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Preface

Many phenomena in nature have oscillatory character and their mathematical models
have led to the introduction of certain classes of functions to describe them. Such a class
form almost periodic sequences and functions with applications in theoretical mechanics,
electronics, biology, celestial mechanics, astrodynamics, geophysics, and so on.

In this work we consider only a small part of the notion of almost periodicity combined
with the theory of linear difference and differential equations. More precisely, we use
special constructions of almost periodic sequences (Chapter 1) and functions (Chapter 3)
to analyse non-almost periodic solutions of almost periodic homogeneous linear difference
(Chapter 2) and differential (Chapter 4) systems respectively. Our aim is to find systems
all of whose solutions can be almost periodic and prove that in any neighbourhood of such
a system there exists a system which does not have an almost periodic solution other than
the trivial one.

All results presented in this work are due to the author and are embodied in [160-163].
The corresponding results about almost periodic solutions was partially investigated in
the diploma work of the author (see [165]). Thus they are omitted. The motivation and
history of our topic are included at the beginnings of chapters; less important comments
and historical notes are mentioned in footnotes (see the ends of both of parts); and used
notations and basic definitions are in sections called Preliminaries. Note that definitions,
theorems, lemmas, corollaries, examples, and remarks are numbered consecutively within
each chapter.
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PART |

CONSTRUCTIONS OF ALMOST
PERIODIC SEQUENCES

AND
HOMOGENEOUS LINEAR
DIFFERENCE SYSTEMS



Abstracts of Part 1

Chapter 1: We define almost periodic sequences with values in a pseudometric space X
and we modify the Bochner definition of almost periodicity so that it remains equivalent
with the Bohr definition. We present one (easily modifiable) method for constructing al-
most periodic sequences in X. Using such a construction, we find almost periodic sequences
with prescribed values. Then we apply the method to construct almost periodic homoge-
neous linear difference systems which do not have any nontrivial almost periodic solution.
We treat this problem in a general setting where we suppose that entries of matrices in
linear systems belong to a ring with a unit.

Chapter 2: We consider almost periodic homogeneous linear difference systems. We
suppose that the coefficient matrices belong to a group. The goal is to find such groups
that the systems having no nontrivial almost periodic solution form a dense subset of
the set of all considered systems. A closer examination of the used methods reveals that
the problem can be treated in such a generality that the entries of coefficient matrices
are allowed to belong to any complete metric field. The concepts of transformable and
strongly transformable groups of matrices are introduced and these concepts enable us to
derive efficient conditions for determining what matrix groups have the required property.



Chapter 1

Constructions of almost periodic
sequences with given properties

First of all we mention the article [63] by K. Fan which considers almost periodic
sequences of elements of a metric space! and the article [159] by H. Tornehave about almost
periodic functions of the real variable with values in a metric space. In these papers, it
is shown that many theorems that are valid for complex valued sequences and functions
are no longer true. For continuous functions, it was observed that the important property
is the local connection by arcs of the space of values and also its completeness. However,
we will not use their results or other theorems and we will define the notion of the almost
periodicity of sequences in pseudometric spaces without any additional restrictions, i.e.,
the definition is similar to the classical definition of H. Bohr, the modulus being replaced
by the distance. We also refer to [80], [117], [118], [130], [173], [176]. We add that the
concept of almost periodic functions of several variables with respect to Hausdorff metrics
can be found in [149] which is an extension of [54] (see also [55], [131]).

In Banach spaces, a sequence {py}rez is almost periodic if and only if any sequence
of translates of {¢x} has a subsequence which converges and its convergence is uniform
with respect to k in the sense of the norm. In 1933, the continuous case of the previous
result was proved by S. Bochner in [17], where the fundamental theorems of the theory
of almost periodic functions with values in a Banach space are proved too—see, e.g., [5],
[6, pp. 3-25] or [101], where the theorems have been redemonstrated by the methods of
the functional analysis. We remark that the discrete version of this result can be proved
similarly as in [17]. We also mention directly the papers [138] and [166].

In pseudometric spaces, the above result is not generally true. Nevertheless, by a mo-
dification of the Bochner proof of this result, we will prove that a necessary and sufficient
condition for a sequence {¢y }rez to be almost periodic is that any sequence of translates
of {¢r} has a subsequence satisfying the Cauchy condition, uniformly with respect to k.

We will also analyse systems of the form

.’L’k+1IAk'l'k, kel (OrkENo),

where {Ax} is almost periodic. We want to prove that there exists a system of the above
form which does not have an almost periodic solution other than the trivial one. (See
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Theorem 1.26.) A closer examination of the methods used in constructions reveals that
the problem can be treated in possibly the most general setting:

almost periodic sequences attain values in a pseudometric space;
the entries of almost periodic matrices are elements of an infinite ring with a unit.

We note that many theorems about the existence of almost periodic solutions of almost
periodic difference systems of general forms are published in [16], [76], [79], [145], [168],
[173], [174], [176] and several these existence theorems are proved there in terms of discrete
Lyapunov functions. Here, we can also refer to the monograph [171] and [177, Theorems 3.6,
3.7, 3.8]. For linear systems with k& € Ny, see [4], [150].

This chapter is organized as follows. Section 1.2 presents the definition of almost
periodic sequences in a pseudometric space, the above necessary and sufficient condition
for the almost periodicity of a sequence {py}rez, and some basic properties of almost
periodic sequences in pseudometric spaces.

In Section 1.3, we show the way one can construct almost periodic sequences in pseudo-
metric spaces. We remark that our process is comprehensible and easily modifiable and
that methods of generating almost periodic sequences are mentioned in [123, Section 4] as
well.

The goal of Section 1.4 is to find almost periodic sequences whose ranges consist of
arbitrarily given sets applying a construction from the previous section. More precisely,
for any totally bounded countable set X, it is proved the existence of an almost periodic
sequence {ty}rez such that {¢y; k € Z} = X and ¢, = Ypqqm), | € Z for all k and
some ¢(k) € N which depends on k.

Finally, in Section 1.5, we use results from the second and the third section to obtain
a theorem which will play important role in Chapter 2, where it is proved that the almost
periodic homogeneous linear difference systems which do not have any nonzero almost
periodic solution form a dense subset of the set of all considered systems. Using our
constructions, we will get generalizations of statements from [158] and [164], where unitary
(and orthogonal) systems are studied.

1.1 Preliminaries

As usual, RT denotes the set of all positive reals, R{ the set of all nonnegative real numbers,
Ny the set of all natural numbers including the zero.
Let X # () be an arbitrary set and let d : X x X — R{ have these properties:

(a) d(z,z) =0 for all z € X,
(b) d(x,y) = d(y,x) for all x,y € X,
(c) d(z,y) < d(x,z) +d(z,y) for all z,y,z € X.

We say that d is a pseudometric on X and (X, d) a pseudometric space.
For given ¢ > 0, x € X, in the same way as in metric spaces, we define the e-neigh-
bourhood of x in X as the set {y € &; d(z,y) < ¢}. It will be denoted by O.(z). We recall
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that, same as in metric spaces, the function ® : X; — A5 is continuous in the pseudometric
spaces (X1, d;) and (Xy, dy) if

(Vo € &) (Ve > 0)(36 > 0)(Vy € Os(x) C X)) = (do(P(2), P(y)) < €),
and it is uniformly continuous if
(Ve > 0)(30 > 0)(Vx € X)) (Vy € Os(x) C X)) = (dao( P(2), P(y)) < €).

Sequences, which we will consider, will be subsets of X. The scalar (and vector) valued
sequences will be denoted by the lower-case letters, the matrix valued sequences by the
capital letters (X is a set of matrices in this case), and each one of the scalar and matrix
valued sequences by the symbols {¢r}, {¢r}, {xx}-

1.2 Almost periodic sequences in pseudometric spaces

Now we introduce a “natural” generalization of the almost periodicity. We remark that
our approach is very general and that the theory of almost periodic sequences presented
here does not distinguish between x € X and y € X if d(z,y) = 0.

1.2.1 The Bohr definition

Definition 1.1. A sequence {py} is called almost periodic if for any e > 0, there exists
a positive integer p (¢) such that any set consisting of p (¢) consecutive integers (nonnegative
integers if k& € Ny) contains at least one integer [ with the property that

d((pk+l, (pk) <e, kel (OI‘ ke No)
In the above definition, [ is called an e-translation number of {¢y}.

Consider again € > 0. Henceforward, the set of all e-translation numbers of a se-
quence {¢} will be denoted by T'({pr}, ).

Remark 1.2. If X' is a Banach space (d(z,y) is given by ||z — y||), then a necessary and
sufficient condition for a sequence {¢y}rez to be almost periodic is it to be normal; i.e.,
{¢r} is almost periodic if and only if any sequence of translates of {¢} has a subsequence,
uniformly convergent for £ € Z in the sense of the norm. This statement and the below
given Theorem 1.3 are not valid if {¢x} is defined for £ € Ny and if we consider only
translates to the right—see the example X = R, g = 1, and ¢ = 0, k£ € N. But, if we
consider translates to the left, then both of results are valid for k£ € Ny as well.

1.2.2 The Bochner definition

It is seen that the result mentioned in Remark 1.2 is no longer valid if the space of values
fails to be complete. Especially, in a pseudometric space (X, d), it is not generally true that
a sequence { ¢y }rez is almost periodic if and only if it is normal. Nevertheless, applying the
methods from any one of the proofs of the results [6, Statement (¢)], [39, Theorem 1.10],
and [69, Theorem 1.14], one can easily prove that every normal sequence {¢y}rez is almost
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periodic. Further, we can prove the next theorem (a generalization of the theorem called
the Bochner definition) which we will need later.? We add that its proof is a modification
of the proof of [39, Theorem 1.26].

Theorem 1.3. Let {o}rez be given. For an arbitrary sequence {hy}nen C Z, there exists
a subsequence {h,}nen C {hytnen with the Cauchy property with respect to {¢w}; i.e., for
any € > 0, there exists M = M(e) € N for which the inequality

d(‘pkﬂlw ‘Pk+ﬁj) <&
holds for alli,j, k € Z, i,5 > M, if and only if {p}rez is almost periodic.

Proof. It any sequence of translates of {yx} has a subsequence which has the Cauchy
property, then {p,} is almost periodic. It can be proved similarly as [39, Theorem 1.10],
where it is not used that X is complete.® To prove the opposite implication, we will assume
that {¢g} is almost periodic, and we will use the known method of the diagonal extraction.

Let {hn}nen € Z and ¥ > 0 be arbitrary. By Definition 1.1, there exists a positive
integer p such that, in any set {h, — p,h, — p+ 1,..., h,}, there exists a ¥-translation
number [,. We know that 0 < h,, —[,, < p for all n € N. We put &, := h,, —[,,, n € N.
Clearly, k, = ¢ = const. (a constant value from {0, 1,...,p}) for infinitely many values
of n. Since

A (Prthns Prthn) = A (Plethn—tn) s Phithntn) <V, k€L,

there exists a subsequence {hl} of {h,} and an integer ¢; such that
d ((karh}l,gokJrcl) <v, keZ neN. (1.1)

Consider now a sequence of positive numbers ¥y > 99 > --- > 9, > --- converging
to 0. We extract from the sequence {¢y4n,} a subsequence {@j41} which satisfies (1.1)
for 9 = ¥J;. From this sequence we extract a subsequence {52} for which an inequality
analogous to (1.1) is valid. Of course, ¢ will not be the same, but will depend on the
subsequence. We proceed further in the same way. Next, we form the sequence {<Pk+hg}neN-
Assume that € > 0 is given and that we have 21,, < e for m € N. As a result, for ¢, j > m,
1,7 € N, we obtain

d <90k+hgia ¢k+h§j> <d <90k+hgia <Pk:+cm> +d (@k+cma SDkJrh;I) <e, ke,

where ¢, is the number corresponding to the sequence {gokJrW}neN and 9,,. ]

In Chapter 2, we will consider almost periodic sequences in complete metric spaces.
Thus, we will also use the following version of the so-called Bochner definition:

Corollary 1.4. An arbitrary sequence {¢r}rez in a complete metric space is almost pe-
riodic if and only if from any sequence of the form {{Yrin, }rezbien, where {h;}ien C Z,
one can extract a subsequence converging uniformly for k € 7.
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1.2.3 Properties of almost periodic sequences

Note that many statements for almost periodic sequences with values in C extend to
sequences with values in a complete metric space (or in a pseudometric space). We mention
the following results which we will need later and which can be easily proved using methods
from the classical theory of almost periodic functions (see [6], [39] for the classical cases
and, e.g., [11] for generalizations). We also refer to [120], [176].

Theorem 1.5. Let Xy, Xy be arbitrary pseudometric spaces and ® : X1 — Xy be a uni-
formly continuous map. If {or} C Xy is almost periodic, then the sequence {®(p)} is
almost periodic too.

Proof. Taking € > 0 arbitrarily, let §(¢) > 0 be the number corresponding to ¢ from the
definition of the uniform continuity of ®. Now, Theorem 1.5 follows from the fact that the
set of all e-translation numbers of {®(¢)} contains the set of all §(¢)-translation numbers
of {¢r}, i.e., from the inclusion

T ({r}.0(e)) € T ({®(er)}2) -

Theorem 1.6. For every sequence of almost periodic sequences

{onh - Aekds -

the sequence of lim @, is almost periodic if the convergence is uniform with respect to k.
1— 00

Proof. The proof can be easily obtained by a modification of the proof of [39, Theo-
rem 6.4]. O

Theorem 1.7. Let (X,d) be a complete metric space. For an almost periodic sequence
{gpk}kez and an arbitrary sequence of integers hy, ..., h;, ..., there exists a subsequence

{hi}ieN Of {hi}ieN SUCh that

i (Jim g, ) = o
Proof. Since {p.} is normal, we know that there exists {h;}ien C {hi}ieny for which
the sequence {{¢y s, treztien converges uniformly to an almost periodic sequence (see
Theorem 1.6), denoted as {¢;}. Applying Corollary 1.4 again, we obtain a subsequence
{ﬁi}ieN C {h;}ien with the property that the sequence {{wk_ﬁi}keZ}ieN is uniformly con-
vergent. We will denote the limit as {xx}.

Now we choose € > 0 arbitrarily. We have

3

£
0 (wk_ﬁNXk) < 57 0 <1/}k790k+]~1j) < 57 ke Z

if i,7 > n (i,j € N) for some sufficiently large n = n(¢) € N. Thus, for all k£ € Z, it is true
0 (ers xk) < 0 (0rs Upi,) + 0 (Vs X&) < &

Because of the arbitrariness of € > 0, we get the identity {¢x} = {x&}- O
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Remark 1.8. It is possible to prove that a sequence {py }rez is almost periodic if and only
if every pair of sequences {h; }ien, {li}ien C Z have common subsequences {h;}ien, {Li ien
with the property that

JILIEO <ilir£lo(pk+ﬁi+l}> = Z'lij?o(pk*ﬁi*[i’ pointwise for k € Z. (1.2)
In fact, condition (1.2) is necessary and sufficient in any one of the two modes of the
convergence; i.e., in the strongest version, this condition is necessary in the uniform sense
and sufficient in the pointwise sense. For almost periodic functions defined on R with values
in C, the above result is due to S. Bochner and it can be found in [18]. The proof from the
paper can be generalized for complete metric spaces (see [124], [125]). If this necessary and
sufficient condition is applied only to the case {l;} = {—h;} (as in Theorem 1.7), then one
gets a different class of sequences called almost automorphic sequences—see [31], [132].

Taking n € N and using Theorem 1.3 (and Remark 1.2) n-times, one can easily prove:

Corollary 1.9. Let sequences {¢}}, ..., {or} be given. Then, the sequence {ty} which is
defined by ‘
Yy = 90;*1 for all considered k,

where k = jn+1, j € Z, i € {0,...,n — 1}, is almost periodic if and only if all sequences
{oi}, ... {or} are almost periodic.

Corollary 1.10. Let (Xy,dy),..., (X, d,) be pseudometric spaces and {p}}, ..., {or} be
arbitrary sequences with values in X1, ..., X,, respectively. The sequence {1y}, with values
m Xy X - X X, given by

U = (0k, ..., @})  for all considered k,

is almost periodic if and only if any one of sequences {pi}, ..., {¢k} is almost periodic.

Corollary 1.11. Let € > 0 be arbitrary and let the sequences {4 hez, - - -, {PF bz be
almost periodic. Then, the set

T({gr}e) N -NT({gi}e)
1s relative dense in Z.

We remark that it is possible to use the above results to obtain more general versions
of the below given Theorems 1.12, 1.16, 1.18.

1.3 Constructions of almost periodic sequences

Now we prove several theorems which facilitate to find almost periodic sequences having
certain specific properties. In Theorem 1.12, we consider almost periodic sequences for
k € Np; in Theorem 1.14 and Corollary 1.15, sequences for k € Z obtained from almost
periodic sequences for k € Ny; and, in Theorems 1.16 and 1.18, sequences for k € Z.
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Theorem 1.12. Let ¢g,...,0n € X and j € N be arbitrarily given. Let {r,},en be an
arbitrary sequence of nonnegative real numbers such that

[e.9]

ZT” < 00. (1.3)

n=1

Then, any sequence {pg}tren, € X, where
Vi € Om (Spk—(m-i-l))a ke {m+1772m+1}7

YL € Oh ((pk—Q(m-H)) ’ k€ {2(m + 1)7 SR 3<m + 1) - 1}7

Pk S Oh ((pkfj(erl)) ) ke {j(m + 1)7 ceey (.] + 1)<m =+ 1) - 1}7
ok € Oy (Ph—(rnymrn) . ke{G+1)(m+1),...,2( + 1)(m+1) =1},
YL € OT’Q (ka—2(j+1)(m+1)> ) k€ {2(3 + 1)(m + 1)7 .- 73(j + 1)(777, + 1) - 1}7

Pk S Orz ((pkfj(j+1)(m+1)) 5 ke {j(] =+ 1)(m + 1)7 ceey (] + 1)2(m + 1) - 1}7

ok € O, (Ph-Gron1men) . k€ {G+1D)"H(m+1),
20D (m 4+ 1) — 1),

or € Oy, (‘pk—Q(j-&—l)"*l(m-i-l)) , ke {2(j + 1)n_1(m + 1),
L3+ D) (m+1) — 1,

ek € Or, (Ph-jenimn), ke {dG+1D)"(m+1),
(D (m A+ 1) = 1,

are arbitrary too, is almost periodic.

Proof. Consider an arbitrary ¢ > 0. We need to prove that the set of all e-translation
numbers of {p} is relative dense in Ny. Using (1.3), one can find n(e) for which

> 15
n < =. 1.4
> < i

n=n(e



1.3 Constructions of almost periodic sequences 13

We see that
Plt(G+1)nO -1 (m+1) € Orn<5)(90k),
Prk+2(j+1)© -1 (m+1) € OWE) (¢r), (15)
Ph+j(+1)")=1(m+1) S Orn(s) (SOk)
if
0<k<(+1)"O m+1).
Next, from (c) and (1.5) it follows (i € {( + 1)",...,(j +1)"™ — 1}, n € N)
P41+ nr1) € Oryoy e (P8)s
Pror (12141 O m+1) € Oroy oy (98);
Prti(j+1)n-1(m+1) € Orn(e)+7“n<a>+1+"'+7‘n(e)+n(90’?)’
for k€ {0,...,(j +1)"=1(m + 1) — 1}. Therefore (consider (1.4)), we have
We put
g(e) = (j + )" (m +1). (1.7)
Any p € Ny can be expressed uniquely in the form
p=Fk(p) +1(p)g(e) for some k(p) € {0,...,q(e) — 1} and I(p) € Ny.
Applying (1.6), we obtain
d (¢p; Pp+iate)) = 4 (Pre)+1m)a(e)r PG HE)a)+a(e))
< d (Lr)10ae) Pr) T d (L) P +a+10)a)) (1.8)
e €
< — — =
237 ®

where p,l € Ny are arbitrary; i.e., [g(¢) is an e-translation number of {p,} for all [ € Nj.
The fact that the set {lg(¢);! € Ny} is relative dense in Ny proves the theorem. U

Remark 1.13. From the proof of Theorem 1.12 (see (1.7) and (1.8)), for any € > 0 and
any sequence {yy} considered there, we get the existence of n(¢) € N such that the set of
all e-translation numbers of {¢y} contains {I(j + 1)"©)~1(m + 1);1 € N}; i.e., we have

T ({ei},n(e)) = {1 + )" (m +1); 1 € N} C T ({p}, ¢) (1.9)

for every ¢ > 0.
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Theorem 1.14. Let {¢k}ren, be an almost periodic sequence and let {r,tneny C Ry and
{l,}nen € N be such that

Toln — 0 as n — oo. (1.10)

If for all n, there exists a set T'(r,) of some r,-translation numbers of {¢x} which is
relative dense in Ny and, for every nonzero | = I(r,) € T(ry), there exists i = i(l) €
{1,...,l, + 1} with the property that

P—1)l+k € Ornln ((pil—k) ) k€ {07 ) l}7 (111)

then the sequence {1 }rez, given by the formula
g =g fork € Ny and 1 = p_ for k € Z ~ Ny, (1.12)

18 almost periodic. B
If for all n, there exists a set T(r,) of some r,-translation numbers of {¢x} which is

relative dense in Ny and, for every nonzero m = m(r,) € T(ry), there ezists i =i (m) €
{1,...,l, + 1} with the property that

Oi-1ym+k € Orptyy (Qim—t—1), ke€{0,...,m—1}, (1.13)
then the sequence {xx}rez, given by the formula
Xk = @i for k €Ny and xp = @_t1) for k € Z ~ Ny, (1.14)
1s almost periodic.

Proof. We will prove only the first part of Theorem 1.14. The proof of the second case (the
almost periodicity of {x,}) is analogic. Let ¢ > 0 be arbitrarily small. Consider n € N
satisfying (see (1.10))

ol < % (1.15)

We will prove that the set T'({¢r},¢) of all e-translation numbers of {t;} contains the
numbers {£l;1 € T'(r,)}; i.e., we will get the inequality

d(wkawkil) <eg le T(?“n), kel (116)

which proves the theorem because {£[; | € T'(r,)} is relative dense in Z.

First of all we choose arbitrary [ € T'(r,,). From the theorem, we have ¢ = i(l). Without
loss of the generality, we can consider only +I. (For —I, we can proceed similarly.) Because
of I, e Nand | € T'(r,), from (1.12) and (1.15) it follows

€
d (i, Y1) < 3 k¢ {-l,....,—1}, keZ (1.17)
Let k € {—I,...,—1} be also arbitrarily chosen. Evidently, we have
k+(1—i)lef{=i,....,—(i—1)1—-1}
and
d (Y, Y1) < d (Y Y —in) + d (Yrsa—ip Vit (1.18)
=d (@—k, Qp(i—l)l—k) +d (@(i—m—k, <Pl+k) .
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The number (i — 1)l is an (g/3)-translation number of {¢x}. It follows from (c), (1.15),
and from ¢ <[, + 1. Therefore, we have

d (9071@,@(2‘—1)5%) < % (1.19)
Using (1.11) and (1.15), we get
d (@(i—l)l—ka@ilﬂc) < rpl, < %
Thus, it holds
d (pli-1y—r: Pran) < 2—36 (1.20)

Indeed, (i — 1)l is an (g/3)-translation number of {y,} (consider again (c), (1.15), and the
inequality i — 1 < [,,).
Altogether, from (1.18), (1.19), and (1.20), we obtain

e 2t
d (Yns Y1) < 3 + 37 (1.21)
Since the choice of k, | was arbitrary (see (1.17)), (1.21) gives (1.16). O

Corollary 1.15. Let m € Ny, j € N, and the sequence {¢y}ren, be from Theorem 1.12
and M > 0 be arbitrary. If for alln > M, n € N, there exists at least one i € {1,...,5}
satisfying

Qi+ mA1)+k = LD+ min—ks K E€{0, G+ 1) (m+ 1)}, (1.22)

then the sequence {1 trez given by (1.12) is almost periodic. If for alln > M, n € N,
there exists at least one i € {1,...,j} satisfying

Pi(+1n Atk = LA+ me)-k-1, K E€{0,.., G+ 1) (m+1) -1}, (1.23)
then the sequence {x}rez given by (1.14) is almost periodic.
Proof. We put
1

Ty = —
n

l,:=1, T(rp) =T ({gpk},n <%n)> for all n € N,

where T ({¢r},n(e)) is defined by (1.9). Since we can assume that n(1/2) > M — 1, it
suffices to consider Theorem 1.14 and Remark 1.13 (from (c), using (1.22) and (1.23), we
get (1.11) and (1.13), respectively). O

Theorem 1.16. Let oy, ...,p, € X and j € N be given and {r;}ieny C Ry be arbitrary so
that

Y ri<oo (1.24)
i=1
holds. Then, every sequence {py} for which it is true

ok € Or, (Pr—nry) , k€{n—+1,...,2(n+1) -1},
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YL € (97‘1 ((pk—j(n-i-l)) ; ke {j(n + 1)a BRI (] + 1)(” + 1) - 1}7
ok € Op, (GrrGinmen), ke{=(G+Dn+1),..., -1},

or € Oy, (‘PHJ’(J'H)(“H)) )
ke{—j+1)n+1),...., (G- +1)(n+1) -1},

¢ € Ory (Pr—(112(041)) -
ke{(G+1D)n+1),...,G+Dn+1)+(G+13n+1)—1},

0k € Ory (Or—j(i+1)2(n41)) »
ke{G+Dn+D)+G -G+ n+1),...,
G+Dn+1)+4(+1)2*(n+1) -1},
or € Oy, (@k+(j+1)3(n+1)) )
Ee{-(G+13n+1)—-jG+Dn+1),...,—jG+Dn+1) -1},

e € Ory (Presr13mr) -
Ee{—jG+1*n+1) -G +1)(n+1),...,
—G-DG+1’(n+1) =G+ 1)(n+1) -1},

or € Oy, ((Pk;—l—(j—i-l)%*l(n—i-l)) ’
ke{—(G+1)* "+ 4G+ +iG+1))n+1),...,
— G+ P4+ G+ D)+ G+ 1)) (n+ 1) — 1},

or € Oy, (‘pk-l—j(j-&-l)%*l(n-b—l)) )
ke {-(GU+1)* "+ -+ + 1)’ +5G+D))n+1),...,
—(G-DE+D)* G+ D)+ G+ D)+ 1) =1,
¥k € Oryiy (P12t »
Ee{(G+D)n+D)+iG+1D)*n+1)+--+5G+D*2(n+1),...,
G+Dn+1)+5G+1)*n+1)+---
+iG+D* P+ D+ G+ D (n+1) — 13,
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@k € Oryiy ((pk*j(jJrl)Qi("Jrl)) )
Ee{G+D)n+D)+5G+1D)*(n+1)+---
+iG+D* 2+ D)+ (G- DG+ D)% +1),...,
G+D)n+D)+5iG+D*n+1) +--+4(G+1D)*n+1) -1},

18 almost periodic.

Proof. Let € > 0 be arbitrarily given and let the number i(¢) € N satisfy the condition
(see (1.24))

One can show A
{IG+ 1O (n+1);1€Z} CT ({pr}e).

The fact that the above set is relative dense in Z proves the theorem. O

For n =0, j = 1, we get the most important case of Theorem 1.16:

Corollary 1.17. Let 1o € X and {&;}ien C Ry satisfying
Y ei<o (1.25)
i=1

be arbitrary. Then, every sequence {y}rez for which it is valid
Ur € O, (Vp—p0), ke{l}={2-1},

Ur € Oy (Vryn), ke{-2,-1},
Ur € Oc, (Yp_g2), ke€{2,...,24+2%2 -1},
U € Oy (Ypaos), ke {-22—2,..., —2—-1},
Ur € O (Vp_9e), ke{2+2%...,2+27 42 -1},

U € O, (Vpyo2in), ke{=2%1—...-28_92... 223 ... 935 9 1}
Uk € Ocyiry (g 02i), ke€{242°+ - 42272 2422 4. +2%72 4 2% — 1},

18 almost periodic.
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Theorem 1.18. Let @y, ..., om € X be given, {r;}ien C Ry, {Jjitien C N, and n € Ny be
arbitrary such that m +n is even and

[e.o]

Zmi < 00. (1.26)

i=1

For any ©mit,- - Oman, if we set

m-+n m-+n
wk = @k-}—mT'Hla ke {_ }7

5 T g
and we choose arbitrarily
Uk € Oy (Yrinyr), k€E{-N-M-1,...,—M -1},
U € O, (Vkant1), k€e{-N-M-1,...,—(j1 —1)N — M — 1},

wkeom(wkafﬁa kG{M—Fl??N—i—M—Fl},
¢k € OTl (¢k—N—1)7 k€ {(jl_l)N+M+17a]1N+M+1}a
Uy Gori (¢k+pi)a ke {_pi_pi—l_"'_p17~~-7_pi—1_"'_pl}a

Y € O, (wk—l—pi)v ke{—jpi—pica—-—p1,...,—0Gi — V)pi = pic1 — - — 01},
Ve € Op, (Vk—p,), k€{pica+--+p1,....0i+Dica+---+p1},

Vg € O, (Wk—p;), ke{(Gi—Dpi+pici+--+Dp1,...,Jibi +Dic1 + -+ p1},

where
pri=(iN+M+1)+1, p2i=2(1iN + M +1) + 1,

p3 = (2ja+Vp2, ... pi= (200 +picr, -,
then the resulting sequence {1y }rez s almost periodic.
Proof. Consider arbitrary ¢ > 0 and a positive integer n(e) > 2 for which (see (1.26))
' Zjl 4‘
i=n(e)

One can show that
{lpne); 1 € Z} S T({thn}, €)
which completes the proof. O
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1.4 Almost periodic sequences with given values

Now we will construct almost periodic sequences whose ranges consist of arbitrarily given
sets satisfying only necessary conditions. We are motivated by the paper [70] where a si-
milar problem is investigated for real valued sequences. In that paper, using an explicit
construction, it is shown that, for any bounded countable set of real numbers, there exists
an almost periodic sequence whose range is this set and which attains each value in this
set periodically.* We will extend this result to sequences attaining values in X.

Concerning almost periodic sequences with indices & € N (or asymptotically almost
periodic sequences), we refer to [92] where it is proved that, for any precompact sequence
{2k }ren in a metric space X, there exists a permutation P of the set of positive integers
such that the sequence {xp(x)}ren is almost periodic. Let us point out that the definition of
the asymptotic almost periodicity in [92] is based on the Bochner concept; i.e., a bounded
sequence {zj}reny in X is called almost periodic if the set of sequences {zgip}tren, p € N,
is precompact in the space of all bounded sequences in X. It is known that, for sequences
with values in complete metric spaces, the Bochner definition is equivalent with the Bohr
definition which we prefer. Moreover, we know that these definitions remain also equivalent
in an arbitrary pseudometric space if one replaces the convergence in the Bochner definition
by the Cauchy property (see Theorem 1.3). But, it is seen that the result of [92] for the
almost periodicity on N cannot be true for the almost periodicity on Z or R (see also
Remark 1.2).

In a Banach space, an other important necessary and sufficient condition for a function
to be almost periodic is that it has the approrimation property; i.e., a function is almost
periodic if and only if there exists a sequence of trigonometric polynomials which converges
uniformly to the function on the whole real line in the norm topology (see [39, Theo-
rems 6.8, 6.15]). There exist generalizations of this result (see [33], [159]). For example, it
is proved in [11] that an almost periodic function with fuzzy real numbers as values can be
uniformly approximated by a sequence of generalized trigonometric polynomials. We add
that fuzzy real numbers form a complete metric space. One shows that the approximation
theorem remains generally unvalid if one does not require the completeness of the space of
values. Thus, we cannot use this idea in our constructions for general pseudometric spaces.

We prove that, for a countable subset of X', there exists an almost periodic sequence
whose range is exactly this set. Since the range of any almost periodic sequence is totally
bounded, this requirement on the set is necessary. Now we prove that the condition is
sufficient as well.

Theorem 1.19. Let any countable and totally bounded set X C X be given. There exists
an almost periodic sequence {1y }rez satisfying

s keZy=X (1.27)
with the property that, for any | € Z, there exists q(1) € N such that
U = Yivje0),  J € 2L (1.28)

Proof. Let us put
X = {pk; k € N}
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Without loss of the generality we can assume that the set {¢y; k € N} is infinite because,
for only finitely many different , we can define {¢;} as periodic. Since {py; k € N}
is totally bounded, for any ¢ > 0, it can be imbedded into a finite number of spheres of
radius €. Let us denote by z¢, . .. ,xfn(i) the centres of the spheres of radius 27¢ which cover
the set for all i € N. Evidently, we can also assume that

2, am € {on keNY, €N, (1.29)

and that ‘
=, 1N (1.30)

We will construct {t} applying Corollary 1.17. We choose arbitrary n(1) € N for
which 22" > m(1). We put

o =1, = ag, . Um(1)-1 = %171(1),
Yp=al, ke {22t .93 o _1}Uu{m(1),...,2+4+22+... 421V _1}
and
er:="L, ke{l,... 2n(1)+1}, (1.31)
where
L:= max _d(z, x;) + 1.

i,5€{1,...m(1)}

In the second step, we choose n(2) > n(1) + m(2) (n(2) € N). We define
Vi o= Yppormmer, k€ {=2WH .93 g gWmD=l 98 2 1},

U = Vp_gzmyre, k{24224 . 4220 9402 49l _ 1)

Vp = Pppome—1, ke {=22@71 ... 98 o ... _oWm®=3_..._ 93 o 1}

and we put
e =0, ke {2n(1)+2,....20(2)}, eanyr =27" (1.32)

Since n(2) > n(1) + m(2), from the above definition of v, it follows that, for each
je€{l,...,m(1)}, there exist at least 2m(2) + 2 integers

le{-2m@-t ... _93_9o  9m@-2...419249 1}
such that ¢, = :cjl Thus, we can define
U € Oy gy (Wp_oznn), k€ {2422+ 422072 2427 ... 4 27() 1}
with the property that
{¢; k € {2_1_22_1_..._1_22“(2)—2"“724_22_|_..._|_22n(2)—2+22n(2) —1}} =

_ 1 1 2 2
= {‘Tl’ . ,l’m(l),l'l, . ,.[L'm@)}.
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In addition, we can put
w22n(2) = w() = l’% (133)
and we can assume that

Yp = o} for some k € {24 - +220@72 9 22@) 1) {273))

In the third step, we choose n(3) > n(2)+m(3) (n(3) € N) and we proceed analogously.
We construct {¢y} for

ke {-2m@tl _..._93 9o oM@l _..._9% 9o 1}
ke{-2m®-1 _..._95 9o  oMB3_..._925_ 9 11
as in the 2(n(2) + 1)-th, ..., 2n(3)-th steps of the process (mentioned in Corollary 1.17)
for
en =0, ke{2n(2)+2,...,2n(3)} (1.34)

Especially, we have

V=11, k€],

1.35
JE={j2"@. jemyn{-2"B-1 ..o 24 422721} (1.35)

As in the second step, for all j(1) € {1,2} and j(2) € {1,...,m(j(1))}, there exist at
least 2m(3) + 2 integers

le{—2®-1 .93 9 924224 .. 42702 11 {j22?); 57}

such that ¢, = xjgg It is seen that, to get

Uk € Ocypigyir (poon), k€ {24224 422072 9427 .04 2200 1}

where
Eon(a)41 == 277, (1.36)

satisfying
{wk’ kG {2+22_'__'_22n(3)72”2+22_'_+22n(3)72+22n(3)_1}}:

gl 1 3 3
e {(Ijl’,,.,l‘m(l),...,l’l,...,xm(g})},

we need less than (or equal to) m(3) + 1 such integers I. Thus, we can define these v, so
that

Yp =11, keI,

1.37
IB={j27@. jezyn{2+. . 42732 o4... .40 _q} (1.37)

V@ 41 = V1 =Ty,  Yyenisy_g = o = 17, (1.38)
Wy, = 1)y for some k€ {24+ 2232 94 ... 4220 _ 1}~ {22”(3) + 1},
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Yp =1y for some k € {24 -+ 4227204020 ) {27 1},

We proceed further in the same way. In the i-th step, we have n(i) > n(i — 1) + m(7)
(n(i) € N) and

Y = wk+22n(i71)+1, k e {—22n(iil)+1 — =2, ,—22n(i71)71 — =2 1},

Vi = Ypyormiy—1, k€ {22071 .9 oMO=3 .9 1}
and we denote
er:=0, ke {2n(i—1)+2,....2n(0)}, ean@y41 :=2"""1 (1.39)
We have also

wk = wOa k € Jéa

. A A 1.40
Jo=1{j2"@; jezyn {201 ... 9 24 ... 42072 1y (1.40)
=1, keJl,
Ji I:{1+]2n();jEZ}ﬂ{_2”(Z)_ — =2, 24 22
Yp=1v_1, ke,
J o ={-142"0). j ez} (1.42)
N{=2O-1 _ ... 93 _9 2422 4...49%0-2_ 1}

Yk =i, k€ J_s,
Jigi={i—3+;2"0N; jen}
N {2201 ... 93 _9 24922 4... 42702 _1}
wk- = ¢7i+37 ke Jii+37
Tl g = {—i+3 452200 7}
N{=22®O-1 ... 9% _9 24922 4... 4270O2_1q}

if i —3 <22 If 227 < § — 3 < 227D+ we have

Py, = ¢722n(2)+1, ke Ji22n(2)+1,
T ey g = =222 414 j22@PHD, 5 e 7}
N {221 _..._93 _9 2422 4... 42702 _1}
Ur = Yoem2 4y, k€ J2i2n<2)+1a
Tian 4y = {220 + 14 j 22042, 5 e 73
N{=22O-1 ... 93 _9 2422 4... 42702 _1}
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If 220+ < j—3, then we omit the values ¥, yn(), 14 920, ¥_14 920, . .. For simplicity,
let § — 2 < 227,

Considering the construction, for all j(1) € {1,...,i — 1}, j(2) € {1,...,m(j(1))},
there exist at least 2m(i) + 2 integers

le {220~ .93 9 2427 4. 42202 Y ((JhU---UJT L)
such that ¢, = x ) Evidently (similarly as in the third step), we can obtain

77Z)k = OEQn(i)+1 (%—2%(:’)) ) k€ {2 + - 22n(i)—2’ e 2+ - 22n i) _ 1}

for which
{e ke {2+ +20072 24 .. 4220072 4 o20) _1}} (1.43)
= {xi,...,x%n(l) xl,...,xm(z)}, '
and, in addition, we have
IL={j2®, jez}n {24 427072 o4 ... 420 _ 1} '
I={1+52"0 jezyn {2+ - 422072 94 ... 4270 1} '
=_y, kel
Ve =Y ! (1.46)

Iy= {14270 jezyn {24 +2200°2 9. 4220 1}

wk == wi737 k E IZ‘Z'_37

I o= {i—3+5270 D jezin{24 - 2202 24 ... 4270 1}
¢k- = w7i+37 ke Izi+37
Iiz+3 = {_Z'+3_’_j22n(i71); je Z}m{2+‘_‘+22n(i)*2"“72+'_'_+_22n(i) . 1}7

and ‘ |
Ve = Pio, k=220 4§ -2 Yy =tp_p k=220 442

U = ;g for some k € {24 - 422002 944020 11 {220 45 — 9},
Y = h_ipg for some k € {24 422002 oo 92@ 1) {220 4 4 2},

Using this construction, we get the sequence {¢}rez € X with the property that
(see (1.33), (1.35), (1.37), (1.40), (1.44))

v =1, ke{j2"®; e}
and that (see (1.38), (1.41), (1.42), (1.45), (1.46))

Yp =1, ke {l+;270; jez),



1.5 An application 24

e =1, ke {-1+5270; ez},
and so on; i.e., for any [ € Z, there exists i(l) € N satisfying

U =1y, ke {l+522C0). 57}, (1.47)

Now it suffices to show that the sequence {1} is almost periodic. Indeed, (1.27) follows
from the process, (1.29), (1.30), and (1.43); (1.28) follows from (1.47) for ¢(I) = 22(0),
Since we construct {t¢} using Corollary 1.17, {tx} is almost periodic if (1.25) is satisfied.
Immediately, see (1.31), (1.32), (1.34), (1.36), (1.39), we have

iai =L(2n(1)+1)+1 (1.48)

which completes the proof. O

1.5 An application

Let m € N be arbitrarily given. We will analyse almost periodic systems of m homogeneous
linear difference equations of the form

Tpy1 = A - Tk, kel (OI‘ ke No), (149)

where {A} is almost periodic. Let X denote the set of all systems (1.49).

An important characteristic property of linear difference systems, which makes them
simple to treat, is the well-known superposition principle (see [1], [99], [106]). In particular,
since we study homogeneous systems, we obtain that every solution of a system & € X
can be expressed as a right linear combination of m solutions of &; i.e., any solution {zj}
of & can be written as

.%'kIPk'.%'l, ]{IEZ(OI'ICEN(]) (150)
for some matrix valued sequence {P;} and some | € Z (I € Ny). Conversely, for any
considered ry, ..., r,, the sequence {z;} defined by the formula

™
xp=PFP-| + |, kE€Z(orkeNy
T'm

is a solution of &. For given & € X determined by {A}, the sequence {P;} is called the
principal fundamental matriz if Py is the identity matrix. We get immediately

k—1
Pe=]]Aei1  forall k>0
-0 (1.51)
Po=1]A" for all k < 0 if k € Z.
i=k
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Our aim is to study the existence of a system & € X which does not have any nontrivial
almost periodic solutions. We are going to treat this problem in a very general setting and
this motivates our requirements on the set of values of matrices Aj,.

We need the set of entries of Ay to be a subset of a set R with two operations and unit
elements such that R with them is a ring because the multiplication of matrices A has to
be associative (consider the natural expression of solutions of (1.49), i.e., consider (1.50)
and (1.51)). We also need the set of all considered Ay, to form a set X which has the below
given properties (1.55), and we need that there exists at least one of the below mentioned
functions Fy, Fy : [—1,1] — X, see (1.56), (1.57), respectively. The conditions (1.56) are
common, natural, and simple. However, the main theorem of this chapter (the existence
of the above system Se X) is true for many subsets of the set of all unitary or orthogonal
matrices which contain of matrices that have eigenvalue A = 1. Thus, we will also consider
the existence of F5.

We remark that it is possible to obtain results about the nonexistence of nontrivial
almost periodic solutions using different methods than those presented here. For example,
if the zero solution of a system & of the form (1.49) is asymptotically (or even exponentially)
stable, then it is obviously that we can choose S :=&. Sce [100] and more general [12],
[52], [89], [148], and [177], where the method of Lyapunov function(al)s is used.

Let R = (R,®,®) be an infinite ring with a unit and a zero denoted as e; and ey,
respectively. The symbol M(R, m) will denote the set of all m x m matrices with elements
from R. If we consider the i-th column of U € M(R,m), then we write U;; and R™ if we
consider the set of all m x 1 vectors with entries attaining values from R. As usual, we
define the multiplication - of matrices from M(R,m) (and U - v, U € M(R,m), v € R™)
by @ and ®. Let d be a pseudometric on R and suppose that

the operations @ and ® are continuous with respect to d. (1.52)

It gives the pseudometrics in R™ and M(R, m) because M(R, m) can be expressed as
R™™: je., din R™ and M(R,m) is the sum of m and m? nonnegative numbers given by
d in R, respectively. For simplicity, we will also denote these pseudometrics as d.

The vector v € R™ is called nonzero (or nontrivial) if d (v, (e, ...,e)") > 0. We
say that a nonzero vector (ri,... ,rm)T, where ri,...,r, € R, is an e;-eigenvector of
Ue M(R,m) if

Tl 1
daltu-| 1,1 : =0,
T'm Tm

and that V € M(R,m) is regular for a nonzero vector (ry,...,r,)T € R™ if

1 €0
alv. . > 0. (1.53)
m €0
Next, we set
€1 € ... €
ep € ... €
T:= :0 :1 . :0 e M(R,m).

€ € ... €1
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If for given U € M(R,m) and X C M(R,m), there exists the unique matrix V € X (we
put V. =W if d(V, W) = 0) for which

U-V=V-U=1,

then we define U~! := V and we say that V is the inverse matriz of U in X.
For any function H : [a,b] — X (a <0< b, a,b € R) and s € R, we extend its domain
of definition as follows

| H(o)- (H(b)" fors>0,
H(s) = {(H(a))l -H(o) fors<0ifa<0, (1.54)

where s = lb+ o for | € Ny, 0 € [0,b) or s =la+ o for | € Ny, 0 € (a,0]. Hereafter, we
will restrict coefficients Ay in (1.49) to be elements of an infinite set X C M(R, m) with
the following properties:

IecX;, UVeX = U-VeX, U exists in X; (1.55)
and either®
there exists a continuous function F : [—1,1] — X satisfying
F(0)=Z; F(t)=F'(-t), telo1]; (1.56)

and matrix F3(1) has no e;-eigenvector
or

there exist continuous Fy : [—1,1] — X, t1,...,t, € (0,1], 6 > 0 such that

p p
F0)=1T;, F (Z si> =[[F(s0). 51,08 € [-1,1]; (1.57)
i=1 i=1
and, for any v € R™, one can find j € {1,..., ¢} for which v is not an e;-eigen-
vector of Fy(t), t € (max{0,t; — d}, min{t; +4,1}).
We recall that, for Uy, ..., U, € X (p € N), we define
1
UZ‘I:Ul'UQ"'Up, HUi::Up'Up—l"'Ul-
=1 i:p
For the above function H, we also use the conventional notation
(H(s)):=Z, H '(s):=(H(s))™" for all considered s € R.

Actually, a closer examination of our process reveals that the pseudometric d can be defined
“only” on the set

{Fj(s1)---Fj(sn)-v;v€R™ 51,...,8, € [—1,1]}



1.5 An application 27

and the set {F;(t); t € [-1,1]} can be countable for both of j € {1,2}.7

We need a sequence {ay }ren, of real numbers, which has special properties (mentioned
in the below given Lemmas 1.20-1.23), to prove the main theorem of this chapter. We
define the sequence {ay}ren, by the recurrent formula

1
ag = 1, ay ‘= 0, Aon | = ak—2—n, kIO,...,Qn—l, n € N. (158)

For this sequence, we have the following results:

Lemma 1.20. The sequence {a} is almost periodic.

The above lemma follows from Theorem 1.12 where we set ¢ = a; (k € N) and

4
X:R, m:(), ]:1, @021, TnIQ—H,HGN.

Lemma 1.21. The following holds
a2n+2_1_i = —a2n+1+i (159)
for anyn € Ny andi € {0,...,2" — 1}; i.e., i € {0,..., 2" — 1},

Before proving this statement, observe that (1.59) is equivalent to

2nt2_1—4
> ap=0 neNy ief0,...,2"—1}
k=2n+14q
Hen o 2n 144 2nt+2 1
Z ap = Z ag, n €Ny, ie€{0,...,2" —1}.
k=0 k=0

Proof of Lemma 1.21. Obviously, (1.59) is true for n € {0,1} because

1 3 1

(7/2:_@3:57 a4:—a7:Z, a5:_a6:_13

ie.,

1 3 7 4 6 -
Zak:Zak:Zakzl, kzzoak:kzzoak: 1

k
Suppose that (1.59) is true also for 2,...,n — 1. We choose i € {0,...,2" — 1} arbitrarily.
(We have 272 — 1 — ¢ > 271 427 ) From (1.58) and the induction hypothesis it follows

1 1

a2n+2_1_2‘ ‘1" a,2n+1+2n+l‘ = — a,2n+l+z‘ - a2n+1+2n+l‘ _

on’ o’
Summing the above equalities, we get (1.59). O
Lemma 1.22. We have .
dap>1, neN, (1.60)

k=0
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Proof. Evidently, ag = ap +a; = 1. It means that (1.60) is true forn = 0 and n = 1 =
2! — 1. Let it be valid for arbitrarily given 2P — 1 and all n < 27 — 1, i.e., let

Z%Zl, n<2—1, née N

Considering the definition of {ay}, we obtain

2P+35—1 2P —1 2P+5—1
Z ak—Zak+ Z ak>1—|—2ak—j—>1—|—1—1—1
ke=2p
for any j € {1,...,2P}. Lemma 1.22 now follows by the induction. O
Lemma 1.23. We have
on 1
> =1, (1.61)
k=0
2ntiyon 1
1
> a=2-, (1.62)
k=0

where n € Ny, © € N.

Proof. 1t is possible to prove this result by means of Lemma 1.21, but we prove it directly
using (1.58) and the induction principle. We have

(IO:l, a0+a1:1, a0+a1+a2—|—a3:1.

If we assume that
an—1-1

Z ar = 1,
k=0

then we get (see (1.58))

2n—1 =11 2" —1
Doak= D at Y
k=0 k=0 k=on—1
an—l g 2n—1-1
1
=D a+t Y (e-g55
k=0 k=0
an—lg
=2 E ak—lz
k=0

Therefore, (1.61) is proved. Analogously, applying (1.58) and (1.61), one can compute

ontigon_q onti_q ontiqpon_q
>« Z ai + Z
k‘=0 2n+z
2n—1
1 1

what gives (1.62). O
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Applying matrix valued functions F}, F5, we obtain the next lemma.

Lemma 1.24. For each j € {1,2}, any n € Ny, and each i € {0,...,2" — 1}, it holds

Fj(agn+2_1-5) = F; *(agn+14:)

and, consequently,

221 2n 4
II Be= 1] FEw=1
k=2n+144 k=2nt2—1—4

Proof. Clearly, this is a corollary of Lemma 1.21. Consider (1.56), (1.57), and the fact that
the multiplication of matrices (in M(R,m)) is associative. O

Immediately, from Lemma 1.23 (see (1.57)), we have the following formulas for the
function Fj:

Lemma 1.25. The equalities

2n—1 antiqpon_q 1
k]i[g By (ap) = F>(1), k]i[g Fy(ay) = F (2 - 2—)

hold for all n € Ny and i € N.
Now we can prove the main statement of Chapter 1.

Theorem 1.26. There ezists a system of the form (1.49) that does not possess a nonzero
almost periodic solution.

Proof. First we suppose that the coefficients A; belong to X so that there exists a func-
tion F} from (1.56). Using Theorem 1.5, we get the almost periodicity of the sequence
{F(ax) }ren,, where {ax} is given by (1.58). We want to show that all nonzero solutions
of the system &; € X determined by {F}(ax)} are not almost periodic.

By contradiction, suppose that there exist ¢q,..., ¢, € R such that the vector valued
sequence
C1
b =P | ¢ , k€N, (1.63)
Cm

where { P, }ren, is the principal fundamental matrix of &, is nontrivial and almost periodic;
i.e., suppose that &; has a nontrivial almost periodic solution { fx}. Since {fx} is almost

periodic, (ci,...,cn)T is nonzero, and, because of ag = 1, it is valid
C1
fi=U;-F(1)-| : for any ¢ € N and some U; € X, (1.64)
Cm,

we know that (see (1.53))

Fi(1) is regular for ¢ := (c1,...,cm)". (1.65)
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Considering (1.58), the uniform continuity of F} and the continuity of the multiplication
of matrices (see (1.52)), (c), Lemma 1.24, and (1.63), from the first part of Theorem 1.14
(see the proof of Corollary 1.15 and again Lemma 1.24), one can obtain that the sequence

{9k }kez, where
gi = fk7 ke No, gi = f,k, keZ~ No, (166)

is almost periodic too. Now we use Theorem 1.3 for {¢or} = {gr} and {hp}neny = {2"}nen
(we can also consider directly {pr} = {fi} and use Remark 1.2). This theorem implies
that, for any € > 0, there exists an infinite set N(¢) C N such that the inequality

d (Grt2m, Gryanz) <€, kEZL (1.67)

holds for all ny,ny € N(e).
Using (1.56) (twice), we get d (¢, F1(1) ¢) > 0, and consequently (consider (1.65))

Vi=d(Fi(1) ¢, F1(1) - Fi(1)-¢) > 0. (1.68)
From Lemma 1.24 (for i = 0), (1.63), and (1.66) (see also (1.64)), we have
go=¢ g=FH1)-¢ ..., gr=HFK(1)c (1.69)
where n € N is arbitrary, and hence, considering (1.58), it holds
d (goijon, Fi(1)- Fi(1)-¢c) -0 as n— o0 (1.70)

for every ¢« € N because F} is uniformly continuous and the multiplication of matrices is
continuous. We also have

)
d(g2n2+2"1 , F1(1> . C) < 5 (171)

for all ny,ny € N (9/2). Indeed, put & = 2" in (1.67) and consider (1.69) for n = ny + 1.
If we choose n; € N (9/2) and put i = ny in (1.70), then there exists ny € N such that, for
any n > ng, it holds

d (goniqon, F1(1)- F1(1)-¢) < g
Thus, for arbitrarily given ny > ng, ng € N (9/2), we get
d (gonzyoni, F1(1) - F1(1) - ¢) < g (1.72)
Finally, applying (1.68), (c), (1.71), and (1.72), we have
U < d(Fi(1) - ¢, gonzyon ) + d(ganayon, F1(1) - F1(1) - ¢) < 9.
This contradiction gives the proof when we consider (1.56) for k € Nj.
Let k € Z. Then, we can consider the system G; determined by the sequence
By = Fi(ax), ke€Ny, By:=F(—a_,-1), keZ-N, (1.73)

Since the sequence {|ag |}ren, is almost periodic (see Theorem 1.5) and has the form of
{¢r}ren, from Theorem 1.12 and since it is valid (see (1.59))

|a2n+2_1_i| = |a2n+1+i|, n e N(), Z € {07,271_ ]_},
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the fact that { By} is almost periodic follows from the second part of Corollary 1.15, from
Corollary 1.9, and Theorem 1.5. Next, the process is the same as for k € No. Let { Py }rez
be the principal fundamental matrix of &; and gi := fi, k € Z. Also now we have (1.67),
and consequently we get the same contradiction.

Let the coefficients Ay belong to X such that there exists a function F» from (1.57).
Consider the numbers y,...,t, € (0,1] and 6 > 0 from (1.57). Without loss of the
generality, we can assume

d<tp <---<ty and t;<1-0. (1.74)

Indeed, if ¢; = 1, then we can put ¢; := 1 — % and redefine §. We repeat that any
vector v € R™ determines some j € {1,...,¢q} (see again (1.57)) such that v is not an
ej-eigenvector of Fy(t) for t € (t; — d,t; +6).

From Theorem 1.5 it follows that the sequence {Fs(ax)}ren, is almost periodic. Thus,
it determines a system of the form (1.49). We will denote it as &,. Suppose that G, has
a nontrivial almost periodic solution {xy }ren,. For the principal fundamental matrix { P}
of the system G5, we have

= Py wo, k€ Ny,

where the vector xy is nonzero. Using this fact and taking into account Lemma 1.22
and (1.57), we obtain

T, = Fy(t) - Fi(1) - x5 for some i € N, ¢t € [0,1), (1.75)

and for arbitrary n € N. From Lemma 1.25, we also get

Ton = F3(1) - zg for all n € Ny (1.76)
and .
Tontipon = Fh (1 — 5) -F5(1) -9 forallme Ny, i e N. (1.77)

Analogously as for {fi}, one can extend {z}}ren, by the formula
rpi=x_p, keZ~Ny

for all k € Z so that the sequence {z}}rez is almost periodic too. Now we apply Theo-
rem 1.3 for the sequences {xy}rez and {2"},en. For any € > 0, there exists an infinite set
M (e) € N such that, for any nqy,ny € M(e), we have

d ($k+2n1 , $k+2n2) <eg, ke 7. (178)

Since Fy is uniformly continuous and the multiplication of matrices is continuous, for
arbitrary ¢ € N and ¢ > 0, we have from (1.58) and (1.76) that

d (zgiyon, F5(1) - F5(1) - z9) < e for sufficiently large n € N. (1.79)

Because of the almost periodicity of {zx} and (1.75), the matrix F5(1) has to be regular
for zp. Let € > 0 be arbitrarily small and n; € M(e) arbitrarily large. From (1.78) and
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(1.79), where we choose k = 277 and i = 2"~ for j € {0,...,ny}, it follows that, for

given ny, there exists sufficiently large ny € M () for which

d ($2n17j+2n1’F2(1) N F2(1) : ./L'O) S
d (:L'in—j_i_in B $2n1—j+2n2) + d (Iin—j_i_QnQ 3 FQ(]_) N FQ(l) ° "L'O) < 25

Since ¢ (in (1.80)) is arbitrarily small, choosing j = 0, we get
d (Toni+1, Fy(1) - F2(1) - x9) =0
which gives (see (1.76)) that Fy(1) xq is an ej-eigenvector of Fy(1), i.e., we have
d (F3(1) - g, Fo(1) - F5(1) - xg) = 0.

If we choose j = 1, then we obtain (consider (1.77))

d (F2 (%) - Fy(1) - 2o, Fo(1) - Fy(1) - x0> —0.

Analogously, for any j (the number n; is arbitrarily large), we get

d (F2 (1 - i,) - Fy(1) - 2o, Fy(1) - Fa(1) - 51:0) —0.

2J

1
d<F2 (2—27) 'ZL‘Q,FQ(Q)'ZL’()) :0, ] e N.

Thus,

Hence, we have

Because of

1 1 1 1 1
Fy (2— 2_]> = F (§+2— 2],_1> = F (2_]) By (2— 2]._1>

and (see (1.81) and (1.82))

from (1.83) it follows

1
d (F2 (_) - Fy(1) - xg, Fy(1) -xo) =0 forall j €N,

27
i.e., Fy(1) g is an ej-eigenvector of Fy(277) for all j € N.
Since any number ¢ € [0, 1] can be expressed in the form

[e.o]

Z %, where a; € {0, 1},
i=1

(1.80)

(1.81)

(1.82)

(1.83)
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for considered 6 > 0, there exists n € N such that, for every ¢ € [0,1], there exist
ai,...,a, € {0,1} satisfying

n

i=1

Thus, F5(1) zg is an ej-eigenvector of Fy(t; + s;) for some |s;| < § and any j € {1,...,¢}
which cannot be true. This contradiction shows that {xj }ren, is not almost periodic.

If one considers the system &5 obtained from &, as in (1.73) (after replacing & by &s),
then, similarly as for F} and k € Ny, one can prove that S, € X and that any its nontrivial
solution {xy }rez is not almost periodic. O

Remark 1.27. Let a nonzero Fi(1)v € R™ not be an e;-eigenvector of matrix Fy(1)
from (1.56); i.e., the condition (1.56) be weakened in this way. Then, from the first part
of the proof of Theorem 1.26, we obtain that the sequence {fx}, given by (1.63), is not
almost periodic for (cy,...,¢,)T = v. It means that there exists a system &! € X with
the principal fundamental matrix { P!} such that the sequence { P! v}ren, or { Pl v}iez is
not almost periodic.

Analogously, it is seen: If one requires in (1.57) only that, for a nonzero vector v € R™,
there exists ¢ € (0, 1] for which F5(1) v is not an e;-eigenvector of Fy(t), then there exists
a system &% € X satisfying that the sequence { P2 v}iez (or {P? v}ren,), where {P?}rez
(or {P?}ren,) is the principal fundamental matrix of &2, is not almost periodic.

The condition

p p
£ <Z si> =[[F(s1), s1.....s,€[-1,1], peN (1.84)
=1 =1

in (1.57) is “strong”. For example, from it follows that the multiplication of matrices from
the set {Fy(t); t € R} is commutative. At the same time, we say that, for many subsets of
unitary or orthogonal matrices, it is not a limitation and that the method in the proof of
Theorem 1.26 can be simplified in many cases. We will show it in two important special
cases.

Example 1.28. If for any nontrivial vector v € R™, there exists (v) > 0 with the property
that
Fy(t) v & Oxpy(v)  forallt > 1 (see (1.54)),

then the fact, that the systems G, and S, from the proof of Theorem 1.26 do not have
nontrivial almost periodic solutions, follows directly from Lemma 1.22 and (1.84). Indeed,
the set T'({zx},(z0)) \ {0} is empty for any nonzero solution {zy}.

Example 1.29. Let the function F;, in addition to (1.57), satisfy

for some positive irrational number s, (1.74) hold, and p € N be arbitrary. Then, the
system & determined by the sequence

{Ai} == {F2(k/p)},
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where k € Ny or k € Z, has no nontrivial almost periodic solutions.

The function Fy(t/p), t € R, is continuous and periodic with a period ps (see (1.84),
(1.85)). Using the compactness of the interval [0, ps], (1.84), and Theorem 1.3, we get that
{F3(k/p)}rez is almost periodic. The almost periodicity of {Fa(k/p)}ren, is now obvious.

Suppose, by contradiction, that {x;} = { P, x¢} is a nontrivial almost periodic solution
of 6. We mention that there exists 0 > 0 satisfying that, for any nonzero v € R™, one can
find j € N such that there exists a positive number 9J(v) for which

Iw) < d (FQ (i + t) m,v)  te(=5,0), (1.86)

p

because

{Fy(k/p); k € N} is dense in {Fy(t);t € R} (1.87)

which is proved (for a continuous periodic function F» satisfying (1.84) with the smallest
period s > 0 that is an irrational number) in detail, e.g., in [165, pp. 44-46]. Evidently,
(1.87) gives that

{F2(k/p); k € N} is dense in {Fy(t);t € R} (1.88)

for any set N what is relative dense in N.

Since the multiplication of matrices is continuous, there exists € > 0 which satisfies
that every vector u with the property d(u,xg) < e determines the same j in (1.86) as z
and one can find

19(1’0)

o) = =

(1.89)

From (1.84), we see that
k-1 .
i
.’L'kzF — | - Zo, k e N. 1.90
(55) non

Let [ be an arbitrary positive ((xg)/2)-translation number of {z;}, thus, let

9
d(karl’xk) < @ for all k € N, (191)

and let N be the set of all positive e-translation numbers of {z)}. Since

I I(l—-1
+—+( ), ke N,
j% 2p

1= 3

k+1—1 . k—1 . k
Z L
p =

1
o P

for all £ € N, we have (see again (1.84))

kL 1(l—1) i i
From (1.88), if we replace 1/p by l/p, we get the choice of & € N such that

<0 (mods) (1.93)
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for j in (1.86) determined by xy. From (1.86), (1.89) (consider the definition of ¢), (1.90),
(1.92), and (1.93), we have
(o)

2

for at least one k € N. But, at the same time, we have (1.91). This contradiction gives that
{2} cannot be almost periodic. See also the proof of the first part of [158, Proposition 2],
where almost periodic unitary systems are studied.

d(karla l“k) >

At the end, we remark that the last considered system & (in Example 1.29) has no
physical interpretations in any technical applications if we consider directly the sequence
{k/p}; in contrast to &, and S, (the sequence {ax}). In applications, the following can
be utilized: Let {ug}rez (or {ux}tren,) be a sequence of arbitrary values and let the below
considered function ¢ be defined on the set {ux; k € Z} or {ux; k € No}. If we extend the
definition of the discrete almost periodicity so that ¢ is almost periodic if for every € > 0,
one can find p () € Ny with the property that any set, in the form {ko,..., ko + p(e)},
ko € Z (or ko € Np), contains a number [ satisfying the inequality

d (p(ursr), plug)) < e

forall k € Z (or k € Ny), then all results (mentioned in this chapter) about almost periodic
sequences are still valid.

In this chapter, we considered almost periodic sequences, their main properties (espe-
cially, the Bochner condition), and almost periodic solutions of almost periodic difference
equations in pseudometric spaces. Analogously, the Bohr and the Bochner almost periodic
random sequences are defined, their properties investigated, and almost periodic solutions
of almost periodic random difference equations are discussed in [80].



Chapter 2

Almost periodic homogeneous linear
difference systems

We will consider almost periodic solutions of almost periodic linear difference systems.
Our aim is to analyse the systems which have no nontrivial almost periodic solution. We are
motivated by the paper [158], where unitary systems (determined by unitary matrices) are
studied. One of the main statements of [158] says that the systems whose solutions are
not almost periodic form an everywhere dense subset in the space of all considered unitary
systems. We also note that important partial cases of the theorem and the process are
mentioned in [151] and [57], [96], [154], respectively.

In the proof of this result, it is substantially used that the group of considered matrices
is not commutative. Thus, e.g., the dimension of the systems has to be at least two. We
will use methods based on our general constructions because we want to generalize the
result also for commutative groups of matrices (especially, for the scalar case). It implies
that we can treat the problem in a general setting. Scalar sequences will attain values in
a complete metric space on an infinite field with continuous operations with respect to the
metric similarly as scalar discrete processes in [38], where the main results are proved for
real or complex entries (see the below given Theorem 2.14).

The almost periodicity of solutions of almost periodic linear difference equations is also
studied in [4] and [175] (nonhomogeneous systems). We can refer to the known article [38]
again. Explicit almost periodic solutions are obtained for a class of these equations in [76].
For difference systems of general forms, criteria of the existence of almost periodic solutions
are presented in [21], [144], [173], [176]. The existence of an almost periodic sequence of
solutions for an almost periodic difference equation is discussed in [83] (and [79] as in [176]).
Concerning the existence theorems for almost periodic solutions of almost periodic delay
difference systems, see [68] or [177] (methods and techniques from that paper are similarly
used and developed in [178]).

This chapter is organized as follows. We begin with notations which are used through-
out this chapter. Then we introduce general homogeneous linear difference systems and
a metric in the space of all these almost periodic systems.

Since every nontrivial almost periodic solution of a homogeneous linear difference sys-
tem is bounded and does not have a subsequence converging to the zero vector (see the
below given Lemma 2.18), it is interesting to consider only groups of matrices with eigen-

36
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values having absolute value 1 in the complex case and corresponding generalizations. To
formulate our results in a simple and consistent form, we introduce the concepts of trans-
formable and then strongly transformable groups of matrices. One of the conditions in
the definition of transformable groups means that it is possible to transform any matrix
into any other using finitely many arbitrarily small “jumps” in the complex case (for usual
metrics on the group of considered matrices). We remark that the group has to be infinite
because we study solutions which are not periodic.

In the second section, there is also shown that the group of all unitary matrices, the
group of all orthogonal matrices of a dimension at least two with determinant 1, and some
their subgroups are strongly transformable. In addition, the subgroups from Examples 2.4
and 2.6 are commutative.

In Section 2.3, we present conditions for strongly transformable and then transformable
groups ensuring that, in any neighbourhood of every considered system, there exists a sys-
tem which does not possess an almost periodic solution other than the trivial one. Es-
pecially, it is proved as Theorem 2.11 (consider also Theorem 2.20) that, for a strongly
transformable group, this condition is the existence of matrices M,..., M;,... from the
group with the property that, for any nonzero vector x, one can find j € N such that
M; xz # x. In each case, the corresponding corollary about the Cauchy problem is explicit-
ly formulated.

2.1 Preliminaries

We will use the following notations: Ny for the set of positive integers including the zero;
R* for the set of all positive reals; R for the set of all nonnegative real numbers; and
“1” for the imaginary unit. Let F' = (F,®,®) be an infinite field with a unit and a zero
denoted as e; and ey, respectively, and let m € N be arbitrarily given. Hereafter, we will
consider m as the dimension of difference systems under consideration.

The symbol Mat(F, m) will denote the set of all m x m matrices with elements from
F and F™ the set of all m x 1 vectors with entries attaining values from F. As usual, we
define the identity matriz I and the zero matriz O. Analogously, for the trivial vector, we
put o := [eg, €q, ..., e]T € F™. Since F is a field, we have the notion of the nonsingular
matrices from Mat(F, m). For any invertible matrix U, we denote the inverse matriz as
U~'. For arbitrary Uj, ..., U, € Mat(F,m), j € Z, n € N, we define

jtn J
HUZ‘ =U; - Ujs1-- - Ujin, H Ui = Ujn - Ujsn—1--- Uj.
i=j i=j+n

Let o be a metric on F' and suppose that the operations & and ® are continuous
with respect to ¢ and that the metric space (F),p) is complete. The metric o induces
the metrics in '™ and Mat(F,m) as the sum of m and m? nonnegative numbers given
by o in F, respectively. We will also denote these metrics as p. For any ¢ > 0 and «
from a metric space, the e-neighbourhood of o will be denoted by O¢%(«). Note that the
continuity of @ and ® implies that the multiplication - of matrices from Mat(F, m) (and
U-v,U € Mat(F,m), v e F™) is continuous.

All sequences, which we will consider, will be defined for k € Z (or i,j € N) and will
attain values in one of the metric spaces F', F'", Mat(F, m) (or C). The vector (and scalar)
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valued sequences will be denoted by the lower-case letters, the matrix valued sequences by
the capital letters, and each one of the scalar, vector, and matrix valued sequences by the

Symb01s {90/6}7 {¢k}7 {Xk}

2.2 General homogeneous linear difference systems

We will consider m-dimensional homogeneous linear difference equations of the form
Tpy1 = Ay - xp, k € Z, (21)

where {Ay} is an almost periodic sequence of nonsingular matrices from a given infinite
set X C Mat(F,m). We need the set of all considered Ay to form the set A which has
the below given properties. The set of all these almost periodic systems will be denoted
by the symbol AP (X).

We will identify the sequence { A} with the system (2.1) which is determined by {A}.
In the space AP (X), we introduce the metric

o ({Ax}, {By}) = iléIZDQ(AkaBk)a {Ax} {Bi} € AP (X).

For £ > 0, the symbol O7({Ax}) denotes the e-neighbourhood of { Ay} in AP (X).

2.2.1 Transformable groups

Definition 2.1. We say that the infinite set X C Mat(F,m) is transformable if the
following conditions are fulfilled:

(i) For all U,V € X, it holds
U.Vex, U'leX.

(ii) For any L € R and ¢ > 0, there exists p = p(L,e) € N with the property that,
for any n > p (n € N) and any sequence {Co,C4,...,C,} C X, L < o(C;,0),
i €{0,1,...,n}, one can find a sequence {Dy,...,D,} C X for which

(iii) The multiplication of matrices is uniformly continuous on X and has the Lipschitz
property on a neighbourhood of I in X. Especially, for every ¢ > 0, there exists
n =n(e) > 0 such that

C-D,D-CeOlC) if CeXx, DecONI)NX;
and there exist ( > 0 and P € R* such that

C-D,D-CeOp(C) if CeOI)NX, DeOA)NX,ee€(0,().

(iv) For any L € R™, there exists Q = Q(L) € R™ with the property that, for every ¢ > 0
and C, D € X \ 0f(0) satisfying C € O2(D), it is valid that

C'-D,D-C7" e O (I).
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For simplicity, in the below mentioned examples, we will consider only the complex or
real case and we will speak about the classical case. Henceforth, we will use known results
of matrix analysis which can be found, e.g., in [74], [75], [84], [98].

If

((F,®,0),0() = (C,+,-), [- =) or (F,@,0), () = (R, +,-), | - = - ])),

then, evidently, the multiplication of matrices satisfies the Lipschitz condition on any set
0%(0). For an arbitrary matrix norm® (especially, for the [; norm) denoted by || - ||, we

have .
|A™ - E|

L—[lAt- El

for any matrices A, E such that A is invertible and || A~! E'|| < 1. If we have a bounded
group X C Mat(C,m), then from (2.2) it follows that the map C'— C~! C' € X has the
Lipschitz property too. Hence, the condition (iv) is satisfied.

Finally, the conditions (iii) and (iv) are fulfilled for any bounded group X C Mat(C, m).
Further, for any bounded group X, there exists ¢ > 0 for which X N O2(0) = (. At the
same time, from the condition (ii), we know that X N OF(O) = () for any transformable
set X C Mat(C,m). Indeed, it suffices to consider Cy = I and the constant sequence
{C1,...,C,} given by a matrix C' such that ||C'|| < 1.

Let € > 0, a bounded group X C Mat(C,m), and Cy,C,...,C, € X be arbitrarily
given. The uniform continuity of the multiplication of matrices on X implies the existence
of n = n(e) > 0 such that C D, DC € O¢C) if D € O(I)NX, C € X (see (ii)). We
define the maps Hy, Hy on X x X by

|47 — 4+ By | < 147 22

H,(C,D)):=C-D-C', Hy((C,D)):=C"'-D-C.

Since H;, H, satisfy the Lipschitz condition, there exists R € R" such that the images of
{C} x O, x(I) N X in both of H and Hj are subsets of OF(I) for all C' € X.

If we replace
1 n

M7 -I[c. by HEO
=1

i1=n i9=1

where
FIZHI((17E1)>7 F2:H1<(E1'017E2))7
Fn = Hl ((El : Cl t 'Enfl : CnflaEn)) )

we see that F; € Og/R(I) N&, i€ {l,...,n}, implies £; € O2(I), i € {1,...,n}. Thus,
from the existence of matrices [, ..., F,, € O, 5(I) N A" for which

1 n
HE1'HCi22007

i1=n i2=1
it follows the existence of matrices Dy, ..., D, € X satisfying

DiE(Qf(C’i), 1<i<n, D, ---Dy-D; = C.
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It means that a bounded group X C Mat(C, m) is transformable if for any sufficiently
small ¢ > 0, there exists p(¢) € N such that, for all n > p(e) (n € N), any matrix from
X can be expressed as a product of n matrices from O2(1) N X. We remark that several
processes in the proofs of the below given results can be simplified in the classical case. For
example, in the proofs of Lemma 2.10 and Lemma 2.18, one can use that, for any ¢ > 0,
K € Rt and n € N, there exists £ = £(e, K,n) > 0 for which

Q(Ml'MQ"'Mn,O)<E, Ml,MQ,...,MnGO%(O)

and
o(My-- M, -u,0)<e, M,...,M,ec0%O),uec O%0)

if we have M; € OZ(O) for at least one i € {1,...,n} and u € Of(0), respectively.

2.2.2 Examples of transformable groups
Now we mention the most important examples of transformable groups:

Example 2.2. The group of all unitary matrices is transformable. Obviously, it suffices to
show that, for every £ > 0, any unitary matrix can be obtained as the n-th power of some
unitary matrix from the e-neighbourhood of I for all sufficiently large n € N. To show this,
let ¢ >0, n € N, and a m X m unitary matrix U with eigenvalues exp (iA1),...,exp (i\y),
where Ai, ..., A\, € [-7,7), be arbitrarily given. We have

U=W.J-W* for some unitary matrix W = W (U),

where J = diag [exp (1A1),...,exp (i\,)] and W* denotes the conjugate transpose of W.
We find a unitary matrix V' for which V" = U. By

W* VW= (W VW) =,

we obtain

V =W -diag [exp (iA1/n),...,exp (iAy,/n)] - W™

Since the multiplication of matrices is uniformly continuous on the set of all unitary ma-
trices, it remains to consider sufficiently large n € N.

Example 2.3. Let m > 2 and F = R. Now we will show that the group of m x m ortho-
gonal matrices with determinant 1 is transformable. Analogously as for unitary matrices,
it is enough to prove that any orthogonal matrix U for which det U = 1 is products of
n > p(e), n € N orthogonal matrices from the e-neighbourhood of I for arbitrary e > 0 and
some p(¢) € N. Indeed, it is seen that there exists a neighbourhood of I which contains
only orthogonal matrices with determinant 1.

Let m = 2. Observe that a two-dimensional orthogonal matrix has the form

cosa —sino
sin « cosa |’

where « € [—7, ), if and only if its determinant is 1. It can be easily computed that

cosa; —sinag cosay —sinap | | cos(ag +az) —sin(a; + az)
sin o COoS Oy sin ap COS (Vg sin (o + az) cos (a1 + an)
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for a;,as € R and that, consequently, any this matrix (for some a € [—m, 7)) can be
obtained as the n-th power of the orthogonal matrix of this type given by the argument
a/n for all n € N,

Now we use the induction principle with respect to m. Assume that the statement is
true for m — 1 > 2 and prove it for m. Let U be an orthogonal m x m matrix which is not

in any one of the forms
1 of V o
|: 0 V :| ) |: T 1 :| ) (23)

0
where V is an orthogonal matrix of dimension m — 1, o € F™~!, and suppose that U has
the element on the position (1, m) different from 0 (in the second case, we put U, := U in
the below given process). We multiply U from the left by an orthogonal matrix U; which
is in the second form from (2.3) and satisfies that Uy := U; - U has 0 on the position (1,m).
For U,, we define an orthogonal matrix Us so that the m-th row of Us is the last column
of Uy and so that the first column and the first row of Us are zero except the number 1 on
the position (1, 1). Obviously, the product Uy := Us - U, is equal to a matrix which has the
second form from (2.3). Summarizing, we get U = U] - U7 - U,. Thus, one can express any
orthogonal matrix U as a product of at most three matrices of the forms given in (2.3).
Further, the matrices of this product can be evidently chosen so that the determinant of all
of them is 1 if the determinant of the given matrix is 1 too. Now the induction hypothesis
gives the validity of the above statement.

In the complex case, i.e., for m > 2 and F = C, the group of all m x m unitary
matrices with determinant 1 is transformable as well. It suffices to consider Example 2.2
and diagonalizations of unitary matrices.

Example 2.4. Let a unitary matrix S be given. Let Xg be the set of the unitary matrices
which are simultaneously diagonalizable for the single similarity matrix .5, i.e., let

Xo = {S7" - diag [exp (iX1),...,exp (iXn)] - S; Aty A € =7, 7) }

Obviously, Xs is a subgroup of the m x m unitary group (different from the group if m > 2).
Since diagonalizable (normal) matrices are simultaneously (unitarily) diagonalizable if and
only if they commute under multiplication, Xg is a commutative group. Analogously as
in Example 2.2, one can show that Xg is transformable. Further, Xy is transformable also
for arbitrary nonsingular matrix S. Especially, a transformable set does not need to be
a subgroup of the m X m unitary group.

Example 2.5. Now we consider the set of the unitary matrices with the determinant in the
form exp (ir), r € Q or r € Z. Evidently, these matrices form a group as well. Considering
diagonalizations of unitary matrices and the uniform continuity of the multiplication of
unitary matrices, we get that this group is dense in the group of all unitary matrices. Thus
(see Example 2.2), it satisfies the condition (ii). Finally, it is transformable. In general,
any dense subgroup of a transformable set is transformable as well.

Example 2.6. Let a unitary matrix S be given. Analogously as in Example 2.4 and
Example 2.5, we can show that the group

{S* - diag [exp (1A1),...,exp (IAp)] - S5 A1, ..., A € QF
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is transformable. In general, the matrices with eigenvalues in the form exp (ir), where
r € Qorr € Z, from a given commutative transformable subgroup of the m x m unitary
group form transformable set if it is infinite. Indeed, if complex matrices A, B commute
and have eigenvalues A1,..., A\, and gy, ..., iy, respectively, then the eigenvalues of A B
are Aiftj,, Aafbjy, - - - s Amftj,, for some permutation ji, ..., j, of the indices 1,...,m.

2.2.3 Strongly transformable groups

Lemma 2.7. If X is transformable, then, for any {L;}ien C RT and j > 2, j € N, one
can find {e;}ien = {ei({Li}, J) bien C RT satisfying
> e < o0,
i=1
j'>0p (Lg(i),si) for infinitely many i € N, some g(i) € N, (2.4)
where g(i) — o0 as i — oo.
Proof. The lemma follows directly from (ii). Indeed, one can put
g;:=27% i= f(k) for some k € N;
g:=2" i¢{f(k);keN},iecN
for arbitrarily given increasing discrete function f : N — N with the property that
70 2p(Le27%), keN,
whose inverse function is considered in (2.4) as g. O

Of course, the inequality (2.4) does not need to be true for all i € N or for a set
of 7 which is relative dense in N. This fact motivates the next definition.

Definition 2.8. The set X is strongly transformable if it is transformable and if for any
L € RT, there exist j = j(L) € N and a sequence {¢;}ien = {€i(L) }ien € RT such that

ié‘fi < 00, (25)
i=1

j*>p(L,e) forallieN. (2.6)

Example 2.9. Since we considered only maps which satisfy the Lipschitz condition in the
above examples (in the classical case) and since we can choose

p(Lz;m+1) < 3p(Le,m)

in (ii) when using the induction principle with respect to m (see Example 2.3), all trans-
formable sets of matrices mentioned in Examples 2.2-2.6 are actually strongly trans-
formable.

In the next section, we will construct almost periodic sequences by Theorem 1.16 and
we will use (2.4) or (2.6) in the constructions.”
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2.3 Systems without almost periodic solutions

Now we can consider the gist of this chapter.

Lemma 2.10. If an almost periodic sequence of nonsingular Ay € Mat(F,m) is such
that, for any € > 0, there exists i = i(e) € Z for which 0(0O,A;) < €, then the system
Tpr1 = Ag Tk, k € Z does not have a nontrivial almost periodic solution.

Proof. By contradiction, suppose that we have an almost periodic sequence {Ax}, a se-
quence {h;};en C Z satisfying

1
0(0,Ay) < =, i€eN, (2.7)

]

and a nontrivial almost periodic solution {z;} of the system z;,; = Ay xy. Using Corol-
lary 1.4, we obtain uniformly convergent common subsequences

{{AkJJLi }keZ}ieN and {{karﬁi}keZ}ieN

of the sequences {{Agin, }reztien and {{xpin, trez}ien, respectively. The limits will be
denoted as { By} and {y;}.

We put € := p(x,0) /2 > 0. Because of the almost periodicity of {x)}, there exists
some p (¢) from Definition 1.1. We will consider the sets N; :={i+ 1,i+2,...,i+p(e)}
for i € Z. Any one of the sets N; contains a number | € T'({zx}, ). Thus,

x; ¢ O%0). (2.8)

From (2.7) it follows that By = O. Since the multiplication of matrices is continuous, one
can find ¥ > 0 for which

Cj--Co-yeOo), 7j=0,1,....p(e)—1
if y € Of(yo) and C; € OF(B;), i € {0,...,j}. There exists i € N such that
0 (AH;”,Bk) <v, o (xk%i,yk) <, keZ.
Therefore,

T €0%0), G=1,...,p(). (2.9)
Indeed, it is valid

l‘j'i‘ﬁi:Aj‘f'ili—l.nAﬁi'xﬁi’ j:1,...,p(6).

This contradiction (compare (2.8) with (2.9)) gives the proof. O

Theorem 2.11. Let X be strongly transformable. Let {A;} € AP(X) and ¢ > 0 be
arbitrarily given. If there exist L € RY and {M;}ien such that

M;, Mi' € X\ 02(0), ieN (2.10)

and that, for any nonzero vector w € F™, one can find i = i(u) € N with the property that
M;u # u, then there exists {By} € O ({Ax}) which does not possess a nontrivial almost
periodic solution.
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Proof. If {A} has a nontrivial almost periodic solution, then there exists K € R* such
that o (Ag,O) > K for all k. Indeed, it follows from Lemma 2.10. Since it suffices to
consider only very small € > 0, we can assume without loss of the generality that

L+e<o(l,0), L+4+e<p(40), keZ; (2.11)

otherwise we can put By := Ay, k € Z.
Let n = n(e/2), ¢, P and Q = Q(L) be from (iii) and (iv), respectively. Further, let
n<e<(andlet {&;};en CRY, neN, and j > 2 (5 € N) satisfy

< U
;si < PG’ (2.12)
j'(n+1)>p(L,s) forallieN. (2.13)

The inequality (2.12) follows from (2.5) if we omit finitely many values of ¢;, and (2.13)
from the fact that n and j can be arbitrarily large and from (2.6). We remark that P, @ > 1.
We put
BkIIAk, CkI[ forkE{O,l,...,n}

and we choose

By, = A, - O, for some C}, € OSQQ (C’k_(n+1)) NX, ke{n+1,....2(n+1) — 1},

By = A - Cr, Cr € 024 (Crmjinany) N, ke {j*(n+1),...,(j* +1)(n+1) — 1}

arbitrarily such that

n+1 n+1 n+1
11 By = M, 11 B = 11 B = 1.
k=(j2+1)(n+1)~1 k=(j3+42) (n+1)~1 k=(j4+1)(n+1)-1

For
Ci,....,Ch,Dy,...,D, € X, D;eO5(C),

where 9 > 0, L+ 9 < o(C;,0),i € {1,...,n}, and n > p(L,?), we can express
D, ---Dy-Dy=0C, - (Cgl'Dn)~-Cy(C{1~D1),
where
(C71- D) e O, (1), ie{l,....n}.

Using this fact and considering (2.10), (2.11), and (2.13), we get the existence of the above
matrices C}.
In the second step, we put

By = Ak . Ok+(j4+l)(n+1)7 ke {—(j4 + 1)(n + 1), ce —1},

By = Ay - Cryjagesnynrns k€ {70+ D(n+1),..., =G =D+ D(n+1) - 1}
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and we denote
o= A Bie ke =G + Dn+1),...,—1}.
Now we choose

By = Ay - Cy, Cp € OZ pg (Cr—(it12(n41)) N X,
ke {('+Dn+1),. .., + D+ 1)+ (G +1)*(n+1) - 1},

By = Ay Cr, Cr € 02 pg (Crjagirnpmen) N X,
Fe{('+1+ G -1+ D) +1),.. (T + 145G+ 1)) (n + 1) — 1}
arbitrarily such that

(j%4+1)(n+1) (j%41)(n+1)

B, = M, IT By =1,
k=57(n+1)—1 k=(37+5%—-3°)(n+1)-1
(%4+1)(n+1) (j441)(n+1)

[I  Br= M, 11 By =1,
k=48 (n+1)—1 k=(j8+55—73)(n+1)—1
(j%4+1)(n+1) (j4+1)(n+1)

[I  Br= M, 11 By =1,
k=3 (n+1)—1 k=(j9+j%—5%)(n+1)-1
(j4+1)(n+1) (j%4+1)(n+1)

[I  Br= M, II By =1,

k=510(n+1)—1 k=(j10+56—53)(n+1)-1

(j%41)(n+1)

I1 By=1.
k=(j4+1)(n+1)+54(G4+1)2 (n+1)—1

Such matrices C}, exist. Indeed, we can transform

By = Ay - G (4112 (ni1)s
Ee{(*+1)n+1),....0" +)(n+ 1)+ (j* +1)*(n+ 1) — 1},

Bk = Ay - Ckfj4(j4+1)2(n+1)a
Fe{(*+1+ G =10+ D)+ 1), (" + 147G + 1)) (n + 1) — 1}
into By by

By = A - Ch—(jas1y2(n+1) - Ch,
ke{('+Dn+1),. .., + D+ 1)+ (G +1)*(n+1) - 1},
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By, = Ay - Cr_jagias12(msn - Chs
Ee{(*+1+G' =@ +D)n+1),.... "+ 1+ G + D)) (n+1) — 1},

where Cy, € OZ,o (I) for all considered k (see the condition (iv)), and hence we have (see
the condition (iii) and also the below given (2.17) and (2.18))

Ch—(441)2(n+1) - ék = 05413@ (Ck—(j4+1)2(n+1)) )
Ee{(*+)n+1),..,0" +D)n+ 1)+ (' +1)*(n+1) — 1},

Crmjiit+12en) - O € OFpg (Crmjigisnpnen)
Fe{(G'+1+ 0" - DU+ D))+ 1), G+ 145G+ D) (n+1) — 1}

Thus, we can obtain Cj from the previous step and from the above C.
We put

By := Ag - Cry(j411)3(n+1)
ke {-(G'"+ 1D+ 1) —'G" + )(n+1),..., =G + D)(n+1) - 1},

Bi:= A+ Cajairnp ),
ke {7+ 1)’ (n+1) =G+ Dn+1),...,
-G =-DE D’ (e + 1) -G+ D+ 1) =1}
and we denote
Cy = A,;l - By,
ke {—i*G*+12n+1D) -G+ D) (n+1),...,—*G* + D(n+1) — 1}.

We proceed further in the same way. In the (2¢ — 1)-th step, we choose

By =A-Cr, Cp € 02, pg (Ch(jrsrpzi2(men) N A,
ke {('+ D+ 1) +7'0" + D>+ 1)+ +5'G + )" (0 + 1),
LD+ D) F G D (n D+
G D) i+ )+ G D (e 1) - 1,

By = Ay Cr, Ci € OF po (Crojigrsnpi-z@en) N X,
ke {(*+ D+ 1)+ 720"+ 1)*(n+ 1)+ + 720"+ D)*Hn + 1)+
G'=DE+D)* P4+, G D+ 1) + 506+ 1) (0 + 1)+
GNP e+ )+ G D (e ) - 1)
such that

q(3) q(4)
H Bk - Mla H Bk = -[7

k=p)—1 k=p{+(5% —5°)(n+1)-1
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q(3) q(3)

[1 Br= M, I1 By =1,
k=pl—1 k=pi+(j3—53)(n+1)-1
q(i) q()
H B, = Ml, H By = [7
k=pi -1 k=pi (G 0D (n4 1)1
q(i) q(i)
H Bk = Mi, H Bk = [7
k=p0—1 k=p0+ (7% —3°) (n+1)~1
q(@) q(i)
H Bk = Mi, H Bk = [7
k=pl—1 k=p;+(5% —5%)(n+1)-1
q() q(@)
k=p} -1 k=pi (G 0D (04 1)1
and
q(i)
II B:=1,
k=p(3)
where p,...,pi" ..., p% ..., pi”" are arbitrary positive integers for which
q(i) + 5% (n+1) < p}
and
WA+ G+ m+1) <pl, oo PGP )+ <prh
P+ (52 4 ) (n+ 1) < b,
P+ (G ")+ 1) <pl o PP P ) (1) < i
pi () (4 1) < p(i)
if

q(i)) = G+ )+ 1)+ G+ D+ D+ + 5 G+ DY+ 1),

p() =G+ Dn+ 1)+ 74G + D) n+ 1)+ -+ 572G+ D) 2(n+1) — 1.

The existence of these numbers follows from

p(i) —q(i) = j* (' + D)* 2 (n+1) =1 > (% + )@ + 1) (n + 1),
i,j>2(i,jeN), neN
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and the existence of the above matrices By follows from (2.13) and from
= =% ke{l,... i}, ieN,j>2(j €N).
In the 2i-th step, we put

Bk = Ak . Ck+(j4+1)21'*1(n+1)a
ke {—(G*+1)* '+ + 70"+ 1)+ 7' G + 1) (n + 1),
=GR T G DR G D) (4 1) — 13

Bk = Ak : Ck+j4(j4+1)2i*1(n+1)7
ke {—j G +1)*  + -+ (' +1)°+ (" +1)(n+ 1),
(GG D) e+ G D2+ G D)) (i 1) — 1)

and we denote
Cri=A" By, ke{-(G'G'+1)* '+ +7'0"+ D’ +5'G* +1))(n+ 1),
=GP G D2 G+ D) (1) — 1)

Using this construction, we obtain the sequence {By}rez C X.
We will consider the system

Tpy1 = By, - Tk, ke 7. (214)

Suppose that there exists a nonzero vector u € F™ for which the solution {z;} of (2.14)
satisfying x,.1 = u is almost periodic. We know that

n+1
T = H Bi-u fork>n+1,keN. (2.15)

i=k—1

If we choose {h;}ien = {720 (n + 1) }bien for {pp} = {21} in Corollary 1.4 (see also Theo-
rem 1.3), then, for any ¥ > 0, we get the existence of an infinite set N = N(J) C Ny such
that

Thus, for every ¥ > 0, there exist infinitely many ¥J-translation numbers in the form
(73 — 532)(n + 1), where i, > iy (i1,i2 € N). For some i € N with the property that
M;u # u, we choose ¥ < o (M;u,u) and the above iy > iy > 7 (iy,iy € N) arbitrarily. We
have (see (2.16))

From (2.15) and the construction of { By}, we obtain

0 (l'k+(j3i1_j3i2)(n+1),l'k) > ¢ for at least one k € N.

This contradiction gives that {z}} cannot be almost periodic. It means that system (2.14)
does not have a nontrivial almost periodic solution.

Now it suffices to show that {By} € OZ({Ax}); i.e., that By € OZ(A;) for all k and
some € € (0,¢) and that {By} is almost periodic. It is seen that
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Cy € 02,5 (1), ke{—i*G*+D)(n+1),...,0,...,(j*+ )(n+1) — 1},

Ck € Of€2+€4)PQ(I),
ke{['+1D)n+1),....0" +1+5'0"+ 1)) (n+1) -1},
Ck € 0(952-1—54)PQ([)’
ke{=7'G"+1’(n+1) =7+ Dn+1),..., =G + D(n+1) - 1}
and that, for all i > 3 (i € N), it is valid
Ck < O(L)EQ+€4+---+621')PQ(I)’

Fe{(G'+ D+ +7'G" + 1)+ 1)+ 450+ D"+ 1),
G+ D+ D+ G+ D2+ D) 4+ G+ D P 1) — 1,

Ck € O(g€2+64+~~~+62i)PQ(I)’
ke {-(G'G*+ 1) "+ + 70+ )P+ 4G + D)) (n+ 1), ..,
— (G D+ G D+ G D)) (1) — 1),

Thus, we have (see (2.12))

Cr € OI), keZ, (2.17)
and hence (see (iii))
By € O 5(Ak), ke (2.18)
Indeed,
B, =A,-C, forall keZ. (2.19)

From Theorem 1.16 it follows that the sequence {C}} is almost periodic. Using Co-
rollary 1.11 and the almost periodicity of {Ay}, we see that the set

T({Ax},0) NT({Cy},0) is relative dense in Z (2.20)

for any 6 > 0. Since the multiplication of matrices is uniformly continuous on X, consi-
dering (2.19), we have

T({Ax}, 0(0) N T({Cx},0(9)) € T({ B}, ) (2.21)

for arbitrary ¥ > 0, where () > 0 is the number corresponding to ¥ from the definition
of the uniform continuity of the multiplication of two matrices. Finally, (2.20) and (2.21)
give the almost periodicity of { By} which completes the proof. O

Example 2.12. All groups of matrices from Examples 2.2-2.6 (except the general case in
Example 2.6) satisfy the requirements of Theorem 2.11.

From the proof of the above theorem, we get the following result:

Corollary 2.13. Let X be strongly transformable. Let {Ax} € AP(X), € >0, and u # o,
u € F™ be given. If there exists a matric M € X such that M u # u, then there exists
{Br} € OZ({Ax}) for which the solution of

Tpy1 = By oy, k€L, To=u

1s not almost periodic.
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Note that, in Theorem 2.11, the condition (2.10) can be omitted, i.e., we can put
L = 0. We will obtain this fact from the below given Theorem 2.20. Now, for the later
comparison, let us recall a statement from [38], see also [1, Theorem 2.10.1], and one of its
known consequences.

Theorem 2.14. Let (F,o(-,-)) = (C,| - —-|). If a vector valued sequence {by} is almost
periodic and a matric A € Mat(C, m) nonsingular, then a solution of

T =A-xp+by, kel
s almost periodic if and only if it is bounded.

Corollary 2.15. Let (F,o(-,-)) = (C,|-—-|). Let a periodic sequence {A} of m x m
nonsingular matrices with complex elements be given. Then, a solution of the system
Tpr1 = Ap Tk, k € Z is almost periodic if and only if it is bounded.

Proof. Every almost periodic sequence is bounded, and hence we need only to show that the
boundedness of a solution implies its almost periodicity. Assume that we have a periodic
system 41 = Ay 2, k € Z and its bounded solution {x;}. Let n € N be a period of {A}.
Applying Theorem 2.14, we get that the sequence {y;} = {z...}; i-e.,

0 -1
=10, yp= | A-m. keN, yi=]J[4" 2 keZ N

i=nk—1 i=nk
is almost periodic. Indeed, {yi} is a bounded solution of the constant system
yk+1:An_1"'A1'A0'yk, keZ.

Analogously, one can show that the sequences {yi} = {1}, J € {2,3,...,n} are
almost periodic as well. The almost periodicity of {x} follows from Corollary 1.9. U

Remark 2.16. We add that it is possible to obtain several modifications of Corollary 2.15
for nonhomogeneous systems if the nonhomogeneousness is almost periodic. Let mention at
least the most important one—the continuous version for differential systems. If a complex
matrix valued function A(t), ¢ € R, is periodic and a complex vector valued function
b(t), t € R, is almost periodic, then any solution of 2'(t) = A(t)z(t) + b(t), t € R is
almost periodic if and only if it is bounded. See introduction of Chapter 4 or, e.g., [69,
Corollary 6.5], and [115] for generalizations and supplements.

Example 2.17. Consider again (F, o(-,)) = (C,|-—-]). We want to document that Corol-
lary 2.15 is no longer true if { A} is only almost periodic. It was shown (see Lemma 1.20
and consider the second part of Corollary 1.15) that the real sequence {ay} defined by the
recurrent formula

1
a:=1 =0, ayi=a—5, n€Nk=0..2"-1 (2.22)

on Ny and by the prescription

ap = —a_p_1 for k € Z Ny (2.23)
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is almost periodic and that it satisfies (see Lemma 1.23)

2n—1 2ntiqon—1 1
kZak:L kZ ar=2- 5, neNy, jEN, (2.24)
=0 =0

Let X be the set of all m xm diagonal matrices with numbers on the diagonal which has
absolute value 1. (It is easily seen that, in this case, X is strongly transformable. See also
Examples 2.4 and 2.9.) All solutions of the system of the form (2.1) given by the almost
periodic (see Theorem 1.5) sequence {A;} = diag [exp (iax), ..., exp (iax)] are obviously
bounded but we will show that they are not almost periodic (except the trivial one).

It suffices to consider the scalar case, i.e., m = 1. Assume that the system has an
almost periodic solution {z;}. We have

k—1
T = exp <iZaj> -xg, keN.
j=0

Especially (see (2.24)),
Ton = exp (i) - To, Tgn+ipon = exp (20 —277i) -z9, n €Ny, j€N. (2.25)

Using Corollary 1.4 (or Theorem 1.3) for the sequence {27},cy, for any € > 0, we get an
infinite set N = N(g) C N such that

| Tppoi) — Tppoin | < e forall k € Z, j(1),j(2) € N.
For some j(1) € N, the choice k = 2/ and (2.25) give
[exp (i) —exp (20 = 2O [ g | <2, (1) <(2), (1),5(2) € .

Since € can be arbitrarily small and j(2) > j(1) can be found for every £ > 0, we obtain
2o = 0. Thus, the system does not have a nontrivial almost periodic solution.

In the above example, we see that the boundedness is necessary to the almost periodi-
city of solutions of considered almost periodic systems but not sufficient. Now we prove
a more important necessary (also not sufficient, see again Example 2.17) condition about
the limitation of almost periodic solutions in the next lemma.!!

Lemma 2.18. Let an almost periodic sequence of nonsingular Ay € Mat(F, m) be given.
Let {x1} be an almost periodic solution of the system xy 1 = Apxy, k € Z. Then, it is
valid either x = o, k € Z or
inf 0.
oo >
Proof. Suppose that an almost periodic solution {x;} of a system satisfies liﬁng o (zx,0) = 0.
€

Let {h;}ien C Z be such that
lim o (zp,,0) = 0. (2.26)
Considering Corollary 1.4 and Theorems 1.6 and 1.7, we get a subsequence {h;} of {h;}
for which there exist almost periodic sequences { By}, {yx} satisfying
lim A, ;. =By, lim B, ; =A;, lima,; =y, limy, ; =z,

1—00
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where the convergences can be uniform with respect to k € Z (see Remark 1.8). We
have yr4+1 = Bryk, k € Z and yo = o (see (2.26)). Thus, {yx} = {o}. Consequently,
Ty =lim; oy, =ofor k € Z. O

Example 2.19. Applying Theorem 1.16 for n = 0, g = 2, j = 1, and r; = 3/2, i € N,
we construct the everywhere nonzero almost periodic sequence

bo:=2, b :=2—-1by=2-3% b :=1-

1
2 27

bk I:bk+22i—1—22%1, k’e{—221’71—"'—23—2,...,—2%73—"'—23—2—1},

b =l oz — 5, ke{2+422+ . +2%72 24224 ... 42224 0% 1}

in the space (R, |- —-|). Since
lim b20,21+22,23+,,,+(,2)i = 0,

1—00

the equation xp 1 = by, k € Z does not have a nontrivial almost periodic solution (see
Lemma 2.10) and the vector valued sequence {b; u}, where u # o, u € R™, is not a solution
of an almost periodic homogeneous linear difference system.

Moreover, for any bounded countable set of real numbers, it is shown in [70] that there
exists an almost periodic sequence whose range is the set. It means that there exists
a large class of almost periodic sequences which cannot be solutions of any almost periodic
system (2.1).

Theorem 2.20. Let X be transformable and let { Ay} € AP(X) and e > 0 be arbitrary. If
there exists a matriz M (V) € O3(0O)NX for any ¥ > 0, then there exists { By} € O ({Ak})
which does not have an almost periodic solution other than the trivial one.'?

Proof. We put L; := o (M;,O) for matrices M; € X, i € N such that

Let n =n(e/2), ¢, and P and @ = Q(L1) be from the conditions (iii) and (iv), respectively.
As in the proof of Theorem 2.11, we can assume (or choose { By} = {A;}) that

n<e<(, Li+e<o(A,0), keZ

and that (see also Lemma 2.7) we have {¢;};en C RT, j > 2 (5 € N), and n € N satisfying
S U
i < )
2T

j'(n+1) > p(Les,e;) for infinitely many odd i € N, (2.28)
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where ¢(7) is from Lemma 2.7 too.

The set of all i # 1 (i € N), which are not divisible by 2 and for which (2.28) is valid,
will be denoted by N. Let N = {iy,ia,...,%,...}, where i; < i;11, | € N. Since we can
redefine L; (choose other M;), we can also assume that g(7;) > [, [ € N. We will construct
sequences { By} and {C}} as in the proof of Theorem 2.11 for j* replaced by j. First of all
we put

=G 1450+ D)+ + G+ D) (n+1), TeN,

=G +1+jG+1)*+-+jG+ )" ) n+1) -1, leN
Before the i;-th step (for k& < p; — 1), we choose the matrices Cj (consequently Bj)
arbitrarily. We will obtain Bj, and define

0 0
Jl = H Bk, J2 = H Bk,

k=p1 k=p2

In the i;-th step, we choose the matrices Cj, arbitrarily if .J; € OF (O), and so that

0
[[B:=2 it Ji¢0f(0).

k=q

Between the i1-th step and the is-th step, we choose them again arbitrarily. In the io-th
step, we choose them arbitrarily if J, € O7_(O), and so that

0
[[B:=0 it T, ¢ 0L,(0).

k=q2

If we proceed further in the same way, then we get matrices Cj, By for all k € Z.
Analogously as in the proof of Theorem 2.11, we can prove that {B;} € O7({Ax}). We
have

0
0 <H Bk,0> <L, forre{p,q},leN. (2.29)
k=nr;

Evidently, for any v € F™ and p > 0, there exists § = § (u, ) > 0 with the property
that o (Cu,0) < pif C € OF(0). Using this, from (2.27), (2.29), and Lemma 2.18, we get
that all nontrivial solutions of the system of the form (2.1) given by { B} are not almost
periodic. O

Corollary 2.21. Let X be transformable, {Ay} € AP(X), nonzero u € F™, and e > 0 be
arbitrary. If there exists a sequence { M;};en € X with the property that lim o (M; u,0) =0,

then there exists { By} € OZ({Ax}) for which the solution of
Tpy1 = By -1y, k€ Z, To =u
18 not almost periodic.

Proof. 1t suffices to consider Lemma 2.18, the construction from the proof of Theorem 2.11,
and the sequence { By} from the proof of Theorem 2.20. O
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Combining of Theorems 2.11 and 2.20, we obtain:

Theorem 2.22. Let X be strongly transformable and have a dense countable subset. Let
{Ax} € AP(X) and ¢ > 0 be arbitrarily given. If for any vector u # o, u € F™, there
exists M(u) € X for which

then there exists { B} € O ({Ax}) which does not have almost periodic solutions.

It remains to examine the case for transformable X when there exists L € Rt for which
XNo30)=0.

Theorem 2.23. Let X be transformable and let {Ay} € AP(X) and € > 0 be arbitrary. If
there exist a precompact transformable set Xy C X and M € Xy for which o (M u,u) > 0
for all uw # o, w € F™, and if there exists {u;}ien C F™ such that, for any 9 > 0 and
u # o0, u € F™, it is possible to find 6 = §(u,9) > 0 and i = i(u) € N with the property
that, for every C € X \ O%(I), one can choose N(u;,C) € X satisfying

0(N(u;, C)-u,C - N(u;, C) - u) >0, (2.30)

then there exists {By} € OZ({Ax}) which does not possess an almost periodic solution
other than the trivial one.

Proof. From Theorem 2.20 it follows that, without loss of the generality, we can assume the
existence of L € R* such that XNO%(0) = (. From (ii) for Co = M, C; =1,i € {1,...,n}
and (iii), we get that, for every ©(1) > 0, there exist matrices D;(1),..., Dpa)(1) € &b
satisfying

Dy(1) € 05(1)(1)7 Dny(1) € 05(1)(1\4),
D;(1) € 0%y (Dia (1), i€ {1,....n(1) —1}.

We put Do(1) := I, Dyay41(1) := M. For every number ¥(2) € (0,9(1)) and each
i € {1,...,n(1) + 1}, analogously (consider Cy = D;(1), C; = D;_1(1), C; = I for each
[ €{2,...,n}), there exist matrices D;(2,14),..., Dp2)(2,7) € &j satisfying
Di(2,1) € 0% (Di (1)), Daia)(2,7) € 0%y (D(1)),
Dl(2vl) S 05(2)(Dl+1(27i))7 le {17 s an(2) - ]'}

Since we can proceed in the same way for a sequence of positive numbers ¥; > vy > --- >
¥, > --- converging to 0, Xy is precompact, and since the space Mat(F, m) is complete,
there exists a continuous map F : [0, 1] — Mat(F, m) such that

F(0)=1, F(1)=M, theset F(]0,1]) N X is dense in F([0,1]). (2.31)

Let T denote the set of all t € [—1,1] for which F(|t]) € X. If we extend the domain of
definition of F' by the formula F(—t) := (F(t))~!, t € T N (0, 1], then we get continuous
F : T — X. Indeed, the map C — C~!, C € X is uniformly continuous—consider the
conditions (iii) and (iv) and the composition C' +— C~' D + C~' D D™! for given D € X
from a neighbourhood of C.
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Let the almost periodic sequence {ax} be from Example 2.17. Directly from (2.22)
and (2.23), it is seen that {ay; k € Z} C [—1,1]. We can assume that a, € T for all k
(consider (2.31)). From Theorem 1.26, we know that the system {F(ax)} does not have
a nonzero almost periodic solution. (We remark that the almost periodicity of {F(ax)}
follows from Theorem 1.5.)

Suppose that there exists p € N satistying Ayi,—1 -+ App1-Ap = [ forall k. Let n € N be

such that F(a) € O ,(F(b)) if [a—b] < 27", a,b € T. From the condition (i), we obtain
the existence of a number I € N for which we can construct periodic {4} € 07, ({Ax})

with a period 2%p and with the property that

0 ~ lp ~ 2"=1)ip ~
Il Ac=Fla), [ A=Fl@), ... [] Ar=Flaxn_y).
k=Ip—1 k=2Ip—1 k=2"lp—1

We define By, := Ay for the other numbers k. Considering (2.22) and (2.23), consequently
| a, — Qppion | < 277 4k € Z, we have
By € 02, <21k) . kez.

Thus, By € 02 (A) for all k£ and some € < . From Corollaries 1.9 and 1.11, the almost
periodicity of {F(a)} and {A;}, and the conditions (iii) and (iv), we get the almost
periodicity of {By}. We emphasize that {F(ax)} does not have a nonzero almost periodic
solution. Finally, { B} € O7({Ax}) and this system cannot have nontrivial almost periodic
solutions.

We put ¥ := n(e/2)/Q(L). If Apyp1---Api1 Ap € O5(I), k € Z for some p € N, it
suffices to replace matrices Ay,_1 by By,—1 for k € Z so that

ka_l . Akp_g - Ak;p—p =1, keZ.
Indeed, considering the conditions (iii), (iv) and

By = A} ~.A,;pl_2 : A,;pl_l cApp1, ke, (2.32)

kp—p

we have that By, € OEQ/Q(Akp_l), k € Z; the almost periodicity of {A,;pl_p . -A,;pl_Q A,;pl_l}
and, consequently (see also (2.32)), the almost periodicity of the obtained sequence follow
from Corollaries 1.9 and 1.11, the almost periodicity of { Ax}, the uniform continuity of the
multiplication of matrices on X and the map C — C~!, C' € X, and from Theorem 1.5.

It remains to consider the case that Ay, ;- - Api1 A ¢ 05/2(1) for all p € N and
infinitely many k& € N which depend on p. (It has to be valid for infinitely many &, not
finitely many only, because sequence {Ax} is almost periodic.) Now we can construct
{Bi} € OZ/5({As}) as in the proof of Theorem 2.11. Since X" is only transformable, we can
get matrices B having certain properties generally in infinitely many steps as in the proof
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of Theorem 2.20 (see also Lemma 2.7) for arbitrarily given j > 2 (j € N) and n € N. If
we obtain Byy,—1- - Bry1 By € O3(I) for all k and some p after finitely many steps of the
process, then we can use the above mentioned construction. Thus, we can assume without
loss of the generality that we can choose matrices By, in odd steps i1,...,%,... so that

0
[ Bi=N(,Cl), By=0Ci¢Oy,),

k:pifl
0 p}
H By, = N(ula Oll)’ H By, = Cl @é 019/2( )
k=p}-1 k=pl+i-1
0 l
[ Bir=N(u,C)), H By =C} ¢ Oy ,(1),
k=pl—1 k=pl+i—1
where pll, e pf are positive integers for which

piAI+"(n+1) <pl, .. op I+ (n+1) <pp.

Suppose now that the solution {xy} of 441 = By xk, k € Z, xy = u is almost periodic
for some u # o, u € F™. Let § and ¢ be the numbers corresponding to u from the
statement of the theorem. Immediately, from the above construction and from (2.30) it
follows that the set T'({xy},d) contains of numbers less than i. This contradiction proves
the theorem. O

Example 2.24. Obviously, the m x m unitary group and the group of all orthogonal
matrices of dimension m > 2 with determinant 1 satisfy the conditions of Theorem 2.23
(as any dense transformable subset of one of them). The groups from Examples 2.4 and 2.6
do not satisfy the conditions for m > 2; consider, e.g., S = I,

SR ]

where o and I have dimension m—1. We add that we can obtain examples of transformable
sets which are not strongly transformable using changes of the metric in Examples 2.2-2.6.

Corollary 2.25. Let X be transformable and such that X N O%(0) =0 for some L € R,
and let {Ax} € AP(X), u# o0, u € F™, and € > 0 be arbitrary. If there exist a precompact
transformable set Xy C X and M € Xy satisfying o (M u,u) > 0 and if there exists 6 > 0
and, for any C € X ~ On(s/Q 1/20(L )(I), there ezists N(C) € X with the property that

¢ (N(C)-u,C-N(C) - u) >4,
then there exists { B} € O ({Ax}) for which the solution of
Thy1 = By -1y, k€ Z, To =u

1s not almost periodic.
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Proof. Tt follows from the proof of Theorem 2.23 and from Remark 1.27. O

At the end, we say that it is possible to obtain various generalizations and modifications
of results presented in this section. For simplicity, we considered only sufficiently general
and, at the same time, more important cases. Especially, in Chapter 1, the constructions
are used for a ring with a pseudometric. For almost periodic sequences defined for £ € N
(or k € Np), it suffices to replace Corollary 1.4 by Remark 1.2 (or to apply [92]) and
Theorem 1.16 by Theorem 1.12. The basic theory of almost periodic sequences on N is
established, e.g., in [51].

Again for simplicity, we required in the condition (ii) that matrices Dy,..., D, with
the given property exist for all n > p, not only for an infinite set of n (relative dense in N).
Hence, the group of all real orthogonal matrices of dimension m > 2 is not transformable.
Indeed, one can find € > 0 such that, in the e-neighbourhood of an orthogonal matrix,
there are only orthogonal matrices with the same determinant. Let an almost periodic
sequence of orthogonal matrices A, be given. Using the fact that the sequence of det Ay is
periodic, we can modify the proof of Theorem 2.11 and get the statement of this theorem.

In this chapter, we studied non-almost periodic solutions of almost periodic difference
equations. We considered homogeneous linear difference systems all of whose solutions can
be almost periodic (e.g., unitary systems) in a general setting when coefficients belong to
a complete metric field. We found classes of these systems such that, in any neighbourhood
of an arbitrary system, there exists a system from the same class which does not possess
any nontrivial almost periodic solution. Note that an analogous general statement for
differential equations is not known.



Footnotes to Part 1

1 In fact, asymptotically almost periodic sequences are considered in [63] based on the
Fréchet concept from [71], [72]. Note that, in Banach spaces, a sequence {@,}nen
is asymptotically almost periodic if and only if it is the sum of an almost periodic
sequence and a sequence which approaches zero as n — oo; a function defined for
t € R is asymptotically almost periodic if and only if it can be expressed as the sum
of an almost periodic function and a continuous function which approaches zero as
t — 400. One finds that these representations are unique. Here, we can also refer
to [136], [170].

2 Using a combination of the methods mentioned in the proofs of Theorems 1.3 and 3.4,
it is possible to prove that, for a continuous function f : G — X with G an abelian
topological group and X a complete metric space, the definitions of almost periodicity
in the sense of Bohr and Bochner are equivalent. For other equivalent definitions (e.g.,
the von Neumann and the Maak definition) of almost periodicity, see [108], [114]. For
the first time, almost periodic functions on groups with values in Banach spaces were
studied by S. Bochner and J. von Neumann in [19], [20].

We warn that the so-called Levitan definition is not equivalent with the Bohr one (see
[109]). Every Bohr almost periodic sequence or function is Levitan almost periodic
and, moreover, every almost automorphic sequence or function (see Remark 1.8)
is Levitan almost periodic (see [9]). Generally speaking, the inverses are not true
because Levitan almost periodic sequences and functions may be unbounded.

3 This implication follows from the corresponding part of the proof of Theorem 3.4
(mentioned in Footnote 5 in Part II) as well. We have to consider only that the
argument of the considered function % is no longer a real number, but an integer.

4 Tt is also proved in [70] that, for any bounded countable set of real numbers which
is dense in itself, there exists a one-to-one function from Z onto the set with the
property of being an almost periodic sequence.

5 The function F} exists if, e.g., the pseudometric d : X x X — Ry is such that the map
U — U~ is continuous on X, and there exists a continuous function G : [0,1] — X
which satisfies that at least one of matrices G71(0) G(1), G(1) G71(0) does not have

an ej-eigenvector.

o8



The conditions in (1.57) are realized if, e.g., the map U — U~ is continuous on X

and there exist continuous functions Gy, ..., G, : [0,1] — X such that
p p
G;1(0)- Gy (Z 3i> =] G;'0)- G, (s1)
i=1 i=1
and

G, (Z sz-) -G7H0) =] Gy (s1)- G5(0)
and )
(G](O) G, (Z sl>> = H G5 (1) - G;1(0),
where

je{l,....q}, peN, s1,...,8,€[0,1];
for all j1,72 € {1,..., ¢}, one can find r = r (51, j2) € (0, 1] with at least one property
from

G;1(0) - Gy, (1) = G3(0) - Gp(r),  G31(0) - Gyp(1) = G31(0) - Gy (1)

J1

or
G (1) - G10) = Gju(r) - GL1H0),  Gju(1) - G3H(0) = Gy, (r) - G31(0);
and the condition on arbitrary v € R™ is the same as in (1.57), where

Fy(t), te€ (max{0,t; — ¢}, min{t; +9,1})

is replaced by
G;1(0)-G;(1) or G,(1)-G;Y0).

J J

Here we comment our assumptions on R and X: Because of (1.52), the requirement
for the existence of 6 > 0 (in (1.57)) can be dropped. Note that R does not need to
be commutative. Thus, the set of all solutions of (1.49) is not generally a modulus
over R with the scalar multiplication given by

7“@%,1g

=

T

m
(N OR 44

T

where {(x},...,27")T} is a solution of (1.49), r € R, k € Z (k € Ny). Indeed, the
following does not need to hold

1
)

P, - : :x(l).(pk)lJr...ergl.(pk)m

m
o)

99
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for some considered k and a solution {zx} of (1.49) (see (1.50)).

For the main requirements, consider two results concerning the existence, the unique-
ness (and the uniform asymptotic stability) of an almost periodic solution of the
almost periodic real (non)homogeneous linear system (1.49) for & € Z in the ar-
ticle [175] or directly the simple example: Let R := R, m := 2,

0 10
s {0 W)zl

0 10 100 0
X2._{(10_l 0),leZ}U{(O 10_1),ZEZ}

with the usual metric on R. For X, every & € X has all solutions almost periodic
and, at the same time, for Xs, it is easy to find a system from X which has only one
almost periodic solution—the trivial one.

The [; norm is the corresponding matrix norm to the absolute norm

m
lzlly = |25, 2= (x1,...,2m)" €C™
j=1

See also Footnote 13 in Part II.

In concrete computations, it is useful to consider Theorem 1.18 and sequences

{eitien = {ai(L) ien CRT,  {jitien = {Ji(L) }ien €N

for which .
Z €;Ji < 00
i=1

and
¢ > p(L,e;) for infinitely many ¢ € N

if X is transformable, or for all sufficiently large ¢ € N if X’ is strongly transformable,
where

¢:=1, q1:=25;+1)q, i € N.

Several modifications and generalizations of Theorem 2.14 are known. The first
theorem of the type as Theorem 2.14 was established by E. Esclangon (in [61]) for
quasiperiodic (see Footnote 12 in Part II) solutions of linear differential equations of
higher orders. It was extended by H. Bohr and O. Neugebauer (in [26]) to the form
mentioned in Remark 2.16. In [133], Theorem 2.14 is proved if A € Mat(R,m) and
{by} is almost periodic in various metrics.

Similarly as for Corollary 2.15, modifications of Lemma 2.18 can be proved. For
example, it is possible to prove the almost automorphic version of the result (consider
Remark 1.8); i.e., if {x}} is almost automorphic, then the conclusion of Lemma 2.18
is true.

60



12 The condition of Theorem 2.20 cannot be satisfied if o (in Mat(F,m)) is given by
a matrix norm (see (ii)). Of course, there exist transformable sets which satisfy the
condition. It is seen if, e.g., one considers “large” fields as the field of all meromorphic
functions on a connected open set or the field of all rational functions on a variety.
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PART I

CONSTRUCTIONS OF ALMOST
PERIODIC FUNCTIONS
AND
HOMOGENEOUS LINEAR
DIFFERENTIAL SYSTEMS



Abstracts of Part 11

Chapter 3: We define almost periodic functions with values in a pseudometric space X.
We mention the Bohr and the Bochner definition of almost periodicity and properties
of almost periodic functions. We present one modifiable method for constructing almost
periodic functions in X'. Using this method, we find almost periodic functions whose ranges
contain or consist of given subsets of X'.

Chapter 4: Applying a construction from Chapter 3, we prove that, in any neighbourhood
of an almost periodic skew-Hermitian linear differential system, there exists an almost pe-
riodic skew-Hermitian system which does not possess a nontrivial almost periodic solution.
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Chapter 3

Constructions of almost periodic
functions with given properties

This chapter is analogous to Chapter 1 where almost periodic sequences are considered.
Here we will consider almost periodic functions. Our aim is to show a way one can generate
almost periodic functions with several prescribed properties. Since our process can be used
for generalizations of classical (complex valued) almost periodic functions, we introduce the
almost periodicity in pseudometric spaces and we present our method for almost periodic
functions with values in a pseudometric space X as in Chapter 1.

Note that we obtain the most important case if X is a Banach space, and that the
theory of almost periodic functions of real variable with values in a Banach space, given by
S. Bochner in [17], is in its essential lines similar to the theory of classical almost periodic
functions which is due to H. Bohr in [24], [25]. We introduce almost periodic functions in
pseudometric spaces using a trivial extension of the Bohr concept, where the modulus is
replaced by the distance. In the classical case, we refer to the monographs [13], [69], and
[114]; for functions with values in Banach spaces, to [6], [39], [108]; for other extensions!,
to [8], [10], [14], [15], [28], [73], [77], [91], [167]; for modifications, to [39], [78] and the
references cited therein?; for applications®, to [29], [40], [141].

Necessary and sufficient conditions for a continuous function with values in a Banach
space to be almost periodic may be no longer valid for continuous functions in general
metric spaces. For the approximation condition, it is seen that the completeness of the
space of values is necessary and H. Tornehave (in [159]) also required the local connection by
arcs of the space of values. In the Bochner condition, it suffices to replace the convergence
by the Cauchy condition. Since we need the Bochner concept as well, we recall that the
Bochner condition means that any sequence of translates of a given continuous function
has a subsequence which converges, uniformly on the domain of the function. The fact,
that this condition is equivalent with the Bohr definition of almost periodicity in Banach
spaces, was proved by S. Bochner in [17].

The above mentioned Bohr definition and Bochner condition are formulated in Sec-
tion 3.2 (with some basic properties of almost periodic functions). In this section, processes
from [39] are generalized. Analogously, the theory of almost periodic functions of real
variable with fuzzy real numbers as values is developed in [11] (see also [139]). We add
that fuzzy real numbers form a complete metric space.
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In Section 3.3, we mention the way one can construct almost periodic functions with
prescribed properties in a pseudometric space. We present it in Theorems 3.12, 3.13, 3.15.
Note that it is possible to obtain many modifications and generalizations of our process.
A special construction of almost periodic functions with given properties is published (and
applied) in [93]. Finally, in Section 3.4, we use Theorem 3.13 to construct almost periodic
functions with prescribed values.

3.1 Preliminaries

Let X be an arbitrary pseudometric space with a pseudometric g; i.e., let (see Section 1.1)

o(x,z) =0, o(z,y)=0(y,2)>0, o(z,y)<o(r,2)+o(zvy)

for all x,y,z € X. The symbol O.(x) will denote the e-neighbourhood of z in X for
arbitrary € > 0, z € X. The set of all nonnegative real numbers will be denoted by R .

3.2 Almost periodic functions in pseudometric spaces

We introduce the almost periodicity in X. Observe that we are not able to distinguish
between x € X and y € X if o (x,y) = 0.

3.2.1 The Bohr definition

Definition 3.1. A continuous function ¢ : R — X is almost periodic if for any € > 0,
there exists a number p (¢) > 0 with the property that any interval of length p (¢) of the
real line contains at least one point s such that

o(Y(t+5),0(t) <e, teR.

The number s is called an e-translation number and the set of all e-translation numbers

of 1 is denoted by T'(¢, €).

3.2.2 The Bochner definition

If X is a Banach space, then a continuous function v is almost periodic if and only if
any set of translates of 1) has a subsequence, uniformly convergent on R in the sense of
the norm. See, e.g., [39, Theorem 6.6]. Evidently, this result cannot be longer valid if the
space of values is not complete. Nevertheless, we prove the below given Theorem 3.4, where
the convergence is replaced by the Cauchy condition. Before proving this statement, we
mention two simple lemmas. Their proofs can be easily obtained by modifying the proofs
of [39, Theorem 6.2] and [39, Theorem 6.5], respectively.®

Lemma 3.2. An almost periodic function with values in X is uniformly continuous on the
real line.

Lemma 3.3. The set of all values of an almost periodic function ¢ : R — X is totally
bounded in X .
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Theorem 3.4. Let ) : R — X be a continuous function. Then, 1 is almost periodic if and
only if from any sequence of the form {{(t + s,)}, cn, where s, are real numbers, one can
extract a subsequence {3 (t +1,)}, oy satisfying the Cauchy uniform convergence condition
on R, i.e., for any € > 0, there exists l(¢) € N with the property that

Q(w(t—i‘?}),iﬂ(t—'—?y)) <eg teR

foralli,j>I(e), i,5 € N.
Proof. The sufficiency of the condition can be proved using a simple extension of the
argument used in the proof of [39, Theorem 1.10]. In that proof, it is only supposed, by
contradiction, that any sequence of translates of ¢ has a subsequence which satisfies the
Cauchy uniform convergence condition, and that 1 is not almost periodic. Thus, it suffices
to replace the modulus by the distance in the proof of [39, Theorem 1.10].5

To prove the converse implication, we will assume that 1 is an almost periodic function,
and we will apply the well-known method of diagonal extraction and modify the proof of
(39, Theorem 6.6].

Let {t,; n € N} be a dense subset of R and {s,},.y C R be an arbitrarily given
sequence. From the sequence {¢(t; 4 s,)},, oy, Using Lemma 3.3, we choose a subsequence
{¢(t1 + 7))}, ey such that, for any € > 0, there exists {1(¢) € N with the property that

o( (i +ri), vt +7))) <e i, >h(e), 4,5 €N

Such a subsequence exists because infinitely many values 1(t; + s,,) is in a neighbourhood
of radius 27 for all ¢ € N (consider the method of diagonal extraction). Analogously, from
the sequence {1 (t2 +75)}, o We get {(t2 +72)}, oy such that, for any e > 0, there exists
l2(e) € N for which

o(W(ta+ 7)), 0(ta+77)) <e, i,5>1(e), i,j €N

We proceed further in the same way. We obtain {r*} C ... C {rl} k€ N.

Let € > 0 be arbitrarily given, p = p (¢/5) be from Definition 3.1, 6 = ¢ (¢/5) correspond
to /5 from the definition of the uniform continuity of ¢ (see Lemma 3.2) and let a finite
set {t1,...,t;} C {tn; n € N} satisfy

min |t; —t| <9, tel0,p].
ie{l,...,j}‘ | [0, p]

Obviously, there exists [ € N such that, for all integers ny,ny > [, it is valid

Let t € R be given, s = s(t) € [—t,—t + p] be an (¢/5)-translation number of 1, and
ti = ti(s) € {t1,...,t;} be such that |t + s —t;| < J. Finally, we have
o (U(t+m) (t+r2)) < o(b(t+m) (t+r +5))
+ o (Wt + i+ 8), 0t + 1) + o (it + 1), it +12)
+ o (Ut ) vt +9) + e (Ut +m2 + ), 0t +172))
Thus, we obtain
e € € € ¢
tr™) pE+1")) < 4 oot = 3.1
o(Yt+ry) dlt+m)) <s+z+z+t=¢ (3.1)
for all t € R, ny,ny > [, ny,ne € N. Evidently, (3.1) completes the proof of the theorem if
we put r, ==, n € N. O
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3.2.3 Properties of almost periodic functions

Analogously as for complex valued almost periodic functions or almost periodic sequences
in Chapter 1, one can prove many properties of almost periodic functions with values in
a pseudometric space.

Theorem 3.5. Let X}, Xy be pseudometric spaces and ® : Xy — Xy be a uniformly con-
tinuous map. If ¥ : R — X} is almost periodic, then ® o) is almost periodic as well.

Proof. We can proceed similarly as in the proof of Theorem 1.5. If §(¢) > 0 is the number
corresponding to arbitrary € > 0 from the definition of the uniform continuity of ®, then
it is valid

T(4,0(e)) ST (@ o,e)

which proves the theorem. O

Theorem 3.6. The limit of a uniformly convergent sequence of almost periodic functions
18 almost periodic.

Proof. Tt is possible to prove the theorem using the process from the proof of [39, Theo-
rem 6.4]. O

Directly from Theorem 3.4, we obtain the following corollaries.

Corollary 3.7. Let X be a Banach space. The sum of two almost periodic functions with
values in X is an almost periodic function.

Corollary 3.8. If X, ..., X,, are pseudometric spaces and 1, . .., are arbitrary almost
periodic functions with values in Xy, ..., X,, respectively, then the function 1, with values
in Xy X -+ X X, given by ¥ = (Y1, ...,1y,), is almost periodic.

We add that one can use Corollary 3.8 to obtain simple modifications of the below pre-
sented method of constructions of almost periodic functions. Moreover, from Corollary 3.8,
we get:

Corollary 3.9. The set

Ty, ) NT (g, ) N - - N T (Y, €)

is relative dense in R for arbitrary almost periodic functions vy, s, ..., 1, and anye > 0.5

To conclude this section we establish theorems which show how almost periodic func-
tions can be characterized by almost periodic sequences.”

Theorem 3.10. A uniformly continuous function b : R — X s almost periodic if and
only if there exists a sequence of positive numbers r,, n € N, satisfying r,, — 0 asn — oo,
such that the sequence {1)(rnk)}, o, is almost periodic for all n € N.

Proof. One can prove the theorem using a corresponding extension of the proof of [39,
Theorem 1.29]. O
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Theorem 3.11. Let X be a Banach space. A necessary and sufficient condition for a se-
quence {pr}yey © X to be almost periodic is the existence of an almost periodic function

Y : R — X for which (k) = i, k € Z.

Proof. The sufficiency of the condition follows directly from Definitions 1.1 and 3.1. Con-
versely, assume that an almost periodic sequence {¢}, 5 is given. We define

V(t) = p + (t—k)(prs1 — k), k<t<k+1, keZ. (3.2)

Evidently, v : R — X is continuous and ¥ (k) = ¢, k € Z. The almost periodicity of ¢

follows from -
T ({e},5) ST(wse)

which can be proved using (3.2). O

3.3 Constructions of almost periodic functions

Now we present the way one can generate almost periodic functions with given properties
in the next theorem.

Theorem 3.12. For arbitrary a > 0, any continuous function 1) : R — X such that
w(t) € Oa (¢(t— 1))7 le (172]7

U(t) € Oa (Pt +2)), te(-20]

U(t) € Oapp ((t —4)), te(2,6],
U(t) € Oupa (V(t+8)), te(-10,-2],
U(t) € Oga (V(E—2Y), te(242%,242°+27,
Y(t) € Oga (Y(t+2%), te(-2°—2°—-2-2°—2]

U(t) € Opan (V(t—2°")), tE€ (24224 422722427 4 ... 427772 4 2],
Y(t) € Ogan (V(t+2°"T)), te (2" —. =232 221 ... 25 _9]

1s almost periodic.

Proof. Let € > 0 be arbitrary and k = k(¢) € N be such that 2¥ > 8a/e. We have to prove
that the set of all e-translation numbers of 1 is relative dense in R. We will obtain this
from the fact that [22* is an e-translation number of v for any integer .

First we define

o(t) =), te[-221—... 23224274 ... 4 2%
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We see that

) s (W(E—27%)), te242%+- 422772427+ 4 27
)€ Ous (p(t—27)), te24+22+ - 427722492 ... 4 2%
) € Og (Wt +2%FY)), te[—22+ ... 93 9 9% ...
t) € Opig (bt —2%F2)), t€24+22+-- 4 2% 2422 ... 4 2%+
wt)EOs/w(iﬂ(t—i-Q%H) tE[—22k+3—-~—23—2,_22k+1_..._

In a pseudometric space X, it implies

Y(t+2%) € 0.5 (p(1))

, te[_22]671_‘.‘_23_272_’_22_*_.‘._}_22]672]’
Pt —2% e O s (p(t), te[—2%1—... =23 —224+27 ... 4 2%2
(

(

(

Yt —2%) € Ocgiess (p(t)), te[—271—. =23 22422 4. 4 2%
(t+2%%Y) € Ocpsyepis (p(t), €[22 = =22 =224 2% ... 4 2272,
(

(

(

<=

Y(t+32%%) € Ojsiessiens (p(t), te[-21—..—28-2242%4...
(G

Since
e € € €

§+8+16+E+32+§+'”:§’

we have

Dt +12%) € O (0(t)),
te[-2% ... 28 292422 +... 4 2% [ cZ

We express any ¢ € R as the sum of numbers p(¢) and ¢(¢) for which

p(t) €[22 — ... —23 -2 2422 4 ... 4 2%
q(t) € Z and q(t) = j22k for some j € Z.

Using (3.3), we obtain

0 (¥(1), e(t+12%)) < 0 (W(p(t) +a(t)), 0 (p(1)))

+o (pp(t), Y (p(t) + ( +1)2%)) < % . % .

for any t € R, [ € Z, which terminates the proof.

242 € O.png (1) P[22 224 P
P+ 2+ 2 € Oupurans (1), tE (-2 =2 22420

I,
2]7

_|_ 22/{:—2]

_|_ 22/{:—2]
4 22]672]

(3.3)

(3.4)

O

The process mentioned in the previous theorem is easily modifiable. We illustrate this

fact by the following two theorems.
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Theorem 3.13. Let M > 0, 9 € X, and j € N be given. Let ¢ : [0, M] — X satisfy
0 (0) = (M) =xo. If {rn}nen CR{ has the property that

> r < o0, (3.5)
n=1
then an arbitrary continuous function 1 : R — X, 1| = ¢ for which
¥ (1) = o, tE{iM 2<i<j+1} U{—i(j+1)M, 1<i<j}

U{ j+1 3G+ 1 i+ )™M 1< < g}
U{ GAHD)+- 456+ D)2 i+ )M, 1 <6 < g}

and, at the same time, for which it is valid

(t) € Op (Yt —M)), te(M,2M),

P(t) € O, (W(t—jM)), te(GM,([G+1)M),
P(t) € On, (W(E+ G+ 1M)), te(=(j+1)M,0),

V() € O, (Wt +j(G+1)M)), te(—ji+1M,—(G—-1)(F+1)M),
O(t) € Opy (Wt = (G +1)°M)), te(G+DM(G(+D+G+1)*M),

P(t) € O (V(t -4 +1)°M)),
te (G+D+G -G +DHMA(G+1)+40G+1)*)M),

U(t) € O, (V(E+ (j+ 1) TM)),
te (—(+D" " 0+ P+ +i0G+ D>+ (G +1)M,
— GG+ P+ D)+ 5+ 1)M),

U(t) € Ory, (V(E+ 40 + 1) 'M)),
te (—GU+D  +G+D)" P+ 0+ D)+ 5+ )M,
—(( -G+ G +D" P+ GG+ D+ G+ 1)M),
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¢(t) € Or2n+1 (Qﬁ(t - (] + 1)2nM)) 5
te (G+1)+jG+1)° 4 +j(G+1)*" )M,
G+ +5G+1)> 4+ G+ D2+ (G +1)*M),

U(t) € Oy, (V(E—j(G +1)*"M))
te (G+D)+40+1)>2+ 4G+ 2+ (G - DG+ 1)™)M,
G+ +jG+12+ -+ G+ D> 44+ 1)) M),

18 almost periodic.

Proof. We can prove this theorem analogously as Theorem 3.12. Let € be a positive number
and let an odd integer n(g) > 2 have the property (see (3.5)) that

o0

3 < g (3.6)

n=n(g)

We will prove that [(j41)™®)~1M is an e-translation number of ¢ for all [ € Z. Arbitrarily
choosing [ € Z and t € R, if we put

s:=1(j+1)"© 1M, (3.7)
then it suffices to show that the inequality

d((t),Y(t+s)) <e (3.8)

holds; i.e., this inequality proves the theorem.
We can write t as the sum of numbers ¢; and t,, where

t>— (G +D"O2 G PG+ 1) M,

>
- 3.9
< (GH1+G+D) + -+ G+ D)"EOF) M &
and
ty =i(j +1)"&IM  for some i € Z. (3.10)
Now we have (see (3.9) and the proof of Theorem 3.12)
o (W(t),(t + 5)) < 0 (¥t + t2), ¥ (t1)) + 0 (Y (1), ¥(t1 + t2 + 5))
n(e)+p—1 n(e)+q—1
3.11
< Z Tn + Z T ( )
n=n(g) n=n(g)

Indeed, we can express (consider (3.7) and (3.10))

ts = (i1(j + 1)%(6)—1 +iy(j + 1)%(6) + (G + 1)n(s)+p—1) (m+1),
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tots=(L(+1)"I T+ + 1"+ + L+ DY) (m 4 1),
where 4y, ...,0,l1,...,l; ©{—Jj,...,0,..., 7} satisfy
120, <0, -+ (=10, <0, L, >0, lb<0, - (=1)7l,<0.
It is sure that (3.6) and (3.11) give (3.8). O
For j =1, we get the most important case of Theorem 3.13:
Corollary 3.14. Let M > 0 and o € X be given and let ¢ : [0, M] — X be such that
p(0) = o(M) = 0.
If {ei}ien C Ry satisfies

Y e < oo, (3.12)
i=1
then any continuous function ¢ : R — X, ¥l n = ¢ for which

Y (t) =z, te{2M,-2M} U {(24—22_}_...4_22@?1)_}_22i)M; i €N}

. ‘ 3.13
U{—(2+2°+-- +22 1 422\ € N} (3.13)

and, at the same time, for which it is valid
w(t)eoa (w(t_M»v te <M72M)7
(1) € O, ((t +2M)),  t € (~2M,0),
O(t) € Oy (Y(t = 2°M)), e (2M,(2+2°)M),

Y(t) € O, (V(E+2°M)), te(—(2°+2)M,-2M),
U(t) € Oy (Yt —2'M)), te((2+2%)M, (24 2% +2Y)M),

Y(t) € O, (VE+22IM)), te (2% + - +2)M,— (27 + -+ 2)M),
() € Oy, (W(E—2M)), t € (2422 + - +22)M, (24 2° + -+ 2%) M),

18 almost periodic.

Theorem 3.15. Let ¢ : (=7, 7] — X, {ru}tneny C Ry, and {jn}nen C N be arbitrary such
that

S < 00 (3.14)
n=1
holds, and let a function 1 : R — X satisfy V|, = ¢ and

W(t) € Op (p(t—=2r)), te(r,r+2r],
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Y(t) € Op (p(t—2r)), tE€(r+ (i —1)2r7+ ji2r],
W(t) € Op (p(t+2r)), te(=2r—r —r],

U(t) € O (p(t+2r), te(—j2r—r—(1—1)2r 7],

V()€ O, (ot —pn)), te€i+- - +pa1,D1+ " +Du1+Dpnl,

¢(t) € OT’n (So(t _pn)) 9 le (pl +oe +pn—1 + (]n - 1)pnap1 + - +pn—1 +]npn] 3
Y(t) e Oy, (pt+pn), tE€(=Pn—Pn-1— - —D1,—DPn-1— - — 1],

V() € O,, (p(t+pn)), tE€(—jubn—Pn-1— - —D1,—n— 1)pn — Dot — - —p1),

where
D1 ::T+j127“7 D2 = 2(T+j127’),

p3 = (2j2+ p2, o Pni=(2n-1+ 1)pn-a,
If ¥ is continuous on R, then it is almost periodic.

Proof. 1t is not difficult to prove Theorem 3.15 analogously as Theorems 3.12 and 3.13.
For given € > 0, let an integer n(e) > 2 satisfy

n=n(g)
One can prove the inclusion
{Ipne); L €2} CT(1,¢) (3.15)
which yields the almost periodicity of . O

Remark 3.16. From the proofs of Theorems 3.12, 3.13, 3.15 (see (3.4), (3.7) and (3.8),
(3.15)), we get an important property of the set of all e-translation numbers of the resulting
function . For any € > 0, there exists nonzero ¢ € R for which

{le; 1 eZ} CTW,e).

Hence, applying the method from the above theorems, one cannot construct almost periodic
functions without this property.®
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3.4 Almost periodic functions with given values

We prove two theorems for almost periodic functions corresponding to Theorem 1.19, where
it is proved that, for any countable and totally bounded set, there exists an almost periodic
sequence whose range is the set. In the first theorem, we need that the totally bounded
set is the range of a uniformly continuous function ¢ for which the set {¢(k); k € Z} is
finite. We also use the result for sequences to construct an almost periodic function whose
range contains an arbitrarily given totally bounded sequence if one requires the connection
by arcs of the space of values (see the below mentioned Theorem 3.19).

Concerning a continuous counterpart of Theorem 1.19 (or Definition 3.1 and Lem-
ma 3.3), the given set of values has to be the totally bounded graph of a continuous function.
In addition, any almost periodic function is uniformly continuous (see Lemma 3.2). Con-
sidering these facts, we formulate the following theorem.

Theorem 3.17. Let o : R — X be any uniformly continuous function such that the set
{p(k); k € Z} is finite and the set {¢(t); t € R} is totally bounded. There exists an almost
periodic function 1 with the property that

{(k); k€ Zy ={p(k); k € Z}, {(t); t € R} ={p(t); t € R} (3.16)
and that, for any | € Z, there exists q(l) € N for which
U(l+s) =9 +s+54q), jeZ sel01). (3.17)

Proof. We will construct ¢ : R — X applying Corollary 3.14 similarly as {¢;} applying
Corollary 1.17 in the proof of Theorem 1.19. Considering that the set {¢(k); k € Z} is
finite, let sufficiently large M, N € Z have the property that (M) = ¢(N) and that, for
any [ € Z, there exists j(l) € {N,N +1,..., M — 1} for which

pl) = (), el+1)=e(l)+1). (3.18)

Without loss of the generality, we can assume that N = 0 because, if N < 0, then we can

redefine finitely many the below given ¢; and put ¥ = ¢ on a sufficiently large interval.
Since ¢ is uniformly continuous with totally bounded range (see also (3.18)), for arbi-

trarily small € > 0, there exist [;(¢), ..., lne)(€) € Z such that, for any [ € Z, we have

o(e(l+s),o(l; +5)) <e, sel0,1]
for at least one integer I; € {l1(€),...,lm(e)}. Weput g;:=27", i € N, iLe.,
Go=0@27), . by = lme-n(277), i€N.
In addition, we will assume that
{I;je{1,...,m(i)},i e N} = Z. (3.19)

First we define
P(t) = (t), te]l0,M]. (3.20)
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We choose arbitrary n(1) € N for which 22 M > m(1). There exist (see (3.18))

jll,j;,...,jm €{0,1,...,M —1}

such that
() =), el +1) =i + 1),
p(ly) =), @y +1) = (G, + 1),
(1)) = V0ma), Py +1) = (may +1).
We define

(s +M+j) = (s +1), sel01],

P(t) =Pt — M), te(M2M]N[M+jy, M+ j; +1],
V(s +2M + j5) = (s +13), s€]0,1],

Y(t) ==t —2M), te (2M,3M] ~ [2M + j1,2M + 51 +1],

(s +m(D)M + jony) = (s + Ly, s€[0,1],
U(t) =t = m(1)M), t € (m(1)M, (m(1) + 1)M] N [m(1)M + joy, m()M + fqy + 1]
and we define ¢ as periodic with period M on
[—(22PW=1 o 23 LML (24224 -+ 222 M (M, (m(1) + 1) M).
It is easily to see that we construct ¢ as in Corollary 3.14 for
;=L ie{l,...,2n(1)+ 1} (3.21)

if L > 0 is sufficiently large.
In the second step, we choose n(2) > n(1) +m(2) (n(2) € N) and we put

¢(t) = lﬁ(t + 22n(1)+1M)7 te [_(22n(1)+1 Tt 2>M7 T _(2271(1)71 T+t 2>M>7

P(t) = P(t — 22”(1)+2M), te((2+---+ 22"(1))]\/[, 24+ 22n(1)+2>M]’

Y(t) = Y(t + 2271(2)—1M)’ te [_(22”(2)—1 +e )M, _<22n(2)—3 + -+ 2)M)

and
g:=0, i€ {2n(1)+2,...,2n(2)}, eam1:=2"" (3.22)

From n(2) > n(1) + m(2) and the above construction, we see that, for each integer j,
1 <j < mf(1), there exist at least 2m(2) + 2 intervals of the form

la,a+ 1] C [P 4.4 )M, 272 4. L) M|
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such that a € Z and
Vljaar1) = 90|[l},l}+1]’ Le, Y(s+a)=p(s+ ljl')a s € [0,1].
It implies that we can define continuous
P(t) € Ocypgyy (W(E=22"FM)) L€ (24 +2O)M, ... (24 -+ 2P M]

for which
| [22n) M 220D M 41] = Ulio,,

Ulppr1) = |, for some k,
k e {(2_|_+22n(2)*2>M”(2++22n(2)>M_ 1} - {22n(2)M}

and
Dl = lo s, LE {2+ +27O)M, 2+ + 22”(2))M —1},
some j(I) € {0,...,M —1,1},..., ll (1)) 2,..., 2)}
{o(t); t € [I},1; +1] U [lm(l ’lm(l +1Juizg+1u---u [l3n(2)7 l3n(2) + 1]}

C{p@ytel2+ - +222)M, . 2+ +22O)M]}.
In the third step, we choose n(3) > n(2) + m(3) (n(3) € N) and we construct 1 for

g:=0, i€{2n(2)+2,....2n(3)}, eam@)1:=2"" (3.23)
We have continuous
P(t) € Oy, (Wt —2"OM)) L e (24 +27O)M, (24 -+ 270\ M|
satisfying
Ylury = eliosory L€{@ 4 +27O)M, ., 2+ +27P) M -1},

at least one j(I) € {0,...,M — 1,11, 13, .. .,lf;l(:g)},

{e@)t e [ll, i +1U [l +1]U---U [lil(g)alil(g) + 1]}
C{w);te@+--+2"O )M, (24 + 2O M)}
In addition, we have
Yl = Vlpay, 1€{j27PM; j e 7}
N{—@2"O~ o LM, (244220 — 1},
¢\[22n<3>M+1,22n HM+2] = W[l 2] w‘[22"(3)M—1,22”(3)M] = W[—Lola

VYl k+1)] = Y|,z for some k,
k e {(2—1—---+22”(3)_2)M,...,(2+...+22n(3))M_ 1}~ {22n(3)M+1}

V| ikk41] = ¥l[-1,0) for some £,
ke {(2+"'+22n(3)_2)M,...,(2+'-'+22n(3))M— 1}\{22n(3)M—1},
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Continuing in the same manner, in the i-th step, we choose n(i) > n(i — 1) + m(7)
(n(i) € N) and we construct 1 for

er:=0, ke {2n(i—1)+2,...,2n(1)}, eangyy1 =271 (3.24)

For simplicity, let i — 2 < 22" M (see also the proof of Theorem 1.19 for j 22*(?) replaced
by [§22"@ M, j 22O M + 1], 1+ 5223 by [1 4+ j22"C)IM, 1 + j22*G) M + 1], and so on).
Again, for each j(1) € {1,...,i—1}, j(2) € {1,...,m(j(1))}, there exist at least 2m(i) + 2
integers
le{—(220~ 4.y M, ... (24 - +2"OHM -1}
~{G27OM; jeZyu{1+270M; j e ZYU{-1+ 27O M; j e Z}U
U{i =34 5270V s e ZY U {3 —i4 5220V G e 7))

such that

Voo = Pl )

Thus, we can define continuous
U(t) € Oy iy (W(E=22"DM)) L€ (24 -+ 27O )M, (24 -+ 27O M]
satisfying
Yl = elyoso+, L€{2+ -+ 22"(”*2)M, (24 22n(z‘))M —1},
at least one j(I) € {0,..., M — 1,13,15, ..., 1" »},

) “mi(i)
C{p@);tel2+--+ 22”(”‘2>M, (24 22O M
In addition, we can define v so that

Plugsy = Vlo, L €2 M; j € 2}
N{—2O- 4. )M, ..., (2+ -+ 22D — 1},

(3.25)

Dl = Ul Le{1+72"0M; j € Z}
N{—=@2"O T 4. M, (24 -+ 22O )M — 1},
Yl = Yl L€{-1 +522GIM; G e 7}
N{—@2"O .M, ... (24 -+ 22O — 1},

Glusy = Vlposi—z, 1€{i—3+ 220V, j € Z}
N{=@27O~ 4. LM, ., (24 +22O)M — 1},
Ylpit) = Vlpia—i, €{3—i+] 22—V G e 7}
N{—=@22O~ 1 o M, (244220 — 1),

QM[22n<i)M+z‘—2,22n<i)M+z‘—1] = ¢|[i*2,i*1]> QM[2%(0M+2—z‘,22n<i>M+3—z‘] = ¢|[2*i73*i]>
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V| ieks1] = Y]fi—2,i—1) for some £,
ke {(2_+__’_2271(1)—2)]\47’(2_'__}_2271(1))]\4_1}\{2271(1)]\4_’_2_2}7

¢|[k,k+1] = w‘[in,B»fi] for some £,
ke {2+ - +220 DM (24 -+ 22O )M — 1}~ {2200 42 — 4},
Evidently, it is valid

0(p(i),0(j)) =275 or o(p(i),¢(j)) =0

for all 7, j € Z and some K € N. If we begin the construction by

=062, k) = e (275),
then we have to obtain
v(k)=v(k+ M), keZ.

Hence, we can construct the above ¢ in order that the sequence {1(k)}xez is periodic with
period M which gives (3.13) and the continuity of ). We construct 1 using the process
from Corollary 3.14 for all i« € N and we obtain an almost periodic function ¢ : R — X.
Indeed, we have (3.20) and, summarizing (3.21), (3.22), (3.23), ..., (3.24), ..., we get
(3.12) (see also (1.48)). For periodic {1(k)}rez, the first identity in (3.16) follows from
(3.18) and (3.20) and the second one from the construction, (3.19), and (3.25). As in the
proof of Theorem 1.19, we see that, for any [ € Z, there exists i(l) € N satisfying

Yl = Y0y, ke {l + 5220 G e 7Y
It gives (3.17) for ¢(1) = 22" M. O

As an example which illustrates the previous theorem, we mention the following state-
ment:

Corollary 3.18. For any continuous function F : [0,1] — X, there ezists an almost
periodic function v with the property that

[U(t); t € RY = {F(1); t € (0,1)}.
Proof. 1t suffices to show that there exists a uniformly continuous function ¢ : R — & for

which {p(k); k € Z} = {F(1/2)} and {p(t); t € R} = {F(¢);t € (0,1)}, and to apply
Theorem 3.17. For example, one can put

"2k +1

1 k k k
gp(l{:+s)::F(§+ ), k‘GN,SE[ 1-— ),

1 k
gp(l{:+3)::F(§+s), kJGN,SE[O ),

2k +1 2k +1’ 2k +1

1 k
gp(k+s).:F(§+1—3), keN, se [1—m>1>7

1 k
QO(]{+S>—F(§—S), kEZ\N,SE[O,m),
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1 k k k

1 k
cp(k;—l—s).—F(§—|—s—1), kEZ\N’SE[l_Tk—l’l).
O

In Theorem 3.17, we have constructed an almost periodic function v for which the set
{(k); k € Z} has to be finite. Now we use Theorem 1.19 to obtain an almost periodic
function with infinitely many given values on Z. We proved as Theorem 3.11 that, for any
almost periodic sequence {py}rez in a Banach space X, there exists an almost periodic
function ¢ : R — X for which ¢ (k) = @i, k € Z. Since Theorem 3.11 does not need to be
true in a metric space, we require a condition about the local connection by arcs of given
values.”

Theorem 3.19. Let any countable and totally bounded set X C X be given. If all x,y € X
can be connected in X by continuous curves which depend uniformly continuously on x
and y, then there exists an almost periodic function ¢ : R — X such that

(k) keZ) =X (3.26)
and that, for any | € Z, there ezists q(l) € N for which
v(l+s)=v(l+s+jql), jeZ sel0,1)

Proof. Using Theorem 1.19, we get an almost periodic sequence {1y }rez satisfying (1.27).
Let continuous functions f; : [0,1] — X, k € Z for which fx(0) = 9, fr(1) = ¥x41 be
from the statement of the theorem. Obviously, the function

v(k+s) = fi(s), keZ, s€l0,1)

defined on R is continuous and (3.26) is satisfied. From the proof of Theorem 1.19, it
follows (see (1.47)) that, for any [ € Z, there exist r(l,1),7(l,2) € N with the property
that

Uy = ¢z+j2r<l,1>a Y1 = ¢1+1+j2r<l,2>> JjEZ.
Thus, for any [ € Z, there exists r(l) € N such that

p() =yl +520), pl+1)=¢l+1+527), jez
which implies
bl +s)=v(l+s+52'Y), jeZ se01].

It remains to show that ¢ is almost periodic. Let € > 0 be arbitrary and let § > 0
be the number corresponding to € from the definition of the uniform continuity of the
connections of the values ¢;, i € N. Let [ € Z be a J-translation number of {¢}, i.e., let

0 (Y41, Y) <6, ke (3.27)
By the definition of the function 1, we have

o(W(t+1),0(1) <e, teR.

Indeed, it suffices to consider (3.27) for k and k+1. Since any o-translation number of {9}
is an e-translation number of ¥ : R — & and since the set of all )-translation numbers of
almost periodic {1} is relative dense in Z, function 1) is almost periodic as well. O
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From Theorem 3.19, one can easily obtain the following result which also follows from
the approximation theorem (mentioned in introduction of this chapter) or from Theo-
rems 1.19 and 3.11 (see also the proof of Theorem 3.11).

Corollary 3.20. Let X be a Banach space. If X C X is countable and totally bounded,
then there exists an almost periodic function ¢ : R — X such that

{v(k); keZ} =X
and that, for any | € Z, there ezists q(l) € N for which

Y(l+s) =9y +s+35q(1)), jeZ, scl0,1).

Note that interesting open problems about general almost periodic functions are men-
tioned in [43] (see also [69]).



Chapter 4

Almost periodic homogeneous linear
differential systems

We will analyse almost periodic solutions of almost periodic linear differential systems.
Sometimes this field is called the Favard theory what is based on the Favard contributions
in [65] (see also [31, Theorem 1.2], [40, Chapter 5], [69, Theorem 6.3] or [127, Theorem 1];
for homogeneous case, see [36], [64]).1° In this context, sufficient conditions for the existence
of almost periodic solutions are mentioned in [35], [47], [88] (for generalizations, see [41],
[42], [67], [82], [85], [86], [90], [97], [107], [110], [121], [140], [142], [143]; for other extensions
and supplements of the Favard theorem, see [2], [17], [31], [32], [44], [45], [46], [48], [49], [69]
with the references cited therein, [87], [111]). Certain sufficient conditions, under which
homogeneous systems that have nontrivial bounded solutions also have nontrivial almost
periodic solutions, are given in [128].

It is a corollary of the Favard (and the Floquet) theory that any bounded solution of an
almost periodic linear differential system is almost periodic if the matrix valued function,
which determines the system, is periodic (see [69, Corollary 6.5]; for a generalization in the
homogeneous case, see [81]). This result is no longer valid for systems with almost periodic
coefficients. There exist systems for which all solutions are bounded, but none of them is
almost periodic (see [94], [95], [127], [137]). Homogeneous systems have the zero solution
which is almost periodic, but do not need to have an other almost periodic solution. We
note that the existence of a homogeneous system, which has bounded solutions (separated
from zero) and, at the same time, all systems from some neighbourhood of it do not have
any nontrivial almost periodic solution, is proved in [153].

We will consider the set of all almost periodic skew-Hermitian differential systems with
the uniform topology of matrix functions on the real axis.!* In [152], it is proved that the
systems, all of whose solutions are almost periodic, form a dense subset of the set of all
considered systems. We add that special cases of this result are proved in [104], [105].'2
For systems whose solutions are not almost periodic, we refer to [154].

Using the method for constructing almost periodic functions from Chapter 3, we will
prove that, in any neighbourhood of a system, there exists a system which does not possess
an almost periodic solution other than the trivial one, not only with a fundamental matrix
which is not almost periodic as in [154]. It means that, applying our method, we will
get a stronger version of a statement from [154]. We remark that constructions of almost

81
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periodic linear differential systems with given properties are used in [103], [112], [113].

4.1 Preliminaries

Let m € N be arbitrarily given. In this chapter, we will use the following notations: Zm(¢y)
for the range of a function ¢, Mat(C, m) for the set of all m x m matrices with complex
elements, U(m) C Mat(C,m) for the group of all unitary matrices of dimension m, A* for
the conjugate transpose of A € Mat(C,m), I for the identity matrix, O for the zero matrix,
and “i” for the imaginary unit.

4.2 Skew-Hermitian systems without almost periodic
solutions

We will study systems of m homogeneous linear differential equations of the form
() = At) - z(t), teR, (4.1)

where A is an almost periodic function with Zm(A) C Mat(C, m) and with the property
that A(t) + A*(t) = O for any t € R, ie., A : R — Mat(C,m) is an almost periodic
function of skew-Hermitian (skew-adjoint) matrices. Let S be the set of all systems (4.1).
We will identify the function A with the system (4.1) which is determined by A. Especially,
we will write A € § and O € S will denote the system (4.1) given by A(t) = O, t € R.

In the vector space C™, we will consider the absolute norm || - ||, (one can also consider
the Euclidean norm or the maximum norm). Let || - || be the corresponding matrix norm.!?
Considering that every almost periodic function is bounded (see Lemma 3.3), the distance
between two systems A, B € S is defined by the norm of the matrix valued functions A,
B, uniformly on R; i.e., we introduce the metric

o(A,B) :=sup||A(t)— B(t)||, ABEeS.

teR

For € > 0, the symbol O7(A) will denote the e-neighbourhood of A in S.

Now we recall the notion of the frequency module and its rational hull which can be
introduced for all almost periodic function with values in a Banach space.'* The frequency
module F of an almost periodic function A : R — Mat(C,m) is the Z-module of the real
numbers, generated by the numbers A such that

T

1 .
lim T /eQmMA(t) dt # O.

T—+o00
0

The rational hull of F is the set
{MNL e F, 1 e}

For the frequency modules of almost periodic linear differential systems and their solutions,
we refer to [69, Chapters 4, 6], [127].
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In [152], it is proved that, in any neighbourhood of a system (4.1) with frequency mo-
dule F, there exists a system with a frequency module contained in the rational hull of F
possessing all almost periodic solutions with frequencies belonging to the rational hull of F
as well. From [156, Theorem 1] it follows that there exists a system (4.1) which cannot be
approximated by the so-called reducible systems! with frequency module F (there exists
an open set of irreducible systems with a fixed frequency module—see [155] for the real
case); i.e., a neighbourhood of a system (4.1) with frequency module F may not contain
a system with almost periodic solutions and frequency module F. In this case, see also
[56] and [157] for reducible constant systems and systems reducing to diagonal form by
Lyapunov transformation with frequency module F, respectively.

In addition, for £ € N, it is proved in [154] that the systems with k-dimensional
frequency basis of A, having solutions which are not almost periodic, form a subset of the
second category of the space of all considered systems with k-dimensional frequency basis
of A. Thus, it is known (see also [152, Corollary 1]) that the systems with k-dimensional
frequency basis of A and with an almost periodic fundamental matrix form a dense set of
the first category in the space of all systems (4.1) with k-dimensional frequency basis.

In this context, we formulate the following result that the systems having no nontrivial
almost periodic solution form a dense subset of S.

Theorem 4.1. For any A € S and € > 0, there exists B € O7(A) which does not have an
almost periodic solution other than the trivial one.

Proof. Let A,C € § and € > 0 be arbitrary. Since the sum of skew-Hermitian matrices
is also skew-Hermitian and since the sum of two almost periodic functions is almost pe-
riodic (see Corollary 3.7), we have that A+ C € S. Let X4(t), t € R and X¢(t), t € R
be the principal (i.e., X4(0) = X¢(0) = I) fundamental matrices of A € § and C € S,
respectively. If the matrices C(t), X4(t) commute for all ¢ € R, then the matrix valued
function X 4(t) X¢(t), t € R is the principal fundamental matrix of A+ C' € S. Indeed,
from X'j(t) = A(t) Xa(t), Xi(t) = C(t) Xe(t), t € R, we obtain

(Xa(®) - Xe (1) = A@t) - Xa(t) - Xo(t) + Xa(t) - Ot) - Xe(t) =
At) - Xalt) - Xo(t) + C(t) - Xa(t) - Xo(t) = (A+ C)(t) - Xa(t) - Xe(t), teR.

It gives that it suffices to find C' € O7(O) for which all matrices C(t), t € R have the
form diag [ia, . ..,ia], a € R and for which the vector valued function X 4(¢) X¢(t)u, t € R
is not almost periodic for any vector u € C™, ||u||, = 1.

We will construct such an almost periodic function C' using Theorem 3.12 for a = /4.
First of all we put

Cit)y=0, telo1].

Then, in the first step of our construction, we define C' on (1, 2] arbitrarily so that it is
constant on [141/4,1+3/4] and || C(t) || < £/4 for t from this interval, C'(2) := C(1) = O,
and it is linear between values O, C'(3/2) on [1,1+ 1/4] and [1 + 3/4, 2].

In the second step, we define continuous C' satisfying || C(t) — C(t +2)|| < ¢/4 for
t € [—2,0) arbitrarily so that it is constant on

[—2+1/16,-2+1—1/16], [-24+1+1/4+1/16, -2+ 1+ 3/4 —1/16];
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at the same time, we put
C(-2):=C(0)=0, C(-1+1/4):=C(1+1/4)=0C(3/2),

C(-1):=C(1) =0, C(-1/4):=C(2—1/4) = C(3/2),

and
Ct)=C(3/2)/2, te[-1+1/16,—-1+1/4—1/16]U[-1/4+1/16,—1/16]

and we define C so that it is linear on

[—2,-2+1/16], [-1—1/16,—1], [-1,—1+1/16],
[—141/4—1/16,—1+1/4], [-1+1/4,—1+1/4+1/16],
[—1/4—1/16,—1/4], [-1/4,-1/4+1/16], [-1/16,0].

Analogously, in the third step, we get C' on (2,6] for which we can choose constant
values on
[4—2+1/16+87'/16,4—2+1—1/16 — 8'/16],

[4—2+1+1/4+1/16+87"1/16,4—2+1+3/4—1/16 —8'/16],
[4—1+1/16+87"1/16,4—1+1/4—1/16 —87'/16],
[4—1/4+1/16+871/16,4 —1/16 — 87! /16],
[4+871/16,4+1—-87"1/16], [4+1+4+1/4+8"'/16,4+1+3/4—8""'/16]
arbitrarily so that ||C(t) — C(t —4)|| < &/8, t € (2,6]; at the same time, we put

C(4—2+41/16) := C(—2+ 1/16) = C(—3/2),

C4—2+1—1/16) := C(—1 — 1/16) = C(—3/2),
C4-1):=C(-1) =0,
O(4—1+1/16) := O(—1 + 1/16) = C(3/2)/2,
C(4—1+1/4—1/16) := C(—1+1/4 — 1/16) = C(3/2)/2,
Cl4—141/4) = C(—1+1/4) = C(3/2),
CA—24+1+1/4+1/16) = C(—2+1+1/4+1/16
C4—241+3/4—1/16) = C(—2+1+3/4—1/16
C4—1/4) = C(-1/4) = C(3/2),
O(4—1/4+1/16) == C(—1/4 + 1/16) = C(3/2)/2,
C(4—-1/16) := C(—1/16) = C(3/2)/2,
C4):=C(0), CHl+1):=C(1),
CA+1+1/4):=C(1+1/4)=C(3/2),
CA4+1+3/4):=C(1+43/4)=C(3/2),

/2);

C(—=1/2
—1/2),

) =
) =C(
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C(4+42):=C(2)=C(0) =0,
Ct)y=C(-3/2)/2, te[4—2+81/16,4—2+1/16 —87'/16]
U[4—-1-1/16+87"1/16,4—1—871/16],
Ct)=C(3/2)/4, te4—1+8"1/16,4—1+1/16—-87"'/16]
U4—1/16+87"1/16,4 —87'/16],

Ct)=3C(3/2)/4, t€[d—1+1/4—-1/16+871/16,4—1+1/4—87'/16]

U[4—1/4+81/16,4—1/4+1/16 — 87 1/16],

Ct)=(C(B/2)+C(-1/2))/2, te[4—1+1/4+87"/16,4—1+1/4+1/16—8"/16]

U[d—1/4—1/16+871/16,4 —1/4 — 871/16],

Ct)=8C(A+1)+1C(4+1+1/4))/9,
tc[4+1+81/16,4+1+81/16-3],
Ct)y=(TC(4+1)+2C(4+14+1/4))/9,
tc[4+1+81/16-5,44+14+81/16-7],

CH)=(1CMA+1)+ 80{4+ 1+1/4))/9,
t€4+14+81/16-29,4+1+81/16-31],
Ct)=(8C(A+1+3/4)+1C(4+2))/9,
te[4+1+3/4+81/16,4+1+3/4+871/16-3],
Ct)=(TC(A+1+3/4)+2C(4+2))/9,
tc[4+1+3/4+81/16-54+1+3/4+81/16-17],

Ct)=(1C(A+1+3/4)+8C(4+2))/9,
ted+1+3/4+81/16-29,4+1+3/4+8"/16-31]

and we define continuous C so that it is linear on the rest of subintervals.

If we denote
ai =0, b:=0, cj:=1,

ay =1, by:=1+1/4, cy:=1+3/4, a3:=2
and (compare with the situation after the second step)

al = -2, bj:=-2 & :=-2

a3 = —2, by:=-2+1/16, c5:=—1—1/16,
a3 = —1, b3:=—1, c§:=—1,

aj :=—1, b}:=-14+1/16, c}:=—-1+1/4—1/16,
a:=—1+1/4, bi:=—-1+1/4+1/16, ci:=—-1+3/4—1/16,
ag :=—1+3/4, b2:=-1+3/4+1/16, ci:=—1/16,
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we see that C' does not need to be constant only on

la; —2,a; —24+47%, [y —2—47%0b;—2], [bj—2,b; —2+477]

(j—2-47¢; =2, [j—2,¢;-2+47%, a5 —2-47% 0, —2)

1
for j € {1,2}, i.e., on

[a3,07], je{l,...,6}, [c,a7,], je{l,....5}, [0,
and it has to be constant on each one of the intervals
a3 —2+472 b —2—47%, [y —2+4%ai—2—-477,
1 2 1 _9 .
i.e., on
2 2 .
b,¢;), j€{l,...,6}.
It is also seen that

2 _ gl 2 _ g1 2 _ g1 2 _ g1 2 _ g1
ay =dy, by=dy c=dy ay=dy - GG =dg,
where d},d}, ..., djg is the nondecreasing sequence of all numbers
1 1 1

min{a; —2+47%b; —2}, max{aj —2,b; —2—47%},
min{c; —2,b; —2+47%}, max{c; —2—47% b} — 2},
min{c; —2+47% al,, —2}, max{c; —2,a;,, —2—47%}
for j € {1,2}. We put a? := 0.
Let d2,d3,. .., d% be the nondecreasing sequence of all numbers

bi+4, bl+4, bl+4, bl+4, b+4, bl44,

bl+4, bl+4, bl4+4, bl+4, b4, bl44,

cl+4, min{c] +4,b1 +4+87"'/16}, max{c] +4—8'/16,b] + 4},
cy+4, min{ch +4,b) +4+87"1/16}, max{cl +4—871/16,b + 4},

al + (4k+1)(b} —al)/324+4, al + (4k+3)(b} —al)/32 + 4,
ai + (4k +4)(bl —a1)/324+4, ke{0,1,...,7},
e+ (4k+1)(al — /32 +4, !+ (4k +3)(al — ¢1)/32 + 4,
el + (4k +4)(ay —c1)/32+4, ke{0,1,...,7},
ay + (4k 4+ 1)(b) —al) /32 +4, a4 (4k +3)(bh — al)/32 + 4,
ay + (4k +4)(by — ab)/32+4, ke {0,1,...,7},
ey + (4k +1)(al — c}) /32 +4, b+ (4k +3)(ad —c})/32 + 4,



4.2 Skew-Hermitian systems without almost periodic solutions

87

s+ (dk +4)(al —c3)/32+4, ke{0,1,...,7}

and
aig 4, b+4, 44,

min{a; +4+8'/16,b5 + 4}, max{a’ +4,b; +4 —8'/16},
min{c; +4,b5 +4+87'/16}, max{c} +4—87'/16,b + 4},
min{c; +4+87'/16,a5,, + 4}, max{c; +4,a5,, +4—87"/16}
for j € {1,...,6}. We denote
al =2, b i=di, c:=d; ai:=d5 - ai,i=ds

We remark that, in the sequences of dé-, [ € N, values are a number of time.
In the fourth step, we define C' so that

|C@t)—Ct+2°)]| < 23, te[-2°-2,-2).

We consider the nondecreasing sequence df, d3, . .., d5, ¢ of

3 3 3 3 3 3

min{a’ — 2° +87%/16,07 — 2°}, max{al — 2°, 07 — 2° —87?/16},
min{c} — 2,67 — 2° +872/16}, max{c} —2° —87%/16,b — 2°},
min{c —2* +87%/16,a7,, — 2°}, max{c} —2°,a},, —2° —87?/16}

for j € {1,...,7-8}, 144 numbers b} — 23, and

ci —2°  min{c; — 2%, b; — 2° +87%/16}, max{c} —2° —872/16,b} — 2°},

cy — 2% min{cy — 2%, by — 2% +87%/16}, max{cy —2° —872/16,b) — 2°},

min{a; + (k — 1)(b] —a7)/(8-4) — 2° +872/16,a; + k(b} — a7)/(8 - 4) — 2°},

max{a; + (k —1)(b} —a})/(8-4) — 2% aj + k(bj — a7)/(8 -4) — 2° — 872/16},
ai +k(b} —ay)/(8-4)—2°,  ke{l,...,8 -4},

min{c; + (k —1)(ay —c})/(8-4) — 2° +872/16,¢; + k(ay —c1)/(8 - 4) — 2%},

max{c; + (k — 1)(ay — c1)/(8-4) — 2° ¢ + k(ay — c})/(8 - 4) — 2° —872/16},
e+ k(ay —cp) /(8- 4) —2°, ke{l,...,8-4},

min{aj + (k — 1)(by — a3)/(8 - 4) — 2° +872/16, a5 + k(b1 —a3)/(8-4) — 2%},

max{a} + (k — 1)(b1 —ad)/(8-4) — 2% a3 + k(b) —a3)/(8-4) —2° —872/16},
ay 4+ k(by —a3)/(8-4) — 23, ke{l,.. . 8- 4},

min{cy + (k — 1)(a3 — c3)/(8-4) — 23 +872/16, c3 + k:(a3 —c3)/(8-4) — 2%},

max{cy + (k — 1)(a3 — ¢)/(8-4) = 2°, ¢y + k(az — ¢3)/(8 - 4) — 2° — 87°/16},
cy+ k(ay —c3)/(8 - 4)—23 ke{l,...,8 4},
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i —2°  min{c] —2°,07 — 2% +87%/16}, max{c] —2° —872/16,b] — 2°},
c5—2%  min{c; — 2°,05 — 2° + 87%/16}, max{c; —2° —872/16,b5 — 2°},
c3—2° min{c; — 2°,05 — 2° + 87%/16}, max{c; —2° —872/16,b5 — 2°},
ca—2%  min{ci — 2%, b3 — 2° + 872/16}, max{ci —2° —872/16,b7 — 2%},
c2—2%  min{ci — 2%, b2 — 2° + 872/16}, max{ci —2° —872/16,b7 — 2%},
ca—2%  min{ci — 2%, b2 — 2° + 872/16}, max{ci —2° —87%/16,b; — 2%},
min{a? + (k — 1)(b] — a?)/8 — 2° + 872/16,a] + k(b — a})/8 — 2°},
max{a; + (k — 1)(b] — a?)/8 — 2%, a] + k(b] — a])/8 — 2° — 872/16},
a?+ k(b —ad)/8-2%  ke{l,.. .8},
min{c; + (k — 1)(a3 — ¢})/8 — 2° + 872/16, ¢} + k(a3 — c})/8 — 2°},
max{c] + (k —1)(a3 — ) /8 — 2, & + k(a3 — &) /8 — 2° — 872 /16},
i+ k(a3 —c})/8 — 2%, ke{l,... 8},

min{ag + (k — 1)(b — ag)/8 — 2° + 872/16,af + k(b5 — af)/8 — 2°},
max{ag + (k — 1)(b; — a2)/8 — 2% a3 + k(b; — a?)/8 — 2° — 872/16},
a2+ k(g —ad)/8—-2%,  ke{l,...,8},
min{cz + (k — 1)(a? — c3)/8 — 2° +872/16,c2 + k(a? — c2)/8 — 2°},
max{cs + (k — 1)(a? — c2)/8 — 2%, c2 + k(a2 — c3)/8 — 2* — 872/16},
24 k(a2—ch)/8—2°  ke{l,...,8.
We put

4. 13 4 . 13 4. 13 4 3 4 o
CLl — dl’ bl .— d2, Cl — dg, R 0782 «— d21-82’ a’782+1 «— _2

We recall that C' can be increasing or decreasing only on

[a?7b?]7 [C?7a?+l]’ .] € {177782}

We proceed further in the same way (as in the third and the fourth step). In the 2n-th
step, we define continuous C' so that

3

CTESE tef[-22t—.. -2 2% L. 9),

|C) =t +22 || <

We get the nondecreasing sequence {d:" "'} from

a/2'n—1 . 221171

o2n—1 n—1
J ) —2

C_] 5

2n—1 2n—1
prt g2t
min{a[?n—l o 22n—1 +82_2n/16, b?n—l o 2271—1}7 maX{a?n—l o 2271—1’ b?n—l . 22n—1 . 82_2n/16},

min{c?”_l o 2271—1’ b‘?n—l o 22n—1 + 82_2n/16}, maX{C?n—l o 22n—1 o 82_2n/16, b?n—l o 2271—1}7
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mln{CQ" 1 22n71 4 8272n/167 a?i;l _ 22n71}’ maX{C?nfl - 22n71’ a?i;l - 22n71 . 8272n/16}

for j € {1,...,7-8*"73} from
cl — 2% min{c] — 22" by — 22"t 48272 /16}, max{cj —2*"" 1 —827%"/16, b1 — 271},

cy — 2271 min{c) — 22"t by — 2271 1 8272 /16}, max{ch — 22"t —8¥2" /16, by — 22" 11,

min{a; + (k—1)(b; —a7)/(8-4*"7%) = 22"~1 18272 /16, a7 + k(b] —a7)/(8-42"~%) — 221}

max{a] + (k—1)(b; —ay)/(8-4*"%) — 22"~ al + k(b; —ay)/(8-4*" %) — 22"~ 82721 /16},
ai + k(by —ay)/(8-4*"7%) =221 ke {l,...,8 473}

min{c; + (k—1)(ag —c1)/(8-4*"7%) — 22" 1 18272 /16, ¢ + k(ag — c1) /(8 - 4*"7%) — 22711,

max{c; + (k—1)(a; —¢1)/(8-47"7%) = 2271 e + k(ag — 1) /(8- 47"77) — 2271 —8°7%" [16},
ey + k(ay —ep)/(8-47"73) =221 ke {1,...,8 43}

min{ag + (k= 1)(by — a3)/ (8- 4"7) = 22"~ + 872" /16, aj + k(b — az) /(8- 47"~ = 2"},

max{ajy + (k—1)(by —a3)/(8-4*"%) — 22"~ al + k(by —ay)/(8-4*" %) — 22"~ 82721 /161,
ay + k(by —ay)/(8-4*"7%) — 2271 ke {1,...,8 473}

min{cy + (k —1)(azy —c3) /(8- 42" %) = 2271 18272 /16, ¢y + k(az — c3) /(8 - 4*"7%) — 2271}

max{cy + (k—1)(a3 —c3)/(8-4*"7%) =221 ) + k(a3 —c3)/(8-47"3) — 22"~ — 822" /16},
cy+k(ay —cy)/(8-42"7%) =221 ke {l,...,8-4"%}

2 —2*1 min{c? — 2271 b7 — 22"t 1827 /16}, max{c] —2*"" 1 —827%"/16,b7 — 271},

cg —2*"71 min{cg — 22" b2 — 22" 4827 /16}, max{cs — 22" — 827" /16, b5 — 27"},

min{a? + (k= 1)(b - a) /(8-47" %) = 27" +-872" /16, 0} + k(b} —a}) /(8- 47" = 2},

max{a® + (k—1)(b? —a?) /(8- 42" = 221 a2 + k(b3 —a?) /(8- 424 — 22"~ 8272 /16},
a? + k(b —ad)/(8 42 =271 ke {l,...,8 -4,

min{c? + (k—1)(a2 —c?)/(8-4*"~*) — 22"~ 1 182721 /16, 2 + k(a2 —c2)/(8-4*4) — 2211

max{c? + (k—1)(a3 —c2)/(8-4*"4) =221 2t k(al —c3) /(8- 474 — 22~ 8272 /16},
A4 k(a2 — )8 -4 =221 ke {l,..., 842},

minfag + (k —1)(b — a3)/(8- 4~ = 22"~ +- 827" /16, af + k(b — af) /(8- 4" 277},
max{ai + (k—1)(b —a2)/(8-4*"~*) — 22" a2 + k(bZ —ad)/(8-4*"%) — 22"~ 8272 /16},
az + k(g —ad)/(8- 42 =21 ke {1,...,8-41}
min{cg + (k —1)(a7 — ) /(8- 47" = 22" +- 8772 /16, c§ + k(a7 — ) /(8- 477 — 22771},
max{c + (k—1)(a2—c2)/(8-4*"4) =221 2 L k(aZ —c3)/(8- 4> — 221 - 8272 /16,
2t k(a2 —c2)/(8-4*4 =271 ke {l,...,8 -4},
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2n—2 22n—1’ mln{c2” 2 2271—1’ b%n—Z _ 22n—1 + 82_2n/16},

G

maX{c2n 2 22n—1 o 82_2n/16, b%n—Z o 227’L—1}7
2n—2 2n—1 2n—2 2n—1 12n—2 2n—1 2—2n
Cogon—a — 2777, min{cpoy — 27 by — 2 + 8}

2n—2 2n—1 2—2n 2n—2 2n—1
maX{C7 82’"‘74 - 2 - 8 /16, b7 82n 4 2 }7

mln{a2n 2 (k_1)<b%n—2 2n 2)/8 22n 1 82 2n/16 a2n 2+k3(b2n_2 2n 2)/8 22n 1}
max{aQ” 2 (k_1)(b2n—2_a2n—2>/8_22n—1 2n— 2—|—k(b2n 2 2n 2)/8 22n 1 82 2”/16}

2n 2+k(b2n 2 2n 2)/8 22n71, ]C c {1,”' }’

mm{cQ" 2+(]{7 1)(@%” 2 2n 2)/8 22n 1 82 2n/16 CQn 2+]{7( 2n—2 2n 2)/8 22n 1}
max{02” 2—|—(k3 1)(0,;” 2 2n 2)/8 22n 1 2n 2—}-]6( 2n—2 2n 2)/8 22n 1 82 2n/16}

2n 2+k( 2n—2 2n 2)/8 2271—1’ k?E {1,...,8},

min{a?rggf 4t (kf )(bgrg%? 4 = 3%23 4)/8 - 22”71 + 8272”/167

a2 s k(b o — afgl 4) /8 — 2771

max{a2tar s + (k — 1) (b2 s — aZipry) /8 — 2771,
2TL 2 . 4 k(b2n 2 a/?TLSQE 4)/8 . 22TL71 - 8272n/16}7

7.82n— 7.82n—4
aZor k(G — a8 =27 ke d{l,...,8},
mln{cg’gﬁ s+ (E—=1)(a %pf iy~ 37%23 ,)/8 =221 18272 /16,
s + R0y — Glala) 8 =271,

max{cZ2, + (k — 1)(a2igl,, — c2al,)/8 — 2,

371823 4t k(a?;m? 449 C?%Qf 4)/8 — 2t — 82_2”/16}7

A2 k(a2 — 28— 2 ke fl,... 8},

and from a number of b1 — 22! such that the total number of &7 ! is 21 -

denote

2n . 12n—1 2n . 12n—1 2n . 12n—1
al" =d" 0, 0" i=d; o' =d3"
2n 1 2n 1 2n—3
782” 5 = d21 ]2n—2, 782” 241 = =2 — e 2.

In the (2n + 1)-th step, we define continuous C' so that

€

g LEQ@4 2724 427,

|Ct) —c@—2) ]| <

Now C' has constant values on [b3"*, 2], j € {1,...,7- 81} where we put

a%TH*l ::2_’_22_'_...+22n72
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and we obtain

2n+1 2n+1 2n+1 2n+1 2n+1
bl ) (&) ) 5 ; e C7_82n—1a a’7.82n—1+1

from the nondecreasing sequence of
2n 2n 2n 2n 2n 2n
ajyy 277, bt 27, "+ 27,

min{a?" + 22 4 g8l /16, b?" + 221 max{a?” + 2% b?” + 22" — 81721 /16},
min{c?" + 2% b2 + 2°" 48172 /16},  max{c}" + 2% —8'7*"/16,b7" + 27"},
mm{02” 422" 4 8172 /16, o ajy + 22 max{02” + 27" 2 ajy + 22 — 8172 /16}
for j € {1,...,7-8"?} and

e} +2°", min{e; + 22", by + 27" +87"/16}, max{c; + 2*" — 8'72"/16,b; + 2*"},

cy + 22" min{cy + 22" by + 27" + 87" /16}, max{cy + 2*" — 872" /16, by + 2*"},
min{a; + (k — 1)(b; — a;)/(8 - 4*"72) + 2*" + 872" /16, a; + k(b — a;)/(8 - 4*"7?) + 2"},
max{ay + (k = 1)(b; — a1)/(8 - 4°"7%) + 2°", ay + k(by — a1)/(8 - 4°"7%) + 2°" — 817" /16},
ai + k(b] —aj)/(8-4*"2) + 27" ke {l,...,8-47%}

min{c; + (k — 1)(ay — c})/(8 - 4*"72) + 22" + 8172"/16, ¢; + k(a2 —c1)/(8-47"72) 422"},

max{c; + (k — 1)(ay — c})/(8 - 4*"72) + 2% c] + k(a3 — ¢7)/(8 - 4*"72) + 27" — 872" /16},
c1 +k(ay —ep)/(8-4"2) + 22 ke {l,...,8 42}

min{ay + (k — 1)(by — ay)/(8 - 47"7%) + 2" + 817" /16, a3 + k(bé —ay)/(8-47"7%) + 27},

max{ay + (k — 1)(by — a3)/(8 - 4°"7%) + 2°", ay + k(by — az) /(8 - 4"7%) + 2°" — 817" /16},
ay + k(by —ay) /(8- 4" %)+ 2%, ke {l,...,8-4*"7?}

min{cy + (k — 1)(a3 — c3) /(8 - 4*"72) + 22" + 817" /16, ¢y + k(az — c}) /(8 - 47"7%) + 2°"},

max{cy + (k — 1)(az — c3)/(8 - 4*"72) + 2% c) + k(ay — c3) /(8 - 4*"72) + 2" — 872" /16},
cy+k(ag —c3)/(8-4*""3) + 2% ke{l,... 8.4}

i 422 min{c} + 22", b7 + 27" + 87"/16}, max{c] + 2*" — 872" /16,b] + 2*"},

ca+2*", min{cg +2°", b5 + 27" +8'7"/16}, max{ci + 2*" — 8'7*"/16,b; + 2*"},
min{a} + (k — 1)(b] — a3)/(8 - 4*" ) + 2*" + 872" /16, a] + k(b] — a3)/(8 - 4*" %) + 2"},
max{ai + (k — 1)(0f — a?)/(8 - 4°"7%) + 2°", ai + k(b — a7)/(8 - 4°"7%) + 2°" — 817" /16},

a? +k(b} —al)/(8-4*" )+ 27, ke {l,...,8-473}
min{c; + (k — 1)(a3 — ¢7)/(8 - 42"7%) + 27" + 817" /16, cf + k(a3 — ) /(8 - 47"77) + 27"},
max{c: + (k —1)(a; — c})/(8 - 4*"7) + 2" ¢} + k(a3 — c})/(8 - 42" %) + 27" — 872" /16},
i+ k(as—c)/(8-4"3) + 27 ke {l,... 8 43}
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min{ag + (k — 1)(b3 — a2)/(8 - 4*" %) + 22" + 872"/16, a2 + k(b3 — a3)/(8 - 42"73) 4 22"},
max{aZ + (k — 1)(b3 —a2)/(8 - 4*"73) + 22" a2 + k(b; — a3)/(8 - 42"73) 4 22" — 812" /16},
ag + k(b2 —a2)/(8-4*" ) + 27 ke {l,...,8-47 3}
min{cg + (k — 1)(a? — c3)/(8 - 4*" %) + 2*" + 872" /16, cg + k(a? — c3) /(8 - 4°" ) + 2°"},
max{cg + (k —1)(a3 — c3)/(8 - 4*"73) + 2%" g + k(a3 — c3) /(8 - 4*"7%) + 27" — 872" /16},
G+ k(a2 —cd)/(8-4 ) 422 ke {l,... 84270,

2n 1 4 22n mm{cQ" 1 4 22n’ b%nfl 4 22n 4 817271/16}7
maX{C2n 1 4 22n - 817271/167 b%nfl 4 2271}’

Gon—s + 277, min{Zig, s + 2%, b7, + 22" + 81727 /16},
max{c?rg%} 5+ 27 — 8172 /16, b?rggi 5 + 22"},

min{ai" ™" + (k= 1)(B7" ! —ai" 1) /8 4+ 22 48172 /16, a7 + k(07" — a" ) /8 4+ 27,
max{a;" " + (k—1)(b{" " — a2”_1)/8 +22 a4+ k(B —ai" ) /84 2% — 8172 16},

A"t kT — e 842, ke fl,...,8),
min{c}" ' + (k —1)(a3" ' — ") /8 + 2% + 872" /16, 7" + k(a3 — ") /8 + 27"},
max{c{" "' + (k= 1)(a3" " — ") /8 + 2%, " + k(a3 ! — ¢ /8 + 22" — 8177 /16},

A" k(a3 =g /827 kel 8],

min{a?é;} 3 + (li' )(b?ém} 3 agrém} 3)/8 + 22” + 8172n/16,

2on—s + k(D25 — aFgn s) /8 + 27"},

max{a2zn s + (k — 1) (b2 s — a2 5)/8 + 277,
aZan—s + k(b — a2l ) /8 + 2" — 8172 /16},

aZion s + k(B2 — a2 ) /8 + 27", ke {l,...,8},

mln{cggml 3+ (k 1)( $n82n1 341 ?ngzr} 3)/8 + 22” + 8172“/167
Crgan-s + k(a7 oy, 03”823 3)/8 + 22”},

782" 3
?’ggi L+ k(a?,’;Qi_sH 3%25 5) /8 + 22" — 81727 /161,
L k(a2 — L) /8427, ke {l,...,8),

and the corresponding number of b} + 22",
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Using this construction, we get a continuous function C' on R. From Theorem 3.12 it
follows that C' is almost periodic. Since

1C@ =0, te[0,1], [[CH)I]l <e/4 te(1,2]

1C() — Ct+2) || < /4, te[=2,0), [|Ct)—Ct—4)]|<e/8 te(26]

HC(t) _C(t+22n71) H <8/2n+1’ te [_227171 . ”'_23_2,_22n73_ _23_2>,
|C#) —Ct—2°")|| <e/2"™? te(@+22+ - 422722422 4. 422,

we see that
x

2¢e
1c@) | < 22j+1 —¢, teR.

J=1

We denote
I, =[2+2%+ - +2272 2422 ... 4 2],

We will prove that we can choose constant values of C(t), t € I,, on subintervals with the
total length denoted by rs,,; which is grater than 22*~! for all n € N. We can choose
values of C' on

[4—2+1/16+871/16,4—2+1—1/16 —8'/16] C [2,6],

[4—2+1+1/4+1/16+87"1/16,4—2+1+3/4—1/16 —871/16] C [2,6],
[4+871/16,4+1—-871/16], [4+1+1/4+87"/16,4+1+3/4 -8 '/16] C [2,6].

Hence,
rg > 55/64 + 23/64 + 63/64 + 31/64 = 43/16, (4.2)

i.e., the statement is valid for n = 1. We use the induction principle with respect to n.
Assume that the statement is true for 1,2,...,n — 1 and prove it for n. Without loss
of the generality (consider the below given process), we can also assume that the estima-
tion ry; > 22071 is valid for j € {1,...,n} (note that ro = 5/4 > 2°) if we use analogous
notation.

In view of the construction, we see that we can choose C' on any interval

[s + 22" + 812" /16, + 22" — 812" /16]

if we can choose C on [s,t], where s = bé. < cé. =1, < 2n+ 1. Especially, we can choose
function C' on
[2271 _|_ 81_2n/16, 1 + 22n _ 81—27’1/16]7

[1+1/4+2% +872"/16,1 + 3/4 + 22" — 8'172"/16],
[—2+1/16 + 22" +8'72"/16, -2 + 1 — 1/16 + 2*" — 872" /16,
[—2+1+1/4+1/16 4+ 22" + 872" /16, =2+ 1 + 3/4 — 1/16 + 22" — 8' 72" /16
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and on less than 7 - 8*"~1 — 4 subintervals of I,,. Expressing

I, =[04+2*"1+2"JU[1+2*,2 4+ 2" U[-2+2*",0 + 2*"]U - - -
U[2+22+"‘+22n_4+22n,2+22+"‘+22n_2+22n]
U[_22n71_'.'_23_2+22n’_22n73_'.'_23_2+22n]

and using the induction hypothesis, the construction, and (4.2), we obtain that we can
choose C' on intervals of the lengths grater than or equal to

1-2-872"/16, 1/2—2-8"72"/16,

1-1/8-2-872"/16, 1/2—-1/8—2-8"72"/16,
43/16 + 22 +2° + - 422773 4 2772 2. 8172 /16 - (78 —4) .
Summing, we get

1 7 3 11 7
1 > 1+ = -4 — 22t 59l 4.3
i1 21+ oot o o 3 , (4.3)

which is the above statement. Analogously, we can prove
ron > 22772 neN. (4.4)

Now we describe the principal fundamental matrix X on I, for arbitrary n € N.
Since C' is constant a has the form diag [ia,ia,...,ia] for some a € R on each interval

[b?”“, c?”“], je{l,...,6-4>1} from

to

Xolts) — Xe(th) :/ C(r) - Xo(r)dr, tity €R,
t1

we obtain

| Xe() - X @) ]| <

k b2n+1

Z(/;H lCe) - Xe) ldr+ [ ||C(T)'XC(T)||dT>

J=1

(4.5)

if t < ai’f{l, t € I,,, where

X)) = Xo(2+ 22+ +22"72), te 24224 4222yt
XEFI() = exp (CO3™) (0 = 1)) - X, te (5, ),

XE0) = XU, e (@

X2 (1) 1= exp (COZEL ) (0 — BEL ) - XEFUO2AL L), ¢ e (2L L, 2l ],

X(an'i'l(t) = X(an'i'l (032;1371), t G (C?’ggj—la 2 + 22 + tt + 2271]
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It is seen that X is bounded (see also the below given, where it is shown that X (t) €
U(m) for all t) as almost periodic C. Any interval

[2_|_..._|_22”*2_|_l_1724_...4_22”*24-[]’ lE{l,...,ZQn},nEN

contains at most 4?"*! subintervals where C' can be linear. Indeed, it suffices to consider
the construction. We repeat that the length of each one of the considered subintervals is
81721 /16 which implies that the total length of them on

JUi= 24284 4222 2422 222 L 0 e (1 0}

is less than 27!, Thus (consider also (4.5)), there exists K € R such that
n K
|| Xc(t) — X2 @) || < o tE€ Jole{l,...,n},neN. (4.6)
From the form diag [ia(t),...,ia(t)] of all matrices C(t), we see that
el =Tla®)], tek.

For simplicity, let a(t) > 0, t € R. Let a} € R, j € {1,...,n} be arbitrarily chosen.
Considering the construction and combining (4.3) and (4.4), we get that we can choose
constant values of

Ct), te2+-+2""24(1—-1)2" 2+ -+ 272 4+[2"]

on subintervals with the total length grater than 2”72 for each [ € {1,...,2"} and all
sufficiently large n € N. Since we choose C' only so that

|C@) —cit—2"]] < ﬁ te I,

we see that we can obtain
X%”H(t?) = diag [exp (ia?) s .., EXD (ia}l)}
for arbitrary ¢ such that
th>2422 424 4 222 3 30 4 >4t 37— 3h)
> 43 =3 2422 2t 22 >

because we have

4" > (3" —3%) > 3" =37 > ... > 3" — 3" > 92kt
for sufficiently large n € N and some k = k(n) € {1,...,n} satisfying

22 hT2 g 272 s o

We recall that we need to prove the existence of such ', given by the above construction,
for which the vector valued function X4(t) X¢(t) u, t € R is not almost periodic for any
uwe C™, ||ull, = 1. Since

(Xa(t) - Xa(8))" = A(t) - Xa(t) - X5() — Xa(t) - X4(1) - AQt), teR
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and since the constant function given by I is a solution of X’ = AX — X A, X(0) = I,
we have X,(t) € U(m) for all . Thus, X¢(t) € U(m), t € R as well. We add that
Xa(t) X3(t) =1, t € Rimplies A*(t) + A(t) = O, t € R.

Let c€ C, |c| =1, and N € U(m) be arbitrarily given. Obviously, for any M € U(m),
we can choose a number a(M,c) € [0,27) in order that all eigenvalues of matrix

P := M - diag [exp (ia(M,c)), ..., exp (ia(M,c))]

are not in the neighbourhood of ¢ with a given radius which depends only on dimension m.
Indeed, if M has eigenvalues A, ..., A, then the eigenvalues of P are \;exp (ia(M,c)),
...y Amexp (ia(M, ¢)). Considering Pu— N u and expressing vectors u € C™, ||u||; =1, as
linear combinations of the eigenvectors of P, we see that P u cannot be in a neighbourhood
of Nu for some ¢ € C, |c¢| = 1. Thus (the considered multiplication of matrices and
vectors is uniformly continuous), there exist ¥ > 0 and £ > 0 such that, for any matrices
M,N € U(m), one can find a(M, N) € (0,27) satisfying

||M-diag [exp(id),...,exp(id)]~u —N‘UH1>197

weC™, ||ull, =1, ae (a(M,N)—¢&a(M,N)+¢). (4.8)

We showed that we can construct C' so that we obtain
Xé”“(t?) = diag [exp (ia?) y. .., XD (ia?)}

for arbitrarily given a} € [0,27) and any ¢} satisfying (4.7) if n € N is sufficiently large
and j € {1,...,n}. Especially, for sufficiently large n € N and for

th=2422 420 4. 4222 3n 30

4.9
th=ty +3" =3 .. =" 43" -3 (4.9)

we can choose all X é”“(t;‘) in the form without any conditions. Hence, we obtain diagonal
matrices X2 (t7), j € {1,...,n}, determined by numbers
exp (ia (Xa(t]), Xa(t] —3"+371) - Xo(t) —3" 4+ 371)))

on their diagonals.
It is seen from (4.9) that each

e+ 44222422 4. 4+ 272 4 03"
Thus (see (4.6)), for any n > 0, we have
| Xe(tn) — X2 || < (4.10)

for sufficiently large n = n(n) € N and j € {1,...,n}. From (4.8) and (4.10) it follows
that

|| Xa(t]) - Xe(t]) - u— Xa(t] = 3"+ 371 Xo(t] —3"+37") - ul||, >0 (4.11)

for any w € C™, ||u ||, = 1, sufficiently large n € N, and j € {1,...,n}.
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By contradiction, suppose that there exists u € C™, ||u ||, = 1, with the property that
Xa(t) Xe(t)u, t € R is almost periodic. Applying Theorem 3.4 for

Y(t) =Xa(t) - Xe(t) - u, teR, s,=3""neN, =9,
we get
| Xa(t+3") - Xe(t+3") - u — Xa(t+3") - Xc(t+3™)-ull, <9, teR (4.12)
for all ny, ny from an infinite subset of N. If we rewrite (4.12) as follows
| Xa(t) - Xeo(t)-u — Xa(t+3"—=3") - Xe(t+3™—3")-ul|, <v, teR,

then it is easy to see that (4.11) is not valid for infinitely many n € N. This contradiction
proves the theorem. O

In Chapters 3 and 4, we studied the Bohr almost periodic functions, we modified the
Bochner definition, we mentioned main properties of almost periodic functions and we con-
sidered almost periodic solutions of almost periodic skew-Hermitian differential equations.
Analogously, it is possible to obtain (by simple modifications of our processes) the corres-
ponding results for pseudo almost periodic functions (see [50], [53]). Note that a function,
defined for ¢ € R with values in a Banach space, is pseudo almost periodic if and only if it
can be represented as the sum of an almost periodic function and a continuous function f
satisfying

T
1
li — = 0.
Jdim = [ =0
-7



Footnotes to Part 11

1 There exist definitions of almost periodic functions defined on various sets. For almost
periodic functions defined on the torus (on the annuloid), see [122], [135]; on a tube,
see [66]; on a circle, see [27].

2 The bibliography of 137 items can be useful for many readers. We add that it
includes 18 papers by A. Kovanko whose important results about (the Besicovitch, the
Muckenhoupt, the Stepanov, and the Weyl) types of almost periodic functions are not
mentioned in this work. See also bibliographical notes in [39] (704 items) and directly
(7], [108]. Other interesting types of almost periodic functions (e.g., asymptotic, the
Eberlein, pseudo, and weakly almost periodic functions) are investigated in [172].
Very special types can be found in [27], [146].

3 Theory of almost periodic functions has been one of the most interesting topics in
analysis for its significance in the physical sciences (see, e.g., [147]). There exist many
remarkable books (see [37], [69], [171] and the papers cited therein as well) concerning
almost periodic solutions of ordinary (or functional) differential equations (in appli-
cations).

4 Since the Bochner definition is very important (in this work), we mention the proofs
of Lemmas 3.2 and 3.3 in the full version:

Proof of Lemma 3.2. Let an almost periodic function ¢y : R — & be given and let
p = p(e/3), where € > 0 is arbitrary, be from Definition 3.1. Since v is uniformly
continuous on the interval I := [—1,1 4+ p|, there exists 6 = d(¢) € (0,1) such that

5
o(W(th),¥(t2)) < 3 ti,ta €1, [t —ta| <.

Let t1,ty € R satisfying |t; —to | < d be arbitrary and s = s(ty,9) € [—t1, —t; +p] be
an (g/3)-translation number of ¥. Evidently, t; + s € I, ty + s € I. Finally, we have

0 (1), ¥(t2)) < o (W(tr),¥(tr +5)) + o (Pt + 5),9(t2 + 5))

Fo(lta+s),ult) < S+ S +s=<

which terminates the proof. O

98



Proof of Lemma 3.3. Let p = p(g/2) be from Definition 3.1 for arbitrarily given
e > 0. Obviously, the set of all values of 1) on [0, p] is a subset of a finite number
of neighbourhoods of radius £/2. Let us denote by x4, s, ..., z, the centres of these
neighbourhoods that cover the set {¢(t); ¢ € [0,p]}. For an arbitrary ¢t € R, we
take an (¢/2)-translation number s = s(t) € [—t,—t +p] of ¢. Thus, t + s € [0, p].
Let x(t) € {x1,22,...,2,} be the centre of the neighbourhood of radius €/2 which
contains ¢ (t + s). We get

o(z(t),v(t) < o(z(t), ¥t +5) +o(W(t+s),¥(t) < =+ = =e.

It shows that, for any ¢ > 0, the set of all values of ¥ is covered by a finite number
of neighbourhoods of radius €. O

Now we will prove that any Bochner almost periodic function ¢ : R — X is Bohr
almost periodic:

Assume, on the contrary, that 1 is not Bohr almost periodic. Then, there exists
a number € > 0 such that, for any p € N, one can find an interval of length p which
does not contain any e-translation number of ¢). Consider an arbitrary number [; € N
and an interval (aj,b;) € R of the length greater than 2(/; + 1) which contains no
e-translation number of ¢). We choose Iy € Z such that Iy — 1 € (a1, b1). Thus, Iy —
is not an e-translation number of ¢. Next, there exists an interval (ag,by) C R of
the length greater than 2(l; + 5 + 1) such that there exists no e-translation number
of ¥ in (ag, by). We can also find I3 € Z for which I3 — 1,13 — [3 € (a9, bs), and hence
l3 — 11,13 — Iy cannot be e-translation numbers of .

Proceeding in a similar way, we get a sequence {l, },en satisfying that none of the
numbers l,, — l,,, where n; # ny (ny,ne € N), is an e-translation number of .
Therefore, we obtain

0 (w(t + lm - lnz)a w(t)) > €

for all ny # ns (ny,ny € N) and at least one ¢ € R. This contradiction proves that 1
is Bohr almost periodic.

For the first time, Corollary 3.9 was proved for almost periodic functions with values
in an arbitrary metric space in [134].

Such theorems (which show how almost periodic functions can be characterized by
almost periodic sequences) are also used to study almost periodic solutions of dif-
ferential equations. Especially, general examples of differential equations, for which
a solution z(t) defined for ¢t € R is almost periodic if and only if {z(k)}rez is an
almost periodic sequence, are mentioned in [3], [119], [126].

An important class of almost periodic functions is the class of limit-periodic functions.
To this class belong the uniform limits of sequences of periodic continuous functions
(in general, having different periods). Note that these functions can be defined by
their Fourier exponents (see [25]). It is seen that, using the constructions mentioned
in Section 3.3, we obtain limit-periodic functions.
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We remark that the first interesting generalization of the approximation theorem for
a complete metric space is due to H. Tornehave and it can be found in [159]. It is
required there that, for every compact subset 5, there exists a positive number d such
that any points z,y € S with distance less than d can be connected by a continuous
curve which depends continuously on x and y and which reduces to x for x = y. This
requirement motivates the main condition of Theorem 3.19.

The first important result about almost periodic solutions of linear equations, in the
general case when each coefficient can be almost periodic, was proved by R. Cameron
(in [30]). But R. Cameron considered only the scalar case. His result was extended
to linear (and quasi-linear) systems by J. Massera (in [116]).

The importance of skew-Hermitian systems may be illustrated by the well-known
Cameron-Johnson theorem states that any almost periodic homogeneous linear dif-
ferential system can be reduced by a Lyapunov transformation to a skew-symmetric
system if all solutions of the given system and all of its limit equations are bounded
in R (for this result and its generalizations, see [34]).

In [104] and [105], the result is proved for systems which have a frequency basis
of dimension two or three (see introduction of Section 4.2). We remark that an
almost periodic function with a finite frequency basis is called quasiperiodic (see also
[49], [154]) and that the quasiperiodic functions as a special class of functions were
studied by P. Bohl and E. Esclangon (see [22], [58], [60], [62]). They also showed the
applications of these functions to the theory of differential equations before H. Bohr
introduced the classical almost periodic functions (see [23], [59]).

In the vector space C™, the following three norms are in common use: the Euclidean
norm

Iz lly =
the absolute norm .
[ally =l |;
j=1
and the mazimum norm
|2l := max |a7|
)>
where z = (z!,...,2™)T € C™. The space Mat(C,m) can be considered as equi-
valents to C™. Thus, a matrix norm || - || should satisfy the usual three conditions

and, in addition, we require
1A-Bl[ < |[A[llIBIl, A,Be€ Mat(C,m)
and the compatibility with |||, p € {1,2,00}, i.e.,

LA -z, <[l Al |[=]l,
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for all z € C™ and any A € Mat(C,m). Once, in C™, a norm || - ||, (p € {1,2,00})

is defined, then the corresponding matrix norm || -|| is given by
| A-z]l,
| Af| := sup , A€ Mat(C,m).
w20 2l

14 The definition of the frequency module (and, consequently, its rational hull) for
almost periodic sequences and functions in Banach spaces is introduced in [169].

15 Reducible systems and irreducible systems (in this context) are introduced and in-
vestigated in [56], [102], [129].
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