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ABSTRACT. We consider a coupled fluid-thermoelastic plate interaction model.
The fluid velocity is modeled by the linearized 3D Navier-Stokes equation while
the plate dynamics is described by a thermoelastic Kirchoff system. By elimi-
nating the pressure term, the system is reformulated as an abstract evolution
problem and its well-posedness is proved by semigroup methods. The dissipa-
tion in the system is due to the diffusion of the fluid and heat components.
Uniform stability of the coupled system is established through multipliers and
the energy method. The multipliers used for thermoelastic plate models in the
literature are modified in accordance to the applicability of a certain Stokes
map.

1. Introduction. Consider an incompressible fluid occupying a bounded domain
Q) C R? with sufficiently smooth boundary I'. Suppose that part of the boundary
is enclosed by a solid wall while the remaining part is enclosed by a thin elastic
plate. Let I'; and I'y be the regions where the solid wall and the plate are located,
respectively. Here, I'y and I'; are nonempty, I'1 UTy =T and 'y N Ty = 0. In this
paper, we assume that the boundary Y of I'g is nonempty and smooth enough.
The fluid is modeled by the linearized 3D Navier-Stokes equation

up — pAou+Vp=0 in (0,00) x £,

divu=0 in (0,00) x £, (1.1)
u=0 on (0,00) x Ty, '
U= Qv on (0,00) x Ty.

In (1.1), u is the velocity vector field of the fluid, p > 0 is the viscosity of the
fluid, ¢ is the transversal displacement of the plate and Ag is the Laplace operator
in Q. The coupling between the fluid and the plate is attained by matching the
corresponding velocities on I'g. For the problem (1.1) to be well-posed one must
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impose the compatibility condition

/ @tdFO:/ u-vdllg =0, forte (0,00). (1.2)
F() FO

Thus, the average plate velocity should be zero for all times.
Suppose that the transversal displacement ¢ of the plate is described by Kir-
choff’s equation and is subjected to thermal effects given by the heat equation

ou
Q1 — YAy i + AP 0 + aAr,0 =p — pv - 5, n (0,T) x Ty,

B0y —nAr,0 + 00 — aAr o =0 in (0,7) x Ty,

(1.3)

where «, 3,m > 0, 7,0 > 0 and Ar, is the Laplace-Beltrami operator on I'y con-
sidered as a Riemannian manifold with boundary. The constant v is proportional
to the thickness of the plate. The case v = 0, that is, plate’s thickness is negligi-
ble, corresponds to the Euler-Bernoulli beam while v > 0 is the Kirchoff’s model.
Without fluid interaction, it is well-known that the case v > 0 is of parabolic-type
at least for certain boundary conditions [17, 22]. More precisely, the corresponding
system generates an analytic semigroup and hence a fortiori the uniform stabil-
ity of the solutions. On the other hand, if v = 0 then the system is of mixed
hyperbolic-parabolic type.
We consider the case where the edge of the plate is clamped
p= Z—f =0 on (0,00) x X, (1.4)

and the temperature at the boundary satisfies
00
7]/\15 + X0 =0 on (0,00) X X, (1.5)

where A1, Ao > 0 and A1 + Ay > 0. The case A1, Ao > 0 is Newton’s law of cooling
and the cases A\; = 0 and A2 = 0 mean that the temperature and the temperature
flux at the boundary are zero, respectively. Finally, we supply the following initial
data

u(0) =’ in Q, (1.6)

p(0) =" @i(0)=¢", 0(0)=06" inTy. (1.7)

All throughout this paper we will assume that v > 0 and o + Ay > 0, and for the
sake of simplicity we set without loss of generality that o« = f =n=p=1. We
will use the same notation for the Laplace operators in 2 and I'g, that is, Ag and

Ap, will be both denoted by A.
The energy at time ¢ > 0 of the system (1.1)—(1.7) is defined by

B0 = 5 [ mOF a0+ [ 18R + a0 +51Te0F + o) dry ).

Formally differentiating the energy E and using the differential equations and
boundary conditions in (1.1)—(1.5) we obtain

E(t) = — |Vu|2dQ—/
Q

o

(0’|9|2+|V9|2)dro—li/ 1012 A%
3o

where

if \; =
o 0 1 1=0, (1.8)
)\2/)\1 if Ay > 0.
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This means that the dissipation of the system is due to the diffusion in the fluid
and heat components.

Without thermal effects and with hinged boundary conditions ¢|s, = Ayp|s, =0
for the plate, the approximate controllability of the associated system was estab-
lished by Lions and Zuazua [21] using duality and variational techniques. The sys-
tem is somewhat similar to those presented in [11, 18]. In the absence of rotational
forces (v = 0) and thermal effects, the well-posedness and exponential stability of
the system has been established in [1, 3, 10] and in [9] accounting only for longitu-
dinal displacement of the plate. To show the stability property, the authors in [1]
used the frequency domain approach which is done by showing the uniform bound-
edness of the resolvents on the imaginary axis. On the other hand, the authors of
[10] make use of an appropriate Lyapunov functional. It has been shown by Avalos
and Bucci [2] that the system is stable even for v > 0, but now the decay rate is
rational. Recent related works for fluid-structure interaction models incorporating
viscoelasticity can be found in [28] and [30].

In this work, we will exhibit the exponential decay of the energy for the solutions
of the system (1.1)—(1.7) using appropriate multipliers in the time-domain space.
One hindrance in using the multiplier method is on how to eliminate the terms
arising from p — v - % in the plate equation. We can view the latter term as an
(unbounded) feedback interconnection of the fluid and plate components. In fact,
using the Agmon-Douglis-Nirenberg Theorem and a standard trace estimate one
can majorize the L?-norm of p — v - g—;‘ in terms of the H2-norm of ¢, an estimate
incompatible to the natural state space associated with ;. Alternatively, we shall
eliminate this term using the properties of the Stokes map introduced by Chuesov
and Ryzhkova [10], which is an improvement of the classical results for the Stokes
equation, see [27] for example. However, a problem arises in applying this map, it
only applies to functions in I'y that have zero average. To circumvent this problem,
we shall enforce the multipliers to have zero average through mollifiers.

Although both the fluid and plate domains are assumed to be smooth, our results
can be eventually extended to certain non-smooth geometries, for example those
that satisfy the criteria in [2]. Such configurations include canonical polyhedra and
cylinders that are utilized in numerical analysis and simulations, for instance, in
finite element methods.

This paper will be organized as follows. In Section 2, we present the suitable
function spaces for which system (1.1)—(1.7) will be studied. The semigroup well-
posedness of the model will be established in Section 3. In Section 4, we introduce
the notion of modified multipliers. Finally, using appropriate multipliers along with
their modified versions, we prove the uniform exponential stability of the system in
Section 5.

2. Spaces and operators for the abstract formulation. In this section we
introduce the relevant spaces and operators necessary in the abstract formulation
and analysis of the system (1.1)-(1.7). For the fluid component, the state space is
given by

H={uec[l*(Q))P:divu=0inQandu-v=0o0nT;}
and it is endowed with the L?-norm. Recall that an element u € [L?(Q)]*® with
L2-distributional divergence admits a generalized trace u-v € H _%(F). In fact, if

L3,(Q) = {u e [L*(Q)? : divu € L*(Q)}
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1

is equipped with the graph norm then u — u-v € L£(L%, (2), H 2(I')). One can
also localize the generalized trace v - v on I'y and I';. Consider the space

V={uc[H"(Q)P:divu=0inQand u=0onT;}
with the norm ||V - ||{z2(q)sxs, which is equivalent to the full norm in [H'(Q)}®
according to the Poincaré inequality. If C9% (£2) is the space of all infinitely dif-
ferentiable vector-valued functions on €2 that are divergence-free and vanish on a
neighborhood of I'y, then H and V' are the completions of C2% (©2) with respect to

the L?-norm and H'-norm, respectively.
Next, we define the bi-Laplace and Laplace operators on various domains. Define
the bi-Laplacian operator A : D(A) C L?(T'g) — L*(T), where

D(4) = H"(To) N Hj (To),
by
Ap = A?p.
It is known that A is a positive self-adjoint operator on L?(I'g) and hence the
fractional powers A% of A are well-defined on suitable domains for & € R. In
particular, D(Az) = H2(T'y) and
10l 03, = I8¢z, Vo € H3(TO)

Moreover, A can be extended to a bounded linear operator

1

A€ L(D(A?),D(Az))

where D(Az)" is the dual of D(A2) with respect to the pivot space L2(I'), and it
holds that

(A0, 8) b abypiad) = (B9 AP) 12wy, Vo, & € H(To). (2.1)
Denote by Ap : D(Ap) C L?(Ty) — L?(T'g) the Dirichlet Laplacian

App = —Ayp
with domain D(Ap) = H%(Ty) N H}(Tp). By the Poincaré inequality and standard
elliptic results it can be seen that the norm || - ||p(a,) := [[Ap - |z2(r,) on D(Ap) is

equivalent to the induced norm of D(Ap) as a subspace of H?(I'g). The operator
Ap is a positive selfadjoint operator on L?(Ty) and

Al € L(LA(Ty), H?(To) N HE(Ty)). (2.2)
Therefore, the pseudo-differential operator ABl is regularizing.
Given v > 0, the operator P, : D(Ap) C L*(Ty) — L?*(T) defined by
Py=I+~Ap

1 1
is also positive self-adjoint operator with square root P? : D(A%) = H{}(Iy) C
L?(Tg) — L*(T) and there holds

1 1 . _ .

(P? ¢, PY@)r2(ry) = (0, @) 12(r0) + 7V, V@) 12(rg), Vo, & € Hy (Do)
A typical extension procedure shows that P, admits an extension
P, € L(Hy(To), H (L))

which has a bounded inverse. In fact, if we equipped the space H{(I'g) with the

1
norm ||P7 - ||p2(ry) and H~'(Ty) is regarded as the dual of H{(I'g) with respect



STABILITY OF A FLUID-PLATE INTERACTION MODEL 43

to the pivot space L?(Tg), then P, becomes a unitary operator, see [29, Corollary
3.4.6].
Finally, we define Ag : D(Ag) C L*(To) — L?(T'g) by

Art = —A0 + o6

where D(Ap) = {u € H*(Tg) : M 9% + A0 = 0}. Note that if 0 = A\; = 0 and
Ay > 0then Ag = Ap. Let Vg be the space H!(T'y) endowed with the inner product

(0,§)VR = 0’(9, é)LZ(I‘O) + (V97 V@N)L2(p0) + H(979~)L2(20)

where k is the constant defined in (1.8). Because o + Ao > 0, it follows that the
norm induced by this inner product is equivalent to norm of H'(T).

It will be needed to rewrite the heat equation in terms of the Dirichlet Laplacian
so as to apply the operator ABl. For this reason we define the Dirichlet map D

Ah =0 in T\,

h=Dg <=
h=g on Y.

The notations vy and 7; for the zero and first order traces will be utilized. The
Robin map Ar can now be expressed in terms of the operators Ap, D and g as
follows

AR:AD(IfD’Yo)ﬂ’O'I. (23)

In stuyding the system (1.1)—(1.7), the pressure term p will be eliminated as in
[3, 4, 7]. This is done by observing that the pressure satisfies an elliptic boundary
value problem with mixed Neumann and Robin type-boundary conditions. The
suitable mixed Neumann-Robin maps Ry and R; are as follows, compare with [2, 3],

Ap=10 in Q,
op

p= Roq = % =0 on Fl,
/-
%+va lp=¢q onTy,
Ap=0 in Q,
dp

p=Riq < 9, =1 on I'y,
/-
%+P'v 'p=0 onTy.

The classic elliptic regularity results in [20, p. 152] give us
D € L(H*(So), H"3(Ty)) and R; € L(H(T;), H*T3(Q)) (2.4)

forse Randi=0,1.
According to the compatibility condition (1.2), one also need to introduce func-
tions on 'y that have average zero. Let

L*(Ty) = {p € L*(Ty) : / @dly = 0}
To
viewed as a subspace of L?(Tg). For every s > 0 we define
Hg(Ty) = H§(To) N L*(To).

Clearly, Hg(To) is a closed subspace of Hg(Ty).



44 GILBERT PERALTA

In dealing with the energy estimates, we will frequently use the following result
in [10, Proposition 2.2]. This has been shown under the hypothesis that I is flat.
However, the proof can be adapted to a curved I'g. In fact, the flatness of I'y was
not explicitly used in the proof.

Theorem 2.1. Let S be the Stokes map defined in the following way
—Au+Vp=0 1inQQ,

divu =0 in

u=Sp == { R (2.5)
u=0 on I'y,
U = PV on I'y.

Then it holds that S € L(L*(Ty), [H2 ()] N H) N L(HE (D), [H2(Q)]* N H).

We can think of the Stokes map S as a lifting operator for functions in I'y to
functions in €. This information will allow us to eliminate the terms involving
p—U- % in the thermoelastic system (1.3) when using the multiplier method.
However, the drawback in applying the Stokes map is that the multiplier should
have zero average. This means that we need to modify the multipliers introduced
in the literature in order for them to be applicable in the present case. To do this,
we subtract the original multiplier by a suitable reqularized version with respect to

space.

3. Abstract formulation and main results. As noted in the earlier works [7,
8], one cannot apply the usual Leray projection method to deal with the Stokes
equation (1.1) due to the Neumann-type boundary condition on I'g. An alternative
and novel approach presented in these papers to solve this problem is to eliminate
the pressure by writing it in terms of the fluid velocity and the state variables
associated with the structure. The same idea has been used to compute numerical
approximations for the Stokes equation using pressure-matrix methods, see [26,
Section 9.6.1] and the references therein. The procedure will also enable us to
recover the pressure for the strong solutions of the system. In our case, we need
to express p as a function of the fluid velocity u, the plate displacement ¢ and
temperature 6. With this representation it is possible to express the system (1.1)—
(1.7) in an abstract form and semigroup methods are amenable to establish its
well-posedness.

3.1. Resolution of the pressure. For smooth solutions it can be checked that for
each time t the pressure is a harmonic function in 2 with mixed Neumann-Robin
boundary conditions

Ap(t) =0 in Q,

op(t) =Au(t)-v onT
o 1,
—agf/t) + P lp(t) = Pt (A2s0(t) +A0(t) + v - 8;9) +Au(t) v on L.

See [3] or the proof of Theorem 3.1 below for the verification of this claim. Intro-
ducing the following maps

Glu = Rl(Au . V|F1>7
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Gau = Ro(Au - v|p, + P;l(z/ “yu)),

Gsp = Ro(P ' A%p),

G40 = RO(P,;IAG),
the pressure term can be written in terms of (u, ¢, 0) as

p=G(u,9,0) := Gru + Gau + Gsp + G40. (3.1)
If w e [HX(Q))? N H then Au € [L?(2)]? and divAu = Adivu = 0 in Q so that
Au - v, is well-defined in H~2 (T;) for i = 0,1. From (2.4) it follows that if
(u,,0) € ([H*(Q)]> N H) x H*(T) x H*(T'y)

then the maps G; are well-defined and p given by (3.1) lies in H(€).
3.2. Abstract formulation. Asnoted in the literature, we shall also need to factor

the constant functions associated with the state space for displacement of the plate.
Indeed, by integrating the compatibility condition (1.2) from 0 to ¢t one obtains

/FO p(t)dlo = /FO ©(0) dIo.

With this consideration, we shall take the state space

1

H = {(u, 1, 92,0) € H x D(A%) x D(P?) x L*(Ty)
L1, 02 € EZ(Fo), u-vp, = 2}

which is a Hilbert space under the inner product

((U, P1, P2, G)a (a7 @17 ¢2a 9))7‘[

1 - 1 1 ~
= (u, @) r2() + (A2o1, AT31) 12y + (PR @1, PE 32)r2(r) + (6,0) 12(ry)-
Define the operator A : D(A) C H — H by

A —-VG; — VGy -VGs 0 —VGy
e 0 0 I 0
B Pv_l(Gl—f—Gg—l/-’)/l) Pv_l(—A—FGg) 0 P,Y_l(AR—O'I—‘rGgl)
0 0 —Ap —Ag

with domain D(A) consisting of all elements (u, p1, ¢2,0) € H satisfying all of the
following conditions:

(i) (us1,02,0) € (H2Q)P NV) x H*(Ty) x D(A?) x D(AR),

(ii) —Au+ Vp € H where p = G(u, ¢1,0),
(iil) u = @ov on Iy,
(iv) Py'(Apr — (Ar — 0)0 + v - yiu—p) € H(Do).
The system can now be written as an abstract Cauchy problem on H
Ut)=AU(t), t>0,
(&)= AUt 52)
U0) =07
with the state variable U = (u, 1, ¢2,6) and initial data U° = (u°, %, ¢, 6°).

In the succeeding theorem, we show that A is the generator of a strongly contin-
uous semigroup of contractions on H by invoking the well-known Lumer-Philipps
Theorem in reflexive Banach spaces. This requires to prove the dissipativity of A
and the range condition R(AI—A) = H for some A > 0. Without thermal effects and
flat Ty this range condition was demonstrated in [3] using a nonstandard variational
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mixed method, specifically, the Babuska-Brezzi Theorem. This mixed formulation
can be utilized in the numerical analysis for the approximations of steady-state so-
lutions. However, in our case it is enough to prove the range condition by showing
that 0 € p(A). Indeed, if this is the case then from the fact that the resolvent set
p(A) is open, there exists A > 0 such that A € p(A) and thus R(AI — A) = H. The
latter method has its advantage. The system of equations that are needed to solve
are now weakly coupled and one may solve them successively.

Theorem 3.1. The operator A generates a strongly continuous semigroup of con-
tractions on H. In particular, for every initial data U° € H the Cauchy problem
admits a unique mild solution U € C(]0,00),H). Moreover, the components u and
0 of the solution satisfy

(u,0) € L*(0,00; V x Vg). (3.3)

Proof. First we show the dissipativity of A. Let U = (u, 1, ¢2,0) € D(A). Apply-
ing Green’s formula gives us

/(Au—Vp)-udQ:/ (y-@—p)@dro—/ V|2 dQ (3.4)
Q Ty ov Q

after using divu = 0 on Q and the boundary conditions u = ¢sv on I'y and v = 0
on I'1. On the other hand, from the duality pairing (2.1) we have

-1 ou 1
P,y (—A(pl-i-(AR—O‘I)H—V-aﬁ"‘v‘p)Pfy(deFO
Ty v

ou
(Af) @y dly — / (V' 3 p) @2 dlg

- <A901’902>D(A%)/xD(A%) 7/ .
0

To

ou
=~ | ApiApsdlo+ | VO Vi dly — / (u 5 p) wadly (3.5
To To Io v

since 3 = 0 on ¥y. For the heat component it holds that

/ (AO — 00 + Ap)0dTy = — o | [0]2dT — [ |VO|*dTy — n/ 10]* d%
1) Ty o o

To
Taking the sum of (3.4)—(3.6) and getting the real part yields

Re(AU, U}y, /|Vu|2dQ /(a|0|2+|V9|2)dF0—/£/ 1012 dS3,
o

and this shows that A is dissipative.

Next, we prove that 0 lies in the resolvent set of A. Given (u*, 7, ¢3,0%) €
H we need to find a unique (u,¢1,92,0) € D(A) such that A(u, p1,p2,0) =
(u™, @1, ¢3,0") and

1, o1, 02, 0) I3 < Cll(u™, 7, 03, 67) 124 (3.7)
for some constant C' > 0 independent on (u, @1, p2,60) and (u*, 3, @5, 0%). The
equation to be solved is equivalent in solving the Stokes equation

—Au+Vp=—-u*€ H in
divu =0 in €,
u=0 on I'y,
u=pive H2(Ty) on Ty,

(3.8)
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the biharmonic equation

Oou .
A’pr==A0+p—v- o — (I =yA)gs € H (Ty) in Ty,

91 (3.9)
pr=—=0 on X,
ov
and the elliptic equation
—A0 + 08 = Ap; —0* € L*(Ty) in Ty,
00 (3.10)
AMO+Xo— =0 on Y,
v

where we used po = ¢]. Notice that we can solve first the Stokes and elliptic
equations and then use the solution to solve the biharmonic equation.

From [27, Theorem 2.4], the Stokes equation (3.8) admits a unique solution
(u,p) € ([H?(Q)]2NV) x (H'(2)/R) and according to the Agmon-Douglis-Nirenberg
Theorem and Poincaré inequality we deduce

el + 1Bl @) /r < CUIART L2 0oy + [luillz)- (3.11)
Therefore by trace theory we obtain from (3.11)

du

e

< O(1AE 2oy + lluf ). (3.12)
L2(To)
Notice that p = p+ p*, where p* is a constant, is still an admissible pressure for the
Stokes problem and satisfies the stability estimate

lullizz @ + Pl @) < CUIACT L2 0o) + luilla), (3.13)

and hence (3.12) where p is replaced by p.
In virtue of the Lax-Milgram lemma, the elliptic equation (3.10) has a unique
solution § € D(AR) and it satisfies

16lve < C1AGTIIL2(ro) + 167 [ 2(ry))- (3.14)

By standard elliptic theory, the biharmonic problem (3.9) admits a unique solution
1 € H3(Ty) N HZ(Ty), see [20, p. 152] for example. However, there is no reason
that ¢ necessarily has average zero. This will be done, following the method in [8],
by choosing the appropriate constant p*.

Let ¢ € H*(Ty) N H3(Ty) be the solution of the biharmonic problem

A =1 in Tg,
3.15
C: % =0 on 20. ( )
ov

We test equation (3.9) with ¢ to obtain
- . ou .
=(-A0+p+p —v- aaom(ro) - <P7<P27C>H71(ru)ng(r0)-

Acording to the following equations

(Apr, <>D(A%)'xD(A%) - ~/F0 w1dlo
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Py, Q)

= sP.cdl
(3ywprd) /Fosoz ¢ dl

(P, Q) r2(ro) :/ p*|A¢[* dlg
T'o

we obtain from (3.16) that @1 € EQ(I‘O) if and only if

bt — (/F |A<|2dr0>2 /FOKMMV. %)szac]dro. G

Therefore we choose p* according to (3.17).
Replacing ¢ by ¢1 in the above calculations, we have instead

1A@1 17205y = = (0, Ap1)L2(rg) + (2 — v - M1, 01) L2(1y) — (05, Py@1) L2(10)-

Using the Cauchy-Schwarz and Poincaré inequalities together with (3.12) and (3.14)
in the latter equality we obtain

[A@1llL2(rg) < CUONL2(re) + IPlIz2(ro) + M1ull2 (o) + 1951 L2 (00))
< CU0" N 2rg) + 1A@T L2 o) + Uiz + 105l L2(ry)) (3.18)
for some constant C' > 0. Furthermore, since 9 = ¢7 it holds that
llall2(re) + 1IV@2llL2rg) < CllAGT L2 (o) (3.19)

Combining the estimates (3.13), (3.14), (3.18) and (3.19) proves (3.7).
Finally, it remains to check that p satisfies (3.1). Since both w and u* are in H

Ap = div(Vp) = div(Au —u*) = 0.
Applying P,?l to both sides of (3.9) produces
PJI(Ale + A0+ v-yu) = P,Y’lp — b in Hy (D).

Taking into account the definition of the state space H we have ¢ = u* - v =
Au-v—Vp-von 'y and hence

0 1
6—?+Pv_lp:Pw_1(A2g01 +A0+v-yu)+Au-vin H 2(T).
On the other hand, Au-v —Vp-v=u*-v =0 on I'y and hence
% =Au-vin H_%(Fl).

Thus p = G(u, ¢1,6) and we obtain from the above discussions that 0 € p(.A).

Therefore A generates a strongly continuous semigroup of contractions on X
by the Lumer-Philipps Theorem. The additional regularity (3.3) for u and 6 is a
consequence of the identity

T
/O IVullfpaayaxa + 1017, dt = [U°1% —~ lle"™U°%, VU € D(A), T >0,

(3.20)
and the density of D(A) in X. This completes the proof of the theorem. O

Remark 1. If U € D(A) then standard semigroup theory gives us the additional
regularity of the strong solutions of (3.2)

(U, ®s Pty 0) € C([Ov OO)? D(A)) N Cl([ov OO), H)
The analysis in the proof of Theorem 3.1 shows that
pe C([0,00), H()), u e C([0,00), [H*(]>NV). (3.21)
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Indeed, for every ¢ € [0,00) we have

—Au(t) + Vp(t) = — w(t) in Q,

divu(t) =0 in €, (3.22)
U(t) =0 on F17
u(t) = pe(t)v on Iy,

where the first equation holds in [L?(£2)]?. Hence one has the estimate

[w(®) [l iz2 )2 + P | H1(0) < C<||ut(t)||L2[(Q)]3 + H%(t)HHg(ro)), t>0.

The continuity of p and v as mentioned in (3.21) follows from this estimate and the
fact that u, € C([0, 00),[L3(Q)]?) and ¢, € C([0,0), HZ(Q)).
If the initial data UY lies in D(A) then we have the following equations
Ou(t e
fult) 1 Bpu(t) = ~A%(1) ~ 20(1) — v P8 ) i ), (329
0:(t) = AO(t) — 00 + Apy(t) in L*(Ty), (3.24)

hold pointwise-in-time. If in addition, U € D(A?) then (3.23) holds in L?(T'y) and
(¢ 1.6) € C([0,00), H(To) x H*(To) x H*(L)).

The above regularity properties will justify the calculations that is provided in the
succeeding section.

Remark 2. By trace theory and Poincaré inequality we obtain from the boundary
condition on I'g in (3.22) that

/ lo¢|> AT dt < C’/ / |Vu|?dQdt (3.25)
I'o

for some constant C' > 0 independent of T', ¢; and w. The estimate (3.25) implies
that the diffusion of the fluid implies the dissipation of the velocity ¢, of the plate.
This observation plays a crucial role in the derivation of energy estimates that are
required in the proof of Theorem 3.2 below.

3.3. Main result. We now state the main theorem of this paper.

Theorem 3.2. For every initial data in H, the energy of the solution of the Cauchy
problem (3.2) decay exponentially. In other words, there exist constants M > 1 and
a > 0 such that

E(t) < ME(0)e™*, Vt>0. (3.26)

We shall prove this theorem using suitable multipliers. To establish (3.26), it
is enough to estimate the total energy on sufficiently large time intervals [0, 7] in
terms of the final energy, the initial energy and the total dissipation on [0,7]. In
other words, we want to derive the energy estimate

/E dt<C< /D dt) VT > T*, (3.27)

for some constants C' > 0 (independent of T') and T* > 0, where D is the dissipation
term given by

D) = S(IVu(t) iz aypons + 1601, (3.28)
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Indeed, from (3.20) and the fact that the energy is decreasing, (3.27) implies
TE(T) <2C(E(T)+ E(0)).
Thus, if T > max(T*, 4C) then
E(T) < 67E(0)

where 07 = 2C/(T — 2C) € (0,1). The exponential decay property (3.26) now
follows from the latter inequality together with induction and the evolution property.

We note that as in Avalos and Lasiecka [6], the decay rate in Theorem 3.2 is not
uniform in 7 > 0. However, in the case of ¥ = 0 one may proceed using the same
techniques presented here.

4. Modification of multipliers. As stated in the introduction, we will utilize
suitable multipliers to derive the energy estimates required to obtain exponential
stability of the system (1.1)—(1.7). First, we discuss a simple but efficient way of
modifying the multipliers suitable to the Stokes map S in Theorem 2.1. Fix a
smooth cut-off function p € C§°(I'g) such that p > 0 in I'g and [ pdl'o = 1. For
a function f defined on (0,7) x I’y we set

(Ipf)(tvx) = p(I) . f(t7y) dFOya (t,:l?) € (OvT) x I,

whenever the integral makes sense. Note that supp I,f(t,-) C supp p and hence
I,f(t,-) is also compactly supported in I'y. The operator I, is regularizing with
respect to space in the sense that

I, € L(LP(0,T; L*(To)), LP(0, T H (To))) (4.1)

forevery s > 0 and 1 < p < 0o, with operator norm independent of 7" and depending

Only on (p7 8y Py FO)
Let us define the map

Fro Myf=f—1If

In the subsequent discussions, if f is a specific multiplier then M, f is called the
modified multiplier. According to the definition of M, f we have

/ (M, f)(t)dTo =0, ¢ € (0,T),

for suitable f. Therefore M, f is a suitable argument for the Stokes map S whenever
f is sufficiently regular. This choice of multiplier M, f is somewhat similar to the
one given by Haraux [12] for damped wave equations, see also [15].

If f € L2(0,T; L2(Iy)) then (M,f)(t) = f(t) in L2(T'y) for a.e. ¢ € (0,T), that
is, M, is invariant under functions that take values in L2 (T9). For each nonnegative
integers k and j, if f € H7(0,T; H*(T'y)) then M,f € H’(0,T; H*(I'y)) and

J T J T
S [ 1M Oy e < €Y [ 10O,
i=1 =1

for some constant C' > 0 independent of f. Therefore

M, € L(H?(0,T; H*(Ty)), H(0,T; H*(T))). (4.2)
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Lemma 4.1. Let T >0, e >0 and f € L*(0,T; H}(To)) N H*(0,T; L*(Tg)). Then
for every initial data in D(A), the component u of the solution and the pressure p
satisfy the estimate

T ou )
ve——p|M,fdl dt’
’/o/p< o of dlo

SCp/QIU(T)I + |u(0)] dQ+Cp/FO|f(T)| +1£(0)[7dT

T T
+Cs,p//\w|2d9dt+e// P IV + A2 dTode,  (43)
0 Q 0 Ty

for some constants C, > 0 and C. , > 0 independent of T, u and f.

Proof. We multiply the linearized Navier-Stokes equation (1.1) by SM, f, which is
admissible since M, f € L*(0,T; H}(To)) N H*(0,T; L*(Ty)) from (4.2), and use the
divergence theorem and Green’s identity to obtain

T
0 :/ /(ut—Au—kVp)-SMpfdet
0

= [/u SM, fdQ} //u SMyfe +Vu-VSM,fdQdt

//F (y = >Mpde0dt (4.4)

after using divSM,f = 0 in © and the boundary conditions v = 0 on I'; and
SM,f = (M,f)v on T. 1

By Theorem 2.1, the properties of the map M, and the embedding [H = Q) c
[L2(£2)]® we have

/ SM,f(H)P A2 < C / M, f(H?dTo < C, / SR, (45)
Q To To

for every ¢ € [0,T] and

//|SM fthth<c// | f¢|* AT dt. (4.6)

Similarly, the embedding [H %(Q)]?’ C [HY(Q)]? and Theorem 2.1 imply
T
/ / |VSM,fI?dQdt < 0/ / |M,f|> + |V(M, f)|*dlo dt
0Ja 0 JTo

T
gc,,// |f|? + |V f|2dD, dt. (4.7)
0 JTIg

The desired estimate (4.3) follows from (4.4)—(4.7) together with Young’s and
Poincaré inequalities. O

We will utilize this lemma with f being h - Vo, A510 or o, where h is a smooth
extension of v to I'g (see Remark 3 below for a short historical account regarding
these multipliers). The additional terms obtained by enforcing the compatibility
condition will be estimated with the help of the following lemma.
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Lemma 4.2. Let T > 0,e >0 and f € H*(0,T; L*(Ty)). For every data in D(A?)
the components u and 0 of the solution satisfy the estimate

T
’ / / (1 — YAy + A% + AO)I, f AT dt‘
0 Jro

<C | oD+ [Voe(T)| + 0 (0)]* 4 [Vepr (0) | dTg
1)

T
2 2d , 2 2d d
+0Luwn+ﬂw %+CAZJf+ﬁlmt

T T
+ C/ |s0t|2+|V9|2dFodt+a/ / |AQ|2 + |V |2 dTg dt
0 JTo 0 JIy

for some constants C'=C, 41, >0 and C. = C; , 41, > 0.

Proof. Integrating by parts in time, using Green’s identities, the boundary condi-
tions and the fact that I, f vanishes on Yy yield

T
/ / (et — YA@y + A%p + AG)I, f AT dt
o Jro

T T T
= {/ wtlpfdfo} —/ / ol fr dl'o dt + {’y V.-V, f)dly
1) 0 0 JTIg 1) 0
T T
—'y/ cht~V(Ipft)dF0dt+/ Ap A(I,f)dTdt
0 FO 0 F0
T
- / V0 - V(I,f)dly dt. (4.8)
0 JI'g

According to the regularizing property of I,, see (4.1), we have the following esti-
mates

[ s+ wmpora e [ fopan, e, @)
To To
T T
| [ msp s w@mpdee<c [ [ inparea (4.10)
0 JIy 0 JTo
T T
| [ wanp+pappaea<e [ [ (g (4.11)
0 F() 0 FO

for some constant C' = C,p, > 0. Using Young’s inequality in (4.8) and then
applying the estimates (4.9)—(4.11) we obtain the estimate of the lemma. O

5. Proof of uniform stability. First, we give a hidden trace regularity for the
plate component that is similar to [6, 14, 19].

Theorem 5.1. For every initial data U® € H the component ¢ of the solution of
(3.2) satisfies Ap € L2(0,T; L?(20)) and

/T/ |Ap|*dSodt < C <E(T) + E(0) + /T(E(t) + D(t)) dt) (5.1)
0 JXo 0

where C' = C,, 1, > 0 is independent of U° and D is the function defined in (3.28).
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Proof. By a density argument, we may suppose that the initial data lies in D(A?).
Let h € [C%(T)]? be a vector field such that h = v on %y. We multiply the plate

equation in (1.3) by the multiplier M,(h - V) and integrate over time and space
to obtain

T
/ / (pre — YApye + AP + AG)M,(h - V) dlydt
o Jr,

_ /OT/FO <p ”. g:j) M, (h - V) dl dt. (5.2)

According to Remark 1, h - Vi € C([0,T], H}(Ty)) for each T > 0. Thus, we
can apply Lemma 4.1 and Lemma 4.2. Using Lemma 4.1 with f = h-Vyp and e =1

we have
T ou
‘/0 /FO (V~ayp> Mp(h~V<p)dF0dt'
SC/ IU(T)|2+|U(0)|2dQ+C/ [Vo(T)[? +[Ve(0)[* dg
Q o

T T
+ c/ / |Vu|2det+Cv/ / |Ap]? + |V |* dT dt. (5.3)
0 JQ 0 JTIg

On the other hand, Lemma 4.2 with f = h - Vp and € = 1 produces the estimate

T
/ / (o1t — YA@y + Ao + AG)I,(h - Vip) AT dt
0 JIy

<C | ee(D)P + [Ver(T)| + [ (0)* + [Vipe (0)[* dTo
o

T
20y [ [ 1a6R 4 1 + 21Vl + (V02 ar i (5.4)
0 I'g

To estimate the remaining terms in (5.2) we shall proceed as in [6, pp. 168-169].

Indeed, integrating by parts and using the fact that ¢ = p; = g—f = % =0 and

h = v on Xy we have

T
/ / (o1t — YAy + A%p + AO)h - Vpdl dt
o Jr,

T T
= [/ wth-VsodPo] —/ / oih - Vi dTlg dt
To 0 0 JIg

T T
T 0 0 JTIg

0
T T
—/ V(Ayp) - V(h-Ve)dlydt — / VO -V (h-Ve)dlydt. (5.5)
0 JIg 0 JTo
We shall estimate each terms on the right hand side of (5.5).

The first three terms can be simply estimated using the Cauchy-Schwarz and
Poincaré inequalities. For the fourth term, we use the divergence theorem to get

T 1 T
/ Vi - V(h-Vi)dlydt = 5/ div(|Vey|*h)dTodt + Ry (T)  (5.6)
0 JIg 0 JIg
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where the remainder term R;(T") can be estimated by

T
\muwsc//va%mw. (5.7)
0 To

Applying the divergence theorem once again together with [V;|? =0 and h-v =1
on Yo we obtain

div(| Vi [2h) ATy = / Vipr |2 dS = 0, (5.8)
Ty o

Consequently, from (5.6)—(5.8) one acquires the estimate

T T
/ Vi - V(h- Vi) dTo dt’ < c/ |Vi|? dTg dt. (5.9)
0 JIy 0 JTo

Let us estimate the fifth term on the right hand side of (5.5). Before we proceed,
we note the following standard identities

2V(Ap) - (Ap)h) = h- V(|Agpl?) (5.10)
V(h-V¢) = HVp+ (Vi)h (5.11)
(Ap)h = (V2p)h + P(p,h) (5.12)

where H is the Jacobian of h, V2¢ is the Hessian of ¢ and

hipyy — haps )
P(o,h vy v\
(QD ) ( hQQOmm - hlﬁpmy

Thus from (5.10)—(5.12) we have

T
/ / (Ap)-V(h-Ve)dTydt = — / V(Ayp) - HVdlgdt
F() 0 FU

T
- 5// h-V(|A<p|2)d1“0dt+/ V(Ap) - P(p, h)dTy dt. (5.13)
0 JTg 0 JI'g

Using the fact that % = ((V2p)7) - 7 = 0 on I'g, where 7 = (—14,11), one can
show through integration by parts that (see [6])

V(Ag) - P(p, h)dTo dt

T
< c/ |Ap|? ATy dt. (5.14)
Fo 0 1—‘O

On the other hand, according to the divergence theorem and |Vp| =0 on I'y

T T
‘/ / V(A<p)~HV<de0dt‘ gc/ |Ap|? ATy dt. (5.15)
F() 0 1_‘0

The second term on the right hand side of (5.13) can be expressed using the
divergence theorem as

T
/ / h-V(|Ap|?)dlg dt
T'o

// div(h|Ap|?) — (div h)|Ap|? AT dt
To

/ |Agp\2d20dt—// (div B[ Ag|? dT dt. (5.16)
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Therefore from (5.13)—(5.16) we have

1 T

f// |Ap|? dS, dt

2 Jo Js,
T T

g// V(Agp)~V(h~V<p)dl“0dt+C/ |Ag|?dTodt.  (5.17)
0 JIp 0 JIp

The last term on the right hand side of (5.5) can be estimated as

T
‘/ V&-V(h.w)drodt'
0 JIp

17 T
< 7/ / IVGIQdFOdHC/ / |Ap|? dT dt. (5.18)
2 Jo To 0 JTI'p

Combining (5.2)—(5.5), (5.9), (5.17) and (5.18) proves the inequality (5.1). O

The next step is to estimate the total kinetic energy of the plate component.
Due to (3.25) it is enough to consider the total energy of V. This is achieved by
the modified multiplier M,(A5'0). We recall that the pseudodifferential operator
ABl is smoothing in the sense that

A5 01 2 (r) < Cl0ll L2 (00)» (5.19)

see (2.2). Note that the heat equation in (1.3) can be rewritten in terms of the
pseudodifferential operator ABl as

AN + (I — DY) + oA + o = 0. (5.20)

This follows from the representation (2.3). Therefore from (5.19), (5.20) and Dy €
L(H'(T))

14D el 1 ro) < 1L = D)8l i (ro) + oI AR Ol mrr(ro) + el (o)
< C(l10llm1 o) + el L2rg) + [IVeell2ro))- (5.21)
Similarly, from (5.19) it holds that
1AL 0cll L2 vy < CUON vy + llpellz2(ry))- (5.22)

Lemma 5.2. Let T > 0. For every data in D(A?) the component ¢ of the solution
of (3.2) satisfies the estimate

T
l/ [Vipe|* dTg dt
2 Jo Jry

T T
< g/ |Ap|* dTy dt + C. (E(T) + E(0) +/ D(t) dt)
0 JI'g 0

o'
Jor every 0 <e < .

Proof. The proof is similar as in the proof of the previous theorem, but now using
the modified multiplier M,(A5'6). Because 6 € C([0, T, L*(T'y)) for each T > 0 we
have A5'0 € C*([0,T], H?(T)), and thus Lemma 4.1 and Lemma 4.2 are applicable.
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The estimate will be derived from the following identity

T
/ / (e — VAP + A% + A)M,(AL'0) AT dt
0 Jro

T
:// p—u-@ M,(Ap'0)dly dt (5.23)
0 o 31/

obtained by multiplying the plate equation in (1.3) by MP(A519) and integrating
over time and space.

According to Lemma 4.1 with f = A5'6, (5.19) and (3.25) we can estimate the
right hand side of (5.23) as follows

‘/OT/FO <’/' % —p> M,(Ap'0) dl“odt‘ < C(E(T) + E(0))

T T
+C€//|Vu|2dﬂdt+f// 012 + V02 + |V |*dTodt.  (5.24)
0 Ja 3 Jo Jry

On the other hand, using Lemma 4.2 with f = A5'0, (5.19), (5.21) and (5.22) we
obtain

T
/ / (@it — YAPy + A%p + AO)I,(AL'0) AT, dt
0 Jro
T T
SO(E(T)+E(O))+OE/ / |Vu|2det+CE/ 102 + [VOJ dT dt
0 Ja 0 Jro

T
€
+ 7/ / |AQ2 + |Vpy|? dTg dt (5.25)
3 Jo Jrg
after majorizing every term involving p; via (3.25).

Now we estimate the remaining terms in (5.23) separately. First let us note that
from (5.20) we have

T
/ / (Sptt — ’yAtptt)A519 dFO dt
0 JIp
T
= { / O AL + Vi, - V(AL'0) AT
To

0
T
+/ / ¢t(I — D)0 + o Ap' 0 dTg dt
0 JTo
T
+/ / YVeor - V(I — D)0 + vyo Ve - V(ABIH) dlo dt
o Jr
. 0
+/ e * + 7| Vepe|* dTo dt. (5.26)
0 JTo
By trace theory and (2.4) there holds

T
/ (I = D)2 + [V(I — Dro)6|? dTy dt
0 To

T
< 0/ 16> + |[VO|* dT dt. (5.27)
0 JIg
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If .J; is the second term on the right hand side of the equation (5.26) then

T T
hl< / / Verl?dTodt 4 C, / D(t)dt (5.28)
0 To 0

using Young’s inequality, (3.25), (5.19), and (5.27). Since A;'6 = 0 on ¥y we obtain
from Green’s identity

T
/ (A%p + AG)AL 0 AT dt (5.29)
0 JI'p

T T
- / / Acpi(Agle)dEodt—ir / (Ap)§ — V6 - V(AL'0) AT, dt.
0 Jxo ov 0

To

Let Jy be the right hand side of the latter equation.
Trace theory and (5.19) imply

I

Therefore from Theorem 5.1, (3.25), (5.30) and Young’s inequality we deduce

T
\J2|_3C// Apf2dSydt + & / |Agp|2dF0dt+OE/ D(t) dt
0

< 5/ V|2 drodt+—/ |Ap|? AT dt
3 Jo Jre To

+c< /D dt) (5.31)

where C' is the constant appearing in Theorem 5.1. Combining (5.23)—(5.26) and
(5.28)~(5.31), using the equivalence of the norms in H!(Ty) and Vg, and choosing
€ > 0 as stated in the lemma prove the desired estimate. O

2 T
%(A,;la)‘ A8y dt < 0/ 16]2 dT dt. (5.30)
0 JTIg

Lemma 5.3. Let T > 0. Then for every data in D(A?) we have the estimate

T T
/ |A<p|2drodt§ 2’)// |Vnpt|2dF0dt+C / D dt
0 F() 0 F0

Proof. For the proof we will utilize the multiplier M,¢ which coincides with ¢.
Integrating by parts and using the boundary conditions

T
0
0:// (gott—vA@tt—s—Ang—FAH—f—y-u—p)(pdf‘odt
o 31/
T

T
= [/ @t@+7vﬁpt'vwdl—‘0:| —/ loe|? + 7| Vs )? dTo dt
To 0 JIg

0

T T
+/ |Ap|*dTg dt—/ Vo - Vedlydt
0 JIg 0 JIg

T ou
—/0 /FO (p— V- 8u> pdl dt. (5.32)
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Because ¢ € C1([0,77, ﬁg(ro)), Lemma 4.1 is applicable. According to Lemma
4.1, the Poincaré inequality and (3.25)

T
’// (p—y~%)¢drodt’
Ty ov
_4// |A<p|2dr0dt+c< /D dt> (5.33)
To

Using Young’s and Poincaré inequalities one obtains

T T T
1
/ Vo - Vpdly dt‘ < 7/ |Ap|?dlg dt+C/ |VO|?dTodt. (5.34)
0 JI'y 4 0 To 0 JIp

Solving for the integral term involving A in (5.32) and then invoking (5.33) and
(5.34) proves the lemma. O

Remark 3. We would like to point out that the multipliers ¢ and h - Vo are
now standard and they were used in various plate equations and even for wave
equations, e.g. [13, 16] and the references therein. The multiplier ABIH was first
introduced by Avalos and Lasiecka [5, 6] for certain thermoelastic plate systems. It
was used later for certain thermoelastic von Karman plate models by Perla Menzala
and Zuazua [23, 24, 25]. The idea of using the Stokes map S originated from the
work of Chuesov and Ryzhkova [10]. It was used in deriving suitable estimates for
a Lyapunov functional associated with a fluid-plate interaction model.

Now, let us finish the proof of Theorem 3.2. From Lemma 5.2 and Lemma 5.3

T T
1// |V<pt|2dl“odt§275// V|2 Do dt
2 0 JIy To
+c< o+ [ o dt)

for every 0 < e < 7. Choosing € > 0 in such a way that 2 < mm(47 ) we obtain
from the above inequahty the estimate

T
1// V| 2dTodt < O, | BE(T) + E(0) +
4' 0 'y 0

and consequently from Lemma 5.3

T
/ |Ag0|2dF0dt<C< /D dt) (5.36)
0 JIp

According to (3.25) and Poincaré inequality we have

T T T
//|u|2det+// |apt|2+|9|2dF0dt§C/ D(#)dt (5.37)
0 Q 0 JIg 0

for some constant C' > 0 independent of T'. Combining (5.35)—(5.37) yields (3.27)
with T* = 0 and in return (3.26). The proof of Theorem 3.2 is now completed.

T

D(t) dt) (5.35)



[1]

2]

3]

[4]

[5]

[6]

[7]

8]

[9]
[10]
(11]
(12]
(13]
(14]

(15]

[16]

(17]

(18]
(19]

20]

21]

STABILITY OF A FLUID-PLATE INTERACTION MODEL 59

REFERENCES

G. Avalos and F. Bucci, Spectral analysis and rational decay rates of strong solutions
to a fluid-structure PDE system, J. Differ. Equations, 258 (2015), 4398-4423, https:
//www.sciencedirect.com/science/article/pii/S002203961500056X.

G. Avalos and F. Bucci, Exponential decay properties of a mathematical model for a certain
fluid-structure interaction, in New Prospects in Direct, Inverse and Control Problems for
Evolution Equations, Springer INDAM Ser., Springer, Cham, 10 (2014), 49-78.

G. Avalos and T. Clark, A mixed variational formulation for the wellposedness and
numerical approximation of a PDE model arising in a 3-D fluid-structure interaction,
Evol. Equ. Control Theory, 3 (2014), 557-578, http://www.aimsciences.org/journals/
displayArticlesnew.jsp?paperID=10481.

G. Avalos and M. Dvorak, A new maximality argument for a coupled fluid-structure
interaction model with implications for a divergence-free finite element method, Appl.
Math. (Warsaw), 35 (2008), 259280, https://www.impan.pl/pl/wydawnictwa/czasopisma-
i-serie-wydawnicze/applicationes-mathematicae/all/35/3/84340/a-new-maximality-
argument-for-a-coupled-fluid-structure-interaction-with-implications-for-a-
divergence-free-finite-element-method.

G. Avalos and I. Lasiecka, Exponential stability of a thermoelastic system without
mechanical dissipation, Rend. Istit. Mat. Univ. Trieste, 28 (1997), 1-28, https://
rendiconti.dmi.units.it/volumi/28s/01.pdf.

G. Avalos and I. Lasiecka, Exponential stability of a thermoelastic system with free boundary
conditions without mechanical dissipation, STAM J. Math. Anal., 29 (1998), 155-182.

G. Avalos and R. Triggiani, The coupled PDE system arising in fluid/structure interaction,
I. Explicit semigroup generator and its spectral properties, Fluids and Waves, Contemporary
Mathematics, Amer. Math. Soc., Providence, RI, 440 (2007), 15-54.

G. Avalos and R. Triggiani, Fluid structure interaction with and without internal dissipation
of the structure: A contrast study in stability, Fvol. Equ. Control Theory, 2 (2013), 563-598.
I. D. Chuesov, A global attractor for a fluid-plate interaction model accounting only for
longitudinal deformations of the plate, Math. Methods Appl. Sci., 34 (2011), 1801-1812.

I. Chuesov and I. Ryzhkova, A global attractor for a fluid-plate interaction model, Comm.
Pure Appl. Anal., 12 (2013), 1635-1656.

H. Cohen and S. I. Rubinow, Some mathematical topics in Biology, Proc. Symp. on System
Theory, Polytechnic Press, New York, (1965), 321-337.

A. Haraux, Decay rate of the range component of solutions to some semilinear evolution
equations, Nonlinear Differ. Equ. Appl., 13 (2006), 435-445.

V. Komornik, Ezact Controllability and Stabilization: The Multiplier Method, Research in
Applied Mathematics, Masson, Paris, John Wiley & Sons, Ltd., Chichester, 1994.

J. E. Lagnese, Boundary Stabilization of Thin Plates, SIAM Studies in Applied Mathematics,
10. Society for Industrial and Applied Mathematics (SIAM), Philadelphia, PA, 1989.

I. Lasiecka and Y. J. Lu, Interface feedback control stabilisation of a nonlinear fluid-structure
interaction, Nonlinear Analysis: Theory, Methods & Applications, 75 (2012), 1449-1460,
https://www.sciencedirect.com/science/article/pii/S0362546X11002136.

I. Lasiecka and R. Triggiani, Exact controllability and uniform stabilization of Kirchoff plates
with boundary control only on Awl|s, and homogeneous boundary displacements, J. Differ.
Equations, 93 (1991), 62-101.

I. Lasiecka and R. Triggiani, Analyticity of thermo-elastic semigroups with coupled
hinged/Neumann B.C., Abstr. Appl. Anal., 3 (1998), 153-169, https://www.hindawi.com/
journals/aaa/1998/428531/abs/.

J.-L. Lions, Quelques Méthodes de Résolution des Probelémes aux Limites mon Linéares.
Tome 2. Perturbations, Dunod, Gauthier-Villars, Paris, 1969.

J.-L. Lions, Contrélabilité exacte, Perturbations et Stabilization de Systémes Distribués,
Recherches en Mathématiques Appliquées, 9. Masson, Paris, 1988.

J.-L. Lions and E. Magenes, Non-Homogeneous Boundary Value Problems and Applications,
Die Grundlehren der mathematischen Wissenschaften, Band 181. Springer-Verlag, New York-
Heidelberg, 1972.

J.-L. Lions and E. Zuazua, Approximate controllability of a hydro-elastic coupled system,
ESAIM: Control, Optimisation and Calculus of Variations, 1 (1995/96), 1-15, https://
www.esaim-cocv.org/articles/cocv/abs/1996/01/cocv-Voll.1/cocv-Voll.1. html.


http://www.ams.org/mathscinet-getitem?mr=MR3327558&return=pdf
http://dx.doi.org/10.1016/j.jde.2015.01.037
http://dx.doi.org/10.1016/j.jde.2015.01.037
https://www.sciencedirect.com/science/article/pii/S002203961500056X
https://www.sciencedirect.com/science/article/pii/S002203961500056X
http://www.ams.org/mathscinet-getitem?mr=MR3362986&return=pdf
http://dx.doi.org/10.1007/978-3-319-11406-4_3
http://dx.doi.org/10.1007/978-3-319-11406-4_3
http://www.ams.org/mathscinet-getitem?mr=MR3274648&return=pdf
http://dx.doi.org/10.3934/eect.2014.3.557
http://dx.doi.org/10.3934/eect.2014.3.557
http://www.aimsciences.org/journals/displayArticlesnew.jsp?paperID=10481
http://www.aimsciences.org/journals/displayArticlesnew.jsp?paperID=10481
http://www.ams.org/mathscinet-getitem?mr=MR2453533&return=pdf
http://dx.doi.org/10.4064/am35-3-2
http://dx.doi.org/10.4064/am35-3-2
https://www.impan.pl/pl/wydawnictwa/czasopisma-i-serie-wydawnicze/applicationes-mathematicae/all/35/3/84340/a-new-maximality-argument-for-a-coupled-fluid-structure-interaction-with-implications-for-a-divergence-free-finite-element-method
https://www.impan.pl/pl/wydawnictwa/czasopisma-i-serie-wydawnicze/applicationes-mathematicae/all/35/3/84340/a-new-maximality-argument-for-a-coupled-fluid-structure-interaction-with-implications-for-a-divergence-free-finite-element-method
https://www.impan.pl/pl/wydawnictwa/czasopisma-i-serie-wydawnicze/applicationes-mathematicae/all/35/3/84340/a-new-maximality-argument-for-a-coupled-fluid-structure-interaction-with-implications-for-a-divergence-free-finite-element-method
https://www.impan.pl/pl/wydawnictwa/czasopisma-i-serie-wydawnicze/applicationes-mathematicae/all/35/3/84340/a-new-maximality-argument-for-a-coupled-fluid-structure-interaction-with-implications-for-a-divergence-free-finite-element-method
http://www.ams.org/mathscinet-getitem?mr=MR1602473&return=pdf
https://rendiconti.dmi.units.it/volumi/28s/01.pdf
https://rendiconti.dmi.units.it/volumi/28s/01.pdf
http://www.ams.org/mathscinet-getitem?mr=MR1617180&return=pdf
http://dx.doi.org/10.1137/S0036141096300823
http://dx.doi.org/10.1137/S0036141096300823
http://www.ams.org/mathscinet-getitem?mr=MR2359448&return=pdf
http://dx.doi.org/10.1090/conm/440/08475
http://dx.doi.org/10.1090/conm/440/08475
http://www.ams.org/mathscinet-getitem?mr=MR3177244&return=pdf
http://dx.doi.org/10.3934/eect.2013.2.563
http://dx.doi.org/10.3934/eect.2013.2.563
http://www.ams.org/mathscinet-getitem?mr=MR2833832&return=pdf
http://dx.doi.org/10.1002/mma.1496
http://dx.doi.org/10.1002/mma.1496
http://www.ams.org/mathscinet-getitem?mr=MR2997534&return=pdf
http://dx.doi.org/10.3934/cpaa.2013.12.1635
http://www.ams.org/mathscinet-getitem?mr=MR2314328&return=pdf
http://dx.doi.org/10.1007/s00030-006-4019-7
http://dx.doi.org/10.1007/s00030-006-4019-7
http://www.ams.org/mathscinet-getitem?mr=MR1359765&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR1061153&return=pdf
http://dx.doi.org/10.1137/1.9781611970821
http://www.ams.org/mathscinet-getitem?mr=MR2861348&return=pdf
http://dx.doi.org/10.1016/j.na.2011.04.018
http://dx.doi.org/10.1016/j.na.2011.04.018
https://www.sciencedirect.com/science/article/pii/S0362546X11002136
http://www.ams.org/mathscinet-getitem?mr=MR1122306&return=pdf
http://dx.doi.org/10.1016/0022-0396(91)90022-2
http://dx.doi.org/10.1016/0022-0396(91)90022-2
http://www.ams.org/mathscinet-getitem?mr=MR1700281&return=pdf
http://dx.doi.org/10.1155/S1085337598000487
http://dx.doi.org/10.1155/S1085337598000487
https://www.hindawi.com/journals/aaa/1998/428531/abs/
https://www.hindawi.com/journals/aaa/1998/428531/abs/
http://www.ams.org/mathscinet-getitem?mr=MR0259693&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR963060&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR0350177&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR1382513&return=pdf
http://dx.doi.org/10.1051/cocv:1996100
https://www.esaim-cocv.org/articles/cocv/abs/1996/01/cocv-Vol1.1/cocv-Vol1.1.html
https://www.esaim-cocv.org/articles/cocv/abs/1996/01/cocv-Vol1.1/cocv-Vol1.1.html

60

(22]

23]

24]

[25]
[26]

27)

(28]
29]

(30]

GILBERT PERALTA

Z.-Y. Liu and M. Renardy, A note on the equations of a thermoelastic plate, Appl. Math.
Lett., 8 (1995), 1-6.

G. Perla Menzala and E. Zuazua, Explicit exponential decay rates for solutions of von
Kéarman’s system of thermoelastic plates, C. R. Acad. Sci. Paris Sér. I Math., 324 (1997),
49-54.

G. Perla Menzala and E. Zuazua, Energy decay rates for the von Karméan system of
thermoelastic plates, Differential and Integral Equations, 11 (1998), 755-770, https://
projecteuclid.org/euclid.die/1367329669.

G. Perla Menzala and E. Zuazua, The energy decay rate for the modified von Karman system
of thermoelastic plates: An improvement, App. Math. Lett., 16 (2003), 531-534.

A. Quarteroni and A. Valli, Numerical Approzimations of Partial Differential Equations,
Springer Series in Computational Mathematics, 23. Springer-Verlag, Berlin, 1994.

R. Temam, Navier-Stokes Equations, Theory and Numerical Analysis, Studies in Mathemat-
ics and its Applications, Vol. 2. North-Holland Publishing Co., Amsterdam-New York-Oxford,
1977.

R. Triggiani and J. Zhang, Heat-viscoelastic plate interaction: Analyticity, spectral analysis,
exponential decay, Evol. Equ. Control Theory, 7 (2018), 153-182.

M. Tucsnak and G. Weiss, Observation and Control for Operator Semigroups, Birkhauser
Advanced Texts: Basler Lehrbiicher, Birkh&user-Verlag, Basel, 2009.

J. Zhang, The analyticity and exponential decay of a Stokes-wave coupling system with vis-
coelastic damping in the variational framework, Evol. Equ. Control Theory, 6 (2017), 135-154.

Received June 2018; revised August 2019.
E-mail address: grperalta®up.edu.ph


http://www.ams.org/mathscinet-getitem?mr=MR1356798&return=pdf
http://dx.doi.org/10.1016/0893-9659(95)00020-Q
http://www.ams.org/mathscinet-getitem?mr=MR1435586&return=pdf
http://dx.doi.org/10.1016/S0764-4442(97)80102-4
http://dx.doi.org/10.1016/S0764-4442(97)80102-4
http://www.ams.org/mathscinet-getitem?mr=MR1666187&return=pdf
https://projecteuclid.org/euclid.die/1367329669
https://projecteuclid.org/euclid.die/1367329669
http://www.ams.org/mathscinet-getitem?mr=MR1983725&return=pdf
http://dx.doi.org/10.1016/S0893-9659(03)00032-6
http://dx.doi.org/10.1016/S0893-9659(03)00032-6
http://www.ams.org/mathscinet-getitem?mr=MR1299729&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR0609732&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR3810191&return=pdf
http://dx.doi.org/10.3934/eect.2018008
http://dx.doi.org/10.3934/eect.2018008
http://www.ams.org/mathscinet-getitem?mr=MR2502023&return=pdf
http://dx.doi.org/10.1007/978-3-7643-8994-9
http://www.ams.org/mathscinet-getitem?mr=MR3603261&return=pdf
http://dx.doi.org/10.3934/eect.2017008
http://dx.doi.org/10.3934/eect.2017008
mailto:grperalta@up.edu.ph

	1. Introduction
	2. Spaces and operators for the abstract formulation
	3. Abstract formulation and main results
	3.1. Resolution of the pressure
	3.2. Abstract formulation
	3.3. Main result.

	4. Modification of multipliers
	5. Proof of uniform stability
	REFERENCES

