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Resumo

Nesse trabalho, o objetivo principal é provar uma versdo do Teorema de Massera para as
equacdes diferenciais ordindrias generalizadas (EDOs generalizadas). Tal teorema fornece
condig¢des para garantir a existéncia de solucdes periddicas para equagdes diferenciais quando
ha uma solugdo limitada. Além de estudar esse resultado para EDOs generalizadas, usamos
as correspondéncias entre essas equagdes e as equagdes diferenciais em medida, equacdes
diferenciais com impulso e equacdes dindmicas em escalas temporais para obter versdes do
Teorema de Massara para cada uma dessas equacdes. Esses resultados sdo novos na literatura
e podem ser encontrados em [14].






Abstract

In this work, the main objective is to prove a version of Massera’s Theorem for generalized
ordinary differential equations (generalized ODEs). Such theorem provides conditions to
guarantee the existence of periodic solutions for differential equations when there is a bounded
solution. Besides studying this result for generalized ODEs, we use the correspondences
between these equations and the measure differential equations, impulse differential equations
and dynamic equations on time scales to obtain versions of Massara’s Theorem for each of

those equations. All these results are new in the literature and they can be found in [14].
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Introduction

The pendulum has been an object of study of many physicists and mathematicians over the
last few centuries. It is quite often an example of equation describing its behavior in many
ODE books, as in [15]. It is a known fact that its movement can be described by the equation

b= %sin(@),

where g € (0,e0) represents the acceleration of the gravity, L € (0,0) is the length of the
pendulum and 0: R — R is the angle which the pendulum makes with the vertical at each
instant of time 7.

Throughout the years, many other types of pendulums have been studied. One of them is
the Kapitza pendulum, studied originally by Stephenson Andrew in [38]. This object had not
only a mass moving around the support, but also the support itself was oscillating at a high

frequency € (0,0). Figure 1, presented below, represents such object.

_@_ fa

Figure 1 Kapitza pendulum, from [10].

A very interesting property of the Kapitza pendulum concerns its equilibrium points. As
a consequence of the very high oscillation @, the point where the mass is exactly above the

support, that would be normally an unstable equilibrium position in a classical pendulum,
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turns to be a stable equilibrium position. Only in 1951 that the first proper explanation for
this phenomenon was given by the Nobel laureate physicist Pyotr Kapitza in [20] and [21].
He was able to describe this movement using the following equation:

aw?sin(wt)

T sin(0), (1)

where g € (0,00) is the acceleration of the gravity, L € (0, o) is the length of the pendulum,
a € (0,00) is the amplitude that the support is vibrating and 6: R — R is the angle which the
pendulum makes with the vertical when the mass is placed upwards.

Equation (1) presents some interesting challenges for the mathematicians. Due to the
high oscillation @, the solution of this problem could not be found using the Riemann or
even Lebesgue integral. Jaroslav Kurzweil, motivated by this type of equation, constructed
a new type of integral in 1957 ([22]). In his latest book [23], Kurzweil also presents the
Kapitza pendulum from the mathematics perspective. Independently, Ralph Henstock also
arrived in an equivalent formulation of this integral in 1961 ([17]). Due to the contribution of
both mathematicians, this integral is now known as the Henstock—Kurzweil integral.

The new integral attracted many mathematicians not only due to its possibility to integrate
more functions, but also because of the simplicity involved in its definition. The Lebesgue
integral, for example, requires a very robust measure theory to be well-defined, as done in
[35]. On the other hand, the Henstock—Kurzweil integral uses the same idea of partition
applied in the Riemann integral. The main difference, as shown in [3], is that the first type of
integral uses an auxiliary function, called gauge, to control the size of the partition that is
used to integrate.

The Henstock—Kurzweil integral was then further generalized in what is called the
Kurzweil integral, presented in [37]. The new integral uses the same idea of controlling
the partition with a gauge, but it also includes more integrals, such as the Stieltjes—type of
integral. Using this more general integral, it is possible to introduce a class of equations called
generalized ODEs, which are integral equations. This equation was originally constructed
in [22] and is presented in [37] and in Chapter 1 of this work.

Motivated by this type of integral, we study another interesting result, the Massera’s
Theorem. Before we talk more about the relation between this problem and the Henstock—
Kurzweil integral, let us present the classical Massera’s Theorem for ODEs. In 1950, Massera
published results concerning the existence of periodic solutions of ODEs (see [26]). He
proved that the existence of a bounded solution also implies the existence of a periodic

solution in an 1-dimensional system x’ = f(x,7), where f: R x R — R and x: R — R.
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Furthermore, he also showed that such bounded solution gets closer to the periodic solution
as the time increases.

On the other hand, Massera also proved, in the same article, that the result was no longer
valid for systems in higher dimensions. Nevertheless, he showed that the existence of a
bounded solution for linear systems of order n, n € N, also implies the existence of a periodic
solution. He also presented an example to prove that the bounded solution does not need to
get closer to the periodic solution. In the last chapter of this work, we present such example,
as well as the theorems that were originally obtained.

Since then, the problem has been further generalized due to its relevance (see [4] and
[25], for example). In this work, we study this problem and obtain its extensions for the
generalized ODEs. All these results are new in the literature and were published in [14]
and there are no similar theorems for this class of equations. Besides that, the proof of such
results are not analogous to the original proof. This is because the solutions of a generalized
ODE, unlike the solutions of an ODE, can be discontinuous. This leads us to some interesting
mathematical challenges to be overcome.

Furthermore, [14] also shows another reason why the generalized ODEs are so attractive.
Once we have this result in hands, we can also obtain the Massera’s Theorem for other types
of differential equations. Since the generalized ODEs are very general, they include other
types of equations such as measure DEs ([37]), dynamic equations on time scales ([13]) and
impulsive differential equations ([30]). This is also shown in Chapter 3 of this dissertation.

Therefore, we also proved versions of Massera’s Theorem for each of this differential
equations (see [14] and also Chapter 4 of this work). There were no versions of Massera’s
Theorem for measure DEs in the literature and, thus, the results presented in [14] are
completely new for these equations.

Regarding the impulsive DEs, there are a few results about the Massera’s Theorem in
this class of equations (see [1] and [19]). On the other hand, since our results are derived
from the generalized ODEs, our results have weaker conditions and also, due to the fact that
we are dealing with Henstock—Kurzweil integrals, our functions can be highly oscillating.
Lastly, we also obtained version of Massera’s Theorem for the dynamic equations on time
scales. Before we can talk more about that, let us explain what are the time scales and the
dynamic equations on time scales.

In 1988, Stefan Hilger introduced the concept of a time scale in his PhD thesis [18].
Hilger’s idea was to construct a theory that encompasses the discrete and continuous analysis.
For that, he defined a time scale, which is any nonempty closed subset of the real numbers.
One of the advantages of this theory is the unification and extension of the results from the

continuous and discrete analysis. Therefore, it prevents the results from being proved twice
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and also, it allows us to obtain results for "hybrid"” cases. Such theory is presented in [5], [6]
and also in Chapter 2 of this dissertation.

With this theory, Hilger introduced the so called dynamic equations on time scales,
which are differential equations using the time scales as a domain. Concerning the classical
differential equations, the continuous differential equations would be the ODEs while the
discrete differential equations are the difference equations. As the "hybrid” case, it can be
used in many applications such as to describe insect populations that may stay dormant
during the winter (discrete case) while the model can be continuous outside that period. Such
applications are presented in [5].

Since 1988, the theory of time scales aroused the interest of many mathematicians, due
to its aplications (see [1, 4-7, 13, 25, 34]). Thus, many interesting problems were proved for
this area in all of these articles and books. One of these problems is the Massera’s Theorem,
which has versions for the dynamic equations on time scales, such as [4] and [25].

In our work, we also obtained new versions of the Massera’s Theorem for dynamic
equations on time scales, presented in [14]. However, we deal with periodic time scales
for this problem and, therefore, it is very different from the time scales that appear in [4],
which presents a version of Massera’s Theorem for a specific type of time scale, that is,
qNO ={q": n€ Ny}, g > 1, the quantum scale. On the other hand, in [25], although the main
focus be on the periodic time scales, the results in [14] have weaker assumptions about the
regularity of the involved functions, due to the fact that it was generated from the generalized
ODEs.

Therefore, this dissertation shows some very interesting and general results about the
Massera’s Theorem using original techniques. It also makes clear why the generalized ODEs

are so relevant, since it capable of working with such general results.



Chapter 1

Generalized Ordinary Differential
Equations

The concept of an integral has been developed by many mathematicians over the last few
centuries. One of these types of integrals aroused from the necessity to integrate functions
with high oscillations and it was first studied by Jaroslav Kurzweil ([22]) and Ralph Henstock
([17]). It attracted many mathematicians due to its simplicity and very interesting properties.
Such integral is known as Henstock—Kurzweil integral. This integral was later generalized
into what is presented here as the Kurzweil integral, in order to include order types of
integrals (see [37]).

In [22], Kurzweil also showed why an ordinary differential equation or even a measure
differential equation using the Lebesgue integral was not sufficient to solve problems in-
volving rapidly oscillating external forces. Because of that, he introduced the concept of a
generalized ordinary differential equation. Such concept is also presented here.

One of the mathematicians that also became very important in the area was Stefan
Schwabik. In addition to the various articles published in the area, Schwabik also wrote
one of the main books about the Kurzweil integral, [37]. This book is the main reference of
this chapter and also, for the ones who are interested to learn more about this theory. Here,
we start by defining and showing some basic properties of the so called Kurzweil integral.
Next, we present the definition of the generalized ODEs. Finally, we show some results
concerning the existence and uniqueness of solutions of such differential equations. All of
these results and definitions will be used throughout Chapters 3 and 4 and can be found in
[37]. Also, in this chapter, we bring the results in a didactic way in order to provide a good

text for the ones who work in the area.
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1.1 Kurzweil Integral

1.1.1 Definition of the integral

A pair (7,J) of a point T € R and a compact interval J C R is called a tagged interval and ©
is called a tag of J. Consider an interval [a,b] C R such that —ec < @ < b < +oo. The finite
collection of tagged intervals A = {(7;,J;),i = 1,...,k} is called a partition of [a,b] if the

following conditions are satisfied:
l. 5, €J; Cla,b] foreveryi=1,...,k;

2. Int(J;)NInt(J;) =0 forevery i # jand i, j € {1,...,k};

C=

Ji = la,b].
1

~.

A gauge on [a, b] is any positive function 8 : [a,b] — (0, o). Considering such a function,
a partition A = {(7;,J;),i = 1,...,k} of [a,b] is called d—fine if

Ji C (ti—8(%), 1+ 8(%))

foreveryi=1,...,k.
With the definitions above, it is possible to characterize the Kurzweil integrable functions.

Definition 1.1 ([37, Definition 1.2n]). A function U : [a,b] X [a,b] — R" is called Kurzweil
integrable over |a,b] if there exists an I € R" such that for every € > 0, there exists a gauge
o(€): [a,b] — (0,+o0) such that

zk:[U(Th o) —U(T,05-1)] —I|| <&
i=1

for every d—fine partition

D= {(Ti, [(xi_l,a,-]),i: 1,...,k}.

k
We usually denote d(€) as O and the sum Z[U(‘C,-, 0;) —U(7;,04-1)] as S(U,D) when there
i=1
is no risk of confusion. It is also common to write the partition as

D={a,T1,001,...,0%_1, T, O%}.
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In the definition above, I € R" is called the Kurzweil integral of U over the interval
la,b] and will be denoted as |, abDU (7,t). If such integral exists, we also define [;'DU(7,t) =
—ffDU(’L’,t) and fabDU(’L',l‘) = 0if a = b. We are also going to denote as K([a,b],R"), or
simply KC([a,b]) when the codomain is clear, for the class of Kurzweil integrable functions
on [a,b).

A problem the reader may be concerned when reading the definition of the Kurzweil
integrable functions is about the existence of a d—fine partition given a gauge . For instance,
one may think that the definition could be satisfied only by the empty set and this could result

in other problems. The next lemma shows that this is not the case.

Lemma 1.2 (Cousin Lemma - [27]). Given a gauge 6 on [a,b|, there is a d—fine partition of
[a, b].

Proof. Define E C [a,b] as the set of all points a < x < b such that there exists a 6—fine
partition of [a,x]. Note first that £ = @ because for any x € (a,a+ 6(a)), it is possible to set
the partition A = {(a, [a,x])} on the interval [a, x|, proving that (a,a+ d(a)) C E.

Define u = supE. Our goal is to show that u € E and u = b to conclude the result. For
the first part, observe that by the definition of supremum, there exists an y € E such that
u—0(u) <y < u. By definition of E, there is a partition of [a,y] and it is possible to add to
such a partition the set {(u, [y,u])}, converting it into a partition of [a,u| and, thus, proving
thatu € E.

Now suppose, by contradiction, that u < b. Let p € (u,u+ 8(u)) N (u,b) be any point in
that interval. It is possible to construct a partition of [a, p] considering a partition of [a, u]
and then, adding {(«, [u, p]) }. Therefore, p € E and u < p, which is a contradiction, since u
is the supremum of E. O

By Lemma 1.2, the Kurzweil integral is well-defined. One of the first questions that may
arise now about this integral, is how it relates to other types of integrals. Notice first that if
0(t) = 6 is a constant and U (7,7) = f(7)t, then the definition above corresponds exactly to

the Riemann integral. Also, note that, in this case, we have

S(U,D) = Zk:[U(ri, o) —U(T,05-1)] =

i=1 i

-

[f () (o — 0—1)]

1

for any d—fine partition D. Thus, it is clear that any Riemann integrable function is also
Kurzweil integrable. Since the case U(7,7) = f(7)f may appear often in this dissertation, we

fix the following notation:

/abDU(r,t) = /abD[f(r)t] = /abf(t)dt.
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Similarly, the Henstock—Kurzweil-Stieltjes integral U(7,t) = f(7)g(¢) is also included

in the notion of Kurzweil integrable functions. In this case, we are going to use the notation:

/abDU(T,t):/abD[f(T)g(t)]:/abf(t)dg(t).

A follow—up question that can appear from the latest paragraphs is if any Kurzweil
integrable function is also Riemann integrable. The example below shows that this is not the

case.

Example 1.3 ([3, Example 2.3]). The Dirichlet function f: [0,1] — [0, 1] given by

(1) = 1, ifr€(0,11NQ,

0, otherwise,

is not Riemann integrable, but it is Kurzweil integrable.

Proof. We can see that the Dirichlet function is not Riemann integrable by applying the
well-known fact that a function f is Riemann integrable if, and only if, f is continuous
almost everywhere.

Now, we show that f is Kurzweil integrable. First, we enumerate all rationals in [0, 1] in
some order {r,: n € N}. Then, define the gauge §: [0,1] — (0, +<0) as

€ ifr—
50) _ W, 1t = n,
1, otherwise,
for any given € > 0.
Consider an arbitrary d—fine partition D = { o, 71,1, ..., Q_1, Tr, & }. Notice that any

terms of the sum S(f, D) that have irrational tags 7; are irrelevant, because f(7;) = 0 in this

case. Let us denote by 7; the tags of D that are rational. Therefore,
[ai,—1,04,] C (5, —6(%,), T, +6(T,))

implies that
€

E.

It could happen that 7;, = 7; 1 for some i,. But in this case, we would have

(04, — ;1) <26(m,) =

€
(O, 11— @j,—1) <26(T,) = i
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Putting all the information above together, we conclude that

k
Z f(m,) (@, — ai,—1)

=1

IS(fD) =0 =

Tl
i=1
Thus, | |
| s = [ e o
and the result follows. 0

We do not show in details the relation between the Kurzweil and Lebesgue integral in
this dissertation, but the reader can find in [3] that any Lebesgue integrable function is also

Kurzweil integrable, however the reciprocal is not true.

1.1.2 Basic Properties

In this subsection, we present some basic properties of the Kurzweil integral. Many of them
are expected, since it appears in other types of integrals. The first one is the linearity of the
integral.

Theorem 1.4 (Linearity - [37, Theorem 1.9]). Consider two functions U,V € K([a,b]) and
c1,¢2 € R Then ¢ ;U + ¢,V € K([a,b]) and

/bD[qU(’L',t)—i—czV(T,t)] —¢ /bDU(T,t)—i—cz/bDV(T,t).

Proof. Given € > 0, there is a gauge dy: [a,b] — (0,4o0) such that for every dy—fine

partition Dy of [a,b], we obtain

b
HS(U,DU)—/ DU(.1) <§.

Similarly, there is a gauge oy : [a,b] — (0,+ec) such that for every Sy—fine partition Dy of
la, D], the inequality below holds:

HS(V,DV)—/abDV(T,t) < g

It is easy to see that S(ciU + c2V,D) = ¢1S(U,D) + ¢S(V, D) for any partition D of
[a,b]. Now, consider 0 : [a,b] — (0,+o0) such that 0 < §(¢) < min{dy(¢),dy ()} for every
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t € [a,b]. For any 6—fine partition D, we get

b b
HS(C1U+CZV,D)—C1/ DU(T,t)—cz/ DV(1,1)
a a

b b
aS(U.D)— ¢, / DU(t,0)| + |e2S(V, D) - 3 / DV (7,1)
a a
< £ + £ £
2 2 7
and the proof is complete. ]

The theorem below shows that instead of working with U : [a,b] x [a,b] — R", we could
consider only U : [a,b] X [a,b] — R.

Theorem 1.5 ([37, Theorem 1.6]). A function U: [a,b] x [a,b] — R" denoted as U =
(U1,U,,...,Uy) is Kurzweil integrable if and only if each component Uj, j =1,2,....n

is Kurzweil integrable.

Proof. Suppose first that ffDU(‘L’,t) =1=(I,h,...,1I,) exists. Then, given € > 0, there is
a gauge 9 [a,b] — (0,4-o0) such that for every d—fine partition D of [a,b], we have

IS(U,D) —1I|| < e.
It is easy to see that if we define as Dy, the projection of D in the m-th coordinate, then
|S(Um7Dm) _Im| < HS<U»D) _IH <é&.

Since m is chosen arbitrarily, we can conclude one of the implications of the theorem.
To show the other implication of the theorem, consider first an arbitrary € > 0. We know
that there is a gauge &,,: [a,b] — (0,+o0) such that for every &,—fine partition D,,, we get

S(Uns D) = Il < 1.

where 7 is the dimension of the codomain of U. Define now the gauge 8 : [a,b] — (0,+o0)

as

O(t) =min{6,(t): m=1,2,... n}.
It is immediate to see that for any d—fine partition D of [a,b], we obtain

; 1/2 n o\ 172
IS(U,D)—1I| = (Z (Up, D) 1)2) <<ZS—> —¢

m=1 n
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and the proof is complete. 0

Although we just proved that we can consider only U: [a,b] X [a,b] — R, we will
consider the more general case U: [a,b] X [a,b] — R" throughout the theorems of this
section. Nonetheless, the above result will be relevant for some proofs that will appear later.

An important property that the Kurzweil integral also satisfies is the Bolzano—Cauchy
Condition.

Theorem 1.6 (Bolzano—Cauchy Condition - [37, Theorem 1.7]). The function U : |a,b] x
la,b] — R" is Kurzweil integrable on the interval [a,b) if and only if for every € > O there is
a gauge 8 on [a,b| such that for every 8—fine partitions Dy and D;, we get

IS(U,Dy) - S(U,D>)| < e.

Proof. Assume that the Bolzano—Cauchy Condition holds. Then, for every gauge § on [a,b],
define the set
Cs ={S(U,D): D is a 6—fine partition of [a,b]}.

Observe first that 6; < &, implies C5, C Cgs, because if D is 6—fine, it is also 6—fine.
Moreover, if 9 is the gauge corresponding to the Bolzano—Cauchy Condition for € > 0, we

obtain
diam (Cgs) < €. (1.1)

Now, consider a sequence {&, },«n of real positive numbers such that g, — 0. For each

&, let &, be the gauge corresponding to the Bolzano—Cauchy Condition. We can assume that

On+1 < O, because if that is not true, we can change 8,1 by min{J,, 8,11 }. As a consequence

of (1.1), we know that diam (Cs,) — 0. Using the Cantor’s Intersection Theorem (see [2,

Theorem 3.25]), there exists an I € R" such that {/} = ﬂan. Thus, for every € > 0, there is
n

an g, < € and for every 9,—fine partition D, we have
IS(U,D) -1 <€

and, therefore, we conclude that U is Kurzweil integrable.
Conversely, consider that U is a Kurzweil integrable function on the interval [a,b]. Given
€ > 0, there exists a gauge 0 such that for every d—fine partition D, it follows that

HS(U,D) —/abDU(T,t)

<£
ok
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Let Dy, D, be two d—fine partitions. Then

b b
||S(U,D1)—S(U,D2)||<HS(U,DI)—/a DU(1,1)|| + /aDU(f,t)—S(U,Dz) <e,

proving the desired result. 0

As one may already expect for this integral, it has the additive property. The result below

describes this property.

Theorem 1.7 (Additive Property - [37, Theorem 1.11]). Let U: [a,b] X [a,b] — R" be such
that U € K([a,c]) and U € K([c,D]) for ¢ € (a,b). Then U € K([a,b]) and also

/aCDU(T,l‘)—i—/CbDU(T,t) = /abDU(T,l‘).

Proof. Consider € > 0. By the definition of the integral, there is a gauge 84 on the interval

[a, c] such that for every d4—fine partition Dy of |a, c|, we obtain

HS(U,DA)—/:DU(IJ)

<8
5

Similarly, there is also a gauge 8p on the interval [c, b] such that for every dp—fine partition
Dg of [c, D], we also get

HS(U,DB) _ / " DU (e.0)

<8
5

The idea of the proof now is to use the functions 84 and Op to construct a gauge 6 on
[a, D] that can be applied in the definition of the integral in that interval. For instance, consider
first the function & : [a,b] — (0, 4-c0) defined as

Sa(t), if 1 € [a,c),
8(t) = min{&s(c),85(c)}, ift=c,
Sp(t), if ¢ € (c,b].

Define now the gauge §: [a,b] — (0,+o0) as

5(6) min {8, —cl}, if 1 e,
d(c), ift=c
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Consider now a d—fine partition D = {0, 71, Q. .., Q_1, Ty, &} of the interval [a,b].
Claim 1: c is a tag of some interval of the partition. To prove the claim, suppose that
c € [aj_1, ;)| for some j € N and consider the tag 7; of that interval. By the definition of
0—fine partition, we know that

c€laj-1,04] C (1= 6(7)), 7+ 6(1;)).

On the other hand, §(¢) < |t —c| if  # c. Thus, if ¢ # 7}, then ¢ & (7; — 6(7}), T; + 6(7;))
and this is not possible. Therefore, ¢ = ;.
Using this tag c, it is possible to divide the sum S(U, D) in two sums, one on the interval

la,c] and another one on the interval [c,b]. Such a division is presented below:

i1
S(U,D) = ]Z [U(Ti, OC,‘) — U(”L’,‘, 061;1)] +U(C, Otj) — U(C, 06]',1)
i=1

+ Z (7,04) = U (T, ®i1)]
i=j+1

|
—_

= ’ [U(Ti, OC,') — U(Ti, (Xi—l)] —l—U(C,C) - U(Cv aj—l)

i

I
—_

+U(e, ) —Ule,) + f U (7, 0) — U (%, ai_1)] = S(U,D;) +S(U, D),
i=j+1

where Dj is a §4—fine partition of [a, c], since 0(¢) < 64(t) for every € [a,c|. Similarly, D

is a Op—fine partition of [c, b]. Hence,

HS(U,D)—/aCDU(T,t)—/CbDU(T,t)

= "S(U,DA)+S(U,D§)—/aCDU(T,t)—/CbDU(T,t)

+ HS(U,DE) —/CbDU(T,t)

<2+§:

< HS(U,DA)—/;DU(TJ)

Thus, by the definition of the Kurzweil integral, | ab DU (t,t) exists and

/abDU(’L',t) :/:DU(T,t)—F/CbDU(r,t),

proving the result. O
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It is also important to have a result ensuring the existence of the integral of a function
U: [a,D] X [a,b] — R" in sub-intervals of [a, b]. This is the content of the next result.

Theorem 1.8 ([37, Theorem 1.10]). Assume that U: [a,b] x [a,b] — R" is such that U €
K([a,b]). Then for every [c,d] C |a,b], U € K([c,d]).

Proof. Let € > 0 be given. By the Bolzano—Cauchy Condition (Theorem 1.6), there is a
gauge 0 on [a,b] such that
IS(U,D1) = S(U,Dy)|| <,

for every d—fine partitions Dy and D; of [a, D).

Suppose now that a < ¢ < d < b and the other cases can be proved in a similar way. Let
D and D5 be two 8—fine partitions of [c,d]. Consider also that Dy is a §—fine partition of
[a,c] and Dp is a 0—fine partition of [d,b]. Note that the existence of all these partitions are

guaranteed by the Cousin Lemma (Lemma 1.2). Furthermore, we use the following notations

Dl :{aﬂarlaalw"aak—lvfkaak}a
A A A A
DA:{a0>T1A7a17-"7al—17124’al }7

B B B B B B
DB:{(X(),TI,a],...,am_l,fm,am},

where ap = a, o = o) = c, (xIA = of =d and af} = b. Putting the three sets above together,
we can create a new partition of [a, D] as represented below:

A A A B B B B B
Dl :{(Xo,fl,al,...,(kal,fk,ak,TIA,(Xl 7"'7a[—17TlA7al , 11, 0 7"'aam—17fm7am}'

It is immediate to see that D; is d—fine. Similarly, we can put together D5, D4 and Dg to
obtain a 0—fine partition of [a,b] that we denote by D;. It is easy to see that

HS(U,Z)T) —S(U,f);)H — |IS(U,Dy) — S(U, D) < ¢

and we can use the Bolzano—Cauchy Condition (Theorem 1.6) to obtain the desired result. [

The following lemma was originally formulated by Stanislaw Saks and it was generalized
by Ralph Henstock (see [37]). It is a useful tool and we use this result to prove more

elaborated theorems later in this chapter.

Lemma 1.9 (Saks—Henstock Lemma - [37, Lemma 1.13]). Let U: [a,b] X [a,b] — R" be
such that U € K([a,b]) and € > 0. Consider a gauge 0 on [a,b] such that for every 6—fine
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partition D = {a, T, 04, ..., 01, T, Ok } of [a,b], we get

k

b
Z[U(Ti, OC,‘) - U(Th ai—l)] _/a DU(Tvt)

i=1

<E&

If{(&,[Bi,v]),i=1,...,m} represents a 6—fine system, that is,

& €[Biy] C(&i—0(8),&i+6(&)), fori=1,....m,
(Bi, )N (Bj,7y;) =0, wheneveri# j,

then
7 Yi
¥ |on -u.p- [ puen]
i=1 B
Proof. First, we can assume without loss of generality that §; < y; for i = 1,...,m, since

f 7/’DU (t,t) = 0 when f; = ¥%. Moreover, the integral f Y’DU (t,t) exists by Theorem 1.8.
Define yp = a and 3,11 = b. If y; < B4 for j =0,...,m, then for every 6 > 0, there is
a gauge J; on the interval [y;, B;11] such that for every 5J~—ﬁne partition D of [y}, Bj+1], we

have

0
< —.

i Bj+1
S(U,D’) — DU (t,t) p—

Y

Without loss of generality, it is possible to assume that §;(7) < 6(7) for T € [y}, Bj+1] because

if that is not true, we can swap &;(7) by min{6;(7),5(7)}. As a consequence, it follows that

m

SW,D) =Y [U(E %)~ U B+ Y. SU.D)

i=1 Jj=0

represents an integral sum where D is a d—fine partition. Using the additive property

(Theorem 1.7), we get

i { (&%) — (51',/31')—//:DU(1J)} H
i { (i, %) —U (S, Bi) —/?DU(T,I)] +§6 [S(U,DJ') _

Bj+1
sw.p)y— [ DU(,1)
Yi

+1DU(r,t)] H

Yi

< HS(U,D)—/a DU(t.1)

o 0
+y -2 cevo
j:0m+1
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Since the choice of 0 is arbitrary, the result follows. L]

Remark 1.10. Although the inequality in the above lemma is not strict, it is possible to
change € by €/2 in the statement of the theorem to obtain that if

M»

b
‘ U(ti,04) —U(Ti,0—1)] —/ DU (t,1)
i=1 a

then

i[ (&%) — (51"/31')—/[:DU(TJ)H <E.

The next two theorems give us important information about the behavior of the integral.

The results below directly imply that the Kurzweil integral does not have to be continuous.

Theorem 1.11 ([37, Theorem 1.16]). Consider a function U : [a,b] X [a,b] — R" such that
U € K([a,b)). For any c € [a,b],

lim [/XDU(’L',t)— (c,x)+U( cc} /DU (1,1). (1.2)

X—C

Proof. Given € > 0, consider a gauge 0 on [a,b] such that for every d—fine partition D of
[a, D], we obtain

<8
7

If s € [c—38(c),c+8(c)|N[a,b], then the Saks—Henstock Lemma (Lemma 1.9) implies that

HS(U,D) —/abDU(T,t)

HU(C,S) _U(e,¢) —/SCDU(f,t) <e

Using the additive property of the integral (Theorem 1.7), we obtain

<E&

/SDU(r,t) —U(c,s)+Ulc,c) — /CDU(T,t)

- HU(C,S)—U(c,c)—/SCDU(”L',t)

and the result follows. O]

Notice that a necessary and sufficient condition for the map
C
¢ € [a,b] — / DU(t,1)
a

to be continuous is that the function U (c,-) is continuous at c.
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Theorem 1.12 ([37, Theorem 1.14]). Assume that U : [a,b] x [a,b] — R" is such that U €
K([a,c]) for every ¢ € |a,b) and that

C
lim {/ DU (t,1) —U(b,c)+U(b,b)] H < o0,
c—b— a
Then U € K([a,b]) and
C
fim [/ DU(,t) —U(b,c) +Ubb] /DUrt
c—b— a
holds.

Similarly, if U: [a,b] x [a,b] — R" is such that U € K([c,b]) for every ¢ € (a,b] and

satisfies

c—a+

lim UCbDU(r,t) —U(a,c) +U(a,a)} H < oo,

then U € K([a,b]) and

b
lim [/DU(T,I)— ac—i—Uaa} /DUTt
c—a+ | Je

Proof. Only the proof of the first part of the theorem will be presented below. The second
part follows in a similar way.

By the hypotheses of the theorem, there is an I € R" such that for any € > 0 given, there
is a number 3 € [a,b] for which

H U:DU(”) ~U(b,c)+U(b,b) J} H < g

holds for every ¢ € [3,D).

Now consider an increasing sequence {c, },en such that co = a and klim cx =b. Also by
—Foo

the assumptions, U € K([a,c;]) for every j € N. Thus, there is a gauge 6;: [a,c;] = (0,+oo)
such that for every §,—fine partition D; the inequality

HS(U,Dj) - / Y DU (1) (1.3)

£
<m

holds.

Before constructing the gauge on [a,b], let us build an auxiliary function & on [a,b).
In order to do that, first observe that for any 7 € [a,b), there is only one number j = j(¢)
such that 7 € [cj()_1,¢j()). Consider then a function 5: [a,b) — (0,4o0) such that for
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every f € [¢j()—1,Cj(;)) We have §(t) < 8;(r) and [t — 8(z),t +6(r)]| N a,b) C [a,c (] Let

¢ € [a,b) and consider a d—fine partition of [a, ]|
D={a=o00,7,01,...,0 2, 1,01 =c}.

It is possible to control the sum

k=1 o
i_zl Ut ) — U (T, 061) _/af_, DU(T,t)]

in terms of j(¢) € N. In other words, fix j(¢) and consider all intervals [@;_1, o] such that
T €[cj()-1,Cj(r))- It follows from the definition of 5 that (o1, 04] C[Ti— 5(1’,-), T+ S(’L’i)] C
la,cj()] and also, [a;—1,04] C [T — 8j(;)(Ti), Ti + () (Ti)]. Let us denote these points of the
partition as:

{00, T1j0)s 01 j0)s -+ -+ 1) Thjtr)» o) } -

Thus, the sum

Qi j(r)
U(Ti7j(t)aai,j(t))_U(Ti,j(t)7ai—17j(t))_/ " DU(1,1)

Qi1 j(1)

i=1

represents only the tags that are in [c i(1)—-1,€ j(,)). By the Saks—Henstock Lemma (Lemma

1.9), we have

l @i j(1) &
i; U(Ti,j(t)vai,j(t))_U(Ti,j(t)aai—l,j(t))_/ailj(t)DU(Tat) <312
Therefore,
k1 .
U(%0)~U (5,0 1)) - [ DUE1)
i=1 a
k1 o
= [U(Ti,%)—U(Ti,Oﬂi—l)— DU(TJ)]
i=1 Qi1
- ! & j(r)
< YN U@y @) — U (T i) %)) / DU(7,t)
jt)=11li=1 %i-1,j(1)
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where the first inequality above is valid because the sum originally would have finite terms
(from j(¢) = 1 until j(c)) but we can add more positive terms to major the sum.
Now, define the gauge 6: [a,b] — (0,+o0) as

0<8(r) <min{b—1,5(t)}

fort € [a,b) and
0<o(b)<b—p.

Let D = {og, 11,01, .., 1, Tk, 0} be a d—fine partition on [a,b]. By the definition of
gauge, we must have o = 7, = b and oy € (f3,b). Thus,

k—1
IS(U,D) =1 = (i, 04) = U (T, 0-1)] + U (b,b) = U (b, 04—1) =1

i=1

k-1 -1

= [U(Thal) U(Ti;ai—l)]_/ DU(T7t)
i=1 a
O — 1
+ Tl —l—U(b b) U(b,OCk_l)—IH
_E e .
<2727
and we conclude the proof. [

The Kurzweil integral also satisfies a version of the substitution theorem.

Theorem 1.13 (Substitution - [37, Theorem 1.18]). Assume that ¢ : [a,b] — R is a contin-
uous strictly monotone function on [a,b| and consider another function U : [§(a), ()] X
[0(a),d(D)] — R". If one of the integrals

[ buen. [ ouise).o0)
0(a) 7 a ’

exists then the other integral also exists and they have the same value.

Proof. Assume that ¢: [a,b] — R is increasing and that ffDU((Z)(G), ¢(s)) exists. By the
existence of the integral on [a,b], given € > 0, there is a gauge 8 [a,b] — (0, +o0) such that

for every d—fine partition

D ={po,01,B1,---,Bx—1,0k B}
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of [a,D], we get

k b
Y (U(0(0),0(8) ~U(9(e).0(8:-1)] - [ DU((0),0(5) | <&
Since ¢ is continuous and strictly increasing, the inverse ¢ ~': [¢(a), ¢ (b)] — [a,b]

exists and is also a continuous and strictly increasing function on [@(a), ¢ (b)]. Thus, we can
associate for each 7 € [¢(a), ¢ (b)] exactly one point 6 = ¢ ! (1) € [a, b]. Using this relation,
it is possible to construct a gauge @: [¢(a), ¢ (b)] — (0,+0) such that

[1—o(7), 7+ 0(7)]N[9(a),¢(b)] C ¢([0 - 6(0),0+6(c)|N[a,b]).  (1.4)

The inclusion above is important to show that an @—fine partition of [¢(a), ¢ (b)] can be
transformed in a §—fine partition of [a, b using the function ¢—1. To see that, consider an
arbitrary w—fine partition of [¢(a), ¢ (D)]

{aOaTlaalw"vakflvfkaak}'

Define 8; = ¢_1(aj) for j=0,...,kand 0; = (])_l(rj) for j=1,... k. Itis easy to see that
{Bo,o1,B1,---,Bk_1,0k, Br} is a partition of [a, b]. Furthermore, we obtain

7j = 0(7)) < 01 ST < 0 < T+ (1)),
since the partition is w—fine. In addition, inclusion (1.4) implies that
¢(0—6(0)) < 1j—0(7j) <7+ 0(7) < 9(c +6(0)).

Therefore, we conclude

and it follows that { By, o1,B1,- -, Bk—1, Ok, Br} is d—fine. Thus,

Y (U5 a) - U051~ [ DU(G(6),6(5)

i=1 ‘

k b
Y [U(0(0).0()) ~U(9(0).0(Bi-1)] ~ | DU(6(0).0(5)

< E.
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By definition, ff(%)DU(T,t) exists and it is equal to ffDU(q)(G), 0(s)).
The proof that [ (Z) ((:))DU (7,t) implies the existence of |, ab DU(¢(o),9(s)) is similar and
it will be omitted. We also omit the case when ¢ is a decreasing function, since it follows in

a similar way with obvious adaptations. 0

Remark 1.14. I1 is also possible to change the theorem above to consider when ¢ : [a,b] — R

is a continuous and monotone function. In this case, there may not be a bijection between
la,b] and [¢(a), ¢ ()], but the proof above can be adapted defining

0 (t) ={s€a,b]: (1) =s}.

1.1.3 Convergence theorems

This subsection presents theorems and properties involving sequence of functions. Although
the results are more technical than the ones in the previous subsection, they are all needed
to prove the existence and uniqueness of solutions of generalized ODEs using the Kurzweil

integral that will be presented later.

Theorem 1.15 ([37, Theorem 1.25]). Suppose that U,U,,: |a,b] x [a,b] - R", m € N, are
such that Uy, € K([a,b]). Furthermore, assume that there is a gauge 6 on [a,b] satisfying
im [Uy(t,t2) —Up(7,81)] =U(7,02) — (7,11) (1.5)
m——+oo
for every T € a,b] and t1,t; € R in a way that [t,t] C [T — g(r), T+ g(’L’)] Finally, suppose

that given & > 0, there is a gauge 8 on [a,b] such that for every 6—fine partition D and every
m € N, the following inequality holds:

b
HS(Um,D)—/ DUp(1,1)|| < E. (1.6)
Then U € K([a,b]) and also
. b b
Jim_ [ DU, (z.1) = / DU(z,1).

Proof. Given € > 0, there is a gauge 8 on |a,b] such that for every d—fine partition D =
{og,T1,01,..., 0 1, Tk, %}, we have

HS(Um,D)—/abDUm(T,t)

<€
1
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Without loss of generality, it is possible to assume that §(¢) < 0(¢) for every ¢ € [a,D]. This
follows from the fact that the function 8(r) = min{5(¢),5(¢)} is also a gauge. With that
information in hands, we can use (1.5) to guarantee that there exists an integer mo > 0 such

that for every m > myg the inequality

k
€
|S(Un,D) —S(U,D)|| = Z[Um(r,-,oc,-) —Upn(7i,0i—1) = U(T1,06) + U (T1,06-1)]|| < 1
i=1
holds. Combining the inequalities above, we obtain
m1_1>r£rlooS(Um,D) =S(U,D)
and
b €
HS(U,D) —/ DU (z.1)|| < (1.7)
a
for m > my.

On the other hand, (1.7) also implies that for every [,m > mg, we get

Consequently, { [ f DU, (7,t)}_, is a Cauchy sequence in R" and there is a vector € R"
such that

< E.

/a " DU(t.1) / DU (z.1)

b
lim [ DUu(t,1)=1.

m—-—+too [,

Lastly, we obtain

b £ €
/ DUm(r,t)—IH < §+— =€

IS@U,D)—1|| < HS(U,D) —/abDUm(‘L',t) :

1

and the result follows. ]

The condition in Theorem 1.15 may seem very strong at a first look, but we will show
a very useful example satisfying these hypotheses in Corollary 1.21. Besides that, such
conditions will be very important later when we talk about the uniqueness of solutions of
generalized ODEs using the Kurzweil integral. Because of that, we give a special name for

the sequences satisfying these conditions. This name is presented in the definition below.

Definition 1.16 ([37, Definition 1.26]). A sequence of functions Uy, : [a,b] X |a,b] — R",
m € N such that Uy, € K(|a,b]) is equi-integrable if the condition (1.6) of Theorem 1.15 is
satisfied.
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The next theorem is very technical and has an extensive proof. Because of that, its proof
will be omitted, but it can be found in the cited reference.

Theorem 1.17 ([37, Theorem 1.28]). Consider U,U,,: [a,b] x [a,b] — R, m € N, are such
that U, € K(|a,b]) for m € N and also:

i. there is a gauge v: [a,b] — (0,4o0) such that for every € > 0, there is a function
p: [a,b] = N and a superadditive set function ® defined from any closed interval
J=|a,B] C [a,b] to a real number ®(J) € (0,+o0) with ®([a,b]) < € such that for
every T € [a,b], we get

|Un(7,B) = Un(7,0) =U(7, B) + U(7, )| < P([x, B])

providedm > p(t) and T € o, B] C [t —y(1), T+ ¥(7)];

ii. there is a gauge @: [a,b] — (0,4-o0) such that for any function m: |a,b] — N and any
w—fine partition D = {qp, 71,04, ..., 041, Tk, Oy } the inequalities

B <Y Uy (Ti 0) = Uy (i, 04-1) < C
i=1
hold for some constants B,C € R.
Then the sequence (Uy,),—, is equi-integrable.
The next result is a direct consequence of the Theorem 1.17.

Corollary 1.18 ([37, Theorem 1.29]). Suppose that U,U,,: |a,b] x [a,b] - R, m € N are
functions satisfying all conditions of Theorem 1.17. Then U € K([a,b]) and

b b
lim [ DUpn(t,1) = / DU(z,1).
a

m——oo [,
Proof. To prove this result, we apply Theorem 1.15. Notice first that condition (1.6) is
already satisfied by Theorem 1.17. On the other hand, condition (1.5) of Theorem 1.15 is
also satisfied directly by the item (i) of the hypotheses of Theorem 1.17 that we are also
assuming here. All the conditions of Theorem 1.15 are valid and the proof is complete. [

The corollary below is a type of Dominated Convergence Theorem for Kurzweil integrable
functions.
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Corollary 1.19 ([37, Corollary 1.31]). Let U,Uy,: [a,D] X [a,b] — R, m € N, be such that
Un € K([a,b]) and condition (i) of Theorem 1.17 is satisfied. Assume also that there are
functions V.W: [a,Db] x [a,b] — R, V,W € K([a,bD]), and there is a gauge @ such that for
any @—fine partition D = { g, 71,1, ..., 01, T, 0 } and every m € N, we obtain

V(t,06) —V(ti, 1) < Un(Ti, 0) — U (Ti, im1) < W (T3, 045) — W (T, 06-1) (1.8)
fori=1,2,... k.
Then U € K([a,b]) and

b b
lim | DUn(z,1) = / DU(z,1).
a

m——+too [,
Proof. Using the fact that V,W € K([a,b]), there is a gauge 0 of [a,b] such that for every

0—fine partition D, it follows that

‘S(V,D)—/abDV(r,t) <1

<1, ‘S(W,D)—/abDW(T,t)

It is also possible to assume that 6(r) < w(r) for every t € [a, D] (if this is not true, change
0(t) for min{d(z), w(r)}). Applying (1.8), we conclude that

-

N
I
—_

b
/ DV(T,Z‘) —1< S(V,D) < Um(fi)(fl', OC,') — Um(fi)(fi, OCifl)

b
< S(W,D) < / DW (z,1) + 1.
a

Thus, condition (ii) of Theorem 1.17 is satisfied with

b
B— / DV(z,1)—1
a
and
b
C:/ DW(t,1)+1
a
and the result follows. O]

Before we present the last consequence of Theorem 1.17, we define the space of bounded
variation functions from [o, 8] C R to R".
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Definition 1.20. Given a function x: [o, 3] — R", we define the variation of x in [0, B] as
k
varg(x) = sup Z ||x(si) —x(si—1)|| : P ={50,51,...,5} is a partition of [o,B] ¢ .
i=1

If varg (x) < +oo, then x is called a function of bounded variation. We denote the space
of functions with such property as BV ([a, B],R") or simply as BV when there is no risk of
confusion. We can also use the following norm for this space:

al

Ixll gy = [lx(e) || + varg(x).

For more details about this space, see [33].

We present a particular case of Corollary 1.19 to conclude this subsection. It is also a

concrete example of a sequence of functions satisfying all the conditions of Theorem 1.15.

Corollary 1.21 ([37, Corollary 1.32]). Let g: [a,b] — R be a nondecreasing function and
fm: la,b] > R, m €N, is a sequence of functions such that ff fm(s)dg(s) exists for every
m € N. Assume also that for every t € [a, b,

lim_fult) = £0)
and there exist two functions v,w: [a,b] — R such that the integrals fab v(s)dg(s) and
ffw(s)dg(s) exist and

V(1) < fin(t) S w(r)

holds for every t € [a,b] and m € N. Then f:f(s)dg(s) exists and

m—r—+oo

tim [ u(5)as(s) = [ 7(5)ds(s).

Proof. We show that both conditions of Theorem 1.17 are satisfied and conclude the result.
Firstly, we can prove that the condition (i1) is satisfied in a similar way as done in Corollary
1.19. The only difference is that in this case we have to define U, (7,t) = f,,(7)g(2), U(1,t) =
f(t)g(t), V(t,t) =v(t)g(t) and W(t,t) = w(1)g(t) for 7,t € [a,b].

Remember now that the condition (i) of Theorem 1.17 is: there is a gauge v: [a,b] —
(0,4-e0) such that for every € > 0 there are a function p: [a,b] — N and a superadditive
set function @ defined from any closed interval J = [ct, ] C [a,b] to a real number ®(J) €
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(0, +e0) with ®([a,b]) < € such that for every T € [a,b], we obtain
|Um(Taﬁ) - Um(T7 OC) - U(Tvﬁ) +U(T7 OC)| < q)([avﬁ])

provided m > p(t) and 7 € [a,B] C [t —y(7), T+ ¥(7)].
Define now the function

p

@((a.p) = 5o

for any closed interval [, ] C [a,b]. Notice that ®([a,b]) < €/2 < € and that ® is a
superadditive set function.

Using Uy, (7,1) = fin(7)g(t), U(7,t) = f(7)g(t) and the fact that lirfrl fm(t) = f(t), we
m—s—+oo
can guarantee that given 7 € |a, b], there is an my € N such that for every m > mg, we have

Un(T,B) = Un(7,0) =U(7,B) + U(7, )| = [(fin(7) — (7)) (8(B) — g())| < D([ex; B])-

We can conclude that for any gauge o of [a,b], the desired conditions are satisfied and the
proof follows from Theorem 1.17. [

1.1.4 Inequalities

In this subsection, we present two inequalities involving the Kurzweil integral. The first
inequality will be used in the next section of this chapter, while the second one will be used

to prove the uniqueness of solutions of a generalized ODE using the Kurzweil integral.

Theorem 1.22 ([37, Theorem 1.35]). Suppose that U [a,b] X [a,b] — R" is Kurzweil inte-
grable. If V: |a,b] x [a,b] — R is a function for which the integral | abDV(’L',t) exists and
there is a gauge ® on |a,b] such that

t— 1| |U(t,0) —U(1,7)]| < (t — ©)(V(T,0) — V(7,1)) (1.9)

foreveryt € [t— (1), T+ 0(T)]. Then

Proof. Given € > 0, there is a gauge 0 such that d(s) < @(s) for every s € [a,b] and for

/abDU(’c,t) < /abDV(’L',t).

every d—fine partition D = {ap, 71, 1. .., O%—1, Tk, 0% }, We obtain
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HS(U,D) —/abDU(r,t)

b
<§, ‘S(V,D)—/ DV(1,1)
a

<8
ok

By (1.9),
1U (7, 00) = U(, w)|| < (V(wi, ) = V(7 5))

when o; > 7;. Otherwise,
U (7, 00) = U (7, w)|| < (V(%,7) =V (5, 04)).
It follows that

|U(7i,06) = U (7, 0-1)|| < |U(Ti,00) = U (7, %) || + |U (%, %) —U(%, ai-1) |
<V(m,04) = V(T 0-1).

The inequalities above imply that ||S(U,D)|| < S(V, D). Thus, we get

b b
[ oz <HS<U,D>— [ puten|+isw.)l
a a
€ b b b
< §+S(V,D)—/ DV(r,t)Jr/ DV(t,1) <e+/ DV (1,1)
and the proof is complete. ]

The next theorem is a nonlinear version of the Gronwall Inequality for the Henstock—
Kurzweil-Stieltjes integral. Due to its extensive proof, it will be omitted, but one can find it
in the cited reference. Besides being used to prove the uniqueness of solutions of generalized
ODE:s later in this chapter, it will also be used to prove some results later in the Chapter 4.

Theorem 1.23 ([37, Theorem 1.40]). Consider y: [a,b] — [0,+o0), h: [a,b] — R and
®: [0,400) — [0,+00) are such that ¥ is bounded, h is continuous and nondecreasing and
o is continuous, nondecreasing, ®(0) = 0 and @(t) > 0 for everyt > 0.

Define the function Q: (0,+e) — R by

s 1

U= J o

dr, s€(0,4o0)

for some so > 0. Assume that Q is increasing on (0,+o0) such that Q(sp) =0, lim Q(s) =

s—0+
o> —coand lim Q(s) = < oo
§—>—o00
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If there is a k > 0 such that for every & € [a,b), the inequalities

§
V(&) <k+ [ a(y(z)dn(r)

and

Q(k)+h(b) —h(a) < B

hold, then
w(§) < QN (QK) +h(§) — h(a)).

1.2 Generalized Ordinary Differential Equations

In this section, we present the definition of a generalized ODE. We also show some properties
of this type of equation.

Throughout this section, suppose that O C R" x R is an open set. Furthermore, consider
F:0—R".
Definition 1.24 ([37, Definition 3.1]). A function x: [a, B] — R" is a solution of the gener-
alized ordinary differential equation

dx
i DF (x,t) (1.10)
on the interval (o, B] if (x(t),t) € O whenevert € |, B] and

x(s2) —x(s1) = /SZDF(x(‘C),t) (1.11)

is true for every si,s3 € [, B].

The integral in (1.11) must be interpreted as the Kurzweil integral defined in the previous
section.

It is also important to note that the symbols dx/dt and D in (1.10) are only notations
and they do not mean any kind of derivative. The example below shows a case where the

involved functions are not even differentiable.

Example 1.25 ([37]). Consider a function f: A C R — R that is continuous but not differ-
entiable, such as the Weierstrass function (see [16]). Define F(x,t) = f(t) and suppose that

S1,82 € A are real numbers such that s1 < sp. In this case, it is immediate that

[ pPae.0 = [ Dr@) = fls2) - fls1).
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Thus, the solution of the generalized ODE

dx

o = DF(x,t) = Df(r)

is x(t) = f(t), although x is clearly not differentiable.

The following proposition brings a property one may already expect from the generalized
ODEs.

Proposition 1.26 ([37, Proposition 3.5]). Let x: [a, ] — R" be a solution of the generalized
ODE (1.10) on [a, B]. Then for every y € [, B] fixed, the equality

X(s) :x(’y)—l—/ysDF(x(T),t), s€[a,p] (1.12)

is valid. On the other hand, if x: [o, 3] — R" satisfies (1.12) for some y € [a,B] and
(x(¢),t) € O for everyt € [, B], then x is a solution of the generalized ODE (1.10) on [a., B].

Proof. 1t is enough to apply the definition of a solution of the generalized ODE using 51 = ¥
and s, = s to conclude the first statement of the proposition.

For the second part, consider a function x: [a, ] — R" satisfying (1.12) and (x(¢),7) € O
for every ¢ € [a, B]. Given s1,s; € [a, B], we can use the additive property of the integral
(Theorem 1.7) to obtain that

52
$1

(s2) —x(s0) =x(1)+ [ DF(x().0) ~xty) ~ [ DF(x(x).0) = [ " DF(x(2).0).

It follows that x is a solution of the generalized ODE (1.10). ]

With Proposition 1.26 at hands, we are able to define the solution of the initial value
problem (see [37]).

Definition 1.27. A function x: [a,B] — R" is a solution of the generalized ODE (1.10)

with the initial condition x(ty) = xy if

x(s) = x0 + tsDF(x(’c),t)

is satisfied for every s € |a, B].

The next proposition shows that the solution of a generalized ODE does not need to be

continuous. More precisely, x is continuous at ¢ if F(x(¢),-) is continuous.
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Proposition 1.28 ([37, Proposition 3.6]). Let x: [a,B] — R" be a solution of (1.10). Then
the following property holds for all o € [, B]

lim [x(s) — F(x(0),s) + F(x(0),0)] = x(0).

§s—O0

Proof. Given o € [, ], we know by Proposition 1.26 that

—/:DF(X(’L'),I) — (o).

Besides that, Theorem 1.11 implies

lim [/(:DF()C(‘L'),I) —F(x(0),s) +F(X(G),G)] =0.

s§—0

On the other hand, we get

X(s) = F(x(0).5) + F(x(0) /DF ~ (o)
~F(x(0).5) + F(x(0).0)+ [ DF(x(t).1) +1(0)
and the result follows by applying the limit when s goes to ¢ in the equation above. 0

Example 1.29 ([37]). Consider a nondecreasing function j: [a, ] — R such that (j(t),t) €
O, for every t € (@, B]. If we define F(x,t) = j(t), then the solution of the generalized ODE

dx
— =DF(x,t)=Dj(t
X = DF(x,1) = Dj(1

[ F@0 = [ Dje) = ) - (o1

for every sy,s2 € |a, B]. Thus, the solution x inherits the same properties of j, including its
continuity.

Is

Proposition 1.28 shows that the solutions of a generalized ODE can be difficult to control
in some sense. Because of that, we define a class of functions F(G,h,®) with special

properties that will be used later to prove the existence and uniqueness of solutions of the
generalized ODE (1.10).

Before the next definition, we need to fix some notation. Given ¢ > 0, we define

B, ={xeR": ||x|| < c}.



1.2 Generalized Ordinary Differential Equations 31

Define also
G =B, x (a,b)

where —oo < a < b < +oo. Finally, suppose that i: [a,b] — R is a nondecreasing function
on [a,b] and @: [0,4o0) — [0,+o0) is a continuous, increasing function with @(0) = 0.

Definition 1.30 ([37, Definition 3.8]). F: G — R" belongs to the class F(G,h, ) if:

1. forevery (x,t1),(x,t2) € G, we get

1F (x,22) = F (e, 10) || < |A(2) = h(11)

; (1.13)

2. forall (x,t1),(x,t2),(0,11), (v, 12) € G, we obtain
[F(x,02) = F(x,11) = F(y,12) + F(y,11) || < |h(22) —h(n)|o(llx—y[).  (1.14)

The first property of the functions in F(G,h,®) is a type of Carathéodory condition,
while the second one is a type of Osgood condition.

The next result shows how it is possible to control the integral of a function in F (G, h, ®)
using A. Corollary 1.33, for example, shows that we can control the variation of a solution of
a generalized ODE using the function & when F € F(G,h, ).

Theorem 1.31 ([37, Lemma 3.9]). Suppose that F: G — R" satisfies (1.13) of Definition
1.30. Further, consider that [a, B] C (a,b), x: [a,B] — R" is such that (x(t),t) € G for every
t € |a, B] and the integral folfDF(x(T),t) exists. Then

< |h(s2) —h(s1)|

[fDFuuyn

fOl"Sl,Sz € [a7ﬁ]'

Proof. Combining (1.13) with the fact that / is a nondecreasing function, we obtain
[Tt |F (x,7) = F(x,0) || < (7= 1) (h(7) = h(1)).

As done in Example 1.29,
52
/'Dmozh@g—h@g
S1

for 51,52 € [0, B]. Then,

< |h(s2) = h(s1)]

/MDF@@%ﬂ

51
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follows from Theorem 1.22. L]

As a direct consequence, we are able to control the solution of a generalized ODE using

the function A.

Corollary 1.32 ([37, Lemma 3.10]). Suppose that F : G — R" satisfies (1.13) of Definition
1.30 and that x: o, B] — R" is a solution of (1.10) where [, B] C (a,b). Then

[x(s2) = x(s1)|| < [~(s2) — h(s1)|

for every sy,s2 € [, B].

Proof. The result follows immediately from Theorem 1.31 and the fact that for every 51,5, €
[a, B], we have

x(52) —x(s1) = / " DF(x(1),1)

51

by the definition of a solution of the generalized ODE (1.10). [
The next corollary is a direct consequence of the above result.

Corollary 1.33 ([37, Corollary 3.11]). Suppose that F : G — R" satisfies (1.13) of Definition
1.30. If x: [o, B] — R" is a solution of (1.10) where o, B] C (a,b), then x is of bounded

variation and

vark (x) < h(B) — h(a).

Proof. Consider o =1y <t} <...<t; = . Corollary 1.32 implies that

-

k
; (@) = x(zi) | < Y h(6:) = h(tior) = h(B) — h(x).

1

1

Since the choice of the points 7,11, ..., is arbitrary, the result follows. ]
Theorem 1.34 ([28, Lemma 5]). Suppose that F : G — R" satisfies (1.14) of Definition 1.30.
Then

[ DIFG(R.0 ~ F(e),0)

S1

52

< [T o) -0l 552 € (@)
S1

Proof. Given an arbitrary partition of [sy, s3]

D={(7,]0-1,04]),i=1,... k},
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Since the function F is Kurzweil integrable and @(||x(¢) —y(¢)||) is Henstock—Kurzweil

we obtain from (1.14) that

k
;(F(X(Ti), o) — F(x(7;),0-1)) — (F(y(%), o) — F(y(1:), Q1))

o([lx(z) —y(w)[) (h(0g) = h(ai-1)).

HM»

integrable with respect to the nondecreasing function 4, we also know that given € > 0, there
is a 0—fine partition D of [a,b], denoted in the same way, such that

\ i

(F(x(m),00) = F(x(7),0-1)) — (F(y(), o) — F(y(:), @i-1))

[ DIFG(e).0) = Fs(e)0)

51

A
-

I
_

+_

and

[ ot~ yto) ko) | +

51

k
Zw [lx(7) = y(@) D) (h(e) — h04-1)) <

=

Combining all the information above, we get

k
< || B P tm)s ) = Fa(m).01-0) = (FO ), ) = FO(5) 1) |+
k
< X o(l(s) —y(®) 1) (k@) ~ h(ar-1) + 5
<||[" s~y han| +e
and the proof is complete. 0

Lemma 1.35 ([37, Lemma 3.12]). Assume that x: [o, 3] — R", where [a, 8] C (a,b), is a
solution of (1.10) and that F : G — R" satisfies (1.13). Then,

lim x(¢) —x(s) = lim F(x(s),t) — F(x(s),s) (1.15)

t—s+ t—s+
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forse|a,B) and
x(s) — lim x(z) = F(x(s),s) — lim F(x(s),?) (1.16)

t—s— t—s—

fors e (a,B].

Proof. We will prove that (1.15) holds and the other equation can be proved in a similar way.

Observe first that tlim+ h(t) exists, because 4 is a nondecreasing function. Thus, using (1.13),
—s

we can guarantee that lirr}r F(x(s),?) also exists.
—s

By the definition of solution of (1.10), we have

lim x() — x(s) = Tim | DF(x(z),1).

t—s+ t—=s+ Jg

On the other hand, by Theorem 1.11, we get

lim [DF(x(‘L'),t) = lim [F(x(s),t) — F(x(s),s)]

t—s+ Jg t—rs+
and it is enough to combine the equalities above to obtain the result. 0

So far we have presented some basic properties of the generalized ODE and also, the
properties of the functions in the class F(G,h, ®). To conclude this section, we show some

important properties to prove the existence of solutions in the next section.

Lemma 1.36 ([37, Corollary 3.15]). Suppose that F € F(G,h,®) and x: o, B] — R", where
[a,B] C (a,b), is a step function. Then fO[fDF(x(T),t) exists.

Proof. By hypothesis, x is a step function. Thus, there are constants @ =cp < ¢y < ... <
cx = B and vectors Cy,Cy,...,Cy € R" such that x(t) = C; for t € (cj_1,¢;] and x(a) = Co.

First, we prove that the integral |, C";/;IDF (x(7),t) exists for j =1,2,... k. Observe that
for any ¢, < 01 < 0, < c; and an arbitrary gauge 0: [01, 02| — (0,400), we have that for
any d-fine partition D = {0y, 71, Qy, ..., _1,T;, 0 }, the following equality holds:

l
S(F,D) = ;F(X(Ti), OC,') —F(X(Ti), 061;1)

[
= ZF(CJ',(Xi)—F(Cj,(Xi_]) :F(Cj,Gz)—F(Cj,Gl).
i=1

Thus,

* DF(x(1),1) = F(C;,02) — F(C;, 0).

o1
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On the other hand, Theorem 1.15 implies that

|7 pFG&(e).0) = lim [ 7 DF G0+ F(als-1),0) = Fx(5j-1)55-1)

sj_1 =8

= lim [F(Cj,Gz) —F(Cj,l‘) —l—F(x(sj_l),t) —F(X(Sj_l),Sj_l)}

I—=sj

= F(Cj,Gz) _tlgjr»l,lF(Cj’t) +t—1>igl-,1F<Cj_l’t) —F(Cj_l,Sj_l).
Similarly,

Si . .
/ DF(X(T),I) :F(CJ’,Gl) _zligljF(Cj’t)—'_tlg?jF(Cj’t) —F(CJ’,SJ').

O]

It is immediate that [}/ DF(x(t),t) exists. From the additive property of the integral
j—1
(Theorem 1.7), we also have that |, O’? DF (x(7),t) exists and the proof is complete. O

The next theorem tells us about the existence of the integral |, 5 DF (x(7),t), when x is the

limit of a sequence of functions (x;)genN-

Theorem 1.37 ([37, Corollary 3.14]). Assume that F € F(G,h,®) and x: [o,] — R" is
the pointwise limit of a sequence of functions (xi)xey where xi.: (@, B] — R". Suppose also
that (xi(s),s), (x(s),s) € G for every k € N and s € [a, B]| and that fOlZDF(xk(‘L'),t) exists.
Then fO[fDF(x(r),t) exists and

/ * DF () = tim [* DF((2).0).

o k—+o0 /o

Proof. Without loss of generality, it is possible to assume that F is a real valued function.
This assumption is valid because of Theorem 1.5.

To prove this result, we are going to use Corollary 1.19. For that, first we need to show
that there is a gauge v: [, B] — (0,4o0) such that for every € > 0 there are a function
p: [, B] — N and a superadditive set function ® defined from any closed interval J =
[t1,12] C [, B] mapping to a real number ®(J) € (0, 4o0) with ®([a, B]) < € such that for
every T € [, 3], the inequality

|[F(x(1),12) = F(x(7),11) = F (0 (1), 22) + F (3 (7),11) | < ([, B])

holds provided m > p(7) and 7 € [t1,5,] C [t —¥(7T), T+ ¥(7)].
Using the fact that F € F(G,h, @), we know by (1.14) that

|[F(x(7),02) = F(x(7),01) = F(x(7),12) + F (a(7),11)| < (h(22) — h(tr)) o ([l () —x(7)[])



36 Generalized Ordinary Differential Equations

where o <1 < 7 <1, < . Define u: [, B] — R by

€
HO) =y —atey 1)

It is easy to see that u is a nondecreasing function because £ is nondecreasing. Furthermore,

H(B) -~ le) = g e e

Besides that, there is a p(7) € N such that for every k > p(7), we get

S

o(|lx (1) —x(7)[]) < h(B) — h(

a)+1°

Thus, we obtain

|F(x(7,02) = F(x(7,01) = F (0 (T,02) + F (e (7,11) | < p(e2) — (1)

and the first condition of Corollary 1.19 is satisfied with ®([t},5]) = u(t2) — u(f).

To conclude the proof, we need to show that there are two functions V.W: [a, B] — R,
V,W € K([e, B]) and a gauge §: [at, B] — (0,4-o0) such that for any d—fine partition D =
{0, T1,00,...,0 1, T, &} and every k € N, we have

V(Tl‘, OC,') —V(Tl‘, Oti_l) < F(xk(fi), OC,') —F(xk(fi), Oti_l) < W(Ti, OC,') —W(Ti, OC,'_l).

But that condition holds because / is a Henstock—Kurzweil integrable function (see Example
1.29) and, by (1.13), we get

—(h(@iti) —h(o)) < F(x(), 0iri) — F (3 (7), 06) < h(0iy1) —h(ey).
Thus, all conditions of Corollary 1.19 are satisfied and the proof is complete. U

Combining Lemma 1.36 and Theorem 1.37, we obtain the following important result.

Corollary 1.38 ([37, Corollary 3.16]). Suppose that F € F(G,h,®) and x: [a,B] — R",
[, B] C (a,b) is a regulated function. Then f(g DF (x(7),t) exists.

Proof. The result follows immediately from Lemma 1.36, Theorem 1.37 and the fact that

every regulated function is the uniform limit of step functions. [



1.3 Existence and Uniqueness of Solutions of Generalized ODEs 37

1.3 Existence and Uniqueness of Solutions of Generalized
ODEs

Consider the generalized ODE
dx

E:DF(x,t) (1.17)
as in Definition 1.24 and also, suppose that F: G — R" belongs to F (G, h, ). We assume,
as done in the previous section, that G = {x € R": ||x|| < ¢} x (a,b) and that ®: [0, +o0) —
[0, +e0) is continuous, increasing and ®(0) = 0. The only difference in this section is that we
are going to suppose that i: [a,b] — R is a nondecreasing and also, left—continuous function.

We already know that the solution of (1.17) does not need to be continuous. A problem
that could occur is that (xg,%p) € G, but since the solution may jump at this point and may be

no longer in G. On the other hand, we know by Lemma 1.35 that

lim x(t) =X0+tll>gl+F(X0,l‘)—F(X0,l‘0) (1.18)

t—to+

for every (xo,%0) € G. Thus, we use the following notation
X0+ ZZX0+[E¥(IJ1+F(X(),I)—F(X(),t()) (1.19)

and suppose that xo+ € B, = {x e R": ||x]| < c}.

Remark 1.39. By Corollary 1.32, we already have that x € BV . It is also important to note
that any function of bounded variation is also a regulated function and we can conclude that
Corollary 1.38 is valid for x.

The next two theorems are well-known results and their proofs will be omitted here. One

can find the complete proof of these results in the cited references of each theorem.

Theorem 1.40 (Helly’s Choice Theorem - [33]). Let A be a family of functions defined on
la,b). If all functions of A are such that for every t € |a,b], we have a constant K > 0 for
which

Ilz(1)|| <K, var’(z) <K, VzeA.

Then there exists a sequence (zx)ren C A that converges pointwise on [a, D] to a function of

bounded variation ¢.

Theorem 1.41 (Schauder—Tychonoff Fixed Point Theorem - [12, Theorem 3.2 of Appendix

One)). Let A be a closed convex set in a Banach space and f: A — A be a continuous map.

If f(A) is compact, then f has a fixed point.
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As the reader may already suspect, we apply the Schauder—Tychonoff Fixed Point

Theorem to prove the existence of solutions of generalized ODE.

Theorem 1.42 ([37, Theorem 4.2]). Suppose that F : G — R" belongs to F (G, h, ®), (xo,t9) €
G and xo+ € B.. Then, there are A~ A" > 0 such that x: [tg— A~ ,tg+A"] — R" is a solution

of the generalized ODE
dx

— = DF(x,t

with x(ty) = xo.

Proof. The main idea of the proof is to apply the Schauder—Tychonoff Theorem (Theorem
1.41) to the map

T: A—T(A)

T2(s) = xo+ ISDF(z(f),t)
0
where A is a subset of BV precisely constructed to satisfy the hypotheses of such theorem.

Part I: constructing A.

Firstly, remember that B, = {x € R": |[x|| < ¢} is an open set and we are assuming
that h: [a,b] — R is a nondecreasing and left—continuous function. Thus, there exists
A~ > 0 such that for every 1 € [to — A ,tp], it implies that ||x(¢) — xo|| < (h(to) — h(z)) and
also, (x(t),t) € G = B, x (a,b). Similarly, since & is a regulated function, there exists
A™ > 0 such that for every t € (f9,2+AT], we obtain ||x(¢) —xo+|| < (h(t) — Sl_i>£(r)1+h(s)) and
(x(¢),1r) € G= B, x (a,b).

Define A as the set of all functions z: [tg — A~ ,fy +AT] — R" such that z € BV [ty —
A™ 19+ AT, lz(r) = xoll < (h(to) — h(r)) if 1 € [to — A 10] and [[z(r) —xo+|| < (h(r) —

lim h(s))) if t € (to,t0 +AT]. It is immediate that z(ty) = xo and lim z(s) = xo+ for
s—to+ s—ip+
every z € A.
Claim I: A is a closed and convex.
To see that A is convex, let z1,z2 € A and o € [0, 1]. Then forr € [tg — A~ ,#o], we get

lozi (1) + (1 — )22 (1) —xol| < [tz (£) — oexol| + [ (1 — o) z2(2) — (1 — &)xo |
< a(h(to) —h(t)) + (1 — o) (h(10) — h(z))
= (h(to) — h(z))-

Similarly, for every ¢ € (to,t9+ A™], we obtain

loezi (1) + (1 — a)za(t) —xo+|| < (h(z) — lim h(s))

s—ty+
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and oz; + (1 — o)zo € A. Therefore, A is convex.
Now, let us prove that A is closed. For that, suppose that (z; )ren is a sequence in A,
which converges to a function z € BV. For every t € [to — A~ ,ty +A™], we have

12 () = 2(0) || < [lzx () = 2() | py -

As a consequence,
lim ||zx(¢) —z(t)|| =0

k—r4-o0

converges uniformly for ¢ € [to — A~ ,tp+A™]. Thus, for every € > 0 and ¢ € [tg — A, 1o],
there is N € N such that for every k > N, we get

12(2) = xol| < [2(2) = 2k ()|l + [lzx () — x0l| < €+ (h(t0) — h(7)).

Since € > 0 is arbitrary, it follows that ||z(t) — xo|| < (h(tp) — h(z)). Similarly, we can show
that
12(2) = xo+|| < (h(t) — Tim h(s)))

s—ty+

for ¢ € (to,t0 +A*] and we conclude that z € A.
Part II: defining 7: A — A.
Define the function
T:- A— A
N
Tz(s) =xo+ | DF(z(1),t), s€[to—A ,to+AT]. (1.20)
1o
Notice first that, by Corollary 1.38, the integral f,f) DF (z(7),t) exists and the right-hand side
of (1.20) makes sense.
Let us show now that T(.A) C \A. For every s € (,t)+A™], the following equalities hold

S
1T2(s) —x0+ = ||xo+ DF(Z(T),t)—xO—i—H

To

_ [OSDF(Z(T)J) - LEE&F F0.r) = F (’“)’t“)} H

(1.21)

_ SDF(z(T),f)— { lim F(Z(to)w)—F(Z(to),to)} H

fo r—to+

= lim

r—to+ ’

/SDF(Z(‘L'),I)

where the second and the fourth equalities hold because of Theorem 1.12.
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By Theorem 1.31, we get

/SDF(z(T),t)

< |n(s) = h(r)|. (1.22)
Combining (1.21) and (1.22), we conclude

1T2(s) = xo+[| < (h(s) = lim h(r)).

r—to+

Similarly, we can show that for every s € [fp — A, %], we have

1T2(s) —xol| < (h(to) — h(s))-

Therefore, Tz € A for every z € A.

Claim II: 7 is a continuous map.

Consider a sequence of functions (z)ren C A converging to a function z € BV. This
means that

I —z]lgy =0.
Jmllze =zl v

From Claim I of Part I, z € A. We will show now that klim |Tzx — Tz|| gy =0.
o0

Note first that by hypothesis, F € (G, h, ®). From the linearity of the integral (Theorem
1.4), it follows that for any x,y € A and t1,t, € [t — A~ 19+ A™], the inequality holds:

[ DIEG(),0 - Fim).0)

1

|Tx(t2) — Tx(tr) — Ty(t2) + Ty(ty) | = ‘

</ ® o(lx(t) — y(e) [ dh(o)

1

where the last inequality follows from Theorem 1.34. Thus, we conclude that

fo+AT fo+A™
vart 3 (Tx=13) < [ o(ale) (0] o).
Therefore,
1Tz —Tzllgy = ||Tak(to— A7) = Tz(to— A7) || +va oAy Ty)

oA~
to+AT
< [" 7 ala ~=0l)ant)
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By Theorem 1.37, we get

10+A+

lim o([|z(r) —z(2)[|)dh(z) = 0

k=00 Jtg—A—

and we conclude that lim [Tz —Tz|| =
k—+o0

Claim III: 7(A) is compact.

Since BV is a metrizable space, the notion of compactness is equivalent to sequentially
compactness (see [32, Theorem 28.2]). Therefore, we are going to show that T(A) is
sequentially compact to conclude the desired property.

Consider then an arbitrary sequence (Tzx)rery C T(A). As done in Claim I, we can find
a bound for the value of the preimage z;(¢) for every ¢ € [, B] C (a,b) using the function
h and the variation of these functions can also be controlled by the same function 4. Thus,
we can apply the Helly’s Choice Theorem (Theorem 1.40) to conclude that (z)ren has a
subsequence (zx, )i, en converging to ¢. Since A is closed, we have that ¢ € A and thus,
T¢ € T(A). Besides that, the fact that T is continuous implies that (7z, ), cn converges to
T ¢ and it is clear that T'(A) is sequentially compact.

Therefore, by the Schauder—Tychonoff Theorem (Theorem 1.41), T has a fixed point,
which implies that

x(s) = Tx(s) = xo+ | DF(x(t),1)

fo

and the proof is complete. ]

We will not talk about maximal solutions of the generalized ODE (1.17) in this work, but

the next lemma gives some information about prolongation of solutions.

Lemma 1.43 ([37, Lemma 4.4]). Suppose that x: [, 3] — R" and y: [B,y] — R" are
solutions of (1.17) wherea < oo < B < y<bandx(B) =y(B). Then z: [a,y] — R", defined
by z(s) = x(s) for s € [a, B] and z(s) = y(s) for s € [B,7], is also a solution of (1.17).

Proof. Suppose that o < 51 < 8 < 5o < 7. By the additive property of the integral (Theorem
1.7), we obtain

z(s2) —z(s1) = z(s2) —z2(B) +2(B) —z(s1) = y(s2) = ¥(B) +x(B) — x(s1)

:/:DF(y(’C),t)-l-/SlﬁDF(x / DF(z

and the proof is complete. ]



42 Generalized Ordinary Differential Equations

Next, the definition of unique solution of the generalized ODE (1.17) in the future is
presented.

Definition 1.44 ([37, Definition 4.7]). Let x: [ay, Bi1] — R" be a solution of the generalized
ODE (1.17) x is called an unique solution in the future if for any other solutiony: [0, 2] —
R"™ of (1.17) with x(ty) = y(to) for some ty € [0y, B1] N[00, B2, we have x(t) = y(t) for every
te [l‘(),ﬁl] N [l‘(),ﬁz].

We just defined a unique solution in the future. To finish this section, we present a result

about the uniqueness of solutions in the future.

Theorem 1.45 ([37, Theorem 4.8]). Suppose that h: [a,b] — R is a nondecreasing and
left—continuous function and F € F(G,h,®). Assume also that @: [0,4o0) — [0, 4oc0) is
continuous, nondecreasing, ®(0) =0, @(t) > 0 for every t > 0 and for every s > 0, we get

s ]
lim / —dt = Hoo.
r—0+Jr (1)

Then every solution x: [ty,to+ k| — R" of (1.17) is unique in the future.

Proof. Consider that x,y: [fo, %)+ k] — R" are two solutions of (1.17) with x(79) = y(t9) = xo.
We will show that x(r) = y(¢) for every t € [ty,to + k|. First, from F € F(G,h,®), we have

1F (x(7),12) = F(x(7),11) + F(y(2),122) = F (y(7),11)[| < [h(22) — h(11)[(||x(7) — y(7)]])

1) =50 = | [ DIF ({210~ FOo(e).0)
< [ (k@) ~y(@))dh(z)

for every 19 <t; < 7 < 1, < 19+ K. Therefore, by Theorem 1.34, we obtain
1o

to+96

= o(|lx(7) —y(7)[))dA(7) + /;8 o(|lx(7) —y(7)[)dh(),

)

for 0 < 6 < s —ty. From Theorem 1.12, we have

fo+6
[ (o) - (@) hane)

Io

to+0
= o(|[x(10) — y(t0)]) ( lim h(r) —h(to)) + lim o([lx(z) = y(7)[)dh(z)

r—ty+ r—lot+.Jr

<sup{o(||x(t) —y(7)|]): T € (to,t0+ 8]} (h(to+ O) — lim h(r)) = A(J).

r—to+
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Asa consequence,

N

le(s) =yl <Ad)+ | olx(z) —y(7))dA(7)

to+

holds for 6 < s < k.
Consider now up > 0 and define the function Q: (0,+e) — R as

o1
Qu) = s Wdt.

By Theorem 1.23, we get
le(s) = y(s) || < Q71 (Q(A(8)) +h(s) — h(to + 8))

for 6 < s < x whenever Q(A(6)) +h(top+x) —h(to+ ) < hT Q(u) < +oo.
U—r—+o0
Notice that lim A(d) =0, since lim h(t9+ 6) = lim h(r). Using the hypothesis, we
6—0+ r—to+

6—0+
get

s ]
lim ——dt =4
r—0+Jr (U(l‘)
for every s > 0. Furthermore,

lim Q(A(8))+h(to+ k) — h(to+8) < lim Q(A(B))+h(to+ &) — h(to + &)
5—0+ B—0+

= lim Q(3)+h(to+ k) —h(tg+ ) = —eo.
6—0+

Thus, there is a 8y > 0 such that for every 0 < 8 < &y, the inequalities

Q(A(8)) +h(to+x) —h(to+8) < lim Q(u) < +oo,

U—>r—+o0
hold. Therefore,
Ix(s) = y(s)I| < Q' (QA(8)) +h(s) —h(to + ),
which implies
Q([lx(s) = y(s)[) < Q(A(8)) +h(s) —h(1o+ 6).
Hence,

Q([lx(s) —y(s)[l) — A(S)) < ls) — Lim h(to+0).
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As a consequence, we obtain

[lx(s)=y()Il 1 dr < his)— lim h(to+ 6
/A(a) o) S (s a0t (fo+-6).

By contradiction, suppose that ||x(so) —y(so)|| = B > 0 for some s € (t,%p + k]. Then

|
dr <h(s)— Lim h o, V8 € (0,8).
/A@ o7 ) Jim g+ ) < em, ¥ € (0.8)

On the other hand, by hypothesis,

B
lim / ——dr = +oo.
50+ J4(5) 0(r)

Clearly, we have a contradiction. Therefore, ||x(so) —y(so)|| =0 forevery s € [tg,t0+k]. [

1.4 Generalized Linear Differential Equations

In this section, we present the theory of generalized linear differential equations or simply
generalized linear ODEs. Such equations are of the form

% — DIA()x+g(1)] (123)
where A: J C R — L(R") is an n X n real valued matrix on the interval J and g: J C R — R”"
is a function. Notice that (1.23) is a particular case of the generalized ODE (1.17) with
F(x,t) =A(t)x+g(1).

It is usual for this part of the theory to consider that A and g are locally of bounded
variation. In other words, for every compact interval |a,b] C J, we suppose that A and g are
of bounded variation. This will be important to guarantee the existence and uniqueness of
solutions of this type of equation. Because of that, throughout this section, we will assume
that A and g are locally of bounded variation without mentioning it in every result.

The next result is presented in the beginning of Chapter 6 in [37].

Lemma 1.46 ([37]). The function F: R" x R — R" defined as F (x,t) = A(t)x+ g(t) belongs
to the class F(G,h,®). In other words, there are a nondecreasing function h: [a,b] — R,
a continuous function ®: [0,+o0) — [0,+c0) with ®(0) = 0 and a set G = B x (a,b) such
that:
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1. forevery (x,11),(x,2) € G, we get

1F (x,22) = F (e, 10) || < |A(2) = h(11)

; (1.24)

2. forall (x,t1),(x,t2),(y,11),(0,12) € G, we obtain
1F (x,12) = F(x,11) = F(y,02) + F (3, 00) [| < [h(22) = h(n) [@(flx = yl). - (1.25)
Proof. For the first item, consider an arbitrary point (xo,%) € R" X (a,b), ¢ < 1 and define
G={xeR": ||x—xo| <c} x(a,b).
Let h: [a,b] — R be defined by h(t) = (c + ||xo||)(var}A) + (var’,g). Thus,
1F (x,12) = F(,10) | < [|AG2) = AGe) [ [[xl] + llg(22) — g(e) || < [A(22) — h(t1))]
for every (x,1), (x,12) € G.

The proof of the second item follows in a similar way and it will be omitted here. 0

From the definition of a generalized ODE (see Definition 1.24), it is easy to see that the
solution x: [or, B] — R" of a generalized linear ODE satisfies

$2

x(s2) = x(s1) = | dIA@OX)] +gl52) ~8(s1). 5152 € [0,
N

It is more common to denote the equation above as

x(52) = x(s1) = [ dA(D](E) + gls2) — g(s0)

S1

The next lemma is important to prove the uniqueness of solutions of a generalized linear

ODE. Due to its extensive proof, we only state the result.
Lemma 1.47 ([37, Proposition 6.2]). If x € BV ([a,b],R"), then Tx: [a,b] — R" given by
t
Tx(t) = / dA(Dx(T), 110 € [a,b] (1.26)
Iy
is such that Tx € BV ([a,b],R").

The next result is about the existence of solutions of a generalized linear ODE. It also

gives us a hint about the uniqueness of solutions.
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Theorem 1.48 ([37, Proposition 6.3]). Consider ty,t € [a,D]. Then either:

1. the equation

) = [ dA@IE)+ 1) (1.27)

Ty

has a unique solution that belongs to BV ([a,b],R") for any f € BV (|a,b],R");

or

2. the equation

x(1) = /, dIA(T)]x(7) (1.28)

0

admits a nontrivial solution in BV ([a,b],R").

Proof. Using the same notation of (1.26), we can rewrite (1.27) and (1.28) as
x(t)=Tx(t)=f, x(t)—Tx(t)=0.

From Lemma 1.47 and the fact that the sum of functions of bounded variation is also a
function of bounded variation, it follows that T': BV (|a,b],R") — BV (|a,b],R"). Since T is
a linear transformation, the result follows immediately from the Fredholm alternative (see
[36, Theorem 4.12]). L]

The theorem below gives us a way to verify if the second item of Theorem 1.48 occurs
or not. In other words, it brings a condition to ensure the uniqueness of solutions of the
generalized linear ODE.

Before presenting the next result, we fix some notations: / is the n X n identity matrix,
A~ A,ATA are defined as follows:

A"A=A(t)— lim A(s),

S—l—

ATA = lim A(s) —A(2).

s—t+
Theorem 1.49 ([37, Proposition 6.4]). Suppose that ty € [a,b]. Then the equation

t
x(t) =x(t9)+ [ d[A(7)]x(7) (1.29)
1o
admits only the trivial solution if and only if  — A" A(t) is invertible for t € (ty,b] and
I — AV A(t) is invertible for t € [a,tp).
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Proof. Suppose that
I—-AA(t), I—-ATA(s)

are invertible matrices for ¢ € (fy,b] and s € [a,1y), respectively. By Theorem 1.48, we already
know that the solution of (1.29) exists. To prove one of the implications, it remains to show
that only the trivial solution is in BV ([a, b],R").

For that, define & : [a,b] — R as

E(t) = varl A.

0

It is easy to see that &(fp) = 0 and that & is a nondecreasing function. Without loss of

1
generality, suppose that #y < b and consider ¢ € (ty,b] for which &(c¢) — & (1) < 5
Let x be a solution of (1.29) in BV (|a,b],R"). For any s1,s2 € [fy,c], 51 < 52, we have

[[x(s2) = x(s1) || =

< [ Il A < [ ats) a2 )

$1

[ an@ie)

51

From the calculation above, it follows that

vart (x / x(s)|| dE (s)

Applying Theorem 1.12, we get

[ 619g) = x| tim &)~ Ew)] + fim [* x(o)l0zs

—to+ to+6

< xll sy (.01 { lim &(s) - é(to)] + Jlim /to +6||X\|15equo,c1>‘15(3)

s—ty+

< Wil [£06) — fim EGa+5)].

On the other hand, we choose ¢ in a way that & (¢) — & (#p) < 1/2. Combining this with the

calculation above, we obtain

Hx”BV([tmc}) < HXHBV([zo,c})

| =

Therefore, x(¢) = 0 for every t € [fg,c].
The next step of the proof is to show that x(¢) = 0 for every ¢ € [ty,b]. For that, define

M = sup{t € [tp,b]: x(s) =0, Vs € [t,t]}.
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Applying Theorem 1.11, we have

M
X(M) = lim x(s) = lim |~ d|A(7)]x(7)

= {A(M) — 6l_i>r(r)1+A(M — 5)} x(M) =A"A(M)x(M).

Therefore, using the fact that x(s) = 0 for every s € [tp, M), we obtain

0= Elrll/ll_x(s) =ATAM)x(M) —x(M) = [A"A(M) —I] x(M).

Since A A(M) — I is invertible, we conclude that x(M) = 0.

Suppose now that M < b. It is possible to use the same argument we already did previously
in this proof to show that there is a ¢ € (M, b] such that x(s) = 0 for all s € [M,c|. This is a
contradiction with the definition of M and we conclude that M = b. Thus, x(¢) = 0 for all
t € [to,D]. In a similar way, it is possible to show that x(¢) = 0 for all t € [a,#y] and we have
one of the implications of the theorem.

The proof of the other implication of the theorem is omitted here, but it can be found in
[37]. [

Remark 1.50. It is easy to see from the proof above that if we are interested in the uniqueness
of solutions going forward on time, we can only consider that [ — A" A(t) is invertible. This
Jact will be useful later in Chapter 4.



Chapter 2
Theory of Time Scales

The theory of time scales was first introduced in 1988 by Stefan Hilger in his PhD thesis [18].
His main idea was to construct a theory that could unify discrete and continuous analysis.
Since then, this concept has gained popularity and many books and articles about the subject
have been published, such as [4-7, 13, 25, 34].

This chapter is based on [5] and [6]. The idea here is to present basic definitions and
results from the theory of time scales, such as the concept of derivative and integrals on a
time scale. We also present the definition of the exponential function in this setting.

Some of the results presented here will have their proof omitted, due to its very technical
and extensive nature, but the reader can always find such proofs in the cited references
presented throughout the chapter.

2.1 Definition and basic properties

We start this section by presenting the definition of a time scale.

Definition 2.1 ([5]). A time scale is any closed nonempty subset of R. It is usual to denote a
time scale as T.

There are some classical examples of time scales such as when T is R or Z, which are
known as the continuous and discrete cases, respectively. There are also other important time
scales such as T = qNO, g > 1, which is used on the called quantum calculus or g—calculus
(see [11]). Given g > 1, we define this time scale as

¢ ={q": ne Ny}
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Of course, there are many other examples of time scales and some may even combine
the discrete and continuous cases to obtain hybrid types of time scales. We also assume
throughout this chapter that T has the topology induced from R with the standard topology.

We present now the backward and forward operators and also, the graininess function. All
these functions are going to be used later to define a derivative and an integral of a function
on a time scale.

Definition 2.2 ([5, Definition 1.1]). Consider a time scale T and suppose t € T. The forward
Jjump operator 6: T — T is defined as

o(t)=inf{s € T: s >1}.
Similarly, the backward jump operator p: T — T is defined as
p(t) =sup{seT:s<t}.

Finally, the graininess function [L: T — [0,+) is defined as

Here, we use the convention that inf@ = sup T and sup@® = inf T. Thus, o(t) =t ift =supT
and p(t) =t ift = infT.

Note first that p(¢), () € T whenever 7 € T because T is a closed subset of the real line.
We can also classify the points of the time scale using the functions of the previous definition.
The table below describes these classifications and can be found in [5].

Table 2.1 Classification of points, [5, Table 1.1].

Classification of ¢ Property
right—scattered t<o(t)
right—dense t=0(t)
left—scattered p(t) <t
left-dense p(t) =t
dense pt)=t=0(t)
isolated p(t)<t<o(t)
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The figure below illustrates each case of the classification from the table above. In the
figure, t; is right—dense, left—dense and also, dense. 1, is left—dense and right—scattered. #3 is
left—scattered and right dense. #4 is right—scattered, left—scattered and also, isolated.

I
@

Figure 2.1 Classification of points [5, Figure 1.1].

Before we continue with some results, we present some examples of values of forward,
backward operators and graininess function for some time scales.

Table 2.2 Examples of forward, backward
and graininess functions.

Time scale o(t) p(t)  wu(r)

R t t 0

7 f+1 1—1 1
t

g gt -  (qg—1)
q

The idea now is to define a derivative of a function on a time scale, the so—called delta
derivative. For that, we need to establish a definition and notation for a specific subset in the
time scale. The motivation behind of this definition is to exclude a specific point that may be
problematic for the delta derivative. This fact is explained just after the definition of a delta
derivative of a function.
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Definition 2.3 ([5, Definition 1.10]). We define T* as

T* _ T\ (p(supT),supT] if supT < oo,
T if supT = +oo.

Now, we present the delta derivative.

Definition 2.4 ([5, Definition 1.10]). Suppose that f: T — R" and t € T*. The delta
derivative of f at t, if it exists, is the vector fA(t) with the following property: given € > (),
there is a number 8 > 0 such that

|re@) = £ = 0o -5l <elo() s, Vse(t-8,r+8)NT.

The function f is delta differentiable on T* if fA(t) exists for every t € T¥. In this case, we
say that f*: T — R" is the delta derivative of f in T*.

Remark 2.5. 7o see that f*: T* — R" is well-defined, we need to prove that f*(t) is unique
for every t € TX. Therefore, consider o, € R" satisfying the delta derivative property of f
at t. Hence, given an arbitrary € > 0, there is a 8 > 0 such that for every s € (t —8,t+6)NT,

we have

(= B)lo(t) =slll < |lf(o(1)) = f(s)] = lo(t) = s]l[ + [[[f (o () = f(s)] = Blo(t) = ]|
<

2¢ |0 (t) — 3.

Since € > 0 is arbitrary, we conclude that 6(t) = s or o = 3. The only way that o (t) = s for
everys € (t —8,t+0) is whent =sup T and t is a left—scattered point. This case is excluded
because t € T* and it follows that oo = 3. See [5].

The remark above also shows why it is important to exclude points in T \ T*. If we did
not exclude these points, it would be possible to have multiple values of delta derivative for
them.

The next result presents some important characterization of the delta derivative.

Theorem 2.6 ([5, Theorem 1.16)). Consider a function f: T — R" and a pointt € T*. The

following statements are true:

1. if f is delta differentiable at t, then f is also continuous at t;

2. ift is right—scattered and f is continuous at t, then fA exists and

A flo(t)—f(t)
f= p(t) 7
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3. ift is right—dense, then fA(t) exists if and only if

L FO =)

s—t r—s

also exists. In this case, we obtain

)t O,

s—t r—s

4. if f is differentiable at t, then
f(o(n) = f(1)+u0) f20).

Proof. Item 1. By hypothesis, f is delta differentiable at . Given 0 < € < 1, let

£
[ A0+ 21 ()

€0

By definition, there is a 6 > 0 such that
[#e®) = 19— 0ot ~sl|| <eolo(t)—sl, Vse(—8,1+8)NT.
Therefore, for every s € (t — 8,1+ )N (t — &,t + &) N'T, we obtain

1) = F@I < [~ £(0 ) + £y + PAO0() ]| + | A0 =)
+ | o) = 1) - A0l 1)
<elo(t)—1l+elo(r) —s|+& |20
< gou(t)+&lo(t) —t+t—s|+e HfA(t)H
< eoht (1) + 0l —s| + ot (1) + &0 [ ()|
< & [Zu(t) +1+ HfA(t)m =
The last inequality above holds because s € (t — &, + &) and 0 < g < 1.

Item 2. Assume now that f is continuous at ¢ and ¢ is right—scattered. Since f is

continuous at ¢, we get
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Using the definition of limit, given € > 0, there is a 8 > 0 such that

Hfmv»—fc»_ﬂcu»—ﬂou<g e (_8.146)
o(t) - ’ R

s u(t)

Therefore,

\pwa»—ﬂw—ig%%§ﬁﬂwaww]<eworwu Vs (1— 8,04 8),

and the result follows.
Item 3. Suppose that ¢ is right—dense and
f6)—1(s)

lim————= = ¢.
s—t r—s

Since ¢ is right-dense, o(¢) = ¢. By definition, given € > 0, there is a § > 0 such that

—a

HM <eg, Vse(t—08,i+8)NTand s #t.

r—s

Then, for every s € (t — 6,1+ ) NT, we get

I[f(a(2)) = f(s)] —alo(t) =sll| = [[[f (1) = f(s)] —alt = s]| < et —s| = e[o(r) —s].

The reciprocal of this result can be proved in a similar way and, because of that, its proof
will be omitted.
Item 4. Assume that f is delta differentiable at ¢. If 7 is right—dense, then 6(¢) =t and it

is immediate that
f(o() = () +u() 20,

because u(t) = o(t) —t = 0 in this case.
Suppose now that ¢ is right—scattered. Combining the first and second items of this

theorem, we obtain
F(o(0)) = f(6)+u(0) (1)

and the proof is complete. 0

The item 4 from Theorem 1.17 is a very useful characterization of the delta derivative
and it will be used to prove many results in this chapter.
The next theorem presents some other properties of the delta derivative. As the reader

may notice, they are very similar to the rules from the classical derivative.
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Theorem 2.7 ([5, Theorem 1.20]). Suppose that f,g: T — R" and h, j: T — R are delta
differentiable at t € T*. Then:

1. for any constants o, 3 € R, we have
(af +Bg) (1) = af™(t) + Bg™(1):
2. the product fg: T — R is delta differentiable at t with
(f8)"(r) = fA(g(t) + f(a(1)g™ (1) = A(1)g(0 (1)) + £(1)8"(1);

3. suppose that h(t)h(o(t)) # 0. Then,

4. h(t)h(o(t)) # 0 implies that

AN AR — iR
(E) O == e

Proof. Item 1. We are going to assume that &, B > 0 and the other cases follow in a similar
way. Given € > 0, there are 0, & > 0 such that

|re@)= 1) = PAWIow —s| < 5o low) =sl,  Vse(=Sr+8)nT
and

Js(o) ~s() =200 s < 5glow ~sl, Wse—brr+anT

Therefore, for every s € (t — 81,1+ 61) N (t — 62,t + 0) N'T, we get

|(af +Be)(0(1) — (@f +Be)(s) — [ar* (1) + Be*(1)] [o(0)
<||erto() - ars) - ar@)o) o(1)) ~ Bels) ~ Bg* (0o (1) s

< Ot;xl (t )—SI+B o(1) —s| = €lo(t) =]

2
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Item 2. Now, we will prove that

(f8)2(1) = fA(1)g(1) + f (o (1)) (1)

The other equality can be obtained simply by interchanging f and g. Given 0 < € < 1, define

& = [14 17011+ [0 + lstoenl] e

Thus, there are 8y, 0, 83 > 0 for which
|#(0) = 165) = PAW)o ) ]| <&lo() =5, Vse(t—8,14+8)NT

|e(c(0) —g(s) —g* ()0 —s)|| <elo()—sl, ¥se(—&i+&)NT
IF0) = F@)l <o, Vs€ (1= 850+8)NT

where the last inequality holds, since f is continuous at ¢.
Suppose now that s € (t — 8;,¢+ 1) N (t — 62, + 62) N (t — 83,1+ 83) NT. Then, adding
and subtracting the correct terms, we have

|(F)(0) = (12)(5) = [FAWg(a) + £ ()] (6(1) — )

<Hf(G(t))—f(S)—fA(t)(G() )| llg(e )l +||g(c )~ g(s) — g* (1) (a(6) = )| £
+s(00) —s5)— g )0 () =) | I 0) = £ + | (0(6) )52 ) (s) — £ )]
< lg(0(t)l| o)~ |+ €17 (1) | lo(6) — |+ € |0 (1) — 1 + &0 |¢* (1) | I 1) =
<allg(@)lo(t) s+ |L£(1)|o() — 5| + & o(r) — 5|+ & ¢ (1)|| o (1) s

= l6()—sleo [ls(o )+ L@ +1+ [0

=|o(t) —sl|e.

Item 3. Assume that h(t)h(o(t)) # 0. Suppose first that ¢ is right—dense. Applying
Theorem 2.6, we get
h(t)—h
HA(f) = lim T = 10S).

s—t r—s

Once more, by Theorem 2.6, we obtain
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and the result follows from the fact that 7 = o/(¢) when 7 is right—dense.
Suppose now that ¢ is right—scattered. By Theorem 2.6,

u(r)
Thus, it follows that
A 1 1
(1)} - He)= 0
_ h(cfl(t)) B ﬁ
o(t)—t
h(t)—h(o(1))
_ _ho®)h(t)
o(t)—t
_ —(h(o(@))=h(r)) 1 _ A
o(t)—t  h(o(t)h(t)  h(o(t))h(r)

Item 4. It follows directly from items 2 and 3. [

To finish this section, we present the definition and some important properties of a
regulated and rd—continuous function. Such definitions will appear later in the end of this

chapter and also, in Chapters 3 and 4.

Definition 2.8 ([5, Definition 1.57]). A function f: T — R" is called regulated if its right-
sided limit exists for every right—dense point in T and its left—sided limit exists for every

left—dense point in T.

Definition 2.9 ([5, Definition 1.58]). A function f: T — R" is called rd—continuous if it is
continuous at every right—dense point in T and its left—sided limit exists for every left—dense

point in T. We denote as
Ca = Crd(T) = Crd(TaRn)

the set of all rd—continuous functions.
The following theorem shows how the definitions above are connected.
Theorem 2.10 ([5, Theorem 1.60]). Suppose that f: T — R" is a function. Then:
1. if f is continuous, then f is also rd—continuous;

2. if f is rd—continuous, then f is also regulated;
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3. the operator 6: T — T is rd—continuous;
4. if f is regulated or rd—continuous, then foo: T — R" has the same property;

5. suppose that f is continuous and g: T — T is regulated or rd—continuous, then fog

has the same property.

Proof. Ttems 1 and 2 follow directly from the definition of continuous, regulated and rd—
continuous functions.

For item 3, remember first that the jump operator is defined as follows:
o(t)=inf{s € T:s>1}.

If t € T is right—dense, then it is easy to see that (¢) = . It is also immediate to see that
Eig}c(s) =t in this case, regardless of whether t is left-dense or left—scattered and we obtain
one of the conditions for ¢ to be rd—continuous.

Suppose now that # € T is left—dense. Hence, it is easy to see that there is a neighborhood
U of t where o (s) = s for every s < t. Thus, we conclude that Sl_1>rln_ o(s) =t and, therefore,
O is rd—continuous.

For item 4, suppose that f is a regulated function. Hence, for every right—dense point
t €T, Slg[r}r f(s) and Slglr}r o (s) exist. Thus, it follows that Slg[r}r f(o(s)) also exists. We can
prove in a similar way that the left—sided limit Slirg f(o(s)) exists for every left—dense point
t € T. Therefore, f o o is regulated. The other case of this item follows analogously.

Item 5 can be proved in a similar way of item 4 and its proof will be omitted. 0

2.2 Integration

Throughout this chapter, we based our definitions and results in [5] and [6]. However, in this
section, we will define an integral which is not presented in that book. Since this dissertation
involves the Henstock—Kurzweil-Stieltjes integral, we present here the Henstock—Kurzweil
A—integral (see [34]) instead of the A—integral which is in [5] and the A—integral in the sense
of Riemann or Lebesgue which is in [6]. We will comment more about the relation between
these different integrals on time scales after we define the Henstock—Kurzweil A—integral.
Before we start with the definition, let us fix a useful notation. We denote the interval of

points between a and b that are in the time scale as

[a,D]T = [a,b]N'T.
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Now, we present the definition of a tagged partition, a A—gauge and also a d—fine partition of

an interval [a,b]. All of these concepts are presented in [34].

Definition 2.11 ([34]). A tagged partition of [a,b]T is a collection of points a = 5o < 51 <
... < sx = b where k € N and also, tags T|,T, ..., T € |a,b]r such that T; € [s;_1,si|T for
i=1,2...,k. We often denote the partition as

D= {SO,Tl,Sl,...,Skfl,'rk,Sk}.
We also define a A-gauge as a function 8 : [a,b]T — (0,+0) x (0,+oc0) given by
6(r) = (6.(1),6r (1)),

where Og(t) > U(t), Or(t) > 0 and 8.(t) > 0 for everyt € |a,b]r.
Given a A—gauge 8 : [a,b]T — (0,400) X (0,+00), the partition is called d—fine if

[si—1,8i] C [T — 6L(Ti), T + Or(Ti)]

fori=1,2,... k.

With the definitions above, we can define the Henstock—Kurzweil A—integral. It is defined
in [34].

Definition 2.12 ([34]). A function f: [a,b|r — R" is Henstock—Kurzweil A—integrable if,
given € > 0, there is an I € R" and a A-gauge such that for every —fine partition

D = {SO,Tl,Sl,...,Skfl,fk,Sk}

we obtain

< E.

k
;f(fi)(Si—Si—l)—l

In this case, I is called the Henstock—Kurzweil A-integral and it is denoted I = | f f(t)Az.

As done in the last chapter, we can also denote the sum above as S(f,D).

Remark 2.13. It is also possible to consider a Stieltjes—type integral. For that, given a
function g: |a,blT — R, we only need to change the sum in the definition of the Henstock—

Kurzweil A—integral to

-

N
I
—_

f(7)(g(si) —g(si-1))-
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In this case, the integral is denoted as |, f f(t)Ag(t). All results presented in this chapter can
be changed for this more general type of integral. For more details about that, see [31].

Remark 2.14. The Henstock—Kurzweil A—integral generalized the A—integral (see [5]), the
Riemann A—integral and the Lebesgue A—integral (the last two integrals are defined in [6]).
The A—integral uses the idea of an anti—derivative of a function (see [5]) and it is a particular
case of the Riemann A—integral (see [6]).

The relations between all these integrals on time scales are analogous to the relations
between the Henstock—Kurzweil integral, the Riemann integral and the Lebesgue integral,
shown in [3], i.e., any function that is Riemann integrable (or Lebesgue integrable) is also

Henstock—Kurzweil integrable, but the reciprocal is not true.

Before we can show some properties of the Henstock—Kurzweil A—integral, let us prove
a version of the Cousin Lemma (Lemma 1.2) for time scales, so we can guarantee that the
Henstock—Kurzweil A—integral is well-defined.

Lemma 2.15 ([34, Lemma 1.9]). Given a A-gauge 0 of |a,b|r, there exists a S—fine partition
Of [a7b]T-

Proof. Suppose, by contradiction, that there is no d—fine partition of [a, b|1. Define

b— b—
c:sup{tE[a,bhyté Za}, d:inf{te[a,b]mt} za}.

By hypothesis, either [a,c]T or [d,b]r have no d—fine partition. Let [a1,b;]T be one of these
intervals that has no d—fine partition. Analogously, we define

by — bi—

Either [a1,ci]r or [d1,b1]T have no d—fine partition, because there is no d—fine partition of
[a1,b1]. Now, we define [ay,b>] as one of the intervals without any 6—fine partition.

Proceeding that way, we obtain a sequence of nested intervals |a,,by|T, n € N, such that
(by —ay) < (b—a)/2". Consider

7= lim a,= lim b,.
n—r+oo n——4-oo
Hence, there is m € N sufficiently large such that

T—0L(7) < am < by < T+ 0(7).

Therefore, D = {a;,, T, by, } is a §—fine partition of [a,,, b, T, which is a contradiction. [
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We show now some basic properties of the Henstock—Kurzweil A—integral.

Theorem 2.16 ([34, Theorem 2.12]). Consider f: |a,blr — R" and ¢ € |a,b]r. f is
Henstock—Kurzweil A—integrable on |a,b|r if and only if it is Henstock—Kurzweil A—integrable
on la,c|t and [c,b]r. It also follows that

/abf(l)At = /acf(t)At—i—/cbf(t)At.

Proof. Suppose that f is Henstock—Kurzweil A—integrable on [a,c|t and [c, b]T. Therefore,
given £ > 0, there is a A—gauge 8" = (8;',84) of [a,c]t and a A—gauge &% of [c,b] such
that for every 6% = (82, 68 )—partition D, and every §®—partition D, we have

€ €
ISCf:Da) = Iall < 5, [IS(f, DB) —Isll < 5

Define the A—gauge &§ = (8y, 8g) on the interval [a,b]y as: &.(1) = 8 if t € [a,c¢), 8.(f) =
min{82,(t —c)/2} if t € (¢, b]r and

S (c), if ¢ is left—dense, i.e., c = p(c),
or(c) = _
L(c) min {Sf(c), CTP(C)}, otherwise.
Analogously, define 8(1) = 85(r) if t € [c, b]T and

c—t

Sr(1) = min{Sg,max{,u(t),T}} , t€[a,c)r.

Now, consider a §—fine partition of [a, D]

D={a,71,001,...,00_1, T, O}

Let [Q,—1, 0T be an interval that contains c¢. Then, no point in [¢,_1,c¢)T can be a tag
because Og(7) < (t —c¢)/2 < (¢t —¢) in that interval. Analogously, no point in (c, 04, can be
a tag. Therefore, ¢ has to be a tag of [¢4,—1, Q|7 and 04,1 = c if ¢ is left—scattered, because
of the definition of &y (c). Therefore, if ¢ is left—dense, we obtain

fe)(@m = Om—1) = f(€)(tn =) + f(c)(c = Om1).
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Thus, we get

k
Zf(r,-)(oci— oi_1)—Is—1Ip
i=1

m—1

k
Y f(w) (0= 1)+ f(e) (0 —Om1)+ Y, f(T)(0i— 1) —Ia—1Ip
i=1

i=m+1
m—1
<Y Fm)(o—aia)+ fe)(c— 1) —1Ia
i=1
k
+||f(e)(am—c)+ Y, flm)(dti—oi1)—1Ip
i=m+1
e €
<§—|—§—8

The case where c is left—scattered is analogous. Because of that, it will be omitted here. [

As the reader may have noticed, the proof of Theorem 2.16 is similar to the proof of
Theorem 1.7. In fact, most of the properties of this integral can be obtained doing some
adaptations in the proofs of the properties of the Kurzweil integral, presented in Chapter
1. Because of that, we show other properties of the Henstock—Kurzweil A—integral without
presenting its proof.

Theorem 2.17 ([34]). Let f,g: [a,b]T — R" be Henstock—Kurzweil A—integrable on |a,b]r.
Then:

1. given a,B € R, the function of 4+ Bg is also Henstock—Kurzweil A—integrable on
[a,b]T and

/ab(ocf—l—ﬁg)At:(x/abfAt+ﬁ/abgAt;

2. ifn=1and f(t) < g(t) a.e. on [a,b)r, then
/bf(t)At < /bg(t)Al.

2.3 Exponential Function

In this section, we define and show some properties of the exponential function on time
scales. However, instead of presenting the 1-dimensional exponential and then, showing the
n—dimensional exponential, we study here only the n—dimensional case and the other one is a
particular case.
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Let us start then by presenting the definition of rd—continuous and some properties of the

delta derivative for higher dimensions.

Definition 2.18 ([5, Definition 5.1]). A matrix A: T — R™*" is called rd-continuous if each

of its entries are rd—continuous on T. In this case, we also denote that A belongs to
Crg = Cy(T) = Cq(T,R™™).

We also say that A is delta differentiable on T if each entry of A is differentiable on T*. In

this case, we define

A, _ (A _
A% = (@i )1<i<mi<j<n,  where A= (aij)1<i<m1<j<n-

Theorem 2.19 ([5, Theorems 5.2 and 5.3]). Suppose that A,B: T — R"*" are delta differen-
tiable and that o, 3 € R. Then the following statements are true:

1. Aoo = A+ puA*,

2. (aA+BB)* = aA* + BB%;

3. (AB)* = (Ao0)B*+A®B=AB"+A%(Boo);

4. (A HYA=—(A00) 'A% = —A"TA* Ao o) if A and Ao © are invertible;

5. (AB YA = (A2 —AB 'BY)(Boo) ! = (A2 —[(AB 1) oo|BY)B ! ifBand Bo G are
invertible;

6. (A*)2 = (A%)*, where A* is the conjugate transpose of A.

Proof. Item 1. By Theorem 2.6, foo = f+ U fA for any delta differentiable function f.
Thus, it follows that

AOG:(al]OG):(al]—F[uaf]):A—}—‘u,AA

Items 2, 3 and 6. They can be proved in a similar way of item 1. Because of that, their
proof will be omitted.
Item 4. It is a direct consequence of item 3 applied to I = AATL Differentiating this

formula, we get

0=A%A""1+(Aco)(A N2 =42[(A Yoo +A(A™HA
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Rewriting the above equations, we obtain
(A =—(Aoo) 'A% = -A""A%A00) "

Item 5 is a consequence of items 3 and 4 and its proof will be omitted. 0

We consider the linear system

YA(1) = A(t)y(t) (2.1)

where A: T — R™". A function y: T — R" is called a solution of (2.1) if it satisfies
y2(¢) = A(r)y(t) for every 1 € T¥. Before we can present a result about the existence of

solutions of this system, we are going to define a regressive matrix and regressive system.

Definition 2.20 ([5, Definition 5.5]). A function A: T — R™*" is regressive if [ + pu(t) A(r)
is invertible for all t € T*. The class of all regressive and rd—continuous functions is denoted
by

R =R(T) =R(T,R"™").

We also say that the system (2.1) is regressive if A € R.

The next theorem is a result about the existence and uniqueness of solutions of a more
general kind of system than the one we presented previously due to the perturbation that is

also presented here. The proof will be omitted due to its size, but it can be found in [5].

Theorem 2.21 ([5, Theorem 5.8]). Suppose that A € R is an n X n matrix-valued function
and that f: T — R" is rd—continuous function. Consider also ty € T and yy € R". Then the

initial value problem
YA =A@y + £(1),
y(to) = Yo,

has a unique solution.

Remark 2.22 ([5]). As a consequence of the above theorem, the matrix initial value problem

with the constant n X 1 matrix y

Y =A(t)y,
¥(to) = yo,

also has a unique solution.
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With the existence and uniqueness of a regressive linear system, we can define the

exponential function in the following way.

Definition 2.23 ([5, Definition 5.18]). Suppose that A € R(T,R"") and ty € T. The unique

matrix—valued solution of the initial value problem

Y=A@)y,
y (t0> =1,
is called matrix exponential function. We denote such function as es(-,1tp).

Before we present some properties of the exponential function, let us define and show

some properties of two operations between regressive functions.

Definition 2.24 ([5, Definitions 5.10 and 5.12]). Suppose that A,B € R(T,R"*"). The
operation A ® B is defined by

(A@B)(t) =A(t)+B(t) +u(t)A()B(r), ViteT*.
We also define ©A as
(CA)(t) = —[T+u@)A@)] "A(r), VreT~
It is natural to define AS B by
(ASB)(t) = (A® (©B))(t), VteT*.

Theorem 2.25 ([5, Lemma 5.12]). Suppose that A,B € R(T,R"*") and t € T*. Then:

1. (©A)(1) = =A@ [T+ p0AWD)] ™"

2. A®B e R(T,R™");

3. ©A € R(T,R™");

4. (AcA)(t) =0.

Proof. Item 1. By definition, we have

(©A) (1) = = [[+R(NA@)] A1),
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It is immediate to see that [+ p(¢)A(¢) and A(z) commute. It is also a well-known fact
that if AB = BA, then AB~' = B~'A for any n X n matrices A and B. As a consequence,
[T+ p()A(r)] " and A(¢) also commute and the result follows.

Item 2. To prove this item, we need to show that / + u(7)(A @ B)(¢) is invertible. First,
notice that

I+u(t)(A®B)(t) =1+ pu(t)(AQ) +B(t) + n(t)A()B(1))
=1+ p(D)A() + p(1)B(1) + > (1)A(1)B(1)
= [+ u@A@)] [+ u(0)B(1)]

Since A,B € R, it follows that I + u(¢)A(t) and I+ u(z)B(t) are invertible and the result
holds.

The proof of item 3 is similar to the proof of item 2. Because of that, it will be omitted.
Item 4. By definition of &, we have

=A(t) +(0AQ)) + 1n()A[)(SAQ))
=A(t) + (I +u(1)A(1))(GA(1))
— A(1) + (~A()(CA()) ) (A®))
=A(t)—A(t) =0
Hence, the proof is complete. 0

With the operations that we have just defined, it is possible to show some interesting

properties of the exponential function.
Theorem 2.26 ([5, Theorem 5.21]). Suppose that A,B € R(T,R"*"). Then:
1. eo(t,s) =1andexs(t,t) =1,
2. ea(0(1),s) = (I + u(1)A(1))ealt; s);
3. e\ (t,s) = eip-(t,s), where A* is the conjugate transpose of A.;
4. exlt,s) = e;l(s,t);
5. ea(t,s)ea(s,r) =ealt,r);

6. ea(t,s)ep(t,s) = eann(t,s).
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Proof. Ttem 1. e((t,s) is the solution of the initial value problem

It is easy to see that / is a solution of that problem. Theorem 2.21 guarantees the uniqueness
of the solution and we conclude that ey(z,s) = I. The other part of this item follows directly
from the definition of the exponential on time scales.

Item 2. Applying the first item of Theorem 2.19, we obtain

ea(o(t),s) =ealt,s)+ /.L(t)eﬁ(t,s)
=ea(t,s) + u(t)A(t)ealt,s)
= (I+u()A(t))ealt,s).

Item 3. First, we are going to show that (e, ' (,s))* is a solution of

Define y(t) = (e;1 (t,5))". Using the items 4 and 6 of Theorem 2.19, we get

YA(E) = ((en (1)) = ((ex (1,5)%)" = —(ey (0(1), )€k (1:5)ey  (t,9))".
Applying the definition of e4 and the item 2 of this proof, we obtain

—(egl(G(I),s)eﬁ(ms)e;l(t,s))* = —(e;l(G(t),S)A(Z)eA(t,S)@XI(I,S))*

= (e (t,5) (I + (A1) T'A(r))".

Combining the equations above, we have

VA1) = —(ey (1,5) (I + 1(0)A(r)) ' A(N))*
= (e; ' (1,5)(0A)(1))" = (SA) (1) (ex ' (1,9))" = (SA)* (1)y(1).

From item 1, y(s) = I. As a consequence, (e, '(t,5))* = eca+(f,s). We conclude that

e (t,s) = eiu(t,9).
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Items 4 and 5. For this part, we wil use a different notation. Denote as y(z,1,yo) the

solution of the initial problem
=A@y,
y(to) = yo.
It is immediate that y(¢,s,1) = ea(t,s).
Since yp is a constant, (y(z,s,1)yo)® = y*(t,s,I)yo. This fact implies that y(z,s,yo) =
y(t,s,1)yo because of the uniqueness of solutions of the initial value problem. As a conse-

quence, it follows that
y(t,s, 1) =y(t,r,y(r,s,I)) (2.2)
because if we apply ¢ = r in the equation above, we get y(r,s,I) on the left—hand side and
y(r,r,y(r,s,1)) =y(r,r,1)y(r,s,I) = y(r,s,I) on the right-hand side.
From (2.2), we obtain y(¢,s,1) = y(t,r,1)y(r,s,I). Using the same notation of the state-
ment of theorem, we get e (t,5) = ea(t,r)ea(r,s).
The other item follows immediately from the property above, because y(z,s,1)y(s,t,1) =

y(t,t,y(s,s,1)) =1
Item 6. The proof of this item is similar to the one done in item 3. The main difference

here is that we define y(r) = e (¢,s)ep(t,s) and the rest follows similarly. O

Next, we have some other properties of the exponential function. Its proof will be omitted

due to its size, but it can be found in the cited reference.

Theorem 2.27 ([5, Theorem 5.23]). Suppose that A € R(T,R"*") and a,b,c € T. Then

lealc,)]* = —[ealc,0(-))]A
and )
/a ea(c, 5())A)A = ea(c,a) —ea(c,b).

To conclude this chapter, we enunciate and prove a type of Variation of Constants
Theorem for time scales.

Theorem 2.28 (Variation of Constants - [5, Theorem 5.23]). Consider A € R(T,R"*"),
f€Cua(T,R"), 1o € T and yy € R". Then the initial value problem

Y=A@)y+f(1),
y(to) = Yo,
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has a unique solution y: T — R" defined as

t
y(t) =ea(t,to)yo+ | ea(t,o(7))f(7)AT. (2.3)
fo
Proof. It is easy to see that y as in (2.3) is well-defined. Using the properties of the

exponential, we can also write y as

t

¥(0) = ealt. o) [yo+ emo,o(r))f(r)m} .

Io

It is immediate that y(fy) = yo. We are going to prove that y* = A(t)y + f(t). Applying

Theorem 2.19, we can differentiate the equation above in the following way:

t

YA (1) = A(t)eal(t,to) {y(ﬂr eA(fo,G(T))f(T)AT} +ea(o(t),t0)ea(to, o(t))f(t)

=A(0)y(t) + ().

fo

It remains only to prove the uniqueness of the solution. Hence, suppose that z: T — R" is
another solution of the initial value problem. Define the auxiliary function x(¢) = ea (fo,#)z(t).

Then, we get

A(r)ea(t,10)x(t) + f(1) = A(t)z(r) + /(1)
=2%(1)
= A(t)ea(t,t0)x(t) +ea(a(t),10)x> (¢).
This implies that
XA (t) = ealto, 0 (1)) f ().
As a consequence, we get
%) = yo+ [ ealty, 5(1))f(D)AT.

Ty

From the above equation, z(¢) = y(¢). Thus, the solution of the problem is unique and the

proof is complete. O






Chapter 3

Correspondences Between Generalized
ODEs and Other Types of Equations

In this chapter, we present one of the reasons why the generalized ODE is a focus of study of
many mathematicians. This type of equation includes many other differential equations such
as measure differential equations (see [7] and [37]), dynamic equations on time scales (see
[7], [13] and [31]) and impulsive differential equations (see [7], [13] and [30]).

Here, we will show the correspondence between the generalized ODEs and each one of
the other cited differential equations. A big advantage of having these relations is that one
may find results for the generalized ODEs and simply use these correspondences to obtain

results for all the other types of equations mentioned before, as done in Chapter 4.

3.1 Measure Differential Equations

The measure DEs are problems of the type

t
x(1) =x(to) + [ f(x(s),s)dg(s), 1€ [to,t0+7], 3.1
To
where ¥ > 0, B C R" is an open set, f: B X [to,to+ Y] — R" is a function and g: [to,t0+ Y] —
R is a nondecreasing function. Besides that, the integral on the right—hand side is in the sense
of Henstock—Kurzweil-Stieltjes.
Here, we only consider the integral form of the measure DEs. However, under certain

circumstances, it is possible to obtain an equivalent differential form

{ Dx = f(x,1)Dg, (3.2)

x(l‘o) = X0,
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where Dx and Dg denote the distributional derivatives of x and g in the sense of L. Schwartz
(see [8] for more details about the distributional derivative). As shown in [29], the measure
DE (3.2) has an equivalent integral form (3.1) when g is a regulated function, t — f(x(z),t)
is a function of bounded variation and we are considering n = 1. The equivalence between
both forms in a more general case is still an open problem of the area.

Therefore, a measure DE, here, refers to the integral equation (3.1). Now, we define the

concept of a solution of that problem.

Definition 3.1 ([7, Definition 3.2]). The function x: [ty,to + ¥] — R" is a solution of the
measure differential equation (3.1), with initial condition x(ty) = xo, if:

1. x(tp) = xo € B, where B C R" is an open set;
2. x is a regulated function and (x(t),t) € B X [to,10 + V],

3. the Henstock—Kurzweil-Stieltjes integral ftg‘)ﬂ/ f(x(s),s)dg(s) exists;

4. x(t) =xo+ tf(x(s),s)dg(s), Vit € [to, 10+ 7).

To
The next definition is an adaptation of [37, Definition 5.1]. In that reference, the author
is dealing with the Lebesgue integral. Here, we use the concept of the Henstock—Kurzweil—
Stieltjes integral and, because of that, our conditions are more general. In Remark 3.3, we

give more details about the difference of these assumptions.
Definition 3.2. f: B x [to,f0 + Y] — R" belongs to the class D(B X [ty,t0+ V],8) if
1. j;g‘)ﬂ' f(x(s),s)dg(s) exists in the sense of Henstock—Kurzweil-Stieltjes;

2. there exists a Henstock—Kurzweil-Stieltjes function m: [ty,to + Y] — R such that for
every s1,sy € [to,to + Y] with s1 < 52, we obtain

3. there exists a regulated function L: [ty,to + Y] — Ry such that

where 51,52 € [to,to+ Y] are such that 51 < sp and x,y € B.

< /  m(s)de(s): (3.3)

$1

| £a().9)dg(s)

$1

[ 6(9).9) = £06).5)dg(s)

S1

</ f2L<s> Ix(s) = y(s)lldg(s),  (3.4)
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Remark 3.3. In [37], (3.3) is replaced by an assumption of the type || f(x(s),s)|| < m(s) and,
later in [37, Lemma 5.3 ], Schwabik shows that a condition of the type (3.3) is satisfied. In
other words, his assumption implies in (3.3). However, as shown in [7, Example 3.10], the

converse may not be valid.

The next result is a generalization of [37, Proposition 5.5], changing the hypothesis of f,
as done in Definition 3.2.

Lemma 3.4. Suppose that f € D((B X [to,to+ 7V|,g). Then the function F: B X [ty,to + Y| —
R" defined as

Flea) = [ 1(+(5).9)ds)

is in the class F (B X [to,to + V], h, ®), i.e., there exists a function h: [to,to + Y] — R that
is nondecreasing on [to,to + Y] and a function @: [0,4o0) — [0,+c0) that is a continuous,

increasing function with ®(0) = 0, such that:

1. for every (x,t1),(x,t2) € B X [to,t0+ 7], we get

[F(x,12) = F(x,00) || < |A(e2) = h(21); 3.5)

2. forall (x,t1),(x,12),(»,11), 0,12) € B X [ty,10 + Y], we obtain
IF (o) — F(i,t) — F() + Fs)| < i) b o(lx ). (3.6)

Proof. By hypothesis, f € D(B X [ty,to + V], g). Using the functions m: [ty,tp+ Y] — R and
L: [to,t0+ Y] — R that appear in that class, define h: [fy,70+ 7] — R as

h(t) :/tt (m(s)+L(s))dg(s), te€ [to,to+7] (3.7)

0

Let us prove, first, that /& defined as (3.7) is a nondecreasing function. Indeed, given #| < 12,

we get

0<

" 1(a(5).9)08(9)

< /: m(s)dg(s).

Therefore,

/tzm(s)dg(S)=/llm(S)dg(S)+/tlt2m(s)dg(s) >/t1m(s)dg(s)_

Io Io Io

Hence, ftgm(s)dg(s) is a nondecreasing function.
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On the other hand, since L is a positive function, it is clear that

[ 1))

Iy

is a nondecreasing function. Thus,

o) = [ (n(s) +L(5)) de)

is a nondecreasing function.
To prove item 1, suppose that x € B and s1,s2 € [to,fp + ¥]. We can use property 2 of
Definition 3.2 to obtain:

1F(x,52) = F(x,51)]| =

[ ts).)dg(s)

51

[ mls)dgts)

S1

< |h(s2) = h(s1)].

<

For item 2, define @: [0, +o0) — [0, +c0) as @(¢) = t. Therefore, we have

1F(x,52) = F(x,81) = F(y,52) + F(y,80) || =

[ 6(9).9) = £05(5).5) dgls)

S

<

[ 105) =yl decs)

51

< |h(s2) = hs)|o(llx—yl),

and the proof is complete. [

Now we can present a result that links the generalized ODEs and the measure DEs. The
next result is a version of [37, Proposition 5.12].

Theorem 3.5. Consider f € D(B X [ty,to+7],8)- Define the function F : B X [tg,to+ 7] — R"

Foe) = [ f(x.s)dg(s).

Iy

Ifx: [o, B] C [to,t0+ Y] — B is a regulated function, then fol?DF(x(T),t) exists and we
have

B B
| DF((@).0) = [ fx(9).) dg(s).
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Proof. First, Theorem 1.12 implies that F' is a regulated function. Therefore, we can apply
Lemma 3.4 and also Corollary 1.38 to obtain that |, Ol? DF (x(7),t) exists. The equality between
both integrals is immediate from the definition and the result follows. [

3.2 Dynamic Equations on Time Scales

In this section, we will present a relation between the measure DEs and the dynamic equations
on time scales. Before doing that, let us start this section by remembering some notations
and definitions from Chapter 2.

A time scale T is any closed nonempty subset of the real line. The forward jump operator
o: T — T is defined as

o(t)=inf{se€T:s>r}

and we are assuming that inf() = sup T. We define the extension of a time scale, denoted by
T*, as
(—oo,supT] if supT < oo,

T =
(—oo,4o0)  if supT = +oo.

In this set, we define the operator *: T* — T as
t*=inf{s € T: s >1t}.

Given a function f: T — R", we also denote as f*: T* — R" for the composition f*(¢) =
f(*). Similarly, given f: R" x T — R", we define f*: R" x T* — R" as f*(x,t) = f(x,1).
Also, we will simply denote the interval of points between a and b that are in the time
scale as
[a,b]T = [a,b]NT.

Now, we can present the definition a dynamic equation on time scales.

Definition 3.6 ([7]). Consider a time scale T where ty,ty+ 7Y € T for a given ¥y > 0. Besides
that, let B C R" be an open set and a function f: B X [ty,to + V] — R" that is Henstock—
Kurzweil A—integrable. A dynamic equation on time scales is given by

XA(S) = f(x(s)vs)a RS [IOJO‘I"}/]’]I‘-

Integrating both sides, we obtain the equivalent integral form:

x(t) = x(t9) + tf(x(s),s)As, t € [to,to + Y]T- (3.8)

To
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Next, we define a solution of a dynamic equation on time scales (3.8).

Definition 3.7 ([7, Definition 3.27]). A function x: [ty,to + Y|T — R" is a solution of a
dynamic equation on time scales (3.8), with initial condition x(ty) = xg if:

1. x(ty) =x0 € B;
2. x is a regulated function (see Definition 2.8) and (x(t),t) € B X [to,t0 + V|1,

3. ftg‘)ﬂ/ f(x(5),s)As exists in the sense of Henstock—Kurzweil A—integral;

4. x(t) =xo+ tf(x(s),s)As, t € [to,to+ Y-

Before we continue with the theory, let us present an example of a dynamic equation

using the concepts and results from Chapter 2.

Example 3.8 ([5, Example 2.55]). Consider the time scale
T=¢"={¢": neNypand g > 1}.

Suppose also that the function p: T — R is regressive, i.e., 1 + (t)p(t) # 0 for everyt € T*
and the dynamic equation

{ YA(5) = p()y(1),
y(l)=1.
In Chapter 2, we already calculated that 6 (t) = gt and p(t) = (qg— 1)t fort € ¢™°. To find

the solution of this system, we can use Theorem 2.6, which ensures that if f is differentiable,
then

f(o(6)) = f(1)+ () f20).
Applying this theorem for our system, we get

¥(gt) =y(0(t)) = y(t) + p)y*(t) = [+ (g— Dep(t)]y(t).

Therefore, it is easy to see that

y@)= JI [1+(g—1)sp(s)ly(1).

s€TN(1,t)

Since y(1) = 1, we can simplify the equation above. Besides that, we defined the exponential

as the solution of this system, so we can use the following notation:

ep(t;)=y(t)= ] (1+(g—1)sp(s)).

s€TN(0,r)
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Now, we present results that will be used to establish the relation between a measure DE
and a dynamic equation on time scales. The next theorem can be found in [13], but it is also
contained in [31, Theorem 8.6.8].

Theorem 3.9 ([13, Theorem 4.2]). Consider a € T, a function f: |a,blr — R" and define
g(t) =t" fort € [a,b]. The Henstock—Kurzweil A—integral |, : f(t)At exists if and only if the
Henstock—Kurzweil-Stieltjes integral | ab f*(¢)dg(t) exists. In this case,

[ rwoa= [ 5w

Proof. Suppose first that fab f(t)Ar exists. Thus, given € > 0, there is a A—gauge 0(t) =
(8.(¢),0r(t)) on the interval [a, b]T such that, if

D = {50, T1,S1,---,81-1, 71,5}

is a 6—fine tagged partition, then

< E.

Xl: F(T)(si—si—1) /f 1)At

Define a gauge & : [a,b] — (0,+oo) in the following way:

(min(S,.(r),sup{d: t +d € [a,bly and d < 8g(1)}), if ¢ € (a,b)NT;

_ sup{d: d+a € [a,b]r and d < 8(a)}, if t=a;

A P it r—bandbeT:
\%inf{|t—s|:s€T}, if t €[a,b]\T.

Notice that the supremum in the definition above is always greater than zero, because
Sx(t) > u(r) and this implies that there is a point x € (z,7 + 8g(1)] N T. Therefore, &() > 0
for every t € [a,b].

The idea now is to show that the gauge & satisfies the definition of the Henstock—Kurzweil—
Stieltjes integral for the function f*(7)g(¢). From now on, we denote the sum in terms of an

arbitrary partition D as

S(D):Zf*(’q)(g(s, g(si-1) Zf Si_1)-

i=1 i=1
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We will show that if
B - {%77_17ﬁu e 7Sk—lur_k7§}

is a 6—fine partition, it is possible to find another —fine partition D' such that every point of
the new partition is in the time scale and S(D’) = S(D).

First, observe that for the partition D, we either have that 7; € T or [5i—1,5:]N'T = 0. This
is true because for every point 7 € [a,b] \ T, we get 8(¢) = (1/2)inf{|t —s| : s € T}.

Let us construct D’ C T using the following finite induction: by hypothesis, 55 = a € T.
Now, consider an interval [s;_7,5;] such that 5;—] € T. From the last paragraph, we already
know that 7; € T. If 5; ¢ T, change 5; by 5;" in the partition and exclude all points and tags of
D that are in (57,5;).

We claim that S(D) = S(D). To prove this, note first that

(@) (8(i) —g(simn)) = fF(@) G —5im7) = f(T) (8(50) — 8(5i=17)),

proving that the intervals [s;_1,5;] and [s5;_1,5;"] have the same contribution in the sum S(D’).

Besides that, any other interval [5;_1,5;] C (5;,5;") are such that

*

g5or) =51 =5 =5, =¢g(5))

and these points do not contribute to the sum S(D).

To conclude this part of the proof, we need to show that the new division D’ is §—fine.
For that, notice first that for any interval [5;_7,5;] that remained unchanged from the original
D is —fine because

[m,s_,] C (Ti — S(Ti), Ti —l—g(fi)) C [Ti — SL(TI‘), Ti + 5R(T,)]

Suppose now that [5;_1,5;] was changed, i.e, that 5; is one of the points of D that was
excluded but 577 was not. Hence, the new interval in the partition D' is [5;_1,5;"]. Define
M = sup{|[a, 7; + Or(7;)] N T}. We have that M € [a,b]T and also

5 <T+6(T) <Ti+sup{d: d+7; € [a,b|yandd < (%)} = M.

The inequalities above hold because the original partition D is S—fine. Thus, if 5; is one of the
points of D that we excluded, 5; ¢ T. The fact that M € T implies that 57" < M. As a result,

SiT <M< T+ 8&(T)

and it follows that D' is §—fine.
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Since S(D') = S(D) and D' is 6—fine,

<€

HS(B) _ / o

b
- HS(D') - / F(6)Ar
a
and we obtain that f:f(t)At = fabf* (t)dg(z).
Reciprocally, assume that ff f*(r)dg(t) exists. Hence, given € > 0, there is a gauge

8 [a,b] — (0,4o0) such that for every S—fine partition, we get

< E.

k b
Y )i —si0) = [0 dg(o
i=1 a

Define now the A—gauge 8 (¢) = (8,(), 6g(r)) where 7 € [a,b]7, 8. (r) = 8(¢) and also &g (1) =
max{8(r), u(r)}.

Consider a §—fine partition on [a, b]T denoted as

D = {So,’L’l,Sl,...,Sk,I,Tk,Sk}.

As done in the other part of the proof, we will construct another partition D’ of [a,b] such
that the new partition is 5—fine and also S(D) = S(D').

Define the partition D’ by replacing the points s; by 7; + S(Ti) and keeping the same tag 7;
for the new interval [s; 1, 7; + 8 (7;)]. For the interval [t; + 8(7;),s;], use any S—fine partition.
It is immediate to see that D' is 5—fine. The equality S(D) = S(D') holds because g(z) = t*
is constant on the interval (7;,s;]. Therefore, we conclude that

<E€

Is@)- [ 7 0e0)

= s [ 0ast0

and the proof is complete. ]
The next result is a direct consequence of Theorem 3.9.

Corollary 3.10 ([31, Corollary 8.6.9]). Given f: [a,b] — R", consider f: [a,b]T — R"
another function such that f(t) = f(t) for every t € |a,b|t. If we define g(t) = t* for every
t € |a,b), then the Henstock—Kurzweil A—integral |, ab f(t)At exists if and only if the Henstock—
Kurzweil-Stieltjes integral |, Cf’ f(t)dg(t) exists and they have the same value.
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Proof. This result is a direct consequence of Theorem 3.9. Just notice that for any partition

D of [a,b], we get the sum

f( i)(8(si) —g(si-1))-

M»

$(D) =

~.

If 7; ¢ T, then there is an interval J = [¢t, ] C [a,b] such that JN'T = 0. This is true because
[a,b] \ T is an open set. Thus, it is possible to refine the partition D by adding the points a,
B and the tag 7; ¢ T. This interval does not contribute to the sum S(D) because

f()(g(B) —g(a)) =0
and the result follows. 0

The next proposition will be useful in Chapter 4. It shows how we can change the
extremes of integration from points outside of the time scale to points in the time scale

without changing the value of the integral.

Proposition 3.11 ([13, Lemma 4.4]). Suppose that a,b € T and define g(t) =t* fort € [a, D).
If f: la,b] — R" is a function such that the integral fab f(t)dg(t) exists, then for every

¢,d € [a,b], we have
[ swasw = [ gt

Proof. Since g is constant on the intervals [c,c*] and [d,d"], it is immediate to see that
J Cc* f(t)dg(r) = | j* f(t)dg(r) = 0. Therefore, using the additive property of the integral,

[ rwasi = [ sorasi+ [ r0asw+ [ rwaso = [ raso)

and we obtain the result. ]

The next theorem presents a link between the dynamic equations on time scales and the
measure DEs. Since we already established a connection between the measure DEs and
the generalized ODEs in the last section, we also get the desired relation between dynamic
equations on time scales and generalized ODE:s.

Theorem 3.12 ([31, Theorem 8.7.1]). Consider a,b,ty € T such that a <ty < band g(t) =t*
Consider also two functions f: B x [a,b]y — R" and f: B x [a,b] — R" where B C R" and

F(x,1) = Fx,1) for every (x,t) € B x [a,b]r.
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If a function x: [a,b|T — B satisfies
x(t) = x(t9) + ttf(x(s),s) As, t € |a,b]T, (3.9
0
then the function y: [a,b] — B given by y = x* satisfies
5(0) = 30) + [ F0(s).0)de(s). 1€ o 3.10)
Conversely, each functiony: |a,b] — B satisfying (3.10) has the formy = x*, where x: |a,b]T —

B satisfies (3.9).

Proof. Suppose that x: [a,b]T — B satisfies (3.9) and y(r) = x*(¢) = x(¢*). Using Corollary
3.10 and Proposition 3.11, we get

§(0) = (") =x(0) + [ F(x(s),5)As
—xi)+ [ (591 dgls)

=y(to)+ | F(s),s)dg(s)

To

— (o) + [ Fy(s),5)dgls).

To

The reciprocal follows analogously and its proof will be omitted. O

3.3 Impulsive Differential Equations

In this section, we study the impulsive differential equations of the form

X (1) = f(x(t),1), (3.11)

ATx(t)) = Ii(x(1))), jEZ,

where f: R" xR —R", I;: R" — R" for each j € Z, {7;} jez C R is an increasing sequence
and ATx(1;) = 1irn+x(s) —x(7;). We assume that the first equality in (3.11) holds almost
ST

everywhere, the solution x is left—continuous and regulated on each interval (7,_1, 7;|, j € Z.
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Then, the corresponding integral form is

x(t) =x(to)+ [ f(x(s),s)ds+ Z Ii(x(7))), (3.12)
0 JEL,
[0<’L'j<l‘

where the integral on the right—hand side is in the sense of Henstock—Kurzweil. For more
details about this type of equations, see [24].

Definition 3.13 ([7, Definition 3.4]). A function x: [a,b] — R" is a solution of the impulsive
DE (3.12) with initial condition x(ty) = xo if it satisfies:

1. x(tp) = xo;

2. xis a regulated function and left—continuous,

3. ftgﬁy f(x(s),s)ds exists in the sense of Henstock—Kurzweil;

4. (3.12) holds for every t € |a,b].

Before we present more results, let us show an example of an impulsive DE.

Example 3.14 ([24, Example 1.1.2]). Consider the impulsive DE

k
K1) =x2(1)+1, ingtandt#Tﬂ, ke N;

k
Atx(t) = —1, ,-f;:T”, ke N: (3.13)

We will show that the solution of this problem is the function

tan(t), ifte [O, g] ;
x(t) = . km ) kr (k+1)m ke N
an(t—T), lftE(T7T:|7 c N.

It is easy to see that X' (t) = x*(t) + 1 on the points where the derivative is defined. On the
other points, notice that if t = krw/4,k € N, then

A*x(f)= lim tan (s— U‘Z””) ~tan (k—”—k—”) — tan (—f) — 1.

s—km /44 4 4

Thereby, x is a solution of the impulsive DE. Notice that the solution is defined on [0, +o).
The graph below represents x(t).
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Figure 3.1 Solution of the impulsive DE (3.13).

The following result is about the Henstock—Kurzweil-Stieltjes integral. It will be impor-

tant later to establish the relation between the impulsive DEs and the measure DE:s.

Theorem 3.15 ([13, Lemma 2.4]). Consider points a <t; <t) < ... <t, <bwhere m €N

and also two functions f: |a,b] — R" and g: [a,b] — R such that g is regulated, left—

continuous on |a,b] and continuous on the points t|,ty, ... t,,. Suppose also that there

is a pair of functions f: la,b] — R" and §: [a,b] — R such that f(t) = f(t) for every

t € [a,b]\{t1,12,...,tm} and g — g is constant for each interval [a,t1], (t1,t2],..., (tm,D)].
Then, |, : F(s)dg(s) exists if and only if [, : f(s)dg(s) exists. In this case, we obtain

[ 7oz = [ a0+ ¥ Fuata)
a a k€{1l72<7.é.,m},

Proof. First, we will calculate the value of the integral | ab f(s)d(g —g)(s). Since g — g is
constant on the interval [a,t;], we get

[ 7)ae-g)) =0,

Next, we calculate the value of the integral in [f;_1,#] for k € {2,...,m}. For this, notice

that g — g is also constant on the interval (#;_p,]. Therefore, applying Theorem 1.11, we
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obtain

[ Foae-ee) = tim | [*Fo)ate-o6) - Fle - )6~ (e~ o)w)

fh_1 S—p_1+

= (1) AT g (1)
(3.14)

For the integral ft f(s)d(g — g)(s), we either have that it is zero if #,, = b or we can do a
similar calculation to what is done in (3.14) to obtain

[ 614~ 0)6) = Flm)s " 8)

As a result, we have

[Foae-oe= ¥ faasn)
a ke lt;<2<7.l.7. Jnk,

On the other hand, we can use Theorem 1.12 to do the following calculations:

f( s:hm/f )dg(s zllm/f )dg(s) /f )dg(s)

X—rt X—t

For k € {2,...,m}, we also get

[ Fsraeto) = tim (tim [ 75)ag00))

= lim (rgg?/xrf(S) dg(S)) = /tk /(s)dg(s)-

Analogously, we obtain

" 75)a6t6) = [ 76502t

Ik

Combining the above information, we conclude that | ab f(s)dg(s) exists if and only if

i) f f(s)dg(s) exists and both integrals have the same value. Thus,

[ 7syaz0) = [ F)asto)+ [ Fispatz-)

b ~
[0+ Y Fwatae
a ke 11,2<.,.l.).,m},
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and the proof is complete. 0
Notice that any function g satisfying the assumptions of Theorem 3.15 has the form

k

g(s) =gla)+(s—a)+ ZIX<tj,+w) (), s€a,b], (3.15)
p=

and is, therefore, unique up to an additive constant.
The next result is also about some relations between the Henstock—Kurzweil integral and

the Henstock—Kurzweil-Stieltjes integral.

Corollary 3.16 ([30, Lemma 5.2]). Let a <t; <t) < ---ty < b. Suppose that there are
two functions f: [a,b] — R" and f: [a,b] — R" such that f(s) = f(s) for every s € [a,b) \
{t1,...,tx}. Let g: [a,b] — R be a left—continuous function with A*g(t;) = 1 for each
jeA{l,....k}, and g(t) — g(u) =t —u whenever [u,t)N{t1,...,1r} = 0.

Then the Henstock—Kurzweil-Stieltjes integral | ab f(s)dg(s) exists if and only if the
Henstock—Kurzweil-Stieltjes integral |, f f(s)ds exists. In this case,

b _ b ko
| Fs)agts) = [ sas+ Y 7).
a a j=1

Proof. 1t is a direct consequence of Theorem 3.15. [
The next result connects the impulsive DEs and the measure DEs.

Theorem 3.17 ([30, Theorem 5.3]). Consider a <t} <ty,...<t, <bwheremeN, y, e R",
f:R"x[a,b] > R" and I,...,I,: R" — R". Then, y: [a,b] — R" is a solution of the
impulsive DE

y(t) = y(t0) + ttf(y(S),S)dHZ L(y(t)), 1€ a,b], (3.16)

k; <t

if and only if it is a solution of the measure DE

y(1) = y(to) + | F(3(s),5)ds(s), (3.17)
where g: [a,b] — R is given by (3.15) and

~ f(Z,f), ifte[aab]\{tlat2v“'atM};
flz,t) = _
I(z), if ted{t,tr,... .tn}.



86 Correspondences Between Generalized ODEs and Other Types of Equations

Proof. From Corollary 3.16, Equation (3.17) is equivalent to

Y =30+ [ S0 ds+ B Fotw)n). 1€ labl

k; <t

By definition, f(y(t), %) = It (y(tx)) and the proof is complete. O



Chapter 4
Massera’s Theorem

In 1950, Massera published important results about the existence of periodic solutions of
ODEs (see [26]). He showed that for an 1-dimensional system x’ = F(x,¢), the existence
of a bounded solution implies the existence of a periodic solution. He also proved that this
did not happen on higher dimensions in general, but a similar result was presented if one
considered only linear systems.

The idea of this chapter is to present briefly some of Massera’s results. Besides that, we
also extend the results to generalized ODEs, measure DEs, dynamic equations on time scales
and impulsive DEs.

All the results for these equations are new in the literature, and they can be found in [14],
which is the main reference here. Also, the results for dynamic equations on time scales and
impulsive DEs presented in this chapter are more general than the ones found in the literature.

Such results are presented in [14].

4.1 Massera’s Theorem for ODEs

Consider the system

{ X' (t) = F(x,1), 4.1)

x(to) = xo,

where x" represents the derivative of x with respect to time and F: R" x [tg, +o0) — R" is a
continuous function that is also locally Lipschitz with respect to x. Let us denote by x(¢,%9,xo)
the solution of (4.1).

Since the focus of this chapter is to present results in classes of equations that are more
general than the ODEs, all the results involving this type of equations will have their proof

omitted. The next lemma is a useful tool to determine whether a solution is periodic or not.
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Lemma 4.1 ([9, Lemma 4.1.3]). Suppose that (4.1) is such that F(x,t) = F(x,t +T) for
some T > 0. Then:

1. if x(t) is a solution of (4.1), x(t +T) is also a solution of the same system;

2. (4.1) has a periodic solution if and only if there is a solution x(t,ty,xo) such that
x(tat()ax()) = X([ +7, t07x0)'

We now present the definition of an asymptotic solution to another one.

Definition 4.2. A solution x: [ty,+o0) — R" of a differential equation (4.1) is said to be
asymptotic to another solution y: [ty, +o) — R" if

lim (x(z) —y(t)) =0.

t—oo

The next theorem was first presented by Massera in [26], but it can also be found in [9,
Theorem 4.1.10].

Theorem 4.3 ([26, Theorem 1]). Consider the system (4.1), where F: R x [0,4+0) — R
is T-perioric in the second variable, i.e., F(x,t) = F(x,t + T) for some T > 0 and for all
t € [0,400). Then, the existence of a bounded solution x: [ty,+e0) — R implies the existence
of a T-periodic solution y: [ty,+e) — R. Besides that, x is asymptotic to y.

For systems of order higher than one, the bounded solution may not be asymptotic to a
periodic solution, even if we consider a linear system. The next example illustrates this case

and it is presented in [14].

Example 4.4. Consider the system

To better understand the properties of the function F : R? x R — R?, we rewrite the system

(x'(t)) B (o —1> (x(t))
Yy \1 0 )\ve))

Thus, F(x,t) is T—periodic on the second variable for any arbitrary T > 0, because all the

above as

coefficients are constants. Moreover, it is immediate to see that (x(t),y(t)) = (0,0) is a T—
periodic solution of our system. However, given (xg,yq) € R?, a solution with initial condition

(x(0),¥(0)) = (x0,y0) has the form (x(t),y(t)) = (xocost — ypsint,xgsint + ypcost) and,
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although they are bounded and 2m—periodic, they are not asymptotic to the zero solution that

is T—periodic.

Although the bounded solutions of the linear system are not necessarily asymptotic to a
periodic solution, it is still possible to guarantee the existence of a periodic solution if there is
a bounded solution. Before such theorem is presented, let us start by defining a linear system.

Suppose that A: [ty,+o0) — L(R") and b: [y, +o0) — R" are continuous functions and
xo € R". The system of equations

4.2)

{ X =A(t)x+b(1),
x(0) = xg

is called a linear system of differential equations or, simply, linear system.
The next theorem is a verson of Massera’s theorem for linear systems.

Theorem 4.5 ([26, Theorem 4]). Consider A: [ty, +o0) — L(R") and b: [ty,+o0) — R" such
that A(t+T) =A(t) and b(t +T) = b(t) for some T > 0 and everyt € [ty,+o0). If the linear

system (4.2) has a bounded solution, it also has a T—periodic solution.

4.2 Massera’s Theorem for Generalized ODEs

In this section, we state versions of the Massera’s Theorem for generalized ODEs. This
section contains only new results, which can be found in [14].

In order to do that, consider an open set O C R" x R and a function F: O — R". In
Chapter 1, we defined a generalized ODE (see Definition 1.24), denoted by

dx_

7 =DF(x.1), (4.3)

on the interval o, B] if (x(),7) € O whenever ¢ € [, B] and

x(52) — x(s1) = / U DF(x(1),1), Vs1,5 € [a, B].

1
The next result is a useful tool to connect two distinct solutions.

Lemma 4.6 ([14, Lemma 2.5]). Suppose that F : R" x [a,b] — R" is regulated on the second
variable and x,y: R" — R" are solutions of (4.3).
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1. Ifc € [a,b) and lim x(s) = lim y(s), then z: [a,b] — R" defined as

s—Cc+ s—c+

x(t) ift€la,d,

W=V e s,

is also a solution of (4.3);

2. ifc €la,b) and lim x(s) = lim y(s), then w: [a,b] — R" defined as

S—C— S—Cc—

x(t) ift €la,c),
y(t) ift €c,bl,

w(t) =

is a solution of (4.3).

Proof. Let us start by proving item 1. First, notice that

2s2) —2(s1) = / " DF(2(),1),

S1

for every 51,52 € [a,c| or s1,s2 € (¢,b]. We only need to proof that the same relation still
holds if 51 € [a,c] and s3 € (c, D).
Applying Proposition 1.28 and the fact that F' is regulated, we get

tim | [ PP~ Fle(e)) + Flate)0)] = [ DFG(o)0)

Therefore, we can do the following calculation:

/ DF(z / DF(z / DF(z
_/ DF(z —|—Sl_1>rg1Jr {/ DF (z(t),t) — F(z(c),s) + F(z(c),c)
= x(¢) —x(s1) + lim [y(s2) —y(s) = F(x(c),s) + F(x(c),c)]
¥(s2) =x(s1) +x(e) + lim [—x(s) = F(x(c),s) + F(x(c), )]
=z(s2) —z(s1)

and we obtain the result.

The second item follows analogously and its proof will be omitted here. 0
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The next lemma is a version of Lemma 4.1 for generalized ODEs. It is a way to

characterize the periodic solutions.

Lemma 4.7 ([14, Lemma 2.6]). Consider F: R" x R — R" and M : R" — R" such that
F(x,t+T)—F(x,t) =M(x)

foraT >0and every (x,t) € R" x R. Then:

1. x: [a+T,b+T] — R" is a solution of (4.3) if and only if y: [a,b] — R" defined as
y(t) =x(t+T) is also a solution of (4.3);

2. (4.3) has a T—periodic solution if and only if there is solution x: [ty,to+T] — R" such
that x(to) = x(to+T).

Proof. We will show only one of the implications of item 1 and the other one follows
analogously. First, notice that F (x,t +7T) — F(x,t) = M(x) implies that

F(X(Ti—l—T),Si—l-T) —F(X(Ti+T),Si_1 —l—T) = ZF(X(’F,‘—FT),S,‘) —F(X(Ti—l—T),S,'_l)
i=1

k k
=1

~

for any tagged partition D.
On the other hand, we can use the Substitution Theorem (Theorem 1.13) to obtain that

so+T $2
V(52) = y(s1) = x(s1 + T) —x(s2+ T) = / L DF(().0) = / DF(x(t+T),i +T)
for any 51,57 € [a,b].

Using both information above, we obtain

N

s2) =3(o1) = [ DG+ 1) +7) = [ DPO(1).0)

S1 S1
and the first part of this proof is complete.
For the second item, we can combine Lemma 1.43 and the first part of this proof to create
a solution z: [tg, +o0) — R" such that z(¢) = x(¢) for every € [to,f0+ T] and z(¢t +nT) = x(t)
for any n € N. It is immediate to see that z is T—periodic. 0

In Chapter 1, we defined the class F(G,h, ®) (see Definition 1.30) and showed that if F
belongs to that class, then (4.3) has a unique solution with x(#p) = xo (Theorem 1.45). Here,
we consider stronger conditions than those in class F(G,h, ). The extra conditions are

important in order to apply the nonlinear Gronwall’s Inequality (Theorem 1.23).



92 Massera’s Theorem

Consider a function F: R” x R — R”. Then, we define the conditions (C1) and (C2) as:

(C1) For every bounded set B C R", there is a function #: R — R is a nondecreasing
left—continuous function such that

1F (x,12) = F (e, 10) || < [R(82) = h(11)]

for every x € Band t1,1, € R;

(C2) For every bounded set B C R", there exists a function @: [0,4oc0) — [0,+o0) such
that w(0) = 0, lir(? J1/o(r)dr = +oo for a certain v > 0 and a nondecreasing left—
u—0+

continuous function 4: R — R such that for every for all x,y € B and t1,1, € R, we
obtain

|F (x,02) = F (x,01) = F (y,12) + F (v, 1) | < |h(02) = h(t) |@([lx = ¥I)).  (44)

It is clear that if F satisfies the conditions above, F € F(G,h, ).
Although the next lemma is more technical, it will be important to prove the Massera’s

theorem for generalized ODE:s.

Lemma 4.8 ([14, Lemma 2.7]). Suppose that F : R" x R — R" is such that conditions (C1)
and (C2) are satisfied and there exists a M : R" — R" such that

F(x,t+T)—F(x,t) = M(x)
foraT >0 and every (x,t) € R" x R. Then the function h: R — R satisfying (C1) and (C2)

can be chosen in a way that t — h(t +T) — h(t) is a constant function for every t € R.

Proof. By hypothesis, we know that given B C R”, there is a function 4 satisfying (C1) and
(C2). Denote C = h(T) — h(0) and define i: R — R as

h(t), ift€[0,7),
h(t —nT)+nC, ift € [nT,(n+1)T)andn € Z\ {0}.

Since / is nondecreasing and left—continuous, it is easy to see that / has the same properties
in each interval [nT,(n+ 1)T). To see that this is still valid for all R, notice that

lim  B(t) = lim h(t)+nC = h(T)+nC = h(0) -+ h(T) — h(0) +nC
t—(n+1)T— t—T—

=h(0)+ (n+1)C =h((n+1)T).
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It remains to show that & also satisfies (C1) and (C2). For that, let us suppose, without
loss of generality, that #; < ;. Consider also the unique numbers a,b € Z satisfying aT <
t1 < (a+1)T and bT <1t < (b+ 1)T. By hypothesis,

F(x,t) — F(x,t +nT) = nM(x)

forany x € Band n € Z.
Suppose first that a = b. Then, (C1) follows from the below calculation:

|F(x,t2) — F(x,t1)|| = ||F (x,t —aT) + aM(x) — F (x,t; —aT) —aM(x)||
< h(ty —aT) — h(ty —aT)

h(ty—aT)+aT —h(ty —aT) —aT

= h(r2) —h(n).

For (C2), we have

1F (x,12) = F (x,01) = F(y,22) + F (y,11)|
= ||F(x,t —aT)+aM(x) — F (x,t; —aT) —aM(x)
—F(y,ta—aT) —aM(y) + F(y,t; —aT) +aM(y)|
< o(|[x—y[[)(h(t2 —aT) — h(t; —aT))

= o(|lx =) (h(2) — h(n1)

for any x,y € O.
Suppose now that a < b. Before we can do the calculation for this case, notice first that

[M(x)|| = [|F(x,T) — F(x,0)|| <h(T)—h(0) =C.
Using this information, we get

1F (x,12) = F (e, 00) || < ||F(x,22) = F (x, 6T ) [ + [|[F (x,6T) = F (x, (a+ 1)T) |
+|F(x,(a+1)T) = F(x,01)]|
< F (0 =bT) = F(x,0)[[+ (b —a—1) [M(x)]]
+||F(x,T) —F(x,t; —aT)||
<h(ty—bT)—h(0)+(b—a—1)C+h(T)—h(t; —aT)
h(t —bT)+bT —h(t; —aT) —aT —C+C
= h(ty) — h(ty).
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The calculation above shows that % satisfies (C1). Condition (C2) can be proved in a similar

way and, because of that, its proof will be omitted. With that, the proof is complete. 0

Our goal is to first present an 1-dimensional version of Massera’s Theorem (see Theorem
4.3) and then, afterward, to present the result for higher dimensions. As the next lemma may
already indicate, we use a relation of order between solutions to obtain the 1-dimensional
result. Of course, we need to use a different argument for the higher dimension case.

The next lemma presents a condition to guarantee a certain relation of order between two
solutions. Observe that such lemma is not necessary for ODEs because of the uniqueness

and continuity of solutions, but here, our solutions do not need to be continuous.

Lemma 4.9 ([14, Lemma 3.1]). Suppose that F : R x R — R satisfies conditions (C1), (C2)

and also

(C3) ifz,w € R are such that 7z < w, then

z+ lim F(z,s) — F(z,t) < w+ lim F(w,s) — F(w,1)

S—t+ S—t+

forallt € R.
If x,y: [a,b] — R are solutions of (4.3) with x(a) < y(a), then x(t) < y(t) for all t € |a,b].

Proof. By contradiction, suppose that y(¢) < x(¢) for some ¢ € (a,b]. Define
S=inf{r € (a,b]: y(t) < x(1)}.

Since h is left—continuous, Corollary 1.32 implies that the solutions are also left—continuous.

As a consequence, we can conclude that x(S) < y(S). Therefore,

S¢{re(a,b]: y(t) <x(1)}

and we also get that S # b (from the left continuity of the solution).

Suppose now that x(S) = y(S). In this case, we would have two solutions x and y that
coincide in a point S but are different in [S,b]. This is a contradiction because conditions
(C1) and (C2) imply the uniqueness of solutions in the future (Theorem 1.45).

Therefore, the only remain option is that x(S) < y(S). From condition (C3), we have

li 1)< £).
ARAO < 0
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On the other hand, the definition of infimum implies that the only possibility is that

li t)=1 t).
Mg, () = lim ()

We can now apply Lemma 4.6 and construct the solution

y(t) ift € la,1),

4= x(t) ift € (1,b].

But z and y are two different solutions with z(a) = y(a) and this is also a contradiction.
Thereby, the result follows. ]

The next result is a version of Massera’s Theorem (Theorem 4.3) for generalized ODEs.
It is a new result and it can be found in [14].

Theorem 4.10 ([14, Theorem 3.1]). Consider that F : R X R — R satisfies (C1)-(C3) and
suppose that there is a function M : R — R such that

F(x,t+T)—F(x,t) = M(x)

foraT >0 and every (x,t) € R x R. Then the existence of a bounded solution of (4.3) also
implies the existence of a T—periodic solution of (4.3). Furthermore, each bounded solution

of (4.3) is asymptotic to a T—periodic solution of (4.3).

Proof. Suppose that xp: [tg,+o0) — R is a bounded solution of (4.3). Hence, there is a
constant P > 0 such that |x(¢)| < P for all # € [ty,+o0). For each n € N, define the function

Xpt [l‘(), —I—OO) — R,
t— x(t+nT).

From Lemma 4.7, x,, is also a solution of (4.3).
We will suppose that x(#y) > x1(f9) and the other case follows analogously. Applying
Lemma 4.9, x(t) > x(t) for every t € [ty,+o0). This also implies that

Xp(t) =x(t+nT) = x1(t +nT) = x,11(2).

Therefore, {x, },cn is a nonincreasing bounded sequence of functions. Thus, there exists a
function y: [tp,+o0) — R that is the pointwise limit of the sequence {x;, },cN-
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It is possible to apply Corollary 1.18 because of conditions (C1) and (C2). As a conse-

quence, , ,
lim [ DF(xu(7),1) = / DF(y(7),1).

n——+o J 4

From the calculation below,

y(t) = lim xo(f) = lim (xn<to>+ / bDF(xnm,r)) = (0)+ [ DFO(E)0),

n—r—+oo n——-o0

it follows that y is also a solution of (4.3). On the other hand,

Yto+T) = ngffwxn(lo +T) = nglfwxnﬂ (to) = y(t0)

and we conclude that y is a T—periodic solution of (4.3).
It remains to show that x is asymptotic to y. Condition (C2) guarantees that there is a
v > 0 such that

u dr
Qu)= | —, ue (0,4
W= [ ot 4EO+=)
is a continuous increasing function with lim Q(u) = —ccand lim Q(u) = < 4. Asa
u—0+ u—r—+oo

consequence, Q! can be defined in (—oo, ) and it is also an increasing function.
Therefore, given € > 0, choose an 11 > 0 such that Q(n) + h(ro+T) — h(tp) < B and
QHQ(N) +h(to+T) —h(tg)) < €. By Lemma 4.8, we can assume that A(t + T') — h(t) has
the same value for every ¢ that / is defined.
Define now the function ¢(r) = |x(z) —y(¢)| for ¢ € [ty,+e0). From the first part of this
proof, we know that y is T—periodic and, therefore,

ml;njgwx(to +mT) = ml_lg}ooxm(l‘()) =y(to) = y(to+mT).
Thus, there is mgp € N such that @(to + mT) = |x(to +mT) —y(to+mT)| < n for every
m = my.
Consider now ¢ > to+mgT. There is a unique m > mq such that to +m7T <t <to+m(T +
1). Applying the remarks above and condition (C2), we obtain

o) = [sto+m) = [ DPG(R).9) ~slto+mT) = [ DE((E.)
< Jslo-+nT) =stto+ D)l +| [ DIF(:(2).9) = FO(e).
<n+ [ allals) ~3(6))dh(s).

to+mT
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From the nonlinear version of the Gronwall’s Inequality (Theorem 1.23), it follows that

o(t) <Q QM) +h(t) —h(to +mT)) < Q1 (Q(n) +h(to+ (m+1)T) — h(tg +mT))
=Q Q) +h(to+T) — h(tp)) < .

Thereby, tET y(r) = 0 and the proof is complete. O

Remark 4.11. Notice that Theorem 4.10 does not require the function F(x,t) to be periodic
on the second variable, as done in Theorem 4.3. Our assumptions are weaker, without loosing
any properties in the result.

Besides that, another difference between both results is that here, we need condition
(C3) and Lemma 4.9 to guarantee that the periodic solution of (4.3) exists. Such auxiliary
result is only needed because the solution of a generalized ODE can be discontinuous and,
otherwise, we would not be able get a monotone sequence of solutions of (4.3). On the other
hand, such result is not valid for a classical ODE, which the solution is usually assumed to
be continuous.

Lastly, here we applied a nonlinear version of the Gronwall’s Inequality (Theorem 1.23)
to guarantee that the bounded solution of 4.3 is asymptotic to the periodic solution of 4.3.
On the original case, we can use a simpler way applying the Arzela-Ascoli’s Theorem, as
done in [9, Theorem 4.1.10].

The next example shows a function that satisfies all conditions of Theorem 4.10.
Example 4.12 ([14, Example 3.4]). Let

& DF(x,1),
dt
where F : R x R — R is given by F(x,t) = (i+ 1 —t)xforallt € (i,i+ 1], i € Z.

One of the hypotheses of Theorem 4.10 is satisfied because F(x,t + 1) = F(x,t) for all
x,t € R. In this case, T = 1. To see that (C1) and (C2) are also fulfilled, suppose that
O C [-K,K]| C R is a bounded set and K > 1.

Consider @ : [0, 4c) — [0,+00) defined as w(r) =rand h: R — R by h(s) = K(s +1)
foralls € (i,i+1], i € Z. Let 51,52 € R be such that s1 < s,. There are unique m,n € Z such
that sy € (m,m+1], s, € (n,n+1]. For all x,y € O, we obtain

|F(x,50) —F(x,81)| = |(n+1—=s2)x—(m~+1—s1)x| <K|(n—m)— (s2—51)|
< K|(n—m)+ (s2—s1)| = |h(s2) —h(s1)]-
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Similarly,

|[F(x,82) = F(x,81) = F(y,82) + F(y,51)] < |h(s2) = h(s1)|@(|x = y]).

It remains to show that condition (C3) holds. Observe that such condition is always valid

where t — F(x,t) is continuous. Suppose now that x <y andt € Z. As a consequence,
x+F(x,t+) —F(X,t) =2x < 2y :y+F(y7t+) _F(y7t))

Therefore, all conditions of Theorem 4.10 are satisfied. If we can show that there is a
bounded solution, the theorem implies that it is asymptotic to an 1—periodic solution.

Since we are able to write F as F(x(7),t) = x(7)g(t), our integral ffDF(x(T),s) can
be seen simply as ffx(s) dg(s). Furthermore, if [s1,s2] C (i,i+ 1] with i € Z, then g(s2) —
8(s1) = s1 —s2. Therefore, [*x(s)dg(s) = — [;2x(s) ds.

In other words, the generalized ODE reduces to the ODE x'(t) = —x(t) in each interval
(i,i 4 1]. Thus, we only need to see what happens to the solution at i € 7., because we already
know how it behaves in each interval (i,i+ 1). For that, Lemma 1.35 implies the following
equality

x(i+) = x(i) + F (x(i),i+) — F(x(i),i) = 2x(i).

Combining all the information above, we obtain x(t) = 2x(i)e” """ forall t € (i,i+ 1].
Therefore, every solution is bounded and, by Theorem 4.10, they are all asymptotic to the
1—periodic solution. It is also easy to see that the only periodic solution is the constant zero.

Figure 4.1 illustrates some solutions of this problem.

Figure 4.1 Solutions with x(0) = 2 and x(0) = —2, [14], Figure 1.
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Before we present a version of Massera’s Theorem for higher dimensions, let us remember
what is a system of linear generalized ODEs.

Consider a function A: R — L(R") and f: R — R". An n—dimensional system of linear
generalized ODE:s is represented by

dx
o =DlA)x+£(0)], @5

where x takes values in R". (4.5) is a special case of the generalized ODE with F(x,t) =
A(t)x+ f(¢) and is equivalent to the integral equation

t

x(t) = x(10) + | d[A(s)lx(s) + f(2) = f(t0)-

To

We introduce the following conditions:

(D1) A: R — L(R") has locally bounded variation and I — A" A(¢) is invertible for each
reR.

(D2) f: R — R"is regulated.

In Chapter 1, we saw that combining condition (D1) the fact that f: R — R" is a function of
bounded variation, we obtained the existence of a unique solution defined on [fy, +e0) and
satisfying x(79) = x¢. It is possible to assume (D1) and (D2) instead (see [31, Theorem 7.4.5])
and obtain the same result. Let us denote it by x(-,#,xg) the solution with initial condition
X (l‘o) = XQ.

To prove the version of Massera’s Theorem for higher dimensions, the Brouwer Fixed

Point Theorem will be applied. Such theorem is presented below and it can be found in [12].

Theorem 4.13 (Brouwer Fixed Point Theorem). Suppose that P: K — K is a continuous

map and K is a convex compact subset of an Euclidean space. Then, P has a fixed point.

The next result is a version of Massera’s Theorem (4.5) for generalized linear systems. It

is new in the literature and it can be found in [14].

Theorem 4.14 ([14, Theorem 4.1]). Let A: R — L(R") and f: R — R" be such that (D1)
and (D2) hold. Furthermore, suppose that there are T > 0, C € L(R") and D € R" such that

A(t+T)—A(t)=C and f(t+T)—f(t)=D foreverytcR.

If (4.5) has a bounded solution on [ty,+o0), then it has a T—periodic solution.
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Proof. Suppose that x(,7,x0) is a bounded solution of (4.5) on [fy, +o0). Hence, there is a
constant B > 0 such that ||x(¢,%,x0)|| < B for every t € [tg, +o0). The idea of the proof now
is to apply the Brouwer Fixed Point Theorem on the Poincaré map P: R" — R"

to+T
P(y) =x(to+T,t0,y) =y+ d [A(s)]x(s,10,y) + £ (2) — f(t0).
To
It is immediate to see that P is a continuous map on R”.
Let us consider its restriction to the set

A={yeR": ||x(t,t9,y)|| <M foreveryt>ty}.

Since xg € A, we already know that the set is not empty. To see that A is also convex, consider
20,y0 € A and a € (0,1), then

ox(t,t9,20) + (1 — a)x(z,10,¥0)

to+T
a1A(5)] (5,10, 20) + F(1) —f(m))

to+T

=OC<Z0+

Ty

+-a) 0+

=oxp+ (1 —a)yo+ t0+Td [A(s)] (oex(s,f0,x0) + (1 — &)x(s,t0,y0)) + f(t) — f(t0)-

To

d1A(5)] (5, 10,y0) + £(1) —f(to))

Io

Therefore, the function ox(-,%,x0) + (1 — @)x(+,29,y0) is also a solution of (4.5). Notice
that it coincides with the solution x(-, %y, oxp + (1 — @)yp) at 7y and, by the uniqueness of
solutions, we have

ot 10 0o+ (1= @0)y0) | = [l 0,x0) + (1 — @)x(t, 10, 0) | < M + (1 — )M = M

for each t > 1y. From the calculation above, we conclude that oxg + (1 — o) yg € A.

It is clear that A is bounded. It remains to show that A is closed. For that, consider a
sequence {y, }neny C A such that y, — y. Then ||x(z,f0,y,)|| < M for every t > ty and, thus,
||x(¢,20,¥)|| < M for every t > ty. Hence, y € A and we obtain that A is a bounded closed
subset of R”.

Notice now that we can apply Lemma 4.8 for F(x,t) = A(t)x + g(¢). Thus, for every
y € R", the map ¢ — x(t + T,1p,y) is a solution of (4.5). At the point fo, it coincides with
x(t,t9,P(y)). Therefore, if y € A, we get

1z, 20, POIO))| = [|x(t + T 20, y) [| < M.
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This implies that P: A — A. By the Brouwer Fixed Point Theorem, we conclude that P has a
fixed point Xy € A. Therefore, x(o,to,%o) = %o = P(Xo) = x(to + T, 19, %o ). Using Lemma 4.8,
x(t,19,X0) is a T—periodic solution of (4.5). O

4.3 Massera’s Theorem for Other Types of Equations

Once we obtain the results for the generalized ODEs, it is easy to get similar results for
different types of differential equations with discontinuous solutions. It is only necessary to
apply the relations presented in Chapter 3.

Let us start by presenting versions of Massera’s Theorem for measure DEs. Such type of

differential equations have the following equivalent integral form:

x(t) =x(t0) + [ f(x(s),5)dg(s). 4.6)

fo
The integral above is in the Henstock—Kurzweil-Stieltjes sense.
To see more details about this type of equations, see Chapter 3. We begin with the new
result considering only scalar measure DEs, found in [14].

Theorem 4.15 ([14, Theorem 5.1]). Suppose that f: RXR — R and g: R — R are such
that:

* g is left—continuous, nondecreasing and there are real numbers K,T > 0 such that
g(t+T)—g(t) =K foreacht € R;

* f is continuous in the first variable and T—periodic in the second;

* foreachsy,s, € Rand every x € R, the Henstock—Kurzweil-Stieltjes integral fsslz f(x,s)dg(s)

exists;

* for every bounded set B C R, there exists a function m: R — R for which |, Yslzm(s) dg(s)
exists for every s, sy € R and there is a continuous increasing function ®: [0, 4o0) —
[0, 4-00) with @(0) = 0 and lir(I)l [,/1/(r)dr = +eo for a certain v > 0 such that:

u—0+

| s dgts)

S1

() = £029))dgls)

S1

< /szm(s) dg(s), 4.7)

$1

<o) [ mls)dg(s) (4.8)

S1

for every x,y € B and s1 < s2;
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o ifx,y € Rwithx <y, then x+ f(x,t)ATg(t) < y+ f(y,t)ATg(t) for everyt € R.

Then the existence of a bounded solution of (4.6) also implies the existence of a T—periodic
solution of (4.6). Besides that, each bounded solution of (4.6) is asymptotic to a T—periodic
solution of (4.6).

Proof. Define F: RxR — R as

t
F(ea) = [ fx,5)dg(s)
0
where the integral above is in the Henstock—Kurzweil-Stieltjes sense. We will see that all the
conditions of Theorem 4.10 are satisfied and then, we can use the correspondence between
the differential equations to obtain the result.
The hypotheses (4.7) and (4.8) imply that F satisfies conditions (C1) and (C2) with
h(t) = ftgm(s) dg(s), t € R. Notice that & is left—continuous, as it was supposed in these
conditions, because g is left—continuous and we can apply Theorem 1.11.

On the other hand, (C3) follows directly from the hypotheses and the calculation:

x4 lim F(x,s) = F(x,1) = x+ f(x,0)ATg(t) <y+ f(31)ATg(t) = y+ lim F(y,s) —F(y,1)
s—t+ s—t+

for all € R and every x,y € R such that x < y.
Since f(x,t+T) = f(x,t) and g(t +T) — g(t) = K for every ¢t € R, we also obtain that

t+T to+T

Floi+T)—F(i)= [ flx.s)dg(s) = / F(x,5)dg(s).

t 0

Therefore, F satisfies all the conditions of Theorem 4.10 with M(x) = tg°+T f(x,s)dg(s).
We can now apply Theorem 3.5 to obtain the result for measure DEs and the proof is

complete. 0

A linear measure DE is an integral equation of the form

t
x(t) =x(to) + | (p(s)x(s) +4(s))dg(s), (4.9)
0
wherefp € R, p: R — L(R"), g: R — R" and g: R — R. In other words, (4.9) is a particular
case of (4.6) with f(x,1) = p(t)x+q(t).
Next, we present Massera’s Theorem for this type of linear equations. It is a new result

and it can be found in [14].
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Theorem 4.16 ([14, Theorem 5.2]). Consider g: R -+ R, p: R — L(R") and g: R — R"
with the following properties:

* g is left—continuous, nondecreasing and there exist K,T > 0 such that g(t +T) —g(t) =
K for everyt e R;

* p, q are T—periodic functions and are integrable with respect to g on every interval
[Sl,S2] CR;

e there exists a function m: R — R that is integrable on every interval [sy,s2] C R and

also

[ pts)dsts)

S1

< /s2 m(s)dg(s). (4.10)

S1

Then the existence of a bounded solution of (4.9) implies in the existence of a T—periodic
solution.

Proof. DefineA: R — L(R") and f: R — R" as

A0 = [ p)dgs), 1= [ a(s)agls)

Io fo

and the integrals above are in the Henstock—Kurzweil-Stieltjes sense.
Since g is regulated and left—continuous, Theorem 1.11 guarantees that A and f are also
regulated and left—continuous. Besides that, it follows directly from (4.10) that

52

vargA < /s m(s)dg(s)
1

for each [s1,s2] C R.

As a consequence of p and g being T—periodic, we get

t+T to+T
A+T) =AW = [ p(s)delo)= [ p(s)dels) = Alto+T) Alw)

To

+T to+T
Fe+T) =0 = [ al)dsto)= [ q(5)dg(s) = flo+T) = ().

fo
From the correspondences, we obtain ftgd[A(s)]x(s) = f,g p(s)x(s)dg(s). Therefore, the
measure DE (4.9) is equivalent to the generalized linear ODE
t
x(t) = x(10) + | d[A(s)lx(s) + f(2) = f(t0),

To

and the result follows from Theorem 4.14. L]
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We will consider now a time scale T and a nonlinear dynamic equation on time scale as
t

x(t) =x(t0)+ [ f(x(s),s)As, teT, 4.11)
fo

where 7o € T and f: R x T — R. For more details about this type of equation, see Chapters
2 and 3. Since we study periodic problems in this Chapter, we also need the definition of a
periodic time scale.

Definition 4.17 ([14, Definition 6.1]). Given T > 0, a time scale T is called T—periodic if
t—T,t+T cTforeveryt T.

We now prove Massera’s Theorem for this integral equations.

Theorem 4.18 ([14, Theorem 5.2]). Let T be a T—periodic time scale and suppose that
f: RxT — R satisfies:

* f is continuous in the first variable and T—periodic in the second variable;

. fsslz f(x,s) As exists in the sense of Henstock—Kurzweil-Stieltjes for every [s1,s2|T and
xeR;

* for every bounded set B C R, there exist a function m: T — R that is A-integrable on
every interval [sy,s2|T and a continuous increasing function @: [0,4c0) — [0, +o0)
with ®(0) =0 and lir(? [71/0(r)dr = +oo for a certain v > 0 such that

u—0+

/s2 f(x,s)As

S1

$2
< / m(s) As,

51

[ () = ) 8

51

<olr—l) [ m(s)as

1
for every x,y € Band s1 < s2;

o ifx,y € Rwithx <y, then x+ f(x,t)u(t) <y+ f(y,t)u(t) for everyt € T.

Then the existence of a bounded solution of (4.11) also implies the existence of a T—periodic
solution of (4.11). Moreover, each bounded solution of (4.11) is asymptotic to a T—periodic
solution of (4.11).

Proof. On Chapter 2, we defined the operator x: T* — T as t* = inf{s € T: s > t}, where

T — (—oo,supT] if supT < oo,
(—oo,400)  if supT = oo,
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Notice that in this case, since T is T—periodic, sup T = +-o0. Therefore, T* = R. Besides that,
for any function 2: T — R", we also denoted as h* for the composition A*(r) = h(t").

Given f: Rx T — R, define f*: Rx T* — R as f*(x,t) = f(x,#"). Consider also
g: T* — T defined as g(r) = ¢*. It is easy to see that g: T* — T is a nondecreasing and
left—continuous function. Furthermore, g(t +7) — g(¢) = T because T is T—periodic time
scale.

Besides that, for any t € T, we get

Atg(t)= lim inf{s € T: s> x} —inf{s€T: s>t} =inf{s € T: s >t} —t = u(t).

X—t+

Analogously, we obtain AT g(t) = 0 for t € R\ T. It follows that, if x,y € R are such that
x <y, then
X+ (2 0)ATg (1) <y+ 1 (n1)ATg(r), VieT =R,

Theorem 3.9 and Proposition 3.11 imply that

/fsts-/fxsdg /fxsdg

for every [s1,s2] C R and x € R. If we consider x € B C R, we obtain

/ m(s)As = /S2 m*(s)dg(s).

S1

<a(r—l) [ (s)de(o

This shows that the functions f*, g satisfy all the assumptions of Theorem 4.15 and we can

Similarly,

[ ) = 79 dg)

51

apply Theorem 3.12 to obtain the desired result. 0

Next, we consider a system of linear dynamic equation on time scales
t
x(t) =x(t0) + [ (p(s)x(s) +q(s)As, €T, (4.12)

To

where to € T, p: T — L(R") and g: T — R". (4.12) has an equivalent form as
A1) =pt)x+q(t), teT.

A version of Massera’s Theorem for this type of equations is presented below. It generalizes

the ones found in the literature and more details about that will be given after the result.
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Theorem 4.19 ([14, Theorem 6.6]). Let T be a T—periodic time scale. Suppose that p: T —
L(R") and q: T — R" satisfy:

* p and q are T—periodic and Henstock—Kurzweil A-integrable on every interval [sy,s2]T;

* there exists m: T — R that is Henstock—Kurzweil A-integrable on every interval

/ss2 p(s)As

1

[s1,82]T and also

52
< / m(s) As.
N

1

If (4.12) has a bounded solution, then it has a T—periodic solution on T.

Proof. Since T is T—periodic, T* = R. Define g: R — T as g(¢t) =" for every r € R. As
commented in the previous theorem, we already have that g is nondecreasing, left—continuous
and g(t+T)—g(t) =T for every t € R. It is also easy to see that p* and ¢ are T—periodic,
because p, g are T—periodic and the time scale is 7—periodic.

Applying Theorem 3.9 and Proposition 3.11, p* is Henstock—Kurzweil-Stieltjes inte-
grable on an arbitrary interval [sy, ;] and, also,

*

/ss2 p(s)As

*
1

_ </ % m(s) s = | (s)dsts).

*
1 1

| p5)asts)

Theorem 3.9 also implies that ¢* is integrable on [sy,s,]. Therefore, all the assumptions
of Theorem 4.16 are satisfied. It is enough to apply Theorem 3.12 for y(¢) = y(to) +
ftg (p*(s)y(s)+g*(s))dg(s) to obtain the desired result. O

Remark 4.20. There are other results in the literature involving the Massera’s Theorem in
time scales, such as [4] and [25]. However, [4] deals with the case T = qNO, q > 1, which is
not a periodic time scale and, therefore, there is no intersection between the results in that
article and in [14].

In [25], the authors deal with periodic time scales and, although our definition is
different, it can be easily adapted to the same type of condition presented there. Besides that,
their version of Massera’s Theorem for linear equations ([25, Theorem 3.1]) has stronger
hypotheses ( f is required to be rd—continuous). There are no results for the 1—dimension
case and no results involving the asymptotic behavior of solutions.

Moreover, we could have gotten even more general results if we considered the Henstock—
Kurzweil-Stieltjes A—integral, instead of the Henstock—Kurzweil A—integral. We commented
about difference between both equations in Chapter 2 and one may find more details in [31].
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We can also consider impulsive DE

x(t) = x(to) + ttf(x(s),s)ds—i— Z Ii(x(7))), (4.13)

JEL,
[Q<1j<l‘
where f: R" xR —R", I;: R" — R" for each j € Z, {7;} jez is an increasing real sequence.
Such equations can be treated as particular cases of the generalized ODEs. With this
correspondence, we are able to obtain the Massera’s Theorem for nonlinear scalar impulsive

differential equations.

Theorem 4.21 ([14, Theorem 7.3]). Consider a sequence {7} jcz, C R and functions F : R x
R—Randl;: R—R, j€Z, suchthat T < Tjyy and T >0, m € N for which Tj = T;_,,, + T
and l; = 1;_,, for each j € Z. Besides that, suppose:

* f is continuous in the first variable and T—periodic in the second;

* The Henstock—Kurzweil integral [ f(x,s)ds exists for each interval [sy,s2] C R and

everyx € R;

* for every bounded set B C R, there exist a function m: R — R that is Henstock—
Kurzweil integrable in every interval [s1, s3] C [0,+c0) and a continuous increasing
function ®: [0,+o00) — [0,+o0) with ®(0) =0, MLH& [/1/o(r)dr = +oo for a certain
v >0, and

$2
< / m(s)ds,

51

/sz f(x,s)ds

51

<olr—l) [ mls)ds

S1

() = ) s

S

forall x,y € B and s| < sp. Assume also that for each j € {1,...,m}, there exists a

constant m; > 0 such that
(i) <mjand  |Ij(x) = ILi(y)| < o(]x—y|)m;

forall x,y € By
s ifz,y e Rwithz <y, then z+1;(z) <y+1;(y) for each j € {1,...,m}.

Then the existence of a bounded solution of (4.13) also implies the existence of a T—periodic
solution of (4.13). Moreover, each bounded solution of (4.13) is asymptotic to a T—periodic
solution of (4.13).
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Proof. Define f : R xR — R as done in Theorem 3.17, that is,

f(Zat):

_ {f(z,t), if reR\{1;:/j€Z};
I(z), ifre{r;:jeZ}.

Also, define g: R — R as
gt)=t+j, te(rj,tiy1]andjecZ.

Hence, by Theorem 3.17, (4.13) is equivalent to the measure DE

t
x(0) =x(to) + | Fx(s),5)dg(s). (4.14)
Now, we want to prove that f and g satisfy all assumptions of Theorem 4.15. First, it
is easy to see that g is a nondecreasing, left-continuous and g(r + T') — g(t) = m for every
teR.
On the other hand, consider z,y € R such thatz <y. If t € R\ {7, : j € Z}, it is immediate
that A" g(t) = 0. Therefore,

2+ fz0)ATg(t) =z <y=y+F(y,1)ATg(1).

Ifr € {t;: j€Z}, then A*g(t) = 1 and we obtain

2+ f@)ATg(r) =u+1i(z) <y+1i(y) =y+ F(3,1)ATg(2),

for some j € Z.

From the definition of f , it is easy to see that this function is continuous on the first vari-
able and T—periodic on the second. Besides that, the Henstock-Kurzweil integral [;* f(x,s) ds
exists for each interval [s1,s2] C R by hypothesis. Therefore, applying Corollary 3.16, the
Henstock-Kurzweil-Stieltjes integral [ f(x,s) dg(s) also exists.

It remains only to show that (4.7) and (4.8) are satisfied. By hypothesis, given a bounded
set O C R, there is a Henstock—Kurzweil integrable function m: R — R such that

/ss2 f(x,s)ds

52
g/ m(s)ds, Vs; <sp.
51

Besides that, there are integers m;j, j € {1,...,m} such that ‘I j’ < mj. Define the sequence

{mj}icz such that m .7 = m; where j € {1,...,m} and z € Z. Finally, define i: R — R as
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m(t), ifteR\{7:ieZ},

mj, if t = 1; for some i € Z.

m(t) =

Applying Corollary 3.16, we get

A 52
/ Flx,s)da(s)| = / fs)ds+ Y 1)
51 51 JEL,
S1<Tj<S2
52 52
g/ m(s)ds+ Y mj:/ n(s) da(s),
51 J€Z, 51
S]<Tj<S2

for every x € O and s1 < s, proving that (4.7) is satisfied. Analogously, we can show that
(4.8) 1s satisfied. Therefore, by Theorem 4.15 and the equivalence between (4.14) and (4.13)
(Corollary 3.16), we obtain the desired result. 0

Finally, we present the result for linear impulsive DE:

t
x(t) = x(19) + t (p(s)x(s)+¢q(s))ds+ Z (Ajx(t;)+bj), (4.15)
0 €z,
tojgel'j{l‘
with p: R—L(R"),q: R—+R", A; € L(R"), and b; € R" for every j € Z. Notice that (4.15)
represents a special case of (4.13) with f(x,7) = p(t)x+¢(t) and I;(x) = A jx + b; for all
xeRYLteR, jeZ.

Theorem 4.22 ([14, Theorem 7.4]). Consider a sequence {7;}cz C R, A; € L(R") and
b; eR", j € Z, suchthat T; < Tjy1 and there exist T >0 and m € N for which ©j = tj_,, + T,
Aj=Aj ,andbj=Dbj_,, for j € L.

Besides that, suppose that p: R — L(R") and q: R — R" satisfy:

* p, q are T—periodic and integrable on every interval [sy,s;] C R;

* there exists m: R — R such that m is integrable in the sense of Henstock—Kurzweil—

Stieltjes on every interval [s1,s2] C R and also

/SIS2 p(s)ds

If (4.15) has a bounded solution, then it also has a T—periodic solution.

< /szm(s) ds.

51
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Proof. Define g: R — R as
gt)=t+j, te(tj,7i41]andjecZ.
Also define p: R — L(R") and §: R — R" as

p(t), ifteR\{1j:jeZ},

A

i» if 1 = 7; for some j € Z,

qt), ifteR\{t;:jeZ},

bj, if t = t; for some j € Z.
By Theorem 3.17, (4.14) is equivalent to

t
x(1) = x(to) + . (B(s)x(s) +4(s)) dg(s).
It remains only to show that p, § and g satisty all the hypotheses of Theorem 4.16.

It is immediate to see that g is left—continuous, nondecreasing and g(t +7) — g(t) = m,
for every ¢t € R. Besides that, it is also easy to see that p and g are T—periodic and Corollary
3.16 guarantees that both functions are Henstock—Kurzweil-Stieltjes integrable.

Lastly, define /2: R — R as

m(t), ifteR\{r;:jeZ},

|A;ll, ift =7, for some j € Z.

m(t) =

Applying Corollary 3.16 once again, we get

52 52
[ )| =|| [ poas+ ¥4,
S1 S1 jEZ7
SISTi<s2
52 52
< [Tms)as+ Y4l = [ i) ds(s).
51 Jj€z, 51
S1STi<82
for every s; < s2. Thus, applying Theorems 3.17 and 4.16, we conclude the proof. [

Remark 4.23. There are other versions of Massera’s Theorem for impulsive DEs in the

literature, such as [1] and [19]. Nevertheless, the results obtained here are more general
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because they derive from the Henstock—Kurzweil-Stieltjes integral. Therefore, unlike what is
done in the other articles, the Riemann or even Lebesgue integrals of the functions we study

here do not necessarily exist.
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