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NON-LINEAIRE: CONVERGENCE EN TEMPS FINI VS
DECROISSANCE EXPONENTIELLE
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ABSTRACT. Given a bounded open set 2 C R™ and a continuous convex func-
tion @ : L2 (£2) — R, let us consider the following damped wave equation

(S) uty — Au+ 0P (ug) 30, (t,x) € (0,400) x Q,

under Dirichlet boundary conditions. The notation 0 refers to the subdiffer-
ential of ® in the sense of convex analysis. The nonlinear term 9% allows to
modelize a large variety of friction problems. Among them, the case ® = |. |1
corresponds to a Coulomb friction, equal to the opposite of the velocity sign.
After we have proved the existence and uniqueness of a solution to (S), our
main purpose is to study the asymptotic properties of the dynamical system
(S). In two significant situations, we bring to light an interesting phenomenon
of dichotomy: either the solution converges in a finite time or the speed of
convergence is exponential as t — +o0o. We also give conditions which ensure
the finite time stabilization of (S) toward some stationary solution.

RESUME. Etant donné un ouvert borné  C R”™ et une fonction convexe con-
tinue ® : L2(Q2) — R, considérons ’équation des ondes amorties suivante:

(S) uty — Au+ 0P (ug) 30, (t,z) € (0,400) x Q,

avec conditions de Dirichlet au bord. La notation 0% désigne le sous-différentiel
de ® au sens de ’analyse convexe. Le terme non-linéaire ® permet de modéliser
une grande variété de problemes avec frottement. Le cas ® = |. |1 correspond
au frottement de Coulomb, égal & ’opposé du signe de la vitesse. Apres avoir
établi lexistence et I'unicité d’une solution de (S), notre principal objectif est
d’étudier les propriétés asymptotiques du systéme dynamique (S). Dans deux
situations significatives, on met en évidence un phénomene intéressant de di-
chotomie: la solution converge en temps fini, ou bien la vitesse de convergence
est exponentielle lorsque t — +o0co. On donne également des conditions qui
garantissent la stabilisation en temps fini de (S) vers une solution stationnaire.

1. INTRODUCTION

Throughout the paper, we denote by 2 a bounded open set in R with smooth
boundary T'. Given a continuous convex function ® : L?(2) — R, let us consider
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the following damped wave equation
(S) utr — Au+ 9P (ug) 30, (t,x) € (0,400) x Q,
under Dirichlet boundary conditions
(1.1) u(t,z) =0, t>0, zel,
and satisfying the following initial conditions
(1.2) u(0,z) = uo(z), w(0,2) = vo(x), x € .

The operator 0® : L%(Q) — P(L*(Q2)) is the subdifferential of ® in the sense of
convex analysis: for every u € L*(Q),

€€ 0d(u) C P(LA(Q)) — Yo € L2(Q), ®(v) > ®(u) + (&0 —u) 2.

The nonlinear term 09 allows to modelize a large variety of friction problems. The
question of existence and uniqueness of a solution u satisfying (S) and (1.1)-(1.2)
was settled in the thesis of Brézis [5], over an arbitrary finite time horizon. The
problem of the asymptotic convergence when t — 400 is delicate and has interested
many authors. The linear case, corresponding to ® = |.|2, (up to a constant) has
given rise to a very abundant literature and the reader is referred to the classical
textbooks [11, 15, 18, 22] for further details. The nonlinear problem is more subtle
and one can distinguish at least two classes of interesting situations.

For the first one, let us introduce the convex function j : R — R and let us
assume that j(v) € LY(Q) for every v € L*(2). We define the convex function
®: L*(Q) — R by ®(v) = [,j(v(x))dz. Following a classical result, we have
f € 0®(v) if and only if f(x) € 9j(v(x)) for almost every x € £ (see for example
[6, Proposition 2.16] or also [4, Proposition 2.7]). Setting 5 := 97, equation (S) can
then be rewritten as

(13) Ut — Au + ﬂ (Ut) > 0.

Given fic, iy > 0, let us consider the particular case where the function j is defined
by j(r) = pelr] + & r? for every r € R. The differential inclusion (1.3) then
becomes

(1.4) U — Au + pesgn (ug) + pyug 30,

where sgn : R — P(R) is the set-valued sign function, defined by sgn(z) = 1 if
x>0, sgn(zx) = —1if x < 0 and sgn(0) = [—1,1]. In this equation, the term
tesgn (ug) corresponds to the Coulomb friction while the term p, u; represents a
possible viscous component of the friction.

Coming back to the dynamical system (1.3), results of convergence were obtained
by Haraux [16, 17], who used an argument of Dafermos-Slemrod [12]. Provided
that 0 ¢ int (371(0)), he proved the convergence in Hg(£2) of the solution u toward
some stationary solution .., along with the convergence in L?(Q) of the velocity
uy toward 0.

Another class of interest is given by the functions ® which are positively homo-
geneous and convex. Such functions are not differentiable at the origin, and then
induce a “nonsmooth” friction. Without extra difficulty, we can add a differen-
tiable component in this model. For example, consider the function ® : L2(Q) — R
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defined by ® = pu, | . 12+ 52 |. |72, for some ji,, f1, > 0. In this case, the dynamical
system (S) can be rewritten as the following global equation

{uttAu +ppue/|uglpz Fpoue =0 if  w #0,

(15) Uty — Au + Mo BLQ 30 if Uy = 0,

where B2 is the closed unit ball of L2((2) centered at 0. In this model the radial
friction u;/|u¢|r2 has a non-local nature, due to the term |u;|r2 which is computed
on the whole space ). For that reason, system (1.5) will be referred to as the globally
damped wave equation. As we shall mention later (see Remark 4.4) system (1.5)
arises in the study of some control problems.

In Classical Mechanics there are many examples of finite-dimensional systems
for which dry friction implies the stabilization in finite time of the underlying dy-
namics. At the beginning of the seventies, Haim Brézis proposed the conjecture
that the equilibrium position of a system like (1.4) is reached after a finite time
(at least if p, = 0). When the set Q is one-dimensional (e.g. Q =|0,1]), equa-
tion (1.4) modelizes the motion of a vibrating string subject to a friction. In this
case, Cabannes [8, 9] obtained some partial results on finite time stabilization cor-
responding to particular initial data. The case of arbitrary initial data seems to
be still an open problem. Motivated by this, and also suggested by the numerical
approach of solutions, some easier formulations were considered in the literature, as
for instance, the spatially discretized vibrating string via a finite difference scheme
(see for example [3, 14]).

In this paper, we prove first that every solution u to (S) converges in Hg ()
toward some map us, € H?(Q) satisfying Aus, € 09(0). If, in addition, Aus,
belongs to the interior of the set 9P (0), the dynamics is shown to stop definitively
after a finite time. Counterexamples to finite time convergence exist when the
Laplacian Au, belongs to the boundary of 0®(0). We then focus our attention on
this delicate case. For that purpose, we exhibit two types of asymptotic behaviors,
for which we are able to evaluate the speed of convergence when finite time stabi-
lization fails.

The first one, that we denote by (AE) (from “Asymptotic Expansion”), consists
in assuming that the solution u to (S) can be asymptotically decomposed as the
product of a time-dependent function by a space-dependent one, up to a negligible
term. This hypothesis is satisfied in the overdamped linear case, for example. The
second behavior (NV) (“Normal Velocity”) is observed when the velocity vector
ut(t) is normal to the set 0P(0) at Au for ¢ large enough. A careful examination
of (NV) shows that it is equivalent to a condition of uniform boundedness in time
(see paragraph 6.1).

Due to the structural differences of (AE) and (NV), the estimates of the conver-
gence rate rely on distinct arguments in each case. We prove in both situations a
curious phenomenon of dichotomy: either the solution converges in a finite time
or the speed of convergence is exponential. Our results are slightly more precise
under (AE). We establish in this case that, if the excess of the set 0®(v) over the
set 0®(0) tends to 0 sufficiently fast when |v|pz — 0, then every solution to (S5)
stabilizes in a finite time. In concrete situations (cf. for example equation (1.4) or
(1.5)), we obtain the existence of a critical coefficient for the viscous component,
below which every solution stops definitively after a finite time. This critical coef-
ficient is intimately connected with the first eigenvalue of the Laplacian Dirichlet
operator —A.
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We point out that, as it can be easily shown, most of the results of this paper
remain true in a more general framework (case of a general second order elliptic
operator, different boundary conditions, etc.) but we shall not present it here for
the sake of the exposition.

The paper is organized as follows. In section 2 we start with a general result of
existence and uniqueness of solution for the inclusion (S) under the conditions (1.1)-
(1.2). Section 3 is devoted to some spatially discretized version of (S). In this finite
dimensional framework, we recall the main results of stabilization in finite time.
We conclude the section by some numerical experiments illustrating the motion of
a vibrating string (resp. membrane). In section 4 we prove that, if the function u.,
fulfills some interior-like conditions, then the solution u stabilizes in a finite time.
Sections 5 and 6 are devoted to the asymptotic analysis of (S), respectively in cases
(AE) and (NV). These sections contain the major results of the paper, specially the
phenomenon of dichotomy between finite time convergence and exponential decay
rate.

2. GENERAL FRAMEWORK

Throughout the paper, we use the standard notations of convex analysis and the
reader is referred to [21] for the general features relative to these notions.

2.1. Existence and uniqueness. Let €2 be a bounded open set in R™ with smooth
boundary I'. Given a continuous convex function ® : L?(Q) — R, let us consider
the following damped wave equation

(S) utr — Au+ 9P (ug) 30, (t,x) € (0,400) x Q,

under Dirichlet boundary conditions (1.1) and initial conditions (1.2). Any solution
u to (S) can be considered, either as a function u : [0, 400) x 2 — R or as a function
of time taking its values in a suitable functional space (such as H?(2) or H} () for
example). Throughout the paper, we will essentially adopt the second point of view,
so that the dependance with respect to the space variable x will be often omitted.
We start with a general result of existence and uniqueness for the inclusion (S)
under the conditions (1.1)-(1.2). Recall that, if C is a closed convex set of L?((Q2),
then C° denotes the element of minimal norm of C.

Theorem 2.1. Let ® : L2(2) — R be a continuous convex function. Assume that
the initial data satisfy respectively ug € H?(Q) N HY(Q) and vo € H (). Then,
the following assertions hold true:
(i) There ezists a unique map u € C([0,+00) : HF(Q)), with uy € C([0,+00) :
L?(Q)), such that:

(a) uy € L>®(0,+00 : H}(Q)) and uy € L°°(0, 400 : L*(Q)). More precisely,

the following estimate holds for almost every t € (0,400)
() 3+ e (03 < [Vool3a + (Ao + 9(r0)) 2.

(b) (S) is satisfied for almost every t € (0,400).

(¢) u(0) = ug and ut(0) = vy.
(ii) The map u satisfies u € L*>(0, 400 : H*()).
(#ii) The map uy is right differentiable on (0,400) and we have, for almost every
t € (0,+00)

d+Ut
dt

(t) + (—Au(t) + 0P (u(t)))° = 0.
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Proof. (i) is an immediate consequence of [5, Theorem III.1].

(i) Since u; € L>®(0,+oc : Hi(Q)) and since the imbedding H}(Q) — L2(Q) is
compact, the set {u;(t), t € [0,+00)} is relatively compact in L2(£2). On the
other hand, we recall that the maximal monotone operator 9 is bounded on every
compact set of L*(Q) (see for example Brézis [6, §II. 5]). Then, we derive that
the set O®(uy(t)) is uniformly bounded in L2(Q2) when t € [0, +0c0). Since uy €
L%(0,+00 : L*()), we conclude in view of (S) that Au € L°°(0,+o00 : L*(Q)).
(iii) is an immediate consequence of [5, Remark III.2]. O

We denote by I the subset of [0, 4+00) on which the map u; is derivable and the in-
clusion (S) is satisfied. Since the function w; is absolutely continuous, it is clear that
the set [0, +00) \ I is negligible. A key tool in the asymptotic analysis of (S) is the
existence of a Lyapounov function emanating from the mechanical interpretation
of (S). Indeed, we define the energy-like function E by

1 1
(2.1) E(t) = §|ut(t)|2Lz + §|Vu(t)|§2.
The decay rate of the function F is given by the following proposition.

Proposition 2.2. Let ® : L?(Q) — R be a continuous convex function such that
0 € argmin®. Let u be the unique solution to (S) defined at Theorem 2.1. Then
for every t € I, we have

(2.2) B(t) < —(®(us(t)) — 9(0)) < 0.
Proof. By differentiating the expression of F, we find
veel,  B() = (uit), un(t))re + (u(t), —Au(t)) 2
= (up(t), uee (t) — Au(t))pe.

Since —uy(t) + Au(t) € 0P(uy(t)), it suffices now to write the adequate subdiffer-
ential inequality. O

2.2. Convergence toward a stationary solution. We are going to prove that
the solution u to (S) converges in H'(Q) and that its limit u., is a stationary
solution to (S), i.e. Aug, € 0P(0). In a finite dimensional setting, a similar result
has been established in [1, Theorem 3.1].

Theorem 2.3. Let ® : L?*(Q)) — R be a continuous conver function such that
argmin® = {0}. Let u be the unique solution to (S) defined at Theorem 2.1. Then,
the following assertions hold true

(i) There exists us € Hy () such that

tligrnoo |u(t) — too|lgr =0  and tligloo lue(t)|L2 = 0.
(ii) We have lim;_, y o u(t) = U weakly in H?(S2).
(111) The limit uso is a stationary solution to (S), i.e. Aus € 0P(0).

Proof. (i) Let us set H = H(Q2) x L?(Q2) and let us define the operator A : H —
P(H) by

D(A) = (H*(Q) N H{(Q) x HY(Q), A(u,v) = (v, —Au+ 02(v)).

Setting U(t) = (u(t),u(t)), it is immediate that the inclusion (S) can be rewritten
as the following first-order in time system

(2.3) U, () +AU®) 50, >0
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Let us recall that, from Theorem 2.1 we have
u € L®(0,+00: H*(R)) and wu € L>(0,+o0 : H}(Q)).

This implies that the set {U(t), ¢ > 0} is precompact in the space H. By using an
argument of Dafermos-Slemrod (see for example [12, Theorem 1] or [16, Theorem
1]), we derive the existence of some almost periodic solution £ to (2.3) such that
(2.4) lim |U(t) —&(t)|m = 0.

t—+o00
By arguing as in [16, proof of Theorem 5], it is easy to check that
&:(t) € argmin® = {0} a.e. on (0,400).

It ensures that & = 0 and hence the vector function £ is constant on [0, +00). The
conclusion is then an immediate consequence of (2.4).

(i) Since u € L>(0,+oco : H?(Q)), there exists u € H%(Q) along with a sequence
(sn) C (0,400) tending to +oo such that lim, ., u(s,) = u weakly in H?(Q),
hence weakly in H'(Q). From (i) and the uniqueness of the limit, we derive that
Uso =T € H%(Q). Since uy, is the unique limit point of the map ¢ +— wu(t) for the
weak topology of H?(Q2), we conclude that lim; .y o u(t) = us weakly in H?(Q).
(iil) Let us argue by contradiction and assume that the set 9®(0) — Auy, does not
contain 0. It is then possible to strictly separate the convex compact set {0} from
the closed convex set 9®(0) — Aus,. More precisely, there exist p € L?() and
m > 0 such that

(2.5) VE € 09(0) — Augo, (& p) > m.

Recall that the set {u(¢), t € I} is bounded for the norm topology of L2(€). Let
h € L*(Q) and let (¢,) C I be asequence tending to +oc0 such that lim,, oo us (t,) =
h weakly in L?(€). Since u is solution to (S), we have

In view of (ii), the left-hand side of the above inclusion weakly converges to —h +
Aty in L2(€). On the other hand, we have lim,,_, o u;(t,) = 0 strongly in L?(Q)
and using the graph-closedness property of the operator 9® in s—L?(Q) x w—L?(Q),
we conclude that —h+Aus € 0P(0). In view of (2.5) we derive that (h, p) 2 < —m.
This shows that the limit points of the map ¢ — (uu(t),p)r2 when t — +oo are
contained in the interval | — oo, —m[. We deduce the existence of ¢, > 0 such that,
for almost every t > t., (uw(t),p)r2 < —m. By integrating this inequality, we
immediately infer that lims_ 1o (u(t),p)r2 = —o0, a contradiction with the fact
that u; € L>(0, +o0 : L?(2)). O

When 9®(0) = {0} the stationary condition of Theorem 2.3 (iii) gives Aus = 0
and since us, € H}(Q2), we conclude that u., = 0. Suppose now that the function
® is defined by ®(v) = [, j(v(z))dx for every v € L*(Q). In this case, the set
09(0) equals {f € L%(Q), f(x) € 95(0) for a.e. x € Q}, so that Theorem 2.3 (iii)
implies that Aus(x) € 95(0) for almost every xz € Q. Finally, in the case of the
globally damped wave equation (1.5), we have 0®(0) = p, Br> and the stationary
condition becomes |Aus|p2 <
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3. STABILIZATION IN FINITE TIME VIA SOME DISCRETIZED PROBLEM.
NUMERICAL ILLUSTRATIONS

Motivated by the numerical approach of solutions, we consider in this section
some discretized version of (S). To fix the ideas, suppose that we deal with the
following one-dimensional equation, modelizing the motion of a vibrating string
under friction:

(3.1) Upr — Uz + psgn (ug) + g(ug) 30, (t,x) € (0,400) x (0,1),

where p > 0, sgn : R — P(R) is the set-valued sign function and g : R — R is
a Lipschitz continuous function such that r g(r) > 0 for every r € R. The term
wsgn (uy) represents the Coulomb friction while g(u;) represents another type of
friction such as the one due to the viscosity of a possible surrounding fluid. The
reader is referred to [7, 20] for general features about the Coulomb model. By using
a finite differencing scheme, the spatial discretization of (3.1) leads to

(3.2)

L Ui —2ui Ui o 150 e (o 19

Ui — 2 + psgn () + g(w;) 3 0, € (0,400), i=1,2,...,n,
where h = 1/(n + 1) denotes the space step. The previous inclusion can be

rewritten as a vectorial problem by setting U(t) := (u1(t),...,u,(t))?. For that
purpose, let us define the function Sgn : R™ — P(R™) by Sgn(u1,...,u,) =
(sgn(u1),...,sgn(u,))? and the function G : R® — R™ by G(uy,...,u,) =
(g(u1),...,g(un))T. We also define the symmetric positive definite matrix A €
M, (R) by

2 -1 0 0
-1 2 -1 0
1
A=+510 0
0 -1 2 -1
0 0 -1 2

With these notations, inclusion (3.2) is equivalent to
(3.3) UW)+ AU®) + pSgn(U®) + G(U@t) 20,  te(0,+0).

This system also arises in the study of the vibration of n particles of equal mass.
In fact, it was by passing to the limit in the number of particles (in absence of any
friction) how the wave equation was obtained in 1746 by Jean Le Rond d’Alembert.
The stabilization in a finite time, in absence of viscous friction (G = 0) was proved
by Bamberger and Cabannes [3]. It was shown by Diaz and Millot [14] that the
presence of a viscous friction (with a suitable behaviour of G near 0) may originate
a qualitative distinction among the orbits in the sense that the state of the system
may reach an equilibrium state in a finite time or merely in an asymptotic way (as
t — +00), according to the initial data U(0) = Uy and U(0) = Uy. In the recent
work [10], the author studies the general case of a friction equal to —9®(U(t)), for
some convex function ¥ : R” — R. The same phenomenon of dichotomy as above
is observed and it is shown that either the solution converges in a finite time or the
speed of convergence is exponential. Let us finally mention that a fully discretized
version of (S) has been studied by Baji and Cabot [2], thus giving rise to an inertial
proximal algorithm.



8 A. CABOT, J.I. DIAZ AND B. BAJI

0.40
0,35:
0.30:
0,25:
0. 20:
0.1 5:
0.1 0:

0.05

FiGURrE 1. Vibrating string under Coulomb friction. Plotting of
the solution x — u(t,z) at successive instants: ¢ = 0, 0.1, 0.2, ...

We end this paragraph with a few numerical experiments in the case of a pure dry
friction (see equation (3.1) with g = 0). We use a finite differencing scheme, both
in time and space. The plotting on Figure 1 corresponds to the initial conditions
ug(r) = 3z (1 — x)? and vo(x) = 0; the friction coefficient is taken equal to u = 3.
We observe that the map ¢ — u(t) stabilizes after t = 1 toward a stationary solution
satisfying |ul |- < 3.

Let us now turn to a two-dimensional example with = (0,1) x (0,1). We choose
the initial conditions ug(z,y) = 92y (1 — x)? (1 — y)? and vo(z,y) = 0, and the
friction coeflicient equals p = 2. Figure 2 shows the evolution of the map t — wu(t)
and it suggests the finite time convergence of u(t) toward some stationary solution
Uoo Satisfying |Ause|pe < 2.

Remark 3.1. As pointed out in [14], the finite time stabilization can be also observed
by using the finite element method.

4. STABILIZATION IN A FINITE TIME UNDER SOME INTERIOR-LIKE CONDITIONS

In this section, we will assume that, for large values of ¢, the Laplacian Au(t)
satisfies some interior condition with respect to the set 9®(0). In a finite dimen-
sional setting [1], this kind of condition implies the finite time stabilization of the
dynamics. The extension of such a result to the damped wave equation leads us to
the following theorem.

Theorem 4.1. Let ® : L?(2) — R be a continuous convex function and let u be
the unique solution to (S) defined at Theorem 2.1. Assume that there exists € > 0
and tg > 0 such that

(4.1) Au(t) +eBr2 C 0P(0), for a.e. t > to.

Then u(t) = uc for every t > to + |u(to)|r2/e.
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FIGURE 2. Vibrating membrane under Coulomb friction. Plotting
of the map (z,y) — u(t,z,y) at different instants: ¢ = 0, t = 0.25,
t=0.5 and t — +o0.

Proof. For almost every t > to and for every v € B2, we have Au(t) + v € 99(0).
Thus, for almost every t > tg, we deduce

D(u(t)) — (0) > (Au(t) + e v, ue(t)) 2, Vv € Bre.
Taking the supremum over v € B2, we obtain for almost every t > ¢y,
(4.2) D(uy(t)) — ©(0) = (Au(t), ue(t)) 2 + € ur(t)] 2.
On the other hand, the inequality (2.2) of energy decay can be rewritten as:

1d
(4.3) §%|ut(t)|i2 — (Au(t),us(t)) 2 + P(u(t)) — 2(0) <0 a.e. on (0,400l
By combining (4.2) and (4.3), we get
1d
(44) §£|’U/t(t)|%2 +e ‘Ut(t)le <0.

By setting h(t) := |u.(t)|22, it is clear that relation (4.4) can be rewritten as the
following differential inequality:

(4.5) h(t) 4+ 2e+/h(t) <0 a.e. on (tg, +oo.

The solution of the differential equation § + 2¢,/y = 0 on (o, +0o] takes the zero
value for t = to + v/y(to)/e. In view of (4.5), a simple comparison argument then
shows that there exists t1 € [to,to + \/h(to)/e] such that h(t;) = 0. From (4.5),
we deduce that A(t) < 0 almost everywhere and hence h(t) < h(t;) = 0, for every
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t > t;. We conclude that |u:(t)|2 = 0 for every t € [t1,+o0[, i.e. u(t) = us for
every ¢ € [t1,400]. O

We now derive two corollaries from the previous theorem. In the first one, we
impose some interior-like condition on the limit u,. In the second one we will find
suitable initial conditions ensuring that (4.1) is satisfied.

Corollary 4.2. Let @ : L%(2) — R be a continuous convex function and let u be
the unique solution to (S) defined at Theorem 2.1. Assume that lim; 4o |u(t) —
Uoo |z = 0 for some uy € H2(Q). If Aun, € int 12(0®(0)), then there exists t1 > 0
such that u(t) = uee for everyt > t.

Proof. The assumption Aus, € int2(0®(0)) implies the existence of € > 0 such
that

At +2eBr2 C 09(0).
On the other hand, since lim¢_, 1 oo |u(t) — woo| g2 = 0, there exists tg > 0 such that
for every t > ty, we have
Au(t) € Augo +eBre.
Hence,
Au(t) +eBr2 C Aug +2eBr2 C 09(0).
It suffices then to use Theorem 4.1. d

Let us now apply the previous corollary to the situation corresponding to ® =
pr |- |p2 + 5] .32 (see equation (1.5)). Recall that in this case we have 9®(0) =
trBr2. Under the hypotheses of Corollary 4.2, we deduce that

|AUog|;2 < tr ==  wu stabilizes in a finite time.

Suppose now that the function ® is defined by ®(v) = [, j(v(x))dz for every
v € L2(2). In this case, the interior of the set 9®(0) = {f € L3(Q), f(z) € 95(0)
for a.e. x € Q} is empty, so that Corollary 4.2 cannot be applied.

Let us now state another consequence of Theorem 4.1, which is more specifically
devoted to the globally damped wave equation (cf. inclusion (1.5)).

Corollary 4.3. Given p, > 0, u, > 0, we define the function ® : L?(Q) — R by
D = pr|. 2+ 54| 132, Let u be the unique solution to (S) defined at Theorem
2.1. If the initial conditions (ug,vo) satisfy |Auglrz + |[Vuo|pz < p./C, for some
C > 1, then we have u(t) = us for every

t> |vo| 2
= pr — C(JAug|p2 + [Vvg|L2)

Proof. From [5, Theorem III.2], the following estimate holds true for almost every
t>0
|Au(t)|r2 < C(|Auo|r2 + [VuolL2),

for some C > 1. Recalling that 0®(0) = u, Br2, we deduce that condition (4.1) is
satisfied with

EZMT—C(‘AUO|L2+‘V’00|L2)>0 and tQZO.
It suffices then to apply Theorem 4.1. (I
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Remark 4.4. The above mentioned results of finite time stabilization may have
interesting applications in control theory. Indeed, let T' > 0, ug € H}(Q) N H2()
and vy € H}(2) be given. Consider the H?({2)-approximate controllability question
stated in the following terms: given € > 0 (arbitrarily small) find a feedback type
control f(t,x) such that the solution u(t,x; f) of the linear wave equation

uy — Au = f in (0,7) x €,
u=0 on (0,7) x 09,
u(0,x) = up(x) on €,
us(0, ) = vo(x) on Q,

satisfies
w(T,.; f)=00n Q and |[u(T,.;f)|g <e.

Then, if the finite time stabilization result for the globally damped wave equation
(1.5) holds, the desired control function can be chosen as follows:

ug(t, x)

e (t, )2
with p, = & and C = C(Q) given as the constant such that |h|g> < C'|Ah|ge2, for
any h € H}(Q) N H%(Q). In contrast with other problems dealing with the exact
controllability for the wave equation with globally distributed controls (see, e.g. [19]

and [13]), this result does not hold for any arbitrary T' > 0 but only for some T > 0
large enough depending on the initial data ug € Hg(2) N H%(Q) and vg € H{ ().

f(t,z) = —pr

5. ON THE DICHOTOMY PHENOMENON UNDER SOME EXPANSION CONDITION

5.1. Illustration of the dichotomy phenomenon. Given ., pu, > 0, let us
consider the following damped wave equation

(5.1) Uy — Au + pesgn (ug) + py ug 30,

where the friction term is decomposed as the sum of a dry component and a viscous
one. Let us assume that pu, > 2v/A;, with A\; > 0 the first eigenvalue of the
Dirichlet-Laplacian operator —A. Then we can find some solutions to (5.1) which
exponentially converge toward their limit and also some solutions which stabilize
in a finite time. We construct the first type of solutions in the form

u(t, z) = () + a(t) ex (),

where e; € H(Q) is an eigenfunction of —A associated to A; such that e; > 0 in
Q, the function £ € HE () is the solution to A& = p. in  and a(t) is a solution of
the ODE

(5.2) G+ pya+ A1 a=0,

such that a(t) > 0 for every ¢t > 0 (which is possible since p,, > 24/A1). Then, we get
a solution u which tends toward us, = § and the convergence rate is exponential.
By the contrary, if we choose b(t) as a solution of (5.2) such that b(t) > 0 for all

t €[0,1), b(1) = 0 and b(1) = K > 0 with K < W and take a(t) = b(¢) if
t <1 anda(t) = K for t > 1 we get a solution which attains the stationary state

Uoo(2) = () + Kep(z) after t = 1.



12 A. CABOT, J.I. DIAZ AND B. BAJI

5.2. Assumption (AE) and preliminary results. Inspired by the previous
paragraph, we assume from now on that the solution u to (S) admits the following
asymptotic expansion when ¢t — +o00

(AE) u(t, ©) = oo (x) + a(t) w(z) + R(t,z),
where the functions a, u, w and R satisfy the following set of hypotheses:

e The map a : [0, +00) — [0, +00) is differentiable, nonincreasing and
limt*,+oo a(t) = limtﬂﬂ,o a(t) =0.
e The map u., satisfies uo, € H}(Q) N H%(Q).
e The map w satisfies w € H}(Q) \ {0}.
e The map R is such that R € W1°(0, 400 : H}(Q)) and
|R(t)|gr = o(a(t)) and |R¢(t)|r2 = o(a(t)) when t — +oo.

(H)

The terminology (AE) stands for “Asymptotic Expansion”. Let us justify the
assumption (AE) in the case of the following linear damped wave equation with
the forcing term h € L?(12)

Uy — Au+ pug = h, w>0.

We assume that p > 2 /A1 (overdamped case), where A\; > 0 is the first eigenvalue
of the Dirichlet-Laplacian operator —A. Let e; € H () be an eigenfunction of —A
associated to A; and define the function & € H}(Q) as the solution to —A¢ = h in Q.
By using the Fourier decomposition of solutions on the basis of the eigenfunctions
associated to the Laplacian operator, one can check that

u(t, ) = E(x) + AeTHTVIPTIAE o) (1) 4 R(t, ),

where A € R and the function R satisfies

|R(t)| =0 (e“ﬂ*vlﬂ—“ﬂ%) and  |Ry(t)[2 = o (e(—ﬂ+\/u2——4A1)%) .

Therefore assertion (AE) holds true with u.(z) = &(), a(t) = e(~#HVr?=42)3
and w(x) = Aej(x) (provided that A # 0).

Coming back to the general case, let us now study the topological structure of the
set D ={t € (0,400), |us(t)|rz =0}.

Proposition 5.1. Let ® : L?(Q) — R be a continuous convex function and let u
be the unique solution to (S) defined at Theorem 2.1. Then, either the set D equals
the interval [to, +oo] for some tog > 0 or the set D is discrete and countable (hence
of zero measure).

Proof. Assume that D is not equal to any interval [to, +00o[ with to > 0. Consider
any t,. > 0 satisfying |us(t.)|r2 = 0 (if such an element does not exist, the conclusion
is trivial) and let us prove that it is an isolated point of D. Let us first remark that
we necessarily have Au(t,) € 0®(0). Indeed, if Au(t,) € 0P(0), then the constant
function equal to u(t.) on [t., +oo] is solution to (S), and from the uniqueness
property we derive that u(t) = u(t,) for every t > t,, a contradiction.

Since Au(t,) ¢ 0P(0), it is possible to strictly separate the convex compact set {0}
from the closed convex set 9®(0) — Au(t.). More precisely, there exist p € L2(Q)
and m > 0 such that:

(5.3) V¢ € 09(0) — Ault,), (&, p)>m.
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From Theorem 2.1 (i), the set {uu(t), ¢ € I} is bounded for the norm topology
of L?(2). Let h € L*(Q) and let (¢,) C I be a sequence tending to ¢, such that
lim,, 4 oo ug (t,) = h weakly in L?(Q). Since u is solution to (S), we have

It is immediate to check that lim; ., Au(t) = Au(t,) weakly in L?(£2). Hence the
left-hand side of the above inclusion weakly converges to —h+ Au(t,) in L?(2). On
the other hand, we have lim,, _, oo u¢(tn) = us(t.) = 0 strongly in L?(Q2) and using
the graph-closedness property of the operator d® in s — L2(2) x w — L%(Q), we
conclude that —h + Au(t,) € 9®(0). In view of (5.3) we derive that (h,p)r2 < —m.
This shows that the limit points of the map t — (ugu(t),p)r2 when t — ¢, are
contained in the interval | — oo, —m[. We deduce the existence of ¢ > 0 such
that, for almost every ¢ €]t, — €, t. + €[, (un(t),p)r2 < —m. Let us integrate this
inequality on [t,t] to obtain:
Vi €t —e,te + e, [{ur(t),p)r2] = m |t — ta).

Therefore, we have |u:(t)|2 # 0 for every t €]t,. — €,t, + €[ and hence DNJt, —
g, te +e[= {t.}, i.e. t, isisolated in D. Since this is true for every t, € D, the set D
is discrete. On the other hand, the set D is clearly closed in view of the continuity

of the map ¢ — |u.(t)|r2. We infer that every bounded subset of D is finite. We
conclude that the set D is countable as a countable union of finite sets. O

By differentiating expression (AE) with respect to time, we obtain u:(t) = a(t) w+
Ry (t). Since |R¢(t)|r2 = o(a(t)), it is immediate that for ¢ large enough, |us(t)|r2 =0
if and only if a(¢t) = 0. If the solution v does not converge in a finite time, we infer
from Proposition 5.1 that the set D = {¢t € (0,+00), a(t) = 0} is discrete and
countable. In this case, we have

u(t)
t——+o00, t&D a(t)

(5.4) strongly in L*(Q).

We now establish that the function w must be normal to the set 0®(0) at Auo.
Let us recall that, for a convex subset C' C L2(2) and u € C, the normal cone of
C at u is defined by No(u) = {€ € L*(Q), (§,v—wu)p2 <0 for all v € C}.

Proposition 5.2. Let ® : L2(Q2) — R be a continuous convex function and let u
be the unique solution to (S) defined at Theorem 2.1. Assume that assertion (AE)
holds with the functions a, us, w and R satisfying hypotheses (H). If the solution
u does not converge in a finite time, then we have —w € Nag(0)(Atoo).

Proof. First recall that, since the solution v does not converge in a finite time, the
set D = {t € (0,400), |u(t)|zz = 0} is discrete and countable (see Proposition
5.1). Let us argue by contradiction and assume that —w & Ny )(Auss). This
implies the existence of £ € d®(0) such that the quantity m := (£ — Aus, —w); 2
is positive. From Theorem 2.1 (i), the set {uy(t), t € I} is bounded for the
norm topology of L?(Q). Let h € L?*(Q) and let (t,) C I\ D be a subsequence
tending to 4+oo such that lim,, 1 s (t,) = h weakly in L?(Q). Since —ug(t,) +
Au(ty) € 0P(u(ty)) and & € 9P(0), we deduce from the monotonicity of 9P
that (—uw(ty) + Au(ty) — &, ue(tn)) 2 > 0. Recalling that a(t) < 0 for every
t € (0,400) \ D, we derive that

<utt(tn) + Aufty) — ¢, Yalin) >L2 <.
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Since limy_. 4 oo Au(t) = Aug weakly in L2(), the first term of the above bracket
weakly converges in L?(Q2) toward —h+Aus, —&. In view of (5.4), the right member
of the same bracket strongly converges in L?(Q2) toward w. Hence, we obtain at the
limit when n — +o00
(—h + Atuge — &, w) 2 <0,
or equivalently (h,w) ;. > m > 0. This shows that the limit points of
{{u(t),w)r2, t€I\D} whent— 400

are contained in the interval [m, +o00[. Since the set D is negligible, we deduce the
existence of ¢, > 0 such that, for almost every ¢ > t., (uu(t),w)r2 > m/2. By
integrating this inequality, we immediately infer that lim;_, o (us (), w) 2 = 400,
a contradiction with the fact that u; € L>(0,+o00 : L2(£2)). O

5.3. Convergence rate estimates. The next result shows that under assumption
(AE), either the solutions to (S) converge in a finite time or the convergence rate
is exponential. This result is an extension of [10, Theorem 5.2], which has been
established in a finite dimensional setting. Given a subset A C L?(Q), we denote
by d(., A) the distance function to the set A: d(x, A) = inf,ca |x — y|p2 for every
x € L*(2). Given another subset B C L%(f)), we define the excess e(A, B) of A
over B by: e(A, B) =sup,c 4 d(z, B).

Theorem 5.3. Let ® : L2(2) — R be a continuous convex function and suppose
that there exist 7 > 0 and a > 0 such that
(5.5) ol <n = e(a¢(v),a¢>(0)) < av|gs.

Let u be the unique solution to (S) defined at Theorem 2.1. Assume that assertion
(AE) holds with the functions a, ue, w and R satisfying hypotheses (H). Then,
one of the following cases holds:

(7) There exists to > 0 such that u(t) = ueo for every t > tg.

(i) There exist t1 >0, A, B >0, and vy, § > 0 such that for every t > t1,

+o00
(5.6) |u(t) — Uoo|r2 > Ae™ " and / |u(s) — oo |2 ds < Be oL,
¢

Denoting by A1 the first eigenvalue of the operator —A, any positive exponent -y
(resp. 0) such that v > « (resp. & < A\i/a) satisfies the previous estimate. If
moreover o < v/A1, then case (i) necessarily occurs.

Proof. Let us assume that case (i) does not hold, i.e. the solution u does not
converge toward u. in a finite time. For every ¢ € I, we have: —uy(t) + Au(t) €
OP(ut(t)). Let us define £(¢) as the unique element of 9P(0) such that
d( —up(t) + Au(t), a<1>(0)) = [€(t) + up(t) — Au(t)| 2.
Let us write that
(5.7) (it (8), w) L2 = (€(8) + wrr(t) — Ault), w) Lz + (€(1) = Attoo, —w) 2
+ (Au(t) — Ao, w) 12,

and let us evaluate each term of the right member. From the definition of £(t) we
have for every t € I:

E(8) + uee(t) — Au(®)|p: < sup  d(v, 9B(0)) = e(@@(ut(t)),(‘)(l)(o)).
vEID (ur(t))
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Since limy_, oo |t (t)|,2 = 0, there exists to > 0 such that |us(t)| 2 < 7 for every
t > to. Hence we deduce from assumption (5.5) and the previous inequality that
(5.8) Vit € [to, +oo[NI, |&(t) + uw(t) — Au(t)|p2 < a|ug(t)|pe2.

In view of Proposition 5.2, we have —w € Nag(0)(Aus) and since £(t) € 99(0),
we infer

(5.9) (E(1) — Ating, —w) 12 < 0.
Let us evaluate the term (Au(t) — Auso, w) 2 by using the assumption (AE)
(Au(t) — Augo, w)p2 = —(Vu(t) — Ve, VW) 12
— Vw2 alt) - (VR(), Vo) .2
(5.10) < Al at) — (VR(), Vu) 2.

The last inequality is a consequence of the Poincaré inequality [Vv|3. > A1 [v[2,
for every v € Hi(Q). By assumption, we have [VR(t)|zz = o(a(t)) when t — +o0
and therefore inequality (5.10) can be rewritten as:

(5.11) (Au(t) — Ao, w) 2 < =y [w|32 a(t) + o(a(t)).
In view of (5.7), we deduce from (5.8), (5.9) and (5.11) that
(wae(t), whrs < aluwlze ()2 — M fwl2z alt) + ofa(t)).
Since the differentiation of expression (AE) gives
(5.12) w(t) = a(t)w+ Ry(t) with |Ry(t)|r2 = o(a(t)),
the above inequality yields
(5:13)  (walt) w)re < —a fwl2 a(t) + o(a() — A [wl2z alt) + ofa(t)).

Observing that f0+oo a(s)ds < 400, let us integrate inequality (5.13) on [t, +00[ to
find:

~(un(t) )2 < afuffso0) +ofal) — Mlulis ([ atras) +o [ ato)as).
From equality (5.12), we infer that
s atoota)nulis ([ ads) o [ ato)ds) < afuli ato(alo),

Since a(t) > 0 and a(t) < 0 for every t > 0, the previous inequality entails
(5.14) —a(t) +o(a(t)) < aa(t) + o(a(t))

(515 </t+°o a(s) ds> I (/tm a(s) ds) < aalt) + oa(t)).

Consider some positive exponents « and 0 such that v > a and § < A1 /a. In view
of (5.14)-(5.15), there exists t; > to such that for every ¢t > t;

—a(t) <~va(t) and 4§ (/t+oo a(s) ds) < a(t).

An elementary integration of the previous inequalities on [t1, t] yields respectively:

a(t) > a(t) e and ( /t ) ds) < ( /:)o a(s) ds) e=b(t—t1).
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Inequalities (5.6) immediately follow from the equivalence |u(t) —uoo|r2 ~ |w|rz a(t)
when t — +o0.

Let us now prove the last assertion of the theorem. Let us argue by contradiction
and assume that case (i7) holds. An immediate integration of the first inequality
of (5.6) on [t, +oo[ shows that

+0o0 A
vt > ty, / |u(s) — Uno|ds > = e~ 7.
t v

In view of the second inequality of (5.6), the exponents must satisfy the following
relation: § < ~y. Since this is true for every v > « and § < A1/a, we conclude that
A1 < a2, which contradicts the assumption. O

In this theorem, condition (5.5) plays a central role. We are now going to show
that this condition is satisfied in at least two interesting situations.

Corollary 5.4. Let j : R — R be a convex function and assume that there exists
o > 0 such that

(5.16) vreR, e(0j(r),05(0)) < alrl

Suppose that j(v) € LY(Q) for every v € L2(), and define the function ® :
L*(Q) — R by ®(v) = [, j(v(z))dx. Let u be the unique solution to (S) defined
at Theorem 2.1. If assertion (AFE) holds, then we have the same conclusions as in
Theorem 5.3.

Proof. Given v € L%(Q), let us compute the excess e (0®(v),d®(0)). For every
g € 0P(v) and for almost every = € Q, let us define g(z) as the unique element of
the set 95(0) such that |g(z) — g(x)| = d(g(z),dj(0)). Since g(x) € J5(0) for almost
every x € 0, we have g € 99(0). Hence we deduce

1/2
(5.17) d(g, 98(0)) < |g — 3112 = ( / d<g<w>,aj<o>>2dx) .

Since g € 9P (v), we have g(z) € 9j(v(z)) for almost every = € . It ensues that
d(g(x),0j(0)) < e(9j(v(x)

we infer that d(g(z),07(0)) < a|v(z)| for almost every = € Q. In view of (5.17),
we deduce that d(g,0®(0)) < a|v|g2. Since this is true for every g € 9®(v), we
conclude that e (0®(v),0®(0)) < « |v|r2. Hence condition (5.5) is satisfied and we
can now apply Theorem 5.3. O

), 8j(0)) and by taking into account assumption (5.16),

Recall that the support function oc : L*(Q) — R U {+o00} of a set C C L3(Q)
is defined by oc(u) = sup,cc(u,v) 2 for every u € L?(£2). Assume that the set
C C L*(Q) is closed, convex and bounded for the norm topology of L2(£2). We let
the reader check that the function o¢ is then positively homogeneous, convex and
finite-valued (hence continuous). Observe that the support function 0B, , coincides
with the norm |.|z2. Given a convex function ¥ : L2(2) — R of class C!, we define
the function ® : L?(Q) — R by ® = 0+ V. In this particular framework, condition
(5.5) takes a simplified form, as shown by the following corollary.

Corollary 5.5. Let C C L*(2) be a closed convex subset which is bounded for the
strong topology of L?(Q). Consider a convex function ¥ : L?(2) — R of class C*
such that there exist n > 0 and o > 0 satisfying

(5.18) [vlpz < = |[VI()|r2 < a|v|pe.
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Defining the function ® : L2(Q) — R by ® = o + ¥, let u be the unique solution
to (S) giwven by Theorem 2.1. If assertion (AE) holds, then we have the same
conclusions as in Theorem 5.3.

Proof. Let us compute the excess e (0®(v),0P(0)). It is immediate to check that
9oc(0) = C and doc(v) C C for every v € L?(2). Hence,

e(a@(v),acb(())) < e(V\I/(v) +C, C) = sup d(V¥(v) + w,C)

wel
< sup |[V¥(v) + w — w|gz = [V (0)|p2 < afv|pe.
wel
Hence condition (5.5) is satisfied and we can now apply Theorem 5.3. (]

Assume that the term ¥ corresponds to a viscous friction, i.e. ¥ = &= .3, for
some g, > 0. Under assumption (AE), Corollary 5.5 shows that, if p, € [0, vA1]
then the solution u stabilizes in a finite time. This means that the dynamics stops
after a finite time when the viscous component of the friction is small enough.

6. ON THE DICHOTOMY PHENOMENON UNDER SOME CONDITION OF NORMAL
VELOCITY

In this section, we study the asymptotic properties of (S) under the following
assumption:

(NV) us(t) € Nop(0)(Aus) for t large enough.

Assertion (NV) says that the velocity u:(t) is normal to the set 9®(0) when t —
+oo. Let us first remark that, if 0®(0) = {0}, we have Au,, = 0 and hence
Noa(0)(Ates) = Nyoy(0) = L*(Q). It ensues that (NV) is automatically satisfied in
this case.

6.1. Interpretation of assumption (NV). Let j : R — R be a convex function
and let us assume that, for every v € L?(Q), we have j(v) € L*(2). The function
®: L?(Q) — R is defined by ®(v) = [, j(v(z)) dz, for every v € L*(Q2). Let us set
£ := 07 and assume that 0 € int (3(0)). Suppose that

tli+moo Au(t,z) = Aueo () for almost every x € .
Let us fix T € Q such that the previous relation is satisfied. Let us write the
inclusion (1.3) with z ==
uy (8,%) — Au (¢, T) + B (we(t,T)) 2 0.
By arguing as in [14, Lemma 2], we deduce the existence of tz > 0 such that
Vit >tz w(t,T) € Ngo)(Ause(T)).
Without loss of generality, we can assume that ¢z is the smallest time such that the

previous inclusion holds true. Suppose moreover that T +— tz is essentially bounded
on  and let T := ess— supzcq tz < +00. We then have

for every t > T, for almost every T € (), ui(t,T) € Ngo) (Ao (T)).

Recalling that 0®(0) = {f € L*(Q), f(x) € B(0) for almost every z € Q} and
using a classical result relative to the subdifferential of convex integral functionals
(see for example [6, Proposition 2.16]), we deduce that u(t) € Nog(0)(Aus) for
every t > T, which is exactly (NV).
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6.2. Minorization by an exponential decay rate. Let us define the energy-like
function F' by

1 1
(6.1) F(t) = Slue(t)[72 + 5/ Vult) = Viso|72.
The function F' is related to the energy function E by the following formula
1
F(t) = E(t) + (u(t), Aus) 2 + §|Vuoo|%2.
The map F is non increasing; indeed, from (2.2) we deduce that

Vee I, F(t) < —(®(ut)) — ®(0)) + (ue(t), Atoo) 2.

In view of Theorem 2.3 (iii), we have Auy, € IP(0). It ensues that (us(t), Auoo) 2 <
®(ut(t)) — ®(0) and the announced result follows. The lyapounov function F' will
play an essential role throughout this section. The next result asserts that under as-
sertion (NV), either the solutions to (S) converge in a finite time or the convergence
rate is minorized by some negative exponential. Given two subsets A, B C L?(Q),
we recall that the excess of A over B is defined by e(A, B) = sup,, ¢4 d(v, B).

Theorem 6.1. Let ® : L*(Q) — R be a continuous convex function such that
argmin® = {0}. Suppose that there exist n > 0 and o > 0 such that

(6.2) |z <y = e(acp(v),acp(o)) < alv|pe.

Let u be the unique solution to (S) defined at Theorem 2.1 and let uo, denote its
limit in HY(Q)) ast — +oo. If assertion (NV) is satisfied, then one of the following
cases holds:

(i) There exists to > 0 such that u(t) = ueo for every t > to.

(ii) There exist t1 > 0 and A > 0 such that

“+oo
Yt > ty, / lug(s)|22 ds > Ae 2,
¢

If moreover ae = 0 then case (i) necessarily holds, i.e. the solution u is stabilized in
a finite time.

Proof. Let us first remark that, if |us|z 2 ¢ L?(0, 400 : R) then ft+00 lut(s)|2 ds =
+oo for every t > 0, so that item (ii) is trivially satisfied. Hence we can assume
without loss of generality that |u|r2 € L?*(0,+o00 : R). Consider the function F
defined by (6.1); we have for every t € [

(6.3) F(t) = (ug(t), ue (t) — Au(t) + Atoo) 2.
For every ¢t € I, we have —uy(t) + Au(t) € 0P(u(t)). Let us define £(t) as the
unique element of 9®(0) such that
(= war(t) + Bu(t), 09(0) ) = 6(8) + ure(t) = Au(t)| 2.
It is then clear that, for every ¢t € T

6(0) + wn(t) = Au(t)] 2 < sup d(y,08(0)) = e(0®(ui(1)), 92(0) ).
y€OP(ut(t))

Since limy_, o0 [ut(t)| 2 = 0, there exists to > 0 such that |us(t)| 2 < 7 for every
t > to. Hence we deduce from assumption (6.2) and the previous inequality that

(6.4) Vt € [to, +oo[N T, [€(t) + ue(t) — Au(t)| 2 < o |ug(t)| 2.
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From assertion (NV), there exists t; > to such that for every ¢ > t;, we have
ut(t) € Noa(0)(Aus). Since (1) € 9P(0), we infer that
(6.5) (ue(t), €(t) — Atigo) 2 < 0.
In view of (6.3), (6.4) and (6.5), we conclude that
Yt € [ty,+oo[NI, F(t) > —a|uy(t)2..

Recalling that |u¢|r> € L?(0,+00 : R), we can integrate the previous inequality
on [t,+oo[. Since lim; 400 [ur(t)|r2 = 0 and limy 400 |[Vu(t) — V|2 = 0, we
obtain:

1 1 oo
vzt gl + 5V - Vusla <o [ (o)l ds,
t

and hence |us(t)]2, < 2« ;roo lug(s)|2, ds, for every ¢ > t;. An immediate inte-

gration on [t1,t] shows that

+oo +oo
vVt > ty, / lut(s)|32 ds > (/ lug ()] 22 ds) e—2a(t—t1)
t t1

Iff lug(s)|22 ds = 0, then clearly |u;(t)| 2 = 0 for every ¢ > ¢. If f):oo lue(s)]2 2 ds >
0, the expected formula is obtained by setting A := ( :OO ug(s)]3 2 ds) e2aty,

Now assume that o = 0. Let us argue by contradiction and assume that case (i)
holds, i.e. there exists A > 0 such that ft [t ( ) ,ds > A for t large enough.

This clearly contradicts the fact that lim;—, 4 ft lu(s)|2. ds = 0 and we con-
clude that u(t) = us for ¢ large enough. O

It is immediate to apply Theorem 6.1 to the situations corresponding respectively
to equations (1.3) and (1.5).

6.3. Majorization by an exponential decay rate. We are going to prove that
under suitable conditions the convergence rate of |u(t) — weo|m1 toward 0 is ma-
jorized by some negative exponential. The key assumption of the next theorem is
the existence of a symmetric positive operator L such that®

(6.6) e(@@(v),@[@’(o;.)](v) + Lv) = O(jv[2,)  when |v|2 — 0.

Suppose that the function ® equals ® := o¢ + ¥ for some convex set C C L%(Q)
and some convex function ¥ : L2(2) — R of class C? such that V¥(0) = 0. In this
case, equality (6.6) is satisfied with L := V2W(0). This can be easily obtained from
a second-order Taylor expansion of the function V¥ in the neighborhood of 0.

Theorem 6.2. Let L: L?(2) — L?(Q) be a symmetric operator satisfying

(6.7) Vv € L*(Q), m|v]2, < (Lv,v)p2 < M |v|3s,

for some m, M > 0. Assume that ® : L?(2) — R is a continuous convex function
satisfying (6.6) and such that argmin® = {0}. Let u be the unique solution to

(S) defined at Theorem 2.1 and let us, denote its limit in H*(Q) as t — +oo. If
assertion (NV) holds, then there exist C,~y > 0 and to > 0 such that

Vit > to, |Ut(t)|%2 + |Vu(t) — Vuool%’é’ < Ce_'yt.

et us recall that the directional derivative ® (u;.) of ® at u € L2(1) is defined by ®'(u; k) =
lim, g+ (®(u+th) — ®(u)) /t for every h € L2(R).
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Denoting by A1 the first eigenvalue of the Dirichlet-Laplacian operator —A, any

o m (VM24+4 X, —M) . . .
positive exponent vy such that v < VA TN M satisfies the previous estimate.

Proof. For every t € I, we have: —uy(t) + Au(t) € 0P(ue(t)). Let us define £(t) as
the unique element of the set I[®'(0;.)](ue(t)) + Lut(¢) such that
(= (t) + Au(t), D10 (02 )] (e (8)) + Lug(t)) =€) + s (1) — Au(r) 1.
In view of assumption (6.6) we have, for every ¢t € I
(6.8)
1€(8) + e (t) — Au(t)[ 2 < 6(3‘1’(%(0)75[‘?'(0; (e (t)) + Lut(t)) = O(lur(t)[72)-

Let us define the auxiliary function G by:

Gt) = (up(t), ult) — uss) g2 + %(L(u(t) — o), ult) — oo} 2.
An elementary computation shows that for every ¢ € T
G(t) = Jur()|F2 + (uee(t) + Lu(t), ult) — uso)r2
= lue(®)[F2 + (use(t) + &(t) — Au(t), ult) — uoo)r

— (&(t) = Lug(t) = Atios, u(t) — too) >

+ (Au(t) — Atoo, u(t) — too) 2.
Since (Au(t) — Ao, u(t) — use)r2 = —|Vu(t) — Vuso|3., the previous inequality
can be rewritten as
(69) G +2F() = 2[u®f2: + (u(t) + £(2) — Ault), ult) — uso) 12

— (&(t) = Luy(t) — Atoo, u(t) — tiso) L2,

where the function F is defined by (6.1). Let us fix some n €]0,m[. Since

limy— oo u(t) = une strongly in L?(Q), we obtain in view of inequality (6.8) that
there exists ¢; > 0 such that, for every t € [t1,+oo[N ]

(6.10) [(uee(t) + €(t) — Au(t), u(t) — uoo) 2| < 1 lue(t)[72.
From the definition of £(t), we have for every t € I
(6.11) E(t) — Lug(t) € 9[®(0;.)](ue(t)) € 09(0).

From assertion (NV), there exists ty > 1 such that u¢(t) € Naa(0)(Auco) for every
t > t5. An immediate integration on [t, +o0o[ shows that u(t) —tee € —Naa(0)(Atoeo)
for every t > to. In view of (6.11), this implies that, for every t € [to, +00[N 1,

(6.12) (€(t) = Lug(t) — Atoo, u(t) — too)r2 > 0.
By combining (6.9), (6.10) and (6.12), we find
(6.13) Vt € [ta,+oo[NI, G(t) +2F(t) < (2+n) [ue(t)[7-.

Let us now differentiate the function F'; we find for every ¢ € I
F(t) = (g (8), ug(8)) 12 — (Au(t) — Atige, ug(t)) 12
(6.14) = (upe(t) — Au(t) + €(8), u(t)) 12 + (Ao — () + Lue(t), us(t)) 12
- <L Ut(t), ut(t)>L2.
In view of (6.8), we have
(6.15) [{(uge(t) — Au(t) + £(t), us(t)) 2| = O (|Ut(t)|i2) when t — +o00.
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From the definition of £(t), we have u;(t) € Naa()(§(t) — Lut(t)) for every t € I.
Since Aus € 0P(0), we infer that
(6.16) (Auoo — &(t) + Lug(t), ue(t)) 2 <O0.
From (6.14), (6.15) and (6.16), we conclude that
F(t) < —(Lug(t), us(t)) 2 + O (Jue()]72) -

Since (L ug(t), u(t))r2 > m|ue(t)|3, and limy_ 4 oo |ue ()| 2 = 0, there exists t3 > to
such that for every t € [t3, +oo[N 1,

(6.17) F(t) < —(m =) [uy(t) |7
Let us multiply (6.13) by A, := (m —n)/(2+n) and add to (6.17); we obtain
(6.18) F(t)+ A, G(t) +2 A, F(t) <0.

Our purpose now is to deduce from (6.18) a differential equation involving a sin-
gle function. This is made possible owing to the following relations between the
functions G and F

(6.19) VE>0, G)>-F(t)/m and F(t)> BG(),

where B is a positive real that we are going to determine. We classically have, for
all 0 > 0,

ue(t)|7 | 0
20

|<ut(t)7u(t) - uoo>L2‘ S + 5‘“@) — uoo|%2

In view of assumption (6.7), we infer that

2 - )2
ue®)|z2 0+m lue(t)]7 2 +9+M|u(t)_u®|%2.

20 2 20 2

Taking 6 = m in the first inequality of (6.20), we obtain G(t) > —|u(t)|3./(2m) >
—F(t)/m, which is the first inequality of (6.19). On the other hand, since A; > 0
is the first eigenvalue of the operator —A, we have [Vv|2, > A |v]2, for every
v € HE(Q2) and hence

(6.20) [u(t) — uso|72 < G(t) <

A
2
Setting 7(0) := min{#, A /(0 + M)}, we deduce from the second inequality of (6.20)
and (6.21) that

(6.22) F(t) > 7(8) G(1).

We let the reader check that the function 7 : (0, +00) — R achieves its maximum
at B := (VM?+4X; — M)/2 and that 7(B) = B. Taking § = B in inequality
(6.22), we obtain the second inequality of (6.19). We deduce from (6.18) and the
second inequality of (6.19) that

(6.23) F(t)+ A, G(t) +2 A, BG(t) <0.

Let us multiply (6.18) by B and (6.23) by A,; adding the two inequalities and
setting H(t) := F(t) + A, G(t), this yields:

Vit € [ts, +oo[ N1, (A, +B)H(t)+2A,BH(t) <O0.

(6.21) F(t) > % lus(8)|22 + = u(t) — tool?s.

An elementary integration on [t3,t] gives:

2A, B

(624) Vit € [tg, +OO[, H(t) < H(tg) e‘m(t—tg).
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From the first inequality of (6.19), we have H(t) > F(t) — A,/mF(t). Since

A, < m/2, we finally obtain H(t) > 3 F(t) = §|u ( MN2s + § [Vu(t) — Ve |2e.
2A, B

Setting C := 4 H(t3) e® 7" we deduce in view of (6.24) that

2An B

Vit € [t?,, +OO[7 \ut(t)|2L2 + |Vu( ) Vuoo|L2 < Ce A"+Bt
Since
. 2A,B m B m(vVM?+4X\ — M)
im = =
=0 A, +B 2+ B m4+/MZF4AN —

- m (VIPFIN M) :
any positive exponent v such that v < VAT M satisfies the estimate of the

statement. O

Remark 6.3. Assume that 9®(0) = {0}. We have already noticed at the beginning
of this section that assertion (NV) automatically holds in this case. On the other
hand, we have ®'(0;.) = 0 and hence condition (6.6) can be rewritten as

e(@@(v),Lv) = O(|v|32) when |v|r2 — 0.

Finally, since Aus, € 0®(0) = {0}, we have Au,, = 0 and hence the vector
Uoo € HE(Q) satisfies us = 0. Therefore, the conclusion of Theorem 6.2 becomes:
lu(t)]2 2 4+ |[Vu(t)|2, < Ce 7" for t large enough. This remark applies in particular
to the case where the map @ is defined by ®(v) = £(Lv,v)2. In this case, the
dynamical system (S) reduces to the linearly damped wave equation wsy (¢) — Au(t)+

Let us notice that the key condition (6.6) of Theorem 6.2 entails condition (6.2) of
Theorem 6.1. This remark gives rise to the following corollary.

Corollary 6.4. Under the assumptions of Theorem 6.2, one of the following cases
holds:

(7) There exists to > 0 such that u(t) = ueo for every t > tg.

(i) There exist t1 > 0 and C, D, v, § > 0 such that for every t > tq,

(6.25)

“+o0
e (8) 2 + | V() — Vo[22 < Ce™ and / g ()22 ds > D e,
t
mWMAAAMM) oen 5> 2 M)

Any positive exponent v (resp. §) such that v < AT
satisfies the previous estimate.

Proof. The first inequality of (6.25) results immediately from Theorem 6.2. Since
a[®'(0;.)](v) € 99(0) for every v € L?(£2), we have

(6.26) e(8B(v), 90(0)) < e(acb(v), B[’ (0; .)](v)).

For every w € 0®(v), we have d(w,a[@’(O; )](’U)) < |Lwv|pz + d(w,@[@’(o; )W) +
Lv) and taking the supremum when w € 9®(v), we infer that

(6.27) e(a¢(v),a[ (0; .)](v)) < |Lv|pe + e(aq>(v),a[q>’(o; )(w) +Lv).

(b/
In view of condition (6.6), inequalities (6.26), (6.27) and the fact that |Lv|p2 <
M |v|p2 for every v € L2(2), we conclude that

(9D (v), 9%(0)) < M [o 2 + O(fv]22)-
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Hence condition (6.2) of Theorem 6.1 is satisfied with a := M + ¢/2 for any
e > 0. We deduce that, either the solution u to (S) converges in a finite time
or f:oo lug(s)|2. ds > D e~ (2M+e)t for some positive D and ¢ large enough. O
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