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ABSTRACT. In this paper we describe some dynamical properties of a Morse
decomposition with a countable number of sets. In particular, we are able to
prove that the gradient dynamics on Morse sets together with a separation
assumption is equivalent to the existence of an ordered Lyapunov function
associated to the Morse sets and also to the existence of a Morse decomposition
-that is, the global attractor can be described as an increasing family of local
attractors and their associated repellers.

1. Introduction. The asymptotic behaviour of a system of (ordinary or partial)
differential equations modeling real phenomena from different areas of Science is
usually described by the analysis of their global attractors, a compact invariant
set for the associated semigroups attracting (uniformly) bounded sets forwards in
time. This subject has received much attention throughout the last decades (see,
for instance, [4], [9], [12], [16], [19], [18] or [20]). We recall now the definition of
global attractor associated to a semigroup.

First, let X be a metric space with metric d : X x X — RT, where R* = [0, 00),
and denote by €' (X) the set of continuous maps from X into X. Given a subset A C
X, the e-neighborhood of A is the set O.(A) := {z € X : d(z,a) < € for some a €
A}.

Definition 1.1. A family {T'(t) :t >0} C € (X) is a semigroup in a complete
metric space X if:

e T(0) = Ix, with Ix being the identity map in X,

o T(t+s)=T(t)T(s), for allt,s € RT,

e Rt x X 3 (t,x) — T(t)x € X is continuous.
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The notion of invariance plays a fundamental role in the study of the asymptotic
behavior of semigroups.

Definition 1.2. A subset A of X is said invariant under the semigroup {T'(t) : t >
0} if T(H)A = A for allt > 0.

Given A, B C X, the Hausdorff semidistance from A to B is given by

d(A, B) := sup inf d(a,b).
(4, B) := sup inf d(a, )

Definition 1.3. Given two subsets A, B of X we say that A attracts B under the

t—oo

action of the semigroup {T'(t) :t > 0} if d(T(t)B,A) — 0.
We are now in a position to define global attractors.

Definition 1.4. A subset A of X is a global attractor for a semigroup {T'(t) :
t > 0} if it is compact, invariant under the action of {T(t) : t > 0} and for every
bounded subset B of X we have that A attracts B under the action of {T'(t) : t > 0}.

Definition 1.5. The semigroup {T(t) : t > 0} is eventually dissipative if for any
bounded set B there exists t* = t*(B) > 0 such that U;>-T(t)B is bounded.

Remark 1.6. It is obvious that if T'(t) possesses a global attractor, then it is even-
tually dissipative.

One of the main properties in the study of attractors is referred to the description
of their geometrical internal structure. Generically, a global attractor is character-
ized by a (finite or infinite) number of isolated invariant sets and the connecting
orbits among them. This fact leads to a Morse decomposition of the global attractor
in terms of a family of attracting-repeller pairs (see [8, 17, 11, 14, 15]). We now
introduce this concept.

Definition 1.7. Let {T(t) : t > 0} be a semigroup on X. We say that an invariant
set E C X for the semigroup {T'(t) : t > 0} is an isolated invariant set if there is
an € > 0 such that E is the mazimal invariant subset of O(E).

Definition 1.8. A disjoint family of isolated invariant sets is a family {My,--- , M, }
of isolated invariant sets with the property that

O(M;))NO(M;) =0, 1<i<j<n,
for some € > 0.
Definition 1.9. A global solution for a semigroup {T(t) : t > 0} is a continuous
function £ : R — X with the property that T (¢)€(s) = £(t+ s) for all s € R and for

all t € RY. We say that £ : R — X is a global solution through v € X if it is a
global solution with £(0) = x.

It is also well known that the global attractor is the union of all bounded complete
global solutions of the semigroup T

Definition 1.10. Let {T'(¢t) : t > 0} be a semigroup which possesses a disjoint
family of isolated invariant sets M = {My,--- , M,}. A homoclinic structure asso-
ciated to M is a subset {My,,---, My, } of M (p < n) together with a set of global
solutions {&1,--- ,&p} such that

My, i &;(t) =% M, 1<j<p,
where My, := My, .
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Remark 1.11. Here, £(t) 252 M means that d(&(t), M) — 0 as t — Fo0.
We will study the dynamics of the semigroup inside the global attractor A. We
now define generalized dynamically gradient semigroups (see [6, 5]).

Definition 1.12. Let {T'(t) : t > 0} be a semigroup with a global attractor A and
a disjoint family of isolated invariant sets M = {My,--- ,M,} in A. We say that
{T(t) : t > 0} is a generalized dynamically gradient semigroup relative to M if:

a) For any global solution £ : R — A there are 1 < i,j < n such that
M; S g(1) SN My,
b) There is no homoclinic structure associated to M.

Remark 1.13. The concept of generalized dynamically gradient semigroup is the
same as the concept of gradient-like semigroup as given in [1], [5].

To introduce the notion of a Morse decomposition for the attractor A of a semi-
group {T(t) : t > 0} (see [8], [17] or [18]) we previously need the notion of attractor-
repeller pair. We recall that the omega-limit set of B C X is defined by

w (B) = Ny»0Us>:T(s)B.

Definition 1.14. Let {T'(t) : t > 0} be a semigroup with a global attractor A. We
say that a non-empty subset A of A is a local attractor if there is an € > 0 such that
w(O(A)) = A. The repeller A* associated to a local attractor A is the set defined
by
A" ={z e A:w(z)Nn A= 0}
The pair (A, A*) is called an attractor-repeller pair for {T'(t) : t > 0}.
Note that if A is a local attractor, then A* is closed and invariant.

Definition 1.15. Given an increasing family @ = Ag C A1 C --- C A, = A, of
n+1 local attractors, for j =1,--- ,n, define M; := A;NA7_,. The ordered n-tuple
M :={My,Ms,--- ,M,} is called a Morse decomposition for A.

Definition 1.16. We will say that a semigroup {T(t) : t > 0} with a global attractor
A and a disjoint family of isolated invariant sets M = {My,--- ,M,} in A is a
gradient semigroup with respect to M, if there exists a continuous function V :
X — R such that [0,00) 5 t — V(T'(t)x) € R is non-increasing for each x € X\ M,
V' is constant in M; for each 1 < i <mn, and V(T (t)x) =V (x) for all t > 0 if and
n
only if v € |J M;.
i=1
V' is called Z(JL Lyapunov function related to M.

It has been proved in [1] that given a disjoint family of isolated invariant sets
on the global attractor M = {My,---, M,} for a semigroup T'(¢), the dynamical
property of being generalized dynamically gradient, the existence of an associated
ordered family of local attractor-repellers, and the existence of a Lyapunov func-
tional related to M, are equivalent properties. Many of the arguments in [1] make
a precise use of the fact that the number of Morse sets is finite. The aim of this
paper is to generalize this result to the case of a countable number of Morse sets.

Indeed, the general theory of Morse decomposition of invariant sets is generically
adapted to the existence of a finite number of isolated Morse sets. However, it is not
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unusual to have an infinite number of invariants in a global attractor. For instance,
consider the scalar differential equation

% f ()
with
=Y, ify <0,
fly)=< Q1—eY) sin(%), ifo<y<1,
11—y, if y > 1.
Note that the equation possesses the following fixed points:
y1=1, y2 = %, Yz = %,..., (I %7"'7 Yo =0,

with their respective associated unstable manifolds (see Definition 4.2)
w o 1) 1 (1Y 11 w e

and as global attractor A = [0, 1]. In [3] the authors study a multivalued version of
the well-known Chafee-Infante equation, also leading to a global attractor with an
infinite number of equilibria, which actually has motivated the necessity of devel-
oping the theory in this paper. We will consider this application in a subsequent
work.

In Section 2 we recall some results on the dynamics related to an attractor-repeller
pair. In Section 3 we will generalize Definitions 1.12, 1.15 and 1.16 to the case of
an infinite number of disjoint isolated invariant sets My, = {M;}32; U M, inside
the global attractor. In Sections 4, 5 and 6 we prove the main result of this paper,
the equivalence between a generalized dynamically gradient semigroup referred to
M., with a suitable separation assumption, the existence of an ordered Lyapunov
function associated to My, and the existence of a Morse decomposition on the
global attractor. This is done in several steps: first, we prove that the property of
the semigroup of being generalized dynamically gradient together with a separation
assumption implies that a Morse decomposition can be constructed; then we prove
that from a Morse decomposition related to My, an ordered Lyapunov function
can be defined; finally, we check that the existence of an ordered Lyapunov function
implies that the semigroup is generalized dynamically gradient semigroup referred
to M, and that the separation assumption holds.

2. Preliminary results on attractor-repeller pairs. The following results on
the dynamics on attractor-repeller pairs are taken from [1].

We recall that local attraction of A in A is equivalent to local attraction in X,
for which we firstly need the following result.

Lemma 2.1. Let {T(t) : t > 0} be a semigroup in X with a global attractor A. If
A C A is a compact invariant set for {T'(t) : t > 0} and there is an € > 0 such
that A attracts O(A) N A, then given 6 € (0,¢g) there is a 6’ € (0,9) such that

7" (Os(A)) C Os5(A), where v*(Os(A)) = U U{T(t)z}.
€0, (A) t>0

The next result generalizes for semigroups a known result for groups given in [8]
and shows that our definition of local attractor is equivalent to that one in [8, 17].
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Lemma 2.2. If {T(t) : t > 0} is a semigroup in X with a global attractor A and
S(t) :=T(t)|a, clearly {S(t) : t > 0} is a semigroup in the metric space A. If A is
a local attractor for {S(t) : t > 0} in the metric space A (that is, there exists € > 0
with w(O(A)NA) = A), and K is a compact subset of A such that K N A* = &,
then A attracts K. Furthermore A is a local attractor for {T(t) : ¢t >0} in X.

We now describe the dynamics on an attractor-repeller pair.

Lemma 2.3. Let {T'(t) : t > 0} be a semigroup in X with a global attractor A and
(A, A*) an attractor-repeller for {T'(t) : ¢ > 0}. Then:

(1) If € : R — X s a global bounded solution for {T'(t) : t > 0} through x ¢ AUA*,
then £(t) "= A and €(t) "==° A*.

(i1) A global solution & : R — X of {T(t) : t > 0} with the property that
&(t) € Os(A*) for allt <0 for some 6 > 0 such that Os(A*) N A = & must satisfy
d(g(1), A7) == 0.

(iii) If z € X\ A, then T(t)z == AU A*.

Part (¢) of the previous lemma is proved in Theorem 1.4 in [17]. Parts (i) and
(443) can be found in [1].

3. Generalized dynamically gradient semigroups. In this section we will in-
troduce the concepts of generalized dynamically gradient semigroups and Morse
decomposition for a countable set of isolated invariant sets.

Definition 3.1. A disjoint (countable) family of invariant sets is a family Mo, =
{M;}2, UMy of invariant sets with the property that, given j € N, there exists 0;
such that

Os,(M;) N Os,(M;) = @, for alli# j, i € NU {oo}. (3.1)

Definition 3.2. Let {T(t) : t > 0} be a semigroup which possesses a disjoint
family of invariant sets Mo, = {M;}7°, U My, with M; isolated for each j € N. A
homoclinic structure associated to Moo is a finite subset { My, ,- - - ,Mkp} of My,
together with a set of global solutions {&1,--- ,&,} such that

t—— t— .
Mkj — gj(t) — Mkj+17 1< J<p,

where Mj, M;,

oin = My,
Remark 3.3. The set M, is not assumed to be isolated. The reason is that typically
in applications My, is an accumulation set of the sequence M, as n — co. Hence,
it is not isolated. This is the case in the example given in the introduction, and

also, for instance, in the application for multivalued semiflows in [3].

Definition 3.4. Let {T'(t) : t > 0} be a semigroup with a global attractor A and
a disjoint family of invariant sets Mo, = {M;}32; U Mo in A with M; isolated
for each j € N. We say that {T(t) : t > 0} is a generalized dynamically gradient
semigroup relative to My, if for any global solution & : R — A such that {(to) & My,
for some ty € R and any k € NU oo, it holds that

M; "T=2¢(t) =X My, for1<i<j<oo. (3.2)

Remark 3.5. It is obvious that condition (3.2) implies the following properties:
e For any global solution & : R — A there are 1 < i,j < oo such that

M; T () =X M.
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o There is no homoclinic structure associated to M.

When the number of sets M; 1is finite, then it is proved in [2] that these last two
properties imply (3.2) for a suitable rearrangement of the sets. In fact, Definition

3.4 is the way in which it is defined a Morse decomposition of a global attractor in
[18].

Note that, in particular, (3.2) implies that there is no global solution £(¢) : R — A
with &(to) & M; for some to € R such that

lim_d(&(1), My) = 0.

The following lemma implies that an isolated invariant set inside a global attrac-
tor is compact.

Lemma 3.6. Let M be an isolated invariant set which is relatively compact. Then
M is compact.

Proof. We need to prove that M is closed. Let y, — y, where y,, € M. By the
continuity of T' we have that T'(t)y,, — T(t)y for any ¢ > 0. Hence, T'(t)y € M.
Thus, T(t)M C M for all t > 0. On the other hand, as M is invariant, for any
t > 0 there exists z, € M such that T(t)z, = y,. Since M is relatively compact,
passing to a subsequence we have z, — z € M, and then T(t)z = y. Therefore,
M C T(t)M for all t > 0. It follows that M is invariant. As M is an isolated
invariant set, we get M = M. O

As a consequence of the first statement in Lemma 2.3 we obtain the following,.

Corollary 3.7. If {T'(t) : t > 0} is a semigroup in X with a global attractor A
and (A, A*) is an attractor-repeller pair for {T'(t) : t > 0}, then {T'(t) : t > 0}
is a generalized dynamically gradient semigroup associated to the disjoint family of
isolated invariant sets {A, A*}.
Note that (3.1) implies
M; N My, = &, for each i € N. (3.3)

Lemma 3.8. Condition (3.2) implies that there is no global solution £ : R — A
with & (to) € A\ My for some to € R such that

. li+m d(&(t), M) = 0. (3.4)
Proof. It is obvious, as in (3.2), that the index i cannot be oo. O

Lemma 3.9. Let M, = {M;}2, UMy be compact invariant sets such that M; N
M; =@ fori # j, i,57 € NUoo, and also suppose that the invariant compact set
My, C A is such that
lim d(M;, M) = 0. (3.5)
1— 00
Then M, is a disjoint family of invariant sets.
Proof. Take j € N arbitrary. We have to check (3.1). There exists d; > 0 such that
Os, (M;) N Os, (Mos) = 2.
In view of (3.5) there is N > j such that
M; C Os, (My) ifi > N.
2
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Hence,
Os, (M. )ﬂ051( ;) =@ ifi > N.

Obviously, there exists do > 0 for Wthh
Os, (M;)NOs, (M;) =@ for 1 <i< N, i#j.
Then the result follows for §; = min{d1/2,d2}. O

We can now introduce the concept of a Morse decomposition referred to M,

Definition 3.10. Given an increasing famz'ly g =Ay C A1 C---CA, C---Ax =

A of local attractors, for j € N define M := A;NA7_;, Moo = ﬁ;o 04 The ordered

countable set Moo 1= {M;}52, U M is called a Morse decomposztwn of A.
The following properties of the sets M; follow.

Lemma 3.11. M N A; = @ for any j € N. Hence, Moo C Ao\ U2, A; and
Mo NM; = for all j € N.

Proof. Let y € M. Then y € A7, for any j € N, implies y ¢ A; for all j e N. [
Lemma 3.12. The sets M;, j € NU oo, are compact.

Proof. Since M; C A, they are relatively compact. Also, as M; are the intersection
of closed sets, they are closed. O

We can also give the following characterization.

Proposition 3.13. Let {T(t) : t > 0} be a semigroup with the global attractor A
and My, = {M;}52, UMy, a Morse decomposition for A with the family @ = Ay C
Ay C -+ C Ax = A of local attractors. Then,

ﬁ(Aj UAY) = (D M;)U M
§=0 j=1

Proof. If z € U , let £k € N be such that z € M, = A, N A;_,. Hence
J_
2€Ap CApy1 C - CAOOandzeA;;_ch;_Qc~-~cA3.Thus

) k—1 k—1 00
ze((A)Nn(() 4 c ﬂA UAD | N | (A U4 | =4 U4,
j=k J=0 i=k 3=0 §=0
proving that (J M; C (N (A; U A%). If 2 € M, then z € ﬂ Af C ﬂ( i UAY).
j=1 j=0 j=0

(oo}
Conversely, we take z € () (4; UAJ). If z € ﬂ A7, then z € Mo. Otherwise,
j=0 j=0
z € Aj for some j € N. Denote I := {i1,i2, -+ ,ik,... } and J := {j1, 42, -, Ji,- .-}
such that TUJ = Z* with INJ = @ and z € A; foralli € [ and 2 € Aj forall j € J.
Clearly, if ¢ := min I, necessarily I = {j > i} and J = {0,1,--- ,i—1}, consequently

z € A;and z € A7 . So, z € A;N A7, = M;, from which () (4; U A}) C
=0

U M. O
j=1
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4. Construction of a Morse decomposition from the dynamics on M.
In this section we describe the construction of a Morse decomposition of the global
attractor A relative to the disjoint family of invariant sets Mo, = {M;}2, U M
in A such that M; is isolated if j € N and satisfying (3.2). By Lemma 3.8 we have
that (3.4) does not hold.

The following lemma will play an important role in what follows.

Lemma 4.1. Let {T(t) : t > 0} be a semigroup with a global attractor A and the
disjoint family of invariant sets Moo = {M;}5°,UMo = {My, ..., Mp,...; M} in
A be such that M; are isolated for j € N. Assume that T is generalized dynamically
gradient relative to Mo,. Then, My is a local attractor for {T(t) : t > 0}.

Proof. We firstly prove that for all § € (0, d1) there exists 6’ € (0,d) such that
7 (Os (M) € Os (M) ,

where 07 satisfies Os, (M1) N Os, (M;) = @ for i > 1 or i = co.
If not, there exist 0 < d < d; and sequences {tj, }ren of positive times and {x }ren
of points in X such that for all k

d(l‘k, Ml) <

)

| =

d(T(tk)Jik, Ml) =4
and
d(T(t)zy, My) < § for t € [0,1g).
Thus, if we define, for each k, & (t) := T (t+tg )z for t € [—ty, 00), as ty L 00
oo
we conclude that there exists a global solution £ : R — X for T'(-) such that & W &
uniformly in compact sets of times (see [7, Lemma 3.1]). Then, d(&(t), M) < ¢ for
t € [—t, 0] implies
d(f(t),Ml) < o< 51 for t <O0.
But by (3.2) we have £(t) — M, with j > 1, as t — —o0, a contradiction.
M is the maximal invariant set in O;(M7) for some € > 0. Thus, for § <
min{e, §; } take ¢’ € (0,9) such that
7 (Os (M) C Os(My),
so that

w(Os (M1)) C Os(My) C O (M),
and then, as w(Os (M7)) is invariant,
w(Os (Mn)) C M.

The other inclusion is trivial, so that M; is a local attractor. O

For M, a local attractor, let My = {x € A: w(z) N M; = &} be its associated
repeller, so each M;, with ¢ > 2, is contained in M7 and more generally the orbit
¢(R) of any global solution £ : R — A that converges to M;, ¢ > 2, when t — 400, is
contained in M. Considering the restriction {T}(¢) : ¢ > 0} of {T'(¢t) : t > 0} to M7
we have that {T}(t) : t > 0} satisfies (3.2) in the space M; with the invariant sets
{M;}5°, UM, and we may assume, by the last lemma, that M, is a local attractor
for the semigroup {73 (t) : t > 0} in M. If M3, is the repeller associated to the local
attractor My for {T3(t) : t > 0} in M7 we may proceed and consider the restriction
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{Ts(t) : t > 0} of the semigroup {71(t) : t > 0} to M3, and then {T5(t) : t > 0}
satisfies (3.2) in M3 ; with the associated invariant sets {M;}523 U M.

Setting A =: Mg _; and M7, := My, for j > 1 we have that M; is a local
attractor for the restriction of {T'(t) : t > 0} to M;_, ; , whose repeller will be
indicated by M7 ,_;.

Definition 4.2. Let {T'(t) : t > 0} be a semigroup. The unstable set of an invariant
set M is defined by
WH(M) :={z€ X : there is a global solution { : R — X

such that £(0) = z and tlir_noo d(&(t), M) = 0}.

Define Ag := @, Ay := M, and for j =2,3,--- |
J

Aj = A UWN (M) = | W (). (4.1)
i=1
Also, A, = A.
It is clear that A = U2, W"(M;) U W™ (Ms).
Lemma 4.3. Assume the conditions of Lemma 4.1. Then Mo, = M52y A7.

Proof. Let z € My,. Then as M, is invariant, w(z) C M. Then z cannot be in
W (M;) for j € N, as in such a case by (3.2) we would have w(z) N M; # @ for
some 7 < j, a contradiction. Thus, by (4.1) we have that z ¢ A; for j € N. Hence,
w(z)NA; =2, so that z € N3, 47.

Conversely, let z € N2 A% Then w(z) N A; = @ for all j € N. If 2 ¢ My, we
take a global solution & (-) such that £ (0) = z. Then by condition (3.2) we have that
&(t) — M; as t — +oo for some i € N. But then w(2)NA; # &, a contradiction. [

Lemma 4.4. Assume the conditions of Lemma 4.1. Then the sets M, j € NU oo,
are compact.

Proof. We note that M; C A implies by Lemma 3.6 that the sets M; are compact
if j € N. Also, Lemma 4.3 implies that M, is closed, and then M, C A implies
that it is compact. O

Lemma 4.5. Assume the conditions of Lemma /J.1. Suppose that, given j € N,
there exists 6; such that

W™ (M;)nOs, (| M; UML) =0. (4.2)
i=j+1
Then,
A;N05(( | Mi)UMy) =0. (4.3)
i=j+1

Proof. For j = 1 the result follows since Ay = My = W"*(M;). Suppose (4.3) is
true for j — 1 and we will show it for j. If not, there exists a sequence {xj}ren in
A;j such that for all k

> 1
d(wk,(_ U Mi) U Mog) < =
i=j+1
As Aj == A; 1 UW™ (M;) and we have (4.3) for j — 1, then z € W* (M;), from
which, by hypothesis, we get a contradiction. O
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Remark 4.6. The separation condition (4.2) can be proved easily in the case of
a finite number of elements M;. It is interesting to study whether this assumption
can be somehow avoided in the case of an infinte number of elements.

Corollary 4.7. Under the hypotheses of the previous lemma, given j € N, there
exists §; such that

Os, (A7) N (( | M) U M) =0. (4.4)
i=j+1

Theorem 4.8. Let {T(t) : t > 0} be a semigroup with a global attractor A and
consider the disjoint family of invariant sets Mo = {M;}52, U Mo in A such
that M; is isolated if j € N. Assume that T is generalized dynamically gradient
relative to Moo and such that (4.2) holds, so that each M; is a local attractor for
the restriction of {T'(t) : t > 0} to M} ; 5. Then A; defined in (4.1) is a local
attractor for {T(t) : t > 0} in X, and

M= A;n AL, (4.5)

As a consequence, Mo, = {M;}°, U My, defines a Morse decomposition on the
global attractor A.

Proof. If we prove that for any 0 < § < d;, there is §' < ¢ such that v (O (A;)) C
O5(4;), then w(Os/(A;)) attracts Oy (A;) and (as w(Os (A4;)) is invariant) is con-
tained in A; proving that A; is a local attractor.

Suppose there is j € N for which there exist § € (0,d;) and sequences (tx),cy

with £, — 0o and (x), oy in X such that

1
k?
d(T (tk) xk,Aj) = 0.

d(mk, Aj) <

and
d (T (t) zg, A;) < § for t € [0, ).
Then, as in Lemma 4.1, we get a global solution &, : R — X satisfying
d(&o(t),A;) <dforalt<0 (4.6)
with
d (& (0),4;) = 0. (4.7)
For this global solution, there exists M; € M, such that
im d (& (8), M;) = 0,

and since § € (0,9;), with J; satisfying (4.4), it holds that ¢ < j, and so &, (0) €
W (M;) C A;, which contradicts (4.7).
To prove that M; = A; N Aj_; note that

j
Ay = Jwr ()
i=1

and A = {2z € A:w(z)N A1 = a}. Hence, given z € A; N A_; we have that
any global solution & : R — A through z must satisfy that

t——o0 t—o0

Ul M, () = U M,
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As a consequence of that and of the fact that {T'(¢) : ¢ > 0} satisfies (3.2) we obtain
that z € M;. This shows that A; N A7_; C M;. The other inclusion is immediate
from the definition of A; and A7_;.

Finally, (4.5) and Lemma 4.3 imply that My, = {M;}32, U M, defines a Morse
decomposition on the global attractor A. O

Remark 4.9. As we suppose (3.2) for a dynamically gradient system, we get an
order in Morse sets by an energy level decomposition of the global attractor in the
sense of [2], in which the attractor is described by connecting global solutions among
the different levels in a decreasing way.

5. A Lyapunov function for a Morse decomposition. In this section we will
construct a Lyapunov function for semigroups having a Morse decomposition with
an infinite number of elements.

Definition 5.1. We say that a semigroup {T'(t) : t > 0} with a global attractor A
and a disjoint family of invariant sets Moo = {M;}52, UMy in A such that M; are
isolated for j € N is a generalized gradient semigroup with respect to M if there
is a continuous function V : A — R such that:

(¢) The real function [0,00) > t — V(T(t)z) € R is non-increasing for each
x € .A\ UioilMi U Mo,

(i1) V is constant in M; for each i € NU oo,

(wi) V(T(t)x) = V(x) for allt > 0 if and only if x € M.

A function V' with the properties above is called a Lyapunov function for the
generalized gradient semigroup {T'(t) : t > 0} with respect to M.

The following result, which is proved in [1, Proposition 3.3], gives the existence
of a Lyapunov type functional for an attractor-repeller pair

Proposition 5.2. Let {T'(t):t > 0} be a nonlinear semigroup in a metric space
(X, d) with the global attractor A, and let (A, A*) be an attractor-repeller pair in A.
Then, for any v > 0 there exists a function f : A — [0,1] satisfying the following:
(i) f:A—[0,1] is continuous in A.
(#1) f:A—10,1] is non-increasing along solutions.
(iii) f71(0) = A and f~1(1) = A*.
(i) f(T(t)z) = f(2), for allt >0, if and only if z € AU A*.

We now prove that the existence of a Morse decomposition implies the existence
of a Lyapunov function

Proposition 5.3. Let {T'(t) : t > 0} be a semigroup with the global attractor A
and a disjoint family of invariant sets Mo, = {M;}72, UMy in A such that M; are
isolated for j € N. If M, is a Morse decomposition, then {T(t) : t > 0} is gradient
in the sense of the Definition 5.1 with respect to Myo. In addition, the Lyapunov
function V : A — R may be chosen in such a way that V(z) =1— 2;%17 forx € My,
keN, V(z)=1, forz € My.

Proof. Let ) = Ag C Ay C --- C A, C ... A be the sequence of local attractors
given in Definition 3.10 and ) = A%, C ... A} C --- C Aj = A their corresponding
repellers such that for each j € N we have M; = A; N A7_;, and Mo = N72, A7

Let f; : X — R be the function from Proposition 5.2 for the attractor-repeller
pair (4;,A%), j € N.
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Define the function V : A — R by

V(z) := Z %fj(z)7 ze A
j=1

Then V : A — R is a Lyapunov function for the generalized gradient semigroup
{T'(t) : t > 0} with respect to M

Indeed, since each f; : A — R, j > 1, is non-increasing along solutions of
{T'(t) : t > 0}, V is also non-increasing along solutions of {T'(¢) : t > 0}.

Now, if z € A is such that V(T'(t)z) = V(z) for all ¢ > 0, then, using that each
fj, j > 0, are non-increasing along solutions of {T'(t) : ¢ > 0}, we conclude that
fi(T(t)z) = f;(2) for all t > 0 and for each j € N. From part (iv) of Proposition 5.2,

we have that z € (A; U A}), for each j € N; that is, 2 € () (4; U A7). From
3=0
Lemma 3.13 we have that

38

(4;UA) UM

7=0

and so z € UMUM

IkaNandzeMk—AkﬂAk 1, it follows that z € A, C A1 C -  C A=A
and z € A} _| CA;_, C--- CAj=A Hence fj(2) =0if k < jand f;(z) =1if
1 <75 <k-—1. Hence,

k-1

0o k—1 0o
(= HE =Y K@+ K=Y 5 =1 7.
j=1 j=1 j=k j=1

If 2 € My, then z € N2, A7. Hence, f;(z) =1, for all j > 1, and then

V(z)zzgzl.

j=1

Finally, we prove the continuity of V. Since f;(z) € [0,1], for any ¢ > 0 there
exists N(g) > 0 such that

Z2ij Zi<5forallze¢4

j>N j>N

Then, as each f; is continuous, it is standard to prove the continuity of V.
O

6. Dynamically gradient semigroups via a Lyapunov function. We now
prove that the existence of an ordered Lyapunov function with respect to a family
={M;}2, UMy in A implies that the semigroup is generalized dynamically
gradlent and that (4.2) holds. Hence, together with the previous results we will
obtain the equivalence of generalized dynamically gradient semigroups referred to
M, satisfying (4.2), the existence of an ordered Lyapunov function associated to
M, and the existence of a Morse decomposition of the global attractor.
As before, {T'(t) : t > 0} is a semigroup with the global attractor A and we
consider a disjoint family of isolated sets Moo = {M;}52; U My, in A such that M,
are isolated for j € N.
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Definition 6.1. We say that M, is ordered with respect to the generalized Lya-
punov function V, or that V is an ordered Lyapunov function for M, if

Ly <Ly<--<Lp<--- < Lo,

where L; = V(z) for z € M;. Moreover, there cannot be an infinite number of sets
M; with the same value of V.

Remark 6.2. If L, — L, then the last condition in Definition 6.1 holds. Also,
if (3.5) is satisfied, from the continuity of V it follows that L, — Lu.

Proposition 6.3. Let {T'(t) : t > 0} be a semigroup with global attractor A and
a disjoint family of invariant sets Mo = {M;}2, U Mo in A such that M; are
isolated for j € N. Let My, be ordered with respect to the generalized Lyapunov
function V. Then for any complete bounded trajectory & : R — X,

i) either there exists i € N such that £(t) € M;, for allt € R,
ii) or there exist M;, M, € My, with r > j such that

Jim d(€(t), M;) =0, lim d(£(t),M;) =0.

Proof. Suppose that i) is not true. The function ¢ — V (£ (¢)) is monotone. Since
£(t) € A, it is also bounded. Hence, the following limits exist

L= lim V(E(t), Ly = lim V(£(1)).
Thus,

V(y)=L_forallye€ a(f),
V(y) =Ly forally e w (),

where «(§) is the alfa-limit set a(€) = Ny<oUs<¢&(s). It is well known that the sets
w(§), a(§) are invariant and connected (see e.g. [18]).

As w (€) is invariant, for any y € w(§) and ¢t > 0 we have that T (f)y € w(§),
and then V (y) = V(T (t)y) = L4. Thus, y € M; for some j € NU oo.

In fact, we shall prove that w(§) C M;. By contradiction assume that there
exists z € M; Nw (£), i # j. This is not possible if j = 0o, as in such a case we have
that L; < Ly = Lo. Assume then that j < co. The number of sets M; such that
L; = Ly is finite. Denote by Ei, ..., E,, € M, the sets such that V(x) = Ly if
T € Ek for some k € {1,...,m}. We can find € > 0 for which O, (Ek) N O, (ET)
for all r # k € {1,...,m}. Since w (§) is connected, there exists u € w () such that

u g U, 0, (Ek) But we have proved that any u € w (§) belongs to M}, for some

k € NU oo, and then V (u) = Ly implies that u € U, O, (Ek), a contradiction.
Therefore, lim; 4 d (£ (t) , M;) = 0. Similarly, we prove a () C M, for some
r € NU {oo}. Hence, lim;_,_oo d (£ (t),M,) = 0.
Since L_ > L, it is clear that » > j. As we are in the case where i) does not
hold, the fact that if V' is constant on a global solution £(¢) implies that it belongs
to a fixed M; prevents that r = j. O

Corollary 6.4. Assume the conditions of Proposition 0.5. Then the sets M;, j €
N U oo, are compact.
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Proof. By Proposition 6.3 condition (3.2) is satisfied. Then the result follows from
Lemma 4.4. O

The existence of a Lyapunov function associated to an infinite number of invariant
sets gives, as in the case of a finite number of invariants, a characterization of the
global attractor as follows.

Proposition 6.5. Let {T'(t) : t > 0} be a semigroup with global attractor A and
a disjoint family of invariant sets Mo, = {M;}32, U M in A such that M; are
isolated for j € N. Let My, be ordered with respect to the generalized Lyapunov
function V. Then

A=U52, W (M) UW" (M) -

Proof. If x € A, then x belongs to a bounded complete trajectory, so that Propo-
sition 6.3 implies 2 € W* (M) for some j € NUoo. Thus, A C U2, W (M;) U
W (M) -

Conversely, let x € W* (M) for some j € NU oo. Since M, is bounded, there
exists to such that U;<;, € (¢) is bounded, where £ (-) is a complete trajectory satisfy-
ing limy—, o d (£ (t) , M;) = 0. From the definition of a complete trajectory and the
fact that T (t) is eventually dissipative (see Remark 1.6) it follows that U;>;,€ (¢) is
also bounded. Thus, £ (+) is a bounded complete trajectory. But then £ (t) € A for
all t € R. In particular, x = £ (0) € A. O

Note that Lemma 4.5 is also a consequence of the existence of a Lyapunov func-
tional.

Proposition 6.6. Let {T'(t) : t > 0} be a semigroup with the global attractor A
and a disjoint family of invariant sets Mo, = {M;}2, U Mo, in A such that M,
are isolated for j € N. Let My, be ordered with respect to the generalized Lyapunov
function V.. Then (4.2) holds, that is, for any j € N there exists 6; such that

W (M;) N Os, (Uisj+1 M; U My) = 2.

Proof. We note that by Corollary 6.4 the sets M; are compact for j € N U oo.
First, let k; be the first integer k; > j such that Ly, > L;. We shall prove the
existence of §’ for which W* (M;) N Ost (Uizk, M; U Moo) = 2.
By contradiction assume the existence of j € N and a sequence z,, € W" (M;)
such that

| —

d(ﬂ?n, Uiziji U MOO) <

—~ 3

Then, there exists y,, € Uj>p, M; U My such that d(z,,yn) < % Since V (y,) >
Ly, > Lj, by the continuity of V' there exist n, ¢ > 0 such that
1% (Z‘n) > Lj + €.
But z, € W*"(M;) implies the existence of a bounded complete trajectory & (t)
such that & (0) = z,, and
lim_d (€ (1), M;) = 0.
By the definition of V' we have that V ({(t)) > L; + ¢ for ¢ < 0. We take then

sequences t,, — —00, Zy, € M; for which

lim d(&(tm),zm)=0.

tm——
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Since M is compact, we can assume that z, — 2o and then
lim d(&(tm),20) =0.
ty ——00

Again, by the continuity of V' we have that V (z9) > L; +¢ and V(z¢) = L, which
is a contradiction.

Further, considering a j for which k; —1 > j, we will check that there exists 5}’
such that W* (M) N O (U}
sequences x, € W" (M;), yn € Uf;;}_lMZ such that d (z,,, yn) < % We can assume
passing to a subsequence that y, € My, for all n and some k € {j +1,...,k; — 1}.
We take a bounded complete trajectory &, (¢) such that &, (0) = x,, and

lim_d (&, (1), M) = 0.

]_ile) = @&. If not, then arguing as before we obtain

We choose ¢ > 0 satisfying
O (M,)NO: (M;) =@ for all r,i € {j, ..., k; — 1},

and take n for which 1 < e. Then z,, € O.(Mjy,). Since ¢ — &, (t) is continuous, it
follows the existence of t,, > 0 such that

d(&n (—tn) , My) = ¢,
d(&, (t), M) < e for all t € (—t,,0].

We define the functions £, (t) = &, (t — t,,). Then d(&,, (0), M) =€ and &, (t,) =
. There exists a complete trajectory £(-) (see [7, Lemma 3.1]) such that up to a
subsequence &, (t) — & (t) for all t € R. We note that

V(&,(t) < Lj for all t € R,
and then by the continuity of V,

V(&(t)) < L; for all t € R.

_ We note that ¢, — +oo. Otherwise, if t,, — to, then as My, is compact, we have
€ (to) = limy oo @, = x € My, so that V (£ (to)) = L;. Hence,
V(E(t) > V(E(tg)) = Lj for all t < tq.

By the last two inequalities, we have that V(£ (¢)) = L; for all 0 < ¢ < ¢y. Also,

E(t) =T(t —t0)&(to) if t > to, so that V(€ (t)) = L, for all t > ¢y as well. From the
definition of the Lyapunov function, we obtain that £ (0) € My. But d(&,, (0), M) =
e and &, (0) — £(0) imply that d(£ (0), M) = €, a contradiction.
Hence, it is clear that
d(€(t), My,) < e for any t > 0.
On the other hand,
V(zn) =V (&, (tn) SV (&, (t) < Lj for any 0 < ¢ < t,.
Since x, — = € My, the continuity of V' implies that V (z,) — V (2) = L; and
V() =V (£1). Thus,
V(£(t)) =L, forall t > 0.
From the definition of a Lyapunov function, we have that & (t) € M;, for any ¢ > 0.

This is a contradiction, as d(&,, (0), My) = ¢ and &,, (0) — £(0).
Taking Os;, = (’)5} U (’)5;/ we obtain the required result. O
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We can now conclude our main theorem.

Theorem 6.7. Let {T(t) : t > 0} be a semigroup with global attractor A and
consider a disjoint family of invariant sets Moo = {M;}52, U M in A such that
M; are isolated for j € N. Then, the following conditions are equivalent:

1. {T'(t) : t > 0} is a generalized gradient semigroup with respect to Moo in the
sense of the Definition 5.1 and My, is ordered with respect to the respective
Lyapunov function.

2. {T'(t) : t > 0} is a generalized dynamically gradient semigroup with respect to
Mo, (as in Definition 3.4) satisfying (4.2).

3. M, is a Morse decomposition of A.

Proof. Tt is a straightforward consequence of Theorem 4.8 and Propositions 5.3, 6.3
and 6.6. ]

Corollary 6.8. Let {T'(t) : t > 0} be a semigroup with global attractor A and
consider a disjoint family of invariant sets Moo = {M;}5°, U Mo in A such that
M; are isolated for j € N. Assume that M, is a Morse decomposition of A. Then

A= U2 W (M) UW™ (M) .

Proof. In view of Theorem 6.7, {T'(t) : t > 0} is a generalized gradient semigroup
with respect to My, in the sense of the Definition 5.1 and M, is ordered with
respect to the Lyapunov function. Hence, the result follows from Proposition 6.5.

O
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