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A DAMPED HYPERBOLIC EQUATION ON THIN DOMAINS

JACK K. HALE AND GENEVIEVE RAUGEL

ABSTRACT. For a damped hyperbolic equation in a thin domain in R3 over a
bounded smooth domain in R?, it is proved that the global attractors are upper
semicontinuous. It is shown also that a global attractor exists in the case of the
critical Sobolev exponent.

1. INTRODUCTION

Let Q c R" for n < 2, be a bounded domain; let Q, C R"*t! | with ¢ > 0, be
a bounded domain which converges in some sense to Q as ¢ — 0 and consider
a damped hyperbolic equation on Q. with some boundary conditions. If Q.
is to be regarded as a thin domain in R"*! then the dynamics on Q. should
be determined from the dynamics of some appropriate hyperbolic equation on
the n-dimensional domain Q.

One objective in this paper is to extend our previous work [12] on thin do-
mains for a reaction-diffusion equation to a damped hyperbolic equation; in
particular, we consider the upper semicontinuity of the attractors for n =1, 2.
In addition, for thin domains in R3, we prove the existence of attractors in the
critical case where the growth rate of the nonlinearity is cubic. Existence in the
general case in R? remains an open problem.

To describe the results, we first define carefully the domains Q.. We assume
always that Q is at least a C2-polygonal domain; that is, a bounded open set in
R" with Q a curvilinear polygon of class C! [9, Definition 1.4.5.1]. Suppose
that &, is a positive number and g: Q x [0, &] — R is a function of class C?3
satisfying

g(X,0=0, go(X)z%i—(X,O)>O for X € Q,
g(X,e)>0 forXeQ, e (0, g].

For 0 <& <¢gp, let O, be the domain

(1.2) Q:={(X,Y)eR"™; 0<Y<g(X,¢), X eQ}

(1.1)

and denote by v, the outward normal to dQ,. Choose é > 0 so that é =
Q x (0, ) contains Q. for 0 < e <¢gp.
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For a a positive constant and G a function belonging to W!-(Q), we
consider the equation in variational form

(1.3), (U + Bus+ au, v) + (Vu, Vo) = (—f(u) = G,v) Vv e HY(Q,)

where (-, -) is the inner product in L?(Q,). The initial values for a solution
(u, u;) of (1.3); are in H'(Q,) x L*(Q,). The function f: R — R isa C!-
function satisfying

(1.4) limsupiﬁgo,
|x]|—+o00 X
(1.5) [f'(x)| <c(l1+|x|)") forxeR

where 0<jp<+oc if n=1,0<9p<2if n=2.
If the initial values are sufficiently regular, then equation (1.3), is equivalent
to
Uy + pus —Au+au= - f(u)— G in Q,
uf/dve=0 indQ;.
To describe the results and, at the same time, to provide motivation for the
equation on €2, we make the change of variables

(1.7) X=x, Y =g(x,¢)y

which takes Q. into the fixed domain Q = Q x (0, 1).
For 0 < ¢ < ¢, let X, be the space L?(Q) endowed with the norm || - ||x,
induced by the inner product

(v, w)yx, =/ ngdxa’y.
Q8

(1.6)e

This is an equivalent norm in L?(Q) since (1.1) implies that there are positive
constants ¢;, C; such that cje < g(x,¢) < Cie for x e Q, 0<e<g.

To rewrite equation (1.3),, we need the bilinear form a,(-, ) on (H'(Q))?
(which is derived from the form: (u;, u;) — er(VuIVuz +auiuy)dXdY by

the change of variables (1.7)):
@, w) = (L, ZPw)y, +alv, wx,

where .Z!/? is the gradient operator on H!(Q),
12 4 8 1

If we use this notation and let
(1.8) Ge(x,y) =G(x, g(x, e)y),
then equation (1.3); is equivalent to
(1.9), (g + By, v)x, +a(u, v) = (—f(u) - G, v)x, Yve H(Q).
If the initial data are sufficiently regular, then (1.9). is equivalent to
(1.10) Uy + pu+ Leu+aou=—f(u)— G, in Q
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with the boundary conditions

(1.11), Ou/Ovg, =B;u-v=0 onoQ
where v 1is the unit outward normal to 8Q and L. is the operator:
(1.12) L8=—§ div B;u
where
EUx, — 8x YUy
(1.13) B.u= | 8Ux, — &, YUy

— &x Vihx, — 8 Vihx, + £ (1+ (85, 7)* + (80,) )y

We also need to write equation (1.9). as an abstract evolutionary equation.
For notation, we let || < |lo,0, |l [li,0 and | - |l2,o denote respectively the
classical norms in L2(Q), H'(Q) and H?(Q). Relation (1.1) implies that
there are constants ¢, and &, 0 < & < &, such that, for 0<e<eg, x € Q,
we have

(1) %—'+%502, cls—i:SCz,
(1.14) 2 2
(ii) 1 (8| |8l s 1
g g g1 = 2e?

According to [12], a.(-, -) defines an unbounded linear operator 4, on H'!(Q)
which is selfadjoint, positive, A, = L.+l with Neumann boundary conditions,
and 2 (4)%) = H'(Q). By the definition of A)/?, we have, for all u € H'(Q),
the following relation: [a,(u, u)]'/? = ||42/*u|lx, . Furthermore,

(1.15)(i)

1 1/2 . 1 1/2
cs (Wl o+ ol o) <14 ul, < ca (1l o+ 5l o

For s = 1,2, let X be the space H'!'(Q) endowed with the norm ||u||x;
= |47 %u|lx, and let Y5 = (4 x (4F™"?) endowed with the norm
(e, Wiy = (lel}s + wl2.-)"/?. Clearly, ;! is isomorphic to H'(Q) x
L?(Q) . Let us point out that,e if the following hypothesis

(H) Q is a bounded domain which is a curvilinear polygon of
class C? whose angles are all convex [9, Definition 1.3.4.1]

holds, then the regularity results of [4, 6, 9] (see also [12, Appendix A]) imply
that

D(A,) = {uc H*Q): du/dvp, = 0in 8Q}
and Y2 is isomorphic to {u € H*(Q): 0u/dvg, =0 in 0Q} x H'(Q) . Further-
more, by Theorem A.2 of the Appendix, we have the more precise inequalities

(1.15)(ii)

12
. 1 1 ¢ 2 1 2
4] (“u”%,Q + 8—2||uy||3,Q + 2 Z luxyllo, o + 8—4||uyy||0,Q < || 4eulx, »

i=1
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1/2
N 1 1 « 1
l4eullx, < Ca (Hull%,g + glluyllé,g t3 Z luxyll, o + glluyyll%,g) .
i=1

With this notation, equation (1.9),, with initial data (¢, ) € Y} is equivalent
to the abstract evolutionary equation

(1.16), Uy + Bu + Acu = —f(u) — G,

To describe the results more precisely, we need more notation. For any
Banach space Z and any subsets C, D of Z, let

0z(C, D) =supinf|c—-d|z.
ceCc d€D

We say that a semigroup 7°(¢) on Z has a global attractor &/ in Z if &
is a compact, invariant set (7(¢)& = for ¢t > 0) and z(T(t)B, &) — 0
as t — oo for each bounded set B in Z . By definition, .%/ is unique in Z .
We say that T(t) is bounded dissipative in Z if there is a bounded set %, in
Z such that, for any bounded set B in Z, thereis a ty = to(B, %) such that
T(t)BC P, for t > 1y.

We introduce the operator Tg(f): (ug, u1) — (u8(t), ué(t)) € Y, , where ué(z)
is the solution of (1.16), with initial data (u#%(0), u$(0)) = (up, ;). Under
the hypotheses (1.4), (1.5), T:(¢) is a C%-group on Y;! and the positive orbits
of bounded sets are bounded (see, for example, [18, 20, 2, 3 or 22]). Moreover,
the semigroup T7,(¢) is bounded dissipative in Y and has a global attractor
&, inY!if n=1or n=2 and j <2 (see [10]).

Let us now turn to the limit equation that should correspond to (1.9), at
¢ = 0. After some careful consideration, one begins to suspect that the solutions
of (1.9); or, equivalently, for regular initial data, of (1.10),, (1.11)., for ¢
small, should depend very little upon y. To obtain the variational form of the
limit equation, let X, be the space L*(Q) endowed with the inner product

(v, w)yx, =/ grwdx.
Q

If we introduce the bilinear form
ap(v, w) = (Vxv, Vxw)x, + (v, w)x,,
then the variational form for the limit equation is
(L.17)  (uge + Buy, v)x, + ao(u, v) = (=f(u) — G(x, 0), v)x, Yve H(Q).

If the initial values are sufficiently regular and if we let Go(x) = G(x, 0), then
equation (1.17) is equivalent to the following equation on Q,

1 & .
(1.18) i+ Bty = =3 (8ot ), + ot = ~f(4) = Go_in Q2
i=1
with the boundary conditions
(1.19) du/on=0 onoQ,

where # is the unit outward normal to Q.



A DAMPED HYPERBOLIC EQUATION 189

We also need to write (1.17) as an abstract evolutionary equation. The bi-
linear form ay defines a unique unbounded operator 4y on H!() which is
selfadjoint, positive, A9 = Ly + ol with Neumann boundary conditions, with

1 n
Lou=—— golUx, )x;
0 gol;(o)c)x

and Z(4)*) = H'(Q).

As above, we can define the space Y§ = 9 (Af)/ Hx g (A(()S‘l)/ %) with the
norm ||(p, ¥)lly; = (||Af,/2(0”fy0 + IIASS_I)/Zy/HfYO)‘/Z. Clearly, Y/ is isomorphic
to H'(Q) x L*(Q). If, in addition, hypothesis (H) holds, then

D (Ao) = {u e HAQ): 9u/dn = 0 on 4Q},

and YZ is isomorphic to {u € H?(Q): 0u/dn =0 in 9Q} x H'(Q) . Equation
(1.17) is equivalent to the abstract evolutionary equation

(1.20) Uy + Bug + Aou = —f(u) — G .

Equation (1.20) has a global attractor &4 in YOl if n=1orn=2and y<2.
The attractor is naturally embedded in Y.

If we assume that the domain Q satisfies the hypothesis (H), then the oper-
ators T,(t), t > 0, are CO-semigroups on Y,g2 (see [2, 3, 7, 14]), are bounded
dissipative in Y2 and the global attractor & in Y, described above is also
the global attractor in Y (see [14, 7, 11, 23] for instance). In the case n = 2,
9 =2 for & > 0, the semigroup 7,(¢) has a global attractor %2 in Y2 [13]if
f: R — R is moreover a C2-function. If there is an attractor .%; in Y,! and if
the equilibrium points are hyperbolic, then % = £/ because of the gradient
structure (see Remark 4.3).

One of our results is

Theorem 1.1. Suppose Q satisfies hypothesis (H).
()Ifn=1or n=2 and 9 <2, the attractors &, are upper semicontinuous
at ¢ =0 that is,
5,@1(%,%) —0 ase—0.

(i) If n=2 and » =2, and if f: R — R is a C?-function the attractors
2 are upper semicontinuous at € = 0; that is,

Oy (A2, %) —0 ase—0.
Y, €

In a subsequent paper, we analyze the lower semicontinuity of the attractors
as well as the equivalence of the flows.

Under the general hypotheses (1.4), (1.5) in the case n =2, y = 2, it is not
known if a global attractor exists for (1.3), on a general domain in R3. If
the nonlinear function f satisfies some additional conditions (see Remark 1.6
below), we can use the arguments in Babin and Vishik [24, Chapter 11, §6] to
show that the global attractor does exist on a general smooth domain. For the
thin domains Q. , we prove that the additional restrictions on f of Babin and
Vishik are unnecessary to obtain the existence of a global attractor provided
that ¢ is sufficiently small. When the domain Q, is Q x (0, &), we can say
even more. Precise statements are contained in the following theorems.
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Theorem 1.2. If n =2, § = 2, then, for any By > 0, there is an &, = &, (o),
such that, for 0 < ¢ < &, B > Po, there is a global attractor &4, in Y} for
T:(1).

Let us point out that, if Q satisfies the hypothesis (H), then 2 = #/? (see
Remark 4.3), and, by Theorem 1.1, the attractors % are upper semicontinuous
at ¢=0.

Theorem 1.3. If n=1 or n=2, <2 and g(x, ¢) = ¢, then the attractors
&, are upper semicontinuous at ¢ = 0; moreover, if G(X,Y) = Gyo(X), then,
for any By > 0, there exists a positive constant & = &(Bo) such that, for
0<e<e, B> Py, wehave 4, = .

In the case where g(x, ¢) = ¢ and G(X, Y) is independent of Y, Theorem
1.3 asserts that, on the cylindrical domain Qx (0, ¢), the flow defined by (1.3),
is equivalent to the flow defined by the same equation on the n-dimensional
domain Q.

It is possible to consider other boundary conditions. The extension of the
above results to periodic boundary conditions is made in an obvious way. We
also can study mixed boundary conditions or Dirichlet ones. Let us denote
by I'; ;. (respectively I';), j = 0, 1, 2, the portions of the boundary of Q,
(respectively Q) given by

I'p. =Qx {0} (resp. I'h=Q x {0}),
T ={X,Y)eR"; XeQ,Y=¢g(X,¢)} (resp.T=Qx{1}),
.={X,Y)eR"; Xec0Q,0<Y < g(X,e)}
(resp.I, =90Q x (0, 1)).
We may define the corresponding unit outward normals v; . on I'; , (resp. v;
on I’ j).

The mixed problem that we consider is homogeneous Neumann conditions on

I’ ¢, j=0,1 and Dirichlet conditions on I'; .. To avoid excessive notation,

we do not formulate the variational form of the equation. If the initial data are
sufficiently regular, the equation is

Uy + pus—Au+au=— f(u)— G in Q,,
(1.6bis), u=0 inl, .,
ou/ovj . =0 inl;,., j=0,1.

In the new variables (x, y) of the fixed domain Q, this boundary value prob-
lem is

(1.10), Uy + Buy+ Leu+au=—f(u) — G, in Q
with the boundary conditions
u=0 inT,,
Ou/ovj p, =Bu-v;=0 inI;, j=0,1,

where L, and B, are defined, respectively, by (1.12) and (1.13). For ¢ small,
the solutions of (1.10),, (1.11bis), can be compared with those of the equation
(1.18) on Q with the boundary conditions

(1.19bis) u=0 indQ.

(1.11bis),
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Let ¥ be the subspace {v € H!(Q); v =0 in I';} and let 4, be the unique
selfadjoint unbounded linear operator on ¥, defined by the form a.(-, <) and
the space X;. We remark that Y,! = D(A,f./ 2) x X, is isomorphic to ¥y x L%(Q).
We denote by T.(z) the C%group on Y, generated by the abstract equation
associated with (1.10),, (1.11bis),. Likewise, we denote by A4; the operator
Loy+al with Dirichlet boundary conditions on 9Q and by Ty(¢) the C%-group
generated on Y{ = D(4y%) x Xo (Y] is isomorphic to HJ(Q) x L2(Q)) by the
abstract equation associated with (1.18) and (1.19bis). We still denote by %%,
0 < e <eép,and by & the global attractors of 7,(z) and Top(¢) in Y,! and Y,
respectively. Then Theorems 1.2, 1.3, as well as Theorem 3.1 and Corollary 3.2
below, hold for the case of mixed boundary conditions. Let us now assume that
the domains Q and @, satisfy the stronger hypothesis (H):

Hypothesis (H):

Q is a bounded domain which is a curvilinear polygon of class
C? whose maximal angle w satisfies w < n/2. If © is the
maximum of the dihedral angles determined by I'; , and Iy .,
we suppose that © < /2.

Then T,(¢) and To(z) are C%-groupson Y2 = D(A4,)x D(4)*) andon Y2 =
D(Ap) x D(A(l)/ 2) , respectively. Moreover, Theorems 1.1 as well as Theorem 3.4
and Corollary 3.5 below are true for mixed boundary conditions. We remark
that Y? and Y} are isomorphic to {u € H*(Q): u =0 in I';, 0u/dv; g, =0
in[;, j=0,1}x ¥ and to (H*(Q) N H(Q)) x H}(Q), respectively.

Let us now turn to homogeneous Dirichlet conditions; that is, after hav-
ing made the change of variables (1.7), we consider the equation (1.10); with
boundary conditions

(1.11ter), u=0 indQ.

Let A, be the unique selfadjoint unbounded linear operator on H}(Q) de-
fined by the form a.(-, ) and the space X,. We remark that Y,! = D(A;/Z) x X
is isomorphic to H}(Q) x L?(Q). We still denote by T,(f) the C%group on
Y, generated by the abstract equation associated with (1.10),, (1.11ter),. It
is well known that the attractors % existin Y,! if n=1o0orn=2, <2
(see [10]). In the case n =2, $ = 2, there is a partial answer to the question
of the existence of the attractor due to Babin and Vishik (see [24] and Remark
1.6). Here, we prove

Theorem 1.4. If n = 2, 5 = 2, then, for any By > 0, there exists a positive
number €, = &,(Bo) > 0 such that, for § > By, 0 < e < ¢, the semigroup T(t)
has a global attractor &4, in Y, .

For the Dirichlet case, the attractors are very small if ¢ is small as stated in
the following result.

Theorem 1.5. (i) The attractors &, of T¢(t) are upper semicontinuous at ¢ =0
that is,

JYEI('%,O)-"O ase— 0.
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(i) Moreover, if G, + f(0) = 0 for a positive number ¢ with 0 <& < &(Bo),
B> Bo, then s, =0.

In §7, we indicate some generalizations of the above results to systems of
Sine-Gordon equations which, with Dirichlet boundary conditions, have been
used as models for Josephson Junctions. Also, we remark that our proofs do
not rely on the gradient structure and can be applied to equations considered
by [7].

It is possible to replace the Laplacian operator by a more general selfadjoint
operator. Also, the theory can be adapted to other types of thin domains; for
example, the domain could be a cylinder with a thin wall. These topics will be
discussed in a subsequent paper.

In the sequel, the proofs of the results will be given mainly in the case n = 2,
since the case n =1 is simpler.

Remark 1.6. After this paper had been written, we became aware of the recently
published book of Babin and Vishik [24, Chapter II, §6] in which they have
proved the following result.

Let & be a smooth three-dimensional domain. Assume that the nonlinear
function f can be written as f = fy + f,, were fy, f; are C!-functions with
f1 satisfying the growth condition (1.5) with 9 < 2 and fy satisfying

f(0)=0, f(0)=0, fi(u)>0 forueRr,
[fo(ur) = fo(u2)] < cluy — ua|(1 + |uy| + |ual).
Under these assumptions and for any G in L%*(@), the equation
Uy + puy—Au+au=— f(u)—G ind&,
u=20 in 0@
has a global attractor in H}(&)x L*(&@) which is compact in (H}(Z)NH*(@)) x
H}(@). Although this result is interesting, not every function satisfying the
general hypotheses (1.4), (1.5) with 7 = 2 can be written in the above form.
For example, we can choose a C!-function f(u) satisfying
f(u) = u*(1 + cos(log(u/3k))) for |u| large

which does not have the above decomposition if & > 2. Therefore, in the
general case, the question of the existence of a global attractor in H} (&) x L*(@)
remains open.

2. BACKGROUND MATERIAL

Let A, be the operator in (1.16),, suppose that 4 € C([0, oo); L?(Q)) and
consider the nonhomogeneous linear equation
(21)8 un+ﬁu,+Agu= h(t)

In this section, we derive some inequalities which will yield estimates for the
solutions of (2.1),. Let ¢ > 0 and let 4, , > O be the first eigenvalue of A, .
Arguing as in §4.1 of [12], there is a positive constant & > 0 such that, for
0<e<eg, we have

(2.2) 0<32,0<A,:< 30,

where 4, ¢ is the first eigenvalue of the operator A4y given in (1.20). Through-
out the remainder of the paper, ¢, will be chosen so that (2.2) is satisfied.
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Lemma 2.1. If B > 0 and b is a nonnegative real number satisfying

(2.3) bgmm(ﬂ N V’“"),

8’48’ 4
then the following inequalities hold for (¢, y) € Y,!,
24)  le, W5 < 3R +2b(e, wix. + 3ol < 30, w5,
and
(2.5) (B —2b)llwlx, +2bB(p, ¥)x, + 2bllol%, > §lwik, +bliel, -

If we observe that 4; |¢ll%, < Il¢ll%, , the proof of this lemma is obvious.
Our estimates for the solutions of (2.1), will be obtained from the following

energy functional on Y,!,
(2.6) Ve(o, w) = 3llol5 +2b(0, w)x, + 3llvI,

with b satisfying (2.3). From (2.4), (V;(¢, wv))!/? is equivalent to the norm in
Y, .

Lemma 2.2. Suppose that 0
(u(t), u,(t)) be a solution of (

L), wo) < - o, - i,

+ 1A (D)llx, (2bNu()llx, + Nu(Dllx,) -
Proof. Let us recall that, if u is a function such that (u, u;) belongs to
L?((0, T);Y,}) and u,+A.u belongsto L?((0, T); X.), where T is a positive
constant, then
10

(2.8) 557

(see [7 or 23, Chapter II, Lemma 4.1]). Arguing as in [23, Chapter II, Lemma
4.1] (see also [11, §4.8]), and using the identity (2.8) and a density argument,
one shows that, if the initial data (u(0), #,(0)) belongs to Y,', then, for ¢ >0,
we have

d
7; ), w() < — (B - 2b) |k, — 20lullfy — 268 (u, u)x,

+ 1)l x. (2bllu(@)lx, + llu()]lx,) -
This inequality together with (2.5) implies (2.7) and the proof is complete.

It is worthwhile to remark that, if # = 0, then (2.7), (2.3) and (2.4) yield an
estimate for the solutions of the linear damped wave equation. In fact, in this
case, they imply that dV,(u(t), u,(t))/dt < —%bV(u(t) , U(2)) . Integrating this
relation and using (2.4) again, we obtain, for ¢t >0,

lI(u(t), w(O)lly, < V3e 23| (u(0), u(O)lly, -

< &, B > 0, b satisfies (2.5), and let

< e
2.1),. Then, for t >0,

(2.7)

1/2
(e, + 1142wl = (s + Agu, u))x,

3. UNIFORM BOUNDED DISSIPATIVENESS

The results of this section are concerned with bounded dissipativeness of
(1.16), uniform with respect to f and e. The first result is concerned with
Y,!. We give the proofs in the case n =2.
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Theorem 3.1. Fix ¢g > 0, Bo > 0. For 0 < ¢ < &, B > Bo, the system
(1.16) is uniformly bounded dissipative in Y. ; that is, there is a constant Ky =
Ko(eg, Bo) such that, for any B > Bo and any ry > 0, there is a constant
to = to(ro, Po) such that, for 0 < € < gy, any solution U(t) = (u(t), u,(t)) of
(1.16), with |[U(0)|lyy < ro, the following estimate holds

(3.1) U@y < Ko fort>1tq.

From Theorem 3.1 and the invariance of the global attractor & (if it exists),
we deduce at once the following result.

Corollary 3.2. For fixed ey > 0, Bo > 0, there is a constant K, > 0 such that,
Jor 0<e<eg, B> Po, if the global attractor &, exists, then

(@, Willyy < K1 forall (9, ) €.
Proof of Theorem 3.1. The proof follows closely the one of Theorem 2.2 of [13]

for a corresponding result on singularly perturbed hyperbolic equations. We
introduce the following energy functional on Y!,

V2. w)=lwlk +2b(0, wix, + 50l + (G, 0)x, + (F(9), Dx,

where F(u) = [y f(s)ds, 1 is the constant function one, and
(3.2) 0<b<min(B/8, 54;1,0/168, \/541,0/8).

To simplify the notation, ¢ with or without any subscripts will denote a
positive constant independent of b, ¢, B8, with 0 < e < ¢y, f > fo. Arguing
as in [23] and in the proof of Lemma 2.2, by using the identity (2.8) and a
density argument, one shows that, if U(0) = («(0), u,(0)) belongs to Y,!,
then, for t >0,

%Veb(U(t)) — (B = 2b) ik, — 2bllullyy — 268 (u, u)x,

(3.3) —2b(f(u), u)x, — 2b(G,, u)x,
= Bl blllRy 26700, wx, +251(Ge i,

IN

by (2.5).
From hypothesis (1.4), for any 5 > 0, there is a constant ¢, > 0 such that,
for v € R,

(3.4) { (i) —f)v <nu?+oy,

(i) —F(v) <nv+cy,
(see [15], for example). Using the inequalities (3.4)(i), (2.3) and (3.3) and
letting n = 34;,0/32, we obtain

LVA) < - bUORy +b (2L, + 261 )

+5 (Ll + nGuCo(Q)uluxg)

or,

d b
(3.5) ZVU@0) <=5 IU@I5, +eb fori>0,
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from the definition of 7 and (2.2). From the inequalities (2.4) and (3.4), the
definition of # and by the property (2.2), we see that

(3.6) RU@) 2 gluolz - c.
On the other hand, if condition (1.5) is satisfied, then
(3.7) |F(s)] < c3(Js|*+1) forseR.

Thanks to the fact that H'(Q) is continuously embedded in L?(Q) for 1 <
p < 6, it follows from (3.7) that

(3.8) [(F(9), Dx.| < calllelly, +1) forp € X
Using (3.8) and (2.4), we have
VPWU@) < 3NU@N5: + callu(e )II‘}Q +ca

i - 2 1 2
+ (3, + 51610 1,
<NUIR, + el + cs.

If we use (3.6) and let V (g, ) = V(g , w)+cy, then the last inequality implies
that

(3.9) IU@13: > es(VU@ON? =7
Using (3.5) and (3.9), we obtain

97 W) < ~bes( PN + bes

A simple exercise in differential inequalities (see, for example, [13]) shows that
there is a constant K independent~of e, B, b such that for any r > O,
there is a #) = #o(ro, b) such that V(U(t)) < Ko for ¢ > to(ro, b). Since
V(U(t)) > %—HU( )“Y‘ , Theorem 3.1 is proved.

We also need the following result.
Lemma 3.3. Fix ¢g > 0, Bo > 0. For any ry > 0, there is a constant cy(rp)

such that, for 0 < e <é&y, B > Po, the solution U(t) = (u(t), u,(t)) of (1.16),,
with |U(0)|lys < ro, satisfies

(3.10) /0 a1, ds < colro).
(3.11) U@y < colro) fort>0.

Proof. Using the classical Liapunov function V,2(¢, w) and arguing in the same
way as in the proof of Theorem 3.2, one shows that

VAU@) < v2U© )) fort>0,
/0 lud(s)I, ds < ZV2(U(0)),
and, for any (¢, y) €Y},

V°(<o w) <o, Wiz +cllollf + 1),
Ve, w) 2 glle, vl —c.

B
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These inequalities prove the lemma.

If we assume that Q satisfies hypothesis (H), then we know that the global
attractor % belongs to the space Y2 if n =1 or n =2 with § <2 (see [14
and 7]). Using a proof following the lines of Theorem 2.5 in [13], we prove
that & is uniformly bounded with respect to ¢ in the space Y2 .

Theorem 3.4. Assume that Q satisfies the hypothesis (H) and fix ¢y > 0. Then
there exist a constant K > 0 and, for any ry > 0, r, > 0, two positive constants
K3 (r1), K5(r1, r2) such that, for 0 < & < &y, any solution U(t) = (u(t), u,(t))
of (1.16), with |UO)lly; < ri, i = 1,2, satisfies the following estimate for
t>0,

(3.12) luall, + U@ < Ki(r) + K3 (r, ra)e™ "

In particular, the system (1.16), is bounded dissipative in Y? uniformly in ¢,
in the sense that there is a constant Kz > 0 such that, for any bounded set B in
Y2, there is a constant t8 =to(B, €) such that

I1T:()Uolly: < K3 fort>1;, Up€ B.

Using the invariance property of the attractors % (or /%), we deduce from
Theorem 3.4 the following result

Corollary 3.5. Fix ¢y > 0. For 0 <¢ < g, the following estimates hold,
(3.13) (e, Wy < K5 for(p,w)eifn=1orn=2and} <2,

(3.14) (e, wlly: <Ks for(p,w) e ifn=2, j=2.

Proof of Theorem 3.4. By hypotheses (1.4) and (1.5), the mapping f: w € X} —
f(w) € X, is a C'-mapping. Moreover, we show below that, for w € X2,

(3.15) 1 @)l x < 1+ lwliF w2

In fact, || f"(w)llzx, x,) < c(1+ IIWIIiw(Q))- Using the Gagliardo-Nirenberg
inequality and (1.15), we have
1/2 1/2 /2y, 111/2
lwllz=g) < clwlyig lwllig < clwlllwlys,
which gives (3.15).

If Up = (uo,u1), lIUolly; < ri, i =1,2, then the solution (u(?), /(1))

= T,(t)Uy belongs to C°(0, 0o); Y2), the function f’(u)u, belongs to
CY([0, o0); X;) and one may consider the following linear hyperbolic equation
(3.16) Zu+ Bzi+ Az = —f(Wu,
with z(0) = uy, z,(0) = —f(ug) — G¢ — u; — Azup. There is a unique so-
lution Z(t) = (z(t), z,(t)) of (3.16) which belongs to C°([0, cc), Y;!) (see,
for example, [19, Chapter 3, §8.4 or 23, Chapter 3]). It is easily seen that
Z(t) = (2(1), z:(1)) = (ur, un) -

Our next objective is to obtain a bound on || f'(u)u,||x, using (3.15) applied
to w = u(t). To estimate ||u(?)||x2, we use the fact that A,u = —f(u) — G, —
Bu; — u; to obtain

(3.17) lu(@)llxz < cUlf @O, + 1GellF, + Bz, + Iz:@0)1F)".



A DAMPED HYPERBOLIC EQUATION 197

Using (1.5) and the continuous imbedding of H'(Q) into L%(Q), we have, for
t>0,

(3.18) If @), < (1 + u@],)-
If we recall that z(¢) = u,(t), then property (3.15) with w = u(t) together with
the properties (3.11), (3.17) and (3.18) imply, for ¢t >0,
(3.19) ILf (w@)zOlz, < K5 (rollzOlF, (1 + 12011, + lz0%,)
where K3(r;) is a constant depending only on 7y, fy.
Let V.(¢, w) be the energy functional on Y,! defined by (2.6) with b sat-

isfying (3.2). Since (z(0), z,(0)) belongs to Y,!, the Lemma 2.2 implies that,
for t >0,

d ,
Dvz, 20 <~ Bhzd, — bzl + 17zl b1z, + lzx)
LTI 2 1 _Ell_) )22
< - S0z, + 120y + (5 + 3 ) L zIR,.

where all functions are evaluated at ¢. This inequality together with (3.19) and
(2.4) gives

d 2b * 2 * 2

7; V(75 2) < =5 + Ki(r)llzll, | Ve(z, z0) + Kg(r)ll 2], »

where Kj(r;) is a positive constant depending only on r; and f,. Integrating
this differential inequality, we obtain, for ¢ > 0,

Vi(2(1), z(1) < e=2Bels KimIz0lk dsy 0y 2,(0))
0o . o
+ K (r)el KO [T a6y, ds.

Since [ ||z(s)|1%, ds < oo by (3.10), the above inequality together with Lemma
2.1 implies that

IZ(®O)lyy < K5(r)UIZ(0)]ly, e + 11,

where K3(r;) is a positive constant depending only on r; and fy. Using this
inequality as well as (3.17) and (3.18) and the definition of Z(0), we infer that,
for t >0,
(3.20)

lall, + 10132 < Kg(r)

- 2 2
+ K5 (r)e P PlllunlZa + 1Gell, + lull, + 1 4zuoll%, + 11/ (uo)lI.1,

where K;(r;) and K3(r;) are positive constants depending only on r; and f.
Now inequality (3.12) is a direct consequence of (3.20). The bounded dissipa-
tiveness in Y2 is a consequence of (3.12) and Theorem 3.1. This completes
the proof of Theorem 3.4.

4. THE ATTRACTOR FOR CRITICAL EXPONENTS

In this section, we prove Theorem 1.2 about the existence and properties of
the attractor in the critical case n =2, y =2. For any u € L*(Q), let

1
(4.1) Mu=/0 u(x,y)dy.
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Lemma 4.1 [12, Lemma 3.1]). If u belongs to H/(Q), j >0, then Mu belongs
to H/(Q) and
(4.2) 1 Mullri) < lullmig) -

Moreover, there is a positive constant C such that, for each ¢ > 0, we have
(i) for any u € H'(Q),

(4.3) lu— Mullx, < Cellullx;
(ii) for any u € H*(Q) with du(x, 0)/0y =0,
(4.4) llu — Mul|x, + ellu — Mully) < Ce?|lulx -

We will need the following interesting result showing that the embedding
constant for the space {w € X}: Mw = 0} into L%(Q) approaches zero as
e—0.

Proposition 4.2. If n = 2, there is a constant ¢ > 0, independent of ¢ such that,
Jorany w e X! with Mw =0, we have

(4.5) wllzsg) < c&'Pllw| . -

Proof. We follow the proof of the Sobolev embedding theorem given in [1,
Chapter V]. We denote by x = (x;, X2, x3) the points of Q (instead of x =
(x1, x2, y) as before). Since Q has the cone property, by Theorem 4.8 of [1],
Q may be expressed as a union of finitely many subdomains each of which
has the strong local Lipschitz property (and therefore the segment property)
and each of which is itself a union of parallel translates of a corresponding
parallelepiped. As we want, at first, to show that, for any u € H'(Q),

1/3
2/3
llaell 77
Lz(Q)) @

it is sufficient to assume that Q is one of these subdomains. By Theorem 3.35
of [1] and a suitable nonsingular linear transformation, we may assume that the
parallelepiped involved is, in fact, a square S having edge length 1 unit and
having edges parallel to the coordinates axes e, e;. Accordingly, we assume
hereafter that Q = U(x1 x)E g((x1, x2) +S) where B is a subset of Q and that
Q has the segment property. Therefore, we have

0= |J x+85x(0,1)).

x€Bx(0,1)

ou
(9)(3

(4.6) lullLs) < ¢ (”u”U(Q) + ‘

We point out that we have not made any change of variables in the x3 direction.
Of course, it is sufficient to establish (4.6) for u in C~(Q). For x € Q, let
w;(x) denote the intersection of Q with the straight line through x parallel
to the x; coordinate axis. Clearly, w;(x) contains a segment of length % with
one endpoint at x, say the segment x +te;,0 < ¢ < %, where e; is a unit
vector along the x;-axis. Integration by parts gives, for u € C*(Q),

YT P
=%|u(x)|4—4/0 " (u (x+(% - z) ei)) % <u (x + (% - t) e,~)> dt.
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If we let X = (x2, x3), X2 = (X1, X3), X3 = (X1, X2) and set

Fi(%) = sup |u(z)?,

zEwW;(x)
then we obtain from the last inequality:
|Fi(%)? <2 |u(x)|* dxi + 4/ |u() | Dju(x) | dx; .
w;(x) w;i(x)

Integrating over Q;, the projection of Q onto the plane x; = 0, now leads to
[ iE@rds <2 [ ueotdx+ 4 [ ueopiDuco)dx.
Qi Qo 0

An application of Holder’s inequality gives

[ I dx <a | /Q ()| + D) x| . [ /Q )l d] "

By Lemma 5.9 of [1], we can write

3 3
lullSe ) = /Q u(x)[* dx < /Q T Fii)dx < [ 1Filliecon
i=1 i=1

3 1/4
<sx 2] ( [0 + ) ax) g,
i=1
which becomes

12x1/3 oo
@7 s < 8 (lullag + 10u/0x3lg)  lulifg,

which gives the estimate (4.6).
Let now consider an element w € X, such that Mw = 0. By Lemma 4.1,
we have

(4.8) lwllr2) + 0w /0x3]| 120y < Cﬁ““’”,\’el .
The proposition is a direct consequence of (4.6) and (4.8).

Proof of Theorem 1.2. To simplify notation, we let ¢ denote a generic constant
independent of ¢, B, 0 <& < ¢y, B > Py where ¢, Py are given positive
constants. Let V2 be the energy function used in the proof of Lemma 3.3. Let
Ky be as in Theorem 3.1 and choose R; so large that the set

%={p,v) el Vp.v) <R} = (V) (R)

contains the ball B, = {(¢, ¥): [l(¢, ¥)lly; < Ko} . The set %, is positively
invariant and is contained in a ball Bg, C Y.

We show that the global attractor % exists by showing that T(¢) is an o-
contraction on %] and then & is the w-limit set of % (see [11]). We use the
method of [21] (see also [11]) to show that 7.(¢) is an a-contraction.

We first estimate the norm of f(u + du) — f(u) in X, for |u + dully <
Ry, |lullyy < Ry. If u=v+w, du=9Jv+dw, with v,dv € MX!, w,



200 J. K. HALE AND GENEVIEVE RAUGEL
ow € (I-M)X]}, then using a Taylor formula, hypothesis (1.5) with % =2 and
Holder inequalities, we obtain

2

1
1f e+ 8u) — Fu)|l%, = /0 £ + s6u)duds

Xe

< c/(l + |u+Sul* + [ul*)(du)? dx dy
Q

< cllloull?z gy + (lw + Swlfs ) + [wllfs o) 1%l 36 g)
+(lv + 00112y + 101172 10Ul (@) 19Ul L2(g)] -
Using the continuous embedding of H!(Q) into L®(Q) and H'(Q) into L'?(Q)

together with Proposition 4.2 and the fact that |lu + dullyy < R, and |ju|/x; <
R, , we prove the existence of constants ¢ and C*(R;) such that

I/ (e + du) — f(w)llx,

* 2 2
< cllullx, + C*(Ra)[e3|ullx; + Iull Y 5ully].

(4.9)

Let V.(¢p, ) be defined by (2.6) and choose b as in the proof of Theorem
3.1 satisfying (3.2). Let U(¢)+dU(¢) and U(t) be solutions of (1.16), in %,
with initial data Uy + 0Uy and U, respectively. The function du(t) satisfies
the equation (2.1), with A = —(f(u + du) — f(u)). To apply Lemma 2.2, we
use (4.9) to obtain the following estimate
(4.10)

I/ (u+du) = f(u)llx, (2bl6ullx, + (6wl x,)

3b C*(R 284/3
< (? +3%> loulz: + %ll(éu)tllﬁg

3 oo (eraas . 16D 36C*(Ry)? )
+<2bc+7+C(R2) <8bs t =t oul, .

We now choose ¢; so that

bp
4.11 B3 P
( ) &= 24C*(R2)2
We note that we can always choose b so that b8 > c(fy) forall g > By, where
c(Po) 1s a positive constant depending only on fy and A; . Therefore, (4.11)
can be satisfied by €, = ¢,(fy). Likewise, we can show that the coefficient of
||6u||f“ in (4.10) can be bounded, for 8 > Sy, by a constant ¢;(f) depending
only on fy. If we now apply Lemma 2.2, taking into account the estimate
(4.10), we have, for 0 < & < &(Bg), for B > By, and for ¢ > 0, the following
inequality '

d

b
7; Ve 0u, (ou)) < —gll(fm)zlli — 3 ll6ul%; + ber(Bo)lloull, -

Using (2.3) and the inequality (2.4) of Lemma 2.1, this implies that

d 2b
77 V01, (0u)) < == Ve(du, (3u)) + bei(Bo)loullx, -
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Integrating this inequality and using (2.4) of Lemma 2.1 again, we infer that,
for t >0, for f > Bo, and for 0 < e < &, (fo),

16U} < de™2P|6 Tl + p'(U + 36U, U)

where

pP(U+6U, V)= (6¢1(Bo)lou(s)IIZ,) -

sup
0<s<t
We now show that p’(-, -) is a compact pseudo-metric on Y,' . It is obviously
a pseudo-metric. To show that it is compact, suppose that U,y is a bounded
sequence in Y,' and let U,(t) = T(¢)U, . Since positive orbits of bounded
sets are bounded, the sequence U,(t) is bounded in Y,! uniformly in ¢. This
implies that |J,c g+ U,>o #n(?) is precompact in X, and the family of mappings
un(-) € CO(R*; X;), n > 0, is equicontinuous from R* into X,. This is
enough to imply by the Arzela-Ascoli theorem that p’ is precompact.

If we choose t; so that 2e~%1/3 < 1, then T,(#)|%, is an a-contraction for
t>1 (see[21]or [11, p. 16]). This completes the proof of Theorem 1.2.

Remark 4.3. As we have remarked in the introduction, if Q satisfies hypothesis
(H) and if f is a C2-function, then, in the case n = 2, § = 2, there is a global
attractor %% in Y2 for T,(¢). Obviously, &2 C &%, . Since T,(¢) is a gradient
system, if all of the equilibrium points are hyperbolic, then they are finite in
number, say Ny, and bounded in Y,g2 (since (H) holds). Moreover,

= J Wi, 0

1<i<Ny

where W'(¢;, 0) is the unstable manifold of the equilibrium point (¢;, 0).
Using Lemma 6.7 of [2], one easily shows that W*(¢;, 0) C Y? and hence %,
is bounded in Y?. Therefore &%, C & = &,2.

Proof of Theorem 1.3. Assume that g(x,e) =¢. If u =v+w in (1.16),,
v=Mu,w= (- M)u,then v, w satisfy the equations

gy { @ B dow = —f10) - MLfl0 4 ) f(0) - MG
7 UG wa + B+ dew = (= M) (v + w) = f0)] = (I = M)G,

with initial data given, respectively, by (vg, v1) = (Muy, Mu;) and (wp, wy) =
(( = M)ug, (I — M)uy) .

We recall that 4,v = Agv . There is positive constant k3 such that the first
eigenvalue v, , of A4,|(/ — M) satisfies

(4.13) v e > k3/er.

We use the same notation as in the proof of Theorem 1.2, restricting the
solution U(f) to %, and selecting the ball Bg, in Y. so that %, C Bg,. Let
Vi(p, w) be defined by (2.6) and choose b as in the proof of Theorem 3.1. If
(uo, uy) € %y, then (u(t), u,(t)) € % C Br, and (w(t), w(t)) belongs to Bg,
and is a solution of (4.12)(ii). To apply Lemma 2.2 to equation (4.12)(ii), we
must estimate the quantity

P() = - M)f(v +w) = f)lllx, + (I = M)G,|lx.1(2bllwllx, + lw:lx.) -
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If we use (4.9), (4.11), (4.13) and considerations as in the proof of Theorem
1.2 (see (4.10)), we obtain the following estimate

3 3C*(Ry)%ed3 B
Py < (G + 2B Y g, + S,
32 16b  36C*(R,)?
+ <2bc+ T + C*(Ry)? (8bs4/3+ N + /32(19 2) )) w]%,
b 2 16be?
+ gl + Bk, + (54155 ) 10 - MGl

In the proof of Theorem 1.2, we have already remarked that we can choose b
satisfying (3.2) such that b8 > c(fy) > 0. Taking into account this remark, we
infer from the above inequality that, for 0 < ¢ < ¢;(fo),

(4.14)
P < 2y + 22w,
3C2 coroye (et 16 36C*(Ro)? )
+b(2c+ (ﬂ)+C(R) <8s m+ (Bo)? ))Ilwllxe
2 16bg?
+(5+ 2525 ) wa - anGul.

From (4.13), it follows that [|wl[|} < (¢?/k3)|w|%, . From this inequality and

(4.14), we deduce that there exists a positive constant &;(fy) < €;(Bp) such

that, for f > By, for 0 < ¢ <&3(foy), and for ¢ > 0, we have,

(1+&?)c
B

If we now apply Lemma 2.2, making use of (4.15) and Lemma 2.1, we deduce
that, for t >0,

3b 3
(4.15) P(t) < llwlif, + ﬂll wil%, + I - M)G,|5, -

d (1+é&%)c
-d_tl/;(w , W) < —%sz('w, wy) + g

Since (I - M)G, = (I — M)(G, — Gp) and

(4.16) I(1 — M)G]13, -

1'aG
Gulx . ¥) = Galor, y) = ye(x. o) [ ST 0x. selx. ew)ds,
we conclude that

(4.17) (I = M)Gellx, < ce.

Integrating the inequality (4.16) from O to ¢ and using (4.17) together with
(2.4) of Lemma 2.1, we obtain, for 0 < ¢ < &(fy), for t >0,

(4.18) WO, < 3e I ()31 + c2(Bo)e?

where W (¢t) = (w(t), w,(?)).
From (4.18) and the invariance of the attractor 2, it follows that

(4.19) (I = M) (9, W)I}) < c2(Bo)e® if (9, w) € 5%.
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Let us now suppose that U(t) = T,(¢)Up = V' (¢) + W (t) belongs to %, and
that [|W(2)|13, < c2(Bo)e? for all ¢. Then, by (4.18),

(4.20) (I = M)U@)II3,1 < 4ea(Bo)é?.
Let T be a positive constant. We now want to estimate the term
1Te()Uo — To(t)M Upllyy for0<t<T.

If To(t)M Uy = Vo(1) = (vo(), vor(2)) and Z (1) = (2(1), z:(1)) = V(1) — Vo(2)
then z(¢) is a solution of the equation
(4.21) Zy + Bzi+ Aoz = —M(f(u) — f(vo)) — M(Ge — Go)
Taking the inner product of (4.21) by z,, using the equality (2.8) and arguing
as in [23, Chapter IV, §1], we prove that, for ¢ > 0,

1d 1d

EEHZtHiZ(Q) + Bllzill 72 ) + 53;”2“1%1'(9)

= —(M(f(u) = f(vo)) + M(G; — Go), z/)x, -

Using (4.9) and (4.20), together with the fact that |G, — Go||x, < ce, we deduce
that, for 7 >0,

d d C(R 2
ail7 iz + g7l Ml < %[“Z”%ﬂm) +c3(Bo)e’] + ‘03(6;) —.

Integrating this inequality from 0 to ¢ and using (4.20) again, we see that there
is a constant K(R,, T, By) that depends only on R,, T and fBy, such that,
for 0<t<T,

K(R,, T)e?
B
Using the same type of argument as in [12] (see also the proof of Theorem 1.1),
the upper semicontinuity of .24 at ¢ = 0 follows from the attractivity property

of %% and the estimate (4.22).

Now suppose that G(X,Y) = Go(X). Then (I — M)G; = 0 and the in-
equality (4.16) implies that ||W(¢)|ly) approaches zero exponentially as ¢ — oo.
Thus, (I — M)(¢, v) =0 forall (¢, v) € & . Thus, & C & . Since & is
contained in ./, we have & = . and Theorem 1.3 is proved.

(4.22) IT:(2)Uo — To(t)M Up|l3, < +4c2(fo)e?.

5. UPPER SEMICONTINUITY OF THE ATTRACTORS
In this section, we prove Theorem 1.1. We need the following result.

Proposition 5.1. Let 0 < ¢ < ¢y, B >0 and assume that Q satisfies hypothesis
(H). For any r > 0, there is a constant k(r) > O such that, for any solution
Us(t) = (ub(2), ui (1)) of (1.16)., U*(0) = Uy, with ||Uolly: < r, we have, for
t>0,

(5.1) 1Ue(1) - U°(z)||§,£, < ek(r)ek
where U%(t) = To(1)MUy.

Proof. Let U%t) = (u%(¢), u(¢)). The function u°(¢) satisfies, for all v, €
H'(Q),

(upy, v1)x, + B(uY, v1)x, + ao(u®, vy) = (= f(u°) — Gy, v1)x, -
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If v = gv/egy with v in H'(Q), then

/Qeu,tvdx+ﬂ/—u,vdx+f SV ul vadx+a/gg u’v dx

= [ & —rau®) - 1 8x _ 8o ) 0
_/Qs(f(u) Go)vdx /in;(g go)uxivdx.

Since Mz belongs to H!(Q) if z isin H'(Q), and «° is independent of y,
this equality becomes, for any z € H!(Q),

(uy, z )xe + B, 2)x, + @, z) = (-f( %) = Go, 2)x,

(5.2) ~ Z ((gx, ng,) W Z)x _ Z (%ux, , yzy)

i=1

€

If we let z(f) = u(t) — u(t) , then z, belongs to H!(Q) and (5.2) implies, for
t>0,

(zee5 20)x, + (Bzs, z0)x, +ae(z, zi)
—(f(Z +ul) = f(u°, z)x, — (G, — Go, Zt) X,

Z 8 _ 8ox\ 0 ) Z (gx. )
+ — | Uy, Z + — U, ,¥yz .
< ( gO ) i ! e i=1 N y . Xe

If we use inequalities (4.17), (1.14) and the facts that G € wl.(Q) and g €
C3(Q x [0, &]; R), we obtain, for ¢ >0,

d 2 2 d 2
Tz, + Blzd, + 21,

< clllf (z +u%) = SEOE, + & + 21y + 110l g N5l 2 )] -

(5.3)

From Lemma 4.1, we have ||M U()”yoz < || Uolly; - By Theorem 3.4, this implies
that there is a constant k,(r) such that, for t >0, i=1, 2,

(5.4) NUe@lly; + ”UO(I)HYJ <ki(r).
The inequality (5.4) also implies that, for ¢ > 0,
(5.5) s, (Dl 2y < ceki(r).

Arguing as in the proof of (4.9) and using (5.4), one shows that there is a
constant k,(r) such that, for t >0,

(5.6) 17 (2(2) + u°(2)) = FWCO)IE, < k(D215 -

Integrating (5.3) from O to ¢, and taking into account (5.4) to (5.6), we
deduce that there is a constant k3(r) such that, for 1 >0,

(5.7 NzdOlF, + 12015 < ka(r) [/ Iz()l3 ds + (T = M)Upll5, +e

Remarking that, by (4.3), [|(I — M)Uo|ly: < ce and applying Gronwall’s in-
equality to (5.7), we obtain (5.1).
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Proof of Theorem 1.1. Assumethat n =1 or n =2 and 9 < 2. From Corollary
3.5 and the equivalence of norms (1.15), we deduce that there is a constant R
such that, for 0 < e <e¢gp and any (¢, v) € %,

1 1< 1
el a2 () + E||¢y||L2(Q) + : Z l@xiyllL2o) + 8—2||¢yy”L2(Q)
(5.8) i=1

1
+ ¥l + g”'//y”LZ(Q) <R.

Let & = {(¢,v) € Y¢: (p, w) satisfies (5.8)}. If (¢, v) € &, then, by
Lemma 4.1, (Mo, My) belongs to %, . Since 2 is the attractor of Ty(¢) and
the norms ||-l|Y01 and ||-||yy are equivalent on Y4 with constants of equivalence
independent of ¢, for any n > 0, there is a 7, > 0 such that Ty(7,)% C
Ayi (b, n/2), the n/2 neighborhood of 4. If (¢:, W:) = T.(19)(90, o)
belongs to % , then, due to Proposition 5.1, we obtain

I Te(ty) (90, Wo) — To(Ty) (Mo, Myo)lly: < ek(r)e™ < n/2

if 0 <& < ég;, with ¢; small enough. Thus, for 0 < ¢ < ¢, we have (¢., ¥.) €
/VYCI (&, n) and upper semicontinuity is proved.
The proof is the same in the case n =2, y=2.

6. OTHER BOUNDARY CONDITIONS

We do not prove the results stated in the Introduction concerning the problem
(1.10)¢, (1.11bis); for mixed boundary conditions since they are so similar to
the Neumann case. We do point out that by [12, §4] the property (2.2) of the
first eigenvalue of A, is still true. Likewise, the first eigenvalue v, , of the
operator A.|(I — M) (&) satisfies the inequality (4.13).

For the Dirichlet boundary conditions (1.11ter), , Theorem 3.1 and Corollary
3.2 hold and, if Q satisfies (H), then Theorem 3.4 and Corollary 3.5 hold. The
proofs are the same as the ones for the Neumann case with minor modifications
if one observes (see [12]) that there is a positive constant k such that

(6.1) Ae>k/e? > kel for0<e<e
and then replace the condition for b in (2.3) by

ne (B, K VE
(6.2) b<1nf<8,4ﬂ80, rrll I

To prove Theorems 1.4 and 1.5, we need the following Sobolev inequality.

Lemma 6.1. Fix ¢ > 0. There exists a positive constant C such that, for
0<e<eg and any u € X}, we have

(6.3) lullzsig) < Ce'llullx: .
Proof. Let us denote by Q; the open set
Qr={(x,Y)eR";xe€Q,0<Y <¢}.

If u belongs to X/, then %(x, Y) = u(x, Y/¢) = u(x, y) belongs to the space
H}(Q;) and we have

(6.4) dy = lu,, Uy = Uy .
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Since @} has a Lipschitzian boundary, we can extend the function # by 0 to
the open set Of = Q= {(x,Y) e R"*!; x € Q,0< Y < 1}. We denote by #
this extension of #. On Qj , we have the Sobolev inequality

||54||L6(Q;) < C||’7‘||HI(Q;)
which becomes, by restriction to Q;,
(6.5) %l ez < cll@llan oy -
Now notice that, by (6.4) and the definition of the norm in X, we have
[l ooy = &"/%llullLso) and  |[@llg ey < ce'/?|lullx -
These relations and (6.5) imply (6.3).

Proof of Theorem 1.4. As in the proof of Theorem 1.2, we confine our attention
to the set
%H={p, v e, : Vg, y¥) <R}

and choose R; so that %] C Bg,, the ball in Y,! of center zero and radius
R, . As in the proof of Theorem 1.2, we only need to show that 7,(¢)|%; is an
a-contraction by using the method of [21] (see also [11]).

We first estimate | f(u1) — f(u2)|lx, when |jullyy < Rz, i=1,2. Arguing
as in the proof of inequality (4.9) and using a Hoélder inequality, we have

12
lf(u1) = f(wa)llx, < ¢ (/Q(l + |ug|* + |ua ) (uy — uz)? dx dy)

< cllluy — uallx, + (”ulnié(g) + ||u2||lL6(Q))”u1 — 2|5l
Thanks to Lemma 6.1 and (6.1), we have
(6.6) I/ (u1) = f(u2)llx, < (1 + K*(Rp))elluy — uallx; -

Let V.(p, v) be defined by (2.6) and let b be a positive number satisfying
(6.2). Let U(t) +dU(¢), U(t) be two solutions of (1.10),, (1.11ter), which
belong to %), with initial data Uy + Uy and U, respectively. The function
Ju satisfies the equation (2.1); with & = —(f(u+du)— f(u)). To apply Lemma
2.2, we use (6.6) to obtain the following estimate

I/ (e + du) — f(w)llx, (2b]16ullx, + (Gu)llx.)

< 1w+ 6u) = fwlx, ('j‘%”éunxg + ”(5u)t||xe>

2bc "
< 7_];82(1 +K*(Ry))[6ull%,

+ 5e(1+ K (R)(I0uly, + IGu)ll,) -

(6.7)

For B > fy, there is a positive number ¢ = & (B8y) < &, such that, for
0 <eée<eg, we have

2c

. T K (R)) + Se(1+ K*(Ry)) <

b

Bl IS

Se(l+K*(Ro)) <
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If we now apply Lemma 2.2, take into account (6.7), (6.8), integrate the
resulting inequality and use (2.4) of Lemma 2.1, we obtain, for t >0, 0 <e <
€1,

16U ()| < V3Rye™t/3,
Thus, T.(¢) is an a-contraction for ¢ large enough. The remainder of the
argument is the same as the one in the proof of Theorem 1.2.

Proof of Theorem 1.5. As in the proof of Theorem 1.3 and Theorem 1.4, we
consider T(1)|%, . Fix Bo > 0 and choose 0 < ¢ < ¢; with & as in Theorem
1.4. Let b satisfy (6.2) and introduce the functional on %

Vo, w) = 3l + lelZ) +2b(e, w)x, + (G + £(0), )x,

Let U(¢) = (u(t), u,(¢)) be a solution of (1.10),, (1.11ter), with initial con-
dition Uy = (ug, u;) € %, . Arguing as in the proof of Theorems 3.1. and 1.4,
we prove that, for 1t >0,

(6.9) Ly, w) < =Bl ~ blully + oo,

where

~ 2b
P(1) = |lf (u) — f(O)llx, (\/—Eﬁllullxs1 + Iqulle)
(6.10) b
+ —¢||Ge + f(0 U|| x1 -
N/ 1Ge + S(0)llx, llell x;
Therefore, for 0 < & < €;(8y), we deduce from (6.7), (6.8), (6.9), (6.10) and
(6.2) that, for t >0,
d . b 8b » 2

(6.11) 7; Ve (s u) < ——(Iluzllxe + [lulz) + Z & NG + fO)llk, -

If we integrate (6.11) from 0 to ¢ and use (2.4) of Lemma 2.1, we easily
deduce the following inequality

(6.12) IU@)llyy < V3R2e™"/* + ce||Ge + f(0) Iy -

Inequality (6.12) and the invariance of the attractor implies the first statement
in Theorem 1.5. If there is an & such that G, + f(0) = O, then the same
reasoning implies that &4 = 0.

7. FURTHER GENERALIZATIONS

The equation (1.3), was a model equation. It can be replaced by more
general equations or even systems. For instance, (1.6), can be replaced by a
system of Sine- Gordon equations on Q. , where k >0,

1) { U4 O — Auy = —sinuy — k(uy — uz) — Gy,
. 6,2 +/f@Z Auy = —sinuy — k(up — uy) — G,
with Neumann or Dirichlet boundary conditions. In the case of Dirichlet bound-

ary conditions, we have the above results. In the case of Neumann boundary
conditions, the above results still hold, the limit equation on Q being

(1.2) { -+ B — (Z?ﬂ i (g Z—UL)) = —sin v; — k(vy - v2) = Gho,

Cu 4 gl — L(3, & (2032)) = —sin v2 — k(v;— 1) = G,
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with Neumann boundary conditions, where
Gio(x) = Gi(x, 0), G(x) = G2(x, 0).

In the case of Dirichlet boundary conditions, this is a system occurring in
Josephson junctions. Other examples are given in [7] or [23, Chapter IV].

In the proofs of Theorems 3.1 and 3.4, we used the fact that the equation
was a gradient system (that is (F(u))’ = f(u)). However, this property is not
essential, and at least in the case $ < 2, we can generalize the above results to
the case where the more general hypotheses of [7, §2.2] hold (see also Example
5.4 of [7]).

The results above in the case of Neumann boundary conditions are general-
ized to the case of periodic boundary conditions in an obvious way.

APPENDIX
We recall that, for 0 < ¢ < ¢y, Q. denotes the domain

Q={C, s &) ER™0< L1 <8¢, 8ns8), (E1sonn s &n) €Q)

where Q is a C?-polygonal domain in R", n = 1 or 2, and the function
g: Qx [0, &] — R is a function of class C? satisfying the conditions (1.1).
The boundary 0Q, of Q. can be written as

aQe = rO,s UI:l,e Uf2,s

where
I'p,. = Q x {0},
Cie={C,....&+) R (&, ..., 80 €eQ, & =8, ..., &, )},
r2,s={(él’ ,én-v—l)eRnH; (&1,..., &) €e0qQ,

0<én+l <g(§l,---,én:8)}'

Given H € L*(Q,), we are interested in the following problems:

(n Find U € H'(Q;) such that, for any W € H'(Q,),

/ (VUVW +aUW)dé= | HW dE,
e Q.

(Dp Find U € H}(Q:) such that, for any W € H}(Q.),

/(VUVW+aUW)dé=/Q HW dé,

4

(D a Find UeVi={W e H(Q,); W =0 in I'; ;} such that,
forany W e V¢,

J

In the case n = 2, the following regularity result is proved in [6]. In the case
n =1, one can prove this regularity result, by arguing as in [9, Chapter V] and
using the regularity results contained in [9, Chapter IV].

(VUVW+aUW)d¢=/ HW de.
Q

€
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Theorem Al. (i) If Q satisfies the condition (H), then there exists a real number
Do > 2, such that, for any function H € L?(Q;), 2 < p < py, the unique solution
U of the problem (1)y (resp. (1)p) belongs to W2.r(Q,).

(ii) If Q. satisfies the hypothesis (H), then there exists a real number p, > 2,
such that, for any function H € LP(Q,), 2 < p < p,, the unique solution U of
the problem (1)) belongs to W?*:P(Q,).

The change of variables
(2) éizxis lﬁlﬁn, én+1=g(x1;~-~axn,8)xn+l

takes Q. into the fixed domain Q = Q x (0, 1). The boundary dQ of Q can
be written as
0Q=Tulhul,

where ) =Qx {0}, I'T=Qx {1}, I =0Qx (0, 1).
If we define A(xy, ..., Xpy1) = H(X1, ..., Xn, 8(X1, --., Xn, €)Xny1), then
the problems (1)x, (1)p and (1)) become: given 4 € L2(Q),

(3)n find u € H'(Q) such that, for any w € H'(Q),
as(u, w) = (h, w)yx,,
(3)p find u € H}(Q) such that, for any w € Hj(Q),
a(u, w)=(h, w)y,,
(3)ay find ue Vy={we H(Q); w=0 in I';} such that, for any w € Vg,

as(u, w)=(h, w)y, .

According to [12, §2], the solution u of (3)y, (3)p or (3)y satisfies the
inequalities (1.15)(i), i.e.,

1 1/2
@) cs (1l o+ 5lunallfo) - <Al

Moreover, by Theorem A.1, if the hypothesis (H) (resp. (ﬁ)) holds, the so-
lution u of (3)y or (3)p (resp. (3)a) belongs to H?(Q) and the problems
(3)n, (3)p (resp. (3)u) are equivalent to

Liu+au=n in Q,
(v { ai’; =Bu-v=0 indQ.
Lu+ou=nh inQ,
(S)o { & !
u=0 noQ.
resp.
Liu+au=nh in Q,
(5)m u=20 inl,,
aff,‘l;:O inTZuly,
where

Lou= —é div B.u
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and
gux; - gX‘x3ﬂX3
Beu = guxz - ngx3 uX3
— & X3l — Gu, X3l + 2 (14 (8,X3)% + (82,%3)7) s

if n =2, for instance.
In this appendix, we want to prove the following result.

Theorem A.2. If the hypothesis (H) (resp. (H)) holds, then there exist three pos-
itive constants &y, ¢3, ¢4 such that, for 0 < ¢ < gy, for any h € L*(Q), the
solution u of (3)n, (3)p (resp. (3)um) satisfies

1
2 P 2 2
1A, 2 2 (115, o + 513

©)0) L o 2
+ 5> Ml o+ gelinalf o)
i=1
and
N 1
I, < (1130 + e .0
(6)(ii)

1 ¢ 2 1 2
+ 2 Z 4, ||0,Q + 8—4||uxn+|xn+1 “o,Q .

i=1

Due to the equivalence of the problems (3) and (5), the estimate (6)(ii) is a
straightforward consequence of the properties (1.1) of g. We shall prove the
estimate (6)(i) in the case of Neumann or Dirichlet boundary conditions. The
proof in the case of mixed boundary conditions is very similar and is left to
the reader. Also, in order to simplify the notation, we shall consider the case
n = 2. The proof in the case » = 1 is the same and can even be simplified.

Before proving the estimate (6)(i), we need to recall some properties related
with the curvature of the boundary of a domain (see [9, Chapter 3, §3.1]). We
consider a bounded domain O of R™, m =2, 3 witha C? boundary I' = 80
and denote by v the unit outward normal to §O. We denote by % the second
fundamental quadratic form of 0. An elementary definition of % is recalled
in [9, Chapter 3, p. 133]; if P is a point of I', then we have, for any tangent
vectors £ and n to I at P,

(7) Bp(,n) =-0v/0l -1

where 0/0¢ denotes differentiation in the direction of ¢. Following [9], an-
other possible local definition is the following. If P is a point of I', we consider

related new orthogonal coordinates {y;, ..., ¥m} with origin at P as follows:
there exist a hypercube V = {(y1,...,¥Vm);—aj < y; < aj,1 < j < m}
and a function ¢ of class C? in V' where V' = {(y1, ..., Vm-1); —a; <

yj < a;,1 < j < m—1} such that |p(y')| < anm/2 for every y' € V',
onv ={y =" ym € Viym < o0}, TNV ={y = (',ym) € V;
ym = 9(¥')}. We can even choose the new coordinates so that the hyperplane
¥m = 0 is tangent to I at P, which implies that V¢(0) = 0. Then, if &
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and 5 are tangent vectors to I" at P with components (&, ..., &,—1) and
(M5 ..., Mm—1) in the direction of {y, ey ym_l} we have
(8) Z 8y 6y, (0)Ckn; -

Hereafter, we shall drop the subscrlpt P . We remark that, when O is convex,
the function ¢ is convex and the form % is nonpositive. Also, if the domain
O has a C? boundary, the form % is uniformly bounded on T, i.e., there
exists a positive constant K such that

9) |Bp(C, M < K|Z[|n|, forall PeT,

for any tangent vectors & and n to I' at P. We need the following notation.
Let v be any vector field on I'; we denote by v, = v:v the component of v
in the direction of v and by vy = v —v,v the projection of v on the tangent
hyperplane to I" and we set: divrv =divu —9v/dv-v. We also introduce the
notation
Vru=Vu—-90u/dv-v.

Finally we denote by tr% the trace of the form % .

Let us now consider less regular domains O of R™. We say that the domain
O of R™ with a Lipschitz boundary T" has a piecewise C? boundary if T =
TuU'_, IV, where

(i) T' has zero measure (for the surface measure do).

(ii) IV is open in T and each point P of I’ has the property described
above with a function ¢ of class C?.

Arguing as in [9, Chapter 3, Theorem 3.1.1.2], we prove the following result.

Theorem A.3. Let O be a bounded domain of R™ with a Lipschitz boundary
I'. Assume, in addition, that T is piecewise C% and that each T’ in the above
decomposition has a Lipschitz boundary 017 . Then, forall ve HS(O)™, s > 1,
or forall ve WH-r(O)Y™, p > 2, we have:

/ldlvv|2dé Z / gg ?92

(10) = Z FA{diVT('UVVT) —2vp-Vru,}do

~

i
-3 [ (@i + Forivido.
> I,

Remark Al. One proves Theorem A.3 by showing at first that the identity (10)
holds for v € C?(0)™ and then by extending it to v € H*(0)" or W!.2(O)™.
Since, in both cases, the bracket v - Vv, has a meaning on IV, this gives a
sense to [, divr(v,vr)do by density. Note that, in general, one cannot extend
the equality (10) to v € H!(0)” since vr. Vrv, has no meaningon I'V. Let us
just show that, if p > 2, vy - Vv, has a sense on IV . Indeed, if p > 2, then
g < 2 where ¢ = p/(p — 1) and vr|IV belongs to the space W!'~1/7.p(IV)m
and thus to the space W1/2:4(IV)™ which coincides with W,/>¢(IV)". On
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the other hand, V7v,|I7 belongs to the space W~—1/2:7(I'/)™ which is the dual
space of Wb” 2’q(Fj )™ . Therefore vr - Vv, has a meaning on I/ .
From Theorem A.3, we at once deduce the following result.

Corollary A.4. Assume that the hypotheses of Theorem A.3 hold. Let v be an
element of HS(O)™, s > 1, or of WL-P(O)™, p > 2.
W) Ifv,|]TV=0, 1<j<I, we have

1
(1) /|d1vv|2df Z ggg?dgz_zfrg(vr;w)da
1 ]=1 J

(ii) If vy|TV = 0, 15]51, we have

o s [ 000 ! ,
(12) /0|d1vv| de ,-;1/ 52 e de = ;/rj(tr.@)v,,da.

We now come back to our problem. As Q has piecewise C? boundary, we
can write 9 as 0Q = Uﬁ=1(6§2),- UoQ where 0Q has zero surface measure
and (0Q); is of class C2, 1 < i <. Thus, the domain Q. has a piecewise
C? boundary and

]
8Q, =Ty Ul ;UT, U (U rg,s)
i=1

”»

where I, has zero surface measure and F’2 . 1s the face “generated by (0Q);”.
Thanks to the regularity Theorem A.1, we can deduce the following result
from the Corollary A.4, by using a density argument.

Proposition A.5. Assume that the hypothesis (H) holds.
(1) if U is the solution of the problem (1)y, then

/lAUPdC Z/ ‘ae;,zaug 2

=_Z B(VU,VU)do — Z(VU,VU)da
rl,s

(2) If U is the solutton of the problem (1)p, then
82U 2
AU|*d / '
/ AU de - Z 9D,

=_Z/' (rB)(VU vl do ~ | (rF)(VU-v) do.

| I

(13)

Proof. (1) We recall that the problem (1)y is equivalent to
{ —AU +aU=H in Q,,

. / j
g;(/ 0 in FQ’gUFI,SU<U[=I rlz,s) °

(I5)n

For any function H in L*(Q,), there exists a sequence of functions H, €
LP(Q,) such that H, converges to H as n goes to infinity, where py > 2 is



A DAMPED HYPERBOLIC EQUATION 213

given in Theorem A.1. Hence, by Theorem A.1 and the open mapping theorem,
there exists a sequence of functions U, in W?2:7(Q,) such that U, converges
to U in H?(Q,) as n goes to infinity and U, is the solution of (1)y (or
(15)n) with H replaced by H,

Let us set v, = VU,. Since v,-1, =0 in I}y ,UT; ;U (Uf=1 I’g,e) , We can
apply the formula (11) of Corollary A.4 to v,. Using the local definition (8)
of %p, we at once see that % vanishes identically on I'y .. Therefore, the
equality (11) becomes

/ AU, 2 dE - Z / |aaz,g%

= —Z B(VU,, VU, do — B(VU,, VU, do.
l—‘l,e

Now, passing to the 11m1t in (16), we obtain the equality (13).
(2) The proof is similar in the case of the problem (1)p. We only remark
that the problem (1)p is equivalent to

{—AU+aU=H in Q,,

15 i '
(15)p U=0 inTp UL U(ULTS,).

Again there exists a sequence of functions U, in W2#(Q,) such that U,
converges to U in H?(Q,) as n tends to infinity and U, is the solution of (1)p
(or (15)p) with H replaced by H,. Let us set v, = VU,. Now v,, = VU,
vanishes in I'p ,UT; U (Ui=1 l"f,_, .) and one can apply the formula (12) of
Corollary A.4 to v, . One then finishes the proof as above.

We are now able to prove Theorem A.2.

Proof of Theorem A.2 in the case of Neumann boundary conditions. The proof of
the estimate (6)(i) will be done in three steps. By Proposition A.5, the solution
U of (1)y satisfies
3
02U
%[
I.%::I 0. 10€:0¢;

2

!
dc< [ avpde+yS [ (U, vU)do
% i=1 T2,

+ [ @wUu,vu)de.

(1) Our next objective is to estimate the integrals Zle fr; F(VU,VU)do
and [ #(VU,VU)do. ’

Let (&9, £9) be a point of (8Q);. Since (8Q); is of class C2, we define new
orthogonal coordinates {z;, z;} with origin at (&9, &9) as follows. There exist
arectangle V; o = {(z1, z2): —a; < zj<a;,j=1,2} and a function y; ¢
of class C? in V’O, where Vie={zi: —ai<z1< al} such that |y, o(z1)] <
a/2, forall z; € V, ,0, Qnvy; 0= {(z1, z2) € Vio:z2 < l//,',o(Zl)}, (0Q); N
Via=0QnV o= {(21 » 22) € Vio: z2 = yi,0(z1)} and Vy; 0(0) = 0. Let
now P = (&0, &2, &Y) be a point of T ,. Thanks to the above property, we
may consider the new coordinates {z;, z,, z3 = &; — 62} ; indeed, there exists
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a positive number a; (which depends on ¢) such that, if V; = {(z;, z2, z3):
—a;j<zj<a;,1<j< 3} and Vil = {(z1, z2): —aj<zj<aj,j= 1,2},
then Q. NV, = {(z1, 22, z3) € Vit 22 < yi0(21)}, T, = {(z1, 22, 23) €
Vii zo = y; 0(z1)} . Therefore, by (8), we have, for any tangent vectors vy and
Vrto Iy , at P,

2y o N
5 0 .
82% ( )"1 m

(18) PBp(vr, V1) =

where 7, fj; are respectively the first components of vy and ¥ in the new
coordinates system (z;, z3) and are independent of ¢. From this property as
well as from property (18), we deduce that there exists a positive constant K;,
independent of ¢, such that

(19) B(VU,VU)do

i
rl‘e

sKi/_ \VUPdo.
2,¢e

Likewise, we derive from (18) that
(20) |trBp| < K;, forany PeTl} ,

Let now Py = (&9, &9, &) = g(&9, &9, ¢)) be a point of Ty .. By the change of
variables {; =& — &9, the new origin is at P, and we have

(21) =280, 0.0) =80 +8&), L+, 6) - 8. &, ).

We introduce the following notation

agO ag azgo azg
= 0, 018 b £ = 0’ 0,8 b £ = 0’ 0’8 .
g(é 62 ) 651 aél( 1 62 ) aélaéj aélaéj( 1 62 )

Now we replace the usual orthonormal basis (e;, e;, e3), where

il el ol

by the orthonormal basis (7, 72, v,) where

2

6g0 92°
Soe &
(0362 2 1 O 1 _EE?
T1=— _ 98 98 = | 1 vy=—|_o9
ag & 08 |’ Bo | g |’ v | T9&
agl 9%, 1
13!

and
oy 2\ 2 0 5,0\ 2 0y 2 2
o= ((1+ (38)) + (%) (56))
e (1 (8)) 7 nm (G (8))

=3

Q|
)
QD
~
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If we denote by (z1, z3, z3) the coordinates in this new basis, then the equation
(21) becomes F(z;, z3, z3, €) =0, where

8g 1 8g° 1
F(zy,2y,2y,8) = —=—%z; + ‘z+
(z1, 22, 22, &) a0 98, 51t B8, 2
(1 ag, 10g°
2 g (14 (38) ) o - Lo,
(22) g(%( 0& ) T aE
10glog 1 10g )
— 1+—>2 — 23, &
a0 08 08 1 T Byt T 3 08,

Since 0 F (0, 0, 0, €)/0z3 > 1, the implicit function theorem implies that there
exist a neighbourhood V = {(z1, z2, z3): —aj<zj<a;,1<j<3} of 0 in
R3 and a function g* such that
{ F(zy, z2, 8*(21, 22, ¢€),€) =0,
g%(0,0,¢)=0,
and g*: V' x [0, 1] — R is of class C3 where V' = {(z,z2): —a; < z; <
aj, j=1,2}. We have

(23)

og* _og” _
(24) 621 (Oa 05 8)_822(0’ 018)_0
Moreover, an easy calculation gives
(25)
62
55 2 (0,0,¢)

2
_ 1+(ag3)2 0282
adyo 0% 0&?
2 2
50808 1+<3g?) 0°g) +(6g§’6g?) 9%g)
0 9&; 08 08108 08, 08 ) o0& |°

2
08 (0,0,5)= 1+(3_g_s°>2 0%g) _Dgl0g) 0
0z,0zy" aofo70 &> 08,108 9& 9& 8 |

02g* 1 9%gd
0,0, £
927 0O = g Be
Since, for any tangent vectors vy, V¥r to I'} . at P,
2 aZg*
(26) B (v, V) = 21 az07; 0 Onil

where (11, n2), (/i , i2) are the components of vz and V7 in the basis (1,, 73),
and since the above change of coordinates is orthonormal, we at once deduce
from (25), (26) as well as from the properties (1.1) of the function g that there
exists a positive constant .7, (independent of &) such that

(27) B(VU,VU)do

rl.s

< %e/ VU do .
"1

N
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Likewise, we show that

(28) |trBp| < Ze, foranyPel ;.
From (17), (19) and (27), we finally infer that

>,

1
5/ |AU|2dé+KZ/ |VU|2da+Ks/ VU do
Q i-1 /T3,

rl,t:

92U 2

0&,0¢;

where K is a positive constant independent of ¢.
(2) We now make the change of variables (2) in the formula (29) and denote
by u(x;, x2, x3) the function U(x;, X2, g(x1, X2, €)x3). We have

2

i(aW) Z( (6u_§_xix 6u)
= 86,‘8@' 0x; 8)(] g 36)63

(30) - Eun 2 0 (‘9—“_& 3“))2

0x3 0x; 3c’)x3

1 (0%u g 0u\\?
te (a—xs) t o E (5% (5% - &05%))

Thanks to the properties (1.1) of the function g, we at once infer from (30)
that there exist two positive constants & and Sy such that, for 0 < ¢ < g,

o Bo (él (mgng) 822(8%8%)2 1((%%)2)
< 3 (o)~ (3)

lj=

Thanks to the estimate (31), we deduce from (29) that, for 0 < e < g,

2

(5 62+ 5 () 5 (22)) 2
<[ frartones | (55) 1o
(2 - (22 b (22)) e
(8 () () 2]

where K is a positive constant independent of ¢ (and u) and T b= (0Q); x
0, 1).

(32)
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(3) By [9, Theorem 1, 5.1.10], there exists a positive constant K* depending
only on the domain Q such that

[ () (e 5 (5)) e
r, \\9x 9x; &2 \9x3
L () (38 o (38)) s
(33) <K [ 1/2/ (22; (ax,ax,)2 ég(%ﬂ)z
.4.513 (gi_:;)j dx
o (8 () + 5 (28)) «].

for any n € (0, 1). Since ¢; < g/e < ¢, (see (1.14)), we at once deduce from
the inequality (32), by applying the estimate (33) with n = c?/4(KK*c,)?, that

2 2 2 2
0%u ) ( ) 1 (8214)
— — dx
(34) /Q (12]; <8x,~6xj &2 E 8x,6x, e \oax2

<o |lILe u||xe + Jlul? ot 2|| ||o 0
0Xx3

The estimate (6)(i) is now a direct consequence of (34) and (4).

Proof of Theorem A.2 in the case of Dirichlet boundary conditions. By Proposi-
tion A.S, the solution U of (1)p satisfies

3

82U 2 1
OV N ge< [ aupae+ (trB) VU - v, do
(35) l;l/ (86,8{,) /Qe g/ri,s

+ (tr &)U - v,)*do .
rl,s

Arguing as in the case of Neumann boundary conditions and using the estimates
(20) and (28), one proves that the inequality (29) still holds. The steps 2 and 3
are the same as in the case of Neumann boundary conditions.

We end this Appendix by an estimate of second derivatives in the case of
convex C? domains. Let O be a domain of R?® with a C? boundary. In [9,
Chapter 3, Theorem 3.1.1.1], it is shown that we have, for any v e H'(0)3,

3
ov; 0v;
divv]?dx - / bt Rl 7 B =—2/ v - Vr(v-v)do
| 1aivi 3 [oeov [ vr-91(vew)

—/ {(B(vr;vr)+ (rB)v-vi}do.
00

(36)
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We now consider the following problems: given 4 € L?(0),

(37N Find u € H'(0O) such that
Lu+ou=~h inO,
{Bau-z/=0 on 00,
where v is the outward normal to O, and

(37)p Find u € H}(O) such that
{Leu+au=h in O,
u=0 on 90.

The problems (37)y (resp. (37)p) have a unique solution u and since O has
a C? boundary, u belongs to H?(0). We now assume that O is, in addition,
a convex domain. Let us set v = B.u in the equality (36). If u is the solution
of (37)y (resp. (37)p, then v-v =0 on 9O (resp. vy =0 on 90). Using the
equality (36) with v = B,u and remarking that %p is nonpositive, one easily
shows the following results.

Theorem A.6. Assume that O is a convex domain with a C* boundary. Then
there exist three positive constants €y, ¢z, ¢4 such that, for 0 < & < gy, for any
h € L*(0), the solution u of (37)n (resp. (37)p) satisfies

2
1 1 1
N ) 2 2 2 2
(38) ¢ (||“||2,0+ E§||ux3||o,o+ ) E ux,x; 15, 0 + —84||ux3X3||o,0) < |14ll5,0-

i=1

The inequality (38) has been used in [12, Remark 2.6].
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