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Abstract

The goal of this article is to analyze observability results in
arbitrary small time for discrete approximations of conservative
systems. In previous works, under the assumption that the con-
tinuous conservative system is admissible and exactly observable,
observability results for the corresponding discrete approximation
schemes have been proved within the class of conveniently filtered
solutions using resolvent estimates. However, in several situations
and in particular for Schrédinger equations when the Geometric
Control Condition is satisfied, the exact observability property
holds in any arbitrary small time. We prove that in several cases,
namely under a stronger resolvent condition, the time-discrete ap-
proximations of conservative systems also enjoy uniform observ-
ability properties in arbitrary small time, still within the class
of conveniently filtered solutions. In particular, our methodology
applies to space semi-discrete and fully discrete approximation
schemes of Schrodinger equations for which the Geometric Con-
trol Condition is satisfied. Our approach is based on the resolvent
characterization of the exact observability property and a con-
structive argument by Haraux in [14].
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1 Introduction

Let X be a Hilbert space endowed with the norm |-||y and let A :
D(A) — X be a skew-adjoint operator with compact resolvent. Let us
consider the following abstract system:

2(t) = Az(t), =z(0) = 2. (1.1)

Here and henceforth, a dot (") denotes differentiation with respect to the
time ¢. The element zp € X is called the initial state, and z = z(t) is the
state of the system. Note that since A is skew-adjoint, solutions of (1.1)
have constant energy: Vt € R, ||z(t)|y = [|20/x. In particular, (1.1)
can be solved for all time ¢ € R.

Such systems are often used as models of vibrating systems (e.g., the
wave equation), electromagnetic phenomena (Maxwell equations) or in
quantum mechanics (Schrédinger equation).

Assume that Y is another Hilbert space equipped with the norm
|-Ily-- We denote by £(X,Y") the space of bounded linear operators from
X to Y, endowed with the classical operator norm. Let B € £(D(A),Y)
be an observation operator and define the output function

y(t) = Ba(t). (1.2)

In order to give a sense to (1.2), we make the assumption that B is an
admissible observation operator in the following sense (see [20]):

Definition 1.1. The operator B is an admissible observation operator
for system (1.1)-(1.2) if for every T > 0 there exists a constant Kr > 0
such that

T
/ IBz(0)3 dt < Kz |lz0l%, V2o € D(A). (1.3)
0

Note that if B is bounded on X, i.e. if it can be extended such that
B € £(X,Y), then B is obviously an admissible observation operator.
However, in applications, this is often not the case, and the admissi-
bility condition is then a consequence of a suitable “hidden regularity”
property of the solutions of the evolution equation (1.1).

The exact observability property of system (1.1)-(1.2) can be formu-
lated as follows:

Definition 1.2. System (1.1)-(1.2) is exactly observable in time 7' if
there exists kr > 0 such that

T
brlaoli < [ 1B @ voeD@).
0
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Moreover, (1.1)-(1.2) is said to be exactly observable if it is exactly
observable in some time 7" > 0.

Note that observability issues arise naturally when dealing with con-
trollability and stabilization properties of linear systems (see for instance
the textbook [20]). Indeed, controllability and observability are dual
notions, and therefore each statement concerning observability has its
counterpart in controllability. In the sequel, we focus on the observabil-
ity properties of (1.1)-(1.2).

It was proved in [21] that system (1.1)-(1.2) is exactly observable if
and only if the following assertion holds:

Condition 1. There exist positive constants M, m > 0 such that
M?|[(A—iwl)z|[5 +m? | Bz|3 > |25, YweR, VzeD(A). (1.5)

This spectral condition can be viewed as a Hautus-type test, and
generalizes the classical Kalman rank condition, see for instance [26]. To
be more precise, if Condition 1 holds, then system (1.1)-(1.2) is exactly
observable in any time T' > Ty = 7M (see [21]).

The following stronger resolvent condition is more interesting for our
purpose:

Condition 2. There exist a positive constant m > 0 and a function
M = M(w) of w € R, bounded on R and satisfying

lim M(w) =0, (1.6)

|w|—00
such that for all w € R,
. 2 2 2
M()* (A —iwl)2|lx +m® || Bzlly 2 ||z %,  V2€D(A4). (L7)

This condition appears naturally when considering Schrédinger equa-
tions for which the Geometric Control Condition is satisfied (see [21] and
Section 4 below).

Theorem 1.3 ([5, 21]). When Condition 2 is fulfilled, system (1.1)-(1.2)
s observable in any time T > 0.

The proof of Theorem 1.3 in [21] is based on a decoupling argument
of high- and low-frequency components. Given T > 0, take M > 0 such
that #M < T*, and choose a frequency cut Q@ = Qo + 1/M where Qg
satisfies sup |, >0, {M(w)} < M. Then the frequencies higher than (2 are

exactly observable in any time T € (wM,T*). The low-frequency com-
ponents then correspond to a finite dimensional observability problem
and can be handled in any time 7" > 0. Finally these two partial observ-
ability properties are combined together using a compactness argument
(or simultaneous exact controllability results as in [26]).
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But these methods are not constructive and are then not sufficient
to obtain observability results for family of operators satisfying (1.7)
uniformly. It is then of particular interest to design a constructive proof
of Theorem 1.3 when dealing for instance with discrete approximation
schemes of (1.1)-(1.2).

In the sequel, we will then propose a constructive proof of Theorem
1.3, based on an explicit method proposed by Haraux in [14]. This allows
us to deal with families of operators satisfying Condition 2 uniformly.
We then explain how our method applies to time semi-discretizations of
(1.1)-(1.2).

In particular, our method implies that when the Geometric Control
Condition is satisfied, time continuous and time semi-discrete Schrodinger
equations are exactly observable in arbitrary small time, as we will see
in Section 4. In this case, based on the abstract approach developed in
[8, 9], we can also deal with space semi-discrete and fully discrete ap-
proximation schemes. In particular, we will prove uniform (with respect
ti the discretization parameters) observability results in arbitrary small
time for discrete approximations of Schrodinger equations satisfying the
Geometric Control Condition, within the class of conveniently filtered
solutions.

Let us now briefly comment the literature. This article follows the
works [10, 8, 9] on observability properties for discrete approximation
schemes of abstract conservative systems which, in the continuous set-
ting, are exactly observable. The main underlying idea there is to use
spectral criteria such as (1.5) which yield explicit dependence on the pa-
rameters for the constants entering in the exact observability property
(1.4). Indeed, one can then use the following diagram to prove uniform
observability results for discrete approximations of (1.1)-(1.2):

Exact observability property Uniform observability
for the continuous system for discretizations of (1.1)-(1.2)
\ f
Spectral criterion = Spectral criterion
for the continuous system for the discrete systems

The spectral criteria used in [10, 8, 9] for the exact observability property
are due in particular to [5, 21, 24, 26]. As already noticed in [26], if the
operators A and B satisfy estimate (1.7) for a function M (w) satisfying
lim,| 0o M(w) = M (M may be different from 0), then system (1.1)-
(1.2) is exactly observable in any time T' > 7M.

Let us mention that one has to look for uniform observability prop-
erties for the discrete approximation schemes of (1.1)-(1.2) to guarantee
the convergence of the controls computed in the discrete setting to one
of the continuous system (1.1)-(1.2). However, as already noticed in
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[11, 12, 13] in the nineties, observability properties for discrete versions
of (1.1)-(1.2) do not hold uniformly with respect to the discretization
parameters due to spurious high-frequencies. We thus need to restrict
ourselves to prove uniform observability properties within the class of
conveniently filtered solutions.

There are of course several other techniques to study observability
properties for discrete versions of (1.1)-(1.2), such as Ingham’s Lemma
[16], which use is essentially limited to the 1d cases (see [15, 6, 7]), and
discrete multiplier methods as in [22, 23]. For extensive references and
the state of the art for the observability properties of discrete approxi-
mations of the wave equation, we refer to [27].

The paper is organized as follows.

In Section 2, we give a constructive proof of Theorem 1.3. In Section
3, we explain how this can yield uniform observability results in arbitrary
small time for time semi-discrete versions of (1.1)-(1.2). in Section 4,
we present an application of these techniques to discrete Schrodinger
equations -including the fully discrete case- when the Geometric Control
Condition is satisfied. We finally end up with some further comments.

Acknowledgments. The author acknowledges Vilmos Komornik
for having pointed out the constructive argument of Haraux.

2 A constructive proof of Theorem 1.3

Before going into the proof, we introduce some notations.
For a function f € L?*(R; X) depending on time ¢ € R, we define its
time Fourier transform f € L?(R, X) by

1 —iwt
Fw) :E/Rf(t)e dt. 2.1)

The Parseval identity then reads:

[ a= [ |f) @ viermx. @2

It is convenient to introduce the spectrum of the operator A. Since
A is skew-adjoint with compact resolvent, its spectrum is discrete and
o(A) = {ip; : j € Z}, where (p;)jez is an increasing sequence of
real numbers. Set (®;);en an orthonormal basis of eigenvectors of A
associated to the eigenvalues (ip;);ez:

Moreover, we define the filtered class

C(s) = span{®; : the corresponding ip; satisfies |p;| < s},  (2.4)
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and its orthogonal C(s)* in X, which coincides with
span{®; : the corresponding ip; satisfies |p;| > s}.
We can now focus on the proof of Theorem 1.3, which is decomposed
in two main steps, which will be explained in the next subsections:

1. We prove an observability inequality in arbitrary small time for
the high-frequency solutions of (1.1).

2. We use the constructive argument in [14] to obtain an observability
inequality for any solutions of (1.1).

2.1 High frequency components

We first prove a high-frequency resolvent estimate:

Lemma 2.1. For all M > 0 there exists a constant 0 such that
M? (A — iD=y +m? | B2Il% > =% 05

VweR, VzeDA)NC(Q)*L.

Proof of Lemma 2.1. Fix M > 0. Then there exists {2y such that
Yw > Qo, |M(w)|] < M.
This implies the following version of (2.5):

. 2 2 2
M? (A — w2 +m* || Bzly = |l2]%
Vw such that |w| > Qq, Vz € D(A).

In particular, this implies (2.5) for all w such that |w| > €y. We thus
only need to prove (2.5) for w such that |w| < Q. This can be done
using the following remark: If Q > Q,

Vw such that |w| < Qq, Vz € D(A)NC(N)*,
104 = iw)zll% > (2= Q0)° ||z -

Then, with the choice Q@ = Qo + 1/M, (2.5) holds. ¢
We now prove the following lemma:

Lemma 2.2. If (2.5) holds for given M and ), the observability in-
equality (1.4) holds in any time T > wM for solutions of (1.1) with
initial data lying in C(Q)*. Besides the corresponding constant kp > 0
of observability in (1.4) can be chosen as

1

b = 2m2T2

(T? — 72 M?).
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This lemma can actually be found in [5, 21]. We provide the proof
for completeness.

Proof of Lemma 2.2. Given 25 € C(Q)+ ND(A), let 2(t) be the corre-
sponding solution of (1.1) and define, for x € C§°(R),

g(t) = x(®)=(t), f(t) =g'(t) = Ag(t) = X' ()z(t).

Then f(w) = (iw — A)§(w). Besides, § belongs to L2(R; D(A) NC(Q)L).
We can thus apply the resolvent estimate (2.5) to g(w):

— 2 . 2
wweR, (gl <m?||Byw)| +m2||fw)| -
Integrating in w and using the Parseval identity, we obtain

([xw? ae=ar [ xap a)jali <m? [ e 1Bl d

where we used that the energy of solutions of (1.1), given by ||z(t)||§(, is
constant.

We then look for a function xy which makes the left hand side positive.
This can be achieved by taking x(¢) = sin(nt/T) in (0,T) and vanishing
anywhere else. This is not in C§°(R) but in H!(R) with compact support,
which is sufficient for the proof developed above.

This gives the desired estimate for any initial data zg € D(A)NC(Q)*
and we conclude by density. ¢

2.2 Haraux’s constructive argument

To present the construction precisely, remark that since A has compact
resolvent, there is only a finite number of eigenvalues for which | | < €.
For convenience, we introduce the finite sequence (m;)i1<;<n of strictly
increasing real numbers such that {m;} = {u; such that |u;| < Q}. For
j € {1,---,N}, we then denote by X; the finite-dimensional vector
space spanned by the eigenvectors corresponding to eigenvalues ij; with
p; = m;. Note that these notations are not needed when the eigenvalues
are simple.

Lemma 2.3 ([14]). Let B be an admissible operator for (1.1)-(1.2).
Assume that there exist positive constants k > 0 and T such that any
solution of (1.1) with initial data zo € C(Q)* satisfies

T
F ol < / | B=(t)|1% dt. (2.6)
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Also assume that there exists a strictly positive number 3 such that
Vie{lo N}, Vs X, IBzly 280, (27)

Then the observability inequality (1.4) holds in any time T > T, with a
strictly positive observability constant kr > 0 depending explicitly on the
parameters B, T — T, k, the number N of low frequencies and the low

frequency gap

v= inf {mjy1 —m;}, where mo=—Q and myy1 =+Q. (2.8)
j 6{07"' 7]\/'}
Note that v in (2.8) is strictly positive as an infimum of a finite
number of strictly positive quantities.
We give the proof of this lemma below, since it will later be general-
ized to more complex situations. Note that this proof can also be found
in [18].

Proof of Lemma 2.3. The argument is inductive. We then just need to
describe the first step, the others being similar. We then focus on the
observability inequality (1.4) for initial data in Xy + C(Q)*.

Set zp € Xy +C(Q)1, and expand it as z0,N + 2o,nf With zo v € XN
and 2o pr € C(Q)*.

Let z(t) be the solution of (1.1) corresponding to the initial data zo,
and define, for 6 > 0,

IR
o(t) = z(t) — —/ "N Z(t — s) ds. (2.9)
25 J_s

Writing z9p = ) a;®;, the solution z(t) of (1.1) can be explicitly
written as ) a;®; exp(ip,t). In particular,

v(t) = Zajq)j exp(ip;t) (1 — sine(d(my — ,uj)))

= Z a;P; exp(ip;t) (1 — sine(d(my — Mj))) (2.10)
J with [1;]>9

Note in particular that (2.10) implies that the norms of vy = v(0)

and zq satisfy
1

2 2
——F——1— . 2.11
||Zo7h.f|| X — (1 Sinc(é'y))Q ||U0||X ( )

Besides, (2.10) also implies that v is a solution of (1.1) with initial
data in C(Q)*. Hence, it shall also satisfy the observability inequality
(2.6):

1 [T
ol <7 [ 1Bl 212
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We then have to estimate the right hand side of (2.12). From (2.9), we
get:

T 2 T 2
/0 |Bo()|l% dt <2 / |B=)|% dt

7 15 2
+2/ B(—/ MmN 2(t — ) ds) dt
0 20 J_s
Y
T T46
<2 [ 1B dev2 [ 1B
0 _
T46
§4/ B2 dt. (2.13)
-5
Combined with (2.11) and (2.12), this yields
2 4 T+ 2
z < — Bz(t dt. 2.14
lrossl < rrr e |, VPO (2.14)

We then focus on the component of the solution in Xy. Obviously,
denoting by zn,zps the solutions of (1.1) with initial data 2o, zons
respectively, applying (2.7) we obtain

1
T
1
T

IN

2
HZOJVHX

T 2
/0 1By (1)]2 dt

<

T T
2 2
(2/0 I1B=(1)|2 dt+2/0 |Bzns )3 dt).
Using the admissibility of B for system (1.1)-(1.2), we obtain

2
T32

T
2 2K 2
/0 1B=(0)2 dt+ L flzons% (2.15)

2
Z <
” 07N||X— Tﬁ

Using (2.14) and the orthogonality of X and C(2)*, we conclude

) 2 2K ; 4 T+s )
oo < (72 + o+ ) i) [, 1IP0I o
(2.16)

or, using the conservation of the energy for solutions of (1.1) and the
semi-group property,

2 2K 4 T+26 ,
TﬂQ (T‘ﬁ2 + 1) ]:;(1 _ Sinc(’y5))2] [J | B=(t)[y dt.
(2.17)

2
lzoll < |
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Since § > 0 is arbitrary small, we have proved the observability inequality
(2.17) in any time Ty > T for any solution of (1.1) with initial data in
XN+ C(Q)J‘

The induction argument is then left to the reader. ¢

2.3 End of the proof of Theorem 1.3

Set T* > 0. Choose M > 0 such that 7M = T*/4. From Lemma 2.1,
one can choose © such that (2.5) holds for z € D(A) NC()+. From
Lemma 2.2, this implies that any solution of (1.1) with initial data in
C(Q)* satisfies (2.6) in time T = T* /2.

Since A has compact resolvent, there is only a finite number of eigen-
values f1; such that |p;] < Q and then the low frequency gap vy defined
in (2.8) is strictly positive.

We only have to check that estimate (2.7) indeed holds. This is
actually obvious, since for j € {1,--- , N} and z € X, taking w = m;
in (1.7), we obtain:

m? || B2y > ]k -

The proof is then complete by applying Lemma 2.3. O

3 Applications to time-discrete approxima-
tions of (1.1)-(1.2)

This section aims at describing how the previous result can be adapted to
time-discrete approximations of systems (1.1)-(1.2) satisfying Condition
2. In particular, we shall prove that in that case, time semi-discrete
approximations of (1.1)-(1.2) indeed are exactly observable in arbitrary
small time within the class of conveniently filtered solutions, uniformly
with respect to the time discretization parameter.

3.1 Time discrete approximations of (1.1)-(1.2)

To simplify the presentation, we will focus on the following natural ap-
proximation of (1.1)-(1.2), the so-called midpoint scheme. For At > 0,

consider
k1 _ ok ok 4 kL
- A( ) in X, kez,
Al 2 m
0

z” = zp given.

(3.1)

Here, z* denotes the approximation of the solution z of (1.1) at time
tr = kAt. Note that the discrete system (3.1) is conservative, in the

sense that k — szHi{ is constant.
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The output function is now given by the discrete sample
y* = B2 (3.2)

The admissibility and observability properties for (3.1)-(3.2) have been
studied in [10] using spectral criteria such as Condition 1 for the observ-
ability properties. In particular, [10] states the following result:

Theorem 3.1 ([10]). Assume that the continuous system (1.1)-(1.2) is
admissible and exactly observable in some time T > 0. Then for all
6> 0:

o For allT > 0, there exists a constant K5 such that, for all At >
0, any solution z* of (3.1) with initial data zy € C(5/At) satisfies

At ST |[B2y < Ko llzol% - (3.3)
kAte(0,T)

o There exist a time Ts and a positive constant ks > 0 such that, for
all At > 0 small enough, any solution z* of (3.1) with initial data
zo € C(0/At) satisfies

ksllzolh <At 7 |[B2H|)5 (3.4)
kAte(0,Ts)

Note that the observability property (3.4) requires the time to be
large enough. Actually, a precise estimate is given in [10] in terms of
the resolvent parameters in (1.5) and the scaling parameter ¢, but this
is not completely satisfactory since, to our knowledge, even in the con-
tinuous setting, we are not able in general to recover the optimal time
of controllability from (1.5).

But, as explained in the introduction, Condition 2 is sufficient to
prove observability of the continuous system (1.1)-(1.2) in any positive
time. We thus ask whether or not it is also possible to prove discrete
observability properties for (3.1)-(3.2) in arbitrary small time when Con-
dition 2 is satisfied.

Theorem 3.2. Assume that Condition 2 is satisfied.
o If B € £(D(A"),Y) with k < 1. Then for any 6 > 0, for any time
T* > 0, there exists a positive constant ks« > 0 such that, for all At >
0 small enough, any solution z* of (3.1) with initial data zy € C(§/At)
satisfies
2
kst llzoly <At > ||B2])) (3.5)
kAte(0,T*)
e If B simply belongs to £(D(A),Y). Then for any time T* > 0, there
exist two positive constants 6 > 0 and ks« > 0 such that, for all At >0
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small enough, any solution z* of (3.1) with initial data zy € C(5/At)
satisfies (3.5).

Theorem 3.2 is the exact counterpart in the discrete setting of Theo-
rem 1.3, and we will only indicate the modifications needed in its proof
to derive Theorem 3.2.

Proof of Theorem 3.2. As we said, the proof of Theorem 3.2 closely fol-
lows the one of Theorem 1.3, and we thus only sketch it briefly.

We first deal with the high-frequency components. Lemma 2.1 still
holds, since it is by nature independent of time, whether this time is
continuous or not. However, Lemma 2.2 has to be modified and replaced
by the following

Lemma 3.3. Assume that (2.5) holds for given m, M and Q. For any

0> 0, set
2
WMQ+%J7 if B € £(D(A%),Y) with k < 1,
Tars — 5212 54712 3.6
M m [M2 (1 + Z) +m® HB”?:(D(A),Y) 6 (3:6)

if B € £(D(A),Y).

Then the observability inequality (3.4) holds in any time T > Ty for
some positive constant kp > 0 for any solution of (3.1) with initial data
lying in C(Q)+ N C(6/At). Besides, kr can be chosen explicitly as a
function of T, m, M and the norm of B in £(D(A),Y).

Proof of Lemma 3.3. In the case B € £(D(A),Y), this lemma corre-
sponds exactly to Theorem 1.3 in [10], and might be seen as an extension
of Lemma 2.2 to the time discrete case, involving in particular discrete
Fourier transforms instead of continuous ones.

In the case B € £(D(A"),Y) with k < 1, the proof of Lemma 3.3
can be adapted immediately from the one of Theorem 1.3 in [10] by
modifying estimate (2.19) in [10] using

ShHL _ ok . Sk ke
+K
HB(m)Hyg”B”awmw A (=) ’X
1+k 0 1
< (2} 1Bl |2
At @) [T ||,

and the following ones accordingly. In particular, with the notations of



Observability in arbitrary small time for conservative systems 13

[10], az in Lemma 2.4 shall be replaced by

2 2A 2
as = M? <1+i>+5 (16t) (B-1)

52+2m(At)2—2,~; 1
2
+ m2 ||BH2(D(A'<),Y) T (1 + a) :

16
Details are then left to the reader. ¢

We then deal with the low-frequency components. This is done as in
the continuous case:

Lemma 3.4. Let B be an admissible operator for (1.1). Assume that
there exist positive constants & > 0, k>0 and T such that, for all
At > 0 small enough, any solution of (3.1) with initial data zy € C(Q)+N
C(6/At) satisfies

Flaollk <At S |B|f5 (3.7)
kAte(0,T)

Also assume that there exists a strictly positive number B such that (2.7)
holds. Then, for any At > 0 small enough, for any solutions of (3.1)
with initial data zy € C(§/At), the observability inequality (3.4) holds in
any time T > T, with a strictly positive observability constant kr > 0

depending explicitly on the parameters 3, T —T, k, the number N of low
frequencies and the low frequency gap (2.8).

Proof of Lemma 3.4. The proof of Lemma 3.4 closely follows the one of
Lemma 2.3.
Fix At > 0. First remark that solutions of (3.1) write as

1 AL
2k = Zajfbj exp(Aj ackAt),  with A\jar = IA; tan (M]2 )
J
Then define, similarly as in (2.8),
1 m; At )
mji At = AL tan ( j2 ) and ya; = je{é,r}f:,N}{mj+1’At - mijt}'

For simplicity, choose da; such that d/At is an integer. Introduce,
similarly as in (2.9),

At

k k . k—l

vt =z ~ % E exp(impy, atlAt) 2°7°.
(AtE(—5,0)

The proof of Lemma 3.4 then follows line to line the one of Lemma 2.3,
replacing all the continuous integrals in time by discrete summations
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and using the admissibility result (3.3) in the class C(6/At). This yields,
similarly as in (2.17), that any solution of (3.1) with initial data zy €
Xn +C(Q)*F NC(5/At) satisfies

2 2 QKT 4 k 2
< |l=——4+|==+1)= At B .
|20l % {TﬂQ (Tﬁ2 ) k(1 — sinc(vAtéAt))Q} kme((;w,!t) “ly

In particular, when At goes to zero, one can choose (da¢) converging
to 6. Besides, when At — 0, (ya¢) obviously converges to . We thus
obtain, for At > 0 small enough, that any solution of (3.1) with initial
data zg € Xy + C(Q)+ NC(5/At) satisfies

2 2K+ 4 2
||20||§(§ [~ 2+< = §+1>~ ]At E HszH .
g 2 Y
T3 TG k(1 — sinc(vy9)) EALE(D T4 260)

The inductive argument then again works and allows to conclude Lemma
34. ¢

We now finish the proof of Theorem 3.2. Set T > 0.
o If B € £(D(A®),Y) with kK < 1. Set 6 > 0. Choose M such that
TM(1+ 82/4) =T* /4.
o If Be £(D(A),Y). Set § < dg, where dg is such that

82 .
|| Bl gpay,v 50 =T1"/8.

Choose M > 0 such that

64 1/2

62 2 2
™ [M2 (1 - —) +m [ Bllgoay) 15

— T /4.
4 /

Applying successively Lemmas 2.2 and 3.3, we prove uniform ob-
servability properties (3.7) for any solution of (3.1) with initial data
20 € C(Q)+ NC(§/At) in time T*/2. We then conclude as in the contin-
uous case by Lemma 3.4 and estimate (2.7). O

Remark 3.5. Note that the approach developed in this section can also
be applied for more general time discrete approximation schemes. We
refer to [10] for the precise assumptions needed on the time discrete
numerical schemes. Roughly speaking, any time discrete scheme which
preserves the eigenvectors and for which the energy is constant enters in
our setting. This includes, for instance, the fourth order Gauss method,
or the Newmark method for the wave equation.
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4 Schrodinger equations

In this section, we present an application to the above results to Schro-
dinger equations. Condition 2 is indeed typically satisfied by Schrédinger
equations, and can be guaranteed when the corresponding wave equation
is observable.

4.1 The continuous case

Let Q be a smooth bounded domain of RY, and w a subdomain of €.
Let us consider the following Schrodinger equation:

24+ Az =0, in Q x (0, 00),
z=0, on 08 x (0, 00), (4.1)
2(0) = 29 € L*(Q),

observed through y(t) = xw 2(t), where X, = Xw(x) denotes the charac-
teristic function of the set w.

We thus consider the following observability property: for 7% > 0,
find a strictly positive constant k. such that any solution of (4.1) satisfies

N
2 2
170022 ) < / 1(0) 22, . (4.2)

Note that this fits the abstract setting presented above: X = L2(£2),
A = iA with Dirichlet boundary conditions, the domain of the operator
Ais D(A) = H>NH () and B simply is the multiplication operator by
X, Which is continuous from L?(£2) to L?(w) (and therefore admissible).

For Schrédinger equations, due to the infinite velocity of propagation
of rays, there are many cases in which the observability inequality (4.2)
holds in any time 7™ > 0, for instance, when the Geometric Control
Condition (GCC) is satisfied in some time T

The GCC in time T can be, roughly speaking, formulated as follows
(see [2] for the precise setting): The subdomain w of € is said to satisfy
the GCC in time T if all rays of Geometric Optics that propagate inside
the domain €2 at velocity one reach the set w in time less than T'.

Note that this is not a necessary condition. For instance, in [17],
it has been proved that when the domain Q is a square, for any non-
empty bounded open subset w, the observability inequality (4.2) holds
for system (4.1). Other geometries have also been dealt with: we refer
to the articles [18, 19, 3, 1].

Similarly, Condition 2 is not guaranteed in general: it is indeed
not clear that the observability property in arbitrary small time for
Schrodinger equation (4.1) implies Condition 2.
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But there are several cases in which Condition 2 is satisfied: when it
has been proven directly to prove observability in arbitrary small time
(see for instance [5]), but this approach has not been fully developed in
the literature, or when the Geometric Control Condition is satisfied.

Theorem 4.1 ([21]). Assume that the Geometric Control Condition
holds. Then Condition 2 is satisfied for system (4.1) observed through

y(t) = Xo 2(1).
Before going into the proof, we recall that the Geometric Control

Condition in time T > 0 is equivalent [4] to the exact observability
property in time T of the corresponding wave equation

i — Au =0, in  x (0, 00),
u=0, on 90 x (0, 0)

7 (4.3)
(u,1)(0) = (ug,u1) € Hg(2) x L3(),

observed by y(t) = x,u(t). In this case, the observability inequality
reads as the existence of a strictly positive constant ¢y > 0 such that
solutions of (4.3) satisfy

T
er o, un) gpezry < [ N0IGa @t (@)

It is then convenient to introduce an abstract setting, which gener-
alizes Theorem 4.1.

Theorem 4.2 ([21]). Let Ay be a positive definite operator on X, and

let B be a continuous operator from D(A(l)/2) to Y. Assume that the
wave like equation

i+ Au=0, t>0,  (u(0),4(0)) = (uo,u1) € D(AY?) x X (4.5)
observed through
y(t) = Bu(t), (4.6)

is admissible and exactly observable, meaning that there exist a time T
and positive constants cp, K > 0 such that solutions of (4.5) satisfy

T
2 . 2 2
cr o ) ayyx < | IBUOI dt < K o, wr) g ayrey
0

(4.7)
Then the operators A = —iAg and B satisfy Condition 2.
In particular, the Schrodinger like equation
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observed by
y(t) = Bz(t) (4.9)

satisfies Condition 2 and is therefore observable in arbitrary small time:
for all T* > 0, there exists a positive constant k. > 0 such that any
solution of (4.8) satisfies

.
ke 20ll% < / |B(1)]% dt (4.10)

Proof. Assume that (4.5)-(4.6) is exactly observable. Remark that, set-
ting X = D(A1/2) x X, and

A= (_?40 Iod>, B=(0, B), (4.11)

equation (4.5) fits the abstract setting given above. In particular, the
domain of A simply is D(Ag) x D(Al/z) and then the conditions B €
S(D(A(l)/2), Y) and B € £(D(A),Y) are equivalent.

The admissibility and observability properties (4.7) then imply (see
[21]) Condition 1: There exist positive constants M, m > 0 such that

(- (1) s =1

VweR Ez) . (4.12)

In particular, for all w € R and u € D(Ayp), taking v = iwu yields

2
+m?||B
x

2
M2

2 2 2 2 1/2 11° 2 2
M2 (A0 = w2Dyull +m2e? | Bully = || 457+ w? ul’;
> Jlulk -

Hence
M? 5 2 2 2 2
— (Ao —w I)uHX +m* || Bully > ||ully , Yw € R,Yu € D(Ay),

or, equivalently,
M? 9
= (Ao —whyullk +mP |Bully 2 lullk , Vo € Ry, Yu € D(Ay).

(4.13)
Of course, this estimate does not hold for w < 0 and is not interesting
for small values of w. But this actually corresponds to the easy case.
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Indeed, if w < A1(Ap), where A1 (Ap) is the first eigenvalue of Ay (which
is strictly positive since Ay is positive definite),

(Ao —whullx > (A\i(Ao) —w)?[|ull, Vu € D(A),
Combined with (4.13), by taking

M A1(Ao)
— for w > 5
o 1 A1(Ao)
—— for w < =524,
)\1(A0) —w - 2

we then obtain

M(@)2 (Ao — whull% +m? [Bull® > |lul% , Vo € R, Yu € D(Ay).
(4.14)
This completes the proof of Theorem 4.2 and, as a particular instance
of it, of Theorem 4.1. OJ
The interest of this approach is that it also applies to space semi-
discrete, as well as fully discrete approximation schemes of (4.8) (and in
particular to (4.1)).

4.2 Space semi-discrete approximation schemes

Let us now introduce the finite element method for (4.8).

Let (Vi,)n>0 be a sequence of vector spaces of finite dimension ny,
which embed into X via a linear injective map mp : V, — X. For each
h > 0, the inner product < -,- >x in X induces a structure of Hilbert
space for V;, endowed with the scalar product < -, - > =< -, T >x.

We assume that, for each h > 0, the vector space 7, (V},) is a subspace

of D(Aé/2). We thus define the linear operator Agy : Vi, — V3 by

< Aonn, ¥n >n=< Ay *wnen, A *mnibn >x, V(bn,n) € V2. (4.15)

The operator Ay, defined in (4.15) obviously is self-adjoint and positive
definite. If we introduce the adjoint 7} of m,, definition (4.15) reads as:

th = W;A(ﬂrh. (416)

This operator Ag;, corresponds to the finite element discretization of
the operator Ag. We thus consider the following space semi-discretization
of (4.8):

1Zp = thzh, t € R, Zh(()) = zon € Va. (417)

In this context, for all h > 0, the observation then naturally becomes

yh(t) = Bwhzh = thh. (418)
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Note that we shall impose B € S(D(Aé/z), Y') for this definition to make
sense.

We now make precise the assumptions we have, usually, on 7, and
which will be needed in our analysis. One easily checks that 7} 7, = Idj,.
The injection 7, describes the finite element approximation we have
chosen. In particular, the vector space 7 (V}) approximates, in the
sense given hereafter, the space D(A(l)/ 2): There exist § > 0 and Cy > 0,
such that for all A > 0,

a2~ e s ool voepiay,
(4.19)
|45/ i = Do < Con? loglly . V6 € D(40).

When considering finite element discretizations of the Schrodinger equa-
tion (4.1), which, as we said, corresponds to take Ay as the Laplace
operator with Dirichlet boundary conditions, estimates (4.19) are satis-
fied [25] for # = 1 when using P1 finite elements on a regular mesh (in
the sense of finite elements).

We will not discuss convergence results for the numerical approxi-
mation schemes presented here, which are classical under assumption
(4.19), and which can be found for instance in the textbook [25].

In [8, 9], we proved uniform observability properties for (4.17)-(4.18)
in classes of conveniently filtered initial data. In the sequel, our goal is
to obtain uniform observability properties for (4.17) similar to (4.10),
but in arbitrary small time, still for conveniently filtered initial data.

Therefore, we shall introduce the filtered classes of data. For all
h > 0, since Agy, is a self-adjoint positive definite operator, the spectrum
of Agy is given by a sequence of positive eigenvalues

0<A <A< <A (4.20)
and normalized (in V3,) eigenvectors (®)1<j<p,. For any s > 0, we can
now define, for any h > 0, the filtered space

Cr(s) = span{q)? with the corresponding eigenvalue satisfies |)\§‘| < s}

We have then proved in Theorem 1.3 in [8]:

Theorem 4.3. Let Ay be a self-adjoint positive definite operator with
compact resolvent, and B € L£(D(Af),Y), with k < 1/2. Assume that
the maps (7p)n>o0 satisfy property (4.19). Set

o= 9min{2(1 72%;),%}. (4.21)
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Assume that system (4.8)-(4.9) is admissible and exactly observable.
Then there exist € > 0, a time T* and positive constants k., K, > 0
such that, for any h > 0, any solution of (4.17) with initial data

20n € Ch(&‘/ha) (4.22)
satisfies

-
bl < [ B0l de < Ko lonl (423)
0

In this result, based on spectral criteria for the admissibility and ad-
missibility of Schrodinger operators, the time of observability T* cannot
be made as small as desired.

When the Geometric Control Condition is satisfied, the following
can be proved as a by product on our analysis of the abstract wave like
equation (4.5) in [9] and the methods in [21].

Theorem 4.4. Let Ay be a positive definite unbounded operator with
compact resolvent and B € £(D(A§),Y), with k < 1/2. Assume that the
approzimations (7p)p>o satisfy property (4.19). Set

¢ = fmin{2(1 — 2x),1}. (4.24)

Assume that system (4.5)-(4.6) is admissible and exactly observable.
Then there exist e > 0, a time T™ and positive constants k., K, > 0 such
that, for any h > 0, any solution of (4.17) with initial data in

zon € Cr(e/h°) (4.25)
satisfies (4.23).

Theorem 4.4 indeed improves Theorem 4.3 since ¢ > ¢. This is
expected since the assumptions of admissibility and observability for the
abstract wave system (4.5)-(4.6) are stronger than the admissibility and
observability of Schrédinger equations (4.8)-(4.9).

However, Theorem 4.4 requires the time of observability to be large
enough. We shall prove below that the time T can actually be chosen
arbitrary small.

Theorem 4.5. Under the assumptions of Theorem 4.4, assume that
system (4.5)-(4.6) is admissible and exactly observable. Then there exists
e > 0 such that for all T* > 0, there exist positive constants k., K, >0
such that, for any h > 0, any solution of (4.17) with initial data in
(4.25) satisfies (4.23).
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Proof. The admissibility result in (4.23) follows from the one in Theorem
4.4 since, when the admissibility inequality holds for some time 7' > 0,
it holds for any time. We shall thus not deal further with that question.
Assume that system (4.5)-(4.6) is admissible and exactly observable.
Then we can use Theorem 1.1 in [9], which states that, under the as-
sumptions of Theorem 4.4, the space semi-discrete wave systems

iy + Aopun =0, t2>0, yn(t) = B,
are

e uniformly (with respect to h > 0) admissible for any initial data
(uon, u1pn) € Crh(nh™<)?, whatever n > 0 is.

e uniformly (with respect to h > 0) observable in some time 7' > 0
for initial data (ugn, u1s) € Cr(e h=)2, providing ¢ is small enough.

These uniform admissibility and observability properties imply, as
proved in [21], that the resolvent condition (4.12) for the operators Agp,
and By, hold uniformly with respect to h for data z, € Cp(e/h®). The
proof of Theorem 4.2 then gives that, uniformly with respect to h > 0,
we can find positive constants M, m > 0 such that

M2
— I(Aon = wlu)un[s, +m? | Buun - > [lunl;
Vw € Ry, Yuy, € Cr(e/h°).

To conclude that Condition 2 is uniformly satisfied, following the proof
of Theorem 4.2, we only need to check that the first eigenvalue A} cor-
responding to the operator Ay, stays away from 0. But, writing the
Rayleigh coefficient which characterizes A} and \;(Ap), one instanta-
neously checks that A > \;(Ag) > 0 for all h > 0.

In other words, we have proved that there exists a bounded posi-
tive function M = M (w) satisfying lim|,| o, M(w) = 0 and a positive
constant m > 0 such that for all h > 0

M (w)? [[(Aon — wln)unlly +m® | Byunlly = [lunlly .
VYw € R, Yuy, € Cp(e/h). (4.26)

Now, we use our constructive proof of Theorem 1.3 to deduce uni-
form observability properties in any time T*. However, though this
might seem at first a direct consequence of Theorem 1.3, one needs to
be cautious.

Following the proof of Theorem 1.3, we see that the high-frequency
components can be dealt with uniformly without modification. In par-
ticular, for all T’ > 0, there exists 2 such that, for all h > 0, any solution
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of (4.17) with initial data zg, € Cr(Q)+ NCh(e/h°) satisfies

T
HmﬁS/H&%W@ﬂ7 (4.27)
0

for some positive constant & > 0 independent of & > 0.

Besides the systems (4.17)-(4.18) are uniformly admissible because
of Theorem 4.4.

But the low-frequency components require an estimate on the low-
frequency gap for each h > 0. The constant 2 being independent of
h > 0 and setting (m?)je{ly...,Nh} for the increasing sequence of the
values taking by the eigenvalues of Ay, which are smaller than Q, we
shall estimate

Vh ?e{oif-f,Nh}{m?H - m;’} where m{ = —Q and mfy, ;= Q. (4.28)
Note in particular that N, might depend on h. However, since all these
correspond to the discrete spectrum of Aoy, it shall converge to the spec-
trum of Ag.

Case 1: Each eigenvalue of the spectrum of Ay is simple. Then the
convergence of the discrete spectrum of Ag, in the band of eigenvalues
smaller than the constant Q) is guaranteed [25]. In particular, Nj, is
constant for A > 0 small enough and the sequence (vp) then simply
converges to 7.

Case 2: The general case. When the spectrum of Ay is not simple,
this is harder since a multiple eigenvalue of the continuous operator may
yield to different but close eigenvalues, making ~;, dangerously small for
our argument. The idea then is to refine Haraux’ argument, and to think
directly at this convergence property of the spectrum.

For each positive o > 0 smaller than v/4 (v being the continuous
low frequency gap defined in (2.8)), there exists h, > 0 such that for
h € (0, hy), the spectrum of the operator Ay, satisfies

{\} such that \} < Q} C U [mj —a,m; + al. (4.29)
jE{l,“~,N}

Define then the sets th’a = span{®/ such that |\} —m;| < a}. Since
the discrete operators satisfy (4.26), further assuming that « is smaller
than 1/(2sup M (w)), choosing for instance 3 = 1/(2m), we obtain

Vje{l-- N}, Ve X" Buzmlly 2 Blzl, . (4:30)

Once we have seen (4.29)-(4.30), the inductive argument developed in
Lemma 2.3 works as before, except some small error terms. Let us
present it briefly below on the first step.
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To write it properly, we shall introduce the orthogonal projections
P}It;o‘ on XI}\L,’Q and IP’Zf on Cp(Q)*, respectively.
Set then zqgp € X]}\L,’a + Crh(Q)* N Cr(e/h%), and decompose it into

20n,N = P%QZO}L and zop hf = IP’Zfzoh. Let zp,(t) be the solution of (4.17)
with intial data zgj, and, for § > 0, define vy, as

1[0,
~ 5 "Nz, (t — s) ds.

Expanding zgp on the basis <I>?, similarly as in (2.11), we obtain

1

2
HPZfZOhHh < (1 — sinc(dy

5 [on(O)II% -
) ) i (4.31)
HP%avh(O)Hh < (1 — sinc(ad))? H]P?V’az()h”h

Besides, vy, is a solution of (4.17), which implies that ]P’hfvh also is.
But ]P’vah lies in Cp,(2)* N Cp(e/h°), and then one can use (4.27):

1 T
[Pl < ¢ [ BBy a

9 (T 2K
f/o | Baon (8)]12

IN

2
A N vn O)Hh

9 T )
<= | Bron(t)]ly-
k Jo

Using the same estimates as in (2.13), combined with (2.11), we get

2“’9 (1 — sinc(ad))? Hpk%h(o)ui@.gz)

h 2 4 T+s 2
Py .z < Bz (t dt
I¥ss OhHh " k(1 — sinc(v0))? /4 1Bran(®)lly

n 2K 7 <1 — sinc(ad)

. )2 HIP"]\;O‘zh(O)Hi. (4.33)

1 — sinc(yd)

We then focus on the component of the solution in X]}Q’o‘. Arguing
as in (2.15) and using (4.30), we obtain

o 2.2 [T
HP};\; ZOhHh S TﬁQ/O Hthh( )”Y dt+ T HIP fZOhHh (434)
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Equations (4.33) and (4.34), together, give

2 4K2 /1 — sinc(ad)\?
el (- 5 (it
h T52k \ 1 — sinc(v6)
. ( 2 8K;
T4?  TB?k(1 — sinc

T+6
(76))2)/5 1Brzn(t)lly dt - (4.35)

In particular, if one can guarantee the left hand-side to be positive, which
can be done simply by choosing o > 0 small enough and

.
(1 —sinc(ad))? < 1TﬂK§ (1 — sinc(v6))?, (4.36)
6K
we deduce
T 4 16K ; T+s
HP% ZOhH < (~ t = - )/ 1Buza(®)[3 dt
h T5%2  TB2k(1 — sinc(v0))2 /) J-s

2
From (4.33), we obtain an estimate for ]P’Zfz()hHh. Using the or-

thogonality of X;ffa and C, ()1 NCh(g/h%), this proves that the observ-
ability inequality holds in any time T" > T, uniformly with respect to
h € (0, hy), for solutions of (4.17) with initial data in XI}\L,’Q +Cr()1 N
Cn(g/h).
Note that (4.36) does not depend on h > 0. Thus, once « is chosen
according to (4.36), the above proof stands for any h € (0, hq,).
This concludes the inductive argument, and this slightly generalized
Haraux’s technique can be applied to conclude the proof of Theorem 4.5.
O

4.3 Fully discrete approximation schemes

We can also prove observability properties for fully discrete approxi-
mations of (4.8)-(4.9), uniformly with both discretization parameters
At > 0 and h > 0, in arbitrary small time.

To be more precise, we consider, for h > 0 and At > 0, the following
system:

1k ko Jk+l
i (Zh Zh) = A0h<7zh R ), inV,, keZ,

At 2 (4.37)

0 _
Zp = Z0h>

observed by
yr = Bpz). (4.38)
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For these systems, admissibility and observability results have been de-
rived in [8] using [10] in the class Cp(d/At) N Cp(eh™7), with o as in
(4.21), but the observability results in [8] need the time T to be large
enough. Later in [9], these admissibility and observability results have
been improved by using the Geometric Control Condition, yielding the
filtering class Cp,(6/At) N Cr(e/h®) with ¢ as in (4.24), but the observ-
ability time is again required to be large enough.

However, using [9] and the techniques developed above, we can prove
that the discrete systems (4.37)-(4.38) actually are observable in arbi-
trary small time.

Theorem 4.6. Under the assumptions of Theorem 4.4. Assume that
system (4.5)-(4.6) is admissible and exactly observable. Then, for any
time T* > 0, for any § > 0, there exist two positive constants € > 0
and ks« > 0 such that, for all h, At > 0 small enough, any solution of

(4.37) with initial data
0 €
inf )
2on € Ch(m {At’ e } ,
where < is given by (4.24), satisfies

ksre 2ol <At Y I1BazE - (4.39)
kAtE(0,T%)

The proof of Theorem 4.6, which can be adapted easily from the
previous ones, is left to the reader. The keynote is the convergence of
the low components of the spectrum and the fact that all the above
proofs are explicit and shortcut any compacity argument.

5 Further comments

This work is based on the resolvent estimate given Condition 2. Un-
der Condition 2, observability properties hold in arbitrary small time.
However, there might be systems fitting the abstract setting (1.1)-(1.2)
which are observable in arbitrary small time but for which Condition 2
does not hold. In this sense, we did not completely solve the problem.

This is actually part of a more general question: can we read on
the operators A and B and their spectral properties the critical time of
observability 7 To our knowledge, this is still not clear if the resolvent
estimates keep precisely track of this information, which is of primary im-
portance in applications, for instance when dealing with waves. It would
then be interesting to try to design an efficient spectral characterization
of the time of observability.
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