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Preface

Nonlocal problems concerning the conditions of the existence of different classes of solu-
tions play an important role in the qualitative theory of differential equations. Here
belong the problem of boundedness, periodicity, almost periodicity, stability in the sense
of Poisson, and the problem of the existence of limit regimes of different types, conver-
gence, dissipativity, and so on. The present work belongs to this direction and is dedicated
to the study of asymptotically stable in the sense of Poisson (in particular, asymptotically
almost periodic) motions of dynamical systems and solutions of differential equations.

There is series of works of known authors dedicated to the problem of asymptotically
stability in the sense of Poisson.

First the notion of asymptotically almost periodicity of functions it was introduced
and studied in the works of Fréchet [1, 2]. Later these results were generalized for asymp-
totically almost periodic sequences in the works of Fan [3] and Precupanu [4] and for
abstract asymptotically almost periodic functions in the works of Ararktsyan [5] and Pre-
cupanu [4] and also Khaled [6], Cioranescu [7], Dontvi [8, 9], Mambriani and Manfredi
[10], and Manfredi [11, 12], Marchi [13, 14], Ruess and Summers [15-18], Seifert [19],
Vesentini [20] and see also the bibliography therein.

Other series of works Antonishin [21], Arendt and Batty [22], Barac [23], Barbalat
[24], Khaled [6], Bogdanowicz [25], Buse [26], Casarino [27], Chen and Matano [28],
Chepyzhov and Vishik [29], Coppel [30], Corduneanu [31], Dontvi [8, 9, 32], Draghichi
[33], Fink [34], Gerko [35], Gheorghiu [36], Grimmer [37], Guryanov [38], Nacer [39],
Henriquez [40], Hino, Murakami and Yoshizawa [41], Hino and Murakami [42, 43],
Jordan and Wheeler [44], Jordan, Madych and Wheeler [45], Yao, Zhang, and Wu [46],
Lovicar [47], Manfredi [48-51], Miller [52, 53], Muntean [54, 55], Puljaev and Caljuk
[56, 57], Risito [58], Ruess and Phong [59], Sandberg and Zyl [60], Seifert [19, 61—
63], Staffans [64], Shen and Yi [65], Taam [66], Tudor [67], Utz and Waltman [68],
Vuillermot [69], Yamaguchi [70], Yamaguchi and Nishihara [71], Yuan [72], Yoshizawa
[73], Zaidman [74, 75], Zhang [76] (see also the bibliography therein) is dedicated to the
problem of asymptotically almost periodicity of solutions of differential (both ODEs and
PDEs), functional-differential and integral equations.

At last, in the works of Khaled [6], Bhatia [77], Bhatia and Chow [78], Bronshteyn
and Cernii [79], Gerko [35, 80], Hino and Murakami [42], Millionshchikov [81, 82],
Nemytskii [83, 84], Ruess and Summers [85], Seifert [19, 63], Sibirskii [86] and oth-
ers they are studied motions of dynamical systems that are close by their properties to
asymptotically almost periodic ones.

From the above said it follows that the problem of asymptotically stability in the sense
of Poisson was studied earlier mainly for asymptotically periodicity and asymptotically
almost periodicity of motions of dynamical systems and solutions of differential and
integral equations. In this domain there were obtained important results, however the
problem was not studied thoroughly.
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In the present work there is studied the general problem the asymptotically Poisson
stability of motions of dynamical systems and solutions of differential equations.

From the point of view of applications motions of dynamical systems are natu-
rally divided on transitional (nonstabilized) and stabilized. By transitional we mean the
motions that under unlimited increasement of time asymptotically approach to some
established motion, that is, a motion that possesses some property of recurrence and
stability.

When we try to define a nonstabilized motion exactly we come to the notion of the
asymptotically stability in the sense of Poisson motion. Such motions are of interest for
applications and are met, for instance, in systems possessing stable oscillatory regime
(e.g., under the phenomenon of convergence).

The used in the present work method of study is based on the results of the topolog-
ical theory of dynamical systems and can be applied for various types of asymptotically
stability in the sense of Poisson. The idea of applying the methods of the theory of dynam-
ical system while studying nonautonomous differential equations in itself is not new. It
is successfully applied for solution of different problems in the theory of linear and non-
linear nonautonomous differential equations. First such approach to nonautonomous
differential equations was applied in the works of Deysach and Sell [87], Miller [52],
Millionshchikov [81], Seifert [61], Sell [88, 89], Shcherbakov [90-92], later in the works
of Bronshteyn [93], Zhikov [94] and many other authors. It consists in natural binding
with every nonautonomous equation a pair of dynamical systems and a homomorphism
of the first onto the second. In this case, roughly saying, we enclose the information about
the right-hand side of the equation in one dynamical system and the information about
the solutions of this equations we put in the second system.

The offered work consists of five chapters.

In first chapter there are introduced and studied asymptotically almost periodic mo-
tions of abstract dynamical systems. There are given various criterions of asymptoti-
cally periodicity and asymptotically almost periodicity of motions. Applying the obtained
results to the dynamical system of shifts (Bebutov system) in the space of continuous
functions, we get the known results of Fréchet [1, 2]. We also consider the system of shifts
in the space of locally summable functions, S? asymptotically almost periodic functions
(asymptotically almost periodic function in the sense of Stepanov) and establish series of
their most important properties.

The second chapter is dedicated to asymptotically almost periodic solutions of oper-
ator equations. The notion of compatibility with respect to the character of recurrence of
motions introduced by Shcherbakov [92] for the stable in the sense of Poisson motions is
generalized on asymptotically stable by Poisson motions. Namely, the notion of compat-
ibility of motions with respect to the character of recurrence in limit is introduced. There
is established that compatible with respect to the recurrence in limit motions belong to
the same classes of asymptotically stability by Poisson. There are obtained various tests
of asymptotically stability in the sense of Poisson of solutions of operator equations.
There are studied homoclinic and heteroclinic trajectories of dynamical systems. There
are established tests of convergence of asymptotically almost periodic systems.

In Chapter 3 there are studied asymptotically almost periodic solutions of differ-
ential equations. There are given tests of the existence of compatible in limit solutions
of different classes of differential equations. For asymptotically almost periodic systems
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there is established an analogue of the second theorem of Bogolyubov [95] (the averaging
principle on the semiaxis). There are studied bilaterally asymptotically almost periodic
solutions of some classes of equations and asymptotically almost periodic systems with
convergence.

The fourth chapter is dedicated to asymptotically almost periodic linear systems with
generalized perturbations. There are studied bounded on the semiaxis and asymptotically
almost periodic distributions. There are given necessary and sufficient conditions of solv-
ability of linear asymptotically almost periodic equations in the space of asymptotically
almost periodic distributions. There are given tests of the existence of weakly asymptoti-
cally almost periodic solutions of linear and quasilinear differential equations.

In the fifth chapter there are studied asymptotically almost periodic solutions of
functionally differential equations both with finite and infinite delay. There are estab-
lished tests of the existence of asymptotically almost periodic solutions of integral equa-
tions of Volterra. There are given the conditions of convergence of some evolutionary
equations with asymptotically almost periodic coefficients.

The given in the work results belong mainly to the author (besides Chapter 4, in
which there are presented the results of Dontvi Isaac (excepting Section 4.6)) and are
published in his works [8, 9, 32, 96, 97] and a part of these results (Sections 2.5-2.7,
3.5-3.8, 5.4, and 5.6-5.7) is published for the first time here.

For the best dividing of the material and outlining of the places that are of impor-
tance, we emphasize not only lemmas and theorems but as well many corollaries, remarks
and examples.

The author hopes that the offered book will be useful both for both experts and
young researchers who are interested in dynamical systems and their applications.

The reader needs no deep knowledge of special branches of mathematics. Despite
this, however, it will be helpful for the reader to known the fundamentals of the qualitative
theory of differential equations.

Not having a usual practice of English, the quality of the English of this book is
certainly affected. The reader may excuse this fact.
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Notation

LUaReENZO W

(S-)

{xn}

Idy
Im(f)
D(f)

|x| or lxI|

(%, y)
C(X,Y)

for every;

exists;

equals (coincides) by definition;

zero, and also zero element of any additive group (semigroup);

is the set of all natural numbers;

is the set of all integer numbers;

is the set of all rational numbers;

is the set of all real numbers;

is the set of all complex numbers;

is one of the sets R or Z;

is the set of all nonnegative (nonpositive) numbers from S;

is the Decart product of two sets;

is the direct product of #n copies of the set M;

is the real or complex n-dimensional Euclidian space;

is a sequence;

is an element of the set X;

is the boundary of the set X;

the set X is a part of the set Y or coincides with it;

is the union of the sets X and Y}

is the complement of the set Y in X;

is the intersection of the sets X and Y;

the empty set;

is a full metric space with the metric p;

is the closure of the set M;

is the mapping inverse to f;

is the image of the set M < X in the mapping f : X — Y, that is,
lyeY:y=f(x),xe M}

is the composition of the mappings f and g, thatis, (fog)(x) = f(g(x));
is the restriction of the mapping f on the set M;

is the partial mapping defined by the function f when the second
argument is x;

is the the identity mapping of X into X;

is the range of values of the function f;

is the domain of definition of the function f;

is the norm of the element x;

an ordered pair;

is the set of all continuous mappings of the space X in the space Y
endowed with the compact-open topology;
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Ck(u, M)

f:X-Y
B(M,¢)
B[M,¢]

1%, 9,2}
1,n
{xeX | R(x)}

fH M)

F(t,-):= f*
p(& 1)

lim x,
n—+oo

& 1 0

lim £ (x)
U{My: A e A}
NiMy: A € A}
(FH,(--))
C(X)

(X, T,n)
(X,P)

wx (o)

%

x

D,

W*(M)
Misst. Lt
Df (J3)

Notation

is the set of all k times continuously differentiable mappings of the
manifold U into the manifold M;

is a mapping of X into Y;

is an open e-neighborhood of the set M in the metric space X;

is a closed e-neighborhood of the set M in the metric space X;

is a set consisting of x, , ..., z;

is a set consisting of 1,2, ..., 1;

is the set of all the elements from X possessing the property fR;

is the preimage of the set M < Y in the mapping f : X — Y, that is,
xeX: f(x)e M};

is the partial mapping given by the function f when the second
argument is £;

is a distance in the metric space X;

is the limit of a sequence;

is a monotonically decreasing to 0 sequence;

is the limit of mapping f as x — a;

is the union of the family of sets {M)}) € A;

is the intersection of the family of sets {M)}) € A;

is a Hilbert space with the scalar product (-, -);

is the set of all compacts from X;

is a dynamical system;

is the cascade generated by positive powers of P;

is the w(a)-limit set of the point x;

is the a-limit set of the entire trajectory ¢, € @y;

is the set of all entire trajectories of the dynamical system (X, T, )
issuing from the point x as t = 0;

is the stable manifold (the domain of attraction) of the set M;

the set M is stable in the sense of Lagrange in positive direction;

is a positive (positive limit) prolongation of the point x;

is the position of the point x in the moment of time ¢;

is the projection of X; X X; onto the component of X; with the index
i(i=1,2);

is a positive prolongation of the set M;

is a positive limit prolongation of the set M;

is a positive semitrajectory of the point x;

is a positive semitrajectory of the set M;

is a closure of the positive semitrajectory of the point x;

is the trajectory of the point x;

is the closure of the trajectory of the point x;

is the closure of the union of all w-limit points of (X, T, 7);

is the set of all directing sequences of the point x;

is the set of all proper sequences of the point x;

is the set of all sequences {#,} € 9, satistying the condition |t,| —
+00;

is the semideviation of the set A from the set B (A, B € 2X);
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Dri(Ry)

Dr (R+)
D(Q)
D"™(Q)
c™(Q)
Cc"(Q)
D'(Q)
B (RY)

B (R+)
Blpp(R+)

/))Z;JP (R+)
g (R

AP(Ry)

AP™

X', R,z")
D = D(R)
X’

Cy(T, E")

(Cy (T, E™))"

U(t,A)
Ga(t,T)
D(A)

X

are the spaces of functions ¢ : R, — E" possessing m — 1 usual
derivatives, and D”“l(p is absolutely continuous and DJ 9 € L' (R,),
0<j=<m

is the space of infinitely differentiable functions, all the derivatives of
which belong to L' (R..).

is the space of infinitely differentiable functions ¢ : Q — E" with the
compact carrier;

the space of functions ¢ : Q — E" with m continuous derivatives and
the compact carrier;

is the array of all the functions ¢ : Q — E" having continuous
derivatives up to order m inclusively;

family of all the functions ¢ from C"(Q), for which all derivatives D" ¢
admit a continuous prolongation onto Q;

is the space adjoint to D(Q);

is the space adjoint to D1 (R;) (0 < m < +o0);

is the set of all multiplicators in /" (R.);

is the space of all asymptotically almost periodic functions ¢ € "(R;);
is the space of all the functions that are asymptotically almost periodic
together with their derivatives;

is the space of distributions f € '™ (R, ), the shifts of which {7, f | h €
R, } form a relatively compact set in /™ (R, );

denotes the set of all asymptotically almost periodic functions from
C(Ry, E");

is the set of all m times continuously differentiable functions from
C(R4, E™) that are asymptotically almost periodic together with their
derivatives up to the order m inclusively;

is the dynamical system adjoint to (X, R, 7);

is the space of all finite continuously differentiable functions ¢ : R —
R";

is the space of all linear continuous functionals on X;

is the Banach space of all continuous and bounded functions f : T — E"
with the sup-norm;

is the space adjoint to (Cy(T, E"))";

is the operator of Cauchy;

is the function of Green;

is the domain of definition of the operator A.






Asymptotically Almost Periodic
Motions

1.1. Some Notions and Denotations

Let us give some notions and denotations used in the theory of dynamical systems [86,
92, 93, 98-100] which we will apply in the present book.

Let X be a topological space, R (Z) a group of real (integer) numbers, R. (Z;) a
semigroup of nonnegative real (integer) numbers, S one of subsets of R or Z,and T = S
(S+ € T, where Sy = {s | s €S, s = 0} is a semigroup of additive group S).

Definition 1.1. The triplet (X, T, n), where 7 : X X T — X is a continuous mapping
satisfying the following conditions:

n(0,x) =x (xeX,0eT), (1.1)

n(t,n(t,x)) =nt+71,x) x€X;t,71€T) (1.2)

are called a dynamical system. In that case if T = R, (R) or Z; (Z) then the system
(X, T, m) is called a semigroup (group) dynamical system. If T = R, (R) the dynamical
system is called flow and if T < Z then (X, T, r) is called cascade.

To be short we will write instead of 7(¢, x) just xt or #’x. Further, as a rule, X will be
a complete metric space with the metric p.

Definition 1.2. The function 7(-,x) : T — X with fixed x € X is called motion of the
point x and the set X := 7(T, x) is called trajectory of this motion or of the point x.

Let T < T’ (T" is a subsemigroup from S).

Definition 1.3. The motion 7(-,x) : T — X is called extendible on T" if there exists a
continuous mapping y : T" — X such that

(1) ylr = (-, x);
(2) n(t,y(s)) = p(t+s)forallt € Tands e T".

Denote by @, := {(y,T") : y is a extension on T’ of motion 7(-,x)}.
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Definition 1.4. If for any point x € X and (y;,T'),(y2, T”) € @, from the equality
y1(to) = y(to) it follows yi(t) = y2(¢) for all t € T"NT", then (X, T, ) is said to be
a semigroup dynamical system with uniqueness.

Remark 1.5. We will suppose that any semigroup dynamical system, considering in this
book, possesses the property of uniqueness.

Definition 1.6. A nonempty set M < X is called positively invariant (resp., negatively
invariant, invariant) if (¢, M) € M (resp., (£, M) 2 M, n(t,M) = M) for all t € T.

Definition 1.7. A closed invariant set not containing proper subset which would be closed
and invariant is called minimal.

Definition 1.8. A point p € X is called w-limit point of the motion (-, x) and of the point
x € X if there exist a sequence {t,} C T such that t, — +o0 and p = lim,—1c 7(t,, x).

The set of all w-limit points of the motion 7(-,x) is denoted by w, and is called
w-limit set of this motion.

Definition 1.9. A point x and motion 7(-,x) are called stable in the sense of Lagrange
in positive direction and denoted st. L* if H(x) := f: is a compact set, where X} :=
a(Ty,x)and Ty := {t |t €T, t > 0}.

Definition 1.10. A point x and motion 7(-,x) are called stable in the sense of Lagrange
and denoted st. L if H(x) := X, is a compact set, where %, := 7(T, x).

Definition 1.11. A point x € X is called fixed point or stationary point if xt = x for all
t € T and t-periodicifxt = x (7 >0, 7 € T).

Definition 1.12. Let ¢ > 0. A number 7 € T is called e-shift (e-almost period) of x if
p(x1,x) < e (p(x(t+1),xt) <eforallt € T).

Definition 1.13. A point x € X is called almost recurrent (almost periodic) if for every
€ > 0 there exists [ = I(¢) > 0 such that on every segment from T of length / there exists
e-shift (¢-almost period) of the point x.

Definition 1.14. If a point x € X is almost recurrent and the set H(x) = X, is compact,
then the point x is called recurrent.

Definition 1.15. A point x € X is called positively Poisson stable if x € w,.

Definition 1.16. The motion 7z(+,x) : T — X of the semigroup dynamical system (X, T, )
is called continuable onto S, if there exists a continuous mapping ¢ : S — X such
that 'g(s) = ¢@(t +s) forall t € T and s € S. In that case by a, we will denote
the set {y | 3t, — —oo, t, € S_, ¢(t,) — y}, where ¢ is an extension onto S of
the motion 7(-,x). The set «, is called a-limit set of ¢ and its points are called a-limit
for ¢.
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Along with the dynamical system (X, T, ) let us consider (Y, T, o), where Y is a
complete metric space with metric d.

Definition 1.17. Following [100], one will say that the sequence {t,} C T directs a point
x € X to the point p € X if p = lim,_. ;o xt,,. The sequence {t,} is called proper sequence
of the point x if x = lim,— e xt,,.

By 9, , is denoted the set of all the sequences directing x to p, by N, -the set of all
proper sequences of the point x (i.e., My := My ) and M, := U{M, , : p € X}

Definition 1.18. A point x € X is called [100] comparable by the character of recurrence
with y € Y or, in short, comparable with y if for every & > 0 there exists § > 0 such that
0-shift of the point y is e-shift for x € X.

In the work [100], it is shown that the point x € X is comparable with y € Y if and
only if 91, < N,.

Definition 1.19. A point x € X is called [100] uniformly comparable by the character of
recurrence with y € Y or, in short, uniformly comparable with y if for every ¢ > 0 there
exists § > 0 such that for any t € T every §-shift of the point yt is e-shift for xt, that is,
0 > 0 is such that for every two numbers f;,#, € T for which d(yt, yt,) < & is held the
inequality p(xt, xt;) < €.

In the case when y € Y is stable in the sense of Lagrange (i.e., £, is a relatively
compact set) in [100] is proved that x € X is uniformly compared with y € Y if and only
if M, < M,.

Definition 1.20. Points x; and x, from X are called positively proximal (distal) if

inf {p(x1t,x28) : t €Ty} =0 (inf {p(x1t,x2¢) : t € T4} >0). (1.3)

Definition 1.21. Aset A < X is called [86] uniformly Lyapunov stable in positive direction
with respect to the set B < X (denotation-un. st. £7B) if A < B and for every & > 0 there
exists §(¢) > 0 such that the inequality p(p,r) < § (p € A, r € B) implies p(pt,rt) < ¢
forall t € Ty.

Definition 1.22. Let (X, Ty,7) and (Y, Ty,0) (Sy € T, € T, < S) be two dynamical
systems. The mapping h : X — Y is called homomorphism (resp., isomorphism) of
the dynamical system (X, T;, ) onto (Y,T,,0) if the mapping h is continuous (resp.,
homeomorphic) and h(n(t,x)) = o(t,h(x)) for all x € X and t € T,. In that case
(X, Ty, m) is called an extension of the dynamical system (Y, T,,0) and (Y, T, 0) is the
factor of (X, T}, ). The dynamical system (Y, T,, o) is also called (see, e.g., [93, 100])
base of the extension (X, T, 7).

Definition 1.23. The triplet ((X, T, n),(Y,T,,0),h), where h is a homomorphism of
(X, Ty, m) onto (Y, T, 0), we will call nonautonomous dynamical system.
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Let t € T. Denote mapping 7' : X — X by the equality n'(x) = n(t,x). f F = T
and M < X, then assume E*(M, ) := {n!|p : t € F } where by the line is denoted the
closure in XM and E(M, ) := {& | £ € E¥*(M,S), &(M) < M}.

Definition 1.24. A dynamical system (X XY, T, ) is called direct product of the dynamical
systems (X, T,7) and (Y, T, 0) if A(t, (x, y)) = (n(t,x),0(t, y)) forall (x, y) € X X Y and
teT.

1.2. Poisson Asymptotically Stable Motions

Definition 1.25. A motion 7(-,x) is called asymptotically stationary (resp., asymptoti-
cally 7-periodic, asymptotically almost periodic, asymptotically recurrent, asymptotically
Poisson stable) if there exists a stationary (resp., 7-periodic, almost periodic, recurrent,
Poisson stable) motion 7(-, p) such that

tlgrn plxt, pt) = 0. (1.4)

Denote by Py := {p | p € wx N wp,lim;_ ;o p(xt, pt) = 0}. It is clear that the motion
7(+,x) is asymptotically Poisson stable if and only if P, # &. From the definition of
asymptotical Poisson stability, generally speaking, does not follow that P, consists from
a single point. The lemma below points out a simple condition with which P, consists
strictly from one point.

Lemma 1.26. Let x € X be asymptotically Poisson stable. If points from wy are mutually
distal in positive direction, then Py consists from one point.

Proof. In virtue of asymptotical Poisson stability of 7(-,x) the set P, is not empty. As-
sume that in P, there are two different points p; and p,. Under the conditions of Lemma
1.26 p; and p, are positively distal. On the other hand from (1.4) we have

Jlim p(pat, pat) = 0. (1.5)

The equality (1.5) contradicts to the positive distality of the points p; and p,. The lemma
is proved. O

Lemma 1.27. Let x € X be almost periodic. Then the following statements hold:

(1) forevery e > 0 there exists | = I(e) > 0 such that on every segment of length I from
T there is a number 1 such that p(p(t + 1), pt) < e forall p € H(x) and t € T;
(2) H(x) is uniformly Lyapunov stable (in positive direction) with respect to H(x).

Proof. Let x € X be almost periodic, p € H(x) and € > 0. Then there exists [ = I(¢/2) >0
such that on every segment of length I from T there is a number 7 for which

p(x(t+1),xt) < (1.6)

N | ™
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forall t € T. For p € H(x) there exists a sequence {t,} C T such that p = lim,_,c xt,.
From (1.6) it follows that

px(t+T+1t,),x(t+1t,)) < % (1.7)

forall t € T and n € N. Passing to the limit in (1.7) as n — +o0, we obtain

p(p(t+1),pt) <e (1.8)

forallt € T and p € H(x). The statement (1) is proved.

Let us prove the second statement of the lemma. Let ¢ > 0 and | = [(¢/2) be the same
that in the proof of statement (1) of Lemma 1.27. Since the set H(x) is compact, then on
H(x) the integral continuity is uniform. This means that for ¢/3 and I(e/3) there exists
6 = 8(e) > 0 such that

p(pt,qt) < g (1.9)

forall t € [0,]] as soon as p(p,q) < 8 (p,q € H(x)). Letnow t > I, pand q € H(x) and
p(p,q) < 6. Then on the segment [t — [,¢] C T there is a number 7 such that

p(r(t+1),rt) < (1.10)

W | m

forall r € H(x) and t € T. Present the number ¢ as s + 7, where s € [0,1]. Then for
t=s+1

p(pt,qt) = p(p(s+1),q9(s+ 1))

< p(p(s+1), ps) + p(ps,qs) + p(gs, q(s + 1)). (1.11)

From the last inequality and inequalities (1.9) and (1.10) it follows that
p(pt,qt) <e (1.12)
forall t = [. From (1.9) and (1.12) we obtain the second statement of lemma. O

Lemma 1.28. Let the point x € X be almost periodic, then on w, the dynamical system
(X, T, m) is distal, that is,

inf {p(pt,qt) : t € T} >0 (1.13)

forall p,q € H(x) (p # q).

Proof. Assume that the statement of Lemma 1.28 does not take place. Then there exist
P>q € we = H(x) (p # q) and t, € T such that

p(ptn:qtn) —0 (1.14)

as n — +oo. According to Lemma 1.27 H(x) is un. st. £ with respect to H(x) and,
consequently, for the number 0 < € < p(p, q) there is § = §(&/3) such that

(1.15)

W m

p(pt,qt) <
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for all t € T as soon as p(p,q) < 6 (p,q € H(x)). From (1.14) it follows that for n big
enough p(pt,, qt,) < § and, consequently,

€
p(p(tu+1).q(tn+1)) < 3 (1.16)
for all t € T. By the number /3 and ¢, € T we chose 7 > t, such that
€
p(rr,r) < 3 (1.17)
for all » € H(x) (according to Lemma 1.27 such 7 there exists). Then,
p(pq) < p(p7, p) +p(p7,q7) + p(q7,9) (1.18)

and according to (1.16) and (1.17) p(p,q) < e. This fact contradicts to the choice of «.
The lemma is proved. O

Corollary 1.29. If the motion n(-,x) is asymptotically almost periodic, then Py consists of a
single point.

Proof. The formulated statement follows from Lemmas 1.26 and 1.28. O

Remark 1.30. (1) In the case of asymptotical almost periodicity the point p, figuring in
the definition of asymptotical almost periodicity is defined uniquely.

(2) If the a motion is asymptotically recurrent but not asymptotically almost peri-
odic, then the statement formulated above (Corollary 1.29), generally speaking, does not
take place.

1.3. Criterion of Asymptotical Almost Periodicity

Theorem 1.3.1. The point x € X is asymptotical stationary (resp., asymptotically T-peri-
odic, asymptotically almost periodic) if and only if the following conditions hold:
(1) xisst. L*;
(2) Zrisun. st. LTE};
(3) wx coincides with the stationary point (resp., T-periodic trajectory, closure of the
almost periodic trajectory).

Proof. Necessity. Let the point x be asymptotically stationary (resp., asymptotically 7-
periodic, asymptotically almost periodic). Then there exists a stationary (resp., T-peri-
odic, almost periodic) point p such that equality (1.4) takes place. From equality (1.4) it
follows that x is st. L* (since an almost period point is st. L*) and w, = w, = H(p). So,
we only must show that X7 is un. st. £L*X}. From equality (1.4) and almost periodicity of
the point p it follows that for every € > 0 there exist numbers § > 0 and [ > 0 such that
on every segment of length / there is a number 7 for which

p(x(t+71),xt) <e (1.19)

forallt = fand t +7 = f.
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Let ¢ > 0. From the said above it follows that for the number &/3 there exists a pair of
numbers B(¢/3) and I(e/3) such that on every segment of length I(¢/3) there is a number
7 for which

p(x(t+1),xt) < (1.20)

W[ m

forallt = fand t + v = . On the compact set H*(x) the continuity integral is uniform.
Therefore, there exists y(¢) > 0 such that for every points x;,x, € X! from the inequality
p(x1,x2) < y it follows that

p(x1t,x21t) < g (1.21)

forall t € [B, + I]. Note that y can be chosen smaller than ¢. Let x; and x; be from X7,
thatis, x; = xt; (t; € Ty, i =1,2). Then,

pxit,xat) < p(xi(t+71),x1t) + p(x1(t+ 1), x2(t + 7)) + p(x2(t + 1), x28). (1.22)

Choose 7 € [f —t,f —t+1] C T4, then from the last inequality and inequalities (1.20)
and (1.21) it follows that

plxit,xat) <y (1.23)

for all t+ = fB. In virtue of the uniform integral continuity on £} the numbers § and y
(y < &) we can choose § < y so that from the inequality p(x),x;) < § (x1,x; € Xf) would
follow p(x1t,x,t) < y for all t € [0, B]. Let now p(x1,x2) < 6§, (x1,% € Zf, 5 <y <e¢) and
t € T.. Then p(x;t,x:t) < e.

Sufficiency. Let x be st. L*, 2 be un. st. L*X}, and let w, coincide with the stationary
point (resp., T-periodic trajectory, closure of the almost periodic trajectory). Under the
conditions of Theorem 1.3.1 for every natural n there exist 8, = 0,1, > 0, and 7, €
[n,n + 1,] such that

p((t + 1), x1) <% (1.24)

forallt = B, and t+71, = f3,. By the L* stability of x the sequence {x7,} can be considered
convergent. Assume p := lim,_.,e X7y, then p € wy and by Lemma 1.27 the point p is
almost periodic.

Let us show that the sequence {x7,} converges to p uniformly on T4, that is,

nliIPw sup {p(x(t+710), pt) : t € T4} = 0. (1.25)

In fact, since {x7,} is convergent, it is fundamental. Let ¢ > 0 and §(¢) > 0 be chosen
from the uniform stability L*X} of the set £}. Then there exists N(¢) > 0 such that
p(xTy, xTy,) < 6 for all n,m = N(e) and, consequently,

px(t+10),x(t+71m)) <e (1.26)

for all t € T,. Passing to the limit in (1.26) as m — +oo (for fixedn € Nand t € T,), we
obtain

p(x(t+1,),pt) <e (1.27)
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forallt € T, and n = N(¢). Now we will show that p € P,. In fact,

oty pt) < plxt,x(t+10)) + plx(t + ), pt) < % te (1.28)
forall n = N(e) and t = f3, and, consequently, p € P,. The theorem is proved. O
Lemma 1.31 (see [86]). Ifthe set A is un. st. LB, then A is un. st. £*B.
Lemma 1.32 (see [86]). If X} isun. st. LTX} and w, + D, then wy is a minimal set.

Remark 1.33. The statements of [86, Lemmas 1.3.2 and 1.3.3] are proved for group sys-
tems in the case when T = R. However, it is not difficult to verify that the reasoning in
[86] allows us to prove these statements also in the case when T = Z, R, or Z,.

Corollary 1.34. Ifthe point x is st. L™ and X% is un. st. L* 2%, then w, is a nonempty compact
minimal set consisting of almost periodic motions.

Lemma 1.35. Ifxisst. L* and t, — ty (tp € T), then

lim sup {p(x(t+1t,),x(t+ 1)) :t €T} =0. (1.29)

n—+oo

Proof. Let x best. LY and t, — t,. Suppose that equality (1.29) does not take place. Then
there exist a subsequence {f,} and & > 0 such that

p(x(tn+ 1), x(to +1,)) = & (1.30)

Since the point x is st. L*, the sequence {7 (x,,)} can be considered convergent. Put
X = lim,,—. yo Xt,. Then

& = P(x(tn +fn)’x(t0 +zn)) = P((xfn)tna (x?n)to)- (1.31)

Passing to the limit in inequality (1.31) as n — +oo, we get the inequality ¢y < 0, which
contradicts to the choice of &y. The lemma is proved. O

Lemma 1.36. If (X, T, ) is the group dynamical system (T = R or Z), then under the
conditions of Theorem 1.3.1 the set wy is an almost periodic minimal set of (X, T4, ) (i.e.,
wy is a minimal set and every point p € wy is almost periodic).

Proof. In fact, using Lemmas 1.32, 1.35, and some results from the work [101], we can
show that every point p € w, will be almost periodic in (X, T, 7) too. O

Remark 1.37. Let (X, T, ) be a semigroup dynamical system (T = R, or Z,) and X be
an almost periodic minimal set. According to the results [93, 101] on the space X there
exists a unique group dynamical system (X, S, 77) such that

(1) 7tls,xx = m;

(2) (X,S,7) is an almost periodic minimal set.
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Theorem 1.3.2. The following statements are equivalent:

(1) the point x € X is asymptotically almost periodic;

(2) forevery e > 0 there exist numbers § = 0 and | > 0 such that on every segment of
length | there is a number v for which inequality (1.19) holds for every t = f and
t+1=p;

(3) the point x is st. LY and 2 is un. st. LYZ;

(4) from any sequence t, — +oo we can extract a subsequence {t,} such that
{m(ty,,x)} converges uniformly with respect to t € T, that is, there exists p € X
such that (1.25) is fulfilled.

Proof. Note that the implication (1)=(2) follows from the definition of asymptotical
almost periodicity (see the proof of Theorem 1.3.1).

Let us show that (3) follows from (2). From condition 2. it follows that the point x is
st. L*. Really, let € > 0. For the number &/2 there exist numbers § = 0 and [ > 0 such that
on every segment of length I there is a number 7 for which

p(x(t+1),xt) < (1.32)

[NSRNCY

forall t = fand t + 7 = fB. Let us show that M = 7([B,f + I],x) approximates Q =
{m(t,x) : t = B} with the exactness of ¢/2. Really, if t > f, then exists 7 € [f -, — t +]]
such that (1.29) holds and, consequently, Q = S(M, ¢/2). Since the set M is closed and
compact, it possesses a finite £/2-net, which in virtue of the inclusion Q< S(M,e/2)isa
&/2-net of the set Q. As the space X is complete, the set Q is compact. It remains to note
that 2} = 7([0, 5], x) U Q. At last, from the proof of necessity of Theorem 1.3.1 it follows
condition (2) and stability L* of the point x we give the uniform stability L*X} of the set
>t

Let x be st. L*, Xf be un. st. L*X and ¢, — +o0. Since the point x is st. L*, from {f,}
we can extract a subsequence {f,} such that xtx, — p. In virtue of the uniform stability
LTEE of the set X}, reasoning as well as in the proof of necessity of Theorem 1.3.1, we
obtain equality (1.25).

Let us show that (4) implies (3). Suppose the contrary, that is, that there exist a
number &, > 0, sequences §, | 0, {tﬁf)} (i =1,2), and {f,} such that

p(xtW, xt?P) < 8, p(x(tV +2,),x(t?P +1,)) = . (1.33)
It is obvious that from (4) it follows that x is st. L*, hence the sequence {xtﬁ,i)} (i=12)
can be considered convergent. Assume X; = lim, o xtﬁ,i) (i = 1,2). From inequality
(1.33) it follows that X; = X, = X. Let us show that the sequence {xt,(f)} converges to X
uniformly w.r.t. t € T,. Two cases are possible:
(a) the sequence {£} is bounded and without loss of generality it can be considered
convergent. Then the needed statement follows from Lemma 1.35;
(b) the sequence {tﬁ,i)} is unbounded. By (4) the sequence {xtﬁ,i)} can be considered
convergent uniformly with respect to t € T,. So, we showed that X = lim, .+ xtﬁ,") (i=
1,2) and the convergence in the last equality is uniform with respect to t € T.. Then for
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the number &y/2 there is a natural number ny such that
p(x(tV) + 1), x(t? +1)) < %0 (1.34)
forall t € T, and n = ny. In particular, for t = ¢,
pe(t) +8:),x(67 +1,)) < (1.35)

Inequality (1.35) contradicts to inequality (1.33). The obtained contradiction proves the
required statement.

At last, let us show that from (3) it follows (1). Let the point x € X be st. L*
and X} be un. st. L£L*X}f. Then according to Corollary 1.34 the set w, is a nonempty
compact minimal set consisting of almost periodic motions. By Theorem 1.3.1 the point
x is asymptotically almost periodic. The theorem is completely proved. O

1.4. Asymptotically Periodic Motions

Theorem 1.4.1. For the asymptotic T-periodicity of the point x € X it is necessary and
sufficient that the sequence {m(kt,x)};%, would be convergent.

Proof. Necessity. Let the point x € X be asymptotically r-periodic, that is, there exists a
T-periodic point p such that equality (1.4) takes place. Then

p(x(kr), p(kn)) = p(x(kr), p). (1.36)

Passing to the limit in (1.36) as k — +co and taking into consideration (1.4), we will
obtain the required result.

Sufficiency. Let {n(k7,x)}{%, be convergent. Assume p = limy_,. 7(k7,x). Note
that

pr = ( lim x(kr))r = lim (x(k7))7r = lim x(k+ 1) = p. (1.37)
k—+oo k—+oo k—+o0

So, the point p is 7-periodic. Let us show that x is st. L*. In fact, let {t,} C T.. Then
tr = mpT + g (myg, tx € Ty, 7 > 0 and € [0,7)). The sequence {f;} can be consid-
ered convergent and let #o := limy_ o fx. Then limg_ e Xt = limg_jo0 X(mT + ) =
limg oo (X(m 7))tk = pto.

In virtue of stability L* of x the integral continuity on the set H*(x) is uniform.
Taking in consideration also the fact that limy_ .. x(k7) = p, we get

lim sup {p(x(kt +1),pt):t € [0,7]} =0 (1.38)
— 400
and, consequently,
plxt, pt) = p(x(kt + 1), pt) < sup {p(x(kt +7), pt) | T € [0, 7]}, (1.39)

wheret = kt+1 (k = [t], T € [0,7]). Passing to the limit in (1.39) as t — +o0 (k = [t] —
400 as t — +00), we obtain equality (1.4). The theorem is proved. O
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Corollary 1.38. The point x is asymptotically stationary if and only if the sequence
{x(kT)} ., converges for every T € T,.

Theorem 1.4.2. Let T = R, or R. The point x is asymptotically stationary if and only if the
sequence {7 (ty,x)} converges, where t, :== >.;_, 1/k.

Proof. The necessity is obvious, let us prove the sufficiency. Let the point x € X be such
that the sequence {xt,}, where t, = >[_, 1/k, is convergent. Put p = lim,_« xt, and
show that

tllgrn p(xt,p) = 0. (1.40)

It is obvious that to prove (1.40) it is enough to prove that for every sequence {t;} C T,
f; — +00, there takes place

kliTwP(Xt’;’p) =0. (1.41)
By the sequence {t; } we will define the sequence
tn, = max {t, | t, < t;}. (1.42)
The sequence {f,, } defined by (1.42) possesses the next property:
e < 1 < tys1. (1.43)

From (1.43), it follows that 0 < t; —f,, < ty1—ts, = 1/(nx + 1). From the last inequality it
follows that limk—.4c (¢, — t,) = 0. It remains to note that 7(t;, x) = 7(t;, — ty,, 7(t,, X)).
Since {xt,, } and {f; — t,} converges, then the sequence {xt;} is convergent too, and
obviously limg—e xt;, = p. The theorem is proved. O

Remark 1.39. If (X, T, m) is a cascade (T = Z, or Z) and the point p € X is m-periodic,
then obviously the set {p, 7(1, p),...,m((m — 1), p)} is its trajectory consisting from
exactly m different points.

Lemma 1.40 (see [102]). Let T = Z, or Z and x € X be a st. L* point. The set w, consists
of a finite number of points if and only if there exists an m-periodic point p € X such that
wy ={p, n(L,p),...,m(m—1,p)}.

Theorem 1.4.3. Let T = Z. or Z. The point x is asymptotically m-periodic if and only if
the point x is st. L and its w-limit set w, consists of exactly m different points.

Proof. The necessity of the formulated statement directly follows from the definition of
asymptotical m-periodicity and Remark 1.39.

Sufficiency. Let the point x € X be st. L* and wx = {p1, p2,..., pm}, and p; # pj as
i#j,i,j=1,2,...,m. Then

lim p(xn,wy) = 0. (1.44)

n—-+oo
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From equality (1.44) it follows that
8(n) := min {p(xn,pjn) : 1< j<m} — 0 (1.45)
asn — +oo. Let py > 0 be such that
p(pin, pjn) = po (1.46)
foralln € Tandi,j = 1,2,...,m,i # j. Since the point x is st. L* on the set H"(x), there
is held the condition of the uniform integral continuity. Let us choose for the number

po/3 a number y(po/3) > 0, y(po/3) < po/3 from the condition of the uniform integral
continuity. Then

p(rE D, (p ) < (% p e H'(), (1.47)

as soon as p(X, p) < y. From (1.45), it follows that for y(po/5) there is 1y such that §(n) <
y(po/5) for all n = ny. Then there exists jo € [1,m] C T such that

p(xno, pjyno) < y(%o) (1.48)

Assume

A = sup {K | p(xn, pjyn) < y(pg()), n € [no, no +Z]} (1.49)

(a) If A = +oo, then p(xn, pj;n) < y(po/5) for all n € N and, consequently. for all
Jj#Jjo

p(xn, pjn) = p(pjm, pj,n) — p(xn, pjyn) = po — ’? = % > y(%o)- (1.50)
Therefore,
p(xn,pjn) = 1m‘in plxn,pjn) = 8(n) — 0 (1.51)
<j<m

as n — +o0o. And in this case the theorem is proved.
(b) Let us show that the case when A < +oo is not possible. In fact, if we suppose that
A < +o00 and put 1y = ng + A, then we have

w[®

p(xng, pj,n’) <y<‘%0>, plx(n +1),pj(n" +1)) zy( ), (1.52)
Po

plx(n" +1),pj(n +1)) < 5 (1.53)

Since §(n" + 1) < y(po/5), then there exists p;, # pj, such that

plx(n" +1),p;(n +1)) = y(%) (1.54)
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and hence

P(Pjo(”, + 1)’pi0(n, + 1))
Po, Po_

sp(pjo(n'+1),x(n'+1))+p(x(n'+1),‘17,»0(n'+1))<y+%0 < 3 + 5 <Po
(1.55)

The last contradicts to the choice of the number p,. The theorem is completely proved.
O

Remark 1.41. The analogue of Theorem 1.4.2 for flows does not take place.
The said above is confirmed by the next example.

Example 1.42. Let us consider the dynamical system defined on the unit circle by the
following rule. Let the center of the circle be a stationary point, the boundary of the circle
be the trajectory of the periodic motion with the period 7 = 1. The rest of motions will
be not special. And besides we assume that every semitrajectory X} is not un. st. L*X} for
every inner point x of the circle that is different from the center. The described dynamical
system is given by the system of differential equations, which in polar coordinates is looks
as following:

(1.56)

It is easy to see that w-limit set of the point x is a trajectory of 1-periodic point, but the
point x itself is not asymptotically 1-periodic, since X} is not un. st. L¥X (see Theorem
1.3.1).

1.5. Asymptotically Almost Periodic Functions
1.5.1. Dynamical Systems of Shifts in the Spaces of Continuous Functions

Below we give one general method of constructing of dynamical system in the spaces of
continuous functions. The given method is used while getting many known dynamical
systems in functional spaces (see, e.g., [92, 93, 100]).

Let (X, T, ) be a dynamical system on X, Y be a complete pseudometric space and
P be its complete pseudometrics. By C(X,Y) we denote the family of all continuous
functions f : X — Y endowed with the compact-open topology which is given by the
following family of pseudometrics:

dg(f>8) = sugp(f(x),g(x)) (pe P Ke XX), (1.57)

where K (X) is the family of all compact subsets of X. Define for every 7 € T a mapping
o, : C(X,Y) = C(X,Y) as follows: (0:f)(x) = f(n(x,7)) (x € X). Note the next
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properties of mapping o,:
(a) oo = idex,v);
(b) 0, 0 07 = Or4mys
(c) o0y is continuous.

As a rule, further we use the denotation o, f = (™).

Lemma 1.43. The mapping o : C(X,Y) X T — C(X,Y) defined by the equality o(f, 1) =
o.f (f € C(X,Y), v €T)is continuous.

Proof. Let f € C(X,Y), 7 € Tand { f,}, {r,} be arbitrary directedness converging to f
and 7, respectively. Then for K € K (X) we have

dﬁ(g(_fv;TV))a(f’T))
=sup p(o(fi, 1) (x), o(f,7)(x))

xeK

=sup p(fy(7(x,7)), f(n(x,7)))

xeK

<supp(fy(z(67)), f(7(67))) +sup p(f(n(x 7)), f(n(x,7))) (158)

< sup p(f(r(x9), f(n(69)) +sup p(f ((x, 7)), f (7(x, 7))

x€K,seQ

< sup p(fulm), f(m)) +sup p(f(n(x, 7)), f(7(x,7)))

men(K,Q) xeK

= dyo) (fn ) + sup p(f(m(x, 7)), f (7%, 1)),

where Q = {7,}. Passing to the limit in inequality (1.58) we get the necessary affirmation.
O

Corollary 1.44. (C(X,Y), T, 0) is a dynamical system.

Definition 1.45. The dynamical system (C(X,Y),T,0) is called a dynamical system of
shifts (dynamical system of translations or dynamical system of Bebutov) in the space of
continuous functions C(X, Y).

Let us give some examples of dynamical systems of the type (C(X,Y), T, o) that are
met in applications.

Example 1.46. Assume X = T and by (X, T, ) denote a dynamical system on T, where
n(x,t) = x + t. The dynamical system (C(T,Y),T,0) is called a dynamical system of
Bebutov [86, 92, 93, 99, 100]. The dynamical system of Bebutov is a useful means of
study of general properties of continuous functions. Below, we use it to establish series of
properties of almost periodic functions.

Example 1.47. Assume X = T X W, where W is some metric space and by (X, T, 7) we
denote a dynamical system on T X W defined by the following way 7((s, w), t) = (s+t, w).
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The given above construction allows us in a natural way define on C(T x W,Y) the
dynamical system of shifts (C(T x W, Y), T, o).

Example 1.48. Let W = C", Y = C™, and A(T x C",C™) be the set of all functions
f € C(T x C",C™) that are holomorphic with respect to the second argument. It is easy
to check that the set A(T x C",C™) is a closed invariant set of the dynamical system
(C(TxC",C™), T, 0) and, consequently, on A(T x C",C™) there is induced a dynamical
system (A(T x C",C™), T, o).

1.5.2. Asymptotically Almost Periodic Functions of Fréchet.

In this section we will give the Fréchet definition [1, 2] of asymptotical almost periodicity
of continuous functions and also some their properties. Let 6 be a Banach space with the
norm | - |. In the space C(RR, B) with the help of the metric of Bebutov we can define the
compact-open topology

p(¢,¥) = supmin { max |o(t) — y(t)] ;L*I}. (1.59)
L>0 tI=<L

Consider the dynamical system of Bebutov (C(R,B), R, o).

Definition 1.49. One will say that the function ¢ € C(RR,B) possesses the property A, if
the motion (-, ¢) generated by the function ¢ possesses this property in the dynamical
system (C(R,B),R, o).

In the quality of the property A there can stand stability L*, uniform stability .£7,
periodicity, almost periodicity, asymptotical almost periodicity and so on.
Note that the equality

Jlim p(o(g,t),0(p,1)) =0 (1.60)
is equivalent to the equality
Jim [o(t) - p()| =0, (1.61)

where ¢, p € C(R,*B).

From the remarks above it follows that the function ¢ € C(R,B) is asymptotically
stationary (resp., asymptotically 7-periodic, asymptotically almost periodic, asymptoti-
cally recurrent) if and only if there exist functions p and w from C(R, B) such that

(a) o(t) = p(t) + w(t) forall t € R;
(b) lim¢— e [()| = 0;
(c) pis stationary (resp., T-periodic, almost periodic, recurrent).

Here p is called the main part of ¢, and w is called correction.

Remark 1.50. From Corollary 1.29 it follows that the functions p and w from the condi-
tions (a), (b), and (c) are defined uniquely, if ¢ is asymptotically almost periodic.
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From the above said and Theorems 1.3.1, 1.3.2, 1.4.1, and 1.4.2 we get the following
statements.

Theorem 1.5.1. The function ¢ € C(R,B) is asymptotically stationary (resp., asymptot-
ically T-periodic, asymptotically almost periodic) if and only if the function ¢ is st. L*, the
set 2, is un. st. LYE and wg consists of a stationary function (resp., trajectory of T-periodic
function, closure of the trajectory of almost periodic function).

Theorem 1.5.2. Let ¢ € C(R,B). The following statements are equivalent:

(1) the function ¢ is asymptotically almost periodic;

(2) @isst. L* and Z;; is un. st. £+Z$;

(3) for every € > 0 there exist numbers 5 = 0 and | > 0 such that on every segment of
length | there is a number T for which the inequality |¢(t + T) — ¢(t)| < € is held
forallt = fandt+1 = f5;

(4) from any sequence {t,}, t, — +oo there can be extract a subsequence {t, } such
that the sequence {(p(t"k)}, where (p(t"k)(t) = @(t +ty) forallt € R, converges
uniformly with respect tot € R..

Theorem 1.5.3. The function ¢ € C(R,B) is asymptotically T-periodic (resp., asymptot-
ically stationary) if and only if the sequence {9} converges in C(R,B), where t, := nt
(resp., bty := >p_; 1/k).

Lemma 1.51. Let ¢ € C(R,*B). The following statements are equivalent:

(1) the function ¢ is st. L*;
(2) the function ¢ is relatively compact on Ry (i.e., o(Ry) is a relatively compact set)
and uniformly continuous on R.

Corollary 1.52. Every asymptotically almost periodic function is relatively compact and
uniformly continuous on R..

Definition 1.53. Let ¢ € C(R,B). They say that the function ¢ has a average value M {¢}

on R, if there exists a limit of the expression (1/L) fOL o(t)dtas L — +o0. So,

.1t
Mig} = lim L o(dt. (1.62)
Lemma 1.54. Let w € C(R,B) and lim;_,« |w(t)| = 0. Then M{w} = 0.

Proof. Let ¢ > 0. Then there exists A > 0 such that |w(¢)| < € for all + = A and,
consequently, for L > A

‘ % LL w(t)dt‘ _ ‘ % LA o(t)dt + % Jj w(t)dt‘
(1.63)

< lJA lw(t)|dt+ S| - Al
=1l L '
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Passing to the limit in inequality (1.63) as L — +o0, we obtain

L
lim sup %J w(t)dt‘ <e (1.64)
0

L—+co

Since ¢ > 0 is arbitrary, from inequality (1.64) it follows that on R, there exists average
value of the function w and that it equals to zero. The lemma is proved. O

Corollary 1.55. Let ¢ € C(R,B) be asymptotically almost periodic. Then ¢ has average
value on Ry and M{¢} = M{p}, where p is the main part of .

Theorem 1.5.4. If every function ¢r € C(R,By) (k = 1,2,...,m) is asymptotically almost
periodic, then the function ¢ = (¢1,92,...,0m) € C(R,B1) X C(R,B,) X - - - X C(R,B,)
is asymptotically almost periodic too.

Proof. The formulated statement follows directly from Theorem 1.5.1. In fact, put 8 =
By X By X - -+ X By, and define the norm x € B by the equality [|x]| := Z,T:l EAPS
where | - | is the norm on By (k = 1,2,...,m). Then ¢ € C(R,*B). Let ¢, € C(R,By)
(k = 1,2,...,m) be asymptotically almost periodic and ¢, — +co. Then there exists a

subsequence t;, such that {(p,(:l”)} uniformly converges on R to some function @i (k =
1,2,...,m) and hence ) = (¢}, o\, o'} uniformly converges to the function

¢:(¢l)¢/2)'--7¢m)€C(R,%) OHR+. |:|

Corollary 1.56. Let ¢ € C(R,B) (k = 1,2,...,m) be asymptotically almost periodic.
Then ¢ := @1 + @y + - - - + @, € C(R,B) is asymptotically almost periodic too.

Proof. By Theorem 1.5.4 the function ¢ = (¢1,¢2,...,¢m) € C(R, B™) is asymptotically
almost periodic, that is, there exist functions p = (p1, pa, ..., pm) € C(R, B™) and @ =
(w1, w2, ..., wy) € C(R, B™) such that (p1, p2, ..., pm) € C(R, B™) is almost periodic,

tlj{fl(}o(|w1(t)|+|w2(t)|+---+|wm(t)|):0 (1.65)

and @ = p + @. Then the function ¢ = ¢1 + @, + - - - + ¢, can be presented in the form
¢ =p+w wherew:=w+w,+ -+ +wyand p := p; + pr+ - - + pu. The function
p is almost periodic in virtue of the almost periodicity of functions pi, p2, ..., pm and
|w(t)] — 0ast — +oo and therefore ¢ is asymptotically almost periodic. O

Theorem 1.5.5. Let {¢x} C C(R,*B) be a sequence of asymptotically almost periodic func-
tions and ¢x — ¢ uniformly on Ry as k — +oo, that is, lim;— . sup{lex(t) — ()| | t €
Ry} = 0. Then ¢ also is asymptotically almost periodic.

Proof. Lete > 0 and k(e) € N be such that

lpr(t) — ()] < (1.66)

W | m
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forall t € Ry and k = k(e). Since the function ¢y is asymptotically almost periodic,

then for the number &/3 there are numbers f(e) = 0 and I(¢) > 0 such that on every
segment of length [(¢) from R there exists a number 7 such that

(1.67)

W m

| prie) (E+7) — gre) (1) | <
forall t = B(¢) and t + 7 = f(¢). From inequalities (1.66) and (1.67) it follows that

lo(t+1)— @(t)]
< ot +7) = gy (t+ 1) | + [prie) (E+ 1) = e (D) | + [pre) (1) — ()| (1.68)

£ 3
<T+<+

E_S
3 3 3

forall t = B(e) and ¢ + 7 = f(¢e). The theorem is proved. O

Corollary 1.57. Let {¢i} C C(RR,B) be a sequence of asymptotically almost periodic func-
tions and the series > ;" ok converges uniformly with respect tot € Ry and S € C(R,B) is
the sum of this series. Then S is an asymptotically almost periodic function.

Let AP(R.,B) := {¢ | ¢ € C(R4,B), ¢ be asymptotically almost periodic} and

lpll = sup {lp(t) : t € Ry} (1.69)

Theorem 1.5.6. AP(R,,B) is a linear space and by equality (1.69) there is defined a
complete norm on AP(R,,B), that is, (AP(R.,B), || - |I) is a Banach space.

Proof. The linearity of the space AP(R., B) follows from Corollary 1.56. From Corollary
1.52 it follows that the right-hand side of equality (1.69) is a finite number for every
function ¢ € AP(R,,B). At last, let us show that norm (1.69) is complete. Let {¢x} C
AP(R.,B) be a fundamental sequence. Then it is fundamental also in the space C(R+, B)
(with respect to the metric of Bebutov) and, consequently, {¢x} is convergent in
C(R4,*B). So, there exists a function ¢ € C(R,,*B) such that ¢ — ¢ uniformly on
compact subset from R,.

Let now € > 0. Since {¢x} is fundamental with respect to norm (1.69), there exists a
number N (¢g) > 0 such that

lom(t) — ult)] <& (1.70)

forall t € Ry and m,n = N(e). Let us fix t € Ry, n = N(¢) and pass to the limit in
inequality (1.70) as m — +oo. Then we get

lo(t) —pu(t)| <& (1.71)

forall t € R, and n = N(e). So, ¢, — ¢ uniformly on R, and by Theorem 1.5.5 the
function ¢ is asymptotically almost periodic. The theorem is proved. O
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Denote by 2 (R, B) the Banach space of all almost periodic functions from C(RR, B)
with the norm

lloll = sup {lp(t) : t € R}, (1.72)
and by Cy(R, ®B) the Banach space of all functions ¢ € C(R,*B) satistying the condition

lim;— 1 |@(#)| = 0 and endowed with norm (1.69).

Theorem 1.5.7. The continuously differentiable asymptotically almost periodic function
¢ € AP(R,B) has an asymptotically almost periodic derivative ¢' if and only if it is
uniformly continuous on R.

Proof. The necessity follows from Corollary 1.52. Sufficiency. Let ¢ € AP(R, B) be con-
tinuously differentiable and ¢’ be uniformly continuous on R,. Consider the sequence
{ou} € AP(R,B) defined by the equality

1/n

on(t) = n[(p<t+ %) - go(t)] R (1.73)
Note that
1/n
lon(t) — ¢/ (1)] = nJ [¢/(t+7) - ¢ ()]dr
0 (1.74)
< ,max lo'(t+1)— ¢ (t)],

and hence ¢, — ¢" uniformly on R, since ¢’ is uniformly continuous on R.. According
to Theorem 1.5.5 ¢’ € AP(R,B). O

Lemma 1.58. Let ¢ € C(RR,B) be continuously differentiable, having a uniformly continu-
ous derivative ¢" and lim_. ;o |@(t)| = 0. Then lim;_., |9’ (£)| = 0.

Proof. Let {¢p,} C C(R,®B) be the sequence defined by equality (1.73). From inequality
(1.74) it follows that ¢, — ¢ uniformly on R,. Besides, from equality (1.73) it follows
that

lim Jgu(t)] =0 (1.75)

for all n € N. Let € > 0. Then there exists a number n(e) € N such that

9'()) = gu()] < 3 (1.76)
forallt € R, and n > n(e). From (1.75) it follows that for n(¢) there is L(¢) > 0 such that
lua (0] < 5 (1.77)

forall t > L(¢). Then
lo' (O] =< 19'(5) = @uie(D) | + [@niey (D) ] < % +§ = (1.78)

forall t = L(¢). The lemma is proved. O
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Lemma 1.59. Let ¢ € C(R,*B) be asymptotically almost periodic (i.e., ¢ = p + w, where
p € P(R,B) and w € Cy(R,B)) and uniformly continuous on R,. Then p and w are
continuously differentiable, p’ € P (R,B), w’ € Co(R,B) and ¢’ = p' + w'.

Proof. Under the conditions of Lemma 1.59 along with the function ¢, according to
Theorem 1.5.7, its derivative ¢” also is asymptotically almost periodic. Let {7,} be such
that 7, — +o0 and ™ — p. Since ¢ is asymptotically almost periodic, the sequence
{¢'(t + 7,)} can be considered convergent. Assume p(t) = lim,_. ¢'(t + 7,) and note
that

o(t+1,) = @(10) + tho'(r+ 7,)dT. (1.79)
0

Passing to the limit in equality (1.79) as n — +o0, we obtain

2(5) = p(0) + L 5(r)dr. (1.80)

Equality (1.80) implies that p is continuously differentiable and p’ = p. Since p € wy
and ¢’ is asymptotically almost periodic, then p’ € P (R,*B). Therefore w = ¢ — p is
uniformly continuous on R, together with its derivative w’ = ¢’ — p" and by Lemma 1.58
w" € Cy(R,B). The lemma is proved. O

Theorem 1.5.8. Let ¢ € AP(R,B) (ie, ¢ = p+ w, where p € P(R,B) and w €
Co(R,B)) and F(t) := fot @(1)dt has a compact values on R, (i.e., F(R,) is a relatively
compact set). The function F is asymptotically almost periodic if and only if the integral
Jo™ w(t)d converges, that is, there exists a finite limit

t

Iim | w(r)dr. (1.81)

t—+o0 Jo

Proof. Let 9, F € AP(R,B), where F(t) = fo ¢(t)dr,and F = P+ Q (P € P(R,B) and
Q € Cy(R,B)). Since F’' = (p, then according to Lemma 1.59 P’ = p, )" = w and, conse-
quently, Q(t) = Q(0) +f0 7)dr. Since |Q(t)| — 0 ast — +oo, then lim;_ 4« fy w(7)dT =
-Q(0).

Conversely. Suppose that there exists a finite limit lim;— fot w(r)dr = c. Let us
choose the sequence {7,} — +o0 such that (™ — pand consider the sequence F, defined
as follows:

E(t) Ltgo(t+'r)dr+F(Tn). (1.82)

Since the function F has a compact values on R, then the sequence {F(7,)} can be
considered convergent. Put

= lim F(1,). (1.83)

n—-+oo
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Passing to the limit in equality (1.82) as n — 400, we get ﬁ(t) = fot p(t)dt + A. Besides,
note that F,(t) € F(R,) for all > —1,,, that is, the function F, has a compact values on
[—7n, +00[ and, consequently, Fhasa compact values on R (F(t) € F(R,) forall t € R).
Therefore P(t) := fot p(r)dr = F(t) — Ahasa compact values and hence it is almost
periodic [92, 93, 100]. The function F(t) = fot ¢(7)dT can be presented in the form

F(t) = P(t) + ¢ + [Ltw(r)dr - c]. (1.84)

Since lim; .y [ [y @(7)d7 — ¢] = 0 and P + c is almost periodic, then F is asymptotically
almost periodic. U

Lemma 1.60. Let ¢ € AP(R,By) (k = 1,2,...,m) and ® € C(Q,B), where Q =

01 (Ry) X g2(Ry) X -+ = X ¢ (R4). The function ¢ defined by the equality

P(t) = O(p1 (1), @2(t),..., pm(1))  (t € Ry) (1.85)

is asymptotically almost periodic.

Proof. Invirtue of the asymptotical almost periodicity of the functions ¢y, @2, ..., ¢, the

set Qr = ¢1(Ry) X ¢2(Ry) X - - - X ¢, (R4) is compact and, consequently, the function
® € C(Q,*B) is uniformly continuous on Q.. Let py be an almost periodic function such
that gx = pr + wi for wx € Co(R,By) (k = 1,2,...,m). Thenm C ¢x(R;) and hence
6 = pi(R) X p2(R) X - -+ X pp(R) C Qy is a compact set.

Let € > 0, §(¢) be chosen from the uniform continuity of ® on Q, and L(¢) > 0 be
such that

lpi(t) = pi(t)] < 8(e) (1.86)

forallt = L(e) and k = 1,2,...,m. Assume p(t) := O(p;(¢), p2(t),..., pm(t)) and w(t) :=
¢(t) — p(t). Note that the function p € C(R,*B) is almost periodic, as the functions
pr € C(R,By) (k = 1,2,...,m) are almost periodic and ® is uniformly continuous on
Q:o Q= p1(R) X p2(R) X - - - X pp(R). Besides,

[w(t)] = [@(@1(t),..., @m(t)) — O(p1(£),..., pm(D)) | <€ (1.87)

forall t > L(¢). The lemma is proved. O

Lemma 1.61. Let {¢r} C AP(R,B) and ¢ = limg_.e ¢k in AP(R,B). Then M{¢p} =
limy 400 M(@g).

Proof. Lete > 0 and k(e) > 0 be such that
loi(t) — (1) | < e (1.88)
forall t € Ry and k > k(¢). Since

IM{g} — M{g}| < M{|gk(t) — @(t) ]}, (1.89)
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then from (1.88) it follows the inequality
| M{g} - Mig}| <e¢ (1.90)
holds for all k > k(¢). The lemma is proved. O

Lemma 1.62. If p € AP(R,,B), then

. 1 t+T
Mig = Jim L o(s)ds. (1.91)

And the limit (1.91) exists uniformly on t € R,.

Proof. Letp € AP(R4,B), p € P(R,B),and w € Cy(R4,B) such that ¢ = p+w. Then
the equality

. 1 t+T
Mip} = Jim - L p(s)ds (1.92)

takes place uniformly with respect to t € R. Let ¢ > 0. Then for w there is L(¢) > 0 such
that

lo(t)| < ; (1.93)
for all t = L(¢) and, consequently,
1 (T
’?J w(s+t)ds

0

e . (1.94)

1 1 llwll eT—L(e)
= |w(s+t)|ds+TJL(E) (s +0)]ds < 12010 + S

for all t = 0, where ||w]| = sup{lp(t)| : t € Ry }. From (1.94) it follows that

T
J w(s+t)ds
0

1
’? <e (1.95)

forallt € R, and T > 2L(¢)||wl|/e. Let € > 0. Then for w from (1.92) and (1.95) it follows
(1.91). The lemma is proved. O

1.6. Asymptotically S Almost Periodic Functions

1.6.1. Dynamical Systems of Shifts in the Space L] (R;B; u).

loc

Let S € R, (S,B;u) be a space with measure and g is the Radon measure, B-is a Banach
space with the norm | - |.
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Definition 1.63. A function f : § — B is called [103] a step-function if it takes no more
than a finite number of values. In this case, it is called measurable, if f “1({x}) € B for
every x € B, and integrable if in addition p(f "!({x})) < +oo. Then there is defined

[ =3 wr s (1.96)

xeB

The sum in the right-hand side of equality (1.96) is finite by assumption.

Definition 1.64. A function f : S — B is said to be measurable if there exists a sequence
{fa} of step-functions measurable and such that f,(s) — f(s) with respect to the measure
p almost everywhere.

Definition 1.65. A function f : § — B is called integrable, if there exists a sequence { f,,}
of step-functions, integrable and such that for every n the function ¢,(s) = | f,(s) — f(s)|
is integrable and

lim J | £u(s) = £(s)| du(s) = 0. (1.97)

n—-+oo

Then | f,du converges in the space B8 and its limit does not depend on the choice of the
approximating sequence { f,} with the above mentioned properties. This limit is denoted

by [ fduor [ f(s)du(s).

Let1 < p < +oo. By LP(8;B, u) there is denoted the space of all measurable functions
(classes of functions) f : S — B such that | f| € LP(S;R; ), where | f|(s) = | f(s)|. The
space LP(S;B; ) is endowed with the norm

I flle = ' j \ FOPAuE)Y?, 1 f e = supess | £(s)]. (1.98)

LP(S;B; u) with norm (1.98) is a Banach space.
Denote by L (R;%B;u) the set of all function f : R — 9B such that f; € LP([-1,1];
B;u) for every | > 0, where f; is the restriction of the function f onto [-1,1].

Definition 1.66. The function f : R — B is called decomposable, if for arbitrary s € R
one has f(s) = Z,Iil @i(s)gi> where g; € 9B and ¢; is a scalar continuous function with the
compact support (i = 1,2,...,N).

Lemma 1.67 (see [103]). The following statements hold:

(1) every continuous functions f : S — B with compact support is integrable;
(2) in the space LP(R; u; B) the set of step-functions with compact support are dense.

In the space Lﬁ)C(R; B; u) we define a family of seminorms || - ||, by the following
rule:

I fllnp = W filleq-tipmyy (1> 0). (1.99)
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Family of seminorms (1.99) defines a metrizable topology on L{ _(R;%B;u). The metric
that gives this topology can be defined, for instance, by the next equality

=1 lle—wylla
dlpy) = 2. 5, 9~ Vlinp (1.100)

i 2Ll =yl

Let us define a mapping o : L{, (R;B;u) x R — L (R;B;u) as follows: o(f,7) =
f® forall f € Lﬁ)c(R;%;y) and 7 € R, where f(V(s) := f(s+ 1) (s € R).

Lemma 1.68. (LP (R;B; 1), R, 0) is a dynamical system.

loc

Proof. Tt is enough to show the mapping o is continuous. Let f, — f in the space
Lr (R;B;u) and let t, — ty. We will show that o(f,,t,) — o(f,t) as n — +oo, that

loc
is,

1/p
UM | fu(tn+5) = f(to +5) |de(s):| —0, (1.101)

as n — +oo for every [ > 0.
Note that

1/p
[Jltq | fultu ) = ft0 +5) |pd#(s)]

1/p Up
< |:Jt<l |fn(tn +S)_f(tn+5) |pd‘u(s:| +[J|t|<l |fﬂ(tn+5)_f(t0+5) |Pd‘bl(5):|
7 7 (1.102)

Besides, since t, — ty, there exists [ > 0 such that |t,| < [y and |t,, +s| < |t,]| + |s] <
lp+1=Lforalln=1,2,3,...,and, consequently,

p p
|:Js<l |fn(tn +S) B f(t" +S) |pd‘u(5):| = |:JItI<L |fn(t) - f(t) |pd/,{(t):| —0
(1.103)

asn — +oo, since f, — f in Lf_(R;B;p).

To estimate the second integral in the right-hand side of inequality (1.102) we will
use Lemma 1.67. Let ¢ > 0 and g : R — B be a continuous function with the compact
support such that

1/p
UMH lg(s) - f(5)|pd‘u(s)} < (1.104)
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Then,

p
U Ifleeh) - t)|Pdt}

) U“’ | f(t+ha) =g (t+hn) IPdJ ’

1/p p
+ [J lg(t+h,) —g(t) |Pdt} + [J | f(b) —g(t)|Pdt} (1.105)
It <l =l

p 1/p
< _ p »
< Z[IML | f(s) = g(s)] ds} + [LM lg(t+h,) —g(t)] dt}

<28+r|nax|g (t+h,) —g®)]| -

(where L := [+ 1y and [y := sup{h, | n € N}) and, consequently,

1/p
lim UH l|f(t+hn) —f(t)|pdt] <2 (1.106)

n—+oo

(because maxy < Ig(t + h,) — g(t)] — 0as h, — 0). Since ¢ is arbitrary, from the last
relation we obtain

n—+o0o

1/p
lim “ » | f(t+hy) f(t)|pdt} =0. (1.107)

From (1.102)—(1.107), it follows the continuity of the mapping ¢. The lemma is proved.
U

1.6.2. Stepanoff Asymptotically Almost Periodic Functions

Definition 1.69. A function ¢ € L (R;%B; ) is called S? almost periodic (almost periodic
in the sense of Stepanoff [104]), if the motion o (-, ¢) is almost periodic in the dynamical
system (LY _(R;B; ), R, o). Analogously there is defined asymptotical S” almost period-
icity of functions.

Theorem 1.6.1. Let ¢ € LY _(R;B; ). The following statements are equivalent:

(1) ¢ is SP almost periodic;
(2) for every e > 0 there exists | > 0 such that on every segment of length | in R there
is a number T for which

rl |p(s+1) — g(s)| Pds < &P (1.108)

forallt e R;
(3) @isst. L and X, is un. st. L2, in the dynamical system (L{:)C(R; B;u),R,0);
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(4) from an arbitrary sequence {t,} C R there can be extract a subsequence {t, } such
that the sequence {¢p")} uniformly converges in the space L, (R;B;u), that is,
there exists a function § € LY _(R;B; ) such that

t+1
lim sup | |o(s+1t,) — ¢(s)|Pds = 0. (1.109)

n—+oo tER Jt

Remark 1.70. If the space 9B is finite-dimensional, then the stability in the sense of
Lagrange of the function ¢ € L!, (R;B; ) is equivalent to the following two conditions:

t+1 t+1
sup |p(s) |Pds < +o0, lim sup |p(s+h) — @(s)|Pds = 0. (1.110)

teR Jt h—0 teR Jt

Theorem 1.6.2. Let ¢ € L (R,;B; u). The following statements are equivalent:

(1) the function ¢ is asymptotically SP almost periodic, that is, the motion o (-, @) is
asymptotically almost periodic in the dynamical system (L, (R;B; u), R, 0);

(2) there exist an SP almost periodic function p and a function € L (Ry;B;u)
such that p € L, (R;B; ), ¢ = p + w and lim,, f,m lw(s)|Pds = 0;

(3) the function ¢ is st. L* and X is un. st. LT in the dynamical system (L) (Ry;
B;u), R, 0);

(4) for every € > 0 there exist numbers 8 > 0 and | > 0 such that on every segment of
length 1 there is a number T for which

+1
f 1p(r +5) — p(s)|Pds < &P (L111)

forallt > Bandt+71 = f5;

(5) from every sequence {t,}, t, — +oo, there can be extract a subsequence {tx,} such
that the sequence {p"+)} converges uniformly with respect to t € R, in the space
Lf;c(]RJr; B; ), that is, there exists a function ¢ € Lﬁ,C(RJr; B; u) such that

t+1
lim sup lo(s+t,) — @(s)|Pds = 0. (1.112)

n—+oo teER, Jt



Asymptotically Almost Periodic
Solutions of Operator Equations

In this chapter we introduce the notion of comparability of motions of dynamical system
by the character of their recurrence under limit. While studying asymptotically stable in
the sense of Poisson motions this notion plays the same role that the notion of compara-
bility by the character of recurrence of stable in the sense of Poisson motions introduced
by B. A. Shcherbakov (see, e.g., [92, 100]).

2.1. Comparability of Motions by the Character of Recurrence

Let (X, T, ) and (Y, T, o) be dynamical systems, x € X and y € Y. Denote by 2;‘;’ the
set of all sequences {t,} € M, suchthatt, — +oco. Assume £, (M) := U{L,, : p € M}
and £ = £~ (X).

Definition 2.1. A point x € X is called comparable by the character of recurrence with
y € Y with respect to M C Y or, in short, comparable with y with respect to the set M if
£5%(M) < £5%.

Denote by H(M) := {n(t,x):x € M,t € T}. Let (Y,S,0) be a group dynamical
system.
Lemma 2.2. If €% < £7, then £5, ., < €2, ) forallt € T < S.
Proof. Lett € T and {t,} € Eyg(tq then t, — +o and o(t,,y) — o(t,q) asn — +o
and, consequently, {t, — ¢t} C T and {t, — t} € 2*:"’ In fact, lim,_;0 o(t, — t,y) =
o(-tlim,—10 0(ty, y)) = o(=t,0(q,t)) = q. So, {t, — t} € 2;"; 2“’", and hence
{t,—t} € 2,’;,;?. Repeating the reasoning above it is easy to show that {t,} € 2 i (tp)" The
lemma is proved. O

Corollary 2.3. Under the conditions of Lemma 2.2 if £;°(M) < £3%, then £,%(Zm) C
£, where Xy := {n(x,t) :x € M, t € T}.

Lemma 2.4. If £ < £, then there exists a unique point p € wy such that £7 <

+efty
s,
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Proof. Let {t,} € E;j;, then yt, — gq. According to the conditions of the lemma there

exists a point p € wy such that xt, — p. Let us show that £]7 < E;jf . Suppose that
there exists {t,} € £,,\ £xp, then there is a point p € w, (p # p) such that {xt,}
converges to p. Let us compose the sequence {#} by the following rule:

(2.1)

t,, ifk=2n-1
t,, ifk=2n.
From the definition of the sequence {;} it follows that fy — 4o and yfx — g. Under
the conditions of Lemma 2.4 £;,°q° c £}* and, consequently, {#x} € £}, that is, {xf;}
is convergent. On the other hand, it has two different limit points p and p. The obtained

contradiction proves the inclusion £]7 < £%. To complete the proof of Lemma 2.4 it

=
is sufficient to note that in the lemma the point p is uniquely defined because for two
different points p; and p; there takes place the equality £i5 n £iF = @. O

Theorem 2.1.1. If a point x is comparable with y with respect to the set M, then there exists
a continuous mapping h : 6(Zp, T) — wy satisfying the condition

h(a(q,t)) = m(h(q),t) (2.2)
forallg € 0(Zp, T) and t € T.

Proof. Let the point x be comparable with y with respect to the set M. According to
Corollary 2.3 £/ (Zy) = £;%. Let ¢ € Zy. By Lemma 2.4 there exists a single point
p € wy such that £57 < £{%. Assume h(p) = q. So, the mapping h : Ly — wy is well
defined. From Lemma 2.2, it follows that h satisfies (2.2). Let us show that the mapping
h is continuous. Let {gk} — q (qk,q € Zum). Show that {pr} = {h(qk)} converges to
p = h(q). For every k € N choose {t,(qk)} IS S}f’{;’k, then pr = h(qx) = limy—. 4o xt,(qk). Let
& + 0. For every k € N we will choose nx € N such that the following inequalities would

fulfill simultaneously

p(xt®), pi) < e, d(yt, qi) < & (2.3)

(it is clear that such ny exist). Assume t; := tﬁ,lﬁ) and let us show that the sequence {t;}

belongs to £ 7. For this aim we will note that

d(yti.q) < d(ytp, qi) +d(qr.q) < ek +d(qx q). (2.4)

Passing to limit in (2.4) as k — +oo we will obtain {#} € 2;)‘2’. Since £;°q° c 2;,‘;, then
{ti} € Lyp. As

p(prsp) < p(pr>xty) + p(xty, p) < e+ p(xty, p), (2.5)

then passing to limit in (2.5) and taking into consideration that {f;} € Ejg";’ we will obtain
pr — p. The theorem is proved. O
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Let a point x be comparable with y with respect to M. Note that at the point of view
of applications (see, e.g., [92, 93, 100]) the following cases are the most important.

(1) g5 < &3

As it is shown in [100, 105], the inclusion £)7 < £ takes place if and only if
N, € Ny. As it was mentioned in Section 1.2 of Chapter 1, the inclusion 0, < 91, takes
place if and only if x is comparable by recurrence with y.

(2) £5* < &5 and £]T < £:7.

Assume zm; ={{t,}: {t,eMm,, t, € T,}.

Definition 2.5. One will call the point x strongly comparable (in the positive direction)
with y if £/5 < £ and £5% < £,

The next theorem takes place.

Theorem 2.1.2. The following statements are equivalent:

(1) the point x is strongly comparable with y;

(2) there exists a continuous mapping h : H*(y) — H*(x) satisfying the condition
(2.2) forallq € H*(y) and t € T, and besides h(y) = x;

(3) M} < oMk,

Proof. Let us show that from (1) it follows (2). In fact, according to Theorem 2.1.1 there
exists a continuous mapping h : H*(y) — H*(x) with the properties needed. Suppose
that the condition (2) is fulfilled. And let {t,} € ?Jﬁ; Then there exists a point g € H*(y)
such that yt, — g. In virtue of the condition

{h(yta)} = {h(y)ta} = {xta} — h(q) (2.6)

and, consequently, {#,} € M. At last, we will show from (3) it follows (1). It is clear that
to prove (1) it is sufficient to see that £]7 < £7. If we suppose that the inclusion £ <

£15, does not take place, then there exists {£,} € £)7 \ £1%. Since £]7 < £* < £{,
there exists a point p # x such that {#,} € £1%. Let us compose the sequence {t; } by the

following condition:

’

(2.7)

t,, ifk=2n

n’

_rm ifk=2n-1

for every k € N. It is easy to see that {f,} € i)ﬁ;)y and, consequently, {f;} € M. So,
the sequence {xt,} is convergent. From this fact it follows that x = p. The last equality
contradicts to the choice of p (p # x). The theorem is proved. O

Remark 2.6. From Theorem 2.1.2 and from the results of the works [100, 105] it follows
that the strong comparability of the point x with y is equivalent to their uniform com-
parability if the point y is st. L*. In general case these notions are apparently different
(though we do not know the according example).

(3) &5~ < &~
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Definition 2.7. One will say that the point x is comparable in limit (in the positive direc-
tion) with the point y if £5% < £i*.

2.2. Comparability in Limit of Asymptotically Poisson Stable Motions

Let (X, T, m) and (Y, T, o) be dynamical systems, x € X,and y € Y.

Theorem 2.2.1. Let the point y be asymptotically Poisson stable. The point x is comparable
in limit with y if and only if there exists a continuous mapping h : w, — wy satisfying the
condition

h(O’(t, ‘1)) = ﬂ(th(CI)) (28)
forallg € wy, t € T and

lim p(7(ty,x), 7 (ts, h(g))) =0 (2.9)

n—-+o00

forallq € Py and {t,} € £

Proof. Necessity. Let the point x be comparable in limit with y. According to Theorem
2.1.1 there exists a continuous mapping h : w, — w, satisfying (2.8). Let us show that
(2.9) takes place too. Let § € P, and {t,} € £;*. Then there exists a point g € w, such
that yt, — q. By the definition of the mapping & we have h(q) = lim,_ .« xt,. On the
other hand, § = limy,—. o yf, = lim,_ ;1 qt, as § € P,. Hence, h(q) = h(lim,_ 4o yt,) =
h(limy-.+o0 qtn) = limy— o0 7(ty, B(g)). S0, limy—soo xt, = h(q) = limy_ e 71(ty, h(Q)).
From this it follows (2.9).

Sufficiency. Let exist a continuous mapping h : w, — wy satisfying (2.8) and (2.9).
Let us take an arbitrary sequence {t,} € 2;‘”, then there exists a point ¢ € w, such that
the sequence {yt,} converges to q. Let y € P,. Note that

h(g) = h( lim yt.) = h( lim o(tnq)) = lim 7(t, h(g) (2.10)
and, consequently,

p(xta, h(q)) < p(xty, h(q)ty) + p(h(q)ts, h(q)). (2.11)

Passing to limit in (2.11) and taking into consideration (2.10) and (2.9), we get the
equality h(q) = lim,—e xty, that is, {t,} € £ and £;° C £1*. The theorem is
proved. O

Corollary 2.8. Let the point y be st. L* and asymptotically Poisson stable. The point x is
comparable in limit if and only if there exists a continuous mapping h : w, — w, satisfying
(2.8) and

Jim p(xt, h(q)t) =0 (2.12)

forallq € P,.
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Proof. The sufficiency of Corollary 2.8 it follows from Theorem 2.2.1. Let us prove the
necessity. Let the point x be comparable in limit with y. According to Theorem 2.2.1
there exists a continuous mapping h : w, — w, satisfying (2.8) and (2.9). Suppose that
(2.12) does not take place. Then there exist ¢ € P,, t, — +o0, and g > 0 such that

p(xty, h(q)tn) = €. (2.13)

By st. L* of the point y from the sequence {f,} we can choose a subsequence {f,} € 2}’“’.
According to Theorem 2.2.1 the equality

lim p(xty,, h(q)t,) =0 (2.14)

is held. Passing to limit with respect to the subsequence {tx,} in (2.13) and taking into
consideration (2.14), we obtain &y < 0. The last contradicts to the choice of the number
& So, the obtained contradiction proves our statement. O

The theorem given below shows that the introduced notion of comparability in limit
plays the same role while studying asymptotically Poisson stable motions as it does the
notion of comparability in the sense of Shcherbakov for Poisson stable motions [92, 100].

Theorem 2.2.2. Let y be asymptotically stationary (resp., asymptotically T-periodic, asymp-
totically almost periodic, asymptotically recurrent). If the point x is comparable in limit
with y, then the point x is also asymptotically stationary (resp., asymptotically T-periodic,
asymptotically almost periodic, asymptotically recurrent).

Proof. Let x be comparable in limit with y. According to Corollary 2.8 there exists a
continuous mapping h : w, — wy satisfying (2.8) and (2.12). As y is st. L*, then w, is
compact and, consequently, the mapping h is uniformly continuous. Let g € P, then
p = h(q) € P, and by [105, Theorem 9] the point p is stationary (resp., T-periodic,
almost periodic, recurrent). The theorem is proved. O

2.3. Asymptotically Poisson Stable Solutions

Let us consider the problem of existence of asymptotically Poisson stable solutions for
operator equations.

Let h: X — Y be a homomorphism of the system (X, T, ) onto (Y, T, 0).

Consider the operator equation

h(x) =y, (2.15)
where y € Y. Along with (2.15) we will consider the family of “w-limit” equations
h(x) =g, (g€ wy). (2.16)

Theorem 2.3.1. If a solution x of (2.15) is st. L* and every (2.16) admits at most one
solution from wy, then x is comparable in limit with y € Y.

Proof. Let {t,} € £%. Then there exists a point g € w, such that yt, — q. In virtue
of st. L of the solution x the sequence {xt,} is relatively compact. Let p be an arbitrary
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limit point of the sequence {xt,}, then there exists a subsequence {t,} S {t,} such that
the sequence {xfy,} converges to p. Since h is continuous and homomorphic, there takes
place the equality A(p) = gq. So, p is a solution of (2.16), p € wy and, consequently,
every limit point p of the sequence {xt,} is a solution of (2.16). Under the conditions of
Theorem 2.3.1, (2.16) has at most one solution from w,. Hence, the sequence {xt,} has
exactly one limit point. As the sequence {xt,} is relatively compact, it converges. So, the
sequence {f,} € £1* and we proved the inclusion £* C £1. g

Corollary 2.9. Let x be st. L* solution of (2.15) and y be asymptotically stationary (resp.,
asymptotically t-periodic, asymptotically almost periodic, asymptotically recurrent). If
every (2.16) admits at most one solution from wy, then x is asymptotically stationary (resp.,
asymptotically T-periodic, asymptotically almost periodic, asymptotically recurrent).

Proof. The formulated statement follows from Theorems 2.2.2 and 2.3.1. O

Definition 2.10. A solution x € M (M < X) of (2.15) is called separated in the set M if x
is a unique solution of (2.15) from M or there exists a number r > 0 such that whatever
would be a solution p € M (p # x) of (2.15), p(xt, pt) = r forallt € T.

Lemma 2.11. Let a set M = X be a compact set. If every solution x € M of (2.15) is
separated in M, then (2.15) has finite number of solutions from M.

Proof. Suppose the contrary, that is, in the set M there exists the infinite set {x,} of
different solutions of (2.15). By compactness of M we can extract a convergent subse-
quence from the sequence {x,}. Without loss of generality we can consider that {x,}
is convergent. Let p = lim,, 1 X,. Since h is continuous and M is closed, h(p) = y and
p € M. So, pisasolution of (2.15), but obviously it is not separated in M that contradicts
to the condition. The lemma is proved. O

Lemma 2.12. Let a point y € Y be recurrent, M < X be a compact invariant set, and
y € h(M). If solutions from M of every (2.16) are separated in the set M, then there exists a
numberr > 0 such that p(p1t, p2t) = v > 0forallt € T and py, p, € M with h(py) = h(p2)
and p1 + pa.

Proof. By Lemma 2.11 for every g € w, (2.16) has finite number of solutions from M.
Denote by n(q) the number of different solutions of (2.16) from M. Let us show that the
number n(q) does not depend on the point g € w,. In fact, for the point g € w,, there
exists a sequence {t,} € £;°° such that the sequence {yt,} converges to q. Consider the
sequence {&,} < MM defined by the equality &,(x) = n(x,t,) for all x € M. According
to theorem of Tikhonoff [106] the sequence {&,} is relatively compact in MM, Without
loss of generality we can consider that {£,} converges in MM. Assume & := lim, ;o &,.
Denote by x1,%2,...,%n(y) solutions of (2.15) that are from M and X; := &(x;) for all
i=12,...,n(y), thatis, X; = lim,_,« xit,. Since h is continuous and homomorphic,
the points X, X,. .., Xx(y) are the solutions of (2.16). Let us show that the points X; (i =
1,2,...,n(y)) are different. As &(x) = lim,_1 &,(x) for all x € M and M is invariant,
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then, in particular,

§(n(tx)) = lim 7(tn, (8, x:)) = lim 7w (t,7(tn, x:)) = 7 (8, %i). (2.17)

Assume r := inf{p(7(x;,t),m(x,t)) : i # j, t € T}. Then under the conditions of
Lemma 2.12 r > 0. Since p(n(x;,t), m(xj,t)) = r > 0forallt € Tandi # j (1 <
j < n(y)), then the inequality

p(r(t+tu,xi), m(t+t,,x;)) =1 (2.18)

is fulfilled. Passing to limit in inequality (2.18) and taking into consideration (2.17), we
obtain

p(r(xit),m(xj,t)) = (2.19)

forallt € Tandi # j (1 <i,j < n(y)). From (2.19) it follows that X; are different. So,
n(q) = n(y). From the recurrence of y it follows that y € w,. Repeating the reasoning
above we obtain the inequality n(y) = n(q). Hence, n(q) = n(y) for all ¢ € w,. From
(2.19) it follows that the number r > 0 possesses the needed properties. O

Lemma 2.13. Let a point y € Y be asymptotically recurrent and x be a st. L™ solution of
(2.15). If for every q € w), all the solutions from w, of (2.16) are separated in w,, then there
exists a unique solution p € wy of (2.16) such that p € P,.

Proof. According to Lemma 2.11, under the conditions of Lemma 2.13, (2.16) has a finite
number 7 of solutions p1, pa,..., py from w,. Let us show that

tlil}l inf {p(xt, pit) :1 <i<n}=0. (2.20)
Suppose the contrary. Then there exist ¢y > 0 and {t,} — +oo such that
p(xty, pitx) = € (2.21)

foralli=1,2,...,nand k = 1,2,.... Since the point x is st. L™ and y is asymptotically
recurrent, the sequences {xt}, {pitx} (i = 1,2,...,n), and {y#} can be considered
convergent. Assume p := limi e X, § 1= limg_ 1o Y, and p; := limg_. ;o pitx. From
(2.21) it follows that p # p, (i = 1,n). On the other hand, p € w,, h(p) = ¢, and by
Lemma 2.12 X5 N wy = {P}, Pys-..»P,)> Wwhere Xz = h71(q). So, p € {P, Py s Pyl
The last inclusion contradicts to the condition that p, # p (i = 1,2,...,n). So, (2.20) is
proved.
Let us show that there exists a number 1 < iy < » for which p;, € Py, that is,

tlil}l p(xt, piyt) = 0. (2.22)

For a number ¢, 0 < ¢ < #/3, (r > 0 is the number the existence of which is guaranteed by
Lemma 2.12) we will find L(¢) > 0 such that

inf {p(xt,pit) :1 <i<n}<e (2.23)
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forall t > L(e). Let ty > L(¢), then there exists 1 < i; < n such that
p(xto, pi t()) <& (2.24)

Assume 6(ty) := sup{§: p(xt, pit) < eforall t € [y, tp + g]}. Let us show that §(ty) =
+0c0. Suppose the contrary, then

plxthy pats) = ¢, (225)
where t), = ty + 8(ty), and there exists i, # i; (1 < i, < n) such that
p(xty, pity) < & (2.26)
On the other hand,
p(xty, pity) = p(pity, pisty) — p(pity,xty) > 1 — & > 2e. (2.27)

Inequality (2.27) contradicts to the assumption. So, we found L(¢) > 0 and p;, €
{p1, p2>- .. pn} such that

p(xt, pit) <& (2.28)

forall t > L(e). Assume p := p;, and let us show that the point p does not depend on the
choice of e. In fact, if we suppose the contrary, then we can find numbers ¢; and ¢, points
p1and pr (p1 # p2), and L(g;) > 0 and L(ez) > 0 satisfying the conditions mentioned
above. Assume L := max(L(g;), L(&,)), then

2
p(pit, pat) < p(prt,xt) +p(xt, pat) < &1+ < ?r <. (2.29)

Inequality (2.29) contradicts to the choice of r (see Lemma 2.12). The lemma is proved.
a

Theorem 2.3.2. Let a point y € Y be asymptotically almost periodic (resp., asymptotically
recurrent) and let x be a st. L* solution of (2.15). If for every q € w,, all the solutions from w,
of (2.16) are separated in wy, then x is asymptotically almost periodic (resp., asymptotically
recurrent).

Proof. According to Lemma 2.13 there exists a unique point p € w, such that p € P,.
To complete the proof of Theorem 2.3.2 it remains to note that under the conditions of
Theorem 2.3.2 the set w, consists of almost periodic (resp., recurrent) motions. The last
statement it follows from [107, Theorem 3, page 111] (the case of T = Z see in [94]) and
[93, Theorem 14.7]. The theorem is proved. O

Definition 2.14. One will say that a solution x of (2.15) is Z*-stable if for every ¢ > 0, one
can find § > 0 such that if p(xt;, xt;) < § and

sup{d(y(t+t),y(t+1)) :t €T} <8 (1,6 €Ty), (2.30)



Asymptotically Poisson Stable Solutions 35
then
sup{p(x(t+1),x(t+1)):te Ty} <e (2.31)

Theorem 2.3.3. Let a point y be asymptotically almost periodic and a point x be st. L*. If x
is a *-stable solution of (2.15), then it is asymptotically almost periodic.

Proof. Let x be a solution of (2.15) satisfying the conditions of Theorem 2.3.3 and ¢ > 0.
Choose é > 0 out of the condition of £*-stability of x. From Theorem 1.3.2 it follows that
to show that the point x is asymptotically almost periodic it is sufficient to show that from
every sequence {f,} — +o0o we can extract a subsequence {tx,} such that {xf,} converges
uniformly with respect to ¢t € T,.

Let {t,} — +oco. In virtue of the statements that we have done concerning x and y,
the sequences {xt,} and {yt,} can be considered convergent, moreover, the second one
can be considered uniformly with respect to t € T.. So, there is a number ny € N such
that

sup {d(y(t+t,),y(t+tm)):t €T} <9, (2.32)
p(xty, xty) <8 (2.33)

for all m,n = ny. By the choice of the number § from inequalities (2.32) and (2.33) it
follows that for m, n > ng

sup {p(x(t+t,),x(t+tn)) 1t €Ty} <e (2.34)

From (2.34) and the completeness of the space X it follows that {xt,} converges uniformly
with respect to t € T.. The theorem is proved. O

Theorem 2.3.4. If a point y € Y is T-periodic, x is a st. L* solution of (2.15) and the
set M = {n(nt,x) : n € N} is un. st. L*M, then the solution x is asymptotically almost
periodic.

Proof. Let us consider a cascade (X,,7) generated by positive powers of the mapping
7:X, — X,, where X, = h!(y) and 7(2) := n(7,2) for all z € X,,. Note that the point
x € X, is st. L* in discrete dynamical system (X, 77) too. Besides, under the conditions of
the theorem the positive semitrajectory {m(nt,x) : n € Z;} of x € X, in the dynamical
system (X,,7) is un. st. £* with respect to itself and, according to Theorem 1.3.2, the
point x is asymptotically almost periodic in the dynamical system (X,,7), that is, there
exists an almost periodic in (X, 7) point p € X, such that

klim p(n(kt,x), n(kt, p)) = 0. (2.35)

Further let us show that from (2.35) it follows (1.4). Suppose the contrary. Then there
exists {t,} < T4 (t, — +o0) and a positive number ¢, such that

p(xty, pty) = €. (2.36)
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Denote by k, the integer part of t, after the division by 7. Then ¢, = k,7 + t,, where t,, €
[0, 7[ and, consequently, {f,} can be considered convergent. Assume f := lim,_ o fy.
Since the point x is st. L* and also taking into consideration (2.35), we can consider that
the sequences {m(k,7,x)} and {m(k,T, p)} converge to the same point p. Note that

&0 < p((tn, ), 7(tns p)) = p (7 (knT + £, X), 7T (knT + 1, p)) = p (7 (En, 7 (knT, %)),

ﬂ(?n) ﬂ(knT):ﬁ)) = P(ﬂ(zmﬂ(kn‘r:x)):ﬂ(f)ﬁ)) +P(ﬂ(?)ﬁ))>ﬂ(zn:ﬂ(kn77p))~
(2.37)

Passing to limit in (2.37) as n — +co, we will obtain & < 0. The last contradicts to
the choice of the number ¢p. The necessary statement is proved. To finish the proof of
the theorem is sufficient to show the point p € X, is almost periodic in the dynamical
system (X, T, ). In fact, as we know [86, 93, 99], the point p € X is almost periodic
if and only if from every sequence {t,} C T we can extract a subsequence {fx,} such
that {7(#,,x)} converges uniformly with respect to t € T. Let {#,} C T be an arbitrary
sequence. Then t, = I,7 +f, where I, € Z and f, € [0,7[. The sequence {f,} can
be considered convergent. Assume ¢ := lim, .« f,. Since the point p € X, is almost
periodic in (X, 7), then from the sequence {I,} we can extract a subsequence {Ix,} such
that

mlﬂi{r}rw sup {p(n(lk, 7+ s, p), w(lk,T+s,p)) :s€Z} =0. (2.38)
From (2.38) and the uniform integral continuity on {n(p,t): t € T} := H(p) it follows
that

mlﬂi{r}roo sup {p(n(lk, 7 +s,p), (kT +s,p)) :s€ T} =0. (2.39)
Taking into consideration the completeness of the space X and (2.39), we make the
conclusion that the sequence {7 (l, 7, p)} converges uniformly with respect to t € T and,
hence, the sequence {7 (t,, p)} also converges uniformly on T. The theorem is completely
proved. O

2.4. Asymptotically Periodic Solutions

Theorem 2.4.1. Let x be a st. L* solution of (2.15) with an asymptotically T-periodic point
yand q = limy_ . 0(kt, y). If the equation

h(x) =g (2.40)

admits at most one solution from wy, then the solution x is asymptotically T-periodic.

Proof. Let us prove that the sequence {7(k7,x)} is convergent. Since x is st. L*, then for
the convergence of the sequence {7 (kT,x)} it is sufficient that it would contain at most
one limit point. Let x; be x, be two arbitrary limit points of the sequence {7 (k7,x)}.
Then there exist sequences {k’} (i = 1,2) such that x; = lim,_ . n(kiT,x) (i = 1,2).
Since {o(kT, y)} — ¢, then h(x)) = h(x2) = g x1, %2 € wx. According to the conditions of
Theorem 2.4.1 x; = x; and, consequently, the sequence {7 (k7,x)} is convergent and by
Theorem 1.4.1 the point x is asymptotically 7-periodic. O
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Corollary 2.15. Let x be a st. L* solution of (2.15) with the asymptotically stationary point
yandq = lim;_, o(t, y). If (2.40) admits at most one solution from wy, then the solution
x is asymptotically stationary.

Proof. The formulated statement it follows from Theorem 2.4.1 and Corollary 1.38. [

Theorem 2.4.2. Let x be a st. L* solution of (2.15), T = R or Ry, and the set X, be
homeomorphic to R. If the point y is T-periodic, then the solution x is asymptotically T-
periodic.

Proof. Let the point y be 7-periodic. Without loss of generality we can assume that X, =
R for every g € w,,. According to Theorem 1.4.1 for the asymptotical T-periodicity of the
point x it is sufficient to show that {7 (k7,x)} is convergent. Let us consider the function
o(t) = n(t+ 7,x) — n(t,x). Logically, two cases are possible:

n(t,x).
n(t,x),

(a) there exists f € T such that ¢(f) = 0 and, consequently, 7(f + 7, x)
From this it follows that (¢t + 7,%) = n(t,x) for all t € T, where X
and, consequently, x is asymptotically 7-periodic;

(b) the function ¢(t) keeps the sign. It is not difficult to see that in this case the
sequence {7(kT,x)} is monotone and, consequently, convergent. The theorem
is proved.

| |

5 X
5 X

Theorem 2.4.3. Let x be a st. L™ solution of (2.15) with the asymptotically T-periodic point
y. If all solutions of (2.40) from wy are separated in wy, then the solution x is asymptotically
moT-periodic, where my is some integer number.

Proof. According to Lemma 2.11, (2.40) has only finite number of solutions pi, p»,...,
Pn, from wy. Let us consider a cascade (X,,7) generated by positive powers of 77 :=
n(r,-) : X, - X, (m(x) := n(x,7) for all x € X). Since x is a st. L* solution of (2.15),
then the trajectory (x| k € N} = {n(kt,x) | k € N} of the point x € X is relatively
compact in the dynamical system (X, 7). Note that every limit point of the sequence
{m(kt,x)} is a solution of (2.40) and belongs to w, and, in virtue of the said above, it
is contained in the set {x,x,,...,%,,}. Hence, in the dynamical system (X,,7) the w-
limit set w, of the point x consists of finite number of points. Let @, = {X1,X2,...,%Xm, }
(mo < np). Then, according to Theorem 1.4.3, the point x is asymptotically m-periodic
in the system (X,,77) and, consequently, the sequence {7 (mokt,x)} is convergent. By
Theorem 1.4.1 the point x is asymptotically my7-periodic in the system (X, T, 7). The
theorem is proved. O

2.5. Homoclinic and Heteroclinic Motions

Everywhere in this section we will assume that T = R or Z. Denote by P(X) the set of all
Poisson stable points of the dynamical system (X, T, 7), that is, P(X) := {x | x € X,x €
wy N e}, where oty := (V<0 Ur<y (2, 7).

Definition 2.16. A point x € X (or a motion 7(-,x)) is called heteroclinic, if there exist
points py, p» € P(X) such that x € W¥(p;) N W¥(p2), where W*(p) := {x | x € X,
limy— ;e p(xt, pt) = 0} and WH(p) := {p € X | lim;.._ p(xt, pt) = 0}. If py = p2 = p,
then the point x is called homoclinic.
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Remark 2.17. (1) It is convenient to denote a heteroclinic (resp., homoclinic) point by
(x5 p1> p2) ((x; p)), where p; and p, (p1 = p, = p) are Poisson stable points figuring in
the definition of the heteroclinic (resp., homoclinic) point x.

(2) Note, that the point x is heteroclinic, if it is asymptotically Poisson stable in
positive and negative directions, that is, it is Poisson bistable.

(3) According to Corollary 1.29, if the points p; and p,, figuring in the definition of
the heteroclinic point (x; p1, p2), are almost periodic, then they are uniquely defined. If
they are recurrent, then, generally speaking, they are not (see, i.e., [93, page 157]).

Denote by £7 := {{fu} | {ta} € Lyp, tn — oo}, £3% 1= U{LZT [ p € X}, Ly 1=
{{ta} [ tal = 400, {f} € My} and £ 1= LI U L.

Definition 2.18. Let (X,T,n) and (Y, T, o) be dynamical systems, x € X, y € Y. One
will say that the point x is comparable in limit in positive (resp., negative) direction with
respect to the character of recurrence with the point y, if £3% < £§* (resp., £, < £.%).
If x is comparable in limit with y both in positive and negative direction, then we will say
that x is comparable in limit with respect to the character of recurrence with y. At last, if
£, € £y, then we will say that x is strongly comparable in limit with y.

Remark 2.19. If the point x is strongly comparable in limit with the point y, then it is
comparable in limit with y. The inverse fact, generally speaking, does not take place.

Theorem 2.5.1. Let a point y be Lagrange stable (stable in the sense of Lagrange). Then:

(1) if (y;q1> q2) is a heteroclinic point and x is comparable in limit with y, then there
exist points p1, p» € P(X) such that (x; p1, p2) is heteroclinic and, besides, the
point py (resp., p2) is uniformly comparable with the point q; (resp., q2);

(2) if (y;q) is a homoclinic point and x is strongly comparable in limit with the point
y, then there exists p € P(X) such that (x; p) is a homoclinic point and the point
p is uniformly comparable with q.

Proof. (1) Let £y c L2 and y € W¥(q1) N W¥(q2). Then 2;’—,“’ c £ and, according to
Corollary 2.8, there exist continuous mappings

hi:ay — ay, hy: wy — wy (2.41)

such that x € W*(p1) n W*(p,), hi1(0o(t,q)) = n(t,h1(q)) (q € ay,t € T), and hy(0(t,q))
= n(t,h2(q)) (q € wy,t € T), where p; = hi(g;) (i = 1,2).

In virtue of the compactness of H(y), the mappings h; and h; are uniformly contin-
uous and, consequently, the point p; is uniformly comparable with g; (i = 1, 2).

(2) Let £, < £ and y € W¥(q) n W*(q). Then }3;‘” c £5% and, according to the
first statement of the theorem, the point x is heteroclinic, that is, there exist p;, p» € P(X)
such thatx € W*(p;) N W*(p,) and p,, p» are uniformly comparable with g. Let us show
that p; = p,. For this aim we choose a sequence {t,} € £,, for which ¢, — oo as
n— +coand o(ty,,q) — gasn — +oo.

Note that {t,} € £,n£, NEL,,, xt, - prasn — —oco,and xt, — pyasn — +oo. Since
{t,} € £, the sequence {xt,} is convergent and, consequently, p; = p,. The theorem is
proved. O
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Definition 2.20. Let (y; q1,q2) be a heteroclinic point. If the points q; and g, are stationary
(resp., periodic, almost periodic, recurrent), the point y is called bilaterally asymptotically
stationary (resp., bilaterally asymptotically periodic, bilaterally asymptotically almost
periodic, bilaterally asymptotically recurrent).

Definition 2.21. 1f (y; q) is a homoclinic point and g is stationary (resp., periodic, almost
periodic, recurrent), then the point y is called stationary (resp., periodic, almost periodic,
recurrent) homoclinic point.

From Theorem 2.5.1 follows the following statement.

Corollary 2.22. Let y € Y be Lagrange stable. Then the following statements hold:

(1) if (y3q1,q2) is bilaterally asymptotically stationary (resp., periodic, almost peri-
odic, recurrent) and x is comparable in limit with y, then x is also bilaterally
asymptotically stationary (resp., periodic, almost periodic, recurrent);

(2) if (y5q) is a stationary (resp., periodic, almost periodic, recurrent) homoclinic
point and x is strongly comparable in limit with y, then x is a stationary (resp.,
periodic, almost periodic, recurrent) homoclinic point.

Let h: X — X be a homomorphism of the dynamical system (X, T, 7) into (Y, T, o).
Let us consider an operator equation

h(x) =y, (2.42)
where y € Y. Along with (2.42) consider the family of limiting equations
h(x)=q (q€A4,), (2.43)
where Ay = a, U w,.

Theorem 2.5.2. Let y € Y be Lagrange stable and x € X be a Lagrange stable solution of
(2.42). Then the following statements take place:

(1) if there are fulfilled the following conditions:
(a) forany q € w, (2.43) has at most one solution from wy;
(b) forany q € «, (2.43) has at most one solution from a,
then the solution x is comparable in limit with y;
(2) if (2.43) has at most one solution from A for any q € A,, then the solution x is
strongly comparable in limit with y.

Proof. The first statement of the theorem, basically, follows from Theorem 2.3.1. The
second one is proved using the same reasoning that in Theorem 2.3.1 and we do not give
it here. O

Remark 2.23. Let a point y be Lagrange stable and x be a Lagrange solution of (2.42).
Then the following statement hold:
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(1) if the first condition of Theorem 2.5.2 is fulfilled and y is bilaterally asymptoti-
cally stationary (resp., periodic, almost periodic, recurrent), then x is also bilat-
erally asymptotically stationary (resp., periodic, almost periodic, recurrent);

(2) if the second condition of Theorem 2.5.2 is fulfilled and y is a asymptotically
stationary (resp., periodic, almost periodic, recurrent) homoclinic point, then
x is also a asymptotically stationary (resp., periodic, almost periodic, recurrent)
homoclinic point.

Theorem 2.5.3. Let x be a Lagrange stable solution of (2.42) and y is bilaterally asymptoti-
cally stationary (resp., periodic, almost periodic, recurrent), and for any q € A, solutions
of (2.43) from Ay are separated in A,. Then the solution x is bilaterally asymptotically
stationary (resp., moT-periodic for a certain integer my, almost periodic, recurrent).

Proof. The formulated statement follows from Theorems 2.3.2 and 2.4.3. O

2.6. Asymptotically Almost Periodic Systems with Convergence

Definition 2.24. Let (X, T, ) be a dynamical system on X. The system (X, T, ) is called
[108, Chapter 1] point dissipative, if there exists a nonempty compact K < X such that

tljin p(xt,K) =0 (2.44)

for all x € X. In this case if (2.44) takes place uniformly with respect to x on compact
subsets from X, then (X, T, 7) is called compactly dissipative.

If the space X is locally compact, then from the point dissipativity of (X, T, ) it
follows its compact dissipativity [109, Chapter I].

If the dynamical system (X, T, ) is compactly dissipative, then there exists a maximal
compact invariant set J, called the center of Levinson of (X, T, ), which is a orbitally
stable global attractor [110] of the system (X, T,n) and J := D(Qyx) [108, 111] where
Qx = U{wy | x € X} and D(Qy) is the positive prolongation [110] of Qx.

Remark 2.25. (1) Let T, < Ty, ¢ Ty, (X, Ty, n) and (Y, T,,0) be two compactly dis-
sipative dynamical systems and h : X — Y be a homomorphism of (X, T;,n) onto
(Y, T, 0). Then Jy 2 h(Jx), where Jx (resp., Jy) is the center of Levinson of (X, T, )
(resp., (Y, T,0)).

(2) Let ((X, Ty, 7),(Y,T,,0),h) be a nonautonomous dynamical system and the
systems (X, Ty, ) and (Y, T, o) be compactly dissipative. Then 4 : Jx — Jy is a homeo-
morphism, if /1 is one-to-one, that is, X, N Jx consists of exactly one point whatever would
be y € Jy, where X, := {x | x € X, h(x) = y}.

Definition 2.26. A nonautonomous dynamical system ((X, Ty, ), (Y, T, 0), h) is called
convergent, if the following conditions are fulfilled:
(1) (X, Ty, 7) and (Y, Ty, 0) are compactly dissipative;
(2) Jx N X, contains exactly one point, which we will denote by x, (i.e., Jx N X, =
{xy}), forany y € Jy.
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Below, in this chapter and the following ones, we will suppose that (Y, T,,0) is
compactly dissipative and Jy is minimal (i.e., every trajectory from Jy is dense in Jy).
It is so, if there exists an asymptotically almost periodic (resp., asymptotically recurrent)
point yo € Y such that Y = H"(y) = {yot |t € T.}. Obviously, in this case Jy =
Wy,

Lemma 2.27. Let (X, Ty, ) be compactly dissipative. Then the following conditions are
equivalent:

(1) {((X,Ty,7m),(Y,Ty,0),h) is a convergent nonautonomous dynamical system;
(2) (a) limyso p(x1t,x2t) = O for every x1,x, € X such that h(x;) = h(x2);
(b) for every e > 0 there exists § > 0 such that from the inequality p(x1,x,) <
O (h(x1) = h(xy) and x1,x; € Jx) follows that p(xit,x2t) < € for all t
e T,.

Proof. Let us show that (1) implies (2). First of all, let us establish that (a) is true. If we
suppose that it does not take place, then there are &g > 0, yy € Y, x,x, € X,,, and
tx — +oo such that

p(x1tk, x2t) = e (2.45)

Without loss of generality we can suppose that the sequences {x;tx} (i = 1,2), and {yotx}
are convergent. Assume X; := limg_;0 Xitx (i = 1,2) and ¥ := lim,—1 yot,. Note that
y € Jy and X; € Jx (i = 1,2). Besides, h(X)) = limg—to0 H(x1)tx = limgioo h(x2) e =
h(x;) = limj .+ yotx = ¥ and, consequently, X1, X, € JxNX5. Invirtue of the convergence
of (X, Ty,m), (Y, T,,0),h) wehave X; = X,, and this contradicts to (2.45). The statement
(a) is proved.

Now let us prove (b). Suppose the contrary. If (b) does not take place, then there
exist & > 0, sequences 8, | 0, {xi} (i = 1,2) and tx — +oo such that p(x},x}) < & (xi €
Jx,h(x}) = h(x7)) and

p (Xt xite) = €. (2.46)

By the compact dissipativity of (X, Ty, ) the sequences {x,';} and {x,';tk} (i=1,2) can be
considered convergent. Assume Xy := lim— 4+« x,i = limy_. 0 x,% and x' := limg— e x};tk
(i = 1,2). Note that x; € Jx (see [111, 112]). In addition, A(x!) = limi_. o h(x}c)tk =
limg—yoo h(x})tx = h(x?), that is, there exists ¥ € Jy (¥ = h(x!) = h(x?)) such that
x!,x2 € Jx N Xy. Since (X, Ty, 7), (Y, T2,0),h) is convergent, we have x! = x*. This
contradicts to (2.46).

Inversely. Let (2) be fulfilled. Let us show that (1) takes place. If we suppose that it
is not so, then there exist yo € Jy and x1,x2 € Jx N X,, (x1 # x2). According to [113,
Theorem 1], the points x; and x, are mutually recurrent and, consequently, the function
@(t) := m(x1t,x2t) (for all ¢ € T) is recurrent. On the other hand, under the conditions
of the lemma, ¢(t) — 0 as t — +oco. Frow this it follows that ¢(¢) = 0. The last contradicts
to our assumption. The obtained contradiction completes the proof. O
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Theorem 2.6.1. A nonautonomous dynamical system (X, Tim), (Y, T2, 0),h) is conver-
gent if and only if the following conditions hold:

(1) for any compact K = X the set Zf := {xt: x € K, t € T} is relatively compact;
(2) for any € > 0 and compact subset K = X there exists § = §(¢,K) > 0 such that

px1,x2) < 8 (h(x1) = h(xz) and x1,x, € K) implies p(x1t, x2t) < € for all t > 0;
(3) limy—to p(x1t,228) = O for all x1,x2 € X (h(x1) = h(x2)).

Proof. The necessity of the first condition is obvious. The necessity of the second and
third statements follows from Lemma 2.27.

Inversely. Let conditions (1)—(3) of the theorem be fulfilled and xy € X. According
to condition (1), the set X7 is relatively compact and, consequently, w,, # @ is compact
and invariant. Since h(wy,) S Qy < Jy and Jy is minimal, then h(wy,) = Jy. Assume
M := wy,. Then My, := M n X, (y € Jy) is not empty. Let us show now that for any
x € X the equality wy = M takes place. Denote by N := w, U wy,. In the same way that
in Lemma 2.27 we prove that N, := N n X, consists of exactly one point for arbitrary
y € Jy. Since h(wy) = h(wy,) = h(N) = Jy, then wx N X, = wy, N X, = Nn X, for
all y € Jy and, consequently, w, = wy,. So, wy = M for all x € X and, consequently,
(X, T, m) is point dissipative.

Now let K = X be an arbitrary compact subset. According to condition (1), Zf is
relatively compact and, according to [112, 114], Q(K) # & is compact, invariant and

tlﬂn sup {p(xt, UK)) : x € K} =0, (2.47)
where
QK) = UnK. (2.48)
t>0 7=t

In the same way that in Lemma 2.27 we show that (N U Q(K)) n X, consists of exactly
one point for arbitrary y € Jy. Since h(Q((K)) = Jy, then Q(K) = M. So, the system
(X, Ty, m) is compactly dissipative and (Q(K) = M for every compact K < M, and,
consequently, [y = M. AsM,, consists of exactly one point for any y € Jy, then the nonau-
tonomous system ((X, Ty, ), (Y, T2, 0), h) is convergent. The theorem is proved. O

Corollary 2.28. Let (X, Ty, ) be locally compact (i.e., for every x € X there exist §; > 0 and
Iy > 0 such that n'B(x, &) is locally compact for all t > ). A nonautonomous dynamical
system (X, Ty, 7), (Y, T2, 0),h) is convergent if and only if the following three conditions
are fulfilled:

(1) forevery x € X the set £} is relatively compact;

(2) for every € > 0 and compact subset K < X there exists § = 6(&,K) > 0 such that

px1,x2) < 68 (h(x1) = h(xy) and x1,x, € K) implies p(x1t,x,t) < € forall t = 0;
(3) limy—te0 p(x1t,22t) = O for all x1,x, € X (h(x1) = h(x2)).

Proof. The necessity of condition (1) is obvious and conditions (2) and (3) follow from
Lemma 2.27. Concerning the sufficiency, it follows from Theorem 2.6.1. We should note
that from conditions (1)—(3) follows the point dissipativity of (X,T;,7) and in virtue
of the local compactness of (X, T}, ), according to [112], it is compactly dissipative. It
means that condition (1) of Theorem 2.6.1 is fulfilled. O
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Remark 2.29. 1fa space X is locally compact, then the system (X, T, 7r) is locally compact.
Obviously, the inverse statement does not take place.

Theorem 2.6.2. A nonautonomous dynamical system (X, Ty, 7), (Y, T, 0),h) is conver-
gent if and only if the following conditions hold:

(1) Zf is relatively compact for any compact subset K from X;
(2) every semitrajectory X% is asymptotically stable, that is,
(a) foreverye > 0 and x € X there exists § = (e, %) > 0 such that p(x,x) <
0 (h(x) = h(x)) implies p(xt,xt) < € forall t € T;
(b) there exists y(x) > 0 such that p(x,x) < y(x) (h(x) = h(x)) implies
lim;— 40 p(xt,Xt) = 0.

Proof. Let (X, Ty, ), (Y, Ts,0),h) be convergent. Condition (1) is obvious. Let us show
that every semitrajectory is asymptotically stable. If we suppose that it is not so, then there
exist xo € X, & > 0,xx — xo (h(xx) = h(xg)), and t; — +oo such that

p (xXkte, xotk) = €. (2.49)

Since (X, Ty, ) is compactly dissipative, then the sequences {xxtx} and {xotx} can be
considered convergent. Put X := limg_ o xkfx and X := limg_ e Xotk. From (2.49) it
follows that x # X. Note, that X,Xx € D(Qx) = Jx. Without loss of generality {yofx} can
be considered convergent. Assume ¥ := limi_.4+ Yotk. Then h(X) = limg_o0 B(xx)t =
limg—+o Yotk = ¥ and h(x) = limg_ 1o h(x0)tx = limk—+e Yotk = ¥. From this follows
that x,x € Jx N X5 (¥ € Jy). On the other hand, by the convergence of ((X, T, ),
(Y, T2, 0),h), the set Jx N X; contains at most one point. Consequently, X = x. The last
contradicts to (2.49) and so the asymptotical stability of every semitrajectory of X¥ is
proved. Condition (b) follows from Lemma 2.27.
Inversely. First of all, let us show that if ¥ € X5 (¥ := h(x)), then

tljl}gop(xt,ﬁt) =0 (2.50)
for all x € X;. Suppose that it is not so. Denote by Gy the set of all the points x € X5,
for which (2.50) takes place. In virtue of our assumption Gy # Xy. Note that under the
conditions of Theorem 2.6.2, Gy is open in Xy. Assume I'y := 0Gy and let X € T'y. Then
B(x,y(x)) N Gy # @ and B(x, (X)) N (X5 \ Gy) # @. It is easy to see that these relations
cannot be held simultaneously and, consequently, I'; = @ for every y € Y.

Let us show now that for arbitrary compact K = X and ¢ > 0 there exists § =
0(e,K) > 0 such that p(x;,x;) < § (h(x1) = h(xz) and x1,x, € K) implies p(x1t,x,t) < €
for all t € T,. Suppose the contrary. Then there exists a compact subset Ky < X, & > 0,
8n 1 0, {x;} € Ko (i =1,2, h(x}) = h(x})), and t; — +oo such that

plxi,xt) < O, pxite, xtty) = . (2.51)

By the compactness of K, we consider that the sequences {x,i} (i = 1,2) are convergent.
Put ¥ := limj_1w %} = limg—1e x} € Kp. Since the semitrajectory £% is asymptotically
stable, then for &/3 and X there exists §(g9/3,%) > 0 such that p(x,X) < 8(e/3,%) (h(x) =
h(x)) implies p(xt,xt) < ¢/3 for all t € T,. Since x,i —x(i=1,2)ask — +oo, there exists
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k € N such that p(x};,f) < 8(&9/3,%) for all k > k and, consequently, p(x};t, Xt) < &y/3 for
all t € T,. From the last inequality we obtain

2
p(xit, xit) < % <& (2.52)

forallt € T, and k > k. Since (2.51) contradicts to (2.52), the necessary statement is
proved. Now, to finish the proof of Theorem 2.6.2 it is sufficient to refer to Theorem 2.6.1.
O

The following theorem takes place.

Theorem 2.6.3. Let a point yy € Y be asymptotically stationary (resp., asymptotically t-
periodic, asymptotically almost periodic, asymptotically recurrent) so that Y = H*(yy) and
the nonautonomous dynamical system (X, Ty, ), (Y,T2,0),h) be convergent. Then the
following statements take place:

(1) the Levinson center Jx of the dynamical system (X, Ty, ) is homeomorphic to w,
and, consequently, it is a minimal set consisting of the stationary motion (resp.,
T-periodic motions, almost periodic motions, recurrent motions);

(2) any point x € X is asymptotically stationary (resp., asymptotically T-periodic,
asymptotically almost periodic, asymptotically recurrent), and w, = Jx for all
x € X and, consequently, W*(Jx) = X;

(3) for every e > 0 and compact subset K < X there exists § = 8(e, K) > 0 such that
px1,x2) < & implies p(x1t,x2t) < € for all t € Ty and x1,x, € K, for which
h(x1) = h(xy).

Proof. Under the condition of Theorem 2.6.3 the dynamical system (Y, T, o) is com-
pactly dissipative and Jx = wy,. Thus, if (X, T, n), (Y, T,,0),h) is convergent, then
Jx and Jy = w,, are homeomorphic and, consequently, Jx is a minimal set consisting
of the stationary motion (resp., 7-periodic motions, almost periodic motions, recurrent
motions).

Since w, € Jx for every x € X, then in virtue of the minimality of Jx we have w, = Jx.
As Jx N X, consists exactly of one point for every y € Jy = w,, and wyx) = w,,, then
according to Theorem 2.3.1 the point x is comparable in limit with y = h(x). Since every
point y € H"(yy) = Y is asymptotically stationary (resp., asymptotically 7-periodic,
asymptotically almost periodic, asymptotically recurrent), then from Corollary 2.9 it fol-
lows that the point x possesses the same property.

The third statement of the theorem it follows from Theorem 2.6.1. O

2.7. Some Tests of Convergence

Definition 2.30. A set M < X is called uniformly stable with respect to the homomor-
phism h : X — Y (un. st. h), if for every ¢ > 0 there exists § > 0 such that p(x1,x;) < &
implies p(x1t,x2t) < e for all t € T and x1,x, € M, for which h(x;) = h(x,). If X un.
st. h, then the dynamical system (X, T}, ) is called uniformly stable with respect to the
homomorphism h.
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Lemma 2.31. Let a homomorphism h : X — Y satisfy the following conditions:

(1) there exists a continuous section y : Y — X, that is, there exists a continuous
mapping y: Y — X for which ho y = Idy;
(2) lims—to p(x1t,228) = O for all x1,x2 € X (h(x1) = h(x2)).
Then the following statements hold:

(1) if (Y, Ty, 0) is point dissipative, then (X, T\, m) is point dissipative and in this case
Qx and Qy are homeomorphic;

(2) if (Y, Ty, 0) is compactly dissipative and every compact subset K < X is uniformly
stable with respect to h, then (X, T, i) is compactly dissipative, and Jx and Jy are
homeomorphic and, consequently, ((X, T, ), (Y, Ts,0),h) is convergent.

Proof. Let (Y, T, 0) be point dissipative. Then Qy = U{w, | y € Y} is a nonempty
compact invariant set and, consequently, M := y(Qy) £ Qx also is nonempty, compact
and invariant. For x € X and y := h(x) we have lim;.,« p(xt,y(y)t) = 0. Hence, £}
is a relatively compact set. Besides, wx S wyy) € y(Qy) = M. From this it follows that
Qx € M. So, (X, T, ) is point dissipative and y(Qy) = Qx. Since y : Qy — Qx separates
points and Qy is compact, then Qy and Qx are homeomorphic.

Let (Y, T,, 0) be compactly dissipative. Then, according to the said above, (X, T, )
is point dissipative. Let us assume that M := y(Jy) and we will show that M is orbitally
stable. Suppose that it is not so. The there exist &g > 0,x, — xo € M, and t; — +o such
that

p(xkte, M) > &. (2.53)

Note that h(xx) = yk — yo := h(xo) € h(M) = h o y(Jy) = Jy and, in virtue of the
compact dissipativity of (Y,T,,0) the sequence {yxtr} can be considered convergent.
Put y := limg_;e yitk. It is clear that y € Jy and p(y) = limg—4e y(h(xk))t. Since
y:Jy = y(Jy) = Mseparates points and hoy = Idy, theny : Jy — Misahomomorphism
and y o h(x) = x for all x € M and, consequently, y(h(xx)) — y(h(xy)) = xo € M. From
the last relation it follows that

klim p(xk,yoh(xk)) =0. (2.54)
—+o00

Let ¢ > 0 and § = 8(¢) > 0 be the numbers from the uniform stability of the com-
pact set K = {xx} U yo h{xi} with respect to the homomorphism h. From (2.54) it
follows that for k large enough there takes place p(xx,y o h(xx)) < § and, consequently,
pxxt, (y o h)(xx)t) < e forall t € T,. In particular,

p(xkti, y o h(xi)tk) <& (2.55)

for k large enough. Since ¢ is arbitrary, from (2.55) it follows that limj_. e Xktx =
limg_t0y o h(xk)tx = y(y) € M. The last contradicts to (2.53). The obtained con-
tradiction shows that M is orbitally stable. So, (X, T, ) is point dissipative, Qx < M,
M is nonempty, compact, invariant, and orbitally stable. According to [111, Lemma 7],
(X, Ty, m) is compactly dissipative and Jx < M. To finish the proof of the lemma it is
sufficient to refer to Lemma 2.27 and Remark 2.25. O
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Let (Y,S,0) be a group dynamical system, (X,S;,7) be a semigroup dynamical
system, and 1 : X — Y be a homomorphism of (X, S, ) onto (Y,S, ). Let us consider
the nonautonomous dynamical system ((X, Ss, ), (Y, S, ¢), h) and denote by I'(Y, X) the
set of all continuous sections of the homomorphism h. The equality

d(y1,y2) = SuI;P(Yl(J’)aYZ()’)) (2.56)
ye

defines a full metric on I'(Y, X).
Assume XXX := {(x1,x%) | x1,% € X, h(x1) = h(x;)} andlet V : XxX — R, bea
mapping satisfying the following conditions:

(a) alp(x1,x2)) < V(x1,x2) < b(p(x1,x2)) forall (x1,x,) € XXX, wherea,b € X
and Ima = Imb (K := {a | a: Ry — Ry, ais continuous, strictly monotone
increasing, and a(0) = 0});

(b) Vi(x1,x2) = V(xa,x1) forall (x1,x,) € XxX;

(c) V(x1,x) < V(x1,x3)+X(x3,x,) forall x1, x5, x3 € X such that h(x;) = h(x,) =
h(x3);

(d) there exist N > 0and y > 0 such that

V(xit,xot) < Ne "'V (x,x) (V(x,x) € XXX, t €Sy). (2.57)

From conditions (a)—(c) it follows that on every fiber X, := h~!(y) the mapping V'
defines a metric that is topologically equivalent to p. The following lemma takes place.

Lemma 2.32 (see [115]). Let V : XXX — R, satisfy the conditions (a)—(c). Then on
I(Y,X) the equality

p(y1,y2) = sup V(yi(p), y2(y)) (2.58)
ye

defines a complete metric, topologically equivalent to (2.56).

Lemma 2.33. Let ((X,S4,7),(Y,S,0),h) be a nonautonomous dynamical system satisfy-
ing the following conditions:

(1) (Y, X) # &;
(2) there exists a function V : XXX — R, satisfying the conditions (a)—(c)

and
(3) V(xlt)th) = Ne_ytV(X],XQ) (V(xl)xz) S XXX) te S+))

where N,y > 0.
Then there exists a unique invariant continuous section of h, that is, there exists y €
[(Y,X), such thatn* oy = y o o' forallt € T,.
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Proof. Let us denote by ' : T(Y,X) — TI(Y,X) the mapping defined by the equality
(S'y)(y) := a'y(oty) forallt € S;,y € I(Y,X) and y € Y. It is easy to check that
{S'} =0 is a commutative semigroup with respect to the composition. Note that

p(S'y1,S'y2) = max V(ntyi(a™'y), n'ya(0™"y))

(2.59)
<Ne* max V(yi(oc™y),y2(07"y)) < Ne7"p(y1,2).

From inequality (2.59) it follows that the mappings S’ are contractions for ¢ € Sy large
enough. From this, in virtue of the commutativity of {S'} -0, it follows that there exists a
common fixed point y of the semigroup {S'}~( which is an invariant section of k, that is,
nfoy=1yog'forallt eS,. O

Theorem 2.7.1. Let a nonautonomous dynamical system ((X,Si,7),(Y,S,0),h) satisfy
the conditions:

(1) I(Y,X) + @.
(2) there exists a function V : XXX — Ry satisfying the conditions (a)—(d).

Then (X,Sy,m) is compactly dissipative, and Jx and Jy are homeomorphic. Conse-
quently, {(X, S, n),(Y,S,0),h) is convergent.

Proof. Note, that for x1,x, € X (h(x1) = h(x2),
a(p(xi1t,x2t)) < V(x1t,x2t) < Ne "'V (x1,x) < Ne "'b(p(x1,x2)). (2.60)

Hence, lim;_.; a(p(x1t,x2t)) = 0 and lim;.;e p(x12,x2t) = 0. Let ¢ > 0 and d(e) =
b~'(N~ta(e)). Since p(x1,x2) < 8(¢) (h(x1) = h(x,)) implies p(x1t, x,t) < e forall t € S,
the system (X, Sy, ) is uniformly stable with respect to h. Now to complete the proof of
the theorem it is sufficient to refer to Lemmas 2.31 and 2.33. |

Remark 2.34. Lemma 2.32 and Theorem 2.7.1 take place also when Y is not compact. In
this case we will denote by I['(Y, X) the set of all continuous bounded sections.

Corollary 2.35. Let yy € Y be asymptotically stationary (resp., asymptotically T-periodic,
asymptotically almost periodic, asymptotically recurrent) and Y = H(yy). If for the dynam-
ical system ((X,S4,m),(Y,S,0),h) the conditions of Theorem 2.7.1 are fulfilled, then it is
convergent and, besides,

(1) the Levinson center Jx of the dynamical system (X, Sy, i) is homeomorphic to w,
and consists of the stationary motion (resp., T-periodic motions, almost periodic
motions, recurrent motions).

(2) any point x € X is asymptotically stationary (resp., asymptotically T-periodic,
asymptotically almost periodic, asymptotically recurrent).

(3) for every e > 0 there exists § > 0 such that p(x1,x;) < & implies p(xt,x2t) < € for
allt € Sy and x,,x, € X for which h(x1) = h(xy).

Proof. The formulated statement it follows from Theorems 2.7.1, 2.6.2, and Remark 2.34.
O



48 Asymptotically Almost Periodic Solutions of Operator Equations

In conclusion, note that convergent dynamical systems are in a way the simplest dis-
sipative dynamical systems. If a nonautonomous system ((X,S,,7),(Y,S,0),h) is con-
vergent and Jx (resp., Jy) is the Levinson center of (X,S,, ) (resp., (Y,S,0)), then Jx
and Jy are homeomorphic. From this we see that on the one hand, the Levinson center
of a convergent system can be described fully enough and, on the other hand, it can be
notably complicated.



Asymptotically Almost Periodic
Solutions of Ordinary Differential

Equations

3.1. Some Nonautonomous Dynamical Systems

Example 3.1. Let E" be an n-dimensional real or complex Euclidian space with the norm
| - |. Consider a differential equation

du

— = f(t,u), 1
g = Jbw (3.1)
where f € C(R x E",E"). Along with (3.1) let us consider also its H-class [92, 93, 98,
100, 107, 116]

Z :g(t>v)a (3.2)
where g € H(f) = {f®:7€R} and fO(t,u) := f(t+ 7,u). In this example we
suppose that the function f is regular, that is, for every (3.2) the conditions of existence,
uniqueness, and nonlocal extensibility of its solutions on R, are held. Denote by ¢(¢,v,g)
a solution of (3.2) passing through the point v € E" as t = 0. Then the mapping
¢ : Ry X E" X H(f) — E" is well defined and the following conditions are fulfilled (see,
ie., 88, 89,93]):

(1) ¢(0,v,g) =v (forallv e E"andg € H(f);
(2) o(t,o(1,v,€),8:) = e(t +1,v,¢) (forallv € E",g € H(f) and t,7 € R,);
(3) ¢:Ry X E" X H(f) — E" is continuous.

Let us put Y := H(f) and by (Y,R,0) denote a dynamical system of shifts on Y
induced by the dynamical system of shifts (C(R x E",E"),R,0). Put X := E" X Y and
define a mapping 7 : X X Ry — X as follows: n((v,g),7) = (¢(7,v,2),¢") (i.e, m :=
(¢,0)). Then it is easy to verify that (X, R, ) is a dynamical system of shifts on X and
h = pr, : X — Y is a homomorphism of (X,R,,7) onto (Y, R, o) and, consequently,
((X,Ry,7),(Y,R,0),h) is a nonautonomous dynamical system generated by (3.1).

Remark 3.2. Also we will consider the case Y = H*(f) = {fD|7 € R;}, a semi-group

dynamical system (H*(f), Ry, 0), and a semigroup nonautonomous dynamical system
<(X)R+) 7-[)) (H+(f)>R+> 0)) h)

Example 3.3. Let us consider differential equation (3.1) with the right-hand side f €
C(R x W,E"), where W is some open set from E”. Denote Y := C(R x W,E") and
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by (Y, R, 0) denote a dynamical system of shifts on Y. By X denote the set of all pairs
(¢, f) from C(R;, W) x C(R x W,E") such that ¢ is a solution of (3.1). Obviously, X
is invariant with respect to shifts in the dynamical system of shifts (C(R4, E") X C(R x
W,E"), Ry, ), where ((¢, f),7) = (9™, f™). From general properties of differential
equations it follows the closeness of X in C(R4, E") X C(R x W, E") and, consequently,
on X there is induced a dynamical system of shifts (X, Ry, 7). The mapping h := pr; :
X — Y is a homomorphism of the dynamical system (X,R,,7) on (Y,R,0). Hence
(X,R4,7m),(Y,R,0),h) is a nonautonomous dynamical system.

Example 3.4. Let ¢ € C(R4,E") be a solution of (3.1), Q := ¢o(Ry), fo := flrxq
and H(fq) := 0(fq,R), where o(-, fo) is a motion generated by fq in the dynamical
system of shifts (C(R x Q,E"),R,0). Assume Y := H(fq) and X := H*(g, fo), where
H™ (¢, fq) is the closure of the positive semitrajectory of (¢, fo) in the product dynamical
systems (C(R4, E"), R4, 0) X (C(R X Q,E"), R, 0). Then the mapping h := pr; : X - Y
is a homomorphism of (X, R, ) onto (Y, R, 0), where (Y,R,0) (resp., (X,R, 7)) is a
dynamical system on Y (resp., X) induced by the dynamical system (C(R x Q,E",R,0)
(resp., (C(R4, E"),R4,0) X (C(RX Q,E"),R,0)). So, {(X, Ry, m),(Y,R, ), h) is a nonau-
tonomous dynamical system.

Example 3.5. Let us denote by L, (R x W, E") the space of all the functions f : R x W —
E" that satisty the following two conditions (the conditions of Carathéodory):
(a) for every fixed t € R the function f is continuous with respect to x € W;
(b) forevery fixed compact Q & W there exists a positive function mq € Lf;c(R, R)
such that
Lf (£,x)| < mq(t)
forallt e Rand x € Q.
Let us define with the help of family of seminorms a topology in the space LY (R x

W,E"). The family of seminorms is defined as follows. Let [ > 0 and Q be an arbitrary
compact subset from W. Assume that

1 = | max | F(en)| e (33)

<l x€Q

Define a mapping o : Lf;C(R X W,E") xR — Lﬁ)c(R X W,E") by the equality o(7, f) :=

f(™. We can show (see, e.g., [117]) that the triple (Lﬁ,c(R X W,E"),R,0) is a dynamical
system.

The following lemma takes place.

Lemma 3.6. Let Q be a compact subset from E", S1,S,,...,Sm,. .. is an increasing sequence
of intervals in R, for which \U;,_, S = R and ¢,, € C(R,Q) (m € N). Suppose that the
following conditions are fulfilled:

(1) for every m € Nin Lﬁ)C(Sm X E", E") there exists a function f,, such that the
restriction of the function ¢,, on S,, is a solution of the differential equation

B futt), (3.4
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(2) for every segment S < R and every ¢ there exists ng € N such that S < S,, and

o max | fin(t,x) — f(t,x)|dt < ¢ (3.5)

forall m = ny.
Then the following statements take place:

(1) the set of functions ® = {¢, : n € N} is relatively compact in C(R, Q);

(2) the limit ¢ of every convergent subsequence of the sequence {¢,} is a Q-compact
solution of (3.1) (i.e., p(R) < Q) defined on the whole axis R;

(3) if a real number ty € R is such that the sequence {¢,(ty)} S E" converges to
some point xo € Q and ¢ is the unique not extensible solution of (3.1) satisfying
the initial condition ¢(ty) = xo, that is, then ¢ is a Q-compact solution of (3.1)
defined on the whole axis R and the sequence {¢,} converges to ¢ in the space

C(R, Q).

Proof. The formulated lemma is a generalization of [92, Lemma 3.1.5] and is proved in
the same way. So, we omit its proof. O

Assume that Y := L” (R x W,E") and by (Y,R,0) denote a dynamical system of

loc

shifts on Y. By X denote the set of all pairs (¢, f) € C(R4, E") X L? (R x W, E") such

loc
that ¢ is a solution of (3.1). From general properties of differential equations follows
that X is closed and invariant in C(R,, E") X Lﬁ)C(R X W,E") and, consequently, on
X there is induced a dynamical system of shifts (X, R, 7). The mapping h = pr, :
X — Y is a homomorphism of (X,R, ) onto (Y,R,0) and, consequently, the triple

((X,R4,7m),(Y,R,0),h) is a nonautonomous dynamical system.

Example 3.7. Let us denote by CH(R x C",C") the set of all continuous with respect to
t € R and holomorphic with respect to z € C” functions f : R x C" — C", which is
endowed with the topology of uniform convergence on compact subsets from R x C".
Consider (3.1) with the right-hand side f € CH(R x C",C") and its H-class. Denote by
¢(t,z,g) asolution of (3.2) passing through the point z as t = 0 and defined on R,.. Note
that the mapping ¢ : R, x C" x H(f) — C" satisfies conditions (1)—(3) from Example 3.1
and, besides, for every t € R, and g € H(f) the mapping U(t,g) = ¢(¢t,-,g) : C" - C"
is holomorphic [118]. Put Y := H(f) and by (Y,R, o) denote a dynamical system of
shifts on Y. Let X = C" X Y and (X, R4, ) be a dynamical system on X, where 7 :=
(p,0). Atlast, if h = pr, : X — Y, then ((X,R4,7),(Y,R,0),h) is a nonautonomous
dynamical system. From the above mentioned fact that the mappings U(t,g) : C" — C"
are holomorphic it follows that for any y € Y and t € R* the mapping " : X;, — X1,
(X, := h™(y)) is holomorphic.

3.2. Compatible in Limit Solutions

Let us consider the problem of dependence of the property of recurrence in limit of
solutions for differential equations on the according property of the right-hand sides of
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equations. Namely, we will study the problem of asymptotically periodicity (resp., asymp-
totically almost periodicity, asymptotically recurrence) of solutions, if the right-hand side
of equation possesses the same property.

It is well known [92] that, if the right-hand side of a differential equation is Pois-
son stable with respect to the time (resp., periodic, almost periodic, recurrent) func-
tion, then under certain conditions among bounded solutions of that equation there
exists a solution which is compatible with respect to recurrence with the right-hand
side.

So, we can see a notably common and deep dependence, in virtue of which the
character of the recurrence of solutions of differential equations is compatible with the
recurrence of the right-hand side of equations (see, e.g., [92, 93, 100]).

The given below results show that an analogous dependence of the recurrence in limit
of the right-hand side of differential equations also takes place when the right-hand side
is asymptotically Poisson stable.

Definition 3.8. Let f € C(R x W,E") and Q be a compact subset from W. One will
say that the function f is asymptotically stationary (resp., T-periodic, almost periodic,
recurrent, stable in the sense of Poisson) with respect to the variable ¢+ € R uniformly
with respect to x € Q, if the motion o(+, fg) generated by the function f := flrxq in the
dynamical system of shifts (C(Rx Q, E"), R, ¢) is asymptotically stationary (resp., asymp-
totically 7-periodic, asymptotically almost periodic, asymptotically recurrent, asymptot-
ically Poisson stable).

Remark 3.9. Function f € C(R x W, E") is asymptotically stationary (resp., asymptoti-
cally T-periodic, asymptotically almost periodic, asymptotically recurrent, asymptotically
Poisson stable) with respect to the variable t € R uniformly with respect to x on compact
subsets from W, if for every compact Q € W the function f is asymptotically stationary
(resp., asymptotically 7-periodic, asymptotically almost periodic, asymptotically recur-
rent, asymptotically Poisson stable) with respect to t € R uniformly with respecttox € Q
ifand only if there exist functions P, R € C(Rx W, E") such that f(t,x) = P(t,x)+R(t,x)
for all (£,x) € R x W. In this case the function P is stationary (resp., 7-periodic, almost
periodic, recurrent, Poisson stable) with respect to ¢ € R uniformly with respect to x on
compact subsets from W and lim;., |[R(£,x)| = 0 — lim;_1 |R(¢,x)| = 0 uniformly
with respect to x on compact subsets from W.

Definition 3.10. A solution ¢ of (3.1) one will call compatible in limit, if it is compa-
rable in limit (in the positive direction) with the function f; := flrxg, where Q =
¢o(R,), that is, the motion o(-, ¢) generated by the function ¢ in the dynamical system
(C(R4, E™"), Ry, 0) is comparable in limit with the motion o (-, fo) generated by the func-

tion fq in the dynamical system (C(R X Q, E"), R, 0).

Definition 3.11. A function ¢ € C(RR, E") is called bounded on § € R, if the set ¢(S) C E"
is bounded.

Theorem 3.2.1. Let ¢ be a bounded on R, compatible in limit solution of (3.1) and Q :=

o(R,). Then:
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(1) if the right-hand side f of (3.1) is asymptotically recurrent with respect to the
variable t € R uniformly with respect to x € Q, then the solution ¢ is asymptoti-
cally recurrent;

(2) if the right-hand side f is asymptotically almost periodic with respect to t € R
uniformly with respect to x € Q, then the solution ¢ is asymptotically almost
periodic;

(3) if f is asymptotically T-periodic with respect to to t € R uniformly with respect to
x € Q, then the solution ¢ is asymptotically T-periodic;

(4) if f is asymptotically stationary with respect to t € R uniformly with respect to
x € Q, then the solution ¢ is asymptotically stationary.

Proof. The validity of the formulated statement it follows from the corresponding defi-
nitions, [92, Lemma 3.1.1] and Theorem 2.2.2 applied to the nonautonomous dynamical
system from Example 3.4. O

Along with (3.1) let us consider the family of “w-limit” equations

dv
i g(t,v), (g € wy), (3.6)
where f € C(RX W, E") and wy is a w-limit set of the function f in the dynamical system
(C(R X W,E"),R,0).

Theorem 3.2.2. Let ¢ be a bounded on R, solution of (3.1) and fq := flrxq is st. L*,

where Q := @(R,). If every equation of family (3.6) admits at most one solution from w,
then ¢ is compatible in limit.

Proof. Since fq is st. L*, then according to [92, Lemma 3.1.6] the solution ¢ is st. L*. Let
((X,R4,7m), (Y, R, 0),h) be anonautonomous dynamical system constructed in Example
3.4. Consider an operator equation

h(y, fo) = fao (3.7)

Along with (3.7) consider the family of equations

h(v,8) = ga» (80 € wgy)- (3.8)

From the said above it follows that the point (¢, fo) € X is st. L. According to
the conditions of Theorem 3.2.2, every equation of family (3.8) has at least one solution
from w(y,f,). From Theorem 2.3.1 it follows that EJJEQ‘” c Ezr(p"fo). To finish the proof of
Theorem 3.2.2 it re_mains to note that Szr(pc’)"fQ) = £ N S}Qw and, consequently, 2};’ c
£,%. The theorem is proved.

Remark 3.12. According to [92, Lemma 3.4.2], the function fq is st. L* (resp., L) if and
only if the following conditions are fulfilled:
(1) fq is bounded on R; x Q (resp., R X Q), that is, there exists M > 0 such that
[f(t,x)] < M forall (t,x) € Ry X Q (resp., (£,x) € R x Q);
(2) the function fq is uniformly continuous on R, X Q (resp., R X Q).
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Note that every theorem on the compatibility in limit of a solution of (3.1) together
with Theorem 3.2.1 gives various tests of existence of asymptotically stationary (resp.,
asymptotically periodic, asymptotically almost periodic, asymptotically recurrent) solu-
tions of (3.1).

For example from Theorem 3.2.2 follow the next statements.

Corollary 3.13. Let f be asymptotically stationary (resp., asymptotically T-periodic, asymp-
totically almost periodic, asymptotically recurrent) with respect to the variable t € R uni-
formly with respect to x € Q := @(Ry) and ¢ be a bounded on R, solution of (3.1). If
every equation of family (3.6) admits at most one solution from wy, then ¢ is asymptotically
stationary (resp., asymptotically T-periodic, asymptotically almost periodic, asymptotically
recurrent).

Corollary 3.14. Let ¢ be a bounded on R, solution of (3.1) and f € C(RXW,R) (W < R)
be asymptotically recurrent with respect to t € R uniformly with respect to x € Q = p(R,).
If some function gq from wy, (fq := fIrxq) is strictly monotone with respect to x uniformly

with respect to time t, then ¢ is compatible in limit in the positive direction.

Proof. From the asymptotical recurrence of f and strict monotonicity of go € wy, it
follows that every function from wjy, possesses the property of strict monotonicity with
respect to x € Q uniformly with respect to t € R. According to [119], every equation of
family (3.8) admits at most one solution from w, and by Theorem 3.2.2 ¢ is compatible
in limit. O

Corollary 3.15. Let ¢ be a bounded on Ry solution of (3.1) and f € C(R x W,R) be
asymptotically stationary (resp., asymptotically T-periodic, asymptotically almost periodic,
asymptotically recurrent) with respect to t € R uniformly with respect to x € Q. If some
function go € wy, is strictly monotone with respect to x € Q uniformly with respect to
t € R, then ¢ is asymptotically stationary (resp., asymptotically T-periodic, asymptotically
almost periodic, asymptotically recurrent).

Note that if f is asymptotically almost periodic, then Corollary 3.14 reinforces the
result of the work [36].

3.3. Linear Differential Equations

In this section we study linear differential equations satisfying the condition of Favard.
We establish the relation between the condition of Favard and regularity and weak regu-
larity. We study also the linear differential equations with asymptotically almost periodic
coefficients. Denote by [E"] the Banach space of all linear bounded operators A acting
on E" with operator norm and by C,(I, E") the Banach space of all continuous and
bounded functions f : I — E" with sup-norm, where I < R is an interval from R (i.e.,
I =[a,b],[a,b),(ab]or(a,b)anda,b € R* := RJ{—o00,+o0}.
Let E and F be a pair of subspaces from Cy(I; E").

Definition 3.16. An equation
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or differential operator

dx(t)
dt

(Lax)(t) = — A(t)x(t), (3.10)

where A € C(R; [E"]), is called (see, e.g., [107]) (E, F)-admissible (resp., regular), if for
every f € F the equation

LAXZf (3-11)

has at least one (resp., exactly one) solution ¢ € E.

Definition 3.17. If La is (Cp(R; E"), Cp(R; E™)) regular (resp., admissible), then one sim-
ply will say that L, is regular (resp., admissible or weakly regular).

Definition 3.18. Recall that a linear bounded operator P : E" — E" is called a projection,
if P2 = P, where P2 := P o P.

Definition 3.19. Let U(t, A) be the operator of Cauchy (a solution operator) of linear
(3.9). Following [120] one will say that (3.9) has an exponential dichotomy (is hyper-
bolic) on I < R, if there exists a projection P(A) € [E"] satisfying the following condi-
tions:

(1) P(A)U(t,A) = U(t,A)P(A) forall t € I;
(2) there exist constants v > 0 and N > 0 such that

|[Up(t,T; A)|| < Ne7V"  (Vt=1;t,7€]), (3.12)

|[Ug(t, 1;A)|| < Ne*"™™  (Vt<71: t,7€]), (3.13)

where Up(t, 7;A) := U(t,A)P(A) U~ (1, A), Ug(t, 13 A) := U(t, A)Q(A)U ! (7,
A) and Q(A) := E — P(A) (E is the identity operator in [E"]).

Theorem 3.3.1 (see [120]). Let A € Cp(R+, [E"]). Equation (3.9) satisfies the condition of
exponential dichotomy on R, if and only if for every function f € Cy(Ry, E") (3.10) admits
at least one solution ¢ € Cy(R,, E").

Theorem 3.3.2 (see [107, 120]). Let A € Cy(R, [E"]). Equation (3.9) satisfies the condition
of exponential dichotomy on R if and only if for every function f € Cp(R,E") (3.10) admits
a unique solution ¢ € Cy(RR, E").

Theorem 3.3.3 (see [120]). Let A € [E"]. Equation (3.10) admits a unique solution ¢ €
Cy(R, E") for every function f € Cy(R, E") if and only if the spectrum o (A) of the operator
A does not intersect the imaginary axis, that is, 0(A) N iR = &, where i = 1, iR := {ix |
x € R} and a(A) is the spectrum of operator A.



56 Asymptotically Almost Periodic Solutions of Ordinary Differential Equations

3.3.1. Equations with Periodic Operator-Function

Lemma 3.20. Let A € [E"] and

Lax = Ax. (3.14)

S
For the differential operator (3.14) to be regular it is necessary and sufficient that the equa-
tion

Lax=0 (3.15)

would have no nonzero, bounded on R solutions.

Proof . If operator (3.14) is regular, then, obviously, (3.15) has no nonzero, bounded on
R solutions.

Inversely. Let (3.15) have no nonzero solutions from Cp(R, E"). Then the spectrum
of the operator A does not intersect with the imaginary axis. In fact, if i € 0(A) (f € R),
then there exists xg € E” (xo # 0) such that

x(t) = éPlxy (teR) (3.16)

is a nonzero, bounded on R solution of (3.15) and this contradicts to the condition.
So, the spectrum of the operator A does not intersect the imaginary axis. According to
Theorem 3.3.3 the operator Ly is regular.

Let us consider an equation of the type

% = A(t)x, (3.17)
in which the operator A(t) is a T-periodic operator-function, that is, for some 7 > 0
A(t+1)=A(t) (teR). (3.18)
The Cauchy operator U(t) of (3.17) satisfies the system

U'(t) = AU (1),

U(0) = E. (3.19)

It is easy to see that the operator
Ui(t) = U(t+ 1)U (1) (3.20)

satisfies the same system. In virtue of the uniqueness of the solution of system (3.19) we
have U, (t) = U(t), which implies U(t + ) = U(t)U(7).

Definition 3.21. The operator U(7) is called monodromy operator of (3.17).

Since the operator U(1) is reversible, then there exists the operator 4§ := In U(7) for
which U(7) = €%.



Linear Differential Equations 57

Let us introduce and consider the operator
1
I:= - InU(1). (3.21)

Then U(1) = €.
Assume now

Q(t) := (e ™. (3.22)
The operator-function Q(t) is 7-periodic:
Qt+1)=U(t+1)e N =UMU(r)e ™ = Ut)e ™ = Q(¢1). (3.23)

On the segment [0, 7] this operator-function is continuous, differentiable, and has
continuous inverse operator Q! (¢).
From equality (3.22) it follows the Floquet presentation of the Cauchy operator

U(t) = Q(t)eT (3.24)

in the form of the product of periodic differentiable operator-function Q(t) having
bounded inverse operator Q!() by the operator exponent e’ with the constant oper-
ator I'. g

From the said above the theorem on the presentation of Floquet follows.

Theorem 3.3.4 (see [120]). The operator of Cauchy U(t) of (3.17) admits presentation
(3.24), where Q(t) is a periodic differentiable operator-function having bounded inverse
operator Q~'(t), and T is a constant operator.

Definition 3.22. The operator L € C(R; [E"]) is called an operator-function of Lyapunov,
if there are fulfilled the next conditions:

(1) L(t) and L(¢) are bounded on R;
(2) L(t) has a bounded inverse operator L™!(¢) and the operator-function L™!(¢) is
bounded on R.

Definition 3.23. The linear transformation
x(1) = LOy(b), (3.25)
with the operator-function of Lyapunov L(#) is called a transformation of Lyapunov.

Definition 3.24. Equation (3.17) is called reducible, if with the help of some transforma-
tion of Lyapunov it can be transformed into linear equation

dy
4 =By (3.26)

with the constant operator B.
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Theorem 3.3.5 (see [120]). Let the operator-function A(t) be t-periodic. Then (3.17) is
reducible.

Proof. Let us show that Q(t) defined by equality (3.22) is an operator-function of Lya-
punov. In fact, since Q(t) and Q~!(¢) are continuous with respect to t € R and 7-periodic,
they are bounded on R. Now we will show that dQ/dt is also bounded on R. For this aim
we note that

aQ d _du d

—= = —(U(t)e™) e+ U()—e

=AU e "+ Ut)(-Te ™) = A(H)Q(t) — Q(1)T.

From equality (3.27) it follows that dQ/dt is bounded with respect to t € R.
In (3.17) we make a transformation

x(t) = Q) y(1). (3.28)
Then
dx _ dQ ay _ _ dy
3 = g YO = [AMOQM) — QT ]y + Q1) (3.29)
consequently,
d
ABQ)y = ABQ(H) — QT + QD% (3.30)
Therefore,
dy _
5= (3.31)
The theorem is proved. O

Theorem 3.3.6. Let A(t + 1) = A(t) (t € R). For the equation

% — A)x+ f(B) (3.32)
to have a unique solution bounded on R for any bounded on R function f, it is necessary
and sufficient that the spectrum of the operator I' := (1/7)In U(t) would not intersect the
imaginary axis.

Proof. In (3.32) we make the change of the variables x(t) = Q(t)y(t). Then with respect
to y we obtain the equation

% =Ty+Q (1) (), (3.33)
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from which it follows that (3.32) has a unique bounded on R solution for any bounded
on R function f exactly when the equation

dy _
5 =Ty+g() (3.34)

has single bounded on R solution for every bounded on R function g € Cy(R; E"). The
last, according to Theorem 3.3.3, takes place if and only if the spectrum of the operator I
does not cross the imaginary axis. The theorem is proved. O

Corollary 3.25. Let A(t) be T-periodic. The operator

dx

dt

is regular if and only if the spectrum of the operator I does not intersect the imaginary axis.

Lax = —A(t)x (3.35)

Remark 3.26. Note that the spectrum of the operator I' does not intersect the imaginary
axis if and only if the spectrum of the operator of monodromy U(7) = ™' does not
intersect the unit circle.

Corollary 3.27. Let A(t) be T-periodic. Operator (3.35) is regular if and only if the equation
Lax=0 (3.36)

has no nonzero bounded on R solutions.

Proof. The last statement it follows from Theorem 3.3.5, Lemma 3.20, and the fact that
(3.36) and (3.31) at the same time either have or have no bounded on R solutions. O

Let A(t+7) = A(t). Then H(A) = {A® :5 € [0,7)} and, hence, there takes place the
next corollary.

Corollary 3.28. Let A(t+71) = A(t). For the operator (3.35) to be regular it is necessary and
sufficient that every equation

Lgx =0, (Be€ H(A)), (3.37)

where Lpx := (dx/dt) — B(t)x, would have no nonzero, bounded on R solutions.

In the next section we generalize the last statement for operators with almost periodic
operator-function A(t).

3.3.2. Equations with Almost Periodic Operator-Function
3.3.2.1. Limiting Equations

Let f € C(R;E").

Definition 3.29. A function g € C(IR; E") is called w(resp., «)-limit for f, if there exists a
sequence t, — +0oo (resp., —o0) such that ) — g in the topology of the space C(R; E").
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By wy (resp., ay) there is denoted the set of all w (resp., &)-limit functions for f and
A= wsJay. Assume that

HY(f)= [f0:re R, H(f)=[f0:reR ],
H(f):=H"(f) uH (f),

(3.38)

where by bar there is denoted the closure in the topology of the space C(R; E").
LetA € C(R; [E"]). Consider a differential equation

dx
i A(t)x. (3.39)

Denote by U(t, A) the operator of Cauchy of (3.39) and

o(t,A,x) = U(t, A)x. (3.40)

Lemma 3.30. The function U(t,A) is continuous with respect to A € C(R; [E"]) uniformly
with respect to t on compact subsets from R.

Proof. Let {A,} < C(R;[E"]), A, — A uniformly on compact subsets from R and [ > 0.
Then there exists a number M(I) > 0 such that

max ||A,(H)|| < M(I) (n € N). (3.41)

|t <l
Since U(t, A,) is the solution of the system

U(t,A,) = A,(t)U(t,A,),

(3.42)
U(0,A,) =E,
then from || U(t,A)|| < exp{], [IA(t)[|ds} it follows that
Ilnla)l(||U(t,An)|| <MD (y eN). (3.43)
t<

Assume now that V,,(t) := U(t,A) — U(t, A,) and note that V,(¢) satisfies to the system

V(1) = A()Va(t) + [A(t) — An(1)]U(t, Ap),

V.(0) = 0, (3.44)

therefore,
Vu(t) = U(t,A) Jt U (1, A)[A(T) — Au(D)]U (1, Ap) d. (3.45)
0

Let K(I) := max; < {I|Ut A, IIU(t,A)|l}. From (3.43) and (3.45) it follows the
inequality

rlnla)l(||Vn(t)|| < K2(1)21e*MD max [|A(t) — An(1)]]. (3.46)
tl< )=
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Passing to the limit in (3.46) as n — 400 we obtain

lim max||U(t,A) — U(t,A,)|| = 0. (3.47)

n—+oo |t|<l

The lemma is proved. O

Corollary 3.31. For every fixed t € R the mapping U, : C(R; [E"]) — [E"] defined by the
equality Uy(A) := U(t, A) is continuous.

Lemma 3.32. If (3.39) is hyperbolic on R, then every equation

y =B(t)y, (3.48)
where B € wy is hyperbolic on R.
Proof. Let B € wy. Then there exists t,, — +0o such that B = lim,, .1 A", Assume
P(A™)) = U(t,, A)P(A)U (t,, A), (3.49)
Q(A™) = U(t, A) QAU (t, A), (3.50)

where P(A) and Q(A) is a pair of mutually complimentary projectors from the def-
inition of exponential dichotomy. Projectors {P(A®))} and {Q(A"))} are uniformly
bounded and, hence, they can be considered convergent. Put P(B) := lim,— e P(A)
and Q(B) := lim,_.; Q(A). Note that

Pz(A(tn)) — P(A(tn)), (3.51)

P(A®™)) + Q(A™) = E. (3.52)

Passing to the limit in (3.51) as t — +oo we get P?2(B) = P(B). In the same way we show
that Q*(B) = Q(B). At last, from (3.52) it follows that P(B) + Q(B) = E. So, P(B) and
Q(B) is a pair of mutually complimentary projectors. Let us show that they can be taken
as projectors in the definition of the exponential dichotomy on R of (3.48). In fact, let
t > 7and t,7 € R. Then for t, large enough the numbers t and 7 belong to the interval
(—ty, +00). From the equality

U(t, A"\ P(AS)Y U (r,A™)) = U(t + t,, A)P(A) U™ (1 + t,, A) (3.53)

and inequality (3.12), taking into consideration the above said and Lemma 3.30, we
obtain the inequality

||U(t,B)P(B)U"\(1,B)|| < Ne™*(=7). (3.54)
Similarly we prove that
||U(t,B)Q(B)U (1, B)|| < Ne"*"? (3.55)

when t < 7and t,7 € R. The lemma is proved. O
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Corollary 3.33. Let (3.39) be hyperbolic on Ry and B € wa. The (3.48) has no nonzero
bounded on R solutions.

Corollary 3.34. Let (3.39) be hyperbolic on R, and A be Poisson stable in the positive
direction [92], that is, A € wa. Then (3.39) is hyperbolic on R.

Lemma 3.35. Let (3.39) be hyperbolic on R and B € H(A). Then (3.48) is also exponential
dichotomic on R.

Corollary 3.36. Let (3.39) be hyperbolic on R and B € H(A). Then (3.48) has no nonzero
bounded on R solutions.

Naturally the question whether the statement inverse to Corollary 3.36 is true or not
arises.
As the example below shows, in general case it is not. In fact, the scalar equation

% = (arctan t)x (3.56)

does not nonzero solutions from Cp,(IR,R) and for every b € H(a) = {arctan(t+7) : 7 €

R} U{n/2, —n/2} the equation

dx

i b(t)x (3.57)
also does not have nonzero solutions from Cp (R, R) and however (3.56) be not hyperbolic
on R. In fact, if it was not so, then

ES+E* =E", (3.58)

where E° := {x € E" | lim—o |@(t,x,a)| = 0}, E¥ := {x € E" | lim;—._ |@(t,x,a)| = 0}
and ¢(t,x,a) := xexp(fot a(s)ds) (in our example a(t) := arctant).

But in our example E” = R (n = 1), E* = {0} and E* = {0}. Hence, (3.58) takes no
place.

Note that (3.56) is hyperbolic on R, and on R_. We can easily check it using Theorem
3.3.1.

3.3.2.2. Criterion of Regularity of Almost Periodic Differential Operators

The following lemma takes place.

Lemma 3.37 (see [92]). Let {¢,}, {fu} S C(R;E"), and {A,} = C(R;[E"]). If for each
n € N the function ¢, satisfies the differential equation

% = A,(t)x + fu(t), (3.59)

An — Aand f, — f uniformly on compact subsets from R, then,
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(1) if {@u} is uniformly bounded on R, then it is relatively compact in C(R; E");
(2) ifu — @ inthe topology C(R; E"), then ¢ is a solution of the differential equation

% = A()x+ f(1); (3.60)

(3) if 94(0) — x0, then {¢,} converges in C(R; E") and ¢ = lim,_. ;. @, is a solution
of (3.60) with the initial condition ¢(0) = xo.

Theorem 3.3.7 (see [121]). Let the operator function A € C(R; [E"]) be almost periodic.
The differential operator

dx
Lax = I A(t)x (3.61)

is regular, if and only if every equation
Lpx=0 (B € H(A)) (3.62)

does admit nonzero solutions from Cp(R; E").

Proof. The necessity of this statement it follows from Theorem 3.3.2 and Corollary 3.36.
Inversely. Let every (3.62) have no nonzero solutions from C,(R,E") and A €
C(R; [E"]) be almost periodic. Then there exists w; — +o0 (i — +o0) such that

lim sup||A(t+ w;) — A(t)|| = 0. (3.63)

i—+o0 teER
Consider differential operators

dx

E - Ai(t)x (364)

LAX.X =

with continuous w;-periodic coefficients A;(t):

A(t), ifl ot <w,
Ai(t) = ! , (3.65)
it[A(t) — A(wi)] + A(w;), ifO<t< -

Let us show that

lim max ||A;(t) — A(t)|| = 0. (3.66)

i—+oo [t <w;
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In fact,

max ||A;(t) — A(t)]|

|t <w;

< max [||[A;i(t) —A@)|[+ max ||Ai(t) — A(t)]|

l/i<t<w; —w;+1/i<t=<0

+ max ||A;i(t) - A@t)|| + ogixl/i”Ai(t) —A(t)||

0<t+w;<1/i

< max ||A(t+w;) —A@)||+ Osg‘g)él/iHAi(t) —A@)|| +og}2)1(/i||Ai(t) —A)||

T Vit <w;

< max ||A(t+w;) — A1) +05¥P§§1/il|Ai(t) — A +0r51}2.x1/i||A,-(t) —A()||.

l/i<t+w;<w;

(3.67)
Besides,

Jmax [|Ai(t) — A

= max [[it[A(t) = A(w) ]+A () ~A@|

= max |t = DA@®)+(=it+ DA(w)[| = max [|(=it + DIA®) — Aw)]]]

<2 max [|A(t) — A(0)[| +2]|4(0) - A}l

(3.68)

omax [[A4i(5) — A@)]

=, max [|Ai(t+wi) — A(t+wi) + A(t+w;) — A(t)]|

< max [|Ai(t+w;) — A(t+wi)|| + o max [JA(t+w;) —A(t)]] (3.69)

max ||A;(t) — A(t)|| + sup ||A(t + wi) — A(2)]|.
0<t<1/i teR

From (3.63) and (3.67)—(3.69) it follows equality (3.66).
Let us show that each of operators Ly, (i € N) is reversible and their norms HL/}} I
are uniformly bounded. For this aim we note that there exists § > 0 such that

[[La,0ll = Sllgll (i € N). (3.70)

Let us suppose the contrary. Then there exists {¢x} = Cp(R;E") (llokll = 1 for every
k € N) and 6 — 0 (8x > 0) such that

IILa, oxll < 6 (k €N). (3.71)

Since [|@kll = sup{|k(t)] : t € R} = 1, then there exists #x € R such that

[or(te) | = !

5 (k e N). (3.72)

Let us present t; in the form tx = nrw;, + 7%, where || < (1/2)w;, .
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Denote by yy the functions defined by the equality

V(1) = ok (t+nmwr) (t€R). (3.73)
Note that
k]l = llgkl| = 1, (3.74)
(Layyi) (8) = i (£) — Ac(O)yi(t)
) (3.75)
= @i (t + mewi) — Akt + mewi) @(t + mewr) = (La,9x) (¢ + ngaw).
From (3.71) and (3.75) it follows that
[|Lawi|| < 8 (k€ N). (3.76)
So, we found a sequence {74} S [—w;,/2, w; /2] such that
1
lve(m) [ =5, lwll =1 [[Layl] < o (3.77)

Consider a sequence By (t) := A(t+7x). In virtue of the almost periodicity of the operator-
function A(t) the sequence {Bx} can be considered convergent in Cp(R; [E"]). Assume
B := limy_ Bx. Obviously B € H(A). Let us construct the sequence Kk(t) = Ay (t+ k).
We will show that there takes place the equality

lim max ||A; (t+71k) — A(t+1%)|| = 0. (3.78)

k—+00 \t\<w,k/2
In fact, if |t| < w;, /2, then |t + 74| < w;, and, consequently,

max ||A; (t+7k) — A(t + 7%)|| < max [|A; (s) — A(s)]]. (3.79)
[t <w; /2 |s|<wk

Passing to the limit as k — 400 in (3.79) and taking into consideration (3.66), we obtain
(3.78). Then

max ||A; (t+ 1) — B(t)||
Itl<w;, /2
(3.80)
< max [|A; (t+7%) — A(t+ 1) ||+||max [|A(t+ 1) — B(t)]],
tI<w;, /2

consequently, A;, (t + 1) — B(t) in the topology of the space C(R; [E"]). Put

fil) =y (£ + 70) = A6y + 72) (3.81)
for all t € R. From (3.77) it follows that || fx|| — 0.
Let us consider the differential equation

A _ R (Ox+ filt) (3.82)

dt
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It is obvious that vy (¢ + 7%) is a solution of (3.82) and |yx(t + 7x)| < 1 forall t € R.
According to Lemma 3.37, the sequence {yy(t + 7x)} can be considered convergent. Put
Y (t) := limg_ 4 Wi (t + 7x). By the same lemma

% =B()y(t) (teR) (3.83)

and |ly|l < 1. Besides, from (3.77) it follows that |y(0)| > 1/2 and, consequently, v is
a nonzero solution from C,(R; E") of (3.83), and B € H(A). The last contradicts to the
condition of the theorem. The obtained contradiction shows the required statement.

So, there exists § > 0 such that (3.70) holds. Obviously, every equation

Lax=0 (3.84)

has no nonzero solutions from C,(R; E"). According to Corollary 3.27 there exists Lg}.
From inequality (3.70) it follows that

IILz!|| < 67" (ieN). (3.85)
Let now f € Cy(RR; E"). Consider nonhomogeneous equations
Lux=f (ieN). (3.86)
Every of these equations has a unique solution ¢; from C,(R; E"), and
llgill < 7M1 £1I. (3.87)

According to Lemma 3.37, the sequence {¢;} is relatively compact in C(R; E"). To be
simple, we consider it convergent and put ¢ := lim; ., ¢;. By Lemma 3.37

do(t

% = A1) + F(£), (3.88)
and |o(t)] < 87 '[If|l for all t+ € R. So, for every f € Cy(R;E") (3.88) has a unique
solution in Cy(R; E"). The theorem is proved. O

3.3.3. Equations Satisfying the Condition of Favard in the Positive Direction
3.3.3.1. General Definitions

Let us consider equations

dx
E = A(t)x, (389)
dy _

where A and B € C(R; [E"]).

Definition 3.38. One says that (3.89) satisfies the condition of Favard in the positive (resp.,
negative) direction, denoting it by ®*(resp., @), if for every B € w4(resp., a4) (3.90)
has no nonzero bounded on R solutions.
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Definition 3.39. If (3.89) satisfies the condition @ and ®~, then one say that (3.89)
satisfies the two-sided (or weak condition of Favard) and denote it .

Definition 3.40. If for each B € H(A) (3.90) has no nonzero bounded on R solutions,
then one says that (3.89) satisfies the condition of Favard (or reinforced condition of
Favard) and denote it F.

Between the introduced notions there exists a close relation. We study this question
below. Here we only note that from the weak condition of Favard, generally speaking, the
condition of Favard does not follow (the inverse is obvious). The last is confirmed by the
example

% = (arctan t)x. (3.91)

It is easy to check that (3.91) satisfies the condition ® but does not satisfy the condition
F, since (3.91) has nonzero bounded on R solutions.

Definition 3.41. They say that a function f € C(R;E") is stable by Lagrange in the
positive (resp., negative) direction, denoting it L* (resp., L), if H*(f) (resp., H™(f))
is compact in C(R; E").

Definition 3.42. 1f the function f € C(R;E") is st. L* and st. L™, then they say that f is
stable by Lagrange and denote it st. L.

3.3.3.2. Some Properties of Equations Satisfying the Condition of
Favard in the Positive Direction

Lemma 3.43. Let A € C(R; [E"]) be st. L* (resp., L~ ) and (3.89) satisfy the condition ®*
(resp., ©~). Then, if p(t, A, x) is bounded on R, (resp., R_), then

tlﬂn lo(t,A,x)| =0 (resp., tLiI}i lo(t, A, x)| = O). (3.92)

Proof. Suppose the contrary, that is, there exist ¢¢ > 0 and # — +o such that
lo(tk, A,x)| = &. Without loss of generality we can consider that the sequences
{o(t, A,x)} and {A®)Y are convergent in E" and C(R; [E"]), respectively. Assume xy =
limg_ 400 @(tx, A, x) and B = limg_ 4o A Then according to Lemma 3.37, ¢(t, B,xo) =
limy_ 4o (¢t + 15, A, x) is a nontrivial bounded on R solution of (3.90) and B € wj.
The last contradicts to the condition of Lemma 3.43. The second case is considered in the
similar way. O

Lemma 3.44. Let A € C(R;[E"]) be st. L™ and let (3.89) satisfy the condition ®*. If
o(t, A, x) is unbounded on Ry, then lim;—. .« |@(t, A, x)| = +00.
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Proof. Let us suppose the contrary, that is, for some L > 0 there exist sequences {sx},
{tx}, and {I} satisfying the next conditions:

(1) sk < te < Ik < sg+15

(2) {sg} —» +o0ask — +oo;

(3) lo(1,A,x)| > Lforall T € (s, I);

(4) lo(sk, A, x)| = [o(h, A, x)| = L;

(5) lo(tr, A, x)| = max{|o(t,A,x)| : t € [sg, ]}
Assume

9t dx) 1
= T ] lo(ti,Ax) |~ - @(tr, A, x). (3.93)

Then there are held the relations:

(@) [xl =1

(b) lo(t, A, xi)| = [@(tr, A, x) |7 - @t + 1, A, x)| < 1
forall t € [sg — t, Ik — t]. Let us show that {sy — fx} — —oo ({lx — tx} — +o). In fact,
under the conditions of Lemma 3.44 the sequences {A“} and {xx} can be considered
convergent. Put xo = limy_,« xx and B := limy_, A%, If we suppose that {s; — t;}
— oo, then it can be considered convergent. Assume 7y := limy_ 1 {Sk — #¢}. Passing to the
limit in the equality

sk =t A, x) | = [9(tu A%) |7 - [p(sAx) | = Llg(tu Ax) |7, (3.94)

we obtain that ¢(19, B,xy) = 0. From the last equality it follows that xy = 0 that contra-
dicts to the condition (a). In the same way it is proved that {l; — tx} — +oco. From the
said above and the condition (b) it follows that |¢(¢,B,x0)| < 1 holds for all t € R, and
[xo] = 1. So, ¢(t, B, xp) is a nontrivial bounded on R solution of (3.90). The obtained
contradiction proves the lemma. |

Lemma 3.45. Let A € C(R; [E"]) be st. L* and (3.89) satisfy the condition ®*. If a solution
o(t, A, x) is unbounded on R, then there exists ¢ > 0 such that

max lo(t,A,x)| <c|o(r,A,x)] (3.95)
forallT € R,.

Proof. Suppose the contrary. Then for every k € N there is L; > k such that

[max lo(t,A,x)| = k|o(Lk, A, x)|. (3.96)
<t<Lj

Choose 7 € [0, L] so that the equality

lo(1, A, x) | = max |@(t,A,x) ]| (3.97)

0<t<Ly
holds. Then inequality (3.96) takes the form

lo(tr, A, x) | = k|o(Li, A, x) |. (3.98)
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Put
(P(Tk>Aax) -1
Xk = ——————— = Tk, Ay X - (1, A, X). 3.99
k |g0(Tk,A,x)| |§0( k )| (P( k ) ( )
Then
|xk| =1, lp(t, A x) | = (1, Ay x) 17 - |@(t+ 11, A, X) | (3.100)

for all t € [7, Ly — 7x]. Reasoning in the same way that in Lemma 3.44 and taking into
consideration the relations

(@) 1oLk — 1o A™, xp)| = |o(11, A, %) |7 - [@(Li, A, x)| < k71,

(®) lo(—1%, A, x)| = [@(Tr, A, x) |1 - |x],
we obtain that {7} — +o0 and {Lx — 74} — +oo. Without loss of generality we can
consider that the sequences {A(™)} and {x;} are convergent. Let xp := limg_o x¢ and
B := limj_e A, Tt is clear that B € w4, |x| = 1 and lo(t,B,x0)| < 1forallt € R.
The last contradicts to the condition of the lemma. O

3.3.3.3. Scalar Equations

Below we suppose that the space E” is one-dimensional (E" = R), thatis, A = a €
C(R;R).

Lemma 3.46. Let a € C(R;R) be st. L*. If (3.89) satisfies the condition ®* and the
solutions ¢(t,a,x) of (3.90) as x # 0 are unbounded for t € R*. Then solutions of every
(3.90) with B = b € w, are bounded on R _.

Proof. Let b € w,. Then there exists ty — +oo such that b = limj_;e a'®). define a
sequence
¢(tr, a, x)

Xy = 2 (3.101)
(425

where o := max{(t,a,x) : t € [0, tx]}. For it there are fulfilled the following conditions:
(1) x| =15
(2) lo(t,a™, xp)| = ot @(t + tr,a,x)| < 1
for all t € [—#,0]. In virtue of (1) the sequence {xx} can be considered convergent.
Assume xg := limj_. 4 Xx. Passing to the limit in inequality (2) we get |¢(t, b,xo)| < 1 for
all t € R_. In this case, by Lemma 3.45, [x¢| > ¢! > 0 and, consequently, x| > ¢! >
0. To finish the proof of the lemma it is sufficient to use the fact that (3.89) is a linear
homogeneous scalar equation. O

Lemma 3.47. Let a be st. L* and (3.89) satisfy the condition ®*. If all solutions of (3.89)
are bounded on R, then there exist numbers N, v > 0 such that

lo(t,b,x)| < Ne " |x| (3.102)

forallx e R, b € H (a) and t € R,.
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Proof. The proof of the formulated statement may be done by repeating exactly the
reasoning from the work [122]. O

Lemma 3.48. Let a be st. L* and (3.89) satisfy the condition ®*. Then (3.89) is hyperbolic
on R,.

Proof. Logically, two cases are possible:

(a) all solutions of (3.89) are bounded on R, and then Lemma 3.48 follows from
Lemma 3.47;

(b) all nontrivial solutions of (3.89) are unbounded on R;. According to Lemma 3.44
when x # 0 there takes place the equality

,liﬂn |p(t,a,x)| = +oo, (3.103)

hence, in (3.89) we can change of variables: y = 1/x. In this case it turns in the next
equation

d
= = —at)y. (3.104)

Together with (3.104) we consider the family of equations

% = —b(tx, (b€ w a). (3.105)

Let us show that (3. 104) satisfies the conditions of Lemma 3.47. Let b € w(—q). Then there
exists b € w, such that b = —b. By Lemma 3.46, every solution of (3.90) is bounded for
t € R_ and, consequently, according to the condition of the lemma they are unbounded
on tR;. From Lemmas 3.43 and 3.44 it follows that for every x # 0 and b € w, there are
fulfilled the conditions

tLi{n lo(t,a,x)| =0, (3.106)
tljgrn lo(t,a,x)| = +oo. (3.107)
Note that
~ 1
o(t,b,x) = o(t,—b,x) = m» (3.108)

therefore, from (3.106) and (3.107) it follows that for any x # 0 and be w(—q) there are
held the equalities

lim [ g(t,5,%) =0, lim | p(tb,x) = +eo, (3.109)

t—+o0

that is, (3.104) satisfies the condition ®*. It is not difficult to establish that all solutions of
(3.104) are bounded on R,. Consequently, according to Lemma 3.47 there are numbers
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N > 0and v > 0 such that
|q)(t,z,x)| < Ne x| (3.110)

forallte R,,x e R and b € H*(-a).
Let x # 0 and b € H"(a). Then there exists b € H"(—a) such that b = —b and,
consequently, there takes place the inequality

lo(t,—b,x)| = |@(t,b,x)| " < Ne " |x|". (3.111)

Last inequality implies that [¢(t,b,x)| = Ne " |x| forallx € R, b € H*(a) and t € R;.
And, hence,

lo(t,b,x)| = |@(t — 1,0, o(1,b,x)| = N'e™"D | o(1,b,x) | (3.112)
for t = 7. Therefore,
lp(1,b,x)| < Ne™ """ | o(t,b,x) | (3.113)

for 7 > t > 0. The lemma is proved. O

3.3.3.4. Equations of General Type

Lemma 3.49. Let A be st. L*. If (3.89) satisfies the condition of ®* and A is a down-
triangular matrix, then (3.89) is hyperbolic on R..

Proof. Let us prove it by induction by the dimensionality # of the space E". In the case
when n = 1 the fact that Lemma 3.49 is true follows from Lemma 3.48. Suppose that the
lemma is true when k(k < n).

(I) Consider k + 1—dimensional system

an (H)xi,

ax (1)x1 + axn(t)xa,

7
X1

x/
: (3.114)

Koy = Ak, 1 (X1 + - - A e () X1

According to Theorem 3.3.1 for (3.89) to be hyperbolic on R; it is necessary to show that
for every bounded on R function f € Cy(R;E") the equation

% = A()x + f(t) (3.115)

has at least one solution ¢ € C,(R; E").
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(II) Let us show that the system

x1 = an(t)xi + fi(h),
x5 = ax (t)x1 +an(t)x + fo(1),

(3.116)
Xy = Gk, 1 (%1 + - - - A (OXkr1 + fra (t)
has at least one bounded on R, solution.
(IIT) In fact, it is easy to see that the equation
X = an(t)xi, (3.117)
and the system
x; = an(t)xa,
x5 = as(t)x; + as3(t)xs, (3.118)

Kppy = Akr12(0)X2 + - - - A (D Xk

satisfy the condition of exponential dichotomy on R, by definition. Using this fact it is
easy to see that system (3.116) has at least one bounded on R, solution. The lemma is
proved. O

Lemma 3.50 (see [123]). Let A be st. L*. Then

(1) there exists a st. L* down-triangular matrix P such that (3.89) can be reduced to
the equation

dx
i P(t)x; (3.119)
(2) for any Q € wp there exists B € wa such that (3.90) can be reduced to the
equation
dx
e Q(t)x. (3.120)

From this lemma directly it follows that.

Corollary 3.51. For Lyapunov’s transformation there are preserved the next properties:
exponential dichotomy on R, and R, regularity, the condition ®*, ®~, and F .

Theorem 3.3.8. Let A be st. L*. For (3.89) to be hyperbolic on Ry it is necessary and
sufficient that (3.89) would satisfy the condition ©*.

Proof. Let A be st. L and let (3.89) be hyperbolic on R.. According to Corollary 3.33,
(3.89) satisfies the condition ®*.

Sufficiency. Let A be st. L* and (3.89) satisfy the condition ®*. According to Lemma
3.50, (3.89) can be brought to triangular form (3.119) with L* stable matrix P. Let us
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show that (3.119) satisfies the condition of Lemma 3.49. In fact, let Q € wp. By Lemma
3.50 there exists B € w4 such that (3.90) can be reduced to (3.120). Since the relation
of reduction is symmetric, then (3.120) has a nontrivial bounded on R solution if and
only if (3.90) has such solutions. So, in our case every (3.120), where Q € wp, has no
nontrivial bounded on R solutions. According to Lemma 3.49, (3.119) is hyperbolic on
R, and, consequently, (see Corollary 3.51), (3.89) is hyperbolic on R,. The theorem is
proved. O

Remark 3.52. All results of this chapter naturally can be formulated and proved for equa-
tions satisfying the condition ®*.

3.3.4. Equations Satisfying the Condition of Favard

Let E and F be a pair of subspaces from Cy(I; E"). Recall that an equation

dx

i A(t)x, (3.121)
or differential operator
dx
Lax = i A(t)x, (3.122)

where A € C(RR; [E"]), is called (E, F)-admissible (resp., regular), if for every f € F the
equation

Lax=f (3.123)

has at least one (resp., exactly one) solution ¢ € E.

If LA(Cp(R; E™), Cp(R; E™)) is regular (resp., admissible), then we simply will say that
Ly is regular (resp., admissible or weakly regular).

From the results of the previous subsections it follows.

Theorem 3.3.9. Let A € C(R; [E"]) be st. L. (3.121) satisfies the condition @, if and only if
it is hyperbolic on R, and R_.

3.3.4.1. Scalar Equations

In this section we suppose that the space E" is one-dimensional (E" = R) and A = a €
C(R;R). Let us introduce the following notation:

AMt, T,a) := i Jta(s) ds, (3.124)

At(a) := liIP AMt, 1, a), A (a):= lim At,71,0),
T—+00 T—+00
f=7—+00 t—T—+00

o (3.125)
A (a) = Tli?w AMt, T,a), A (a):= lim A(t,7,a).

T—+00
[=T—+00 f—T—+o
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Note that At(a) < AT(a); A (a) < A (a) and At(—a) = —A"(a); A~ (—a) = -1 (a);
A (=a) = =A%(a); A" (—a) = —A"(a).

Lemma 3.53. Let a be st. L* (resp., L™ ). Equation (3.121) satisfies the condition ®* (resp.,
@), if and only if there holds the inequality A*(a)A*(a) > 0 (resp., A~ (a)A~(a) > 0).

Proof. Let a be st. L* and (3.121) satisty the condition ®*. According to Theorem 3.3.8,
(3.121) is hyperbolic on R, and, consequently, there exist positive numbers N and v such
that there takes place one of the following inequalities:

lo(t,a,x)| < Ne?""9|o(1,a,x) | (3.126)
forallt>7>0andx € Ror
lp(t,a,x)| < Ne"""?|g(1,a,x)| (3.127)

forallt <7t <0andx € R.

Let inequality (3.126) be fulfilled. Then it is not difficult to see that A" (a) < A*(a) <
—v. It implies the inequality A*(a)A* (a) > 0. If there takes place inequality (3.127), then
A*(a) = A*(a) = v > 0 and, consequently A*(a)A*(a) > 0.

Inversely. Let a be st. L™ and A*(a)A*(a) > 0. Logically, two cases are possible:

(a) A*(a) = A*(a) > 0. Assuming

t
w(a) = lim © [ ats)ds, (3.128)
t—+oo b Jo

let us show that for every function b € w, the inequality u(b) > 0 holds. Indeed. Since
A*(a) > 0, then for every number ¢ € (0,A1%(a)) there exists T'(¢) > 0 such that

AMt,1,a) = At (a) — ¢ (3.129)

forall7 > T(¢) and t — 7 = T(e). Let b € w,. Then there exists t,, — +o such that
b = lim,,—1e a'), and t is an arbitrary fixed number from [T (¢),+o0). Hence,

1 t 1 t+t,
?J’ a(s+ty)ds = ?I a(s)ds =1 (a) — ¢ (3.130)
0 t’n

for all t,, = T(e). Passing to the limit in (3.130) as m — 400, we obtain the inequality
t
: J b(s)ds = A*(a) — ¢ (3.131)
0

forall t = T(e). From here it follows that 4(b) = A*(a) —¢. Note that all nonzero solutions

dx
i b(t)x (3.132)

are unbounded on Ry, if (b) > 0 and, consequently, (3.121) satisfies the condition ®*.
(b) A*(a) = A*(a) < 0.Then A™(—a) = A*(—a) > 0 and, on the basis of the previous
point, the equation

9 ah)x (3.133)
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satisfies the condition ®* and, hence, (see the proof of Lemma 3.47), (3.104) also satisfies
the condition ®*.
The second case is proved in the same way. The lemma is proved. O

From the proved theorem it follows that for L stable function a, if (3.121) satisfies
the condition @, one of the next four cases are possible:

(1) AT(a) =A™ (a) >0and A~ (a) = A~ (a) >
(2) At(a) =A"(a) >0and A~ (a )<A (a) <
(3) A(a) < A*(a)<0and A (a) = A (a) >
(4) M (a) < Af(a)<0and A (a) <A (a) <

The following lemma gives the geometric descrlption of each case.

Lemma 3.54. Let a be st. L and (3.121) satisfy the condition ©. Then the following condi-
tions (a)—(d) are respectively equivalent to conditions (1)—(4).
For every x # 0:

(a) limyo l@(t,a,x
(b) lim;se l@(t,a,x
(¢) limseso l@(t,a,x
(d) lim;ie l@(t,a,x

= +oo and lim¢_._« |@(t,a,x)| = 0;

= +oo and lim¢_. _« |@(t,a,x)| = +00;
= 0andlim;_._« |@(t,a,x)| = 0;
0 and lim;—. o |@(t,a,x)| = +o0.

— — — —

Proof. Let a be st. L, A*(—a) > A*(a) > 0,17 (a) < A (a) < 0and x # 0 (x € R).
Let us show that ¢(t,a,x) is unbounded on R,. Suppose the contrary. Since (3.121)
satisfies the condition @, then by Theorem 3.3.8 there exist positive numbers N and v
such that (3.126) holds and, consequently, A*(a) < A*(a) < —v < 0. the last contradicts
to our condition. So, ¢(t,a,x) is unbounded on R, and (3.121) satisfies the condition
®*. According to Lemma 4.12, lim;_. o [9(t,a,x)| = +c0. In the same way we can prove
that lim_. _« |@(t,a,x)| = 0.

Conversely. Let a be st. L, (3.121) satisfy the condition @ and for every x # 0 (x € R)

t1i1+n lo(t,a,x)| = +oo, tlil}l lo(t,a,x)| = 0. (3.134)

As (3.121) satisfies the condition @7, then by Theorem 3.3.8, (3.121) is hyperbolic on
R., hence there exist positive numbers N and v such that there takes place one of the
next inequalities: (3.126) or (3.127). Note that (3.126) cannot take place as the solution
¢(t,a,x) is unbounded on R;. So, for the solution ¢(t,a,x) inequality (3.127) holds. It
implies that

lp(t,a,x)| = N"'e""" 9 |g(1,a,x)]| (3.135)

forall t = 7 > 0. Therefore, A*(a) > A= (a) = v > 0. In the same way we can prove that
there takes place the inequality A=(a) > A~ (a) > 0.
The other three statements are proved by the same pattern. The lemma is proved. [

Corollary 3.55. Let a be st. L. Equation (3.121) satisfies the condition ¥ if and only if one
of conditions (1), (2) or (4) holds.



76 Asymptotically Almost Periodic Solutions of Ordinary Differential Equations

Theorem 3.3.10. Let a be st. L. Differential operator (3.122) is regular if and only if one of
conditions (1) or (4) holds.

Proof. Let a be st. L and differential operator (3.122) be regular. Then (3.121) is hyper-
bolic on R, and, consequently, there exist positive numbers N and v such that one of
inequalities (3.126) and (3.127) holds. Let us consider each case separately.

Let inequality (3.126) be held. Then for A*(a) < A*(a) < —v < 0 and A~ (a) <
A (a) < —v < 0.1If (3.127) takes place, then for t > 7

lo(t,a,x)| = N"'e"" | ¢(1,a,x)|, (3.136)

which implies that A*(a) = A*(a) = v>0and A=(a) = 1 (a) = v > 0.

Inversely. Let be fulfilled one of (1) or (4). According to Lemma 3.53, (3.121) satisfies
the condition ®. Let us consider both cases separately. Let be fulfilled condition (1). Since
(3.121) satisfies the condition @, then according to Theorem 3.3.8, (3.121) is hyperbolic
on R_. Let f € Cy(R;R). Then by Theorem 3.3.1 (see also Remark 3.52), (3.123) has
at least one bounded on R_ solution. According to Lemma 3.54 from condition (1) it
follows that all solutions of (3.121) are bounded on R_ and, consequently, all solutions
of the nonhomogeneous (3.123) are bounded on R_. Theorem 3.3.1 implies that (3.123)
has at least one bounded on R, solution ¢. By Lemma 3.54 under the condition (1) all
nonzero solutions of (3.121) are unbounded on R, and, consequently, ¢ is the single
bounded on R solution of (3.123).

In the same way there is proved the second case. O

Theorem 3.3.11. Let a be st. L. Differential operator (3.122) is weakly regular if and only if
there takes place one of the following three conditions: (1), (3), or (4).

Proof. Let a be st. L and differential operator (3.122) be weakly regular. Then it is
(Co(I;R), Cp(I;R))-admissible, where I = R, or R_. According to Theorem 3.3.1,
(3.121) is hyperbolic on R, and R_. By Theorem 3.3.9, (3.121) satisfies the condition ®
and, hence, there takes place one of the cases (1)—(4). Let us show that (2) is impossible.
In fact, assume

0, t<0,
fo(t) =qt(1—1t), 0<t<]1, (3.137)
0, t>1,

and f(t) = fo(t)eft; a9)ds_Obviously, f € Cp(R;R). According to our assumption, (3.123)
has at least one solution ¢ € Cy(R;R). Then there exists xy € R such that

o(t) = (xo + Lt fo(s)ds) eloalds, (3.138)
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From equalities (3.137) and (3.138) it follows that

efft) als)dsy, <0,

o(t) = 1 (3.139)

eloal)ds (xo + 8)’ t>1.

From (3.139) it follows that for < 0 and ¢ > 1 ¢ is the solution of the homogeneous
(3.121) and, consequently, all nonzero solutions of (3.123) are bounded at least one of
the semiaxis Ry or R_. So, (2) is impossible.

Conversely. Let one of the conditions (1), (3), or (4) be fulfilled. If there holds (1)
or (4), then by Theorem 3.3.10 differential operator (3.122) is regular and the theorem is
proved. Let now (3) be fulfilled. According to Lemma 3.53, (3.121) satisfies the condition
@ and from Lemma 3.54 it follows that all nonzero solutions of (3.121) are bounded on
R. Since (3.121) satisfies the condition @, then by Theorem 3.3.9, (3.121) is hyperbolic
on R, and R_. Let f € Cp(R;R). By Theorem 3.3.1, (3.123) has at least two solutions
one of which is bounded on R, and other is bounded on R_. Therefore, all solutions of
(3.123) are bounded on R. The theorem is proved. O

Corollary 3.56. Let a be st. L. Differential operator (3.122) is weakly regular, if and only if
(3.123) satisfies the condition F .

Corollary 3.57. Let a be st. L and (3.121) satisfy the condition ¥ . Then either differential
operator (3.122) or

Li_gyx = — +a(t)x (3.140)

is weakly regular.

Corollary 3.58. Let a be st. L. Equation (3.121) is hyperbolic on R, if and only if equations
(3.121) and (3.133) satisfy the condition F .

Corollary 3.59. Let a be st. L. Equation (3.121) satisfies the condition ¥, if and only if
differential operator (3.122) is weakly regular.

3.3.4.2. Triangular Systems
In this section we consider the matrix A = (a;;) upper triangular (a;; = 0 for i > j).

Lemma 3.60. Let A be st. Lt (resp., st. L™ ). Equation (3.121) satisfies the condition ®*
(resp., ©), if and only if for every i = 1,2,..., n the differential equation

dx

b a;i(t)x (3.141)

satisfies the condition ®* (resp., O~ ).
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Proof. Let for every i = 1,2,...,n (3.141) satisfies the condition ®. Let us show that
(3.121) satisfies the condition ®* too. Suppose the contrary. Then there exists B € wy
such that

dy
i B(t)y (3.142)
has nonzero solution ¢ € C,(R; E"). Let ¢ = (@1, 925> Pn)> Pk, (1 < ko < 1) is the last
nonzero component. Then ¢, € Cp(R;R) and

Ao, (1)

T — bt (D1, (1), (3.143)

Since B € wjy, there exists t,, — +0o such that B := lim,, 4. A, Obviously,
. (tm)
brok, = mlil}_loo i (3.144)

consequently, bk, € W, - S0, we found 1 < ko < n such that (3.141) does not satisfy
the condition @' for i = kq. The last contradicts to our condition.

Inversely. Let A be st. L* and (3.121) satisfy the condition ®. Let us show that for
every i = 1,2,...,n (3.141) satisfies the condition ®*. The proof will be carried out by
induction by the dimensionality # of the system. For n = 1 the statement is obvious.
Suppose that the lemma is true for all n < k — 1. Let us show that it is true also for n = k.
The fact that (3.121) with A € C(R; [R¥]) satisfies the condition ®* for i = 1 implies that
(3.141) also satisfies the condition ®* for i = 1. In fact, if we suppose the contrary, then
there exists by € w,,, such that the equation

- = bu(t)x (3145)

has a nonzero solution ¢; € C(R;R). As by} € w,,,, there exists t,, — +co such that by, =
limy,— 4o a(ltf"). In virtue of the L* stability of the matrix A, the sequence {A"")} can be
considered convergent. Put B := limy;. e At Then the function ¢ = (¢1,0,0,...,0) €
Cy(R; RF) is a nonzero solution of (3.142). The last contradicts to the condition. So,
(3.141) satisfies the condition @ for i = 1. Let us show that (3.121) with the matrix

~

A= (aw);

D2 (3.146)

satisfies the condition ®*. Suppose the contrary. Then there exists B € w 7 such that

dx _ B(H)x (3.147)

has a nonzero solution § = (¢2,¢3,...,9k) € Cp(R;RF1). As A € C(R; [R¥]) is st. L*
and B € 0 > then there exists t,, — +o0 such that

B:= lim A®, B:= lim A®), (3.148)

m—+oo m—+oo
and z,»j = b;j (i,j = 2,3,..., k). Consider the equation

B (x4 b pa(0) 4+ b0, (3.149)
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Since (3.141) for i = 1 satisfies the condition ®*, then from Theorems 3.3.9, 3.3.8,
and Lemma 3.32 it follows that (3.149) has a bounded on R solution ¢;. It is easy to see
that the function (1, ¢2,..., 9x) € Cp(IR; R¥) is a nonzero solution of (3.142), where B €
wy4. The last contradicts to the condition of the lemma. So, differential equation (3.121)
with the matrix (3.146) satisfies the condition @*. In virtue of the inductive assumption
for every i = 2,3,...,n (3.141) satisfies the condition @*. In the same way the second
case can be considered. The lemma is proved. O

Corollary 3.61. Let A € C(R;[R"]) be st. L. Equation (3.121) satisfies the condition @, if
and only if for every i = 1,2,...,n (3.141) satisfies the condition ®.

Lemma 3.62. Let A € C (R; [R"]) be such that (3.121) is (C,(R;R™), Cp(R; R")) admissi-

ble and B € C(R; [R™]) be such that (3.142) is (Cp(R; R™), Cp(R; R™)) admissible. Then
equation

dx

C= A0 3.151
_<C’ B> (3.151)

is (Cp(R;R™™) . Cp(R; R™™)) admissible.

where

The proof is obvious.

3.3.4.3. Systems of General Form

Lemma 3.63. Let ¢ € C(R; E"). The following conditions are equivalent:
(a) lim;yo [@(t)| = O (resp., lim;—._o [@(£)| = 0);
(b) @ isst. L* (resp., L™ ) and w, = {0} (resp., ay = {0}), where 8 € C(R;E") is a
function that is identically equal to zero.

Proof. Let lim¢—1o [@(f)] = 0. Then ¢(R;) is a compact set in E”. Let us show that ¢ is
uniformly continuous on R;. Suppose the contrary. Then there exist &y > 0, §,, — 0 and
£ — oo (i = 1,2) such that

[t — 2| <5, [p(tV) — o(t?)] = &. (3.152)

Passing to the limit in (3.152) we get & < 0. The last contradicts to the choice of
the number &. So, ¢ has compact values on R, (i.e., the set ¢(R+) is a relatively compact
set) and, consequently [92], it is st. L*. Let ¥ € w,, then there exists t,, — +oo such that
y(t) = limy, 40 @(t + t,,) for every t € R and, hence, y = 0.

Inversely. Let ¢ be st. L* and w, = {0}. Let us show thatlim;_. ., [¢(¢)| = 0. Suppose
the contrary. Then there exists ¢, > 0 and t,, — +o0 such that

lo(tn) | = 0. (3.153)
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In virtue of the L* stability of the function ¢, the sequence {go(tm)} can be considered
convergent on C(IR; E"). Assume ¥ := lim,,_.. ¢'*). From inequality (3.153) it follows
that [y(0)| > &. Besides, v € w, = {0} and, consequently, y = 0.

The last contradicts to the choice of the number &. The lemma is proved. O

Consider the differential operator

dx

I + Ax(t)x, (3.154)

Lix =
that is formally adjoint to operator (3.122), where A () is the matrix adjoint to A(¢).
Lemma 3.64. Let Ly and L} : C}(R; E") — Cp(R; E") and A € Cp(R; [E"]). Then

KerL} nImLy = {0}, (3.155)

where Ker L} is the kernel of the operator L}, and Im L, is the domain of values of the
operator L,.

Proof. Let ¢ € KerL} nImLy. Then L}¢ = 0 and there exists y € C}(R; E") such that
Lay = ¢. Consider the function y € C,(R; R) defined by the equality

y(®) = (p(1),y(1)), (tER), (3.156)
where (-, -) is the scalar product in E". Then
y) = lot)|* (teR). (3.157)
From equality (3.157) it follows that there exist limits
tlj{g} y(t) = a, tLlI}})o y(t) = B. (3.158)

Let us show that &« = § = 0. Since A € C,(R; [E"]), then ¢ is uniformly continuous
on R and, consequently [92], it is st. L, w, + &, and o + . Let gNo € w,. Then there
exists t,, — +oo such that ¢ = lim,,—,. ™. Note that y is st. L, therefore y is also st. L
and, consequently, {y"} can be considered convergent on C(R; R). Put Y= limpy e hn,
From (3.158) it follows that y(¢) = a for all ¢ € R. Passing to the limit in the equality

Y (t+tm) = |@(t+1,)]° (3.159)

and taking into consideration the above said, we obtain )’ (¢) = [¢(¢)|?. Hence ¢(t) = 0
forall t € R. So, ¢ is st. L and w, = {6}. According to Lemma 3.63, lim; ., [¢(t)| = 0.
In the same way we prove that lim;_._ |@(#)| = 0. Note that

ly@)] = [{e®),w®) | < |y(@®)| o). (3.160)
Since y € Cp(R; E"), then

lim yp(t) = 0. (3.161)

[t[—+o00
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But the nondecreasing function y € C(R;R) satisfies condition (3.161) if and only if
y = 0. From (3.157) it follows that ¢ = 0. O

Corollary 3.65. Let A € Cy(R; [E"]) andIm Ly = Cp(R; E"). Then Ker L} = {6}.

Lemma 3.66. Let A be st. L and Im Ly = Cy(IR; E"). Then for every B € H(A) there takes
place the equality Im Ly = Cp(R; E").

Proof. LetImLy = Cp(R;E") and B € H(A). Logically, two cases are possible:

(1) there exists 7 € R such that B = A(™. In this case the lemma is obvious;

(2) B € Ay. According to Theorem 3.3.9, (3.121) satisfies the condition @ and
from Theorem 3.3.8 and Lemma 3.32 it follows that (3.142) satisfies the condition of
exponentially dichotomy on R. The lemma is proved. O

Corollary 3.67. Let A best. LandIm Ly = Cy(R; E"). Then for every B € H(A) there takes
place the equality Ker L}, = {0}, that is, the equation

d
satisfies the condition ©.

Lemma 3.68. Equation (3.121) is hyperbolic on R, (resp., R_,R), if and only if (3.162) is
hyperbolic R, (resp., R_,R).

Corollary 3.69. Let A be st. L (resp., L~ ). Equation (3.121) satisfies the condition ®%
(resp., ©), if and only if (3.121) satisfies the condition ® (resp., ).

The formulated statement follows from Theorem 3.3.9 and Lemma 3.68.

Corollary 3.70. Let A be st. L. Equation (3.121) satisfies the condition ©, if and only if
(3.162) also does.

Lemma 3.71 (see [124]). If (3.121) with the help of Lyapunov’s transformation x(t) =
L(t)y(t) can be reduced to (3.142), then (3.162) can be reduced to the equation

dy _
5= ~B.(t)y (3.163)

with the help of Lyapunov’s transformation x(t) = L3 (¢) y(1).

Corollary 3.72. If with the help of Lyapunov’s unitary transformation x(t) = L(t)y(t)
(3.121) can be reduced to (3.142), then with the help of the same transformation (3.162)
can be reduced to (3.163).
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Lemma 3.73. Let (3.121) be hyperbolic on Ry and all nonzero solutions of (3.121) are
unbounded on R (resp., R_). Then there exists positive numbers N and v such that

|U(t, —As)]| < Ne! (3.164)

forallt € Ry (resp., R_).

Proof. Let (3.121) be hyperbolic on R; and all nonzero solutions of (3.121) be
unbounded on R,. Then there exist positive projectors P and Q (P + Q = E) and positive
numbers N and v such that

|[U(t,A)PU (1,A)|| < Ne ™" (t=1=0), (3.165)

|[U(t,A) QU (1,A)|| < Ne**" ™ (0 <t<1). (3.166)

Since all nonzero solutions of (3.121) are unbounded on R,, then P = 0 and, conse-
quently, |U(t,A)U~!(1,A)|| < Ne™*=7 (t > 7 > 0). In particular, for all t € R, there
takes place inequality |[U~'(t,A)|| < Ne . Let U(t,—Ax) be the Cauchy operator of
(3.162). Then [116] U(t,—Ax) = U;'(t, A). Therefore, inequality (3.164) holds for all
teR,.

In the same way we consider the second case. The lemma is proved. O

Corollary 3.74. Let (3.121) be hyperbolic on R and R_. If all nonzero solutions of (3.121)
are unbounded on R, and R_, then there exist positive numbers N and v such that for all
t € R there is fulfilled inequality (3.164).

Corollary 3.75. Let A be st. L* (resp., L™, L) and (3.121) satisfy the condition ®* (resp.,
@, ). If all nonzero solutions of (3.121) are unbounded on Ry (resp., R_, Ry, and R_),
then there exist positive numbers N and v such that inequality (3.164) holds for all t € R,
(resp., R_,R).

Lemma 3.76. Let A be st. L and satisfy the condition ®. If all solutions of (3.121) are
bounded on Ry (resp., R_,R), then the operator Ly is weakly regular.

Proof. Let A be st. L, (3.121) satisfy the condition @, all nonzero solutions of (3.142)
be bounded on R,, and f € Cp(R; E"). Since (3.121) satisfies the condition ®¥, (3.123)
has at least one solution from C,(R+, E”) and, consequently, all solutions of (3.123) are
bounded on R,. Besides, (3.121) satisfies the condition ®~ and therefore (3.123) has at
least one bounded on R_ solution ¢. Obviously, ¢ € Cy(R; E"). In the same way we can
consider the other two cases. The lemma is proved. O

Corollary 3.77. Let A be st. L, (3.121) satisfy the condition ® and every nonzero solution of
(3.162) be unbounded on Ry (resp., R_, Ry, and R_). Then operator Ly is weakly regular.

This statement follows from Lemma 3.76 and Corollary 3.75.
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Lemma 3.78. Let A be st. L and (3.121) satisfy the condition ®. If (3.121) has nonzero
solution @y bounded on S (S = Ry, R_ or R), then there exists unitary Lyapunov’s trans-
formation x(t) = L(t)y(t) that brings (3.121) to the triangular form (3.142) with the
triangular matrix

B(t) = (bij(1)); ;) (3.167)

and in this case (3.145) is (Cp(R;R), Cp(R;R))-admissible, if 9o € Cp (R;R"), and
(Co(R;R), Cp(R; R))-regular otherwise.

Proof. Let A be st. L, (3.121) satisty the condition ® and ¢, be a nonzero bounded on S
solution of (3.121). Let x(V, x(?), ..., x(") be a base of the space of solutions of (3.121) and
x1) = go. Applying to this basis the theorem of Perrone [124], we get the first statement
of the lemma. From the same theorem (see also [116]) it follows that

d
bll(t) = Ell’l |g00(t)| (3168)
To finish the proof of the lemma it is enough to apply Lemma 3.54. O

Theorem 3.3.12. Let A be st. L. The differential operator L is weakly regular, if and only if
(3.162) satisfies the condition F .

Proof. Let A be st. L and Ly be weakly regular. According to Corollary 3.67, (3.162)
satisfies the condition .

Inversely. Let (3.162) satisty the condition ¥ . Let us show that the differential oper-
ator Ly is weakly regular. We will prove it by the induction by the dimensionality # of the
system. For n = 1 the validity of the theorem follows from Corollary 3.56. Suppose that
it is true for all n < k — 1. Show now that it is true for n = k too. Logically, two cases are
possible.

(1) All nonzero solutions of (3.162) are unbounded on R. According to Corollary
3.77, the differential operator L, is weakly regular and the lemma is proved.

(2) There exists a nonzero bounded on R, (and, consequently, unbounded on R_)
solution ¢y. By Lemma 3.78, with the help of the unitary Lyapunov’s transformation
(3.162) can be reduced to the triangular form

vi=bu(Ovi —bp(tvy — - -+ = bt vy,
v, = —bp(t)yv, — - -+ = by (D) vy, (3.169)
Vi = N = bun(t)vn,
and equation
ur = b () (3.170)

is (Cp(R;R), Cp(R; R))-regular. Consider the matrix

-B(t) = (- by)}; (3.171)
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Let us show that the equation
x = —B(tH)x (3.172)

satisfies the condition % . Under the condition of the theorem (3.162) satisfies the con-
dition ¥ and, hence, (3.169) satisfies it too. Corollary 3.61 implies that (3.172) satisfies
the condition ®@. Suppose that (3.172) does not satisfy the condition . Then there exists
a nonzero solution (¢, @3, ...,¢,) € Cp(R;R"™!) of (3.172). Since (3.170) is (Cp(R; R),
Cp(R;R)) regular, (3.169) has nonzero from Cp,(R;RR") too. The last contradicts to the
condition of the theorem. So, (3.172) satisfies the condition ¥ and, in virtue of the
inductive assumption the equation

y =By(t)y (3.173)

is (Cp(R; R"™1), Cp(R; R"~1)) admissible. Since (3.170) also is (Cp(R; R), Cy(R; R)) regu-
lar, (3.170) is (Cp(R; R"™1), Cp(R; R*™1)) regular too. By Lemma 3.62, equation

y =B.()y, (3.174)
where
b 0 0 0
b, by 0 0
(3.175)
bln bZn b3n et bnn

is (Cp(R;R™), Cp(R; R™)) admissible. From Lemma 3.71 it follows that the operator Ly is
weakly regular. The theorem is proved. O

Corollary 3.79. Let A be st. L. The differential operator Ly is regular, if and only if (3.121)
and (3.162) satisfy the condition ¥ .

Corollary 3.80. Let A be st. L. Equation (3.121) satisfies the condition ¥, if and only if the
operator L}; is weakly regular.

3.3.5. Correct Differential Operators

Let A € C(R; [E"]). Consider the differential operator

dx
Lax = I A(t)x (3.176)

in the space Cp(R; E"), considering that it is defined on such functions as x € Cp(R; E")
for which Lyx € Cy(R; E").
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Definition 3.81. The operator L, is called correct, if there exists a positive number § > 0
such that the estimation

[[Laul| = &l ull (3.177)

is true for all u, Lau € Cy(R; E").

Definition 3.82. The operator Ly is called uniformly correct, if there exists a positive
number § > 0 such that

[Lpul| = Sllul (3.178)

for every B € H(A) and u, Lgu € C,(R; E").

Obviously, any uniformly correct operator L, is correct. The inverse statement appar-
ently is not true, though the respective example is unknown for us.
There takes place.

Theorem 3.3.13. Let the operator-function A € C(R;[E"]) be almost periodic and the
operator Ly be correct. Then Ly is uniformly correct too.

Proof. Let A € C(R;[E"]) be almost periodic and B € H(A). Since the operator Ly is
correct, then there exists a positive number § > 0 such that inequality (3.177) holds. For
the number §/2 in virtue of the almost periodicity of A there exists a number 7 € R such
that

|A(t+1) - B(t)||<e (t€R). (3.179)
Let u, Lgu € Cp(R; E"). Then
||ILgul| = [|Law+5-a0)ull

5 ) (3.180)
> ||Lawu|| —sup | [B(t) — A(t+ 1) |u(t)| = Sllull — 5””” = Ellull.
teR

The theorem is proved. O

Lemma 3.83. Let A € C(R; [E"]) and operator Ly be correct. Then there exists a number
y > 0 such that Lg is correct, if

|[B(t) —A()|| <y (teR). (3.181)
Proof. The formulated statement is proved in the same way that Theorem 3.3.13. O

Corollary 3.84. The set of correct operators L forms an open set (by the operator norm) in
the set of all differential operators (3.176).

Corollary 3.85. The set of uniformly correct operators L with the almost periodic function
A(t) is open in the set of all almost periodic differential operators.
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Theorem 3.3.14. Let A € C(R; [E"]) be st. L. The next conditions are equivalent:

(1) the operator Ly is uniformly correct;
(2) the differential equation

dx
i A(t)x (3.182)

satisfies the condition ¥ .

Proof. Let L, be uniformly correct. Then there exists § > 0 such that for every € H(A)
there is fulfilled inequality (3.178). Let us show that (3.182) satisfies the condition ¥ .
Suppose the contrary. Then there exists B € H(A) and nonzero function ¢ € C,(R; E")
such that

Lpg = 0. (3.183)

From (3.178) and (3.183) it follows that § < 0. The last contradicts to the choice of the
number §.

Inversely. Let A be st. L and (3.182) satisfy the condition ¥ . Let us show that the oper-
ator Ly is uniformly correct. Suppose the contrary, that is, there exist {¢,,} = Cy(R; E"),
{B,,} € H(A), and «,,, — 0 («,, > 0) such that

lomll =1, [ILs, @ml| < am (3.184)

for all m € N. Condition (3.184) implies the existence of the sequence {t,,} = R such
that

1
|(Pm(tm) | = E’ (3-185)
‘ Pnt) g om(®)] < am (3.186)
dt

for all t € R. Define the sequence {y,,} by the equality

Um(t) = m(t+1tn) (t €R). (3.187)
From (3.186) it follows that

’ d‘”;t(t) C Bt ) um(D)| < (3.188)

for all t € R. Let us show that {y,,} is relatively compact in C(R; E"). In fact, it is easy to
see that for every m € N the function vy, is a solution of the differential equation

% = Bu(t 4 t)x + (D), (3.189)
where g, (t) := y,,(t) — By (t + ) Yim(t) for all t € R. From (3.188) it follows that g,, —

0 in the topology C(RR; E"). In virtue of the L stability of the operator-function A(¢),
the sequence {Bﬁ,ﬁ’”)} can be considered convergent in C(IR; [E"]). Note that [yl < 1
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and by Lemma 3.37 the sequence {y,,} is relatively compact in C(IR; E"). Without loss of
generality the sequences {y,,} and {B%’”)} can be considered convergent. Assume v :=
limy— 1 ¥m and By := limy— 4 B,(nt"‘). By Lemma 3.37 y is a bounded on R solution of
the equation

du

o~ Bo(tu (3.190)

From inequality (3.185) it follows that yo # 0. The last contradicts to the condition of
the theorem. The theorem is proved. O

Theorem 3.3.15. Let A € C(R;[E"]) be st. L and (3.182) satisfy the condition F. Then
there exists a positive number y > 0 such that the equation

x = B(t)x (3.191)
also satisfies the condition ¥, if
IB(t) —A(D)|| <y (teR), (3.192)
where B € C(R; [E"]).

Proof. Let A € C(R;[E"]) be st. L and (3.182) satisfy the condition ¥ . According to
Theorem 3.3.14, there exists a positive number § > 0 such that inequality (3.178) holds
for every B € H(A). Assume y = §/2. Let B € C(R; [E"]) be such that inequality (3.192)
be fulfilled. Then for every ¢ € Cp(R; E") from the domain of definition of Lp

9
1Lagll = I1Log = (B = A)gll = |Lagll  [[B ~ Al = Sligl = yligl = (3 ) gl
(3.193)

Let C € H(B). Then there exists {t,,} S R such that C = lim,,— . B®) in C(R;[E"]).
Note that for each m € N and for all ¢ € Cy(R; E")

) 0
e gll = 1Lag 1 = (5 ) g1l = (3 ) o (5.194)
The last inequality can be rewritten in the form

do(t)
7 — B(t + tm)(/)(t)

)
> <E>||g0|| (t e R). (3.195)
Passing to the limit in inequality (3.195) as m — +o0, we get

[Lcol| = (g) lloll (3.196)

for all C € H(A). From inequality (3.196) and Theorem 3.3.14 the necessary statement
follows. The theorem is proved. |
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Corollary 3.86. The set of all (3.182) with the st. L operator-function A satisfying the
condition ¥ forms an open set (in the uniform topology) in the space of all equations of
form (3.182).

Theorem 3.3.16. Let A € C(R; [E"]) be st. L. The operator Ly is weakly regular, if and only
if the operator

d
Lix= d%f + Ay (t)x (3.197)
is uniformly correct.
Proof. The formulated statement is the sequence of Theorems 3.3.12 and 3.3.14. O

So, Theorem 3.3.16 establishes the duality of the notions of uniform correctness and
weak regularity.

3.3.6. Linear Equations with Asymptotically Almost Periodic Coefficients

Let C(R, [E"]) be the space of all the continuous matrix-functions A : R — [E"] with the
compact-open topology.
Let us consider a differential equation

dx
= = A(t)x, 1

I (H)x (3.198)
where A € C(R, [E"]). Along with (3.198) we consider a nonhomogeneous equation

% — AWy + f(b), (3.199)

where f € C(S, E"), and the family of “w-limit” equations

% =B(t)z (B € wa). (3.200)
Theorem 3.3.17. Let ¢ be a bounded on R solution of (3.199), the matrix A € C(R, [E"])
and the function f be st. L*. If every equation of family (3.200) has no nontrivial bounded
on R solutions, then ¢ is compatible in limit.

Proof. Along with (3.199) let us consider the family of equations

% =B(t)v+g ((B,g) € wa,)). (3.201)
Let us show that every equation of family (3.201) has at most one solution from w,.
Suppose the contrary. Then there exist (B,g) € w(a,f) and y1, y» € w, that are solutions
of (3.201). Note that y = y; — y, # 0 is a bounded on R solution of (3.200). The
latter contradicts to the condition of the theorem. So, the conditions of Theorem 3.2.2
are fulfilled and, consequently, ¢ is compatible in limit. O
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Corollary 3.87. Let ¢ be a bounded on R, solution of (3.199), the matrix A and the
function f be mutually asymptotically stationary (resp., asymptotically T-periodic, asymp-
totically almost periodic, asymptotically recurrent). If every equation of family (3.200) has no
nontrivial bounded on R solutions, then ¢ is asymptotically stationary (resp., asymptotically
T-periodic, asymptotically almost periodic, asymptotically recurrent).

In the case when A and f are asymptotically almost periodic, Corollary 3.87 is a
generalization for asymptotic almost periodicity of the known Favard theorem [116] (the
first theorem of Favard).

Theorem 3.3.18. Let A and f be st. L*. If (3.198) is hyperbolic on R, then the following
statement hold:

(1) the homogeneous (3.199) has at least one bounded on R solution ¢. This solution
is given by formula

(1) = L "G, f(2)dr, (3.202)

where G(t, T) is the main Green function [120] for (3.198);
(2) every bounded on R, solution of (3.199) is compatible in limit.

Proof. The first statement of the theorem it follows from [120]. Let us prove the second
one. In virtue of Lemma 3.32 and Corollary 3.33 every (3.200) has no nontrivial bounded
on R solutions. According to Theorem 3.3.17 every bounded on R solution of (3.198)
is compatible in limit. O

Note that Theorems 3.3.17 and 3.3.18 give sufficient conditions for the existence
of bounded on R, and compatible in limit solutions of (3.199). However, at first look
these theorems essentially differ. The first one states that if there exists a bounded on
R, solution, then it is compatible in limit, and a priori we do not know whether under
the conditions of theorem there exists at least one bounded on R, solution. The second
theorem states that if its conditions are fulfilled, then there always exists at least one
bounded on R, solution. The rest of their conclusions coincides. With the reference to the
said above there arises the following question. Under the conditions of Theorem 3.3.17,
does at least one bounded on R, solution of (3.199) exist? Theorem 3.3.8 answers to this
question.

Below we investigate the problem of the existence of asymptotically almost periodic
solutions of linear differential equations with asymptotically almost periodic coefficients.

Theorem 3.3.19. Let A € C(R,[E"]) be asymptotically almost periodic. The following
statements are equivalent:
(1) equation (3.198) is hyperbolic on R,;
(2) for any asymptotically almost periodic function f € C(R, E") (3.199) has at least
one asymptotically almost periodic solution.

Proof. Let (3.198) be hyperbolic on R, and f € C(RR, E") be an arbitrary asymptotically
almost periodic function. According to Theorem 3.3.18, (3.198) has at least one bounded
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on R, compatible in limit solution ¢. From Corollary 3.87 it follows that ¢ is asymptot-
ically almost periodic. So, from condition (1) follows condition (2). Let us show that the
contrary also takes place. Since the matrix A is asymptotically almost periodic, there exist
a (unique) almost periodic matrix P € w4 and a matrix R € C(R, [E"]) such that

(1) A(t) = P(t) + R(t) forall t € R;
(2) lims—te [R(D)]| = 0.

Let g € C(R,E") be an arbitrary almost periodic function. According to the state-
ment, the equation

d

= Ay +g(0) (3.203)
has at least one asymptotically almost periodic solution ¢. Since the matrix P is almost
periodic and ¢ is asymptotically almost periodic, there exists a sequence {t,} — +o such
that {A®} — P, g®) — g and ¢(") — g, where q € w, is an almost periodic function.
Note that g is an almost periodic solution of the equation

dz

=Pz +g(1) (3.204)

So, we showed that for any almost periodic function g (3.204) has at least one almost
periodic solution. From the results of the work [125] follows that the equation

T P(Hu (3.205)

is hyperbolic on R. According to Lemma 3.32 every equation of family (3.200) is hyper-
bolic on R. By Theorem 3.3.8, (3.199) is hyperbolic on R.. The theorem is proved. [

Assume

Lﬂ+oo

M(A) := lim f’[ A(s (3.206)

Theorem 3.3.20. Let A be asymptotically almost periodic. If the spectrum of the matrix
M(A) does not intersect the imaginary axis, then there exists a number &y > 0 such that for
every &, el < g the equation

dx

o = SAWx+ f(1) (3.207)

has at least one asymptotically almost periodic solution for any asymptotically almost peri-
odic function f.

Proof. Let us consider a family of equations

% =eB(t)y (B € wa). (3.208)
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According to Corollary 1.55, M(A) = M(P), where P is an almost periodic matrix from
w4 such that lim;_, [[A(t) — P(£)Il = 0. From the results of [125, (see page 258)] it
follows the existence of a number & > 0 such that for every ¢, 0 < |¢| < &, the equation

dz
22 _ep 2
It eP(t)z (3.209)
is hyperbolic on R. Then by Lemma 3.32 every equation of family (3.208) is hyperbolic
on R. Consequently, every (3.208) for 0 < |e¢| < g has no nontrivial bounded on R
solutions. In virtue of Theorem 3.3.8 the equation

dx

— =¢€A 21

Friak (t)x (3.210)
is hyperbolic on R, and from Theorem 3.3.19 it follows that for 0 < [e] < & (3.207)
has at least one asymptotically almost periodic solution for any asymptotically almost
periodic function f. O

Let us consider a scalar equation with the asymptotically almost periodic function
ac C(R,R)
& Ao (3.211)

Along with (3.211) consider the nonhomogeneous equation

% —a(t)y+ f(b), (3.212)

where f € C(R,R).

Theorem 3.3.21. Equation (3.212) has at least one asymptotically almost periodic solution
for every asymptotically periodic function f if and only if M(a) # 0 (M(a) is the average
value of the function a).

Proof. Necessity. Let (3.212) have at least one asymptotically almost periodic solution
¢ for every asymptotically almost periodic function f. According to Theorem 3.3.19,
(3.211) is hyperbolic on R,. For distinctness, let the solutions of (3.211) be bounded
on R.. Then there exist positive numbers N and v such that

|o(t,a,x)| < Ne x| (3.213)

for all t > 0. Since
t
o(t,a,x) = xexp <J a(s)ds), (3.214)
0

we have

t
gt an| = B2 1J a(s)ds (3.215)
t t t Jo




92 Asymptotically Almost Periodic Solutions of Ordinary Differential Equations

(x # 0). Passing to limit in (3.215) as t — +oo and taking into consideration (3.213),
we get M(a) # 0. By analogy, we consider the case when all the solutions of (3.211) are
unbounded on R;,.

Sufficiency. Let M(a) # 0. Then it is easy to verify that M(a) = M(b) for any function
b € w,. Let b be an arbitrary function from w,. Since M(b) # 0 and

M(b) = tlj%%ln (6, b, %) | (3.216)

for all x # 0, it is obvious that the equation

dz
i b(t)z (3.217)

has no nontrivial bounded on R solutions. Hence, by Theorem 3.3.8, (3.211) is hyper-
bolic on R,. To complete the proof of the theorem it is enough to refer to Theorem 3.3.19.
(]

Theorem 3.3.21 is a generalization of one theorem of Massera (see, i.e., [125, page
43]) for the case of asymptotical almost periodicity.

3.4. Semilinear Differential Equations

In this section we establish the conditions, under which the existence of a compatible
in limit solution of a nonlinear equation can be established by the linear terms of the
right-hand side of the equation.

Let £ some set of sequences {fx} — +co and r > 0. Denote C,(£) := {9 : ¢ €
Cy(R,,E"), £ 2;“’ and [l¢ll < r}.

Lemma 3.88. C.(£) is a subspace of the metric space C,(R, E").

Proof. Obviously, to prove the formulated statement it is sufficient to prove that C,(£)
is closed in Cy(Ry4, E"). Let {gr} = C,(£) and ¢ = limg_ o . Let us take an arbitrary
e >0and {t} € L. Since ¢ — ¢ in the metric C4(R4, E"), then |l@[| < r. Let us show
that {t;} € 2;“’. For ¢ > 0 there is kg = ko(¢) such that

&
llp -l < 5 (3.218)
for all k > k. Since

lo(t+1) —p(t+t)]
< [@(t+t1) = or, (t+ 1) | + | @r, (¢ + 1) — @i, (t+2:) | + | pr, (t+2:) — @(t+8,) |

<2/l = gro |l + [ 9o (£ +11) — @i, (£ + 1) |,
(3.219)

then for [ and m large enough we have

ple™, @l < g, (3.220)
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where p is the metric defining an open compact topology in C(R,, E"), that is,

plo,y) = sup{mm{max lo(t) —y(t)], 1~ 1}} (3.221)

150 0=<t<l

As the space C(R4, E") is complete, we conclude that the sequence {go(tk)} is convergent
and, consequently, £ < 2;‘”. The lemma is proved. O

Lemma 3.89. Let ¢ € C(R,E"), F € C(R X E",E") and £ < £+°° N SFQ , where Q :=
¢o(R) and Fq := Flrxq. If Fq satisfies the condition of Lipschitz wzth respect to the second
variable with the constant L > 0, then £ < S;.r“’, where g(t) := F(t,¢(t)) forallt € R,.

Proof. Let {t,} € £. Note that

lg(t+t) —g(t+t)]

= |F(t+t,9(t+t)) —F(t+t,o(t+t))]

) -
< |F(t+t,o(t+t)) —F(t+t,9(t+t)) | + |F(t+t,9(t+1t)) - F(t+t,o(t+1)) ]|

<L|lo(t+t) —o(t+t,)| +ma5( |F(t+t,x) — F(t+t,x)|.
xe
(3.222)
Passing to limit in inequality (3.222) as [, — +o0, we obtain that the sequence {g*)} is

fundamental in the space C(R, E"). Since the space C(R,, E") is complete, the sequence
{g"™)} is convergent, that is, {t;} € £ The lemma is proved. O

Let us consider a differential equation

dx
dar

where A € C(R, [E"]), f € C(R4,E") and F € C(R x W, E").
Let E; be the set of all initial points x € E" of solutions from Cj(R., E") of (3.198).
Then E; is a subspace of the space E". Denote by P, a projector that projects E" onto E..

A(t)x+ f(t) + F(t,x), (3.223)

Lemma 3.90. Let A € C(R, [E"]) be st. L*. If (3.198) is hyperbolic on R, then for any
function f € C(Ry,E") that is st. L (3.199) has the unique compatible in limit solution
¢+ € Cp(Ry, E") satisfying to the condition P.¢.(0) = 0. Besides, there exists a constant
M > 0 (not depending on f) such that |lo.|| < M| f]l.

Proof. The formulated lemma directly it follows from [126, Lemma 6.3] and Theorem
3.3.18. |

Let ¢, be a compatible in limit solution of (3.199) the existence of which is guar-
antied by Lemma 3.90. Assume Q := ¢, (R;) and by Q, denote a neighborhood of the set
Q C E" of radius r > 0.

Theorem 3.4.1. Let A € C(R,[E"]), f € C(Ry,E") and F € C(Ry X W,E"). If the
following conditions are fulfilled:
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(1) A, f, and Fq, arest. L*;
(2) equation (3.198) is hyperbolic on R,;
(3) IF(x,t)] < rM™! forallx € Q, and t € Ry (M is the constant, the existence of
which is guarantied by Lemma 3.90);
(4) F satisfies the condition of Lipschitz with respect to x € Q, with the constant of
LipschitzL < M~
Then (3.223) has the unique solution ¢ € C(R., Q,) satisfying the condition P,¢(0) = 0
and this solution is compatible in limit.

Proof. In (3.223) let us make a change of the variables: x(t) = y(¢) + ¢4 (¢). Then for y(t)
we get the differential equation

d
d—{ — Ay +F(Ly+.(D). (3.224)
Let £ = £°(A, f,Fq,), where F, = Flrxgq,. Define an operator

D:C (L) — C (L) (3.225)

as follows. If ¢ € C,(£), then £ < 2;‘” and, consequently, £ < £$i°(p+. According to
Lemma 3.89 £ < )3;‘”, where g(t) := F(t, ¢(t) + ¢, (t)). By Lemma 3.90, the equation

% = A()z+F(t, o(t) + ¢+ (1)) (3.226)

has the unique solution y € Cy(R., E") that is compatible in limit (and, consequently,
£c £,7)and satisfies the condition P, (y(0)) = 0. Besides, it is subordinated to the
estimate
lwll < Mligll = Msup | F(t,9(t) + @o(2)) | < Msupme(lgx |F(t,x)| < MrM™! =r.
t=0 t=0 x€Q,
(3.227)
So, ¥ € C,(£). Let ®(¢) := y. From the said above follows that ® is well defined. Let

us show that the operator ® is a contraction. In fact, it is easy to note that the function
Y=y — vy = O(@;) — O(¢,) is a solution of the equation

du _

dt
with the initial condition P,y (0) = 0 and, by Lemma 3.90, it is subordinated to the
estimate

|@(p1) — D(g2)]| < Mstug |F(t,01(t) + @+ (1)) — F(t,02(t) + 91 (1)) |

A u+F(t,1(t) + ¢+ (1)) — F(t, 92(t) + 94 (1)), (3.228)

(3.229)
< MLl|g1 — @2 = allg1 — @o]|.

Since a« = ML < MM™! = 1, then @ is a contraction and, consequently, there exists the
unique function ¢ € C,(£) such that ®(p) = ¢. To finish the proof of the theorem it is
sufficient to assume that ¢ := @ + ¢, and note that ¢ is desired solution. The theorem is
proved. O
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Theorem 3.4.2. Let A, f be st. L* and the following conditions be held:
(1) equation (3.198) is hyperbolic on R ;
(2) Fq, = Flrxq, isst. L*;
(3) F satisfies the condition of Lipschitz with respect to the second variable with the
constant L > 0.

Then there exists a number & > 0 such that for every |e| < |&| equation

% = A(t)x + f(t) +€F(t,x) (3.230)
has the unique compatible in limit solution ¢, € C(Ry,Q,) satisfying the condition
P.¢.(0) = 0. Besides, the sequence {@.} converges ¢, as e — 0 uniformly with respect to

teR,.

Proof. Since the function Fg, is st. L*, there exists a constant N > 0 such that |F(¢,x)| <
N forallt € R, and x € Q,. Assume & := min((LM)~!, r(NM)~1). Then

|eEF(t,x)| < lel|F(t,x)| < &N <r(NM)"'N <rM™! (3.231)

for all t € Ry and x € Q,. Obviously, the constant of Lipschits for the function ¢F is
less than M~!. According to Theorem 3.4.1 for every |e| < & (3.230) has the unique
compatible in limit solution ¢, satisfying the condition P, (0) = 0.

Let us estimate the difference ¢,(t) — ¢4 (¢) = (). It is clear that

dy(t)
dt

— A(OY(t) + eF (1, () + 94(8)) (3.232)
and, by Lemma 3.90,

[lwel| < Msup |eF(t,ye(t) + @4 (t)) | < Mle|sup m%x |F(t,x)| < Ml|e|N = |e|(MN).
120 120 x€Q
(3.233)

Passing to limit in inequality (3.233) as ¢ — 0, we get the necessary statement. The
theorem is proved. O

Corollary 3.91. Let A and f be asymptotically stationary (resp., asymptotically T-periodic,
asymptotically almost periodic). If the following conditions are fulfilled:

(1) F is asymptotically stationary (resp., asymptotically t-periodic, asymptotically

almost periodic) with respect to t € R uniformly with respect to x € Qy;

(2) equation (3.198) is hyperbolic on Ry;

(3) F satisfies the condition of Lipschitz with respect to x € Q.
Then there exists ¢y > 0 such that for every |e| < & (3.230) has the unique asymptotically
stationary (resp., asymptotically T-periodic, asymptotically almost periodic) solution ¢, €
C(Ry, Qy) satisfying the condition P,¢.(0) = 0. Besides, the sequence {¢.} converges to ¢
as € — 0 uniformly with respect to t € R,

The formulated statement generalizes the theorem of Biryuk (see, e.g., [116]) for
asymptotically almost periodic differential equations.
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3.5. Averaging Principle on Semiaxis for Asymptotically
Almost Periodic Equations

Let us consider a differential equation

@ =ef(t,x) (3.234)

with the right-hand side f € C(R; X E", E"), ¢ > 0 is a small parameter. Suppose that for
every x € E" on R, there exists an average value with respect to time ¢ of the function f
and let

1 L+t
fox) = lim ,J F(zx) dz. (3.235)
Suppose that the average equation
d
cT}tC = efolx) (3.236)

has a stationary solution x((t) = xo and let the following conditions be fulfilled:
(C1) the function f is bounded on R X B[xg, r] (B[xo,7] := {x | |x —x¢| < r})and
limit (3.235) exists uniformly with respect to t € R, and x € B[xo,r];
(C2) there exist f, (t,x) and f;(x) bounded on Ry X B[xo, 7] and Blx, 7], respec-
tively;
(C3) the vector-functions f(t,x) and fy(x) have continuous with respect to x €
Bl[xy, r] derivatives and the equality

L+t

fi) = Jim 1| finods (3237)

takes place uniformly with respect to x and #;
(C4) the spectrum of the operator A = f;(xo) does not intersect the imaginary axis.

For every x € B[xo, 7]
Jfolx+h) — folx) = fy (x)h + R(x, h), (3.238)

where |R(x,h)| = o(|h]) for every x,x + h € Blxo,r]. Assume A = f;(xo) and B(h) :=
R(x¢,h). Then from (3.238) we get

fo(x+h) = Ah+ B(h). (3.239)
It is possible to show [120] that
|B(h1) = B(hy) | < C(0) |1 — hy| (3.240)

for all |h1], |hy| < 0and C(o) — O0aso — 0.
Transforming (3.234) with the help of (3.239) and of change of variables h = x — xy,
we obtain

% = eAh+e(f (t,x0+h) = [folxo + h) = B(h)]) (3.241)
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or, after introducing the denotation g(t, h) := f(t,xo +h) — (fo(xo + h) — B(h)),

% = eAh +eg(t, h). (3.242)

Consider the functions V(t,h) := f(t,x0 + h) — fo(xo + h) and v(t, h; €), where
+o00
v(t,hye) := I V(s+t,h)e ®ds. (3.243)
0

Let us make a change of the variable in (3.242) by the next formula:
h:=z-¢ev(t,z¢). (3.244)

Under the made above assumptions replacement (3.244) is invertible ([120]). With
the help of replacement (3.244), (3.242) takes the following form:
dz

— =Az+F(1,z;¢) (3.245)
dr

(1 = ¢t). In the same way that in [120] we show that
|F(t,25¢) — B(z)| = O(e) (3.246)
for & small enough and besides, F satisfies the condition of Lipschitz
|F(1,z15¢) — F(1,225€) | < p(0)|z1 — 22| (3.247)

forall |z1],12z,] < 0 (u(o) - 0aso — 0).
From the results of the work [120] it follows that

lilnoqev(t, z;e) =0, li%l ev,(t,z;€) = 0. (3.248)

Applying to (3.245) Theorem 3.4.1 (from the said above it is clear that for (3.245)
all the conditions of Theorem 3.4.1 are fulfilled), we obtain that for a sufficiently small
ro > 0and & > 0 (3.245) has at least one solution z(7) satisfying the condition |z(7)| < g
for all 7 € R,. If with the help of the inverse transformation (3.244), taking into account
(3.248), we return to (3.234), then we get the following theorem.

Theorem 3.5.1. Let the function f € C(R X E", E") satisfy the conditions (C1)—(C4) and
fo(xo) = 0. If the spectrum of the operator A = fy(xo) does not cross the imaginary axis,
then for a sufficiently small ry > 0 there exists &y > 0 such that for every 0 < € < & (3.234)
has at least one solution x,(t) satisfying the condition

sup |x:(t) — xo| < ro. (3.249)
teRy

Suppose that besides the enumerated in Theorem 3.5.1 conditions the function
f(t,x) and its derivative f/(t,x) are asymptotically almost periodic with respectto t € R,
uniformly with respect to x € B[xg,r].
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From the definition of the function v(t, z; €) it follows that the function itself and its
derivative v, (t, z; ¢) are asymptotically almost periodic with respect to ¢t € R, uniformly
with respect to z € B[0, rp]. Since

F(1,z;¢) = (I—ev;)fl[fo(xoﬁ-z) +f<£,xo+z—ev> +sv—f(£,xo+z>] - Az,
(3.250)

F also is asymptotically almost periodic with respect to 7 € R uniformly with respect to
z € B[0,1y]. From the said above and from Corollary 3.91 is what follows.

Theorem 3.5.2. Let the conditions of Theorem 3.5.1 be held and in addition the function
f(t,x) and its derivative f/(t,x) be asymptotically almost periodic with respect to t € R
uniformly with respect to x € B[xo,r]. Then for ry > 0 small enough there exists &y > 0 such
that for every 0 < € < g (3.234) has at least one asymptotically almost periodic solution
X (t) satisfying condition (3.249).

3.6. Nonlinear Differential Equations

In this section besides the theorems that follow from general results we will also give
some theorems on the existence of asymptotically periodic (resp., asymptotically almost
periodic, asymptotically recurrent) solutions that follow from the according theorems
about compatible solutions.

Let ¢ € Cp(R,E") and M C Cp(RR, E").

Definition 3.92. Following to [116, page 432], we will say that a function ¢ is separated in
M, if M consists from one function ¢ or if there exists a number r > 0 such that for every
function y € M that differs from ¢ the inequality

ly(@) -] =, (3.251)
takes place for all t € R.

Theorem 3.6.1. Let ¢ € C(Ry,E") be a bounded on Ry solution of (3.1) and f be asymp-
totically stationary (resp., asymptotically T-periodic, asymptotically almost periodic, asymp-
totically recurrent) with respect to t € R uniformly with respect to x € Q = @(R,). If all
the solutions from w, of every equation of family (3.6) are separated in w, then ¢ is asymp-
totically stationary (resp., asymptotically kot-periodic for some natural ko, asymptotically

almost periodic, asymptotically recurrent).

Proof. Since f is asymptotically recurrent with respect to ¢ € R uniformly with respect
tox € Q, then fo = flrxq is st. L*. By [92, Lemma 3.1.1], the solution ¢ is st. L*.
Consider the nonautonomous dynamical system ((X, R4, 7), (Y, R, 0), h) constructed in
Example 3.4. Under the conditions of our theorem the point (¢, fo) € X is st. L*. Let us
show that all the solutions from w(,, 1) of every equation of family (3.8) are separated in
w(g,fy)- Infact, let gg € wy, (v0,8q) € w(y,f,) be asolution of (3.8). Obviously, yy € w, is
a solution of (3.6) (go = £lrxq). According to the condition of the theorem, there exists
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anumber r = r(gq) > 0 such that for every solution y € w, of (3.6) that differs from v
inequality (3.251) is held.

Let now (y,gq) € w(y,f,) be an arbitrary, different from (v, gq), solution of (3.6).
Then it is clear that the distance between the points (yy,gq) and (y, gg) is not less than
r. So, all the solutions from w(,, f,) of every (3.8) are separated in wy,f,). According
to Theorems 2.3.2 and 2.4.3 the solution (¢, fq) of (3.7) is asymptotically stationary
(resp., asymptotically tko-periodic for some natural ko, asymptotically almost periodic,
asymptotically recurrent). From the said above follows that ¢ is asymptotically stationary
(resp., asymptotically ky7-periodic for some natural ko, asymptotically almost periodic,
asymptotically recurrent). The theorem is proved. O

Remark 3.93. Note that the problem about asymptotical almost periodicity of solutions
for differential equations it was studied before, in particular, in the works [34, 73]. In
these works for almost periodic right-hand side f and under almost the same conditions
that in Theorem 3.6.1 there was proved the asymptotical almost periodicity of the solu-
tion ¢.

Definition 3.94. According to [30], the solution ¢ € C(R,, E") of (3.1) we will call Z*-

stable, if for every ¢ > 0 there is § such that for ¢;,£, € R, and Q = ¢(R;) from the
inequalities

p(p",9")) <§ and supmax | f(t+t,x) - f(t+t,x)| <8 (3.252)

>0 x€Q

follows the inequality

sup p (@t o)) < ¢, (3.253)
£20

Theorem 3.6.2. Let ¢ be a bounded on R, solution of (3.1) and f be asymptotically almost
periodic with respect to t € R uniformly with respect to x € Q = @(Ry). If ¢ is X*-stable,
then it is asymptotically almost periodic.

Proof. If ¢ is a bounded on R, solution of (3.1) and f is asymptotically almost periodic
with respect to ¢ uniformly with respect to x € Q = ¢(RR,), then (¢, fo) isast. L* solution
of (3.7). It is easy to see that from the X*-stability of the solution ¢ of (3.1) it follows
the X*-stability of the solution (¢, fo) of (3.7). By Theorem 2.3.3 the solution (¢, fq) is
asymptotically almost periodic and, consequently, the solution ¢ is also asymptotically

almost periodic. The theorem is proved. O

Remark 3.95. In the work [106] there is proved a statement analogous to Theorem 3.6.2
with the additional assumption of almost periodicity with respect to ¢ of the right-hand
side.
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Theorem 3.6.3. Let ¢ be a bounded on R solution of (3.1), f be asymptotically T-periodic
with respect to t € R uniformly with respect to x € Q = ¢(R;) and gQ(t,x) =
limg_ 40 fo(kT + t,x). If the equation

dy _
e N (%) (3.254)

admits at most one solution from wy, then the solution ¢ is asymptotically T-periodic.

Proof. Under the conditions of the theorem (¢, fo) is a st. L* solution of (3.7) and
equation

h(y.84) = &g (3.255)

has at most one solution from w(y, f,), where h is a homomorphism of the dynamical
systems from Example 3.4. According to Theorem 2.4.1, the solution (¢, fo) of (3.7) is
asymptotically 7-periodic and, consequently, the solution ¢ of (3.1) is asymptotically 7-
periodic. The theorem is proved. O

Let us consider a differential equation of the second order
X" = f(t,x), (3.256)

where f € C(R x E", E"), and give a criterion of the existence of its compatible in limit
solutions.

Theorem 3.6.4. Let f € C(RXE", E") be continuously differentiable with respect to x € E"
and let exists ry > 0 such that
(1) If(t,x)| < A(r) < +oo forall (t,x) € Ry X B[0,r] and 0 < r < ry;
(2) f is asymptotically Poisson stable with respect to t € R uniformly with respect to
x € B[0,7r];
(3) there exists positive numbers m and M(r) such that for all (t,x) € Ry x B[0,r],
0<r<ry,ml < fl(t,x) < M(r)I (Iisaunit matrix from [E"]) and the matrix
[ (t,x) is self-adjoint.
Then for an arbitrary r, 0 < r < 1y, (3.256) has at least one bounded on R, solution ¢ such
that Q}“’ c 2;“’, where fA is a restriction of the function f on R x B[O, r].

The proof of Theorem 3.6.4 bases upon the following lemma.

Lemma 3.96. Let M >0 and f € Cy(R, E"). By the formula

o(t) = —ﬁ {emf rm e VMT f(1)dr + e VM7 r emff(r)dr}, (3.257)

t 0

there is defined a bounded on R, solution of the equation

X" =Mx+ f(¢), (3.258)
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and this is a unique solution which may be estimated as follows:

1
loll < Mllfll, (3.259)

where || f1| := sup{| f(¢)| : t € Ry}. If, besides, f is asymptotically Poisson stable, then ¢ is
compatible in limit.

Proof. The fact that the function ¢ defined by equality (3.257) is a solution of (3.258) and
can be estimated by (3.259) can be proved by a simple calculation. The second statement
follows from Theorem 3.3.18. O

Proof. The proof of Theorem 3.6.4. Let 0 < r < ;. Assume £ = 2}‘”, B,(&)=1{¢ploc

Cp(R,E"), llpll <r,and £ < £;°°}. Further, define an operator ® from B,(£) to B,(£)
by the equality

(D) (1) = —ﬁ{ rw M E (1, o(1))dT + Lt e~ MI=0p (1, ¢(T))d1}, (3.260)

t

where F(t,x) := f(t,x) — Mx. Let ¢ € B,(£). Consider a differential equation

dx = Mx+ f(t,p(t)) — Mo(t) (3.261)
drr ¢ (A ’

Note that Fy.(t,x) = f,(t,x) — MI, and since f, (¢, x) is self-adjoint, we have

||F9’c(t’x)|| = SLIP |(F;c(t’x)£’f)| = SLIP |(fx,(tax)€:£) _M|
1&l=1 [€]=1 (3.262)
= sup M = (f{(t,x)§,E) | < M(r) —m
-1
forall t € Ry and x € BJ0, r]. From inequality (3.262) follows that
|F(t,x1) —F(t,x2)| < (M —m)|x; — x| (3.263)

forallt € R, and x1,x, € B[0,r].

By Lemma 3.89, £ C Sg,’“’, where g(t) := F(t,¢(t)). According to Lemma 3.96,
(3.261) has a unique solution y € Cp(R4, E") such that 2;"" c 2;‘” and, consequently,
£ < £,7. By the same lemma

1 1 1 1
< — = —sup | F(t, o(t < —sup |F(t,o(t)) — F(t,0)| + — sup | F(t,0
lyll < 18l M,J?' (to(1) | Mt20p| (t,p(t)) — F(1,0) | M,Jf' (t,0) |

1o A0) M-m  A(0)
SM(M m)|lell + i < i r+ R

(3.264)

From inequality (3.264) it follows that ¢ € B,(£), if mr = A(0). Put y := ®¢. From
the above said it follows that ®B,(£) < B,(£). In addition, according to Lemma 3.88
B,(£) is a closed subspace of the complete metric space Cy(R4, E"). Let us show that
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@ : B,(£) — B,(£) is a contracting mapping. Let ¢1, ¢, € B,(£) and y; := Og; (i = 1,2).
Then y := y, — y, satisfies equation

d’x
Tz = Mx+F(tgi(8) = F(t,02(0)), (3.265)

and can be estimated like this:
-1 M—-m
Il =1lys = yall = M7 sup | F (6, 91(0) = F(t92(0)] < =5~ g1 — 2]l
t>
(3.266)

that is,
|@p1 — Doy | < aflpr — ¢2]| (3.267)

for all g1, ¢, € B,(£), where « = M~'(M — m) < 1. Consequently, there exists a unique
fixed point of the operator @ that, obviously, is the desired solution. The theorem is
proved. O

Corollary 3.97. Let A € Cy(Ry,[E"]) be a self-adjoint matrix-function. If there exist
positive numbers m and M such that for all t € R,

ml < A(t) < MI, (3.268)
then for any function f € Cp(R4, E") the equation

X' =At)x+ f(t) (3.269)
admits at least one bounded on R compatible in limit solution.

Corollary 3.98. Let the conditions of Theorem 3.6.4 be fulfilled and the function f be
asymptotically stationary (resp., asymptotically T-periodic, asymptotically almost periodic,
asymptotically recurrent) with respect to t € R uniformly with respect to x € B[0,7o].
Then (3.256) has at least one asymptotically stationary (resp., asymptotically T-periodic,
asymptotically almost periodic, asymptotically recurrent) solution.

3.7. Bilaterally Asymptotically AlImost Periodic Solutions
Let ¢ € C(R,E") and (C(R, E"), R, 0) be a dynamical system of shifts on C(R, E").

Definition 3.99. A function ¢ is called bilaterally asymptotically stationary (resp., bilater-
ally asymptotically periodic, bilaterally asymptotically almost periodic, bilaterally asymp-
totically recurrent), if the motion o(-, ¢) generated by the function ¢ in the dynamical
system (C(RR,E"), R, 0) is bilaterally asymptotically stationary (resp., bilaterally asymp-
totically periodic, bilaterally asymptotically almost periodic, bilaterally asymptotically
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recurrent), that is, if there exist stationary (resp., periodic, almost periodic, recurrent)
functions p;, p, € C(R, E") such that

bl R*)
o(t) = {pl(t) tnld), i< (3.270)

p2(t) + (1), teRy,

where r1, 7, € C(R,E") and lim;—. _ |71(¢)] = lim;_. o |72(f)| = 0. In this case we will use
such notation: (¢; p1, p2).

A typical example of bilaterally asymptotically stationary (constant) function is the
function ¢(t) = arctan t.

Theorem 3.7.1. Let A € C(R,[E"]) and f € C(R,E") be st. L and ¢ € C(R,E") be a
bounded on R solution of (3.199). If every equation of family

d

d—{ —B(t)y, (Be€As), (3.271)
where Ay 1= wa U ay, has no nonzero bounded on R solutions, then the solution ¢ is
strongly compatible in limit, that is, La,5) S £y, where £, := {{ty} : lim, .o |t,] =
+o0 and {¢\")} converges}.

Proof. The formulated statement it follows from Theorem 2.5.2 if we apply it to the
nonautonomous dynamical system from Example 3.4 (see the proof of Theorem 3.3.17).
]

Corollary 3.100. Let A € C(R,[E"]) and f € C(R,E") be bilaterally asymptotically
stationary (resp., bilaterally asymptotically jointly periodic, bilaterally asymptotically almost
periodic, bilaterally asymptotically jointly recurrent) and ¢ be a bounded on R solution of
(3.199). If every equation of family (3.271) has no nonzero bounded on R solutions, then
the solution ¢ is bilaterally asymptotically stationary (bilaterally asymptotically periodic,
bilaterally asymptotically almost periodic, bilaterally asymptotically recurrent).

Definition 3.101. A function ¢ € C(R, E") is called stationary (resp., periodically, almost
periodically, recurrently) homoclinic, if in the dynamical system (C(R,E"),R, o) the
motion o(-, ¢) is stationary (resp., periodically, almost periodically, recurrently) homo-
clinic, that is, there exists a stationary (resp., periodic, almost periodic, recurrent) func-
tion p € C(R, E") such that

o) = p(t) +w(t) (teR), (3.272)

where w € C(R, E") and limy|—+« |w(t)| = 0. Here we use the notation (¢; p).

Definition 3.102. Let (¢;; pi) (i = 1,2) be stationary (resp., periodically, almost peri-
odically, recurrently) homoclinic functions from C(R, E") (i = 1,2). One will say that
(@15 p1) and (@25 p2) are jointly stationary (resp., periodically, almost periodically, recur-
rently) homoclinic, if the functions p; € C(R,E™) and p, € C(R,E™) are stationary
(resp., jointly periodic, jointly almost periodic, jointly recurrent).
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Corollary 3.103. Let A € C(R, [E"]) and f € C(R, E") be jointly stationary (resp., jointly
periodically, jointly almost periodically, jointly recurrently) homoclinic and ¢ be a bounded
on R solution of (3.199). If every equation of family (3.271) has no nonzero bounded
on R solutions, then the solution ¢ is stationary (resp., periodically, almost periodically,
recurrently) homoclinic.

Corollaries 3.100 and 3.103 follow from Theorems 3.7.1 and 2.5.1.

Remark 3.104. Under the conditions of Theorem 3.7.1 and Corollaries 3.100 and 3.103,
generally speaking, one cannot assure the existence of at least one bounded on R solution
of (3.199). The next equation confirms it:

dx _

I (arctant)x + f(1). (3.273)

With reference to the said above the following result of [127] is interesting: let A €
C(R, [E"]) be st. L and every equation of family (3.271) have no nonzero bounded on R
solutions and f € C,(R,E"). For the existence of at least one bounded on R solution of
(3.199) it is necessary and sufficient that

+00
J_ (f(D),y(0)dt =0 (3.274)
for every bounded on R solution y of equation
dy .,
1= ATy, (3.275)

where A*(t) is the adjoint matrix for A(t) and (, ) is the scalar product in E".
Denote by Ey = {x € E" : sup{g(t,x,A) |: t € R} < +oo}, where ¢(t,x,A) :=
U(t, A)x, and Py is a projection that projects E" onto Ej.

Definition 3.105. Recall (see, e.g., [128]) that (3.198) is called weakly regular if for every
function f € Cy(R, E") there exists at least one solution ¢ € Cy(R, E").

There takes place.

Lemma 3.106. Let A € C(R, [E"]). If A is bounded on R and (3.198) is weakly regular,
then for every f € Cy(RR,E") there exists a unique solution ¢y € Cu(R,E") of (3.199)
satisfying the following conditions:
(1) Pogo(0) = 0;
(2) there exists a positive constant K (constant of the weakly regularity of (3.198))
not depending on f such that ||goll < K|l f1I.

The formulated statement can be proved in the same way that [126, Lemma 6.3, page
515].

Theorem 3.7.2. Let a matrix-function A € C(R,[E"]) be st. L and (3.198) be weakly
regular. Then
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(1) for any bounded on R function f (3.199) has at least one bounded on R solution;

(2) if f € C(R,E") is st. L, then every bounded on R solution of (3.199) is strongly
compatible in limit;

(3) if f € C(R,E") is st. L, then there exists a unique strongly compatible in limit
solution @o of (3.199) such that Pygo(0) = 0 and |l@oll < K| f |, where K is the
constant of weak regularity of (3.198).

Proof. The first statement of the theorem is obvious. Let us prove the second one. Let
A e C(R,[E"]), f € C(R,E") be st. L and (3.198) be weakly regular. Then it is hyperbolic
on R, and R_, and, according to Theorem 4.4.1 from [128], every equation of family
(3.271) has no nontrivial bounded on R solutions. According to Theorem 3.7.1 every
bounded on R solution is strongly compatible in limit.

The third statement of the theorem it follows from the second one and from Lemma
3.106. The theorem is proved. O

Theorem 3.7.3 (see [93, 129]). Let A € C(R, [E"]) be st. L. Then the following statements
hold:

(1) if for every B € wy (3.200) has no nontrivial bounded on R solutions, then for
every B € wy njy = ny, where n}y, = dimE}, and E}, := {x | x€E", |o(t,x,A)| —
Oast — +oo};

(2) if for every B € ay (3.200) has no nontrivial bounded on R solutions, then for
every B € ay nj = ng, whereny = dimE} and E} = {x | x € E", |o(t,x,A)| —
Oast — —oo}.

Theorem 3.7.4 (see [125, 128]). Let A € C(R, [E"]) be almost periodic and the spectrum
of the matrix

- .. 1 (T
A= lim o JO A(t)dt (3.276)

does not intersect the imaginary axis. Then for € small enough equation

dx
i eA(t)x (3.277)

is hyperbolic on R. Besides, ni = #° and n} = 7" for sufficiently small €, where ni :=
Mop> Mg 1= Mgy, U = nopand n* = ny.
Theorem 3.7.5. Let A € C(R, [E"]) be bilaterally asymptotically almost periodic and the

spectrums of the matrixes

T
A= lim lj A(t)dt (3.278)
T Jo

T—+oc0

does not intersect the imaginary axis. Then for sufficiently small e:



106 Asymptotically Almost Periodic Solutions of Ordinary Differential Equations
(1) for arbitrary B € Ay = wa U as equation

d)’
has no nontrivial bounded on R solutions;

(2) mg =ny (e 2=y ) and ng = n_ (n-:=ny ).

Proof. If A is bilaterally asymptotically almost periodic, then there exist almost periodic
matrixes P, P_ € C(IR, [E"]) such that

A(t) = Po(t) + Ry (1) (resp., A(t) = P_(t) + R_(t)) (3.280)

forall t € Ry (resp., t € R_) and lim;_o [|R+(#)|| = O (resp., lim;—._ [R_(t)]| = 0).
From Theorem 3.7.4 it follows that for £ small enough equation

Z =ePi(t)z (3.281)
is hyperbolicon R and ngp_ = n%+ =n% (a=s,u).Since wes = wep, and a4 = acp_, the
first statement of the theorem it follows from the hyperbolicity on R of (3.281).

According to Theorem 3.7.3, n;y = n;p_and nyy = ngp_. Since for sufficiently small
we have nip = n% (a = s,u), then for the same e n;, = n} and nyy = n*. The theorem is
proved. O

Corollary 3.107. Let A € C(R, [E"]) be bilaterally asymptotically almost periodic and the
spectrums of the matrixes A, and A_ does not intersect the imaginary axis. Then

(1) if ny +n_ = n, then for sufficiently small € (3.277) is weakly regular;
(2) if ny + n_ = n, then for sufficiently small € (3.277) is hyperbolic on R.

Proof. The formulated statement follows from Theorem 3.7.5 and from the results of
work [128, (see Problems 32 and 35 on page 107)], and also Theorem 3.3.12. O

Remark 3.108. n, = ni (resp., n— = nf ) coincides with the number of eigen-values of
the matrix A, (resp., A_) having negative (resp., positive) real parts.

Theorem 3.7.6. Let A € C(R, [E"]) and f € C(R, E") be bilaterally asymptotically almost
periodic and the spectrums of the matrixes A, and A_ does not intersect the imaginary axis.
Then

(1) if ny + n- = n, then for € small enough (3.207) has at least one bounded on R
solution and every bounded on R solution of (3.207) is bilaterally asymptotically
almost periodic;

(2) if A and f are jointly stationary (resp., periodically, almost periodically) homo-
clinic, then for € small enough (3.207) has a unique bounded on R solution, that
is, stationary (resp., periodically, almost periodically) homoclinic.

Proof. The theorem follows from Corollary 3.107, Theorem 3.7.2 and Corollaries 3.100
and 3.103. O
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Theorem 3.7.7. Let a matrix-function A € C(R, [E"]) be bounded on R, (3.198) be weakly
regular and a function F € C(R X E", E") satisfy the following condition: |F(t,x)| < c(|x|)
forallt € R and x € E", where ¢ : Ry — R, is a nondecreasing function. If {r > 0 :
Kc(r) < r} # 0, where K is the constant of weak regularity of (3.198), then the equation

dx _
dt

has at least one bounded on R solution.

A(t)x + F(t,x) (3.282)

Proof. For every function f € Cy(R,E") (3.200) has a unique solution v € Cy(R, E")
such that

Pyy(0) =0, lyll < KIfI, (3.283)

where K is the constant of weak regularity for (3.198). Let ¢ € Cy(R,E"). Consider a
differential equation

% =A(t)y + F(t,0(t)). (3.284)
Since |F(t, ¢(t))| < c(lp(t)]) < c(ll@ll), the function f(t) := F(t,¢(t)) is bounded on R
and, consequently, (3.284) has a unique bounded on R solution v, satisfying conditions
(3.283) and, in particular,

llvell < KIIfIl = Ksu]g |F(t,9(1))| < Kc(llgl)). (3.285)

Define an operator ® : Cy(R,E") — Cu(R,E") as follows: (P¢)(t) = y,(t) (¢ €
Cy(R,E™) and t € R). Let us show that if o > 0 satisfies the condition Kc(rg) < ro, then
the ball B[0,7y] = {9 € Co(R,E") : llgll < ro} passes into itself under the mapping ®. In
fact, | D, |l < Kc(llgll) < Ke(rg) < ro. Consider now Cy(R, E") as a subset embedded in
C(R, E"). First of all, note that every ball B[0,7] C Cy(R,E") is a convex, bounded, and
closed subset of C(R, E").

The mapping ® : B[0,7y] — B[0, 7] is continuous in the topology C(R, E"). In fact,
let {¢x} < By, and ¢x — ¢ in C(R, E"). Consider the sequence (P¢i)(t) := v, (t) (t € R).
Note that fi(¢) := F(t, x(¢)) — f(t) = F(t,¢(t)) in the topology C(RR, E"). If we suppose
that it is not so, then there are &y > 0 and Ly > 0 such that

max [ F(t, gi(0)) = F(t,9(0)] = &o. (3.286)

Consequently, there exists {tx} C [—Lo, Lo] such that
| F(tr, 9x (1)) = F(ti, 9(t)) | = €o. (3.287)

Since the sequence {#;} is bounded, it can be considered convergent. Let ty := limy_ 1o tk.
Since

IA

l o (te) — (1) | + [@(tx) — (ko) |
max |gr(t) — o(t)| + () — ¢ (to) |,

|t|<Ly

Lo (tk) — o (to) |
(3.288)

IA
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then passing into limit as k — oo we get @i(tx) — ¢(ty). In this case from inequality
(3.287) it follows that &y < 0. It contradicts to the choice &. So, fy — f in C(R, E") and,
besides, || fxll := sup,cp |F(t @x(t))] < c(llgxll) < c(ro), thatis, | fi(t)| < c(ro) (t € R)
and, consequently, | f(¢) < c(rg) (t € R). On the other hand, ®¢y is a bounded on R
solution of the equation

% = A(t)u + fi(t). (3.289)
In addition, the functions ®@¢, and their derivatives are uniformly bounded on R and,
hence, the sequence {®gy} is relatively compact in C(RR, E"). Since f; — f in C(R,E"),
every limiting function of the sequence {®Pgy} is a bounded on R solution of (3.199) sat-
isfying conditions (3.283). But in virtue of Lemma 3.106, (3.199) has exactly one bounded
on R solution satistying conditions (3.283). From this it follows that the sequence {®gy }
converges in C(R, E"), and the continuity of @ is established.

Let now prove that the mapping @ : B[0, 7] — B0, ry] is completely continuous in
the topology C(RR, E"). For this aim we note that

(Dg)'(t) = A(t)(D)(t) + F(t, 9(t)) (3.290)
and, consequently,
(@) (t)| < al(@)(t)] + |F(t,@(t))| <aro+ry (tER), (3.291)

where a := sup{||A(?)|| : t € R}. From this follows that ®(B[0, ry]) is relatively compact
in the topology C(R, E"). According to the theorem of Tikhonoff-Shauder, the mapping
® has at least one fixed point ¢ € B[0,7y]. Obviously, ¢ is a bounded on R solution of
(3.282). The theorem is proved. O

Theorem 3.7.8. Let A € C(R,E") and F € C(R x E", E") be st. L and the next conditions
be satisfied:

(1) equation (3.198) is weakly regular;

(2) |F(t,x)| < c(lx]) (t € R,x € E*) and {r > 0 : Kc(r) < r} # O, where
¢ : Ry — Ry is a nondecreasing function, and K is the constant of the weak
regularity of (3.198);

(3) the restriction Fy of the function F on R X B[0,ro] satisfies the condition of Lip-
schitz with respect to the second variable with the constant of Lipschitz L < K1,
where 1y is some positive number satisfying the inequality Kc(ro) < ro.

Then (3.282) has at least one bounded on R weakly compatible in limit solution.

Proof. Let £ := £p,) and C, (L) := {9 : ¢ € Co(R,E"), lloll <1 £ C 2;;‘”}. Like
in Lemma 3.88 it is proved that C,,(£) is a closed subset of Cy(R, E"). The operator @ :
Cp(R,E") — Cp(RR, E") defined in the same way that in the proof of Theorem 3.7.3 maps
C,,(£) into itself. In fact, if ¢ € C, (L), then, as in Lemma 3.89, it is proved that the
function f(t) = F(t,¢(t)) (t € R) also belongs to C,,(£). According to Theorem 3.7.2,



Bilaterally Asymptotically Almost Periodic Solutions 109

®g is the unique bounded on R strongly compatible in limit solution of (3.199) satistying
to conditions (3.283). Since for arbitrary ¢, ¢, € C,, (£)

(Do — Dpy) (1) = AW [(Pg1 — @) ()] + E(t, 91(1)) — F(t, 92(1)), (3.292)

we have

||Dp1 — @, || < Ksup |F(t,1(t)) — F(t,2(1)) | < KL|lp1 — g2l. (3.293)
te

From the last inequality it follows that ® : C,,(£) — C,,(£) is a contraction, hence it has a
unique stationary point that, in virtue of the proved above facts, is a strongly compatible
in limit solution. The theorem is proved. O

Definition 3.109. A function f € C(R x E", E") is called asymptotically almost periodic
(resp., bilaterally, asymptotically, almost periodic) with respect to the variable t € R
uniformly with respect to x on compacts from E”, if the motion o(t, f) of the dynamical
system (C(RXE", E"), R, 0) generated by the function f is asymptotically almost periodic
(resp., bilaterally asymptotically almost periodic).

Definition 3.110. Let Q be a compact from E". A function f € C(R X Q,E") is said
to be asymptotically almost periodic with respect to the variable t € R uniformly with
respect to x € Q (resp., bilaterally asymptotically almost periodic), if the motion o(t, f)
of the dynamical system (C(RxQ, E"), R, 0) generated by the function f is asymptotically
almost periodic (resp., bilaterally asymptotically almost periodic).

Corollary 3.111. If in the conditions of Theorem 3.7.4 the functions A € C(R, [E"]) and
Fy = Flrxp[o,) are bilaterally asymptotically stationary (resp., asymptotically jointly peri-
odic, asymptotically almost periodic, asymptotically jointly recurrent), then (3.282) admits
at least one bilaterally asymptotically stationary (resp., asymptotically periodic, asymptoti-
cally almost periodic, asymptotically recurrent) solution.

Corollary 3.112. If in the conditions of Theorem 3.7.4 the functions A € C(R, [E"]) and
Fy := Flrxslo,,] are stationary (resp., jointly periodically, almost periodically, jointly recur-
rently) homoclinic, then (3.282) admits at least one stationary (resp., periodically, almost
periodically, recurrently) homoclinic solution.

Theorem 3.7.9. Let ¢ € C(RR, E") be a bounded on R solution of (3.1) and the function f €
C(R x E", E") be bilaterally asymptotically stationary with respect to t € R uniformly with
respect to x € Q = (R) (resp., bilaterally asymptotically periodic, bilaterally asymptotically
almost periodic, bilaterally asymptotically recurrent) and the following two conditions be

held:

(1) for any function g € wy, all the solutions of (3.2) from w,, are separated in w;
(2) for any function g € «y, all the solutions of (3.2) from a, are separated in a,.

The solution ¢ is bilaterally asymptotically stationary (resp., bilaterally asymptotically peri-
odic, bilaterally asymptotically almost periodic, bilaterally asymptotically recurrent).

Proof. The formulated theorem it follows from Theorem 3.6.1. O
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Theorem 3.7.10. Let f € C(R x E",E") and the conditions (C1)—(C4) be fulfilled with
respect to t € R and x € B[xo, p]. If the spectrum of the matrix A = f; (xo) does not intersect
the imaginary axis and f is stationary (resp., T-periodically, almost periodically) homoclinic
with respect to t € R uniformly with respect to x € B[0, p] together with its derivative f,,
then for sufficiently small py > 0 there exists &g > 0 such that for every 0 < € < g (3.234)
has a unique stationary (resp., T-periodically, almost periodically) homoclinic solution x.(t)
satisfying the condition

sup |xe(t) — xo| < po. (3.294)
teR

Proof. From equality (3.243) it follows that along with the function v(t,h) := f(t,x0 +
h) — fo(xo + h) the function v(t, h, €) is also stationary (resp., T-periodically, almost peri-
odically) homoclinic with respect to ¢t € R uniformly with respect to z € B[0, po]. From
equality (3.250) it follows that the function F defined by the equality (3.250) is stationary
(resp., T-periodically, almost periodically) homoclinic with respect to 7 € R uniformly
with respect to z € B[0,po] too. From (3.246) and (3.247) follows that we can apply
Theorem 3.7.8 and Corollary 3.112 to (3.245). So, (3.245) has at least one stationary
(-periodically, almost periodically) homoclinic solution z(¢) taking values in the ball
B0, po]. It is easy to notice that condition (3.247) assures the uniqueness of such solution.
To complete the proof of the theorem it is sufficient to note that the desired solution of
(3.234) is the function

xe(t) 1= x0 + z:(t) — ev(t, ze(t), €). (3.295)

The theorem is proved. O

3.8. Asymptotically Almost Periodic Equations with Convergence

Applying the results of Sections 2.6 and 2.7 to the nonautonomous dynamical system
constructed in Example 3.1 generated by (3.1), we obtain series of criterions and tests of
convergence of (3.1).

Consider differential (3.1) with the regular right-hand side f € C(R x E", E").

Definition 3.113. Equation (3.1) is said to be convergent, if the generated by it dynamical
system (see Example 3.1 and Corollary 3.2) is convergent.

Let us make this definition precise. Everywhere in this chapter we assume that the
right-hand side f € C(R x E", E") of (3.1) is asymptotically stationary (resp., asymptot-
ically 7-periodic, asymptotically almost periodic, asymptotically recurrent) with respect
to t € R uniformly with respect to x on compact subsets from E".

Remark 3.114. According to the given above definition, (3.1) is convergent, if the next
conditions are held:
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(1) there exists a positive number R such that

limsup | ¢(t,u,g)| <R (3.296)

t—+o0

forallu € E"and g € H*(f);
(2) forany g € wy (3.2) has exactly one bounded on R solution.

Note that the given by us definition of convergence essentially differs from the con-
ventional (see, i.e., [116]). Usually, the convergence of (3.1) is understood as the presence
of a unique bounded on R globally uniformly asymptotically stable solution of (3.1). In
this case the unique bounded solution is called a limit regime of (3.1).

From the results of the works [88, 89, 130] it follows that, if (3.1) possesses the prop-
erty of convergence in the sense [116, Chapter 4], then every (3.2) possesses this property,
too, for every ¢ € H*(f) and, consequently, the nonautonomous system generated by
(3.1) (see Corollary 3.2) is convergent. At the same time, it is easy to construct exam-
ples of nonconvergent in the sense [116, Chapter 4] equations that generate convergent
nonautonomous dynamical systems. The thing is that (3.1) can have “limit regime” that
is not a solution of (3.1). However, if the right-hand side f of (3.1) does not depend on
t (resp., is T-periodic with respect to ¢, almost periodic with respect to ¢, recurrent with
respect to t), then the given by us definition coincides with the conventional definition
(it follows from the results below).

The following statements take place.

Theorem 3.8.1. Equation (3.1) is convergent if and only if the following conditions are
fulfilled:

(1) forany g € H*(f) every solution ¢(t,u,g) (u € E") of (3.2) is bounded on R,;

(2) limy—too l@(t,u1,8) — @(t,uz,g)| = 0 forallg € H*(f) and uy, u, € E";

(3) for every e > 0 and r > 0 there exists § = 6(e,1) > 0 such that |u; — uz| < 6
implies |@(t,u1,g) — o(t,uz,g)| < eforallt € Ry,g € H*(f) and uy,u, € E"
such that |uy ], luz| < r.

Theorem 3.8.2. For the convergence of (3.1) it is necessary and sufficient that the following
conditions would hold:

(1) forany g € H(f) every solution ¢(t,u,g) (u € E") of (3.2) is bounded on R,;
(2) forarbitrary g € H*(f) and u € E" the solution ¢(t,u,g) of (3.2) is asymptoti-
cally stable, that is, there are held the two following conditions:
(a) for every e > 0 there exists § = §(e,u,g) > 0 such that |v — u| < & implies
lo(t,v,g) — @(t,u,g)| < eforallt € Ry;
(b) thereexistsy = y(u,g) > 0such that [v—ul < y implieslim;_.,« |@(t,v,g)—
o(t,u,g)l = 0.

The formulated statements follow from Theorems 2.6.1 and 2.6.2.

Remark 3.115. (1) In the case of almost periodicity of f, Theorem 3.8.1 generalizes and
refines the criterion of almost periodic convergence of Zubov [131].
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(2) In the case of periodicity f, Theorem 3.8.2 coincides with the theorem of

Krasovskii-Pliss [132].

Theorem 3.8.3. Let A € C(R,[E"]),F € C(R X E",E") and the following conditions be

fulfilled:

(1) a=sup{l||A()|| : t € Ry} < +o0;
(2) there are positive numbers N and v such that

UL A)U (1, A)|| < Ne™ ™0 (t=1, t,1 €Ry);

(3) |IF(t,u)l <M +elul(ueE" teRy) and0 < e < g < v*(Na)™ L.

Then the (3.313) is dissipative, that is, there is a number Ry > 0 such that

limsup |¢(t,v,B,G)| <Ry (v€E", (B,G) € H'(A,F)),

t—+o

where ¢(-,v, B, G) is a solution of the equation
v = B(t)v + G(t,v),

satisfying the initial condition ¢(0,v,B, G) = v.

Proof. Forall B e H*(A) we will define on E" a norm | - | by the equality
+ o0
lulg := J |U(t,B)u|dt.
0
As well as in the [109, proof of Theorem 2.39], it is possible to check that
1 N
—lul < lulp < —lul (uecE").
a y
We put
+00
u(t) == |o(t,u,B,G)| 5 = JO |U(s,B:)g(t,u, B,G) |ds.
Since

¢(t,u,B,G) = U(t,B)(u + It U~ '(1,B)G(r, ¢(1, u,B,G))dT),
0

(3.297)

(3.298)

(3.299)

(3.300)

(3.301)

(3.302)

(3.303)
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then

+o0 t
u(t) = L UG + t,B)<u+ L U\ (r,B)G (7, (7, u,B,G))dT> |ds

+oo + 00 t
sj |U(s+t,B)u|ds+J J U(s +£,B)U"\ (v, B)G (7, p(7, u, B, G))d | ds
0 0 0
N —vt et —v(s+t—7)
s;e lu| + Ne (M +¢|¢(t,u,B,G) | )drds
o Jo
t
= Ne*V’IuI + ge*”(M(e” -1) +5J lo(t,u,B,G)| e”d‘r)
v v Vv 0
N ., NM, ., Ne _ (' ,
s;e ‘|u|+7(1—e t)+7€ tJ0a|<p(T,u,B,G)|BTe dr
M t
= Ne’”lul + N—2(1 —e )+ a—Nse*”J u(t)e’’dr.
v v v 0
(3.304)
Let () := u(t)e"". From the inequality (3.304) follows that
t
o(t) < g+ N (e _qy 4 2N J o(r)dr, (3.305)
v v v Jo

and by [120, Theorem 9.3] ¢(¢) < w(t) (t+ € R), where v is a solution of the integral
equation

t
y(t) = NIul + g(e” -1)+ aeN y(1)dT. (3.306)
v 1% v 0

Solving the latter equation, we find that

N NM NM
t) = | —lul + 57— eVt 4 ————¢" 3.307
y® (v'u‘ vz—aeN)e vz—aeNe ( )
and, consequently,
N NM NM
vt < + (aeN/v)t vt. .
u(t)e” < ( v lul vz — asN)e v2 — aeN (3.308)

From the inequalities (3.304) and (3.308) we obtain

N NM NM
lo(t,u,B,G)| < al|e(t,u,B,G) |Br < a(;lul + 7N>e_((”2_“£m/”)’ ¢y

v2 — qge v2 — geN’
(3.309)
Therefore,
aMN
li tLu,B G| < ——m—, 3.310
tﬂrgosuphp( " )l vZ — aeN ( )

(u e E", (B,G) € H(A,F), and v — (aeN/v) > 0). The theorem is proved. O
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Theorem 3.8.4. Suppose that the following conditions are fulfilled:

(1) A € C(R,[E"]), f € C(R,E"), and F € C(R x E",E") are asymptotically sta-
tionary (resp., asymptotically T-periodic, asymptotically almost periodic, jointly
asymptotically recurrent);

(2) there are positive numbers N and v such that

[U( AU (1, A)|| < Ne™ D (t=1, t,1 € Ry); (3.311)

(3) |F(t,u)| <M +elul (ucE", teR,) and0 < e < & < v*(Na)™l;
(4) the function F satisfies the condition of Lipschitz with respect to the space variable
uniformly with respect to t € R with the small enough constant of Lipschitz.

Then (3.282) is convergent.

Proof. According to Theorem 3.8.3 the (3.282) is dissipative. We note that under the
condition of Theorem 3.8.4 any w-limiting equation

Yy =B(t)y+g(t)+G(ty) ((B,g,G) € wa,r) (3.312)

admits at most one bounded no R solution (see [109, Theorem 5.24]). Now to finish the
proof it is sufficient to refer to Remark 3.114. O

Theorem 3.8.5. Let f € C(R X E",E") be asymptotically stationary (resp., asymptotically
T-periodic, asymptotically almost periodic, asymptotically recurrent) with respect tot € R
uniformly with respect to x on compacts from E". If there exists o« > 0 such that

Re ((u—v), f(t,u) — f(t,v)) < —alu —v|? (3.313)

forallu,v € E" and t € R, then (3.1) is convergent.

Proof. Let Y = H(f), X = E" x Y and ((X,R4,7),(Y,R,0),h) be a nonautonomous
dynamical system from Example 3.1. Define on X xX a function V as follows:

V((u,8),(v,2) = lu—vl. (3.314)

The function V, obviously, satisfies the conditions (a)—(c) of Lemma 2.33. Let us show
that it satisfies the condition (d) of this lemma too. For this aim we note that for every
g € H(f) we have

Re ((u—v),g(t,u) — g(t,v)) < —alu—v|? (3.315)

for all u,v € E" and t € R. Assume ¢(t) := |¢(t,u,g) — ¢(t,v,g)|>. Then from (3.315)
we get 9" < —2a¢(t) and, consequently,

lo(t,u,g) — o(t,v,g)| < e *|u—vl (3.316)

forallt € Ry,u,v € E" and g € H(f). So, the function V satisfies the condition (d) of
Lemma 2.33 and, consequently, there exists a unique invariant section y € T(H(f)), E" X
H(f)) of the homomorphism h. Besides, from (3.315) it follows that

tljgrrgo lo(t,u,g) — o(t,v,g)| =0 (3.317)
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forallg € H(f) and u,v € E". Now to complete the proof of the theorem, like in the
previous theorem, it is sufficient to apply Lemma 2.31 to the nonautonomous dynamical
system ((X,Ry,7),(Y,R,0),h), where Y = H(f). The theorem is proved. O

Remark 3.116. Theorem 3.8.4 remains valid, if condition (3.313) one replace by the fol-
lowing one:

Re (W(u—v), f(t,u) — f(t,v)) < —alu—v|? (3.318)

forall t € R and u,v € E", where W is some self-adjoint positively defined matrix.

In this case, while proving the theorem, instead of inequality (3.316) we should use
the next inequality:

lp(t,u,g) — 9(t,v,8)| < Ne™™|u—vl,, (3.319)

for all t € Ry and u,v € E", where |ul,, := +/{Wu,u) and N is some positive constant
depending only on the matrix W.

Corollary 3.117. Let the following conditions be held:

(1) f € C(R x E",E") is asymptotically stationary (resp., asymptotically T-periodic,
asymptotically almost periodic, asymptotically recurrent) with respect to t € R
uniformly with respect to x on compact subsets from E";

(2) f is continuously differentiable with respect to x € E";

(3) the maximal proper number A(t,x) of the matrix

f¥(6%)Q+ Qf(t,x) (3.320)

satisfies the inequality A(t,x) < —a < 0, (t € R,x € E"), wherea > 0 and Q is
some self-adjoint positively defined matrix.
Then (3.1) is convergent and, in particular, all the solutions of (3.1) are asymptotically
stationary (resp., asymptotically T-periodic, asymptotically almost periodic, asymptotically
recurrent).

Proof. The formulated statement it follows from Theorem 3.8.5 and Corollary 3.116. For
this it is sufficient to notice that under the conditions of Corollary 3.117, according to [54,
Theorem 1], there exist numbers N and v such that

lp(t,u,8) — 9(t,v,8) | o < Ne ™ u—vlqg (3.321)
forallt € Rand u,v € E". O

In the case of asymptotical almost periodicity of f, Corollary 3.117 reinforces the
general result of the work [23].

Remark 3.118. (a) Theorem 3.8.5 takes place also in the case if in (3.299) the stationary
matrix W is replaced by a self-adjoint operator-function W € C(R, [E"]) satisfying some
additional conditions, analogous to those from [115, Theorem 2].

(b) Theorem 3.8.5 takes place for equations in an arbitrary Hilbert space too.






Asymptotically Almost Periodic
Distributions and Solutions of

Differential Equati

4.1. Bounded on Semiaxis Distributions

For arbitrary m = 2, 3,... by D1 (R+) denote the space of functions ¢ : R, — E" having
m — 1 usual derivatives, in this case the derivative D" !¢ (the derivative of order m — 1)
is absolutely continuous, Digp € L'(R;) for 0 < j < m. By D (R+) denote the space
of infinitely differentiable functions, all the derivatives of which belong to L'(R.). In
D (Ry), m < +o0, introduce a norm

+o0
lgllm = max J | Di(t)| dt, (4.1)
0<j=m Jo

and in Df’ (R;) introduce a locally convex topology defined by the family of norms || - ||,
m=0,1,2....
If € D] (R), then

o(t) = Lm Dig(s)ds + c, (4.2)

where ¢ € E". From inequality (4.2) follows that lim;_.,« ¢(f) = ¢, and since ¢ is sum-
mable, then ¢ = 0 and lim,— ¢(t) = 0. If ¢ € D**!(R,), then the functions D/¢(t),
j=0,1,...,m, tend to zero on infinity and

+o0o
Dig(t) = | Dp(ds (j = Tm). (43)
t
So,
sup | Dip(t)| < llgllme1, (j =T, m). (4.4)
teR,

Lemma 4.1. D} (R;) (0 < m < +c0) is a Banach space and D5 (R ) is a space of Fréchet.

Proof. For m = 0 DY, (R) = L'(R,) is a Banach space. Let us show that if for m < g the
spaces D7l (R,) are complete, then Dzlﬂ (R;) is complete too. In fact, let {¢,} be some
sequence of Cauchy in D‘LZTI(RJr). Then {¢,} is a Cauchy sequence in D}, (R;) and by an
inductive supposition there exists such ¢ € D}, (R;) that ¢, — ¢ in D}, (R,).
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Consider now a sequence of absolutely continuous functions {D7¢,}. Since in virtue
of (4.4)

sup | D¢, (t) — D1gy(t)| < |[lpn — ¢m||q+1’ (4.5)

teR,

then the sequence {D7¢,} converges to some function y at every point ¢t € R,. By
the supposition, the sequence of derivatives {D9"1¢g,} converges to L'(R.). From here
it follows that y is absolutely continuous, {D%¢,} converges uniformly to y on R, and
{Dq“go,,} converges to Dy in L'(R,). On the other hand, if ¢y — @in Dzl (R,), then
D99, — Dig in L'(R,) and y = Di¢. Consequently, ¢ € DI/ (R,) and ¢, — ¢
DI (R,).

Since the topology in the space D;i (R;) is defined by a countable family of norms, it
can be metrizable. Show that it is complete. In fact, let {¢,} be some sequence of Cauchy
in D} (Ry). Then {¢,} is a sequence of Cauchy in every of the spaces D (R, ) (m < +o0)
and, consequently, there exists &, € DJi(R;) such that lim,—+e ¢, = &, in DJI(R,).
From here, we have §y = & = - - - and, therefore, §, € D1 (Ry) and ¢, — & in D3 (R,).
The lemma is proved. O

Let Q be an open nonempty set in R. Denote by D(Q) the set of infinitely differen-
tiable functions ¢ : Q — E" with a compact support. The convergence in D(Q) is defined
as follows. The sequence {@x} converges to ¢, if there exists a compact K C Q such that
the support supp ¢ of all function ¢y is contained in K and for every m

max | D"gi(x) = D"¢(x)| — 0, (4.6)

as k — +oo. The linear space D(Q) with the introduced above convergence turns to a
locally convex vector topological space [133—-135]. By £D'(Q) denote an adjoint space to
D(Q) with a strong topology.

Letm € Z.. By D™(Q) we will denote the space of the functions ¢ : Q — E" with m
continuous derivatives and a compact support. If Q is a compact set, then by the equality

lloll,, = max sup | D/g(x) | (4.7)

1<j<m x€Q

there is defined a norm on HD™(Q) and it becomes a Banach space. If Q is a compact,
then in D (Q) we introduce a locally convex topology defined by the family of seminorms
e e

Let now Q; C Q; be compact subsets in Q (Q is not obligatory a compact set). Then
D™(Qq) is a subspace of the space D™(Q,) and, hence, in D™ (Q) we can introduce the
topology of a strictly inductive limit of the subspaces D™ (Q;).

The space D(Q) is contained in D™(Q). The topology of the space D(Q) is thinner
than the one induced from D™ (Q). The subspace D(Q) is dense in D™ (Q).

Let Q =]0,+o[ and Q = Ry = [0,+oo[. Denote by C"(Q) the family of all the
functions ¢ : Q — E" having continuous derivatives up to the order m inclusively.
The family of all the functions ¢ from C™(Q), for which all derivatives D¢ admit a
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continuous extension onto Q, denote by C"(Q). A norm in C"(Q) (m < +o0) introduce
by the formula:

lllenig = max sup [D/g(t)]. (4.8)
O<j<m teQ

Assume C(Q) := C°(Q) and C(Q) := C°(Q).

The collection of finite in Q functions of the class C"(Q) denoted by Ci'(Q) (Co(Q)
:= C3(Q)). The family of all the functions of the class C"(Q), turning to zero on the
boundary Q together with all the derivatives of the order m inclusively, denote by C'(Q)
(Go(Q) == CR(Q)).

Note that D(Q) := Cy’ (Q) and the space D(Q) is dense in D] (R;) (0 < m < +o0).

The space /™ (R.), adjoint to D} (R;) (0 < m < +o0), is a Banach space with the
norm

I, = sup [(f )] (4.9)

9eDN (R,), llgl=<1

The restriction of any functional f € /™ (R;) on D} (R, ) belongs to [)”m+1(R+)
and f is completely defined by its restriction, because Cy’(R.) is dense in D/ (R;). The
operator of restriction establishes an algebraic isomorphism between '™ (R, ) and some
subspace in §"™*" (R.). So, we can consider that "™ (R,) c "' (R,). For f € B (R,)
it follows that || fll;,;; < Il fll,, and, consequently, the topology in /" (R.) is thinner
than the one induced from /"' (R ). The operator of restriction establishes an algebraic
isomorphism between /" (R.) (0 < m < +0) and some subspace in 8'* (R.), so that we
can consider that /" (R.) C B/ (R.). The topology '™ (R, ) is thinner that one induced
from B’ (Ry).

Let f € B’ (R, ). There exists such neighborhood of zero U in D} (R.) that |(f, ¢)|
< 1 for ¢ € U. Then there exists an integer nonnegative number p and such b > 0, that
{o | ¢ € DRy, llgll, < bt C U. Hence, f is continuous on Dy} (R;) endowed
with the topology induced from Dfl (R4). Since D77 (R;) is dense in Dfl (Ry), then f €
B’P(R,). So, we proved the following statement.

Lemma 4.2. B/ (Ry) = Upemero B (RY).

From the density of D(R,) in DT (R, ) follows that the restriction on D™ (R, ) of
some functional f € '™ (R,) defines a distribution in D'™(R,), and f is well defined
by its restriction. Consequently, the space /" (IR..) can be identified with some subspace
of the space D'™ (R, ) of the distributions of the power < m. We will call elements of the
space /' (R;) bounded on R, distributions. Note, that since [J”O(R+) is adjoint to the
space G‘Dgl (Ry) = L'(R,), then [)”O(R+) = L®(R,). From Lemma 4.2 we conclude that
every bounded on R, distribution has finite order.

Next we consider multiplicators in the spaces B/ (R;). For a € p™(Ry), ¢ €
DI1(Ry) (0 < m < +o0) there takes places the inclusion ap € D]1(R,) and the bilinear
mapping («, ) — a¢ of the product f”(R,) x DJi(R) is continuous in D} (R;). The
product a f of the distribution f € '™ (R,) onto the function a« € f™(R.) can be defined
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as follows:

(af,@) =(f,ap), (¢ € DI(Ry)). (4.10)

So, functions from ™ (R, ) are multiplicators in /" (IR,). For m < +oo the bilinear
mapping (a, f) — af from f"(R;) x B (R,) into B/ (R,) is continuous. In fact, let
fa — f,thatis, {f,, ) — (f, @) for every ¢ € D/i(R;) and «, — ain f™(R;). Then

| (@ for ) = (af, )| = [{anfu — anf,0) + {anf —af,¢) |
< [{fu = franp) | + [{f, (an — @) @) | (4.11)
< longll,ll £ = I+ 11l (0w = @) o]l

and, consequently, «,, f, — af. For m = oo this bilinear mapping is separately continuous
in any case.

Differentiation in 8’ (R,) is defined in the usual in the theory of distributions way
and has usual properties. If f € B™(R,), then Df € B (R,), as the operator of
differentiation from B'™(R,) is adjoint to the operator —D : D/ (R,) — DJI(R,).
Note that for « € /"' (R,) and f € B (R ) there takes place the equality

D(af) = (D) f +a(Df). (4.12)

Let h € Ry. The shift Q + h of the open set Q C R, is open. For ¢ € D/1(Q) let
(thp)(t) := @(t + h) so that 7,9 € D1 (Q + h). The shift operator of functions on h

™ : D[1(Q) — Dri(Q+h) (4.13)

is an isomorphism. The shift operator of distributions on 4 (denote it also by ;) we
define as an operator from '™ (Q) in B/ (Q + h) by the equality (zs f, @) = (f, Th¢) for
all f € f/™(Q)and ¢ € DJ1(Q).

4.2. Asymptotically Almost Periodic Distributions

Definition 4.3. A function ¢ € ™(RR,) is called asymptotically almost periodic, if {7;¢ |
h € R,} is a relatively compact set in " (R;).

The space of all asymptotically almost periodic functions from € (R, ) denote by
Biep(R+) and let B, (R+) be the space of all the functions that are asymptotically almost
periodic together with all their derivatives.

Definition 4.4. One will say that a distribution f € B'*(Ry) is asymptotlcally almost
periodic if the shifts {7, f | h € R,} form a relatively compact set in ' (R,).

Let g7 aap(R+) e the space of the distributions f € B (R,), the shifts of which
{Tnf | h € Ry} form a relatively compact set in ™ (R). Then ' Mp (Ry) C [5’2;;1 (R,)
and g’ (Ry) C f'o (Ry) (0 < m < +00).

aap

aap

Lemma 4.5. The subset f'"" (Ry) (0 < m < +0) is closed in /™ (R.).

aap
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Proof. If f, € ' MP(RQ and f, — f in B’ (R,), then

e f = tufall,, sup ([onf = thful 9 |

9D R ,), llglln=1

sup [{[fo = fl o) | (4.14)

9D} (B,), llgllns1

sup LS = fulood | = 1If = full

9D (R,), llglln<1

IA

From the last inequality it follows that for every € > 0 the set of shifts {7, f | h € Ry}
possesses a relatively compact e-net and, hence, f € aap(R+). The lemma is proved. [

Denote by V* the space of measures with a compact support, by V! the space of the
functions of bounded variation with a compact support, by V" (m = 2,3,...) the space
of functions « with some compact support possessing m — 2 usual derivatives, so that
D™~2q absolutely continuous and D" !« is the function of bounded variation, V* =
DR,). Ifa € V™ then Da € V™.

Lemma 4.6 (see [8, 136]). Let m,q € Z, and o« € V"4, Then a x f € B1(Ry) for any
f € B™(Ry) (x is a convolution) and the operator f — a * f from '™ (Ry) is continuous
in A(R:). Ifa € D(R,), then a x f € B(Ry) for every f € B’ (Ry) and the operator
f = ax f from B (Ry) is continuous in = (R,).

Leta € D(R;). From Lemma 4.6 it follows that the convolution operator f — a* f
from '™ (R;) is continuous in f*(R.). Hence, for f € f'* aap(R+) the shifts

{m(ax f)|h=0} ={a*x{mf} | he R} (4.15)

form a relatively compact set in f*(R.), thatis, « * f € ﬁ;’;p(Rg.
Since the operator of differentiation of distributions

D:p"™(R,) — B (Ry) (4.16)

is continuous and permutable together with its shifts, then the derivative of any asymp-
totically almost periodical distribution is an asymptotically almost periodic distribution.

Corollary 4.7. Ifa € B, ,(Ry) and f € B’} (R.), thenaf € p' mp(RJr

d{lp
Proof. This statements it follows from the fact that the bilinear mapping («, f) — « f
from B™(R,) x B’ (R+) is continuous in /™ (R,) for m < +oo.

Lemma 4.8 (see [8, 136]). Let q = 0 be an integer number and f € D'(R.). The following
statements are equivalent:

(1) feB™Ry) (0<m<+o);

(2) a*x f e pi(Ry) forevery a € V"*4;

(3) Thereexisté € B°(Ry) and n € B~ (R, ) such that f = D™& + 1.
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Lemma 4.9. Let q > 0 be an integer number and f € D'(R.). The next statements are
equivalent:

(1) feﬂ[mp (Ry) (0 = m < +o0);

(2) ax f € ﬁgap(R+)for every a € V",

(3) Thereexist& € ﬂguP(R+) and n € B, (Ry) such that f = D™E + .

Proof. If f € f/ aap(R+ ) and « € V™4, then by Lemma 4.6 a« * f € BI(R;). The
convolution operator f — a * f acting from B’ (R,) into f4(R.) is continuous and
there takes place the equality (4.15), therefore a * f is asymptotically almost periodic. So,
from (1) it follows (2).

Let (2) take place. In virtue of Lemma 4.9 every distribution f € D’(R;) can be
presented in the form

f=D"E+n, (4.17)

where £ € f°(R,) and n € f~(R,) are given by the formulas

E = Dq(“m+q * f)) n= £m+q * f (418)
From (4.17) and (4.18) it follows that
f = Dm+q(‘xm+q * &)+ fm+q * f (4.19)

Since &g € V™9, then ayig * f € ﬁaap(R+) and, consequently, the function
& e ﬁaap R,), since ¥ = &g * f € /3,1“1, R,). Then & = Dy € /3,mp R,). From
EmiqD(Ry) it follows that the function 7 = &, * f is infinitely differentiable. Since
Di&,., € V™1 for any integer j, the function D/h = (D/&,,.44) * & belongs to /J)ZaP(R+)
and hence 5 € [J’Z‘;P(RQ. So, from (2) it follows (3).

To prove the implication (3)—(1) it is sufficient to prove that £ € ﬁgap (R+) implies
D"¢ e B »(R+), since the operator of differentiation D™ of the distributions from
ﬁ’O(R+ B°(R;) is adjoint to the operator of differentiation (—1)"D™ : DJi(R;) —
Dgl (R+). Lemma is proved. O

Deﬁnition 4.10. One will say that a distribution f is 0-asymptotically almost periodic, if
fep? aap(R+) and r-asymptotically almost periodic for 1 < r < +oo, if f € B

and f ¢ ﬂ’;a; R,).

aap )

Lemma 4.11. For r = 1 the derivative of r-asymptotically almost periodic distribution
(r + 1) is asymptotically almost periodic.

Proof. Letr = 1 and f be an r- asymptotically almost periodic distribution. Then Df €
[3’;:; (R.). It remains to show that Df ¢ p'’(R.).LetDf € '’ (R.), then

aap aap

f=D""a, % D) +& * f. (4.20)

IfDf € B, P(
[3';“; (R4), that contradicts to the choice of f. The lemma is proved. O

R, ), then we would have a, * (D) € f/ aap(R+ ) and, consequently, f €
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4.3. Asymptotically Almost Periodic Solutions of Linear Differential
Equations with Distribution Perturbations

Let us consider a differential equation

dx
i A(t)x, (4.21)
and along with (4.21) we will consider the nonhomogeneous equation corresponding to
it
dx

o= AW+ f(1) (4.22)

Let now A(t) = (a;; (1))} hi-1 be such that «;; € ﬂauP(R+) and f € [3;3;1 +)
The following lemma takes place.

Lemma 4.12. Let { fy} € L®(Ry) and fr — f in Ly, (i.e., for any I > 0 esssup{| fi(t) —
fl1tel0l]} - 0ask — +), Ax — A uniformly on compact subsets from R, and
Xk — X.

Then ¢(t,x1, Ak, fr) — @(t,x, A, f) uniformly on compact subsets from R, where
o(t,x, A, f) is the solution of (4.22) passing through the point x as t = 0.

Proof. The formulated statement results from the equality

o (%10 Ay fi) = U (6 Ag)xe + JO Ut A U~ (7, Ag) fi(z)dr (4.23)

by passing to limit, taking into account the theorem of Lebesgue on the passing to limit
under integral and also the properties of the Cauchy operator (see, i.e., [128]). O

Theorem 4.3.1. Let (4.21) be hyperbolic on Ry, a;; € ﬂaap(R+ )yand f € f§ aap(R+
Then (4.22) has at least one asymptotically almost periodic solution y. This solution can
be presented in the form

_ Jm Galt, 1) f(1)dr. (4.24)
0

Proof. Formula (4.24) gives a bounded on R, solution of (4.22). Let by — +o0, {APW} —
Band {f"} — g. Since y is bounded on R, the sequence {y(h)} is bounded. Let
hy,, — +oco be such that {y(hy, )} converges and xy = lim,—1 ¥(hi, ). Then, according
to [92, Lemma 3.1.1] {y/(t + hy, )} converges to some function y*, which we can easily
see is a bounded R solution of (3.201). Since (4.21) is hyperbolic on R+, (3.200) by
Lemma 3.32 is hyperbolic on R, and, consequently, (3.201) has a unique bounded on
R solution. Therefore the sequence {y/(t + hi)} converges to y* uniformly on compact
subsets from R, . Let us show that

sup {|w(t+he) —y*(t)] :t€R} — 0 (4.25)
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as k — +oo. Suppose that it is not so. Then there exist €y > 0 and {7} C R, such that
|l//(Tk + hk) - I//* (Tk) | > €. (4.26)

In virtue of asymptotical almost periodicity of f the sequence {g(™} can be con-
sidered converging to L* (R.). Let g = limj_.w g™. Then f™) — 7 in L (R,).
Without the loss of generality we can consider that {y*(™)} also converges in L>.(R+)
and {B™} converges in C(R, [E"]). Assume v = limg_ 1o 1//*(”) and B = limg_ 4« By,. It
is easy to see that ¥ is a unique bounded on R solution of the equation

d - _
d—{ = B()y +3(1). (4.27)

On the other hand, reasoning in the same way that behind we notice that {1//(Tk+hk) }
also converges to . Hence ¥(0) = limj_ieo W(7k + hr) = limg_.ie ¥*(7%). The last
contradicts to (4.26). The obtained contradiction shows that there takes place (4.25) and,
consequently, y is asymptotically almost periodic. The theorem is proved. O

Theorem 4.3.2. Let (4.21) be hyperbolic on R, A(t) = (oc,-j(t)),*fj:l, aj € ﬁggp(ﬂa) and
f e ﬁ’;’;;l (R4). Then (4.22) has at least one asymptotically almost periodic generalized

solution y € '™ aap(R+).

R.) belongs to /™! (R, ), then

Proof. Since the derivative of any distribution from ' aap

aup
L(B', (Ry)) C B! (Ry), (4.28)

where (Lf,9) = (f,L*¢) and (L*¢)(t) = ¢'(t) + A*(t)¢(¢) for all f € B™(R,) and
9 € B (R,).

Let us prove the inverse inclusion. For that it is sufficient to show that (4.22) has a
solution in f'77, (R+), for any f € ﬁ’;r‘a;l(RJr Let f € ﬂ';"azl(RJr) be r-asymptotically
almost periodic so that 7 < m + 1. If r = 0, then by Theorem 4.3.1, (4.22) has at least one
asymptotically almost periodic solution.

Show that if for an arbitrary r-asymptotically almost periodic f € /3’;';;1 (Ry) for all
r < q—1(4.22) hasasolutionin ' aap (R.), then it has solutions in ﬁ’;y;;,l (R;) also in the
case when f is g-asymptotically almost periodic. In fact, according to Lemma 4.9 there
exist§ € B7,,(Ry) and i € B3, (Ry) such that f = DI +7. The equation Lx = 1 has and
asymptotically almost periodic solution. Making a replacement of variables x = z+D171¢
in the equation Lx = D&, we get an equivalent equation

Lz = —A(t)D77 !z, (4.29)
where A(t)D9" 'z has the rank < g — 1. Hence the equation Lx = f has solutions in

B aap(R+) forany f € [S’ZZJI R,). So, (ﬁ’ﬁp(RJr)) = ﬁ’Z;(RQ. The theorem is proved.
O
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4.4. Asymptotically Almost Periodic Distributions

Recall that AP(R;) defines the set of all asymptotically almost periodic functions from
C(R4, E"), that is, functions ¢ € C(R., E") that can be presented in the form of the sum
p + w, where p € C(R,, E") is almost periodic and lim;_. ;. |@w(#)| = 0.

By AP™(IR,) let us denote the set of all m-times continuously differentiable functions
from C(R4, E") that are asymptotically almost periodic together with their derivatives up
to the order m inclusively, that is,

AP"(R;) = {¢ | D*¢ € AP(R,), k = 0,m}. (4.30)
By the equality

loll,, = max sup |Dig(t)], (4.31)

0<j<m teR,

there is defined a norm on AP™ (R, ), and with this norm AP™(R, ) is a Banach space.
The convolution of two functions ¢,y € AP™(RR,) define by the equality

T

(pxy)(®) = Jim = [ (ot+9,w)ds (432)

0
that is, (¢ * y)(t) = M{{p(t+5),y(s))}. There takes place.
Lemma 4.13. For ¢,y € AP™(R,)
pxy=px*xgq (4.33)
where p and q are the main parts of the functions ¢ and v, respectively.
Proof. Note that
(p(t+5),y(s)) = (p(t+s)+ w(t+s),q(s) + w(s))
= (p(t+53),q(s)) + (w(t+5),q(s)) + (p(t +5),@(s)) + (w(t+5s),w(s))

= (p(t+53),q(s)) + o(t,s),
(4.34)

where @(t,s) = (w(t+5),q(s)) + (p(t +5),@(s)) + (w(t +5),@(s)) and, consequently,

w(t,s) — 0ass — +oo (for every t € R,). From (4.32) and (4.34) it follows equality
(4.33). The lemma is proved. O

Lemma 4.14. Let ¢,y € AP"(R) (m = 1). Then
Di(p*y) = (D/g) * . (4.35)

Proof. Since h™'[@(t + h) — ¢(t)] (t € Ry) as h | 0 has the limit ¢(¢) (uniformly with
respectto t € R;), then

<q)(s+ t+ h})l — (s + t)ﬂ//(t)> — (¢ (s+ 1), y(D)) (4.36)
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as h | 0 (uniformly with respect to s € R, for every t € R, ) and hence
¢ kY= Lirré on ¥V, (4.37)

where @y (t) := h™1[o(t + h) — ¢(1)].
On the other hand, from the relation

<(¢(s+t+h})l—(p(s+t))’w(s)> _ [<¢(s+t+h),t//(s)il— SICREIRTICN RS

it follows that
[M;{{p(s+t+h),y(s))} — M{{p(s+1),y(s))}]

(pn % 9)(1) = ; L @)
Passing to the limit in (4.39) and taking into consideration (4.37), we obtain

(pxy) =9 xy. (4.40)
Repeating this process we get the desired relation. Lemma is proved. O

Denote by AP’ (R, ) the space adjoint to AP™(R.). The restriction of any functional
f € AP""(R;) (m < +) on AP™(R,) belongs to AP'™Y(R,) and f is well defined
by its restriction. The restriction operator establishes an isomorphism between AP’ (R..)
and some subspace in AP'™1(R,). That is why we can consider that AP""(R,) C
AP (R,),and as m < +o0 AP"™(R,) C AP"*(R,).

Lemma 4.15. AP'”(R;) = Upemeic AP (RS).

Proof. Behind was noted that AP"™(R,) € AP"®(R,). Further, if f € AP'®(R,), then in
AP*(R,) there exists a neighborhood of zero U such that [{f, ¢)| < 1 for ¢ € U. Hence,
there exists an integer nonnegative number m and b > 0 such that from ¢ € AP*(R,),
ol < b it follows that ¢ € U. Therefore the functional f is continuous on the space
AP>(R,) endowed with the topology induced from AP™(R,). Since AP*(R;) is dense
in AP™(R,), then f € AP"™(R,). The lemma is proved. O

In AP™(R,) derivative, shifts and product by the function are defined in a usual way:
the operator D of differentiation of functionals from AP"™ (R, ) is the operator adjoint to
the operator —D : AP™(R,) — AP™(RR,); the operator ;, of shift of functionals from
AP'™(R,) is the operator adjoint to the shift operator 7, : AP™(R;) — AP™(R.); the
multiplicators on AP’™(IR,) are the functions « € AP™(R.), and the product operator
of functionals from AP"™(R.) on « is the operator adjoint to the product operator on «
in the space AP™(R, ).

The action of the asymptotically almost periodic function distribution g € AP"* (Ry)
on the function ¢ € AP®(R,) we define by the equality

(g o)(t) = (g, o), (4.41)

thatis, (g x @) : t — (g, 0") = y(¢t).
Note that AP"®(R,) is not a normed space (The space AP (R ) is countable nor-
med: || - lx, Kk =0,1,....).
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Lemma 4.16. The function y defined by rule (4.41) belongs to AP*(R.), ifg € AP'™(R,).

Proof. Note that

ly(t+1) —y(®)] = [{g ") = (g,90) | = [{g, 9" — V). (4.42)

From Lemma 4.15 for ¢ € AP'*(R,) it follows the existence of m > 0 such that g €
AP'™(R,), hence we have

t+T t+71

) — 9| <&, (4.43)

[ (g 9" =) | < ligll;,[lo"

only if ||(p(t”) - (p(‘) Il < ¢/ligll;,. From equality (4.42) for the first derivative y we get the
equality |y/'(t + 1) — ¢/ (t)| = [{g, (p'(t”) - (p'(t))l and, consequently,

7 (t+71)

W (t+1) =y ()] < gl — o'Vl <, (4.44)

if ||(p’(t”) - (p’(t)ll < ¢/llgll;,- Repeating this process further we obtain the necessary
statement. The lemma is proved. |

Let f,g € AP'®(R;), then the convolution f * g is defined by the equality (g *
fr0) = {f.g % ¢) (9 € AP*(R,)).

Lemma 4.17. Let f,g € AP'”(R,.). Then

(1) (g * f) = (g) * f5
(2) D(g* f) = (Dg) * f.

Proof. For ¢ € AP*(R,) we have

(g * ), 9) = (g * frmp) = (f (& me)) = (f-(mg ) = ((mg) * f,¢). (4.45)

Let now prove the second statement. Let ¢ € AP*(R,), then

(D(g * f),9) = (g * f,—Do) = (f,{g, —D¢)) = (f,(Dg, 9)) = ((Dg) * f,9).
(4.46)

The lemma is proved. O

4.5. Solvability of the Equation x" = A(t)x + f(t) in the Class of Asymptotically
Almost Periodic Distributions AP'" (R )

In this section we will consider (4.22) with A(t) = (ocij(t))?,j:l, where «;; € AP™(R,),
and f € AP (R,).
Define the operator L : AP™1(R,) — AP™(R,) by the equality
dx

(Lx)(t) = E(t) — A(t)x(t). (4.47)

By L* denote the operator formally adjoint to L, defined by the equation

(L*y)(t) = %(t) +A* (1) y(t). (4.48)
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Lemma 4.18. There takes place the equality

M{(x(t) —A*(De(t)} = M{(f(1),9(1)}, (4.49)
or, which is the same,
(x,L*¢) = (f,¢) (4.50)

forall p € AP™1(R,) and x € AP™(Ry) (m = 1).

Proof. Let ¢ € AP™(R,) and x € AP™(R,). Then

1 T
L. et - Awso,g)a = % [ (00 at. (451)

Since

T T
J (x(1), (1)) dt = (x(1), (1)) +L (x(t), —¢(1))dt, (4.52)

0

then

1 (T : 1 1 (7
TL {x(1), —9(t) = A™(Dg(1))dt + - (x(), (1)) |5 = fﬁ) (f(t),p®))dt.  (4.53)

Note that [(x(T),(T)) — (x(0),9(0))| < M and hence

T

M

< = — 4.54
=0 (454)

‘ 7 (x(0), 9(1))
as T — +oo. From that it follows equality (4.49). The lemma is proved. O

Let now f € AP (R,).

Definition 4.19. An asymptotically almost periodic distribution x € AP (RR,) one will
call a generalized solution of (4.22), if (x, L*¢) = (f,¢) for any ¢ € AP} (R,).

Theorem 4.5.1. If homogeneous (4.21) is hyperbolic on R, then for every asymptotically
almost periodic distribution f € AP (R,) (4.22) has at least one generalized asymptoti-
cally almost periodic solution € AP™(R.,).

Proof. Let ® : AP™1(R,) — AP™(IR,) be the linear operator defined by the equation

(@F)(8) = L " Gt 1) f(2)dr, (4.55)
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where G4(t,7) is the main function of Green of (4.21). Let ¢ € AP™(R,) and f €
AP™1(R,). Then # = @ f defines a regular distribution 7 € AP™(R,), and

g = M{tn0,90)) = M{{ [ Gattnfmanpn)]

=M{JO+OO(GA(tT)f ), (0) )dr} Hom(f(r),G:(t,Typ(t))dT}

. 1 T (oo
- Tlﬂwjo f0.Gitng)drds
+00 oo
- lim = j < ),J G (t, T)(p(t)dt> dr = M{ <f(T),J G (t, T)(p(t)dt>},
T—+co T 0 0
(4.56)
consequently
+oo
o) = M{ (£, | Githmgoar) |, (4.57)
where G (¢, 7) is the adjoint operator for G4(t, 7).
Along with (4.21) the equation
s
5= ANy, (4.58)
is hyperbolic on R, too. According to Theorem 3.3.18 the equation
+00
(S*) () = J GE(t, T)g(D)dt (4.59)
0

correctly defines a mapping from AP™(RR,) into AP™*!(R,). Let us show that the oper-
ator §* : AP™(R,) — AP™(R,) is continuous. In fact, from inequality (3.4.20) from
[128] it follows that

+o0
L Gt 1)\t < ? (reRy), (4.60)

where N, v are the constants of hyperbolicity of (4.58). From inequality (4.60) we have

+o0 +o0 2N
[®* g, = sup J GX(t,r)go(t)dt' < J IG5 (&, Dldt - llgllo < = ll@llm.
ter, 1 Jo 0 4
(4.61)
So, ®*¢ is a solution of the equation
d
= a0y +9(0) (4.62)

and, consequently, ®* (AP™(R,)) = AP™(R,) and |®*¢ll,y < ¢ - @]l m, where ¢y, is
some positive constant depending only on m and the matrix A(%).
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So, @* is a linear bounded operator acting from AP™(R.) into AP"™!(R.). Thus we
have the equality

(@f, ) = (n,90) = (f,0*9), (4.63)

which takes place and has sense for every ¢ € AP™(R,) and f € AP™'(R,), where
n = @ f. From equality (4.63) follows that

(1, L*¢) = (@f,L%¢) = (f,®*(L"¢)). (4.64)
Let now ¢ € AP™1(R,). Then

O* (L 9)(1) = O™ (p(1) + A* ()o(1)) (T)

+oo ) +oo (4.65)
. J G (t, D) g(D)dt + J GA (6, DA (Dg(b)dt.
0 0
From (4.65) integrating by parts we obtain
+o0 . +oo a
j G (1, D)p(0)dt = G (1, o) [E™ — J 2 Gitt Dg(t)dt (4.66)
0 0

+00
— _G1(0,7)p(0) —J GE(t DA (DDt + () (4.67)
0
and, consequently,

(O*L*@) (1) = —=G5(0,7)9(0) + (7). (4.68)

Define by P a projector which projects E" on

E" = {x | x € E", sup |U(t,—A*)x| < +oo},

t=0

(4.69)

B = {p | ¢ € APPI(R.), Pp(0) = 0],

where by bar it is denoted the closure in AP™*1(RR.). Then from equality (4.68) it follows
that ®*L* is the identical operator in B and hence

L*®* = Idypmp.y,  OFL* = Idy, (4.70)
(R+)

where Idspmr,) and Idg are identical operators in AP™ (R, ) and B, respectively. Now let
us denote by L = (L*)" and @ = (®*)’ the operators adjoint to L* and ®*, respectively.
Then L o ® = Idss, where B’ is the space adjoint to 98 and Ids- is the identical operator
in B’. Note that L|gp'm1(g,) = L and @lgp'mr,) = @, where L|gpmei(r,) and @[ 4pmg,)
are the restrictions of the operators L on AP"™*!(R,) and ® on AP (R;).

To finish the proof of the theorem we only need to note that

(x,L*¢) = (f, ) (4.71)
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for every f € B’ 2 AP (R,). In fact,

(5, L*@) = (Df,L*¢) = (LDSf, ) = (f, ). (4.72)

The theorem is proved. O

4.6. Dynamical Systems of Shifts in the Spaces of Distributions and
Asymptotically Almost Periodic Functions in the Sobolev Spaces

4.6.1. Adjoint Dynamical System

Let X be a vector topological space and (X, R, ) be a dynamical system on X. By X’
denote the adjoint space of all linear continuous forms defined on X.

By X,, we denote X" with the weak topology and by X/ we denote X’ with the
topology of compact convergence. Then f; — 0 in X, if and only if (f;,x) — 0 for
every x € X, and f; — 0 in X/ if and only if for every compact set A = X we have
sup{|(fj,x)| : x € A} — 0.

At the first sight the topology of compact convergence seems stronger than the weak
topology. Nevertheless, for a large class of spaces (e.g., Fréchet spaces), where can be
applied the theorem of Banach-Steinhaus [133, 134], these topologies are equivalent.

In this section we will consider only such spaces X for which the weak topology
and the topology of compact convergence are equivalent on X'. For this it is sufficient
that X would be the space of Fréchet though there exist and other spaces possessing this
property.

Let h € R. Let us define a mapping 7, (“h-shift”) of the space X, into itself by the
equality

(tnf)(x) = f(n(x,h)) (4.73)

forall x € X and f € X|,. It is easy to verify that the obtained family of mappings
{tn | h € R} possesses the following properties:

Ty = Idx"v, (4.74)
Thy, © Thy = Thy+h, (M1, hy € R), (4.75)
7, : X, — X,, is continuous. (4.76)

Define a mapping 7’ : X;, X R — X, by the equality
n'(f,h) = f (4.77)
for every f € X, and h € R. From (4.74)—(4.75) it follows that
n'(f,0) = f, ' (n'(f,h),h) = 7' (f, i + ha) (4.78)
forany f € X, and h;, h, € R.

Lemma 4.20. (X,,,R,n") is a dynamical system.
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Proof. It is sufficient to prove the continuity of n’. Let f; — f in X|, and t; — t in
R. Then for an arbitrary x € X we have 7'(f;,t;)(x) = fj(7(x,t;)). Define a mapping
B : X x X;, — X by the equality B(x, f) = f(x). Let us show that this mapping is
continuous. Let x; — x and fx — f. Then

| fa(xn) = FOO] < | falxn) = f(xa) | + | f(x0) = f(0)]

(4.79)
<sup{fu(x)— fX)| :x € Q} + | f(xn) — f(x)],

where Q = {x,} U {x}. Taking into account the equivalence of the weak topology and
the topology of compact convergence on X’ and inequality (4.6.7), we conclude that B is
continuous. Note that

' (fistj)(x) = fj(n(x,t))) = B(n(x,t;), f;) — B(n(x1), f). (4.80)

Since 7r(x, t;) — m(x,t) and B is continuous, then 7' (f;, t;)(x) — f(n(x,t)) = 7' (f,t)(x)
for every x € X, thatis, '(fj,t;) — n'(f,t) in X’. The lemma is proved. O

Definition 4.21. A dynamical system (X', R, 71") is called an adjoint system for (X, R, 7).

4.6.2. Dynamical Systems of Shifts on D and D’

Recall (see Section 4.1) that by D = D(R) we denoted the space of all finite and infinitely
differentiable functions ¢ : R — R”. The space £ with the introduced in it convergence
is a locally convex vector topological space but not the space of Fréchet.

Define for every h € R a mapping 7, : D — D by the following rule:

() (x) := p(x +h) (4.81)

forall € O and x € R. Conditions (4.74)—(4.76) are verified easily. With the help of the
family of mappings {7} ner, we define a mapping 0 : R X D — D by formula (4.77). It is
easy to see that o satisfies identities (4.78). Let us show that 0 : RX D — D is continuous.

Let ¢ — ¢ in D and hy — hin R. Since ¢ — ¢ and hx — h, then there exists a
compact K C R such that

—h+supper € K (k=1,2,...) (4.82)

and, consequently, supptn,px S K (k = 1,2,...). Let us show that the sequence
{o(hk, i)} converges to o(h, @) in . In fact, let x € K. Then

| DVo (i, o) (x) — DV (h, 9)(x) |
= [Digr(x+h) —D/g(x+h)|
< |Digp(x+h) —Dig(x+hy)| + |Dige(x+hi) — Dig(x+h)| (4.83)

< max |D/gr(y) — D/o(y)| + max |D/g(z+ hy) — Digp(z+h) |,
yEK' zeK
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where K’ is a compact from R such that supp ¢x < K’. From inequality (4.83) we can
easily see that to finish the proof of the convergence of {a(hx, pr)} to o(h,¢) in D it is
easy to show that for every j € Z, there takes place the equality

lim max |D/g(x +hy) — Dig(x+h)| = 0. (4.84)

k—+o00 xeK

Suppose the contrary, that is, there exist jo € Z4, & > 0, and {x¢} < K such that
|Dj°<p(xk +hy) — Djogo(xk +h)| > e. (4.85)

Since K is a compact, then without loss of generality we can consider that xy — xp and
passing to the limit in (4.85) as k — +oo we obtain that

0= |D"¢(xo+h) — DP¢(xo+h)| = &. (4.86)

The last inequality contradicts to the choice of &. Hence, the needed assertion is proved.
So, the mapping o : R X D — D is continuous and consequently the triplet (D, R, o) is
a dynamical system of shifts on D.

Denote by D’ the set of all linear continuous forms on O endowed with the weak
topology, that is, fx — f in O’ if and only if (fx,¢) — (f,¢) for every ¢ € D. Defined
in this way topology on £’ turns it into locally convex vector topological space. As
we mentioned above, the space D is not a space of Fréchet, nevertheless the weak and
compact convergence on O’ coincide. In fact, let fy — f in the weak topology and M is
an arbitrary compact set from D. Then according to [134, 135], there exists a compact
K c R such that M Cc Dr C D, where Dy is the set of all functions from D, the
supports of which are in K. Since (fi,¢) — (f,¢) for every ¢ € D, then in particular
(fi-9) = (f,¢) also as ¢ € Dx. Therefore, { fi} is weakly convergent on Dy. But the
space D is a space of Fréchet and for these spaces the weak topology and the topology of
the compact convergence are equivalent. That is why fi — f is uniformly on M.

Resuming all the said above we conclude that on the space D’ there is defined a
dynamical system (D’, R, ¢”) that is adjoint to (D, R, o).

4.6.3. Dynamical Systems on the Local Spaces

Definition 4.22. The space F < D’ is called [137] semilocal, if pu € F for every u € F
and ¢ € Cy = C5'(R). If F contains every distribution u € D’, for which pu € F for
every ¢ € Cg’, then ¥ is called local.

The least local space containing # we denote by Fjoc. Fioc is the space defined by the
following rule [138]:

Floc:={ulue D, gue F forevery ¢ € C7}. (4.87)

Let us denote by ¢ the set of al u € ¥ with the compact support [135]. If ¥ is
semilocal, then according to [138]:

Fe= :Eoc N 8,3 ﬂoc = (}VC) (488)

loc>

where & := D¢, here D “ is the set of all u € D’ with the compact support.
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Let F < D’ be semilocal normed subspace of the space D’ with the norm || - || #.
Further we will omit the index #, if it is clear what norm is meant. On the space Fi,c
we can define a topology 7 by a family of seminorms as following. If ¢ € Cg’, then the
mapping p, : Fioc — R, defined by the equality

Po(u) = llgull, (4.89)

gives some seminorm on Fjoc. The family of seminorms » = { Pol 9 €Cit defines on
Floc some topology.

Lemma 4.23. Let ¥ < D’ be a semilocal normed subspace of the space D’ such that
multiplication by a function from Cy is continuous (i.e., for every ¢ € Cy there exists
a positive constant M(@) > 0 such that |lup|l < M(@)|lull for every u € F). Then the
topology T generated by the family of seminorms P on Fioc is metrizable.

Proof. Denote by ¢ € Cy a function satisfying the following two conditions:

[—k,k] csuppor = [ — (k+1),k+1], (4.90)

or(x) =1 forallx € [k, k]. (4.91)

It is well known [135] that such functions exist. Let us consider a countable family of
seminorms £’ = {pr = py, | kK = 1,2,...}. Let us show that the family of seminorms
P’ is separating on Fioc [133, 134]. In fact, let u € Fj,c be not equal to zero. Then there

exists ¢ € Cg’ such that p,(u) = [lugll > 0. Since ¢ € C’, then there exists a number k
such that supp ¢ < [k, k] and, consequently, ¢i = ¢. Then we have

0 < llugll = |lupgk|| < M(¢)|lugk|| = M(9)pr(p). (4.92)

So, pr(¢) > 0. Hence, the family of seminorms {pi} is separating and the formula

21 pr(u—v)
§7m (4.93)

defines an invariant metric on Fjo which is compatible with the topology 7 [133, 134].
The lemma is proved. O

Remark 4.24. Fioc with the metric (4.93) is a complete metric space if & is a Banach
space.

Lemma 4.25. Let (D', R, ") be a dynamical system of shifts on D’. If the restriction 0’ on
F x R is continuous in F X R, where F is a subspace of D’ satisfying the conditions of
Lemma 4.23, then the restriction ¢’ on Fioc X R is continuous in the topology Fioc X R.

Proof. Let u, — uin Fjoc and hy, — h. Let us show that o’ (up, h,) — o'(u, h) in Fg.
Since h, — h, then there exists hy > 0 such that |h,| < hy forall p = 1,2,.... Let A C R.
Denote by B[A,hy] = {x+y | x € A, |y| < hy}. Let us estimate

prl0" (up, hp) — 0" (u,h)) = ||0" (up, hy) — 0" (u, h)il|, (4.94)



Dynamical Systems of Shifts in the Spaces. .. 135

for this aim we choose ¢ € Cy’ so that ¢(x) = 1 for all x € B[[—k, k], hg]. Then
o(x+1)pr(x) = pr(x) Vx e [=k k], |1| < ho. (4.95)
So,
pi(a’ (up, hp) — 0" (u, b))
= [[lo" (ups hp) = 0" (w, )il = |0 (14, ) i — 0 (u ) x|
= [lo" (up, hp) o (9, hy) gic = 0" (u, ) (9, )i | (4.96)
= |lo" (upgs hp) ok — 0" (up, W) @xl| = [|[0” (upgps hp) — 0" (ugp, 1) i
= M(gi)[lo" (upp, hp) — 0" (ug, ).
Since ¢ € Cg’, then u,@ — ug in ¥ and, consequently,

Plier llo" (upp, hp) — 0" (ug, h)|| = 0. (4.97)

From (4.96) and (4.97) it follows that

plll;poo Pk( (”p;hp) -0 (Ll, h)) =0 (498)
for every k = 1,2,.... The lemma is proved. O

Corollary 4.26. The triplet (Fioc, R,0") is a dynamical system of shifts on Fioc, where
F is a semilocal normed subspace of D’ in which multiplication by functions from Cy is
continuous.

4.6.4. Dynamical Systems of Shifts and Asymptotically Almost
Periodic Functions in the Sobolev Spaces H*

Let k : R — R be a continuous positive function satisfying to the inequality

KOk <CA+1E-7)) EqeR) (4.99)

for some constant C and [ depending only on the function k. Denote by L*? the set of all
measurable in R functions u : R — R” for which the integral

lull? = [ (@) |k e, (4.100)

is finite, where 1 < p < +o0. If k(§) = 1, then the space L*? coincides with the space
L?. The spaces L*P and L? are isometrically isomorphic [137, 138]. In particular, L¥? is a
reflexive Banach space.

Let H? be the family of those distributions u € D', the Fourier-image of which
i = Fu belongs to the space L¥?. The topology on H*? is given with the help od the
norm

1/
il = ( [ la@ 1 k@) (4.101)
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It is known [137, 138] that the operator of Fourier # establishes an isometric iso-
morphism between H*? and L*?, Therefore H*? is a reflexive Banach space.

Let (D', R, ") be a dynamical system of shifts on D’. Let us show that the restriction
on R X H? of the mapping ¢’ : R x D — D’ is continuous in the topology R x H®?. In
fact, if ux — uin H®? and h, — h in R, then

llo" (hrsur) = o’ (B, )| < ||o" (hysr) — 0 (hys ) ||+ []0" (hyo 1) — 0" (B w)][. (4.102)

There is known [137, page 18] that the space H*? is invariant with respect to the shifts 7,
(a € R), and for u € H®? there take place the equalities

lull = ||zaull, |Li\rPo||T“u —ul| =0. (4.103)

From (4.102) and (4.103), it follows that ¢’ (h,, u,) — o’ (h, u) in H®P as k — co.
Corollary 4.27. The triplet (H*?,R, ") is a dynamical systems of shifts on HP.

So, in the space D’ we take a Banach subspace H*? such that the restriction ¢’ on
R x H? is continuous in the topology R x H*?. From [137, 138] it follows that the
subspace H*? is semilocal and the operation of multiplication by functions from C{ is

continuous. According to Lemma 4.23 on the subspace H{;’f given by formula (4.87), the
family of seminorms (4.89) defines a metrizable topology.

Corollary 4.28. The triplet (H{;’f ,R,0") is a dynamical system of shifts on Hllz,f .

Proof. The formulated statement follows from the above said and Lemma 4.25. O

By H® and H;,_ we denote spaces H*P and H{;’f , respectively, in the case when k(&) =
(1 + |£1%)* and p = 2. From Corollaries 4.27 and 4.28 it follows that on the spaces H*
and Hj,. there are defined the dynamical systems of shifts (H%,R,¢") and (Hj,,R,0”),
respectively.

As well as for continuous functions, the dynamical systems (Hfo’f ,R,0") and
(Hj,.» R, 0”) give a useful means of the study of general properties of functions from Hllf)’f
involving the general theory of dynamical systems.

For example, a function u € Hllf)f we will call almost periodic (resp., asymptotically
almost periodic), if the motion ¢’(-, u) generated by the function u in the dynamical

system (Hlko’gJ ,IR, 0") is almost periodic (resp., asymptotically almost periodic).

4.7. Weakly Asymptotically Almost Periodic Functions

Let T = R or R,. Denote by C,(T, E") the Banach space of all continuous and bounded
functions f : T — E" endowed with the norm || f|| = sup{| f(¢)| : t € T}. Note that the
space Cp(T, E") is isomorphic to the space (C,(T, E))" := Cy(T,E) X Cp(T,E) X - -+ X
Cy(T,E).
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Denote by 73, f the shift of the function f € (Cy(T, E))", that s, (1, f )(x) := f(x+h),
(Cy (T,E))" is the adjoint space for (Cp(T, E))". If ¢ € (C;(T,E))" and f € (Cy(T,E))",
then (¢, f) € E". By the sign — we will denote the weak convergence of sequences in
(Co(T, E))".

Definition 4.29. A function f € (Cp(R4,E"))" is called weakly asymptotically almost
periodic, if the set of shifts {7, f : h € R} forms a relatively compact set in the weak
topology (Cy(R., E™))".

The set of all weakly asymptotically almost periodic functions we denote by +A,,.
Taking into account the equivalence of the properties of compactness and countable
compactness (see, i.e., [139, Theorem 1.2]), we obtain the following statement.

Lemma 4.30. f € (Cp(R4,E"))" is a weakly asymptotically almost periodic function if
and only if for every sequence {hi} C R, there exist a subsequence {hy,} and a function
g € (Cy(Ry, E))" such that Ty, f — g, thatis, {¢,th,, ) — {(@,g) for every function ¢ €
(i (Ry, E))".

Lemma 4.31. If f = limj—yo fk § = limg—1o0 gk in the weak topology Cy(Ry, E), then
fg = limg_,w figk in the weak topology Cp(Ry, E).

Proof. According to Theorem of Gelfand-Neimark [140] the space Cp(R, E) is isomet-
rically isomorphic to the ring C(Q) of all complex-valued functions on the compact
Hausdorff space Q) (where Q is the space of maximal ideals).

Taking into account all the above said, without loss of generality we can consider
that fi,gx € C(Q). Since the weak convergence of {fi} in C(Q) is equivalent to its
boundedness and point convergence, then figx — fg. The lemma is proved. O

Theorem 4.7.1. The set A, is a closed subalgebra of (C,(R,E))" and is invariant with
respect to shifts.

Proof. From the definition it follows that if f € A, then 7, f € A, (h € R,). Since
Ay 1s a convex subset of (C, (R4, E))", then according to [139, Theorem 1.1] for proving
the closure of 4, in the weak topology it is sufficient to prove its closure in the topology
(Cp(R4, E))". Suppose that f = limi—te fx ({fk} C Ay), thatis, || fk — fII — 0 for
k — +oo, where || - || is the norm in (C(R4, E))", and let {h,,} C R,. Then there exists a
subsequence {hmp} C {hu} and elements g, such that lim,_ Th,, fk = gk in the weak
topology (k = 1,2,...). If we show that there exists g = limy_ 1 g, then it will imply that
g =limy_.; 74, f in the weak topology and, consequently, f € A,,. From the theorem
of Hahn-Banach it follows that

g — &Il = sup { | (@, gr — &) | : llgll =< 1}
= sup lim | (g, (= £)) | < IIf: = £ll (109

lloll<1 p—+co

Then {gx} is fundamental and, consequently, there exists lim— 10 gk = -
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To finish the proof of the theorem let us show that if f!, f? € s, then f!- f? € A,,.
Let f1, f? € A, and {h,} C R;. We choose a subsequence {hm,} and elements F' F%in
Cy(R4, E) such that
. 1_ rl . 2 _ 2
plll}_loo Th,, [~ =F, pllrfloo T, [~ =F (4.105)

in the weak topology. To conclude that

Pl_irpoo Th,, f' = Th,, f2 = F' - F? (4.106)
in the weak topology it is enough to refer to Lemma 4.31. The theorem is proved. O

Corollary 4.32. A,, equipped with the norm || fll := sup{|f(¢)| : t € Ry} is a Banach
space.

Let M C E" be an open set. Denote by Cp(Ry. X M;E") = (Cy (R4 X M; E))" the set of
all continuous functions defined on R, x M with values in E” and bounded on every set
R, x K, where K C M is a compact set. For the function f € (Cp(R4+ X M; E))" by 7, f we
denote the shift of the function f with respect to t on h, that is, (r,.f)(¢, p) := f(t+h, p),
and 7, f := fM.

Definition 4.33. A function f € (Cp(Ry X M;E))" one will call weakly asymptotically
almost periodic with respect to t uniformly with respect to p € M, if for every subse-
quence {fx} C R, there exist a subsequence {tx,} and a function g € Cp(R; X M;E")
such that (g, f®) (-, p)) — (@,g(+, p)) asm — +oo for every ¢ € (C; (R, E))" uniformly
with respect to p on every compact subset K C M.

Lemma 4.34. The function f € (Cy(Ry X M;E))" is weakly asymptotically almost periodic
with respect to t uniformly with respect p € M if and only if f(-,p) € (Cp(Ry4,E))"
is weakly asymptotically almost periodic for every p € M and the mapping M > p —
f(-,p) € (Co(R4, E))" is continuous.

Proof. Necessity. Let f be weakly asymptotically almost periodic with respect to ¢ uni-
formly with respect to p € M. Then from the respective definition it follows that f(-, p)
is weakly asymptotically almost periodic for every p € M. Suppose that the mapping
p — f(-,p) is not continuous in some point py € M. Then there exist &g > 0, {tx} C
Ry, {pr} € K € M such that K is a compact set, px — po, and

| f (te> i) = f (5> po) | = 4eo (4.107)
for all k € N. Since f is weakly asymptotically almost periodic with respect to t € R,

uniformly with respect to p € M, then there exist {#,} and g € (C(R; X M;E))" such
that 7, f — g. Then for every ¢ € (C; (R4, E))" and compact set K we will have

|<¢>Ttkmf(')P)>—<¢>g('>P)>| <& (4'108)
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for n > n; and any p € K. For ¢ = ) (Jy is the measure of Dirac concentrated at the
point 0) we have

|74, (0, pr,) — (0, pr,) | <& (4.109)
| Ty, £(0,p0) —g(0,po) | <& (n>m). (4.110)

Further, the continuity of g at the point (0, py) imply that there is n, > n; such that
|g(0,pk,) —g(0,po) | <& (m>ny>n). (4.111)

From inequalities (4.109)—(4.111), we get that for every m > n,

|Ttkmf(0)Pkm) - T!kmf(()’PO) |
< |7, £(0, px,) — (0, pi,) | + |71, £(0, po) — (0, po) | (4.112)
+1g(0, pr,.) — g0, po) | < 3e,

and that contradicts to inequality (4.107).

Sufficiency. Let {tx} be a sequence of real numbers. Let us take a countable dense
everywhere set { p;} from M. As f(-, pi) € Ay, we can find a subsequence {fx,} such that
7y, f (> pi) — g(+, p;) for every i € N. By [139, Theorem 1.1] from the convex envelop
of the sequence {7, f} we can construct a subsequence {H,,} such that {H,,(-,p)}
converges uniformly on Ry to g(-, p) uniformly with respect to p € K. From this and
from the continuity of p — f(-, p) we obtain that {H,,(-, p)} satisfies the criterion of
Cauchy uniformly with respect to p on the compact subset K C M. So, there exists
g0, p) € (Co(Ry X M;E))" (p € M) such that for every compact K C M we have

lim sup |Hu(-,p)—g(-,p)| =0. (4.113)

m—+oo peEK

Consequently, p — g(+, p) is continuous. For every fixed ¢ € (C*(R,, E))"” we have

(0,71, f(5p)) — (9,8 p)) (4.114)

uniformly with respect to p € K € M. The lemma is proved. O

Lemma 4.35. If the mapping p — f(-,p) (p € M) is continuous, then for every compact
subset K C M and € > 0 there exist p1, pa, ..., pm € K and polynomials Q; on E" (i = 1,m)
such that

m

‘f(t’p)_Zf(t’Pi)Qi(P)‘ <e (4.115)

i=1

foreveryt € Ry and p € K.
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Proof. Let K be a compact subset from M and € > 0. The set {f(-,p) : p € K} is
compact and therefore there exists a finite /2 net { f (-, p;) | i = 1,m}. Assume U; = { p:
Hf(p)— fCp)ll <e/2}. Letg (i = 1, m) be the elements of the decomposition of the
unit for the covering {U;} from K. Then

< (4.116)

Fp) =Y F(6psp)| < 5.
i=1

Now if we approximate g; on K with the polynomial Q; (i = 1, m), we obtain the statement
of the lemma. The lemma is proved. O

Lemma 4.36. If f € (Cp(R.XM;E))" is weakly asymptotically almost periodic with respect
to t uniformly with respectto p € M, y € A and Q := y(Ry) C M, then W € A, where
W(t) := f(t,y(t)) forallt € R.

Proof. Let € > 0. By Lemma 4.35 there is g € (Cy(Ry, E))” such that |[W(t) — g(t)| < ¢
forallt € Ry, and

m

gt) =D f(t,pi) - Qi(y(1). (4.117)

i=1

Since f (-, pi) € Ay, Q; are some polynomials and #A,, is a subalgebra of the algebra
(Cy(R4, E))", then g € A,,. As ¢ is arbitrary and +,, is a closed set, then W is weakly
asymptotically almost periodic. The lemma is proved. O

Let f € (Cp(Ry+ X M, E))". By H"(f) we denote the set of all weakly limit points
{tof : h € Ry}, thatis,

H+(f) = {g | g€ (Cb(R+ ><M>E))n73{tk} - RJr)Ttkf - g} (4-118)

Let us establish some additional properties of weakly asymptotically almost periodic
functions.

Lemma 4.37. If f € (C,(Ry X M,E))" is weakly asymptotically almost periodic. With
respect to t uniformly with respect to p € M, then all functions in H*(f) are weakly
asymptotically almost periodic with respect to t uniformly with respect to p € M too.

Proof. Letg € H*(f), 7, f — g. By Lemma 4.34 and Theorem 4.7.1 we have g(-, p) €
Ay for every p € M. For fixed p,q € M we will have

gtp) =gt g)| = lim |7 f(tp) - 7w f(t@)| <[fCp) = fC@ll - (4119)

for every t € R,. Hence, the mapping p — g(-,p) is continuous and according to
Lemma 4.34 g € H*(f) is weakly asymptotically almost periodic with respect to t uni-
formly with respect to p € M. The lemma is proved. O

Lemma4.38. If f € (Cp(R XM, E))" is weakly asymptotically almost periodic with respect
to t uniformly with respect to p € M, then H*(g) < H*(f) for every g € H*(f).
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Proof. Let g € H*(f). Then there exists {#;} C R, such that 7, f — g. Let us show that
for every h € Ry, 14 f — tng. In fact, {144 f} is a relatively compact sequence in the
weak topology, since f € s,,. We will show that {74, f } weakly converges. For this it is
sufficient to show that it contains a single limiting point. Suppose that it is not so. Then
there exist g',g*> € H*(f) and {t, + h} C {t + h} such that T,£+hf — ¢' (i =1,2), and,
consequently,

gt p) = klier T f (6 D). (4.120)
Since
Thg(t)p) = klier Ttk+hf(t’P) (4121)

foreveryt € Ry and p € M, {ti + h} < {t; + h}, then we get g'(t,p) = g*(t,p) =
gP(t, p). So, Tyenf — tug and therefore H*(g) = {gW|h € Ry} < H*(f), as g €
H*(f) forall h € Ry and H*(f) is closed. From this it follows that H*(g) is a compact
set in the weak topology. The lemma is proved. O

Corollary 4.39. The convergence {yi} — y is weak in (Cp(Ry, E))" if and only if {yy} is
bounded and (¢, yi) — (@, y) for every ¢ € (C} (R, E))", ¢ = (5,5,...,3), where B isa
linear multiplicative functional.

Proof. This statement follows from the theory of the maximal ideals of Gelfand-Neimark
and from the specific character of the weak convergence in C(Q), where Q is a compact
Hausdorff space [140]. O

Following [141], we denote by f the function defined by the next rule: f(s, p) =
(g, £:(-»p)) for @ € (Cf (Ry, E))" and f € (Cy(R, x M;E))".

Lemma 4.40. If f € (Cp(RXM;E))" is weakly asymptotically almost periodic with respect
to t uniformly with respect to p on compact subsets from M and ¢ € (C} (R, E))", ¢ =

(B, B>-..>B) (B is a linear multiplicative functional), then f € H*(f). If ty. f — g, then
wf — &

Proof. The set of measures of Dirac {§; | s € Ry} € (C} (R4, E))" is dense on the set
of all linear continuous multiplicative functionals in weak™ topology (C;f (R, E))" [140].
Therefore, there exists {t} such that &, — ¢, that is, (¢, fP(-,p)) =
limg— 4o (8, fO(+, p)). Hence, limg—so0 f(t + tr, p) = (@, fP(+, p)). But that does not
mean that 7, f(t,p) — ]?(t, p). Extracting, if necessary, a subsequence {7; f} from
{1 f}, we obtain ftnk — f

Since (Cp(R+,E))" 3 y — ¥ € (C(R4, E))" is a linear isometry, we conclude that the
second statement of the lemma takes place too. The lemma is proved. O

Lemma 4.41. If the mapping p — f(-,p) (p € M) is continuous, y € (C(R4, E))", Q :=
y(Ry) is a compact subset in M and ¢ € (Cf(Ry,E))", then f(s,}(s)) = (¢, W) for
s € Ry, where w(t) := f(t, y(1)).
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Proof. Let 1, 3, y, x be the mappings defined by the formulas

7:Cj (R, E) — (Cf (R4, E))", () := (B(9), B(9)s.... (),
x:Cj(Ry,E) — E, x(9) := (1(p), w"),
(4.122)
n:C}(Ry,E) — E, n(e) == (1(9), y*9),
v:Cf(Ry,E) x E" — E", v(p, p) = (1(9), fO, p)).

Let us consider weak™ topology in C(R+, E). Then y, #, y are continuous mappings. So,
B — w(B,n(P)) is also continuous. Since on the space of measures of Dirac y(S,7(f)) =
x(B), then the same equality takes place on the set of multiplicative functionals too. The
lemma is proved. O

4.8. Linear and Semilinear Differential Equations with Weakly
Asymptotically Almost Periodic Coefficients

Theorem 4.8.1. Let f € (Cp(Ry X M, E))" be weakly asymptotically almost periodic with
respect to t uniformly with respect to p € M. If for every function g € Qf := {g | Iy —
+oo, Ty, f — g} the equation

du

— =g(t, 4.123
7 — 8w (4.123)
has at most one solution on R with the values in the compact set K ¢ M C E" and y €
(Cp(R4, E))" is a solution of the equation

dx
b f(t,x) (4.124)
such that w(Ry) € K, then y is a weakly asymptotically almost periodic function.

Proof. Let K C M be a compact set such that y(R;) < K and {fx} C Ry (fx — +o0).
Then there exist a subsequence {t;,} and a function g € (Cp(R4 X M, E))" such that
flan) — ¢ and on compact subsets from R the sequence {y/%»)} uniformly converges to
the function y € (Cp(R4,E))" and y(R) < K. To finish the proof of the theorem it is
sufficient to show that yn) — y.

Suppose that {y*n)} /4 y. According to Lemma 4.30 there exists a multiplicative
functional ¢ such that {(¢, y%»))} does not converge to (¢, ), where ¢ € (Cf (R4, E))".
From the definition of g and y it follows that y = g(t, y), and from Lemma 4.34, taking
into account the relation (¢, y°) = )A'/(s), we get

y(t) = g(6, (1) (4.125)

for all t € R. According to Lemma 4.40 y € H*(y) and, consequently, y < K. Similarly,
fort € R

~ ~

y(t) = f(t,9(1). (4.126)
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Since {{g, I/J“km )Y} does not converge to (¢, y), there exist ¢ > 0 and a subsequence {r,,} C
{tx,, } such that

@,y ™)) — (g, y) | > ¢ (4.127)

for all m € N and {¢/"} uniformly converges to the function z € (Cy(R, E))" on every
compact subset from R. By Lemma 4.40 f('») — gand g € H*(f). Therefore, taking into
account (4.126),

2(t) = g(t,2(1)), (4.128)

(z(R) € K) forall t € R. Then from equalities (4.125) and (4.128) it follows that in K the
functions z and y are solutions of the same equation, and by the condition of the theorem

z=y.
On the other hand, from inequality (4.127) we have

2(0) = 3(0)| = lim [§(0) = (g, »)| = lim [{g,y") —(p, )| =&  (4.129)

m—+co

The obtained contradiction shows that %= — y. Theorem is proved. O

Lemma 4.42. LetI = [a,b] C R, A, Ax € C(I,[E]") and the following conditions be held:

(1) Al < M forallt € [a,b] and k € N, where M is some positive constant;
(2) Ax(t) — A(t) forallt € L

Then the following statements hold:

(1) there exists L > 0 such that |U(t,Ax)ll < L forallt € I and k € N, where
U(t, Ax) is a Cauchy operator of the equation

dx
= = At (4.130)

(2) foreveryt € I U(t,Ax) — U(t,A) ask — +oo.
Proof. Since U(t, Ax) is a solution of the system

U'(t, Ax) = AU (¢, Ak)

(4.131)
U (0, Ax) = Idgn,
then from [128, inequality (3.1.3)] it follows that
U (t, Ap)|| < eMb4l .= L (keN). (4.132)

Let us prove the second statement of the lemma. Assume Vi (t) = U(t,A) — U(t, Ax)
and note that Vi (t) satisfies the system

Vi(t) = A() Vi(t) + [A(t) — Ax(1) ] U (8, Ak)

V(o) — o (4.133)
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Therefore
Vi(t) = U(t A) f U1 (z, A)[A(1) — Au(2)]U (7, Ag)dr. (4.134)
0

Let K := max{||U(t,A)l, |lU(t,A)|| : a < t < b}. From (4.132) and (4.134) it follows
the inequality

IVi()|| < K°L J0||Ak(7)_A(T)||dT : (4.135)

Passing to the limit in inequality (4.135), taking into consideration the theorem of
Lebesgue on the limit passage under the integral sign [142], we will obtain the needed
statement. The lemma is proved. O

Lemma 4.43. If A € A, (R, [E"]) and (3.198) is hyperbolic on R, then every equation

dy
= By, (4.136)

where B € wy = {B | 3t — +o0, A) — B}, is hyperbolic on R.

Proof. Let B € wy. Then there exists ty — +oc0, A% — B.Let P(A), Q(A) and Ny, N, v,
v, be projectors and constants taking part in the definition of the hyperbolicity of (3.198)
on R,. We put

P(A®) = U(t, A)P(A)U™" (1, A), (4.137)

Q(A™) = U(t, A)QA)U ! (1, A). (4.138)

From inequalities (3.12) and (3.13), it follows that the operators P(A*)) and Q(A®))
are uniformly bounded and, consequently, {P(A%))} and {Q(A™))} can be considered
convergent. Assume P(B) := lim.+0 P(A®™)) and Q(B) := limk_+ Q(A™). Note that

Pz(A(tk ) = P(A(tk))’ (4.139)

p(A(tk)) +Q(A™) = Idg (4.140)

for all k € N. Passing to the limit in (4.139) as k — +o0, we get P2(B) = P(B). Similarly it
is proved that Q?(B) = Q(B). Finally, from (4.140) it follows that P(B) + Q(B) = Idg». So,
P(B) and Q(B) are a pair of mutually complimentary projectors. Let us show that they
can be taken as projectors in the definition of the hyperbolicity on R of (4.136). In fact,
lett = 7 and t,7 € R. Then for sufficiently large #; the numbers ¢ and 7 belong to the
interval | — #;, +oo[. From the equalities

(t Al p ) ( Al ) (T,A(fk))
= U(t, A" U(ty, A)P(A) U (t, A) U (1,A)) (4.141)
=U(t+t,A)P(AU N (1+,A)
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and inequality (3.12), taking into account the above said and Lemma 4.42, we get the
inequality |U(t, B)P(B)U ' (1, B)|| < Nje (=7,

Similarly it is proved that |U(t,B)Q(B)U~!(r,B)|| < Nye"* ™ for t < 7 and
t,7 € R. The lemma is proved. O

Corollary 4.44. Let A € A, (R4, [E"]) and (4.136) be hyperbolic on R.. Then for every
B € wy (4.123) has no nonzero bounded on R solutions.

Theorem 4.8.2. Let (3.198) be hyperbolic on Ry and A(t) € ARy, [E"]). If f €
Aw(Ry, [E"]), then (3.200) has at least one weakly asymptotically almost periodic solution.
This solution is defined by equality (3.202).

Proof. Note that every weakly asymptotically almost periodic function f € A, is
bounded on R, that is why from [120] it follows that by equality (3.202) there is given
a bounded on R, solution of (3.200). According to Corollary 4.44 for every B € w4 and
g € wy (3.201) has no more than one bounded on R solution. Then by Theorem 4.8.1
this solution is weakly asymptotically almost periodic. g

Theorem 4.8.3. Let A € A, (R4, [E"]) and (3.198) be hyperbolic on Ry. If F € Cp(R4 X
E", E") is weakly asymptotically almost periodic with respect to t uniformly with respect to x
on compact subsets from E" and satisfies the condition of Lipschitz with respect x uniformly
with respect to t € Ry with a small enough constant of Lipschitz, then (3.282) has at least
one weakly asymptotically almost periodic solution.

Proof. Let us consider the mapping
D : sy, (Ry, E") — A, (R, E") (4.142)

defined by the equality

(Dy)(t) = L " Gt )F (1, y(1)dr. (4.143)

According to Lemma 4.34 and Theorem 4.8.2, the equality (4.143) well defines the oper-
ator @ : A, (R, E") — Ar(R,, E"). From the estimation ||G (¢, 7)|| < Ne "=l and the
condition of Lipschitz for F it follows that ® is a contractive mapping, if (2N/v)L < 1,
where L is the constant of Lipschitz of the function F. Then the single fixed point of
the mapping @ will be a weakly asymptotically almost periodic solution of (3.282). The
theorem is proved. O

Corollary 4.45. Let A € Aw(R4, [E"]), (3.198) be hyperbolic on Ry and F € Cyp(R, X
E", E") be weakly asymptotically almost periodic with respect to t uniformly with respect to
x on compact subsets from E" and satisfy the condition of Lipschitz with respect x uniformly
with respect to t € R. Then there exists a number ¢y > 0 such that for every |e| < &
equation

dx

i A(t)x + eF(t, x) (4.144)
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has at least one weakly asymptotically almost periodic solution ¢, and |||l — 0 ase — 0.

Remark 4.46. Every asymptotically almost periodic in the sense of Fréchet function is
weakly asymptotically almost periodic. Further, if p € C,(RR, E") is weakly almost peri-
odic [139] (i.e., the set of all shifts {p, | T € R} of the function p is relatively compact
in the weak™ topology C,(R,E")) and w € Cy(R, E"), then the function ¢ = p + w is
weakly asymptotically almost periodic. Note that there exist weakly asymptotically almost
periodic functions that are not asymptotically almost periodic in the sense of Fréchet. To
confirm the above said it is enough to consider the function ¢(t) := sin(¢+In(1+][¢]))+e".
The function p(t) := sin(¢#+1In(1+1¢])) is weakly almost periodic but not almost periodic
in the sense of Bohr (see, i.e., [139]).



Asymptotically Almost Periodic
Solutions of Functionally Differential,

| | and Evolutionary Equati

5.1. Functional Differential Equations (FDEs) and Dynamical Systems

Letr >0, C([a, b], E") be a Banach space of all continuous functions ¢ : [a, b] — E" with
the norm sup. If [a,b] := [—r,0], then assume C := C([-7,0],E"). Leta € R, = 0
and u € C([a — r,a + B],E"). For every t € [a,a + ] define u; € C by the relation
u(0) :=u(t+0),-r<0<0.

Example 5.1 (Autonomous functionally differential equations (autonomous
FDEs)). Consider a differential equation

d’;(f) = f(x), (5.1)

where f € C(C, E"). Concerning (5.1) we will suppose that the conditions of existence,
uniqueness and nonlocally continuability of solutions on R, are fulfilled. Let ¢ € € and
x be the solution of (5.1) satisfying the initial condition

x(s) = ¢(s) (se[-r,0]). (5.2)

Define a mapping 7 : Ry X € — C by the rule 7(¢,¢) = x;, where x is the solution
of the Cauchy problem (5.1)—(5.2). From the general properties of FDEs [143, 144] it
follows that 7 is continuous 7(0,¢) = ¢ (¢ € C) and n(ty, n(t1,9)) = n(t) + t2,¢) for
all 9 € C and 1,1, € Ry and, consequently, (C,R,, ) is a semigroup dynamical system
on C.

Example 5.2 (Nonautonomous FDEs with uniqueness). Denote by C(R x G, E") the set
of all continuous functions f : R x ¢ — E" with the compact-open topology and by
(C(R x C,E"),R, 0) the dynamical system of shifts on C(R x G, E") (see Example 1.47).
Let us consider a differential equation

dx(t)
dt

= f(tx), (5.3)

where f € C(R x C,E").
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Definition 5.3. The function f € C(R X G, E") is called regular, if for every g € H(f) :=
{f@ :1 € R}, where f(*) := g(1, f), for the equation

d);l(tt) = g(t)yt)) (5.4)

there are held the conditions of the existence, uniqueness and nonlocally continuability
of solutions on R,.

Let f € C(R x C,E") be regular. Put Y := H(f) and by (Y,R,0) denote the
dynamical system of shifts on Y induced by the dynamical system (C(R x G, E"), R, 0).
Define a mapping 7 : Ry x X — X, where X := € X Y, by the equality 7(7,(y,g)) :=
(yr,g™), where y is the solution of (5.4) satisfying the initial condition

y(s) =y(s) (s€[-r,0]). (5.5)

From the theorem on continuous dependence of solutions on the initial data and
the right-hand side (see, i.e., [143, Chapter 2]) it follows that the mapping 7 is contin-
uous. Further, assume ¢(7,y,g) = y,, where y : [—r,+0o[— E" is the solution of (5.4)
satisfying the condition (5.5) and y, € C is defined by the equality y,(s) := y(s + 7)
(s € [-r,0]). It is easy to verify that the equality ¢(t, ¢(7,v,¢),g) = ¢(t + 7, v, g) takes
place for all t,7 € Ry, y € C and g € H(f). Therefore n(z,n(t,x)) = n(t + 7,x)
forall t,7 € Ry and x € X = C x H(f). At last, note that 7(0,x) = x for all x €
X = C x H(f) and, consequently, (X, R4, ) is a semigroup dynamical system on X :=
C X H(f). Assume h := pr, : X — Y. It is easy to verify that & is a homomorphism
of (X,R,m) onto (Y,RR,0) and, consequently, the triplet ((X,Ry,7),(Y,R,0),h) is a
nonautonomous dynamical system generated by (5.3) with a regular right-hand side f.

Example 5.4 (Nonautonomous FDEs without uniqueness). Let R, := [—r,+oco[ and
C(R,,E") be the space of all continuous functions f : R, — E" with the topology
of uniform convergence on compacts and (C(R,, E"),R;,0) be a dynamical system of
shifts on C(R,, E") (see Example 1.46). Assume Y := C(R x G,E") and by (Y,R,0)
denote a dynamical system of shifts on C(R x C,E"). Further, let X := {(¢,f) : ¢ €
C(R,,E"), f € C(R x C,E"), and ¢ be a solution of (5.3)}. Obviously, X is positively
invariant (with respect to shifts) set of the product dynamical system (C(R,, E"), Ry, o) X
(C(R x G,E"),R,0). Besides, the results of works [145, 143] imply that X is closed in
C(R,, E")x C(Rx G, E") and, consequently, on X there is induced a semigroup dynamical
system (X, Ry, 7). It is easy to see that the mapping 4 := pr, : X — Y is a homomor-
phism of the dynamical system (X,R,,7) onto (Y, R, ¢) and, consequently, ((X, R, 7),
(Y,R,0),h) is a nonautonomous dynamical system generated by (5.3) the right-hand
side of which is not regular.

In the previous examples there was realized the concept of FDEs with finite delay. In
the next example we will consider an FDE with nonlimited delay. But previously we will
introduce some functional spaces.
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5.1.1. The Space of Hale

Let B be a vector space of functions ¢ : R- — E" (R_ =] — ,0]) with the seminorm
|- Ip.

For f > 0 and ¢ € B by ¢ denote the restriction ¢ on | — 0o, —f] and BF := {¢F|¢ €
B}. On B define the seminorm | - |4 by the equality

Inlg :=inf {lyls : v € ByP =y}. (5.6)

If x :] — 00,a[ — E" (a > 0), then for every ¢t € [0, a[ we can define a function x; by the
relation x¢(s) := x(¢ +s) (s € R_). For numbers a and 7 (a > 7) by A? we denote the class
of functions x :] — o0, a[ — E" such that x is continuous on [7,a[ and x; € B.

Definition 5.5. B is called a space of Hale (see, e.g., [146]), if the following conditions are
fulfilled:

(1) ifx € A%, then x, € B forall t € [r1,a[ and x; is continuous with respect to t;

(2) forevery¢ € Band = 0if [¢|g = 0, then |T/3¢|ﬁ = 0, where ¥ is the linear
operator acting from B to B and defined by the equality 7%¢(0) := ¢(6 + B)
(6 E] - °°>_/3]);

(3) if the sequence {¢x} < B is uniformly bounded on R_ with respect to the
seminorm | - | and converges to ¢ uniformly on compact subsets of R_, then
¢ € Band ¢ — ¢lp — 0, when k — +o0;

(4) there exists a number K > 0 such that forall¢ € Band =0

=K 0 Flg)s 5.7
$ls (_;3020|¢< ) +1¢ I,;) (5.7)
(5) if ¢ € B, then IT/5(/>|ﬁ — 0asf — +oo;

(6) 1¢(0)] < M;|¢|p for some M; > 0.

5.1.2. Examples of Hales’s Spaces

(@) Cpu(R_,E") := {¢ | ¢ : R_ — E", ¢ is uniformly continuous and bounded}
with the norm sup.

(b) C,:=1{¢ | ¢ : R_ — E", ¢ is continuous, ¢(0)e"? — 0as — —oo} with the
norm |¢|c, := sup{|¢(0)]e"? : 6 €] — 00,0]}.

(c) Letr= 0, p = 1and g(0) be a nondecreasing function, positive, and defined on
R_, satistying the condition . £(0)df < +o0. B consists of measurable in the
sense of Lebesgue mappings ¢ : R, — E" continuous on [—r, 0] with the norm

0 1/p
9lsi= | sup [40)]7+ [ 146)| g(0)d0] . (5.8)

—r<60<0

Example 5.6 (FDEs with unlimited delay). Let B be a space of Hale and W < B. Consider
differential (5.3) where f € C(R x W, E"). As well as in the case of FDEs from Examples
5.2 and 5.4, under some standard assumptions, by (5.3) we can construct two nonau-
tonomous dynamical systems: the first one when the right-hand side f is regular and the
second one when it is not.
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5.2. Asymptotically Almost Periodic Solutions of FDEs

Applying the results of Chapter 2 to nonautonomous dynamical systems constructed in
Examples 5.2-5.6 (as it was done in Chapter 3 for ordinary differential equations), we can
obtain series of tests of the existence of asymptotically almost periodic solutions for FDEs
with finite and infinite delay.

Definition 5.7. A solution ¢ € C(T,E") (T = R, or R) of (5.1) one will call compact
on T, if the set {o(7,¢) := ¢* | 7 € T} (where ¢7 is the shift of the function ¢ on 7) is
relatively compact in C(T, E").

As we know [143], this will take place if and only if the function ¢ is bounded and
uniformly continuous on T.
Let ¢ € C(T,E") and the set {o(7,¢) | 7 € T} be relatively compact in C(T, E").

Assume Qg = {ng | T € T}, where 5, = ¢:l[-r0] € C([-7,0],E") and by bar it is
denoted the closure in C. Then Qg is a compact subset in C. Put Q:g = QE* and Qg :=
Q-

Theorem 5.2.1. Let ¢ € C(R,, E") be a compact on R, solution of (5.3) and f be asymp-
totically stationary (resp., asymptotically T-periodic, asymptotically almost periodic, asymp-
totically recurrent) with respect to the variable t € R uniformly with respect to ¢ € Qg. If for
every g € wy (5.4) admits at most one solution from wy, then ¢ is asymptotically stationary
(resp., asymptotically T-periodic, asymptotically almost periodic, asymptotically recurrent).

Let ¢ € C(R,E") and M C C(R, E").

Definition 5.8. One will say that the function ¢ is separated in M (see Section 3.6), if M
consists only from the function ¢ or if there exists a number > 0 such that for every
function y € M (u # ¢) there is fulfilled the inequality

max |o(t+60) —u(t+0)| > (5.9)

Theorem 5.2.2. Let ¢ € C(R,, E") be a compact on R, solution of (5.3) and f be asymp-
totically stationary (resp., asymptotically T-periodic, asymptotically almost periodic, asymp-
totically recurrent) with respect to t € R uniformly with respect to ¢ € Q. If for every
g € wy all solutions from wy of (5.4) are separated in wy, then ¢ is asymptotically station-
ary (resp., asymptotically kot-periodic for some natural ko, asymptotically almost periodic,
asymptotically recurrent).

Theorem 5.2.3. Let ¢ € C(R,,E") be compact on R, solution of (5.1), f be asymptoti-
cally T-periodic with respect to t € R uniformly with respect to ¢ € Qy, and g(t,¢) :=
limg_ 4o f(t+ kT, 9) (uniformly with respect to t € [0, 7] and ¢ € Q;). If the equation

dy _

admits at most one solution from wy, the solution ¢ is asymptotically T-periodic.
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Denote by D := D(C, E") the Banach space of all linear continuous operators € —
E™ with the operator norm. Let us consider a linear equation

dx

— = Al(t,x¢), 5.11
dt ( xt) ( )

where A : R X € — E" is continuous and linear with respect to the second variable, that

is, A € C(R, D). Along with (5.11) let us consider the corresponding nonhomogeneous

equation

dx _ A(t,xe) + f(1), (5.12)
dt
where f € C(R, E").
For A € C(R, D) denote by wy its w-limit set in the dynamical system of shifts
(C(R,D),R,0).

Theorem 5.2.4. Let ¢ be compact on R, solution of (5.12), A € C(R,D), and f €
C(R,E") be jointly asymptotically stationary (resp., asymptotically t-periodic, asymptoti-
cally almost periodic, asymptotically recurrent). If every equation of the family

dy

— = B(t, y1), .1
5 = By (5.13)
where B € wg, has no nontrivial compact on R solutions, then ¢ is asymptotically stationary
(resp., asymptotically T-periodic, asymptotically almost periodic, asymptotically recurrent).

Related to Theorem 5.2.4 naturally arises the following question: under the condi-
tions of Theorem 5.2.3, will (5.12) admit at least one compact on R solution? The answer
to this question follows from the results given in the next chapter.

5.3. Linear FDEs

Using some ideas and methods developed for the study of dissipative dynamical systems,
we can obtain series of conditions equivalent to the asymptotical stability of linear nonau-
tonomous dynamical system with infinite-dimensional phase space. As applications we
will get the according statements for linear FDEs.

Let (X, h,Y) be a vectorial fiber bundle with the fiber E (E is a Banach space) and
I+l : X - Ry is the norm on X compatible with the metric X, that s, || - || is continuous
and [|x]| := p(x, 0,), where x € X,, 0, is the zero element of X, and p is a metric on X.

Definition 5.9. The system (X, S;, ) one will call locally compact (completely continu-
ous), if for every x € X there exist §, > 0 and I, > 0 such that the set 7#'B(x, ;) (¢t > ) is
relatively compact.

Definition 5.10. Recall [98, 109] that the nonautonomous system ((X,S;,n),(Y,S;,
0),h) is called linear, if (X, h,Y) is a vectorial fibering and for every y € Y and t € S,
the mapping 7 : X, — Xo(,,1) is linear.
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Theorem 5.3.1. If the linear nonautonomous system ((X,Sy,m),(Y,Sy,0),h) is locally
compact (i.e., (X, S+, ) is locally compact) and Y is compact, then the next conditions are
equivalent:

(1) lim¢—soo lIxtll = 0 forallx € X;

(2) all motions (X, S4, i) are relatively compact and in (X, Sy, i) there is no nontriv-
ial compact continuable onto S motions;

(3) there exist positive numbers N and v such that ||xt|| < Ne™||x|| for all x € X,
tes,.

Proof. The equality lim;_ o [|xt]| = 0 imply that 2} is relatively compact and w, <
0 = {0, | y € Jy, where 0, is the zero element of X, and Jy is the Levinson center of
the dynamical system (Y, S,,0)}. So, the dynamical system (X, S, 7) is point dissipative
and according to [112] is compactly dissipative. Denote by Jx the Levinson center of the
dynamical system (X, S;, ) and we will show that Jx = 6. Obviously, 8 is compact and
invariant set and, consequently, 8 < Jx. From the last inclusion it follows that h(Jx) = Jy.
If we suppose that Jx # 6, then Jx\0 # @ and hence there is xy € Jx\6. Since in Jx all
motions are continuable onto S [109, 113], there exists a continuous mapping ¢ : S — Jx
such that ¢(0) = xp and 7'¢(s) = ¢(t +s) foralls € Sand t € S;. On the other hand, in
virtue of the linearity of the system ((X,S;, ), (Y,S4,0), h) along with the point x, all
points Ax also belong to the set Jx (A € R), as Jx is the maximal compact invariant set
in X. But Axp € Jx for all A € R if and only if xo € 0. The obtained contradiction shows
that Jx = 0. So, in (X, S;, 7) there is no nontrivial compact continuable onto S motions
(since they all are in Jx). So, we showed that from (1) it follows that (2).

Let us prove that (2) implies (3). Let condition (2) be fulfilled. Then the system
(X,S4,m) is locally dissipative. By the compactness of Y and local dissipativity of
(X,S;, ) there is § > 0 such that

tllgrlgc sup {lIxtl : lIx]l < 8} = 0. (5.14)

From (5.14) by standard reasoning (see, i.e., [109, 122, 147]) we can show that there
are N, v > 0 such that ||xt|]| < Ne "!||x|| forallx € X and t € S,. At last, it is obvious that
(1) follows from (3). The theorem is proved. O

Linear nonautonomous FDEs [143, 144] present an important classes of linear non-
autonomous systems with infinite-dimensional phase space satisfying the condition of
local completely continuity.

Along with (5.11) we consider the family of (5.13), where B € H'(A) :=
{A(M : 7 € R,}, by bar there is denoted the closure in C(R, D) (C(R, D) is endowed with
the topology of uniform convergence on compact subsets from R) and A (¢) = A(t+1).

Let ¢(t, ¢, B) be the solution of (5.13) passing through the point ¢ € C ast = 0,
defined for all t € R,;. Assume Y = H*(A) and by (Y,R,,0) denote the semigroup
dynamical system of shifts on H*(A). Let X := C X Y, (X,R,,7) be the semigroup
dynamical system on X defined by the following rule: 7(7, (¢, B)) := (¢(7, ¢, B), B7) and
h:= pry : X — Y. Then the nonautonomous system (X, R, ), (Y,R;,0),h) is linear.
Let us notice one important property of the constructed nonautonomous dynamical
system. There takes place the following lemma.
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Lemma 5.11. Let H"(A) be compact in C(R, D). Then for every point x € X = C X
H*(A) there exists a neighborhood Uy of the point x and a number I, > 0 such that n' Uy is
relatively compact for all t = I, that is, the dynamical system (X, Ry, ) is locally completely
continuous.

Proof. The formulated statement follows from [143, Lemmas 2.2.3 and 3.6.1] and from
the compactness of H*(A). O

Applying Theorem 5.3.1 to the constructed linear nonautonomous dynamical system
and taking into consideration Lemma 5.11, we will get the next statement.

Theorem 5.3.2. Let H*(A) be compact. Then the following statements are equivalent:
(1) the zero solution of (5.11) is uniformly exponentially stable, that is, there exist
positive numbers N and v > 0 such that ||¢(t, ¢, B)|| < Ne "|l¢|| forall ¢ € C,
Be H(A)andt € Ry;
(2) forany B € H*(A) the zero solution of (5.13) is asymptotically stable;
(3) for any B € H*(A) all solutions of (5.13) are compact (bounded) on R and for
any B € wy (5.13) has no nonzero compact (bounded) on R solutions.

Remark 5.12. (1) The nonzero solution of (5.11) is uniformly exponentially stable if and
only if there exist positive numbers N and v such that [[¢(¢, (p,A(T)) I < Ne "¢l for all
peCandt, T € Ry.

(2) Let exist positive numbers N and v such that |[¢(t, ¢, AP)|| < Ne " |l¢]| for all
¢ € Candt,7 € R,. Then [|§(t,p,A)l| < Ne™" "D |¢(1,¢p,A)| forallp € Cand t > 7
(t,T € Ry).

(3) Let (X,S;,m) be a dynamical system, X be compact and X := H*(x) =
{xot | t € S4}, where xp € X. Then (X,S,,m) is compactly dissipative and Jx = wy,,
where Jx is the Levinson center of (X, S,, m).

5.4. Semilinear FDEs

Denote by U,(+,s) the Cauchy operator [143, 144] (fundamental matrix) of (5.11) and
by ¢(t, ¢, A, f) the solution of (5.12) passing through the point ¢ € C ast = 0. Then
according to the formula of variation of constants (see, e.g., [143, page 177]):

8o, A, ) = ¢, A) + L Us(-, ) f(s)ds. (5.15)

Lemma 5.13. Let exist positive numbers N and v such that
1¢(t, 9, A)l| < Ne" " |g(7, ¢, A)| (5.16)

forallt =1 =0and ¢ € C. If f € Cp(R, E"), then
(1) all solutions of (5.12) are bounded on R.;
(2) the solution ¢(t,0,A, f) = fot U (0,s) f(s)ds of (5.12) can be estimated as:

N
lollc,m,,c) < ew;l\fllc,,(u@ﬁEn)- (5.17)
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Proof. Under the conditions of the lemma we have

t t t
16(,0, A, )] = Hf Ui(-,s) f(s)ds sj ||Ut(-,s)|||f(s)|dssf Ne 9| £(s)| ds
0 0 0

e—v(t—s) —vt

1 —
lo = Ne" Il fllcyr,Em)

< Ne"sup | f(1)|

=0 v

N
< e fley..en-
(5.18)

So, we established (5.17).
The first statement of the lemma follows from the formula (5.15) and inequalities
(5.16) and (5.17). O

Remark 5.14. If T = R, or R, the operator A € C(R, D) and f € C(R, E") are bounded
onTand¢: T — C isabounded on T solution of (5.12), then ¢ is compact on T.

The formulated statement follows from the theorem of Artzela-Ascoli.

Corollary 5.15. Under the conditions of Lemma 5.15, if the operator A € C(R,D) is
bounded on R, then all solutions of (5.12) are compact on R,.

Theorem 5.4.1. Let A € C(R, D) and f € C(R,E") be jointly asymptotically stationary
(resp., asymptotically T-periodic, asymptotically almost periodic, asymptotically recurrent)
and the zero solution of (5.11) is uniformly exponentially stable, that is, there exist positive
numbers N and v such that

llp(t, 9, As)|| < Ne ™l gll (5.19)

forall t,s € Ry and ¢ € C. Then for any ¢ € C the solution ¢(t, ¢, A, f) of (5.12) is
asymptotically stationary (resp., asymptotically T-periodic, asymptotically almost periodic,
asymptotically recurrent).

Proof. From inequality (5.19), according to Corollary 5.12, it follows (5.16) and by
Lemma 5.13 all solutions of (5.12) are bounded on R,. Moreover, from Remark 5.14
and Corollary 5.15 it follows that all solutions of (5.12) are compact on R,. According
to Lemma 5.3.2 for any B € w4 (5.13) has no nonzero compact on R solutions. Now to
complete the proof of the theorem it is enough to refer to Theorem 5.2.4. O

Theorem 5.4.2. Let A € C(R,D) and f € C(R,E") be asymptotically almost periodic
functions, and function F € C(R x C,E") be asymptotically almost periodic w.r.t t € R
uniformly with respect to ¢ on compacts from C, and let it satisfy the condition of Lipschitz
with respect to ¢ € C with the constant of Lipschitz L < (v/N)e™"" (constants N and v
is from (5.19)). If the zero solution of (5.11) is uniformly exponentially stable, then the
equation

dx(t)
dt

has at least one asymptotically almost periodic solution.

=A(t)x; + f(t) + F(t,x¢). (5.20)
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Proof. Denote by AP(R, C) the Banach space of all asymptotically almost periodic func-
tions ¢ : R, — C with the norm sup. Define an operator ® : AP(R,, C) — AP(R,, C) by
the following rule: ®(y) := ¢, where y € AP(R,, C) and

t
@0 = | U 9FG ) + F6)1ds, (521)
that is, ¢ is a unique asymptotically almost periodic solution of the equation
dx
3 = AWx+ f(0) + E(t,y) (5.22)

satisfying the initial condition ¢(0) = 0.
Let us show that the mapping @ is contracting. In fact, let v, y» € AP(R,, E") and
¢ :=¢1 — 92 = O(y1) — O(y2). Then

@' (t) = A(t)gr + F(t,y1e) — F(t,y2¢) (5.23)

and ¢(0) = 0. According to Lemma 5.13

N
lollapce, n < e sup [F(t,y1e) = F(t,ya0) |

v 120 N (5.24)
< ;ewLSUPHV/lt —vull = =Ly — vallap, o)
t=0 v
and hence
10 (y1) = @(W2) | apr, ey = NV~ Llly1 = ¥2llapee, o) (5.25)

So, the mapping @ has a unique fixed point ¢ € AP(R,, E"), which is the desired solu-
tion. The theorem is proved. O

Corollary 5.16. Let A € C(R, D) and f € C(R, E") be asymptotically almost periodic and
the zero solution of (5.11) be uniformly exponentially stable. If the mapping F € C(R x
C, E") is asymptotically almost periodic with respect to t € R uniformly with respect to ¢ on
compacts from C and satisfies the condition of Lipschitz with respect to the second argument,
then there exists &y > 0 such that for every ¢, || < €, the equation

dx
dt
has at least one asymptotically almost periodic solution ¢, and ¢, — @y as ¢ — 0 in the

space AP(R,, E"), where @q is a unique asymptotically almost periodic solution of (5.12)
satisfying the initial condition ¢o(0) = 0.

(t) = A(D)x + f(£) + eF(t, %) (5.26)

Theorem 5.4.3. Let f € C(R X G, E") be asymptotically stationary (resp., asymptotically
T-periodic, asymptotically almost periodic, asymptotically recurrent) with respect to t € R
uniformly with respect to ¢ on compact subsets from C. If there exists o > 0 such that

Re (91(0) = 92(0), f (t,91) = f (£,92)) < —ar| 91(0) = 92(0)|” (5.27)

forallt € R and ¢y, ¢, € C, then (5.3) is convergent.
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Proof. The formulated statement is proved by the same scheme that Theorem 3.8.5, that
is why we omit its proof. O

5.5. Integral Equations of Volterra and Generated by the Nonautonomous
Dynamical Systems

5.5.1. Nonlinear Integral Equations of Volterra

Let (C(R, E"), R, 0) be the dynamical system of shifts in the space C(RR, E") of continuous
on R functions with values in E" with the compact-open topology. If on R? x E" we
define a dynamical system by the rule 7(7, ((t,s),x)) := ((t + 7,5 + 7), x), then according
to Corollary 1.44 on the space C(R?x E", E"") of all continuous functions f : R?XE" — E"
with the compact-open topology naturally there is defined a dynamical system of shifts
(C(R* X E",E"), R, 0). Assume Cy(R? x E",E") := {f | f € C(R* X E",E"), f(t,5,x) =
0 forall s = t x € E"} and note that Co(R? x E", E") is a closed invariant subset of
(C(R%* X E",E"), R, 0) and, consequently, on Co(R? x E", E") there is defined a dynamical
system of shifts (Co(R? x E", E"), R, 0).
Let us consider an integral equation
t

X6 = f(H)+ L F(t,5,x(s))ds, (5.28)

where f € C(R,E") and F € Cy(R? x E",E"). Denote H(F) := {F(") : 7 € R}, where
F9(t,s5,x) = F(t + 7,5+ 7,x) and by bar there is denoted the closure in Co(R? x E", E").

Definition 5.17. The function F € Co(R? X E", E") is called regular, if for any G € H(F)
and g € C(R, E") the equation

t
y(t) = g(t) + JO G(t,s, y(s))ds (5.29)
has a unique solution.

Everywhere in this chapter we will consider only (5.28) with the regular right-hand
side F.
From (5.28) it follows that

(t+1) =f(t+r)+rP(tH,s,x(s))dHfp(t+f,s+f,x(s+f))ds. (5.30)
0 0

Denote by ¢(t, f,F) the unique solution of (5.28). Then from general properties of the
integral equations of Volterra [148] it follows that the mapping ¢ : R x C(R,E")
X Co(R? X E",E") — E" is continuous. Let us define a mapping F : R x C(R,E") x
Co(R? X E",E") — E" by the equality

F (1,0, F)(8) i= JOTF(t+ 75,9(5))ds (5.31)

and a mapping

T:R x C(R,E") x Cy(R? x E", E") — C(R, E") (5.32)
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by the rule
T(t, f,F) := f + F (1,9(, f,F),F). (5.33)
From equality (5.30) it follows that
o(t+1,f,F) = ol T(T,f,F),F(T)) (5.34)
forall f € C(R,E") and t,7 € R, and besides
o(t, f,F) = T(1, f,F)(0). (5.35)
The definition of T directly implies the equality
T(t+1,f,F)=T(t,T(, f,F),F") (5.36)
forallt,7 € Rand f € C(R, E").

Example 5.18. Put Y := H(F) and let (Y, R, 0) be a dynamical system of shifts on Y.
Denote X := C(R,E") X Y and define a mapping 7 : X x R — X by the follow-
ing rule: n(7, (g, G)) := (T(r,£,G),G") for all (g,G) € X := C(R4,E") x H(F) and
7 € R,. From the above said it follows that the triplet (X, R, ) is a dynamical system
(more detailed about that see in [148]). Assume h := pr : X — Y. Then the triplet
(X,Ry4,m),(Y,R,0),h) is a nonautonomous dynamical system generated by (5.28).

Let (X,R,,7) be a dynamical system on X = C(R,E") x H(F) constructed in
Example 5.18 and let us define a mapping A : Ry XX — E" by the next rule: A(7, (g, G)) :=
¢(7,¢, G). From equality (5.34) it follows that

Mr,m(x,t)) = Mt +1,%) (5.37)

forallt,7 € R, and x € X.
LetA: T X X — Y be a continuous mapping.

Definition 5.19. One will say that the family of mappings {A(t,-) : t € T} from X — Y
separates points, if for every two different points x;,x, € X there exists t = #(x1,x;) € T

such that A(t,x;) # A(t, x2).
There takes place the following lemma.

Lemma 5.20. Let (X, T, ) be a dynamical system, Y be a full metric space, and A : Tx X —
Y be a continuous mapping satisfying condition (5.37) and (C(T,Y), T, o) be a dynamical
system of shifts on C(T,Y). If the family of mappings {A(t,-) : t € T} separates points,
then the mapping p : X — C(T,Y) defined by the equality p(x) := ¢, € C(T,Y), where
@x(t) := AMt, x) for all t € T, is a homeomorphism of (X, T, ) onto (p(X), T, 0), that is,

(1) h is continuous, one-to-one and h™' : p(X) — X also is continuous;
(2) p(a(t,x)) = o(t, p(x)) forallt € T and x € X.
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Proof. Let us show that the mapping 4 is continuous. Let x; — x9. We will show that
plxx) — p(xp). Suppose that it is not so. Then there are a number g > 0, a compact set
Ky C T, and a subsequence my such that

2%§p(¢xmk(t),¢x(t)) > &. (5.38)

Then there exists a subsequence {fx} C K such that

p (At X, ), At X0) ) = €o. (5.39)

By the compactness of K; the sequence {f;} can be considered convergent. Assume f, =
limg .« t and in inequality (5.38) let us pass to the limit as k — +co. Then we get &y < 0,
and that contradicts to the choice of €. The obtained contradiction proves the continuity
of p.

The fact that the family {A(t, -) : t € 7} separates points imply that the mapping p is
one-to-one. Obviously, p~! : p(X) — X is continuous.

At last, note that

p(r(t,x))(s) = A(s, m(t,x)) = A(t+5,%) = @t +5) = (L, 9x) (), (5.40)
that is, p(7(t,x)) = o(t, p(x)) forallx € X and ¢t € T. The lemma is proved. O

Corollary 5.21. The dynamical system (X, Ry, ) constructed in Example 5.18 is homeo-
morphically embedded in the dynamical system of shifts (C(R, E"), Ry, 0).

Example 5.22. Let ((X,Ry,7),(Y,Ry,0),h) be the nonautonomous dynamical system
constructed in Example 5.18. According to Corollary 5.21 there exists a homeomorphism
p of the dynamical system (X, R, ) onto (W,R;,0), where W = p(X). Assume q :=
hop: W — Y. Then (W,Ry,0), (Y,Ry,0),q) also is a nonautonomous dynamical
system associated by (5.28).

5.5.2. Linear Integral Equations

Let (C(R?,[E"]),R,0) be the dynamical system of shifts on the space C(R?, [E"]) of al

the continuous matrix-functions A : R?> — [E"] with compact-open topology, that is,

o(1,A) = AW and A(t,5) := A(t+1,5+71). By Co(R?, [E"]) we denote the set of all A €

C(R?, [E"]) satisfying the condition A(t,s) = 0 for all s > £. It is clear that Cy(R?, [E"]) is

a closed and invariant set in the dynamical system of shifts (C(R?, [E"]), R, o). Hence, on

Co(R?, [E"]) there is induced a dynamical system system of shifts (Cy(R?, [E"]), R, o).
Let us consider a linear integral equation

Xt = f(H)+ J;A(t,s)x(s)ds, (5.41)

where f € C(R,E") and A € Cy(R?, [E"]). Denote by ¢(t, f,A) the unique solution of
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(5.41) defined on R. Then
pt+7, f,A) =T(z, f,A)(t) + rA(”(t, s)p(s+ 1, f,A)ds, (5.42)
0

where T(z, f,A)(t) := fO(t) + fotA(t +1,8)9(s, f,A)ds.

Example 5.23. Let Y = H(A) := {A® | 7 € R} and (Y, R, 0) be a dynamical system of
shifts. Put X := C(R, E") x H(A) and define a dynamical system (X, R, 7r) by the following
rule: (7, (f,A)) = (T(T,f,A),A(T)). Then ((X,R,7),(Y,R,0),h), where h := pr, :
X — Y, is alinear nonautonomous dynamical system generated by (5.41).

5.6. Asymptotically Almost Periodic Solutions for Integral Equations of Volterra

For integral equations of Volterra, as well as for ordinary differential equations and FDEs,
we can obtain series of tests of asymptotical almost periodicity, if we apply the results of
Chapter 2 to the dynamical systems from Examples 5.18, 5.22, and 5.23. Before formu-
lating the according statements we will do the following.

Remark 5.24. (a) Let T = Ry or R and ¢(t, f, F) be a solution of (5.28) such that {¢(t +
7, f,F) | T € T} C C(R, E") is relatively compact. If {F™) | € T} ¢ C(R?> x E",E") is
relatively compact, then {T(7, f,F) : T € T} also is relatively compact in C(R, E").

(b) Let A € C(R? [E"]) and {A™ | 7 € T} be relatively compact. If ¢(t, f,A)
is a solution of (5.39) such that {¢(t + 7, f,A) : 7 € T} is relatively compact, then
{T(t, f,A) | T € T} is relatively compact.

Theorem 5.6.1. Let F € Co(R? X E", E"") be asymptotically almost periodic (i.e., the motion
o(+,F) of the dynamical system (Co(R? X E",E"), R, 0) is asymptotically almost periodic)
and ¢(t, f, F) is a solution of (5.28) such that the set {¢(t + 7, f,F) | T € R.} is relatively
compact in C(R,E"). If for every G € wp = {G | G € Co(R? x E*,E"), At, — +oo such
that F™) — G} and g € C(R,E") (5.29) has at most one solution from wy, then the solution
¢ is asymptotically almost periodic.

Theorem 5.6.2. Let A € C(R, [E"]) and f € C(R, E") be asymptotically almost periodic,
B € C(R?,[E"]) be asymptotically almost periodic (i.e., the motion o(t, B) is asymptotically
almost periodic in (C(R?, [E"]), R, 0)). If ¢ is a solution of the equation

t
%(t) = A(t)x(t) + f(1) +J B(t,s)x(s)ds (5.43)

0
such that {(t+ 1) | T € Ry} € C(R, E) is relatively compact and for everyﬁ € wy, f IS

wyr and B € wp the equation

DO _ Aoy + For+ [ B9y (5.44)
dt 0

has at most one solution from wy, then ¢ is asymptotically almost periodic.
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Remark 5.25. Every solution ¢(t, xo, f, A, B) of (5.43) satisfies the integral equation
A t A~
(1) = Fo) +j Aty $)x(s)ds, (5.45)
0

where f(t) =x0+ Jy f(s)ds and A(t,s) := A(s) + [ B(u,s)du.

Consider the integral equation of Volterra of convolutional type

X0 = f(H)+ JtA(t,s)x(s)ds, (5.46)
0
where f € C(R,E") and A € C(R, [E"]).

Definition 5.26. A resolvent of integral equation (5.46) is called [149] a matrix-function
R € C(R, [E"]) satisfying the equation

R() = —A(D) + JtA(t _ OR(s)ds. (5.47)
0

The solution of (5.46) is given by the formula

x(t) = f(t) - L R(t—s)f(s)ds, (5.48)
where R is the resolvent of (5.46).

Definition 5.27. They say [149] that the resolvent R of (5.46) is hyperbolic (satisfies the
condition of exponential dichotomy on R), if there exist a pair of jointly complimentary
projectors P; and P, and positive numbers N and v such that

IR(P)]| < Ne*"  (teR.),

(5.49)
IR()Pa|| < Ne™™  (t € Ry).

Theorem 5.6.3. Let f € C(R,E") be bounded on R, A € C(R, [E"]) the resolvent R(t) of
(5.47) be hyperbolic on R. Then the solution ¢ of (5.46) is uniformly compatible in limit,
thatis, £ < £,.

Proof. Let us introduce in consideration two operators L and B by the following rules:

0 +oo0
L) = LO Rt — )P, f(s)ds - L R(t— )P, f(s)ds,
(5.50)

t +00
(NF)(1) = J Rt — $)Po f (s)ds — J R(t - )P, f(s)ds.
—o0 0
According to [149] equality (5.48) can be rewritten as follows:

x=f-Lf+Nf, (5.51)
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and, consequently,x+Lf = f+N f. Assuming y := x+Lf = f +N f, we can show [149]
that y is a solution of the integral equation

y(t) = J A(t —s)y(s)ds, (5.52)

where f* = (I - A)I+N)f.

Let us show now that £7 < £,. Let {7y} € £. Then |7,| — +00 and there exists g €
C(R,E") such that f(™) — ¢ is uniform on compact subsets from R. Since y = f + N f, it
is enough to show that (N f)(**) — Ng is uniform on compact subsets from R. Let K ¢ R
be some compact set and ¢ € K. Since (N f)® = N(f),

(Nt + ) = (N |

s‘r R(t = $s)Po f(s+71,) —g(s)]ds

‘J R(t— )Py f(s+ 1K) — g(s)]ds|.
(5.53)

Let us show that

sup ‘ Jﬁm R(t = )P f(s+ 1) — g(s)]ds

teK

— 0, (5.54)

as k — +oo. Let ¢ > 0. Since the integral

t +00
Loo R(t—$s)Po[ f(s+ k) — g(s)]ds = L RW)P,[f(t —u+1k) — g(t — u)]du
(5.55)

is absolutely convergent uniformly with respect to k, there exist a number L = L(¢) > 0
such that

‘ Lﬂo RW)P[f(t —u+1) —g(t—u)]dr| < Z (5.56)

forall k € Nand t € K. On the other hand,

L
‘ JO RW)P[f(t —u+1k) —g(t —u)]|du

L

< sup |f(t—u+m)—gt— u){J [| R (u)P,||du (5.57)
O<u<L 0

<su1?|fs+‘rk |J [| R (u P2|dufsup|f s+1) —g(s)],

where K’ = {t —u | t € K,u € [0, L]} is some compact subset from R. As f;, — g, then
there is ki (&) > 0 such that

sup | f(s+ 1) —g(s)] < (vg) (5.58)

NS
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for all k > k;(¢). From inequalities (5.56) and (5.58) it follows that

t
sup J R(t = )P f(s+ 1) — g(s)]ds| < £ (5.59)
tek | J—oo 2
forall k > ki (¢).
On the analogy, there exists k»(e) > 0 such that
+oo €
sup J R(t—s)Pi[f(s+1k) —g(s)]ds| < = (5.60)
tek | Jt 2

for all k > ky(&). Put k(¢) := max(k;(¢),k,(¢)). Then from (5.53), (5.59), and (5.60) it
follows that

sup [(Nf)(t+ ) — (Ng)(t)| < (5.61)
teK
for all k > k(). The theorem is proved. a

Corollary 5.28. Let the resolvent R(t) of (5.47) be hyperbolic on R. Then the next state-
ments take place.

(1) If f is bilaterally asymptotically stationary (resp., bilaterally asymptotically peri-
odic, bilaterally asymptotically almost periodic, bilaterally asymptotically recur-
rent), then the solution ¢ of (5.47) possesses this property too.

(2) If f is stationary (resp., periodic, almost periodic, recurrent) homoclinic, then ¢
also is.

Proof. This statement follows from Theorem 5.6.3 and Corollary 2.23. O

5.7. Convergence of Some Evolution Equations

(1) Let # be a real Hilbert space, D(A) < # be the domain of definition of the operator
A FH — FH.

Definition 5.29. Recall [107, 150] that the operator A is called

(1) monotone, if for every uy,u; € D(A) : (Auy — Auz, uy — up) = 05

(2) semicontinuous, if the function ¢ : R — R defined by the equality ¢(1) :=
(A(u+ Av,w)) is continuous;

(3) uniformly monotone, if there exists a positive number « such that (Au — Av,
u—vy = alu—v?forall u,v € D(A) (| - | = +/{-,-) and (-, -) is a scalar
product in #).

Note that the family of monotone operators can be partially ordered by including
graphics.

Definition 5.30. A monotone operator is called maximal, if it is maximal among the
monotone operators.
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Let us consider an evolutionary equation

% +Ax = f(1), (5.62)

where f € L (R, #) and A is a maximal monotone operator with the domain of
definition D(A). According to [150] for every xp € D(A) there exists a unique weak
solution ¢(t, xo, f) of (5.62) satisfying the condition ¢(0,xo, f) = X and defined on R,.
Let Y := H(f) = {f®™ | 7 € R}, where by bar it is denoted the closure in L; (R, J#). By
(Y, R, o) we denote the dynamical system of shifts on Y induced by the dynamical system
(LL (R, #),R,0). Put X := D(A) x Y and define 7 : R, x D(A) x Y — D(A) X Y by
the equality 7(t, (v,g)) := (¢(t,v,£),g") and h := pry : X — Y. As it is shown in the
work [39], the triplet ((X,R+,7),(Y,R,0),h) is a nonautonomous dynamical system.
Applying to the constructed nonautonomous dynamical systems the results of Chapter 2
we obtain the corresponding statements for (5.62). Let us give one statement of this kind.

Theorem 5.7.1. Let a mapping f € L} (R, #) be asymptotically stationary (resp., asymp-
totically T-periodic, asymptotically almost periodic, asymptotically recurrent). If the maxi-
mal monotone operator A is semicontinuous and uniformly monotone, then (5.62) is con-
vergent.

Proof. The proof is executed by the same scheme that the proof of Theorem 3.8.5, tak-
ing into account the fact that according to the results of work [39] from the uniform
monotonicity of the operator A it follows the existence of positive numbers N and v such
that

lo(t,u1,g) — o(t,uz,g) | < Ne ™ |up — us| (5.63)

forall u;,u, € D(A) and g € H(f). O

Note that in the almost periodic case Theorem 5.7.1 revises and reinforces one result
from [107, page 164].

Let us give an example of the equation of type (5.62).

Consider an equation

o*u

in the open bounded area O C E" with the boundary condition u = 0 on 0. Suppose
that the function ¢ : R — R satisfies the conditions ¢(0) = 0and 0 < ¢; < ¢'(§) < ¢,
(¢ € R). Then (5.64) will be rewritten in the form

oiu=v,

(5.65)
oV = Au—¢(v) + f(t).

At last, put # = W(}’Z(Q) x L*(Q) and define on J¢ a scalar product

((u,v), (u*,v*)) = J [vv* + VuVu* + duv* + Au*v]dx, (5.66)
Q
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where A is some positive constant depending only on ¢; and c,. We can check (see, i.e.,
[151]) that under assumptions made all the conditions of Theorem 5.7.1 are fulfilled, if
f € LL(R,R) is asymptotically stationary (resp., asymptotically T-periodic, asymptoti-
cally almost periodic, asymptotically recurrent).

(2) Let B be a Banach space, I < R and D(R,B) be the space of all the infinitely
differentiable finite functions ¢ : R — B and #¢ be a complex Hilbert space.

Consider the equation

JR [(u(t), ¢ (1)) + (A u(t), o)) + (f (1), p(2))]dt = 0, (5.67)

where A € C(R, [#]), f € C(R, #) and (-, ) is a scalar product in #. The function
¢ € C(I, #) is called a solution of (5.67), if equality (5.67) takes place for every ¢ €
D(I, #). Letx € # and ¢(t,x, A, f) be a solution of (5.67) defined on R, and satisfying
to the condition ¢(0,x, A, f) = x.
Denote by (C(R, [#]),R,0) and (C(R, #),R,0) dynamical systems of shifts on
C(R, [#]) and C(R, #), respectively, and let (C(R, [#]) X C(R, #), R, ¢) be their prod-
uct. Put H(A, f) := {(AD, f):7 € R} and let (H(4, f),R,0) be a dynamical system
of shifts on H(A, f). Along with (5.67) we will consider the family of equations

JR [{u(®), @' (1)) + (B(H)u(t), p(1)) + (g(t), 9(1)}]dt = 0, (5.68)
where (B,g) € H(A, f).

Everywhere in this paragraph we will suppose that the operator function A(¢) is self-
adjoint and negatively defined, that is, A(t) = —A;(¢) +iA,(t) for all t € R, where A (¢)
and A, (t) are self-adjoint operators and

(A1 ()x,x) = alx|? (5.69)
forallx e #,teR,|-|2=(-,-),and a > 0.

Lemma 5.31 (see [5]). Forall t > 0 there takes place the equality

|§0(t A )P = —(ADe(t x5, A, £), 9(t,x, A, f)) +Re (f(1), 9(t, %, A, f)).
(5.70)

Zdt

Lemma 5.32. Forallt € R, there takes place the inequality

ot x4, f)] < || +L | f(1)|dr. (5.71)

Proof. From equality (5.70) it follows that

2dtlsvtfo)I L f(®) ] et x,A, f)]. (5.72)

Assume v(t) := |@(t,x, A, f)|>. Then dv/dt < 2|f(t)|/v(t) and, consequently, /v(f) —
(1) < f,t | f(s)|ds. Hence, |o(t,x, A, f)| < |x| + fot | f(7)|d7. The lemma is proved. [J
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Lemma 5.33. Let l,r, and f >0, xp € #, A € C(R, [H]) and f € C(R, H). Then there
exists a number M = M(f,1,r,[3,x0) > 0 such that

|(P(t)x,B;g)*§0(t)x0)A,f)|
t t (5.73)
< |x—x0|+MJ |B(T)—A(T)|dT+J Ig(1) = f(z)|dr
0 0

forallt € [0,1] and x € Blxo, 0], if 1g(t) — f(£)| < pand Re(B(t)x,x) < 0 forallt € [0,]]
and x € F.

Proof. Letv(t) = [@(t,x,B,g) — ¢(t,x0,A, f)]. Then

JR {(v(0), @ (1)) + (A v(1), (1)) +((B(t) —A(1))v(t), (1)) +{g(t) — f (1), p(t)) }dt=0
(5.74)

for every ¢ € D(R, #). According to Lemma 5.31

01 = Re (A (D,v(D) -
+Re [((B(t) — A(t))p(t,x, B, g),v(t)) + (g(t) — f(£),v(1))],
and from Lemma 5.32 we have

|v( 0)| +J | (B A())v(t) +g(1) — f(1)]dT
(5.76)

< |v<o>|+j0|3<r )| p(r,x,B,g) |dr+J lg(r) - f()|dr.

On the other hand, according to Lemma 5.32 for ¢(7, x, B,g) we have
t
|o(t,x,B,g)| < Ix| + Jo lg(1)|dr < |x0] +r+/3’l+l(r)r<1?<xl | f(t)] = M(f,Lr,pBx0).
(5.77)
From inequalities (5.76) and (5.77) it follows (5.73). Lemma is proved. O

Put # := # x H(A, f) and by X denote the set of all the pairs (u, (B, g)) from F# X
H(A, f) such that through the point x € J¢ as t = 0 there passes a solution ¢(¢,u, B, g)
of (5.68) defined on R,.

Lemma 5.34. The set X is closed in 3¢ X H(A, f).

Proof. Let (x,(A, f)) € X. Then there exists a sequence (x, (Bi,gk)) € X such that
Xk — xin H, By — Ain C(R, [#]) and fx — f in C(R, #). Let I, ¢ > 0. Then there exists
ko = ko(g,1) > 0 such that

|xk — x1| <e, |fk(l‘) - fl(t)| <e |Bk(t) — Bz(t)| <e (5.78)
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forallt € [0,1] and k,I = ko. Assume r := sup{|xx| | k € N}. Then by Lemma 5.32 we
obtain

| ¢ (t, xk, Bk, fi) — 9(t, %1, By, fi) |

t t
< |xk — x| +MJ | Bk(t) — By(7) |dT+J | fi(r) — fi(r) |dt < e+ Mel + €l

0 0
(5.79)
forall t € [0,1] and k,I > ko, where M is some positive constant depending only on ,
I'and f. From (5.79) it follows that the sequence {¢(t, xk, Bk, fx)} is fundamental in the
space C(R,, #) and, consequently, it is convergent in C(R,, ). From (5.79) it follows
that ¢(t, xk, Bi, fk) — ¢(t,x, A, f) in C(Ry, #) ask — +. So, (x,A) € X, thatis, X < X.
The lemma is proved. O

Lemma 5.35. The mapping ¢ : Ry X X — F given by the rule (t, (u,Bg)) — ¢(t,u, B, g) is
continuous.

Proof. Letty — t, xx — x, By = Band gx — g. Then
|(P(tk)xk$ Bk>gk) - (P(t> X, Bag) |

< @tk %k B gk) — ¢(tx> %, B, ) | + | 9(tx, %, B,g) — ¢(t, %, B, g) | (5.80)
= (I)Elaz(l |(P(t3xk)Bk)gk) - gD(le;B)g) | + |(P(thX>B’g) - ¢(t’x’B’g)|'

From (5.80) and Lemma 5.33 we get the necessary statement. The lemma is proved. O

Lemmas 5.34, 5.35, and general properties of solutions of the equations of the type
(5.67) allow us to define on X a dynamical system (X, R, 7) in the following way: 7(t, x)
:=n(t, (u, (B,g))) = (p(t,u,B,g),B",g") forall (u,(B,g)) € X and t € R,.

Put Y := H(A, f) (resp., Y := H*(A, f)). By (Y,R, o) (resp., (Y,RR4,0)) we denote
a dynamical system (resp., a semigroup dynamical system) of shifts on Y. Let h := pr; :
X — Y. Then the triplet ((X,R4,7m),(Y,R,0),h) (resp., ((X,R4,7),(Y,R4,0),h)) is a
nonautonomous dynamical system generated by (5.67).

There takes place the following lemma.

Lemma 5.36. For every (B,g) € H(A, f) = Y and x1,x, € # ((x;,B,g) € X, i = 1,2)
there takes place the inequality

lo(t,x1,B,g) — ¢(t,x2,B,¢) | < e *|x1 —x2] (5.81)
for all t € Ry, that is, the nonautonomous dynamical system ((X,Ry,7),(Y,R,0),h)
(resp., {(X,Ry,m), (Y,Ry,0), h)) is contracting.

Proof. The formulated lemma directly follows from Lemma 5.31. In fact, assume w(f) :=
o(t,x1,B,g) — ¢(t,x2,B,g). Then
1,
2.dt

and, consequently, |w(#)| < |w(0)|e”* for all t € R,. Lemma is proved. O

(1)|* = Re (B(Hw(t), w(t)) < —alw(t)|’ (5.82)
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Theorem 5.7.2. Let A € C(R, [#]) and f € C(R, #) be jointly asymptotically station-
ary (resp., jointly asymptotically T-periodic, jointly asymptotically almost periodic, jointly
asymptotically recurrent). Then (5.67) is convergent, that is, the nonautonomous dynamical
system (X, Ry, m), (Y,Ry, 0), h) generated by (5.67) is convergent.

Proof. The formulated statement is proved in the same way that Theorem 3.8.5, using
the above constructed nonautonomous dynamical system (X, R, 7), (Y,R4,0),h) and
Lemma 5.35. O

Remark 5.37. Note, that in the case of asymptotical almost periodicity of A(¢) and f(t)
Theorem 5.7.2 reinforces one result from the work [5].

Following [5], we will give an example of the boundary problem reduced to a equa-

tion of type (5.67). Let Q2 be a bounded domain in R”; ' := 0Q, Q := Ry xQ, S := R, xT.
In Q consider the first initial boundary problem for the equation

ou
g = Lu+g(t> M), u‘tZO = SD(.X'), u|S = 0. (583)
Here Lu := szzl %(aij(t)g?”j) — a(t,x)u is a uniformly elliptic operator, that is, for
every vector £ € R”
n n n
MY &< > aitx)&E <ud &, (5.84)

i-1 ij=1 i=1

A > 0. In virtue of the theorem of Riesz the operator A(¢) is defined from the condition

(A(Du, @) := — J [ i aj(t, x a—g—(P a(t,x)u(p}d(). (5.85)

In the quality of # we take L,(Q). Then if we define the solution as usual, we get a
equation of type (5.67).
(3) Let #¢ be a Hilbert space. We consider the equation

y==ylyl+ £, (5.86)
where y € # and f € C(R, #). The next theorem takes place.

Theorem 5.7.3 (see [152]). For any bounded on R function f € C(R,#) (5.86) has
a unique bounded on R solution ¢ and |¢(t)| < 2l fll for all t € R, where || f|l =
suptlf(#)] :t € R}.

Corollary 5.38. For any bounded on R, function f € C(R,H) (5.86) has at least one
bounded on R, solution.
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Proof. The formulated statement follows from Theorem 5.7.3. In fact, if F € C(R, #) is
bounded on R, then the function f € C(R, #), equal to F(t) ast € R, and F(0) ast €
R_, is bounded on R and according to Theorem 5.7.1, (5.86) has a unique bounded on R
solution ¢. The restriction of the function ¢ on R, is the desired solution of (5.86). [

Lemma 5.39. If the function f € C(R, #) is bounded on R, then all solutions of (5.86)
are bounded on R,.

Proof. Let ¢(t,x, f) be a solution of (5.86) passing through the point x as t = 0. Then
according to [152, Lemma 1]

2|x1 — x|

|(P(t,x1,f) _(P(t,XZ)fH < m (5.87)
forall t € Ry and x1,x; € F. Hence,
lim [g(tx1, £) ~ g(txs, f) | =0 (5.:88)

for all x;,x, € H. Now to complete the proof of the lemma it is enough to refer to
Corollary 5.38. O

Lemma 5.40. For any asymptotically almost periodic function f € C(R, #) (5.86) has at
least one asymptotically almost periodic solution.

Proof. Let f € C(R, #) be asymptotically almost periodic and

f(t) = pt) + w(t) (5.89)

for all t € R, where function p € C(R, #) is almost periodic and lim;—.;. |w(f)| = 0.
According to [152, Lemma 4] the equation

d

d—’: = —xl|x +p(1) (5.90)
has a unique almost periodic solution g € C(RR, #). Along with (5.89) we consider the
equation

dx ~
i —x|x| + p(t) + (), (5.91)
where @(t) = w(t) forall t > 0 and @(t) = w(0) as ¢ < 0. Denote by @ the unique bounded
on R solution of (5.91). Let T > 0. Then ¢\”(t) = ¢(t + 1) is a unique bounded on R
solution of the equation
dy

T —ylyl+p™(t) + @ (¢). (5.92)

According to Theorem 5.7.3

lo7(t) = q" ()| < 2l|@7|l. (5.93)
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Note that @™ (¢) = w*(t) forall t > 0 and @7 (t) = w™(0) as ¢ < 0 and, consequently,
lel}lm [|@7]| = 0. (5.94)

From (5.93) and (5.94) it follows that lim;—.« [¢(£) — q(¢)] = 0. Now to finish the
proof of the lemma it is enough to note that the restriction of the function ¢ on R, is
asymptotically almost periodic solution of (5.86). O

Corollary 5.41. For any asymptotically almost periodic function f € C(R, #) all solutions
of (5.86) are asymptotically almost periodic.

Proof. The formulated statement follows from Lemma 5.39 and equality (5.88). O

Theorem 5.7.4. If the mapping f € C(R, #) is asymptotically almost periodic, then (5.86)
is convergent.

Proof. Let Y := H*(f) = {f@ | 7 € Ry} (by bar it is denoted the closure in C(R, H))
and (Y,R.,0) be a dynamical system of shifts on H"(f). Put X := # X Y and define
on X a dynamical system (X, Ry, ) by the following rule: 7(7, (x,g)) = (¢(t, x,g),g(”),
where ¢(t,x, g) is a solution of the equation

du
i —ulul +g(t) (5.95)

satisfying the initial condition ¢(0,x,g) = x. Assume h := pr, : X — Y and consider
the nonautonomous dynamical system ((X,R4,7),(Y,R,,0),h). Let us show that the
constructed nonautonomous dynamical system is convergent.

First of all, let us show that the system (X, Ry, 7) is compactly dissipative. According
to Lemma 5.39 the system (X, R, ) is point dissipative, since w, = w(p 4 = H(p,q) for
any x € X and, consequently, Qx = H(p, q) is compact.

Let K C X be an arbitrary compact setand 2} := {n'x | x € K, t € R, }. Let us show
that X, is relatively compact. Let {X,} C Xf. Then there exist {x,} C K and {t,} < R,
such that X, = m(x,, t,). Let x, := (up, gn) € H X H*(f). Since K is a compact set, then
the sequences {u,} and {g,} can be considered convergent. Assume v := lim, 1« 1, and
g :=lim, ., g,. By the asymptotical almost periodicity of f we have

lim sup |g.(t) —g(t)| = 0. (5.96)

n—+00 {>(

Since g € H*(f), the solution ¢(t, u,g) of (5.95) is asymptotically almost periodic and,
hence, the sequence {¢(t,,u,g)} can be considered convergent. Let & := lim,_ . ¢(ty,
u,g). We will show that X, — X = (%, g). For this aim we note that

| @ (tns tnsgn) — @(tn, 1,g) |
(5.97)
< |o(tw, tn, gn) — @t 80) | + | @(t, 1, 80) — (£, 1,8) |.
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Put wy(t) := |o(t,u,g,) — @(t,u,g)| and §, := sup{lg,.(t) — g(t)| : t € Ry}. According to
[152, page 73]
dw,(t) 1

a2
= W)+, (5.98)

and taking into consideration that w,(0) = 0, we obtain

wa(t) < 4/26, (5.99)
forall t € R,. From (5.87), (5.96)—(5.99) it follows that

lim | @(ty, tin, gn) — ¢(tnsu,g) | =0, (5.100)

n—+oo

and, consequently, X, = 7((p(tn,un, ) gn) — (U,g) = X. So, X is relatively compact.
Assume M := H*(K) = X} and

] = Q(M) = thQUTZtT[TM. (5101)

According to [112] the set J is compact and invariant. From Theorem 5.7.3 and Lemma
5.39 it follows that the unique compact invariant set of the dynamical system (X, R, )
is the set Qx = H(p,q). So, Q(M) = J = Q(X) and, hence, (X,R,,7) is compactly
dissipative dynamical system and its Levinson center Jx = Qx. Now to finish the proof
of the theorem it is sufficient to note that by Theorem 5.7.3 Jx N X,, contains at most one
point for any y € wy = Jy. The theorem is proved. O

(4) Let # be a Hilbert space. In this point we will consider the equation

dx
o= S, (5.102)
where f € C(R x #, #) satisfies the condition
Re (x; — x, f(t,x1) — f(£,%2)) < —k|x —x2|° (5.103)

forallt € Ry and x € # (x > 0 and a > 2). Along with (5.102) we consider the family of
equations

dy

3 8wy (g H), (5.104)
where H(f) := {f® | r € R}, where f(¥ is the shift of f onto 7 with respect to the
variable t and by bar it is denoted the closure in C(R x #, #). Note that along with the
function f any function ¢ € H(f) satisfies condition (5.103) with the same constants «
and a. According to the results of [153, Chapter 2], if the function f € C(R x #, #)
satisfies condition (5.103), then for every u € # and g € H(f) (5.104) has a unique
solution ¢(t, u,g) defined on R, and passing through the point u € F# as t = 0; besides,
the mapping ¢ : Ry X # X H(f) — J is continuous. Put now Y := H(f) and by
(Y, R, 0) denote a dynamical system of shifts on H(f). Further, let X := # X H(f) and
7 : Ry X X — X be the mapping defined by the equality (¢, (u,g)) = (¢(t,u,g),g'").
Then (X, R4, 7) is a semigroup dynamical system. At last, assume h := pr, : X — Y. Then
((X,Ry,7m), (Y,R,0), h) is a nonautonomous dynamical system generated by (5.102).
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Definition 5.42. As earlier, (5.102) is called convergent if the nonautonomous dynamical
system ((X, R4, 7),(Y,R,0),h) generated by (5.102) is convergent.

In Chapter 3 we established (see Theorem 3.8.5 and Corollary 3.118) that (5.102) is
convergent, if the right-hand side f is asymptotically almost periodic with respect to ¢
and satisfies the condition (5.103) with the parameter « = 2. Below we will establish the
convergence of (5.102), when f satisfies condition (5.103) with the parameter a > 2.
Previously, let us give two auxiliary lemmas.

Lemma5.43. Let f € C(RXH, H#) be such that the set {f(T) | T € R} is relatively compact
in C(R x #, #) and condition (5.103) is held. Then:

(1) foranyu € F€ the solution ¢(t, u, f) of (5.102) is compact on R, (i.e., (R4, u, f)
is a relatively compact set in #);
(2) forallt € Ry and x1,x, € H

lp(t,x1, f) = 9(tx2, )| < (I =2+ (@ - 2)1) "7 (5.105)
= -l (4 [ —nT@-2n" T
Proof. Let us define a function F € C(R x #, #) by the following rule
f(t,x), for(t,x) e Ry x H,
F(t,x) := (5.106)
f(0,x), for(t,x) e R.x F.

It is easy to check that the function F possesses the next properties:

(a) {FD |7 eR}is relatively compact in C(R X #, #);
(b) Re{x1 — x5, F(t,x1) — F(t,x2)) < —k|x; — x2|* forall t € R and x1,x, € H.

According to [153, Theorem 2.2.3.1] the equation

dx
i F(t,x) (5.107)

has a unique compact on R solution ¢(t, xy, F) and for every two solutions ¢(¢, x;, F) and
¢(t,x2, F) there takes place the inequality

)1/(2—a)

lo(t,x1,F) — o(t,x2,F)| < (|x —x -t (5.108)

forall t € Ry, x1,4 € F and, consequently, lim;_, |@(t,x1,F) — ¢(t,x0,F)| = 0 for
all x € F. The last relation imply that all solutions of (5.107) are compact on R,. Now
to complete the proof of the lema it is enough to note that ¢(t,x, f) = ¢(t,x, F) for all
t € R.. The lemma is proved. O
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Lemma 5.44. Let o, k and € be positive numbers. Then on R, the scalar equation

dx .
i —xkx*+¢ (5.109)

defines a semiflow @¢(x, t) which has a unique stationary point x, = (¢/x)"* and

0 < @e(x,t) < x, (5.110)
forallx € [0,x;] and t € R,.
Proof. The proofis obvious. O

Theorem 5.7.5. Let f € C(R X J#, H#) be asymptotically almost periodic with respect to
t € R uniformly with respect to x on compact subsets from F and satisfy condition (5.103).
Then (5.102) is convergent.

Proof. Let (X,R4,m),(Y,R4,0),h) be a nonautonomous dynamical system generated
by (5.102). Since Y = H*(f) and f is asymptotically almost periodic, then (Y,R,,0) is
compactly dissipative an Jy = wy.

Let us show that for every compact subset K C # the set (R, K,H*(f)) =
{o(t,x,g) | t € Ry, x € K, g € H"(f)} is relatively compact. Let {y,} < ¢(R4,K
H*(f)). Then there exist {t,} C Ry, {x,} € K and {g,} < H"(f) such that y, =
@(tn, Xn, gn). In virtue of the compactness of K and H*(f) the sequences {x,} and {g,}
can be considered convergent. Assume x := lim,_ 0, and g := lim,_,e g If the
sequence {t,} is bounded, then the sequence {¢(t,,x4,g,)} is relatively compact and the
necessary statement is proved. Let now {#,} be not bounded. Then without loss of gen-
erality we can consider that f, — +00 as n — +co. Since according to Lemma 5.43 the set
o(R4, x, g) is relatively compact, the sequence {¢(t,,x,g)} can be considered convergent.
Put X := limy— 10 ¢(ts, %, g) and show that ¢(t,, x,,¢,) — X as n — +oo. For this aim we
note that

[0 (£ X0, 8n) — ¢ (tnx,8) |

(5.111)
< |@(tn Xn,81) = 9t %, 80) | + |9t %, 80) — @(tn,%,8) |-
Let us estimate the terms of the right-hand side of (5.111). By (5.105)
| @ (ts X €n) — @t x,80) | < |0 — x| (5.112)
On the other hand, if w,(¢) := [¢(t,x,,) — ¢(t,x,€)|?, then
w,(t) = 2Re(gu (L, 9(t, %, 1)) — g(t, p(£,x,8)), @(t, %, 81) — ¢(t,x,8))
< 2Re(gu(t,p(t,x,8n)) — &n(t, 9(t:x,8)), 9(t, X, 81) — (1, %, 8))
(5.113)

)
+2Re (g (1 (t,x,8)) — g(t,9(t,%,8)), 9(t,x,81) — ¢(t,%,8))
< 2k|o(t,x,81) — @(t,%,9)|“ +2en | 0(t,x,81) — @(t,x,8) |
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forall t € Ry, where
en =sup{|gu(t,x) — g(t,x)| : x € (R, x,8),t € R, }. (5.114)

By asymptotical almost periodicity of f € C(R x J#, #) and compactness on R, of the
solution ¢(t,x,g), we have &, — 0 as n — +co. According to [153, Theorem 1.1.1.2]

wn(t) < ya(t,0), (5.115)
where y,(t, x) is the solution of the equation

du a/2

i —2Kku™? + 2e,u'? (5.116)

passing through the point x as t = 0. Assume y := u!/2. Then from (5.116) we get
— = —ky* +e¢, (5.117)

S0, \/¥n(t,x) is a solution of (5.117) and by Lemma 5.43 [y, (£,0) < /&, = (e/x)"**

and, consequently,

12«
lp(tx,ga) — p(trxg) | < (%) (5.118)

for all t € Ry. From inequalities (5.111), (5.112), and (5.118) it follows that
nlirflm [ @ (tns X, 8n) — ¢ (tnsx,8)| =0, (5.119)

and hence {y,} is convergent and the necessary statement is proved.
Since along with the function f € C(R x #, #) every function g € H*(f) also
satisfies condition (5.103), then according to Lemma 5.36,

U —u
[p(tu1,g) — 9t un,g) | < | — 2 e (5.120)
(1+|u1—u2| (oc—2)t>

for all u;,u, € # and g € H*(f). Now to finish the proof of the theorem it is necessary
to refer to Theorem 2.6.1. O

Theorem 5.7.6. Let f € C(R x H#, #) be asymptotically recurrent with respect to t € R
uniformly with respect to x on compacts from J, the space F be finite-dimensional and the
function f satisfy condition (5.103) with the parameter o« > 2. Then (5.102) is convergent.

Proof. First of all, let us show that the nonautonomous dynamical system ((X, R4, ),
(Y,R4,0),h) generated by (5.102) (see Example 3.1 and Corollary 3.2) is dissipative.
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Assume m := sup{|f(t,0)] : t € R,} and w(t) := Igo(t,u,g)lz, where u € J and
g € H*(f). Then
w(t) =2Re(g(t, 9(t,u,8)), 9(t,u,8))
= 2Re(g(t,p(t,u,g)) — g(t,0), p(t,u,g)) + 2Re (g(t,0), 9(t,u,g))  (5.121)

< —2kw*?(t) + 2mw"2(1).

According to [153, Theorem 1.1.1.2]

lo(tu,g)|* < y(t, [ul?) (5.122)

for all t € Ry, where y(t,x) (x = 0) is the solution of the equation

dx a/2

i —2kx% + 2mx? (5.123)

passing through the point x as t = 0. It is easy to see that

2/(a—1)
lim (6] < (%) (5.124)

for all x > 0. From (5.122) and (5.124) it follows the necessary statement.

Since Y = H*(f), then (Y, Ry, 0) is compactly dissipative and Jy = wy. Further, by
the finite-dimensionality of the space # the dynamical system (X,R,,7) is compactly
dissipative too. Denote by Jx its Levinson center and show that for any y € Jx the set
Jx N X, contains at most one point. Put V(x1,x;) := [x1 — x» |2. Then

V(p(tung),9(tung)) = |o(tung) — o(t,usg)|’,

dv(p(t,ui,g), (t us,g))
dt (5.125)

=2Re(g(t,p(tu1,g)) — g(t,p(t,u2,8)), 9(t,u1,8) — ¢(t,12,8))

< 2| p(t,ur1,8) — (t,uz,8) | = =26V (p(t,u1,8), 9 (s 112, g))

for all t € R,. From (5.125) it follows that
lo(tur,g) — @(tuzg) | < |ur — | (5.126)

forallt >0and uy,u, € H (u; # uy). Letnow g € wy = Jy and (uy, ), (u2,g) € Jx N X,.
Then by [113, Theorem 1], the solutions ¢(t,u;,g) and ¢(t,u,,g) are jointly recurrent
and if w3 # uy, then there takes place (5.126) and it contradicts to the recurrence of
lo(t,u1,g) — @(t,uz,g)|. The obtained contradiction proves that Jx N X, contains no
more than one point for any y € Jy. The theorem is proved. O
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