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STABILIZATION OF THE WAVE EQUATION THROUGH NONLINEAR
DIRICHLET ACTUATION *

NICOLAS VANSPRANGHE'!, FRANCESCO FERRANTE? AND CHRISTOPHE PRIEUR!

Abstract. In this paper, we consider the problem of nonlinear (in particular, saturated) stabilization
of the high-dimensional wave equation in the Dirichlet boundary condition. The wave dynamics are
subject to a dissipative nonlinear velocity feedback and generate a strongly continuous semigroup
of contractions on the optimal energy space L?(Q) x H™'(2). Tt is first proved that any solution
to the closed-loop equations converges to zero in the aforementioned topology. Secondly, under the
condition that the feedback nonlinearity has linear growth around zero, polynomial energy decay rates
are established for solutions with smooth initial data. This constitutes new Dirichlet counterparts to
well-known results pertaining to nonlinear stabilization in H' () x L*(Q) of the wave equation in the
Neumann boundary conditions.
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1. INTRODUCTION

Let Q € R? (d > 2) be a bounded domain with smooth boundary I'. Given a relatively open nonempty
subset 'y of I', we consider the wave equation subject to non-homogeneous Dirichlet boundary condition:

Opu(z,t) — Au(z,t) =0 in  x (0,400), (1.1a)
up(o,t) = —g(U(o,t)) on I'y x (0, +00), (1.1b)
up(o,t) =0 on I'1 x (0,+00), (1.1c)

where I'; £ T'\ Ty, U represents a control input, and g is a real nondecreasing function fulfilling the following
assumption.

Assumption 1. The scalar mapping g satisfies the following properties:

(i) g is globally Lipschitz continuous and nondecreasing;
(ii) g(s) =0 if and only if s = 0.

Keywords and phrases: Wave equation, boundary stabilization, saturating feedback, asymptotic stability, polynomial decay
rates.
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Background. The general problem of this paper is the feedback stabilization of the control system (I.1]) in
presence of a static pointwise nonlinearity g. Consider the velocity feedback

Ulo,t) = —8,[A~](0, 1), (1.2)

where 9, denotes the outward normal derivative and A~! is the inverse of the positive “minus Laplacian with
homogeneous Dirichlet boundary condition” operator. The corresponding linear feedback system (i.e., when g
is the identity) was first introduced by Lasiecka and Triggiani in [9], with initial data lying in the energy space

H 2 LA(Q) x H Q). (1.3)
The choice of state space is motivated by optimal regularity results for second-order hyperbolic equations with
Dirichlet boundary data in L?(0, +o00; L*(I)) — see [11]. It was proved in [9] that the linear version of (L.1)-(T.2)
gives rise to an exponentially stable semigroup of operators on H under the assumption that the whole boundary
is actuated (i.e., I' = T'g) and that  satisfies suitable geometrical conditions. The proof relies on the analysis
of a new variable p defined as
pE AN (1.4)
which is smoother and solves a wave-type equation as well. The result was later refined by the same authors
in [10] where feedback acting only on a subset of the boundary is allowed and, most importantly, specific
geometrical conditions related to the analysis of the p-variable by multipliers are relaxed. This was achieved
by the mean of another change of variable operating at the level of pseudodifferential calculus. In short, after
transposing problem — to the half-space via partition of unity and truncating the solution with respect
to the time variable, one defines a new variable w by

Flw](&, w;x) = A&, w)Flu](§,w; x), EeR¥Y weR, x>0, (1.5)

where F denotes the Fourier transform in both tangential and time variables and A is a carefully constructed
symbol. While transformations and are quite different in nature, both enable computations on
variables with H1(2) x L?(Q)-regularity.

As far as we know, there has been no attempt to extend the stability analysis of the closed-loop system
— to the nonlinear case. Yet, one can see problem — as a natural Dirichlet counterpart to the
wave equation with nonlinear Neumann boundary dissipation

Opu(z,t) — Au(z,t) =0 in Q x (0, 400) (1.6a)
Oyu(o,t) = —g(Oru(o,t)) on Iy x (0,400), (1.6b)
ur(o,t) =0 on I'y x (0,400), (1.6¢)

which, in contrast, have been extensively studied in the literature. To cite only a few, when the nonlinearity g
has linear growth at infinity, uniform decay of the H(2) x L?(Q)-energy of solutions to can be achieved,
as in [20] or [12] — see also [§] and the references therein, or more recently [5]. In the one-dimensional settings,
arguments based on Riemann invariants are available, and the decay of the energy can be analyzed via ap-
propriate iterated sequences. See for instance [1], where g is allowed to be a multivalued monotone mapping,
or [18], where it is proved, in particular, that exponential or polynomial uniform decay cannot be achieved when
g represents a pointwise saturation mapping — see also [19] or [14] for a stability analysis in the saturated case.

Outline of the paper and contributions. This paper aims at bridging the gap between Neumann and
Dirichlet boundary conditions as far as nonlinear boundary stabilization is concerned. First, we prove that the
nonlinear dynamics (L.1)-(1.2)) generate a strongly continuous semigroup of contractions on the energy space
‘H (Theorem that is globally asymptotically stable around the zero equilibrium (Theorem . The proof
relies on LaSalle’s invariance principle and unique continuation for the wave equation.

Next, having in mind the more specific problem of saturated boundary stabilization, in Section [3] we work
under the assumption that g has linear growth around zero (see Assumption [2| below). Then, by analogy with
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the Neumann case, we focus on non-uniform decay rates for solutions with “smooth” initial data. We establish
a polynomial decay rate for smooth solutions (Theorem that holds under standard geometrical conditions
— see Assumption [3| below, which is however always satisfied when I'y = T, i.e., the whole boundary is actuated.
To do so, we consider the change of variable and we derive appropriate integral inequalities using suitable
multipliers. Note that the question of uniform stability when g has linear growth at infinity is out of the scope of
the paper — this is discussed in Section [4] below. Throughout the paper, one can think of the “hard” saturation
mapping satg with threshold S > 0, defined by

s if [s] < S,
satg(s) £ g5

|s]

otherwise, (1.7)

as a prototype nonlinearity satisfying Assumptions [I] and [2] highlighting the fact that no differentiability con-
dition on g is prescribed.

Notation and elements from elliptic theory. We end this section by introducing some notation and
recalling useful results from elliptic theory.

First, if H is a given Hilbert space, we denote by || - || g its norm, and its scalar product is written (-, -)g. For
T > 0, we denote by W1P(0,T; H) the subspace of LP(0,T; H) composed of (classes of) H-valued functions ¢
such that, for some & in H and ¢ in LP(0,T; H), ¢(t) = € + fot 1 (s) ds almost everywhere in (0,7). Such class
¢ is identified with its continuous representative and we say that ¢’ = ¢ in the sense of H-valued distributions.
Note that vector-valued integrals are intended in the sense of Bochner. Also, the space of bounded linear
operators between two normed spaces E and F is denoted by L(E, F).

In this paper, all scalar functions are real-valued. The notation dz indicates the standard Lebesgue measure
on R¢ while do denotes the induced surface measure on I'. By H*(f2) (resp. H*(T")) we denote the L?(£2)-based
(resp. L?(I')-based) Sobolev space of order s. The space of compactly supported and infinitely differentiable
functions on € is written C3°(£2). We also recall that H}(Q2) is defined as the closure of C°(Q) in H(Q).
Furthermore, H~1(Q) is the topological dual of H}(Q).

The unbounded operator A can be deﬁnecﬂ as follows: having set

D(A) 2 H2(Q) N H (%), (L8)

we let Au 2 —Au € L?(Q) for all u € D(A). Then, A is a strictly positive self-adjoint densely defined operator
on L?(Q). Its domain D(A) is equipped with the norm [|A - ||12(q), which is equivalent to the norm induced
by H2(2). As a positive operator, A possesses fractional powers A%, s € R — see for instance [17, Chapter II,
Section 2.1]. Those are also strictly positive self-adjoint operators. For s > 0, D(A®) are dense subsets of L?(2),
which we equip with the norm [|4° - || z2(q). In particular, we have D(AY/?) = HJ (), with

||Vw||2L2(Q)d = ||A1/2w||%2(9) = ”wH%{(}(Q) for all w € Hg (). (1.9)

Then, we let D(A™%) £ D(A%) and we can extend A° as an isomorphism between L?(2) and D(A~*). Here,
H~1(Q) is equipped with the scalar product

(vi,v2) ir-1() = (A7 %01, A7 205) 12(q), (1.10)

which induces a norm equivalent to the dual one; we also recover D(A~1/2) = H=1(Q). Throughout the paper,
we use the following chain of continuous embeddings:

D(A) — HY(Q) — L*(Q) — H Q) — D(A™). (1.11)

1 Alternatively, A can be defined as a duality mapping between HJ(Q) and H~1(Q), in which case (1.8) is recovered a posteriori
by applying elliptic regularity theory.
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Finally, we define the Dirichlet map D, which is a right inverse for the trace operator. For any f in H'/2 (),
there exists a unique u in H'(£2) solving —Au = 0 and ur = f; and we let D f £ u. The mapping D defined in
this way belongs to L(H/2(Q), H'()); also, we define its adjoint D* by (D*u, fr2@y = (u, Df)2(q) for all u
in L2(Q) and f in L?(T'). Extensions on fractional Sobolev spaces are denoted with the same symbols:

D e L(H*(T), H*TY2(Q)), D* € L(H*(Q), H*TY2(T)) for all s € R. (1.12)

2. WELL-POSEDNESS AND ASYMPTOTIC STABILITY

In this section, we give the operator-theoretic formulation of the evolution problem (|1.1a)) with initial data in
L?(Q) x H~1(22) and feedback control (1.2). After that, we state and prove the well-posedness and asymptotic

stability properties of the feedback system (1.1})-(1.2).
2.1. Operator model and well-posedness

We shall recast the closed-loop evolution equations - into a first-order abstract Cauchy problem on
the energy space H and state well-posedness results by relying on nonlinear semigroup theory.

With a little abuse of notation, we denote by g the (nonlinear) Lipschitz mapping on L?(T") defined by
g(f)(e) & g(f(o)) for any f in L?(I'). We also define a projection operator P on L?(I') by [Pf](c) =
1r,(0)f(o) for any f € L*(T). From the Green formula, it follows that

—D*Ap=0,p forall p e D(A). (2.1)
Therefore, the boundary condition associated with the feedback law (1.2) can be rewritten as follows:
ur = —Pg(D*u’). (2.2)

Next, we introduce the unbounded nonlinear operator A associated with the closed-loop system —.
Recalling the chain of embeddings (1.11)) and that A maps L?(2) onto D(A™!), we define A by
D(A) £ {[u,v] € H:v e L*(Q), Alu+ DPg(D*v)] € H(Q)} (2.3a)
Alu,v] £ [-v, Au+ ADPg(D*v)]. (2.3b)
Equivalently, D(A) is the set of all [u,v] in L%(2) x L?(2) such that u + DPg(D*v) belongs to H} ().

Note that the feedback law (1.2)) appears as a natural choice when (formally) differentiating the energy
functional

1
E(u,v) = S{llullZa o) + [0lE-1ep}s 0] €3, (24)
along “trajectories” of the open-loop system (|1.1). Indeed, this leads to the energy identity
d
—E&(u,u’) = / g(U )0, [A™ | do (2.5)
dt To

and since g satisfies Assumption |1, we see that (|1.2) renders the energy £ nonincreasing along the trajectories.
In the sequel, we employ the standard nonlinear semigroup terminology: by a strong solution to (1.1)-(1.2)),
we mean an absolutely continuous H-valued function [u, v] that satisfies [u(t),v(t)] € D(A) for all ¢ > 0 and

%[u, v] + Alu,v] =0 ae. (2.6)

in the sense of strong differentiation in H; by a generalized solution to (L.1)-(1.2]), we mean a continuous
H-valued function [u,v] that is, on each interval [0, 7], the uniform limit of some sequence of strong solutions.
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Theorem 2.1 (Hadamard well-posedness). The nonlinear operator A is densely defined and mazimal monotone.
Thus, —A is the infinitesimal generator of a strongly continuous semigroup {St} of (nonlinear) contractions on
the energy space H. For all initial data [ug,vo) in H, there exists a unique generalized solution [u,u’] € C(RT,H)

to (1.1)-(1.2)). If [uo,vo] belongs to D(A), then [u,u’] is a strong solution to (L.1)-(1.2). Furthermore,

(i) Strong solutions satisfy the inequality
[ A[u(t), o' ()]l < [|A[uo, volll  for all t > 0 (2.7)
(i) Strong solutions satisfy the energy identity

%m,w) _ /F o(D")D" o = /F 04 WA do (2.8)

in the scalar distribution sense on (0,400).

Remark 2.1. If we also assume that, say, |g(s)| > als| for all s € R and some a > 0, the energy identity
provides an uniform estimate of the L?(0,+o0o; L?(T'g))-norm of 9,[A~1u’] for strong solutions. From there,
one can prove that holds for generalized solution as well by passing to the limit and recovering the traces
ur and 9,[A~ /] in L*(0,400; L*(T'g)) — see for instance [2] for similar arguments in the Neumann boundary
conditions.

Proof of Theorem[2.1]. Once proven that A is maximal monotone, existence and uniqueness of strong and gen-
eralized solutions to -, together with the appropriate semigroup properties, follow from Kato’s theorem
and standard nonlinear semigroup theory — see, e.g., [16, Chapter IV].

Step 1: Monotonicity. Let [u1,v1] and [ug, vs] in D(A). Then,

(.A[Ul,v]_] - A[u27v2]) [ul7v1] - [UQaUQ])'H = _(vl — U2,U1 — u2)L2(Q)
+(AY?[uy — us + DPg(D*v1) — DPg(D*v2)], A=Y ?[01 — va]) 12(0.-

Now we use that A~1/2[v; — vs] belongs to D(A'/?) and that A'/? is self-adjoint to obtain

(A[ul,vl] - A[UQ, 1}2], [ul, 111] - [UQ,’UQ])H = (DPQ(D*Ul) — DPg(D*UQ),Ul — ’Ug)Lz(Q)
= (Pg(D*v1) — Pg(D*v2), D*v1 — D*va) 121y (2.10)
= (g(D*v1) — g(D*v2), D*v1 — D*v3) 21y = 0,

the right-hand side being nonnegative by nondecreasingness of g, which proves that A is monotone.
Step 2: Range condition. Let A > 0 and [f1, f2] € H. To solve the equation Afu, v] + A[u,v] = [f1, f2], it
suffices to find v € L?(€2) such that

Ao+ DPg(D*v) + AA o = A7V fy — AT fL (2.11)

This is seen by substituting —v 4+ Au = f; into the second coordinate of the equation and applying A~! to the
result. If such v € L?(Q) is found, then [u, v] belongs to D(A) since A1 f, € H}(Q) and DPg(D*v) € HY(Q).
We define a nonlinear operator © on L?(Q) by ©(v) £ A~*v + DPg(D*v) + AA™ v for all v € L(2). Then,
O enjoys the following properties:
(i) © maps bounded sets into bounded sets;
(ii) (©(v1) — O(v2),v1 — v2)r2(q) > 0 for all vy and vy in L?(2);
(iii) The scalar function ¢ — (©(vy + tvz), v2) r2(0) is continuous for all vy and vy in L*(Q2).
Also, we have
(©(v),v)r2(0) > )\_1||v||2L2(Q) for all v € L*(Q). (2.12)
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Thus, it follows from [16, Lemma 2.1 and Theorem 2.1] that © is onto. Consequently, the equation Afu,v] 4+
Au, v] = [f1, f2] has a solution in D(A).

Step 3: Denseness of the domain. Let [u,v] € H and € > 0. Since A~'v € HZ(Q) and C(Q) is dense
in H}(Q), we can pick ¢ € D(2) such that

1A 0 = @l|% o) < and thus [[v— Ag|3 (o) < Ce (2.13)

where C' > 0 comes from A € L(H}(2), H=1(Q2)). Besides, there exists ¢ € C2°(2) such that |lu — ¢||%2(Q) <e
Since ¢ € C°(2) C D(A), we have Ap € L*(Q) and also, using (2.1)), g(D*A¢) = g(—0,¢) = 0. Thus,
[, Ag] € D(A); also, we have ||[u,v] — [¢, A¢]||%, < (1 + C)e. It is now proved that D(A) is dense in H.

Step 4: Energy identity. Let [u, v] be a strong solution to (L.I)-(L.2)). We recall that &(u, u') = %||[u, u']||3,.
Consequently, by the chain rule, £(u,u’) is an absolutely continuous scalar function and

d
ag(u, ') = (Alu, '], [u,u])y  ae. (2.14)
Thus, the desired identity (2.8]) follows from (2.10)). d

2.2. Additional properties of the semigroup

Now, we establish some compactness and regularity properties that are useful in the proof of the stability
results presented in Subsections 2.3 and [3:1] We start by introducing the following proposition, which enables
us to prove asymptotic stability of the feedback system (1.1)-(1.2]) using LaSalle’s invariance principle.

Proposition 2.1 (Compactness). For any A > 0, the (nonlinear) resolvent operator (A+ \id)~! is well-defined
on H and compact. In particular, for all initial data [ug,vo] € H, the (semi)trajectory {Si[uo, vo]}e>0 is relatively
compact in H.

Proof. Assume for a moment that (A-+\id)~! is well-defined and compact for some A > 0. Then, since A(0) = 0,
relative compactness of the trajectories follows from [4, Theorem 3].
Let A > 0. We already know from the proof of Theorem that the equation

Alu,v] = [f1, f2] (2.15)
has a solution in D(A) for all [f1, f2] € H.
Step 1: Uniqueness. Consider two solutions [u1,v;] and [ug, v2] to (2.15). Then, we recall from (2.11)) in
the proof of Theorem [2.1] that
Ay — vg] + DP[g(D*v1) — g(D*vy)] + AA™ vy — va] = 0. (2.16)
Taking the scalar product in L*(Q2) of (2.16) with v; — vy yields
Aoy = val[ 220y + (9(D*v1) = g(D*v2), 01 — v2) L2(ry) + Allvr — val|F-1(q) = 0. (2.17)
In particular, since g is nondecreasing, we infer from (2.17)) that v; = vo; thus, [ur, v1] = [u2, v2] and (A+Aid) ™!
is well-defined.
A

Step 2: Compactness of the resolvent operator. In what follows, we let [u,v] = (A + Xid)~![f1, fo]
and we look for estimates of [u,v] € D(A) in stronger norms. First, as in the previous step, we obtain

A0l T2 + (9(D0),v) 2(ry) + MVl -1 () = (A7 fa, A720) 20y = A7 (f1,0) 220, (2.18)
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where it is used that A='/? is self-adjoint. From (2.18)), using Cauchy-Schwarz and Young inequalities with
appropriate constants, we obtain the estimate

1
[vllZ2 () < §||f2||?{—1(n> +1f1lZ @) (2.19)

The remainder of the proof relies on elliptic regularity theory and in particular [13] Théoréme 10.1]. Since
[u,v] € D(A), we know that u + DPg(D*v) belongs to H () and

u+ DPg(D*v) = A~ fo — AMA™ 0. (2.20)

Picking an arbitrary test-function ¢ in C°(Q) C D(A), taking the scalar product in L?*(Q) of with
A¢ and using again that D*A¢ = —0,¢ = 0 leads to —Au = fo — A in the sense of distributions on €.
Besides, since —Au € H~(Q), up is well-defined in H~1/2(T'); then, we infer from u + DPg(D*v) € H}(Q)
that wr = —Pg(D*v) € L*(T'). Applying the aforementioned theorem, we obtain u € H'/2(Q) along with the
estimate

||u||§11/2(9) <G {||P9(D*U)||2L2(r) +f2 = AU”%{*%Q)} (2:21)

where C; > 0 is solution independent. Since P and g are Lipschitz continuous on L2(T'), g(0) = 0 and D* is
linear continuous from L?(Q) into L?(T), plugging (2.19)) into (2.21)) yields

HUH?'-IU?(Q) < ClCQHUH%Q(Q) + 201)\2”””%1—1(9) + 201||f2|\%1—1(9)a (2.22)

where C5 > 0 is some other constant.
Combining (2.19) and (2.22), we see that (A + Aid)~! maps bounded sets of H = L?(Q) x H~(Q) into
bounded sets of H'/2(Q) x L?(2), the latter being compactly embedded into H. Thus, the result is proved. [

The next proposition is meant for use in Section [3] where we work under additional assumptions on ;
however, since it is a direct continution of the proof of Proposition 2.1} we introduce it here.

Proposition 2.2 (Regularity). Suppose that ToNT1 = (). Then, the following explicit characterization of D(A)
holds:

D(A) = {[u,v] € H:v e L*(Q),u € H(Q),ur = —1r,g(D*v)} . (2.23)
Thus, strong solutions [u,u'] take values in H*(2) x L?(Q). Furthermore, there exists a constant K > 0 such
that any strong solution to (1.1))-(1.2) satisfies
H[u(t), ’U,/(t)} HHI(Q)XL2(Q) < KHA[U(O), u’(O)]HrH fOT‘ all t > 0. (224)
Remark 2.2. In particular, (2.24) implies that for some constant K’ > 0,

[0, volllz < K'||Alug, vol|lz  for all [ug,vo] € D(A). (2.25)

Proof of Proposition[2.3 Let us prove the left inclusion in . Recalling calculations made in Proposition
we already know that elements [u,v] in D(A) satisfy —Au € H~(Q) and wr = —Pg(D*v). Therefore, in
comparison with the proof of Proposition it suffices to show that up belongs to H'/?(T) instead of L?(T)
and apply the elliptic regularity theorem to gain the desired extra half-unit of regularity. By virtue of ,
we have D*v € H'/2(T).
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First, recall that pointwise Lipschitz nonlinearities such as ¢ map bounded sets of H'/ 2(T) into bounded
sets of H'/? (T"). Indeed, using the definition of Sobolev spaces on manifold by local charts and the Sobolev-
Slobodeckij characterization of the fractional spaces H*(R%~1) (see [6]), we know that for a given f in H'/2(T),

o5) € H20) it and only i [[ 61(21)g(1f 0 $i)(w1)) — di(w2)g([f © bi)(wa)

Rd—1xRd—1 lz1 — $2||d

dzi dzy < 400,

(2.26)
for all suitable (¢;,1);), where the functions ¢; € C3°(R?¢~1) are chosen from a partition of unity subordinate to
some (finite) covering of T and the functions ; are corresponding local representations of the surface.

The integral term in is finite because g and ¢; are globally Lipschitz continuous; hence, g(f) € H'/?(Q).
Furthermore, taking the square root of ||- H%?(Rd—l) plus the integral term in defines a norm on H'/2(R4-1)
equivalent to the one given by interpolation. Thus, after coming back to functions on T, it follows from
that

g2y < Kl fllersz@y  forall f € H1/2(I‘), (2.27)
where K is some positive constant coming from the Lipschitz continuity of g and norm equivalence.

Next we have to check that P € £L(H'/?(T")). Again, this is a consequence of : we observe that since
Ty N Ty = 0, there exists m > 0 such that ||z — 22| > m whenever (¢;(z1),v:(22)) € [[o x I'1] U [y x To).

Finally, combining for s = 1/2, the estimate (2:27), the fact that P € L(H/%(T')) together with the
elliptic regularity theorem, we obtain the stronger estimate

[l (@) < C{llAull-1@) + [0z }

. ) (2.28)
= C{||Alu + DPg(D*0)|[lz-1(0) + vl L2 } < C'[|Afu, o]l

where C and C’ are some positive constants that do not depend on [u,v]. The property (2.24) readily follows

from (2.28) and ([2.7). O
2.3. Asymptotic stability

Next, we state the second main result of the section, which asserts that the zero equilibrium of the closed-loop
system ([1.1)-(1.2)) is globally asymptotically stable.

Theorem 2.2 (Asymptotic stability of the closed-loop system). Let [ug,vo] € H. Then,
|Se[uo, vo]llw = 0 ast — +oo. (2.29)

Together with the contraction property of {S;}, (2.29) implies that 0 is a globally asymptotically stable equilibrium
point for the feedback system (1.1)-(1.2)).

Proof. By the contraction property of the semigroup {S;} and denseness of D(A) in H, it suffices to prove (2.29)
for initial data [ug, vo] in D(A).

To do so, we use a Lasalle-type invariance approach. Let us recall the classical line of arguments. We consider
the w-limit set w([ug, vo]) of [ug,vo], which can be characterized as follows: [wy, 20] € H belongs to w([ug, vg])
if there exists an increasing sequence {t,} € RY such that t,, — +oo and

St (1o, vo] = [wo, z0] In H as n — +oo. (2.30)
Recall that {S;[ug, vo] }+>0 is relatively compact in H. Therefore, w([ug, vo]) is a nonempty (positively) invariant
compact set, and dist(S;[ug, vo],w([ug,vo])) — 0 as t — +o0o — see |7, Théoreme 1.1.8]. Moreover, since
t — || A(S¢[ug, vo])||% is bounded, it follows from |3, Lemma 2.3] and that w([ug,vo]) C D(A). Besides,
since £(St[uo, vg]) is bounded and nonincreasing with respect to ¢, it must converge to some £, > 0 as t goes
to +o00. By and continuity of £, we have &(wo, z9) = s for any [wo, 29] € w([uo, vo))-
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The remainder consists in proving that w([uo, vg]) is reduced to {0}. Let [wo, 20] € w([u0,vg]); we write
[w(t), w (t)] = St[wo, 20] and we notice that E(w(t),w’(t)) = Ex for all t > 0. Furthermore, [w,w'] is a strong
solution to (1.1)-(1.2) and we infer from the energy identity (2.8)) that

/ / (=0, [A" )0, [A w']dodt =0 for all T > 0. (2.31)
o Jrg

Letting p £ A~ w’ € C(RT, HY(Q)) N L>(0, +00; D(A)), ([2.31) together with the properties of g leads to
Oup(o,t) =0 for ae. (0,t) € Ty x (0,+00). (2.32)

Next, we recall that w' € W1°°(0, +00; H~1(£2)) and, using together with the operator-theoretic for-
mulation of (L.I)-(T.2), we obtain w” + Aw = 0. Hence, p € W1>°(0,+o0; H}(Q)) satisfies p’ + Ap = 0,
which in turn implies that p € W2°°(0, +00; H~1(Q2)) and solves p” + Ap = 0 in H~}(Q), i.e., the standard
variational formulation of the wave equation with homogeneous Dirichlet boundary condition. In particular,
p € CLY(RT, L?3(Q)) and solves the following boundary value problem:

Oup —Ap =0 in 2 x (0, 400), (2.33a)
pr =0 on I' x (0,+00), (2.33b)
Op=0 on I’y x (0, 400). (2.33¢)

The subset I'y being relatively open in I', a unique continuation argument for waves yields p = 0 — for instance,
one can directly apply |15, Théoréme 2]. Therefore, w’ = 0, Aw = 0 and finally w = 0, which concludes the
proof. O

3. POLYNOMIAL DECAY RATES FOR STRONG SOLUTIONS

This section is dedicated to the analysis of the decay rate of strong solutions under additional assumptions
on the feedback nonlinearity and the geometry of the problem.

3.1. Statement of the result and outline of the proof
In what follows, we work under stronger assumptions that are given next.

Assumption 2. There exist positive constants S, a; and as such that
arls] < g(s)] < asls| for all |s| < S. (3.1)

Assumption 3. The domain Q C R? with smooth boundary I' = I'y N I'; satisfies the following conditions:

(1) The boundary is such that
ToNTy = 0; (3.2)
(2) There exists a point g € R? such that, setting h(z) £ z — o,

h-v<0 onTy. (3.3)

Then, we can estimate the decay rate of each strong solution.

Theorem 3.1 (Non-uniform polynomial decay rate). Let r > max{d — 1,2}. Under Assumptions[q and [3,

strong solutions [u,u'] to (1.1)-(1.2) satisfy
E(u(t),u'(t) < Cut =1 for all t > 0. (3.4)

where Cy, is a positive constant depending only on || Afug, vo]|l#-
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Theorem is a Dirichlet counterpart to non-uniform polynomial decay results that are well-known in the
Neumann boundary conditions — see, e.g., [8, Theorem 9.10]. Let us introduce the following notation: if [u, ']
is a given solution to (1.1)-(1.2), we define a (continuous) function &, over R* by

Eult) = E(u(t), W' (t)). (3.5)
Here, polynomial decay rate is obtained by applying the following classical lemma to the (nonincreasing) energy
&, of each solution — see |8, Theorem 9.1] for a proof.
Lemma 3.1. Let E : Rt — RT be a nonincreasing function. Assume that there exist two positive constants -y

and T such that N

E7 N (t)dt < TE(0)E(r) for all T > 0. (3.6)
Then,
T + ,.Yt 71/"‘/
< >1T. .
E(t) < E(0) <T+'7T) forallt>T (3.7)

We already know from Section [2| that &, (t) converges to 0 as t goes to +o0o. Our subsequents efforts focus
on estimating

T2
/ 5£T+1)/2(t) dt for arbitrary 0 < 7 < 719, (3:8)
T1

where we recall that )
Eu(t) = 5{”““%2(9) + ||u’||§,,1(9)}. (3.9)

As mentioned in the introduction, the proof is based on an analysis of the variable p defined by

p=A"1u (3.10)

which solves, at least formally, the following boundary-value problem:

Oup — Ap = —0:[DPg(—0,p)] in  x (0,400), (3.11a)
pr=0 on I' x (0, +00). (3.11b)

If ' takes values in L?(f2), recalling the formula (2.I)), we have
—0,p=—0,]A ] = D*Ap = D*/. (3.12)
To alleviate notation, in the sequel we denote by ® the term
®(t) £ DPg(D*u'(t)). (3.13)
In regards to 7 we see that —® is the harmonic extension of the traceui As mentioned earlier, the

p-variable is smoother, which permits, in regards to the wave-type equation (3.11af) satisfied by p, the use of a
differential multiplier technique to obtain estimates of the integral over time of

1
5 [ 199l 1 da (3.14)

premultiplied by an appropriate power of £,. The quantity (3.14)) is the natural energy of [p, p'] at the H'(Q) x
L?(2)-level (i.e., the standard variational framework); from there, we will be able to deduce a suitable integral
estimate of the energy &, associated with the less regular u-variable.
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Remark 3.1. In fact, since we want to avoid differentiating terms involving g so that our results remain valid
when the nonlinearity is only continuous, we will rather multiply an integrated version of , namely the
formula u = —[p + ®], by the time derivative of the multiplier — see Lemma below. In particular, p’ need
not be continuous.

3.2. The multiplier identity

In this subsection, we give more precise properties of the p-variable and derive an expression of (3.8]) in
the form of a identity obtained by applying an appropriate multiplier to (3.11a). We recall that D(A) is
H?(Q) N H§(Q) equipped with the norm [|A - || 12y, which is equivalent to the one induced by H?(Q).

Lemma 3.2. Let [u,u’] be a strong solution. The corresponding functions p and ® enjoy the regularity
p € L0, +00; D(A)) N WH>°(0, +00; Hy(Q)), @ € L>®(0,+o0; H'(Q)), (3.15)

Also, the following identity holds:
u=—[p + ] € C(R,L*(Q)). (3.16)

Proof. We infer from Proposition [2.2] that [u, '] € L=(0,+o00; H*(Q) x L%(R)). As a consequence, since A~! is
continuous from L?(Q) into D(A), we get

p= A" € L°(0,+00; D(A)). (3.17)
Besides, v/ : Rt — H~1(Q) is absolutely continuous and
v’ + Au= —ADPg(D*u') in H'(Q) a.e. (3.18)

Thus, applying A~! to(3.18) yields

p = A" € L™=(0,4+o00; HY(Q)), (3.19)

and also
u=—[p'+®], and &€ L>(0,+o0; H'(Q)), (3.20)
which concludes the proof. O

Define the usual wave multiplier as follows:
Mp 2 2h-Vp+ (d—1)p, (3.21)

where h(z) = z — x as defined in Assumption and d is the space dimension. Since p satisfies a wave equation,
we know that [7* [, [|Vp|* + [p/|dz dt can be estimated by multiplying by Mp and integrating over
Q x (71, 72). Since we are looking for estimates of &, at the power (r + 1)/2, we premultiply Mp by &, at the
power (r —1)/2. Thus, we shall multiply by

Er=D2(H)Mp(x,t). (3.22)

The resulting identity is given in the next lemma.

Lemma 3.3 (Multiplier identity). The following equality holds for any 0 < 11 < To:

2/72 51([4_1)/2 dt = 51([_1)/2/ uMp dz
T Q

T2 T2
+/ 5y—1>/2/(h-u)|ayp|2da—/ (h-v)|g(D*/)|? do dt
T1 T1 r

To

— T +1)®u + -Vu]dz t—r;l) g3 [ yMpdzdt.
Er=D/2 [ (d+1)®u+ ®2h - Vu]dzd (2 7 EL
T1 Q T1 Q
(3.23)
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Proof. The proof is split into four steps.

Step 1: Integration by parts with respect to time. First, by linearity and continuity of M, Mp
belongs to W1:°°(0, +-00; L?(2)). On the other hand, recall that &£, is bounded and absolutely continuous with

g = _/ g(D*\D*u' do ae., & e L®(0,+00), (3.24)
To

because strong solutions are Lipschitz continuous with respect to time. Thus, 5&“1)/2 belongs to W1°°(0, +00)
and "2 Mp belongs to W1oo(0, +00; L*(Q)) with

[Er=D/2 Mp)' = Er=D2 pmyp’ + Qe;ey—?))/%wp a.e. in L2(Q). (3.25)

Now, it follows from (3.16)) that p’ + ® belongs to W1°°(0, +-00; L2(Q2)) and
—[p+ @) = = Ap. (3.26)

Let 0 < 7 < 72. Recall that, since p € D(A), Ap = —Ap € L*(Q). Thus, taking the scalar product of (3.26)
with £ 2 Mp in L?(71,72; L*(Q)) and using the integration by parts formula in W2 (71, 75; L2(2)) leads to

T2 T2
—/ 51§T_1)/2/u/\/lp’ dx dt
U “ (3.27)

_(r;l)/ 511151(lr73)/2/u/\/1pd1‘dt-
T1 Q

T2
—/ Ey_l)/Z/ ApMpd:Udt:&(f_l)/Q/ uMpdz
T Q Q

1

Step 2: Multiplier technique for the wave equation. In what follows, we apply classical vector calculus
identities to recover the Hg () x L?(2)-energy of [p, p']. Since p takes values in H?(Q), Rellich’s identity yields

/QAp[Qh~Vp] dx:(d—2)/Q||Vp||2dm+/rt9yp[2h-Vp] da—/r(h-u)HVpHQda. (3.28)

Furthermore, pjr = 0; thus

Vp=(0p)v onT. (3.29)
Combining and , we obtain
/Ap[Qh.vp} = (de)/ ||Vp||2dx+/(h~V)\ayp|2d0. (3.30)
Q Q r
On the other hand,
/QAp(d )pde = —(d— 1)/9 IVp|2 da, (3.31)

where we use again that p vanishes on the boundary. Summing (3.30) and (3.31)) yields

ApMpdx = —/ |Vpl|? dz + /(h -)|8,p|? dz. (3.32)
Q Q r
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Coming back to (3.27) and recalling (3.16)), let us write

/uMp’z—/p'Mp’dx—/ dMp'dx
Q Q Q

:—/p'[2h~Vp/]+(d—1)|p'|2dx—/ My da (3.33)
Q

Q
z/ |p’\2dx—/¢>/\/lp'dm,
Q Q

where we use the identity

/¢[2h.v¢] dr = /(h.u)(qs,r)?do f/(qS)Qdivhdx for all ¢ € H*(Q) (3.34)
Q r

Q

together with divh = d and p;p = 0. Therefore, combining (3.27) with (3.32) and (3.33) leads to

T2 T2 T2
/ 53_1)/2/ ||Vp||2+\p'\2dmdt:&5r_1)/2/ uMpdzx +/ &Y‘l)ﬂ/ dMp' dz dt
T1 Q Q T1 T1 Q

To 1 To
+ [Ter [wevjoskara - U2 [Meer [upmpasar
i r 1 Q

(3.35)

Step 3: Additional terms. Here, we put the terms involving ® into a form suitable for further estimation.

It follows from ([3.16]) that
/@Mp’dx:—/ @Mudm—/ PMP dux. (3.36)
Q Q Q

Applying (3.34) to ®, similarly to (3.33]), we obtain

- [ emear = [(opar— [ 0@

(3.37)
:/ |<I>|2dx—/ (h-v)|g(D*u)|? do,
Q To
where we use that, by definition,
Or = g(D*Ap) = g(D*u') on Ty, ®r =0onT}. (3.38)
On the other hand, we recall that
—/ S Mude = —/ B[2h - V] + (d — 1)duda. (3.39)
Q Q
Plugging (3.37) and (3.39)) into (3.35|) leads to
" ar—1))2 2 /12 —1)/2 S G O N A
/ gr=1/ / IVp|? + [p'|? dedt = €7~/ /u./\/lpd:c - 7/ g elr=3)/ /u./\/lpdxdt
- Q Q - 2 - Q (3.40)

+/ Sy*”/?/(h-y)m,pﬁda—/ (h-v)|g(D* Ap)|? do f/ ®2h - Vu] + (d — 1)Pu — |®|? dz dt.
T1 T Q

o
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Step 4: Conclusion. We finish the proof by rewriting (3.40)) as an estimate of f: 5&”1)/2 dt. This is done
as follows. First, by definition of the p-variable,

/Q||VP||2de = [|A2plIF2 () = A2 32 () = 14/ 51 0)- (3.41)
On the other hand, it immediately follows from u = —[p’ + ®] that
/ Ip|? dx = / |u|? dz —|—/ 20u + |®*dz  ae. (3.42)
Q Q Q

Summing (3.41)) and (3.42) yields

/Q V2 + |p'|? do = 2, + /Q 20u + |2 dz  ae. (3.43)
Plugging into , we get the desired identity.
O
3.3. Estimates of the right-hand side and conclusion
Our goal in this subsection is to establish an integral inequality in the form of
(1-p) /T2 ETV2 4t < K {&,(11) + Eu(m2)} forall 0 <7y <7, (3.44)

where K, is a constant that may depend on the initial data and p is a sufficiently small constant that may
depend on u as well. Assuming that (3.44) holds, we let 79 go to 400 to obtain

+oo K,
/ g0r+1/2 4 < m,su(r) for all 7 > 0. (3.45)

T

Then, Theorem [3.1] follows readily from Lemma [3.1] if we choose

K,
and T =

—(r—1)/2
. T Eul0) . (3.46)

To prove , we shall examine each term in the multiplier identity and derive estimates in terms of
o Either directly &,(m1) or &, (72);
e Or the boundary dissipation term f:f Jr, 9(D*u')D*u’ do which is nonnegative and can be integrated,
since
-& = / g(D*u")D*u' do = —/ g(=0,p)0,pdo; (3.47)
T To
e And also f: &(fH)/ 2at premultiplied by small i so that it can be absorbed in the left-hand side.

Remark 3.2. In what follows, we shall denote by K, K’, etc. generic constants that do not depend on the initial
data.

In practice, we can write estimates in terms of [ [ |g(D*u/)[* do dt instead of [} [ g(D*u/)D*u'dodt
since
0< lg(D*u/)|* do < K/ lg(D*u)D*u'|do = K | g(D*u")D*u' do (3.48)
T'o Ty To
by Lipschitz continuity and nonincreasingness of g, together with g(0) = 0.
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Moreover, recalling (3.3) in Assumption [3| and looking at the sign of each term, we observe that |0,p| in
(13.23]) need not be estimated on the uncontrolled boundary I';.

That being said, let us start by estimating the term involving 2h - Vu in (3.23)). This is done in the following
lemma.

Lemma 3.4. Suppose that r > 2. Then, there exists a positive constant K such that

T2 T2 1
/ 55;—1)/2/ ®[2h - Vu] dz dt <K||A[u0,v0]||;{2{/ - |g(D*u')|2do—+ugy—2>/2(0)5y+1>/2dt}
T Q T1 w

To

(3.49)
for all o > 1 >0 and p > 0.
Proof. We start by writing
((I), 2h - VU)L2(Q) = (DPg(D*u’), 2h - VU)LZ(Q) = (g(D*u'), D* [2h . VU])LZ(FO). (3.50)

Thus, applying the Cauchy-Schwarz inequality yields

/Q<1>[2h‘VU] dz| < [|g(D*')||L2(ry) [ D72k - V|l L2(r,) < l9(D*u) |2 (ro) I1D* 21 VU]l z2ry.  (3.51)
Next, recall from (|1.12) that
D* e L(H™Y2(Q), L*(T)). (3.52)
Therefore, it follows from (3.51) that
/ (I)[Qh : Vu] dz < KHg(D*Ap)HLz(FO) ||2h : V’U,HH71/2(Q). (353)
Q

Linear interpolation between the Sobolev spaces L2?(£2) and H () leads to

1/2 1/2
12k - Vul| 1720y < K2k - Vu||L/2(Q)||2h : vu||H/,1(Q) (3.54)
First, by Proposition 2.2
1/2 1/2 1/2 1/2
120~ Vull gy < KIRIE oVl 2lgya < Kl Aluo, vo] 3™ (3.55)

Besides, since 2h - Vu belongs to L?({2), we have
(2h - Vu, w) g1 () g1y = (2h- Vu,w)p2q)  for all w € Hy (). (3.56)

Let us write

d
/ [2h - Vu]wdx = 2 Z/ h;O0p, uw dz
Q — /o

d d
i=179 i=1 7T

=— /u[wdivh+h~Vw]dx,
Q

where h; (resp. v;) denotes the i-th coordinate of the vector field A (resp. the outward normal vector v). Recall
that h € C1(Q). Then, using the Poincaré inequality on w, we obtain that for some K > 0,

|(2h - Vu,w) 12 (0)| < Kllull 20wl g3 o)- (3.58)
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By norm equivalence between H () and H{(€2), we infer from (3.58)) that

Coming back to (3.53)), combining (3.55)) and (3.59)) yields

1/2 * 1/2
< K|l Afuo, vol 13 l9(D* ') | 2ro) 1l Fory

/ Dg(D*u')[2h - Vu]dz
Q

(3.60)
1/2 %
< K[| Afuo, vo)ll3,*lg(D* ) 2rey €47
Therefore, since &, > 0, we have

glr=/2 /Q Dg(D*u')2h - Vudz| < K| Aluo, vol |3 *[|g(D* /) || 21 £ /314, (3.61)

Applying Young’s inequality with a parameter g > 0, we obtain

1

lg(D*u')|| L2y €~ H/2H/4 < ZHQ(D*UI)HZM(F) + %5571/2- (3.62)

It is assumed that r > 2. Thus, letting n £ (r — 1/2) — (r 4+ 1)/2 > 0, by nonincreasingness of &,, we have
T2 = gngr+)/2 < gn()glr+1)/2, (3.63)
Plugging (3.63)) into (3.62)) and integrating over (71, 72) yields the desired result.
O

Next, we deal with the term involving |0, p| = |D*u’| on the controlled boundary I'g. Here, the arguments are
very similar to those employed in the case of saturated Neumann feedback — see [8, Theorem 9.10] or [19, Theorem
3.

Lemma 3.5. Suppose that r > d — 1. Then, there exists K >0 and n € (0,1) such that

T2 T2 T2
e [ ok asad < Kl sl i [ [ arpndasar oo [ et
T1 To 71 JIo

T1

T2
+K/ lg(D*u/)|* do dt
71 JI

(3.64)
forall0 <7 <75 and p > 0.
Proof. For each t > 0, we set
It 2{oeTy:|0plo,t) <S} andT?2T\T}. (3.65)
Then,
/ (h-0)|0up2do| < K/ 10,p|? do + K/ 10,p|2 dor (3.66)
To ro Iy

Using (3.1) in Assumption [2} we estimate the first term in (3.66) as follows:

/0 |8,,p\2 do < af2 /0 |g(—8l,p)|2 do < af2/ |g(—{9,,p)|2 do = an/ \g(D*u')\2 do. (3.67)
i ry To To
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Let us examine the second term in (3.66). Setting a parameter 1 € (0,1) to be tuned later on, we have

/|6Vp|2d0:/ \D*u’|2da:/ Dy 2ol DTT (3.68)
r! r! r! lg(D*u/)["

Equation (3.68) makes sense since |g(D*u’)| > min{g(S), —g(—S)} > 0 on I'}. In fact, we have

|D*u/|? do < min{g(9), —g(—S)}*”/ |D*u/|>~g(D*u')D*u/|" do
1 1
b b (3.69)
<K | |D*/)*"g(D*u')D*/|" do.
o

Using Holder’s inequality with conjugates 1/7 and 1/(1 — n), we infer from (3.69)) that

N\ 1-m n
/|D*u’|2da§K(/ |D*u’m> (/ g(D*u’)D*u’da> . (3.70)
F% To T'o

Now, [u,u] being a strong solution to (1.1)-(1.2), we recall from Proposition that u’ takes values in L?(Q)
and ||’ (t)]| z2(q) < K||Afug, vo]||% for all £ > 0. The continuity property (1.12) yields

HD*U/(t)HHl/Z(F) S KHA[U(), Uo]”q.[ for all ¢ Z 0. (371)

In what follows, we rely on (fractional) Sobolev inequalities — see [6, Theorem 6.5 and Theorem 6.9]. First, we
consider the case d > 3, where we recall that d denotes the space dimension. We have the continuous embedding

2(d — 1)

HY2(Ty) — LI(Ty) forall ¢ € [2, o

} 21, (3.72)

Furthermore, since r + 1 > d, if we choose n = 2/(r 4+ 1), some computations yield (2 —n)/(1 —n) € I; hence
HY2(Ty) < L= (Ty). (3.73)

If d = 2, then the embedding (3.72)) holds in fact for any ¢ € [2, +00); therefore, (3.73) is valid as well. Coming
back to (3.70), combining (3.73]) with (3.71) yields

n
55[*1>/2/ |D*u'|? do < K || Alug, vo) |3, "EL /2 </ g(D*u’)D*u'do) : (3.74)
r! r

0

Applying the Young inequality with conjugates 1/n and 1/(1 —7), we get
r—1
519_1)/2/ |D*u')? do < K || Alug, vo] |3 " {u_l—lﬂ&f(l_") + / g(D*u")D*/ da} for all 4> 0. (3.75)
r} o

Since (r—1)/2(1—n) = (r+1)/2, we conclude the proof by combining (3.75) and (3.67) together with (3.66)). O

At this point, the proof of Theorem is almost complete. Estimates of the remaining terms in (3.23) are
given in the next lemmas. Following our remarks at the beginning of the subsection, we claim that Theorem
[3:1) is proved once those are established.
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Lemma 3.6. There exists a positive constant K such that

{81([’_1)/2 / uMp dx]
Q -

Proof. Let 7 > 0. Then,

< KETV20){E,(11) + Eula)} for all 0 <7y < 7.

< ECI2(@) u(r)l| L2y IMP(T) | 220

< KE V(1) |lu(m)l| L2 Ip(T) a2 (o)
< Kg(ril)/z(T)”u(T)HL2(Q)”U/(T)”H—l(Q)
< KETM2(0)84(7),

’5757"_1)/2(7') / u(T)Mp(7) dz

Q

where it used that &, is nonincreasing. Equation (3.76|) readily follows from the triangular inequality.

Lemma 3.7. There exists a positive constant K such that

/ £ glr=3)/2 / uMp dz dt‘ < KETDR0)Ea(r1) + Ea(ra)} for all 0 < 11 < 7.
T Q

Proof. Again, we write

/u/\/lpdx < KE&,.
Q
Therefore,
T2 . T2 T2 2 /
/ E{Lé'gd)/Q/UMpd:Edt‘ §K/ (75;)5157"71)/2(125:7[(/ {5(7%1)/2] dt
T1 Q T1 T1 r + 1
2K
_ m{(5-157“Jr1)/2(7_1) . gq(tr+1)/2(7_2)}.

The desired inequality follows from the nonincreasingness of &, and (3.80).

Lemma 3.8. There exists a positive contant K such that

T2 1 T2 T2
/ 515‘7“71)/2/ ‘budzdt‘ < K{/ (C/‘T(LTJrl)/Z dt+u(€1§r71)/2(0)/ |g(D*u/)|2dUdt}
- Q mJr 71 JIo

1 1

for all0 <1 <7 and p > 0.

Proof. First, using Cauchy-Schwarz and Young inequalities, we obtain

T2 T2
/ 59_1)/2/ ‘Pudfﬂdt‘ S/ 5£T_1)/2||‘I’HL2(Q)||UHL2(Q) dt
T1 Q

T1

1 [ .
< ﬂ/ 51(]‘—1)/2“(1)”%2(52) dt+M/ glr+1/2 qy.
T1 .

Next, recall that ® = DPg(D*u’) and that D continuously maps L?(T) into L?(Q2). Therefore,
[1@]|72(0) < KIIPg(D* )72y = Kllg(D*u)1Z2(r,)

and we conclude the proof by plugging (3.83)) into (3.82)) and using that &, is nonincreasing.

(3.76)

(3.77)

(3.78)

(3.79)

(3.80)

(3.81)

(3.82)

(3.83)
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4. CONCLUDING REMARKS

In this section, we discuss the results of our paper and give some comments and perspectives.

e Theorem deals with the decay rate of strong solutions to —, which remain bounded in a
stronger norm (here, in H'(2) x L?(Q)). In particular, this enables the use of Sobolev embeddings to
obtain estimates of the boundary term 9,[A~1u'] in L>°(0, +-00; L%(T)) for some appropriate ¢. In view
of the energy identity , and as done in Lemma we can then derive an estimate involving only
the “dissipation term” g(—d,[A™1u/]) and lower-order energy terms, even though no lower bound on
nonlinearity g is prescribed at infinity. Here, using the terminology of [18], the feedback is allowed to
be weak, i.e., g(s)/s can go to 0 as |s| goes to infinity, as it is the case when g represents a saturation
mapping; then, loss of uniformity is to be expected. More precisely, coming back to the Neumann prob-
lem, the one-dimensional version of with g given by is known to possess weak solutions that
decay to zero (in the natural energy space H'(2) x L?(Q)) slower than any exponential or polynomial,
whereas strong solutions decay exponentially to zero but in a non-uniform way — see [18, Theorem 4.1]
or also [1, Theorem 59]. Proving a similar result in our Dirichlet case would be interesting.

e Putting aside the matter of saturated feedback and assuming if needed that g has linear growth at
infinity, we see that, unfortunately, the strategy followed here is not sufficient to prove uniform decay
of solutions to —. Indeed, while estimating the term (®,2h - Vu)r2(q) as in Lemma is good
enough for the purpose of proving Theorem [3.1} it requires, again, that solutions remain bounded in a
norm stronger than that of the energy space H. If, instead of , one manages to prove something
in the likes of

// B[2h - V] de dt < K(7) /T |g(D*u')|2dadt+K'{5u(0)+8u(7)}+e/T8udt (4.1)
0 Q 0 0

for some 7 > 0, where K (7) is allowed to depend on 7 and € can be chosen sufficiently small, then, by
remarking that the multiplier identity is still valid with the time-varying weight &(u,u’)("=1/2
replaced by the constant 1, one could easily adapt the rest of our proof to obtain exponential uniform
stability. By following the proof of |9, Lemma 3.3], we can prove such estimate when g is the identity, at
least under some specific geometrical conditions; however, the argument breaks down in the nonlinear
case. Therefore, as mentioned in the introduction, the problem of uniform stability is still open.
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