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STABILIZATION OF THE WAVE EQUATION
BY ON-OFF AND POSITIVE-NEGATIVE FEEDBACKS*

PATRICK MARTINEZ! AND JUDITH VANCOSTENOBLE"

Abstract. Motivated by several works on the stabilization of the oscillator by on-off feedbacks, we
study the related problem for the one-dimensional wave equation, damped by an on-off feedback a(t)wus.
We obtain results that are radically different from those known in the case of the oscillator. We consider
periodic functions a: typically a is equal to 1 on (0,7'), equal to 0 on (7, ¢T) and is gT-periodic. We
study the boundary case and next the locally distributed case, and we give optimal results of stability.
In both cases, we prove that there are explicit exceptional values of T for which the energy of some
solutions remains constant with time. If T is different from those exceptional values, the energy of all
solutions decays exponentially to zero. This number of exceptional values is countable in the boundary
case and finite in the distributed case. When the feedback is acting on the boundary, we also study
the case of postive-negative feedbacks: a(t) = ao > 0 on (0,7'), and a(t) = —bo < 0 on (T, ¢T"), and we
give the necessary and sufficient condition under which the energy (that is no more nonincreasing with
time) goes to zero or goes to infinity. The proofs of these results are based on congruence properties and
on a theorem of Weyl in the boundary case, and on new observability inequalities for the undamped
wave equation, weakening the usual “optimal time condition” in the locally distributed case. These
new inequalities provide also new exact controllability results.
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1. INTRODUCTION

Motivated by several works on ordinary differential equations [1,11,12,31,34,35], we consider first the wave
equation in one space dimension, damped by a boundary on-off feedback a(t)us, where a : Ry — R, is a
bounded nonnegative function that can sometimes be equal to zero:

Upt — Uge = 0, .Z‘E(O,l), t >0,

u(0,t) =0, t>0, (1.1)
ug(1,t) = —a(t) ur(1, 1), t>0,

(u(x70>aut(x70>> = (uo(x)aul(x))a T (07 1);

where (u°,u!) is given in V' x L2(0,1) (with V = {v € H*(0,1) | v(0) = 0}).
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Next we consider the wave equation in one space dimension, damped by a locally distributed on-off feedback
a(t)xw(x)ug, where w C (0,1):

Upt — Uz = —a(t) X (X) Uy, x€(0,1), t >0,
u(0,t) = u(1,t) =0, =Y (1'2)
(u(x70>aut(x70>> = (uo(x)aul(x))a T e (Ovl)a
where (u®,ul) is given in H}(0,1) x L%(0,1).
In both cases we define the energy of u by
1 /1
Vi >0, Bu(t) = 5/ (e (2, £) + u(@, 1)) da.
0
We are interested in the asymptotic behavior of the energy. We consider the typical case where
a(t) =ap >0 fort €[0,T), a(t) =0 for t € [T,¢qT) and a is ¢T-periodic (1.3)

for some integer ¢ > 2. In both cases, we prove that there is a set of explicit exceptional values for T for which
the energy of some solutions remains constant with time. If T is not one of those exceptional values, the energy
decays exponentially to zero (and the more T is close to such an exceptional value, the slowlier it decays). This
set is countable in the boundary case, given by

N |

and only finite in the locally distributed case: if w = ((1/2) — A, (1/2) + A\) C (0,1), it is given by

U% and (¢ —1)T > 2\

S |

We also characterize (in term of support) the initial conditions that create solutions whose energy does not
decay to zero.

Motivated by a question of Zuazua and [7], we consider also positive-negative feedbacks for (1.1): a is ¢T-
periodic and

a(t) =ap > 0for t € [0,T), a(t) = —by <0 for t € [T, qT). (1.4)

Note that in this case the energy is only nonincreasing during the time intervals [mgT, mqT + T'), and non-
decreasing during the other time intervals. If T is exceptional, then the energy of some solutions increases to
infinity. If T" is not exceptional, we give the necessary and sufficient condition that tells that, roughly speaking,
the energy of all solutions goes exponentially to zero, or the energy of some solutions go exponentially to infinity:
for example if 1/T ¢ Q, then denoting

ag — 1 1/q bo + 1 (¢—1)/q
Ko := ;
ag+ 1 bp— 1
stability holds if and only if Ky < 1. In particular, note that stability always holds if ag = 1 (for all by # 1).

For the boundary case, our proofs are based on congruence properties and a theorem of Weyl. For the
distributed case, they are based on new observability inequalities: “on-off” observability inequalities, that tells
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that, roughly speaking, if T is the minimal time that one need to observe the solution, then observing it “half
of the time” can be sufficient (in fact only some parts of the time interval (0,7p) are useful).

Our results are radically different from those of the wave equation damped by linear time-dependent feedbacks
a(t)u’ when a is always positive (possibly decaying to zero), and even radically different from those of the
ordinary differential equations damped by on-off feedbacks.

More precisely, our results are the following:

2. MAIN RESULTS

2.1. Main results for boundary on-off dampings

First consider the problem (1.1) and the following function a:

‘Aa(t)
|
o
|
|
|
|
|
|
| t
Lo O, e
0 T qT
FIGURE 1.

Such on-off feedback laws have been widely studied in the case of ordinary differential equations, but seem
to have never been studied for partial differential equations. We prove the following:

Theorem 2.1. Assume (1.3). For all (u®,u') € V x L?(0,1), there exists a unique u solution of (1.1).
Moreover,

() if

M|

1 -1 q
— 2.1

there exists some (u®,u') € V- x L?(0,1) such that E,(t) remains constant with time: E,(t) = E,(0) > 0 for
all t > 0;

(i) o
1 - q
T & pszl T (2.2)

then for all (u®,u') € V x L*(0,1), the energy E,(t) of the solutions of (1.1) decays uniformly exponentially
to 0 (or achieves zero in finite time in the particular case ag = 1).

Remarks.

1. The non stability result in the exceptional case (2.1) is radically different from what happens for ordinary
differential equations, or even for partial differential equations like (1.1) when the function a decreases to
zero remaining always positive (see [25]).
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2. We also characterize (in term of support) the initial conditions that create solutions whose energy does
not decay to zero. Moreover, in the non-exceptional case (2.2), we provide estimates on the “extinction
time” (where the energy is equal to zero), and we give optimal estimates when ¢ = 2 and ¢ = 3.

3. We also give explicit and optimal estimate of the exponent of the exponential decay of the energy or of
the extinction time in the particular case ag = 1. See Section 5.

2.2. Main results for boundary positive-negative feedbacks

Now we consider the more general case of positive-negative feedbacks: the function a is now 27T-periodic to
simplify:

FIGURE 2.

In this case, note that the energy is only nonincreasing on the time intervals [2mT, 2mT +T') and nondecreas-
ing the other time intervals. There are some works when the feedback is of the type b(z)u’, where the function
b depends on z (and not on t) and is of indefinite sign, but “more positive than negative” (see, e.g., Freitas and
Zuazua [7], Benaddi and Rao [5]) But to our knowledge, such time dependent positive-negative feedbacks laws
have never being studied. We prove the following:

Theorem 2.2. Assume (1.4) with ¢=2. Assume that by # 1. Then for all (u°,u') € V x L?(0,1), there exists
a unique u solution of (1.1). Moreover,
(i) if T satisfies (2.1), that is simply 1/T € N in this case (@ = 2), then there exists some (u’,u')
€V x L%(0,1) such that E,(t) goes exponentially to infinity as t — oo;
(i) ¢ 1/T =p'/q where p' and ¢’ are relatively primes, denote

ap—1 1/2 bo+1 1/2 - !
Kr = (ao+1 T if ¢’ is even, 23)
a1\ @ —D/2d" o, +1 1-(¢'-1/2¢" = :
K= (a8+1) (b8—1) if ¢ is odd,

then if Kt < 1, the energy of all solutions goes exponentially to zero (as Kk ), an if Kr > 1, the energy
of some solutions goes exponentially to infinity (as K% );

(iii) if 1/T ¢ Q, denote
1/2 1/2
ap— 1 bo+1
Ky := ; 2.4
0 <a0+1> (bol) ' ( )
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then if Ko < 1, the energy of all solutions goes exponentially to zero (as K{), an if Ko > 1, the energy of
some solutions goes exponentially to infinity (as K}).

Remarks.

1. It is interesting to note that if ag = 1, then for all values of by (except by = 1 for which we have no
solution), we obtain exponential decay.

2. Part (iii) relies on a theorem of Weyl: if § ¢ Q, then the sequence ({nf}), is not only dense but also
equidistributed in [0, 1). (As usual, {z} denotes the fractional part of x.) Consequently, the critical value
K that appears in (iii) does not depend on T'.

3. Theorem 2.2 could easily be extended to the general case ¢ > 2; the critical value in part (iii) would

become
~ ag— 1 1/a bo+1 1-1/q
Ko = .
ap+1 bog— 1

2.3. Main results for locally distributed on-off feedbacks

Now we consider the problem (1.2), where w is the open nonempty subset ((1/2) — A, (1/2) + A) of (0,1), a
is the time periodic function (1.3) and (u®,u') is given in H} x L?(0,1). We prove the following:

Theorem 2.3. Assume (1.3) and assume that 0 < X < 1/2.
() If

—1
1 q
T Epglz—jN and (¢ — 1T > 2),
then there exists initial conditions (u®,u') € H} x L?(0,1) such that the energy of the solutions of (1.2) remains
constant with time: Ey(t) = Ey(0) > 0 for all t > 0.
(i) 17

1 1,0
(f € U %N and (¢q—1)T < 2)\> , or (? ¢ U %N , (2.5)
p=1 p=1

then the energy of the solutions of (1.2) decays uniformly exponentially to 0.

Once again, this is radically different from what happens for ordinary differential equations, or even for the
damped wave equation when the function a decreases to zero remaining always positive. In the case (2.5), we
prove the uniform decay of the energy thanks to new observability inequalities:

2.4. “On-off’ observability inequalities

Considering the undamped problem

1t — Pz = 0, .Z‘EO,l), t>0,
#(0,t) = ¢(1,t) =0, t>0, (2.6)
(¢(I,0), d)t(xv 0)) = (QZSO(LL'), d)l (LL')), T e (07 1);

it is well known that if 0 < @ < b < 1 and T* > 2max(a, 1 — b), then the solutions of (2.6) satisfy the following
observability inequality

E4(0) < C/O */sz)f(:n,t)d:pdt (2.7)
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for some positive constant C' = C(T™*) (see Haraux [9] and Zuazua [37]). This is optimal in the sense that you
cannot have this inequality with some T* < 2max(a,1 — b). In our case, for example, if A > 1/8, then we can
apply it with 7* = 3/4 and we obtain

3/4 #(1/2)+
E,(0) < C / / ® 2 (0. 1) dudt (2.8)

(1/2)—

We improve this inequality showing that

/4 p(1/2)42 3/4  p(1/2)4A
E4(0) C/ / ¢2(x,t) dadt + C / ¢2(x,t) dadt. (2.9)
(1/2)=A 1/2 J(1/2)=X

This is coherent with the fact that each optic ray touches the damping region during the time intervals (0,1/4)
or (1/2,3/4).

More generally, we prove the following:
Theorem 2.4. Assume 1/T € |J}_; ! TN and (¢ — 1)T < 2X. Then there exists C > 0 such that, for all ¢
solution of (2.6),

E,(0) gc/oqla(t)/¢f(x,t)dxdt. (2.10)

Note that this obviously also gives new exact controllability results, applying the method H.U.M. of J.-L. Lions
[22]: given (u®,ul) € HE(Q) x L%(Q), there exists a control h € L?((0,1/4) x (1/2,3/4), L?(w)) such that the
solution of the problem

Utt — Ugy = Xw(ff)h(t,ff), T e (07 1); t >0,
u(O,t) = u(l,t) =0, t>0, (2.11)

(u(x,O),ut(x,O)) = (uo(x)’ul('r))’ MRS (Oa 1);

satisfies u(3/4) = 0 = u;(3/4). This implies that the control h that drives the system from the state (u",u)
to the rest has only to act on the time intervals (0,1/4) and (1/2,3/4). Our observability inequalities or exact
controllability results are coherent with the general results related on the rays propagation for systems with
time independent coefficients (see [2,3]). Moreover we provide a direct proof of these inequalities, and we would
like to emphasize that our method can also provide results for semilinear wave equations (see [26]).

3. RELATION TO LITERATURE

3.1. The time-independent case

We are interested in the asymptotic behavior of the energy of the solutions of (1.1). First we recall that if
the function a is constant:
a(t) =ap >0 forall t € Ry,
then for all (u®, u') given in V' x L?(0, 1), there exists a unique solution u of (1.1) and its energy E,(t) decays
exponentially to 0 as t goes to infinity. More precisely, it is easy to prove that:
— if ap = 1, then E,, () achieves 0 in finite time in time t = 2: E,(2) = 0;
— if ag # 1 then E,(t) — 0 exponentially as t — oo with an explicit decay rate that depends on ag:

ap+1
ao—

V>0, Eyu(t) < Eu(0)e 27D with w = 21n j j > 0.



342 P. MARTINEZ AND J. VANCOSTENOBLE

On the other hand, with the same feedback a(t) = ap > 0 for all ¢ € R, exponential decay of the solutions
of (1.2) follows easily from the multiplier method.

Of course, in both cases, the exponential decay of the energy for this problem is also an easy consequence of
the general “optic rays condition” of Bardos et al. [2]: it is clear that each optic ray touches the damping region
(the point 1) in time at most 2 in the case of boundary damping, and crosses the region w in time at most 2 in
the case of locally distributed damping.

Remark. The proof of the extinction in finite time follows directly from D’ Alembert Formula (see the beginning
of the proofs of Th. 2.1, (ii) or Prop. 5.1). Note that extinction in finite time was proved in [16] (see Th. 0.5,
p. 6): for the wave equation with a boundary feedback acting at both extremities (z = 0 and z = 1), Komornik
obtained the extinction in time ¢ = 1. In our case, since the feedback only acts at one extremity (x = 1), we
have the same phenomenon but we need twice more time before the extinction.

Note that this phenomenon is related to the radiation boundary conditions (see [4]), which correspond to the
fact that there is no reflection from the boundary into the domain. Indeed, in the case of the wave equation,
the boundary condition wu,(1,t) + u:(1,¢) = 0 is a radiation boundary condition.

3.2. The time-dependent case

Now we consider the asymptotic behavior of the energy under time-dependent feedback laws. This problem
has been largely studied when the damping term is “not too small” (in order to prevent underdamping) or “not
too large” (to prevent overdamping), that means when there exists some positive and nonincreasing continuous
function o : Ry — R, that satisfies

(3.1)
+oo
/ o(1)dr = . (3.2)
0

In this case, for both problem (1.1) and problem (1.2), the energy decays with an explicit decay rate: there
exists w > 0 such that

VE>0, Eu(t) < E,(0)e!~«Joo)dr (3.3)

On the other hand, if f0+°o a(T)dr < oo, there are some solutions whose energy does not decay to 0. (For
more general results about stabilization properties using nonlinear time-dependent dampings g(t,u:), see,
e.g. [25,27,32] and the references therein.)

3.3. The on-off case

Here we are interested in the asymptotic behavior of the energy under on-off dampings: we assume that the
function a may vanish on non-zero measure sets, and we want to study the asymptotic behavior of the energy.
To our knowledge, such works have not yet been done in the case of partial differential equations. Bardos
et al. [2] (p. 1029) noted just that invisible solutions may appear in the case of time-dependent coefficients, and
their existence has to be studied on each case. Note also that in our case the family of invisible solutions is not
at all finite dimensional.

However this has been widely studied in the case of ordinary differential equations (see [1,11,12,31,34,35]).
The typical problem is the oscillator damped by an on-off damping

u +a(t)u' +u=0; (3.4)
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the energy decays to zero if the damping is “sufficiently active”: in the case where the function a is equal to 1
on a sequence of disjoint intervals I,, and nonnegative elsewhere, then the energy decays to 0 if

> | = oo, (3.5)

n

and 3 is the best possible exponent (see [31]). In particular, this implies that under (3.5), the localization of
the damping time intervals I,, is not important; Pucci and Serrin noted that “the exact switching times can
be of great importance” (p. 831 in [31]) in some situations where (3.5) is not satisfied but 0 is still a global
attractor of the problem if the switching times are correctly set. More general cases are studied, in particular
the case where the function a is equal to some positive constant m,, on I,,, and then 0 is a global attractor of
the problem if some condition like (3.5) is satisfied (the condition lies on the divergence of some series whose
general term contains |I,| and min (m,,, mL) in order to prevent underdamping and overdamping).

The case of partial differential equations damped by on-off dampings (applied at the boundary or locally
distributed in the domain) is radically different from the case of ordinary differential equations: even in the
simplest case where the function a is equal to 1 on [0,7) and to 0 on [T, 2T"), and is 27-periodic, there are values
of T for which the energy does not decay to zero, although the conditions f0+°o a(r)dr =ocoand Y, |I,]* = o0
(where I, := (2nT, (2n + 1)T) are clearly satisfied.

4. COMMENTS ON THE RESULTS AND OPTIC RAYS PROPAGATION

4.1. Comments in the case of boundary feedback

Our proof is based on D’Alembert formula and on congruence properties. In fact this congruence properties
are equivalent to study the optic rays propagation; we prove that if T' is not one of those exceptional values,
each ray touches the boundary point = 1 (where the dissipative condition is applied) in time at most 2Np + 2,
where N7 depends on T and at an instant time t where the damping is effective. In Figure 3 we present an
example where the value of T is exceptional (T' = 1/5). We can see that there exists a ray that touches the
boundary only at times when the feedback is non active (or of the wrong sign in the case of positive-negative
feedbacks):

FIGURE 3.

In Figure 4, we present an example where the value of T' is not exceptional (7" = 2/5). In this case, we can
see that each ray will touch the damping region at a time when the feedback is active.

This property is quite natural with respect to the general optic rays condition for time independent feed-
backs [2]. However, we do not know if this theory can be adapted in this case of a time dependent feedback
a(t)us(1,t) (and moreover with a function a that is not continuous), and even if it is true, it is not easy to
determine explicitly the exceptional values of T
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FIGURE 4.

4.2. Comments in the case of locally distributed feedback

We are interested in the asymptotic behavior of the energy F, of the solutions of (1.2). First we recall that
if the function a is constant on Ry, then F, decays exponentially to 0, for all nonempty open subset w wherever
its location in (0, 1) (see, e.g. [8]). A geometrical explanation of this is that each optic ray touches the damping
region w in time at most 2 (see [3]). (Note that in the case of a symmetrical open subset w := (1/2— A\, 1/24 X)
with 0 < A < 1/2, each optic ray touches the damping region in time at most 1).

Here we consider the case where a is the periodic function defined by (1.3) and where w := (1/2—X,1/2+ X)
with 0 < A < 1/2 (A =1/2 means that the feedback is uniformly distributed in (0, 1)). There is no problem for
the existence and the regularity of the solution, solving successively on the time intervals (0,7T), (T,2T), ...

First consider the case of a uniformly distributed damping, i.e. we assume A = 1/2. In this case, note that it
is clear that each optic ray crosses the damping region during a period when the damping is effective. In this
case, we prove positive results of exponential stabilization.

Next consider the more interesting case of a locally distributed damping: 0 < A < 1/2. Note carefully that
there are some values of T and some values of \ for which some rays cross the damping region when the feedback
is non active. For example, take T'= 1/2, A < T/2 = 1/4, and consider the optic rays that leaves the point
x = T/2 = 1/4 and that goes to the left (towards the point z = 0) at time ¢ = 0: this ray describes the
segment [1/4,3/4] (that contains the dissipative region) in direct sens or in the other sens during the time
intervals [T, 2T, [3T,4T], ..., thus during periods when a(t) = 0. The same situation occurs if 1/7T € 2N with
2)\ < T. We obtain negative results of exponential stabilization in all these cases, and positive results in the
other cases, which is coherent with the optic rays condition known for time independent feedbacks [2].

Note that the situation is much more complex than the case of boundary damping: even when T takes some
“exceptional” values, we can still have exponential decay of the energy of the solutions, provided that the
damping region is large enough. Note also that when the damping region is “large enough” (in particular when
w = (0,1), then we find a result analogous to the one related to ordinary differential equation, since we obtain
stabilization for all 7" > 0.

At last, note that the previous positive results of uniform exponential stabilization are still true if we just
assume that a € L>°(R4;Ry) is ¢T-periodic such that a(t) > ag > 0 for ¢t € [0,7). On the same way, the
negative results of uniform exponential stabilization are still true if we just assume that a € L*°(R4+;R;) is
gT-periodic such that a(t) = 0 for ¢t € [T, ¢T).

5. OTHER RESULTS AND COMMENTS ON THE PROOFS

5.1. Other results in the case of a boundary on-off feedback

5.1.1. Optimal estimates of the extinction time

We complete Theorem 2.1 giving optimal estimates of the “extinction time” 7p = 2Np + 2, where the energy
achieves zero in the particular case ag = 1. Note that this also give optimal estimate of the exponential energy
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decay in the general case since it is given by
Vt >0, Eyu(t) < E,(0)e™t/CNr+2)=1)

We denote by d(z,N) the distance between z and N. We assume that T' < 2 since if T > 2, then we already
know that F,(t) = 0 for all ¢t > 2.

First consider the typical case ¢ = 2. We recall from Theorem 2.1 that if 1/T" € N, the energy of some
solutions does not decay to zero. In the other case, we give optimal estimates on the “extinction time”:

Proposition 5.1. Assume (1.3) with ¢ = 2. Then if 1/T € N, then for all (u®,u') € V x L?(0,1), E,(t)
achives zero in finite time. More precisely,

Vt > 2Np 42, Eu(t) =0, (5.1)

where N is the smallest integer such that
1
2Nrd (T,N> > 1. (5.2)

Moreover, Nt is optimal in the following sense: there exists some (u®,u') € V x L?(0,1) such that E,(2Nt)
=E,(0) > 0.

Next we look to the general case. We also give optimal estimates of the “extinction time” when ¢ = 3 and
we give general estimates of the “extinction time” in the general case:

Proposition 5.2. Assume (1.3) and assume (2.2).
(i) Assume that ¢ =3. If

let N7 be the smallest integer such that

and if

let N7 be the smallest integer such that

2 2 2
1-2d( —=,N N.>-—-d|=,N 9.9
< <3T7 )) T — 3 <3T7 ) ’ ( )
and Ny := 2N} —1; then E,(t) = 0 for all t > 2Np + 2. Moreover, Nt is optimal in the following sense: there

exists some initial conditions such that E,(2N7) = E,(0) > 0.
(il) In the general case, we have the following estimate: E,(t) =0 for all t > 2mN + 2, where m and N are

integers chosen such that
2 1 2 qg—1
o< fm{Z WL g N{m{—}}z— 5.6
{ {qT}} q qT q (56)

(where {x} denotes the fractional part of x).
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Remark. Such m always exists under (2.2). It would be interesting to find in a general way the best time 7p
for which E,(t) =0 if t > 7p, like we did for ¢ = 2 and ¢ = 3.
5.1.2. Extension to nonlinear feedbacks

Combining the methods used in [36] with the method used for the proof of Proposition 5.1, we can also study
the wave equation damped by a boundary nonlinear on-off feedback:

Ut — Upy = 0, x € (0,1), t >0,
u(0,1) = 0, t>0,

ug(1,1) = —a(t) g(u(1,1)), t>0,
(u(z,0),ue(x,0)) = (u®(2),u' (2)), =z €(0,1),

where a is defined by (1.3) and where g is increasing. Once again, when T is exceptional, we have not stability,
and when T is not exceptional, we easily prove that there is still uniform stabilization, with explicit decay rate
that depends on g.

5.2. Remarks on the proof in the case of a locally distributed feedback

5.2.1. Link between on-off stabilization and on-off observability

To prove Theorem 2.3 in the typical case ¢ = 2, we first reduce the problem to the proof of an observability
inequality for the wave equation without damping (see Prop. 10.1): there is uniform exponential stabilization
of solutions of (1.2) if and only if the solutions of (2.6) satisfy, for some T > 0,

E,(0) < C / / 62(x, 1) dadt. (5.7)

Then to prove this inequality, we will have to distinguish the following different cases:

e A=1/2and T > 0. It is the case of a uniformly distributed damping. In this case, we can easily prove
the observability inequality using spectral decomposition of the solutions of the wave equation;

e A< 1/2 and 1/T ¢ 2N. In this case, we use the fact that T is not an exceptional value as we did in the
case of boundary feedback, to obtain similar congruence properties. And combining these properties with
the spectral decomposition made in the previous case, we deduce the observability inequality;

e A< 1/2,1/T € 2N and 2\ < T. In this case, we construct solutions that never “see the damping” such
that the observability inequality does not hold;

e A< 1/2,1/T € 2N and 2\ > T. To treat this case, we need new observability inequalities (see Prop. 5.2)
presented in the following section.

5.2.2. On-off observability inequalities
Consider the problem (2.6). The following result is well known:

Theorem 5.1 (Haraux [9]). Let (a,b) C (0,1) be a given interval. Set
T3 = 2max (a,1 —b).

Then for all T* > T, there exists C > 0 such that, for all ¢ solution of (2.6),

E4(0) < C/O */bqﬁf(:p,t)dxdt. (5.8)
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This is optimal in the sense that you cannot have this inequality with some T* < 2max(a,1 — b). In our case,
the condition “T™ > 2max(a,1 —b)” becomes “T* 4+ 2\ > 1”. Consequently, if we assume 2A > 1 — T, we can
directly deduce uniform exponential stabilization from Theorem 5.1.

For example, consider the case ¢ = 2 and T' = 1/2. Note that in this case, the condition “2\ > T” of
Theorem 2.3 is exactly the same as the previous condition “2A > 1 —T” i.e. it is “A > 1/4”. So we can
apply (5.8) with T* =T = 1/2 and we obtain

1/2 (1/2)+/\ 1
/ / (&, ) dadt = C /0 alt) / 62(z, 1) dadt, (5.9)

(1/2)—x

which is exactly what we need to prove that the energy decays exponentially to zero in this case. This proves
Theorem 2.3 in the case ¢ =2 and T'=1/2.

For T # 1/2, the two conditions are not the same. We still can deduce results of uniform exponential
stabilization from Theorem 5.1, but it is not sufficient to prove Theorem 2.3.

For example, consider the case T = 1/4. If we assume A > (1 —T)/2 = 3/8, we can apply (5.8) with
T* =T = 1/4 and we obtain

1/4 (1/2)+,\
/ / (z,t)dzdt < C/ / $2(x,t) dadt, (5.10)

(1/2)—

which proves that the energy decays exponentially to zero in this case. Note that the assumption “\ > (1 —
T)/2 = 3/8” and this inequality correspond, as we can see in Figure 5, to the fact that each optic ray crosses
the damping region during the period (0,7") = (0,1/4).

FIGURE 5.
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If we consider the same case T' = 1/4 under the assumption of Theorem 2.3 when ¢ = 2, i.e. with A > T'/2
= 1/8, we can still apply (5.8) but only with 7* = 3/4, and we obtain

3/4 (1/2)+>\
E;(0) < C’/ / ?(z,t) dzdt

(1/2)=X
1/4  p(1/2)4A /2 p(1/2)+A
/ / ¢3(x,t) dwdt + C / #7(z,t) dedt
(1/2)— /4 Ja/2)-x
3/4 (1/2)+/\
/ (x,t) dedt
12 J/2)-a
1/2 #(1/2)4A
/ /(bt (x,t) dx—l—C/ / 2 (z,t) dedt, (5.11)
1 (1/2)—A
but we need
<C’/ /d)txt)dxdt
1/4 p(1/2)+ 3/4 (1/2)+
—C/ / gbt x,t) dxdt—i—C’/ / (x,t) dadt. (5.12)
(1/2)=A (1/2)=A

to solve our problem. Note that the assumption “\ > 1/8” and this inequality correspond, as we can see in
Figure 6, to the fact that each optic ray crosses the damping region during the period (0,1/4) or during the
period (1/2,3/4).

FIGURE 6.

More generally, we prove the following new “on-off” observability inequalities:

Theorem 5.2. Let ¢ € N. Assume T = 1/(2¢) and T/2 < A < 1/2. Then there exists C > 0 such that, for
all ¢ solution of (2.6),

@p+1)T  p1/24X 1
Ea / / 62(x, 1) dzdt = C / alt) / 62 (z, ) dzd. (5.13)
2pT 1 0 w

J2-\
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Inequality (5.13) is exactly what we need to prove the exponential decay of the solutions of (1.2) when ¢ = 2,
1/T € 2N and 2\ > T.

Note that in the general case (¢ # 2), the proof of Theorem 2.3 is based on Theorem 2.4. Theorem 2.4 is the
generalization of Theorem 5.2 and its proof is similar to the proof of Theorem 5.2.

Remark. In fact repeating the arguments of the proof of Theorem 5.2, one shall prove that

E4(0) < C/O *a(t)/qbf(x,t) dzdt. (5.14)

with T := KqT + p at the place of ¢ — 1, where K € N, p € (0,7) and T* > 1 — 2\. These are the optimal
conditions: indeed, one cannot expect that (5.14) holds true with 7* < 1 — 2\ (this value is optimal when
a(t) =1 for all t), and T* has necessarily to be written KqT + p: in the other case, equation (5.14) would be
satisfied with a strictly smaller value of K.

It is interesting to note that these results are optimal in the following sense: if T' > 2, then we can construct
some initial conditions (¢, ¢!) for which E4(0) = 1 while

@p+1)T  p1/24A 1
/ / 62 (x, ) dadt = / alt) / 62(z, ) dzdt = 0. (5.15)
2p 0 w

1/2—A

This result correspond to the fact that, as we can see in Figure 7, there exists some optic rays that never
cross the damping region at a time when the damping is effective. See Figure 7 in the case T = 1/4 with
A<T/2=1/8.

FIGURE 7.

5.2.3. Other application of the observability inequalities: Fzxact controllability results

Theorem 5.2 also obviously gives new ezxact controllability results, applying the method H.U.M. of J.-L.
Lions [22]: given (u®,ul) € H}(Q) x L%(Q), there exists a control h € LQ((UZ 0(2pT, (2p + 1)T), L*(w)) such
that the solution of the problem

Ut — Uz = Xw(X)h(E, 2), x € (0,1), t >0,
u(0,t) = u(1,t) =0, t>0, (5.16)

(u(x70)7ut(x70)) = (uo(x)aul(x))a T e (07 1)7
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satisfies u(1 —T) = 0 = u;(1 — T'). This implies that the control h that drives the system from the state (u", u!)
to the rest acting only on the time intervals (2pT, (2p + 1)T') for p = 0,--- ,£ — 1, so, roughly speaking, “only
half of the time”. We will generalize these results to prove that in fact we can find a control that drives the
system from the state (u°,u!) to the rest acting only on a finite number of well-chosen time intervals, whose
total lenght is arbitrarily short (see [26]).

5.2.4. Open questions

1. It is an interesting open question to know what happens when 1/7 € 2N and 2\ = T'. This should be
compared to the results of pointwise stabilization or pointwise controllability (see, e.g. [14]).

2. Our proof does not allow us to obtain results for nonlinear on-off feedbacks.

3. It should also be interesting to study the problem with positive negative feedbacks (1.4).

6. PROOF OF PROPOSITION 5.1 (ON-OFF BOUNDARY FEEDBACK WHEN ¢ = 2)

We make the proofs in the case ap = 1. Our method can easily be extended to the general cases ag > 0, in
order to prove that the energy decays exponentially to zero.

6.1. The useful formula for the energy

Let us consider the absolutely continuous function f : (—1,+00) — R defined on (—1,1) by:
LY, 1
VyE (71,0), f(y) = 5 uz(iz)iu (7Z>dzv

0

L, 1

Yy e (0,1), f(y):= 5 uy(z) +u'(2)dz,
0
and on (1, +00) by induction thanks to the expression
1
Fly+1)=k(y) f'(y—1) with k(y) := M—H a.e. y > 0. (6.1)

Note that this is equivalent to say that

fly+ D)+ fly—1)=—a)(fy+1) - f(y—1) ae y>0. (6.2)

Hence, using the d’Alembert’s formula, we easily verify that the following expression gives a solution of the
problem (1.1) (and that this solution is unique):

V(x,t) € (0,1) x (0,00), u(z,t) = f(t +x) - f(t — ).

(Relation (6.2) gives u,(1,t) = —a(t)u(1,t).)
We see that the energy of u satisfies

1 1
Vi>0, E,(t)= 5/ (uZ(z,t) + u?(z,t))dz = / f'(t+s)?ds.
0 -1

Now set N € N and t € (0,2) such that f/'(t — 1) € R. We deduce from (6.1) that

N
flE+2N +1) =kt +2N)f'(t+2N -1)=--- = (H k(t+2m)> £t —1).
m=0
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Denote
N
Kn(t) = [ Ikt +2m)|.
m=0
Hence we get that
2
E.(2N +2) = / Kn()2f'(t — 1) dt. (6.3)
0

Note that for t € (0,2), the quantity f’(t — 1) depends only on the initial conditions (u",u'). In the following,
we will study the function K.

6.2. Proof of Proposition 5.1

Note that in this case the function k satisfies:

k(t) =0 ift e Gy :=,en2nT, (2n+1)T),
k()= -1 ift € By:=,enl(2n+ 1T, (20 4 2)T).

Hence Kn(t) =1 if and only if ¢, t + 2, -+, t + 2N lie in By, and Ky (¢) = 0 in the other case. (G2 is the set of
the “good” values of ¢t and Bz is the set of the “bad” values of t).
Write

2=2T+ T, withf e Nand 0 <r < 2. (6.4)

First assume that » = 0 (i.e. 1/T € N): this implies that [T,27) C [0,2) N By and if ¢t € Bs, for example
t € [T,2T), then t +2 =t 4 20T € [T + 20T,2T + 2¢T) C Bo, and, in the same way, t +4, --- , t + 2N are all
in Bo; hence K (t) =1 for all N € N and all ¢t € By. Thus, for all N € N,

E.(2N +2) = /

[O,Q)ﬂBQ

Kn(t)2f'(t — 1)2dt+/

[0,2)NG

KN(t)Qf’(t—l)th:/ Flt—1)2dt = B

[O,Q)ﬂBQ

Consequently, since the energy is nonincreasing and its value at times 2N + 2 remains constant, it is constant
on [2,400) and equal to E,,. This quantity depends only on the initial conditions (u°,u') and is non equal to
zero if the initial conditions are well chosen. Note that for all ¢t > 2, E,(t) = Fw, and Es = 0 if and only if
the function t — f’(t — 1) is equal to zero on [0,2) N Ba. In particular, if u® and u! are such that the function f
is compactly supported in {¢ : t+1 € B2N[0,2)}, then the energy of the associated solution remains constant
with time.

Now assume that 0 < r < 1. (Note that in this case, dp = d(1/T,N) = r/2 > 0.) We claim that Ky(t) =0

if N > 1. This follows from the following lemma (see the proof later):
Lemma 6.1. Fix N > % Given t € [0,2), it is not possible for t, t +2, ---, t + 2N to be all in Ba.

In other words, Lemma 6.1 means that each optic ray touches the boundary point x =1 in time at most 2N
and at an instant time t where the damping is effective. Note also that Lemma 6.1 implies that Ky (t) = 0 for
all t € [0,2), thus (2N + 2) = 0, which proves (5.1) in this case.

At last we assume that 1 < r < 2. (Note that in this case, dp = 1 —r/2 > 0.) This case is completely
analogous to the previous one. We claim that Ky (t) =0 if N > Qir' This follows from the following lemma
(see the proof later):




352 P. MARTINEZ AND J. VANCOSTENOBLE

Lemma 6.2. Fiz N > ﬁ Given t € ]0,2), it is not possible fort, t +2, ---, t + 2N to be all in Bs.

On the same way, it implies Kn(t) = 0 for all ¢t € [0,2) if N(2 —r) > 1, and so E,(2N +2) = 0. This
proves (5.1) in this case, which ends the proof of Proposition 5.1.

Proof of Lemma 6.1. We assume that 0 < r < 1 and we prove the result by contradiction: assume that t,
t+2,---,t+2N are all in By for some ¢ € [0,2). Then first ¢ € [0,2) N Ba: hence there exists ng € N such that
t € [(2no + )T, (2ng + 2)T); then using 2 = 20T + T with 0 < rT < T, we deduce

t+2¢€[(2no+ )T + 20T, 2no +2)T + 26T +T) = [(20+ 2no + V)T, (20 + 2ng + 2)T)
U [(20+ 2n0 + 2)T, (20 + 2ng + 2)T + T).

Note that [(2¢ + 2ng + 1)T, (20 + 2n¢ + 2)T) C By whereas [(2¢ + 2ng + 2)T, (20 + 2n9 + 3)T') C G2. Since
t+2 € By, then t + 2 € [(2¢0 + 2ng + 1)T, (2¢ + 2ng + 2)T); an easy induction argument shows that for all
m € {0,---,N}

t+2m € [(2ml+ 2ng + )T, (2ml + 2ng + 2)T).
Thus we deduce (with m = N and using t > (2ng + 1)7T),

(2n0 + )T + 2N <t + 2N < (2N{+ 2ng + 2)T,
which implies that

rNT = N(2 — 20T) < T,

which is false. U

Proof of Lemma 6.2. We assume that 1 < r < 2 and we prove by contradiction that it is not possible for ¢,
t+2,---,t+2N tobeallin By if N > 1/(2 — ). Indeed, if t, t + 2, ---, t + 2N are all in By, then

t+2N € [N+ 1)+ 2no+ 1T, (2N(£+ 1) + 2no +2)T),
hence (using ¢t < (2ng 4+ 2)7),
(2nog+ )T+ (20+2)NT <t+2N < (2no +2)T + 2N,
which implies that

N2-r) <1 O

Proof of the optimality of the result. Note that our result is optimal: assume that 0 < r < 1 and denote Ny
the smallest integer such that rNpr > 1. Hence we have:

1
<Nr<-+4+1-—¢
r

for & small enough. Then it is easy to verify that if ¢t € [T, (14 ¢)T)N[0,2), then ¢, t +2, ---, t + 2(N — 1)
are all in By and so if the initial conditions are such that the corresponding function f is supported in [T — 1,
(14+¢e)T —1)n[-1,1), then E,(2N7) = E,(0), whereas E,(2Nr +2) = 0.

The same phenomenom occurs if 1 <r < 2. O
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7. PROOF OF THEOREM 2.1 (ON-OFF BOUNDARY FEEDBACK IN THE GENERAL CASE)

Now we assume that a =1 on [0,T), a =0 on [T,¢T) and a is ¢T-periodic. Define

Gq = UneN[an’ (qn + 1)T)a
By = UnEN[(qn +1)T,q(n+1)T).

Write
2=q@T +rT, with £ Nand 0 <r <gq. (7.1)

7.1. Stability if T is different of some exceptional values
We prove the following:

Lemma 7.1. Assume that
7“¢£:={7“0:O}U{rs,p:§q cp=2,---,q—1, s:l,---,p—l}- (7.2)
p

Then the energy of every solution achieves zero in finite time.

Note that r € £ if and only if (2.1) is satisfied.
Proof of Lemma 7.1. First assume that there exists m > 1 and k € N such that

kg <mr <kq+1ie mre (0,1 mod g. (7.3)

Then we claim that the energy of every solution achieves zero in finite time: indeed denote p := mr —kq € (0, 1]
and choose N such that Np > ¢ — 1; then if ¢, ¢ + 2, ---, ¢t + 2Nm are all in B, then of course ¢, ¢t + 2m,
t+4m, -, t+2Nm are all in Bg; but

t+2m=t+mgT +mrT =t+ pT +qiml+ k)T =t+ pT mod ¢T,

and thus ¢, ¢ + pT, t 4+ 2pT, ---, t + NpT are all in By, which is not possible since p € (0,1] and Np > ¢ —1
(same proof as Lem. 6.1). Hence E,(2mN + 2) = 0.

Let us specify the real numbers r that satisfy (7.3). For r € (0,¢), denote p’ := 7 € (0,1). Condition (7.3)
is equivalent to say that there exists m > 1 such that

{mp'} € (0, ﬂ , (7.4)

where {2} denotes the fractional part of x. This is clearly true if p’ := % with ¢’ > ¢ (and m := 1); this is also
true if p’ := 5—: with ¢’ > ¢ and pged (p/,¢') = 1: indeed, there exists (p”’,q”) such that p”"p’ — ¢"¢' = 1, and
N

then p”p’ = % +¢"; at last (7.4) is also true if p’ ¢ Q, since in that case the set {{mp’}, m € N} is everywhere
dense in [0,1). Thus if r ¢ L, equation (7.3) is satisfied, and the proof of Lemma 7.1 is complete. O

7.2. Non stability if T is equal to one of those exceptional values

We prove that if » € £, then we have no more strong stability property.

First, for all ¢ > 2, the result is clear for the value 7 = rg = 0. Indeed in this case we have 2 = ¢/T. It
implies that: (t € By) = (t +2 € B,). Thus it is sufficient to prove that there exists a non empty interval
I C [0,2[NB,, which is clear since T' < 2.
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Next we assume that ¢ > 3 and we prove this result for all the values r = r, , = sq/p with p € {2,...,¢ — 1}
and s € {1,...,p — 1}. Indeed in this case we have

9 = gfT + qu. (7.5)

Note that it implies that if ¢ € B,, then ¢ + 2p € B,. Thus, if we set
E={te[0,2[: t,t+2,t+4,...t+2p—1)€cB,},

it is sufficient to prove that there exists a non empty interval I C &.

Let I = [T, qT/p|. We verify that I # () (since gq/p > 1) and I C [0,2) (since T' < 2p/sq < 2p/q from (7.5)).
Moreover I C B, (indeed I C [T, ¢T)).

It remains to prove that 1o (I) C By for all k € {1,2,...,p— 1}, where 79, denotes the translation of 2k. Fix
k€ {1,2,...,p—1}. There exist ni,ne € N such that

sk=n1p+mno with0<ny <p-1. (7.6)

Then using (7.5, 7.6) and using ny + 1 < p, we obtain

1 1
() = [T 2k, 2_?qT + 2k> - [T + k(T + %qTa EqT + qklT + %qT)

+1
_ {(ké tn)gT + T+ %qT, (k€ +n1)qT + nQp qT)
C [(kl+n1)gT + T, (kf +n1)qT + ¢T) C By,
which proves the result. O

8. PROOF OF THEOREM 2.2 (POSITIVE-NEGATIVE BOUNDARY FEEDBACKS)

It is easy to see that now, with the notations used in the previous sections, we have
2
E,(2N +2) = / Kn()?2f(t —1)*dt
0

with

Pn(®) bo+1

bo—1

ao—l
ag+1

Kn(t) =

)

’N—‘rl—PN(t)

where Py (t) is equal to the number of m € {0, .-, N} such that ¢ + 2m € G,. If T is exceptional, then we
can find initial conditions such that Py (t) = 0 for all ¢ and all N, hence the energy of such solutions grows
exponentially to infinity. If T' is not exceptional i.e. if 1/T ¢ N, we have seen that there exists Np such that
for all ¢, there exists at least one m; € {0,---, Nr} such that t +2m; € Gy, hence Py, (t) > 1. We deduce that

bo+1
bo—1

Nt
E.(2N7 +2) < E,(0) :

(107].
ag+1

Obuviously, this gives a sufficient condition on the exponential decay, but it is far from being optimal. Indeed, we
proved that we can find initial conditions such that Py, (t) = 1, but then nothing tells that Py, (t) = 2, and
in fact this is wrong in general. So we have to study carefully the function Py, and obtain asymptotic uniform
(in t) estimates as N — oco. More precisely we have to study the ratio Py (t)/(IN + 1) and its limit as N — oo.
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8.1. The cyclic case: 1/T € Q\ N

Let 1/T = p'/q" where p’ and ¢’ are relatively prime integers. We have to study the numbers of integers m
such that
1 t m mp’ 1
—(t+2 =0 —+ — =<t =
{are o) ={ar e} ={re e os)

where ¢/ = ¢/(2T'). Note that
mp’ mp’
S Gt

mp’ mp’ 1 2 g —1
) e ) e ) S (e i

it is sufficient to count the number of the ¢’ terms

1 2 ¢ -1
{t'},{t'Jr?},{t'Jra},...,{t'Jr 7 },

that are in [0, %) Since we have ¢’ real numbers separated by the distance 1/¢’, we have exactly ¢’/2 elements
in [0,1) if ¢’ is even, and (¢’ —1)/2 or (¢’ +1)/2 elements in [0, 1) if ¢’ is odd. Then given N, it is sufficient to
write N = ¢'v+ ' with 0 <1’ < ¢’ to get estimates of Py (¢).

If ¢’ is even, we get the estimates

Since

q q
v—=<Pyt)<(v+1)=-
2 2
Hence
(v+1)d’ 2(N+1)—(v+1)¢’ vq' 2(N+1)-vq’
ag—1 bo+1 ap— 1 bo+1
< E,2N +2)< E,(0 )

ap+1 bo—1 - ( +>_ ()CL0+1 bog— 1

and the behavior of the energy at infinity depends on

1/2 1/2

bo+1
bog—1

CLQ—l

Kr =
T ag+1

if K < 1, the energy goes to 0 as K&; if K > 1, then the energy goes to infinity as K*.
If ¢’ is odd, we get the estimate

-1 ' +1
v < ety < v+ 1)L
2 2
Hence
q q
v <Py(t) < (v+1)5-
2 2
(v+1)(¢'+1) 2(N+1)—(v+1)(¢'+1) v(q'—1) 2(N+1)—-v(g' 1)
ap—1 bo+1 ap—1 bo+1
E (0 <E,(2N +2)< E,(0
() ap+1 bp—1 - u( + )_ U( ) ag+1 bo—1 ’
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and the behavior of the energy at infinity depends on

(¢'=1)/2¢ 1-(¢'-1)/2¢

CLQ—l
ag+1

T =

bo—1

if K7 < 1, the energy goes to 0 as K&; if Ky > 1, then we can always find initial conditions (the “worst initial
conditions”) such that the energy behaves exactly as K. O

8.2. The equidistributed case: 1/T ¢ Q

When 6 := 1/T ¢ Q, using a consequence of a theorem of Weyl (see, e.g. [28]), we know that the set
{{t/ + m#}, m € N} is uniformly distributed in [0,1). Hence Pn () ~ (N +1)/2 as N — co. However we need
some uniformity in ¢ to conclude.

In fact, using the same ideas contained in the proof of the consequence of Weyl’s theorem, we will prove that
the sequence of functions ¢ +— Py (t)/(N + 1) — 1/2 converges to 0 uniformly in ¢t € [0,2] as N — oo.

Indeed, we will prove the following;:

Lemma 8.1. For all continuous 1-periodic function,

1
0

S,L(ft)ﬂ‘/olft(x)dxz/ f(x)de as n— oo

uniformly with respect to t € R, where we denote fi(x) := f(x +t) and

Sulf) = —= S S (k0).
k=0

Then it is easy to conclude: denote x the 1l-periodic function equal to 1 on [0,1/2) and 0 on [1/2,1), and
Xx(t)(x) = x(z +t). Then we are interested in studying

N
Py (t) = ];)x (% + %) = (N +1)Sn(xt/21)-
Choose € > 0 and denote f. and F. two continuous and 1-periodic functions such that
0<f.<x<UF,
/01 Fo() - f.(2)dz < e
Then

(N +1)Sn(fe,tj2r) < Pn(t) < (N +1)Sn(FL¢/2r)-

Hence

IN

]WE,WT) - / @) + '5N<f€,t/2T> - / (@) da

1 1
< ISN(FEWT)—/ Foz)dz +’5N(fs,t/2T)—/ () da| + 26 < 4e
0 0

using Lemma 8.1 and choosing N large enough (independent of ¢).
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Hence in the case ¢ = 2, Py (t)/(N+1) — 1/2 as N — oo and uniformly with respect to ¢. Hence the energy

behaves as
( 1/2> |

Proof of Lemma 8.1. Let f:R — R continuous and 1-periodic. Let

bo+1
bo—1

(107].
ag+1

‘1/2

M

Q RN 2 :Cme%wmaz

m=0

be a trigonometrical polynomial function close to f in the space of the continuous bounded functions endowed
with the usual || - ||oo. Denote fi(z) := f(z +t) and Q¢(x) := Q(x +t), and

Sulf) = —— 3" F (k).

n+1k

First we verify that property for the polynomial function Q: since

M M
_ 2imm(x+t) __ 2immt 2iTtmx
Qt(x) = E Cm€ ( ) = § Cm€ €
m=0 m=0

1 M
— / Qt ($) dz T § : CmeQMT'rnteQ'mmx’
0 m=1

we easily see that

S’n(CBt)_\/0 Qt(l‘)dI

1 ) )
§ : E Cme%wmte%wmke
n+1

IN

;M
n+1 Z [em]

m=1

n
2 : eQm’ka
k=0

)

1 & 2
§n+1z|6m| 1 —e2immé | = p 11’

m=1

where ¢(Q) is some constant that depends on @ but not on t.
Next we conclude the proof of Lemma 8.1:

1 1 1 1
Sulfe) /0 Fi(@) de| < [Su(fe) — Su(@0)] + | Su(Q0) — /0 Qulx) de| + /0 Qu(z) da - /0 Ji(w) da

(Q)

<2f - Ollws
< - Qllet =
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Hence, given € > 0, there exists some polynomial function (). and n. such that for all n > n. we have

1
Sn(ft)—/o fe(x)dz| < 2||f — Qclloo + 2(62:1) <3

for allt € R. O

9. PROOF OF PROPOSITION 5.2 (ESTIMATE OF THE EXTINCTION TIME)

Proof of (ii). When T is not an exceptional value, the proof of Theorem 2.1 provides an estimate of the time
in which the energy achieves zero: we proved that E,(2mN + 2) = 0 if m and N are integers chosen such that

<o) o} (3l

which proves (ii). O

Remark. Note that if ¢ = 2, we can retrieve the result of Proposition 5.1. Indeed if ¢ = 2, equation (9.1)
means that

0<{mg}§% and Np>1, (9.2)
where 2 = 20T + rT with 0 < r < 2 and p := {mr}. Thus in particular if 0 < r < 1, then (9.2) is satisfied
with m := 1 and N the smallest integer such that Nr > 1, so we find again the result proved after Lemma 6.1.
However, in the case 1 < r < 2, we do not retrieve directly the optimal estimates proved in Lemma 6.1. Indeed,
when r = 1 + ¢ with € > 0 and small, equation (9.2) gives a really bad estimate: it is satisfied for m = 2 and
N has to be large enough such that 2Ne > 1. However we can overcome this difficulty with an argument of
symmetry:

Lemma 9.1. Assume that ¢ > 2 and that T and T’ satisfy
2 2
i QU TR S U .
{ qT’ } { qT } 03

By(T) := | Jl(gn + )T, q(n+ 1)T)
neN

Denote

and

By(T') = | Jl(gn+ DT, q(n + D)T").
neN

Fiz N e N. Then ift,t +2,--- ,t +2N are all in By(T), then t',t' +2,--- ;' + 2N are all in By(T"), with

t .= <t +T2N) T
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Note that (9.3) means that
Q=qlT +rT =gf'T' ++'T’

with ' =q —r.
Hence returning to the case ¢ = 2 with 1 < r < 2, we deduce from Lemma 9.1 that for all ¢, ¢,t+2,--- ,t+2N
cannot be all in By if Nv/ = N(2 —r) > 1.

Remark. In a general way, if » € (0,1], Lemma 7.1 gives us the optimal estimate on N: choosing m = 1,
k = 0, we obtain that E,(2N +2) =0 if Nr > ¢ — 1, and Lemma 9.1 allows us to say that if ¢ — 1 < r < g,
then E, (2N +2) =01if N(¢ —r) > ¢ — 1, and it is easy to see that these values of N are the best possible (as
in the case ¢ = 2).

Proof of Lemma 9.1. First note that ¢ € By(T) implies that ¢’ € B,(T”). Next note that

t+2 t+2N
™ T

t+ 2N 2 t+2(N -1

T T

+ql' +1'

+q(1+0+1),

and we easily verify that for all m € {0,--- , N} we have

t'+2m t+2(N—m)
T T

+mg(1+L+1).

Hence t + 2(N — m) € By(T) implies that t' +2m € B, (T").
Proof of (i). Now we study carefully the case ¢ = 3 and we prove (i). Write

2=3T+rT, withfeNand 0<r <3: (9.4)

Theorem 2.1 implies that the energy achieves zero in finite time if 7 is different from 0 and 3/2. When 0 < r <1
and when 2 < r < 3 (i.e. when we are in the case (5.3)), we already know the best possible estimate. It remains
to study the case 1 < r < 2 or only the case % < r < 2 using Lemma 9.1. Note that we are in the case (5.4).
First we prove the following:

Lemma 9.2. Assume that % <r<2. Fig N > Tl—s and choose N := 2N'. Given t € [0,2), it is not possible
fort, t4+2,---, t+ 2N to be all in Bs.

Note that Lemma 9.2 implies that the energy achieves zero in time at most 2N + 2, but is weaker than (5.5).
Proof of Lemma 9.2. Assume that 3/2 < r < 2. Assume that t, ¢t +2,---, t+2N =t + 4N’ are all in B3 and
assume that ¢t € [(3no+1)T, (3no+3)T). It is interesting to distinguish the two cases t € [(3no+1)T, (3no+2)T)
and t € [(37L0 + 2)T, (37L0 + 3)T).

Assume first that ¢ € [(3ng + 1)T, (3ng + 2)T"). Then, using that 2 = 3¢T + rT with T < rT < 2T,

t+2¢€[(Bno+1)T+3¢T+T,(3ng+ 2)T + 30T +2T).
Since t + 2 is in Bs, this gives that
t+2 € [3ngT + 30T + 2T, 3noT + 3¢T + 3T).
Using that ¢ + 4 is in B3, we obtain

t+4¢€BneT + 3T+ 60T+ T,3n¢T + 3T + 64T + 2T).
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Then we can easily prove by induction that for all m € {0,--- , N’} we have
t+4m € [3ngT + 3mT + 6mlT + T, 3ngT + 3mT + 6mlT + 2T).
Thus, for all m € {0,---, N’} we have
3ngT +T < t+ (2r —3)mT < 3ngT + 2T, (9.5)
and for all m € {0,---, N’ — 1} we have
3(no+ 0T +2T <t+2+ (2r —3)mT < 3(no + £)T + 3T. (9.6)
Assume that 3 < r < 2. Since t > 3(ng + 1)T', we easily derive from (9.5) that
3noT +T + (2r — 3)N'T < 3ngT + 2T,

which contradicts our choice of N. When 1 < r < %, the reasonment is identical. And then we can treat

similarily the case t € [(3ng + 2)T, (3ng + 3)T). O

However we did not use all the informations we had: we only used the fact that ¢,¢t +4,--- ,¢t + 4N’ were
in Bs. Now we prove the following optimal result:

Lemma 9.3. (i) Let N} be defined (5.5) and Nt := 2N/}, — 1 Then given t € [0,2), it is not possible for t,
t+2,---,t+ 2Ny to be all in Bs.

Proof of (ii). Moreover there exists a non empty interval I C [0,2) such that mx(I) C Bs for all k& € {0,---,
Np — 1}, where 795 denotes the translation of 2k.

Note that Lemma 9.3 implies that if you choose initial conditions supported in I, then E,(2Nr) = E,(0)
whereas for every solution v, E,(2Np + 2) = 0.

Proof of Lemma 9.3. (i) It is based on (9.5) and (9.6). Assume that 3/2 < r < 2. Assume that ¢,t +2,---,
t + 4N’ — 2 are all in Bs. Note that it implies that ¢ + 4N’ is also in Bs (indeed if t’ € B3 and ¢’ + 2 € Bs, we
can deduce, using 3/2 < r < 2, that ¢ +4 € B3). Then we derive from (9.5) and (9.6) that

t+(2r — 3)N'T < 3noT + 2T, (9.7)
and

t+24 (2r —3)(N' = 1)T < 3(ng + )T + 3T. (9.8)

But we easily verify that (9.8) implies (9.7) since r < 2. Then, using t > 3(no + 1)T and 2 = 3IT + T, we
deduce from (9.8) that

3nT + T + (2r — 3)(N' — 1)T < 3noT + (3 — )T,
thus (2r — 3)N’ < r — 1. But N} (defined by (5.5)) is the smallest integer such that
(2r — 3)Nj > 7 — 1.

Hence it is not possible for ¢,¢ +2,--- ,t+ 4N} — 2 to be all in Bs.
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(ii) On the other hand, it is possible to find a small interval I C B3 N [0,2) such that for allt € I, t,t +2,-- -,
t+ 4N —4 =t+2(Np — 1) are all in Bs. Indeed consider t' := (1 +€')T, with ¢’ > 0 (and small). Then (9.8)
is satisfied for N' := NJ. — 1:

T+24+2r=3)(N' -1)T=T+3T+rT+ (2r—3)(Np —2)T <3T+ (14+r+r—1-2r+3)T
= 30T + 3T}

hence

(1+&T+2+ (2r—3)(Np —2)T < 3(T + 3T
if &’ is small enough. Moreover

1+eT+2=30T+ (r+1+¢&)T > 3T + 2T.
Thus, for ¢’ small enough, we have

T+ 2T < t' +2 <t/ +2+ (2r — 3)(Nj — 2)T < 3¢T + 3T,
T <t <t +(2r—3)(N,—1)T < 2T,

hence we deduce from (9.5-9.6) that ¢/,¢' +2,--- ,t' +4(N} — 1) are all in Bs. O

10. PROOF OF THEOREM 2.3 WHEN ¢ = 2 (LOCALLY DISTRIBUTED ON-OFF FEEDBACK)

The previous proofs were based on the d’Alembert’s formula, which is not valid for the solutions of (1.2).
Hence we will need the following useful caracterization of uniform exponential decay of the energy by an
observability inequality. This generalizes the classical caracterization known in the case of time independent
feebacks (see Haraux [8]). Since it is completely general, we set it in a general case.

10.1. The useful tool

Let Q be an open bounded domain of RY and w an open subset of Q. Consider the problems

ue — Au = —a(t)xo(x)ur on Q@ x Ry,
u=0on 0N x Ry, (10.1)
w(0) = u® uy (0) = ut,

¢tt—A¢=OODQXR+,
¢ =00n00 xRy, (10.2)
$(0) = ¢o, ¢ (0) = ¢1.

Then:

Proposition 10.1. Assume that the function a : Ry — Ry is bounded and periodic of period T. Then there
exists T* = K*T for some K* € N and C > 0 such that for all (¢o, ¢1) € Ha(2) x L2(£2)

E,4(0) gc/o */a(t)aﬁt(x,t)zdxdt (10.3)
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if and only if the solutions of (10.1) decay uniformly exponentially to 0, that means if there exists Ty > 0 and
§ > 0 such that for all (u®,u') € H} () x L%(Q), we have

Vi >0, Ey(t) < E,(0)edT), (10.4)

This property is well known in the case of time independant feedbacks (i.e. when the function a remains constant
with time) and the proof is easily adaptable in the case where a is a time periodic function. To be complete,
we give the proof of Proposition 10.1 in Section 13.

Now consider again 2 = (0,1) and the function a : Ry — Ry defined by (1.3). It is natural to look first to
the uniformly distributed case before studying the locally distributed case.

10.2. Proof of Theorem 2.3 when q = 2 and w = (0, 1)

In this section we consider the case where the feedback is uniformly distributed in (0,1). Using Proposi-
tion 10.1, to prove the uniform exponential decay of the solutions of (1.2), it is sufficient to prove that the
solutions of (2.6) satisfy

0) < c/o /Qa(t)d>t(:n,t)2 dx dt (10.5)

for some T* > 0. Equation (10.5) follows from 5.1, but there is also a simple direct proof based on spectral
decomposition that we recall here: usual computations give that all the solutions of (2.6) are

oo
Z (A, cos(knt) 4+ By sin(krt))v/2sin(knz),
k=1

and their energy (that is constant with time) is

'ﬂ' oo
272 (Ax? + B?).
k=1

First let us observe that we can assume that 7" < 1: indeed if T' > 1

/ / b (x,t)? dzdt = / / ( kwAksin(lmt)+kﬂBkcos(k:ﬂt))\/isin(kwx)>2d:vdt

ZkQ 2(— Ay sin(knt) + By cos(krt))? dt
0 k=1
T o= 20 4 2 2
= 7Zk (Ap? + Bi?) = Ey(0).
k=1
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Now assume that 7' < 1 and compute the right-hand side of (10.5) with T* =T

/0 /Qa(t)qﬁt (z,t)? dzdt = /0 /Q (;(—kﬁAk sin(knt) + kn By, cos(kwt))x/isin(kwx)) dz dt

T o0
= / Z k%m?(— Ay sin(kmt) 4+ By, cos(knt))? dt
0

k=1
= Z k*(anAr® + BeBi® + 2c Ak By),
k=1
with
T 1 7. T
=5 = o [Sln(?kﬁt)} ,
B == L + [Sin(?kmﬁ)}
2 km ’
1
T = [cos(kaf)}o

Let us denote the symmetric matrix

ar Yk T
g ( Y B ) g o

The matrix M}, has two real eigenvalues ry < si. The proof of (10.5) will be complete if we prove that there
exists @ > 0 such that 7, > o > 0 for all k£ € N*. Indeed, if we denote ¥, := (A, Br) € R2, and (- | -) the
euclidean product of R?, we have

T o] 00
/ / a(t)py(x,t)’ dedt =72y K (Mk | wk) > oY KA (A + Bi®) = 20E(0).
0 Q k=1 k=1

So let us study the eigenvalues of Ny; the trace of Ny is equal to 0, thus Ny has two opposite eigenvalues. We
compute its determinant to know them:

1 _ 2 2] (sin(kaT)\>
det Ny, = TeiE? |:([Sln(2k‘ﬂ't)]0> + ([cos(?kwt)]()) } =— <T .
Hence
T |sin(knT) T sin(knT) T
= — — — | = — — > .

T 2kr ' 2 (1 wr |) 22O

where
o sin(kwT) | sin(knT)
Cr = st}ip orT ‘ = max enT < 1. O

10.3. Proof of Theorem 2.3 when q = 2 and w = (1/2 — A,1/2 + ) in the case 1/T ¢ 2N
Write

1=2T +rT, with 0<r<2. (10.6)
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Then we have the following:

Lemma 10.1. When 0 < r <1, let N, the smallest integer such that rN, > 1, and when 1 < r < 2, let N, the
smallest integer such that (2 —r)N, > 1. Then for allt € [0,1], a(t) +a(t+1)+---+alt + N,) > 1

Proof of Lemma 10.1. We let it to the reader since it is very similar to Lemma 6.1: denote Go := U, [2nT, 2nT +
T) and By := Ry \ G, and verify that, given ¢t € [0, 1], it is not possible for ¢, t+1, -+, t+ N, to be all in By. O
Now we are ready to prove that (10.3) is satisfied with T := N, + 1.
First verify that ¢:(x,t + 2) = ¢¢(x,t), and ¢i(z,t + 1) = —¢p:(1 — x,t). Then using the fact that w is
symmetrical with respect to 1/2, we obtain that

/¢t(!ﬂ,t+1)2dx:/¢t(:p,t)2dx

Therefore we have

N (m+1)T
/ / )iz, t)? dodt = > a(t)/ ¢ (x, 1) dz dt
m=0"mT hd
Ny 1
= / a(t +m) / ¢ (z,t +m)*dadt
m=0"0
Ny

1
= /at+m/ b (z,1)% da dt
m=0"0
- 1
( at+m>/¢t($,t)2dxdt2/ /¢t(x,t)2dxdt.
=0 w 0 w

Il
o\ﬁ

But from 5.1, we have

1
/ / d)t(l',t)Q dx dt Z C)\Ed)(O)
0 w

Once again there is also a simple proof based on spectral decomposition:

/ /gzﬁt z,t)*dxdt = / /ZZ —km Ay sin(knt) + kn By, cos(knt))

k=1 1=1
(=Ilr Ay sin(int) 4+ Imw By cos(Imt)) (2 sin(krx) sin(lrzx)) da dt

= Z Z </0 (—km Ay sin(knt) + kmw By, cos(knt)) (—lm Ay sin(int) + lw By cos(Int)) dt)

( /w 2 sin(knz) sin(Inz) dx) _

It is easy to verify first that when k = {:

1 2
/ (—km Ay, sin(knt) + kn By, cos(krt))? dt = %kz(AkQ + B,
0
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and

. 2, o kSin(2kTA) < B
/WQSm(km:) dz =2\ (1 (-1) “ohrn > 201 —Ch)

(remember that C < 1); next when k # [, we verify that
1
/ (—km A sin(knt) + kn By, cos(kmt)) (—lm Ay sin(int) 4+ In By cos(Imt)) dt =0
0
if k41 is even, and
/ 2sin(krx) sin(imz) de = 0

if k+1is odd. Hence

1 o0 . [e%¢)
/ /(;St(x,t)zdxdt = M) (A + B (1 - (1)’“%) > Am(1 = C)) Y KA + B
0 w k=1

10.4. Proof of Theorem 2.3 when q = 2 and w = (1/2 — A\,1/2 + A) in the case 1/T € 2N
and 2A < T

Now we assume that
1=2T and 2A<T. (10.7)

We will construct some solutions ¢ of (2.6) such that E(0) # 0 and such that

-
vT* > 0, / a(t)/ ¢7(x,t) dadt = 0. (10.8)
0 w

It will first prove that Theorem 5.2 is optimal. Moreover it implies that ax,¢;: = 0. Thus ¢ is also solution
of (1.2) with Ey(t) = E4(0) > 0 for all t > 0, which proves Theorem 2.3 when ¢ = 2 in this case.
First remark that, since 1 = 2¢T'; a is 1-periodic, thus to obtain (10.8), it is sufficient to prove

1 , -
/0 alt) /w 602 (x, 1) dadt = 0. (10.9)

Let us consider f : (—1,400) — R an absolutely continuous function (that we will choose later) such that
f' € L2 (—1,00) and such that f is 2-periodic. Then we define

loc

oz, t) = ft+z)— f(t—x), (z,t) €(0,1) x Ry.

We easily verify that ¢ is solution of (2.6). Note also that

1 3/24A
E,(0) = /_ (s as = / F(s)2ds, (10.10)

—1/2-A
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and
1 =1 .2m4+1)T 1/24X
2 _ ! ol 2
/0 alt) /w ¢t(x,t)dxdt—m§:0: /2 oy /1 b ) = )P st (10.11)

For all m € {0, ..., — 1}, we have

t e (2mT, (2m + 1)T) (10.12)
x€e(1/2—=X\1/2+ )
t+x € (am,bm) :=2mT+1/2—=X\,2m+ 1T +1/2+X)
t—2 € (om, Bm) == (2mT —1/2— X\, (2m + 1)T — 1/2 + A)
Using that 2\ < T, we verify that
“12-dA=ap<fo<or <..<a_1<fi-1<ayg<by<ay<..<b_1<3/2-\ (10.13)

Then we denote

-1 -1
A= ( U (am,bm)> U (U (amaﬁm)> :

m=0 m=0

Now we choose f. It is sufficient to determine f(s) for s € (—=1/2 — X,3/2 — A) since f is 2-periodic. First we
decide to choose f(s) = 0 for all s € A so that, from (10.11) and (10.12), we have (10.9). Then we can choose
fon (=1/2—X3/2—X)\ A such that f(—1/2—X) = f(3/2 — X) and E4(0) # 0. It is possible from (10.10)
and from (10.13) since it implies that (—1/2—X,3/2 — X) \ A # 0. O

10.5. Proof of Theorem 2.3 when q = 2 and w = (1/2 — X\,1/2 4+ A) and 1/T € 2N and
2A>T

We assume that
1=2¢/T and 2\ >T. (10.14)

Then Theorem 2.3 when ¢ = 2 follows directly from Proposition 10.1 and Theorem 5.2. O

11. PROOF OF THEOREM 5.2 (OBSERVABILITY INEQUALITIES)
Notations and preliminaries

We will first consider smooth solution ¢ of (2.6) and next we will deduce the result for all solution ¢ of (2.6)
with (¢o, ¢1) € HE(0,1) x L%(0,1) by an argument of density.

Assume T = 1/(2¢) and 2X > T. There exists A’ such that A > X' > T'/2. We introduce 6 = X' —T/2 > 0
and n = 0/8.

We can apply Theorem 5.1 to the interval (a’,b') = (1/2 — N,1/2+ X) in space and (1,1 — T — ) in time,
since we have

1—T—2n>2max(a’,1-0)=1-2\.

Hence there exists C' > 0 such that, for all solution of (2.6),

1-T—n pl/24N
/ #7(z,t) dzdt.
1/2—N

E4(0) < C/

n
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For all smooth solution ¢ of (2.6), we also define
Y(z,t) € [0,1] x Ry, f(x,t) = ¢Z(x,t) + 2 (x, 1).

So the starting point of the proof will be the following inequality: there exists C' > 0 such that, for all smooth
solution ¢ of (2.6),

1-T—n p1/24N
Es(0) < C / / f(z,t) dadt. (11.1)
n 1/2—-N

Step 1. The main step of the proof is the following lemma (proved in Sect. 11.1):

Lemma 11.1. Using the previous assumptions and notations, there exists C > 0 such that, for all smooth
solution ¢ of (2.6),

-2

(2p+2)T+n  ,1/2+X =1 2p+1)T—n ,1/2+)N
/ / f(z,t)dadt < CZ/ / f(x,t) dadt. (11.2)
( 1 2 1

p=07 Cp+1)T—n J1/2-N p=0"2pT+n /2=N

If we combine (11.1) with Lemma 11.1, we obtain: there exists C' > 0 such that, for all ¢ solution of (2.6),

1-T—n pl/2+N =1 2p+1)T—n p1/2+N
Ey(0) < 0/ / f(x,t)dadt = C Z/ / f(x,t) dzdt
n 1/2—=N p=0 2pT+n 1/2—=N

=2 (2p4+2)T+n ,1/24+N
+C Z/ / f(x,t) dadt
1

p=0 2p+1)T—n /2=X\
=1 @p+))T—n p1/24N

< / / O (2,) + ¢5 (2, ) dadt. (11.3)
p—=0"2pT+n 1/2—=X\

Step 2. We use the following lemma (proved in Sect. 11.2):

Lemma 11.2. Forallv >0, >0 and for allv <T) <Ty, v < a<f<1-—v, there exists C. > 0 such that,
for all smooth solution ¢ of (2.6),

> B To4v pB+v
/ / 2 (x,t)dedt < C. / ¢F (x,t) + ¢ (z,t) dadt + & E4(0). (11.4)
T « T —v a—v

For all p € {0,...,1 — 1}, we apply Lemma 11.2 to Ty = 2pT +n, To = 2p+ )T —n, a =ad’ =1/2— X and
B =0 =1/2+ X and with 2v < min(n, A — )’). Combined with (11.3), this gives: for all ¢ > 0, there exists
C. > 0 such that, for all ¢ solution of (2.6),

IN

=1 2p+1)T—n+v ,1/24N 4v
B0)< €. Y / / G2, ) + ¢ (a, t) dadt + € E(0)
p=0 2pT+n—v 1/2—=XN—v

IN

=1 2p+1)T—n+v p1/24A—v
C. Z/ / @7 (z,t) + ¢*(z,t) dodt + & E4(0).
p=0 2pT+n—v 1/2—X+v
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If we chose ¢ small enough, we deduce: there exists C' > 0 such that, for all smooth solution ¢ of (2.6),

=1 2p+1)T—n+v pl/24A—v
/ &7 (x,t) + ¢ (x,t) dadt. (11.5)
1

By(0) < CZ/2

p—=0 pT+n—v /2—=X+v

Moreover by density, this inequality still holds for all solution ¢ of (2.6) with (¢o,¢1) € HE(0,1) x L?(0,1).
Step 3. Now we use the following lemma (proved in Sect. 11.3):

Lemma 11.3. Let I' G I C [0,T'] with T" > 0 and let o' G w C (0,1). Assume that there exists C > 0 such
that, for all ¢ solution of (2.6) with (¢, 1) € Ha(0,1) x L?(0,1),

E40)< C /¢§(x,t)+¢2(:c,t)dxdt. (11.6)
1" Jw!

Then there exists C' > 0 such that, for all ¢ solution of (2.6) with (¢o, 1) € Ha(0,1) x L?(0,1),
/ ¢*(z,t)dzdt < C // ¢7 (x,t) dedt. (11.7)
I Jw’! IJw

If we apply this lemma to w’ = (1/2 = A+ v, 1/24+ X —v), w = (1/2 =\ 1/24+AN), I' = Ué;lo[2pT +n—-v,
Cp+1)T —n+v)and I = U;;% [2pT, (2p 4+ 1)T], equation (5.13) follows directly from (11.5), which ends the
proof of Theorem 5.2.

11.1. Proof of Lemma 11.1

The proof is divided in two steps.

The first step is based on a method introduced by Haraux in [9] that consists of exchanging the role of the two
variables « and ¢. In [9], Haraux used this method to an estimate of an integral over (0,1) x (T/2 —v,T/2+v)
(for some v small) by an integral over (a,b) x (0,7"). Here we use it to obtain an estimate of an integral over
(1/2-46/2,1/2+§/2) x (0, T) by an integral over (1/2 — X 1/2+ A) x I. The proof is based on Lemma 11.4.

In the second step, we estimate the integral over (1/2—X,1/24 ) x (0,T) by an integral over (1/2—46/2,1/2+
0/2) x (0,T). In the case of [9], we had directly an estimate of the integral over (0,1) x (0,7") by an integral
over (0,1) x (T'/2—v,T/2+ v) that followed from the energy equality obtained when we multiply the equation
by ¢: and take the integral over x € (0,1). Here the role of « and ¢ are opposite. So the proof is based on
Lemma 11.5, that gives the equality that we obtain when we multiply the equation by ¢, and take the integral
over ¢.

Step 1. In a first step, we will prove the following inequalities: there exists C' > such that, for all solution ¢
of (2.6),

Vpe{l,...;l—=2}, Yte[p+1)T —n,2p+1)T+T/2],

1/245/2 2p+1)T—n ,p1/24+XN —n

/ flz,t)de < C / f(z,0)dzdo. (11.8)
1/2—5/2 (2p+1)T—3n J1/2—N+n

Vpe{l,...,1—2}, Vte|2p+1)T+T/2,2p+1)T + 1),

flz,t)yde < C
/2=6/2 (2p+2)T+n

1/2+6/2 (2p+2)T+3n  ,1/2+N —n
/ / f(z,0)dzdo. (11.9)
1 1

/2=XN+n

Proof of (11.8). The proof is based on the following lemma (proved in Sect. 11.4):
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4 -9 (.1)
— flz,t)dz <0.
At Jary-g)

369

We can apply this lemma for all ¢, £ such that 0 <t —& < (' —a’)/2 = N, and take the integral between t¢ and

t such that ty < ¢, which gives:
Vto,t,& such that 0 <ty —&<t—& <N,

1/2+4X —(t=¢) 1/2+X —(to—¢€)
/ flz,t)da < / flx, to)de.
1/2=XN+(t—€) 1/2=X+(to—£)

For all p € {1,...,1 — 2}, we choose

te[p+ 1T —n,2p+ )T +T/2], and €€ [2p+1)T —4n,(2p+ 1)T — 21,

and we take tg = £ + 7. Note that ¢y € [(2p+ 1)T — 35, (2p+ 1)T — n].
Under condition (11.11), we can verify, using the definition of 7,

T 1)
OSU:tO*fﬁt*fﬁ5+477:X*§§X~

Therefore we can apply (11.10), which gives: for all ¢, ¢ satisfying (11.11),

1/24 N —(t—&) 1/24X —n
/ fatydo< [ f(a, € +n) dr.
1

[2-N+(t-¢) 1/2-X+n

From (11.12), we deduce that, for all ¢, ¢ satisfying (11.11), we have

%—A’Ht—&)é

N Y R ey

N
| >
N —
N

which implies

1/248/2 1/24X —(t=£)
/ flz,t)da < / flz,t)de.
1

/2-5/2 1/2=N +(t—£)

On the other hand, using the average formula, we have:
3¢p such that 2p+1)T —3n <& +n < (2p+1)T —n and

1/24X —n 1 2p+1)T—n p1/24X —n
/ f(z, & +n)de = / / f(z,0)dzdo.
1 ( 1

/2—X+n 2n 2p+1)T—3n J1/2—X+n

(11.10)

(11.11)

(11.12)

(11.13)

(11.14)

(11.15)

Since & € [(2p+ 1)T — 4n, (2p + 1)T — 2n], we can choose £ = & in (11.13), and using (11.14) and (11.15), we

obtain (11.8).

Proof of (11.9). We can prove (11.9) by a similar proof proceeding backward in ¢.
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Step 2. We use the following lemma (proved in Sect. 11.5):
Lemma 11.5. For all 0<T; <T5 and for all zg € (1/2 — X ,1/2+ X),

T 1/2+5/2 1/24N
flzo,t)dt < = / (x,t) dedt + / fz,T1) + f(x,T2) dz.
iy 1/2—6/2 1/2—N

For all p € {1,...,l—1}, we apply this lemma to T} = (2p+1)T —0; and To = (2p+2)T + 02 where we choose o1
and o5 as following: using the average formula, there exists oy such that 2pT+n < (2p+1)T—01 < (2p+1)T—n

and
1/24+)\ 1 (2p+1)T—n  ,1/2+X
[t )T - o) de = / [ st doat
1/2—\ T—2n 2pT+n 1/2—\

and there exists o3 such that 2p +2)T+n < (2p+2)T 4+ 02 < (2p+ 3)T —n and

1/24N 1 (2p+3)T—n  p1/2+4N
/ flx,2p+2)T + 09)da = / / f(z,t) dadt.
(

1/2—N T—2n 2p4+2)T+n J1/2—N

Applying Lemma 11.5 and using that 01,09 > 7, we deduce, for all g € (1/2 - XN ,1/2+ X),

(2p+2)T+n (2p+2)T+o02 1 (2p+2)T+o2 ,1/246/2
/ flzo,t)dt < / flxo,t)dt < / / f(z,t) dadt
(

2p4+1)T— (2p+1)T—0 0 Joptiyr—or J1/2-6/2

1/2+4X
+/ flx,2p+1)T —01) + f(z,2p+2)T + 02) dx

1/2-N
(2p+1)T—n  1/245/2 1 [@pE)T+n 1/2+5/2
< = / f(z,t)dzdt + = / [z, t) dedt
0 Japr1)T—01 J1/2-6)2 0 Jepriyr—n Jij2-s/2

5
(2p+2)T+n 1/2—6/2

1 Cp+1)T—n  p1/24XN 1 (2p+3)T—n  p1/2+N
+ T / / [z, t) dedt + / / f(z,t) dadt.
2

—2n pT+n 1/2=N T—2n @2p+2)T+n J1/2—X

1 [@pTHo2 1/245/2
/ f(z,t) dadt

We use that 2p+ )T — o1 > 2pT + 1, 2p+2)T + 02 < (2p+ 3)T —n and that 1/2 - X < 1/2-§/2 <
1/246/2 <1/2+ XN, to obtain

@p+1)T—n  ,1/246/2 @2p+1)T—n  p1/2+N
/ / f(z,t)daedt < / / f(z,t) dadt,
(2p+1)T—01 J1/2—6/2 2pT+n 1/2—XN
and
(2p+2)T+o2  p1/2+68/2 (2p+3)T—n  p1/2+X
/ / flz,t)dadt < / / f(z,t) dadt.
(2p+2)T+n  J1/2—5/2 (2p+2)T+n J1/2-N
And using (11.8) and (11.9), we obtain, for all o € (1/2 —X,1/2+ X),

fzo,t)dt < C f(z,t)daedt + C
2p+1)T—n 2pT+n 1/2—X (2p+2)T+n

(2p+2)T+n 2p+1)T—n  p1/2+XN (2p+3)T—n  pl/2+N
/ / / f(z,t) dadt.
(

/2=

Finally, taking the integral over zo € (1/2 — X,1/2+ X’), we obtain (11.2). O
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11.2. Proof of Lemma 11.2

We use a localization argument like in Haraux [9]. We multiply equation (2.6) by ¢ and we use the relations

¢tt¢ = (¢¢t)t - (25% and ¢a:a:¢ = (¢¢a¢)x - (bi We obtain
62 = & — (60): + (662 )e-
Let ¢ be a fixed C* function compactly supported in (o« — v, 8+ v) x (T4 —v,To + v) such that 0 < ¢ <1 on

(a—v,f+v)x (Th —v,To+v)and ( =1 on (o, 8) x (T1,T2). We multiply the previous equation by ¢ and
integrate it over (z,t) € (o — v, 8+ v) X (Ty — v, Ta + v), which gives

/TT2 /j ¢2 dedt = / / P2 ¢ dadt < /T2+V /ﬂﬂ $2¢ dadt

Totv ﬁ+u
/ / ¢t (0t)e + (¢¢>z)x)(dxdt

Tatv Bty
/ / $2 dzdt (11.16)

To4v  pB+v To+v
/ / (61):¢ dadt| +

B+v

(¢¢2)2C dadt| .

Moreover we have

To+v  pB+v To+v pB+v
(pde )¢ dxdt| = / / ()¢ daedt
To+v B+v
<3 I\Ctlloo/ / (¢ + ¢7) dadt. (11.17)
And we also have, for all € > 0,
To4v  pB+v Tod+v pB+v
(0hz)oC dudt| = (¢¢)Ce dadt
Totv  pB+v Totv pB+v
< _HCQ:HZ / / $* dxdt—i—a/ / ¢ dzdt. (11.18)
Then Lemma 11.2 follows from (11.16, 11.17) and (11.18) with ¢ chosen small enough. O

11.3. Proof of Lemma 11.3

The proof is based on a compactness argument. We assume that (11.7) is false. Then for all n € N, there
exists ¢, solution of (2.6), such that

Vn € N, //qbi(z,t)dzdt:l (11.19)
I Jw

and Vn € N, //(d)n)tz(x,t) dzdt < 1 (11.20)
IJw n
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We introduce, for all ¢ solution of (2.6),

|W@:A/ﬁ@ﬁ+&@0MM

From (11.6), it defines a norm that is equivalent to the norm FE,(0) on the closure X of the space of all solutions
of (2.6). From (11.19) and (11.20), the sequence (¢n, (¢n)t)n is bounded in X. So, for a subsequence still
denoted by (¢n, (¢n)t), we can verify that

(Dny (Dn)t) — (b, ¢¢) weakly in X as n — +o0,

where ¢ is a solution of (2.6).
We will prove the following contradiction:

2 —
/I/w¢ (z,t)dzdt =1, (11.21)
and
V(:L',t) € (07 1) X R+a (i)(l',t) =0, (1122)

which will prove Lemma 11.3.
First, from (11.6), there exists C,C’ > 0 such that, for all n € N,

Kf‘Aw&@ﬁ+wﬁuﬁmm=%%TWM®SW%%SO.

Therefore (¢,,), is bounded in H*((0,1) x (0,1 — T)), and consequently precompact in L?((0,1) x (0,1 —T)).
We deduce that, for a subsequence still denoted by (¢,,), we have ¢,, — ¢ strongly in L2((0,1) x (0,1 —T)) as
n — +o00. Then (11.21) follows from (11.19).

On the other hand, equation (11.20) implies that (¢,); — 0 strongly in L?(w x I) as n — +oo. Thus we
have ¢, =0 on w x I and ¢ is solution of (2.6) with (4(0), ¢:(0)) € Ha(1,0) x L?(0,1).

One can construct a sequence of smooth solutions of ¢¢ of (2.6) with (¢¢(0), ¢£(0)) € H?(0,1) N H3(1,0) x
H}(1,0) such that

(d)ead):) - (¢a ¢t> as € — 0;

and such that ¢f = 0 on we x I, where w’ x I' C we x I, C w x I for all € small enough.
We denote ¢ = ¢%. Then we have ¢ = ¢£0 on I’ x w’ and ¥° is solution of (2.6) with (¢€(0),5(0)) €
H}(1,0) x L?(0,1). Thus we can apply (11.6) to ¥¢, which gives:

50 < C [ [ @00+ @t dedt =0

We deduce that ¢f = ¢ = 0 on (0,1) x Ry. Therefore ¢ = 0 on (0,1) x Ry. And since ¢ is solution
of (2.6), it implies (11.22) , i.e. $ =0 on (0,1) x R4. (Indeed, we deduce —¢zq(z,t) = 0 on (0,1) x Ry with
$(0,) = ¢(1,£) = 0.) =



STABILIZATION BY ON-OFF FEEDBACKS

373
11.4. Proof of Lemma 11.4
For all ¢,£ such that 0 <a' + (t — &) < b — (t — &) < 1, we compute
d Y-t-9 , . V-(t-8) g
T A L N e R (C N R BN UL
—(eF+02) 0 = (1= ).t) = (¢F + 02) (@ + (t = ©).1)
—(t=9
+ /a'+(t.5) (2¢t¢tt + 2¢x¢xt) (z,t) dw,
= (0 +02) (V' = (t =) t) = (0F + 62) (@ + (= ©)1)
+2 (600 ) = (£ = €),8) =200 ) (@ + (£ = €),1)
b —(t—€)
2 t\Pit — Pxx ’ d
I A GRS R
2
(@ =t =) = et — (t = ).1))
(ol + 1=+ bula’ + (1 -0)0) < 0. O

11.5. Proof of Lemma 11.5

Multiplying equation (2.6) by ¢, and integrating over t € [T1, Ts], we obtain, for all z € (0,1)

1d [T
2dz Iy, (07 + ¢2)dt = [Qﬁt%}

t=T5

t=T,

Thus, for all g,z € (0,1),

T> Ts Y=o
faotydt= [ f@tderz [1 7 (0000) 072 - (6002 )0 T
T1 Tl y=x

For all xp € (1/2—N,1/2+ X'), the integral over x € (1/2 —6/2,1/2+ §/2) gives

1/246/2 r=1/246/2 py=xzo
5 [ oyt = / / flot)dude +2 [ [ (0000.2) - @000 1)) dyd,
T 1/2-6/2 e=1/2-6/2 Jy

=z

Using that 2|¢i¢,| < f and that (zo,2) C (1/2 — N,1/2 + X) for all 2y € (1/2 — N,1/2 + X') and all
r € (1/2-0/2,1/246/2), we deduce:

T 1/2+6/2 =1/2+45/2 | py=mo
1) f(zo,t)dt </ / f(z,t) dxdt—l—/ / fly, Te) + f(y, Th) dy| d=
Ty 1/2—6/2 x=1/2—-6/2 y=x

1/2+5/2 1/2+X\
/ / fla,t) dadt +5/ fy, o) + f(y, T1) dy.
1/2-68/2 1/2=X

12. TOOLS FOR THE PROOF OF THEOREM 2.3 AND THEOREM 2.4

When the feedback is uniformly distributed in the domain (A = 1/2), the proof is the same than in the case
q=2 (take T* =T).
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When the feedback is locally distributed in the domain (w = (1/2 — A, 1/2 + ) with A < 1/2) and T is not
an exceptional value:
(

S |

then there exists N such that for all ¢t € [0,1], a(t
and we deduce that (5.7) is satisfied with T* := N,
When

2

1P
) +1)+---4a(t+ N,) > 1. (compare with Lem. 7.1),
th

+
+ 1, (the proof is the same as in the case ¢ = 2).

U% and (¢ — 1T < 2,

then first we apply Theorem 5.1 and we obtain that for all solutions ¢ of (2.6):

T
20 < ¢ [ [ oanana
n w

where T is chosen like in the remark following Theorem 2.4. Then applying the method used for prove
Theorem 5.2 and the fact that (¢ — 1)T < 2\ , one obtain (2.10).
At last, if
1
— E U N and (¢—1)T > 2\,
p= 1
then following Section 10.4 we can construct a solution of (1.2) whose energy remains constant with time.

13. PROOF OF PROPOSITION 10.1 (LINK BETWEEN STABILIZATION AND OBSERVABILITY )

13.1. Equation (10.3) implies (10.4)

Assume (10.3). Given (u’,u') € H}(Q) x L?(Q), we want to prove that the energy of the solution u of (10.1)
decays exponentially to 0. Set k& € N (k will be chosen later): since

/ . / a(t)u? dzdt = Ey(0) — By(KT*) < By (0),
0 w

there exists some p € 0,--- ,k — 1 such that

(p+1)T~ 1
/ / a(t)us? dadt < EEu(O)

pT™*

Choose (¢o, ¢1) such that the solution of (2.6) satisfies (¢(pT™), d+(PT*)) = (u(pT™*),us(pT™)), and consider
w:= u — ¢: w satisfies

wy — Aw = —a(t)xw(x)up on Q x Ry,
w=0on 0 xRy, (13.1)
w(pT™*) =0 = w(pT™).

Note that

/ w2 dx < 2/ w + ¢ da < 8E,(0).
Q Q
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Hence

t

Vit > pT*, Ey(t) — Ey(pT™) = —/
pT™

/ a(t)uzwe dzdt.

Thus for all t € (pT™*, (p+ 1)T*),

(p+1)T" 1z (p+1)T" 1z
E,(t) < / /a(t)zut2 dzdt / /wt2 dzdt
pT™* w pT* w

1/2
<supva (%Eu(m) T E0) = ZEw0) (13.2)

Hence using the assumption (10.3) on the problem (2.6), the periodicity of a, and (13.2), we obtain that
(r+1

yr*
Wt > pT*, Ey(t) = Eo(pT") < C / / a(t)g2 dadt
p w

T
(p+1)T" 9
< C/ / (2a(t)y' + 2a(t)wt2) dxdt
pT* w

2 20T™
< TCEu(O) +2C sup aC—Eu(O). (13.3)

Vk
Hence using (13.2) and (13.3), we obtain that

IR

Vt e (pT*, (p+ 1)T%), Eu(t) < 2E4(t) + 2B, (t) < ( R

1
) B.0) < 3E.0)
if k£ is large enough. Hence

E,(Th = kT") < -E,(0),

N | =

and this implies (10.4) using the periodicity of a. O

13.2. Equation (10.4) implies (10.3)

Set (¢, ¢1) € HE(Q) x L3(2). Let y be the solution of (10.1) with (u% u') = (do, #1). Set T* > 0. We
deduce from (10.4) that

/ " / au? dzdt = E,(0) — By (t) > (1 —M=TNE,(0) > =E,(0) (13.4)
0 w

if T* is large enough. Choose such T*. (Note that T* is independent of (¢, ¢1).) Then we want to prove that
there exists C' > 0 (independent of (¢, ¢1)) such that

.
E.(0) = Ey(0) < 0/0 /aqﬁtzdxdt.

Using (13.4), it is sufficient to prove that there exists C' > 0 such that

T* T
/ / au? dzdt < C/ / ad)tQ dzdt.
0 w 0 w
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Once again consider w = u — ¢; w is solution of
Wi — Aw + a(t) o (x)we = —a(t)xw(x)dr on Q x Ry,
w =0 on 0N x Ry, (13.5)
w(0) = 0 = w(0).

Hence

T T T
Ey(t) = E,(0) — / / aw? dadt — / / apyw; dzdt < / / al¢iw,| dzdt.
0 w 0 w 0 w

Set € > 0: then we have

o—
/ w2 dx < 2E,(t) <2 / a|prwy| dedt
Q 0 w
1" 2 r 2
< - agpy” dxdt + ¢ awy” dzdt
€Jo w 0 w
1" 2 ) 2
< - a¢” dzdt + esupa wy dxdt,
€Jo w 0 Q

hence integrating over (0,7*) and choosing € > 0 small enough such that eT*supa < 1, we find that there

exists C > 0 such that
T T+
/ /wfdxdt < C/ /aqsfd:cdt.
0 Q 0 w

Note that C depends on T but not on ¢. Now we can easily conclude

T T T
/ / au? dzdt < 2/ /(agf)t2 + aw,?) dadt < C’/ / ad,? dadt,
0 w 0 w 0 w

and that gives (10.3) through (13.4). The proof of Proposition 10.1 is complete. O
The authors are grateful to V. Komornik and E. Zuazua for their comments and suggestions on this work.
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