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Abstract

In this work, we derive a result of exact controllability for a structural acoustic partial differ-
ential equation (PDE) model, comprised of a three-dimensional interior acoustic wave equation
coupled to a two-dimensional Kirchoff plate equation, with the coupling being accomplished
across a boundary interface. For this PDE system, we show that by means of boundary con-
trols, the interior wave and Kirchoff plate initial data can be steered to an arbitrary finite
energy state. In this work, key use is made of recent, microlocally-derived, L? x H~' “recov-
ery” estimates for wave equations with Dirichlet boundary data. Moreover, the coupling of
the disparate acoustic wave/Kirchoff plate dynamics is reconciled by means of sharp regularity
estimates which are valid for hyperbolic equations of second order.

1 Introduction and Statement of Main Results

1.1 Statement of the Controllability Problem

Let  C R3 be a open, bounded set, with sufficiently smooth (two-dimensional) boundary T'. More-
over, we asume that I' = I'; Uy, where I is a flat surface. For this geometry, we have the following
controlled partial differential equation (PDE) model:

2z = Az on (0,T) x Q
=wu; on (0,7) x T

= on (0,T) xT'y

SES b

v — YAvy + A0 + 2|y, = a(z)ug on (0,T) x Ty
V]or, = Av|sp, =0 on (0,7) x 9l

[2(0), 2:(0), v(0), v:(0)] = [Zo, o] -

Here, the functions u; are the “controls” of the system, invoked here so as to influence the behaviour
of the dynamics in a way we shall describe presently. Also, a(x) is a C?-coefficient which is locally



distributed on Iy, with moveover dT'y C supp(a). In addition, we specify that 0 < a(x) < 1,
with a(z) being identically 1 on a connected portion of T'y, with this portion containing oT. (One
might think of a as a “smoothing out” of a characteristic function, with respect to this connected
portion of T'y.) Moreover, the “moment of rotational inertia parameter” v which appears in the plate
component of (1) is strictly positive, in which case the PDE, when u; = 0 and ug = 0, manifests
hyperbolic dynamics.

Our primary goal in this paper is to study reachability properties of the controlled model (1)
in the relevant finite energy space of initial data. Our emphasis here that we steer arbitrary data
of finite energy, is not only due to physical considerations, but also to the implications of such
controllability properties on other control theoretic questions related to structural acoustic flow.
For example, exact controllability for finite energy data is directly applicable to optimal control
theory, inasmuch as the validation of such a reachability property means that the so-called “finite
cost condition”, or sufficient condition for optimizability, is satisfied. With this goal in mind, our
space of well-posedness H is here given to be

H=H XH(), (2)

where
Hy = H'(Q) x L*() and Hy = [H*(To) N Hy(To)] x Hy(To). (3)

Therewith, our objective in this paper is to find controls uy,uy which will steer, exactly, the given
(finite energy) initial data to an arbitrary target state, at time 7" > 0. In this work, we are invoking
the classical definition of exact controllability:

Definition 1 We say that the PDE (1) is exactly controllable at time T > 0 if, for given initial
data [Zy,70] € H and arbitrary terminal state [Zr,vr] € H, there are functions u; € L*(X1) and
up € L2(0,T; H~Y(T'g)) such that the corresponding solution of (1) satisfies [Z(T),d(T)] = [Zr, Ur].

Remark 2 Our choice here of the control space L*(X1) (resp., L*(0,T; H=*(T))) is optimal, inas-
much as it is optimal with respect to the control of the uncoupled wave (resp., Kirchoff plate) equation.

1.2 The History and Significance of the Problem

The PDE system (1) is an example of a structural acoustic interaction; namely, it comprises an
acoustic wave equation (in variable z) on the interior of €, coupled to a structural plate equation
(in variable v) on the flat boundary portion I'g. Although the PDE modelling of structural acoustic
interactions has been an ongoing enterprise for decades—see e.g., [33],[13]-the last fifteen years in
particular have seen a flourishing in the literature of those studies concerned with structural acoustic
PDE’s. The principal reason for this increased interest is the recent development of engineering
technologies which have allowed the implementation of practicable schemes for the active control
of external noise, as it enters a given structural acoustic system. Such recent contributions to
the literature deal with various topics; e.g., optimal control, stability, controllability, regularity,
numerical computation ([11],[5],[6],[3],]29],[19],[30],[15],[8],9],[1],[22],[21],[14],[17]).

In these papers, a wave equation is typically invoked in the modelling, so as to describe an
interior acoustic field; on the other hand, either wave, plate, beam or shell equations, subject to
various degrees of damping, have been utilized so as to model the structural component of the
coupled PDE system. But amongst all these distinct structural acoustic PDE examples, there is
one unifying complication which makes the analysis of structural acoustic interactions a worthy
and challenging field of endeavor: namely, the mode of coupling between the acoustic wave and
structural PDE dynamics is by means of unbounded trace terms on the boundary interface. It is
the need to reconcile the presence of these acoustic wave trace terms—for which the classical Sobolev



Trace Theorem cannot be applied—which has essentially dictated the analysis which underpins many
of the known control theoretic results for this model (see e.g., [5] and [21]).

In one particular control application associated with structural acoustic interactions, pointwise
control-namely, a linear combination of derivatives of delta functions—is implemented on the “active”
portion of the boundary interface (which is T'g in the present paper), so as to attenuate the disrupting
effects of external noise which enters into a given structural acoustic system. By means of an analysis
of the role played by the unbounded trace coupling—an analysis which necessitates a departure into
sharp regularity studies of second order hyperbolic equations under the action of boundary data
of precisely specified smoothness—it is shown in [5] that a quadratic regulator problem, which is
wellposed in familiar spaces of finite energy, can be formulated with respect to the aforesaid pointwise
control actions. Subsequently, the optimal control for this problem can be characterized by means
of operator solutions to an associated Riccati equation; regularity properties of these operators
depended critically on the analysis undertaken for wave traces.

This previous work in [5] is concerned then with optimization; alternatively, in the present
work, we will be concerned with the ezact controllability problem associated with the PDE (1),
as it is explicitly defined in Definition 1. This definition underscores our prime concern to work
within the finite energy state space H, rather than in other spaces with perhaps non-intrinsic and
operator/generator-dependent topologies (see e.g., [30]). Our interest in H is certainly motivated
by the physical relevance of finite energy initial data; but more than that, reachability results
attained with respect to H can be subsequently applied to other areas of control theory, such as
optimization and optimal control design. As an example of a “finite energy” reachability result in
structural acoustics, a property of boundary controllability is stated in [10] for a canonical wave-
wave interaction—i.e., a wave equation on I'y is invoked in [10], in place of a Kirchoff plate-with
this property being valid for arbitrary initial data in the relevant finite energy space. In particular,
in [10], precise geometrical configurations are given which will ensure exact controllability for the
both acoustic and structural wave states, in the case that control is implemented only on the active
portion of the boundary (which, again, is I'g in the present work). (This specification of the geometry
is no violation of the now classic work [12], which gives sufficient conditions for the boundary control
of waves on a bounded open set.) However, as seen in [10], the price to pay for controlling the given
wave-wave interaction on I'y only, is that the controls must be very “rough” with respect to time.

But while we wish in the here and now to obtain reachability results in the basic space H, the
work required to obtain such results is mathematically demanding; for, in such an effort, one is
foregoing the liberty of “tailoring” a topology in order to fit the regularity of certain unbounded
quantities—in particular, boundary traces—which tend to appear during the course of analysis, and
which result from the interaction of the respective components (wave and plate) of the system. In
fact, the main contribution in this paper is the approach developed therein so as to deal with the
unboundedness of these boundary traces. This approach partly involves an exploiting of recent
results in both the “hidden regularity” of Kirchoff plates, and “sharp trace theory” for solutions
of wave equations under the Neuman boundary conditions (i.e., the “non-Lopatinski” case). The
estimates provided by this regularity results really constitute the supporting pillars of the overall
analysis.

Again, our intent here is to study reachability properties of the controlled 3-D PDE (1), with
controls being enacted on the boundary I'g and I'y; here, the Kirchoff plate component should con-
stitute a more “faithful” realization of the structural component of a structural acoustic interaction,
than the canonical wave equation presented in [10]. As in the earlier [10], we are after a simple and
direct statement of exact controllability, which addresses all finite energy initial data. Accordingly,
the imposition of control on I'y is unavoidable. We could proceed to specify geometrical conditions
for which control on I'; is limited to just a portion thereof, by invoking, say, the precise statements
in [24] and [27]; but this would detract from the principle aim of the paper: namely, to validate the
exact controllability property given in Definition 1, with the locally distributed control coefficient



a(x) in place.

By way of highlighting the technical difficulties associated with the stated exact controllability
problem for (1), we recall the earlier work [9], wherein the controllability of (1) is considered, with
a(x) = 1 therein. In this paper, a subtle decoupling of the problem is undertaken by means of the
known sharp regularity for the boundary traces z|.. and 2| (see Theorem 4 and Lemma 6 below.
As we said earlier, this appeal to “esoteric” sharp boundary trace regularity theory is a sine qua
non for the attainment of many, if not most, structural acoustic results of any interest). Because
of this decoupling, an algorithmic approach is adopted in [9] which sequentially takes into account
the known controllability results for wave equations under Neumann boundary control, and Kirchoff
plate equations under fully distributed internal control (the latter being of course, in and of itself,
less than technically demanding).

On the other hand, in the present paper, we assume that the coefficient a(z) in (1) has its localized
support situated about the boundary. Thus, after a decoupling of the system, to be done as in [9)
by the usage of microlocally-derived trace regularity results, we will ultimately be confronted with
the problem of controlling the Kirchoff plate by means of locally distributed control, with respect
to the relevant space of finite energy (as well as the aforementioned wave equation under Neumann
control); this controllability of the plate component is the heart of the matter. Stated broadly, our
work here will chiefly involve generating the continuous observability inequality which is dual with
respect to exact controllability, as defined in Definition 1 (see the inequality (14) below). We should
say, at this point, that in handling the controlled Kirchoff component, one cannot simply appeal
to the known results in [26] which are applicable to boundary controlled (and uncoupled) Kirchoff
plates. In point of fact, the relevant observability inequality in [26] is obtained for solutions in a
finer topology—i.e., “one unit higher’—then Hy, as defined in (3). With this higher norm estimate
in hand, one can subsequently use duality with the fact that the underlying Kirchoff semigroup
will evolve for a sliding scale of spaces D(A%') x D(A%) (where the [“Dirichlet Laplacian”] Ap is
as defined in (5) below), so as to infer the corresponding controllability property for the uncoupled
Kirchoff plate under boundary (or locally distributed) control. On the other hand, for the generator
which is associated with the structural acoustic flow (1), maximal dissipativity apparently obtains
only for initial data in H; i.e., there is generally no sliding scale for structural acoustic initial data.
(See however, [8], wherein wellposedness for a related structural acoustic interaction is derived for
initial data “one-half unit higher” [plus a compatibility condition], with respect to the acoustic wave
component. This result, however, is microlocal in derivation, and not at all a product of semigroup
theory.)

To obtain the continuous observability inequality for the exact controllability of (1) (in particular,
to handle the contribution from the Kirchoff component), we will invoke a inverse-type of estimate
which was derived in [4], and which is valid for wave equations under Dirichlet control and forcing
terms of a particular form (The use of this estimate is allowed by the assumption that moment
of parameter v > 0). In particular, this recovery estimate reconstructs the initial energy of the
Dirichlet wave (read transformed Kirchoff plate) energy from measurements of boundary terms.
Subsequently, in order to handle these boundary terms, it will become necessary to invoke the
classic paper [23], which gives interior and boundary regularity results (by means of the multiplier
method) for Dirichlet-controlled wave equations with “suitable” forcing terms.

To conclude our introductory remarks, we cite the main technical ingredients of the present work.
They are:

(i) Reconstruction/observability estimates in negative (“dual”) norms, with applications to bound-
ary controllability of Kirchoff plates;

(ii) Sharp trace regularity theory, corresponding to the wave equation with Neumann (non-Lopatinski)
boundary conditions;



(iii) Hidden regularity of boundary traces in negative norms for Kirchoff plates with essential bound-
ary data.

1.3 Statement of the Main Result

We assert that to achieve the exact controllability result which is posted in Definition 1, it is enough
to consider the exact controllability question for the following PDE system, again within the class
of controls L?(X1) x L%(0,T; H=1(T'g)):

ziw = Az on (0,T) x Q
—Z—i—z:ul on (0,T) xI'y
v

|
Ny

5 = V¢ On (O,T> XFO

vy — YAV + A0 + Zt|ro = a(z)up on (0,T) x Ty
v|gp, = Avlgp, =0 on (0,T) x 9T
[2(0), 2(0),v(0), v¢(0)] = [2, To] -

By way of justifying our claim, we start by deriving the following regularity result for solutions
of (4), corresponding to given initial and boundary data:

Lemma 3 For given data {[Zy, V0], u1,u0} € H x L2(X1) x L*(0,T; H=Y(Tg)), the solution [Z,7] of
(4) satisfies the following estimate:

HZ’ZtHC([O,T];H%’E(Q)XH*%’E(Q))—FH[v’vt]||c([07T];Ho) =Cr (H[ZO’UO] 7“0=“1||HxL2(21>xL?(o,T;Hfl(Fo») :

Proof of Lemma 3: Let Ap : D(Ap) C L?(I'y) — L*(Ig) (resp., P, : D(Ap) C L*(Ty) —
L?(T'y)) be the positive definite, self-adjoint operator defined by
Apg = —Ag, D(Ap)=H*(To)N Hy(To):
Py = (I+74p), D(Py) = D(Ap). (5)
From the now classic results in [16], one has the following characterizations:
D(Ap) =~ H*(To) N Hy(To); D(y/Py) ~ Hj(Ty).
These Sobolev space identifications of D(Ap) and D(y/Py) allow the Hy-norm in (3) to be given by
= HUOHD(AD) + ||U1HD(\/§) :

H
Now, if we let Ag : D(Ag) : Hy — Hy be defined by

0 1 . 3

Vo
U1

then it is readily seen that A generates a Cy-group {eAUt} rer 00 Ho. Accordingly, for 0 < s < T,
the plate component of the solution of (4) may be written as

U(S) _ ,Aos _/S Ap(s—7) 0 d
T R R Al ST

S S S
_ Aps = Ap(s—7) 0 Ap(s—1) 0 . 0
= e U+A/e° [ _ :|d7'+/6 { _ ]dT { _ HG
0 *Jo P72y, 0 P (auo) Pt zlp, o)



Estimating this will yield now, for all 0 < s < T,

[[v(s), ve(s)lll g, < Cr (H Z|F0”L°°(0,S;L2(Fo)) + HUOHL2(0’T;H—1(FO)) + ||[50,170]||H1xH0) . (7)
At this point, we recall the following result in [36] (see also [25]):

Theorem 4 (see Theorem 3.1 of [36].) Let ¢ satisfy the following wave equation on (0,s) x €,
where § is a smooth bounded domain:

by = Ad on (0,8) x Q
% +a(x)p =g on (0,s) xT' (where L -coefficient a(x) >0 onT)
[¢(0), ¢,(0)] = Zo.

Then we have, continuously, {Zo, g} € Hyx L2((0,s)xT) = [¢,¢,] € C([0,s]; H5~¢(Q)x H~57¢()).
Appealing to this result with,

_ ul(tvx)a r el
g(t,z) = { ve(t, z), x €T,

the estimate (7) becomes, for all 0 < s < T,

2 * 2 2 2 S oo1p2
nwam@m%S@(Anwummﬁ+wny@)uwhmqumuHMwmm)
Gronwall’s inequality now gives, for 0 <t < T,

o e), e, < Cr (el ags,) + NolFa o 1oy + 20, W1l - (5)

In turn, combining this estimate with Theorem 4 gives

2 2 Soo2
22l o < a3 -<camy < O (Nallzamyy + ol zaqo sy + 120, TlllE) - (9)
The estimates (8) and (9) complete the proof of Lemma 3. O

With Lemma 4 in hand, suppose now that the controls [u1,ug] € L*(31) x L?(0,T; H1(Ty))
are such that the corresponding solution of (4) satisfies [Z(T"), ¥(T)] = [Zr, vr], for given target data
[Zr, Ur] € H. Then from Lemma 3 and the Sobolev Embedding Theorem, we have (conservatively)
2| € L*(X). Subsequently, if we set [u}, uf] = [u1 — 2|, ,uo], then [Z,7] satisfies the PDE (1), with
controls [uf, uy] in place, and as we said, satisfy the reachability property [Z(T'), 0(T)] = [Zr, Ur].

The reason we will consider the problem (4), instead of (1), is that on the afore-defined space
H, one will avoid the acoustic wave “steady states” which are inherent in the original problem (1),
inasmuch as pure Neumann boundary conditions are being considered for the z-variable. In fact, if
H is topologized through the inner product

([2717} ) [67 U])H = /QVZO - VsodQ + (ZO|F1 5 §0|F1)L2(F1) + (217 gl)LQ(Q)

1 1
+(Apvo, Apvo) r2(re) + (P7 vo, PYv0) 12(1y)5 (10)

then an invocation of the Lumer-Phillips Theorem will yield that the structural acoustic flow, de-
scribed in (4), is associated with the generator of a Cyp-group on H. Consequently, this semigroup
generation will yield the wellposedness,

{[Z0, %) € H, uy = 0, ug = 0} = [7,7] € C([0,T]; H). (11)



On the other hand, when boundary data is present in the model (4), Lemma 3 states that the
spatial regularity of the wave component is below the level of finite energy. This circumstance is
not unexpected, since it is essentially “inherited” from uncoupled wave equations subject to L?(X)-
boundary data (see [25]).

But as we said, our principle intent here is to investigate reachability properties of the structural
acoustic model (1) for arbitrary initial data [Z, @] in H, by means of controls [u1,ug] in L?(31) x
L?(0,T; H 1(Tp)). In turn, by the reasoning which we gave above, it suffices to study the associated
exact controllability problem for the (Robin) system (4). In this connection, our main result in this
paper is as follows:

Theorem 5 For terminal time T > 0 large enough, the PDE (4) is exactly controllable in the sense
of Definition 1.

The proof of Theorem 5 hinges on ascertaining the surjectivity of the control to terminal state
map, which is associated with the exact controllability of (4). We could proceed to flesh out this
abstract map by generating the necessary (and cumbersome) operator theoretic quantities; but we
desist from doing so, and instead direct the reader, if he or she is unfamiliar with the classic functional
analytical argument relating exact controllability to its “dual problem”, to [34] and [24]. (See also
[7] which deals with exact controllability relative to a different coupled PDE system). The relevant
observability inequality, which is dual to the exact controllability of (4), is as follows: Consider the
homogenous PDE,

¢y = A¢ on (0,T) x Q
922 4+¢=0 on (0,T) x Iy
8—f:wt on (0,7) x Ty

Wit — 7Awtt =+ AQW —+ ¢t|F0 =0 on <O,T) X PO
¢lr, = Adlp, =0 on (0,7) x T

[(b(T)a ¢t(T)7w(T>7wt(T)] = [¢O’ ¢17w0aw1] € H.

With respect to this structural acoustic system, we make the denotation
E(t) = Ey(t) + Eu(t),

where the respective acoustic wave and Kirchoff plate energies are given by

284(0) = [ 100 +620)] a2 [ (6001, dss 28000 = Aty +IPro (-

I
Note that one can verify directly that, as expected, the energy of the system (12) is conserved;

ie.,

Et)=E(s), forall0<s,t<T. (13)

With the backwards problem (12) in mind, the PDE (4) will be exactly controllable, within the
class of controls L?(X1) x L?(0,T; H1(Ty)), if the solution variables [¢, ¢,,w, w;] of (12) satisfy the
following inequality, for T' > 0 large enough:

T T 2
&(T) < O </ ¢fdP1dt+/ Hpé (awt)‘ ) dt (14)
o Jr, 0 L2(To)



The rest of the paper is accordingly geared towards the derivation of the inequality (14). In the
course of our work, we will propagate many so-called “lower order terms”. By lower terms terms,
denoted throughout as l.o.t.(¢, d), we mean

lot.(3,3) = O (H [&, a} , (15)

C([O,T];HlS(Q)XHE(Q)XHZE(Fo)XHlf(Fo)))

where again, FS', Jﬁ] is the solution component of (12).

2 Concerning the Wave Component of (12) (First Part of
the Proof of Theorem 5)

2.1 An Energy Relation for the Wave Component of (12)

As we said above, the proof of Theorem 5 is tantamount to deriving the inequality (14), to which
end we will devote our energies. To start, we will derive a relation for the interior acoustic variables
[@, ¢;], which we will find useful throughout. To wit, multiplying the interior wave component of
(12) by ¢,, and integrating by time and space, we have for all 0 < ¢ < T

T
E(T) =€)+ [ 00y oy (16)

The fact that the duality pairing on the right hand side may be taken in the H? (To) x H-2 (To)-
topology is a consequence of the result in [31], a work which addresses the regularity of second order
hyperbolic equations, under the action of Neumann data:

Lemma 6 (See Theorem 3, p. 443 of [31].) Let (¢, ¢,] solve the following boundary value problem
n (0,T) x Q:
0 —Ap=0 on (0,T) x Q,
% +az)p =g e L20,T; H2(T)) on (0,T) x T (where L®-coefficient a(x) >0 on T)
[£(0), ¢:(0)] = 89, ¢1] € H(Q) x L*(Q).
Then we have the estimate

T
AIM@%mﬁS@®Wwﬂé@wmﬁA

r 2
1

2.2 The Main Estimate for the Wave Component of (12)

Throughout, we will invoke the denotations Qs = (6,7 — ) x Q, s = (6,7 —6) x "' and ;5 =
(6,T — 6) x I';. Let h(x) be a [C? (ﬁ)]n vector field which is to b specified below. An invocation of
the classical wave multiplier i - V¢ (e.g., see [32],[35],[20],[40]) to the wave component in (12) gives

i H(z)V¢ - VdQs =

1
| witn-veyasas— [ o(h-voyasis -3 [ oineviss
30,5 S1s S

1 T—6

-3 /Eﬁ IVo|* h - vdSs + % /Q (‘Vgﬁ‘? _ ¢f) div(h)dQs — [(¢ta - v¢)L2(Q)] . (17)

)

IThis estimate is now known not to be sharp with respect to the boundary datum g (see [36],[25],[38],[2]). But
since this estimate will suffice for the present paper, we beg off from citing the pluperfect boundary trace regularity.



Here, the matrix H(z) is the quantity

dry  Ows  Ox:

By | P2 Oh Oha
- 81’1 81}2 83:3
8%1 81’2 8333

We next apply the quantity (b(x)div(ﬁ) to the wave component in (12), where B(J:) is any vector
field in [C? (ﬁ)] ° (to be eventually specified). Integrating in time and space, and subsequently using

Green’s Theorem and the identity V¢ - V (qﬁdiv(ﬁ)) = ¢V (dw(ﬁ)) - V¢ + |Vo|? div(h), we obtain

T-6

[ (8 = 1907) diviyigs = | (. o)

H—‘(Q)XH‘»(Q)] 5

+ / oV (dw(h)) VdQs — / widdiv(h)dSos + | *div(h)dSy.e. (18)
Qs =

0,6 Y18

Upon estimating this relation, by means of Sobolev Trace Theory and 2ab < a? + b2, we obtain

[ (et = 9o dintinc

< O | widSes+e / IVo|? dQs + 1.0.t. (5,@). (19)

30,5 Qs

Setting now h(x) = il(:v) = r — xo, where, say, zg € R3 is any point of I'y-and so necessarily
(x — x0) - v(z) = 0 on T'p—we have upon combining (17) and (19), the estimate

/Q§ Vo|*dQ < C. (‘/Zoéwt(h-wdzo +/EM

T
+C [ wt|2d20+ch,,€g¢(T)+ch7e/0 @90 13 1y et 3oy | 2108 (6,3) (20)
0,6

2

99

or

d¥ + ¢§d21>

31,6

(in deriving this estimate, we have also implicitly used the relation (16)).

To handle the first term on the right hand side: Since h(z) = x — xg, with z¢ being on Ty, then
h(z) is a scalar multiple of some (unit) vector 7(x), say, where 7 is a vector tangent to I'y. In short,
we have 5

/ o (h-Ve)dSo = C [ w0 2las. (21)
Yo,s Yo, or

With the term % in mind, we recall the following “sharp” regularity result for boundary traces
of solutions to wave equations:

Lemma 7 (See [36], p. 113, Theorem 3.1, Theorem 3.3(a); see also [38]). Set parameter n as

,if Q is a parallelepiped;

=

’]7 =
, if Q is a smooth, bounded domain.

wl—



With Ty being a flat portion of the boundary of 1, then if w solves the wave equation
wg = Aw on (0,T) x
2_111/1 +a(z) =g € L*0,T; H'(Ty)) on (0,T) x Ty (where L>-coefficient a(x) >0 on T)
[w(0),w¢(0)] = [wo,w1] € HY(Q) x L*(Q),

one has the estimate,
||wHL2(07T;H1=n(FO)) <Cr (”g”Lz(O,T;H"(FO)) + H[wval]HHl(Q)xLZ(Q)) 2
Applying this estimate to (21) results then in

T-6 a¢
So,s ) T/ Hn(Do)x H=7(T)

Cr ||°Jt||L2(o,T;Hn(ro)) ( Es(T) + ||wt|L2(0,T;Hn(FO))>

IN

< E(T) +1ot(6,9). (22)

For the second term on the right hand side of (20), we recall the following, microlocally derived,
estimate:

Lemma 8 (See Lemma 7.21 0f [27]). Let ¢ be a solution of the wave equation on (0,T) X, or more
generally, any second-order hyperbolic equation with smooth space dependent coefficients. Then, for
all 6 > 0, we have the estimate

/:6/* <%>2dtdf* < Crgs (/OT 5 P2dtdr, +/OT/F <%)2dtdr> tlot (5’ “7)’ (23)

where 'y is any smooth connected segment of boundary T.

Applying the estimates in (22) and (23)-with I, = T'; therein—to the right hand side of (20)
gives then

/@ Vol2dQ < C (/2 $2dS + E4(T) +/OT ’<wt’¢t>H%(Fo)xH*%(Fo)’ dt) +lot. (Q’s', a) . (24)

where the constant C' above does not depend on the terminal time T > 0. R
Subsequently, we can combine this estimate with that in (18)—where, therein, h is any vector
field satisfying div(h) = 1-so as to have

T

T-6
2 7 o
/5 Ey(t)dt < c( | S+ Eu(T) +/O ‘(wt,qﬁt}H%(Fo)xH%(FO)‘dt> +lot (6.3),

where, again the constant C' above does not depend on time 7. Using again the acoustic wave
relation (16), we have then, for T' large enough,

T
(T — C — 28)E5(T) < Cr (/0 ‘(wt, ¢t>H%(F0)><H_%(FO)‘ i+ | qbdel) tlodt. (¢, w) .

2 As explicitly stated in Corollary 3.4(b), Theorem 3.3(a), we have{g, [wo,w1] = 0} € H"(Z) = w|p € HI7"(2).
However, in the details of proof, it is evident that we have, continuously, g € L2(0,T;H"(T¢)) = w €
L2(0,T; H'~"(T)).

10



Applying Lemma 6, we get, finally,
(T —C —26)E(T)

- 3 - 3
2 2 2 7 o
Cyr (/0 ||wt|H%(F0)dt> {8¢(T)+</0 ||wt|H%(F0)dt>} +Cr [ ol 1ot (gf),w)

8E4(T) + Cr | ¢2d%; +lot, (55, a) .

PN

IN

IN

By these means, we have thus derived the following:

Theorem 9 For terminal time T > 0 large enough, the solution of the interior acoustic wave
component in the coupled system satisfies the following estimate:

EoT) < Cr | ¢2d5, + Lot (557 a) . (25)
P

3 Concerning the Plate Component (Second Part of the Proof
of Theorem 5)

In a fashion wholly analogous to that which lead to the relation (16), we have for all 0 < s <t < T,

t
Eult) = Eu05) = [ (0054 0y (26)

where, again, the topology of the duality pairing is validated by Lemma 6. In this Section, we shall
prove the following:

Theorem 10 For terminal time T > 0, the plate component of (12) satisfies the following estimate
forall0<t<T:

T 1
7d¥, +/ HPf(awt)
0

D3}

E.(t) < Cr ( ;(FO) dt) +lo.t.(¢,@). (27)

Proof of Theorem 10:
To start, we set ¢ = Aw, where again w is the plate variable in (12). This gives the boundary
value problem,

Yy — AP = ¢t|r0 +wy on (0,T) x Ty
Ylop, = 0 on (0,T) x 9Ty
(1), (T)] = [Awo, Awq]. (28)

For this boundary value problem, we recall the following “recovery estimate”, which was derived
in [4]:

Lemma 11 (See Theorem 4.2 of [{]). Suppose that ¢ satisfies the following wave equation on
(0,T) x Ty, where Ty is a (smooth) bounded and open set:

d
Vou —Ap —F(9) = fi+ fa on (0,T) x To.

11



Here, F is a first-order linear differential operator in time and space, with L ((0,T)xT'g)-coefficients.
Moreover, the forcing terms fi € L2(0,T; L2(To))NC([0, T); H=2+<(Ty)), and f, € L2(0,T; H~1(Ty)).
Then for T > 2diam(Y), we have the estimate for all t € [0,T],

e Z2rg) + IO F-1 0y
de 2
2
< {||<P||L2((0,T)xaro) + H%

2
+ el -1 (0,m)x10)
H=1((0,T)x0T0))

T
2 2 2
JF/O [”leLZ(FO) + Hf?HHfl(FO)} dt + ||f1|c<[o,T];H%+f(ro)}'

(Here, n(x) is the unit normal vector which is exterior to 9Ty.)

We proceed now to apply this estimate to the wave equation in (28), with
fizwit ;s F=f=0.
Doing so, we obtain then for all 0 <t < T,

I @72(00) + 1 OF-1r0)
2

oY 2
< Orqll+ + 1l -
{ O || g—1((0,1)x0r0)) HEHO D) xTo)
T
2 2
" /o oo+ Blig I 2 oyt + [lwe + ¢|F0HC([0,T1;H%“<FO)}
o |)? .
< o || +lot. (qu) (29)
M| g-1((0,1)xor0))
(in writing down the last estimate, we are using the fact that || (b\ro || is bounded by

(o, T8+ (r)
lower order terms, by virtue of the Sobolev Trace Theorem).

Apparently, we must estimate the term ‘ %%’

. To this end, we let a(z) be a
H~1((0,T)x0'0))

smooth cutoff function which is identically one on 0Ty, and moreover satisfies

supp(a) C {z € supp(a) : a(x) =1} (30)

(again, a(z) is the locally distributed coefficient which appears in (1) and (4)).
Subsequently, we multiply the boundary value problem in (28) by the coefficient a(z), and make
the change of variable

¥ = ax)y. (31)
As defined, we then have that [1]}, ILJ solves the following problem:

Vi — A = — (PAG+ 2V - V) + awy + @ ¢ylp, on (0,7) x Ty
171’ =0 on (0,T) x 9T (32)

To

[9(0). (¥),(D)] = [ax) Awo, a(w) Awr]

Concerning this boundary value problem, we recall the following regularity results:

12



Lemma 12 (see [23], Theorem 2.3 and Remark 2.8, therein.) Suppose that ¢ satisfies the following
wave equation on (0,T) x Ty, where Ty is a (smooth) bounded and open set:

You —Ap =L f + fo on (0,T) x Iy,
¢lp, =g on (0,T) x g

[£(0), ¢4 (0)] = [0, 1]

where forcing terms f1 € L*(0,T; L*(Ty)), f2 € L?(0,T; H~*(Ty)), boundary data g € L*(0,T; L*(0Ty))
and initial data [dg, 1] € L*(Q) x H=*(Q2). Then, continuously, we have

[p. ) € C([0,T); L*(To) x HH(Ty)); g—f € H'((0,T) x 8Iy).

Applying the Lemma 12 to the boundary value problem (32), with

fiza(we+glp,); fo=—(WAa+2Va- Vi),
we obtain the estimate, for all 0 <t < T,

~ 112
H [{b(t)’{pt(t)} ‘ L2(To)x H-1(T'o)) Z_:[/)
H=1((0,T)x8T0)
< < |¢Aa+2va~v¢|if_1(ro)dt+/OTHa(wt+ ¢|F0)Hi2(ro)dt
o+ [a(w) Awo, @) Arll 2y -1 v )
< ( |wAa+2va-vw|Z1<p0)dt+|[a(wmwo,a(wmm}Iiwa1@0))

-Hot( ). (33)

To refine the right hand side of this inequality, we note first easily that,

/||wAa||H )dt<C/ TN dt<0// Aw)? dTydt. (34)
@upp(a

Moreover, for any ¢ € H}(I'g), we have

(Va- Vw7@>H*1(FO)><H3(FO) =" . ¥ (Va- Vo + pAa) dlo;
0]
whence we obtain the norm estimate
IVa- Vol gy < Ca - (Aw)? dTy. (35)
supp(a

Applying (34) and (35) to the right hand side of (33) gives now, for all 0 <t < T,

~—

|[2®.9.0)]

L2(To)x H—1(T)) || 0 H—1((0,T)x5Ta)

T
< Crgs (/ / ( (Aw)2 dlodt + |[d($)AWOvd(x)AW1]||2L2(FO)xH1(F0)>
0 supp(a)
tlot. (55, w) . (36)

We proceed now to estimate the first term on the right hand side.

13



Proposition 13 The plate variable of the system (12) satisfies the relation

T 2
/0 lalwllar,, dt

2 t=T

T 1
< C / HPE aw H dt +
(0 b,

Proof of Proposition 13: Applying the coefficient a(x) to the plate component in (12), we
obtain the system
(aw);, — YA (aw),, + A? (aw) +a ¢t|Fo = [AQ’ a] w =7y (wirha+2Va- Vwy) on Ty
awlp, = 0;  A(aw)|p, = 2Va - Vwlyr,  on 9l
(aw(T), aw(T)) = (awo, awr) (37)

[(PHawn, Pha)

HI(FU)XH(%(FU)] =0

) + lo.t.(¢,a).

(above, as usual, [P}, P;] denotes the action of commutation with respect to two pseudodifferential
operators P;,P; in OPS*1(R?) and OPS* (R?), respectively). Thereto, we multiply both sides of
the PDE by aw and subsequently integrate in time and space. Integrating by parts, we eventually
obtain the following relation:

T
/0 INCEI

_/OT

1 2 0(aw)
P2 H Wa -Vl , 20 A2 alw, , dt
H ~ ((IWt) L2(F0) + ( a w|8Fo on )LQ(OFD) + <[ CL] w a’w>[H2(Fo)] x H2(To)

t=T

v >H—1(r0)xH(}(ro) B (a ¢|F° 76Lw)LZ(Fo)L_O

T T
+/ (v(Aa)w: + a ¢lp, ’awt)m(ro) dt + 27/ (Va - Vs, awt>H*1(F0)><Hé(Fo) dt
0 0

t=T

— |7 (AQ)wr, aw) (ry) + 27 (Va - Vi, a) o) ity o) | t=0

Estimating the right hand side of this expression, by making use of the known Sobolev regular-
ity of the commutator—see e.g., [39]; in particular, [AQ,a] e L (HI(FO), [HQ(FO)}/)fthe Sobolev
Embedding Theorem and Leibniz’ Formula, we have

T 9 T 5 T 1
[ ottt < e [ ey de+ [P awn)

N 1
RPWQ (awy), P} (aw)>H1(F0)><H1(FO)]
0]

N /OT daw) ||*

2Va-Vulgr, + ——
T 2
< 6/ laAw|| 72y dt +
0

2

dt
L2(Tg)

t=T

+
t=0

dt +1.0.t.(, D)
L2(8T)

on

t=T

(P, P )

Hl(Fo)XHé(FO):|t—O

T, 5 L
+C /O Hp,f(awt)HLQ(Fm dt +1o.t.(3,5), (38)

where in the last step we have used the fact that the map w — 2Va - Vw|yp + 859’1:) eL (1'{%“‘6 (Ty), H® (8F0)) :

This concludes the proof of Proposition 13. O
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Applying the last Proposition to the estimate (36) gives now, for all 0 <t < T,

~ 112
oy

|[2). 9.0 =

+CT</OT)

To conclude the proof of Theorem 10, we must deal with the terminal data on the right hand
side of (39). To this end, we multiply the wave equation in (32) by Aglwt, and integrate in time
and space (where again, ¢ = @Aw). This gives for all 0 < s < T (after an integration by parts),

S CT H [d(.’L‘)AwO’ d(.’L‘)Awﬂ ‘|i2(FO)XH71(F0)

L2(To)x H=1(Tg)) ‘ H-1((0,T)x8Tg)

(P (@), P

1 2 t=T
p? dt
~ (awt) L2(F0> +

) +lot.(¢,@). (39)

Hl(Fo)XHé(Fo)L_O

1 . 2
3 l[aAwq, yaAw] HLZ(FO)xH*(Fo)

2 T _
N - A1 > J
L2(To) x H-1(To) +/S <(10Jtt +a ¢t|ro AD Yy 1 (To) % H (T) T

T
- / <¢Aa+ 2V - w,Ag%t> dr. (40)

H=1(To)xHj(To)

= 3 [[Fe90)]|

Now concerning the right hand side of this expression, we have after using the wave equation in (32),

" Q ARty d
awye + @ Gylp, , Ap Yy T

H=1(To)xH§(To)
T

T
- /s <awt +adlr, ’A51¢tt>H*1(Fo)xHé(Fo) dr {(&wt +@dlr, ’Al_)ld}t) L2(Fo)]

1t o) -
—;/ <awt+a¢po,aA51(awt+a¢po) —w—Agl(wAd+2Vd-V¢)) dr

L2(To)
T
- . 1=
+ [(awt +adlp, , Ap wt)ﬂ(FoJ )
1 _1 2 T T B
— 2 (5 ~ ~ ~ ~ o
= 5 {HAD (aw: +a ¢lp,) ‘L(Fo):| . +/S (awe +a |y, ,aAw>HE(FO)XH75(FO) + l.o.t.(¢,d)
= lot.($,a), (1)

where in this last step, we are using the fact that A € L(H?*~¢(T'g), H ¢(T'y)) (as well as the Sobolev
Trace Theorem, applied to the term |, ).
Moreover, for the third term on the right hand side of (40),
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/S ’ <¢Aa +2Va- Vi, Agl@bt> dr

H-1(To)xH}(To)

T
= / (Ap' (WAG+2Va V), A (Gwr) — wida = 2Va - Vwr) i p) o) 47
T T
§ C[l / / (AW)zdr(] dt + / / {\wt|2 + Y |th|2:| dFo) dt)
0 supp(a) 0 supp(a)
+l.0.t.(¢, @)
T 1 2 1 1 t=T
< 2 PE PE
s ¢ (/0 HP’Y (awr) L2(Dgy di+ [< 7 (awn), Py (aw)>H—1(Fo)><H3(Fo)] =0 >
+lo.t.(d,d), (42)

after using the estimate (35) and Proposition 13. Applying (41) and (42) to the right hand side of
L |aAwo, yaAw,] |2 < Lo,y )] |
2 llaAwo, yaBwi]l Lz (rg)x r-1(re) < 2 H W(S)’wﬁt(s)] ’ L2(To)x H-1(T)

(40) gives then the estimate, for all 0 < s < T,
o[ [ et Tt ||[(P2 awn), P2
+Cr /0 H 5 (awt)Hm(FO) + [< 7 (awy), Py (aw)>H—1(ro)xHé(ro)]

—H.o.t.((g, o). (43)

t=T

t=0

Integrating both sides of this relation from 0 to T" we subsequently have,
2

T
G Q 7 L(rg) < b(s), i
ladworasanllisgynwy <Cr [ [P0 [, @

T 1 1 1 t=T
2 2 2
son ([ pHasl], (P Pi@a), o

+lo.t.(d, D). (44)

dt +
(Toy

t=0

Estimating the right hand side of (44) by another invocation of Proposition 13 gives now,

_ . 2
[l[aAwg, yaAwi] ||L2(Fo)xH*1(Fo)

T 1 2 1 1 =T
< P? P2 P2
Cr /0 H 2 (awy) L3(ro, + [< 7 (awy), Py (a )>H1(Fo)><Hé(Fo)]t_0
+l.0.t.(¢, D) (45)
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Now combining (29), (39) and (45), with the fact that @ = 1 on 9'g, we have for all 0 < ¢ < T,

1 2
lApw(®)lFa(ry) + |PRwe(d)

L2(To)

o g2 2 2
< (142 s ) 1O g+ 150Oly
< Cr Z_Z +l.o.t.(¢,@)

H=1((0,T)xdl'g)

T

T 1
+ /0 HPAYE (awt)‘

To deal with the first term on the right hand side of (46): Using the inequality ab < § % + g—;,
we have

0

< Cp (‘ (@i, Py (09)) 12y ;(FO) dt) +lLot(3,d). (46)

T

{(awt, PW(aW))Lz(Fo)} 0

< Ca (IADOT) | 2oy 108 (D) 2y + IADWO) | 2y 96O 2,
+l.o.t.(¢, @)
€ 7 o
< & (Mol + 1400072, ) +10:(6,9), (47)

where Cp is the same constant as that in (46). Inserting this estimate into the right hand side of
(46), followed by two applications of the relation (26), gives finally, for fixed ¢,

T, . 2
A I e

A final usage of Lemma 6 and Theorem 9 completes the proof of Theorem 10. O

T
Es(t) < eu(t)+Cr (/0 ’<¢t7wt>H—%(ro)xH%<Fo)

+l.0.t.(¢,3).

Theorems 9 and 10 give now the (polluted) estimate, for T' > 0 large enough,

&(T) < Oy ( i $2dy, +/OTHP$(awt)H; )dt) +lot(3.3), (48)

Lo

which is the continuous observability inequality (14), modulo lower order terms.

4 Completion of the Proof of Theorem 5

The argument to eliminate the lower order terms in the estimate (48) is by now standard; it is an
argument by contradiction which makes use of the classic Holmgren’s Uniqueness Theorem (see e.g.,
[18]). But for the sake of completeness, we sketch out the argument here.

Lemma 14 For T large enough, there exists a constant Cp > 0 such that the solution of (12)
satisfies the following inequality:
2
dt | .
L?(To)

|[2.4]
(19

2 9 T 1
<Cr (wtm(gl) | [} @

C([0,T);H =< () x H—<(Q) x H2=<(T'g) x H1=¢(I'o)) —
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Proof: Suppose the given inequality is false. Then there exists a sequence of initial data

{ {(5(()”)7 i C H and a corresponding solution sequence { [a(n),@'(")]} of the PDE (12), for
which ’ ,En) 22 < 400 for all n, and which moreover satisfies
L2(%,
C([O,T];H1 (Q)x H—<(Q)x H2—<(T'g)x H1—<(Ty))
1
‘(bg ) L2 / H P2( awt ‘LQ(FO) dt — 0 asn— . (50)
Consequently, the existence of the inequality (48), for T large enough, and the convergence in (50),
imply that the sequence { [ , @ *(" } } is bounded uniformly in n. Consequently, there is
=1
a subsequence, still denoted by { { , W )} } and (bo, wo} € H such that
-(n) o 'n 2% Lk .
P W — [qﬁo,wo} in H weakly. (51)

If we denote {5*7&5*} as the solution pair of (12), corresponding to terminal data [(5;, J}S} then

a fortiori

{[i(")a &m)] } — [#7.57] in L7%(0.7: H) weak star (52)

Moreover, reading off the ¢-wave equation in (12), and using the weak convergence of {¢(")}, we

|

Similiarly, using the plate equation in (12) in conjunction with elliptic theory, Lemma 6 and the

[% ) q(n)} H } and { [gg(n),u?(")} }, we have
n=1

[

deduce the estimate

< C, uniformly in n. (53)
([0, T);[H ()]")

ot

uniform boundedness of {‘

< C, uniformly in n. (54)
L2(0,T5L2(To))

From (52)—(54) and a classic compactness result of J. Simon in [37], we conclude that

LE(H) o } — 87,5 strongly, in C((0, T); H'7(2) x H*() x H2™(To) x H'~“(T)).

In consequence, we have from (50) the equality

%

|6 =1 (55)
OO, T H =€ () x H=€(2) x H2=€(Ig) x H1=€(T))
Furthermore, given the convergence in (50), we conclude that
¢tls, =0 on Xy; wy =0 on supp(a). (56)

18



But these relations immediately yield up a contradiction by Holmgren’s Uniqueness Theorem.
In fact, setting p = ¢y, then p solves the overdetermined system

Pt = Ap on Q
0
o = 0 on X4
ov r
p|F1 = 0 on 21
0
a(x) a—i = 0 on X.
To

By Holmgren’s Uniqueness Theorem, we infer then that ¢; = p = 0, for T > 0 large enough. In
turn, the ellipticity of the Laplacian under the Robin boundary conditions in (12) yields that ¢* = 0.
Furthermore, the variable p = wj solves the plate equation

(I-P)pu+A% = 0 on(0,T)xTo
Plor, = Ablyp, =0 on (0,T) x 9Ty
a(x)p = 0 on (0,T) x supp(a).

Again, for T > 0, we have that necessarily w; = p = 0. From this and the ellipticity of A%, we

conclude further that w* = 0 on 3. Thus 5* =0 and " = 0, which contradicts the relation (55).
This concludes the proof of Lemma 14. O

The proof of Theorem 5 (or equivalently, the derivation of the estimate (14)), is now completed
by combining the estimate (48) with Lemma 14. In turn, by the argument we gave at the begining
of the paper, the Theorem 5 and Lemma 3 will yield the exact controllability of the original (“purely
Neumann”) problem (1).
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