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Abstract. Our aim in this article is to construct exponential attractors for singularly
perturbed damped wave equations that are continuous with respect to the perturbation
parameter. The main difficulty comes from the fact that the phase spaces for the perturbed
and unperturbed equations are not the same; indeed, the limit equation is a (parabolic)
reaction-diffusion equation. Therefore, previous constructions obtained for parabolic sys-
tems cannot be applied and have to be adapted. In particular, this necessitates a study of
the time boundary layer in order to estimate the difference of solutions between the per-
turbed and unperturbed equations. We note that the continuity is obtained without time
shifts that have been used in previous results.

1. Introduction. The study of the long time behavior of equations arising from
mechanics and physics is very important, as it is essential, for practical purposes,
to understand and predict the asymptotic behavior of the system. Several objects
have been introduced for this study.

A first object is the global attractor. It is a compact set, invariant by the flow,
which attracts all the trajectories as time goes to infinity. Since it is the smallest
(with respect to inclusion) set enjoying these properties, it is a suitable object for
the study of the long time behavior of the system. Furthermore, in many cases, one
can prove that it has finite dimension (in the sense of the Hausdorff or the fractal
dimension). We refer the reader to [BV], [CV], [H], [L] and [T] for extensive reviews
on this subject. Now, the global attractor has two drawbacks. Indeed, it can attract
the trajectories slowly (see for instance [Ko]) and (consequently) it can be sensitive
to perturbations.

In order to overcome these difficulties, Foias, Sell and Temam have introduced in
[FoST] the notion of an inertial manifold. An inertial manifold is a smooth, finite
dimensional, hyperbolic (and thus robust), semi-invariant manifold which contains
the global attractor and attracts the trajectories exponentially. Unfortunately, all
the known constructions of inertial manifolds are based on a very restrictive prop-
erty, the so-called spectral gap condition. Consequently, the existence of inertial
manifolds is not known for many physically important equations such as the Navier-
Stokes equations (even in two space dimensions) and reaction-diffusion and damped
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wave equations in three space dimensions. A non-existence result has even been ob-
tained for reaction-diffusion equations in higher space dimensions.

So, Eden, Foias, Nicolaenko and Temam have introduced in [EFNT] the notion
of an exponential attractor, which can be seen as an intermediate object between
the two ideal objects that the global attractor and an inertial manifold are. An
exponential attractor is a compact, semi-invariant set which contains the global
attractor, attracts the trajectories exponentially and has finite fractal dimension.
So, compared with an inertial manifold, an exponential attractor is not necessarily
regular and, compared with the global attractor, it is expected to be more stable
(since it attracts the trajectories exponentially). We shall come back to this last
point below. We note finally that, since it is not unique, the actual choice of an
exponential attractor may, in a sense, be artificial.

Exponential attractors have been constructed for a large class of equations (see
[BN], [EFNT], [EfM1], [EfM2], [EfMZI1], [EfMZ2], [EfMZ3], [FG1], [FG2], [FM],
[FN], [M1], [M2] and the references therein). In particular, in [EfMZ1] (see also
[EfMZ2] and [EfMZ3]), a construction that is valid in Banach spaces is given (all
the previous constructions made an essential use of orthogonal projectors with finite
ranks and were thus valid in Hilbert spaces only); another construction, due to Le
Dung and Nicolaenko and valid in Banach spaces, is given in [LdN]. So, exponential
attractors are as general as global attractors.

Let us come back to the problem of the robustness of the global attractor. Gener-
ally, global attractors are only upper semicontinuous with respect to perturbations.
The lower semicontinuity property is much more delicate to obtain and can be es-
tablished only for some particular cases (see e.g. [SH|, [R] and [BV]); for instance, it
is true when the semigroup possesses a global Lyapunov function and all equilibria
are hyperbolic. In this particular case, the corresponding attractor (the so-called
regular attractor in the terminology of Babin and Vishik) is exponential and is ro-
bust under perturbations (i.e. it is upper and lower semicontinuous with respect to
perturbations, see [BV]). Moreover, if A, is the global attractor of a perturbed sys-
tem and Ay is that of the unperturbed one, then, under natural assumptions on the
perturbations, we have distsym (A:, Ao) < ce”, where disty,, denotes the symmetric
distance between sets, k € (0,1) and € > 0 is the perturbation parameter.

As already mentioned, exponential attractors are more robust objects. In partic-
ular, one can prove the continuity of exponential attractors under perturbations in
many cases (see [EFNT] for the continuity for Galerkin approximations and [FGM],
[FG1] and [FG2] for examples of (singular) perturbations of partial differential equa-
tions), even when this property is not known or is violated for the global attractor.
The drawback of these results is that the continuity is obtained up to a time shift.
To be more precise, the continuity can be expressed as follows:

lim lim sup [ dist (S (e) M., Mo) + dist(S;(0) Mo, M.)] =0,

e—=0 t 0o

where S;(¢) and S;(0) are the perturbed and unperturbed semigroups respectively,
M. and M, are the corresponding exponential attractors and dist denotes the
nonsymmetric Hausdorff distance.

In [EfMZ3], by adapting the construction of [EfMZ1], a construction of continu-
ous exponential attractors, without such time shifts, is given. Moreover, we obtain
analogous (to the case of regular attractors) estimates for the symmetric distance
between the perturbed (M. ) and unperturbed (M) exponential attractors, namely
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distsym (Me, Mg) < ¢1€"t, without assuming that the system possess a global Lya-
punov function and that all equilibria be hyperbolic. We also note that, in contrast
to the case of regular attractors, the constants ¢; and x; can be computed explic-
itly in terms of the physical parameters of the problem in specific examples. This
construction was then applied to a (singularly) perturbed viscous Cahn-Hilliard
system.

Our aim in this article is to extend this construction to singularly perturbed
damped wave equations (see e.g. [R] for the study of the (upper semi)continuity of
the global attractor and [FGM] for the continuity (up to a time shift) of exponential
attractors). The difficulty here comes from the fact that the phase spaces for the
perturbed and unperturbed equations are not the same (the limit equation being
a (parabolic) reaction-diffusion equation). Therefore, the abstract construction of
[EfMZ3] cannot be applied and must be deeply reworked (we can also note that the
construction of [EfMZ3] is valid for (strongly) dissipative systems only).

This article is dedicated to Professor Mark losifovich Vishik on the occasion of
his eightieth birthday in recognition of the impact he had on the development of
the theory of infinite dimensional dynamical systems in mathematical physics.

2. Setting of the problem. We consider the following singularly perturbed
damped wave equation in a smooth bounded domain Q C R3:

eOfu+y0u — Agu+ f(u) =g, ul,_,=uo, Oul,_, = ug, 0, (2.1)

Uan =
where ¢ > 0 is a small parameter and v > 0. We assume that the nonlinear
interaction function f satisfies the following assumptions:

{ L feCR), f(0)=0, 2. f'(u)> K,

3. f(w)uw>0if |u| > L, 4. [f"(u)] < CQ +|ul), (2.2)

where C, K and L are fixed positive constants. We also assume that the external
force g belongs to the Sobolev space H' ().

Remark 2.1. We note that assumptions (2.2) are satisfied for cubic nonlinearities
(f(u) = u*—au, a € R). We also note that, for simplicity, we require the regularity
g € H(Q) for the external force g, although our approach allows us (after minor
changes) to obtain the main results for the case g € L?(Q) as well. We finally note
that assumption (2.2)3 is not satisfied for the Sine-Gordon equation (f(u) = sinu).
However, the calculations are simpler in that case (since f and its derivatives are
bounded) and the results obtained below are valid for this equation as well.

In order to simplify the notations, we set &,(t) := [u(t), dyu(t)] and introduce
the following energy norms depending on the small parameter € > 0 on the pairs of
functions £ := [u, v]:

€02 ey = lullFreer + ellvllFrn + [0l Frams- (2:3)

In view of these norms, we introduce the energy spaces £7(¢) as follows: for € # 0,
we set
Ef(e) = (H“H(Q) N {u‘m2 = 0}) X (H'“(Q) N {’U‘QQ = 0}) , (2.4)

and, for € = 0, we set

£5(0) == (H™1(Q) N {ul = 0}) x (H* 1 Q)N {v],, = 0}),  (25)
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where H"()) denotes the standard Sobolev space; we agree that the boundary
conditions are added only for the x for which they have a sense (in the sense of the
trace). We will write in the sequel £(¢) instead of £%(¢).

We note that the space (2.4) is a natural phase space for the hyperbolic equation
(2.1) (see e.g. [BV]). On the other hand, in the case ¢ = 0, the space (2.5) is
naturally associated with the limit parabolic problem (2.1) (with € = 0). As we will
show below, the norms (2.3) reflect in a right way the dependence on ¢ of the norms
of the solutions of the singularly perturbed hyperbolic equations (2.1) as £ — 0.

The rest of the article is organized as follows.

Section 3 is devoted to the study of singular perturbations of exponential attrac-
tors in an abstract setting.

In Section 4, we give uniform (with respect to ¢ — 0) estimates on the solutions
of (2.1) in the phase spaces £7(g), k = 0,1,2, which are necessary in order to
apply the abstract scheme of Section 3 to study the hyperbolic equation (2.1) and
estimates on the difference of solutions of problem (2.1), which are crucial for our
study of exponential attractors (for the reader’s convenience, the proofs of the most
classical estimates are given in Section 6). In particular, we need to study the time
boundary layer near ¢ = 0 as € — 0 in order to obtain the proper estimates on the
difference of solutions of the perturbed (¢ # 0) and unperturbed (¢ = 0) equations
(2.1). We then prove that the dynamical systems associated with problems (2.1)
possess uniform exponential attractors M. in the spaces £2(¢) such that

diStsym,S(s) (M57M0) < Claﬁlv (26)

where ¢; > 0 and 0 < k1 < 1 are independent of .

We note that, in Section 4, we construct the exponential attractors in the spaces
&2 (¢) only, although the convergence (2.6) is established in a weaker space (namely,
E(g)). In order to overcome this disadvantage, we prove, in Section 5, an abstract
result on the transitivity of exponential attraction and, based on this result, we
verify that M, attracts exponentially the bounded subsets of £(¢) as well. Thus,
we finally prove that the uniform exponential attraction property for M. and the
convergence (2.6) take place in the same phase space £(¢). We can note that this
result gives a positive answer to a question raised in [EFNT], Chapter 6.

3. Perturbations of exponential attractors: the abstract setting. In this
section, we formulate and prove an abstract result on the construction of uniform
exponential attractors for a singularly perturbed family of maps, which generalizes
that given in [EfMZ3] and will be applied to our problem in Section 4 below (see
also [MZ] for the application to phase-field type equations). In order to do so, we
will use the concept of Kolmogorov e-entropy (see e.g. [KT] for details).

Definition 3.1. Let K be a (pre)compact set in a metric space V and let N, (K, V)
be the minimal number of balls of radius g > 0 in V that are necessary to cover
K. Then, the Kolmogorov p-entropy of K is the number H,,(K,V) :=In N, (K, V).
We recall that the fractal dimension of the set K can be expressed in terms of the
. T H,(K,V)

p-entropy, namely dimp (K, V) := limsup,, o+ —5-7

We are now in a position to formulate our abstra?:t scheme.

Let &(¢) and E'(e), € € [0,1], be two families of Banach spaces (which are
embedded into a larger topological space V) such that £'(g) cC &£(e), for every
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e € [0, 1]. We also assume that these compact embeddings are in some sense uniform
with respect to e, which we express in the following way:

H (B (o)(0. 1), £(6)) < M), ¥pu >0, (3.1)

where M() is some monotonic function that is independent of ¢ (here and below,
By (v, R) denotes the R-ball in V centered at v).

We further assume that we are given a family of closed sets B, C &(e) (with By
bounded in £(0)) and a family of maps S : B. — Bc such that

1. For every ¢ € [0,1], By C £(¢) and

||b0||g(5) < CleOHS(O) + Cye, Vby € By. (3.2)

2. There exist maps C. and K. (which map Bc into £(¢)) such that S. = C. + K.
and, for every b}, b2 € B, the following estimates hold:

€02 — CZlleey < wllbz = B2llee), [IKebz — KebZllere) < Kbz = BElle), (3-3)

where k < % and K are independent of €.
3. There exist nonlinear “projectors” Il. : B, — By such that II. B, = By and

15®)b. — S§TLb gy < CeL®, (3.4)

for every b. € B., where the constants C' and L are independent of ¢ (here and
below, Sék) denotes the kth iteration of the map S;).

The main result of this section is the following theorem.
Theorem 3.1. Let assumptions (3.1)~(3.4) hold. Then, there exists a family of
exponential attractors M. C B for the maps Se such that SeM. C M. and the

following conditions are satisfied:
1. The rate of exponential attraction is uniform with respect to e:

distg () (S Be, M.) < Cae™F, (3.5)

where the positive constants C3 and v are independent of €.
2. The sets M. are compact in E(¢), for e € [0,1], and their fractal dimensions
are uniformly bounded with respect to €:

dimp (M., £(2)) < Cu, (3.6)

where the positive constant Cy is independent of €.
3. The symmetric distance between M. and My satisfies

diStsym,S(E) (Ms,MO) < C5€T- (37)

Moreover, the constants C;, i = 3,4,5, and 0 < 7 < 1 can be calculated explicitly.

Proof. We first construct the exponential attractor M. To this end, we construct

a family of sets V; C S(()i)Bo7 i=1,2,---, by the following inductive procedure. We
recall that, due to our assumptions, the set By is bounded in £(0). Consequently,
there exists a ball Bg(g)(bo, R) such that by € By and By C Bg(gy(bo, R). We
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set Vp := {bp}. We now assume that the set V} is already constructed such that
Vi C S(()k)Bo and Vi, is an Ry, := R (K + %)k—net of Sék)Bo (we recall that, due to
our assumptions, K < %) We then construct the next set Vj41 preserving these
properties. To this end, we use estimates (3.3). Let b belong to V.. We consider a
ball Bg(g)(b, Ry) and its image under the map Sy. It follows from (3.3) that

ICoBg(O)(b, Rk) C Bgl(o)(lcob, KRk). (3.8)

We now recall that £1(0) CC £(0). Consequently, there exists a covering of the
right-hand side of (3.8) by a finite number of R,1=*%-balls in £(0). We fix a
covering with a minimal number of balls and denote by Wj(b) the set of all the

centers of this covering. Furthermore, we note that

#Wi(b) = Np, 1-2: (Ber(o)(Kob, K Ri), £(0)) <

< N% (Bgl(o)(o7 1),5(0)) < exp (M(l 4;5)) :=N. (3.9

It is essential for our construction that the number N defined in (3.9) be independent
of k (and of b € Vj; moreover, thanks to (3.1), this number will be independent of
e as well if we replace the spaces £(0) and £1(0) by £(¢) and E(e)).

We note that the first estimate of (3.3) implies that the system of Rk% +
kR = Ry 1"f”—balls centered at the points of the set Cob + Wy (b) covers the set
SoBg(0y(b, Rr) and that the number of balls in this system does not exceed N.

Therefore, the system of Ry, 1=2%-balls centered at the points of Upe, (Cob+ Wi (b))

covers SékH)Bo and the number of balls in this system is not greater than N#Vj.
Increasing the radius of every ball in this covering by a factor of two, we can assume

that the centers of the covering belong to S(()kH)BO. We now denote by Vi1 the
(new) centers of this covering and we note that Ry = Ry 125,

Thus, we have constructed by induction the family of sets Vi, C S(()k)BO, keN,
which satisfy the following properties:

1
1. #V, < NF, 2. diste) (53’“)30, Vk) < R(s+ )" (3.10)

(We recall that, due to our assumptions, x + % <1.)
We now define a new family of sets Ey, k € N, by the following inductive formula:

By =V, Epy1:=SE, U Vi

Then, obviously

1. E,C SYBy, SoEp C Epyr, 2. #Ep < NH+1, s
3.11
3. diStg(o) (S((]k)Bo, Ek) < R(Iﬁ: + %)k
We finally set
Mo = UpenEr, Mo := [Mgle(o), (3.12)

where [-]y denotes the closure in V. It is not difficult to verify that the set M, is
an exponential attractor for the map Sp on By. Indeed, (3.11); and (3.12) imply
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that SoMo C My and the exponential attraction (3.5) is an immediate corollary of
(3.11)3. Furthermore, it follows from (3.11)s, together with (3.11);, that the fractal
dimension of M satisfies (see [EfMZ1] for details)

M 1-2k
dimp (Mo, £(0)) < 3k
hlr*‘rl

(3.12)

We then construct the exponential attractors M., for € # 0, using the construc-
tion of the attractor M. To this end, we fix inverse images of the sets Fj under

the maps S(()k) (it is possible to do so thanks to (3.11);). To be more precise, we
assume that the family of sets Ey C By is such that

1. SVEy = By, 2. #Ey = #E, < N**'. (3.13)

We fix an arbitrary ¢ € (0, 1] and arbitrary liftings of the sets Ej C By to B. (with
respect to the projection II.), i.e. the Ey(e) C B. are such that

1. I.Ep(e) = By, 2. #Ey(c) = #E, < NFHL (3.14)
We finally set Ej(¢) := Ss(k)Ek(E). We claim that
N 1
diste ) (Sgk)Bg, Ek(s)) < 20eL* + CiR(k + 5)F + Cae, (3.15)

where the constants C, Cy, Cy and L are defined in (3.2) and (3.4). Indeed, let
b € B, be an arbitrary point. We set by := S(()k)Hgb S Sék)Bo. We recall that Ej

is an R(k + %)k—net of the set Sék)Bo. Consequently, there exists a point by € Ej,
such that

1
b0 — kag(E) < C1llbg — b leo) + C2e < C1R(k + i)k + Cae. (3.16)

Let by, /l;k(s) and by, () be the images of the point by in Ey, Ek(s) and Fj(e)
respectively (i.e. by = S(gk)bk, I1.by. () = by, and by (e) = S8, (€)). Then, estimates
(3.4) imply that

||S£k)b — bo”g(g) < CELk, ||Ek(€) — kag(E) < CelF. (3.17)

Combining estimates (3.16) and (3.17), we find [|Sb — by(e)|lg) < 56 —
bO”g(g) + Hbo — kag(s) + ||bk — bk(5)||£(s) < 2CeLF + ClR(K + %)k + Cse, which
proves (3.15).

Let now k(e) and 1 > 7 > 0 be the solutions of

1
elk = (5+ k) =€, (3.18)
ie. k(e) = —o8L< r = —loen(atn) Then, it follows from (3.4), (3.15) and

log, (2 +K)—1"
(3.18) that

1—10gL(%+5) :

1. diStsym,g(E) (Ek(E),Ek) < C/ET,
N (3.19)
2. diste( (sé )BE,Ek(E)) < C"R(} + r)*,
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for every 1 < k < k(e), where the constants C’ and C”' are independent of k and «.

Thus, we can take Ey(e) := Ej(e), if k < k(¢). In order to construct the sets
Eyi(e) for k > k(g), we forget the exponential attractor My and the sets Ej()
and construct them by the inductive procedure described above based on (3.3) and
starting from Ej.)(e) rather. Thus, we have a family of sets Ej(c) which satisfy
the following conditions:

1. Eu(e) c S¥B., S.En(e) C Exyr(e), #En(e) < NF+1,
~ () L (320)
2. dlstg(e) (SE Bg,Ek(E)) < C/R(§ + k)~
Moreover, for k < k(e), we have
diStsym,g(s)(Ek(E),Ek) < C”ET. (321)
We finally define the exponential attractor M. as follows:
MIE = UgenEk(e), M= [M’E}g(s) (3.22)

Arguing as in [EfMZ3], we can verify that the family of exponential attractors M,
satisfies all the assertions of the theorem. Indeed, the semi-invariance property is
straightforward. Furthermore, the uniform exponential attraction property (3.5) is
an immediate corollary of (3.20);. Estimate (3.6) for the fractal dimension of M.
can be derived from (3.20) as in the case of My (see [EfMZ1]). Moreover, since the
quantities N, x and C” in (3.20) are independent of ¢, the estimate that we will
obtain will be uniform with respect to e (actually, the dimension of M. for € # 0
has the same upper bound (3.12') as in the case e = 0).

So, there remains to verify estimate (3.7). We shall actually only prove the
estimate

diStg(E) (ME,MO) < C58T. (323)

The other inequality (giving the symmetric distance) can be proved analogously.
Moreover, it is sufficient to check (3.23) for M. instead of M.. So, let b. belong
to M.L. Then, there exists k& € N such that b. € Ey(e). If & < k(e), the result
follows immediately from (3.21). Let us therefore assume that & > k(e). There
exists 35 S S’ék_[k(s)])B6 C B. such that S,E[’“(E)DBE = b.. We set 30 = HEEE. Then,
on the one hand, (3.4) implies that

b — Sy |e () < CeLFO), (3.24)
and, on the other hand, it follows from (3.11) that

- 1
diste o) (ngembo, MO) < R(r+ 5)O, (3.25)

Combining (3.24), (3.25) and (3.2) and using the explicit expression for k(e), we
obtain estimate (3.23) and Theorem 3.1 is proved.

Remark 3.1. It is essential for Section 4 below to note that M, satisfies M, C
S.B..

4. Uniform exponential attractors for damped hyperbolic equations. In
this section, we apply the abstract result obtained in Section 3 in order to construct
a uniform family of exponential attractors for the family of equations (2.1). We
first give uniform bounds on the solutions of (2.1) in the spaces £7(¢), k = 0,1, 2,
and estimates on the difference of solutions of (2.1) (the proofs of the most classical
estimates will be given in Section 6).

4.1. Uniform bounds on the solutions.
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Theorem 4.1. Let assumptions (2.2) hold and let 0 < € < 1. Then, for every
£u(0) == (uo,up) € E(g), problem (2.1) has a unique solution w such that &,(t) €
E(e), for every t > 0, and the following estimate is valid:

T+1

1€ (D)7 c) +/ (elloFu(®)IF— + 1 Bru(t)]|Z) dt <

T
< Q (&a(0)lZ ) e + Qllgllz2),  (4.1)

where the monotonic function (Q and the constant a > 0 are independent of € > 0.
Moreover, system (2.1) possesses a global Lyapunov function:

1 1
U(E) = 5 Vaulfz + (F(u), 1) = (9, u) + 52l drullZz, (4.2)
which satisfies the relation
T
UEu(T)) —U(Eu(0)) = *7/0 |10 (t)||7= dt, (4.3)

for every solution &,(t). Here, F(u) := [}’ f(s)ds and (-,-) denotes the standard
inner product in L*(9).

We now give, based on (4.1), uniform bounds on the solutions in the spaces £*(¢)
for more regular initial data.

Theorem 4.2. Let the assumptions of Theorem 4.1 hold and let, in addition, £,(0)
belong to EX(e). Then, the solution u of problem (2.1) satisfies &,(t) € EY(e), for
every t > 0, and the following analogue of estimate (4.1) is valid:

T+1
l€u(T) 21, + /T (N OPu(®) |2 + 10| ) dt <

<Q(I&OZ ) e +Qlglz2)  (44)
where the monotonic function @ and the constant o > 0 are independent of € > 0.
We finally give uniform bounds on the solutions in £2(g).
Theorem 4.3. Let the assumptions of Theorem 4.1 hold. Let also &,(0) belong to
E%(e) and the compatibility condition
Ayt pe, = 90 (4.5)

be satisfied. Then, the solution u of equation (2.1) satisfies £,(t) € E%(g), for every
t > 0, and the following estimate is valid:

T+1
||€u(T)||§z(E)+/T (elloFu®)lF + 10u(t)lI3) dt <

< Q (I€a(le2()) e T +QUllgllmr),  (4.6)
where the monotonic function QQ and the constant o > 0 are independent of € > 0.
Let us consider, to conclude this section, the limit parabolic problem

"Yatu:Aatuff(u)+ga u|aQ =0, u|t:0 = Uo, (47)

that is associated with (2.1) for ¢ = 0. It is well known (see e.g. [BV]) that,

under the above assumptions, this equation has a unique solution wu(t), for every

ug € L?(Q). Moreover, it is not difficult to verify that all the estimates of Theorems

4.1-4.3 remain valid for ¢ = 0 as well (obviously, in that case, the quantity d;u(0)

should be expressed through u(0) by using equation (4.7)). To be more precise, the
following assertion is valid.
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Corollary 4.1. Let assumptions (2.2) hold and let, in addition, (4.5) be satisfied.
Then, the solution u(t) of problem (4.7) satisfies the following estimate:

T+1
lu(T)1Zrs + 10eu(T) 31 +/T 10cu(®)7- dt <

< Qluollms)e™" + Q(llgllzr),  (4.8)

where o« > 0 and Q is an appropriate monotonic function. Moreover, if u(0) €
HY(Q) N HYQ), fori=1,2, then

T+1

(D) 1Zrs + 10u(T) i + /T 10cu(®) 71 dt < Q(luollrrs)e™" + Q(llglL2)-

Actually, we will need in the sequel stronger estimates for the solutions of (4.7)
and we have the

Corollary 4.2. Let the assumptions of Theorem 4.3 hold. Then

T+1
107 u(T) I +/T (l07u®)1Z> + (=20) T Gfu(®)]72) dt <
< QUluollms)e™" + QUllglla),  (4.9)

where o > 0 and @ is a monotonic function.

The proof of this corollary is based on classical arguments and is left to the
reader.

4.2. Estimates on the difference of solutions.

Theorem 4.4. Let the assumptions of Theorem 4.1 hold and let ui(t) and usq(t)
be two solutions of equation (2.1) such that &,,(0) and &,,(0) belong to E(g). Then

€0 (8) = €ux (Dlle(e) < Ce™ €0, (0) = €z (0) o). (4.10)

where the constants C' and K depend on [|€,,(0)|le(), i = 1,2, but are independent
of €.

We then give an (asymptotically) smoothing property for the difference of so-
lutions of (2.1), assuming that their initial values belong to £'(€). To this end,
we decompose the function v(t) := ui(t) — uz(t) into the sum of an exponentially
decaying and a smoothing parts: v(t) = v1(t) + va(t), where the functions v; and
vg satisfy the equations

e07v1 + Y01 — Agvr =0, &, (0) = &,(0), (4.11)

and
€020y + yOva — Ayvo = —l(t)v, &,,(0) =0, (4.12)

respectively, with [(t) = folf’(sul () + (1 — s)ua(t))ds.
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Theorem 4.5. Let ui(t) and uz(t) be two solutions of (2.1) such that &,,(0) and
€u,(0) belong to E'(€) and let the functions vi(t) and va(t) be defined as above.
Then, the following estimates hold:

160, (D)1 < Ce™ [1€(0)]Z o) (4.13)
€0 (01121 (o) < Cre" 1€ (0)IIZ ), (4.14)

where all the constants are independent of € (the constants C' and o > 0 depend
only on equation (2.1) and the constants Cy and K depend also on &y, (0)||g1 (e,
1=1,2).

We now consider the analogues of Theorems 4.4 and 4.5 for the limit parabolic
problem (4.7) (¢ — 0); see e.g. [BV]. We recall that, in contrast to the hyperbolic
problem (2.1), the parabolic problem possesses a smoothing property on a finite
interval.

Theorem 4.6. Let the assumptions of Theorem 4.1 hold and let uy(t) and us(t)
be two solutions of the limit problem (4.7) such that u;(0) € H}(Q). Then

lur(t) = w2 ()l 1 < Ce™Jur(0) — ua(0)| - (4.15)

Moreover, for everyt > 0
2 L+t gy 2
lur(t) = u2 ()7 < C——e[ua(0) — u2(0)]z2, (4.16)

where the constants C and K depend on the H'-norm of the initial data for u;.

We finally estimate the difference of solutions between the unperturbed (e = 0)
and perturbed (¢ # 0) problems. To this end, we look for a formal asymptotic
expansion of u® near ¢ = 0 with respect to €. According to the standard scheme
(see e.g. [VLy] for details), we seek for an asymptotic expansion of the form

V() = u0(¢) + 5111(9 LR, (4.17)

where u°(t) is the solution of the limit parabolic problem (4.7), the boundary layer
term @' (7), 7 1= t/e, satisfies

02t + ot =0, @'(0) =0’ (0) —uy and  lim a@'(7) =0, (4.18)
i.e. (solving (4.18))

al(r) = —%e_w(ﬁus (0), where ¢u-(0) = ug — %(Amuo — flug) +9g) (4.19)

(here, we have computed the value of 9;u°(0) from equation (4.7)), and the remain-
der R(t) := R(t,e) will be estimated in the next theorem below.
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Theorem 4.7. Let the assumptions of Theorem 4.8 hold. Then, the solution u®(t)
of problem (2.1) possesses a decomposition (4.17), where u°(t) is the solution of
problem (4.7), the boundary layer i* is defined via (4.19) and the remainder R can
be estimated as follows:

1Er(B)le(e) < CeXt, Er(t) = [R(2), OR(D)], (4.20)
where the constants C and K depend on ||€u=(0)||g2(c), but are independent of c.

Proof. Owing to the construction of the asymptotic expansion, the remainder R is
solution of the following wave equation:

{ EOFR 4+ YR — AR+ U()R = —l(t)at (L) + Ayat (L) — 02u°,

4.21
R’t:o = %d’ui (0)7 at7—\1|t:0 = 0, R|BQ = O, ( )

where I(t) = lye yo(t) = fol F(u®(t) + 0(us(t) — u®()))dfd. We note that, due to
Theorem 4.3, £ (0) € E(¢) and [|Er(0)[le) = 5 [|6us (0)[la < Q(lI€us (0)le(e))- As
usual, multiplying equation (4.21) by 9;R, integrating over € and integrating by
parts, we obtain

1d
2
RO = - (10RO + 3 (0).0R0 ) + (2744, 7.R0)) -

— (7u° (1), R(Y)) . (4.22)

<s||8t7z(t)||%2 + IV.R@)|22 + 2 (anl(z),vm(t)» +

We note that, due to Theorem 4.2 and Corollary 4.1, we have
@)~ < OO+ @l + W Oll)? < G (14 e O)2g) . (@23)

where (] is independent of €. Consequently, we have no difficulty to estimate the
t
first term in the right-hand side of (4.22), namely | (l(t)(R(t) +at(-)), 8,5R(t)> | <
€
1,0
KHVwR(t)II%ﬁ%HatR(t)H%Z+Kllu1(;)\\?p, where K depends on [|€,z (0)[1(c), but

is independent of €. Also, the last term in (4.22) arises no difficulty since, according
to Corollary 4.2, we have an estimate of the integral of 92u’. We estimate the
second term in the right-hand side of (4.22) in the following way:

| (3tvrﬂ1(z),VmR(t)) | <

Lt ot
< [0 Ol [VaR@lzz < 110" () (1+ [V2R(O72) -

Inserting these estimates into (4.22), we find
1d

3q (ellaﬂl(t)lliz +IR®)|Z -2 (vmﬁl(i),va(t)>) i

1, t
+ JI0ROIE: < 5 (1410 Ol ) IR+

.t ot
e (natul( s + ()l + |afu°<t>||ia) . (24)

€
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We now note that, in view of the explicit expression (4.19) of the boundary layer
term, we have an estimate of the form

1 ()l 10 +/ ||3t111(§)||H1 dt < Q([|€us (0)l2(c)); (4.25)
0

where @ is independent of e. Thus, applying Gronwall’s inequality to (4.24) and
using (4.9) and (4.25), we obtain

t+1
elloR@Z2 + IR +/ 10:R(s) 122 ds < Cae™*, (4.26)
t

where the constants Cy and K depend on ||u-(0)||g2(c), but are independent of e.
Therefore, it only remains to estimate ||0;R(t)||g-1. In order to do so, we multiply
equation (4.21) by (—A;) 192R and integrate by parts. We then have

T == (aorrm)) - (103, (-a02RE) ) +

+ (QlORM)], (—A2) T OR(H)) +
+HIORM)[72 — ellof RO + (—20) T 07u’ (1), 0/R() = H(t), (4.27)

where

i _
() = §||8t72(t)\|%,71 + (R(), R (%)) + (LOR®E), (—Az) 'OR(t)) +
+ (97u0(t), (—Az) TOR()) .
It is not difficult to verify, using Holder’s inequality, estimate (4.23) and estimate
(4.9) for ||02u°(t)|| -1, that
7
SNOR@Z -2 =ClIRMO 7 —Cs < TE) < AR5 -1+CIR) 71 +C5, (4.28)

where the constants C' and C3 depend on [[£,=(0)]/¢2(<), but are independent of .
So, it only remains to estimate the function H(¢) in the right-hand side of (4.27).
To do so, we note that, due to the embeddings H' C L% and H? C C, we can
easily deduce from estimates (4.6) and (4.8) the inequality ||0:1(¢)||rs < Cjy, where
Cy depends only on [|£,=(0)||g2(-) (and is independent of €). Consequently, due to
Holder’s inequality, the function H satisfies

[H(t)] <
< (IR@I + 1ROIE: + 1A GOl + < a Ol ) . (129

where C'is independent of €. We now observe that the explicit expression (4.19) of
the boundary layer @' implies that

oo
_ 1, t
1 Ol at < Cllowe Ol < €, (130)
where C” depends on ||y (0)[|g2(c), but is independent of €. Integrating (4.27) over

[0,7] and using estimates (4.9), (4.26) and (4.28)-(4.30), we derive the necessary
estimate for ||0;R(t)||g-1. This finishes the proof of Theorem 4.7.
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Corollary 4.3. Let the assumptions of Theorem 4.3 hold and let u®(t) and u°(t)
be solutions of (2.1) and (4.7) respectively such that u®(0) = u°(0) = ug. Then

w0 llee) < Cree™” + Coe™ 2" (g0 )1 + 2l 6us (0)122) ,  (431)

where Qy=(t) := dyus(t) — % (Azus(t) — f(us(t)) + g) and where the constants C;,
i=1,2, and K depend on ||§,=(0)||g2(c), but are independent of .

Indeed, (4.31) is an immediate corollary of Theorem 4.7.

Corollary 4.4. Let the assumptions of Theorem 4.7 hold and let u(t) and u(t)
be solutions of problems (2.1) and (4.7) respectively, with w(0) € H3(2) N H}(Q)
satisfying the compatibility condition (4.5), but such that u(0) # u¢(0) = ug. Then

1€us—u()]le(0) < Cree™" 4 Callus(0) — u(0) | gre™'+
+ Cae (s )1 + 260 (O)12) » (4.32)

where the constants C;, i = 1,2,3, and K depend on |[€u=(0)| g2(c) and |[u®(0)| g2,
but are independent of €.

Proof. Let u°(t) be the solution of the parabolic equation with u°(0) = u¢(0) = uy.
Then, on the one hand, we have estimate (4.31) for the difference between uc(t)
and u°(¢) and, on the other hand, estimate (4.15) implies that

1€ () = Euo ()lle(0) < Ce™[u(0) — u®(0) 1. (4.33)
Combining (4.31) and (4.33), we obtain (4.32).
In the sequel, we will also need to control the evolution of the quantity
— = (t) = vedPuf(t). (4.34)

Corollary 4.5. Let the assumptions of Theorem 4.7 hold. Then

Ius @ llar-+ + 60 ()22 < C (7 )gue (Ol +¢) . (4.35)

where C' depends on ||€y=(0)||g2(s), but is independent of e.
Proof. Tt follows from the asymptotic expansion (4.17) of u® that

Ve (1) = —matal(é) +e <Azﬂ1(£) + ALR(L) — ’y(?ﬂ%(t)) +

el () + R, (1.36)
where [(t) = Ly 40 (t) := fol (P (t)+0(us (t)—u’(t)))dh. We note that, without loss
of generality, we may assume that ¢t < 1. It then follows from (4.19), (4.20), Theorem
4.2 and Corollary 4.1 (see also (4.33)) that ||¢ue (t)|| -1 < €™ =t||¢pue (0)]| -1 + Ce,
where the constant C' depends on [[€,= (0)|¢2(). We then recall that, due to Theorem
4.3, we have the estimate ||@y ()| g1 < Ci. Finally, interpolating between the spaces
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H~' and H', we derive the necessary estimate for the second term in the left-hand
side of (4.35).

Remark 4.1. We note that, due to (4.34), estimate (4.35) can be rewritten as
follows:

1 C X
102U Ol + €3 07" ()12 < et + (4:37)

where the constants C;, i = 1,2, depend on [|&,=(0)]|¢2(c), but are independent of
€.

4.8. Uniform exponential attractors for damped hyperbolic equations. According
to Theorem 4.1, the hyperbolic problem (2.1) with € # 0 generates a semigroup
Si(e) : E(e) — E(e) via the formula

Si(€)€,(0) = &, (t), where u(t) is the solution of (2.1). (4.38)

(Here, the £%(e) denote the spaces defined by (2.4)-(2.5).) Moroever, due to The-
orems 4.2 and 4.3, this semigroup is well defined in the phase spaces £!(¢) and
E%(e)N{(4.5)} as well. Analogously, according to Corollary 4.1, the limit parabolic
problem (4.7) corresponding to € = 0 generates a semigroup S; : Hi(Q) — HE(Q2)
via the formula

Siug = u(t), where u(t) is the solution of (4.7). (4.39)

Moreover, this semigroup is well defined in the phase spaces H2(2) N H}(Q2) and
H3() N HY(Q) N {(4.5)} as well. We note however that this semigroup and the
semigroups S;(e) introduced above are defined in different phase spaces. In order
to overcome this difficulty, we introduce an infinite dimensional submanifold A/ of
E4(0) by the following expression:

N = {u,0] € E0), v == (Agu— f(u) +9) =N (@)}, (4.40)

==

0) : N* — N by the following expression:
S1(0)[u, v] = [Spu, N (Spu)]. (4.41)

We easily check that N' € C1(H*(Q), H=2(2)), i = 1,2,3 (see e.g. [BV]). Moreover,
the following estimates are satisfied, for i = 1,2, 3:

IN (@)l -2 + |1 DuN (W)l £t mri-2) < Q(llull ), Yu € HY(S), (4.42)

1=0,1,2, and we define a semigroup S;

—~

for an appropriate monotonic function . Thus, N? is indeed a Cl'-submanifold
of £4(0) and the semigroups S; and S;(0) are conjugated by the diffeomorphism
® : u — [u,N(u)]. Therefore, the assertions of Theorem 4.6 remain valid for the
semigroup S;(0):

Corollary 4.6. Let the assumptions of Theorem 4.6 hold and let & and & belong
to NO. Then

{ 15:(0)&1 — S¢(0)&2le(oy < Ceft|&1 — &llg(0),

(4.43)
15:(0)61 = S:(0)&al21 () < CHEe™|&1 — &allF 0> t >0,

where the constants C' and K depend on |||y, i = 1,2.

The main result of this section is the following theorem.
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Theorem 4.8. Let assumptions (2.2) hold. Then, for every e € [0,1], the semi-
group S(e) generated by problem (2.1) possesses an exponential attractor M. which
attracts exponentially the bounded subsets of £2(¢) in the topology of £(€), i.e. there
exists a function @ and a constant o > 0 that are independent of € such that, for
every B C £%(¢)

diStg(E) (St(E)B,ME) < Q(HBH‘gz(E))e_at. (444)

(Of course, for e =0, we take B C N2 C £2(0).) Moreover, the fractal dimension
of Mc in E(e) is uniformly bounded with respect to € and the symmetric distance
between M. and My in E(g) satisfies

distsym,e(e) (Mo, M) < CeT, (4.45)

where the constants C > 0 and 0 < 7 < 1 are independent of .

Proof. We apply Theorem 3.1 to our problem. To this end, we first note that, owing
to Theorem 4.3, the balls

B :={€ € €2(e), ]2z < 2Q(lglla)} (4.46)

where @ is the same as in (4.6), are uniformly (with respect to €) absorbing sets for
the semigroups S(¢) in £2(e). Consequently, it is sufficient to verify the exponential
attraction to M. only for these bounded subsets of £2(¢). We complete the family
B. C £%(e) with the set

By = {[u,v] € N?, [lullfs < 2Q(llgllz)}- (4.47)

We also note that, without loss of generality, we may assume that the functions @
in (4.6) and (4.8) are the same and that, consequently, By is an absorbing set for
S;(0) in N2 as well. Moreover, it follows from estimates (4.6) and (4.8) that there
exists Ty independent of € € [0,1] such that

St(E)BE C B, ift>T. (448)

Let us now fix T > T, (independent of ¢) such that, for every € € (0,1] and for
every &y, (0), &u,(0) € Be, the function v (¢) defined by equation (4.11) satisfies the
estimate

160, (T)lle(e) < Kll€us (0) = &uy (0)e(e). (4.49)

where & < 3 (it is possible to do so thanks to (4.13)).

We then set S. := Sr(e) and construct the exponential attractors M2 for the
discrete semigroups generated by these maps. To this end, we need to verify the
assumptions of Theorem 3.1.

Assumption (3.1) is obviously satisfied for the family of energy spaces £(e) and
EY(e) defined by (2.4). Moreover, the L?>-norm (and even the H!'-norm) of A/(u) is
uniformly bounded on By and, consequently

1bollZ <) < l1bollZ o) + Cie, Wbo € Bo. (4.50)

Thus, (3.2) is also valid (with € replaced by €2 ).
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Let us now verify (3.3). To this end, we define the operators C. : B. — £(¢),
e > 0, as follows: Cc£,(0) := &, (T'), where vy (t) is the solution of the following
linear problem:

0201 + 49w — Ayvr = 0, &, (0) = £,(0). (4.51)

Thus, K. := S. — C.. For ¢ =0, we set Cy = 0. Then, estimates (3.3) hold thanks
to Theorem 4.5 and Corollary 4.6 and thanks to our choice of T.
Let us finally verify (3.4). To this end, we set

I, =10, IMu,v] = [u,N(u)]. (4.52)

Obviously, II. B. = By and estimate (3.4) is an immediate corollary of (4.31) (the
boundary layer term disappears because we start from time t = T > 0).

Thus, all the assumptions of Theorem 3.1 are satisfied and, consequently, there
exists a family of discrete exponential attractors M? which satisfy conditions (3.5)—
(3.7). As usual (see e.g. [EFNT]), we finally construct the continuous attractors as
follows:

Ms = Ute[O,T]St(e)Mg (453)

We note that, by construction, M. C Sr(e)B. (see Remark 3.1). Consequently
(thanks to (4.35)), the boundary layer term in (4.32) will be of order . Therefore,
(4.32) implies that

distsymyg(o) (Mg, Mp) < CleKT (6 + diStsym,g(E) (MS,MS)) + Cse, (4.54)

and, thanks to (3.7), (4.50) and (4.54), we find estimate (4.45) (where, compared
with (3.7), the exponent 7 is replaced by min{%,T}). The exponential attraction
(4.44) is an immediate corollary of (3.5) and of the uniform Lipschitz continuity
(4.10) and (4.43). Thus, there only remains to verify the boundedness of the fractal
dimensions. As usual, this property is an immediate corollary of the uniform (with
respect to €) time Lipschitz continuity of the solutions of (2.1), which is established
in Lemma 4.1 below. Moreover, thanks to Remark 3.1 and (4.53), this Lipschitz
continuity is indeed necessary for the trajectories £, (¢t) with &,(0) € B for t > T
only.

Lemma 4.1. Let the assumptions of Theorem 4.3 hold and let u(t) be the solu-

tion of (2.1). Then, for every 0 < T < t and 0 < s < 1, ll&“(t+s);§“(t)‘lg(5) <
Qr(||€.(0)||g2(s)), where the function Qr depends on T, but is independent of e.
(e)

The proof of this lemma follows immediately from (4.6) and (4.37).

5. Transitivity of exponential attraction and exponential attraction in
E(e). In this section, we formulate and prove an abstract result on the transitivity
of exponential attraction and then apply this theorem to our problem to deduce
that the attractors M. attract uniformly (with respect to ) not only the bounded
subsets of £2(¢), but also the bounded subsets of £(¢).

Theorem 5.1. Let (M, d) be a metric space and let Sy be a semigroup acting on
this space such that

d(Symy, Syma) < Ceth(ml, ma), (5.1)
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for appropriate constants C and K. We further assume that there exist three subsets
My, My, Mz C M such that

diStM (Sch Mg) S Cle_alt, diStM (StM27 Md) S Cge_aQt. (52)
Then )
dist pq (S My, M3) < Cle™ ™t (5.3)
where C' = CC1 + Cy and o' = #ﬁw

Proof. Let my belong to M7 and let us set t = t1 +t2, where t; > 0,7 = 1,2, will be
fixed below. Owing to the first estimate of (5.2), there exists my € My such that

d(Stlml,mg) S Cle_altl. (54)
Then, estimate (5.1) implies that
d(Symy, Sy,my) < CCreftz—anty, (5.5)

On the other hand, using the second estimate of (5.2), we deduce that there exists
mg € Ms such that
d(Stng, mg) S C2efa2t2 . (56)

Combining (5.4)—(5.6) and noting that m; € M; and ¢; € [0,¢] is arbitrary, we
obtain
dist g (S My, Ms) < inf (CCreftmortt 4 Che2t2) | (5.7)
1 2=
Fixing the values ¢; in an optimal way (i.e. such that Kt; —ajte = aats), we obtain
(5.3).

We are now in a position to prove the

Proposition 5.1. Let the assumptions of Theorem 4.8 hold. Then, there exist a
function Q and constants R > 0 and a > 0 that are independent of € € [0,1] such
that, for every bounded subset B C E(g)

diste () (Se(€)B, Be2(c)(0, R)) < Q(||Blle))e " (5.8)

Corollary 5.1. Let the assumptions of Theorem 4.8 hold. Then, there exist a
function Q and a positive constant o > 0 such that, for every e € [0,1] and for
every bounded subset B C E(g) (for e = 0, obviously, B C N° C £(0))

diStS(s) (St(E)B7M€) < Q(HBHS(S))e_atv (5'9)

where the attractors M. have been defined in Theorem 4.8.

Proof of Proposition 5.1. The case € = 0 is straightforward, due to the smoothing
property for parabolic equations. We will thus consider below the case € # 0 only.

We will prove estimate (5.8) in several steps, using the spaces £%(¢), with frac-
tional order 0 < xk < 1. The most complicated step is to prove the analogue of (5.8)
for the space £(g), with 0 < & < 1, instead of £%(g). So, we will concentrate on
this point only.
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Step 1. We decompose (following [BV]) the nonlinearity f into a sum f = f1+ fo
such that

filw) =0, f1(0) = f1(0) =0, |fo(v)[ +[f2(v)| + [f2(v)] < C, (5.10)
where C' is independent of v (such a decomposition exists, thanks to assumptions

(2.2)). We then decompose a solution u(t) of (2.1) into the sum u(t) = v(t) + w(t),
where v(t) is the solution of

safv + 0w — Ay + f1(v) =0, §v’t:0 = gu‘t:o’ U’(’)Q =0. (5.11)
Consequently, w satisfies the equation
£0?w+v0pw—Ayw+[f1(v+w)— f1(v)] = g— fo(u fw’t 0 =0, w‘m =0. (5.12)

Arguing as in the proof of Theorem 4.1, we can prove that the function v(t) satisfies
the estimate

T+1
/T 100 (D1Zz dt + [1€0(T) 2 () < Q (I1€u(0)llee)) e (5.13)

where ) and « > 0 are independent of ¢.

We now estimate the solution w of (5.12). To this end, we multiply this equation
by (—=Az)"0(t), 0(t) := dw(t) + aw(t), where « is a fixed small strictly positive
number and 0 < kK < 1, integrate over €2 and integrate by parts. We obtain, after
standard transformatlons

S SN 2+ 100+ (BuD0(0), (~A) 0]+
+ (= a0 2 + allw(®) 342 — aly — as)(w(t), (~Aa)"0()) =
“0(0)) — @ (By (tw(t), (-

= (g - f2(u(t))a at(_Ax)
A

Az) w(t)) +
+ (0@ (H)w(?), ( (=

2) w(t)) + (@4 (1) (t), (=Ag) w(t)),  (5.14)

where ¢, := fol fi(v+sw)ds. We only estimate the last two terms in the right-hand
side of (5.14) (the other terms are easier to estimate). Thanks to Holder’s inequality
and the Sobolev embedding theorems, we have, for k < %

[ (8:@y (H)w(t), (= Az)"w(t)) | < Cl0: Py (t)l| Loz l[w() |2 lw(®)[[145,2 <
< pllw®|F 2 + Culldr®@o ()7 llw @) 25 (5-15)

for an arbitrary g > 0. We note that, owing to the dissipative integrals for v and v
(see (4.3) and (5.13)), we have

/0 108, (1)) dt <
< Qs Ol | " 10u®) |22 + [9r(®)]22) dt < Q' (€aO)]lee)) < 0 (5.16)
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We now estimate the last term in the right-hand side of (5.14), splitting it into two
terms again:

(@u(B)0rw(t), (—Ag) w(t)) = ((u(t) — f1(0(1)Drw(t), (—Az)"w(t)) +
+ (f1lo®)0w(t), (=Ag) w(t)) . (5.17)

The second term in the right-hand side of (5.17) can be estimated using Holder’s
inequality and appropriate embedding theorems:

| (f1((£)Ow(t), (= Az)"w(t)) | < ClLf (@) LallOw®) [ 2[lw() l14s.2 <
< uldew @)% 2 + Cull L) Ls w1 r 2. (5.18)

(Here, we have also implicitly used the assumption x < 3.) We note that, thanks
to (5.10), we have |f(v)] < C|v|(1 + |v]) and, consequently, due to (5.13), we have
the analogue of a “dissipative” integral:

/OOO 1 E)IZs dt < QUIEu(0) (o)) < oo (5.19)

So, there only remains to estimate the first term in the right-hand side of (5.17).
To this end, we note that, according to (2.2), we have

@ (t) = fi(0(®)] < Clu@®)(L+ [u(®)] + (@), (5.20)

and, consequently, thanks to Holder’s inequality and the Sobolev embedding theo-
rems, it follows that

[ (@u(t) = f1(0()Drw(t), (—Az) w(t)) | <
< CO A+ u@® i + lo@lm) 0wl 2 w(®)1 21 <
< pllw® e + Culldew @z lw®lZies. (5.21)

Inserting estimates (5.15)—(5.21) into (5.14) and arguing as in the proof of Theorem
4.2, we obtain the estimate

t+1
elldvw®)llz 2 + w2 +/ 10pw ()% 2 ds <
t
< QUEO)s)e™ + Qlglla),  (5:22)
where @ and « > 0 are independent of ¢.

Multiplying equation (5.12) by (—A, )"~ 102w, arguing as in the proof of Theorem
4.1 (Step 2) and using (5.22), we finally find

1€w®)llexe) < QUIE(0)lle()e™" + QUlgllz) (5.23)

(the derivation of (5.23) is standard and simpler than that of (5.22) because we can
use the additional regularity of w(¢) obtained above (in (5.22)); so, we leave the
details to the reader). Estimates (5.13) and (5.23) imply that

distg(s) (St(E)B,Bgn(E)(O,R)) < Q(||B||5(E))€_at, (5.24)
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for every bounded subset B C £(¢) and for R = 2Q(]|g]| ).
Step 2. Starting now from &,(0) € £%(¢), with « close to 3, and arguing as in the
first step (but the proof is simpler since the solutions are more regular), we have

diste(e) (St(e)B, Ber(+)(0, R')) < Q(|| B

er)e ™, (5.25)

for every bounded subset B C £%(e).
Step 3. Starting from &,(0) € £1(g), we find similarly

diStS(e) (St(s)Ba BSQ(E)(Oa R/I)) < Q(”Bllfl(e))eiata (526)

for every bounded subset B C £1(g). Finally, using (5.24)—(5.26) and the transi-
tivity of exponential attraction (Theorem 5.1), we obtain (5.8). This finishes the
proof of Proposition 5.1.

6. Proofs of the main estimates.

Proof of Theorem 4.1. The proof of existence and uniqueness of solutions can be
found, for instance, in [BV]. The existence of a Lyapunov function ¢/ and relation
(4.3) are also obtained in [BV]. So, it remains to verify the uniform estimate (4.1).
We will give below a formal derivation of this estimate only; it can be justified by
considering Galerkin approximations and consists of two steps.

Step 1. Multiplying equation (2.1) by Owu(t) + Su(t), 5 > 0 small enough,
integrating over {2 and arguing in a standard way, we find

T+1
/T 10cu(®)][Z2 dt + ellOeu(T) 17> + lu(T)II7 <

< Q (ellowu(O)[[ 72 + [u(O)]Fn) e + Q(llgl2),  (6.1)

where @ and o > 0 are independent of € (see e.g. [BV] for details).
Step 2. Thus, it only remains to estimate ||Oyu(t)||g-1. In order to do so, we
multiply equation (2.1) by (—A,)~10?u(t) and obtain, integrating by parts

d

2103 + (wlt), Bpu(t)) + (1) — g, (~A0)~ Deu(®)]+

+ elloFut) -1 + [F10m®)F-1 + (u(t), dru(t)+
+ (f(u()) — g, (~An) " Bu(t)] < h(t), (6.2)
where
A() = [0l + (u(t), u(®)) + (F(u(t) - g, (=) Opu(t))] +
+10eu()|[22 + (f (u()put), (~As) " Byu(t)).  (6.3)
It follows from the growth restriction (2.2)4 on f, from (4.2), from the Sobolev

embedding H! C L% and from estimate (6.1) that

T+1
/T (Ol dt < Qelldru(0)[I72 + [u(O)]F)e™" + Q(llgllz2).  (6.4)
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Indeed, the only difficulty to derive (6.4) is to estimate the last term in (6.3).
Applying Holder’s inequality, together with the embedding H' C LS, to this term,
we have

|(f" (u(t)Deu(t), (—As) " Opu(t))] <
<1 @)l e 10su(t)ll 2| (— Aa) T Ou(t) | o <
< COH+ u®F)0put)| 7. (6.5)
Integrating (6.5) over [T, T + 1] and estimating the right-hand side of the inequality
that we obtain by using (6.1), we find the right-hand side of (6.4). The other terms
in (6.3) can be estimated analogously.

Applying now Gronwall’s inequality to (6.2) and using estimate (6.4), we obtain,
after simple transformations

Y(T) < CY (0)e™" + Q1 (e 0pu(0)lI72 + [u(0)][72) e=" + Qu(llgllz2),  (6.6)

where Y(1) i= 3102 + (u(t),0u(t) + (F(u(t) — g, (~As) " 10u(t)) and
where C' > 0 and the monotonic function @7 are independent of € € (0,1). It follows
from the growth restriction (2.2)4 and from the Sobolev embedding theorems that,
analogously to (6.5)

Cullocu)lF-1 = Qa(lu(®)r2) <Y (1) < Calldeu(®)|[ -2 + Qa(llu(®)llm), (6.7)

for positive constants C; and a monotonic function Q) that are independent of e.
Combining estimates (6.1), (6.6) and (6.7), we can find the necessary estimates
for [|Oyu(t)||g-1. The estimates for e]|07u(t)||%_, can be easily derived by then
integrating (6.2) over [T, T + 1]. This finishes the proof of Theorem 4.1.

Proof of Theorem 4.2. We again only give a formal derivation of (4.4). We introduce
the solution G = G(z) of the following problem:

AG=yg, Gl|,,=0. (6.8)
We set w(t) := u(t) — G. This function obviously satisfies the equation

e02w+y0sw—Aw+ f(w+G) = 0, w|t:0 =uy—G, 5tw|t:O = ug, w 0. (6.9)

a0 —

We multiply equation (6.9) by —A,(d;w(t) + Bw(t)) and integrate over € to obtain

ello:Vow®)|Z + 1Asw(t)]|Z: — 28e(ew(t), Agw(t)))+

+ (7 = B)10:Vow )| + Bl Asw(t) 72 — ¥8(0 Vaw(t), Vaw(t)) =
= B(f(u(t), Apw(t)) + (f(w(t) + &), Axdyw(t)).  (6.10)

a0
dt

N =

We transform the last term of (6.10) (the other terms are easier to treat) as follows:
(flw+ @), Apdyw) = 0s(f(w + G), Ayw) — (f (w + G)oyw, Ayw), (6.11)
and we estimate the last term of this equality via Holder’s inequality:

|(f'(w + G)Ow, Agw)| < [[f'(w + G)lzo [ OpullLs [ Asw]| L2 (6.12)
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We recall that, due to the growth restriction (2.2)4, we have an estimate of the
form ||f'(w 4+ G)|lrs < C(1+[|g||22 + [|w]|?:2) . Inserting these estimates into

(6.12), we find, using classical interpolation results (in particular, we have ||w||3,, <
3/2) 11/2 1/2 1/2
Cllw|37 w72 and D]z < Clldpw] 29wl 7?)

(f'(w + G)yw, Ayw)| < QUUI€u(t)le(e)) | Avw||3521rul| 127 |V o Dw]| 1
Applying Young’s inequality, we finally obtain, for every p > 0

|(f"(w(t) + G)dyw(t), Agw(®))| < 1 (10 Vaw(t)l|72 + [ Acw(®)]Z2) +
+ Qull&a®lle@)Ou)|z: | Asw(t)]|72-

Fixing p > 0 small enough (but independently of €) and inserting this estimate into
the right-hand side of (6.11), we derive the inequality

5 10003 + A0 — 20 @(0), Asw(0)-
— 2 (u(t)), Aw(®)] + B (10 aw(t) 3o + [ Asw(t) 32) <
< Q& e 10Ol A0 32 + CIF ) (6.13)

for a sufficiently small 3; > 0 that is independent of £. We set

Y (t) = €0 Vow(t)||7e + | Asw(t) 22 — 28:(w(t), Apw(t)) — 2(f (u(t)), Asw(t)).

Then, due to Holder’s inequality, due to the growth restriction (2.2)4 and due to
classical embedding theorems, we have (for a sufficiently small 8 > 0)

Cr (elldew 7 + llw®)[F2) — Qu(llu®)llz) <Y (#) <
< Co (o + lw®)lF2) + Qulllu®) ), (6.14)
for appropriate positive constants C; and monotonic function @y that are indepen-

dent of e.
Inequality (6.13) now implies that

%Y(t) + (81 = QUIED) e 10eu(t) | 72)Y (t) <

< (81 + QUIED @) 10u(®)1Z2) [28el(Drw(t), Agw(t)] + 2/ (f(u(t)), Agw(t))]]+
+ Ol f ()= (6.15)

Applying Hoélder’s inequality to the right-hand side of (6.15), using (6.14) and the
obvious estimate ||f(u()|Z> < QUI&(0)ece))e > + Qllgllz2), we find

d

Y O+BOY () < (Qa(1I€u(0)lee))e™" + Qa(llgllz2)) (1 + ll9ru()llZz) , (6.16)

where B(t) := 501 — 2Q([I€u(t) (o)) 10su(t) 17
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We note that it easily follows from (4.3) that fOT [0:u(®)||72 dt < Qs([1€4(0)]le(s))
for a function @3 that is independent of 7' > 0 and ¢, and, consequently

T
| B = 3a7 - aulle Ol (617)

where 1 > 0 and @4 are independent of T" and e. Applying then Gronwall’s
inequality to (6.16) and using (6.17), we find, after simple computations

ellOew(T) |7+ lw(D)I < Q (Elloeu(O)lF + [[u(0)llF2) e +Q(llgll2). (6.18)

where @@ and « > 0 are independent of ¢.
A similar estimate for TT i [|Oyu(t)||3. dt can be easily derived by now integrat-

ing (6.13) over [T,T + 1] and by using (6.18). So, there only remains to estimate

|0:u(t)] > and szTH |07u(t)||32 dt. To this end, we multiply equation (6.9) by
d?w(t) and argue as in Step 2 of the proof of Theorem 4.1. We also note that this
reasoning is simpler than that performed in the proof of Theorem 4.1 because we
already have an estimate of the L°°-norm of the solution u(t) (due to (6.18) and due
to the embedding H? C C) and, consequently, we do not need to worry about the
growth of f. That is the reason why we leave the rigorous proof of these estimates

to the reader. This finishes the proof of Theorem 4.2.

Proof of Theorem 4.3. As above, we only give a formal derivation of (4.6). We
set, as in the proof of Theorem 4.2, w(t) := u(t) — G, where G is the solution of
(6.8). Then, due to equation (2.1) and due to the compatibility condition (4.5), the
function w satisfies equation (6.9), together with the following boundary conditions:

w(t)] 5o = Aaw(t)] 5 = 0. (6.19)

Here, we have implicitly used the condition f(0) = 0.
Multiplying equation (6.9) by A2(dw(t) + Bw(t)), integrating by parts using
(6.19), and arguing as in the proof of Theorem 4.2, we obtain

1d
5@[5”@%10(15)”%2 +IVaBow(®)|[72 — 28e(0Vaow(t), Volgw(t))]+

+ (7 = B0 Asw ()T + BIVaAow(t) |22 — 180 Vaw(t), VaAsw(t)) =
= —B(f(u(t)), AZw(t)) + (f (u(®)) Agult), Aydpw(t))+
+ (" () [Vault)?, 9 Azw(t)).  (6.20)
We set Y (t) := e||0;Apw(t) |32 4| Ve Agw(t)]|3 . —26e(0; Vaw(t), Vo Agw(t)). Then,
for a sufficiently small 3 > 0, we easily have
C1 (el daw(®)]2e + IVadaw(]3e) < Y(1) <
< Co ()0 Agw(t)||72 + (| Velpw(t)]|72),  (6.21)
for positive constants C; that are independent of ¢.
We again estimate the most complicated term in the right-hand side of (6.20)

only (the other terms can be estimated analogously). Using Holder’s inequality, we
find, for every p >0

|(f"(w(®) Azu(t), Apdw(t))| < ClLF (w(t)) [l Loe lw(®) || 2 10sw(t) | 5> <
< CollF @) lu®) I + vIIOww(®) I (6.22)
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Noting that H? C C, we have

1" ()2 < QUlu(®)]|r2), (6.23)

for an appropriate monotonic function @ depending only on f. Estimating the H?2-
norm of u(t) using Theorem 4.2, inserting (6.22) and (6.23) into (6.20) and using
(6.21), we find, after standard calculations Y (£)+ 1Y (t) < Q([|€u(0)|g1(c))e ™+
Q(|lgllzz), for a positive constant (1 and a function @ that are independent of e.
Applying now Gronwall’s inequality and using (6.21) again, we finally obtain

T+1
/T 10sw ()| F= dt + €l| Opw (T) 372 + w(T) I3 <
< Q (00l + u(0)17s) e + Q(llgllz2),  (6.24)

for appropriate monotonic function () and positive constant « that are independent
of e. Noting that ||u(t)||gs < ||w(t)|lgs + ||g|lz:, (6.24) then implies an analogous
(to (6.24)) estimate for u(t).

Multiplying finally equation (6.9) by A,d?w and arguing as in Step 2 of the proof
of Theorem 4.1, we have the estimates for ||Oyu(t)| z and fTTH el 0Fu(t)||%,.dt. This
finishes the proof of Theorem 4.3.

Proof of Theorem 4.4. We set v(t) = uy(t) — ua(t). Then, we have
€020 + Y0 — Agv + (v = 0, &,(0) = &, (0) — &,,(0), (6.25)

where [(t) := fol f(sur(t) + (1 — s)ua(t)) ds.
We note that, according to the growth restrictions on f’, the Sobolev embedding
theorems and estimate (4.1)

11l ze < CA+Ilur@llm + uz(®)]1)?* < QUI€ws (0)lee) + 16wz (0)le())- (6.26)

Multiplying now equation (6.25) by O,v, integrating over Q and using the obvious
estimate

|(1&)o(#), 0 ()] < ClIE) |22 (@) 7 + 100 (®)I172), (6.27)

we obtain, after standard transformations (see e.g. [BV])

T+1
[ 1001 dt + o0 + 0@l <
T
< CeXT (e 00(0) 34 + [0(0)[3) - (6.28)

In order to obtain an estimate for ||0yv(t)|g-1, we multiply equation (6.25) by
(—A,)"102v and integrate over Q. We then have

L1101+ (0(0), 0) + (D), (~5) oe)] +
e OBu@l -1 < 0B + (I 00(D), (~A) B (t) +

+ (1) 0v(t), (—Az) tOww(t)) = h(t). (6.29)
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Estimate (6.2), together with Holder’s inequality and the growth restrictions on f,
gives

T+1
/ Ih(t)] dt <
< QUEw O)llee) + 1w O)lee))eXT (100 (0)]22 + [0(O)]Bp) . (6.30)

To do so, we only estimate the second term in h(t) (the other terms can be estimated
analogously). Tt follows from the growth restrictions on f” that

1@ ez < CA A fur (Ol + luz@ a0 (10:ur (D)l 22 + 10sua(B)l] ). (6.31)
Thus, due to (4.1) and (6.28) and due to Holder’s inequality

| (B)u(t), (=A0) T Opu(t)] <
< CI Ol sz lo@® |00 )|z < OO Fasellv(®)1F + [0 (®)]Z2 <
< QI€ws (0)lg ) + 1z (0l () (€l B0 (0) 172 + [0 (0) [F2)
< e (0qur (D172 + [10ruz(t)]172) + 10r0(t)[72. (6.32)

Integrating (6.32) over [T,T + 1] and using estimates (6.7) and (6.28), we obtain
(6.30) (for this part of h). Integrating finally (6.29) and using (6.30), we find, after
standard calculations, the necessary estimate for ||0,v(t)||g-1. This finishes the
proof of Theorem 4.4.

Proof of Theorem 4.5. We will only prove estimate (4.14) (estimate (4.13) is
straightforward, v; being the solution of a linear equation). Multiplying equation
(4.12) by —A,0v2(t), we have

| =

(EHvzatU2(t)H%2 + ||A:L’U2(t)||%2) +7Hvzatv2(t)”%2 =
= (I(t)v(t), ApOyva(t)). (6.33)

DN | =
Sy

t

We recall that H2 C C; therefore, it follows from Theorem 4.2 that
1)z + 1 Val@®)llzs < Q (1€uy (0)llr(e) + 1wz (0) 1)) - (6.34)
Thus, the right-hand side of (6.33) can be estimated as follows:

[([()v(t), Azdrv2(t))| < [(Val(t)v(t), 0:Vev2(8))] + [([(H) Vav(t), 9 Vava(t))] <
< %Hvxatvz(t)l\%z +Clv(®)F,  (6.35)

where the constant C’ depends on ||y, (0)]|¢1(<), but is independent of €. Inserting
this estimate into (6.33) and using (4.10), we have

T+1
/T 10cv2 (8)|[72 dt + €| Opva(T) |7 + [va(T) 72 < Ce" T, (0)II3(.)-  (6.36)
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So, it only remains to estimate ||0;v2(t)||2.. To this end, we multiply (as above)
equation (4.12) by d?v2(t) and integrate over 2. We obtain

(L0 6) s — (Auval®), 0wa(6)) + U(0)0(6), Dwa(0))) + €l0Fva (1) =
= ||V20va(t)||22 + (Bel(t)v(t), Dpva(t)) + (1(t)Opv(t), Beva(t)) = h(t). (6.37)

We note that, using the growth restriction (2.2)4, estimate (4.4) and the embedding
H? C O, we have, arguing as in (6.31), the estimate

10:(t) ][ 232 < Q ([1§us ()1 (&) + 1€ua (D)) » (6.38)
and, consequently, due to (6.34) and (6.38)
(O] < Crllo@) I + 10w (172 + 802 (1) 7). (6.39)

Inserting (6.39) into (6.37), integrating the inequality that we obtain over [0, 7] and
using (6.28) and (6.36), we find the necessary estimate for ||Opv2(t)||z2. This finishes
the proof of Theorem 4.5.
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