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1 Introduction

Denote by S the set of all real (R) or integer (Z) numbers and S; :=
{s€S: s>0} Let T:= Ry or Z;, X be a complete metric space and (X, T, )
be a dynamical system.

A continuous function V' : X +— R is said to be a (global) Lyapunov function
for (X, T,m) if V(w(t,z)) < V(z) for all z € X and t € T.

If 7(t,z) = x for all t > 0, then x € X is called a fixed (stationary) point of the
dynamical system (X, T, 7), and by Fiz(m) we will denote the set of all fixed points
of (X, T, ).

A dynamical system (X, T, ) with the Lyapunov function V is called a gradient
system if the equality V(7 (¢,x)) = V(x) (for all t > 0) implies = € Fiz(m).

The simplest example of gradient dynamical system is defined by the differential
equation

¥ =-VV(z) (z€R"), (1)

where V : R” — R is a continuously differentiable function and V := {0,,,...,0., }.
Indeed, if we suppose that equation (1) admits a unique solution 7(t,x) passing
through the point x € R™ at the initial moment ¢ = 0 and defined on R, then
d
SV (n(t,2)) = ~IVV(r(t,2) <0 &)
for all x € R™ and ¢ > 0. From (2) we obtain V(7 (¢,2)) < V(x) for all ¢ > 0 and if
V(n(t,z)) = V(z) for all t > 0, then from (1) we have x € Fix(r), i.e., (R", Ry, 7)
(the dynamical system generates by equation (1).
The asymptotic behavior of gradient dynamical systems is well studied (see, for
example, [2], [3, ChIII], [9, ChV], [16, ChIII], [17], [24, ChIX] and the bibliography
therein).
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The aim of this paper is to study the asymptotic behavior of a class of abstract
non-autonomous (gradient-like) dynamical systems. The paper is organized as fol-
lows. In the second section we give with the proof some (more or less) known results
for general autonomous gradient-like semi-group dynamical systems (Lemma 1).

The third section is dedicated to the gradient systems. The main result (Theo-
rem 2) of this section contains the sufficient conditions when a gradient dynamical
system admits a compact global attractor.

In the fourth section we study the gradient dynamical systems with finite number
of fixed points. For the compact dissipative gradient dynamical system we give a
description of the structure of its Levinson center (Lemma 4).

The fifth section is dedicated to the study of the relation between the set of
all fixed points and chain recurrent points (Theorem 4) for the gradient dynamical
systems admitting a compact global attractor.

In the sixth section we introduce the notion of gradient-like non-autonomous
dynamical systems. The main result of this section is Theorem 7 which contains
a description of the structure of compact global attractor for a gradient-like non-
autonomous dynamical system with minimal base.

2 Gradient-like systems

Denote by w, := {y € X : there exists a sequence {t,} C T such that ¢, — +o0
and m(tp,z) — y asn — +oo } and J := {y € X : there exist sequences {t,} C T
and {x,} C X such that t,, — +o0, x, — x and 7 (t,,x,) — y as n — 400 }.

Definition 1. A continuous function v : S — X is called a full trajectory of dyna-
mical system (X, T, ) passing through the point € X at the initial moment ¢t = 0
if v(0) =« and 7(t,v(s)) =y(t +s) for all t € T and s € S.

By ®, we denote the set of all full trajectories of (X, T, ) passing through the
point x at the initial moment and o, := {y € X : there exists a sequence t,, — —00
such that v(t,) — y}.

Definition 2. A dynamical system (X, T, 7) is said to be a gradient-like dynamical
system if it has a global Lyapunov function.

Lemma 1. Let (X, T, ) be a gradient-like dynamical system and V' be its Lyapunov
function, then the following statements hold:

1) for all x € X there exists a constant Cy € R such that V(p) = Cy, for any
P € wy if the positive semi—trajectory m(Ty,x) is relatively compact;

2) if v € &, and the negative semi—trajectory v(T_) is relatively compact, then
there exists ¢y € R such that V(q) = ¢y for all ¢ € ovy;

3) if x € X is a non-wandering point (i.e., x € JF ), then V(n(t,z)) = V() for
allt € Ts.
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Proof. Consider the continuous function ¢ : T4 — R defined by the equality v (t) :=
V(m(t,x)) for all t > 0. Since 1(t2) < 1(t1) for all t3 > ¢; and V' is upper-bounded
along trajectories of (X, T, ), then there exists thIJP V(m(t,z)) = C,. Let now

p € w,, then there exist t,, — 400 such that p = tligl 7(tn, x) and, consequently,
V(p) = lim V(n(ty,x)) = Cy.
Consider the function ¢ : T_ — R defined by the equality ¢ (s) := V(y(s)) for

all s € T_, where v € ®,. Since 1(s1) > ¥(s2) for all 57 < s9 (81,82 € T_) and
1 is upper-bounded on T_, then there exists tl}?oo V(y(t)) = ¢y. If ¢ € ay then
there exists a sequence {s,} C T_ with s,, — —oo such that ¢ = nh—>nolo (sn) and
V(g) = lim V(y(sn)) = ¢y

Let p € J;. Since J; C J: for all t € T, then we have p = lim 7(ty, %),

(tvx) n—oo
where t,, — 400 and &,, — 7(¢,z). Thus we obtain

V(p) = lim V(n(ty,2)) < lim V(i) = V(x(t,2).

In particular, V(z) < V(n(t,z)) since x € JF. On the other hand V(7 (¢, x)) < V(x)
for all x € X and ¢ > 0 and, consequently, we have V(w(t,z)) = V(z) for all
t>0. U

Let M be a subset of X. Denote by W*(M) := {z € X : there exists v € @,
such that . lim p(y(t), M) = 0}.
Remark 1. The first and second statements of Lemma 1 are well known (LaSalle’s

invariance principle).
2. The third statement is a slight modification of a result from [4, p.131].

3 Gradient systems

Definition 3. x € X is called a stationary point (fixed point, singular point) if
m(t,z) =z for all t € T.

Denote by Fiz(m) the set of all fixed points of dynamical system (X, T, ) and
J} :={p € X : there are x,, — z and t,, — +oo such that 7(t,,z,) — p}.

Definition 4. (X, T, ) is called a gradient dynamical system if there exists a Lya-
punov function V : X — R with the following property: if V(7 (t,z)) = V (z) for all
t > 0 then z € Fiz(m).

Lemma 2. Let (X,T,n) be a gradient dynamical system, then Qx = Q(m) =
Fiz(m), where Qx = J{wz: v € X} and Q(r) ={x e X: xz € J}.

Proof. The inclusions Fiz(m) C Qx C Q(w) are evident and take place for arbitrary
dynamical systems (including gradient systems too). To finish the proof of Lemma
it is sufficient to establish the inclusion Q(w) C Fix(w) for gradient systems. Let
x € Q(r), then x € J and by Lemma 1 (item 3) we have V(7 (t,z)) = V(z) for all
t > 0 and, consequently, = € Fiz(r). O
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Definition 5. A subset M C X is called bounded if its diameter d(M) :=
sup{d(p,q) : p,q € M} is finite.

Remark 2. 1. A subset M C X is bounded if and only if for every xg € X there
exists a number Cy, > 0 such that p(zg,x) < Cy, for all z € M.

2. A subset M C X is unbounded if and only if there exist a point zg € X and
a sequence {x,} C M such that p(z,,z9) — +00 as n — 0.

Let A and B be two bounded subsets from X. Denote by ((A,B) :=
sup{p(a, B) : a € A}, where p(a, B) := inf{p(a,b) : b€ B}.

Definition 6. A dynamical system (X, T, ) is said to be:

— point dissipative if there exists a nonempty compact subset K C X such that

lim p(7(t,z), K) =0 (3)

t—o0

for all x € X;

— compact dissipative if it is point dissipative and equality (3) takes pace uni-
formly with respect to z € X on every compact subset from X.

Remark 3. If the dynamical system (X, T, 7) is compact dissipative, then in X there
exists a maximal compact invariant set J (Levinson center [10, Chl]) which attracts
every compact subset from X.

Theorem 1 (see [10, Chl]). Suppose that (X, T, ) is a point dissipative dynamical
system, then it will be compact dissipative if and only if for any compact subset
K C X the set ©F :={rm(t,x): t >0, x € K} is relatively compact.

Theorem 2. Suppose that the following conditions hold:
1) (X, T,x) is asymptotically compact;

2) (X,T,n) is a gradient dynamical system and V : X +— R is its Lyapunov
function;

3) the set Fix(m) is bounded;

4) for any sequence {x,} with the property p(x,,xy) — +00 as n — oo we have
V(xy,) — 400, where xg is some point from X.

Then the following statements hold:
1) the dynamical system (X, T, ) is compact dissipative;

2) if the Lyapunov function V is bounded on every bounded subset from X, then
the Levinson center J of (X, T, ) attracts every bounded subset M from X,
i.€.,

. t o
Jim _A(x'M,J) =o.
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Proof. Let # € X be an arbitrary point. Note that the positive semi-trajectory X
of point z is a bounded set. In fact, if we suppose that it is not so, then there exist a
point zy € X and a sequence t,, — 400 such that p(7(t,,z),xg) — +00 as n — 0.
Under the conditions of Theorem we have V(7 (t,,z)) — +00. On the other hand
we have V(7 (t,,x)) < V(x) for all n € N. The obtained contradiction proves our
statement. Since the dynamical system (X, T,7) is asymptotically compact, then
the semi-trajectory X1 is relatively compact, and consequently, w, is a nonempty
compact set. According to Lemma 2 we have w, C Fiz(r). Note that the set Fix(m)
is closed and invariant. Since the dynamical system (X,T,w) is asymptotically
compact and Fiz(w) is bounded, then it is compact. Thus every semi-trajectory
Y1 of (X, T,m) is relatively compact and there exists a nonempty compact subset
K = Fiz(r) C X such that Qx C K. This means that the dynamical system
(X, T, ) is point-wise dissipative.

Let now M be an arbitrary nonempty compact subset from X. We will prove
that the positive semi-trajectory EJT/[ of the set M is relatively compact. To this
end under the conditions of Theorem it is sufficient to establish that it is bounded.
Denote by ¢ := max{V(z) : z € M} and M, := {z € X : V(z) < c}. Note that
M, is a bounded subset of X. Indeed, if we suppose that it is not true, then there
exists a point g € X and sequence {x,} C M, such that p(x,,z9) — 400 and,
consequently, V' (z,) — +o0o as n — +00. On the other hand z,, € M, and, conse-
quently, V(x,) < ¢ for all n € N. The obtained contradiction proves our statement.
Thus the dynamical system (X, T,7) is point dissipative and semi-trajectory EJT/[
is relatively compact for any compact subset M C X. By Theorem 1 (X, T, ) is
compact dissipative.

Denote by J its Levinson center and consider an arbitrary bounded subset M
from X then, under the conditions of Theorem 2, the set V(M) C R is bounded.
Now we will prove that the semi-trajectory EJT/[ is a bounded subset of X for every
bounded set M C X. Indeed, denote by ¢ := sup{V(z) : = € M}, then we have
V(n(t,z)) < V(z) < cforall z € M and ¢t > 0 and, consequently X1, C M,. Thus
the set EJT/[ is bounded and positive invariant. Since the dynamical system (X, T, )
is asymptotically compact, then the set (M) is nonempty, compact and it attracts

the set M, i.e.,
lim B(x'M,Q(M)) =0,

t——+o0

where

M) = r( M),

t>0 7>t

Since J is a maximal compact invariant of the dynamical system (X, T, 7), then
Q(M) C J and, consequently, J attracts M. The theorem is proved. O

Remark 4. Note that the second statement of Theorem 2 remains true (see Theorem
3.8.5 [16, ChIII] and [21]) if we replace the condition of boundedness of the function
V on every bounded subset from X by the following: for every bounded subset M
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from X there exists a number 7 > 0 such that the set {w(t,z): x € M, t > 7} is
bounded.

4 Gradient systems with finite number of fixed points

In this section we will study the gradient dynamical systems (X, T, ) with finite
set Fiz(m) of fixed points.

Lemma 3. Let (X, T,n) be a dynamical system and the following conditions hold:
1) every positive semi-trajectory X1 is relatively compact;
2) Qx C Fiz(m);

3) the set Fix(rm) is finite, i.e., there are a finite number of stationary points
P1,P2, -, Pm Of dynamical system (X, T,m) such that Qx = {p1,p2,.--,Dm}-

Then every point x € X is asymptotically stationary, i.e., there exists a point
p; € Fiz(m) (1 <i<m) such that

i p((t,),pi) = 0. )
Proof. Let z € X. Since ¥} is relatively compact, then the set w, is nonempty,
compact, invariant, and it attracts the point x. On the other hand w, C Qx =
{p1,p2,...,pm}. Thus there are 1 < i3 < iy < ... < i < m such that
wz = {Pi,+Pigs---, i, }- Taking into account that the set w, is dynamically un-
decomposable we conclude that the set w contains a single stationary point p; and,
consequently, we have the equality (4). O

We put A, = J{ay : v € O}, Ax = H{aw: 2 € X} and Ax = Qx |JAx.
If p € Fiz(m), then by W¥(p) :=={y € X : . lim p(y(t),p) = 0 for certain vy € @y}

we denote the unstable ”manifold” of p.
Lemma 4. Suppose that the following conditions are fulfilled:

1) the dynamical system (X, T, ) is compact dissipative and J is its Levinson
center;

2) AX - Fix(ﬂ');
3) the set Fix(m) is finite, i.e., Fix(m) = {p1,p2,---,Pm}-
Then the following equality
J = U{W“(p) : p € Fix(m)}

takes place.
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Proof. Since J is a maximal compact invariant set of (X, T, ), then Fiz(w) C J and
Wt(p) C J for all p € Fiz(w). Thus to finish the proof it is sufficient to establish
that J C (J{W"(p) : p € Fix(w)}. Since J C X is a compact invariant set, then
every motion v € ® := |J{®, : z € J} is defined on S and ® is compact with
respect to compact-open topology. Consider a two-sided shift dynamical system
(with uniqueness) (®,S,0). We note that Fiz(o) = {p1,p2,...,Pm}. The inclusion
{p1,p2,--.,pm} C Fizx(o) is evident. Thus to prove our statement it is sufficient to
show the inclusion Fiz(o) C {p1,p2,...,pm}- Let ¥ € Fix(o), then ¢(t) = ¥(0)
for all t+ € S and, consequently, ¢ € @,y and ¥(0) € ay € Ax C Fiz(r) =
{p1,02,--.,Pm}. Thus there exists a number 1 < i < m such that (0) = p; and,
consequently, ¥(t) = p; for all t € S, i.e, ¥ = p; € {p1,p2,-..,Dm}. Let z € J
and v € ®,. Denote by &, the a-limit set of the point v € ® with respect to
shift dynamical system (®,S,0). If ¥ € &,, then there exists a sequence t,, — —00
such that ¥(t) = nh_)ngo ~v(t + t,) and the last equality takes place uniformly on

every compact from S. Thus ¥(0) € ay C {p1,p2,...,pm} and ¥ € @yp). Thus
there exists a number i such that ¢(0) = p; and, consequently, ¢ = p;, i.e., &, C
{p1,p2,...,pm}. Taking into account that the set é is dynamically undecomposable
we conclude that the set &, consists of a single stationary point p; and, consequently,

, lim p(v(t),pj) = 0. Thus we have x € W"(p;) and, consequently, J C (J{W"(p) :
p € Fix(m)}. O
Remark 5. Lemma 4 remains true if we replace the condition Ax C Per(w) by
Ax C Per(m), where Ay := J{ay : v € ®(m)}.

Remark 6. The statements close to Lemma 4 (see also Remark 5) were published in
the works [3, ChIII] and [23].

Lemma 5 (see [1]). Let 2 € X and y € wy, then J C Jf = Df.

Lemma 6. Suppose that (X, T, ) is a compact dissipative dynamical system and J
is its Levinson center, then the following statements hold:

1) wy CQm) forallz € X;
2) ay =0 forally € &, and x ¢ J;
3) oy C Q(m) for ally € &y and x € J.

Proof. Let x € X. Since the dynamical system (X, T, 7) is compact dissipative, then
w, is a nonempty, compact and invariant set. If y € w,, then according to Lemma
5 we have J;f = D;f. Since y € D, then y € J;f, i.e., w, C Q).

Let now z ¢ J, v € ®, and p € o, then there exists a sequence t,, — —oo such
that p = nliilgo ~(tpn). Denote by K := {7(t,)} U{p}, then the set K is compact. Since

the dynamical system (X, T, 7) is compact dissipative and J its Levinson center, then
Q(K) is a nonempty compact set and Q(K) C J. Note that x = v(0) = w(—tn, v(tn))
and, consequently, x € Q(K) C J. The obtained contradiction proves our statement.
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Ifxe€J v¢€®,; and p € o, then there exists a sequence ¢, — —oo such that
p = lim ~v(t,). Consider the sequence {o(t,,7)} C ®. Since the space ® is compact
n—oo

(with respect to compact-open topology) without loss of generality we may suppose
that the sequence {o(t,,v)} is convergent. Denote by ¢ its limit, then ) € &, and,
consequently, ¥ € JJ . This means that there are sequence {¢,} — v and t,, — 400
such that ¢ = lim o(t,,v,). In particular, we have p = ¢(0) = lim o(¢,,1,)(0) =
n—oo n—oo

lim ¢, (t,) = lim 7(ty,,1¥,(0)). Since ¥, (0) — ¥(0) = p as n — oo, then we have
n—oo n—oo

peJf. O

Corollary 1. Suppose that (X, T, ) is a compact dissipative dynamical system and
J is its Levinson center, then we have Ax C (7).

Definition 7. Let p,q € Fiz(mw). The point p is said to be chained to ¢, written
q — p, if there exists a full trajectory v € ®, for some = ¢ {p, ¢} such that ay, = ¢
and w, = {p}. A finite sequence {p1,p2,...,pr} C Fiz(m) is called a k-chain if
p1 — p2 — ... — pi. The k-chain is called a k-cycle if pi = p1.

Definition 8. Recall that:

— a nonempty compact invariant subset M of X is said to be locally maximal
for (X, T, n) if it is the maximal compact invariant set in some neighborhood
of itself;

— a dynamical system (X, T,7) is called asymptotically compact if for every
bounded positive invariant subset B C X its w-limit set Q(B) is nonempty,
compact and

tlirglo B(m(t,B),Q(B)) =0.

Lemma 7. Suppose that the following conditions hold:
1) (X, T,x) is a compact dissipative dynamical system and J its Levinson center;
2) (X, T,n) is a gradient system and Fix(n) = {p1,02,---,Pm};
3) the set Fix(m) does not contain any 1-cycles.
Then every set M; :=={p;} (i =1,2,...,m) is locally mazimal.

Proof. We will show that every subset M; (i = 1,2,...,m) is locally maximal.
Denote by d := min{d;; : i,j =1,2,...,m and i # j}, where d;; = p(p;,p;) is the
distance between p; and p;. We will show that M; is the maximal invariant set in
B(p;,0) :={x € X : p(x,p;) <}, where 0 < 6 < d/3. Indeed, suppose that it is
not true, then there exists a compact invariant set M C B(p;, §) such that M # M.
Let x € M \ M;, then there exists a full trajectory v € ®, such that v(S) C M.
By Lemma 3 and Lemma 4 there exist points p,q € Fiz(m) such that a, = {p}
and w, = {q}. Since p,q € M C B(p;,9), then according to the choice of ¢ we
have p = g = p;, i.e., we obtain a 1-cycle p; — p;. Thus the obtained contradiction
completes the proof of Lemma. O
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5 Chain-recurrent motions

Let ¥ C X be a compact positive invariant set, € > 0 and t > 0.

Definition 9. The collection {x = zg, z1,z2, ...,z = y;to,t1,...,tr} of the points
x; € ¥ and the numbers t; € T such that ¢; > t and p(z;t;, zit1) < e (1 =0,1,...,
k—1) is called (see, for example, [7,8], [14,15] and [24]) a (&, ¢, 7)—chain joining the
points x and y.

We denote by P(X) the set {(z,y) : z,y € ¥,V e >0Vt >0 3 (e,t,7)-chain
joining x and y}. The relation P(X) is closed, invariant and transitive
[7,14,19,22,24].

Definition 10. The point z € 3 is called chain-recurrent (in ) if (z,z) € P(X).
We denote by R(X) the set of all chain-recurrent (in ¥) points from X.

Definition 11. Let A C X be a nonempty positive invariant set. The set A is
called (see, for example, [18]) internally chain recurrent if R(A) = A, and internally
chain transitive if the following stronger condition holds: for any a,b € A and any
e >0 and t > 0, there is an (g,¢,7)-chain in A connecting a and b.

The set of all chain recurrent points for (X, T,7) is denoted by R(X), i.e.,
RE) ={z € ¥ : (x,z) € P(X)}. On R(X) we will introduce a relation ~ as
follows: x ~ y if and only if (z,y) € P(X) and (y,z) € P(X). It is easy to check
that the introduced relation ~ on R(X) is a relation of equivalence and, consequently,
it is easy to decompose it into the classes of equivalence {fR) : A € L} (internally
chain transitive subsets), i.e., BR(X) = LU{R) : X € L}. By Proposition 2.6 from [7]
(see also [14] and [19,22,24] for the semi-group dynamical systems) the defined above
components of the decomposition of the set 2R(X) are closed and positive invariant.

Lemma 8 (see [18]). Let x € X, v € ®, and the positive (respectively, negative)
semi-trajectory of the point x € X is relatively compact. Then the w (respectively, «)-
limit set of the point x is internally chain-transitive, i. e., R(w,) = w, (respectively,
R(ay) = ay).

Theorem 3 (see [18]). Assume that each fized point of (X, T,n) is a locally maz-
imal invariant set, that there is no k-cycle (k > 1) of fized points, and that every
pre-compact orbit converges to some fized point of (X,T,xw). Then any compact
internally chain-transitive set is a fized point of (X, T, ).

Remark 7. 1. Theorem 3 was established in [18] for the dynamical systems with
discrete time, i.e., T C Z.

2. Theorem 3 for the dynamical systems with continuous time (i.e., Ry C T)
may be established with slight modifications of the proof of Theorem 3.2 [18] and
using some results from [19].

Theorem 4. Suppose that the following conditions hold:
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1) (X, T,x) is a compact dissipative dynamical system and J its Levinson center;
2) (X, T,n) is a gradient system and Fix(w) = {p1,p2,...,Pm};
2) the set Fixz(m) does not contain any k-cycles (k> 1).

Then R(J) = {p1,p2, - ,Pm }-

Proof. By Lemma 7 the set M; := {p;} (: = 1,m) is locally maximal.

Since Fiz(m) C R(7), then to prove this statement it is sufficient to show that
R(m) C Fix(r). Indeed, let {Rx(7) : A € A} be the family of all chain transitive
components of R(w), then R(w) = [[{Ra(7) : A € A}. By Lemma 3 and Theorem 3
for any A € A there exists a number i € {1,...,m} such that Ry(r) = {p;} and
consequently R(mw) C Fix(w). Theorem is proved. O

Remark 8. Note that using the same arguments as in the proof of Theorem 4 and
some properties of the chain current set we can establish a more general statement.
Namely, the following statement holds.

Suppose that the following conditions hold:

1) (X, T, ) is a compact dissipative dynamical system and J its Levinson center;

2) M is a closed and invariant subset of QR(7);

3) M =Upy My, Mi(\M; =0 (for all ¢ # j) and My, (k= 1,...,m) is closed
and invariant;

3) Ax C M;
4) the family M, ..., M, of subsets does not contain any I-cycles (I > 1).

Then R(J) = M.

6 Non-autonomous gradient-like dynamical systems

Definition 12. Let (X, Ty, 7) and (Y, T9, o) be two dynamical systems and Ty C Tj.
A triplet ((X,Ty,n),(Y,Ty,0),h) is called a non-autonomous dynamical system,
where h : X +— Y is a homomorphism from (X,T;,7) onto (Y, Ty, 0), i.e.,
h(m(t,x)) = o(h(x),t) for all z € X and t € T;.

Definition 13. A mapping ¢ : Y +— X is called:

1) a section of bundle space (X,h,Y) if ho ¢ = Idy, i.e., h(¢(y)) = y for all
yey;

2) an invariant section of non-autonomous dynamical system ((X, Ty, 7), (Y, Te, 0),
h) if ho¢ = Idy and ¢(o(t,y)) = n(t,p(y)) for all y € Y and ¢ € T;.
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Definition 14. A positive invariant (respectively, negative invariant or invariant)
subset M of dynamical system (X, T, ) is called dynamically decomposable if there
are two positive invariant (respectively, negative invariant or invariant) subsets M;
(1 =1,2) of M such that:

1) M1 ﬂ M2 = @;
2) M = M, | M.
Otherwise M is called dynamically indecomposable.

Definition 15. A dynamical system (X, T, ) is called minimal if H(x) = X for all
xz € X, where H(z) := {n(t,z): t € T}

Definition 16. The non-autonomous dynamical system ((X, Ty, ), (Y, Ty, 0),h) is
called gradient-like if the following conditions hold:

1) the space Y is compact and (Y, Ty, o) is minimal,

2) the dynamical system (X, Ty, 7) is compact dissipative and J is its Levinson
center;

3) there are a finite number of invariant sections ¢1, @2, ..., ¢, of non-autono-
mous dynamical system (X, Ty, ) such that Ay = [/~ ¢;(Y).

Let ((X,Ty,m),(Y,T2,0),h) be a non-autonomous dynamical system, X, :=
hl(y) ={r e X: h(z) =y} (y €Y) and p € X. Denote by Wi(p) := {z € X, :
Jim p(n(t,z), 7(t,p)) = 0} and Wy(p) := {2z € X : lim p(y(t),n(¢,p)) = 0 for
certain v € ¢, }.

Theorem 5. Let (X, T,n),(Y,T,0),h) be a gradient-like non-autonomous dynam-
ical system, then the following statements take place:

1) for ally € Y and x € Xy there exists a unique invariant section ¢; such that

lim p(w(t, z), ¢i(o(t,y))) = 0; ()

t——+o0

9) Jy = U, We(euly)) for all y €Y.

Proof. Let y € Y and z € X,,. Since (X,T,7) is compact dissipative, then the
positive semi-trajectory X3 := {m(t,z) : t > 0} of point x is relatively compact and,
consequently, its w—limit set w, is a nonempty, compact, invariant and dynamically
indecomposable set. Under the conditions of Theorem 5 we have w, C Ax =

Uit, ¢i(Y). Note that
$i(Y)[)6;(Y) =0

foralli # 7 (1 <i,j <m). In fact, if we suppose the contrary, then there are ig # jo
(1 <ip,jo < m) and yo such that ¢;,(yo) = @5, (yo). Since Y is minimal, then for
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any y € Y there exists a sequence {t,} C T such that y = tliin o(tn,yo) and,
—+00

consequently, ¢i,(y) = | 1mn_gig(o(tn 30)) = 1 _05u(0(tn,0) = doy). The
obtained contradiction proves our statement. Thus there exists a unique natural
number 1 < ¢ < m such that w, = ¢;(Y) because ¢;(Y) is a minimal set of the
dynamical system (X, T, ) and, consequently,

we [ Xy = 6i(y)

for all y € Y. Now we will establish the equality (5). If we suppose that it is not
true, then there are yg € Y, 29 € Xy, €0 > 0, and ¢,, — 400 such that

(7 (tn, o), di(0(tn, Y0))) = €o. (6)

Under the conditions of Theorem 5 we may suppose that the sequences {o(tn, o)}
and {m(t,,xo)} are convergent. Denote by y and Z their limits respectively then
from (6) we obtain Z # ¢;(y). On the other hand z € X;(ws, = {¢i(y)}, i.e.,
Z = ¢;(y). The obtained contradiction completes the proof of the first statement of
Theorem 5.

Now we will prove the second statement of Theorem 5. Let y € Y, z € W' (¢4 (y))
and v € ®,, then z € J. In fact, ¥(S) is relatively compact. Since o, C Ay C J,
then there exists a sequence 7, — —oo such that v(7,) — p € J. Since the Levinson
center J of dynamical system (X, T, 7) attracts every compact subset from X, then
in particular it attracts also the compact subset w and, consequently, we have
plx,J) = Ji_)ngop(w(—Tn,y(Tn)),J) = 0. This means that x € J. Thus to finish

the proof it is sufficient to show that J, C 2, Wy'(¢i(y)) for all y € Y. Let
yeY, e J,and v € ®,. Note that ay [ Xy # 0. In fact, let 7, — —oo such
that o(7,,y) — y. Since v(S) C J we may suppose that the sequence {v(7,)} is
convergent, then its limit p belongs to () X,. Evidently, under the conditions
of Theorem 5 we have o, (| Xy € {71(y),72(),---,Ym(y)}. Thus there are natural
numbers 1 < iy < ip < ... <1y < msuchthat oy, Xy = {7, (¥), Y2 (¥)s - - -7, (W) }
Note that the following equality
Jim - inf p(y(), di (0(ty)) =0

takes place. Suppose that it is not true, then there are ¢ > 0 and 7,, — —o0 such
that

p(V(7n), ¢y (0(Tns y))) = €0 (7)

for all [ =1,2,...,k. Under the conditions of Theorem 5 we may suppose that the
sequences {o(7,,y)} and {7(7,,)} converge. Denote by y (respectively, Z) the limit
of the sequence {o(7y,y)} (respectively, {v(7,)}), then T € Xy and = € o, (| Xy =
{7 (@), 7is (), - - -, 7, (¥)}. On the other hand, passing to the limit in (7) as n — oo
we obtain ¢ {vi, (¥), 7, (¥),---,7,(¥)}. The obtained contradiction proves our
statement. Let us show that there exists a number 1 < iy < k such that

tl}I—noo p(’Y(t)v ¢i0 (U(ta y)) =0.
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Denote by r := inf{p(¢;(v),¢;(y)) : y € Y,1 <i,j <m; i # j}. From (6) it follows
that the number r is positive. For a number ¢, 0 < ¢ < /3, we will find L(g) > 0
such that

inf{p(v(t), di (o(t,y)) : 1 <1<k} <e
for all t < —L(e). Let tg < —L(e), then there exists 1 <4, < k such that

p(v(to), ¢iy, (o(to, y))) <e.

Assume 6(tg) = sup{d : p(¥(to), &y, (o(to,y))) < e forall t € [tg — 8,t0]}. Let us
show that §(tg) = +o00. Suppose the contrary, then

p(v(to), pir, (o (to, ) > €

where t{; = tg — d(to), and there exists ko # iy (1 < ko < k) such that

p(v(to), dir, (0 (t0, ) < e.

On the other hand,

p(’Y(té))v ¢ik0 (U(t/m y))) = p(¢izo (U(t67 Y), ¢ik0 (U(t/ Y)) —
p(Pio (0t 9),7(t)) > 7 — & > 2e. (8)

Inequality (8) contradicts the assumption. So, we found L(g) > 0 and 1 < iy < k
such that

p(v(t); dig (0(t,))) < €

for all t < —L(e). Let us show that the number iy does not depend on the choice
of e. In fact, if we suppose the contrary, then we can find numbers £ and €9, natural
numbers i1 and iy (1 < 41 # iy < k), and L(e) > 0 and L(e2) > 0 satisfying the
conditions mentioned above. Assume L := max(L(e1), L(g2)), then

p(¢i (0 (t,y)), ¢i, (0 (t,y))) < p(ei, (a(t,y)),¥(t) +
p(Y(t), bir (a(t,y))) <e14e2 <2r/3 <. (9)
Inequality (9) contradicts the choice of r. Theorem is completely proved. O

Definition 17. Let (X, T, ), (Y, T,0),h) be a non-autonomous dynamical system
and Y be a compact minimal set. A compact minimal set M C X is called [20,25]
an m—fold covering of Y if card h™(y) =m for all y € Y.

Theorem 6 (see [6,20,25,26]). Let (X, T,n),(Y,T,0),h) be a non-autonomous
dynamical system and Y be a compact minimal set, then the following statements
are equivalent:

1) a compact minimal set M C X is an m—fold covering of Y;

2) (a) there exists a yo € Y such that card h='(yo) = m;
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(b) the minimal set M is distal with respect to (X, T,n),(Y,T,o0),h), i.e.,
%Ieljgp(ﬂ(t,ml),ﬂ(t,mg)) > 0 for all (x1,22) € XQX = {(z1,22) :

x1,x9 € X with condition h(x1) = h(x2)}.

Theorem 7. Let (X, T,n),(Y,T,0),h) be a non-autonomous dynamical system
satisfying the following conditions:

1) Y is a compact minimal set;

2) the dynamical system (X, T,x) is compact dissipative and J is its Levinson
center;

3) there are a finite number of minimal compact subsets M M2, ... MFCX
such that Ax C Ule M?;

4) for everyi=1,2,... k there exists a natural number m; such that cardMé =
m; for all y € Y, where My := h(y).

Then the following statements take place:

1) for ally € Y and x € X, there exist a unique natural number 1 <i <k and a
point p; € M?j such that x € W7 (pi), i.e.,

lim p(w(t, x),7(t,pi)) = 0; (10)

t—+o00
2) Jy=UiL, U Wi(p) forallyeY.
peM?j'

Proof. This statement can be proved with slight modification of the proof of
Theorem 5. ]

Definition 18. The point = of dynamical system (X,T,7) is called 7 (7 € T)
periodic if ®, contains a motion 7 such that y(t + 7) = v(t) for all t € S.

Denote by Per(m) the set of all periodic points of (X, T,w), W*(p) = {z €
X lim p(w(t, @), 7(t,p)) = 0f and W*(p) := {z € X lim p(y(t),7(t,p)) =
0 for certain v € ®,}.

Corollary 2. Suppose that (X, T, ) is an autonomous dynamical system with dis-
crete time (i.e., T C Z) and the following conditions are fulfilled:

1) the dynamical system (X, T, ) is compact dissipative and J is its Levinson
center;

2) the set Per(m) contains a finite number of points, i.e., Per(w) = {p1,p2, .-,
pm};

3) Ax C Per(m).
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Then the following statements hold:

1) for all x € X there exists a unique natural number 1 < i < m such that
v e Wi(pi), i e.,
lim p(w(t,z), n(t,p;)) = 0;

t——+o0

2) J=UZ W(pi).
Proof. Formulated statements directly follow from Theorem 7. O

Remark 9. If the dynamical system (X, T, ) with continuous time (i.e., T =R or
T =R, ) admits at least one nontrivial periodic point, then:

1. Per(m) contains a continuum subset. In fact, if p € Per(w) is a 7—periodic
point, then 7(t,t1) # m(te,p) for all t1,t5 € (0,7) (t1 # t2) and, consequently,
{n(t,p) : t €[0,7]} C Per(m) and {x(t,p) : t € [0,7]} is homeomorphic to
[0, 7].

2. Corollary 2 does not take place.

The last statement (second item of Remark 9) can be confirmed by the following
example.

Example 1. Let us consider the dynamical system defined on the plane R? by the
following rule. Let the origin O(0,0) be a stationary point, the unit circumference
S1 be the trajectory of the periodic motion with the period 7 = 1. The rest of
motions will be not singular. And besides we assume that every semi-trajectory %
is not un. st. £¥X} for every point € R?\ (S' U O). The described dynamical
system is given by the system of differential equations which in polar coordinates
looks as the following:
P = (r—1)
{ p=r.

It is easy to see that w-limit set of the point x is a trajectory of 1-periodic point
for all z € R?\ O, but the point z itself is not asymptotically 1-periodic, since

Y1 is not un.st. L£TXF (see Theorem 1.3.1 from [11]). In this example we have
Ax = Stu{0}.
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