 6.5 ([BEO]|). Assume the existence of a neighborhood w C Q of T such that

e w contains a neighborhood of I'y in ), in the sense that it contains some I'y 5 for some
§ >0 (recall (6.24) for its definition,).

e the potential py, is known on 08, and in wy,, where it takes the value P, , € L™ (wp,).

Let p§ be a potential lying in the class Ap (P, n, m) defined for P, 5 € L>(wyp) and m > 0 by

Aw(Pyp,m) = {pn € L= (), s.t. prlw, = Pon and ||ph||Loo(Qh) < m}. (6.31)

!The discrete sets are Qp, = {(ih,jh), i € {1,--- ,N}, j € {1,--- ,N}}, Q; , = {(ih,jh),i € {0,--- ,N}, j €
{17 7N}}y 9;2 = {(lhvjh)v 1€ {1y 7N}7 JjE {0’ 7N}}7 Wh = wmﬂh: th = {(lha]h)v (27]) € {07N+
1} x {1,--- ,N}or (3,5) € {1,--- ,N} x {O,N + 1} }, T, = I' N INp. The discrete derivation operators are
B,tkyh(:vh) = (yn(zp +héx) —yn(zn))/h, k = 1,2. The discrete spaces L?(§y,), L>°(Q,) and H(£},) are discrete
versions of L?(Q), L>°(Q) and H(Q2). We refer to [BEO] for precise definitions.
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Let M > 0 and o > 0. Assume that yor, € H () with infq, |yon| > 0 and that the solution

a

yn[p%] of (6.1) with potential p} satisfies the conditions
ynlpf] € HY(0,T; L™=(Q4)) N W20, T; L2 (). (6.32)

Then there exist C > 0 and hg > 0 such that for T > 0 large enough, for all h € (0, hg), for all
pb € Ap(Pyn,m) satisfying

ph = pz on 0Qy, and sz —pl,’LHHl(Qh) <M, (6.33)

we have

1

C 1+a
log | 2+
( ||///h[p2] — M [pZ]HHl(O,T;LQ(Fh))>1

+ ChY Ot 4 Ch Z Ha;tk@ttyh[pi] - 3;—:;@6&%[172]‘
k=12

1Pf _pZHLQ(Qh) g

L (630)
L2(0,T5L2%(2, )

The proof of Theorem 6.5 follows the one in the continuous case, and in particular uses the
above FBI transform for space semi-discrete approximations yy, [py] of the solutions y[p] of (4.1).
At this step, one strongly uses the fact that the FBI transform only acts on the time variable.
It therefore does not induce any modification on the space semi-discrete approximation, and we
can use elliptic Carleman estimates for the semi-discrete operator —0ss — Ap, + p} in wy, instead
of (6.30). We can therefore use the Carleman estimates in [BHLR10a, BHLR10b] and follow
the same arguments as for Theorem 6.4, combining a logarithmic stability result to estimate
wp, = O (yn[p%] — ynph]) in wy, from the difference of the measurements .}, [p¢] — .4, [p%], and
the discrete Carleman estimate obtained in Theorem 6.1.

Nevertheless, let us emphasize that new terms appear in the stability estimate (6.34) com-
pared to the stability estimate (6.28): a penalization term corresponding to (6.13), already
appearing under the geometric condition (5.17), and the new term Ch'/(1+e)

Of course, the penalization term corresponding to (6.13) is remanent from the Carleman
estimate obtained in Theorem 6.1 and needed to handle the spurious high-frequency solutions of
the space semi-discrete approximation of the wave equation. The term Ch'/(+%)  however, is
less clear at first glance. It actually comes from the restriction on the parameter in the discrete
Carleman estimates obtained in [BHLR10a, BHLR10b|. If 7 denotes the Carleman parameter
used for the semi-discrete elliptic equation —0ss — Ap, + pf, it is limited to the threshold e/h
for some € > 0. We already have seen this condition in Theorem 6.1, and already explained its
origin. But in the proof of Theorem 6.5, this restricts the possible choices when optimizing the
parameters. We therefore remark that when the optimization of the parameters would require a
choice of the Carleman parameter 7 larger than €/h, we can simply choose it as €/h, and this
gives (6.34).

Let us finally point out that the stability estimate (6.34) does not produce strictly speaking
a stability estimate, but rather an approximate stability estimate due to the term Ch'/(1+a),
But this is not too important as this term goes to zero as h — 0. We can therefore still use
the stability estimate (6.34) to deduce convergence results for the corresponding discrete inverse
problems (6.1)—(6.2) in the geometric setting mentioned above, when the potential P is known
not only on the boundary 92 but also on a set w satisfying the conditions of Theorem 6.4. We
refer to [BEO, Theorem 1.6] for the precise assumptions and requirement in that case.
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6.5 Comments

6.5.1 Towards a discrete algorithm to reconstruct the potential

In this chapter, we have derived convergence results for the inverse problem (4.1)—(4.2). This led
us in particular to introduce Carleman estimates for space semi-discrete approximations of the
wave equation (4.1), for which an additional term (6.13) corresponding to a reinforcement of the
observation is needed.

Following the reconstruction result obtained in Theorem 5.4, we can then derived an explicit
algorithm to construct discrete potentials pj, satisfying the convergence conditions (6.22) guar-
anteeing that p, indeed approximates the potential P corresponding to a measurement .# (P).
In order to do this, for instance in 1d with © = (0,1) and I" = {1}, the algorithm presented in
Section 5.2.1 should be slightly modified as follows.

e Initialization: p% =0.

o Iteration. Given pf, we set uy;(t) = 0y (Mn(pf)(t) — 4 (P)(t)) on (0,T). We then
introduce the functional Js,pgg [tk h, 0] defined, for some s > 1 that will be chosen independently
of k, by

I s 2
Js,p,’“1 [Mk,}w 0](wh) = %/O He 4'D(attwh — Apwy, +p§wh)”L2((071)h) dt

1 4 S 1 — 2 s + 2
+ 5/0 (Ie" D05 wn (8, 1) = s DI + [[e*h7 rwn [ 1y, ) s (6:35)
on the trajectories wy, € H?(0,T; L*((0,1)5)) with wy(t,0) = wp(¢,1) = 0 for all t € (0,T) and

wp(0,-) =01n (0,1).
Let W} be the unique minimizer of the functional T pt [tk 1, 0], and then set

B . 9,WF(0, -
k+1:p2+ t h( )

D , 6.36

h Yo (6.36)
where g, is an approximation of the initial condition in (6.1) approximating yg, and
fet1 _ 1 _ I if |p| < m,

Vo, € Qp, pr ' (xn) = TPy (2)),  where T)y,(p) = { sen(p)m, if |p| > m. (6.37)

Using this algorithm, and combining the results in Chapter 5 and Chapter 6, we can prove
that for all A > 0, the discrete potentials p’fL given by the above algorithm converge to some
potential py, in L2((0,1);,), and the sequence of potentials ey, (py,) converges to P in L?(0,1).

We are therefore close to a convergent reconstruction algorithm for solving the inverse problem
(4.1)—(4.2). However, as explained in Section 5.3.2, this is not sufficient numerically due to the
presence of many exponential terms in the functional J; ,, in (6.35) and the requirement s large
to guarantee the convergence of the algorithm. With L. Baudouin and M. de Buhan, we are
currently working on trying to solve this difficulty, to design first a continuous algorithm based
on some Carleman type estimate following the leads presented in Section 5.3.2, and to adapt it to
the new phenomena created by the discretization process to finally design an efficient numerical
algorithm to solve the reconstruction problem for the inverse problem (4.1)—(4.2).

6.5.2 More general approximation schemes

In this chapter, we have presented several results related to the convergence of the inverse problem
(4.1)—(4.2) when solutions of (4.1) are approximated by the finite difference method. As we have
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seen, with this method, we need to introduce a penalization term coming from (6.13) to obtain
uniform stability results for the discrete inverse problems corresponding to (6.1)—(6.2).

But this result depends on the approximation scheme we have used. The same discussion
should therefore be done for other approximation schemes. In view of the literature on the
observability inequality (6.5) for solutions of the wave equation (6.3) and the corresponding
discrete observability inequalities, it may for instance happen that this penalization term is not
needed if one uses the mixed finite element method [CM06, CMMO08, Erv10]. But most of the
approximation schemes used in practice seems to require a suitable penalization term similar to
the one in (6.9), see [Zua05, EZ11c, Erv09, Mil12].

We did not mention either the effects of time-discretization. For what concerns the effects of
time discretization on observability issues for wave-type operators, or more generally for abstract
conservative systems, we refer to Chapter 9. We think that this should give us some insights
on what should be done to handle fully discrete cases. Very likely, the same results as pre-
sented above will hold if an additional viscous penalization term in time is added in the discrete
measurement operator. But this issue still needs to be carefully analyzed.

6.5.3 More general inverse problems

This part only focused on the inverse problem (4.1)—(4.2), but the question we addressed concerns
all inverse problems. It seems that a systematic theoretical study of reconstruction algorithms
and the possible difficulties induced by the discretization effects is missing. For instance, the
same discussion could be done with the Calder6n problem, consisting in recovering a conductivity
from the Dirichlet-to-Neumann map, for which uniqueness and stability is known thanks to the
works [SU87, Ale88|. We did a first attempt on that question in [EdG11], but we only managed
to get a stability result - or rather an approximate stability result - for the discrete Calderén
problems, leaving open the convergence issue. The problem in that latter case is that the usual
strategy to prove stability results is based on the construction of complex geometric optics
solutions, which are high-frequency solutions. Therefore, one needs to get suitable convergence
results for the Dirichlet-to-Neumann map - which involves a large set of data - and especially at
high-frequencies.

6.5.4 Controllability of semilinear wave equations

Carleman estimates for the wave equation are in the heart of many results on the controllability of
the semilinear wave equation, because it provides a way to explicitly quantify how the constant of
controllability depends on the lower order terms. We refer for instance to the works [Zha00, LZ05,
DZZ708, FYZ07] for several works related to the analysis of the dependence of the observability
constant with respect to potentials and its consequences on the controllability of semilinear wave
equations. Our investigations suggest that a similar strategy could be applied for the numerical
approximation of controls for semi-linear wave equations, but this requires further work. This
idea has already been developed in the context of semilinear heat equations in the recent work
[BR13|.
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Chapter 7

Introduction

The goal of this part is to explain some consequences of integral transforms in the context of
control and observability issues.

In Chapter 8, we focus on the study of the reachable set of the heat equation assuming the
wave equation is observable. Our study, mainly based on [EZ11b, EZ11al, will rely on the use of
an integral transform in the spirit of previous works by L. Miller [Mil04, Mil06a]. In these works,
the integral transform is based on the so-called Kannai transform [Kan77], which constructs
solutions of the heat equation in terms of solutions of the wave equation. We shall rather do
the opposite, writing some trajectories of the wave equation in terms of solutions of the heat
equation. This approach is somehow dual to the one in [Mil04, Mil06a] and yields some new
insights on the reachable set (not on the cost of controllability in small time, though).

In Chapter 9, following [EZ], we shall then explain how similar ideas can be adapted for
studying observability properties of conservative systems when discretized in time. As we ex-
plained in Part I, this question arises naturally when designing numerical algorithms to compute
the controls. Our idea basically consists in transforming solutions of the time-discrete approxi-
mations of the equation in solutions of the continuous equation. This transform is less singular
as above. In particular, as we will see, this transform can also be inverted, and its inverse has a
form very similar to the direct transform. This allows to derive uniform observability results for
time-discrete systems provided that the solutions are filtered at a suitable scale, in the spirit of
the earlier work [EZZ08], but with an explicit and optimal time estimate.
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Chapter 8

On the reachable set of the heat
equation

8.1 Introduction

The problem we would like to address here is the description of the reachable set for the heat
equation.

Let © € R? be a smooth bounded domain, and assume that the control acts on the open
subset w C ). We consider the heat equation

Oy — Ay = vXw, (t,z) € (0,00) x £,
y(t,z) =0, (t,z) € (0,00) x 99, (8.1)
y(0,2) =0, reQ,
and we define the reachable set at time 7" > 0 by
R(T) = {y[v](T), for v € L*((0,T) x w)}. (8.2)

Note that though the reachable set depends a priori on the time horizon 7' > 0, the null-
controllability of the heat equation in arbitrarily small time implies that it is independent of the
time T > 0, (see [Sei79, Mil06b]) and we then denote the reachable set simply by Z.

To my knowledge, the description of the reachable set for the heat equation has been com-
pletely clarified only for the heat equation in one space dimension in the work [FR71] by H.
Fattorini and D. Russell. There, the authors used a description in terms of the coefficients on
the basis of the eigenfunctions of the Laplacian and very precise estimates on bi-orthogonal func-
tions. Our goal is to generalize these results in the spirit of the works [Mil04, Mil06b] by L.
Miller.

8.1.1 Observability results for the heat equation

To study control issues for (8.1), in general the idea rather consists in working on the observability
of the adjoint heat equation’

Oz — Az =0, (t,x) € (0,00) x Q,
z(t,z) =0, (t,x) € (0,00) x 09, (8.3)
Z(O,JI) = 2’0(3?), S Qa

1We do the change of variable t — T — t in order to consider the forward in time heat equation.
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observed through an open subset w C 2.

The first observability results for (8.3) obtained from arbitrary non-empty open subsets w
are the ones by A. Fursikov and O. Imanuvilov in [FI96] and by G. Lebeau and L. Robbiano in
[LRI5]. They proved that for any T > 0, there exists a constant C'(T) such that for any smooth
solution z of (8.3),

||Z(T>||L2(Q) < C(T) ||ZHL2((O,T)><w) . (84)
Note that, in both cases, the observability estimate (8.4) is obtained via suitable Carleman

estimates, and both strategies provide an estimate on the cost of the observability in time T > 0,
i.e. the best constant C'(T') in (8.4), of the form:

C(T) < Cexp (%) . (8.5)

Here, «y is related to the exponential rate of blow up of the cost of observability in small times.
It has later been proved in [FCZ00a] that this cost of observability indeed blows up with such

rates, namely
2

sup  — < liminf T log(C(T)). (8.6)
B,.CO\w T—0
L. Miller in [Mil04] then improved this bound to
d —\2
sup d(@,%)” < liminf T'log(C(T)). (8.7)
zeQ 4 T—0

There, the control transmutation method was proposed to study the cost of observability in
small time for the heat equation (8.3), when the wave equation on € is observable in time 2.5,
through the cylinder (0,2S,) X w, i.e. if (w,€,25,) satisfies the Geometric Control Condition of
C. Bardos, G. Lebeau and J. Rauch [BLR92|. That way, [Mil04] gave a bound from above on
C(T), later improved by G. Tenenbaum and M. Tucsnak in [TT07] as follows:

2
limsup T'log(C(T)) < ai, for all o > 3. (8.8)
T—0 4

This is the last result I know estimating the cost of observability in small times, thereby still
leaving a gap between the bounds from below (8.7) and the bounds from above (8.8). The
bound from above (8.8) in [TT07] relies on the construction of bi-orthogonal families for solving
a control problem for the 1d heat equation, and the so-called control transmutation method to
write controlled trajectories of the heat equation in terms of controlled trajectories of the wave

equation, that we briefly recall hereafter.

Given yo € H}(Q), denote by w the solution of the wave equation

OssW — AW = Uy X, (s,2) € (—o0,00) x €,
w(s,x) =0, (s,z) € (—00,00) x 99, (8.9)
(w(0,2), 0sw(0,2)) = (yo(),0), =€,

controlled through w on the time interval (—25,,2S5,) so that for all s with |s| > 25,,
(w(s,-),0sw(s,)) = (0,0), in Q.
Now, let p be a solution of the controllability problem
(0 — O0ss)p(t,s) =0, (t,s) € (0,T) x (—25,,25,),

,0(0,8) = 50(5)3 s € (*25*725*)7

p(T,s) =0, s € (—25,,285,), (8.10)
D,p(1,0) = 0, te(0,T),

p(t, £25,) = vy (t), te (0,7),
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where dg is the Dirac function, and the controls act in s = 25, and s = —25,. Then the function
y defined for (¢,z) € [0,T] x § by

y(t,x) = / p(t, s)w(s, x)ds, (8.11)
R
solves the control problem

Oy — Ay = vyXo, (t,z) € (0,00) x £,

y(t7$) = 0, (t,{L‘) e (0700) X 897
y(0,2) = yo(x), z e, (8.12)
y(T,Z‘) = 07 T e Q,

where v, = [, p(t, s)vy(s) ds.

Therefore, estimate (8.8) in [TT07| mainly requires to get precise estimates on a kernel p
solving the control problem (8.10). Note that once this is done, the above control transmutation
method yields an estimate on the cost of controllability in small times. By duality, this also
estimates the cost of observability in small times.

8.1.2 Back to the reachability set
Using (8.4)—(8.5), one easily checks that all solutions z of (8.3) satisfy

o

L2((0,T)x) sCT HZHLZ((O,T)Xw) ’

so that for all 6 > , all solutions z of (8.3) satisty

/ / 6_25/t|z(t,$)|2 dtdx < C/ / |Z(t’aj)|2 dtdzx. (8.13)
o Ja 0 Jw

Estimate (8.13) gives a description of the reachable set for the heat equation (8.1). In-
deed, if (8.13) holds for some § > 0, the reachable set #Z of the heat equation (8.1) contains
e~ 2V —Ap[2(Q), where —Ap is the Laplace operator with Dirichlet homogeneous boundary
conditions with domain H2 N Hg(2) on L?(Q2), see Corollary 8.2 and [EZ11b] for further details.

We are thus interested in the best § in (8.13), that is

d. = inf{d, such that (8.13) holds}. (8.14)
According to the above remark, we immediately have:
3. <limsup T log(C(T)). (8.15)
T—0

Therefore, the estimate (8.8) in [TT07| already provides a bound from above on J,.
Besides, the lower bound stated in (8.6) (due to [FCZ00a]), based on the function

_ 1 . (7|l r? — |x|?
Zr(t,.T) = W S11 (%) exp <4t 5 (816)
also applies to estimate &, from below:
< s (8.17)

In the following, we will show that we can improve the estimates from above on §, obtained
as a consequence of (8.8) and (8.15) by using an integral transform mapping solutions of the
heat equation (8.3) to trajectories of the wave equation.
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8.2 Main results

8.2.1 Statement

As our method will rely on an integral transform on the evolution variable, it is convenient to
introduce an abstract operator A, defined on some Hilbert X with dense domain 2(Ap) and
compact resolvent. We further assume that Ag is self-adjoint and positive definite.

We shall thus consider the following abstract heat equation instead of (8.3):

Oiz +Agz =0, t>0, z(0) = 29 € X. (8.18)

The observation is done through an operator? B* € Z(%(A),U), where U is a Hilbert space.
We also introduce the corresponding wave equation

Osw + Agw =0, s€R, (w(0),05w(0)) = (wo,w;) € Z(A)?) x X. (8.19)

Note that the time in (8.19) is denoted by the variable s. This helps distinguishing it from the
time evolution parameter ¢ for (8.18).

Our main assumption is the following one, corresponding to the observability of the wave
equation in time 2S,: there exists a constant C,, such that all solutions w of (8.19) with initial

data (wp,w1) € 2(Ap) X Q(A(l)/2) satisfy
“(w07w1)||9(Aé/2)><X < Cw ”B*w(s)”Lz(—S*,S*;U) . (82())

Remark that under Assumption (8.20) it is well known [Rus73| that the abstract heat equation
(8.18) is observable through B* in any time 7' > 0: for all solutions z of (8.18),

12(D)llx < C(T) 1B 120,707y - (8.21)
We can therefore focus on the abstract version of (8.13). With E. Zuazua we obtained:

Theorem 8.1 (|[EZ11b]). Let us assume that the abstract wave equation (8.19) is observable in
time 25, in the sense of (8.20). Then there exists a constant C' > 0 such that any solution z of
(8.18) with initial data zo € D(Ao) satisfies

| e (‘215) @l at <€ [ 1B a0 . (.22)
0 0

First remark that since the operator Ag is strictly positive, the solution z of (8.18) is expo-
nentially decaying and the integrals in (8.22) are finite.
Theorem 8.1 implies that d, in (8.14) satisfies

SQ
O, < —2. 8.23
<> (5.23)
This estimate on d, is better than the one obtained by combining the remark (8.15) and the
estimate from below for C'(T) in (8.8) obtained in [TT07].

Let us emphasize that there are some cases in which the above estimate (8.23) is sharp, in
particular when

S« = sup .
B, CQ\w

2This operator comes from the control problem 8y + Aoy = Bv, where B € Z(U, 2(Ao)’) is the control
operator, thus justifying the notation B* for the observation operator.
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This occurs in particular when the set  \ @ is a ball. In 1d, this yields another proof of the
results obtained by H. Fattorini and D. Russell in [FR71]| derived using careful estimates on
bi-orthogonals. Besides, using a symmetrization argument, one easily gets that solutions z of the
1d heat equation

0tz — Opaz = 0, (ta 'T) € (Oa OO) X (Oa L)v
z(t,0) = z(t,L) = 0, t € (0, 00), (8.24)
2(0,z) = zo(x), xz € (0,L),

with initial data zo € H2 N H}(0, L) satisfy

o0 L2 [e’e)
/O exp (—) 12022 0.0 dth@/o 10, 2(t, L)|2 dt. (8.25)

We finally mention the following corollary, whose proof is classical:

Corollary 8.2 ([EZ11b]). Under the assumptions of Theorem 8.1, the reachable set Z for the
heat type equation (8.18) satisfies:

Ay exp(=S/Ag) X C Z. (8.26)

Remark that Corollary 8.2 is much more precise than the usual exact controllability to the
trajectories for (8.18) in any arbitrary time T > 0, which only provides Ursgexp(—TA¢)X C Z.

8.2.2 An integral transform

The main idea of the proof of Theorem 8.1 is to derive an integral transform linking solutions of
(8.18) to solutions of (8.19), namely:

Theorem 8.3 ([EZ11b]). Let S > 0. If z denotes a solution of (8.18), then the function w

defined by - S "
w(s) = /0 i sin (5215) exp <S 475 > z(t) dt (8.27)

solves the abstract wave equation (8.19) in (=S, 5).

The idea underlying Theorem 8.3 is the following one. If z denotes a solution of (8.18), we
look for w which can be written as

w(s) = /000 k(t, s)z(t) dt, (8.28)

such that w solves the abstract wave equation (8.19).
It is not difficult to check that w in (8.28) will be a solution of the wave equation (8.19) for
s € (—8,5) provided that the kernel k satisfies:

Ok + 055k = 0, (t,s) € (0,00) x (=5,5),
k(0,s) =0, s € (=5,9), (8.29)
limy o0 k(t,s) = 0, for all s € (=S, 9).

But it turns out that we explicitly know such a solution: namely we can take

1 . [sS 52 — 52
ks(t,s) = i sin <2t) exp ( pr ) . (8.30)
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To show that it is indeed a solution of (8.29), remark that exp(s2/4t)/+/4rt is a solution of the
backward heat equation in (8.29);. The kernel kg simply is the imaginary part of the translation
of that function in the complex plane s — s + 5.

Note also that this is precisely the same function as the one in (8.16) used in [FCZ00a, Zua0l]
to derive the lower bound on J,.

Using the kernel kg, w in (8.28) solves the wave equation (8.19) on (=S, S), with initial data

w(0) =0, 8Sw(o):/00°4\/§t3/2@<p (—i) 2(t) dt. (8.31)

The proof of Theorem 8.1 then comes naturally. For z solution of (8.18), we choose w as
in (8.27) with S = S, and we apply the observability estimate (8.20) to it. We then simply
perform estimates from below on [|95w(0)[| x and from above for || B*w||;2_g, s .r7), from which
we derive (8.22). In this step, we strongly use the explicit form of the kernel kg, .

8.3 Comments

8.3.1 Links with the vanishing viscosity transport equation

Starting from the observability inequality (8.25) for the 1d heat equation (8.24), one can deduce
by compactness that for any T > 0, there exists C%(T) > 0 such that any solution z of (8.24)
with initial data zo € H2 N H}(0, L) satisfies

[e'e] L2 T
/O exp (%) ECI. dth@(T)/() 10, 2(t, L)|? dt. (8.32)

However this does not provide any hint on the dependence of C%(T) as a function of T' > 0.
Actually, it was observed by P. Lissy in [Lis| that if C%(T) is smaller than exp(«/T) for any
a > 0as T — 0, this would imply that, for any T > L, the systems

Oy + Opy — €042y = 0, (t,z) € (0,T) x (0, L),
y(t,0) =wv(t), y(t,L)=0, t € (0,7), (8.33)
y(0,x) = yo(x), z € (0,L),

are null controllable with a cost of controllability bounded uniformly with respect to € € (0,1).

The controllability properties of the vanishing viscosity transport equation (8.33) were first
studied in [CGO5]. It turns out that, though a reasonable conjecture is that the systems (8.33)
are uniformly null-controllable in time T' > L, this is still an open problem. In [CG05], systems
(8.33) were proved to be uniformly controllable provided that the time T satisfies T > 4.3L. Tt
was improved to T > 4.2L in [Glal0]. Recently, doing the link with the cost of controllability
in small time (8.4) for the 1d heat equation and using the results in [TTO07], P. Lissy in [Lis12]
managed to show the uniform controllability of (8.33) in any time T > 2v/3L. But still, getting
uniform controllability results for (8.33) with respect to € in any time 7" > L is an open problem.

8.3.2 Finite time observability

Our approach can also be applied to study the cost of finite time observability C(T) in (8.21),
by introducing a kernel k7 s satisfying

atkT,S + asskT,S = 07 (t

les(O, S) =0, CES
ijs(T, S) =0, S €

s) € (0,T) x (=5,5),
(= 75)7 (8.34)
(=5,8).

9
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However, though we can construct solutions k7 g of this system using a power series expansion,
following for instance [Joh82, p.211], we were not able to construct a solution of (8.34) with
suitable bounds to improve the results in [TTO07].

8.3.3 Robustness of the method

Among the advantages of our approach with respect to the existing control transmutation method
is that it also applies in contexts in which the wave equation (8.19) observed through B* during
a time 2S5, > 0 only enjoys the following unique continuation property: if w is a solution of the
wave equation (8.19),

B*w(s) =0 Vs € (=S5, 5) =w=0. (8.35)

Indeed, in that case, |[B*w(s)||;2(_g, s,y is @ norm on the trajectories of the wave equation.
Therefore, there exists a norm ||-||, and a constant C' > 0 such that any solution w of the wave
equation (8.19) with initial data (0, w;) satisfies

Jwill, < C B wl|p2_g, s.) -

Arguing as in the proof of Theorem 8.1, we can derive

> 1 S2
H/o WeXp (_4t> z(t) dt

Of course, for this result to be relevant, one should be able to give a precise description of the
norm |-||,. Note that this can be done in a certain number of situations, among which the 1d
wave equation observed from one point which is not a node of any eigenfunctions, or a square
with an observation from one side.

Actually, in the most general geometric settings, the unique continuation property (8.35) for
the wave equation

2 00
< c/ log(t + 2)2 | B* ()| dt. (8.36)
* 0

Ossw — Aw = 0, (s,z) € (—
w(s,z) =0, s,x) €
(w(0, ), 0sw(0,2)) = (wo(x),w1(x)), =€ Q,

) x 09, (8.37)

is difficult to quantify. However, some quantifications of the unique continuation property of the
wave equation (8.37) exist provided that the time 2S, > 0 is (possibly much) larger than the
time given by Holmgren’s uniqueness theorem. In that case, one gets the following result: given
any 3 > 1, there exist S, > 0 large enough and C' > 0 such that any solution w of (8.37) with
initial data (wo,w;) € (H2N HL(Q)) x HE(Q) satisfies

”(wval)”Hé(Q)xL?(Q) < Cexp(CAP) 10swll 12— s, 5.;02(w)) »

with A = 1Cwo, wi)ll rarvmg (@) < 3 ()

(8.38)
[ (wo, wi)ll 3 () x 29

With 8 = 2, this result was proved in [Rob95| using the Fourier-Bros-Tagoniltzer (FBI) transform.
It was later improved to any § > 1 in [Phul0] using a more singular kernel in the FBI transform
first used in [LR97], see Section 6.4.2 for more details on the FBI transform.

For 8 € (1,2), estimate (8.38) actually is sufficient to prove the observability estimate (8.4)
using our transmutation technique, as we explained in the article [EZ11a]. In order to show that
(8.38) implies the observability estimate (8.4) for the heat equation (8.3), we use the observability
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estimate (8.38), a transmutation kernel solving (8.34), and an iterative argument to involve
more and more frequencies with the help of the dissipation of the heat semigroup based on the
argument in [Mil10]. This latter argument is a counterpart, from the observability point of view,
of the iterative argument produced in the original article [LR95] by G. Lebeau and L. Robbiano.
Though, our approach does not give any improvement on the best constant d, in (8.14) in these
general configurations.

More than the result, it is interesting to notice that the article [LR95] proving the observability
inequality (8.4) was obtained through an analysis of the quantification of a unique continuation
problem for an elliptic equation:

{ 055w —Aw = f,  (s,x) € (—00,00) x 1, (8.39)

w(s,x) =0, (s,x) € (—o0,00) x IN.

Similarly, as explained in Section 6.4.2, the FBI transform used in [Rob95, Phul0] links the wave
equation to an elliptic equation of the form (8.39). On the other hand, the control transmutation
method developed in [Mil04]| expresses solutions of the heat equation (8.1) in terms of solutions of
the wave equation (8.9), while our approach writes solutions of the wave equation (8.19) in terms
of solutions of the heat equations (8.18). All these results and remarks point out the interest of
relating semigroups of different types, and in particular with the help of integral transforms.

8.3.4 A Carleman type estimate

Together with J. Dardé, we recently realized that estimate (8.22) can be proved for the 1d heat
equation observed from one side directly using a Carleman type approach in the spirit of the
work [FI96] by A. Fursikov and O. Imanuvilov. Indeed, we can prove the following:

Proposition 8.4 (Joint work with J. Dardé). There exists a constant C > 0 such that for any
smooth solution z of (8.24), we have the observability inequality:

oo pL 22— 2 0
/ / |2(t, z)|* exp ( ) dtdr < C/ t|0,2(t, L)|? dt. (8.40)
o Jo 2t 0

Let us emphasize here that Proposition 8.4 states a more precise result than the one obtained
in (8.25) due to the presence of the weight function in z in (8.40). Besides, see below, the
proof of Proposition 8.4 is more direct than the proof of (8.25) and closely follows the one of
the classical Carleman estimates for the heat equation derived for instance in [FI96]. In that
context, the corresponding weight function (2% — L?)/4t corresponds to the exponential envelop
of the kernel kz, in (8.30). It also has the particularity to be scale invariant for the parabolic
scaling (t,x) — (A\%t, A\x) (with L scaled as L ~ \L).

Proof. We introduce the new unknown (the conjugated variable)

x? — L?
4t

Z(t,x) = z(t,x)texp ( ) , (t,z) € (0,00) x (0, L). (8.41)

It satisfies the equations

oz 1. . L7
Oz + ?amz mETi OpzZ — yroi 0, (t,x) € (0,00) x (0, L),
z(t,0) = z(t, L) = 0, t € (0,00),
2(0,2) = 0, ze(0,L

(8.42)
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We then introduce the energy E(t) and the dissipation D(t):

L
/ 5t )2 d, (8.43)

0

=
—~
~+
=

S
—~
~
=

L L2 L

/ |0.2(t, x)|? doe — |Z(t, ) |* da. (8.44)
0 4t* Jo

Easy computations show that they satisfy the following ODE:

dFE 2
P

dD L
dt()+2/0

But, by Poincaré’s inequality, D(t) is non-negative for t > L?/(27). Therefore, for T > L?/(2m),
integrating (8.46) between 0 and T, we get

A

Using the boundary conditions on Z and the explicit parametrix for the operator —d,, —

derive
/ / t:c|2dtdsc<0/ LZ(t, L) dt,

for a constant independent of T' > L?/(27). Besides, from (8.45), again using Poincaré estimate,
for all t > T > L?/2n,

E(t) +2D(t) = 0, (8.45)

2 2

—O0pa2(t, ) — f?é(t,x) dx = %Bmé(t, L) (8.46)

2 2

T
- L . . 2

< — . .
O3z 2(t, ) 4t2,z(t,x) dtdx 7/0 275\8952(t7L)| dt (8.47)

2

L
42 we

d (E(t) L? [472T? E(t)
@ = - <
dt<t2>+2T2( LA V= =0

while t — E(t)/t? is decreasing on (L? /27, T):

E(T) 1 /T E(t) o

<
T2 - T - L2/(27T) L2/2n t2
Therefore,
1
/ / 3t x)|* dtdx < C’/ ;\83:2(15,L)|2dt,
Using (8.41), we immediately obtain (8.40). O

Proposition 8.4 can be easily generalized to higher dimension when Q \ @ is a ball and w is
a neighborhood of the whole boundary 9f2. It then yields a sharp result in that case due to the
bound from below (8.17). If such direct approach could be developed in more general geometric
setting, one could possibly address the problem of characterizing d. in situations in which the
geometric control condition is not satisfied. But so far, this is still an open problem.

Proposition 8.4 also indicates that it is possible to derive Carleman type estimates with
weights in time that do not blow up as ¢ — T. This is precisely what has been done in Theo-
rem 11.1 to the price of convexifying close to T' (Theorem 11.1 is stated for the backward heat
equation so that it corresponds to t close to t = 0 in Part IV).






Chapter 9

Observability of time-discrete
conservative equations

9.1 Introduction

The goal of this chapter is to discuss the observability properties of time discrete approximations
of abstract conservative equations.

To be more precise, let A be a skew-adjoint operator defined on a Hilbert space X, with dense
domain Z(A) and compact resolvent. We consider the abstract conservative system given by

Oz = Az, teR, 2(0) = 2z € X. (9.1)

Such abstract equation encompasses several models of interest, and among them the wave equa-
tion, Schrodinger equation or the plates equations. Note in particular that the system (9.1) is
well-posed forward and backward in time, and we can therefore consider the solution on the
whole time interval ¢ € R. Besides, the energy ||2(t)|| y is preserved among time, thus justifying
our terminology “abstract conservative equations”.

Our goal is to discuss some properties of the time-discrete approximations of (9.1), with a
particular focus on observability properties. We will only consider time discretization schemes
preserving the energy of the solutions, as it is an important feature of the continuous model
(9.1).

The time-discrete approximations we will consider are as follows. Let 7 > 0 representing the
time-discretization parameter, and define the time-discrete approximation schemes by

=Tk kez, 2=z, (9-2)

where T, is an approximation of exp(7A) and z* approximates the solution z of (9.1) at time
kT.

To describe more accurately the time-discrete models (9.2), we shall specify the assumptions
on T,. We will assume that T, is given by

T, = exp(if(—iTA)) (9.3)
for some function f satisfying the following properties:

(H1) f:(—R,R) — (—m,m) is smooth on some interval (—R, R) for some R € R% U {+oc},

73
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(H2) f(0) =0, f'(0) =1,
(H3) for all § < R, inf{f'(a),|a| <0} > 0.

In Assumption (H1), R stands for the range for the stability of the numerical scheme. We assume
f to be real valued to guarantee that the time discrete approximation schemes (9.2) are energy
preserving. The fact that its image is in (—m, 7) comes from the fact that one cannot measure
frequencies larger than /7 in a mesh of mesh-size 7. Assumption (H2) enforces the consistency
of the scheme.

Assumption (H3) is the main assumption allowing to do our construction hereafter. In par-
ticular, it implies that we can define the inverse of f as a function g : (—f(R), f(R)) — (—R, R).

For sake of simplicity, and because all the examples we encountered in the literature satisfy
it, we also impose:

(H4) f is odd.

Note that this abstract setting is satisfied for several time-discrete approximation schemes,
among which the midpoint scheme, the Newmark method for discretizing second order systems
2" + Agz = 0 with positive self-adjoint operator Ag, etc.

Let us also emphasize that due to assumption (H1), the time-discrete equations (9.2) are
well-posed when zj is in some filtered class, that we now introduce. As A is skew-adjoint with
compact resolvent, its spectrum is given by a sequence of eigenvalues (i, );es, with J =N or Z,
and of eigenvectors (®;);ecs which form an orthonormal basis of X. For all § > 0, we introduce
the filtered class

€ (6) = Span{®;, with |u;| < 6}. (9.4)

It is then easy to check that (9.2) is well-posed for initial data zg € €(d/7) for any § < R.

In the following, our goal is to derive some uniform observability properties for the time
discrete models (9.2) from the observability properties of the time continuous model (9.1), which
usually are better understood.

We will proceed as in the previous chapter, i.e. to any given discrete solution z, of (9.2), we
associate a continuous trajectory z of (9.1).

9.2 Main results

9.2.1 A transmutation technique

With E. Zuazua, we proved the following transmutation formula:

Theorem 9.1 ([EZ]). Assume (H1)-(H4), and fiz § € (0, R). Let x be smooth function compactly
supported in (—f(R), f(R)) and taking value 1 in [—f (), f(5)]. For T > 0, define the kernel

pr(t,s) = L exp (j_(as - g(a)t)) x(a) da. (9.5)

2T J_,

Then, if zo € €(6/7) and z, denotes the corresponding solution of (9.2), the function

z(ty =71 Z pr(t, kT) 2" (9.6)

keZ

solves (9.1) with initial data zg.
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Note that for all t € R and 7 > 0, the sum in (9.6) converges as
_ 1 tus _i
pr(ts) = o /R e exp < Tg(/ﬂ)t> X(ur) dp. (9.7)

is the inverse Fourier transform of the smooth function e~*9#"*/ 7y (,7) and thus decays faster
than any polynomial.
Let us give some insights on the construction of the kernel p,. If we expand the initial data

zZ0 = Zaj<1>j, (98)
J

as

then the discrete solutions z, of (9.2) satisfies

P ZJ: a; exp (zf(umkn') D;. (9.9)

T

It is therefore natural to introduce the time continuous functions
S (y7)
2:(s) = ;aj exp (szs ,, (9.10)
for which we have z, (k7) = 2% for all k € Z. If one wants to find a kernel p, such that

z(t):/RpT(t,s)zT(s) ds, (9.11)

solves (9.1), we should have for all 4 € R with |p|r < f(J),

exp (zg(’UT)t> = /RpT(t,s) exp(ips) ds. (9.12)

T

Multiplying by x(u7), which equals 1 for |u|T < f(§), and taking the inverse Fourier transform,
formula (9.7) comes out naturally. The proof of Theorem 9.1 follows a similarly strategy, using
discrete Fourier transforms instead of the continuous Fourier transform.

9.2.2 Estimates on the kernel

As we have already mentioned in the previous chapter, one of the main difficulties of the trans-
mutation based techniques is to get suitable estimates on the kernel function p, in (9.5).
In order to give some insights on these estimates, note that the function z, in (9.10) satisfies
the equation
0Tz = Az;, SER, (9.13)

where the operator 9] is defined in Fourier as
YueR, 9I(e) = iig(w—) eths, (9.14)
T

Therefore, the kernel p, in (9.11) should satisfy the transport type equation

{ Oipr +9Tpr =0,  (t,5) eRxR, (9.15)

p-(0,8) = do(s), s €R,
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dp being the Dirac function in the point s = 0. If we think to (9.15) as a transport type equation,
we should expect that p, should stay concentrated on the cone of light of the equations. This
cone of light can actually be seen more efficiently on the formula (9.5) by an oscillatory phase
argument: p,(t,s) is smaller than any polynomial rate in 7 outside the set of critical points of
the phase oo — as — g(a)t. For instance, for any € > 0 and any n € N, there exists C.,, > 0
independent of 7 such that
s< inf {¢'(a)}t —¢,
acSuppyx
lor(t, )| < Ce ™, forall (¢,s) € [0,T] x R, with or (9.16)

s> sup {¢'(a)}t+e.
aeSuppy

We refer to [EZ, Proposition 3.4] for precise statements.

9.2.3 Observability of the time-discrete models (9.2)

Theorem 9.1 can be used to derive observability properties for the time-discrete equations (9.2)
from the observability of the time-continuous equation (9.1).

We consider the observation problem for (9.1) from an observation operator! B* being in
ZL(2(AP),U) for some p > 0 and Hilbert space U. In particular, we assume that there exist
T, > 0 and a constant C, > 0 such that any solution z of (9.1) with initial data zy € Z(AP)
satisfies

lz0llx < Cs ||B*ZHL2(O,T*;U) : (9.17)

As a byproduct of Theorem 9.1, we get the following result:

Theorem 9.2 ([EZ]). Assume that the equation (9.1) is observable through B* € £(2(A?),U)
in time Ty in the sense of (9.17), and consider time-discrete approzimations schemes given by
(9.2)-(9.3) satisfying assumptions (H1)-(H4).

For any 6 < R, for any Ty satisfying

T
inf f/(a)’

|| <8

Ts > (9.18)

there exist a constant C > 0 and 19 > 0 such that for all T € (0,79), any solution z; of (9.2)
with initial data zo € €(8/7) satisfies the following time discrete observability inequalities:

ok <cr Y |IB = (9.19)
kT€[0,Ts)

Theorem 9.2 states a uniform observability property for the time-discrete models (9.2) pro-
vided that the initial data is filtered at a scale §/7. This is the property which is needed to
derive convergence results for the discrete controls (i.e. of what we called the discrete approach
in Part I). For more comments on this fact, we refer to the discussion in Part I, see also [Zua05].

The proof of Theorem 9.2 is actually rather easy once we have Theorem 9.1. Indeed, given a
discrete solution z, of (9.2), we can associate by (9.6) a solution of (9.1), for which we can use
(9.17). Tt then simply remains to estimate the right hand side of (9.17), where we used the fact
that the kernel is small outside the cone of light (9.16). We refer the reader to [EZ] for extensive
details.

1Here again, the observation operator is denoted by B* as our study is motivated by the control problem
/
y' = Ay + Bu.
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Let us also note that Theorem 9.2 is new only for the time estimate (9.18). Otherwise, the
uniform observability for the time-discrete models (9.2) in filtered class was proved in [EZZ08],
but with no control on the time of uniform observability. The idea in [EZZ08] was to use the
characterization of the observability in terms of the resolvent estimate in the spirit of [BZ04,
Mil05], but this strategy does not provide any explicit estimate on the time of observability.

9.2.4 Optimality of the time estimate in (9.18)

The time estimate (9.18) is sharp in general. To see that, we can simply invert the transmutation
method as follows:

Theorem 9.3 ([EZ]). Assume (H1)-(H4), and fiz (61,92) C [0, R).
Let x be smooth even function compactly supported in (—R, R) and taking value 1 in [d1, J2].
For 7 > 0, define the kernel

0rlt.5) = 5 [ e <j<f<m>s - m) x(r) d. (9.20)

Then, if 2o € €(62/T)NE(01/7)F and z denotes the corresponding solution of (9.1), the discrete
function z, defined by

2k = / q-(t, kT)z(t) dt (9.21)
R
solves (9.2) with initial data zo.

The proof is of course very similar to the one of Theorem 9.1.

This result can be applied to derive uniform admissibility results for the time-discrete models
(9.2) when the data belong to the filtered class € (/1) for § < R, but this was already proved
in [EZZ08]. The proof of admissibility in [EZZ08] was based on a spectral characterization of
admissibility in terms of packets of eigenfunctions, in the spirit of the spectral characterization
of observability obtained in [RTTT05].

Theorem 9.3 can also be used to show that the time condition (9.18) is sharp. Indeed, if for
some time Ty, the time-discrete equations (9.2) are uniformly observable for data in the filtered
class €(§/7), then for all (41,d2) C (0, R), we can proceed as before and show that the abstract
continuous equation (9.1) are uniformly observable in the class €'(62/7) N € (01 /7)* in any time
larger than T sup,e(s, 5,1 f'(@). It is then straightforward to construct some particular examples
for which the time T of observability of the time continuous model (9.1) should necessarily satisfy
T, < Tsinf|4)<s f'(c), thus proving the optimality of the time estimate (9.18).

9.3 Further comments

9.3.1 Fully discrete approximation schemes

When discretizing the equation (9.1), one should consider both space and time discrete approx-
imations of the model under consideration.

While our study only focuses on the time-discretization process, it also gives some insights
in the case of fully discrete equations. Indeed, as our method applies in an abstract setting, it
depends on the space operator A very weakly. For instance, consider a sequence of operators Ay,
corresponding to space discrete approximations of the operator A on a mesh of size h > 0, such
that:
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e for all h > 0, Ay is skew-adjoint on an Hilbert space X}, with dense domain Z(Ap) and
compact resolvent;

e there exist p > 0 and C), > 0 such that for all h > 0, B}, € Z£(2(A}),Uy) for some Hilbert
spaces Up, with ||B,’;||$(@(AZ)’U” < Cp;

e the (time-continuous) equations 0;zp, = Apz, observed through B} are observable in the
time T, uniformly with respect to h > 0.

Under these assumptions, we choose a time discretization process given by a function f as in
(9.3) satisfying (H1)—(H4). Our result proves that the fully discrete models given by

sz{Ll = ']I‘T,hzf’h keZ, z;5(0)=z, withT,; =exp(if(—iTAs)), (9.22)

are uniformly observable in the class %,(6/7) for any 6 < R in any time Tj satisfying (9.18),
where %7,(6/7) is the filtered class associated to the operator Ay,.

Therefore, Theorem 9.2 implies that the problem of studying the observability properties of
fully discrete approximations of an abstract conservative equation (9.1) can mainly be reduced
to the study of the uniform observability properties of the space semi-discrete approximation
schemes 0yz, = Apzn observed through Bj. But, as recalled in Section 3.6, this latter issue is
a difficult question, and it has not yet received a full answer. We refer to [Mil12] for the most
general result in that context, and to [EZ11c| for several references related to this topic.

Also note that the filtering class %, (d/7) can be simply reduced to the whole space Xp,
if [|Anll&(x,)7 < 6. This condition can be interpreted as a kind of Courant-Friedrichs-Lax
condition since the norm of the operator Ay is usually of the order of 1/h* for some o > 0,
where h is the size of the spatial mesh.

Very likely, this strategy could also be used to derive Carleman estimates for fully discrete
approximations of the wave equation based on the Carleman estimates in Theorem 6.1 developed
for the space semi-discrete wave equation, but due to the presence of weight functions depending
on both time and space variables, this requires more work.

9.3.2 Dissipative schemes

Note that our approach applies only in the context of time-discrete approximation schemes
preserving the energy. Though this is a natural assumption as the time-continuous equation
(9.1) preserves the energy, it is sometimes useful to add some small dissipation to ensure the
stability of the numerical schemes. But we were not able to derive a transmutation technique
in that case. This is due to the fact that the discrete systems are no longer time-reversible, and
the discrete models thus displays some properties of the classical heat equation. Therefore, in
the spirit of the previous chapter, it might be possible to construct some more singular kernels
to link the time-discrete models to their continuous counterpart. But so far, this is still an open
problem.



Part 1V

Controllability of non-homogeneous
viscous fluids
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Chapter 10

Introduction

In this part, we present some controllability results obtained for non-homogeneous viscous fluids.

In Chapter 11, we will focus on the local exact controllability to constant states for the
compressible Navier-Stokes equations, mainly following the work [EGGP12|. As we will see, the
main difficulty comes from the coupling of the parabolic equation satisfied by the fluid velocity
and of the transport equation satisfied by the density. This requires to introduce new Carleman
type estimates, with a weight function which is in particular constant along the flow of the target
velocity.

In Chapter 12, we explain how these ideas can be adapted to obtain local exact controllability
to trajectories for the non-homogeneous incompressible Navier-Stokes equations, following [BEG].
In that case, the coupling between the equations of the density and of the velocity is weaker.
However, the pressure term, appearing as the Lagrange multiplier of the divergence free condition,
introduces new difficulties.
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Chapter 11

Controllability of compressible
Navier-Stokes equations

11.1 Introduction

The goal of this chapter is to present some controllability results for compressible Navier-Stokes
equations.

Let 7' > 0 and Q be a smooth bounded domain of R¢, d € {1,2,3}. The motion of a barotropic
compressible viscous fluid is described by the following set of equations:

Op + div (pu) =0, in (0,7) x Q, (11.1)
p(Opu+u-Vu) — pAu — (A + p)Vdiv (u) + Vp(p) =0, in (0,7) x Q. ’

Here p is the density of the fluid, u its velocity and p = p(p) is the pressure law. It is usually
given by the standard polytropic law:

p(p) = kp?, withy > 1 and k > 0. (11.2)

The parameters p and A correspond to constant viscosity parameters and are assumed to satisfy
pw>0and d\ +2u > 0.
To be well-posed, system (11.1) has to be completed with initial data

(p(07')ﬂu(07')) = (P07u0)7 in , (11.3)

and suitable boundary conditions in which the controls act. For (11.1), these boundary conditions
are of the form

{ u(t,r) = vyu(t,x), for (t,z) € (0,T) x 99,

p(t,z) =v,(t,x), for (¢t,x) € (0,T) x 01, with u(¢,z) -n(x) <0, (11.4)

where vy, v, are the controls. Though, they will never explicitly in our construction.

In the following, we study local exact controllability of (11.1) to constant trajectories in time
T > 0. To be more precise, given (p, ) € R% x R? and (po, up) close to (p,u), we ask whether it
is possible or not to find controls such that the corresponding solution of (11.1)—(11.4) satisfies

(p(T,),u(T,)) = (p,a), in Q. (11.5)
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There were no result on the local exact controllability of the compressible Navier-Stokes
equations before our works, except for [Amol1] which proved local exact controllability for com-
pressible Navier-Stokes equations in 1d written in Lagrangian coordinates and when the initial
density coincides with the target density. But local exact controllability for homogeneous in-
compressible Navier-Stokes equations has been widely studied starting from the pioneering work
[F196], in particular in the works [Ima01, FCGIP04]. It has even been shown that one can use
controls with some vanishing components, see [FCGIP06, CG05, CL]. Let us also mention that
there are some global controllability results when the control acts on the whole boundary, see
the article [CF96] based on the return method developed in [Cor96] for global controllability of
incompressible perfect fluids in 2d.

Before studying the compressible Navier-Stokes equations, we should also quote the results
obtained for the 1d compressible Euler equations, namely the ones obtained in [LR03, CBANO0S|
concerning control and local stabilization results of classical solutions. Local exact controllability
results were also obtained in the context of weak entropy solutions in [Gla07], later extended to
the 1d non-isentropic Euler equation [Glal4].

Going back to the control problem (11.1)—(11.5), it is natural to follow the approach developed
by A. Fursikov and O. Imanuvilov in [FI96] and try to adapt it to our case. The main idea in
[FI96] is to develop Carleman estimates for the heat equation. These Carleman estimates are
weighted observability estimates which degenerate close to the initial time (this is necessary
due to the ill-posedness of the heat equation when solving it backward in time), and which are
parametrized by some parameter allowing to handle lower order terms easily (recall for instance
the Carleman estimate developed in Theorem 5.3 for the wave equation). We refer for instance
to [FCZO00b] for the study of the global controllability of semi-linear heat equations, where it
is shown that the critical blow up rate of the semi-linearity allowing global controllability is
intimately linked to the power of the parameter in the Carleman estimates.

We shall therefore begin by revisiting and generalizing slightly the Carleman estimates in
[FI96] for the heat equation. As we will see, this will be one of the elements needed in the proofs
of controllability results for non-homogeneous viscous fluids.

11.2 Carleman estimates for the heat equation

Let Q be a smooth bounded domain of R%, and consider the time-backward heat equation

{ 0z —Az=g, (t,x) €(0,T)xQ, (11.6)

z(t,x) =0, (t,xz) € (0,T) x 0.

We consider the case of a distributed observation through an non-empty open subset Q.5 C
[0,T] x Q.

We assume that the observation set QQps is such that there exists a function 7,/; = ”L/NJ(t, x) €
C?([0,T] x Q) satisfying

V(t,z) € [0,T] x Q, (t,z) € [0,1],
V(t,z) € 0,T] x 09,  Onih(t,x) <0, (11.7)
info 77 @\@up) {IVEIF > 0.

For m > 1, we define

P(t,x) = Y(t, ) + 6m. (11.8)
For any Tp > 0 and T} > 0 with Ty + 27y < T, we choose a weight function in time 6(t)
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depending on the parameters m > 1 and y > 2 as follows:

VYt € [To,T 2T1 =
— 1
0 = 6(t) such that Vi e [T —Ty,T), Q(t) - (11.9)
T bm
0 is increasing on [T — 271, T — T1],

0 € C*([0,T)).
We finally introduce the following weight functions ¢ = (¢, z) and & = £(¢, z):
o(t,z) = 0(t) (Ae“(m“) - ew“vf)) . E(tx) = 0(t)e D), (11.10)

where p is chosen as
1= sAZeMom—4) (11.11)

and s, A are positive parameters with s > 1, A > 1 (Hence u > 2, thus being compatible with

the condition # € C?([0,T)).) The weight functions ¢, £, @ depend on s, A, m, and should rather

be denoted by s x m, resp. &s xm; 05 x,m, but we drop these indexes for simplicity of notations.
We derive the following L2?-Carleman estimate for the heat equation (11.6):

Theorem 11.1 (Theorem 2.5 in [BEG]). Let m > 1, Ty > 0 and Ty > 0 with Ty + 2Ty < T, and
consider the weights functions ¢, &, 0 introduced in (11.7)—(11.11). Then there exist constants
Co >0, so > 1 and \g > 1 such that for all smooth functions z on [0,T] x Q satisfying z =0 on
(0,T) x 99, for all s > 5o, A > \o, we have'

/Q|VZ(O)|2672S¢(O)+52/\3€2)\(6m+1)/Q|Z(O)|26725‘p(0)

+S/\2 // £|VZ|26728<‘0 +83)\4 // €3|Z|2672sap
(0,T)x2 (0,T)xQ

< Cy // |(—0; — A)z]?e 25 4 0033)\4/ Ez)%e . (11.12)
(0, T)xQ2

Qobs

This L?-Carleman estimate for (11.6) is very close to the one in [F196]. The powers of the
parameters s and of the functions £ are the same as in [F196]. However, this result differs from
[FI96] on some points.

First, the weight function in time 6 in (11.9) does not blow up as t — 0, while the work
[FI96] considered a weight function of the form 1/(¢(T —t))™ for m > 1. This is achieved to the
price of strongly convexifying the weight function 6 close to ¢t = 0 at some rate depending on the
parameters s and A, see (11.9), (11.11). This will be particularly helpful to handle more easily
the dual controllability problem, see Corollary 11.2 below.

Second, the weight function in time 6 in (11.9) is constant on a (possibly large) interval of
time. This is not critical for Theorem 11.1, but it will be helpful when considering the coupling
with the transport phenomena appearing in non-homogeneous fluids.

Third, the weight function 1; in (11.7) depends on both time and space variables. As we
will see in the following, in order to handle the equation of the density, we will need to consider

1In this part, we deliberately omit the terms dxzdt, dx in the integrals to simplify the notations.
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weight functions ¢ which are constant along the flow of the target trajectory. We shall therefore
pay a particular attention to the possibility of considering a function v depending on both time
and space variables. Recent results were developed in the same spirit in the recent work [CSRZ]
for the control of a visco-elasticity model with moving controls.

The proof of Theorem 11.1 can be done similarly as in [F196], except for the terms involving
time-derivatives of the weight function 6 which have to be considered very cautiously, as each
derivative in 6 close to t = 0 increases the power of s. But it turns out that the most singular
terms have good signs. For instance, we could add in the left hand-side of (11.12) the term

$2\2 // |8t0|§go\z|267259".
(07T0)><Q

Also note that, similarly as for the Carleman estimate in [FI96], the Carleman estimate in
Theorem 11.1 applies to more general operators of the form:

—o0z —div (AVz) = g, (t,z) € (0,T) x Q,
{ o T (11.13)

z(t,z) =0, (t,z) € (0,
for 0 € WH2((0,T) x Q) and A € WH°((0,T) x Q; Mgxq(R)) such that there exists o > 0 with

o(t,x

(€, A(

which are the natural conditions for the well-posedness of (11.13).

Under the above assumption, using duality and the Carleman estimate in Theorem 11.1, we
can study the following null-controllability problem: For f € L2((0,7) x Q) and yo € H}(Q2),
find a function v € L?(Q,ps) such that the solution y of

>
V(t,z) € (0,T) x Q, V¢ € RY, { 1;0‘

)E)pa > [|€]|2a

o0y — div (A(t,2)Vy) = [ + UXobs, (t,z) € (0,T) x Q,
y(t,z) =0, (t,x) € (0,T) x 09, (11.14)
y(0,z) = yo(x), x €,
where xops is the indicator function of Q,ps, satisfies
y(T)=0 in Q. (11.15)

Indeed, we get:

Corollary 11.2 (Theorem 2.6 in [BEG]). Let yo € H}(2) and assume that f € L*((0,T) x Q)
satisfies, for some parameters s > so and A\ > Ao, £3/2fes? € L2((0,T) x Q). Then there exists
a control function v € L?(Qups) such that the controlled trajectory y solution of (11.14) satisfies
(11.15). Besides, we can construct v and y in such a way that (yo, f) — (y,v) is linear and
satisfies

$3/2)2 ||yes¢||L2(L2) 4512y H§_1Vye + /2 "5_25ty65

w”m(m) ¢|‘L2(L2)

+s712 Hg_QDdewHLz(Lz) + H5_3/2U€w

L2(Qobs)

< OH&’?’/QfeS*" )—|—CHy0625“"(0)‘ (11.16)

L2(L? HI(Q)'

where ||| 22y = Il 20,7y x ) -
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We can be more precise on the dependence of the controlled trajectory with respect to the
initial data and get in the right-hand side of (11.16) the term

Cs'/2|€(0,) " yoe )|

+ 05712 |e(0,) 2 Tyoe)

L2 () L2(Q)

instead of C'||yoe?*#(®) ||H1(Q)’ but this better estimate is of little interest in practice.
0
Below, we present the applications of these results to fluids.

11.3 The 1-dimensional case

11.3.1 Main result

In [EGGP12], we focused on the compressible Navier-Stokes equations (11.1) in the 1-dimensional
case corresponding to @ = (0, L). Setting v = A + 2u (v > 0), (11.1) simply reduces to

{ O¢p + O0p(pu) = 0, in (0,7) x (0, L),

PO+ udpu) — vOapu+ Ou(p(p)) = 0, in (0,T) x (0, L), (11.17)

still considered with controls on the boundary as in (11.4). The constant trajectories (p, ) €
R* xR are stationary solutions of (11.17). It is therefore natural to ask if one can drive solutions
of (11.17) to (p,u) exactly in some time 7'

To better understand this problem, we start by linearizing equations (11.17) around (g, %):

O¢p + U0y p + poyu = 0, in (0,7) x (0, L), (11.18)
(0w + W0 u) — vOzpu+ p'(p)0xp =0, in (0,T) x (0, L). ‘
For w = 0, this system reduces to the equation
POt — 10Oyt — P (P)PpOszu = 0, in (0,T) x (0, L), (11.19)

with controls on the boundary. Up to a normalization, this corresponds to the wave equation with
structural damping studied in [RRO7]. According to [RRO7], (11.19) is not spectrally controllable
in any time T" > 0 due to the presence of an accumulation point in the spectrum. We also refer to
[CRR12| for another aspect of this phenomenon in the context of the stabilization of linearized
compressible Navier-Sokes equations (11.18) around the velocity u = 0.

Another way to understand this lack of controllability is to construct solutions of the adjoint
equations which violates the observability estimate. This can be done using a Gaussian beam
approach in the spirit of the work of J. Ralston [Ral69] for the construction of solutions of the
wave equations localized around the rays of Geometric Optics, see [Deb]. Indeed, this approach
constructs solutions to the adjoint of (11.18) in the case u = 0 - equivalently of (11.19) - which do
not travel and therefore cannot be observed from the boundary. This can be done by considering
the adjoint of (11.18) in the extended domain 2 € R and taking the Fourier transform in space.
For each frequency ¢ € R, the adjoint equation of (11.18) (still with @ = 0, and stated in (o, 2)),
after the change of variable t — T — ¢, writes

R 0 pig
d ( 6(t¢) o 068\ _ _ )
i (508 ) vaor (418 ) o w0~ Pie i
For large &, the matrix A(£) has two real eigenvalues X () and X_(&). The largest branch X (£)

goes to infinity as |§] — oo in a quadratic way, and corresponds to parabolic effects, while the

>
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smallest branch X_(§) converges to a fixed real number as |§| — co. Therefore, constructing data
localized in space and whose Fourier transform has a vanishing projection on the eigenfunction
corresponding to X (§), one can construct solutions of (11.18) which have small traces on the
boundary, with a size of order 1, so that these solutions contradict the observability property.

At this point, it is interesting to remark that the eigenvectors corresponding to X4 (£), to the
main order in &, are related to the data (in the physical space)

p(p)p —vOzu, and u+ jVQ(r“)xp, (11.20)
D

which are the 1d linear counterparts of the effective viscous flur p(p) — vdivu introduced in
[Lio98] (see also [FNPO1]) and of the effective velocity u + vVp/p?, see [BDL03, BD03]. Both
quantities were proved to be important to get some compactness results needed to prove global
existence results for several models of compressible fluids.

When @ # 0, the change of variable z — x -+t allows to apply immediately the above analysis
as well. Therefore, the time of controllability for (11.17) necessarily is larger than L/[@|. This is
also consistent with the works [MRR13] studying the linear equation (11.19) with a control set
moving during the evolution: roughly speaking, it is then proved that if the control set covers
the whole domain, the linear equation (11.19) is null-controllable.

In this context, with O. Glass, S. Guerrero and J.-P. Puel, we obtained the following result:

Theorem 11.3 ([EGGP12|). Let (p,u) € R x R, Q = (0,L) and let T > L/[a|. There exists
e > 0 such that for all (po,uo) € HY(0,L) x H'(0, L) with

||(PO*ﬁauo*ﬂ)HH(}(o,L)xHol(o,L) <é6, (11.21)
there exists a controlled trajectory (p,w) of (11.17) with initial condition (po,uo) satisfying
(o(T), u(T)) = (,7) in (0, L), (11.22)
Besides, (p,u) enjoys the following reqularity:
p e C%0,T); H*(0,L)), w € L*(0,T; H*(0, L)) N H*(0,T; L*(0, L)). (11.23)

Theorem 11.3 holds in any time T > L/[u|. According to [Deb], this is the sharp time when
considering strategies based on the linearization of the constant trajectory (p, ). But the use of
the non-linear effects of (11.17) could possibly remove this assumption on the time, as it is the
case for instance for the Euler equation [Cor96].

Theorem 11.3 was first proved in [EGGP12| under the assumption that (pg,uo) is close to
(p,w) in H3(0,L) x H3(0,L). This was due to the fact that we were working with the original
weight function (0(¢) ~ 1/t close to t = 0) of [F196]. In particular, we needed to consider
initial data (pg,uo) corresponding to rather smooth solutions of (11.17), so that it could be
subtract to (11.17) and the newly created source term could be handled. As we did not find
any reference for this precise problem, we used the work [MNS80| considering a far more general
problem (compressible heat conductive Navier-Stokes equations in 3d), but to the price of adding
stronger regularity assumptions on the initial data.

Let us also point out that the 1d linearized compressible Navier-Stokes equations have later
been analyzed on the torus when the control acts only in the equation of the velocity. Using a
spectral approach as in [MRR13], it was proved in [CDRR] that this system is exactly controllable
to the trajectories in any time T' > L/|u| provided that the initial and target densities have the
same mass - this is a natural assumption as in the torus, when the control acts only on the
velocity equation, this quantity is preserved.
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Let us also remark that, following the proof carefully, one can impose that the controlled
velocity u given by Theorem 11.3 satisfies u(t,z) =uwat x =Lifu>0and at z =0if 7 < 0. In
other words, the controls can all be taken in the incoming (upwind) side, i.e. the side in which
the fluid enters the domain.

11.3.2 Ideas of the proof

To prove Theorem 11.3, we use a fixed point argument. By symmetry, we can choose @ > 0
without loss of generality.

Doing the change of unknown (p, u) — (p —p,u — ), solving the problem (11.17) with initial
data (pg, ug) satisfying (11.21), (11.22) is equivalent to solve the null-controllability problem

(p(T,-),u(T,-)) = (0,0) in (0, L), (11.24)
for the system
atp‘f'(ﬂ‘i‘u)amp‘i_ﬁaa:u:f/h il'l (O’T) X (O’L)7
20 + u0yu) — vOppu = —p' (P)0rp + fu, in (0,7) x (0, L), (11.25)

(,0(0, ')’ U(O, )) = (pOaUO) small in H&(Ov L)27

where f, = f,(p,u) and f, = fu(p,u) are quadratic terms in (p, u).
Given (p, @) in a suitable class, we are thus led to solve the null-controllability problem (11.24)
for the equation

atp—" (ﬂ+u)6xp+ﬁaxu = fﬂ(ﬁ’ ﬂ)a in (O7T)
p(Ou + udyu) — VOypu = —p' (9)0up + fu(p, @), in (0,7
(p(0,-),u(0,-)) = (po, uo) small in HE(0, L)

L
L), (11.26)

N

Given (p,4), the null-controllability problem for the velocity u is a classical problem for the
heat equation and fits into the setting of Corollary 11.2. To be more precise, we first extend the
domain to (0,T) x (—=5uT, L), on which we extend the source term and the initial datum by 0, and
we consider a weight function ¢ such that all its critical points are in (0,T) x (—4uT, —2uT). We
then apply Corollary 11.22 with this weight function and simply truncate the controlled solution
on (0, L) to get the control u(t,0) and the controlled trajectory w.

Once u is constructed, the equation of the density p is a simple transport equation with a
given source term, with a velocity % + u. As u is supposed to be small (in L?(0,T; H*(Q)) and
thus in L1(0,7; L>°(2))), the flow corresponding to % + u is close to the one corresponding to .
It is then easy to check that one can construct a suitable controlled density p simply by gluing
the solutions p; and py of the forward transport equation

atpf + (H+ u)a”ﬂpf = fp(/éa 72) - ﬁamu7 in (OvT) X (Oa L)7
p£(0,-) = po, in (0, L), (11.27)
ps(t,0) =0, in (0,7),

and the backward transport equation
oo + (W w)0upy = fp(p, @) — pOyu, in (0,T) x (0, L),
pb(T7 ) = 07 in (O7L)7 (1128)
pb(tv L) = Ov in (07 T)

2Here, the parameter m in the weight functions is of no use and we simply take m = 1.
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Indeed, one can then simply set
p=mnps+ (L=n)py, (11.29)

where 7 solves

On+ (w+udyn=0, in(0,7)x (0,L),
n(0,-) =1, in (0,L), (11.30)
77(t7 0) = TIO(t)v in (07 T)v

1o (t) being a smooth cut-off function taking value 1 in a neighborhood of ¢ = 0 and vanishing
after some time small enough.

Now, the problem is the following. To perform the fixed point argument, we need to work
within suitable weighted Sobolev spaces, with the weights given by the Carleman estimate (11.16),
both for v and p. We shall then be able to derive weighted estimates on the density p. It is then
natural to impose that the weight function ¢ in (11.7) solves the transport equation

Ayh +udyh =0, in (0,T) x (0, L), (11.31)

ie. 9(t,x) = o(x — Tt), Py being the initial data of the transport equation in (11.31). To
be compatible with the assumptions required for the control of the equation of the velocity, we
extend 1y to (—6uT, L) and choose it such that its critical points are in (—4uT, —3uT). Setting
then (¢, z) = Yo(x —at) in the whole set (0,T") x (—5uT, L), we easily check that all the critical
points of ¥ belong to the set (0,T) x (—4uT, —2uT).

But this is not enough. Indeed, deriving weighted energy estimates on py (namely estimate
on pre®? for instance) requires

Oy +udyp <0,

while, for py, it requires

With (11.31), one can then estimate py on sets (0,T) x (0, L) for which 9,6 < 0 on (0,T%), and
pp on sets (Ty, T) x (0, L) for which 9;0 > 0.

We are therefore led to choose Ty and T; in (11.9) in such a way that T — 2Ty — 2Ty > L/|ul,
0(t) =1 on (Ty,T —2T7) as in (11.9), and we choose 7g in (11.30) so that ny(t) = 1 for ¢ € (0,Tp)
and no(t) = 0 for ¢t > 2T. From (11.29), this guarantees, for u small enough, that p = p; for
t€(0,7p) and p = pp for t € (T'— 211, T).

Another difficulty then occurs when trying to perform the fixed point argument, due to the
strength of the coupling. Indeed, equation (11.27) implies that p; has the same regularity as
Oz u, so that at first glance, 0, p will have the same strength as 0,,u. But d,p appears as a source
term in the controllability problem for u. It will therefore be too singular to be handled directly.

This is why we introduce the so-called effective velocities (recall (11.20)):

iip = u+ —g0upg, Ty = U+ —50uppe (11.32)
p p
The equation on %y then becomes
5(0h + (T + )y + Ogu)ity + ' (5)0up = 2pudpu + %ax( Folpod)) + ful(p, 10). (11.33)

To gain some better decoupling, we therefore replace the controllability problem for p in (11.26) )
by
Py
Op + (W+ u)0pp + Mf) + p0u = fo(p, ) +

p'(p)p
12 14

pin (0,T) x (0,L). (11.34)
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Solving this controllability problem in the same way as before, we obtain for @, the equation

/(=) A2
/(=) H2
= PO 4 spud,ut ~0u(f(p. ) + fulpr ). (11.35)

The coupling between %; and u is now much better: %y has the same regularity as u, so does
Ozpys. Using this effective velocity s, we are then able to derive suitable estimates on d,pf (and
similarly for 0, pp by using ;) allowing to perform Schauder’s fixed point theorem.

11.4 Extensions

11.4.1 Extension to the multi-dimensional setting

With O. Glass and S. Guerrero, we are presently trying to extend this result to the multi-
dimensional setting. We already have some promising result, and in particular the following
one:

Theorem 11.4. Let p > 0, u € R4\ {0} (d < 3) and let Lo > 0 be larger than the thickness of
Q in the direction u/|u|, and assume

T > Lo/|ul. (11.36)
Then there exists € > 0 such that for all (pg,ug) € H?(2) x H%(Q) satisfying

1(po; o) = (@, Wl 20y x 11202y < & (11.37)

there exists a solution (p,u) of (11.1) with initial data (po,wg) and satisfying the control require-
ment
o(T,z)=p, u(T,z)=u inQ. (11.38)

Besides, the controlled trajectory (p,u) has the following regularity:
(p,u) € C([0,T); H*()) x (L*(0, T; H3(Q)) N H'(0, T; H ().

Theorem 11.4 requires a strong smoothness assumption on (p,u). Actually, the regularity
of the velocity field u is important, as u € L2(0,T; H3(2)) implies (in dimension < 3) that
u e LY(0,T; Wh>(€)), and therefore the corresponding flow is well-defined by Cauchy-Lipschitz.

To prove Theorem 11.4, we first extend the domain €2 into a big torus Ty, and, for G small
enough in L?(0,T; H3(Q))NH(0,T; H'()), we consider the null controllability problem for the
linear system

{ Op+ (W+)-Vp+pdiva = f, +v,x, in (0,7) x Ty, (11.39)
p(Ou+1u-Vu) — pAu— (A+ p)Vdivu+p'(p)Vp =fy + vux, in (0,7) x Ty, '
where y is the indicator function of Ty \ Q. Indeed, after the change of unknown (p,u)
(p—p,u—1), this system corresponds to the linearization of the non-linear system (11.1) (except
for the term - Vp in (11.39) 1) which is quadratic, but cannot be handled as a source term due
to regularity issues, similarly as in the 1d setting).

To be more precise, for (pg,ug) small in H*(T.) x H*(T), f, € L*(0,T; H*(T1)) and
f. € L?(0,T; H(Ty)), we want to find controls v,, vy, such that the solution of (11.39) with



CHAPTER 11. COMPRESSIBLE NAVIER-STOKES EQUATIONS 92

initial data (pg, ug) satisfies (p(7),u(T")) = (0,0) in Ty, and (p, u) enjoys the following regularity:
p € C°[0,T); H*(Ty)) and u € L*(0,T; H3(2)) N H(0,T; H(Q)).
By duality, we focus on the observability of the adjoint problem

{ —00 — div (W + @)o) — p/(p)divz = go, in (0,7) x Ty, (11.40)
0 .

T
—p(Oz+u-Vz) — pAz — (A + p)Vdivz — pVo =g,, in (0,T) x Ty,

for g, € L2(0,T; H-2(Ty)) and g, € L?(0,T; H—3(Tyz)), observed through (0,7) x (T \ Q).
Similarly as in the 1d case, we set ¥ = A+ 2u. It is then interesting to introduce the quantity

q = vdivz + po, (11.41)

which is the counterpart of the effective viscous flux p(p) — vdiv u for the adjoint equation (11.40)
(recall (11.20)). Indeed, if (o,2) solves (11.40), the variables (o, q) solve a closed subsystem

(== /(=
O — div (@ + @)o) + 2 (5)pa _ g+ P l(/p)% in (0,T) x T,

— ! (=\ 72
~Llog+u-vg -ng-"2 (P)p q
v V2
—2 —2

=divg, + p—ga + P div (ho) —
v v

(11.42)

o, in (0,T)x Ty.

As in the 1d case, we see that this subsystem decreases the strength of the coupling of both
equations.

We then deduce the observability of (11.42) from the study of the null controllability problem
for the adjoint equation

7 e\ — —2 ! (=\ 73
8tr+(ﬁ+ﬁ)'Vr+@T:fr*%ﬁ'vyip(y#er%X’ i (0.7) x Te,

g(@ty +T-Vy) — Ay — p’(;)ﬁy . p/iﬁ)r +opxs i (0.7) x Ty, (11.43)
(r(0,-),y(0,-)) = (r0,y0), (r(T,-),y(T,-)) = (0,0), in Ty,

where (ro,v0) € H*(T) x H3(Ty) and f,, f, € L*(0,T; H*(TL)). As the coupling between the
equations in (11.43) is rather weak, the null-controllability problem (11.43) can be solved by a
fixed point argument and the good understanding of the null-controllability problem

1 =\ —
atr+(ﬁ+ﬁ)'vr‘f'p(f)pr:fr""'UTXa in (OaT)XTL7

faty — Ay = fy +vyx, in (0,7) x Ty, (11.44)
<T<O’)?y(0ﬂ)) = (r05y0)7 in TL7

(T(T7 )ay(Ta )) = (0,0), in TLa

which completely decouples the controllability problem for both equations.

Based on Corollary 11.2 and the construction in 1d, one can easily get a solution (r,y) of the
controllability problem (11.43) with the regularity (r,y) € L?(0,T; L*(Ty)) x L?(0,T; H*(T.))N
H'(0,T;L*(Tr)). However, one needs to get suitable regularity results for the controllabil-
ity problem (11.39). We shall then prove that for (ro,yo) € H?(Tr) x H3(T.) and f,, f, €
L?(0,T; H*(TL)), one can find a trajectory (r,y) solving (11.43) with r € L*(0,T; H*(T)) and
y € L%(0,T; HY(T1))NH(0,T; H*(Ty)). This is done by a bootstrap argument and the analysis
of the regularity of the control maps (7o, f,) — (r,v,) and (yo, fy) — (y,v,) in (11.44).
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Once this is done, we get an observability estimate for the system (o, ¢) in (11.42), and then
on z from (11.40)). By duality, we obtain a controllability result for system (11.39). We can
then perform a Schauder’s fixed point argument to show Theorem 11.4.

Note that for this method to apply, it is very helpful to assume that the controls act on the
whole boundary (0,77) x 9f2. Otherwise, g does not satisfy homogeneous boundary conditions
and extra work is required to handle the newly created terms.

11.4.2 Extension to more general target trajectories

Of course, another natural question concerns the local exact controllability to target trajectories
of (11.17). In other words, given a trajectory (p, @) of (11.17), and an initial data (pg,ug) close
to (p(0,-),w(0,-)) in a suitable functional setting, find a controlled trajectory (p,u) solution of
(11.17) such that at time T > 0,

(p(T, ')’ U(T’ )) = (E(T, ')vﬂ(Tv )) in (Ov L) (11'45)

This issue is currently analyzed by M. Savel, J.-P. Raymond and myself. The difficulty is
twofold. First, several new terms are created involving derivatives of the target trajectory, and
this requires several additional technicalities. Second, the condition for controlling the density
should be modified. We should at least assume that the flow X corresponding to the velocity
field @ should push away all the points of the domain between the times ¢ = 0 and ¢t = T'. To be
more precise, introducing the flow>

dX e —
)= X(6a), t20, X0z =zck,

we should assume that
va € [0, L], 3t, € (0,T), s.t. Y(tx,z) ¢ [0, L]. (11.46)

In the construction of the controlled density, one should then be particularly cautious about
possible oscillations of the trajectories around the boundary. Note that this difficulty is solved in
the case of incompressible fluids, see next chapter, but the controlled density in that case is not
smooth. It is therefore not fully adequate for the case of compressible fluids, and the construction
should be adapted to smooth up the controlled density adequately.

3For sake of simplicity, we extend @ to [0,T] x R.






Chapter 12

Controllability of the incompressible
non-homogeneous Navier-Stokes
equations

12.1 Main result

In this section, we consider the incompressible non-homogeneous Navier-Stokes equation. Let
T > 0 and €2 be a smooth bounded domain of R%2. The motion of an incompressible viscous fluid
is then described by the following set of equations:

Orp + div (pu) = 0, in (0,7) x Q,
p(Opu+u-Vu) —vAu+Vp=0, in (0,7) x £, (12.1)
divu =0, in (0,7) x Q.

Here p is the density of the fluid, u its velocity and p its pressure. Note that in the case
of incompressible flows, the pressure is not given in terms of the density as in (11.2) in the
compressible case. Actually, in the context of incompressible fluids, the pressure is the Lagrange
multiplier of the divergence free condition divu = 0.

As it is classically done in the context of incompressible fluid (see e.g. [BF13]), we introduce
the space V1(2) of vector fields in H'(2) satisfying the divergence free condition, and V' () for
elements of V1(£2) vanishing on the boundary 9.

Our goal is to study the local exact controllability problem to trajectories. Again, we consider
controls acting on the boundary, as in (11.4). We then introduce a trajectory (p, ) solving (12.1)
in (0,7) x Q. Extending © to [0,7] x R?, we introduce the corresponding flow

——(t,to,x) =u(t, X (t,tg,x)), t>0,  X(to,to,x) =z € R? (12.2)
and, for T" > 0, the set

QL . ={xecQ|3t, € (0,T), s.t. X(t,,0,z) ¢ Q}. (12.3)

This set corresponds to all the points that are transported outside Q before the time T° > 0.
Note that it does not depend on the extension chosen for W. Our main geometric assumption,
coming from the transport equation satisfied by the density, is the following one:

ol , = (12.4)

out —

95
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As we would like to control on the smallest possible set of the boundary and to describe what
our approach gives at best, we assume that there exists an open subset 'y of the boundary 02
satisfying the following assumptions:

(i). Tg has a finite number of connected components,

(ii). inf _d@-n>0.
[0,T]x T,

(12.5)

Under these conditions, we get the following result:

Theorem 12.1 (|IBEG]). Let Q be a smooth bounded domain of R%. Assume that (p, 1) solves
(12.1) and satisfies

(p,0) € C*([0,T] x Q) x C*([0,T] x Q) and inf p>0. (12.6)
(0,T]x 2
Assume that the condition (12.4) is satisfied for the time T and that there exists Ty (possibly
empty) satisfying (12.5).
Then there exists € > 0 such that for all (po,ug) € L>=(Q) x V() satisfying

[P0 = P(0, )| o (0) + w0 = T(0, ) [0y <&, (12.7)

there exists a controlled trajectory (p,u) solving (12.1) with initial data

(p(0,-),u(0,-)) = (po, uo) in €2, (12.8)

with the boundary condition u(t,z) = u(t,z) for all (t,z) € (0,T) x 'y, and satisfying the
controllability property
(,D(T, ')a u(Tv )) = (p(Ta ')vﬁ(Tv )) in . (129)

Besides, one can construct (p,u) with the following regularity property:
(o) € L=((0,T) x ) x (H'(0,T; L*()) 0 L2(0, T; H(2))). (12.10)

Note that Condition (ii) in (12.5) implies that for all ¢ > 0, the velocity field T(t,-) is
directed to the exterior of 2 on I'g. Actually, it even implies that there exists v > 0 such that
inf[O,T]eroﬁ~ n > ~. In this case, choosing € > 0 in (12.7) smaller if necessary, we can impose
that the controlled velocity u of Theorem 12.1 stays in a neighborhood of @ in C°([0, T]; V1(£2))
small enough to guarantee u(t,z)-n > 0 for all (¢,2) € (0,T) x I'g. Therefore, there is no control
on the density p on the set I'y either, as I'y corresponds to an outflow part of the boundary for
u as well.

To our knowledge, the study of the control properties of (12.1) has only been done in [FC12],
mainly from the point of view of optimal control. In the context of controllability, however, there
was to our knowledge no previous result.

12.2 Sketch of the proof

As before, our proof is based on a suitable fixed point argument.
Working on the unknown (p — p,u — ), still denoted (p,u) for simplicity, we are back to
study the boundary null-controllability property of the system

Op+ (UW+u)-Vp=—u-Vp, in (0,7) x ©,
PO+ p(T- V)u+p(u- V)i - vAu+ Vp =f(p,u), in (0,7) x 2, (12.11)
divu =0, in (0,7) x Q, '

(p(0),u(0)) = (po,ug), small in L>=(Q) x Vi(Q),
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where f(p,u) contains quadratic terms in (p,u) and the linear term —p(0;u + (0 - V)u).

The coupling between the transport equation (12.11)(;) and the Stokes problem (12.11) ) is
thus rather weak. Indeed, (12.11)(;) implies that the density has the same strength (in terms of
powers of the Carleman parameter s) as the velocity field u, while the density appears linearly
in the source term of (12.11)y).

One could therefore think that the local null-controllability problem for (12.11) is easy. This
would be the case if the Stokes operator in (12.11)(2) was replaced by the heat operator. Unfor-
tunately, the situation for the Stokes operator (12.11),) is much more intricate, and this is the
main difficulty of our work.

Note that the situation drastically simplifies when either Vp or (;u+ (@- V)u) vanishes. In
this case indeed, one of the two linear couplings between the equation is cancelled. In particular,
in this case the problem reduces to the study of the null-controllability of the Stokes operator,
which can be found in the literature in several works, among which [Ima01, FCGIP04, IPY09].
But still, the non-constant coefficient p in front of d;u in (12.11)(2) creates some difficulty as it
introduces a new term in the Laplacian of the pressure Ap of the form Vp - 0;u.

We shall therefore focus our study on the null-controllability of the Stokes operator. We begin
by considering an extension O of 2, O being a smooth bounded domain of R? such that O\ Q
is non-empty and I'y C 90 N IN. We also extend (p, ) to [0, 7] x O such that it satisfies (12.6)
on [0,7] x O and ug and the source term to be controlled by 0 outside (2.

We then consider the null-controllability problem for the system

p(Ou+ (@-Viju+ (u-V)u) —vAu+Vp=£f+vlyg, in(0,7)x0,

divu =0, in (0,T) x O,
u=0, on (0,T) x 00, (12.12)
u(0) = uy, in O.

where v € L2((0,T) x (O\ Q)) is the control function.
As for the heat equation (recall Section 11.2), this null-controllability property is linked to
the observability of the adjoint system:

—0(pz) — 2D(pz)u — pzdiva — vAz + Vp = g, in (0,7) x O,
divz =0, in (0,7) x O, (12.13)
z=0, on (0,T) x 00,

where Dz = (Vz+ 'Vz)/2 is the symmetrized gradient. In a first approximation, we can consider,
instead of (12.13), the equations

—poyz —vAz + Vp =g, in (0,7) x O,
divz =0, in (0,T) x O, (12.14)
z=0, on (0,T) x 00.
Taking the curl of the equation (12.14), w = curl z satisfies:
—Gow — vAw = curlg + 8z - V15, in (0,T) x O, (12.15)

but w does not satisfy homogeneous boundary conditions.
Still, as w solves a backward heat equation, by duality with the null controllability problem
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dealt with in Corollary 11.2, in the spirit of [IY03a], one can derive

// §3|w|26—2s</) < C // 63‘w|2e—2scp +S// §4|z|26—2s¢
(0,T)xO (0,T) x (O\Q) (0,T)xO
_’_/\71 // 53‘w|26723tp+871)\72 // £2|g|2672stp , (1216)
(0,T)x00 (0,T)xO

where the weights functions ¢, &, ¢ are defined as in (11.7)-(11.11) with  replaced by O and
Qops = (0,T) x (O\ Q).

Using then the fact that —Az(¢,-) = curlw(¢,-) in O and z(t,-) = 0 on dO, one can use
elliptic Carleman estimates as in [IP03] to deduce estimates on z from w: for all ¢t € (0,7,

s)\2/o§4\z|26_2‘w SC/Ofg\er_zs“’—i—Cs)\z /C)\Q§4|zze_2s“’. (12.17)

We can then absorb the term in z in (12.16) by taking A large enough, up to the addition of a
new observation term in z.

But one still needs to absorb the boundary term in (12.16). In order to do that, we first
remark that w on the boundary 0O is bounded by 9,z on 0. The goal therefore is to estimate
£3/20,ze5% from the source term g in (12.14) and observation terms.

In order to do that, we introduce the stream function { associated to z, which satisfies
A((t,-) = w(t,) in O and ((¢,-) is constant on each connected component of the boundary of
00 (at this step, we strongly use the fact that we are in 2d). Elliptic Carleman estimates then
also apply to ¢, provided that O is a level set of ¥(t,-) for all ¢ € (0,7). We then get, for all
te(0,7),

s3at / £9]¢[2e2¢ < / e + 701 / gllgPem2ew. (12.18)
o o o\Q

Remark that here, we use that the elliptic Carleman estimate applies to ¢ without introducing
new boundary terms as ¢ and 1(t,-) both are constant on each connected component of the
boundary of 00.

Now, to absorb the boundary term in (12.16), the idea is to do energy estimates on (12.14)
with a weight function independent of the space variable. As it has to coincide with ¢ on the
boundary to estimate the boundary term in (12.16), we assume

vVt € (0,77, 1(t)ja0 is constant, and V¢ € [0,T7, inf D(t,) = ¥(t)90, (12.19)

so that
L) = t2) = ot)]so, E(t) =miné(t,z) = £(H)|po.
px(t) = maxo(t,z) = p(t)oo, &(t) =ming(t, z) = £(t)]oo
One can then derive L?(0,T; H?(QO)) estimates on 53/2ze_s‘P* by energy estimates for (12.12),
using the estimate on s3/2A2¢3Ce™*?+ in (12.18). In this step, we need the parameter m in
(11.8)(11.9) to be greater than 5. This allows to estimate £3/20,ze ¢ in L?((0,T) x dO) from
the source term g of (12.14) and the right-hand side of (12.18). This yields an observability
estimate for z in (12.14), and by duality a controllability result for u in (12.12).
Summing up, in order to get a null-controllability result for (12.12), we need to choose
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¥ =1p(t,z) € C%([0,T] x O) satisfying

V(t,x) € [0,T] x O, (t,x) € [0,1],

V(t,x) € [0,T] x 90, Ontp(t,z) <0,

vt € [0,T], ¥(t)po is constant, (12.20)
vt € [OvT]v inff? "Z}(t’ )= &(t)\ao,

inf[o,T]xﬁ{‘VM} > 0.

We choose m > 5 and let ¢ as in (11.8). For Ty > 0 and Ty > 0 with Ty + 277 < T, we choose
a weight function in time 6(¢) as in (11.9) with g as in (11.11). We finally introduce the weight
functions ¢ = (¢, x) and € = £(t, z) as in (11.10).

Using these weight functions, we then obtain the following result for the controllability prob-
lem (12.12):

Theorem 12.2 (Theorem 2.2 in [BEG]). Under the above assumptions, there exists a constant
C > 0 such that for all s > so and X > Xg, if ug € ViH(O) and f € L*((0,T) x O) satisfies

// ETF2e®¥ < o0, (12.21)
(0, T)x0O

then there exists a control function v € L%*((0,T) x (O \ )) and a controlled trajectory u €
L2((0,T) x O) such that u solves the control problem (12.12) and u satisfies the estimate

3 gp* m— s
[ue=*? H%Q(O,T;HQ(Q))ﬁHl(O,T;LQ(Q)) + 12N/ // ¥m4uf?e®?
0, T)xO

<c (//(0 o € ||uoezsv<°~>||2vol(o)> . (12.22)

The important point in Theorem 12.2 is the fact that we derive an estimate on £ =211/ Myes?
in L2((0,T) x O) (hence on £ 2ue®?) in terms of an estimate on £~ 2fe*?, while most of the
literature only produces estimates on ue! =¥)*¢ in L2((0,T) x O) for some ¢ > 0 in terms of fe*?
in L2((0,T) x O). Though such a difference in the exponential is harmless when f only involves
quadratic terms, it cannot be sufficient in our case as the source terms in (12.11) contain linear
coupling terms. Nevertheless, let us mention that Theorem 12.2 can be derived from [IPY09]
when p is constant and the weight function ¥ does not depend on the time variable.

Let us also remark that performing weighted energy estimates starting from (12.17) instead
of (12.18) does not allow to absorb the boundary term in (12.16), thus limiting Theorem 12.2
to the 2d case when there is a part of the boundary on which no control is active. However,
when the control is active on the whole boundary, the situation is much better, see Section 12.3.1
below.

Once Theorem 12.2 is proved, we have to control the density. This can be done as in the
compressible case by gluing forward and backward solutions with the correct initial, respectively
final, conditions (in dimension 2, this can be done in the context of classical solutions by [Zua02]
as the velocity field belongs to L?(0,T; H%(0))). Indeed, from assumption (12.4), we can choose

To and T; > 0 small enough so that for all z € Q, there exists t, € (To, T — 2T1) such that
X (tz, To,x) ¢ Q. Using the cut-off function 1 solving

on+(W@+u)-Vn=0, in (0,7)xQ,
n(0,) = 1, in Q, (12.23)
n(t,z) = Li<ny, in (0,7) x 09, with (@4 u)-n <0,
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the construction in (11.27)—(11.30) easily adapts.
Of course, to get estimates on the density constructed that way, one should also assume that
the weight function ¢ satisfies

Op+T -V =0, in (0,T) x €, (12.24)

as in (11.31).
The construction of 9 satisfying the conditions (12.20) and (12.24) can be done when the
controls act in the complementary of Ty satisfying (12.5), see [BEG, Lemma 4.1].

The last difficulty left is in the application of Schauder’s fixed point theorem, as the density
we constructed is not smooth. Therefore, getting compactness of the fixed point map we consider
is not straightforward. Fortunately, using the concept of renormalized solutions introduced in
[DL89] and adapting it to the case of transport equations with non-tangential velocity fields,
the results in [Boy05] (see also [BF07, Theorem 4]) proved that our construction of the density
enjoys some compactness properties. We can therefore use Schauder’s fixed point theorem to
conclude the proof of Theorem 12.1.

12.3 Comments

12.3.1 The 3d case

Our approach is limited to the 2d case as we used the stream function to absorb the boundary
term in (12.16). Therefore, it would be better to be able to estimate the boundary term in
(12.16) by avoiding the use of the stream function. It turns out that this is precisely what
is done in [IPY09] for a function ¢ independent of ¢ (and a constant coefficient p, but this is
not an important issue). But [IPY09] requires the use of a precise Carleman estimate for the
heat equation with non-homogeneous boundary conditions with optimal powers of the Carleman
parameters s. Whether this can be done or not with a weight function ¢ depending on time
satisfying (12.20)—(12.24) is an open problem.

However, when the control acts on the whole boundary, similarly as in Section 11.4.1, we can
put the domain 2 into a large torus O = T, extending the vector field @ to T; smoothly such
that it vanishes away from Q (this extended vector field will not necessarily be divergence free
in Ty, but it will be divergence free in €2, which is the only thing that matters for our purpose).
The same proof as the one presented above then becomes simpler as there is no more boundary
conditions.

In this case, we can therefore omit the difficulties coming from the boundary and generalize
Theorem 12.1 to the 3d case:

Theorem 12.3 (|IBEG]). Let Q be a smooth bounded domain of R3. Assume that (p,q) solves
(12.1) and satisfies (12.6). Assume that the condition (12.4) is satisfied for the time T.

There exists € > 0 such that for all (po,up) € L>=(Q) x VY(Q) satisfying (12.7), there exists
a controlled trajectory (p,u) solving (12.1) with initial data (po,uy), satisfying the controllability
property (12.9), and enjoying the regularity (12.10).

The only difference in the proof comes from the fact that the transport equations in the
construction of the controlled density have to be solved using renormalized solutions, see [Boy05],
as now the velocity fields are not regular enough to produce classical flows.
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12.3.2 On the return method

Our results also allow the use of non-trivial trajectories. For instance, if we control from the
whole boundary locally around the trajectory (p,u) = (1,0), it would be inefficient to consider
the constant trajectory (p(t),u(t)) = (1,0), as condition (12.4) could not be satisfied in any time
T > 0. But instead, given 7' > 0, one can consider the trajectory (p(t),u(t)) = (1,7(t)U) with
17 = n(t) being a non-negative smooth cut-off function in time taking value 1 on an interval of
size T/2 and U € RY. For U large enough, this produces a trajectory satisfying Assumption
(12.4). Theorem 12.1 or 12.3 applies and yields local exact controllability to the constant state
(p,1@) = (1,0) in any time T > 0.

This example follows the spirit of the return method introduced by J.-M. Coron in [Cor96]
in the context of Euler equations, extended in [Cor96, CF96] in the context of Navier-Stokes
equations on a bounded domain with Navier boundary conditions and on a manifold without
boundary. The main idea is to construct suitable trajectories of the system around which the
system is locally exactly controllable. Our above results, Theorem 12.1 and Theorem 12.3, only
provide local exact controllability of (12.1) to trajectories satisfying the regularity and geometric
conditions (12.6), (12.4).

Following this idea, this yields the following application of [Cor96, CF96] when the control acts
on the whole boundary in dimension 2. First, extend the domain € into a large torus. Arguing
as above, we can rewrite the problem as a controllability problem in the torus with distributed
controls supported outside Q. Now, if u is a smooth trajectory of (12.1) corresponding to a
constant positive density p, using [CF96], starting from any smooth initial data ug, we can
construct controls such that the controlled trajectory reaches exactly W(T) at time T, while p
stays constant p(t, ) = p. Besides, we can impose that this controlled trajectory equals (g, U) for
large constant vector fields U € R? during the time interval (7'/3,27/3) so that (12.4) is satisfied.
That way, we construct trajectories of (12.1) linking (p, ug) to (p,u(7T)) satisfying (12.4) for any
smooth function ug with divug = 0 and smooth solutions (5, @) of (12.1) for which the density
stays constant (in that case, U simply is a smooth solution of the incompressible Navier-Stokes
equation for a fluid of constant density p). Note however that this construction is limited to
trajectories for which p is constant. In that case, as mentioned earlier, the linear coupling in
(12.11); disappears and the controllability result in Theorem 12.1 becomes much simpler.

Whether this type of strategy can be extended to other trajectories and to other geometric
settings is an open problem.
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