L2(X)-REGULARITY OF THE
BOUNDARY — BOUNDARY
OPERATOR B*L FOR HYPERBOLIC
AND PETROWSKI PDES

I. LASIECKA and R. TRIGGIANI

REPORT No. 05, 2002/2003, spring

ISSN 1103-467X
ISRN IML-R- -05-02/03- -SE+spring

INSTITUT MITTAG-LEFFLER

THE ROYAL SWEDISH ACADEMY OF SCIENCES



Lo(32)-regularity of the Boundary — Boundary Operator B*L for
Hyperbolic and Petrowski PDEs

I. Lasiecka and R. Triggiani

Department of Mathematics, Kerchof Hall
University of Virginia, Charlottesville, VA 22904

Abstract

This paper takes up and thoroughly analyzes a technical mathematical issue in PDE theory,
while—as a by-pass product—making a larger case. The technical issue is the Lo(X)-regularity
of the boundary — boundary operator B*L for (multidimensional) hyperbolic and Petrowski-
type mixed PDEs problems, where L is the boundary input — interior solution operator, and
B is the control operator from the boundary. Both positive and negative classes of distinctive
PDE illustrations are exhibited and proved. The larger case to be made is that hard analysis
PDE energy methods are the tools of the trade—mnot soft analysis methods. Not only to analyze
B*L, but also to establish three inter-related cardinal results: optimal PDE regularity, exact
controllability, and uniform stabilization. Thus, the paper takes a critical view on a spate of
‘abstract’” results in “infinite-dimensional systems theory,” generated by unnecessarily compli-
cated and highly limited ‘soft’ methods, with no apparent awareness on both the high degree of
restriction of the abstract assumptions made—far from necessary—as well as on how to verify
them in the case of multidimensional dynamical systems such as PDEs.
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1 An historical overview: Hard analysis beats soft analysis on reg-
ularity, exact controllability, and uniform stabilization of hyper-
bolic and Petrowski-type PDEs under boundary control

At first, naturally, PDEs boundary control theory for evolution equations tackled the most estab-
lished of the PDE classes—parabolic PDEs—whose Hilbert space theory for mixed problems was
already available in close to an optimal book-form [Lio.1], [L-M.1] since the early '70s.

Next, in the early ’80s, when the study of boundary control problems for (linear) PDEs began
to address hyperbolic and Petrowski-type systems on a multidimensional bounded domain [L-T.3],
[F-L-T.1] (see books [B-D-D-M.1], [L-T.13], [L-T.21] for overview), it faced at the outset an alto-
gether new and fundamental obstacle, which was bound to hamper any progress. Namely, that
an optimal, or even sharp, theory on the preliminary, foundational questions of well-posedness and
global regularity (both in the interior and on the boundary, for the relevant solution traces) was
generally missing in the PDEs literature of Mixed (Initial and Boundary Value) Problems for hy-
perbolic and Petrowski-type systems [Lio.1]. Available results were often explicitly recognized as
definitely non-optimal [L-M.1, vol. 2, p. 141].

Hard analysis energy methods. A happy and quite challenging exception was the optimal—
both interior and boundary—regularity theory for mixed, non-symmetric, non-characteristic first-
order hyperbolic systems, culminated through repeated efforts in the early '70s [Kr.1], [Ral.1],
[Rau.1]. Its final, full success required eventually the use of pseudo-differential energy methods
(Kreiss’ symmetrizer). Apart from this isolated case, mathematical knowledge of global optimal
regularity theory of hyperbolic and Petrowski-type mixed problems was scarce, save for some trivial
one-dimensional cases. Thus, in this gloomy scenario, one may say that optimal control theory
[L-T.3], [F-L-T.1], [Lio.1] provided a forceful impetus in seeking to attain an optimal global regu-
larity theory for these classes of mixed PDEs problems. To this end, PDEs (hard analysis) energy
methods—both in differential and pseudo-differential form—were introduced and brought to bear
on these problems. The case of second-order hyperbolic equations under Dirichlet boundary control
was tackled first. The resulting theory that turns out to be optimal and does not depend on the
space dimension [L-T.1], [L-T.2], [L-T.20], [L-L-T.1], [Lio.2]. It was best achieved by the use of
energy methods in differential form. The case of second-order hyperbolic equations, this time un-
der Neumann boundary control, proved far more recalcitrant and challenging (in space dimension
strictly greater than one), and was conducted in a few phases. The additional degree of difficulties
for this mixed PDE class stems from the fact that the Lopatinski condition is not satisfied for it.
Unlike the Dirichlet’s, the Neumann boundary control case requires pseudo-differential analysis.
Final results depend on the geometry [L-T.9], [L-T.11], [L-T.12], [L-T.20], [Ta.2].

Naturally, in investigative efforts which moved either in a parallel or in a serial mode, the
conceptual and computational ‘tricks’ that had proved successful in obtaining an optimal, or sharp,
regularity theory for second-order hyperbolic equations, were exported, with suitable variations and
adaptations, to certain Petrowski-type systems, see, e.g., references below. The lessons learned with
second-order equations served as a guide and a benchmark study for these other classes. To be sure,
not all cases have been, to date, completely resolved. The problem of optimal regularity of some
Petrowski-systems with “high” boundary operators is not yet fully solved. However, a large body of
optimal regularity theory has by now emerged, dealing with systems such as: Schrédinger equations;



plate-like equations of both hyperbolic (Kirchhoff model) and non-hyperbolic type (Euler-Bernoulli
model), etc. Subsequently, additional more complicated dynamics followed, such as: system of
elasticity, Maxwell equations, dynamic shell equations, etc. Shared by all these endeavors, there is
one common loud message: that hard analysis energy methods have been responsible for the resulting
successes. A rather broad account of these issues under one cover may be found in [L-T.13], [Lio.3],
[L-T.20], [L-T.21, vol. 2], etc.

Abstract models of PDEs mixed problems. Simultaneously, and in parallel fashion, the
aforementioned investigative efforts since the mid-70’s also produced ‘abstract models’ for mixed
PDE problems, subject to control either acting on the boundary of, or else as a point control within,
a multidimensional bounded domain: [Bal.1], [W.1-2] for parabolic problems; [Tr.3], [L-T.1], [L-T.2]
for hyperbolic problems. Though, in particular, operators arising in the abstract model depend on
both the specific class of PDEs and on its specific homogeneous and non-homogeneous B.C., one
cardinal point reached in this line of investigation was the following discovery: that most of them—
but by no means all [E-L-T.1], [L-L-P.1], [Tr.8]—are encompassed and captured by the abstract
model:

y = Ay + Bu, in [D(AY)], y(0) =yo €, (1.1)

where U and Y are, respectively, control and state Hilbert spaces, and where:

(i) the operator A:Y D D(A) — Y is the infinitesimal generator of a strongly continuous (s.c.)
semigroup et on Y, t > 0;

(ii) B is an ‘unbounded’ operator U — Y satisfying B € L(U;[D(A*)]") or equivalently, A~'B €
L(U;Y). Above, as well as in (1.1), [D(A*)]" denotes the dual space with respect to the pivot space
Y, of the domain D(A*) of the Y-adjoint A* of A. W.lLo.g. we take A~ € L(Y)).

Many examples of these abstract models are given under one cover in [B-D-D-M.1], [L-T.13], [L-
T.21, Vols. 1-2]; they include the case of first-order hyperbolic systems quoted before, where again
the need for an abstract model came from boundary PDE control theory, and was not available
in the purely PDE theory per se. See Section 4.1 below. Accordingly, having accomplished a
first abstract unification of many dynamical PDEs mixed problems, it was natural to attempt to
extract—wherever possible—additional, more in-depth, common ‘abstract properties,” shared by
sufficiently many classes of PDE mixed problems. For the purpose of this note, we shall focus on
three ‘abstract properties’: (optimal) regularity, exact controllability, and uniform stabilization.

Regularity. The variation of parameter formula for (1.1) is

y(t) = e*yo + (Lu)(t); (1.2a)

¢ T
(Lu)(t) = / AT Bu(r)dr;  Lyu = (Lu)(T) = / AT By (t)dt. (1.2b)
0 0
Per se, the abstract differential equation (1.1) is not the critical object of investigation. It is
good to have it, inasmuch as it yields (1.2). The key element that defines the crucial feature of
a particular PDE mixed problem, is, however, the regularity of the operators L and Lp. This is
what was referred to above as ‘interior regularity’: the control u acts on the boundary, while Lu
is the corresponding solution acting in the interior. Accordingly, this pursued line of investigation
brought about a second, abstract realization [L-T.1], [L-T.2], [L-T.3], [L-T.20]: that of determining



the “best” function space Y for each class of mixed hyperbolic and Petrowski-type problems, such
that the following interior regularity property holds true:

L : continuous Ly (0,T;U) — C([0,T];Y), (1.3)

for one, hence for all positive, finite 7. Presently, such space Y is explicitly identified in most (but by
no means all) of the mixed PDE problems of hyperbolic or Petrowski type. [The case Y = [D(A*)]/
is always true in the present setting, and not much informative, save for offering a back-up result
for (1.1).] An equivalent (dual) formulation is given in (1.4) below [L-T.2], [L-T.3], [F-L-T.1].

Hard beats soft on regularity. It is hard analysis that delivers the soft-expressed interior
regularity result (1.3). For the mixed PDEs classes under considerations, achieving the regularity
property (1.3) with the “best” function space Y is, as amply stressed above, NOT an accomplishment
of soft-analysis methods (say, semigroup theory or cosine operator theory, which instead gives the
lousy result of (1.3) with Y = [D(A*)], and, in fact, something “better” such as [D(A*®)]’ for
some 0 < o < 1 depending on the equation and the boundary conditions [L-M.1], [L-T.1], but far
from optimal). On the contrary, it is the accomplishment of hard analysis PDE energy methods,
tuned to the specific combination of PDE and boundary control, which first produce, for each such
individual combination, a PDE-estimate for the corresponding dual PDE problem. The precursor
was the multidimensional wave equation with Dirichlet control [L-T.1], [L-T.2], [L-L-T.1]. All such
a-priori estimates thus obtained on an individual basis admit the following ‘abstract version’:

L% = B*e?™ . continuous Y — Lo(0,T;U), (1.4)

where L is defined by (1.2b) [L-T.1], [L-T.2], [L-L-T.1].

In PDE mixed problems, property (1.4) is a (sharp) ‘trace regularity property’ of the boundary
homogeneous problem, which is dual to the corresponding map Ly in (1.2b): from the L9(0,T;U)-
boundary control to the PDE solution at time 7', see many examples in the books [L-T.13], [L-T.21].
Indeed, such PDE estimate is both non-trivial and unexpected, and typically yields a finite gain
(often %) in the space reqularity of the solution trace, which does NOT follow even by a formal
application of trace theory to the optimal interior regularity of the PDE solution. Some PDE circles
have come to call it “hidden regularity,” and with good reasons. It was first discovered in the case
of the wave equation with Dirichlet control [L-T.2].

Only after the fact, if one so wishes, soft methods can be brought into the analysis to show
that, in fact, the abstract trace regularity (1.4) is equivalent to the interior regularity property
(1.3) [L-T.2], [L-T.3], [F-L-T.1]. [Needless to say, this can actually be done also on a case-by-case
basis for each PDE class.] Thus, one key message is clear: that for all such questions of regularity
of mixed PDE problems, the slogan ‘hard beats soft’ holds definitely true. It is hard analysis
PDE energy methods (differential or pseudo-differential) that produce the key—and unexpected—
a-priori estimates which shine within (1.4). Soft analysis then takes advantage of these single a-priori
estimates into a common abstract formulation only afterwards, for the purpose of unification; for
instance, in carrying out the study of optimal control theory with quadratic cost, etc. This is the
spirit of abstract, unifying treatments of optimal control problems for PDE subject to boundary
(and point) control, that can be found in books such as [L-T.13], [B-D-D-M.1], [L-T.21, vol. 2]. As
mentioned above, the regularity (1.4) is equivalent to the regularity (1.3) by a duality argument
[L-T.2], [L-T.3], [F-L-T.1].



Surjectivity of Ly, or exact controllability. In a similar vein, we can describe the second
abstract dynamic property of model (1.1) or (1.2); namely, the property that the input-solution
operator L, defined in (1.2b), satisfies:

Lt be surjective : L9(0,7;U) — onto Y7, (1.5)

where Y7 C Y. In the most desirable case Y7 is the same space Y as in (1.3). This is, in fact,
often the case with hyperbolic and Petrowski-type systems, but is by no means always true [ex-
ample, second-order hyperbolic equations with Neumann control, Euler-Bernoulli plate equations
with control in “high” boundary conditions|. For time reversible dynamics such as the hyperbolic
and Petrowski-type systems under consideration, the functional analytic property (1.5) is re-labelled
“exact controllability in Y7 at ¢ = T” in the PDE control theory literature. By a standard func-
tional analysis result [T-L.1, p. 237], property (1.5) is equivalent by duality to the following so-called
‘abstract continuous observability’ estimate:

T
I1L72| = Crllz]| or / 1B* e a|fdt > Orllz))},, ¥z e, (1.6)
0

perhaps only for T sufficiently large in hyperbolic problems with finite speed of propagation, which
we recognize as being the inverse inequality of (1.4), at least when Y7 =Y, and T is large.

So far, so good: the abstract condition (1.6) shines for its unifying value (and for the utter
simplicity by which it is obtained—just a duality step). But the crux of the matter begins now: How
does one establish the validity of characterization (1.6) for exact controllability in the appropriate
function spaces U and Y1—in particular, if we can take Y7 = Y—for the classes of multidimensional
hyperbolic and Petrowski-type PDE with boundary control? The answer is the same as in the
case of regularity of the operator L discussed before, except even more emphatically: again, for
each single class, one establishes by appropriate PDE energy (hard analysis) methods, the a-priori
concrete versions of the continuous observability inequality of which (1.6) is an abstract unifying
reformulation. Thus, we can extract a second lesson, this time for the exact controllability problem.
It is: “Hard beats Soft on exact controllability,” an extension of the same slogan, now duplicated
from global regularity to exact controllability as well. It is hard PDE analysis that permits one
to obtain inverse-type inequalities such as (1.4), bounding the initial energy of the corresponding
boundary homogeneous problem by the appropriate boundary trace.

Uniform stabilization. One may repeat the same set of considerations, in the same spirit, when
it comes to establishing uniform stabilization of an originally conservative hyperbolic or Petrowski-
type system, by means of a suitable boundary dissipation. The abstract characterization is an
inverse-type inequality such as (1.6), except that it refers now to the boundary dissipative mixed
PDE problem, not the boundary homogeneous conservative PDFE problem. The particular abstract
inequality will be given below in (2.12), in the context under discussion. However, the common
lesson is duplicated once more. It is again the slogan ‘Hard beats Soft,” this third time applied to
the uniform stabilization problem. Indeed, this conclusion is even more acute in this case than in
the preceding two cases, as—typically—establishing the uniform stabilization inequality for the class
of hyperbolic, or Petrowski-type PDEs under discussion is more challenging, sometimes by much,
than obtaining the corresponding specialization of the continuous observability inequality (1.6).



Enter ‘infinite dimensional systems theory.” To repeat ad nauseam: The distinctive thrust
described above in connection with the problems of regularity, exact controllability and uniform
stabilization of hyperbolic and Petrowski-type mixed PDE problems is: one proves the concrete
required estimates in each of the three issues by hard PDE analysis in the energy method, and only
afterwards extracts and delivers the corresponding abstract version, for unification purposes.

One unfortunate consequence of all this is that a wanderer coming from outside may choose to
see only the clean, shining abstract version, not the ‘dirty’ technical hard analysis that went into
proving it in the first place. Thus, such a traveller may be tempted to move around only within
the abstract level, in the comfort of some standard semigroup setting, and be induced to prove
‘significant’ results without descending into the arena of hard analysis. Indeed, in this way, while
holding the neck above the Hilbert or Banach space clouds, one can show some results. The key is:
under what assumptions? Consistently with the care to remain in lofty land, the assumptions will
be ‘abstract,” of course, meaning now ‘soft.” And here is the key of this whole matter, the moral of
the present introductory section:

(i) Are the ‘abstract’ soft assumptions introduced by an alternative, indirect approach ever true,
hopefully at least for some non-trivial classes of multidimensional PDEs? How does one verify
them? How does the effort to verify the assumptions of these indirect routes compare with the more
gratifying effort of establishing directly the relevant, a-priori characterizing inequality, as already
available in the literature of the past 20 years?

(i) In case an hypothesis of the indirect route is indeed true at least for some classes of relevant
PDEs, is it too strong for the final goal that is claimed? That is: How far is it from being necessary?

(iii) If the proposed ‘new’ route avoids the direct proof of the past literature to establish the
desired result, by going around the circle instead of moving straight along the relevant diameter, is
there anything gained in a detour offered as an alternative approach?

Infinite-dimensional systems theory offers many illustrations where the answer to the basic ques-
tions above is, overall and cumulatively, in the negative. A most recent case in point is displayed by
paper [G-L.1]. Tt offers an eloquent opportunity to analyze and discuss the conceptual thrust of the
present article, which is multifold. It includes, deliberately, a tutorial component for the purpose
of enlightening and guiding those who are lured to the field, coming from (the smooth avenue of)
Banach spaces, happily unaware of, and recalcitrant to learn, PDE techniques (save for the eigen-
functions, or at most standard Riesz basis, methods of one-dimensional domains, when applicable).
How many times is the word ‘semigroup’ or the combination ‘Riesz basis’ ever used in Hérmander’s
volumes? Yet, the object of those volumes, a thorough description of dynamical properties of linear
PDEs, though scarce on global properties of mixed PDE problems, should represent a preliminary
setting for the most important and relevant classes of ‘infinite-dimensional systems theory.’

2 A first analysis of the stabilization problem via B*L in light of
the content of Section 1

The recent paper [G-L.1] furnishes clear support for the analysis set forth in our present Section 1.
To begin with, we shall point out in passing that:

(a) Theorem 1 of [G-L.1, p. 47] has been known for over 15 years, in fact in a much stronger
nonlinear and multivalued version, see the 1989 paper [Las.1]. Moreover, a rather comprehensive



treatment of this problem, including references and numerous applications can be found in the recent
CMBS-NSF Lecture Notes [Las.3, Chapter 1]. For the linear model (which is the case considered
in [G-L.1]) stronger results are given in the monograph [L-T.21, Theorem 7.6.2.2, p. 665, vol. II].
The fact that ‘admissibility’ of the control operator has nothing to do with the issue of generation
(which seems surprising to [G-L.1]) has been known for 20 years of so.

(b) Theorem 2 of [G-L.1, p. 50] is also very well known: it is nothing but the so-called Russell’s
principle “controllability via stabilizability” for time reversible dynamics, put forward by Russell
also for infinite-dimensional systems at least as far as 1974 [Ru.1], [Ru.2]. It has since been openly
invoked in the literature of boundary control for PDE many many times, including the first case of
a boundary controllability result of the wave equation with Neumann control, in the energy space
H(Q) x Ly(Q), obtained in [C.1] in 1979.

And, by the way, in the spirit of the content of Section 1: this ‘Principle’ turned out to be a not
so sound strategy, as it traded the generally easier exact controllability problem with the generally
harder uniform stabilization result.

(¢) The statement reported in [G-L.1, p. 46, 3rd paragraph| about the lack of exact controllability
on any [0,77] in the case of a bounded finite-dimensional control operator B has likewise long been
known, and in a much stronger version since the U. of Minnesota, 1973 Ph.D. thesis by the second
author, where the relevant topic was published in 1975 [Tr.1], [Tr.2], and has been reported widely
also in book form. Indeed, various more demanding extensions motivated by boundary control of
PDE have been later provided, still at least 10 years ago [Tr.4], [Tr.7]; see also the lack of uniform
stabilization in [Tr.4], [Tr.6].

Rather, in light of Section 1 of the present note, we intend to concentrate on Theorem 3 of
[G-L.1, p. 53], which, apparently, is also announced in Proposition 3.3 of [A-T.1]. Some background
first. This is the setting of [Las.1], [L-T.21, Chapter 7, p. 663].

A second-order equation setting. Let H, U be Hilbert spaces and:
(h.1) A: H D D(A) — H be a positive self-adjoint operator;

(h.2) B € L(U; [D(A%)]’); equivalently, A"2B € L(U;H).

We consider the open-loop control system

vy + Av = Bu, v(0) = vg, v(0) = vy, (2.1)
as well as the corresponding closed-loop, dissipative feedback system
wy + Aw + BB w, =0, w(0) = wp, we(0) = ws. (2.2)

We rewrite (2.1) and (2.2) as first-order systems of the form (1.1) in the space ¥ = D(A%) x H:

d[”(t)]:A[”(t)}JrBu; i[w(t)}:AF[w(t)} (2.3)

dt | vi(t) ve(t) dt | we(t) wy(t)
A:[_OA é];AF:[_OA _B{B*]:A—BB*,B:[?),], (2.4)

with obvious domains. The operator A is maximal dissipative and thus the generator of a s.c. con-
traction semigroup e4#*, t >0, on Y [L-T.21, Proposition 7.6.2.1, p. 664].



Setting y(t) = [w(t), w(t)], yo = [wo,w1], we have that the variation of parameter system for
the w-problem is

t
[ it } =y(t)=etrtyy = ety _/ AT BB e T yodr (2.52)
wy(t) 0
= eflyo — {L(B*er " yo)}(t), (2.5b)
recalling the operator L defined in (1.2b).

A first-order equation setting. We now consider a first-order model with skew-adjoint
generator. Let Y and U be two Hilbert spaces. The basic setting is now as follows:

(a.l) A = —A* is a skew-adjoint operator Y D D(A) — Y, so that A = iS, where S is a self-
adjoint operator on Y, which (essentially without loss of generality) we take positive definite (as in
the case of the Schrodinger equation of Section 4.2 below).

Accordingly, the fractional powers of S, A A* are well defined.

(a.2) B is a linear operator U — [D (A* )], duality with respect to Y as a pivot space; equiva-

lently, Q= A2B € L(U;Y) and B*A* "z € L(Y;U).
Under assumptions (a.1), (a.2), we consider the operator Ap : Y D D(Ar) — Y defined by

Apz =[A— BB*|z; x e D(Ap)={zr €Y :[A— BBz € Y}. (2.6)

Proposition 2.1. Under assumptions (a.1), (a.2) above, we have, with reference to (2.6):
(i)
D(Ap) = A73[I—iQQ*|"'A"2Y C D(A?) C D(B*); (2.7a)

A7l = AT —iQQYATE € L(Y). (2.7b)

(ii) The operator Ap is dissipative; in fact, maximal dissipative, and hence the generator of
a s.c. contraction semigroup e4#* on Y, t > 0. [Similarly, the Y-adjoint A% is the generator of
a s.c. contraction semigroup on Y, with A}fl given by the same expression (2.7b) with “4” sign
rather than “—” sign for the operator in the middle.]

(iii) Hence, the abstract first-order, closed-loop equation

=(A-BB"y, y(0)=weY (2.8a)
(obtained from the open-loop equation
i) = An + Bu (2.8b)
with feedback u = —B*y) admits the unique solution e4#ty,, ¢ > 0.
Proof. (i) Let z € D(AFp). Then we can write

Apx=[A—-BB*|lz = A
= A

[SIE ST

[ - (A72B)(B*A™%)] Az
I —iQQ* A%z = f €, (2.9)



L

with Q = A3B ¢ L(U;Y) by assumption, and Q* = B*A*"2 € L(Y;U), its dual or conjugate.
Here, we have used (a.l1): A* = —A, so that A% = iA%, hence A*~3 = iA*%, finally B*A™3 =
iB*A*"3 = iQ*. Tt is clear that the operator [I —iQQ*], where QQ* € L(Y) is non-negative,
self-adjoint on Y, is boundedly invertible on Y. Thus, (2.9) yields

z=Ap'f = A2 —iQQ | AT:f € D(Ap), fEY, (2.10)

and (2.7a-b) is proved. Then, the identity in (2.7a) plainly shows that D(Ap) C D(A%), while
D(A%) C D(B*) by assumption (a.2). Part (i) is proved.

(ii)) We next show that Ap is dissipative. Let € D(Ap). Thus, z € D(A%) = D(A*%) C D(B*)
by part (i). Hence, we can write, if ( , ) is the Y-inner product:

Re(Apz,x) = Re([A — BB*|z, x) Re(z,x) — | B*z||? (2.11a)

< —||B*z|? <0, Vaze€D(Ap), (2.11b)

since Re(Az,x) = Re{—iHA%x\P} = 0, where each term in (2.11a-b) is well-defined. Thus, Ap is
dissipative.

Finally, since A" € £(Y) by part (i), then (\g — Arp)~' € L(Y) as well for a suitable small
Ao > 0, and then the range condition: range(Ag — Ap) = Y is satisfied, so that Ap is maximal
dissipative. By the Lumer-Phillips theorem [P.1, p. 14], Ap is the generator of a s.c. contraction
semigroup on Y. The same argument shows that A% is maximal dissipative. O

Remark 2.1. One can, of course, extend the range of Proposition 2.1, by adding to A a suitable
perturbation P: either P € L(Y) or else P relatively bounded dissipative perturbations as in known
results [P.1, Corollary 3.3, Theorem 3.4, p. 82-83] for instance, and still obtain that [(A+ P) — BB*]
is the generator of a s.c. semigroup (of contractions in the last two cases). O

An extension of the key question in [G-L.1]. The question which follows was raised in
[G-L.1, Theorem 3] only in connection with the second-order system (2.1), (2.2), subject to the
assumptions (h.1), (h.2), that precede (2.1). However, in view of Proposition 2.1, we may likewise
extend the same question to the first-order systems (2.8a-b) subject to the assumptions (a.1), (a.2)
that precede Proposition 2.1. For both problems, we have A* = —A, the skew-adjoint property of
the free dynamics generator.

In [G-L.1], the following question has been asked with reference to systems (2.1), (2.2): Is it true
that exact controllability of (2.1) on the state space Y = D(.A%) x H by means of Lo(0,T'; U)-controls
is equivalent to uniform stabilization of (2.2) on the same space Y? Here we shall extend this question
also in reference to systems (2.8a-b), in order to include, for instance, also the Schréodinger equation
case of Section 4.2. Henceforth, {A, B, Ap,Y,U} refer either to (2.5) or to (2.8), indifferently.
Quantitatively, we may reformulate the above equation as follows: is the continuous observability
inequality (1.6) [which characterizes exact controllability of (1.1) with A and B as in (2.4) or as in
(2.6)] equivalent to the inequality

T
/ |B*eArta|2dt > erlledrTa|%,  Vazey, (2.12)
0



which characterizes the uniform stability of the w-problem (2.2) or the y-problem (2.8a)7 In our
case, A is skew-adjoint A* = —A. Thus, exact controllability of {A, B} (that is of (2.1) or (2.8a))
over [0,7] is equivalent to exact controllability of {A*, B} over [0,7]. In other words, in our case,
inequality (1.6) is equivalent to

T
/ B A2 dt > erl|z|2,  Vaev. (2.13)
0

Thus, the present question is rephrased now as follows: is inequality (2.12) equivalent to inequality
(2.13)?

In one direction, the implication: uniform stabilization of (2.1) or (2.8b) [that is, (2.12)] — exact
controllability of (2.1) or (2.8b) [that is, (2.13)] was shown by D. Russell [Ru.1], [Ru.2] some 30 years
ago, by virtue of a clean soft argument. This result is what paper [G-L.1] labels Theorem 2. The
proof in [G-L.1] is exactly the same as the original well-known proof of Russell [Ru.1].

In the opposite direction, we have the following:

CLAIM 2.1. With reference to the second-order equations (2.1), (2.2) [respectively, the first-
order equations (2.8a-b), assume the preceding assumptions (h.1), (h.2) [respectively, (a.1), (a.2)].
Then, the implication: exact controllability of (2.1) or (2.8b) [that is, (2.13)] = uniform stabilization
of (2.2) or of (2.8a) [that is, (2.12)] holds true, if one adds the assumption that

the operator B*L: continuous L9(0,T;U) — Lo(0,T;U). (2.14)

This result, which is almost trivial (see a standard short proof in Section 3 below), is stronger
than what paper [G-L.1] labels Theorem 3, see Remark 2.2 below, even in connection with the
second-order equations (2.1), (2.2) considered in [G-L.1].

Remark 2.2. We remark that if B is, in particular, a bounded operator, B € L(U;Y), then
[condition (1.3) and] condition (2.14) is, a-fortiori, satisfied. Thus, in this case, exact controllability
of (2.1) or (2.8b) implies (and is implied by [Ru.1], [Ru.2]) uniform stabilization. We recover (with
the simple proof of Section 3) a 30-year-old well-known result of [S1.1] (based on the same finite-
dimensional proof of the 1968-paper [Lu.1l]). Yet, there are still contemporary papers that claim
this as a new result [Tu.1]! O

Remark 2.3. Actually Theorem 3 in [G-L.1] assumes, instead of (2.14) for B*L, a property
which amounts to a ‘frequency domain’ reformulation of property (2.14): the latter is less direct,
less enlightening than the former, and at any rate unnecessary. Moreover, Theorem 3 in [G-L.1]
assumes, in addition, the regularity property (1.3) for L, or its dual equivalent version (1.4), which
the subsequent Remark 3 of [G-L.1] states that it may be dispensed with, as learned via the review
process, but with no proof being presented. In Appendix A, we provide a proof that (2.14) for B*L
implies (1.4), or (1.3) for L: this is, in fact, a simple implication. Apparently, Theorem 3 of [G-L.1]
was also announced in Proposition 3.3 of [A-T.1]. 0

At any rate, the statement of Claim 2.1 is also known to specialized PDE circles, and we shall
provide several references below, where a result such as this, or technically comparable and very close
to it, is actually built-in into existing proofs of regularity /exact controllability /uniform stabilization



of some (surely not all) Petrowski-type systems, rather than singled out per se, and broadcast as a
‘relevant’ abstract result. There are very good reasons for this apparent lack of an explicit statement,
which is due to a sensible choice of exposition and treatment in the literature of PDE boundary
stabilization of the past 15 years. Here is a first preview:

(1) Claim 2.1 is very simple to prove within standard energy method settings, and thus is
arguably unbecoming its elevation to the rank of “Theorem.” See the short proof given in Section
3 below, which should be compared with the lengthier, more cumbersome time/frequency domain
proof of [G-L.1, p. 54].

(2) The key assumption of the abstract Claim 2.1 is, of course, assumption (2.14) that B*L €
L(Ly(0,T;U)). How general is it? And how can one verify it? Only a one-dimensional Euler-
Bernoulli beam is given in [G-L.1] as an illustrative example where assumption (2.14) is satisfied,
and this after 6 pages of breathless eigenfunction computations for diagonal semigroups. Such tour de
force in eigenfunction gimmickry can be spared, as we shall show below in Section 3.2 that a few lines
detailing a standard energy argument will do it. More to the point: assumption (2.8) is, yes, satisfied
in some serious multidimensional hyperbolic and Petrowski-type systems (identified below in Section
4, by essentially making reference to long-published PDE and PDE-control literature); though it is
also restrictive, as it is not fulfilled in other hyperbolic/Petrowski problems, also identified below
in Sections 5, 6, 7, 8. To add insult to injury, for these latter hyperbolic/Petrowski-type problems
where assumption (2.14) fails, uniform boundary stabilization has been known to hold true for
more than 15 years. In short: assumption (2.14) is far from being necessary, a further reason for
dethroning Claim 2.1 from the rank of Theorem.

(3) We said above that assumption (2.14) is already known to hold true for some cases of
hyperbolic/Petrowski-type systems, and just by relying on long-published literature. But then, how
is it verified in this published literature? Here is the ‘surprise’: The validity of assumption (2.14)
on Claim 2.1 for some hyperbolic/Petrowski systems is verified (see Section 4 below) by precisely
the same hard analysis PDE energy methods that are used to prove directly the final sought-after
result of regularity, exact controllability, and above all, uniform stabilization for these systems, save
for the case of first-order hyperbolic systems, where the proof of regularity via pseudo-differential
analysis is employed! Then: why does one need to go around the circle and artificially separate
the desired conclusion on uniform stabilization into two sufficient building blocks—the properties
of exact controllability (which is also necessary [Ru.l]) and the property (2.14) of regularity of
B*L (this second one, however, far from necessary)—if then the hard analysis PDE machinery that
allows one to verify the assumption on B*L is the very same that permits one to prove directly the
sought-after uniform stabilization property in one shot?

No wonder that Claim 2.1 was not explicitly made in the PDE-control literature of the past 15
years! And no wonder if the actual proof of the soft Claim 2.1 is simple: the hard part to prove
in order to reach the conclusion on uniform stabilization is buried in the hypotheses; one being far
from necessary, but at any rate both verified by hard analysis energy methods. The lofty eyes of the
traveller through Banach spaces do not wish to be perturbed by the hard machinery on the ground,
where the serious computations take place.
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3  The stabilization problem via B*L revisited

3.1 A simple (alternative) proof to a non-linear generalization of Claim 2.1

We provide below a simple alternative proof of Claim 2.1, which, in fact, at no extra effort, yields
a new non-linear generalization of Claim 2.1. In place of equation (2.8.a) (hence (2.2)) we consider
the following nonlinear version

yi = Ay — Bf(B*y), y(0)=yo €Y. (3.1.1)

under the same assumptions (a.1) for A and (a.2) for B, where f is a monotone increasing, continuous
function on U. It is known [Las.1], [Las.3] that A — Bf(B*) generates a nonlinear semigroup of
contractions - say Sp(t) - which yields the following variation of parameter formula for (3.1.1)

y(t) = Sr(t)yo = eyo — {L(f(B*Sr(-)yo)}(t) (3.1.2)

and obeys the energy identity

T
(D)3 = lly(0)[[5 — 2 /0 (f(B*y), B*y)ydt (3.1.3)

Proposition 3.1.1 In addition to the standing assumption we assume that :
(i) The operator B*L is continuous L2(0,T;U) — Lo(0,T;U) , as in (2.14).
(i) mllully < (f(w),wos If@llv < Mllully,Yu € U

Then, exact controllability of (A, B) implies exponential stability of Sr(t), i.e there exist positive
constants C,w > 0 such that the solution of (3.1.1) satisfies

ly(®I3 < Ce [yl [y (3.1.4)

Proof: Step 1. We first show that for any yo € Y, we have via assumption (i)= (2.14) and (ii)

1B* e yoll Lo,y < (1 + kr M) B*SE (ol Loo,1:05 (3.1.5)
where k7 = |||B*L||| in the uniform operator norm of £(L2(0,7;U)). Indeed, (3.1.5) stems readily
from (3.1.2), which yields

B*eMyy = B*Sg(t)yo + {[B*L]f(B*Sk(-)yo} (1) (3.1.6)

Hence, invoking assumption (2.14) on B*L, we see that (3.1.6) along with the bound on f in (ii) at
once implies (3.1.5).

Step 2. The exact controllability assumption on the pair {A, B}, equivalently on the pair

{A*, B}, guarantees characterization (2.13). This combined with (3.1.5) yields then, for any y¢ € Y

T T
luoll? < Cr /0 1B Ayl dt < Cp(1+ k) /0 1B S (t)yol 3. (3.1.7)
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Step 3. The energy identity (3.1.3) when combined with (3.1.7) and (i) gives
T T

ISe(@ynl} < Cr(t+ k) [ 1B SeOulfdt +2 [ (B*Se(. F(BSr( vt
0 0

T
< (Cr(1+ kpMym™" +2) /O (BSp(t)yo. (B Sp(t)yo))udt =
(Cr(1+ kpM)m™ + 2)(|SpO)]2 — 1Sk (T)|12)

The above identity implies that |[Sp(T)||ly < v < 1 which, in turn implies exponential decays for
the semigroup. The proof of Proposition 3.1.1 is complete. O

3.2 Example #2 in [G-L.1] revisited

In this section, we consider the 1-dimensional beam problem with boundary control, proposed by
[G-L.1]. This reference spends six tight pages of dreadful eigenfunction computations for diagonal
semigroups to conclude that, in the beam example, property (2.14): B*L € L9(0,T’; Ly(T")) holds
true. However, the issue of exact controllability of this control problem is not addressed, or even
mentioned. Thus, [G-L.1] cannot actually invoke Claim 2.1 or its (weaker) Theorem 3, p. 53, and
conclude, as it does, that uniform stabilization holds true as well.

By contrast, we provide here an elementary, short, energy method proof that, within the same
unified setting, will readily yield in one shot the following properties: (i) B*L € L(L2(0,T; Lo(I")),
that is property (2.14)) Jas well as the implied L € L(L2(0,T; Ly(T));
C([0,T];Y)), that is, property (1.3) with Y the space of finite energy defined below in (3.2.4)];
(ii) uniform stabilization of the corresponding boundary dissipative problem on the finite energy
space Y. See Theorem 3.2.2 below.

Dynamics. Let Q = (0,1), ¥; = (0,7] x {i}, i = 0,1; Q = (0,7] x Q. We consider the
following 1-dimensional beam problem with ’shear’ boundary control at z = 1, and its corresponding
dissipative version:

( Vit + Vazee = 0; Wit + Wrgze = 0 in Q; (3.2.1a)
v(0, - ) =g, v¢(0, - ) =vy; w(0, - ) =wp, we(0, - )=w in Q; (3.2.1b)
V|pe0 = Vz|a=o = 0; Wpe0 = Wy|z=o =0 in Xo; (3.2.1¢c)
Vazlz=1 = 0, Vzzzlz=1 = ¢; Woglz=1 =0, Wazple=1 = We|z=1 in 1. (3.2.1d)

Abstract model of v-problem. We introduce the operators
Ay = A2¢a Y eDA) ={y € H4(Q) P Plo=0 = Yulo=0 = Yaala=1 = Wezzls=1 = O}; (3.2.2)

Y= Gag < {AQQD =0 in €; So‘mzo = 90:1:|m:0 = 90:1::1:|m:1 =0, Sozm::v|:v:1 = g}- (323)

The finite energy space of the above problems is

Y = D(A2) x Ly(Q) = H2(Q) x Lo(Q); D(A2) = {1 € H2(Q) : Yl = Vulo—o = 0. (3.2.4)

12



Then the abstract model of the v-problem is [L-T.21]

d| v v
Vgt + Av = AGQQ, @ |: " :| =A |: " :| + Bg7 (325)
. 0 I o 0 % T1 e
T A T R P ) e 520

with obvious domains, where % in B and G2 actually refers to different topologies. With B* defined
by (Bg,x)y = (g9, B*x),r) with respect to the Y-topology defined by (3.2.4), we readily find the
expression in (3.2.6).

The operator B*L. With yo = {vg,v1} = 0, we have via (3.2.6) that

=8| 707 0 | = Grultin =) = ~uloor (327
recalling the usual property G5A - = — - |,—; via [L-T.21], as well as the definition of L in (1.2b).

Regularity of L, B*L; uniform stabilization. We introduce the PDE problem which is dual
to the v-problem:

( ¢tt + ¢:m::m: =0 in (O,T] X Q; (328&)
P(0, - ) =0, ¥(0, - ) =91 in Q=(0,1); (3.2.8b)
Y|p=0 = Yz|z=0 =0 in (0,7] x {0}; (3.2.8¢)
\ wxx’a‘:l = wmca:‘le =0 in (O,T] X {1}; (3.2.8d>
¥(t) ] At [ Yo } .
=e e C([0,T];Y), if ) ey, 3.2.9
B ] e oo, T, i (o) 3:29)
where e is a s.c. group on Y. [Actually, the dual problem requires initial conditions at t = T', not

t = 0; but, equivalently for what follows below, we may take initial conditions at ¢ = 0, since the
1-problem is time reversible.] The above setting readily yields the following preliminary result.

Lemma 3.2.1. (i) With reference to the 1-problem with {1,191} € Y, we have:

Property (1.4) holds true: i.e., T 9 9
° — _ < 2.
B*eA™t: continuous YV — L2(0,T) 0 (¢t|$—1) dt < CTH{Q,Z)(],Q/)l}HY (3 2 10)
L:g— Lg={v,v}: continuous Lo(0,T) — C([0,T];Y = H*(Q) x Ly(Q)), (3.2.11)

where in (3.2.11) we have {vg,v;} = 0 for the v-problem (3.2.1).
(ii) With reference to the v-problem (3.2.1) again with yo = {vg,v1} = 0, we have

B*L : continuous L2(0,T) — L9(0,T), (3.2.12)
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if and only if the v-problem in (3.2.1) (left) satisfies

T 9 9
| lerar =0 (9l om)-

(iii) With reference to the dissipative w-problem in (3.2.1), we have

Property (2.12) holds true:
T

/ |B*ertz|gdt > Crlle x|y, xeY
0

—

T
/0 (wilom1)2dt > Crl{w(T),we(TYHE _rzyx o)

Theorem 3.2.2. (i) The regularity of L in (3.2.11) holds true.
(ii) The regularity of B*L in (3.2.12) holds true.
(iii) With reference to the w-problem (3.2.1), we have:

(3.2.13)

(3.2.14)

(iiil) the map {wp, w;} — {w(t), w;(t)} defines a s.c. contraction semigroup e4#* on Y = D(A%) X

Ly(Q2), see (3.2.4);
(iii2) with reference to (3.2.1d):

Waza|z=1 = Wi|z=1 € L2(0,00) continuously in {wg, w1} € Y;

(iii3) Estimate (3.2.14) holds true: thus there exist constants M > 1, 6 > 0, such that

Lo I = Lo o

Proof. We shall show, equivalently, inequalities (3.2.10) and (3.2.13).

2 2

Y

2
. t>0.
Y

Y

(3.2.15)

(3.2.16)

Step 1. Assume, at first, smooth data {vg,v1,g}. We multiply the v-problem (3.2.1) by the

usual standard multiplier zv, and integrate by parts in ¢ and x. We obtain

1 T T r1 T
[/ vtxvmdac} - / / v xUpdr dt +/ [vmmxvm]iiédt
0 0 0 0 0

T ,1
— / / Vgaz (Vg + 20z, )dz = 0.
0o Jo

Using the identities

d 1 1 d 1
dr (7)2521') ) Ut2§ Vrzz LUz = 3 dr (vgmm) 5 U:?::v;

N |

VX Vgt =

14

(3.2.17)

(3.2.18)



1 1
/ Vpaa Uz dT :Wé — / vfmdac, (3.2.19)
0 0

n (3.2.17) as well as the B.C. (3.2.1c-d), we obtain the preliminary desired identity
T

1 (T 1 (T 1 1
= / (V|1 )2t = = / / [vZ + 302, |dx dt + [/ vtxvxdm]
2 Jo 2Jo Jo 0 0

Step 2: Proof of (i). We take g = 0, i.e., we consider the corresponding specialization of
the v-problem given by the v-problem (3.2.8) with I. C. {1,191} € Y. Thus, specializing identity
(3.2.20) to the t-problem (with g = 0) and using the generation result (3.2.9), we obtain

1/ (¥ ]2=1) / / (7 + 32, |dx dt + U wthdx}

=0 (H{ipoﬂ/fl}H) =H2(Q)x L2(Q) (3221)
and (3.2.10) is proved. Thus, (3.2.11) for L is established.

T
+/ Gz |p—1dt. (3.2.20)
0

Step 3: Proof of (ii). Now we consider the v-problem (3.2.1) with {vg,v1} = 0 and regularity
(3.2.11) for L just established. We return to identity (3.2.20) and using (3.2.11) we obtain

1 T ) ) T
5/0 (Ut|:v:1) dt =0 (HgHLQ(O,T)) ‘|‘/0 gvx|m:1dt. (3222)

Next, we use here trace theory and again (3.2.11) to obtain
veloma] < Clecllin ) < Cllollirey = O (Ilaom) (32.23)
Finally, substituting (3.2.23) in (3.2.22) yields (3.2.13), as desired.

Step 4: Proof of (iii3). [Parts (iiil), (iii2) are very standard.]
Then, returning to identity (3.2.20) as specialized to the w-problem, hence with g = w¢|,=1 as
n (3.2.15) and thus with

T T
B = o} [ gwdomde > Cr [ (wilm P, (3.2:24)
0 0
recalling (3.2.23) with v replaced by w, and g = w¢|,—1, we obtain
T T
/ (Wit 2dt > / B(t)dt — es[E(T) + E(0)] (3.2.25)
0 0
T
> 4 / Bt)dt — 6 E(T) (3.2.26)
0
> [&1T — &) B(T), (3.2.27)

and (3.2.27) is nothing but a rewriting of (3.2.14) with Cp = &7 — ¢ > 0 for T sufficiently large.
To go from (3.2.25) to (3.2.26) and to (3.2.27), we have used the usual dissipativity identity. O
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4 Classes of PDE satisfying the regularity property (2.14): B*L €
L(L2(0,T30))

Documenting, and reinforcing, the content of Section 1, our goal in the present paper is now two-fold.

(i) First, we provide (in the present section) several, multidimensional non-trivial hyperbolic
and Petrowski-type mixed problems that indeed satisfy the regularity property (2.14) on B*L. In
this respect, our message is, in turn, that for each of the illustrations given below, the fact that
B*L fulfills property (2.14) was either already noted explicitly in the literature, or else is a built-in
block in the proof of optimal regularity, exact controllability, and particularly, uniform stabilization
of such systems—which is the ultimate goal in Claim 2.1.

(ii) Second, we document in Sections 5, 6, 7, 8 that property (2.14) fails to hold true for B*L
in the case of several other hyperbolic Petrowski-type PDE systems where, however, uniform sta-
bilization has long been proved, by PDE energy methods, in the literature. This says that property
(2.14) for B*L is far from being necessary in Claim 2.1. That is to say, property (2.14) is not a
pre-condition for either controllability or stabilization of these problems.

Points (i) and (ii) call into question the “usefulness” of a result such as Claim 2.1, as elaborated
before.

Remark 4.1. Due to constraints on the overall length of the paper, to make our main point
of the present Section 4—singling out relevant classes of PDEs where the regularity (2.14) for B*L
holds true—it will be expedient to de-emphasize generality. Thus, in our results below, we shall
deal primarily with canonical PDEs and with control acting, possibly, on the whole boundary, even
though a much greater degree of generality is well-known. In particular, we shall not necessarily
insist on the case of variable coefficients PDEs, and refer instead to [B-L-R.1], [G-L-L-T.1], [L-T-
Y.1], [Ta.1], [T-Y.1], [T-Y.2], etc. O

4.1 First-order hyperbolic systems with boundary control

This section considers a general first-order hyperbolic system, which may be non-symmetric and
non-dissipative, and is defined on a sufficiently smooth bounded domain of arbitrary dimension.
The control function acts through the boundary conditions. The treatment below follows closely
[L-T.21, Chapter 10, Section 10.6].

The dynamics. Let 2 C R™ be an open bounded domain with smooth boundary I'. In €2, we
consider a differential operator of the form

A(w,0)y =) Aj(@)3y + Ao(x)y, (4.1.1)

Jj=1

where y(x) is a k-vector and 0; = 0/0x;. The coefficients A;, Ay are smooth k x k matrix-valued
functions defined on the open bounded domain 2 C R™. We assume the following hypotheses
throughout:

(h.1): A(z,0) is strictly hyperbolic; i.e., the matrix ZAj(m)fj has k distinct real eigenvalues
j=1
for all £ = [¢1,...,&,) € R™\ {0} and = € O;
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(h.2): The boundary T' is noncharacteristic; i.e., det A,(x) # 0 for z € T', where A,(z) =

Z Ajvi(z); v = (v1,...,Vn) the inward unit normal.
j=1

It follows from (h.1) and (h.2) that after a smooth change of coordinates, we may assume that
A, be of the following form

al 0
B ag+1 0
AV 0 — a2 . + .
A, = 0 At | A, = <0; A} = . >0. (4.1.2)
0 ap 0 ak
Accordingly, any vector v € R* will be split consistently as v = [v~,vT], with v~ = [vy,...,v] and
vt = [ver, ..., Uk

Boundary conditions are imposed with the aid of a boundary operator M (x), which is a smooth
£ x k matrix-valued function, where ¢ stands for the number of negative eigenvalues of A,. We
assume further the following hypotheses:

(h.3): rank M(z) =4, z €T

(h.4): (Kreiss condition) The frozen (at the boundary point) mixed problem has no eigenvalues
or generalized eigenvalues with nonnegative real parts.

This means that after making a local change of coordinates which maps €2 into the half-space
{x € R™; 21 > 0}, the constant coefficient problem that arises by freezing A;, j =1,...,m, and
M at the boundary point and setting Ay = 0, i.e.,

m
Yyt — A1Yz, — ZAijCj =0, z1>0 (4.1.3a)
j=2

My =0, atxz; =0, (4.1.3b)

has no eigenvalues or generalized eigenvalues with nonnegative real parts.
For the half-space problem (4.1.3), we have A, = Ay, thus A; is invertible by (h.2). For a more
detailed description of this condition we refer the reader to the fundamental papers [K.1], [Rau.1].

Convention. To streamline the notation, we shall write

Ly(T), Lo() to mean respectively, Lo(I'; RY) and Lo (Q; RF), etc.,
and Lo(X), Lo(Q) to mean, respectively, Lo(0,T; Lo(T; RY)) (4.1.4)
and Ly(0,T}; Lo (2; RY)),

without further mention, where ¥ = (0,7] x I'; @ = (0,7] x €, for a fixed 0 < T < 0.
The mixed problem for the first-order hyperbolic system which we consider is then

yr = Az, 0)y in@Q=(0,T] xQ (4.1.5a)
y(0, - ) = yo(x) in (4.1.5b)
[M(z)ly =g in¥=(0,7] xT, (4.1.5¢)
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where the boundary control g € Lo(X) = Ly(0, T; Lo(T; RY)).

Regularity theory for problem (4.1.5) with g € La(3). A complete well-posedness theory
for non-symmetric, non-characteristic first-order hyperbolic systems as in (6.1.5) has been provided
by the fundamental paper [K.1], augmented by a note in [Ral.1], and completed by [Rau.2].

Theorem 4.1.1. [Rau.2, p. 272] Under the above given hypotheses of (h.1)-(h.4), for any T > 0,
assume

Yo € La(Q); g € La(0,T5 Lo(T)). (4.1.6)
Then, the unique solution of problem (4.1.5) satisfies

y € C([0,T); L2(2)); ylr € L2(0,T; Lo(T)) (4.1.7)
continuously. O

Next, we single out the result of the homogeneous case g = 0 for problem (4.1.5) in a form which
will be useful in the sequel. To this end, we introduce the operator A, by setting

where A(z,0) is the differential operator in (4.1.1).

Corollary 4.1.2. Under the above hypotheses (h.1)—(h.4), we have that the operator A in

(4.1.8), corresponding to problem (4.1.5) with g = 0, is the generator of a s.c. semigroup e“? on

Ly(Q), t > 0.

Abstract Setting for Problem (4.1.5). To put problem (4.1.5), (4.1.6) into the abstract
model (1.1), we need the following operators and spaces:
(i) The operator A defined by (4.1.8), which generates a s.c. semigroup e! on the space

Y = Ly(Q). (4.1.9)

(ii) Next, we introduce the “Dirichlet” map (natural extension from the boundary I' into the
interior €2, which uniquely solve (a suitable translation of) the corresponding static problem), defined
by

A(z,0)v —Av = 0 in
Dyg=v <= (4.1.10)
Mvlp = g inT,

for a suitably large constant A > 0, as justified by the following result.

Lemma 4.1.3. With reference to problem (4.1.10), there exists a constant A > 0, henceforth
kept fixed, such that problem (4.1.10) admits a unique solution v = Dyg € Lo(f2) for g € Lo(T).
Moreover, the following estimate holds true: there is a constant C'y > 0 depending on A such that

D9l 2oy + 1DAgIrl Loy < Callgllno - (4.1.11)
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Thus,

Dy : continuous La(T") — Lo(Q2), (4.1.12)
H

D5y :  continuous Lo(2) 2o(I), (4.1.13)
where Dy is the adjoint (Dxg,v)r,Q) = (9, D3v) Lo1)-

(iii) We return to problem (4.1.5), and by virtue of the definition (4.1.10) of Dy, A henceforth as
in Lemma 4.1.3, we rewrite it as

Yyt = (A(x,0) = N)(y — Dyrg) + Ay in (0,77 x €2 (4.1.14a)
y(0,2) = yo(x) in Q; (4.1.14b)
M(y — Dxg)lr =0 in (0,7] x T, (4.1.14c)

or abstractly, by (4.1.8), as
yr = (A= M)(y — Drg) + Ay in La(Q), y(0) = yo € L2(). (4.1.15)

Moreover, extending the original operator A in (4.1.8) by A: Ly(Q) — [D(A*)], i.e., extending the
original A in (4.1.8) to its double adjoint A**, we obtain from (4.1.15),

ye = Ay — (A= M)Dyg in [D(A")]',  y(0) = yo € L2(), (4.1.16)
which is precisely the abstract model (1.1), with A as in (4.1.8), and
B =—(A—-X)D, : continuous U = Ly(T') — [D(A* — \I)]’, (4.1.17a)

equivalently,
(A—AXI)"'B = —Dy : continuous Ly(T) — La(R), (4.1.17b)

as guaranteed by (4.1.12).
Finally, with B € L(U; [D(A* — AI)]'), and so B* € L(D(A*);U) after identifying [D(A* — \I)]”
with D(A*), we compute B* as
B* = —D3(A* — A\I) : continuous D(A*) — U. (4.1.18)
A more explicit representation of B* is given by the next result.
Lemma 4.1.4. With reference to (4.1.18), we have

By = —DX(A" = M)y =[A,y"]r, yeDA"), (4.1.19)

where A} is defined in (4.1.2) and the component y~ of y, consisting of the first ¢ coordinates is
likewise defined below (4.1.2). O

The main result of the present section is

19



Theorem 4.1.5. With reference to the mixed problem (4.1.5) with yo = 0, we have that (recall
the definition of L in (1.2b))

B*Lg = B*y(t;y0 = 0) = [A, y™ (90 = 0)]s € L2(0,T; La(T))
continuously in g € L2(0,T"; Lo(T")). (4.1.20)

Proof. The regularity in (4.1.20) stems from (4.1.18) and (4.1.7) of Theorem 4.1.1. O

4.2 Schrodinger equation with Dirichlet boundary control

The present section deals with the (multidimensional) Schrodinger equation with Dirichlet-boundary
control. The main goal is three-fold:

(1) to recall from the literature of 1992 the main results of (optimal) regularity, exact controlla-
bility and uniform stabilization;

(ii) to point out that such literature also essentially contains the result that the operator B*L
satisfies the required regularity assumption (2.14) which is, in fact, a built-in block into the process
of studying the three related problems mentioned in point (i);

(iii) to conclude, accordingly, that the use of Claim 2.1—based on exact controllability of {A, B}
and regularity of B*L—to obtain uniform stabilization of {A, B} is neither enlightening nor tech-
nically and conceptually convenient.

Open-loop and closed-loop feedback dissipative systems. Let {2 be an open bounded
domain in R™, with sufficiently smooth C''-boundary I'. We consider the following open-loop problem
of the Schrédinger equation defined on €, with Dirichlet-control u € Lo(0,T; Lo(T")) = Lo(X), and
its corresponding boundary dissipative version

v = —iAy; wp = —ifw  inQ; (4.2.1a)
y(0, ) = yo; w0, -) = wo in & (4.2.1b)
—1
yls = uwe Ly(D); wly = iw in %, (4.2.1c)
14

with @ = (0,7] x Q; ¥ = (0,7] x I'. Moreover, the operator A is defined below in (4.2.4) as
Aw = —Aw, D(A) = H*(Q) N H(Q).

Regularity, exact controllability of the y-problem; uniform stability of the w-problem.
Paper [L-T.17] gives a full account of the (optimal) regularity and exact controllability of the open-
loop y-problem in (4.2.1), as well as the uniform stabilization of the corresponding closed-loop
w-problem. Regularity issues of interest here are also contained in [Las.2, pp. 175-177] and [L-T.21,
Chapter 10].

Theorem 4.2.1. (Regularity [L-T.17, Theorem 1.2]) Regarding the y-problem (4.2.1) with
yo = 0, for each T > 0, the following interior regularity holds true (recall the definition of L in
(1.2b)):

the map L : u — Lu = y is continuous Lo(X) — C([0,T]; H 1 (Q)). (4.2.2)
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Theorem 4.2.2. (Exact controllability, [L-T.17, Theorem 1.3]) Let 7' > 0. Given yo € H~1(1),
there exists u € L9(0,T; Ly(I")) such that the corresponding solution to the y-problem (4.2.1)
satisfies: y(T") = 0.

Theorem 4.2.3. (Uniform stabilization, [L-T.17, Theorems 1.4 and 1.5]) With reference to the
w-problem in (4.2.1), we have that:

(i) the map wg € H~1(Q) — w(t) defines a s.c. contraction semigroup on [D(A%)]’ = H 1(Q);

(ii) w|s € L2(0,00; Lo(T)) continuously for wy € H~1(Q);

(iii) There exist constants M > 1, § > 0 such that

@l < Me~* g, 0, (123)
with || || the H~(Q)-norm.

Needless to say, in line with the content of Section 1, all three theorems above (as well as
their generalizations alluded to in Remark 4.1) are obtained by PDE hard analysis energy methods
(not by soft-analysis methods). The most challenging result to prove is Theorem 4.2.3 on uniform
stabilization: this, in addition, requires a shift of topology from H ~1(Q) (the space of the final
result) to H&(Q) (the space where the energy method works). This shift of topology is implemented
by a change of variable: this is the same change of variable that is noted below in (4.2.8), and that
is needed to establish the desired regularity of B*L.

Abstract model of y-problem. We let
Ay = —Ap, D(A) = H* Q) NHI(Q); ¢=Dg<={Ap=0inQ; plr=gonT}.  (4.24)
Then, the abstract model (in additive form) of the y-problem (4.2.1) is [L-T.17, Eqn. (1.2.2)]
j =iAy —iADu, y(0) =y € Y = [D(A2)]' = H Q). (4.2.5)
Comparing with (1.1), we have
B =—iAD hence B* =iD*", (4.2.6)

where the x for B and D refer actually to different topologies, as the following computation yielding
B* in (4.2.6) shows: let u,y € Y, then

(BU,y)Y = —’L(ADU,y)[D(A%)]/ = —’L(.DU,y)L2(Q) = _i(UJ?D*y)LQ(F) = (’UJ, B*y)Lg(F)' (427)

The operator B*L. With reference to the y-problem in (4.2.1), we shall show that

B*Lu = B*y(t;yo=0)=—1 % , (4.2.8a)

2(t) A Yy(t;y0 = 0) € C([O,%];D(A%) = HL(Q)), (4.2.8b)
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where z satisfies the following dynamics—abstract equation, and corresponding PDE-mixed prob-
lem:

zz = —iAz—iDu in Q; (4.2.9a)
2 =1Az —iDu 20, ) = 2=0 in € (4.2.9b)
zly = 0 in ¥. (4.2.9¢)

Indeed, to obtain (4.2.8)—(4.2.9), one uses the definitions in (4.2.8) and (4.2.6),

0z
ov’
as well as the usual property D*A = —8% on D(A%) = H}(Q) from [L-T.17, Eqn. (1.21)]. The
absract z-equation in (4.2.9) follows from the abstract y-equation in (4.2.5) after applying A~! and

using the definition of z(t) in (4.2.8b). Since u(t) € H(2), then the abstract z-equation yields its
PDE version in (4.2.9b).

B*Lu = B*y(t;yo = 0) = iD*AA 'y(t;yo = 0) = iD* Az(t) = —i (4.2.10)

Theorem 4.2.4. With reference to (4.2.8), we have
B*L : continuous Ly(0,T; Lo(T)) — Lo(0,T; L2(T)); (4.2.11a)

equivalently, with reference to (4.2.10),

d
the map u — 8_Z is continuous Lo (0,7 La(T")) — L2(0,T; Lo(T)). O (4.2.11b)
v

This result (4.2.11) is explicitly stated and proved in [Las.2, Proposition 4.2; and ff., p. 175],
where the regularity (4.2.8) for z is established in [Las.2, Eqn. (4.14)] by energy methods, (via the
multiplier h - Vz, h|p = v) without first establishing the y-regularity (4.2.2) in Theorem 4.2.1. This
result (4.2.11) also follows from [L-T.17, identity (2.1), Lemma 2.1] (built with the multiplier h-V2)
with f = —iDu € LQ(O,T;D(A%_E)) AND the a-priori reqularity z € C([0,T]; H}(Q)) in (4.2.8) for
z: the latter uses, by contrast, the y-regularity (4.2.2) in Theorem 4.2.1. The two avenues chosen
in [Las.2] and [L-T.17] are very closely related and based on the same energy method and duality.
The expression ”double duality” was used in [Las.2]” as duality was used twice.

Comparison between establishing Theorem 4.2.3(iii)—uniform stabilization—directly,
or else via Claim 2.1.

(1) According to [L-T.17], in order to establish the exponential energy decay (4.2.3) directly, one
needs the following ingredients:

(1a) (easier step) the properties of generation and feedback regularity listed in Theorem 4.2.3(i)
and (ii): this is a readily accomplished application of the Lumer-Phillips Theorem;

(1b) (harder step) application of energy methods (multipliers i - Vp and p div h to the p-problem,
defined by p = A~lw € C([0,T); H(Q)) [L-T.17, Eqn. (4.6)], to obtain—in the end—the
estimate [L-T.17, Eqn. (4.16)],

T 2
/ / 91" g5 > crE,(T), (4.2.12)
0 T 61/
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E,( - ) being the ‘energy’ (square of H'(Q)-norm) of p.

(2) In order to establish the exponential decay (4.2.3) by virtue of Claim 2.1, one needs the
following ingredients:

(2a) proof of regularity property (2.8) for B*L. According to [L-T.17] or [Las.2|, this is accom-
plished as follows;

(2al) [Las.2] either by applying energy methods (multiplier i - VZ) to the z problem (4.2.9) to
obtain first the a-priori regularity z € C([0,T]; Hi(2)) and then the regularity trace inequality

(specialization of (1.4)):
T
b

(2all) or else [L-T.17] by applying energy methods (multipliers k- Vé, ¢ div h) to the dual homoge-
neous ¢-problem

2
% S < erE.(0), (4.2.13)

igy=A0¢ inQ; @0, )=y € Hj(Q), ¢z =0, (4.2.14)

to obtain the same inequality (4.2.13) this time for ¢, hence by duality y € C([0,7T]; H1())
and hence z(t) = A~y (t;y0 = 0) € C([0,T]; HE(Q)) (as in 2al)); and then read off inequality
(4.2.13) from identity [L-T.17, Eqn. (2.1)] in z, where one exploits the a-priori regularity of z;

(2b) establish exact controllability of the y-problem, that is continuous observability of the dual
¢-problem (4.2.14), again by energy methods, to obtain

I

(specialization of (1.6)) where Ey4( - ) is the energy (square of H'(Q)-norm) of ¢.

2
% ) Z CTEd)(T), (4215)

Conclusion. We submit that the direct approach in [L-T.17] is surely more desirable and
amenable than application of Claim 2.1.

4.3 Euler-Bernoulli plate with clamped boundary controls. Case 1: Neumann
control

The present subsection deals with the Euler-Bernoulli plate equation with ‘clamped’ boundary
controls (in any dimension), while ‘hinged’ boundary controls will be considered in Subsection
4.4. In either case, the corresponding results of optimal regularity, exact controllability and uniform
stabilization—all obtained by PDE energy methods!—have been known for over 10 years. Moreover,
we claim that the regularity result B*L € £(L2(0,T;U)) is also true for each of the aforementioned
E-B mixed problems. This result is contained in the treatments of the literature cited as a built-in
block, rather than singled out in an explicit statement. Below we shall extract the necessary details
from the literature. Ultimately, the message of the present, as well as of the next, subsection is the
same as that of Section 4.2 dealing with the Schrodinger equation: that verifying the key assumptions
of Claim 2.1—the regularity B*L € L(L2(0,7;U)) and the exact controllability of {A, B}—is not
any easier—on the contrary!—than establishing uniform stabilization of {A, B} directly. Thus, it
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pays off, possibly by much, to tackle uniform stabilization of { A, B} directly, rather than attempting
to apply the tortuous route of Claim 2.1. At any rate, in all of these results, PDE (hard analysis)
energy methods are the key and critical tools; not soft methods.

For lack of space, and to limit repetitions, we shall state the three fundamental results of opti-
mal regularity, exact controllability and uniform stabilization, and next establish the sought-after
regularity of B*L within the context of the treatments of the three aforementioned problems.

Open-loop and closed-loop feedback dissipative systems. Let {2 be an open bounded
domain in R™ (n = 2, in the physical case of plates) with sufficiently smooth boundary I". We con-
sider the following open-loop problem of the Euler-Bernoulli equation defined on €2, with Neumann
boundary control go € L9(0,T; Lo(I")) = Lo(X), as well as its corresponding boundary dissipative
version:

2. _ . ( 2, : )
Utt+A 1)—07 wtt—i—A w =20 m Q, (431&)
v(0, - ) =g, v¢(0, - ) =vy; w(0, - ) =wp, w(0, - ) =wy in (4.3.1b)
vly = 0; wly =0 in X; (4.3.1¢)
ov ow
= - | =[AMAL in % 4.3.1
i | = (A ) s, (1.3.10)

with @ = (0,7] x Q; ¥ = (0,7] x I'. Moreover, the operator A is defined below in (4.3.6) as
Aw = A%w, D(A) = H*(Q) N HE(Q).

Regularity, exact controllability of the v-problem; uniform stabilization of the w-
problem. References for this subsection include [Lio.3]|, [Lio.5], [L-T.6] for the v-problem and
[O-T.1] for the w-problem. These references give a full account of these three problems. We begin
by introducing the (state) space (of optimal regularity)

1

X = Ly(Q) x [D(A2)];  [D(A2)] = H2(Q); D(A2) = H2(Q). (4.3.2)

Theorem 4.3.1. (Regularity [Lio.3], [Lio.5]) Regarding the v-problem (4.3.1), with yo =
{vo,v1} = 0, the following regularity result holds true for each T" > 0 (recall the definition of L
in (1.2b)): the map

L: gy — Lgy = {v,v;} is continuous Lo(X) — C([0,T]; X = Ly(Q) x H2(Q)). (4.3.3)

Theorem 4.3.2. (Exact controllability [Lio.4], [Lio.5], [O-T.1]) Given any initial condition
{vo,v1} € X and T > 0, there exists a go € Lo(X), such that the corresponding solution of the
v-problem (4.3.1) satisfies {v(T"),v+(T")} = 0.

Theorem 4.3.3. (Uniform stabilization [O-T.1]) With reference to the w-problem (4.3.1), we
have that:
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(i) the map {wo, w1} € X = La(Q) x [D(.A%)]' — {w(t),w(t)} defines a s.c. contraction
semigroup e’ on X;
(i)
g—lj = [A(A™ wy)]y € La(0, 00; Ly(T)) continuously in {wg,w;} € X; (4.3.4)
)

(iii) there exists constants M > 1, § > 0, such that

I ]I, -
wt(t) X B
Again, needless to say, in line with the content of Section 1, all three theorems above are obtained
by PDE hard analysis energy methods (not by soft-analysis methods). As usual, the most challenging
result to prove is Theorem 4.3.3 on uniform stabilization: this problem, in addition, requires a shift
of topology from X = Lo(2) x H2(Q) (the space of the final result) to H3(Q) x Lo(f2) (the space
where the energy method works). This shift of topology is implemented by a change of variable:

this is the same change of variable, noted below in (4.3.10), that is needed to establish the desired
regularity of B*L.

et [ o }H < Me™ 0 [ o ]H . t>0. (4.3.5)
w1 X w1 X

Abstract model of v-problem. We let

Ap = A2, D(A) = HY(Q) N H2(Q); Gy : HYT) — H 2(Q), s € R; (4.3.6a)
) . dp
©==Gag2 <= A% =01n Q; ¢|pr =0, 2. =920 (4.3.6b)
I

Then, the second order, respectively first order, abstract models (in additive form) of the v-problem
(4.3.1) are [O-T.1], [L-T.6],

d
v + Av = AGago; % [ :t } =A [ :})t ] + Bgs; (4.3.7)
— 0 I . _ 0 . x| L1 | _ e
PO T PR ST PR 0 P

where * for B and Gy refer actually to different topologies. With B* defined by (Bgs,x)x =
(92, B*x)p,r) with respect to the X-topology, we readily find the expression in (4.3.8), since the

!/

second component of the space X is [D(.A%)] .

The operator B*L. With yy = {vg, v} = 0, we shall show that

BLg = B° [ v =) } — Gyult o = 0) = —[A2(D)]rs (4.3.9)
2(t) = Ayt = 0) € C([O,T];D(A%) = HZ()) continuously in gy € La(X). (4.3.10)
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The new variable z(t) defined in (4.3.10) satisfies the following dynamics: abstract equation, and
corresponding PDE-mixed problem

Ztt + AQZ = G292t in Qa (4311&)
z(0, ) =20=0; 2(0, - ) =21 in

0z .
Z‘E = 0, 5 . =0 in X. (43110)

zu + Az = Gaga (4.3.11b)

Indeed, to establish (4.3.9) (right), (4.3.10), one uses the definition in (4.3.9) (left), followed by
(4.3.8) for B*, to obtain

B*Lgy = Givy(t;y0 = 0) = G5 AA My (t 90 = 0) = G5 Az(t) = —Az(t)]r, (4.3.12)

where, in the last step, we have recalled the usual property G54 = —A - |r on D(.A%) = H3(Q)
[O-T.1, Eqn. (1.11)], [B-T.1, Eqn. (1.20), p. 49]. The abstract z-equation is readily obtained from
the abstract v-equation, after applying throughout A~! and % to it, and using the definition of z(t)
in (4.3.10), whose a-priori regularity in (4.3.10) follows from (4.3.3), (4.3.2). Since 2(t) € HZ(%),
both B.C.’s are satisfied and the abstract z-equation leads to its corresponding PDE-version. By
(4.3.19) below, and within the class (4.3.20), we can take z; = 0.

Remark 4.3.1. As already noted, the change of variable v; — z in (4.3.10) and the resulting
z-problems in (4.3.11) are precisely the same that were used in [O-T.1, Sect. 2.1] in obtaining the
uniform stabilization, Theorem 4.3.3, directly; the only difference is the specific form of the right-
hand side term (thus, the letter p was used in [O-T.1], Eqn. (2.11)], while the letter z is used now for
a closely related, yet not identical system). In both cases, however, a time-derivative term occurs
(in our case Gagat), which will require—in [O-T.1] as well as in Step 6 in the proof of Lemma 4.3.5
below, an integration by parts in ¢, to obtain the sought-after estimate. O

Theorem 4.3.4. With reference to (4.3.9), we have:
B*L : continuous Lo(0,T; Lo(T")) — Lo(0,T; Lo(T)) (4.3.13a)
equivalently, with reference to (4.3.11)
the map g2 — Az|y is continuous Lo (0,75 Lo(I")) — L2(0,T; Lo(T)). O (4.3.13b)

We shall see below in the proof that this result, though not explicitly stated, is built-in in the
treatments of [O-T.1] of Theorem 4.3.3.

Proof. Step 1. (Basic energy identity) We return to the basic identity of the energy methods
[O-T.1, Eqn. (2.24), p. 287], which we use with a vector field h satisfying (as usual in obtaining
trace regularity results [L-L-T.1]) the additional condition h|r = v. Thus, with h-v =1 on T, for
the solution z of a-priori regularity z € C([0,T]; H3(2)) as in (4.3.10), we have

1

5 / (Az)%dS = RHS; + RHS, + by} (4.3.14)
b
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RHS, = / Az div|[(H + H')V2]dQ + % / 2AzA(div h)dQ; (4.3.15)
Q

Q
RHSQ = —/ Ggggt h-Vz dQ - %/ Ggggtz div th; (4.3.16)
Q Q
T 1 : T
bor = [(zt,h- V2)alp + 5[(2,5,2 div h)qlp - (4.3.17)

Step 2. (Estimate for RHS;) From the a-priori regularity (4.3.10) for z, we immediately find
that

RHS, = O (g2,s)) o ¥ 92 € La(S), (4.3.18)

Step 3. (Regularity of z;) To handle RHS, (by integration by parts in ¢, precisely as in the proof
of the uniform stabilization Theorem 4.3.3 given in [O-T.1, p. 283-289]), we need the regularity of
z¢. By (4.3.10) and the v-equation (4.3.7), we obtain

z(t) = A vy = A7 —Av + AGags]
= —v+ Gaga € La(0,T; La(£2)) continuously in go € Lao(X), (4.3.19)

by recalling that v € C([0,T7; L2(2)) (see (4.3.3)) and that Gags € LQ(O,T;H%(Q)), by virtue of
(4.3.6a) with s = 0 on G5 and gy € La(X).

Step 4. (Estimates for RHSy and by 7 for smoother g2) Henceforth, to estimate both RHS» and
bo, 7, we shall at first take go within the smoother class

92 € C([0,T]; Lo(T')),  g2(0) = g2(T') = 0. (4.3.20)
This initial restriction is dictated by the fact that z; in (4.3.19) is only in Ly in time.
Lemma 4.3.5. In the present setting, we have
RHS; = O (lo2l,)5  bor = O (g2l ) - (4.3.21)
for all go in the class (4.3.20). O

Step 5. (Proof of (4.3.21) for by r) First from (4.3.10) and (4.3.3), (4.3.2), we have since
ve(0) = v1 = 0:

2(0) =0, 2(T) = A oy (T;90 = 0) € D(.A%) = HZ(Q), continuously in go € Lo(X).  (4.3.22)
Next, for go in the class (4.3.20) used in (4.3.19), we compute since v(0) = vy = 0:

2:(0) =0, 2(T) = —v(T) € Lo(£2), continuously in gy € La(3), (4.3.23)
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where the regularity follows from (4.3.3). Using (4.3.22), (4.3.23) in (4.3.17), we readily obtain, as
desired:

bo.r = (z(T),h - Vz(T))a + %(zt(T),z(T) div h)o = O(|lgall7, () (4.3.24)

for all go in the class (4.3.20). Thus, (4.3.21) (right) is proved.

Step 6. (Proof of (4.3.21) for RHS2) The most critical terms of RHSy to estimate is the first
term in (4.3.16). As in the direct proof of the uniform stabilization Theorem 4.3.3 given in [O-T.1,
p. 287], we integrate by parts in ¢, with g9 in the class (4.3.20), thus obtaining

T
Ggggt h-Vz dQ = |:/ Gggg ZdQ] — / Gggg h- VztdQ, (4.3.25)
/Q Q }/‘7 0 Q

where the first term on the right side of (4.3.25) vanishes, since g2(0) = ¢g2(T") = 0. Moreover, the
usual divergence theorem [O-T.1, Eqn. (2.31), p. 288] yields with h-v = 1:

T
/ / G292h . VztdQ dt
0 Q

T T
= / /ng 7 -Z/dth—/ /zth-V(Gggg)det
0 r 0 Q

T
~ [ [ G div hdfrdt = (g ), (43.26)
0 Q

for all g, in the class (4.3.20). The indicated estimate in terms of gy in (4.3.26) follows by virtue
of zz € L2(0,T; La(R2)) (see (4.3.19)); Gaga € L2(0,T;H%(Q)) by (4.3.6a) with s = 0 on Go;
and thus |V(Gag2)| € L2(0,T} He (€2)), all bounded by the Ly(X)-norm of go. A similar estimate as
(4.3.26) holds true, a-fortiori, for the more regular second term in the definition of RHS; in (4.3.16).
Accordingly, we obtain (4.3.21) for RHS. 0

Step 7. We can then extend estimates (4.3.21) for RHS2 and by 7 to all go € La(X), by density,
starting from the class (4.3.20). Using these extended estimates, as well as (4.3.18) in (4.3.14), we
finally obtain

/E(Az)zdz = O0(llg2l7,(): ¥ 92 € La(D), (4.3.27)

and (4.3.13b) is proved. The proof of Theorem 4.3.4 is complete. O

4.4 Euler-Bernoulli plate with clamped boundary controls. Case 2: Dirichlet
control

Open-loop and closed-loop feedback dissipative systems. In the notation of Case 1 above,
we consider the Euler-Bernoulli equation defined on €2, with Dirichlet boundary control g; €
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Ls(0,T; La(T)), in both open-loop and closed-loop dissipative form:

(o + A% = 0; wy + A%w =0 in Q; (4.4.1a)
(0, - ) = v, (0, - ) = vi; w(0, - ) =wo, wy(0, - ) =wi in &y (4.4.1b)
o OA(A™2wy) .
v i _ T\ Y .
6’2 g wls = | in %; (4.4.1c)
(%
| =o: ow| .
s vy~ 0 in 3. (4.4.1d)

Here the operator A is the same as in Section 4.3, Eqn. (4.3.6).

Regularity, exact controllability of the v-problem; uniform stabilization of the w-
problem. References for this subsection are [Lio.4], [Lio.5], [L-T.6], [B-T.1]. These references
give a full account of these three problems. We begin by introducing the (state) space (of optimal
regularity)

Y = [DAD)] x [DAD = HY(Q) x V!, V= {f cH3Q): flr= 2L

Theorem 4.4.1. (Regularity [Lio.5], [L-T.6, Theorem 1.0, p. 331] Regarding the v-problem
(4.4.1), with yo = {vo,v1} = 0, the following regularity result holds true for each T" > 0 (recall the
definition of L in (1.2b)): the map

L:g — Lgy = {v,v;} is continuous Ly(X) — C([0,T);Y = H'(Q) x V'). O (4.4.3)

Theorem 4.4.2. (Exact controllability [L-T.6, Theorems 1.1 and 1.4]; [B-T.1, Theorem 1.3,
Remark 1.1]) Assume that there exists a coercive vector field h(z) € [C?(Q)]" (in particular, a radial
vector field h(x) = = — xg, for some 2y € R™), such that

h-v>0 on I'. (4.4.4)

Given any initial condition {vg,v1} € Y and T > 0, there exists a g; € La(X) such that the
corresponding solution of the v-problem (4.4.1) satisfies {v(T),v¢(T)} = 0. 0

Theorem 4.4.3. (Uniform stabilization [B-T.1, Theorem 1.3, p. 51]) With reference to the
w-problem (4.4.1), we have that:
(i) the map {wo, w1} € Y = H 1(Q) x V' — {w(t),w;(t)} defines a s.c. contraction semigroup
At Y:
e onY;
(i)
3

BA(Afiwt)

5 € L2(0,00; Ly(T")) continuously in {wp, w1} € Y. (4.4.5)
v by

w’z]:—
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Moreover, assume the geometrical condition of Theorem 4.4.2. Then, there exist constants M > 1,

§ >0, such that
I 1, =1 ]

We stress again, in line with the content of Section 1, that all three theorems above are obtained
by PDE hard analysis energy methods (not by soft-analysis methods). Asusual, the most challenging
result to prove is Theorem 4.4.3 on uniform stabilization: this problem, in addition, requires a
shift of topology from Y = H=}(Q) x V' = [D(Ai)]’ X [D(.A% )] (the space of the final result) to
D(A%) X D(Ai) (the space where the energy method works). This shift of topology is implemented
by a change of variable: this is the same change of variable, noted below in (4.4.10b), that is needed
to establish the desired regularity of B*L.

. t>0. (4.4.6)
Y

Y

Y

Abstract model of v-problem. We let

A = A%, D(A) = HYQ) N H2(Q); Gy : HY(T) — H'3(Q), seR; (4.4.7a)
5 . Iy
=3G9 = {A e=01in Q; ¢|r = g1, o :0}. (4.4.7b)
r

Then, the second order, respectively first order, abstract models (in additive form) of the v-problem
(4.4.1) are [L-T.6], [B-T.1],

d
v + Av = AG1g1; % [ :t } =A [ :})t ] + Bygy; (4.4.8)
A= |: 40 :| ; Bgl = |: AG191 :| ) B |: Lo :| —GI.A 219, (449)

where * for B and G refer to different topologies. With B* defined by (Bg1, )y = (g1, B*%) )
with respect to the Y-topology, we readily find the expression in (4.4.9), since the second component

of the space Y is [D(A%)]’.
The operator B*L. With yo = {vg,v1} = 0, we shall show that
OAz(t)

sr | WGy =0) | e 1
B*Lg; = B [ vt g0 = 0) } =GlA 2u(t;90 =0) = | (4.4.10a)
2(t) = A_%vt(t; yo=0) € C([O,T];D(A%) = V) continuously in g1 € Ly(X). (4.4.10b)

The new variable z(t) defined in (4.4.10) satisfies the following dynamics: abstract equation, and
corresponding PDE-mixed problem

1 .
24 + A%y = A_EGlglt in Q; (4.4.11&)
ze + Az = A7%G191t 20, )=20=0 20, )=z (4.4.11Db)
0z .
Z’Z = O7 % . =0 in X. (4411C>
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Indeed, to obtain (4.4.10a) (right), (4.4.11), one uses the definition in (4.4.9) (left), followed by
(4.4.8) for B*, to obtain

OAz(t)

B*Lgi = GiA #ui(tiyo = 0) = GIAA 2w (tyo = 0) = GiA=(t) = —

, (4.4.12)
r

0A

where, in the last step, we have recalled the usual property G{ A= 52| on V [B-T.1, Eqn. (1.19),

p. 49], [L-T.6, Eqn. (2.4)]. The abstract z-equation is readily obtained fr%m the abstract v-equation
after applying throughout A2 and % to it, and using the definition of z(¢) in (4.4.10b), whose
a-priori regularity in (4.4.10b) follows from (4.4.3), (4.4.2). Since z(t) € D(A%) =V (see (4.4.2)),
both B.C. are satisfied and the abstract z-equation leads to its corresponding PDE-version. By
(4.4.19) below, and within the class (4.4.20), we can take z; = 0.

Remark 4.4.1. As already noted, the change of variable v; — z in (4.4.10) and the resulting
z-problems in (4.4.11) are precisely the same that were used in [B-T.1] in obtaining the uniform sta-
bilization, Theorem 4.4.4, directly; the only difference is the specific form of the right-hand side term
(thus, the letter p was used in [B-T.1, Eqn. (3.12), p. 55|, while the letter z is used now for a closely
related, yet not identical system). In both cases, however, a time-derivative occurs (in our case
.A_%Gl 91t), which will require—in [B-T.1] as well as in Step 3 below, an integration by parts in ¢, to
obtain the sought-after
estimate. O

Theorem 4.4.4. With reference to (4.4.10), we have:
B*L : continuous Ly(0,T; Lo(T")) — L2(0,T'; L2(T)) (4.4.13a)

equivalently, with reference to (4.4.11)

A
04z is continuous Lo(0,T; Lo(T")) — Lo(0,T; Lo(T)). O (4.4.13b)
r

the map g1 —

We shall see below in the proof that this result, though not explicitly stated, is built-in in the
treatments of [Lio.5], [L-T.6], [B-T.1] of Theorems 4.4.1, 4.4.2, and 4.4.3. This situation is the exact
counterpart of what was noted in Section 4.3, in the paragraph just below Theorem 4.3.4.

Proof. Step 1. (Basic energy identity) We return to the basic identity of the energy method
[L-T.6, Eqn. (2.24), p. 340], [B-T.1, Eqn. (3.31), p. 58, with § = 0 and values at t = T, which
we use with a vector field h satisfying (as usual in obtaining trace regularity results [L-L-T.1]) the
additional condition h|pr = v. Thus, with h-v = 1 on T, for the solution z of a-priori regularity

2 € O([0,T]; D(AT) = V) as in (4.4.10):

0Az 1 9 1 [ 0Az .
- o h-V(Az)dE—5/2|V(Az)| h-Z/dZ]—i—i/Z ” Az div hdX
= RHS; + RHS2 + 6o, 7; (4.4.14)
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RHS; = /QHV(AZ) -V (Az)dQ + /QHVzt - V2 dQ; (4.4.15)

RHSy = / AféGlglth . V(AZ)dQ + / AféGlgltAz div hdQ (4.4.16)
Q Q
1 T T
Bo,r = [—/ div hVz - Vz dQ} - [/ zt h- V(Az)dﬁ} . (4.4.17)
2 Ja 0 Q 0

Step 2. (Estimate for RHS;) From the a-priori regularity (4.4.10) for z, and V' as in (4.4.2),
we immediately find that

RHS, = O (g1 l,s)) . ¥ 91 € La(S), (4.4.18)

Step 3. (Regularity of z;) To handle RHSs (by integration by parts in ¢, precisely as in the
proof of the uniform stabilization Theorem 4.4.3 given in [B-T.1, p. 59], we need the regularity of
zt. By (4.4.10b) and the v-equation (4.4.8), we obtain

4(t) = A vy = A5 [—Av+ AGigl] = —A Tv+ A3Gigy
€ LQ(O,T;D(A%) = H}(Q)), continuously in g; € Ly(%), (4.4.19)
by recalling that v € C([0,T7; [D(A%)]') (see (4.4.3), (4.4.2)) and that G1g1 € LQ(O,T;H%(Q)), by
virtue of (4.4.6a) with s = 0 on G, hence (conservatively) .A*%Glgl € LQ(O,T;D(A%) = HZ(Q))
for g1 € Lo(X).

Step 4. (Estimates for RHSy and by 7 for smoother g1) Henceforth, to estimate both RHS; and
Bo,r, we shall at first take g; within the smoother class

g1 € C([0,T]; Ly(I')),  92(0) = g2 (T') = 0. (4.4.20)
This initial restriction is dictated by the fact that z; in (4.4.19) is only in Ly in time.
Lemma 4.4.5. In the present setting, we have
RHS; = O (913, ) 5 o = O (lnl3,)) (4.4.21)
for all g7 in the class (4.4.20). O

Step 5. (Proof of (4.4.21) for [y r) First from (4.4.10) and (4.4.3), (4.4.2), we have since
v(0) = v1 = 0

2(0) =0, 2(T) = A 30,(T;y0 = 0) € D(AT) =V,

continuously in g1 € La(X). (4.4.22)
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Next, for g; in the class (4.4.20) used in (4.4.19), we compute since v(0) = v; = 0:
2:(0) =0, z(T) = —A_%vt(T;yO =0) € D(A%) = H} (), continuously in g; € Ly(X), (4.4.23)

where the regularity follows from (4.4.3), (4.4.2). Using (4.4.22), (4.4.23) in (4.4.17), we readily
obtain, as desired:

1 .
Bor = 3 /lev hVz(T) - Vz (T)dQ) — /ta(T)h-V(Az(T))dQ

= 0 <||91||%2(2)> : (4.4.24)
for all g; in the class (4.4.20). Thus, (4.4.21) (right) is proved.
Step 6. (Proof of (4.4.21) for RHS2) The most critical terms of RHS, to estimate is the first

term in (4.4.16). As in the direct proof of the uniform stabilization Theorem 4.4.3 in [B-T.1, p. 59],
we integrate by parts in ¢, with g; in the class (4.4.20), thus obtaining

T
1 1 1
A7 2Grg1th - VAzdQ = [/ A" 2G gLl Ade] —/ A7 2Gig1h - VAzAQ, (4.4.25)
/Q [ A5GV -

where the first term on the right side of (4.4.25) vanishes, since ¢g1(0) = g1(T") = 0. Moreover, we
shall see that

T
/ .A_%Glglh . VAthQ = / (Glgl,A_%h . V(Azt))gdt =0 (Hgl”%2(2)> . (4.4.26)
Q 0

NI

Since, by [B-T.1, Lemma 3.5, p. 50] the second term in the inner product satisfies (as D(A
H§(2)):

) =

_1
A VAull@ = (- VAul, ), < Cillh: VA0

IN

1
CullV(Az) || -2(0) < Cull2tl i) = ChllAT 2ty ) (44.27)
where, in the last step, we have used z¢|r = 0. Recalling (4.4.19),

1
1A 2]l L0700 2) = O (91110 (5)) » (4.4.28)

we then see that (4.4.27) and (4.4.28), used in the integral term of (4.4.26), produce the indicated
estimates. From (4.4.26) used in (4.4.25), we conclude that

/ A2Ggy h-VAzdQ = O <Hg1\\%2(2)) : (4.4.29)
Q

for all g; in the class (4.4.20), as desired. A similar estimate as the one in (4.4.29) holds true,
a-fortiori for the more regular second term in the definition of RHSy in (4.4.16). Accordingly, we
obtain (4.4.21) for RHS,. O
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Step 7. We can then extend estimates (4.4.21) for RHS9 and (7 to all g1 € L2(X), by density,
starting from the class (4.4.20). Using these extended estimates, as well as (4.4.18) in (4.4.14), we
obtain for its Right-Hand Side:

RHS of (4.4.14) = O <Hngi2(z)> , Vg1 € Ly(D). (4.4.30)

Step 8. It remains to handle the Left-Hand Side (boundary terms) of identity (4.4.14). We first
note that since hlp = v L T', then as usual,

oAz |?
ov

0Az

14

onl': h-V(Az) = + |V, (A2))?, (4.4.31)

v(as) = |

where V, denotes the tangential gradient on I'. Hence, regarding the first two terms on the LHS of
(4.4.14) we have by (4.4.31):

onT: 222 vias) - —|V(Az)| hov=2 'MZ - Ly (4.4.32)
2| ov 2
Hence, (4.4.32) yields for the Left-Hand Side of (4.4.14),
1 Az |? 1 Az
LHS of (1414) = ~ [ 222 an— L an2 4 L / 922 A, div hay (4.4.33)
aV 2 2 » 8
> G--) MZ z——/m | dE——/|V (A2)2d:
(4.4.34)
T 2 T 2 2
APAs < C | |lelaqdt = o(uanQ(O’T;V)) (4.4.35)
0 T 0
(by (4410) = O (lloil3,s)) - (4.4.36)

In the last step in (4.4.35) we have recalled that z satisfies the two B.C. (4.4.11c), as well as the
space V in (4.4.2). To go from (4.4.35) to (4.4.36), we have invoked (4.4.10). Finally, substituting
estimate (4.4.36) in (4.4.34) and recalling (4.4.30), we obtain

-9/

Step 9. We now estimate in terms of g; € Lo(X) the last integral term in the RHS of (4.4.37).

oAz |?
ov

1
s = O, <||gl||32(2)) +3 /2 Vo (Az)[2d. (4.4.37)

Lemma 4.4.6. With reference to problem (4.4.11) and (4.4.37) we have

L IVoA82R 0 = Olanl ). 1 € La(). (14.35)
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Proof. As in [L-L-T.1], [L-T.6], [L-T.21, p. 970], we introduce the following operator

B = first-order differential operator on Q, tangential to I' (i.e., without (4.4.39)
transversal derivatives to I, when expressed in local coordinates) and
with smooth coefficients on §2.

We next define a new variable

y=BzecC0,T]; H*(Q)), y; = Bz € Ly(0,T; Lo (Q
([0,T]; H*(€)), yr = Bz € Lo 2(€)) (4.4.408)
continuously in g1 € La(X);

yr € C([0,T]; L2(£2)) for gy in the class (4.4.20
+ € C([0,T7; L2(2)) (4.4.20) (4.4.400)
continuously in the Lo(X)-norm of g,

where the indicated regularity of {y,y;} in (4.4.40a) stems from (4.4.10b) and (4.4.19), respectively.
Moreover, (4.4.19) yields (4.4.40b) if g; belongs to the class (4.4.20).
Thus, applying B to the PDE z-problem (4.4.11) yields the corresponding y-problem

i+ A2y = F in (0,7] x Q= Q; (4.4.41a)
y(0, ) =0; 11(0, - ) =y1 =Bz in (4.4.41D)
0| _ in (0,7 xT =%

yls = v, = in (0,7 xT'=%, (4.4.41c)

where )
F =A% Blz+ A 2Gg1; Krz=[A% Bz € C([0,T]; H(Q)); (4.4.42)
u= [Q,B] z| € C([O,T];H%(I‘)). (4.4.43)

ov r

Both regularity properties in (4.4.42), (4.4.43), are continuous in g; € Lo(X). Moreover, if g; is in
the class (4.4.20), we can take y; = 0. The regularity of the 4*-order commutator in (4.4.42) and
of the 1%%-order commutator in (4.4.43) follows from the regularity for z in (4.4.10b) as well as trace
theory in the former case. Further, we notice that by (4.4.39), (4.4.40a), we have

/F\VU(Az]p)\?dP - /F]B(Az\p)ﬁdl“:/F][A(Bz)]p\?dl“—kl.o.t.

_ / Ay|r2dT + Lo.t. (4.4.44)
I

Thus, by (4.4.44), instead of establishing (4.4.38), we seek to prove equivalently that

180z =0 (Il m) . o € Lo, (4.4.45)
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Furthermore, since u in (4.4.41c) is smooth, see (4.4.43), we replace the y-problem (4.4.41) with the
following boundary homogeneous n-problem:

20, : .
e+ AT =F in Q; (4.4.462)
U(Oa : ) = Oa 7725(0’ : ) =Yy 1 Q; (4446b>
)
wls, = 0, B—Z =0 in %, (4.4.46¢)

where F' is defined by (4.4.42) and where 7 is subject to the same a-priori regularity as y (compare
with (4.4.40a-b)):

ne C([0,T); H3(Q)); m € L2(0,T; La(2)) continuously in g1 € La(X); (4.4.47a)

ne € C([0,T); L2(R2)) for gy in the class (4.4.20) continuously in the

(4.4.47b)
Ly(X)-norm of g;, in which case we can take y; = 0.
Accordingly, we now seek to establish that
L1 as =0 (lonlf, ) o € La(s), (4.4.48)

which is equivalent to (4.4.45), hence to the original sought-after estimate (4.4.38).

Proof of (4.4.48). We take, at first, g; in the class (4.4.20), prove estimate (4.4.48), and then
extend it to all g1 € Lo(¥). Thus, below, we may assume the regularity (4.4.47b). To establish
(4.4.48), we recall the energy method based on the multiplier h - Vn for problem (4.4.46), where h
is a smooth vector field such that h = v on I'; and hence h- v =1 on I'. We can thus invoke the
usual identity, see, e.g., [O-T.1, Eqn. (2.20), p. 286], for the n-problem (4.4.46):

1
5 / (An)%h - vdS = RHS; + RHS; + bo 7 (4.4.49)
%
1
RHS; = 5 / [n? — (An)?]div hdQ +/ Andiv [(H + HT)Vn)dQ
Q Q
— / AnVn - V(div h)dQ (4.4.50)
Q
RHS, = — / Fh-VndQ; box = [(n().h - Vi(t)alE. (4.4.51)
Q
JFrom the a-priori regularity of {n,n;} in (4.4.47a-b), we have
RHS;, = O <H91H%2(2)) , Vg1 €LyD); (4.4.52)
bor = O <H91H%Q(E)) , for g1 in the class (4.4.40). (4.4.53)
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[We are taking g; in the class (4.4.40), since by r requires continuity in time of 7 as in (4.4.47b),
which is not available in (4.4.47a). Alternatively, as in [L-L-T.1], we could apply the multiplier
(T — t)h - V) to problem (4.4.46) to eliminate the terns in [ ]I'.] It remains to show that

RHS, = —/QFh -VndQ =0 <H91H%2(2)) , g1 € La(2). (4.4.54)

We now establish (4.4.54). Since F = Kjz + A_%Glglt by (4.4.42), where K is the interior
commutator in (4.4.42), we proceed for each term separately. We have:

/QK,zh -VndQ =0 <||91||%2(z)) . g1 € Ly(D). (4.4.55)

This is so for the following reasons. First, we have K;z € C([0,T]; H 1(Q2)) continuously in
g1 € La(X) by (4.4.42), while preliminary |Vn| € C([0,T]; H'(2)). Next, the latter combined
with 7|y = 0, hence Vi L T, and % = Vn-v =0 on X, hence |[Vn| = 0 on X, yields finally
|V € C([0,T]; H} (Q)) continuously in g1 € La(X), and (4.4.55) is proved. [We could also use the
divergence theorem [O-T.1, Eqn. (2.3.1), p. 288] to reach the same conclusion.| Similarly,

T T
// A" 2Ghguh - Vi dtdQ = [/ A’%}L/glh- vndsz}
QJ0 Q 0

- [ 4t Gon-Ina@ =0 (Iale) (4:4,56)

since AféGlgl € LQ(O,T;D(A%) = H2(Q)) for g1 € La(X), as noted below (4.4.19) and |Vn,| €
Lo(0,T; H1(Q)) for g1 € Loy(X) by (4.4.47a). Thus, (4.4.56) is proved. Then, estimates (4.4.55) and
(4.4.56) as well as F = Kz + A_%Glglt yield estimate (4.4.54), as desired. Thus, estimate (4.4.48)
is proved. Equivalently, estimate (4.4.45) and the sought-after estimate (4.4.38) are established as
well. O

Step 10. We use (4.4.38) in (4.4.37) and obtain

2

0Az 9
/E = a2 =0 (Il Vo € La(®), (4.4.57)
and Theorem 4.4.4 is finally proved. O

4.5 Euler-Bernoulli plate with hinged boundary controls. Case 1: Control in
the ‘moment’ B.C.

Open-loop and closed-loop feedback dissipative systems. We let, again, {2 be an open
bounded domain in R™ (n = 2 in the physical case of plates) with sufficiently smooth C*-boundary
I". We consider the following open-loop problem of the Euler-Bernoulli equation defined on €2), with
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boundary control gy € L2(0,T; Lo(I")) = Lo(X), in the ‘moment’ B.C., as well as its corresponding
boundary dissipative version:

Utt+A2U:0; ( wtt—l—AQw:O in Q, (451&)
v(0, - ) =g, v¢(0, - ) =vy; w(0, - ) =wp, w(0, - )=wy in (4.5.1b)
vy =0; wly =0 in ¥; (4.5.1¢)
0
Av| = go; Aw| = (A wy) in ¥, (4.5.1d)
\ by P ov

with @ = (0,7] x Q; ¥ = (0,7] x I'. Moreover, the operator A is defined below in (4.5.6) as
Af = —Af; D(A) = HX(Q) N H (Q).

Regularity, exact controllability of the v-problem; uniform stabilization of the w-
problem. References for this subsection include [L-T.7], [L-T.10], [L-T.14], [Lio.4], [Lio.5], [Li.1],
[Le.1], [Las.2]. We begin by introducing the (state) space of optimal regularity

Y = D(A2) x [D(A2)] = HYQ) x HH(Q). (4.5.2)

Theorem 4.5.1. (Regularity [L-T.7, Theorem 1.3, Eqns. (1.22), (1.23), p. 203]) Regarding the
v-problem (4.5.1) with yg = {vo,v1} = 0, the following regularity result holds true for each T > 0
(recall the definition of L in (1.2b)): the map

L: gy — Lgy = {v,v:} is continuous Ly(X) — C([0,T7]; H&(Q) x H1(Q)); (4.5.3a)
— vy continuous La(X) — Lo (0, T [D(A%)]’ =V’ (4.5.3b)
V =D(A2) = {h € H¥Q): hlp = Ah|r = 0} (4.5.4)

[warning: the operator A in [L-T.7, Theorem 1.3] is A = A? in our present notation for A, see
[L-T.7, Eqns. (1.5), (1.6)]].

Theorem 4.5.2. (Exact controllability [Las.2|, [Le.1]) Given any initial condition {vg,v1} € Y
and T > 0, there exists a g2 € Lo(X) such that the corresponding solution of the v-problem (4.5.1)
satisfies {v(T"),v¢(T)} = 0.

Remark 4.5.1. Exact controllability of the v-problem (4.5.1) with two boundary controls:
vlg = g1 and Avly = g2, g1 € HE(0,T;L2(T)), g2 € L2(¥) was previously obtained in [L-T.10,
Theorem 1.2], [Lio.4], [Lio.5]. A different exact boundary controllability result with g; = 0 and
g2 € LQ(O,T;H%(F)), however, in the space [H2(2) N HE(Q)] x La(2) was obtained in [L-T.14,
Theorem 1.1]. O

Theorem 4.5.3. (Uniform stabilization [Las.2]) With reference to the w-problem (4.5.1), we
have that:
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S

(i) the map {wg, w1} €Y = D(A%) x [D(A
group e on Y;

(i)

)" — {w(t), we(t)} defines a s.c. contraction semi-

8./4_1’(015
ov

Aw‘z = € LQ(O,OO;LQ(P)) (4.5.5)

continuously in {wg, w1} € Y.
(iii) There exist constants M > 1, 6 > 0, such that

w(t) QAL | Wo wo
wy(t) w1 w1
As in past Sections 4.1-4.4, and in line with the content of Section 1, we stress once more that

all three theorems above are obtained by PDE hard analysis energy methods (not by soft-analysis
methods). As usual, the most challenging result to prove is Theorem 4.5.3 on uniform stabilization:

Y

,t>0. (4.5.6)
Y

Y

Abstract model of v-problem. We let
A = =AY, D(A) = H2(Q) N HE(Q); Go: H(T) — H*3(Q), s € R, (4.5.7)
p = Gags <= {A% =01in Q; ¢|r =0, Ag|r = go on T}, (4.5.8)
and we recall the Dirichlet map D : H*(T') — H*"2() defined in (4.2.4):
@w=Dgy = {Ap=0inQ; glr=goonT}; Go=—-A"'D, (4.5.9)

where the last relationship is taken from [L-T.7, Remark 3.2, p. 211]. Then, the second-order,
respectively first-order, abstract models (in additive form) of the v-problem (4.5.1) are [L-T.7],
[L-T.10],

d
vy + A% = A2Gags = —ADgy; — [ Y ] = A[ v } + Bgy; (4.5.10)
dt | v Vg
a=] S omn| ol |ow[7 ] =cstnm m sy

where % for B, and Gg and D, refer to different topologies. With B* defined by (Bgs,x)y =
(92, B*x) 1,y with respect to the Y-topology defined in (4.5.2), we readily find the expression in
(4.5.11) also by virtue of Gy = —A~1D.

The operator B*L. With yo = {vg,v1} = 0, we shall show that

* % U(t; Yo = 0) _ * . _ . )* .
B ng =B |: Ut(t; Yo = 0) :| = GQAUt(t; Yo = O) =-D Ut(t7y0) (4512&)
_ 9 e oy O (4.5.12b)
- 5 A Ut(t7y0 - O) - % Zt(t)a
2(t) = A w(t;yo = 0) € C([O,T];D(A%) = V) continuously in gy € La(X). (4.5.13)
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Indeed, to obtain (4.5.12a-b), one uses the definition in (4.5.11) for B*, followed by the usual
property that G342 = % on D(.A%) [L-T.7, Lemma 3.1, Eqn. (3.7), p. 212] or D*A = —8% on
D(Az) = H}(Q) [L-T.17, Eqn. (1.21)].

The regularity of z(¢) noted in (4.5.13) follows from (4.5.3a) for v, and D(A%) = H}(Q). The
new variable z(t) defined in (4.5.13) satisfies the following dynamics: abstract equation, and corre-
sponding PDE-mixed problem

2 + A%z = AGogo = —Dgo  in Q; (4.5.14a)
2 + A%z = AGoags = —Dgo 2(0, ) =0, %(0, -)=0  in (4.5.14b)
zly =0,Azlx =0 in X. (4.5.14c)

The abstract z-equation in (4.5.14) (left) is readily obtained from the abstract v-equation in (4.5.10),
after applying A~! and using the definition of z(¢) in (4.5.13). Since z(t) € D(.A%) =V (see (4.5.4)),
both B.C. are satisfied and the abstract z-equation leads to its corresponding PDE-version.

Remark 4.5.2. As already noted, the change of variable v — z in (4.5.13) and the resulting
z-problems in (4.5.14) are precisely the same that were used in [Las.2, Eqns. (2.7), (2.8), (4.3)] in
obtaining there the uniform stabilization, Theorem 4.5.3, directly; the only difference is that, in
[Las.2, Eqns. (2.8), (4.3)] g2 is expressed in feedback form: go = D*Ap; = %pt € Ly(0,00; Lo(I))
in the notation of [Las.2]. Thus, the letter p was used in [Las.2], while the letter z is used now.
Thus, the techniques in the proof of the next, sought-after result are contained in [Las.2] and indeed
in [L-T.10], [Lio.5]. O

Theorem 4.5.4. With reference to (4.5.12), we have
B*L : continuous Ls(0,T; Lo(T")) — Lo(0,T; Lo (T)), (4.5.15)

equivalently, with reference to (4.5.14),

0
the map go — a—zt is continuous Lo (0,T"; Lo(T")) — La(0,T; Lo (I)). (4.5.16)
Vs
We shall see below in the proof that this result, though not explicitly stated, is built-in in the
treatments of [Las.2], [L-T.7], [L-T.10], [Lio.4], [Lio.5] of Theorem 4.5.1.

Proof. Step 1. (Basic energy identity) We return to the basic identity of the energy method
[Las.2], [L-T.7], [L-T.10], [Lio.5], which we use with a vector field h satisfying (as usual in obtaining
trace regularity results [L-L-T.1]) the additional condition h|r = v. Thus, with h-v =1 on T, for
the solution z of a-priori regularity z € C([O,T];D(A%) = V) as in (4.5.13), we have (e.g., [L-T.10,
Eqns. (2.29), (2.32)], [L-T.7, Eqns. (2.1), (2.4)]):

2 2
%/ (aaAI/Z) + (%) ] d% = RHS; + RHS, + by 1; (4.5.17)
by
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RHS, = /HVAZ-VAde—}—/HVzt-VztdQ
Q Q

1
+§/ (V2> — [VAz?) divth+/ %V (div h) - V2dQ; (4.5.18)
Q Q
RHSQ = —/DQQVAZCZQ; (4.5.19)
Q
bor = —[(z.h- VA2, - (4.5.20)

Step 2. (Regularity of z;) To handle RHS;, we need the a-priori regularity of z,
2 = Ay (tyo = 0) € O([0, T]; D(AZ) = HL(Q)) continuously in gs € Lo(X), (4.5.21)
as it follows from (4.5.13), (4.5.3a) and H~}(Q) = [D(.A%)]’, see (4.5.2).
Step 3. (Estimate of RHS;) By (4.5.13) for z and (4.5.21) for z;, we obtain
IVAz|, |Vz| € C([0,T7]; L2(R)), continuously in gy € Lo(X). (4.5.22)

Using (4.5.22) in (4.5.18) readily yields

RHS, = O (g2,s)) o ¥ 92 € La(S), (4.5.23)

Step 4. (Estimates of RHS9 and by r) From (4.5.19) and (4.5.20), by virtue of (4.5.21), (4.5.22),
we readily obtain

RHS; 4 by = O <||92||i2(2)) . YV go € Ly(D). (4.5.24)

Step 5. (Final estimate) Using (4.5.23)—(4.5.24) in (4.5.17) yields

1 A AP AN )
5 L5 +(5)]d2—0(uwum)), Ypel(n),  (1525)

and (4.5.25) a-fortiori proves (4.5.16), as desired. The proof of Theorem 4.5.4 is complete. O

Remark 4.5.3. In this case, the proof of Theorem 4.5.4 is easier than the proof of uniform
stabilization in [Las.2]. But Claim 2.1 requires also exact controllability.
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4.6 Euler-Bernoulli plate with hinged boundary controls. Case 2: Control in
the Dirichlet B.C.

Open-loop and closed-loop feedback dissipative systems.

In the notation for Q, ', A of Section 4.5, we consider now the following open-loop problem of the
Euler-Bernoulli equation with boundary control g1 € L9(0,T; Lo(T")) = L2(X) and its corresponding
boundary dissipative version

v + A20 = 0; wyy + A*w =0 in Q; (4.6.1a)
00, ) = w0 w0, ) —vy; | w0 ) =wo, w0, ) =wy in O (4.6.1b)
wly = g1; wly = %(A%}t) in Y, (4.6.1c)
Awls; = 0; Auls = in 3. (4.6.1d)

Regularity, exact controllability of the v-problem; uniform stabilization of the w-
problem. References for this subsection include [Las.2], [L-T.7], [L-T.10]. We begin by introducing
the (state) space of optimal regularity

X = [D(A?)] x [D(A2)) = HH(Q) x V', (4.6.2)

with the space V defined in (4.5.4).

Theorem 4.6.1. (Regularity [L-T.7, Theorem 1.3, Eqns. (1.20), (1.21), p. 203]) Regarding the
v-problem (4.6.1) with yo = {vg,v1} = 0, the following regularity result holds true for each 7" > 0
(recall (1.2b)): the map

L: g — Lgi = {v,v;} is continuous Lo(X) — C([0,T]; X = H1(Q) x V). (4.6.3)

Theorem 4.6.2. (Exact controllability [Las.2]) Given any initial condition {vg,v1} € X and
T > 0, there exists a g1 € La(X) such that the corresponding solution of the v-problem (4.6.1)
satisfies {v(T"),v¢(T)} = 0.

Remark 4.6.1. Exact controllability of the v-problem (4.6.1) with two boundary controls:
vy = g1 € Lo(X) and Av|y = go € [H'(0,T; L*(T")))" was previously obtained in [L-T.10, Theorem
1.1], [Lio.5). O

Theorem 4.6.3. (Uniform stabilization [Las.2]) With reference to the w-problem (4.6.1), we
have that:
(i) the map {wp, w1} € X = [D(.A%)]’ X [D(A%)]’ — {w(t), we(t)} defines a s.c. contraction
semigroup et on X;
(i)
8A_2wt

w’z] = o < LQ(O,OO;LQ(P)) (4.6.4)
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continuously in {wg, w1} € X;
(iii) there exists constants M > 1, § > 0, such that

|

Abstract model of the v-problem. In addition to the operator A in (4.5.7), we need now
the Green map

[ wy }HX t=0. O (4.6.5)

Gy H (D) — HV2(Q), s €R; ¢ = Gigr <= {A%0 =0in Q, ¢r = g1, Ag|r =0 on I}
(4.6.6a)
G1 = D, where D is defined by (4.5.9) [L-T.7, Remark 3.1, p. 211]. (4.6.6b)

Then, the second-order, respectively the first-order, abstract models (in additive form) of the v-
problem (4.6.1) are [L-T.7]

d
Utt—i-.AQU :A2G191 = AQDgl; E [ ;}t :| =A |: :))t ] + Bgi; (4.6.7)

T o 17 o0 1.7 0 1 el e
A—|:_A2 O:|a Bgl—|:A2Glglj|_|:A2Dg1:|, B |:1'2:|_DA X2, (468)

where * for B and D refer to different topologies. With B* defined by (Bgi,7)x = (g1, B*) )
with respect to the X-topology defined in (4.6.2), we readily find the expression in (4.6.8).

The operator B*L. With yy = {vg, v} = 0, we shall show that

* _ * U(t7y0 - 0) _ * 1—1 . _
B*Lg = B [ = ] = DAl (tye = 0)
* —2 8
= D*AA v (t;yo =0) = — 3 z(t); (4.6.9)
2(t) = t;yo =0) € C([0,T]; D(AS) = V) continuously in g1 € La(X). (4.6.10)

“u(t;
Indeed, to obtal ( .6.9), one uses the definition in (4.6.8) for B*, followed by the usual property that
D*A= -2 onD(A2) = HO(Q) [as below (4.2.10)]. The regularity of z(¢) noted in (4.6.10) follows

1

3
from (4.6.3) with [D(A )] ~1(Q) with V defined by (4.5.4). The new variable z(t) defined in
(4.6.10) satisfies the following dynamics: abstract equation and corresponding PDE-mixed problem

24 + A%z = Dgy in Q; (4.6.11a)
2 + A2 = Gig1 = Dgy 2(0, - ) =0, %(0, -)=0 inQ; (4.6.11Db)
zZln =0, Azl =0 in X, (4.6.11c)

which is essentially the same problem (4.15.14). Since now g; € Lo(X) [while in (4.5.14), g2 € Lo(¥)],
Theorem 4.5.4 yields at once
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Theorem 4.6.4. With reference to (4.6.9), we have
B*L : continuous Ls(0,T; Lo(T")) — L2(0,T; Lo (T)), (4.6.12)

equivalently, with reference to (4.6.11),

0z
the map g; — 8_2 is continuous Lo (0,T; La(I")) — L2(0,T; Lo(T")). O (4.6.13)
v

4.7 Wave equation with Dirichlet boundary control:
The 1-dimensional case

In this section, let Q@ = (0,1). Consider the 1-dimensional wave equation

Vit = Ugy in (0,7] x (4.7.1a)
v(0, - ) =0, »(0, - )=0 1in (4.7.1b)
V|g=0 = g(t), w|z=1 =0 in (0,71, (4.7.1c)

with Dirichlet boundary control g € L2(0,7T). We extend g to vanish for ¢ < 0. Then, the well-known
solution of problem (4.7.1) is [L-T.1, p. 52], [L-T.21, p. 966],

K
(Lg)(t,z) = v(t,z) = th— — ) th— (k+1) +x),
k=

k even k odd
ae int, K<t<(K+1), (4.7.2)

in agreement with the physical fact that the input g applied at = 0 travels with speed equal to
1, and is reflected at x = 1 in such a way as to satisfy the zero boundary condition. It is shown in
Section 5, see Eqn. (5.1.8) below—in the multidimensional case—that for problem (4.7.1) we have

B*Lg = D*vy, (4.7.3)

where D is the Dirichlet map defined in (4.5.9), and D* its adjoint. In our present, 1-dimensional
problem (4.7.1), we have

(Dg)(z) = —gz+g, geR; D*p = /Ow(l —z)p(x)dr, ¢ € L(0,1). (4.7.4)

Goal. With reference to (4.7.3), our goal is to show that
B*L: Ls(0,T) — Lo(0,T); (4.7.5a)

equivalently, that
D*vy € Ly(0,T), continuously in g € Lo(0,T). (4.7.5b)
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Because of the solution formula (4.7.2), it will suffice to take
v(t,x) =gt —z), v(t,x) =g(t—z), 0 <t <1, (4.7.6)
and, in view of (4.7.4), show that
1
D*vy=D*¢(t— - ) = / (1 —=2)g(t —x)dx € L2(0,7T), (4.7.7)
0

for g € Ly(0,T), T < 1. We obtain

Doy =Dt = -) = (L+8)[g(t) —g(t = D]+ —1)g(t - 1)

—tg(t) — /t T r)dr € Lo(0.T), (4.7.8)

and thus (4.7.7) is established in this case. The proof is similar for the other terms of (4.7.2) for a
general T fixed. Thus, the regularity property (4.7.5) is proved for problem (4.7.1).

4.8 Wave equation with Neumann boundary control:
The 1-dimensional case

In this section, let 2 = (0,1). Consider the 1-dimensional wave equation

Vit = Ugy in (0,7] x ; (4.8.1a)
v(0, - ) =0, »(0, - ) =0 in £; (4.8.1b)
Vg |le=0 = g(t), v|z=1 =0 in (0,71, (4.8.1c)

with Neumann boundary control g € Ls(0,T'). Define the function

—/ g(o)do r>0;
0

0 r < 0.

U(r)=

Then, the solution of problem (4.8.1) is [L-T.21, p. 882],

(Lg)(t,x) = v(t,x) = 37 jarU(t =k —z) = 3,0 Ut = (k+ 1)+ ),

k even k odd (482)
ap =1, for k=0,3,4,7,8,... O
ap = -1, for k=1,2,5,6,9,10,..., K<t<K+1.

It is shown in Section 6, Eqn. (6.1.9) below—in the multidimensional case—that for problem (4.8.1)
we have
B*Lg = vi|s,, ¥o=(0,T] x I, (4.8.3)

Iy being the controlled portion of the boundary I'. In our present 1-dimensional case (4.8.1), we
have 'y = {z = 0}, the point z = 0.
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Goal. With reference to (4.8.3), our goal is to show that
B*L: Ly(0,T) — Ls(0,T), (4.8.4a)

equivalently that
Vt|z—0 € L2(0,T), continuously in g € Ls(0,T). (4.8.4b)

Because of the solution formula (4.8.2), it will suffice to take

t—x
—/ glo)do 1>t>ux;
v(t,x) =U(t —z) = 0 (4.8.5)
0 0<t <.

Therefore (4.8.5) yields

0t )| gm0 = U(t — 2)|amo = - (4.8.6)
0 0<t<u.

and (4.8.4b) is trivially verified in this case. The proof can be repeated for the other terms in (4.8.2)
for a general T fixed. Thus, the regularity property (4.8.4) is proved for problem (4.8.1).
4.9 One-dimensional Kirchhoff equation with ‘moments’ boundary control

Let 2 = (0,1). Consider the open-loop Kirchhoff equation in €2, with boundary control acting in
the ‘moments’ B.C.

Vit — YVpatt + Vgzze = 0 in (0,7] x €; (4.9.1a)
v(0, - ) =wvo, v(0, - ) =v1 inQ; (4.9.1b)
Voo = V]t = 0 in (0,7] x {0}; (4.9.1c)
Vazlomo = 05 Upzlee=1 =g in (0,7] x {1}. (4.9.1d)

We shall see in Section 7 that the Kirchhoff equation in any dimension with boundary controls in
the ‘moments’ B.C. can be reduced, modulo lower-order terms, to the wave equation with Dirichlet
boundary control, treated in Section 4.7. Accordingly, the results of this section imply:

Theorem 4.9.1. With reference to problem (4.9.1) with v9 = vy = 0, we have that the
corresponding B*L operator is defined, via (7.1.10) of Section 7, by

B*Lg = vig|z=1 (4.9.2)

and satisfies
B*L : continuous L2(0,7) — L2(0,T). (4.9.3)

Remark 4.9.1. By contrast, Section 7 will show that the regularity property (4.9.3) for B*L
is false in the multidimensional version (dim §2 > 2) of problem (4.9.1).
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5 First hyperbolic class where (2.14) fails:
B*L & L(L5(0,7;U). The multidimensional wave
equation with Dirichlet boundary control

The present section complements Section 4.7. In the latter, we showed that B*L €
L(L2(0,T; La(T")) in the 1-dimensional wave equation case with Dirichlet boundary control. In
the present section we show that this result is false if dim € > 2. Thus, Claim 2.1 in Section
2—the key theoretical result in [G-L.1]—is not applicable. Yet, uniform stabilization of the mul-
tidimensional wave equation with suitable (dissipative) feedback in the Dirichlet B.C. does hold
true: see Theorem 5.1.3 below. It was first established, for strictly convex domains €2, in [L-T.4].
This geometrical restriction was later removed in [L-T.16]. These results show that the assump-
tion B*L € L(L2(0,T;U)) in Claim 2.1 in the paper [G-L.1] is far from necessary in critical PDE
problems.

This negative fact, combined with the considerations made throughout this paper, that proving
uniform stabilization directly is preferable, conceptually and technically, over proving exact control-
lability and B*L € L£5(0,T;U), document that Claim 2.1 is not the right tool, or approach, to
seek uniform stabilization of physically significant PDE problems. This program was emphasized in
Section 1.

5.1 Preliminaries. The operator B*L

Open-loop and closed-loop dissipative systems. In this section, let 2 be an open bounded
domain in R”, n > 1, with sufficiently smooth boundary I'. We consider the open loop wave equation
on 2 with Dirichlet boundary control g € Lo(0,T; Lo(I")) = L2(X), and its corresponding closed
loop dissipative system:

v = Av wy = Aw in Q; (5.1.1a)

00, ) = vo,u(0, ) =wy; { WO )= wo, w0, ) =wyin & (5.1.1b)
I(A! ,

ve = g wly = % in %, (5.1.1c)

with @ = (0,7] x Q; ¥ = (0,7] x I'. Moreover, the operator A is defined by (5.1.6) below:
Ay = —Ay, D(A) = H3(Q) N HE(Q).

Regularity, exact controllability of the v-problem; uniform stabilization of the w-
problem. References for this subsection include [Ho.1], [L-T.1], [L-T.2], [L-T.4], [L-T.16], [Lio.4],
[Lio.5], [L-L-T.1].

We begin by introducing the (state) space of optimal regularity

Y = Ly(Q) x [D(A2)] = Ly(Q) x H1(9). (5.1.2)

Theorem 5.1.1. (Regularity [L-T.1-2], [L-L-T.1]) Regarding the v-problem (5.1.1), with y¢ =
{vo,v1} = 0, the following regularity result holds true for each 7' > 0 (recall the definition of L in
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(1.2b)): the map

L:g— Lg={v,v} is continuous Lo(X) — C([0,T];Y = Lo(Q) x H1(Q)). (5.1.3)

Theorem 5.1.2. (Exact controllability [Ho.1], [L-T.4], [Tr.5], [Lio.5]) Given any initial condition
{vo,v1} € Y and T > 0 sufficiently large, there exists a g € Lo(X) such that the corresponding
solution of the v-problem (5.1.1) satisfies {v(T),v+(T")} = 0.

Theorem 5.1.3. (Uniform stabilization [L-T.4], [L-T.15]) With reference to the w-problem
(5.1.1), we have that:
(i) the map {wo, w1} € Y = La(2) [D(A%)]’ — {w(t), w(t)} defines a s.c. contraction semigroup
e on Y
(i)
wly = —5, € L4(0, 00; La(T)) (5.1.4)

continuously in {wg,w;} € Y;
(iii) there exist constants M > 1, § > 0, such that

I I, =) ]

Again, needless to say, in line with the content of Section 1, all three theorems above are
obtained by PDE hard analysis energy methods (not by soft analysis methods). As usual, the most
challenging result to prove is Theorem 4.3.3 on uniform stabilization: this, in addition, requires a
shift of topology from La(Q) x H~1(Q) (the space of the final result) to Hg(Q) x L2(2) (the space
where the energy method works). This shift of topology is implemented by a change of variable:
this is the same change of variable that is noted below in (5.1.10).

S Me*(st
Y

Y

. t>0. (5.1.5)
Y

Abstract model of v-problem. We let

Af = —Af, D(A) = HXQ) N HHQ); D: HYT) — H*2(Q), s €R,

(5.1.6)
¢ = Dg<={Ap=0inQ; p|r =g in T},

as in (4.5.7), (4.5.9). The abstract model for the v-problem in (5.1.1) is [L-T.4], [L-T.1], [L-T.2],
[Tr.3]

d | v v
vy = —Av+ ADg; pr [ o ] =A [ o } + Bg; (5.1.7a)
. 0 I . . 0 | 21 Y
[ 20w [ O ][]

where x for B and D refer to different topologies, and where the Dirichlet map D is defined in
(5.1.6). Moreover, with B* defined by (Bg,z)y = (g9, B*z),(r), With respect to the Y-topology in
(5.1.2), we readily find the expression in (5.1.7).
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The operator B*L. With yy = {vg, v} = 0, we shall show that

* * U(t;yo - 0) * * -1
B*Lg=B = D*v(t;yo =0) = D" AA v (t;yo = 0) (5.1.8)
vi(t;yo = 0)

B o 1 . 0zt
= — 5./4 Ut(t7y0 = 0) = = E (519)
2(t) = Ay (tyo = 0) € C([0,T7; D(A%) = HJ(Q)) continuously in g € Ly(X). (5.1.10)
Indeed, to obtain (5.1.8), (5.1.9), one uses the definition of L in (5.1.3) followed by the definition
of B* in (5.1.7) and the usual property D*A = —% on H}(Q) [L-T.4, Eqn. (1.10)]. Finally,

1

the regularity of z in (5.1.10) follows from the regularity (5.1.3) on v; with H-1(Q) = [D(A2)].
The new variable z(t) defined in (5.1.10) satisfies the following dynamics: abstract equation, and
corresponding PDE-mixed problem

zy = Az + Dy, in Q’ (5111&)
2zt = —Az + Dgy 2(0, - ) =0, (0, - ) =2 in; (5.1.11b)
2z =0 in 3. (5.1.11c)

Indeed, the abstract z-equation in (5.1.11) (left) is readily obtained from the abstract v-equation
in (5.1.7), after applying throughout A~! and % to it, and using the definition of z(¢) in (5.1.10).
Moreover, since z(t) € H¢(Q) from (5.1.10), then z satisfies the Dirichlet B.C. in (5.1.11c). For g in
the class (5.1.15), we can take z; = 0, see (5.1.13).

The energy method on the mixed PDE problem (5.1.11) fails to show that % €

L5(0,T5 Lo(I')), continuously in g € L2(0,T; L2(I')), except in the 1-dimensional case. As
in [L-L-T.1], multiplying the PDE problem (5.1.11) by h - Vz, with h a C%-vector field on , with
hlr = v on T, and using the B.C. (5.1.11c), we obtain the identity [L-L-T.1, Eqn. (2.27), p. 157]:

%/2(T—t) (%)2@

= /(T—t)HVz~v2dQ+1/(T—t)[zt2— |V 2|?]div hdQ
Q 2 Jq

+ / zth - VzdQ — / (T —t)Dgih - VzdQ. (5.1.12)
Q Q
Moreover, in addition to the a-priori regularity for z in (5.1.10), we also have that for z;:
2z = A vy = A7 [~ Av+ ADg] = —v+ Dg € L(0,T; Ly(R2)) continuously in g € Lo(X), (5.1.13)

as it follows from v € C([0,T]; L2(22)) by (5.1.3) and Dg € LQ(O,T;H%(Q)) by (5.1.6) with s = 0.
[Since z; is only Ly in time, we have used the multiplier (" — t)h - Vz, to eliminate the terms at
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t =0 and t = T. Otherwise, one takes preliminarily g in the class (5.1.15) below, and uses just the
multiplier h - Vz.] Thus, the a-priori regularity of {z, z;} in (5.1.10) and (5.1.13) guarantee that all
first three integral terms on the RHS of (5.1.12) are well-defined, continuously in g € Lo(X). Hence,
we obtain from (5.1.12)

1 92\ 2
§/Z(T—t) <$> dx =0 (\\911%2(z)> _/Q(T—t)Dgth-Vde. (5.1.14)
Letting now g be (temporarily) in the class
g€ C([0,T]; La(T))  g(T) = 9(0) =0, (5.1.15)

dense in L9(X), we see by integration by parts in ¢ with use of (5.1.15), followed by the usual
divergence theorem, that

T
- / (T —t)Dgth-VzdQ = / / Dgh -Vz dQdt + lo.t. (5.1.16)
Q 0 JQ
T T
= / /Bg/z{{vy dl’ dt — / / zth - V(Dg)dd dt
0 r 0 Q
T
- / / Dg zdiv hdQ dt + l.o.t., (5.1.17)
0 Q

in view of z|p = 0 by (5.1.11c). The last integral term in the RHS of (5.1.17) is well-defined
continuously in g € Lo(X), by (5.1.13) on 2z; and Dg € LQ(O,T;H%(Q)). Thus, from (5.1.14) we

obtain via (5.1.17)
02\ 2 ) T
/Z (%) =0 (”9||L2(2)) +/0 /tah - V(Dg)dS2dt. (5.1.18)

One-dimensional case. In the one-dimensional case, (Dg)(z) is a linear function of xz, see
(4.7.4), thus V(Dg) = 0 and we get

97\ > 9
L(5) =0 (lslm). (51.19)

thus re-proving—in a more complicated way!—the result of Section 4.7.

Multidimensional case: dim > 2. In this case, the a-prioriregularity of z; € Lo(0,T; L2(Q))
1
and Dg € LQ(O,T;H%(Q)), hence |V(Dg)| € L2(0,T; (Hg(2))") [L-M.1, p. 85] show that, roughly

speaking, “%” space derivative is apparently missing in order to have the integral term on the RHS

of (5.1.18) well-defined. This will be confirmed by the actual counterexample in Section 5.2.
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5.2 Counterexample to (2.14): B*L ¢ L(L(0,7;U)). Wave equation with Dirich-
let boundary control in dimension > 2

It will suffice to consider the wave equation defined on a 2-dimensional half-space, with Dirichlet
boundary control. So let

Q=R ={(z,y): 2>0, yc R}, T ={(0,9) : y € R} = Q|,—0. (5.2.1)

On 2 we consider the wave equation with Dirichlet boundary control:

Vgt = Uga + Uyy in @ = (0,00] x € (5.2.2a)
v(0, - ) =0, v(0, - ) =0 in Q; (5.2.2b)
vy =g in¥=(0,00) xT, (5.2.2c)

where g € Ly(0,00; La(T")). We have seen in Section 5.1, Eqn. (5.1.8), that for problem (5.2.2) we
have
B*Lg = D*v,. (5.2.3)

Goal. We want to show that: given T > 0, there exists some g € L2(0,T; L2(I")) such that
B*Lg & Ly(0,T; Ly(L)). (5.2.4)
To this end, it will suffice to show that there exists g € L4(0, 00; Lo(T")), such that
e "(B*Lg)(t) & La(0,00; La(T)), (5.2.5)
no matter which constant v > 0 we choose.

Proof of (5.2.5). Our proof is inspired by [L-T.11, Counterexample, p. 294], for a different
type of result.

Step 1. Let (7, x,n) denote the Laplace-Fourier transform of v(t,z,y): Laplace in time ¢t —
T=7v41i0,v >0, 0 € R, and Fourier in y — in, n € R, leaving x > 0 as a parameter. We then
obtain for the solution of (5.2.2) vanishing at x = oo:

720 = Ugp — 020; or v(1,z,m) = g(r,n)e” V 72‘”7%, x> 0;

40t =P+ 0’ - o) + 2i0. (5.2.6)

Step 2. Let ¢ € Lo(0,00; Lo(I")). We consider the Laplace equation in €2, with Dirichlet B.C. on
I given by ¢ a.e. in ¢, that is, in the notation for D in (5.1.6):

u = Dy, where uzy +uy, =0in Q; ulr =¢ inT. (5.2.7)
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The solution u = D¢ of problem (5.2.7) is given by the well-known formula in the transformed
variables [Hab.1, Sect. 9.7.3, p. 375]:

a(r,x,m) = Do(r,2,m) = @(r,m)e” " v 7.n e R, &> 0. (5.2.8)

Step 3. To establish the negative result expressed in (5.2.5), it suffices to show that: there
exists g € La(0, 00; Lo(I')), such that

(e7*"B*Lg, g) = 00. (5.2.9)

L(0,00;L2(T))
We prove (5.2.9) in a few steps.
Step 3(i). First, we establish that: for all g € L2(0, 00; Lo(I")), we have

—9t o
(e "B Lgvg)Lg(O,oo;M(F))

1 o0
T // lg(rm)|? /O e Vel dz do dn, (5.2.10)
R2

where ]Rgn denotes the 2-dimensional Euclidean space in the variable ¢ and 7.

Proof of (5.2.10). Recalling (5.2.3), the Parseval identity for Laplace transforms [D.1, Theorem
31.8, p. 212] and (5.2.6), (5.2.8), we compute (~ indicates the Laplace transform in (5.2.13)), where
T =r7+410:

(e*2~/t(B*Lg)(t),g(t))LQ(Opo;LQ(F)) :/0 672'Yt(B*Lg,g)L2(F)dt (5.2.11)

(by (5.2.3)) = / e27t(D*vt,g)L2(p)dt:/ efQA’t(vt,Dg)LQ(Q)dt (5.2.12)

0 0
1 > —~
(by [D]-v p. 212]) = % (Ut(T’x7y)vDg(Tvzay))LQ(Q)dU (5213)
1 o _
= 2—/// T0(1,2,1n)Dg (T, 2,n)dx do dn (5.2.14)
n 0
R2

(by (5.2.6), (5.2.8)) = %// /OOOTQ(T, ne VAT oir e " dg do dn (5.2.15)
R2

1 D
= %// lg(rm)|? /O e VT e dy do d, (5.2.16)
R2Z
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and (5.2.16) establishes (5.2.10), as desired. In (5.2.13), (5.2.14), we have invoked Parseval formula
for Laplace t — 7 [D.1, p. 212] and Fourier transform y — in; while in (5.2.15), we have recalled
(5.2.6) and (5.2.8) with ¢ = g.

Step 3(ii). Define the (bad) region in the (o, n)-plane by
Boy={0>0,1>0, o> +n* > 1; ° <o <dn’}, (5.2.17)

so that By, is the set in the first quadrant comprised between two parabolas.
In view of identity (5.2.10), in order to establish the negative result (5.2.9), it is sufficient to
show that: there exists g € Ly(0, 00; La(T")) such that

//0|§(0,n)\2/ e~ ReV TN o =lnle g do diy = oo, (5.2.18)
0
Bo

Proof of (5.2.18). First, we write recalling 72 + n? below (5.2.6):
z=72419% 2= A+iB, A=Reyz = Re\/72 + % (5.2.19a)
A2 — B2 =~%21 9% — 02, AB = 2vo. (5.2.19b)
Solving the system in (5.2.19b) by elementary computations, we obtain
A2 = 87°” i . (5.2.20)
{(0? =n* =7?)? + 169207 }2 + (0 — 1> — 7?)

Next, restricting to (c,71) € By, where o ~ 1?, we obtain

2

in By, : A2~ % ~1; A=Re\/72 + 172 ~ 1, Rey/72 + 12 > 0. (5.2.21)

By use of (5.2.17), (5.2.21), we then have for (o,n) € By,

> 1 1

—Rey/T24n%x *\Tl|$d — ~ — 5.2.22

e e T . 2.
/0 Rey/7m24+n2+n 1 ( )

Using (5.2.22) in (5.2.18) yields
//a!g a,n ]2/ e RV T o= 10le 4o dor iy = //g\g(a, n)|?do dn (5.2.23)
Born !
oy 6217)  ~ [ nlg.nPdrdn~ [ [ oHatom Pdodn (5.2.24)
Bs Bs

where in (5.2.24) we have invoked (5.2.17). Thus, it suffices to take a function §(o,n) which is
Ly(Byy), and no better, on B, and zero elsewhere, to obtain the sought-after function producing
the negative conclusion (5.2.9).
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6 Second hyperbolic class where (2.14) fails:
B*L ¢ L(Ly(0,7;U). The multidimensional wave equation with
Neumann boundary control

The present section complements Section 4.8. In the latter, we showed that B*L €
L(L2(0,T; La(T")) in the 1-dimensional wave equation case with Neumann boundary control. In
the present section, we show that this result is false if dim € > 2.

Remark 6.1. In all the hyperbolic or Petrowski-type PDE problems considered in the present
paper, we always have that the generator A in Eqn. (1.1) is skew-adjoint, modulo a scalar multipli-
cation of the identity; that, A = iS + kI, S self-adjoint in Y and k a real constant (equal to zero
in the conservative case). In this case, in view of Proposition A.1 in the Appendix, the following
result holds true

B*L € L(L2(0,T50)), = L € L(Ly(0,T;U);C([0,T];Y)), i.e., property (6.1)
i.e., property (2.14) (1.3); equivalent to property (1.4),

where B* is defined with respect to the Y-topology. Several PDE hyperbolic/Petrowski-type are
known [L-T.19, Section 1.2] where:

(i) Property (6.1) (right) for L fails to be true when Y is the desirable space of finite energy in
dim Q > 2; a fortiori, property (6.1) (left) for B*L also fails to be true.

(ii) Yet, uniform stabilization with boundary dissipation, say, active on the whole boundary (or
a portion of the boundary, under suitable geometric conditions) does hold true in the space of finite
energy: a fact that has been known for over 20 years. We list two physically significant cases:

Ex. #1: The wave equations with Neumann boundary control in dim © > 2, as in Eqn. (6.1.1)
of Section 6.1 below.

Ex. #2: The Euler-Bernoulli plate model in dim Q = 2, with free B.C.:

(v +A?v+v=0 in (0,7] x Q2= Q; (6.22)

6.2a

U(O, : ) = Vo, vt(oa : ) =v1 in Qv (6 2b)

[Av+ (1 —n)Bv]s =0 in (0,7 xT' =%; (6.2¢)

O (1 —mBw| =g % (6.2d)
% 5

where 0 < 1 < 1 is the Poisson’s modulus and By and Bs are the usual boundary operators, defined,
say, in [Lag.1], [L-L.1], [L-T.21, Vol. 1, p. 249].

Regarding Ex. #1. Here, with reference to problem (6.1.1) below, the space of finite energy
is Y = HY(Q) x Ly(2) as in (6.1.2) below. Yet, for dim Q > 2, the map: g — Lg = {v, v;} defined
by problem (6.1.1) is not continuous: Lo(X) — C([0,T]; H(Q) x L2(f)). See counterexample in
[L-T.11, p. 294]. Nevertheless, uniform stabilization of the multidimensional wave equation with
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suitable (dissipative) feedback in the Neumann B.C. does hold true in the finite energy space: see
Theorem 6.1.2 below. It was first established with progressively more relaxed geometrical conditions
in [C.1] in 1979, [Lag.1]. Geometrical conditions were later further relaxed [L-T.16], [B-L-R.1].

Regarding Ex. #2. Here, with reference to problem (6.2a-d), the space of finite energy is
Y = H2(Q) x Ly(). Yet, for dim © > 2, the map g — Lg = {v,v;} defined by problem (6.2a-d)
is not continuous Lo(X) — C([0,T]; H?(2) x Lo(f2)). Nevertheless, exact controllability /uniform
stabilization results for the corresponding dissipative problem on such space H?(2) x Lo () of finite
energy are given in [Lag.1], [L-L.1], with geometrical conditions relaxed or eliminated by virtue of
the sharp trace results in [L-T.18].

Thus, Claim 2.1 in Section 2—a stronger result than the key theoretical result in [G-L.1]—is not
applicable. This shows that the assumption B*L € £(L2(0,7;U)) in Claim 2.1 and in [G-L.1]-paper,
is, once more, far from necessary in critical PDE problems. These negative facts, combined with the
considerations above document that Claim 2.1 is not the right tool, or approach, to seek uniform
stabilization of physically significant PDE problems.

Notwithstanding the considerations made above in Ex. #1 (via Proposition A.1 of the Appendix),
in the next Subsection 6.1.1 we are going to show directly, by means of an explicit counterexample
in dim Q > 2, that B*L & L(L2(0,T;U)). The analysis of the present counterexample for B*L is a
modification of that in [L-T.11, p. 294] for L.

6.1 Preliminaries. The operator B*L

Open-loop and closed-loop, feedback dissipative systems. In this section, let {2 be an open
bounded domain in R™, n > 1, with sufficiently smooth boundary I'. We consider the open-loop wave
equation in © with Neumann boundary control g € L4(0,7; L2(I'1)) = L2(31), and its corresponding
closed-loop dissipative system:

(v = Av Wy = Aw in Q;

v(0, - ) =vg, 1(0, - )= w(0, - ) =wp, w(0, - )=wy in

v, =0 w[g, =0 (6.1.1c
0 0

kel R QU — in %, (6.1.1d
87/ Y1 81/ Y1

with Q = (0,7] x Q, ¥; = (0,T) xI';,i=0,1; T =TqUTI1, Tg# ¢, [gNT1 = ¢; h-v < on I'y for a
coercive smooth vector field h on €.

For the treatment of the present section, we shall not need to invoke the theory of sharp/optimal
regularity of the mixed v-problem, for which we refer to [L-T.9], [L-T.11], [L-T.12], [L-T.20], [L-T.21,
Sect. 9.4, p. 857 for dim Q = 1], [Ta.2].

Exact controllability of the v-problem; uniform stabilization of the w-problem. We
begin by introducing the finite energy (state) space (which is not, however, the space of optimal
regularity [L-T.11, Counterexample, p. 294 in dim > 2])

Y =D(A2) x Ly(Q) = HY(Q) x La(Q); (6.1.2)
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Af =Af, D(A) = {f € H*(Q) : flr, = 0; %

= } . (6.1.3)
I

Theorem 6.1.1. (Exact controllability [L-T.8], [Lio.4], [Lio.5], [B-L-R.1], [Ta.l], [L-T-Y.1],
[L-T-Y.2]) Given any finite energy initial condition {vg,v1} € Y and T > 0 sufficiently large,
there exists a g € Lo(X) such that the corresponding solution of the v-problem (6.1.1) satisfies
{v(T),v(T)} = 0. ]

Theorem 6.1.2. (Uniform stabilization [C.1], [Lag.1], [L-T.16], [B-L-R.1], [Ta.l], [L-T-Y.1],
[L-T-Y.2]) With reference to the w-problem in (6.1.1), we have that:
(i) the map {wg, w1} €Y = D(.A%) X La(2) — {w(t),w:(t)} defines a s.c. contraction semigroup
e on Y
(i)
ow
v

= —w; € LQ(0,00;LQ(Pl)) (614)
P
continuously in {wg,w;} € Y;

(iii) there exist constants M > 1, § > 0, such that

Il ] ]

Remark 6.1.1. (i) Let o = ¢. Then, instead of Y = Hf (Q) x Ly(f2), one has to take
the proper subspace Yy = {[uj,us] € Y : fFl urdl + [ u2dQ = 0} [L-T-Y.2, p. 32] for uniform
stabilization.

(ii) We also refer to [Tr.5, Section 5], [L-T-Z.1], [T-Y.2] for the more demanding case of the
purely Neumann B.C., i.e., with 2—15‘20 in (6.1.1c), including the variable coefficient case. 0

2
4>0. O (6.1.5)
Y

w _
eAt 0 S Me ot
Y w1

Again, in line with the content of Section 1, both theorems above are obtained by PDE hard
analysis, possibly pseudo-differential, methods (not by soft analysis methods).

Abstract model of v-problem. The abstract model for the v-problem in (6.1.1) is [Tr.1],
[L-T.1], [L-T.2]:

d | v v
vy = —Av+ ANg pr [ o ] =A [ v } + Byg; (6.1.6)
A—[_A 0},39—[.4]\[9},3 |:x2:|—N.A£L‘2—£L‘2|[‘1, (6.1.7)
3 . ou
N:H*(T)— Hz2(Q), seR; u=Ng<= {Au=01in Q,u|p, =0, 2l =9 (6.1.8)
Vlp,

where * of B and N refers to different topologies. With B* defined by (Bg,x)y = (g9, B*¥)r,r)
with respect to the Y-topology in (6.1.2), we readily find the expression in (6.1.7).
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The operator B*L. With yy = {vg, v} = 0, we shall show that

* _ p* U(t; Yo = O) _ATH . _ _
B*Lg=B [ vt o = 0) ] = N*Av(t;yo = 0) = ves,, (6.1.9)
recalling N*A = - |p [L-T.8], [L-T.21, Vol. 1].

6.2 Counterexample to (2.14): B*L & L(L,(0,7;U)). Wave equation with Neu-

mann boundary control in dimension > 2

It will suffice to consider the 2-dimensional half-space setting of Section 5.2, however, now with
Neumann boundary control:

Vgt = Ugg + Uy in @ = (0,00) x (6.2.1a)
v(0, - ) =0, »(0, - )=0 in (6.2.1b)
Vglo=0 = ¢ in ¥ = (0,00) x T, (6.2.1c)

where g € L2(0,00; L2(T")), see [L-T.11, Counterexample, p. 294]. We have seen in (6.1.9) that

B*Lg = v|x. (6.2.2)

Goal. We want to show that: given T > 0, there exists some g € Ly(0,T; L2(I")) such that
B*Lg ¢ Lo(0,T; Lo(T)). (6.2.3)
To this end, it will suffice to show that there exists g € L3(0, 00; Lo(T")) such that
e "(B*Lg)(t) ¢ La(0,00; La(T)), (6.2.4)
no matter which constant v > 0 we choose.

Proof of (6.2.4). We follow closely [L-T.11, p. 294-5].

Step 1. Let (7, x,n) denote the Laplace-Fourier transform of v(t,z,y): Laplace in time ¢t —
T=741i0,v >0, 0 € R, and Fourier in y — in, n € R, leaving x > 0 as a parameter. We then
obtain for the solution of (6.2.1)

) e
-

2 A ~
TD = VUgy — M .
(1, ), 6.2.5

{ :1) 2 41?2 ) (625)

2
61(7—3 0777) = g(

724+ 792 = (42 +n? — 02) + 2iyo as in (5.2.6).
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Step 2. We shall show that

| e IE witmd = [ e o0 )@

—//y \2 d dn, (6.2.6)

where R?m is the 2-dimensional Euclidean space in the variables o and 7. In fact, recalling (6.2.2),
the Parseval identity for Laplace transforms ¢ — 7 [D.1, Theorem 31.8, p. 212] and for the Fourier
transform y — i, as well as (6.2.5) for z = 0, we compute (~ denotes the Laplace transform in

(6.2.8)):

[ e @it = [ o lmd (6.2.7)
_ / / 2, (1,0, y) |2 dt dy
1 o0 o0 B
(by [D.1, p. 212)) = g/ / [54(7, 0, ) 2dor dy (6.2.8)
1 o0 o0 2~ 2
= 5 IT|°|0(7,0,y)|*do dy
1 o0 o0 2/\ 2
= o |7|%|0(7,0,n)|*do dn (6.2.9)
2
by (6.2.5 - / / 2 19l g 6.2.10
(by (6:25)) O drdy (6210

_ / / Ir |2|9 |d o dn, (6.2.11)

and (6.2.11) establishes (6.2.6). In (6.2.8) and (6.2.9) we have invoked the Parseval identity for the
Laplace transform ¢ — 7 [D.1, p. 212] and for the Fourier transform y — in; while in (6.2.10), we
have recalled 0(7,0,7n) from (6.2.5) with z = 0.

Step 3. For fixed v > 0, we define, as in [L-T.11, Eqn. (2.18)], the (bad) region By, of the first
quadrant of the (o,7n)-plane by
By, ={(o,n) € R?:2y0 > 1, n>0:|y* +n* —o?| < 1}, (6.2.12)
comprised between the equilateral hyperbolas v2 + 1n? — 02 = +1, around the equilateral hyperbola
Re(r2 +n? —0?) =0 for 0 > % We note that in 87, we have

in BY, 10 ~mn; T2+ 0% ~ 0~ (6.2.13)
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In view of identity (6.2.6), in order to establish the negative result (6.2.4), it is sufficient to show
that: there exists g € L2(0, 00; La(I")) such that

d dn = 6.2.14
// IT2+772| = ( )

Indeed, (6.2.14) holds true, since by (6.2.13) we have

2‘ 2
9(r,n)]
// 72 12| dUdHN//olg 7,)|*do d. (6.2.15)

Thus, it suffices to take a function §(o,n) which is in Lo(Bdy) and no better on B, and zero
elsewhere, to obtain the sought-after function producing the negative conclusion (6.2.14).

7 A third hyperbolic class where (2.14) fails: B*L & L(L,(0,T;U)).
The multidimensional Kirchhof equation with ‘moments’ bound-
ary control

Section 4.9 stated that, when dim € = 1, the Kirchhof equation with moments boundary control
does satisfy property (2.14) on B*L by reducing this problem to the one-dimensional wave equation
with Dirichlet-boundary control. The same reduction shows that, when dim €2 > 2 ;| the Kirchhof
equation with moments controls fails to satisfy property (2.14) on B*L.

In this section we consider the hyperbolic Kirchhof equation on an open bounded domain €2, dim
Q) > 2, with boundary control acting on the ‘moment’ boundary conditions. Because of the special
nature of the boundary conditions, this mixed PDE problem can be converted into a wave equation
problem—more precisely, the z-problem (5.1.11) in Section 5.1—modulo lower-order terms. Thus,
the results of Section 5.1 can be invoked, in particular, the counterexample in Section 5.2. As a
result, we likewise obtain that B*L ¢ L(L2(0,T;U)) for the present class of Kirchhof equations.

7.1 Preliminaries. The operator B*L

Open-loop and closed-loop dissipative systems. In this section we let {2 be an open bounded
domain in R", n > 2, with sufficiently smooth boundary I'. We consider the open-loop Kirchhoff
equation in €, with boundary control acting in the ‘moment’ B.C. (actually, the physical moment,
in dim £ > 2, is a slight modification of our B.C.), and its corresponding closed-loop dissipative
system:

2, _ 0.
vt — YAV + A% = 0; wi = yAwy + A%w =0 in Qs (7.1.1a)
v(0, - ) =g, ve(0, - ) =wv1; w(0, - ) =wo,w(0, - ) =wr in (7.1.1b)
0
vz =0, Avls = g; wls, = 0, Awls = — % in ¥, (7.1.1c)
1%

with Q@ = (0,7] x 2; ¥ = (0,7] x I. In (7.1.1a), v is a positive constant, v > 0 (this is critical to
make (7.1.1) hyperbolic).

59



Regularity, exact controllability of the y-problem; uniform stabilization of the w-
problem. References for this subsection include [L-T.15], [H-L.1]. We begin by introducing the
(state) space of optimal regularity

Y = D(A) x D(A2) = [H2(Q) N HL(Q)] x HL(Q), (7.1.2)

where Ay = —A as in (5.1.6). For the stabilization result, we shall topologize Y with an equivalent
norm, in which case we use the notation

Y, = D(A) x D(A2); (7.1.3a)

(F1.12) ) = (A, o)y, fr, fo € DAAT) = HY(9). (7.1.3b)

3
+)

Theorem 7.1.1. (Regularity [L-T.15]) Regarding the v-problem (7.1.1), with yo = {vp,v1} = 0,
the following regularity result holds true for each 7' > 0 (recall (1.2b)): the map

L:g— Lg={v,v} is continuous Ly(X) — C([0,T]; Y = [H*(Q) N HY(Q)] x HY(Q)). (7.1.4)

Theorem 7.1.2. (Exact controllability [L-T.15], [H-L.1]) Given any initial condition {vg,v1} €
Y and T > 0 sufficiently large, then there exists a g € La(X) such that the corresponding solution
of the v-problem (7.1.1) satisfies {v(T),v+(T")} = 0.

Theorem 7.1.3. (Uniform stabilization [L-T.15], [H-L.1]) With reference to the w-problem
(7.1.1), we have that:

(i)
the map {wop, w1} € Yy = D(A) x D(A2) — {w(t),w(t)} (7.1.5)

defines a s.c. contraction semigroup et on Y,
(i)
ow

Auwly, = — 8—I/t € Ly(0, 00; Ly(T)) (7.1.6)

continuously in {wg, w1} € Y;
(ili) there exist constants M > 1, § > 0, such that

w(t) At | Wo wo
e
wy(t) w1 w1
This result was first shown in [L-T.15] for Q strictly convex. Then this geometrical condition was
eliminated in [H-L.1].
Again, in line with the content of Section 1, all three theorems above are obtained by PDE hard

analysis energy methods (not by soft analysis methods). As usual, the most challenging result to
prove is Theorem 7.1.3 on uniform stabilization.

Yy

< Me™ , t>0. O (7.1.7)

Y, Y,
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Abstract model of v-problem. [L-T.15] We let A and D be the operators in (5.1.6). Then,
the abstract model for the v-problem in (7.1.1) is [L-T.15, Eqn. (2.7), (2.9), p. 70]

vir = —(I +yA) " Ao + A7 Dgl; i[ ! } :A[ N }+Bg; (7.1.8)
dt Vt Vt
A= —(I+~A)" 1A 0}7 Bg = [_([jL,YA)lADg], B [w} = D*Axy.  (7.1.9)

With B* defined by (Bgs, )y, = (92, B*¥),(r) with respect to the Y,-topology in (7.1.3), we readily
find the expression in (7.1.9).

Reduction of v-model to a wave equation model, modulo lower-order terms.

The operator B*L. With yy = {vg,v1} = 0, we see that

B*Lg, = B [ vt 10 = 0) ] = =D Av(tyo = 0) = 5~ (tiyo = 0), (7.1.10)

recalling the standard property that D*A = — % on H}(Q).

Goal. Our goal in this section is to show that for the v-problem (7.1.1), we have

B*L ¢ £(L2(0,T; Ly(T)). (7.1.11)

Reduction of v-model to a wave-model. Using [L-T.15, (C.3), p. 100]

1 1
(I +~7A) 1A% = A —I+ (I +~A)"" on D(A) (7.1.12)
Yo Y
in the v-equation (7.1.8), yields
Av D I (I+~A)7! -
vy = — 2y tlz - ( 72 ) (v+A 1D9)7 (7.1.13)
Y Y Y Y

where v|s; = 0 by (7.1.4). Motivated by (7.1.13), we then introduce the abstract equation

U = %Au — %Dg in Q; (7.1.14a)
Au  Dg .
uyp=————,0or ¢ u0, -)=0, w0, -)=0 in (7.1.14Db)
Y Y
ulg =0 in 3. (7.1.14c)

We note that the u-problem in (7.1.14) differs from the v-problem in (7.1.13) only by lower-order
terms in v, and smoother terms in g. Thus, the u-problem and the v-problem possess the same
regularity. In particular, recalling (7.1.4), we have

{u,us} € C([0,T); [H*(Q) N HL(Q)] x HL()) continuously in g € Ly(X). (7.1.15)
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Thus, in light of (7.1.10), in order to prove (7.1.11), we shall equivalently establish that: with
reference to the u-problem (7.1.14), we have

0
the map g — % is not continuous La(X) — Lo(X). (7.1.16)
v

Indeed, statement (7.1.16) follows at once, if we introduce the new variable z = u; € C([0, T]; H3 (),
continuously in g € La(3). Then, the u-PDE problem in (7.1.14) becomes essentially the z-PDE
problem in (5.1.11) with same a-priori regularity as in (5.1.10). For this z-problem, the statement

0
the map g — a—z is not continuous Lo(X) — Lo(X), (7.1.17)
v

equivalent to (7.1.16) has been proved by virtue of the counterexample in Section 5.2. Hence, the
desired conclusion (7.1.11) is established.

8 A fourth Petrowski’s class where (2.14) fails: B*L & L(L5(0,T;U)).
The multidimensional Schrodinger
equation with Neumann boundary control

8.1 Exact controllability /uniform stabilization in H*(Q), dimQ > 1

Here, to make our point, it suffices to consider the canonical case of the multidimensional Schrédinger
equation:

( iy — Ay = 0; wy — Aw =0 in Q; (8.1.18a)
Yln, = 0; wly, =0 in Xo; (8.1.18¢)
y ow
—=| =wue€ Ly(Xy); — = —w; in Xy, (8.1.18d)
ov o | Ov o

where I =TqUTy, [oNTy =¢, 0o #0, h-v <0in [y for a coercive smooth vector field h(x) on
Q. We then leave more general situations (variable coefficients in the principal part; energy level
H'(2)-terms with variable coefficients, etc.) to the literature [Tr.9 |, [T-Y.1], etc. We shall focus
on the exact controllability /uniform stabilization results.

Theorem 8.1.1. (Exact controllability [M.1], [Le.1], [Tr.9], [T-Y.1]) Let T" > 0 be arbitrary.
Then, the y-problem in (8.1.1) is exactly controllable on the state space H %O(Q), with Lo(%4)-
controls, ¥; = (0,7] x I';.

Theorem 8.1.2. (Uniform stabilization [M.1], [Le.1], [Tr.9], [T-Y.1]. (i) The w-problem in
(8.1.1) is well-posed in the semigroup sense on the space H%O(Q); i.e., the map wo — w(t) = eArtw

defines a s.c. semigroup e#* on H%O(Q), which is contraction in the equivalent norm of D((—A F)%)
(ii) Moreover, the w-problem is uniformly stable on H 1lO(Q): there exist constants M > 1,6 >0
such that [eArt|| < Me™%, t > 0, in the uniform operator norm. O
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Remark 8.1.1. First, [Le.1] shows the result under more general ‘geometric optics’ conditions.
Next, the case where -|5, = 0 is replaced by %—Hgo = 0 for both the y and the w-problem is much
more challenging, it requires an additional geometrical condition [L-T-Z.2]. O

The regularity result is considered (at least in the negative sense for dim € > 2) in Section 8.2
below.

8.2 Counterexample for the multidimensional Schrodinger equation with Neu-
mann boundary control: L ¢ L(Ly(0,T;U); H(S?)), € > 0. A-fortiori: B*L ¢
L(L(0,T;U))

The present section complements Section 8.1. Here, the focus will be on the multidimensional case
dim © > 2. Two main results of negative character are given, with the second being implied by the
first by virtue of Proposition A.1 in Appendix A:

(1) With reference to the boundary — interior map L defined in (1.3), we shall show by means
of a counterexample that: L ¢ L(L2(3); L2(0,T; H'(2)), though H'(f) is the space of exact
controllability /uniform stabilization, as seen in Section 8.1. Even more drastically, we shall show
that

L ¢ L(Ly(X); La(0,T; HS(2)), VYVe>D0. (8.2.1)

This negative result is the counterpart of the negative result for wave equations with Lo (X)-Neumann
control given in [L-T.11, Counterexample, p. 294], which was already invoked in Section 6. The
present proof is an adaptation of that given in [L-T.11].

(2) As a consequence of part (1) via Proposition A.1 of Appendix A (see also the implication
(6.1), we deduce that B*L € L(L2(0,T;U)) in the present case.

Counterexample. It will suffice to consider the Schrodinger equation on a 2-dimensional half-
space, the setting in Sections 5.2 and 6.2, with Neumann boundary control. Hereafter, we let 2 = R;
and I' = Q|,—0 as in (5.2.1). On Q we consider the problem

Wt = Ugg + Vyy 10 Q = (0,00) x Q; (8.2.2a)
v(0, -)=0 in Q; (8.2.2b)
Vgle=0 =g in¥=(0,00) xTI. (8.2.2c)

Goal. We want to show that: given T > 0, there exists some g € L2(0,T; L2(I")) such that
Lg=wv¢ Ly(0,T; H(Y)), Ve>D0. (8.2.3)
To this end, it will suffice to show that there exists g € L4(0, 00; Lo(T")) such that
e " (Lg)(t) = e v(t) ¢ Lo(0,00; HE(Q)), (8.2.4)

no matter which constant v > 0 we choose.
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Proof of (8.2.4.) Step 1. Let 0(7,x,n) be the Laplace-Fourier transform of v(¢, z,y): Laplace
in time t - 7 =v+ 140, v > 0, 0 € R, and Fourier in y — in, n € R, leaving x > 0 as a parameter.
We then obtain for the solution of (8.2.8), where n? + it = (n? — o) + iy:

A o 2~ N

1TO = Vg — N°0 .

) oo or o(r,x,m) = — 29(7’ ) V(P o)ty @ (8.2.5)
0z (1,0,m) = g(7,m) (n* — o) +ivy

Step 2. For fixed v > 0, we define (by adaptation of [L-T.11, Eqn. (2.18)], or (6.2.12)) the
(bad) region By, of the first quadrant of the (o, n)-plane by

BZUE{(UJ])GRQ: o>1,n>0:|n* -0 <1} (8.2.6)

comprised between the two parabolas n?> —o = =+1 in the first quadrant, around the parabola n? = o.
We note that in By, we have

inB),: o~ (0P —0)+inl~1 [y <|(n*—o0)+iy < V1+92 (8.2.7)

Rev/(n? — o) +iy ~ 1.

Step 3. In order to establish the negative result (8.2.4), it is sufficient to prove that: there
exists g € Lo(0,00; Lo(T")) such that, recalling (8.2.5), we have

€ln € g N — —0)+iyx
n|[e] = || | (Jz(_a))L = e Rey/(n*—o)tive ¢ 1,(0, 00; Ly(Q)). (8.2.8)

To this end, we compute

/// ’77‘26 (1, 77)\ 7R6\/(n2*0)+i’y *dx do dn (8.2.9)

— o)+ iy

//\ 126 |g(0 nl* ! do dn (8.2.10)
- o) +iy] Rey/(n — o) + iy
on

oy 527~ [ [n*lgt.nPdodn (s:2.1)

where in the last step we have invoked (8.2.7). Thus, it suffices to take a function §(o,n) which is
Ly(B2y), and no better, on By, and zero elsewhere, to obtain the sought-after function producing
the negative conclusion (8.2.4).
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Appendix: From the regularity (2.14) of B*L to the regularity of
(1.3) L

Proposition A.1. Consider system (1.1) under the assumptions stated there in (i) and (ii) on A
and B. Assume further that
(i)
B*L € L(Ly(0,T;U)); i.e., property (2.8); (A.1)
(ii) A is of the form A = iS + kI, with S a self-adjoint operator on Y and k € R, so that
A" = —A+2kI, and
e =AM s e R (A.2)
Then, with reference to (1.2b), we have that

L : continuous L9(0,T;U) — C([0,T];Y). (A.3)

Proof. First, since A is the generator of a s.c. group on Y, we can invoke the lifting theorem from
[L-T.5], [L-T.21, Chapter 7]: accordingly, in order to establish (A.3), it is sufficient (and necessary)
to prove that

L : continuous Ly(0,T;U) — L2 (0,T;Y). (A.4)

We thus show (A.4). To this end, let w € L9(0,7;U). Then, the following inner product on
Ly(0,7;U) is well-defined:

T 2t
/ <{B*Lu}(t),/ ek(tT)u(Qt—T)dT> dt = well-defined (A.5)
0 t U
T t 2t
= / <B* / A7) Bu(r)dr, / e_k(t_T)u(Qt—T)dT> dt (A.6)
0 0 t U
T ¢ (t—7) 2t A* (t—7)
= / </ 6A2Bu(7')d7',/ e 2ek(t7)Bu(2t—7)dT> dt (A.7)
0 0 t Y

(use (A.2) with s = 57)

T/t e 2y
= / </ e’ 2 Bu(T)dT,/ e 2 Bu(2t—7')d7'> dt (A.8)
0 0 t Y

(change of variable 1 —t =t — o0, or 0 =2t — 1)

Trrt e b o)
= / </ ez Bu(T)dT,/ e’ 2 B(J)d0> dt (A.9)
0 0 0 Y

T 2
/0

dt (A.10)

¢ A(f*T)
/ e” 2 Bu(r)dr
0 Y
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T 2
::L/Q /ﬁéw“QBu@OQdé 2dr (A.11)
0 0 Y
3 / ML) 2 dr, (A1)
0

after setting 5 = ¢ in going from (A.10) to (A.11), and after recalling L in (1.2b) and
setting p( - ) = u(2 - ) in going from (A.11) to (A.12). Next, making (A.5) more precise by virtue
of assumption (A.1), the identity from (A.5) to (A.12) yields via Schwarz inequality

t
2 ="

T 2t
2
[P e < 18 Ll | [ ezt = ar (A3
0 t Lo (0,T5U)
(invoking (A.1) and using the change of variable 2t — 7 = s)
o [t
< B Ll lulzaoroy | [ wordo| (A1)
0 L2 (0,T3U)
where [[| || denotes the norm in L£(L2(0,T;U)). Thus, since ||ul r,0,7/2:07 = lull1,(0,r50), then
(A.14) leads to
1Ll oo 2.0y < CrlB LIl 2y 0 2.0 (A15)
e.g., with Cr = e?*T\/T and (A.15) proves (A.3) since T is arbitrary. O

Corollary A.2. Proposition A.1 applies to the v-system (2.1), with A and B defined in (2.4),
A* = —A (hence k = 0), onY:D(A%)XH. O
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