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ABSTRACT. We investigate stability properties of indirectly damped systems
of evolution equations in Hilbert spaces, under new compatibility assumptions.
We prove polynomial decay for the energy of solutions and optimize our results
by interpolation techniques, obtaining a full range of power-like decay rates.
In particular, we give explicit estimates with respect to the initial data. We
discuss several applications to hyperbolic systems with hybrid boundary con-
ditions, including the coupling of two wave equations subject to Dirichlet and
Robin type boundary conditions, respectively.

1. Introduction. There is no doubt that the interest of the scientific community in
the stabilization and control of systems of partial differential equations has remark-
ably increased, in recent years. This is probably due to the fact that such systems
arise in several applied mathematical models, such as those used for studying the
vibrations of flexible structures and networks (see [19] and references therein), or
fluids and fluid-structure interactions (see, for instance, [8], [9], [16], [22], [28], [32]).

When dealing with systems involving quantities described by several components,
pretending to control or observe all the state variables might be irrealistic. In
applications to mathematical models for the vibrations of flexible structures (see
[3] and [7]), electromagnetism (see, for instance, [21]), or fluid control (see [18] and
the references therein), it may happen that only part of such components can be
observed. This is why it becomes essential to study whether controlling only a
reduced number of state variables suffices to ensure the stability of the full system.

It turns out that certain systems possess an internal structure that compensates
for the aforementioned lack of control variables. Such a phenomenon is referred
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to as indirect stabilization or indirect control (see [29]). An example of indirect
stabilization occurs with the hyperbolic system

#u—Au+du+av=0 in QxR
v —Av+au=0 in QxR (1)
u=0=v on 02 xR,

where  is a bounded open domain of RY, and the ‘frictional’ term J;u acts as a
stabilizer. Indeed, a general result proved in [4] ensures that, for sufficiently smooth
initial conditions and |a| > 0 small enough, the energy of the solution (u,v) of (1)
decays to zero at a polynomial rate as t — oc.

The above indirect stabilization property holds true for more general systems of
partial differential equations, under the compatibility assumption (10) below, see
[4]. For applications to problems in mechanical engineering, however, it is extremely
important to consider also boundary conditions that fail to satisfy the assumption
of [4]. This is the case of Neumann or Robin boundary conditions, which describe
different physical situations such as hinged or clamped devices. For instance, let us
change the boundary conditions in (1) as follows:

Pu—Au+du+av=0 in QxR

O2v— Av+au=0 in QxR (2)

u+%:0:v on 09 xR.
Then, as is shown in Proposition 2 below, the compatibility assumption (10) is
not satisfied. Nevertheless, in this paper we will prove polynomial stability for
system (2), using a new hypothesis which is specially designed to handle boundary
conditions as above—that we call hybrid.

More generally, in a real Hilbert space H, with scalar product (-,-) and norm
| - |, we shall study the system of evolution equations

{u”(t) + Ayu(t) + Bu/(t) + av(t) = 0 )

v (t) + Asv(t) + au(t) =0

where

(H1) A; : D(A;) C H — H (i = 1,2) are densely defined closed linear operators
such that

A, =A%, (Agu, u) > wilul? Yu € D(A;)

for some w1,ws > 0,
(H2) B is a bounded linear operator on H such that

B =B*, (Bu,u) > Blul? Yue H

for some g8 > 0,
(H3) « is a real number such that

0< |OZ| < V/wiws .

System (3), with the initial conditions

w(0)=u’,  W(0)=u',
{ v(0) =2, W(0)=0", (4)
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can be formulated as a Cauchy problem for a certain first order evolution equation
in the product space

= D(AY?) x H x D(AY*) x H .
More precisely, let us define the energies associated to operators A;, As by

Ei(u,p) = % (1472 + pl?)  V(u,p) € DAY*) x H (i=1,2),  (5)

and the total energy of the system as

EWU) = Eq(u,p) + Ea(v, q) + o(u, v) (6)
for every U = (u, p,v,q) € H. Then, assumption (H1) yields, for i = 1,2,

2
ul* < = Ei(up)  YueD(A/?), VpeH. (7)

Moreover, in view of (H3), for all U = (u,p,v,q) € H
EWU) = v(a) | Ei(u,p) + Ea(v,q) |, (8)

where v(a) = 1 — |a|(wiwe) "2 > 0.
Let us introduce the bilinear form on H
SN a1)2 1/2~ 1/2 1/2 ~ ~
(UlU) - <A1 uvAl U’) + <p’@ + <A2 U’A2 U> + <Q7ED + a(u,v> + O‘<U’u> .
Since
(UlU)=2&(U) YU e H,
thanks to (8) the above form is a scalar product on H, and H is a Hilbert space

with such a product.
Let now A : D(A) C H — H be the operator defined by

D(A) = D(A1) x D(A?) x D(A,) x D(4?)
AU =(p, —Aju—Bp—av, q,—Asv —au ) YU € D(A).

Then, problem (3) takes the equivalent form

U'(t) = AU(t) )
U(0) = Up := (u®,ut, 00 0h).
As will be proved in Lemma 4.2, A is a maximal dissipative operator. Then, from
classical results (see, for instance, [27]), it follows that A generates a Cy-semigroup,
etA on H. Also,
Uy = (u(t), p(t), v(t), q(t)),
where (u,v) is the solution of problem (3)-(4), and (p,q) = (v/,v").

In order to introduce our asymptotic analysis of system (3)-(4)—or, equivalently,
(9)—Tlet us observe that, as is explained in [4], no exponential stability can be
expected. Therefore, weaker decay rates at infinity, such as polynomial ones, are to
be sought for. Polynomial decay results for (3) were obtained in [4] assuming that,
for some integer j > 2,

|Ayu| < c|AY%u]  Yue D(AY?). (10)

Similar decay estimates for the case of boundary damping (that is, when operator
B is unbounded) were derived in [2]. Also, we refer the reader to [13], [14] and
[31] for indirect stabilization with localized damping, and to [6] for the study of a
one-dimensional wave system coupled through velocities.
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The asymptotic behavior of wave-like equations and, in particular, the derivation
of optimal decay rates for the energy when the geometry of the domain and damping
region allow rays to be trapped, have been intensively studied for several decades.
For such questions and results, we refer the reader to Lebeau [23] and Burq [17] (and
the references therein). In [23], Lebeau considered a locally damped wave equation
and proved optimal logarithmic decay rates for the energy, provided that damping
is active on a nonempty open set. The proof relies on optimal resolvent estimates
for the corresponding infinitesimal generator of the associated semigroup. Later on
these results were completed by Burq in [17] in exterior domains, in particular for
cases in which rays may be trapped by the obstacle.

Independently, indirect stabilization for symmetric hyperbolic systems was first
considered by the first author in [1], and further developed in [2, 4, 5], using energy
type methods, together with some new ideas such as the new integral inequality
given in Theorem 2.5 (see [1, 4]). In this approach, the purpose is rather to focus
on the properties of the data—that is, the operators A;, A2, B and the coupling
operator—that allow to transfer the damping action of the feedback to the un-
damped equation.

Subsequently, indirect stabilization of coupled systems was investigated in [10]
and [24]. In [10], resolvent estimates were obtained and spectral analysis was used
to prove polynomial decay for (3), covering some of the examples treated in [4].
In [24], where a Riesz basis approach is followed, polynomial decay rates for the
energy were derived for a simplified case of coupled system, where operators Ay
and Ay are supposed to be equal (to A) and the damping operator is a nonpositive
fractional power of A.

More recently, inspired by [23] and [17], and, through [10], by [1, 2, 4], the
optimality of spectral-analysis-derived decay rates was shown in [11] and [15], taking
into account the asymptotic behaviour of the resolvent on the imaginary axis.

In the context of indirect stabilization for coupled systems, we would like to stress
the fact that checking the assumptions on the data—A;, A3, B and the coupling
operator—that are needed to ensure decay, may be a difficult task. In particular,
resolvent estimates may be hard to obtain when A; and A do not commute, or
damping and coupling operators do not commute with A; and As. For results
in this direction we refer the reader to [1, 2]. The case of localized or boundary
damping, together with localized coupling, is analyzed in [5], where A; = As = A,
but B and the coupling operator do not commute with A. Moreover, since coupling
is localized, the corresponding operator is no longer coercive. This fact generates
additional difficulties.

In this paper, we will replace (10) by

D(A;) € D(AY?)  and  |AY?u| < ¢|Ayu| Vu € D(Ay), (11)

which is satisfied by a large class of systems including (2) as a special case (see
Section 5 below). Under such a condition we will show that any solution U of (9)
satisfies the integral inequality

/TS(U(t))dt < Y EUM(0) VT >0, Uy D(AY). (12)
0

k=0



INDIRECT STABILIZATION WITH HYBRID BOUNDARY CONDITIONS 417

Moreover, since the energy of solutions is decreasing in time, (12) implies, in turn,
the polynomial decay of order n of £, that is,

4n
EU() < %Z S eWw®)  ve>0 (13)
k=0

for all n > 1 and Uy € D(A*™) (see Corollary 2 below). Notice that (13) yields, in
particular, the strong stability of e*A.

The compatibility condition (11) is equivalent to the boundedness of A}/ 2AG
Let us point out that this hypothesis is sufficient but not necessary. Such a fact
can be observed taking, for example, Ay = A] with 7 € (0,1/2). In this case,
condition (11) is violated, but it is easy to check that condition (10) holds for the
smallest integer j such that j > 2/7. On the other hand, condition (11) is satisfied
for all 7 > 1/2. This example shows that the present results and those of [4] are
in some sense complementary —and, for Ay = A7,(7 > 0) exactly complementary.
One should also note that, for general operators A; and As, the two compatibility
conditions (10) and (11) do not cover all possible cases.

Passing from polynomial to a general power-like decay estimate is quite natural,
once (13) has been established. Indeed, in Section 4, using interpolation theory, we
obtain the fractional decay rate

Cn
EUM) < g I;Js(mk) 0)  Vt>0 (14)
for all n > 1 and Uy € D(A™) (see Corollary 4 below). Moreover, taking initial data
in (7—[, D(.A"))Q,2 for any 0 < 6 < 1, we deduce the continuous decay rate

Cn,o
1U@)F < W”UOH?H,D(A"))QQ vi>0. (15)

Notice that a somewhat comparable result is obtained in [10, Proposition 3.1] using a
different technique. In particular, for n = 1, (14) implies that, for every Uy € D(A),
the solution U of problem (9) satisfies

c

By (u(t), v (t)) + Ex(v(t),v'(t)) < WHUOH%(A) vt >0, (16)

and there exists ¢; > 0 such that
1Uolibia) < er (JAre”

2 ATl A |45 %0 2)

Thus, interpolation theory applied to systems satisfying (11) allows to prove
continuous energy decay rates, together with decay rates under explicit smoothness
conditions on the initial data. Furthermore, we would like to point out that it also
yields stronger results in the framework studied in [4], that is, under condition (10).
We describe such applications in Section 6, where we show how to deduce power-
like decay rates from the energy estimates of [4], thus recovering, in a more general
set-up, related asymptotic estimates that can be obtained by spectral analysis.

Let us now mention some open questions. One interesting problem is to de-
rive optimal decay rates for the energy of an indirectly damped coupled system in
geometric situations for which trapped rays may exist for the uncoupled damped
equation. More precisely, it would be very interesting to generalize Lebeau’s resol-
vent analysis in [23] to such coupled systems obtaining optimal energy estimates.
In a somewhat different spirit, another open question would be to determine if it
is possible to combine the results of [23] and [17] with the techniques developed
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in [2, 4, 5] in order to derive sharp upper decay rates for the energy. In all the
examples we discuss in the present work—as well as in [1, 2, 4, 5]—operators A;
and A happen to have compact resolvents. It would be very interesting to see if
explicit energy decay rates can be derived in different situations. For instance, it
would be nice to extend Burq’s approach [17] in order to obtain indirect damping
of coupled systems in exterior domains, and prove decay of the local total energy
of solutions.

This paper is organized as follows. Section 2 recalls preliminary notions, mainly
related to interpolation theory which is so relevant for most of this paper. Section 3
is devoted to our polynomial decay result and its proof. In Section 4, we complete
the analysis with estimates in interpolation spaces. In Section 5, we describe several
applications to systems of partial differential operators. Finally, in Section 6, we
show how to improve the results of [4] by interpolation.

2. Preliminaries. In this section, we introduce the main tools required to deal
with interpolation theory between Banach spaces. For a general exposition of this
theory the reader is referred to [30] and [26]. Interesting introductions are also
given in [12] from the point of view of control theory, and [25] for the specific case
of analytic semigroups.

In this section (X,| - |x) stands for a real Banach space. Let (Y,| - |y) be
another Banach space. We say that Y is continuously embedded into X, and we
write Y — X, if Y € X and

|z|x < c|zly VeeY

for some constant ¢ > 0.

We denote by L(Y; X) the Banach space of all bounded linear operators T : Y —
X equipped with the standard operator norm. If Y = X, we refer to such a space
as L(X). For any given subspace D of X, we denote by T|p the restriction of T to
D.

Definition 2.1. Let (D,| - |p) be a closed subspace of X. A subspace (Y,| - |y)
of X is said to be an interpolation space between D and X if

(a) D =Y < X, and
(b) for every T' € L(X) such that Tip € £(D), we have that T}y € L(Y).

Let X, D be Banach spaces, with D continuously embedded into X. For any
a € [0,1], we denote by J, (X, D) the family of all subspaces Y of X containing D
such that
aly < clalf |e[y* Vo eD
for some constant ¢ > 0.
Let us introduce, for each z € X and t > 0, the quantity

K(t.x,X,D):= inf (lalx +b|p). (17)

acX,beD
Let 0 < 6 < 1 be fixed. We define
+oo
(X,D)gz := {w €X: / 03 K(t,x, X, D)2 dt < —I—oo} (18)
0

and

“+oo
22, ::/ 0=} K (t, 2, X, D) dt .
0
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The space (X, D)g 2, endowed with the norm | - |92, is a Banach space. The
reader is referred to [26] for the proof of the following results.

Theorem 2.2. Let Xy, X5, D1, Do be Banach spaces such that D; is continuously
embedded in X;, fori =1,2. If T € L(X1;X3) N L(D1;D2), then we have that
T € L((X1,D1)9,2; (X2, D2)g.2) for every 6 € (0,1). Moreover,

||T||ﬁ((X1 D1)g,25(X2,D2)0,2) < HT”ﬁ(Xl,Xz) ||T||0L(D1;D2) :

Consequently, the space (X, D)g 2 belongs to Jp(X, D) for every 6 € (0,1). Let

a € [0,1] and denote by K,(X,D) the family of all subspaces (Y,| - |y) of X
containing D such that

K(t,x, X, D)

sup ———"1—=

< +00.
t>0,zey  t%xly

Theorem 2.3 (Reiteration Theorem). Let 0 < 6y < 0, < 1. Fiz 6 € 10,1 and set
w=(1-0)0y+006;.

1) If E; € K, (X, D), i =0, 1, then (Eo, E1)g2 C (X, D).

2) ]f Ei S Jgi (X, D), 7= O, 1, then (X,D)%Q C (Eo,El)g,g.
Consequently, if E; € Jo,(X,D)NKy,(X,D), i =0, 1, then (Ey, E1)p,2 = (X, D)u 2,
with equivalence between the respective norms.
Remark 1. Since (X, D)y is contained in Jy(X, D) N Ky¢(X, D), for every 0 <
0o,01 < 1 we have

(X, D)gy,2, (X, D)oy 2)g 5 = (X, D) (1-0)09+60, 2 - (19)

Since X € Jo(X,D)N Ko(X,D) and D € J1(X,D) N K(X, D), we also have
(X, (X,D)gl,g)e’2 = (X,D)pp, 2 and (20)
((X,D)oo,2: D)y = (X, D) (1-6)00+6,2 - (21)

2.1. Interpolation spaces and fractional powers of operators. Let (H, (-, -))
be a real Hilbert space, with norm | - |. Let A : D(A) C H — H be a densely deﬁned
closed linear operator on H such that

(Az,x) > 6|z|*, Va € D(A) (22)

for some ¢ > 0. As usual, we denote by A? the fractional power of A for any 6 € R
(see, for instance, [12, Chapter 1 - Section 5]), and by A* the adjoint of A. We recall
that A is self-adjoint if D(A) = D(A*) and (Ax,y) = (x, Ay) for every z, y € D(A).
For the proof of the following result we refer to [26, Theorem 4.36].

Theorem 2.4. Let A be a self-adjoint operator satisfying (22). Then, for every
0 € (0,1), a, B €R such that 8 > a >0,

(D(A%), D(A®))g,s = D(AN=DH05) (23)

In particular,
(H,D(AB))M = D(A%9). (24)

We say that A is an m-accretive operator if

(Az,z) >0 Ve € D(A) (accretivity)
(M+ A)D(A)=H for some A >0 (maximality)
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Notice that, if the above maximality condition is satisfies for some A > 0, then the
same condition holds for every A > 0. Moreover, we say that A is m-dissipative if
—A is m-accretive.

We refer the reader to [26, Section 4.3] for the proof of the next result.

Proposition 1. Let (A, D(A)) be an m-accretive operator on a Hilbert space H,
with A= bounded in H. Then for every a, BER, B> a > 0,0 € (0,1), A satisfies
(23) and (24). In particular,

D(A%) = (H,D(A))g, V0<0<1. (25)

Corollary 1. If A is the infinitesimal generator of a Co-semigroup of contractions
on H, with A~% bounded in H, then D(A™) = (H,D(A*))go for every k € N,
0 € (0,1) such that m = 0k is an integer.

2.2. An abstract decay result. We recall an abstract result obtained in [1] in a
slightly different form, and in [4, Theorem 2.1] in the current version.

Let A: D(A) C H — H be the infinitesimal generator of a Cy-semigroup of bounded
linear operators on H.

Theorem 2.5. Let L : H — [0,4+00) be a continuous function such that, for some
integer K > 0 and some constant ¢ > 0,

T K
/ L(e"*z)dt < ¢ L(A*x) VT >0, Vae D(AY). (26)
0 k=0

Then, for any integer n > 1, any x € D(A™®) and any 0 < s < T

’ tA (t — S)n_l n n—1 — sA Ak
L(ez) NCEEVE dt < c*(1+K)" 'Y L(e* Arx) . (27)
s ’ k=0

If, in addition, L(e!Ax) < L(e*Ax) for any x € H and any 0 < s < t, then

| nkK
L(e*z) < (1 + K)" ! % S L(4bz) V>0 (28)
k=0

for any integer n > 1 and any x € D(A"K).

3. Main result. We are now ready to state and prove the polynomial decay of
solutions to weakly coupled systems. In addition to the standing assumptions
(H1),(H2),(H3), we will assume that

D(Ay) € D(AY?)  and  |AY?u| < ¢|Ayu| Vu € D(Ay) (29)
for some constant ¢ > 0. Condition (29) can be formulated in the following equiva-
lent ways.

Lemma 3.1. Under assumption (H1) the following properties are equivalent.

(a) Assumption (29) holds.
(b) A2 A7 € £(H).

(c) For some constant ¢ > 0

(Ayu, )| < ¢|Asv|(Aru, u)'/? Yu € D(A1), Yv € D(As). (30)
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Proof. The implications (a)<(b)=(c) being straightforward, let us proceed to show
that (c)=(a). Consider the Hilbert space V; = D(A}/Q) with the scalar product

(. 0)v, = (A1, 41%0)
and recall that D(A;) is a dense subspace of V;. Let v € D(As) and define the
linear functional ¢, : D(A;) — R by
¢v(u) = <A1U7U> Yu € D(Al) .

Owing to (c), ¢, can be extended to a bounded linear functional on V; (still denoted
by ¢, ) satisfying ||¢,|| < ¢|Azv|. Therefore, by the Riesz Theorem, there is a unique
vector w € V; such that

bo(u) = (AV2u, A Pw)  VueV.

Hence, (Aju, (v —w)) = 0 for all u € D(Ay), and so v = w € Vj since Ay is
invertible. Moreover, |A}/2v\ = |w|y, < c|Aav]. O

The main result of this section is the following.

Theorem 3.2. Assume (H1),(H2),(H3) and (29). If Uy € D(A%), then the solu-
tion U of problem (9) satisfies

4
/T EUW)dt < ey Y EUH(0) VT >0 (31)
0

k=0

for some constant ¢; > 0.

The proof of Theorem 3.2 will be given in several steps. First, let us recall that,
as showed in [4, Lemma 3.3], system (9) is dissipative. Indeed, under the only
assumptions (H1) and (H2), the energy of the solution U = (u,u’,v,v") of problem
(9) with Uy € D(.A) satisfies

%E(U(t)) = —|BY2/ () vt >o. (32)

In particular, ¢t — E(U(t)) is nonincreasing on [0, 00).

Corollary 2. Assume (H1),(H2),(H3) and (29).

(a) If Uy € D(A'™) for some integer n > 1, then the solution U of problem (9)

satisfies
c 4n
E(U) < TZ > eW™()  vt>0 (33)
k=0
for some constant ¢, > 0.
(b) For every Uy € H we have

EWU®) =0 as t— +oo.

Proof. Statement (a) follows by combining the dissipation relation (32), Theo-
rem 3.2, and Theorem 2.5. To prove part (b), we fix Uy € H and consider a
sequence (U)nen such that U € D(A) for every n > 1 and UJ — Uy in H for
n — +o0o. We set U™ (t) = MU and U(t) = AU, for t > 0. Then, by linearity
and the contraction property of (e*4);>¢, we have

[Un(t) = U] < 1Ug = Usll, Vt=0,neN.
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Therefore, recalling the definition of £, we deduce that £(U™(.)) converges to £(U(.))
as n — o0, uniformly on [0,00). Since, for any fixed n € N, E(U™(t)) converges
to 0 as t — oo, we easily obtain the conclusion. O

We now proceed with the proof of Theorem 3.2. Hereafter, C' will denote a generic
positive constant, independent of «. To begin with, let us recall that, thanks to [4,
Lemma 3.4], the solution of (9) with Uy € D(A) verifies

/ et < / )P+ CEWO) (34)

for some constant C' > 0 and every T" > 0. Hence, the main technical point of the
proof is to bound the right-hand side of (34) by the total energy of U (and a finite
number of its derivatives) at 0.

Lemma 3.3. Let U = (u,u/,v,v") be the solution of problem (9) with Uy € D(A).
Then

/T |ATY 20 2dt < c/T 1A 2uf2dt + % [5(U(o)) + 5(U’(0))] . (35)
0 0 (6]

Proof. Rewrite (9) as system (3) to obtain

T T
/ (u" 4+ Ayu + By + av, AT v)dt — / (" + Av + au, Ay u)dt = 0.
0 0

Hence, by straightforward computations,

T T
a/ |ATY 202dt < a/ | A5 ) 2dt
0 0

T T
7/0 <Bu’,A1_1v>dt+/0 [(v", Ay u) — (u”, AT )] dt .

Integration by parts transforms the last inequality into
T T T
a/ ATV 224 < a/ A5 Y2 )2dt — / (ATV2Bu, ATV a
0 0 0
T
+ / (A 20, A2 A5 ) — (AT, AT ) de
0
T
+ [, 45 ) - <U,A;1u'>]0 . (36)
We now proceed to bound the right-hand side of (36). We have

T o /7 o
/ <A1_1/QBu’,A1_1/21)>dt < Z/ |A1_1/2v|2dt—|——/ |Bl/2u’|2dt.
0 a Jo

0

Similarly, thanks to assumption (29) and the fact that B is positive definite,

T a T C T
/ (A7 o, 477 AT at| < Z/ |A;1/2v|2dt+—/ ERETES
0 0 @ Jo

Also,

T
/ (AT ATV 20t

T T
_ C
gﬁ/ \A11/2v|2dt+—/ B2 2t
0 4 Jo « Jo
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Finally, observe that the last term in (36) can be bounded as follows
T
‘ [0, A7 ") — (v, 45| ‘ < CEW(0)).
Combining the above estimates with (36), we obtain
L o1 c
/ ATt < c/ |45 PulPdt + —€(U(0))
0 0 @

C T
—"_ﬁ/ [lBl/Qu/‘Z—F|Bl/2u//‘2]dt.
0

The conclusion follows from the above inequality and the dissipation identity (32)

applied to v and u'. O
Lemma 3.4. Let U = (u,u’,v,v") be the solution of problem (9) with Uy € D(A).
Then
T T C 3
/ lo]2dt < 0a2/ juPde + = > EU)). (37)
0 0 1

Proof. Since (v + Agv 4 au, Ay 'v) = 0, integrating over [0, T] we have

T T T
/ lv|2dt = —oz/ (v, Ay tu)dt — / (", A v)dt . (38)
0 0 0

The last term in the above identity can be bounded using assumption (29) and
Lemma 3.1 as follows

T T
‘/ W', Ay v)dt| = / (AT AV A Y dt
0 0

1 r 2 r —1/2 1112
< [ WPacrc AT Ra (39)
0 0

Now, applying (35) to v” and (32) to u’, we obtain

T T
[ ar i< o [ AT P S o) + £ 0)]
0 0

< CEU ) + SEW ) +EWT ). (40)

On the other hand,

T 1 (T T
a/ (v, Ay tu)dt| < f/ |v|2dt+Ca2/ lu|?dt . (41)
0 4 Jo 0

The conclusion follows combining (38),...,(41). O
Let us now complete the proof of Theorem 3.2.

Proof of Theorem 3.2. To prove (31) it suffices to apply (37) to v’ and use the
resulting estimate to bound the right-hand side of (34). Since B is positive definite,
the conclusion follows by the dissipation identity (32). O



424 F. ALABAU-BOUSSOUIRA, P. CANNARSA AND R. GUGLIELMI

Remark 2. (i) Similar results can be obtained for systems of equations coupled
with different coefficients, such as

{u“(t) + Ayu(t) + Bu/(t) + agv(t) = 0 2)
0" (t) + Asvu(t) + asu(t) = 0.

In this case, (H3) should be replaced with

(H3’) aq, e are two real numbers such that 0 < ajas < wyws.

Let us explain how to adapt our approach to the case of a3 # as, when ay, as > 0.
The total energy is defined by

EWU) := agFE1(u,p) + a1 E2(v, q) + aras{u,v),

where F7 and Es are the energies of the two components, defined in (5). Moreover,
for each U € H,

EWU) > v(ag,as)|asEr(u,p) + ozlEg(v,q)} ,

wiws) ™2 > 0. Finally, for each Uy € D(A), the

with v(ag,as) = (1a0)M/2(
), q(t)) of the first order evolution equation associated

1 —
solution U(t) = (u(t), p(t), v(t
with system (42) satisfies
%5((]@)) = —a| BY2/(t))? VWt >0. (43)
In particular, ¢t — E(U(t)) is nonincreasing on [0,00). From this point, reasoning
as in the above proof, the reader can easily derive the conclusion of Theorem 3.2.
(74) Another interesting situation occurs when oy = 0, that is, when the first
equation of system (42) is damped, whereas the second component is undamped
and weakly coupled with the first one. In this case there is no hope to stabilize
the full system by one single feedback. Indeed, let A; = Ay =: A and consider the
sequence of positive eigenvalues (wy)g>1 of A, satistying wy — +00, with associated
eigenspaces (Zy)r>1. Moreover, let B = 261, with 0 < 8 < /w1, and Ay =

v/wi — B2. Then, the equation

u’(t) + Au(t) + 284/ (t) = 0 (44)
with initial conditions

u(0) = u’ = Zug, u'(0) =u' = Zu}g,
k>1 E>1
where uz € Zy, for every k > 1, (i = 1, 2), admits the solution
1 0
u(t) = e Pt Z [ug cos(Agt) + Ui+ Buy sin()\kt)} .
E>1 Ak

In particular, choosing u® € Z; and u' € Z;, we have that u(t) lies in Z; for every
t > 0. On the other hand, the solution to

V" (t) + Av(t) + au(t) =0 (45)
is coupled with (44) only in the component in Z, while it is conservative in Zi-.
More precisely, writing v(t) = v1(t) + va(t) € Z1 + Zi-, equation (45) implies that

{v’l’(t) +wior(t) + out) =0

vy (t) + Ava(t) = 0. (46)
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Therefore, taking v(0) = v° ¢ Z; and v/(0) = v! ¢ Z3,

1
E(vs(t), v5() = 5 (I05(8)” + (Ava(t), va(1))) = E(v(0),2(0)) > 0
for all ¢ > 0. So, system (42) is not stabilizable.
4. Results with data in interpolation spaces. When the initial data belong to

an interpolation space between H and the domain of a power of A we can improve
Corollary 2 as follows.

Theorem 4.1. Assume (H1),(H2),(H3) and (29). If Uy € (H,D(AY))g2 for
somen > 1 and 0 < 0 < 1, then the solution U of problem (9) satisfies

Cn,0
IO < 527 10ollG peasnyy,. ¥ >0 (47)

for some constant ¢, 9 > 0.

Proof. The proof easily follows from the interpolation results recalled in Section 2
applied to the operator A; : H — H defined by

A(Up) = eAUy € H
for each Uy € H. O

Although (H, D(A))g5 is usually difficult to identify explicitly, we can single
out important special cases where such an identification is possible. We need a
preliminary result.

Lemma 4.2. The operator A: D(A) — H is invertible, with A~' bounded. More-
over, A is m-dissipative (thus, A generates a Co-semigroup of contractions on H).

Proof. For any U = (u,p,v,q), U = (4,p,0,q) € H, the identity AU = U is
equivalent to

p=1, —-Aw—Bp—av=p, qgq=0, —Ayw—au=4q.
Hence, p =1 € D(A}/Q), qg="10E€ D(Aé/Q). So, in order to compute A~! it suffices

to solve the system

(48)

Aju+av=f
Asv+au=g,

for suitably chosen f, g € H. Since I —a?A; Ay is invertible thanks to (H3), it
is easy to check that (48) admits the solution

a=(I—a2A7 A7) T AT (S — adytg) € D(Ay)
= Ay (g — an) € D(A,).

S]]

Thus, A is invertible, and A~"! is bounded. Moreover, A is dissipative, since
(AUIU) < —(Bp,p)r < —Blpl <0 YU € D(A).

In addition, it is easy to check that there exists A > 0 such that the range of AT — A
equals H. Thus, by the Lumer-Phillips Theorem (see, e.g., [27, Theorem 4.3]), A
generates a Co-semigroup of contractions on H. O

Applying Corollary 1, we obtain the following result.
Corollary 3. If 0k = m, for some 0 <60 <1 and k, m € N, then
D(A™) = (’H,D(Ak))g,g. (49)
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Remark 3. In particular, let us take k¥ = 4n (n > 1) and 0; = ﬁ for j =
1,...,4n — 1. Then, (49) yields
(H,D(A"))g,2 =D(A?) (j=1,...,4n—1). (50)

Thus, applying Theorem 4.1 to the above values of 6;, one can show that, if Uy €
D(A7), then the associated solution U(t) of problem (9) satisfies

U@z < tj/4||Uo||D(A7 vt >0

for some constant ¢, ; > 0. Moreover, we claim that ¢, ; can be chosen independent
of n. Indeed, since j # 4n, one can take the smallest positive n; such that j < 4n;,
and use (50) with 6; = j/(4n;) to conclude that c,, ; = ¢;. As already mentioned
in the introduction, this result can be compared with the one in [10, Proposition
3.1], which was obtained by a different method.

Corollary 4. Assume (H1),(H2),(H3) and (29).
i) If Uy € D(A™) for some n > 1, then the solution of (9) satisfies

Cn (k
EWU _tn/4ZEU vt >0 (51)

for some constant ¢, > 0.
ii) If Uy € (H,D(A™))g2 for some n > 1 where 0 < 8 < 1, then the solution of
(9) satisfies

Cn,0
@113 < JTMIIUoH?H,D(An))G,Q vt>0 (52)

for some constant c,, 9 > 0.
iii) If Uy € D((—A)?) for some 0 < § < 1, then the solution of problem (9)
satisfies

Co
@13 < WIIUoH%((_A)e) vt>0 (53)
for some constant cy > 0.

Proof. Points i) and i) derive from Corollary 2 and following the proof of Theo-
rem 4.1, thanks to Remark 3. In order to prove point i), first we deduce from
Lemma 4.2 that —A is invertible with bounded inverse. Moreover, it is m-accretive
on H, hence (25) yields

(H, D(A))o,2 = (H,D(=A))g,2 = D((—A)?)
for every 0 < 6 < 1. The conclusion follows applying i) with n = 1. O

Under further assumptions, the norm in (H, D(A))g,2 can be given a more explicit
form. For this purpose, for each k£ > 0 consider the space

Hy, = D(AFTV?) 5 D(AY?) % D(ASFTV?) % D(AS?).
We recall the following result (see [4, Lemma 3.1]).
Lemma 4.3. Assume (H1), and (H2). Let n > 1 be such that
BD(AY V%) ¢ D(AY?) (54)
DAY € D(437) (55)
DAY/ € DAY (56)
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for every integer k satisfying 0 < k < n — 1. (no assumption is made if n = 1).
Then Hy, C D(AF) for every 0 < k < n.
In [4], it is also shown that H;, = D(AF) for every 0 < k < n, provided (55) and
(56) are replaced by the stronger assumptions
Dl < o0
+
D(A; ) € D(A™")
Let 0 < 8§ <1 and k > 1 be fixed. As a direct consequence of Theorem 2.2,
choosing appropriate spaces and operator T, one can show that, if H is contained

in D(AF), then (H,Hy)p2 is contained in (H, D(A*))g2. Moreover, (H,Hz)o.2
equals

forevery 0<k<n-—1.

Hio = (D(A), DATT"))o 0 x (H, D(AY*))o,2
X(D(Ay*), DIAFD2))g.5 x (H, D(45"*))g.s.
Notice that, since A; is self-adjoint and (22) holds for ¢ = 1, 2, applying Theorem 2.4
we have, for every 0 < a < 8 (i =1, 2),

(D(A$), D(AY))g,2 = D(AL~F0),
pree 30 1+%0 ko
Therefore, Hy, g equals D(A7 ) x D(A$") x D(A3 ) x D(A3").

Observing that, for initial data in #, g, we can bound (above and below) the
norm of Uy by the norms of its components, we have the following.

Corollary 5. Assume (H1),(H2),(H3) and (29).
1) If H, C D(A™) for some n > 2, then for each Uy € H,, the solution U of
problem (9) satisfies

c
U3 < t,ﬁHUoll%n vt >0 (57)
for some constant ¢, > 0, where
||U0||%-Ln = |u0|2D(A(1n+1)/2) + |U1|2D(A1l/2) + |UO|2D(Aén+1)/2) + |v1|2D(A;/2) .

2) Letn>1and 0 < 0 <1 be fixred. If H,, C D(A"™), then for every Uy € Hy, g
the solution U of (9) satisfies

Cn,o
IU®)]13, < tn2/4 10oll,,  Vt>0 (58)

for some constant ¢, g > 0, with
HUOH%Lnﬂ = |UO|2D(A§1+n9>/2) + |U1‘§)(AT9/2) + |UO|2D(A51+TL9)/2) + |U1|§)(A;9/2) s

where < stands for the equivalence between norms.

5. Applications to PDEs. In this section we describe some examples of systems
of partial differential equations that can be studied by the results of this paper, but
fail to satisfy the compatibility condition (10). We will hereafter denote by 2 a
bounded domain in RY with a sufficiently smooth boundary I'. Fori =1,..., N we
will denote by 9; the partial derivative with respect to x; and by 9, the derivative
with respect to the time variable. We will also use the notation H*(Q2), H¥(2) for
the usual Sobolev spaces with norm

ko = [/ Z |Dpu|2dxf,

pl<k

[[ul
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where we have set DP = 9* - 98" for any multi-index p = (p1,...,pn). Finally,
we will denote by Cq > 0 the largest constant such that Poincaré’s inequality
2 2
Callullg.a < [IVullg o (59)

holds true for any u € Hg(£2). To avoid too many notation, we denote in the same
way the constant Cq such that

Collullf o < IVullg.q + [lullfr . (60)
for all w € H'Q. In the following examples we take
H=1I1*9Q), B=glI.
Example 5.1. Let 8, A > 0, a € R, and consider the problem

e TR R R
with boundary conditions
%(~,t):00nF, v(nt)=0onT Vt>0 (62)
and initial conditions
_ .0 / _ 1
frlntZue w0 vea o

The above system can be rewritten in abstract form taking

D(Al){ueHz(Q):gZOonF}, Aju=—Au+ du, (64)
D(Ag) = H*(Q)NHJ(Q), A =—Av.

Notice that, in order to verify assumption (H3), we shall choose « such that 0 <
la| < (Co(Cq + A)2. Then,

/VuVUdJ:—i—/\/uvdx
Q Q

1/2 1/2 1/2 1/2
< (/ |Vul? dx) (/ |Vol? da:) +A (/ u2dm> </ ’UZdJC)
Q o o Q

< e (Au,u)? | Agu]

[(Aru, v)| =

where we have used the coercivity of Ay and the well-known inequality
/ [v* + |Vol*] do < c/ |Av|*de Yov e H*(Q)NHYQ).
Q Q

Since condition (30) is fulfilled, we get the following conclusions.
i) If (u®, ul, 00, v1) € D(Ay) x D(A}’?) x D(A,) x D(AY?), then the solution U
of problem (61)-(62)-(63) satisfies

c
By (u(t), (1) + Ea2(v(t),v'(t)) < mlonll%(A) vt >0 (65)
for some constant ¢ > 0. Moreover, there exists ¢; > 0 such that

1Tl D < ex (Iu’l50 + 1wt T 0 + 10150 + 0"170) -
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i1) By point 4¢) of Corollary 4, if Uy € (H,D(A™))g2 for some 0 <6 <1, n>1,
then the solution of (61)-(62)-(63) satisfies

Cn.0
Ex(u(t)u'(8)) + Ea(0(8),v'(8) < 2577 100G,y (66)

for every t > 0 and some constant ¢, ¢ > 0. Moreover, point i) of Corollary 4
ensures that, if Uy € D((—.A)?) for some 0 < § < 1, then

By (u(t), ' (t) + Ea(v(t),0'(t)) < t%lonH%((_A)g) vt >0 (67)

for some constant ¢y > 0.

Of interest is the case when an operator fulfills different boundary conditions on
proper subsets of I'. For instance, let I'g be an open subset of ' (with respect to
the topology of T') and set I'y = I'\T';. We assume that Ty N Ty = (). Consider the
system (61) with boundary conditions

u(-,t) =0on Ty, %(~,t) =0onT\Ty

v(,t) =0onT

and initial conditions (63). Let us set

vt >0 (68)

D(Al):{u€H2(Q):u:0on1"0, gu=OonF\F0},
v
Aju=—Au.

Then, [(Aju,v)| < ¢ (Alu,u>1/2 |Agv]. So, for 0 < |a| < (Cq(Cq + )\))1/27 condition
(29) is fulfilled, and the same conclusions i) — i) hold for problem (61)-(68)-(63).

Example 5.2. Another interesting situation occurs while coupling two equations
of different orders. Let 8,A > 0, a € R, and consider the system

2 AZ —
Btzu—k u—+ Au+ Bou+ av =0 in Q x (0, +00) (69)
Ofv—Av+au=0
with boundary conditions
A
Au(-,t)zoz%p,t) onT, w(,)=00onT ¥t>0 (70)

and initial conditions (63). Define

D(A;) = u€H4(Q):Au:0:aaAuon1" , Aju=A%u+ A,
v

D(Ay) = H* Q)N H}(Q), Ayw=—Av.

Suppose 0 < |a| < )\1/20;2/2, as required by (H3). Observing that, for any u €

D(Al) and v € D(AQ),
/AuAvdx—l—)\/uvdx
Q Q

we conclude that condition (30) is fulfilled. So, for every Uy € D(A), the solution
U of problem (69)-(70)-(63) satisfies
c

By (u(t), u' (1) + Ea(v(t), () < tmlonll%(A) vt>0 (71)

for some constant ¢ > 0. Moreover, there exists ¢; > 0 such that

1TollDia < ex (Iu’llia + w50+ 10150 + 017 0) -

[(Ayu,v)| = < c(Aju,u)"? |Agv],
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Note that we give in Example 6.3 another set of boundary conditions for the same
symbols for the operators. It is interesting to see that both examples are treated for
different classes of compatibility conditions, namely the present example satisfies the
compatibility condition (11), whereas the example (6.3) satisfies the compatibility
condition (10).

Example 5.3. Let § > 0, o € R, and consider the problem

D2u— A 0 =0
fu—Aut PO+ av in Q x (0, +00) (72)
Ofv—Av+au=0
with boundary conditions
ou
(au+“) (1) =0onl' 0y (73)

v(,t) =0onT
and initial conditions (63). Let us define

du

D(Ay) =ue€ H*(Q): ay—f—u:OonF} , Aru=—Au,
D(Ay) = H* Q)N HY(Q), Ayv = —Av,

and assume 0 < |a| < Cq. Observe that

/ VuVudx
Q

1/2 1/2
< ( |Vul? da:) (/ |Vol? da:) < c(Ayu,u)? |Agu]
Q Q

[(Aru, v)| =

since

(Alu,u>:/ \Vu|2dx+/|u|2d57 /|Vv|2dx§c/ |Av|? dx .
Q r Q o)

Thus, condition (29) is fulfilled. So, the energy of the solution of problem (72)-(73)-
(63) satisfies

c
Ex(u(), (1) + Bx(v(8),v' (1) < 7 100llDay  VE>0 (75)
for some constant ¢ > 0. Moreover, there exists ¢; > 0 such that

1olibiay < e (JAru 2 + A7 >0l 2 4 | 420" + 450" 2) .

Our next result show that the operators in Example 5.3 do not fulfill the com-
patibility condition (10).
Proposition 2. Let Ay, Ay be defined as in (74). Then for every k € N, k > 2,
D(Ag/Q) is not included in D(A7).

Proof. Since D(A%) c D(A§/2) for every k € N, it is sufficient to prove that D(A%)
is not included in D(A;) for every k € N, k > 1. For this purpose, let us fix k € N,
k > 1, and consider the problem

{(A)kvo =1 (76)

vo=0=Avyg =--- = AF 1y, onI'.
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Define the sequence vy, v, ...,v5_1 by
—Avyg =1 —AvVp_9 = Vp_1 —Avp_1 =1 (77)
UO‘F =0 vk—2|r =0 ’Uk_llr =0.

We will argue by contradiction, assuming D(A%) C D(A;). Since vy belongs to
D(A2) N D(A1), we have v, =0 = %‘F. Moreover, from the first system in (77),
it follows that
0
/ vide = /(—Avo)dx = | D45 =0.
Q Q r ov

Hence, / vidx = 0. Let us prove by induction that
Q

/Vvk,inidx:O Vi=1,2,...,k—1. (78)
Q
For i = 1 we have

/Vvk_1Vv1d$:/(—Avk_l)vldm:/vldsz,
Q Q Q

since vg—1 . =0 =v1 .. Now, let ¢ > 1 and suppose

/ Vur_;Vu,der =0.
Q
Then,
0= / Vp—i(—Av;)dx = / Vg—iVip1dx
Q Q
= /(—A’U}C,ifl)’l}prldﬁ = / Vvk_(iH)Vvinm .

Q Q
Thus, (78) holds for ¢ + 1. Moreover, from (78) follows that

/’Uk_i’UH_ldl‘:O Vizl, 2,...,](:—1, (79)

Q

since
/vk,iviﬂdx:/vk,i(—Avi)da::/Vvk,inidxzo.
Q Q Q

Now, let k be even, say k = 2p, p € N*. Then, by (78) with ¢ = p we obtain
/ |Vv,|?dz = 0, whence v, =0.
Q

So, by a cascade effect,

Upt1 = —Avp =0=>vpr0 = —Avp 1 =0= - = vp_1 = —Avp_2 =0,
Since —Awvi_1; = 1, we get a contradiction. If, on the contrary, k is odd, i.e.
k =2p+ 1, then, applying (79) with ¢ = p, we conclude that

/ |vpt1]2dz = 0, whence v, 1 =0.
Q

Finally, we have that vp41 = vpyo = -+ = vp—1 = 0. Since —Awvy_1 =1, we get a
contradiction again. Therefore, D(A%) is not included in D(A;). O
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Example 5.4. Given 8 > 0, a € R, let us now consider the undamped Petrowsky
equation coupled with the damped wave equation,

8fquu+Batu+om:0 .
Q% (0,+ 80
{8,52U+A2U+au:0 o (0, +00) (80)
with Robin boundary conditions
0
(as—ku) (,)=0onT  Vi>0 (81)
on v and either
v(,t) = Av(,t) =0o0on T Yt >0 (82)
or
v
v(-,t) = %(-,t) =0onl V>0 (83)
on v, with initial conditions (63). Define
2 ou
D(A))=queH (Q):a—+u:OonF , Aju=—Au,
v

D(Ay)={ve H' () :v=Av=0onT}, Ayw=A%

(with boundary conditions (82) on v), or

~ 0
D(AQ)Z{UEHAL(Q)ZU:(,?Z:OODF} . A =A%
(with boundary conditions (83) on v). Once again, we have

[(Aru, )] =

/ VuVudx
Q

1/2 1/2
< (/ |Vu|2dz> (/ |Vv|2d:17> < c(Ayu,u)? | Agul .
Q Q

Thus, condition (29) is fulfilled and, for 0 < |a| < Cg/ ?. the polynomial decay of
the energy of solution to (80)-(81)-(82)-(63) and (80)-(81)-(83)-(63) follows as in
Example 5.1

6. Improvement of previous results. In this section we apply interpolation
theory to extend the polynomial stability result of [4] to a larger class of initial
data. We will denote by j > 2 the integer for which (10) is satisfied. As is shown
in [4, Theorem 4.2], under assumptions (H1), (H2),(H3) and (10), if Uy € D(A™)
for some integer n > 1, the solution U of problem (9) satisfies

< 5 U® (0 Vt >0 84
trb

for some constant ¢, > 0. We recall that assumption (10) covers many situations of
interest for applications to systems of evolution equations. Indeed (see [4, Section 5]
for further details), this is the case for
i) (A1, D(A1)) = (A2, D(As)), where (10) is fulfilled with j = 2;
ii) D(A1) = D(As), with j = 2;
iii) (A, D(Ag)) = (42, D(A3?)), again with j = 2;
iv) (A1, D(A1)) = (A3, D(A3)), with j = 4.
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The following result completes the analysis of [4], taking the initial data in suitable
interpolation spaces.

Theorem 6.1. Assume (H1),(H2),(H3) and (10), and let 0 < § < 1, n > 1.
Then for every Uy in (H, D(A™))g 2, the solution U of (9) satisfies

Cn,6
U@l < W”UOH?H,D(AM))BJ vt >0 (85)
for some constant c,, 9 > 0.

Reasoning as in Remark 3, one can derive estimate (84) also for Uy € D(A¥), for
every k=1,...,nj — 1, with decay rate k/j.

Corollary 6. Assume (H1),(H2),(H3) and (10).
i) If Uy € D(A™) for some n > 1, then the solution of (9) satisfies

U3 < e Voldpany V>0 (86)
tn/i

for some constant c,, > 0.
i) If Uy € (H,D(A"™))g2 for somen >1 and 0 < 0 < 1, then the solution of (9)

satisfies
Cn.,o
U3 < WHUOH%H,D(M))M vt >0 (87)
for some constant ¢, 9 > 0.
iii) If Uy € D((—A)Y) for some 0 < @ < 1, then the solution of problem (9)
satisfies
Co
IU@)13 < WHUOH%((—A)O) vE>0 (88)

for some constant cy > 0.

In particular, the previous fractional decay rates can be achieved for initial data
in H,, or in H, g, whenever H, C D(A"), as in Corollary 5. This happens, for
instance, if any of the following conditions is satisfied:

i) (A1, D(A1)) = (A2, D(A2));

i) D(A1) = D(Az);

iii) (A2, D(A2)) = (A7, D(A})).
Let us apply Corollary 6 to two examples from [4].

Example 6.2. Given 5 > 0, k > 0, a € R, let us study the problem

O2u — Au+ BOyu+ ku+av =0 .
{ 31521} —Av+kv+au=0 mn Q % (0, +00) (89)
with boundary conditions
u(-,t) =0=wv(1) on I' Vt>0 (90)

and initial conditions

u(z,0) = u’(z), v (2,0) = ul(x)
{ v(z,0) = v0(z), v'(2,0) = vl (x) z . (91)

Let H = L?(Q), B = B3I, and A; = Ay = A be defined by
D(A) = HX Q)N HY(Q),  Au=—Au+ru Yue D(A).

Notice that (10) is fulfilled with j = 2, and condition 0 < |o| < Cq 4+ k =: w is
required in order to fulfill (H3).
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As showed in [4, Example 6.1], if u®,0° € H2(Q) N H(Q) and ul, vt € HL(Q)
then

/ (190 + 190 + |00 + Vo)
Q

< Z(Iu 1 + '3 0+ 10°13.0 + "1 0)
Moreover, if u%,v° € H*"*1(Q) and u!,v! € H*(Q) are such that
_A[”] O—O:’UO:.

vt > 0.

=AY on T

- o= AP —0 on T
then

/ (19 + 190 + oy + \Vv|2)dx

Q

C
< (e "2iro+ It 20) Ve,

Furthermore, applying Corollary 6, we conclude that if Uy belongs to H, s =
(H,D(A"))g,2 for some 0 < § < 1, n > 1, then the solution to (89)-(90)- ( 1)

satisfies

/Q<|atu|2+|W|2Jr 10,0]2 + Vo] )da: < tn9/2”U0”” L, VEs0 o (92)
for some constant ¢, ¢ > 0, with

+[u'f?

U2 XOQ
0ol o < 1P ? A

[

limng 1.
AETE0 D(A}

3o, + |vt |2 A3y

2
Example 6.3. Taking > 0,0 < |of < Cg/Q, and the same operators A; and
Ay as in Example 5.2, but with different boundary conditions, we can consider the
system

0%u + A?u + BOwu + av =0 .
{ 8;21) — Av + ofe ; 0 m 2% (0, +-00) (93)
with boundary conditions

on I' Vt>0
and initial conditions as in (

91). Let us set H = L?(Q2), B = BI, and
={ueH Q) :Au=0=uonT}
D(A2) = H*(Q) N Hy(Q)

(94)

D(4,

Alu = Azu,
Asv = —Av.

In this case, since A; = A3, condition (10) holds with j = 4. Consequently, as is
shown in [4, Example 6.4], for initial condition Uy € D(A?)

C
/ <|8tu|2 + |Au|2 —+ |8t’U|2 + ‘VU|2)d:C < ?”UOH%)(A‘l) YVt >0
Q

for some constant C' > 0. By point i) of Corollary 6, we can generalize this result
to initial data Uy € D(A™) for some n > 1. Indeed, in this case the solution to
(93)-(94)-(91) satisfies

/Q (|3tu|2 + |Aul? 4 [0sv]* + |V )da: < tn/4 ||UO||%,(A”) vt >0,
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for some constant ¢, > 0. Moreover, thanks to point ii) of Corollary 6, if Uy €
(H,D(A™))g2 for some n > 1 and 0 < 6 < 1, then

Cn,6
‘/Q (|8tu|2 —+ |Au|2 —+ |at’1}|2 + |Vv|2>d.’l,' < WHUOH%'LD(A"))G,Q YVt >0

for some constant ¢, g > 0. Furthermore, thanks to point ¢i7) of Corollary 6, if Uy
belongs to Hi1 9 = D((—.A)?) for some 0 < 6 < 1, then the solution to (93)-(94)-(91)
satisfies

Co

for some constant ¢y > 0, with
O|2

L | 1|2
p(ap”2)

L1y + |’Ul|2
D(A7)

+ ‘UO|2 lg -
D(AF)

2 -
1ol D((—ayey = Iu bk
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