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Abstract. The paper is dedicated to the study of problem of Poisson stability (in
particular periodicity, quasi-periodicity, Bohr almost periodicity, almost automorphy,
Levitan almost periodicity, pseudo-periodicity, almost recurrence in the sense of Be-
butov, recurrence in the sense of Birkhoff, pseudo-recurrence, Poisson stability) and
asymptotical Poisson stability of motions of monotone non-autonomous differential
equations which admit a strict monotone first integral. This problem is solved in the
framework of general non-autonomous dynamical systems.
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1 Introduction

In this paper we study the problem of Bohr/Levitan almost periodicity, almost
automorphy, almost recurrence in the sense of Bebutov, recurrence in the sense of
Birkhoff and Poisson stability of solutions of monotone non-autonomous differential
equations

'(t) = f(t, (1)) (1)

having a strongly monotone first integral. We show that under some conditions
every bounded on semi-axis solution of equation (1) has a limiting regime which has
the same character of recurrence in time ¢ as the right-hand side f of equation (1).

These types of problems for Bohr almost periodic differential equations were
studied by many authors [26, 34, 38] (see also the bibliography therein) and for
periodic/almost periodic difference equations in the works [17,24].

We solve this problem in the framework of abstract non-autonomous dynamical
systems with discrete time.

Our paper is organized as follow.

In the second section we collect some notions and facts from the non-autonomous
dynamical systems: cocycles, skew-product dynamical systems, some semigroups
related with non-autonomous dynamical systems, Poisson stable motions and their
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comparability by character of recurrence, monotone non-autonomous dynamical sys-
tems.

The third section is dedicated to the study the asymptotic behavior of monotone
non-autonomous dynamical systems having a strict monotone first integral.

In the fourth section we study different classes of Poisson stable (periodic, almost
periodic, almost automorphic, almost recurrent, recurrent, pseudo-periodic, pseudo-
recurrent and Poisson stable) and asymptotically Poisson stable motions of non-
autonomous dynamical systems admitting a strict monotone first integral.

The fifth section is dedicated to some applications of our general results obtained
in the third and fourth sections to the study of asymptotic behavior of solutions
of monotone non-autonomous differential equations having a strict monotone first
integral.

2 Some general properties of non-autonomous dynamical systems

In this section we collect some notions and facts from the non-autonomous dy-
namical systems [7] (see also [10, Ch.IX]) which we will use below.

2.1 Cocycles.

Let Y be a complete metric space, R (Z) be a group of real (integer) numbers,
Ry (Z4) be a semigroup of nonnegative real (integer) numbers, S be one of two
sets Ror Z and T C S (S; € T) be a subsemigroup of additive group S, where
Sy :={se€S: s>0}. Let (Y,S,0) be an autonomous two-sided dynamical system
on Y and E be a real or complex Banach space with the norm | - |.

Definition 1. (Cocycle on the state space F with the base (Y,Z,0)). The triplet
(E,¢,(Y,S,0))(or briefly ¢) is said to be a cocycle (see, for example,[10] and [25])
on the state space E with the base (Y,S, o) if the mapping ¢ : Sy XY x E — FE
satisfies the following conditions:

1. ¢(0,u,y) =ufor allu € E and y € Y
2. ¢(t+T1,u,y) = o(t,o(1,u,y),0(r,y)) forall t, 7 € S;,u € E and y € Y,
3. the mapping ¢ is continuous.

Definition 2. (Skew-product dynamical system). Let (E, ¢, (Y,S, o)) be a cocycle
on £, X := E xY and 7 be a mapping from S; x X to X defined by equality
T = (¢,0), i.e, 7(t, (u,y)) = (¢p(t,w,u),o(t,y)) for all t € S, and (u,y) € E x Y.
The triplet (X,Sy,7) is an autonomous dynamical system and it is called [25] a
skew-product dynamical system.

Definition 3. (Non-autonomous dynamical system.) Let Ty C Ty be two sub-
semigroups of the group S, (X, Ty, 7) and (Y, Ty, 0) be two autonomous dynamical
systems and A : X — Y be a homomorphism from (X,Tq,7) to (Y, Ty, 0) (ie.,
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h(n(t,x)) = o(t,h(zx)) for all t € Ty, x € X and h is continuous), then the triplet
(X, Ty,7), (Y, Tq, 0),h) is called (see [3] and [10]) a non-autonomous dynamical
system.

Example 1. (The non-autonomous dynamical system generated by cocycle ¢.) Let
(E,¢,(Y,S,0)) be a cocycle, (X,S;,m) be a skew-product dynamical system (X
ExY,m=(¢,0)) and h = pry : X — Y, then the triplet ((X,S;,7), (Y,S,0),h) is
a non-autonomous dynamical system.

We give below some general facts about non-autonomous dynamical systems
without proofs. The readers can find more details and the proofs in [7] (see also [11,
Ch.III]).

Definition 4. The point y € Y is called positively (respectively, negatively) stable
in the sense of Poisson if there exists a sequence ¢t — 400 (respectively, tx — —o0)
such that o(tg,y) — y. If the point y is Poisson stable in the both directions, in this
case it is called Poisson stable.

Denote by M, = {{tx}| o(tx,y) — y}, NS> = {{trx} € M| tx — +oo} and
N, = {{tx} € Ny| tx — —oo}.

Definition 5. Let (X,h,Y) be a fiber space [18], i.e., X and Y be two metric
spaces and h : X — Y be a homomorphism from X into Y. The subset M C X
is said to be conditionally precompact [7, 10, 11] if the pre-image h=*(Y')(\ M of
every pre-compact subset Y/ C Y is a pre-compact subset of X. In particularly
M, = h=}(y)(\ M is a precompact subset of X, for every y € Y. The set M is
called conditionally compact if it is closed and conditionally precompact.

Let ((X,T,n),(Y,S,0),h) be a non-autonomous dynamical system and y € Y
be a positively Poisson stable point. Denote by

Er={& IHte} €M, such that ='*|x, — &},

where X, := {z € X| h(zr) =y} and — means the pointwise convergence.

Let XX denote the Cartesian product of X copies of the space X equipped with
Tykhonov topology. The set XX can be provided with a semigroup structure with
respect to composition of the maps from X* (for more details see, for example,[3,
ChlI] and [15]).

Lemma 1. [11, ChIII] Suppose that the following conditions are fulfilled:

1. y €Y is a two-sided Poisson stable point;
2. (X,S,n), (Y,S,0),h) is a two-sided non-autonomous dynamical system;
3. X is a conditionally compact space;

4.
%gg p(z1t, zat) >0

for any x1,20 € Xy (21 # 22).
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Then the following statement hold:
1. & and 5; are subgroups of the semigroup &,;

2. for any pair of points x1,x0 € X, with x1 # xo there are some sequences
{t;, } € N, and {t;} € NS> such that

lim 7(t5, ;) = a; (i =1,2).

k—o0

Definition 6. Let (E, ¢, (Y,S,0)) (respectively,(X,S;,m)) be a cocycle (respec-
tively, one-sided dynamical system). The continuous mapping v : S — E (re-
spectively, v : S — X) is called an entire trajectory of cocycle ¢ (respectively, of
dynamical system (X,Si,7)) passing through the point (u,y) € E X Y (respec-
tively, x € X) for t = 0 if ¢(¢t,v(s),0(s,y)) = v(t + s) and v(0) = u (respectively,
m(t,y(s)) =v(t+s) and v(0) = z) for all t € S;and s € S.

Denote by

— C(S, X) the space of all continuous functions f : S — X equipped with the
compact-open topology;

— @, the family of all entire trajectories of (X,S, ) passing through the point
x € X at the initial moment t =0 and & := (J{P, : =z € X}.

Remark 1. Note that:

1. the compact-open topology (which coincides, in this case, with the point-wise
convergence) on the space C(S, X) is metrizable, for example, by distance

1 di(
; 201+ di(p, ) ¢) ’
where d;(g, 1) := max p(p(t),1(t));

|t <i

2. if v € @, then 7 € Pr(;,), where 77 (t) := (t + 7) for any ¢ € S and,
consequently, @ is a translation invariant subset of C(S, X);

3. if v, € &, and 4, — v as k — oo in C(S, X) then v € ®,, where z := lim

k—o00
and, consequently, ® is a closed subset of C(S, X).
2.2 Structure of the w—limit set

Let zp € X. Denote by w,, the omega-limit set of the point xg, i.e., wy, = {z €
X : there exists a sequence {t} such that t; — +o00 as k — oo and klim 7(tg, o) =
—00
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Theorem 1. [11, Ch.IlI],[12] Let ((X,S4,7),(Y,S,0),h) be a non-autonomous dy-
namical system, xo € X, X} = {n(t,xg) : t > 0} be a conditionally precompact set
and wy, # 0, where yo := h(xg). Then the following statements hold:

1. wyy (N Xq # 0 for any q € wy, and, consequently, wy, # 0;

2. h(wgy) = wy,;

3. the set wy, is conditionally compact;

4. m(t,wi) = wg(gt’q) for any t € Sy and q € wy,, where wiy = wa, () Xy;
5. Wy, 15 tnvariant, i.e., T(t, wy,) = wa, for any t > 0.

Let ((X,Sy,7),(Y,S,0),h) be a non-autonomous dynamical system.

Definition 7. A subset A C X is said to be uniformly stable in the positive direction
if for arbitrary e > 0 there exists 0 = d(¢) > 0 such that p(z,a) < (a € A, z € X
and h(a) = h(x)) implies p(7(t, x), 7 (t,a)) < € for any ¢ > 0.

A point xg € X is called positively uniformly stable if the set X} = {7 (t,xo) :
t >0} is so.

Let (C (S, X),Z, )\) be the shift dynamical system (Bebutov’s dynamical system
[3,10,25,30]) on the space C(S,X). By Remark 1 @ is a closed and invariant (with
respect to shifts) subset of C(S, X) and, consequently, on ® a shift dynamical system
(®,S, \) induced by (C(S,X),Z,)\) is defined.

2.3 Poisson stable motions and their comparability by character of
recurrence

Let (X,S,7) be a dynamical system.

Definition 8. A number 7 € S is called an € > 0 shift of x (respectively, almost
period of z) if p(z7,x) < e (respectively, p(z(T +t),xt) < ¢ for all t € S).

Definition 9. A point z € X is called almost recurrent (respectively, Bohr almost
periodic) if for any £ > 0 there exists a positive number [ such that at any segment
of length [ there is an e shift (respectively, almost period) of point = € X.

Definition 10. If the point z € X is almost recurrent and the set H(z) :=
{zt | t € S} is compact, then x is called recurrent.

Definition 11. A point z € X of the dynamical system (X,S, ) is called Levitan
almost periodic [22](see also [3,8] and [21]) if there exists a dynamical system (Y,S, o)
and a Bohr almost periodic point y € Y such that 91, C N,.

Definition 12. A point x € X is called stable in the sense of Lagrange (st.L), if its
trajectory {m(t,x) : t € S} is relatively compact.
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Definition 13. A point x € X is called almost automorphic in the dynamical
system (X, S, ), if it is st.L and Levitan almost periodic.

Definition 14. A point x € X is said [9, Chl],[13] to be asymptotically station-
ary (respectively, asymptotically 7-periodic, asymptotically quasi-periodic, asymp-
totically Bohr almost periodic, asymptotically almost automorphic, asymptotically
recurrent, asymptotically Levitan almost periodic, asymptotically almost recurrent,
asymptotically Poisson stable) if there exists a stationary (respectively, T-periodic,
quasi-periodic, Bohr almost periodic, almost automorphic, recurrent, Levitan almost
periodic, almost recurrent, Poisson stable) point p € X such that
Jim p(n(t,z), 7(t, p)) = 0.
We will present here some notions and results stated and proved by B. A.

Shcherbakov [30]-[33] (see also [11, Ch.I]).
Let (X,S,7) and (Y,S,0) be two dynamical systems.

Definition 15. A point z € X is said to be comparable with y € Y by the character
of recurrence if for all ¢ > 0 there exists a 6 = §(g) > 0 such that every d—shift of y is
an e—shift for z, i.e., d(o(7,y),y) < ¢ implies p(7(7,x),x) < &, where d (respectively,
p) is the distance on Y (respectively, on X).

Denote by 9° := {{tx} € N, : such that t; — oo as k — oo}.
Theorem 2. The following conditions are equivalent:

1. the point x € X is comparable with y by the character of recurrence;

2. Ny C Ny

3. 912 C .

Denote by M, 7 := {{tx} C Z such that {m(ty,z)} — = as k — oo}.

Theorem 3. Let x be comparable with y € Y. If the point y € Y 1is stationary
(respectively, T—periodic, Levitan almost periodic, almost recurrent, Poisson stable),
then the point x € X 1is so.

Definition 16. A point x € X is called uniformly comparable with y € Y by
character of recurrence if for all € > 0 there exists a 6 = d(¢) > 0 such that every
d—shift of o(t,y) is an e-shift for 7(¢t,x) for all ¢t € Z, i.e., d(o(t + 7,y),0(t,y)) < I
implies p(7(t + 7,2),z) < ¢ for all t € S (or equivalently, d(o(t1,y),0(t2,y)) < ¢
implies p(7(t1,z), w(te,z)) < € for all t1,t2 € S).

Denote by M, := {{tx} CZ : such that {m(ty,z)} converges }.

Definition 17. A point z € X issaid [6,9,11] to be strongly comparable by character
of recurrence with the point y € Y if M, C M.
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Theorem 4. Let y be stable in the sense of Lagrange. The inclusion M, C M,
takes place, if and only if the point x is stable in the sense of Lagrange and the point
x is uniformly comparable by character of recurrence with y.

Theorem 5. Let X and Y be two complete metric spaces, the point x be uniformly
comparable with y € Y by the character of recurrence. If the point y € Y is recurrent
(respectively, almost periodic, almost automorphic, uniformly Poisson stable), then
so is the point x € X.

Below we present some generalization of B. A. Shcherbakov’s results concerning
the comparability of points by the character of their recurrence (more details see
in [4,5] and also [11, Chl]).

Let Ty € Ty be two sub-semigroups of group Z (T; = S or S; and i = 1,2).
Consider two dynamical systems (X, Ty, 7) and (Y, Te,0).

Let 9> = {{tx} € M, : such that tx — 400 as k — oo} and N> =
{{tr} € N, : such that t;, — 400 as k — o0o}.

Denote by MFo¢ := {{t} € MF*>°: such that o(ty,y) — g as k — oo},

Theorem 6. Let y € wy, then the following conditions are equivalent:
a. ‘.YIZO C e,
b Mo C MF,

Theorem 7. Let y € wy, then the following conditions are equivalent:
a. M2 C M and NT° C N5

b. OMF° C IMF and N> C NI,

2.4 Monotone Non-autonomous Dynamical Systems

Recall that a Banach space E is ordered if it contains a closed convex cone P,
that is, a non-empty closed subset P satisfying P+ P C P, AP C P for all A > 0,
and P((—P) = {0}.

Assume that (F, P) is an ordered Banach space with I'nt(P) # (). For uy,us € E,
we write u; < ug if ug —ug € Py up < wg if ug —up € P\ {0}; up < ug if
ug —uy € Int(P). Given uy,uy € P the set [uj,us] := {u € E| uy < u < ug} is
called a closed order interval in P, and we write (u1,ug) := {u € E| u1 < u < ua}.

A subset U of F is said to be order convex if for any a;b € U with a < b, the
segment {a + s(b—a)| s € [0,1]} is contained in U. And U is called lower-bounded
(resp. upper-bounded) if there exists an element a € F such that a < U (resp.
a > U). Such an a is said to be a lower bound (resp. upper bound) for U. A lower
bound « is said to be the greatest lower bound (g.l.b.) or infimum if any other lower
bound a satisfies a < «. Similarly, we can define the least upper bound (l.u.b.) or
supremum.

Let V = [0;b]x with b > 0 or V = P, and furthermore, V' be an order convex
subset of F.
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Let (X, h,Y) be a local-trivial and normed vector bundle [18] with the norm | - |
and V C X be a nonempty closed subset possessing the following properties:

1. h(V)=Y;

2. V, := VX, is a closed convex cone, that is, a non-empty closed subset V},
satisfying V,, + V;, C V,, AV, C V,, for all A > 0, and V,, ((—V,)) = {6,} for any
yey.

We will use the order relation on (X,h,Y). We write 1 < zo (respectively,
x1 <z or 1 K x2) if h(x1) = h(x2) =y and xo — x1 € V}, (respectively, o — 21 €
Vy \ {8y} or zo — z1 € Int(Vy)).

Definition 18. A non-autonomous dynamical system ((X,Sy,7), (Y,S, o), h) is said
to be monotone (respectively, strictly monotone) if z; < xy (respectively, x1 < z2)
implies 7(t,z1) < w(t,x2) (respectively, 7(t,z1) < w(t,x2)) for any ¢t > 0.

Recall that a forward orbit {m(t,z0)| ¢t > 0} of non-autonomous dynamical
systems ((X,Zy,7),(Y,Z,0),h) is said to be uniformly stable if for any ¢ > 0,
there is a § = d(¢) > 0 such that p(w(tg,x), 7(to,x0)) < ¢ (h(x) = h(zg)) implies
d(m(t,x), m(t,z0)) < € for every t > to.

Below we will use the following assumptions:

(C1) For every compact subset K in V C X and y € Y the set K, := h™'(y) K
has both the greatest lower bound (g.1.b.) oy (K) and the least upper bound

(Lub.) B,(K).

(C2) For every x € X, the semi-trajectory X} := {m(t,z) : ¢ > 0} is conditionally
precompact and its w-limit set w, is positively uniformly stable.

(C3) The non-autonomous dynamical system ((X,S;, ), (Y,S, o), h) is monotone.
Lemma 2. [12] Suppose that the following conditions are fulfilled:

1. the points x,xo € X with h(x) = h(xg) are prozimal, i.e., there is a sequence

ty — +00 as k — oo such that klim p(m(ty, ), m(tg, o)) = 0;
—00
2. the points xg € X is uniformly positively stable.
Then the points x, o are asymptotic, that is, . liIJZl p(m(t,x), m(t, z9)) = 0.
— 400

Lemma 3. [12] Assume that (C1)—(C3) hold, xo € X such that wy, is positively
uniformly stable. Let K := wy, be fizred and yo := h(xo). Then if ¢ € wy C wy,,

aq = ag(K), K' 1= wg,, then the set K] = wa, (X, (respectively, wg, (N X,)
consists of a single point ~y, (respectively, dq), i.e., K(} = {vq} (respectively, {3,}).

Theorem 8. [12] (Comparability) Assume that (C1)—(C38) hold, zo € X such that
Wz, 18 positively uniformly stable and yo := h(xo). Then the following statements
hold:
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1. if yo € wy,, then the point vy, (respectively, By,) is comparable by character of
recurrence with yo, i.e., N> C ‘ﬁj/'yio and

Jim p(m(t, ey ), 7t 7)) = 0 -
Corollary 1. Under the conditions (C1) — (C3) if the point yo is T-periodic (re-
spectively, Levitan almost periodic, almost recurrent, almost automorphic, recurrent,
Poisson stable), then:

1. the point 7y, is so;

2. the point oy, is asymptotically T-periodic (respectively, asymptotically Levitan
almost periodic, asymptotically almost recurrent, asymptotically almost auto-
morphic, asymptotically recurrent, asymptotically Poisson stable).

Definition 19. A point x¢ € X is said to be:

— pseudo-recurrent [29,33,35] if for any € > 0, p € X5, := {n(t,z9) : t € S} and
to € S there exists L = L(e, ty) > 0 such that

B(p, E) ﬂﬂ'([tOvtO + L],p) 7é wa

where B(p,e) :={z € X : p(p,x) < ¢} and 7([to,to + L],p) := {n(tp) : t €
[to, to + L]};

— uniformly Poisson stable [1] (or pseudo-periodic [2, Chll,p.32]) if for arbitrary
e > 0 and [ > 0 there exists a number 7 > [ such that p(7w(t+7,2),7(t,x)) < €
for any t € S.

Remark 2. 1. Every recurrent (respectively, uniformly Poisson stable) point is
pseudo recurrent. The inverse statement, generally speaking, is not true.

2. If zg € X is a pseudo-recurrent point, then p € w,, for any p € H(xo).

3. If zp is a Lagrange stable point and p € w,, for any p € H(zo), then the point
xo is pseudo-recurrent.

Definition 20. A point x € X is said to be strongly Poisson stable if p € w), for
any p € H(z).

Remark 3. Every pseudo-recurrent point is strongly Poisson stable. The inverse
statement, generally speaking, is not true.

Theorem 9. [12] (Strong comparability) Assume that (C1)-(C3) hold, z¢o € X
and yo := h(xg) € Y is strongly Poisson stable. Then the following statements hold:

1. the point vy, (respectively, é,,) is strongly comparable by character of recur-
rence with yo, i.e., M} > C E)ﬁf{y‘(’)o and
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tl}?oo p(m(t, oy ), m(t vy,)) = 0.
Corollary 2. Under the conditions (C1) — (C3) if the point yo is T-periodic (re-
spectively, quasi-periodic, Bohr almost periodic, recurrent, pseudo-recurrent and La-
grange stable, pseudo-periodic and Lagrange stable), then:

1. the point uy, is so;

2. the point o, is asymptotically T-periodic (respectively, asymptotically quasi pe-
riodic, asymptotically Bohr almost periodic, asymptotically recurrent, asymp-
totically pseudo-recurrent, asymptotically pseudo-periodic).

Remark 4. 1. If the point yp is recurrent (in the sense of Birkhoff), then Corollary
2 coincides with the results of the work of J. Jiang and X.-Q. Zhao [20].

2. In the works of B. A. Shcherbakov [27,29],[30, ChV, Example 5.2.1] examples
of pseudo-recurrent and Lagrange stable motions which are not recurrent (in the
sense of Birkhoff) were constructed.

Definition 21. A point z € X is said to be asymptotically strongly Poisson stable
if there exists a strongly Poisson stable point p € X such that thIJP p(m(t,x),
— T 00

7(t,p)) = 0.

3 Convergence in Non-autonomous Dynamical Systems with a
Strict Monotone First Integral.

In this section we study the asymptotic behavior of monotone non-autonomous
dynamical systems having a strict monotone first integral.

Lemma 4. [4] Let (W, ¢, (Y,S,0)) be a cocycle and ((X,S4+,7),(Y,S,0),h) be a
non-autonomous dynamical system associated by cocycle p. Suppose that xy =
(uo,y0) € X :=W xY and the set QZLO w) = {p(t,up,yo) | t € S+} is compact.

Then the set HT (xg) := {m(t,z0) | t € S;} is conditionally compact.

Definition 22. A continuous function V : X — R is said to be a first inte-
gral for dynamical system (X,T,7) (respectively, for the cocycle (E, ¢, (Y,S,0)))
if V(n(t,x)) = V(x) (respectively, V(o(t,u,y),o(t,y)) = V(u,y)) for any =z € X
(respectively, x = (u,y) € X =E xY)and t € T.

Definition 23. Let ((X,S;,7),(Y,S,0),h) be a monotone non-autonomous dy-
namical system. A first integral V' of dynamical system (X,S,,7) is called strictly
monotone if 1 < xg (h(z1) = h(x2)) implies V(z1) < V(z2).

Theorem 10. Assume that (C1)—(C3) hold, V is a strictly monotone first integral
of dynamical system (X,S4+,m) and xo € X is a point of X such that wy, is positively
uniformly stable. Let K := wy, be fized and yo = h(xo).

Then the following statements hold:
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1. if q € wy, is Poisson stable (in the both directions), ag = ag(K), K := wa,
then the set K; = Wa, (1 Xy (respectively, wg, [ Xy) consists of a single point
Vq (respectively, 8,), i.e., Kj ={vq} (respectively, {6,});

2. Vg < Qq Sﬂq S(sq;

3.
Vg = Qq (2)
and

g = 0q- 3)

Proof. The first and second statements of Lemma follow from Lemma 3.
We will establish the third statement. We only prove equality (2) since a similar
argument applies to (3). For any ¢ € wy, and = € wi, := wy, (1 h~1(q) we have

g <x

and hence
7TtOéq < iz

for any ¢ > 0. By Theorem 1 7wlwf, = wgétm for all ¢ € S; and, consequently, we

obtain
mla, < Vo(tq) < i (4)

for any t > 0 and x € wgo.

Now we will prove that 7, = a4. Let @ € wi; be an arbitrary point, then there
is a sequence {t;} € M such that

m(tg, ko) — = as k — oo.

Since K = wy, is conditionally compact we can suppose that the sequence 7 (¢, -) ‘ K

q
is pointwise convergent and denote by £ its limit. Note that £ € 5; *© and taking
into account that by Lemma 1 5; °° is a group, then {(K,) = K,. Thus, for any
point z € K, and £ € 5;00 there exists a (unique) point & € K, such that {(Z) = x.

By (4) we have

mha, < n'*F (5)

for any k£ € N.
Passing to the limit in (5) as k — oo we obtain

dq S z, (6)

where &, = £(ay) and = = £(Z). Since z is an arbitrary point from K, = wf,, then
from (6) we obtain
aq < ag.
Note that V(&) = klim V(rttag) = V(ay), h(ag) = h(ay) = ¢ and V is a strictly
—00
monotone first integral, then we conclude that &; = a4. On the other hand &, €
Wa, h~1(q) = {~,} and, consequently, oy = 7,. Theorem is completely proved. [



50 DAVID CHEBAN

Below we suppose that the non-autonomous dynamical system ((X,S,, ),
(Y,S,0), h) is finite-dimensional, i.e., (X,h,Y’) is a real finite-dimensional vecto-
rial fiber with the fiber R™. This means that for every point y € Y there exists a
neighborhood U (y € U) such that h=(U) is isomorphic to R™ x U.

Let P: X — X be a projection, i.e., P(X,) C X, for any y € Y and P? = P.
Let P, : X — X (i =1,...,n) be one-dimensional (i.e., P;(X,) is one-dimensional
subspace of X, for any y € Y') projection such that P;,P; = © and P +...+ P, =1,
where ©,1 : Y — X are such that ©y(x) = 0 and I,(z) = x for any y € ¥ and

r € Xy.
Let z!,2% € X. We will write 2! <; 22 (i = 1,...,n) if h(z!) = h(2?), z' < 2?
and z} < 22, 7; := Pi(z) and x = (71,...,2,) € X.

Condition (C4): A non-autonomous dynamical system ((X,S;,7), (Y,S,0), h) is
said to be componentwise monotone if it is monotone and if #! <; 2% (h(z!) = h(z?))
implies 7(t, z') <; w(t,22) for any t >0 (i = 1,2,...,n).

Denote by 2% the family of any compact subsets of X equipped with the Haus-
dorff metric.

Definition 24. Let K € 2¥ and £ C K% be a compact subsemigroup. A subset
A C K is said to be:

— E-invariant if AE C A, where AE = |J{AL : £ € £} and A€ = {z€ =
{(z)] = € A}

— E-minimal if M is nonempty, E-invariant, closed and it does not contain an
own closed E-invariant subset.

Lemma 5. [11, Ch.IV] If A C K is a compact and E-invariant subset, then A
contains a nonempty compact €-minimal subset M C A.

Theorem 11. Assume that (C1)—(C4) hold, V is a strictly monotone first integral
of dynamical system (X,Sp,m) and xo € X. Let K 1= wy, be fized and yo € wy,,
where yo := h(xg).

Then the following statements hold:

1. Yy = Oy € Wy (@1 = 6(1 S on);

2.
tlg—noo p(r(t, o), 7(t, ayo)) = 0.

Proof. Since EIO is conditionally compact and yo € wy,, then the set wy = wy, [ Xy,
is nonempty and compact. By Lemma 5 there exists a compact 5;500 minimal subset
M,, C w¥. Denote by M = H(M,,) := {m(t,My,) : t € S;}. It is not difficult to
check that M is the smallest conditionally compact invariant set containing M.

We will show that M X,, = M,,. To prove this equality it is sufficient to
establish the inclusion M) X,, C M,, because the reverse inclusion is evident. If
Yo is a periodic point, then this statement is evident. Taking into account this fact
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without loss of generality we can suppose that is not periodic. Let z € M [ X,,,
then z € X, and there exist sequences {t} € M/ and {z}} € My, C wiy such
that

x = lim 7(tg, zx) . (7)

k—oo
Since {z} C My, and M, is a compact subset of w¥3, then without loss of generality
we can suppose that the sequences {z}} and {ﬂ'tk‘wyo} converge. Denote by z :=
o

lim zj and
k—o0

€:= lim 7| 4.
k—o0 Wz

The convergence in the last equality is pointwise. Since the set wy, is positively uni-
formly stable, then {7’} converges to & uniformly on w%). This means, in particular,
that the map £ : w¥) — wyy is continuous and

Jm p(m(ty, 2), € (2x)) = 0. (8)
Hence, we have
p(§(@), m(ty, zk)) < p(€(Z),&(xk)) + p(§(@k), 7(tr, 2k)) (9)
for any k € N. Passing to the limit in (9) as k& — oo and taking into consideration
(8) and the continuity of € on w49 we obtain
£(x) = kh—{rolow(tk’:pk) . (10)

From (7) and (10) we obtain x = £(Z) € {(M,,) C My, i.e., M Xy, = My,.

Let Gy, := ayy(M). By Lemma 3 the set wg, [ Xy, consists of a single point
{Ay} and by Theorem 10 we have the equality d,, = Jy,-

It follows that for each i = 1,...,n, there is z* € M, such that

xi = Pi(dyo) . (11)
By Theorem 1, we have
T a1y, = Gy (12)
for any t € S;. Note that '
Oty < 'a (13)
and , .
Pi(x'ay-1y,) = Pi(diyy) = o = P(x'n'a). (14)
By Condition (C4), '
Pi(Gg-ty,) = Pi(m~"a") (15)

for any ¢t € S;. Since My, is a £ minimal subset of wfj and £ = &, %, then
for any i = 1,...,n there exists £’ € £, ° such that {'(z*) = x. On the other hand
for £ € £,° there exists a sequence {t} } € M, °° (i =1,...,n) such that

t

z = lim 7z’ foranyi=1,...,n. (16)

k—oo
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From (11)-(16) we have
Pi(ay,) = Pi(¢'(z")) = Pi(v) YVox € My, and i=1,...,n,

ie., oy, =« for any x € M,,. This means that My, = {&,,}.
Let now t;, — +oo such that w'*zg — ay, € My, C w¥ as k — oo. Since
Yo € wy,, then it is easy to see that {t,} € N> C ‘ﬁg;;; Then we obtain

p(ﬂ-(tk’ l‘o), w(tkv dyo)) < p(ﬂ-(tk’ l‘o), dyo) + p(dyo’ ﬂ-(tk’ dyo)) (17)

for any k € N. Passing to the limit in (17) as & — oo and taking into account the
arguments above we obtain

T p(r(t, 20), 7t yo)) = 0. (18)

Note that d,, € My, C w¥) and, consequently, Wa,, C wa,- Taking into considera-
tion that the set wy, is positively uniformly stable and equality (18), by Lemma 2
we obtain

tl}?oo p(ﬂ'(t, 1’0), W(t7 ayo)) =0
and, consequently, wg, = wy,. This means, in particular, that dy, = a,. Theorem
is completely proved. O

Let U CR™, V € CY(U,R) and denote by VV := (a—v ..,%).

o0xr1’ "
Lemma 6. Assume that the following conditions are fulfilled:
(1) (R, ¢, (Y,S,0)) is a monotone cocycle;

(ii) there exists a first integral H € C1(R%,R) for cocycle ¢ with VH(x) > 0 for
any x € R”;

(iii) p(t,u0,y0) ((uo,y0) € R xY) is a bounded motion of the cocycle .
Then ¢(t,ug,yo) is positively uniformly stable.

Proof. This statement may be proved using the same ideas as in the proof of Lemma
3.1 from [34]. Below we will present the details of this proof. Let e := (1,...,1) €
R%. Since ¢(t,up,y0) is bounded on Si, we can choose a sufficiently large real
number r > 0 such that

0 < ¢(t,uo,y0) < qo :=re

for any ¢ > 0. Denote by
M := max { max H,(z)}, m:= min { min H,(2)}.

1<isn - 0<z<qo+e 1<i<n " 0<w<qo+e

Condition (ii) implies that M, m > 0. From the equality

noo.
H(y)— H(z) =Y /0 Hoy(= + sy — 2))ds(ys — z) (79,2 € RY)
=1
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it follows that

|H(y) — H(2)| <nM|ly—z|l, VO<zy<q+e, (19)
and

|H(y) — H(z)| >m|y—z||, VO<z<y<q+e, (20)
where ||z|| := 37" |2l

Let ¢ := min{1, 5737 }. For any given 0 < € < g, there is 0 < d(¢) < /2 such
that
QO(T7 UO;?JO) - 5(6)6 S (ID(T7 u07y0) S QO(T7 UO;?JO) + 6(6)6 S q0 +e (21)

for any ¢ > 0. Put
p(e, 7) := (max(p1 (7, uo, yo) — 6(£),0), ..., on(7, U, yo) — 0(€),0))

and q(e,t) := @(t,ugp,y0) + d(¢)e. Note that

0 <q(e,7) —ple,7) = [p(t,uo,yo) — d(e)e] — p(e, T) 4+ 20(e)e < 20(e)e
for all 7 > 0 and taking into consideration (19) and (21) we obtain

|H (p(e, 7)) — H(q(e,7))| < nMe (22)
for all ¢ > 0. For given 7 > 0, let
Ue,7) :={z e RY| p(e,7) <z < q(e,7)}

Since the cocycle ¢ is monotone, then we will have

o(t,p(e,7),0(T,10)) < (¢, o(1,u0,50), 0(T,50)) < @[t (e, 7), 0T, 90))

and
(p(t,p(&‘, T)? 0(77 yO)) < (p(t, Z, 0(77 yO)) < (,D(t, Q(E, T)? 0(77 yO))

for all t > 0 and z € U(e, 7). Taking into consideration that H is a first integral for
the cocycle ¢ and inequality (22), we obtain

|H(90(t7Q(€77—)70-(7_7 yO))) - H(C,D(t,(p(T, u07y0)70-(7_7 yO)))| =
[H(q(e, 7)) — H(p(7,u0,90))| < [H(q(e, 7)) — H(p(e, 7))| <nMe

for all t > 0.
By (20) and (21), we have

nM
H‘P(t7 Q(Ea T)7 U(Ta yO)) - QO(t, SD(Ta Uuo, y0)7 U(Ta ?JO))” < ?E
for all t > 0 with ¢(¢,q(e,7),0(T,90)) € [0,q0 + €]. We will show that

(p(t, Q(E, T)? 0(77 yO)) S [07 qo + e] (23)
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for all ¢ > 0. If it is not true, then there exists a real number t* > 0 such that
(p(t, Q(E, T)7 0(77 yO)) € [07 qo + 6] for any te [07 t*] and

le(t™, q(e,7), (7, yo)) Il = go + 1. (24)

On the other hand from inequality (23) we have

[p(t, (e, ), (T, 90))Il < llp(t*,a(e, 7). 0(7,90)) — @, (7, u0, o), o (T, 90)) || +
”(,D(t*,(,D(T, u07y0)70(77 yO))H < ”q0” + %E < HqOH + %

which contradicts (24).
It then follows that for every z € U(e, T) we have ¢(t,z,0(7,30)) € [0, qo + €] for
any t > 0. Similarly, we can show that for any z € U(e, ) we have

nM
HQD(t, q(€7 7_)7 O-(Tv yO)) - @(t Z, O-(Tv yO)) || < Wev (25)
for any ¢ > 0. Then (23) and (25) imply that for any z € U(e,7) and t > 0,

H(P(t, (:0(7-7 anyO)7U(T7 yO)) - (p(t7 Z7U(T7 yO))H <
H(P(t, (:0(7-7 u07y0)7 0(77 yO)) - (p(t7Q(€7T)7U(T7 yO))” +
le(t,a(e. 7),0(7.90)) — @(t, 2,0(m,90))|| < Bife + Bife = 20Me, (26)

m

For any ¢ € (0,20], 7 > 0, and y € RY. with [|p(r, u,50) — o(r, o, 30)]| < 6(),
we have ¢(7,u,yp) € U(e, 7). Then the inequality (26) with u = (7, u,yo) implies
that

ot + 7, u,50) — @(t + 7,10, y0) || =
llo(t, o(T,u,90),0(T,90)) — @(t, (T, u0,y0),0(T,30)) || < %g

for any ¢ > 0. Thus, (¢, ug,yo) is uniformly stable. O

4 Asymptotically almost periodic and asymptotically almost auto-
morphic motions of non-autonomous dynamical systems with a
strictly monotone first integral

This section is dedicated to the study of different classes of Poisson stable (pe-
riodic, almost periodic, almost automorphic, almost recurrent, recurrent, pseudo-
periodic, pseudo-recurrent and Poisson stable) and asymptotically Poisson stable
motions of non-autonomous dynamical systems admitting a strictly monotone first
integral.

Theorem 12. Assume that (C1) and (C4) hold and the following conditions are
fulfilled:

1. for every uw € R} and y € Y the semi-trajectory o(Si,u,y) is relatively com-
pact;
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2. (RY,p,(Y,S,0)) is a monotone cocycle with the fiber R over dynamical sys-
tem (Y,S,0);

3. there exists a first integral V € C’l(Rﬁ,R) for the cocycle ¢ with VV (z) >0
for any x € R} ;

4. the point y is Poisson stable (in the both directions).
Then

1. the set wi =w, N Xy (x = (u,y) and X = R" x Y ) consists of a single point

*

z* = (u",y);
2. the point x* is comparable by character of recurrence with y, i.e., ‘ﬁ;oo C ‘ﬁ:fo;

3.
Jim p(a(t, ), 7(t,2")) =0
Proof. Let
<(X7 S+77T)7 (Y7Sv U)7h> (27)

be a non-autonomous dynamical system generated by cocycle ¢ (X = R} x Y,

m = (p,0) and h := pro : X — Y). It is easy to check that under the conditions

of Theorem 12 the non-autonomous dynamical system (27) possesses the properties

(C1)—(C3). By Lemma 3 the set K! := Way, » then the set KZ} i= Wq, [ X, consists

of a single point 7)), i.e., K, = {7,}, where a;, := a(K) and K' := w,,,.
According to Theorems 10 and 11 we have:

1oay =y € wy;
2. lim p(m(t,z),7(t,ay)) = 0.
t—o0

By Theorem 8 the point 7, is comparable by character of recurrence with y. To
finish the proof of Theorem it is sufficient to put * = a,. Theorem is completely
proved. U

Corollary 3. Under the conditions of Theorem 12 if the point y is stationary (re-
spectively, T-periodic, Levitan almost periodic, almost recurrent, Poisson stable),
then the point x is asymptotically stationary (respectively, asymptotically T-periodic,
asymptotically Levitan almost periodic, asymptotically almost recurrent, asymptoti-
cally Poisson stable).

Proof. This statement follows from Theorems 12 and 3. O

Corollary 4. Under the conditions of Theorem 12 if the point y is almost automor-
phic (respectively, recurrent), then the point x is asymptotically almost automor-
phic (respectively, asymptotically T-periodic, asymptotically Levitan almost periodic,
asymptotically recurrent).
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Proof. Let y be almost automorphic (respectively, recurrent). Since an almost au-
tomorphic (respectively, recurrent) point is Levitan almost periodic (respectively,
almost recurrent), then by Corollary 3 the point x is asymptotically Levitan almost
periodic (respectively, asymptotically almost recurrent). On the other hand we note
that the point y is almost automorphic (respectively, recurrent) and, consequently, it
is Lagrange stable in the positive direction. Taking into consideration that the point
x is conditionally Lagrange stable, then it is also Lagrange stable and, hence, it is
asymptotically almost automorphic (respectively, asymptotically recurrent). O

Theorem 13. Assume that (C1) and (C4) hold and the following conditions are
fulfilled:

1. for every uw € R" and y € Y the semi-trajectory ¢(S4,u,y) is relatively com-
pact;

2. (RY,p,(Y,S,0)) is a monotone cocycle with the fiber R over dynamical sys-
tem (Y,S,0);

3. there exists a first integral V € C’l(Rﬁ,R) for the cocycle ¢ with VV (z) > 0
for any x € R} ;

4. the point y is strongly Poisson stable (in the both directions).
Then

1. for any q € wy the set wi = w, (1 Xy (x = (u,y) and X =Rt xY') consists of
a single point x? = (u?,q);

2. the point x* = xY is strongly comparable by character of recurrence with y,
: + 400,
i.e., Dﬁ;m C M and ‘ﬁ;oo C N>

3.

lim p(n(t,z),n(t,z*)) = 0.
t——+o00
Proof. Consider the non-autonomous dynamical system (27) generated by cocycle
. It is not difficult to check that under the conditions of Theorem 12 the non-
autonomous dynamical system (27) possesses the properties (C1)—(C3). Let K :=
Wa,, - By Lemma 3 for any ¢ € w, the set K, ; '= Wa, [ Xy consists of a single point
Yq)s 1€, K; = {74}, where oy := oy(K). According to Theorems 10 and 11 we have:

1. ag = vy =€ w, for any q € wy;
2. lim p(m(t,x), 7(t, o)) = 0.
t—o0

By Theorem 9 the point v, is strongly comparable by character of recurrence
with y. To finish the proof oh Theorem it is sufficient to put 2* = a,. Theorem is
completely proved. O
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Corollary 5. Under the conditions of Theorem 13 if the point y is stationary (re-
spectively, T-periodic, quasi-periodic, Bohr almost periodic, almost automorphic, re-
current, pseudo-recurrent and Lagrange stable, pseudo-periodic and Lagrange sta-
ble, strongly Poisson stable and Lagrange stable), then the point x is asymptotically
stationary (respectively, asymptotically T-periodic, asymptotically quasi-periodic,
asymptotically Bohr almost periodic, asymptotically almost automorphic, asymp-
totically recurrent, asymptotically pseudo-recurrent, asymptotically pseudo-periodic,
asymptotically strongly Poisson stable).

Proof. This statement follows from Theorems 13 and 5. O

5 Applications

5.1 Ordinary Differential Equations

Let R™ be an n-dimensional real Euclidean space with the norm |-|. Let us
consider a differential equation

u = f(t,u), (28)

where f € C(R x R",R™). Along with equation (28) we consider its H-class [3,22,
25,30, 33], i.e., the family of equations

v = g(t7 U)7 (29)
where g € H(f) ={f- : 7 € R}, fr(t,u) = f(t + 7,u) for all (¢,u) € R x R™ and by
bar we denote the closure in C(R x R R").

Condition (A1). The function f is said to be regular if for every equation (29)
the conditions of existence, uniqueness and extendability on R are fulfilled.

Denote by ¢(-,v,g) the solution of equation (29), passing through the point
v € R™ at the initial moment ¢ = 0. Then we correctly defined a mapping ¢ :
Ry x E™ x H(f) — R™, verifying the following conditions (see, for example,[3,25]):

1) ¢(0,v,9) = v for all v € R" and g € H(f);
2) o(t,p(1,v,9),97) = o(t + 7,0, 9) for every v € R", g € H(f) and ¢, 7 € Ry;
3) the mapping ¢ : Ry x R™ x H(f) — R"™ is continuous.

Denote by Y := H(f) and (Y,R,0) a dynamical system of translations on Y,
induced by dynamical system of translations (C'(R x R",R™),R,0). The triplet
(R™ ¢, (Y,R,0)) is a cocycle on (Y,R, o) with the fiber R". Thus the equation
(28) generates a cocycle (R", ¢, (Y,R, o)) and a non-autonomous dynamical system
(X,Ry,m), (Y,R,0),h), where X :=R" x Y, 7w:=(¢,0) and h:pro: X - Y.
Remark 5. Let F be a mapping from H(f)xR™ — R defined by equality F(g,z) =
9(0,x), then F possesses the following properties:

1. F'is continuous;
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2. F(¢",z) = g(7,x) for any (g,z,7) € H(f) x R" x R;

3. equation (28) (and its H-class (29)) can be rewritten as follows
o' =F(o(t,g),x) (g€ H(f)). (30)

Let R} := {# € R" : such that 2; > 0 (z := (21,...,2y,)) foranyi=1,2,...,n}
be the cone of nonnegative vectors of R”. By R’} on the space R" a partial order.
Namely: u < v if v —u € R?} is defined.

Condition (A2). Equation (28) is monotone. This means that the cocycle (R", ¢,
(H(f), R, o)) (or shortly ¢) generated by (28) is monotone, i.e., if u,v € R" and
u < v then p(t,u,g) < p(t,v,g) forallt >0 and g € H(f).

Let K be a closed cone in R™. The dual cone to K is the closed cone K™ in the
dual space (R")* of linear functions on R"”, defined by

K*:={\e (R”)*: (A, z) >0 for any =z € K},

where (-, ) is the scalar product in R™.
Let T = R or Z. Recall [36,37] that the function f € C(T x R",R") is said to
be quasimonotone if for any (t,u),(t,v) € T x R™ and ¢ € (R:‘_)* we have: u < v

and ¢(u) = ¢(v) implies ¢(f(t,u)) < o(f(t,v)).

Lemma 7. [12] Let f € C(R x R™,R"™) be a regular and quasimonotone function,
then the following statements hold:

1. if u <w, then p(t,u, f) < @(t,v, f) for any t > 0;
2. any function g € H(f) is quasimonotone;
3. u <wv implies p(t,u,g) < p(t,v,g) for anyt >0 and g € H(f);
4. equation (28) is monotone.
Definition 25. A solution ¢(t,ug, f) of equation (28) is said to be:

— uniformly Lyapunov stable in the positive direction, if for arbitrary € > 0 there
exists § = 0(g) > 0 such that |¢(to,u, f) — @(to,uo, f)| < d (to € R, u € R™)
implies |p(t,z, f) — @(t, xo, f)| < € for any t > to;

— compact on Ry if the set @ := ¢(R4,uq, f) is a compact subset of R™, where
by bar the closure in R™ is denoted and (R, ug, f) := {@(t,ug, f) : t € Ry }.

Let f € C(R x R",R"™), o(t, f) be the motion (in the shift dynamical system
(C(RxR™ R™),R,0)) generated by f, ug € R™, ¢(t,ug, f) be the solution of equation
(28), xo := (ug, f) € X := R" x H(f) and 7(t,x0) := (p(t,uo, f),o(t, f)) be the
motion of skew-product dynamical system (X,R., 7).
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Definition 26. A solution (¢, ug, f) of equation (28) is called [9,30,33] compatible
(respectively, strongly compatible or uniformly compatible) if the motion 7 (¢, zg) is
comparable (respectively, strongly comparable or uniformly comparable) by charac-
ter of recurrence with o(t, f).

Remark 6. If zg := (ug,y0) € X := W X Y and oy, (respectively, 7,,) is a point
from X defined in Lemma 3 then we denote by o, (respectively, 7,,) a point from
W such that oy, = (owe,Yo) (respectively, vyo = (Yuo: Y0))-

Recall that the function ¢ € C(R,R") (respectively, f € C(RxR"™, R™)) possesses
the property (A) if the motion o (-, ¢) (respectively, o(-, f)) generated by the function
¢ (respectively, f) possesses this property in the dynamical system (C'(R,R"),R, o)
(respectively, (C(R x R",R"),R,0)).

As property (A) stability in the sense of Lagrange (st. L), uniform stability
(un. st. £T) in the sense of Lyapunov, periodicity, almost periodicity, asymptotical
almost periodicity and other may serve.

For example, a function f € C(RxR"™ R") is called almost periodic (respectively,
recurrent, asymptotically almost periodic, etc.) in t € R uniformly with respect to
(w.r.t.) w on every compact subset from R™ if the motion o(-, f) is almost peri-
odic (respectively, recurrent, asymptotically almost periodic, etc.) in the dynamical
system (C(R x R™,R"),R, o).

Condition (A3). fi(t,z) > 0 for all z € T, t € R and ¢ = 1,...,n, where
FZ’ZZ{J)GRZ’L_I $Z:0}

Remark 7. Tt is easy to see that if the function f satisfies Condition (A3), then
every function g € H(f) possesses the same property.

Denote by

C™ (RxR',R") == {f € C(RxR%,R")|

gg (RxRY,R™) for any i =1,...,n}

equipped with the distance

ii di(f,9)
=281+ di(f,9)°

where 5 5
fg) = max (1f(62) = glt,0)| + |5 (00) - S2t.0))
and of o7
8_a;(t’ l‘) = (81'; (tv :E))Zj:l'

Let (C%Y(R x R%,R"™), R, o) be the shift dynamical system on C%!(R x R, R"),
where o(f,7) := f, for any f € CO%(R x R%,R"), 7 € R and f;(t,z) := f(t + 7, 2)
for all t,7 € R and z € R’}
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Condition (A4). f € COYR x R, R™) and

ofi
E?xj

(t,x) >0 (31)

for any t > 0, z € R and i # j. If f € COY(R x R7,R"), then we denote by H(f)
the closure in C%!(R x R",R™) of the family of all translations {f;| 7 € R} of f.

Remark 8. If f € C%'(R x R, R") satisfies condition (31), then

1. for any g € H(f) we have

for all £ >0, z € R} and i # j;
2. the cocycle ¢ generated by equation (28) is monotone.

The first statement is evident. The second statement follows from the first one
and Remark 1.1 [37, Ch.III, p.33].

Theorem 14. [14, Ch.V] Assume that f € C(R x R%},R") is regular, quasi-
monotone and (R, ¢, (H(f),R,0)) is the cocycle in R} generated by equation (28)
(respectively, by equation (30)). Then the condition

F(g,z) < F(g,2)
for any (g,x) € H(f) x R implies that

o(t,r,9) < o(t,z,9)

foranyt >0, g€ H(f) and x € RY, where F € C(H(f) x R%},R"™) is some regular
function and (R, ¢, (H(f),R,0)) (shortly, ¢) is the cocycle generated by equation

' =F(o(t,g),z) (g€ H(S));

Lemma 8. Assume that the function f € C(R xR}, R") is regular, quasi-monotone
and f(t,0) > 0 for any t € R. Then R} is a positively invariant subset of the cocycle
@, generated by equation (28), i.e., p(t,x,g) € R} for any (t,z,9) € Ry xR} x H(f).

Proof. Let g € H(f), then it is easy to check that under the condition of Lemma 8
the function g is also regular, quasi-monotone and g(¢,0) > 0 for any ¢t € R. Note
that F(g,z) = ¢(0,2) > 0 for any (z,g9) € R} x H(f). By Theorem 14 we have
o(t,x,9) < ¢(t,x,g) for any t > 0, g € H(f) and € R}, where ¢ is the cocycle
generated by equation (28) (respectively, equation (30)) and ¢ is the cocycle defined
by equation z’ =0, i.e., ¢(t,z,9) = x for any x € R}, ¢t > 0 and g € H(f). Thus we
have p(t,z,g) > x for any (t,z,g) € Ry xR’} x H(f). This means that ¢(t,z,g) > 0,
ie., p(t,x,g9) € RY for any (t,x,9) € R x R} x H(f). Lemma is proved. O
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Lemma 9. [34] If f € C%Y(R x R, R") satisfies condition (31), then p;(t,z', f) <
@i(t, 22, f) for each t > 0 whenever x' <; 22

Corollary 6. If f € CYY(R x R, R") satisfies condition (31), then ¢;(t,z',g) <
wi(t,z%, g) for each t >0 and g € H(f) C CONR x R",R") whenever z' <; 2.

Proof. This statement directly follows from Lemmas 8 and 9. O

Lemma 10. Assume that f € C(R x R™,R"™) is almost automorphic (respectively,
recurrent) in t € R uniformly with respect to u on every compact subset from R™ and
¢ € C(R,R™) is a bounded on R and compatible solution of equation (28). Then ¢
is also almost automorphic (respectively, recurrent).

Proof. Since the function f is almost automorphic (respectively, recurrent), then it
is Levitan almost periodic (respectively, almost recurrent) in ¢ € R uniformly with
respect to w on every compact subset from R™. Taking into account that ¢ is a
compatible solution of equation (28), then by Lemma 4 it is Levitan almost periodic
(respectively, almost recurrent). Now to finish the proof of Lemma it is sufficient
to show that the function ¢ is Lagrange stable. Note that ¢ is bounded on R and,
consequently, K := ¢(R) is a compact subset of R". Since f is almost automorphic
(respectively, recurrent), then it is Lagrange stable. This means, in particular, that
f is bounded on R x K, i.e., there exists a C' > 0 such that |f(¢,¢(t))| < C for any
t € R. Thus we have

' ()] = [f(t, (1) < C

for all t € R and, consequently, ¢ is uniformly continuous on R. Thus the function
¢ is Lagrange stable and Levitan almost periodic (respectively, almost recurrent)
and, consequently, it is almost automorphic (respectively, recurrent). Lemma is
proved. O

Theorem 15. Suppose that the following assumptions are fulfilled:

— the function f € C(R x R™,R"™) is positively Poisson stable in t € R uniformly
with respect to u on every compact subset from R"™;

— each solution ¢(t,uo, f) of equation (28) is bounded on Ry ;

~ there exists a function V € CYR'L,R) with VV(z) > 0 for any x € R} and
(VV(x), f(t,x)) =0 for any (t,xz) € R x R%}.

Then under the conditions (A1) — (A4) the following statements hold:
1. R% is invariant with respect to cocycle ¢ generated by equation (28);

2. for any solution (t,u, ) of equation (28) there exists a solution p(t,vu, f) of
(28) defined and bounded on R such that:

(a) @(t,vu, ) is a compatible solution of (28);
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(b) tllglo |C,D(t,’LL, f) - 90(757/7uaf)| =0;

3. if the function f € C(R x R™,R™) is stationary (respectively, T-periodic, Levi-
tan almost periodic, almost recurrent, almost automorphic, recurrent, Poisson
stable) in t € R uniformly with respect to u on every compact subset from
R™, then ©(t, vy, f) is also stationary (respectively, T-periodic, Levitan almost
periodic, almost recurrent, almost automorphic, recurrent, Poisson stable) and

4. (t,u, f) is asymptotically stationary (respectively, asymptotically T-perio-
dic, asymptotically Levitan almost periodic, asymptotically almost recurrent,
asymptotically almost automorphic, asymptotically recurrent, asymptotically
Poisson stable).

Proof. Let f € C(R x R",R™) and (C(R x R™,R™),R,0) be the shift dynamical
system on C(R x R™ /R™). Denote by Y := H(f) and (Y,R,0) the shift dy-
namical system on H(f) induced by (C(R x R",R™),R, o). Consider the cocycle
(R™, ¢, (Y,R,0)) generated by equation (28) (see Condition (Al)). Now to finish
the proof of Theorem it is sufficient to apply Theorems 3, 8, 12 and Lemmas 4, 10
and Corollary 6. Theorem is proved. O

Definition 27. A function f is said to be strongly Poisson stable in ¢t € R uniformly
with respect to u on every compact subset of R™ if the point f € C(R x R™,R")
(respectively, the motion (¢, f)) is strongly Poisson stable in shift dynamical system
(C(R x R",R™),R, 0).

Theorem 16. Suppose that the following assumptions are fulfilled:

— the function f € C(R x R™, R") is strongly Poisson stable in t € R uniformly
with respect to u on every compact subset from R™;

— each solution ¢(t,v,g) of equation (29) is bounded on R ;

~ there exists a function V€ CY(R™,R) with VV (x) > 0 for any x € R and
(VV(x), f(t,x)) =0 for any (t,z) € R x R%}.

Then under the conditions (A1) — (A4) the following statements hold:
1. R% is invariant with respect to cocycle ¢ generated by equation (28);

2. for any solution ¢(t,v,q) of equation (29) there exists a solution o(t,~,,g) of
(29) defined and bounded on R such that:

(a) ©(t,Vu,g) is a strongly compatible solution of (29);
(b) tli{go |C,D(t,’U, )g - go(t,%,,g)| =0.
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3. if the function f € C(R x R™ R™) is stationary (respectively, T-periodic, Levi-
tan almost periodic, almost recurrent, almost automorphic, recurrent, strongly
Poisson stable) in t € R uniformly with respect to u on every compact sub-
set from R™, then o(t,vu, f) is also stationary (respectively, T-periodic, Levi-
tan almost periodic, almost recurrent, almost automorphic, recurrent, strongly
Poisson stable) and

4. o(t,u, f) is asymptotically stationary (respectively, asymptotically T-perio-
dic, asymptotically Levitan almost periodic, asymptotically almost recurrent,
asymptotically almost automorphic, asymptotically recurrent, asymptotically
strongly Poisson stable).

Proof. This statement can be proved similar to Theorem 15 using Theorems 5, 9,
13, Lemma 4 and Corollary 6. Theorem is proved. U

Below we give an example of a first integral for a class of differential equations.

Example 2. Consider a system of differential equations

................................. (33)
l‘;(t) - AnFn(tv$1(t)7 ,l’n(t)),
where A{,..., )\, are some positive constants.
System (33) can be rewrite in the vectorial form
¥ = f(t,x), (34)

where f = (A F1, AoFs, ..., \yF},). Along with equation (34) we will consider its
H-class

o' =g(t,x), (g€ H(f)) (35)

where H(f) is the closure of the translations {f;| 7 € R} of f.
Suppose that the functions fi, ..., f, satisfy the following conditions (A5):

fl(t,l‘l,...,ll,‘n)—l—...—l—fn(t,l‘l,...,l‘n):0 (36)
for any t € R and z := (z1,...,2,) € R™.

Lemma 11. Suppose that the function f := (f1,..., fn) € C(R x R™, R™) satisfies
the condition (A5), then the function V€ C(R™,R) defined by equality

n

i
V(zy,...,zp) = x

i=1

is a first integral for system of differential equations (33).
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Proof. Let z(t) = (z1(t),...,z,(t)) be an arbitrary solution of equation (33), then

AV(ﬂj(t)) _ Z?:l A:;i-(t) _ 2?21 )\ifi(tyxl()t\)‘,---vxn(t)) _

1

Z?:l filt,x1(t), ..., xn(t)) =0

for any ¢t € Z, and, consequently, V(x(t)) = V(2(0)) = C (V ¢t € Z1). Lemma is
proved. U

Corollary 7. Under the condition (36) every solution o(t,u,f) of (34) passing
through the point w at the initial time t = 0 with u € R"} is bounded on R.

Proof. This statement directly follows from Lemma 11. In fact, let v € R}, u # 0
and

u€ My = {u€ R ug +us+...+u, =a},

then by Lemma 11 we have p(t,u, f) € My C [0,]™ for any t € Z,.. O

Theorem 17. Suppose that the function f € C(R x R",R™) is strongly Poisson
stable in t € Z uniformly with respect to u on every compact subset from R™.
Then under Conditions (A1)-(A5) the following statements hold:

1. R% s invariant with respect to cocycle ¢ generated by system of differential
equations (34);

2. for any solution ¢(t,v,q) of equation (35) there exists a solution o(t,~y,g) of
(35) defined and bounded on R such that:

(a) ©(t,vu,g) is a strongly compatible solution of (35);
(b) tli{go |(70(t7 U, )g - (10(757/7117 g)| = 07'

3. if the function f € C(R x R™,R™) is stationary (respectively, T-periodic, Bohr
almost periodic, almost automorphic, recurrent, strongly Poisson stable) in
t € R uniformly with respect to u on every compact subset from R", then
o(t,vu, f) is also stationary (respectively, T-periodic, Bohr almost periodic,
almost automorphic, recurrent, strongly Poisson stable) and

4. o(t,u, f) is asymptotically stationary (respectively, asymptotically T-perio-
dic, asymptotically Bohr almost periodic, asymptotically almost automorphic,
asymptotically recurrent, asymptotically strongly Poisson stable).

Proof. This statement follows from Theorem 16, Lemma 11 and Corollaries 6 and 7
O

Remark 9. In the case, when the right-hand side f of equation (33) is periodic
(respectively, almost periodic) in ¢ € R Theorem 17 coincides with the result in the
work [23] (respectively, in the work [26]).
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5.2 Linear Differential Equations

Let A(t) = (a;5(t))7 ;=1 (t € R) be a matrix possessing the following properties

ai;(t) >0 and Zaij(t) =0 (37)

for any 4,7 =1,...,n with ¢ # j and t € R.

Let [R"] be the family of all matrices A = (a;;);_; with real coefficients a;; € R
and C(R, [R"]) be the space of all matrix-functions A(t) = (a;;(t));;—; equipped
with the distance

o

1 di(A,B)
d(A, B) = ngm

where d(A, B) := max{||A(t) — B(t )H |t| < k}. Denote by (C(R,[R"]),R,0) the
shift dynamical system on C(R,[R"]), i.e., o(a,7) = A; and A.(t) :== A(t + 1) for
any t,7 € R and A € C(R, [R"]).

Remark 10. If the matrix A € C(R, [R"]) satisfies condition (37), then every matrix
B € H(A) satisfies conditions (37).

Consider the differential equation
¥ = At)x (38)

and its H-class
y'=B(t)y (Be€ H(A)). (39)

Lemma 12. Suppose that the matriz A € C(R,[R"]) satisfies conditions (37), then
the function V : Rt — R defined by equality

Vi, xe,...,xn) =21 + 22+ ... + 2y (40)

is a first integral for equation (38).

Proof. Let f(t,x) := A(t)x, then f;(t,x) = 3 7_, aij(t)z; (i =1,2,...,7n). Since the
matrix A(t) satisfies condition (37), then we have

Do fita) =Y (D au(t)z) = (D ai(t) s =
i=1 i=1 j=1 j=1 i=1

According to Lemma 11 the function V' defined by (40) is a first integral for equation
(38). Lemma is proved. O

Condition (A6). A matrix A(t) = (a;;(?))7 =, satisfies the following conditions:
a;j(t) > 0 for any 4,5 =1,2,...,n with i # j and t € R.

Lemma 13. If the matriz A(t) satisfies Condition (A6), then any matriz B € H(A)
satisfies the same condition.
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Proof. Assume that the matrix A(t) satisfies Condition (A6), then
Qg (t) > 0 (41)

for any t € R and 4,7 = 1,2,...,n with ¢ # j. If B € H(A), then there exists
a sequence {hx} C R such that B(t) = klim A(t + hy) and, consequently, b;;(t) =

klim a;j(t + hi). From (41) we have
—00

a;j(t+hg) >0 (42)

forany k € N, t € Rand i,7 = 1,2,...,n. Passing to the limit in inequality (42) as
k — oo we obtain
b (t) > 0.

Lemma is proved. O
Lemma 14. The following statements hold:

1. if the matriz A(t) > 0 for any t € R, then the cocycle ¢, generated by equation
(38), is monotone, i.e., p(t,u, B) < ¢(t,v,B) for any t € Ry and B € H(A)
whenever v < v (u,v € R%);

2. the cocycle ¢ is componentwise monotone, i.e., o(t,u, B); < ;(t,v, B) for any
(t,B) € Ry x H(A) whenever u <v and u; < v; (i=1,2,...,n).

Proof. The first statement follows from Remark 8. The second statement follows
from Lemma 9. O

Corollary 8. If the matriz A(t) > 0 for any t € R, then the cone R is positively

invariant with respect to cocycle ¢, generated by equation (38). This means that
@(t,v,B) € R} for any t € Ry whenever (v,B) € R x H(A).

Proof. By Lemma 14 under the conditions of Corollary the cocycle ¢ is monotone.
Let v > 0 and B € H(A), then ¢(t,v,B) > ¢(t,0,B) = 0 for any t € Ry. O

Theorem 18. Assume that A € C(R,[R"]) be a matriz possessing property (A6)
and it is strongly Poisson stable in t € R.
Then the following statements hold:

1. the cone R} is positively invariant with respect to cocycle (R™, ¢, (H(A), R,
o)) (or shortly @), generated by equation (38) and its H-class (39);

2. the cocycle ¢ is monotone with respect to spacial variable;
3. the cocycle p is componentwise monotone;

4. the function V : Rt — R, defined by equality (40), is a first integral for non-
autonomous dynamical system, generated by equation (38);
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5. every solution ¢(t,v, B) of every equation (39) is bounded on Ry and positively
uniformly stable;

6. for every solution ¢(t,v, B) of every equation (39) there exists a unique solu-
tion (t,v, B) defined and bounded on R;

7. the solution ¢(t,v, B) is strongly compatible and

Jim |p(t,u, B) = o(t, @, B)| = 0;

8. if the matriz-function A € C(R,[R"]) is stationary (respectively, T-periodic,
Bohr almost periodic, almost automorphic, recurrent, strongly Poisson stable)
int € R, then ¢(t,v, B) is also stationary (respectively, T-periodic, Bohr al-
most periodic, almost automorphic, recurrent, strongly Poisson stable) and

9. ¢(t,v, B) is asymptotically stationary (respectively, asymptotically T-perio-
dic, asymptotically Bohr almost periodic, asymptotically almost automorphic,
asymptotically recurrent, asymptotically strongly Poisson stable).

Proof. The first statement follows from Corollary 8.
The second and third statements follow from Lemma 14.
The fourth statement directly follows from Lemma 12.
The fifth statement follows from Corollary 7.
The sixth, seventh, eighth and ninth statements follow from Theorem 17. O

5.3 Linear Differential Equations with Constant Matrix

Let A= (a,-j):-fj:l be a matrix with a;; € Rforanyi,j =1,2,...,nand ¢(t,z) :=
ez (t € R and = € R"). Assume that the matrix A = (aij)i j=1 possesses the
following property

n
Qg > 0 and Zai]’ =0 (43)
i=1
for any i,7 = 1,2,...,n with i # j.

By Lemma 12 we have
n

n
Z(eml’)i = Z%’,
i=1 i=1
then

ot,x)e M =M ={zeR}|z1+22+ ...+ 2, =1}

for any z € M and ¢ > 0. Thus on the set M a semigroup dynamical system
(M,R4, ) is defined. Note that the set M is a compact and convex subset of R}.

Let (X, T,7) be an arbitrary dynamical system on the complete metric space
(X, p), where p is a distance on X and 7 : T x X — X is a continuous map
satisfying the conditions: 7(0,x) = x and 7(t + s,x) = 7(t,n(s,x)) for any z € X
and t,s € T.
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Recall [11, Ch.I] that a dynamical system is called compact dissipative if there
exists a nonempty compact K C X which attracts every compact subset M from
X, ie.,

lim B(w(t,M),K) =0, (44)
k—o0

where (A, B) :=sup{p(z, B)| x € A} and p(z, B) := inf{p(z,y)| y € B}.
If (X, T, n) is compact dissipative and K is a nonempty compact subset figuring
in (44), then

J = ﬂ 7(t, K) (45)

>0

is a nonempty, compact subset of X and it does not depend of the choice of K. The
set J is called Levinson center of the dynamical system (X, T, ).

Theorem 19. [11, Ch.II] If (X, T, ) is compact dissipative and J is its Levinson
center, then the following statements hold:

1. the set J is invariant, i.e., w(t,J) = J;
2. J attracts every compact subset M of X ;

3. J is orbitally stable, i.e., for arbitrary positive number € > 0 there exists
a positive number 6 = d(e) > 0 such that p(w(t,x),J) < € for anyt > 0
whenever p(z,J) < 9.

Let M be a nonempty subset of X and

D+(M) = ﬂ Uﬂ-(tv (B(M,¢))),

e>0¢>0

B(M,e) .= {x € X| p(x, M) < e}. If M consists of a single point m, then we put
D¥(M) = D*({m}) = Dy,.

Lemma 15. [11, Ch.II] If the set M is compact, then D™(M) = |J D;\.
meM

Theorem 20. [11, Ch.Il] If the dynamical system (X, T,n) is compact dissipative
and M is a nonempty compact and positively invariant subset of X, then M is
orbitally stable if and only if DY (M) = M.

Denote by Q := {w;| € X}, where w, is the w-limit set of the point z € X.

Theorem 21. [11, Ch.1I] If (X, T, ) is a compact dissipative dynamical system and
J is its Levinson center, then J = DT ().

Denote by Fiz(p) the set of all stationary points of dynamical system (M, R4, ).

Theorem 22. Let A = (a;;);';— € [R"] be matriz satisfying condition (43). Then
the following statements hold:
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1. the dynamical system (M,R, ) has a nonempty and compact set of stationary
points Fix(p) C M;

2. for every x € M there exists tlim o(t,z) = py and p, € Fix(p) for anyx € M;
— 00

3. every stationary point p € Fix(p) of (M, Ry, p) is positively stable, i.e, for any
positive number € there exists a positive number 6 = 0(g) such that |p(t,x) —
p| < e for any t € Ry, whenever |x —p| <0 (x € M);

4. the dynamical system (M, R, ) is compact dissipative and its Levinson center
J coincides with the set Fix(p);

5. Fix(p) = () ¢(t, M) and it is convez;
>0

Proof. The first, second and third statements of Theorem follow from Theorem 18
(items 5, 7, 8 and 9).

Note that the dynamical system (M,R, ) is compact dissipative. Denote by
J its Levinson center, then by (45) we have

J = () e(t, M). (46)
t>0

Denote by 2 the closure of all w-limit set points of (M,Ry, ). Since w, = p, €
Fiz(p) for any x € M and Fix(yp) is a closed subset of M, then Q C Fiz(p). On
the other hand, Fiz(¢) C Q and, consequently, Q = Fiz(p). By Theorem 21 we
have J = DT (Q) = D" (Fixz(p)). Since the set Fiz(p) is compact, then by Lemma
15 we have D (Fixz(p)) = U{D, | p € Fiz(p)} and, consequently,

J = (D] | p € Fiz(p)}. (47)

Since the fixed point p is positively Lyapunov stable, then by Theorem 20 D; ={p}
and, consequently, from (47) we obtain

J = Fiz(p). (48)

From (46) and (48) we receive

Fix(p) = ﬂ o(t, M).

>0

Finally, we note that
M 2 (s, M) 2 ¢(t, M)

for any 0 < s < t and taking into consideration that every set ¢(t, M) (t € Ry) is
compact and convex, then we can conclude that the set Fliz(p) is convex. O

Denote by Int(M) the interior of the set M.
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Lemma 16. Let A = (aij)?,jzl € [R"]. Suppose that the a;; > 0 for any i,j =
1,...,n with i # j, then the matriz B := e possesses the following properties:

1. B = (bij)}';=; is positive, i.e., bjj >0 for any i,j =1,2,...,n;
2. B has at most one stationary point p, i.e., Bp = p.

— eA/n

Proof. Let n € N be a naturale number and B, : . Since

B,=E+A/n+..., (49)

where F € [R"] is the unite matrix, then for sufficiently large n the matrix B, is
positive. Taking into consideration that

B = (Bn)" (50)

for any n € N we conclude that the matrix B is also positive.

Now we will establish that the matrix B = e” has at most one fixed point. In
fact, if we suppose that it is not true, then there exist two different stationary points
pand p of B, ie., Bp=p, Bp=pand p # p.

Logically two cases are possible:

a. the vectors p and p are linearly dependent, then without loss of generality we
can suppose that p = Bp for some (3 # 0. Since p,p € M, then we have

n n
1= "pi=8> pi=5
i=1 i=1
i.e., 8 = 1 and, consequently, p = p. The last equality contradicts the choice
of p (p # p).

b. the vectors p and p are linear independently. Since the matrix B is positive,
then it is irreducible and, consequently, it has not two linearly independent
nonnegative eigenvectors (see, for example,[16, Ch.XIII] Remark 3, page 342).

From a. and b. we conclude that B has at most one stationary point. Lemma
is completely proved. O

Theorem 23. Let A = (a;5)7 ;- € [R"]. Suppose that
a;; >0 foranyi,j=1,....,n withi#j

n
and Y a;; =0 forany j=1,2,...,n, (51)
i=1

then the following statements hold:
1. the dynamical system (M,Ry, ) has a unique stationary point p € M ;

2. the vector p € M 1is positive, i.e., p; > o for anyi=1,...,n;
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3. p is globally asymptotically stable, i.e.,

(a) for any positive number € > 0 there is a 6 = §(g) > 0 such that |z —p| < ¢
(x € M) implies |¢(t,x) — p| < e for any t € Ry and

(b)

lim @ (t,z) = p
t—o0
for any x € M.

Proof. To prove Theorem 23, according to Theorem 22, it is sufficient to show that
the Levinson center J of the dynamical system (M, R, ) consists of a single point
{p} and {p} = J C Int(M).

At first, we will establish that the semi-cascade (M, A) has at most one fixed
point. In fact, if we suppose that it is not true, then J contains at least two different
points p; and ps (p1 # p2). This means that p(t,p;) = p; for any t € Ry and i = 1, 2.
In particular, we have

Bp; = p; (Z =1, 2)7 (52)

where B = ¢(1,-) = e4. By Lemma 16 (item (i)) the matrix B is positive. Taking
into consideration this fact we see that (52) contradicts Lemma 16 (item (ii)).
Secondly, we will establish that {p} = J C Int(M) and the vector p is positive.
In fact, since the matrix B = e is positive, then B(M) C Int(M) and, consequently,
p= B(p) € B(M) C Int(M). This means, in particular, that the vector p is positive.
Theorem is completely proved. O

Remark 11. Notice that Theorem 23 becames false if we replace condition (51)
(a;; > 0 for any i # j) by (43) (ai; > 0 for any i # j). Namely, in this case the set
Fiz(p), generally speaking, is not reduced to a single point.

This statement can be confirmed by following example:

Example 3. Consider the following equation

¥ =Az (z € R3) (53)
with the matrix
00 0
A= 0 -1 1
01 -1

Let (R3,R, ) be the dynamical system generated by equation (53) and (M, R, ¢)
be the semi-group dynamical system on M = {z € R3| z; + 22 + 3 = 1} induced
by (R3,R, ). It is possible to check that Fiz(p) = {pa| o € [0, 1]}, where
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