Chapter 2
General Facts on Dissipative Systems

In this chapter we deal with the qualitative theory pertinent to (infinite-dimensional)
dissipative systems. Our presentation is based mainly on some new criteria for
asymptotic compactness which rely on a certain weak form of quasi-stability. We
also emphasize a role of gradient systems for the existence of global attractors.
A similar approach was discussed earlier in CHUESHOV/LASIECKA [56, 58] in a
short form without many details. For other possible approaches to the topic we
refer to the monographs BABIN/VISHIK [9], CHUESHOV [39], HALE [116], HENRY
[123], LADYZHENSKAYA [142], ROBINSON [195], SELL/YOU [206], TEMAM [216]
and the surveys BABIN [7] and RAUGEL [188].

Our main focus is on questions such as the existence of global attractors and
their structure. We present ideas and methods which are applicable to the systems
generated by nonlinear partial differential equations. We discuss these applications
in Chapters 4-6 in detail for several PDE classes. In the current chapter we
illustrate general results on long-time dynamics by means of finite-dimensional
ODE examples only. Questions related to dimensions and smoothness of attractors
for infinite-dimensional systems are considered in Chapter 3.

2.1 Dissipative dynamical systems

The main topic of this book is that of dissipative dynamical systems. As already
mentioned in the Introduction, from a physical point of view, dissipative systems are
characterized by relocation and dissipation of energy. This means that the energy of
higher modes is dissipated and relocated to low modes. The interaction of these two
mechanisms can lead to the appearance of complicated limit regimes and structures
in the system that are stable in a suitable sense.
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48 2 General Facts on Dissipative Systems

We start with a description of several concepts which present both dissipation
and relocation on a formal level.

Definition 2.1.1. Let S; be an evolution operator on a complete metric space X and
(X, S;) be the corresponding dynamical system.

* Aclosed set B C X is said to be absorbing for S, if for any bounded set D C X
there exists 7y(D) such that S,D C B for all t > (D).

e S, is said to be (bounded) dissipative if it possesses a bounded absorbing set B. If
the phase space X of a dissipative evolution operator S; is a Banach space, then
the radius of a ball containing an absorbing set is called a radius of dissipativity
of ;.

* S, is said to be point dissipative if there exists a bounded set By C X such that for
any x € X there is fy(x) such that S;x € B for all r > #((x).

We apply the same terminology to the corresponding dynamical system (X, S;). =

The following criterion of dissipativity covers many cases which are important from
an applications point of view.

Theorem 2.1.2 (Criterion of dissipativity). Let (X, S;) be a continuous dynamical
system in some Banach space X. Assume that

* there exists a continuous function U(x) on X possessing the properties

P1(llxl) = U(x) = ¢2(xl). VxeX, (2.1.1)
where ¢; are continuous functions on Ry such that ¢;(r) — +o0 as r - +0o0;

* there exist a derivative ‘%U(S,y) for everyt > 0 and y € X, a positive function'
a(r) on Ry, and a positive number o such that

d .
d—tU(Sty) < —a(llyl) provided |Siy| > o. (2.1.2)

Then the dynamical system (X, S;) is dissipative with an absorbing set of the form
By = {x:|x]| < R4}, (2.1.3)

where the constant Ry depends on the functions ¢ and ¢, and the constant 9 only.

Proof. The argument involves some kind of “barrier method”; see, e.g.,
REISSING/SANSONE/CONTI [189] for a discussion in the ODE case.
Let us choose Ry > o such that ¢;(r) > O for all » > Ry. Let

L = sup{¢y(r) : r < 1+ Ry}.

I'This function a(r) may tend to zero as r — +00.
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We show that the ball B in (2.1.3) is absorbing provided R. > R + 1 is chosen such
that ¢ (r) > L for r > R,. This choice is definitely possible and R, can be taken
dependent on ¢y, ¢,, and p only.

Our argument consists of two steps.

Step 1. First we show that
ISyll < Ry« forall >0 and |y| < Ro. (2.1.4)
Indeed, if this is not true, then for some y € X such that |y|| < R, there exists
a time 7 > 0 possessing the property ||S7y|| > R«. By the continuity of S,y this
implies that there exists 0 < # < 7 such that ||Syy|| = 1 + Rp > 0. Let
o = sup{r <7t: ||S-L-y|| =1 +R()}. (2.1.5)
It is clear that ||S;,y|| = 1 4+ Ro > o. Therefore, equation (2.1.2) implies that
1(lISylD) = U(Sy) = U(Syy) = L for t € [19,11],
where
t; = supf{t: ||S.y|| = o forall o <t <t}
This means that ||S;y|| < R« for all ¢ € [y, #;]. Since || S7y|| > R« we have that
fo < t; < 1. Moreover, it is clear that ||S;, || = o. Thus, there exists #; € (11,7)
(hence #, > t) such that ||S,,y|| = 1 + Ro. This contradicts the definition of #,
in (2.1.5) and thus (2.1.4) is proved.
Step 2. Let us assume now that B is an arbitrary bounded set in X that lies outside
the closed ball with the radius Ry. Then equation (2.1.2) implies that
U(Sy) < U(y) —a(llylhr < Lg — apt for t€[0,7], y € B, (2.1.6)
where 7 = sup{z : ||S;y|| > ¢ forall 0 <t <1t} and
Lg = sup{U(x) : x € B}, ap = inf{a(x) : x € B}.
We can assume that Ly > L. If 7 < t3 = (L — L)/ap, then, since ||S;y| = o,
by (2.1.4) we have that ||S;y|| < Ry« for all t > 3. If 7 > tp, then by (2.1.6)
and (2.1.1)
o1(ISyll) = U(Siy) =L for t € [tp, 1]

and hence ||S,y|| < Rx for t € [t3,7]. Since ||S;y|| = 0, by (2.1.4) we have that
IS:y]l < R« for all t > 7. Consequently, the set B, given by (2.1.3) is absorbing.

a
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We conclude this section with several exercises which illustrate the notion of
dissipativity.

Exercise 2.1.3. Show that the hypothesis (2.1.2) in Theorem 2.1.2 can be replaced
by the requirement

d
U6 + oISl = B, 2.1.7)
where ¢3(r) is a continuous function such that
liminf ¢5(r) > B
r—>00

and B is a positive constant. In particular, (2.1.7) is true with ¢3(r) = a¢;(r) if we
assume that

d
EU(SJ) +aU(Sy) < B, (2.1.8)

where « and B are positive constants. =

Exercise 2.1.4. Let (2.1.8) be in force. Solving the inequality in (2.1.8), show that
the set

{xeX: Ux) <R}

is a forward invariant absorbing set provided R > f/a. n

Exercise 2.1.5. Show that the dynamical system generated in R by the differential
equation x + f(x) = 0 (see Section 1.7 in Chapter 1) is dissipative, provided the
function f(x) possesses the additional property: xf(x) > §x*> — ¢, where § > 0 and
c are constants. Hint: Take U(x) = x? and use the result of Exercise 2.1.3. Find an
upper estimate for the minimal radius of dissipativity. [

Exercise 2.1.6. Let (X,S;) be a dissipative system and let By be a bounded
absorbing set. Show that there exists 7, > 0 such that the set B, = U{S,By : t > 14}
is a bounded forward invariant absorbing set for (X, S;). [

Exercise 2.1.7. Consider a discrete dynamical system (R, f), where f is a continu-
ous function on R. Show that the system is dissipative, provided there exist p > 0
and 0 < @ < 1 and such that |f(x)| < a|x| when |x| > p. L]

Exercise 2.1.8 (Duffing equation). Consider a dynamical system in R? generated
(see Remark 1.8.19 and Example 1.8.18) by the Duffing equation

36+y)'c+x3—ax=b,
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where a and b are real numbers and y > 0. Using the properties of the function
: o 1y 2 . 2
Ux,x) =x + Ex + ax” + v[2xx + yx ]

where v > 0 is small enough, show that this dynamical system is dissipative. (]

Exercise 2.1.9 (Lorenz system). Consider the Lorenz system arising as a three-
mode Galerkin approximation in the problem of convection in a thin layer of liquid:

X =—0x+ oy,
y=rx—y—xz
7= —bz+ xy.

Here o, r, and b are positive numbers. Prove the dissipativity of the dynamical
system generated by these equations in R3. Hint: Consider the function

Vx,y,2) =x2~|—y2~l—(z—r—cr)2

on the trajectories of the system. [

Exercise 2.1.10 (Krasovskii equation). Consider the system generated by the
equation

kP +iP)i4+x=0,
in R?, see Exercise 1.8.22. Show that this system is dissipative under the conditions

k € Loo(R4) N Lippe(Ry),  liminfk(r) > 0.
r—>+00

Hint: Consider the function V(x, x) = x*> + %> + vxt with v > 0 small enough on
the trajectories. =

2.2 Asymptotic compactness and smoothness

To study the long-time dynamics of infinite-dimensional systems we also need
some properties of asymptotic compactness. There are several ways to formulate
these properties depending on the structure of the corresponding model (see,
e.g., the monographs BABIN/VISHIK [9], HALE [116], LADYZHENSKAYA [142],
TEMAM [216] and the references therein). Below we mainly concentrate on the
approaches suggested by LADYZHENSKAYA [142] and HALE [116]. We also refer
to HARAUX [118], where some concepts of asymptotic compactness were used for
the first time.
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2.2.1 Basic definitions and facts

We start with several notions of compactness of an evolution operator.
Definition 2.2.1. Let S; be an evolution operator on a complete metric space X.

* §,is said to be compact if it possesses a compact absorbing set.

» S, is said to be conditionally compact if for any bounded set D such that S,D C D
for t > O there exist tp > 0 and a compact set K in the closure D of D, such that
S:D C K forall t > tp.

» S, is said to be asymptotically compact if the following Ladyzhenskaya condition
(see LADYZHENSKAYA [142] and the references therein) holds: for any bounded
set B in X such that the tail y*(B) := U;>.S/B is bounded for some v > 0 we
have that any sequence of the form {S, x,} with x,, € B and 1, — oo is relatively
compact.

* An evolution operator S; is said to be asymptotically smooth if the following
Hale condition (see, e.g., HALE [116]) is valid: for every bounded set D such that
S;D C D for t > 0 there exists a compact set K in the closure D of D, such that
S;D converges uniformly to K in the sense that

1121 dx{S:D| K} = 0, where dx{A|B} = sup distx(x, B). (2.2.1)
—>+00

X€EA

We apply the same terminology in the case of dynamical systems. Below we also
use the notation S;D = K as t — o0 in the case when (2.2.1) holds. n

Exercise 2.2.2. If S; is a compact evolution operator, then S; is conditionally
compact. The latter property implies that S; is asymptotically compact and asymp-
totically smooth. n

Exercise 2.2.3. Show that any dissipative conditionally compact system is com-
pact. Hint: By Exercise 2.1.6 there exists a bounded forward invariant absorbing set.
]

The proposition below shows that asymptotic smoothness is equivalent to
asymptotic compactness.

Proposition 2.2.4. An evolution operator S, in some metric space X is asymptoti-
cally compact if and only if it is asymptotically smooth.

Proof. We start with the following key lemma, which is also important in further
considerations.

Lemma 2.2.5. Let an evolution operator S; be asymptotically compact on X and D
be a bounded set. Assume the tail y* (D) is bounded for some t > 0. Then the w-limit
set> w(D) is a nonempty compact strictly invariant set such that S;D = w(D) as
t— oQ.

2We recall that the notions of a tail and an w-limit set were introduced in Chapter 1.
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Proof. Tt follows from asymptotic compactness that for any #, — oo and x,, € D the
sequence {S,, x,} is relatively compact. Therefore, there exist a subsequence {n,,}
and an element z € X such that S;, x,, — zas m — oo. By Proposition 1.3.3,

w(D) = {z eX:z= tgm S,,xn, for some t, - 400, x, € D}. (2.2.2)
o0

Hence w(D) contains the element z, at least, and thus w(D) is not empty.

To prove compactness of w(D) we note that by (2.2.2) for any sequence {z,}
in w(D) there exist #, — oo and x, € D such that disty(S,,x,,2,) < 1/n. By
asymptotic compactness there exist a subsequence {n,,} and an element Z such that
Sty Xn, —> 2 € @(D) as m — oo. Thus, we have that z,,, — Z. This means that (D)
is relatively compact. In the same way, if z, — Z asn — oo, then Z = Z € w(D),
i.e., w(D) is closed.

Now we prove invariance of w(D). Let z € w(D) and z = lim,— o S;,x,. Then
Siz = limy— 00 Si44,%,. Thus, due to (2.2.2) w(D) is forward invariant. To prove
backward invariance we consider the sequence {S; _x,} for some fixed r+ > 0
and n such that t, > t. By asymptotic compactness this sequence is relatively
compact. Thus, there exist a sequence {n,} and an element v € w(D) such that
Ym = S, —Xn, — v. We also have that S;y,, — z. Thus z = S;v and hence
S;w(D) D w(D), i.e., (D) is backward invariant.

Assume that S;D = w(D) is not true. Then there exist § > 0 and sequences
t, — oo and x, € D such that distx(S;,x,, (D)) > § for all n. As above, {S; x,}
is relatively compact. Therefore, S;, x,, — z € w(D) for some subsequence {n,,}.
This contradicts the relation disty (Sy, x,, @(D)) > 6. ]

Now we return to the proof of Proposition 2.2.4.

Let S, be asymptotically compact and B C X be an invariant bounded set. By
Lemma 2.2.5, w(B) is a compact set which attracts B. Thus, the Hale condition (see
Definition 2.2.1) holds.

Let S; be asymptotically smooth and B C X be a bounded set such that the
tail y*(B) = U;>.S:B is bounded for some v > 0. Since B, = y*(B) is forward
invariant, by the Hale condition S;B.. converges uniformly to a compact set K. Thus
S, x, — K for any sequences x, € B and t, — oo. Hence {S, x,} is relatively
compact. a

The following exercise provides some sufficient conditions of asymptotic com-
pactness of semiflows. They were established and applied by many authors (see,
e.g., TEMAM [216, Chapter 1] and also LADYZHENSKAYA [142] and RAUGEL
[188]).

Exercise 2.2.6. An evolution operator S; in some metric space X is asymptotically
compact provided one of the following conditions is valid:

(A) There exists a compact set K such that S;B =2 K as t — oo for every bounded
set Bin X.
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(B) For any bounded set B there exists a compact set Kz such that S;B = Kp as
t — oo.

(C) X is a Banach space and there exists a decomposition S, = S,(l) + S;z), where

,(l) is uniformly compact for large ¢; that is, for any bounded set B there exists

to = 1o(B) such that the set yV(B; 10) := | J.., SWB is relatively compact in

X and S;z) is uniformly stable in the sense that

=1

rg(t) = sup {IIS;Z)XIIX D XE€ B} —0 as t— oo. (2.2.3)

Hint: (C) implies (B) with Kz = Closurey {y"(B:19)}. Statement (B) applied to
a bounded sequence B = {x,} yields the convergence of S; x, to a compact set as
t, — OQ. [ ]

2.2.2 Kuratowski’s measure of noncompactness

To obtain effective criteria of asymptotic compactness, it is convenient to use
Kuratowski’s a-measure of noncompactness (see, e.g., AKHMEROV ET AL. [2] and
the references therein). The latter is defined by the formula

o(B) = inf{d : B has a finite cover by open sets of diameter < d}

on bounded sets of a complete metric space X. We recall that the diameter of the set
is defined by the relation diam B = sup {dist(x,y) : x,y € B}.

Some elementary properties of the «-measure are collected in the following
exercises.

Exercise 2.2.7. Let X be a complete metric space.
(A) Show that in the definition of a-measure we can consider arbitrary coverings,
ie.,

a(B) = inf{d : B has finite cover by (arbitrary) sets of diameter < d}.

This implies that «(B) < diam B.
(B) Show that if K1 C K>, then a(K;) < «(K3) (monotonicity).
(C) Show that «(K) = a(K), where K is the closure of K.
(D) Show that ¢(A U B) < max{a(A), «(B)} (semi-additivity).
(E) Show that «(K) = 0 if and only if the closure K of K is compact.
(F) Show that the set B is bounded if and only if «(B) < co.

Exercise 2.2.8. Let X be a Banach space. Show that
(A) a(AB) = |A|a(B) for any A € R, where AB = {Ax : x € B} (homogeneity).
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(B) a(y + B) = a(B) for any y € X, where y + B = {y 4+ x : x € B} (invariance
under translations).
]

It is known (see, e.g., AKHMEROV ET AL. [2]) that «(Bg(y)) = 2R for every ball
Br(y) = {x € X : |[x — y|lx < R} in an infinite-dimensional Banach space X. The
following propositions are also important (see HALE [116] and SELL/YOU [206])
in the study of asymptotic smoothness of evolution operators.

Proposition 2.2.9. Let A and B be bounded sets in a Banach space X. Then
a(A+ B) <a(A) + a(B), (2.2.4)

where A+B={x+y :x€A, yeB}

Proof. Take arbitrary & > 0. Let {&}'} and {0} be coverings of A and B with

diameters less than & (A) + ¢ and «(B) + &. Then {0} + ﬁ]B} is a covering for A + B.
It is clear that ‘

diam{@} + 0F} < diam{0}'} + diam{OF} < a(A) + a(B) + 2.

This implies (2.2.4). a

Proposition 2.2.10. Let X be a complete metric space and Uy D Uy D Us... be
nonempty closed sets in X. If «(U,) — 0 as n — o0, then N> U, is nonempty and
compact.

Proof. For each n take u,, € U, and consider the sequence {u, }. For every ¢ > 0 we
can find N such that «(Uy) < e. Thus,

K={u,:n=1,...} Clu,: n=1,...,N—1}UUN.

Hence by Exercise 2.2.7(B,D), a(K) < a(Uy) < ¢ for every & > 0. Therefore,
a(K) = 0 and thus K is compact. Thus, there exist u € X and a subsequence {n,,}
such that

uy,, € U,, and u,, — uasm — oo.

Since U, is closed for every n, we have that u € U, for every n, i.e., U = N> U,
is not empty. It is clear that U is closed. Since «(U) < a(U,) forn = 1,2,..., we
have or(U) = 0 and thus by Exercise 2.2.7(E) U is compact. |

Exercise 2.2.11. Prove the continuous analog of Proposition 2.2.10: if «(U;) — 0
as t — oo for some decreasing family {U,} of nonempty closed sets, then N;>oU, is
nonempty and compact. ]

Exercise 2.2.12. Let B D B, D ... be a sequence of closed sets in a complete
metric space X. Assume that diam B, — 0 as n — oo. Show that there exists a
unique element x € X such that x € B, for all n (in the case when {B;} are balls
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in a Banach space, this fact is known as the principle of nested balls). Hint: Apply
Proposition 2.2.10 and also the observation made in Exercise 2.2.7(A). [

The following assertion allows us to reformulate the asymptotic smoothness/com-
pactness in the terms of Kuratowski’s a-measure.

Proposition 2.2.13. An evolution operator S; is asymptotically smooth if and only
if for any bounded forward invariant set B we have that a(S;B) — 0 as t — o0.

Proof. Let B be a bounded forward invariant set for S;.

If S, is an asymptotically smooth evolution operator, then there exists a compact
set Kp such that S;B = Kp as t — o00. By the compactness of K, for any ¢ > 0
there exists a finite set {x; : k = 1,...N,} in Kp such that

Ne
Kp C U,@k, where %, = {x e X : disty(xz, x) < 8}.
k=1

Since S;B =2 Kj, there exists ¢, > 0 such that S;B C Uf;l,%’k for all > t.. Thus
a(S;B) < 2¢ for all t > t,. This implies that «(S;B) — 0 as t — oo.

Assume now that «(S,B) — 0 as t — oo. Then we can apply the result of
Exercise 2.2.11 to a family of the sets U; = S,B and conclude that

w(B) = ﬂ S;B is a nonempty compact set.

>0

Thus, it is sufficient to show that S;,B = w(B). If this is not true, then there exist
d > 0 and sequences #, — oo and x,, € B such that distx(S;, x,, ®(B)) > ¢ for all n.
One can see that for any 7 > 0 there exists N, such that

Sy in=12..3C{Sx:n=12....N}_JSB.

Thus a({S;,x, : n = 1,2,...}) < «a(S,;B), which implies that «({S;x,}) = 0.
Hence {S;,x,} is relatively compact. Therefore, S;, x,, — z € w(B) for some
subsequence {n,,}. This contradicts the relation distx(S;,x,, ®(B)) > §. O

Using Proposition 2.2.13 we can prove the next assertion, which is a slight
modification of the statement proved earlier in HALE [116, Lemma 3.2.3] by another
method.

Proposition 2.2.14. Let S; be an evolution operator in a Banach space X. Assume
that for each t > 0 there exists a decomposition S; = S,(l) + S,(Z), where S;z) is a
mapping in X satisfying (2.2.3) and Sﬁl) is compact in the sense that for each t > 0
the set S;l)B is a relatively compact set in X for every t > 0 large enough and for
every bounded forward invariant set B in X. Then S, is asymptotically smooth.
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We note that this proposition improves the statement of Exercise 2.2.6(C), because
we do not assume compactness of y()(B;1y) here. The size of S;”B may be
unbounded as t — +o0.

Proof. For any bounded forward invariant set B we have that S;B C S;l)B + sz)B.
Therefore, Proposition 2.2.9 (see also Exercise 2.2.7) yields

a(SB) < a(S{"B) + (57 B) < a(S\”'B) < diam{S{” B} < 2sup |57 y|
YEB

for all z large enough. Thus by (2.2.3), a(S;B) — 0 as t+ — oo. Hence by
Proposition 2.2.13, S; is asymptotically smooth. O

Keeping in mind Proposition 2.2.13, it is convenient to introduce the following
notion (see HALE [116]).

Definition 2.2.15. A (nonlinear) operator V on a complete metric space X is said to
be an a-contraction if there exists 0 < k < 1 such that «(VB) < ka(B). u

The following simple result connects this notion with dynamics.

Exercise 2.2.16. A dynamical system (X,S,) is asymptotically smooth if there
exists t, > 0 such that S,, is an a-contraction. Hint: For every forward invariant
set D we have that S;D C S,,, D, where n is the integer part of #/7. =

For more discussion of the a-measure from the point of view of dynamical
systems we refer to HALE [116] and the references therein; see also SELL/YOU
[206, Lemma 22.2].

2.2.3 Criteria of asymptotic compactness via weak
quasi-stability

We conclude this section with several assertions that give convenient criteria for
asymptotic smoothness/compactness of evolution operators and dynamical systems.
These criteria generalize the corresponding statements known due to KHANMAME-
DOV [134], MA/WANG/ZHONG [156] and CERON/LOPES [28]. A posteriori they
can be treated as some weak forms of quasi-stability discussed in Chapter 3.
Roughly speaking, this weak quasi-stability means that the difference of two
trajectories can be made small for large moments of time modulo some functional
which demonstrates some (rather weak) compactness behavior (see, e.g., (2.2.5)
below).

We start with the criterion which relies on the idea presented in KHANMAMEDOV
[134] and provides more flexibility with respect to more standard methods (see,
e.g., the discussion in CHUESHOV/LASIECKA [56, 58] and also the references cited
therein).
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Theorem 2.2.17. Let S; be an evolution operator on a complete metric space X.
Assume that for any bounded forward invariant set B in X and for any € > 0 there
exists T = T(e, B) such that

dist (S7y1, Sty2) < € + Yepr(y1,)2). i € B, (2.2.5)
where Y, g 1 (¥1, y2) is a functional defined on B x B such that

lim inflim 1nf e 57V, ym) = 0 for every sequence {y,} C B. (2.2.6)

m—o0 n—>»

Then S, is an asymptotically smooth evolution operator.

The result stated in Theorem 2.2.17 is an abstract version of Theorem 2 in KHAN-
MAMEDOV [134] and can be derived from the arguments given in KHANMAMEDOV
[134]. Our proof is shorter and can be easily derived from the following assertion.’

Proposition 2.2.18. Let S; be an evolution operator on a complete metric space X.
Assume that for any bounded positively invariant set B in X and for any € > 0 there
exists T = T(e, B) such that

lim inflim 1nfdlst (S7Yu, STym) < € for every sequence {y,} C B. (2.2.7)

m—o0 n—>

Then S, is an asymptotically smooth evolution operator.

Proof. By Proposition 2.2.13 it is sufficient to prove that

lim «(S;B) =0,
1—>00

where «(B) is Kuratowski’s ¢-measure of noncompactness.

Because S, B C S,,B for t; > t, the function «(f) = «(S,B) is non-increasing.
Therefore, it is sufficient to prove that for any & > 0 there exists 7 > 0 such that
a(StB) < e. If this is not true, then there is &g > 0 such that a(S7B) > 5¢, for all
T > 0. For this &) we choose T} such that (2.2.7) holds. The relation o(S7,,B) > 5¢¢
implies that there exists an infinite sequence {y,}°2, such that

dist(S7,yn, Styym) = 289 foralln #m, nm=1,2,... (2.2.8)

If such a sequence does not exist, then we can use the following construction:
take arbitrary y; € B and choose y, € B such that dist(Spy1, S1,y2) > 2éo.
Then we take y; € B such that dist(Sz,y3, S1,yi)) > 2o for i = 1,2, and so
on. If this procedure stops, we obtain a finite 2go-net for Sy, B. This means that
a(S7,B) < 4¢p and contradicts the relation «(St,B) > 5¢&¢. Thus (2.2.8) holds true.
This contradicts (2.2.7). O

3In many cases we can use Proposition 2.2.18 directly. Theorem 2.2.17 is formulated mainly due
to priority and historical reasons.
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Proposition 2.2.18 can also be used to obtain the following criterion.

Proposition 2.2.19. Let S; be an evolution operator on a reflexive Banach space X.
Assume that for any bounded forward invariant set B in X and any ¢ > 0 there exist
T > 0 and a compact operator K such that

(I = K)Sryl <&, VyeB. (2.2.9)

Then the evolution operator S; is asymptotically smooth.

This proposition was proved in MA/WANG/ZHONG [156] for the case when K is a
finite-dimensional projector. Now the relation in (2.2.9) with a projector is known
as the “flattening” property (see the discussion in CARVALHO/LANGA/ROBINSON
[26] and KLOEDEN/RASMUSSEN [135]).

Proof. By (2.2.9) we have that

A

[S7y1 = Sryall < 1 = K)Sryill + (7 — K)Srya || + [IK(S7y1 — Sry2) ||
28 + |[K(Sryt — Sty2)ll, Y yi,y2 € B.

IA

Let {y,} C B. Since {Sry,} C B is a bounded sequence, there exists a weakly
convergent subsequence {S7y,, }. By the compactness of K, we have that

lim ||K(Styn, — Stys,)| =0
k,m—00

which implies that

liminfliminf || K (S7y, — Stym)|| = 0 for every sequence {y,} C B.
o

m—o0 n—>
Thus, we can apply Proposition 2.2.18. O

The following exercise presents another asymptotic smoothness criterion in reflex-
ive Banach spaces.

Exercise 2.2.20. Let S; be an evolution operator on a Hilbert space. Assume that S;
is weakly continuous for every ¢ > 0; i.e., the condition x, — x weakly in X implies
that S;x, — S weakly. Show that the evolution operator S; is asymptotically
smooth provided that for any bounded forward invariant set B and for any ¢ > 0
there exists T = T (g, B) such that

limsup [[Szy, | < [[Sryll + ¢ (2.2.10)
n—>odo
for every sequence {y,} C B such that y, — y weakly. Hint: Prove first that
lim sup ”STyn - STy” =e
n—>oo

then apply Proposition 2.2.18. [
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The following assertion is a generalization of the results presented in HALE [116]
and CERON/LOPES [28] (see also CHUESHOV/LASIECKA [56, 58] where this fact
is established by a different method).

Theorem 2.2.21. Let S; be an evolution operator on a complete metric space X.
Assume that for any bounded forward invariant set B in X there exist T > 0, a
continuous nondecreasing function g : Ry + Ry, and a pseudometric o’ on the
set B such that

(i) g(0) =0; g(s) <s, s>0.

(ii) The pseudometric o} is precompact (with respect to the topology of X) in the
sense that any sequence {x,} C B has a subsequence {x,,} which is Cauchy
with respect to 0.

(iii) The following estimate holds for every y,,y, € B:

distx(Sryl s STyz) <g (diStx(y1 s yz)) =+ Qg(y] ,yz). (2.2.11)

Then the evolution operator S, is asymptotically smooth.

Remark 2.2.22. The difference between pseudometrics and metrics is that a pseu-
dometric can be degenerate. In our case this means that the property o5 (yi,y2) = 0
does not imply y; = y,. We also know that instead of (2.2.11) one may also assume
that

disty(Sy1. Sty2) < g (disty(y1.32) + 05 (1. 32)) .

(pseudometric inside g); see some details in [56, Chapter 2]. n

Proof. We use Proposition 2.2.18.

Let B be a bounded forward invariant set in X with diameter L. One can see
that for any ¢ > 0 we can choose N such that gV(L) < &, where g" denotes the
composition g o --- o g. Iterating (2.2.11) we have that

disty (SYy1. SYy2) < g (distx (S7'y1. SF7'y2)) + 0p(SY ~'y1. 87 'v2)
< g(g(---g(g (L) + 05 (1. ¥2)))
+ 05(Sry1.51y2)) -+ +) + e (SY 'y, S ).

The right-hand side of the relation above is a continuous function of L and the
expressions of the form

oh(Siy. STyy), m=1,....N—1.
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Since the pseudometric o} is precompact, any sequence {x,} C B has a subsequence
{Xu} such that

péil)noogg(S’T")%np,S’}‘fcnq) =0, Ym=1,...,N—1.

This implies that

lim inf lim inf disty (SYx,, Sfx) < g¥(L) < e.
k—>00 n—>00

By Proposition 2.2.18 this implies that S, is asymptotically smooth. O

Theorem 2.2.21 implies the following result which was proved earlier in the
paper of CERON/LOPES [28].

Proposition 2.2.23. Let (X,S;) be a dynamical system in a Banach space X.
Assume that for any bounded forward invariant set B in X there exist functions
Cp(t) = 0 and Kg(t) > 0 such that lim,—,, Kg(t) = 0, a time ty = to(B), and a
precompact pseudometric o on X such that

1Siv1 — Sivall < Kp(®) - lyr — y2ll + Cp(®) - 0(y1,¥2), ¢ = to, (2.2.12)

for every y1,y2 € B. Then (X, S;) is an asymptotically smooth dynamical system.

Proof. We apply Theorem 2.2.21 with g(s) = K(T)-s, where T is chosen such that
KB(T) < 1. O

2.3 Global attractors

The main objects arising in the analysis of the long-time behavior of dissipative
dynamical systems are attractors. Their study makes it possible to answer a number
of fundamental questions on the properties of limit regimes that can arise in the
system. There are several general approaches and methods that allow us to study
attractors for a large class of dynamical systems generated by nonlinear partial
differential equations (see, e.g., BABIN/VISHIK [9], CHUESHOV [39], HALE [116],
LADYZHENSKAYA [142], TEMAM [216] and the references listed therein). In this
section we present the main general tools which are usually involved in the theory
of infinite-dimensional dissipative systems.
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2.3.1 Existence and basic properties

Several definitions of an attractor are available (see, e.g., the discussion in CHUES-
HOV [39, Section 1.3]). From the point of view of infinite-dimensional systems, the
most convenient concept is a global attractor.*

Definition 2.3.1 (Global attractor). Let S; be an evolution operator on a complete
metric space X. A bounded closed set 2l C X is said to be a global attractor for
S, if

(i) 2l is an invariant set; that is, S;24 = %A forz > 0.

(i1) A is uniformly attracting; that is, for all bounded set D C X

liin dx{S:D |2} =0 for every bounded set D C X, (2.3.1)
—>+00

where dx{A|B} = sup,, distx(x, B) is the Hausdorff semidistance.
]

In many sources (see, e.g., BABIN [7], CHEPYZHOV [31], HALE [116], TEMAM
[216]) the definition of a global attractor requires this to be a compact set. We do
not assume this property because, hypothetically, situations when a global attractor
is not compact are possible for systems with degenerate damping mechanisms. See,
e.g., Section 5.3.3 in Chapter 5.

Exercise 2.3.2. Show that if a global attractor exists, then it is unique. =

Exercise 2.3.3. Show that any backward invariant bounded set belongs to the
global attractor. In particular, every stationary point lies in the attractor. =

Exercise 2.3.4. Show that

(A) A full trajectory y = {u(f) : t € R} belongs to the global attractor if and only
if y is a bounded set.

(B) For any x from the attractor 2 there exists a full trajectory y = {u(r) : t € R}
such that u(0) = x and y C 2. Hint: The strict invariance property of the
attractor implies that there exists a sequence {x_, : n = 1,2,...} C 2 such
that Six_, = x_—1) foralln =1,2,... withxp = x.

Thus, the global attractor can be described as a set of all bounded full trajectories.
]

The main result on the existence of global attractors is the following assertion.

4 Below we use the Fraktur (Gothic) “A” for notation of global attractors because the Latin version
of this letter is overloaded, especially in Chapters 4—6.
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Theorem 2.3.5. Let (X,S;) be a dissipative asymptotically compact dynamical
system on a complete metric space X. Then S; possesses a unique compact global
attractor A such that

A = w(By) = ﬂ USTBO (2.3.2)

>0 t>t

for every bounded absorbing set By and

t_l)lin (dx{S:Bo | A} + dx{|S;By}) = 0, (2.3.3)

where as above dx{A|B} = sup,, distx(x, B). Moreover, if there exists a connected
absorbing bounded set,’ then 2 is connected.

Property (2.3.3) states that 2{ attracts bounded absorbing sets in the Hausdorff metric
which is defined by the formula

disty {A|B} = dy{A|B} + dx{B|A}

for all bounded sets A and B. The convergence in the Hausdorff metric means that
for any ¢ > 0 and for any absorbing set B there exists ¢, > 0 such that ;B C 0,(A)
and A C O,(S,B) for all t > 1. Here U,(D) denotes the e-vicinity of the set D.

We note that in finite-dimensional systems for the existence of a global attractor
we need the dissipativity property only. This observation implies that the Duffing
(Exercise 2.1.8) and Lorenz (Exercise 2.1.9) systems possess global attractors.

Exercise 2.3.6. Show that the 1D system generated by the equation & + x> —x = 0
on R possesses a global attractor 20 and 2( is the interval [—1,1]. Hint: See
Exercise 2.1.5 for dissipativity; also, make use of the fact that the attractor is a
connected set containing the rest points x = +1. [

Further applications of Theorem 2.3.5 will be presented later.

Proof of Theorem 2.3.5. Since S; is dissipative, there exists a bounded absorbing
set By. This implies that for every bounded set D the tail yj lies in By for all
t > tp. Therefore, using the asymptotic compactness of (X, S;), by Lemma 2.2.5 we
conclude that w(By) is a nonempty compact strictly invariant set such that (2.3.1)
holds. Thus, the formula in (2.3.2) gives a global attractor.

To prove (2.3.3) we need to show that

lim sup{dx(x, S;By) : x € A} = 0.
t—>+00

SWe can assume instead that X is a connected space in the sense that every two points from X can
be connected by a continuous path.
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This follows from the fact that 2{ C By, which implies that
A =852 C S;By forall > 0.

To prove connectedness we use (2.3.3) and the contradiction argument.

Let Bj be connected. Assume that 2( is not connected, i.e., 2l = K U K, where
K and K, are two nonempty disjoint compact sets such that dist(K, Kx) = 3§ > 0.
By (2.3.3) we have that

SBy C Os(A) = {x € X : disty(x, ) < 8} (2.3.4)

for all 7 large enough. Obviously S;By is connected for each ¢. Thus, by (2.3.4) we
have that S,By C O5(K), where K is either K or Ky, say K = K. Using (2.3.3) again
we have that

K« C 2 C O5(S,By) C Oas(K)

for all ¢ large enough. This is impossible because dist(K, Kx) = 36 > 0. |

It is clear that if an evolution operator possesses a compact global attractor, then
it is dissipative and asymptotically compact. Thus, Theorem 2.3.5 implies that a
dynamical system (X, S;) has a compact global attractor if and only if it is dissipative
and asymptotically compact (or asymptotically smooth).

Exercise 2.3.7. Show that under the hypotheses and the notation of Theorem 2.3.5
we have that

9 = ﬂ S,By forevery N € Zy and T > 0. (2.3.5)
n>N
Hint: &l C By and thus 2 = S,,72 C S,7By foreveryn € Z4 and T > 0. n

Exercise 2.3.8. Let a system (X, S;) be dissipative and V = §;, be an a-contraction
for some 7. > 0 (see Definition 2.2.15). Then (X, S;) possesses a compact global
attractor which can be written in the form (2.3.5). Hint: See Exercise 2.2.16. n

In some cases it is convenient to use the condition of point dissipativity instead
of (bounded) dissipativity. The following assertion can be found in HALE [116] and
RAUGEL [188]; see also CARVALHO/LANGA/ROBINSON [26].

Theorem 2.3.9. An evolution semigroup S; on some complete metric space X
possesses a compact global attractor if and only if

(i) S, is point dissipative;
(ii) for every bounded set B there exists T > 0 such that the tail yg = U;>.S;B is
bounded;
(iii) S; is asymprotically smooth.
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Proof. Due to Theorem 2.3.5 it is sufficient to prove that under the conditions above
the system (X, S;) is (bounded) dissipative. To show this, we use the same idea as in
RAUGEL [188].

We first establish the following “locally compact” dissipativity property. Namely,
we show that there exists a bounded forward invariant set B, possessing the
property: for every compact set K

de=¢€x >0, tx >0 : S;0.(K) C By forall > 1, (2.3.6)

where 0, (K) is the e-neighborhood of K. Indeed, since S, is point dissipative, there
exists a bounded set By such that

Vix€X, 3% >0: Sxg€ By forall > Iy -

We can assume that By is open. In this case, by the continuity of S; there is € =
€x, > 0 such that

S,XO ﬁs—o ()C()) C By.

Let 7o be such that B, = yp’ is bounded. In this case,

70

Sttt ﬁ% (x0) Cy . = By forall T > 7.
If K is a compact set, then we can find a finite set {x;} in K such that
KC%=U0 (x).
It is clear that

SU = US,@XZ_ (x;) C By forall t > 1y 4+ maxt,,.

Since 7% is open, we can find € = €x > 0 such that 6,(K) C % . Thus (2.3.6) is
established.

To conclude the proof we note that for every bounded set B there exists T = 1p
such that y; is bounded and forward invariant. Thus, by asymptotic smoothness,
there is a compact set K such that

Ve>0, 3. >0 : S,[)/g] C O(K) forall t > t,.

Hence the locally compact dissipativity property in (2.3.6) implies the desired
conclusion. O

The study of the structure of the global attractors is an important problem from
the point of view of applications. There are no universal approaches to this problem.
It is well known that even in finite-dimensional cases an attractor can possess an
extremely complicated structure. However, some sets that belong to the attractor can
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be easily pointed out. For example, every stationary point and every bounded full
trajectory belong to the global attractor (see Exercises 2.3.3 and 2.3.4). The global
attractor also contains unstable motions which can be introduced by the following
definition (see, e.g., BABIN/VISHIK [9], CHUESHOV [39], TEMAM [216]).

Definition 2.3.10. Let ./ be the set of stationary points of a dynamical system
(X5 SI):

N ={veX : Sv=uvforalz>0}.

We define the unstable manifold .#"(.4/") emanating from the set .4 as a set of all
y € X such that there exists a full trajectory y = {u(r) : r € R} with the properties

u(0) =y and tlim disty (u(r), #) = 0. 2.3.7)
——00
n
Exercise 2.3.11. Show that .Z"(./") is a (strictly) invariant set. n

The following assertion can be found in BABIN/VISHIK [9], CHUESHOV [39], or
TEMAM [216], for instance.

Proposition 2.3.12. Let .4V be the set of stationary points of a dynamical system
(X, S;) possessing a global attractor . Then #"(N) C 2.

Proof. Lety € #*(AN) and y = {u(t) : t € R} be the trajectory possessing
property (2.3.7). Then there exists s < 0 such that the set

ys ={u(t) : —oo <t < s} C{z: dist(z, /) < 1}

Thus ys is bounded. It is also clear that y, is backward invariant, i.e., y; C S;y;
for every t > 0. Therefore, the result of Exercise 2.3.3 implies that y, C 2l. Since
y € S_;Ys, this implies the desired conclusion. ad

In some cases (see Section 2.4 below) it is possible to show that the unstable
manifold coincides with the attractor; that is, .#Z*(.4") = 2.

To exclude unstable motions from consideration, it is convenient to use the
concept of a global minimal attractor (see LADYZHENSKAYA[142]). This concept
is also useful for a description of the long-time behavior of individual trajectories.

Definition 2.3.13 (Global minimal attractor). Let S, be an evolution operator on
a complete metric space X. A bounded closed set 2, C X is said to be a global
minimal attractor for S, if the following properties hold.

(1) RAmin 1s a positively invariant set; that is, S;%nin S Apmin for £ > 0;
(i1) Amin attracts every point x from X; that is,

lim disty(S;x, Amin) = 0 forany x € X;
t—>—+00
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(iii) Apmin is minimal; that is, 2, has no proper closed subsets possessing (i)
and (ii). [

One can prove the following assertion.
Theorem 2.3.14. Let S; be an evolution operator on a complete metric space X.
Assume that S, is point dissipative (see Definition 2.1.1). If any semitrajectory y," is

Lagrange stable (see Definition 1.4.1), then S; possesses a (unique) global minimal
attractor Uwin. Moreover, the attractor i has the representation

Unin = | J{0() : xeX}. (2.3.8)

Proof. Since any positive semitrajectory is Lagrange stable, then by Theorem 1.4.5
and Proposition 1.4.6 each w-limit set w(x) is a strictly invariant compact set which
attracts S;x. Thus,

Amin = | J{o@) : xe X} (2.3.9)
is a strictly invariant set attracting all semitrajectories. Due to point dissipativity this

set Amin 1s bounded. Now using the continuity of S; one can see that the closure A,
of Apin is forward® invariant, and thus pin = Apmin is @ minimal global attractor. O

Exercise 2.3.15. Assume that a system (X, S;) possesses a compact global minimal
attractor 2l,,;,. Show that in this case any semitrajectory y," is Lagrange stable, and
thus 2,,,;, has form (2.3.8). n

The following assertion (see DE [83]) shows how global and global minimal
attractors are related.

Theorem 2.3.16. Assume that an evolution operator S; on a complete metric space
X possesses a compact global attractor 2. Then there exists a global minimal
attractor Umin which is a compact subset of 2 and has the form (2.3.8). Moreover,
Amin s strictly invariant and

A = (O Unin) = (|| Sc(05@uin)) for every § >0, (23.10)

>0 t>t

where Os(D) denotes the §-neighborhood of the set D. Thus, any small neighbor-
hood of Amin “generates” the global attractor 2.

Proof. 1t is clear that we can apply Theorem 2.3.14 and show that 2l.;, given
by (2.3.8) is a global minimal attractor. Since w(x) C 2 for every x, we have that
Amin C A and thus it is compact.

The set A, given by (2.3.9) is strictly invariant. Therefore, we can apply
Exercise 1.2.1(F) to show that in = Amin 1S strictly invariant.

% In general we cannot guarantee the strict invariance of this closure, see Exercise 1.2.1(F).
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To prove (2.3.10) we note that for every § > 0 the set By = Os(nin) is point-
absorbing, i.e.,

VxeX, 3t,>0: Sxe€eBy, YVt>t,.

Thus, we can apply the same argument as in the proof of Theorem 2.3.9 and show
that there exist &g > 0 and 9 > 0 such that

S0 0@ C v = S:Bo

>t

for some t, > 0. Therefore,

A =S4, C S (S, O () C y,;:”* C ygp, forevery s> 0.

Thus,
2AC ﬂy_fgo = w(By).
>0
This completes the proof of Theorem 2.3.16. O

For some further discussions of properties of global minimal attractors we refer to
LADYZHENSKAYA [142] and DE [83].

2.3.2 Weak global attractor

The most restrictive assumption guaranteeing the existence of a global attractor
is asymptotic compactness of the corresponding dynamical system (see Theo-
rem 2.3.5). However, in some cases it is possible to get rid of this requirement.
For this we need the notion of a global weak attractor.

Definition 2.3.17 (Global weak attractor). Let S, be an evolution operator in a
reflexive Banach space X. A bounded weakly closed set 2( in X is called a global
weak attractor if (i) it is invariant (S0 = A for all + > 0) and (ii) it is uniformly
attracting in the weak topology: for any weak vicinity & of the set 2( and for every
bounded set B C X there exists t, = (€, B) > 0 such that S,B C & forallt > t,.
]

It is clear that if a global attractor exists and is weakly closed, then it is also weak.
Thus, in the finite-dimensional case they are the same.

Theorem 2.3.18. Let S, be an evolution semigroup on a separable reflexive Banach
space X. Assume that S, is weakly closed; i.e., for every t > 0 the weak convergence
properties x, — x and Six, — y imply that y = Sx. If this semigroup S; is
dissipative, then it possesses a weak global attractor.
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The argument for the proof relies on weak compactness of bounded sets in a
separable reflexive Banach space. For details we refer to BABIN/VISHIK [9] or
CHUESHOV [39]. Here we give an alternative argument by showing that the situation
can be reduced to Theorem 2.3.5.

Proof. Let D be an absorbing bounded set for S;. We can suppose that D is weakly
closed. Let ¢, > 0 be such that S;,D C D for all t > ¢, and

*—VI) —Ust

1>1%

One can see that D, is a bounded forward invariant set. Since S; is weakly
closed, the weak closure D) of D, possesses the same properties. Moreover (see
DUNFORD/SCHWARTZ [88, Chapter 5, Section 5]), this set D}, endowed with weak
topology is a compact metric space with respect to the distance

(-9 W
Q(f,g)—;m’ f.g € Dy,

where {l,} is a complete set of functionals on X. Thus, the evolution operator S; is
automatically (asymptotically) compact, and we can apply Theorem 2.3.5. O

We note that sometimes it is also convenient to use not only strong or weak
convergences but also other topologies in the definition of global attractors. We
refer to BABIN/VISHIK [9] (see also the recent survey BABIN [7]) for the theory
of attractors involving two phase spaces with different topologies. We also refer to
CHESKIDOV/FOIAS [33], CHESKIDOV [32], FOIAS/ROSA/TEMAM [106] and the
literature cited there for some development of the theory of weak attractors with
application to 3D hydrodynamics.

2.3.3 Stability properties and reduction principle

In order to describe the stability properties of attractors, we need the following
notions.

Definition 2.3.19 (Lyapunov stability of invariant sets). A forward invariant set
M is said to be stable (in the Lyapunov sense) if for any vicinity & of the closure M
of M there exists an open set ¢’ such that M C ¢’ C ¢ and S,0" C € forallt > 0.
The set M is asymptotically stable iff it is stable and S;x — M as t — oo for every
x € 0. This set is uniformly asymptotically stable if it is stable and

lim sup disty(S;x, M) = 0.

1=>+00 e/
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We note that when M = y,F = {S,v : t > 0} is a semitrajectory, the stability of
M as an invariant set follows from its stability as a trajectory (see Definition 1.6.1).
However, as we can see in the following exercise, the inverse statement is not true.

Exercise 2.3.20. Show that any (nontrivial) trajectory in the system described in
Exercise 1.8.10 is stable as an invariant set but unstable as a trajectory. [

To distinguish these two types of (Lyapunov) stability, the stability of a trajectory as
an invariant set is often called the orbital stability of the trajectory.

The following stability property of compact global attractors is important in
many situations (see, e.g., BABIN/VISHIK [9] or CHUESHOV [39]).

Theorem 2.3.21. Let (X, S;) be a dynamical system in a complete metric space X
possessing a compact global attractor 2. Assume that there exists a bounded vicinity
U of AU such that the mapping (t;x) — Six is continuous on Ry x % . Then 2 is
uniformly asymptotically stable.

Proof. Let € be a vicinity of 2. Then there exists 7 > 0 such that S, C 0
for all t > T. Now we show that there exists a vicinity &* of the attractor such
that S;0,x C O for all + € [0,T]. If this is not true, then there exist sequences
{u,} C X and {t,} C [0, T] such that dist{u,, A} — 0 and S, u, & 0. Since 2 is
compact, we can choose a subsequence {n;} such that u,, - u € 2andt, — 1€
[0, T]. Therefore, the continuity property of the function (¢; x) — S;x gives us that
St Une — S € 2. This contradicts the equation S, u, ¢ 0. Thus, there exists an
0* D A such that S,0, C O for t € [0, T]. This implies that S;(0x N %) C O
for all ¥ € R. Therefore, the attractor 2 is stable. Thus, by the global attraction
property the attractor 2 is uniformly asymptotically stable. O

In certain situations the following reduction principle enables us to significantly
decrease the number of degrees of freedom in the problem. This is important in the
study of infinite-dimensional systems.

Theorem 2.3.22 (Reduction principle). Let (X,S;) be a dissipative dynamical
system in a complete metric space X. Assume that there exists a positively invariant
locally compact’ closed set M possessing the property of uniform attraction.:

lim supdisty(S;x, M) = 0 for every bounded set D. (2.3.11)

1=+ yep

If A is a global attractor of the restriction (M, S;) of the system (X, S;) on M, then
A is also a global attractor for (X, S;).

Proof. We use the same method as in CHUESHOV [39, Chapter 1].
It is sufficient to verify that

lim supdisty(S;x,A) =0 (2.3.12)

t—>+00 x€D

7In the sense that every bounded subset of that set is relatively compact.



2.3 Global attractors 71

for any bounded set D in X. Assume that there exists a bounded closed set B C X
such that (2.3.12) does not hold. Then there exist sequences {y,} C Band {z, : t, —
+o00} such that

disty (S;, v, 2) > § for some § > 0. (2.3.13)
Let By be a bounded absorbing set for (X, S;). We choose a time £ such that

sup distx (S, x,2A) < §/2 (2.3.14)

XEMNBy

This choice is possible because 2 is a global attractor for (M, S;). Equation (2.3.11)
implies that

distx(S;,—1, yn. M) = 0, n— +o00.

The dissipativity of (X, S;) gives us that S, ¥, € By for all n large enough.
Therefore, local compactness of the set M guarantees the existence of an element
7z € M N By and a subsequence {rn;} such that 7 = limg_ Srnk_,* Yn,- This implies
that S;, yu, —> Si,z. Therefore, equation (2.3.13) gives us that disty(S:,z,2) > 4,
which contradicts (2.3.14). This completes the proof of Theorem 2.3.22. O

Example 2.3.23. Consider the following system of ODEs:

JHY Ay =y2 >0, y|_, = (2.3.15)
. 2 . .

t+zl+y) =0, >0, z[,_; =2,
where A € R. One can see that for any initial data the problem in (2.3.15) has a
unique solution on some semi-interval [0, ), where . < oo depends on (yo; zo).
If we multiply the first equation by y(¢) and the second equation by z(t), then after
taking the sum we obtain

1d
EE[Y + 2] +y -+ =0, 0<1<ts.

This implies that the function V(y,z) = y* + z? possesses the property

2
—V(y(t) z2(1)) + 2V (1), z(1)) < (a +2 A) , 0<t<ty.

Therefore,

(14 2)?

1 (1—e?), 0<1<ty.

V(y(®),z(2)) < V(yo,z0)e > +
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This implies that any solution to problem (2.3.15) can be extended to the whole
semi-axis R and the dynamical system (R2, S;) generated by (2.3.15) is dissipative.
Obviously, the set M = {(y;0) : y € R} is positively invariant. Moreover, the
second equation in (2.3.15) yields that

%E[Z(t)] +[z2(0)? <0, >0.

on the solutions. Hence, |z(7)| < |zole™ for all r > 0. Thus, the set M exponentially
attracts all bounded sets from R2. Consequently, Theorem 2.3.22 yields that
the global attractor of the dynamical system (M, S;) is also the attractor of the
system (RZ, S,).

On the set M, equations (2.3.15) are reduced to the problem

JHY = Ay=0,t>0. y,_, = . (2.3.16)

Thus, the global attractors of the dynamical systems generated by equations (2.3.15)
and (2.3.16) coincide, and the study of the dynamics on the plane is reduced to the
investigation of properties of a certain one-dimensional dynamical system. =

Exercise 2.3.24. Using the same idea as in Exercise 2.3.6, show that the global
attractor 2 of the system (R, S) generated by (2.3.16) is the interval [ \/)t_ , \/K]
in R, where A1 = max{0, A}. Therefore, by Theorem 2.3.22 the global attractor 2/
of the dynamical system (R?, S;) generated by (2.3.15) has the form A = {(y:z) :

—VA+ <y <Ay, z=0} =

Another example of a model with the reduction possibility is described in the
following exercise.

Exercise 2.3.25 (Two-mode plasma equation). This model arises as the lowest
mode approximation of some equations arising in plasma physics (see, e.g., CHUE-
SHOV/SHCHERBINA [70, 71] and the references therein). We consider the following
system of ODEs:

G e e L S A L

iz—z(1+y)+i6z=0, t>0, z|_; =2, -
where y is a real and z is a complex unknown function. Assume that y and § are
positive parameters. Prove the following statements:

(A) Equations (2.3.17) generate a dynamical system (X, S;) in X = R? x C. Hint:
One can see that for any initial data the problem in (2.3.17) has a unique
solution on some semi-interval [0, 7,), where t, < oo depends on (yo; y1; 20)-
If we multiply the second equation by z(¢) and take the imaginary part, then we
get the relation
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d 5 5
el 2 =
dtIZ(t)l + 28lz(t)]" =0

on the existence time interval. This allows us to apply the non-explosion
criterion (see Theorem A.1.2).

(B) The subspace Xo = {U = (30;v1:0) : (yo:y1) € R?} is (strictly) invariant,
and the restriction (Xp; S;) of (X, S;) on Xj is generated by the Duffing equation

FHyy+y —y=0.1>0. y_,=y0. I, =1 (2.3.18)

(C) The subspace Xo = {U = (yo:y1:0) : (vo:y1) € R?} is an exponentially
attracting set for ;.

(D) Show that system (2.3.17) is dissipative. Hint: Make use of the same Lyapunov
function as in Exercise 2.1.8 for the first equation and the fact that |z(7)| <
|zo| exp{—41}.

(E) Using the reduction principle, describe the global attractor for the system
(X, 8.

We can also formulate a reduction principle with exponential convergence
properties (see FABRIE ET AL. [94] and also CHUESHOV [39, Lemma 1.9.6]).

Theorem 2.3.26. Let (X, S,) be a dissipative dynamical system in a complete metric
space X. In addition to the hypotheses of Theorem 2.3.22, we assume:

e There is an absorbing set By and constants K, « > 0 such that
disty (S;x, S;y) < Le*'disty(x,y) forany x,y € By. (2.3.19)

* The convergence in (2.3.11) holds with exponential rate, i.e., there exist K,y > 0
such that

sup disty (S;x, M) < Ke™ "', t> 0. (2.3.20)

X€EBy

* The attractor 2 is exponential in M, i.e., for any bounded set D in M there exist
positive constants Kp and yp and time tp such that

sup disty (Syx, A) < Kpe "P', t>tp. (2.3.21)

xX€D

Then 2 is an exponential attractor for (X, S;), i.e., for any bounded set B in X there
exist positive constants Kg and yp and time tg such that

sup diStx(St.x, Q() < ng_VBt, t > 1p. (2.3.22)

XEB

Proof. We first prove the following lemma.
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Lemma 2.3.27 (Fabrie et al. [94]). Let (X, S;) be a dynamical system in a complete
metric space X. Assume that there exist L, o > 0 such that

distx(Six, S;y) < Le'distx(x,y) forany x,y € X. (2.3.23)

LetM;, i = 0, 1,2, be subsets in X such that S;M; converges to M| with exponential
speed, i = 0, 1. This means that

sup disty (Sx, M1) < Kie """ and sup disty(S;x, M>) < Kye " (2.3.24)

XEMy XEM)

for some positive constants K; and y;. Then S;My — M, exponentially, i.e.,

sup disty(Six, Ma) < (LK + Ky)e ™" with y = L
XEMy o+ Y1 + V2

(2.3.25)
Proof. Letx € My and z € M,. Then

disty (S;x, z) < disty (SKZ‘S(I—K)va Seiw) + distx (Se;w, 2)
forany 0 <« < 1and w € M;. By (2.3.23),

disty (Sex, z) < Le*'disty (S—eyx, w) + disty(Sew, 2).

Therefore,

disty (Six, Mp) < Le*'disty (S1—cyx, w) + sup disty(S.y, M2)
YEM

for any O < ¥ < 1 and w € M;. This implies that

sup disty (S,x, M) < LK el 7=l 4 g, p=72kt

XEMy

forany 0 <k < 1. Taking ¥ = y; (¢ + y1 + yz)_l we obtain (2.3.25). O
To conclude the proof of Theorem 2.3.26, we apply Lemma 2.3.27 with

X=B=U_SBy=My, M| =MNB, M, =2,

where 7 is chosen such that B C By is a forward invariant absorbing set. O

Exercise 2.3.28. Show that any solution to the 1D ODE in (2.3.16) with A > 0 and
with initial data |yg| > A has the form

—-1)2
y(6) = v Ao [yg - A)e—”’] C1>0
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Using this formula, prove that the attractor A (see Exercise 2.3.24) for the system
generated by (2.3.16) is exponential. Then apply Theorem 2.3.26 to show that the
global attractor 2/ of the dynamical system (R2,S,) generated by (2.3.15) is also
exponential. [

Exercise 2.3.29. Show that the attractor 2 for (2.3.15) for A = 0 is not exponential.
Hint: Use the formula from Exercise 1.7.5. [

2.3.4 Stability of attractors with respect to parameters

We next deal with the stability of attractors with respect to perturbations of a
dynamical system. For this we consider a family of dynamical systems (X, S}) with
the same phase space X and with evolution operators Sf‘ depending on a parameter
A from a complete metric space A.

We start with the following simple assertion (see, e.g., ROBINSON [195, Theo-
rem 10.16]). We also refer to BABIN/VISHIK [9] and HALE [115] for similar results
on semicontinuity.

Proposition 2.3.30. Let X be a complete metric space and S,A be a family of
evolution semigroups on X possessing global attractors A* for A € A. Assume
that

e the attractors A* are uniformly bounded, i.e., there exists a bounded set By such
that A* C By;

* there exists ty > 0 such that S,Ax — S,on as A — Ag for each t > ty uniformly
with respect to x € By, i.e.,

sup disty (S'x, $}x) — 0 as A — Ao. (2.3.26)

XEBy
Then the family {*} of attractors is upper semicontinuous at the point Ay, i.e.,
dy {2 | A%} = sup {disty(x, A) : x € A} — 0 as A — .

Proof. Given ¢ > 0 there exists ¢ > f, such that SfOBO C 0.(A). We also have
that

disty (S}x, S7By) < sup distx (Sty, Sy), Vx € By.

YEBy)
Thus,

35§ >0: Sf‘Bo C ﬁzE(QIAO) as soon as disty (A, Ag) < 6.
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Consequently,
Ve>0: At =SMA* C SPBy C 0, (A™) when dists (X, Ag) < 8.

This implies the conclusion. O

We illustrate the statements of this proposition and the next theorem in Exer-
cises 2.3.34 and 2.3.35 below.

The following assertion, which was proved by KAPITANSKY/KOSTIN [130] (see
also BABIN/VISHIK [9] and CHUESHOV [39]), assumes a much weaker hypothesis
concerning convergence of semigroups. This can be critical in singularly perturbed
evolutions; see examples in KAPITANSKY/KOSTIN [130]. However, in contrast with
the previous assertion, some uniform compactness property of the attractors is
assumed.

Theorem 2.3.31 (Kapitansky-Kostin [130]). Assume that a dynamical system
(X, Sll) in a complete metric space X possesses a compact global attractor A* for
every A € A. Assume that the following conditions hold.

(i) There exists® a compact K C X such that A+ C K.
(ii) If A — Ao, Xx — X0, and x, € M, then

S*x; — SMxy  for some T > 0. (2.3.27)
Then the family {4} of attractors is upper semicontinuous at the point Ao; that is,
dy {A* | A2} = sup {disty (x, A*) : x € A} - 0 as A — Ao. (2.3.28)

Moreover, if (2.3.27) holds for every t > 0, then the upper limit A(Ag, A) of the
attractors A* at My defined by the formula

A(ho. A) = [ J{A* : 1 e A, 0<dist(h. 1) < 8} (2.3.29)
§>0

is a nonempty compact strictly invariant set lying in the attractor A" and possessing
the property

dy {2 [A(ho, A)} — 0 as A — . (2.3.30)

Proof. Assume that equation (2.3.28) does not hold. Then there exists a sequence
Am — Ao such that dyx {QIA'“ |Ql)“’} > 2§ forallm = 1,2,... and for some § > 0.

8This property can be relaxed, see Exercise 2.3.33 below.
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Thus we can find a sequence x,, € A" such that disty (x,,, A*) > §. But this
sequence {x,,} lies in the compact K. Therefore, without loss of generality we can
assume that x,, — xo for some xy € K such that xy & 2% We show now that this
fact leads to a contradiction.

Let Y = {un(t) : t € R} C A* be a full trajectory of the dynamical system
(X, S,A'") passing through the element x,, (1,,(0) = x,,). Using the standard diagonal
process, one can see that there exist a subsequence {m,} and a sequence of elements
uy € K such that

nl_i)rgoum”(—Nt) =uy forall N=0,1,...,
with uy = xg, where t is the same as in (2.3.27). The condition (ii) also implies that
un—t = im w,, (~(N = L)7) = lim 7", (~N7) = S}%uy
forallN=1,2,...and L = 1, ..., N. Therefore, the function

S,A"uo, for t > 0;

1) =
u(?) SH ey, for —tN<t<—t(N—1), N=1,2,...,

gives a full trajectory y of (X, S,)‘O) passing through xo. It is obvious that this
trajectory is bounded. Therefore, by Exercise 2.3.4(A), y C Qlé. This contradicts
the relation xo ¢ 21* and thus completes the proof of (2.3.28).

To prove the assertion concerning the set 2A(Ag, A) given by (2.3.29), we first
note that, by the assumption in (i),

W(ho, A) = J{A : 1 € A, 0<dist(, Ao) < 8}
is a compact set for each § > 0 and 2%(1o, A) D A (Ao, A) for every § > §'. Thus

A(ro. 4) = |2’ (Ao 4)

5>0

is a nonempty compact set. By (2.3.28) we have that 2(1,, A) € 2. The (strict)
invariance of 20(4¢, A) follows from the obvious relation

x € A(Ao, A) if and only if {EI Ap = Ao, Ax, €AM - x = lim xn} .

n—>oo

(2.3.31)
By (2.3.27) with 7 > 0 arbitrary we obtain that

SMx = lim S*x,, Vr>0.
n—>oo
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Since S;‘”x,, € A*  the criterion in (2.3.31) implies that S,A‘Jx € A* for every t > 0,
ie., S,AOQl()LO, A) C 2A(Ag, A). To prove the backward invariance of 2(1g, A) we
note that by invariance of the attractors 2*» there exists a sequence y, € 2A* such
that x, = S;\” v». Due to the assumption in (i) and the criterion in (2.3.31), we can
choose a subsequence {n;} such that y,, — y € (Ao, A). Thus,

x= lim x, = lim Sy, = Sy,
k—00 k—00
which implies that S,AOQI(AO,A) D A(Ag, A). Relation (2.3.30) follows

from (2.3.31). This completes the proof of Theorem 2.3.31. O

In the following two exercises we suggest that the reader make sure that condition
(i) in Theorem 2.3.31 concerning uniform compactness can be relaxed.

Exercise 2.3.32. Let {B,} be a sequence of bounded sets in a complete metric
space X. Assume that there exists a compact set K such that

dx {B, | K} = sup {distx(x,K) : x € B,} - 0 as n — oc.

Then every sequence {x,} with x, € B, contains a subsequence {x,,} such that
Xy, — z as k — oo for some z € K. L]

Exercise 2.3.33. Using the result of the previous exercise, show that condition (i)
in Theorem 2.3.31 can be changed to the following one: there exists a compact set
K, such that

dy {2 | Ky} — 0 as A — Ao

(if condition (i) holds, then this property is definitely true with K, = K). [

The situation with the (full) continuity of attractors 2* with respect to A is
more complicated. In general the family {2*} is not lower semicontinuous at the
point Ao; that is, the property dy {A* |2*} — 0 as Ay — Ao does not hold. The
corresponding examples (borrowed from BABIN [7] and RAUGEL [188]) are given
in the following exercises.

Exercise 2.3.34 (Raugel [188]). We consider a dynamical system generated in R
by the following equation:

i=(1-x)&*—=21), t>0, x(0)=x€R.

Prove that for each value of the parameter A € [—1,1] this dynamical system
possesses a global attractor *. Show that

_ [—ﬁ, 1] for A > 0;

A+ =
{1}, for A <O0.
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Thus dy {A* [ A%} — 0as A, — A for every Ag € [—1,1] and dy {A° |AM} =1
as Ay — —0, which means that 2* is not (fully) continuous at A = 0. Moreover,

A0, [-1,0]) = {1} # 2A°,

where 2((0, [—1, 0]) is the upper limit defined according to (2.3.29). n
A similar idea is realized in the next exercise.

Exercise 2.3.35 (Babin [7]). Let (R, S,A) be a dynamical system generated by the
equation

i=—x[(Ix|—1)*=21], >0, x(0)=xp€R.

Prove that for each value of the parameter A € R the system (R, Sf‘) possesses a
global attractor 2, and

%A — [—1 — VA, 1+ +/A] for A > 0;
7 o, for A <O.

Thus, 2(, is continuous with respect to A for every A # 0 and is not lower

semicontinuous at A = 0. n

We note that in order to prove lower semicontinuity under the hypotheses of The-
orem 2.3.31 some additional assumptions should be imposed (see BABIN/VISHIK
[9]). However, the lower semicontinuity property is generic under simple compact-
ness assumptions (see the discussion in the surveys BABIN [7], RAUGEL [188] and
also the recent note HOANG/OLSON/ROBINSON [124]). In particular, one can prove
the following result (see HOANG/OLSON/ROBINSON [124] for the details).

Theorem 2.3.36 (Full continuity of attractors). Let (X,S}) be a collection of
dynamical systems on a complete metric space X. We suppose that the set A of
parameters is also a complete metric space. Assume that the following conditions
hold.

(i) X, S,A) possesses a compact global attractor A* for every A € A;
(ii) there exists a compact set K C X such that A* C K for every A € A;
(iii) for each t > 0 the function A — S,Ax is continuous uniformly for x in compact
subsets of X.

Then the family {4*} of attractors is continuous in A with respect to the Hausdorff
distance

dy {A| B} = sup {distx(x,B) : x € A} + sup {distx(x,A) : x € B}

at every point Ay from some residual set. Thus, the full continuity of A — {A*} isa
generic property.
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We recall (see, e.g., BOURBAKI [16]) that in the metric space A a residual set is
the complement of a meager set. A subset D of A is said to be meager (or a first
category set in the Baire sense), if it is contained in a countable union of closed
nowhere dense subsets of A. A set K is said to be nowhere dense if its closure
contains no open sets. By the Baire categories theorem (see, e.g., BOURBAKI [16])
any residual set is dense. A property & is said to be generic in A if &7 holds in
some residual set of A.

In conclusion, we emphasize that the results presented in this subsection
deal with stability of attractors with respect to parameters in the Hausdorff
(semi)distance and do not consider issues related to uniform stability of individual
perturbed trajectories on large time intervals. In this connection we point out
the method of finite-dimensional composed trajectories for global tracking of
trajectories of a perturbed system which was developed by BABIN/VISHIK [9,
Chapters 7 and 8] (see also a short survey in BABIN [7] and the references therein).

2.4 Gradient systems

In this section we consider gradient systems. The main features of these systems are
that (i) in the proof of the existence of a global attractor we can avoid a dissipativity
property in explicit form, and (ii) the structure of the attractor can be described via
unstable manifolds.

2.4.1 Lyapunov function

We start with the following definition.

Definition 2.4.1. Let ¥ € X be a forward invariant set of a dynamical system
(Xa Sl) .

¢ A continuous functional @(y) defined on Y is said to be a Lyapunov function on
Y for the dynamical system (X, S;) if t — @(S;y) is a non-increasing function for
anyy €Y.

e The Lyapunov function @(y) is said to be strict on Y if the equation @(S,y) =
@(y) for all t > 0 and for some y € Y implies that S,y = y for all r > 0; that is, y
is a stationary point of (X, S;).

e The dynamical system (X,S;) is said to be gradient if there exists a strict
Lyapunov function for (X,S,) on the whole phase space X. This Lyapunov
function is usually called global.

u

The simplest examples of Lyapunov functions are given in the following
exercises.
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Exercise 2.4.2. Let F : R? — R be a C? function such that F(x) — +oo as
|x| = oo. Show that the ordinary differential equation

¥=-VF(x), xeR? >0,

generates a dynamical system (R, S;) which possesses a strict Lyapunov function
@(x) = F(x) on R%. u

Exercise 2.4.3. Consider the second order in time ordinary differential equation
y+ yy+ U/(y) = Ov > 07 y‘t:O = Yo, y =0 =Y,

where y > 0 and U(y) is a C? function on R bounded from above. Show that this
equation generates a dynamical system (R?, S,) which possesses a strict Lyapunov
function

1
D(y.y) = Eyz +UQ), (1)) e R%

Hint: See Example 1.8.18 and Remark 1.8.19. [

Example 2.4.4. Using the result of Exercise 2.4.3, one can see that the system
generated by the plasma equation in (2.3.17) has a strict Lyapunov function on
the attractor 2. This is true due to the reduction principle, which shows that the
dynamics on 2 can be described by the Duffing equation in (2.3.18). We do
not know whether the system generated by (2.3.17) possesses a global Lyapunov
function, i.e., whether it is gradient. The same effect can be seen in the model
considered in Example 2.3.23. [

2.4.2 Geometric structure of the attractor

The following result on the structure of a global attractor is known from many
sources, including BABIN/VISHIK [9], CHUESHOV [39], HALE [116], HENRY
[123], LADYZHENSKAYA [142], TEMAM [216].

Theorem 2.4.5. Let a dynamical system (X, S;) possess a compact global attrac-
tor 2. Assume that there exists a strict Lyapunov function on . Then A = .#" (W),
where M"(N') denotes the unstable manifold emanating from the set N of
stationary points (see Definition 2.3.10). Moreover; the global attractor 2 consists
of full trajectories y = {u(t) : t € R} such that

lim disty(u(r), #) =0 and lim disty(u(r), .#) = 0. (2.4.1)
t—>—00 t—>+00
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Proof. Tt is known from Proposition 2.3.12 that .#Z*(.#") C 2. Thus, we need only
prove that 2 C .Z"*(N).

Let y € 2. By Exercise 2.3.4(B) there exists a full trajectory y = {u(?) : t € R}
passing through y, u(0) = y. Since y C £, the set y is compact. This implies that
the a-limit set

a(y) = [\Ulu@ : 1= 7}

<0

of the trajectory y is a nonempty compact set. One can see that the set a(y) is
invariant: S;(y) = o(y). This follows from its compactness and the description
given in Exercise 1.3.6.

Let us show that the Lyapunov function @(x) is a constant on «(y). Indeed, if
u € a(y), then there exists a sequence {z,} such that t, - —oo and u(t,) — u as
n — oo (see Exercise 1.3.6). Consequently,

P(u) = lim P(u(ty)).

By the monotonicity of @ along trajectories, we have

@ (u) = sup @(u(r)).

<0

Therefore, the limit above does not depend on a sequence {u, } and the function @ (1)
is a constant on «(y). Hence by invariance of «(y) we have that @ (S,u) = @ (u) for
allt > 0 and u € a(y). This means that «(y) lies in the set .#” of stationary points.
Now we prove that

l_l)ilnoo dist(u(t), a(y)) = 0. (2.4.2)

If (2.4.2) is not true, then there exists a sequence {t, — —oo} such that
disty(u(t,),a(y)) > 8§ >0 for all n=1,2,... (2.4.3)

By the compactness of y there exist an element z € X and a subsequence {t,,, } such
that u(t,,) — zas m — co. Moreover, by Exercise 1.3.6, z € a(y). This contradicts
the property in (2.4.3) and thus (2.4.2) holds.

Since a(v) C ¥, equation (2.4.2) implies the first relation in (2.4.1) and hence
ye A" (N)and A = #"(N).

To prove the second relation in (2.4.1), we use the same idea as above. We
consider the w-limit set

w(y) = [\Ulu@) 1= 1}

>0
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which is a nonempty compact strictly invariant set. As above, it follows from the
monotonicity of @ and the invariance of w(y) that the Lyapunov function @(x) is
a constant on w(y) and hence @(S;u) = @(u) for all r > 0 and u € w(y). This
implies that w(y) C 4. As above, by the contradiction argument,

dist(u(t), A) < dist(u(t), w(y)) — 0 as t - +oo.

This completes the proof of Theorem 2.4.5. O

Remark 2.4.6. 1t follows from the first equality in (2.4.1) that under the hypotheses
of Theorem 2.4.5 the following relation is valid:

sup{@ () : u €A} <sup{®@(u) : ue N}, 244

where @(u) is the corresponding Lyapunov function. If @(u) topologically domi-
nates the metric of the phase space X, then the inequality in (2.4.4) can be used in
order to provide an upper bound for the size of the attractor and an absorbing ball.
This method can be applied to obtain uniform (with respect to the parameters of the
problem) bounds for the attractor. We refer to Section 5.3 for an application of this
idea for some class of second order in time models. L]

If the system (X, S,) is gradient; i.e., if a strict Lyapunov function exists on the
whole phase space, then the result of Theorem 2.4.5 can be improved (see, e.g.,
BABIN/VISHIK [9] or CHUESHOV [39]). More precisely, we can describe the long-
time behavior of individual trajectories.

Theorem 2.4.7. Assume that a gradient dynamical system (X,S;) possesses a
compact global attractor 2. Then

ligl disty(S;x, A") = 0 foranyx € X; (2.4.5)
=100

that is, any trajectory stabilizes to the set N of stationary points.® In particular, this
means that the global minimal attractor A, coincides with the set of the stationary
points, Ypin = A

Proof. For every x € X we consider the w-limit set w(x) = NyoU{Sx : t >t}
and apply the same argument as in the end of the proof of Theorem 2.4.5. O

Exercise 2.4.8. Show that relation (2.4.5) in the statement of Theorem 2.4.7
remains true if instead of the existence of a compact global attractor we assume
that any semitrajectory of the system is Lagrange stable (see Definition 1.4.1). The
assertion concerning global minimal attractors remains in force if we assume that
the set .4 is bounded. L]

° This property is often referred to as strong stability of the set of equilibria.
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Assume that .4 = {zi,...,z,} is a finite set. In this case A = UL, .Z"(z),
where .#"(z;) is the unstable manifold of the stationary point z;. That is, .#Z“(z;)
consists of all y € X such that there exists a full trajectory y = {u(f) : t € R} with
the properties u(0) = y and u(f) — z; as t - —oo.

Theorems 2.4.5 and 2.4.7 lead us to the following consequences.

Corollary 2.4.9. Assume that a gradient dynamical system (X,S;) possesses a
compact global attractor A and N is a finite set. Then

(i) The global attractor 2 consists of full trajectories y = {u(t) : t € R}
connecting pairs of stationary points: any u € 2 belongs to some full trajectory
y C 2 and for any y C U there exists a pair {z,z*} C A such that

u(t) > zast — —ooand u(t) — z7* ast — +oo.

(ii) For any v € X there exists a stationary point z such that S;v — z ast — +00.

Remark 2.4.10. Assume that the hypotheses of Corollary 2.4.9 hold. Introduce m
distinct values @; < &, < -+ < @, of the set {@(x) : x € 4"} and let

Jij{erV : @(x)=®j}, j=1,...,my.

Then the sets AL, ..., ™0 provide Morse decomposition of the attractor 2(. That
is, (i) the subsets .47 are compact, invariant, and disjoint; and (ii) for any x €
2\ U;47 and every full trajectory y, C 2 through x there exist k > [ such that
a(yy) € A% and w(y,) € A, where a(y,) and w(y,) are the a- and w-limit sets
for y, (see (1.3.2)).

In the situation considered the set .#"! is uniformly asymptotically stable
(see Definition 2.3.19). Thus, .#"! is a subattractor of the attractor 2. We recall
that by the definition (see BABIN [7]) any compact strictly invariant uniformly
asymptotically stable subset of 2l is called a subattractor. If the set 4! is not
connected (e.g., it consists of isolated equilibria), then we can split .#'! into
several non-intersecting subattractors. This observation motivates (see BABIN [7])
the notion of a fragmentation number of the attractor 2, which is defined as the
maximal number of non-intersecting subattractors in (. This number characterizes
the intrinsic complexity of the attractor. For further discussions we refer to BABIN
[7] and the references therein. =

The following example shows that the strictness of the corresponding Lyapunov
function is important in the statements of Theorems 2.4.5 and 2.4.7.

Example 2.4.11 (Non-strict Lyapunov function). We consider the dynamical sys-
tem (R?, S,) generated by the following equations:

X] = px; —axy — X (x% + x%),

. 2.4.6
Xo = ax) + px; — xz(x% + x%) ( )
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where £ € R and o > 0 are parameters. In the case @ = 1 this system was
considered in Example 1.9.4 as a demonstration for the Andronov-Hopf bifurcation.
It was shown that for & < 0 the system has a unique equilibrium x, = (0;0).
If w > 0 and « > O there is also the periodic orbit (the circle C_/; with center at 0
and the radius ,/ut). If in the latter case we take o« = 0, then the circle C Ji consists
of equilibria.

One can see that the function

1
V(x1,x) = E(x% +33)% — p(xg +13)

satisfies the equation

dV(X[,Xz) _

S2) 9103 4 )~ WPOS + D) 20

on a solution S;yp = (x1(¢); x2(z)). Thus, V is a Lyapunov function. Moreover, we
observe the following picture:

e If u < 0 this function is strict (and the global attractor consists of a single (zero)
equilibrium);

e If w > 0 and @ = O, the function V is still strict (the circle C JE consists of
equilibria) and the global attractor is the disc D ; = {(3 + x3) < u}, which
can be seen as a collection of trajectories connecting the zero equilibrium and an
equilibrium lying on C 5.

e If £ > 0and o > 0, the function V is not strict and the global attractor is the
disc D s which contains a nontrivial periodic orbit.

]

The following exercise demonstrates the non-uniqueness of the Lyapunov function
V in Example 2.4.11. A similar effect for local Lyapunov functions was observed in
Exercises 1.6.5 and 1.7.5(D).

Exercise 2.4.12. Show that
1, NN ) 2
W(x1,x) = §(X1 +x3)" — 5()61 +x3)

is also a Lyapunov function for (2.4.6) which is strict when either 4 < 0 or @ = 0.
L]

Another example with non-strict Lyapunov function provides the Krasovskii
system (see Exercises 1.8.22 and 2.1.10) under the condition that the damping
coefficient k(r) is non-negative and has a nonzero root.

To describe additional properties of global attractors for gradient systems, we
introduce the following definition.
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Definition 2.4.13. Let X be a Banach space. Assume that the evolution operator
S; of a dynamical system (X,S,) is of class C!; that is, S,u has a continuous
Fréchet derivative'® with respect to u € X for each t > 0. An equilibrium point
z of dynamical system (X, S;) is said to be hyperbolic if the Fréchet derivative
S = DS (z) of S,z at the moment 7 = 1 is a linear operator in X with the spectrum
o (8’) possessing the property

olSH)N{weC :|w=1}=40.

We also define the index ind (z) (of instability) of the equilibrium z as a dimension
of the spectral subspace of the operator S’ corresponding to the set o+ (') = {z €
o(S): |z > 1} n

The following assertion is proved in BABIN/VISHIK [9].

Theorem 2.4.14. Assume that a gradient dynamical system (X, S;) in a Banach
space X with a strict Lyapunov function @ (u) possesses the following properties.

(i) It admits a compact global attractor 2.
(ii) S; € C'* for some o > 0 and there exists a vicinity € D U such that

IDS;(u) — DS;(v)|x>x < Crlu—vl%, u,ved,tel0,T]

(iii) (¢, u) — S,u is continuous over Ry x 2.
(iv) The operators S; are injective on A for any t > 0 and S;"' are continuous on 2.
(v) The Fréchet derivatives DS;(u) of S,u at any point u € A have zero kernel.
(vi) The set N = {z1,...,2a} of equilibrium points is finite and every point z; € N
is hyperbolic.

Let the indexation of equilibrium points be such that
P(1) = P(z2) =+ = P(z)

and My, = U}‘Zl/// “(zj), My = 9, where 4" (z;) is the unstable manifold emanating
Sfrom zj. Assume that the function t — ®(Su) is strictly decreasing foru & N
Then A = M, and the following properties hold.

(i) A" (z;) N AM"(z) = D when i # j.

(ii) My is a compact invariant set.
(iii) 0.4"(z;) = M (z;) \ A" (2;) is an invariant set and 0.4"(z;) C M;—_;.
(iv) For any compact set K C 4 "(z;) \ {z:} we have

lim max{distx(S;k, M;—) : k€ K} = 0.

t—>+00

10See Section A.5 in the Appendix for the definitions.
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(v) Every set .#"(z;) is a C'-manifold of finite dimension d;, this manifold is
diffeomorphic to R%, and the embedding .#"(z;) C X is of class C' in a vicinity
of any point v € " (z;). Moreover, d; = ind(z;).

In many cases it is important to know how fast the trajectories starting from
bounded sets converge to global attractors. The result stated below provides
conditions sufficient for an exponential rate of stabilization to the attractor along
with some additional properties of the attractor (see, e.g., BABIN/VISHIK [9], HALE
[116] and also Theorems 4.7 and 4.8 in the survey RAUGEL [188]).

Theorem 2.4.15. Let (X, S;) be a dynamical system in a Banach space X. Assume
that (i) an evolution operator S, is C', (ii) the set N of equilibrium points is finite
and all equilibria are hyperbolic, (iii) there exists a function Lyapunov ®(x) on X
such that @(Six) < @(x) forallx € X, x € A and for all t > 0, and (iv) there
exists a compact global attractor 2. Then

o Foranyy € X there exists e € N such that
Sy —ellx < Cye ™, t>0.
Moreover,
sup {dist (S;y,20) : y€ B} < Cge™®, t>0, (2.4.7)

for any bounded set B in X. Here C,, Cp, and w are positive constants, and
in (2.4.7) depends on the minimum, over e € N, of the distance of the spectrum
of D[Sye] to the unit circle in C.

* Ifwe assume in addition that (i) S| is injective on the attractor and (ii) the linear
map DI[Sy] is injective for every y € U, then for each e € N the unstable
manifold .#"(e) is an embedded C'-submanifold of X of finite dimension ind (e).

We note that the proof of this result (see BABIN/VISHIK [9] or HALE [116]) relies on
geometric consideration of the behavior of trajectories in a vicinity of equilibrium
points. The critical assumption for this is that the evolution S; is C' and that
equilibria are finite and hyperbolic. The above assumptions allow us to reduce the
problem of convergence in the vicinity of equilibria to a linear problem.

We also refer to CARVALHO/LANGA [25] and CARVALHO/LANGA/ROBINSON
[26, Chapter 5] for some generalizations of the notion of a gradient system. These
generalizations are related to the Morse decomposition of attractors and deal with
families of isolated invariant sets rather than with collections of (isolated) equilibria.

Another important issue is persistence of the regular structure of a global
attractor under perturbations. On this topic we mention the paper by BABIN/VISHIK
[8], which presents some results on the persistence of the gradient structure
(i.e., the existence of a strict Lyapunov function) for some classes of PDEs.
Recently this question was discussed in great detail in ARAGAO ET AL. [3] and
CARVALHO/LANGA/ROBINSON [26, Chapter 5].
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2.4.3 Criteria of existence of global attractors
for gradient systems

In this section we prove several assertions on the existence of global attractors which
do not assume any dissipativity properties of the system in explicit form.

We start with the following criterion for the existence of a global attractor for
gradient systems (see, e.g., RAUGEL [188, Theorem 4.6]), which is useful in many
applications.

Theorem 2.4.16. Let (X , S,) be an asymptotically smooth gradient system which
has the property that for any bounded set B C X there exists t > 0 such that
y:(B) = U;>.S,B is bounded. If the set A of stationary points is bounded, then
(X , St) has a compact global attractor 2.

Remark 2.4.17. By Theorem 2.4.5 the global attractor 2 given by Theorem 2.4.16
coincides with the unstable set .#4 (.#") emanating from the set .4~ of stationary
points (see Definition 2.3.10), i.e., % = A4 (A). [

Proof of Theorem 2.4.16. Let B be a bounded set in X and B, = y,(B). We
consider the restriction (B, S;) of the dynamical system (X , St) on the (forward
invariant) set B;. Since B; is bounded, (B;,S;) is a dissipative asymptotically
smooth dynamical system. By Theorem 2.3.5 this system possesses a compact
global attractor 2. By Theorem 2.4.5 g = .#4(AN3), where A3 = A4 N B;.
Under the condition B D .4 we have that 4" = S,/ C §,B for every t > 0. Thus
A C B;. This implies that 2z = .# (./4") and thus the attractor 2 is independent
of B when B D /. Since 2, C g, for B C B,, we have that 2l := .#Z, (A)
attracts all bounded sets from X. |

Using Theorem 2.4.16 we can obtain the following assertion (see Corollary 2.29
in CHUESHOV/LASIECKA [56]).

Theorem 2.4.18. Assume that (X, S;) is a gradient asymptotically smooth dynam-
ical system. Assume its Lyapunov function ®(x) is bounded from above on any
bounded subset of X and the set @ = {x : ®(x) < R} is bounded for every R.
If the set N of stationary points of (X, S,) is bounded, then (X,S,) possesses a
compact global attractor A = A" (N).

Proof. Due to Theorem 2.4.16, it is sufficient to show that for any bounded set
B C X the set y4 (B) = U;>0S:B is bounded. To see this, we note that B C @ for
some R > 0. Since @ is invariant, we have that y4 (B) C @ and thus y;(B) is
bounded. O

Exercise 2.4.19. Show that in the statement of Theorem 2.4.18 the condition
concerning the boundedness of the set of stationary points can be changed to the
requirement that (X, S;) is point dissipative (see Definition 2.1.1). [

Example 2.4.20 (Two-mode fluid-structure model). This model is the lowest
Galerkin mode approximation of a system arising in the study of interaction of a
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fluid filling a bounded vessel with an elastic wall (see, e.g., CHUESHOV/RYZHKOVA
[68] and the references therein). The equations appear as follows:

d )

= [z +yy]+az=f, (2.4.8a)
d ) ,

= [yz+2y]—Ay+y =h, (2.4.8b)

where @ > 0, |y| < 1, and A,f,h € R are constants. We endow these equations
with initial data

2(0) = zo, ¥(0) = yo, y(0) = y1. (2.4.9)

One can see that problem (2.4.8) and (2.4.9) has a unique local solution for all initial
data (z0: yo:y1) € R?. Using the multipliers z — f/a for the first equation and y for
the second one, we obtain the following energy balance relation:

d
B0 = f/ey(0).30) + alz(1) —f/a? =0 (2.4.10)

on the existence interval, where the energy functional E has the form

. 1 .. 1 A
E(zy.3) = 52 +yzy + 3 + 3" = 5 —hy.
2 4 2
The energy relation in (2.4.10) allows us to use the non-explosion criterion in
Theorem A.1.2 and show that problem (2.4.8) and (2.4.9) generates a dynamical
system in R3. Moreover, one can see that

V(z,y,9) = E(z—f/a.y,y)

is a strict global Lyapunov function for this system. Since the set

{(zy) : az=f, ¥y —ay=h}

of stationary solutions is finite, by Theorem 2.4.18 the system generated by (2.4.8)
and (2.4.9) possesses a global attractor which coincides with the unstable set
emanating from the set of equilibria. [

If a system (X, S;) is not gradient but possesses a Lyapunov function (which
is not strict), we cannot guarantee that 2 = .#Z"“(./4"). However, we can prove
the following assertion (see also CHUESHOV [39, Theorem 6.2, Chapter 1] and
CHUESHOV/LASIECKA [56, Theorem 2.30]).

Theorem 2.4.21. Let (X,S;) be an asymptotically smooth dynamical system in
some complete metric space X. Assume that there exists a Lyapunov function ®(x)
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for (X, S;) on X such that ®@(x) is bounded from above on any bounded subset of
X and the set @ = {x : ®(x) < R} is bounded for every R. Let & be the set
of elements x € X such that there exists a full trajectory {u(t) : t € R} with the
properties u(0) = x and @ (u(t)) = @(x) forallt € R. If B is bounded, then (X, S;)
possesses a compact global attractor and A = A" (B).

Proof. We choose Ry such that # C @g,. By Theorem 2.3.5 the dynamical system
(P, S;) possesses a compact global attractor 2z for every R. Let R > Ry. In this
case we have that Z C ®g. By the same argument as in the proof of Theorem 2.4.5
we can show that for any full trajectory y = {u(t) : ¢ € R} from the attractor
Az we have that a(y) C % and thus u(t) — % ast — —oo. This means that
Ar C AM"(P). Since A is a bounded strictly invariant set, we have that Z C 2g.
This implies that .Z"(%) C g and thus Ag = #"(A) for all R > Ry. Therefore,
A = 4" () is a global attractor for (X, S,). O

The following two exercises illustrate Theorem 2.4.21.

Exercise 2.4.22. Apply Theorem 2.4.21 to the model in Example 2.4.11 to describe
the global attractor in the case when @ and « are positive. [

Exercise 2.4.23. Apply Theorem 2.4.21 to describe the structure of the global
attractor for the Krasovskii system (see Exercise 2.1.10). =
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