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Résumé vii

OBSERVATION ET CONTROLE DE QUELQUES SYSTEMES CONSERVATIFS
Résumé

Dans cette thése, nous nous intéressons a la contrélabilité interne et & son coiit pour une ou plusieurs
équations aux dérivées partielles conservatives.

Dans la premiére partie, nous introduisons et détaillons deux méthodes permettant d’estimer le cott
du controle (et par dualité, de la constante d’observabilité) de I’équation des ondes avec potentiel L™
en dimension un d’espace. La premiére utilise la propagation des ondes le long des caractéristiques en
s’appuyant sur le role symétrique de la variable de temps et d’espace. La deuxiéme méthode repose sur la
décomposition spectrale de I’équation des ondes et sur 'utilisation des inégalités d’Ingham. L’estimation
de la constante d’observabilité se raméne alors & 1’étude d’un probléme d’optimisation faisant interve-
nir les vecteurs propres du Laplacien-Dirichlet avec potentiel. Nous fournissons ensuite des propriétés
qualitatives sur le minimiseurs ainsi qu’une estimation du minimum ne dépendant que de la mesure de
I’ensemble d’observation.

Dans la deuxiéme partie, nous étudions la contrélabilité de certains systémes d’équations avec un nombre
de controéles réduits, autrement dit le nombre de contrdles est plus petit que le nombre d’équations.
En particulier, nous caractérisons exactement les données initiales qui peuvent étre controlées pour des
systémes d’équations couplées de type Schrédinger et nous énongons une condition nécessaire et suffisante
de type Kalman pour des systémes d’équations des ondes couplées. La preuve repose sur une méthode de
controle fictif combinée a la résolution algébrique d’un systéme sous-déterminé et sur certains résultats
de régularité.

Mots clés : opérateurs de sturm-liouville, problémes extrémaux, calculs des variations, inégalité
d’ingham, contrélabilité indirecte de systémes linéaires, équations des ondes et de schréodinger,
méthode de controle fictif, résolubilité algébrique.

Abstract

In this work, we focus on the internal controllability and its cost for some linear partial differential
equations.

In the first part, we introduce and describe two methods to provide precise estimates of the cost of control
(and by duality, of the observability constant) for general one dimensional wave equations with potential.
The first one is based on a propagation argument along the characteristics relying on the symmetrical
roles of the time and space variables. The second one uses a spectral decomposition of the solution of
the wave equation and Ingham’s inequalities. This relates the estimation of the observability constant
to the study of an optimal problem involving Dirichlet eigenfunctions of Laplacian with potential. We
provide some qualitative properties of the minimizers, and also precise bounds on the minimum.

In the second part, we are concerned with the controllability of some systems of equations by a reduced
number of controls (i.e. the number of controls is less that the number of equations). In particular, in
the case of coupled systems of Schrédinger equations, we exactly characterize the initial conditions that
can be controlled and we give a necessary and sufficient condition of Kalman type for the controllability
of coupled systems of wave equations. The proof relies on the fictitious control method coupled with the
proof of an algebraic solvability property for some related underdetermined system, as well as on some
regularity results.

Keywords: sturm-liouville operators, extremal problems, calculus of variations, ingham’s inequal-
ity, indirect controllability of linear systems, schrodinger and wave equations, fictitious control
method, algebraic solvability.

Laboratoire Jacques-Louis Lions
4 place Jussieu — 75005 Paris — France
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Introduction générale

Dans cette thése, nous allons nous intéresser a la controlabilité d’une EDP ou d’un systéme
d’EDP de la forme
{ 4y =_Ly+Cu, tel0,T] (1)
y(0) = wo,

ou L est un opérateur non borné, fermé a domaine dense sur un espace de Hilbert H qui génére
un groupe et C est un opérateur linéaire continu d’un espace de Hilbert U dans H. L’objet de
la théorie du controle est d’agir sur ’évolution de I’état y par I'intermédiaire du “paramétre” u
appelé le controle. L’opérateur C' va donc décrire la maniére dont le controle agit sur le systéme.
Ainsi, une question naturelle est :

Q1 (contrdlabilité) : Est-il possible, pour un temps 7" > 0 et pour une condition initiale yo,
de trouver un controle u qui ameéne la solution y de (1) 4 0 en temps T'?

S’il existe un tel controle u amenant yo & 1’état final 0, nous dirons que le systéme (1) est
contrélable a 0. De plus, s’il existe, il n’a aucune raison d’étre unique. Puisque l’ensemble des
controles est un convexe fermé d’un espace de Hilbert, nous allons choisir le controle de norme
L?((0,T),U) minimale noté uy,. Considérons I’application T, linéaire continue définie par

Ho— LA(0,T).U)

I, :
Yo > Umin

Sa norme est donnée par

||umin||L2 0,7),U
nnm=mm{ PO |y e 00 (0},

La quantité ||T,||, que nous choisissons d’appeler le cotit du controdle, mesure I’énergie mini-
male dont on a besoin pour amener la solution de la condition initiale & 0.

Q2 : Si la réponse Q1 est positive, pouvons nous déterminer une estimation du cotit du controle
Tl ?

Par un argument de dualité observabilité-controlabilité (voir [30], [24, Théoréme 2.42]), la ré-

ponse a la question Q1 est équivalente & l’existence d’une constante ¢ > 0 vérifiant, pour tout
Yo € Ha

T
cWﬂz<A|wwwmm, @)

1



2 Introduction générale

avec @ solution du systéme adjoint

{ so=Lre te[0,T), @)
¢(0) = wo.
Notons par ¢(T,a,w) la plus grande constante vérifiant (2). D’aprés [24, Théoréme 2.42] on a

ITL? = ﬁ Ainsi, la détermination d’une borne inférieure de la constante d’observabilité
¢(T, a,w) nous permet de répondre a la question Q2. En outre, une estimation fine de ¢(7, a,w)
nous permet d’obtenir une mesure quantitative du caractére bien posé du probléme inverse sui-
vant : étant donné T' > 0 et w C (0, L), pouvons nous reconstruire les données initiales ¢q et o1

a partir de la connaissance de 0y|(0,1)xw ? (voir Section 1.2.1).

Estimation fine du cotit du contréle pour I’équation des ondes 1D avec
potentiel L*°

Dans la premiére partie de la thése, nous allons obtenir une estimation fine du cotit du
contréle pour 'équation des ondes 1D avec potentiel L°°. Choisissons H = Hg (0, L) x L*(0, L),
U= L?(0,T) x (0,L)), L = ( g (1) ) et C = 10 ), avec 1, la fonction indicatrice d'un

w

sous-ensemble w de (0, L), dans (1). Dans [64], en utilisant une méthode des moments, 'auteur
démontre un résultat de contrélabilité & 0 pour ’équation des ondes dés que w est un intervalle
et T est suffisamment grand, ce qui répond a la question Q1. En utilisant la méthode par
propagation introduite dans [19, 45, 99] et la méthode spectrale basée sur les inégalités d’Ingham
(voir [53]), nous allons répondre a la question Q2 en déterminant une estimation optimale, en
un certain sens (qui sera précisé dans [Chapitre 1, Section 1.4]), de ¢ > 0 vérifiant, pour tout
(5007 901) € H&(Ov L) x L2(07 L)7

T
clleo e0lmoneizon < | [ dt.a)? dud, (4)
e Oup(t, ) — Oppp(t,z) + a(z)p(t,x) =0 (t,z) € (0,T) x (0,L),
o(t,0) = @(t,m) =0 t € 10,7, (5)
(0, 2) = po(x), dp(0,x) = @1 (x) z €0, L.

La méthode par propagation consiste a utiliser la propriété de propagation des ondes le long
des caractéristiques en jouant sur le role symétrique de la variable de temps et de la variable
d’espace tandis que la méthode spectrale est basée sur la décomposition de la solution ¢ de (5)
dans une base hilbertienne de vecteurs propres (e, ;) jen+ associés a opérateur —A + a(-) dans
L?(0, L). Par la méthode spectrale, nous obtenons 'estimation

>Cr i 2.
e(Tya,w) = Cr jlelg i €q j(7)dx,

avec C7 une constante explicite. Ainsi, la réponse a la question Q2 résultera d’une estimation
fine de la quantité

inf inf inf [ e, ;(x)*dz, (Prrn)
0<a<M |w|=rL jeN* J ,

avec r € (0,1). Cette estimation dépendra uniquement de la mesure de w et sera valable pour
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tout w mesurable.

Dans la deuxiéme partie, nous allons énoncer des résultats de contrélabilité pour certains
systémes couplés comme, par exemple, le systéme d’équations de Schrédinger

oY =iAY + AY +1,BV dans (0,7) x L2()",
{ Y(0) = Y, (Syst-Sch)
et le systéme d’équations des ondes
oY =AY + AY +1,BV dans (0,7) x L2(Q)",
Y (0) =YY", (Syst-Ondes)

8,Y(0) =Y,

avec (A, B) € M,,(R) x M,, ,»(IR), Q un ouvert de R" et w un sous-ouvert de 2. Nous allons agir
sur ces systémes avec moins de controles que d’équations, c’est & dire en supposant que m < n.
Nous allons donc nous intéresser & comprendre comment I'information se propage d’une équation
A une autre & travers la matrice de couplage A afin de construire un contréle V' qui enverra la
solution Y en 0 au temps 7T'. Dans le cas d’un systéme du type (Syst-Sch), nous caractériserons
exactement les conditions initiales Y° contrélables alors que dans le cas d’un systéme du type
(Syst-Ondes), nous énoncerons des conditions de type Kalman sur A et B pour que le systéme
(Syst-Ondes) soit controlable en temps 7.

Nous utiliserons une méthode de controle fictif introduite dans [38] pour prouver ce résultat.
Ainsi on va décomposer la preuve en deux parties, une partie analytique et une partie algébrique.
La partie analytique consistera & controéler le systéme

07 =iNZ +AZ +1,U )
Z(0) = Y°.

Le systéme (6) est plus simple & controler que le systéme (Syst-Sch) puisque nous agissons sur
le systéme avec autant de contrdles que d’équations (n = m). Le controle U de (6) sera amené a
disparaitre par la suite, d’oit le nom de controle fictif. On va ensuite enlever n — m controles en
résolvant le probléme algébrique

X =iAX + AX + B1,W +1,U o
X(0) = X(T) = 0.

La résolution de (7) est basée sur une idée de [11, Section 2.3.8] qui consiste a réécrire le systéme
(7) comme un systéme sous-déterminé en la variable (X, W) et de considérer f := 1,U comme
un second membre. On conclut en remarquant que le couple (Y,V) = (Z — X, —W) est une
solution de (Syst-Sch) avec Y(T',-) = 0.
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Premiére partie

Quelques estimations de la constante
d’observabilité pour I’équation des
ondes en une dimension






Chapitre 1

Introduction

Ces résultats sont extraits de [46] (en collaboration avec Alain Haraux et Yannick Privat) et
de [72] (en collaboration avec Pierre Lissy et Yannick Privat).

1.1 Mise en place des problémes

Nous considérons 1’équation des ondes en une dimension avec conditions au bord de Dirichlet

Onp(t,x) — Opap(t,x) + a(x)p(t,x) =0 (t,z) € (0,T) x (0, L),
@(t,0) =(t, L) =0 t€[0,T7, (1.1)
©(0,2) = po(x), p(0,2) = p1(z) T e [07L]~

Nous supposons que le potentiel a(-) est une fonction positive appartenant a L>°(0,L). Soit
L,: H?(0,L) N H0,L) C L*(0,L) — L*(0, L) 'opérateur défini par

Lo := =0z +al-).

Pour toutes données initiales (pg, 1) € HE(0,L) x L%*(0,L), il existe une unique solution
o € C%0,T;HL(0,L)) N CY0,T; L*(0,L)) au probléme de Cauchy (1.1) (voir [31, p. 222]).
De plus, puisque l'opérateur L, est autoadjoint positif a résolvante compacte, il admet une
base hilbertienne de L?(0, L) constituée de vecteurs propres e, ; et il existe une suite strictement
croissante de nombres réels positifs (A;)jen telle que e, ; résout le probléme aux valeurs propres

{ —ey i(x) + a(@)eq; () = Nea;(x), x € (0, L), 12)

€q,i(0) = eq ;(L) = 0.

Pour obtenir I'unicité nous choisissons de prendre e;, ;(0) > 0 et nous imposons une condition de
;

L
/ ei’j(x) dx =1.
0

normalisation L2

Soit .
Eo(po, 1) = /0 (e1(2)* + ) (z)? + a(z)po(z)?) dz,

7



8 CHAPITRE 1. Introduction

I’énergie initiale du systéme qui est conservée au cours du temps. Rappelons la notion d’obser-
vabilité :

Définition 1 (Inégalité d’observabilité pour I'équation des ondes). Soit w un sous-ensemble
mesurable de (0, L). L’équation (1.1) est dite observable sur w en temps T s’il existe une constante
strictement positive c telle que,

T
/ / Opp(t, :E)2 dadt = cEq(po, 1), (1.3)
0 w

pour tout (po, p1) € HE(0,L) x L?(0, L).

Si (1.1) est observable sur w en temps T, nous désignons par ¢(7), a, w) la plus grande constante
dans (1.3), c’est a dire

T
Ovp(t, x)? ddt
C(T,a,7w) = inf fO fw tSO( 75(:) X .

(wosp1)€HE(0,L)x L*(0,L) Eq(¢0, 1)
(¢0,%1)#(0,0)

(1.4)

Remarque 1. D’apreés [/3], si w = (o, 8) est un intervalle inclus dans (0, L) alors pour tout
T > 2max(«a, L — ),
(T, a,w) > 0.

Nous allons chercher a déterminer une borne inférieure de la constante d’observabilité ¢(T, a, w)
définie en (1.4). En particulier, nous obtiendrons une minoration de la version spectrale de cette
constante. Les motivations de cette étude seront fournies dans la Section 1.2.

Probléemes :

P1) Déterminer une constante explicite ¢; > 0 dépendant uniquement des para-
meétres du probléme telle que

(T, a,w) = c.

P2) Déterminer une constante explicite co > 0 dépendant uniquement des para-
meétres du probléme telle que

inf  inf inf eaj(®)?dr > co (Prrm)
0<as<M |w|=rL jeN* | ,

avec M € Ry et 7 € [0,1].

Les estimations résultant de I’étude du probléme P2 constitueront, en particulier, un in-
grédient important pour la résolution du probléme P1, i.e. la détermination d’un minorant de
¢(T, a,w) (voir Section 1.3 et Section 1.5.1).

Les parameétres du probléme seront le temps d’observation 7', la norme infinie du potentiel a
et la mesure de Lebesgue du domaine d’observation w.
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1.2 Motivations

Avant d’exposer nos résultats, nous allons nous intéresser aux motivations qui nous ont amené
4 résoudre les problémes P1 et P2.

1.2.1 Probléme inverse et choix des paramétres physiques

Supposons que nous disposons de la mesure de ;¢ sur le cylindre (0, T) x w. Nous considérons
le probléme inverse suivant : étant donné T > 0 et w C (0, L), pouvons nous reconstruire les
données initiales ¢g et ¢; a partir de la connaissance de 9y¢|(0,1)xw ? La réponse est positive
lorsque l'inégalité d’observabilité (1.3) est vérifiée, c’est a dire lorsque ¢(T', a,w) > 0. En réalité,
4 cause des erreurs de mesures, on observe plutot 9;p°®* sur (0,7) x w ou % est solution de
(1.1) avec conditions initiales <p°bs et ¥, L'inégalité d’observabilité nous donne alors

obs fO f (ath t JJ) at‘pObg( ))2 dxdt
(T, a,w) )

Eq(o — 03", 01 — 9%

Ainsi la connaissance d’une borne inférieure explicite de la constante d’observabilité ¢(7), a,w)
nous permet d’avoir une estimation de ’erreur de reconstruction des données initiales. En résumé,
la constante d’observabilité peut étre interprétée comme une mesure quantitative du caractére
bien posé du probléme inverse de reconstruction de la solution & partir des mesures sur w pendant
un temps 7.

De plus, lorsque nous faisons des expériences, a cause de certaines imprécisions sur les condi-
tions de fonctionnement ou sur les mesures physiques, nous connaissons souvent des informations
partielles entachées d’erreurs sur les paramétres du probléme inverse. Par exemple, nous pou-
vons mentionner ’exemple de la tomographie thermoacoustique ou l'intensité des mesures est
souvent trés faible et le modeéle physique est souvent simplifié avant d’exploiter les mesures. C’est
pourquoi il est intéressant d’obtenir des estimations de la constante d’observabilité ¢(T, a,w) ne
dépendant que du temps d’observation T', de la borne supérieure du potentiel a et de la mesure
de Lebesgue du sous-ensemble d’observation w.

1.2.2 Le cotlit du contrdle pour la méthode HUM

La constante d’observabilité ¢(T', a,w) joue aussi un role important en théorie du controdle.
Considérons I'équation des ondes sur L?(0, L) avec conditions au bord de Dirichlet

Ony(t, ) — Opzy(t, ) + a(x)y(t, x) = u(t, x), dans (0,T) x (0, L),
y(t,0) =y(t, L) =0, t e [0,T], (1.5)
(y(O,x),aty(O,a:)) = (yo(x),yl(x)), T e [OaL]a

ott u € L%((0,T),(0,L)) est un contrdle & support dans [0,7] x w avec w est un sous-ensemble
mesurable de (0, L). Pour toutes données initiales (pg,¢1) € H}(0,L) x L?(0, L), il existe une
unique solution ¢ € C°([0,T]; H})NC([0,T]; L*(0, L)) au probléme de Cauchy (1.5). Rappelons
la définition de la controlabilité a zéro :

Définition 2. L’équation (1.5) est contrélable a 0 en temps T si et seulement si pour tout
(yo,vy1) dans HE(0, L) x L*(0, L), il existe un contréle u dans L?((0,T), (0, L)) tel que la solution
de (1.5) correspondant a la condition initiale (yo,v1) € HJ (0, L) x L?(0, L) satisfasse y(T,-) = 0.

Lorsque ¢(T,a,w) > 0, la méthode HUM (voir [73, 74]) permet de montrer que ’équation
(1.5) est controlable & 0 en temps T en construisant un contrdle umyi, de norme L2((0, L) X w)
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minimale. Soit ', 'opérateur HUM défini par

H}(0,L) x L%(0,L) — L2((0,T) x (0, L))

Iy :
¢ (y()a yl) ——  Umin

Ol Upin est le contréle minimisant la norme L?((0,7') x w). La norme de 'opérateur T',, donnée
par

| tmin || L2 0,7)x(0,L
HFWH = sup (( )X ( )
”(yOvyl)HH(}(O,L)xLz(O,L)

est appelée le cotit du controéle. Elle mesure I'énergie minimale dont nous avons besoin pour
amener la solution de la condition initiale & (0,0). Lorsque l'inégalité d’observabilité (1.3) est
vérifiée, d’apres [24, Théoréme 2.42] on a

| (y07y1) € H&(O>L) X L2<07L) \ {(070)}} )

1

T2 = ——.
(Tl Taw)

(1.6)

Nous concluons donc que I'estimation de la constante d’observabilité nous fournit une estimation
du cotit du contréle donnée par la méthode HUM.

1.2.3 Localisation des vecteurs propres en haute fréquence

Nous allons maintenant introduire la notion de non-localisation provenant de [40] : Nous consi-
dérons toujours une base hilbertienne de L?(Q) formée de vecteurs propres e, ; L?—normalisés
associés & —A + a(-) sur Q.

Définition 3 (Non-localisation). Soit w C 2 un sous-ensemble mesurable. On dit que la famille
(€a,j)jen+ n'est pas localisée si

inf [ €2 j(@)dx >0, pour tout w C Q de mesure positive.
JEN* [, 7
Ainsi, une famille est dite non-localisée si ses éléments se “répartissent” sur tout le domaine.
Les articles [12, 82, 85] nous fournissent un exemple de non-localisation en une dimension avec
potentiel nul.

Exemple 1 (Non-localisation, a = 0). On a

em — sin(em)

2 2
inf inf f/sin(jx)Q dr = inf f/ sin(jz)? de = ————2 >0,

|w|=em JEN* T JEN* T T

pour tout € € (0,1) et w* = {sin(jz)?> < 7} @ mesure de Lebesgue nulle prés ot T est choisie telle
que |{sin(jx)? < 7}| = em (voir la Figure 1.1).

La résolution du probléme P2 permettra d’obtenir une mesure quantitative de la non-
localisation des vecteurs propres de l'opérateur £, = —0,, + a(-) avec conditions au bord de
Dirichlet. A Vinverse, larticle [40, Section 7.7.1] exhibe un contre-exemple en considérant les
vecteurs propres (€o,j,k) (j,k)e(n+)2 Sur un disque.

Contre-exemple 1 (Localisation dans un disque, a = 0). Soit Q2 le disque unité de R%. Fizons
k € IN*, il existe une suite de sous-ensembles wy, ; tendant vers Q quand n tend vers Uinfini telle
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J/ e
w*

FIGURE 1.1 - j =7 et 7 = 0.5. Répartition de w* et [ , sin(jz)? dz sur (0, ).

que, pour n assez grand,
2 1
||60,n)k||L2(wn,k) < Cn3 exp(—n®1n(2)/3).

Ce qui implique que pour tout sous ouvert w inclus de facon compacte dans (2

inf/ e&mk(x) dx = 0.

n7

Ainsi, quand n augmente une sous-suite de vecteurs propres se concentre sur le bord (voir la

Figure 1.2).
n =20
% ' ‘ ‘ ‘ v

vt

n =340

2 M4

FIGURE 1.2 — Répartition de eg 1 sur le disque par rapport a n.

‘I“|I|,.. ||i|"’

Nous allons exposer les différentes méthodes connues permettant de résoudre le probleme P1.

1.3 Reésultats antérieurs en une dimension

Plusieurs méthodes (semi-)constructives permettent de prouver l'inégalité d’observabilité
(1.3). Une premiére approche proposée par A. Haraux et E. Zuazua dans [19, 15, 99] consiste
a utiliser la propriété de propagation des ondes le long des caractéristiques en jouant sur le
role symétrique de la variable de temps et de la variable d’espace. En supposant que L = 7 et
w = (a, B), les auteurs obtiennent, pour tout 7' > 2 max(a, 7 — )

(T, a,w) > Cexp(—|al| &), (1.7)
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avec C' > 0 une constante explicitable! ne dépendant pas de ||a||. Cette estimation a permis
de montrer un résultat de controlabilité pour des équations des ondes semi-linéaires dans [99].
Nous étendons ce résulat pour w une union d’intervalles et en optimisant la valeur des constantes
pour chaque étape de la démonstration de [45] (voir par exemple [Chapitre 2, Remarque 11])
nous obtenons une constante explicite C' dans (1.7). Nous pouvons aussi utiliser la méthode des
multiplicateurs introduite par L. F. Ho dans [51] pour obtenir une borne explicite de ¢(T), a,w).
Cependant cette méthode est trop restrictive puisqu’elle impose que 'ouvert d’observation w
touche le bord et que le temps d’observation T soit grand. Nous renvoyons a [60, 61] pour plus
de détails.
Une autre approche consiste a utiliser la décomposition spectrale de I’équation des ondes.
Elle donne lieu a deux méthodes :
— La méthode des moments estime le cotit du controle en construisant une suite {o(t), 5% (t)}
dans L%(0,T) biorthogonale & {sin(v/Axt),cos(v/Art)}. Les articles [64, 94| démontrent
que, pour tout sous-intervalle w de (0, L) et pour T suffisamment grand,

c(T,a,w) > Cp inf /eij(x)dx, (1.8)
jen J
avec Cjy > 0 une constante non explicite puisqu’elle dépend de la suite {oy(t), 51 (¢)}.

— Les inégalités d’Ingham [53] démontrent directement que, pour tout sous-ensemble w me-

surable de (0, L) et pour T suffisamment grand,

: 2
oT,0.0) > C1 inf. / €2 ()da, (1.9)

avec Cy > 0 une constante explicite donnée dans [53]. Notre théoréme spectral sera basé
sur cette méthode.
Ces deux méthodes spectrales nous raménent donc a ’étude du probléme

inf / ei,j(x)dac. (1.10)

jEN~
Nous renvoyons a la Section 1.2.3 pour 'estimation de (1.10) dans le cas a = 0.

Remarque 2 (en dimension supérieure). Soit Q un ouvert de RY avec N > 2.
— Supposons que (w,T) satisfasse GCC?(qui est une condition (quasi-)nécessaire et suffi-
sante de controlabilité) alors Uarticle [05] montre que

o(T,a,w) 2 Cexp(—|lall),
avec C' > 0 une constante non explicite & cause de l'utilisation d’un argument de compacité-

unicité.
— Supposons que w touche une “bonne” 3 partie du bord de Q et T est suffisamment grand

1. Nous dirons qu’une constante est explicitable si, en reprenant chaque étape de la démonstration d’une
inégalité du type (1.7), nous pouvons en exhiber une constante explicite.

2. (w, T) satisfait la condition de controle géométrique (GCC) dans 2 si chaque rayon de 'optique géométrique
qui se propage dans §2 et qui se refléte sur sa frontiére entre dans w en un temps plus petit que 7T'.

3. Soit v la normale unitaire extérieure de 02. Pour tout € > 0 on considére O, un voisinage ouvert d’ordre €
dans R™ de I'g := {& € 9Q; (x — zo).v(x) > 0} et on prend

w=wnNOe.
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alors Varticle [32], en utilisant des inégalités de Carleman, montre que

2
c(T,a,w) = Cexp(—|lal|&),

avec C' > 0 une constante explicitable.

1.4 Meéthode spectrale versus Méthode par propagation

Enoncons directement les théorémes principaux (simplifiés) de cette premiére partie que nous
commenterons par la suite :

Théoréme 1 (méthode spectrale). Soit w un sous-ensemble mesurable de (0, L). Nous supposons
que ||alloo < w2/ L2, alors il existe un Tspee > 0 tel que pour tout T > Typec, (1.1) est observable
sur w avec

oT,a,w) > |w]® T, llall), (L.11)

spec(

ot CY .. > 0 est une constante donnée explicitement dans [Chapitre 3, Corollaire 3] et dépendant

de T et de ||al|oo-

Théoréme 2 (méthode par propagation). Soit w = |J/_,(a;, B;) avec 0 < aq < By < -+ <
an < B < L et Tprop := 2maxigign{a: — Bi—1, 0i41 — Bi}, avec la convention que By = 0 et
anq1 = L. Alors, (1.1) est observable sur w pour tout T > Tpyop avec

C(T,a,LU) 2 Cprop(T7w7 ||a||00)7

0t Cprop €St une constante strictement positive donnée explicitement dans [Chapitre 2, Corollaire
1] et dépendant uniquement de T, w et ||a||oo-

Nous énongons une version plus détailléee du Théoréme 1 dans le [Chapitre 3, Corollaire
3] et du Théoréme 2 dans le [Chapitre 2, Corollaire 1|. Le résultat spectral du [Chapitre 3,
Corollaire 3] améliore de fagon notable celui du [Chapitre 2, Théoréme 1], par exemple au lieu
de supposer que le potentiel est trés proche de 0 (||alloo < 2.08.1072) nous imposons uniquement
que |laljoc < 7%/L2. Cette condition nous permet d’utiliser la concavité de e, ;, une propriété
fondamentale pour la mise en place de notre méthode de preuve. A cause de 'utilisation de
I'inégalité d’Ingham [53], nous choisissons un temps T suffisamment grand mais nous supposons
que w est un ensemble mesurable. De plus, nous avons I’estimation

T (|lw] sin(Jw|T)
T S (e Vs 7
oT’a,w) 2 (L T

inf in
llalloo <2/ L? |w|=rL
Puisque I — M —|w|3 lorsque |w| tend vers 0, la puissance de |w| dans le terme de
droite de 1’1negahte (1.11) ne peut pas étre améliorée. Ainsi, lorsque la mesure de w est petite (ce
qui est le cas le plus intéressant, au moins du point de vue des applications), la minoration de
¢(T,a,w) dans (1.11) est optimale par rapport a la mesure de w. L’estimation C;.,, du Théoréme
2 est valable pour tout potentiel ¢ mais nécessite que w soit une union d’intervalles. De plus,
dans le cas ot w = (o, B) alors Ty, = inf{T > 0, (w, T) satisfait GCC} qui est le temps minimal
d’observation. Plagons nous dans le cas a = 0, T' = 47r et w=(0,0) U (r —d,m). La Figure 1.3
donne une illustration numérique de ¢(T, a,w), [w[>C%,.. et Cprop par rapport a la mesure de w.
Nous constatons, par exemple, que ’estimation par la méthode par propagation décroit lorsque
la mesure de w est grande, ce qui montre que C),op est une mauvaise estimation de ¢(T, a,w).
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La Figure 1.3 met aussi en évidence 'efficacité de ’estimation par la méthode spectrale puisque

(26)° C?,c. est trés proche de ¢(T, a,w) lorsque la mesure de w est petite.

102 F 7

1072

1076 L

10—10 - -

1074 ! ! ! ]
0 0.5 1 1.5

FIGURE 1.3 — a(.) = 0, w = (0,8) U (x — §,7) et T = 4x. Courbes de (26)° Coree (+-)s Cprop (/)
et ¢(T,a,w)(—) par rapport a d.

Nous résumons donc les avantages et les inconvénients de chaque méthode dans le tableau
suivant :

] \ requiert la connaissance de \ Avantages \ Inconvénients

- bonne estimation,

T, |w|, borne L>® sur a(-) | - « est seulement
supposé mesurable

Méthode
spectrale

fonctionne pour des
potentiels petits

- estimation mauvaise
aucune restriction sur | _ ., g’écrit comme une

le potentiel union d’intervalles

Méthode par

: T, w, borne L™ sur a(-)
propagation

1.5 Eléments de preuves et difficultés rencontrées

1.5.1 Mise en place du probléme d’optimisation P2

D’aprés la Section 1.3, I’'étude d’un minorant de ¢(T, a,w) par la méthode spectrale se rameéne
a la résolution du probléme

inf / eaj(z)? dr. (1.12)

JEN*

Le chapitre 2 est consacré a I’étude directe du probléme (1.12). Fixons j € IN*. En utilisant une
méthode de tir et le principe du minimax de Courant-Fisher nous prouvons que

/ eaj(2)? dz > c;,
w
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avec ¢; une constante définie au [Chapitre 2, (2.23)]. Pour que inf;cn- ¢; soit strictement positif
on a besoin d’imposer ||a||s < 2.08.1072, qui est une condition trop restrictive. Nous allons donc
adopter dans le Chapitre 3 une approche différente en introduisant le probléme d’optimisation

inf inf inf e (x)dx Pr.r
a€V, wGVujGN*/w a3 (7) (Prr.)
avec V,, et V, des classes assez petites pour avoir un probléme de minimisation non trivial et
assez grandes pour obtenir une valeur explicite (au moins numériquement) de optimum. On se
fixe € [0,1] et M € IR,.. Nous choisissons

V., = {Sous-ensemble Lebesgue mesurable w de (0, L) tel que |w| = rL},

Vo ={a€ L*(0,L) tel que 0 < a <M p.p.sur (0,L)}.

Si nous n’imposons pas une borne supérieure sur le potentiel a, le probléme (Pr . /) n’admet
pas de solutions (voir [Chapitre 3, Théoréme 4]). De plus, la contrainte sur la mesure de w nous
permet d’obtenir un probléme de minimation non trivial. Ainsi les classes V,, et V,, sont naturelles
(aussi d’un point de vue physique).

1.5.2 Résolution du probléme d’optimisation P2 et difficultés rencon-
trées

Commencons par se fixer j € IN* et étudions le probléme d’optimisation

mj(L,r) = inf inf /62 (x) dx (1.13)

0<a<M |w|=rL aJ

Un probléme d’optimisation plus couramment étudié dans la littérature est celui de la mi-
nimation des valeurs propres du Laplacien (voir par exemple [19]). Le principe du minmax
de Courant-Ficher nous permet de réécrire ce type de probléme comme la minimisation d’une
énergie, ce qui permet de passer outre le probléme aux valeurs propres (1.2). Considérons, par
exemple, le probléme

\% 2 24
inf A (Q) = inf min fQ [Vu(z)|]* + a(z)|u(z)| SU,
Qouvert de RN Qouvert de RN uGHé,ugéO fQ |U($)|2 dr

avec A1(£2) la premiére valeur propre de

{ —Aeg (@) +a(z)eq;(x) = Xj(Q)eq (), € Q,
€q;(x) =0, z € 00.

Cette nouvelle formulation nous permet souvent d’obtenir des propriétés intéressantes sur le mi-
nimiseur en utilisant des arguments de réarrangements décroissants (voir [90, Chapitre 1] ,[59],
[50], [19]) ou & l'aide d’un bon choix de fonctions tests. Cependant, le Probléme P2 ne peut
pas se réécrire sous cette forme, ce qui est une difficulté supplémentaire. Nous écrivons donc les
conditions du premier ordre associées au probléme (1.13) ce qui nous améme a introduire un
probléme adjoint [Chapitre 3, (3.13)]. L’étude des zéros de la solution p du probléme adjoint, qui
permet de caractériser le potentiel optimal a du probléme (1.13), est une téache difficile puisque
p est solution d’un probléme de Fredholm. En utilisant la concavité de e, ;, par une étude mini-
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tueuse du comportement variationnel de p, nous montrons que p a au moins j et au plus 35 — 1
Z€rOos.

Ce résultat nous permet de caractériser 'optimum a* et w* du probléme (1.13) :
— a* est égal 2 0 ou & M presque partout sur (0, L) et admet au moins j et au plus 35 — 1
points de discontinuité. (voir Figure 1.4)
— w* ={e2. ; <7} a un ensemble de mesure nulle prés ot 7 est choisie telle que |{eZ. ; <
T} =rL.
Nous réduisons donc la résolution du probléme de dimension infinie (1.13) en un probléme de
dimension 35 — 1. En effet, nous devons minimiser la fonction :

3j—1 2
(0,L)% ' 30= (01, ,035-1) —> [ ear j(z)*dn,
w*
ou (01,--- ,03;_1) sont les points de discontinuité de a* (voir Figure 1.4). Nous résolvons numé-
1
el 000NN Be—— _
0p=10 01 02 03 03; =T

FIGURE 1.4 — Construction de a*(-) avec L = .

riquement ce probléme d’optimisation par une méthode de Nelder-Mead. Nous tragons ainsi sur
la Figure 1.5 les graphes de m;(mw,7) pour j =1, j = 2, j = 6 par rapport a la fraction r de la
mesure de w. Malheureusement, nous n’arrivons pas théoriquement & déterminer la valeur (ou
un encadrement) de jo définie par

jierg* m;(L,r) =m;,(L,7).
Ainsi, pour résoudre le probléme P2 numériquement, nous devons résoudre une infinité de pro-
blémes en dimension finie.

Fixons toujours j € N*. Nous allons donc mettre en place une nouvelle méthode pour obtenir
une borne inférieure explicite du Probléme (1.13). Soit 0 = x? < le < m? << x;-_l <L=u
le j 41 zéros du j-iéme vecteur propre e, ;. Nous construisons une fonction affine par morceaux

A; (voir la Figure 1.6) telle que, pour tout a € L>(0, L),

eq,;(z) = Aj(x) pour toutz € (0,L) et  inf / Aj(z)*dr = m;

|w|=rL =7



1.5. Eléments de preuves et difficultés rencontrées 17

[~ ]
- =~ ma(m,r)
0.8 | —me(mr) |
0.6 - a
0.4} —
0.2 |- B
0 | |
| | | | | |

FIGURE 1.5 — L = 7w et M = 1. Graphes de m;(m,r) pour j = 1(0), j = 2(- -) et j = 6 par
rapport a r.

™ €a,j ('T%naac)

r_\ Aj €a,j (x?nam)

N
€a,j (wgnaUC)

FIGURE 1.6 — Graphes de la fonction e, ; et AA; avec j = 3.

ol m; est une constante explicite qui sera notre candidat pour la minoration du probléme (1.13).
La construction A; nécessite la connaissance d’une “bonne” minoration du maximum du vecteur
propre e, ; sur chaque domaine nodal (932-_1, :ZJ;), ce qui est le point difficile de cette preuve. Le
terme “bonne” signifie que la constante m; est strictement positive pour tout j € IN*. Lorsque la
fonction A; est connue, un calcul technique nous permet de déterminer explicitement m; (voir
[Chapitre 3, Proposition 4]). On montre finalement que j — m; est croissante pour tout j > 2,

ce qui nous permet de résoudre le probléme d’optimisation

inf inf inf /ea,j(x)Qdac.
w

0<a<M |w|=rL jeN*
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1.6

Perspectives

Enoncons quelques extensions naturelles de notre travail :

i

ii

iii

v

En reprenant nos calculs, nous pourrions chercher un entier n vérifiant

e(T,a,w) = Cexp(—|lal|l%), (1.14)
avec C' une constante explicite et ||a oo < Z—z D’apres [45, 99], nous devrions nous attendre
& obtenir n = . Puisque (1.14) est intéressant lorsque ||a||o tend vers Dinfini, nous

pourrions essayer de supprimer la condition de bornitude sur ||al|, ce qui semble une tache
difficile puisque notre méthode est basée sur la concavité de e, ;. Une premiére approche
consiste & supposer que |lallcc < Ag,2 avec g 2 la deuxiéme valeur propre du Laplacien-
Dirichlet. Dans ce cas, e, ; est concave pour j > 2 et nous pouvons ainsi appliquer notre
méthode “des triangles” (voir Section 1.5.2). Nous aurons donc uniquement a gérer e, 1,
qui reste un point difficile.

Considérons le probléme P2

inf m,(L,r),

ity (L)
avec m;(L,r) := infocacnr infiy=pp, fw €a,;(z)? dz. Dans |Chapitre 3, Théoréme 3|, nous
montrons qu'il existe un jo € IN* vérifiant

]lenl\g* mj (L, T) = Mo (L,7)
Numériquement, il serait intéressant de déterminer un encadrement de jy, ce qui nous
permettrait de résoudre un nombre fini de problémes en dimension finie. De plus, la
Figure 1.5 nous améne a penser que jo = 1. Dans ce cas, nous connaissons numériquement
Poptimum a* et w* (voir Figure 1.7). Le potentiel optimal a* semble symétrique par
rapport a 7, une idée intéressante serait de construire un réarrangement de a noté a®
(voir [90, Chapitre 1] ,[59], [50], [49]) vérifiant

—Aegs j(x) + a®(x)eqs j(x) = Njeqs j(x), © € Q,
eqs,;(x) =0, z € 09,

et [ eqj(®)?de > [ eqs j(x)? dx, pour tout w C (0, L) et pour tout j € IN*.

Une autre question intéressante serait d’obtenir une minoration de ¢(T, a,w) en utilisant
la méthode des moments. En s’inspirant des travaux de [97] pour construire une suite
{ok(t),6%(t)} dans L?(0,T) biorthogonale a {sin(v/Axt), cos(v/Axt)}, nous pourrions dé-
terminer une estimation de la constante Cjs dans (1.8). On remarque que la résolution du
probléme P2 permet de considérer des sous-ensembles w mesurable de (0, L) dans (1.8).

Considérons le systéme des ondes

Ouyr = Ayr + a(x)yr + b(x)yz + Lou, sur(0,7) x Q,
Auy2 = Ayz + b(x)y1 + a(x)yz  sur (0,T) x €, (1.15)
y1(0) = »f,52(0) = 49 sur(0,T) x 9Q,

D’aprés [3, 4], si {b # 0} et w vérifient GCC, le systéme (1.15) est controlable & 0 pour
un temps T suffisamment grand. Pouvons nous déterminer une estimation fine du cott du
controle pour (1.15) en utilisant, par exemple, une décomposition spectrale de la solution

Y =(y,y2)7
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FIGURE 1.7 — L = 7w et M = 1. Gauche : Graphes des ensembles optimaux w*(—), a*(-) et
e2. 1 (...) par rapport a la variable d’espace avec r = 0.3. Droite : Graphes de r — my(L,r) (—),

rHrfW(-) et r—=13/2(-0).

Enoncgons quelques problémes ouverts en dimension supérieure

i Il pourrait étre intéressant d’étendre les résultats du probléme P2 a des ouverts Q ¢ RY
avec N > 2. Supposons que {2 est un polygone convexe, le probléme

. 2
jleq\lf*/weo’j dx >0, (1.16)

mentionné dans [10, Section 7.7.4] est ouvert. Par exemple, si 2 est un rectangle unité
alors certaines valeurs propres sont dégénerées et leurs fonctions propres associées sont
des combinaisons linéaires de produits de sinus et cosinus, ce qui rend la résolution du
probléme 1.16 difficile.

ii Considérons toujours un ouvert @ € RY avec N > 2. Il serait intéressant de minorer la
constante d’observabilité ¢(T,0,w) avec w un sous-ouvert de Q. D’aprés [52], nous nous
attendons a obtenir une estimation dépendant de deux quantités :

fw 6(2)1]» (z) dz

fQ eg.’j (z) dx

— une quantité de nature géométrique go(w) qui correspond au temps moyen passé dans

w par une géodésique pour la métrique Riemannienne, se propageant dans {2 a vitesse
1. Pour une définition précise, nous renvoyons a [52, Définition 4]. Par exemple, lorsque
Q est un rectangle unité, nous pouvons calculer explicitement go(w) par un algorithme
énoncé dans [48].

— une quantité de nature spectrale : J(a,w) := infen-
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Chapitre 2

How to estimate observability
constants of one-dimensional wave
equations ? Propagation versus
Spectral methods

Joint work with Alain Haraux and Yannick Privat.

Abstract : For a given bounded connected domain in R", the issue of computing the obser-
vability constant associated to a wave operator, an observation time 7" and a generic observation
subdomain constitutes in general a hard task, even for one-dimensional problems. In this work,
we introduce and describe two methods to provide precise (and even sharp in some cases) esti-
mates of observability constants for general one dimensional wave equations : the first one uses a
spectral decomposition of the solution of the wave equation whereas the second one is based on
a propagation argument along the characteristics. Both methods are extensively described and
we then comment on the advantages and drawbacks of each one. The discussion is illustrated by
several examples and numerical simulations. As a byproduct, we deduce from the main results
estimates of the cost of control (resp. the decay rate of the energy) for several controlled (resp.
damped) wave equations.

Keywords : wave equation, characteristics method, Sturm-Liouville problems, eigenvalues,
Ingham’s inequality.

2.1 Introduction and main results

2.1.1 Motivations and framework

In control theory, well-posedness issues often come down to showing that a given observability
constant is positive. Nevertheless, from a practical point of view, if the considered observability
constant is close to zero, the cost of control may be huge, leading to numerical instability phe-
nomena for instance. For this reason, a precise estimate of the observability constant brings in
many cases an interesting and tractable information.

21
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In the context of inverse problems, the observability constant can be interpreted as a quanti-
tative measure of the well-posed character of the problem. In control theory, it is directly related
to the cost of control.

When realizing experiments, it may also arise, due to several imprecisions on the operating
conditions or on the measures, that one only knows partial informations on the parameters of the
related inverse/control problem. For instance, one could mention the example of Thermoacoustic
tomography where the intensity of measures is often very weak and the physical model is in
general simplified before exploiting the measures. In that context, it is interesting to obtain
estimates of the observability constant depending only on some parameters of the experiment. In
what follows, we concentrate on the observation of the wave equation with a zero-order potential
function. As physical parameters, we choose the observability time T, possibly the Lebesgue
measure of the observation subset and some L> bounds on the potential function. In what follows,
we will then derive estimates of the observability constant depending only on such parameters.

More precisely, this work is devoted to providing explicit lower bounds of observability
constants for one-dimensional wave equations with potential using two different methods and
comparing the results. We choose in the sequel potentials that only depend on the space variable
since it is often more relevant in view of physical applications. A typical case is the consideration
of geophysics waves influenced by the earth rotation. Let us make the frame of our study more
precise.

Let T denote a positive constant standing for the observability time. We consider the one
dimensional wave equation with potential

Oup(t,x) — Opaip(t, ) + a(z)p(t,z) =0 (t,z) € (0,T) x (0,7),
o(t,0) = p(t,7) =0 te0,7], (2.1)
©(0,2) = @o(x), dp(0,z) = ¢@1(x) z € [0, 7],

where the potential a(-) is a nonnegative function belonging to L*°(0,7). It is well known
that for every initial data (@o, 1) € Hg(0,m) x L?(0,7), there exists a unique solution ¢ €
C%0,T; H}(0,7)) N CY(0,T; L?(0,)) of the Cauchy problem (2.1).

Notice that, defining the energy function F, by

E.: [0,7] — R,
t o fo Ot 2)? + Bup(t, x)? + a(x)p(t, z) dz,

there holds
E.(0) = E,(t) (2.2)
for every ¢ € [0,T] and every solution ¢ of (2.1).

Let w be a given measurable subset of (0, 7) of positive Lebesgue measure. The equation (2.1)
is said to be observable on w in time T if there exists a positive constant ¢ such that,

/T/ Oro(t,x)? dedt > cFE,(0), (2.3)
0 w

for all (pg,¢1) € HE(0,7) x L*(0,7), where E,(0) = foﬂ (@1(,%)2 + b (x)? + a(w)cpo(x)2) dz.
Note that in the case where a(-) = 0, for every subset w of [0, 7] of positive measure, it is well
known that the observability inequality (2.3) is satisfied whenever T > 27 (see [93]).

If (2.1) is observable on w in time T, we denote by ¢(T,a,w) the largest constant in (2.3),
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that is

T
Opo(t, x)? dadt
(T, a,w) = inf fo f‘“ ip(t, 2)” do

(posp)€HE(0,m)xL2(0,m) [y (p1(2)? + @) (2)? + a(z)po(x)?) da
(¢0,91)#(0,0)

(2.4)

Even in the simple case a = 0, it is not obvious to determine the constant ¢(T,a,w) for
arbitrary choices of w. Indeed, a spectral expansion of the solution ¢ on a spectral basis shows
the emergence of nontrivial crossed terms. Reformulating this question in terms of the Fourier
coefficients of the initial data (g, 1), the quantity ¢(T), a,w) is seen as the optimal value of a
quadratic functional over every sequence ¢ = (¢;)jez € ¢*(C) of Fourier coefficients such that
llclle2cy = 1. This leads to a delicate mathematical problem. As it will be highlighted in the
sequel, it is quite similar to the well-known open problem of determining what are the best
constants in Ingham’s inequalities.

This article is devoted to the introduction and description of several methods permiting to
determine explicit positive constants ¢ such that the inequality (2.3) holds for all (g, 1) €
HL(0,m) x L?(0,7), or equivalently such that ¢(T,a,w) > c. One also requires that the constant
¢ only depend on T, possibly |w|, as well as some L* bounds on the potential function a(-). This
way, as mentioned above, it is possible to deal with experiments where one only knows partial
informations on the operating conditions.

It is structured as follows : the main results are presented in Section 2.1.2, as well as the
presentation of each method (spectral versus propagation). In Section 2.3, we present applications
of our results to control and stabilization of wave equations. Section 2.4, is devoted to the
illustration of the main results and we provide several numerical simulations to comment on
both methods, illustrate and compare them. For the convenience of the reader, most of the
proofs are gathered in Section 2.2.

2.1.2 Main results

In this section, we present the estimates of observability constants obtained using each me-
thod. Let ¢ € C°(0,T; H}(0,7))NC*(0,T; L?(0, 7)) denote the solution of (2.1) with initial data
©0(0,-) = wo(-) € HL0,7) and 9,0(0,-) = p1(-) € L*(0,7). In the sequel and for the sake of
simplicity, the notations ry or r_ will respectively denote max,¢|o,x] r(z) and mingeo,x r(z) .

First method : spectral estimates. The first method makes full use of the spectral decom-

position
+oo

o(t,x) = Z (a; cos(Ajt) + b, sin(A;t)) eq (), (2.5)

j=1

where {e, j}ren+ denotes an orthonormal Hilbert basis of L?(0,7) consisting of eigenfunctions
of the operator A, = —0,; + a(-)Id with Dirichlet boundary conditions, associated with the
positive eigenvalues ()\]2) jen+, and

e 1 -
a; = /0 wo(z)eq,;(z) de, b; = )\]/O p1(x)eq () dz, (2.6)

for every j € IN*.

In the following result, we provide an estimate of the observability constant ¢(7T', a,w) that
only depends on the parameters T', |w| and some L* bounds on the potential a(-). It is interesting
to note that no assumption is made on the topology of the set w. However, as highlighted in
Remark 3 and in the discussion ending Section 2.1.2, this approach presents some drawbacks, in
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particular the fact that it can only be used when the potential function a(-) is close to a constant
function.

Theorem 1. Consider a function a € L*°(0,7;R4) writing a(-) = a + r(-), where a € R
and r_ > —1. Let w be a measurable subset of (0,7) of positive measure and T(r) = ==

y(r)
where y(r) = \/Ajirr:t;; Assume? that ||r||e < g where ag denotes the unique? (positive)

solution of the equation

Virag
|w] — sin |w| = |w| <8 (evl% - 1> + 477040) . (2.7)

Then, (2.1) is observable on w for all T > T(r) with ¢(T,a,w) > Co(T, |w|) where

|w—sin|w—4w||r||m|w|—4\/|wm ) (1! = ==l — orlp) o]

7+ (4m/D(r) + 247 +27D)

)

Ca(T7 ‘WD = Kll (T7 T)

2.8)
1 2 A2
"= DPi=e . ond Ky(Thr) =2 V(r)*T

According to (2.7), there holds Co(T, |w|) > 0.
Furthermore, in the particular case where a(-) = 0, one can improve the estimate (2.8) by setting

ColT o) = [ 5| 1 - s, (29)

where the bracket notation stands for the integer floor.

The following remarks are in order.

Remark 1. The assumption r_ > —1 sufficient when a € L*°(0,7;IR,) ensures that the re-
solvent of the operators A, and A, are compact. Nevertheless, the assumptions of this theorem
can be extended to potential functions that are non necessarily nonnegative. More precisely,
replacing the assumption r_ > —1 by min{r_,r_ + a} > —1 leads to the same conclusion.

Remark 2. Note that the decomposition of the potential as a(-) = @ + r(-) where @ € R,
r— < r(-) < r4 almost everywhere in (0, 7) with min{r_,r_ +a} > —1 and |||/ < @ may be
non-unique whenever it holds. As a consequence, it is relevant, at least from a numerical point
of view to look for the best decomposition, that is the one maximizing the estimate (2.8).

Remark 3 (Smallness of o). The constant appearing in the statement of Theorem 1 is quite
small. Indeed, by using the inequality ¢ — 1 > h holding for all h > 0, it is easy to obtain

"S (8ﬁ1+ 4)m <1 - SirllgT|)> '

< 2.08.1072 and in particular, o < 2.08.1072.

. . ) 1
Numerical computation leads to ICC T

1. With the notations of this theorem, one has ||7||cc = max{|r_|, |r4|}.

Varag
2. Uniqueness of ag follows from the fact that the mapping F : R 3 «ap — 8 <ev1"‘0 - 1) + 4dmag is

increasing.
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Remark 4 (Simplifying the condition (2.7)).
In the statement of Theorem 1, the condition ||r||« < ap is fulfilled as soon as

It < 0 (1= 2200
o]

with By = 1.93.1072.
The value of By can be easily computed by using the inequality e’ — 1 < h + h? whenever
0 < h < 1. This inequality leads to

1 2v/2 4
<47r<1— V2 + 7TO[>,

%\ 1-a 1—«

where a = m < 2.08.10~2 and the conclusion follows.

This means that Theorem 1 holds only for very small variations around constant potentials.
The next theorem provides an estimate holding for a much larger class of potentials. Nevertheless,
as illustrated in Section 2.4, the interest of the estimate given in Theorem 1 rests upon the fact
that it is sharper whenever it can be applied. In particular, we will see that for particular resonant
observability times and the choice a(-) = 0, it coincides with the value of the observability
constant ¢(T, a,w).

Remark 5. The constant K}(T,a) introduced in the statement of Theorem 1 is a so-called
Ingham constant, first introduced by Ingham in [53]. Ingham’s inequality constitutes a funda-
mental result in the theory of nonharmonic Fourier series. It asserts that, for every real number
~ and every T > 27”, there exist two positive constants C1(T, ) and Cy(T, ) such that for every
sequence of real numbers (p,)nen+ satisfying

VTLE]N* |Mn+1 _,un‘ 2’77

there holds

2
dt < Co(T,y) Y lanl, (2.10)
nezZ*

T
CUT, ) Y lanl? < /
0

nezZ*

E apettnt

nezZ*

for every (a,)nen+ € ¢2(C). Denoting by C1(T,~) and Cy(T, ) the optimal constants in (2.10),
several explicit estimates of these constants are provided in [53]. For example, it is proved in this
article that ) 42 LT
Ci(T,7) = p (T— V;TT> and Cy(T,v) < —
Notice that, up to our knowledge, the best constants in [53] are not known. In the particular
case where u, = n for every n € IN*, one shows easily that for every T' > 27, C1 (T, ) = [%} 7r
and Cy(T,~) = C1(T,~) + 1, the bracket notation standing for the integer floor.
In a general way, one could choose K} (T,r) = Cy(T,~(r)) with T > % in the statement of
Theorem 1.
Finally, let us mention that the idea to use Ingham inequalities in control theory is a long

story (see for instance [14, 43, 54, 55, 62]).

Remark 6. Notice that, due to our use of Ingham’s inequality, the time 7'(r) needed to apply
Theorem 1 is greater than the minimal time of observability (see e.g. [15] for the computation of
such a time). This restriction is proper to the use of spectral methods. Indeed, even in the very
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simple case where the potential a(-) vanishes, the time T'(r) is equal to 27 and is then greater
than the minimal observability time. It should be possible to decrease the time T'(r) by using only
the asymptotic spectral gap (see e.g. [54]), but our main interest here concerns the observability
constant and the methods relying on asymptotic gaps do not usually provide good estimates.
Actually, when T approaches the minimal observabiity time, the observability constant tends to
0. In particular it is not good to be close to the minimal time when we look for a sharp decay
estimate of solutions to the equation with dissipative feedback control.

Particular examples of application of this theorem to observation, control and stabilization
of one dimensional wave equations are provided in Section 2.4.

Second method : a propagation argument. This method makes great use of propagation
properties of the wave equation to derive sharp energy estimates and is inspired by [45]. The
technique consists in inverting the roles of the time and space variables, and to propagate the
information from the observation domain to other ones. Although the result presented in the
next theorem appears a bit technical, the approach used here is robust and holds for very large
choices of potential functions a(-), as it will be commented in Section 2.4. Note that a close but
non-quantitative result has been obtained in [99, Theorem 4] for semilinear wave equations. In
the next result, we keep track of the constants in this method, trying to improve each step by
choosing the best possible parameters (see for instance Lemma 5 or Remark 11 in the proof).

In the next result and unlike the framework of Theorem 1, the estimate of the observability
constant ¢(T, a,w) only depends on T, ||al|« and the precise knowledge of w.

Theorem 2. Let w = (o, 3) with 0 < o < 8 < 7 and Ty = 2max{a,m — B}. Define for n > 0
and k = 0, the quantity

(n) 62)6(7\'*5‘*’377)_64]@‘77_;'_6*2]“7_6*276(@4’277)

- +1) k>0
cm)E%?2+® ifk=0

K(n,a,B8,k) = (2.11)

where C(n) = % + max {1, 77%} +max{1,k%}. Then, (2.1) is observable on w for all T > Ty with

c(T,a,w) = Cr 1, 4 (v, B) where
— ZfT S (T0,2T0), then

[ sin(A;7)| AT — Ty — 2v)
C'},To,a,)\(a75) = max <2 — 2)\] -
(v EAa, s, 1y, T JEN* j (8+T%)yK(n,a, B, ||allt”)

(2.12)
)y

ool

and Aapr = {(m) |7 € (0,75%) and y € (0,min { T5Fo —
— if T > 2Ty, then

T sin( )\ Ty —2
Y sup | sin(A;7)] 0o— 2y

Chrr axla, 8 :{] max (— )
PO =] &8 \2 TR T2 ) Gy K (a8 [ )

(2.13)
and Aa,g,1,, 7 = {(%77) |7y e (0,7) andne (O,min {71;8 — % QTTQ})}

Remark 7. We stress the fact that, unlike the statement of Theorem 1, no restriction on the
L norm of the function a(-) is needed in the statement of Theorem 2.

Remark 8. The constant C7 , y(a, 8) given by (2.12) or (2.13) writes as the maximum of a two
variables function. Due to the presence of highly nonlinear terms in its expression, the maximum
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cannot be computed explicitly in general, but is nevertheless easy to compute numerically. It will
be illustrated in Section 2.4.

Remark 9. Notice that, in the case a(-) = 0, we have A\; = j for every j € N* and the quantity

Y« [sin(X;7)] _ |sin(9)]
2 — SUPjen+ T2y, 2

In the general case and to avoid to use the knowledge of the whole spectrum, one can simplify
(2.12) and (2.13) by noting that

simplifies to

.
aup 190 2

| sin x|
JEN* 2 .

{z2xy} L

Remark 10 (Key ingredient of the proof.). The proof of Theorem 2 derives benefit from the
propagation properties of Equation (2.1) along the characteristics. This is illustrated on Figure
2.1, representing the propagation of wavefronts in the time-space domain (0,7) x (0,7) in the
case where the observation domain is w = (a, §). Recall that every point z¢ € (0,7) generates
two characteristics : one is going to the left and the other one to the right, in a symmetrical
way. Roughly speaking, the solution ¢ of the wave equation (2.1) is known on the light-gray
rectangle domain, and the propagation properties of the wave equation allow to recover ¢ on the
the deep-gray domain, provided that the observation time T be large enough.

ol

FIGURE 2.1 — Propagation zones along the characteristics

As a corollary of Theorem 2, we have the following result, extending the estimate of the
observability constant to those subsets w that are the finite union of open intervals.

Corollary 1. Let w = U (0, 8;) with 0 < an < p1 < -+ < oy < B, < 7w and Ty =
2maxigicn{® — Bi—1, it1 — B}, with the convention that By = 0 and c,41 = 7. Define

e2k(eip1=Bi+3n;) _Akng 4 o—2kn; _ o —2k(Bj—1—aj+2m;) .
Kk =4 < 2k, +1) ifk>0 (2.14)
"his B N [ @ir1—Bitai—Bi—1 . _ ’
Clyy) ((a=bitaizbn 43 ifk=0
fori e {l,...;n}, m; > 0 and k > 0. Then, we have ¢(T,a,w) > mini<i<n O 7 41 (, Bi),

where the quantity K(n;, o, Bi, k) defined by (2.11) has been replaced by the quantity K'(n;, k)
defined by (2.14) in the definition of the constant Cp 5, , (e, Bi)-
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In Theorem 2 and Corollary 1, the time T coincides with the smallest observability time.
The following corollary provides a simpler estimate of the observability constant, but is only
valid for potentially larger values of the observation time 7" and provided that we have a precise
knowledge of the low frequencies (););en~ associated to the operator —0,, + a(-) Id, introduced
at the beginning of this section. The proof is based on Ingham inequalities [53].

Corollary 2. Let w = U/ (;,8;) with 0 < a7 < 1 < -+ < an < B, < w. Let jo =

{M%_l] + 1 and introduce the positive real numbers

1+2j0—llalls if jo=1
T 2T d o~ Jo+1+4/55+Hlallw
"o M T min dmin Ajir — Ay, — 20— llalles if jo > 1
je{l...50—1 i+1 = ANjy T T 0
JE{1go=1} A5t P jo+1+4/i3+lalle

Then, we have

T >C (T - T, T —4m%) 2.15
c(T,a,w) > T’Téﬁa)\(w) = 2(732070 —Ar?) + 10’732‘0T2 T’Té,a("") (2.15)

with

! T-T§ Bi—o
AT,T(;,Q(W) = min max 73 0<n< min{ 0 Bi — } '
tsisn K(n, ai, Bi, ||al| %) 16 1

Short discussion on the main results. We stress the fact that the main ingredients in
the proofs of Theorem 1 on the first hand, and Theorem 2, Corollaries 1 and 2 are of different
natures. Indeed, Theorem 1 is based on a purely spectral argument, and is somehow limited by
the misreading of the low frequencies of the spectrum. This explains the restrictions on the norm
of the potential ||a||~. By the way, notice that the knowledge of the value of a spectral gap ~
(in the sense made precise in Remark 5) would permit to avoid the technicalities in Lemmas 2,
3 and 4 and to get directly a simple estimate instead of the one of Theorem 2. The results in
Theorem 2, Corollaries 1 and 2 are in some sense more robust since we do not need to make
assumptions on the smallness of the difference between the maximal and minimal values of the
potential a(-). Moreover, on the contrary to the spectral method, propagation ones provide a
lower bound of the observability constant working when the observation time T is close to the
minimal observation time 7y when w is an interval.

Recall also that, independently of the aforementioned drawbacks, in the context of an inverse
problem where there is some indetermination on some parameters of the problem, Theorem 1
can be used when the topological nature (in particular the number of connected components)
of w is not known whereas Theorem 2 assumes that w is known and writes as a finite union of
intervals. In each case, one can assume that only L bounds are known on the potential a(-).

To sum-up, we gather this discussion under the following condensed form.
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’ \ requires the knowledge of \ Advantage Drawback
- sharp estimate,
Spectral T, o], L bounds on a(-) | - w is only assumed to works for almost

method constant potentials

be measurable

- estimate not so accu-

Propagation T, w, L bounds on a(-) no restrictio.n on the | rate . .
method potentials - w writes as a finite

union of intervals

Section 2.4 is devoted to the numerical comparison and results obtained using each method.

2.2 Proofs of the main results

2.2.1 Proof of Theorem 1

Let us begin by proving the second part of the statement of Theorem 1, the general case
using strongly the estimate obtained in this simple case.

The case a(-) = 0. Assume that a(-) = 0. According to (2.5) and since the eigenfunctions

of the Dirichlet-Laplacian operator on Q = (0,7) are given by e ;j(z) = \/gsin(jz) for every

j € N* it follows that for all initial data (%, ') € H}(0,7) x L?(0,7), the solution ¢ €
C%0,T; HE(0,7)) N CL(0,T; L%(0,7)) of (2.1) can be expanded as

+oo
ot,z) = Z (aj cos(jt) 4 bj sin(jt)) sin(jz), (2.16)

where the sequences (ja;);jen- and (jb;);en+ belong to £2(R) and are determined in function of
the initial data (¢, ¢') by

2 (" 2 [T
a; = 7/ apo(x) sin(jz)dr, b =— gol(x)sin(jm) dz, (2.17)
™ Jo Jm
for every j € IN*.
By the way, note that
1% M2 = Z] 24 02), (2.18)

and furthermore, one has

T

T 2n[ L]
/ /|8tg0(t,:17)|2dxdt > // |Ovo(t, z)|? dtdx
0 w w JO
2

= {;J /(*]/27r —i:.oj(—aj sin(jt) + b; cos(jt)) sin(jz)| dtdx

o |4
o0

T {Qﬂ Zf(a? +b§)/wsin2(jm) dz.
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The following lemma is a crucial ingredient to conclude.

Lemma 1. Let j € IN*. For every measurable subset w of (0,7), one has

/ sin(jz)? dx > M
This lemma is noticed as well in [32, 85] and used for controllability purposes in [63]. Even

though it is well known, we provide at the end of this paragraph an elementary and new proof
of this result using the Schwarz symmetrization.
As a consequence, one gets

T oo
| T . )
| [ty avd > 3 M (ol — sin o)) S j2(a2 + 82).
Combining this inequality with (2.18), we infer

] et =sinlol) [ s+ @) o< [ [ iot,00? v,

whence the estimate (2.9).

Proof of Lemma 1. Let us first estimate the quantity
0;(L) = sup {/ fj(z) dz, w measurable subset of (0, 7) such that |w| = Lﬂ} ,

where f;(z) = sin(jz)? and L € (0,1) is fixed. Let w be a measurable subset of (0,7) such
that |w| = Ln. Denote by f; ¢ the Schwarz rearrangement 3 of the function fj. According to the
Hardy-Littlewood inequality (see e.g. [49, 59]), one has

/wfj(x) dxz/oﬁ Xw (@) fj(2) d:vé/oﬂst(;v)fj’s(m) dm:/ws fi.5(2) de.

Moreover, notice that f; ¢ = fi for every j € IN*. Indeed, introducing for every p € (0,1) and
J € IN* the set Q;(p) = {x € (0,7) | f;(x) > p}, a simple computation ensures that

(2k — 1)m
2j

T —

< (2k - Dm arcsin(,/1t) } 7

Qj(p) = z e (0,m) | :
w=U{ : :

so that, |Q;(u)| = 7 — 2arcsin(\/i) = [Q1 ()| The expected result follows easily.
As a consequence and since wg = ((1 — L)7/2, (1 + L)w/2), one has

/fj(a:)dxé fi(x)dz = L7T—|—+H(L7T)

3. For every subset U of 2, we denote by Us the ball centered at 7 having the same Lebesgue measure as U.

We recall that, for every nonnegative Lebesgue measurable function u defined on €2 and vanishing on its boundary,
denoting by Q(c) = {z € Q| u(z) > c} its level sets, the Schwarz rearrangement of u is the function ug defined
on Qg by

ug(z) = sup{c| z € (Q(c))s}-
The function ug is built from u by rearranging the level sets of u into balls having the same Lebesgue measure
(see, e.g., [19, Chapter 2]).
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and then 6;(L) < LTF%H(L”) for every j € IN*. Finally, denoting by w® the complement set of w
in (0,7), we get the expected inequality by writing

inf . /sin(jav)2 de = g— sup / sin(jz)? dx
WSt e I S
T <(1 — L) + sin((1 — L)7r)> _ Lm — sin(Lm)
~ 2 2 B 2 '

We thus infer that

/ sin(jz)? do > Jw] —sin fw]
w 2

for every measurable subset w of (0, 7). O

The case a = 0. We start with some elementary lemmas that play an important role.

Lemma 2. Assume that r_ > —1 and vy —r_ < 3. Then, for every j € IN*, one has

3—ry+r_

Ajt1 — Aj = .
AR R/ e RN T

Démonstration. The Courant-Fischer minimax principle writes

el o @R @)

7 veHl(0,7) ueV\{0} foﬂ u(z)?dz
dim V=j

Using that r_ < r(z) < ry for almost every x € (0, 7) yields

N/EET D VERV/Cra (2.19)

for every j € IN*. It suffices indeed to compare )\? with the j-th eigenvalue of a Sturm-Liouville
operator with constant coefficients. We infer

ANt =A 2 VD2 =V 4y,
1+2f —ry +7_

VO+D2 o+ V2 s

for every j € IN*. The sequence j +— +/(j +1)2+7r_ — \/j2+r; being increasing, the
expected estimate follows. O

Notice that similar computations on the asymptotic spectral gap of Sturm-Liouville operators
may be found in [57].

Lemma 3. Let j € N*, r € L>(0,7) such that r— > —1 and w be a measurable subset of (0, 7).
The j-th eigenfunction e, ;(-) of the operator A, = —0zs + 7(-) Id satisfies

2

> 5 (sin(ye)? + 20,k (@) sin(;a)) (2.20)

erj(x)?
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for every x € [0, 7], where

1 w(l+ro) (enm - 1)) (221)

2
Cj:F—FE (271’\/(14—7“_)(@”'( )71'_1)4_14_

h; € L*(0,) is such that ||hj||%, < % and (r) = Y2l
J

Démonstration. The estimate (2.20) is obtained by using a shooting method that we roughly

sin(\jx)
X,

The function ¢; = =~ O golves the following Cauchy

describe. Introduce v; : = — o (0)
7

system L
= (2) + r(x)d;(2) = Aig;(x) = € (0,m),
¢;(0) =0, ¢5(0) =1,

whereas the function h; = ¢; — 1, solves the Cauchy system

—1/ (@) + (r(z) = Ny () = —r(@)y (@) @€ (0,7),

h;j(0) =0, h}(0) =0. (2.22)

Let us denote by V,; the energy function defined by
2

1 A7
Yy, (x) = Eh?(z) + ?Jh?(z)

J

Using (2.22), one gets the estimate

Vg\j (Z‘) < T(T)V)\j (];) + 7%,

for every = € [0, 7], with 7(r) = % According to the Gronwall lemma, we infer

1+T— T(r)m™
Ihil% < == (7 =1).
J

$; ()

W, one getS

/w b;(x)? do = / (“12““’) + 2, () S0AD) hm)?) i <
0 0

A2 X

As a consequence, and since e, ;(-) =

~J
2
2X7
where Cj is defined by (2.21). The expected estimate then follows. O

Lemma 4. Let r € L>(0,m) such that r— > —1. Then, one has

M B sin |w| B 27 |7 || oo |w]
2 2 i

/ sin®(\jz) do >
for every j € IN*.

Démonstration. In accordance with (2.19), let us write Aj =7+ éj—’ with r— < l; < ry for every
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j € IN*. Using Lemma 1, we get

1
/Sinz()\jx)dac = ] —f/cos(QAjac) dz,
l; ¥ 2sl,; 1 20
- / (Sin2(j1:) + 2 cos(2jx)/ sin < i j> ds + = sin(2jz) sin ( ﬂ)) dw,
w J 0 J 2 J
< |w|  sinfw| 27T|lj||w|.
-2 2 j

Since [1;] < 7]l oo

M B sin |w| B 27 |7 || oo |w]

/wsin2()\jac)dz> 3 5 J

We now prove Theorem 1. Combining (2.20) with the Cauchy-Schwarz inequality, one gets

/we_j(x)?dx> 02]- (/w sin?(\;z) dx—QAj\//w hj(x)de\//w sin?(\;z) dx) (2.23)

for every j € IN*. The positivity of the right hand side in the inequality above is equivalent to the
condition [ sin?(\jz) dr > 4X% [ hj(x)*dz. Moreover, according to Lemma 3, one shows easily
that this condition holds whenever ||r||s < a9, where agy denotes the unique solution of (2.7)
with @ = 0. Finally, the constant C; being defined by (2.21), one finally gets using the estimate
(2.19) an upper bound on it, uniform with respect to j, so that

jw] — sin w] — 47| oc o] — 4\/|w|D<r> (4! — ==l — o o)
T+ (4#%—1— # + 27TD(T‘))

for every j € IN*, using the notations introduced in the statement of Theorem 1.

/%J(@de? . (2.24)

By decomposing the solution ¢ of (2.1) in the spectral basis {e, ;};cn+ as in (2.5)-(2.6), one
gets using the so-called Ingham inequality

2

T T
1 )
|0rp(t, )|* dedt = 7/ / isgn(k) A/ a?, + b3 ezsg“(k)()‘“"‘t_e"ﬁ)e,,,“c‘(a:) dtdz,
I 2 L& Ve + o
K} T,a
> % Z(aﬁq +b\2k|))\|2k\/€r,|k|($)2d$

kez* w
—+o0

K}(T,a)Z(a?+b§)/\?/em-(:z:)Q dz,
=1 w

where (6;)jen+ denotes the sequence defined by e = ail tféz for every j € N*, and K} (T, a) is
315

the Ingham constant introduced in the statement of Theorem 1 and whose choice is commented
in Remark 5.
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The energy identity

™ oo
/0 (000 (t, ) + 0:9°(t, @) + a(z)p?(t,2)) do = Z A3(a +b3),

j=1
holding for almost every ¢ € [0,T], we infer
T g
/ / |0sp(t, x)|* dedt > K}H(T, a) _inl\g / erj(r)? d:z:/ (006 (t, ) + 0,0°(t, ) + a(2)¢?(t,z)) dz.
0 w JEN™ Jo 0

Finally, the combination of this inequality with (2.24) provides the desired result. Furthermore,
by construction, the right-hand side of the obtained inequality, denoted C, (T, |w|) is positive.

The general case. The general estimates are obtained by mimicking the proof in the case
where @ = 0. Indeed, note that A7 is an eigenvalue of the operator A, if, and only if > = X\* —a
is an eigenvalue of the operator A,. Since ,u? > +/1+4+7r_ >0, one has
2 2
it — s = Ajt1 = A 3—(ry —r)
J i = Z
VR —as o VTRV

for every j € IN*. We obtain successively the same estimates as those in the statements of Lemmas
3 and 4, replacing the quantity A; by ;. The expected conclusion follows.

2.2.2 Proof of Theorem 2

For the sake of simplicity, the notations ¢, or ¢; will respectively denote the partial derivatives
Oz and O in the section 2.2.2. Let us denote by ¢ the unique solution of the wave equation
(2.1) with a given potential a(-) € L*(0,7) and with initial data (¢(0,-),v:(0,-)) = (vo, p1) €
H(0,7) x L?(0, 7).

Using the notations introduced in Section 2.1, let us define the function E, by

E,: [0,T]x[0,7] — Ry
(t7$) — (pt(t,a?)2+<p$(t,],‘)2+a(x)g0(t,$)2,

and the function Ej» by

EkQ . [07T] X [0777] — ]R+
(t,z) — @t 2)* + 0u(t, 2)* + k*p(t, )2,

where k? = ||a/ -

This proof is divided into several steps and is illustrated on Figure 2.2. Let us comment on
this figure : in a nutshell, the main ingredients of the proof are contained in the statements of
Lemmas 6 and 7, that take advantage of the propagation properties of the wave equation (2.1)
to derive energy estimates on the zone P; (respectively P») from the observation on the zone Q1
(respectively Q2). Finally, since we will establish estimates along the characteristics, the space
and time variables will play symmetric roles in the algebraic computations that follows.

Let us start with several instrumental lemmas.

The first one states an observability result in the case where w = Q = (0, 7).
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T
T ] ™ T
71 P o Q1 Pot5
~] L
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n
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FIGURE 2.2 — Scheme of the proof (Propagation method)

Lemma 5. Let v € (0,7/2). Thus,

T
z 2 ]
inf f? 7fQ (¢, )| ddt =7 sup 7' sin(;7)| (2.25)
(o,p1)€HE(0,m)xL2(0,m) [q (01 (x ) + ()2 4+ a(x)po(z)?)de 2 jen+ 2\,

where @ denotes the unique solution of the wave equation (2.1) with initial data (p(0,-), ¢:(0,+)) =
(o0, 1) € HJ(0,m) x L2(0,m)and (\j)jen~ the sequence of eigenvalues introduced in Section
2.1.2.

Démonstration. Denote by LHS the left hand side in (2.25). Decomposing ¢ as in (2.5)-(2.6)
yields
D A fT (a; sin(A;t) = b; cos(\jt))% dt

LHS — inf
(Ajag Aib5); ene € (£2(R))? 27 A3 (ad 4 b7)

Next, setting Aja; = p;cos(0;), A\jb; = pjsin(6;) with (p;)jen+ € (*(R) and 6; € T for all
Jje ]N* we get using a homogenelty argument

LHS = inf ij/2 sin?(\;t — 6;) dt,

Z;olpj 1(0 )JeN* j=1 _
T sup. sup Z 25in(A cos()\j (T —~) —20;).
2 o WL

Z =1 P] =1 (0 )]EN Jj= 1

To reach the maximum, it suffices to choose #; such that cos(A;(T — ) — 26,) = sgn(sin(A;7))
for all j € N* and (p;)jen- as a Kronecker delta, and we thus get (2.25). O

In the following lemma, pointed out as a main ingredient of the proof, we establish an energy
estimate on (7,7 —n) x (a+n,8 —n) for n € (0,8 — ).
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Lemma 6. Letn € (0,58 — «) and T > 2. The energy estimate

/ - n/a B (1) dudt < O(n) /0 ' /a Tt + o) dedt. (226

holds with C(n) = % -+ max {1, #} + max{1, k?}.
Démonstration. Multiplying the identity

(pe)e(t, ) = (0pa)a(t, @) = @i(t,2)* + @a(t,2)* + alz)p(t,2) = 0

valid for almost every (¢,2) € (0,T) x (0,), by any smooth function ¢ € C°((0,T) x («, B))
such that ¢ > 0 on (0,7) X (a, 8) and ¢ =1 in [, T — 5] X [+ n, B — 7], we get after integration

n (0,7) x (0,m),
B T
/ /0 0o (t, 2)?C(t, x) dtde,

/a /T ! o (t,2)%C(t, ) dtdx
— ’ T(gpt(um)z — a(x)cp(t,x)2)C(t,x)dtdx
/a /0

N

8 T
+ / / (902 )alt,2) — (pp0)e(t,2))C(t, 2)dtda.

We now estimate the right hand side in this inequality. Integrating by parts, one gets

T B T B
[ [ eonttantadsar < Ko [ [ i) + 2000 daa

rr [ealloe [T (7
|| wenttocteaidode < Kozl [ [ 20, a)doa,
0 « 2 0 «

We then infer

B—n pT'—n
/ / w0 (t, x)? dtdr < / / ei(t, ) + p(t, z)?) dadt,
a+n Jn

where ¢(n) = % + max{||§||oo, M}, for every n € (0,5 — «). The energy estimate

and

2

/T n/ﬂ nEkztxdxdt < (e(n) + max{1, [|aloo}) // (pe(t,2)* + o(t,x)?) dadt

is thus a consequence of the previous inequalities. Finally, choosing a particular function ¢ en-
joying the symmetry properties

(T —t,z)=((tz), C(taty)=((tB-y)
for every t € [0,T] and y € [0, 8 — o], and defined by ((¢,z) = %(mna)2 on [0,7] x [a, v+ 1] leads
to the expected result. O

Remark 11. We stress that the particular choice of function ¢ used above is motivated by the
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facts that the function f : ¢ — ¢/n solves the problem
inf{[|f'lloc | f € WH(0,7), f(0) =0 and f(n) =1}
and the function g : z + x2/n? solves the problem
inf{]|g"|loc | g € W*>°(0,7), g(0) = 0 and g(n) = 1}.
With the notations of Figure 2.2, propagations properties of the wave equation are used in

the following lemma to derive an energy estimate from @1 to P; and from Qs to Ps.

Lemma 7. Let T > Ty with Ty = 2max{a,m — S} and n € (0, ﬁfTa) Recall that C(n) is the
constant defined in the statement of Lemma 6.
i) Introduce the positive number & such that m — 3 = % — 20. Then, one has

LAY G C(n) e
/ Ep2(t,x) dedt < — (e%(”_ﬁwn) - 64’”7) / / (©2(t,0) +p2(t,0)) dodt,

%76 B—n 2k77 0 @
(2.27)

(B §
for every n € (0, mln{%, D.
i1) Introduce the positive number &' such that o = % — 26'. Then, one has

T+ ratn C(n) T rB
/ / By (t, 2)dwdt < S (=2kn _ o=2h(act2n)y / / (©2(t,0) + (1, 0)) dodt,
% 0 0 «@

Y Qk’ﬂ
(2.28)
o B—a &
for every n € (0,min{ ==, 5 }).
Démonstration. Let € € (o, 3 —n) and o € (¢, min{T + &, 7}). Using an integration by parts?,
one gets

d T—ac-i-S n
%/ I3 EkZ(t,:L')dt - —(cpt—goz)2(T+£—m,x)—(cpt+goz)2(x—§,x)
' T—(a—¢)
—k? (¢2(T+£fx,x)+502(xf§,x))+4/ k2 pppdt,
z—¢§
T—(z—§)
< 4/ k| dt.
z—§
We thus infer that
d T—z+§ T—z+§
£ Eje(t,z)dt < 2k Eje(t, x)dt. (2.29)
4z Jo—g ¢

By noting that the function z € (£, 7) — e~ 2k(@=¢-1) fIT:;HE Ej2(t,)dt is non increasing, it
follows that

T+s T—z+ T-n
/ E(t, x) dt g/ Epa(t,z)dt < e%(f—f—”)/ Ej2(t, & +n)dt,
n

L5 r—&
4. We also use that, for any function f regular enough, the following identity
d [T-z+e T—2+ 9f
[T =g g — ) - fa-so+ [ L
dx Jo_¢ o—¢ ox

holds for every x € (&, min{T + &, 7}).
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for every n € (0, ) e [B—4n,5—2n] and x € [f—mn, 7]. Integrating this inequality with respect
to & on [B — 4n, ﬁ 3n] vields

T+ e2k(@—p+3n) pT—n rf=2n
/ Epe(t,x)dt < —— / / E2(t,0) dtdo, (2.30)
-5 n n B—3n
for every = € [ — n, ). Notice that (8 —3n,8 —2n) C (o +1n, 8 —n) since n < Z=. Hence, one

deduces the expected result by combining the last inequality with the conclusion of Lemma 6.
It remains now to prove the second energy estimate. It suffices to mimic the first part of the
proof, noting first that

d T—¢é4x
dx

) T—tte
Eya(t,x) dt > 2k / By (t,z) dt, (2.31)

¢ -

for all £ € (a+n,8) and = € [0, €], and second that the function z € (0, &) s e~ 2k(@=E+n) ng_;g-m B (t, ) dt
is non decreasing. O

We now prove Theorem 2. With the notations of Lemma 7, introduce 6~ = min{4, ¢’} = %
Combining (2.26), (2.27) et (2.28) yields

/7_5_ / Ega(t, o) dedt < K(n, a, B,k) /OT /j(ap?ﬂo?)(t,x) dxdt, (2.32)

where K (n,a, 8, k) is defined by (2.11). According to (2.2), we infer

T ’ ~["s (T S 2
5 <260 Eo| 5,2 dr < K(naaaﬂak) (‘pt (tvx)+90 (tvx)) dilfdt,
2 L2(0,m) 0 2 0 @

(2.33)
for every n € (0, min{?-, —O‘ ) and T > Tp.
It remains now to compare the right hand in (2.33) with the observation term. Let v > 0
such that v < 0~ and let 7 € (% -, %) Introduce the function 1 defined by

25‘ Pt

Y: (0,21)x (0,mr) — R
(t, ) — f:(apt(s,x) + (27 — s,2)) ds.

Notice that 1 satisfies the main equation of (2.1) on (0,27) x Q and that :(7,-) = 2p(7,-).
Furthermore, the function % clearly satisfies the inequality (2.33). Since 7 > Ty /2, we claim

K(n,0.8,k) [*7 [7
o Wy < 2P [ [ g2 g0, o,

for every n € (0, min{%, BTT‘X}), where p~ = min{y, ¢’} with p = #, and y' = 5%, We
thus infer that

8/17 9 /27'/,@ ,
K(n,a,8,k) 7 S 2 27 — t,2))? dedt
K(n,a, B, k) e (s )2z (0,7) (pe(t, @) + @i (27 — t,2))° da

2

/2T/ (/ (s, 2) +u(2m = s, w)ds> dadt.
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Introducing
2

RTZA%(LQ%@4ﬁ+%@T—&mm% dt,

one gets using the Cauchy-Schwarz inequality

and eventually

. B, k) o
o1 My < K2R (1 T [T o) o

Let us now provide an estimate of the right-hand side in the last inequality that is uniform with
respect to 7. Using that 7 € (% -, %),

T T
LT _y—c+ T _y—a T-T,
= 244415444—5, T Eggégggg— and p” > 01

and that the expression of K (7, a, 8, k) above makes sense for n € (0, min{ TIGTO - 3,571, we
get

T

2 27K (n, o, B, k) T’ g
IF dr < ——2> 222 7 / / 2(t, x) dxdt.
| el < TEEEEE (142 ) [ [ e ao

1+ —
2 ’Y

Applying Lemma 5 leads to

T _ |Sin()\j7)> AT — Ty — 29) fo fﬁ o7 (t dxdt
(2 jbéi\rl)* 2)\j (8—|—T2)7K(777a B8, k) fOﬂE (O )d:E (234)

providing hence a lower estimate of the observability constant.

For large values of T', it is yet possible to improve this estimate. Assuming that T > 2T}, we
write

T8 2o o5 s
/ / o (t,z)? dedt > / / oi(t,x)? daedt =
0 «a 0 «a

and using the time reversibility of the wave equation, the inequality (2.34) improves into

[#F]-1

2To 2(i+1)To B

Z / / o (t,z)? dadt
—o J2iT, a

%

TV(r_ su [ sin(A;7)] (To - 27) fo f’B dmdt
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2.2.3 Proof of Corollary 1

Notice that, in the proof of Theorem 2, we only made local reasonings around the observation
open set w, and we never used the Dirichlet boundary conditions. Considering ¢, the unique
solution of the wave equation (2.1) with initial data (p(0,-),3:(0,-)) = (¢o,¢1) € HE(0,7) x
L?(0,7). Let us apply the estimate of the observability constant proved for one open interval in
Section 2.2.2 on (0,T) x (Bi—1, @i+1), we obtain using the notations of Theorem 2 and replacing
(2.11) by (2.14)

Qi1 T rBi
C’T?TO’G)A(ai,ﬁi)/ E.(0,z)dz < / 8t<p(t,x)2 dxdt,
i1 0

[e23

for every i = 1,--- ,n. Since [ E,(0,z)dx < 31, Ja! E,(0,7) dz, it follows that

1I<nlg Cr 1y an(@i; Bi) / E,(0,z)dx / /8,5@ (t,z)? dzdt,

whence the conclusion.

2.2.4 Proof of Corollary 2

Assume in a first time that w = («, ). We follow the same lines as in the proof of Theorem
2, and propose a different way to conclude from the inequality (2.32). For this reason, we only
provide here some explanations to adapt the proof of Theorem 2 to this simpler case.

Let us decompose the solution ¢ of (2.1) in the spectral basis {eq ;}jen- as in (2.5)-(2.6).
Since jo = [M] + 1, one gets by adapting the proof of Lemma 2,

14250 —
s (L B
jo+ 1+ v/7 + e

Thus, \j11 — \j > v, for every j € IN*.

for every j > jo.

Thus, applying Ingham’s inequalities (see [53] and Remark 5) leads to

2

T
/ /gﬁ(t,(ﬂ)zdxdt = / / |k|+b\ | zsgn YA kit— e‘k\)e |k\( ) dxdt,
0 Jw kez*
5T <X
< — (a?+b?)/ea7j(x)2d:v
=1 w

and

T
/ / Ot ) dudt =
0 w

2
dxdt,

T
/ / Z ngn )\\k\ la |+b2 ZSgll(k)(/\\k|t—9|k\)ea,‘k‘(:L')
0 kez*

1
—|T- Z)\2 (a; +b2 /ew(:ﬂ)Qd:E
™ ’Y]O — w

DN | =

WV
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for every T > T{. Using (2.19), one gets

T 2 T2
/0 /cp(t,x)z dzdt < 2 T2 1) / / 0p(t, ) |* dadt.

Combining this inequality with (2.33) yields

T _ T/ 2 T2 _ 471'2 ™
( 1/2 0)(7‘;0 ) 5 / Ea(oax)d
K (n, a8, [lalls%) (2(+43, T2 — 472) + 1073 T2) Jo

T B
g/ / Orp(t, x)* dadt,
0 a
T—

for every n € (0, min{ 16 , ZO‘ 1), providing an estimate similar to (2.34) in this case. The
conclusion follows, adapting the proof of Corollary 1 to extend the results to observation domains
w that are the ﬁnite union of open intervals.

2.3 Applications

2.3.1 Extension of the previous results to general wave equations

Let ¢ and T denote two positive constants. We consider the general one dimensional wave
equation with Dirichlet boundary conditions

= 0:(b(2)0:9)(t, z) +a(2)¢(t,2) =0 (t,2) € (0,T) x (0,4),

6(t,0) = ¢(t,0) = 0 te 0,7, (2.36)
¢(072) = ¢ ( ) 6t¢(0 Z) ¢1(Z) KAS [OJL

where it is assumed that b and @ denote nonnegative functions in L*°(0, ¢) and that there exist

a constant by > 0 such that b > by a.e. in (0, /).

Recall that for every initial data (¢g, ¢1) € HE(0,¢) x L?(0,¢), Equation (2.36) has a unique
solution ¢ € C°(0,T; HE(0,¢)) N CL(0,T; L%(0,¢)). Moreover, the equation (2.36) is said to be
observable on a measurable subset w C (0, ¢) in time T if there exists a positive constant ¢ such
that

T ¥/
A / Drb(t, =) dzdt > ¢ / (61(2)% + b(2)0)(2)? + a(=)60(2)?) dz.

Let us denote by ¢(T, ¢, b,a,w) the best constant in this inequality, that is

fo [, 0:p(t, z)? dzdt

inf
(¢ ¢)€H(OIZ)><L(oz) L b(2)d(2)2 +alz ) do
T G0)#(0.0) Jo (61(2)2 + b(2)8(2) (2)d0(2)?)

¢(T,¢,b,a,w) = (2.37)

Notice in particular that, with the notations of Section 2.1, one has ¢(T, a,w) = ¢(T, 7,1d, a, w).

The following result highlights the link between the observability of (2.36) and the observabi-
lity of (2.1). For that purpose, let us introduce the standard change of variable for Sturm-Liouville

equations
T (% ds
X:iz+— — 7 / ,

b(s)
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with ¢ = f(f \/‘%. Since b > by a.e in (0,£), the function X is continuous nondecreasing and
defines thus a change of variable.

Proposition 1. Let us assume that the function b belongs to b € W2°°(0,¢), let ¢! = foe ds

\/b(s)
and T' = J;T. We define the function a(-) by
02 [ 1?2 1,
a(z) = = (a(z) ~ 16 002) + 4b (z)) , (2.38)

for almost every z € (0,£) is nonnegative. Thus,
/

(T, 4,b,a,w) = e—c(T’,a,X(w)).
7r

Démonstration. Using the change of variable ¢ = ;¢ and introducing o(t',-) = ¢(t,-), the main
equation of (2.36) rewrites

6t’t’¢~5(tlﬁ z) - 8Z(6(z)az(5)(t7 z) + d(z)é(tv Z) =0, (t/a Z) € (OvT/) X (076)7

where b(z) = %b(z) and a(z) = gd(z). Provided that b > by and (2.38) are verified, ¢ is
solution of (2.36) if and only if the function ¢ : (', z) — b(z)/4¢(t, z) is solution of (2.1). The
result follows, by writing that

™ Jo [, 0ro(t, 2)? dedt ST L 0ud(t, 2)? dzdt

I f(f (¢1(2)2 + b(2)Ph(2)2 +a(2)po(2)?) dz f(f (ét,(o, 2)2 4+ b(2)$(0, 2)2 + a(2)(0, Z)2> &
fOT/ fx(w) Opp(t', x)? dadt
Iy (e (0,2)2 + ¢, (0,2)% + a(z)p(0,2)?) do’

O

)

Using the correspondence between the observability of Equations (2.36) and (2.1), it is easy
to deduce estimates of ¢(7, ¢,b,a,w) from the observability constants estimates in Theorems 1,
2, Corollaries 1 and 2, provided that the assumptions above be verified.

2.3.2 Evaluating the cost of control for the Hilbert Uniqueness Me-
thod.

Consider the internally controlled wave equation on (0, 7) with Dirichlet boundary conditions

Ony(t, x) — Opay(t, x) + a(x)y(t,x) = u(t,z) (t,z) € (0,T) x (0,7),
y(t,0) =y(t,m) =0 t e [0,T], (2.39)
y(07 J}) = yo(-r)a aty(o"r) = yl(x) T e ( ’7‘-)7

where u is a control supported in [0,7] x w where w C (0,7) is Lebesgue measurable. Recall
that for all initial data (y°,y') € HE(0,7) x L?(0,7) and every u € L2((0,T) x (0,7)), the
problem (2.39) is well posed and its solution y belongs to C°(0,T; H} (0, 7))NC*(0,T; L?(0, 7)) N
C?(0,T; H1(0,7)).
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In what follows, we will endow the space H{(0,7) with the inner product
HYO0.1)2 3 (00) > [ G @@ dot [ al@)ple)i) d
0 0

instead of the standard inner-product of H*(0, ), according to the choice of norm in the energy
space made to introduce the inequality (2.3). Therefore, the space H~1(0,7) will be endowed
with the dual norm.

The exact null controllability problem settled in these spaces consists of finding a control u
steering the control system (2.39) to y(T,-) = Owy(T,-) = 0. It is well known that the Hilbert
Uniqueness Method (HUM, see 73, 74]) provides a way to design the unique control solving the
above exact null controllability problem and having moreover a minimal L2((0,7) x (0, 7)) norm.

Using the observability inequality

T
/0 / ot 2)? dzdt > el (2% ) Eagomy e 1(0m1 (2.40)

where c is a positive constant (only depending on T" and w), valuable for every solution ¢ of the
adjoint system

att()o(t l‘) - aTT()O(t7 l’) + a(z)w(ta I) = 07 (t7 l‘) € (07 T) X (07 7T),
o(t,0) = p(t,m) =0, t€[0,T], (2.41)
0(0,2) = ¢°(x), dp(0,2) = @' (), z € [0, 7],
and every T > 2, the functional
1 (T
Jo(@®,9) = 5/0 / o(t,)* dedt — (o', y°) -1 g1 + (% ') 12, (2.42)

has a unique minimizer (still denoted (°, ¢!)) in the space L%(0, ) x H~1(0,7), for all (y°,y') €
H3(0,7) x L?(0,7). In (2.42) the notation (-, )r-1,m3 stands for the duality bracket between

H=1(0,7) and H}(0, ), and the notation (-,-) 2 stands for the usual scalar product of L?(0, 7).
The HUM control i, steering (y°,y1) to (0,0) in time T is then given by

umin(tax) = Xw(x)sa(tax)7 (243)

for almost all (¢,2) € (0,T) x (0,7), where x,, denotes the characteristic function of the measu-
rable set w and ¢ is the solution of (2.41) with initial data (¢°, p!) minimizing J,,.

The HUM operator I',, is then defined by

I, : HE0,m) x L2(0,7) — L2((0,T) x (0,7))
(yO’yl) ——  Umin

and the norm of the operator I',, is given by

| %min |l 2 0,T7)x (0,7
T || = sup { o EODXOM 0 1y € (0, 7) x L2(0,7)\ {(0,0)} ¢ .
1(y°,y )||H(}(0,7r)xL2(0,7r)

Recall that, by duality, the best constant in (2.40) coincides with the constant ¢(7T’, a,w) defined
by (2.4), that is the optimal constant in the observability inequality (2.3).
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Proposition 2. Let T > 0 and let w be measurable subset of (0,m). If ¢(T,a,w) > 0 then

1
Lol = ———
Il T, a,w)’
and if ¢(T, a,w) =0, then ||Ty|| = +o0.
For a proof of this result, we refer for instance to [34, 86]. As a consequence, the results in

Theorems 1, 2, Corollaries 1 and 2 permit to provide an estimate of the cost of control given by
the Hilbert Uniqueness Method.

2.3.3 Estimating the stabilization rate of the damped wave equation.

Consider the damped wave equation on (0, 7) with Dirichlet boundary conditions

Ony(t, x) — Opey(t, ) + a(x)y(t, x) + 2kxw (x)Oy(t,z) =0 (t,2) € (0,T) x (0,7),
y(t,0) =y(t,m) =0 te 0,7, (2.44)
y(0,2) = yo(x), 0y(0,2) = y1(x) z € (0,m),

with k& > 0. Recall that for all initial data (yo,y1) € Hg(0,7) x L?(0,), the problem (2.44) is
well posed and its solution y belongs to C°(0,T; H}(0, 7)) N CL(0,T; L?(0,n)).
The energy associated to System (2.44) is defined by

Eq.wu(t) = AW (Duy(t,2)* + Duy(t, ) + a(x)y(t,2)?) da.

According to [20, 27|, if w has positive measure, this system is exponentially stable, i.e. its energy
is known to obey
Eaw(t) < Equ(0)e (2.45)

for t > 0, § denotes a positive constant that does not depend on the initial data. We define the
decay rate §(a,w) as the largest such ¢, in other words

§(a,w) =sup{ 6 | Eqo(t) < CE,,(0)e™%, for every t >0
and for every solution of (2.44)}.

According to the following proposition, one can provide an estimate of the constant ¢ (or é(a,w))
from the estimates proved in Theorems 1, 2, Corollaries 1 and 2.

Proposition 3. Let w be a measurable subset of (0,7) and Ty denotes the minimal observability
time®. Thus, for every (yo,y1) € HL(0,7) x L*(0,7) and t > 2Ty,

Eaw(t) < Eaw(0)e %,

with

s L (L T)e(Ty,a.w0)
2T, 1+ T3)e(Ty,a,w) )’

the constant c(Tp,a,w) denoting the observability constant defined by (2.4).

For a proof of this result, we refer for instance to [44].

5. For instance, if w = (o, B) one has Ty = 2max{a, 7 — 5}
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2.4 Examples and numerical illustrations

We provide here some numerical simulations and illustrations of observability constants esti-
mates using both methods (spectral versus propagation).

10° 10° —
10° IS I , —
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T 107
g - i
L o - ;
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S a,
3
107 £
£
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0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16
§ 8
(a) T =4m (b) Asymptotic behavior in T'

FIGURE 2.3 — a(.) = 0 and w = (0,9) U (7 — 4, 7). Plots of Co(T,|w|) (- -), Cp 0. (/) and
5T,T5,O,A (=) with respect to ¢
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(a) Small values of ¢ (b) Large values of €

FIGURE 24 — a : ¢ — ez, w = (0,2) and T = 8. Plots of Co(T, |w]) (- -), Crryan (/) and

éT,T[;,a,,\ (—) with respect to e

The case a(-) = 0 is investigated on Figure 2.3. We chose as observation subset w = (0,6) U
(m — 6,7) with 0 < § < 7. In that case, the observability constant can be explicitly computed &
whenever T is a multiple of 27, as well as the limit of ¢(T,a,w)/T. To compute the estimates
(2.12) and (2.13), we fully use Remark 9.

More precisely,

6. Let w=(0,0) U (m — §,m) and T is a multiple of 27. The observability constant is exactly

(T, a,w) = Co(T,|w|) = {%} (26 — sin(24)),
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— on Figure 2.3(a), the observation time is 7' = 4. For such a choice of time T', the estimate
Co(T, |w|) obtained by the spectral method coincides with the value of the observability
constant. The graphs of the estimates obtained by each method, namely C7. 7,  \ defined

by (2.13) and 5T7T6,07 A defined by (2.15), are represented with respect to the parameter
d and compared with the observability constant Co (T, |w|).
— on Figure 2.3(b), the graphs of the limit of the estimates as T goes to +oo obtained by

CT.79,0,7 Cr,17,0 .
each method, namely —-%—== and -——, are represented with respect to the parameter

Co(T,|w)
T

6 and compared with the limit of the observability constant as T goes to +oo.

In accordance with Figure 2.3, one can easily show that the quantity C%,Tom \ decreases
whenever the measure of w is large enough, which is a confirmation that this estimate is not
sharp.

On Figure 2.4, we consider the potential a : z — ez with € > 0, the observation set w = (0, 2)
and the observation time 1" = 8. More precisely, the graphs of the estimates obtained by each
method, namely C, (7, |w|) defined by (2.8), C 1, , » defined by (2.13) and Cr 1y 4 x defined by
(2.15), are represented with respect to the parameter €. On Figure 2.4(b), only the graphs of
C7 1y.0.x (Propagation method, Theorem 2) and CN'T’T(;’G’ A (propagation method, Corollary 2) are
plotted because of the smallness of the range of e for which the spectral method makes sense (due
to Condition (2.7)). Moreover, the range of ¢ for which 5T7T6,a, A is defined is restricted, since we
use Ingham’s inequalities (see the proof of Corollary 2 for more details). According to Figures 2.3
and 2.4(a), the spectral method seems more accurate than propagation methods, but needs the
strong condition (2.7) on the potential function a(-) (see the comments and comparison between
both methods at the end of the previous section). We provide on the figures 2.5, 2.6 and 2.7
several other examples illustrating each method.

10 10
107" N
10 \ 10
10°
1071\
10 \
107 w0l |
\
10°) |
|
7 9|
%% 1 2 3 4 5 6 %% 005 0.1 0.15 02
€ x10™ €
(a) Small positive values of & (b) Large positive values of €

FIGURE 2.5 — a: 2z — 2+ ex?, w = (0,7/3) and T = 107. Plots of Co(T, |wl) (- =), Cp .y 0x (/)
and 5T7T6’0’ A () with respect to €

and one has the asymptotic expansion

(26 — sin(24)) T

C(T,CL,UJ) ~ 2
X

as T — +oo.



2.4. Examples and numerical illustrations

47

107

0

5
x107*

€

FIGURE 2.6 —a : 2+ ecosz, w = (0, §) and T = 107. Plots of C, (T |w|) (- -), Cp 1, 4.1 (/) and
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Chapitre 3

Non-localization of eigenfunctions
for Sturm-Liouville operators

Joint work with Pierre Lissy and Yannick Privat.

Abstract : In this article, we investigate a non-localization property of the eigenfunctions
of Sturm-Liouville operators A, = —0y, + a(-) Id with Dirichlet boundary conditions, where a(+)
runs over the bounded nonnegative potential functions on the interval (0, L) with L > 0. More
precisely, we address the extremal spectral problem of minimizing the L2-norm of a function e()
on a measurable subset w of (0, L), where e(+) runs over all eigenfunctions of A,, at the same time
with respect to all subsets w having a prescribed measure and all L> potential functions a(-) ha-
ving a prescribed essentially upper bound. We provide some existence and qualitative properties
of the minimizers, as well as precise lower and upper estimates on the optimal value. Numerous
consequences in control and stabilization theory are then highlighted, both theoretically and
numerically.

Keywords : Sturm-Liouville operators, eigenfunctions, extremal problems, calculus of variations,
control theory, wave equation.

3.1 Introduction and main results

3.1.1 Localization/Non-localization of Sturm-Liouville eigenfunctions

In a recent survey article concerning the Laplace operator ([10]), D. Grebenkov and B.T.
Nguyen introduce, recall and gather many possible definitions of the notion of localization of
eigenfunctions. In particular, they consider, in the section 7.7 of their article, the Dirichlet-
Laplace operator A on a given bounded open set © of IR", a Hilbert basis of eigenfunctions
(e;)jen- in L*(Q) and use as a measure of localization of the eigenfunctions on a measurable
subset w C 2 the following criterion

Cp(w) — inf ||6]HLP(L«J) ;
jeN* |lejllLr (o)

49
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where p > 1. For instance, evaluating this quantity for different choices of subdomains w if 2 is a
ball or an ellipse allows to illustrate the so-called whispering galleries or bouncing ball phenomena.
At the opposite, when 2 denotes the d-dimensional box (0, 1) x - - - x (0, £4) (with £1,... ¢4 > 0),
it is recalled that C},(w) > 0 for any p > 1 and any measurable subset w C £ whenever the ratios
(¢;/¢;)? are not rational numbers for every i # j.

Many other notions of localization have been introduced in the literature. Regarding the
Dirichlet /Neumann/Robin Laplacian eigenfunctions on a bounded open domain 2 of R"™ and
using a semi-classical analysis point of view, the notions of quantum limit or entropy have been
widely investigated (see e.g. [13, 18, 22, 37, 47, 56]) and provide an account for possible strong
concentrations of eigenfunctions. Notice that the properties of Cp(w) are intimately related to
the behavior of high-frequency eigenfunctions and especially to the set of quantum limits of the
sequence of eigenfunctions considered. Identifying such limits is a great challenge in quantum
physics ([22, 37, 95]) and constitute a key ingredient to highlight non-localization/localization
properties of the sequence of eigenfunctions considered.

Given a nonzero integer p, the non-localization property of a sequence (e;);en= of eigenfunc-
tions means that the real number C,(w) is positive for every measurable subset w C 2 of positive
measure. Regarding the one-dimensional Dirichlet-Laplace operator on Q = (0,7), it has been
highlighted in the case where p = 2 (for instance in [46, 63, 87]) that

inf Cy(w) = inf inf z/sin(jgc)2dx>0,

|w|=rxr |w|=rm jEN* T
for every r € (0,1).

Motivated by these considerations, the present work is devoted to studying similar issues in
the case p = 2, for a general family of one-dimensional Sturm-Liouville operators of the kind A, =
—0zs + a(+) Id with Dirichlet boundary conditions, where a(-) is a negative essentially bounded
potential defined on the interval (0, L). More precisely, we aim at providing lower quantitative
estimates of the quantity Cs(w), where (e, ;)jen+ denotes now a sequence of eigenfunctions
of A,, in terms of the measure of w and the essential supremum of a(-) by minimizing this
criterion at the same time with respect to w and a(-), over the class of subsets w having a
prescribed measure and over a well-chosen class of potentials a(-), relevant from the point of
view of applications. Independently of its intrinsic interest, the choice “p = 2” is justified by
the fact that the quantity Co(w) plays a crucial role in many control, stabilization or inverse
problems (see Section 3.3.1,[16],[64]).

Let us mention that using the Liouville transform (see [26, Page 292]), the result obtained
for the Sturm-Liouville operator A, can be easily transferred to the operator —9, (w(x)d,) for
some weight function w belonging to an appropriate class of functions. We refer to [46, Section
3.1] for additional explanations and numerical computations.

The article is organized as follows : in Section 3.1.2, the extremal problem we will investigate
is introduced. The main results of this article are stated in Section 3.1.3 : a comprehensive
analysis of the extremal problem is performed, reducing in some sense (that will be made precise
in the sequel) this infinite-dimensional problem to a finite one. We moreover provide very simple
lower and upper estimates of the optimal value. The whole section 3.2 is devoted to the proofs of
the main and intermediate results. Finally, consequences and applications of our main results for
observation and control theory and several numerical illustrations and investigations are gathered
in Section 3.3.
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3.1.2 The extremal problem

Let L be a positive real number and a(-) be an essentially nonnegative function belonging to
L*>(0, L). We consider the operator

Ay = =0y + CL('),

defined on D(A,) = H}(0,L)N H?(0, L). As a self-adjoint operator, A, admits a Hilbert basis of
L?(0, L) made of eigenfunctions denoted e, ; € D(A,) and there exists a sequence of increasing
positive real numbers (A, ;) jen~ such that e, ; solves the eigenvalue problem

{ —eq (@) +a(@)eq;(2) = A7 jea;(x), v € (0,1),

€a,j(0) = eq (L) = 0. (3.1)

By definition, the normalization condition

L
/ exi(x)de =1 (3.2)
0

is satisfied and we will also impose in the sequel that e;, ;(0) > 0, so that the function e, ; is
uniquely defined.
With regards to the explanations of Section 3.1.1, we are interested in the non-localization

property of the sequence of eigenfunctions (e, ;) jen+. The quantity of interest, denoted J(a,w),
is defined by

. weg,j(x) dx . 2
J(a,w) = inf “2—"—"—n = inf [ e ;(z)dz, (3.3)
JENT [Fe2 (x)dx  IENTJu

where w denotes a measurable subset of (0, L) of positive measure.

The real number J(a,w) is the equivalent for the Sturm-Liouville operators A, of the quantity
C3(w) introduced in Section 3.1.1 for the one-dimensional Dirichlet-Laplace operator.

It is natural to assume the knowledge of a priori informations about the subset w and the
potential function a(-). Indeed, we will choose them in some classes that are small enough to
make the minimization problems we will deal with non-trivial, but also large enough to provide
“explicit” (at least numerically) values of the criterion for a large family of potential.

Hence, in the sequel, we will assume that :

— the measure (or at least an lower bound of the measure) of the subset w is given. Indeed,

we will use in the sequel that prescribing either the measure of w or a lower bound drives
to the same solution of the optimal design problem we will consider (see Section 3.2.4;

— the potential function a(-) is nonnegative and essentially bounded.

We believe that such conditions are physically relevant and also adapted to the context of control
or inverse problems.

Fix M > 0,7 € (0,1), « and § two real numbers such that o < 8. Let us introduce the class
of admissible observation subsets

Q,(a, 8) = {Lebesgue measurable subset w of («, 8) such that |w| =7r(8 — )}, (3.4)
as well as the class of admissible potentials
A (e, 8) = {a € L™ (e, B) such that 0 < a(x) < M a.e. on (o, B)}, (3.5)

in which the potential function a(-) will be chosen in the sequel.
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Let us now introduce the optimal design problem we will investigate.

Extremal spectral problem. Let M >0, r € (0,1) and L > 0 be fized. We consi-
der

L M,7)= inf inf  J .
m(L, M. r) aG.Alzg(O,L)wefll?(O,L) (a,w), (Pr.r.ar)

where the functional J is defined by (3.3), ©,.(0,L) and Ay (0, L) are respectively
defined by (3.4) and (3.5).

In the sequel, we will call minimizer of the problem (Pr, , ) a triple (a*,w*, j*) € Apn (0, L) x
Q,(0,L) x N* (whenever it exists) such that

inf inf J(a,w):/ eq j+ (1) dz.
a€Ap (0,L) weQ,-(0,L) w*

Remark 12. Noting that for a given real number ¢, the operator A, + cId has the same
eigenfunctions as A,, we claim that all the results and conclusions of this article will also hold
by replacing the class of potentials Ay («, 8) by the larger class

,ZM(a,ﬁ) = {a € L*°(a, B) such that sup a(:) — (ing)a() < M} .
(a,B) il

Indeed, for all p € jM(O,L), set a = p —inf(g ) p. Then, every eigenfunction e, ; solving the
system

{ ~ea (@) + ale)ea;(2) = X jea(@), @ € (0, 1),
€a,j(0) = eq (L) =0

is also a solution of the system

{ —eq (@) + p(a)ea;(x) = g jea;(2), x € (0,L),
eaJ(O) = €q,j (L) = 0,

with “273‘ = )\gﬂ» — inf g,y p, whence the claim.

3.1.3 Main results and comments

Let us state the main results of this article. The next theorems are devoted to the analysis
of the optimal design problems (Pr . ar).

We also stress on the fact that the estimates of J(a,w) in the following result are valuable for
every measurable subset w of prescribed measure and that we do not need to make additional
topological assumption on it.

Theorem 3. Let r € (0,1) and M € R’

i Problem (Pr,.ar) has a solution (jo,w*,a*). In particular, there holds

m(L,M,r) = min min eq i (1) dx
(L, M,T) aEAM(O,L)wEQT(O,L)/w a.jo ()" 2,

and the solution a* of Problem (Pr, 1) s bang-bang, that is to say equal to 0 or M a.e.
in (0,L).
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ii Assume that M € (0,72/L?]. Then, w* is the union of jo + 1 intervals, and a* has at
most 350 — 1 and at least jo switching points'.
Moreover, one has the estimate
sin(7r)

’ymin(r,z?)3 <m(L,M,r)<r— ——=, (3.6)
T

with v = T3 (3 — 2/2) ~ 0.2600 and ry = ¥ + Y10 ~ 0.7634.

8
The estimate (3.6) is in fact inferred from a more precise estimate for the optimal design
problem

(L,M,r) = inf inf wj(2)? dx, L
m; (L, M, 7) aeAIE(o,L)weé?(o,L)Ae (@) de (Pip.r.ar)

with j € IN*. Because of its intrinsic interest, we state this estimate in the following proposition,
which constitutes therefore an essential ingredient for the proof of the last point of Theorem 3.

Proposition 4. Let r € (0,1) and let us assume that M € (0,7%/L?]. Then, there holds

m;(L, M,r) > min(r, zj)3mj7

(3.7)

for every j € IN*, where the sequences (m;)jen+ and (r;)jen- are defined by

i ifj =1,

ifj=2,

and
1 Zf] = ]-7

r;= itVP2\ (et
Vsl AU i ifj 22
In the following result, we highlight the necessity of imposing a pointwise upper bound on

the potentials functions a(-) to get the existence of a minimizer. Indeed, we have the following
non-existence result when the pointwise constraint “a(-) < M” is not imposed anymore.

Theorem 4. Letr € (0,1) and j € IN*. Then, the optimal design problem of finding a minimizer
to

inf inf / ea,j(z)? dr, (Pj,L,r,00)

a€A(0,L) weR,-(0,L)
where Aoo (0, L) = Upr>0Anm (0, L), has no solution.

We conclude this section by some remarks and comments on the main results we have just
stated.

Remark 13. As we will see later, the proofs of point (i), the first part of point (ii) are quite
classical and rests upon classical optimization tools. The main difficulty was to prove the left
inequality of (3.6), which comes from the more refine estimates (3.7).

Remark 14. Let us highlight the interest of Theorem 3 for numerical investigations. Indeed,
in view of providing numerical lower bounds of the quantity J(a,w), Theorem 3 enables us to

1. Recall that a switching point of a bang-bang function is a point at which this function is not continuous.
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reduce the solving of the infinite-dimensional problems (P, 1) to the solving of finite ones, since
one has just to choose the optimal 3j§ — 1 switching points defining the best potential function
a* and to remark that necessarily w* is uniquely defined once a* is defined (since it is defined
in terms of a precise level set of e+ jx, see Proposition 5). We will strongly use this remark in
Section 3.3.2.1, where illustrations and applications of Problem (Pr . ar) are developed.

Remark 15. As it will be emphasized in the sequel, the restriction on the range of values of the
parameter M in the second point of Theorem 3 makes each eigenfunction e, ; convex or concave
on each nodal domain. The upper bound on the parameter M, namely the real number 72/L?
correspond to the lowest eigenvalue of the Dirichlet Laplacian Ag. It constitutes a crucial element
of the proofs of Theorem 3 and Proposition 4, that allows to compare each quantity fw €a,j (v)? dw
with the integral of the square of well-chosen piecewise affine functions. Unfortunately, the solving
of Problem (Pr, . s) when M > 72 /L? appears much more intricate and cannot be handled with
the same kinds of arguments.

Remark 16. According to Section 3.3.2.1, numerical simulations seem to indicate, at least in
the case where M = 2—2, that there exists a triple (jg,w*,a*) such that j§ = 1, the set w* and
the graph of a* are symmetric with respect to L/2 and a* is a bang-bang function having exactly
two switching points, solving Problem (Pr . /). We were unfortunately unable to prove this
assertion.

A first step would consist in finding an upper estimate of the optimal index jj. Even this
question appears difficult in particular since it is not obvious to compare the real numbers
m;(L, M,r) for different indexes j. One of the reasons of that comes from the fact that the
cost functional we considered does not write as the minimum of an energy function, making the
comparison between eigenfunctions of different orders intricate.

Remark 17. It can be noticed that the lower bound in Proposition 4 is independent of the
parameter L. This can be justified by using a rescaling argument allowing in particular to restrict
our numerical investigations to the case where L = 7 (for instance).

Lemma 8. Let j € N*, r € (0,1), M >0 and L > 0. Then, there holds

inf inf (z)?dz = inf inf / ()% dx, 3.8
aef\lﬁ(o,w)weslz?(o,ﬂ)/we'”(z) T A s (0.D) wen(0,1) we“(z) v (38)
L2

L
The proof of this lemma rests upon the simple change of variable x = 7y/L.

Remark 18. The estimate (3.6) can be considered as sharp with respect to the parameter r, at
least for r small enough (which is the most interesting case, at least in view of the applications).
Indeed, there holds %’1(“) ~ %21"3 as r tends to 0, which shows that the power of r in the left-
hand side cannot be improved. The graphs of the quantities appearing in the left and right-hand
sides of (3.6) with respect to r are plotted on Figure 3.1 below.
An interesting issue would thus consist in determining the optimal bounds in the estimate
(3.6), namely
(= mf MM a = s MM

. P
r€(0,1) 73 r€(0,1) 73 ( Zﬁ’br)

It is likely that investigating this issue would rely on a refined study of the optimality conditions
of the problems (7P;_ . ), but also of the problem (7., ). According to (3.6), we know that

0 € (4 + Y103 1] and ¢4 € [y,7%/6].
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Remark 19 (Behavior of the sequence (m;);jen+ and (r;)jen+-). One can show by using tedious
computations inspired by those of Appendix 3.4.3 that the sequences (m;);jen+ and (r;);en~ are
increasing. Moreover, straightforward computations show that (m;)jen+ converges to 2/3 and
(r;)jen+ converges to 1 as j tends to +ooc.

1072
1= ZE6 - 2v2) min(r, 35 + ¥10)3 | —— TY3(3 — 2v/2) min(r, *3 + ¥10)3
— r— sin(wr) — r— sin(wr)
08| 14l
0.6 |- |
04 4 051
0.2 *
o 1ol
| | | | | | | | | |
0 0.2 0.4 0.6 0.8 1 0 5.1072 0.1 0.15 0.2
T T

FI1GURE 3.1 — (Left) Plots of r — -y min(r, % + @)3 (thin line) and x — (7r —sin(7r)) /7 (bold
line). (Right) Zoom on the graph for the range of values r € [0,0.2].

3.2 Proofs of Theorem 3, Proposition 4, and Theorem 4

3.2.1 Preliminary material : existence results and optimality condi-
tions

We gather in this section several results we will need in the sequel to prove Theorem 3,
Proposition 4, and Theorem 4.

Let us first investigate the following simpler optimal design problem, where the potential a(-)
is now assumed to be fixed, and which will constitute an important ingredient in the proof.

Auxiliary problem : fixed potential. For a given j € N*, M >0, r € (0,1) and
a € Ay (0, L), we investigate the optimal design problem

L
inf/ x(7)eq j(x)? d, (Aux-Pb)
XEU, 0

where the set U, is defined by
L
U, = {X € L*(0,L)|0< x <1 ae in(0,L) and / x(x)dx = rL} . (3.9)
0
We provide a characterization of the solutions of Problem (Aux-Pb).

Proposition 5. Let r € (0,1). The optimal design problem Problem (Aux-Pb) has a unique
solution that writes as the characteristic function of a measurable set w* of Lebesgue measure
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rL. Moreover, there exists a positive real number T such that w* is a solution of Problem (Aux-Pb)
if and only if
w* = {eq (z)* < 7}, (3.10)

up to a set of zero Lebesque measure.

In other words, any optimal set, solution of Problem (Aux-Pb), is characterized in terms of
the level set of the function e ;(+)2.

A proof of this result can be found in [34, Theorem 1] or [90, Chapter 1|. It yields the existence
of a positive real number 7 such that w* is a solution of Problem (Aux-Pb) if and only if

X{eas(@)2 <7} < X (%) € X{eq; (2)2<7) (T),

for almost every x € (0, L), by using a standard argument of decreasing rearrangement. We also
mention [50, 59] as references on rearrangements and symmetrization of functions and their use
in shape optimization. The conclusion follows by noting that for every ¢ > 0, the set {ez,j =c}
has zero Lebesgue measure, by using standard properties of eigenfunctions of Sturm-Liouville
operators.

Let us now investigate the continuity of the mapping a — e, ;.

Lemma 9. Let M € R’ and j € N*. Let us endow the space Ay (0, L) with the weak-+ topology
of L*(0, L) ? and the space HZ (0, L) with the standard strong topology inherited from the Sobolev
norm || - || ga. Then the function a € Ap(0,L) — eq; € HL(0, L) is continuous.

The principle of the proof of this lemma is standard, and is roughly recalled for the sake of
completeness in Appendix 3.4.1. The following existence result is a direct consequence of this
lemma.

Proposition 6. Let M € R, j € IN* and r € (0,1). The optimal design Problem (P; 1)

has at least one solution (a},w).

Proof of Proposition 6. Let us consider a relaxed version of the optimal design Problem
(Pj..r.m), where the characteristic function of w has been replaced by a function x in U, where
U, is defined by (3.9). This relaxed version of (P 1 ar) writes

L
/ X(:r)eayj(x)2 dx.
0

inf
(a,x)€An(0,L)xU,

Let us endow Ap(0,L) and U, with the weak-x topology of L°°(0,L). Thus, both sets are
compact. Moreover, according to Lemma 9 and since it is linear in the variable y, the functional

(a,x) € Ap(0,L) x Uy fOL x(z)eq j(x)? dx is continuous. The existence of a solution (a}, x7)
follows for the relaxed problem. Finally, noting that

L L
inf z)eq i(z)?dr = inf x)eqr ;(x)? de,
oo [ @@ e = i [ s (@)
there exists a measurable set w} of measure rL such that xj = Xw? by Proposition 5.
The existence of a solution of Problem (P; 1, ar) is then proved and there holds

L
/0 xX(z)eqj(x)?dr = inf / eaj(r)* dz.

inf
(a,x) €A (0,L) xUy acAn(0,L)

2. Recall that a sequence (an)nen+ of L>°(0, L) converges to a for the weak-x topology of L>°(0, L) whenever
fOL an(x)p(z) dx converge to fOL a(x)p(z) dzx for every ¢ € L(0, L).



3.2. Proofs of Theorem 3, Proposition 4, and Theorem 4 57

We now state necessary first order optimality conditions that enable us to characterize every
critical point (a;f, wj) of the optimal design problem (P; 1, ar)-

Proposition 7. Let j € N*, r € (0,1) and M > 0. Let (a},w}) be a solution of the optimal
design problem (Pj 1) and let

Ozx?<x;<x§<---<x§_1<L:x§ (3.11)

be the j + 1 zeros® of the j-th eigenfunction €ar j-
Fori € {1...j}, let us denote by a ; the restriction of the function aj to the interval (:cj-_l, :L';)
and by w}; the set wi N (x;_l,x;) Then, necessarily, there exists T € R such that

* . 2
— one has w; = {eqr,;j(x)? <7} up to a set of zero Lebesgue measure,
— one has

MX{p;(@)ens ;(0)>0) S 05(2) S MX{(p;@)e,s ()20} (%), (3.12)

for almost every x € (0, L), where p; is defined piecewisely as follows : fori € {1...j}, the
restriction of p; to the interval (as;-_l,m;-) is denoted p;;, and p;; is the (unique) solution
of the adjoint system

{ —pj (@) + (] (z) — Ai;,j)?jﬁi(x) = (Xwz, = Ga)ear j» @ € (zj1,25), (3.13)
Pj,i($§_1) =pji(x}) =0, .
verifying moreover 1
[ piswren @y =o, o

J

where cj; is given by

7

f;J;l X, (x)eg;f (@) dx :
Cji = z 7 . (315
ij_il exe () dx

37

In other words, any optimal set solution of Problem (P; 1, ) is characterized in terms of a
level set of the function €ar i()? and the optimal potential function is characterized in terms of
a level set of the function pj(-)ea;_ ().

Remark 20. i Note that, according to Fredholm’s alternative (see for example [19]), Sys-
tem (3.13)-(3.14) has a unique solution.

Before proving this proposition, let us state a technical lemma about the differentiability of
the eigenfunctions e, ; with respect to a.

Lemma 10. Let us endow the space Apr(0, L) with the weak-x topology of L>°(0,L) and the
space H}(0,L) with the standard strong topology inherited from the Sobolev morm || - ||g1. Let
a € Ay (0,L) and Ty 4,,0,1) the tangent cone* to the set Ap(0,L) at point a. For every h €

3. Recall that the family {I?}ogkgj is the set of nodal points of the eigenfunction e,« ; that are known to be
simple.

4. That is the set of functions h € L°°(0, L) such that, for any sequence of positive real numbers &, decreasing
to 0, there exists a sequence of functions h, € L (0, L) converging to h as n — +o0o, and a + enhn € Ap(0, L)
for every n € IN (see for instance [50, chapter 7]).
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Ta, An(0,L), the mapping a — eq ; is Gateauz-differentiable in the direction h, and its derivative,
denoted é, ;, is the (unique) solution of

{ —&! (2) + a(2)éq ;(2) + h(z)eq () = é)\g)j)ea7j(:r) + A2 jéa (@), =€ (0,L), 3.16)

€a,j(0) = €a,;(L) = 0,

with (/\3]) = fOL h(z)eq,;(z)? dz.

The proof of the differentiability is completely standard and is based on the fact that the
eigenvalues )\, ; are simple. For this reason, we skip it and refer to [58, pages 375 and 425].

Proof of Proposition 7. The first point results from Proposition 5.
Let us show the second point. Let us now compute the Gateaux-derivative of the cost func-
tional a +— J,r (a), where

Jo

*
3J

(a) = J(a,w)) = /w ea,j(z)? dr,

at a = aj in the direction h; € Tar 4, (0,)- We denote it (dJ.s: (a}), h) and there holds

(s @) =2 [ ey s(a)ens (o) do

where €41 ; is the solution of (3.16).

Let us write this quantity in a more convenient form to state the necessary first order optima-
lity conditions. Let h; be an element of the tangent cone 7:1;,AM(O,L)- Let us write h; = 23;11 hj

where hj; = hjX i1 ) for all i € {1...j}. Hence, hj; € Tax a,(0,2) and there holds
] J

(d s (a}),hs) = D (s (a5), )

i=1

It follows that it is enough to consider perturbations with compact support contained in each
nodal domain in order to compute the Gateaux-derivative of Jw;«. We will use for that purpose

the adjoint state p; piecewisely defined by (3.13)-(3.14).
Fixi € {1...7} and let h;; be an element of the tangent cone 7. A (i1 i) et us multiply
the first line of (3.13) by €qr .1 and then integrate by parts. We get

/% éoe 1 (@)D 4(2) + (af(2) = A2e 1)éar 1 (2)pji(x) de = %@U(G;)’ hiji)- (3.17)

Similarly, let us multiply the first line of (3.16) by p;,; and then integrate by parts. We get

Zl)]
[ a0+ @0) = X e, a(prale) do

i—1 %o

i i

- (2.,) / eay 1 (@)pyale) do - / hyi(@)ea, , 1 (2)pj(z) de. (3.18)

i—1
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Combining (3.17) with (3.18) and using the condition (3.14) yields

k3
Zj
i

(@15 (@), ) = =2 [

x
J

hjd(x)ea;yi,l(x)pj,i(a:) dx. (319)

-1

As a result, for a general h; € ’7;;7AM(07L), there holds

J w; L
@ @) =23 [ hiselpsitoren . do = -2 / By (@)eas 5 (@)p; (x) da
i=1"7%;

Let us state the first order optimality conditions. For every perturbation ; in the cone 7;; A (0,L)
there holds (d.J(aj), h;) > 0, which writes

L
“2 [ hy@len @) de >0 (3:20)

The analysis of such optimality condition is standard in optimal control theory (see for example
[70]) and permits to recover easily (3.12). This ends the proof. |

3.2.2 Proof of Theorem 3

Step 1 : existence and bang-bang property of the minimizers (first point of Theo-
rem 3). Notice first that each of the infima defining Problem (Pr , /) can be inverted with
each other. As a result, and according to Proposition 6, there exists an optimal pair (a;f7 w]*) such
that

m(L,M,r) = inf inf J(a,w)= inf inf inf /eaj(ac)2 dx
a€An(0,L) weQ,(0,L) JEN* a€An (0,L) weQ,(0,L) Jy,

JEN*

. 2
= inf / €ar,j ()" dw.
“j
It remains then to prove that the last infimum is reached by some index j, € IN*. We will use

the two following lemmas.

Lemma 11. Let M > 0 and (aj)jen- be a sequence of Anr(0,L). The sequence (egj,j)jeN*
converges weakly— in L>°(0, L) to the constant function %

The proof of Lemma 11 is standard and is postponed to Appendix 3.4.2 for the sake of clarity.
The proof of the next lemma can be found in [46, 82, 85].

Lemma 12. Let L > 0 and V € (0,L). There holds
L .
1 L s
inf in? (22 ) do = o (Vo — Zsin (T5)
pELw%g,L;[OJ])/O pla)sin (Lx ceg o) )
fOL p(x) dz=Vy

for every j € IN*. Moreover, this problem has a unique solution p that writes as the characteristic
function of a measurable subset w defined by wi = {sing(%o) < n;} for some well-chosen positive

number 1; determined in such a way that the constraint fOL p(x)dx =V be satisfied.



60 CHAPITRE 3. Non-localization of eigenfunctions for Sturm-Liouville operators

As a consequence of Lemma 12 (which gives the last equality) and by minimality of m(L, M, r)
(note that 0 € Aps(0, L)), there holds

m(L,M,r) = ‘inf/ eajyj(x)zdx: inf  inf /ea;,j(x)zdx

jeEN* w€eN,.(0,L) jEN*

2
inf  inf (2)2dr == f d
wes%{.l(o,L)jleI%\I*/weo’](x) e Lweén(OL)JGN*/Sln < > *

1.
r—;sm(rw).

N

Using Lemma 11 (the weak-* convergence being used with the “test” function Xw: € LY(0,L)) we

have 7 = lim; o0 [, €qr,j(2)* dz. Thus, m(L, M,r) < limj oo [,. €a:,j(2)* dz. As a conse-

quence, the infimum inf;en-+ fm €a.j (x)? dx is reached by a finite integer j. The existence result
J

follows.

From now on and for the sake of clarity, we will denote by (jo,w*,a*) instead of (jo,w},,a,)
a solution of Problem (P, . as). We now prove that the solution a* of Problem (Py, , as) is bang-
bang. Let us write the necessary first order optimality conditions of Problem (P, ;. 1/). To simplify
the notations, the adjoint state introduced in Proposition 7 will be denoted by p (resp. p;) instead

of pj, (resp. pj,,i). For 0 < a < B < L, introduce the sets

o Zo.q+ (v, B) : the set of elements® x € [, (] such that a*(z) =
® Tyq(a, B) : the set of elements® z € [a, 3] such that a*(z) =
o 7, o« (a,3) : the set of elements® = € [, ] such that 0 < a*(z ) < M that writes also

+00 1
Lot d) = {re@p): g <o) <m-1} - Uz*a o

We will prove that the set Z, 4+ (0, L) = Um 1 Zaa k( o=l 4 ; ) has zero Lebesgue measure, for

every nonzero integer k. This will imply that one has necessarlly a*=0oua* =M a.ein (O, L)
or in other words that is a* is bang bang. Let us argue by contradiction, assuming that there
exists ko € IN" such that Z, 4= k, (7 o=l ") is of positive measure then U;i‘,zo I*’a*wk(x;"_% z)

7,01

is of positive measure. Let z¢ € Uk ko Lx,a* k( ,:17;0) and let (G, n)nen be a sequence of

measurable subsets with Gy, , included in U,c ko Lrrar 1o (T to= l,x;."
a* € [i,M — %] a.e in Z, 4+ (2 ;0 v “’) for every k € [ko, [, the perturbations a* + th and
a* — th are admissible for ¢ small enough Choosing h = x¢,, , and letting ¢ go to 0, it follows

that

) and containing xg. Since

iQ

(dJ(a*),h) = /::1 h(z) (fea;gj (2)piy (x)) de =0+ <fea;7j (2)pi (x)) dz = 0.

Grg,n

Dividing the last equality by |Gy, »| and letting Gy, ,, shrink to {z¢} as n — +oo shows that

€ar,j(20)piy(ro) = 0 for almost every zo € Uk ko Lr,ax k(T =1, x;U), according to the Lebesgue
den51ty Theorem. Since eqx,; does not vanish on (J:;U 1,:5;") we then infer that p;,(z) = 0 for
o=l o ;0) Let us prove that such a situation cannot occur. The

variational formulation of System (3.13)-(3.14) writes : find p;, € H(z] ‘o= 1,3:;0) such that for

almost every = € Uk ko Lr,a* (T

5. up to a set of zero Lebesgue measure
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every test function ¢ € H} (a?;-‘)_l, xéo), there holds

iQ
Zj

— [ @ @)+ @)~ X @@= [ G,

— Cjig)€ar jip(x) da.

. io—1 g\ - .. .
Since UZ:;O Ly k(277,20 is assumed to be of positive measure, let us choose test functions

 whose support is contained in U::;O I*,a*yk(x;'.“_l, x;") There holds

Jrig

L
[ sy = s ot o =0,

i0—1 i0
i %

in terms of the level set of the function e2. jand ¢, € (0,1). According to the Lebesgue density
5

for such a choice of test functions. From Proposition 7, Xws o "= Xw N(z ) is characterized

Theorem and using the inner regularity of Lebesgue measurable sets, there exists a measure set
K of positive measure such that €arj = 0 on K, whence the contradiction. We then deduce that

\I*,a*,k(ac;()_l, x;°)| = 0 and necessarily, a*

is bang-bang.
Step 2 : counting the switching points of ¢* and the number of connected components
of w* (first part of the second point of Theorem 3). For the sake of simplicity, we first
give the argument in the case where the infimum m(L, M,r) is reached at j, = 1 and we will
then generalize our analysis to any jo € IN*.

At this step, we know that a} is bang-bang and wj is characterized in terms of the level set
of the function e,r 1(-)%. According to (3.12), the number of switching points of a} corresponds
to the number of zeros of the function x + p;i(z)eqs 1(7). Let us evaluate this number.

Since M < 72/L2, there holds ||a}||oc < Z—z As a consequence and using (3.1), one deduces
that the eigenfunction e,; 1 is concave and reaches its maximum at a unique point Zmax € (0, L).
Moreover, since e,: 1 is increasing on (0, Zmax) and decreasing on (Zmayx, L) with €a;,1(0) =
ear,1(m) = 0, from Proposition 5, there exists (a, ) € (0, L)? such that o < 3 and

Xwi =1 = X(a,8) (3.21)

with a < Tpax < 5.
Let us provide a precise description of the function p;. One readily check by differentiating
two times the function p;/ €as .1 that the function p; may be written as

pi(z) = f(z)ea; 1 () (3.22)

for every z € (0, L), where the function f is defined by

T L x
f@) = — /0 gB)dt + F(0),  with  f(0) = /0 ( /0 g(t)dt) 2. (@) (3.23)
and the function g is defined by

(xwr (s —&)e2. ((s)ds
= Jobres 22* 1()t) 119 7 (3.24)

g(t)

where here and in the rest of the proof, we will call by ¢ the number ¢ ; (whose definition was
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given in (3.15)). In the following result, we provide a description of the function g.

Lemma 13. The function g defined by (3.24) verifies

9(0) = g(L) =0, (3.25)

there exists a unique real number oy in (0, L) such that g(og) =0, (3.26)
g>0in (0,04) and g < 0 in (04,L), (3.27)

g is decreasing on (o, min(0g, Tmqz)) and (Max(0g, Tmaz); B)- (3.28)

Proof of Lemma 13. Let us first prove (3.26). We consider the function g defined by

a(t) = / (s (5) — D)e2: 1 (5) ds, (3.20)

so that the function g writes

g
g=—"—. (3.30)
ea{,l(')2
According to (3.21) and remarking that 0 < é < 1 according to (3.15), the function § is strictly
increasing on (0,«) and (3, L), and strictly decreasing on (a, ). Besides, using (3.15), there
holds

3(0) = (L) = 0. (3.31)

Hence, using the variations of § given before and (3.31) that g (and hence g) has a unique zero
on (0,L) that we call o4 from now on. Moreover, clearly § > 0 on (0,0,4) and § < 0 on (o4, L),
hence, using (3.30), we deduce the same property for g and (3.27) is proved.

Equality (3.25) is readily obtained by making a Taylor expansion of 6{21;,1 and g around 0 and
L and using (3.30). Indeed, there holds

ezf,l(x) ~ xQeif’ll(O) and  g(z) ~ (xw: (0) — E)x?’eii’l/(O)/B as x — 0,

!/ - - I
63;71(@ ~ 763;71 (m) and  g(z) ~ (Xu; (m) — &)(2 — W)Segm (m)/3 as T — m.
To conclude, it remains to prove (3.28). From (3.24), one observes that ¢ is differentiable
almost everywhere on (0, L) and

2¢/,. 1 (2)g(x)

eaI,l(I)

g () = xwi (x) — ¢~ , (3.32)

for almost every x € (0,L). Using the variations of ey 1, (3.21) and (3.32), we infer that g’ is
negative almost everywhere on (o, min(og, max)) U (max(0g, Tmax), 8), from which we deduce

(3.28).
The proof of Lemma 13 is then complete. ]

As a consequence of (3.27) and (3.23), f is strictly decreasing on (0, 04) and strictly increasing
on (og4,L) where o, is defined in (3.26). We conclude that f has at most two zeros in (0, L).
Moreover, thanks to (3.14) and (3.22), f has at least one zero in (0, L). Since e, 1(-) does not
vanish in (0, L), one infers that a} has at least 1 and at most 2 switching points.

To generalize our argument to any order j > 2, notice that using the notations of Proposition
7 and its proof, one has (fl)if)“ea;’ioyl(x) > 0 for all x € (x;-"_l,xéo) with 49 € {1---7}. Then,
mimicking the argument above in the particular case where jo = 1, one shows that the function
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. io—1 i
j _ P
points {x;-}ie (1..j_1y can also be switching points, we conclude that the function aj has at

a* has at most two switching points in (z ) and at least one. Besides, since the nodal

most 3jp — 1 and at least jo switching points in (0, L).

Step 3 : proof of the estimate (3.6) (last part of the second point of Theorem 3).
Let us first show the easier inequality, in other word the right one. It suffices to write that
m(L, M,r) is bounded from above by inf,cq (o,1)/(0,w). Inverting the two infima and using
Lemma 12 leads immediately to the desired estimate.

The left inequality appears more intricate to establish. It rests upon the difficult result stated
in Proposition 4, whose proof is quite long and technical but the method is elementary and
interesting. For this reason, we will temporarily admit this result and postpone its proof to
Section 3.2.3. Let us assume for the moment that » < r,. Let us notice that m, = %\/3(3 —2/2)

and r, = % + @. Then, it just remains to prove that m; = my and r; 2 To for every
j e N\{0,1}.

Proof of m; > m, : We introduce the function F' defined on [2, +00) by
5 \1/2 2
(202 — 1)(a? — 1)*/? ((_2) - 1>

o () 1)

Notice that F(j) = 3m; for every j € IN". Let us write F'(z) = u(x)v(z) with

(222 — 1) ((;22)1/2 - 1)2

z) = ((1,5622)@/2 i 1>2 and v(z) =

Let us show that u(z) > u(2) for every « > 2. This comes to show that ¥ (z) < 0, where

(x) = <<xfi2)x/2 - 1) — V2221 <<xfi2>1/2 - 1> :

with v = /u(2) = V7(v/2 — 1), for every & > 2. The derivative of ¢ writes

22 \*/? 2x x2 222 — 1
¢'($)=7<$2_2> w(z) — 222 — 1 x2—2_1 _m’

with w(z) =In ( m;;) — —'. The derivative of w writes

(332 _ 1)3/2
x3 '

4

w'(x) = ——
(z) x(z? — 2)?

and therefore, the function w is increasing and negative since lim,_, 4 o, w(x) = 0. One then infers

that ¢/ (x) writes as the sum of three negative terms and is thus negative on [2, +00). Hence, the

function ¢ decreases on this interval and therefore, ¢(x) < ¢(2) = 0 for every x € [2,+00). The
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expected result on u follows.
Let us now show that v(z) > v(2) for every = € [2,4+00). The derivative of v writes

, 3Vx? -1
v'(z) = A

is therefore positive on [2, +00), and the expected conclusion follows.

Proof of r; > r, : Let us write r; = u(j)v(j) with

j+' and v(j) = j—i( _2)%.

u(j) =
j2+1 gi=t

We claim that j +— u(j) is a increasing function for every j > 2 and j — v(j) is a increasing
function for every j > 4. Indeed, straightforward computations show that

viz2, M= UV AU
’ dj 21/7%2 —2(52 +1)3/2)

WV

and
do GG =22 (VAG) - 0) 1= )
We thus infer that for every j > 4, there holds g(j — 1, ) > ¢g(3,4). Dealing separately with the
cases 7 = 2 and j = 3 leads to the desired conclusion for r < rj.

Let us now treat the case r > ry. It is easy to prove that Problem Py , i is equivalent to
considering the problem

Vi >4

WV

T >0

inf inf  J(a,w),
a€An (O)L) UJEQ'V'(O’L)

where
Q,(a, B) = {Lebesgue measurable subset w of (a, 8) such that |w| > (8 — a)}.

Taking into account this new expression, we remark that the quantity m(L, M,r) is increasing
with respect to r and so for r > ry, we have m(L, M,r) > m(L, M,r5) > myr3, which concludes
the proof. [ ]

3.2.3 Proof of Proposition 4

The proof, although quite technical, is based on a simple idea : by using the concavity of the
eigenfunction e, ;, we will determine a piecewise affine function A; such that e, ; > A; for every
a € Ap(0, L). The construction of such a function is not obvious since one has to control at the
same time the slope of the graph of A; on each interval on which it is affine, and its maximum,
as the potential a describes the set A/ (0, L).

As previously, we will first consider the case where j = 1. In other words, we will first provide
a lower estimate of the quantity m; (L, 7). We will then generalize this estimate to any j € IN* by
using that the j-th eigenfunction e, ; of A, coincides with the first eigenfunction of the restriction
of A, on each nodal domain.

Notice that, proving that the estimate (3.7) holds for every M € (0,72/L?] is equivalent to
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showing it for the particular value
M =n=?/L?

which will be assumed from now on. Let a be a generic element of A (0, L).

First step : proof of Proposition 4 in the case “j = 1”. By using the concavity of e, ;
we will construct an affine function A; (see Figure 3.2) such that e,; > A; pointwisely on
[0, L]. We will infer a lower bound of m4 (L, M,r) by computing explicitly the minimum of the
quantity [ A%(x)dx over the class of measurable subsets w of (0,L) such that |w| = rL. For
that purpose, let us first provide an estimate of the max 1) eq,1 in terms of the L? norm of €a,1
and the derivatives of e, 1 at z =0 and 2 = L.

Lemma 14. With the assumptions of Proposition 4, there holds
3 [k L?
ei’l(mmm) > max ﬁ/o ei’l(gc) dz, on2 max{e;’l(o){ e;’l(L)Q} . (3.33)

Proof of Lemma 14. Since e, ; (¥maz) = 0, multiplying Equation (3.1) by e} and integrating
on (&, Tymae) (With possibly & > Za.) leads to

e = [ 02, atw) @) ds (334

for every z € (0, L). Besides, according to the Courant-Fischer minimax principle (see for instance
[Section 3.4.4, (3.94)]) , one has

9 272 .
0< AL —a() < 573 in (0,L). (3.35)
Therefore, combining (3.34) and (3.35) yields
/ 2 21 2
ea,l(x) < ?(ea,l(xmax) - ea,l(x))v (3.36)

for every z € (0, L). In particular, applying (3.36) at x = L and = = 0, we obtain

272
max{e], ;(L)?, e, 1(0)*} < ﬁegg(xmax)v (3.37)

Moreover, by integrating (3.36) between 0 and L, we obtain

L 2 L 2

21 2

/ 6:1’1(1‘)2 dz + 7z ez’l(x) dr < 7z ei,l(ﬂcmm)L. (3.38)
0 0

We obtain (3.33) from (3.37) and by combining (3.38) with Poincaré’s inequality

L L2 L
/ ea1(r)?dr < / e 1(x)* da.
0 0

2
|

According to (3.33), and assuming since the eigenfunction e, 1 is normalized in L?(0, L), there
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holds
2 | (Tmas) > —. (3.39)
@ 2L
Since eq,1 is concave and according to (3.39), one has the successive inequalities
ea1(x) 2 Trea(z) = HNq(x), (3.40)
for every = € [0, L], where Tr, 1 and A\, denote the piecewise affine functions defined by
€a,j(Tmaa)® on (0, Zmag) Bz on (0, Timaz)
Troa(@) =19 e B (L—a) I and  Aq(z) = %?ffw)
Tm on (l’max, m on (xmaz,L).

FIGURE 3.2 — Graphs of the functions e, 1, Trq,1 and A;.

Combining (3.39) with (3.40) and according to Proposition 5, we readily obtain

inf /ea,l(x)zdx> inf /Al(x)2dx:/A1(x)2dx, (3.41)

weQ,(0,L) weQ,(0,L)
with & = (0,a*) U (8%, L) verifying
A (a®) = N (8Y) and || =L—-p8"+a" =rL.
It follows that o* = ramas, 8* = (1 — r)L + r&ymae, and one obtains
TTmax L ,',,3
/ Ny (z)? dx = / A (z)? dw + / N (z)?de = — =1m;. (3.42)
o 0 (1=7) L@ o 2

We have then proved Proposition 4 in the case where j = 1.

Second step : proof of Proposition 4 in the general case. In what follows, we assume
that j > 2. ‘ ‘
Let 0 = x]Q < x; < 1‘3 <-- < mj-_l <L = m; be the j + 1 zeros of the j-th eigenfunction e, ;.
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Introduce v = (y1,- -+ ,7vj—1) € (0,1)7 such that

2i+1

%:/’ ez j(x)de,  i=0,...,j—1 (3.43)

j—1
d =1 (3.44)
i=0

In the sequel, we will use the following notations, for all i € {0,--- , 5 — 1},

A S | 1] (i
QZ - (xj7 xj )7 i = L (0 1) and €a,j (xmax) Hé%))i €a,j ('I) (345)

S i+tvi? -2 _ (f} 2)% a1 e )
Now, assume that r < ( 2/ > <] —1 ) We will distinguish between several cases,
depending on the value of the first integer ip € {0,---,7 — 1} (that exists thanks to (3.44)) such
that

—_

Yig = = (3.46)

<

By exploiting condition (3.46), we will yield a lower bound A;, of the positive number
lea,j (229,,)]. Then we will derive an estimate of e, j(29-1) and e, ;(z/9F}) in terms of e, ;(z%2,. ).
Hence, step by step we will get lower bounds of all j maxima needed to construct the piecewise
affine function A;. For that purpose, we have to distinguish between several cases, depending on

the value of the integer ig
First case : assume that iy = 0. Since the function e, ;(-) is concave, we claim that

/ Ca,j(z)? dz > / Tra,;(x)*de, (3.47)

for every w € ,(0,L) where the function Tr,; is piecewise affine, defined on each interval
(z%, 25, with i € {0,...,j — 1}, by

Rt}
’I'—’I"' )
ﬁead (xinaz> on (xjaxmaz)
Tro () =q Twiti_l ,
g i i+1
P ea’j (mmaz) on (xmaggu'rj )7

for every x € (27, x;H)
Since the j-th eigenfunction e, ; coincides with the first eigenfunction of —0,, + a(-) with
Dirichlet conditions on (2%, z ;H) the method of the first step can be adapted. By reproducing

the proof of Lemma 14 to show (3.33), we obtain

2m? w2 i+1
AR 2 j
€a,j(T1nq,)? > max — - Y (z)? de, = = max{eg7j($;)2, e;J(x;H)Q}
(\9”2 + Iz ) 2] /=5 SR

(3.48)
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A
1
ea,3(wm<m) — - = 0
1
I < .......... >
3
6‘173(xma.7:) — - _I— -\ - - - = =
| |
1
| Tmax |
0 7
€T 0
3 Tmaz les I l‘% L
2
Consltmee) 0TI T >
A {o {2

FIGURE 3.3 — Illustration of the case “ig = 0” with 3 nodal domains (j = 3).

Notice that one recovers (3.33) by substituting |€2;| by L in (3.48). One derives from the equivalent
of (3.36) in this case the estimates

9 2 o ()2 2 2 2 2 el (giT1)2 2 2
7'('27’/T2\ aJ(,J) - < 7T2+£2 and %7%< a,](? )2< ’/T2 7T (349)
a2 L2 7 ea(h,0.)* " u? L O L L (]

Applying (3.48) for i = 0 and using (3.46) yields

o2 + 2 1 2 + 2
0 2 : [ T LZ UG
€aj(Tpaz)” = Ao with Ag = - (2) . (3.50)
; (IQoP T LQ) 10| ~ Lj \no(1+n3)

Let us now provide an estimate of e, 1(7},,,)?. Combining the inequalities (3.48) with i = 1
and (3.49) with ¢ = 0, we get

2 2

e, i(3)? S — I7)e€a xgzamz
€a1 (Tmaz)? > :2’3( J)ﬂz > (i f;) :rg ) : (3.51)
o T o t I
Combining (3.50) and (3.51) yields
L2 — Q)| |2 1— n2)?
us(@ha)? > Ay with Ay = RN L,

(L2 + )02~ @+

By induction, it follows that

Caj(®h,0)? = Ap with A; = (H 1+Zk ; ”k) Ao, (3.52)
k k—1

for every i € {1,---,j — 1}. Hence, (3.52) together with (3.47) allows us to write

/ea,j(x)zdac}/Aj(x)de,

w
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where A; is the piecewise affine function defined on (0, L) by

(z—a})
m Az on (I],Imax)
ANj(x) = P L n (3.53)
( 1+1 ) \% Ai on (xmawxj )7

i
w’"L(L.L

for every i € {0,--- ,j — 1} and z € (x z’ ;H)'

o f 1‘_ ...2
- - - - - — — — =7

€a,3 (xgnax)

FIGURE 3.4 — Graphs of the functions e, ; and A;.

According to Proposition 5, we obtain

inf /ea,j(x)Qd inf /A /Aj(g:)ng:, (3.54)

we(0,L) J,, weQ (0,L)
where @ = {A;(z)? < 7} up to a set of zero Lebesgue measure and || = rL. Let i € {0,--- ,j—1}
and let us introduce w; = & N (27, x3+1).

The following technical Lemma allows to deal with small values of the parameter r.

Lemma 15. Let j > 1, L,7 >0, let r € (0,1) such that |0| = rL, where & = {A3(-) < 7}, with
A defined by (3.53). Recall that Ag is defined by (3.50) and A; is defined by (3 52) for every
ie€{l,---,j—1}. There holds

) <j+m> <j_(j2—2)§

—— = 7< min  A;.
252+ 1 3= i€{0,-+,j—1}

The proof Lemma 15 is postponed to Section 3.4.3. As a consequence of this lemma, there

exist o, 87 and r; € (0,1) such that w; = (%, af) U (87 o) wi) = n(x;H %) (see Figure

PR
3.5 for an illustration), and therefore
Z“ i _gly =rL. (3.55)
By definition of &, one has A%(af) = A3(B}) = A3(ajy ), consequently there holds

F =i (@ — ) 2l B =2l (e =gl (3.56)
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Ao
Ay

Ay
As
JAY \/A\/\
I 1 i

FIGURE 3.5 — j = 4. Graph of A? with respect to .

and
Ti2+1Ai+1 = ’I’,?A,L == T%Ao. (357)
As a result, one obtains
j—1 L]
Ai(z) de = /A»demzf r?QiAi. 3.58
. i () ;w i (@) 3§\| (3.58)

To compute the numbers r;, we use (3.57) together with (3.52), which yields to

[ Ao S (L nnp,
Ty = — Ty = To. (359)
A H (1 —mi_y)n

k=1

- )
Since ZZ o Ti L‘ = >1", rim; = r, one infers

TO - - 2 2
i (Hm)ne
Mo JFZZ 1 M/ k=1 %
_ r , (3.60)
i—1 i 1+n?
Mo (1 + 25:1 Hk:l (f—ngi))
Besides, using (3.59), there holds
j—1 j—1
ST A; = 1340 > ril] = 13 AorL. (3.61)
i=0 i=0
We conclude by combining (3.61) with (3.58) that
1
/ Nj(z)*de = §AOT8TL, (3.62)
@

where Ay and r( are respectively given by (3.50) and (3.60).
Since our goal is to estimate [, Aj(x)?dx from below, regarding (3.62), we need to find a
lower bound on ry and consequently on the numbers [€);| according to (3.61). We will use the
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following Lemma.

Lemma 16. For everyi € {0,---,j — 1}, there holds

L L
] < (3.63)

Proof of Lemma 16. According to the Courant-Fischer minimax principle, one has

. . 2 2
JT JT ™
7 <<|(7) + 3

Since the j-th eigenfunction e, ; is also the first eigenfunction of the operator —0,, + a(-) with
Dirichlet boundary conditions on €2;, we also have

N

We then infer

5 <Y € —/————
™ w2
(Z) +1 (&)’
|
where ; )
. -2 2 2 2
VR € )
WI=2\2=3) ~ 2 \3
- (#2) -1
According to (3.60), one has
-
3.64
w1+ 9:G) .
Combining (3.50), (3.62) and (3.64), we obtain
[os@rarzrt e g, (3.65)

UUG( L, L
ViZ+1 V%=1

with

oo~ () (LY
2\7/0, - .
35 no(1+no n0 + 1091(j)
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Since for every 7y > 0, we have

- 2
dgs (/555 = 1) (1103 + 30 +6)

7(7707‘7) - - S U,
0 2 i 2 .
" (GEp 1) mb(+md)%
the function 1y — g2(n0, j) is decreasing, so that (3.65) becomes
Aj(z)dx > r? L i) = 3.66
R j(@) dz = 1°gs j27—1’] =7rmg;, (3.66)

. _ (P2 (et
and the expected result is proved for r <r; := (M) (] — 5= )

Noticing that r — inf,cq, (0,1) fw Aj(x)%dz is an increasing function, we infer that for every
7 € [r;, 1], there holds

inf / Nj(z)*dr > inf / Aj(z)Pde > f?mj,

weN,.(0,L) weQ, (0,L)
and the expected result is proved for r € [0, 1].

Second case : assume now that ig = 1. We will prove that the estimate choosing iy = 0 is worst
than the estimate that we obtain with ig = 1. Using (3.48) with ¢ = 1, we have

, 1 2+ 3
€2 (xh,.) = A with A = — <1) : 3.67
(Tmaz) > 4 P \m(+nd) (367

Combining the inequality (3.48) with ¢ = 0, (3.49) with ¢ =1 and (3.67) we get

(1 —nd)nd
Ay = —=Z A, 3.68
= T (3.68)

Using (3.48) with ¢ = 2, (3.49) with ¢ = 1 and (3.67) we have

2 (2 . (1 =ni)n3
e (x5 ..) = Ay with Ay = -—F—=A,.

9mas) (1 +n3)nt

By induction, for every i € {2,--- ,j — 1} we have
i 2 2
2 i . (L= m_1)mi
e; (xt )= A; with A; = | I ——" | A (3.69)

a,j\"'max fie 1+ 771%)77]%71

Let us state the equivalent of Lemma 15 for the case considered here.

Lemma 17. Let j > 1, L,7 >0, let r € (0,1) such that |0| = rL, where & = {A3(-) < 7}, with
A is defined by (3.53). Recall that Ay is defined by (3.67), Ay is defined by (3.68) and A, is
defined by (3.69) for everyi € {2,---,j — 1}. There holds

. o 2 _ 94
7“<<]+ J )(j_(j )2> = 1< min  A;.

2072 +1 Ji=t i€{0, -1}
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The proof of this lemma is postponed to Section 3.4.3.

Hence, we conclude that r24; = r3A; for all i € {0,---,j — 1}. Since S27_ rym; = r, one
computes by using (3.69) and (3.68)

T1 =

m+n0y/ 4 +ZZ 2771\/

1+ (14n3) .
M+ 1o 170"’2@ 2771\/Hk 2k7k)n;

Moreover,
and since L < L according to Lemma 16, there holds
/]2+1 ~ nl ~ /j271 g
r
1 2 1 -

Since j > 2, we have

and it follows that

771+7712 ( ‘22)2

As a consequence, using the same approach as the one used for the case where ig = 0, we infer
that

1nf / N( inf g92(m, J)
weN(

with

galmn. ) = 1 (n124—n% ) < 1 (.)>2 and ga(s) = (jfiz)ﬁ__(jgi2)§.

3J (1+n1) m+mgi(J (j2 )%_1
72

Noticing that the functions g; and gs are exactly the same as in the case ig = 1, we conclude
similarly to the first case.

Finally, mimicking this proof and adapting it for every ig € {2,---,j — 1}, we prove that the
estimate with ig = 0 is the worst one. We then obtain the same conclusion.
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3.2.4 Proof of Theorem 4

We argue by contradiction, assuming that the optimal design problem (P; 1, , « ) has a solution
a* € L*=(0, L). Then, there exists My such that a* is a solution of the problem

inf inf / eaj(z)? dr = inf inf / ea,j(z)? dz.
a€A(0,L) weR,(0,L) J,, a€ A, (0,L) we,(0,L) J,,
We will use the notations of Proposition 7 and Section 3.2.2.
The contradiction will be obtained by constructing a perturbation a; of a* such that

J(ay) < J(a¥).

According to Proposition 7, a* is non-trivial and bang-bang, equal to 0 and My almost everywhere
in (0, L) so that there exists ig € {1, , j} such that the set Zpy, o+ (x;-"_l, ) is measurable of
positive measure.

Thanks to the regularity of the Lebesgue measure, there exists an increasing sequence of

compact sets (K, )nen strictly included in Zpy, o+ (x;-(’*l, m;“) satisfying
) 1
T || = [Tagy e (o0 220)],
where | - | denotes the Lebesgue measure. In what follows, we will use the notation I¢ to denote

the complement of any set I C [0, L] in [0, L]. We introduce

* M() + L on K, . . .
ay(z) = { 0 o) on KZ’ with  @(n) = |Tas,qe- (2} l,x;f’) NK;|.
n?
K’L
My + 31 I ;
1‘7;.0_.........._ ***** : *.*** AEEREEEER x,l/oJrl
J IMU.,a* (I}U, SC;UH) J

FIGURE 3.6 — perturbation a}(...) of a*(—).
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Let us remark that

ﬁn) on K,,

an(z) —a(x) =4 —My on Iy, . (1'3-071,.'17;-0) NKE,
0 on Iy, ,a (x;-"*l, x;-(’)c.
Hence, we get
20
(dJ(a),p(n)(a; —a”)) = =2 /im p(n)(ay,(z) — a”(x))ea,, 1 (2)piy (z) dz
= 2apln) [ e a(@pi o) do
Trg,a* (m;o*lm;p)sz

- / a1 (@), (@) da,

n

for n € IN. Using (3.12), we have e, 1pi, = 0 on Zjy, o (xéo_l,zéo) N K}, and eq, 1pi, > 0 on

K, for all n € IN. Since lim,,_, 1+ ¢(n) = 0 and according to the Lebesgue density theorem,

li 2M, a; % dz = 0.
n—1>r-ir-loo 0(,0(”) /IMo,a*(zi 71,96;0)01(3 ‘ 10,1(33)10 O(x) v

0
J

As a consequence, there exists ng € IN such that for all n > ng
(dJ(a), p(n)(a; —a*)) <O0.

Thus, there exists ny € IN verifying J(a;, ) < J(a*), whence the contradiction. We then infer
that the optimal design problem (P; 1, ) has no solution.

3.3 Applications and numerical investigations

3.3.1 Controllability issues for the wave equation
3.3.1.1 The cost of the control in large time

Let us fix T > 0 and consider the one dimensional wave equation with potential

8tt§0(t7x) - axx‘ﬂ(tvx) + a(x)tp(t,x) = 07 (tv .Z‘) € (OvT) X (OaL)a
o(t,0) = p(t,L) =0, te[0,1], (3.70)
(¢(0,2),0pp(0,2)) = (po(x), p1(z)), z €10, L],

where the potential a(-) is a nonnegative function belonging to L°°(0,L). It is well known
that for every initial data (pg,¢1) € HE(0,L) x L?(0,L), there exists a unique solution ¢ in
C°(0,T; H}(0,L)) N C*(0,T; L?(0, L)) of the Cauchy problem (3.70).

Let w be a given measurable subset of (0, L) of positive Lebesgue measure. The system (3.70)
is said to be observable on w in time T if there exists a positive constant ¢ such that

cE4(0) </OT/8tcp(t,w)2 dxdt (3.71)
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for all (o, ¢1) € H(0,L) x L?(0, L) where

L
Ea(t) = / (Brplt, 2% + Doiplt, 2% + ala)plt, 2)2) da

for all ¢t > 0. Notice moreover that the function F,(-) is constant ®. We denote by ¢(T’, a,w) the
largest constant in the previous inequality, that is

0 2 dxdt
(T, a,w) = inf fo L dr(t
(¢0,p1)EH (0,L)x L2(0,L) Ea(O)
(¢0,%1)#(0,0)

(3.72)

This constant can be interpreted a quantitative measure of the well-posed character of the in-
verse problem of reconstructing the solutions from measurements over [0, 7] x w. Moreover, this
constant also plays a crucial role in the frameworks of control theory. Indeed, consider the inter-
nally controlled wave equation on (0, L) with Dirichlet boundary conditions

Ony(t, ) — Opay(t, ) + a(x)y(t,x) = u(t, z), (t,z) € (0,T) x (0, L),
y(t,0) =y(t,7) =0, t €[0,T], (3.73)
(y(0,2), 8y (0, 2)) = (y°(z),y" (), z € (0,L),

where u is a control supported by [O,T} x w and w is a Lebesgue measurable subset of (0, L).
Recall that for every initial data (y°,y*) € L%(0,L) x H=1(0,L) and every u € L?((0,T) x
(0,L)), the problem (3.73) has a unique solution y verifying moreover y € C°(0,T;L?(0, L)) N
C1(0,T; H=1(0,L)). This problem is said to be null controllable at time T if and only if for
every initial data (y°,y') € L?(0, L) x H=1(0, L), one can find a control u € L?((0,7T) x (0, L))
supported by [0,7] x w such that the solution y of (3.73) verifies y(T,-) = d:y(T,-) = 0.

Let us assume that (3.73) is null controllable. At fixed (y°,y') € L?(0, L) x H=*(0, L), since
the set of all controls u steering (y°,y!) to (0,0) is a closed vector space of L%((0,T) x (0, L)),
there exists a unique control of minimal L?((0,T') X w)—norm that we denote up;,, which can
be constructed “explicitly” as the minimum of a functional according to the Hilbert Uniqueness
Method (HUM, see [73]). Thus, we can define the HUM operator I, by

[, : H}0,L)x L*(0,L) — L2((0,T) x (0,L))
(yO) yl) > Umin-
T', is linear and continuous and we define its norm

| min || L2 0,7) % (0,L
L = sup { gt 000
(¥°,y )||L2(O,L)><H*1(O,L)

which is called the cost of the control at time T (because it measures the minimal energy needed
to bring an initial condition to (0,0)). Using a standard duality argument, it can be showed
that (3.73) is null controllable if and only if (3.70) is observable, and in this case the cost of the
control is

| 0.yY) € 120, L) x H-1(0, L)\ {<o7o>}},

||FUJ||2 = C(Ta a7w)71a

6. In particular, one has

L
E:(0) = [ (1@ + (@) + alo)go(a)?) de.
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with ¢(T, a,w)~! the optimal constant in the observability inequality (3.71), defined by (3.72).
The dependence of ¢(T,a,w)~! with respect to different parameters (the observability time

T, the potential a, the observability set w) has been studied by many authors (see [99], where
an application to the controllability of semilinear wave equations is given, [32] for some results
in the multi-dimensional case obtained thanks to Carleman estimates and [16] for precise lower

bounds obtained through different methods) but its exact behavior is not known.

In the following result, one provides several estimates of ¢(7T,a,w) (and then ||T',||) and
constitutes another justification of the interest of the problems introduced in Section 3.1.2, in
particular of the issue of obtaining a lower bound estimate of the quantity J(a,w).

Theorem 5. Let L > 0 and let a be a nonnegative function in L*°(0, L).

i There holds T
(T, a,w) ~ gJ(a,w) as T — +o0.

3nZ _
i Let a € Ap (0, L) with M < 3n%/L? and define T(M) = 2% with vy = “72”[ For
™M 2T7r+ %«FM

all T > T(M), there holds

e (T, var) < (T, a,w) o T
2

0< 2 = J(a,w)

with ¢y (T, yy) = 2 (T — A )

= = 2
7" Ym

The proof of this theorem is postponed to Section 3.4.4. Combining Theorem 5 with Theorem
3, we have the following result

32\
Corollary 3. Leta € Ay (0, L) with M < n%/L? and d T(M) = 2~ with vy = —E—v.
orollary eta M (0, L) wi w2 /L* and define T(M) S0 with Y %"-ﬁ-\/%
For all T > T(M), there holds
V3

@(3 — 2v2)ey (T, yar) min(|w|, 15)* < (T a, w),

with ry = % + 1@()0 and ¢1(T,vym) = % (Tf 4r? )

p)
Y

3.3.1.2 Randomized observability constant

Let us provide another interpretation of the quantity J(a,w). It corresponds also to an ave-
raged version of the observability constant ¢(T, a,w) defined by (3.72), over random initial data.
More precisely, let (07 ;)jen+ and (03 ;)jen+ be two sequences of independent Bernoulli random
variables on a probability space (X, A, P), satisfying

P(O’ij =+1)=P(oy, =+£1) == and E(O—:ll/,j0-1217k‘) =0,
for every j and k in IN* and every v € X. Here, the notation E stands for the expectation over

the space X with respect to the probability measure P.
Then, J(a,w) is the largest constant C' for which the inequality
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L T
C/O (p1(2)* + @ (2)* + a(x)po(x)?) dz < E (/0 /w |0pp" (t, 2)|? da: dt) : (3.74)

holds for all (¢g, 1) € H$(0,L;C) x L?(0, L; C), where ¢” is defined by

“+o0
e (ta) = (oF oyt 4 ob e et e, (),
j=1
with
1 L i L
o5 =12 / p0(&)ea (z) dz - / o1(2)ea; (z) dz |,
2 0 )‘a,j 0

Bi=3 (/0 po(x)eq,;(x) dr + )\:j _/O p1(2)ea;(x) df”) ;

for every j € IN*.

In other words, ¢” denotes the solution of the wave equation (3.70) with the random initial
data ¢g(-) and ¢7(-) determined by their Fourier coefficients o = of ;a; and 87 = 0§ ,;B;.

In this context, the quantity J(a,w) is called randomized observability constant and we refer
to [36, Section 2.3] and [88, Section 2.1] for further explanations on its use in inverse problems.
Moreover, a deterministic interpretation of this quantity is provided in [39].

3.3.1.3 Decay rate for a damped wave equation

From the estimates of the observability constant ¢(7T), a,w), we can also deduce estimates of
the rate at which energy decays in a damped string. Consider the damped wave equation on
(0, ) with Dirichlet boundary conditions

atty(tv x) - 6zcxy(t7 J)) + a(x)y(t, Z‘) + 2ka(x)aty(tv 33) = Oa (ta 33‘) € (Ov T) X (07 L)>
y(t,0) = y(t,m) =0, t 10,7,
(¥(0,2), 9y(0,2)) = (4°(2), y' (), z € (0,L),

(3.75)

with & > 0. Recall that for all initial data (yo,y1) € Hg(0,7) x L?(0,7), the problem (3.75) is
well posed and its solution y belongs to C°(0,T; H}(0,7)) N C1(0,T; L*(0, m)).

The energy associated to System (3.75) is defined by
Baclt) = [ (Ouy(t,0)? + 0.y(t,2 + oyt )?) d.
0

According to Theorem 5 and to [46, Section 3.3|, by using the same notations as in the statement
of Theorem 5, if w is a measurable subset of (0,), a € Ay (0,7) with M < 37%/L?, there holds
for every (yo,v1) € H(0,7) x L?(0,7) and t > 2T(M),

Eow(t) < Eow(0)e @@t
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with

1+ 4+T(M)*)er (T, ym)d (a,w) 1+ (1+T(M)*)eo(T,yar)J (a,w)
o < 0+ TOLR)er (T 3) () ) < 2T(M)oa,w) < In ( 0+ TOL2)er (T 3) J (0, 0) )

where ci (T, var) = 2 (T _ An? ) and cy(T,var) = L.

T fyﬁlT ™

3.3.2 Numerical investigations

In the whole section, we will consider that L = 7 according to Lemma 8, and two given
numbers r € (0,1) and M € (0,1].

3.3.2.1 The toy case jo =1

In the case “jo = 17, according to Theorem 3, there exist at most two switching points in
(0,7) denoted o1 and oy such that

0<o01 <o < and a(x) = MX(0,01)U(02,7)- (3.76)

Therefore, the issue of determining the optimal potential a(-) comes to minimize the func-
tion (0,7)? 3 (01,02) — inf ,c(o,r) [, €a1(x)?dz, where a(:) is given by (3.76). Fixing 7, =

\/A21 — M, one computes

s.t. |w|=rm

sin (7,x) z € (0,01),
ean(a) = sin (7401) cos (Ag,1(x — 01)) + )\T:l cos (7,01) sin (Ag1(z — 01)) z € (01, 02),
’ sin(7401) cos(Aqg,1(02—01))+ )\:‘11 cos(Tq01) sin(Ag,1(02—01)) |
sin('ra(w;og)) SIH(Ta(’]T - l’)) T e (027 7T)7

up to a multiplicative normalization constant, where the eigenvalue A, ; solves the transcendental
equation

tan(7,(m — 02 + 01)) 9 sin(7, (m — 02)) sin(7,01)
)\a,lTa — Ty =
tan(Ag,1(02 — 01)) cos(7a(m — 02 + 01))

This last equation is solved numerically by using a Newton method. Since M € (0,1], the
eigenfunction e, is concave on (0,7). As a consequence, the optimal set w, as level set of the
function e |, writes w = (0,) U (8,7) with o < 3, according to Proposition 5. In that case,
we determined « and § with the help of a Newton method, using that 8 = (1 — r)m + « and
ea1()? = e, 1(8)2.

These considerations allow to rewrite the extremal problem (Pr /) as a two-dimensional
optimization problem, that we solved numerically by using a Nelder-Mead simplex search method
on a standard desktop machine.

3.3.2.2 Numerical solving of (P; 1, ) for j > 2.

Let j € N\{0,1} and M € (0,1]. We fix 0oy = 0 and o03; = . According to Theorem 3, we
reduce the solving of the infinite-dimensional problem (7P; 1, ) to a (37 — 1)-dimensional one.
In other terms, we minimize the function

(0,371 5 0= (01, - ,03j—1) —  inf / ea_rl(ac)2 dz,
wC(0,m) w
s.t. |w|=rm
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0.6 ; . .

04 [ /| N N

02 [ // \\ n

FIGURE 3.7 - L = m and M = 1. Plots of the optimal set wj(—), ai(-) and €. ; (...) with
respect to the space variable with » = 0.3.

0.8

0.6 -

0.4

0.2

FIGURE 3.8 - L =7 and M = 1. Plot of r — my(L,7) (=), r — T—M (-)and 7+ 73/2(--).

where a(-) is a potential function defined on (0, 7) such that,

| M on (0;,0i41),
alz) = { 0 on (0i41,0i42),

for every even integer ¢ € {0,---,3j — 2} and every z € (0;,0;4+2). Notice that, when 3j — 2 is a
odd number then a(z) = M on (03;j_1,03;). Thus, given the switching points o € (0,7)3 =1, one
computes the eigenfunction e, ;(-) by using a shooting method combined with a Runge-Kutta
method. The eigenvalue A is determined by solving e, x(7) = 0 with a Newton method.

According to Proposition 5, the set w coincides with {eg) ;S 7} for some parameter 7 chosen
in such a way that |w| = rm. We are then driven to find an estimate of 7, which is done by

computing the decreasing rearrangement (eij)* of efhj (see, e.g., [50, 59, 90]) and using that
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T | —

op=0 01 02 03 03; =T

FIGURE 3.9 — Construction of a(-).

T= (eij)* (rm) (see Figure 3.10) .
These considerations allow to rewrite the cost functional as a function of (3j — 1) variables.
The resulting finite-dimensional problem is then solved numerically by using a Nelder-Mead

simplex search method on a standard desktop machine.

T
- 6121,2(37)

0.6 - — 7= (e ;) (rm) ||
04} |
0.2 |
o7 |

| | | |

0 1 2 3

FIGURE 3.10 - j = 2, L = m, M = 1 and r = 0.3. Graph of e2, and determination of the
2

* . .
Lagrange parameter [(eg j) is the decreasing rearrangement of e ;|.
: ,

Figures 3.11 and 3.12 illustrate the research of the optimal potential. The parameter r is
running over the interval [0,1]. On Figure 3.11, the optimal value of the criterion (w.r.t. r) is
compared to the estimate obtained in Theorem 4 for the parameter values j € {2,3,4}. Recall

that the numbers m; are defined in Proposition 4.

On Figure 3.12, the graph of the optimal value with respect to r is plotted for the parameter
values j € {1,2,6}. Notice that the mapping j — m;(L, M,r) seems to be increasing, although
we did not manage to prove it.
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1 mg(ﬂ'ﬂ”) N 1l m3 (7T7T) i
TTT My min(r,gZ)S TTomg min(r,g;)?’

0s|l— r— sin(wr) 1 o8| _ sin(7wr) |
0.6 <4 0.6 *
0.4 -4 04F f
0.2 | 4 0.2 8
0 * 0 *

| | | | | | | | | | | |
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08— r— singr‘m“) 08— _ sinirﬂ'r) i
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T r

FIGURE 3.11 — L = w and M = 1. Plots of m; (—o—), m, min(r,r;)*> (---) and r — r — sin(rr) ()

J ’=J T
with respect to r for j € {2,3,4}.
1072

1 —e—my(m,r) i ——my(m,r)

-~ - ma(m,r) ) - -~ ma(m,r)

0.8 77”6(7(77') | 1 7m6(7r,r)
0.6
0.4}
0.2}
0 -

FIGURE 3.12 - L = 7 and M = 1. Plots of m;(m,r) for j = 1(0), j = 2(- -) and j = 6 with
respect to r.
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3.4 Appendix

3.4.1 Proof of Lemma 9

One refers for instance to [19] for a survey of the tools used to prove the continuity of
eigenvalues and eigenfunctions with respect to several parameters. Nevertheless, we provide here
the main lines of the proof for the sake of completeness.

We first investigate the continuity of the first eigenfunction, in other words, the case “j = 1”.
Let (an)nen- be a sequence of Aps(0, L) converging for the weak-x topology of L>°(0,L) to a.
Then, using that a, < M in (0, L) for all n € IN* and according to the Courant-Fischer minimax
principle, one has

v @ +o@uepds w2
weH3 (0,1)\{0} Jy u(z)?dw L

A= min

An,

It follows that, up to a subsequence, the sequence ()\gml)new* converges to a real nonnegative
number denoted A%. The variational formulation of the eigenproblem (3.1) writes : find e,, 1 in
HL(0, L) such that for every test function ¢ € H}(0, L), one has

L L
[ cens@ @)+ an@len, y(@)ota)de =22, [ con(@pl@rds. (@17)
0 0

Taking as test function ¢ = eq, 1 and using the fact that fOL €a, 1(z)?dz = 1 for every n € N*
yields easily that the sequence (e4, 1)nen+ is uniformly bounded in H}(0,L). From Rellich-
Kondrachov Theorem, it converges up to a subsequence weakly in H'(0,L) and strongly in
L?(0,L) to an element f of H}(0,L). Passing into the limit in (3.77) yields that there exists
some j € N* such that f = e, ; and A = A, ;. Moreover, since

L L
/ e;ml(x)2 dr =X, 1 — / an()eq, 1(2)? dr,
0 0

the sequence (||ea,, 1|7 (0,1))nen+ converges to |leq ;|| 71 (0,z)- Combining this fact with the weak
convergence of (€q, 1)nen+ to €4 in H(0,L) proves that this convergence is in fact strong.
Finally, using the embedding C°([0, L]) — H!(0, L) and passing to the limit in the inequality
€q,,1 = 0in (0, L) yields that e, ; is of constant sign. Therefore, there holds necessarily j = 1
and the conclusion follows.

To adapt this result to higher orders, it is enough to make the same reasoning on each
nodal domain. Without loss of generality, consider the case j = 2. Using the same notations as
previously, the function e, 2 has two nodal domains (0,&,) and (§,, L). Moreover, the sequence
(&n)nen converges, up to a subsequence to some £* € [0, L]. Applying the previous arguments to
€a, ,2X(0,¢,) and €q, 2X(¢,,1) Proves that each of these quantities converges strongly in HY(0,L),
respectively to eq ;X (0,ex) and e, jX(¢-,1)- Moreover, one shows as previously that each of these
functions is of constant sign and that £* € (0, L) by passing to the limit in the equality

L
/ €q,,1(T)eq, 2(r) dr =0,
0

which proves that the sign of the function e, ; is non constant. Hence, the function e, ; has two
nodal domains, whence the result.
To generalize this result to other eigenfunctions, it is enough to use an induction argument
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and the L? orthogonality of €aq,j With e, j_1 that we do not present in details here. The conclusion
follows.

3.4.2 Proof of Lemma 11

ea]wj(')

Let us define ¢; = 75 YOR The function ¢; solves the Cauchy system
aj.d
{ =0 (@) + a;(2)¢;(w) = N} ;6;(2), = € (0, L),
$;(0) =0, ¢;(0)=1.

Let us notice that, according to the Courant-Fischer minimax principle, there holds Ay, ; > T
for every j € IN* and lim; ., { o Ag,,; = +00. According to [57, Chapter 1, Theorem 3] and using
a rescaling argument, we infer

o;(x) = e,s?) g <A21 ) .

aj,j aj,j
As a consequence, there holds
5 sin®(\q, ;) 1
¢5(x) = )\3]‘; +0 ()\3 > , (3.78)

aj,J

where the remainder term does not depend on x. Therefore, using the Riemann-Lebesgue lemma,

one gets that
Lo, L 1
a,j a,j

and since e, . ; = d’?' , the combination of (3.78) and (3.79) yields
i3 T ;12

2 1
e () = 7 sin®(\q, ;z) + O (A ) : (3.80)

aj,J

Let ¢ € L*(0, L). Using (3.80), one shows that

/oL €ar(2)° (@) do = E/OL sin?(Aa, j2)¢(z) dz + O ( ! ) .

a;,j

By linearizing sinQ()\aj ;o) and using the real version of the Riemann-Lebesgue lemma, the ex-
pected result follows. ]

3.4.3 Proofs of Lemmas 15 and 17

The proofs are based on the following Lemma.

Lemma 18. Let j € IN* and ig € N such that ig < j — 1. Define

ig
.2_2 2
o j—ig 1 (jjz) -1
9(107])*

= +
VIEEL VR (2 )

-2
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2\/j2+1 77

There holds

Démonstration. Let v : N\{0,1} 3 j — (]g—iz) Notice that v(j) € (1,2) for every j € IN\{0, 1}.

The derivative of g with respect to iy writes

~(5t5) " Wm(E) +2(/AG - D

050910, J) =

and therefore

9(io,j) 2 9(j — 1.j) =
Straightforward computations show that

VD00 -1 (j%j22>0m,mﬂ
VEHIWAG) - )E \ 2V +1 7o)

which concludes the proof. 0

WS,

Proof of Lemma 15. In the sequel we will use the notations in (3.45), the definition of A; in
(3.52) and the definition of A; in (3.53).
From (3.52) and \/ﬁ < < \/%, we notice that

A _ (1 —nP)ni,
A (L2 n?

Ao

A
. \ :

Az
As

FIGURE 3.13 — j = 4, ip = 2. Graph of A2 with respect to .

Let ig € {1,---,j — 1} such that for every i < ig — 1, 7 < A; and for every i > ig, 7 > A;
(see Figure 3.13 with j = 4 and i = 2). By definition of @, one has

o = {4 (2)* < 7} > | |
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with @;; = {A;()? < A;,}. Let us denote by 7;, € (0,1) the real number defined by 7;, =

. 2 .
HA’()LigA“’H. Note that there holds obviously r > 7;,.

Let us now find a lower bound estimate of 7;,. Let i € {0,---,j — 1} and let we
J’ %
ri(a

J’ ]
1+1

o7 — %), and therefore

(T — 9:;) = 7y, L.

4 ( ‘ | let = Wi,
(2t zzﬂ) There exist «°, 5;° and r; € [0,1] such that w® = (2%, ;) U (8;° Iz‘-&-l) |wio|

)

By definition of @;, one has A;(al0) = A;(B) = /A, for every i < ig — 1 and Q° =

(25, mzﬂ) for every i > ig. Consequently there holds
. A . , , . Aip o
o = Alo (Tae — ) +2f . B =ai" - T“f(:c;-* —al ).
7 7

for all i < ig — 1. As a result, one gets

Fil = 0Nl — i+l = B) + (L — ),
io—1 [Ai i
= 2o \/Ti($;+1_xj)+(L_xio)'

Dividing by L, we have

ZO 1
F’io — \l T]l+znla

Z’LO

where the numbers 7; are defined by (3.45).
This last expression also rewrites

- i0—1 ) 1— nk )
rio_nioz H 1+77 ana

=0 k=i+1 1=1ig

in terms of the real numbers 7;. Since ﬁ < < \/% for every j € IN* and i € {0, - - -

1}, one infers that
ig—1

_ 1 (42— 2
Tig 2 MNig Zzo 0 (%) + Zz io o>
2 g(ZO,j);
with v
22\
J — fo 1 ( 72 ) -1
g: 7’07

Nl

T VR R 1_( ;2 )
22

(3.81)

aj_

By Lemma 18, we conclude that for every ig > 1, r > (”]2_2) (j — (12__721)2 ) As a result,

37

24/5%+1

: rey/iE2) (P2t | 0.
1fr<<2m><] =1 ),onehasrgAl for every i € {0,---,5 —1}.

Proof of Lemma 17. In the sequel we will use the notations in (3.45) and the definition of A;
in (3.53) where A; is defined in (3.67), Ay is defined in (3.68) and for all ¢ € {2,--- ,j — 1} A; is



3.4. Appendix 87

defined in (3.69) .
Let ip € {1,---,7 — 1} and let us introduce the sets

I, ={i€{0,---,j—1}such that A; > Ax} and Jp={i€{0,---,j—1}such that A; < Ag}.

From (3.67), (3.68), (3.69) and ——— < 1; < ———, we notice that
241 2-1
Vi V-

Aigr (1 —n)n?
A; (1+ 771'2+1)77i2

A
<1, forall ie{l,---,j—1} and A—Ogl. (3.82)
1

Case 1 : 0 € J,;, (see Figure 3.1/).

As
Ao

1 2 3
Ty Ty Ty

FIGURE 3.14 — j = 4, ig = 2. Graph of A% with respect to z.

Thanks to (3.82), one has J;, = {0,ip + 1,--- ,j — 1}. By mimicking the proof of Lemma 15
(notably the equality (3.81)), we have

ro o= \/ 10+1 i + Z i,

1€J;
10 i0+1 1— ’r]k
1
SN ( S e
=1 k=i+1 ?7 i=ip+1
o o2 g\ ET g
> moz< y ) + Y ni+m,
i=1 J i=ig+1
2 g(i07j)7
with _
ig
i2_o\ 2
(i J o L[ (F)
g: Z07 =~ 1 )
TRl VR - (51)’
72—2

which leads to the desired conclusion using Lemma 18.

Case 2 : 0 € I;, (see Figure 3.15).
Thanks to (3.82), one has J;, = {ig, -, — 1}. By mimicking the proof of Lemma 15, we
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Ay
Ao

A
A
| \/ vvg\
x) x? 3
FIGURE 3.15 — j = 4, ip = 3. Graph of A2 with respect to .

NN NS N

=10

have

‘ # .
Thanks to (3.68), (3.69) and o <1 < ﬁ
ig—2

A P2 -1 (2
>0 = i ( = Z( ) o
Ao 722+ 1) J? =2

A 2o\
. §2 —
A:U Ni 2 Mig (32)

2 N\ 2
> (jgz 2) is true for every j > 1, we thus infer

and

Since the inequality (2+2)(5° 1)

7202 +1) -
io—1 j2 _9 ozt -1
oz my (F0) v
i=0 J i=ig
By using Lemma 18, we conclude the proof. [ ]

3.4.4 Proof of Theorem 5

Before proving this theorem, let us recall some basic facts on Ingham’s inequality (see [53]),
an inequality for nonharmonic Fourier series much used in control theory.

Proposition 8. For every v > 0 and every T > 2, there exist two positive constants Cy(T,~)
and Co(T,~) such that for every sequence of real numbers (in)nen= satisfying

Vn € N*  |png1 — pnl 27, (3.83)

there holds )

dt < Co(T,y) Y lanl?, (3.84)

nezZ*

E an, ezﬂn

nezZ*
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for every (ay)nen+ € £%(C).

Denoting by C1(T,~) and C5(T, ) the optimal constants in (3.84), several explicit estimates
of these constants are provided in [53]. For example, it is proved in the article cited above that

T am 10T

Cl(Ta'y) 22(’/T_"}/2T> and CQ(T,’Y)< T

The idea to use Ingham inequalities in control theory is a long story (see for instance [14, 43, 54,
, 62]).

Notice that, up to our knowledge, the best constants in [53] are not known. In the particular
case where y, = mn/L for every n € IN*, one shows easily that for every T > 2L, C1(T,v) =
2m | L | and Co(T,v) = C1(T,7) + 1, the bracket notation standing for the integer floor.

The following result on the asymptotic as T — 400 of optimal constants Ingham’s inequalities
will be a crucial tool to prove Theorem 5.

Proposition 9. Assume that the sequence (i )nen+ satisfies (3.83). Then, there holds

T—+oco T T 400 T

=1.

Proof of Proposition 9. Let (a,)nen+ € £2(C) be such that ||al|,z = 1. Introduce the quantity

Qr(a, / > agent

nezZ*

2

We write

QT(GH :U’)

/ Z |an|? dt—|—/ Z UGy € —Hm)t gy

nezZ* n#m

anQ Mn )T _ 1
-y e >
ngm — Hm
brbm GnG
Sy ey
n;ém n?'fm
with b, = ane’»T for every n € Z*.
According to [30, Theorem 2|, one has

b, b T a,a T
y < ;Ilallﬁz and | —T| < ;IIGII?%

n#m Hn — Um n#m Mn — Pm

where v = inf,,cz+ 41 — ptn. Then, it follows that

T 1

. 1 ™
AT STl OO ST it Qrlen) S
a a 2=

~ )
T weerja) o=1 T

whence the result. ]
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Decomposing the solution ¢ of (3.70) in the spectral basis {e, ;}jen+ allows to write that

+o0
o(t,z) = (cvj cos(Ag jt) + B sin(Aq ;1)) €q.5 (), (3.85)
j=1
where
L 1 L
aj = / wo(x)eq,;(z) dz, B = " v1(x)eq,;(z) de, (3.86)
0 a,j Jo
for every j € IN*. We are now ready to prove Theorem 5.
Proof of Theorem 5. Introduce the spectral gap
Y= jlenl\f* Aa,j+1 = Ag,j- (3.87)

It is well-known that v > 0 for every a € L°(0, L). Let us first prove point (i). Using (3.84), one
has for T > 27 /7,

2
T
//|8t<p(t,x)|2da:dt = / / Z%gn Ma |k‘\/W2sgn(k)()\mwt—O‘M)ea)lk‘(x) dudt
0 Jw kez*
Cy(T,7)
> = ) (ofy + AN \/e Jri(@
kezZ* w
Ci(T,v) — 2 2142 2
- Tz(aﬁﬁj))‘a,j €a,j(z)" dz, (3.88)
j=1 w

where (6;)en+ denotes the sequence defined by e = for every j € IN*. Combining the

energy identity
L
/ (©2(t,2) + 2 (t, 2) + a(2)?(t, ) do = Z)\ (a2 + 2), (3.89)
0

with (3.72), (3.85), (3.86) and (3.89), one gets

fo L Aa,j0 8in(Aq 1) + A jB8j €08(Aa,51)) €q,j(2)|? dzdt
C(T7CL,UJ) = A A 12(R)2 +o0 )\2 2 2 ’
(Aa,jaj,0a,iB5)€E2(R) Pl a,j(aj +ﬂ])
(3.90)
According to (3.88), it follows that
Cy(T
(T, a,w) > Gi(T) 1€ri\§ €aj(7)* dz. (3.91)
JEN™ J, 7

Taking now a; = (0g;)ken+ and B; = (dp/j)ren= in (3.90) where dy; denotes the Kronecker
delta, we obtain

T
(T, a,w) < 3 inf /ea,j(ac)2 dx. (3.92)
w

Combining (3.91), (3.92) with the asymptotic of optimal constant C;(T,v) in Ingham’s inequa-
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lities stated in Proposition 9 leads to the desired result. Let us now prove point ii. According to
(3.89), (3.91) and (3.92), there holds

Cl (T7 7) < C(T7 a, UJ)

0< < <
2 infjen- [ €q,;(2x)? d

no| N

(3.93)

with C1(T',7) > 2 (% f” ) To conclude, it remains to provide an estimate of the spectral gap

v defined by (3.87).
Lemma 19. Let a € Ap(0, L) with M € (0,372/L?). There holds

3 _
2
Aaj+1 = Aaj 2 L

for every j € IN*.

Démonstration. The Courant-Fischer minimax principle writes

2 =  min max foﬂ(u’(a:)Q + al@)u(z)’)d (3.94)
a.J V(SH%/(O’?T) ueV\{0} foﬂ u(x)? dx ' .
imV=j

Using that 0 < a(x) < M for almost every = € (0, L) yields

. . 2
JT JT
= < Agy < M,
L »J <L> +

for every j € IN*. It suffices indeed to compare )\2 with the j-th eigenvalue of a Sturm-Liouville
operator with constant coefficients. We infer

O |
Aaj+l — Aaj = ]+ ]W) + M,
’ L
B (1+2gg—§ M
(G+1)= (J2L§2)+M

(142§) =5 —M

G+1)E +\/( 252 )+M

estimate follows. O

for every j € IN*. The sequence j +

being increasing, the expected

Therefore, according to Lemma 19, one has v > ~as. Hence, choosing v = s in (3.93) for
all T >T(M) = 727“[ yields the expected conclusion. [ |
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Deuxiéme partie

Controlabilité de quelques systémes
d’équations couplées






Chapitre 4

Introduction

Ces résultats sont extraits de [71] (en collaboration avec Pierre Lissy).

4.1 Mise en place du probléme

Soit  un ouvert de R avec N € IN* et w un ouvert inclus dans . Nous allons prouver, sous
des conditions de type Kalman, un résultat de contrélabilité pour certains systémes d’équations
avec un nombre réduit de controles. Ces équations seront couplées par une matrice constante et
le controle, & support dans un sous-ensemble w, agira aussi au travers d’une matrice constante.
Tout d’abord, plagons nous dans le cas ot nous avons une équation de Schrédinger avec un
controle interne v

{ Oy = iAy + L,v, sur(0,T) x £, (4.1)

y(0) =¢° sur(0,T) x 09,

avec

1 — 1 on w,
“7 10 on Qw.

Supposons que l'une des conditions suivantes est vérifiée :

— (w,T) vérifie GCC'!,

— Tensemble © € RY est le produit de N intervalles ouverts,

— Tensemble Q C IR? est le disque unité et w N N # 0,
alors, d’aprés respectivement [66], [62, Proposition 8.8] et [12, Théoréme 1.2], pour tout T > 0,
il existe un controle v dans C°([0,T]; L2(2)) tel que y(T',-) = 0. Considérons maintenant le cas
ol nous avons deux équations de Schrodinger couplées avec un contrdle v

Owy1 = iAy1 + anyy + azye + 1ov, sur(0,7) x €,
Ory2 = iAys + ao1y1 + agoys  sur (0,7) x Q, (4.2)
y1(0) = 47, 92(0) = 93 sur (0,7) x 99,

ot a;; € R pour tout (i,5) € {1,2}?. L’équation (4.2) est controlable a 0 en temps T si et
seulement si pour tout (y?,y9) dans L?(2)?, il existe un controle v dans L2((0,T), (0, L)) tel que
y1(T,-) = y2(T,-) = 0. On remarque que le controle u agit indirectement sur la solution yo par
I'intermédiaire du terme as1y;. Ainsi, si ag; = 0 alors le systéme devient découplé et nous ne

1. Rappelons que (w,T) satisfait la condition de controle géométrique (GCC) dans  si chaque rayon de
l'optique géométrique qui se propage dans €2 et qui se refléte sur sa frontiére entre dans w en un temps plus petit
que T

95
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pouvons donc plus agir sur . De plus, lorsque a1; = a12 = 0, nous nous ramenons a 1’étude de
la controlabilité de I’équation (4.1). Généralisons le probléme (4.2) a n équations et & m contrdles
internes. Nous considérons

{ 0Y =iAY + AY +1,BV, sur(0,T) x €, (4.3)

Y(0)=Y% sur(0,T) x 09,

avec V € L2(0,T;Q)™ un contréle et (A, B) € My (R) x M, m(R). Nous allons agir sur ce
systéme avec moins de controle que d’équations, c’est & dire en supposant que m < n.

Quelles sont les conditions sur 4, B, w, T et Y° pour que le controle V ameéne la solution Y
de (4.3) a l’état d’équilibre 07

On se posera la méme question pour le systéme d’équations des ondes

0nY = AY + AY +1,BV, sur(0,T) x £,
Y(0)=Y% sur(0,T) x 9.

Nous répondrons & cette question dans le cadre plus général suivant : soit U et ‘H deux espaces
de Hilbert sur C et soit C : i/ — H une application linéaire continue. Considérons
— L :D(L) C H — H un opérateur non borné, fermé avec domaine dense qui est supposé
étre le générateur d’un groupe sur H.
— Q:D(Q) C H — H un opérateur non borné, fermé avec domaine dense qui est supposé
étre autoadjoint et négatif avec résolvante compacte.
La réversibité en temps des équations associées a L et Q est une hypothése fondamentale pour
construire un controle régulier lors de la résolution du probléme analytique (voir Section 4.4 et
[Chapitre 5, Section 5.2]). Pour tout k € N*, nous introduisons les opérateurs Ly : D(L)¥ C
HY — HE Qi : D(Q)F € HE — HF et O : UF — HF tels que, pour tout ¢ € D(L)F, ¢ € D(Q)*
et ¥ € U*,

) L (8 )
= e =] ] e aw=| | @
L(x) Q¢or) C(Yx)

Nous considérons le systéme du premier et deuxiéme ordre & n équations linéaires couplées et a
m controles
&Y = L,(Y)+ AY + BC,,V dans (0,7) x H™, (Ordl)

Y = Qn(Y)+ AY + BC,,V dans (0,7) x H", (Ord2)
avec (A4, B) € M, (R) x M,, ,,(R) des matrices constantes.

Probléme : Déterminer des conditions sur
1) La matrice de couplage A et la matrice de contrdle B,
2) Le temps d’observation T et Papplication linéaire C,,,
3) L’espace des données initiales Y,

pour qu’il existe un contréle V tel que

Y(T,") = 0.
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En choisissant £ = A (resp. @ = A) et C = 1, dans (Ordl) (resp. dans (Ord2)), nous re-
trouvons le systéme (4.3) (resp. (4.7))).

4.2 Reésultats antérieurs

Plusieurs auteurs se sont intéressés a la contrélabilité des systémes hyperboliques pour mon-
trer, par exemple, grace & des méthodes de transmutations (voir [92] et [78]), de nouveaux
résultats sur des systémes paraboliques.

Soit w C Q un ouvert. Considérons n équations des ondes et m controles sur L?()

oY — AY = A(x)Y + x,BV (t,z), (t,z) € (0,T) x Q, (4.5)

avec A : Q = M,(R) et x, : @ = R des fonctions réguliéres sur 2. On suppose, de plus, que
Xw €st & support dans w et B € M, ,,(IR). Un des premiers résultats est obtenu dans [3, 4] en
a(z) b(z) ) et B = L . En introduisant une méthode
b(z) a(x) 0
d’énergie & deux niveaux, les auteurs prouvent un résultat de contrélabilité a 0 en supposant que
{b # 0} et (w, T) vérifient GCC avec un temps T suffisamment grand.

La méthode d’énergie & deux niveaux a été généralisée dans [1] pour des systémes a n équations

se placant dans le cas A(z) = (

0
et & m controles avec une matrice de couplage en cascade. Plus précisément, si B = et
1
0 CQ1($) 0 0
A(z) = : - - 0 alors, d’aprés [1], sous la condition GCC sur (w,T) et
: e e ()
0 e . 0

{cii—1 # 0} pour tout i € {2---n} et sous des conditions de compatibilités sur {¢;;—1 # 0} pour
tout ¢ € {2---n}, nous avons controlabilité & 0 pour un temps suffisamment grand et pour des
données initiales vivant dans I'espace naturel [[}_, D(AM==1)/2) x " D(AM=9/2),

Les méthodes de transmutation (voir [92] et [79, Section 5.3]) permettent de transférer les
résultats sur la controlabilité d’un systéme hyperbolique & un systéme parabolique de la forme

0Y — AY = A(z)Y + xu,BV(t,z), (t,z) € (0,T) x .

Ainsi les résultats dans [1, 3, 4] n’imposent pas la condition {b # 0} Nw # O (ou {c;—1 # 0}Nw #
) pour tout i € {2---n} nécessaire dans (98, 7, 38| pour appliquer des inégalités de Carleman.
Cependant, la condition GCC pour les systémes paraboliques est inappropriée (voir par exemple
1.

Par des méthodes de transmutation (voir [33] et [78]), tous les résultats de controlabilité pour
le systéme (4.5) se transfére & un systéme d’équations de Schrédinger de la forme

Y —iAY = A(x)Y + xoBV(t,x), (t,x)€ (0,T) x Q. (4.6)

Cependant la condition GCC sur (w,T) est une condition suffisante mais non nécessaire de
controélabilité pour ’équation de Schrédinger et I’espace des données initiales H:L:1 D(A("_i)/ 2)
n’est pas un espace naturel & cause du caractére non régularisant de I'opérateur de Schrodinger.

Dans [76], les auteurs considérent un systéme a deux équations couplées avec une matrice
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0

Ax) = ( lo(x) 8 ) et & un controle agissant au travers d’un vecteur B = ( L . IIs imposent
o

0
que O Nw # § et des conditions techniques sur w et @ pour prouver une inégalité de Carleman.
Dans ce cas, (w,T') ne vérifie pas GCC et donc ce résultat de controlabilité ne peut pas découler
du systéme (4.5). Pour le méme systéme que dans [76] et sans imposer non plus une condition
GCC sur (w,T), nous pouvons citer aussi [01] ot Q est un tore TV = R/(27Z)". La preuve est
basée sur la périodicité du groupe d’isométries (S(t))teR.

4.3 Reésultats obtenus

4.3.1 Théorémes principaux

Enoncons la condition nécessaire et suffisante de type Kalman pour que le systéme d’équations
d’ordre deux en temps (Ord2) soit controlable & 0.

Théoréme 3. Sous des conditions techniques “de controlabilité, de régularité et de localité” sur
Q, pour tout T > T*, il existe un controle V dans C°([0, T] xU™) tel que la solution Y de (Ord2)
correspondant & la condition initiale Y (0) = Y° dans D(Q"2)" x D(Q" )" vérifie Y (T,-) =0
si et seulement si rang(B|AB|A?B|---|A""1B) = n.

Nous renvoyons au [Chapitre 5, Assumptions| pour la formulation exacte des conditions sur
@ et T*. Dans la Section 4.3.2, nous allons mettre en avant les conséquences de ces conditions
dans le cas d’un opérateur des ondes (H1-ondes et H2-ondes).

Le théoréme suivant traite du cas des systémes d’ordre un en temps. Ce résultat caractérise
exactement les conditions initiales qui sont contrélables et donc ne peut pas découler du Théoréme
3 par des méthodes de transmutation (voir [83] et [77]). Cette caractérisation était seulement

connue pour le cas de la dimension finie et pour les systémes paraboliques (voir [5, Théoréme
1.5]).

Théoréme 4. Sous des conditions techniques “de controlabilité, de régularité et de localité” sur
L, pour tout T > 0, il existe un contréle V dans C°([0,T] x U™) tel que la solution Y de (Ordl)
correspondant & la condition initiale Y (0) = Y9 dans (D(L£)"~1)" satisfasse Y (T,) = 0 si et
seulement si Y° € (B|AB|A?B|---|A""1B)(H"™).

De méme, les conditions sur £ seront explicitées dans le cas d’un opérateur de Schrodinger
(voir Section 4.3.2). Si nous transformons le systéme (Ord2) en un systéme du premier ordre,
nous ne pourrons pas trouver une matrice A telle que le systéme (Ord2) s’écrit comme le systéme
(Ordl). La matrice A doit agir simultanément sur Y et Y3, ce qui n’est pas le cas ici (voir [Chapitre
5, (5.39)]). Ainsi, le Théoréme 3 n’est pas un cas particulier du Théoréme 4.

4.3.2 Applications

En appliquant le Théoréme 3, nous prouvons que si (w,T) vérifie GCC alors le systéme

OuY =AY + AY +1,BV  dans (0,T) x L2(Q)",
Y(0) = YO, (4.7)
Y (0)=Y1,

avec (A, B) € M, (R) x M, n,(IR) est controlable & 0 au temps T pour des données initiales trés
réguliéres sous des hypothéses de type Kalman.

Corollaire 1. Supposons que l'une des conditions suivantes est vérifiée
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— (w,T) vérifie GCC et w C Q,

— (w,T) vérifie GCC, wﬂ@ﬂ;«é@et <3
alors il existe un controle V in C°([0, T); (L*(Q)
a la condition initiale Y (0) = Y° dans (H:'~
rang(B|AB|A%B|---|A""1B) = n.

)™) tel que la solution'Y de (4.7) correspondant
2

(
(2 ()™ satisfait Y(T,-) = 0 si et seulement si

Les conditions sur w et sur le nombre d’équations n permettent de satisfaire les conditions
techniques “de controélabilité, de régularité et de localité” sur @ = A dans le Théoréme 3. Plus
précisement, définissons par 1, € C°°(2) une fonction telle que 1,(x) = 0 pour tout = € Q\w.
Nous devons satisfaire simultanément les conditions suivantes

H1-ondes) I'équation 92 = Az + 1,u est controlable a 0 au temps T* (“controlabilité”).
H2-ondes) AF(1,0) =0, sur 09Q, VYoc H(Qo()k_l)(Q), Vk < n — 2 (“régularité et localité”),
avec H(o)( ) i={v € H?*(Q) telle que v = Av = --- = A" 1y = 0 sur 9Q}. Pour satisfaire
la condition H1l-ondes nous supposons que (w,T) vérifie GCC qui est une condition (quasi-)
nécessaire et suffisante de controlabilité pour ’équation des ondes. De plus, la condition H2-
ondes nous oblige a restreindre le nombre d’équations n lorsque w N 9Q # @. Nous renvoyons a
[Chapitre 5, Section 5.4.1] et [29, Section 4.2]) pour plus d’informations.
Appliquons maintenant le Théoréme 4 pour un systéme d’équations de Schrédinger

8,Y =iAY + AY +1,BV  dans (0,T) x L2(Q)",
Y (0) = Y°,

avec (4, B) € M, (R) x M, n(R).

Corollaire 2. Supposons que l'une des conditions suivantes est vérifiée

— (w,T) vérifie GCC et w C Q,

— (w,T) vérifie GCC, wN IV # B et n < 3,

— L’ensemble @ C RY est le produit de N intervalles ouverts et w quelconque,

— L’ensemble Q C R? est le disque unité, w NI # 0 et n < 3.
Alors il existe un controle V in C’O([O T); (L%(Q))™) tel que la solution Y de (4.8) correspondant
a la condition initiale Y (0) = Y° dans (H?g; 2(Q))" satisfait Y(T,-) = 0 si et seulement si
V9 e (B|AB|A®B| - [A""1B)((L*(Q))"™).

Les conditions sur (w,T') et sur n sont similaires pour les conditions Hl-ondes et H2-ondes.
Grace & Hl-ondes, nous ne nous restreignons pas forcément au cas des (w,T') vérifiant GCC.

4.4 Les méthodes utilisées

Commencons par donner les idées de la preuve du Théoréme 4. Nous supposons que Y° €
[A|B](H™™) avec
[A|B] = (B|AB|A%B|---|A""'B).

Nous souhaitons montrer que la solution de (Ord1) avec la condition initiale Y° peut étre amenée
a 0 au temps T. Nous allons utiliser une méthode de controle fictif introduite dans [38]. L hypo-
these de controlabilité scalaire 5.1.1 du Chapitre 5 et le changement de variable Z = exp(tA)Z
nous permet de controler la solution du systéme analytique

{ hZ =L,(2)+AZ+C,U in (0,T)xH", (4.9)

Z(0)=Y".
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avec autant de contrdles que d’équations, c’est & dire m = n. Grace a I'hypothése YO €
(D(L)" 1™ N [A|B](H™™) et [33] nous construisons un controle U € [A|B](H™™) de (4.9) suffi-
samment régulier tel que U(T) = U(0) = 0, ce qui nous permettra de déterminer une solution
(X, W) du systéme algébrique

X = Lp(X)+ AX + BC,,W + [A|B|CrnnU  dans (0,T) x H™ (4.10)

avec

X(0) = X(T) =0, (4.11)

et U = [A|B]U. La résolution du systéme (4.10) est basée sur une idée de [11, Section 2.3.8]
et sera détaillée dans le paragraphe suivant. On conclut en remarquant que le couple (Y, V) =
(Z — X,—W) est une solution de (Ordl) qui vérifie bien Y (0) = Z(0) — X(0) = Y% et Y(T) =
Z(T) — X(T) = 0. La réciproque est basée sur la preuve de [5, Theorem 1.5]. On renvoie au
[Chapitre 5, Section 5.2.2] pour plus de détails.

La démonstration du Théoréme 4 est plus complexe & cause de la dérivée d’ordre deux en
temps. Par exemple, nous ne pouvons plus appliquer le changement de variable Z = exp(tA)Z
pour le probléme analytique, ce qui nous fait perdre la caractérisation des données initiales qui
sont contrdlables (voir [Chapitre 5, Proposition 12]).

Résolution du systéme algébrique (4.10) : L’idée provenant de [41, Section 2.3.8] est
de réécrire le systéme (4.10) comme un systéme sous-déterminé en la variable X et W et de
voir f := éan comme un terme source. Cette idée a été appliquée a la théorie du controéle
dans [25] pour montrer un résultat de controlabilité interne pour un systéme de Navier-Stokes en
dimension trois avec un contrdle ayant deux composantes nulles. Cette méthode a ensuite permis
de traiter le cas des systémes paraboliques avec une matrice de couplage d’ordre 0 et d’ordre 1
dans [31] et des systémes hyperboliques quasi-linéaires dans [2]. Puisque le systéme (4.10) est
composé de n équations avec n+m inconnues, nous avons I’espoir de trouver une solution (X, W)
qui satisfait la condition supplémentaire (4.11). Réécrivons le probléme (4.10) sous une forme
abstraite en introduisant un opérateur différentiel P

P(X,W) = [A|BICounU, (4.12)

P:(X, W) X — L,X — AX — BW. (4.13)

Nous construisons un opérateur M [Chapitre 3, Proposition 11] tel que
PoM = [AB]. (4.14)

L’opérateur M agit comme une certaine puissance de 'opérateur différentiel —9; + £ [Chapitre
3, (5.29)]. D’apreés (4.14), M(CrunU) := (X, W) est une solution formelle du systéme (4.10). La
régularité du controle U := [A|B]U du systéme (4.9) et Phypothése de régularité et de localité
5.1.2 du Chapitre 5 nous permettent de donner un sens a M(CpnpU) = (X, W) et de montrer
que W € C,,uU™. La condition U(T) = U(0) = 0 implique X (0) = X(T") = 0. Nous avons donc
construit une solution (X, W) du probléme algébrique (4.10) vérifiant (4.11).

Construction de lopérateur M : En passant a l'adjoint dans (4.14) nous obtenons pour tout
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¢ € D(P7),

M* o P* = [A|B]* avec Prp= < —Op 7_%@;7 A%p ) : (4.15)

Par définition de [A|B]*, pour résoudre (4.15), nous avons besoin de trouver nm relations faisant
intervernir B*(A*)" et P*. Les m premiéres relations sont données par

(P *SD)nJrl
B*p=— :

(P *<p)n+m
Nous déterminons les (n — 1)m autres relations en multipliant 'équation —dyp — L% o — A*¢ (qui

correspond au n premiéres composantes de P*) par B*(A*)". Nous avons ainsi la relation, pour
tout i € {1,--- ,n— 1},

(P o)
B*(A*)'p = —B*(A*)"! : — (0 + Ly, (B*(A") o). (4.16)
(P*0)n
Par récurrence, nous obtenons la relation entre B*(A*)? et P* pour tout i € {0,--- ,n—1}, ce qui

nous permet de construire 'opérateur M* (voir [Chapitre 5, (5.28)] et donc M (voir [Chapitre 5,
(5.29)]). Nous remarquons que ’hypothése d’indépendance en temps et en espace de la matrice
B et A est fondamentale pour que 1'égalité (4.16) soit vérifiée.

4.5 Perspectives

Nous allons tout d’abord énoncer quelques extensions possibles de notre travail
— Une extension naturelle serait de rajouter une matrice de diffusion au systéme (Ord1l) et
(Ord2). Considérons donc le systéme

oY =DL,(Y)+ AY + BC,,,V dans (0,7T) x H",

et
oY = DQ,(Y)+ AY + BC,,V in (0,7) x H",

ot D est une matrice constante. L’égalité (4.16) de la Section 4.4 est mise a défaut si la
matrice D ne commute pas avec A et B. Par exemple, supposons que D est une matrice
diagonalisable a valeurs propres positives. Nous nous attendons & obtenir une condition
de Kalman similaire au cas parabolique (voir [¢]) du type rang[A, D + A|B] = n pour tout
p € N* ou A\, désigne la p- iéme valeur propre de Q.

— Pour des systémes comme (Ord1) ou (Ord2) nous pouvons nous demander s’il est possible
d’amener les I (I € [|1,n — 1|]) premiéres composantes de la solution en 0 sans imposer
aucune restriction sur les n — [ + 1 derniéres composantes. Il peut étre intéressant de
déterminer des conditions similaires a [36].

Discutons sur les restrictions imposées par notre méthode sur les données du probléme.
— Une question intéressante est la controélabilité locale pour des équations semi-linéaires.
Malheureusement, pour le cas d’un systéme d’équations de Schrodinger (4.8), nous avons
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besoin de diminuer la régularité des données initiales dans le Théoréme 2 pour appliquer un
théoréme de point fixe. Cependant la stratégie utilisée ne permet pas d’obtenir ce résultat
puisqu’on a besoin de construire un controle régulier pour le probléme analytique (4.9).
Une solution pour les équations semi-linéaires serait d’utiliser un théoréme d’inversion
locale de type Nash-Moser comme dans [2].

Dans le cas d’un systéme d’équations des ondes (4.7), nous pouvons aussi nous demander
s’il est possible de caractériser les données initiales avec notre méthode. Le point difficile
se situe dans la résolution du probléme analytique : nous devons montrer que si Y° €
[A|B](H™™) alors le controle U du systéme

omZ =AZ+AZ+1,U in (0,T)xH",
Z(0)=Y".

appartient a [A|B](H"™).

Enoncons maintenant quelques problémes ouverts

— Pouvons nous généraliser nos résultats de controlabilité a des couplages A(t) et B(t) dé-

pendant du temps pour les sytémes d’équations (Ord1) et (Ord2) ? Nous nous attendons a
obtenir la condition de Silverman-Meadows (voir [96]) qui est une extension de la condition
du rang de Kalman. Dans [8], les auteurs obtiennent cette condition pour des systémes
paraboliques.

Quelles sont les conditions nécessaires et suffisantes sur la matrice de couplage A(x) dé-
pendant uniquement de 1’espace, sur le couple (w,T) pour que le systéme (Ord2) soit
controlable en un temps T'? Nous pouvons aussi nous intéresser a la méme question pour
le systéme de Schrodinger (4.6) mais en n’imposant pas forcément que (w,T') vérifie GCC.
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A Kalman rank condition for the
indirect controllability of coupled
systems of linear operator groups

Joint work with Pierre Lissy.

Abstract : In this article, we give a necessary and sufficient condition of Kalman type for
the indirect controllability of systems of groups of linear operators, under some “regularity and
locality” conditions on the control operator that will be made precise later and fit very well
the case of distributed controls. Moreover, in the case of first order in time systems, when the
Kalman rank condition is not satisfied, we characterize exactly the initial conditions that can
be controlled. Some applications to the control of systems of Schrédinger or wave equations are
provided. The main tool used here is the fictitious control method coupled with the proof of
an algebraic solvability property for some related underdetermined system and some regularity
results.

Keyworlds : controllability of abstract linear semi-groups, indirect controllability of systems,
Schrodinger and wave equations, fictitious control method, algebraic solvability.

5.1 Introduction

5.1.1 Presentation of the problem

The problem of controlling coupled systems of partial differential equations has drawn an
increasing interest during the last decade, notably in the case of linear parabolic or hyperbolic
linear systems, but also of more complex systems that naturally appear in numerous fields,
including fluid mechanics, biology, population dynamics, medicine, etc. A very challenging issue
for coupled system is the question of indirect controllability, which consists in understanding
whether it is possible to act on them by a reduced number of controls (i.e. the number of
controls is less that the number of equations), and on which equations it is necessary or not to
act. This issue is interesting both from a theoretical and practical point of view.

From a theoretical point of view, this question is closely related to a more fundamental ques-
tion on systems : which and how information propagates from one equation of the systems to
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another through the coupling terms, and notably how the coupling terms influence this propa-
gation ? Another related theoretical question comes from the field of inverse problems : using
the well-known duality between controllability and observability, the question of controllability
is equivalent to understanding if it is possible to recover the initial conditions of all components
of an adjoint system thanks to partial observations on the system, giving notably some quanti-
tative informations about the unique continuation properties. To finish, let us mention that, as
explained in details in [1, Section 1], indirect controllability is also closely related to insensitizing
control and simultaneous control of coupled systems.

Concerning practical applications, indirect controllability is also crucial : for real-life models
involving for example different kinds of physical quantities (velocity of a fluid, temperature, etc.),
it might be impossible to act directly and all of them, and then it is important to understand if
one can act on a complex system by just controlling for example one of the physical variables.
Another point is that it is reasonable to try to limit the number of actuators or sensors for cost
reasons. Hence, the questions raised here can also be of interest many other fields like automatic
and engineering.

Our precise goal in the present work will be to understand how the algebraic structures of
the coupling terms and of the control operator influence the properties of indirect controllability
for conservative systems. More precisely, our initial motivation was to derive new controllability
results in the spirit of [5] (which concerns systems of heat equation) in the case of conservative
systems. Let us emphasize that for conservative systems, the strategy developed in [5] (for systems
of heat equations) cannot be used at all because it was based on Carleman estimates. In this
paper, we propose a possible strategy (that will be described briefly soon) that turns out to be
valid in a much more general framework, so that the possible applications of this work cover a
large class of problems, basically conservative partial differential equations with internal control.

For the sake of clarity, let us briefly explain on some examples the spirit of the present
contribution on two examples, the Schrédinger or wave systems with internal control and constant
coupling terms (the detailed results in these cases are given in Section 5.4). Let T' > 0 and {2 be a
smooth bounded open subset of R". We denote by L2 (Q) the set of square-integrable functions
defined on © with values in the complex plane C. Let (n,m) € (IN*)? with n > 2. We consider
the following control system of n Schrodinger equations with internal control

{ 0Y =iAY + AY +1,BV  in (0,T) x L*(Q)", (5.1)

Y(0) = YO € L2(Q)",

with (A4, B) € M,,(C) x My, m(C), Y € L*(Q)" the state and V € L?(Q)™ the control, that may
not act on all the equations.
We also consider the following control system of n wave equations with internal control

0nY =AY + AY +1,BV  in (0,T) x L3(Q)",
Y(0)=Y"e H}Q)", (5.2)
QY (0)=Y! e L2 ().

In this context, a natural issue is the following : is it possible to find necessary and sufficient
algebraic conditions on A and B of Kalman type that ensure the null controllability of systems
(5.1) or (5.2), under some appropriate geometric conditions on w (and in sufficiently large time
for (5.2)) ? The general method that we will use in the article to answer this question is sometimes
called fictitious control method and was first introduced in [38]. It has been then used in different
context, notably in [2], [25] and [31]. Let us explain the strategy on equation (5.1) (this is the
same on equation (5.2)). We first control the equations with n controls (one on each equation)
and we try to eliminate n — m controls thanks to algebraic manipulations. More precisely, we
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decompose the problem into two different steps :

Analytic problem :
Find a solution (Z,V) in an appropriate space to the control problem by n controls which are
regular enough, i.e. solve

0Z =iANZ +AZ +1,V inQr,
Z =0 on X, (5.3)
Z(0,") :yO’ Z(T,)=0 inQ,

where V' = (V7,...V,,). Solving Problem (5.3) is easier than solving the null controllability at

time T of System (5.1), because we control System (5.3) with a control on each equation.
Algebraic problem :

For f := 1,U, find a pair (X, W) (where W has now only m components) in an appropriate

space satisfying the following control problem :

X =iAX + AX + BW+ f inQr,
X=0 on X, (5.4)
X(0,)=X(T,)=0 in Q,

and such that the spatial support of X is strongly included in w. We will solve this problem
using the notion of algebraic solvability of differential systems, which is based on ideas coming
from [11, Section 2.3.8]. The idea is to write System (5.4) as an underdetermined system in the
variables X and W and to see f as a source term, so that we can write Problem (5.4) under the
abstract form

LX, W) =,

where
LX,W):= X —iAX — AX — BW.

The goal will be then to find a partial differential operator M satisfying
LoM=1Id. (5.5)

When (5.5) is satisfied, we say that System (5.4) is algebraically solvable. This exactly means
that one can find a solution (X, W) to System (5.4) which can be written as a linear combination
of some derivatives of the source term f.

Conclusion :
If we can solve the analytic and algebraic problems, then it is easy to check that (Y,V) =
(Z — X, —W) will be a solution to System (5.1) in an appropriate space and will satisfy Y (T') = 0
in Q.

For more details concerning this method, we refer to [31, Section 2.3|, [25, Section 3.1], [75,
Section 1.3] and Sections 5.2 and 5.3. Thanks to this method, we are able, for systems like (5.1)
and (5.2) and under some additional conditions, to find some sufficient condition of controllability
(the Kalman matrix [B|AB|... A" 1B] has to be of maximal rank) that can be proved to be also
necessary. In the case of equation 5.1, if the Kalman matrix is not satisfied, the same method
also enables us to characterize the initial conditions that can be controlled. The examples of the
wave and Schrédinger equations are treated in details in Section 5.4 of this work and all the
results presented in in Section 5.4 are new. This approach may be to some extent generalized to
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abstract linear groups of operators under appropriate assumptions that are explained in details
in Section 5.1.2.

Our paper is organized as follows. In Section 5.1.2, we explain in details the abstract fra-
mework chosen here and give the main results. In Section 5.1.3, we recall some previous results
and explain precisely the scope of the present contribution. In Section 5.1.4 we present some
related open problems. Section 5.2 and 5.3 are respectively devoted to proving Theorem 6 and
Theorem 7. In Section 5.4, we conclude with some applications, giving new results for the indirect
controllability of Schrédinger equations and wave equations with internal control.

5.1.2 Abstract setting and main results

Let us introduce some notations. Let 7" > 0 and K = R or C . Let U, H two Hilbert spaces
on K (that will be always identified with their dual in what follows) and a linear continuous
application C : U — H, which will be our control operator (one may think as an example to
consider C' as a distributed control). We consider

— L :D(L) CH — H a closed unbounded operator with dense domain, which is supposed

to be the generator of a strongly continuous group on #,

— Q : D(Q) C H — H another closed unbounded operator with dense domain, which is

supposed to be self-adjoint and negative with compact resolvent.
One can think as an example to consider £ = iA and @ = A, which are typical situations where
our general result can be applied (see Section 5.4).

Let n € IN* with n > 2 and m € IN*, and let (4, B) € M,,(K) x M, ,,(K) two matrices. For
every k € N*, we introduce the operators Ly, : D(£)¥ € HF — H*, Q). : D(Q)F ¢ H* — HF and
Cy : U* — HF such that, for every ¢ € D(L)¥ and 1 € U,

AN Sﬁili
we=| | ae=| "7 md am=| L 66
L(px) Q(¢r) C(Yr)

We consider the (first and second order in time) systems of n linear equations

8,Y = L,(Y)+ AY + BC,,V  in (0,T) x H", (Ord1)

and
oY = Qn(Y)+ AY + BC,,V in (0,7) x H"™, (Ord2)
where V' := (v1,...,0) € U™ is called a control. One can think of equation (Ordl) as a

generalization of the Schréodinger system (5.1), whereas one can think of equation (Ord2) as a
generalization of the wave system (5.2).

(Ord1) (resp. (Ord2)) can be seen as a “system” version of the “scalar” controlled equation
Orz = Lz 4 Cu (resp. Oz = Lz + Cu), where we add some coupling terms of zero order through
the matrix A and where we impose a precise structure on the control through the matrix B. Note
that one may have m < n, which means that the number of controls can be strictly less than
the number of equations, and notably some equations might be uncontrolled. In this setting,
the structure of the coupling terms is crucial in order to obtain some controllability results, and
in some sense these coupling terms can be used to act indirectly on the equations that are not
controlled.

It is usual to write the second order system (Ord2) as a first order system (see section 5.3.1).
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However, we emphasize that (Ord2) is not a particular case of (Ordl), the reason being that if
we transform (Ord2) into a first order system, we will not be able to find any matrix A such that
(Ord2) can be written as (Ord1l). Finding such a matrix would require that the coupling terms
involve simultaneously Y and Y; (see notably (5.39)), which is not the case here.

It is well-known that for the controllability of coupled systems like (Ord2), the natural state
space D(Q%)” X H"™ is not always possible. For instance taking zero as initial data we cannot
reach any target state in D(Q2 )™ x H™ because of the regularity of solutions of (Ord2) (one might
for example think of a upper triangular matrix A with a control acting only on the last equation,
see [28]). The same phenomena does not occur for system like (Ord1), however, in both cases,
we will always assume that the initial conditions are regular enough, namely Y (0) € D(L"~ 1)
(resp. (Y(0),8,Y(0)) € D(Q"2)™ x D(Q" 1)"), which is enough to ensure that system (Ord1)
(resp. (Ord2)) with initial condition in these spaces admits a unique solution in C°([0, T]; H™)
(resp. in CO([O7T];D(Q%)” X H™).

The main goal of this article is to analyze the null controllability of System (Ord1) and System
(Ord2), which would (partially) generalize the results of [5] in the case of conservative systems.
Let us recall the definition of these notions. It will be said that

e System (Ordl) (resp. System (Ord2)) is null controllable at time T if for every initial
condition Y0 € D(L"1)" (resp. (Y, Y1) € D(Q"2)" xD(Q" 1)), there exists a control
V € C°J0,T);U4™) such that the solution Y to System (Ordl) with initial condition
Y (0) = Y (resp. to System (Ord2) with initial condition (Y (0),9,Y(0)) = (Y°,Y1))
satisfies

Y(T)=0 in H" (resp. Y(IT)=0and 0,Y(T)=0 in H" xH").

— System (Ordl) (resp. System (Ord2)) is ezactly controllable at time T if for every ini-
tial condition Y° € D(L£" )" (resp. (YO, Y!) € D(Q" 2)" x D(Q"1)") and every
Yy € DL (resp. (Yr, Zr) € D(Q"2)" x D(Q"1)"), there exists a control V €
C°([0,T];U™) such that the solution Y to System (Ord1) with initial condition Y (0) = Y
(resp. to System (Ord2) with initial condition (Y'(0),8,Y (0)) = (Y°, V1)) satisfies

Y(T) =Yy in DL )" (resp. Y(T) =Yy in D(Q" 2)"and §,Y(T) = Zr in D(Q"1)").

Let us remark that since L,, (resp. Q. defined in (5.38) , see Section 5.3.1) is a generator
of a group, then System (Ordl) (resp. System (Ord2)) is null controllable at time T if and only
if it is exactly controllable at time T' (see for example [24, p. 55]). Hence, from now on, we will
only concentrate on the null controllability of Systems (Ord1) and (Ord2).

Our main assumptions (that will be commented afterwards) will be the following.

ASSUMPTIONS

There exists a linear continuous application C : U — H such that

ASSUMPTION 5.1.1. [Scalar null controllability]
Case (Ordl) The control system B
Oz = L2+ Cu, (5.7)

is exactly controllable at time 7.
Case (Ord2) The control system
Oz = Qz + Cu, (5.8)

is exactly controllable at time 7.
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ASSUMPTION 5.1.2. [Regularity and locality]
Case (Ord1) LF(CC D(L*Y)) c C(U) for all k € {0,--- ,n — 1},
Case (Ord2) Q%(CC™D(Q%)) C C(U) for all k € {0,--- ,2n — 2}.

Remark 1. i It might happen that the operator C itself verify Assumptions 5.1.1 and 5.1.2,

ii

iii

iv

hence in some sense our assumptions are more general than just stating the same as-
sumptions replacing C by C. However, the price to pay is that condition 5.1.1 is stronger
than just having Assumption 5.1.1 with the control operator C (see the next point).

Assumption 5.1.1 may seem quite artificial since it does not seem to be related to the
controllability of systems
Oz = Lz + Cu, (5.9)

and
Oz = L2+ Cu, (5.10)

that would be the natural minimum conditions one might expect.

However, one can easily prove that Assumptions 5.1.1 and 5.1.2 imply the controllability
at time 7™ of (5.9) and (5.10). Let us explain it for (5.9) (this exactly the same reasoning
for equation (5.10)). Thanks to the Hilbert Uniqueness Method (HUM, see [73]), we know
that the control function u in (5.7) with minimal L?-norm is necessarily in R(C*) (where
R denotes the range of an operator), which implies that Cu € R(CC*), hence thanks to
Assumption 5.1.2 (with k = 0), we obtain Cu € R(C) and this proves that (5.9) is indeed
controllable.

One consequence of Assumption 5.1.2 is that we have CC D(£**) € D(LF) for every
k € {0,---,n — 1}, hence is some sense C has to “preserve the regularity”, which is very
natural in the context of conservative systems of second order like (Ord2) (see notably
[29]). However, in many applications this is in general false for the operator C itself (and
it the main reason why we introduce C). For example, consider some open subset €2 of RY
(N € IN*), and consider H = U = L?({). Assume that £ is a differential operator defined
on some open subset ) and the application C : L?(2) — L*(Q) is defined by Cu = 1,u,
where w is some open subset of 2. Then it is clear that the property CC*D(E*k) € D(LF),
which is equivalent to 1,uD(L*") € D(L¥), is always false as soon as k > 0, L is of order
more than 1 and w is different from Q (because 1, € L?(Q) but does not belong to any
higher order Sobolev space). Hence, roughly speaking, the linear application C has to be
thought as a “regularization” of the linear application C. In the case of distributed control,
a natural candidate for C is Cu = 1,u, where 1, € C2°(Q2) is some “regularization” of the
indicator function 1., defined for example such that

i .- 1 on wp,
Y10 on Qw,

where wqg is some well-chosen open set included in w. This will be explained into more
details in Sections 5.4.1 and 5.4.2.

Adding the condition £*(CC D(L£**)) c C(U) for all k € {0,--- ,n—1} is necessary in our
method to prove that our control is in (C(U))™. This notably ensures that the operator
M and M defined in (5.29) and (5.53) respectively are “local” in the sense that they send
an element of the range of CC" into an element of the range of C.

In the sequel, we will denote by [A|B] € My, 5 (K) the Kalman matrix, which is given by

[A|B] = (B|AB|A®B|---|A""'B). (5.11)
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Our result gives a necessary and sufficient condition for exact (or null) controllability of System
(Ord1) and (Ord2).

Theorem 6. Let us assume that L satisfies Assumptions 5.1.1 and 5.1.2 . Let Y° € (D(L)"~1)".
Then, for every T > T*, there exists a control V in C°([0,T] x U™) such that the solution of
(Ord1) corresponding to the initial condition Y (0) =Y in H" satisfies

Y(I)=0 in H"
if and only YO € [A|B](H"™).

Remark 2. Concerning Theorem 6, the reversibility of the equation allows us to obtain the
same conclusion if we replace the final condition Y (T) = 0 by Y(T) = YT for some YT ¢
D(L 1™ N [A|B](H™™).

When rank([A|B]) = n, Theorem 6 gives us a necessary and sufficient condition for the null
controllability of System (Ordl).

Corollary 4. Let us assume that L satisfies Assumptions 5.1.1 and 5.1.2. Then, for every
T > T*, the control system (Ordl) is exactly controllable at time T if and only if rank([A|B]) = n.

Concerning system (Ord2), we have the following result.

Theorem 7. Let us assume that Q satisfies assumptions 5.1.1 and 5.1.2. Then, for every T >
T*, the control system (Ord2) is exactly controllable at time T if and only if rank([A|B]) = n.

Remark 3. We were not able to derive the same kind of result as in Theorem 6 in the case of
second-order in time systems, so that we do not know it would be true in this context.

Using the transmutation technique (for instance the version given in [35]) and Section 5.3.2,
one can deduce easily the following result in the parabolic case, assuming that the corresponding
“scalar” hyperbolic system is controllable.

Corollary 5. Let us assume that Q satisfies Assumptions 5.1.1 and 5.1.2. Then, for every
T > 0, the control system

8Y = Qu(Y)+ AY + BC,V  in (0,T) x H",

is null controllable at time T if and only if rank([A|B]) = n.

Remark 4.  (a) rank([A|B]) = n is called the Kalman rank condition by analogy with the
finite-dimensional case.

(b) The assumption 7' > T enables us to choose a regular control U in time for the analytic
system (5.12) such that U(0) = U(T) = 0 (see [33]). This is necessary to ensure that
during the resolution of the Algebraic Problem, we can construct a solution X of (5.20)
or (5.47) such that X(0) = X(T) = 0. However, many of the controllability results known
in the literature are either results in arbitrary small time or with an “open” condition on
the minimal time of control, hence in practice controlling at any time 7" > 7™ rather that
at time exactly T* will not provide a weaker result than in the scalar case.

5.1.3 State of the art and precise scope of the paper

In all what follows, we will mainly concentrate on systems coupled with zero order terms, on
distributed controls and on null or exact controllability results. The case of boundary controls
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(which are unbounded) is not covered by our abstract setting. However, there is also a huge
literature on boundary control, approximate controllability and high order coupling terms for
coupled systems (see notably [39], [10], [L7] or [31] for some recent contributions).

Concerning second-order parabolic equations, the case of coupled systems of heat equations
with same diffusion coefficients and constant or time-dependent coupling terms is well-understood
(see notably [5], where an algebraic Kalman rank condition similar to the one of the current
article is given). In the case of different diffusion coefficients, a necessary and sufficient condition
involving some differential operator related to the Kalman matrix was also given in [8]. This
case was treated into more details in [11]. Another result concerning the case of two equations
with different diffusion is given in [100], where the author also investigates the case of coupling
different dynamics, e.g. a heat and a wave equation. However, as soon as the coupling coefficients
depend on the space variable, the situation is far more intricate and in general we only have
partial results, essentially with two equations, one control force and in the one-dimensional case
(see [0] for example) or in simple geometries like cylinders (see [10]). Let us also mention that the
non-linear (and even semi-linear) has not been investigated too much up to now (see for example
[7], [38] and [23]). For further informations on this topic, we refer to the recent survey [9].

The case of hyperbolic or dispersive systems seems to have been less studied and the results
obtained are somehow quite different from the parabolic ones. Concerning the Schrédinger equa-
tion, the recent paper [76] considers the case of a cascade system of 2 equations with one control
force under the condition that the coupling region and the control region intersect and verify
some technical conditions ensuring that a Carleman estimate can be proved. Concerning systems
of wave equation, let us mention [1], where a result of controllability in sufficiently large time for
second order in time cascade or bidiagonal systems under coercivity conditions on the coupling
terms is given. Another related result is also [4], where the case of two wave equations with one
control and a coupling matrix A which is supposed to be symmetric and having some additional
technical properties is investigated. Let us also mention a result in the one-dimensional and per-
iodic case proved in [91]. In this last article, the authors also prove a result for the Schrédinger
equation in arbitrary dimension on the torus, however they only obtained a result in large time,
which is rather counter-intuitive and should be only technical. The case of a cascade system of
two wave equations with one control on a compact manifold without boundary was treated in
[28], where the author also give a necessary and sufficient condition of controllability depending
on the geometry of the control domain and coupling region. Let us emphasize that in the four
last references, the results obtained in the case of abstract systems of wave equations can be
applied to get some interesting results in the case of abstract heat and Schrédinger equations
thanks to the transmutation method (see [33], [77] or [35]), leading however to strong (and in
general artificial) geometric restrictions on the coupling region and control region. Let us also
mention a recent result given in [2], which treats the case of some linear system of two perio-
dic and one-dimensional non-conservative transport equations with same speed of propagation,
space-time varying coupling matrix and one control and also a nonlinear case.

Regarding the previous presentation, let us precise the exact scope of this paper, which has a
rather different spirit from most of the papers presented before concerning conservative systems.

— Our result is given in a very general setting, since we basically work on some group

of operators (which are not necessarily differential operators) with a bounded control
operator satisfying some technical conditions that appear to be verified in many cases in
practice. Notably, our result fits very well (but is not restricted to) the case of conservative
systems of PDEs with distributed control, where no general result was known in the case
of constant coupling coefficients.

— Contrary to many results in the literature which concentrates on symmetric matrices, bi-

diagonal matrices or cascade matrices, our result does not require any structural conditions
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on the coupling matrix A, nor on the matrix B which is often assumed to be acting only on
the last(s) equations. Moreover, we do not have any restriction on the number of equations
n we treat. Hence, most of the techniques used in the literature will fail in our case. Another
important point is that we are able here to give a necessary and sufficient condition of
controllability and we also are able in the one-order in time case to characterize precisely
the initial conditions that can be controlled, which -as far as we know- was only known
for the finite-dimensional case and for linear second order parabolic systems (see [8]).

— The main restriction is that we work with constant coupling coefficients (this implies that
the coupling is made everywhere), which do not cover some interesting cases, notably
the case of space-varying coefficients described before. Despite this, we believe that the
important degree of generality of the present paper compensates this restriction and that
our contribution is of interest in order to have a deeper understanding of the controllability
properties of coupled systems.

5.1.4 Some related open problems

Let us address some related open questions and possible extensions of this work.

— In the case of equation (Ordl), Assumption 5.1.2 and the regularity condition on the
initial data do not seem to be necessary, and it would be natural to expect the same
result by just assuming that Assumption 5.1.1 is true with C = C, but the strategy used
here prevented us to get this result. The case of admissible unbounded control operators
B e L.(U,D((L*)) is also still a widely open question (see [(7], where the Kalman rank
condition is proved to be necessary in order to obtain the approximate controllability).

— A natural extension of the Kalman rank condition is what is called the Silverman-Meadows
condition (see [90]) in the case of matrix A and B depending on the time variable, that
we did not manage to treat with the same strategy.

— Here the coupling terms are supposed to be constant. It would be interesting to replace
them by more general coupling terms. A more challenging issue would be to find an abs-
tract setting that would include conservative partial differential equations with coupling
terms depending on the space and time variable, at least in the case where the coupling
region intersect the control domain.

— Another interesting question is the case of the local controllability of semi-linear equa-
tions, the main difficulty being that due to the difference of regularity between the initial
condition and the control, standard inverse mapping theorems or fixed-point theorems
cannot be used. A possible remedy would be to use a fixed point strategy of Nash-Moser
type as in [2].

— When systems of equations like (Ord1) and (Ord2) are concerned, a very natural question
that might appear in many applications is what is called partial controllability, which
means that we would like (for example) to bring only the first [ (I € [|1,n—1]|]) components
of the state variable to 0 without imposing any conditions the n —[+1 last components. It
would be interesting to see if general conditions like the one found in [36] can be derived.
Another interesting and close problem would be to see if the techniques employed here
may be useful for the synchronisation are synchronization by groups of solutions in the
spirit of [69] and [68], by means of bounded controls.

— To finish, one could also investigate more general coupled systems of the form

Y = DL,(Y)+ AY + BC,,V  in (0,T) x H"

and
oY = DQ,(Y)+ AY + BC,,V in (0,7) x H",
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where D is some constant matrix, for example a diagonal matrix with (possibly) distinct
coefficients and try to derive results similar to [3].

5.2 Proof of Theorem 6

In the sequel, we focus our attention on the null-controllability of the system (Ordl). Suppose
that Assumptions 5.1.1 and 5.1.2 are satisfied and let T" > T*. We will always consider some
initial condition Y belonging to D(L£"~1)".

5.2.1 First part of the proof of Theorem 6

In all this section, we assume Y is in [A| B](H"™) and we want to prove that the solution to
(Ord1) with initial condition Y can be brought to 0 at time 7.

Analytic problem :

We consider the control problem

{ 07 = L, (Z)+ AZ 4 C,(U) in (0,7) x H", (5.12)
Z(0) =Y". '

Let us emphasize that in this step we act on all equations with n distinct controls, one on
each equation. U is here called a fictitious control because he will disappear at the end of the
reasoning. Let us first prove that (5.12) is controllable and give some regularity results on the
control and the solution.

Proposition 10. If Assumption 5.1.1 is satisfied, then for every T > T*, the control system
(5.12) is null controllable at time T. Moreover, one can choose a control U such that

Ul(t,.) € [A|BJ(H"™)for every t € (0,T), (5.13)
U € Hy~'(0,T:U™) (NpZs C*([0,T): C,D((Ly)" ), (5.14)
Z € NpZyCF([0,T); D(LEF). (5.15)

Proof of Proposition 10. Using the change of variables Z = ¢4 Z and U = e'4U, we
obtain that the solution Z of system (5.12) is null controllable at time T if and only if the system

{ 0Z=L,2)+C,(U) in (0,T)xH", (5.16)

is null controllable at time 7. Remark that system (5.16) is totally uncoupled. Hence, since the
control system (5.7) is controllable at time T, using the definitions of L,, and C,, given in (5.6),
we easily obtain that the control system (5.16) is controllable at time T

Moreover C,, € L(U™,H") and the operator L, is a generator of a group on H". Then,
applying |33, Corollary 1.5] (with s = n — 1), we deduce that there exists (Z,U) a solution of
(5.16) such that Z(T) = 0 and

Z € piOM(0,T]: Znmir),
where Z; is defined by induction by

Z() = an’ Zj - LT_Ll(Zj—l +6n6;(p((l’;kz)])))
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The spaces Z; are in general not known explicitly, however, in our case, using Assumption 5.1.2
(see also the second point of Remark 1), it is clear that notably

CaCn D((L})’) C D(L)),
from which we deduce easily by induction that for every j € [|1, n|], we have
Zj - D(L%)a

which establishes (5.15).
Moreover, [33, Theorem 1.4] (with s = n — 1) notably implies that on can choose U belonging
to H~(0,T;U™). Finally, to prove (5.14), it enough to prove that

U e ni=2ok ([0, T]; ToD((LE)" 1)),

which is an immediate consequence of the proof of Corollary 1.5 of [33, Page 1387] (and
notably equality (3.19) in this reference).

It remains us to prove (5.13). As in [33, Equality (1.3)], we fix 6 > 0 such that T — 2§ > T*
and we consider n € C"~1(R) such that

[0 ifte(0,T),
”(t)_{ 1 iftel[s,T—dl.

Then, U can also be chosen as the one of minimal L?(0,T;dt/n; U) among all possible controls
for which the solution of (5.12) satisfies Z(T") = 0, properties (5.14) and (5.15) being still verified.

Hence, using [33, Proposition 1.3], U can be written as

U= ﬂ(t)ﬁze(T*t)LZG;LleTLnyo’
where

T
G — / T T T e T=0E gy,
0

Note that since (5.16) is null controllable, Gy, is indeed an invertible linear application. Using
that Y9 = [A|B]Y? with YY € H"™ and the formulas

Ln[AlB] = [A|B}an’

CL.IAIB] = [A[BIC,,,..,
we deduce ) B * )
U = [A|Bln(t)C.,, e Em Gl eTLumy 0,
where

T
Gnm = / E(Tit)anCnmcnm*e(Tit)L;m dt,
0

which is also invertible. Using that U = e~ AU, we obtain

U = " [A|B]nt)C,,, e T DG 1 eThnmy 0, (5.17)
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Bo
By the Cayley-Hamilton theorem, there exists 8 = : € K" such that A" = Z;:Ol B; A%
/Bn—l
Yo
Let ¢ = : € H™™, we have
'(/}n—l
= (AB,A%B,--- S5 BiAIB)Y (5.18)
= [A,B]Y
with
501%—1
. Yo + B1n—1
Y= . € HM™.

Y2 + ﬁ.n—lwn—l

Combining (5.17), (5.18) and using the fact that there exists a € K" such that e*4 = S""" 1 o, A7,
we obtain (5.13) and the proof of Proposition 10 is complete.

Algebraic problem :

Now, we would like to come back to the original system (Ordl) by algebraic manipulations.

Using Proposition 10, there exists (Z,U) solution of (5.12) verifying moreover (5.13), (5.14)
and (5.15). Notably, there exists U € Y™™ such that C,,(U) = [A|B]Cpm(U). From now on, we
will call f := 6nm(U ), that will be considered as a source term. Our goal will be to find a pair
(X, W) € C%([0,T); D(Ly,)) N CL([0,T]; H™) x C°([0,T);UU™) satisfying the following problem :

X = L,(X)+ AX + BC,,W + [A|B]f in (0,T)x H", (5.19)
X(0)=X(T)=0. '

Calling C,,W = W, we will rather solve (the unknowns being the variables X and W) the
following problem

X(0) = X(T) =0, (5.20)

{ X = L,(X)+ AX + BW + [A|B|f in (0,T)xH"™,
(the fact that W € C,,,id™ will be a consequence of our construction and our assumptions). Let
us remark that system (5.20) is underdetermined in the sense that we have more unknowns than
equations. Hence, one can hope to find a trajectory (X, W) verifying X (0) = X(T') = 0 (which
is a crucial point here), which would not be necessarily possible if the system were well-posed.
We will use the notion of algebraic solvability, which is based on ideas coming from [41, Section
2.3.8| for differential systems and was already widely used in [2], [25] and [31]. The idea is to
write System (5.20) as an undertermined system in the variables X and W and to see f as a
source term, so that we can write Problem (5.20) under the abstract form

P(X, W) = [A|B]f, (5.21)
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where
D(P) C L*(0, T; H" ™) — L2(0,T;H™)

& (X, W) — X —L,X — AX — BW.

(5.22)
The goal will be then to find an operator M (involving time derivatives and powers of L)
satisfying

P oM =[AB). (5.23)

When (5.23) is satisfied, we say that System (5.20) is algebraically solvable. In this cas, one
can choose as a particular solution of (5.20) (X, W) = M(Cpm(U)). This exactly means that
one can find a solution (X, W) of System (5.20) which can be written as a linear combination f,

its derivatives in time, and some L%, f with k € N*. Let us prove the following Proposition :

Proposition 11. Let (A, B) € M, (K) x M, (K). There exists an operator M such that the
equality (5.23) is satisfied. Moreover, the operator M is an operator of order at most

n—2 for the n first components (5.24)
n—1 for the m last components ’
in time and in term of powers of L.
Proof of Proposition 11. We can remark that equality (5.23) is equivalent to
M* o P* = [A|B]". (5.25)

The adjoint operator P* : D(P*) C L%(0,T;H™) — L?(0,T; H"™) x L*(0,T; H™) of the operator
P is given for all ¢ € D(P*) by

(P*¢)1
. (P* o) O — Lt — A%y
= = n . 5.26
(P*Qo)n-&-m

Since (A, B) € M, (K) x M, ,,(K) are constant matrices, we have the following commutation
properties : . .
and 4 '
B*(A*)'0; = 0; B*(A*)".
By definition, we have
(P*Sﬁ)n+1
B*p=—
(P*¢)ntm
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Now, for i = {1,--- ,n — 1}, applying B*(A*)*~! to —dyp — L} p — A*p, we have

(P*o)
BAYTH | =@ L) (BTN ) — B A, e
(P*@)n
(P*oh
B*(A")'p = —B*(A")" : — (0 + Ly, )(B*(A") o).
(P*@)n

By induction, we find, for every i € {1,--- ,n — 1},

. (P )
B (A" = STo(=1)7* [ (9, + Ly, ) B (A*)im1d :
(P*o)n
* 5.27
(P @)n+1 ( )
+(_1)z+1(at +L:1)z
(P*@)ntm
We introduce the operator M* : D(M*) C L? (0, T; H*t™) — L2 (0, T; H™™) defined by
(G}
M :
¢n+m
_wn+1
_wn+m
¢1 wn-l-l
-B* | +(0+Ly,) :
- ,(/Jn wner
(a1 T
SO @+ LY BUAY I s ()M @+ L)t
qun ¢n+m

(5.28)
Thanks to (5.27) and (5.28), M* verifies equality (5.25). Using the definition of M* given in
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(5.28), we deduce that
M: DM)C L2(0,T; H™™) — LQ(O,T;”H,"+’”)
fi
fm
fm+1
[= : > MY,
f2m
fnm
defined by
_ fjm+1
S S (— 1 (=0 + L) AR |
f(j+1)m
Mf = , (5.29)
fierl
Z?gol(_l)i+1(_at + Lm)i .
f(i—i-l)m

satisfies (5.23). Thus, in the n first components the higher order term is (—9; + £)"~2 and in the
m last components the higher order term is (—d; + £)" !, which concludes the proof. ]

Conclusion : combination of the Analytic and Algebraic Problems.

Thanks to Proposition 10, there exists (Z,U) solution of (5.12) verifying moreover (5.13),

(5.14) and (5.15). One can notably write
6n(U) = [A‘B]énm(f])

for some U € L2((0,T);U"™). Using Proposition 11, we define (X, W) by

() (o)
where U is defined in (5.30). Using (5.14), we know that
CoU € Hy7H(0,T5C, ™) (1MiZo C* ([0, T); CuCLD((L7)" ' 7H)),
which implies using Assumption 5.1.2 that
CoU € Hy (0, T;Co(U™) ) MpZC* (10, T); (D(L™9))™).

Using now (5.30), we obtain

énmU € Hgfl(()’ T;énm(z/{nm)) ﬂ ﬁz;écqu) T]; (D(En—l—k))mn).

(5.30)

(5.31)

(5.32)
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Using (5.31) together with (5.24) and (5.2.1), we obtain that

(X, W) € (H3 (0,75 CoU™) (koo C (10, 71 DL ) ¢ (L2(0,T: T @) () ([0, T H™) )
(X, W) € (H(0, 7500 U™) (Nk=oCH (0, TH L)) x CO0. T Tr@™).  (5:33)

Notably, there exists W e C°([0, T);U™) such that W = C,,,W. Thus, coming back to (5.19),
we infer that (X, W) is a solution to the problem

{ X = Ln(X) + AX + BC,,W + [A|B]f in (0,T)xH", (5.34)

X(0) = X(T) = 0.

Hence, combining (5.12), (5.34) and the regularity results given in (5.15) and (5.33), the fictitious
control f disappears and the pair (Y,V) := (Z — X, —W) is a solution to System (Ordl) in the
space

CO([0,T);D(Ln)) N CH([0, T H™) x CO([0, TT:U™)

satisfying
Y(0)=Y" in DL ",
Y(T)=0 in H",

which concludes the first part of the proof of Theorem 6.

5.2.2 Second part of the proof of Theorem 6

In this section, we assume Y is NOT in [A|B](H™™) and we want to prove that we cannot
bring the solution of (Ordl) with initial Y° to 0. We argue by contradiction.

For the sake of completeness we mimic the proof of [5, Theorem 1.5]. Without loss of generality
we can only consider the case where we have one control force m = 1, that is to say B € M,, 1(K)
(m = 1), the general case being quite similar (see notably [5, Lemma 3.1 and Page 14]).

Let I € IN such that rank[A|B] = | < n. By the Cayley-Hamilton theorem, {B, AB, --- , A" B}
is linearly independent. We introduce

X =span{B, AB,--- ,AB'"1}.
Since A'B € X, we know that there exists o € K! such that
A'B=o B+ a3AB +---+ oA 1B. (5.35)
Let pi4+1,--- ,pn be n — [ vectors in K" such that the set
{B,AB,--- A" 'B,pii1, -, pn}
is a basis of K”. Introducing

P = (B|AB|--|A" ' Blpa] -+, pn),
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we have Pe; = B with e; = . and

-1 _( D11 Dy
P AP—( 0 Doy

for some D12 € M ,,—1(K), Dag € M,,_(K) and Dy; € M; which is given by

0 0 O a
1 O 0 [6%)
D11 — 01 0 (0%
00 --- 1 o]

By the change of variables W = P~'Y and using L,P~! = P~ 'L, and §,P~' = P19, we
observe that there exists a control V in L?((0,T) x H) such that the solution of (Ord1) corres-
ponding to the initial condition Y (0) = Y in H" satisfies Y(T) = 0 in H" if and only if the

. (W
solution W = ( W, ) to

_ Dy Dyg
oW =L, W + 0 Doy

) W+ CiVey,
W(0) = W0 .= P-1y©

(5.36)

verifies W(T) = 0 in ‘H"™. Besides, it is easy to see that Y € [A|B](H"™™) if and only if there
0 0

exists WY € H! such that Y° = P( ng ) If YO ¢ [A|B](H™™) then Y° = P( %10 ) with
2

WP e HY, W9 € H™=! and WY # 0. Thus, by uniqueness we conclude that Wy(T) # 0. Hence

the solution W of (5.36) cannot be driven to zero at time 7' and (Ord1) cannot driven from Y°

at time T to 0 at time T, which concludes the proof.
|

5.3 Proof of Theorem 7

Let us recall that we consider here an operator @ which is assumed to be self-adjoint, negative
with compact resolvent. Suppose that Assumptions 5.1.1 and 5.1.2 are satisfied and let T' > T™.
We will always consider some initial condition (Y°,Y') € D(Q"~2)" x D(Q"~1)",

During this section, we will assume that K = C for the sake of simplicity. The case K =R can
then be easily deduced for example by complexifying the spaces H and U.

5.3.1 First part of the proof of Theorem 7

In this section, we assume that the Kalman rank condition is satisfied and we want to prove
the controllability of (Ord2). We proceed as in the proof of Theorem 6. Let us emphasize that
the main difference with the previous case is that the changing of variables exhibited during the
proof of Proposition 10 does not work anymore, hence we have to change totally the proof of
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the analytic part, which will now rely on a classical compactness-uniqueness argument similar
to the one given for example in [21, Section 3]. Concerning the algebraic part, the computations
are essentially the same.

Analytic problem :

We consider the controlled system

omZ =Qun(Z)+AZ+C,(U) in (0,T)xH",
Z(0) = Z°, (5.37)
0, Z(0) = Z*.

Let us first introduce some notations and first-order framework. Let H, be the Hilbert space
defined by H, = D(Q%) for any o > 0 and H_,, is the dual space of H, with respect to the

pivot space H. We denote by X = (7—[% X 7—[) our state space. We introduce the operator
0: D) = (?—[1 X ’H%) C X — X such that

Ag 0 -+ 0
0 Ag - 0
L with AQ( 0 la > (5.38)
0 0 0 Ag

The system (5.37) can be written as a first order system

Zi=(Q+A)Z+CU, (5.39)
Z 0 00 0 -~ 0 0
(Z1), Uy Cuy air 0 a2 -+ 0 an,
with Z = : Ol 1= : |amdA=| : ¢ o
Ly, Up, 0 o o o0 -~ 0 0
(Zn)t aUn a1 0 ap2 - 0 apy

/
Since we identify H with its dual, we shall define ("H% X 7—[) =H X H_
product defined for (yo,y1) € H X H_y, (20,21) € Hi xH by

<( n )( 8 )>(Hxﬂ_%)x(ylxﬂ) = foor )+ oy

and the duality

1
2

[N

2
With this scalar product, we have

Ag- 0 0
. 0 Age -+ 0 X' =(H

0 0 0 Ao
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and C* : X* > U" is given by

1 ?iﬁ
. 2 C 3
c* ) = . . (5.40)
T2on é*xzn_l
Thus, CC*: X* - X is exactly
Bz 0 0
o 0 B --- 0
cer=| . | with BC:(Cg* 8)

and for i € N*, D(Q') = (Hizs x Hi)" and D((Q*)") = D(Q*1).
We can now go back to the resolution of the analytic problem.
For any operator R, we introduce the set

0

Nr(T) = {{ zl } €Hy x H|C*2 =0 Vt€[0,T], zsolution of { Onz =Rz }

2(0) = 29, 9;2(0) =

0z = g)
w=(3)

Proposition 12. . If Assumption 5.1.1 is satisfied, for every T > T*, the control system (5.37)
is null controllable at time T'. Moreover, one can choose U such that

~

0

20 . . R

= 1 €My xH[(0,0%)Z =0Vt €[0,T], Zsolution of 20
2!

5.41)

The main proposition is the following.

U € Hg" (0, T;uU™) (Mg *CH([0,T),C7 (™). (5.42)

Proof of Proposition 12.
We will need the two following lemmas.

Lemma 20. If Ng: ya-(T) = {0} and if the system
OuZ = Qn(Z)+ C,(U) in (0,T) x H" (5.43)
is exactly controllable at time T then the system (5.37) is exactly controllable in time T.
Lemma 20 can be found in [21, Theorem 4] (with e = 1), its proof will then be omitted.
Lemma 21. If No-(T) = {0} then Ng: 1 4-(T) = {0}.

Let us temporarily admit this lemma and explain how we can deduce Proposition 12. By
Assumption 5.1.1, we have a unique continuation property for the adjoint system of (5.43),
from which we obtain that Ng«(T) = {0}. Now, using Lemma 20 and Lemma 21, the system
(5.37) is null controllable at time T. Since C € L(U", X), the control system (5.39) is null
controllable at time 7" and the operator Q +Ais a generator of strongly continuous group on
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X. Let T > T™, combining one more time Theorem 1.4, Corollary 1.5 and the equality (3.19) in
[33] (with s = 2n — 2), if Yy € D(Q?"~2) one can choose U such that

U e B0, Tiu) (3 CH(0, T C D@ )™ 74).

Since for i € N*, D(Q") = (7—[%1 XH)", D((Q*)") = D(Q* 1), and going back to the definition
of C* given in (5.40), we obtain (5.42).

|
It remains us to prove Lemma 21. The proof is based on the following property.
Lemma 22. Let a € K. If No«(T) = {0} then Ng-4qr,, (T) = {0}.
Proof of Lemma 22. Let us decompose the proof into three steps.
o If C*p # 0 for every eigenvector ¢ of Q* + aly then No«iqr,, = {0}.
To prove this property we refer to the proof of [21, Theorem 5] which relies on an easy

compactness-uniqueness argument.
e If © an eigenvector of Q* associated to the eigenvalue —\ < 0 and Ng+(T) = 0 then

C*p #0.

%)
Indeed, in this case ( N ) is an eigenvector of ( d ) associated to the eigenvalue
2

0

Q" 0
%)

iv/A. Let us assume that (0, C*) < VA > = C*"¢p = 0. Let Z, be the solution of
¥

0 I
8tZ¢:<Q* 61>Z¢,

Thus for all ¢ € (0,T), we have

%)
Z(t) :eiﬁt< e )
¥

By assumption (0, C*)Z(t) = !V C*p = 0. From the definition of Ng- (T)), ¢ € Ng-(T) =
{0}, whence the contradiction.
e For every ¢ eigenvector of Q* + aly, C*p # 0.

Indeed, the couple (¢, A) is a vector-eigenfunction of Q* if and only if the couple (p, A+ a)
is a vector-eigenfunction of Q* + alx, and we can use the previous point.
Combining these 3 arguments provides Lemma 22.
|

Proof of Lemma 21. Since K = C, A* is triangularisable. Hence, There exists an invertible
matrix P such that A* = PTP~! with T = (¢;;) some lower triangular matrix. Using the change
of variables V = P~'Z, we deduce that Ng: ya-(T) = {0} if and only if Ng: 7+(T) = {0}. The
system

(5.44)

Iy =QnZ +TZ,
Z(0) = Zo,
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can be written as
Ztlt = szl +f1121,
Zf = Q7% +tnZt + 192 22,

: (5.45)
ZZ% = QZZTL + tnlzl + tn2Z2 +--+ tnnZn7
Z(0) = Zp.
Z} c'z
Let Zy = € Ng: 47+ (T). By definition 622 = = 0 with Z solution of

(5.44), hence Z} € No«i1,,1,,- Since No«(T) = 0 and using Lemma 22, we have Z} = 0. Thus
the system can be written as

7% = Q7% + 19972,

Ztri = Q:LZTL + tn?ZQ +oF tnnZna

Z(0) = Zp.
Using the same reasoning as before by replacing Z' by Z2,Z3,...,Z™ successively, we get by
induction that Z§ = --- = Z = 0, thus we have Z; = 0 and we infer that Ng- 7+ (T) = 0,

which concludes the proof thanks to Lemma 20.
|

Algebraic problem :
For f := C,,(U), we want find a pair (X, W) € C°([0, T]; D(Q,))NC*([0, T}; D(Q2))NC([0, T]; H™) %
C°([0, T);U™) satistying the following control problem :

OuX = Qu(X) + AX + BC,,W + f in (0,7) x H™, (5.46)

X(0)=X(T) =0, X(0) =0, X(T) =0. '
As in the proof of Theorem 6, we will solve instead

X =Qn(X)+AX +BW+ f in (0,T) x H"™, (5.47)

X(0)=X(T)=0:X(0) =0, X(T) =0, ’

with W € C,,(U™). We will mimic the proof of Proposition 11. In the same way we can write
Problem (5.34) under the abstract form

PX, W) =f, (5.48)
where ~
B D(P) C L2(0, T; H"t™) — L2(0,T; H") (5.49)
(X, W) = OuX —Qp,X — AX — BW. '

The goal will be then to find a partial differential operator M satisfying
PoM=1I,. (5.50)

Proposition 13. Let (A, B) € M, (K) X My.m(K). If rank([A|B]) = n, P has a right inverse
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denoted by M. Moreover, the operator M is an operator of order

2n —4  forn first components (5.51)
2n — 2 for the m last components ’
in time and
n—2 forn first components (5.52)
n—1 for the m last components ’
in terms of powers of Q.
Proof of Proposition 13. Changing 0; to 0y in the proof of Proposition 11 we have
P oM = [A|B]
with - ~
M : D(M)cC L*0,T;H™™) — L*0,T;H"T™)
fi
fm
fm+1 ~
f= : = M,
f2m
frm
defined by
‘ fjerl
S S () (=0 + QY AT B |
. firm
Mf = . (5.53)
fim+1
Yig (F) (=0 + Q)
fa+1)m
Since rank([A|B]) = n, there exists D € M, ,, such that [A|B]D = I,,. Introducing the operator
M := MD we obtain (5.50). Moreover, in the n first components the higher order term is
(=0 + Q)" 2 and in the m last components the higher order term is (—d; + Q)" !, which
concludes the proof. [ ]

Conclusion : combination of the Analytic and Algebraic Problems.

The proof is similar to the one-order case, so that we just give the main arguments here. Let
(X, W) be defined by

( X ) — M(CU), (5.54)

with C,U € Hg"~2(0,T;Cr(U™) N N> CR([0,T);CC (M, _,)) constructed in Proposi-
2
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tion 12. Using Proposition 13 and Assumption 5.1.2 , we obtain that
(X, W) € (H3(0,T3 (Co@™) M3 _aC (10, T H;_ 1)) x ([0, ], ConU™)):

Notably, there exists W € C°([0,T],U™) such that W = C’mW. Moreover, using Proposition 12
we have X (0) = X(T) =0 in ‘K™ and we remark that (X, W) is a solution to the problem

OuX = Qu(X)+ AX + BC,,W + f in (0,7) x H",
X(0) = X(T) = 8,X(0) = 9, X(T) = 0.

Thus the pair (Y,V) := (Z — X, —W) is a solution to System (Ord2) in C°([0,T]; D(Q,)) N
CH[0,T); D(Qz)) NC?([0,T); H™) x C°([0, T);UU™) and satisfies

Y(0)=Y° in D(Q"2)", 8Y(0)=Y"! in D(Q" )"
YT)=0in H", 0Y(T)=0 in H"

5.3.2 Second part of the proof of Theorem 7

In this section, we assume that the Kalman condition is NOT satisfied and we want to prove
that the null controllability of (Ord2) fails. We will use an argument based on the transmutation
method in order to go back to a parabolic one-order system. The ideas are then essentially the
same as in Section 5.2.2.

From [79, Proposition 5.2] and using the transmutation technique (as in [79, Section 5.3]) we
have the following lemma :

Lemma 23. Let S* > 0. If the system
{ 0ssY = Q.Y + AY + BC,,U in Ry xH", (5.55)

is null controllable for every S > S* then at any time T > 0, for every initial condition Z° € H",
there exists a control V € C°([0,T];U™) such that the solution Z to System

{atZ:an+AZ+BCmV in (0,T) x H", (5.56)

Z(0) = 2°,

satisfies
Z(T)=0 in H".

Proof of Lemma 23. Let € > 0 and T €]0, inf(1, (S*)?)[. From |79, Proposition 5.2], we can
construct a function v € L?(IR?) such that

0w —0ssv =0 in D'(]0,00[x] =S, S[), (5.57)
Vjp—o = 0p and Vj—p_cp =0, (5.58)
v(t,s) =0 for every (t,s)€ (]R\]O,T —€eT) x (R\] = S,9]).

Let Z° € H™. We have Z0 = eT(@n+4) 70 ¢ D(Q,r ) Let (Y,U) be a solution to System ( .55)
in CO(Ry;H") x CO(Ry;U™) with (Y(O),@SY(O)) (Z°,0) such that Y(S) = 9,Y(S) = 0 and
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Y (s) = 0 for every s € [S,+oo[. We define Y and U as the extension of Y and U by reflection
with respect to s, that is to say Y (s) = Y(s) = Y(—s) and U(s) = U(s) = U(—s) for every
s € R4. Thus, the pair (Y,U) satisfies

0..Y = Q,Y + AY + BC,, U in R xH" (5.59)

Let Z € L*(R,D(Q,,)) and V € L*(R,U™) defined by
Z@:AW—J@ﬂmsde@:AW—J@MM&
Since Y (S) = 9,Y.(S) = 0, the equations (5.57) and (5.59) imply
07 = QuZ + AZ + BC,V in eI, 00[xH".

The conditions (5.58) imply then

Zjpeer =2° and  Zjy_p =0,

whence the conclusion. [ ]
X1

We assume that rank([4|B]) # n. Thus, there exists X = € H™\{0} such that
Xn

B*X = B*A*X = --- B* (A*)""' X = 0. We consider the following adjoint system of (5.56)

—Oip=Qn(p) + A% i (0,T) xH",

r 5.60

{ o(T) = T (5:60)

It is well-known that System (5.56) is null controllable at time 7T if and only if there exists a
positive constant Cy such that for all solution ¢ of (5.60)

T
1o (0)llse < C / 1G5 B ol dt. (5.61)

for all T € D(L?). Let ¢x the solution of (5.60) with px (T) = X. Let S = (S)ter be a strongly
continuous semigroup on H, with generator Q : D(Q) C H — H. By the definition of @Q,, given in

S*(T —t) X4
(5.6), we obtain C¥ B*px = C¥ B*et4” . Since (A, B) € M,,(K) x M, (K),
S*(T — )X,
S*(T — )X,
for all i € {0,--- ,n — 1}, B* (A*)’ is solution of
S*(T — )X,

{ O = Qily) i (0,T) x H™,
o(T) = B* (A*)' X = 0.
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Thus
S*(T —t) X,

B* (A*) : =0.
SHT -1 X,
Using the Cayley-Hamilton theorem, we obtain that C};, B*px = 0, from which we deduce that

(5.61) is not satisfied. Thus, the System (5.56) is not controllable at time 7. Using Lemma 23,
we deduce that the system

OuY = QY + AY + BC,,U  in (0,T) x H",

is not controllable, which concludes the proof. |

5.4 Applications

In this section, we will give some examples of applications in the case of systems of Schrédinger
and wave equations with internal control. Let  be a smooth bounded open subset of RY . We will
denote by L%(f) the set of square-integrable functions defined on © with values in the complex
plane C.

We recall the following definition that will be widely used in what follows.

Definition 1 (GCC). We say that w verifies the Geometric Optics Condition (GCC in short)
if there exists T* > 0 such that any rays of Geometric Optics in ) enter the open set w in time
smaller than T* (see [15]) .

5.4.1 System of Schrodinger equations with internal control

Let us introduce the state space H = L?*(Q) and the control space U = L?(Q) = H. We
consider the linear continuous operator C : L?(Q) — L?(f2) defined by Cu = 1,u with

1 = 1 on w,
“7 10 on Qw.
We consider the following Schrodinger equation

{ Oz = iAz + W(x)z + L,u, (5.62)

2(0) = 2o,

where the potential W is in C°°(2;K). It is well-known that the operator iA + W (x) : H2(Q2) N
HE(Q) C L?(Q) — L3(Q) is a generator of a group on L?(Q). Let n € N*, we have D((iA +
W (z))") = D(((iA + W(z))*)") = H; () where Hgi(Q) is defined by

H(QC?)(Q) = {v € H*(Q) such that v = Av = --- = A" 'y = 0 on 9N}. (5.63)

We consider the control system

{ 0Y =iAY + W(x)Y + AY +1,BV  in (0,T) x L%(Q)",

Y0 = vo, (5.64)

with (4, B) € My (K) x My, (C).

Our first result concerns the case where w is strongly included in €.
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X

FIGURE 5.2 — An example when w C 0 is an

FIGURE 5.1 — An example when w C ). open set such that w N Q2 % 0.

Theorem 8. Let T > 0 and let us assume that the open set w of Q satisfy GCC and w C €2, then
there exists a control V in CO((0,T) x (L?(Q))™) such that the solution of (5.64) with initial
condition Y (0) = Y° in (H(Q(;;_Q(Q))" satisfies

Y(T)=0 in (L*(Q)"
if and only Y° € [A|B]((L*(Q))™™).

Proof of Theorem 8. Since @ C ©, one can construct a function 1, € C*>°(Q) defined by

5 1 on wo,
1, .—{ 0 on Q\w, (5.65)

where w is some well-chosen open set strongly included in w still verifying GCC, so that

{ Biz = (iIA + W (2))z + 1ou, (5.66)

z(0) = 2o,

is exactly controllable thanks to the result of [66] (see Figure 5.1). Thus, we deduce that As-
sumption 5.1.1 is verified with C : L2(Q) — L?(Q) defined by Cu = 1,,u.

To apply Theorem 6 we need to verify Assumption 5.1.2 where C is described above. Let
0 € D(((IA + W (2))")F) = H(zok)(ﬂ), for all k € {0,---,n — 1}, by definition of 1, € C(Q) we
obtain CC'p = 12 € HZ () and (iA + W (2))*(CC D(((iA + W(x))*)F) € C(L*(R)). Thus,
we can apply Theorem 6 whence the conclusion of the proof of Theorem 8. [ |

Remark 5. One can obtain the same result as in Theorem 8 with exactly the same proof by
replacing the open set  with some regular compact connected Riemannian manifold without
boundary M, with w any open subset of M verifying GCC.

From now on we consider w an open subset of € such that w N 9Q # @ (see Figure 5.2).

In general it is impossible to construct a function 1, € C®(Q) as (5.65) such that the system
(5.66) is controllable and 1, maps H (201“)(9) into itself for all k € [3, oc]. More precisely, satisfying

Assumption 5.1.2 would require that, for every ¢ € H(Q()(;kl) (Q), for every k < n—2, A*¥(1,0) =0
on 9 which is not verified without additional conditions on 1,,. If n = 2 it is clear that 1., maps

L?(Q,C) into itself. If n = 3, we need to assume moreover that V1.7 = 0 with 7 the unit
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normal vector. If n > 3, 1., has to satisfy strong global geometric conditions, for instance 1, can
be chosen constant near any connected component of the boundary (for more informations we
refer to [29, Section 4.2]). However, we cannot affirm anymore that the system (5.66) will still be
controllable without loss of regularity or locality on the function 1,,, so that Assumption 5.1.2
will not be verified. Hence, we will focus our attention on some particular cases. We will first
consider the case where the number of equations is less than or equal to three without additional
conditions on 2 and then we will consider the case where € is the product of N open intervals
in RY and the case where € is a unit disk.

Theorem 9. Let T > 0. Let w be an open subset of Q such that w N O # O and w satisfies
GCC. Let n < 3, then there exists a control V in C°([0,T]; (L*(Q))™) such that the solution of
(5.64) corresponding to the initial condition Y (0) =Y? in (H(QOTS_Q(Q))" satisfies

Y(T)=0 in (L*(Q)",
if and only Y € [A|B]((L*(Q2))™™).

Proof of Theorem 9. We can keep constructing a function 1, € C*°(Q) defined by

= ] 1 on w,
1, .—{ 0 on Q\w, (5.67)

where wq is some well-chosen open set included in w still verifying GCC such that V1.7 = 0
and the system

Orz = iAz + W(x)z + 1,u,
{ 2(0) = =0, (5.68)
is exactly controllable (see Figure 5.2). Moreover, using [29, Section 4.2] and V1.7 = 0, we

infer that 17 maps H)j(2) into itself for k& < 2 and by definition of 1,, we have (iA +

W (2))*(CC D((iA + W (x))*)*)) € C(L2(Q)) for k < 2. Thus, Assumption 5.1.2 is verified
and we can conclude as in the proof of Theorem 8. ]

It is well-known that GCC is only a sufficient condition to ensure the exact controllability of
the Schrodinger equation, but is not always necessary in some particular geometries. Let us give
two examples. If € is the product of N open intervals, we do not need to impose restrictions on
w and if € is a unit disk, w has to touch the boundary of Q.

Theorem 10. Let T > 0 and let us assume that the domain Q@ C RY is the product of N open
intervals, then there exists a control V in C°((0,T) x (L*(Q))™) such that the solution of (5.64)
corresponding to the initial condition Y (0) = Y in (H*"~2(Q))" satisfies

(0)
Y(T)=0 in (L*(Q)",
if and only Y° € [A|B]((L*(Q))"™).

Proof of Theorem 10. From [62, Proposition 8.8|, one can easily deduce that the system

Oz = iAz + W(z)z + Lzu,
Z(O) = 20,

is exactly controllable for any nonempty open @ subset of Q. Consequently, without loss of
generality we can assume that w C 2. Thus, we just have to copy the proof of Theorem 8 and
we deduce the expected result. [ |
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Theorem 11. Let T > 0 and let us assume that the domain §2 C R? is the unit disk and
let w be an open subset of Q such that w N O # 0. Let n < 3, then there exists a control V
in C°([0,T7; (L?(Q))™) such that the solution of (5.64) corresponding to the initial condition
Y(0) =Y in (H ()" satisfies

Y(T)=0 in (L*(Q)",

if and only Y° € [A|B]((L*(Q))"™).

Proof of Theorem 11. Since the domain Q ¢ R? is the unit disk, from [12, Theorem 1.2],
we deduce that the equation

Oz = iAz + W(z)z + 1zu,
z(0) = 2o,

is exactly controllable for any open & subset of Q such that & N dQ # (). Thus, we just mimic
the proof of Theorem 9 and we have directly the expected result. [ ]

Remark 6. The same results can be obtained by replacing the Schrodinger equation by the plate
equation (see for example [66, Section 5]).

5.4.2 System of wave equations with internal control

We consider the state space and control space as in the previous section, i.e. H = U = L?(Q).
We introduce the operator C : L?(Q) — L2(2) such that Cu = 1,u. We consider the following
wave equation

Onz = Az+ W(x)z + 1,u,
2(0) = 2o, (5.69)
8t2(0) = Z1,

where the potential W is in C*°(Q;K). It is well-known that the operator A + W (z) : H2(Q) N
HE(Q) C L?(Q) — L3(Q) is self-adjoint with compact resolvent, but it is not a negative operator
in general. This is not a problem here because we know that for 1 > 0 large enough the operator
A + W(zx) — p becomes negative, hence we can adapt the results of Theorem 7 in this case.
Moreover, we know that if w verifies GCC, then (5.69) is controllable at any time T > T, where
T* is the minimal time needed to ensure that all the rays of Geometric Optics in {2 enter the
open set w. Let n € IN*, we have D((A + W (z))") = H(20’3 () where H(Q(;; (Q) is defined in (5.63).
We consider the control system

Y =AY + W(2)Y + AY +1,BV  in (0,T) x L2(Q)",
Y(0) =Y, (5.70)
8Y (0) =Y,

with (4, B) € M,,(C) x My, 1, (C). Mimicking the proof of Theorem 8 and Theorem 9 we imme-

diately obtain the following results :

Theorem 12. Let us assume that w satisfies GCC and w C Q. Let (YO, Y1) € H(Q(;*l(Q) X
H(Z()’;*z(ﬂ). Then, for every T > T*, the control system (5.70) is exactly controllable at time T if
and only if rank([A|B]) = n.

Remark 7. As in the case of the Schrédinger equation, one can obtain the same result as in
Theorem 12 with exactly the same proof by replacing the open set 2 with some regular compact
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connected Riemannian manifold without boundary M, with w any open subset of M verifying
GCC.

Theorem 13. Let w be an open subset of Q such that w N OQ # ) and w satisfies GCC. Let
n<3. Let (YO, Y1) e H(Qég_l(Q) X H(Qg;_Q(Q), then, for every T > T*, the control system (5.70)
is exactly controllable at time T if and only if rank([A|B]) = n.
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Conclusion

Nous avons obtenu des estimations de la constante d’observabilité ¢(Ta,w) (par dualité, du
cofit du controle) en utilisant une méthode par propagation et une méthode spectrale. La version
spectrale de la constante d’observabilité nous a amené a déterminer une borne inférieure du
probléme d’optimisation

inf  inf inf eq.i(x)? dz
0<a<M |w|=rL jeN* | 0.3 (%) ’
avec e, ; le j-iéme vecteur propre de 'opérateur —A + a(-). Nous avons vu que cette estimation
est optimale par rapport a la mesure de w. On montre, par exemple, que

(T, a,w)

EE =0(1), lorsque |w|~ 0.

Dans un deuxiéme temps, nous avons montré des résultats de controlabilité indirecte pour certains
systémes de n équations et de m controéles avec m < n. Le controéle agit indirectement sur les n—m
équations au travers d’une matrice constante A. Pour le systéme d’équations de Schrédinger, on
a caractérisé les données initiales qui sont controlables et pour le systéme d’équations des ondes
on montre la contrdlabiltité a 0 sous des conditions nécessaires et suffisantes de type Kalman.

Une question intéressante serait d’obtenir une estimation du cott du contréle pour des sys-
témes d’équations en utilisant une décomposition spectrale de la constante d’observabilité. Par
exemple, supposons que w est un ouvert inclus dans (0, L) vérifiant GCC et considérons un
systéme a n équations des ondes et & m contréles de la forme

oY — AY = AY + x,BU(t,z), (t,z) € (0,T) x (0,L), (Syst-ondes)

avec X : (0,L) — IR une fonctions réguliére sur (0, L) a support dans w, B € M,,(R) et
A € M,,(R) est une matrice symétrique. Si rang(B, AB,--- , A" 1B) = n, sous des conditions
sur w, d’aprés [Chapitre 5, Théoréme 12 et Théoréme 13], le systéme (Syst-ondes) est controlable.
De plus, il existe une base hilbertienne de vecteurs propres (ea ;)jen+ associés a I'opérateur
—A + A sur L*(Q)". Pouvons-nous déterminer une estimation fine du cofit du contrdle pour
(Syst-ondes) en utilisant la décomposition spectrale de la solution Y 7
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OBSERVATION ET CONTROLE DE QUELQUES SYSTEMES CONSERVATIFS

Résumé

Dans cette thése, nous nous intéressons a la contrélabilité interne et & son coiit pour une ou plusieurs
équations aux dérivées partielles conservatives.

Dans la premiére partie, nous introduisons et détaillons deux méthodes permettant d’estimer le coftit
du controle (et par dualité, de la constante d’observabilité) de I’équation des ondes avec potentiel L™
en dimension un d’espace. La premiére utilise la propagation des ondes le long des caractéristiques en
s’appuyant sur le role symétrique de la variable de temps et d’espace. La deuxiéme méthode repose sur la
décomposition spectrale de I’équation des ondes et sur 'utilisation des inégalités d’Ingham. L’estimation
de la constante d’observabilité se raméne alors & 1’étude d’un probléme d’optimisation faisant interve-
nir les vecteurs propres du Laplacien-Dirichlet avec potentiel. Nous fournissons ensuite des propriétés
qualitatives sur le minimiseurs ainsi qu’une estimation du minimum ne dépendant que de la mesure de
I’ensemble d’observation.

Dans la deuxiéme partie, nous étudions la contrélabilité de certains systémes d’équations avec un nombre
de controéles réduits, autrement dit le nombre de contréles est plus petit que le nombre d’équations.
En particulier, nous caractérisons exactement les données initiales qui peuvent étre controlées pour des
systémes d’équations couplées de type Schrédinger et nous énongons une condition nécessaire et suffisante
de type Kalman pour des systémes d’équations des ondes couplées. La preuve repose sur une méthode de
controéle fictif combinée & la résolution algébrique d’un systéme sous-déterminé et sur certains résultats
de régularité.

Mots clés : opérateurs de sturm-liouville, problémes extrémaux, calculs des variations, inégalité
d’ingham, contrélabilité indirecte de systémes linéaires, équations des ondes et de schrodinger,
méthode de contréle fictif, résolubilité algébrique.

Abstract

In this work, we focus on the internal controllability and its cost for some linear partial differential
equations.

In the first part, we introduce and describe two methods to provide precise estimates of the cost of control
(and by duality, of the observability constant) for general one dimensional wave equations with potential.
The first one is based on a propagation argument along the characteristics relying on the symmetrical
roles of the time and space variables. The second one uses a spectral decomposition of the solution of
the wave equation and Ingham’s inequalities. This relates the estimation of the observability constant
to the study of an optimal problem involving Dirichlet eigenfunctions of Laplacian with potential. We
provide some qualitative properties of the minimizers, and also precise bounds on the minimum.

In the second part, we are concerned with the controllability of some systems of equations by a reduced
number of controls (i.e. the number of controls is less that the number of equations). In particular, in
the case of coupled systems of Schrédinger equations, we exactly characterize the initial conditions that
can be controlled and we give a necessary and sufficient condition of Kalman type for the controllability
of coupled systems of wave equations. The proof relies on the fictitious control method coupled with the
proof of an algebraic solvability property for some related underdetermined system, as well as on some
regularity results.

Keywords: sturm-liouville operators, extremal problems, calculus of variations, ingham’s inequal-
ity, indirect controllability of linear systems, schrodinger and wave equations, fictitious control
method, algebraic solvability.

JiL

Laboratoire Jacques-Louis Lions
4 place Jussieu — 75005 Paris — France
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