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ABSTRACT. We suggest in this article a new explicit algorithm allowing to construct
exponential attractors which are uniformly Holder continuous with respect to the
variation of the dynamical system in some natural large class. Moreover, we extend
this construction to nonautonomous dynamical systems (dynamical processes) treat-
ing in that case the exponential attractor as a uniformly exponentially attracting
finite-dimensional time-dependent set in the phase space. In particular, this result
shows that, for a wide class of nonautonomous equations of mathematical physics,
the limit dynamics remains finite-dimensional no matter how complicated the depen-
dence of the external forces on time is. We illustrate the main results of this article
on the model example of a nonautonomous reaction-diffusion system in a bounded
domain.

INTRODUCTION.

It is well known that the long-time behavior of dissipative dynamical systems
generated by evolution equations of mathematical physics can be described in terms
of the so-called global attractor A which is, by definition, a compact invariant subset
of the phase space ® which attracts the images of all the bounded subsets as time
goes to infinity, i.e., for every bounded subset B C @,

(0.1) lim diste(S(t)B,.A) =0,

t—oo
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where S(t) is the semigroup associated with the problem considered and dist is
the nonsymmetric Hausdorff distance between sets. Thus, on the one hand, the
attractor contains (in some sense) all the essential dynamics and, on the other
hand, it is usually essentially smaller than the initial phase space. In particular,
very often, its fractal (or Hausdorff) dimension is finite:

(0.2) dimp(A, @) < C < oo

and, consequently, in spite of the initial infinite-dimensionality of the phase space
®, the reduced limit dynamics is finite-dimensional and can be effectively studied,
using the concepts and methods of the classical theory of dynamical systems, see
[1], [6], [15], [18], [23] and the references therein.

However, we recall that the approach based on the concept of global attractors
has two rather essential drawbacks: on the one hand, the rate of convergence in (0.1)
can be arbitrarily slow and it is usually very difficult (if not impossible) to estimate
this rate in terms of the physical parameters of the problem and, on the other
hand, the global attractor is, in general, only upper semicontinuous with respect
to perturbations, so that the global attractor can change drastically under very
small perturbations of the initial dynamical system. These drawbacks obviously
lead to very essential difficulties in numerical simulations of global attractors and
even make the global attractor, in some sense, unobservable.

In order to overcome these drawbacks, the concept of an exponential attractor
has been suggested in [8]. By definition, an exponential attractor M is a compact
semiinvariant set of the phase space which is finite-dimensional (in the sense of
(0.2)) and attracts exponentially the images of the bounded subsets of @, i.e., there
exist a positive constant a and a monotonic function () such that

(0.3) diste (S(t)B, M) < Q(||B|ls)e”, t >0,

for all the bounded subsets B of the phase space ®. Moreover, in contrast to global
attractors, the constant o and the function ) can be expressed explicitly in terms
of the physical parameters of the problem. Thus, being still finite-dimensional, an
exponential attractor allows to control the rate of convergence of S(t)B as t — oo
and, as a consequence, an exponential attractor is more robust than the global
attractor.

We note however that, in contrast to the global attractor, an exponential at-
tractor is not unique and, consequently, the problem of ”the best choice” of an
exponential attractor is very important. In order to overcome the uniqueness prob-
lem, it would be very good to have a relatively simple (with respect to its possible
numerical realization) algorithm which allows to construct, for every dynamical
system S (belonging to some natural class), an exponential attractor M = Mg
such that the map S +— Mg is, in some sense, regular (e.g., upper and lower
semicontinuous at every point).

We now recall that the original construction of exponential attractors from [8]
was based on the so-called squeezing property and was highly nonconstructive (in-
deed, Zorn’s lemma had to be used). The lower semicontinuity property was also
obtained, but only up to ”time-shifts”, which is factually equivalent to the following:

(0.4) lin%) diste (Ao, M) =0,
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where Ay and M. are the global attractor of the nonperturbed system and an expo-
nential attractor of the perturbed one given by the above construction respectively.

An alternative, more explicit, construction of an exponential attractor has been
suggested in [9]. This construction involves two Banach spaces H and H; such that
H; is compactly embedded into H and requires the map S = S(1) to satisfy the
following smoothing property for the difference of two solutions:

(05) ”Shl_Sh2HH1 SKth_hQHH, Vhl,hg EB,

where B C ® = H is a bounded absorbing set of the semigroup considered. More-
over, it was shown in [11] that, under natural assumptions, it is possible to construct
a one-parametrical family of exponential attractors M., ¢ € [0, 1], associated with
the one-parametrical family of semigroups S, satisfying (0.5) uniformly with respect
to g, such that

(0.6) distS¥™™ (M., My) < Ce",

where C,x > 0 and dist®¥™"™ denotes the symmetric Hausdorff distance; see also
[13] and [21].

It is however worth emphasizing that the above construction gives the lower
semicontinuity only at one point Sy (¢ = 0). Moreover, the construction of the
perturbed attractor M. essentially uses not only the perturbed semigroup S., but
also the exponential attractor My of the nonperturbed dynamical system, see [11].

In the present article, we improve the above scheme of construction of an expo-
nential attractor and give an explicit algorithm which allows to construct, for every
map S satisfying (0.5), an exponential attractor Mg such that the map S — Mg
is Holder continuous at every point (and, in particular, Mg now only depends on
S). To be more precise, we prove the following result.

Theorem 0.1. For every map S € S5 x(B) (roughly speaking, the class Ss i (B)
consists of all the maps S which satisfy (0.5) for a fired K, see Definition 1.1), there
exists an exponential attractor M = Mg which satisfies (0.2) and (0.3) uniformly
with respect to S € S5 i (B) and such that, for every Si,S2 € S5 x(B), we have

(0.7) disty ™" (Ms,, Ms,) < C||S1 — Salls,

where the positive constants C' and k are independent of the concrete choice of the
maps S1 and Ss.

The proof of this theorem is given in Section 1. Moreover, its extension to
asymptotically smoothing systems is also discussed there.

We now turn to nonautonomous dynamical systems. In that case, instead of
a semigroup, we have a so-called (dynamical) process U(t,7) depending on two
parameters t,7 € R (or t,7 € Z for discrete times), t > 7, which are naturally
interpreted as evolution maps from time 7 to time t and, consequently, should
satisfy

(0.8) U(t,T)oU(r,s)=Ult,s), t>1>s.

The asymptotic behavior of nonautonomous dynamical systems is essentially less
understood and, to the best of our knowledge, the finite-dimesnionality of the limit
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dynamics was established only for some special (e.g. quasiperiodic) dependences of
the external forces on time.

Indeed, there exist, at the present time, two principally different approaches for
extending the concept of a global attractor to the nonautonomous case. The first
one is based on the embedding of the nonautonomous dynamical system (0.8) into a
larger autonomous one by using the skew-product technique. This approach natu-
rally leads to the so-called uniform attractor A“" which remains time-independent
in spite of the fact that the dynamical system now depends explicitly on the time,
see [3], [4], [6], [16] and [20]. In contrast to this, the second approach allows
the attractor of the nonautonomous problem to be a time-dependent set as well,
t — A(t), t € R. This leads to the so-called pullback attractor which is, by defini-
tion, a strictly invariant (i.e., U(¢, 7).A(T) = A(t)) family of compact subsets of the
phase space which possesses the following pullback attraction property: for every
bounded subset B of the phase space ® and every t € R, we have

(0.9) lim diste(U(t,t — s)B,.A(t)) =0,

§—00

see [2], [7], [17] and [22] for details.

We note however that both approaches described above are far from being per-
fect and have very essential drawbacks. Indeed, concerning the uniform attractor,
in order to realize the reduction to an autonomous system via the skew-product
technique, one usually needs to consider an auxiliary dynamical system generated
by the temporal shifts acting on the so-called hull of all time-dependent external
forces (see [3]). Unfortunately, in order to construct it, the external forces should
be known for all times t € R, which, in some sense, violates the causal principle.
Moreover, for more or less general external forces, this auxiliary artificial dynamical
system is much more complicated than the initial nonautonomous dynamical sys-
tem (in particular, it has infinite dimension and infinite topological entropy). This
naturally leads to the artificial infinite-dimensionality of the uniform attractor and
to the artificial complexity of the associated autonomous dynamics. In particular,
the above ”pathological” infinite-dimensionality appears even in the simple case of
the following exponentially stable linear equation:

(0.10) Ou — Azu = h(t), 0,

ul g =
in a bounded domain 2 C R"™, whose dynamics is completely clear (one exponen-
tially attracting trajectory), see [6].

Now, concerning the concept of a pullback attractor, although it works perfectly
well for equation (0.10) (and even for much more general nonautonomous dynamical
systems, see [2], [11], [24] and [25]), it has also an essential drawback related with
the fact that the rate of convergence in (0.9) is not uniform with respect to t and,
consequently, the ”forward” convergence (as t — +o00) to the pullback attractor

does not hold in general. Indeed, let us consider the following nonautonomous
ODE:

—-Y, tSO?
(0.11) y' = f(t,y), where f(t,y):=<¢ (=1+2t)y—ty? tel0,1],
y—vy>, t>1.
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Then, on the one hand, the pullback attractor is reduced to zero, i.e., A(t) = {0},
vVt € R, and, on the other hand, for ¢ > 1, every nonzero trajectory starting from
a sufficiently small neighborhood of zero leaves this neighborhood and never enters
it again, which clearly contradicts our intuitive understanding of an ”attractor”.

Thus, although both approaches described above work perfectly well for some
particular cases of nonautonomous dynamical systems, they do not give a reasonable
description of the long-time behavior for general nonautonomous external forces.
In order to overcome these difficulties, it seems natural to generalize the concept
of an exponential attractor to the nonautonomous case, see [10], [14] and [19].
We note however that, in all these articles, the uniform attractor’s approach was
used in order to construct an exponential attractor for the nonautonomous system
considered and, consequently, an (uniform) exponential attractor remained time-
independent. Since, under this approach, an exponential attractor should contain
the uniform attractor, all the drawbacks of uniform attractors (artificial infinite-
dimensionality and high dynamical complexity) described above are preserved for
exponential attractors.

In the present article, we give a systematic study of exponential attractors of non-
autonomous systems based on the concept of a nonautonomous (pullback) attractor.
Thus, in our approach, an exponential attractor of a nonautonomous dynamical
system is also time-dependent. To be more precise, a family ¢ — M(t) of compact
semiinvariant (i.e., U(t, 7)M (1) C M(t)) sets of the dynamical process (0.8) is an
(nonautonomous) exponential attractor if
1) The fractal dimension of all the sets M(t) is finite and uniformly bounded with
respect to t:

(0.12) dimp(M(t), ®) < C < oo.

2) There exist a positive constant a and a monotonic function @) such that, for
every t € R, s > 0 and every bounded subset B of P,

(0.13) disto (U(t + 5,1)B, M(t + 5)) < Q(|| Bllo)e "

We emphasize that the convergence in (0.13) is uniform with respect to t € R
and, consequently, under this approach, we indeed overcome the main drawback of
pullback global attractors. Thus, according to (0.12) and (0.13), a nonautonomous
exponential attractor (if it exists) gives indeed a reasonable extension of a finite-
dimensional reduction principle to general nonautonomous systems.

We also study perturbations of nonautonomous exponential attractors. To be
more precise, we prove the following nonautonomous analogue of Theorem 0.1 which
can be considered as the main result of the article.

Theorem 0.2. For every discrete dynamical process U = U(n,m), n,m € Z,
n > m, which satisfies the following property: U(n) := U(n + 1,n) € S5k (B)
for every n € Z (the class Ss i (B) is the same as in Theorem 0.1, see Definition
1.1), there exists an exponential attractor n — My (n) which satisfies estimates
(0.12) and (0.13) uniformly with respect to all the processes belonging to this class.
Moreover, for every processes Uy and Uy satisfying the above property, we have

(0.14) dist/™"™" ( My, (n), My,(n)) < Csup {8_55||U1(n —58)—Us(n— s)||§},
seN



where the positive constants C, # and k are independent of the concrete choice of
Uy and Us.

We illustrate this result on the model example of a reaction-diffusion system in
a bounded domain :

(0.15) Ou = alAgu — f(u) + g(t), u}t:T = U, u’ag = 0.

Here, v = (u',--- ,u*) is an unknown vector-valued function, A, is the Laplacian

with respect to the variable z, a is a diffusion matrix, f(u) is a given nonlinear in-

teraction function and g € L (R, L?(Q)) are given time-dependent external forces.
Applying the above abstract result to the dynamical processes Uy (t, T) associated

with problem (0.1), we prove (in Section 3) that, under natural assumptions on the

nonlinearity f and the diffusion matrix a, for every g satisfying

(0.16) gl e 22(0)) < K’

(where K’ is some fixed number), there exists an exponential attractor ¢t — M,(t)
which satisfies (0.12) and (0.13) uniformly with respect to g enjoying (0.16). More-
over, for every external forces g; and g satisfying (0.16), we have the following
estimate:

t

(0.17) @t My, (0. My 0) < ([ e 01(6) = g2(6) [y 5

— 0o

where H := H}(€Q) and the positive constants C, 3 and x only depend on K’ and
are independent of the concrete choice of g; and gs.

In particular, applying (0.17) to the external forces g(-) and g(- + 7) for some
7 € R, we deduce
(0.18)

distSI™™ (M (¢ 4+ 7), M,y (1)) < C (/

— 0o

t K
e g(s) — g5 + ) 2erey ds) .

Estimate (0.18) shows, in particular, that, if the external forces g are time-inde-
pendent (time-periodic or almost periodic), the same will hold for the exponential
attractor t — M,(¢). Thus, the dependence of the exponential attractors M,(¢)
on the time reflects in a right way the dependence of the external forces on the
time. Moreover, estimates (0.17) and (0.18) show that the exponential attractor
T — My(7) is independent of the future (of the values of the external forces for
t > 7), so that the causal principle is satisfied, and the dependence of M (7) on the
past (on the external forces g(7—s), s > 0) decays exponentially with respect to the
time passed (with respect to s) in a complete agreement with our physical intuition.
We also establish that the function ¢ — M () is uniformly Holder continuous with
respect to ¢ in the Hausdorff metric.
It is finally worth noting that the natural formula

(0.19) MY = [Uer Mg(t)]Hé(Q),
where [-]y denotes the closure in the space V, gives the so-called (infinite-dimensio-

nal) uniform exponential attractor for problem (0.15) introduced in [10]. We also
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note that, concerning global attractors, the analogues of formulae (0.12-0.13) and
(0.17-0.18) are verified only when the nonautonomous process is a small perturba-
tion of an autonomous semigroup possessing the so-called regular attractor, see [1],
[12] and [24], and is false in general.

In the present article, we restrict ourselves to the simplest model example (0.15)
of a nonautonomous reaction-diffusion system, although our scheme has a universal
nature and seems to be applicable to all known (by the authors) classes of equations
of mathematical physics for which the finite-dimensionality of global/pullback at-
tractors can be established (e.g., the 2D Navier-Stokes system, damped hyperbolic
equations, the Cahn-HlIlliard equation, etc.). More complicated examples, includ-
ing damped hyperbolic equations and some kind of singularly perturbed problems,
e.g., with external forces rapidly oscillating in space or time, will be considered in
forthcoming articles.

Acknowledgements. This research was partially supported by INTAS and CRDF
grants and by the Alexander von Humboldt Stiftung.

§1 A CONSTRUCTION OF EXPONENTIAL ATTRACTORS: THE AUTONOMOUS CASE.

In this section, we give a construction of a family of exponential attractors for
abstract semigroups which will be Holder continuous with respect to perturbations
(the nonautonomous case will be considered in the next section). To this end, we
first define the admissible class of semigroups.

Definition 1.1. Let H and H; be two Banach spaces such that H; is compactly
embedded into H and let B be a bounded subset of H;. For given positive constants
§ and K, we define a class Ss x (B) of nonlinear operators S : H; — H; as follows.
An operator S € S5 i (B) if

1) The operator S maps a d-neighborhood Os(B) of the set B into B:

(1.1) S: 0s(B) — B,

where the neighborhood is taken in the topology of H;.
2) For every points hy, hy € O5(B), we have

(1.2) |Shy = She|m, < K||h1 — he|[n.
Here, the metric in the space S; i (B) is defined by

(13) HSl — SQHS = sup HS1h - SQhHHl.
heOs(B)

For every S € S5k (B), the associated semigroup {S(n), n € N} is defined as the
iterations of the map S.

The main result of this section is the following theorem which gives a Holder
continuous family of exponential attractors associated with the maps S € S5 x (B).

Theorem 1.1. For every S € S5 k(B), there exists an exponential attractor Mg
which satisfies the following assumptions:
1) The set Mg is a compact finite-dimensional subset of Hy, i.e.,

(1.4) dimF<Ms,H1) < Cl,
7



where dimp s the fractal dimension in Hy.
2) The set Mg is semiinvariant with respect to S, i.e., SMg C Mg.
3) This set enjoys the following erponential attraction property:

(1.5) distg, (S(n)B,Mg) < Cae™ ", n €N,

where dist denotes the nonsymmetric Hausdorff distance between sets in H;.
4) The map S — Mg is Holder continuous in the following sense:

(16) diStﬁlmm(MSUMSz) < 03”51 - SQH§7
where dist®”™"™ is the symmetric Hausdorff distance between sets and the positive
constants C;, 1 = 1,2,3, a and k only depend on B, H, Hy, § and K, but are
independent of the concrete choice of S € S5 i (B).

Proof. We first fix a finite covering of the set B by ¢/K-balls in the space H
(such a covering exists since the embedding H; C H is compact). Let Vj :=
{h1, -+ ,hn,} C B be the centers of these balls.

We also fix some S € S5 x(B) and set Vi = Vi(5) := SVy. Then, according to
estimate (1.2), the system of d-balls in the space H; centered at the points of V;
covers the image SB. Moreover, according to (1.1), every ball B(4, h, Hy) centered
at h € V4 belongs to Os(B) (here and below, we denote by B(r, h, V') the r-ball in
V centered at h).

We now construct, for every n € N, a special covering of S(n)B by 627" *!-balls
centered at V,, C B by using an inductive procedure. For n = 1, the required
set V1 has already been constructed. We assume that, for n = k, we already
have the required system of H;-balls of radius 627%*! centered at Vj, C B which
covers S(k)B. In order to construct the next set Vi1, we first need to fix a model
covering of the unit ball B(1,0, Hy) in the space H; by 1/(2K)-balls in the space
H (such a covering exists due to the compactness of the embedding H; C H). Let
U:={uy, - ,un} C B(1,0, Hy) be the centers of these balls. Then, we cover every
ball B(62~%+1 h, H) with h € V} by N balls of radius 627! /(2K) = §27%/K in
the space H, defining the centers V/(h) of these balls by the following formula:

(1.7) Vi(h) :=h+ 627 KU, heV
k

(it is essential for our construction to use always the same model covering U which
is also independent of the choice of S € Ss x(B)). Thus, the balls in the space
H with radius 627%/K centered at all the points of V; = Upey, V//(h) cover
Unev, B(627%1 h H;) and, consequently, they also cover S(k)B by the induc-
tion assumption. We finally set Viyi(h) := SV/(h) and Viy1 := Upev, Vi1 (h).
Then, according to (1.2), the 62 *-balls in the space H; centered at Vi cover
S(k + 1)B. Thus, by induction, the sets V,, are constructed for all n € N.
Furthermore, according to the above construction, we have

1. #Vi=No-NF1 keN,
(1.8) 2. disty, (S(k)B, Vi) < 627K+,
3. distyy """ (Vig1, SVi) < 627F.
8



Indeed, the first and the second assertions of (1.8) are straightforward and the third
one follows from the fact that, by construction, distg, (Viy1(h), Sh) < §27F for all
h e V.

We now define the sets Ey = Ex(S) by

(1.9) E = Vvl, Ek—|—1 = Vk_|_1 U SEk, k e N.
Then, obviously,

1. #E, <kNy-NF,
(1.10) 2. SEy C Egy1,
3. disty, (S(k)B, Vi) < 627FFL

We finally define the required exponential attractor M = Mg as follows:
(1.11) M= [My,, M =02 E,

where [-]y denotes the closure in the space V. Thus, it only remains to verify
that the set M defined by (1.11) satisfies all the assertions of Theorem 1.1. To
this end, we need to control the distance between Ej and S(n)B. We emphasize
that, in contrast to [11] and [13], we do not ”project” the sets Fj) onto S(k)B and,
consequently, we do not have the embedding E}, C S(k)B. Nevertheless, instead of
this embedding, we now have the following estimate.

Lemma 1.1. Let the above assumptions hold. Then, there exist positive constants
C and o < 1, depending only on K, such that

(1.12) distz, (Ey, S(n)B) < C§627F

for all k € N and n < ak.

Proof. We first note that, due to the Lipschitz continuity of S provided by estimate
(1.2), we have

(1.13) distz/ ™" (S(m)A, S(m)C) < K™ dist""™ (A, C)

for all A,C C B and all m € N (without loss of generality, we may assume that
|- lg < || ||z, ). Thus, iterating the third estimate of (1.8) and using (1.13), we
obtain

dist 37" (S(n — 1)Vig1—n, S(n)Vi—yp) < 627K K1
distﬁ’lmm(S(n - 2)Vk—|—1—(n—1)7 S(n — 1)Vk—(n—1)) < (')‘2—k—|—(n—1)Kn—2,
(1.14) .
diStﬁlmm(Vk_H, SVi) < 52_k,
and, consequently, using the triangle inequality, we have

n—1
(1.15)  dist3™™ (S(m)Vis1-m, S(n)Vien) < Y 027 FHEK! < C627F(2K)"
=0
9



for allm <n—1,n <k and k£ € N. We now recall that, due to the construction of
Vi, we have V;, C B and, due to assumption (1.1), SB C B. Thus, (1.15) implies
that

(1.16) dist s, (S(M)Vig1—m, S(n)B) < C627F2K)", n<k, m<n—1.

We now restrict the possible values of n as follows:

1

1.17 < ak =
(1.17) e 1+ log,(2K)

Then, (1.16) yields
(1.18) dist, (S(m)Vi_m, S(n)B) <20627°% n<ak, m<n-—1.

Since, by definition, Ej := UF"1 S(m)V;_,,, and S(m)Vi_,, € S(m)B C S(n)B if
m > n, then, estimate (1.18) implies (1.12), which finishes the proof of the lemma.

We are now ready to verify that the attractor M defined by (1.11) satisfies all
the assertions of Theorem 1.1. Indeed, the semiinvariance and the exponential
attraction property (1.5) are straightforward consequences of (1.10) and (1.11).

Let us verify the finite-dimensionality. Let £ > 0 be sufficiently small. We need
to construct a covering of M (or, equivalently, of M) by a finite number of e-balls
in H;. We fix n such that the £/2-balls centered at V,, cover S(n)B. According
to (1.8),, we then have n ~ n(e) := log, 2. Moreover, according to Lemma 1.1,
the e-balls centered at V,, cover every Ejy with k > k(e) := a~!log, 4705. Thus,
the minimal number N.(M, H;) of e-balls which are necessary to cover M can be
estimated as follows:

(1.19) Ne(M, Hy) < #Vye) + Z #E), < No(k(e) +1)% - NFE+L
k<k(e)

where we have used (1.8) and (1.10) in order to estimate #FEj. Consequently,

(1.20) dimp (M, Hy) := limsup <a llogy N < c0.

Thus, the compactness and the finite-dimensionality of M are also verified and it
only remains to verify the Holder continuity of the function S +— Mg. To this end,
we need one more lemma.

Lemma 1.2. Let the above assumptions hold. Then, for every Si,S2 € S5 k(B),
(1.21) dist 3" (E(S1), Ex(S2)) < CK"||S1 — Sals, k€N,

where the constant C' only depends on K.

Proof. We first verify (1.21) for the sets V;(S;) by induction. We denote the left-

hand side of (1.21) by dj. Then, since Vj is the same for all S € S5 x(B), we have

dy < ||S1 — Sa2lls- We now assume that the required estimate is already verified

for k = n. Then, for every h' € V,,(S1), there exists h* € V,(S2) such that

|h' — h?||g, < d,, and vice versa. Furthermore, according to our construction
10



of the sets V)| (and, more precisely, due to the fact that our model covering U is
independent of S), we conclude that, for every h! € V}/(h'), there exists h? € V//(h?)
such that

(1.22) IRt = A2 g < d.
Thus, it only remains to estimate S;h! — Syh?:

(1.23)  ||S1h! — Soh?||x, <
< |81kt = SR || gy + [|S2h? = S1h* | Hy, < KR — B2 | m, + [1S1 — Safs.

Consequently, (1.22) and (1.23) imply that

(1.24) dpt1 < Kdp, + (|51 — Salls, di < [|S1 — S2|[s.
Solving (1.24), we infer

(1.25) dist 3™ (Vi(S1), Va(S2)) < CK¥||S1 — Salls, k € N.

The required estimate for the sets Ej is a straightforward consequence of (1.25)
and of the obvious estimate

(1.26) dists¥™™ (81 A, S5C) < K dist3?™™ (A, C) + ||S1 — Salls,

which is valid for every S; € S5 x(B), i = 1,2, and every A,C C B. This finishes
the proof of Lemma 1.2.

We are now ready to verify the required Holder continuity of the map S — Mg.
Indeed, let S1,S2 € S5 x(B). Our aim is to prove that
(1.27) diStH1<Msl,M52) S 01"51 —Sg”g

for some positive constants C; and k (the estimate for the Hausdorff distance
between Mg, and Mg, follows immediately from (1.27) by changing S; — S2 and
Sy — S7). Moreover, in order to prove (1.27), it is sufficient to verify it for every
Ek(51>, keN (See (1.11)).

We assume that £ € N and ug € Ej(S;) are arbitrary. Then, according to
Lemma 1.2, we have

(1.28) diStHl <UO7M52) S CK’“HSl - SQHS

On the other hand, according to Lemma 1.1, for every n < ak, there exists uj, €
S1(n)B such that

(1.29) luo — upl|, < C627F.
Let @ € B be such that u{, = S1(n)u and set uj := Sz(n)u. Then, obviously,

(1.30) lug — ug |, < CE™[|S1 = Sas.
11



Moreover, due to estimate (1.5), we have

(1.31) dist g, (ug, Ms,) < 627"+,

Combining now (1.29)—(1.31) and using the triangle inequality, we deduce that
(1.32) dist g, (Ex(S1), Mg,) < C1(27%F + 27" + K™||S; — Salls),

where Cy only depends on K and §. We shall use estimate (1.28) for k¥ < n/a and
estimate (1.32) otherwise, where n = n(||S; — S2||s) will be fixed below. Then, we
have

(1.33) disty, (Fk, Mg,) < C1(2-27" + K"||S1 — Salls)+
+ K|S — Sals < Co(27" + K™/ Sy — Salls).
Fixing now n in the right-hand side of (1.33) in an optimal way, i.e.,

o | 1
n ~ 0) y
a+logy K 82 |51 — Sz]|s

we obtain estimate (1.27) with s := and finish the proof of Theorem 1.1.

o
a+logy, K
We now discuss several relaxations of the assumptions of Theorem 1.1.

Remark 1.1. We first note that, according to Definition 1.1, the smoothing prop-
erty (1.2) should hold in a §-neighborhood Os(B) of the set B. However, very often
in applications, one can verify (1.2) only for smoother initial data belonging to a
compact absorbing (exponentially attracting) set in H;. Thus, this assumption can
be a rather essential restriction. In order to overcome this restriction, we note that
we have factually used properties (1.1) and (1.2) in the "neighborhood”

(1.34) O(/;(B) =B+ Uye[o’g]VU,

where U consists of the centers of the model covering of the unit ball of H; by
1/(2K)-balls in the space H;. So, Theorem 1.1 remains valid if we replace the
neighborhood Os5(B) by O%(B). In particular, if B is a bounded set in a stronger
space Hy C H; and the centers U can be taken in Hs, then the d-neighborhood of
B can also be chosen in the metric of Hy. Moreover, the corresponding exponential
attractors Mg will belong to Hs.

Remark 1.1°. It is also worth noting that we have factually verified a slightly
stronger than (1.4) inequality. Indeed, let us introduce the so-called Kolmogorov’s
e-entropy H. (Mg, Hy) := log, N.(Mg, Hy) of the exponential attractor construc-
ted in Theorem 1.1. Then, according to (1.19), we have

1
(134/) HE(MS7H1) §C’1 10g25+02, 8—)0,

where the constants C; and C5 are independent of the concrete choice of S. Thus,
not only the fractal dimension of the exponential attractors, but also the minimal
number of e-balls which are necessary to cover them for every fixed positive ¢, are
uniformly bounded.

12



We now recall that the smoothing property (1.2) is typical for parabolic equations
in bounded domains, but it is not usually satisfied for more general (e.g., hyperbolic)
problems. In order to overcome this restriction, we need to generalize the class
Ss, i (B) of admissible maps.

Definition 1.2. Let H and H; be two Banach spaces such that H; is compactly
embedded into H and let B be a closed subset of Hy. An operator S : Hy — H;
belongs to the class S; . x(B) for some positive constants ¢, K and ¢ if

1) Condition (1.1) is satisfied.

2) The following generalized version of (1.2):

(1.35) IShy = Shalla, < (1 —€)llhy = holla, + Klhy = hallm

holds for every hy, hy € Os(B).
The following theorem is the analogue of Theorem 1.1 for the class S; . x(B).

Theorem 1.2. We assume that the set B can be covered by a finite number of
d-balls in the space Hy with centers Vi C B. Then, for every S € Ss. x(B),
there exists an exponential attractor Mg C Hy which satisfies all the assertions of
Theorem 1.1 (with constants C;, i = 1,--- ,4, a and k depending only on H, Hy,
B, 4, e and K).

Proof. The proof of this theorem is very similar to that of Theorem 1.1. We thus
only indicate below how to construct the sets Vi (S), leaving the details to the
reader. Indeed, the initial set Vo = V4(S) C B, which gives a d-covering of B, is al-
ready constructed by assumption. We now assume that we have already constructed
the set Vj, C B for some k = n such that the J,, := §(1 — £/2)"-balls centered at
V., cover S(n)B. We introduce the model covering of the unit ball B(1,0, H;) by a
finite number of ¢/(2K)-balls in the space H and let U C B(1,0, H) be the centers
in this covering. We cover (as in the proof of Theorem 1.1) every ball B(d,,, h, Hy),
h € V,,(5), by a finite number of §,&/(2K)-balls in the space H centered at

(1.36) v,

n

(h) :=h+6,U

and set Vi, 11(h) := SV (h), Vg1 := Unev, Vi1 (h). Then, formula (1.35) implies
that the system of §,, 1-balls (where §,, 11 = (1—¢)d, +Kd,e/(2K) = §(1—¢/2)"T1)
covers S(n + 1)B. Thus, the system of sets V,,(S) is constructed for every n € N.
The rest of the proof repeats word by word that of Theorem 1.1 (with very minor
changes related with the fact that the exponent 27" is now replaced by (1 —¢/2)").

To conclude, we give a slightly different form of the asymptotic smoothing prop-
erty (1.35) which gives exponential attractors in the weaker space H and which is
useful for the exponential attractors’ theory of hyperbolic equations (see [13]).

Definition 1.3. Let H and H; be two Banach spaces such that H; is compactly
embedded into H and let B be a bounded subset of the space H. An operator
S+ H — H belongs to the class S;_ ;(B) if

1) Assumption (1.1) holds for the §-neighborhood Os(B) in the space H.

2) For every hy, he € O5(B), the difference v := Shy — Shy can be split into a sum
v = v1 + vy such that

(1.37) lorllzr < (L= e)llha = hallm,  lvellm, < Kl[hy = hela-
13



In contrast to (1.3), the distance between two maps Si,S2 € Sj_ (B) is now
defined by using the space H instead of H;.

The following theorem is the analogue of Theorems 1.1 and 1.2 for the class
Sg’ .. x(B).

Theorem 1.3. We assume that the set B can be covered by a finite number of
6-balls in the space H with centers Vo C Os(B). Then, for every S € Sj_ r(B),
there exists an exponential attractor Mg C Os(B) which satisfies all the assertions
of Theorem 1.1 (in which the space Hy is replaced by H ).

The proof of this theorem is completely analogous to those of theorems 1.1 and
1.2 and we leave it to the reader (see also [11] and [13]).

Remark 1.2. The idea of replacing the initial neighborhood Og(B) by the special
"neighborhood” Of5(B) (see (1.34)) described in Remark 1.1 remains valid for the
classes S5 i (B) and S, ;(B) as well.

§2 A CONSTRUCTION OF EXPONENTIAL
ATTRACTORS: THE NONAUTONOMOUS CASE.

In this section, we extend the results of Section 1 to nonautonomous dynamical
systems. We first recall that, in the nonautonomous case, we should consider,
instead of semigroups, the so-called dynamical processes. By definition, a dynamical
process U in the phase space ® is a two-parametrical family of maps {U(l,m) : & —
®, I,m € Z, | > m} such that

(2.1) U(l,k)oU(k,m)=U(l,m), Um,m)=1d, l,k,meZ, 1>k>m.

We set U(n) := U(n + 1,n). Then, every dynamical process U is uniquely deter-
mined by the one-parametrical family of maps {U(n)},ecz by

(22) Umn+kn)=Un+k—1)oUmn+k—2)o---0U(n), ne€Z, keN,

and, vice versa, every such family generates the associated dynamical process U
defined by (2.2). So, one can identify the dynamical process U with the one-
parametrical family {U(n)},ez. We also recall that the case where the maps U(n)
are independent of n, U(n) = S, n € Z, corresponds to the autonomous case
considered in the previous section. Indeed, in that case, obviously,

Un+k,n)=S5(k),

where S(k) is the semigroup generated by the map S.
The following theorem seems to be a natural generalization of Theorem 1.1 to
the nonautonomous case.

Theorem 2.1. Let the spaces Hy and H and the set B be the same as in Definition
1.1. Then, for every dynamical process U in Hy such that U(n) € Ss i (B) for every
n € Z (for some § and K which are independent of n), there exists a nonautonomous
exponential attractor n — My (n), n € Z, which satisfies the following properties:

1) The attractor My (n) C B for every n € Z and its fractal dimension is finite,
i.e.,

(23) dimF(MU(n),Hl) < Cl,
14



where the constant Cy is independent of n.
2) The family My (n) is semiinvariant with respect to U, i.e.,

(2.4) U(k, m)My(m) € My (k)

for all k,m € Z, k > m.
3) This family enjoys a uniform exponential attraction property of the following
form:

(2.5) distz, (U(n + k,n)B, My(n + k)) < Cye™F,

where the constants Cy and o are independent of n € Z and k € N.

4) The map U — My (n) is uniformly Hélder continuous in the following sense: for
every dynamical processes Uy and Uy such that Uj(n) € S5 x(B), n € Z, i = 1,2,
we have

(2.6)  distyy"" (Muy, (n), My,(n)) < Cs  sup {6_'8(”_”||U1(l)—Uz(l)llg},

le(—oo,n)

where the positive constants C;, i =1,2,3, a, # and k only depend on B, H, Hq,
0 and K, but are independent of n and of the concrete choice of the U;.

Remark 2.1. Estimate (2.6) confirms that the attractor My (n) satisfies the
causal principle, i.e., My (n) is independent of U(k), k > n. Moreover, (2.6) also
shows that the influence of the past decays exponentially with respect to the time,
in complete agreement with our physical intuition.

Proof. The proof of this theorem is similar to that of Theorem 1.1 in the au-
tonomous case, except that we now need to consider ”time-dependent” analogues
of Vi, Fr and M. As in Theorem 1.1, we fix a finite covering of the set B by
d/K-balls in the space H and let Vj := {hq, -+, hn,} C B be the centers of these
balls. We also fix an arbitrary dynamical process U satisfying the assumptions of
the theorem.

We now set Vi(n) = VV(n) := U(n — 1)Vy, n € Z. Since all the maps U(n)
satisfy (1.2), then, the system of d-balls in the space H;j centered at Vi(n) covers
the set U(n —1)B =U(n,n — 1)B for all n € Z.

As in Theorem 1.1, our aim is to construct the family of sets Vi (n) = VY (n)
by induction with respect to k such that the §2~**1-balls in the space H; centered
at Vi(n) cover U(n,n — k)B (for all n € Z). For k = 1, these sets have already
been constructed. We now asssume that the required sets are already constructed
for some £ = [ and we let the model covering U be the same as in the proof of
Theorem 1.1. Then, for every n € Z, we cover every ball B(627'*1 h, H;) with
h € Vi(n) by N := #U balls of radius 627!+ /(2K) in the space H centered at
V/(h) := h + 627"7U (see (1.7)). Thus, according to the assumption of induction,
the system of 6271 /(2K)-balls in the space H centered at V/(n) := Upev; )V} (R)
covers U(n,n —1)B, n € Z. We finally set Vi;1(n + 1) := U(n)V/(n). Since all
the maps U(n) satisfy (1.2), the 62~ '-balls in the space H; centered at Vi 1(n+1)
cover U(n)oU(n,n—1)B=U(n+1,n—1)B (n € Z) and condition (1.1) for U(n)
guarantees that V;41(n+ 1) C B. Thus, the required "nonautonomous” sets V(n)
are constructed for every n € Z and k € N.
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Furthermore, the above construction gives the following analogue of (1.8):

1. Vi(n) = Np-NE-1, Ny:=#Vp, N:=#U, keN, neZ,
(2.7) 2. disty, (U(n,n —k)B, Vi(n)) < 627F+1
3. disti """ (Veg1(n +1),U(n)Vi(n)) < 627,

As in the autonomous case, we define the sets Ex(n) = EY (n) by
(2.8) Ei(n) :=Vi(n), Exyi(n+1):=Vir1(n+1)UU(n)Ek(n), keN, neZ.
Then, analogously to (1.10), we have

1. #Ey(n) < kNy - N*,
(2.9) 2. U(n)Ex(n) C Exr1(n+1),
3. disty, (U(n,n — k)B, Ex(n)) < §27k+1,

and the required attractor M(n) = My (n) can be defined analogously to (1.11):

(2.10) M(n) = [M'(n)],, , M'(n):=U21Ex(n), ne€L.

H;
It only remains to verify that the attractor M(n) defined by (2.10) satisfies all the
assertions of the theorem. Indeed, the semiinvariance (2.4) is a straightforward
consequence of (2.9), and (2.10) and the uniform exponential attraction property
follows from (2.9),. In order to verify the finite-dimensionality and the Holder
continuity, we need the following natural analogue of Lemma 1.1.

Lemma 2.1. Let the above assumptions hold. Then, there exist positive constants
C and a < 1 depending only on K such that

(2.11) distz, (Ex(n),U(n,n —1)B) < 0627

forallk e N, | < ak andn € Z.

The proof of estimate (2.11) is based on the obvious nonautonomous analogue
of estimate (1.13), namely,

(2.12) distz/ ™" (U(n,n —m)A,U(n,n —m)C) < K™ dist/""™" (A, C)

(which holds for all A,C C B, n € Z and m € N) and iterations of estimate (2.7);
it can be obtained by repeating word by word the proof of Lemma 1.1 and we thus
leave it to the reader.

Having estimate (2.12), it is not difficult to verify (arguing exactly as in the
proof of Theorem 1.1) that the sets M(n) are indeed finite-dimensional and satisfy
estimate (2.3) with exactly the same constant C as in the autonomous case. So,
it only remains to verify the Holder continuity (2.6). To this end, we need the
following natural generalization of Lemma 1.2.
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Lemma 2.2. Let the above assumptions hold. Then, for every dynamical processes
Uy and Us satisfying the assumptions of the theorem and for every k € N andn € 7Z,

213) A ), B ) < € sup [Ua(n—1) = Uan =D,
S )

where the constant C 1is the same as in Lemma 1.2.

The proof of this estimate also repeats word by word that of Lemma 1.2 in the
autonomous case and we also leave it to the reader (we note that only the maps
U(n—1),---,U(n— k) are involved in the construction of the sets EY (n). That is
the reason why we have the supremum with respect to [ € (0, k] in the right-hand
side of (2.13)).

We are now ready to verify the Holder continuity (2.6) and finish the proof of
Theorem 2.1. Let U; and Us be two dynamical processes satisfying the assumptions
of the theorem. Then, as in Theorem 1.1, it is sufficient to verify that, for every
k € N and every n € Z,

(2.14)  disty, (B (n), MY2(n)) < CK*  sup e PO=0UL (1) — U2 (D)||5.

le(—oo,n)
Indeed, let ug € Eg '(n) be arbitrary. Then, according to Lemma 2.2, we have

(2.15) dist 7, (uo, My, (n)) < CKF S(up] |Ui(n —1) — Us(n —1)||s-
1e(0,k

On the other hand, according to Lemma 2.1, for every | < ak, there exists uj €
Ui(n,n — 1) B such that

(2.16) luo — upl|zr, < C627F.

Let @ € Uy(n,n — 1) B be such that u{, = U(n,n — 1)u and set uy := Ua(n,n — 1)a.
Then, obviously,

(2.17) lug — ug |, < CK s [U1(n —m) — Uz(n — m)|s.
me(0,

We now recall that MU2(n) attracts exponentially the images of B with respect to
U, and, consequently (see (2.9),),

(2.18) dist g, (ug, MY2(n)) < 5271
Estimating now the right-hand side of (2.17) as follows:

(2.19) K' sup ||[Ui(n —m) — Us(n —m)|s <
mée(0,l]
< K'eP sup e P Ui(n —m) — Us(n —m)ls <
mée(0,l]
< (Ke®)' sup e P U (m) — Us(m)|s := KL - D, (Uy, Us)

mée(—oo,n)
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(which is valid for some positive 3) and, using the triangle inequality, we have
(2.20) distz, (B (n), MP2(n)) < C1(27% + 27" + K - D,,(Uy, Ua)),
where C7 only depends on K and §. As in the proof of Theorem 1.1, we use estimate

(2.15) for k < l/a and estimate (2.20) otherwise. Then, analogously to (1.33), we
deduce that

(2.21) dist g, (EV* (n), My, (n)) < Co(27! + KV . D, (U1, Uy)).

Fixing now | = [(D,,(Uy, Usz)) in an optimal way, i.e.,

1
> D, (U1, Us)’

[ ~ 1
a + logy, K3 o8

we obtain (2.14) and finish the proof of Theorem 2.1.

We now study the dependence of the exponential attractors My (n) on n € Z.
To this end, we first introduce the group of temporal translations {7}, k € Z}
acting on the space of all dynamical processes by

(2.22) (TxU)(m,n) :=U(m+k,n+k), k,m,ne€Z, m>n.

Then, obviously, (T3U)(n) = U(n + k). The following simple corollary gives the
translation invariance of the exponential attractors My (n) constructed in the pre-
vious theorem.

Corollary 2.1. Let the assumptions of Theorem 2.1 hold. Then, for every dynam-
ical process U satisfying the assumptions of that theorem, the associated exponential
attractor satisfies the following cocycle identity:

(2.23) MU(n + k‘) = MTkU(n)

for all k,n € 7Z.

Indeed, identity (2.23) follows immediately from the explicit construction of
My (n) given in Theorem 2.1.

We now note that, in the autonomous case, where U(n) = S, n € Z, the corre-
sponding exponential attractor n — My (n) is independent of n and, thus, coincides
with the ”autonomous” exponential attractor Mg of the associated semigroup S(n)
constructed in Theorem 1.1. Indeed, according to (2.16) and (2.23),

distﬁ’lmm(MU(n +k),My(n)<C sup |[Um+k)—U(m)|&=0.

mée(—oo,n)

More generally, if the process U is time-periodic, i.e., U(n +T) = U(n) for all
n € 7Z and some period T € N, then, analogous reasonings show that the associated
exponential attractor n — My (n) is also time-periodic with the same period. The
next corollary addresses another important case, namely, the case where the process
U is asymptotically autonomous.
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Corollary 2.2. Let U be a dynamical process satisfying the assumptions of Theo-
rem 2.1. We assume, in addition, that the process U is a heteroclinic orbit joining
two autonomous semigroups Si(n) and Sa(n) (S1,S2 € S5 x(B)), i.e.,

(2.24) im [U(n) = Sifls = Tim_[U(n) = Salls =0.

Then, the associated exponential attractor n — My (n) is also a heteroclinic orbit
joining the "autonomous” exponential attractors Mg, and Mg, associated with the
limit semigroups:

lim dist7?"™ (My(n), Ms,) = lim_dist3?™™ (My(n), Ms,) = 0.

n——oo n—-4oo

Indeed, according to (2.6), we have

(2.25) dist 3™ (My(n), Ms,) < C sup {e‘ﬁ(”‘”HU(Z)—SiHé’"}

le(—oo,n)

Passing to the limit n — 400 and using (2.24) and the obvious fact that ||U(n) —
Sills < 2||B|| g, is uniformly bounded, we deduce the assertion of the corollary.

Remark 2.2. If the dynamical process U is quasiperiodic or almost periodic with
respect to the time (in the sense of Bochner-Amerio), then, it is not difficult to
verify, using (2.6), that the associated exponential attractor, considered as a set-
valued function n — My (n), will be also quasiperiodic or almost periodic with
the same frequency basis (see [12] for analogous results for nonautonomous regular
attractors).

We can now formulate the analogues of Theorems 1.2 and 1.3 in the non-
autonomous case.

Theorem 2.2. Let the spaces H and Hy and the set B be the same as in Definition
1.2. We assume, in addition, that the set B can be covered by a finite number of
0-balls in the space Hy with centers Vo C B. Then, for every dynamical process U
such that U(n) € Ssc x(B) for every n € Z, there exists an exponential attractor
n — My(n) C B, n € Z, which satisfies all the assertions of Theorem 2.1 (with
constants C;, i1 =1,---,4, a and k depending only on H, Hy, B, 0, ¢ and K ).

Theorem 2.3. Let the spaces H and Hy and the set B be the same as in Definition
1.3. We assume, in addition, that the set B can be covered by a finite number of
d-balls in the space H with centers Vo C Os(B). Then, for every dynamical process
U such that U(n) € Sy _ i (B) for every n € Z, there exists an exponential attractor
n— My(n) C Os(B), n € Z, which satisfies all the assertions of Theorem 2.1, in
which the space Hy is replaced by H.

The proofs of these theorems are completely analogous to that of Theorem 2.1
(and to those of Theorems 1.2 and 1.3 in the autonomous case) and we leave them
to the reader.

Remark 2.3. The idea of replacing the initial neighborhood Os(B) by the special
"neighborhood” Of(B) (see (1.34)) described in Remark 1.1 remains obviously valid
in the nonautonomous case as well.
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§3 EXPONENTIAL ATTRACTORS FOR A
NONAUTONOMOUS REACTION-DIFFUSION SYSTEM.

In this concluding section, we apply the results obtained above to the following
reaction-diffusion problem in a bounded domain 2 CC R"™:

= Uy, 0.

(3.1) du = alyu— f(u)+g(t), ul

t=1 U‘E)Q =

Here, u = (u1, -+ ,uy) is an unknown vector-valued function, a is a given constant
diffusion matrix with positive symmetric part, a +a* > 0, and f € C?(R¥,R¥) is a
given nonlinear interaction function which satisfies the following standard dissipa-
tivity and growth assumptions:

(3.2) 2. f'(u) = -K,
3. [f) < CA+ [ufP), p < pmas =253,

where u.v denotes the standard inner product in R* and f’(u) > —K means that
f'(u)v.v > —K|v|? for all u, v € R*. Finally, we assume that the external forces g
belong to the space L™ (R, L?(Q2)) and satisfy

(3.3) 9/l oo (r,22()) < M

for some given (possibly large) constant M.

It is well known (see, e.g., [3] or [6]) that, under the above assumptions, equation
(3.1) possesses, for every 7 € R and u, € H}(), a unique solution u(t), t > 7,
which satisfies the following dissipative estimate:

(3-4) lu()ll 30y < Qllurlgp))e ™" +Ck, t2,

where o and @) are a positive constant and a monotonic function depending only on
a and f and where the positive constant C'x depends also on M (but is independent
of the concrete choice of g). Thus, equation (0.1) defines a dynamical process
{U,(t,7), T € R, t > 7} in the phase space H}(Q) by

(3.5) Ug(t, T)ur :=u(t), where u(t) solves (3.1) with u(7) = u,.

Moreover, the following Lipschitz continuity and smoothing properties for the dif-
ference of two solutions u;(t) and us(t) have been verified in [10]:

(3.5)  fur(m + ) —ua(m + )| g1 (0) <

< Ce'ur (1) —ua(T)|ma(e), tE€Ry, TER,
and
(3.6) [lui(r +1) —ua(7 + )| g2 ) <

<O+t ur(7) —ua(7)llr2(), t€Ry, TER,

where the constants C and K depend on M and on the H'-norms of u;(7) and
u2(7), but are independent of ¢t and 7. Furthermore, the following natural Lipschitz
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continuity holds for solutions of equation (3.1) with different external forces g; and
g2 satisfying (3.3), see, e.g., [6] and [10]:

T+t
(3.7) 1Ugy (748, T)ur = Uy, (T4, T)ur | 701 () SCeKt/ 191(5) =92(8)|72(q) s,

T

where C' and K depend on M and the H'-norm of u,, but are independent of ¢ and
7. We also recall that the trajectories of (3.1) possess a further smoothing property
of the form

(3.8) [Ug(t + 7, 7)url| gi+s @) < Qr(llurllmi), 2T >0,

where 0 < 6 < 1 and the monotonic function () depends on M,  and T', but is
independent of ¢ and 7 (see [1], [6] and [10] for details).

The main aim of this section is to show that the above estimates are sufficient
to construct a robust family of nonautonomous exponential attractors for problem
(3.1). To be more precise, the main result of this section is the following theorem.

Theorem 3.1. Let the nonlinear function f, the diffusion matriz a and the ex-
ternal forces g satisfy the above assumptions. Then, for every external forces g
enjoying (3.3), there exists an exponential attractor t — My(t) of the dynamical
process (3.5) which satisfies the following properties:

1) The sets M (t) are compact finite-dimensional subsets of Hg (S2):

(3.9) dimp(M,(t), Hj(Q)) < C1, tER,

where the constant Cy only depends on M (and is independent of t and g).
2) These sets are semiinvariant with respect to Ugy(t,T) and translation-invariant
with respect to time-shifts:

(3.10) 1. U, (t, 1)M,y(1) © My(t), 2. My(t+s) = Mrp(t),

wheret,s, 7 € R, t > 7 and {Ty, h € R} is the group of temporal shifts, (T},g9)(t) :=
g(t+h).
3) They satisfy a uniform exponential attraction property as follows: there exist a

positive constant o and a monotonic function @ (both depending only on M ) such
that, for every bounded subset B of H}(Q), we have

(3.11) dist sz () (Ug (7 + 1, 7) B, My (7 +1)) < QI Bl 0))e "

forall € R and t > 0.
4) The map g — My(t) is Hélder continuous in the following sense:

t

(8.12) distifi"™ (Mg, (), Mg, (1) < Co (/ e P g1 (s) — g2 ()1 720 dS) :

— o0

where the positive constants C', B and k only depend on M and are independent of
g1, g2 and t. In particular, the function t — M,(t) is uniformly Holder continuous
in the Hausdorff metric:

(3.13) dist;yggg(/\/lg(t +5), My(t)) < Csls|™,
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where C3 and k1 are also independent of g, t and s.

Proof. We first construct a family of exponential attractors for the discrete dynam-
ical processes associated with equation (3.1). To this end, we note that, according
to estimate (3.4), the ball B = Bg := {v € Hy(Q), |[v|lmiq) < R}, where R is
a sufficiently large number depending only on M given in (3.3), is a uniform ab-
sorbing set for all the processes U, (t, 7) generated by equation (0.1). Thus, it only
remains to construct the required exponential attractors for initial data belonging
to this ball. Moreover, it also follows from the above estimates that there exists
T =T(M) such that
Ug(t+T,7)0:1(B) C B

for all 7 € R and all g satisfying (3.3). This embedding, together with estimate
(3.6), proves that, for a sufficiently large K = K (M), we have

(3.14) Uyt +T,7) €Sy k(B) with H := L*(Q) and H; := Hy(Q)

for all 7 and g. Thus, we can apply Theorem 2.1 to the family of discrete dynamical
processes U (m,l) := Uy(r + mT,7 +IT), m,l € Z, m > l. According to this
theorem, these processes possess exponential attractors { — M(l, 1), | € Z, which
satisfy the following properties:

1) These sets are compact subsets of Hj () whose fractal dimension is uniformly
bounded:

1
(3.15) H. (M, (1,7), H3(Q)) < Cy log, - Co,

where the positive constants C'; and C5 only depend on M.
2) They are semiinvariant with respect to the discrete processes: U, (7 + mT, T +
ITYMgy(l,7) C My(m,T).

3) They enjoy the following uniform exponential attraction property:
(316)  distypyoy (Uy(r + mT, 7 + 1B, My(m, 7)) < Coe™" D),

where the positive constants C'3 and a only depend on M and are independent of
m,l € Z, m > 1, 7 € R and g satisfying (3.3).
For different g; and go satisfying (3.3), we have

(3.17)  dist}2ien (M, (0,7), My, (0,7)) <

< Cysup{e ""|Uy, (7 — (n = )T, 7 = nT) = Uy, ( — (n — )T, 7 — nT)||§} <
neN

neN —nT

T—(n—1)T w/2
<y swpe 2 [ lo1(s) — 92() 3acey ds | <
<G ([ PN — oy ds)
where all the constants are positive and only depend on M (here, we have used
estimates (2.6) and (3.7)). Moreover, analogously to (2.23), we have the following
translation-invariance:

(3.18) L. My(l,7) = My(0,I1T +7), 2. Mp,,(,7) =My, T+s).

We now verify the Holder continuity of the function 7 +— M, (0, 7). To this end,
we need the following lemma which gives the Holder continuity of the processes
U, (t, 7) with respect to the time.
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Lemma 3.1. Let the above assumptions on equation (3.1) hold. Then, for every
u, € H3(Q),

(3.19) |Ug(T 454 t, 7)ur — Ug(T +t, T)ur||12(0) < C|s)'/?,

where the constant C depends on M and the H'-norm of ., but is independent of
t>0,7€R and s > 0. Moreover, for every T > 0, we also have

(3.20) [[Ug(t+ 7+ 8,7+ s)ur — Uyt + 7, 7)tr | g1 () <
< Crefis|?, t>T, 0<s<T/2,

where v is a positive number and the positive constant Cp depends onT' and on the
H'-norm of ur, but is independent of t, 7 and s.

Proof. 1t follows from estimate (3.4) and equation (3.1) that the function u(t) :=
Ug(t, T)ur, t > 7, satisfies

(3.21) u € L>([r, +00), H3(Q)), Ou € L=([1,+00), H (Q)),

and is uniformly bounded in these spaces, which immediately implies the Holder
continuity (3.19). In order to verify (3.20), we note that, due to (3.19) and (3.6),
for every v € H}(£2), we have

(3.22) |[Ug(t+s+71,7+ s)v—Uy(T +1t,7)v[[12(0) <
<|WNUg(t +s+7,t +7)(Ug(t + 7,7+ 8)v) = Uy(t + 7,7+ 5)v||12(0) +
F Uyt + 7,7+ s)v = Uy(t + 7,7+ 5)(Ug (T + 5, 7)) £2() <
< CT|8‘1/2 + CTeK(t_S)HU — Uy (7 + 8,7)0| 20y < C/TeKt|s\1/2,

where all the constants depend on 7', M and the H!-norm of v, but are independent
of t, s and 7. Using now the smoothing property (3.8), we verify that Uy (t + s +
7,7+3s)v and U, (t+7, 7)v are uniformly bounded in H'*%(Q), with positive 6. The

5/(1+5)” . H1/(1+5)

obvious interpolation inequality || - || g1 () < C|| - HL2(Q) F1+3 (¢y) DOW finishes

the proofs of estimate (3.20) and Lemma 3.1.

We are now ready to verify the Holder continuity of the attractors M, (0, 7) with
respect to 7. Indeed, according to (2.6) and (3.20), we have
(3.23) distﬁ’(fzg (Mg(0, 7+ s), M4(0,7)) <

< Crsupe AU, (r— (11T, 7—IT) ~Uy(t+s—(1—1)T, 745 —IT)||s < Cg|s|".
leN

We then define the required exponential attractors for continuous times by the
following natural formula:

(3.24) Mg(7) == Usejo,nUg (1,7 =T — 5)Mg4(0,7 — T — ).

We claim that the exponential attractor 7 +— M, (7) thus defined satisfies all the

assertions of Theorem 3.1. We first verify the semiinvariance (3.10);. To this

end, we first note that, due to the semiinvariance of M(0, 7) with respect to the
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discrete processes Uy (T + T, 7 + mT) (i.e., Uy(r + 1T, 7)My4(0,7) C My(l,7) =
Mgy(0,7 +1T)), it is sufficient to verify (3.10); for t — 7 := a € [0, T nly Then,
we have

Ug(t + o, )My (t) = Usepo,mUg(t + o, t =T — 5)My(0,t =T — 5) =
Usela,Uqg(t+a,t =T —=5)Mg(0,t =T —5)UUgci0,a]Ug(t+a, t =T —5) My(0,t =T —35)
=Ugepr—aUgt+a,t+a—T —s)My(0,t+a—T —s")U
Usre[r—a,mUq(t+0o, t+a—T—s")oUy (t+a—T—s", t+a—2T—s") M4(0, t+-a—2T—5")
C Ugepor—aUgt+at+a—-T—5s)My(0,t+a—-T —s")U

User—am Ugt+a,t+a—T — s )My(0,t+a =T —s') = My(t + o).

Thus, the semiinvariance is verified. The translation-invariance with respect to
time-shifts (3.10), is an immediate consequence of (3.18), and the obvious trans-
lation identity Ur,4(t,7) = Uy(t + 5,7 + s). Estimate (3.11) follows in a standard
way from (3.16), (3.4) and from the fact that the ball B is chosen as a uniformly
absorbing set for all the processes U,(t, 7). The Hélder continuity (3.12) follows
easily from its analogue (3.17) for discrete times, definition (3.24) and the Lipschitz
continuities (3.6) and (3.7) and the Holder continuity (3.13) follows immediately
from its discrete analogue (3.23) and the Hoélder continuity (3.20) (we have intro-
duced the additional time shift 7" in (3.24) in order to be able to apply (3.20)).
We also note that the sets M,(t) are closed in Hg (), since the set-valued func-
tion 7 — M,(0,7) is (Holder) continuous and all the maps U,(t,t — T — s) are
also continuous. Thus, it only remains to verify the finiteness of the fractal dimen-
sion of M,(t). In order to prove this, we first note that, according to the Holder
continuities (3.23) and (3.20), we have

(3.25) dlst;ffzgg(U (t,t =T —s1)My(0,t =T — s7),

Uy(t,t — T — s2)My(0,t — T — 53)) < Clsy — 59"

for all s1,s2 € [0,7] and ¢t € R and for some positive constants C' and ”. Thus,
for a given £ > 0, the minimal number N.(M(t), Hj(§2)) of e-balls which are
necessary to cover M (t) can be estimated as follows:

(3.26)  N(My(t), Hy(Q)) <

[(2E)1/+"]
< N o (Uy(t, =T =1 (e/2C) " YM4(0,t =T —1(e/2C) "), HY ().
=0

Moreover, since the maps Uy (t,t — T — s) are uniformly Lipschitz continuous, esti-
mate (3.15) implies that

(3.27) H.(U,(t,t — T —1(e/2C)" YM,(0,t — T — 1 (/2C)**"), HL(Q)) <
< Heyp(Mg(0,t — T —1(e/2C)"*"), HY(Q)) < C} /1" log, % + .

Combining (3.26) and (3.27), we finally obtain

C 1
(3.28) H. (M, (t), Hy(Q)) < — log, . +C’
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for some constants C' and C’ which are independent of ¢t. Theorem 3.1 is proven.

To conclude, we compare the nonautonomous exponential attractor ¢ — M,(t)
obtained above with the so-called infinite-dimensional (uniform) exponential at-
tractor constructed in [10]. To this end, we first briefly recall the most important
objects related with the uniform attractor’s approach for nonautonomous dynam-
ical systems, using our reaction-diffusion system as a model example (see [3] and
[6] for detailed expositions).

Let g € L>(R, L*(2)) be some external forces. The hull H(g) C L>=(R, L*(Q))
is defined as the following set:

(3.29) H(g) := [Tsg, s € R] Lo (R,L2(0)"
where the closure is taken in the local topology of L*°(R, L?(Q)). Obviously, the
group of temporal shifts {7}, h € R} acts on the hull of g,

(3.30) TwH(g) = H(g), h€eR,

which is usually endowed with the local topology Lo (R, L?(f2)). Using the stan-
dard skew-product technique, see [3] and [6], we can embed, for every external forces
g satisfying (3.3), the associated dynamical process Uy (t,7) into the autonomous

dynamical system S; acting on the extended phase space ® := H}(Q2) x H(g) via
(3.31) S¢(ug, h) := (Un(t,0)ug, Tih), ug € Hy(Q), h € H(g), t>0.

It is well known that (3.31) is indeed a semigroup. If this semigroup possesses the
global attractor A = A(g) C ®, then, its projection A4“"(g) := I1;A(g) onto the
first component of the Cartesian product is called the uniform attractor associated
with problem (3.1).

It is also known that the uniform attractor A""(g) exists under the relatively
weak assumption that the hull H(g) is compact in Lf° (R, L?(Q)), but, unfortu-
nately, for more or less general external forces g, its Hausdorff and fractal dimen-
sions are infinite. Instead, the following estimate for its Kolmogorov’s e-entropy

holds, see [5] and [10].

Proposition 3.1. Let the above assumptions hold and let, in addition, the hull
H(g) of the initial external forces be compact. Then, equation (3.1) possesses the
uniform attractor A"™(g) and its e-entropy can be estimated in terms of the e-
entropy of the hull H(g) as follows:

1
(3.32) H.(A""(9), Hy(Q)) < Cilog, -t

o 1
+ HE/L<H<Q)}[O,TO log, %]Xgp L ([07 TO lOgZ 2]7 L2<Q)))

for some positive constants C, L and Ty depending on a and f.

Since an exponential attractor always contains the global attractor, a uniform
exponential attractor M*"(g) should necessarily be infinite-dimensional if the uni-
form attractor A""(g) has infinite dimension. Thus, following [5], it is natural
to use the Kolmogorov’s entropy in order to control the ”size” of an exponential
attractor. To be more precise, the following object has been introduced in [10].
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Definition 3.1. A set M""(g) is an (uniform) exponential attractor of equation
(3.1) if the following properties are satisfied:

1) Entropy estimate: M%"(g) is a compact subset of the phase space H} () which
satisfies estimate (3.32) (possibly, for larger constants C1, L and Tj).

2) Semiinvariance: for every uy € M""(g), there exists h € H(g) such that
U (t,0)ug C M"*(g) for all t > 0.

3) Uniform exponential attraction property: there exists a positive constant « and

a monotonic function @ such that, for every h € H(g) and every bounded subset
B C H}(), we have

(3.33) dist 73 () (Un (t +7,7)B, M""(9)) < QI Bl 113 () )e™**

foral € R and t > 0.

The existence of a (infinite-dimensional) uniform exponential attractor for prob-
lem (3.1) has been verified directly in [10]. In the present article, we show that
a uniform exponential attractor M“"(g) can be easily constructed if the (nonau-
tonomous) exponential attractor ¢ — M (t) has already been constructed.

Corollary 3.1. Let the assumptions of Theorem 3.1 hold and let, in addition, the
hull H(g) of some external forces satisfying (3.3) be compact. Then, there exists a
uniform exponential attractor M""(g) for problem (3.1) which can be constructed
as follows:

(3.34) M (g) := [ Uter Mg(t)]Hé(Q) = Upen(g)Mn(0).

Indeed, the second equality in (3.34) is an immediate consequence of the Holder
continuity (3.12) and the definition of the hull H(g). The entropy estimate (3.32) for
M¥"(g) is also a standard consequence of this Hélder continuity and of the uniform
entropy estimates (3.28) for the nonautonomous attractors. The semiinvariance of
MU (g) follows from equality (3.34) and from the semiinvariance of My, (t) and the
exponential attraction property (3.33) is an immediate consequence of the analogous
property (3.11) for nonautonomous exponential attractors.

Remark 3.1. To conclude, it is worth noting that, although our article is mainly
devoted to the nonautonomous attractors’ approach, Corollary 3.1 allows to make
essential improvements in the alternative uniform theory as well. In particular,
formula (3.34), together with the Holder continuity (3.12), allows to develop a
perturbation theory for the uniform exponential attractors M“"(g). Indeed, it is
not difficult to deduce from (3.12) and (3.34) that, for two different external forces
satisfying the assumptions of Corollary 3.1, we have

(3.35)  distyyiion (M (g1), M™(92)) < C (dist 2R 120y (H(91), H(g2)))

where the positive constants C' and « only depend on M.
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