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Stabilization for the semilinear wave
equation with geometric control condition

Romain JoLy* & Camille LAURENT

December 2, 2013

Abstract

In this article, we prove the exponential stabilization of the semilinear wave equa-
tion with a damping effective in a zone satisfying the geometric control condition
only. The nonlinearity is assumed to be subcritical, defocusing and analytic. The
main novelty compared to previous results, is the proof of a unique continuation
result in large time for some undamped equation. The idea is to use an asymptotic
smoothing effect proved by Hale and Raugel in the context of dynamical systems.
Then, once the analyticity in time is proved, we apply a unique continuation result
with partial analyticity due to Robbiano, Zuily, Tataru and Hérmander. Some other
consequences are also given for the controllability and the existence of a compact
attractor.

KEY WORDS: damped wave equation, stabilization, analyticity, unique continuation
property, compact attractor.
AMS SUBJECT CLASSIFICATION: 35B40, 35B60, 35B65, 35171, 93D20, 35B41.

Résumé

Dans cet article, on prouve la décroissance exponentielle de I’équation des on-
des semilinéaires avec un amortissement actif dans une zone satisfaisant seulement
la condition de contréle géométrique. La nonlinéarité est supposée sous-critique,
défocalisante et analytique. La principale nouveauté par rapport aux résultats pré-
cédents est la preuve d’un résultat de prolongement unique en grand temps pour
une solution non amortie. L’idée est d’utiliser un effet régularisant asymptotique

*Institut Fourier - UMR5582 CNRS/Université de Grenoble - 100, rue des Maths - BP 74 - F-38402
St-Martin-d’Heres, France, email: romain.joly@ujf-grenoble.fr

TCNRS, UMR 7598, Laboratoire Jacques-Louis Lions, F-75005, Paris, France

YUPMC Univ Paris 06, UMR 7598, Laboratoire Jacques-Louis Lions, F-75005, Paris, France, email:
laurent@ann. jussieu.fr



prouvé par Hale et Raugel dans le contexte des systemes dynamiques. Ensuite, une
fois 'analyticité en temps prouvée, on applique un théoreme de prolongement unique
avec analyticité partielle di a Robbiano, Zuily, Tataru et Hormander. Des applica-
tions a la controélabilité et a 'existence d’attracteur global compact pour ’équation
des ondes sont aussi données.

1 Introduction
In this article, we consider the semilinear damped wave equation

Ou + y(x)Ou + fu+ f(u) =0 (t,x) e Ry x O,
u(t,z) =0 (t,z) € Ry x 09 (1.1)
(u, Opu) = (ug,u1) € HY(Q) x L*()

where O = 92 — A with A being the Laplace-Beltrami operator with Dirichlet boundary
conditions. The domain € is a connected C* three-dimensional Riemannian manifold with
boundaries, which is either:

i) compact.
ii) a compact perturbation of R? that is R® \ D where D is a bounded smooth domain,
endowed with a smooth metric equal to the euclidean one outside of a ball.
iii) or a manifold with periodic geometry (cylinder, R* with periodic metric etc.).

The nonlinearity f € C!(R,R) is assumed to be defocusing, energy subcritical and such
that 0 is an equilibrium point. More precisely, we assume that there exists C' > 0 such
that

f0)=0, sf(s) =0, |f(s)| <C(L+s) and |f'(s)| < C(L+]s])P" (1.2)

with 1 <p < 5.

We assume 3 > 0 to be such that A — § is a negative definite operator, that is that we
have a Poincaré inequality [, |Vul* + lu*> > C [, |u[* with C' > 0. In particular, it may
require § > 0 if 9Q = () or if © is unbounded.

The damping v € L*>(2) is a non-negative function. We assume that there exist an
open set w C Q, a € R, xg € 2 and R > 0 such that

Veew, v(x) >a>0 and 2\ B(zg,R) Cw . (1.3)

Moreover, we assume that w satisfies the geometric control condition introduced in [44]

and [7]



(GCC) There exists L > 0 such that any generalized geodesic of €2 of length L meets the set
w where the damping is effective.

The associated energy F € CO(X,R,) is given by
1
Bw) i= B(w.0m) = 5 [ (0l + [Vul + Slu) + [ V(w (14
Q Q

where V(u) = [ f(s)ds. Due to Assumption (1.2) and the Sobolev embedding H'(Q2) —
L5(92), this energy is well defined and moreover, if u solves (1.1), we have, at least formally,

OB (u(t)) = — /Q (@)l O] dz < 0. (1.5)

The system is therefore dissipative. We are interested in the exponential decay of the
energy of the nonlinear damped wave equation (1.1), that is the following property:

(ED) For any Ey > 0, there exist K > 0 and A > 0 such that, for all solutions u of (1.1)
with E(u(0)) < Ey,
Vvt >0, E(u(t)) < KeME(u(0))

Property (ED) means that the damping term ~v0;u stabilizes any solution of (1.1) to zero,
which is an important property from the dynamical and control points of view.

Our main theorem is as follows.

Theorem 1.1. Assume that the damping v satisfies (1.3) and the geometric control con-
dition (GCC). If f is real analytic and satisfies (1.2), then the exponential decay property
(ED) holds.

Theorem 1.1 applies for nonlinearities f which are globally analytic. Of course, the
nonlinearities f(u) = |u|P~'u are not analytic if p & {1, 3}, but we can replace these usual
nonlinearities by similar ones as f(u) = (u/th(u))?~'u, which are analytic for all p € [1,5).
Note that the estimates (1.2) are only required for s € R, so that it does not imply that f is
polynomial. Moreover, we enhance that (ED) holds in fact for almost all the nonlinearities
f satisfying (1.2), including non-analytic ones.

More precisely, we set

¢(R) = {f € C*(R) such that there exist C' > 0 and p € [1,5) such that (1.2) holds }
(1.6)
endowed with Whitney topology (or any other reasonable topology). We recall that Whit-
ney topology is the topology generated by the neighbourhoods

Nis={ge € [R)|VueR, max(|f(u) =g, |f'(u) —g W] <o)}  (L7)



where f is any function in €'(R) and § is any positive continuous function. The set €!(R)
is a Baire space, which means that any generic set, that is any set containing a countable
intersection of open and dense sets, is dense in €!(R) (see Proposition 7.1). Baire property
ensures that the genericity of a set in €'(R) is a good notion for “the set contains almost
all non-linearity f”.

Theorem 1.2. Assume that the damping v satisfies (1.3) and the geometric control condi-
tion (GCC). There exists a generic set & C €Y(R) such that the exponential decay property
(ED) holds for all f € &.

The statements of both theorems lead to some remarks.

e Of course, our results and their proofs should easily extend to any space dimension d > 3
if the exponent p of the nonlinearity satisfies p < (d +2)/(d — 2).

e Actually, it may be possible to get A > 0 in (ED) uniform with respect to the size of the
data. We can take for instance A = X — £ where X is the decay rate of the linear equation.
The idea is that once we know the existence of a decay rate, we know that the solution
is close to zero for a large time. Then, for small solutions, the nonlinear term can be
neglected to get almost the same decay rate as the linear equation. We refer for instance
to [36] in the context of KdV equation. Notice that the possibility to get the same result
with a constant K independent on FEj is an open problem.

e The assumption on 3 is important to ensure some coercivity of the energy and to preclude
the spatially constant functions to be undamped solutions for the linear equation. It has
been proved in [14] for R? and in [38] for a compact manifold that exponential decay can
fail without this term S.

e The geometric control condition is known to be not only sufficient but also necessary for
the exponential decay of the linear damped equation. The proof of the optimality uses some
sequences of solutions which are asymptotically concentrated outside of the damping region.
We can use the same idea in our nonlinear stabilization context. First, the observability for
a certain time eventually large is known to be equivalent to the exponential decay of the
energy. This was for instance noticed in [14] Proposition 2, in a similar context, see also
Proposition 2.5 of this paper. Then, we take as initial data the same sequence that would
give a counterexample for the linear observability. The linearizability property (see [19])
allows to obtain that the nonlinear solution is asymptotically close to the linear one. This
contradicts the observability property for the nonlinear solution as it does for the linear
case. Hence, the geometric control condition is also necessary for the exponential decay of
the nonlinear equation.

e Our geometrical hypotheses on {2 may look strange, however they are only assumed for
sake of simplicity. In fact, our results should apply more generally for any smooth manifold
with bounded geometry, that is that 2 can be covered by a set of C*°—charts «; : U; —
a;(U;) C R? such that a;(U;) is equal either to B(0,1) or to B, (0,1) = {z € B(0,1), 2, >
0} (in the case with boundaries) and such that, for any » > 0 and s € [1, 00|, the W"™*—norm
of a function u in W"*(Q,R) is equivalent to the norm (Y, ||uo a;lﬂf/vm(ai(m)))l/&



The stabilization property (ED) for Equation (1.1) has been studied in [28], [53], [54]
and [13] for p < 3. For p € [3,5), our main reference is the work of Dehman, Lebeau
and Zuazua [17]. This work is mainly concerned with the stabilization problem previously
described, on the Euclidean space R? with flat metric and stabilization active outside of a
ball. The main purpose of this paper is to extend their result to a non flat geometry where
multiplier methods cannot be used or do not give the optimal result with respect to the
geometry. Other stabilization results for the nonlinear wave equation can be found in [2]
and the references therein. Some works have been done in the difficult critical case p = 5,
we refer to [14] and [38].

The proofs of these articles use three main ingredients:

(i) the exponential decay of the linear equation, which is equivalent to the geometric control
condition (GCC),

(ii) a more or less involved compactness argument,

(iii) a unique continuation result implying that u = 0 is the unique solution of

Ou+Pu+ f(u) = 0
{ Ou = 0 on|[-T,T|xw. (1.8)

The results are mainly of the type: “geometric control condition” + “unique continuation”
implies “exponential decay”. This type of implication is even stated explicitly in some
related works for the nonlinear Schrédinger equation [15] and [37].

In the subcritical case p < 5, the less understood point is the unique continuation
property (iii). In the previous works as [17], the authors use unique continuation results
based on Carleman estimates. The resulting geometric assumptions are not very natural
and are stronger than (GCC). Indeed, the unique continuation was often proved with some
Carleman estimates that required some strong geometric conditions. For instance for a
flat metric, the usual geometric assumption that appear are often of “multiplier type” that
is w is a neighbourhood of {x € 90 |(x — ) - n(xz) > 0} which are known to be stronger
than the geometric control condition (see [41] for a discussion about the links between
these assumptions). Moreover, on curved spaces, this type of condition often needs to be
checked by hand in each situation, which is mostly impossible.

Our main improvement in this paper is the proof of unique continuation in infinite time
under the geometric control condition only. We show that, if the nonlinearity f is analytic
(or generic), then one can use the result of Robbiano and Zuily [47] to obtain a unique
continuation property (iii) for infinite time 7" = +oo with the geometric control condition
(GCC) only.

The central argument of the proof of our main result, Theorem 1.1, is the unique
continuation property of [47] (see Section 3). This result applies for solutions u of (1.8)
being smooth in space and analytic in time. If f is analytic, then the solutions of (1.1) are of
course not necessarily analytic in time since the damped wave equations are not smoothing



in finite time. However, the damped wave equations admit an asymptotic smoothing effect,
i.e. are smoothing in infinite time. Hale and Raugel have shown in [25] that, for compact
trajectories, this asymptotic smoothing effect also concerns the analyticity (see Section 5).
In other words, combining [47] and [25] shows that the unique solution of (1.8) is u = 0 if
f is analytic and if T = 4o00. This combination has already been used by dynamicians in
[26] and [32] for p < 3.

One of the main interests of this paper is the use of arguments coming from both
the dynamical study and the control theory of the damped wave equations. The reader
familiar with the control theory could find interesting the use of the asymptotic smoothing
effect to get unique continuation property with smooth solutions. The one familiar with the
dynamical study of PDEs could be interested in the use of Strichartz estimates to deal with
the case p € [3,5). The main part of the proof of Theorem 1.1 is written with arguments
coming from the dynamical study of PDEs. They are simpler than the corresponding ones
of control theory, but far less accurate since they do not give any estimation for the time
of observability. Anyway, such accuracy is not important here since we use the unique
continuation property for (1.8) with 7" = +o00. We briefly recall in Section 8 how these
propagation of compactness and regularity properties could have been proved with some
arguments more usual in the control theory.

Moreover, we give two applications of our results in both contexts of control theory and
dynamical systems. First, as it is usual in control theory, some results of stabilization can
be coupled with local control theorems to provide global controllability in large time.

Theorem 1.3. Assume that [ satisfies the conditions of Theorem 1.1 or belongs to the
generic set & defined by Theorem 1.2. Let Ry > 0 and w satisfying the geometric control
condition. Then, there exists T > 0 such that for any (ug, 1) and (g, @1) in HY (Q)x L*(2),
with

||(UO,’LL1)||H1><L2 < Ry; ||(7~~LO>&1)||H1><L2 < Iy

there exists g € L>([0,T], L*()) supported in [0, T]Xw such that the unique strong solution
of

(u(0), 0iu(0)) = (uo, ua).
satisfies (u(T), Oyu(T)) = (tg, Uy).

{Du+ﬁu+f(u) = g on [0,T]xQ

The second application of our results concerns the existence of a compact global attrac-
tor. A compact global attractor is a compact set, which is invariant by the flow of the PDE
and which attracts the bounded sets. The existence of such an attractor is an important
dynamical property because it roughly says that the dynamics of the PDE may be reduced



to dynamics on a compact set, which is often finite-dimensional. See for example [24] and
[45] for a review on this concept. Theorems 1.1 and 1.2 show that {0} is a global attractor
for the damped wave equation (1.1). Of course, it is possible to obtain a more complex
attractor by considering an equation of the type

Pu+y(x)0u = Au— fu— f(z,u) (2,t) € A xRy |
u(z,t) =0 (x,t) € 00 x Ry (1.9)
(w, Opu) = (ug,uy) € HY x L

where [ € C®(Q x R, R) is real analytic with respect to u and satisfies the following
properties. There exist C' > 0, p € [1,5) and R > 0 such that for all (z,u) € 2 x R,

[f ) < CO+Jul)”, [ folz,w)] < CA+[u)?, |file,w)] < COL+ )P (1.10)
(x & B(xg,R) or |u| >R) = f(z,u)u>0. (1.11)
where x( denotes a fixed point of the manifold.

Theorem 1.4. Assume that f is as above. Then, the dynamical system generated by (1.9)
in HY(Q) x L*(Q) is gradient and admits a compact global attractor A.

Of course, we would get the same result for f in a generic set similar to the one of
Theorem 1.2.

We begin this paper by setting our main notations and recalling the basic properties of
Equation (1.1) in Section 2. We recall the unique continuation property of Robbiano and
Zuily in Section 3, whereas Sections 4 and 5 are concerned by the asymptotic compactness
and the asymptotic smoothing effect of the damped wave equation. The proofs of our main
results, Theorem 1.1 and 1.2, are given in Sections 6 and 7 respectively. An alternative
proof, using more usual arguments from control theory, is sketched in Section 8. Finally,
Theorems 1.3 and 1.4 are discussed in Section 9.

Acknowledgements: the second author was financed by the ERC grant GeCoMethods
during part of the redaction of this article. Moreover, both authors benefited from the
fruitful atmosphere of the conference Partial differential equations, optimal design and
numerics in Benasque. We also would like to thank Mathieu Léautaud for his remarks
about the optimality of Hypothesis (GCC) in the nonlinear context and Genevieve Raugel
for her help for removing a non-natural hypothesis of Theorem 1.4.

2 Notations and basic properties of the damped wave
equation

In this paper, we use the following notations:

U=(uu), F=(0f), A:<A(jﬁ f‘fy)



In this setting, (1.1) becomes
oU(t)=AU(t)+ F(U) .

We set X = H}(Q) x L*(Q) and for s € [0, 1], X* denotes the space D((—A + )+1)/2) x
D((—=A + B)¥?) = (H'™(Q) N H(Q)) x HS(Q). Notice that X° = X and X' = D(A)
(even if v is only in L>).

We recall that £ denotes the energy defined by (1.4). We also emphasize that (1.2)
and the invertibility of A — 3 implies that a set is bounded in X if and only if its energy
FE is bounded. Moreover, for all £y > 0, there exists C' > 0 such that

V(u,v) € X, E(u,v) < By = (u,v)|% < E(u,v) < C|(u,v)||5 (2.1)

2
C
To simplify some statements in the proofs, we assume without loss of generality that
3 < p < 5. It will avoid some meaningless statements with negative Lebesgue exponents
since p = 3 is the exponent where Strichartz estimates are no more necessary and can be
replaced by Sobolev embeddings.

We recall that (2 is endowed with a metric g. We denote by d the distance on €2 defined
by

d(z,y) = inf {l(c) |c € C*([0,1],Q) with ¢(0) = z and ¢(1) =y}

where [(c) is the length of the path ¢ according to the metric g. A ball B(z, R) in Q is
naturally defined by
B, R) = {y € 9, d(x,y) < R}

For instance, if Q = R?\ Bgs(0, 1), the distance between (0,0,1) and (0,0, —1) is 7 (and
not 2) and the ball B((0,0,1),7) has nothing to do with the classical ball Bgs((0,0,1),7)
of R?.

2.1 Cauchy problem

The global existence and uniqueness of solutions of the subcritical wave equation (1.1) with
«v = 0 has been studied by Ginibre and Velo in [21] and [22]. Their method also applies
for v # 0 since this term is linear and well defined in the energy space X. Moreover, their
argument to prove uniqueness also yields the continuity of the solutions with respect to
the initial data.

The central argument is the use of Strichartz estimates.

Theorem 2.1 (Strichartz estimates).
Let T > 0 and (q,7) satisfying

I 3 1
-+ -=c 2 : 2.2
Ty €[/ (2.2)



There exists C = C (T, q) > 0 such that for every G € L'([0,T], L*(Q)) and every (ug,u;) €
X, the solution u of

{ Ou + (z)0pu G(t)
(u, 0u)(0) = (uo,u1)

satisfies the estimate

lull ooy, 2m0)) < € (HU0HH1(Q) + Jurll 2y + HGHLl([o,T],L?(Q))) :

The result was stated in the Euclidean space R? by Strichartz [48] and Ginibre and
Velo with ¢ € (2, +00]. Kapitanski extended the result to variable coefficients in [33]. On
a bounded domain, the first estimates were proved by Burq, Lebeau and Planchon [12]
for g € [5,+o0] and extended to a larger range by Blair, Smith and Sogge in [8]. Note
that, thanks to the counterexamples of Ivanovici [31], we know that we cannot expect some
Strichartz estimates in the full range of exponents in the presence of boundaries.

From these results, we deduce the estimates for the damped wave equation by ab-
sorption for 7" small enough. We can iterate the operation in a uniform number of
steps. Actually, for the purpose of the semilinear wave equation, it is sufficient to con-
sider the Strichartz estimate L%([O,T],LQP(Q)) which gives uf € Lﬁ([O,T],LQ(Q)) C
LY([0,T], L*(2)) because 1 < 1%3 < +00.

Theorem 2.2 (Cauchy problem).
Let f satisfies (1.2). Then, for any (up,u1) € X = H3(Q) x L*(Q) there exists a unique
solution u(t) of the subcritical damped wave equation (1.1). Moreover, this solution is
defined for all t € R and its energy FE(u(t)) is non-increasing in time.

For any Eq >0, T > 0 and (q,r) satisfying (2.2), there exists a constant C' such that,
if u is a solution of (1.1) with E(u(0)) < Ey, then

el ooy < € (lollngay + Nutll oy )

In addition, for any Ey > 0 and T > 0, there exists a constant C' such that, if u and u
are two solutions of (1.1) with E(u(0)) < Ey and E(u(0)) < Ey, then

sup ||(u, Gu)(t) — (4, 0u)(t)|| x < Ol (u, pu)(0) — (@, Ga)(0)]x -

te|-T,T)

Proof: The existence and uniqueness for small times is a consequence of Strichartz esti-
mates and of the subcriticality of the nonlinearity, see [22]. The solution can be globalized

backward and forward in time thanks to the energy estimates (1.5) for smooth solutions.
Indeed,

E(t) < E(s) + C / " B(r)dr



and thus, Gronwall inequality for ¢ < s and the decay of energy for ¢ > s show that the
energy does not blow up in finite time. This allows to extend the solution for all times
since the energy controls the norm of the space X by (2.1).

For the uniform continuity estimate, we notice that w = u — @ is solution of

{ Ow + fw + y(z)0w = —wg(u, )
(w,0w)(0) = (u,u)(0) — (@, d,u)(0)

where g(s, §) fo (s+7(5 —s)) dr fulfills |g(s,3)| < C(1+ |s[P~1 +|5]P~71). Letq:%,
Strichartz and Holder estimates give

H(waatw)(t)||L°°([O,T],X)ﬁLq([O,T],LQP) < C’||(w,8tw)(0)||x+C||wg(u,ﬁ)||L1([07TLL2)
< Clf(w, 0w)(0)[[x + CT [[wll oo 0,77,12)

+7° 1wl ao,7,£20) (Hu! Taqorr),reey 1T [o 7, L2p))

with § = =2 > 0. We get the expected result for 7" small enough by absorption since we
already know a uniform bound (depending on FEjy) for the Strichartz norms of u and .
Then, we iterate the operation to get the result for large T (]

2.2 Exponential decay of the linear semigroup

In this paper, we will strongly use the exponential decay for the linear semigroup in the
case where v may vanish but satisfies the geometric assumptions of this paper. In this
case, (1.3) enables to control the decay of energy outside a large ball and the geometric
control condition (GCC) enables to control the energy trapped in this ball.

Proposition 2.3. Assume that v € L*(2) satisfies (1.3) and (GCC). There ezist two
positive constants C' and \ such that

¥se[0,1], V>0, |lle]|zo < Ce ™

The exponential decay of the damped wave equation under the geometric control con-
dition is well known since the works of Rauch and Taylor on a compact manifold [44] and
Bardos, Lebeau and Rauch [7, 6] on a bounded domain. Yet, we did not find any reference
for unbounded domain ([3] and [35] concern unbounded domains but local energy only).
It is noteworthy that the decay of the linear semigroup in unbounded domains seems not
to have been extensively studied for the moment.

We give a proof of Proposition 2.3 using microlocal defect measure as done in Lebeau
[39] or Burq [10] (see also [11] for the proof of the necessity). The only difference with

10



respect to these results is that the manifold that we consider may be unbounded. Since
microlocal defect measure only reflects the local propagation, we thus have to use the
property of equipartition of the energy to deal with the energy at infinity and to show a
propagation of compactness (see [17] for the flat case).

Lemma 2.4. Let T > L where L is given by (GCC). Assume that (U,o) C X is a bounded
sequence, which weakly converges to 0 and assume that U, (t) = (u,(t), Opun(t)) = eU, o

satisfies
T
/ /7($)|8tun|2 —0. (2.3)
0 Jo

Then, (U, ) converges to 0 strongly in X.

Proof: Let u be a microlocal defect measure associated to (u,) (see [18], [50] or [9] for
the definition). Note that (2.3) implies that p can also be associated to the solution of
the wave equation without damping, so the weak regularity of v is not problematic for the
propagation and we get that u is concentrated on {72 — |¢|2 = 0} where (7, €) are the dual
variables of (¢,x). Moreover, (2.3) implies that v72u = 0 and so u = 0 on S*(]0, T[xw).
Then, using the propagation of the measure along the generalized bicharacteristic flow of
Melrose-Sjostrand and the geometric control condition satisfied by w, we obtain u =0 ev-
erywhere. We do not give more details about propagation of microlocal defect measure and
refer to the Appendix [39] or Section 3 of [9] (see also [20] for some close propagation results
in a different context). Since y = 0, we know that U, — 0 on H! x L?(]0, T[x B(zo, R))
for every R > 0.

To finish the proof, we need the classical equipartition of the energy to get the conver-
gence to 0 in the whole manifold €2. Since ~ is uniformly positive outside a ball B(xg, R),
(2.3) and the previous arguments imply that du,, — 0 in L*([0, T]| x Q). Let ¢ € C5°(]0, T)
with ¢ > 0 and ¢(t) = 1 for t € [¢,T — €]. We multiply the equation by ¢(t)u, and we
obtain

0 = —// ()| Opun|* — // <p/(t)8tunun+// o(t)|Vu,|?
[0,T]xQ 0,7]x0 0,7]x0
sl [ cr@am.
[0, 7]x8 [0,T]x%

The L?—norm of u,(t) is bounded, while dyu,, — 0 in L*([0,T] x Q), so the first, second
and fifth terms converge to zero. Then, the above equation yields

/ / () (Blunl® + |Vt ?) — 0.
[0,T]xQ

Finally, notice that the energy identity ||U,ol|% = ||Un(t)|% + fOT Jo, 7(2)|0uy |* shows that

T
I o0 Bl + 190 ~ 0ol [0
[0,7]x 0

11



and thus that [|U, ||y goes to zero. O

Proof of Proposition 2.3: Once Lemma 2.4 is established, the proof follows the argu-
ments of the classical case, where €2 is bounded. We briefly recall them.

We first treat the case s = 0. As in Proposition 2.5, the exponential decay of the energy
is equivalent to the observability estimate, that is the existence of C' > 0 and 7" > 0 such
that, for any trajectory U(t) = AUy in X,

/ / ()0l > C [UO)]% .

We argue by contradiction: assume that (2.4) does not hold for any positive 7" and C.
Then, there exists a sequence of initial data U,,(0) with ||U,(0)||x = 1 and such that

/ / ) |0y, (t, ) |*dtdr ——— 0,

n—>-o0o

where (u,, Q) (t) = Uy, (t) = MU, (0). Let U, = U,(n/2 + -). We have

n—oo

/ / )| 0t (t, 2) P dtdr — 0,
—n/2

and, for any ¢t € [-n/2,n/2],

1Ta@)% = [1T(—n/2)[% — / / )05, 2)|Pdsdr —— 1|
7n2

n—oo

Therefore, we can assume that U, (0) converges to Uy (0) € X, weakly in X. Moreover,
for any T' > 0, U,(t) and 0,U,(t) are bounded in L>([-T, T}, X) and L>([-T,T], L*(Q2) x
H'(Q)) respectively. Thus, using Ascoli’s Theorem, we may also assume that U, (t)
strongly converges to Uy (t) in L>([-T,T], L*(K) x H (K)) where K is any compact of
Q. Hence, (Uo, Drting)(t) = Uso(t) = €U, (0) is a solution of

{Duoo+6uoo = OonR x (2.4)

Olee = 0Oon R x w.

in L? x H=!. Since U, (0) € X belongs to X, we deduce that, in fact, Uy (t) solves (2.4)
in X.

To finish the proof of Proposition 2.3, we have to show that U, = 0. Indeed, applying
Lemma 2.4, we would get that U,, converges strongly to 0, which contradicts the hypothesis
|U.(0)||x = 1. Note that Uy, = 0 is a direct consequence of a unique continuation property
as Corollary 3.2. However, Corollary 3.2 requires 2 to be smooth, whereas Proposition
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2.3 could be more general. Therefore, we recall another classical argument to show that
U, =0.

Denote N the set of function U, (0) € X satisfying (2.4), which is obviously a linear
subspace of X. We will prove that N = {0}. Since v(z)|0;us|? = 0 for functions u., in N
and since NV is a closed subspace, Lemma 2.4 shows that any weakly convergent subsequence
of N is in fact strongly convergent. By Riesz Theorem, N is therefore finite dimensional.
For any ¢ € R, e applies N into itself and thus A|y is a bounded linear operator. Assume
that N # {0}, then Ay admits an eigenvalue A\ with eigenvector Y = (yo,y1) € N. This
means that y; = A\yo and that (A — 8)yo = Ayp. Moreover, we know that y; = 0 on w and
so, if A # 0, that yo = 0 on w. This implies yy = 0 by the unique continuation property
of elliptic operators. Finally, if A = 0, we have (A — f)yo = 0 and yo = 0, because, by
assumption, A — 3 is a negative definite operator.

So we have proved N = {0} and therefore U, = 0, that is U, (0) converges to 0 weakly
in X. We can then apply Lemma 2.4 on any interval [—n/2, —n/2+T| where L is the time
in the geometric control condition (GCC) and obtain a contradiction to ||U,(0)|x = 1.

Let us now consider the cases s € (0,1]. The basic semigroup properties (see [43])

shows that, if U € X' = D(A), then e'U belongs to D(A) and

le*Ullxr = [|[Ae®Ullx + leUllx = lle* AU|lx + [le Ul x
< Ce(JAUlx + IUlx) = Ce™ Ul pa) -

This shows Proposition 2.3 for s = 1. Notice that we do not have to require any regularity
for v to obtain this result. Then, Proposition 2.3 for s € (0,1) follows by interpolating
between the cases s = 0 and s = 1 (see [49]). O

2.3 First nonlinear exponential decay properties

Theorem 2.2 shows that the energy F is non-increasing along the solutions of (1.1). The
purpose of this paper is to obtain the exponential decay of this energy in the sense of
property (ED) stated above. We first recall the well-known criterion for exponential decay.

Proposition 2.5. The exponential decay property (ED) holds if and only if, there exist T
and C such that

E(u(0)) < C(E(u(0)) — E(u(T))) = C//[OT] ny(a:)\atu(a:,t)thdx (2.5)

for all solutions u of (1.1) with E(u(0)) < Ey.

Proof: 1f (ED) holds then obviously (2.5) holds for T large enough since E(u(0)) —
E(T)) > (1 — Ke*)E(u(0)). Conversely, if (2.5) holds, using E(u(T)) < E(u(0)), we
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get E(u(T)) < C/(C+1)E(u(0)) and thus E(u(kT)) < (C/(C +1))*E(u(0)). Using again
the decay of the energy to fill the gaps t € (k7T (k + 1)T), this shows that (ED) holds. O

First, we prove exponential decay in the case of positive damping, which will be helpful
to study what happens outside a large ball since (1.3) is assumed in the whole paper.
Note that the fact that —A + 3 is positive is necessary to avoid for instance the constant
undamped solutions.

Proposition 2.6. Assume that w = ), that is that v(x) > o > 0 everywhere. Then (ED)
holds.

Proof: We recall here the classical proof. We introduce a modified energy
~ 1
E(u) = / §(|atu|2 + | Vul? + Blul?) + V(u) + cudyu
Q

with € > 0. Since [, |Vu|? + 8Ju|? controls |Ju[2,, E is equivalent to E for ¢ small enough
and it is sufficient to obtain the exponential decay of the auxiliary energy F. Using
v > a>0and uf(u) >0, a direct computation shows for £ small enough that

E(u(T)) - E(u(0)) = / / (@)|Buf? + elAul? + ey(@)udeu — e(|Vul + Bluf?) — cuf(w)
<-c / 1, 000) B

—C / : E(t)dt
< -CTE(T) ,

IN

where C' is some positive constant, not necessarily the same from line to line. Thus,
E(u(0)) — E(u(T)) > CTE(u(T)) with CT > 0 and therefore E(u(0)) > pE(u(T)) with
1> 1. As in the proof of Proposition 2.3, this last property implies the exponential decay
of E and thus the one of E. O

3 A unique continuation result for equations with par-
tially holomorphic coefficients

Comparatively to previous articles on the stabilization of the damped wave equations as
[17], one of the main novelties of this paper is the use of a unique continuation theorem
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requiring partially analyticity of the coefficients, but very weak geometrical assumptions
as shown in Corollary 3.2. We use here the result of Robbiano and Zuily in [47]. This
result has also been proved independently by Hérmander in [30] and has been generalised
by Tataru in [52]. Note that the idea of using partial analyticity for unique continuation
was introduced by Tataru [51] but it requires some global analyticity assumptions that are
not fulfilled in our case. All these results use very accurate microlocal analysis and hold
in a much more general framework than the one of the wave equation. However, for sake
of simplicity, we restrict the statement to this case.

Theorem 3.1. Robbiano-Zuily, Héormander (1998)

Let d > 1, (g, to) € RYXR and let U be a neighbourhood of (zg,to). Let (A; j(x,t))ij=1. 4,
b(z,t), (ci(x,t))iz1,.a) and d(z,t) be bounded coefficients in C*(U,R). Let v be a strong
solution of

OZv = div(A(z, ) Vo) + b(z, )00 + c(z,t).Vv +d(z,t)v  (z,t) eUCRI xR . (3.1)

Let ¢ € C*(U,R) such that p(xg,ty) = 0 and (Vp, Oyp)(x,t) # 0 for all (x,t) € U. Assume
that:

(i) the coefficients A, b, ¢ and d are analytic in time,

(ii) A(zo,to) is a symmetric positive definite matriz,

(i11) the hypersurface {(x,t) € U , p(x,t) = 0} is not characteristic at (xg, 1) that is that
we have |Oyp(x0,t0)|? # (V(z0,to)| A(z0, to) Vio(z0, t0))

(iv) v=01in{(x,t) €U , p(z,t) <0}.

Then, v = 0 in a neighbourhood of (zy,1y).

Proof: We only have to show that Theorem 3.1 is a direct translation of Theorem A of
[47] in the framework of the wave equation. To use the notations of [47], we set z, to be
the time variable and x;, the space variable and we set (zg,ty) = 2° = (29, 2%). Equation

(3.1) corresponds to the differential operator

P = fa2 - tfbA(SUb, Ta)& — b(xp, Ta)€a — c(Tp, Ta)Ep — d(p, 4)

with principal symbol py = &2 — &, A(xy, 14)&-

All the statement of Theorem 3.1 is an obvious translation of Theorem A of [47], except
maybe for the fact that Hypothesis (iii) implies the hypothesis of pseudo-convexity of [47].
We compute {pa, @} = 260, —26,A(za, 1)), Let us set ¢ = (29, 29, g, (1°), &+ i} (22)),
then {ps, v} (¢) = 0 if and only if

i(ga(a”))® —i'¢h(2") A(a®)ph(2") =" &A(") gy (2") =0 .

This is possible only if (¢!, (2%))? = to}(z°) A(z°)p} (2Y), that is if the hypersurface ¢ = 0 is
characteristic at (zg,%y). Thus, if this hypersurface is not characteristic, then the pseudo-
convexity hypothesis of Theorem A of [47] holds. O
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The previous theorem allows to prove some unique continuation result with some opti-
mal time and geometric assumption. This allows to prove unique continuation where the
geometric condition is only, roughly speaking, that we do not contradict the finite speed
of propagation.

Corollary 3.2. Let T >0 (or T = 4o00) and let b, (¢;)i=123 and d be smooth coefficients
in C*(Q2 x [0,T],R). Assume moreover that b, ¢ and d are analytic in time and that v is
a strong solution of

Opv = Av + b(z, 1) + c(x,t). Vo +d(x, v (z,t) € Qx (=T, T) . (3.2)

Let O be a non-empty open subset of Q and assume that v(z,t) =0 in O x (=T, T). Then
v(x,0) =0 in Op ={x9 € Q, d(zo,0) <T}.

As consequences:

a) if T = +oo, then v = 0 everywhere,

b)ifv=0in O x (=T,T) and Op = Q, then v = 0 everywhere.

Proof: Since (2 is assumed to be connected, both consequences are obvious from the first
statement.

Let g be given such that d(xg,O) < T. There is a point x, € O linked to zy by
a smooth curve of length [ < 7', which stays away from the boundary. We introduce a
sequence of balls B(zo,r), ..., B(zk,r) with r € (0,T7/K), xx—1 € B(xg,r) and xx = x4,
such that B(zg,r) stays away from the boundary and is small enough such that it is
diffeomorphic to an open set of R? via the exponential map. Note that such a sequence of
balls exists because the smooth curve linking zy to xx is compact and of length smaller
than 7. We also notice that it is sufficient to prove Corollary 3.2 in each ball B(xy, ).
Indeed, this would enable us to apply Corollary 3.2 in B(zk,r) X (=T, T) to obtain that v
vanishes in a neighbourhood of x4 for t € (=T +r,T —r) and then to apply it recursively
in B(xg_1,7) X (=T +r,T—r), ..., Blxy,r) x (=T + (K —1)r,T — (K — 1)r) to obtain
that v(xg,0) = 0.

From now on, we assume that zy € B(x,,r) and that v vanishes in a neighbourhood
O of z, for t € (—r,r). Since d(xg,z.) < 7, we can introduce a non-negative function
h € C([—r,r]|,R) such that h(0) > d(zg,x.), h(£r) =0 and |h/(t)| < 1 for all t € [—r,r].
We set U = B(x,,r) X (—r,r) and for any A € [0, 1], we define

ox(z,t) = d(z,2,)* — Ah(t)? .

Since r is assumed to be smaller than the radius of injectivity of the exponential map, )
is a smooth well-defined function. We prove Corollary 3.2 by contradiction. Assume that
v(x0,0) # 0. We denote by V) the volume {(z,t) € U, pi(z,t) < 0}. We notice that
Vi, C Vi, if Ay < A, that for small A, V) is included in O x (—r,7) where v vanishes, and
that V} contains (29, 0) where v does not vanish. Thus

No = supfA € [0,1] , V(.t) € Va, v(r,t) = 0}
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is well defined and belongs to (0,1). For ¢ close to —r or r, h(t) is small and the section
{z, (x,t) € V},} of V), is contained in O where v vanishes. Therefore, by compactness,
the hypersurface S, = dV,, must touch the support of v at some point (z1,t;) € U (see
Figure 1).

Figure 1: The proof of Corollary 3.2

In local coordinates, A can be written div(A(z)V.)4c(z)-V. Moreover, (Vi |AVg,) =
V4., x*)|§ = 1 where the index g means that the gradient and norm are taken according
to the metric. Therefore, the hypersurface S, is non-characteristic at (z1,%;) in the sense
of Hypothesis (iii) of Theorem 3.1 since |0ypx(x,t)| = |AR/(t1)] < 1. Thus, we can apply
Theorem 3.1 with ¢ = ¢,, at the point (z1,%;), mapping everything in the 3d-euclidean
frame via the exponential chart. We get that v must vanish in a neighbourhood of (x1, ).
This is obviously a contradiction since (x1,t;) has been taken in the support of v. (]

4 Asymptotic compactness

As soon as t is positive, a solution u(t) of a parabolic PDE becomes smooth and stays in
a compact set. The smoothing effect in finite time of course fails for the damped wave
equations. However, these PDEs admit in some sense a smoothing effect in infinite time.
This effect is called asymptotic compactness if one is interested in extracting asymptotic
subsequences as in Proposition 4.3, or asymptotic smoothness if one uses the regularity of
globally bounded solutions as in Proposition 4.4. For the reader interested in these notions,
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we refer for example to [24]. The proof of this asymptotic smoothing effect is based on the
variation of constant formula U(t) = AUy + fot eAt=) F(U(s))ds and two properties:

- the exponential decay of the linear group (Proposition 2.3), which implies that the linear
part eA*U, asymptotically disappears,

- the regularity of the nonlinearity F' implying the compactness of the nonlinear term
fot eAt=)F(U(s))ds (Corollary 4.2 below). Note that the subcriticality of f is the key
point of this property and that our arguments cannot be extended as they stand to the
critical case p = 5.

The purpose of this section is to prove some compactness and regularity results about
undamped solutions as (1.8). Note that these results could also have been obtained with
a more “control theoretic” proof (see section 8 for a sketch of the alternative proof) based
on propagation results or observability estimates. Here, we have chosen to give a different
one using asymptotic regularization, more usual in dynamical system. The spirit of the
proof remains quite similar: prove that the nonlinearity is more regular than it seems a
priori and use some properties of the damped linear equation.

4.1 Regularity of the nonlinearity

Since f is subcritical, it is shown in [17] that the nonlinear term of 1.1 yields a gain of
smoothness.

Theorem 4.1. Dehman, Lebeau and Zuazua (2003)

Let x € C*(R3,R), R>0 and T > 0. Let s € [0,1) and let e = min(1 — s, (5 —p)/2, (17—
3p)/14) > 0 with p and f asin (1.2). There exist (q,r) satisfying (2.2) and C' > 0 such that
the following property holds. If v € L°°([0,T], H**(R3)) is a function with finite Strichartz
norms |[v[| oo, 1,1 ®sy < B, then x(x) f(v) € LY([0,T], H*5(R3)) and moreover

X (@) f (W)l o,y m+e ve)) < Cllvl| o o,11,m1+5(r3)) -
The constant C' depends only on x, s, T, (q,r), R and the constant in Estimate (1.2).

Theorem 4.1 is a copy of Theorem 8 of [17], except for two points.

First, we would like to apply the result to a solution v of the damped wave equation on
a manifold possibly with boundaries, where not all Strichartz exponents are available. This
leads to the constraint ¢ > 7/2 for the Strichartz exponents (g,7) of (2.2) (see Theorem
2.2). In the proof of Theorem 8 of [17], the useful Strichartz estimate corresponds to
r= 3(%:_1) and ¢ = ;)28;,—;12)5 and it is required that ¢ > p — 1, which yields ¢ < (5 —p)/2. In
this paper, we require also that ¢ > 7/2 which yields in addition ¢ < (17 — 3p)/14. Notice
that p < 5 and thus both bounds are positive.

The second difference is that, in [17], the function f is assumed to be of class C* and
to satisfy

()] < CA+u)P~? and  [fO(u)] < C(1+[u]) (4.1)
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in addition of (1.2). Since Theorem 4.1 concerns the L'(H*)—norm of x(z)f(v) for s =
s+e < 1, we can omit Assumption (4.1). Actually, we make the assumption € < 1—s which
is not present in [17] and a careful study of their proof shows that (1.2) is not necessary
under that assumption.

Indeed, let f(u) = th®(u)|ul?. The function f is of class C* and satisfies (1.2) and (4.1).
Hence, Theorem 8 of [17] can be applied to f and we can bound the LY(H*)—norm of f
as in Theorem 4.1. On the other hand, we notice that |f(u)] ~ lul?, f(u) ~ plulP~!

and f’(lﬁ) > 0. Therefore, since f satisfies (1.2), there exists C' > 0 such that |f(u)| <
C(1+|f(uw)]) and |f'(u)] < C(1+ f'(u)). Thus, if say v > u for fixing the notations,

[f(v) = fu)| < (v—u)/o | (u+7(v = u))|dr
§C’(v—u)+0(v—u)/0 fut7(w—u))dr = Clv—u) +C(f(v) = f(u))
< Clo —u| +C|f(v) = f(u)] .

For 0 < s < 1, using the above inequalities and the definition of the H* —norm as

B = @)l + / / (@) (@) = X @,

|z —y|>

./ (w)]

we obtain 3
XS ey < Cllul[zoe iy + CIXF (@) g2 e

where y is another cut-off function with larger support. Hence, for 0 < s < 1, the
conclusion of Theorem 4.1 holds not only for f but also for f. If s = 1, we just apply the
chain rule and the proof is easier.

Note that the above arguments show that the constant C' depends on f through Esti-
mate 1.2 only. Notice in addition that, since f is only C!, we cannot expect yf(v) to be
more regular than H' and that is why we also assume € < 1 — s.

In this paper, we use a generalisation of Theorem 8 of [17] to non-compact manifolds
with boundaries.

Corollary 4.2. Let R >0 and T > 0. Let s € [0,1) and let e = min(1—s, (5—p)/2, (17—
3p)/14) > 0 with p as in (1.2). There exist (q,r) satisfying (2.2) and C > 0 such that
the following property holds. If v € L>([0,T], H**(Q) N H}(Q)) is a function with finite
Strichartz norms |0l oo 71,10y < B then f(v) € LY([0,T], Hy™(R)) and moreover

1f ) oy, mete )y < CllvllLeo,r),me+1@)nmg @) -

The constant C' depends only on 2, (q,7), R and the constant in Estimate (1.2).
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Proof: Since we assumed that ) has a bounded geometry in the sense that €2 is compact
or a compact perturbation of a manifold with periodic metric, 2 can be covered by a set
of C*®—charts «; : U; — «;(U;) C R? such that o;(U;) is equal either to B(0,1) or to
B.(0,1) = {z € B(0,1),z; > 0} and such that, for any s > 0 the norm of a function
u € H*(Q) is equivalent to the norm

(D lluoay e -
ieN

Moreover, the Strichartz norm L7([0,T], L" (a;(U;)) of vo ;! is uniformly controlled from
above by the Strichartz norm L4([0,T], L"(U;)) of v which is bounded by R.

Therefore, it is sufficient to prove that Corollary 4.2 holds for 2 being either B(0,1) or
B, (0,1). Say that Q = B,(0,1), the case Q = B(0,1) being simpler. To apply Theorem
4.1, we extend v in a neighbourhood of B (0,1) as follows. For z € B,(0,2), we use the
radial coordinates = = (r, o) and we set

o(x) =0(r,0) =5v(l —r,0) —200(1 —r/2,0) 4+ 16v(1l —r/4,0) .
Then, for © = (21, x9,23) € B_(0,2), we set
0(x) = bu(—w1, T2, x3) — 200(—21/2, T2, x3) + 160(—21/4, T2, 73) .

Notice that ¥ is an extension of v in B(0,2), which preserves the C?—regularity, and
that the H*—norm for s < 2 as well as the Strichartz norms of © are controlled by the
corresponding norms of v. Let x € C°(R?) be a cut-off function such that y = 1 in
B.(0,1) and x = 0 outside B(0,2). Applying Theorem 4.1 to x(z)f(x(z)0) yields a
control of Hf(U)HLl([O’T]7Hs+s(B+(O71))) by H'U”LOO([O7T]7H8+1(Q)). Finally, notice that f(O) =0
and thus, the Dirichlet boundary condition on v naturally implies the one on f(v). O

4.2 Asymptotic compactness and regularization effect

As explained in the beginning of this section, using Duhamel formula U(t) = AU, +
fot eAt=3) [(U(s))ds and Corollary 4.2, we obtain two propositions related to the asymptotic
smoothing effect of the damped wave equations.

Proposition 4.3. Let f € CY(R) satisfying (1.2), let (ul,u}) be a sequence of initial data
which is bounded in X = H}(Q) x L*(Q2) and let (u,,) be the corresponding solutions of the
damped wave equation (1.1). Let (t,) € R be a sequence of times such that t, — +00 when
n goes to +0o0.

Then, there exist subsequences (Ug(n)) and (temy) and a global solution ue of (1.1) such
that

VT >0, (Ugm), Otign)) (tsmy + ) — (Uoo, Dptine)(.)  in CO([-T, T, X) .

20



Proof: We use the notations of Section 2. Due to the equivalence between the norm of
X and the energy given by (2.1) and the fact that the energy is decreasing in time, we
know that U, (¢) is uniformly bounded in X with respect to n and ¢t > 0. So, up to taking
a subsequence, it weakly converges to a limit U, (0) which gives a global solution Us.
We notice that, due to the continuity of the Cauchy problem with respect to the initial
data stated in Theorem 2.2, it is sufficient to show that Uy (tsm)) — Usx(0) for some
subsequence ¢(n). We have

U (tn) = XU, (0) + / " AR (1 — ) ds

Lth*1 1 tn

= A UL0)+ D ek / AF(Un(tn — k= 5)) ds + / e F (Un(tn — 5)) ds
k=0 0 o]
tn]—1

= €At" Un<0> + ekA[k,n + I <42)
k=0

Theorem 2.2 shows that the Strichartz norms ||u,(t, — k — .)||za(0,1],27(2)) are uniformly
bounded since the energy of U, is uniformly bounded. Therefore, Corollary 4.2 and Propo-
sition 2.3 show that the terms I, = fol eSAF (U, (t, —k—s)) ds, as well as I,,, are bounded
by some constant M in H'*¢(Q) x H*(Q) uniformly in n and k. Using Proposition 2.3
again and summing up, we get that the last terms of (4.2) are bounded in H'™(Q) x H*(Q)
uniformly in n by

[tn]—1 [tn]—1 o
Yo fLu+ L <) CeMM+M<M <1+ m) .
k=0 < k=0

Moreover, Proposition 2.3 shows that e, (0) goes to zero in X when n goes to +oo.
Therefore, by a diagonal extraction argument and Rellich Theorem, we can extract a
subsequence Uy(n)(4(n)) that converges to Uy (0) in Hy(B) x L*(B) for all bounded set B
of Q.

To finish the proof of Proposition 4.3, we have to show that this convergence holds in
fact in X and not only locally. Let n > 0 be given. Let 7" > 0 and let U, be the solution of
(1.1) with U, (0) = Uy (t, — T) and with ~ being replaced by 7, where 5(z) = ~(x) for large
z and 5 > a > 0 everywhere. By Proposition 2.6, | U, (T)||x < n if T is chosen sufficiently
large and if n is large enough so that ¢, — 7" > 0. Since the information propagates at
finite speed in the wave equation, U, (t,) = U, (T outside a large enough bounded set and
thus Uy (tgm)) has a X —norm smaller than 7 outside this bounded set. On the other
hand, we can assume that the norm of U, (0) is also smaller than 7 outside the bounded
set. Then, choosing n large enough, ||Uswm)(tsm)) — Uso(0)||x becomes smaller than 3n. O
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The trajectories U appearing in Proposition 4.3 are trajectories which are bounded in
X for all times ¢ € R. The following result shows that these special trajectories are more
regular than the usual trajectories of the damped wave equation.

Proposition 4.4. Let f € C(R) satisfying (1.2) and let Ey > 0. There exists a constant
M such that if u is a solution of (1.1), which exists for all times t € R and satisfies
super E(u(t)) < Ey, then t — U(t) = (u(t), Owu(t)) is continuous from R into D(A) and

sup | (u(t), dru(t)) | peay < M-
teR

In addition, M depends only on Eqy and the constants in (1.2).

Proof: We use a bootstrap argument. For any ¢t € R and n € N,

Ul(t) :e"AU(t—n)—i—niekA/OIeSAF(U(t—k—s)) ds .

Using Proposition 2.3, when n goes to +o00, we get

Ul(t) :JrfekA/oleSAF(U(t—k:—s)) ds . (4.3)

Moreover, arguing exactly as in the proof of Proposition 4.3, we show that Proposition 2.3
and Corollary 4.2 imply that Equality (4.3) also holds in X°. Hence, U(t) is uniformly
bounded in X¢. Then, using again Proposition 2.3 and Corollary 4.2, (4.3) also holds in
X% etc. Repeating the arguments and noting that, until the last step, ¢ only depends on
p, we obtain that U(t) is uniformly bounded in X' = D(A).

Since the constant C' of Corollary 4.2 only depends on f through Estimate (1.2), the
same holds for the bound M here. OJ

Proposition 4.5. The Sobolev embedding H*(Q) < C°(Q) holds and there exists a con-
stant IC such that
Vi HHQ) | suplu(e)] < Kllulle
e

In particular, the solution u in the statement of Proposition 4.4 belongs to C°(Q x R, R)
and sup , g [u(@, 1) < KM.

Proof: Proposition 4.5 follows directly from the fact that €2 has a bounded geometry and
from the classical Sobolev embedding H? < C° in the ball B(0,1) of R. O
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5 Smoothness and uniqueness of non-dissipative com-
plete solutions

In this section, we consider only a non-dissipative complete solution, that is a solution u*
existing for all times ¢ € R for which the energy E is constant. In other words, u*(¢) solves

O2u* = Au* — Bu* — f(u*)  (2,t) e QxR
u*(z,t) =0 (x,t) € 02 x R (5.1)
Opu*(v,t) =0 (2,t) € supp(7) x R

Since the energy F is not dissipated by u*(t), we can write F(u*) instead of E(u*(t)). Yet,
an interesting fact that will be used several times in the sequel is that such u* is, at the
same time, solution of both damped and undamped equations.

The purpose of this section is:
- First show that u* is analytic in time and smooth in space. The central argument is to
use a theorem of J.K. Hale and G. Raugel in [25].
- Then use the unique continuation result of L. Robbiano and C. Zuily stated in Corollary
3.2 to show that u* is necessarily an equilibrium point of (1.1).
- Finally show that the assumption sf(s) > 0 imply that u* = 0.

We enhance that the first two steps are valid and very helpful in a more general frame-
work than the one of our paper.

5.1 Smoothness and partial analyticity of u*

First, we recall here the result of Section 2.2 of [25], adapting the statement to suit our
notations.

Theorem 5.1. Hale and Raugel (2003)

Let Y be a Banach space. Let P, € L(Y) be a sequence of continuous linear maps and let
Q,=1Id— P,. Let A: D(A) =Y be the generator of a continuous semigroup e and let
G € CHY). We assume that V is a complete mild solution in'Y of

AV(t)=AV(t)+G(V(t) VteR.

We further assume that

(i) {V(t),t € R} is contained in a compact set K of Y.

(i) for any y € Y, P,y converges to y when n goes +oc and (P,) and (Q,) are sequences
of LY) bounded by K.

(iii) the operator A splits in A = Ay + By where By is bounded and Ay commutes with P,.
(iv) there exist M and A\ > 0 such that ||e™|| ;o) < Me ™ and ||eA1F@nBVY| 1 vy <
Me=> for all t > 0.

23



(v) G is analytic in the ball By (0,r), where r is such that r > 4Kgsup,cg ||V (t)|ly. More
precisely, there exists p > 0 such that G can be extended to an holomorphic function of
By(O, 7’) + ZBy(O, p)

(vi) {DG(V(t))Va |t € R, ||Vally < 1} is a relatively compact set of Y.

Then, the solution V(t) is analytic from t € R into Y.

More precisely, Theorem 5.1 is Theorem 2.20 (which relates to Theorem 2.12) of [25]
applied with Hypothesis (H3mod) and (H5).

Proposition 4.4 shows that «* is continuous in both space and time variables. We apply
Theorem 5.1 to show that, because f is analytic, u* is also analytic with respect to the
time.

Proposition 5.2. Let f € CY(R) satisfying (1.2) and let Ey > 0. Let K and M be the
constants given by Propositions 4.4 and 4.5. Assume that f is analytic in [—4KM, 4K M].
Then for any non-dissipative complete solution u*(t) solving (5.1) and satisfying E(u*) <
Ey, t — u*(.,t) is analytic from R into X with o € (1/2,1). In particular, for all x € Q,
u*(x,t) is analytic with respect to the time.

Proof: Theorem 5.1 uses strongly some compactness properties. Therefore, we need to
truncate our solution to apply the theorem on a bounded domain (of course, this is not
necessary and easier if €2 is already bounded).

Let x € C5°(R) be such that 2 =0 on 9Q, x = 1 in {z € Q,y(z) = 0} and supp(x)
is included in a smooth bounded subdomain O of 2. Since Proposition 4.4 shows that
u* € C°(R, D(A)) and since u* is constant with respect to the time in supp(y), (1 — x)u*
is obviously analytic from R into D(A). It remains to obtain the analyticity of xu*.

In this proof, the damping « needs to be more regular than just L>(£2). We replace
v by a damping 4 € C*°(Q2), which has the same geometrical properties (GCC) and (1.3)
and which vanishes where v does. Notice that y0,u* = 0 = 0,u*, therefore replacing v by
4 has no consequences here.

Let v = yu*, we have

v +(2)0w = Av — fo+g(z,v)  (z,t) € O xRy,
v(x,t) =0 (z,t) € 00 x Ry

with g(z,v) = —x () f(v+ (1 —x)u*(x)) —2(Vx.Vu*)(z) — (u*Ax)(x). We apply Theorem

5.1 with the following setting. Let Y = X* = H*(O)NH}(O)x H(O) with a € (1/2,1).
Let V = (v,0v) and let G(v) = (0, g(.,v)). We set

0 Id 0 O

Let (Ag)k>1 be the negative eigenvalues of the Laplacian operator on O with Dirichlet
boundary conditions and let () be corresponding eigenfunctions. We set P, to be the
canonical projections of X on the subspace generated by ((¢g,0))g=1..» and ((0, ¥x))k=1..n-

(5.2)
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To finish the proof of Proposition 5.2, we only have to check that the hypotheses of
Theorem 5.1 hold.

The trajectory V' is compact since we know by Proposition 4.4 that it is bounded in
X1, which gives (i).

Hypothesis (ii) and (iii) hold with K, = 1 by construction of P, and because B is
bounded in Y since 4 belongs to C*().

The first part of Hypothesis (iv) follows from Proposition 2.3. The second estimate
et @nBIY| 1o vy < Me ™ means that the restriction Q,AQ, of A to the high fre-
quencies of the wave operator also generates a semigroup satisfying an exponential decay.
By a result of Haraux in [29], we know that this also holds, see Section 2.3.2 of [25] for the
detailed arguments.

We recall that u*(x,.) is constant outside x~'(1) and belongs locally to H'™ since
u* € D(A). Therefore, the terms (1 — x)u*(z), Vx.Vu* and u*Ayx appearing in the
definition of g are in H'. Moreover, they satisfy Dirichlet boundary condition on 9¢) since
u* = 0 and 0,y = 0 there. Of course, they also satisfy Dirichlet boundary condition on the
other parts of O since x = 0 outside O. Notice that a > 1/2 and thus H**(O) N H(O)
is an algebra included in C°. Therefore, (1.2) shows that G is of class C! in the bounded
sets of Y. Since u € [-4KM,4KM] — f(u) € R is analytic, it can be extended to
a holomorphic function in [—4ICM, 4K M| + i[—p, p] for small p > 0. Using again the
embedding H'*(0) — C°(O) and the definitions of K and M, we deduce that (v) holds.

Finally, for Vo = (vo, Qpv2) with ||Va]ly, < 1 DG(V(t))Va = (0, —x(x)f'(v(t) + (1 —
x)u*(z))vg) is relatively compact in Y since v(t) is bounded in H*N H} due to Proposition
4.4 and therefore vy, € H™ ™ — x(z)f (v(t) + (1 — x)u*(z))vy € H® is a compact map.
This yields (vi). O

Once the time-regularity of u* is proved, the space-regularity follows directly.
Proposition 5.3. Let f and u* be as in Proposition 5.2, then u* € C*(2 x R).

Proof: Proposition 5.2 shows that u* and all its time-derivatives belongs to X with
a € (1/2,1). Due to the Sobolev embeddings, this implies that any time-derivative of u*
is Holder continuous. Writing

Au* = Jju* + fu* + f(u*) (5.3)

and using the local elliptic regularity properties (see [42] and the references therein for
example), we get that u* is locally of class C*>* in space for some \ € (0,1). Thus, u* is
of class C** in both time and space. Then, we can use a bootstrap argument in (5.3) to
show that u* is of class C?** for all k € N. O
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5.2 Identification of u*

The smoothness and the partial analyticity of «* shown in Propositions 5.2 and 5.3 enable
us to use the unique continuation result of [47].

Proposition 5.4. Let f and u* be as in Proposition 5.2, then u* is constant in time, i.e.

*

u* is an equilibrium point of the damped wave equation (1.1).

Proof: Setting v = dyu*, we get 92v = Av — Bv — f/(u*)v. Propositions 5.2 and 5.3 show
that u* is smooth and analytic with respect to the time and moreover v = 0 in supp(7).
Thus, the unique continuation result stated in Corollary 3.2 yields v = 0 everywhere. [

The sign assumption on f directly implies that 0 is the only possible equilibrium point
of (1.1).

Corollary 5.5. Let f € CY(R) satisfying (1.2) and let Ey > 0. Let K and M be the
constants given by Propositions 4.4 and 4.5 and assume that f is analytic in [—4K M, 4KCM].
Then, the unique solution u* of (5.1) with E(u*) < Ey is u* =

Proof: Due to Proposition 5.4, u* is solution of Au* — fu* = f(u*). By multiplying by

u* and integrating by part, we obtain [, [Vu*|* + flu*[*dz = — [, u* f(u*) dz, which is
non-positive due to Assumption (1.2). Since § > 0 is such that A — (3 is negatlve definite,
this shows that v* = 0. U

6 Proof of Theorem 1.1

Due to Proposition 2.5, Theorem 1.1 directly follows from the following result.

Proposition 6.1. Let f € CY(R) satisfying (1.2) and let Ey > 0. Let K and M be the
constants given by Propositions 4.4 and 4.5. Assume that f is analytic in [—4K M, 4K M]
and that v is as in Theorem 1.1. Then, there exist T > 0 and C' > 0 such that for any u
solution of (1.1) with E(u)(0) < Ey satisfies

) < C// z) |Opul® dtd.
0,7]x

Proof: We argue by contradiction: we assume that there exists a sequence (u,,) of solutions
of (1.1) and a sequence of times (7},) converging to +o0o such that

n

// v(x) |Opun)? dtdz < lE(un)(O) < lEo. (6.1)
[0,T3,] %2 n
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Denote o, = (E(u,)(0))"/2. Since a € [0,1/FEp], we can assume that a,, converges to a
limit o when n goes to +00. We distinguish two cases: a > 0 and a = 0.

e [First case: o, —> a >0
Notice that, due to (2.1), |[(un, Osu,)(0)]/x is uniformly bounded from above and from
below by positive numbers. We set v} = u,(T,,/2+.). Due to the asymptotic compactness
property stated in Proposition 4.3, we can assume that u converges to a solution u* of
(1.1) in C°([-T,T], X) for all time T > 0. We notice that

E(un(0)) > E(u?(0)) = /sz 2) el > (1= 1/n) E(u,(0))

and thus E(u*(0)) = a? > 0. Moreover, (6.1) shows that yO,u’ converges to zero in
L3([-T,T), L*(Q2)) for any T > 0 and thus d;u* = 0 in supp(y). In other words, u* is a
non-dissipative solution of (1.1), i.e. a solution of (5.1) with E(u*) = o? < E,. Corollary
5.5 shows that u* = 0, which contradicts the positivity of E(u*(0)).

e Second case: o, — 0
The assumptions on f allow to write f(s) = f(0)s + R(s) with

[R(s)] < C(IsI” +[s") and [R'(s)| < C(|s| + [s|"™) . (6.2)

Let us make the change of unknown w,, = u, /a,. Then, w, solves

Ow,, + y(x)0uw, + (B8 + f(0))w, + O%R(anwn) =0 (6.3)

n

and

1
// v(x) |Opw,|? dtdr < =. (6.4)
[0,T7] %2 n

Denote W,, = (w,, dyw,). Due to the equivalence between norm and energy given by (2.1),
the scaling w,, = w, /o, implies that ||(w,(0), dw,(0))||y is uniformly bounded from above
and from below by positive numbers. Moreover, (6.1) implies

WDy EOal) B0 =t C

W@l x =

for any t € [0, T,] and n large enough.

We set f, = 1/a,R(u,) and F,, = (0, f,,). The stability estimate of Proposition 2.2
implies that ”“n”m([k,kﬂ],y) < Ca,, uniformly for n, k € N. In particular, combined with
(6.2), this gives

< Cla, + aﬁ’l)
LA ([k,k+1],L2)

1
||fn||L1([k,k+1],L2) B "Q_R(anwn)

27



We can argue as in Proposition 4.3 and write

[Tn] -1

~ _ L
Wn<Tn) _ eATan<O> + Z eA(Tnk‘)/ e*AanU{;_i_S) ds
k=0 0

- Tn—|Tn] _
AT (T, )) / e (|T) + 5) ds . (6.6)
0

where A is the modified damped wave operator

A:<A—50—f’(0) fi) |

Notice that A satisfies an exponential decay as A in Proposition 2.3 since (1.2) implies
f(0) > 0. By summing up as in Proposition 4.3, we get

IWa(Ta)llx < Ce™ + Clan +al™)

which goes to zero, in a contradiction with (6.5). O]

As a direct consequence of Proposition 6.1, we obtain a unique continuation property
for nonlinear wave equations. Notice that the time of observation T required for the
unique continuation is not explicit. Thus, this result is not so convenient as a unique
continuation property. But it may be useful for other nonlinear stabilization problems as
Ou +v(2)g(0iu) + f(u) = 0.

Corollary 6.2. Let f € C1(R) satisfying (1.2) and let Ey > 0. Assume that f is analytic
in R and that w is an open subset of Q) satisfying (GCC). Then, there exist T > 0 such
that the only solution u of

Ou + Bu+ f(u) 0 on[-T,T]xQ
du = 0 on|[-T,T| xw.

(6.7)

with E(u)(0) < Ey is u = 0.

Proof: Corollary 6.2 is a straightforward consequence of Proposition 6.1 since we can easily
construct a smooth damping v supported in w and such that Supp(y) satisfies (GCC). We
only have to remark that u solution of (6.7) is also solution of (1.1). O
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7 Proof of Theorem 1.2

Before starting the proof of Theorem 1.2 itself, we prove that €!(R) is a Baire space,
that is that any countable intersection of open dense sets is dense. This legitimizes the
genericity in €'(R) as a good notion of large subsets of €'(R). We recall that ¢'(R) is
defined by (1.6) and endowed by Whitney topology, the open sets of which are generated
by the neighbourhoods Ny s defined by (1.7).

Proposition 7.1. The space €'(R) endowed with Whitney topology is a Baire space.

Proof: The set €!'(R) is not an open set of C'(R), and neither a submanifold. It is a
closed subset of C*(R), but C'(R) endowed with Whitney topology is not a completely
metrizable space, since it is not even metrizable (the neighbourhoods of a function f are
not generated by a countable subset of them). Therefore, we have to come back to the
basic proof of Baire property as in [23].

Let U be an open set of €'(R) and let (O,)nen be a sequence of open dense sets of
¢!(R). By density, there exists a function fy € €(R) in &« N Oy and by openness, there
exists a positive continuous function dy such that the neighbourhood Ny, 5, is contained
in U N Oy. By choosing dy small enough, one can also assume that Ny, 25, C U N Oy and
that sup,eg [do(u)| < 1/2°. By recursion, one constructs similar balls Ny, 5, C Ny, 5, C
N6, such that Ny, o5, C UNO,, and that sup,cg [6,(u)| < 1/2™. Since C'([—m, m],R) en-
dowed with the uniform convergence topology is a complete metric space, the sequence ( f;)
converges to a function f € C'(R,R) uniformly in any compact set of R. By construction,
the limit f satisfies

VneN, Vu e R, max(|f(u) = fu(u)l,[f(u) = fL(u)]) < 6n(u) < 20, (u) (7.1)

as well as f(0) = 0 and uf(u) > 0 since any f, satisfies (1.2). Moreover, there exist C' > 0
and p € [1,5) such that fy satisfies

[fo(w)| < C(L+Jul)” and [ fo(u)] < C(1+ Jul)P~" . (7.2)

Since max(|f(u) — fo(w)|, |f'(u) — fi(w)]) < dp(u) < 1, f also satisfies (7.2) with a constant
C" = C+1. Therefore, f satisfies (1.2) and thus belongs to €' (R). In addition, f satisfying
(7.1) and Ny, 95, being contained in U N O, we get f € U N O, for all n. This shows that
MNypen®,, intersects any open set U and therefore is dense in €*(R). OJ

Proof of Theorem 1.2: We denote by &,, the set of functions f € €'(R) such that the
exponential decay property (ED) holds for Ey = n. Obviously, = N,en®,, and hence it
is sufficient to prove that &,, is an open dense subset of €!(R). We sketch here the main
arguments to prove this last property.
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®,, is a dense subset: let N be a neighbourhood of fy € €'(R). Up to choosing A/ smaller,
we can assume that the constant in (1.2) is independent of f € N. Due to Propositions
4.4 and 4.5, there exist constants C and M such that, for all f € N, all the global non-
dissipative trajectories u of (1.1) with E(u) < n are such that ||u||e@xr) < KM. We
claim that we can choose f € N as close to fy as wanted such that f is analytic on
[—4ICM, 4K M| and still satisfies (1.2). Then, Proposition 6.1 shows that f satisfies (ED)
with £y = n i.e. that f € &,,.

To obtain this suitable function f, we proceed as follows. First, we set a = 4K M and
notice that it is sufficient to explain how we construct f in [—a,a]. Indeed, one can easily
extend a perturbation f of fy in [—a, a] satisfying f(s)s > 0 to a perturbation f of f; in
R, equal to fy outside of [—a — 1,a + 1] and such that f(s)s > 0 in [-a — 1,a + 1]. We
construct f in [—a, a] as follows. Since fy(s)s > 0, we have that f}(0) > 0. We perturb
fo to fi1 such that f1(0) =0, f{(s) > e > 0 in a small interval [—n,n] and sfi(s) > 2¢ in
[—a, —n]U[n, a], where € could be chosen as small as needed. Then we perturb f; to obtain
a function fy which is analytic in [—a,a] and satisfies fi(s) > 0 in [—n, 7], sfa(s) > € in
[—a,—n]U[n,a] and |f2(0)| < £/a. Finally, we set f(s) = fa(s) — f2(0) and check that f is
analytic and satisfies sf(s) > 0 in [—a, a]. Moreover, up to choosing ¢ very small, f is as
close to fy as wanted.

®,, is an open subset: let fy € &,,. Proposition 2.3 shows the existence of a constant
C' and a time T such that, for all solution u of (1.1),

Eu(0)) <Ey = Eu(0)) < C/ / x)|0yu(z, t)|* ddt . (7.3)

The continuity of the trajectories in X with respect to f € €*(R) is not difficult to obtain:
using the strong control of f given by Whitney topology, the arguments are the same as
the ones of the proof of the continuity with respect to the initial data, stated in Theorem
2.2. Thus, (7.3) holds also for any f in a neighbourhood N of fy, replacing the constant
C by a larger one. Therefore, Proposition 2.3 shows that N' C &,, and hence that &,, is
open. 0

8 A proof of compactness and regularity with the
usual arguments of control theory

In this section, we give an alternative proof of the compactness and regularity properties of
Propositions 4.3 and 4.4. We only give its outline since it is redundant with previous results
of the article. Moreover, it is quite similar to the arguments of [17]. Yet, the arguments
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of this section are interesting because they do not require any asymptotic arguments and
they show a regularization effect through an observability estimate with a finite time T,
which can be explicit. However, for the moment, it seems impossible to obtain an analytic
regularity similar to Proposition 5.2 with this kind of arguments.

Instead of using a Duhamel formula with an infinite interval of time (—oo,t) as in (4.3),
the main idea is to use as a black-box an observability estimate for 7" large enough, 7" being
the time of geometric control condition,

105 < C'||Be*Us (8.1)

2
HLQ([O,T},XS)

0 Id 0 O
AZ(A—B _7) ande(O _7).

The first aim is to prove that a solution of (5.1), globally bounded in energy, is also
globally bounded in X* for s € [0,1]. We proceed step by step. First, let us show that it
is bounded in X°©.

where

e we fix T" > large enough to get the observability estimate (8.1). By the existence
theory on each [to, %y + T, Wy 4,47 is bounded in Strichartz norms, uniformly for
to € R. Since the nonlinearity is subcritical, Corollary 4.2 gives that f(u) is globally
bounded in L'([tg,to + T, H'*).

e we decompose the solution into its linear and nonlinear part by the Duhamel formula
t
U(t) = eA(t*tO)U(to) +/ eA(to—r)f(U(T))dT = Un + Uniin.-
to
Since f(u) is bounded in L'([tg, to+T], H'*¥), Unuiy, is uniformly bounded in C([to, to+
T], X¢).
e we will now use the linear observability estimate (8.1) with s = ¢, applying it to Up,:
2 2 s 2
1U(t0)lIx= = Uin (to) - < C/ 17 () Ortsin | g - (8.2)
to
Then, using triangular inequality, we get

to+T 5 to+T 5 to+T )
[ ol < 2 [ h@awlr2 [ @l

to to to

2
e <C

to+T
< 9 / ()]

to

where we have used d;u = 0 on w and Uy, is bounded in C([tg, to + T, X¢). Com-
bining this with (8.2) for any ¢y € R, we obtain that U is uniformly bounded in X*
on R.
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Repeating the arguments, we show that u is bounded in X?¢, X3¢ and so on...until X*.
Similar ideas allows to prove some theorem of propagation of compactness in finite time,
replacing the asymptotic compactness property of Proposition 4.3.

As said above, an advantage of this method, compared to the one used in Propositions
4.3 and 4.4, is that it allows to propagate the regularity or the compactness on some finite
interval of fixed length. Yet, it seems that such propagation results are not available in the
analytic setting. Indeed, it seems that, for nonlinear equations, the propagation of analytic
regularity or of nullity in finite time is much harder to prove. We can for instance refer
to the weaker (with respect to the geometry) result of Alinhac-Métivier [1] or the negative
result of Métivier [40].

9 Applications

9.1 Control of the nonlinear wave equation

In this subsection, we give a short proof of Theorem 1.3, which states the global control-
lability of the nonlinear wave equation. The first step consists in a local control theorem.

Theorem 9.1 (Local control). Let w satisfying the geometric control condition for a time
T. Then, there exists 6 such that for any (ug,uy) in Hi(Q) x L*(Q), with

(o, wa)l| a2 < 0
there exists g € L>([0,T), L?) supported in [0, T] X w such that the unique strong solution
of
{ Ou+pu+ f(u) = g on [0,T]xQ
(u(0), 0u(0)) = (uo,un).
satisfies (u(T), Owu(T)) = (0,0).

Proof: The proof is exactly the same as Theorem 3 of [17] or Theorem 3.2 of [38]. The
main argument consists in seeing the problem as a perturbation of the linear controllability
which is known to be true in our setting. O

Now, as it is very classical, we can combine the local controllability with our stabiliza-
tion theorem to get global controllability.

Sketch of the proof of Theorem 1.3: In a first step, we choose as a control g =
—v(x)0yu where u is solution of (1.1) with initial data (ug,u;). By uniqueness of solutions,
we have u = u. Therefore, thanks to Theorem 1.1, for a large time T3, only depending on
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Ry, we have ||(u(T1), 0yu(Th)) 1y 2 < 9. Then, Theorem 9.1 allows to find a control that
brings (u(71), du(T1)) to 0. In other words, we have found a control ¢ supported in w that
brings (ug, u1) to 0. We obtain the same result for (i, @;) and conclude, by reversibility
of the equation, that we can also bring 0 to (g, @). O

9.2 Existence of a compact global attractor

In this subsection, we give the modification of the proofs of this paper necessary to get
Theorem 1.4 about the existence of a global attractor.
The energy associated to (1.9) in X = HJ(Q) x L*(Q) is given by

1
E(u,v) = /Q §(Wu|2 + v?) + V(z,u)dx

where V(x,u) = [} f(x,&)dE.

The existence of a compact global attractor for (1.9) is well known for the Sobolev
subcritical case p < 3. The first proofs in this case go back to 1985 ([24] and [27]), see
[45] for other references. The case p = 3 as been studied in [5] and [4]. For p € (3,5),
Kapitanski proved in [34] the existence of a compact global attractor for (1.9) if  is a
compact manifold without boundary and if «(z) = v is a constant damping. Using the
same arguments as in the proof of our main result, we can partially deal with the case
p € (3,5) with a localized damping () and with unbounded manifold with boundaries.

Assume that f satisfies the assumptions of Theorem 1.4. We first claim that we can
assume in addition that f(x,0) = 0 on 9 in order to guarantee the Dirichlet boundary
condition for f(x,u) if u € H} (). Indeed, let ¢ be the solution of Ap — By = f(x,0) with
Dirichlet boundary conditions, which is well defined and smooth, since by assumptions
f(z,0) is smooth and compactly supported. Let x be a smooth compactly supported cut-
off function such that gx =0 on 022 and x = 1 in the ball B(xy, R) of Hypothesis (1.11).
If f(z,0) # 0 on 0f), we consider the new variable & = u — x¢ and the new equation

D20 + ()0t = Al — fu — f(x, @) (9.1)

where f(z, 1) = f(z, 7+ xo(x)) — xf(z,0) + 2Vp.Vx + ¢Ay. One directly checks that u
solves (1.9) if and only if @ solves (9.1). Moreover f is smooth, analytic in % and satisfies
Hypotheses (1.10) and (1.11) and in addition f(z,0) = 0 on the boundary. Clearly, since
our change of variables is a simple translation, obtaining a compact global attractor for
(9.1) is equivalent to obtaining a compact global attractor for (1.9). In what follows, we
may thus assume that f(z,0) = 0 in addition to the hypotheses of Theorem 1.4.

The arguments of this paper show the following properties.
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i)

ii)

iii)

iv)

The positive trajectories of bounded sets are bounded. Indeed, (1.11) implies
that, for x & B(xo, R), we have V (z,u) = [ f(z,£)d§ > 0. Moreover, for x € B(xo, R),
V(z,.) is non-increasing on (—oo, —R) and non-decreasing on (R, 0o). Thus, V(z,u) is
bounded from below for x € B(xg, R) and

Y(u,0) € X . B(u,v) > %H(u,v)H?X + vol(B(zo, R)) inf V .

The Sobolev embeddings H'(Q2) < LPT!(Q) shows that the bounded sets of X have a
bounded energy. Since the energy F is non increasing along the trajectories of (1.9), we
get that the trajectory of a bounded set is bounded.

The dynamical system is asymptotically smooth. The asymptotic compactness
exactly corresponds to the statement of Proposition 4.3. Let us briefly explain why it
can be extended to the case where f depends on x. The key point is the extension of
Corollary 4.2. First notice that, since we have assumed that f(z,0) =0 on 02, f(z,u)
satisfies Dirichlet boundary condition if u does. Then, it is not difficult to see that
the discussion following Theorem 4.1 can be extended to the case f depending on x by
using estimates (1.10). Corollary 4.2 follows then, except for a small change: since it
is possible that f(x,0) # 0 for some x € 2, the conclusion of Corollary 4.2 should be
replaced by

Hf(fc,U)|’L1([0,T],Hg+6(ﬂ)) <C(1+ ”UHLoo([o,T},HsH(Q)mHg(m)) :

Then the proof of Proposition 4.3 is based on Corollary 4.2, the boundedness of the
positive trajectories of bounded sets (both could be extended to the case where f de-
pends on z as noticed above) and an application of Proposition 2.6 outside of a large
ball. We conclude by noticing that, for = large, f(z,u)u > 0 and y(z) > a > 0 and
thus Proposition 2.6 can still be applied exactly as in the proof of Proposition 4.3.

The dynamical system generated by (1.9) is gradient, that is that the energy E is
non-increasing in time and is constant on a trajectory w if and only if u is an equilibrium
point of (1.9). This last property is shown in Proposition 5.4 for f independent of x
but can be easily generalised for f = f(z,u). Notice that the proof of this property is
the one, where the analyticity of f is required since the unique continuation property of
Section 3 is used. Finally, we enhance that the gradient structure of (1.9) is interesting
from the dynamical point of view since it implies that any trajectory wu(t) converges
when t goes to 400 to the set of equilibrium points.

The set of equilibrium points is bounded. The argument is similar to the one of
Corollary 5.5: if e is an equilibrium point of (1.9) then (1.11) implies that

/1|V~e|2 + Ble* = —/ f(z,e)edr < —vol(B(zo, R)) inf  f(z,u)u,
2 0

(z,u)EQXR

where we have bounded f(z,u)u from below exactly as we have done for V(z,u) in i).
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It is well known (see [24] or Theorem 4.6 of [45] for examples) that Properties i)-iv) yield
the existence of a compact global attractor. Hence, we obtain the conclusion of Theorem

1.4.
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