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ABsTRACT. We construct exponential pullback attractors for time continuous asymptotically
compact evolution processes in Banach spaces and derive estimates on the fractal dimension
of the attractors. We also discuss the corresponding results for autonomous processes.

1. INTRODUCTION

The study of the longtime dynamics of semigroups acting in infinite dimensional spaces
can often be reduced to the study of the dynamics on the global attractor. It is a strictly
invariant compact subset, which attracts all bounded subsets of the phase space. To be more
precise, let T'(t) : X — X, t > 0, be operators in a metric space (X,dx). We call the family
{T'(t)] t > 0} a semigroup in X if it satisfies the properties

Tt)oT(s)=T(t+s), t,s>0,
T(0) =1Id, and
Rt x X 3 (t,z) = T(t)r € X is continuous,

where Id denotes the identity operator in X. The subset A C X is the global attractor for
the semigroup {7T'(¢t)| t > 0} if A # () is compact, strictly invariant, that is T'(¢).A = A for all
t > 0, and for every bounded subset D C X

tlg})lo distu(T'(t)D,.A) = 0.

Here, disty(+,-) is the Hausdorff semidistance in X; that is, disty(A, B) = sup gn]fgdx(a, b).
a€AbE
The global attractor is unique, minimal within the family of closed subsets that attract all

bounded sets and the maximal bounded invariant subset of the phase space. In most cases

the fractal dimension of the global attractor is finite. The rate of convergence however can be
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arbitrarily slow and the global attractor is in general sensitive to perturbations. Due to these
drawbacks the notion of an exponential attractor was introduced in |6] proposing to consider a
larger set, which is still finite dimensional and attracts all bounded subsets at an exponential

rate. This concept requires to weaken the invariance property of the attracting set.

Definition 1. We call M C X an exponential attractor for the semigroup {T'(t)| t > 0}
if M # 0 is compact, of finite fractal dimension dimg(M) < oo, semi-invariant, that is
T(t)M C M for allt > 0, and for every bounded subset D C X there exists a constant w > 0
such that

. wt 1 _
tlggoe disty(7'(¢t)D, A) = 0,

where dimg(A) = limsuplog:s NX(A), and NX(A) denotes the minimal number of e-balls in
e— €
the space X with centers in A needed to cover the subset A C X.

Thanks to the exponential rate of attraction exponential attractors are more robust under
perturbations than the global attractor. Furthermore, if a semigroup possesses an exponential
attractor, the global attractor is contained in the exponential attractor, which immediately
implies its existence and finite-dimensionality. However, exponential attractors are only semi-
invariant under the action of the semigroup and consequently not unique. Indeed, if M is an
exponential attractor then T'(t) M yields an exponential attractor for the semigroup, for each
t>0.

The existence proof and method for the construction of the exponential attractor in [6] is
non-constructive, applicable for semigroups acting in Hilbert spaces and based on the squeez-
ing property of the semigroup. In [7] an alternative method and explicit algorithm for the
construction of exponential attractors was developed for discrete semigroups acting in Banach
spaces. It is based on the compact embedding of the phase space into an auxiliary normed
space and uses the regularizing or smoothing property of the semigroup. The rate of conver-
gence and the bound on the fractal dimension of the exponential attractor can explicitly be
estimated in terms of the entropy properties of this embedding.

While the notion of attractors in the autonomous setting is well established and well under-
stood, its counterpart for non-autonomous evolution equations is not as well established and
less understood. In non-autonomous problems the rule of evolution from the instant s to the
instant ¢ > s depends not only on the elapsed time t — s as in the autonomous case, but also
on the starting time s. The rules of evolution in the non-autonomous setting are dictated by

what is called an evolution process.
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Definition 2. The two-parameter family {U(t,s)| t,s € R, t > s} of continuous operators

from X into itself is called an evolution process in X if it satisfies the properties
U(t,s)oU(s,r)=Ul(t,r), t>s>r
U(t,t)=1Id, teR and
TxX>(ts,x) = U(t,s)r € X, is continuous,

where T = {(t,s) e Rx R| t > s}.

Evolution processes extend the definition of semigroups. Indeed, if {T'(t)| t > 0} is a
semigroup, then U(t,s) = T(t — s) is an autonomous evolution process. There are different
approaches to generalize the notion of global attractors of semigroups to non-autonomous
evolution processes (cf. [1], [3], [4]). In our work we use the notion of so-called pullback

attractors (or kernel sections in [4]).

Remark 1. We will reserve the letter T' (the letter U) to denote the semigroup (the evolution
process) under consideration. When we need to decompose the semigroup {T(t)| t > 0} (the
evolution process {U(t,s)| t > s}) as a sum of two operators, we will always write T(t) =
St)+C(t) (U(t,s) =S(t,s)+C(t,9)).

Definition 3. The family of nonempty subsets {A(t)| t € R} of X is called a global pullback
attractor for the process {U(t,s)| t > s} if A(t) is compact for all t € R, the family
{A(t)| t € R} is strictly invariant, that is

Ul(t,s)A(s) = A(t) for all t > s,
it pullback attracts all bounded subsets of X, that is for every bounded D C X andt € R

lim distg(U(t,t — s)D, A(t)) =0,

S5—00
and the family is minimal within the families of closed subsets that pullback attract all bounded
subsets of X.

Comparing with the notion of global attractors of semigroups the minimality is an addi-
tional property needed to ensure uniqueness of the pullback attractor, since non-autonomous
invariance is a weaker concept than the invariance of a fixed set in the autonomous case. If
we replace the pullback attraction in the above definition by the forwards convergence; that

is, for every bounded set D C X and t € R
lim distg(U(t + s,t)D, A(t+ s)) = 0,
§—00

we call the family {A(t)| t € R} a forwards attractor for the process {U(t,s)| t > s}. If

the pullback (forwards) convergence to the attractor holds uniformly in ¢ € R, it implies the
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forwards (pullback) convergence, and the attractors coincide. However, these concepts are not
related in general (cf. [3]).

The construction of exponential attractors for discrete semigroups in [7] was further de-
veloped in [8] and also extended to non-autonomous problems using the concept of forwards
attractors. An explicit algorithm for discrete evolution processes was presented and in an
application to non-autonomous reaction-diffusion systems also an exponential attractor of the
generated time continuous process was constructed. Based on these results the construction
has recently been modified considering the pullback approach, and the algorithm has been ex-
tended to time continuous evolution processes in [5] and [10]. Applying the pullback approach
and generalizing the concept of exponential attractors for evolution processes we obtain the
following definition (cf. [5] and [8]).

Definition 4. Let {U(t,s)| t > s} be an evolution process in a metric space X. We call the
family M = {M(t)| t € R} a pullback exponential attractor for the evolution process
{U(t,s)| t > s} in X if

(i) the subsets M(t) C X are non-empty and compact in X for all t € R,

(ii) the family is positively semi-invariant, that is
Ul(t,s)M(s) C M(t) for all t > s,

(iii) the fractal dimension in X of the sections M(t), t € R, is uniformly bounded and
(iv) the family {M(t)| t € R} exponentially pullback attracts bounded subsets of X ; that is,
there exists a positive constant w > 0 such that for every bounded subset D C X and
teR
lim e**disty(U(t,t — s)D, M(t)) = 0.

5—00

The constructions in [5] and [10] are similar, require strong regularity assumptions on the
process and restrictive assumptions with respect to the pullback attraction. Based on these
articles we propose a different construction for time continuous evolution processes and gen-
eralize the results to asymptotically compact processes. In particular, we show the existence
of a pullback exponential attractor under significantly weaker hypothesis and obtain better
estimates for the fractal dimension of the sections A(t) of the pullback attractor. The con-
structions in [5] and [10] are based on the existence of a fixed bounded pullback absorbing set.
This allows the pullback attractor to be unbounded in the future, but it is always bounded
in the past. Instead of a fixed bounded absorbing set we consider a family of time-dependent
absorbing sets, which can even grow in the past, and obtain an exponential pullback attractor
with sections, that are not necessarily uniformly bounded in the past. If the pullback expo-

nential attractor exists, it contains the global pullback attractor and immediately implies its
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existence and the finite dimensionality of its sections. Existence proofs for global pullback
attractors of asymptotically compact processes often require the boundedness of the global
pullback attractor in the past (cf. [1]), and the finite dimensionality of global pullback at-
tractors that are not uniformly bounded in the past has been an open problem (see [10] or
Remark 3.2 in [11]). Hence, our main theorem also yields existence results for global pullback
attractors, that are possibly unbounded in the past, and implies their finite fractal dimension.

The outline of our paper is as follows. For convenience of the reader in Section 2 we
summarize some known results about the existence of pullback attractors and the construction
of exponential attractors for evolution processes.

In Section 3.1 we present the construction of an exponential pullback attractor for discrete
evolution processes. The method is based on the results in [5], [8] and [10], but generalizes
the construction for asymptotically compact processes. Moreover, instead of a fixed pullback
absorbing set we consider a time-dependent family of absorbing sets, which can grow in the
past.

We then propose an alternative construction for time continuous processes in Section 3.2.
Our method does not require the strong regularity properties in time of the process as in [5]
and [10], which are typical for parabolic problems. It yields better estimates for the fractal
dimension of the sections of the attractor and is applicable for a larger class of evolution
problems. If the conditions in the cited articles are satisfied our pullback exponential attractor
is contained in the pullback exponential attractor constructed in [5] and [10].

We also formulate the corresponding corollaries in the autonomous case, that is for semi-
groups. The results in the discrete case generalize the results in [2], [5], [7] and [8]. The
invariance of sets in the non-autonomous setting is a strictly weaker concept than the invari-
ance of a fixed set under the action of a semigroup. Our main result applied to time continuous
semigroups does not yield an exponential attractor in the usual sense, the attractor lacks the
property of semi-invariance. In [5] and [10] the union over a certain time interval of the image
of the discrete attractor is taken to construct the exponential attractor for continuous time
processes. Applied to autonomous evolution processes the construction yields an exponential
attractor for the semigroup, which is semi-invariant. However, to ensure the finite dimen-
sionality of the sections it requires strong regularity in time of the process and leads to an
artificial increase in the dimension estimates for the continuous attractor, when compared
to the discrete attractor. We suggest to weaken the semi-invariance property and introduce
the notion of exponential pullback attractors for time continuous semigroups. Exponential
pullback attractors exist under weaker hypothesis and satisfy the same dimension estimates

as exponential attractors of the associated discrete semigroup.
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In the final stage of our work we became aware that a similar construction for time-
continuous exponential attractors was developed in [9] based on the concept of forwards
attractors. However, the setting is different, the process is asymptotically compact in the
weaker space, and the construction is based on the existence of a fixed bounded absorbing set
for the process. The aim in this article was not to show the existence of forwards attractors in
general but to construct exponential forwards attractors if the uniform attractor (or kernel of
the process, cf. [4]) exists. The stated hypothesis immediately imply the boundedness of the
exponential forwards attractor and the existence and boundedness of the pullback attractor.

The unboundedness of pullback attractors is essential when considering unbounded non-
autonomous terms in the equation or random attractors. In a forthcoming paper we apply
our abstract results to an initial value problem for a non-autonomous Chaffee-Infante equation

and an evolution process generated by a non-linear damped wave equation.

2. EXISTENCE OF PULLBACK ATTRACTORS AND THE PULLBACK EXPONENTIAL
ATTRACTOR CONSTRUCTED IN [5] AND [10]

2.1. Global Pullback Attractors. Let X be a metric space and {U(t,s)| t > s} be an
evolution process in X as defined in the introduction. The following theorem characterizes

the evolution processes possessing a global pullback attractor (see [1]).

Theorem 1. Let {U(t,s)| t > s} be an evolution process in a complete metric space X. Then,

the following statements are equivalent:

(a) The evolution process {U(t,s)| t > s} possesses a global pullback attractor.
(b) There exists a family of compact subsets {K(t)| t € R} of X such that for all t € R
the set K(t) pullback attracts all bounded subsets of X at time t.

Furthermore, the pullback global attractor is given by

Alt) = | w(D,1),

D CX
bdd

where w(D,t) denotes the pullback w-limit set of D C X at time instant t € R.

The pullback w-limit set of D C X at time instant ¢ € R is defined as

w(D,t) = (| J Ut - s)D.

r>0s>r

Note that by Theorem 1 the existence of a pullback exponential attractor immediately implies
the existence of the global pullback attractor, which is contained in the pullback exponential

attractor and possesses finite dimensional sections.
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To show the existence of global (pullback) attractors in applications one generally derives
a-priori estimates to prove the existence of a bounded absorbing set. For evolution processes,
which are not eventually compact, it is then generally difficult to apply Theorem 1 directly.
To conclude the existence of the global pullback attractor in problems with asymptotically

compact processes it is often shown that the process satisfies a stronger pullback absorbing

property (cf. [1]).

Definition 5. Let {U(t,s)| t > s} be an evolution process in a metric space X. A family
of bounded subsets {B(t)| t € R} is said to be strongly pullback absorbing all bounded
subsets of X, if for all bounded D C X and s <t there exits Tp s > 0 such that

U(s,s —r)D C B(t) for all r > Tp .

Processes possessing a family of bounded strongly pullback absorbing subsets are called pullback

strongly bounded dissipative.

In other words, at a given time ¢ € R the absorbing set B(t) is also a pullback absorbing set
for all earlier times s < t. Processes that are pullback asymptotically compact and pullback

strongly bounded dissipative possess a global pullback attractor (see [1]).

Definition 6. An evolution process {U(t,s)| t > s} in a metric space X is called pullback
asymptotically compact if for every t € R, every sequence {sp}nen, sn > 0, and bounded

sequence {Tn}nen C X such that

lim s, =00 and {S(t,t— sp)xn| n € N} is bounded

n—o0

the sequence {S(t,t — sp)Tn}tnen has a convergent subsequence.

Theorem 2. Let {U(t,s)| t > s} be an evolution process in a complete metric space X that
is pullback asymptotically compact. If there exists a family {B(t)| t € R} of bounded sets that
strongly pullback absorb all bounded subsets of X, then there exists the global pullback attractor
{A(t)| t € R}. Moreover, | J,<, A(s) is bounded for all t € R and the global pullback attractor
s given by B

A(t) = w(B(t),1t).

This theorem extends the respective result for semigroups (cf. Theorem 1.1, Chapter 1
in [13]). The global pullback attractor of strongly bounded dissipative processes however, is
always bounded in the past. To be more precise, for every ¢ € R the union

U As)
s<t

is bounded.
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2.2. Exponential Pullback Attractors. In the sequel we shortly summarize the results
in [5] and [10], where pullback exponential attractors for time continuous processes, which
satisfy a certain smoothing property, were constructed. We assume {U(t,s)| t > s} is an
evolution process in V' and the phase space (V|| - ||y) is a Banach space. The construction
of the exponential attractor is based on the compact embedding of the phase space into an

auxiliary normed space.
(Hp) We assume (W, | - ||w) is another normed space such that the embedding V' <—— W
is compact and

lolw < ploly  forall veV,
where the constant p > 0.

Moreover, it was assumed that the process is strongly bounded dissipative. To be more precise,

for some tg € R the following assumptions were made:

(Hy) For the process {U(t,s)| t > s} there exists a bounded set B C V, that uniformly
pullback absorbs all bounded subsets of V for all ¢ < t3: For all bounded subsets
D C V there exists Tp > 0 such that
U U(t,t —s)D C B for all s > Tp.
t<to
(H2) The evolution process {U(t,s)| t > s} satisfies within the absorbing set the following
smoothing property

\U(t,t —Tp)u—U(t,t — Tr)v|lv < kllu—v|w for all u,v € B,t < to,

where T denotes the absorbing time in (H;) corresponding to the absorbing set B.
(H3) The evolution process {U(t,s)| t > s} is Lipschitz continuous: For every ¢ € R and

s <t exists a constant L;, > 0 such that
|U(t, s)u —U(t, s)v||v < Lysl|lu —v||v for all u,v € B.

(H4) The evolution process is Holder continuous in time: There exist constants A\j, A2 > 0
and exponents 0 < 01,602 < 1 such that

sup||U(t,t — Tg)u — U(t — s,t — s — T)ully < Aps™ for all s € [0,7g],u € B,

t<tg

sup||U(t, t — s1)u — U(t,t — s2)ullw < Aals1 — 82]92 for all s1,s9 € [T,2TB],u € B.
t<to

Remark 2.

e Hypothesis (Hy) not only implies that the process is pullback strongly bounded dissi-
pative, but also that the absorbing time corresponding to a bounded subset D C V 1is

independent of the time instant t < ty. We generalize these uniform assumptions in
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the next section. The pullback exponential attractor may be unbounded in the future,
but it is always bounded in the past, which in turn implies the boundedness of the global

pullback attractor. Indeed, for every t € R, the union

A c M)

s<t s<t

1s bounded.

e The smoothing property (Hz) implies the (eventual) compactness of the evolution pro-
cess in V. Moreover, by Theorem 2 the global pullback attractor exists and for all
t < to

A(t) = w(B, ).

e The Hélder continuity in time of the process was needed for the construction of the time
continuous attractor and is typical for parabolic problems. It is a restrictive assumption
and generally not satisfied, for instance for hyperbolic equations. Moreover, to apply the
result to hyperbolic problems requires the extension of the construction to asymptotically
compact processes.

o The assumptions (Ho) — (Ha) are taken from [5]. In [10]| the hypothesis are similar,
but less general (for instance, the process is assumed to be Hélder continuous in the
metric of V).

e The absorbing time Ty, the smoothing time in (Hz) and the interval, where the pro-
cess is Holder continuous coincide. This is not necessary for the construction of the

exponential attractor (cf. Section 3).

For further details and the proof of the following result, see [5] and [10]. In the sequel we
denote by B (a) the ball of radius r > 0 and center a € X in a metric space X.

Theorem 3. Let {U(t,s)| t > s} be an evolution process in a Banach space V' and the
2
exponential attractor {M(t)| t € R}, and the fractal dimension of its sections is uniformly

bounded

assumptions (Hp) — (Hy4) be satisfied. Then, for every v € (0,5) there exists a pullback

1 1
sup dimg (MY (t)) < max{—, —}(1 4+ log 1 (1 + pk)) + log 1 (N?(BY(O))) ,
teR 91 92 2v 50 P

where NX(A) denotes the minimal number of e-balls in a metric space X with centers in A

needed to cover the subset A C X.
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3. PULLBACK EXPONENTIAL ATTRACTORS FOR ASYMPTOTICALLY COMPACT EVOLUTION
PROCESSES

We assume (V, || - ||y/) is a Banach space and {U(t, s)| ¢t > s} is an evolution process in V.
The construction of the exponential attractor is based on the compact embedding (Hy) of the
phase space into an auxiliary normed space. Moreover, we assume that the process U can be
represented as U = S+ C, where {S(t,s)| t > s} and {C(t,s)| t > s} are families of operators
satisfying the following properties:

(H1) For the process {U(t,s)| t > s} there exists a family of bounded sets B(t) C V, t € R,

that pullback absorbs all bounded subsets of V'; that is, for all bounded subsets D C V'
and all ¢ € R there exists T ; > 0 such that

U(t,t —s)D C B(t) for all s > Tp.

(Hs) There exists ¢ > 0 such that {S(t,s)| t > s} satisfies within the absorbing set the

following smoothing property

|1S(t,t —t)u—S(t, t—t)v||v < kllu—v|w for all u,v € B(t —t), t e R.
(Hsz) The family of operators {C(¢,s)| t > s} are contractions within the absorbing sets,
IC(t,t —u — C(t,t —t)vlly < Mu—v|v for all u,v € B(t — 1), t € R,

where the contraction constant 0 < \ < %
(H4) The process {U(t,s)| t > s} is Lipschitz continuous within the absorbing sets; that is,

for all t € R and s €]t,t + t| there exists a constant L; ¢ > 0 such that
U (s, t)u — U(s,t)v||v < Ly sl|lu —v||v for all u,v € B(t), t € R.
In order to construct the pullback exponential attractor we need to impose additional
assumptions regarding the uniformity of the absorbing time in hypothesis (H;).
(A1) The family of absorbing sets is positively semi-invariant for the process {U (¢, s)| t > s},
that is
U(t,s)B(s) C B(t) for all t > s,t,s € R.
(A2) For abounded subset D C V and ¢t € R the corresponding absorbing times are bounded
in the past; that is, for all t € R there exists Tp; > 0 such that
U(s,s —r)D C B(s) forall s <t, r>Tpy.

Our main result is the following.

Theorem 4. Let {U(t,s)| t > s} be an evolution process in V' and the assumptions (Hy),
(H1)- (Ha), (A1) and (Az) be satisfied. Moreover, we assume that the diameter of the family
of absorbing sets {B(t)} growths at most sub-exponentially in the past. Then, for any v €
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(0,2 — ) there exists a pullback ezponential attractor {M”(t)| t € R} = {M(t)| t € R} for

the evolution process {U(t,s)| t > s}, and the fractal dimension of its sections can be estimated

by

dim) (M(t)) < log_ 1 (N?’(BY (0)>> for all t € R.

2(v+X)
Remark 3.

e The uniform pullback absorbing assumption (Hy) in the previous section immediately
implies hypothesis (H1), (A1) and (A2).

e For our construction the Hélder continuity in time (Hy) of the process is not required.
Moreover, we essentially tmprove the dimension estimates in Theorem 3.

o We generalized the construction for asymptotically compact operators in the space V. A
similar result for discrete evolution processes has been obtained in (8], however, under
hypothesis that are difficult to verify in applications (cf. Theorem 2.3). In the articles
[2], [7] and |9] processes that are asymptotically compact in the weaker space W were
considered; that is, the operator C is a contraction in W, not in V.

e Time-dependent absorbing sets were also considered in 9|, where forwards exponential
attractors were constructed. However, it was assumed that the diameter of the absorb-
ing sets B(t) is uniformly bounded and the absorbing time is independent of the time
instant. Hence, the union |Jcr B(t) is a bounded absorbing set for the process and
satisfies the uniform hypothesis in Section 2. Furthermore, the aim was not to prove
the existence of forwards attractors in general, but knowing the existence of the uniform
attractor, to show the existence of time-dependent forwards exponential attractors (or

kernel sections).

We remark that in applications the family of contraction operators often forms an evolution
process in V. In this case, and if the contraction property (#s) is globally satisfied, the
smoothing time and the contraction time can be arbitrary, and it suffices that the evolution
process C' is a strict contraction. To be more precise we could replace Assumptions (Hs)-(H4)
by the following;:

(H2) The family {S(t,s)| t > s} satisfies the following smoothing property within the ab-

sorbing sets: There exists > 0 such that for all s > ¢

1S(t+ s, t)u — S(t+ s, t)v||v < ksllu —v||w for all u,v € B(t), t € R,

for some constant xg > 0.
(H3) The family {C(t,s)| t > s} is an evolution process and a strict contraction in V: There
exists £ > 0 such that

|C(t +t,t)u — C(t+ £, )|y < Nu— vy for all u,v € V, t € R,
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where the contraction constant 0 < \ < 1.
(#4) The evolution process {U(t, s)| t > s} satisfies the Lipschitz continuity in (H4) for all
teRandt<s<t+1.

Indeed, let k € N be such that A¥ < 1 and ki > £. Then, Property (?—N[g) implies
|C(t + tk, t)u — C(t + Tk, t)vlly < N|ju—o|y for all u,v € B(t), t € R.
Furthermore, by the smoothing property (7?[2) follows
|S(t+ tk,tyu — S(t +th,tw|v < kllu—v|w for all u,v € B(t), t € R,

where k := k. Consequently, the assumptions (Hsa)-(H3) are satisfied if we replace t by tk

and the smoothing and contraction constants by A = A* and & = EKjje-

3.1. Discrete Evolution Processes. We first construct exponential pullback attractors for
discrete processes. Let {U(n,m)| m,n € Z, n > m} be a discrete evolution process in a
Banach space V. Without loss of generality we assume that £ = 1 in assumptions (Hz) and
(Hs). In this case, the discrete process is certainly Lipschitz continuous in V' by properties

(Hz) and (H3), and assumption (H,) is automatically satisfied.

Theorem 5. Let {U(n,m)| n > m} be a discrete evolution process in V' and the assumptions
(Ho), (H1) - (H3), (A1) and (A2) with t = 1 be satisfied for discrete times t, s € Z. Moreover,
we assume that the diameter of the family of absorbing sets {B(t)}, t € Z, growths at most
sub-exponentially in the past. Then, for any v € (0,% — A) there exists a pullback exponential
attractor {M(k)| k € Z} = {M (k)| k € Z} for the evolution process {U(n,m)| n > m}, and

the fractal dimension of its sections can be estimated by

dimY (M(k)) < log (N%V(BY (0))> for all k € Z.

2(U{M)
Proof. Coverings of U(k,k —n)B(k —n)

Let v € (0,4 — A) be fixed, R, > 0 and vy € B(k) be such that B(k) C ng(vk) for all
k € 7Z. Moreover, we choose elements w1, ...wy € V such that

N

BY(0)c | JB
1=1

where N := NI (B} (0)). We define W9(k) := {v;,} and construct by induction in n € N sets
W"(k),n € N, that depend on the time instant k& and satisfy for all k € Z

n )’
(W1)  W"(k) C U(k,k —n)B(k —n) C B(k),
)
)

I\tg

(wi)v

(W2)  4W"(k) < N™,
(W3)  U(k,k—n)B(k —n) CUyuewnu B(‘g(uﬂ))an_n(“)'
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To construct a covering of the image U(k,k—1)B(k—1), k € Z, we note that v € ng_l (Vk—1)
implies
1
Ry

BY (w

K

vV —Vg_1) EB ) C
1

=

=1
and consequently,

N
Bp, (k1) < | Bgl% (Ri—1w; + vg_1).
i=1
Due to the smoothing property (H2) we obtain

ISk, k= 1)t — S(k, k — )iy < slla — 3w < 2vRy s

for all @, o € By v (Rp—1w; +vg_1) N B(k — 1), which yields

N
S(k,k = 1)(Bk, ,(vk-1) N B(k — 1)) C | Bn, ,u(2),
=1

for some z1,...,zy € S(k,k—1)B(k—1). In particular, we can choose y1,...,yny € B(k—1)
such that z; = S(k,k — 1)y;, where i = 1,...,N. For u € B(k — 1) the contraction property

(H3) now implies
1C(k, k= Du—Ck,k = Dyillv < Mlu—yillv < 2ARp—1,
forall i =1,..., N, and we conclude
C(k,k—1)B(k —1) C Bi\p, ,(C(k,k —1)y;).
Finally, we obtain the covering

Ulk,k—1)B(k—1) = (S(k,k—1)+C(k,k—1)Bk —1)

N
¢ UBbr, (St =19 U BYp, (Ck k= 1))

N

c UB;/(V—i-)\)Rk_l(U(k?k - 1)yl)a
i=1

with centres U(k,k—1)y; € U(k,k—1)B(k—1),i=1,..., N. Denoting the new set of centers
by W1(k) follows
Uk,k=1)B(k—1)C |J Biiar., @),
ueW1l(k)

with Wi(k) c U(k,k —1)B(k — 1) C B(k) and $W'(k) < N.

Let us assume that the sets W!(k) are already constructed for all I < n and k € Z, which
yields the coverings

U(k,k=n)B(k—n)C | ) Bluiayg., @  forkeZ
ueWn (k)
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In order to construct a covering of
Uk,k—(n+1)Bk—(n+1)=Uk,k—1)Uk—-1,k—1—n)B(k—1—n)
c U Ukk-1)BYy sy, W)
weWn (k—1)
let u € W"(k — 1). We proceed as before and use the covering of the unit ball B} (0) by
Z-balls in W to conclude

(200 + N)" Ry + ).

"

N
%4 w
B(Q(V+>\))an—1—n (U) C U B(Q(V“l‘)\))an—l—n
=1

By the smoothing property (Hz) then follows
S,k —1) (U(k —1,k—1-n)B(k—1—n)N B(‘g<y+/\))an_l_n(u)>

N

< U Bl s, (St k= D),
=1

for some y',...,y} € U(k—1,k—1—n)B(k—1—n). Furthermore, the contraction property
(H3) implies
Ok, k — 1) (U(k: “1L,k-1-n)B(k-1-n)n B(VQ(VH))%_I_n(u))

C Blograymoass o, (Clk k= 1)yi),
forall  =1,..., N. Consequently, we obtain the covering
Uk, k—1) (U(k 1 k—1-n)Bk—-1-n)N B(VQ(VH))HR,C_I_n(u))

= (S(k,k — 1) + C(k, k — 1)) (U(k “1,k—1-n)Bk—-1-n)N B(VZ(M))”Ran(u))

N
- U <B(‘§(V+)\))"21/Rk_1_n(5(k’ k—1)y") + B(‘g(y+A))"2ARk_1_n(C(k7 k — 1)?/?))
i1

N
< UBYbpsrymiin . (S k= 1)yt + Clk, k — 1)yt
=1

N
= U Blwenysin o, (Ulk k= 1yi),
=1

with centres U(k,k—1)y} € U(k,k—1—n)B(k—1—n), for 1 =1,..., N. Constructing in the
same way for every u € W"(k — 1) such a covering by balls with radius (2(v + \))" "' Ry_1_,
in V' we obtain a covering of the set U(k,k — (n + 1))B(k — (n+ 1)) and denote the new set
of centres by W"T1(k). This yields fW" (k) < N{W"™(k — 1) < N+ by construction the
set of centres W™ (k) C U(k,k — (n +1))B(k — (n + 1)), and

Ulk,k—(n+1)Bk—n+1)C  |J  Bhpiaysir, W,
ueWn+1(k)
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which concludes the proof of the properties (W1)-(W3).

Definition of the Pullback Exponential Attractor

We define E9(k) := WO(k) for all k € Z, and set E"(k) := W"(k)UU (k,k—1)E"1(k—1),
n € N. Then, the family of sets E™(k), n € Ny, satisfies for all k € Z

(E1)  U(k,k—1)E"(k—1) C E"*\(k), E"™(k) CU(k,k—n)B(k—n)C B(k),

(B2)  E(k) = Ulo Uk, b — DW™ (k= 1), £E"(k) < S0 VY,

(E3)  U(k,k—n)B(k—n) CUuepnr) B(‘g(y+)\))an_n (u).
These relations are immediate consequences of the definition of the sets E™(k), the properties
of the sets W" (k) and the semi-invariance of the absorbing family {B(k)| k € Z}, and can be

proved by induction.
Using the family of sets E"(k) we define M(k) := Unen, E"(k), for all k € Z, and show

II-llv

that its closure {M(k)| k € Z} := {/W (k) | k € Z} yields an exponential pullback attractor
for the process {U(n,m)| n > m}.
Semi-invariance of the Exponential Attractor
The family {M(k)| k € Z} is positively semi-invariant: Indeed, for all | € N,k € Z, we
obtain by applying the property (E1)
Uk +1L,M(k) = | J Uk+1LE)E"K) c | ) B (k+1)c | E"(k+1) = M(k+1).
n€Np n€Np n€Np

Since the process is continuous follows also semi-invariance of the family {M (k)| k € Z}

—~—|-llv ~—llv.  ———llv

Uk + 1L EM(E) = Uk +LEME)  CcUk+LEM®E)  CcME+1D) = Mk+1),
for all | € N, k € Z.

Compactness and Finite Dimensionality of the Exponential Attractor
We first prove that for all k& € Z the sets M (k) are non-empty, precompact and of finite

fractal dimension in V. Note, that for any m € N and n > m holds
E"(k) c U(k,k—n)B(k—n)=U(k,k—m)U(k—m,k—n)B(k—n)
C U(k,k—m)B(k—m),

since the family of absorbing sets is positively semi-invariant. Consequently, for all m € N we

obtain
M(k) = G E™(k)U G E™(k) C Lmj E™(k)UU(k,k —m)B(k — m).
n=0 n=m-+1 n=0

Let ¢ > 0 and m € N be sufficiently large such that (2(v + A)"Rp—m < € < (2(v +
M) LRy i1 holds, then

U(k,k—m)Bk—-m)c | J BY(u).
ueWm (k)
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Hence, we can estimate the number of e-balls in V' needed to cover M (k) by
N (M(k)) < 8| B (k) +2W™ (k) < (m+ DEE™ (k) + N™
n=0

< (m+1)2N™ 4+ N™ < 2(m +1)2N™,
for all k € Z, where we used properties (W2) and (£2). This proves the precompactness of
——Illv

M(k) in V. As V is a Banach space, taking the closure M(k) := M(k) of the precompact

sets M (k) we obtain a family of compact subsets in V.

For the fractal dimension of the sets M (k) we conclude

~ In(NY (M(k
dim} (M(k)) = limsupw
e—0 hlg
In(2) + 21 1 In(N
< lim sup n(2)+ n(m—l—l ) = mIn(N) <log_1 _(N).
e—0 In - FIOESY)

Consequently, the fractal dimension of the sections M (k) is uniformly bounded by the same

value, since
dim) (M(k)) = dim) (M(k) ) = dim} (M(k)).
Exponential Pullback Attraction
We are left to show that the set M(k) exponentially pullback attracts all bounded subsets
of V at time k € Z. By assumptions (#;) and (As) for any bounded subset D C V and k € Z

there exists an np € N such that U(l,l —n)D C B(l) for all n > npj and | < k.
If n > npy +1, that is n = np j, + ng with some ng € N, then

disti; (U(k, k — n)D, M(k)) < disty;(U(k, k — no)U (k — no, k —no — np i) D, | J E"(k))

n=0

< distg; (U (k, k — no) B(k — no), |_J E"(k))
n=0

< disty; (U (k, k — no)B(k — ng), E" (k))
<2+ N)"Ri—p, < ce” ",

I
for some constants ¢ > 0 and w > 0. Finally, the sets M(k) = M(k) Y certainly pullback
attract all bounded subsets D C V at time k € Z exponentially, since

——Ilv

dist (U (k, k — n)D, M(k)) = dist; (U(k, k —n)D, M(k) )
< dist} (U (k, k — n)D, M(k)),

and the exponential pullback attraction property of {M (k)| k € Z} follows from the exponen-
tial pullback attraction property of the family {./\7 (k)| ke Z}.
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This shows that {M(k)| k € Z} is an exponential pullback attractor for the evolution
process {U(n,m)| n > m} with compact sections M(k) in V. O

3.2. Continuous Time Evolution Processes. Using the results of the previous section we
now construct pullback exponential attractors for time continuous asymptotically compact

processes in V.

Proof of Theorem 4. We consider the discrete process {U(n, m)| n > m} in V, where U(n, m) :=

U(nt,mt) for all n > m, which satisfies the assumptions (Hp) and (H;) — (H3) of the

previous subsection. Theorem 5 implies the existence of a pullback exponential attractor
——|llv

{M (k)| k € Z} for the discrete process {U(n,m)| n > m}, where M%(k) = M(k)

To obtain a pullback exponential attractor for the continuous time process we define

M(t) == U(t, k)M k) for t € [kE, (k + 1)f],
|l

——I'llv
and take its closure in V, M(t) := M(t) for all ¢ € R. Due to the Lipschitz-continuity of
the process, the sets M (t) are compact in V', and we obtain the same (uniform) bound on the

fractal dimension of the sections M(t),
dim}{ (M(t)) = dim}{ (M(t)) = dim} (U (ki+t, kM (k) < dim)/ (MU(k)) ¢ € [ki, (k+1)i].

Moreover, {M(t)| t € R} is positively semi-invariant: Let t,s € R and t > s. Then, s = kt+s;
and t = It + t; for some k,l € Z, k <1 and s1,t; € [0,1].
If I > k 4+ 1 we observe

U(t, ) M(s) = U(IE + ty, ki + s1)M(ki + s1) = UL + t1, ki + s1)U (kL + s1, ki) M (kf)
= U(IF + t1, UL, k) M(kE) € UIE + t1, IM(1E) = M(IE + t1) = M(t),

where we used the semi-invariance of the family {M(kt)| & € Z} under the action of the
process {U(n,m)| n > m}.
On the other hand, if [ = k, then s = kt + s; and t = kf + t; for some s1,t1 € [0,%] and
U(t,s)M(s) = Ukt + ty, ki + 1) M(kf 4 s1) = U(kE + t1, ki 4 s1)U (ki + s1, k) M (k?)
= U(KE + t1, KO)M(kT) = M(KL + t1) = M(2).
By the continuity of the process we obtain the semi-invariance of the family {M(t)| t € R}.
Finally, the set M(t) exponentially pullback attracts all bounded subsets of V' at time
t € R. This follows immediately from the exponential pullback attracting property of the
discrete attractor {M(kt)| k € Z}.

0

An immediate consequence is the existence and finite dimensionality of the global pullback

attractor. If the hypothesis of Theorem 4 are satisfied, the existence of the global pullback
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attractor actually follows from Corollary 6 in [12], where the assumptions are even weaker.
However, our result also implies that the fractal dimension of the sections of the pullback
attractor is uniformly bounded, which has been an open problem for global pullback attractors
that are not uniformly bounded in the past (cf. [10] and [11])

Corollary 1. Under the assumptions of Theorem 4, the global pullback attractor { A(t)| t € R}
of the evolution process {U(t,s)| t > s} exists, is contained in the pullback exponential attractor

constructed in Theorem 4, and the fractal dimension of its sections is uniformly bounded by

dimY (A(t)) < log_1 (N%V(B}/(O))) for all £ € R.

2(v+X)

Proof. This follows immediately from Theorem 4 and the characterization of processes pos-

sessing a global pullback attractor in Theorem 1. O

Theorem 4 in the special case that A = 0 yields the result for processes, which satisfy the

smoothing property with respect to the spaces V and W.

Corollary 2. Let {S(t,s)| t > s} be an evolution process in V and the assumptions (Hp)
and (Hz) be satisfied. Moreover, we assume that properties (Hi1), (H4), (A1) and (As) hold
with {U(t, s)| t > s} replaced by {S(t,s)| t > s}, where it suffices that the absorbing family is
bounded in the metric of W, and the diameter of the family of absorbing sets { B(t)} growths at
most sub-exponentially in the past. Then, for any v € (0, %) there exists a pullback exponential
attractor {M(t)| t € R} = {M¥(t)| t € R} for the evolution process {S(t,s)| t > s}, and the

fractal dimension of its sections can be estimated by
dim} (M(1)) < log 1 (NZV(B}’ (0))) for all ¢ € R.

We could also consider processes in the weaker phase space W as analyzed in 2] and |7]
for semigroups and in [9] for evolution processes. Such attractors are also called bi-space

attractors or (V, W) attractors.

Theorem 6. Let {U(t,s)| t > s} be an evolution process in W and the assumptions (Hy),
(H2), (A1) and (A2) be satisfied. Moreover, we assume that (Hi) holds for a bounded pullback
absorbing family in W, properties (Hs) and (Ha) are satisfied with V' replaced by W and the
diameter of the family of absorbing sets {B(t)} growths at most sub-exponentially in the past
(with respect to the metric of W). Then, for any v € (0,5 — \) there exists a pullback
exzponential attractor {M"(t)| t € R} = {M(t)| t € R} for the evolution process {U(t,s)| t >

s} in W, and the fractal dimension of its sections can be estimated by

dim}’ (M(t)) < log__s (NgV(BIV(O))) for all ¢ € R.

- 2(v+N)
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The pullback exponential attractor for time continuous processes constructed in the proof of
Theorem 4 differs from the pullback exponential attractor constructed in [5] and [10]. In both
articles the union over a certain time interval of the image of the discrete attractor is taken to
construct the continuous attractor. To obtain finite-dimensionality of the sections it requires
strong regularity assumptions of the process. We take the time evolution instead and prove
under significantly weaker assumptions the existence of a pullback exponential attractor. If
the assumptions of [5] and [10] are satisfied, the pullback exponential attractor of Theorem 4

is contained in the pullback exponential attractor constructed in [5] and [10].

4. A PULLBACK EXPONENTIAL ATTRACTOR FOR TIME CONTINUOUS SEMIGROUPS

We also formulate the corresponding results for semigroups, that is for autonomous pro-
cesses. The results are similar and generalize the results in [8] for discrete semigroups, differ
however in the time continuous case. The invariance property in the non-autonomous setting
is a weaker concept than the invariance of a (fixed) set under the action of a semigroup. In
[2], [5] and [10] the union over a certain time interval of the image of the discrete attractor
is taken to obtain semi-invariance of the exponential attractor for continuous processes, semi-
groups respectively. It requires certain regularity properties of the process in time and leads
to weaker estimates for the fractal dimension.

Instead of constructing exponential attractors for continuous time semigroups we consider
pullback exponential attractors, or non-autonomous exponential attractors (forwards and pull-
back convergence are equivalent in this case). They coincide with exponential attractors in
the discrete case, and the pullback exponential attractors for time continuous semigroups sat-
isfy the same dimension estimates as exponential attractors of discrete semigroups. In other
words, weakening the semi-invariance property of the exponential attractor we avoid the arti-
ficial increase in the fractal dimension of the attractor. Moreover, we do not need such strong
regularity assumptions as Holder continuity in time of the semigroup (cf. [8], [5], [2]) to obtain
finite dimensionality of the attractor.

Let V be a Banach space and {U(t,s)| ¢ > s} be an autonomous evolution process in V,
that is the operators U(t,s) : V — V only depend on the elapsed time ¢ — s. In this case, the
family of operators T'(t — s) := U(t — s,0), t > s, forms a semigroup in V. The definition of
an exponential attractor for semigroups was given in the introduction.

Due to the mentioned drawbacks of exponential attractors for time continuous semigroups
we propose to weaken the semi-invariance property of the exponential attractor and to consider
pullback exponential attractors instead. Applied to autonomous processes Definition 4 leads

to the following:
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Definition 7. We call the family M = {M(t)| t € R} a pullback exponential attractor
for the semigroup {T'(t)| t > 0} in V if there exists 0 < a < oo such that M(t) = M(a+1)
for allt e R,

(i) the subsets M(t) C V are non-empty and compact in V' for all t € R,

(ii) the family is positively semi-invariant, that is
T(t)M(s) C M(t+ s) for all t > 0,s € R,

(iii) the fractal dimension of the sets M(t), t € R, is uniformly bounded and
(iv) the family exponentially attracts all bounded subsets of V' uniformly, that is there exists

a positive constant w > 0 such that for any bounded subset D C V
lim sup e“*dist};(T(s)D, M(t)) = 0.

573 ¢¢[0,a]
Definition 7 implies that M = M(a) is an exponential attractor of the associated discrete
semigroup T'(n) := T(na). Any member M(t) of the family satisfies all the properties of an

exponential attractor except the semi-invariance.

Remark 4. As in the non-autonomous case, if the exponential attractor exists, the global
attractor A is contained in the exponential attractor of the semigroup and has finite fractal
dimension. The same holds in the case of pullback exponential attractors for semigroups: Any

member of the family {M(t)| t € R} contains the global attractor A.

4.1. Discrete Semigroups. We consider semigroups that satisfy the smoothing property

asymptotically, that is, semigroups that can eventually be represented as a sum T'= S + C,

where T satisfies the smoothing property and C is a contraction. To be more precise, let

{T'(n)| n € N} be a discrete semigroup in V' such that T'(n) = S(n) + C(n), where {S(n)| n €

N} is a family (need not to be a semigroup) and {C(n)| n € N} is a semigroup which satisfy:

(S1) There exists a bounded absorbing set B C V for the semigroup {T'(n)| n € N}; that
is, for all bounded subsets D C V there exists np € N such that

T(n)D C B for all n > np.

(S2) The family {S(n)| n € N} satisfies within the absorbing set the smoothing property:
There exists n € N such that

IS(n)u — S(n)v|lv < knllu —v||lw for all u,v € B, n > n,

where the constant x,, > 0.
(S3) The family {C(n)| n € N} forms a semigroup in V. Moreover, there exists n € N such
that C(n)B C B for all n > n and

|IC(n)u — C(n)v|ly < A||u— vy for all u,v € B,
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where the constant 0 < A < %

Lemma 1.

(i) If{T'(n)| n € N} is a discrete semigroup in 'V such that property (S1) is satisfied, then
there exists a bounded absorbing set B which is positively semi-invariant and properties
(52) and (S3) hold with B replaced by B.

(ii) Without loss of generality we can assume that the smoothing time in (S2) and the
contraction time in (S3) coincide, that is 0 = n.

(iii) Taking iterates it suffices in assumption (S3) that C(n) is (eventually) a contraction

with contraction constant A € [0,1).

Proof. (i) Indeed, taking
_ np—1
B:= |J T(np+k)B,
k=0
it is a bounded absorbing set for the semigroup with corresponding absorbing time ngz = 1.
It is bounded since T'(np + k)B C B for all k € Ny, by Property (S1). Moreover, if D C V is
bounded, there exists np € N such that T'(n)D C B for all n > np. Hence, for alln > np+np

we obtain

T(n)D=T(n—np —ng)T(ng)T(np)D C T(n—np —np)T'(ng)B C B

and
ng—1

T(1)B= | J T()T(np+k)B C B.
k=0

Properties (52) and ($3) certainly hold for all u,v € B C B.
(ii) Let ng = If and I € N be such that {7 > n. By the smoothing property (52) follows

15 (no)u = S(no)vllv = [[S(Al)u — S(Al)v|lv < K

u—vllw for all u,v € B,
and Property (S53) implies
1C(no)u — C(no)vlly = |C(Al)u — C(al)v|ly < Nu — |y for all u,v € B.

Hence, modifying the constants we can assume n = 7.
(iii) Taking iterates, the semigroup {C(n)| n € N} is a contraction with contraction constant

less than %, which leads to a modification of 7 and the constant A in (S3). O

The following theorem generalizes the results in [8], where exponential attractors for dis-
crete semigroups, that satisfy the smoothing property, were constructed under the assumption

that the absorbing time and smoothing time coincide and ng = 7 = 1. Theorem 1.3 of the
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cited article yields the existence of exponential attractors for asymptotically compact semi-
groups, but under different and more restrictive assumptions, which are difficult to verify in

applications.

Theorem 7. If the conditions (Hy), (S1), (S2) and (S3) are satisfied, then, for any v €
(0, %—5\) there exists an exponential attractor M = MY in' V' for the semigroup {T (n)| n € N},

and its fractal dimension can be estimated by

dimY (M) < log_s (N

2(v+N)

K'\tg

(BY(0)))

where A := N\, & := ki and | € N is the smallest integer such that li > .

Proof. If necessary we replace 7 and 7 by ng = ln and A and k; by A and % Then, due
to Lemma 1 without loss of generality we can assume that the absorbing set is positively
semi-invariant and the contraction time in (52) and smoothing time in (S3) coincide, that is
n = n. We only give a sketch of the proof and indicate, where the proof of Theorem 5 has to
be modified, or where it simplifies in the autonomous setting.

Coverings of T'(nn)B

Let v € (0,% — A) be fixed, R > 0 and vy € B be such that B C B} (vp). Moreover, we

choose wq, ... wy € V such that

BY(0)c| |B
=1

(wi)a

R\t%

where N := NY (B} (0)) and k = xz. We define W := {vy} and inductively construct sets
W™ n € N, such that

(Wl))  W"C T(ni)BC B,
(W27) g™ < N7,
(W3)  T(na)B C Uyewn Blopsaynr(®)-

As in the proof of Theorem 5 the coverings of the iterates T'(nn)B are constructed using
the properties (52) and (S3) and the covering of the unit ball B} (0) in W. The sets of centers
W™ are now independent of time.

Definition of the Exponential Attractor
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In order to obtain semi-invariance of the exponential attractor, we modify the construction

of the sets E™ and define

E* = W' El=wlurwlur@wlu...uTHW°
E?* = WPur()Wlu.---uT@WuT(R+1)WOU---uT2R)WO
E" = WruTOW U uT@Wr U UT(R(n— 1)+ DWOU - U T (Am) WO

n n
= wrulJ YTk -1)n+npwrt,
k=11=1

Due to the semi-invariance of the absorbing set B follows
T(n)B C T(m)B for all n > m,

and for all n € N the sets E™ satisfy the properties

(E1) T()E*C ErUE", EYc B, E"CT((n-1)7)BC B,

(E2)) #E™ <n(n+1)N™,

(E3)  T(nn)B C Uyepn By yrynr(w)-
From the first relation immediately follows 7'(k)E™ C E" U E"*1 U ... U E"** for all k € N.
We now define

M = U E™.
n€eNg
Semi-invariance, Pre-compactness and Finite-dimensionality

For all k € N we obtain by using property (E1’)
T(kM:= | J T(k)E" C | (E"U---UE" ) C ] E" =M.
neNp n€eNg n€Np
Furthermore, as E™ C T'((m — 1)n)B for all n > m we conclude

m={)Eu |J B c|)E uTms,
n=0 n=0

n=m-+1

Properties (E2’) and (W3’) now imply
1 E") < (m+ DEE™ < (m+ 1)*AN"™
n=0

and T'(mn)B C J,cppm B(‘g(y+)\))mR(u). For arbitrary € > 0 we choose m sufficiently large
such that

Q2 +N))"R<e< (2v+N)"'R
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holds. An estimate for the number of e-balls needed to cover M is then given by

m
NY (M) < ([ E") + W™ < (m + 1)*AN™ + aN™ < 2(m + 1)*AN"™,
n=0
where we used properties (W2’) and (E2’). This proves the pre-compactness of M in V', and
the fractal dimension of M can be estimated as in the proof of Theorem 5.
We are left to show that M exponentially attracts all bounded subsets of V. If D C V'
is bounded there exists np € N such that T'(n)D C B for all n > np. If n > np + n, then

n =np + nky + k for some kg € N, k € Ny and

dist}; (T'(n) D, M) = disty; (T (ko?)T(np + k) D, G E™) < disty; (T'(kof) B, G E")

n—np—=k

< dist}j (T'(kon) B, W™) < 2(v + N))*R = (2(v+ ) #  R=e "¢,

=

for some constant ¢ > 0 and all n > np + 71, where w := ln(ﬁ) .
Compactness of the Exponential Attractor
As V is a Banach space and the semigroup is continuous, taking the closure M = MH'”V
of the precompact set M we obtain a compact subset of V. The semi-invariance, finite fractal
dimension and exponential attraction property of M can be shown as in the non-autonomous

case. OJ

4.2. Time Continuous Semigroups. We now construct pullback exponential attractors for
time continuous semigroups. In addition to the hypothesis of the previous section we assume

Lipschitz continuity of the semigroup.

(S1)" There exists a bounded absorbing set B C V for the semigroup {T'(t)| t > 0} , that is
for all bounded subsets D C V there exists Tp > 0 such that

T(s)D Cc B for all s > Tp.

(S2)" The family of operators {S(¢)| ¢t > 0} satisfies within the absorbing set the smoothing
property: There exists ¢ > 0 such that

I1S(t)u — S(t)v|lv < kllu—v||w for all u,v € B,

where the constant x > 0.
(S3)" The family {C(¢)| t > 0} is a contraction within the absorbing set:

IC(t)u — C(t)v|lv < Aju—o|v for all u,v € B,

where the constant 0 < \ < %
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(S4)" The semigroup {T'(t)| t > 0} is Lipschitz continuous in V' within the absorbing set:
There exists sy > 0 such that for all ¢ > s

IT(t)u —T )|y < Lillu — |y for all u,v € B,
for some constant L; > 0.

Remark 5. In order to apply Theorem / directly we assume that the absorbing and contracting
times coincide. However, if the family of contractions forms a semigroup in V we could
generalize the hypothesis similarly as in the discrete case and replace t in (S4)' by an arbitrary
contraction time t # €. Moreover, it suffices that C is (eventually) a strict contraction with

contraction constant A € [0,1) (cf. the remark in Section 3).

Theorem 8. If the conditions (Ho), (S1)' - (S4)' are satisfied, then, for any v € (0,5 — X)
there exists a pullback exponential attractor M = MY = {M(t)| t € R} for the semigroup
{T(t)| t > 0}, the sections are compact subsets of V' for all t € R, and their fractal dimension

can be estimated by

dimY (M (1)) < log__1 (NEV(Blv (0))) .

- 2(v+A) K

Proof. As in the discrete case without loss of generality we can assume that the absorbing set

is positively semi-invariant. Indeed, if necessary we replace B by the bounded absorbing set

B:= |J T(Ts+s)B.
s€[0,TgB]
The absorbing assumptions (H1), (A1) and (As) in Section 3.2 are certainly satisfied. Theorem
4 applied to the autonomous process U(t, s) := T'(t — s) yields the existence of a pullback ex-
ponential attractor for the semigroup {7'(¢)| ¢ > 0}, which satisfies the properties in Definition
7 with a = {.
O

Corollary 3. Under the assumptions of Theorem 8 the global attractor A of the semigroup
{T(t)| t > 0} is contained in any member of the pullback exponential attractor { M (t)| t € R},

and its fractal dimension is bounded by

dim! (A) < log_ (NEV(BY (0))) .

2(v+A) K

Proof. This follows by Theorem 1.1, Chapter 1 in [13]. O

Like in the non-autonomous case, as a corollary we obtain the existence of exponential

pullback attractors for semigroups that satisfy the smoothing property.
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Corollary 4. Let {S(t)| t > 0} be a Lipschitz continuous semigroup in V and the assumptions
(Hp) and (S2)" be satisfied. Moreover, we assume that (S1)" holds with {T(t)| t > 0} replaced
by {S(t)| t > 0}. Here, it suffices that the absorbing set is bounded in the metric of W. Then,
for any v € (0, 3) there exists a pullback exponential attractor {M(t)| t € R} = {M"(t)| t € R}

for the semigroup {S(t)| t > 0}, and the fractal dimension of its sections can be estimated by

dim} (M(1)) < log 1 (NZV(BY (0))) for all ¢ € R.
Proof. This is a direct consequence of Corollary 2. O

We could also consider asymptotically compact semigroups in the weaker phase space W,
and obtain the existence of exponential pullback attractors in W as studied in [2|, and for

discrete semigroups in |7].

Theorem 9. Let {T'(t)| t > 0} be a semigroup in W and the assumptions (Hy) and (S2)’
be satisfied. Moreover, we assume that (S1)" holds for a bounded absorbing set in W and
properties (S3) and (S4) are satisfied with V replaced by W. Then, for any v € (0,3 — )
there exists a pullback exponential attractor {M"(t)| t € R} = {M(t)| t € R} for the semigroup
{T(t)| t > 0} in W, and the fractal dimension of its sections can be estimated by

dim}’ (M(t)) < log__s (N‘g/(BY(O))) for all £ € R.

2(v+A)

Proof. 1t follows from Theorem 6 applied to the autonomous process U(t,s) := T(t — s),
t>s. O

Remark 6.

e The construction of exponential attractors for discrete semigroups in the proof of Theo-
rem 7 slightly generalizes the construction in [8] for semigroups satisfying the smoothing
property and for the case that ng =n = 1.

e To construct the exponential attractor for time continuous semigroups {T(t)| t > 0}
generally the union

M= | T(t)Ma,
telt, 2t
is taken, where My denotes the exponential attractor for the associated discrete semi-

group {T(nt)| n € N} (cf. [2], [5]). If the semigroup is Hélder continuous in time,
T (t1)u — T(t2)ully < clty —ta]®  forall t,t0 € [t,2i],uec B

for some constant ¢ > 0 and 0 < 0 < 1, the exponential attractor M is finite dimen-

sional, and a bound for its fractal dimension is given by

— 1
dim{ (M) < 5+ dim{ (My).
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This is a stronger estimate than in Corollary 2.6 in 5], but can easily be deduced
from the construction. The bounds on the fractal dimension of the attractors in |2| are
weaker.

Certainly, any member of the pullback exponential attractor for time continuous
semigroups constructed in Theorem 8 is contained in the exponential attractor, M(t) C
M for all t € R.

o The exponential pullback attractor constructed in [5] and [10] (cf. Section 2) applied to
non-autonomous processes yields an exponential attractor in the original sense, that is

it satisfies all properties in Definition 1.

5. CONCLUDING REMARKS

We constructed pullback exponential attractors for asymptotically compact evolution pro-
cesses in Banach spaces assuming that the process possesses a family of time-dependent pull-
back absorbing sets that possibly grow in the past. In a forthcoming paper we discuss prop-
erties and consequences of the construction and apply the theoretical results to prove the
existence of pullback exponential attractors in two applications. In both cases, previous re-
sults are not applicable and the generalizations we developed in this article are required.

First, we consider a non-autonomous Chafee-Infante initial boundary value problem in a
bounded domain 2 C R”, n € N,

3

w(z,t) = Au(z,t) + Mu(z,t) — B(t) (u(z,t)) reQ, t>s,
u(z,t) = 0 xr eI, t>s,
u(z,s) = u’(x) x €€,

where s € R, A € R and the initial data u® € Cp(£2). The non-autonomous term 3 : R — R
is strictly positive, continuously differentiable, bounded when time ¢ tends to oo and vanishes
when t goes to —oo. We show that the generated evolution process satisfies the smoothing
property and possesses a semi-invariant family of pullback absorbing sets. The diameter of the
absorbing sets grows in the past since the non-autonomous term g vanishes when t tends to
—00. Our results yield the existence of a pullback exponential attractor, which in turn implies
the existence of the global pullback attractor for the generated evolution process. In particular,
we obtain an example for an unbounded pullback attractor of finite fractal dimension, which

has been an open problem (see the introduction in [10] and Remark 3.2 in [11]).
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Another application is the non-autonomous dissipative wave equation

u(z,t) + B(t)u(z, t) = Au(x, t) + f(u(x,t)) r€eQ, t>s,
u(z,t) =0 r €I, t>s,
u(z, s) = u’(x) x €,
u(z, s) = v°(x) x €1,

where s € R and Q C R", n € N, n > 3, is a bounded domain. We assume that the non-
linearity f : R — R is continuously differentiable and is of sub-critical growth. Furthermore,
the function g : R — R is Holder continuous and bounded from above and below by positive
constants.

The initial value problem generates an asymptotically compact evolution process U in the
space V := H}(Q) x L?(£2). We prove that the evolution process can be represented as sum
U = S+ C, where the family of operators S satisfies the smoothing property with respect to V'
and an auxiliary normed space W such that V << W and C is a family of contractions in the
stronger space V. Our main result implies the existence of a pullback exponential attractor.
This setting was not considered in previous constructions of exponential attractors, where it
was always assumed that the family C' is a contraction in the weaker space W (among others
see [7], [8] and [9]). Moreover, former existence results for pullback exponential attractors

require the Holder continuity in time of the evolution process (cf. [5] and [10]).
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