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Abstract

We consider the problem of the wave equation with Neumann boundary
condition damped by a locally distributed linear damping a(x)u’. When the
damping region w := {z,a(x) > « > 0} contains a neighborhood of the bound-
ary of the domain, E. Zuazua proved that the energy decays exponentially to
zero. Using a piecewise multiplier method introduced by K. Liu, we prove that
the energy decays exponentially to zero under weaker geometrical conditions.
We give explicit examples when the domain is a polyhedron, and in the case
of a disc. The proof is based on the construction of multipliers adapted to the
geometrical conditions.

1 Introduction

Let © be a bounded domain in RY of class C*'. The problem of stabilization of
the wave equation with Dirichlet boundary condition damped by the use of a locally
distributed feedback has been studied by several authors. Consider

v — Au+a(z)u’ =01in Q,
u =0 on 01, (1.1)
w(0) = u®, ' (0) = ul.

Set a > 0 and define
w:={zx € Q,a(x) > a}. (1.2)

As usual define the energy of the solution by

E(t) = %/Q(u’2 + ]Vu\Q) dx

It is easy to see that if w = (), the energy decays exponentially to zero. E. Zuazua
[12] proved that this holds true under weaker geometrical conditions: it is sufficient
that w contains a neighborhood of the part I'(z%) of the boundary T of ) defined by

[(z%) = {z € 09, (z — 2°) - v(z) > 0}, (1.3)
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where 2 € RY and v(z) represents the outward unit normal vector at x € 9. His
proof is based on the construction of an adequate multiplier, and can be adapted to
the more general case of the following semilinear wave equation :

u’ — Au+ a(z)u’ + f(u) =0 dans Q x Ry,
u =0 sur 002 x Ry, (1.4)
u(0) = u’,u'(0) = u',

under suitable assumptions on the function f.

Recently, K. Liu [6] studied the observability of a class of partial differential
equations. He extended the results of E. Zuazua [11] weakening the geometrical
conditions on the localization of the observation region : using a piecewise mul-
tiplier method, he obtained the property of observability under very general and
easily verifiable geometrical conditions. K. Liu and M. Yamamoto [7] combined this
method and non harmonic analysis results developped by V. Komornik [4] to estab-
lish the observability of the system of the wave equation with Dirichlet boundary
condition under the same geometrical conditions with very precise estimates of the
minimal time T needed for observability (that is : the system is observable in time
Tif T > Tp.

On the other hand, C. Bardos, G. Lebeau et J. Rauch [1] proved that if Q2 and a
are analytic, the energy of solutions of (1.1) decays uniformly exponentially to zero
if and only if the damping region satisfies the ”geometric optics condition”. Their
proof is based on microlocal analysis techniques.

Now we consider the problem of the wave equation with Neumann boundary
condition damped by a locally distributed feedback :

u — Au+a(z)u + qu=0in Q,
Oyu =0 on 01, (1.5)
u(0) = u®, ' (0) = ul,

where ¢ : Q@ — R, is a nonnegative and nonzero function. We define the energy by

E(t) = %/ (u'Q + |Vul? + qu2> dx. (1.6)
Q

E. Zuazua noted that the method he used in [12] to study (1.1) can be adapted to

prove that the energy of the solutions of (1.5) decays exponentially if the damping

region w contains a neighborhood of the whole boundary of €2, but the question of

exponential decay remained open in the case where the function a is equal to zero

on a part of the boundary.

The result of C. Bardos, G. Lebeau et J. Rauch [1] can still be adapted to (1.5)
when the domain €2 and the function a are sufficiently smooth.

In this work, by adapting the piecewise multiplier method to the difficulties related
to Neumann boundary condition, we give sufficient geometrical conditions under
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which the energy of the solutions of (1.5) decays exponentially (with an explicit decay
rate). Then we apply our results to some examples, constructing explict multipliers
that are adapted to the given domain. This gives an answer to a question raised
by E. Zuazua in [12]. In the same way, one shall study the decay rate of solutions
of the semilinear wave equation with Neumann boundary condition damped by a
nonlinear feedback a(x)g(u'). We applied also this method of adapted multipliers
to obtain some results for the stabilization of the wave equation with a boundary
feedback (see [8]).

2 Main result

Let © be a bounded open domain in RY, and w a subdomain of Q. Let a,q: Q —
R4 be two nonnegative continuous functions. We assume that z — a(x)q(x) is not
identically equal to zero.

We consider the problem of the wave equation with Neumann boundary condition
damped by a locally distributed linear feedback

v — Au+a(z)u' + a(z)g(z)u =0 in Q x Ry,
d,u =0 on 0N x Ry,
u(0) = u®, 4/ (0) = u'. (2.3)

As usual, we define the energy by

1
E(t) = 3 /g)(u/2 + |Vul? + aquz) dzx. (2.4)

We will use the following notations :

e -y represents the euclidean scalar product of z by y in RV,

o ifQ); C R¥ is a Lipschitz domain, vj represents the outward unit normal vector
to the boundary 0€;,

e if O C RN and z € RY, d(z,0) = infycolr — y|, and N;(O) := {z € RV :
d(z,0) < e} .

Geometrical conditions : assume that the following geometrical conditions on
Q) and w are satisfied :

e () is convex or of class C1'l. (Then there exists a unique solution u(t) of the
problem (2.1)-(2.3), and w satisfies the following regularity

u e LRy, H*(Q))

with some sg > %; this regularity is sufficient to justify the computations we
will do.)
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e there exist ¢ > 0, n > 0, subdomains Q; C 2,1 < j < J, with a Lipschitz
boundary 992}, associated functions ¢; € C*(Q;) and constants y; such that

(2.5)

Agj(z) — pj > n in Qj,
21,j(%) — Ag;(x) + pj > 1 in Q,

where \; ;(x) represents the smallest eigenvalue of the symmetric matrix D?¢;(x).

Moreover we assume that

QN =0ifi 7, (2.6)
w D QNN[UTHE) U (2\ 0], (2.7)

where
Dl (¢)) = {o € 09 : 9, 6,(x) # 0. (2.8)

Our main result is the following :

Theorem 1. Assume that the conditions (2.5)-(2.7) are satisfied. Assume that the
function a is bounded from below by a positive constant a on w :

a(z) > a >0 onw. (2.9)
Then the energy decays exponentially : there exists a positive constant v such that

E(t) < B(0)e! . (2.10)

Remark. This generalizes the result of E. Zuazua [12] who considered the case
where w contains a neighborhood of the whole boundary.

In the following, we give some examples of application of our result : first we
consider the case of a polyhedron, and next we consider the (more difficult) case of
a disc.

3 Examples of convenient geometrical conditions

The case where w contains a neighborhood of the whole boundary (treated by E.
Zuazua [12]) corresponds to the case where we have only one subdomain €2; equal
to 2, and we choose

o1(x) = —lxr — xO\Q.

Indeed

1
Vo e Qp, A¢i(xz) =1and A\ 1(x) = N
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Therefore choosing
1 1
e 1 _ d = -,
H N WENTTyN
we see that (2.5)-(2.7) are satisfied.
If the function a is equal to zero on a non empty open subset v of the boundary

I', w is no more a neighborhood of the whole boundary. In the following, our goal is
to construct ¢ such that its normal derivative is equal to zero on 7 :

Ap(z) —p>nin Q,
2\ (z) — Ad(z) + > nin Q, (3.1)
dy,¢ =0 on v,

where € is a subdomain of Q such that

NN IN = ~.

In particular, the conditions (2.5)-(2.7) are satisfied if the following simpler ones
are verified : there exist subdomains Q; C ©,1 < j < J with Lipschitz boundary
082, and functions ¢; € C*(Q;) such that

A¢]($) =1in Qj,
Al((ﬁj) = Inf {)\17]‘(.%),1‘ S Q]} >0 (32)
6V¢j =0 on 6Qj N of.

Then it is sufficient to define
M = 1-— Al((ﬁ]) on Qj.

This remark allows us to give a first example :

3.1 The case of a polyhedron

Let €2 be a polyhedron in RY. We denote (C})1<j<k the sides of Q and we fix a
point x; on each side. Let O; be a neighborhood of z; in RY such that the domain
1; := O; N is Lipschitz and satisfies

(8Qj M 89) C Cj.

(see Fig. 1)
Then define
1
¢j(@) = oyl — = ?
(3.2) is satisfied thanks to the choice of z; :
1
Ovpj(x) = N(m — zjlv(z)) = 0 on 082; N ON.
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Fig. 1 : Admissible polygonal domain

(w is represented by the hachured part.)

However, note that these special functions ¢; can only be used under very special
geometrical conditions (that are satisfied if the domain is for example a polyhedron),
but in general, we cannot find a point x; such that

(x — ;) -v(x) = 0 on a part of 0L,

for example if ) is a ball.

3.2 The case of a disc

If  is a disc in R?, it is impossible to find xj € R? such that
(x — ;) - v(xz) = 0 on a non empty open part of 0f2.

It seems also difficult to find functions ¢; that satisfy (3.2) (the assumption on the
laplacian of ¢; and the one on the normal derivative of ¢; seem difficult to conciliate).

Let Q be the disc D(O, R) centered at O and of radius R. Since € is simply con-
nected, the Riemann conformal mapping theorem (see, e.g., W. Rudin [10]) ensures
us that there exists a holomorphic bijection between D(O, R) and the half-plane
P :={Re z < 0} : for example, the function

z—R
DO, R
z € D(O,R) — s

z

eP (3.3)
is a holomorphic bijection between D(O, R) and P. Define
L e
V:Z EPr Z’Z’ :
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the function v satisfies

Ay =1in P,
M) =3, (3-4)
Op =1z v(2) =0 on OP.
This brings us to consider
z—R)2
: D(O,R . 3.9
¢:2€DO,R) |4 (3.5)
We have the following
Proposition 3.1. Set ¢ €]0,1[ and let Qy be the subdomain of Q0 defined by
1_
Q= {(2,9) €Q: (2= R +4? < —((&+ B> +*)"}. (3.6)

256
Then there exists 1 such that (¢, p1,1) satisfies (2.5) with some n > 0.

Remark. ) is a neighborhood of the point (R, 0); we will determine explicitly two
subdomains of ©; (see Fig. 2).

Proof of Proposition 3.1. In order to simplify the computations, we assume that 2
is the disc D(R, R); we define

_9R 2
@:zED(R,R)H‘Z R‘.

- (3.7)

Denote
Rez=zet Imz=y.

Easy computations show that

_ 16.R?

AD(z,y) = 400P(z) = %,
z
and

0P x? — 2Rx — 1
il YTy > el
o (Z’,y) R ’2‘4
0P x—R
— =8R .
3y (z,y) VT

Therefore we have the required property : since

(x —R)?+y* = R?ie 2%+ y* = 2Rz on 99,

we have
x? — 2Rx — 1 r—R
0, =4(x — R)——————% 4+ 8Ry*———
—2y? o — R
=4(z— R 8R =0 on 0f).
@ B + S = 0n
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Next we compute the Hessian matrix of @ :

8R _ p_ 422%(z—R) 8R (,,  day(z—R)
D*®(z,y) = i ij(y _R4xy(x|;|)2 ) ) Rié@ Ry4222(11)%)>

[e[* EN ER |2]?

[ed]

Its smallest eigenvalue is

_ 8R

Ai(z) = L

<R — /(x —2R)? +y2).

If (2.5) is satisfied on a subdomain €21, we can find u; such that

p1 < 1@?;2 —n dans )y, (3.8)
1 > 1&32 - % (R —/(z —2R)?> + yQ) + 7 dans Q. .
This is equivalent to say that
16R .. 16R?
sup {W (x —2R)? + 92,z € Oy} < inf {W,ze 0} (3.9)

This is clearly possible on a neighborhood of the point (2R, 0) (where the left-hand
side term is equal to zero). It remains to find the largest subdomain 27 on which
this property is satisfied. We note that

16R? 16R? 1

. 6
inf {W7Z € Q} =

Thus this means that
1 1
sup {—‘Z’4\/(x—2R)2+y2,z eM}< e (3.10)

We define 21 such that this property is satisfied.

Now consider the circle centered at O and of radius p < 2R:
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Fig. 2 : Graph of ©; (hachured part)

The circles D(R, R) and D(2R, R) intersect themselves at the points (3R, :l:@R),
whose modulus is Rv/3. Therefore, if Rv/3 < p < 2R,

sup { /(@ = 2R+ 77, (2.9) € 2N C(0. )}
= p—14$11p {V(x—=2R)%2+y2 (z,y) € 2NC(O,p)}.

The maximum is reached at the points where the circle C(O, p) intersects €2, which
are :

{(x—R)2+y2 = r2

z? +y? = p%
this gives
02
T=op and y = ++/p? — 22
Thus

%sup {(V(z =2R)2 + 42, ((z,y) € ANC(O,p)} = ﬂ'

P
The right-hand side term is equal to zero when p = 2R, and is nondecreasing when
p decreases. We check that if p = 1,86R, we have
4R? — p? 1
a4 < 3"
p 16R
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Hence the zone
{z€Q:|z| >1,86R}
satisfies the required geometrical conditions.

Now consider the circle C(2R, p'); we see that

1 o
— /(@ —2R)2+ 42 QNCQ2R,p)} = ———
sup {|Z|4 (ﬂf R) +y 7($,y) € mc( R’p )} (2R_p/)47
and
r ;2
if o < =R.
QR—p) “16R P S5

Hence the zone
2
{z€Q:|z—2R| > gR}
satisfies also the required geometrical conditions. O
Remark. Proposition 3.1 implies that if the function a is bounded from below by
a > 0 on the hachured part of the following disc (Fig. 3), then the geometrical

conditions required by Theorem 1 are satisfied, and the energy of weak solutions
decays exponentially to zero.

Fig. 3. Suitable geometrical conditions
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4 Proof of Theorem 1

First we verify that the problem (2.1)-(2.3) is dissipative :

Lemma 1.

YO< S <T < +oo, E(S / / Yu'? da dt. (4.1)

Proof of Lemma 1. We multiply (2.4) by v’ and we integrate by parts on Q x [S, T:

T T
/ / —au/? = / / ' (v — Au+ aqu)
S JQ s JQ

1 12 2 2 T
- [— W+ [Vl +aqu?| = B(T) - E(S). O
2 Q S

4.1 The piecewise multiplier method

Lemma 2. Let O C Q) be a Lipschitz domain.
Let h: O — R™ be a vector field of class C*. Set 0 < S < T < +oo. Then we have

the following identity :
T 2
/ / 20,uh - Vu+ (h-v)(w? = |Vul?)
S JoO
:[/2uh Vu //2au+quh Vu

Ohi Ou Ou
/ / (div h)(u'® — [Vul?) +2) ax’f Do Do (4.2)
ik v

Remark. The integrations by parts leading to (4.2) are usually done if O is of class
C?, and remain valid if O is only Lipschitz thanks to the results of P. Grisvard [3].

Proof of Lemma 2. This identity is given by the multiplier method : we compute

T
0:/ /Qh-Vu (" — Au+ a(u' + qu))
s JO

T T
= [/ 2u'h - Vu] —/ / 2u'h - V!
1) S s Jo

T T
—/ / 26,,uh-Vu+/ /Vu-V(Qh-Vu)+2a(u’+qu)h-Vu,
S JoO s JO

T T
:[/ 2u’h-Vu] —/ / 28,,uh-Vu—i—h-l/u’2
o s s Joo

T
+ / / (div h) W+ 2 Z(aihk Oiu Opu + hy, O 0; ku) + 2a(u' + qu) h - Vu,
s Jo »
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T T
—[/ 2u'h - Vul ‘/ / 20,u h-Vu+h-v (@’ —|Vuf)
1) S s Joo

T
+/ /(div B (' = [Vul?) + 23 B Oy B + 20t + qu) b - V.
s Jo "

Hence, we get (4.2) putting the boundary integrals in the left-hand side member. [

The main problem is to estimate the boundary integrals in (4.2). We will use the
identity (4.2) on each subdomain ;. In the case of the wave equation with Dirichlet
boundary condition, K. Liu [6] constructed a special vector field that allows us to
easily estimate the boundary integrals : they are nonnegative because u = 0 on
0NN {m-v <0} and h = 0 elsewhere (for more details see also [9]).

When we study the wave equation with Neumann boundary condition, this con-
struction is sufficient if w contains a neighborhood of the whole boundary of 2. But
in the other cases, we have to refine this construction :

set 0 < eg <e1 < &9 <¢; define for i =0 to 2 :

Qi =M., [ujr}(qﬁj) U (Q \ ujQ])] . (4.3)

Since (€2, \ Q1) N Qo = 0, we can construct a function ; € C§°(R™) that satisfies

G =100 0\ Q, (4.4)
;=0 on Q.

Then we use the identity (4.2) with O := Q; et h = hj(x) := ¢;(x)V;(x):

/T/ 26”'7u iV - Vu+ (Ve - Vj)(u/2 - ’VU‘Q)
s Joq,
— [/QJ 2u’¢j;¢j-Vu]§ /T/.Qa(ul QU)wj b5 Vu

T
, (V) du Ou
; ; 2 . (4.
—i—/S /Qj(dlv Y;Vo;)(u — |Vul?) + E oz, 9, Doy (4.5)

First we study the boundary integrals in (4.5). Thanks to our construction, we
see that

Yi(x)0y, ¢j(x) = 0 for all x € 9.

Hence the second term of the boundary integrals is equal to zero. On the other
hand, the first term is equal to zero on 9€; N 0§ thanks to Neumann boundary
condition. Since 1; = 0 on 992, \ 09, we see that the boundary integrals in (4.5) are
equal to zero.
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Then we deduce from the definition of 1); and of (4.5) that
T T
Z[ / 2u’¢jv¢j-w} +Y / / 2a(u’ + qu)i;Ve; - Vu
59, S T s Joy
4 2
+Z/ / A (u/ —\Vu]2)+2<D2qﬁj-Vu\Vu)
;s Japna
T
. ) o w]VqZ)J ou Ou
> Lo ¥ 9l RO Ve PR T

T
< CZ/ / o 4 |Vu? gc/ / WPV, (46)
j S Qijl S QﬂQl

(Note that Uj(Qj \Q1) =0\ Q1.)

Set 1 : Q — R a function of class C2, that remains constant on each subdomain
Qj .
p(z) = pj on §;.

Multiplying (2.1) by pu, we get that

/ST/Q—,u,ua(u'—i-qu)—/T/,uu(u”—Au)

= /uuu / / (—u? + |Vul?) + uVu - V. (4.7)
Define

h(z) :=j(x)Vo;(x) if z € Qj,
h(ﬂf) =0ifx € \ Uij,

and
M(u) :=2h - Vu+ pu. (4.8)

We add (4.7) to (4.6) and we get

[/ﬂu'M(u)]i:—i—/ST/Qa(u'—i—qu)M(u)

T
+ ZJ:/S /Qj\Ql(A(bj - M)UIQ + (u — Agj)|Vul* + 2(D2¢j ) Vu]Vu)

T
gc// WP+ | Vu)? +u? (4.9)
s Jaong,

(We used the fact that Vi =0on Q\ Q;.)
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Therefore we deduce from (2.5) that

[/ﬂu'M(u)]Z—i—/ST/Qa(u'—i—qu)M(u)

T T
—i—n/ / u? + |Vul? §C/ / W+ | Vul? + u.
s Joo s Jang
Hence

%Lng_uwaﬂz—Lééqw+wmﬂm

T T
+ C/ / u® + |Vul|? +u? + ?7/ / aqu®. (4.10)
S JONQ1 S JQ

This is the key inequality to prove (2.10).

4.2 Estimates of the right-hand side terms of (4.10)

It is clear that

‘Awamﬂgamw (4.11)

On the other hand, we have the following

Lemma 3. There exists a positive constant C such that, given § > 0, we have

[ [t vzl

C T 9 T
< —/ /au' +au2dxdt+5/ Edt (4.12)
Q S

Proof of Lemma 3. Set § > 0.

‘/ST/Qa(u’+qu)M(u)‘ < /ST/QgJW(u)2 + %(auﬂ—i—qauz). O

Using the estimates (4.11) and (4.12), we deduce from (4.10) that, if ¢ is small
enough, there exists a positive constant C' such that

T T T
/ Edt < CE(S) + C/ / aqu® + C/ / W + |Vul? do dt
S S JQ S JQNQ1

T T
< CE(S) + C'/ / aqu® + C/ / \Vul|? dxdt, (4.13)
s Ja S JONQ1

using the fact that a(z) > a > 0on QN Q;.

It remains to estimate the last term of (4.13) :
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Lemma 4. There exists a positive constant C such that, given § > 0 :

T T
/ / \Vu|?> dez dt < CE(S) + C’/ / W+ dr dt. (4.14)
S JONQ1 S JONQ2

Proof of Lemma 4. Since R"\ Q2 N Q1 = 0, we can construct ¢ € C5°(R™) that
satisfies

0<¢f<1,
52101'1@1,
£€=0onR"\ Qo.

Then we multiply (2.1) by &u to get :

/ST/Q—sua<u'+qu>=/ST/ﬂsu (" — Au)
= [/quu’}ZnL/ST/Q—fu/Q+Vu-V(§U),

- / f““’E+ /STE‘W / €(Tul? ) %mg

Hence we see that

[ Lo
< - [/ﬂ Eu u']: + /ST /Q —&ua(u’ + qu) + fu'z + %U2Af

T
gCE(S)+C// W +u? O
s JonQ,

Finally we adapt a method introduced by F. Conrad and B. Rao [2] to estimate
the last term of (4.14) :

Lemma 5. There exists a positive constant C' such that, given n >0 :

T C T 9 T
/ /auzdazdt §C’E(S)+—/ /au’ dxdt—i—n/ Edt. (4.15)
s Ja nmJs Ja s

Proof of Lemma 5. Set t > 0. We consider the solution z of the following elliptic
system :

—Az+aqz = au in Q, (4.16)
O0yz =0 on OS2 (4.17)

We multiply (4.16) by z and we get

/\Vz]Q—i-aqu—/auz.
Q Q
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Since x — a(z)q(x) is not identically equal to zero, there exists ¢ > 0 such that
2 2 2
41y < ¢ [ 95 + ag”.
Hence the Cauchy-Schwarz inequality gives us :

/z2 < c/ au®. (4.18)
Q Q

On the other hand, deriving with respect to t, we see that 2’ satisfies

—AZ' +ag? = au’ in Q, (4.19)
9,72 =0 on 9. (4.20)

/2'2 < c/ au'®, (4.21)
Q Q

Hence we deduce from this that

Next we multiply (2.1) by z :

T
O—/ /z(u”—Au—i—au'—i—aqu)
S JQ
T T T T
= [/ zu’} —/ /z’u’—/ /qu—f—/ /az(u’—}—qu)
Q s Js Ja s Ja s Ja
T T
= [/ zu’} —/ /z’u’
Q s Js Ja
T T
+/ /auQ—aquz—i—/ /az(u'—i—qu).
S JQ S JQ

[ oAl [ for [ fo

First we note that

Hence

[ =] < el iz < cB0).

Next we see that

T T 1/2 1/2
1 < 12 12
‘/S/Qzu_c/s</ﬂau) </Qu)
c [T ) T s ¢ T
§—/ /au' +c17/ /u'g—E(S)—i—an/ E.
nJs Ja s Ja n s

Finally we estimate the last term in the same way :

‘/ST/QCLZUI ; C/ST </Q u2)1/2 </Q au/2)1/2 < e /STE . %E(s).

We deduce (4.15) from (4.22) and from the last three estimates. O
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4.3 End of the proof of Theorem 1

Using (4.14) and next (4.15), we deduce from (4.13) that

T C T
/ Eg—E(S)+n/ E.
S n S

Choosing n small enough, and letting T go to infinity, we get that

o
/ E < CE(S); (4.23)
S
Hence we conclude using a well-known Gronwall type inequality that
V>0, E(t) < E(0)e'YC. O (4.24)
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