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ABSTRACT. In the present work, we introduce the concept of almost automorphic functions
on time scales and present the first results about their basic properties. Then, we study
the nonautonomous dynamic equations on time scales given by z2(t) = A(t)x(t) + f(t) and
o2 (t) = A(t)x(t) + g(t,x(t)), t € T where T is a special case of time scales that we define in
this article. We prove a result ensuring the existence of an almost automorphic solution for
both equations, assuming that the associated homogeneous equation of this system admits
an exponential dichotomy. Also, assuming the function g satisfies the global Lipschitz type
condition, we prove the existence and uniqueness of an almost automorphic solution of the
nonlinear dynamic equation on time scales. Further, we present some applications of our
results for some new almost automorphic time scales. Finally, we present some interesting
models which our main results can be applied.

1. INTRODUCTION

The theory of time scales is a recent theory which started to be developed by Stefan Hilger,
on his doctoral thesis (see [34]). This theory represents a powerful tool for applications to
economics, populations models, quantum physics among others. See, for instance, [4], [19]
and [36]. Because of this fact, it has been attracting the attention of many mathematicians
(see [1], [6], [10], [22], [23], [24], [26], [27], [45], [46], [47], [48], for instance and the references
therein) and the interest in the subject remains growing.

Since time scale is any closed nonempty subset of R, the theory of dynamic equations on
time scales allows to unify several developments in evolution equations, depending on the
chosen time scale. For instance, if T = Z, we have a result for difference equations. On
the other hand, taking T = R, we obtain a result for differential equations. We point out
that this theory can also describe continuous-discrete hybrid processes, which have several
important applications. For instance, the continuous-discrete hybrid processes can be used
to investigate option-pricing and stock dynamics in finance, the frequency of markets and
duration of market trading in economics, large-scale models of DNA dynamics, gene mutation
fixation, electric circuits, populations models, among others. See, for instance, [13], [19], [37],
[50], [36] and the references therein.

Moreover, this theory can be used to study quantum physics. Choosing the time scale
equal to ¢ U {0}, ¢ > 1, we obtain a result for quantum calculus, which is a fundamental
tool to study quantum physics. See [11] and [12] for more details.
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Recently, the qualitative properties of the solutions of dynamic equations on time scales
have been extensively investigated, specially concerning their periodicity. Periodic dynamic
equations on time scales have been treated by several mathematicians. See, for instance,
[1], [2], [6], [10], [42] and the references therein. On the other hand, almost periodicity is a
recent concept in the literature of time scales. It was formally introduced by Y. Li and C.
Wang (2011) in [40] and based on it, some results concerning almost periodicity for dynamic
equations on time scales were proved (see [39]). However, to the best of our knowledge,
the concept of almost automorphic functions on time scales has not been introduced in the
literature until now.

The theory of continuous almost automorphic was introduced by S. Bochner in relation
to some aspects of differential geometry (see [7], [8] and [9]) and after that, this theory has
been attracting the attention of several mathematicians and the interest in this topic still
increasing. See, [14], [15], [16], [17], [20], [29], [30], [43], for instance and the references
therein.

Motivated by this fact, the main goal of this paper is to introduce the concept of almost
automorphic functions on time scales and to start the investigation of existence and unique-
ness of almost automorphic solutions of dynamic equations. More precisely, we study the
non-autonomous dynamic equations on time scales given by

(1.1) 2 (t) = A(t)x(t) + f(t), teT,

where A € R(T,R™") and f € C,q4(T,R").

We prove the existence of an almost automorphic solution of (1.1), assuming the associated
homogeneous equation of (1.1) admits an exponential dichotomy and T is an invariant under
translations time scale, concept that we introduce here for the first time. In passing, we
show that in these time scales the graininess function have the remarkable property of to be
automatically almost automorphic. Also, we suppose A € R(T, R™*™) is almost automorphic
and nonsingular matrix function, the sets

(1.2) {A7 () }eer and {(I + p(H)A(t) ™ heen

are bounded and f € C,4(T,R") is almost automorphic function.
After that, we consider the semilinear dynamic equation on time scales given by

(1.3) 22 (t) = A()x(t) + f(t,x(t), teT,

where A € R(T,R"*"), f € C,q(T x R",R™) and T is an invariant under translations time
scale.

We also obtain the existence and uniqueness of an almost automorphic solution of (1.3),
we assume the associated homogeneous equation of (1.3) admits an exponential dichotomy
and A € R(T,R™") is almost automorphic and nonsingular matrix function, the sets in
(1.2) are bounded and f € C,4(T x R™,R™) is almost automorphic function with respect to
first variable and satisfies the global Lipschitz condition with respect to the second variable.

Moreover, we present some applications of our results for new and interesting invariant
under translations time scales. Finally, we present interesting models which our results can
be applied.

The present paper is organized as follows. The second section is devoted to present the
preliminaries results concerning the theory of time scales. In the third section, we prove
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some properties for almost automorphic functions on time scales and present some examples.
The fourth section is devoted to present some basic concepts and main results concerning
product integration on time scales. The fifth section brings a result which ensures the
existence of almost automorphic solutions for linear dynamic equations on time scales. In
the sixth section, we prove an existence and uniqueness of almost automorphic solutions for
semilinear dynamic equations on time scales. Finally, the last section is devoted to present
some interesting examples and applications of our main results.

2. PRELIMINARIES

In this section, we present some basic concepts and results concerning time scales which
will be essential to prove our main results. For more details, the reader may want to consult
[11] and [12].

Let T be a time scale, that is, closed and nonempty subset of R. For every t € T, we
define the forward and backward jump operators o, p : T — T, respectively, as follows:

o(t)=inf{s €T, s>t} and p(t) =sup{s €T, s<t}.

In this definition, we consider inf () = sup T and sup () = inf T.

If o(t) > t, we say that t is right-scattered. Otherwise, t is called right-dense. Analogously,
if p(t) < t, then t is called left-scattered whereas if p(t) = ¢, then ¢ is left-dense.

We also define the graininess function p : T — RT and the backward graininess function
v: T — R, respectively, by

p(t)=o(t) —t and v(t)=1t— p(t).

Definition 2.1. A function f : T — R is called rd-continuous if it is regulated on T and
continuous at right-dense points of T. If the function f : T — R is continuous at each right-
dense point and each left-dense point, then the function f is said to be continuous on T. We
denote the class of all rd-continuous functions f : T — R by C,.q = C,4(T) = C.q(T, R).

Given a pair of numbers a, b € T, the symbol [a, bt will be used to denote a closed interval
in T, that is, [a,b]r = {t € T; a <t < b}. On the other hand, [a,b] is the usual closed
interval on the real line, that is, [a,b] = {t € R; a <t < b}.

We define the set T* which is derived from T as follows: If T has a left-scattered maximum
m, then T = T — {m}. Otherwise, T* = T.

Definition 2.2. For y : T — R and t € T*, we define the delta-derivative of 3 to be the
number (if it exists) with the following property: given € > 0, there exists a neighborhood
U of t such that

ly(o (1)) —y(t) =y () [o(t) — s < elo(t) — s,
for all s € U.

Similarly, we can define the nabla-derivative of the function y : T — R. For details, see
[11] and [12].

Definition 2.3. A partition of [a, bl is a finite sequence of points

{to,tl,...,tm}C[a,b]’E, a=ty<t;<...<t,=0.
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Given such a partition, we put At; =t; —t;_1. A tagged partition consists of a partition
and a sequence of tags {1, ...,&y} such that & € [t;_1,t;) for every i € {1,...,m}. The set
of all tagged partitions of [a, bt will be denoted by the symbol D(a,b).

If § > 0, then Ds(a,b) denotes the set of all tagged partitions of [a, b|r such that for every
i€ {l,...,m}, either At; <6, or At; > § and o(t;_;) = t;. Note that in the last case, the
only way to choose a tag in [t;_1,t;) is to take § = ;1.

In the sequel, we present the definition of Riemann A-integrals. See [11] and [12], for
instance.

Definition 2.4. We say that f is Riemann A-integrable on [a,b]r, if there exists a number
I with the following property: for every € > 0, there exists 6 > 0 such that

D FE)ti—tia) —1I| <e,
for every P € Ds(a,b) independently of & € [t;_1,t;)r for 1 <i < n. It is clear that such a
number [ is unique and is the Riemann A-integral of f from a to b.

Similarly, we can define the Riemann V-integrable functions on [a, b]r. See [11] and [12],
for instance.
In what follows, we present a concept of regressive functions.

Definition 2.5. We say that a function p : T — R is regressive provided
L+ u(t)p(t) #0, forall teT*

holds. The set of all regressive and rd-continuous functions will be denoted by R = R(T) =
R(T,R).

Suppose that p,q € R, then we define p @ g and ©p as follows:
(p @ q)(t) == p(t) + q(t) + p(t)p(t)q(t), for all ¢ e T

and

(©p)(t) == L(t) for all t € T".

L+ p(tp(t)
It is clear that (R, @) is an Abelian group. (See, for instance, [11]). In the sequel, we
define the generalized exponential function e,(t, s).

Definition 2.6. If p € R, then we define the generalized exponential function by

ep(t,s) = exp (/t 5#(7)(p(7))AT) for s,t €T,
where the cylinder transformation &, : C, — Zj, is given by
enz) = %log(l +2h),
where log is the principal logarithm function. For h = 0, we define {y(z) = z for all z € C.

In what follows, we present some definitions about matrix-valued functions on time scales.
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Definition 2.7. Let A be an m X n matrix-valued function on T. We say that A is rd-
continuous on T if each entry of A is rd-continuous on T. We denote the class of all rd-
continuous m x n matrix-valued function on T by C,q = C,q(T) = C,.q(T, R™*™).

We say that A is delta-differentiable at T if each entry of A is delta-differentiable on T.
And in this case, we have
A%(t) = A(t) + u(t) A% (¢).

Definition 2.8. A m x n matrix-valued function A on a time scale T is called regressive
(with respect to T) provided

I+ p(t)A(t) is invertible for all t € T,
and the class of all such regressive rd-continuous is denoted by R = R(T) = R(T,R™*").
Assume A and B are regressive n x n matrix-valued functions on T. Then, we define A® B
» (A@ B)(t) = A(t) + B(t) + u(t) A(t)B(t), VYt T,
and we define ©A by
(CA)(t) = —[I + p(t)A(t)]*A(t), Vte Tk
It is clear that (R(T,R™*"),®) is a group. For more details, see [11].

We proceed giving the definition of matrix exponential function found in [11].

Definition 2.9. (Matrix Exponential Function) Let ¢, € T and assume that A € R is an
n X n matrix valued function. The unique matrix-valued solution of the IVP
YR = AWY (1), Y() =1,

where I denotes as usual the n x n-identity matrix, is called the matriz exponential function
at to and it is denoted by e4(-, o).

In the sequel, we enunciate a result which describes the properties of matrix exponential
function. It can be found in [11], Theorem 5.21.

Theorem 2.10. If A, B € R are matriz-valued functions on T, then
(i) eo(t,s) =1 eea(t,t)=1;
ea(o(t),s) = (I + u(t)At))ealt,s);

(v) ea(t,s)ea(s,r) =ealt,r);
(vi) ea(t, s)ep(t,s) = eann(t,s) if ea(t,s) and B(t) commute.

Using these notions, one can obtain the following result which is a Variation of Constants
Formula which can be found in [11], Theorem 5.24.

Theorem 2.11 (Variation of Constants Formula). Let A € R be an n x n matriz-valued
function on T and suppose that f : T — R™ is rd-continuous. Let ty € T and yy € R™. Then
the initial value problem

(2.1) { yR(t) = A()y(t) + f(2),

y(to) = Yo
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has a unique solution y : T — R™. Moreover, this solution is given by
¢
y(t) = ea(t, to)yo + / eat,o(r))f(1)AT.
to

Definition 2.12. Let A(f) be n x n rd-continuous matrix-valued function on T. We say
that the linear system

(2.2) 22 (t) = A(t)x(t)

has an exponential dichotomy on T if there exist positive constants K and ~, projection P,
which commutes with X (¢), ¢ € T, and fundamental solution matrix X (¢) of (2.2) satisfying

I X(t)PX'(s)| < Keg,(t,s), s,teT, t>s,
IX()(I — P)X '(s)| < Keay(s,t), s,teT, t<s.

The following result will be essential to our purposes. For a proof of this result, see [11],
Theorem 2.39.

Theorem 2.13. Ifp € R and a,b,c € T, then
[ep(cv )]A = _p[ep<c7 )]

g

and
b
/ p(t)ey(c,o(t))At = ey(c,a) — ey(c, b).

The following result shows that e, (t, s), for & > 0, t > s, is a bounded function. The
proof is inspired in [41], Lemma 5.1.

Theorem 2.14. If a > 0, then eco(t,s) <1 fort,s € T such thatt > s.
Proof. First, we suppose pu(t) = 0, then

eca(t,s) = exp (/St 50(@a)AT) :

for every s,t € T. Then,

conlt, 5) = exp (/t @am) = exp (/t %AT) = exp (—al(t —s)),

using the fact that p(7) = 0. Since ¢ > s, we obtain
eca(t; s) = exp (—a(t —s)) <1

Now, let us consider p(t) > 0, then

—a 14 pt)a—pt)a 1 1
1+ pt)a 1+ u(t)a 14 put)a T

Thus, ©a € R and it is easy to see that
log(1+ u(t) s a) e R

1+ pu(t)oa=1+ pu(t)

for all t € T. Then, it follows
log(1+ pu(t) © o)
u(t)

fu(t)(@oz) = < 0,
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which implies that

t
cealtes) = [ un(ea)) <1
for every t,s € T such that ¢t > s. U
The next result describes the solution of (2.1). It can be found in [40], Lemma 2.13.

Theorem 2.15. If the linear system (2.2) admits exponential dichotomy, then the system
(2.1) has a bounded solution x(t) as follows:

+o0

uw=1[ X(OPX o) f()As— [ X()(I = P)X(o(s))f(s)As,

¢
where X (t) is the fundamental solution matriz of (2.2).

3. ALMOST AUTOMORPHIC FUNCTIONS ON TIME SCALES

In this section, we introduce almost automorphic functions on time scales and present
their properties.
We start by introducing a definition of an invariant under translations time scale.

Definition 3.1. A time scale T is called invariant under translations if
(3.1) M:={reR:t£7€T, Vt € T} #{0}.

We say that the graininess function p : T — R, is an almost automorphic function if for
every sequence (a/,) on II, there exists a subsequence («,) C (/,) such that

(52) lm p(t+ a,) = )
for every t € T and
(53) lim j(t = ) = )

for every t € T.
Combining the Theorems 1.9, 1.10 and 1.11 from [21], we obtain the following characteri-
zation of almost periodic functions f : R — R.

Theorem 3.2. The function f : R — R is almost periodic, if and only if, from any se-
quence of the form {f(x + )}, where () is a sequence of real numbers, one can extract
a subsequence converging uniformly on the real line.

A carefully examination of the proofs of the Theorems 1.9, 1.10 and 1.11 from [21] reveals
that the result above remains true for a general time scale. More precisely, we obtain the
next result.

Theorem 3.3. Let T be an invariant under translations time scale, then the function f :
T — R is almost periodic, if and only if, from any sequence of the form {f(x + ay,)}, where
() is a sequence on 11, one can extract a subsequence converging uniformly on T.

Therefore, using this fact and the definition of invariant under translations time scales,
we get the following result.
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Theorem 3.4. If T is an invariant under translations time scale, then the graininess func-
tion p: T — Ry is an almost periodic function.

Proof. If the time scale T is invariant under translation, then the equation (3.1) is satisfied.
Then, let us consider two cases: if all the points in T are right-dense (or/and left-dense) and
otherwise.

Let us consider that all the points in T are right-dense. (Notice that the cases of all points
in T are left-dense or even are right-dense and left-dense at the same time follow similarly.
Thus, we will prove only this case). From this fact and since T is invariant under translation,
we obtain that T = R, because the condition (3.1) must be satisfied. Therefore, in this case,
it follows that p(t) = 0 for every ¢ € T and the almost periodicity of the graininess function
follows immediately.

Now, let us suppose that T has at least one point which is not right-dense (or left-dense),
then in this case, it makes sense to consider min{|7| : 7 € II}, which is clearly finite, since
7 € R. Thus, denote K := min{|7|: 7 € II}.

Then, by the definition of forward jump operator ¢ : T — T, we have

o(t) <t+ K,

which implies that u(t) < K, for every t € T.

Given a sequence («y,) € 11, define pu,(t) := u(t + «,). Obviously, by the properties of an
invariant under translations time scale, we have p, : T — R . Therefore, since the function
i, takes value on Ry and is bounded (0 < pu,(t) < K), we obtain by Bolzano-Weierstrass
Theorem that u, possesses a subsequence which converges uniformly.

Thus, by Theorem 3.3 and using the fact that {u(t + )} possesses a subsequence which
converges uniformly, we obtain that p is an almost periodic function. 0

Using the fact that every almost periodic function is almost automorphic, we obtain as an
immediate consequence of the previous theorem the following result.

Corollary 3.5. If T is an invariant under translations time scales, then the graininess
function p : T — Ry is almost automorphic.

Remark 3.6. We point out that in the paper [40], the authors use the same definition of
an invariant under translation time scale presented here to define an almost periodic time
scale.

However, by Corollary 3.5, one can see that this concept is more general, since it can be
also applied to study almost automorphic functions. Therefore, we rewritten the definition
presented in [40] and called the time scale which satisfies the property (3.1) as invariant
under translations.

If 7,7 € 1II, then 7y =7 € Il and T is an invariant under translations time scale, then
inf T = —oo0 and sup T = +o0.

In what follows, we give some interesting examples of invariant under translations time
scales T.

Example 3.7. The time scales T = Z and T = R are clearly invariant under translations.

Example 3.8. Notice that T = hZ, for h € Z and T = 1Z , n € Ny = N\ {0} are invariant
under translations time scales.
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Example 3.9. Consider the time scale

Py = G [k(a+b),k(a+b)+ a]
k=—o00
then (
t, if te |J [k(a+b)ka+b)+a)
o(t) = h==oe
t+0b, if te U {k(a+0b)+a}
k=—o00
and )
0, if te |J [k(a+0)kla+b)+a)
plt) = e
b, if te |J {ka+0b)+a}

By the definition, it follows that P, is an invariant under translation time scale.

Considering @ = 1 and b = 1 in the Example 3.9, we obtain that P, ; describes the
population of certain species which its life span is one unit of time. In other words, just
before the species dies out, eggs are laid which are hatched one unit of time later. For this
specific case, see [19].

The following two examples bring more complex time scales. They might describe a
population of certain species which its life span behaves the same way as a cosine and sin
function, respectively.

Example 3.10. Let 0 < a < 7 and consider the time scale

[e.9]

Py cosa = U [k(a + cosa), k(a+ cosa) + a
k=—o00
then
( oo
t, if te U [k(a + cosa), k(a+ cosa) + a)
o(t) = k=m0
t+cost, if te U {k(a + cosa) + a}
\ k=—00
and

0, if te U (a + cosa), k(a+ cosa) + a)

p(t) = %
cost, if te U {k(a + cosa) + a}

\ k=—00

It is clear that P, cos, is an invariant under translations time scale.
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Example 3.11. Let § < a < 7 and consider the time scale

Py sing = U [k(a +sina), k(a + sina) + a
k=—o0
then
( oo
t, if te U [k(a +sina), k(a +sina) + a)
U(t) — k=—00 -
t+sint, if te U {k(a +sina) + a}
\ k=—o00
and
( o]
0, if te U [k(a+sina), k(a +sina) + a)
ult) = %
sint, if te U {k(a+sina) + a}
\ k=—0oc0

Clearly, P, ginq is an invariant under translations time scale.
In the sequel, we present some time scales which are not invariant under translations.

Example 3.12. Clearly, T = ¢Z U {0}, ¢ > 1, is not invariant under translations, since T
does not satisfy the condition (3.1). Note that u(t) = (¢ — 1)t.

Example 3.13. Every compact interval T = [a,b], a,b € R, is not invariant under transla-
tions.

Example 3.14. The time scales T = N2 and T = 2" are not invariant under translations.
Here p(t) = 2¢/t + 1 and p(t) = t respectively.

Now, we introduce the definition of an almost automorphic function on time scales.

Definition 3.15. Let X be (real or complex) Banach space and T be an invariant under
translation time scale. Then, an rd-continuous function f : T — X is called almost auto-
morphic on T if for every sequence (a,) € II, there exists a subsequence (a,) C (c,) such
that

lim f(t+ a,) = f(t)

n—oo

is well defined for each ¢t € T and
lim f(t—ay,) = f(t),

n—o0

for every t € T.

We denote the space of all almost automorphic function on time scales f : T — X by
AAr(X).

In what follows, we present some properties concerning almost automorphic function on
time scale T. The proof is inspired in Theorems 2.1.3 and 2.1.4, from [32].
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Theorem 3.16. Let T be an invariant under translations time scale and suppose the rd-
continuous functions f,g : T — X are almost automorphic on time scales, then the following
assertions hold.

(i) f + g is almost automorphic function on time scales;

(ii) cf is almost automorphic function on time scales for every scalar c;

(iii) For each | € T, the function f; : T — X defined by fi(t) == f(l +t) is almost
automorphic on time scales.

(iv) The function f:T — X defined by f(t) = f(—t) is almost automorphic on time
scales;

(v) sup || f(t)]| < oo, that is, f is a bounded function;
teT

(vi) sup 17 (@)l < sup 1f )], where

Jim f(t+a,) = F(t) and  lim f(t — a,) = (1)

n—o0

Proof. Let f,g : T — X be almost automorphic functions on time scales. Then, for every
sequence () € II, there exists a subsequence («y,) C (a/,) such that

lim f(t+a,) = f(t) and  lim g(t + o) = g(t)
n—oo n—oo

is well defined for each ¢t € T and
lim f(t —a,) = f(t) and lim g(t —ay) = g(t),

n—o0 n—o0

for every t € T. Thus, we obtain

T (f + 9)(t+ o) = F(1) + (0)
is well defined for each ¢t € T and

Jim (F 4 9)(t — ) = £(0) + (1),

for every t € T. Thus, item (i) follows.
Since f is almost automorphic function on time scales, then for every sequence (o) € II,
there exists a subsequence (a,,) C (o,) such that

Tim (ef)(t + a,) = lm ef(t+ ) = ef (1) = (e/)()
is well defined for each ¢t € T and
lim (ef)(t — ) = lim ef(t — ) = ef (1) = (e/)(1),

for every ¢t € T, which proves item (ii).

The proofs of item (iii) and (iv) follow using similar argument as before. Thus, we omit
them here.

Let us prove item (v). Let ¢y € T and suppose that supyer || f(k)|| = oo, then there exists
a sequence (al,) C II such that

. / .
Tim || (f + a,)]| = oo
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Since f is almost automorphic, there exists a subsequence («,) C (a/,) such that

lim f(to + an) = f(to),
and using the continuity of norm function, we get
Tim [ £t + )| = | f(to)| < oo,

which contradicts the fact that lim, . || f(to + )| = oo.
Finally, let us prove item (vi). Let («/,) be a sequence on I1, then there exists a subsequence
() C (o) such that

£ =1 lim £0+ )]l = lm (£t + )| < sup ][ £,

which implies that

(3.4) sup || f(£)[| < sup [[f()]]-
teT teT
On the other hand, we have
£O] = 1 Yim i+ )l < sup |70
then
(3.5) sup || f(1)]| < sup || f(®)]-
teT teT

Combining (3.4) and (3.5), we obtain
sup || f(t)[| = sup || F(#)]],
teT teT
and the result follows as well. O

The next result generalizes item (ii) from Theorem 3.16. The proof is inspired in Theorem
2.7, from [3].

Theorem 3.17. Let T be invariant under translations and the functions f,u : T — X be
almost automorphic on time scales, then the function uf : T — X defined by (uf)(t) =
u(t) f(t) is almost automorphic on time scales.

Proof. Let () be a sequence on II, then there exists a subsequence (o)) C (a/,) such that
lim u(t + ') = u(t) is well defined for each ¢t € T and lim @(t — o)) = wu(t) for each

t € T. Since f is almost automorphic, there exists a subsequence (a;,) C (o) such that

n

lim f(t+ ) = f(t) is well defined for each t € T and lim f(t — o) = f(t) for each t € T.
n—oo n—oo
Thus,

lut + ) f(t+an) —a(@) fOI < Jult + an)(f(E+an) = F(1))]
|

for n sufficiently large. Therefore,

lim u(t + an) f(t + ) = u(t) f(t),

n—oo
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for every t € T. Analogously, we can prove that lim @(t — ay,)f(t — a,) = u(t) f(t). Thus,
n—oo

we obtain that uf is an almost automorphic function on time scales. U

In the sequel, we present a result which ensures that AAr(X) is a Banach space with

the norm described in item (v) from Theorem 3.16. The proof is inspired in [32], Theorem
2.1.10.

Theorem 3.18. Let T be an invariant under translations time scale and (f,) be a sequence
of almost automorphic functions such that lim f,(t) = f(t) converges uniformly for each
n—oo

t € T. Then, f is an almost automorphic function.

Proof. Let (al)) be a sequence on II. Since f; € AAp(X), then there exists a subsequence
(al) C (o)) such that

n

n—0o0

is well-defined for every ¢t € T and
lim fit— a}) = (1),

for every ¢t € T. Since fo € AAT(X), then there exists a subsequence (a?) C («)) such that
Tim ot + al) = falt)

is well-defined for every ¢t € T and

lim fo(t — op) = fa(t),

n—oo

for every t € T. Thus, by the diagonal procedure, we can construct a subsequence (o) C
(o)) such that

(36) T £+ o) = (D),
for each t € T and for all © = 1,2, 3,.... Notice that

1) = FO1 < 1fit) = filt + an)l + 1t + an) = fi(t + )]
(3.7) + it + an) = filow) -

Let € > 0, then by the uniform convergence of (f,), we can find N € N sufficiently large
such that for all 7,7 > N, we obtain

(3.8) 1fi(t 4 sn) = f3(E + sa)ll <,

forallte Tand alln=1,2,....

Therefore, taking i, 7 sufficiently large in (3.7) and using (3.8) and the limit (3.6), we
obtain that (f;(t)) is a Cauchy sequence. Since X is a Banach space, then (f;(t)) is a
sequence which converges pointwisely on X. Let f(t) be the limit of (f;(¢)), then for each
1=1,2,3,..., we have

1F(t+am) = FOI < Nf(E+an) = filt + an)ll + [ filt + an) = Li@)]]
(3.9) + £ = F®I-
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Then, for i sufficiently large, by (3.9) and using the almost automorphicity of f; and the
convergence of the functions f; and f;, we obtain

lim f(t+an) = f(t),
for each t € T. Analogously, one can prove that

lim f(t - an) = £(2).

n—oo

for every t € T and we get the desired result. O

In what follows, we present a result which brings a property concerning composition of
almost automorphic function on time scales and a continuous function. The proof is inspired
in [3], Theorem 2.5.

Theorem 3.19. Let T be invariant under translations and let X,Y be Banach spaces. Sup-
pose f : T — X is an almost automorphic function on time scales and ¢ : X — Y is a
continuous function, then the composite function o f : T — Y is an almost automorphic
function on time scales.

Proof. Since f € AAr(X), for every sequence (ay,) on II, there exists a subsequence (a,,) C
(a!)) such that lim f(t+«,) = f(¢) is well defined for every ¢ € T and lim f(t—a,) = f(t)
n—oo n—oo

for each t € T.
By the continuity of function ¢, it follows that

Tim O(f(t+an)) = d(lim f(t+an)) = (60 )(D).
Similarly, we have
Jim 6(f(t = ) = 6(lim F(t — @) = (0 )1
for each t € T. Thus, ¢po f € AAp(Y). O

Now, we present the definition of an almost automorphic function on time scales depending
on one parameter. This definition is useful for applications to nonlinear dynamic equations.

Definition 3.20. Let X be a (real or complex) Banach space and T be an invariant under
translations time scale. Then, an rd-continuous function f : T x X — X is called almost
automorphic on t € T for each x € X, if for every sequence (o) € II, there exists a
subsequence (a;,) C (af,) such that

(3.10) lim f(t+ o, x) = f(t,2)
n—oo

is well defined for each t € T, x € X and

(3.11) lim f(t — an,2) = f(t,1),
n—oo

for every t € T and = € X.

In the sequel, we present a result concerning the properties of almost automorphic func-
tions on time scales to respect the first variable. We omit the proof since it is similar to
proof of Theorem 3.16.
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Theorem 3.21. Let T be invariant under translations and f,g : T x X — X be almost
automorphic functions on time scales in t for each x in X, then the following assertions

hold.

(i) f+ g is almost automorphic function on time scales in t for each x in X.
(i) ef is almost automorphic function on time scales in t for each x in X, where c is an
arbitrary scalar.
(iii) sup ||f(t,x)|| = M, < 0o, for each x in X.
teT

(iv) sup ||f(t,z)|| = N, < oo, for each x in X, where f is the function in the Definition
teT
3.20.

Now, we present a result which will be essential to prove the following one. The proof is
inspired in Theorem 2.2.5 from [32].

Theorem 3.22. Let T be tnvariant under translations and f : T x X — X be almost
automorphic function on time scales for each x € X and if f is Lipschitzian in x uniformly
in t, then f given by (3.10) and (3.11) satisfies the same Lipschitz condition in x uniformly
i t.

Proof. Let L > 0 be a Lipschitz constant for the function f, that is, the following inequality

1t 2) = ft )l < Lz =yl

holds for every =,y € X uniformly in ¢t € T.
Let ¢ € T be arbitrary and € > 0 be given. Then, by the automorphicity of function f and
the definition of f, for every any sequence («/,) € II, there exists a subsequence (o) C (o))

such that !
[ f(t,2) = f(t+om2)[| < 5 and [[f(t,y) — f(t+ any)| <

for n sufficiently large.
Therefore, we obtain

1F(t ) = f(t, )]

DO ™
Do M

< If(t2) = fE+ a2+ (1t y) = f(E+ any)ll
+ Hf(t+an,x)—f(t+an,y)H
< e+ Lilz—yl.

Since ¢ is arbitrary, we get

1f(t ) = ft. o)l < Lz —yl,
for each z,y € X. O

The next result will be fundamental to ensure the almost automorphicity of solutions of
nonlinear dynamic equations. Our proof is inspired in Theorem 2.10 from [3].

Theorem 3.23. Let T be an invariant under translations time scale and f : T x X — X be
an almost automorphic function on time scales in t for each x in X and satisfies Lipschitz
condition in x uniformly in t, that is

1t z) = f(E )l < Lz =y,
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for all x,y in X. Suppose ¢ : T — X is almost automorphic function on time scales, then
the function U : T — X defined by U(t) = f(t, ¢(t)) is almost automorphic on time scales.

Proof. Since f,¢ € AAr(X), then for every sequence (a;,) in II, there exists a subsequence
(ay,) C (o)) such that lim f(t+ay,z) = f(t,x) forallt € T, z € X and lim f(t—ay,,z) =
n—00 n—oo
f(t,x) for all t € T and x € X. Also, we have
lim ¢t + a,) = ¢(t)

n—oo

is well-defined for each t € T and
lim ¢(t — o) = ¢(t)

n—o0

for every t € T. Since f satisfies the Lipschitz condition in ¢ uniformly in k, then

1F(t+ am, d(t+ o)) = (O] < 1 (E+ o, S8+ an)) = F(E+ am, d(1)] +

£+ an 60) — FE0@DI
L6t + an) = Ol + (¢ + 0, (1)) — F(1,50)]

IN +

and

1F(t = an, ot — ) = f(t, 6(1))]] F(t = am, &(t = an)) = f(t = an, ()] +
Ll — an) = @)l + [[f(t — an, &(t)) — f(E, 0(1))]-

Notice that if f satisfies Lipschitz condition in x uniformly in ¢, it is clear by Theorem
3.22 that f also satisfies this condition in x uniformly in ¢ for the same constant L > 0.
Applying limit as n — oo to both inequalities above, we have the desired result. O

IN 4+ IA

4. PRODUCT INTEGRATION ON TIME SCALES

In this section, we present some basic concepts concerning product integration on time
scales which will be essential to prove our main result. The main reference for this section
is [45].

We start this section by presenting a notion of product A-integral of a matrix function.
For details, see [45].

Given a matrix function A : [a, bl — R"*™ and a tagged partition D € D(a,b), we denote

1
P(A,D) = [[(I + A(&)At;) = (I + A(&n) Aty) - (1 + A(&1)Aly).
We point out that the order is important since matrix multiplication is usually not com-

mutative.
Now, we present the concept of product A-integrable matrix function. See [45].

Definition 4.1. A bounded matrix function A : [a,b]y — R™™ is called product A-
integrable if there exists a matrix P € R™" with the property that for every € > 0, there
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exists a d > 0 such that ||P(A, D) — P|| < ¢ for every D € Ds(a,b). The matrix P is called
the product A-integral of A over [a,b]r and we write

ﬁ([ + A()AL) = P,

a

If a = b, then [[0(I + A(t)At) = I for every matrix function A : [a, b]y — R™".
Now, we present a result which will be essential to our purposes. It can be found in [45],
Theorem 2.9.

Theorem 4.2. Let A: [a,blr - R andt €T, a <t <o(t) <b. Then

o(t)
[T+ A(s)As) = I+ A(t)u(t).

t

The next result brings a property of Riemann A-integrable function. It can be found in
[45], Theorem 3.7.

Theorem 4.3. Fvery Riemann A-integrable function is product A-integrable.

We remind the reader that every rd-continuous function f : [a,bly — R" is Riemann
A-integrable (see [11] and [12]). Thus, we can replace the previous result by the following
one.

Theorem 4.4. Fvery rd-continuous function is product A-integrable.
In what follows, we state a property of product A integrals. See [45].
Theorem 4.5. If A: [a,b]lr — R"*" is Riemann A-integrable and c € |a,blr, then

[T+ AwAL) =TI+ A)At) - ﬁ(l + A(t)At).

The next result ensures the continuity of the indefinite product A-integral on [a, b]T. See
[45], Theorem 4.1.

Theorem 4.6. If A : [a,blyr — R™" is Riemann A-integrable, then the indefinite product

A-integral
t

Y(t) =+ A(s)As), t€ [a,blr,

a

is continuous on |a, b]t.

Theorem 4.7 ([45], Theorem 5.5). If A : [a,b]r — R™" is a regressive Riemann A-
integrable function, then HZ([ + A(t)At) is a nonsingular matriz.

-1
If a < b, we define [[(I + A(t)At) = (HZ(I + A(t)At)) provided the right-hand side

exists. See [45], Definition 5.6.
Finally, we present a result which will be fundamental to prove our main result. It can be
found in [45], Theorem 5.7.



18 CARLOS LIZAMA AND JAQUELINE G. MESQUITA

Theorem 4.8. If A: T — R™ " is a regressive rd-continuous function and ty € T, then the
function
t
Y(t)=]JJU+A(s)As), teT,

to

represents the unique solution of the dynamic equation Y2 (t) = A(t)Y (t) such that Y (ty) =
1.

5. ALMOST AUTOMORPHIC SOLUTIONS OF FIRST ORDER LINEAR DYNAMIC EQUATIONS
ON TIME SCALES

In this section, our goal is to prove existence of an almost automorphic solution of first
order linear dynamic equation on time scales given by

(5.1) 22(t) = At)z(t) + (1)
where A : T — R™" f: T — R"™ and its associated homogeneous equation
(5.2) 2 (t) = A(t)xz(t).

Throughout this section, we assume that A(t) is almost automorphic on T, which means
that given a sequence (o) € II, there exists a subsequence (a,,) C (a/,) such that

(5.3) lim A(t + a,,) = A(t)
n—oo

exists and is well-defined for every ¢t € T and

(5.4) lim A(t — o) = A(t)
n—oo

for every t € T.
Also, consider the following linear dynamic system

(5.5) 72 (t) = A(t)z(t).

Before to proceed, we present a result which will be fundamental to our objectives. It can
be found in [44], Lemma 2.9 for the case T = Z. We give the proof here for the general case.

Lemma 5.1. Let T be invariant under translations and A(t) be almost automorphic and a
non-singular matriz on T. Also, suppose that the set { A7 (t) }er is bounded. Then A7 (t) is
almost automorphic on T, that is, for every sequence (al,) on II, there exists a subsequence
() C (o)) such that

n

(5.6) lim A7t + a,,) = A7L(1)

n—oo

1s well defined for each t € T and
(5.7) lim A7t —a,) = A7 (2)

n—o0

for eacht € T.
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Proof. Let (o)) be a sequence on II. Since A(t) is almost automorphic on time scales, there
exists a subsequence («y,) such that

lim At + a,) = A(t)

n—o0

is well defined for each ¢t € T and
lim A(t — a,,) = A(t)

n—oo

for each t € T.
Fix t € T and define A,, := A(t+«,), n € N. By hypothesis, the set { A1}, ey is bounded.
Using the identity
A= AL = AN (A — A AL
and the fact that {A,} is a Cauchy sequence, it follows that {41} is a Cauchy sequence.
Hence, there exists a matrix 7" (for each t € T fixed) such that

AL = T(1).

Taking the limit of A, A" = A 1A, = I, where I denotes the identity matrix, we obtain
that A(t) is invertible and A~'(t) = T(t) for each t € T. Since the map A — A~! is
continuous on the set of non-singular matrices, it follows that

lim A~ Nt 4 a,) = A1)
n—oo

for each t € T. Analogously, one can prove that
lim A7t — ay,) = A7Y(1),

n—oo

for each t € T. O
As an immediate consequence, we obtain for the following result for a particular case.

Corollary 5.2. Let T be invariant under translations and A(t) be almost automorphic and
a regressive matriz on T. Also, suppose that the set {(I + A(t)u(t)) }ier is bounded. Then
(I + At)u(t))™" is almost automorphic on T, that is, for every sequence (o)) € 11, there

exists a subsequence (o) C (o) such that

(5.8) Tim (7 + A(t + et + o)) ™" =2 (I + A(DA(t)) ™
is well defined for each t € T and
(5.9) Tim (7 +A(t — an)t — o))~ = (I + At)p(t))

for eacht € T.

Proof. Denote B(t) := (I + A(t)u(t)), for every t € T. Since A(t) and u(t) are almost
automorphic functions, for every sequence (/) on II, there exists a subsequence (a,,) C (o))
such that

lim A(t+a,) = A(t)  and  lim u(t — ) = ji(t)
n—00 n—00

is well-defined and exists for every ¢t € T and
lim A(t —a,) = A(t) and  lim ji(t — ay,) = u(t)
n—oo

n—oo
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for every t € T. Thus, it follows that
lim B(t+ a,) = lim (I + A(t + ap)p(t + o)) = I + A(t)j(t) := B(t)
n—oo

n—oo

for every t € T and
lim B(t — a,) = lim (I + A(t — ay,)ji(t — ) = T+ A(t)u(t) = B(t).

n—oo n—oo

Therefore, B(t) is almost automorphic on T. Also, since A(t) is a regressive matrix, it
follows that B(t) is non-singular on T. By hypothesis, {B~!(¢)}ser is bounded. Thus, all
the hypotheses of Lemma 5.1 are satisfied. As a consequence, we obtain that B7!(t) =
(I + A(t)u(t))~! is almost automorphic on T, that is, for every sequence (’,) on II, there
exists a subsequence (a,,) C (a},) such that

lim B (t + ) =: B7(t)

n—o0

is well defined and exists for each ¢ € T and

lim B~Y(t — a,) = B~Y(1)

n—o0

for each t € T. It implies that

lim (I + A(t + o)t + )"t =: (I + A@t)f(t)) ™

n—oo

is well defined for each ¢t € T and
lim (1 + fl(t — )t — ozn))*1 =(I+ A(t)u(t))*1

n—oo

for each t € T and the result follows as well. 0
Now, we present some auxiliaries results lemma which will be essential to our purposes.

Lemma 5.3. Let T be an invariant under translations and A € R(T,R"*™) is almost auto-
morphic and nonsingular on T and {A7(t) }ier and {(I + u(t)A(t)) ' }ier are bounded on
T, then for every sequence (o) € 11, there exists a subsequence (cv,) C (al,) such that

lim X (¢4 o)X s+ an) = W(t, s)
n—oo

for every s,t € T, s <t and
lim W(t — ay,s —a,) = X)X (s),

n—o0

for every s,t € T and s < t, where X (t) is the fundamental matrices of (5.2) and W(t,s) :=
t

[+ A(r)Ar)

s

Proof. Since X (t) is the fundamental matrix of (5.2), we obtain by Theorem 4.8

t

X(t)=]J(+ A(r)Ar)

to
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which implies the following

t

XM = (X(t) " = (H(HA(T)AT)) .

to

Notice that, by Theorem 4.7, IT} (I+A(7)AT) is a nonsingular matrix, since A € R(T,R™").
By the almost automorphicity of A(t), we obtain that for every sequence (a/,) € II, there
exists a subsequence (a,,) C (a},) such that

t+an stan -1
X(t+a)X (s+a,) = [[T+AF)AT) < [Ju+ A(T)AT))

to to

= H"(f +A(n)AT) T] (I + A(r)Ar)
= Hn(f + A(T)AT) = H(I + A(T + 0y,)AT),

by Theorem 4.5. Applying the limit in both sides, we obtain
t t

lim X (t + 0,) X (s + o) = lim [J(I +A(r + ) A7) = [[(I + A7) A7) := W2, 5),

n—oo n—o0
S S

since the produt A-integral is a continuous function, by Theorem 4.6.
We also point out that A is Riemann A-integrable, since A is a bounded function (see
[12]). And thus, by Theorem 4.3, A is also product A-integrable.
Analogously, one can prove that
lim W(t — ap,s — o) = X)X (s).

n—o0

O

Remark 5.4. It is clear that from the previous result, by the same hypothesis, we obtain
as a consequence the following
lim X (¢t + a,)PX (s + a,) = PW(t,s)

n—oo
and
lim PW(t — o, s — ay) = X(t)PX1(s),

n—o0

for a projection P described in Definition 2.12 and also, we have
lim X(t+ a,)(I — P)X (s +ay,) = (I — P)W(t,s)
n—oo

and

lim (I — P)YW(t — a5 — ) = X(8)(I — P)X(s).

n—oo
Lemma 5.5. Let T be an invariant under translations time scale, A(t) € R(T,R™™) be
almost automorphic and nonsingular on'T and the sets { A=1(t) }ier and {(T+p(t)A(t))  er
are bounded on T. Also, suppose the system (5.2) has an exponential dichotomy with positive
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constants K and ~y. Then, given a sequence (o) € 11, there exists a subsequence (cv,) C (o))
such that

(5.10) lim X (t+ a,)PX ' (o(s + ) = PW(t,s) (I + A(s)/j(s))_l =Y(t,s)

n—oo

exists and is well defined fort € T and

(5.11) lim Y (t — an, s —a,) = X()PX 1 (o(s)),

n—ro0
where [i(t) is given by (3.2) and (3.3), X (t) is the fundamental matriz of (5.2) and W(t,s) =
H (I +A(7)). Similarly, we have that given a sequence (o)) € 11, there exists a subsequence
() C () such that

(5.12) lim X(t +a,)(I — P)X (o(s+ ) = (I — PYW(t,s) (I + A(s)ja(s)) " :

n—oo

=Z(t,s)
exists and is well defined fort € T and

(5.13) lim Z(t — an, s —ay) = X()(I — P)X (o(s)),

n—o0

Proof. Since X (t) is the fundamental matrix of (5.2), we have for s < ¢

X(t+a,)PX Ho(s+an) = X(t+a,)PX s+ a,)X(s4+ )X Ho(s+ an))
s+an
= X(t+a)PX (s+an) | [ (I+A(m)AT)
o(s+an)
o(s+an)
= X(t+a)PX (s+a) | [ +A(M)AT)

s+a,

= X(t+an)PX s+ an) (I + A(s + an)u(s + o))

-1

Applying the limit as n — oo, we have

lim X(t+ ) PX (o (s + a,)) = PW(t,s) (I + A(s)ia(s)) " :

n—00 - Y(t’ S>,
by Remark 5.4, the automorphicity of 4 and using the fact that the map I 4 A(s)u(s)
(I+A(s)u(s))~! is continuous on the set of regressive matrices. Notice that (I + A(s)fi(s)) ™}
is well-defined, by Corollary 5.2. We remind that the projection P commutes with X (¢) (see
Definition 2.12).
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Reciprocally, we have

lm Y(t — ap, s — ) = lim PW(t — ay, s — ay) (I + A(s — i) i(s — an))fl

= X()PX () (I + A(s)u(s)) "
o(s)
= X(t)PXYs) | [+ Alr)A7)

s

-1

= X(t)PX'(s) ][I + A(r)AT)
o(s)
= X(H)PX () X(s)X (0(s)) = X()PX " (a(s)),
Similarly, we obtain
X(t+a)(I -P)X o(s+an) = Xt+a)(I —P)X s+ a,)X(s+ a,)X o(s+ ay))

= X(t+a,)(I —P)X s+ ) f[ (I + A(T)A7)
o(s+an)
o(s+am)
= X(t+a)I-P)X Y(s+a,) | [] (+A()AT)

s+an

= X(t+on) (I = P)X Ys+ ) (I 4+ A(s+ a)pls +ayn)) "

Applying the limit as n — oo, we have

Tim X (t + o) (I = P)X Mo(s+an)) = (I — PYW(t,s) (I + A(s)i(s))

g Z(t,s),
by Remark 5.4, the automorphicity of p and using the fact that the map I + A(s)u(s) —
(I + A(s)u(s))~! is continuous on the set of regressive matrices.

Reciprocally, we have

lim Z(t — oy, s — ) == lim (I — P)W(t — an,s — o) (I + A(s — o) i(s — an))fl

= X = P)X ' (s) (I + Als)p(s)) ™
o(s)
= Xt -P) X '(s) [ []I + A(r)Ar)

S

-1

= X(t)(I-P)X'(s) ][]+ A(r)Ar)
o(s)
= X()(I - P)X ' (s)X(s)X (o(s)) = X(t)(I = P)X (o (s)),
and the result follows as well. J

Now, we present our main result in this section. The next result ensures that the system
(5.1) has an almost automorphic solution.
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Theorem 5.6. Let T be an invariant under translations time scale and A € R(T,R™ ™) be
almost automorphic and nonsingular on T and {A7(t)}er and {(I + u(t)A(t)) et are
bounded. Also, suppose the equation (5.2) admits an exponential dichotomy with positive
constants K and v and f € C,q(T,R"™) is almost automorphic function on time scales. Then
the equation (5.1) has an almost automorphic solution.

Proof. By Theorem 2.15, we have that the following function
+00

(5.14)  a(t) = /_ XOPX M o(s)f(s)As — [ X(#)(I — P)X"(o(s))f(5)As

t

is a bounded solution of (2.1). It remains to prove that z : T — R" is an almost automorphic
function.

By the automorphicity of functions A(t), f(t) and pu(t), it follows that for every sequence
(o)) on II, there exists a subsequence («,) C (o, ) ch that

nh_)rrolo At + ) = A(1), hm fit+a,) =f(t) and lim u(t+a,) = ji(t)

n—oo

is well-defined and exists for every t € T and

lim A(t —ay) = A(t), lim f(t —a,) = f(t) and lim p(t — a,) = u(t)

n—o0 n—oo n—oo

for every t € T.
Let us denote

_ / X(8)PXN(0(s)) f(5)As
and

(s)As

=
=
I
|\¢
g
=

where Y'(t, s) is given by (5.10).
Then, we have
| M(t+ o) = M(1)|| =

t

— H/_:an X(t+ an)PX Ho(s)) f(s)As — / Y(t,s)f(s)A

—00

t

_ H/;X(t+an)PX_1(a(s+0zn))f(s+04n)AS—/ Y(t,)f(s)As

—0o0

< H/; X(t + an) PX M 0(s + an)) (5 + an) As — /; X(t+ an) PX " (0(s + an)) F(5)As

t

4 H/_; X(t+ an)PX (0(s + an)) f(s)As —/ Y(t,s)f(s)As

—00

_ H/t X(t 4 an)PX " (0(s + an))[f (s + an) — F(s)]As

H/ X(t+an)PX 7o (s + an)) = Y(t,5)] f(s)As
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Applying limit as n — oo and using the fact that f is a bounded function (this fact follows
by automorphicity of f) and the exponential dichotomy of equation (5.2), we obtain

lim M(t+ a,) = M(t)
n—oo
for each t € T. Similarly, we can prove

lim M(t — a,) = M(t)

n—oo

for each t € T.
Let us denote

and

where Z(t,s) is given by (5.12).
Then, the same way as before, one can prove that given a sequence («,) € II, there exists
a subsequence (a;,) C (o,) such that
lim N(t+ a,) = N(t)

n—oo
for every t € T and
lim N(t — a,) = N(t)

n—oo

for each t € T. B B
Now, define Z(t) = M (t) + N(t), then using the definition of z from (5.14), we obtain as
an immediate consequence that

lim z(t+ ay) = Z(t)

n—oo

is well-defined for every t € T and
lim Z(t — a,,) = 2(t)

n—oo

for each t € T.
Thus, z is an almost automorphic function and we get the desired result. 0

Remark 5.7. It is clear that the previous theorem remains valid for linear nabla dynamic
equations on time scales. In the other words, one can prove analogously that the nabla
dynamic equation

(5.15) ¥ (t) = A(t)z(t) + f(t),

where A : T — R™"™ and f : T — R", has an almost automorphic solution, under similar
conditions to the ones presented in Theorem 5.6.

Choosing T = Z in the Theorem 5.6, we obtain a result for difference equations. It is the
content of the next result.
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Corollary 5.8. Let A : Z — R™™ be almost automorphic, requlated and nonsingular matrix
function. Also, suppose that { A~ (k)}rez is bounded. Moreover, assume that (I + A(t)) is
nonsingular matriz function and {(I + A(k))™'}rez is bounded, the equation

o(k+1) = A(k)z(k)

admits an exponential dichotomy with positive constants K and v and the function [ : 7 —
R™ is almost automorphic and requlated. Then the equation

x(k+1) = A(k)x(k) + f(k)
has an almost automorphic solution.

Similarly, we can take T = hZ in Theorem 5.6 and obtain an interesting result for a
different type of difference equations.

Corollary 5.9. Let A : hZ — R™™ be almost automorphic, requlated and nonsingular
matriz function. Also, suppose that {A71(k)}renz is bounded. Moreover, assume that (I +
hA(t)) is nonsingular matriz function and {(I + hA(k)) ' }renz is bounded, the equation

o(k +h) = A(k)z(k)

admits an exponential dichotomy with positive constants K and v and the function f : hZ —
R™ 1s almost automorphic and requlated. Then the equation

z(k+h) = A(k)x(k) + f(k)
has an almost automorphic solution.

Now, taking T = R in Theorem 5.6, one can obtain a result for ordinary differential
equations.

Corollary 5.10. Let A : R — R™ "™ be almost automorphic, continuous and non-singular
matriz function and {A7(t)}ier s bounded. Assume also the equation

#(t) = A(t)z(t)

admits an exponential dichotomy with positive constants K and v and the function f: R —
R™ is almost automorphic and continuous. Then the equation

#(t) = A(t)z(t) + f(t)
has an almost automorphic solution.

Finally, we choose T = P, cos, and obtain an interesting result. We do not know any result
concerning almost automorphic treating about this case.

Corollary 5.11. Let A : Py eosqa — R™", for 0 < a < § be almost automorphic and, for
every k € Z, be continuous at [k(a+cosa), k(a+cosa)+a), requlated at k(a+cosa)+a and
a nonsingular matriz function. Also, suppose that {A™'(t)}iep, s 15 bounded. Moreover,
assume that (I + (cost)A(t)) is nonsingular matriz function and {(I+ (cost)A(t)) ™' epa cos
1s bounded and the equation
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admits an exponential dichotomy with positive constants K and v and the function f :
Py cosa — R™ is almost automorphic and , for every k € N, be continuous at [k(a+cosa), k(a+
cosa) + a) and requlated at k(a + cosa) + a. Then the equation

v2(t) = A(t)a(t) + f(1)

has an almost automorphic solution.

6. ALMOST AUTOMORPHIC SOLUTIONS FOR SEMILINEAR DYNAMIC EQUATIONS ON TIME
SCALES

In this section, consider the following semilinear dynamic equation

(6.1) 2 (t) = A)x(t) + f(t, x)
where A: T — R™™ and f: T x R® — R" and its associated homogeneous equation
(6.2) 2 (t) = A(t)xz(t).
Also, consider the following linear dynamic system
(6.3) (1) = A(t)a(d),

where A(t) is given by (5.3) and (5.4).
Now, we introduce a definition of solution of (6.1) in a strict sense. Here, we will restrict
ourselves for this concept of solution for (6.1).

Definition 6.1. We say that x : T — R" is a solution of (6.1) if x satisfies the following
equation
+oo

(6.4) x(t) = / XOPX Y o(s)f(s,2(s)As— [ XTI —P)X " o(s))f(s,2(s))As.

t

Remark 6.2. We point out that the previous definition makes sense. In fact, suppose z(t)
satisfies the equation (6.4), then

2 (t) — A(t)x(t) =

= X2(1) / PX " (o(s))f(s,2(5))As + X(a(t)) PX (o (1)) f(t,2(t))

—0o0

+o00
—XA/t (I = P)X (o (s)f(s,2(s)As + X (a(t)(I = P)X (o (1)) f(t, 2(1))

—+00

PX " o(s))f(s,2(s))As + A(t)X(t)/ (I = P)X " (o(5))f(s,2(s))As

t

X(o)(P+1—P)X o) f(t,x(t) = f(t,z(t))

t

_ABX () /

—00

which implies

22 = A(t)x(t) + f(t,z(t)).

The proof of Remark 6.2 follows analogously the proof of Lemma 2.13 from [40]. We
reproduce it here for reader’s convenience.

In the sequel, we present an existence and uniqueness result of an almost automorphic
solution of (6.1).
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Theorem 6.3. Let T be an invariant under translations time scale and f € C.q(TxR™ R™) be
almost automorphic with respect to the first variable. Assume that A € R(T,R"*™) is almost
automorphic and nonsingular matriz function, the sets { A= (t) hier and {(I+p(t)A(t)) ™ Her
are bounded. Suppose also the equation (6.2) admits an exponential dichotomy on T with
positive constants K and v and the following conditions are fullfiled:

<
T uch that
DK (2 1 ) e

1f(t,z) = f(t,y)l < Lilz —yll,
for every x,y € R" and t € T, where ji = sup |u(t)].
teT

(i) There exists a constant 0 < L <

Then, the system (6.1) has a unique solution which is almost automorphic.

Proof. Define an operator T': AAr(R™) — AAr(R™) as follows:
+oo

/ X(O)PX " (o(s))f(s,u(s))As — X()(I = P)X(a(s))f (s, u(s))As,

t
for all w € AAp(R™).

Now, let us prove that Tu € AAT(R™). Since f satisifies the Lipschitz condition, we obtain
by Theorem 3.23 that f(-,u(-)) is almost automorphic, using the fact that f,u € AAp(R").
Since u € AAp(R™), then for every sequence (o)) € I, there exists a subsequence (a,) C (o)
such that

lim u(t + «,) = u(t)

is well-defined for every ¢t € T and
lim a(t — ay,) = u(t),

n—oo

for each t € T.

Moreover, by the automorphicity of f, we obtain there exists a subsequence (a,,) C (o)
such that

lim f(t+ al,,u) = f(t,u)
n—oo

is well-defined for every t € T, v € R™ and
lim f(t — an,u) = f(t, u),

n—oo

for each t € T.
By Lemma 5.5, we obtain

lim X (t + a,)PX (o(s+ ay)) = Y(t,s)

n—0o0

exists and is well defined for ¢t € T and
lim Y (t — an, s —a,) = X()PX 1 (o(s)),

n—o0

where X (t) is the fundamental matrix of (6.2) and Y (¢, s) is given by (5.10).
Similarly, by Lemma 5.5, we get

lim X (t +a,)(I — P)X *o(s+a,)) = Z(t, s)

n—oo
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exists and is well defined for ¢t € T and
lim Z(t — ap, s — o) = X(1)(I — P)X (o(s)),

n—o0

where X (¢) is the fundamental matrix of (6.2) and Z(t, s) is given by (5.12).
Let us define the following function:

h(t):/_ Y(t,s)f(s,ﬂ(s))As—/t 2t ) (s, () As,

for every t € T.
Then, we obtain
t

|(Tw)(t+c,)—h(t)] < H/ " X(t+ an)PX Yo (s))f(s,u(s))As —/ Y (t,8)f(s,u(s))As

— 00

+00 oo _
+ n X(t+a,) (I —P)X Ho(s))f(s,u(s))As — /t Z(t,s)f(s,u(s))As
= H/ X(t 4+ an)PX Ho(s+ an))f(s + an, u(s + ay,))As —/ Y (t,8)f(s,u(s))As

+ X(t+ an)(I = P)X Y o(s+an))f(s+ an,u(s + a,))As — /t h Z(t,s)f(s,u(s))As

t

< [ I+ aPX ot + an)) = Yt )| [ F(s,a(s))] As

+ / X (t + @) PX (0 (s + an)) || | £ (s + am, uls + @) — F(s,a(s))]| As

+/t T+ an)(I — PYXN(o(s + an)) — Z(t,9)| || (s, als))| As

+ /:OO | X (& + an)(I = P)XHo(s + an)|| || f(s + an,uls + o) — f(s,u(s))|| As.
Applying the limit as n — oo in both sides, we obtain
711520||(Tu)(t+an)—h(t)!| < lim t |{X(t+an)PX‘1(a(s+an)) = Y(t,5)||[[(s,a(s))| As
+ lim [ HX (t + an) PX 7 (0(s + an)) || || (5 + am, u(s + an)) = F(s5,1(s)) || As
+ lim ;m IX(t+ cn)(I = PYX (o (s + an)) = Z(t, 9)|| | f(s,u(s)) || As
+ lim :m 1+ an) (I = P)XTH (o (s + an)[| | (s + o, uls + an) = Fs,us))][| As.

By the exponential dichotomy and the almost automorphicity of f, we obtain
lim Tu(t + o) = h(t)
n—oo

for every t € T, by Lemma 5.5.
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Similarly, one can prove that

lim A(t + o) = T'u(t)

n—oo

for every t € T and conclude that Tu is an almost automorphic function. Thus, Tu is
well-defined.

Now, let us prove that T is a contraction.
t
172 =Tyl = || [ XOPX () (s2) ~ S m)As
+oo

- X()(I = P)X " (a(s))[f (s, 2) — f(s,y)]As]|

t

t +oo
< / Kecy(t,0(s)) L]z — y[|As + Keey(o(s), t)L]|z — y||As
—00 t
1 oo
< @[Keew(tt) — Keg,(t, —00)|L|z = yllos + Key(t,0(s)) L[|z — y[|As
t
1 1
< M[K — Kegy (t, —00)|L]|z =yl + ;[K — Ke,(t, +00)] L[|z = yl|o,

by Theorem 2.13. Therefore, we obtain

1 1
1Tz~ Tyl < —[K — Keo(t,—00)| Lz — ylloe + LK — Kex(t, +00)]Ll1z — gl
Triy v
1+ oy 1
< 1K1+ e (t,~00)l) il = gl + = [+ [y (,00) ] 1z = ol
oK (1+jiy) 2K
< Lz -yl (¥ i —)

i
2K (2 + i)
_ L(f 12 = yle < 12 = gl

by Theorem 2.14.

It follows that T is a contraction, then by Banach Fixed-Point Theorem, 1" has a unique
fixed point. By the definition of 7" and Definition 6.1, we obtain that the system (6.1) has
a unique solution which is almost automorphic. Therefore, we have the desired result. [

Remark 6.4. It is clear that the previous theorem remains valid for linear nabla dynamic
equations on time scales. In other words, one can prove analogously that the nabla dynamic
equation

(6.5) oY (t) = A()x(t) + f(t,2(t)),

where A : T — R™ " and f : T x R” — R", has an almost automorphic solution, under
similar conditions to the ones presented in Theorem 5.6.

Choosing T = R in the Theorem 6.3, we obtain a result for semilinear differential equations.
It is the content of the next result.
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Corollary 6.5. Let f : R x R® — R" be continuous and almost automorphic with respect
to the first variable and A : R — R™™ be almost automorphic, continuous and nonsingular
and the set {A7(t) }er is bounded. Suppose the equation

(t) = A(t)x(t)
admits an exponential dichotomy with positive constants K and ~y and the following conditions
hold:
(i) There exists a constant 0 < L < % such that

1f(t,z) — fEty)ll < Lilz =y,
for every x,y € R™ and t € R.
Then, the system
w(t) = A(t)x(t) + f(t, =(t))
has a unique solution which is almost automorphic.

Taking T = Z in the Theorem 6.3, we obtain a result for semilinear difference equations.
See the result below.

Corollary 6.6. Let f : Z x R® — R" be requlated and almost automorphic with respect
to the first variable and A : Z — R™ "™ be almost automorphic, requlated and nonsingular
and {A7Y(k)}rez is bounded. Also, suppose that (I + A(k)) is nonsingular and the set
{(I + A(k)) *}rez is bounded. Suppose the equation

o(k + 1) = A(k)z(k)

admits an exponential dichotomy with positive constants K and~y and the following conditions

hold:

(i) There exists a constant 0 < L < 7

2K(2+7)

1 (kx) = f(k,y) |l < Lllz =yl
for every x,y € R™ and k € Z.

such that

Then, the system
z(t+1) = A(t)x(t) + f(t, z(t))
has a unique solution which is almost automorphic.

We can also choose T = hZ in the Theorem 6.3, then it follows a result for a different type
of semilinear difference equations. We do not know any result in this direction.

Corollary 6.7. Let f : hZ x R™ — R" be requlated and almost automorphic with respect
to the first variable and A : hZ — R™ ™ be almost automorphic, requlated and nonsingular
and {A7Y(k)}renz is bounded. Also, suppose that (I + A(k)) is nonsingular and the set
{(I + A(k)) *}renz is bounded. Suppose the equation

2(k + h) = A(k)x (k)

admits an exponential dichotomy with positive constants K and~y and the following conditions

hold:
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T
2K (2 + hy)

1f(k,2) = f(k,9)|l < Lllz —yl|,
for every x,y € R™ and k € hZ.
Then, the system

(i) There exists a constant 0 < L < such that

x(k+h)=AK)x(k) + f(k, z(k))

has a unique solution which is almost automorphic.

Finally, we take T = IP, ; in the Theorem 6.3 and we get an interesting result for a different
type of equation. We do know any result in this direction. See the following result.

Corollary 6.8. Let f : Py, x R" — R" be almost automorphic with respect to the first
variable and, for every k € 7Z, be continuous at [k(a + b),k(a + b) + a) and regulated at
k(a+b)+a and A : Py, — R™™ be almost automorphic, and, for every k € Z, be continuous
at [k(a +b), k(a + b) + a), requlated at k(a + b) + a and nonsingular and {A~'(t) }ep, , is
bounded. Also, suppose that (I +bA(t)) is nonsingular and {(I + bA(t)) ™ }iep, , is bounded.
Suppose the equation ’
% = A(t)z(t)
admits an exponential dichotomy with positive constants K and~y and the following conditions

hold:

(i) There exists a constant 0 < L < il

2K (24 by)

1f (&, x) = f& )|l < Lilz =yl
for every x,y € R™ and t € Pg.

such that

Then, the system
2% = A(t)a(t) + f(t,2(t))
has a unique solution which is almost automorphic.
7. EXAMPLES AND APPLICATIONS
In this section, we present some examples and applications of our main results.

Example 7.1. The following economic model is known as a Keynesian-Cross model with
lagged income. It can be found in [50].
Consider these three equations in a simple closed economy:

(7.1) D(t)=C(t) + I + G;
(7.2) C(t) = Co + cy(t);
(7.3) y>(t) =68[D7 —y], t>a

where D is the aggregate demand, y is the aggregate income, C'is the aggregate consumption,
I is the aggregate investment, G is the government spending, § < 1 is a positive constant
known as the speed of adjustment term and Cpy, ¢ are non-negative constants.
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As in [50], we assume that G and [ are constants in (7.1), and current consumption is
assumed to depend on current income in (7.2). Also, equation (7.3) means that the change
in income is a fraction of excess demand at o(t) over income at ¢ (see [50]).

Putting (7.1) and (7.2) into (7.3), we obtain

y* =0[Co+cy’ + 1+ G —y

Now, using the formula y° = y + uy® and considering 1 — deu(t) # 0 for t > a, we have

A O0c—1) S(co+1+G)
(- dep(t) 1 —dep(t)
(7.4) = fy+g(t).

Then, if T is invariant under translation, then we obtain that the graininess function pu(t)
is almost automorphic, then obviously, by the definition of function g, it follows that g is an
almost automorphic function.

Moreover, if we assume that only one of the following inequalities hold, that is, ¢ < 1
or pu(t) > = for every t € T, then we obtain that the equation (7.4) admits exponential
dichotomy and moreover, {f(t)~'} is bounded on T. Assume that u(t) #  for every t € T.
In this case, we obtain that the function f(¢) is regressive on T. Indeed, a function f(t) is
regressive if 1 + u(t) f(t) # 0 for every t € T. Then,

d(c—1)
1 —dep(t)

& 1—ocu(t)+pt)d(c—1) #0< 1 — pu(t)d #0,
which implies that p(t) # 5. Then, it follows that f(¢) is regressive on T. Therefore, all the
hypotheses of Theorem 5.6 are satisfied, then the equation (7.4) has an almost automorphic
solution.
The above example generalizes the classical Keynesian-Cross model involving difference
equations given in [28]. See [50], for instance. O

L4+ p(@)f(t) # 0 < 1+ u(t) # 0

Now, we present an example which can be found in [53].

Example 7.2. Consider the following nonautonomous dynamic equation
(7.5) 2(t) = —a(t)x(o(t)) + b(t)

where a,b € C,.q(T, R, ), a,b are almost automorphic functions on T and a € R.

It is clear that the equation given by 22 (t) = —a(t)z(o(t)) admits exponential dichotomy
and also, {a(t)"'} is bounded on T. Notice that the function a takes value in R, and
thus, a(t) # 0, for every t € T. Thus, taking T invariant under translations, then all the
hypotheses of Theorem 5.6 are satisfied, which implies that the equation (7.5) has an almost
automorphic solution.

We point out that the equation (7.5) can be used to model many single species models as
special cases. For example, taking T = R and z(t) = ﬁ, then the equation (7.5) reduces
to the known Verhulst logistic equation given by

N(t) = N(t)(a(t) - b(t)N(1)).
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On the other hand, taking T = Z and x(t) = ﬁ, then the equation (7.5) reduces to the
known Beverton-Holt equation given by
N(t+1)=(1+a(t))

N(t)
1+ b(t)N (1)

as explained in [53]. See, for instance, [5] and [49].
Further, if we consider b(t) = a(t)In(c(t)) and z(t) = In(N(t)), then the equation (7.5)
reduces to the continuous Gompertz single species model given by

N(t) = a(t)N(£)In ( ;%) .

See [25] and [51], for more details.
Finally, taking T = R, we can obtain the discrete Gompertz single model which is given

by

1 a(t)
N(t+41) = N(t)F=@c(t) a0

when T = Z. See, for instance, [52]. O

The next example is inspired in Example 4.20 from [39].

Example 7.3. Consider the following equation

(7.6) 2 (t) = Az(t) + f(1),
where
a3 5 ) e ma o= () ).

By the definition, it is clear that I + pu(t)A is invertible for all ¢ € T and thus, A is
regressive. Also, notice that A is invertible and {A~'} is bounded on T. Moreover, since T is
invariant under translations, the graininess function y is bounded and thus, {(I + u(t)A)~'}
is bounded on T.

The function f is almost automorphic on T. Then, using the fact that the eigenvalues
of the coefficient matrix in (7.6) are A\; = Ay = —4 and applying Theorem 5.35 (Putzer
Algorithm) from [11], we obtain that the P-matrices are given by

10
n=r1=(4 )

Then, using again Theorem 5.35 (Putzer Algorithm) from [11], we obtain
TlA(t) = —47"1('[;), Tl(t0> = 1

7“2A<t) = Tl(t) — 47”2(t), Tg(to) =0.
Now, calculating r;, we get

and

™ (t) = 6@4(t, to)
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and by the Variation Constant Formula, we have
t
1

TQ(t) = 694(t,t0)/t TIM(S)AT

Finally, applying Theorem 5.35 (Putzer Algorithm) from [11] again, we get

€A(t, to) = Tl(t)P() + Tz(t)Pl = 6@4(t,t0)

(
ecalt, o) < b ) x5 o) <

() (5 )
< V2eeu(t, s).

Taking K = 2 and v = 4, we obtain that the equation (7.6) admits exponential dichotomy
and thus, by Theorem 5.6, we have

() =‘[ Xﬁﬂhx1@@»ﬂ@A&+j“XUMI—H»X1@@»ﬂ@As

Therefore, for t > s, we get

X)X ()] =

= [ xORX )6
¢ ecu(t,o(s) cos m
- /_OO< (tO ) 6@4(15,00(8)) ) ( sigx/ﬁt—i—coxs/it) )AS'
[

In the sequel, we present a model which describes high-order Hopfield neural networks on
time scales. We borrow some ideas from [40].

Example 7.4. Consider the following high-order Hopfield neural networks on time scales:

(7.7) @t () = —c()zat) + ) ai(filas (D) + Y D bis(t)gs (s () gilawa(t)) + Li(t),
j=1 j=1 1=1

for i = 1,2,...,n, where n corresponds to the number of units in a neural network, xz;(t)
corresponds to the state vector of the ith unit at the time ¢, ¢;(¢) represents the rate with
which the ith unit will reset its potential to the resting state in isolation when disconnected
from the network external inputs, a;;(t) and b, (t) are the first and second-order connection
weights of neural network and I;(¢) denotes the external inputs at time ¢ and f; and g; are
the activation functions of signal transmission.

Next, we present a result which can be found in [40], Lemma 2.15 which will be essential
to our purposes.

Lemma 7.5. Let ¢;(t) be an almost periodic function on T, where ¢;(t) > 0, —¢;(t) € R,
Vte T and

e =m>0
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then the linear system

22 (t) = diag(—ci(t), —es(t), .., —ea(t))(t)
admits an exponential dichotomy on T.

Remark 7.6. A carefully examination of the proof of the above result reveals that we can
change the hypothesis concerning almost periodicity of ¢; by almost automorphicity and
obtain the same conclusion. The proof follows similarly for this other case with obvious
adaptations.

Now, we assume that the following conditions are satisfied:

(H1) ¢;,a4j, biji, I; are almost automorphic functions, —¢; € R and ¢; > 0 for every 4, j, [ =
1,2,...,n

(H2) There exist positive constants M;, N;,j = 1,2,...,n such that |f;(z)| < M; and
lgj(z)] < Njfor j=1,2,...,n,z € R

(H3) Functions fj( ),9;(w), § = 1, 2,...,n satisfy the Lipschitz condition, that is, there
exist constants LJ, H; > O such that | f;(u1)— f;(u2)| < Ljllui —uzl|, |gj(u1) —g;j(us)| <

Hj|u1 UQ| ) = 1 2
(H4) 112;&;; {Z ai; L +§;;sz;]\7 S H + z;lz;bwl]\fl J/cl} < 1, where
j j

o =inf|e(t)], & =supla(t)l, @ =suplay(t)|. by =suplby(t)|, I =sup|L(t)].
teT teT teT teT teT
Then, by hypotheses (H1), (H2), (H3) and (H4) and using Lemma 7.5, we obtain that
all hypotheses of Theorem 6.3 are satisfied, then the system (7.7) possesses a unique almost
automorphic solution. 0

In the sequel, we present an example which can be found in [53]. The equation of the
following example can be known as continuous or discrete Lasota- Wazewska model without
delay taking T = R and T = Z, respectively. For more details about this model with delays,
see [18], [38], [54].

Example 7.7. Consider the following dynamic equation on time scales:
(7.8) 2 (t) = —raz(o(t)) + n(t)e 7=®

where 7,y are all positive conditions and the initial values of (7.8) are also positive.
Suppose that the function 7 is almost automorphic. In this case, it it is bounded and let
us denote 7 = sup,cp 7(t). Also, define the function g(t, x(t)) = n(t)e*®. Then, we have

lg(t, z1(t)) — g(t, 22(t)] = [n(t)e ™ — n(t)e O] < fylzi(t) — za(2)).

Consider ny < , where K v, are the constants from the exponential dichotomy

-
2K (2+fim)
condition and f = sup,ep |pu(f)]. Assume also that T is invariant under translations, we
obtain that all hypotheses of Theorem 6.3 are satisfied which implies that the equation (7.8)

has an almost automorphic solution. O

Finally, we present an example which can be found in [53]. Notice that for a specific time
scale, that is, T = R, the equation in the following example reduces to a single artificial
effective neuron with dissipation model. See, for instance, [25] and [31].
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Example 7.8. Consider the dynamic equation given by
(7.9) 22 (t) = —a(t)z(o(t)) + b(t) tanh(z(t)) + (1)

where a,b,v € Cpq(T, R, ) and a, b, v are almost automorphic functions and regressives on T.
It is clear that the equation given by z2(t) = —a(t)z(o(t)) admits exponential dichotomy
and also, {a(t)”"} is bounded on T. Notice that the function a takes value in Ry and thus,
a(t) # 0, for every t € T.

Moreover, notice that |tanh(z;) — tanh(xs)| < |z — 29| for 21,29 € T. Then, denoting
g(t,xz(t)) = b(t) tanh(x(t)) + (), we obtain

l9(t, 21 (1)) = g(t, 22(t))] = [b(t) tanh, (£) + (1) — b(¢) tanh 2,(t) — ¥(¢)]
< [o(@)|2a (8) = 22()] < bl (t) — 22(2)),
71
2K (2+fiy)?
from the exponential dichotomy and fi = sup,r |¢(t)| and assume that T is invariant under
translations, then all hypotheses of Theorem 6.3 are satisfied which implies that the equation
(7.9) has an almost automorphic solution. O

where b = sup,cp |b(t)|. If we suppose that b < where 71, K are the constants
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