SIAM J. CONTROL OPTIM. (© 2003 Society for Industrial and Applied Mathematics
Vol. 42, No. 3, pp. 907-935

HOW TO GET A CONSERVATIVE WELL-POSED LINEAR SYSTEM
OUT OF THIN AIR. PART II. CONTROLLABILITY AND STABILITY*

MARIUS TUCSNAK' AND GEORGE WEISS#

Abstract. Let Ag be a possibly unbounded positive operator on the Hilbert space H, which is
boundedly invertible. Let Cy be a bounded operator from D(A(I]/2) (with the norm ||zH%/2 = (Aoz, 2))
to another Hilbert space U. In Part I of this work we have proved that the system of equations

(1) + Aoz(t) + %CgCoé(t) = Cru(t),
y(t) = — Coz(t) +u(t)

determines a well-posed linear system 3 with input u and output y, input and output space U, and
state space X = D(A(l)/Z) X H. Moreover, ¥ is conservative, which means that a certain energy

balance equation is satisfied both by the trajectories of ¥ and by those of its dual system. In this
paper we show that X is exactly controllable if and only if it is exactly observable, if and only if
it is exponentially stable. Moreover, if we denote by A the generator of the contraction semigroup
associated with ¥ (which acts on X), then ¥ is exponentially stable if and only if one of the entries
in the second column of (iwl — A)~! is uniformly bounded as a function of w € R. We also show
that, under a mild assumption, ¥ is approximately controllable if and only if it is approximately
observable, if and only if it is strongly stable, if and only if the dual system is strongly stable. We
prove many related results and we give examples based on wave and beam equations.
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1. Introduction and main results. This paper is a continuation of our paper
[35] in which we have investigated a class of conservative linear systems with a special
structure, which occur often in applications. These systems are described by a second
order differential equation (in a Hilbert space) and an output equation, and they
may have unbounded control and observation operators. The main aim of [35] was
to prove the wellposedness, conservativity, and other regularity properties of such
systems. Here we investigate conditions under which such systems are exponentially
stable or strongly stable. It turns out that these stability properties are equivalent to
certain controllability and observability properties as well as to certain estimates.

We recall the construction from the paper [35] in order to be able to state the
new results. Let H be a Hilbert space, and let Ay : D(Ag) — H be a self-adjoint,
positive, and boundedly invertible operator. We introduce the scale of Hilbert spaces
H,, a € R, as follows: for every o > 0, H, = D(A), with the norm ||z||o = [|A§ 2] &
The space H_,, is defined by duality with respect to the pivot space H as follows:
H_, = H} for a > 0. Equivalently, H_, is the completion of H with respect to the
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norm ||z||_o = ||Ag“z||,;- The operator Ay can be extended (or restricted) to each
H, such that it becomes a bounded operator

Ag: Hy,— H,_1 VaeR.

Let Cy be a bounded linear operator from H 1 to U, where U is another Hilbert
space. We identify U with its dual, so that U = U*. We denote By = C§ so that
By € L(U, H_%). The class of systems studied in [35] and also here is described by

(1.1) j—;z(t) + Aoz(t) + %Bo%COZ(t) = Bou(t),
(1.2) 2(0) = 2o, 2(0) = wo,

d
(13 y(0) = — S Costr) +utr),

where ¢ € [0, 00) is the time. The equation (1.1) is understood as an equation in H_y,
i.e., all the terms are in H 1 Most of the linear equations modelling the damped
vibrations of elastic structures can be written in the form (1.1), where z stands for
the displacement field and the term Bo:Coz(t), informally written as ByCoZ(t),
represents a viscous feedback damping. The signal u(t) is an external input with
values in U (often a displacement, a force, or a moment acting on the boundary), and
the signal y(t) is the output (measurement) with values in U as well. The state x(¢)
of this system and its state space X are defined by

z(t) = [?(t)], X =HyxH.

We will use some fairly standard notation for certain function spaces: we re-
fer to [35, section 1] for the meaning of H?(0,00; W), Hj, .(0,00; W) (with p € N),
C™(0,00; W), and BC™(0,00; W) (with n € {0,1,2,...}). We write C' instead of C°.

We assume that the reader understands the concepts of a well-posed linear system
and of a conservative linear system. These were explained in [35, sections 1, 3, 4] with
suitable references to the literature. We will often use results from [35], which we
refer to as “Part 1.” In such cases, we put the prefix I in front of the number of the
item quoted. For example, Theorem 1.1.4 refers to Theorem 1.4 in Part I, and (1.4.2)
refers to formula (4.2) in Part I. The first main result of [35] has been the following
(Theorem I.1.1).

THEOREM 1.1. With the above assumptions, the equations (1.1)—(1.3) determine
a conservative linear system X in the following sense:

There exists a conservative linear system Y whose input and output spaces are
both U and whose state space is X. If u € L*([0,00),U) is the input function, xo =
[jj‘(’)] € X is the initial state, x = [ ] is the corresponding state trajectory, and y is
the corresponding output function, then

(1)
z € BO(0,00; Hy) N BC' (0, 00; H) Nz, (0,00, H_1).

(2) The two components of x are related by w = 2.
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(3) Coz € HY(0,00;U) and the equations (1.1) (in H_1) and (1.3) (in U) hold
for almost every t > 0 (hence, y € L*([0,0),U)).
If 2 is a continuous function of ¢ with values in H 1 (see Theorems 1.1.2 and 1.1.4

for sufficient conditions for this to be true), then (1.1) and (1.3) can be rewritten as

(1.5) y(t) = — Coz(t) + u(t).

We introduce the space Zy = Hy + AEIBOU, which is a Hilbert space if we define on
it a suitable norm; see Theorem 1.1.2. We can rewrite the equations (1.4), (1.5) as a
first order system as follows:

z(t) = Ax(t) + Bu(t),
(1.6) { y(t) = Ca(t) +ult),
where
0 I 0
@) T
(1.8) D(A) = {[ﬂ €Hy x H; Aoz+2BocoweH},
(1.9) €:Z0XH%—>U, 62[0 —Co}.

We denote by C' the restriction of C' to D(A). A is the generator of a strongly
continuous semigroup of contractions on X, denoted T = (T;);>¢. For the concepts of
semigroup generator, control operator, observation operator, and transfer function of
a well-posed linear system, we refer to Weiss [31, 32| or to section 1.3. We denote by
C,, the open right half-plane in C where Res > w. We know from Proposition 1.5.3
that for any s € p(A) (in particular, for any s € Cy) the operator s2I+ Ag+ 5BoCo €
L(Hy,H_y) has a bounded inverse denoted V(s):

-1
(1.10) V(s) = (321+A0+§BOCO) € L(H_y, Hy).

[N
[N

The following proposition is a restatement of a part of Theorem 1.1.3.

PROPOSITION 1.2. With the notation of Theorem 1.1 and (1.7)—(1.10), the semi-
group generator of ¥ is A, its control operator is B, and its observation operator is
C. The transfer function of 3 is given for all s € Cy by

G(s) =C(sI —A)'B+1 =1-CysV(s)By,

and we have ||G(s)|| <1 for all s € Cy.

Now we have all the necessary ingredients to state the new results of this pa-
per. The following theorems use various controllability, observability, and stability
concepts. The precise definition of these concepts is given in section 2.

THEOREM 1.3. With the above notation, the following assertions are equivalent:
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1
2

(1) The pair (A, B) is exactly controllable (in some finite time).

(2) The pair (A, C) is exactly observable (in some finite time).

(3) The semigroup T is exponentially stable.

(4) The pair (A, B) is optimizable.

(5) The pair (A,C) is estimatable

(6) We have sup,.c, ||A V(s)|lzcay < o00.

(7) We have sup cc, IsV(s)llcem < 00.

(8)
)

8) For a dense subset E of R, we have iE C p(A) and sup ||A V(iw)| £y < 00.
wEE
¥

A more precise statement concerning the equivalence of ( ), (2), and (3), which
gives some information on the time of exact controllability and observability, and
which is valid for any conservative system, is Proposition 3.2. The equivalence of
(1)—(5) remains valid for every conservative system; see Proposition 3.3.

By a well-known theorem of Priiss and Falun, an operator semigroup T with
generator A is exponentially stable if and only if (sI — A)~! is uniformly bounded on
Cp. We refer to section 2 for precise references, further comments, and related results
(Propositions 2.4 and 2.5). In the specific case of the semigroup generated by A from
(1.7)-(1.8), the resolvent (sI — A)~! can be written as a 2 x 2 matrix of operators; see
Proposition 1.5.3 (or formula (4.1) later in this paper). Thus, to verify the exponential
stability of T, we would have to verify that the four entries of this 2 x 2 matrix are
all uniformly bounded on Cy. However, conditions (6) and (7) in Theorem 1.3 tell us
that, in fact, we have to verify only one of the two entries in the second column of the
matrix of (sI — A)~!. Conditions (8) and (9) tell us that, in fact, it suffices to check
the boundedness of one of these entries on a dense subset of the imaginary axis, and
we can still conclude exponential stability.

The version of this theorem corresponding to bounded B and C, i.e., with Cy €
L(H,U), is in Liu [22, sections 2-3] but without conditions (4)—(7). Using the bound-
edness of Cj (and hence also of By), Liu was able to give in [22, Theorem 3.4] also
other, Hautus-type conditions which are equivalent to the exponential stability of T.
For unbounded Cj, we were only able to obtain a Hautus-type estimate as a necessary
condition for exponential stability; see Proposition 4.1.

We mention that semigroups of the type discussed in this paper do not necessarily
satisfy the spectrum determined growth condition. For a counterexample (a damped
wave equation on a compact manifold) see Lebeau [19].

In the proof of Theorem 1.3 (more precisely, to show that (6)==(3)) we use
the following proposition, which is of independent interest. For bounded Cj this
proposition follows easily from [22, Theorem 3.4], but for unbounded Cj the proof is
more delicate (see section 4). Related results for a bounded (possibly not positive)
operator in place of CjCy were given in Liu, Liu, and Rao [23].

PRrOPOSITION 1.4. With the above notation, suppose that Cy is bounded from
below in the sense that there exists a ¢ > 0 such that ||Coz|u = c|[z||m for all z € Hy.

Then T is exponentially stable.

A result similar to Theorem 1.3 holds also for strong stability, with an additional
assumption on the spectrum o(Ay).

THEOREM 1.5. With the above notation, assume that o(Ag) is countable. (This
happens, e.g., if Agl is compact.) Then the following assertions are equivalent:

(1) T is strongly stable.

(2) The pair (A, C) is exactly observable in infinite time.

For a dense subset E of R, we have iE C p(A) and sup lwV (iw) | £(rry < 00.
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(3) The pair (A,C) is approximately observable in infinite time.

(4) T is weakly stable (equivalently, T* is weakly stable).

(5) T* is strongly stable.

(6) The pair (A, B) is exactly controllable in infinite time.

(7) The pair (A, B) is approzimately controllable in infinite time.

(8) For any z € Hy, if z is an eigenvector of Ag, then Cyz # 0.

Note that the statement “Aal is compact” does not imply that (sl — A)~! is
compact (to see this, take U = H and Cy = A(l)/ 2). This theorem follows from a more
general result concerning all conservative systems; see Proposition 3.4 here. In the
proof, we also use the famous strong stability theorem of Arendt and Batty [2].

Systems with A and B as above have been studied in Guo and Luo [10, 11], estab-
lishing connections between the exponential stability of A and the exact controllability
of the undamped system 2(t) + Agz(t) = Bou(t), under the additional hypothesis that
the undamped system is well-posed. (Unfortunately, the main result on diagonal sys-
tems in [10] (Theorem 4) is incorrectly formulated, and it is also incorrectly quoted
n [11].) In [11] the emphasis is on eigenvalues and eigenvectors of A, assuming that
the eigenvalues of Ag satisfy a gap condition and w(t) is scalar.

In section 2 we give the background needed here. Section 3 concerns the stability
properties of conservative systems so that the results there refer to a more general
context than the main results stated earlier. In section 4 we prove our main results,
while section 5 is devoted to two examples: a system involving the beam equation
and another one based on the wave equation.

2. Background on controllability, observability, optimizability, estimat-
ability, and stability. In this section we recall some controllability, observability,
and stability concepts, quoting the relevant literature. Throughout this section, U, X,
and Y are Hilbert spaces and A : D(A) — X is the generator of a strongly continuous
semigroup T = (Ty);>0 on X. The space X7 is D(A) with the norm ||z||; = ||(8] —
A)z||, where 3 € p(A) is fixed, while X_; is the completion of X with respect to the
norm ||z]|_1 = ||(BI — A)~'z||. We assume that the reader understands the concept of
an admissible (in particular, infinite-time admissible) control operator for T. This has
been presented in section 1.2 with suitable references. If B € L(U, X_1) is admissible,
then for every 7 > 0 we denote by @, the operator

(2.1) P u = / T;_,Bu(c)do
0

as in (1.2.3). We have ®, € £(L?([0,0),U), X). If B is admissible, then for every
zo € X and every u € L?([0,00),U), the function z(t) = Tyz¢ + ®,u is called the
state trajectory corresponding to the initial state zy and the input function u. We
have z € H},.(0,00; X) and @(t) = Ax(t) + Bu(t) (equality in X_;) for almost every
t > 0. If, moreover, B is infinite-time admissible, then we denote, as in (I1.2.5),

T

(2.2) du = lim T;Bu(t)dt,

T — OO 0
and we have ® € L(L?([0,00),U), X).
Similarly, we assume that the reader understands the concepts of an admissible

(in particular, infinite-time admissible) observation operator for T, also presented in
section I.2. If C' € £(X1,Y) is admissible, then we denote by ¥ the unique continuous
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operator from X to L? ([0,00),Y) such that

loc
(2.3) (Wao)(t) = C'Ty a0 Y 20 € D(A).

In particular, if C is infinite-time admissible, then ¥ € £(X, L%([0,00),Y)). Recall
that B is an (infinite-time) admissible control operator for T if and only if B* is an
(infinite-time) admissible observation operator for T*.

DEFINITION 2.1. Let A be the generator of a strongly continuous semigroup T
on X, and let B € L(U,X_1) be an admissible control operator for T.

The pair (A, B) is exactly controllable in time T > 0 if for every xo € X, there
ezists a u € L*([0,T),U) such that ®pu = xo.

(A, B) is exactly controllable if the above property holds for some T > 0.

(A, B) is exactly controllable in infinite time if B is infinite-time admissible and
the operator ® from (2.2) is onto.

(A, B) is approximately controllable in time T > 0 if Ran®r is dense in X.

(A, B) is approximately controllable in infinite time if U;~oRan®, is dense in X.

(A, B) is optimizable if for any xo € X, there exists u € L*([0,00),U) such that
the state trajectory corresponding to xo and u is in L*([0,00), X).

Note that the exact (or approximate) controllability in infinite time of (A, B)
does not imply its exact (or approximate) controllability in time T for some T > 0.
Clearly, exact controllability implies optimizability and also approximate controlla-
bility in some finite time. Optimizability is one possible generalization of the concept
of stabilizability, as known from finite-dimensional control theory.

Remark 2.1. Let B € £L(U,X_1) be an infinite-time admissible control operator
for T. Then (A, B) is approximately controllable in infinite time if and only if the
range of ® from (2.2) is dense in X. The proof is easy.

Now we introduce the corresponding observability concepts via duality.

DEFINITION 2.2. Suppose that C € L(X1,Y) is an admissible observation
operator for T. (Equivalently, C* is an admissible control operator for the adjoint
semigroup T*.) We say that (A,C) is exactly observable (in time T) (in infinite
time) if (A*,C*) is exactly controllable (in time T) (in infinite time). Similarly,
(A, C) is approximately observable (in time T') (in infinite time) if (A*,C*) is ap-
prozimately controllable (in time T') (in infinite time). Finally, the pair (A,C) is
called estimatable if (A*, C*) is optimizable.

Let ¥ be the operator defined in (2.3), and for every 7 > 0 put ¥, = P, ¥. Then
(A, C) is exactly observable in time T' > 0 if and only if U is bounded from below.
(A, C) is exactly observable in infinite time if and only if C' is infinite-time admissible
and V¥ is bounded from below. (A, C) is approximately observable in time T' (or in
infinite time) if and only if ¥7ao = 0 (or Yo = 0) implies 29 = 0.

Recall that the growth bound of a strongly continuous semigroup T is wy(T) =
limy _, o %log IT:|| = inf;so % log || T¢||; see, for example, Pazy [24].

DEFINITION 2.3.  The semigroup T is exponentially stable if its growth bound is
negative: wo(T) < 0. T 4s strongly stable if

tlim IT;x0] = 0 Ve X.

Finally, T is weakly stable if lim; _, oo (Tt20,90) = 0 for all xo,y0 € X.

Let T be a strongly continuous semigroup on X with generator A. A well-known
spectral mapping result of Priiss [25, p. 852] implies that if the function ||(sI — A)~|
is bounded on Cy, then T is exponentially stable. A little later and independently, this
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result was explicitly stated and proved by Falun [13]. A short proof was given in Weiss
[30, section 4]. Here we need a result which is closely related to the one just mentioned,
without being an obvious consequence of it. The result is very slightly more general
than another result of Falun; see [13, Theorem 3]. Moreover, the proposition below
gives an estimate for the growth bound wy(T).

PROPOSITION 2.4. Let T be a strongly continuous semigroup on X with generator
A. Assume that wo(T) <0 and E is a dense subset of R such that iE C p(A) and

(iwl — A)7Y| < M VweE

for some M > 0. Then T is exponentially stable; more precisely, wo(T) < —ﬁ,
Proof. By a result in Butzer and Berens [7, p. 31] all numbers s € C with |[Re s| <

+7 (this is a vertical strip) belong to p(A4), and we have

M

AN Y
(24) 16T =47 < T

1

for |Res| < v
On the other hand, we know from the Hille-Yosida theorem that ||(sI — A)7! is
bounded on any half-plane C,, with v > 0. This fact, combined with (2.4), shows that
[(sI — A)~1| is bounded on any half-plane C, with a > —-. Now by yet another
result of Falun [13, Theorem 4] we conclude that wy(T) < —4;. (The last step is
equivalent to applying the Priss—Huang result mentioned before the proposition for
the semigroups generated by A + Al with A < ﬁ) 0

ProPoOSITION 2.5. Suppose that X, T, A, U, and B are as in Definition 2.1.
Then the following three statements are equivalent:

(1) T is exponentially stable.

(2) (A, B) is optimizable, Co C p(A), and for some M > 0

|(sT—A <M Vs e Co.

-1

) BHE(U,X)

(3) (A, B) is optimizable, wo(T) < 0, there exists a dense subset of R, denoted
E, such that iE C p(A), and for some M >0

|| (iwI — A <M VwekE.

)"'B ||£(U,X)

Proof. The equivalence of (1) and (2) is exactly Proposition 5.1 in Weiss and
Rebarber [33]. Tt is easy to see that (1) implies (3) with E = R (by also using (2) and
limits as s —iw). Now suppose that (3) holds (this implies Cy C p(A)). We argue
as in the proof of [33, Proposition 5.1], obtaining formula (5.1) from [33] valid for all
s € Cp. Taking limits, we see that this formula holds also with iw in place of s € Cy,
where w € E. Continuing to reason as in [33], we obtain that (iwl —A)~! is uniformly
bounded as a function of w € E. Since wy(T) < 0, we can apply Proposition 2.4 to
conclude that T is exponentially stable. a

Observability (or dually, controllability) and strong stability concepts are linked
to properties of Lyapunov equations, and we state in dual form the following result
from section 3 of Hansen and Weiss [12].

PROPOSITION 2.6. Let A be the generator of the strongly continuous semigroup
T on X, and let C € L(X1,Y) be an admissible observation operator for T. Then the
following three statements are equivalent:

(a) There exist operators 11 € L(X), II > 0, which satisfy the following equation:

(2.5) A'llz +TAz = — C*Cx VzeD(A).
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(b) C is an infinite-time admissible observation operator for T.
(c) There exists an operator P € L(X) such that for any z € D(A)

(2.6) Pz = lim T;C*CT zdt.
T—0 Jq
Moreover, if C' is infinite-time admissible, then the following statements hold:

(d) P from (2.6) is the smallest nonnegative solution of (2.5).

(e) If P is invertible, then T is strongly stable.

(f) If T is strongly stable, then P is the unique self-adjoint solution of (2.5).

(g) If T is uniformly bounded and P > 0, then T is weakly stable.

The operator P introduced above is called the observability Gramian of (A, C),
and (2.5) is called a Lyapunov equation. Note that, in terms of the operator ¥ from
(2.3), we have P = U*W. The following is well known and easy to prove.

PROPOSITION 2.7. Suppose that C is an infinite-time admissible observation
operator for the semigroup T generated by A. Then (A, C) is approzimately observable
in infinite time if and only if P > 0 (where P is the observability Gramian of (A, C)).

The controllability Gramian of (A, B) is, by definition, the observability Gramian
of (A*, B*). Thus, the controllability Gramian of (A, B) is defined by

T

(2.7) Rz = lim [ T,BB*T;zdt Yz € D(AY),

T—00 Jq
we have R = ®®*, and the Lyapunov equation satisfied by R is
RA*z+ ARz = — BB*z V z € D(A").

The dual version of Proposition 2.6 is straightforward.

For more details on Gramians we refer to Hansen and Weiss [12], Jacob and
Partington [14], Russell and Weiss [28], and Grabowski [8]. For more details on exact
controllability in an operator-theoretic setting we also refer to Avdonin and Ivanov
[3], Jacob and Zwart [15], Rebarber and Weiss [27], Tucsnak and Weiss [29], and the
references therein. In the PDE setting, the relevant literature is overwhelming, and
we mention the books of Lions [20], Lagnese and Lions [17], Bensoussan et al. [6],
Komornik [16], and the paper of Bardos, Lebeau, and Rauch [5].

3. Conservative linear systems. Recall from section 1.3 that for any well-
posed system X with input function u, state trajectory x, and output function y,

2(r) | _ 5 |=(0)
] - 2]
where P, denotes the truncation of a function to [0, 7] and

T, ®,
a2 5= [T ]

We denote the input, state, and output spaces of ¥ by U, X, and Y, respectively.
Then the operators ¥, appearing above are bounded from X x L2([0,7],U) to X x
L?([0,7],Y), which means that for some ¢, >0

Jel+ [ lytolar < (|x<o>||2+ | o dt).
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As explained in section I.1, the system Y. is conservative if the operators 3, are unitary
from X x L2([0,7],U) to X x L2([0,7],Y). This implies that for any input function
u € HY(0,00;U) and any initial state z(0) = zo € X with Azg + Bu(0) € X, the
function ||z(¢)]|? is in C'[0, 00) and

(3.3) CaI? = @I - ly@P Y=o

see Proposition 1.4.3. Conversely, if (3.3) holds for both the system ¥ and for its dual
system X¢, then ¥ is conservative; see Corollary 1.4.4.

PROPOSITION 3.1. Let ¥ be a conservative linear system with input space U,
state space X, output space Y, semigroup T, control operator B, observation operator
C, and transfer function G. Then the following statements are true:

(1) T is a semigroup of contractions.

(2) B is infinite-time admissible.

(3) C is infinite-time admissible.

(4) |G|l £ 1 for all s € Cy.

Indeed, the above proposition is an immediate consequence of Proposition 1.4.5
(which concerns the larger class of dissipative linear systems). The following propo-
sition is probably well known (especially the equivalence of (2) and (3)), but we are
not aware of a reference which states the equivalence of all three conditions.

PROPOSITION 3.2. With the notation of Proposition 3.1 and denoting the gener-
ator of T by A for each T > 0, the following statements are equivalent:

(1) The pair (A, B) is exactly controllable in time 7.

(2) The pair (A, C) is exactly observable in time T.
3) |IT,|| <1 (in particular, T is exponentially stable).
Proof. (3) = (2) With the notation from (3.2), it is clear that for all zy € X

(3-4) IT- 2ol + [[@-z0]|* = ||| V7 2>0.

If (3) holds, then ||T,||> = 1 —&? with ¢ > 0. Now (3.4) implies that || ¥, z¢|* >
£2]|zo[|?, so that I is exactly observable in time 7.

(2) = (3) If (2) holds, then there exists € > 0 such that || x| > €|zl for all
zo € X. Now (3.4) implies that || T, zo||?> < (1 — 2)||wo||?; hence ||T,| < 1.

(3) < (1) (3) is equivalent to the fact that | T%|| < 1. (1) is equivalent to
the fact that (A*, B*) is exactly observable in time 7. Since the dual system ¢ is
conservative, according to Proposition 1.4.2 and the equivalence of (2) and (3) proved
earlier, we get that (1) is equivalent to (3). 0

The equivalence of (1)—(5) in Theorem 1.3 is an immediate consequence of Theo-
rem 1.1, Proposition 1.2, and the following simple result about conservative systems.

ProOPOSITION 3.3. With the notation of Proposition 3.2, the following five state-
ments are equivalent:

(1) The pair (A, B) is exactly controllable.
(2) The pair (A,C) is exactly observable.
(3) T is exponentially stable.

(4) The pair (A, B) is optimizable.

(5) The pair (A,C) is estimatable.

Proof. The equivalence of (1)—(3) follows from the previous proposition. It is well
known and easy to see that (1) implies (4) and (2) implies (5) (for any well-posed
system). Suppose that (5) holds. We know from Proposition 3.1 that C' is infinite-
time admissible. Now it follows from [33, Proposition 5.5] that (3) holds. The proof
of (4)=(3) is similar, by using the dual version of [33, Proposition 5.5]. O
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Another result linking strong stability, observability, and controllability of con-
servative systems is the following. It is related to Proposition 6 in [34].

ProrosITION 3.4. Let 33, T, A, B, and C be as in Proposition 3.2. Assume that
the intersection o(A) NiR is countable. (This happens, for example, if (81 — A)~! is
compact for some 3 € p(A).) Then the following seven assertions are equivalent:

(1) T is strongly stable.

(2) The pair (A, C) is exactly observable in infinite time.

(3) The pair (A,C) is approximately observable in infinite time.

(4) T is weakly stable (equivalently, T* is weakly stable).

(5) T* is strongly stable.

(6) The pair (A, B) is exactly controllable in infinite time.

(7) The pair (A, B) is approzimately controllable in infinite time.

Proof. (1) = (2) If T is strongly stable, then we see from (3.4) that
lim; _ o ||V, z0|| = ||7o|. This implies that ¥ is an isometry from X to L?([0, 00),Y).

(2) = (3) This implication is obvious.

(3) = (4) The fact that X is conservative implies that C' is infinite-time admissi-
ble. According to Proposition 2.7, (3) means that P > 0, where P is the observability
Gramian. By the last part of Proposition 2.6, T is weakly stable.

(4) = (1) Since T is weakly stable, A has no eigenvalues on iR. Together with
the assumption that o(A) N 4R is countable, this means that the conditions of the
famous stability theorem of Arendt and Batty [2] are satisfied. According to this
theorem, T is strongly stable.

(4) <= (5) <= (6) <= (7) This is similar to the equivalence of (1)—(4) but with
the dual system X¢ in place of ¥. (Recall that ¥¢ is also conservative.) 0

4. Proof of the main results. In this section we prove Theorems 1.3, 1.4,
1.5 as well as other related results. We use the assumptions and the notation from
section 1: The conservative linear system ¥ is the one constructed in Theorem 1.1
from the operators Ay € L(H1,H) and Cy € L(H,U). The spaces Hq with v € R
are constructed from the fractional powers of Ag. The notation | z||, means the norm
of z in Hy,; in particular, ||z||o is the norm of z in H. We put By = Cjj. The operators
A and B are defined in (1.7), (1.8) and C is defined in (1.9). C is the restriction of C
to D(A). The semigroup of contractions generated by Aon X = H 1% H is denoted by
T, and the transfer function of X is denoted by G. Recall also the L(H_y, H)-valued
function V(s) from (1.10) and the space Zy defined after (1.5).

ProPOSITION 4.1. With the above notation, if T is exponentially stable, then
denoting M = sup,,cR ||(iw] — A)~t||z(x) we have for every z € Hy

w 1
|21 = Ao)zll_y + SIBoCozll_y > -llzlo  Vwe[0,00).

Proof. We know from Proposition 1.5.3 that on H% X H_
we have for all s € p(A) with s # 0

1 (in particular, on X)

1
o=t | s =V (s)A] V(s)

(4.1) (s —A)~" = “V(s)Ao sV(s) |

For s = 0 the formula remains valid if we replace the left upper block in the matrix
with %AEIBOCO; see (I.5.4). Since T is exponentially stable, any point iw (with
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w € R) is in p(A) and (iwl — A)~! is uniformly bounded. Looking at the left lower
block of (iwl — A)~!, we have

l . . —
sup |V (iw) A |2y = sup ||V (iw) Aol ciar, iy < sup [|(iwl — A) 7 gx) = M.
UJGR wGR 2 wER

The last estimate means that for any g € H and any w € R,
1
IV (iw) Ag gllo < Migllo-

1 .
If we choose g = A, 2 (—wQI + Ap + Z7“30(70) z with z € H% fixed, then we get that
forallw e R

Z lzllo-

4
0

_1 ]
Ay (—wQI + Ao+ Z;)BOC’O) P

From here, using the triangle inequality, we get the estimate in the proposition. 0
Proof of Proposition 1.4. Recall that the inner product on X is defined by

<[21]’[Z2}>X - <A§z1’A§'Z2>H+<w17w2>H.

wq w2

In what follows, we drop the subscript H when writing the inner product on H (but
we use subscripts for other spaces). We define a new inner product on X by

< {Zl } ’ { - } >new = <A§217A§22> + 6(wr, z2) + 6(z1, wa) + (wy, ws)

- I HED,

_1

where § > 0 is such that 6|4, 2| < 1. (Later we shall impose further restrictions on
8.) The 2 x 2 matrix J appearing above defines a self-adjoint and positive bounded
operator on X. Indeed, J > 0 follows from the Cauchy—Schwarz inequality:

I 5Aal z z s )
(L 2 [a] [2]) . = vadete = 2ot ot + o

> (A2 22 — 26]| Ay *| - [|Ag | - 2

> [|Ag |l 140 211 - [1AG 21 - flwll + [Jwl]
1 1

> [|Ag 211” — 2| Ag 2l - w]l + [|wl]|?

= (1431 - o) > 0

It is easy to check that J is boundedly invertible, hence J > 0, which shows that
our definition of a new inner product is correct, and the new norm on X defined by
|Z||lnew = v/ {Z, Z) new is equivalent to the original norm. Thus, it will suffice to prove
that T is exponentially stable with respect to the new norm.

We shall estimate (Ax, ) pew, where © = [?] € D(A). We have

z
w

Re (Az,2)now = Re ((J — I)Az,z)x + Re (Az,z) x .
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We know from (1.5.3) that Re (Az,z)x = —3||Cow|?,. Computing the product (J —
I)A, we get that
N | 2 1 2
Re (Az,)new = —8||432| = 5 Re (Cow, Cozhur + élJu]* = 5| Cowl?

Now remember that Cy is bounded from below, so that ||w|| < 2||Cow||y. Therefore,
the above estimate and the Cauchy—Schwarz inequality imply

1 6

29
+ 3wl ozl = (5 = 5 ) ICoul?.

Re (A2, )new < —6HA§Z ,

Let k > 0 be such that ||Coz||y < k||A§z|| for all z € Hy. Then

12 ok 1 1 6 9
Re (A2, 2)uow < =6 |45z + S ICowllu - 145211 = ( 5 = 5 ) ICowl3-

1
The right-hand side above is a quadratic form in the two numbers ||Ag z|| and
[|Cow||r. The matrix of this quadratic form is

§ _ Sk
Q= - [_Mc 1 46] :
4 2 c2
This @ will be negative definite if

) ) ,

Both of these conditions can be satisfied if we choose ¢ sufficiently small. Suppose
that 6 has been correctly chosen so that ) < —~vI for some v > 0. Then we obtain

IN

2
Re (A, ) pew < —7 <HA(%ZH +||COw||2U>

12 .
= (Al + @lR) < - mingeal

IN

Recall that the two norms on X are equivalent so that ||z||x > m||z|new for some
m > 0. Denoting 1 = ymin(1,c?)m? (so that n > 0), we obtain
Re (Az, T)new < — 77Hx||iew
so that A+nl is dissipative with respect to the new inner product. Hence, the growth
bound of T (which does not depend on the norm) is wo(T) < —7. d
LEMMA 4.2. If we define By = [(I)] € L(H,X), then (A, By) is optimizable.
Proof. Consider a new conservative linear system Y obtained from the same

operator Ag on the same Hilbert space H but with a larger input space U and with
Cy replaced by Cj, which are defined as follows:

U:UXH7 C’0|:OO:|
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Thus, following the standard construction from section 1, By will be replaced by
By = C§ =[Bop I]. According to (1.7), the semigroup T of ¥ is generated by

e 0 I
A= [—Ao 1ByCy— L1 |

with P(A) = D(A) as defined in (1.8). Tt is clear that Cy is bounded from below, so
that T is exponentially stable according to Proposition 1.4.

Now consider the system ¥, with input space H, state space X, and output space
H described by

{ &(t) = Az(t) + Byu(t),
y(t) = Bya(t).

Clearly ¥, is well-posed, since B is bounded. The static output feedback u = —%y
applied to this system leads to a closed-loop system whose semigroup generator is
A— %B;Bb = A, which (as we already know) is exponentially stable. In particular,
it follows that for any initial state g € X, the functions u and = defined by wu(t) =
—%B;’“f[‘t xo and z(t) = T, zo are both in L2. Thus, (4, By) is optimizable. O

Proof of Theorem 1.3. According to Theorem 1.1 and Proposition 1.2, ¥ is a
conservative linear system with semigroup generator A, control operator B, and ob-
servation operator C. Now the equivalence of (1)—(5) in Theorem 1.3 follows from
Proposition 3.3. It is also easy to see that (3) implies (6), (7), (8), and (9). Indeed,
if T is exponentially stable, then (sI — A)~! exists and is uniformly bounded on C,
for some a < 0; see the proof of Proposition 2.4. Looking at the right column of
(sI — A)~!in (4.1), we obtain that (6)—(9) all hold.

We prove the equivalence of (6) and (7). Suppose that (7) is false; i.e., there
is a sequence (s;) in Cy such that ||s,V (sy)|| — o0. Since T is uniformly bounded,
(s — A)~!|| is bounded on any right half-plane C., with v > 0. Since sV (s) is one
of the entries of (sI — A)~!, it follows that for large n the sequence (s,) must be
outside C,. Since this is true for each v > 0, we must have Re s,, — 0. Since 0 € p(A4),
|[sV'(s)]| is bounded on a neighborhood of 0. Thus, without loss of generality we may
assume that |Im s, | > ¢ > 0.

By the uniform boundedness theorem, there exists a vector x € H such that

An = |[snV(sn)z| — 0.

Denote z, = 5~V (s,)z; then clearly z, € Hi, ||spza|| =1 (hence ||z, is bounded),
d n 2
an

1
— = sizn + Agzy, + S—”Bocozn —0 in H.
An 2

Taking inner products with z,,, we obtain

1 2 n
(4.2) (@, 20) = 2 l2all? + || 46 20 |+ 21 Cozall? 0.

1
An
Looking here only at the imaginary parts and dividing by Im s,,, we obtain

1
(4.3) 2(Resn)||zn\|2+ §HCO%H2HO;
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in particular, ||Coz,|| — 0. Now we look at the real parts of the terms in (4.2):

201, (|2 211, 1|2 1|7, Resn 2
(44)  ~lsalllzall® + 2Re 50?22 + [ Af 20| + S5 Cozal2 -0,
Recalling that Res, — 0 and ||s,z,|| = 1, we conclude that lim,, _, o ||A§zn|| =1

Thus, lim,, _, o ﬁHAéV(sn):cH =1 so that HAéV(s”H — 00. We have obtained that
assertion (6) is false, so (6) implies (7). The proof of the fact that (7) implies (6) is
similar with the following modifications: z and A, are now chosen such that A\, =

1 1

|AZV (sn)z|| — 0o. We take again 2z, = 3~V (sn)z, and now ||AZ z,|| = 1 (instead of
llsnzn]l = 1). Now the reasoning up to (4.4) remains the same, and from (4.4) we
conclude that limy, —, oo ||$n 2, || = 1, which implies that ||s,V (sp)| — oo.

To prove the equivalence of (8) and (9), we argue similarly as in the proof of the
equivalence of (6) and (7), but now Res,, = 0. This makes the proof simpler, since
now we do not need (4.3) and in (4.4) two terms disappear.

We prove that (6) implies (3). If (6) (and hence also (7)) holds, then we see
from (4.1) that (sI — A)~!By is uniformly bounded on Cg, where B, is the operator
from Lemma 4.2. Since, by the same lemma, (A, By) is optimizable, we can apply
Proposition 2.5 (the equivalence of points (1) and (2) in that proposition) to conclude
that T is exponentially stable, i.e., (3) holds.

Finally, we prove that (8) implies (3). If (8) (and hence also (9)) holds, then
we see from (4.1) that (iwl — A)~!By is uniformly bounded for w € E, where B, is
the operator from Lemma 4.2. Since (A, By) is optimizable, and since T is uniformly
bounded, the conditions in point (3) of Proposition 2.5 are satisfied. According to
Proposition 2.5, T is exponentially stable. 0

In order to prove Theorem 1.5, we have to prove several preliminary results. We
denote by o,(A) the set of eigenvalues (the point spectrum) of A.

LEMMA 4.3. If A € 0,(A) and © € D(A) is a corresponding eigenvector (i.e.,
(M — A)x =0 and x #0), then x is of the form

(4.5) T = [;Z], z € Zy,
where Zy = Hy + AalBoU and

A
(4.6) ()\2I + Ao+ 2Boco> z=0.

If A € R, then this implies
(4.7) 1Co2]* = 4|Re Al - [I2]*,  (Aoz,z) = [AP-[12]*.
Proof. The formulas (4.5) and (4.6) are an immediate consequence of D(A) C

Zy x Hy (which follows from (1.8)) and of (AI — A)z = 0. If we take the scalar

product of the sides of (4.6) with z and use the extension of the scalar product to the
duality pairing between H 1 and H 1, we obtain

(I + 40) 2,2) + 2 Cozl* = 0.

Since T is a contraction semigroup, A must be in the closed left half-plane. Denoting
A= —0 + iw with 0 > 0 and w € R, this means

—0 4+ w

(4.8) {((6% = W) + Ap) 2, 2) — 2iow]|2|* + 5

ICoz]* = 0.
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Looking at the imaginary part of this, we see that w # 0 implies
1
—20]|2I* + 5lICoz[* = 0,

which is the same as the first equality in (4.7). Now we look at the real part of (4.8),
using the expression for ||Cpz|* that we have just found, obtaining (after a short
computation) the second equality in (4.7). 0

LEMMA 4.4. Suppose that w € R is such that iw € 0,(A). Then also —iw € o,(A)
and w? € 0,(Ap). In this case, z from (4.5) is an eigenvector of Ay corresponding to
the eigenvalue w? (in particular, z € H, for all a > 0) and we have Cyz = 0.

Proof. Suppose that iw € 0,(A), and let z € Zy be the first component of a
corresponding eigenvector as in (4.5). We know from (I1.5.4) that 0 € p(A4) so that
w # 0. According to the first part of (4.7) we have Cpz = 0. Now (4.6) (with A = iw)
shows that z is an eigenvector of Ag corresponding to the eigenvalue w?. It is now
easy to see that the vector with components z and —iwz is also an eigenvector of A
corresponding to the eigenvalue —iw. |

We denote by o,(A) the set of those A € o(A) for which A is not an eigenvalue
of A, but AI — A is not bounded from below. In other words, A € 0,(A) if A & 0,(A4)
and there exists a sequence (z,,) in D(A) with

(4.9) lznllx =1 and lim ||(AMl — A)x,|lx = 0.

LEMMA 4.5. Ifw € R is such that iw € o(A), then
iw € gp(A)Ua,(A).

Proof. Suppose that iw € o(A). We prove that iw € o,(A) Uo,(A) by showing
that the contrary statement leads to a contradiction. Indeed, the contrary statement
means that iwl — A is bounded from below. In this case, the range of iwl — A is
not dense in X (because if it were dense, then it were all of X, and hence iwl — A
would have a bounded inverse). Let N be the orthogonal complement of the range
of iwl — A; then it is easy to see that N is invariant under T*: T;N C N for all
t > 0. Considering the restriction of T* to N, we see that D(A*) N N must be dense
in N, so that, in particular, there exist elements ¢ € D(A*) N N with ¢ # 0. From
the definition of N we now see that for such ¢ we have (—iwl — A*)q = 0 so that
—iw € o,(A*). Introduce the isomorphism J € £(X) defined by the matrix

I 0
=10 %)

We have J~! = J and A* = JAJ; see the fourth step in the proof of Theorems
I.1.1 and I.1.3 (in section 1.6). Thus, A and A* have the same eigenvalues so that
—iw € op(A). According to Lemma 4.4, we obtain that iw € o,(A), which contradicts
our “contrary statement” at the beginning of this proof. ]

LEMMA 4.6. If w € R is such that iw € 04(A), then also —iw € 0,(A) and,
moreover, w? € o,(A) Ua,(Ap).

Proof. Assume that iw € 0,(A) so that for some sequence (z,,) in D(A) we have
(4.9) (with A = iw). Denoting z,, = [ ]| and (iwl — A)z, = ["] so that v, —0 (in
H,) and €, — 0 (in H), we have

7/(4)] _I Z'n, _ VTL
Ay iwl + %B()Co W, o En |-
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From the first row we have w, = iwz, — v,. Substituting this into the equation
representing the second row, we get

w 1
(4.10) Agzn — w2y, — iwvy, + ?BoCozn - §B()C()l/n =g,
The two sides of this equation are in H, but some terms are in H_
scalar product with z,, and using the duality pairing between H _

1. Taking the
and H 1, we get

1

2
W2 i w 21 _

<(A0 w I) zn,zn> iw(Vn, zn) + 5 |Coznl| 5 (CoVn, Cozn) = (En, 2n),

which shows that

lim <(A0—(A)2]) Zn,2n>+%||002n”2 =0.

n — oo

Remember that A is invertible (see (I1.5.4)) so that w # 0. Taking the imaginary part
of the last limit, we conclude that lim,, _, - Coz, = 0. Now going back to (4.10), we
conclude that

(4.11) lim ||(w®I = Ap) za||_, = 0.
2

n — oo

Now recall from (4.9) that
lzallX = llznll} + llwalld = 1.
Since wy, = iwzy — vy With limy — o [|vn ]|y = 0, we have lim,, . ([lwn]l3 — w?||2n13)
1
= 0 so that limnﬁoo(||zn||2% + w?||z,]|3) = 1. Since ||znllo < |4 2] - lznl s and
_1
14 21? = |45 ||, we obtain liminf, o (1+w?||45"]]) - [[2x]|3 > 1 so that the
2
sequence ([|2,[/1) is eventually bounded from below:
[znlly = m >0 for n=ne.
We have for n > ny

m < eally = [Aozall_s = @1 — Ao)zn — w?znl|_s
< ||(W2I - AO)ZHH_% +w2HZn||—%~

Now (4.11) implies that the sequence ([|zn[_1) is eventually bounded from below.

This together with (4.11) implies that w?I — Ag is not bounded from below as an
(unbounded) operator on H_; (with domain H}). Since w?I — A as an operator on
H_1 is isomorphic to w?I — Ay as an operator on H (with domain H;), we conclude

that the latter is also not bounded from below. Thus, w? € 7,(Ap) U 0,(4o).
It remains to prove that —iw € o,(A). Define

x H

Nl
=

— Wy,

£n|:zn:|€H
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so that [|€,]lx = ||zn]lx = 1. We will use the extension of A which maps X into X_;.
In particular, this extension maps H% X H% C X into H% X H_% C X_1, as it is easy

to see (see Proposition 1.5.2 for the inclusion Hy x H_1 C X_1). We have

1
2

. —iwl -1 Zn | =
(—iwl — A)gn = Ay —iwl+ %BOCO] —wn] o [ On } ’
where ¢,, € H_% is given by a formula similar to (4.10):

; 1
©On = (AO — (,UZI)Zn — inn — %UBQCOZH + iBocoyn.

Remember that v, =0 (in Hy) and Coz, —0 (in U). Using also (4.11), we
conclude from the above formula that ¢, —0 (in H_ 1 ). From here we see that

lim (—iwl —A)§ =0 in Hy x H_

1.
n — oo 2

Since the sequence () is bounded from below in Hy x Hy, it follows that (—iwl —A)
is not bounded from below (as an operator from Hy x Hy to Hy x H_y). According
to point (1) of Proposition 1.5.3, it follows that —iw € o(A). Now we can apply
Lemma 4.5 to conclude that —iw € o,(A4) Uog(A). If we would have —iw € o,(A),
then it would follow from Lemma 4.4 that also iw € 0,(A), which would contradict
our assumption that iw € g,(A). Thus, we must have —iw € o,(A). O

Proof of Theorem 1.5. According to Lemmas 4.4, 4.5, and 4.6, if w € R is such
that iw € o(A), then w? € o(Ap). Thus, if 0(Ap) is countable, as assumed in the
theorem, then also o(A) N iR must be countable, as required in Proposition 3.4. Now
the equivalence of points (1)—(7) in the theorem follows from Proposition 3.4.

It remains to prove the equivalence between point (8) and the other points. Sup-
pose that (8) holds. We claim that A has no eigenvalues on the imaginary axis. Indeed,
if w € R were such that iw € 0,(A), then according to Lemma 4.4 w? € 7, (4y) and for
a corresponding eigenvector z € Hy; we would have Cyz = 0, which would contradict
(8). Now we can apply the main theorem of Arendt and Batty [2]: our earlier claim
together with the fact that o(A) N iR is countable implies that T is strongly stable.
Thus, point (1) of the theorem holds and with it all the others.

Conversely, suppose that point (8) is false, i.e., there exists an w € R such that
w? € 0,(Ap), and for a corresponding eigenvector z € H; we have Cpz = 0. Let = be
defined by (4.5) with A = iw. Then it is easy to verify that z € D(A) and Az = iwz,
whence T,z = e™'z. This shows that T is not strongly stable, so in this case the
points (1)—(7) are all false. a

5. Examples. The aim of this section is to apply the general stability results
derived earlier to some models based on PDEs. We will consider an Euler-Bernoulli
beam with an exponentially stabilizing feedback acting in one point followed by an
n-dimensional wave equation with boundary control and a nonlocal feedback term
entering a Dirichlet boundary condition.

5.1. An Euler—Bernoulli beam with pointwise control. The physical sys-
tem that we have in mind consists of two rigidly joined beams with both velocity and
angular velocity damping at the joint. The other end of both beams is hinged. The
inputs are a force and a torque acting at the joint (in addition to the damping force
and torque), and the measurements depend linearly on the velocity and the angular
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velocity at the joint as well as on the inputs. The fact that we apply both a force and
a torque feedback at the joint prevents the well-known lack of robustness of stability
concerning the location of the joint: we obtain exponential stability for any location.
For the case when only force feedback or only torque feedback is applied, lack of
robustness of exponential stability was demonstrated in Rebarber [26]. (We refer to
[26] for earlier references on this subject.)

Our system consists of two homogeneous Euler-Bernoulli beams situated along
the intervals [0, £] and [¢, 7] with the joint at the point £ € (0, 7). Denoting by [f]¢
the jump of the function f at z = &, we get the equations

(5.1) g—ij-i-gi—() z e (0,m)\{&}, [z]le =0, {gi}f =0,
52 [55] + G aen=0un -[55] +5 60 = o0
59 |55 - SHEn =m0, ~[F3] -G o = om0,
(5.4 (0,0 = @), 2 (,0) = wola), € (0,m)\ {6),

(5.5) 20,8) = z(m,t) = 0, %(O,t) 22‘;@ t) = 0.

Here, z stands for the transverse displacement of the beam and «, 8 > 0 are damping
coefficients. The external force is auy and the external torque is Susq, both acting at
&. The output signals are y; and yo.

An equivalent formulation of (5.1)—(5.5) can be obtained by considering a single
homogeneous Euler-Bernoulli beam situated along the interval [0, 7] with a force and
a torque acting at the point ¢ € (0, 7). (The equivalence is proved in Proposition 5.2
below.) In this case the equations (5.1)—(5.2) are replaced by

Pz 9z a® 0 B2 0 dé
er@JF?a(Z(fJ))éE* 5 8t( (& )> qr

dée
dz

Here, 0¢ is the Dirac mass concentrated at § and (5.6) is understood as an equation
in D'(0,7) (distributions on (0,7)). The outputs are equivalently given by

61 = 0L f ), w0 = 8o 6D +ualh).

The well-posedness of the system described by (5.4)-(5.7) can be obtained by
using Theorem 1.1 if we introduce the appropriate spaces and operators. We start by
defining H = L?[0, 7] and the operator Ag : D(Ag) — H by

2 2
Do) = {6 € H0.7) | 0(0) = o) =0, T5(0) = L5m) =0},

(5.6) = au(t)be — Bug(t)—
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d4e

A0d = g

YV ¢ € D(Ap).

It is well known that Aq is self-adjoint, positive, and boundedly invertible. As in
section 1, we put Hy = D(Ap) and we introduce the spaces H, (a € R) by considering
fractional powers of Ag and duality. A simple calculation shows that

Hy = D(AF) = H2(0,m) NHH(0,7)
with the norm
2 _ i d2Z 2(1
15 = [ |5 @) da.

PROPOSITION 5.1. The equations (5.4)—(5.7) determine a conservative linear
system X with input and output space C? and with state space X = H% x H. For
20 € Hi,wo € H, and uy,uy € L?[0,00) the equations (5.4)~(5.6) admit a unique
solution

loc

2 € BC (O,OO;H%> N BC (0, 00; H) N H2 (O,oo;H_%) :

Moreover, we have z(&, ), %(f, ) € H1(0,00).
Proof. We take U = C?, and By € L(U, H_1) is defined by

2

Vi dée Vi 2
B = be — — N (O
0 {Vz} avide — Bva P {VJ €
By the definition of By, for each vi, vy € C, BO[:’/;] is a bounded linear functional

acting on H% so that indeed By maps C? into H_%. The adjoint of By is

(5.8) Cod = Bip = 0@(5) VéeH:.

dx (f) 2
Now it is clear that the problem (5.4)—(5.7) can be written in the form (1.1)—(1.3).
Thus, this proposition follows from Theorem 1.1. ]

Note that since X is conservative, for every ¢ > 0 we have
|10 6]
2() ]| (0)

The space Zy defined after (1.5) (see also Theorem 1.1.2) is now given by

- / (1 (0) 2 + [us(0)]?] do
X 0

- / [11(0) 2 + [y2(0) ] do.

Zo = {z € Hy| Zloe € H'(0,€), 2len € H'(ED |-

The systems (5.1)—(5.5) and (5.4)—(5.7) are equivalent in the following sense.
ProrosiTION 5.2. Consider the functions

z € C(0,00; Zg) N C* (07OO;H%) NC?%(0,00; H), u,y € C(0,00;U).

Then z,u, and y satisfy (5.1)~(5.5) if and only if they satisfy (5.4)~(5.7).
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Proof. We denote by 21 (respectively, by z(¥)) the third (respectively, the
fourth) derivative of z computed in D’ ((0,7) \ {¢}). Roughly speaking, these deriva-
tives are calculated almost everywhere, ignoring the possible jumps at x = £. Hence
they are, in general, different from %’é and g%ﬁ computed in the sense of distributions,
i.e., in D’(0, 7). We define Lqg € L 8Z0, L?[0, 7)) and Gg € L(Zy,U) by

. 1y 1 [d?z
5.9 Loz = 2% and Goz = |= [/f], —=|==
(5.9) 0F == a 0% la [Z }5 B {dchL]
(T stands for transpose). Simple calculations show that
(5.10) Lo = Ay — BoGo, GoH; = {0}, GoA;'By = 1.

By Theorem I1.1.4 we obtain that the functions z, u, y satisty (5.4)—(5.7) (which are
the same, in this example, as (1.1)—(1.3)) if and only if they satisfy

aw+mao=o,Gwm+%qM@=u@,wa—%%aﬂ=ym

(which are the same as (5.1)—(5.3) and (5.5)) as well as (5.4). 0

The main result of this section is the following.

THEOREM 5.3. For all £ € (0,7), (5.4)-(5.7) define an exponentially stable well-
posed system with input and output space U = C? and state space X.

Proof. Let A : D(A)— X be defined as in (1.7), (1.8). If ¢ = [7] € D(A), then
w € Hy and z is piecewise in H* (on (0,¢) and on (&,7)). Thus, D(A) is compactly
included in X so that A has a compact resolvent, hence o(A) consists of eigenvalues of
A. We prove that o(A) N iR = @. Arguing by contradiction, suppose that i3 € o(A)
with 8 € R. According to Lemma 4.4, if ¢ is an eigenvector of A corresponding to
if3, then ¢ = [ 7 ], where (B%I — Ap)z = 0. This implies that

d?z d?z

0, 5(0) = 5@ = 0.

It follows that z(x) = csin (nx) for some ¢ € C and n € N (with n* = 32). Moreover,
by Lemma 4.4 we also have Cpz = 0 which, by (5.8), yields that 2(¢) =0, 4(¢) = 0.
This implies that z = 0, which is a contradiction. Thus, o(A4) N iR = (.

By the equivalence of (3) and (9) in Theorem 1.3, it suffices to show that

(5.11) sup |lwV (iw) zmy < 0.
weR

Suppose that this condition is false. By the uniform boundedness theorem, there
exist a sequence of real numbers (f3,) with |3,] — 0o and h € H such that A\, =
8,V (iBn)h|| — oc. Denoting 2z, = 5=V (i, )h and g, = s-h (so that g, — 0 in H),

we have

(5.12) Bnznllir = 1 VneN,

(5.13) —B2zn + Aoz + ,L’%BOCOZn =gn€H.

We show (in four steps) that (5.12) and (5.13) lead to a contradiction.
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First step. Taking the inner product in H of the sides of (5.13) with (3,2, taking
the imaginary parts, and using (5.12), we obtain that 3,,Cyz, — 0. According to (5.8)
this means

dzn

(5.14) Bz —0, |85 ‘ ~0.

On the other hand, (5.13) implies that z, € Zy so that by (5.10) we have
A()Zn = Lozn + B()G()Zn.
Substituting this into (5.13) and using the fact that Bou € H iff u = 0, we obtain

2

_ﬂizn+L02n = gn and Gozp, = 0%n -

The above relations together with (5.8) and (5.9) imply that

(5.15) —32z, + 20 = g, -0 in L?[0, 7],
(5.16) AN =€) = —i8, %2 (6)
A2z, 32 dz
+ n — g 2%
(5.17) Cineny - ) = it s e,

Second step. Define f, € H by fo(z) = 2% (z) for 2 € [0,£] and f,(z) = 0 for
x > £. We take the inner product of the sides of (5.15) with f,, to get

dz,

(5.18) /0f (—ﬁizn(x) + 2V (gc)) QL‘E(LE)CICE = /05 x gn(T) dan

a(w)dw

By a straightforward calculation, the terms on the left-hand side become

¢ 2
Re{ ; fﬂnzn(l’)xa(z)d } §|ﬂnzn / |Brzn (2)|?de,
$ vy, dZ, i ey 22\ dZ,
Re{ | e (x)da:} ~ Re [(ﬁz; € - ) T

2
3 [
¢ .y
2 2 Jo

d?z,

dx2 (67)

d?z,
dz?

The two relations above and (5.18) yield

3@ + 5 [ 1azmoar + R [ (6 - S20) B2 )

3 [
+5/0

2 2

d?z,

dx2? (57)

d?z,

§ dz,
& @(x) dz = Re/o xgn(x)é(x)dx.
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Since g, converges to zero in L?[0, €], we deduce that the right-hand side of the last
formula converges to zero. This implies that

&Pz A2
€ld%,, _|° 3 [f]d%,,
(5.19) e +§/0 2 @)| dw 0.

On the other hand, from (5.15) and the fact that ||8,z,||; = 1 we deduce that
(zn () /Bn) is a bounded sequence in L?[0,&]. This further implies the boundedness of

the sequences of complex numbers (z (m)( £7)/Bp) and (d:;; (§7)/Bn). Then, by (5.14)
we obtain that

1 iii) [ o — d®zn .\ dZn
520 —gelma©F + Re| (60960 - ) T2 0] ~o.
Relations (5.19) and (5.20) lead to
I 9 3 (6|2, |? ¢|d2z, |
3 | 1Bz ae+ 3 [ G| a5 |G| —o0.

dz,

Similarly, we take the inner product of the sides of (5.15) with (z — 7)< truncated

to [, 7], and then we repeat the above argument. This gives

1 /7 3 (7

If we add the last two formulas and we use (5.13), we obtain

2

2 2
d“z, 0.

dz?

ﬂ*f dzn
dx2

2

T ™ 2
(5.21) | et a s [1 | a
£ d3%z, m—¢ dQZn
R 1 L= YO

Third step. We show that both |d =3(€7)] and |‘§;2“ (€T)| converge to zero. We
use an idea of Liu; see, for instance, [1]: we take the inner product of the sides of
(5.15) with ﬁe*%(ﬁ’m) truncated to [0, &], where ¢, = v/|Bn|. Thus, we obtain

E (1v) 5 *q&n({:*z)
_/ ¢izn(x)€*¢n(f*1)dx +/ L()67¢”'(£71)d$ = / gn(x)eidx
0 0o 9n 0 Pn

By using (5.12), (5.15) again and the fact that ¢,e~?"(¢~%) is bounded in L'[0, 7], we
obtain that

3 €2 ()
(5.22) —/ ¢>§LG(x)e_¢"(§_x)dx+/ o e~ €T dy — 0.
0 0

n

Integrating by parts the second term above four times, we obtain

)
/ () g (e gy
0

n
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(iii) d2 d
_ <Zn (2) 20 (0) 1 S () — i%) o bn(E—2)

13
13
n o dx? dx +/0 ¢§zznei¢"(£7m)dx-
0

By using (5.22) we obtain from here that

13

— 0.
0

(iii) 2
o (@) doz dzn 2.\ —dnle-2)

Among the boundary terms in (5.23), those at = 0 all converge to zero due to the

exponential decay of e~%¢ and to the boundedness of (zsv)/ﬁn) in L2[0, €]; the terms

containing 2, (£), %= (¢) also converge to zero due to (5.14). Thus, (5.23) yields

Zr(liii) B 42z,

o &) - W@_)_)O'

Similarly, we take the inner product of the sides of (5.15) with %e*‘f’"(z’é) in L2[¢, 7).
Repeating the above analysis, we obtain '

(5.24)

(iii) 2
(5.25) () + e (€D 0.

On the other hand, by using (5.14) and (5.16), we obtain
(5.26) 2(E) = 2(E) -0,
Then the difference of (5.24) and (5.25) leads, by using (5.26), to

d?z,
dz?

d?z,
dz?

(") + (€7)—0.
Recall that, by (5.14) and (5.17), we have %(5*) - %(5’) — 0. Therefore,

d?z,
dz?

d?z,

2
(5.27) 12

(£7)—o0.

(&) =0,

Fourth step. Relations (5.21) and (5.27) imply that ||8, 2. ||z — 0, which clearly
contradicts (5.12). This contradiction shows that (5.11) holds. d

Theorem 5.3 can be generalized for coupled beams described by a version of (5.6)
containing variable coefficients; see Ammari, Liu, and Tuesnak [1].

Theorem 5.3 together with Theorem 1.3 implies the following.

PROPOSITION 5.4. The system from Theorem 5.3 is exactly controllable.

5.2. The wave equation with Dirichlet-type nonlocal boundary feed-
back. The physical system that we have in mind consists of a vibrating membrane
which is fixed on a part of the boundary, while on the other part of the boundary
the vibrations are damped by a feedback control acting on the Dirichlet boundary
condition. The input is the displacement field on the controlled part of the bound-
ary, and the measurement depends linearly on the velocity field as well as on the
input. A membrane could be modelled in a domain in R?, but we consider a more
general wave equation on an n-dimensional (possibly unbounded) domain Q. The
boundary I' of  C R” is assumed to be of class C? and to have a decomposition
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as I' = TqUT'y, where I'y,I'; are disjoint open parts of I' with I'; # (). We also
assume that the Poincaré inequality holds for all f € HE(Q2), which is always true if
) is bounded, but it also holds for some unbounded domains (see section 1.7). The
operator G : H™1(Q) — H§(Q) is defined by

Gf = ¢ if and only if ¢ € H}(Q) and — A¢p = f.

Thus, in a certain sense, G = —A~!. We denote by 7o : H*(Q2) — H2 (T') the Dirich-
let trace operator, which is onto, and by v, : H2(Q) — H=(I') the outward normal
derivative operator. Using Green’s formula,

(528) <71f1 'YOQ)LZ = <Afa g>L2 + <vf7 Vg>L2

for all f € H?(Q) and g € H'(Q), 71 can be extended so that v f is defined as

a distribution in H~2(I) for every f € H'(Q) for which Af € L2(Q). Here, Af

denotes the Laplacian of f in the sense of distributions on €2, i.e., in the space D’(Q).
We consider the system described by the equations

(5.29) 7= Az in Qx(0,00),

(5.30) z=0 on Tyx(0,00),

(5.31) z— %vl(Gé) =u on I'y x (0,00),
(5.32) 2(2,0) = zo(z), 2(z,0) = wo(z) for z € Q.

The input of this system is the function « in (5.31). The output associated with this
system is

1
(5.33) y=z+ 5'71(GZ') on T'; x (0,00).

Some comments about the domain 2 follow: It is not really necessary to assume
that T is of class C2. What we really need is that G maps L?(2) onto H2(2) NH ()
and that v; maps H2(Q) N HA(€) onto Hz (). These properties hold also for some
less regular domains, for example, for convex sets in R? (see Grisvard [9, Theorem
3.2.1.2, p. 147]) or for rectangular domains in R™. We will need the following simple
result, a direct consequence of the Riesz representation theorem in L?((2).

PROPOSITION 5.5. For every v € L?(T') there ewists a unique function Dv €
L2(Q2) such that

(5.34) /Q(Dv)(x)de = —/le(Gzp)dr Ve LA(Q).

Moreover, the operator D defined above (called the Dirichlet map) is linear and
bounded from L*(T) into L?(£2).

Due to the Poincaré inequality, the norm on H{(2) can be defined as 1fll# =
IV fllzz. Then it is easy to see (using (5.28)) that the corresponding dual norm on
H=1() (with respect to the pivot space L?(£2)) can be written as

lgllr—r = sup (g, Flp-135 = [V(Gg)| 2.

=1
1112
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Define W = {f € L*(Q) | Af € H=*(Q)}. Since v maps H?(Q) N H(Q) onto
Hz(T') (see Lions and Magenes [21, Chapter 2, Theorem 5.4]), the Dirichlet trace
operator 7y can be extended to an operator vy : W —H (T") by putting
(0, (GY) -1 51 = — (AL Gy 90 — (L) 12 Vi e L(Q).

The operators D and -y defined above are related as follows.

PROPOSITION 5.6. If v € L3(T), then A(Dv) = 0 in D'(Q) (which implies that
Dv € W). Moreover, we have that vo(Dv) = v.

Proof. The fact that A(Dv) = 0 (in the sense of distributions) follows directly
from (5.34) by taking ¢ = Ay, where ¢ € D(2) = C§°(€2). Now using the definition
of the extended ~yg, we have that
(5.35) (0 (D), 71(GY)) )4 44

)

— (Dv,9) 2 Ve L3(Q).

Since 71 (Gv) in (5.35) can be any function in Hz (') and M2 (T) is dense in L2(9),
equations (5.34) and (5.35) imply that vo(Dv) = v. |

To discuss the well-posedness and conservativity of the system (5.29)—(5.33) (using
Theorem 1.1), we have to introduce the appropriate spaces and operators. Denote

X =L*Q) xHYQ), U=L*T,).
We also define the Hilbert space
(5.36) Zy = {f €W |~fel*T) and yoflr, =0},
with the norm || f||z, given by

IF1Z, = 1172 + IAFI3- + o fliZe-

The precise statement of the well-posedness and conservativity of the system described
by (5.29)-(5.33) is given in the following proposition.

PROPOSITION 5.7. The equations (5.29)~(5.33) determine a conservative linear
system X with input and output space U and state space X. If zg € Zy, wy €
L3(Q), u € HY(0,00;U), and the compatibility condition

zo(x) — %71 (Gwp) () = u(z,0) for eIy

holds, then (5.29)—(5.33) have a unique solution z, y satisfying
z € BC (0,00; Zg) N BC" (0,00; L*(2)) N BC? (0,00, H™ () ,

y € H'(0,00;U).

Proof. We define the following spaces and operators:
e The space H is defined by H = H~1(£2) endowed with the norm

£l = IVl pacey -
e The operator Ag : D(Ap) — H is defined by
D(Ao) = Hp(Q), Agp = —A¢ V ¢ € D(Ay).

It is well known that Aq is self-adjoint, positive, and boundedly invertible.
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e Asin section 1, we put Hy = D(Ap) and we introduce the spaces H,, (« € R)

by considering powers of Ag and duality so that Ay : H, — H,_1. In order
1
to identify the space Hy = D(AE), we recall that H, is the completion of

D(Ap) with respect to the norm
’H = 1/(Aoz,2) .
Since for any z € D(Ag) = H} (), we have
<AQZ7 Z)H = — <Vz7 \Y (A_lz)>L2(Q) = HZH%P(Q)?

the space H} is given by Hy = L*(Q).
Notice that Hs = H2(2) NHS(L2). We define the space

1
2y = ||4d>

H2(Q) = (HA(Q)NH(Q) .
(This dual is computed with respect to the pivot space L?(Q).) Tt can be
checked that G can be extended so that G : H~?(Q) — L*(Q) and the norm
on H™2(Q) is

l9llz- = sup (g, f) = lIGyglr>.
HAf”L2(SZ):1

By definition, the space H_ 1 is the completion of H with respect to the

_1
norm ||z||_1 = ||4, 2zHH Since G = Ay* on H, the last equality and the
definition of the norm on H imply that

ey = v (43%2)] -

1
The above relation and the obvious fact that ||Ag w2 = [|[Vw]| 2 for any
w € HY(Q) imply that

213 = 145" 2ll 22 = |G|l 2 Vze .

We have thus shown that H_, = H2(Q).

We denote by P € £ (L?(T'), L*(T'y)) the operator of truncation to I'y. Then
P* € £ (L*('y),L*(T")) is the operator defined by extending the functions in
L?(T'y) by zero outside I'y. The operator By € L(U, H_%) is defined by

B()V = A()DP*V,

where Ay is considered as an operator from Hi to H_1 and D : U — L%(Q)

is the Dirichlet map defined in Proposition 5.5,
Let ¢ € H}(Q2) = Hy and v € L*(T1). Then we have

<BOV5 ¢>H_

1
2

= (DP*v, Aod)y = (DP*v, )y -
2

By using the fact that Hy = L?(Q), the density of H§(Q) in L?(Q), and

(5.34), it follows that for every ¢ € L?(Q) and for every v € L?(I'y)

JH

[N
ol

(Bov,®) g g, = (DP*V,¢) ;2 = —/F vy1 (Go)dT .

s 11
2

_1
2
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We conclude that the adjoint of By (using the pivot space H = H~1(Q)) is
Cy € E(H%, U) given by

Cop = By = — P11(Go) Ve Hy=LQ).

It is clear that the spaces U, H, H,, X and the operators Ag, Cy, By fit into the
simple general framework of section 1. Thus, by Theorem 1.1, they determine via the
equations (1.1)—(1.3) a conservative linear system 3. The state of this system is

To show that ¥ is described by (5.29)—(5.33), first we notice that the space Zy =
Hy + A;'BoU defined after (1.5) (see also Theorem 1.1.2) is given in our case by
Zy = Hy + DP*U. By using Lemma 5.6, it can be checked that this space coincides
with that defined by (5.36). We define the operator Gy € £L(Zy,U) by

Gof = Pyof V [ € Zp.
Clearly, we have GoH; = {0}, and by Lemma 5.6 we have in L(U)
GoAy'By = PyAy' (AgDP*) = PyDP* = 1.

Hence, all the assumptions in Theorem 1.1.4 are satisfied. We define on Zj the operator
Lo = Ag — ByGg as in Theorem 1.1.4, and it is easy see that Loz = —Az.

If we write the system of equations (I.1.16) in our specific framework, we obtain
the system of equations (5.29)—(5.33). Hence, by Theorem 1.1.4 the compatibility
condition in our proposition is equivalent to (I.1.9), and the equations (5.29)—(5.33)
are equivalent to (I.1.11) and (I.1.12). Now by Theorem 1.1.2, the equations have a
solution z,y with the claimed smoothness properties. 0

This system has also been considered in Lasiecka and Triggiani [18, pp. 669-671]
but without considering outputs. They have proved the well-posedness of the mapping
from the input function to the state, and they have discussed the exponential stability
of the system for suitable I';.

THEOREM 5.8. If Q is bounded, then the system defined by (5.29)-(5.33) is
strongly stable, exactly controllable in infinite time, and exactly observable in infinite
time.

Proof. The fact that the equations (5.29)—(5.33) define a conservative linear sys-
tem with input space U, state space X, and output space Y has been said in Propo-
sition 5.7. The boundedness of §2 implies that the spectrum of Ag is countable. Thus,
according to assertion (8) of Theorem 1.5, in order to check the properties claimed in
the theorem it suffices to prove that for any ¢ € H; if ¢ is an eigenvector of Ay, then
Co¢ # 0. Due to the particular form of Ay and Cj, this means that we have to show
that if ¢ € H}(2) is such that for some A > 0

(5.37) —A¢ = \¢ in HHQ), %(G(ﬁ) =0 on I,

then ¢ = 0. By denoting ¥ = G¢, we see that (5.37) is equivalent to
a1 oY

(5.38) —AYp =AY in Hy(Q), — =0 on I'y.

ov
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By classical elliptic regularity results, (5.38) implies that ¢ € H2(Q2) (see, for
instance, Grisvard [9, Theorem 2.2.2.5]). This fact combined with (5.38) implies, by
a classical unique continuation argument (see, for instance, Komornik [16, Corollary
6.2]), that 1 = 0. Thus, (5.37) implies that ¢ = Ay = 0 in H(Q). 0

The exponential stability of the system (5.29)—(5.32) was studied in Bardos et al.
[4]. By combining Proposition 5.7 and [4, Theorem 1], we obtain the following.

THEOREM 5.9. Suppose that § is bounded and there exists a time Ty > 0 such
that every geometric ray in Q x (0,Ty) intersects T'y X (0,Tp) in a nondiffractive point.
Then the equations (5.29)—(5.33) define an exponentially stable, conservative system
with input space U, state space X, and output space Y. This system is also exactly
controllable and exactly observable in time Tj.

The last sentence of the above theorem follows from the exponential stability
(stated in the first part of the theorem) using Theorem 1.3.

Acknowledgments. We have had useful discussions on this research with Olof
Staffans, Arjan van der Schaft, and Peng-Fei Yao.
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