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RESOLVENT CONDITIONS FOR THE CONTROL OF
UNITARY GROUPS AND THEIR APPROXIMATIONS

LUC MILLER

ABSTRACT. A self-adjoint operator A and an operator C bounded from the
domain D(A) with the graph norm to another Hilbert space are considered.
The admissibility or the exact observability in finite time of the unitary group
generated by i.A with respect to the observation operator C are characterized
by some spectral inequalities on A and C. E.g. both properties hold if and only
if x — ||(A=X)z||+||Cz| is a norm on D(A) equivalent to « — ||(A—X)z||+||z]|
uniformly with respect to A € R.

This paper generalizes and simplifies some results on the control of uni-
tary groups obtained using these so-called resolvent conditions, also known
as Hautus tests. It proves new theorems on the equivalence (with respect to
admissibility and observability) between first and second order equations, be-
tween groups generated by A and if(A) for positive A and convex f, and
between a group and its Galerkin approximations. E.g. they apply to the
control of linear Schrodinger, wave and plates equations and to the uniform
control of their finite element semi-discretization.
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1. INTRODUCTION

1.1. Resolvent conditions. The notion of resolvent condition considered in this
paper was introduced in control theory by David Russell and George Weiss in
[RW94] as an infinite-dimensional version, for exponentially stable semigroups, of
the Hautus test for controllability. Although this paper is self-contained, we refer
to the monograph [TW09] for an introduction to and a full account of the control
theory of semigroups, e.g. admissibility, exact controllability and the Hautus test,
with applications to PDEs. This paper deals with the controllability of unitary
groups rather than exponentially stable semigroups. We refer to [JZ09] for the
history of this latter issue since [RW94] and the extension of the results on unitary
groups in [Mil05] to more general groups. We refer to [DMO09] for the investigation
of resolvent conditions for parabolic semigroups, using §3.2 of the present paper.
Readers more familiar with the spectral theory of semigroups may consider
these resolvent conditions as analogous to the better known resolvent condition
for exponential stability [EN00, theorem V.1.11] due to Jan Priiss [Prii84], Fa Lun
Huang [Hua85] and Giinther Greiner, (after a key result on contraction semigroup
by Larry Gearhart [Gea78] generalized to any semigroup in [Her83, How84]). Indeed
the growth abscissa of a semigroup (e!'9);>¢ satisfies [Prii84, proposition 2]:
[e™]]

wo(G) = %Eg In ‘T = inf {w eR] ngg I
eA>w

(n-9)7 < oo}

The Greiner-Huang-Priiss test [Prii84, corollary 4] for ezponential stability follows:
(1) wo(G) <0 <« 3IM >0, VA€ Csuch that ReX >0, [[(A—G) || < M.

The analogous result for exact controllability of unitary group, or equivalently
exact observability, is stated precisely in theorem 2.4. A self-adjoint operator A
on a Hilbert space X and an operator C bounded from the domain D(A) with
the graph norm to another Hilbert space are considered. The resolvent condition
involved for the exact observability in finite time of the unitary group generated by
1A with respect to the observation operator C is

(2)  3IM >0,m>0, Vo € D(A),NER, |z|> < M|(A— Nz|?® +m|Czx|?.

1.2. Outline. Starting from the basic resolvent conditions characterizing admis-
sibility in theorem 2.3 and exact controllability in theorem 2.4, this paper inves-
tigates various other forms of resolvent conditions, with variable coefficients, with
restricted spectral parameter, with fractional powers of the generator. A quasimode
approach to disproving exact controllability is introduced in §2.7. In §3 and §4, re-
solvent conditions are applied to unitary groups (e®4),;cr with various positive A
build on the same positive self-adjoint operator denoted A in order to character-
ize and compare their admissibility and controllability properties. This improves
on earlier results in [Liu97, Mil05, RTTTO05] linking first and second order equa-
tions, and in [Erv08, Erv09, Erv11] linking infinite-dimensional equations and their
finite-dimensional semi-discretization.
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The first main application is the following rough statement concerning the observ-
ability in time T" by the same general operator C' (bounded from D(A)):

Wave w0 + Aw = 0 for some T < Wave Group 0 + VAv = 0 for some T
I (for any s > 1)

E+ A2 =0,any T if 0oss(A) =0 < i)+ (VA h =0, any T if 0oy (A) = 0
Plates if s =2 Schrodinger if s = 2

If for example the resolvent of A is compact then the condition o.ss(A4) = @ holds
(i.e. the spectrum of A is formed of isolated eigenvalues with finite multiplicity).
For s = 2, the implication from waves to plates and the bottom equivalence be-
tween plates and Schrodinger are proved in [Liu97, Theorem 5.2] for C' bounded
on X using the Greiner-Huang-Priiss test (1) hence without explicit constants,
therefore without information on the time 7. Still for s = 2, the implication from
Schrodinger to plates with the same control time T is proved in [TWO09, Theo-
rem.6.8.2] for unbounded C but under an extra eigenvalue condition. The proof by
a simple isomorphism with explicit constants of the top equivalence between the
wave equation and the wave group in theorem 3.8 seems to be new. The analysis
of the constants in the downward implication from v/A to its fractional powers in
theorem 3.5 also seems to be new. Putting these two new facts together proves the
downward implication from the wave equation for some T to the plate equation
with any s > 0 and, if o.55(A) = 0, for any T. Moreover, it yields this full scale of
equivalent resolvent conditions for the observability of the wave equation:

ds > 1, Mg > 0 and mg > 0,

M S
Il < iy (A2 = Nallf + miICall®, € Hiss, A>0.

where Hy = D(A%/?) with norm |[ju||s = ||A*/?ul|, with Sobolev-type index s € R.
Corollary 3.9 proves this result and remark 3.16 provides more background.

The second main application is to obtain filtering scales for the uniform exact
observability of the semi-discretization of exactly observable equations. As surveyed
in [Zua05], exact controllability may be lost under numerical discretization as the
mesh size h tends to zero due to the existence of high-frequency spurious solutions
for which the group velocity vanishes.

One of the remedies, called filtering, is to restrict the semi-discretized equation
to modes with eigenvalues lower than 7/h? for some positive n and o. It is proved in
[IZ99, LZ02] that o = 2 is optimal for the boundary observation of one-dimensional
wave and plates equations with constant coefficients discretized on a uniform mesh.
Resolvent conditions where first used in this context by Sylvain Ervedoza to tackle
any dimension and non-uniform meshes (cf. [EZZ08] for time discretization). In
a framework which applies to the finite-element discretization on quasi-uniform
shape-regular meshes (cf. remark 4.1), he obtained in [Erv08] a filtering scale o for
the uniform exact observability of approximations of unitary groups with mildly
unbounded observation (excluding boundary observation), basically ¢ = 2/5 for
interior observation. This was improved by the author into o = 2/3 and published
in [Erv09, Erv11], cf. remark 4.15.

Section 4 provides a more general framework in which theorems 4.11 and 4.18
yield respectively o = 1 and ¢ = 2/3 for the semi-discretization of interior and
boundary observability on shape-regular meshes in the sense of finite elements (for
the observation of the Schrédinger equation this improves respectively into o = 4/3
and o = 1 under the geometric condition of [BLR92], which is always satisfied in
one space dimension). Conversely, theorem 4.12 is a kind of Trotter-Kato theorem
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deducing admissibility and exact observability of a group from resolvent conditions
for its filtered approximations. In this framework, theorems 4.14 and 4.19 deduce
from the uniform exact observability of the filtered approximations that the mini-
mal control provided by the Hilbert Uniqueness Method is the limit of the minimal
controls for the filtered approximations. For second order systems, theorems 4.24
and 4.23 yield respectively ¢ = 4/3 and o = 2/3 for the semi-discretization of
interior and boundary observability, improving [Erv09], cf. remark 4.26. A forth-
coming paper compares the approximate observation operator (95) introduced in
theorem 4.23 where o = 2/3 to those in [IZ99, theorems 3.2 and 3.3] which concern
only the simplest system but reach the optimal value ¢ = 2.

We refer to [CMT11] for a new approximation method for interior control of
second order systems with error estimates.

The bottom-line of this paper is to deal with resolvent conditions in the abstract
unitary group framework and keep track of the coefficients in the most explicit
manner. Some applications to PDEs are briefly given. Many more details and
examples are given in [TW09]. Examples 3.12 and 3.18 seem to be new.

The semiclassical approach to proving these resolvent conditions can be found
in [BZ04, Mil08]. E.g. [BZ04, theorem 8] gives a much simpler proof (based on
stationary semiclassical measures) of the boundary control of Schrédinger equation
under the sharp geometric condition for the wave equation than the original mi-
crolocal proof of [Leb92] (or the proof in [Mil04] based the space-time semiclassical
measures). The proof of [BZ04, theorem 8] combined with the above resolvent con-
dition for s = 2 yields the famous results of [BLR92] on the boundary control of the
wave equation in a simpler way but without estimate on the control time. Indeed,
combining the result of [BLR92] for the wave equation and a control transmutation
method similar to [Phu01], [Mil05, theorem 10.2] yields more information on the
Schrodinger equation (more precisely on the cost of fast controls) than the current
resolvent condition approach.

1.3. Background. The first condition of type (2) was introduced by Kangsheng
Liu in [Liu97, theorem 3.4] for second-order equations like the wave equation (hence
M was replaced by M/ in (2)) under the name “frequency domain condition”. It
was adapted to first-order equations in [ZY97]. Liu used the Greiner-Huang-Priiss
test (1) with G = i A—C*C (hence C was replaced by C*C in (2)) taking advantage of
the equivalence between exact controllability and exponential stabilizability. This
strategy was limited to observations operator C which are bounded on X and did
not give information on the controllability time.

Conditions of type (2) were independently introduced by Nicolas Burq and Ma-
ciej Zworski in [BZ04, theorems 4 and 7] as sufficient to deduce results in the Control
Theory of distributed parameter systems from the Spectral Theory of differential
operators (one of these theorems is both semiclassical and spectrally localized, both
theorems make intricate compatibility assumptions in addition to the resolvent con-
dition). Their direct strategy overcomes both limitations: it allows boundary ob-
servation operators and it links the controllability time to the behavior of M for
high frequency modes.

The final form of the theorem states that the resolvent condition (2) is both
necessary and sufficient for controllability in some time T, with explicit relations
between the constants M and m in (2) on the one hand, the time T, the admissibility
constant and the control cost on the other hand (it does not assume the boundedness
of C on X or the compactness of the resolvent of A). This theorem and its proof
are repeated here as theorem 2.4 (and e.g. in [TW09, theorem 6.6.1]) from [Mil05,
theorem 5.1]. The proof that the resolvent condition is necessary is close to the proof
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in [RW94] of the stronger resolvent condition implied by the stronger assumption of
exact observability on [0, 00). The proof of sufficiency using the Fourier transform
is close and was inspired by the proof of [BZ04, theorem 7] where the resolvent is
assumed compact. This proof shortcuts the use of the Greiner-Huang-Priiss test in
[Liu97, ZY97).

The analogous result for admissibility is theorem 2.3 first proved under the addi-
tional assumption that the resolvent of A is compact in [Ervll, theorem 2.2]. The
new proof of this theorem 2.3 shortcuts the use of packets of eigenvectors in [Erv11]
and unifies it with the simple proof of theorem 2.4. From reading [Erv11], Marius
Tucsnak proved independently theorem 2.3, explicit constants excepted, as a direct
consequence of older results of George Weiss, cf. remark 2.8.

We emphasize that, as in the proof of Greiner-Huang-Priiss test, the key point
in the proof that the resolvent condition is sufficient (for both admissibility and
exact controllability) is the wnitarity of the Fourier transform in Hilbert spaces
(Plancherel theorem) used in lemma 2.7. N.b. the two alternative proofs for admis-
sibility in remark 2.8 both use the Paley-Wiener theorem on the unitarity of the
Laplace transform which is also a consequence of the Plancherel theorem.

Alternatively, the Hautus rank condition for finite-dimensional state space may
be stated as the following eigenvectors condition discussed in §2.6: for all eigenvec-
tor x of A, Cx # 0. An infinite-dimensional version was introduced in [CFNS91]
for the exponential stabilizability of unitary groups by a bounded damping pertur-
bation (which is equivalent to the exact observability with bounded observation).
It assumes that the resolvent of A is compact and considers clusters of eigenvectors
of A rather than single ones. This version was called wavepackets conditions in
[RTTTO5], where the assumption that C is bounded has been dropped using the
resolvent condition in [Mil05, theorem 5.1]. They are discussed in the more general
framework in §2.5. Sylvain Ervedoza in [Ervl1l, Erv09] introduced another equiva-
lent version of the resolvent condition obtained by optimizing A. This paper does
not deal with this condition which he called interpolation inequalities.

2. RESOLVENT CONDITIONS FOR ADMISSIBILITY AND OBSERVABILITY

Most of this paper is about resolvent conditions for the observation of unitary
groups. The dual notions of control are recalled in parallel in §2.1, but they are not
used in any statement or proof of §2 and §3. Therefore all considerations of duality
could be skipped (i.e. all statements mentioning X', Y/, A, B, ¢, A, B, ¢, ().

2.1. Framework for the control of unitary groups. In this section, we review
the general setting for control systems conserving some “energy”: admissibility, ob-
servability and controllability notions and their duality (cf. [DR77, Wei89, TW09]).

Let X and Y be Hilbert spaces. Let A : D(A) — X be a self-adjoint operator.
Equivalently, 4.4 generates a strongly continuous group (e**);cg of unitary oper-
ators on X. In particular the norm is conserved: |[ez| = ||z|, z € X, t € R.
Let X; denote D(A) with the norm ||z|; = ||(A — 8)z|| for some 8 ¢ o(A) (o(A)
denotes the spectrum of A, this norm is equivalent to the graph norm and X; is
densely and continuously embedded in X') and let X_; be the completion of X with
respect to the norm ||z||_1 = [|[(A — B) " 1z].

Let X’ be a Hilbert space and J : X’ — L(X,C) be a conjugate linear Hilbert
space isomorphism defined by some pairing (-,-) on X x X’ which is linear on
X and conjugate-linear on X', i.e. (J§)x = (x,&) where (-,-) is a non-degenerate
sesquilinear form such that |(z,&)| < ||z]|||¢]] and J is onto, n.b. J(af) = aJ&.
From now on, the dual space L(X,C) of X is identified with X' by this pairing.
E.g. if this pairing is the inner product of X as in (29), then X = X’ and this is
the Riesz identification; if this pairing is the inner product of a Hilbert space Xg in
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which X is continuously embedded as in (51), then X’ is the dual of X with respect
to the pivot space Xy, cf. [TW09, §2.9]; similarly, if X’ is continuously embedded
in Xg, then X is the dual of X’ with respect to Xp; in (49) this pairing is not an
inner product.

The dual of A is a self-adjoint operator A’ on X' (if Jg : X — L£(X,C) denotes
the Riesz isomorphism as in [TW09, §1.1], then the Hilbert space adjoint of A is
A* = J'JA'J71JR). The dual of X; is the space X’ which is the completion
of X’ with respect to the norm ||£]|_1 = ||(A’ — B)~!¢| and the dual of X _; is the
space X} which is D(A’) with the norm ||£[|; = ||(A’ — B)¢]|, cf. [TW09, §2.10].

Let C € L(X1,Y) and let B € L(Y', X" ;) denote its dual.

We consider the dual observation and control systems with output function y
and input function u:

(3) z(t) —iAz(t) = 0, z(0) = x0 € X, y(t) = Cx(t),
(4) &) —iAE(t) = Bu(t), £(0) =& € X, u € Lige(R;Y").

The following dual admissibility notions for the observation operator C and the

control operator B are equivalent.

Definition 2.1. The system (3) is admissible if for some time T' > 0 (an thus for
any times by the group property) there is an admissibility cost K1 such that:
T
(5) / Cet™ Ao ||?dt < Krllzo|?, zo € D(A).
0

The system (4) is admissible if for some time 7' > 0 (an thus for any times) there
is an admissibility cost K such that:

T T
(6) || e Butte? < Ko [ lulPde, we @Y.
0 0
The admissibility constant in time T is the smallest constant in (5), or equivalently
in (6), still denoted K.

Under the admissibility assumption, the output map zy — y from D(A) to
L% (R;Y) has a continuous extension to X. The equations (3) and (4) have unique
solutions z € C(R, X) and & € C(R, X’) defined by:

(7) z(t) = e™ag, () = M E(0) + /t e =) ABu(s)ds.
0

The following dual notions of observability and controllability are equivalent.

Definition 2.2. The system (3) is ezactly observable in time T at cost sr if the
following observation inequality holds:

T
(8) ImW<W/HWW% 10 € D(A)
0

The system (4) is exactly controllable in time T at cost s if for all & in X', there
is a w in L?(R;Y”) such that u(t) = 0 for ¢ ¢ [0, 7], £(T) = 0 and:

T
() AHWWﬁéw%W

The controllability cost in time T is the smallest constant in (9), or in (8), still
denoted k7.

N.b. if the system is exactly controllable then, using the group property, for all &,
and &7 in X, there is a u in L*(R;Y”) such that fOT||u(t)||2dt < ke TA g —Er |12,
u(t) = 0 for ¢t ¢ [0,T7], and the solution of the system (4) satisfies {(T") = &p.
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N.b. the assumption C € £(X1,Y’) covers most applications to PDEs but is not
really necessary to apply this theory since [Wei89, remark 3.7] proves that any
operator C with a dense domain D(C) invariant by (e*4);5 satisfying (5) with
D(A) replaced by D(C) is in some sense equivalent to an operator in £(X1,Y).

2.2. Basic resolvent conditions. In the general framework of §2.1, we consider
the following conditions on C and A which are reminiscent of relative boundedness
of C with respect to A (e.g. [ENOO, definition 2.1]) and resolvent estimates for A:

(10) IL>0,0>0, VexeD(A),NeR, |Cz||> <L|(A—-Nx|?+1|z|?
(11) 3M >0,m >0, VreDA,NER, |z|* < M|(A—Nz|*+ m|Cxz|?.

The following theorems say that these conditions are necessary and sufficient for
admissibility and exact controllability respectively.

Theorem 2.3. The system (3) is admissible if and only if the resolvent condition
(10) holds. More precisely, (5) implies (10) with L = TKyp and | = 2Kp/T.
Conversely (10) implies (5) with Ky = 1T + v/ Ll.

Theorem 2.4. Assume that the system (3) is admissible. It is exactly observable
if and only if the resolvent condition (11) holds. More precisely, (8) implies (11)
with M = T?kp K1 and m = 2Tkp. Conversely (11) implies (8) for all T > m/M
with kr = 2mT/(T? — Mr?).

Corollary 2.5. The system (4) is admissible and exactly controllable if and only
if z— [[(A— N)z|| + ||Cx|| is a norm on D(A) equivalent to x — |[(A — N)z| + ||z]]
uniformly with respect to A € R.

The proof uses lemmas which do not rely on the assumption that A is self-adjoint.

Lemma 2.6. For allT > 0, zo € D(A), A € R:

T T
TCaol? < 2/ \|ceitAx0||2dt+T2/ ICEMAA — Mo |2,
0 0

T T
/ ||Ce”“4m0||2dt<2T||Cx0H2+T2/ ICE A (A — N)ao|2dt.
0 0

Proof. Set x(t) = e®xg, 2(t) = 2(t) — e zy and f = i(A — N)xo. Since z(t) =
iAz(t) = e (idzo + f) = ida(t) + e f, we have (t) = i\z(t) + e f and
therefore z(t) = fg =X eisA £ 5.

We plug it in e zg = z(t) — 2(t) and z(t) = e'**zo + 2(t) to estimate:

T T T t
/ | 2dt]|Cazo |2 < 2/ ||Ca:(t)||2dt+2/ t/ =N 2| Cei A f|2 ds dt
0 0 0 0

T T T t
/ ||cx(t)||2dt<2/ |em|2dtucxo||2+2/ t/ et =X 2| Cet A f || ds dt.
0 0 0 0

Since A € R, we have |e?"}| = [¢/(!=*)| = 1. Now the inequality:

/OTt/OtF(S)dsdt</OTt/OTF(s)dsdt:(TQ/Z)/OTF(S)dS

with F(s) = [|Ce?™A f||> completes the proof of the lemma. O

Lemma 2.7. For all Lipschitz function x with compact support in R, xg € D(A),
(10) = [ leetaolP 0t < [l Aal?® (LR + 0 0) dt

un:/wmmwu%%wu%»m<mfww%ﬂ%%Mu
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Proof. Let xg € D(A), z(t) = e*Axg, z = xx and f = % —iAz. Since & = iAz, we
have f = xa. The Fourier transform of f is f(7) = —i(A — 7)2(7). Applying (10)
and (11) with = 2(7) and A = 7 and integrating with respect to 7 yield:

/ lcz)2dr < L / 1Fl2dr +1 / 1212, / 12IPdr <m / |C2|2dr + M / \F|12dr.

The proof of the lemma is completed by plugging the equations

Jiarzar = [laitcar, [171Par = [laipcar, [icsPar = [lesyza.

resulting from the unitarity of the Fourier transform, i.e. Plancherel theorem. [

Proof of theorems 2.8 and 2.4. The implications result immediately from lemma 2.6.
The converse results from lemma 2.7 with the following choices of x.
To prove the converse in theorem 2.3, we take x(¢) =1 on [0,7]. We have

T
(12) [ leetaalPar < [fleet ol b
0

and, since (e"*4);> is a unitary group, the resolvent condition (10) and lemma 2.7
imply the admissibility inequality (5) with K = [ (Lx?(t) + Ix*(t)) dt. Taking the
support of x equal to [-7,T + 7] and x(T +t) = x(—t) = sinh(w(7 — ¢))/ sinh(w7),
t € [0,7], with w = \/I/L, yields K7 = Tl + /Lisinh(2wr)/ sinh®(wr) — T1+ VLI
as 7 — +00.

To prove the converse in theorem 2.4, we take x(t) = ¢(¢/T) with the support
of ¢ equal to [0, 1] and ¢(¢t) = sin(nt) for ¢ € [0, 1]. We have

T T
Jlicet ol @t < 101~ [l AalPat = [ e Aa|at,
0 0

and since (e"*4);>¢ is a unitary group:
Jlet el (¢ 0) = M) dt = o2
with
t. M., t [ ¢*(t)dt [ P (t)dt T2 — Mn?
Ir = (=) — =% (= t=>s"—2 " | T2 - M = .
T /<¢ (7)— 72? (T))d T [ ¢2(t)dt 2T
Thus, for all T'> v Mm, (11) and lemma 2.7 imply (8) with kp = m/Ir. O

REMARK 2.8. Concerning the first statement of the admissibility theorem 2.3 (i.e.
without the explicit relation between the constants in (5) and (10)) Marius Tucsnak
pointed out that the necessity of the resolvent condition (10) results directly from
[TWO09, theorem 4.3.7], and the sufficient from [TWO09, corollary 5.2.4] with a = 1.
For completeness, we recall [TW09, corollary 5.2.4]: if G generates a right-invertible
semigroup, C € L(D(G),Y), a > wo(G) and ||C(a+iA—G) || is bounded for A € R
then the system (G,C) is admissible. N.b. taking G = A4, since A is self-adjoint,
(1 +3X) — G)z||? = |[(A — A)z||* + ||z]|>. We also recall that [TW09, corollary
5.2.4] follows from a result of [Wei89], was first explicitly stated in [HW91], and
was given an alternative shorter proof in [Zwa05, theorem 2.2]: as pointed out in
the introduction, both proofs use the unitarity of the Laplace transform between
L?(0,00) and the Hardy space H? on the right half-plane.
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2.3. Resolvent conditions with variable coefficients and restricted spec-
tral interval. In this subsection, we consider resolvent conditions more general
than (10) and (11) in two ways.

Firstly we allow the coefficients to vary (e.g. this is necessary to obtain the
characterization for second order systems in §3.2):

(13) IC[* < LOVI(A = Na|* + 1N |z]?, = € D(A), AeR,
(14) lz]* < M[I(A = Nzl + m(V)[[Cz [, =€ D(A), NeR,

where [, L, m and M are locally bounded positive functions on R.

N.b. (13) and (14) can be easily extended to A € C since A is self-adjoint:
1A= A= im)zl? = [[(A— A)all? + 2]je] > (A — N)a|]? for real A and g

Secondly we restrict the interval for the spectral parameter A (many proofs of
83 rely on this). Recall that o(.A) denotes the spectrum of A. Let inf A, sup.4
and [0](.A) denote its infimum, supremum and convex hull (i.e. the smallest interval
containing it). E.g. if inf A > —oco and sup A = +oo then [0](A) = [inf A, +00).
We always assume inf A # sup . A. The following proposition says that there is no
loss in restricting (13) and (14) to A € [o](A):

(15) IC2]* < LeWI(A = Nal® + le(Ml]*, 2 € D(A), A€ [o](A),
(16)  [lz]* < Mo (WI(A = Nzl + me(V)ICz[|?, = € D(A), X € [o](A),

where l,, Ly, my, and M, are locally bounded positive functions on [o](A). This
proposition discusses how to extend the functions l,, L,, m, and M, in (15) and
(16) into I, L, m and M for which (13) and (14) hold (the converse being obvious).

Proposition 2.9. The restricted resolvent condition (16) implies (14) with func-
tions (M, m) which are the following extensions of (My, ms):

(i) If the spectrum of A is bounded from below but not from above then for each
A < inf A define (M,m)(\) = (M,,my)(2inf A — X). N.b. if inf A > 0,
supA = 400, M, and m, are nonincreasing then one may define more
simply, for A € R, (M, m)(\) = (M,, my)(max{inf A, |\|}).

(ii) If the spectrum of A is bounded then for each X ¢ [0](A) define M and m
as the supremum of M, and the supremum of m, respectively.

(i) In particular, if My and m, are constants then (M,m) = (M,,ms) is
always suitable.

With the same extensions of (Lg,l,) into (L,1), (15) implies (13).
Proof. The spectral theorem yields for any non-negative self-adjoint operators B:
(17) I(B = wall < [(B+pzl, =eD(B), un>0.

This results from writing B — pp = (B + u)f(B/u), where f(t) = (t —1)/(t + 1)
remains in [—1,1] for ¢ € [0,00). Applying (17) with x4 = inf A — X yields,

(18) (A= (2inf A — Az < [[(A—Nz|, A <infA

The choice in (i) results from (18). The last sentence in (i) results from 2inf A—X >
max{inf A, —A} for A < inf A.

To prove (ii) we assume that both inf A and sup.A are finite, (16) holds and
we define M and m as the supremum of M, and m, respectively. Thanks to
(18), (14) holds for A € [2inf A — sup A,sup A]. Applying (17) recursively with
B =A— (inf A—n(sup A —inf A)) and p = inf A —n(sup. A —inf A) — X for n € N
yields that it still holds for A € [inf A — (n+1)(sup A —inf A),sup A] for all n € N,
i.e. for all A < sup A. It still holds for all A > sup.A by a similar recurrence with
B=supA+n(supA—infA) — A and g =\ — (sup A+ n(sup A — inf A)). O
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The following proposition says that there is only a loss of a factor 4 in the main
coefficient in restricting (13) and (14) to the sheer spectrum of A:

19)  ICz)? < LeWI(A = Nzl + L (W)]lz]|?, =€ D(A), A ea(A),
(20) 2] < Mo (M)[[(A = Nz + me(V|Cz]|*, = € D(A), A ea(A),
where l,, L,, ms and M, are locally bounded positive functions on o(.A).

Proposition 2.10. The system (3) is admissible (resp. exactly observable) if and
only if the resolvent condition (19) (resp. (20)) holds for some constant l, and L,
(resp. for some constant m, and M, ).

More precisely, (20) implies (14) with functions (M, m)(\) = (4M,, my)(7(N))
where w(A) denotes the spectral value closest to X. When the distance of A to the
spectrum of A is large enough this improves into (M, m)(\) = (|]A — 7(\)]|~2,0).
With the same definition of (Ly,ls) from (L,1), (19) implies (13).

Proof. If A ¢ o(A), then the spectral theorem yields ||(A — X\)7!| < |7(\) — A ~L
Hence [|(A —7(A)z]| < [(A = Az|[ +[[(A = w(X)z(| < 2[|(A = N)]]. O

N.b. the characterization of observability in proposition 2.10 was proved by
contradiction in [ZY97] (for bounded C) without explicit constants.

2.4. Resolvent conditions with variable coefficients and the controllability
time. From theorem 2.4 and proposition 2.9(iii), if the resolvent condition (16)
holds with constant M, and m, then exact controllability holds in time T' > 7+/M,.
Hence, if the resolvent condition (16) holds with a smaller coefficient M, on some
part of the spectrum then the corresponding part of the system is controllable in a
shorter time.

The following proposition ensures that the full system is actually controllable
in this shorter time provided the spectral subspace of the complementary part of
the spectrum is finite dimensional. Although its statement is slightly different from
[TWO09, proposition 6.4.4] (which does not assume that A is self-adjoint), its proof
is so close to that of Tucsnak and Weiss that it is omitted here. It is based on their
earlier simultaneous controllability result in [TW00], cf. [TW09, theorem 6.4.2].

Proposition 2.11. Assume that the system (3) is admissible and that there is a
finite set S of eigenvalues A of A such that V\ = ker(A — \) is finite dimensional
and all the eigenvectors xy € Vy satisfy Cxx # 0.

If exact observability in time Ty > 0 holds for the restricted system

(t) —iAox(t) =0, x(0) ==xp € Xo, y(t)=Cx(t),

where Ag = 14¢5.A is the restriction of A to the orthogonal space Xo = Xz of
Xs =1ues X = @y Va in X, then it also holds for the full system (3).

The following propositions improve the basic time estimate in theorem 2.4. They
says roughly that, when computing the control time from M, , any compact part of
the discrete spectrum can be discarded: in other words, only the essential spectrum
matters including +co when they are limit points of the spectrum.

Proposition 2.12. Assume that the system (3) is admissible and that the resolvent
condition (16) holds with a constant coefficient m,. From the other coefficient M,
define the essential coefficient

Mess = sup MU ()\)7

inf
K ER\oess(A) Ae[o(A)\K]
where K @R\ 0cs5(A) means that K is a compact subset of R which does not
intersect the essential spectrum of A.
Then the system (3) is exactly observable for all time T > m/Mss.
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N.b. if 0(A) is bounded from below and oess(A) = 0 then Mess = limsup M, (X).

A—+oo

Proof. Let Ty > my/Mess so that My := 7213 > M,ss. By the definition of M.,
there is a K €R \ 055 (A) such that supye(,(an k] Mo (A) < Mp.

Since the restriction Ay = 14¢x A satisfies D(Ag) = D(A) N Xo and o(Ap) =
o(A)\ K, the resolvent condition (16) and the definition of K imply

lz]1* < Mol[(Ao — N)a[|* +mel|Cx]|*, = € D(Ad), A€ [0](Ao).

By proposition 2.9(iii), this implies that the restricted system in proposition 2.11
is controllable in time Tj.

By the definition of o.s5(A), K No(A) is composed of isolated eigenvalues with
finite multiplicities. Since K is compact, the cardinal of K N o(A) is finite. Since
mg > 0, the resolvent condition (16) implies Cx # 0 for any eigenvector x of A.

Applying proposition 2.11 with S = K completes the proof. O

N.b. the estimate of the controllability cost in theorem 2.4 is lost in proposi-
tion 2.12 due to the contradiction argument in the proof of proposition 2.11. This
was the main reason for replacing it with the control transmutation method in
[Mil05, §9].

The following version of proposition 2.12 is better e.g. when A is neither bounded
from below nor from above. The proof is the same except it uses proposition 2.10
instead of proposition 2.9. A simpler formula for M.ss is also given when the
coefficient M in the resolvent condition (11) is continuous (n.b. gess(.A) is closed).

Proposition 2.13. Proposition 2.12 still holds if the resolvent condition (16) is
replaced by (20) and the definition of the essential coefficient is replaced by
Moo =4 inf sup My (N).
K E@R\oess(A) A€o (AN\K
N.b. if 0ess(A) = 0 then Mess = 4limsup My () as |\ — +oo in o(A).
Proposition 2.12 still holds if the resolvent condition (16) is replaced by (11) with
continuous M and the definition of the essential coefficient is replaced by

M,ss = max { sup  M(A),limsup M (X), limsup M(/\)} .
AETess(A) A——o00 A—+o0

Corollary 2.14. If 0.55(A) =0 (e.g. if the resolvent of A is compact), the system
(3) is admissible and the resolvent condition (20) holds with m, constant and

My(A) = 0 as [N\ = +o00, X € g(A),
then the system (3) is exactly observable for all times T > 0.

N.b. this corollary is inspired from [BZ04, theorem 7] which makes more involved
assumptions on (A, C) but allows the coefficient m to vary.

REMARK 2.15. Under the additional assumption that A is bounded from below,
corollary 2.14 says that M(\) — 0 as A — +oo implies observability for all T' > 0.
But observability for all T > 0 does not imply M (A\) — 0 as A — 400 (Schrédinger
equation in a rectangle observed from a strip is a counter-example). What follows
says, in a very vague sense: M (A) — 0 means fast observability of high modes
at low cost kp ~ % We refer to [Mil04, theorem 3.2] for a similar but rigorous
statement about fast observability of high modes at low cost.

Recall the link of M and m to the time T, admissibility K7 and cost kr:
T >7mVM, vy =2mT/(T? — M7?), and M = T?kp Ky, m = 2T k.
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If the resolvent condition holds with M (\) — 0 as A — 400, then the restriction of
A to 1)4>x X is observable in time T'(A) = m/2M(X) at cost rkp(n) = 4m/T(N).
This should be considered as “low cost” since kK ~ % whenever C is the identity,
i.e. full observation is available.

Conversely, if the restriction of A to 1|45 X is observable in time T'(\) with
T(A) = 0and v = limsup T'(\)kp(n) < 00 as A — +00, then the resolvent condition
holds with M(A) < vK1T(\) for large A. In particular, this implies observability
of A for all T > 0.

2.5. Wavepackets condition. The wavepackets condition introduced in [CFNS91,
(H6’)] and [RTTTO05, (1.6)] corresponds to (21) with constant d and D. The fol-
lowing proposition generalizes [RTTTO05, Theorem 1.3]: the resolvent of A is not
assumed to be compact, the functions in (21) and (14) are not assumed to be con-
stants and their relation is explicit because the proof is direct (does not go through
[RTTTO5, (2.2)]).

Proposition 2.16. The observability resolvent condition (14) implies the wavepack-

_m

ets condition, for any function d > m and associated function D = —*,
(21) ) < dN)|Cz|?, € 1arp<pny X, AER.

The wavepackets condition (21) and the admissibility resolvent estimate (13) imply
the observability resolvent estimate (14) for cmy function m > d and associated

function M(X) = 6L+ where § = (4 — i) . Nb.§>dandm= (& - %)_1.

m

Proof. Let x € 1j4-x2<p(») X. By the spectral theorem ||(A—\)z||? < D(/\)||a:||2
Plugging this in (14) yields (21) with d(\) = =557 since 1 = DM = & > 0.

To prove the converse, we introduce the projection z) = 14— /\|2§D(A) rof x €
D(A), and 23 = z—x,. Using [|Cxy|? < (1+€?)||Cx||?>+ (1+72)||Czy ||, e(N) > 0,
and applying (13) to estimate this last term, then plugging this in (21) yields

l2]* < (1 +*)[[C]|? + d(1 + e )L (A = N [P + (1 + di(L + &%) ||l ||
But the spectral theorem implies ||z [|> < &|(A— M)z ||%, so that (14) holds with
m =d(1+e2) and M = (1 + e 2)dL + k") O

Combining this proposition 2.16 with theorem 2.3, yields this restatement of
theorem 2.4 in terms of wavepackets:

Corollary 2.17. Assume that the system (3) is admissible. It is exactly observable
if and only if the following wavepackets condition holds:

(22) 3D > 0,d > 0, [|z]| < Vd|[Czl, z€1 4 ycypX, AER,

More precisely, (8) implies (11) implies (22) with D = 1/(2M) = 1/(2T?krKr)
and d = 2m = ATky. Conversely (22) implies exact controllability (8) for oll T
such that T? > 2 (% + dKr(T + %)), in particular for all T > %-F?TQCZK,N/\/E.
Moreover, (22) implies (8) with the simpler cost formula kT = % for all T such
that € := T? — 72 (% + 2dKr(T + %)) > 0.

Proof. We only make the lengthiest computation: assuming 7' > % +72dK, where
K:=K_, /p, we deduce (T/7r)2 >4 +dKT(T+ —=5). Since T — Kr is increasing,

T > \F implies K7 > K and \F > ﬁ Hence it suffices to prove that z := T /7
satisfies 22 > &4 + dK (T + m/ﬁ) =: a + 20z, where o = % + 4 and g = £,

This is equivalent to z > 8+ /2 + a. Since m > 2/x, this is implied by the
assumption which translates into z > % +7mdK =5+ ,/8%+ % + %. O



RESOLVENT CONDITIONS FOR CONTROL 13

Corollary 2.18. Assume that the system (3) is admissible, that oess(A) =0 (e.g.
that the resolvent of A is compact) and that there is a spectral gap v > 0 in the
following sense: |\ — u| = v for all distinct eigenvalues \ and p.

The system (3) is exactly observable if and only if the following eigenvectors
condition holds:

(23) 36 >0, for all eigenvector x of A, |lz| < d||Cz|.
More precisely (23) is equivalent to (22) with d = 6% and any D < +?/4.

REMARK 2.19. Corollary 2.18 slightly generalizes [TW09, Proposition 8.1.3], in par-
ticular eigenvalues of A need not be simple. It could also be proved by the classical
theorem of Ingham on non-harmonic Fourier series, cf. e.g. [TW09, Theroem 8.1.1],
which would give the better time estimate T' > 27/v. N.b. the time estimate in
corollary 2.17 matches Ingham’s T > W/\/E in both asymptotics D — 0 or d — 0,
whereas the less general [Erv09, Theorem 2.5] does not, since its time estimate

translates into: T > 25 (FIn L + 38) /" whith L = 2K, 5dv/D.

ExaMPLE 2.20. Corollary 2.18 applies to the interior observability of the Schrodinger
(with A = —A,) and wave equations (with A = v/—A,, cf. theorems 3.8 and 3.13)
where A, = 0,(¢(x)d,) is the Laplacian with Dirichlet boundary conditions on a
segment and c is a positive smooth function.

REMARK 2.21. Consider the Schrédinger equation on a rectangle [0,a] x [0,1],
a? ¢ Q, observed from a smaller rectangle w, X wy, w, C [0,a], w, C [0,1]. Al-
though the natural orthonormal basis of eigenfunctions satisfies (23) and although
exact controllability does hold (this result due to Jaffard has been extended to any
dimension by Komornik, and to partially rectangular billiards in [BZ04, BZ05]),
corollary (2.18) (with A = —A) does not apply if a®> ¢ Q, since the gap condition
does not hold. It does apply in principle when a? € Q (the gap condition holds)
but it is not trivial to check (23) since there are eigenspaces with arbitrary large
dimension (it is easy in the case of observation from a strip, i.e. w, = [0,1], cf.
[CFNS91, example 3.a]).

2.6. Eigenvectors condition. Although slightly off the topic of this paper, we
comment on the following version of the Hautus test in finite dimension already
mentioned in §1:

(24) for all eigenvector « of A, Cx # 0.

When the resolvent of A is compact, [TW09, Proposition 6.9.1] proves that it is
equivalent to the following observability notion.

Definition 2.22. The system (3) is approzimately observable in infinite time if
x = 0 is the only « € D(A) such that y(¢) =0 for all t > 0.

N.b. using the homeomorphism (i —.A)~! : X — D(A), this is equivalent to
(25) ﬂ ker(Ce™ (i — A)™1) = {0}.
teR

N.b. when C is admissible, this is equivalent to: = = 0 is the only x € X such that
y=0in LIQOC(O, 00). This results from considering x as a the limit in X of its usual
smooth approximation z. € D(A) as e — 07:

1 e . 1 £ ] T+e
To = 7/ elt.Axdt, ys(T) — CezT.Ax6 _ 7/ Cel(T+t)Axdt = / y(t)dt
13 0 £ 0 T
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Proposition 2.23. Let B denote the o-algebra of Borel sets of R. Consider a
set B, C B of bounded sets such that, for any Q € B, QN o(A) is a countable
disjoint union of elements of B, (e.g. if Bs is the set of bounded Borel subset with
diameter smaller than € > 0, then any Q € B can be written Q = | |, Qx with
Qi = QN ke, (k+ De[e B, ).

The system (3) is approzimately observable in infinite time if and only if

M ker(€Laca) = 0}

QeB,

In particular, assuming oess(A) =0 and defining B, as the set of singletons {\}
for all eigenvalues A\ of A, we obtain that (3) is approzimately observable in infinite
time if and only if the eigenvector test (24) holds.

Proof. The second of the following equalities results from the spectral theorem:

(26) [\ker(Ce™(i—A)) = () ker(CF(A)(i—A)T)

teR fEL>®(R)

= () ker(Clacali —A) ) = [ ker(Clacali —A)7Y).

QeB QeB,

The first equality (26) results from the Fourier transform in the following way.
Consider x € D(A), such that Ce’*Ax = 0, ¢ > 0. For any f € C*(R) with compact
support, f is the Fourier transform of an f € L'(R), hence

Az =C / ft)e M Axdt = / f(t)Ce M zdt = 0.

The property Cf(A)x = 0 extends to the set of continuous function f with compact
support since C*°(R) functions with compact support are dense in this set for the
L>*(R) norm (e.g. by convolution). To extend this property to an f € L>(R),
first consider a sequence of continuous functions with compact support (fy)nen
bounded in L*°(R) and converging pointwise to f (e.g. by Lusin theorem). Since
fn(A) converges to f(A) pointwise in X, f,(A)x converges to f(A)z in D(A).
Hence we still have Cf(A)x = 0 for any f € L*(R).

If Q € B can be written as the disjoint union 2 = I—lnGN Q,, with Q,, € B, then
laca® = Y, cnlacq, ¢ converges in X. Since C € L£(X1,Y), this implies the
convergence in Y of C14eq(i—A) 'z =3, Clacq, (i—A) 'z. Since Q, € B,
is bounded, ker(C14cq,) = ker(C1acq, (i — A)~!). This completes the proof of
the last equality in (26).

Proposition 2.23 results from (26) and the equivalent definition (25). O

It is not clear that approximate observability in infinite time is an interesting
notion for controllability unless the semigroup is analytic. When the semigroup ¢ —
e!* is analytic, the output ¢ — Ce'z is analytic so that approximate observability
in infinite time is equivalent to approximate observability in any time T' > 0, which
is equivalent to approximate controllability in any time 7" > 0. Nonetheless we
mention the following easy implication in our context of unitary group.

Lemma 2.24. Consider 2 C R compact and the restriction Aq of A to the spectral
subspace Xq = 1acq X. If the system (3) is approzimately observable in infinite
time then the system (4) obtained by replacing A on X by Aq on Xq is approxi-
mately observable in any time T > 0.

Proof. The set € is compact, hence Aq is bounded, hence the semigroup ¢ —
e is analytic, hence y : t — Ce'™z is analytic. By unique continuation,
(Agq, C) is approximately observable in infinite time if and only if it is approximately
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observable in any time T' > 0, i.e. = 0 is the only z € Xg such that y(¢) = 0 for
all ¢ € [0, 7). 0

2.7. Quasimode condition for the lack of exact controllability. The neces-
sity of resolvent conditions has been widely overlooked as a means to disprove exact
observability. There are two more common means. Firstly, to produce an eigen-
vector which is not observable in the sense that it violates the eigenvector test
(24). Secondly, to produce an approximate solution of the system (3) which is close
enough to an exact solution and little enough observable so that it violates (11), e.g.
the exact observability of the wave equation is disproved in [Ral82] by a space-time
Gaussian beams construction (microlocal measures extend this result from hyper-
bolic to diffractive and gliding geometric rays, cf. [BG97, Mil97]). Here we point
out this intermediate means: to produce an almost not observable approximate
eigenvector (approximate eigenvectors are also known as quasimode).

In addition to the first order system (3) we shall consider a second order system,
anticipating on (48) in section 3.2. For this purpose we use the notations at the
beginning of section 3 and consider the second order observation system associated
to a self-adjoint, positive and boundedly invertible operator A on a Hilbert space
Hy with domain D(A), where H; is D(v/A) with the norm ||z|; = |[v/Az][o:

(27) Z(t)+ Az(t) =0, =2(0)=z0€ Hy, 2(0)=2z € Hy, y(t)=Cz(t).

Definition 2.25. A quasimode for the system (3) at A € R is a sequence (7, )nen
in D(A) such that there is a real sequence (\,,)nen satisfying

|zn]l = 1, [[Czpnll =0, [[(A—=A)zn] —0 and N, — A as n— oo.

A quasimode for the second order system (27) is a (2, )nen in D(A3/2) such that
lznlli = 1, |Czpll = o(1), ||(A = An)zalll = o(v/An) and A, — 400 as n — oc.

This second definition anticipates on the study of second order systems in §3.2
to allow comparison: a quasimode for the wave-like system (27) must only satisfy
(A= Nzxlli = o(v/\) whereas a quasimode for the corresponding Schrédinger-like
system (50) with s = 1 must satisfy the stronger condition [[(A — X)zall1 = o(1).
The same comparison can be made in the context of interior observation in §3.2.3.

As a direct consequence of definition 2.25, theorem 2.4 and corollary 3.10:

Theorem 2.26. Assume that the system (3) (resp. the second-order system (27))
is admissible. If there is a quasimode for (3) (resp. for (27)) then it is not exactly
observable.

Applying theorem 2.26 to the very large literature on quasimodes provides rel-
evant specific PDEs systems where exact controllability does not hold. We dwell
on this quasimode approach in a forthcoming paper. E.g. it deduces from a con-
struction in [PV99] that the Schrodinger equation is not exactly controllable from
the boundary of a domain where the diffusion constant takes some value outside
a bounded strictly convex smooth subdomain and a lower value inside this subdo-
main, with transmission conditions at the boundary of the subdomain.

In keeping with the topic of this paper, we give two rather abstract applications.

Consider two positive self-adjoint operators A; and A, on two Hilbert spaces
H' and H?. The operator A; ® I + 1 ® Ay defined on the algebraic tensor product
D(A;) ® D(A,) is closable and its closure, denoted A = A; + Ay is a positive self-
adjoint operator on the closure H' @ H? of the algebraic tensor products H' @ H?2.

Theorem 2.27. Assume C € L(D(A1);Y), C=C1®1 € L(D(A);Y ® H?), and
the second order system (27) with A and C is admissible. If ker C; # {0} and A3!
is compact then (27) is not exactly observable.
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Proof. Since As has compact resolvent, there is a sequence A of eigenvalues tending
to 400 and a corresponding sequence (23)xea in D(Ag/ ?) of normalized eigenvec-
tors, i.e. (A2 — A\)a3 =0 and ||z3||; = 1. Since ker C; # {0} and D(A?/Q) is dense
in D(A;), there exists x! € D(A?/Q) such that C1z' = 0 and ||zt|lo = 1. Now
z) = 2! ® 23 defines a quasimode for (27), since Cz) = C1z! @23 =0,

lzxll} = [VAZAlIS = (Azx, @a)o = 2 1112305 + |2t 151123 113
= (l="5/A + e ) 1230F = 1+ 2t [7/A = 1,
and [[(A = Nzallf = Az’ @23 [ = At [7/A + [[Arzl[l§ = O(1) = o(). D

The same theorem can be stated in the context of interior observation in §3.2.3
and its application to the wave equation was already stated in [Liu97, theorem 4.5].

In the second application X = L?(R?). Assume the self-adjoint operator A on
X is locally compact, i.e. for all compactly supported ¢ € C°°(R9) considered as
a multiplication operator, ¢(A — 2)~! is compact for some hence all z ¢ o(A).
Also assume that A is local, i.e. there exists a non-negative compactly supported
© € C*(R%) such that p(q) = 1 for |q| < 1 and ¢, (q) = p(q/n) satisfies p, D(A) C
D(A) and ||(Ap, —pnA)(A—i)~t| — 0. The observation operator C € L(D(A);Y)
is compactly supported if there is a compact K C R? such that Cx = 0 for any
x € D(A) with support in R% \ K.

Theorem 2.28. Assume A is locally compact and local as above. If oos5(A) # 0
then, for all compactly supported C, the system (3) is not exactly observable.

Proof. Let A € 0.55(A). Equivalently by [HS, theorem 10.6], there exists a Zhislin
sequence (Z,)nen for A and A, ie. x, € D(A), ||z,|| = 1, the support of z,, is
outside the ball of radius n and ||(A — A)z,|| — 0 as n — oco. Since C is supported
in some ball of radius ng, Cz,, = 0 for n > ng. Hence (x,)nen is a quasimode for
the system (3) and theorem 2.26 completes the proof. O

3. LINKS BETWEEN SYSTEMS WITH GENERATOR BUILD ON A POSITIVE A

This section investigates the logical links between the control properties of var-
ious systems of the form (3) with various positive A which are defined using the
same building block: a positive self-adjoint operator denoted A.

The framework for this section is more specific than §2.1. Let Hy and Y be
Hilbert spaces with respective norms ||-||p and ||-|]. When the context is unam-
biguous we shall omit the index 0 in ||||p. Let A be a self-adjoint, positive and
boundedly invertible unbounded operator on Hy with domain D(A).

We introduce the Sobolev scale of spaces based on A. For any positive s, let
H, denote the Hilbert space D(A*/?) with the norm ||z||s = ||A*/%z|¢ (which is
equivalent to the graph norm ||z|jo + [|A%/2x||o). We identify Hy and Y with their
duals with respect to their inner product (i.e. we use them as pivot spaces). Let H_g
denote the dual of H,. Since H; is densely continuously embedded in Hy, the pivot
space Hj is densely continuously embedded in H_g4, and H_, is the completion
of Hy with respect to the norm ||z|_, = ||[A=*/%z||o. We still denote by A the
restriction of A to Hg with domain Hy,o. It is self-adjoint with respect to the H
scalar product. We denote by A’ its dual with respect to the duality between Hj
and H_,, which is an extension of A to H_, with domain Hy_,.

Let C € £L(H2;Y) and let B € L(Y; H_3) denote its dual.

The dual observation and control systems for the generator A are:

(28) i(t) —iAz(t) =0, x(0) =x0 € Ho, y(t)=Cux(t),
(29) £(t) —iA'E(t) = Bu(t), £(0)=& € Hy, u€ L (R;Y).
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We consider the following resolvent conditions (which are restricted to the convex
hull [0](A) of the spectrum of A with variable coefficients I, L, m and M):

(30)  [Cxl* < LA = Nal§ +1N)2l5, = € D(A), e lo](4),
(31) |z]I3 < M)A =Nz [§ +mN)[Call?, =€ D(A), Aeo)(A),
where [, L, m and M are locally bounded positive functions on [0](A).

ExXAMPLE 3.1. We refer to [TW09, §7.5] for the typical example of the free linear
Schrodinger equation on a domain with Dirichlet boundary condition observed from
a subset of the domain, or from the Neumann derivative on a subset of the boundary.
Systems of such equations can also be written as (28).

3.1. Systems generated by fractional powers of A and other convex func-

tions of A. For any function f of the form f(\) = Ah(\) where h : o(A4) —

[ho, +00) is measurable and hg > 0, the spectral theorem defines a positive self-

adjoint operator f(A) such that D(f(A)) C D(A) and o(f(A)) C f(c(A)). There-

fore we may consider the systems generated by f(A) fitting the general framework

of 21 with X =Hy=X', =0,C=C and A= f(A):

(32) i(t) —if(A)x(t) =0, x(0) ==z € Ho, y(t)=Cux(t),

(33) E(t) —if(ANE(t) = Bu(t), €(0)=¢& € Hy, u€ Li (R;Y').

This section investigates the link between the control properties of (29) and (33).
An example of particular interest is f(A) = A* with o > 1 which defines an

operator f(A) known as the fractional power A% of the operator A with domain
D(Aa) = Hs, C D(A) = Hs:

(34) z(t) —iA%(t) =0, x(0) =z € Hy, y(t)=Cux(t),

(35) E(t) —i(A)E(t) = Bu(t), £(0) =& € Ho, u€ L, (R;Y').

In deducing control properties of (33) from (29), convexity is the main property
of f:1]0,+00) — [0,+00) that our argument relies on. E.g. theorem 3.2 applies
to f(A) = Aln(1 4+ A) which has an interesting application (cf. [DMO09]). Although
systems generated by fractional powers of the Laplacian are a well established
modeling tool, we do not know which range of the power-logarithm scale of the
Laplacian has ever been actually considered for modeling purposes. Conversely in
deducing control properties of (29) from (33), we use homogeneity as an additional
property of f, therefore theorem 3.5 only concerns fractional powers.

Throughout this section the norm ||-||o on the state space Hy is simply denoted
Il as the norm on the observation space Y without ambiguity.

Theorem 3.2. If the system (28) for A is admissible (resp. exactly observable)
then the system (32) for f(A) is admissible (resp. exactly observable) for any convex
function f :[0,400) — [0,4+00) which vanishes only at 0.

More precisely (31) implies the observability resolvent estimate

] < MpWII(F(A) = Nzl +mpV)[IC2z ], 2 € D(f(A), A€ f([o](4)),
with myp(N) = m(f~1(N\) and My(X) = (f72(N)/N)2M(f~1(N)). N.b. if moreover
F(N) = AR(X) then this further simplifies as Mp(X) = M(f=1(N\)/h2(f~1(N).
Similarly (30) implies the admissibility resolvent estimate for f(A) with coefficients

defined from | and L as my and My were defined from m and M.
f)—f(=)
Yy—x

)
. > 0.

WV

N.b. f is strictly increasing since 0 < x < y implies
Moreover convexity implies continuity. Hence f is bijective.
N.b. Since f is continuous, the spectrum of f(A) is o(f(A)) = f(o(A)). Taking
convex hulls and using the convexity of f yields [0](f(A)) = [f(c(A))] = f([o](A)).
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Theorem 3.2 results directly from the following simple convexity inequality.

Lemma 3.3. If f : [0,400) — [0, +00) is convex and vanishes only at 0 then

(36) wawﬂﬂ<ﬁbMﬂM—fw»ﬂ»w€DUM» p> 0.

Proof. The hypothesis implies that f is continuous and ¢ — t/f(t) is positive
nonincreasing on (0, +00) hence bounded on [e, +00) for all € > 0. Therefore f(A)
is well defined and D(f(A)) C D(A).

For all > 0, the difference quotient g,, is the left continuous function at ¢t = u

defined on [0, +00) by g.(t) = %ﬁ(“) Since f is convex, g, is increasing. Hence
gu(t) = g,(0) = fsl“) for t > 0. Therefore, setting h, :=1/g,, the spectral theorem
yields [[hu(A)| < . Now (36) results from A — p = h,(A)(f(A) — f(w)). O

EXAMPLE 3.4. E.g. theorem 3.2 applies when f(¢) = tlog®(1 +t) = th(t), a > 1,
and M is a constant. In this case we check that the coeflicient M satisfies:

My(A) = M/R?(f7H(N) < (1+a)**M/log** (1 + \).

Setting A = f(u) = plog®(1 + ), we have 1/h(f~1(\)) = 1/log®(1+ u) and
we want to check 1/log™(1+ p) < (1 + «)®/log®(1 + A), which is equivalent to
1+ A< (1+p)tre. But this results from 1+ gt < (14 p)1 T and this estimate
of the logarithm: \ = pulog® (1 + p) < plte.

Applying theorem 3.2 to f(A) = A* with a > 1 yields M¢(\) = M(A\&)/ 22/,
This makes the following notations for the resolvent conditions more convenient
when dealing with the fractional powers in (34):

(37) 1Cx1? < DA Nl + L%, ® € D(A), A€ [0](4%),
(38) 12l < JgmOL (A Nl + ma(WCal?, @€ D(A%), A< [o](4°).

where Iy, Lo, mq and M, are locally bounded positive functions on R. The first
part of the following theorem is the application of theorem 3.2 with these notations.
The new feature is the converse in the second part using the homogeneity of f.

Theorem 3.5. If the system (28) for A is admissible (resp. exactly observable)
then the system (34) for A% is admissible (resp. exactly observable) for any o > 1.
More precisely (31) implies (38) with ma(\) = m(A/®) and M, (\) = M(\V/®).
Similarly (30) implies (37) with lo(X\) = I(AY®) and Ly () = L(AY®).

The system (28) for A is admissible if and only if the resolvent condition (37)
for A% holds for some o > 1 and some constant L, and l,. Assuming that it is
admissible, it is exactly observable if and only if the resolvent condition (38) for A
holds for some o > 1 and some constant M, and m,, (if moreover ooss(A) =0 this
implies that the system (34) for A% is exactly observable for any positive time).

More precisely, (37) implies (30) with L()\) = 2 max {(2‘3“ - 1)2La(AO‘),4||C||f:(H2;Y)}
and I(A\) = 2o (AY). Moreover (30) and (38) imply (31) with m(A) = 2mq(AY) and
M(X) = max { (2% — 1)2My(A*),m(A)L(A) + (1 +m(A)I(N))/inf A%}

Proof. Thanks to theorem 3.2 and proposition 2.9 (and corollary 2.14 for the state-
ment in parenthesis), we only need to prove the last paragraph. We shall prove (30)
and (31) by density, taking x € D(A%). Let u € [0](A) and € > 0. In each case we
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use some spectral projection x,, of  which depends on € and take advantage of:
(39) 2]1* = llll* + lle — 2ull?
I(A = el = I(A = ] + (A = ) (@ —z,)|1%,

(40)  oll(A = paull* + BII(A — p)(= — 2,)|* < max {o, B} [[(A — )z,
Since f(u) = p® satisfies the homogeneity equality f(tu) = t*f(u), the difference
quotient function g, defined in lemma 3.3 satisfies g, (ut) = g(t) f(p)/p = p*tg(t)
where g is defined on [0, +00) by ¢g(1) = @ and g(t) = (1 —t*)/(1 — ¢t).

We first assume only the admissibility condition (37) for A%*. We introduce the

projection x,, = 1 4<(1+4e), = of x on the spectrum of A below (1+¢)u. The spectral
theorem yields

(41) [Az —2u)| < (L+1/e)[(A = p) (@ =z,
1 [ [e3

et (A% =izl < g (14 )[4 = p)wul

The former inequality results from writing A = (A— p)h(A/u) where h(t) = 1/(1—

1/t) is decreasing. The latter inequality results from writing p!=®(A® — u®) =
(A — p)g(A/p) where g is increasing. Using C € L(H»;Y) and (41) yields

(42)

(43) 1C(z =)l < L+ 1/)[CIII(A = p)(z — z)]|-
Applying (37) to =, and plugging (42) yields
(44) ICzulI* < g*(1 + ) La(u®) (A = p)zpl|* + la ()|l

Plugging (43) and (44) in 1||Cz|? < ||Cz,|?> + ||C(z — z,)||* and simplifying by
(40) yields (30) with

(1) = 2a () and L(p) = 2max {g2(1 + ) La (1), (1 + 1/2)2[CI} .

Taking ¢ = 1 completes the statement that (37) implies (30) in theorem 3.5.

Now we assume the admissibility condition (30) for A and the observability
condition (38) for A%. We introduce the projection x,, = 1a<ptex of & on the
spectrum of A below p + €. The spectral theorem yields

1
(45) lz = @ull < ZII(A = p)(@ = 2u)ll;
1 (0% «
(46) e (A = p*)zpll < g1+ e/w(A = p)z,-
Applying (38) to x,, plugging (46) in, and using the monotony of ¢ yields
47 lzal? < g°(1+ e/ inf A)Ma(u®)[[(A = )z + ma(p®)||C,|1*.

To estimate the last term, we apply (30) to & — z,:
1 2 2 2 2
SNCzull” <IC[" + L{w)I(A = )z = 2,) 7 + Up)llz — @]l

Plugging this in (47), then plugging the resulting inequality in (39), and simplifying
by (45) and finally by (40) yields (31) with m(u) = 2m, (u®) and

= L Ima ) )

M (p) = max {92 (1 + A

Taking € = inf A yields the last statement in theorem 3.5. (]

) Ma (i), 2ma (1) L(s) + e

REMARK 3.6. In the particular case of second-order equations, the part of the first
sentence concerning exact observability was proved in [Z2Y97] (without explicit M,
and my,).
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3.2. Second order systems. In this section we start with the general framework
for second order systems which suits the boundary control of PDEs. We finish with
a framework which suits the interior control of PDEs better.

3.2.1. “Boundary” second order systems. In addition to first order systems for A,
we consider the dual observation and control second order systems:

(48) 2(t) + Az(t) =0, =2(0)=z20€ Hy, 2(0) =2z € Hy, y(t)=Cz(t),

(49) C(t) + A/C(t) = BU(t), C(O) = CO € HO;C(O) = Cl € H—lav € L%OC(R; Y)
EXAMPLE 3.7. We refer to [TW09, §7.4 and 7.6] for the typical example of the wave
equation on a domain with Dirichlet boundary condition observed from a subset
of the domain, or from the Neumann derivative on a subset of the boundary. We
refer to [TW09, §7.5] for the examples of plate equations.

We shall now explain how they fit in the general framework of §2.1. The states
x(t) and &(t) of the systems (48) and (49) at time ¢ and their state spaces X and
X'’ are defined by:

o(t) = (2(t), £(t) € X = Hy x Hy, &(t) = (C(£),((t) € X' = Ho x H_;.

X is a Hilbert space with the “energy norm” defined by ||(zo,21)||? = |[VAz0 |2 +
lz1]13, X" is a Hilbert space with norm defined by ||(¢o, ¢1)|? = |¢oll3 + <11, and
X is densely continuously embedded in X’. These spaces are dual with respect to
the pairing (20, 21), (o, (1)) = (A"/?20, A7/2(1)0 — (21, o)o-

The dual second-order systems (48) and (49) rewrite as dual first order systems
(3) and (4), where u = v, A is defined on the domain D(A) = D(A) x D(vVA) by
A(zp,21) = i(—21, Azp), A’ is an extension of A to X’ with domain X, 8 =0, X; is
Hj x Hy with the norm defined by ||(20, 21)[1? = l4(20, 21)||? = ||[VAz1||2 + || A20]|2,
C € L(X1;Y) is defined by C(z9,21) = Czy and B € L(Y;X’,) is defined by
By = (0’ By)

We also consider the dual observation and control first order systems for A%/2,
with s > 1:

(50) ft) —iA2f(t) =0, f(0)=fo € Hi, y(t)=CF(1),
(51)  &(t) —i(A)*?4(t) = Bult), ¢(0)=¢o€ Hor, u€ Lipo(R;Y).
It fits in the general framework of §2.1 : X = Hy, X' = H_1,C = C, A is A%/?
with D(A%/?) = Hy,,, A’ is (A")*/? with D((A")*/?) = H,_1, B =0.
We consider the improved resolvent conditions for (50): 3L, l5, My, ms > 0,

L,
pee=vall

MS s s
(53) 15 < WH(A 2 — NFIIF+ms|CFI?, f€Hiws, Ae[o](A /2)-

(52) |ICfI* < A2 NI+ I3 f € Hiys, A€ [0](A%?),

Theorem 3.8. The second order system (48) generated by A is admissible (resp.
exactly observable) if and only if the first order system (50) with s = 1 generated
by VA is admissible (resp. exactly observable).

More precisely, (10) implies (52) for s = 1 with L1 = 2L and I = 21; (11)
implies (53) for s = 1 with My = M and m; = m/2; (52) for s = 1 implies
(10) with L = Ly and | = ly; (53) for s = 1 implies (11) with m = 4my and
M= max{M1,2m1||C||%(D(A);Y) + 1/(inf ﬂ)Q},' (52) and (53) for s =1 implies

(11) with m = 4my and M = max {Ml, 2mq Ly + (2mqly + 1) /(inf \/E)Q}

For variable coefficients as in §2.3 the result still holds with inf /A replaced by
A+inf VA in the two formulas for M. E.g. if mi = 1y is constant but My, = L, — 0
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slower than 1/A? as A — +o0, then m is constant and M — 0 as fast as My in the
second formula for M (whereas the first formula does not even ensure M — 0).

Proof. The theorem follows from the Hilbert spaces isomorphism W from X = H; x
Hy onto W = H; x Hy defined by W(z, z1) = (20 — 1A~ 221, 20 + 1A~ Y%21) /V/2,
with inverse W~ (wo,w1) = (wo + w1, ivA(wo — wy))/v/2. Unitarity is easily
checked: [(wio, wn) |3 = o3 + l[wi 2 = (IVAz0 — iz1] + [|VAzo + iz13)/2 =
VA2 |2 + || —iz1]13 = ||(20, 21)||?. The operator A for the second order system (48)
is isomorphic to Ay = WAW™! = \/E(é ,01).

The resolvent conditions (10) and (11) for (48) write: Vwg, w; € Ha, X € [0](vVA),

1

S1CGwo + w)P < L (VA = Mwoll? + (VA + MwillF) +1 (lwo 3 + [lwi]1F)
m

Jewol? + lwn | < M (1| (VA = Mwol? + (VA + N [3) + FC(wo + )],

(n.b. the symmetry between wg and w; allows to let A vary only in the positive part
of [0](A) = [0](VA) U [0](—+V/A)). Taking w; = 0 proves the first two implications
in the second statement of the theorem.

The converse for admissibility with L = L; and [ = [; follows from writing
£1C(wo + w1)||* < [[Cwo|? + ||Cwi ||* and applying (52) with s =1 to f = wp and
f = wy. To prove the converse for observability, the main step is to apply (53) with
s =1to f =wp and write ||Cwg|* < 2||C(wo + w1)||* + 2||Cw1||?. The following
two alternative subsidiary steps lead to the alternative values for M.

The first value of M results from ||Cw; || < ||C||||VAw: |1, and finally simplifying
bys (inf VA + ) wi ]}y < I(VA + A .

To prove the second value of M, apply (52) with s = 1 to f = wy, change the sign
of X thanks to (17), and finally simplify by |Jw1]1 < m”(\/ﬁ—k Mwi|;. O

3.2.2. Fractional second order systems. We also consider the dual observation and
control second order systems for A°, with s > 1:

(54) Z(t)+ A°2(t) =0, =2(0)=2z € Hi, 2(0)=2z € Hi_s, y(t)=Cz(t),
(55) C(t) + (A)*¢(t) = Bu(t),¢(0) = (o € Hy—1,((0) = ¢ € Hoy,v € L3 (R;Y).

They fit the general framework of §2.1: X = Hy x Hy_g, A(z¢,21) = i(—21, A%29)
with the domain X1 = H1+S X Hl, X_1 = Hl—s X H1—257 X = Hs—l X H_l,
<(Zo, Zl), (CQ, Cl)> = <A1/22’0, A71/241>0 — <A(175)/221, A(Sil)/2§0>0 and therefore
A/(<07C1) = i(—Cl,(AI)SC()) with X{ = stfl X HS,h X/—l = H,1 X Hflfs,
C(z0,21) = Cz and therefore By = (0, By).

The following corollary of theorem 3.8 (using theorem 3.5 with Hy and A replaced
by H; and VA, and using corollary 2.14 for the time), characterizes the properties
of the second order system (48) in terms of improved resolvent conditions for the
first order systems (50).

Corollary 3.9. If the second order system (48) is admissible (resp. exactly observ-
able) then for any s > 1 the first order system (50) and the second order system
(54) are admissible (resp. exactly observable, moreover they are exactly observable
for any positive time T if 0ess(A) =0).

More precisely, the second order system (48) is admissible if and only if (52)
holds for some s > 1. Assuming that it is admissible, it is exactly observable if and
only if (53) holds for some s > 1.

N.b. the constants L, I, M, m in (10) and (11) for (48) on the one hand, and
L, ls, Mg, mg in (52) and (53) on the other hand are explicitly related here.
In particular, for s = 2 we have the following (using corollary 2.14 for the time)
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Corollary 3.10. Admissibility and exact observability for the wave-like equation
(48) hold if and only if %H(A — Nallo+ |CA™ 22| is a norm on D(A) equivalent
to %H(A —Nz|lo + ||z|lo uniformly for X = int A > 0, and it implies admissibility
and exact observability (in any positive time T if moreover co.s5(A) = () for the
Schrédinger-like equation (50) and the Plate-like equation (54) both with s = 2.

ExXAaMPLE 3.11. When A is the Dirichlet Laplacian and C is the Neumann deriv-
ative at the boundary, combining corollary 3.10 with [BLR92] gives another proof
of [Leb92, theorem 4.1 and proposition 5.1.B]: under the geometric condition of
Bardos, Lebeau and Rauch for the exact observability of the wave equation in
H} x Ly with Neumann observation, exact observability in arbitrary time holds for
the Schrodinger equation in H} with Neumann observation and for the plate equa-
tion in H x H~! with Neumann observation. N.b. under the same assumption,
the control transmutation method in [Mil05, theorem 10.2] yields more information
on the Schrodinger equation since it provides a geometric bound on the cost of fast
controls.

EXAMPLE 3.12. We now use theorems 3.8 and 3.2 to interpret in terms of differential
operators an initially abstract example due to Thomas Duyckaerts of a positive
self-adjoint operator A, with observation C. € L(D(A.);Y), Y = C, such that
the Schrédinger group e**4+ is exactly observable for all positive time but the heat
semigroup e *4+ is not final-observable for any time, cf. [DM09, §5.1]. Let A
denotes the Laplacian 92 on the segment [0, 1] with Dirichlet boundary condition,
which is negative self-adjoint on L?(0, 1) with domain D(A) = HZ(0,1) N H?(0,1).
Let 0, denote the derivative at the endpoint 1. It is well-known that the wave
equation 1 — Aw = 92w — 02w = 0 is observable by the Neumann derivative 9,
in any time 7" > 2 on the energy space HZ(0,1) x L?(0,1) (by the unitarity of
the discrete Fourier transform known as Parseval’s theorem). Hence theorem 3.8
with A = —A and s = 1 yields that v/—A on X = L?(0,1) is observable by C' =
d,(=A)"Y2 € L(H,;Y), Y = C. Applying theorem 3.2 with A = /=A, f(t) =
tlog(1+t) and constant M as in example 3.4 yields that A, := v/—Alog(1++v—A)
satisfies the logarithmically improved resolvent condition:

2 M,
)" < —5
log”(1 + )

N.b. D((—=A)*+1/2) € D(A,) € D(V—=A) for all e > 0 and C € L(D(A,);Y).

I(A = Nal? +m.)|Ca|?, zeD(A), AeR.

3.2.3. “Interior” second order systems. The previous theorem 3.8 is adapted to
boundary observability (for wave and Schrodinger equations) since C' € L(H;Y).
For interior observability, we have C' € L(Hp;Y) and admissibility is obvious. In the
following version of theorem 3.8, the assumption made on the observation operator
C'is in-between: C € L(Hy;Y), equivalently B € L(Y; H_1). Accordingly, we may
consider a larger space of states (zg, z1) than the previous “energy space”:

(56)  Z(t)+ Az(t) =0, =2(0)=z9€ Hy, 2(0)=2z € H_1, y(t)=Cz(t),

(57) C(t)+ A'C(t) = Bo(t), ((0)=Co€ Hi, {(0)=C( € Ho, ve L (R;Y).
It fits in the general framework of §2.1 : X = Hy x H_; with norm |[|(29,21)||? =
[20l15 + 211121, X' = Hy x Ho with the “energy norm” [|(Co, C1)[I* = [1olIF + [1€1 113,
the duality pairing is ((20,21), (Co,¢1)) = (20, C1)o — (A7 /221, A2(0)o.

We rewrite the fractional first order systems (34) and (35) with « = s/2:
(58) i(t) —iA%2x(t) =0, x(0) =z € Hy, y(t) = Cx(t),

(59) &) —i(A)*/%€(t) = Bu(t), £(0)=¢& € Ho, u € L, (R;Y").
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We also consider the improved resolvent condition for (58): 3L, l5, My, ms > 0,
L

(60)  [IC2l* < 5rg7 (A2 = Nall§ + Lo, @ € Hay A€ [0](472),
M; s .
(61) ||ff||3 < WH(A /2 _ )\)ng +mg|Cz||? zeH, Xelo](A /2).

Applying theorem 3.8 to the observation operator CAY? € L(H,;Y) and using
theorem 3.5 and corollary 2.14 (as in corollary 3.9) yields

Theorem 3.13. Assume C € L(Hy;Y). The second order system (56) is admissi-
ble (resp. exactly observable) if and only if the first order system (58) with s =1 is
admissible (resp. exactly observable). These imply that, for any s > 1, (58) is ad-
missible (resp. exactly observable, moreover it is exactly observable for any positive
time T if 0ess(A) =10).

Moreover, (56) is admissible if and only if (60) holds for some s > 1. Assuming
that it is admissible, it is exactly observable if and only if (61) holds for some s > 1.

N.b. the constants L, [, M, m in (10) and (11) for (56) on the one hand, and
Lg, ls, Mg, mg on the other hand are explicitly related. In the following example,
we only state these relations in the case s = 1 (e.g. this is used in [DMO09]).

EXAMPLE 3.14. Assume the two resolvent conditions for A:

[CalP < L2 (14 = Nl + llf) . =€ D). A< lol(a),

ol < 3203) (1A = ol +CalR ) € D(A). A€ [ol(a),

where Lo is positively bounded from below and My — +00 as A — +o0o. We shall
compute the asymptotics as A — 400 of the coefficients in the resolvent conditions
(13) and (14) for the wave-like equation (57). Firstly, the converse in theorem 3.5
with o = 2 yields

1C2]* < Li(WII(VA = Nz [|§ + L(M]«l5, =€ D(VA), A€ [0](VA),

2] < My (VA = Nz [[§ + mi(VIC[lf, = € D(VA), X e [0](VA),

with 1(3) = 2Ls(X2), La(A) = 2max {9La(A2), 4C11% gr, 1} 1 (V) = 200(02)
and Mi(\) ~ 2M2()\2)max{%,L1(/\) + %Afi} Secondly, with the same compu-
tations as in theorem 3.8, theorem 3.13 yields (13) and (14) with I(A) = [;1(\) =
92L5(A2), L(\) = L1()\) = 2max {9L2()\2), 4||C|\%(H1;Y)}, m(X) = 4my () = 8My(A2)
and M(\) ~ 2M,()\?) max{%,L()\) + Qﬁff(:\f)JL()\)}. In particular, if Ly is a
constant, then L is a constant, and M(X) ~ 2My(A?)max {5, L + 252 2L}, If
Ly — +00 as A — 400, then L(\) ~ 18L2(A\?) and

1
2 2
M(X) ~ 4Lo(A°)Ma(A )max{9+ ian’lS}'

Similarly to corollary 3.10, we have in the case s = 2:
Corollary 3.15. Admissibility and exact observability for the wave-like equation
57) hold if and only if —<||(A — N)z||o + ||Cz|| is a norm on D(A) equivalent to
VA
%H(A — Nzllo + ||zllo uniformly for X > inf A > 0, and it implies admissibility

and ezact observability (in any positive time T if moreover cqss(A) = 0) for the
Schridinger-like equation (29).
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REMARK 3.16. We first discuss earlier results concerning the first part of corol-
lary 3.15, i.e. admissibility and observability resolvent conditions on A for the ad-
missibility and the observability of the wave-like equation. The implication for
observability was proved in [Mil05, proof of theorem 3.4]. The equivalence un-
der the additional assumption that the resolvent of A is compact was proved in
[RTTTO5, proposition 4.5] for observability, and in [Erv09, theorem 2.2] for admis-
sibility by a proof through wavepackets conditions which does not relate explicitly
the constants in the resolvent conditions (as partly explained after [Erv09, theorem
2.2], the submitted version of [Erv09, (2.9)] was [Erv08, (7.2.10)] which contains a
spurious term in the right hand side; the privately communicated (52) for s = 2
gets rid of this spurious term and restricts the spectral interval; it was published
as [Erv09, (2.10)]).

Concerning the implication from the wave-like equation to the Schrodinger-like
equation in the second part of corollary 3.15: it was proved in [Mil05, theorem
3.1] for observability (cf. [TWO09, theorem 6.7.2] for a simpler proof under the
additional assumption that the resolvent of A is compact, in which the cost cannot
be estimated, cf. remark 3.17); it was proved in [TWO09, proposition 6.8.1] for
admissibility.

REMARK 3.17. Concerning the implication from the wave-like equation for some
time L > 0 to the Schrodinger-like equation for all times 7" > 0 in corollaries 3.10
and 3.15, the following stronger result is proved in [Mil05]: without the assumption
Oess(A) = 0, for all times T' > 0, the controllability cost k1 r for the Schrodinger-
like equation satisfies k1 7 < cexp(aL?/T) where « is a universal constant and the
positive constant ¢ depends only on the uniform lower and upper bounds for the
ratio between the two norms in corollaries 3.10 and 3.15 respectively (e.g. in the
case of boundary observation, ¢ depends only on Lg, s, My, ms in (52) and (53)
for s = 2). Although it is not explicit in [Mil05, theorem 3.1], this statement can
be easily checked on the explicit bound of k1 1 at the end of its proof: « and ~
come from an independent one dimensional problem, x and d come from [Mil05,
theorem 3.4] hence from [Mil05, theorem 6.1] hence depend only on the observability
constants My and my of the wave-like equation, the admissibility constant K ; of
Schrodinger-like equation in time 1 comes from the corresponding constants Lo
and [y of the wave-like equation. We do not include here the proof of this result
since it combines resolvent conditions with the quite different control transmutation
method.

EXAMPLE 3.18. Combining corollary 3.15 with the interior control version of [BLR92]
yields: under the geometric condition of Bardos, Lebeau and Rauch for the wave
equation in Hi x L? with L? interior controls, exact controllability in arbitrary
time holds for the Schrodinger equations generated by fractional Laplacians (—A)%,
a > 1/2,in L? with L? interior controls. Recall that the heat equation generated
by these fractional Laplacians (a.k.a. anomalous diffusion), is null-controllable in
any positive time without geometric condition on the control set, cf. e.g. [Mil10].

4. SEMIDISCRETIZATION OF A SYSTEM WITH POSITIVE A

The framework of this section is the same as the previous section. In particular
we keep the notations introduced at the beginning of section 3: a positive A, its scale
of Sobolev spaces Hy and its observation system (28). This section introduces a
finite-dimensional approximation of this system which encompasses a wide range of
numerical schemes where the state space Hy is a space of functions on the continuum
R? discretized on non-uniform meshes. It investigates the links between the infinite-
dimensional system (28) called the continuous system and such finite-dimensional
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approximation called semidiscretized system because it applies to the discretization
of spatial variables but not the time variable, cf. [EZZ08] for time discretization.

4.1. Approximation spaces. Let (V"); be a family of finite-dimensional vector
spaces with injections Jj, : V* — Hy. We assume that the range H" := J"V}, of the
injection Jj, is included in D(v/A), therefore inducing a Hilbert structure on V" from
each Hy, s < 1. Let V! denote V" with the corresponding norm ||v||s = ||Jnv|s,
v € V. The dual J; : Hy — V{, defines the Hp-orthogonal projection Jj,J; from
H, onto H", and the identity operator JyJp on Vvh.

Let 7, be the H;-orthogonal projection from H; onto H". The only approzima-
tion assumption we make is: ||(I —m,)A~/2||; = O(h), i.e. Ico > 0,

(62) |z — mhzlls < cohl|zll2, x € D(A), h>0.

In other words ||A'/2z — AY 27z o < coh||Az|o, recalling ||z, = || A%/%x]|o.

N.b. only the asymptotics h — 0 matters in this section, hence h can be restricted
to a finite interval h € (0,ho). When the approximation space V" is based on a
finite element, h is usually the maximal cell diameter of the mesh hg, or h = h‘?(
for some fixed 6 > 0.

REMARK 4.1. The approximation assumption (62) is satisfied when Jj, is the canon-
ical injection of the Hj-conformal approximation space V" = H" based on the P,
Lagrange finite element for a shape-regular family of affine, simplicial, geometri-
cally conformal meshes, cf. e.g. [EG04, Prop.1.134], where J;J;; and 7, are denoted
I, and 0,7, or [QV94, §3.5] where they are denoted P} and TI} ,. N.b. in prac-
tice (62) is weaker than [Ervll, (1.9)] where Jp,J; and h are denoted mp7; and
R, since [Erv1l, (1.9)] is satisfied only for quasi-uniform meshes, cf. e.g. [EG04,
Prop.1.134(iii)] or [QV94, (3.5.21)]. N.b. quasi-uniform meshes satisfy the inverse
inequality (65), cf. [EG04, Remark 1.143(i)] or [QV94, (6.3.21)], which is not as-
sumed here unless explicitly.

REMARK 4.2. The following lemma 4.4 proves that (62) is equivalent to: J¢; > 0,

ienvfh (|lx = Jnvllo + hllx — Jpo|1) < erh?|zll2, = € D(A), h >0,

or to the existence of an interpolation operator Ij, : D(A) — V" such that: 3¢; > 0,
lz — Jnlnzllo + hllz — Jnlnz|li < cih?||z|2, = € D(A), h>0.
The approximation assumption appears in the literature in one of these three forms.

REMARK 4.3. The framework of this section can be slightly generalized by consider-
ing two bounded linear operators: an injection .Jj, : V" — Hj and an interpolation
operator J; : Hy — V" (not necessarily the adjoint of J;) such that J;Jj is the
identity operator on V". In this case J;.J, is still a projection from Hy onto H"
although this projection is not necessarily orthogonal, hence the only failing state-
ments in this section are the first two parts of lemma 4.8. Moreover, in practice
lemma 4.8 holds anyway since interpolation operators are usually required to sat-
isfy (71), e.g. finite element interpolation operators for a shape-regular family of
affine meshes does, cf. e.g. [EG04, Cor.1.109]. This framework also generalizes to
infinite-dimensional Hilbert spaces (V/*);~0. In this case, whenever the admissi-
bility of finite-dimensional systems is used explicitly in a proof, the corresponding
statement should assume the admissibility of the semidiscrete system.

The approximation assumption (62) is the same as [RTT07, (1.7)] (which deals
with stabilization rather than observability, and with second rather than first order
systems) and [CMT11, (1.4)] where h is denoted h?. Indeed, each of these papers
makes a second approximation assumption: [RTT07, (1.8)] and [CMT11, (1.5)].
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They are both a consequence of the first according to the following lemma (which
is a simple version of the Aubin-Nitsche lemma, cf. e.g. [EG04, lemma 2.31]).

Lemma 4.4. The approzimation assumption (62) (in Hy) implies the approxima-

tion in Hy: ||(I — Wh)A_l/QHL;(HO) = O(h) and ||(I — 1) A | ey = O(h?).
More precisely, (62) implies, with the same constant co,

(63) HSL‘—W}LJ?HQ SCOh”IHl, IEHl, h>0,

(64) |z — mhello < cah?||z)la, 2 € Hyy h>0.

Proof. Since A and 7, are selfadjoint on Hi, the Hj-adjoint of (I — 7,)A~Y/2 is

A~/ (I — mp), hence they have the same H; operator norm and its square is the
H, operator norm of the latter times the former. Therefore

1 = 7) A2 ey = A2 = 7)) = I = 7)) A2 2y = coh,
(T = 7)Aoy = (T = 7)2 A7 £0a1,)
= 1A = m) (I = 7)) AT ey, = 1 = 7n) A2 17 ) = (coh)®.
where (I — 7,)? = I — mp, since I — 7, is an Hj-orthogonal projection as mp,. O
4.2. Galerkin approximation of the unitary group. In the framework of § 4.1,
the Ritz-Galerkin variational method considers the finite-dimensional positive self-
adjoint operator Gj, = (VAJy)*(VAJ,) : Vi, — Vj, and approximates A by the

non-negative selfadjoint operator A; = (\/AJhJ;)*(\/EJhJ,’:) = JyGrJ; on Hy.
Their spectra are related by o(A4;) = o(Gp) U {0}.

Lemma 4.5. The infimum of the spectrum satisfies inf Gy, > inf A > 0.
The spectrum satisfies o(G,) C [inf A, ng/h?] if this inverse inequality holds
(65) hllzlh < viollzllo, @€ H.
Proof. The first inequality results from (inf v/A)? = inf A and
Az, VA Az, VA
inf G, = inf L’””?O _ iyr VAT VAT) {“’% > e VAR VAD) ‘{“%
veVi |l eerh |25 vep(va) [zl

z|i/ll2l§ < mo/h?. O

= (inf VA)2.

Using (65): sup G, = supve‘,}L(Ghv,wo/HvHQ = SUp ¢ pn

N.b. the definition of G}, implies that the norm in V;* coincides with the “H;
Sobolev norm corresponding to G” and the dual norms also coincide, i.e.

1/2 1/2

(66) vl = [[Jnoll = G} "vllo and [vll—1 = [ Jhv]|—1 = |G}, “vllo, v e V™.

Lemma 4.6. This equality of bounded operators on Hy defines Gy, in terms of 7
(67) AT = TGy

The approzimation assumption (62) is ||[(A~! — J,G;, ' Ji)z|1 < cohl|zlo, = € Hy.
It implies Ay, converges to A in H; strongly in the resolvent sense, i.e.:

(A—2)te = (Ay—2) e in Hy, z€H;, Imz#0.

Proof. For all v € V', (m, A7 a, Jv)1 = (A7, Jpo)r = (2, Jpo)o = (Jjz,v)o =
(G Tfw, ) = (JnGy T, Jyv). This proves (67).

Let Ro(z) = (A —2)71, 2 ¢ 0(A), and Ru(z) = Ju(Gr — 2)7 ), 2 ¢ o(Gh).
According to lemma 4.5, the distance of 0 to o(A) and to o(G},) is greater than
inf A, hence ||[Rn(0)|| < 1/inf A, h > 0. For all z € C such that |z| < inf A4, the
Neumann series Rp,(z) = > p 2* R, (0)#T! converges for all |z| < inf A and h >0
and the approximation assumption implies Rj,(0)z — Ry(0)xz in Hy; as h — 0,
hence Rj(z)x — Ro(z)x in Hy. This property is propagated to all z € C such that
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Im z # 0 by Neumann series similarly, since the distance of z to o(A) and to o(Gp)
is greater than Imz. This completes the proof of the convergence in the strong
resolvent sense, since o(Ay) C R and Ry (z) = (A, — 2)7 ! for z ¢ o(Ap). O

This convergence in the strong resolvent sense is called “convergence in the
generalized sense” in [Kat95, §.VIII.1.2] where the following two spectral properties
are deduced. All open set containing a point of o(A) contains at least a point of
o(Ay) for sufficiently large h, i.e. the spectrum does not expand suddenly in the limit
(in particular, with lemma 4.5: infp inf Gj, = inf A). If A € R is not an eigenvalue
of A, then the finite dimensional spectral projections 14, <x = Ju 1a,<x J}, satisfy:

(68) l(Lacx —1a,<r)z|1 — 0, =z € H.

The following theorem is a quantitative version of the semigroup approximation
[Kat95, theorem IX.2.16] (i.e. convergence in the strong resolvent sense implies
strong convergence of the generated semigroups uniformly on finite time intervals).

Theorem 4.7. If z" — x in Hy (resp. in Hy) then e*4rah — e*4g in Hy (resp.
in Hy) uniformly on finite intervals of t.
More precisely, (62) implies these convergence rates in Hy and Hy:
(69) [(e4r — e x|y < coh(t||z|s + 2| z||2), 2 € Hy, h>0, teR,
(70) H(e“Ah —e™allo < AR (t]| x|l + 2||z]]2), € Hy, h>0, teR.

Proof. We recall the formula [Kat95, (IX.2.27)] which is simply verified by taking
time derivatives: with R(e) = (e + A)~! and Rp,(g) = (e + Ap) 71,

Rh(&?) (eitAh _ eitA) R(E) _ 7’/0 ei(t—s)Ah (R(E) o Rh(E)) eiSAdS.

Taking the limit ¢ — 0 yields, since Ry, (c) — J,G; ' J; = m,A~! due to (67), and
since Ry, (e)e*An = et 4n Ry, (e):

t

(eitAhﬂ-h _ ﬂ_he’itA) A—2 — Z/ ei(t—S)Ah (I _ Wh)A_leiSAdS.
0

Combining this with (62), (64) and the unitarity of the group first yields

[|(eftAn Nzl < cohtl|x|ls, x€ Hyy h>0, teR,
(e Army, — mhe™a|lo < ah?t||zlls, x € Hyy h>0, teR,

then completes the proof of (69) and (70). These imply the first statement of the
theorem since Hy = D(A?) is dense in H; and in Hy, and the group is unitary. O

Th — TThE

The following lemma is used to approximate initial data in theorems 4.14 and 4.19.

Lemma 4.8. The approximation assumption (62) implies

(71) ||.’E*Jh(];$||0 gCOhH’L’”l, IIZEHl, h>0,
(72) le — JpJrz||—1 < cohl|zllo, = € Hy, h>0,
(73) o — JnJjall -y < Gh®||xlly, =€ Hi, h>0,

Jndpx — x in Hy for all v € Hy and Apmpn A e — ¢ in H_y for allx € H_;.

Proof. Using that Jp,J)f hence I — J,J; are Hy-orthogonal projection, ||J5J;:¢|lo <
l€llo, € € Ho, and ||z — JpJiz|lo < ||l — mpzllo, * € Hy, Hence (62) implies (71).
Replacing mj, by JpJj: and Hy by Hy in the proof of lemma 4.4 deduces (72), (73).

To prove the first convergence, let x € Hy and € > 0. There exists . € H; such
that || — zc|jo < e. Taking { = x — . yields ||JpJ} (z — x)|lo < € and (71) yields
|z — Jndjae|lo < cohl|ze|l1. Hence ||z — JpJpx|lo < 26 +cohl|z.|1. Taking first the
limsup as h — 0 then the limit € — 0 completes the proof of the first convergence.
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The second convergence is proved similarly by density of Hy in H_; since, for
ze € Hy, Apmpn A~ e, = JhGhJ;JhGglJ;:xE = JyJjz., and, for { = v — 2. € H_q,
[Apmn A~ -1 = |GhTyma AT 1 = [[Jym A7l = lmn A7l < |IA7H L =
€]l =1 using (67), (66) and that 7}, is an H;-orthogonal projection . O

4.3. “Interior” semidiscrete systems. In order to define the semidiscrete ob-
servation system for the generator Gj,:

(74) oM(t) = iGpo"(8) =0, M(0) =vg € H",  y"(t) = Cpo"(1),
it seems natural to approximate the observation operator C' by
(75) Ch = CJh, Ce ,C(Hl; Y)

N.b. in order for this definition of C}, to make sense we must assume C € L(Hy;Y).
As already mentioned in §3.2.3, this assumption is in-between the general case
C € L(H»;Y) adapted to boundary observability of PDEs and the bounded case
C € L(Hy;Y) adapted to interior observability of PDEs.

N.b. the norm of Cj, in £(V{*;Y) is the norm of C in L(H};Y).

4.3.1. Convergence of the observation systems. In this framework, the following
proposition discusses the convergence of the discrete observation y” in (74) to the
continuous observation y in (28) depending on the convergence of the initial data
J"ol to zo in Hy. It uses the following lemma.

Lemma 4.9. Assume (28) is admissible. Consider (v"),~o in V* and x € Hy.
Weakly in L*(0,T;Y): Che®@rG, o — Ce™ A~ x implies CpeCrot — Ceity.

Proof. If x € D(A) then CA~e®®2 € C1(0,T;Y) hence the following integration
by parts is justified, therefore by admissibility of (28) and density of D(A) in Hy:

T T
z/ (CA™ YAz o (t))dt = / (CeAx, p(t))dt, =€ Hy, ¢e C'Clomp(O,T; Y).
0 0
Since Hy, is finite dimensional, (74) is admissible and similarly
T T
z/ (CLG; e Gyl G (1))dt :/ (Cretryh ot))dt, " e H".
0 0

The density of CL, . (0,7;Y) in L?(0,T;Y) completes the proof. O

comp

Proposition 4.10. Assume (75). Consider a family (v")~o in V.
If Jyo™ = x in Hy then Che®Crol — Ce'x in' Y uniformly on finite intervals.
More precisely, (62) implies the convergence rate

[(Cret™ @ i — Cet)z|| < ICll 2, vycoh(tl|z]la + 2||z||2), © € Hy, h >0, t€R.

If o' — x in Hy then Cpe®Crol — Ce*Ax in L2(0,T;Y) for all T >0.
If " — x in H_y, x € Hy and (28) is admissible then Che*Croh — CetAy
in L2(0,T;Y) for all T > 0.

Proof. The first implication results from the convergence in H; in the first part of
theorem 4.7, since Cpe!'r = Ceit4n J, and C' € L(H;;Y). Moreover (69) implies
the convergence rate since C,e''Cn J; — CetA = C(etAn — eit4).

The strong convergence implication in the first part of theorem 4.7 also implies
the weak convergence implication: if 2" — z in H; then e*4rz" — €4z in H,
uniformly on finite intervals of t. Using Cye®“n = Ce*4n.J, and C € L(H};Y)
again results in the second implication in proposition 4.10.

To prove the third implication, we assume Jyv" — z in H_;, equivalently
JnGy ' — A7'z in Hy. By the second implication, Cpe"Cr G, 'l — C A~ let g
in L2(0,T;Y). Lemma 4.9 completes the proof. O
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4.3.2. From continuous to filtered discrete observability. We consider improved re-
solvent conditions for (28), s > 0: AL, ls, My, ms > 0,
L .

(76) ICz]* < S IA=Nalg + Lll=l5, @ € Ho, A >inf 4,
M;

As
Unfortunately such conditions do not imply the corresponding conditions for the
semidiscrete system (74) uniformly with respect to h. Therefore we consider uni-

form conditions for the semidiscrete system (74) restricted to the filtered space
1G,<n/he V" where n and o are positive filtering parameters: 3L, I, M., m’, > 0,

(78)
r - -
|Cho|? < 3o 1(Gh = Nollg +Lllollg, v € Lapenme V', n/h7 = A > inf A,
(79)

(77) Hx||g < (A — )\)ng + ms||Cx||2, xr € Hy, X>infA.

M’
As

Theorem 4.11. Assume (75). Recall the approzimation assumption (62) with cq.

If the continuous system (28) is admissible (resp. moreover exactly observable)
then, for allm > 0 (resp. for n > 0 small enough), there exists T > 0 such that the
semidiscrete system (74) restricted to the filtered space 1, <n/n V" is admissible in
time T (resp. moreover exactly observable in time T ) uniformly in h € (0,7).

If the second order system (56) is admissible and exactly observable then, for all
n > 0 small enough, for all T > 0, the semidiscrete system (74) restricted to the
filtered space 1q, <n/n V" is admissible and exactly observable in time T uniformly
in h € (0,n).

If C € L(Hy;Y) and the second order system (56) is admissible and ezactly
observable then, for all n > 0 small enough, for oll T > 0, the semidiscrete sys-
tem (74) restricted to the filtered space 1¢, <y pass Vh is admissible and exactly
observable in time T uniformly in h € (0,7).

More precisely, for c =1 and any s > 0, setting ¢, = max {(con)27co77}: for all
n >0, (76) implies (78) with L, = 4L, and I, = 41,+2(||C||* + 21, + 2L/ inf A®)c?;
Jor n >0 small enough such that dy = 1 — c2(1+4m,|C||* —4M,/ inf A*) > 0, (77)
implies (79) with M = 2M/ds and m}; = 2m,/d,. Here ||C| = ||C||z(m,;v)-

0I5 < < 1(Gn = Nollg + mIChol®, v € 16, <qne V. 0/h7 > A > inf A.

Proof. According to proposition 2.9, A > inf A in (76), (77), (78), (79) can be
equivalently replaced by A > 0 since inf G, > inf A > 0. For s = 0, the range of A
can be equivalently replaced by A € R. Thus, the first (resp. second) implication
of the theorem results from the last part of the theorem with s = 0 (resp. s = 1)
according to theorems 2.3 and 2.4 (resp. theorem 3.13 and remark 3.17).

To prove the last part of the theorem let v € V" and consider z" = A=1.J,Gv.
It satisfies Az" = J,Gpv and 2" = Jyv due to (67), hence 2" — Jyv = (I —7p)z",

(A= Nz — 1, (G, — Nv = -XTI —mp)2", Cah — Chv=C(I — )"
Using lemma 4.4, C € L(H;;Y) and (62), this implies ||z — Jyv|lo < c2h?||Az"|o,
1(A = N)a" = Ju(Gr = Nvllo < gh*A|Az"[lo,  [|Ca" — Choll/[C]] < eohl|Az"lo.

Let 0 =1, >0,n7>0and n/h > A > 0. Forv € 1Gh,<"7/hvh’ | Azt =
lGrvllo < (n/h)|lv]|o. Hence all the above norms are bounded by ¢, ||v||o for h < 7.
Plugging these bounds in (76) and (77) for ", and factoring out |v||2 yields (78)
and (79) with the constants stated in the theorem.
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To prove the third implication of the theorem, we assume C' € L(Hp;Y) and
(76) and (77) with s = 1. The above bound is now replaced by

ICa" — Croll/IC] < cgh®||Az" o,

which is better than A\=%/2|[(A — A)z" — J, (G, — Mvllo < Bh2A'=5/2|| Az ||y for
5 <2, A>1 Forve g, <pmis V" [|[Az"[lo = |Grollo < (n/R)*/3||v]lo. Plugging
these bounds in (76) and (77) with s = 1 for 2", yield (78) and (79) with s = 1
and errors bounded by the square of ¢3h?((n/h)*/3)=1/241||v||o for h < 5, where
the power of h is zero. O

4.3.3. From filtered discrete to continuous observability. We prove that generalized
resolvent conditions for the continuous system (28),

(80)  [ICz[* < LA = Nz [|§ + 1N)l2l§, = € D(A), X > X >0,
(81) 213 < M)A =Nzl +mN)[Cz]?, =€ DA), A> x>0,

where [, L, m and M are bounded positive functions on (0, +00), can be obtained
as the h-limit of the following h-uniform resolvent conditions for the semidiscrete
system (74) restricted to the filtered space 1¢, < #(n) V" where f : (0, ho) — (0, +00)
decreases and f(h) — +oo as h — 0:

(82) [IChol® < LVI(Gr = Nollg + UM Wl3, v € 1a,<pm V7, A€ o, £(R)),
(83) [lvllg < M)I(Gr = Avll§ + mWICholl?, v € 1, <) V", A € [o, f(R).

Theorem 4.12. Assume (75). The semidiscrete admissibility (resp. observability)
resolvent condition (82) implies (80) (resp. (83) implies (81)).

Proof. Consider « € D(A) and u > A > Ag. It is enough to prove (80) and (81)
for x replaced by 14<, @ since || — 1acp |2 = [|[ALlaspxljo = 0 as p — oo. Let
h, > 0 such that f(h,) > p, and let v" = 1, <, Jima € 1g,<pn) V" for all
h € (0,hy). Since 14, <, Th — Lacy = (La,<p— La<u)Th + 1a,<u(I — ), using
(68) and (62) yields ||Jpv" — 1a<pzlli = [[(1a,<pu™h — La<p)zli — 0 as b — 0.
Since C' € L(Hy;Y), this convergence implies ||Chv" — C1a<, 2| = ||C(Jpo" —
la<y)z|| = 0. Since J,Gpoh = Jp, 1c,<u GrJimpn A~ Ax = 14, <, Az due to (67),
since ||[(La<y — 1a,<u)Az|lo — 0 due to (68), the convergence Juv" — 14<,x in
H; hence in Hp implies ||J"(Gp, — A)v" — (A — X) 1a<, z|jo — 0. Therefore, taking
the limit A — 0 in (82) and (83) for v" implies (80) and (81) for 14« 2. O

4.3.4. Convergence of the filtered control systems. We consider the semidiscrete
control system dual to (74) with By, = (AY2J,)*A™Y2B = G}, J; 7, A~' B (which
is both the dual of C, : V{* — Y and the adjoint of Cj, : V& — Y),

(84) Pr(t) —iGp"(t) = Bpul, ¢"(0) =yt € H', Wl e L} (R;Y).

N.b. the norm of By in £(Y;V") is the norm of C in £L(H;;Y). According to
theorems 2.3 and 2.4, the admissibility and exact observability resolvent conditions
(82) and (83) for constant I, L, m and M are equivalent to the admissibility and
exact observability of (74) restricted to the filtered space 1g, <) V" for some
T > 0 uniformly in h. As in definitions 2.1 and 2.2, the dual notions for (84) are
the following. There is an admissibility cost K such that:

T T
(85) ||/ "G Brul(t)dt||* < KT/ u(t)2dt, u" € L*(R;Y).
0 0
There is a controllability cost k7 > 0 such that: Vi, € H" I e L2 (R;Y),

T
(86) u"(t) =0, ¢[0,T], 1g,<sm ¥"(T) =0 and /0 lu"(@®)]1%dt < krllvg 3.
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The following theorem discusses the convergence of the inputs u” for the dis-
crete system (84) to the input u for the continuous system (29) depending on the
convergence of the initial data Jj,1{ to &. It needs the notion of minimal control in-
vestigated by Jacques-Louis Lions, a.k.a. HUM control after the Hilbert Uniqueness
Method he introduced (cf. [Lio88]), and the characterization of this minimal control
win (29) as the only control being also an observation y in (28). For completeness,
we prove this result and the same result for the discrete system (84).

Proposition 4.13. If (28) is admissible and ezxactly observable in time T at cost
K then among all the inputs u such that the solution of (29) satisfies £(T) = 0,
there is one of minimal norm in L*(0,T;Y) and this is the only one for which there
exists vo € Hy such that u(t) = Ce®Axg, t € [0,T]. Moreover it satisfies

T
(87)  llzollo < &rllollo  and  — (x0,&0)0 =/ l[u(t)[?dt < mrll€oll3.
0

If (74) restricted to the filtered space 1¢, < f(n) V" is exactly observable in time T,
among all the inputs u" such that the solution of (84) satisfies 1, <) V™ (T) =0,
there is one of minimal norm in L2(0,T;Y) and this is the only one for which there
exists v} € 1g, <) V" such that u(t) = Cpe'Cnol, t € 0,T).

Proof. The Hilbert space Hy with the hermitian scalar product (-, )¢ is also a real
Hilbert space with the scalar product Re(:,-)q. Consider the strictly convex C!
functional J defined on the real Hilbert space Hy by density and admissibility as

1 (T
(88) J(z) = 5/ 1Ce* Az 2dt + Relz, &o)o, = € D(A).
0

Exact observability implies J(z) > ﬁ |lz]|>+Re(z, £0)o, hence J is coercive. There-

fore J has a unique minimizer z. € Hy, i.e. J(z,) = inf,ep, J(2), and the gradient
VJ computed with respect to the real scalar product Re(:, -)¢ vanishes at x,, hence

T
0= eiTAVJ(:r*) = / e T=DABCe Ay dt + e TAg,.
0

This equation also says that the solution of (29) with the input u,(t) = Ce®4z,
reaches the final state £(T") = 0. In terms of this u., (VJ(z4),2.)o = 0 writes

T T
(59) [ et = [eeta Pt =~ (o, oo
0 0
The second equality and observability yield é”:@”% < —(74,&0)0 < [J2«llolléollo-

Hence ||z4|lo < k7]|€ollo- Plugging this in (89) yields (87) for z, and w..
Integrating by parts in time the scalar product in Hy of (28) and (29) yields:

T
(90) (€A 20, £(T))o = (x0, E0)o + / (Ce g, u(t))dt,

for all xq, & in Hy and u in L?(R;Y’). Thus u controls & in time T if and only if
T .
(91) 0= (z,0)o +/ (Ceta, u(t))dt, « € Ho.
0

The minimality of u, results from this consequence of (89) and (91) with = = x,:

T T
20,7, :/0 IIM*(t)lIth:/O {w(8), u(t))dt < | 220,707 l1ull 220,73y -
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Writing (91) twice with = x¢ — x., once with u(t) = Ce**xy and once with
Uy (t) = Cex,, then taking the difference of the two equations yields

T T
0= / (Ce™z, u(t) — u, (t))dt = [CettAe||dt.
0 0
Exact observability deduces ||z||? = 0, therefore zg = . hence u = wu..

The second implication is proved similarly considering the functional J;, defined

on the real Hilbert space 1q, <f(n) V" with scalar product Re(-,-)o by

e :
T(w) = 5 [ 1k Sl + Re(w o, v € 1< V-

The projection 1g, < f(n) commutes with e'TGr and, for this scalar product,

T
VJp(v) = 1Gh<f(h)/ e_ltG"BhCheltGhvdt + 1, <f(n) .
0

The solution of (84) with u” satisfies 1¢, < f(n) ¥™(T) = 0 if and only if, as (91),

T
92) 0=l gl)o+ / (Cre Gt P (O)dt, ot € 1y <o V.

N.b. admissibility holds since 1g, <) V" is finite dimensional (this proposition
does not mention uniformity in h). O

Theorem 4.14. Assume (75). Consider a family of initial data (V) p>o in V" and
a family of inputs (u")n~o in L2(0,T;Y) such that u" controls o} in time T in the
filtered space 1, <f(n) V" i.e. the solution of (84) satisfies 1G,<fh) PM(T) = 0.

If Jyh — & weakly in H_y and u" — u weakly in L?(0,T;Y) then u controls
&o in time T, i.e. the solution of (97) satisfies £(T) = 0.

Assume the discrete system (74) restricted to the filtered space 1a, <f(n) V" with
the V" norm and the system (28) are admissible and exactly observable in time T
uniformly in h (equivalently (85) and (86) hold, and (29) is admissible and exactly
controllable in time T). If Jybl — & in Hy then the minimal control u” of ¥l
converges in L?(0,T;Y) to the minimal control u of & given in proposition 4.183.
E.g. this applies to ¥} = J;&o for all & in Hy, cf. lemma 4.8.

Proof. As in the proof of proposition 4.13, integrating by parts in time the duality
pairing between H; and H_; of (96) and (97), u controls & if and only if

T
(93) 0 = (w0,&0)1,-1 JF/ (Ce™zg,u(t))dt, xo€ Hi,
0

and u" controls ! in time T in the filtered space 1G,<f(n) VP if and only if (92).
As in the proof of theorem 4.12, consider zo € D(A), p > XA > 0, h, > 0 such
that f(hy) > p, and v} = 1g,<u Jimrao € 1, <fn) V" for all b € (0,h,). Recall
from the proof of theorem 4.12, Jyvff — la<u o in Hy as h — 0. Proposition 4.10
deduces Cp,e*Crolt — Ce™xq in L2(0,T;Y). Therefore the two assumptions of the
first implication allows taking the limit A — 0 in (92) and yield (93) for z( replaced
by 1<, ®o. Taking the limit 4+ — oo and recalling from the proof of theorem 4.12
1a<p To — xo in Ha, hence in Hy, yield (93) for o in Hs, hence in H; by density.
This completes the proof of the first implication.

Let u"(t) = Cre™@ vl be the minimal control of ¥f and u,(t) = Ce'*4z, be
the minimal control of & provided by the Hilbert Uniqueness Method in proposi-
tion 4.13. Similarly to (87) we have

T
(04)  ebllo < mrltllo and (ol 4o = / luh (1) |2t < rrl| o2,
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where k7 is the uniform controllability cost in (86). Since ¥% converges in Hy,
we deduce that J"vf and u" are bounded respectively in Hy and L2(0,T;Y). We
deduce that, after extracting a sequence if needed, (u") has a weak limit u in
L2(0,T;Y) and, after extracting again a sequence if needed, (J"v{) has a weak
limit g in Hy. Since Jhwé” — & in Hy hence in H_q, the first implication now
ensures that u controls &y in time 7. Since th(’} — xo in Hy hence in H_q,
proposition 4.10 ensures u”(t) = Cpe*Croll — Ce*Axqy in L?(0,T;Y). Therefore
u(t) = Ce'*xg in L?(0,T;Y). Hence proposition 4.13 ensures that zo = x, and
u = u,. Thus u, is the only accumulation point of (u") weakly in L2(0,7T;Y),
hence u” — u, in L2(0,T;Y). Since J"vf — x¢ = z. in Hy and J"ph — & in Hy,
the left hand side of the equality in (94) converges to the right hand side of (89).
Hence the norm of u" converges to the norm of u,. Since we already proved the
weak convergence of u" to u, in L2(0,T;Y), this proves the strong convergence,
which completes the proof of the second implication. O

REMARK 4.15. The investigation in §4 was triggered by the approach introduced
by Sylvain Ervedoza in [Erv08] under the assumptions C' € L(H,;Y), v € [0,1)
and A~1 is compact. After the version of [Erv09, Erv11] in [Erv08] was submitted,
the author privately communicated to Ervedoza an improvement of the filtering
scale now included in [Erv09, Ervll]. E.g. with the current notations Ervedoza
proved his main theorem with [Erv08, (6.1.11)] ¢ = min{2(1 — ~v),2/5} using a
version of the resolvent condition which he called interpolation inequalities; the
author improved it to [Ervll, (1.11)] ¢ = min {2(1 — ~), 2/3} using proposition 2.9
instead. Similarly, the author improved [Erv08, (7.1.12)] into [Erv09, (1.12)], cf.
[Erv09, remark 3.1].

Theorem 4.11 improves [Ervll, theorem 1.3] in four ways: the approximation
assumption (62) is weaker in practice (cf. remark 4.1), the assumption on the ob-
servation operator C' € L(H;;Y) is weaker, A~! is not assumed to be compact, the
filtering power o = min {2(1 — ~),2/3} is improved into o = 1.

The converse Trotter-Kato type theorem 4.12 is not considered in [Erv11].

The second part of theorem 4.14 improves [Ervll, theorem 6.2] by eliminating,
thanks to lemma 4.9, the dubiously used assumption [Erv1l, (6.11)] which limited
to C € L(Hp;Y) the validity of [Ervll, theorem 6.2] and the validity of the con-
vergence of the observation. Proposition 4.10 also improves this convergence of the
observation in particular by providing explicit convergence rates. Theorem 4.7 is
proved here, with no claim of originality, since we could not find the proof of the
similar [Erv11, lemma 6.4] in the reference given for it.

4.4. “Boundary” semidiscrete systems. To address the general case of §3
which suits boundary observability of PDEs, i.e. C' € L(H3;Y"), we need to modify
the definition (75) of the approximate observation operator. Thus we consider the
semidiscrete observation system (74) with (75) replaced by:

(95) Ch = CA_lthh, Ce E(HQ;Y).
N.b. [|Choll € |Cll 2y |Grvllo but the V3 norm ||v||> was not defined as ||Gpvl|o.

4.4.1. Convergence of the observation systems. Similarly to proposition 4.10:

Proposition 4.16. Assume (95). Consider a family (v")n~0 in V! and x € D(A).
If J,Gpoh — Az in Hy then Cpe®Crol — Cex in Y uniformly on finite
intervals of t. More precisely, (62) implies the convergence rate: Vh > 0, Vt € R,

|(Cre*@ Jim, — Ce el < 110l e @R (tlals + 2lalla), @ € H.

If J,Gpo" — Az in Hy then Che®@rol — Ce*x in L2(0,T;Y) for all T > 0.
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If Jyw" — x in Hy, x € Hy and (96) is admissible then Cpe'*Crvh — Cetx in
L?(0,T;Y) for all T > 0.

Proof. The first implication results from the convergence in Hy in theorem 4.7,
since Cpe"'Gr = CA™ e J,G), and CA™' € L(Hy;Y). Since (67) is equivalent
to A = J,GpJ; 7, on D(A), we have Cp,et*Cr Jim), — Cet = CA™L(el4n — eit4) A,
Therefore (70) implies the convergence rate in proposition 4.16.

The second implication in proposition 4.16. is proved as in proposition 4.10.

To prove the third implication, we rewrite the assumption J,v"* — z in Hy, as
JnGr(G; ') — A7Y(Ax) in Hy. The second implication yields Cp,e?¢» G, 'oh —
CA= ez in L2(0,T;Y). Since x € H; and (96) is admissible, this completes the
proof as in lemma 4.9. O

4.4.2. Continuous and filtered discrete observability. For boundary observation and
in relation to the second order system (48), it is natural to consider the unitary
group on H; instead of Hy, i.e. we consider (50) and (51) for s = 2:

(96) (t) —iAxz(t) =0, z(0) =z9 € H1, y(t)=Cxz(t),
(97) £(t) —iA'E(t) = Bu(t), £(0)=& € Hoi, u€ Lino(R;Y).
We consider improved resolvent conditions for (96): 3L, I, My, ms > 0,
L,
(98) IC2]” < S IA =Nl + Lllzl}, @€ Hs, A>0,
M;
(99) )7 < S2I(A = Nzl +m||Cx||®, =€ Hs, A>0.

)\s

Recall from (66) that the V;* norm on V" is ||v||; = ||Jyv]1 = HG;L/ZUH, veVh We
also consider the improved resolvent conditions (78) and (79) for the semidiscrete
system (74) but with this V{* norm instead of the VJ* norm: 3L’, I, M!, m/ >0,

L -
(100) [IChv]* < HN(Gr = Mol + LI, v € 1g,<nyme Vo 0/hT 2 A >0,
(101)
M/
e 1(Gh = Nollf +m|Croll®, v € 1G,<nme VP 0/h7 =X > 0.
Similarly to theorem 4.12, :

lollf <

Theorem 4.17. Assume (95). The semidiscrete admissibility (resp. observability)
resolvent condition (82) implies (80) (resp. (83) implies (81)) when replacing the
Hy norms by Hy norms and D(A) by Hs in all these resolvent conditions.

Proof. Few modifications of the proof of theorem 4.12 are necessary.

Consider © € Hz and p > A > Ag. It is enough to prove (80) and (81) for
x replaced by 1a<, x since ||z — Lacp 2|z = [Alaspz|i — 0 as p — oo, Let
h, > 0 such that f(h,) > p, and let v" = 1¢, <, Jimhe € 1g,<pn) V" for all
h € (0,h,). Recall from the proof of theorem 4.12 that || J,v" — Lac x|l — 0
as h — 0 and J,Gpo" = 14, <, Az. Moreover |(La<, — 14, <u)Az|1 — 0 due to
(68). Hence || J"(Gp—AN)v" —(A—N) 1a<, 2|1 — 0. Since Cpo" = CA7LT,Gpoh =
CA 114, <, Az and CA~! € L(Hp;Y) due to (95), this also implies ||Chv" —

Clacuz| =||CA (14, < — La<p)Az| — 0. Therefore, replacing the Hy norms
by H; norms and D(A) by Hs and taking the limit A — 0 in (82) and (83) for v"
implies (80) and (81) for 14<, . O

Similarly to theorem 4.11 for the direct implications and due to theorem 4.12 for
the converse implications:
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Theorem 4.18. Assume that the observation operators satisfy (95).

The continuous system (96) is admissible (resp. moreover exactly observable) if
and only if, for allm > 0 (resp. for n > 0 small enough), there exists T > 0 such
that the semidiscrete system (74) restricted to the filtered space 1¢, <y/n2/3 VP with
the V" norm is admissible (resp. moreover exactly observable) in time T uniformly
in h € (0,1).

If the second order system (48) is admissible and exactly observable then, for
n > 0 small enough, for all T > 0, the semidiscrete system (74) restricted to the
filtered space 1, <p/n V" with the V{* norm is admissible and exactly observable in
time T uniformly in h € (0,1).

The continuous system (28) is admissible (resp. moreover exactly observable) if
and only if, for allm > 0 (resp. for n > 0 small enough), there exists T > 0 such
that the semidiscrete system (74) restricted to the filtered space 1, <y/n V" with
the V" norm is admissible (resp. moreover ezactly observable) in time T uniformly
in h e (0,1).

More precisely, for s € [0,4) and o0 = 1/(1 — s/4) (resp. s € [0,3) and 0 =
2/(83—s)), for all n > 0, (76) implies (78) (resp. (98) implies (100)); for n > 0
small enough (77) implies (79) (resp. (98) implies (100)).

Proof. According to proposition 2.9, A > 0 in (98), (99), (100), (101) can be equiv-
alently replaced by A > inf A since inf G, > inf A > 0. For s = 0, the range of
A can be equivalently replaced by A € R. Thus, the first and third (resp. second)
implication of the theorem results from the last part of the theorem with s = 0
(resp. s = 1) according to theorems 2.3 and 2.4 (resp. theorem 3.8).

To prove the last part of the theorem let v € V" and consider 2" = A=1J,Gpv
as in the proof of theorem 4.11. Due to (95), we now have Cjv = Cz".

Recall from the proof of theorem 4.11 that lemma 4.4 implies:

e — Juvllo < AR [AzMlo, (A= N — Ju(Gh — Nollo < G2\ A" .

For v € 1g,<yme V", [[Az" o = |Grvllo < (n/h7)||v]lo. Plugging these bounds
in (76) and (77) for 2" yield (78) and (79) with errors bounded by the square of
cnh?=72=5/2)||y||q for h < 1, where the power of h is zero for o = 1/(1 — s/4), and
¢y = max { (con)?, con} — 0 as n — 0.

Similarly, the approximation assumption (62) yields:

||{,Eh — JhU”l < C()h”Al‘hH()7 ||(A — )\),’Eh — Jh(Gh — )\)’UHl < Coh)\HAl‘h”o.

For v € 1G, <y/ne V", [|[Az" |0 = |Ghvllo < (n/h7)Y?||v]1. Plugging these bounds
in (98) and (99) for z" yield (100) and (101) with errors bounded by the square of
cyht=7G=9)/2||y||¢ for h < 1, and the power of h is now zero for o = 2/(3 —s). O

4.4.3. Convergence of the filtered control systems. We consider the semidiscrete
control system (84) dual to (74) with B, = G J; A~ B (which is both the dual of
Ch : V§* — Y and the adjoint of Cy, : Vi* — Y), n.b. |G} ' Bryllo < ICl 2y 1Y)

Theorem 4.19. Assume (95). Consider a family of initial data (V) n>o in V" and
a family of inputs (u")no in L2(0,T;Y) such that u" controls ¥ in time T in the
filtered space 1g, < f(n) V" i.e. the solution of (84) satisfies 1G,<f(h) YM(T) = 0.

If b — & weakly in H_y and u" — u weakly in L?(0,T;Y) then u controls
&o in time T, i.e. the solution of (97) satisfies £(T) = 0.

Assume the discrete system (74) restricted to the filtered space 1, <f(n) VP with
the VI norm and the system (96) are admissible and exactly observable in time T
uniformly in h. If Juyibf — & in H_y then the minimal control u” of Yl converges in
L%(0,T;Y) to the minimal control u of &. E.g. this applies to ¥} = G J;mp A~
for all & in H_1, cf. lemma 4.8.
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Proof. Few modifications of the proof of theorem 4.14 are necessary.

In the proof of the first implication, proposition 4.16 replaces proposition 4.10.
In order to apply this proposition 4.16 to v2 as in the proof of theorem 4.14, recall
from the proof of theorem 4.12 that JhGhvg — Alacy o in Hyp as h — 0.

The proof of the second implication uses the Hilbert Uniqueness Method as in
proposition 4.13 but the Hy scalar product in the functional (88) is replaced by the
the duality pairing between H; and H_;. Thus (87) and and (94) are replaced by

T
(102)  |lzollr < krlléoll-1 and = (z0,&0)1,-1 =/ [u(t)]dt < rrll€ol?
0

T
(103) flwglly < wrllvgl-1  and = (v, 9g)1,-1 :/0 lu (@)% dt < kw52,

Since Y% converges in H_1, we deduce that J"v and u" are bounded respectively
in H; and L?(0,T;Y). We deduce that, after extracting a sequence if needed, (u")
has a weak limit u in L?(0,7T;Y) and, after extracting again a sequence if needed,
(Jhol) has a weak limit 2o in H;. Since J,f — & in H_; strongly hence weakly,
the first implication now ensures that u controls &, in time 7. Since J"v} — g
in H; hence in Hy, proposition 4.16 ensures u”(t) = Che“Ghvg — Ce'xq in
L%(0,T;Y). Therefore u(t) = Ce'*4zy in L?(0,T;Y). As in proposition 4.13, we
deduce xg = x4 and u = u,. Thus u, is the only accumulation point of (uh) weakly
in L2(0,T;Y), hence u" — u, in L?(0,T;Y). Since (J"vl}}) — o = 2. in H; and
(Jhyph) — & in H_y, the left hand side of the equality in (103) converges to the
left hand side of the equality in (102). Hence the norm of u" converges to the
norm of u = u,. Since we already proved the weak convergence of u” to u, in
L?(0,T;Y), this proves the strong convergence, which completes the proof of the
second implication. O

4.5. Second order semidiscrete systems.

4.5.1. Framework for the Galerkin approximation of second order systems. Sec-
tion 3.2 explains how the second order observation systems both in the “boundary”
case (48) and the “interior” case (56) fit in the general framework of §2.1. Since
they are dual to each other, from now on the state space and the operator gener-
ating the observation system are denoted by X and A in the “boundary” case, by
X’ and A’ in the “interior” case (X is the “energy space” for the wave equation).
Using the new notation

Zs = Hop1 x Hy,  [|(20,20)[13 = [1420]1% + [|21 ]I = [|ASTD 220§ + |42 |5,
these state spaces and operators are defined by

X=Zy=X,=DA), DA =X,=2y, X 1=Z_1=X, Z_y=X",,

with duality pairing ((z0,21), (¢o, 1)) = (AY220, A=Y2(1)0 — (21, C0)o,
A(ZQ,Z1) = i(—Zl,AZQ), A,(ZQ,Z1) = i(—Zl,AIZO).
Thus A’ is an extension of A to Z_; with domain Zj.

The spectra and spectral projections of A and A are linked by the isomorphism
W in the proof of theorem (3.8):

(104) o(A) = o(VA) Ua(—VA), 1a2<x(20,21) = (Lacy 20, La<x 21).

In both cases the observation operator C is bounded on the domain of the gener-
ator of the observation system, it is defined by C(zp, 21) = Czp and the dual control
operator B is defined by By = (0, By). Thus C € £(Z;Y) and B € L(Y;Z_2) in
the “boundary” case, C € L(Zp;Y) and B € L(Y; Z_1) in the “interior” case.
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The approximation spaces are W = W x W with injections J,, : W" — Z,
defined by Jp,(wo,w1) = (Jhwo, Jpw). Let W denote W" with the norm |Jwl, =
| Thw|s, w € Wh, induced by Jj, from Z,. The dual Jj : Zg — W{ is defined
by J; (20, 21) = (J}mhz0, J;21). The Zg-orthogonal projection from Zy onto Z" is
InJ; defined by 1T (20, 21) = (Thz0, JnJjiz1), and JF Jp, is the identity operator
on Wh.
The Ritz-Galerkin variational method considers the finite-dimensional positive
self-adjoint operator on G, on W defined by Gy, (wo, w1) = i(—w1, Grwg), approx-
imates A by the non-negative selfadjoint operator Ay = JpGrJ; on Zy defined
by An(z0,21) = (=J; Jnz1, Anmhzo), approximates C by the observation operator
Cy, defined by Cp(wg,w;) = Crwp, and approximates B by the control operator By
defined by Bry = (0, Bry). In the “interior” case the definition of C is (75) thus
Cn, = CJy, in the “boundary” case the definition of Cj, is (95) thus C, = CA™17,Gx.
The dual observation and control systems generated by Gy, are:
(105) w"(t) + Grw™(t) = 0,w"(0) = wo € V", " (0) = wy € VP, y(t) = Crw" (1),
(106)

T (t) + GhUM(t) = Buul (1), O(0) = Tp € VI, T(0) =¥, e Vi we L2 (R;Y).
We still denote by 7, the projection defined on Hy x Hy by 7, (20, 21) = (7h20, Th2z1)-
The approximation assumption (62) and its consequence (63) write:

(107) |z — mhzllo < coh||z)l1, 2€ Z1, h>0.
As in lemma 4.6, in terms of 7y, Gy, is defined by
(108) A = JhG, T,

hence ||(A™! — J,G;, ' T)zllo < cohl|zllo, @ € Ho. Therefore A, converges to A in
Zy strongly in the resolvent sense. In particular, if A € R is not an eigenvalue of A,
then the finite dimensional spectral projections 1.4, <x = Jn 1g,<x Jj; satisfy:

(109) [(La<x —1a,<x)zllo =0, =z € Zp.
The proof of theorem 4.7, (107) and (108) yield:

Theorem 4.20. If 2" — z in Zy then e'*Arzh — A% in Zy uniformly on finite
intervals of t, i.e. the solutions z and w of (48) and (105) satisfy:

20 (1" (0) = 20 + 4 () = £0)]o) 0. (=(0),2(0)) € H x Ho, T € R,

)

More precisely, (62) implies the convergence rate:
(110) [(eAr — e 2]lo < coh(t| 2|2 +2||2]), z€ Wa, k>0, teR.
If  (2(0),2(0)) € H3 x Hy, w"(0) = 7,2(0) and w"(0) = 7,2(0) then the solutions
z and w of (48) and (105) satisfy:
" (&) = Tl + 16" (8) — T2l < coht (12(0)ls + 120)2), b >0, t € R,
4.5.2. Convergence of the observation systems. The proof of proposition 4.16 yields:

Proposition 4.21. Assume (95). Consider afamz'ly_(wh)h>o inWh and z € D(A).
If JhGrw" — Az in Zy then Che®®nwh — Ce™z in Y uniformly on finite
intervals of t. More precisely, (62) implies the convergence rate:

[ (Cre™n Tyrmn — Ce™z|| < N|C|leryyycoh(tl2]s + 2]122), 2z € Zs, h >0, t € R.
If TnGrw™ — Az in Zy then Cpe'9rwh — Ce™ Az in L2(0,T;Y) for all T > 0.

If Jooh — 2 in Zo and (48) is admissible then Cpe®9rwh — Ce*Az in L?(0,T;Y)
for all T > 0.
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In the “interior” case, the proof of proposition 4.10 yields:

Proposition 4.22. Assume (75). Consider a family (w")p~o in W" and z € D(A).
If Thwh — z in Zy then Che™9rwh — Ce*Az in' Y uniformly on finite intervals
of t. More precisely, (62) implies the convergence rate:

H(Cheitghjh — C@itA)Z” < ||CH£(H1;y)C()h(t”Z”2 + 2”2’”1), z € Zy, h > 0,te R.

If Thw" — 2 in Zy then Cpe®9rw" — Ce™Az in L?(0,T;Y) for all T > 0.
If Jowh — 2z in Z_y and (56) is admissible then Cpe'9rwh — Ce™™z in
L2(0,T;Y) for all T > 0.

4.5.3. Continuous and filterered discrete observability. As in § 4.3.2, § 4.3.3, we

consider the semidiscrete system (105) restricted to the filtered space 162 < f(n) wh,

where f : (0, hg) — (0, +00) decreases and f(h) — +o0 as h — 0, and in particular

we consider the filtering scale f(h) = n/h?, where 1 and o are positive parameters.
As in (104), the link between the first and second order filtered spaces is:

1g2¢(n) wh = la,<f(n) Vo lc,<fn) v,

Due to theorem 3.8 and the last part of the theorem 4.18 with s = 1 for the
direct implications, and due to theorem 4.17 for the converse implications:

Theorem 4.23. Assume that the observation operators satisfy (95).

The second order system (48) is admissible (resp. moreover exactly observable) if
and only if, for alln > 0 (resp. forn > 0 small enough), there exists T > 0 such that
the semidiscrete system (105) restricted to the filtered space 1g2 < n2/s W, with
the W norm is admissible (resp. moreover exactly observable) in time T uniformly

in h e (0,1).
In the “interior” case, theorem 3.13 and the proof of theorem 4.11 yield:

Theorem 4.24. Assume that the observation operators satisfy (75).

The second order system (56) is admissible (resp. moreover exactly observable)
if and only if, for all p > 0 (resp. for n > 0 small enough), there exists T > 0
such that the semidiscrete system (105) restricted to the filtered space Lg2 <y/n wh,
with the W", norm is admissible (resp. moreover exactly observable) in time T
uniformly in h € (0,1).

Assume C € L(Hy;Y). The second order system (56) is admissible (resp. more-
over ezactly observable) if and only if, for alln > 0 (resp. for n > 0 small enough),
there exists T > 0 such that the semidiscrete system (74) restricted to the filtered
space 1g2 < /pa/s Wh, with the W", norm is admissible (resp. moreover exactly ob-
servable) in time T uniformly in h € (0,1).

4.5.4. Convergence of the filtered control systems. The proofs of theorems 4.19
and 4.14 respectively in the “boundary” case (95) and “interior” case (75) yield:

Theorem 4.25. Assume (95) (resp. assume (75)). Consider a family of initial
data (OB, UM<0 in W and a family of inputs (u")n~o in L2(0,T;Y) such that
ul controls (Uh WhY) in time T in the ﬁltered.space 1g2 < f(n) Wh, i.e. the solution
of (106) satisfies 1g2 < () Uh(T) = 1g2<(n) Uh(T) = 0.

If (JR O, J ) — (Co,¢1) weakly in Z_1 and u" — u weakly in L*(0,T;Y) then
u controls (Co, (1) in time T, i.e. the solution of (49) satisfies ((T) = ¢(T) = 0.

Assume the discrete system (105) restricted to the filtered space Lg2 < f(n) Wh with
the Wl norm (resp. the W", norm) and the system (48) (resp. the system (57))
are admissible and exactly observable in time T uniformly in h. If (J, 98, J,Uh) —
(Co,C1) in Z_y (resp. in Zy) then the minimal control u of (Uh Wh) converges
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in L?(0,T;Y) to the minimal control u of ((o, (1) in (49) (resp. in (57)). E.g.
this applies to all (Co,C1) € Z—1, (W5, Uh) = (J*Co, GrJ; 7 A1), (resp. to all
(€0, 1) € Zo, (05, 9%) = (J*mnCo, J*C1))s cf. lemma 4.8.

REMARK 4.26. The direct implications in theorem 4.24 improve [Erv09, theo-
rem 1.1] in four ways: the approximation assumption (62) is weaker in practice (cf.
remark 4.1), the assumption on the observation operator C € L(H,;Y), v € [0, 1),
is weakened into C' € L(H;;Y), A~! is not assumed to be compact, the filtering
power o = min {2(1 —~),1} in [Erv09, (1.12)] (which is already the author’s im-
provement of Ervedoza’s [Erv08, (7.1.12)], cf. [Erv09, remark 3.1]) is improved into
o=1for C € L(Hy;Y) and 0 =4/3 for C € L(Hp;Y). The converse implications
in theorem 4.24 are not considered in [Erv1l].

The second part of theorem 4.25 in the “interior” case improves [Erv09, theo-
rem 6.1] by elimitating the dubiously used assumption [Erv09, (6.11)] which limited
to C € L(Hy;Y) the validity of [Erv09, theorem 6.1]. The explicit convergence rates
of the observations in proposition 4.22, and the “boundary” case in theorems 4.25
and 4.23 were not considered in [Erv1l].
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