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1 Introduction

It seems that the earliest results concerning the large time behavior of
solutions of asymptotically autonomous ordinary differential equations of

the form

v = f(t,1) (1.1)
in R with f(t,2) — g(z) as t — oo appeared in the work of Markus [21].
The equation

Y = g(y) (1.2)
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is then called the limit equation of (1.1). It was proved, in the two dimen-
sional case (n = 2), that the w—limit set of a forward bounded solution of
(1.1) either contains equilibria of (1.2) or is the union of periodic orbits of
(1.2).

Thieme, provided in [27], examples for which the solutions of (1.1)
display a large time behavior that differs dramatically from that of the
solutions to the limit system (1.2). In the work [28] the author introduced
the concept of quasi-autonomous systems and contributed in obtain some
more results about w—limit set of a forward bounded solution of (1.1) re-
lating it to equilibria and periodic orbits of the limit system (1.2). The
equation (1.1) is called quasi-autonomous with limit (1.2) if for any com-
pact subset K of X, we have fsio sup,cx || f(s,2) — g(z)|lds < oo for any
so € R.

The authors of [22]| assumed the following two conditions:
(A) f(t,z) = g(z), t — oo, uniformly on compact sets of R";

(B) g is locally Lipschitz and for each compact subset K C R™ there
is a function pg : [0, 00) — [0, 00) satisfying px (t) — 0, t — oo, and

‘/tﬁo[f(s,x) —g(2)]ds| < px(t)

for every (z,0) € K x [0,1] and ¢t > 0. By denoting ¢(t, s, zo) the solution
z(t) of (1.1) satisfying x(s) = x¢ and 0(t, zo) denoting the solution y(t) of
(1.2) satisfying y(0) = z, they proved that

B(t; +sj,85,x5) = 0(t,x), j— oo,

for any three sequences t; — t, s; — oo, x; — x as j — 0o, with
z,r; € X, 0 <t and s; > to.

The authors of [25] considered asymptotically autonomous ordinary
differential equations of the form 2’ = f(z) + g(¢,x) and proved that all
the classical solutions tend to zero as ¢ — oo provided that f and g are

continuous vector-valued functions and g(t, -) approaches zero as t — oo,
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uniformly on compact subsets of R™. Foti considered in [7] asymptotically
autonomous ordinary differential inclusions of the form 2’ € F(z)+G(¢, x)
with G(t,z) becoming small in some sense as t — o0o. See also [6] for
asymptotically autonomous scalar inclusions.

A second order asymptotically autonomous ordinary differential equa-
tion with a potential of the form z” = a(t)V'(z) with a(t) positive and
converging to a constant as t — oo was considered in [9] and asymptoti-
cally autonomous functional differential systems were considered in [11].

Asymptotically autonomous Partial Differential Equations of semilin-
ear type with the time dependence being only on the external forcing term
were considered in the works [1,2,5,8,19]. The authors of [18| approached
a weakly dissipative equation with the time dependence being only on the
external forcing term.

Asymptotically autonomous quasilinear PDEs with the main operator
depending on time were approached in [13,14]. After that the authors
in [15,24] had considered asymptotically autonomous Partial Differential
Inclusions with the main operator depending on time and the authors of
[16] had considered asymptotically autonomous Coupled Systems of Partial
Differential Inclusions with the main operators depending on time.

There are already some works in the literature studying the asymptotic
autonomy of pullback random attractors, see for example [4,29].

The theory of evolution processes is an important machinery to study
the long time behavior of the global solutions associated with nonautono-
mous equations. For many of these equations we have the guaranty of the
existence of pullback attractors and for some problems the components of
the pullback attractor converges towards the global attractor associated
to a limiting semigroup. In the Section 3, we will present results that
shows the convergence of the pullback attractor to the global attractor if
and only if the pullback attractor is forward compact. Other results with
different sufficient conditions also highlight this convergence. Results with
necessary conditions are also presented. Moreover, we define the limit-

set and the lower limit-set of a pullback attractor and we present results
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that show the relationship between these two and the global attractor.
Finally, in Section 4 we present some examples where the abstract results
are applied, in particular, in the last example we apply the abstract results
to a quasi-linear parabolic equation with variable exponent in which the
main operator depends on time. This work is based on the papers [5,13,
14,18,19].

2 Preliminaries

—

et (X, d) be a complete metric space. Let us introduce some notations:
K(X):={K C X : K is a nonempty compact set in X};
B(X):={B C X : Bis anonempty bounded set in X};

R-‘r = [07 00)7
1 := monotonically increasing;
J := monotonically decreasing.

Definition 2.1. A family of applications S := {S(t,s) : X — X, t > s €
R} is called an evolution process in X if it satisfies:

(1) S(s,s) = Ix (Identity in X);

(ii) S(t,s) = S(t,r)S(r,s), forall t >r > s.

We will assume that the evolution process S is joint continuous, i.e.,
the application [s,+o00) X X 3 (t,x) — S(t,s)z € X is continuous for
any s € R.

Definition 2.2. An evolution process is called autonomous whenever
S(t,s) =S(t—s,0) for all t > s.

Definition 2.3. [17] A family of operators T := {T'(¢t) : t > 0} with
T(t) : X — X a continuous map for any ¢ > 0, is called a semigroup
whenever

(i) T(0) = Ix:

(i) T(t+s)=T(t)T(s), for all t,s > 0.
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Definition 2.4. A semigroup 7T is called continuous if the following ap-
plication Ry x X 3 (t,x2) — T'(t)z € X is continuous.

Remark 2.5. Let {S(t—s,0),¢ > s} be an autonomous evolution process.
The family of operators {T'(¢t) : t > 0} given by T'(¢t) := S(¢,0)(t > 0)
defines a semigroup. Reciprocally, if 7' := {T'(t) : t > 0} is a continuous
semigroup, then the family {S(¢,s) : t > s} given by S(¢,s) := T(t — s)

(t > s) defines an evolution process.

Definition 2.6. Let A and M be nonempty subsets of X. We say that
A attracts M (through the semigroup T') if for any ¢ > 0, there exists
t(e, M) > 0 such that T(t)M C O.(A) for all t > t(e, M), where O(A) :=
{r € X :d(z,A) < e}. We say that A attracts a point x € X if A attracts
the unitary set {z}.

Definition 2.7. [17] Let A be a nonempty subset of X. If A attracts
each point € X, then A is called a global attractor of points (for the
semigroup T); If A attracts each set B € 9B, then A is called a global

B—attractor .

A time-dependent family of nonempty sets P = {P(t) }1er in X is said
to be a brochette over X.

Definition 2.8. [18,19] A brochette P over X is called

(i) compact (resp. bounded) if P(¢) is compact (resp. bounded)
for each a,b € R with a < b;

(ii) locally compact if it is compact and | sefad] P(s) is pre-compact;

(iii) forward compact if it is compact and J,~,P(s) is pre-compact
for each t € R; -

(iv) backward compact if it is compact and | J,.,P(s) is pre-compact
for each t € R; -

(v) uniformly compact or globally compact if it is compact and
UserP(s) is pre-compact;

(vi) decreasing (resp. increasing) if P(t1) D P(t2) (resp. P(t1) C
P(t2)) for t1 < to.
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Definition 2.9. [14] Let {A(t) : t € R} be a brochette over X. We say

that this family of sets is invariant by the evolution process S if
S(t,s)A(s) = A(t), Vit >s.

Definition 2.10. [18] We denote by dist the Hausdorff semi-distance in
X between the nonempty sets A and B, i.e.,

dist(A, B) := sup inf d(a,b),
acA beB

and by disty the Hausdorff distance in X, i.e.,
distg (A, B) := max{dist(A, B), dist(B,A)}.

Definition 2.11. [18] A family A := {A(¢) : t € R} of nonempty compact
sets in X is called a pullback attractor for the evolution process S if
(i) is invariant by the evolution process S;
(ii) it pullback attracts bounded subsets of X, i.e., for each B € B,
t e R,
lim dist(S(t,t—7)B, A(t)) = 0.

T—5+00

Remark 2.12. In general we are interested on the minimal closed pullback
attractor A which satisfies (i) and (i7), i.e., if there is another invariant
family of closed sets C' := {C(t) : ¢ € R} which pullback attracts bounded
sets of X, then A(t) C C(t), for all t € R.

Lemma 2.13. [19] A pullback attractor for an evolution process must be

locally compact.

Lemma 2.14. [19] A pullback attractor A is forward (resp. backward)
compact if and only if Uy, A(s) (resp. U<, A(8)) is pre-compact for
some ty € R.

Proposition 2.15. [12] A pullback attractor is always continuous at any
finite time, i.e.,
t%g disty (A(t), A(tg)) = 0.
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The main aim of this work is to present abstract conditions to assure
upper semicontinuity or continuity of the pullback attractors at infinity,

i.e., when t — co.

Definition 2.16. [17] Let B € B(X). We say that B is invariant by
the semigroup T if T(t)B=B, Vt>0.

Definition 2.17. [17] A nonempty set A, C X is called a global at-
tractor for the semigroup T if

(i) it is compact;

(ii) it is invariant by the semigroup T,

(iii) it attracts each bounded subset of X, in other words, A is a

global B—attractor.

Remark 2.18. In general we are interested in the compact set A which
is the minimal closed invariant global B—attractor, i.e., if there is another
invariant and closed set C' which attracts bounded sets of X, then A C C.
In [10], “global attractor" already mean the maximal compact invariant

global B—attractor.

Proposition 2.19. The mazximal compact invariant global B—attractor
coincides with the compact set which is the minimal closed and invariant

global B— attractor.

Proof. Let us suppose first that there exists maximal compact invariant
global B—attractor and let us call it A. Let C be an arbitrary closed
and invariant set which is a global B—attractor. Then, C attracts the
bounded set A. Hence w(A) C C. Since A is an invariant closed set, we
have A = w(A). So, A C C. Therefore, A is the compact minimal closed
and invariant global B—attractor.

On the other hand, if we suppose that there exists the compact minimal
closed and invariant global B—attractor and let us call it M. Let D be an
arbitrary compact and invariant global B—attractor. Then, D = w(D) C
M. Therefore, M is the maximal compact invariant global B—attractor.

O
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3 Asymptotically autonomous processes: generic

results

The reader can find results which establish conditions for the existence
of the pullback attractor for an evolution process in [2,3,12]. For results
which establish conditions for the existence of the global attractor for a
semigroup we refer the reader to [10,17,20,26]. We will consider in this
section an evolution process S and a semigroup 71" and we will assume that
S has a pullback attractor A and that T possess a global attractor A, in
X.

3.1 Abstract results

Definition 3.1. [18] We say that S is asymptotically autonomous to
T if
lim d(S(t+t,7)z,T(t)zg) =0, V>0, (3.1)

T—>+00

whenever x, — xg as T — +00.

We say that S is uniformly asymptotically autonomous to T if

the convergence in (3.1) is uniform on ¢ > 0, i.e.,

lim supd(S(t+t,7)x.,T(t)xo) = 0.

T—>400 t>0

Definition 3.2. [18] We say that S is weakly asymptotically autonomous
to T if for each t > 0,

lim d(S(t+t, 1)z, T(t)zo) =0, (3.2)

T—>+00

whenever z, € A(7) and , — xy as T — +o0.

The next theorem was proved in [18] and it reduces the condition of
uniformity of Theorem 3.2 in [13]. Moreover, it gives a necessary and

sufficient condition.
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Theorem 3.3. [18] Suppose S is weakly asymptotically autonomous to T .

Then the upper semicontinuity holds, i.e,

lim  dist(A(r), Aso) = 0 (3.3)

T—>+00

if and only if A is forward compact.

3.1.1 Sufficient conditions for forward convergence

In this section, some results will be presented with sufficient condi-
tions to guarantee the convergence of the pullback attractor to the global
attractor. Here, we present results that show the convergence of the pull-
back attractor to the global attractor using forward boundedness instead
of forward compactness. For certain EDP’s it is not possible to show that

the pullback attractor is forward compact.

Definition 3.4. [5] A family {E(t)}1er of nonempty sets is said to be
(i) forward bounded, if there exists a bounded set B such that

U E@) c B;

t>0

(ii) backwards bounded, if there exists a bounded set K such that

U E® cK

t<0

Remark 3.5. Note that the property of being asymptotically autonomous

lim d(S(t+ To, t)z, T(To)z) =0,V Ty > 0,

t—4o00

can be rewritten as the following equivalent form

lim d(S(t,t — To)z, T(Tp)x) = 0,V Tp > 0.

t—4o00

Theorem 3.6. [13] Let A be a pullback attractor for the evolution process
S in X and As be a global attractor for the semigroup T in X. Suppose
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that for each € > 0 there exist 19 = 19(€) and a bounded set B(ry) in X
such that

sup d(S(t,To)w,T(t — 70)1/1) <e Vi>T1, (3.4)
PeA(m)
| A(t) € B(r). (3.5)
t>7’0

Then
lim dist(A(t), As) = 0.

t—4o00

Proof. Let € > 0 be given and let 71 = 79(¢/3). Since the global attractor
Ao of the semigroup T attracts bounded sets of X, there exists a positive
t1 = tl(e/S,B(Tl)) > 79 such that

dist (T'(t — 11)B(71), Ax) <

wl o

for ¢t > #4.
Then, by (3.4) with €/3 and 71 instead of € and 7y,

dist (A(t), As) = dist (S(t,71)A(11), Aoo)

= sup dist(S(¢, 7)Y, Ax)
weEA(TL)

sup dist (S(¢, 7)Y, T(t — 11)v)
YEA(T1)

IN

+ sup dist(T(t —11)¢, Ax)
PYeA(m)

IN
[
+
[
AN
o

for all ¢t > t;. O

Corollary 3.7. [5] Suppose that S is an evolution process which has a
pullback attractor A and T is a semigroup which possesses a global attractor
Aso. If

(i) A is forward bounded, i.e., there exists a bounded set B such that

J At)c B

t>0



42 J. Simsen

(i) the following condition holds

t@wigg d(S(t + To, t)z, T(Tp)x) = 0,V Ty > 0. (3.6)
Then
tgnoodzst (A(t), Asxo) = 0. (3.7)

Proof. Just note that condition (¢) in this corollary implies (3.5) of Theo-
rem 3.6 and (3.6) is stronger than (3.4). O

The next proposition provide conditions to obtain convergence with the
Hausdorff distance instead of semi-distance. Let us start with the more
general situation of a pullback attractor converging to another pullback
attractor as t — +o00.

Theorem 3.8. [23] Suppose that A and A = {A(t) }rer are pullback at-
tractors for the evolution processes S and S, respectively. If
(i) A is forward bounded, i.e., there exists a bounded set B such that

J A c B;

t>0

(i) the following convergence holds

sup  d(S(t,t—7)x, Seo(t,t — T)z) — 0 ast — +oo. (3.8)
reEB,TERL
Then

lim dist(A(t),A(t)) = 0. (3.9)

t—>+o00
If, moreover, A is also forward bounded, then the pullback attractors A

and A are asymptotically equivalent in future time, i.e.,

. E}r}rloodistH (A(t),A(t)) = 0. (3.10)

Proof. Let us prove (3.9) by contradiction. Suppose that (3.9) is not true.
Then there exist 6 > 0 and a sequence 0 < t,, T +00 such that

dist(A(ty),A(t,)) > 6,V n € N.
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Since the pullback attractor A is compact, for each n € N, we can choose
z, € A(ty,) such that

dist(zn, A(tn)) = dist(A(tn), A(t,)) > 6,¥ n €N, (3.11)

By the invariance of the pullback attractor A, for each m,n € N, we can
rewrite x,, as
Tn = S(tnatn - m)bn,ma

with by, € A(t, —m) C B. Thus, by condition (3.8), there is N =
N(0) > 0 such that for all m € N,

d(zn, Soc(tn,tn — M)bN )
= d(S(tn,tn — M)bN,m, Soc(tN,tN — mM)bNm)

< sup d(S(tN,tN—T)a:,SOO(tN,tN—T)x) (3.12)
reB,TeR4

- )
5
Moreover, as {b, n} C B is attracted by 2 through the evolution process

Seo, there is M = M (N, ) > 0 such that
dist(Seo(tn,tn — m)bN m, A(tn)) (3.13)
< dist(Seo(tn,ty —m)B,A(tn)) < §/2,¥ m > M. '

Hence, from (3.12) and (3.13) it follows that, for all m > M,

diSt(.%‘N,Ql(tN)) S d(.Z'N,SOO(tN,tN — m)bN,m)

+ diSt(Soo(tN, tN — m)me, Ql(tN))
b 6
I
< 2 + 2 ’
what contradicts (3.11).

Therefore,

tgrfrloodist(/l(t), 2A(t)) = 0.

Now, let us prove the second part. In the case of 2 also being forward

bounded, we change A by 2 in the proof above and we obtain:

lim dist(2A(t), A(t)) = 0.

t—+o00
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So, (3.10) holds, i.e., the pullback attractors A and 2 are asymptoti-
cally equivalent in future time.
O]

Corollary 3.9. Suppose that S is an evolution process with a pullback
attractor A and that T is a semigroup with a global attractor As. If
(i) A is forward bounded, i.e., there is a bounded set B such that

J A®) c B;

t>0

(ii) the following condition holds

sup d(S(t,t— 1)z, T(T)x) — 0, ast — 400,
xEB,T€R+

then the global attractor Ao is the w-limit set of the pullback attractor A,
1.€.,

im disty (A(t), As) = 0.

Proof. Define Soo(t,s)x := T(t — s)x for t > s and € X. Then, Sy is
an evolution process with a pullback attractor 2 = A. Therefore, by
Theorem 3.8 the result follows. O

3.1.2 Sufficient conditions for backwards convergence

Here, we will see the results of convergence of the pullback attractor
to the global attractor as ¢ — —oo by using backwards compactness and
boundedness of the pullback attractor. The proofs are similar of the results
in the previous subsection.

The next theorem is similar to Theorem 3.3 but now with the condition

of the pullback attractor A being backward compact.

Proposition 3.10. [5/ Let S be an evolution process with a pullback at-
tractor A and T a semigroup with a global attractor As,. Suppose that
(i) for any {z} with x; € A(t) and lim d(z,x0) =0,
t——o00
lim d(S(t,t —To)xy, T(To)l’o) =0,V Ty € Ry; (3.14)

t——00
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(ii) A is backward compact.
Then

 im dist(A(t), As) = 0. (3.15)

——00

Proposition 3.11. /5] Suppose that A and A = {A(t)}ier are pullback
attractors for the evolution processes S and S, respectively. If

(i) A is backward bounded, i.e., there is a bounded set B such that

J A®) c B;

t<0

(ii) the following convergence holds

sup  d(S(t,t — 1)z, Soc(t,t — T)z) — 0, ast — —oo. (3.16)
LBGB,TER+

Then
tﬁ)n_loodist(A(t),Ql(t)) = 0. (3.17)

If, moreover, 2 is backward bounded, then the pullback attractors A

and A are asymptotically equivalent in past time, i.e.,

lim disty (A(t),2(t)) = 0. (3.18)

t——00

Corollary 3.12. [5] Suppose that S is an evolution process with a pullback
attractor A and that T is a semigroup with a global attractor As. If
(i) A is backward bounded, i.e, there is a bounded set B such that

J A®) c B;
t<0

(ii) the following convergence holds

sup  d(S(t,t— 1)z, T(1)x) — 0, ast — —oo. (3.19)
zeB,TERL

Then, the global attractor A is the a-limit set of the pullback attractor
A, ie.,
lim disty (A(t), Ass) = 0.

t——00
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3.1.3 Necessary conditions

Here we shall present two propositions with necessary conditions to

assure convergence of the pullback attractor to the global attractor.

Definition 3.13. [5] A family ¢ = {E;},;cr of nonempty compact sets is
called locally uniformly compact, if for any bounded interval I C R

the union Ute 1 E¢ is pre-compact.

Proposition 3.14. [5] Suppose that {E:}ier is a locally uniformly com-

pact family of nonempty compact sets in X. Then there is a nonempty

compact set E such that 1tlim dist(Ey, E) = 0 if and only if {E}ier is
—00

forward compact.

Proposition 3.15. [23] Suppose that {E;}ier is a locally uniformly com-

pact family of nonempty compact sets in X. Then there exists a nonempty

compact set E such that . lim dist(Ey, E) = 0 if and only if the family
——00

{Et}ier is backward compact.

Proof. (=) We want to prove that |J,., E; is pre-compact. Take an ar-
bitrarily sequence {z,} C ;<o Et- T_hen, we need to show that {z,}
possess a convergent subseque;lce. Since {zn} C ;< Et, there is a se-
quence {t,} C (—o0,0] such that z,, € E;, for all n € N. We have two
cases to consider:

- First case: there exists a finite quantity Eq, Fs,- - -, Ej such that

k
{zn} C | J B

J=1

Note that {z,} possess a convergent subsequence once U§:1 Ej; is com-
pact.

- Second case: there is an infinity of indexes I’s such that z; € Ey,, for
all [ € N, with x; # z; and Ey, # Ey; when [ # j.

Consider a decreasing subsequence {z;, } of the sequence {z;}.

We have two possibilities:
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- Possibility 1: t;, | —o0.
Since {z;, } C Uyl By, with 2y, € Ey, , for all k € N, we have:

d(xy,, E) < diSt(Etlk,E) —»0as k — 4oo.

Thus, limg_ 4 d(z;,, E) = 0. Then, for each given j € N there exists
ko(j) such that Ty, € O1/;(E) for ly; > ko(j). Moreover, there exists
wy; € E such that d(xlkj,wkj) < 1/j. Once E is a compact set, we can
consider wi;, — x € E as j — oc.
Claim: Ty, — .
Indeed,
d(xy,, ) < d(xy, , wk;) + d(wg;, )

1

Hence, lim;_, d(iﬂlk]. ,x) = 0.

So, the sequence {z;} possess a convergent subsequence {xlkj}. Since
{z;} is a subsequence of the original sequence {x,}, we had prove that the
sequence {z,} has a convergent subsequence.

- Possibility 2: t;, | a with —oco < a < 0.

We have {z;, } C Urey By, , with 2, € By, forall k € N.

Note that ¢;, € [a,0]. Thus,

{enyc U By, c U B

t,, €[a,0] t€la,0]

From hypotheses, Ute[a,o] E, € K(X), then {x;, } possess a convergent
subsequence.

(<) Suppose that the family {E};}icr is backwards compact. Then,
U,<o E# is pre-compact, or equivalently, E := m is compact. Note
that E # () once by hipotheses, {E;}cr is a famﬂ}j of nonempty sets.

For simplicity, we will show that lim;, o dist(E;, E) = 0 by using
sequences. Consider the sequence ¢, | —oo. Since each L, is compact,

for any n € N, we can choose z,, € F;, such that

d(xn, E) = dist(Ey,, E), ¥V n € N. (3.20)
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Note that =, € E;, C E. As E is compact, the sequence {x,} possess a
convergent subsequence, i.e., x,, — * € E as k — 400. Then,

lim d(zp,,z)=0. (3.21)

k— 400

On the other hand, we have
dist(zn,, F) < d(zp,,x), Vn e N.

Passing the limit in both sides of the above inequality and using (3.21) we
obtain

kgn_?_oo dZSt(fIJ‘nk, E) =~ kin—&}oo d(:l:nk ) .T) 0

Then,
lim dist(x,,,E)=0.

k—+o00
From (3.20) we have limy_, o dist(Ey, ,E) = 0, which means in other
word that, lim;_,_ dist(E;, F) = 0, as we wanted to prove.
O

3.1.4 Construction of the limit-set of the pullback attractor

Here, we shall compare the global attractor A, with the so-called
limit-set A(oo) of the pullback attractor.

Definition 3.16. [18] The limit-set .A(c0) of the pullback attractor A :=
{A(t) : t € R} is defined in the following way:

A(oo) == (] JA(r).

teER r>t

Similarly, one can define the set

A(=0) == (] JA).

teR r<t

Proposition 3.17. /23] The following characterization holds:

A(oo) = U {r € X :3 z,, € A(ry,) such that z, — x}. (3.22)

rnToo
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Proof. Let us show first that

ﬂ UA(T) C U {zr € X :3 x, € A(ry,) such that x,, — z}.
teER r>t rnToo

Take an arbitrary w € [ |J.A(r). Consider a sequence t,, T +o0, i.e.,
teER r>t

hh <t <tz < - <ty <---

Then w € |J A(r) for all n € N. So, for each n € N, there is {w]} C

r>tn

U A(r) such that w} — w as j — oo. Note that, w} € A(s}) for some
>ty

s > ty. Considering, r; = s? where r; > t; it follows that x; := w;

A(rj) and z; — w as j — oo, as we wanted to show.

Now, let us show that

U {r € X :3 x, € A(ry,) such that x,, — x} C ﬂ U.A(r).

rnToo teER r>t

Let z € |J {z € X:3 =z, € A(ry) such that x,, — x}. Then, there
7 To0
is a sequence {x,} with x,, € A(r,) for all n € N, such that z,, — 2 and

rn T +00.
Let ¢ € R be arbitrarily fixed. We want to show that = € [J.A(r).

r>t
Since r,, T 400, there is n; € N such that n > n; = r, > t.

So, with n > ny, x, € A(ry), rn >t and x,, - x as n — 0.
Renumbering the sequence y1 = xpn,, Y2 = Tn,+1, Y3 = Tn,+2,... and

T1 = Tny, T2 = Tny41, T3 = Tpy42,... we have y, € A(F,), 7, > t and

Yn —> x. Thus, z € (JA(r). Once t was arbitrary, we can conclude that
r>t

ze (N UA(r), as we wanted to show.
teR r>t
Therefore, we have

ﬂ U.A(T‘) = U {zr € X :3 x,, € A(ry,) such that z, — z}.

teER r>t rnTo0
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Proposition 3.18. [18] Consider S an evolution process possessing a for-
ward compact pullback attractor A and a semigroup T having a global at-

tractor As. Suppose that S is asymptotically autonomous to T, then we

have A(o0) C Ao
To have the equality A(o0) = As, we need stronger conditions.

Proposition 3.19. [18] Under the same assumptions of Proposition 3.18,
we have A(00) = Ax if we further assume the following conditions:
(i) A(o0) is a forward attracting set for S(-,0), i.e., for each B € B,
tiriloodzst(S(t, 0)B, A()) = 0;

(ii) S(-,0) converges to T wuniformly on bounded sets of X, i.e., for

each B € B,
lim sup d(S(¢,0)z, T(t)z) = 0.

t_>+ooa:€B

Remark 3.20. Proposition 3.19 holds true if (i) and (ii) hold true only
for B = Ay.

Theorem 3.21. [19] Consider S an evolution process possessing a pull-
back attractor A.
(i) lim dist(A(t), A(c0)) =0 if and only A is forward compact.

t—00

(i1) . lim dist(A(t), A(—o0)) = 0 if and only A is backward compact.
H

— 00

The next lemma present a special case where the global attractor is

only a unitary set. In this case we obtain lower semicontinuity.

Lemma 3.22. [18/ Under the same assumptions of Proposition 3.18, if
the global attractor is a single point, i.e., Ao = {0}, then A(co) = Au.

In this case, we also have the lower semicontinuity:

dist(As, A(t)) — 0 as t — +oo.
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3.1.5 Construction of the lower limit-set of the pullback attrac-

tor

In this subsection, we will see the definition of the so-called lower limit-
set of the pullback attractor and present a proposition where the lower
upper semicontinuity holds if and only if the global attractor is equal to

the lower limit-set of the pullback attractor.

Definition 3.23. [18] We define the lower limit-set Az, (c0), of the pullback
attractor A := {A(t) }er, by:

Ap(o0) = ﬂ {r € X :3 z,, € A(ry,) such that z,, — z}. (3.23)
rnToo
Proposition 3.24. [18] Under the same assumptions of Proposition 3.18,
the lower semicontinuity holds, i.e.,

lim dist(As, A(t)) =0 (3.24)

t—+o00

if, and only if, Asc = Ar(c0). In either case, Ass = A(00).

Theorem 3.25. [19] Consider S an evolution process possessing a for-
ward compact pullback attractor A with a nonempty lower limit-set Ay (00).

Then, Ar(o0) is compact and such that
thixlwdzst(AL(m),A(t)) =0.

Remark 3.26. The reader can find some more similar results involving

upper and lower limit-sets of pullback attractors in [19].

4 Applications

Let us start with three examples of applications where the time depen-
dence is on the external forcing term. The reader can also find asymptoti-
cally autonomous problems in Section 8.6.2 of [2], where non-autonomous
semi-linear problems with the explicit dependence on time occurring only

in the external forcing term are presented.
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Example 4.1. Consider the following nonautonomous reaction diffusion

equation on R :

21: —Au+ u+ f(u) = g(z,t), (4.1)

with the initial condition u(7) = wg, where A > 0 and the nonlinearity
f € CHR,R) satisfying

flwu =0, f(0)=0, f(u)>-c, c=0, [f(u)]<c(l+]ulf)

with p > 0. The nonautonomous forcing term g € L? (R, L?(R)) satisfies

loc

the following tempered condition

0
[ lgtslas < .
)

By using Corollary 3.7 it was proved in [5] that if there is go(-) € L*(R)
such that -

lim [ (-, s) = goll*ds = 0,
T—00 T

then limy o dist(A(t), Ax) = 0, where the semi-distance is on L?(R),
A := {A(t) }1er is the pullback attractor associated to problem (4.1) and

A is the global attractor of the autonomous limit equation

0
S = Aut Xut f(w) = go(a).

Example 4.2. Consider the following nonautonomous weakly dissipative

p—Laplace equation:

0
8—1:+Au+)\u+f(m,u):g(x,t),tZTER, x e R", (4.2)

with the initial condition u(7) = ug, where A > 0 and the main operator
A WLP(R™) — WL (R") is a p—Laplace operator defined by

n
Au(v) = Z/ s, [P~ 2, 0, d,
i=1 /R"
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for u,v € WLP(R™) and p > 2.
The source term satisfies the following condition:

Assumption F. f is a continuously differentiable function satisfying:
for all (x,s) € R® x R,

f(:L',S)S > a1|8|q +¢1($)7 |f(l‘,8)| < a2|s|q_1 +w2($)7 %($78) > —as,

where ¢ > 2, ai,as, a3 > 0 are constants, 1o € L?(R") and 11 € L'(R™)N

L™H(R™), with I = I(p,q) := {p;;}’ where {r} denotes the minimal
integer no lesser than 7. !
The external forcing term satisfies the following two conditions:
Assumption G1. g is uniformly tempered in L?(R") N LITY(R") :
limy o0 G2(t) < oo and limyyoo Gry1(t) < 00, where all the functions

t — G;(t) are increasing and defined by

0
Gi(t) = sup/ eMg(yr + s)||5adr, for i=2,-- T +1.
s<t J—oc0
Assumption G2. There is a function g, € L*(R") N L1 (R") such
that

o0

lim e 2035 g (-, 7 + 5) — goo(*)||?ds = 0,

T—00 0

where ag is the positive constante given in Assumption F.

By using the Theorem 3.3 and Proposition 3.18 it was proved in [18]
that under the assumptions F, G1 and G2 the nonautonomous p—Laplacian
equation has a pullback attractor that converges upper semicontinuously
in L?(R") to the global attractor of the autonomous limit equation with

the external forcing term geo.

Example 4.3. Consider the following nonautonomous Ginzburg-Landau

equation:

% = (AN +ia(t)Au— (k+ z',B(t))\u|2u +yu+ f(t,z), t >seR, z e,

ot
(4.3)
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with homogeneous Dirichlet boundary condition and the initial condition
u(T) = up, where X\, Kk, > 0 are constants, where € is smooth bounded
domain in R™, n = 1,2 and the unknown wu is a complex-valued function.

The variable coefficients satisfy the following condition:

Hypothesis A. o) € C(R,R) and 5(-) € Cp(R,R).

The external force f satisfy the following condition:

Hypothesis B. f € L;,.(R, L?(Q)) is forward tempered in the fol-

lowing sense:

sup [ 100 (q, )| Pdg < oc, VieR

r>t J—oco

By using Theorem 3.21 (i) it was proved in [19] that under the hypothe-
ses A and B the nonautonomous Ginzburg-Landau equation has a forward
compact pullback attractor A in L?(Q) x L?(Q) that converges upper semi-
continuously to the limit-set A(cc) ast — +o0, i.e., tgnoodist (A(t), A(c0))
= 0. Also, by using Theorem 3.25, it was proved the lower semicontinuous
convergence to A (c0) as t — +oo, i.e, tgnmdist(AL(m),A(t)) = 0.

If instead of hypothesis B, the external force f would satisfies

Hypothesis B’. f € L;,.(R,L?(9)) is backward tempered in the

following sense:

sup / || £(g, ) |Pdg < o0, Vt € R,

r<t J—oo

then by using item (ii) of Theorem 3.21 it was proved in [19] that under the
hypotheses A and B’ that the nonautonomous Ginzburg-Landau equation

has a backward compact pullback attractor A such that

lim dist(A(t), A(—o0)) = 0.

t——00

In this example all the semi-distances were on the space L%(Q) x L?(Q).

In the last example the time-dependence will be on the main operator:
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Example 4.4. [13] Consider the following quasi-linear parabolic equation

with variable exponents:

ou

o (1) —div (D(t,m)|vu(t)|p<w>—2vu(t)) + u() [P 2u(t) = B(u(t),

(4.4)

with u(7) = 9, on a bounded smooth domain € in R™ for some n > 1

with a homogeneous Neumann boundary condition, where the exponent

p() € C(Q,R) satisfies p* := max,.q p(z) > p~ := min, g p(z) > 2 and
the initial condition u(7) € H := L?*(9).

Motivated by problem (4.4), we study the asymptotic behavior of an

abstract non-autonomous evolution equation in a Hilbert space H of the

form

Uty + Altyult) = B(r), u(r) = (4.5)

compared with that of an autonomous evolution equation

%01) + Aner(t) = Blu(1),  0(0) = v, (4.6)

where the operators A, A, and B satisfy the following assumptions.
Assumption A For each 7 € R there exists a nonincreasing function

gr : [0,+00) — [0,+00) such that ¢g-(0) — 0 as 7 — 400 and
(At+T)u(t+7)— Axv(t), u(t+7)—v(t)) > —g,(t), for all t € RT, 7 € R,

for any solution u of (4.5) and v of (4.6).
Assumption B The mapping B : H — H is globally Lipschitz, i.e., there
exists L > 0 such that

|B(z1) — B(z2)||g < L||z1 — z2||g  for all 1,29 € H.

We will suppose that the process {U(t,7) : t > 7} generated by prob-
lem (4.5) has a pullback attractor A = {A(¢) : t € R} and that the semi-
group {T'(t) : t > 0} generated by problem (4.6) has a global autonomous
attractor Ay in the Hilbert space H.
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Lemma 4.5. [13] Suppose that Assumption A is satisfied. Then U(t +
7, 7)) — T(t)pg in H as 7 — +00o for any t > 0 whenever v, — g in
H as 1t — +00.

Proof. Fix t > 0 arbitrarily and take T" > ¢. Subtracting equation (4.6)
from the equation (4.5) gives

%(u(t +7)—v(t)+ At +T)u(t + 1) — Asov(t) = B(u(t + 7)) — B(v(t))

for a.e. t € [r,T]. Multiplying by u(t + 7) — v(¢) and taking the inner
product, then using Assumption A, we obtain

1d
5 gt +7) = v@®lE < Llu(t +7) = v®)7 + 9-(1)-
Integrating this last inequality from 0 to ¢ and using that g, is nonincreas-

ing, gives

lu(t+7) —o@)IF < vr — vollE + 2t9-(0)

¢
+2L/ Hu(s—l—T)—v(s)H%{ds.
0

Hence, by the Gronwall inequality, there is a positive constant K = K(T')
such that

lu(t +7) = v@®)lF < (Ilvr = vollZ + 9-(0)) K.

Since 1 —1p in H and g;(0) — 0 as 7 — +o0, the result follows. O
The above result is applied here to the quasi-linear parabolic equation
with spatially variable exponents (4.4) in the Hilbert space H := L?(Q).
The existence of a pullback attractor for the problem (4.4) was proved in
[14].
We assume that B satisfies Assumption B and that the coefficient D
satisfies the following Assumption:
Assumption D D : [7,T] x Q — R is a function in L>([7,T] x Q) such
that

(D1) there are positive constants, 5 and M such that 0 < 5 < D(t,x) for
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almost all (t,z) € [1,T] x €.
(D2) D(t,z) > D(s,z) for each z € Q and ¢ < s in [0, T].
(D3) D(t+T,) = D*(-) in L>®(2) as 7 — +oo, for any t > 0.

Assumptions (D1)-(D2) imply that the pointwise limit D*(x) as ¢t — oo
exists and satisfies 0 < § < D*(z) for almost all = € . Then the problem
(4.4) with D*(z) is autonomous and has a global autonomous attractor as
a particular case of the results in [14].

It will be shown that the dynamics of the original non-autonomous
problem is asymptotically autonomous and its pullback attractor converges

upper semicontinuously to the autonomous global attractor A, of the

problem
O (1 ()2 (2)—2
E(t)—dlv (D |Vu(t)|P Vv(t))ﬂv(t)\p v(t) = B(v(t)), v(0) = vyp.
(4.7)
In particular, consider the operators
Ay = —div (D(t)yvuw(x)*w) + @2y,
Ay = —div (D*ywyﬂx)*?vu) + [o]P@ =2y,

and apply Theorem 3.3 to the quasi-linear parabolic problem with variable

exponents (4.4).
Proposition 4.6. [14] U;crA(T) is a compact subset of H.

Theorem 4.7. [13] If {¢; : 7 € R} is a bounded set in X and ¥, — 1y
m H as 7 — +oo, then Assumption A is satisfied.

The next result gives the desired asymptotic upper semicontinuous

convergence.

Theorem 4.8. limy;_, dist(A(t), As) = 0, where the semi-distance is
on L*(Q).
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Proof. Suppose that ¢, € A(7) and 1, — 1y in H. Using the invariance
of the pullback attractor and the uniform estimates of the global solution
provided in [14] it follows that {¢; : 7 € R} is a bounded set in X.
Theorem 4.7 then guarantees that Assumption A is satisfied. Thus, from
Lemma 4.5, U(t + 7, 7)) — T(t)1po in H as 7 — +oo, for any ¢ > 0.
Theorem 3.3 then yields lim;_, o dist(A(t), As) = 0. O

5 Final remarks

In some evolution problems we do not have guaranty of uniqueness of a
global solution, this is for example the case when dealing with differential
inclusions. In this situation multivalued dynamical systems have to be
used rather than only single-valued ones. The majority of the abstract
results in Section 3 were recently extended to the multivalued scenario
and we refer the reader to [6,15,16,24|. It is worth to emphasize that in
the work [6] new aspects were also incorporated like equi-attraction and

possible periodicity of the pullback attractors.
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