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Introduction

In [1], it is observed that although the set of periodic sequences forms a linear space, its
uniform closure is not the space of almost-periodic sequences but of semi-periodic se-
quences. In fact, the space of semi-periodic sequences was shown there to be Banach.

The whole Sections 1.6, 1.7 in [2] and Sections I1.4, IL.5 in [3] are devoted to semi-periodic
continuous functions, called there limit periodic functions (¢f. also [4, p.129]). This class
was shown there to be identical with the one of uniformly almost-periodic functions with
one-term QQ-base and, in case of integral one-term base, it reduces to the one of purely
periodic functions. For some more references concerning limit periodic functions, see,
e.g., [5, 6]. In fact, limit periodic functions were already considered by Bohr in 1925, as
pointed out in [3, p.113].

In the following section, we define analogously to [1] the class of semi-periodic contin-
uous functions (with values in a Banach space) and show that it is the same as the class
of limit periodic functions considered in [2, 3] (see Theorem 1 below). Let us note that
many different notions with the same name (i.e., semi-periodic), like functions satisfying
Floquet boundary conditions (see, e.g., [7, 8]) or those describing Bloch waves (see, e.g,
[7], and the references therein), exist in the literature (c¢f. also [9, 10]).

Hence, after giving a definition of semi-periodic functions, which is analogous to [1], we
prove that the uniform closure of the set of periodic functions is again the one of semi-
periodic functions. Unlike in the discrete case, the space of semi-periodic functions is,
however, not linear and so not Banach. In order to clarify transparently the position of
semi-periodic sequences and functions in the hierarchy of closely related spaces, we de-
cided to illustrate it by means of Venn’s diagrams. Thus, the spaces of almost-periodic,

semi-periodic, quasi-periodic and periodic functions and sequences and some of their
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sums (in the continuous case) are compared in this way. For this, the semi-periodicity is
considered by means of the Fourier-Bohr coefficients.

There are even more general interesting classes of almost-periodic functions (for their
hierarchy, see, e.g., [11, 12]), but for our needs here only those which are uniformly (Bohr)
a.p. will be taken into account. It is well known that uniformly continuous Stepanov a.p.
functions are Bohr a.p. (see, e.g., [4, 11]). Another nontraditional characterization of Bohr
almost-periodicity was recently done in [13], namely that Stepanov a.p. functions with
Stepanov a.p. derivatives are also Bohr a.p.

In order to make applications to difference and differential equations, we still need to
define the notion of uniform semi-periodicity and prove that the associated Nemystkii
operators map the set of semi-periodic sequences into themselves. This is unfortunately
not true in the case of functions. On this basis, we finally give two examples about the ex-
istence of semi-periodic solutions in the form of theorems, both in the discrete and in the
continuous cases. Although many various sorts of periodic-type solutions were investi-
gated (for their panorama, see [7]), as far as we know, semi-periodic solutions in the sense
of definitions below of difference or differential equations have been only considered in
[14] and in a certain sense also in [5]. Nevertheless, as pointed out in [14], Johnson [15] and
Millionshchikov [16] have already given examples of limit periodic differential equations
which admit almost automorphic solutions, but not limit periodic ones.

Before passing to semi-periodic functions in the next section, it will be convenient to
mention some facts about semi-periodic sequences.

Hence, denoting as usually by (N) Z the set of (positive) integers and letting E to be a
Banach space endowed with the norm | - |g, let us recall the definition of semi-periodic

sequences (cf. [1]).

Definition 1 A sequence x € E” is called semi-periodic (s.p.) if

Ve>0,3T e N\,Vn e Z,Vk € Z, |XisnT —%k|E < €.

One can readily check that Definition 1 can be regarded as a discrete version of Defini-
tion 2 below for semi-periodic functions. Similarly, the definition of quasi-periodic (q.p.)
sequences can be regarded as a discretized (i.e., restricted to Z) version of the one for
quasi-periodic functions recalled below. A q.p. extending function has the Fourier-Bohr
expansion with Mod(-) to be finitely generated which is also true for q.p. sequences. For
more properties and details concerning q.p. functions, see, e.g., [17].

In this light, since the analogy of Theorem 2 below holds for sequences (see Remark 4)
and since the discrete (i.e., restricted to Z) analogies of Examples 1-3 below can be con-
structed, one can illustrate the relationship of these classes by means of Venn’s diagram in
Figure 1. For more properties about s.p. sequences, see, e.g., [1, 18, 19].

On the other hand, the situation in Figure 1 is much simpler than in Figure 2 for contin-
uous functions, because under the restriction to Z, the sum of (semi-)periodic sequences
remains (semi-)periodic while Stepanov almost-periodic (a.p.) sequences were shown in

[20] to coincide with Bohr a.p. sequences.
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(Bohr = Stepanov) almost-periodic

quasi-periodic periodic semi-periodic

Figure 1 Venn’s diagram: discrete case.

periodic

Figure 2 Venn's diagram: continuous case.
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Continuous semi-periodic functions
Let C‘}(R, E) be the set of continuous T'-periodic functions,

Per(R,E) := | J C}(R, E)

>0

be the set of periodic functions and BC’(R, E) be the set of continuous bounded functions.

The last one is a Banach space with the uniform norm (written || - ||oo)-
Definition 2 A continuous function f € C°(R,E) is said to be semi-periodic (s.p.) if
Ve>0,3T>0,Yn € Z,Vt€R, |f(t+nT)-f(1)], <e.

Such a T will be called an g-semi-period of f.
Let S(R, E) denote the set of semi-periodic functions.

It is easy to see from the definition that every continuous periodic function is semi-
periodic. Moreover, if f is semi-periodic, then f is uniformly (Bohr) almost-periodic (i.e.,

fe AP°(R,E)), and so it is bounded. Thus, we can rewrite Definition 2 as follows.

Definition 3 A (bounded) continuous function f € C°(R, E) is said to be semi-periodic
(s.p.) if

Ve>0,3T>0,VneZ, |f(-+nT)-f()|  <e.
We have
Per(R,E) c S(R,E) c AP°(R,E) ¢ BC°(R,E).
From this, we can consider S(R, E) as a metric space, when using

d(f,g) = su]glf(t) - g(0)] -

As we will see later, S(R, E) is not a linear space, but S(R, E) is a complete metric space.

Lemmal Letf € S(R,E), ¢ >0 and T, be an e-semi-period of f. Then there exists a con-

tinuous T,-periodic function ¢ s.t.

If —¢llo <&

Proof Consider a T,-periodic function ¥ such that its restriction to [0; T;) is the same as
the one of f. For each x € R, we can write x = t + nT, with n € Z and ¢ € [0; T;). Thus, we
get

[f@) =¥ @)|g = [fE+nT.) -yt +nT.)|,
= [f(t+nTe) =Y (@)|g = [f(t + nTe) — f(0)| <e.
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Since v is not necessarily continuous, consider still 7 € (0; T¢) such that, for any ¢ € [T, —
7, Te), |f(¢) = f(Te)|g < €. Define a T, -periodic continuous function ¢ which is equal to
on [0, T, — t] and which is linear on [T, — 7, T]. For ¢t € [T, — 1, T, ], we obtain

T.—t

(&) - o(@)]5 < [f(Te =) O]

(T, -
D g, <o

and subsequently
sup|o(x) — f(x) |, < 2e. 0
xeR

Remark 1 For E = R, unlike for semi-periodic functions in the sense of Definition 2 or
Definition 3, in fact the same lemma was already proved in [3, pp.114-115], but for limit
periodic functions. As already pointed out in the foregoing section, these classes will be
shown to coincide by Theorem 1 below, whose proof is just based on Lemma 1.

We are ready to give the first theorem.
Theorem 1 S(R,E) is the closure of Per(R,E) in the sup-norm.

Proof Assume firstly that f is s.p. Taking in Lemma 1 ¢, = 1/n, we obtain a sequence of
periodic functions (¢,), s.t. ||f — @ullec <&n — 0.

Reversely, assume that f is in the closure of the set of continuous T-periodic functions.
Then, for any ¢ > 0, we can find a periodic ¢ s.t. |[f(£) — ¢(t)|g < €. Let T be its period.
Then, for any t € R,

V(t +nT) —f(t)|]E
< [f(t +nT) — o(t + nT)|]E+|g0(t +nT) - go(t)|E
+|o@®) —f(B)|p<e+0+e. O
Remark 2 Inview of Theorem 1, one can now also define a semi-periodic function, equiv-

alently w.r.t. Definition 2 and Definition 3, as the uniform limit of a uniformly convergent

sequence of continuous purely periodic functions. This was so done, e.g., in [2, 3, 5, 6, 14].
In the following proposition, we look for the link between s.p. sequences and functions.

Given a sequence x = (x;);ez, we set f;: R — E, the function s.t. its restriction to Z is x and
which is linear on each [k, k +1], k € Z, i.e.,

VE€Z, fulu):={u)np + (1 - {u})x,,
where {u} is the fractional part of i, i.e., {u} € [0,1) and u — {u} € Z.

Proposition 1 Let x € EZ. All the following statements are equivalent:
1. f; is s.p. with a semi-period in N,
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2. there exists a s.p. function with a semi-period in N whose restriction to Z is x,

3. xiss.p.

Proof For (1) = (2), take f; in (2). For (2) = (3), take T as an e-semi-period for the function
fin (2). Then we have

V€L, |xnr—xle =|f(t+T)-f()|,
<lfe+D-fl, <o

For (3) = (1), given T as an e-semi-period of x, we have for all t € Z

[fult+ T) - £:(0)]

<{B|xerr1 — Xpale + (1= {8}) X7 —2|E < €. O

Let us now consider the Fourier expansion of a semi-periodic function. Recall that every

a.p. function has the Fourier-Bohr expansion,
o0
"
f(t) ~ Za}»j(f)el /t;
j=1

where

a(f) == M{f(£)e™},

and

1
Mig) = Jim (21)” / 0

is the mean operator (see, e.g., [3, 4, 11]). It follows from the above formula that f +> a; (f)
is 1-Lipschizian (and so it is continuous) from AP°(R,E) to E.

Set A(f) := {A,a,(f) # 0} and denote by Mod(f) the Z-modulus generated by A(f). Recall
that an a.p. function is quasi-periodic (q.p.) if Mod(f) has a finite Z-basis, and that T is a
period of f if and only if A(f) C %”Z (see, e.g, [4,17]).

Proposition 2 (for E = R, ¢f. [2, p.32]) Set Q := {r,,n € N} and consider

fO =" a(f)e,

A€0Q

for a fixed 0 > 0, where

Z |ak(f)|]E < +00.

r€0Q

Then f is s.p.
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Proof Consider

N
@) =" ane(fe™.

n=1

274qn
9 9 pnf
= Thus, LN js a period of fiy which is so periodic. Moreover,

Clearly, if r, = ‘Z—Z, then is a period of the nth term. The same is obviously true for

If ~filloo < D lans ()|, — O,

n>N+1
which already proves that f is s.p. O

The following result is also, at least for E = R, well known (see, e.g, [14], [3, pp.118-119],
and the references therein).

Lemma 2 Iff € S(R,E), then there exists 0 > 0 s.L.

A(f) C0Q.

Proof Let us consider A and u s.t. a,(f) # 0 and 4,(f) # 0 and a sequence of periodic
functions (f,,), s.t. f, — f, uniformly. It follows from the continuity that, for sufficiently
large N, a, (fy) # 0 and a,,(fy) # 0, but since fy is periodic, it follows that A/ € Q. O

Remark 3
1. This proof also demonstrates that, for a sufficiently large #, the period T, of f,
satisfies T,0 € 2 Q.
2. It indicates that S(RR, E) is not a linear space. For instance, a simple q.p. function
t > cos(t) + cos(t+/2) is not s.p. although it is a sum of two s.p. functions. On the
other hand, the sum of two a.p. functions is trivially a.p.

Example 1 On the basis of Proposition 2 and Lemma 2, we can easily give the following

example of a purely s.p. (i.e., not periodic) function:

it/n

=3

n>1

Moreover, one can readily check that the function f can be obtained as a uniform limit of

the sequence (fy)n, where fy is a continuous 27 N!-periodic function,

it/n

N e
futy=>" ot
n=1

Theorem 2 Every s.p. function which is also q.p. is in fact periodic:

S(R,E) N QP°(R,E) = Per(R, E).
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Proof Let f € S(R,E) N QP°(R, ). Since f is q.p., we can find wy, ..., ®,, such that
A(f) CZwy + - -+ + Lawyy,.

Set Gy :=Zw, + - - - + Zw,,. G is an additive subgroup of R. Since f € S(R, E), we can find
0 > 0s.t. A(f) C 0Q. Set G, := 0Q. G, is another additive subgroup of R,s0 G = G;N G, isa
subgroup of G; which contains A(f). Since G is a subgroup of G, there exist p € {1,..., m}

and positive Z-independent real numbers ¢y,...,¢, s.t.
G=2 + -+ L&y

Let us show that p = 1. Once we have it, we can conclude that A(f) C £ Z which proves
that 2§_71T is a period of f. Since, for each i, {; € G C G,, we know that, for each i, we can find
g; € @ s.t. §; = q;0. This proves that ¢;/¢; € Q, for i #j, which is impossible. O

Remark 4 In view of Proposition 1 and its analogy for q.p. sequences mentioned in the
foregoing section, a discrete (i.e., restricted to Z) analogy of Theorem 2 holds for se-

quences.

Example 2 As an example of a function which is almost-periodic (a.p.) but neither quasi-

periodic nor a sum of semi-periodic functions, consider

ioy,t

0=

n>1

where the o}’s are constructed by induction, say for all k,

o1 € 01Q + -+ + 0, Q.

We will prove that we cannot find a finite set of numbers 6;,...,6, s.t.
A(f)CcO,Q+---+60,Q.

Firstly, assume this has already been proved. Then if f is a sum of semi-periodic func-

tions f;, say f = Z;’zlf», we could find, according to Lemma 2, for each j a §; s.t. A(f;) C 6,Q.
This implies that

A(f) C AR U---UA(f) C Q)+ +(0,Q),

which is not true. If f were quasi-periodic, we could find 6;,...,6, s.t.
Af)COZ+---+6,ZC6,Q+---+6,Q,

which is again wrong. Now, we can make the first part of the proof. So, let us assume

A(f) c6,Q+---+6,Q.
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We have A(f) = {0;,i > 1}. Thus, for any i > 1, we can find (aa,...,a;;) € Q7 \ {0} s.t.

q
O; = E 61,79]'.
j=1
Let us now consider the square matrix

A = (ajh<ij<q-

If it is invertible, we can express 6,...,6, linearly (with rational coefficients) depending
on oy,...,04. This proves that o,,; should be a (rational) linear combination of oy,..., 0y,
which is not true.

Assuming that the matrix is singular, its rows are linearly dependent. So, we can find
(U155 1g) € QT\ {0} s.t. Y, iay; = 0, for each j. Multiplying it by 6; and then summing
over j, we obtain ) _; u;0; = 0 which is not possible.

Example 3 As an example of a function which is quasi-periodic (q.p.) but not a sum of
periodic functions, consider

eit(1+n«/§)

fO=>

2
Here A(f) = {1+ n2,n e N}, thus Mod(f) = Z + V27, i.e,f is q.p. Assume that f is a sum
of a finite number of periodic functions. Let Tj,..., Tk be the periods. According to [21],
we have

ATy, ..., TR)f =0,

where

A(Th)f (%) = f(x + T1) — f(x),
ATy, TOf (%) := ATy, . .., Tee) (A(TR)f ().

An easy calculation yields

k
a, (A(Ty, ..., TR)f) = a(f) l_[(eiu/ “1),

Jj=1

by which
VneN,3e(l,...,k}, (1+nV2)Te2nZ.

Since N is infinite, we can find two different integers 1, # with the same T}. Thus, there
exist two integers k,, k, s.t.

1+n\/§_2n 1+m\/§
k, _Tj_ km

Page9of 16
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This implies that &, # k,;, and we obtain
(kin — k) = (mk, — nkm)\/i
which is not possible.

Remark 5 We know (see, e.g., [4, 11]) that every almost-periodic (a.p.) f is a uniform limit
of a sequence of a finite sum of periodic functions (f,),. Writing

f=fo+ ) (fua=fi)

we can see that every a.p. function can be expressed as a series of periodic functions.
Reversely, a uniformly convergent series of periodic functions is a.p.

Summing up the above observations, we can present in Figure 2 Venn’s diagram for con-
tinuous functions under our investigation. The classes of almost-periodic, semi-periodic
and quasi-periodic functions are in circles, while sums of semi-periodic functions are
in the ellipse. Sums of periodic functions are in the intersection of the classes of quasi-
periodic functions and sums of semi-periodic functions. In fact, one can check by similar
arguments as in the proof of Theorem 2 that a sum of periodic functions is exactly the
sum of semi-periodic functions which is quasi-periodic. Periodic functions are, according
to Theorem 2, at the same time semi-periodic and quasi-periodic. Purely semi-periodic
functions are in the grey strip.

Now, consider the primitives of s.p. functions.

Lemma 3 Assume that f is a.p. and consider F(t) := fot f(s)ds. Assume that there exists
¢ € APP(R,E) and a € E s.t.,

VteR, F(t)=o¢(t)+at.

Then a = M{f}.

Indeed, ¢ is necessarily differentiable, and integrating the equality f = ¢’ + 4, we obtain

1 (! 1
a:ﬂ/_lf(s)ds+(9(i),

because ¢ is bounded. This already proves Lemma 3. It is well known that M{f} = 0 is
a necessary and sufficient condition for F to be periodic, provided f is so. It is, however,
not sufficient in the case of a.p. functions. For more detalils, see, e.g.,, [22]. Despite the
approximation by periodic functions, it is also not sufficient in the case of s.p. functions,
as demonstrated by the following example.

Example 4 Let us consider the s.p. function

2
o) - Z cos(t/n ).

72
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We have a normal convergence, so the series exists and defines a s.p. function for which
M({f} = 0. A formal candidate to be its primitive is

F(t) = Z sin(t/nz).

n>1

We have a uniform convergence on each compact set, because |sin(x)| < |u|. Thus, this
series also exists and defines a primitive of f. If F were s.p., it should be a.p. which is

obviously not true, because the Parseval equality does not apply.

Uniformly semi-periodic functions with respect to a parameter
Definition 4 Let f: R x M — Rk, where M is a subset of R”. We say that f is uniformly
semi-periodic (u.s.p.) if for any compact set K C M C R”, we have

Ve >0,3T >0,Vn e Z,Vt e R,Ya € K,

V(t +nT,a) —f(t,a)‘Rk <e.

Since such a function is u.a.p., we know that given a compact subset K of M, f is bounded

and uniformly continuous on R x K.

Proposition 3 Any u.s.p. function is a uniform limit, on each R x K, of a sequence of

continuous functions which are periodic w.r.t. their first variables.

Proof Let T be given by the definition and consider a T-periodic function ¢(-,«) such
that its restriction to [0; T) is the same as the one of f(-, ). For each x € R, we can write
x=t+nT withn € Z and ¢ € [0; T). Thus, we get

[f(x,ot) - go(x,oz)|Rk = [f(t +nT,a)— @t + nT,a)|]Rk
= [f(t+nT,oc)—<p(L‘,ot)|]R,<

= |f(t+nT,0) - f(t,0) | <&

uniformly w.r.t. « € K. Since ¢ is not necessarily continuous, consider still T € (0; T) such
that, forany t € [T — 7, T] and any « € K, |f(t,«) —f(T, ) |g < ¢. This is possible, because
K is compact. Define a T-periodic continuous function ¥ (-, &) which is equal to ¢(-, @) on
[0, T — 7] and which is linear on [T — 7, T]. For t € [T — t, T], we obtain

T _
60 = ¥ (6] = —— (T = .00 = flt,)| s

t—(T-1)
P S

. [f(T,oz)—f(t,oz)‘Rk <2g,

and subsequently

sup |¢(x,a) —f(x,ot)|Rk <2e. O
(xa)eRxK
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Remark 6 Assume that f is L-Lipschitzian w.r.t. its second variable. It follows from the
proof that so is ¢, from which we can deduce the same for . So, a u.s.p. function Lips-
chitzian w.r.t. its second variable can be approximated uniformly on each R x K (K com-
pact) by a sequence of functions which are periodic w.r.t. their first variables and Lips-
chitzian (with the same constant L) w.r.t. their second variables.

Remark 7 It is possible to define the same for the discrete case and to obtain analogous
results. This will be omitted here, because the proofs are quite similar.

Concerning the Nemytskii operator, in the continuous case, it is not true that if f is
u.s.p. and ¢ is s.p., then ¢ — f(¢,¢(¢)) is s.p. As an example, take f(¢,x) = sin(¢) + x and
¢(t) = sin(sr£). On the other hand, it is true in the discrete case.

Proposition 4 Assume that f: 7. x M — RP is s.p. and that x = (x,); is s.p. with the range
in M C R". Then the sequence (f(t,x;))icz is S.p.

Proof Set K = {x;,t € Z}. Since x is a.p., K is a compact subset of M. So, given ¢ > 0, we
can find n > 0 s.t.

sup [f(t,x) —f(t,y)|Rp <e.

teZ,lx—y|<n

Set n’ := min{n, ¢}. We know that we can find two integers T3, T5 s.t.

VneZNt €L, |Xpenr, —%elrn <1,

VneZNteZ,xeKk, [f(t+ nTy,x) —f(t,x)\Rp <7

Let T be a common multiplier of 77 and T (for instance, T = T T5). The last inequalities
remain true, when replacing every T; by T. Thus, for any (¢, n) € Z?,

lf(t + nTlxt+nT) _f(t’xt)’Rp
=< lf(t + VIT, xt+nT) _f(t + VIT, xt) |Rp

+ [f(t+nT,xt)—f(t,xt)‘Rp§8+n'§28. O
For an alternative proof, one can employ the approximation by periodic sequences.

Semi-periodic solutions of difference equations

In this section, we are interested in semi-periodic solutions of the difference equation
in R?,

X1 + Axe = f (8, %), @)
where A is a real square p x p matrix.

Theorem 3 Assuming that A has no eigenvalues with modulus one and that f is u.s.p.
and Lipschitzian w.r.t. the second variable with a sufficiently small constant, there exists a
unique semi-periodic solution for the difference equation (1).
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Proof We know (see, e.g., Proposition 2.2 in [23]) that, for each a.p. sequence (b;); with
values in R?, there exists a unique a.p. solution to

Xt+1 +Ax¢ = b[. (2)

Denoting by AP(Z,R?) the Banach space of a.p. sequences (cf. [23]), the linear operator
T: AP(Z,R?) — AP(Z,R?), determined by the left-hand side of (2), is obviously invertible.
Since T is continuous satisfying || 7| <1 + ||A|, we know from the well-known Banach
theorem that 7~! must be continuous as well.

Now, consider a s.p. sequence (g;); with values in R?. We are firstly interested in the a.p.
solution to the equation

X1 + Axy =f(t; q;)~ (3)

By the hypothesis imposed on f and in view of Proposition 4, (f(¢,g;)); is s.p. Therefore,
there exists a unique a.p. solution of (3) (see again Proposition 2.2 in [23]). We can now
consider T7((£(¢,4;)):). Since T~! maps the space of periodic sequences into itself, by the
unique solvability of (3) in AP(Z,R") and by the continuity of 7, the mapping

T: (a0~ T‘l((f(t, %))t)

maps S(Z, R?) into itself. Denote by L the Lipschitz constant to all f(z,-). It is easy to see
that || T7!||L is a Lipschitz constant for 7.

Assuming that L < 1/|| T~}||, the mapping T is a contraction in the Banach space S(Z, R?).
So it has a unique fixed point representing the desired s.p. solution of (1). d

Remark 8 Using a triangular form of —A (like Jordan’s one) (see, e.g., [4, Proposition 6.14
and Remark 6.26)), it is possible to compute explicitly a constant ¢ s.t. || T~}|| < c. For such
a constant, it is sufficient to assume L < 1/c in order to justify Theorem 3.

Semi-periodic solutions of differential equations
Let us consider the equation

X +Ax =f(t,x). (4)

We assume that a real square k x k matrix A has an exponential dichotomy property,
i.e., that there exist a projection matrix P (P = P?) and constants C > 0, A > 0, such that

| X(6)PX7'(s)| < Cexp(-A(t-5)), fors<t,

| X(6)I - P)X7'(s)| <Cexp(-A(s—1)), fort<s,

where X is the fundamental matrix of ¥’ + Ax = 0 satisfying X(0) = I, i.e., the unit matrix
(see, e.g., [8, Chapter IIL5]). Furthermore, let f: R x R¥ — R¥ be w.s.p. with respect to the
variable x.

Setting

2C
< sup/ Ce M=l g = >
R

C(A) := sup
teR teR

|G(t—s)|ds
R
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eASp - fort>s,
eAts)p, . fort<s

is the Green function associated to A, and P_, P, stand for the corresponding spectral
projections on the invariant subspaces of A, we can formulate the following theorem.

Theorem 4 Assume still that f is L-Lipschitzian w.rt. the second variable with L <
(A/2C<)1/C(A). Then there exists a unique semi-periodic solution of the equation (4).

Proof Let (f,,), be a sequence of periodic functions w.r.t. their first variables s.t. f, — f,
uniformly. We can assume without any loss of generality (see Remark 3) that each f, is
L-Lipschitzian w.r.t. its second variable. Let x,, be the unique bounded (in fact, periodic)

solution of the equation

X+ Ax = f,(t,x)
and x be the unique bounded solution of (4). Such solutions exist; for more details, see,
e.g., [8, Chapter IIL5].

It will be sufficient to show that x,, — X, uniformly.
We have the integral representations (see again, e.g., [8, Chapter I11.5])

x,(8) = /R G(t = 8)fu(s,%u(5)) ds,
x(t) = /R G(t - s)f(s,a_c(s)) ds.

It can be easily checked that, in view of uniqueness of bounded solutions, the periods T,
of f,, are also periods of x,,. It holds

| (£) — X(£) | g

< / |G(t - s)| [f,,(s,xn(s)) —f(s,a_c(s)) |Rk ds.
R

Now, let us prove that there exists a uniform estimate to all x,,. We have

00 6) g < / 1G (& = 9)|[fy (5,0(5)) | e s,
R
and

Vn(srxn(s)”Rk = lfn(S» O)|Rk +L|xn(s)|Rk
= Hf(r 0) ”oo + ”fn(r 0)-f(, 0)”00 + L%yl oo-

Thus,

[%nlloo < CAY(IFC0)| o+ [l 0) = 0)| .+ Lll%nlloo)

Page 14 of 16
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and, according to C(A)L < 1, still

enlloo = 7= C (|Lf( 0 + a0 £ ) =
where R is the desired bound. Putting K = B(0, R), we arrive at

Ufo (5, %(5)) = f (5, %(5)) | o
< fu(5,%(9)) = (5,%(5)) | e
+ [fu(s,%(5)) —f (5, %( )}Rk < Lllxy = Xlloo + €ns

where ¢, = supg, x If: —f Il = 0. Thus, we finally get

C(A)
Xy — X — ¢, — 0.
[l ||<>o_1 C(A)L
Since x,, are T,,-periodic, we conclude that X is semi-periodic. O

Concluding remarks

Remark 9 Because of the right-hand side f (¢, x) in (4), even in the scalar case, Theorem 4
cannot be deduced from the results in [14], where the scalar equation x" + g(x) = f(¢) was
considered.

Remark 10 Since Theorem 3 and Theorem 4 represent only illustrative examples, the
obtained existence and uniqueness criteria were tendentiously very simple. More sophis-
ticated situations will be considered by ourselves elsewhere.

Remark 11 Analogously as in [24, 25], where almost-periodic solutions were under con-
sideration, it would be interesting to obtain similar results concerning semi-periodic so-

lutions of monotone systems or those treated by means of variational methods.
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