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Summary

This Thesis, entitled Differential problems with Stieltjes derivatives and applications, is a
collection of the research work developed by the author during his predoctoral stage. As
the title suggests, this research revolved around the concept of Stieltjes derivative. Roughly
speaking, this type of derivative is a modification of the usual derivative through a nonde-
creasing and left—continuous map. This change in the definition allows us to study several
differential problems under the same framework.

In what follows, we present a summary of the five chapters conforming this manuscript in
order to provide a more detailed explanation of its contents. According to the topics covered
in the different chapters included in this manuscript, we can divide it into three different
parts. The first part corresponds to Chapter [I| and it is focused on measure theory and, in
particular, on some Stieltjes integrals, which are a fundamental tool for this Thesis. The
second part of the manuscript consists of Chapters2]and[3] where we turn our attention to the
study of two different derivatives, the displacement derivative and the Stieltjes derivative, as
well as their relations. Finally, Chapters [4] and [5] conform the third part of this work. Here,
we study differential equations with Stieltjes derivatives in depth, while also featuring their
applicability to different situations.

Chapter (1t Integration theory

In order to construct a self—contained work, Chapter [[]includes a collection of concepts and
results which are fundamental for the work in the following chapters. In particular, this
chapter focuses on integration theory.

First, we present the concepts of measurable and measure spaces following, primarily,
[15,/73]]. With this, we introduce the concept of integrals with respect to a measure, as well as
the Radon—-Nikodym Theorem. These two tools are the key for the construction of integrals
in Chapter 2]

In Section we turn our attention to the study of some Stieltjes integrals. Specifically,
we explore the Lebesgue—Stieltjes and the Kurzweil-Stieltjes integrals on the real line. Fol-
lowing [5]], we define the former as the integral with respect to a Lebesgue—Stieltjes measure,
i.e. a Borel measure that assigns finite value to bounded sets. Later, using Carathéodory’s
Extension Theorem, we show that given a nondecreasing and left—continuous map, we can
construct a Lebesgue—Stieltjes measure. Conversely, given a Lebesgue—Stieltjes measure, (i,
we can construct a map satisfying those hypotheses by considering the map g : R — R

iii
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defined as
—u([z,0)), ifx<0.
g(z) =10, ifz =0,
w([0,2)), ifz>0.

In other words, there exists a bijection between the set of Lebesgue—Stieltjes measures and
the set of nondecreasing and left—continuous functions up to a constant. This is particularly
interesting for the construction of a measure in Chapter 2} as well as for the contents of
Chapter[3]

On the other hand, the Kurzweil-Stieltjes integral is not defined as the integral with re-
spect to a measure, but rather in a way that is reminiscent of the Riemann integral. In this
case, the definition involves a function defining the integral, called integrator. This, together
with the bijection mentioned above, allows us to establish some connections between the
Kurzweil-Stieltjes and the Lebesgue—Stieltjes integral, following [|65]].

Chapter 2: The displacement derivative

In this chapter we focus on the construction of a new derivative on the real line following the
work in [[61]]. The idea for this derivative comes from observing the definitions in [[15}|54}/67]
and noting that they all revolve around the same idea: measuring how far apart things are
while preserving the sense of direction. With this idea in mind, we defined the concept of
displacement. A displacement on a set X isamap A : X x X — R satifying the following
two properties:

(a) Forallz € X, A(z,z) = 0.

(b) Forall z,y € X,
[A(z,y)| = sup {Hg{gf [A(@, zn) ] {zntnen € X, Tim [A(y, 2,)| = 0}-

Displacement spaces are proven to be a generalization of metric and pseudometric maps and,
in a similar way to those, it is possible to endow the corresponding space with a topological
structure defined in terms its displacement map. In Section [2.1| we explore the topological
aspects related to this new concept.

Later, in Section[2.2] we focus on constructing some analytical structures on the real lines
compatible with the concept of displacement. Specifically, we work under the assumption
that there exists A : [a, b] X [a,b] — R satisying the following hypotheses:

(H1) Forall z € [a,b], A(z,z) = 0.
(H2) Forall z € [a, b], the map A(x, -) is nondecreasing and left—continuous.
(H3) There exists 7 : [a, b] x [a,b] — [1,400) such that

(i) Forall x,y, z,Z € [a, b],

1Az, 2) = Az, 9)| <(2,2)|AZ2) — AZ,y)l.

iv
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(i) Forall z € [a, b],
lim (2, z) = lim y(z,2) = 1.
zZ—z zZ—z

(iii) For all z € [a, b], the maps y(z, -),v(+, 2) : [a,b] — [1, +00) are bounded.

Observe that the hypotheses (H1)-(H3) do not match the ones considered in [61]. This is
because, although it might not be clear directly from the hypotheses, these conditions are
enough to ensure that the map A defines a displacement on [a, b], which allows us to remove
some of the hypotheses there considered.

In Section[2.2.1] we turn our attention to the construction of a measure in this context. We
do this by noting that the hypotheses allow us to define “local” Lebesgue—Stieltjes measures
which are absolutely continuous with respect to each other. This means that the hypotheses of
the Radon—Nikodym Theorem are satisfied, which plays a fundamental role for this section.
After that, in Section [2.2.2] we introduce and study the concept of displacement derivative,
which is essentially defined as

v=r Az,y)

Finally, in Section[2.2.3] we connect the concept of measure and derivative through the Fun-
damental Theorem of Calculus following similar reasonings to the ones in [[54]f] for the Stielt-
jes derivative.

Chapter 3: The Stieltjes derivative

This third chapter is devoted to the study of the Stieltjes derivative on the real line. Roughly
speaking, this derivative is computed as

for some nondecreasing and left—continuous function g : R — R, which we call derivator.
Naturally, this derivative is a particular case of the displacement derivative introduced in the
previous chapter. However, the connection between these two concepts goes beyond that.
In Section [3.1] we explore these relations, proving that both derivatives are equivalent us-
ing the bijection existing between Lebesgue—Stieltjes measures and nondecreasing and left—
continuous functions. Later, in Section [3;2] we gather all the information available on this
type of derivatives by adapting the results in Chapter 2] to this context, as well as including
the results in [[331[54]).

The final aspect that we cover in this chapter is the relations between differential equations
with Stieltjes derivatives, also known as Stieltjes differential equations, of the form

xlg(t) = f(t,.%‘(t))7 le [a,b), (D

and other known differential problems, using the ideas in [33}/49.54]]. It follows from the def-
inition of this derivative that ODEs are a particular case of [(I)] However, in Section [3.3.1| we
show that, under the correct hypotheses, every differential problem with Stieltjes derivatives
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reduces to an ODE. In particular, this equivalence provides a way to obtaining solutions to
equations of the form[(T)] provided we can solve the associated ODE. In a similar fashion, in
Section [3.3.2] we have a look at impulsive differential problems of the form

a'(t) = f(t, (1), tela,b)\J,
a(th) = a(t) + L(x(t), te,

for a countable set J. In this case, by choosing an adequate derivator, we can show that
this problem is equivalent to a Stieltjes differential equation. Finally, in Section [3.3.3] we
introduce the Hilger derivative and the differential problems with this type of derivative.
Then, adapting some of the ideas in [[79], we show that such problems can be studied as
equations of the form|(1)|for a specific derivator.

Chapter @: Stieltjes differential problems with a single derivator

Chapter [] revolves around the study of existence and uniqueness of solution for different
Stieltjes differential problems, as the title suggests. Observe that that same title remarks the
usage of only one derivator. By this we mean that, even thought we might be looking at prob-
lems in R™, we are always considering the same Stieltjes derivative in all the components.
In particular, given a nondecreasing and left—continuous function, g : R — R, we will con-
sider the following three types of differential problems with Stieltjes derivatives: initial value
problems of the form

zy(t) = f(t,2(t)), x(to) = 2o, )

with f : [to,to + T) x R™ — R"; Stieltjes differential equations with functional arguments
such as

x;(t) - f(t’x(t)vx)v B(x(t())ax) =0, 3

with f : [to,t0 +7T) X Rx X — Rand B : R x X — R for an some Banach space, X; and
Stieltjes differential inclusions,

xy(t) € F(t,z(t)), x(to) = o, 4

with F': [to,to + T) x R" — P(Rn)

Section [4.1] deals with initial value problems like [(2)] following [48]49, 51l 53} /581 59].
Specifically, in Section .1.T} we present methods to obtain explicit solutions for the linear
equation in its homogeneous and nonhomogeneous formulation, as well as the initial value
problem with separation of variables. Next, in Section we adapt some well-known
existence and uniqueness results for ODEs to the context of Stieltjes differential equations.
In particular, we explore the differential problems under the Lipschitz condition,

[f(t,2) = fE o)l < Lt)]e —yll,  g-aa telto,to+T), x,yeR"
the Osgood condition,

1f(tz) = fE )l Sw(lle—yl)  g-aa teltoto+T), =yeR"
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the Montel-Tonelli condition,

1t 2) = )l < ew(llz —yl), g-aatelto,to+T), wyeR

and the Perron condition,
Hf(tax)_f(tay)u Sw(t,Hx—yH), g_a'a'te [t()vt()+T)7 xvyERn‘

Later, we focus on the study of [(2)| through the method of lower and upper solutions in R.
This is done in Section where we first look for extremal solutions between a pair of
well-ordered lower and upper solutions, and next, we investigate necessary and sufficient
conditions for the supremum of lower solutions and the infimum of upper solutions to be the
extremal solutions of[(2)}

The study of [3)]is carried out in Section[d.2] Here, using an existence results obtained
for[(2)] through the method of lower and upper solutions, and Heikkild’s generalized iterative
technique, we obtain a result ensuring the existence of the extremal solutions between a lower
and an upper solution. From there, following the ideas of Biles and Binding in [9], we obtain
a new result for@]in the framework of lower and upper solutions which, in turn, can be used
to prove a new result for[(3)}

Finally, Section is dedicated to the research of Stieltjes differential inclusions. This
is done by considering the closed—convex envelope of the map F in[(4)] In this context, we
obtain an existence result that, to the best of our knowledge, provides new information even
in the case when Stieltjes derivatives reduce to derivatives in the usual sense. To conclude,
we turn to the initial value problem[(2)|again, and obtain a new existence result using the new
result for the inclusion problem with Stieltjes derivatives and the Krasovskij map associated
to the map f in[2)} Kf : [to,to +T) x R™ — P(R™), defined as

Kf(t,x) = () @f (t, B(z,r)), (t,z) € [to,to +T) x R™.
r>0

Throughout this chapter, we illustrate the different results obtained for the considered
problems with some analytical examples, as well as through a few real-world applications of
the corresponding problems such as a model describing the motion of a vehicle impulsed by
an electric engine, or a model for a silkworm population.

Chapter |5; Stieltjes differential problems with a several derivators

Similarly to Chapter ] Chapter [5]addresses the existence and uniqueness of solution of dif-
ferential problems with Stieltjes derivatives. In the case of Chapter[d] we considered only one
derivator when we studied systems of differential equations, whereas in this new chapter we
shall consider a different derivator for each of the equations in the system. To be precise,
we take amapg : R — R™, g = (91,92,...,9n), such that each ¢;, i = 1,2,...,n,is a
derivator, and then we consider systems of equations of the form

(l‘z);L(t) = fl(tax(t))a xi(to) = T0,i, 1= 172,...771, (5)

with f; : [to,to + 1) x R™ — R. Observe that, given the relations presented in Chapter 3]
this new setting allows us to study more complex phenomena in which we might encounter
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processes marked by different impulses or time scales. This is can be observed in some of
the examples included in this chapter to show the applicability of the results obtained in this
context.

Clearly, initial value problems of the form [(5)| generalize the corresponding problems in
Chapter @ However, despite this connection between the problems, most of the concepts
used before need to be adapted to this new framework. Hence, Section @] is devoted to
extending the concepts of continuity introduced in Chapter [3| so they are suitable for the
study of This is done by presenting some of the information available in [50,/60]. Later,
in Section[5.2] with the adequate definitions and the idea of regarding[(5)|as a generalization
of [2)l we explore whether the existence and uniqueness results obtained in Section f.1.2]in
Chapter [4] can be generalized to this new setting or not. In particular, following [50,[60], we
obtain analogous results under the Lipschitz, Osgood, Montel-Tonelli and Perron conditions
that reduce to those in Chapter [d] when [(5)] yields

Finally, in Section[5.3]we consider again the method of lower and upper solutions. How-
ever, in order to do so, we do not study problem directly. Instead, we turn our attention to
vectorial measure differential equations, that is, systems of integral equations of the form

t
zi(t) = xo +/ fils,x(s))dgi(s), i=1,2,...,n, (6)
to

where we consider the integral in the Kurzweil-Stieltjes sense. Then, following [52], we
obtain a result ensuring the existence of the extremal solutions of |(6)| between a lower and
an upper solution. This result is later adapted for problem using the relations between
the Lebesgue—Stieltjes and Kurzweil-Stieltjes integrals introduced in Chapter|[i] It is impor-
tant to note that this yields an existence result between a given pair of lower and an upper
solutions for a system of differential equations with Stieltjes derivatives, providing more in-
formation for |(2)| which was only studied through this method in the scalar case. We also
obtain an existence result for vectorial measure differential equations with functional argu-
ments which, once again, is then adapted to the context of Stieltjes differential equations with
several derivators.

viii



Introduction

Usual population models, such as the Malthusian or the logistic model, implicitly assume
that the reproduction of a population happens so frequently in time that it has a continuous
influence on the evolution of the population size. However, many species exhibit very short
periods of reproduction due, for example, to rutting seasons or eggs hatching in a short lapse,
which might not be properly represented by these models. One possible way to solve this
is to introduce impulses into these models to include the sudden changes in the population.
Nonetheless, this is not the only aspect that is not well represented with the classical popula-
tion models. For instance, some species go through dormant states for some periods during
which reproduction slows down or even stops completely. This, of course, affects the dy-
namic of the population size. For these cases, using equations in time scales has been proven
very useful.

Sometimes, we may even encounter some species that show both cases of this “atypical”
population behaviour, as it is the case for silkworms. These worms exhibit impulsive changes
and two dormant states. Starting with the latter, we have that in the first dormant state,
worms transform into moths inside chrysalides where the population is unable to interact;
while the second one begins when the whole moth population dies after laying their eggs.
This leads to a moment with sudden changes and, in a similar fashion, the hatching of the
eggs, happens almost simultaneously, triggering another change that can be represented with
impulses. Therefore, for a better representation of this population we should consider a model
using impulses and time scales. In some papers like [2}|16//36], it has been proven that, under
certain circumstances, these problems can be studied as only one of the two types. That is,
provided some conditions are met, impulsive differential equations can be transformed into
equations in time scales and vice versa. Alternatively, as shown in [33}|54], it is possible to
use differential equations with Stieltjes derivatives to study these problems together under
more general conditions.

Roughly speaking, the Stieltjes derivative is defined as the derivative with respect to an-
other function, called derivator. Specifically, given a nondecreasing and left—continuous map,
g : R — R, the Stieltjes derivative of a function f : R — R at a point ¢ € R, denoted by
f4(t), is defined as
if g is continuous at ¢,

£t — tim 1) = £
=

g s=t g(s) — g(t)
t
fi(t) = lim fls) = ) if ¢ is discontinuous at ¢,
)= e — e
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whenever the corresponding limit exists. This definition of derivative can be found on [54],
although similar concepts have been studied before, see [8}|14420,21,28,45.[70,/74,83]]. Nat-
urally, this definition of derivative is an extension of the usual derivative. Following this idea,
in [61], we find another of derivative, called displacement derivative, whose definition en-
compasses that of Stieltjes derivative and other interesting derivatives, such as the absolute
derivative in [15]. The topic of derivatives in the real line is one of the focal points of this
thesis, particularly, the Stieltjes derivative and the displacement derivative introduced in [|61].

Differential problems involving Stieltjes derivatives are the other main aspect that con-
cerns this work. This subject represents most of the work done by the author during his
predoctoral stage, see [48H53,/58-60]. The applicability of this type of problem, as com-
mented before, is that it offers a unified framework to study problems on time scales and
impulsive problems. Of course, from the theoretical point of view, this setting is also inter-
esting as it represents a generalization of some classical differential problems like ODEs or
differential inclusions. However, it is important to keep in mind that working in a more gen-
eral framework comes with some drawbacks. For instance, consider the linear initial value
problem

xy(t) = Mx(t), te[-1,1], =z(-1)=1,

with A € R, A > 0, and g : R — R defined as

(t) = t, ift <0,
= t+1, ift>o.
In this case, the solution of the problem is given by

() = ML), if —1<t<0,
* A (A + 1), if0<t<1.

Indeed, to see this, it is enough to note that the Stieljtes derivative is computed as the usual
derivative for t € [—1,1] \ {0}, and at ¢ = 0, we have that
— 2(0 A(s+1) A+1)— et
2 (0) = tim 2O =20 TIOF —e
g s—0t g(s) —g(0)  s—ot s+1

= e = \z(0).

Observe that the natural extension of the solution of the linear problem does not solve it
in this case. That is, the equality

(1) = exp ( |, Adg<s>> ,

does not hold for all ¢ € [—1, 1]. In particular, for any ¢ € (0, 1] we have that

exp (/[l,t) Adg(s)) = exp (/[1’0) Adg(s) + /{0} Adg(s) + /(o,t] Adg(s))

exp (/ Ads+ Apg({0}) +/ /\ds> — 20+,
[~1,0) (0,¢]




Introduction

which does not coincide with the expression of x(¢) on that interval. The reason behind this
are the discontinuity points of the derivator, which play a major role in the study of these
problems. In this particular case, the difficulties coming from the discontinuities of g can be
easily solved because we only need to worry about one conflicting point. However, given that
derivators are nondecreasing, we can encounter up to a countable number of discontinuities,
see [35]]. Nevertheless, it is this type of points that brings the flavor to this setting, allowing
interesting behaviour in the problems and models based on this derivative.

Throughout this thesis we will explore the adaptation of some well-know results for dif-
ferential problems in this new setting, accounting for its particularities. Specifically, we shall
develop new results for differential equations and differential inclusions with Stieltjes deriva-
tives, while showing their application with a variety of technical and real-world examples.
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Aims and objectives

The main goal of this thesis is to study some differential problems involving Stieltjes deriva-
tives such as initial value problems of the form

xy(t) = f(t,x(t)), a(to) = xo, (1)

with f : [to,to + T) x R™ — R™; Stieltjes differential equations with functional arguments
such as

zy(t) = f(t,2(t),2), B(x(to), ) =0, 2)
with f : [to,t0+7T) X Rx X — Rand B : R x X — R for an some Banach space, X ; and
Stieltjes differential inclusions,

ry(t) € F(t,z(t)), x(to) = o, 3)

with F' : [to,to +T) x R™ — P(R™). Specifically, some of the objectives we set for this
thesis are:

- To establish reasonable mathematical models in terms of differential equations with
Stieltjes derivatives such as (1) or even With this, we intend to show the applica-
bility of this new type of problems, originally conceived as theoretical mathematical
objects.

- To prove the existence of solution of problems such as (D)} [2)] and [(3)] under very
general hypotheses. In particular, for equations such as [(T)] and [2)} we aim to allow
the function f to present discontinuities with respect to any of their variables.

- To combine known techniques for ordinary differential equations, such as the method
of lower and upper solutions or iteration techniques, with this new setting in order to
obtain new results for Stieltjes differential equations.

- To extend some results and applications for differential equations with Stieltjes deriva-
tives to systems of differential equations with Stieltjes derivatives involving several
different derivatives. Specifically, given n nondecreasing and left—continuous maps,
g; : R — R, we want to study problems of the form

(i), (t) = fi(t,z(t)), wi(to) = w0, i=1,2,...,m,

with f; : [to,t0 +T) x R" - R, i =1,2,...,n, as well as analogous reformulations

of [(2)|and [(3)]in this setting.
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Chapter 1
Integration theory

In this first chapter we introduce some of the basic notions necessary for the work ahead.
Particularly, we focus on integration theory. After all, integration is, as we will see, one
of the main tools for this thesis. It will be used in Chapter 2 for the construction of a new
measure centered around a specific type of topological space, as well as in its relations with
a new type of derivative. Later, in Chapter[3] the integration theory will allow us to establish
connections between the derivative introduced in Chapter[2]and the Stieltjes derivative, which
is the main topic of this thesis. Finally, in the remaining chapters, the integrals arise naturally
thanks to the connection between differential problems and integral problems. Therefore, it
makes sense to study them in detail. We would like to note at this point that this chapter is,
primarily, a gathering of results available in the literature.

We will mainly focus on measure theory. In particular, in Section we make explicit
the construction of integrals with respect to a measure, as well as we introduce the Radon—
Nikodym Theorem. This section is a fundamental pillar for Chapter 2] in which we will
construct a measure in the context of displacemet calculus. Later, we have a look at Stieltjes
integrals. Especifically, we consider two types of Stieltjes integrals. First, we introduce the
Lebesgue—Stieltjes integral as the integral with respect to a measure satisfying certain prop-
erties. This integral plays a fundamental role in the work ahead, from the construction to the
already mentioned measure in Chapter[2] to the study of differential problems in Chapters [4]
and[5] Later, we present the Kurzweil-Stieltjes integral. This kind of integral is not the in-
tegral with respect to a measure and it is, in some sense, constructed in a similar way to the
Riemann integral. However, the interest of this integral for this work lies in its relation with
the Lebesgue—Stieltjes integral.

1.1 Measure theory

In what follows, we gather the basic definitions and results for measure theory that will be
needed in the work ahead, following, primarily, [5/73]. We will introduce the basic notion of
measurable and measure space, which is a measurable space with an assigned measure. From
there, we will define the integral of a function with respect to a given measure. Later, we will
explore different relations between measures defined on a given set, which will be fundamen-
tal for the integration theory in Chapter[2] In particular, we will focus on the Radon-Nidokym
Theorem and its consequences.

Let us begin by recalling the basic structure regarding measure theory: measurable spaces.
These spaces are the base upon which we define measures, and thus, measure spaces.

Definition 1.1. Let X be a set and P(X) be the set of all subsets of X. A set M C P(X) is
a o—algebra on X if the following properties are satisfied:
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i) X e M.
(ii) If A € M, then X\A € M.
(iii) Given a family {A,}52, C M, we have that | J, ., A, € M.

In that case, we say the pair (X, M) is a measurable space, and the elements of M, measur-
able sets.

Remark 1.2. It follows directly from the definition that the arbitrary intersection of o—
algebras is a o—algebra.

Note that the concepts of o—algebra and topology are quite similar. One of the main dif-
ferences between them is that (ii) and (iii) in Definition [I.T]imply that o—algebras are closed
under countable intersections whereas topologies are not. However, topologies admit the ar-
bitrary union of sets, whereas o—algebras do not. In relation with the concept of topological
spaces, we have the following definition.

Definition 1.3. Let (X, 1) be a topological space and M be a o—algebra on X. If M
contains all the open sets of X, we say that M is a T-Borel o—algebra on X. The smallest
o—algebra containing all the open sets of X is called the Borel o—algebra, and it is usually
denoted by B(T). The elements of B(7) are called Borel sets.

Remark 1.4. It is important to note the difference between a Borel c—algebra and the Borel
o—-algebra. Essentially, a Borel o—algebra is a o—algebra containing B(7), the Borel o—
algebra. Also, note that in what lies ahead, we will omit the symbol 7 of the notation when it
is clear which topology we are considering.

This type of o—algebra is particularly interesting for the aim of this section: the definition
of integrals with respect to measures. This is because the sets belonging to the o—algebra of
a given measurable space are the sets over which we will consider integrals. Therefore, if we
construct a measure over a Borel o—algebra, we are ensuring that we can consider integrals
over the corresponding Borel sets. In the particular setting of the real line equipped with
the usual topology, this means that we would be able to consider integrals over intervals, for
example.

Next, we present the other fundamental concept of measure theory, that of a measure.
Essentially, measures are a way of assigning values to the elements of a given o—algebra.
This value could represent different things. For example, in probability theory, measures are
used to describe the likelihood of a given event, which is represented by a member of a given
o—algebra, as explained in [5].

Definition 1.5. Let X be a set and M a o—algebra over X. A positive measure on X is a set
function p : M — [0, +00] such that

M (U An) = ZM(An)a

for any disjoint countable collection of elements of M, {A,}22 . Under these circum-
stances, the space (X, M, ) is called a measure space.
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1.1 Measure theory

Remark 1.6. Here, it is assumed that . takes values in [0, +00] and, therefore, the adjetive
positive. When we consider [—o0, +-00] we say that p is a signed measure. In the work ahead,
we will refer to positive measures as simply measures for simplicity. We will also sometimes
refer to a measure space (X, M, 1) as simply X when the o—algebra, M, and the measure,
1, play no major role, or are clear in the framework.

As it was mentioned before, it is interesting to be able to integrate over Borel sets. The
following definition provides a class of measures for which this is possible to achieve. We
also introduce some related concepts that will be used in the work ahead.

Definition 1.7. Let (X, 7) be a topological space and M a c—algebra on X. We shall say
that a measure i : M — [0, +00] is a T—Borel measure if M is a T—Borel o—algebra.
Assume that X is also Hausdorff. A T—Borel measure, p, is inner regular if

w(A) =sup{u(K): K C A, K € M, K compact}, Ae M.
Similarly, i is outer regular if
w(A) =inf{uU): A C U, Uopen}, Aec M.
If w is both inner and outer regular, it is said that 1. is regular.

Next, we present some properties of measures over a given measurable space. Most of
these results follow directly from the definition. However, their proofs can be found in [[73|
Theorem 1.19].

Proposition 1.8. Ler (X, M, 1) be a measure space. Then:
(@) p(®) =o.
(ii) If A, B € M are such that A C B, then u(A) < u(B).
(i) If{A,}>2, C Mis such that A,, C Api1,n=1,2,..., then

1 (L_Jl An) = lim p(Ay).
(v) If{A,}22, C Mis such that ;1(A1) < oo and Apy1 C Ap,n=1,2,..., then

n=1

The next concept that we introduce is that of measurable functions. Following [5}/73]], we
find two possible definitions for such concept. Here, we present [5, Definition 2.1.3] for its
similarities with the concept of continuous maps between topological spaces.

Definition 1.9. Ler (X, M x) and (Y, My) be measurable spaces. Amap | : (X, Mx) —
(Y, My) is said to be (M x, My )—measurable, or simply measurable, if f~1(U) € Mx
for every U € My.
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Remark 1.10. Note that the definition requires both spaces to be measurable spaces, not
necessarily measure spaces. This means that the measurability of a function is determined
by the o—algebras on the spaces involved, not the measures on them. Moreover, in the work
ahead we will consider maps whose codomain is not a measure space, but a topological space.
In that case, it will be assumed that such space is a measurable space with the Borel o—algebra
generated by its topology.

Along those lines, we find [[73| Definition 1.3 (c)], where the authors only define mea-
surability for such kind of maps. In particular, the definition reads as follows: if (X, M)
is a measurable space and (Y, 7) is a topological space, a map f : X — Y is measur-
able if f~1(U) € U for every U € 7. This definition implies measurability in the sense
of Definition [I.9] when we consider the corresponding Borel o—algebra in the codomain,
see [5) Proposition 2.1.1. (i)].

Note that with the definition of measurability in Definition[I.9] it is obvious that the com-
position of measurable functions yields a measurable function. Observe, however, that this
is not true for [[73, Definition 1.3 (c)]. Furthermore, it is clear from Definition @] and the
definition of continuous maps between topological spaces that given two topological spaces,
(X1,71), (X2, 72), every (71, T2)—continuous function is (B(71), B(72))-measurable. There-
fore, using that [73, Definition 1.3 (c)] implies Deﬁnition we can obtain the following
result.

Proposition 1.11. Ler (X, M) be a measurable space and (Y, 1y),(Z,7z) be topological
spaces. If f : X — Y isa (M, B(ry))-measurable and g : Y — Z is (Ty , Tz )—continuous,
then the composition g o f is (M, B(7z))—measurable.

Remark 1.12. In particular, given a measurable space, X, and a measurable map, f : X —
R, the maps f(z) = max{f(z),0}, z € X, and f~(z) = —min{f(x),0}, z € X, are
also measurable.

A particularly interesting type of measurable functions are simple functions. This kind of
functions are quite useful because, as it will be shown later in Proposition [I.13] any positive
measurable function can be approximated by a sequence of simple functions. This plays a
fundamental role in the definition of the integral of positive functions with respect to a given
measure.

Definition 1.13. Let (X, M) be a measurable space. A function S : X — R is said to be
simple if its range is a finite subset of R. In that case, letting oy, k = 1,2,...,n, be the
different values of S and Ay, = S~ ({ax}), k = 1,2,...,n, we can write

S@) =3 arxa(z), ze€X,
k=1

where X a,, is the characteristic function of the set Ay.

Remark 1.14. It follows directly from the definition that S' is measurable if and only if the
sets Ag, k = 1,2,...,n, are all measurable.
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1.1 Measure theory

As mentioned before, it is possible to show that every positive measurable function can
be approximated by positive simple measurable functions. In order to do so, we need to recall
the partial ordering for functions. To that end, consider the partial ordering in R™ defined as
follows: for z,y € R™, x = (z1,...,Zn)s ¥ = (Y1, - -, Yn),

r<y:<= z;<y;, 1€{,2,...,n}.

This allows us to define the following partial ordering in the set of maps with values on R":
given two maps f1, fo : X — R”,

i< fo:i= fi(x) < fax), xe€X. (1.1
With this notation, we introduce [[73, Theorem 1.17].

Proposition 1.15. Let X be a measure space and f : X — [0,+00| be a measurable
function. Then there exists a sequence of simple measurable functions S, : X — [0,400),
n €N, suchthat0 < 51 < S <--- < fand

Sp(x) 2225 f(z), =€ X.

Next, we defined the integral of nonnegative functions with respect to a measure. Note
that Proposition [I.T5]ensures that this concept is well-defined.

Definition 1.16. Let (X, M, u) be a measure space and E € M. Let S : X — [0, +00) be
a measurable simple function writen in the form

S(z) = ZakXAk(l")a z e X.
k=1

The integral of S on E with respect to p is defined as

/ Sdp:= Zak,u(Ak NE).
E k=1

For a measurable map [ : X — [0, +o0], define the integral of f on E with respect to u as

/fdu:—sup{/Sdu:Ssimple,OSSSf}.
E E

The following result collects some of the properties of the integral of nonnegative func-
tions with respect to measures. These results follow from the definitions, but most of the
proofs can be found in [[73, Proposition 1.24].

Proposition 1.17. Let (X, M) be a measurable space, i : M — [0, +00] measures on
X, A,BeM, f, f: X — [0, +00] measurable functions and A\, X € |0, +o0]. Then:

(@) The map \f + hy fis also measurable and

/A(AHXB du:A/Af dquX/Afdu.




Integration theory

(b) The map Ay + Xﬁ is also a measure and

| aousii =a [ sapx [ ra

© Iff < fothen [, f du< [, f dp.
(d) IfAC B, then [, f du< [, f dp.
() If f(z) =O0forallz € A then [, f dp =0, even if u(A) = +oo.
(f) If p(A) =0, then [, f dp =0, evenif f(z) = +oo forall z € A

The next result, known as Lebesgue’s Monotone Convergence Theorem, shows a useful
property in relation with the integral of a sequence of nonnegative functions with respect to a
measure and the integral of its pointwise limit.

Theorem 1.18 (Lebesgue’s Monotone Convergence Theorem). Let (X, M, ) be a measur-
able space, E € M and { f, }nen be a sequence of measurable functions on E such that the
pointwise limit

fl@) = lim f,(z)

n— oo

exists for every x € E. If0 < fu(x) < foi1(x) < coforallx € E, n € N, then f is
measurable and

lim fdu:/fd,u.
E E

n—o0

Finally, Definition [I.I3] gives sense to the following result, [73| Theorem 1.29], which
provides a way to obtain a measure from a given measure and a nonnegative measurable
function.

Proposition 1.19. Lez (X, M, u) be a measure space and f : X — [0, +00] be a measurable
function. The map i : M — [0, +00] given by

#A)= [ fdn Aem

is also a measure on X.

Remark 1.20. In this case, given a measurable function g : X — [0, +00], its integral in the
new measure can be computed as

/Eg dﬁ:/ng d p.

So far, only the integral of nonnegative functions has been defined. In order to define the
integral of a more general set of functions with respect to a measure, it is necessary to work
with the following kind of functions, called integrable functions.
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1.1 Measure theory

Definition 1.21. Ler (X, M, ) be a measure space and E € M. A function f : X — R is
said to be p—integrable on FE, or integrable with respect to u, if f is y—measurable and

/ |f] dp < 4o0. (1.2)
E

The set of integrable functions on the set E is denoted by E}L (E,R).

Remark 1.22. The notation E}L(E ,R) denotes the set over which we consider the integral,
E, as well as the codomain of the function, in this case R, both of which may vary. This is
why we make it explicit in the notation.

Note that the integral in[(T.2)]is one of those presented in Definition [I.16] Indeed, first of
all, it is clear that | f| > 0. Moreover, Proposition[I.11|ensures that | f| is measurable as it is
the composition of a measurable function with a continuous function.

Definition allows us to introduce the following concept. Observe that Remark [I.12]
plays a fundamental role in this definition.

Definition 1.23. Letr (X, M, ;1) be a measure space, E € M. Given f € L' (E,R), write
f=/fT—f with

fH(@) =max{0, f(2)}, f (z) =-min{0, f(z)}, z€X.

The integral of f on E with respect to y is defined as

/Ef du::/EJc+ du—/Ef‘ d p. (1.3)

Remark 1.24. Note that by definition f*, f= > 0 and they are measurable, so the cor-
responding integrals in are well-defined. Moreover, due to the monotonicity of the
integral, (c) in Proposition each of those integrals is finite and so the integral of f is
well-defined as well.

It is clear from the definition that all properties in Proposition [I.17] except (d), still hold
when the functions considered are integrable instead of nonnegative. In particular, property
(a) remains true even when A\, A € R. Further properties can be obtained for the integral of
integrable functions, as presented in [[73| Theorem 1.33]

Proposition 1.25. Let (X, M, 1) be a measure space, E € M and f € E}L(E, R). Then

‘/Efdu‘S/EIfldw

We can now introduce the concept of Carathéodory function which, together with Propo-
sition [I.T9] will be necessary for the aims of Chapter 2} In order to do so, we require the
following notion.

Definition 1.26. Let (X, M, ) be a measure space and A C X. A property P is said to
be satisfied u—almost everywhere in A (u—a.e. in A) or that it holds for p—almost all z € A
(t—a.a. x € A) if there exists E € M such that u(E) = 0 and P holds in A\ E.
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We can now present the definition of Carathéodory functions with respect to a measure,
as well as a result derived from [4, Chapter 1, Section 4] showing some of their properties.

Definition 1.27. Let I C R, (I, M, ) be a measurable space and X C R™. A function
f+Ix X — R"is said to be p—Carathéodory if the following properties are satisfied:

(i) The map f(-,x) is measurable for all x € X.
(ii) The map f(t,-) is continuous for y—a.a. t € I.

(iii) For all r > O there exists h, € Et([, [0, 4+00)) such that

lft z)|| < he(t), p-aatel zelX, |zl

Proposition 1.28. Ler (I, M, ), I C R, be a measurable space and X C R™. Suppose
that f : I x X — R" is a u—Carathéodory function and r : I — X is a measurable
function. Then the composition f(-,x(-)) is measurable. Moreover, if © is bounded then

fC,2() € L,(I,R).

Remark 1.29. Note that the last part of the result cannot be found in the mentioned result
in [4], however it is a direct consequence of condition (iii) in Definition[T.27]

As shown in Definition[I.27] the sets of measure zero play an important part when work-
ing with measure spaces, as most of the time properties are only require to hold everywhere
except in a null-measure set. In fact, such sets allow us to define an equivalence relation on
the set of measure defined over a common g—algebra. In order to establish a formal definition
of this equivalence, we need the following definition.

Definition 1.30. Ler (X, M) be a measurable space and py, po : M — [0, +00] be mea-
sures. The measure 11 is said to be absolutely continuous with respect to o, and it is denoted
by p1 < pa, if

w1 (E) = 0 forevery E € M such that ji2(E) = 0.

Note that < defines a order relation on the set of all measures over a measurable space,
instead of an equivalence relation. In order to obtain an equivalence relation between mea-
sures, and therefore and equivalence between the measure spaces, the measures need to be
absolutely continuous one with respect to the other. This yields the following definition.

Definition 1.31. Ler (X, M) be a measurable space and py, po : M — [0, 4+00] be mea-
sures. The measures (1 and o are equivalent if 1y << g << p1.

Definition [T.31] together with the Radon-Nikodym Theorem, are two fundamental tools
for the integration theory presented in Chapter In order to state the Radon—-Nikodym
Theorem, we need the following concept.

Definition 1.32. Let (X, M, 1) be a measurable space. The measure p is said to be o—finite
if there exists a countable family { E, }2°; C M suchthat X = J;-, E,, and p(E,) < 400
foralln=1,2,...

8



1.1 Measure theory

We now have all the tools necessary for the statement of the Radon—Nikodym Theorem.
Such result can be found in [73, Theorem 6.10], as part of the Lebesgue—Radon—-Nikodym
Theorem, the statement corresponding to the Radon—-Nikodym Theorem is contained in part
(b). Here, we present only the latter, with a slightly modified version that can be directly
obtained from [73, Theorem 6.10]

Theorem 1.33 (Radon-Nikodym). Let (X, M) be a measurable space and ji1, piz : M —
[0, +00] be measures. Assume that iy is o—finite and ps < py. Then there exists a measur-
able function h : X — [0, 400), known as the Radon-Nikodym derivative of us with respect
to p1, such that

Mz(A):/hd,Uh AeM.
A

Moreover if there is another function h : X — [0, +00) such that
ua(A) = / hdp, AeM,
A

then h = h for py—a.a. x € X.

Remark 1.34. When this last condition is satisfied, we say that & is uniquely defined up to
a set of p1—measure zero, or simply pi—uniquely defined. It is important to note that these
conditions does not appear explicitly in [73, Theorem 6.10 (b)]. However, the statement of
such result involves the set L, (X), defined as the quotient space of £'(X, [0, 40c)) under
the following equivalence relation: for f1, fo : X — R,

fi~ foie= fi(z) = falz), p1-aa ze€X.

As a final note, we present the following corollary which is a direct consequence of Def-
inition [I.3T] and the Radon-Nikodym Theorem. This result provides an explicit relation be-
tween the value assigned to a set in equivalent measures, which will be key for the construc-
tion of a measure in Chapter 2]

Corollary 1.35. Let (X, M) be a measurable space and ji1, j12 : M — [0, +00| be o—finite
measures. If 11 and pg are equivalent then there exist hy 2, ha 1 : X — [0, +00) measurable
functions such that

HI(A):/hl,Q d po, Mz(A)Z/h2,1 du, AeM.
A A

Remark 1.36. Note that such functions are both p1 and po—uniquely defined.

Remark 1.37. Let (X, M) be a measurable space and p1, g, us : M — [0, +00] be
nonzero o—finite equivalent measures. Let h; ;, 4,5 € {1,2,3}, denote the corresponding
functions in Corollary[1.35] Then it follows that hy 1 (x) = 1 for p1—a.a. € X, hyo(z) # 0
for pu;—a.a. v € X, 1 € {1,2}, and

hl’g(:l?) = hl’g(x)hg’;g(l'), ni—a.a. x € X, 1€ {1,273}.

As a consequence, we obtain that hq o(z) = 1/ho 1 () for p;—a.a. x € X, 4 € {1,2}.
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1.2 Stieltjes integrals

In this second part of the chapter, we turn our attention to the study of Stieltjes integrals.
Stieltjes integrals are generalizations of the usual integrals in euclidean spaces. Many dif-
ferent definitions are available, such as the Riemann—Stieltjes integral —see [3|]-, which gen-
eralizes the Riemann integral, the Lebesgue—Stieltjes integral, an extension of the Lebesgue
integral, or the Kurzweil-Stieltjes integral, among others. In this section, we present these
last two integrals, while studying their relations.

1.2.1 The Lebesgue-Stieltjes integral

The Lebesgue—Stieltjes integral is a generalization of the Lebesgue integral over the real line.
This integral can be defined in several equivalent ways. Here, we present a definition from
the measure point of view, a similar definition to that in [5].

Definition 1.38. Ler X C R and (X, M, u) be a measure space. The measure |1 is a
Lebesgue—Stieltjes measure if the following properties are satisfied.:

(i) B(ry) C M, where 7, denotes the usual topology in X.
(ii) For every bounded set A € M, pi(A) < +oc.

The Lebesgue—Stieltjes integral is defined as the integral with respect to a Lebesgue—Stieltjes
measure.

Remark 1.39. Note that this is a generalization of Lebesgue’s measure, m. Indeed, it is a
known fact that the o—algebra of Lebesgue measurable sets, £, is a Borel o—algebra. Further-
more, given a bounded set A C L, there exists M € R such that A C [—M, M]. Therefore,
0 <m(A) <m([-M, M]) =2M < +o0, and so, m is a Lebesgue—Stieltjes measure.

Remark 1.40. Let i be a Lebesgue—Stieltjes measure on X C R. Write

X = U —n,n] N X),

n=1
and, since each [—n,n] N X, n = 1,2,..., is bounded, we have that u([—n,n] N X) is
finite for every n = 1,2, .... Hence, we have that every Lebesgue—Stieltjes measure is o—

finite. Furthermore, since Lebesgue—Stieltjes measures are, by definition, 7,,—Borel, it follows
from [73, Theorem 2.18] that the restriction of a Lebesgue-Stieltjes measure to B(7,) is
regular, see Definition [I.7]

An alternative way of defining the Lebesgue—Stieltjes integral is by considering a func-
tion, usually called integrator, which defines a measure that is a Lebesgue—Stieltjes measure
in the sense of Deﬁnition@ Here, we will show that there exists a bijection between these
two definitions when we work over a certain o—algebra. We will first show how to construct
a Lebesgue—Stieltjes measure in the sense of Definition from a function. In order to do
so, we will first recall the definition of an outer measure, as well as an important theorem
yielding a method to construct a measure from a given outer measure.
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Definition 1.41. Let X be a set. An outer measure is a set map p* : P(X) — [0, 4+00] that
satisfies the following conditions:

@) pr(0) =0;
(i) if A C B, then p*(A) < u*(B);
(iil) for any countable family {E,}°; C P(X),

(Us) < 3w

n=1

The interest of introducing this definition comes from being able to construct a measur-
able space from it. This is done using Carathéodory’s Extension Theorem, which we present
bellow. This result collects the information in [5, Theorems 1.3.3, 1.3.6], although some
similar results can be found in [[12,|661[73.|76].

Theorem 1.42 (Carathéodory’s Extension Theorem). Ler X be a set and C C P(X) be a
Sfamily of sets satisfying the following properties:

(1) IfA,B €C, then AN B € (.

(ii) Forany A € C, there exists a finite pairwise disjoint family of sets of C, { B, }*_,, such
that

k
X\A=|]JB..

n=1
Given amap ¢ : C — [0, +00] satisying:
(iii) (0) = 0;

(iv) for any sequence {A,}°, C C such that\ ;. ; A, € Cand A; N Aj = 0 fori # j,
we have that

® (U An) = Z‘P(An)é

the map p* : P(X) — [0, 4+00] given by

p*(A) = inf {Z p(An) {Anz, cc, Ac An} : (1.4)
n=1 n=1
is an outer measure; the set

M, = {A € P(X): p*(E) = p*(ENA) + p*(EN (X \ A)) forall E € P(X)}, (1.5)

is a o—algebra on X; and the restriction i = p* |M“* is a measure on M «.
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Furthermore, assume there exist {F,}52, C C such that
o0
X=|JF., @F) <400, n=12....
n=1

Then, if [n is a measure on the smallest c—algebra containing C, o(C), such that . = @ on C,
we have that [t = p* on o(C). In other words, the measure i is unique on o (C).

Remark 1.43. Note that Theorem [I.42] provides more information than we anticipated. In
particular, this results shows how to construct an outer measure from a given map. Note,
however, that if we consider ¢ to be an outer measure, the corresponding map p* yields the
map . Hence, the result provides a way to obtain a measure from a given outer measure.

Remark 1.44. Note that, by construction, we have that u*(A) = p(A) for all A € C.
Furthermore, the set M, contains the family C and, as a consequence, o(C) C M ,«.

Remark 1.45. Further properties can be obtained from [S, Theorem 1.3.2]. In particular, we
have that A € M- for every A € P(X) such that u*(A) = 0. This ensures that the mea-
sures constructed through Theorem@ are complete, that is, every subset of a measurable
set with measure zero is measurable. Indeed, let A € M-, 1(A) = 0, and E C A. By the
definition of outer measure, we have that

0 <1 (E) < " (A) = |, (A) = (4) = 0.
Therefore, p*(E) = 0, and so [5, Theorem 1.3.2] ensures that £ € M ,-.

In the next example we show how to construct a Lebesgue—Stieltjes measure from a given
nondecreasing and left—continuous function using Carathéodory’s Extension Theorem. This
example is particularly interesting as most of the Lebesgue—Stieltjes measures that we con-
sider in the work ahead are of this form. In what follows, we denote

g(z7) = lim g(y), g(z™)= lim g(y).

y—r— y—zt

Example 1.46. Let g : R — R be a nondecreasing and left—continuous function and consider
the following family of subsets of R,

C={[a,b): —c0o<a<b<+oo}U{(—00,a): —00 <a<+oo}U{0},

and the map ¢ : C — [0, +o0] given by

0 if I =0,
9(b) — g(a) if I =[a,b), a,beR, a<b,
o(I) =14 lim g()—g(a) if I =[a,+00), a €R, (1.6)
g(a) = lim g(z) if I = (~00,a), a €R,
a;grfoo g(z) — IBEHOO g(z) ifI =R

12



1.2 Stieltjes integrals

First, let us show that condition (i) in Theorem [1.42] is satisfied. Let A,B € C. We
distinguish some different cases. If A = or B = ), then AN B = ® € C. Next, if
A = (—00,a) and B = (—00,b), —00 < a,b < +oo, then AN B = (—oo, min{a, b}) € C.
Now, if A = [a,b), —00 < a < b < +00, B = (—00,¢), —00 < ¢ < 400, then if a < ¢,

AN B = [a,min{b, c});

otherwise AN B = (). In both cases, AN B € C. Finally, if A = [a1,b1) and B = [ag, ba)
for some —oco < a; < b; < 400, i € {1,2}, then if max{ay,az} < min{by, ba},

AN B = [max{ay,az}, min{by, b2 }),

otherwise, A N B = (). In either case, AN B € C, and so condition (i) in Theorem is
satisfied.

For condition (ii), take A € C. If A = ® or A = R, then the condition is trivially satisfied.
If A = (—00,a) for some a € R, then R\ A = [a,+0c0) € C, so the property clearly
holds. Finally, consider A = [a,b) for some —c0 < a < b < +o0. If b = 400, then
R\ A = (—o0,a) € C, so the condition is satisfied. Otherwise, —0co < a < b < 400, and
so, R\ A = (—o00,a) U [b,+00). Note that (—oo, a), [b, +o0) € C. Moreover, since a < b,
we have that (—oo, a) N [b, +00) = 0. In conclusion, condition (ii) is satisfied.

Now, given that condition (iii) is satisfied by definition, all that is left to do is to check
that condition (iv) holds. Let {4,,}>2; C C and denote A = |J~ , 4,, € C. If A = 0, then
the condition is trivially satisfied. We now consider all the other possible cases:

Case 1: A = [a,b) for some a,b € R, a < b.

Under these circumstances, the sets A,,, n = 1,2, ..., are either of the form [c, d), ¢,d € R,
¢ < d, or empty. First assume that there are finitely many sets of the form [c, d), ¢,d € R,
¢ < d, that cover A. Without loss of generality, we assume that these sets are the first k—th
sets, that is, A, = [an, by, ) for some a,, b, € R, a,, < b, n=1,2,...,k, and

k
A= {Jlan,bn).
n=1

It is clear that, in this case, there exist ng,n1 € {1,2,...,k} such that a = an,, b = by,.
Furthermore, given that the family { A4, }*_, is pairwise disjoint and A is a connected set, it
follows that for each n € {1,2,...,k} \ {n1}, there exists m,, € {1,2,...,k} \ {no} such
that b,, = a,,, . Therefore, it follows that

k k
D e(An) =D (9(bn) = g(an)) = g(bny) = glan,) = 9(b) — g(a) = p(A).  (1.7)

Now, for the general case, we assume without loss of generality that, foralln =1,2,...,
A, = [an,by,) for some a,, b, € R, a,, < b,. Fix k € N. Since the sets A,, are pairwise
disjoint, this implies the finite family {A,,}*_, does not cover the set A. Furthermore, note
that the set A \ Ui:l Ay has, at most, k£ + 1 different connected components, which are,
in fact, intervals of the form [c, d), ¢,d € R. Assume that there are j € {1,2,...,k + 1}

13
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different connected components, denoted by B,,, n = 1,2,..., 7, and consider the family
{C Y1 defined as

o {4 ifne{l,2,. ..k},
"\ Bp-g ifne{k+1,k+2,...;k+7j}

In that case, {C,,}"" 1/ is a finite collection covering A, and thus, in the conditions of

which yields
k+j

k k
= Z @(Cn) 2 Z P(Crn) = Z p(A

Since k € N was arbitrarily chosen, we have that the previous inequality holds for all k£ =
1,2,... so, by letting kK — oo, we get

A) > o(An)
n=1

Thus, all that is left to do is to show that the reverse inequality holds. In order to do so, we
proceed as follows: since g is left—continuous, for each 0 < € < b — a and n € N, there

exists a,, < a,, such that
€

g(an) ~ glal) < =
Then, for a given 0 < & < b—a, the family {(a’,, b,)}52 ; is an open cover of [a, b—¢], so the
Heine-Borel Theorem ensures the existence of a finite collection of intervals, {(aZ,,, bn,) Y.,
covering [a,b — ¢]. In particular, for any 0 < & < b — a, the collection {[a},,, b, )}, also
covers [a, b — £], which ensures that it covers [a, b — ¢). Therefore, for any 0 < ¢ < b — a,

N N
g(b—¢e) —g(a) = ¢([a,b—¢)) Z ap,sbn)) = Y (9(bny) = glal,,))
=1 =1
N 0
< Z( am)+%) <e+ Y (g9(bn) — g(an)).

=1 n=1

By letting ¢ — 0T, and since g is left—continuous, we obtain

@(A) = g(b) —g(a) < Z(Q(bn g(an)) Z o(An)

which concludes the study of this case.

Case 2: A = [a,+00) for some a € R.

In this case, the sets A,, are either empty, of the form [c,d), ¢,d € R, ¢ < d, or [¢,+00)
for some ¢ € R. First, let us consider the case where there exists ny € N such that 4,,, =
[c, +00) for some ¢ € R. If ¢ = a, then the property holds trivially. Otherwise, a < ¢. In
that case, the sets A,,, n = 1,2,..., n # nyg, are of the form [a,,, b,,) for some a,,, b, € R,

14



1.2 Stieltjes integrals

apn < by, or empty. Furthermore, given that the family {4, }22 ; is pairwise disjoint, the
collection { B, }52 ; defined as

. A, ifn€{1,2,...,n0},
B = { Apt1 ifn > ng. (1.8)

is pairwise disjoint and [a,¢) = (Jr—; By. Therefore, Case 1 for [a, c) and the collection
{Bn}22, yields

Z @(An) = @(Ano) + Z @(Bn)
k=1 k=1
~ () — 9(0) + 9(0) — 9(@) = _lim_(x) — gla) = p(4).

Assume now that the sets A,,, n € N, are of the form [¢,d), ¢,d € R, ¢ < d, or empty.
Without loss of generality, we assume that, for all n = 1,2,... A, = [an,b,) for some
an, by € R, a, < b,. Note that this implies that sup a,, = +oo, for otherwise, one of the
sets A,, would be unbouded or the sets {4, }°° ; would not be pairwise disjoint. Define

a1 =a, ap=sup{ap:a,<a+k, n=12...}, ke{23,...}.

Observe that ay, k = 2,3, ..., are well-defined as the sets {a,, : a,, < a+k, n=1,2,...},
k=2,3,..., are nonempty. Furthermore, it follows that ay ]H—OO> +00. Moreover, a, € A,
k =1,2,..., therefore, there exists n; € N such that a; € [an,, by, ). Note that, since the
sets A,, are pairwise disjoint, we must have that a;, = a,,, . Consider the collection {Zk}zozl
given by Ay, = [@k, ar+1). By construction, we have that each A,,,n = 1,2, ..., is contained
in one, and only in one, Zk, k=1,2,...

Now, foreachn = 1,2, ..., consider

Ap={n=1,2,..: [an,by) C Ap}.
Note that the family {A, },,¢cn is a partition of N. Thus,

D e(An) =D (9(ba) — glan)) = < > (glbn) - g(an))> :

k=1 \n€Ag

However, for each k € N, we have that Zk =U an,by), and so, Case 1 yields that

neNg [

> < > (glbn) — g(%))) =Y o) = (9(@k11) — 9(ar))

k=1 \n€Ag

= lim g(dx+1) —glar) = lim g(z) — g(a) = p(4),

k—o0 r——+00

as the series Y _p- ; (g(ar+1) — g(ay)) is a telescoping series.
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Case 3: A = (—o0, a) for some a € R.
This can be proved in an analogous way to Case 2. We provide a sketch of the proof but omit
the details.

In this case, the sets A,, are either empty, of the form [c, d), ¢,d € R, ¢ < d, or (—o0, ¢)
for some ¢ € R. We distinguish two cases. First, we assume that there is ng € N such that
Ay, = (=00, c) for some ¢ € R; which implies that the sets A,, n = 1,2,..., n # ng, are
of the form [a,, b,,) for some a,,,b, € R, a,, < b,. In this case, we construct a collection
similar to and reason analogously. The other case we consider is the complementary,
that is, we have that the sets A,, n € N, are of the form [c, d), ¢,d € R, or empty. Once
again, we assume without loss of generality that A,, = [an,by) for a,,b, € R, a, < by,
n =1,2,... Similarly to Case 2, we define

a=a, ap=inf{a,:a,>a—-k,n=12,...}, ke{2,3...},

and construct a new family of sets, {/Aln}fle, given by A, = [ak+1,ar) and we reason
analogously from there.

Case4: A=R

If A,, = R for some n € N, then the condition is trivially satisfied. Otherwise, there exists at
least one element of {A4,,}°2 , that is bounded from below, say A,, = [an,,bny)s Any € R,
Gy < bp, < +00. Consider the collections { B, }52 1, {C,}52 4, defined as

B, = A, N[an,,+0), Cp=A,N(—00,an,).

Clearly, both collections are pairwise disjoint and

oo

U B, = [ap,, +00), U Cyp, = (—00, an,)-

n=1 n=1

Therefore, Cases 2 and 3 ensure that
Z @(Bn) = ¢([an,, +0)), Z @(Cn) = @((—00, an,)).-
n=1 n=1

Furthermore, for all n = 1,2,..., B, and C,, are disjoint and A,, = B,, U C,,. Therefore,
Cases 1, 2 and 3 ensure that ¢(A,,) = p(By) + ¢(Cy) foralln =1,2,...,s0

Do e(An) = @(Ba) 4D 9(Ca) = lim g(x)=g(an,)+g(an,)— lim g(x) = o(A).

In conclusion, we have that the hypotheses of Theorem [[.42]are satisfied, so the map 4.*
defined as[(T-4)]is an outer measure, the set M- defined as in[(T.5)|is a o—algebra and the
restriction p = p*| M, 1s a measure. Let us show that it is a Lebesgue—Stieltjes measure.

First, we prove that B(7,) C M,-. In order to do so, and given that 7, is generated by
open intervals, it is enough to show that every open interval belongs to M ,-. Let a,b € R,
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1.2 Stieltjes integrals

a < band consider the collection {I,,}52 ; givenby I,, = [a+1/n,b),n =1,2,.... Clearly,
we have that {I,,}72; C C C M. Therefore, since M- is a o—algebra, we have that

fj I, = G [a—l—i,b) = (a,b) € M,-.
n=1 n=1

Hence, every bounded open interval is a member of M-, which ensures that every open set
in the usual topology lies in M+, and so, B(7,) € M ,«.

Finally, let A € M,- be a bounded set. Then, there is M > 0 such that A C [-M, M)
and, since u is a measure, we have that

0 < p(A) < p([=M,M)) = p*([-M, M)) = ¢([-M, M)) = g(M) - g(—M),

which implies that p(A) is finite.

Hence, the measure y is a Lebesgue—Stieltjes measure. In the work ahead, we will denote
this measure by p, and the o—algebra in [[1.5)| by £S,. We will refer to measurability with
respect to LS4 as g—measurability and we will denote the integral of a g—measurable function,
f, with respect to the measure 114 by

/f(s)dg(s), EcLs,.
E

Similarly, we will use the term g—integrable functions for yg—integrable functions and we
will denote by £ (X, R) = L, (X,R).

As a final comment, we show explicitly the measure of some basic 7,,—Borel sets. Recall
that we already know that

pg(la,b)) = gla) —g(b), a,beR, a<b.

First, we show how to compute the measure of a singleton. Let a € R. Since {a} € B(7),
we have that {a} is a g-measurable set and, using Proposition we have that

D)

n=1

Jim g ({ma + i)) = lim <g (a + i) - g(@)) = g(a™) - g(a).

Note that this means that there could be singletons with nonzero y,—measure, i.e. the measure
fg can present atoms. As a direct consequence, we can compute the measure of any interval.
Indeed, let a, b € R, a < b. Using the fact that ;1,4 is a measure, we have that

pg(la,b]) = pg(la, b) U{b}) = pg([a, b)) + pyg({a}) = g(b") — g(a).
Similarly, we have that /4 ([a, b)) = py((a,b) U {a}) = pg((a, b)) + pg({a}), from which

1g((a;b)) = pg([a, b)) — pg({a}) = g(b) — g(a™).

pg({a})
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Lastly, in a similar fashion,

pg((a;b]) = pg([a, b]) — pg({a}) = g(b") — g(a™).

As a final comment, note that the map g.(t) = g(t) + ¢, ¢ € R, is another function in the
hypotheses of this example, and thus, it defines a measure, which coincides with p,. To see
that, it is enough to note that the map ¢, defined as[(1.6)|for g. coincides with ¢ in

Remark 1.47. Given ¢ : R — R nondecreasing and left—continuous, and X C R g—
measurable, we can construct a measure space on X by considering the restriction of p,4
to the o—algebra

Mx ={AnX:AecLS,}

Furthermore, given a,b € R, a < b, and a map g : [a,b] — R which is nondecreasing and
left—continuous, we can construct a Lebesgue—Stieltjes measure on [a, b] as follows: consider
g : R — R defined as
gla) ifz<a,
g(x)=4¢ g(x) ifa<az<b,
g(b) ifx>0b.

Then, the map g is in the hypotheses of Example[1.46] and so it defines a measurable space
on R. Now, by considering the corresponding restriction of the measure, we obtain a measure
space on [a, b].

Remark 1.48. It is possible to construct a Lebesgue—Stieltjes measure analogously if we
consider the map g to be right—continuous instead, by doing the obvious changes. Further-
more, if we remove the continuity conditions on g and modify the map ¢, we can still apply
Theorem [[.42] see [5, Chapter 1, Section 2, Subsection 3].

Further generalizations can be done. For example, let g € BV ([a, b], R), that is, the set of
bounded variation functions on [a, b] with values in R. In that case, Jordan’s Decomposition
Theorem, [[19 Proposition 4.4.2], guarantees the existence of two nondecreasing functions
91,92 : [a,b] — R such that g = g1 — go. If in addition, g is left—continuous, then so are ¢;
and gs, see [[19, Lemma 4.4.1]. Hence, given a left—continuous function of bounded variation,
g, we can construct a signed measure, fi4, in terms of its Jordan’s decomposition functions,
g1 and g, as follows:

9 (A) = gy (A) — gy (A), A€ LS, := L8, NLS,,.

Note that B(7,) C LS, as Lebesgue—Stieltjes are always Borel. Furthermore, 1, is o—finite
and it assigns finite value to bounded sets. Moreover, its restriction to B(7,,) is regular.

Observe that, for any a € R, we can write

s

[a,4+0) = | J[a+n—1,a+n), (—oo,a):U[a—n,a—n—l—l),
n=1

n=1

and R = (—o0, a) U [a, +00). Observe that this means that we can write any element of C in
Example as a countable pairwise disjoint union of intervals of the form [c, d), ¢,d € R,

18



1.2 Stieltjes integrals

¢ < d. In particular, this means that the outer measure obtained in Example [T.46 can be
computed as

py(A) = inf {Z(g(m —9(an)) : AC |Jlanbn), {lanbn)}32, C 5} , (19
n=1 n=1

with
C={la,b):a,beR, a<b}. (1.10)

Furthermore, we can restrict ourselves to an even smaller set to compute the outer measure.
In order to show that property, we need following result.

Lemma 1.49. Let g : R — R be a nondecreasing and left—continuous functions and C be as

in[(1.10)] For everyU = {[an, bn)}nen C C, there exists V = {[en, dn) }nen C C such that
the sets in V are pairwise disjoint and

U [an, bn) = U [¢n, dn) Z‘P([Cnadn)) < Z ¢([an,bn)),

neN neN neN neN

where @ is defined as in

Proof. Let U = |, cn[a@n,bn) and Cyr be the set of all connected components of U with
respect to the usual topology of R. First, note that the set Cy is at most countable, as the
set U is the countable union of connected sets. Secondly, observe that all the elements of
Cy are connected subsets of R. Thus, we have that they are intervals (including the whole
R) or singletons. However, an element of Cy; cannot be a singleton. Indeed, suppose that
I € Cy is a singleton, say I = {z} for some € U. In that case, there exists nop € N
such that z € [ay,, by, ), Which is a contradiction since I is a connected component of U
and I C [an,,bn,). Hence, all the elements of Cy intervals. Furthermore, we claim that
supl ¢ I for any I € Cp bounded from above. Indeed, let I € Cy be bounded from
above and suppose that sup! € I C U. In this conditions, there exists n; € N such that
supl € [an,, by, ). Hence, we have that the set I U [ay,,, by, ) is a connected set containing
I, which is a contradiction with I € Cy;. Therefore, we have that C; is an at most countable
collection of pairwise disjoint sets of the form (a, b), [a, b), [a, +00), (—o0,b), a,b € R, or
Cy = {R}. B
For each I € Cy and define 7; C C as

- if I = (a,b), a,b € R, then F; = {[a + (b—a)/(n+1),a + (b —a)/n)}, cxs

- if I =[a,b), a,b € R, then Fr = {[a + (n—1)(b—a)/n,a+n(b—a)/(n+1))}, x5

- if I = [a,+00),a € R, then F; = {[a +n — 1,a+n)},

- if I = (—00,b),b € R, then F; = {[b —n,b—n+1)}, .

- if I =R, then Fr = {[n,n + 1)} nez.
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This way, for each I € Cy we find a countable pairwise disjoint family in C, F 7, such that
=y Jer, J. Furthermore, for each I € Cy, given that [ and J € F; are Borel sets (and
thus, g—measurable), it follows from Remark [T.44] that

ST =" () =" pe(d) = pg ( U J) = pg(I) = py(I) = o(I). (1.11)

JeFr JeFr JEFT JeFr

Define V = | IeCy JFr. First, observe that V is a countable set as it is defined as an at

most countable union of countable sets. Furthermore, by definition, 7 C Cforall I € Cu,
which guarantees that V C C. Hence, we can write V = {[¢,, dy,) }nen for some ¢, d,, € R.
Let us show that V satisfies the properties in the statement of the result.

First, note that the sets in ) are pairwise disjoint. Indeed, let [¢,,d,) and [¢;,, d.) be
two elements of V. If they belong to the same connected component, I € Cy, then, by
construction of Fj, we have that [c,,d,) N [cp,dm) = 0. Otherwise, [c,,d,) € I and
[¢m,dm) € I' for some I,I' € Cy, I # I'. Then, the definition of connected component
guarantees that I N I’ = @, which yields [¢,,, d,) N [¢m, dm) = 0. Hence, the family V is
pairwise disjoint. Furthermore,

U 1= U (U] =Y ¥ =Y

IeCy IeCy \JEeFr Vevy neN

Finally, using and, once again, the fact that U and each I € Cy are a Borel sets (and
thus, g—measurable), it follows from Remark [I.44] that

S (e d) zww=z(zyw0:zwn=z@m

neN vey IeCy \JeF; IeCy Iecy
= 3 0= U 1) =m0 = 50 < Xt o)
I1eCy IeCy neN
where the last inequality follows from [(T.9)} O

As a consequence, we can obtain a new expression for the outer measure associated to a
nondecreasing and left-continuous map in Example [T.46] as we anticipated.

Theorem 1.50. Let g : R — R be a nondecreasing and left—continuous functions and jiy be

asin Then,

oo

uZ(A):inf{Z(g(b ) — ):AC U s bn)y {[an, bn) 2, CC pairwise disjoint
n=1
(1.12)

Proof. 1t is clear that the infimum in is less or equal than the one in On the
other hand, Lemma|l.49| guarantees the reverse inequality. Indeed, given {[an, )}neN eC
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1.2 Stieltjes integrals

such that A C |, cy[@n, bn), We can find {[c,,,dn)}nen € C pairwise disjoint such that
A C Upenlen, dy) and

S (9dn) — ge)) = 3 pllenda)) < 3 ollan b)) = 3 (g(an) — g(ba)).

neN neN neN neN

This, of course, is enough to show that infimum in[(T.12)]is less or equal than the one in[(T.9)]
finishing the proof. O

Before continuing to explore the bijection between the two possible definitions for the
Lebesgue—Stieltjes integrals, we present some other interesting properties of the measures
constructed as in Example [[.46] For example, we can obtain the following approximation
result that will be useful in the work ahead. In order to simplify its statement we define

N
S(C) = {f ‘R — R:3{I;}, C Csuchthat f = lek} . (1.13)

k=1

Proposition 1.51. Let g : R — R be a nondecreasing and lefi—continuous function and E be

a g-measurable set such that j14(E) < +00. Then, there exists a sequence {sy, }nen in S(C)
such that

lim A|sn(x)—XE(m)|dg(x) = (0, (1.14)

n—o0

where Xg : R — R denotes the characteristic function of E. In particular, there exists a

sequence in S(C) that satisfies[(1.14)|and converges to X g (x) for g—almost all z € R.

Proof. Throughout this proof, given A, B C R, we denote AAB = (A\ B)U (B\ A). We
divide the proof into two steps.

Step 1: For each e > 0, there exists {[ay, by) }1_, C C such that pg(EA ngl[ak, b)) < e.
Let e > 0. Then, it follows from [(T.12)] that there exists a family {[ax, bx)}ken C C, which
is pairwise disjoint, and such that

> (g(be) — glax)) < py(E) + 2

9
keN

Given that the sets E and [ay, br), k € N, are g—measurable, the inequality above is equiva-
lent to

3 pig(lar, bi)) <ug(E)+g. (1.15)
keN

In particular, the hypotheses ensure that ),  fig([ax, bx)) < +o00. Therefore, there exists
N € N such that

o0

Z tg([ak, bx)) <

k=N+1

| ™

Let us show that the family {[ay, bx)}i_, satisfies the desire property.
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First, observe that the sets E \ Ukj\[:l[ak7 br) and UkN:1[@k> br) \ F are g—measurable.

Thus, given that EA Ui\;l [ak, b) is the disjoint union of those two sets, we have that it is
g—measurable and

N N N
9 <EA U[akabk)> = Hg (E\ U[ak,bk)> + Hyg (U[akabk)\E> . (1.16)

k=1 k=1 k=1

Now, on the one hand, given that {[a,,b,) }rcn is a pairwise disjoint cover of E, we have
that B\ Uy_; [ax, b) € UpZ 1 [ak, br), so,

N fe’e) o
< L_Jak,bk>ng< U [ak,bk)>— > ug<[ak,bk>><§. (1.17)

k=N+1 k=N+1

On the other hand, it is obvious that

Iy <U[ak,bk)\E> < pg (fj ag, by) \E>

k=1

Furthermore, we can write

U lax, bx) = (U[akabk)\E> U (U[almbk)mE> = (U[ak,bk)\E> UE,

keN keN keN keN

which, noting that this is a disjoint union, yields

Zﬂg([akabk)) = Hy (U [akabk)> = Hg (U lak, br) \E> + g (E).

keN keN keN

Hence, [(T.15)|ensures that p,(Jz—; [k, bx) \ E) < /2 which, in turn, proves that

N 9
g (U[ak,bk)\E> <3

k=1
Now, the desired property follows from [(T.16)]and [(T-17)}

Step 2: There exists a sequence { sy }nen in S(C) satisfying [(1.14)
For each n € N, there exists a pairwise disjoint family {I k} w1 C C such that

Ny,
g <EA U Ik> <

k=1

3=

Thus, consider the sequence s,, : R — R, n € N, defined as

N’VL
= ZX}k(x), r €R.
k=1
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1.2 Stieltjes integrals

Of course, {sn}nen C S(C) and thus, s, is g—measurable for every n € N. Furthermore,
denoting A,, = EA Uff;l I, n € N, we have that, for eachn € N,

1, ifzeA,,
|sn(z) = Xp(z)| = { :

0, otherwise.

Thus, foreachn € N,

[ 1) = xe@ldg@) = [ 1dg@)+ [ 0dgta) =y (4n) < .

n \An

Therefore, it follows that

Jm [ [sufo) = Xe(@)dg(a) 0.
Now, Theorems 3.11 and 3.12 in [[73]] ensure that there exists a subsequence {s,, }ren such
that s,,, (x) converges to X g(x) for g—almost all 2 € R, which finishes the proof. O

Along the lines of Remark [T:48] consider two nondecreasing and left—continuous func-
tions, g1, g2 : R — R, and themap g : R — R defined as g(t) = g1(t)+92(t), t € R. Clearly,
the map g is also nondecreasing and left—continuous, so it defines a Lebesgue—Stieltjes mea-
sure. In the next result, we explore the relations between the measures defined by ¢;, g2 and

qg.

Proposition 1.52. Let g1, g2 : R — R be two nondecreasing and left—continuous functions
and define g : R — Ras g(t) = g1(t) + g2(t), t € R. Then

15(E) = i, (B) + i, (B), B € P(R). (1.18)
In particular, we have that every g1 and go—measurable set is also g—measurable and
tg(E) = pig, (E) + pig, (E), E € LEg, NLSg,.

Proof. Let E € P(R). Then, using the characterization provided by we have that

15 (E) :inf{i(g(b )—glan)): EC U nybn }
inf{iugl(bn) — g1(an)) + (g200n) — gaan))] s E © U b }
= inf{il(gl(b —g1(an)) + Zl 92(bn) — g2(an)) : E C Lo_jl[ambn)}
> E‘Tmf{i(m(b ) = gilan)) 1 E C U G, b } = pg, (E) + g, (E)
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Therefore, it is enough to show that 113 (E) < pi; (E) + p;, (E) to obtain[(T.18)]

Let ¢ > 0. It follows from and the definition of infimum of a set that there exist
R1 = {[a1,n,b1,n)}22 and Ro = {[az m,b2,m) oo, each of them pairwise disjoint, such
that

M2

oo . €
E c | Jla1n, 1), (91(b1,n) = g1(arn)) < pg, (B) + 5,

n=1 n=1

oo oo . c

E c | [a2.m b2m), > (g2(b2m) — g1(a2.m)) < iy, (E) + 7
m=1 m=1

Define
R = {[al,n, bl,n) n [ag,m, b27m) tn,m = 1, 2, e } \ {@}

Following the reasonings in Example [T.46]to check hypothesis (i) in Theorem[T.42] we have
that the elements of R are of the form [c,d), ¢,d € R, ¢ < d, since, by construction, we
removed those intersections that might be empty. Specifically, denoting

ap’ = max{ai n,a2.m}, Onf =min{bin,bom}, n,m=1,2...,
we have that R = {[a]", b") } (n,m)ez, Where
Z ={(n,m) € Nx N: max{ai ,, azm} < min{by n,bam}}.

Of course, this means that R is countable. Furthermore, let z € FE. In that case, given
that R, and R are covers of E, there exists ng,mo € N such that x € [a1 p,,b1,n,) and
T € [a2,mg, D2,m, ), Which means that

max{a1,ng, a2,mg t < ¢ < min{b1 ny,b2,me }»

and so x € [a°, b0). This guarantees that

n()’ no
Ec |J laom,
(n,m)el

or, in other words, R is a countable cover of E. Therefore,

(n,m)€eT

= D (g ®) = gi(@?) + (g2(b7) = g2(ar))
(n,m)€T

= > () —gila)+ Y (92(b)) = galay’)).
(n,m)€eT (n,m)€ET

Observe that it is enough to show that

> (g - < (gilbik) = gilair), i=1,2,  (1.19)

(n,m)€eT

B
I
—
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1.2 Stieltjes integrals

since, in that case, we have that

H(B) < D0 (91(brn) —ga(ara)) + Y (92(bom) — g2(azm))

(n,m)€eT (n,m)€eT

Z 91(b1,n) — g1(a1n)) + Z 92(b2,m) — ga(az,m)) < py, (E) + pg, (E) + ¢,
n=1 m=1

which ensures that 115 (E) < p3 (E) + py, (E) as € > 0 was arbitrarily fixed.
Let us show that [(T.19) holds. For each n € N, define Z,, = {m € N : (n,m) € T}.
Note that Z = |, Z,,, and so,

> () —gila) = ( > () - gl(a?f))> : (1.20)

(n,m)eT n=1 \me€Z,

On the other hand, by definition, we have that

U [ay',by') = U ([al,nvbl,n) N [a2,mvb2,m» C [al,mbl,n)-

meLy, meLy,

Furthermore, given that the family Ry is pairwise disjoint, it follows that {[a]", b]*)}5°_, is
also pairwise disjoint. Hence, given that y4, is a measure, we have that

Y (qioy) —gu(a) = Y wgi(lar bi) = pg, < U [a?ﬁb?)>

meL, meLly mely,
< gy ([a1,n,b1.0)) = 91(b1,n) = 91(a1,n)-
As a consequence, it follows from that holds for i« = 1. The case i = 2 is

analogous and we omit it. Hence, we have that[(T.18)|holds.
The rest of the result now follows from Theorem [1.42) O

Remark 1.53. Observe that the information in Proposition [I.52] remains true when we con-
sider g to be the sum of a finite number of nondecreasing and left—continuous functions,
gi» t = 1,2,...,n. In that case, we have that every g;—measurable set, i = 1,2,...,n, is

g-measurable and
:Z,U/gi(E), Ee ﬂESQz
i=1

i=1

Note that this conditions guarantees that every g;—measurable map, ¢ = 1,2,...,n, is also
g—measurable.

The last properties regarding the measures constructed as in Example [T.46]are related to
two interesting sets defined in terms of the function g: the set of discontinuities, i.e.,

Dy={teR:g(t")—g(t) >0} (1.21)
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and the set of points around which g is constant, namely,
Cy, ={t € R: gisconstant on (t — €,¢ + ¢) for some € > 0}. (1.22)

First, note that, for every ¢ € Dy, it holds that 4 ({t}) = g(t*) — g(¢t) > 0. In particular, the
integral of a measurable function over a singleton formed by ¢t € Dy is given by

0 f(s)dg(s) = f(t)(g(tT) = g(t)). (1.23)

Also, note that, by definition, C; is an open set in the usual topology of R, which is second
countable. Therefore, C'; can be uniquely rewritten as the countable union of disjoint open
intervals, say

Cc, = U (an,bn). (1.24)

neN
With this notation, we define

N, :={an:neN}\ Dy, N :={b,:neN}\Dy,, Ny=N,UNS. (125)

The following result sums up some properties of these sets presented in [54] and in
Froda’s Theorem, [35]].

Proposition 1.54. Letr g : R — R be a nondecreasing and left—continuous function. Then:

(i) Dy is at most countable;

(ii) Mg(cg) = Mg(Ng) =0.

Remark 1.55. As a consequence of Proposition !Tié—l], a property holds f1,—almost every-
where in a set E if and only if it holds p,—almost everywhere in E\O, where O, = Cy U Nj.

Finally, we conclude this section by completing the mentioned bijection between the two
definitions of Lesbesgue—Stieltjes integrals. The first implication has already been provided
in Example [T.46] where we showed that given a nondecreasing and left—continuous function
on R, we can construct a Lebesgue—Stieltjes measure on R in the sense of Definition |1.3§]
Now we have a look at the converse, that is, we show that given a Lebesgue—Stieltjes measure
on R, we can construct a nondecreasing and left—continuous function defining the measure
over the Borel sets. This is done by following the ideas in [5, Chapter 1, Section 2, Subsec-
tion 3].

Proposition 1.56. Let (R, M, 1) be a measure space and . be a Lebesgue—Stieltjes measure.
Then, there exists a nondecreasing and left—continuous function g : R — R such that

u(la,b)) = g(b) — gla), abeR, a<b. (1.26)
Proof. Letc € R and define g : R — R as

—u([z,e)) ifz<e
g(x) =40 ifx =c, (1.27)
w(le,z))  ifx>ec.
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1.2 Stieltjes integrals

By construction, g is nondecreasing. Furthermore, g is left—-continuous. Indeed, take z € R.
Since g is nondecreasing, we know that the left—hand side limit of g at  exists, and moreover,

i g(y) = fim g (1)

y—z— n— 00 n

We study two possible cases separately. First, suppose that > c. In that case, we know that
x — 1/n < cfor n € N large enough, so the definition of g and Theoremensure that

. 1 . 1 > 1
s o (- 0) = i (fee 1)) = (Ul oo n)> = o)) = 9(o)
Now, if < ¢, using Theorem I.§] we have that
1 1 Py 1
lim ¢ <x— > = lim (—u <{x— «,c))) =—u (ﬂ {c,a:— )) .

Now, the intersection in the previous equation equals [c, z) if z # ¢, and §) if z = c. In either
case, we have that the value is g(x).

Hence, all that is left to do is to check that [(T.26)| holds. Fix a,b € R, a < b. Note that
if a = c or b = ¢,[(1.26) holds trivially. We distinguish three possible cases. The first one, if
¢ < a < b. In this case, we have that

:u([ca b)) — M([Ca a) U [av b)) : N([Cv a’)) + N([a’ b))u

from which we get that

w(la, b)) = u(lc, b)) — u([c,a)) = g(b) — g(a).

Next, if a < ¢ < b, we proceed similarly:

p(la;0)) = p(la, ) U e, ) = ulla, ¢)) + p([e, ) = g(b) — g(a).

Finally, ifa < b < ¢,

ILL([G" C)) = /L([av b) U [bv C)) = ﬂ([a’ b)) + N([b’ C))v

which yields
p([a; b)) = u([a, ¢)) = u([b, ¢)) = g(b) — g(a).
Therefore, condition [(T:26)| holds for g as in which concludes the proof. O

Remark 1.57. Note that there exists infinitely many nondecreasing and left—continuous maps
satisfying [(1.26)] as the family of functions gx(z) = g(z) + k, k € R, with g as in[(1.27)]
clearly satisfies equation [(1.26)}

27



Integration theory

Remark 1.58. It is possible to consider right—continuity instead of left—continuity by making
the obvious changes. In fact, in probability theory this is the usual case, see [5]] for example.
Furthermore, it is possible to extend this result for a measure space ([a, b], M, 1), a,b € R,
a < b, by considerthemap g : R -+ R

0 ift<a,
g(t) = S u(la,t)) ifa<t<b, (1.28)
u([a,b]) ift >b.

In that case, we have that
w([e,d)) = g(d) — g(e), forall [e,d) C [a,b).

Observe that given (X, M, ) a Lebesgue—Stieltjes measure space, we can assign it a
nondecreasing and left—continuous function g, to which we can repeat the procces in Exam-
ple [[.46] to construct a new Lebesgue—Stieltjes measure 1, Noting that, in that case, we
have that 1, = p on the family C in Example @ then Theorem @] ensures that y, and
w must coincide in (C), which is at least, B(7). Therefore, this shows that there exists a
bijection between the Lebesgue-Stieltjes measures on B(7) and the set of nondecreasing and
left—continuous functions (up to a constant).

Remark 1.59. It is possible to construct a bijection between the set of signed measures
and the set of functions of bounded variation on an interval in a similar fashion as in the
Lebesgue—Stieltjes case, as presented in [19} Proposition 4.4.3].

1.2.2 The Kurzweil-Stieltjes integral

The Kurzweil-Stieltjes integral is another generalization of the Lebesgue integral. This par-
ticular integral is constructed in a similar fashion to the Riemann integral, or more precisely,
the Riemann—Stieltjes integral since it is defined using two functions. In here, we shall show
that this integral is more general than that of Lebesgue—Stieltjes as well. In what follows, we
define the Kurzweil-Stieltjes integral and we include some of its most important properties
that can be found in [|65,/82].

First, we introduce the basic definitions required to properly define this integral.

Definition 1.60. Let a,b € R, a < b. A partition of [a, b] is a set P = {xo,x1,22,...,Zy
such that a = xy < 1 < --- < x,, = b. A tagged partition of [a, b] is a pair (P, {tx}}_,)
such that P = {xg,x1,22,...,T,} is a partition of |a,b] and ty, € [xk—_1,xk] for every

k € {1,2,...,n}. A gauge on [a,b] is a function § : [a,b] — (0,+00). Given a gauge
0, a tagged partition (P, {ti}7_,), P = {xo,21,...,2n}, is said to be 6—fine, if for each
ke{l,2,...,n},
[wk—1,2k] C (ts — 0(tk), ti + 0(t))
In order to simplify the definition of the Kurzweil-Stieltjes integral of a function, we
will use the following notation: given f, g : [a,b] — R and a tagged partition (P, {t;}7_,),
P ={zg,21,x2,...,2,}, we denote

S(f,9, P Ati}) = Zf(tk:)(g(xk) = 9(zk-1))-

k=1

n
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1.2 Stieltjes integrals

Definition 1.61. Let f, g : [a,b] — R. We say that f is Kurzweil-Stieltjes integrable on [a, b]
with respect to g if there exists I € R such that for every € > 0, there exists a gauge on [a, b],
dc, such that for every 6.—fine tagged partition of [a,b], (P, {tx}}_1),

|S(fag7Pa{tk})_I| < €.

In that case, the number I is called the Kurzweil-Stieltjes integral of f on [a, b] with respect
to g, and we denote it by

b
W2 f(s)dgls).

Remark 1.62. Lemmas 6.2.3. and 6.2.4 in [65]] ensure that the integral is well-defined and
its value is uniquely determined.

Remark 1.63. The integral notation introduced above allows us to distinguish between the
Lebesgue—Stieltjes integral and the Kurzweil-Stieltjes integral when both of them make
sense. On that note, it is interesting to note that the Kurzweil-Stieltjes integrator needs not
be monotonous or sideway continuous.

This integral satisfies some of the usual properties of integrals, such as lineality. In the
next result, we gather the information of Theorems 6.2.7 and 6.2.10 in [65].

Theorem 1.64. Let a,b,c1,c2 €R, a <b, ¢ € (a,b) and f1, fa,9 : [a,b] = R. Then:

() If f1 and fo are Kurzweil-Stieltjes integrable on [a,b] with respect to g, then so is the
Sfunction c; f1 + co fa and

b
“{Sy (crfi +e2fo)(s)dg(s) = ™[ fi(s)dg(s) + 2P| fa(s)dg(s).

(i) If g is Kurzweil-Stieltjes integrable on [a,b] with respect to fi and fa, then it is
Kurzweil-Stieltjes integrable on [a, b] with respect to ¢1g1 + ca2g2 and

b

b b
7 g<s>d<C1f1+c2f2><s>=c1<“/ g(S)df1(8)+02<“/ o(s)d fio(s).

(iil) If f1 is Kurzweil-Stieltjes integrable with respect to g on [a,c| and [c,b)], then it is
Kurzweil-Stieltjes integrable on [a, b] with respect to g and

b c b
D fi(s)dg(s) =21 fils)dgls) + "2 fi(s)dg(s).

In terms of the indefinite Kurzweil-Stieltjes integral we have some interesting properties.
First, is satisfies Hake’s property, as shown in [[65, Theorem 6.5.6].

Theorem 1.65. Let f,g : [a,b] — R. Then:
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(i) If the integral (Ks)ftb f d g exists for every t € (a,b], and A € R is such that

b
lim <(KS) t fdg+ fla)(g(t) — g(@)) = A,

t—at

then (K5 )f: f d g exists and equals A.

(ii) If the integral (Ks)fat f d g exists for every t € [a,b), and A € R is such that

lim <<KS> fdg+f(b)(g(b)g(t))> —4

t—b—

then (K5 )f: f d g exists and equals A.

When the integrator function is regulated, further properties of the indefinite integral can
be obtained. First, let us formally introduce the definition of regulated functions as well as
some notation.

Definition 1.66. Let a,b € R, a < b. A function f : [a,b] — R™ is said to be regulated if the
limits

lim f(z), lim f(x),

r—at T—b—

exist, and so do
lim f(x), lim+ f(x), forallcé€ (a,b).
Tr—cC

rT—rC™

We denote by G([a, b], R™) the set of regulated functions defined on |a, b] with values on R™.

Remark 1.67. It follows from the results in [[7] that the set G([a, b], R™) is a Banach space
when endowed with the sup-norm, || - ||, defined as

[flloe = sup [IF@)I, f € G([a,b],R").

t€la,b]

Before continuing with the properties of the Kurzweil-Stieltjes integral for regulated in-
tegrators, we introduce some notation. Let f € G([a,b],R), we denote f(a™) = f(a),

f@F) = f(b) and
AT =f) = f(t7),  ATF@)=Ff(tT) = f(t), tE€ la,b]. (1.29)

We also denote
Af(t)=ATf(t) = AT f(t), tela,b].

It is important to note that if f is left—continuous at ¢ € [a, b], then we have that A~ f(¢) = 0,
and so

AF() = A*F() = F(ET) = F(D): (1.30)

With this notation, we have the following result.
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1.2 Stieltjes integrals

Theorem 1.68. Let f : [a,b] — Rand g € G([a,b],R) be such that f is Kurzweil-Stieltjes
integrable on [a, b] with respect to g. Then the function

h(t) = K9 fdg7 t € [a,b],

a

is regulated and satisfies
h(t) = h(t) + f()ATg(t), tE€ la,b),
h(t™) = h(t) — f(t)A™g(t), tE€ (a,b].
The next result, known as the substitution formula for the Kurzweil-Stieltjes integral,

provides information about the integral when the integrator function is a Kurzweil-Stieltjes
indefinite integral.

Theorem 1.69. Let f, g, h : [a,b] = R be such that f is bounded and g is Kurzweil-Stieltjes
integrable on [a, b] with respect to h. If one of the following integrals exists,

x b
w5 [ f()a (<KS>/ gdh), <KS>/ Jgdh,

the other one also exists and they are equal.

Finally, we establish the relations between the Lebesgue—Stieltjes and the Kurzweil—-
Stieltjes integrals, following [65| Chapter 6, Section 12]. In particular, we first present Theo-
rem 6.12.3 in [65]], which shows that integrability in the sense of Lebesgue—Stieltjes implies
integrability in the Kurzweil-Stieltjes sense and provides explicit relations between the two
values.

Theorem 1.70. Let g : R — R be a nondecreasing and left—continuous function and f :
[a,b] — R. If the Lebesgue-Stieltjes integral f f d g exists, then so does the Kurzweil—

Stieltjes integral (sta fdgand

b
fdg="E9] rdg. (1.31)
la,b) a
The converse relation does not hold in general. That is, integrable functions in the
Kurzweil-Stieltjes sense need not be Lebesgue—Stieltjes integrable. However, [65, Theo-
rem 6.12.7] provides a sufficient condition for a Kurzweil-Stieltjes integrable function to be
Lebesgue—Stieltjes integrable.

Theorem 1.71. Let g : R — R be a nondecreasing and left—continuous function and f :
[a,b] — R be a nonnegative g—measurable function. If f is Kurzweil-Stieltjes integrable,
then it is Lebesgue—Stieltjes integrable and the relation holds.

The previous results showed that the Kurzweil-Stieltjes integral is more general than
the Lebesgue—Stieltjes version. However, in the work ahead, we will still use the measure
formulation of the integral rather than the Kurzweil-Stieltjes one. This is done first in the
construction of the A—measure and later, in the study of differential equations. This choice is
made because it allows to establish easier connections with the results in classical analysis.
Most of the results ahead can be adapted to fit the Kurzweil-Stieltjes context by implementing
some changes.
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Chapter 2
The displacement derivative

Derivatives are, in the classical sense of Newton [67], infinitesimal rates of change of one
(dependent) variable with respect to another (independent) variable. Formally, the derivative
of f with respect to x is
oy Af
F@):= Aoo Az
The symbol A represents what we call the variation, that is, the change of magnitude un-
derwent by a given variable. This variation is, in the classical setting, defined in the most
simple possible way as Az = T — x, where x is the point at which we want to compute the
derivative (the point of departure) and x another point which we assume close enough to z.
From this, it follows naturally that the variation of the dependent variable has to be expressed
as Af = f(Z) — f(x). This way, when  tends to z, that is, when Az tends to zero, we have
bio) o i {1
T— r—x

Of course, this naive way of defining the variation is by no means the unique way of giving
meaning to such expression. The intuitive idea of variation is naturally linked to the mathe-
matical concept of distance. After all, in order to measure how much a quantity has varied it
is enough to see how far apart the new point z is from the first « that is, we have to measure,
in some sense, the distance between them. This manner of extending the notion of variation
—and thus of derivative— has been accomplished in different ways. The most crude of these is
what is called the absolute derivative.

Definition 2.1 ( [15, expression (1)]). Ler (X,dx) and (Y,dy) be two metric spaces and
consider f : X — Y and x € X. We say f is absolutely differentiable at x if and only if the
following limit —called absolute derivative of f at x— exists:

dy (f(2). /(@)

7] BT Y
)= tm =

In the case of differentiable functions f : R — R we have that, as expected, fI’l = |f|
[15, Proposition 3.1]. Hence, this result conveys the true meaning of the absolute deriva-
tive —it is the absolute value of the derivative— and it extends the notion of derivative to the
broader setting of metric spaces. Even so, this definition may seem somewhat unfulfilling as
a generalization. For instance, in the case of the real line, it does not preserve the spirit of
the intuitive notion of ‘infinitesimal rates of change’: changes of rate have, of necessity, to be
allowed to be negative.
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A more subtle extension of differentiability to the realm of metric spaces can be achieved
through mutational analysis where the affine structure of differentials is changed by a family
of functions, called mutations, that mimic the properties and behavior of derivatives. The
interested reader is referred to [56] for more information on the subject.

The considerations above bring us to another possible extension of the notion of deriva-
tive: that of the Stieltjes derivative, also known as g-derivative. This derivative will be
properly defined on Chapter [3|but, essentially, it is defined as

folx) = %h_rg m if g is continuous at
f(@) — f(z)

if g is discontinuous at x,

!
T = 0@ — o)
where g : R — R is a nondecreasing and left—-continuous function. Here, we have defined Ax
through a rescaling of the abscissae axis by g. Observe that, although p(z, Z) = |g(Z) —g(x)|
is a pseudometric [33]], Az = g(z) — g(«) is allowed to change sign.

This generalization can be taken one step further. The definition of Az does not have to
depend on a rescaling, but its absolute value definitely has to suggest, in a broad sense, the
notion, if not of distance, of being far apart or close as well as the direction —change of sign.
This is, essentially, the reason why the notion of displacement was introduced in [61]. In
this chapter, we will present the original concept of displacement space and the displacement
derivative following that paper. First, we study displacement spaces as topological objects,
and then we move on to the analytical part, where we revise the hypotheses required for this
setting.

The rest of the chapter is structured as follows. First, in Section we introduce the
concept of displacement and we present some of its topological properties, while illustrating
its applicability in the real world and its connections to other known topological spaces. Later,
in Section[2.2.1|we turn our attention to the definition of a measure in terms of a displacement.
After that, in Section[2.2.2| we define the displacement derivative, and finally, in Section[2.2.3]
we study the relations between the displacement measure and the displacement derivative
through the Fundamental Theorem of Calculus.

2.1 Displacement spaces

As mentioned before, the aim of this section is to illustrate the definition of displacement
spaces from the topological point of view while establishing some connections with other
known spaces and showing their applicability to real life situations following [61]]. In order
to do so, we first recall some simple examples of topological spaces. In particular, we start
by recalling the definition of pseudometric and metric space. These objects are pairs formed
by a set and a map that measures the distance between points of the set in a given way.

Definition 2.2. Let X be a setand p : X x X — [0, 400) satisfy the following conditions:
(i) Indiscernibility of identicals: p(z,x) = 0 for every z € X.

(ii) Symmetry: p(x,y) = p(y, z) for every xz,y € X.
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2.1 Displacement spaces

(iii) Triangular inequality: for every x,y, z € X,
p(z,2) < p(z,y) + p(y, 2). 2.1

Then p receives the name of pseudometric map and the pair (X, p) is a pseudometric space.
If, in addition, p also satisfies

(iv) Identity of indiscernibles: if p(z,y) = 0, then x = y;
then it is called a metric map and the pair (X, p) is a metric space.

Note that, although it is possible to construct a topology on X from the correspoding
map, Definition [2.2] does not directly endow the space X of a topological structure. We will
show later, in a more general setting how to do it. To that end, we introduced the concept of
displacement presented in [61]. In a similar fashion to Definition displacement spaces
are formed by a set and a map that measures distances between its points, but in a much
more relaxed sense as we will show later with some examples. In order to give sense to the
following definition, it is important to note that all the limits occurring in this work will be,
unless stated otherwise, in the usual sense, i.e. with respect to the usual topology.

Definition 2.3. Let X be a set and A : X x X — R satisfy the following properties:
(a) Indiscernibility of identicals: A(z,z) =0, z € X.

(b) A-—generalized triangle inequality: For all x,y € X,
|A(z, y)| = sup {linginf A, 20)|  {zntnen € X, Tim [A(y, z,)| = o}. 2.2)

Then A receives the name of displacement and the pair (X, A) is a displacement space.

Remark 2.4. Note that condition (a) ensures that the supremum in condition (b) is well—
defined, since for any x,y € X, the set

{nm inf [A(z, 20)] : {znbnen © X, Tim [A(y, 20)| = o}

n—
is non-empty as we can always consider the sequence {2, }nen = {y}nen. Conversely, if
condition (b) is well-defined and satisfied, we have that condition (a) is satisfied, since in that
case we would have that for any x € X,
0 < |A(z, )| = sup {liminf Az, 2)| t {zn}men € X, lim |A(z, 2,)| = o} =0.
n—oo n—roo
Moreover, observe that condition (b) is satisfied if for all z,y € X,

[Aw,y)| = sup {liminf [Aw, 20| {z0bnen © X, Tim|A(y,2a) =0},

as the reverse inequality always holds.
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The displacement derivative

By looking at the definitions, we can see that every metric space is a pseudometric space,
but for pseudometric spaces and displacement spaces the question becomes less trivial. The
following lemma, not only gives a useful condition for (b) to be satisfied, but it also shows
that (b) is, indeed, a generalization of the triangle inequatily making clear that every
pseudometric map is also a displacement.

Lemma 2.5. Let X be a set and A : X x X — R be a map. Assume that the following
property holds:

(b’) There exists a strictly increasing lefi—continuous map ¢ : [0,+0c) — [0, +00), con-

tinuous at 0, satisfying ©(0) = 0 and such that, for (xz,y) = o(|A(z,v)|),
U(x,2) S P(@,y) +9(y,2), =z,y,2€X. (2.3)
Then A satisfies (b).
n—roo

Proof. Fix z,y € X and let {2, }neny C X be such that |A(y, z,)] —— 0. Then, condi-
tion[(2.3) yields ¢ (z, z,,) — ¥(y, z,) < ¥ (z,y) for all n € N. Hence,

U(z,y) > lirr_l)inf(w(ac7 zn) — (Y, 2n)) = lirginfw(x, 2n) — limsup ¥(y, z,,).

n— 00

Since ¢ is continuous at 0 and ¢(0) = 0, it follows that lim sup,, , . ¥(y, z,) = 0, so

(z,y) = lirr_1>inf¢(96, Zn).- 2.4)
Let us show that
hnlgloréfga(‘A(x, zn)|) > @ (hnrggf |A(z, Zn)|> . (2.5)

Indeed, the definition of lim inf implies that for any € > 0 there exists ng € N such that
if n > ng then |A(x, 2z,,)| > liminf,, o |A(x, 2z,)| — €. Thus, the fact that ¢ is a strictly
increasing function implies that for each € > 0 there exists ng € N such that if n > ng then

P (18, 20))) > o (lminf |z, z0)| <)
n— oo
Consequently, for any € > 0 it holds that

liminf ¢ (|A(z, 2,)|) > ¢ <1iminf |A(x, 20 )| — s) ,
n— oo

n—oo

which, using the left—continuity of ¢, leads to Hence, it follows from and [2.3)]
that

e(|A(z,y)]) > liminf ¢ (z, z,) = lini}infgo(\A(x,zn)D > (liminf |A(m,zn)|) ,
n—0o0 n oo

n— oo

which, together with the fact that ¢ is strictly increasing, yields

|A(z,y)| > liminf |A(z, 2,)]-
n—oo

Note that this holds for any {2z, }nen C X such that |A(y, zy,)| 2729 ), which concludes
the proof. O
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2.1 Displacement spaces

Remark 2.6. Lemma[2.5|shows that condition (b) is a way of avoiding the triangle inequality,
but it is not the only one. For instance, in [72, Definition 3.1], the authors work in the context
of RS—generalized metric spaces, (X, A), and use the following condition

(D) There exists C' > 0 such thatif z,y € X and

Jim Az, z) = lim Az, z,) = n_’ggmﬁ(xn,wm) =0,
then
A(z,y) < Climsup A(zy,, y).

More complicated conditions can be found in [56, (H3) Section 3.1, (H3’) Section 4.1].

We now present a series of examples of displacement spaces that arise naturally from real
world situations, where other spaces like metric spaces might not be adequate.

Example 2.7. Consider the sphere S and the map A : S* x S' — [0, 27) defined as
A(z,y) = min{f € [0, +o0) : ze? =y}, x,yecS.

In other words, A(z,y) is a displacement that measures the minimum counter-clockwise
angle necessary to move from « to y. From a real life point of view, A can describe the way
cars move in a roundabout. Suppose that a car enters the roundabout at a point z and wants
to exit at a point y. In that case, circulation rules force the car to move in a given direction,
which happens to be counter-clockwise in most of the countries around the World. In this
case, drivers are assumed to take the exit y as soon as they reach it.

Let us show that A is a displacement. First, it is clear that (a) holds. For (b’), take
©(r) = r. Then, for x,y,z € S, if A(x,y) + A(y,2) > 2m, then (b’) clearly holds.
Otherwise, A(z, z) = A(z,y) + A(y, z), so (b’) holds.

Note that we have just proven that the triangle inequality, holds. However, this
cannot be a pseudometric space as A is not symmetric.

Example 2.8. Let (X, E) be a complete weighted directed graph, i.e. X = {x1,...,2,}
is a finite set of n € N vertices and E € M,,(R) is a matrix with zeros in the diagonal
and positive numbers elsewhere. The element e; . of the matrix ' denotes the weight of the
directed edge from vertex x; to vertex xy. This kind of graph can represent, for instance, the
time it takes to get from one point in a city to another by car, as Figure [2.T]illustrates.

Now, consider the set {x1, ..., 24} and the matrix E as given by Figure that is,

0 9 4 10
10 0 14 8

E= (€j7k)?7k:1 = 79 0 5 |
11 6 7 0

and the map A(x;, ) := e; . Note that the zeros on the diagonal of the matrix E ensure
that (a) holds, that is, it takes no time to go from a point to itself. Moreover, it can be checked
that A is subadditive —which is to be expected since, if we could get faster from a point to
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The displacement derivative

Figure 2.1: Graph indicating the time in minutes it takes to go from one place to another in
Santiago de Compostela by car (using the least time consuming path) according to Google
Maps —good traffic conditions assumed. The points are placed in their actual relative geo-
metric positions, being 1: Faculty of Mathematics (USC), 2: Cathedral, 3: Train station, 4:
Bus station. Most of the streets in Santiago are one way, which accounts for the differences
in time depending on the direction of the displacement.

another through a third one Google Maps would have chosen that option. Hence, (b’) holds
for p(r) = r, and so A is a displacement.

As a final remark, note that A fails to be symmetric, which once again proves that it
cannot be a pseudometric.

We now present a characteristic type of displacement space that will be useful for the work
ahead. This example will be fundamental to studying the relations between the derivative
introduced later in this chapter and the Stieltjes derivative in Chapter 3]

Example 2.9. Let X C Rand g : R — R be a nondecreasing, left—continuous map and
consider the map A : X x X — R defined as

Az,y) =g(y) —g(z), =yeX.

It follows from the definition that (a) and (b’) with ¢(t) = t are satisfied. Therefore, A is
a displacement, known as the Stieltjes displacement defined by g, and the topological space
is called Stieltjes topological space. Note that for the particular case g = Id, A is called the
usual displacement in R and the associated topology is known as the usual topology of R,
denoted by 7.

Note that the map p(z,y) = |A(z,y)| = |9(y) — g(z)], x,y € R, is a pseudometric,
known as the Stieltjes pseudometric defined by g. Furthermore, for g = Id, p is a metric map
known as the usual metric of R.

The following result gives a useful characterization for a displacement to be a Stieltjes
displacement.

Lemma 2.10. Let X be a set and (X, A) be a displacement space. Then

Az, y) =g(y) —g(z), =,yeX,
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2.1 Displacement spaces

for some g : X — R, if and only if, for every x,y,z € X,
L. A(I7y) = *A(y,l’),
2. Az, z) = Az,y) + Ay, 2).

In particular, if X C R, A is a Stieltjes displacement if and only if A satisfies conditions 1,
2 and

3. There exists xo € X such that A(xo, -) is nondecreasing and left—continuous.

Proof. To show the necessity, first assume that A(z,y) = g(y) — g(z) for some function
g : X = R. Then for any x,y, 2 € X we have that

Az, y) = g(y) —g(z) = —(9(z) — g(y)) = —A(y,z),

and

Az, y) + Ay, 2) = gly) — g(x) + 9(2) — g(y) = 9(2) — g(x) = A(z, 2).

Conversely, assume that 1 and 2 hold. Take z¢ € X and define g(z) = A(xo, z) forz € X.
Then,

A(z,y) = Az, 20) + Az0,y) = —A(20,7) + 9(y) = 9(y) — 9(2).

The other equivalence now follows inmediately from condition 3. O

We can use this result to show that there exist displacement spaces on subsets of the real
line that are not Stieltjes displacement spaces. Consider the following example.

Example 2.11. Let X = [0,1] and A : X x X — [0, +00) be given by

2

Az,y) = eV’ ey, (2.6)

Clearly, condition (a) is satisfied. This can be observed in Figure@ Now, for condition (b),
fix z,y € X. Since A(z, ) is a continuous function, condition[2:2)|is equivalent to

(A, y)| = sup { im [A(,z0)]: {znbnen € X, lim [A(y, )] =0} @)
Let {2, }nen C X be a sequence such that [A(y, 2, )| ——— 0, that is,

. 2_ 2 p—
lim (ezn v—eY Z”) =0.

n— 00

. 2 . 2 2
Given that the sequence {ez"+y }nen is bounded, we have that e*ntzn converges to e¥ ~Y,
from which we get that

lim (zfl + zn) =y% +u. 2.8)
n—oo
Define
—1+/1+4¢
h(t) = e e S [0, +00).

2
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The displacement derivative

For any a € [0, 1] we have that h(a? + a) = a. Therefore, applying h to both sides of
and noting that h is a continuous function, we obtain

y=h(y*+y)=nh ( lim 22 + zn) = lim h(z2 4 z,) = lim z,.
n—oo n—oo n—oo

That is, if {2, }nen C X is such that |A(y, 2, )| ——— 0, it follows that z, converges to y as
n — oo. Hence[(2.7))is trivially satisfied, and thus A is a displacement. However, A is not a

Stieltjes displacement as
A(1/2,0) = e V4 —el/2 £ o712 _ 1/t = _A(0,1/2).

Note that this also shows that the symmetry property does not hold, therefore (X, A) cannot
be a pseudometric or metric space.

0.0
1.0

Figure 2.2: Representation of z = A(z,y) for A as in Observe that, along the line
x = y, the function remains constant and equal to 0.

We now turn our attention to the study of displacement spaces as topological objects,
for which we need to define a topology. The topology inherent to displacement spaces —and
therefore pseudometric and metric spaces— is defined in terms of a particular type of set,
called open ball.

Definition 2.12. Let X be a set and A : X x X — R be a map. Given x € X and r > 0,
we define the set Ba(x, 1), as

Ba(z,r) :={y € X : |Az,y)| < r}.
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2.1 Displacement spaces

We also define
TA 1= {U C X :Yz € U,3r € R such that Ba(x,7) C U}.

If the pair (X, A) is a displacement space, the set Ba(x,1) is known as the open ball of
center = and radius r and T is a topology on X called A—topology.

Remark 2.13. It is important to note that if (X, A) is a displacement space, 7 is indeed a
topology on X. First of all, it is clear that () € 7 as it trivially satisfies the condition in the
definition of 7a. Similarly, by Definition we have that Ba(z,r) C X forall z € X,
r>0,andso X € 7a. Now, let U,V € 7a anddenote W = U NV. If x € W, then x lays
in U and in V. Therefore, there exist i, 7y > 0, such that

Ba(z,ry) U, Ba(z,rv) CV.

Taking » = min{ry,ry}, we have that B(z,r7) C Ba(z,ry) N Ba(x,ry) C W, and so
W € 7a. Lastly, let {U;}jez C 7a and let Y = Ujez U;. If x € U;, then there exists jo
such that x € Uj,. Definition m guarantees the existence of r;, such that Ba(x,7j,) C
Uj;, CU. Thatis,U € T, and so T is a topology on X.

Note that if X is a pseudometric space, the topology in Definition [2.12] yields the usual
pseudometric topology. In those topologies, it is a known fact that open balls are open sets.
However, that result is not obvious in the context of displacement topologies. The following
result shows that that statement is true, while also providing a characterization for a map to
satisfy condition (b) in Deﬁnition@

Lemma 2.14. Let X be a set and A : X x X — R be a map. Then A satisfies condition (b)
if and only if
Ba(z,r) €Ta forallz € X andr > 0, 2.9)

where Ba(x,r) and T are as in Definition

Proof. Assume first that A satisfies (b) and let z € X and r > 0 be fixed. If Ba(z,7) = 0
then Ba(x,r) € Ta trivially. Otherwise, Ba(z,7) # (. In that case, let us show that for
every y € Ba(z,r), there exists ¢ € RT such that Ba (y, &) C Ba(z,r). Assume this is not
the case. Then, there exists y € Ba(x,r) and {z, }neny C X such that, foralln € N,

Hence, there exists a sequence {z, }nen such that |A(y, z,, )| —— 0 and, by condition (b),
liminf [A(x, z,)| > r > |A(x,y)],
n—oo

which contradicts the definition of supremum in[(2.2)]

Conversely, assume that [(2.9)] holds. Fix z,y € X, define r := |A(z,y)| and ¢ > 0.
Clearly, y € Ba(x,r+¢), so there exists . > 0 such that Ba (y, 6.) C Ba(z,7+¢). Hence,
if {2n Jnen C X is such that |A(y, 2, )| ——— 0, there exists N € N such that |A(y, z,)| <
0 forevery n > N, so0 |A(z, z,)| < r+e forevery n > N. Thus, liminf,, o |A(x, z,)| <
r+ €. Since ¢ was arbitrarily fixed, we get that lim inf,,_, o, |A(z, 2,,)| < r, which concludes
the proof. O
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Remark 2.15. Note that hypothesis (a) is not necessary for the Lemma|[2.14{or the definition
of the topology itself. At the end of the day, this hypothesis only guarantees that the open
balls are non-empty. With respect to hypothesis (b), this result shows that it is the minimal
condition required for open balls to be open.

In the general setting of displacement spaces, it is hard to obtain further topological prop-
erties. However, in the particular setting of the real line, more properties can be deduced.
In the following we show that, under certain hypotheses, the open sets in the topology in
Definition can be expressed as countable union of 7,—Borel sets. At this point, we as-
sume that the reader is familiar with the axioms of countability, Lindeldf spaces as well as
the Sorgenfrey topology on the real line (see, for example, [39]).

Lemma 2.16. Let (R, A) be a displacement space satisfying the following properties:
(i) Foreach x € R, the map A(x,-) is nondecreasing.
(ii) The set Ja = {x € R: A(z,27) < 0 < A(x,z™)} is at most countable.

Then every open set can be expressed as a countable union of intervals and singletons which
are also open in the A—topology. In particular, every open set in the A—topology is a Borel
set with respect to the usual topology in R.

Proof. First of all, note that given = € R and r > 0, we can express Ba (z, ) as follows:
Ba(z,r) ={y eR:JA(z,y)| <r}={yeR: —r < A,(y) <7} = A (=7, 7)),

where A, : R — R is defined as A, (t) = A(x,t), t € R. Moreover, since A, is non-
decreasing, Ba(x,r) is a connected set. In particular, we have that Ba (z,7) is a singleton
if and only if z € Ja and r < min{|A(z,27)|,|A(z,27)|}; otherwise it is a nongenerate
interval (not necessarily open in the usual topology) with extremal points

a=inf{t e R: —r < A,(t)}, b=sup{t e R: A (t) <r}.

Let U € 7a . Then, by the definition of open set, U = |J
each Ba(x,r,) is a connected set, we can write

U=J@,bi)u | Jla;05) 0 | (ar, bl U Jla ] U | {=}, (2.10)

i€l JjeET keKx lel zeUNJa

wcv Ba(w,7;) and so, since

for some sets of indices Z, 7, K, L, where each of the sets occurring in[(2.10)]is an open ball
of 7a. Note that since Ja is at most countable, it is enough to show that each of the sets
formed by a union of intervals can be reduced to a countable union of them.

The set A = (J;cz(ai, b;) is an open setin (R, 7,,) and therefore second countable, which
implies that A is Lindel6f and, hence, there exists a countable subcover of A, i.e. A =
Unen(@i,bs,) for some set of indices {in}nen. Similarly, the set B = ;¢ [a;, b)) is
an open set in the Sorgenfrey line, which is hereditarily Lindelof [39), p. 79], and so B =
Unenl@j,,bj,) for some set of indices {4, }nen. Using a similar argument, the set C' =
Urex (@, by] can be expressed as | J,, ¢ (ax,, , bx,, ] Finally, the set D = (J, z[az, bi] can be

—
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decomposed as D = J;c . [a1, br) U ;¢ (ar, bi], and once again, arguing as for the sets B
and C, we obtain that

D = U [aln,bln)U U (amnabmn]v

lnEN mn, €N

for some sets of indices {l,, }nen, {Mmn }nen. However, by the definition of D, we have that
a;, by € Dforalll € L, so

D= U [ar,, b, ]U U [@m,, b, ]s

1, €N I eN

which is clearly countable. Therefore, U is the countable union of intervals and singletons
which are open with respect to 7. O

Remark 2.17. This last proof relies heavily on the fact that the real number system, with
its usual order, is bounded complete, that is, that every bounded set has an infimum and a
supremum. Observe also that the interaction between the topologies 7,, and TA plays a mayor
role in the proof. Furthermore, the relations between the topologies also have consequences
in the implications that follow from the result. Essentially, Lemma @] shows that, for
the real line, every 7,—Borel oc—algebra is, in particular, a TA—Borel oc—algebra. Hence, the
integration theory that will follow will be valid for the open sets of 7A when the hypotheses
of Lemma[2.16] are satisfied.

Remark 2.18. Observe that it is enough for condition (ii) in Lemma[2.16]to be satisfied that
for every « € R, the map A(z, ) is continuous at  from, at least, one side. In particular, it
follows that every Stieltjes displacement satisfies the hypotheses of Lemma[2.16] Therefore,
every open set in a Stieltjes topological space can be expressed as a countable union of in-
tervals. This information was already available in [33| Proposition 2.1]. However, the proof
does not show that such intervals are elements of the corresponding topology, thus failing
to show that the topology is second countable. This has no impact on the rest of the results
in that article, as the authors only use the fact that open sets in the corresponding topology
are Borel sets in the usual sense. A similar thing occurs regarding [61, Lemma 5], where
the authors claimed that A—topology is second countable. This is done by showing a open
set can be expressed as a countable union of open balls. Nevertheless, its proof presents two
problems. First of all, the proof does not take into account the possibility of an open ball
being a singleton which makes the result invalid as, without condition (ii) in Lemma [2.16
this could lead to an uncountable set. Secondly, the results fails to show that open balls can be
covered by a given family of countable sets, thus failing to show that the topology is second
countable. Once again, this has no major impact on the rest of the results of the paper as it
is only used that open sets in the A—topology are Borel sets, which happens, unknowingly,
under the conditions of Lemma 2.176]

Next, we aim to study the maps between two displacement spaces. It is known that
between metric spaces, continuity can be determined in terms of open balls. In the next result
we show that this is also the case in the setting of displacement spaces.
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Lemma 2.19. Ler (X, A1) and (Y, As) be displacement spaces. A map f : X — Y is
continuous if and only if

Voe Xy, Ve>0,36>0suchthat f(y) € Ba,(f(z),e) Yy € Ba,(z,6). (2.11)

Proof. First, assume that f is continuous and fix z € R and & > 0. Since U = Ba, (f(z),¢)

belongs to 7a,, we have that f~1(U) € 7a,. Moreover, z € f~1(U) and so, there exists
§ > 0 such that Ba, (z,d) € f~(U). Hence,

f(Ba,(z,0) C f(f71(U) C T,

that is, there exists > 0 such that if |A (z,y)| < § implies that |Ax(f(z), f(y))] < e.

Conversely, let U € 7a,,y € f~5(U) and z = f(y). Since U € 7a,, there exists &, > 0
such that Ba, (z,&,) C U. Now, condition guarantees the existence of §, > 0 such
that

f(2) € Ba,(x,e5), Yz € Ba,(y,6y).

Note that Ba, (y,6,) C f~1(U) as f(z) € U forany z € Ba,(y,6,). Since y € f~1(U)
was arbitrary, f~!(U) is open and so f is continuous. O

A particularly interesting type of maps between displacement spaces are the homeomor-
phisms. Essentially, these maps allow us to compare the corresponding sets together with
their topologies. In a similar fashion to metric spaces, in the context of displacement spaces
we have a useful tool to check whether two displacement topologies on a same space are
homeomorphic. We first introduce the concept of topologically equivalent displacements.

Definition 2.20. Let X be a set. Two displacements on X, A1, Ay, are said to be topologi-
cally equivalent if for every x € X and r > 0, there exist r1,r5 > 0 such that

BAI(Z‘,Tl) - BAz(Z‘,T), BAz(x7T2) C BAI(J?,T).
Remark 2.21. Note that this is an equivalence relationship.

The next result follows from the definition and Lemma [2.19] and it gives an alternative
condition for displacements to be equivalent.

Proposition 2.22. Let X be a set. Two displacements on X, Ay and A,, are equivalent if
and only if the identity map, I1d : X — X, is (Ta,,Ta,) and (Ta,, Ta, )—continuous.

Remark 2.23. Note that this result shows that two displacement spaces that are equivalent
are homeomorphic.

Next, we include a result that provides a sufficient condition for two displacement spaces
to be equivalent.

Proposition 2.24. Let X be a set and A1, As be displacements on X. Suppose that for every
x € X, there exist a, 8 > 0 such that

Then A1 and Ay are equivalent.
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Proof. Letx € X and r > 0 be fixed. Take 7y = r/fB and y € Ba, (x,71). Then
[As(z,y)| < BlAL (2, y)| <,

and so y € Ba,(x,y). Hence, Ba, (z,71) C Ba,(x,r). Similarly, taking ro = ar and
z € Bpa,(z,72), we have that

alAq(z, 2)| < |Ag(z, 2)| < ro.
Hence |Aq(x, z)| < 7, and thus Ba, (z,72) C Ba, (x,7), which concludes the proof. O

Remark 2.25. Note that this condition is, even in the particular setting of metric spaces, only
a sufficient condition. Indeed, consider the maps A; : RxR — [0, +00) and , Ag : RxR —
[0, 1) defined as

ly — |

2" ryeR.
Tly—a 7Y

Al(x7y)=|y—x|, Ag(l',y):
The maps A; and A, are metrics on R, and so, they are displacements. Furthermore, it is
easy to check that for every x € R and r > 0,

Ba, (l’,?") - BA2(1'7’I"), Ba, (LL', (T i 1)/T) C Ba, (m,r).

Therefore, they are equivalent. However, condition [(2.12)] cannot hold as one of the maps is
bounded and the other one is not.

Lastly, we have a look at the set of bounded continuous functions between displacement
spaces. In particular, we wonder whether such set can be endowed of a Banach space struc-
ture. Such result has only been obtained for the particular case where the codomain is R with
the usual topology. In order to show such property, we introduce the following definition.

Definition 2.26. Let a,b € R, a < b, and ([a,b],A) be a displacement space. A map
f : [a,b] — R™ is said to be continuous with respect to A, or simply A—continuous, if
f:(la,b], A) = (R™, 7,) is continuous. We denote

BCa(la,b],R™) = {f : [a,b] = R™ : f is continuous with respect to A and bounded} .

We also recall that the set of bounded functions defined on a given interval, [a, b], with
values on R", denoted by B([a, b], R™) is a Banach space with the norm

[fllee = sup IF@, f € B(la,b],R"), (2.13)

t€la,b]

where || - || denotes the usual norm in R™. This information, together with the next result, will
be key to prove that (BCa([a,b]),R™), | - |leo) is @ Banach space.

Proposition 2.27. Let (X, || - ||) be a Banach space andY C X. If Y is closed in X, then
(Y, ||l - ) is a Banach space.

Proposition 2.28. Let a,b € R, a < b, and ([a,b], A) be a displacement space. The set
BCa([a,b], R™) equipped with the norm || - ||oo in[2.13)]is a Banach space.
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Proof. Proposition ensures that it is enough to show that BCa ([a, b], R™) is a closed
subspace of the the Banach space B([a, b], R™).

Let { f, }nen be a sequence in BCa ([a, b], R™) converging to a function f. Then, {f,, }nen
converges uniformly to f, and so f is bounded. Thus, all that is left to prove is that f is A-
continuous.

Fix ¢ > 0 and ty € [a,b]. Since {f, }nen converges uniformly to f there exists ng € N
such that

[ fnas) = £ < 5, s € la,bl.

On the other hand, since f,,, is A—continuous at ¢, there exists § > 0 such that
€
o)

1£t0) — £l <

t € Ba (to, (5)
Therefore, for any ¢t € Ba (to, ) we have that

1£(t0) = SO < 1[f (t0) = fro (Bo) [l + | frg (F0) = frng (D) + [1frno () — FD) < 3% =

that is, f is A—continuous at ty. Since the point ¢y € [a,b] was arbitrarily chosen, f is
A—continuous. O

2.2 Displacement calculus

Let us recall the aim of the rest of this chapter: to construct some analytical structure over
closed intervals of the real line which is compatible with the displacement structure intro-
duced in Section In particular, we will focus on the construction of a measurable space
in Section and in the definition of a displacement derivative and its relation with the
mentioned measure in Sections [2.2.2] and 2.2.3] respectively. The results ahead are slight
modifications of those in [61]. Here, we have consider the minimal hypotheses there con-
sidered for the results there to remain true, which we present now: consider an interval,
[a,b] C R, and assume that there exists a nonzero map A : [a, b] X [a,b] — R satisfying the
following hypotheses:

(H1) Forall z € [a,b], A(z,z) = 0.
(H2) Forall z € [a,b], the map A, (-) := A(x, ) is nondecreasing and left—continuous.
(H3) There exists v : [a, b] x [a,b] — [1,400) such that
(i) Forall x,y, 2,Z € [a, ],
1Az, 7) = Az, )| <7(2,2)[AE 2) — AR y)l-
(ii) Forall z € [a, b],
lim v(2,%) = lim v(Z,2) = 1.

Z—z Z—z

(iii) For all z € [a, b], the maps v(z, -),v(+, 2) : [a,b] — [1, +00) are bounded.
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2.2 Displacement calculus

Remark 2.29. Note that (H2) ensures that, in order to confirm that (H3, i) holds, it is enough
to check that there exists v : [a,b] X [a,b] — [1,+00) such that for every z,Z € [a,b], we
have that

Az, y) — Alz2) <7(2,2)(AEZy) — Az ), 2,y €la,bl, © <y.

As we mentioned before, this set of hypotheses does not match those considered in [[61].
Let us discuss the differences between them. The first difference that we are going to consider
is the continuity hypotheses on the map A. In [61], the map A, « € [a, ], is only continuous
from the left at x. Thus, the continuity hypothesis here considered is more general. However,
as it is proved in [|61, Proposition 2], the converse relation also holds provided that (H3, 1)
is satisfied. Therefore, the continuity hypotheses considered in both cases are equivalent in
their respective settings.

Naturally, we need to discuss the other difference between the hypotheses (H1)-(H3)
and the ones considered in [61]]. In that work, the authors also imposed condition (b) in
Definition[2.3] ensuring that the map considered is a displacement, thus justifying the name of
the derivative there defined. Of course, hypotheses (H1)—(H3) do not include that condition.
However, this does not mean that this setting represents a more general context than that
in [[61]], as we show in the next result.

Proposition 2.30. Lez [a,b] C R and A : [a,b] X [a,b] — R satisfy hypotheses (H1) and
(H3, i). Then, ([a,b], A) is a displacement space.

Proof. In order to show the result, we need to show that conditions (a) and (b) in Defini-
tion[2.3]are satisfied. Of course, hypothesis (H1) is the same as condition (a) in Definition[2.3]
Therefore, we need to show that[(2:2)|holds for each z,y € [a, b]. In order to do so, we will
show that for each z,y € [a,b] and {2, }nen C [a, b] such that |A(y, z,)] — 0asn — oo
the following limit exists and

Jim |A(z, zn)| = [A(2, y)-
Observe that this is enough to show that [(2.2)] holds as, in that case, we are considering the
supremum over the singleton {|A(z, y)|}.
Let z,y € [a,b] and £ > 0 be fixed and consider a sequence {z, }nen C [a, ] such that

|A(y, zn)| — 0as n — oo. In that case, we have that A(y, z,) — A(y,y) = 0asn — oo,
so there exists N € N such that if n > N, then

Ay, 2n) — Ay, y)| <
Thus, (H3,i) ensures that for n > IV,
HA(JI,Z”” - |A(l‘,y)‘| S |A(Z‘7Zn) - A(Jf,y” S ’Y(‘ray)|A(y7Z7l) - A(y7y)‘ < g,

which concludes the proof. O

v(x,y)

In conclusion, the set of hypotheses here presented is a simplified but equivalent version
of those in [61]]. Note that, of course, there exist maps satisfying all of them. One of the sim-
plest examples that we can consider is the family of Stieltjes displacements in Example [2.9
Furthermore, there exist maps satisfying (H1)—(H3) that are not Stieltjes displacements as we
show in the following example.
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Example 2.31. Let a,b € R, a < b, g : R — R be a nondecreasing and left—continuous
function and consider the map A : [a, ] X [a,b] — R defined as

A(z,y) = el (g(y) - g(2)), =,y € [a,b]. (2.14)
It is clear from the definition that hypotheses (H1) and (H2) are satisfied. Furthermore, for
(H3) it is enough to take v : [a, b] X [a,b] — [1,400) defined as

v(z,Z) = max{1,e*I=F 2 7 € [q,0).

Observe that conditions (H3,ii) and (H3,iii) are clearly satisfied, so we only need to show that
(H3, 1) holds. Let z,%Z € [a, b]. For any z,y € [a, b], we have that

|A(z,2) — Az, y)| = e*|gly) — g(z)| = I7FHEg(y) — g(a)]
<(z,2)eg(y) — g(2)] = 7(2,2)| Az 2) — AZ, ).

In other words, the map A satisfies (H1)-(H3). Note, however, that it is not, in general, a
Stieltjes displacement. For example, take a = —2,b =2 and g : R — R defined as

t,  ift<0,
g(t>_{ t+1, ift>0. 15

Then, we have that

A(0,1) = e(g(1) — g(0)) = 2 # 2e = —e'(9(0) — g(1)) = —A(1,0),

which is enough to ensure that A is not a Stieltjes displacement, see Lemma[2.10] This might
seem odd considering how close is to the definition of the Stieltjes displacement de-
fined by g. Essentially, for each « € [a, b], A generates a nondecreasing and left—continuous
map, which can be regarding as a rescaling of the map g. In Figure [2.3| we compare the map
A and the corresponding Stieltjes displacement for g as in[(2.15)]

Given that the hypotheses (H1)—(H3) might be complicated to check, we include the
following result that gives a sufficient condition for a map A : [a, b] X [a,b] — R to satisfy
all of them.

Proposition 2.32. Ler A : [a, b] X [a,b] — R be a map and let us denote by Dy A its partial
derivative with respect to its second variable. If D3/ exists, is continuous on [a,b] X [a, b],
and there exists v > 0 such that

DyA(z,y) >r forall (x,y) € [a,b] X [a,b],
then A satisfies (H2) and (H3).

Proof. The assumptions imply that for each = € [a,b], the mapping A(z, -) is increasing
and continuous, which is more than (H2). Now fix z,Z € [a,b]. Fora < z < y < b, the
generalized mean value theorem guarantees the existence of £ € (x, y) such that

A(zy) ~ Alzz) _ DaA(z,6)
AGy) - AGe)  DAGEE)
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2.2 Displacement calculus

(a) Representation of z = Ay(z,y) where Ay, (b) Representation of z = A(z, y) where A is
is the Stieltjes displacement defined by g in the displacement defined infor g asin

(2.15) (2.15)

Figure 2.3: Figures comparing the differences between a Stieltjes displacement and the cor-
responding modification in The red line representes the value of the displacements

along the line x = y, showing that (HI) holds in both cases.

which implies (H3, i) for

N DQA(zaé-)
(2, 7) = max {1’;2?%(1) DQA—(Z@} .

The function v is well-defined and bounded as the three variable mapping

— DZA(Z)g)
(2,%,€) € [a,b] x [a,b] x [a,b] — DQA—(E,E)

is continuous on a compact domain. In particular, (H3, iii) holds.

(2.16)

Finally, (H3, ii) is a consequence of the fact that D2 A is continuous on [a, b] X [a, b], and,
therefore, uniformly continuous on [a, b] X [a, b]. Indeed, let z € [a, b] be fixed. For a given

e > 0, we can find ¢ > 0 such that for each Z € [a, b], |z — Z| < J, we have
|D2A(z,€) — Do A(Z,6)| < re forevery € € [a,b].

Therefore, if |z — Z| < ¢ then we have

DQA(Z7§) ' |D2A<Z7€) _DQA(27§)|
— 1| = < e forevery & € |a,b|.
B DA 6) veeled
We have just proven that
%1_>mz gzi—g:g =1 uniformly in £ € [a,b].
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Now, for each Z € [a, b] there exists &z such that

_ DQA(Z7§2)}
z,Z)=maxq1l, ——= 5.
’7( ) { DQA(Z7§?)
Hence v(z,Z) — 1 as Z — 2. Similarly, y(z2,Z) — las z — Z. O

Example 2.33. Consider the map A : [0,1] x [0,1] — R given by
Alw,y)=e’ =" eV, aye0,1].

Recall that this is a displacement that is not a Stieltjes displacement, as shown in Exam-
ple[2.11] Noting that condition (a) in Definition [2.3|coincides with (H1), it follows that (H1)
is satisfied. Moreover, A clearly has continuous partial derivatives, and

DyA(z,y) = 2yey2*12 +e"Y>e" Y >et on|0,1] x [0, 1].

Hence, A satisfies (H1)-(H3) for v defined as in[2.16)]

2.2.1 The displacement measure

We now turn our attention to the definition of a measure based on a map A satisfying hy-
potheses (H1)-(H3). Such measure will be known as the displacement measure and it is
defined in terms of “local” Lebesgue—Stieltjes measures, as we will show now.

Hypothesis (H2) guarantees that the map A, is nondecreasing and left—continuous for
each z € [a, b]. Hence, it defines a Lebesgue—Stieltjes measure on [a, b], see Example
In the following, 1, will denote the Lebesgue—Stieltjes measure associated to A, and M,
the Lebesgue—Stieltjes o—algebra associated to such measure. Define

M= (] M.. 2.17)

z€la,b)

Observe that M is a o—algebra as pointed out in Remark Moreover, since Lebesgue—
Stieljes measures are, by definition, 7,,—Borel measures, it follows that B(7,,) C M.

Note that hypothesis (H3) allows us to understand the relationship between the different
possible measures depending on z € [a,b]. Specifically, it explains the relation of such
measures over sets of the form [c,d) C [a, b], which characterize the measures on M. In
particular, we have that given z,Z € [a,b], we have that p.(I) < ~(z,Z)uz(I) for any
interval I and, as a consequence,

we(A) <v(z,Z)uz(A), forall A e M. (2.18)

That is, pz|m < piz|m < piz|m for all z,Z € [a, b]. With this idea in mind, from now on,
we assume that 1, is defined over M instead of M, for every z € [a,b]. As a consequence,
we obtain that /¢, and juz are equivalent in the sense of Definition[I.31for all z,% € [a, b].
In order to continue our journey to define the displacement measure we need the following
definitions. These definitions will be consistent with the measure we aim to construct.
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2.2 Displacement calculus

Definition 2.34. Let [a,b] C R, A C [a,b] and A : [a,b] X [a,b] — R satisfy (H1)-(H3).
We say that a function f : [a,b] — R is A—-measurable if f : ([a,b], M) — (R, B(7y)) is
measurable in the sense of Definition [I.9] Similarly, we say that a property P is satisfied
A-almost everywhere in A, shortened as A-a.e. in A, or that it holds for A—almost all
x € A, or simply A—a.a. x € A, if there exists z € [a,b] such that P is satisfied j1,—almost
everywhere in A in the sense of Definition[1.26]

Remark 2.35. Note that by construction of M, f : [a,b] — R is A-measurable if and only
if f: ([a,b], M) — (R,B(r,)) is measurable for every z € [a,b]. Similarly, given the
equivalence existing between the different measures 4., z € [a, b], a property P is satisfied
A-almost everywhere in A if and only if P is satisfied p,—almost everywhere in A for all
z € [a,b].

With these definitions, we can make explicit the relation between p, and pz, z,Z € [a, b],
using Corollary Since p, and iz, 2z, Z € [a, b], are equivalent, we know that there exists
two A-measurable functions, b z, hz . : [a,b] — [0, c0), such that

,LLZ(A) = / hzjgdﬂz, /.LE(A) = / hZz d,uz, forall A € M. (2.19)
A A
In what follows, we denote by h, , the Radon—-Nikodym derivative of 1, with respecto to
tys T,y € [a,b].

Proposition 2.36. Let [a,b] C R, 2,Z € [a,b] and A : [a,b] X [a,b] — R satisfy (H1)-(H3).
Denote by h, z the function in[(2.19)] Then

<h,z(t) <v(2,%z), A-aaté€]la,b.
oy S £1(23) .t

Proof. First, assume that h, z(t) < (2, %), does not hold for A-a.a. t € [a, b]. Then, there
would exist A € M such that pyz(A) > 0 and

h.z(t) > v(z,%), forallte A.
Hence,
o) = [ ) dns(e) > [ 32 dpa(o) = 2 sl ),
which contradicts Therefore,
h.z(t) <v(z,%Z), A-aa.té€a,b]. (2.20)

For the other inequality, take hz . as in[(2.19)} Using[(2.20)} we have that

1
")/(27 Z) 2 h27z(t) = m, A-a.a.t € [a,b],
where the last equality follows from Remark [.37] O
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Observe that Proposition ensures that, for z,% € [a, b] fixed,

—_

< h,z(t) <~v(z,2), forallte [a,b]\ A,

=~ _ h.z(t), if telab]\ A,
haz(t) = { 1, if teA..
Then, it follows that
1 ~
— < h.z(t) <v(z%), forallte [a,b]. 2.21)
T SR <9(7) 0,0

Moreover, Ez,g = h,z A-ae. in [a, b], and in particular, u,-a.e. in [a, b]. Hence, we have
that

wy(A) = / legdﬂ@, for all A € M.
A

Thus, we can assume without loss of generality that the functions in [(2.19)] satisfy
Given this consideration, we can obtain the following result.

Proposition 2.37. Let [a,b] C R, Z € [a,b] and A : [a,b] X [a,b] — R satisfy (H1)-(H3).
Then
lim h,z(t) =1, forallt € [a,b]. (2.22)

zZ—=Zz

Proof. Fix z,t € [a, b]. It follows from [(2.2T)| that

1
v(Z, 2)

< h,z(t) <~v(z,%), forallz € [a,b]. (2.23)

Hence it is enough to consider the limit when z — Z in the previous inequalities, together
with hypothesis (H3, ii), to obtain the result. O

Remark 2.38. Note that, given Z € [a, b], we also have that there exist mz, Mz > 0 such
that

mz < hyz(t) < Mz, forallt € [a,b].
Indeed, fix z, ¢ € [a, b]. Then, [(2.23)| with z = ¢ yields

1
v(Z,t)

Now the result follows from (H3, iii).

< hu=(t) < At 7).

We finally have all the tools necessary for the definition of the measure introduced in [61]].
To that extent, we will first prove that the next family of set maps is well-defined.
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2.2 Displacement calculus

Proposition 2.39. Let [a,b] C R and A : [a,b] X [a,b] — R satisfy (H1)-(H3). Consider
a : [a,b] — [a,b] a A—measurable map and z € [a,b]. Then the map o : M — [0, 4+00]
given by

o (A) = / haw),(t) dp-(t), AeM, (2.24)
A
is well-defined. Moreover, the definition of [, is independent of the choice of z € [a, b].

Proof. In order to show that the map is well-defined, it is enough to show that h,. .(-) is
p.—measurable. To that end, define the map h., : [a,b] X [a,b] — [0, +00) given by

ho(t,z) = hy 5(t), t€la,b].

We will show that h, is a u,—Carathéodory function in the sense of Definition as this
will ensure that the composition f(-,a(+)) is /1.—measurable (see Proposition[I.28).

Note that condition (i) in Definition is trivially satisfied as b, (-, ) = hy () IS p1—
measurable by definition (see Corollary [1.35)). As for condition (ii), let 2 € [a, b]. It follows

directly from Remark and that

lim hz ,(t) = lim hz ;. (€)hy 2 () = hy o (¢), for A-a.a.t € [a,b],

Z—T zZ—x

that is, h(¢,-) is continuous on [a,b] for A-a.a. t € [a,b], and therefore, for p,—a.a. t €
[a, b]. Finally, (H3, iii) guarantees the existence of M > 0 such that |y(z, z)| < M for all
x € [a,b]. Hence, it follows from[(2.2T)| that

|ho(t,z)| < M, for A-aa.t € [a,b], forall z € [a,b].

Itis clear that M € L, ([a, b], [0, +00)), so it follows from Remark that (iii) holds, i.e.,
the map h, is p,—Carathéodory.
Now, to show that the definition of ., is independent of the choice of the point z € [a, b]

in[2.24)] let z,Z € [a,b], z # Z. Remark [1.37|ensures that by (5) 2(S) = ha(s),-(5)hz z(s)
for A-a.a. s € [a, b]. Hence,

/A ey (5) d s (5) = /A ey (8)hs 2(5) d p=(s) = /A hag=(s)dps(s). O

This result, together with Proposition[I.19)ensure that /i, is in fact a measure.

Definition 2.40. Let [a,b] C R and A : [a,b] X [a,b] — R satisfy (H1)~(H3). Consider a
A-measurable map, « : [a,b] — [a,b], and z € [a,b]. The map pio : M — [0, +00) given
by

a(A) = /Aha(t),z<t)dﬂz(t)> AeM,

is a measure, which we call A ,—measure. In the particular case where o is the identity map,
it will be called the displacement measure, or simply A—measure, and it will be denoted by

B = pi1d-
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Remark 2.41. Let g : [a, b] — R be a nondecreasing left—continuous function and A be the
Stieltjes displacement associated with g as in Example Then, it follows that i, = p, for
all z € [a,b]. As a consequence, we have that h, z = 1 for all z,Z € [a, b] and, therefore, the
A-measure coincides with the Lebesgue-Stieltjes measure defined by g.

Observe that the notation and nomenclature used in Definition 2.34] so far is consistent
with the corresponding definitions for the A-measure, u, as we anticipated. Indeed, for
example, f is A-measurable if and only if it is y—measurable, as u and p., z € [a,b],
are defined over the same o—algebra, M. Justifying the equivalence for properties holding
w and p, everywhere is not as immediate from the definition, but it can be obtained as a
consequence from the next result.

Proposition 2.42. Let [a,b] C Rand A : [a,b] x [a,b] — R satisfy (H1)-(H3). Then y and
Uz, z € [a,b], are equivalent in the sense of Definition

Proof. It follows directly from the definition that u < p,. Hence, all that is left to do is show
that p, < pfor all z € [a,b]. Fix z € [a, b]. Hypothesis (H3, iii) ensures that there exists
K > 0 such that

v(z,2) < K, x € [a,b].

Hence, implies that

N(A):Aha(s),z(s)dﬂz(s) Z/A’Y(Z ]O-é( dﬂz / Kd,u,z = (A .

Thus, if ©(A) = 0 then p,(A) =0, ie. p, < pforall z € [a,b]. O

~—

Finally, by defining the corresponding concepts of integrability of functions, it is possible
to establish the following relationship.

Proposition 2.43. Let [a,b] C R and A : [a,b] x [a,b] — R satisfy (H1)-(H3). Given
X € M, define the set of A—integrable functions over X as

LA(X,R):= {f : X = R: fis A-measurable, / |fldp, < 4oo, for some z € [a,b]}.
X

Then L, (X,R) = L} (X,R).

Proof. First of all, recall that the concepts of p—measurablility and A-measurability are
equivalent, so all that is left to do is prove that the finite character of the integrals is equivalent.

Let f € LA(X,R) and z € [a,b] be such that [ |f|d p. is finite. Hypothesis (H3, iii)
guarantees the existence of M > 0 such that |y(x, z)| < M for all © € [a,b]. Thus, using

we have that

Léjﬂdu::/kfwwhzwnduxg

/V 75, 2)| d jis(s) <M/u 1 djia(s) < too.
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2.2 Displacement calculus

thatis, f € EL(X, R).
Conversely, let f € L£)(X,R) and z € [a,b]. Again, hypothesis (H3, iii) implies that
there exists K > 0 such that |y(z,z)| < K for all z € [a, b]. Hence

[ an= [1ron oo = [

so [ |f|dpz < 400, which concludes the proof. O

PRCES S ATCIERE:

Remark 2.44. Note that in the last segment of the proof, z € [a, b] was arbitrarily chosen.
That is, if f is pu—integrable, it is yp,—integrable for all z € [a, b]. The other implication also
holds, as presented in the proof above. Hence, we can rewrite E}L(X ,R), or equivalently
L4 (X, R), as the set

{f:X%R:fisA—measurable,/ |fldp, < 4oo, forallze[a,b]}.
X

As a final comment for this section, observe that y : M — [0, +00] is a Borel measure
that assigns finite measure to bounded sets, that is, it is a Lebesgue—Stieltjes measure (see
Definition . Therefore, it can be represented over 5(7,,) by a nondecreasing and left—
continuous function g as defined in[(T.28)] This relationship is key for the study of u over
some interesting sets related to the map A. These sets will be fundamental in the definition
of the displacement derivative. Let us define the sets Ca and DA as

Ca ={zx € (a,b) : A(z,-) =0in (x —e,x + &) C (a,b) for some € > 0}, (2.25)
Da :={z € [a,b) : A(z,x™) # 0}. (2.26)

Remark 2.45. It follows from the definition that Da = Da_, z € [a, b], where D should
be understood in the sense of Indeed, first, let us show that Da, C Da for all
z € [a,b] by proving that if x ¢ Da then & & Da_, z € [a,b]. Fix z € [a,b] and © &€ DAa.
Then we must have that A(z,z1) = 0, so given € > 0 there exists 6 > 0 such that

|A(z,y)] < forally € [a,b], 0 <y —x < 4.

_c
v(z,x)’
Hence, if y € [a, b] is such that 0 < y — = < ¢, then

|A(z,7) — A(z,9)| < (2, 2)|A(z, ) — Az, y)| <e.

That is, A, is continuous from the right at x, so € Da_. In other words, DA, C D for
all z € [a, b].

Conversely, suppose that x € Da_, z € [a,b]. In particular, we have that € D _,
which implies that A(z, ") = 0. Thus, z € Da. In conclusion, we have that DA C Da_
for all z € [a, b], which is enough to guarantee that Do = Da_, z € [a, b].

Proposition 2.46. Let g be as in for the A—measure i and let D, and C,; be as in
[(T:2D) and [122)] respectively. Then Da = D, N [a,b) and Ca = Cy N (a,b).
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Proof. For the equality DA = D4 N [a, b), it is enough to note that for any ¢ € [a, b) we have
that

g(t") —g(t) = lim B (r) d e (7)

s—tt [t,8)

= /{t} By (1) d pe(r) = he e () (A (EF) — A(t)) = Ag(tT),

where the last part follows from [(T.23)]
Now, in order to see that Ca = CyN(a,b),lett € Ca. Then As(-) =0on (t—e,t+€)N
(a,b) for some e € RT. Letr, s € (t —e,t 4+ ¢) N (a,b), r < s. Then, using Remark [2.38]

0< 9(s) — g(r) = ([ s)) = /[ aal) ) < Mon(r ) =0

since [r,s) C (t — e,t + €). Thus g is constant on (¢t — &,t + €) N (a, b). Now, it follows
that t € C, noting that g is constant outside of (a,b). Conversely, if t € Cy N (a, b), then g
is constant on (t —e,t 4 ¢) forsome e € R*. Letr,s € (t —,t +¢) N [a,b), r < s. Then,
Remark 2.38]implies that

0 < my(Ae(s) = Au(r)) = mupe([r,8)) < | ha(@) dp(x) = g(s) — g(r) = 0.

[7‘78)

Thatis, A; is constant on (t—¢, t+¢)N(a, b), and since A¢(t) = 0, it follows thatt € Ca. O

The first consequence of Proposition[2.46]is that C'a is an open set in the usual topology.
Moreover, it can be uniquely expressed as the countable union of open intervals as in
For those intervals, define

Na :={an,b, : n € NN\ DAa. (2.27)

Note that No = N, N (a, b). Hence, the following result follows directly from Proposition
.54

Corollary 2.47. Let Cn, Da and Na be as in[(2.25) [2.26) and [(2.27)} respectively. Then

(i) DA is at most countable;

(i) p(Ca) = p(Na) = 0.

Remark 2.48. As a consequence of Corollary [2.47] a property holds p—a.e. in E if it holds
on E\ Oa with

Op := CaA UNA.

Moreover, if © ¢ Oa U Da we have that A, (y) # 0 forall y € [a,b], z # y.
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2.2 Displacement calculus

2.2.2 The displacement derivative

We now introduce the concept of derivative of a function defined over an interval [a, b] with
respect to a map satisfying (H1)—-(H3). We chose this setting because it allows us to have
some properties on the derivative, such as linearity, which will be helpful in order to study
the relationship between the displacement derivative and its integral.

In order to properly define this derivative, we will need the following auxiliary functions.
Given a function f : [a,b] — R and a point z € [a, b], we define the function

fO) = f=)

which we will assume to be defined in a neighbourhood of x in which the expression makes
sense, namely, where A, (-) # 0. Note that if € Cx, there exists £, > 0 such that the
expression does not make sense for any neighbourhood (z — ,2 +¢) N [a,b], € € (0,&,).
With this notation, we present the following definition.

Definition 2.49. Let [a,b] C R, A : [a,b] X [a,b] — R satisfy (H1)~(H3) and f : [a,b] = R
be a function. The displacement derivative or A—derivative of f at x € [a,b] \ Ca is defined
as

lim F,(y), ¢ Da,

y—x

lim F,(y), =€ Da,
y—at

file) =

provided that the corresponding limit exists. In that case, we say that f is A—differentiable at
x. If f is A—differentiable at every x € [a,b]\ Ca, we say that f is A—differentiable in [a, b].

Remark 2.50. In the work ahead, we will simply write

. fy) — f(=)
pa={ A TP
a ) B C Da
y—xt A(,T,y) ’ '

However, those limits should be understood in the sense of Definition[2.49] which are well-
defined when x is an accumulation point of the domain of the function F,. This explains
why the points of Ca are excluded in Definition Moreover, these limits should be
properly understood at some other conflicting points. For example, imagine A, (-) = 0 in
some (x — 0,z), 6 > 0, and A, (-) # 0 on (x,x + ¢) for every € > 0. Then

lim F(y) = lim F.(y),

y—z y—zt

since F, is not the defined at the right of 2. The same thing occurs if z = a and A,(-) # 0
on (a,a + ¢) for every ¢ > 0. Similarly, if A,(-) = 0 in some (z,z + ), > 0,orz = b,
and A, () # 0on (z — €, z) for every £ > 0. In that case, the function F, is not defined at
the left of z, so

lim F,.(y) = lim F,(y).

y—x y—x~
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Remark 2.51. Note that given a point x € Da, the A—derivative of a function [ exists if
and only if the limit of f from the right of 2, f(z™), exists. In that case,

/ _ f($+)—f($)
R0 R

Remark 2.52. Considering that Proposition ensures that ([a,b], A) is a displacement
space, one might think that the natural choice for the definition of the derivative would be by
taking the limit in the 7o topology instead of in the usual topology of the real line. However,
if v € Da, x is a continuity point of A, and it is easy to see that such limit can be translated
into a limit in the usual topology, which is far more convenient for the theory constructed
there. It is at this point that the importance of hypothesis (a) in Definition arises as
commented in Remark [2.15] Without that hypothesis we would not be able to ensure that
the balls of any center and radii are nonempty, so the limits in the A—topology might not be
well-defined in that case.

The following results include some of the basic properties we anticipated earlier. This
properties are analogous to the properties of the usual derivative.

Proposition 2.53. Let [a,b] C R, A : [a,b] X [a,b] — R satisfy hypotheses (H1)-(H3) and
f : la,b] = R be A—differentiable at x € [a,b] \ Da. If

A(y) <0, forally € |a,b] such thaty < x, (2.28)
f is continuous from the left at x in the usual sense. Similarly, if
A (y) >0, forally € [a,b] such that y > z, (2.29)

f is continuous from the right at x in the usual sense.

Proof. Let x € [a,b] \ Da and assume that holds. This condition together with the
existence of f/ () ensures that

Therefore, we have that

lim ((y) - f(x)) = lim (’WA@,y)) — f.(2) lim Alz,y) =0,

y*)fEi y%x* y%il?i
since A, is continuous at z. Thus, f is continuous from the left at z. The proof for the other
case is analogous and we omit it. O

Proposition 2.54. Let [a,b] C R, = € [a,b] and A : [a,b] X [a,b] — R satisfy (H1)-(H3). If
f1, f2 : [a, b] — R are A—differentiable at x, then:

(1) The function \1 f1 + Ao fo is A—differentiable at x for any A1, Ao € R and

(Aufr + X fo) () = M(f1)) () + A2 (f2)', (2). (2.30)

58



2.2 Displacement calculus

(ii) The product f1 fo is A—differentiable at x and

(f1f2) (@) = (f1) (@) fo(2) + (f2) s (@) fr () + (F2), (2)(f2), (2) Al x;)-ﬂ)

(i) If fo(x)(fa(z) + (f2) (x)A(x,xT)) # 0, the quotient f1/ f> is A—differentiable at x

and
(f1>' (2) = (f1), (@) f2(z) = fi(@)(f2) ()
f2) fa(2)(f2(z) + (f2) () A(z,27T))

Proof. Let x € [a,b] be such that (f1)’ () and (f2)’, (z) exist. Then 2 ¢ Ca, and so we
have that[(2.29)| and/or [(2.28)| hold.

(i) Fix A1, A2 € R. Assume that[(2.29)| holds. In that case,
o ALfi(y) + A2 fa(y) — (A fi(m) + Aafa(w))

(2.32)

y—xt A(.’E,y)
: fily) = filz) | fay) — fo()
N ylgg & Az, y) + yl—lgzl"' Az Az,y)
that is,
lim Alfl(y) + >\2f2(y) N (/\1f1(.’13) + >‘2f2(x)) _ )\1(.]01);(17) + )\2(]1-2);(:6) (2.33)
y—xt A(.’E,y)

If £ € Da or Ay(-) = 0 onsome [z — &,z], & > 0, then the limit in [2.33)]is (A1 f1 +

A2f2)’, (z) (see Remark and the proof is complete. Otherwise, z ¢ Da and
holds. In that case,

AMf1(y) + A fa(y) — M fi(@) + Aafa(z))

ylirgf A(a:,y)
— lim fily) — fi(=) m fa(y) — fa()
B yl—m— A1 A(z,y) " yl_””_ & Alz,y)

which again, yields

lim AMfi1(y) + A2 fay) — (M fi() + Ao fo())
y—x— A(.’L‘,y)

=M(f1) (@) + A2 fo) (). (2.34)

since © & Da. Therefore, \1 f1 + A2 f2 is A—differentiable at x and[(2.30) holds.

Finally, assume that z ¢ D and [(2.28)] holds but [(2.29)] does not. Then, we have that
[2.34) holds (repeating the same argument) and A, (-) = 0 on some [z, z + 6], & > 0. Then,
Remark ensures that (A1 f1 + Ao f2)', () exists and so[(2.30)holds.

(ii) First, observe that we can rewrite f fo(y) — f1f2(x) as

(f1(y) = fr(2) (fo(2) + fo(y)) + (f2(y) = fo(2)) (f1(z) + f1(y))
2 )

y € [a,b]. (2.35)
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Once again, assume that[(2.29)|holds. Then, it follows from [(2.35)| that

. fif2(y) = fifa(x)
yliril'*' A(x,y)

exists and equals
(f1), (@) (fa() + fo(aT)) + (f2) (=) (1 (@) + fu(=T))
5 .
Now, if # € D, it follows from Remark 2.51] that

(2.36)

fil@®) = (fi) (@) Az, 2™) + fi(z), i=1,2. (2.37)
Thus, [2.36)] yields that

. J1f2(y) — fifa(2)
ylirgr Az, y)

= (f1) (@) fa(2) +(f2) @) fr(@)+(F1), (2)(f2)), (@) Az, 7).
(2.38)
On the other hand, if € D, it follows from Proposition [2.53|and [(2.36)] that

lim fif2(y) — fife(z)
y—at A(z,y)

= (f1), (@) fa(z) + (f2) ), (z) f1(x),

which matches[(2.38)]since A(z, z™) = 0. In other words, [2.38)|holds in both cases. Hence,
if z € Da or A,(-) = 0 onsome [z — d,z],d > 0, then the limit in [2.38)]is (f1f2)’, (x)
and the proof is complete. Otherwise, x ¢ D and[(2.28)|holds. In that case, we obtain from

[(2:35)] that
lim fif2(y) — fifa(z)

y—rT A((E,y)

exists and equals

(f1), (@) (fa() + fa(e™)) + (fo)§ (=) (f1(2) + f1(z7))
5 :

However, Proposition[2.53]ensures that

. fifey) = fifa(w)
ylirfl;’L A(I’y)

= (fu) (@) f2(x) + (f2))) () fr (). (2.39)

Therefore, f1/f2 is A—differentiable at 2 and [[2.31)| holds.

Finally, assume that z ¢ Da and holds but does not. Then, repeating the
same arguments, we have that[(2.39)| holds and A, () = 0 on some [z, + 4], & > 0. Then,
Remark ensures that (f1 f2)’, () exists and so[(Z.3T) holds.

(iii) First, note that the extra hypothesis guarantees that f5(x) # 0. Furthermore, we also
have that fo(x) + (f2)’, (z)A(z,2%) # 0 which, provided that € Da, ensures that

fa(2) # 0, see[2.37)
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2.2 Displacement calculus

Assume that[(2.29)| holds. Since fo(z) # 0, it follows from Proposition (ifx & Da)
and the definition of limit from the right (if x € D) that there exists ¢ > 0 such that f;
does not vanish in [z, z 4 €) N [a, b]. Hence, the following expression is well-defined for any
y € 2,z +2) N o, ],

hly)  A@) _ AW fa(z) — A=) f(y)

f2(y)  fa(2) f2(z) f2(y) ’

which we can rewrite as

Al A _ (h@) — H@) @) + L) (@) - ) (2.40)

f2(y)  fa(x) f2(z) f2(y)

Taking the corresponding limit from the right, we have that

LR~ (W E)@) _ (a@fE) - A@) () @)

et Alery) - Fa@)fa(at) oA
Now, if z € Da, it follows from [(2.37)| that
lim (f1/f2) () — (f1/ f2)(x) . (fl)lﬁ(x)f2($) - fl(x)(f2);($) (2.42)

ot Az, y) ~ R@)(fa(2) + (f2), (@A, at))
On the other hand, if z € D, it follows from Proposition [2:53]and [(2:4T)| that

/) - ()@ AERE - A @)
y—at Az, y) (f2(x))? )
which matches[(2.42)] That is, [(2.42)| holds in both cases. Hence, if z € Da or A,(-) =0
on some [z — d,z], § > 0, then the limit in[(2.42)is (f1/f2)’, () and the proof is complete.
Otherwise, * ¢ Da and holds. In that case, given that fo(x) # 0, it follows from
Proposition [2.53] that there exists ¢’ > 0 such that f, does not vanish in (z — ¢, 2] N [a, b).
Hence, [(2.40)|is valid for all y € (x — €', 2] N [a, b]. As a consequence, we obtain that

i S/ )W) = (£1/f2)(2)
y—z— Az, y)

exists and equals

(1) () fo(x) — fi(2)(f2)', (2)
fa2(x) fa(z™)

However, Proposition [2.53]ensures that

i /F20) =G/ f)a) _ (W@ R@ - h@H)E )

y—a- Az, y) (f2())?
Therefore, f1/f2 is A—differentiable at 2 and [(2.32) holds.

Finally, assume that © ¢ Da and holds but[(2.29)] does not. Then, repeating the
same arguments, we have that[(2.43)| holds and A, (-) = 0 on some [z, z + d], & > 0. Then,

Remark ensures that (f1/ f2)’, (x) exists and so[(2.32)]holds. O
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The displacement derivative

Remark 2.55. Observe that all the formulas in Proposition [2.54] yield the well-known for-
mulas for the usual derivative when we consider the corresponding displacement, namely,
Alz,y)=y—x;z,y € R.

Proposition 2.56. Let [a,b] C R and A : [a,b] X [a,b] — R satisfy (H1)~(H3). Let f be a
real-valued function defined on a neighborhood of x € [a,b] \ Da denoted by U,, and h be
another function defined on a neighborhood of f(x), denoted by Vi ().

L If 1 (f(x)) and f) () exist, then so does (h o f)’ (x) and

(ho f) (z) = W (f(x))f} (x)- (2.44)
2. If W, (f (), fL(x) and (Ap))'(f(x)) exist and
A(f(x),y) #0, fory € [a,b], y # f(z), (2.45)
then (ho f)' () also exists and
(o f), (x) = Ry (f (@) f5 (@)(A ) (f (@) (2.46)

Proof. First, in order to prove [(2.44)} define @ : Vj(,) — Ras
h(s) = h(f(z))

O(s) = s ) if s # f(),
W (f(z)), if s = f().
Observe that, by construction, lim,_, y(,) Q(s) = h’(f(x)). Furthermore, we have that, for
each y € U, such that f(y) € Vy(,) and A(z,y) # 0,
W/ (y) = h(f(z)) fly) = f(x)
R T = o 47)

On the other hand, since f/ (z) exists, we have that and/or hold. Assume
that [[2:29)| holds. In that case, Proposition[2.53]ensures that f is continuous from the right at
x. Therefore, using we have that

L B A
ylg;l+ A(z,y) B yLN <Q(f(y)) Az, y)
= im M: / T ! T
= Jim Q) i =Ry~ M@ @).

This finishes the proof of [2.44)]if A, (-) = 0 on some [z — §,z], § > 0. Otherwise, we have
that[(2:28)| holds. In that case, Proposition [2.53] ensures that f is continuous from the left at

x, and so yields

f(y)f(x)>

R R 7() — ()
ST Ay (Q(“y” Alwy) )
fly)— flx)

= lim lim
sef(z)Q()y»z A(z,y)
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Note that this is enough to obtain even in the remain case, i.e. when holds and
does not. R
Now, for[(2.46)| define @ : Vj(,) — R as

h(s) — h(f(x)) A(f(z),s) . )
Qls) = A(f(z),s) s—f(z)’ fs# f(z),

W (f@)(Dp@)) (f(@),  ifs=f(z).

Observe that ensures that () is well-defined. Furthermore, hypothesis (H1) and the
existence of &/, (f(z)) and (Ay(,))'(f(z)) are enough to see that

lim Q(s) = I, (f(2)(Agw) (f(2)).
Moreover, for any y € U, such that f(y) € Vj(,) and A(z,y) # 0, we have that

h(f(y)) = h(f(@)) fly) = [(=)

Once again, since f/ (z) exists, we have that and/or hold. Assume that
holds. In that case, Proposition ensures that f is continuous from the right at z,

and so, using[(2:48)] we have that

= Q(f(v) (2.48)

L BW) —BUE@) (g f @) F@)
S, Az, y) v (Q(f W) Az, y) >
f(y) — f(x)

= lim Q(s) li
s—>13(”1(1w)Q(8)yinﬂ?Jr A(az,y)

= W, (F@)(A ) (F@) [ (@),

which finishes the proof if A, (-) = 0 on some [z — §,z], 6 > 0. Otherwise, we have that
holds and, repeating the arguments in the previous case, we have that

R @) (o £~ @)
ST Ny (Q(f(y” A(x,w)
fly) — f(x)

= lim Q(s) lim
s—>f(w)Q( )wr Az, y)

=W (f(@)(Ap) (f(2)fL ().

Again, observe that this enough to obtain even in the case that[(2.28) holds and [(2.29)]
does not, which finishes the proof. O

Proposition 2.57. Let [a,b] C R and A : [a,b] X [a,b] — R satisfy hypotheses (H1)-(H3).
Let f : [a,b] — R be nondecreasing in a neighborhood of x € |a, b]. If f is A—differentiable
at x, then f) (x) > 0.
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Proof. Let us denote by .J the neighborhood of = where f is nondecreasing. Since f/ (x)
exists, we have that z & Ca s0[(2.29)] and/or [(2.28)] hold.

First, assume that[(2.29)|holds. Then, since f is nondecreasing in J, f(y) — f(z) > 0 for
all y € J such that y > «, and so

=1
A(z,y)
Therefore, by taking the limit from the right, we have that

. fly) — (@)
y1_1>1;1+ Az, y) 2 0.

forally € J, y > .

If 2 € DA or Ag(-) = 0 onsome [z — 0,2, § > 0, then this limit is equal to f (x) and we
are done.

On the other hand, assume that[(2.28)| holds. We have that f(y) — f(z) < Oforally € J,
y < x. Thus, it follows that

7f(y) — @) >0, forallyeJ, y<ua,
Az, y)
which yields
lim L) —f@)
y—T— A($, y)
Note that this ensures that f7 () > 0 for all the possible cases left. O

2.2.3 The Fundamental Theorem of Calculus

We now turn our focus into making explicit the relationship between the A—derivative of a
function and its integral with respect to the A—measure. In particular, our first goal now is
to show that, for f € £,,([a,b],R) and F(z) = f[a@) f(s)dp, the equality F' (z) = f(z)
holds for p—-a.a. = € [a, b].

In order to do so, we will need to guarantee the differentiability of monotonic functions.
For that matter, we will use the following two results that can be found in [54], see Lem-
mas 4.2 and 4.3.

Proposition 2.58. Let g : [a,b] — R be a nondecreasing and left—continuous function,
P = {xg,21,...,2,} be a partition of [a, b] and S be a nonempty subset of {1,2,...,n}.
If f : |a,b] — Ris such that f(a) < f(b) and

flar) — f(zp—1)

< —a foreachk € S,
g(zr) — 9(xk-1)

then .
Z f(p—1)| > |f(b) = f(a)| + oL
)

g(xk—1)). The same result is true if f(a) > f(b) and

flxk) — fl@p—1)
g(zk) —g(l‘k—l)

where L =3, _¢(g(x

>« foreachk € S.
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The next result is a generalization of Botsko’s Covering Lemma.

Proposition 2.59. Let g : [a,b] — R be a nondecreasing left—continuous function, € > 0
and H C (a,b) be such that ju;(H). Then:

1. If T is any collection of open subintervals of [a, b] that covers H, then there exists a
Sfinite disjoint collection of intervals inZ, {11, I, ..., In}, such that

N
Z tig (1) >
k=1

W ™

2. If P is a finite subset of [a,b] \ Dy and I is any collection of open subintervals of
[a, b] that covers H \ P, then there exists a finite disjoint collection of intervals in Z,

{I,I2,...,IN}, such that
N
Z/ig(-rk) >
k=1

We now have all the tools necessary to prove that monotonic functions are A—differentiable
except in a null-measure set with respect to the A—measure. We will only prove this result
for nondecreasing functions as the other case follows from this one.

W ™

Proposition 2.60. Let [a,b] C R and A : [a,b] X [a, b] — R satisfy hypotheses (H1)-(H3). If
f ¢ [a,b] = R is a nondecreasing function, then there exists N C [a, b] such that u(N) = 0
and

fh (@) exists for all x € [a,b) \ N.
Proof. We divide the proof in three parts.
Part 1: reducing the problem.
First of all, note that f is regulated since it is nondecreasing. Hence, it follows from Re-
mark that f] (x) exists for all z € [a,b) N Da. Moreover, since either a € Da or
p({a}) = 0, it is enough to show that f/ (z) exists for all z € (a,b) \ (Da UOn) according
to Remark 2.48]

Let x € (a,b) \ (Da U Oa). Then we have that A,(y) # 0 for every y # z (see
Remark 2:48). Thus we can define the Dini upper and lower A—derivatives as

f/ () := limsu 7f(y)—f(w) "(z) :=limin 7f(y)—f(x)
i) = timsup S L ) = limind S

Furthermore, since f is nondecreasing, it has a countable number of discontinuity points, so
u({x € (a,b) \ (DaUOAp) : f is discontinuous at x}) = 0.
Thus, it is enough to show that the sets
F :={z € (a,b) \ (DaUOA) : f continuous at z, f (z) > ﬁ(z)},
E :={z € (a,b) \ (DaUOA) : fi(x) = +o0},
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both have A—measure zero (and therefore y—measure zero).

Part 2: F has A—measure zero.
Fix z € (a,b) \ (Da UOx) and define the Dini upper and lower A ,—derivatives as

T e T fly) — f(z) ) o fy) = )
fAZ () := limsup m, fA‘z (z) := h;n_)lilfm,

Yy—x

respectively. Note that the bound functions in (H3) yield that

Tl = limeup AW =@ ) = f@) As(y) - As(@)
fA( ) : y%prx(y)_Am(fE) 1 y—)szm(y) —AI(.’E) Az(y) —Az(x)
_ . Ay (y) — Ay (z) ;
= fL.(z) lll;fljglglp A(y) = A (2) < fi(@)y(z ),

Hence, F'is a subset of

F, = {(a,b) \ (Da UOA) : f continuous at z, K(x)y(z,x)’y(x, z) > fgz (x)} .

Now, since v : [a,b] X [a,b] — [1,+00), itis clear that F, C |, -y F With

neN
F, = {(a, b)\ (Da UOn) : f continuous at z, f7 (z)n > [, (35)} ,

so it is suffices to show that p,(F,) = 0 foralln € N.
By contradiction, assume that there exists no € N such that p,(F,,) > 0. In that case,
we rewrite F,,, as the countable union of sets F},; . s withr,s € Q, r > s > 0, given by

Frgrs = {x €F,, : f’Az (x)ng >r > s> fgz (:17)} .
Thus there exist 7o, so € Q, 79 > so > 0, and & > 0 such that p,(F),, ry.s,) = €. Now take

7o — S0 _To+ S0
2TLO ’ 277,0

and define h(z) = f(x) — fA.(z) and

H:= {x € Fpy B (2) >, B () < —a}.

A

66



2.2 Displacement calculus

Note that I}, »,.s, = H. Moreover, h is of bounded variation as it is the difference of two
nondecreasing functions. Hence, the set

V(h):= {Z |h(z) — h(zk—1)| : P is a partition of [a,b], PN Da C {a,b}}
P

is bounded from above. Let T' := sup V' (k). Since o, & > 0, there exists a partition of [a, ],
P={zg,21,...,2n_1},suchthat xy & Da forany k € {1,2,...,n — 1} and

" (0%}
> (k) = hwg—)| > T — -
k=1

For a given x € H \ P, we have that x € (xy_1,z) for some k € {1,2,...,n}. Note
that © & Da, so both A, and h are continuous at = (see Remark [2.45). Moreover, since
W, (x) > o and h’i(a;) < —a, we can choose ay, by € (xi_1,2k) \ Da such that a, <
x < b, and

A, (by) — Az(ag) a ¥ if h(rg—1) > h(zy),
Az(buL) P Az(az) = @ if h(xkfl) < h(l’k)

Note that p,(ay,b,) = A,(bz) — A.(a,). By doing this, we obtain a collection of open
subintervals of (a,b), Z = {(ay,b;) : = € H \ {x1,292,...,2,-1}}, that covers the

sets H \ {x1,72,...,%n—1} and {z1,22,...,Zn_1} N Da = 0, which ensures that
{z1,72,...,Zn-1} N Da, = O (see Remark [2.45). Then, Proposition ensures the
existence of a finite disjoint subcollection {I1, I5, ..., Iy} of Z such that

al €

ZIJ’Z(IIC) > 1

k=1
Now let @ = {vo, y1,...,Yyq} be the partition of [a, b] determined by the points of P and the
endpoints of the intervals I, I5, ..., Ix. For each [z)_1, x| containing at least one of the
intervals in {I1, I, . . ., In }, Proposition[2.58] yields that

> |h(yi) — h(yi-1)| > |h(zx) — h(zk—1)| + oLy,

[yi—1,yi]Clzr—1,7k]

where the summation is taken over the closed intervals determined by @ contained in [z5_1, 2]
and Ly, is the sum of the A ,—measures of those intervals Iy, Io, . .., Iy contained in [z _1, Tk].
By taking the previous inequality and summing over k, we obtain

q N

> (k) = hlyr—1)l > D |h(y) = hlye—1)| + @Y pa(Ip) > T,
k=1

k=1 k=1

which contradicts the definition of 7.
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Part 3: E has A—measure zero. o
Fix z € [a,b]. Then for all z € (a,b) \ (Da U Oa) we have that f/ (z) < f’ (2)v(z, ).
Hence £ C E, with

E, = {x € (a,0)\ (DaU0a): TT_(2) = +oo} .
Thus, it is enough to show that p,(E,) = 0. Suppose this is not the case. Then there is € > 0

such that p1,(E,) = €. Let M > 0 be such that M > 3(f(b) — f(a))/e. f z € E, then
f%_(z) > M and there exist a,, b, € (a,b) \ Da such that a, < x < b, and

f(bz) — flax)
AL(by) — Ay(ag)

> M.

Thus, {(as,b,) : € E,} covers E,. Proposition [2.59 guarantees the existence of a finite

disjoint subcollection {11, I5, ..., In} such that
0/ €
> peIy) > 3
k=1

Let I, = (ag, by) for each k. Then u.(Ix) = A, (bx) — A.(ay) as each I, C (a,b) \ (Da U
Oa). Now, since f is nondecreasing we have

N
> (fbw) — flar)) > MZ A(ax)) > f(b) = f(a),

k=1

which is a contradiction. O
Finally, a key result for the proof of the Fundamental Theorem of Calculus is Fubini’s
Theorem on almost everywhere differentiation of series for A—derivatives. We now state

and prove such result in the context of A—derivatives following the ideas in [80] but using
Proposition[2.60]instead of the classical Lebesgue Differentiation Theorem.

Proposition 2.61. Let [a,b] C R and A : [a,b] X [a,b] — R satisfy (H1)-(H3). Let { fn } nen
be a sequence of real-valued nondecreasing functions defined on [a,b]. If the series

Z fn(x) converges forall x € [a, ],
n=1

then

= Z(fn);(z) for p—a.a. x € [a,b].

Proof. Without loss of generality, we can assume that f,, > 0 for all n € N, as otherwise it
would be enough to consider f,,(z) = f,(z) — fn(a),n € N.
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2.2 Displacement calculus

First, note that f,,, n = 0,1, 2,..., are nondecreasing functions. Hence, there exist F,,,
n = 0,1,2,..., such that f, is A-differentiable in [a,b] \ F,, and p(E,) = 0 for all
n =20,1,2,... Therefore, if we take &/ = UZO:O FE,, we have that

fn is A—differentiable in [a,b] \ E, w(E)=0, n=0,1,2,....

For each k£ € N, define

k

Si(@) = ful@), (@) = folz) = Su(z), « € [a,b].

n=1

It follows from Proposition that Sy, and 7, k € N, are A—differentiable in [a, b] \ F and

k
(S0 (@) = D (fa)a (@), () (@) = (fo)y (@) = (Sp) (2), z€[ab]\E, kel

Now, 7, k € N, and f,,, n € N, are nondecreasing in [a, b] \ E, so Proposition ensures
that (1)’ (), (fn), (z) > Oforallz € [a,b] \ E, k,n € N. Hence, for any £ € N we have
that

k k+1
(Se)4 (@) = Y (fa)a () € D (fa)s (@) = (Sp1)s (@) < (fo)y (@), @ € [a,b]\ E.
n=1 n=1

Thus, -
S () () = lim (S, (2) < (fo)a(#) < +00, w € [a,8]\ B,
n=1
Therefore, it is enough to show that
leH;O(Sk);(x) = (fo)!\(x), p-aa. z€la,bl.

Since we know that (S)’, () < (fo)), (z) forallz € [a,b] \ E, k € N, it is enough to find a
subsequence that converges to (fo)’ () for p—a.a. z € [a, b].

We know that Sy, (b) converges to f(b), which is finite since fj is nondecreasing. Hence,
we can find k; € Nsuchthat 1 < k; < k;y1,7 € N, and

o0

Z(f(b) — Sk, (b)) < +o0.

i=1
In that case, we have that
ng(x)_skl(m):rkl(m) Srkl(b):f(b)_skl(x)’ T e [(L,bL i €N

from which we get

oo

D (@) = Sk () <D (f(B) = Sk, (b)) < +o00, @ € [a,1].
i=1

i=1
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Now, the sequence r,, = f — Sk, is a sequence of nondecreasing functions such that
> ooy Tk, (z) converges for all = € [a, b], so we can repeat the arguments at the beginning of
the proof to obtain that

Z (r;.c)/A () < 400, p-aa. z € la,b],

=1

from which we get that

. li . /
0= 11520 (i) (z) = 111)%10 fa(@) = (Sk,), (x), p-aa zcla,b],
which concludes the proof. O

We now have all the necessary tools to state and prove the Fundamental Theorem of
Calculus for A—derivatives. For these results we follow the ideas in [541[80]).

Theorem 2.62 (Fundamental Theorem of Calculus for the A—derivative). Let [a,b] C R and
A : [a,b] x [a,b] — R satisfy hypotheses (H1)~(H3). Let f € L} ([a,b),R) and F : [a,b] —
R be given by

Fa) = f(s)dp.

[a,x)

Then I (v) = f(x) for p—a.a. x € [a, D).

Proof. We consider two cases separately: when A is a Stieltjes displacement and the general
case.

Case 1: Stieltjes displacements.

Let A be a Stieltjes displacement and ¢ : [a,b] — R be the nondecreasing left—continuous
that defines it, see Example 2.9} As pointed out in Remark 2.41] we have that y = 11, We
study different cases of functions until we arrive to the general case.

Case 1.1: Functions that are the restriction to |a, b) of a function in S(C).
By definition, the functions in & (C~) are linear combinations of functions of the form
X[a,5) : R — R for some o, € R, o < f3, see [T.I3)] Thus, it is clear from the
linearity of the A—derivative, Proposition [2.54] that it is enough to show that the result
holds for one of those functions. Furthermore, without loss of generality, we can assume
thata < a < 8 <b.

Assume that f(x) = X[4,5)(7) witha < a < § < b. In that case, we have that
F : [a,b] = R is given by

0 ifa <z <aq,

F(z)=<g(z) —gla) fa<z<p,
9(B) —g(a) ifB<z<b

Observe that F' is nondecreasing. Thus, Proposition [2.60] guarantees the existence of a set
N C [a,b) such that ;14 (IN) = 0 and F (x) exists for all z € [a,b) \ N. Without loss of
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2.2 Displacement calculus

generality, we can assume that No = N, C N, which guarantees that the derivative in
[a,b) \ N can be computed as the right-hand side limit.

Letx € [a,b) \ N. If z & [o, 3], it follows that F, () = O as the function is constant
on a neighbourhood of x. Therefore, F" (x) = X(q,)(z) = f(z). On the other hand, if

z € (o, 8),

F/ (z) = lim Fy) = F(@) _ lim

=1=Xp)(2).

Thus, all that it is left to do is study what happens at z = « and = $3. In either of those
cases, we have two posibilities: x € Da or z € Da. If z & D, then its g—measure is
equal to zero, and so we are done. Otherwise, x € Da and, in that case,

poy . Flaf)—F@) _ g@®)—gla) = (g@@) —g(a)) . _ .
RO "R T daew e

which finished the proof for this case.

Case 1.2: Simple functions in [a, D).
Given that simple functions are linear combinations of functions of the form X g for some
g-measurable set £ C [a, b), it is enough to show that the result holds for one of those
functions.

Let E C [a,b) be a g—measurable set. Given that E is bounded, it follows that

pg(E) < +o00. Therefore, Proposition guarantees that there exists {s, }nen in S(C)
converging to X g () for g—almost all z € R and satisfying[(1.14)] Define

F,(z) :/ sp(r)dpg(r), € la,bl.
[a,z)
Observe that it follows from [(T.14)| that, for each = € [a, b,

0 Jim [ ) = Xp (] dig() < Jim [ Jsar) = X (1) g (r) =0,

n—oo [G,I)

Therefore, we have that

F(z) = lim Fu(2) = Fi(z) + Y (Fe(x) - Fy_1(x)), € [a,b].
k=2

n—oo

Since each addend is a nondecreasing function, we can apply Case 1.1 and Proposi-
tion to deduce that, for p1,—a.a. « € [a,b), we have that

o0

n—oo

F/(z) = (F), (@) + D (FW) () = (Fi))y (@)
k=2
=s1(z) + Y _(sk(z) = sk-1(x)) = lim_s,(z) = Xg(x). (2.49)

k=2
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Case 1.3: Nonnegative integrable functions in [a,b).

Let f € L}([a,b),[0,+00)). In that case, Proposition guarantees the existence of a
sequence of nonnegative simple functions, {f,, }nen, such that 0 < f1 < fo < --- < f,
and f, (z) converges to f(z) for all x € [a, b). Define

Fo(z) = fa(r)dpg(r), € la,b].

[a,x)

It follows from Lebesgue’s Monotone Convergence Theorem (Theorem [I.18)) that

F(z) = lim F,(x) = Fi(z) + Y _(Fi(z) = Fr_1(2)), € [a,b].

n—00
k=2

Hence, repeating the arguments for [(2.49) using Case 1.2 instead of Case 1.1, we obtain
that I (x) = f(x) for pg—a.a. x € [a,b).

Case 1.4: General case.

For a general function f € L} ([a,b),R) we have that f = fi — fo, where each of the
functions is in the conditions of Case 1.3. Hence, by linearity of the Lebesgue—Stieltjes
integral and the A—derivative, we have that I (z) = f(z) for pug—a.a. x € [a,b).

Case 2: General displacement.

Without loss of generality, we assume that f > 0, as the general case can be reduced to the

difference of two such functions. In that case, the function F' is nondecreasing, so Proposi-

tion[2.60] ensures that there exists Ao C [a, b) such that F () exists for all z € [a,b) \ Ao.
Letr : N — QN [a,b] be a bijection. For each n € N, denote r,, = r(n) and define

H, :[a,b] > Ras

H,(t) = f(8)hsyr, (s)duy,, t€]la,b]. (2.50)

[at)

Note that, with this definition, we have that

du— d
Fly) = Fx) _ Jaw ferdn [w)f(s) 8
Az, y) A(z,y)
f(s)hswn(s) d e, — f(s)hS,rn(s) d pir,
_ Jlaw) [a,z)
A(z,y)

_ Hy,(y) — Hn(2)
Az, y)
forany n € Nand x,y € [a, b] such that A(x,y) # 0.

Observe that Case 1 ensures that, for each n € N, there exists A, C [a,b) such that
tr, (An) =0, (Hy)!, (z)exists forall z € [a,b) \ A, and

(2.51)

(H")/Arn (‘T) = f(z)hx,rn (l’), T € [av b) \An (2.52)
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2.2 Displacement calculus

Consider the set A = [J;7 , A,,. We claim that p(A) = 0. Indeed, Propositionm guaran-
tees that 4 <y, n € N, and so, p(A,) = 0 for all n € N. Now, since A is a countable
union of sets of y—measure zero, we have that ;(A) = 0. Therefore, it is enough to show that
F (z) = f(z) forall z € [a,)) \ A to conclude the proof of the result.

Letz € [a,b)\ A. Given that QN |[a, b] is dense in [a, b], there exists { zx }ren C QNJa, b]
such that z;, — = as k — oo. For simplicity, for each k& € N, we denote Ag(-) = A(zg, ),
and by H, the corresponding function in[(2.50)|for 2, k¥ € N. Moreover, for such z we know
that F (x) and (Hy)', (), k € N, exist. In particular, this implies that z ¢ C'a. Hence, we
have that[(2.28)| and/orm holds. This, together with (H3,i), yields that

Ag(y) — Ap(x) <0, forally € [a,b] suchthaty < z, k€N, (2.53)

and
A(y) — Ap(x) >0, forally € [a,b] suchthaty >z, k€ N. (2.54)
First, we assume that[(2.29)| holds or z € Da. In that case, hypothesis (H3, i) yields that
forany k € Nand y € [a,b), y > =,

Hy(y) — Hi(x) 1 _ Hi(y) — Hi(z) _ Hi(y) — Hy(z)

Ar(y) — Ae@) v(z,21) = Alm,y) — A(y) — Ak(x)%z’“ ).
Thus, by letting y — x, it follows from [2.51)|and [(2.52)] that
1 F(y) - F
f(I)hx,Zk (SC) : M S (Hk)/ (x)’y(zk,x), ke N. (2.55)

Ay

—— < lim
Y, z) ~ oyt Alz,y)
Note that it is at this point that we make use of condition[(2.54)] as it ensures that the limit

i k@) = Hi(@)
y—at Ap(y) — Ax()

is well-defined, which then coincides with (H| ’“)/Ak (x) as the derivative exists. Given that

holds for all & € N, by taking the limit as k& — oo, and bearing in mind (H3, ii) and
Proposition [(2.22)] we obtain that

i F) = Fl)

y—at  Aw,y) =@

Now, given that A—derivative of F' at x exists, we have that the previous limit equals FL (z),
which concludes the proof for this case.

Now, if holds and x ¢ Da, we proceed analogously. In this case, (H3, i) yields
that forany k € Nand y € [a,b), y < z,

Hy,(y) — Hi () Hy,(y) — Hi () < Hy(y) — He(x) 1

Au) = A@) T S TTAG ) S Bely) = Aelw) 7o)
Now, letting y — z~, it follows from[(2.33)] [(2.51)| and [(2.52)| that
1 . F(y) — F(z) ;
(@) ha 2, (ﬂf)y(x,Zk) < ylgilf T Ay < (Hy),, (#)v(zk, @), k€N
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Again, by taking the limit as K — oo, we obtain that

Fly) — F(x)

lim = f(x),
which finishes the proof as the previous limit equals F, () since the derivative exists. O

Remark 2.63. The proof of Theorem@] is a modification of the one for [[61, Theorem 1]
as it presents some limitations. For example, in the proof of 61, Theorem 1] the authors
make use of the fact that the set My(A) is dense in the corresponding space of integrable
functions. Nevertheless, it is not mentioned or proved that this is the case. Another limitation
of the proof provided in [61] appears in the study of Case 1, where the authors make use
of the Fundamental Theorem of Calculus for the Lebesgue—Stieltjes integral. This is done
over a function that depends on the point at which they are considering the derivative. The
mentioned function is differentiable except in a set of measure zero with respect to the cor-
responding measure. However, given that the function depends on the point at which we
compute the derivative, the corresponding set of measure zero depends on the mentioned
point, which represents a problem as the union of these sets of measure zero over the interval
[a, b) may result in a set of positive measure. This turns the proof of that case invalid.

Note that Theorem @] contains [54, Theorem 2.4] as a particular case. Furthermore,
the proof presented above is an improvement on that of Theorem 2.4 in [54]. Indeed, in the
mentioned paper, the authors make use of the fact that integrable functions can be regarded as
the pointwise limit of a sequence of step functions whose discontinuity points do not belong
to Dy. Nevertheless, such property is not proved to be true, but rather, the authors refer
to [80]], where it appears as an exercise for the reader. Here, we have avoided such property
and, instead, we have proved some other approximation result (Proposition [I.5T)) to obtain
the result.

Now, we move on to investigate when the reciprocal condition is satisfied. That is, when
the A—integral of a A—derivative of a function yields the original function. To that end, we
introduce the following concept that is somehow analogous to the absolute continuity in the
usual sense.

Definition 2.64. Let [a,b] C Rand A : [a,b] X [a,b] — R satisfy (H1)~(H3). Let x € [a, b]
and F : [a,b] — R. We shall say that F is A-absolutely continuous on [a, b] if for every
€ > 0, there exists § > 0 such that for every open pairwise disjoint family of subintervals

{(an, bn)}:z;l verifying

Z(Ax(bn) - Agc(&n)) <4
n=1

we have that
m

> |F(bn) = Flan)| <e.

n=1
A map F : [a,b] — R™ is A-absolutely continuous if each of its components is a A~
absolutely continuous function. We denote by ACa([a,b],R™) the set of A—absolutely con-
tinuous functions on [a, b| with values on R™.
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Remark 2.65. Note that this property does not depend on the point = chosen, which justifies
the name. Indeed, let = € [a, b, e > 0 and F’ be a A—absolutely continuous function on [a, b].

Then, there exists 0 > 0 such that for every open pairwise disjoint family of subintervals
{(an,br)}™ , we have that

Z Ay(an)) <6 = Z |F(by) — Flay)| < e.

n=1

Now, hypothesis (H3) ensures that
Ay(bn) — Ay(an) <y, 2)(Az(by) — Az(an)), n=12...,m,

for all y € [a, b]. Hence, taking § = ~(y, 2)d, the statement follows.

In the following, we study some properties that are common to A—absolutely continuous
functions. The result that we are about to prove are known for the usual concept of absolute
continuity and can be derived from this more general setting. First, we study the implications
that A—absolute continuity has over the usual continuity.

Proposition 2.66. Let [a,b] C R, A : [a,b] X [a,b] — R be a map satisfying (H1)—(H3) and
F : [a,b] = R be a A-absolutely continuous function on [a,b]. Then F is left—continuous
everywhere. Moreover, F' is continuous where A is continuous.

Proof. Fix x € (a,bl and € > 0. Let 6 > 0 be given by the definition of A-absolute
continuity of F. Since A,(-) is left—continuous at z, there exists 6 > 0 such that if 0 <
r—1t< gthen,

Ag(z) —Ag(t) <d = |F(z)—F(t)| <e,

so F is continuous from the left at . The proof in the case A, is right—continuous at x €
[a, b) is analogous, and we omit it. O

Now, we look at the composition of functions. In particular, we look at the composition
of a Lipschitz function with a A—absolutely continuous function. It is well known that when
working in the usual setting, this composition yields an absolutely continuous function. This
remains true in this context.

Proposition 2.67. Let [a,b] C Rand A : [a,b] X [a,b] — R be a map satisfying (H1)-(H3).
Let fy : [a,b] — [c, d] be a A—absolutely continuous function on [a,b] and let f5 : [c,d] — R
satisfy a Lipschitz condition on [c,d]. Then fs o f is A—absolutely continuous on [a, b).

Proof. Let L > 0 be a Lipschitz constant for f> on [c,d] and fix « € [a, b]. For each e > 0
take 0 > 0 in Definition with e replaced by /L. Now, for an open pairwise disjoint
family of subintervals {(a., b,)} such that

S (A (ba) — Au(an)) < 5,

n=1
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we have that

D 1F2(f1(b0) = Fa(filan))l < LY 1f1(ba) = frlan)] <,

n=1

that is, fo o f1 is A —absolutely continuous. O

Further properties can be obtained for A—absolutely continuous functions. In particular,
we can prove that such functions are always of bounded variation.

Proposition 2.68. Let [a,b] C R, A : [a,b] X [a,b] — R be a map satisfying (H1)—(H3)
and F : [a,b] — R be a A—-absolutely continuous function on [a,b]. Then F is of bounded
variation.

Proof. To prove this result we will use the following remark: if for any [a, 8] C (a, b) there
exists ¢ > 0 such that the total variation of F' on [a, ] is bounded from above by ¢, then
F has bounded variation on [a, b]. Indeed, assume that for any [, 8] C (a,b) there exists
¢ > 0 such that the total variation of F' on [«, /3] is bounded from above by c. Then for each
x € (a,b),

b b b
F(2)] < |Fo) - F (S22 |4 [P (222 | <o+ R (222)].
2 2 2
Hence, |F| is bounded on [a,b]. Let K > 0 be one of its bounds. For any partition
{zo,x1,..., 2} of [a,b], we have that

n n—1
Do IF (@) = Flax-1)| = |F(z1) = F(a)l + Y [Flag) = F(wr-1)| + | F(b) = F(za-1)l,
k=1 k=2

which is bounded from above by 4K + ¢, and so our claim holds.

Now, to prove that F' has bounded variation on [a, b], fix € [a,b] and take ¢ = 1 in
the definition of A—absolute continuity. Then, there exists > 0 such that for any family
{(an, br)}™_, of pairwise disjoint open subintervals of [a, b],

m m
D (Aulbn) = As(an)) <6 = > |F(by) — Flan)| < 1.

n=1 n=1
Consider a partition {yo,y1,...,yn} of [Ag(a), Ay(b)] such that 0 < yx — yr—1 < 6,
k=1,2,...,n. Define I, = A7 ([yx—1,yx)), k = 1,2,...,n. Since A, is nondecreasing,
the sets [; are empty or they are intervals not necessarily open nor close. In any case,

la,0] = | I,
k=1

and so it is enough to show that /" has bounded variation on the closure of each ;. We assume
the nontrivial case, that is, I, = [a, bg], ar < bg. If [, ] C (ag,br) and {to,t1,...,tm}
is a partition of [«, §], then

(Ap(ti) = Ax(ti—1)) = Az(B) — Az(@) <y —yr—1 <9,
1

m
1=
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which implies that 1" | |F'(x;) — F(z;_1)| < 1. Now, our previous claim implies that F°
has bounded variation on each I, and therefore F' has bounded variation on [a, b]. O

As a consequence of Propositions 2.66 and [2.68 we have that given a A—absolutely con-
tinuous function F', there exist two nondecreasing and left—continuous functions, F, F, such
that F' = Fy — F». As commented on Remark[T.48] this defines a signed measure for F' over
B(7u), jr. given by

pr(E) = i (E) — p2(E), EEB([avb]aTu)- (2.56)

Lemma 2.69. Let [a,b] C R, A : [a,b] X [a,b] — R be a map satisfying (H1)—(H3),
F : [a,b] — R be a A—absolutely continuous function on [a, b] and pp be the signed measure

defined in[(2.56)] Then up < p.

Proof. Letx € [a,b] and ¢ > 0. Take § > 0 given by the definition of A—absolute continuity
with e replaced by /2. Fix an open set V' C (a,b) such that u, (V) < 4. Without loss of
generality, we can assume that V' = |J,,cy(@n, byn) for a pairwise disjoint family of open
intervals. For each n € N, take a, € (ay,, by,). Then, for each m € N we have

Z(Aw(bn) - Az(a;)) = Hz <U [a;w bn)) < pa(V) <6,

n=1

andso > ", |F(b,) — F(al,)| < £/2. By letting a,, tend to a,,, we obtain
Z at)| <e/2, foreach fixed m € N.

Thus, if (V) < ¢ we have that

lnr(V)| =

Z af)| <e.

Let E € B([a,b], 7,) be such that u, (E) = 0. By outer regularity, there exist open sets
V. C [a,b],n € N, such that E C V,,, n € N, and

lim ,ua:(Vn) = /’Lw(E)7 lim /-%(Vn) = Mi(E)7 i=1,2.

n—oQ n—oo
Now, by the first part of the proof, we know that yup(V,,) ——— pp(E) = 0 since p1,(V,)
converges to fi,,(F) = 0, so

pr(E) = pi(E) — p2(E) = lim pp(Vy) = 0.

n—oo

Hence, ur < p;, and since p,; < i, the result follows. O

As we mentioned before, we aim to prove that, for a certain set of functions, we can
recover a function as the integral of its derivative. In the usual setting, this is only true if
and only if the function is absolutely continuous. For our setting, this will also be true with
corresponding changes in concepts. We divide the proof of such result in the following more
general lemma and the complementary theorem.
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The displacement derivative

Lemma 2.70. Let [a,b] C R, A : [a,b] x [a,b] — R be a map satisfying (H1)—(H3) and
f € L}(la,b),R). Consider F : [a,b] — R given by

F(x) = fdp.
[a,z)
Then F is A—absolutely continuous on [a, b).

Proof. Note that it is enough to consider the case f > 0, as the general case can be expressed
as a difference of two functions of this type.

Fix ¢ > 0 and z € [a, b]. Hypothesis (H3, iii) implies that there exists K > 0 such that
[v(t,z)| < K forall t € [a,b]. Now, Remark 2.44|ensures that f € L, ([a,b),R) so there
exists > 0 such that

/ fduy < %, for all E € M such that u,(E) < 6.
E
Recall that[(2.2T)|holds pi—almost everywhere (see Remark [2.35]and Proposition [2.42)), so

£(s) |
/f ) d pa(s /f haove(s) d () = Ev(s,w)du(8)>?/Ef(s)du(5)

Thus, we have that

/fd,u<5, for all E € M such that . (FE) < .
E

Consider a family of intervals in the conditions of the definition of A—absolute continuity,
{(an,bn)}m™ ;, such that

(U @n, n ) ZN&L a?u n Z (an)) < 0.

n=1
In that case,

m m

Z |F(bn) = Flan)| = > (F(bn) = Flan)) = ;/{b) fdp= /Efdu <e,

n=1
that is, F’ satisfies the definition of A—absolute continuity on [a, b]. O

We can finally establish the other version of the Fundamental Theorem of Calculus that
also provides a characterization of A—absolutely continuous functions.

Theorem 2.71 (Fundamental Theorem of Calculus for the A—integral). Let [a,b] C R and
A : [a,b] x [a,b] — R satisfy (H1)-(H3). A function F : [a,b] — R is A-absolutely
continuous on [a, b] if and only if the following conditions are fulfilled:

() there exists F' (x) for p—a.a. x € |a,b);
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2.2 Displacement calculus

(i) F!, € £L([a,b),R);
(iil) for each x € [a, ],
F(m):F(a)—i-/ Flodp.
[a,z)

Proof. Lemma[2.70]ensures that the three conditions are sufficient for F' to be A—absolutely
continuous. For the converse, consider ur to be the Lebesgue—Stieltjes measure defined by
F in[(2:36)|and let = € [a, b] be fixed. Lemma2.69]and the Radon-Nykodym Theorem, The-
orem|[1.33] guarantee that there exists a measurable function ! : ([a,b), B(1,)) = (R, B(7y,))
such that

pr(E) :/ ldu, forany Borel set F C [a,b).
E

In particular,

Fw)~ F@) = pr(laa) = [ 16)dne)
Now, Theorem ensures that /" (s) = [(s) for pu—almost all s € [a,b), and so the result
follows. O
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Chapter 3
The Stieltjes derivative

In this chapter we focus on the study of Stieltjes derivatives, one of the main tools for the work
ahead: the study of Stieltjes differential equations, i.e. differential equations with Stieltjes
derivatives. These derivates are, essentially, a modification of the usual derivative where we
are considering the derivatives of function with respect to another function. This is done,
as we mentioned in Chapter 2] by considering a rescaling the abscissae axis in terms of
a function. Hence, it is easy to understand that Stieltjes derivatives can be regarded as a
particular case of A—derivatives.

In what follows, we will explore in depth the relations between Stieltjes and displace-
ment derivatives. This is done in in Section [B.1] Later, in Section [3.2] we have a look at the
properties of Stieltjes derivatives, combining those that can be derived from its relation with
A—derivatives, as well as some other that are specific to this context. Finally, in Section [3.3]
we start to look at Stieltjes differential equations. In particular, we establish relations with
some other known types of differential problems such as ordinary differential equations, im-
pulsive differential equations or equations in time scales. This is done in order to showcase
the interest of studying this derivative as well as the differential problems associate to it.

3.1 Stieltjes derivatives and displacement derivatives

As presented before, Stieltjes derivatives are a generalization of usual derivatives defined in
terms of a nondecreasing and left—continuous function g : R — R, which can also be thought
of as a particular case of A—derivatives for the corresponding Stieltjes displacement defined

by g, see Example[2.9] Hence, with the notation introduced in and[(T.22)] we have the
following definition.

Definition 3.1. Ler g : R — R be a nondecreasing and left—continuous function and consider
amap [ : [a,b] — R. We define the Stieltjes derivative, or g—derivative, of f at a point
z € [a, b\ Cy as

im fly) = f(x) -
f(z) = 3}_’3” g(y) — g(z)’ ¢ Dy,
g i W =@
y—axt g(y) _ g(fE) 9 g5

provided the corresponding limits exist. In that case, we say that f is g—differentiable at x. If
f is g—differentiable at every x € [a,b] \ C,, we say that f is g—differentiable in [a, b)].
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The Stieltjes derivative

Remark 3.2. These limits should be understood in a sense analogous to those in Defini-
tion and Remark [2.50] that is, in terms of the corresponding functions,

Fo()==4—""2 xzelalb)

The expressions in Definition are a simplifed way to write this.

Remark 3.3. In order to see Definition as a particular case of a A—derivative in Defini-
tion[@ we need to reflect on the sets C'y and Ca. First of all, it is clear that a nondecreasing
and left—continuous map ¢ : R — R defines a Stieltjes displacement on [a, b], A4, by consid-
ering the corresponding restriction, g|(, ;. Hence, we can consider the sets Cy as in
and

Ca, ={r € (a,b): Ay(z,-) =0in (z —¢,2+€) C (a,b) for some ¢ > 0}
= {z € (a,b) : g is constant on (x — &,z + &) C (a, b) for some ¢ > 0},

It is clear by definition —or as a consequence of Proposition that Ca, = Cy N (a,b).
This means that Definition [3.1] might be excluding more points than the corresponding A —
derivative. In particular, the points that can be excluded from Definition [3.1] and not in Def-
inition m are the extremal points of the interval, a and b. However, if that is the case,
that means that g is constant in a neighbourhood of such points, which implies that the cor-
responding displacement map, A, is null on the induced neighbourhood in [a, b]. Hence,
those points will be not considered in the definition of A —derivative, as pointed out by Re-
mark 2.50] As a consequence, we obtain that Definition [3.1] can be regarded as a particular
case of Definition

Remark 3.4. Recalling Remark [2.51| we have that the g—derivative of a function f exists at
apoint x € D, if and only if the limit of f from the right of z, f(z™"), exists. In that case,

oy 1)~ (@)
o =Rt

where Ag(x) is computed as in

An interesting thing about Stieltjes derivatives is that, despite appearing as a particular
case of A—derivatives, they can be proven to be equivalent to this kind of derivatives. This
might be obvious in some cases. For example, consider the displacement in Example [2.31]
In that case, it follows from the definitions that, for any f : [a,b] — R and z € [a,b], fA(x)
exists, if and only if, f(’z(x) exists, and in that case, we have that

fo@) =e " fy(a).

However, for a general displacement this equivalence might be less obvious. In fact, as
we will see in the following result, the equivalence between displacement derivatives and
Stieltjes derivatives is given by the nondecreasing and left—continuous function associated to
the displacement measure.
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3.1 Stieltjes derivatives and displacement derivatives

Proposition 3.5. Let A : [a,b] X [a, b] — R satisfy (H1)-(H3) and g : [a,b] — R be the non-
decreasing left—continuous function in[(1.28)|associated to the A—measure in Definition[2.40]
Then,
—g(t
g9 = gt

i A s =1, forallte€ [a,b]\ Ca.

Proof. Fix t € [a,b] \ Ca. It follows from [[2.23)|that 1/v(¢,r) < h,4(r) < ~(r,t) for all
r € [a,b]. As a consequence, we have that

1
—————— < hyy(r) < sup y(n,t). 3.1
sup V(tar) t( ) relt,s) ( )
relft,s)
Since t ¢ Ca we have that [[2.29)] and/or [[2.28)] hold. First assume that[(2.29) holds. In that
case, for any s € [a,b], s > t, we have that

g(s) —g(t) f[a,s) (1) d pe — f[a,t) (1) d e _ f[t,s) (1) d e
Alt,s) A(t, s) . Alt, s)

Now, for any s > ¢ it follows from[(3.T)} that

1
——A(t, s §/ hrt(r)dp: < sup y(r,t)A(t,s),
Sl[lp)V(taT) ( ) [s,t) t() £ rE[t,s)( ) ( )
relt,s

since it ([t, s)) = A(t, s). Equivalently,

1 Jity Pra(r) i g(s) — g(t)
< : = SSUP’YTat7 S>t7
sup V(tar) A(t78) A(tas) reft,s) ( )
rElt,s)

and so, allowing s — ¢* and bearing (H3, ii) in mind, we obtain

1 —g(t
1= lim ——— < lim M < lim sup ~(r,t) =1.
sott osup y(t, ) T s—tt At ) s=t+ reft,s)
relft,s)

If A,(-) = 0 onsome [z — d,x], & > 0, then the proof is complete. Otherwise, condition

holds.
If condition [(2.28)] holds, we have that for any s € [a, b], s < t,

9(s) = g(t) _ Jiauo) Pt () dpie = Jigpy e () dpse fig py () d e -
Als) Al s) = At 82

Once again, it follows from[(3.1)] that for any s < ¢,

1

sup y(t,7)
rElft,s)

— sup A(rt)(~A(L5) < - /[ NRCUZES (~A(t,5)).

reft,s)
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The Stieltjes derivative

since 14 ([s,t)) = —A(t, s). Equivalently,

f[s £) ot (r) d pue g(s) — g(t) 1
sup y(r,t) < — : = < , s<t,
22,7 Aft.s) Afis) = s (i)

which, allowing s — ¢~ yields

—g(t
L) e
s—t— A(t, 8)
Now the result follows, since either we have that A, (-) = 0 on some [z, 2 + §], § > 0, or

holds. O

Remark 3.6. It follows directly from Proposition [3.5] that

) Alt, s)
lim ————— =1, forallt € [a,b] \ Ca.
B 505) — 90 PR

Proposition [3.3] is enough to show the equivalence between the two derivatives. We first
include the main result for said equivalence, and then we discuss some technical details that
are left out in the result.

Proposition 3.7. Let A : [a, b] X [a, b] — R satisfy (H1)-(H3) and g : [a,b] — R be the non-
decreasing left—continuous function in[(1.28)]associated to the A—measure in Definition [2.40}
For a function f : [a,b] — Randt € [a,b] \ Ca, the following statements are equivalent:

(1) there exists Eg Jw and equals L € R;
f(s) — f(t)

(ii) there exists lim and equals L € R.

s=t g(t) —g(s)

Proof. Givent € [a,b] \ Cy, it is enough to note that

- ) (s - 10 gls) — o0
sot  A(t,s) s=t g(s) —g(t) At s) ’

CH) £ _ S~ 1) Al
s—t g(s) —g(t) s>t A(t,s)  g(s) —g(t)’
and apply Proposition [3.5]or Remark 3.6 O

Remark 3.8. Once again, the limits here should be understood in the sense of Deﬁnitions@l
and [3.1] respectively. It is also important to note that the result remains true if we replace all
the limits in the statement of the proposition with lateral limits.
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3.1 Stieltjes derivatives and displacement derivatives

Proposition is almost enough to ensure the equivalence between the two derivatives.
However, there are two technical aspects that need to be discussed. The first one concerns
Definition [3.I} where g is required to be defined over all R, whereas in g is only
defined on [a, b]. To solve this, it is enough to consider the function g : R — R defined as

g(a) ift<a,
g(t) = q9@t) ifa<t<b, (3.3)
g(b) ift>b.

In that case, for any ¢t € [a, b], we have that the limits in (ii) in Proposition for g and g
yield the same result —even at @ and b, thanks to Remark@

The other technicality that requires some discussion is the fact that the points that are
excluded in Definition @ are those of C, while Proposition @ only works for points that
do not belong to Ca. This is not an issue thanks to Proposition[2.46|and Remark [3.3] Hence,
we have the following result.

Theorem 3.9. Let A : [a,b] X [a, b] — R satisfy (H1)-(H3) and g : [a,b] — R be the nonde-
creasing left-continuous function in associated to the A—measure in Definition [2.40]
Then, given f : [a,b] = Randt € [a,b] \ Ca,

fi (t) exists if and only if f,(t) exists.

Therefore, we have that both derivatives are, indeed, equivalent. However, obtaining the
corresponding function g that is left-continuous and nondecreasing might be hard. Indeed,
although gives an explicit expression of the function, it is defined in terms of the A—
measure, which depends on the functions in given by the Radon—-Nidokym Theorem,
Theorem [I.33] The following result gives a simple way to obtain, under certain hypotheses,
the corresponding function.

Proposition 3.10. Let A : [a, b] x [a, b] — R satisfy (H1)-(H3) and g : [a, b] — R be the non-
decreasing left—continuous function in[(1.28)]associated to the A—measure in Definition [2.40}
Let us denote by D> A the partial derivative of /A with respect to its second variable. Suppose
that Do A exists, is positive on [a,b] x [a,b] and DoA € L1 ([a,b] X [a,b],[0,4+00)) where
m denotes Lebesgue’s measure. Then

1. Forallt € [a,b], ¢'(t) exists and ¢'(t) = D2 A(t,t). In particular, g is increasing.
2. Given s € [a,b),
g (t) = hy s(t)D2A(s,t), foraa.t € [a,b]
where hy s is the corresponding function in[(2.19)]

Proof. Fixt € [a,b]. Since D3 A(t,t) > 0, the function A, is increasing in a neighborhood
of t. Thus, ¢t & Ca, and so, if we apply Proposition[3.5] we have that

DaA(t, ) = lim 208 _ py AES) i 90 —9(0) _ ), 9(5) —9()
st §—1t st §—1 s—t A(t7 s) s—t s —t
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The Stieltjes derivative

Hence, ¢’ (t) exists and equals Do A(¢,t). The rest of 1 now follows.

Now for 2, take t,s € [a,b]. Assume that s < ¢. Then, by the definition of the A—
measure, p([s,t)) = f[s, " hrs(r)d ps. Since pg is the Lebesgue—Stieltjes measure induced
by A, which is differentiable, we have that

,u([s,t)):/ hr’s(r)(As)’(r)dT:/ hr,s(r)D2A(s,r)dr.

On the other hand, by construction we have that u([s,t)) = g(t) — g(s). Hence, by the
Fundamental Theorem of Calculus, we have that

/ hys(r)DaA(s,r)dr = u([s,t)) :/ g (r)ydr,

and so hy s(t)D2A(s,t) = ¢'(t) for almost all ¢ € [a, b].
If t < s, the reasoning is analogous and we omit it. O

Remark 3.11. Combining 1 and 2 in Proposition [3.10| we can obtain an explicit expression
for h, +, namely
_ DyA(t,t)

hes(t) = B A (s.0)

fora.a. t € [a,b].

Example 3.12. Consider the displacement A : [0,1] x [0, 1] — R in Example[2.33] given by
Az, y) = IO SF RN
In this case, we have that
DoA(z,y) =2y " + ", (x,y) € [0,1] x [0,1]

which is continuous and positive. Hence, taking a = 0 we can compute g : [0,1] — R in

(1.28)[as
t t
_ _ _ 42
g(t)ffo DQA(s,s)dsf/o(Zerl)dsft +t.

3.2 Interesting results for Stieltjes derivatives

In this section we gather some existing results that are useful for the topic of Stieltjes deriva-
tives. Some of these results are direct adaptations of those proved in the previous chapter,
but most of them can be found in different articles such as [33}/54]. However, the study of
this type of derivatives is not limited to these papers. Previous work on the topic exists, such
as [37]], where the author presents similar results, even more general at times, for derivatives
such as the one in Definition [3.1) where g is of bounded variation. For the aim of this work,
we will limit ourselves to the framework previously presented.

We start by stating the basic properties of the Stieltjes derivatives, such as linearity or the
product and quotient rule. This result is a direct translation of Proposition [2.54}
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3.2 Interesting results for Stieltjes derivatives

Proposition 3.13. Let g : R — R be a nondecreasing left—continuous function, x € R
and f1, fo be two real-valued functions defined on a neighborhood of x. If fi and fa are
g—differentiable at x, then:

(1) The function A\ f1 + Ao fo is g—differentiable at x for any A1, A2 € R and
(Afi + Xafa)y () = M (f1)y () + Aa(fa)y ().
(i) The product f1 f» is g—differentiable at x and
(f1f2)g(@) = (f1)g (@) f2(2) + (f2)g(2) fr(@) + (f1)g () (f2)g (x) Ag(z).
(i) If fo2(x)(fa(z) + (f2), (x)Ag(x)) # O, the quotient f1/ f2 is g—differentiable at x and

(ﬁ)' (@) = (fl)’g( ) fa2(2) — f1(2)(f2)g (@)
f2 fa(@)(fa(x) + (f2)y(2) Ag(2))

Remark 3.14. Observe that the formulas here presented do not match those in [54]], where
they were stated without proof. Let us illustrate that the formulas there presented are not
correct with some examples.

First we show that the formula for the product of two functions in [54]],

(f1f2)g(x) = (f1)g(@) f2(2T) + (f2)g (@) fi (™), (3.4)

is not correct. Consider the map g : R — R defined as

rz+1 ifz <0,
g(z) = .

r+2 ifx >0,

and f1, fo : [-1/2,1] — R defined as

1 1
o1 if ——<x<0
r+1 if —=<x<0, 1 sz =,
fi(w) = 2 floy=g* Tt 2
r+2 if0<z <1, — f0<z<1.
T+2
First of all, observe that f1 fo(z) = 1, z € [—1/2, 1], from which it follows that
(flfg);(l’) =0, zel[-1/2,1]. (3.5)
Similarly, by definition, we have that f; = g|_ , which yields (f1);(z) = 1 for all
x € [—1/2,1]. Furthermore, according to Remark
f2(01) — f2(0 1/2 -1 1
(o) = L0 1221 L
Ag(0) 1 2
With this information, we can evaluate the right-hand side of at 0,

(500 f2(0%) + (f2)y ()1 (0F) =1+ 5 — 5 2= —,
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which contradicts and Note, however, that (ii) in Proposition[3.13] holds, as

(f1)5(0)£2(0) + (f2)5(0) f1(0) + (f1)5(0)(f2)5(0)Ag(0) =1-1— - -1—1---1=0.

Now, for the quotient formula in [54],

<}”; )’q (2) = (f1)’g(af)i((x;)fiﬁ));(x)fl(x)’ (3.6)
take g, f1, fo : R — R defined as
v ifr<0, 1 ifz <0
g(x) =<0 %fO <z<l, filz) =z +2, fo(z) = {t+2 . oi (3.7)
x ifx>1,

For this choice of functions, we have that f; /fs : R — R is defined as

f2 1 ifz>0.

We will show that[(3.6)] fails at z = 0. Observe that, given that g(x) = g(0) for z € (0, 1),
the derivatives of functions at 0 are computed as the limit from the left, as pointed out by
Remark [3.2] In particular, we have that

fl(x):{xw if £ <0,

1Y )= S/~ RO L s+2-2
(fz)g 0= s1—>0* g(s) — g(0) N sl—>of s—0 L
/ ~ lim fl(S)*f1(0)_ 5+272:
(f1), (0) = 81_>07 4(5) = 9(0) gl_mi p— 1,
)= g 22O B0 11
(f2)9 (0) = sl—)O* g(s) — g(0) SLO, s—0

Therefore, evaluating the right-hand side of atz =0,
(f1)5(0)/2(0) = (f2)5(0)f1(0) ~ 1-1-0-2

1
f2(0) f2(0F) 12 2’

and so does not hold. Once again, observe that the corresponding formula in Proposi-
tion[3.13] holds, since

(F,050) — (2,040 1102 (A
=1=(%) @

f2(0)(f2(0) + (£2),(0)Ag(0) — 1-(1+0-1 fa

Moreover, in [75, Lemma 13], we can find an expression for the product rule at the dis-
continuity points of the derivator. Specifically, we have that

(fif2)g(@) = (f1)g(2) f2(2T) + fi(2)(f2)y(2), = € Dy
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This formula matches the one in Proposition [3.13} statement (ii), since for € D,, Re-
markensures that fo(z") = fao(x) + (f2),(x)Ag(z). Nevertheless, this expression is
not valid in general. For example, considering g, f1, f2 : R — R defined as in[(3.7)} we have
that f1 - fo : R — R is defined as

_Jz+2 ifx <0,
flfQ(JC)f {($+2)2 1f.’17>0,
and as a consequence,
b e fiofa(s) = fi-f2(0) L s4+2-2
(fyfg)g(())—sl_l}%{ g(s) —g(0) —51_13617 s—0 =1

However,
(f1)g(0)f2(07) + f1(0)(f2)g(0) =1-2+2-0=2#1,
showing that the expression in [75, Lemma 13] is not valid for a generic point in R \ Cj.
Similarly, we have the chain rule for Stieltjes derivatives. As presented in the more gen-
eral case of A—derivatives, Proposition[2.56] we have two versions of the result. A more gen-
eral version of the chain rule for g—derivatives can be found in [34, Proposition 5.4] where

the authors established a similar result considering Stieltjes derivatives with respect to two
different derivators that are not required to be monotonic.

Proposition 3.15. Let g : R — R be a nondecreasing left—continuous function. Let f be a
real-valued function defined on a neighborhood of x & Da and h another function defined
on a neighborhood of f(x).

L If W' (f(z)) and f;(x) exist, then so does (h o f);(x) and
(ho f)g(x) = h'(f(2))fg(=).

2. Ifhy(f(z)), fo(x) and g'(f(x)) exist and

9(y) # 9(f(x)), fory e R,y # f(x), (38)
then (h o f)(z) also exists and
(ho fg(@) = hg(f(2)) fo(x)g'(f(2)). (3.9)

Remark 3.16. Observe that a similar formulation for the chain rule of g—derivatives can be
found in [54, Theorem 2.3]. Nevertheless, condition is not included in its statement.
Let us show that[(3.9)|needs not be true if condition is not satisfied. Consider the maps
g, f,h : R — R defined as

0, ifx<O0, 9 —z, ifx <0,
T) = r) = —x°, h(z) =
9(x) { sy @ (@) {x s
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The Stieltjes derivative

By definition,
oy — o FE SO 5?0
TP T B L
/ - h(s) — h(0) s2-0 _
hg(f(o)) - Sg%l+ g(s) — g(O) s—0+ 52 — O 1

Furthermore, observe that (h o f)(x) = —f(z), = € R, so (ho f);(0) = 1. However,
standard computations show that ¢’(0) = 0, which means that [[3.9) does not hold at z = 0.

This is because condition fails at that point.

We now introduce the concept of g—continuity. This concept is the adaptation of the
A—continuity presented in Definition [2.26] for the particular case of Stieltjes displacements.

Definition 3.17. Let g : R — R be a nondecreasing left—continuous function. A function
f:+ACR — R"™is g—continuous at a point t € A, or continuous with respect to g at ¢, if for
every € > 0, there exists § > 0 such that

[f(t) = f(s)ll <&, foralls € A, |g(t) —g(s)| <0.

If it is g—continuous at every point t € A, we say that f is g—continuous on A.

Remark 3.18. Although this definition is presented in a closer way to that of the usual con-
tinuity in R, it is in fact the same as in Definition [2.26]for A(z,y) = g(y) — g(z). To see
that, it is enough to consider Lemma [2.19] We chose this formulation for the definition of
g—continuity as this is the definition that was introduced in [33].

We denote by C,([a, b], R™) the set of g—continuous functions from [a, b] with values in
R™, and following the notation introduced in Definition we denote by BC,([a, b], R™)
the set of g—continuous functions from [a, b] with values in R™ which are also bounded.
Recall that BC,([a, b], R™) is a Banach space with the sup—norm, see Propositionm

It is important to note that those two sets are not necessarily the same, despite being the
same for the particular case of g = Id. To show that, consider the following example that can
be found in [33]].

Example 3.19. Let g : R — R be given by
¢, ift <0,
9() = { t+1, ift> 0.
Consider the function f : [—-1,1] — R given by

0, if t <0,
f(t) = { sin(1/t)
t

. if > 0.

It is clear that f is not bounded. Let us show that f is g—continuous on [—1, 1]. Note that in
this case, g—continuity at points ¢ # 0 is the same as usual continuity, and so it follows that f
is g—continuous at every t # 0.
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3.2 Interesting results for Stieltjes derivatives

To prove that f is g—continuous at ¢, = 0, we notice that, for any € > 0, it suffices to take
0 € (0,1) because in that case the relation

l9(0) —g(t)| <6

implies that ¢ < 0, and therefore | f(0) — f(t)| = 0 < ¢ as desired.

1} 10
A T )

10 05 1 05 10  -02 04 0 \\0_2/0/3 04 05

-2+ -20

(a) Graph of g (b) Graph of f

Figure 3.1: Graphs of g and f around the point ¢y = 0.

Remark 3.20. Example[3.19]shows that g—continuous functions on closed intervals need not
be bounded. This is because closed intervals are not necessarily compact in the corresponding
topology defined by g, 7,. Indeed, let us show that the closed interval [—1, 1] is not compact
in 7, for g as in Example 3.19]

The map g : R — R s trivially g—continuous. That is, the map g : (R, 75) — (R, 7,) is
continuous, see Remark If [-1, 1] was compact in the topology 7, its image under the
continuous map g should be compact in ,. However, g([—1,1]) = [-1,0] U (1, 2], which
cannot be compact in 7, as it is not closed in that topology. Thus, [—1, 1] is not compact in
the topology 7.

Next, we present some useful properties of g—continuous functions that follow directly
from the definition. In particular, the following result, 33| Proposition 3.2], gives us some
information about the continuity in the usual sense of such functions.

Proposition 3.21. Let g : R — R be a nondecreasing and left—continuous function, and
f i [a,b] = R™ be g—continuous on [a,b]. Then:

1. f is continuous from the left at every t € (a,b];
2. if g is continuous at t € [a,b), then so is f;
3. if g is constant on some [c,d] C |a,b], then so is f.

In particular, g—continuous functions on [a,b] are continuous on [a, b] when g is continuous
on [a,b).
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The Stieltjes derivative

Some useful properties of continuous functions are still true in the context of g—continuity.
In particular, the next result, [33, Corollary 3.5], ensures that g—continuous functions are
measurable in the corresponding sense.

Proposition 3.22. Let g : R — R be a nondecreasing left—continuous function, A C R a
Borel setand f : A C R — R"™ be a map. If f is g—continuous, it is Borel-measurable and,
as a consequence, g—measurable.

A question that arises naturally is whether g—differentiable functions are g—continuous.
One might be tempted to think so, considering that when we take g = Id the result is true.
However, this is not the case as presented in the next example.

Example 3.23. Let g : R — R be a nondecreasing left—continuous function and f : R — R
be given by

t, ift <0,
f(t)_{ t41, ift>0.

Clearly, f(0T) exists. Hence Remark ensures that f;(0) exists. However, f cannot be
g—continuous at 0 since it is not left—continuous at that point, which is a necessary condition
according to statement 1 in Proposition[3.21]

Interestingly, absolutely continuous functions in the sense of Definition are contin-
uous with respect to g. First, let us rewrite such definition in the specific context of Stieltjes
displacements.

Definition 3.24. Ler g : R — R be a nondecreasing left—continuous function and consider a
map F : [a,b] — R. We shall say that F' is g—absolutely continuous on [a, b], or absolutely
continuous on [a, b] with respect to g, if for every e > 0, there exists 6 > 0 such that for every
open pairwise disjoint family of subintervals {(ay,by)}"'_; verifying

m

> (g(bn) — glan)) <6,

n=1

we have that .
> F(bn) = F(an)| <e.
n=1

Amap F : [a,b] — R™ is g—absolutely continuous if each of its components is a g—absolutely
continuous function. We shall denote by AC4([a,b], R™) the set of g—absolutely continuous
functions on [a, b] with values on R™.

Remark 3.25. It follows from the definition that g—absolutely continuous functions on [a, b]
are g—continuous on [a, b].

Given that the definition of g—absolute continuity is a particular case of Definition [2.64]
we can recover some important properties for this type of functions. An explicit proof of the
following results can be found in [33}/54].

We start by stating the two versions of the Fundamental Theorem of Calculus for the
Lebesgue—Stieltjes integrals. The first version can be obtained by putting Theorem [2.62] and

Lemma together.
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3.2 Interesting results for Stieltjes derivatives

Theorem 3.26 (Fundamental Theorem of Calculus for the Stieltjes derivative). Letg : R — R
be a nondecreasing lefi—continuous function and f € Lj([a,b),R). Then the function
F : [a,b] — R defined as

FO) = [ fs)dn,

la,t)
is well-defined, g—absolutely continuous on [a, b] and
Ey(t) = f(t), forg-aa. tcla,b).

We can also adapt Theorem to the context of Stieltjes derivatives to obtain the fol-
lowing result.

Theorem 3.27 (Fundamental Theorem of Calculus for the Lebesgue—Stieltjes integral). Let
g : R — R be a nondecreasing left—continuous function. A function F' : [a,b] — R is
g—absolutely continuous on |a, b] if and only if the following conditions are fulfilled:

(i) there exists F,(t) for g-a.a. t € [a,b);
(ii) Fg/ € ﬁ;([a,b),R);
(iil) foreacht € [a,b],

F(t) = F(a) + " Fy(s)dg(s).

In what follows, we explore further properties of g—absolutely continuous functions. The
next property, [33| Proposition 5.3], is a particular case of Proposition[2.67}

Proposition 3.28. Let g : R — R be a nondecreasing left—continuous function, f : [a,b] —
[c, d] be a g—absolutely continuous function and f5 : [c,d] — R satisfy a Lipschitz condition
on [c,d). Then f5 o fi is g—absolutely continuous on [a, b].

Proposition can be used to ensure that the product of g—absolutely continuous func-
tions is also g—absolutely continuous. Furthermore, the same result ensures that the pointwise
maximum and minimum of g—absolutely continuous functions is g—absolutely continuous, as
we show in the next proposition.

Proposition 3.29. Let g : R — R be a nondecreasing left—continuous function and f1, fa be
g—absolutely continuous on [a, b]. Then, the maps F, Fyyax, Fiin : [a, ] — R defined as

Ft) = i) f2(t),  Fax(t) = max{fi(£), f2(t)}, Fumin(t) = min{f1(£), f2(t)},
are g—absolutely continuous on [a, b].

Proof. Rewrite the functions F', Fiax, Finin as

(Sr(t) + f2(1)? — fr(t)? = fa(t)?

F(t) = 5 ; t € [a,b],
Fmax(t): (fl(t)+f2(t));|f1(t)_f2(t)|, te [Cl,b],
Fmin(t) _ (fl(t) — f2(t)) 2_ |f1(t) — f2(t)|7 te [a,b].
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The Stieltjes derivative

Now, Proposition [3.28] ensures that the composition of a g—absolutely continuous map on
[a, b] with the maps h1(t) = t? and ha(t) = |t| are g-absolutely continuous, from which the
result follows. O

Finally, we state a direct adaptation of Proposition [2.68] This is a simplified version of
[54] Proposition 5.3], as this result also contains other properties of g—absolutely continuous
function. However, such properties can be obtained as a consequence of Remark [3.25] and
Proposition [3.21] and we omit them.

Proposition 3.30. Let g : R — R be a nondecreasing and left—continuous function and
F : [a,b] = R be a g-absolutely continuous function. Then F has bounded variation.

Given that every function with bounded variation is also bounded, it follows from this re-
sult together with Remark that AC,4([a, b], R™) is a subset of BC4([a, b], R™). With this
relation in mind, we include the following result, |33, Proposition 5.6], that gives a sufficient
condition for a subset of AC([a, b], R™) to be relatively compact on BC,4([a, b], R™).

Proposition 3.31. Let g : R — R be a nondecreasing left—continuous function and S be a
subset of AC 4([a,b], R™). Assume that the following conditions are satisfied:

(i) The set {F(a) : F' € S8} is bounded.
(ii) There exists h € L} ([a,b), [0, +00)) such that

|Fy(t)|| < h(t), g-aa. téela,b), FES.

Then S is a relatively compact subset of BC 4([a, b], R™).

As a direct application of Proposition [3.31] we can obtain a fixed—point theorem that will
be useful later on in the study of differential equations with functional arguments.To that end,
we include the following result, [40, Theorem 1.2.2], which is necessary for the proof of

Proposition[3.33]

Theorem 3.32. Let X be a metric space equipped with a partial ordering, <, such that for
each x € X, the sets
{lyeX:y<z}, {yeX:y>uz},

are closed, Y C X, [a,b] a nonempty order interval inY and G : [a,b] — [a,b] a nonde-
creasing mapping. If {Gx, }°2 , converges in' Y whenever {x,,}°2  is a monotone sequence
in [a,b], then G has the least fixed point in [a, b], x., and the greatest one, x*; and they satisfy

z, =min{y € [a,b] : Gy <y}, 2" =max{y € [a,b] : Gy > y}.
Proposition 3.33. Let o, f € ACg4([a,b],R) be such that o(t) < B(t), t € [a,b]. Denote
[a’ 5]Acg([a,b],R) = {’7 € Acg([a7 b]aR) : Oé(t) S ’Y(t) S ﬂ(t)a te [CL, b]}

and let G : [, Bl ac, (ap),R) — [0, Blac,(jab),r) be a nondecreasing map. If there exists
he E;([a, b), [0, +00)) such that for all v € |, B ac, ([a,b].R)>

(G5O < h(t)  g-aa t€la,b),
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then G has the least fixed point in [, ] AC, ([a,b],R)s Vx, and the greatest one, v*, and they
satisfy the following equalities:

¥x = min{y € [a, Blac, (apr) P GY <7}, 7" =max{y € [, Blac, (a5)R) : G7 =7}

Proof. Denote I = [a, b]. In order to apply Theorem3.32] we consider Y = AC,(I,R") and
the ordered metric space X = BC,(I,R"™) equipped with the supremum norm and the usual
partial ordering. It suffices to show that if {4 } xen is a monotone sequence in [, 8] ac, (1,r)
then the sequence { Gy } e converges in Y.

Let {7x}ren be a monotone sequence. The hypotheses on G ensure that {G7;, }ren is
also a monotone sequence. Moreover, {Gv; }ren is a relatively compact subset of X by
Proposition [3.31] Indeed, the set {Gyy(a) : k € N} is bounded because v < Gy, < 3 for
all k € N. Moreover, there exists b € L} ([a, b), [0, +00)) such that

[(Gye)y () < h(t) g-aa.t€a,b), keN.

Hence, {G~x }ren is relatively compact and so, {G7x }ren has a subsequence convergent
in X to a function, say 7. Since {G;}ren is a monotone sequence, the whole sequence
converges to . To finish the proof, we need to show that v € Y.

Define

H(t):/[t)h(s)dg(s), tel

Note that H is a nondecreasing function and, moreover, Theorem [3.26| ensures that H is g—
absolutely continuous on I. Since Gy, € AC,(I,R), k € N, forall s,t € I, s < t, we
have

|G (£) — G ()] = ’ / (CW o) < /[ , 1) dglr) = HO-H(s), kN

Since this holds for all k& € N, we obtain |y(t) — y(s)| < H(t) — H(s). Now, given € > 0,
we take 0 > 0 given by the definition of g—absolute continuity of H. Hence, for every family

{(an,b,)} 7 of open disjoint subintervals of I such that > [g(b,) — g(a,)] < &, itholds
that

D ba) =Alan)l <Y H(ba) — H Z [H (by) — H(an)| <e,
n=1 n=1 n=1
and so, 7 € Y by definition, which concludes the proof. O

Finally, we include some technical lemmas. The first one can be deduce from the Funda-
mental Theorem of Calculus, and it reads as follows.

Lemma 3.34. Let M : [a,b) — [0,00) be a g-integrable function. If F C [a,b) is a set of
positive g—measure, then there exists F1 C F such that p1g(Fy) = pg(F') and for all s € FY,

el 1 el
tlgg we([s,t)NF) =1 th+ pg([s,t) N F) /[”)\ M(r)dg(r) =0.
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Proof. Let G : [a,b] — R be the map given by
GO = [ Xe()dgls)
[a,t)

Clearly X € L}([a,b), [0,1]), so Theorem ensures that G € ACy([a,b], R). Hence,

there exists Fp C F such that pu,(F'\ Fy) = 0, G (s) exists for all s € F and

Gy(s) =Xrp(s) =1, s¢cF.
Thus, for s € Fy we have that

1= lim M = lim f[s’t) Xr(r)dg(r) = lim M
Cost g(t) —g(s)  tost g(t) —g(s) st g(t) —g(s)

For the other equality, consider the map H : [a,b] — R defined as

H(t) = -~ M(s) - Xp\rdg(s)-

Again, we have that H € AC,([a, b],R) since My = M - Xp\p € L}([a, D), [0, +00)). Thus
there exists Iy C Fy such that p,(Fo \ F1) = 0, Hy(s) exists for all s € Fy and

H;(S):M(S)'X[\F(S):O, S€F1.
Hence, for every s € F; we have that

0= lim M — lim f[s,t) MO(’I“)dg(T)
St g(t) —g(s) st g(t) — g(s)

Now, since F C Fy, it follows that

0= piy D MM Agm) L g(t) —gs) Sy Mo(T) dg(T)
et g(t) —g(s) t—st pg([s,t) N F) et pg([s,t)NF)

which concludes the proof. O

The following lemma is an adaptation of [80, Lemma 6.92]. In order to prove it, we need
the following definition.

Definition 3.35. Let g : R — R be a nondecreasing and left—continuous function and A C R.
We define the g—diameter of A, and we denote it by g—diam(A), as

g—diam(A) = sup{|g(s) — g(t)| : s,t € A}.

Remark 3.36. In the particular case of g = Id, we have that the definition of g—diameter of
a set matches the definition of diameter of a set. Furtermore, in that case, we have that for
any interval I, diam(I) = sup I — inf I.
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Lemma 3.37. Let @ : [a,b] — R be a map such that ®(t) exists forallt € E C [a,b]\ D
If m(®(E)) = 0, where m denotes Lebesgue’s measure, then

@, (t)=0, g-aatckFE.

Proof. Without loss of generality, we can assume that £ N (Cy U N,;) = (). Define the sets
n

Bn:{teE:|<I>(s)—<I>(t)>|g(S)_g(t)|, se[a7b]70<s—t<;}, neN,

and B = {t € £ : &, # 0}. Then B = |J - Indeed, if ¢ € B, then there exists ¢ > 0

nEN
such that
P(s) — O(t
= 0 ()] = Tim |2 (w
s—t+ | g(s) — g(t)
Letd > 0besuchthatfor0 < s—t <

‘@(s) - (IJ(t)‘ S ¢
9(s) = g(t)
Let N € N be such that 1/N < min{d, ¢/2}. Then, foralln > N,if 0 < s —¢ < 1/n, it

holds that
‘@(s)—‘l)(t)‘< c 1

gs) =g | "2 n
and so t € B, for some n € N. Conversely, if ¢ € B,, for some n € N, thent € B as

1
@/ (1) = lim > = >0.

s—tt

D(s) - @(t)‘
g(s) —g(t)

3

Hence, it is enough to show that ,ug(Bn) = 0 for all n € N. Moreover, since each B,,
can be covered by finitely many intervals of length less than 1/n, it suffices to show that
pg(J N By,) = 0 for every such interval J. Therefore, if we denote A = J N B,,, we need to
show that p4(A) = 0.

Let & > 0. Since m(®(A)) = 0 and the measure m is outer regular, there exists a family
{Jk 52, of open intervals such that

C [j Jk, idiam(Jk) < —
k=1 k=1

Let us denote Ay, = AN ®~1(J;). Then A = |J,—, Ax. Moreover, we claim that
g—diam(A4y) < n - diam(®(Ax)).
Indeed, the definition of B,, yields that for each pair s,t € Ay, s < t,

0 <g(s) = g(t) = lg(s) = g()| < n|®(s) = @(t)] < n - diam(P(Ay)),
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and so, the inequality follows. Thus, if we prove that p4(Aj) < g—diam(Aj) we are done,
since

pg(Ag) < Zug(Ak) < Zg—diam(Ak) < nZdiam(@(Ak)) < nz diam(Jy) < e.
k=1 k=1 k=1 k=1

To show that p1,(Ag) < g—diam(Ayg), let us denote a, = inf Ay and by = sup A;. We
distinguish two cases: ay € Ay or a &€ Ag.

Assume first that a, € Ay, then by definition of by, one can find a sequence {z,, } nen in
Aj, such that {x,,} is nondecreasing and z,, converges to by. Hence,

g-diam(Ag) = sup{g(t) — g(s) : t,s € A, s <t} > g(zn) —g(ag), mEN,
and so g—diam(Ag) > g(bx) — g(ax). Now, if b, € Ay, then by, & D, and Ay, C [ag, by| so

11g(Ar) < pg([an, b)) = (b)) — glar) = g(bx) — g(ax) < g—diam(Ay).
Otherwise by, & Ay, so Ay, C [ag, by) and

tg(Ax) < pg([ar, b)) = g(br) — glax) < g-diam(Ag).

Assume now that aj, & Ay, then aj, < s <t < by, and so g(t) — g(s) < g(bx) — g(a}}).
Therefore g—diam(Ay) < g(bk) —g(ay ). Moreover, g—diam(Ag) = g(bx) —g(a;). Indeed,
let ¢’ > 0. Since g is left-continuous at by, there exists §; > 0 such that if 0 < by, — ¢ < 47,
then g(by) —g(t) < €'/2. Since by, = sup Ay, there exists ty € Ay such that0 < by —tg < &3
and so g(by) — g(to) < &’/2. On the other hand, by definition of g(a;), there exists 6 > 0
such that if 0 < s — aj, < 2, then g(s) — g(a}’) < €’/2. Since a; = inf(Ay), there exists
s € Ay such that 0 < s — aj, < min{ds, to — ax }. Hence, there exist s < t, s,t € A, such
that

/ /

9(t) = g(s) > g(b) = 5 — glaf) = 5 = 9(bw) — glaf) — "

Therefore g—diam(Ay) = g(bx) — g(a}). Again, if by € Ay, then b, & Dy and Aj, C
(ak, bg), so

11g(Ar) < pg((ar, be]) = g(by) — gay) = g(b) — g(a)}) = g—diam(Ay).
Otherwise, by, & Ay, so Ax C (ag,by) and

pg(Ar) < pig((ar, b)) = g(be) — g(ay) = g-diam(Ay). 0

3.3 Stieltjes differential equations and their relations with
other problems
In this section, and for the rest of this thesis, we focus on the study of differential equations

with Stieltjes derivatives, or Stieltjes differential equations. In particular, given a nondecreas-
ing and left—continuous function, g : R — R, we will look at problems of the form

xy(t) = f(t,x(t)), g-aa.téela,b) (3.10)
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witha,b € R,a < b, and f : [a,b) x R — R™.

Given the relation introduced at the beginning of the chapter between A—derivatives and
Stieltjes derivatives, it is clear that Stieltjes equations can be used to study differential prob-
lems with A—derivatives. In what follows, following [33]/49]54], we present some other
problems that are equivalent to differential problems with Stieltjes derivatives, providing a
better understanding of the utility of this type of problems. These equivalences are shown in
the context of f : [a, b] x R — R, but they can be extended to more complex spaces with the
obvious changes. Moreover, we will establish such equivalences by showing that pointwise
solutions of an equation of the form of are pointwise solutions of the other problems,
and vice versa.

3.3.1 Ordinary differential equations

First, we study the relation between differential equations with Stieltjes derivatives of the
form

xy(t) = f(t,z(t), g-aa tel=la,b), (3.11)

for some g : R — R nondecreasing and left—continuous function, a,b € R, a < b, and
f I xR — R;and ordinary differential equations, namely

y'(t) = F(t,y(t)), m-aateJ=]lab), (3.12)

for some Zi,g eR,a< E, and F' : J x R — R. Here m denotes the Lebesgue measure.

It is obvious that every equation of the form of defines a differential equation with
Stieltjes derivates of the form of since Stieltjes derivatives yield the usual derivative
when we consider ¢ = Id. However, the interest of this section is to show that, under certain
hypotheses, differential equations with Stieltjes derivatives can be studied as ordinary differ-
ential equations in the sense that there is a way to transform solutions of one of the problems
into solutions of the other problem.

A simple way to establish this relation is to assume that g € C*(I,R) and ¢’ > 0. In that
case, for any = : I — R such that :c’g (t) exists, it follows that

w(s) —x(t) _ . als) —x(t) . g(s) —g(t)

lim = lim lim ,
s—t s—t s—t g(s) — g(t) s—t s —t

that is, 2'(t) exists and 2'(t) = 7 (t)g'(t). Therefore, if z solves on [ then x solves
with J = I and

F(t,z) = f(t,2)d'(t), (t,z) e JxR.
Conversely, assume that y solves and let ¢ € C(J,R), ¢ > 0. Then, we consider

g(t) z/ c(s)ds, te

to

In that case, we have that
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that is g (t) exists and y (t) = y'(t)/g'(t) = y'(t)/c(t). Thus, taking I = J and
flt,x) = F(t,z)e(t), (t,z) €l xR,

we have that y solves For the particular selection of ¢ = 1 we obtain that g(z) = z,
which yields the relation explained earlier.

In what follows, we present some of the results obtained in [49] where the authors proved
that the same relation holds under more relaxed conditions on the derivator g. Moreover,
thanks to these results, we obtain a way of solving differential equations with Stieltjes deriva-
tives under the correct set of hypotheses.

Let g : R — R be a nondecreasing and continuous function. Without loss of generality,
we assume that g(R) = R. If this is not, it suffices to consider the nondecreasing continuous
map g : R — R given by

gla)+ (x —a), ifz<a,
gty =< g(z), ifa <z <b,
gb)+ (x—=b), ifz>0b,

and note that g = g on [a, b). In that case, equation[(3.11)]and equation[(3.1T)|with g replaced
by g are exactly the same.
In this context, we define the pseudo—inverse of g as the function v : R — R given by

v(z) =min{t eR : g(t) =z}, zeR. (3.13)

This definition is good. To prove it, just notice that g is continuous, nondecreasing and
g(£00) = £o00, which implies that

g {a}) ={teR: g(t) =z} (3.14)

is a compact interval —or even a singleton if z ¢ C; U Ny, since D, = (), see Remark
The most important properties of -y are gathered in the following statement. Some of them
can be deduced from [44] Theorem 1.8].

Proposition 3.38. Let g : R — R be a nondecreasing and continuous function such that
g(R) =R. Ify : R — R is defined as in[(3.13)] then the following properties hold:

1. Forallz € R, g(v(z)) = x.

2. Forallt € R, y(g(t)) <t.

3. Forallt € R, t ¢ Cy UNJF, v(g(t)) = t.

4. The map y is strictly increasing.

5. The map ~ is left—continuous everywhere and continuous at every x € R, = & g(Cly).

Proof. Properties 1 and 2 are a direct consequence of the definition since

g(v(z))) = g(min{t e R : ¢g(t) =2}) =2, forallz R,
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3.3 Stieltjes differential equations and their relations with other problems

and
Y(g(t)) =min{s € R : g(s) =g(t)} <t, forallteR.

To prove 3, note that for ¢t € R\ (C, U Ny) the set[(3.14)| for z = g(t) is the singleton
{t}. Now, if t € Ng’, we have that t = a,,, for some ng € N. In that case, it is clear that
g(t) = g(s) forall s € (t,b,,) and g(s) < g(t) for all s < ¢, as any other case would lead to
a contradiction with the definition of C,. Thus, we have that

7(9(t)) = min{s € R: g(t) = g(s)} = min(any, bny) = an, = t.

For statement 4, fix 7,y € R, x < y. Ift € g~ *({z}) and s € g~} ({y}) then t < s, for
otherwise we would have = = ¢(t) > g(s) = y, which would be contradiction. Hence,

(@) = ming™ ({z}) <ming™ ({y}) = 1(y).
Finally, we prove 5. First, property 4 ensures that
y(x7) < y(x) < y(z) forallz € R. (3.15)

Assume, reasoning by contradiction, that v(z~) < ~(x) for some z € R. Since v is
strictly increasing, we can fix 7 such that

Y(y) <71 <7y(z) forally < x. (3.16)

Now we deduce from the monotonicity of g and property 1 that

y=90(y) <g(r) <glr(x)) =x forally <=z,

which implies that g(7) = x. Now property 2 yields v(z) = v(g(7)) < 7, which is a
contradiction with[(3.16)] Hence  is left—continuous everywhere.

We shall prove that  is right—continuous at every z € R\ g(C,) from and a similar
contradiction argument. Assume that for one of those z € R we can find 7 such that

v(z) <7 <~(y) forally > x.

Since g is nondecreasing we have

z=g((z)) <g(r) <g(r(y) =y forally >z,

and therefore x = g(y(x)) = g(7). Since y(z) < 7, for any ¢t € (y(z), 7) we have g(t) = =
and t € C,, which is a contradiction with the choice of x. O

We now have the necessary tools to reduce a Stieltjes differential equation to an ODE in
a more general context than that of derivators belonging to C!([a, ), R).

Theorem 3.39. Let g : R — R be a nondecreasing continuous function such that g(R) = R,
v : R — Rbedefined as in[(313)] f : RxR — Randa,b € R, a < b. Ify : [g(a),g(b)) —

R is a solution of

y'(s) = f(v(s),y(s), s €lgla),g(b)\ (EUg(Cy)),
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forsome E C [g(a),g(b)), then x : [a,b) — R given by x(t) = y(g(t)) solves

zo(t) = f(t, (1), t€a,b)\ (97 (E)UCyUN,).

g

In particular, © = y o g solves the problem g—almost everywhere in [a,b) provided that
g (E) be a null g-measure subset of [a, b).

Proof. Fixt € [a,b)\ (971 (E)UCy U N,). Then assertion 3 in Proposition yields that
7(g(t)) = t and, moreover g(t) € [g(a),g(b)) \ (E U g(Cy)). Hence y'(g(t)) exists and

y'(9(1) = f(v(g(1), y(g()) = f(t,z(t)).

Thus, it is enough to show that z (t) exists and equals y'(g(t)).
Fix £ > 0. Since y'(g(t)) exists, there exists § > 0 such that

z € [g(a), g(b)], 0 < |z — g(t)| < S} — ’3/(2):»%@))

On the other hand, since g is continuous at ¢, there exists § > 0 such that

—y'(g(t)] <e.

[s € [a,], s = t] < 8] = g(s) = g(8)| < 4.

Now, Remark ensures that if 0 < |s — £| < & then 0 < |g(s) — g(t)| < 4. Hence, it
follows that

[s €la,b], 0<|s—t] <] =

that is, 2’

5(t) exists and z{ (t) = y'(g(t))- O

Remark 3.40. This result provides a way of obtaining explicit solutions for the differential
problem with Stieltjes derivatives, provided we are able to solve the corresponding ODE.

Remark 3.41. Let g : R — R be a nondecreasing function such that ¢ € C'([a,b),R),
g([a,b)) = [a,b) and ¢’ > 0 in [a,b). In this case, g is a bijection and so v = g~ L.
Under these assumptions, we have that Theorem [3.39] provides the same information as the

equivalence presented at the beginning of this section. That is, x solves

a'(t) = f(t,x)g'(t), te€la,b), (3.17)

1

if and only if z 0 g7 solves

y'(s) = flg7"(s),y(s)), tE€lab). (3.18)

Indeed, if = solves we have that 2’(s) exists for all s € [a,b). Thus, we have that
(rog1)(t) exists for all t € [a,b) and

(@og™) () =a"(g7" )™ (t) = Flg™' (1), fv(g’l(t)))g’(g’l(t))%
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and so z o g~ solves[(3.18)} Conversely, if z 0 g~ solves[(3.18)] we have that (z 0 g=1)'(¢)
exists for all ¢ € [a, b). Now, since z = zog ! og, it follows that 2’ (¢) exists for all ¢ € [a, b)
and

2'(t) = (zog™ ) (g()g'(t) = flg~ (g(t), z(g~ " (9(1)))g' (t) = f(t,=(t))g (t),
that is, « solves[(3.17)}

Next we prove the converse result of Theorem [3.39] thus showing the equivalence be-
tween the problems with usual derivatives and Stieltjes derivatives.

Theorem 3.42. Let g : R — R be a nondecreasing continuous function such that g(R) = R,
v :R = Rbedefinedas in[3.13)) f: RxR — Randa,be R, a <b. Ifx:[a,b) = Ris
a solution of

xy(t) = f(t,z(t), te€a,b) \(EUC,UN,),
for some E C [a,b), theny : [g(a),g(b)) — R given by y(s) = z((s)) solves

y'(s) = f(v(s),y(s), s¢€lg(a),g(b))\g(EUC,UN,).

In particular, y = x o 7y solves m—almost everywhere in [g(a), g(b)) provided that g(E) be a
null m—measure subset of [g(a), g(b)).

Proof. Fix s € [g(a), g(b)] \ g(E'UCy U N,). Then there exists u € [a,b) \ (EUCy U Ny)
such that g(u) = s. Moreover, Remark ensures that g=({s}) = {u} soy(s) = u €
[a,b) \ (E'UCy U Ny) and z;((s)) exists. Furthermore,

zg(1(s)) = F(v(s), 2(7(s))) = f(7(s), y(s)),
50, it is enough to show that y'(s) exists and equals x7 (v(s)).
Fix ¢ > 0. Since z((s)) exists, there exists 4 > 0 such that

w5 -0
() i) )| <e

On the other hand, s € [g(a),g(b)] \ g(E U C, U N,), so assertion 5 in Proposition
ensures that -y is continuous at s. Hence, there exists § > 0 such that

[z € lab], 0< |z —(s)| < Zs“] —

[ € lg9(a), g(®)], [r — 5| < 8] = |(r) — g(s)| <.
Now, assertion 3 in Proposition[3.38| guarantees that if 0 < |s—t| < d then 0 < |g(s)—g(t)| <
4. Hence, it follows that

z(y(r) —z(v(s) _

[7’ € [g(a)7g(b)]a 0< ‘T - S| < 6] == g('}/(r)> — g('Y(S)) - zg(’Y(s)) <e.

The result now follows by property 1 in Proposition [3.38] O

As a final comment for this section, note that the results in here are not valid for discon-
tinuous derivators. However, if its set of discontinuity points is a discrete set, then we can
argue “piece-by—piece” to obtain the general solution. That is, we can use the results in this
section to solve the problem in each of the subintervals generated by D,.
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3.3.2 Impulsive differential equations

Let J = {t; : k € N} be a countable subset of an interval [a, b) such that its set of accumu-

lation points, J', has Lebesgue measure equal to zero. We now study the relation between an
impulsive ordinary differential equation of the form

2 (t) = f(t,z(t)), m-aa. te€lab)\J, (3.19)

r(tT) = 2(t) + L(z(t)), teJ, (3.20)

with f : [a,b) xR — R, I; : R — R and m the Lebesgue measure; and differential equations
with Stieltjes derivatives of the form

xy(t) = F(t,z(t)), g-aa.té€ a,b), (3.21)

for some g : R — R nondecreasing and left—continuous and F : [a, b) xR — R. In particular,
we shall show that both problems are equivalent in the sense that the set of solutions is the
same for an appropiate selection of g and F'. This is the idea presented in [33}/54].

To this end, let us define g : R — R by

gty=t+ Y 27F teR, (3.22)
{keN:ty<t}

where we assume that the sum takes the value zero when {k € N : ¢}, < ¢} = (). First of all,
note that since the series Zle 27" converges absolutely to 1, any reordering of such series
also converges to 1. Hence, g is well-defined. Moreover, g is increasing since given ¢, s € R,
t <s,wehavethat {k e N : ) <t} C {k €N : ¢ < s}, and so

g(t) =t+ Z 27k < s+ Z 27F = g(s).
{keN:t,<t} {keN:t,<s}
Similarly, we have that g is left—continuous everywhere. Indeed, fix ¢ € R. For any s € R,
s < t, we have that
gt) —g(s)=t—s+ Z 27",

{keN: s<t, <t}
Thus,

li o 9 B _k _
Jim (g(t) —g(s)) = lim |t—s+ > 2 0,
{keN:s<t,<t}

i.e. g is left—continuous at ¢. Using a similar argument, we can prove that ¢ is continuous on
R\ J. Fixt € R\ J. In that case, for any s € R, s > ¢, we have that

gl&)—g)y=s—t+ Y 2F=s—t+ 27"
{keN:t<tp<s} {keN:t<tp<s}

since t # tx, k € N. Hence,

lim (g(s) —g(t)) = lm [s—t+ Y  27%) =0,

s—t— s—t—
{keN:t<tp<s}
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3.3 Stieltjes differential equations and their relations with other problems

or equivalently, g is continuous from the right at ¢ € R\ J. Finally, at every t;, € J, we have
g(tf) —g(te) =27" >0,

and, since g is continuous on R\ J, Dy = J.

Remark 3.43. Note that in particular g is continuous at every point of J'. Thus, z,(J’) = 0.

With this choice of g we can prove the equivalence of problems[(3.19)H(3.20) and [(3.21)
for the right choice of F'.

Theorem 3.44. Let g : R — R be given by[3.22)and F' : [a,b) X R — R given by

f(t ), ifteJ,
F(t,z) = Ii(z) _ (3.23)
g —gm V1

Then x solves |3 19HB.20)| if and only if = solves|[(B.21)| with[3.23)l

Proof. First of all, note that for any ¢ ¢ J U J’ we have that g is continuous and

x(s) — x(t) _ lim x(s) — x(t)
e ) e a=t

Thus, for such ¢ we have that x (¢) exists if and only if 2() does; and moreover both
derivatives are equal. Furthermore, our assumptions and Remark [3.43] ensure that x solves

[B:19))if, and only if = solves

xy(t) = F(t,x), g-aa teclab)\J

Thus, all that is left to show is that x satisfies[(3.20)if and only if z solves[(3.2T)|for all t € J.
First, assume that x satisfies[(3.20)} In that case, we know that z(¢1) exists for all ¢ € J, and
so Remark ensures that x (¢) exists and

2(tt) —a(t) _ a(t) + Lia(t) — =()
g(t1) — g(0) g(t) — 90

Conversely, assume « solves [(3.21)|for all ¢ € J. Then Remark guarantees that z(tT)
exists and

zy(t) = = F(t,z(t)).

1 (z(t))
g9(t+) —g(t)

which concludes the proof. O

o(th) = a(t) +ay(t)(g(th) —g(t) = =(t) + (9(t7) —g(t)) = x(t) + Le(2(t)),

As a final comment, it is common to see other formulations of impulsive differential
equations. Some other formulations are obtain by considering with z(t) replaced by
x(t~). In this case, as long as we are working with g—absolutely continuous solutions, the
same problem with Stieltjes derivatives works as g—absolutely continuous functions are left—
continuous everywhere (see Proposition[3.21)). This will be the case in the work ahead.
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3.3.3 Equations on time scales

Finally, we have a look at equations on time scales as differential equations with Stieltjes
derivatives. The calculus on time scales was initiated by Stefan Hilger in [42]] as a theory that
could unify discrete and continuous analysis. Thus, if we show the mentioned equivalence
between problems, we can use differential equations with Stieltjes derivatives as a way to
study discrete and continuous problems.

In order to stablish the relation between the different equations, we need to introduce
some concepts about time scales necessary to properly define the equations on time scales.
The following definitions and results can be found in [10].

Definition 3.45. A time scale is a nonempty closed subset of R.

This is, of course, the basic definition of this section. It is important to note that, in what
follows, we will assume time scales to have the topology that they inherit from the usual
topology in the real line.

Definition 3.46. Let T be a time scale. The operators a,p : T — T given by

sup T, otherwise, (3.24)

U(t):{inf{se']l‘:s>t}, if (t,400) NT # 0,
p(t){sup{se'ﬂ‘:s<t}, if (=oco,t)NT # 0,

inf T, otherwise,

are known as forward jump operator and backward jump operator, respectively. Note that
o(T), p(T) C T since T is closed.

Lett € T. We say that t is right-scattered if o(t) > t; and similarly, t is said to be
left—scattered if p(t) < t. If t is both right and left—scattered, we say that t is an isolated
point. The point t is right—dense if t < sup T and o(t) = t; and analogously, t is left—dense
ift > inf T and p(t) = t. If t is both right and left—dense, we say that t is dense.

In order to define the Hilger derivative of a function, we need to define another important
set. Given a time scale T, we define the set T* as

. T\ (p(supT),supT], if supT < 400,
T = .
T, if supT = +o0.

Essentially, this set is the same as T except when T has a left—scattered maximum. In that
case, the maximum is removed from the set.

Definition 3.47. Let T be a time scale, f : T — R andt € T*. We define the Hilger
derivative of f at t, and we denote it by f*(t), as the real number such that for any € > 0,
there exists 6 > 0 satisfying that

[f(@(t) = f(s) = F2 () (a(t) = s)| <elo(t) —s|, se(t-dat+6)NT, (325

provided that such number exists. In that case, we say that f is Hilger differentiable at ¢. If f
is Hilger differentiable at every t € T*, we say that f is Hilger differentiable on T*.
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This derivative has analogous properties to those of other derivatives previously shown in
this work. Such properties include linearity, the product rule or the quotient rule. For more
information on such properties, see [|10]. We now present some other properties found in that
same source that are necessary to reduce the equations on time scales to differential equations
with Stieltjes derivatives.

Proposition 3.48. Let T be a time scale, f : T — R andt € T*. Then:
1. If f is Hilger differentiable at t, then f is continuous at t.
2. If f is continuous at t and t is right—scattered, then f is Hilger differentiable at t and

o = L) =10,

o(t)—t
3. If t is right—dense, then f is differentiable at t if and only if the following limit exists

and is finite:
o S0 = ()

s—t t—s

In that case, {*(t) takes that value.

We can finally justify the equivalence between the equations on time scales and the dif-
ferential equations with Stieltjes derivatives. In particular, we shall show there exists a way
of extending the solutions of the first—order dynamic equation

z2(t) = f(t,z(t)), teTnN]la,b) (3.26)
for some time scale T, a,b € T, a < b, and f : R x R — R; to a solution of the problem
Y (t) = f(t,y(t)), g-aa. tela,b), (3.27)

for a convenient choice of a nondecreasing and left—continuous function g : R — R. To this
end, we shall follow the ideas of [[33}/54,/79]. In particular, in [[79] we find the definition of
the derivator g : R — R given by

a if t<a,
gt)=4¢ inf{seT:s>t} if a<t<bh, (3.28)
b if t>0.

It follows from the definition that g is nondecreasing and left—continuous, see [[79, Lemma 4].
Moreover, it is clear that g(t) = t forallt € T and C, =R\ T.

The next result, an adaptation of [54, Theorem 3.1], shows how to transform a solution of
equation[(3.26)]into a solution of assuming that the solution satisfies certain properties.

Theorem 3.49. Let T be a time scale, a,b € T, a < b, x : T — R be continuous from the

left at every right—scattered point of T and g be given by If x solves then the
map y : R — R defined as y = x o g solves|(3.27)]
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Proof. Lett € TN|a,b). Since b € T, it follows that ¢ € T*. Now, either ¢ is right-scattered
or t is right—dense. We study these two cases separately.

First, we assume that ¢ is right—scattered. In this case, we know that z is left—continuous
at ¢, so statement 2 in Proposition ensures that 22 (¢) exists and

_ z(o(t) —x(t)
2 (t) = s —

Now, for any s € (t,0(t)) we have that g(s) = o(t). Thus, since g(¢) = ¢, we have that

wApy = 2O Z20®) oy gy, (3.29)

g9(s) — g(t)

On the other hand, since ¢ is right—scattered, we have that g is discontinuous at ¢. Indeed, first
note that, since ¢t € T*, we must have that

o(t) =inf{s € T:s > t},

as the other definition of o in[(3.24)|can only happen when ¢ = sup T*, which would contra-
dictt € T* =T\ (p(sup T),sup T| = T \ (p(t), t]. Thus, since ¢ is right—scattered, we have
that o (t) > t, and so

lim g(s) = lim inf{r e T:r>s}=inf{reT:r>t} =0(t) >t=g(t), (3.30)

s—tt s—tt

sot € D,. Hence, it follows from [(3.29)] that y, () exists and

"(t) = lim M: im
OB e e 3 Sl S g g 13

Now, assume that ¢ is right-dense. Proposition [3.48]ensures that x is Hilger differentiable
at ¢ if and only if the limit

lim M (3.31)
s—t s —1t
seT

exists. In that case, 2 (t) takes the value of that limit. Moreover, since ¢ is continuous at ¢
(see [79, Lemma 4]), we know that y is g—differentiable at ¢ if and only if there exists

), (3.32)

and in that case, y;(t) takes that value. Hence, it is enough to show that exists if and
only if[(3.32)]exists, and that in that case, both of them take the same value.

First, assume thatexists. Since ¢ is right—dense there exist sequences {t,, },cn such
that {¢,, } ,en converges to ¢t and g(t,,) # ¢, n € N. Indeed, we have that

t=gt)=inf{reT:r>t} <inf{reT:r>s}=g(s), s>t
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so we can at least construct one of those sequences. Now, take an arbitrary sequence {t,, } nen
such that {t,, },en converges to t and g(t,,) # t, n € N. Since g is continuous at ¢, it follows
that {g(¢,) }nen converges to g(t) = t. Now, we know that g(¢,,) € T \ {¢}, and so

o ) — ) ag(ta)) — (o) | a(s) — x(t)
W gltn) —g()) o glta) —g() st s—t

Since the sequence was arbitrarily chosen, it follows that exists and coincides with

(3.31)
Conversely, assume that[(3.32)|exists. In that case, consider a sequence {¢,, }nen in T\{¢}
such that {¢,, },en converges to ¢. It follows that[(3.31)]exists since

f E) —x(t) L 2(g(ta)) — 2 (9(t)

t
n—00 t, —t n—00 g(tn)

_ i Y —y(@) () —y(D)
(t) n—oo g(tn) —g(t)  s—t g(s) —g(t)

<

In conclusion, we have proven that y (t) exists for all ¢ € T N [a, b) and

Yy () = a2(t) = f(t,2(t) = f(t, 2(9()) = f(t,y(t)).

To conclude this proof, it is enough to note that [a, b) \ T = [a, b) N C};, and as a consequence,
it has g—measure zero. O

Remark 3.50. Note that within the proof of this result, we have proven that = is Hilger
differentiable at a point ¢ € T* if and only if x is g—differentiable at ¢, which is essentially the
statement of [54, Theorem 3.1]. Note, however, that the statement of that result is presented
for T instead. It is unclear whether the result is true for the whole T as the proof is based on
Proposition [3.48] and it is never discussed for the points of T \ T*.

Now, we can prove the converse result. That is, given a solution of we can construct
a solution of by considering the restriction of the function.

Theorem 3.51. Let T be a time scale, a,b € T, a < b, g : R — R be given by[(3.28) and
y : R — R be a g—continuous function. If y solves

yy(t) = f(ty(t), tela,b)NT, (3.33)

then & = y|(4,p)nr s0lves[(3.26)]

Proof. Lett € [a,b) NT. Recall that this implies that ¢t € T*. We distinguish two cases: ¢ is
right—scattered and ¢ is right—dense.
First, assume that ¢ is right—scattered. Recall that this implies that ¢ € D, and so

f(ty(t) = y,(t) =

Moreover, since ¢ is right-scattered, we have that g is constant on (¢, o(t)). Therefore, since
y is g—continuous, it follows that y is constant on (¢, o (t)). Thus, since y is left—continuous,
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it follows that y(¢t*) = y(o(t)) and as pointed out in [(3.:30) we have that g(t*) = o(t).
Moreover g(t) = t, so

)~y yle) —u)
TV = =g = o -t

Now, noting that ¢, o(¢) € T and recalling Proposition we obtain that

fta(0) = fe,p(e) = WIS pa,

On the other hand, if ¢ is right-dense, we need to prove that z°(t) exists and equals
f(t,z(t)). Equivalently, Proposition ensures that we can prove that the following limit

exists,
—x(t
Ji 208 =20 (3.34)
s—t s —t
seT

and equals f (¢, z(t)).
Since ¢ is right-dense, we have g(s) > g(¢) for s € [a,b] N T, s > t. Hence, for every
s € (t,b] N'T, we have
z(s) —x(t) _ y(s) —y®)
s—t g(s) —g(t)
which implies that the following limit exists and

cow(s) —w@®) L yls) —y@d)
lim ——= = lim =——= =y (t) = f(t,y(t)) = f(t,z(t)).
tim, Z 0 i BB ) = fe0(0) = 1(t.0(0)
seT seT
If ¢ is left-scattered, then this is equivalent to and we are done. If, on the contrary,
t is left—dense, it follows that g is continuous, and moreover we have g(s) < g(¢) for s €
[a,b] N'T, s < t. Hence, for every s € [a,t) N'T, we have

z(s) —x(t) _ y(s) —y(t)

s—t g(s) —g(t)’

which implies that the following limit exists and

i ZE O gy VO SO _ gy pe ) = £t (),

sor st st 9(s) —g(0)
which concludes the proof. O

Remark 3.52. Note that this result does not establish the equivalence between problems
and[(3:27)] This is because in the latter, the equation is satisfied g—a.e. in [a, b), which
might exclude some points of T. Therefore, the problems are equivalent provided is
satisfied.

As a final comment on this equivalence, note that we have always assumed some continu-
ity hypotheses on Theorems [3.49)and [3.51] However, as in the case of impulsive differential
equations, as long as we consider g—absolutely continuous solutions of differential equations
with Stieltjes derivatives, these hypotheses are satisfied.
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Chapter 4
Stieltjes differential problems with a

single derivator

As pointed out in Chapter 3] differential problems with Stieltjes derivatives provide a unified
framework for the study of impulsive differential equations and equations on time scales.
This is done by considering the appropiate derivator in each case. In this chapter, we turn our
attention to the study of differential problems with Stieltjes derivatives with a single derivator.
That is to say that we are assuming that there is only one set of impulse points or time scale at
play. Later, in Chapter[5|we will deal with impulsive differential equations with different sets
of impulses and equations on several time scales by considering differential problems with
Stieltjes derivatives with respect to a family of functions.

Here, given a nondecreasing and left—continuous function g : R — R, we will consider
three types of differential problems following the results obtained in [4849|511/53])59]]. First,
we will focus on the study of initial value problems of the form

‘r;(t) = f(ta'r(t))v g—a.a. te [thtO +T)v J)(to) = Zo, (41)

with tg, T € R, T > 0, z9 € R" and [ : [to,to + T) x R™ — R™. Later, we will look

at a more complex formulation of the initial value problem, where the function defining the

problem is allowed to consider functional arguments. Specifically, we look at the problem
xy(t) = f(t,z(t),z), g-aa.teto,to+T), B(x(ty),z)=0,

with tg, 7T € R, T > 0, f : [to,to+T) x Rx X — Rand B : R x X — R for an

adequate Banach space, X . Finally, we also consider inclusions with Stieltjes derivatives, i.e.

problems of the form

xy(t) € F(t,x(t)) g-aa.t€lfto,to+T), x(to) = o,

withtg, T € R, T > 0,29 € R" and F : [to,to+T) x R — P(R™), where P(R™) denotes
the set of all subsets of R”.

Note that the problems that we are going to study in this chapter are defined on intervals
of the form [to, to + T') rather than on the corresponding closed interval as they were studied
in most of the mentioned papers. Let us reflect on why that is. At the extremal point tg + T’
two things can occur: either to+7" ¢ Dy orto+T € Dy. If to+T & D, the set {to+T'} has
g-measure zero, so solving the problem on [tg, to+7') is equivalent to solving it on the closed
interval. However, if to + 1" € D,, the g—derivative of a function defined on [t(, to + T at the
point ¢o + 1" is not defined as £y + 7" as it is not an accumulation point of the corresponding
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Stieltjes differential problems with a single derivator

function in Remark[3.2] Thus, solving the problem is only possible in [to, to + 1) in this case,
which explains why we consider the problems on that interval.

The chapter is structured as follows. In Section d.1] we study initial value problems with
Stieltjes derivatives. In particular, in Section[4.1.T| we obtain explicit solutions for some par-
ticular equations, such as the linear equation. Next, in Section we move on to the
study of existence and uniqueness of solution for initial value problems, exploring separately
the conditions for existence and the conditions for uniqueness. These conditions are later
combined to obtain results on the existence and uniqueness of solution. In Section i.1.3] we
restrict ourselves to the context of the real line, and explore the concepts of lower and upper
solutions. After that, we study the existence of extremal solutions, first between a pair of
well-ordered lower and upper solutions, and then, in general, where we look for conditions
ensuring that the supremum of lower solutions and the infimum of upper solutions are the
extremal solutions. In Section 4.2 we turn our attention to a more complex problem: Stielt-
jes differential problems with functional arguments. This is done in the context of the real
line as the study of this type of problems is based on the results in Section Finally, in
Section we focus on the study of differential inclusions involving g—derivatives, where
we obtain some new results for these problems even in the context of the usual derivative.
Throughout these sections, we include some examples of real world applications of the ob-
tained results for the corresponding Stieltjes equations.

4.1 Initial value problem

In this first section we turn our attention to the study of initial value problems. Specifically,
given a nondecreasing and left-continuous map g : R — R, we will study the initial value
problem

2y (t) = f(t,x(t), x(to) = o, (4.2)

with to, TeR,T>0,XCR" zyp € X and f : [t(), to +T) x X — R". For simplicity, we
shall denote I, = [to,to + 7), 7 € (0,T), and I = [to,to + T'). Similarly, we denote by I,
and I the closure in (R, 7,) of I and I, respectively. That is, I, = [to,to + 7], 7 € (0,77,
and I = [t,to -+ T]. With this notation, we introduce the definition of solution of

Definition 4.1. A solution of the initial value problem[(4.2)]on an interval I, T € (0,T], is
a function x € ACy4(1;,R™) such that x(to) = xo, 2(t) € X forallt € I, and
zy(t) = f(t,x(t), g-aatel,.

If 7 =T, we say that x is a global solution of [4.2)} otherwise, i.e. if T € (0,T), we say that
« is a local solution of

Remark 4.2. Note that the Fundamental Theorem of Calculus ensures that the derivative of a
solution on I exists for g—almost all ¢ € I, thus giving sense to Definition[4.1] Furthermore,
it follows that z is a solution of [4.2) on I, 7 € (0,T], if and only if z € AC4(I,,R") and
it solves

x(t) = zo + ’ t)f(s7:r(s))dg(s)7 tel,.
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4.1 Initial value problem

Moreover, a solution of [(4.2)]on I, T € (0, T, satisfies
x(t*) = x(t) + f(t,x(t))Ag(t), forallt € I, such that z(t) exists. 4.3)

At this point, we need to make an important comment about Definition 4.1} Although we
are talking about solving the problem on intervals of the form [to,to + 7), 7 € (0,7, the
solutions are still required to be defined on its closure, [to, o + 7], which might seem odd.
The main reason behind this is that the Fundamental Theorem of Calculus is presented for
g—absolutely continuous functions defined on the closed intervals. There is a way to consider
solutions defined on [tg, tg + 7) by considering a new family of functions introduced in the
next definition.

Definition 4.3. Let a,b € R, a < b, and g : R — R" be a nondecreasing and left—
continuous. We say that a map x : [a,b) — R admits a g—absolutely continuous extension to
[a, b] if the limit lim,;_,,— x(t) exists and the map T : [a,b] — R" defined as

w0~ {40 (Eretd

is g—absolutely continuous on [a,b). We denote the set of all functions on [a,b) that admit a
g—absolutely continuous extension to [a, b] by EAC4([a,b], R™).

Definition [4.3] allows us to consider a different definition of a solution of similar
to that of Definition In this alternative definition, instead of requiring the function to
belong to AC, (I, R"™), the function lies in EAC, (I, R™). However, these two definitions
are equivalent as there is a bijection between the set of g—absolutely continuous functions on
a closed interval and the set of functions that admit a g—absolutely continuous extension to
that same interval. We present this information in the following result.

Proposition 4.4. Let a,b € R, a < b, and g : R — R be a nondecreasing and left—
continuous function. Then, there exists a bijection between the sets AC4([a,b],R™) and

EAC,([a,b], R™).

Proof. Consider the map F' : AC,([a,b],R™) — EAC,4([a,b],R"™) given by F'(x) = x|[4).
Note that F' is well-defined. Indeed, let z € AC,([a,b],R™). Proposition ensures
that the limit lim,_,;~ x(t) exists and equals z(b). Therefore, the limit lim,_,;~ 2|[q,p)(t)
also exists and, furthermore, the corresponding extension of z|(, ;) defined as in is the
original map x, which is g—absolutely continuous on [a, b]. Thus T is well-defined.

Define the map F : EAC,([a,b],R") — AC,4([a,b],R™) as F(z) = Z where  is the
g—absolutely continuous extension of x to [a, b] in The previous argument shows that
Fo F(z) =z, x € AC,([a,b],R™). Therefore, it is enough to show that F o F(z) = ,
z € EAC,y([a,b],R™). To see that, it suffices to note that the restriction to [a,b) of the
extension in [(4.4)] yields the original function. Therefore, the map F' is a bijection between
the two sets. O

Proposition [4.4| shows that the two definitions of solutions are equivalent. More specif-
ically, it provides a way to obtain a solution in the sense of Definition [4.1] from a solution
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Stieltjes differential problems with a single derivator

defined strictly on [tg,tg + T'), and vice versa. For simplicity, we will still use Definition
.1l as our definition of solution for its direct connections with the Fundamental Theorem of
Calculus and other interesting properties of g—absolutely continuous functions.

With a clear definition of solution, we now study some conditions to obtain solutions in a
“classical” sense, i.e solutions whose derivative is also continuous. Naturally, here we shall
consider continuity in the sense of Definition[3.17] In order to study these type of solutions,
we introduce the following interesting concept introduced in 33, Definition 7.7].

Definition 4.5. Ler f : C C R xR" — R" and s € R, y € R"™ be such that (t,z) € C.
We say that f is (g x Id)—continuous at (¢, x) if, for every € > 0, there exists § > 0 such that

[(Svy) € Ca |g(t> - g(8)| < 5a H.’l? - yH < 6] = ||f(t,l’) - f(svy)H <e.
We say that f is (g x Id)—continuous in C' if it is (g x Id)—continuous at every (t,z) € C.

Notice that (g x Id)—continuity reduces to continuity in the usual sense when g is the
identity map. Furthermore, observe that (g x Id)—continuity on a set C C R™*! is equivalent
to continuity with respect to the product topology in C, 74 X 7,, where 7, is the g—topology
in R and 7, is the usual topology in R”.

In order to show that (g x Id)—continuity is enough to obtain solutions in an analogous
sense to the classical one, we need the following result which is a slight modification of [59}
Lemma 2.5] to obtain a more general result.

Lemma 4.6. Let f : Ax B C R x R"™ — R" be a (g x Id)—continuous function. If
x : A — B is g—continuous, then f(-,x(-)) is g—continuous on A. Moreover, if A is a Borel
set, then f(-,x(-)) is Borel measurable, and as a consequence, g—measurable.

Proof. Fixt € Aande > 0. Denote u = x(t). Since f is (g x Id)—continuous at (¢, u), there
exists 47 > 0 such that

If(t,u) — f(s,v)]| <e, forall (s,v) € Ax B, |g(t) —g(s)] <1, ||u—v] <.

Now, since x is g—continuous at ¢ there exists do > 0 such that for all s € A such that
lg(t) — g(s)| < d2, then ||u — x(s)|| < d1. Take § = min{dy, d2}. Then,

1f(tx(t) = f(s,z(s))| <&, forallse A, [g(t) —g(s)] <6

Therefore, f(-,2(-)) is g—continuous. The rest of the result follows from Proposition
and the extra hypothesis. O

With this result in mind, we can prove that “everywhere” solutions have g—continuous
derivatives when f is (g x Id)—continuous. By an “everywhere” solution we mean a function
that solves the initial value problem for all points of an interval except those of Cj, as the
g—derivative is not defined in such points.

Corollary 4.7. Let 7 € (0,T], f : I x R" — R" be a (g x Id)—continuous function on
I. x R" and x € AC4(I,,R"™) be such that x(ty) = x¢ and

z,(t) = f(t,z(t)), forallte I\ C,.

g

Then x is g—continuous on I \ Cl.
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4.1 Initial value problem

Proof. Given that x is g—absolutely continuous on I, we have that x is g—continuous on I .,
see Remark Thus Lemma (4.6| yields that f(-,z(-)) is g—continuous and, since zj is
defined on I \ Cj, the result follows. O

Recall that for g = Id, the concept of (g x Id)—continuity yields the usual continuity
in R™*1. Moreover, in that case we have that Cy, = (), so Corollary guarantees that the
solutions of the initial value problem with the usual derivative have continuous derivatives
as long as the function defining the problem is continuous. Therefore, Corollary is an
extension of a known fact for ordinary differential equations.

Note, however, that finding “everywhere” solutions is not a trivial task. The following
result [33, Proposition 7.6] shows that, under certain hypothesis on the map f, a solution in
the sense of Definition [d.1]is in fact an “everywhere” solution. For a proof on this result, see
Proposition[5.33| where we prove a more general result.

Proposition 4.8. Let z : I, — R, 7 € (0,7, be a solution of [&2) If f(-,x()) is

g—continuous on I, then

z,(t) = f(t,z(t)) forallte I\ C,.

g

Thus, the following result follows directly from Lemma Corollary and Propo-
sition Essentially, this result ensures that the “classical” concept of solution can be
obtained from Definition[d.T|provided that f satisfies the corresponding continuity condition.

Theorem 4.9. Let 7 € (0,7], f : I x R" — R" be a (g x Id)—continuous function on
I. x R"and x : I, — R™ be a solution of [(4.2)] Then

z! (t) = f(t,z(t)) forallte I\ Cy,

g

/o .
and x is g—continuous on 1. \ Cy.

4.1.1 Explicit solutions

In this part of the thesis, we shall show how to obtain explicit solutions for some particular
inital value problems in the context of the real line. First, we have a look at the linear equation

2(t) + d(t)a(t) = h(t),  @(to) = o,

in its homogeneous formulation, i.e. with h = 0, and later in the general case presented
above. Later, we turn our attention to the study of the separable initial value problem

g (t) = c(t) f(x(t), x(to) = o,

which represents a more general case of the homogeneous linear equation. For the linear
problem, we are able obtain solutions under some conditions on the maps d and h. However,
for the problem with separatable variables, we are required to consider some conditions on
the derivator as well.
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Homogeneous linear equation

We start our quest for explicit solutions of some initial value problems by focusing on the par-
ticular case of the homogeneous linear differential equation with Stieltjes derivatives. Specif-
ically, given a nondecreasing and left—continuous function, g : R — R, we will be looking
for the solutions of the equation

xy(t) = c(t)x(t), x(to) = o, 4.5)

with ¢ : I — R and zy € R. Note that we are working on the context of R. We do not have
any information about the more general setting of R". Here, we present some of the results
available in [33}58]].

Before introducing the explicit solution of let us motivate its definition. A first
reasonable guess for a solution for[(4.5)]on I would be to consider, under the assumption that
¢ € L}(I,R), the map

z(t) = xo exp </ C(S)dg(s)> , tel, (4.6)
[to,t)

as this is the solution for g = Id. Let us briefly explain why this cannot be, in general, a

solution of

By definition, we would have that z € AC,(I,R) and z(ty) = xo. Furthermore, one can
easily check using the chain rule, Proposition 3.15} that «/(t) = ¢(t)x(t) forall t € I\ D,.
However, at a point ¢ € I N D, we have that

| exp </[to,s) c(r)dg(r)) — exp </[)507t) e(r) dg(r))
20 (t) = lim xq

I s 9(s) = g(t)

ex c(r)dg(r p— o da(r | —
. p</[to,t) ) g<>>< p(/[m ) g<>> 1>

st 9(s) —g(t)

exp </ e(r) dg(r)) -1
=z(t) lim ) .
st g9(s) —g(t)

Now, given that the exponential map is continuous, it follows that

Tim exp ( /[ e dg<r>> —exp ( /{ e dgm) — explc(t) Ag(t).

Thus, fort € IN Dy,
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4.1 Initial value problem

which is not, in general, equal to ¢(t). Therefore, the map z in[(4.6)| cannot be a solution of
However, in that reasoning we can see that, by modifying the function ¢ accordingly
at the points of D, we can obtain a solution. The next result, which is an adjustment of 33}
Lemma 6.2], introduces the corresponding changes on the map c.

Lemma 4.10. Let a,b € R, a < b. Given amap ¢ € L}([a,b),R) such that

c(t)Ag(t) > -1, tela,b)N Dy, 4.7
and
Z [log (1 + c(t)Ag(t))| < oo, (4.8)
t€fa,b)NDy

the map ¢ : |a,b) — R defined as

c(t) ift € [a,b)\Dy,

ct) =9 log (1+e(t)Agt) . 4.9)
Ag(D) ift € [a,b) N Dy,

belongs to L} ([a,b), R).

Proof. 1t is clear that ¢ is g—measurable since ¢ = ¢ on [a,b)\D, and D, is countable.
Moreover,

[, ol = [ olage [ alas
= c(s)|dg(s c(s)|dg(s
/[a,w\Dg'”' 9+ D /{t}<>| a(s)

tefa,b)NDy
_ / c)dg(s)+ 3 Jlog (14 c(t)Ag®)] .
[a,)\Dy tela,b)NDgy

Since ¢ € L} ([a,b),R) and it satisfies it follows that the integral must be finite. O

Lemma [4.10] allows us to establish the following definition of an exponential map that,
as we will see in Theorem[4.13] solves[(4.5)] This definition was originally presented in [33]
Definition 6.1].

Definition 4.11. Leta,b € R, a < b, and ¢ € L}([a,b),R) satisfy[[4.7) and [4.8)] We define
the map e.(-,a) : [a,b] — (0,+00) as

ec(t,a) :== exp (/[ ) c(s) dg(s)) , té€la,b, (4.10)

where ¢ is the modified function in
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Remark 4.12. Lemma ensures that the map e.(+, a) is well-defined. Moreover, for any
t € [a,b) N D, we have that

ec(t’,a) = lim exp ( /[ )'5(5) dg(S))

= SIHg exp (/{mt) c(s)dg(s)+ /[t’s) c(s) dg(s))
Tim, <exp ( J0 dg<s>> exp ( s dg<s>>>
= e.(t,a) exp </{t} c(s) dg(s))

=ec(t,a)(1 + c(t)Ag(t)).

Essentially, Remark [4.12] shows that the limitations that the map in had at the dis-
continuity points are avoided with this new exponential map. In order to properly justify that
this map solves the initial value problem [(4.3)] we include the following result, which is an
improvement on [33, Lemma 6.3].

Theorem 4.13. Let ¢ € L)(I,R) satisfy[(&T) and on the interval I. Then the function

x : I = R defined as %
x(t) = moee(t, to), t€I,

is g—absolutely continuous on I and solves the initial value problem

Proof. First of all, it is clear that z(¢g) = ¢, and so the initial condition is satisfied. More-
over, it follows from Lemma and Theorem that the map h(t) = [, , c(s)dg(s),
t € 1, is g-absolutely continuous on I, and

hy(t) =¢(t) g-aatel.

Thus, Propositionm guarantees that z(t) = x¢ exp(h(t)) is g—absolutely continuous on 1.
Now, applying the chain rule for g-derivatives, Proposition [3.15] we have that for g—almost
allt € I\ D,,

xy(t) = zoec(t, to)hy (t) = woee(t, to)c(t) = zoec(t, to)c(t) = x(t)c(t). 4.11)
On the other hand, for t € I N D,, Remarks @andyield

zoec(tt, to) — woec(t, to)

wolt) = Mgl
_ Toee(tto)(1 + C(i)gﬁ(f)(t)) —Boeeltito) _ ok to)el(t).
Thus, 27 (t) = c(t)z(t) for g-a.a. t € I. O
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4.1 Initial value problem

Remark 4.14. Given that x(t) = zpe.(t, o) is g—absolutely continuous, we have that

x(t) = xo (1 +/[t ) c(s)ec(s,to)dg(s)> , tel

For an application of this result, we suggest looking at Example .95 where we propose
a model for silkworm populations. Although this example involves an initial value problem
with a function with functional arguments, it is solved by looking at homogeneous linear
equations, for which we use Theorem[d.13]

Given the properties of the exponential map, it is natural to question whether the multi-
plicative inverse of the exponential map in Definition .TT]solves a different linear equation.
If we think about the linear equation with the usual derivative, we have that such map solves
the linear equation x’(t) = —c(t)x(t). Therefore, it seems natural to check if this remains
true for a general derivator. The following result answers that question.

Proposition 4.15. Let a,b € R, a < b, and ¢ € L{([a,b),R) satisfy conditions [A7T) and
Then the map h : [a,b] — R defined as

h(t) = (ec(t,a))™t, t€la,b], (4.12)

is well-defined, h € ACy([a,b], R) and

—c(t)
h(t) = , g-a.a.t € [a,b). 4.13
) = o+ Be®) [.9) 19
Proof. Define hi(t) = e.(t,a), t € [a,b]. Since hy is g—absolutely continuous on [a, b], it
has bounded varition on that interval and thus, it is bounded on there. In particular, if we take

m:mﬁﬁmmmmo,wwmmm%wmu

where ¢ is the modified function in[(4:9)} we have that 0 < m < h(t) < M < +o0,t € [a, b].
Hence, taking hs(t) = 1/t, t € [m, M], we can rewrite h as h(t) = hg o hy, which shows
that it is well-defined. Moreover, Proposition [3.28|ensures that h € AC,([a, b], R).

Lett € [a, ) be such that hy (t) exists. If t ¢ Dy, then by the chain rule we have that

mec(t, ae(t) = =)

which coincides with since Ag(t) = 0. On the other hand, if ¢ € Dy, using Re-
marks 3.4l and £.12] we have that

hy (t) = hy(ha(t))(ha),(t) =

wp) = et a) (et (Lt e(Ag) =1 —cft)
! Ag(t) ec(t; a)Ag(t) ee(t; a)(1 4 c(t)Ag(t))
which concludes the proof. O
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Essentially, Theorem shows that if ¢ € £ (I, R) satisfies conditions and [(4.8)]
on I, then (e.(t,to)) ! solves the Stieltjes differential equation

2 (t) = —c(t)a (),

except at the discontinuity points of the derivator. In order to obtain an equality at those
points, we would have to modify the map ¢ in an analogous way to[(4.9)] which would lead to
asking for —c to satisfy conditions[(4.7)|and [4-8) on I. However, in that case, we would be in
the conditions of Theorem[d.13] so it would provide no new information. In relation with this
problem, we find some results in [33]], where the authors defined another exponential map
that solves a similar problem. Here we have gathered all that information in the following
result.

Proposition 4.16. Let ¢ € L} (I, R) satisfy
c(t)Ag(t) # —1 foreveryt € I N Dy,

and

Z |log |1+ c(t)Ag(t)|| < +o0.
teInD,

Then the set T, = {t € IN Dy : 1+ ¢(t)Ag(t) < O} has finite cardinality. Furthermore,
T, = {t1,...,tx} for some ty < t1 < to < -+ <t < tg41 = to + T, then the map
¢: I — R defined as

c(t) ift € I\D,,
e(t) = 4 log |1 + c(t) Ag(t)]
Ag(t)
belongs to L}(I,R); the map €.(-,a) : I — R\{0} given by

exp (/ c(s) dg(s)) iftg <t <t,
~ ) = [to,t)

ec(t,a) =
(—1)7 exp / E(s)dg(s)) ift; <t<tji1,5j=1,...,k,
[t(],t)

ift € IND,,

is g—absolutely continuous on I and x(t) = wge, (t, to), t € I, solves the initial value
problem

2 (t) = —c)z(t), g-aa tel, x(to)= o

Although Proposition .15 was interesting for the study of the corresponding linear prob-
lem, its applications go beyond that. In particular, we can derive a version of Gronwall’s
inequality in the context of Lebesgue—Stieltjes integrals. Naturally, in this context, the expo-
nential map involved is that of Deﬁnition@ However, as we will see later, we can obtain
a different version of Gronwall’s inequality involving the usual exponential map. Let us state
and prove our first version of Gronwall’s inequality for the Lebesgue—Stieltjes integral, which
we will use later to prove the uniqueness of solution for the general inital value problem with
Lipschitz functions.
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Proposition 4.17. Let a,b € R, a < b, and u, K, L : [a,b] — [0,+00) be functions such
that L, K - L,u - L € L}([a,b),[0,+00)). If

u(t) < K(t) —|—/[ ) L(s)u(s)dg(s), tE€]la,b], (4.14)

then

u(t) < K(t) + KXﬁL@ﬁxp(%"”zﬁjdﬂﬂ>dg@% tela,b, (415

[a,t)

where L is the modified function in[39)} Moreover, if the map o(t) = K (t)(1 + L(t)Ag(t))
is nondecreasing, then

u(t) < p(t)er(t,a), te[a,b]. (4.16)

Proof. First of all, note that conditions and [(4:8)] are trivially satisfied for non-negative
functions. Hence the map L is well defined.
Define U (t f[a " s)dg(s), t € [a,b]. It follows from the hypotheses and

Theoremthat U is Well deﬁned U € ACy([a,b],R) and

Uy(t) = L(t)u(t), g-aa.tc [a,b).
Let h : [a,b] — R be as in[(4.12)|for ¢ = L and define v(t) = U(t)h(t), t € [a,b]. It follows
from Propositions and thatv € AC,([a, b], R), so vy (t) exists g-almost everywhere

in [a, b].
Given ¢ € [a, b) such that v] () exists, Propositions and yield

(1) = UL (0) (h(t) + 1 (1) Ag(t)) + (1)U (¢)
u(t)L (1) (h(t) _LOh) <t>) N OLIORNI0

1+ L(t)Ag(t) 1+ L(t)Ag(t)
B 1 LOMOUO
= W) L) T T A~ T+ L) Ag()

= 7L<t)h(t) u - s)uls S
- 1+L(t)Ag(t> ( (t) /[a,t)L( ) ( )dg( )) :

Thus, inequality [(4.14)| and the fact that 1 + L(¢t)Ag(t) > 1 for all ¢ € [a, b], ensure that

K()L{)h(?)

B0 = T L0800 =

K@) LOA(), g-aa.te[ab).

Therefore, it follows from Fundamental Theorem of Calculus for the Lebesgue—Stieltjes in-
tegral, Theorem [3:27] that

v(t) = v(a) —1—/[ ) vy(s)dyg(s) < K(s)L(s)h(s)dg(s), t€ [a,b]

[a,t)
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and, as a consequence, for all ¢ € [a, b] we have
/[ L(s)u(s)dg(s) = er(t,a)v(t)
a,t)

<esltn) [ KL A90)

Thus, it follows from [(4.14)] that

u(t) < K(t) + K(s)L(s)exp (/[ # E(T)dg(T)> dg(s), te€la,b];

[ast)

that is, holds.
To prove|(4.16)| for each t € (a, b], define

i (s) = exp (/[ \ Z(r) dg(r)> _ €L(t,a), s € [a,t].

Then, it follows from|(4.15)|that for all ¢ € [a, b],

u(t) < K(t) + K (s)L(s)ir(s)dg(s)

[a,t)

< K@)+ L(t)Ag(t)) + K(s)(1+ L(s)Ag(s)) L(s)ty(s)

- T+ Ls)ag(s) 19

Now, since ¢(t) = K (t)(1 + L(t)Ag(t)) is nondecreasing, we have that
L(s)ir(s)
u(t) < ot 1+/ —————————dg(s) |, t€lab].
() <>< T Y .
On the other hand, Proposition ensures that for all t € [a, b], ¢, € AC4([a,t],R) and

__ —L(s
14+ L(s)Ag(s)

This fact, together with the Fundamental Theorem of Calculus, Theorem [3.27] yields that

(¢t);(8) Ue(s) g-aa. s € [a,t).

u(t) < (t) (1 /[ ) (¥e)g(s) dg(S)) = @) (1 = (¢1(t) = Pr(a))) = @ (t)ii(a),

for all ¢ € [a, b], from which the result follows. O
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Remark 4.18. The bound in Proposition is sharp, that is, there exist functions
for which the equality is attained. Indeed, let g : R — R be a nondecreasing and continuous
function, K : [a,b] — [0, +00) be constant and L € L]([a,b), [0, +00)). The map z(t) =
Key(t,a), t € [a,b], is g-absolutely continuous on [a, b]. As a consequence, and with the
aid of Theorem [£.13] we have that

z(t) = K+/[ t)L(s)KeL(s,a)dg(s), t € la,b],

that is, holds. Furthermore, that same expression shows that[(4.16) also holds with the
equality.

This type of inequalities for Stieltjes integrals already exist in the literature, see [41,57,62,
65].. Let us briefly discuss their relations with Propositiond.17} First, looking at Corollary 3.3
in [57]], we note that the hypotheses required there are stronger than the ones in our case.
Furthermore, gives a sharper bound than the one presented there. A similar conclusion
can be obtained for Theorem 7.5.3 in [65] when all the integrals involved are defined. Now,
for [411/62], the authors obtained a Gronwall type inequality in the context of a certain family
of linear operators. The operators there considered can be the Stieltjes integrals in this thesis.
In that case, the authors impose some conditions on the discontinuities of the integrator, and
moreover, the inequality is expressed using an unknown function introduced in [41]], called
Gronwall majorant. Hence, in the context of our work, the inequality in Proposition
provides more information.

Note that in Proposition .17 becomes the usual Gronwall’s inequality when the
derivator g is the identity map. Furthermore, as we mentioned before, we can obtain a dif-
ferent Gronwall type inequality involving the usual exponential map, i.e. not involving the
modified map in However, the bound in Proposition is sharper than the one in the
following result.

Corollary 4.19. Leta,b € R, a < b, and u, K, L : [a,b] — [0, 400) be functions such that
L,K-L,u-Le Ll([a,b),[0,+00)). If [414) holds, then

u(t) < K(t) + " K (s)L(s)exp </[ ) L(r)dg(r)) dg(s), te€]a,b].

Moreover, if the map p(t) = K (t)(1 4+ L(t)Ag(t)) is nondecreasing, then
u(t) < () exp (/ L(r)dg(r)) , t€]a,bl.
[a,t)

Proof. Given the inequalities in Proposition , it is enough to show that L(t) < L(t) for
all t € [a, b]. The inequality is trivial for points of [a, b] \ D, since L = L on such set.

Now, for t € [a,b] N Dy, since log(1 + s) < s for s € (—1,400) and [(4.7) holds, we
have that

S log (14 LHAGW) _ L)Ag(D) _
L) = 2 < TR = L,

which concludes the proof. O

123



Stieltjes differential problems with a single derivator

Nonhomogeneous linear equation

Once we have fully solved the homogeneous linear initial value problem, we can study the
nonhomogeneous case. Let us begin by making explicit our formulation of the problem.
Given a nondecreasing and left—continuous map, g : R — R, we consider the initial value
problem

zy(t) +d(t)z(t) = h(t), =(to) = o, (4.17)

with zp € R and d, h : I — R. Naturally, we still restrict ourselves to the context of the real
line, as we have only solved the homogeneous case in this context.

This problem was studied, in some extent, in [33, Proposition 6.8] where the authors
proved the existence of a unique solution for under certain hypotheses. The proof of
the mentioned result contains a way to obtain a solution of [(4.17)]provided that one can obtain
a solution of an auxiliary problem, whose solution is found by making use of an incorrect
version of the product rule for Stieltjes derivatives. Here, we propose an alternative method
to obtain the solution of making use of the right formulation of the product rule. Let
us state [33], Proposition 6.8], as it will be of interest for the work ahead.

Proposition 4.20. Let h,d € L} (I, R) be such that

d(t)Ag(t) #1 foreveryt € IN Dy, (4.18)
and
> |log |1 = d(t)Ag(t)|] < +o0. (4.19)
teInD,

Then, there exists a unique function = € AC,(I,R) solving the initial value problem [4.17)

In order to obtain an explicit solution on I for[(4.17) we recreate the method of variation
of constants in this context. Roughly speaking, this method revolves around the idea that the
solution of a nonhomogeneous linear equation can be expressed as the sum of a solution of
the homogeneous linear equation plus one particular solution of the nonhomogeneous one.
In order to obtain the particular solution, we consider the family of functions solving the
homogeneous equation, z¢(t) = Ce_4(t,tg), t € I, C € R. From there, we make a guess
that a particular solution is similar to that one, where we allow the constants to vary, i.e. we
consider them as a function. Explicitly, we guess that the solution is of the form

x(t) = C(t)e_q(t, tg), tel,

for some function C' : I — R . Then, we try our guess on the corresponding nonhomoge-
neous linear equation. In order to do so, we need to make use of the product rule for Stieltjes
derivatives, statement (ii) in Proposition Let ¢ € I be such that x(t) exists. In that
case,

zy(t) = Cy(t)e_a(t to) + C(t)e—a(t to)(—d(t)) + Cy(t)e—a(t, to)(—d(t)) Ag(t)
= e_a(t, to)(Cy(t)(1 — d(t)Ag(t)) — C(t)d(t)).
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4.1 Initial value problem

Hence, for such ¢ € I, it follows that x (t) + d(t)z(t) = e_a(t,t0)Cy(t)(1 — d(t)Ag(t)).
Therefore, if « solves the nonhomogeneous linear equation, we must have that for such ¢ € I,

B(t) = e—a(t, to)Cl(8)(1 — d(t) Ag(t)). (4.20)

Therefore, if we can find a function C' satisfying we obtain a particular solution of
the nonhomogeneous linear equation and, as a consequence, the general solution of the same
problem. After that, it is enough to impose the initial condition to obtain a solution of cor-
responding initial value problem. In the next result, we provide an explicit expression for a
solution of obtained using the method described above.

Proposition 4.21. Let d, h € ﬁ;([ ,R) be such that —d satisfies conditions and
on I in place of c. Then, the map x : I — R defined as

_ h(s)
I(t) - e—d(t7t0) (‘TO + /[to!t) efd(S,t())(l Al d(S)Ag(S)) dg(5)> ) te Ia
is a solution of [(4.17)on I.

Proof. First of all, note that the conditions on d guarantee that e_4(+,to) is well-defined.
Consider the maps E(t) = e_q4(t,to)(1 — d(t)Ag(t)), H(t) = h(t)/E(t), t € I. Since
E(t) = e_q(t,to) forall t € I\ Dy and D, is countable, E is g—measurable. Moreover,
since £ > 0 by definition, and h and E are g-measurable, it follows that H is g—measurable.
Furthermore, H belongs to £} (I,R). Indeed, given that e_4(:,) is bounded from below by
some positive constant on , it is enough to show that the map h(t) = h(t)/(1 — d(t)Ag(t)),
t € I, is g—integrable on I. Observe that the set A = {¢t € I : d(¢t)Ag(t) > 1/2} has finite
cardinality as

>5< X 1000l < [ lde)ldgts) < +oo

teA telNDy

As a consequence, we have that |h(t)| < 2|h(t)| for all ¢ € I\ A, from which the g—
integrability of h follows. Thus, H € E;(I ,R). Now, it follows from Theorem and
Proposition that z is g—absolutely continuous on I. Hence, all that is left to do is to

check that z solves
By definition, we have that z(tg) = xo. Let ¢ € I be such that z (¢) exists. By Proposi-

tion[3.13]and Theorems [#.13] and [3.26] we have that

y(t) = —d(t)e—a(t,to) <$0 +/[t Hdg) +e—a(t to)H(t) —e—al(t, to)d(t)H(t)Ag(t)

0:t)
= —d()x(t) + e—alt, to) H(t)(1 — d(t)Ag(t)) = —d(t)z(t) + h(?),
i.e. z solves[(d.17)] O

Remark 4.22. Note that Proposition .21 does not guarantee the uniqueness of solution.
Nevertheless, this can be deduced from the Lipschitz uniqueness result presented later. Fur-
thermore, observe that it is possible to recreate the reasoning here presented using [33|
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Lemma 6.5] under the corresponding assumptions (i.e., conditions and [(4.19)) to ob-
tain the unique solution mentioned in Proposition #.20] We have shown the result under the

assumption that —d satisfies and for simplicity.

Separation of variables

This last part is devoted to the explicit resolution of the separable initial value problem

zy(t) = c(t) f(2(t), @(to) = 2o, (4.21)

with g, 2o € R, and f : R — R. Note that the particular case of f(x) = x yields problem
With this idea in mind, and recalling that we had to redefine c at the discontinuity points
of g, we first consider the particular case of [(4.21)] corresponding to a continuous derivator.
In that case, we have the following result.

Theorem 4.23. Let f : R — Rand c € L} 1,.([to, +00), [0, +00)), i.e. c is g—integrable on

compact subsets of [to, +00) with respect to the usual topology. Assume there is some R > 0
such that f is continuous and positive on J = (o — R, ¢ + R). Define

_ [T dr
Ja ()

If there exists T > 0 such that g is continuous on I, and

F(x) forevery x € J.

/[t , 0)d9(s) €FQ), teT

then a solution of [(4.21)|on I, is given by the map x : I, — R defined as

x(t) = F~1 ( /[t ) c(s)d g(s)> tel,. (4.22)

Proof. First of all, note that 2:(tg) = ¢ so the initial condition is satisfied. Let us show that
x is g—absolutely continuous on /. and satisfies the equation. Define C' : - — R as

C(t):/[t ) c(s)dg(s), tel,.

Theorem ensures that C is g—absolutely continuous on I,. Thus, C’;(t) exists for g—a.a.
te I, and
Cy(t) = c(t), g-aatel,.

On the other hand, since F~! is locally Lipschitz and z = F~! o C, we can deduce from
Proposition |3.28|that x is g—absolutely continuous on [ ;. In particular, there exists as’g (t) for
g—almost all ¢ € I.. For such points, and since g is continuous, we can apply the chain rule,

Proposition|3.15] to compute 7 (t) as

7, (0) = (F (CONCH0 = r=ra® = Framyet) = [0l

which concludes the result. O
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4.1 Initial value problem

Remark 4.24. Formula|(4.22)|is equivalent to

ijﬁ;‘iéwf®dmn

Observe that this formula yields the same solution for [(4.5)] as Theorem since ¢ = ¢
when ¢ is continuous.

Example 4.25. We want to set up a simple model for the motion of a vehicle impulsed by an
electric engine which we can turn on and off as often as we please.

Let g(¢) denote the number of seconds that the engine has been on until time ¢. This
function is continuous, nondecreasing, and constant on the time intervals when the engine is
turned off. We shall assume that g(0) = 0.

Let s(t) denote the vehicle’s speed after ¢ seconds. For simplicity, we assume that speed
increases on every time interval [¢,¢ + h], h > 0, at a rate proportional to the time the engine
has been on during that time interval. Moreover, we consider that accelerating the vehicle is
harder at very slow or at very high speeds, so we assume that, when all forces are factured
in, the effective acceleration is given by a function f of s(¢). This leads to the following
expression

s(t +h) = s(t) = f(s())(g(t + h) — (1)),

which, considering the limit as h — 0T, yields the g—differential equation
sh(t) = f(s(t)), t=>0, s(0)=sp. (4.23)
We suggest using logistic—type functions like f : R — R

£(s) = & max{0, (s + B) (smax — 5)}, s ER

where a, 8 and Syax are some positive constants. Observe that f(s) > 0 for s € [0, Smax)
and f(s) = 0 for s > Spax, which means that the engine can accelerate the vehicle only
when its speed belongs to the interval [0, Siax). Also, notice that if 5 < spax, f attains a
maximum at (Smax — 5)/2, which means that the engine is more efficient when the vehicle is
moving at that specific value of speed. We shall assume that this is the case in what follows.
Hence, we have that

(s) = { a(s+ B)(Smax — 8), if s € [B, Smax),

0, otherwise.

It is clear that f satisfies a Lipschitz condition on R. As we will see later through Theo-
rem[4.37] this condition is enough to ensure that [(4.23)| has, at most, one solution. We shall
prove that this problem has a solution using Theorem [4.23] For simplicity, we consider the
particular choice of 5 = 1 and syyax = 2, obtaining

f(s) =max{0,(s+1)(2—19)}, seR, (4.24)

whose graph can be found in Figure .1] (a).
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L L L L L
-1 1 2 0.5 1.0 1.5 20

(a) Graph of f as in[(4.24)] (b) Graph of g as in[(4.27)]

Figure 4.1: Graphs of some functions defining problem [(4.23)]

Following Theorem [4.23] we have that the solution for so = 0 is implicitly given by the
formula

[ ) =900
- dg(s) = g(t), t>0.
o (r+DE2-r) [0,8)
Elementary computations yield that, in that case, the solution is given by the expression
2¢39(t) _ 2
= >
s(t OB t > 0. (4.25)

Observe that this is the same solution obtained through Theorem [3.39] when the derivator g
satisfies the corresponding hypothesis. Indeed, in that case, the corresponding initial value
problem with the usual derivative is

y'(s) = fy(s)), y(0)=0, t=>0, (4.26)
whose solution is given by
2e3t — 2
t) = ———, t2>
y( ) e3t + 2 ) - Oa

and it is represented in Figure[#.2](a). Then, according to Theorem[3.39] the solution of
is given by x = y o g, which matches [(4.25)

Observe that[(4.26)|corresponds to the particular choice of the derivator g = Id, where we
would keep the engine on at all times. We can consider more interesting cases. For example,
imagine that we turn the device off for ¢ € [1/2,1] U [3/2,2]. In that case, then we could
consider a derivator g : R — R given by

0, ift <0,
t, itte0,1/2],
)2 ifte(1)21),
9O =93 112, ifte(1,3/2, (4.27)
1, ift €[3/2,2],

t—1, ift>2
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051

L L L L
0.5 1.0 15 20 0.5 1.0 1.5 20

() Solution |(4.25)|on [0, 2] for g = Id. (b) Solution|(4.25)[on [0, 2] for g as in|(4.27)|

Figure 4.2: Graphs of the solution of|(4.25)|on [0, 2] for f as in[(4.24)|for different derivators.

Note that, when ¢’(t) exists, it only takes the values 0 and 1, representing the times at which
the engine is off and on, respectively. This can be seen in Figure 41| (b). In Figure .2] we
present the solution of with f as in[(4.24)|for g = Id and ¢ as in[(4.27), where we can

observe the effects of turning off the engine.

Theorem {.23] is false, in general, when g is discontinuous. Indeed, observe that [(4.22)]
does not give when f is the identity and g has at least one discontinuity point in /..
At discontinuity points of g we cannot use Proposition [3.15]to compute derivatives of com-
positions by means of the chain rule, so we need an alternative approach and an alternative
formula for the solutions.

For the rest of this section, we assume that g is discontinuous exactly at the points of
a sequence {Tk}iozl, where g < 7 < T < ---. In other words, we assume D, to be a
discrete set , i.e. all its elements are isolated points. In this setting, we can obtain an explicit
solution under certain hypotheses. We do not have a formula for the general case.

Solving on the interval [tg, 71) can be done with the aid of Theorem4.23] because
g is continuous on [tg, 71). Furthermore, since solutions are continuous from the left every-
where, we get the solution on [tg, 7;) with the same formula. Specifically, under suitable
conditions, a solution of on the interval [to, 71) is implicitly given by the expression

T dr d 4.28
A . t€[to, ). .
/ i /[ RCIVORRTICES (428)

Obtaining the solution formula on the right of 7; is a matter of induction. First, according
to the definition of g—derivative at discontinuity points, the differential equation in for
t = 11 reads simply as follows:

z(m) = x(n1) + e(m) f(2(m)) (g(r1) — g(m1)) = 21. (4.29)

Therefore, we have to solve another initial value problem

x'g(t) =c(t)f(z(t)), t € (11, 72], x(7'1+) =, (4.30)
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by means of|(4.22)] with obvious modifications: under suitable conditions —see Remark
a solution of |(4.30)|is defined by

e d for all 431
_ e |
‘/‘L'l f(r) /(n 5 c(s)dg(s) fora (11, 7] @30

where x is defined in

Remark 4.26. Formula [(4.31)] gives a solution of [(4.30)| provided that, for instance, f is
continuous and positive on J = (z1 — R, z1 + R), for some R > 0, and

/( t)c(s)dg(s)EF(J), t € (11,72,

where F'(z f dr/f(r),z € J.

Summing up, a solution of |(4.21)|can be recursively computed as follows: define z(¢) on
[to, T1] by means of [(4.28)f assume that we have defined z(¢) on [tg, 7%], for some k € N,
then compute the number

zr = x(1) + () F2()) (9(730) — 9(7)), 4.32)

and define x(t) implicitly on (74, 7%+1] by the expression

=@ qr
/Tk o /(mt) c(s)dg(s), te (Th, Tha1l- (4.33)

Let us illustrate this proccess with the following example where we present a model for a
bacteria population in a semicontinuous cultivation proccess.

Example 4.27. Semicontinuous cultivation is a system to produce bacteria in which a portion
of the culture medium is periodically removed and the remaining culture is used as the starting
point for continuation of the culture. For the model we are about to consider we take into
consideration the information in [[71]], where semicontinuous cultivation of the cyanobacteria
Spirulina plantensis is studied. We highlight the following important feature of the system
in [[71]]: illumination was controlled to have a 12 hours light/dark photoperiod, which resulted
in two different reproduction phases every day.

Bearing the above considerations in mind, we shall set up a mathematical model for the
production of Spirulina plantensis in a semicontinuous culture system. First, we consider
days as our time units. We assign light periods to be the time intervals [k, k + 1/2), k =
0,1,2,..., while the dark periods are represented by [k + 1/2,k + 1), k = 0,1,2,....
Second, we assume that half of the culture is removed every 10 days and immediately refilled
with new nutrients so that the remaining bacteria start reproducing again. Finally, we take as
derivator a nondecreasing function g : R — R continuous everywhere with the exception of
the positive multiples of 10, and such that

g/(t):{ 1, ifte(kk+1/2),k=

0,1,2,...,
1/2, ifte(k+1/2,k+1),k=

0.1,2....,
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and g((10k)™) — g(10k) = 1 for k = 1,2,3,.... A concise explicit expression for g(¢) can
be obtained by defining first its values on the first day, namely

e ift € [0,1/2),
h(t)—{ t/2+1/4, ifte (1/2,1],

and then we can define the remaining values by “periodicity”, and introducing jump discon-
tinuities at relevant places, as

0, ift <O,
g(t):{ h(t — [t]) + 3[t]/4 + [t/10], ift >0,

where [-] denotes the integer part. Observe that we should modify the values g(10k), k =
1,2,..., so that g be left—continuous, but we shall not do it to avoid technicalities. See
Figure 43| for a plot of this function.

10~

5 10 15 20 25

Figure 4.3: Graph of ¢(t) for a semicontinuous bacteria culture. Observe different slopes for
light and dark periods, and discontinuities at the renewal moments.

We are now ready to introduce a g—differential model for the biomass concentration x(¢),
measured in grams per liter at time ¢, with a given initial concentration, z(0) = (. Biomass
concentration should satisfy

z(t) = f(t,z(t)) t=0, 2(0)= o, (4.34)
where f (¢, x) is assumed to be logistic except at the renewal moments, i.e. at positive mul-

tiples of 10, when we remove half of the culture and immediately refill the flask with new
nutrients. Specifically, we define

| ax(N —x), ift#10k, k=1,2,...,
f(t’z){ —x/2, it =10k, k=1,2,...,

where a > 0 and NV > 0 are biological parameters to be adjusted from experimental results.
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Using the formulas|(4.28)|and[(4.33)} we compute the solution: for ¢ € [0, 10] the solution
is
TN ang(t)
N — i)
'r(t) = To
1+ 0 eaNg(?)

N — ZTo
Assume we have computed z(t) for all ¢ € [0, 10k], for some k = 1,2,. .., then we define
10k
rp = 2(10k™) = z(10k)

2 b
and the solution for ¢ € (10k, 10k + 10] is given by

TN aNg()—g(10k*)]
N —=x

l'(t) = xkk

14+ —F  eaN[g(t)—g(10kT)]

N — Tk

Observe that g(10k™) = 8.5k forall k = 1,2, .. ..

See Figure {4] for a plot of the solution corresponding to zp = 0.4 grams per liter,
a = 0.1and N = 1.5. These choices yield a good approximation of the experimental results
obtained in [71] for the cyanobacteria Spirulina platensis, see [71, Figure 2] .

08

06 /
0.4
02

S R

5 10 15 20 25

Figure 4.4: Biomass x(t) grams per liter in a semicontinuous culture, with initial density of
0.4 g/L, and parameters o = 0.1, N = 1.5.

4.1.2 Existence and uniqueness of solution

After investigating the explicit solutions of some initial value problems, we now turn our at-
tention to the study of existence and uniqueness of solution for the initial value problem[(4.2)]
In particular, we first have a look at the results guaranteeing the existence of solution. Later,
we establish some conditions that ensure the uniqueness of solution, and finally, combining
these two type of results, we obtain some result for the existence of a unique solution of the
initial value problem. The results gathered in this section can be found in [33,/48L|58}/59].
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For the aim of this section we will assume without loss of generality that the derivator
is continuous at the initial point. We shall show that this is, indeed, the case in the context
of with n = 1, but the arguments can be extended to higher dimensions. To show that
this is possible it is enough to show that there is an equivalent Stieltjes differential equation
with a derivator that is continuous at tq that can be studied instead. The next result is a more
detailed explanation of the one provided in [33].

Proposition 4.28. Let f : IXR — Rand g : R — R be a nondecreasing and left—continuous
Sfunction such that tg € Dy. Consider g : R — R defined as

—n gl ift <to,
g(t)_{g(t) ift > t,

and consider the initial value problem
ys(t) = f(t,y(t)), y(to) = x0 + f(to, 0)Ag(to). (4.35)
If x is a solution of [&.2)on I, T € (0,T), then the map y : I, — R defined as

- zo + (to)Ag(to) if t = tg,
y(t) = { o) if t € (to,to + 7], (4.36)

is a solution of [(4.35) on I.. Conversely, if y is a solution of [435)on I, T € (0,T), then
the map x : I, — R defined as

- Zo if t = t()’
7 { y(t) ift € (to,to + 7], (4.37)

is a solution of [(4.2)|on I.

Proof. First of all, note that by definition, g is left-continuous and nondecreasing, continuous
at to and g(t) = g(¢) for all t > ¢,.

Let z be a solution of [4.2)|on I, 7 € (0,77, and consider y : I, — R given by
Since z € AC,(I,,R) and ty € D,, y (to) exists and thus, y is well-defined. Moreover, y
satisfies [(4.35)] for g-a.a. t € I; as uz({to}) = 0. Therefore, all that is left to do is to show
thaty € AC4(I,,R).

Since y = z and g = g on (to,to + 7) and {to} has g-measure zero, it follows that yZ(t)
exists for g-a.a. t € I.. Furthermore,

t/|%wnda@:1/ \%@Hda@:{/ 12! ()] d g(s) < +oo,
I, (to,to-‘rT) (to,t0+7)
soys € L3(I;,R). Finally, Theorem ensures that for t € (to, to + 7],
w0 = w0+ [ g+ [ s dgls)
{to} (to,t)

%+%%MWMﬁ[)%@@@,
to,t
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Stieltjes differential problems with a single derivator

since y = x on (to, to + 7]. Keeping in mind that y(to) = w0 + x(t0)Ag(to), we have just
proven that
o) =vlto) + [ () dg(s), te T,
(t07t)
S0 Theoremm guarantees that y € AC5(I,,R). B
Conversely, let y be solution of! on/l;,7 € (0,7, and considerthemap z : I, — R
given by [(4:37)] By definition, z(ty) = x¢ and

2y (t) = y3(t) = f(t,y(t) = f(t,2(t)), g-aa t€ (to,to+7).

Furthermore, since y is g—absolutely continuous on I, and g is continuous at tg, it follows
from Proposition that y(tg) = y(to) = o + f(to, 20)Ag(to). so x}(to) exists and

ty) —x(to) _ y(tg) = x(to)

o (1) = P o — 9 — f(to, o), (4.38)

)= At Aty

i.e. 2 solves[(4.2)for g-a.a. t € I,. Thus, all that is left to do is to show that z € AC,(I,,R).
First, it follows directly from together with the fact that x = y and ¢ = g on

(to, to + 7] that x () exists for g-a.a. t € I;. Moreover,

/1 19l d7(e) = / 12! ()| dg(s) + / ()| d g(s)

{to} (to,to+7)

— | (to) | Ag(to) + / ()] A3 (),

(to,to+T)

which is a finite number as y;, € Eé(IT,R). Thus, ), € L, (I;,R). Finally, [4.38) and

9
Theorem ensure that, for ¢ € (to, o + 7],

y(t) = w0 + (to, 70) Aglto) + / ¥ (s) d3i(s)

[to,t)
=x9+ / zy(s)dg(s) + / zy(s)dg(s) = o + / zy(s)dg(s).
{to} (to,t) [to,1)
Since z = y on (to,to + 7], it follows that
x(t) :xo—|—/ zy(s)dg(s), tel.,
[to,t)
which proves that z is g—absolutely continuous on I, see Theoremm O

Existence of solution

Here we present some existence results for [(4.2)] following the ideas of the classical results
for ODEs. In particular, most of the results here are based on the definition of g—Carathéodory
function. To that end, we recall its definition, by presenting Definition [T.27)in the context of
Lebesgue—Stieltjes measure spaces.

134



4.1 Initial value problem

Definition 4.29. Ler g : R — R be a nondecreasing and left—continuous function, J C R
and X C R™. A function f : J x X — R" is said to be g—Carathéodory if the following
propetrties are satisfied:

() f(-,x)is g-measurable for all x € X.
(i) f(t,-) is continuous for g-a.a. t € J.
(i) Forall r > 0 there exists h, € L}(.J,[0,+00)) such that

lft, z)|| < he(t), g-aateld zeX, |z|<r

Remark 4.30. Note that problem [(4.2)] with a g—Carathéodory right-hand side is a particular
case of a measure differential equation as named and studied in [64,78]). Indeed, let 7 € (0, T
and assume that f is a g—Carathéodory function on I x R™. If z is a solution of [4.2)]on I,
then, as pointed out in Remark@, we have that

x(t) = xo + / f(s,z(s))dg(s), tel,.
[to.t)
In particular, the integral also exists in the Kurzweil-Stieltjes sense and we have
t
z(t) = zo+ " f(s,z(s))dg(s) tel,. (4.39)
to

We have proven that x is a solution of the measure differential equation [(4.39)] for which
important existence results are available in [64]].

A converse result is true in a reasonably general situation. If a given functionx : I, — R
solves the measure differential equation [(4.39)|and, in addition, the composition f(-,z(-)) is
integrable in the Lebesgue—Stieltjes sense, then Theorem [3.26] guarantees that « solves [(4.2)]
and x € AC,(I,,R™).

Our first existence result is a Peano—type result that can be found in 33, Theorem 7.5],
which we include here with a more detailed proof.

Theorem 4.31. Letr > Oand f : I X B(xo,r) — R™ be a g—Carathéodory function. Then
there exists T € (0, T such that[(4.2)| has a solution on I.

Proof. Take R = 1 + ||zgl|. Since f is g—Carathéodory, there exists hr € L} (I, [0,400))
such that
1t z)|| <hgr(t) g-aatel, xzeR" |z||<R.

In particular, we have that
lf(t, 2)|| < hg(t) g-aa.tel, x¢€ Blxg,r).

Fix 7 € (0,7 such that
/ hr(s)dg(s) <r. (4.40)
[to,to+T)
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Stieltjes differential problems with a single derivator

Define X = {x € BCy(I.,R") : ||(t) — zo|| < rforallt € I;} and F : X — X as

Fx(t) =z + f(s,z(s))dg(s), tel,.
[to,t)

First note that X is a nonempty as the function
(@) =m0+ [ ha(s)dgls), tel
[to,t)

belongs to X. Moreover, by construction, X is a closed convex subset of BC, (TT,R").
Furthermore, Proposition [I.28] and Theorem [3.26] ensure that F' is well-defined and Fz €
AC4(I-,R™) for all z € BC4(I,,R™). Thus, it is enough to show that F is compact, as in
that case Schauder’s Fixed Point Theorem guarantees that F' has at least one fixed point, or
equivalently, [(4.2) has a solution according to Remark [4.2]

Let A C X be a bounded set. Let us show that F'(A) is a relatively compact subset of
BC,(I.,R™). Indeed, first of all, note {z(to) : © € F(A)} = {xo}. Moreover, for g-a.a.
t € I, we have that

/

I(F)y 0l = (onr ’ t)f(sva(S))dg(S)) @ = I1F @& 2z(@)]] < hr(?).

g9

Hence, the hypotheses of Proposition m are satisfied. Thus, F'(A) is a relatively compact
subset of BC,(I-,R™), which concludes the proof. O

A slight modification of this proof yields the existence of a global solution when we
consider f : I x R™ — R"™ bounded by an integrable function. The key to obtain this new
result is to notice that the local character of the solution in Theorem [4.31] comes from [(4.40)

Theorem 4.32. Let f : I x R™ — R" satisfy the following conditions:
() Foreach x € BC,(I,R™), the map f(-,x(-)) is g-measurable.
(ii) There exists h € E; (1,]0,+00)) such that
£t z)|| <h(t), g-aatel, xeR™
Then has a solution on I.

Proof. First of all, note that the hypotheses ensure that, for any x € BC, (I,R™), we have
that f(-,2(-)) € L}(I,R™) as

/ (s 2(5))| dg(s) < / h(s) dg(s) < +oo.

I I

Thus, the map F : BCy(I,R™) — BCy4(I,R™) defined as
Fe()=ao+ [ f(s.a(s))dg(s),

[to,t)

is well-defined. The rest of the proof is analogous to that of Theorem [#.31] and we omit
it. O
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4.1 Initial value problem

Remark 4.33. Observe that, in hypothesis (i) in Theorem the compositions f(-,z(+))
are maps defined on I and not I despite x being defined on I.

Remark 4.34. Propositions [I.28] and [3.22] ensure that condition (i) in Theorem [#.32]is sat-
isfied if f is g—Carathéodory. Thus, Theorem [4.32]is a more general version of [48 Propo-
sition 2.3] as in such result, condition (i) in Theorem #.32]is replaced by the assumption of
f being g—Carathéodory. Observe, however, that [48], Proposition 2.3] does not imply Theo-
rem[#.32] That is, the conditions in Theorem .32]do not imply that f is g—Carathéodory. To
see that, it is enough to consider g : R — R and f : [0,1] x R — R defined as

t, ift <0, [0, ifz<o,

g(t)_{ t4+1 ift >0, f(t"’”)_{ 1 ifa>0.
It is easy to see that f is £}([0,1), R)-bounded by the constant function 1. Moreover
f(-,z(-)) is g—measurable for each z € BC,4([0,1],R). Indeed, given z € BC,([0,1],R),
we have that z is g-measurable, as pointed out in Proposition[3.22] As a consequence, the set

A = 271((0,+00)) is g-measurable, and so f(-,z(-)) = Xa(-) is g-measurable. However,
f cannot be a g—Carathéodory function as f(0, -) is not continuous and £,({0}) = 1.

The next existence result is obtained through Proposition [#.31] and the following lemma.
We introduce this result as a first approach to the Montel-Osgood—Tonelli condition, which is
usually known as a uniqueness condition. However, this result will be fundamental to obtain
an Montel-Osgood—Tonelli existence and uniqueness type result later in this work.

Lemma 4.35. Let X CR"™, g € X and f : I x X — R" satisfy the following conditions:
(i) Foreveryx € X, f(-,x) is g-measurable.
(i) f(-,20) € Lg(I,R™).

(iii) There exist ¢ € L}(1,]0,+00)) and w : [0, +00) — [0, +-00) nondecreasing, contin-
uous at 0 with w(0) = 0, and such that

1t 2) = o)l < p@wlllz —yl), g-aatel, wyeX

Then f is g—Carathéodory.

Proof. First, note that condition (i) in the statement of the theorem corresponds to condition
(i) from Definition [4.29] Furthermore, the continuity of the map f(¢,-) : X — R", for
g—a.a. t € I, follows from the continuity of w at 0. Indeed, fix ¢t € I, and let x € X and
e > 0 be given. If p(t) = 0, then the continuity is trivial, so we shall assume that (t) # 0.
In that case, since w is continuous at 0, there exists § > 0 such that if 0 < s < §, then
w(s) < e/p(t). Hence, for all y € X such that ||z — y|| < ¢ we have

1f(t2) = f(E )l < ww(llz —yl) <e,

that is f(¢, -) is continuous at z. Hence, all that is left to check is condition (iii) from Defini-
tion 4,29
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Stieltjes differential problems with a single derivator

Consider R > 0 and let hr(t) = @(t)w(R + ||zol|) + || f(t,z0)|, t € I. Note that
conditions (i) and (ii) ensure that hg € E;(I , while using condition (iii) we get

)
£ )| <N f(t ) — f(t,mo)l| + [ f(t, 20)[l < p(B)w(llz — zoll) + [ £ (¢, z0)]l
< @)w(llzll + llzoll) + £ zo)l| < p(B)w(R + [[2oll) + [|f(E, z0)|| = hr(t),
for g-a.a. t € I and for all x € X, ||z|| < R, which concludes the proof. O

Essentially, Lemma @ ensures that under the Montel-Osgood—Tonelli conditions, the
initial value problem has at least one solution. This is a direct consequence of our
Peano-type result, Theorem {.31T] We formalize this information in the following result.

Theorem 4.36. Letr > 0 and f : I x B(xg,r) — R™ satisfy the following conditions:

(i) Forevery x € B(xg,r), f(-, ) is g-measurable.
i) f(-z0) € LL(I,R).
(iii) There exist € L}(1,]0,+00)) and w : [0, +00) — [0, +00) nondecreasing, contin-
uous at 0 with w(0) = 0, and such that
1t 2) = f(t )l < pOwlllz —yl), g-aa tel, w,ye Blxo,r).

Then there exists T € (0, T such that[(4.2)| has a solution on I.

Uniqueness of solution

We now study some conditions guaranteeing the uniqueness of solution of the initial value
problem We follow analogous steps to those in the classical analysis, exploring more
complex conditions in our results. The first uniqueness of solution result is a generalization
of the Lipschitz uniqueness result. In this case, we obtain our result using the Gronwall-type
inequality introduced earlier.

Theorem 4.37. Let 7 € (0,7], X C R", 29 € X, and f : I x X — R™. If there exists
L e L}(I,]0,+00)) such that

||f(t,ﬂf)*f(t,y)” SL(t)”‘T*ynv g_a'a'tGITa Z,y€X7
then[(4.2)| has at most one solution on I.

Proof. Suppose that 1,25 € AC, (I, R") are two solutions of on I.. It follows from
Theoremthat fCxi(-)) € LY(I;,R™), i = 1,2. As a consequence, we have that the
map ||f(-,z1(:)) — f(-,22(+))]|| is g—integrable over I.

Define u(t) = ||z1(t) — z2(¢)||, t € I,. Clearly, u is nonnegative and bounded on I, as
x1 and xo are bounded. Hence, it follows that v - L € ££1](IT, [0,4+00)). Furthermore, the

Fundamental Theorem of Calculus yields that for ¢ € I,

u(t) = - f(s,z1(s))dg(s) — ’ t)f(s,xz(S))dg(S)
< s,x1(8)) — f(s,22(8))||dg(s) < L(s)u(s)dg(s).
_/[W) [f(s,21(s)) — f(s,22(s))[[ d g(s) /[tg,t) (s)u(s)dg(s)
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4.1 Initial value problem

Hence, [(4.14)| holds with K = 0. As a consequence, [(4.15)|holds for K = 0, which implies
that w = 0 on I, or equivalently, x1 = x2 on that interval. O

The applications of Theorem are well-known. For example, we can go back to the
nonhomogeneous linear equation, In that case, we have that f(¢,x) = h(t)—d(t)x(t),
(t,z) € I x R,and so forany ¢ € I,

[f(t,2) = f(t9)| = [ = d(t)z + d@)y| = [d(D)]|z —yl, @,y €R.

Hence, if d € E;(I ,R), we can ensure through Theorem that has at most one
solution.

Of course, Theorem also has its limitations. To solve these limitations, similarly
to the classical results for ODEs, we can consider some moduli of continuity weaker than
Lipschitz continuity; the so-called Osgood condition [68] (see also [1]]). In order to obtain
such an Osgood-type theorem for g—differential equations we will need the following
result, which is a particular case of the general Gronwall inequality, 77, Theorem 1.40]. To
obtain this result, it is enough to note that the integrals involved in it exist in the sense of
Kurzweil-Stieltjes integrals.

Lemma 4.38. Let h : [a,b] — R be a nondecreasing and left—continuous function and
w : [0,400) — [0,400) be a continuous and nondecreasing function such that w(0) = 0,
w(s) > 0for s > 0. For a fixed ug > 0, define

|
Q(r) = /uo mds, r € (0,400).
and denote by

a= lim Q(r) > —-oco, f= lim Q(r) < +oco.

r—0+ r—00

If¢ : [a,b] — [0,+00) is a h-measurable bounded function, and there exists k > 0 such
that

P(s) < Ii-i—/[ ’)OJ(’(/)(T))dh(T), s € [a, b], (4.41)

and (k) + h(b) — h(a) < B, then
U(s) < Q7HQUR) + h(s) — h(a), s € la,b],
where Q71 : (a, B) — R is the inverse function of ).

Now, with the aid of Lemma [{.38] and following the ideas of [77, Theorem 4.8], we
can state and proof the Osgood Uniqueness Theorem for differential equations with Stieltjes
derivatives. As we will see later, this result solves some of the limitations of Theorem[£.37]

Theorem 4.39. Let X CR", 20 € X, f: I x X - R"and w : [0,+00) — [0,4+00) be a
nondecreasing continuous function such that w(0) = 0, w(s) > 0 for all s > 0. Assume that
the following conditions are satisfied:
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(i) Forg-a.a. t € I. and forall x,y € X,
1t z) = f(t )l < wlllz —yl)-

(i) For every u > 0,

u

lim ds = +oco.

=0t J. w(s)
Then has at most one solution on I .

Proof. Let x1 and x5 be two solutions of [4.2) on I. Define ¢)(t) = ||z (t) —z2(t)|. t € I.
Since ¢ € AC4(I-,R), the map w o ¢ is bounded. Let ' > 0 be an upper bound of w o 7).
Then for each o € (0, 7) we have

[ wwndgs) < [ Kdgl)=Kulitto + o) <cl0). @42
[to,to+0o) [to,to+0o)
where e(0) = Kpg([to,to +0)) +0 > 0.

Fixed an arbitrary uy > 0, consider the function

"1
Q(r);/uow(s)ds, r € (0,+00).

Note that €Q is strictly increasing and €2(up) = 0. We claim that there is 0 < R < 7 such that

Qe(d)) +gto+7) —g(to+6) < B:= lim Q(r) for ¢ € (0, R). (4.43)

r—00

Indeed, first observe that for any ¢ € (0, 7)
Q(e(8)) + g(to +7) — g(to + 0) < Q(e(6)) + g(to +7) — g(to)- (4.44)

Without loss of generality, we assume that g is continuous at ¢, see Proposition 4.28] This
ensures that lim,_, o+ (o) = 0, while condition (ii) implies that lim,. g+ Q(r) = —oco. Thus
lim Q(£(8)) + g(to + o) — g(to) = —oo,

5—07+
which together with guarantees the existence of some R > 0 satisfying [(4.43)]

Using the Fundamental Theorem of Calculus, the inequality and condition (i), for
each t € I, we obtain

o~

[ (o) = s, 2(60) dto)

_ / w((s)) dgls) + / w(th(s)) dg(s)
[to,to+9)

[to+0,t)

<@+ /[ OIS
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4.1 Initial value problem

for all § € (0, R). Therefore, the assumptions of Lemmal4.38|are satisfied and we have
P(t) <QTHQUe(D) +9(t) — g(to +6)), §€(0,R), tel-.
Applying €2 on both sides of the inequality, we obtain
QP(1) — Q(e(9)) < g(t) — g(to +0) < g(t) — g(to), d€(0,R), tel.

Assume that 1) # 0 on I,. If that is the case, there is some t* € I, such that 1(t*) > 0.
Then for all § € (0, R) such that 6 < t* — ¢y we have

P(t*) 1
/ ds = QM) - Q=) < g(t") - glto).
e(6) w(s)

and, by taking the limit as § — 0T, we obtain
¥(t") q
li ——ds < g(t*) —g(tg) < ,
R /6(5) (s 48 <90) = glto) < Foo
which contradicts (ii). Hence we must have ¢ = 0 on I.,i.e. x; = x5 on that interval. O

Remark 4.40. The maps w satisfying the conditions described in Theorem f.39] are known
as Osgood moduli of continuity. A classical example of these functions is the map w given by

0, ifr =0,
1 1
< i < =
CU(T'): Tlog(r>, 1f0<r_e7
1 1
-, ifr > —.
e e

It can be proven that w does not satisfy a Lipschitz condition in any interval containing 0. This
information can be used to show that Theorem cannot be used to ensure the uniqueness
of solution of [(4.2)] when we consider the function f (¢, z) = w(|z|), (¢,z) € I x R. Later, in
Proposition .52} we study a family of Osgood moduli of continuity based on this example,
where we also prove the limitations of Theorem [4.37]for this family.

Note that the initial value problem in Remark #.40| does not depend on ¢ as it is defined
in terms of the Osgood moduli of continuity. It is possible to improve Theorem [£.39] to
solve this issue, following the ideas of the so-called Montel-Tonelli uniqueness criterion (cf.
[1, Theorem 1.5.1]). Note that in the proof of the following result we make use of some
Kurzweil-Stieltjes integrals.

Theorem 4.41. Let7 € (0,7], X CR" 20 € X, f: I x X - R"and w : [0, +00) —
[0, +00) be a nondecreasing continuous function such that w(0) = 0, w(s) > 0 forall s > 0.
Assume that the following conditions are satisfied:

(i) There exists ¢ € L}(I,[0,400)) such that

1t 2) = fEYll < ew(llz—yl), g-aatel, zyeX. (445
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(i) For every u > 0,

u

1
lim ——ds = +oo.
=0t Jo w(s)

Then has at most one solution on I.

Proof. Let 1 and x5 be two solutions of on I. Recall that Theorem [3.27] ensures that
fCxi(-) € Ly(I;,R™), i = 1,2. Foreach t € I, write ¢(t) = ||lz1 () — 2(t)||. Note that
w o ¢ is bounded by the same argument as in Theorem [#.39] Therefore,

w@®)et)| < Klot)l, telr,

where K > 0 is an upper bound of w o ¢. This ensures that ¢ - w o ¢ € L} (I, [0, +00)).
Defineg: R — R as

0, if ¢ < to,

_ / p(s)dg(s), iftg <t <to+T,
g(t) = [t0.0)
/ o(s)dg(s), ift>to+T.
[to,to+T)

Observe that g is nondecreasing and left—continuous. Recalling the relation between the
integrals of Lebesgue—Stieltjes and Kurzweil-Stieltjes, for each ¢t € I, we have

/[t , w((s))e(s)dg(s) = <KS>/ w(®(s))p(s)d g(s)

to

t

=~ K[ wuis)dgls) = [ wlu(s)dgls), @0
to [tost)

where the second equality is a consequence of the substitution formula for Kurzweil-Stieltjes

integral, Theorem[T.69] Recall that without loss of generality, we can assume that g is contin-

uous at ¢y, which implies that g is also continuous at . This, together with equality above,

implies that for each o € (0, 7) we have

/ w(w(s)) dg(s) < / K dg(s) < Kug([tosto +0)) + 0 = £(0). (447)
[to,to+0) [to,to+0)

Therefore, the result can be proved by reasoning as in the proof of Theorem #.39] with the
appropriate adjustments, i.e. replacing g by g accordingly. O

The generalization of Osgood’s criterion can be taken a step further, following the ideas
of Perron’s theorem for ODEs. The main difference between this result and Theorem H£.41]
lies in the fact that in the inequality the variables are separatable in some sense. For
Perron’s criterion, we do not assume separability on the variables. However, more complex
conditions on the corresponding map are necessary to guarantee uniqueness of solution.

Theorem 4.42. Let7 € (0,7), X CR", 20 € X, f: IxX - R"andw : I, x [0, +00) —
[0, +00) be (g x Id)—continuous. Assume that the following conditions are satisfied:
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4.1 Initial value problem

(i) Forg-a.a.t € I. and forall x,y € X,
1f(t2) = F(E )l < w(E, [lz = yl)).

(ii) Foreachr € [0,+00), w(:,7) € L} (I, [0,400)).

(iii) Foreveryt € Dy N 1., there exists §; > 0 such that for all s € (t — 0,t + ;) N I,
w(s, ) is nondecreasing.

(iv) The only g—absolutely continuous function on I, satisfying

zg(t) Sw(t, 2(t)), g-aa tel., =2(t) <0, (4.48)
is the null function.
Then[(4.2)| has at most one solution on I.

Proof. Let z1 and x5 be two solutions of on I,. Recall that Theorem guarantees
that f(-,z;(-)) € L}(I;,R"), i = 1,2. Define ¢(t) = [lz1(t) — z2(t)|. t € I,. We will
show that ¢ satisfies [(4.48)] which then implies ¢ = 0, i.e., 1 = 3.

Clearly, 1(to) = 0 and, by Proposition|3.28| 1) € AC,(I,,R). We claim that conditions
(ii)-(iii) imply w(-,¥(-)) € L} (Ir,[0,400)). First of all, note that Lemma ensures that
the composition is g—continuous, and in particular, g—measurable. Now, let

0= |J (t=6,t+6).

tel.NDy,

Note that O is open by definition, hence I, \ O is compact. The fact that g is continuous on
1.\ O together with Propositionyield that w(-, % (-)) is continuous on I, \ O, therefore
bounded. Let M > 0 be an upper bound of w(-,7(+)) on I \ O, and let K > 0 be an upper
bound of ¢ on I .. Then

w(s,¥(s)) <M +w(s,K), sel,,

and so it follows that w(-,¥(-)) € L (I, [0, +00)). Put
W) = [ wlsu(s)dgls). tel. @.49)
[to,t)

Thus ¥ € AC, (I-,R) and consequently it is g—differentiable for g-a.a. ¢ € I,.. Denote by
E the set of points of I, where both derivatives ’L/J/g and \I//g exist. If £ € Dy N E, then by
Remark 3.4l we have that
O (t) = 1 () = 2o (ED)]| — ll2a () — w2 (8) ||

I Ag(t)
w1 (t) = @2(t) + (f(t21(t) — f(t,22(1)) Ag®)]|  ||lz1(t) — 2a(8)]]

Ag(t) Ag(t)

Sf(E 21 () = F(E 22 ()] < w(t, [l (E) — 22()]),
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that is, ¥ (t) < w(t,1(t)) fort € Dy N E. On the other hand, for t € £\ D, we have

o () =)
Yol = B oo =0
i 106) = 2l 1 (6) — 2300
st g9(s) —g(t)
oy J7a(s) — () — (z2(s) —x2(t)) ||
=% o(5) — 900
-l / (r,1(r)) = f(r,w2(r))) dg(r)
< B G700 J S0
o MO0
=0 e e - Y@
Theoremensures that W{ (t) = w(t,9(t)), so we conclude that vy (t) < w(t,(t)) for
every t € E; proving that ¢ satisfies [(4.48)} O

It is worth highlighting that the first appearance of the so-called Perron uniqueness cri-
terion for ODEs dates back to 1925 and appears in [11]], one year before Perron’s work [69]
came to light. However, Bompiani’s result in [11]] relies on the additional assumption of w
being monotone increasing in the second variable.

Condition (iii), as it reads in Theorem@ resembles the notion of monotonicity around
a set that appears in the theory of variational measures in connection with more general no-
tions of differentiability, cf. [26]]. Naturally, for g continuous, such a condition plays no role,
and in the case when g = Id we retrieve the classical result for ODEs, see [|1, Theorem 1.11.4]
and [18]). There is a way to avoid condition (iii) in Theorem [#.42} as presented in the follow-
ing result. Essentially, we impose some alternative conditions to ensure that the map in[(4.49)]
is well-defined.

Theorem 4.43. Let7 € (0,7], X CR", zp € X, f: IxX - R"andw : I, x [0, +00) —
[0, 4+00) be g—Carathéodory function. If w satisfies conditions (i) and (iv) in Theorem
then[(4.2)| has at most one solution on I.
Proof. Let x1 and x5 be two solutions of on I, and define ¢ : I, — R as

P(t) = |lza(t) —z2()|, telr

By definition, ¢ € AC, (I;,R). Therefore, it is g-measurable and bounded. Hence, Proposi-

tion ensures that w(-,¢(-)) € L} (I, [0, +00)). Now, it is enough to define ¥ : T, — R
as in[(4.49) and repeat the arguments in Theorem@lto show that ¢ satisfies[(4.48)|to obtain
the result. O
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4.1 Initial value problem

Existence and uniqueness of solution

We now present some existence and uniqueness results for[[4.2)] Most of the results here are
obtained by looking at the compatibilities between the hypotheses of the results ensuring exis-
tence of solution with the ones guaranteeing uniqueness. For example, we have the following
result for the existence and uniqueness of a local solution which is a direct consequence of
Theorem together with Theorem [4.37]

Theorem 4.44. Letr > Oand f : I x B(xg,7) = R™ be a g-Carathéodory function. If
there exists L € L}(I,[0,400)) such that

[f(t,x) = ft o)l < LOlz —yl, g-aatel, zy€ Blxo,r),
then there exists 7 € (0, T such that [(4.2)| has a unique solution on I.

Remark 4.45. A similar result can be found in [33, Theorem 7.4], where instead of f being
g—Carathéodory, f is assumed to satisfy the following conditions:

1. for every x € B(zo,r), f(-, x) is g-measurable;
2. f(30) € LL(ILRY).

Let us show that this set of hypotheses is equivalent to f being g—Carathéodory as long as the
Lipschitz condition in Theorem .44 holds.

First assume that conditions 1 and 2 hold. Note that condition 1 matches condition (i)
in Definition #.29] Furthermore, the Lipschitz condition in Theorem #.44] implies condition
(i) in Definition[4.29] Finally, for every R > 0 take hg(t) = L(¢t)R + || f(t, zo)||, which is
g—integrable on I. Then for g-a.a. t € I and all z € B(xo, 1), ||z|| < R, we have

(&)l < Wf(Ez) = FE o)l + 1 & zo)ll < L)z — yll + 1F (& wo) | < hr(t).

Hence condition (iii) in Definition #.29)is satisfied and f is g—Carathéodory.
Conversely, if f is g—Carathéodory, we just need to show that condition 2 holds. Given
x € B(xzg,r) we have that for g-a.a. t € I

1t wo)ll < 1F (s wo) = (& @)l + ([ (& )| < LT + hjag 4 (),

with /4|4 the corresponding function in condition (iii) in Definition Thus f(-, x0)
is g—integrable on I, and so the two results are equivalent.

We can obtain a more general result than Theorem [4.44] by combining Theorems [4.36|
and Indeed, such combination leads to a local Montel-Osgood-Tonelli existence and
uniqueness type result which, as we mentioned before, is based on a conditions more general
than that of Lipschitz.

Theorem 4.46. Let v > 0, f : I X B(zg,7) - R" and w : [0,+00) — [0,+00) be a
nondecreasing continuous function such that w(0) = 0 and w(s) > 0 for all s > 0. Assume
that the following conditions are satisfied:

(i) Forevery x € B(xg,r), f(-,x) is g-measurable.
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(i) f(20) € LY(I,R™).
(iii) For every u > 0,
. “1
lim ——ds = +oc0.
e—0t J, w(s)

(iv) There exist € L} (I,[0+ 00)) such that
1t 2) = Yl < ew(llz—yl), g-aatel, wye Blxo,r).

Then there exists T € (0, T such that[(4.2)| has a unique solution on I.

Remark 4.47. Note that this result yields [33, Theorem 7.4] for the particular choice of
w(r)y=r,r>0.

So far, we have focused on the existence and uniqueness of solution for problems whose
function is defined on a neighbourhood of the initial condition. All of these results have
led to ensure the existence of a local solution. We can proceed analogously for problems
defined on the whole space. For example, by combining Theorem [4.32] with Theorem
we can ensure the existence of a unique global solution under the assumption that a Lipschitz
condition is satisfied.

Theorem 4.48. Let f : I x R™ — R" satisfy the following conditions:
(i) Foreach x € BC,(I,R"), the map f(-,x(-)) is g-measurable.
(i) There exists h € L}(I,]0,+00)) such that

If(t, )| < h(t), g-aa tel, zecR"™

(iii) There exists L € £517(I, [0, +00)) such that

|f(t,z) = ft, )l <L)z —yll, g-aatel, xyecR"

Then[(&.2)| has a unique solution on I.

Similarly to Theorem [.44] in [33]] we find a similar result to Theorem [#:48] Here we
include the mentioned result, [33} Theorem 7.3], without its proof. For a proof of this result,
we refer the reader to Theorem [5.38]in Chapter 5] where we proof an extension of this result
in the context of differential equations with several Stieltjes derivatives.

Theorem 4.49. Let f : I x R™ — R" satisfy the following conditions:
(i) Forevery x € R™, f(-,x) is g-measurable.
(i) f(:,20) € Ly(I,R™).
(iii) There exists L € L}(I,[0,+00)) such that
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4.1 Initial value problem

Then[(4.2)| has a unique solution on I.

Note that in this case, the result in [33]] deals with a more general case than Theorem 448
does, as no L/ (I, [0, 40c))-boundedness condition is required. However, we can obtain a
more general result based on the Montel-Osgood—Tonelli conditions. To obtain such a result,
we will need the following lemma that gives an a priori estimate for solutions of

Lemma 4.50. Ler f : I x R" — R" and w : [0,400) — [0,400) be a nondecreasing
continuous function such that w(0) = 0 and w(s) > 0 for all s > 0. Assume that g is
continuous at to and that the following conditions are satisfied:

(i) Forevery x € R™, f(-,x) is g—measurable.
(i) f( o) € Ly(I,R™).

(iii) For every u > 0,

v
lim ——ds = +o0.
e—0t S w(s)
(iv) There exist p € ,C_}] (1,]0,+00)) such that
If@tz) - fE I <e@wlz—yl)), g-aatel, z,yeR"

Then there exist t1 € (to, to + T') and a nondecreasing function h : [to, t1] — R such that for
every solution of [&2)) x : I. — R", 7 € (0,T], we have

lz(t) — zoll < h(t), te€ I Nlto,t1].

Proof Define k: I — R as
<0 = [ MfGaolldg). et
[to,t)

Now, if z : I, — R™ is a solution of then using condition (iv) we get

() = xol| < w(t) +/ w(l[z(s) = zol)p(s)dgls), te I

[tUat)
Defineg: R — Ras

0, ift < to,
_ / o(s)dg(s), iftgo <t <ty+r,
9t) =9 Jio.
/ w(s)dg(s), ift>to+T.
[to,to+T)
Recalling the relation it follows that

lx(t) — 2ol < k() +/[t ) w(||lz(s) — xo|)dg(s), tel,, (4.50)

147



Stieltjes differential problems with a single derivator

for every solution z of defined on I,. In order to apply Lemma [4.38] fix an arbitrary
ug > 0 and consider the function

"1

Q(r) :/ ——ds, re(0,+00).
uo W(S)

Since lim,_,¢+ (1) = —o0, there exists R > 0 such that

QR) +3(to +T) —g(to) < B = lim Q(r) < +o0.

Since g is continuous at ¢y, we can choose t; € (tg,to + 7] such that k(t;) < R. The
monotonicity of {2 then yields

Q(k(t1)) + g(t1) — g(to) < B

The inequality above together with [(4.50)] shows that the assumptions of Lemma [#.38] are
satisfied on the interval [to, 1], therefore

() = wol| < Q71 Qr(11)) +9(8) = Glto)) =: h(t), ¢ € [N [to, 1],
and h : [to,t1] — R is the desired monotone function. O

With the aid of Lemma we can prove a Montel-Osgood-Tonelli existence and
uniqueness type result. Note that this result is more general than Theorem 49| in its hy-
potheses, however, we can only ensure the existence of a unique local solution in return.

Theorem 4.51. Let f : I x R” — R" and w : [0, +00) — [0, +00) be a nondecreasing
continuous function such that w(0) = 0 and w(s) > 0 for all s > 0. Assume that the
following conditions are satisfied:

(i) Foreveryxz € R", f(-,x) is g-measurable.
(i) f( w0) € Ly(I,R™).
(iii) For every u > 0,
: “o1
lim ——ds = +o0.
e—0t J, w(s)
(iv) There exist o € L}(I,[0,+00)) such that
If(t2) = fEyll < pw(llz—yl), g-aatel, wz,yeR™
Then there exists 7 € (0, T| such that[(4.2)| has a unique solution on I.

Proof. Without loss of generality, we assume that g is continuous at ¢, see Proposition .28
Let & : [to, t1] — R be the function whose existence is guaranteed by Lemma .50} Denote
R:=h(t;) and define g : R — R as

0, if ¢ < to,

_ / w(s)dg(s), ifto <t <to+r,
g(t) = [to,t)

/ w(s)dg(s), ift>to+T.
[to,to+T)
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Since ¢ is continuous at ¢y, we have that so is g. Thus we can choose 7 € (0,7 such that
to+ 7 <ty and

wBpglltosto+ )+ [ f(sa0)dgls) < R @s1)
[to.to+T)

Consider B = {z € BCy(I-,R") : ||lz(t) — zo|| < R, t € I }. Clearly, B is a closed and

convex subset of BC,(I,,R™). Now let us define F' : B — BC,(I,;,R") by

Fzx(t) =z + - f(s,z(s))dg(s), tel,.

We can prove in an analogous way to Theorem [4.36|that f is g—Carathéodory. Thus, Propo-
sition [T.28] and Theorem [3.26] ensure that F' is well-defined. Moreover, the continuity of
w together with condition (iv) implies that F' is continuous. Further, recalling the relation

it follows from condition (iv) and[(3.32)|that, for z € B, we have
1Fot) ~aoll < [ alllats) = zal)dgls) + [ [f(s.a0)ldgls) < R
[to,t) [to,t)
forevery t € 1. Thatis, F(B) C B. It remains to verify that F'(B) is relatively compact in
BCy(1.,R™). Firstly, note that for € B we have

£ x@)I < If @& 2() — f(Ezo)ll + 1f & 2o)ll < p()w(R) + || f(t 20)ll =: M(2),
for g-a.a. t € I,. Observe that F'(B) C AC,(I,,R") and

(Fz), (t) = f(t, (), g-aa.tel, forallzeB.

Since M € L} (I, [0,400)), it follows from Proposition that F'(B) is relatively com-
pact in BCy(I,,R™). Thus, Schauder’s Fixed Point Theorem guarantees the existence of
solution of on I, while the uniqueness is a consequence of Theorem .39 O

To finish this section we illustrate the applicability of the Montel-Osgood—Tonelli result.
To do so, we describe a family of initial value problems whose uniqueness of solution can-
not be determined by means of a Lipschitz’s uniqueness theorem, nonetheless each of these
problems satisfies the Osgood condition. In particular, we shall describe a family of functions
that are examples of Osgood moduli of continuity. To make our presentation more concise,
let us define the family of maps Exp[k] R—R,k=0,1,2,...,as

Expl¥l(s) =5, Exp*(s) = exp(Exp*U(s)), keN. (4.52)

We also define the maps Log™*! : (Exp*~1(0), +00) — R, k € N, as
Log!!l(s) =log(s), Log*(s) =log(Log*~Y(s)), keN, k>2, (4.53)
Clearly, Log[k] and Exp[k} define nondecreasing continuous functions. Moreover, we can

easily show that, for every £ € Nand s € R,

Log!l(Exp™l(s)) = Exp* (), j=1,....k. (4.54)
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Using mathematical induction we can also prove the following two identities which will be
useful later on:

k—1 -1
%(Log[k] (s)) = (s 11 Logm(s)> : (4.55)
j=1
d k 4 1 kK ‘
o ( 11 Logm(s)) == <1 +)° HLogm(s)> : (4.56)
j=1 =2 j=I1

forevery k € N, k > 2, and s € (0, 400).

Proposition 4.52. Let wy, : [0,00) = R, k € N, be given by

0, if s=0,
k
/1 1

s [ LogV! (—) , if se€ (0, ) ,

wr(s) = Jl;ll G ek (4.57)
k

1 . 1

— Tl ExpVl(1), if s> —,

eij[[l (1) 7

where ey, := Exp*l(1). Then, for all k € N we have:
(a) wy, is well-defined, and wy(s) > 0 for all s > 0.
(b) wg is continuous.
(©) wi(s) > 0andwj!(s) < Oforall s € (0,e,"); moreover,

li (s) = .
J, wh(5) = oo

(d) wy, is nondecreasing and subadditive.

(e) Forall u > 0, we have that

u

lim —— ds = +o0.
e—0t J, wk(s)

Proof. (a) Fix k € N. In order to show that wy, is well-defined it is enough to show that the
arguments in the logarithms are adequate. Indeed, forall j = 1,...,kand s € (0, e;l) we
have

1 , )
= > e = Expl(1) = Expl (1) = Expl/ = (0).

(%]

Moreover, since Log'™ is a nondecreasing function and having in mind [(4:54)] we get

/1 . ,
Logl! (s) > Logl] (Expm(l)) —1>0, j=1,2,... .k (4.58)
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Figure 4.5: Graphs of some wy,. The dotted lines represent the equations - = 1/ey.

Therefore, wy, is well-defined and positive on (0, 00).

(b) The continuity of Log!! together with implies that

i n(5) = = T Log? Bxp(1) = ().

g
T €L

that is, wy, is continuous at 6;1. We will prove that lim,_,q+ wi(s) = 0 by induction over k.
For k = 1, using a change of variables and L’Hopital’s rule we get

1
lim wq(s) = lim og(r) = lim — =0.
s—0t r—00 T r—0o0 T

Assuming that the assertion holds for & € N, that is, assuming

k (7]

., Lo T
lim M = lim wy(s) =0,
r—00 r s—0t

we will prove that lim,_, g+ wi11(s) = 0.
First, note that lim,_,, Log¥!(r) = 400, j € N. Having in mind the identities
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and[(4.56)] by a change of variables and using L’Hopital’s rule recursively we get

E+1p [4]
1 Log"!(r
lim wg41(s) = lim M

s—0+ r—00 r
k+1 j
. zk: lim Hj:l LOg[J] (r)
B r—00 r
1=2
N (i tos ) Lot
£ r—oo r Hé_:11 Log[j](r) ’

In view of the induction hypothesis, to conclude the proof of assertion (b) it suffices to observe
that for each [ = 1,...,k — 1, thanks to the L'Hopital’s rule and to the identities and

we have

[k+1]
i o8 1)

r—00 H‘ljzl Logm (’f’)

(c) Firstly, note that for all k£ € N,

wir1(s) = Log Y <1> wi(8), 86(0’ : )

Ck+1

thus by using and [(4.36)] we can easily compute the derivatives on (0, ¢.}';)

/ [k+1] 1 / " [k+1] 1 " W;c(s)
w41 () = Log 3 wp(s)—1, wyyq(s) =Log 5 ) wr (s)— ()’ (4.59)

A simple inductive argument then shows that lim_, o+ w},(s) = 400, k € N. Reasoning also
by mathematical induction we will prove that

1
wi(s) >0, wl(s)<0, se€ (O, > and wj, <

) >1, keN.  (4.60)
ek

€k+1

For k = 1 we have wj(s) = log(1/s) — 1 and w{(s) = —1/s. Clearly w{(s) < 0 for
s € (0, efl) while w] (e3 1) = e — 1. Moreover, the fact that the log function is strictly
monotone ensures that

Wi (s) = log (i) — 1> log(e) —1=0.

Now assume that the |(4.60)|is true for some & € N, & > 2. Recall that the logarithms
involved in[(4:59)|are nonnegative. Therefore, using the induction hypothesis and the fact that
wy, is positive, we get wy,, ; (s) < 0 for s € (0, e,;il). As a consequence, wj, | is decreasing

and we have
1 1
( > —-1>0, se <0, > ,
€L+1 Ck+1

>~

Wiy (8) > t lim Cwe () =w
—

€41
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where the last inequality follows from the induction hypothesis. Finally, using again the
monotonicity of wj, we have

1 1 1
wh — | =ew, —1>ew, —1>e —1>1,
ket €k42 g €42 k €k+1

which concludes the proof of assertion (c).

(d) The monotonicity of wy, now follows from assertion (c) together with the definition[(4.57)]
On the other hand, since wy is continuous at 0 and wg < Oon (O, 6’;1), wy 1S concave on
[0,e;,'). Moreover, wy,(0) = 0 implies that wy, is subadditive on such an interval. This
property can then be extended to the whole [0, 00) due the constant character of the function
wy, in the remaining interval [6;1, oo).

(e)For k € Nand u € (0,¢; '] we have

“ o1 “ 1
lim ds = lim ’ - ds
e—0t € Wk;(s) e—0t+ e S Hj:l Logb] (%)

1
1._-
2B

I
o

=

|
—

[

o
UQ’_‘
i‘
I/
®» | =
~_
N
an‘ |
—
~

o)

»

I
‘i_
2B

|

g

o

5]
>

+

=
A/~
®w | =
~
| E—
e

|

‘

For v > e,:l the assertion is a consequence of the additive property of the integral with
respect to intervals. O

Essentially, Proposition shows that the maps wy, £k € N, are Osgood moduli of
continuity. Furthermore, it provides us with some of the tools necessary for the following ex-
ample, where we illustrate the potential of Montel-Osgood—Tonelli existence and uniqueness
result for Stieltjes differential equations, while showing some of the limitations of the results
involving Lipschitz conditions, Theorems {.44] and [4.49]

Example 4.53. Consider a nondecreasing and left—continuous function, g : R — R, and a
g—integrable function, ¢ : [0,1) — [0, +0c0). For each k € N we consider the initial value
problem

xy(t) = fi(t,z(t), g-aa tec[0,1), x(0)= o, 4.61)

where fi : [0,1) x R — R is given by fi(¢,2) = ¢(t)wi(|z|), (t,z) € [0,1) x R, with
wy, as in[(4.37)] Note that fj, does not satisfy a Lipschitz’s condition on the whole R as the
derivative of wy, is unbounded on any neighbourhood of 0, see Theorem assertion (c),
and therefore the hypotheses of Theorem [4.49] are not satisfied. Similarly, Theorem [{.44]
cannot be applied for any ball around z( containing 0. In particular, if o = 0 we can never
assure the existence of a local solution for this problem through these results. However,
the Montel-Osgood—Tonelli result allows us to show that problem has a unique local
solution regardless of the initial value.
Recalling that wy, is subadditive, for every x,y € R we have
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wi(|z]) < wi(lz =yl + [y]) < wrlz = yl) +wi(ly]),

and similarly wg,(Jy]) < wi(Jy — x|) + w(Jz|). Hence

|wr(l2]) = wr(ly)| < willz —9l), @,y €R.

In summary, for all z,y € Rand ¢ € [0,1)

[t ) = fr(t, 9)| = @(B)wr(|2]) — wr(ly))] < e)wn(lz = yl)-

Thus, the hypotheses of Theorem [4.5T] are satisfied and, consequently, problem has a
unique local solution for each k € N.

4.1.3 Lower and upper solutions

We now study through the method of lower and upper solutions. This will be done in
the contextof n =1, X = R, i.e.

g (t) = f(t,z(t), =z(to) = 0, (4.62)

with f : I x R — R. In this setting, we aim to obtain results that ensure the existence of
solutions of problem[(4.62)] that lie between two well-ordered functions satisfying some con-
ditions, following the results obtained in [48,/59]. We will also be interested in the existence
of extremal solutions in this context, as investigated in [51]]. For the general vectorial case,
we have obtained some results in the more general case of Stieltjes differential equations with
several derivators which are presented in Chapter [5]

We start by formalizing the basic definitions of this section: the concepts of lower and
upper solution.

Definition 4.54. Let 7 € (0,T). A lower solution of on I isamap o € AC,(I,,R)
such that a(ty) < xo and

ay(t) < f(t,a(t) g-aa tel,.

Similarly, an upper solution of on an I, is a function 3 € AC,(I,,R) such that
B(to) > xg and

By(t) > f(t,B(t) g-aa tel,.

Remark 4.55. Similarly to the concept of solution, we consider lower and upper solutions
on an interval I, 7 € (0, T}, to be defined on the corresponding closed interval. This is done
for consistency with the concept of solution. If one were to consider solutions defined on
EAC,(I,R), then the definitions of lower and upper solutions should be modified to lie on
that space instead of on the space of g—absolutely continuous functions.

Before moving on to the study of existence of solution of we need to make some
observations. First of all, it is clear that every solution of onI;, 7 € (0,77, is a lower
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4.1 Initial value problem

and an upper solution of on I,. Secondly, let o, 3 be a lower and an upper solution of
[4:62)on I, T € (0,T), respectively. Then for ¢ € I, N D, we have

a(t™) < a(t) + f(t, B(t)Ag(t), BET) = B(t) + f(t, B(1)Ag(t). (4.63)

With this remark in mind, we can establish a useful differential inequality in the context of
g-differential problems.

Theorem 4.56. Let 7 € (0,T] and f : I x R — R be such that for each t € I, f(t,-) is
nonincreasing and the mapping

u€ R u+ f(t,u)Ag(t) isnondecreasing. (4.64)

Assume that o, 8 are a lower and an upper solution of [d.62)on I.. If x : I, — Risa
solution of [(4.62) on I, then

a(t) <z(t) < Bt), tel,.

Proof. We will prove that z < 3 on 1. First, note that x(tg) = x¢ < (o), so we need to
show that z < S on (¢o,to + 7]. By contradiction, assume that there exists t* € (¢, to + 7]
such that z(t*) > £(¢*) and let

t; = inf{s € (to,t") : x> B in (s,t7)}.

First, observe that the left—continuity of the functions —see Proposition [3.21}- is enough to
ensure that ¢, is well-defined. Furthermore, since x > B in (t1,t*), we have z(t]") > B(t]).
Moreover, note that x(t1) < ((t1). Indeed, if (¢;) > B(t1), the fact that the functions
are continous from the left would imply that z > ( in some interval (¢, 1), t2 € (to,t1),
contradicting the definition of ¢;.

Bearing[(4.3)|in mind and using[(4.63) and [(4.64)] we obtain
() = x(tr) + f(tr, 2(t) Ag(ty) < B(tr) + f(tr, B(tr)) Ag(tr) < B(t]) < a(ty),

which yields x(t]) = B(t]"). From the monotonicity of f(t,-), it follows that

ot - alt}) = [

(t1,t%)

F(s,2(5)) dg(s) < / F(s,8(s)) dgls) < B(E*) — BED),

(t1,t*)

and consequently z(¢t*) < B(¢*), a contradiction. Thus we conclude that x < §in I,.. The
inequality o < z can be obtained in analogous way, and we omit it. O

Note that it is enough to check that[(4.64)| holds for ¢ € Dy, as for the rest of the points it
is trivially satisfied. With this idea in mind, we can give an idea of what it means. Essentially,
this conditions guarantees that the inequalities between g—differentiable functions are pre-
served at a discontinuity points of the derivator. This condition is a fundamental requirement
in the study of problem [(4.62)| through the method of lower and upper solutions and it is due
to Monteiro and Slavik in the following result, [|64, Theorem 4.4].
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Theorem 4.57. Let a,b € R, a < b, g : [a,b] = R be a nondecreasing and left—continuous
function, B C R be a closed set, yo € B and f : [a,b] X B — R satisfy the following
conditions:

(C1) Foreveryy € B, the integral (Ksy; f(t,y)dg(t) exists.

(C2) There exists M : [a,b] — R which is Kurzweil-Stieltjes integrable with respect to g
such that

s [ f(ty)dg(t)H < oo M) dg(e),

u u

for every [u,v] C [a,b] andy € B.
(C3) Foreacht € [a,b], the map f(t,-) is continuous on B.

(C4) f satisfies[(4.64)on B.
If the problem

t
y(t) = yo + "2 f(s,y(s))dg(s), t€[a,b], (4.65)

a

has a solution on G([a,b],R), then there exist y.,y* € G([a,b],R) solutions of [(4.65)| such
that

y«(t) Sy(t) Sy*(t), te€la,b],
for any other function y € G([a, b],R) solving[(4.63)|

Using a slight modification of [64, Example 4.2], we now illustrate the importance of the
monotonicity condition in Theorem [4.56]

Example 4.58. Suppose that g : [0,2] — R and f : [0,2] x R — R are given by

3y?/3,  tel0,1),
O CR LN SN S
= ,Y) =< —siny, t=1,
g t+1, te(1,2), Y Y
0, te (1,2

Note that g is left-continuous, but discontinuous from the right at ¢ = 1. Furthermore, our
choice of f is such that[(4.64)|holds, though the function f(1, -) is not even monotone.

Consider the initial value problem with g = 0. Clearly, on [0, 1) the equation
reduces to 2’ (t) = 3x(t)?/?, while

0= f(t,a(t) = () = 1 2T iy e 1,9,

s—t s—t
implying that each solution has to be constant on (1, 2]. Finally, since Ag(1) = 1 we get

2(14) = 2(1) = 24(t) = f(1,2(1)) = —sina(L),

156



4.1 Initial value problem

that is, z(17) = (1) — sinx(1). It follows that all solutions have the form

0, t € [0, ],
() =< (t—N)3, te (A1),
zx(1) —sin(zx (1)), t e (1,2],

where A € [0,1] is a parameter. In particular, we have that &« = 0 is a lower solution and
B = z1/3 is an upper solution. However, a(t) = B(t) = 0 < t* = z(t) for t € (0,1/3].
Furthermore, as presented in Figure 1.6] the inequality can be proven to hold on the whole
interval (0, 2].
1.2
1.0
08
0.6
0.4
0.2 /
0.0

0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.6: Graphs of «, 8 and z in blue, purple and red, respectively. The dotted line marks
the value t = 1/3.

From the inequalities in Theorem .56 we can obtain a result that is, in some sense, a
generalization of Peano’s uniqueness Theorem.

Corollary 4.59. Let 7 € (0,T] and f : I x R — R be a function satisfying [(4.64) and such
that for any t € I the map f(t,-) is nonincreasing. Then the problem[(4.62)| has at most one
solution on I..

Proof. Let 1,22 : I, — R be two solutions of Then we have that z; is both an
upper and a lower solution of on I, so Theorem [d.56]ensures that

ZEl(t)SZL’Q(t)SZL’l(t), tGIT.
Thus, we have that ©1 = x4 on I,. O

We now turn our attention to the study of extremal solutions on the whole interval between
a given lower solution and an upper solution that are well-ordered in the sense that the lower
solution lies below the upper solution, as in [48]. To that end, we introduce the following
definition.
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Definition 4.60. Let o, (3 be a lower and an upper solution of on I, respectively, such
that o < 3 on I. A solution of on I, z*, is said to be the greatest solution of on
I between c and 3 if a(t) < x*(t) < B(t), t € I, and

z(t) <z*(t), tel,

for every x € AC,(I,R) solution of [4.62) on I such that a(t) < z(t) < B(t), t € I.
Similarly, a solution of [(4.62)|on I, 1., is said to be the least solution of on I between
aand Bifa(t) < z.(t) < B(t), t € I, and

T (t) < z(t), tel,

for every x € AC,4(I,R) solution of [&:62)| on I such that a(t) < z(t) < B(t), t € 1. If
problem has the greatest and the least solution between o and 3, we say that [(4.62)|
has the extremal solutions between o and f.

We can obtain a result on the existence of extremal solutions of [(4.62) between a given
pair lower and upper solutions which follows as a corollary of Theorem 57| In doing so,
we give a partial answer on the affirmative to the following question posed at the end of [64]:
“For classical ordinary differential equations, the existence of a lower solution « and an upper
solution 3, where a(t) < (t), t € I, guarantees the existence of a solution lying between o
and [ (...). Is there an analogue of this statement for measure differential equations?”

Theorem 4.61. Let f : I xR — R be a g—Carathéodory function and suppose that problem
(4.62)| has a lower solution on I, o, and an upper solution on I, 3, such that o« < B on I. If

[ satisfies[(4.64)] then [(4.62)| has the extremal solutions on I between o and f5.
Proof. First of all, since o, 5 € AC 9(7, R), they are bounded. In particular, there exists

R > 0 such that |o(t)], |3(t)| < R forallt € I. Take h = hg, the g-integrable function in
part (iii) of Definition for f and define f : I x R — R as

ft,at) ifx<alt),
F(ta)={ flta)  ifa(t) <o <A,
F(&8() ifz> B(1).
It follows that
|f(t,x)| < h(t), g-aa.tcl, zecR.

Moreover, f is a g—Carathéodory function. Indeed, first of all note that condition (iii) in
Definition [#.29] holds trivially at this point. Now, for condition (i) in Definition {.29] fix
x € R. Then

ft,x) = ft,at)xa, (t) + (£, B(t)xa (t) + (£, 2)xa,(),
where
Ay ={terl:a(t) >z} =a*((z,+)),

Ay={tel:io>B(t)} = 7 (~o0,2)),
Ay ={tel:a(t) <z <At)} =a ((—o0,a]) N B~ ([, +00)).
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4.1 Initial value problem

Since each A;, i = 1,2, 3, is g-measurable, f(-,z) is g-measurable for each x € R. Finally,
for condition (ii) in Definitiond.29] fix ¢ € I. We have that

ft,x) = f(t, max{a(t), min{z, 5(t)}}), = €R,

and soj(t, -) is continuous for g—a.a. ¢ € I, as it is the composition of continuous functions.
Thus, f is g—Carathéodory.
Consider the modified problem

ay(t) = f(t,z(t) g-aa.tel, x(to) = zo. (4.66)

It follows from Theorem [4.32] that has at least one solution. In particular, the measure
differential equation

t
w(t) = zo + O f(s,2(s))dg(s), tel, (4.67)
to

has at least one solution. Thus, Theorem ensures the existence of x,,z™, solutions of
such that
z.() Sylt) <2*(t), tel,

for any other function y solving[(4.67) Note that Theorem requires f (¢, -) to be continu-
ous for all ¢ € I, and not merely for g—a.a. t € I. However, it suffices to redefine f(t,2) = 0
at the exceptional g—null set and at ¢y + 7' to have an equivalent problem with a nonlinearity
which is continuous with respect to x for all ¢ € 1.

Let y be a solution of Then y is regulated, therefore Borel-measurable and,
in particular, g-measurable, see Proposition [3.22] Thus, Proposition [I.28] guarantees that
f(,y()) € LL(I,R™). Hence, as pointed out in Remark the integral in[(4.67) exists in
the Lebesgue-Stieltjes sense and y is a solution of In particular, we have that * and
x, are solutions of

Let 2 be a solution of [4.66)] It is enough to show that

alt) <z(t) < B(t), tel, (4.68)

thus proving that x is a solution of and, since z is arbitrarily chosen, that z, and z*
are its extremal solutions between « and 3. Reasoning by contradiction, assume that the
first inequality in does not hold. In that case, there exists t1 € (to,%o + T'] such that
a(t1) > x(t1). By left—continuity of both functions at ¢;, we deduce the existence of some
e > O such that &« > z in (¢1 — €, t1]. Define

to = inf{s € (to,t1) : @ >z in (s,1)}.

Notice that «(t5) < x(t2) for, otherwise, left—continuity would imply v > 2 on some interval
(ta — €', t2), and this would be a contradiction with the definition of ¢o. Now, since « is a
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lower solution, we have

/[tQ’tl)o‘;(S)dg(S) S/ f(s,o(s))dg(s)

[t2,t1)

= Flts, o(t2)) Ag(ta) + / Fls.2(s)) dg(s)

(t2,t1)

= flta o(t))Ag(ts) + / 2! (s) dg(s).

(t27t1)

Thus, the Fundamental Theorem of Calculus, Theorem [3.27} yields
a(ty) — a(tz) < f(te, altz)Ag(ts) + 2(t) — x(t3).
Then, [(4.64)]implies that

alt) < altz) + f(t2, altz))Ag(tz) + z(t1)
z(t2) + f(t2,x(t2))Ag(t2) + z(t1)

z(t3)

a(ty) = a(th),

IN

where the last equality follows from[(4.3)] This contradicts the definition of ¢;. Thus o < =
on I. The proof of the second inequality in [(4.68)]is analogous and we omit it. O

Theorem [4.61] will be a fundamental tool for the study of functional differential prob-
lems in Section[#.2] In particular, we will obtain Theorem [#.94] reducing the problem there
presented to one where we can apply Theorem[4.61] Later, in Example 4.95] we will apply
Theorem [4.94] to the study of a model for a silkworm population. For an application of The-
orem [4.61] the reader can just consider the functional argument to be a given constant and
follow the example.

In what follows, we will focus on the study of existence of extremal solutions through the
method of approximation by lower and upper solutions, following [47,51]. To that extent, we
introduce the following definition.

Definition 4.62. A solution of [(4.62)|on I, x*, is said to be the greatest solution of [(4.62)|on
Lif
x <ax*, forevery x solution of [4.62) on I.

Similarly, a solution of [(4.62) on I, x., is said to be the least solution of [4.62) on I if
xy <x, forevery x solution of [(4.62) on I.

If problem|[(4.62)| has the greatest and the least solutions, we say that[(4.62)| has the extremal

solutions.

Our aim is to show that the infimum of upper solutions and the supremum of lower so-
lutions are the least and the greatest solutions, respectively, provided some conditions are
satisfied, some of which we introduce in the following definition.
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4.1 Initial value problem

Definition 4.63. Let M € L)(I,[0,+00)) be such that
|f(t,x)| < M(t), g-aatcl, =xcR (4.69)
We define the set of admissible lower solutions of on I as
L = {1 lower solution of [d6D)|on I : 15, ()] < M(t) g-aa. t e I},

and the set of admissible upper solutions of [(4.62)|on I as

U = {u upper solution of [3.62)on I : |uy(t)| < M(t) g-aa t €1},
We define the maps lgup,, Uing : I — R as

loup(t) = sup{l(t) : l € L}, wine(t) = inf{u(t) : v € U}.

Remark 4.64. Note that l5,, (to) = uing(to) = xo as the maps
W) =z0— [ M(s)dgls), ult)=ro+ | M(s)dg(s), tel,
[to,t) [to,t)
belong to £ and U, respectively, and () = u(to) = zo.

With this notation, we aim to find some conditions guaranteeing that w;,s is the least
solution of and liyf, the greatest solution. The following result shows that we only
need to study the behaviour of u;,¢ as the behaviour of /;,,¢ can be deduced from it.

’l;heorem 4.65. Consider problem[4.62) and M € L}(I,[0,400)). Define yo = —x¢ and
f(t,z) = —f(t,—x), (t,x) € I x R. Consider the initial value problem

yo(t) = f(t,y(t)), g-aa tel, ylto) = o, (4.70)

and denote by L and U the corresponding sets of admissible lower and upper solutions of

problem|((4./10)|on I for M, respectively. Then, the map

T:AC,(I,R) — AC,(I,R)

satisfies that

, 4.71)
, (4.72)

with £ and U as in Definition .63] In particular, T maps solutions of to solutions of
(4.70)| and vice versa.
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Proof. First of all, note that[(4.71) and are equivalent. Indeed, it suffices to note that
T o7 = Id and apply the 7 on both sides of the equalities. Thus, it is enough to show that

[(47T) holds. B
Now, observe that given z € AC, (I, R) satisfying |zj ()| < M(¢) for g-a.a. t € I, we
have that
(Tl )] = 12401 < M), g-aa.te
Thus, to show it is enough to show that 7 maps bijectively the lower and upper solu-

tions of[(4.62)]to the upper and lower solutions of respectively.
Let ! € AC,(I) be a lower solution of[(4.62)] Then Tl(ty) = —I(ty) = —x¢ = yo and

(TDg(t) = —lg(t) = —f(t,1(t)) = —f(t, = (TU(®))) = f(t, TU(t)), g-aatel,

i.e. T is an upper solution of [#.70)} and so T (£) C U. Conversely, let & € AC4(T,R) be
an upper solution of [4.70)] Then Tu(ty) = —u(ty) = —yo = o and

(Ta),(t) = —u,(t) < —f(t,u(t) = f(t,—u(t)) = f(t, Tu(t)), g-aa tel

Thus T is a lower solution of which shows that 7(U) c L. Now, applying 7 on
both sides, we get that i C T (L), which proves the first equality in[@71)} The proof of the
second equality in is analogous and we omit it.

The rest of statement of the theorem now follows, as solutions are, simultaneously, lower
and upper solutions. O

Remark 4.66. It follows directly from this result and the definition of 7 that 7 maps ex-
tremal solutions into extremal solutions, provided they exist. In particular, 7 maps the great-
est solutions into the least solutions and vice versa.

Moreover, if we denote by ls., and uins the corresponding functions in Definition m

for we have that 7 maps lsup, Uint ONtO Uint, lsup, respectively. The converse mapping
also holds. Hence, if we can find conditions that turn the infimum of upper solutions into
the least solution, we can “translate” those conditions through the map 7 to obtain some
conditions to ensure that the supremum of lower solutions is the greatest solution.

In order to show that u;,¢ can be turned into a solution, the first thing we need to show is
that it is g—absolutely continuous. To obtain that property we will need the following lemma.

Lemma 4.67. Consider 31, 32, ..., B € U.If f : I x R — R verifies[(4.6%) and[(4.69)| then

the map B
ﬂmin(t) = mln{ﬁl(t)aﬂQ(t)aaﬁk(t)}a te I»
belongs to U.

Proof. To prove this, it suffices to show that given /31, 82 € U, the map
ﬂmin(t) = min{ﬂl (t)a ﬂQ(t)}v te Ta

belongs to . First of all, note that Snin € AC, (7, R), see Proposition Moreover,
Bmin(to) > x( trivially, and so, all that is left to prove is that

(Bmin)g () = f(t, Brmin(t)) and  [(Bmin)y ()] < M(t), g-aa.tel.
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Let £ = {t € I :3(B1)y(t), (B2)y(t), (Bmin)y(t)} andlett; € E. Note thatty ¢ C
since there exists g—derivatives at that point. We have distinguish possible cases.

Case 1: 1 > Ba onaset S C I suchthatt; € [SN (t1,to +T)]'.
If /1 (tl) > ﬁg(tl) then

Y, — lim /Brnin(t) — Bmin(tl) _ im Bmin(t) B ﬁmin(tl)
(Buain)g(t2) = tLq g9(t) — g(tr) tLtj g9(t) —g(t1)

tesSN(t1,1)
i BB s
- tLtf g(t) o g(t1) (ﬁQ)g(tl) > f(tlvﬁQ(tl)) f(tlv Bmm(tl))'

Otherwise, B2(t1) > f1(t1), and so ¢ty € Dy as

Bt =l B> G,
t—t]
teSN(t1,1)

Hence, using[(4.64)] we obtain
Ba(t) — B (tr)

(min)a (1) = =0 )~ g(er)
_ Ba(tr) + Ag(ta)(B2)g(t1) — Bi(t1)
B Ag(t1)
S Ba(ts) + Ag(t1) f(t1, Ba(tr)) = Ba(tr)
N Ag(t1)
Bi(ti) + Ag(ty) f(tr, Br(t1)) — Bu(t1)
> Ag(th) = f(t1, B1(t1)) = f(t1, Bmin(t1))-

Thus (Bumin)y(t1) > f(t, Bmin(t1)). Moreover, |(Bmin)y (t1)| < M (t1). Indeed, if By (t1) >
B2(t1) then it is clear. If 51 (¢1) < B2(t1) we have that

(ﬁmin)lg(tl) 2 f(tlvﬁmin(tl)) Z _M(tl)
and

Ba(tf) = Bu(tr) < Ai(tF) = Bi(tr)
Ag(ts) o Ag(tr)

which concludes the proof for this case.

(/Bmin);(tl) =

= (B1)y(t1) < M(ty),

Case 2: 81 < By on (t1,t1 + 0) for some § > 0.
If Bl (tl) < ﬁg(tl) then

/ _ . ﬂl‘ﬂln(t) Bmln(t )
(Pranly(t0) = Jim = =)

ORI
-ty 9(t) —g(t1)

= (B1)y(t1) > f(t1, Br(t1)) = f(t1, Bmin(t1))-
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Otherwise, we have that 31 (t1) > Ba2(t1). Thent; € D, since B(t]) < B2(t]). Once again,
using [(4.64)| we obtain

Bi(t]) = Ba(tr)

(ﬂmin)lg(tl) = Ag(h)
_ Bata) + Ag(t)(B1)g(t1) — Ba(tr)
B Ag(t)
S Bi(t1) + Ag(t1) f(t1, Bi(t1)) — Ba(t1)
Ag(t1)
> falts) + Ag(tl)g;z;)&(tl)) —Paltn) = f(t1,B2(t1)) = f(t1, Bmin(t1))-

Thus, we just need to show that |(Smin )y (t1)| < M(t1). Indeed, if 81 (t1) < Ba(t1) then it is
clear. If 51(t1) > P2(t1) we have that

(Bumin)y(t1) > f(t1, Bmin(t1)) = —M(t1)
and

Bi(t]) = Ba(tr) < Ba(tF) = Ba(tr)
Ag(t1) B Ag(t1)

which concludes the proof. O

(Bumin)g(t1) = = (B2)g(t1) < M (1),

Remark 4.68. It follows from Theorem [4.63] that given av;, oo, ..., o, € £, the map

Omax(t) = max{ay(t), aa(t), ..., ax(t)}, tel,

belongs to £, provided f : I x R — R satisfies [(4.64) and [(4.69)]

From this lemma we can deduce some properties of w;,¢. In particular, we can show that
it is g—absolutely continuous and that the Eé([ , R)-boundedness condition is satisfied. We
also include another useful properties of this function.

Lemma 4.69. Ler f : I x R — R sarisfy[(4.69) and Then the following properties
hold:

(1) uinf is g—absolutely continuous on I;
(i) |(uint)y(t)| < M(2) for g-a.a. t € I;
(iii) there exists a nonincreasing sequence in U that converges uniformly on I to wuiys.

Proof. (i) Let s,t € I be such that s < t. By definition of w,, given ¢ > 0, there exist
u1, Uy € U such that

0 < un(t) = wins(t) < 5. 0 < ua(s) = in(s) <

N | ™
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Define u(z) = min{u;(z),uz(2)} for all z € T. By Lemma[4.67, u € U. Moreover, 0 <
w(t) — uing(t) < €/2,0 < u(s) — uint(s) < £/2. Hence,

|ting (£) — int (s)| < Juint () = w(B)] + [u(t) = u(s)] + |u(s) — wint(s)|

<%+ M(r)dg(r)|+ = = M(r)dg(r)+e

[s,t)

| ™

[s:t)
Since € > 0 is arbitrary, we have that

[Uine (t) — wint (s)] < M(r)dg(r).
[s,t)

Define F': I — R as

F(t) = - M(r)dg(r).

Theorem ensures that ' € AC, (T, R). Hence, for every €> 0, there exists > 0 such
that for every open pairwise disjoint family of subintervals of I, {(a;, b;)}7*;, such that

Z al <5 - Z|F bl (al)| < €.
=1 =1

Thus, if for every € > 0 we take such 6 > 0, we have that

m
Z |U1nf bl - ulnf al Z a’l)| <g,

for every open pairwise disjoint family of subintervals of I, {(a;, b;)}I,, such that
> (b)) = glar)) <6,
=1
which proves that ui,s € AC, (I, R).
(ii) Let s € I be such that (uinf);(s) exists. Define @ : [s, o +t] — R as
D (t) = - M(r)ydg(r).
s,t

We know that &, is g—absolutely continuous so, by the Fundamental Theorem of Calculus,
Theorem [3.27] we have that

V() = fi tnt@) =it ()] () = Rs(8) v g
|(U1nf)g( )| t1—>s+ g(t) 79(8) §t1—>s+ g(t)fg(s) ((I)s)g( ) M( )7

Now, since (uinf)y () exists for g-a.a. s € I, and the result follows.
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(iii) Define ug : I — R as

uo(t) = o + . t)M(T)dg(T).

Note that ug € U. Assume that ui,us,...,ux—1 € U have been defined. For every ¢ €
{0,1,...,k — 1}, choose y; € U satistying the following inequalities:

N (Y e ()1
Uinf k =Y k = Uinf k ]{)

Define ur, = min{ux_1,yo, -, Yx—1}- Then u; € U by Lemma [4.67, and moreover, the
sequence {uy }ren is nonincreasing. Furthermore, {uy }ren verifies Proposition since
for each k € N, [(ug);(t)| < M(t) for g-a.a. t € [ and {ug(to) : k € N} = {z¢} as
zo < uk(to) < uo(to) = wo. Hence, {uy} is a relatively compact set of BC,(I,R), and
therefore there exists a subsequence {uy, } that converges in BCy(1,R) to a limit, say v.
Since {uy } is a monotone sequence, it also converges uniformly to v. Therefore, it is enough
to show that v = ujys.

Since uy > wiye for all k& € N, we have that v > wuy,r. Assume that v # wuyye. Then,
there exists t1 € I such that v(£1) > uin¢(?1). Both functions belong to BC, (I, R) so Propo-
sition [3.21] ensures that they are left-continuous. Hence, there exist ¢ > 0 and § > 0 such
that

uing(t) < v(t) —e, forallt € (1 — 9, t1].

Consider k € N such that 1/k < min{c, d}. Then
uing(t) < v(t) — ¢ <up(t) — e <ug(t) —1/k, forallt € (t1 — 0,t1]

and so, uins(t) + 1/k < ug(t), for all t € (t1 — 1/k,t1]. Now, for some ¢ = 0,1,...,k,
i/n € (t1—1/k,t1] and so wins (¢/k)+1/k < uy (i/n) , which is a contradiction. Therefore,
U = Uinf- O

Remark 4.70. The equivalence provided in Theorem yields that lg,, € AC4(I,R),
|(lsup )y (t)| < M (t) for g-a.a. t € I and that there exists nondecreasing sequence in £ that
converges uniformly to lg,p.

The previous result provided some necessary conditions on f for u;,¢ to be a solution of
problem In the next result, we study how “far away” from being a solution uiys is
under those hypothesis.

Theorem 4.71. Let f : I x R — R satisfy[(4.64)| and [(4.69)| and denote
I ={t € I :uine(t) = u(t), uy(t) > f(t,u(t)) for someu c Uy U Dy, Iy =1\1I,.
Then

(tint)g(t) > f(t,uine ()X, (1) +  liminf  f(t,y)X5, (1), g-aa tel
y—(uing ()T
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Proof. First, note that hypotheses guarantee that ui¢ € AC4(1, R), so (uint )y, exists g-almost
everywhere in I.

Let s € I1\ Dy be such that (uint )], () exists and let u € U be the corresponding function
to the definition of I; for that point. Then

(tine)g(s) = () = f(t,u(s)) = f(t, uine(s))-
On the other hand, for s € Dy, let {us}ren C U be the sequence in Lemma4.69] statement
(iii). For all £ € N,[(4.63)|and [(4.64)]yield
ur(s™) = ur(s) + Ag(s)f (s, ur(s)) = uine(s) + Ag(s) f (s, in(s))-

Hence, since {uy } converges uniformly to uiy¢, it follows from the Moore-Osgood Theorem
[38L Chapter VII, Theorem 2], that

Uinf(er) 2 uinf(s) + Ag(s)f(s,uinf(s)),

or equivalently, (uinf)y(s) > f(s, uing(8))-

Finally, we study (Uinf)lg on I5. To do so, consider {uy }reny C U the same sequence as
before. Since |(uy)}| is uniformly bounded on I by a function of L} (I,R), we have that
lim inf,, o0 (uz)}, € L4(I,R). Moreover, for t, 7 € I, 7 < t, Fatou’s Lemma yields

Uinf (t) —ting (7) = lim inf (ug (¢)—ug (7)) = lim inf (ur)gdg > / lim inf(uy); d g.

n—00 n—oo [T,t) [T,t) n—oo

Now, since uins € AC, (I, R), we have that
tint (t) — ting (7) = / (tint), () d g(r),
[7,%)

from which we get

(uing )y (t) > lim inf(ug ), (t) > liminf f(t, ux(t)) g-aa.te I

n—oo n— oo

Now, if s € Iy and uin¢(s) = ux(s) for some k € N, the definition of I, implies that s ¢ D,
and either (ug )y (s) does not exist or (uy)y(s) < f(s,ux(s)). The set

Ut e I\ Dy:Bur)y(s)}y Ut € I\ Dy = (ur)y(s) < f(s,un(s))})
neN

is a null-measure set with respect to the g-measure. Hence, for g—a.a. ¢t € I we have that
uint(t) < ug(t) for all k € N and so, since {u(t)} is one of the infinitely many sequences
that converges to Uinf(t)+, we have that

(ting )y (t) > lim inf f(t,uk(t)) > liminf  f(t,y),

Y= (uing (£)) T

which concludes the proof. O
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Remark 4.72. In this case, the counterpart of this result through the map 7 in Theorem [4.63]
reads as follows: if f : I x R — R satisfies [(4.64)| and [(4.69)] and we denote

Iy ={t € I:lsup(t) =1(t), I(t) < f(t,1(t)) forsomel € L}U Dy, I, =1\I3,
we have that

(Lsup )y (1) < f(t, ling (£)) X1, (1) + li(rlnSl(u;) ft,y)Xn,(t), g-aatel.
y— sup t))~

Corollary 4.73. Lett € IN Dy and f : I x R — R satisfy [(4.64) and [4.:69)] If wins is a
upper solution of [(4.62)|on g—almost everywhere in [to,t), then wins satisfies[(4.62)|at t, i.e.

(uing)y(t) = f(t; wing (1)) 4.73)
Proof. Lett € INDy. We know by Theorem4.71|that (wint )y, (t) > f(#, uint(t)). Reasoning
by contradiction, assume that (Uinf);(t) > f(t, uint(t)), or equivalently,
Uing (t7) > wing(t) + Ag(t) (¢, uine (1)) =: a.
Take 2o € (a, uint (7)) and define u : T — R as
Uinf(8) if s € [to, ],

=9 L+ M) dg(r) ifse (tto+T).
(t05s)

First, note that

) —wu(t) 20— uine(t) _ a— une(t)

u (t ZU( = = > o :ft7uinft :ft7Ut .
=" a0 Fod > A = ftwae(t) = £ u(t)
ul(s)| < M(s) for g-a.a. s € I and u € AC,(I,R) as it can be rewritten as the
following sum of g—absolutely continuous functions on I u = Uips - Xito, 5] + P Xt,t0+17>
with

Moreover,

zZ0 — M(t)Ag(t) if s € [to, t),
h(s) = .
() 20— M®)Agt)+ [ M(r)dglr) ifse[t,to+T).
[t7s)
Hence, u € U as uys is an upper solution on [tg, ¢]. This is a contradiction as u(t) = 2y <
uinf(t+). D

Remark 4.74. The corresponding counterpart for [, reads as follows: foreacht € I N Dy,
lsup (Lsup)y (t) = f(t,lsup(t)) provided that f : I x R — R satisfies [(4.64)] and [(4.69) and
lsup 1s a lower solution of on [tg,t).

It follows from Theorem[{.71|that if f : I x R — R satisfies [(4.64)] [(4.69)and

Wminf  f(t,y) > f(t,ume(t)), g-aa. tel\ Dy, (4.74)
y_>(uinf(t))+

168



4.1 Initial value problem

then wiy¢ is an upper solution. Furthermore, Corollary [#.73|ensures that, under these hypothe-
ses, [(4.73)|holds for every ¢t € I N Dg. Similarly, it is enough for Iy, to be a lower solution
that f : I x R — R satisfies [(4.64)] [(4.69) and

limsup f(t,y) < f(t,lsup(t)), g-aa.tel\D,. (4.75)
y—(lsup (£)) ™

Under these hypotheses, we also have that (lsup)y(t) = f(t, lsup(t)) for every t € I N D,.

Therefore, as long as and are satisfied, determining conditions so that u;,¢ and
lsup satisfy[(4.62)]on I \ Dy is enough to guarantee that they are solutions on I.

Hence, we have obtained sufficient conditions on f for uins and lsyp, to be upper and lower
solutions, respectively. The interest of this type of results lies in the fact that if i, and lgyp,
are upper and lower solutions, respectively, by definition we have that they are the least upper
solution and the greatest lower solution, respectively. From there, once we can ensure that
they are solutions, we immediately obtain that they are the least and the greatest solution,
respectively. Following this idea, we present the next result, from which we will derive some
conditions that ensure that u;,¢ is a lower solution, which combined with the conditions that
make u;,¢ an upper solution, yield conditions for it to be a solution.

Theorem 4.75. Let f : I x R — R satisfy condition|(4.64) and Assume that
(uing)g(t) > f(t, uine(t)), g-a.a.t €I\ Dy,
and denote

J = {t € I\ Dy : (uinf)y(t) > limsup f(ty)} .

Y= (Uing (t))
Then:

(@) We can write J =, men Jkm where, for each k,m € N,

T = {t € 10Dy s 0) = & > sup { 18,00 sws6) = = <y < waclt) .

(b) Each set Jy, m, k,m € N, contains no positive measure set.
©) If Jkm, k,m € N, is g-measurable then

(uinf)/g(t) S hm sup f(tvy)a g—a.a. t S I \ Dg'
Y= (wine (1))~

Proof. For eacht € J there exists k£ € N such that
/ ]- . .
(uinf)g(t) ——> lim sup f(tv y) = inf sup f(tv y) .
kg (uime ()~ €20 | iy (1) —e<y<uine (t)

Therefore, there exists m € N such that

()0 = > s { 10.9) 5 welt) = - < < (1)}
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and so t € Jy .,,. Conversely, if ¢t € J, ,, for some k, m € N, then

1 .
(ting)g(t) — > sup f(t,y) > limsup f(t,y).
Uint (1) —1/Mm<y<uint y—=(uing (1))~

Hence, t € J, which proves (a).

To prove (b) we reason by contradiction. Assume there exist k,m € N such that Jj, .,
contains a subset of positive g-measure, denoted again by Jj, ,,, for simplicity. Lemmal?_ﬂl
ensures the existence of t1 € Ji ., N (to,to + 1) and 6 > 0 such that for all ¢ € (¢1,t1 + 9),

polltn )0 Jem) 2 50® —g(t)), [ M($)g(s) < (1,8 1 )

[tlat)\Jk,'m

Moreover, since t; ¢ Dy, 6 can be chosen so that g(t) — g(t1) < k/m forallt € (t1,t1+96).
Define u € AC,(I,R) such that u(ty) = xo and forall ¢ € I,

(Uinf)lg(t) ift < tq,

ug(t) = (uing)y(t) =
M () otherwise.

ift € [tl,tl + (S] N Jk,mv

T =

First of all, Theorem and Remark [4.64] yield that

wt) =0+ [ u)ag) w0+ [ ulus)dgls) = wnelt).
[to,t1) [tost1)

Moreover, note that |u)(t)] < M(t) for g-a.a. t € I. Indeed, the inequality is clear for
t & [tl,tl —|—5] N Jg,m. Fort € [tl,tl + (5] N Jk,ms (Uinf);(t) — 1/]{3 < M(t) — l/k < M(t)
and

(Uinf)/g(t) — % > sup {f(t,y) S Uing(t) — % <y< uinf(t)} > —M(t).

Now, the hypotheses and Corollary [f.73]ensure that w;y is an upper solution. Thus, it follows
that ug (t) > f(t,u(t)) for g-a.a. t € I\ ([t1,t1 + 6] N Jx m). Therefore, it is enough show
that

uy(t) > f(t,u(t)), g-aa te (ti,ty40) N Jgm, (4.76)

as in that case we would have that u € U, which is a contradiction since wuin¢(t) — u(t) > 0
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4.1 Initial value problem

forall t € (t1,¢1 + ). Indeed, for t € (t1,¢1 + J) define 1 (t) = wine(t) — u(t). Then

/t1 ) 9(s)
/> g+ [ e)ae)
/;medﬂ) Awﬁkﬁwwﬁw%ﬂﬂ@MM@

k#g([tl, £) N Jkm) + / ((uing)y(s) — M(s))d g(s) 4.77)
[t1, )\ Tk, m
1
zk%whwmhmwn%;\hm M(s)dg(s)

1 1 1
> g ([t1,6) N k) = 5t ([t15) 0 i) = o7 g([11,8) O Jim) > 0,

as we claimed.
Finally, let us prove Starting from[(4.77)] we have that for ¢ € (t1,t1 + 0),

wnr(®) — ut) = £l OO T) 4 [ (el = M(s)) d (o)
[t1.8)\ T, m

< 2rallt, 0N ) € phallia,0) = 7 0(0) — 9(12)) <

This is, for ¢ € (t1,t1 + §) it holds that 0 < wine(t) — u(t) < 1/m. Equivalently, for
t € (t1,t149), uine(t) —1/m < u(t) < wing(t). Therefore, for g—a.a. t € (t1,t1+)NJg m.

wt) = ()~ 7> s () > [ u)

Uint (£) —1/m<y<uint (t)

which concludes the proof of part (b).
Part (c) follows from parts (a) and (b) with the extra assumption. ]

Remark 4.76. Combining condition [(4.74)] with Theorem .75 part (c), it is easy to see that
wing 18 a solution of [(4.2))if the sets Jj ,, are g—measurable and

limsup f(t,y) < f(t,uine(t)) < liminf  f(¢,y), g-aa tel\D,.
Y= (Uing (£)) y—(uine (¢)) T

However, since ui,¢ is unknown a priori, a reasonable sufficient condition to impose is

limsup f(t,y) < f(t,z) < hmmff(t y), g-aa. te€lI\Dg; xeR. (4.78)

y—x— y—at

We now present the corresponding adaptation of Theorem for ls,p, obtained thanks
to equivalence presented in Theorem [.63]
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Theorem 4.77. Let f : I x R — R satisfy conditions[(4.64) and [(4.69)] Assume that

(lsup)lg(t) S f(tv lSUP(t))a g—a.a. tel \ DQ’

and denote

J = {t €I\ Dy : (lsup),(t) < liminf f(t,y)} .

Y= (lsup (8)) T

Then:

(a) We can write J= Uk meN jkm where, for each k,m € N,

Jeom = {t €I\ Dy : (lsup), (t) + % < inf {f(t,y) gup () < ¥ < lsup(t) + ;}} .

(b) Each set j\k,mr k,m € N, contains no positive measure set.
(©) Ifjk,m, k,m € N, is g-measurable then

(lSUP);(t) Z yjt{n 1?5)‘*’ f(tv y)a g—a.a. tel \ DQ'

Remark 4.78. Combining condition| with Theorem[{4.77] part (c), it is easy to see that
lsup is a solution of [(4.2)]if the sets Jj, ,,, are g-measurable and

limsup f(t,y) < f(t, lup(t)) < liminf  f(t,y), g-aa. tel\D,.
y_>(lsup(t))_ y_>(l5UP(t))+
However, since [qy, is unknown a priori, imposing [(4.78)] is enough. Obviously, the con-

ditions on this remark are just the same as the ones obtained by “translating” Remark [4.76|
through Theorem £.65]

Condition[(4.78)]can be weakened by allowing those inequalities to fail over some curves
that are usually called admissible curves. Let us illustrate this with the following result for

Uinf-

Theorem 4.79. Let f : I x R — R be a mapping satisfying [(4.6%)| and Assume one
of the following is satisfied:

() f satisfies[(4.78)}

(ii) there exists a family of g-absolutely continuous functions, v : [ck,dx] C I — R,
k € N, such that for g-a.a. t € I\ Dy and all x € R\ Uyen.cp <t<ap 176(8)} the
inequality [(4.78)| holds, while for each k € N and g-a.a. t € [cy, di) \ Dy we have
either (k)5 (t) = f(t,(t)) or

(Ve)y(t) = f(t,y(t)) whenever (i), (t) > liminf f(t,y), (4.79)
y—= (e ()T

(M) (1) < f(t,n(t))  whenever (i), (t) < 111(118(11)12 f(t,y). (4.80)
y—= (7 (1)~
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Then:

(a) (umf) (t) = f(t, uint(t)) for g—a.a. t € I\ J where J is as in Theorem

(b) wint is the least solution of [(4.62)| provided that for all k,m € N, the set Jy ,, in
Theorem is g—measurable.

Proof. We shall assume that (ii) holds, as the proof for (i) is analogous, but simpler. By
Theorem [4. 71| there exists [; C I such that D, C I, and

(uint)y () > [t uine(£)X7, (8) +  liminf  f(t,y)Xpnp, (1), gaatel. (4.81)
y— (uine (1)) F

Define Ay, = {t € [ck,dk] \ Dy : uin(t) = (t)}, k € N. It follows from [(4.74)] and
condition (ii) that

(wing )y (t) > f(t, uing(t)) holds for g-a.a. t € I'\ U Ag. (4.82)
keN

For each k € N, define @y (t) = wins(t) — & (t), ¢ € [ck, di], and

Ek = {t S Ak : 3 (uinf);(t)7 (’yk);(t)}

For each k € N, apply Lemma with ® = ®;, and E = Ej. This yields that, for each
k€N, (uinf)y(t) = (y1)y(t) for g-a.a. t € Ey. Since uint, Vi € ACy([ck, di], R), we have
that 115 (A \ E)) = 0. Hence (uing)y(t) = (7&)g(t) for g-a.a. t € Ay s0|(4.82) yields

(uing)y(t) > f(t,uine(t)), gaatel\ | )Ty,

keN

where 'y, = {t € Ay : (w)y(t) # f(t,7(t))}. Let us show that, in fact, the inequality
holds for g-a.a. t € I.

Let £ € N be fixed and let t; € I’y be such that (uing)y(t1) = (7x)y(t1). We study
separately two cases: either

(W)y(t1) < liminf  f(t,y), or (y),(t1) > liminf f(t,y).

y—= (e (1)) ™ y— (e (t1))*

If ('yk);(tl) < liminf, (4, (1))+ f(t,y), then (umf) (t1) < lim infy (v, (60))+ flt,y).
Hence, by [(4.8T) either ¢ belongs to a null-measure set or t; € I1, and so

(ulnf) (tl) > f(tlaulnf(tl))

Otherwise, (vx)},(t1) > liminf, (., )+ f(t,y) and so by [(4.79) either ¢, belongs to a
null-measure set or (yx)y(t1) > f(t1,vx(t1)), and therefore (wing)y(t1) > f(t1, wint(t1))-

We have thus proven that (uing)y(t) > f(t, uint(t)) for g-a.a. ¢ € I. Now, applying
Theorem [4.75] for g—a.a. t € I'\ J we have, either ¢ € D, and then Corollary [4.73] yields
that (uing)' (t) = f(t, wine(t)), or t ¢ D, and

(uinf)y(t) < limsup  f(t,y). (4.83)

y_)(uiuf (t))7
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In that case, [(4.78)]implies that (uins);(t) < f(t, uint(t)) for g-aa. t € (I'\ J) \ Upen 4x
Let us show that the inequality holds for g-a.a. t € T\ J.

Let k € N be fixed. Since (uint);, = (V1) g—almost everywhere in Ay, it suffices to see
what happens at an arbitrary point ¢; € Ay such that (uint)y(t1) = (7x)y(t1). Recall that
Uing(t1) = Yk (t1) and t1 & Dg. Now, if () (t1) > hmsupyﬁ(w(tl)) f( y), then

(Umf) (tl) hm sup f(ta y))
y—=(uine (1))~
hence, t; € J. Otherwise, (vx)y(t1) < limsup, (., ,))- f(t, ), by[(4.80) either ¢, belong
to a null-measure set or (yx)y, (tl) < f(t1,7vk(t1)), and therefore

(uing)g(t1) < f(t1, uine(f1))-
Hence (uint)y(t) < f(t, uint(t)) for g-a.a. t € I'\ J, and so,
(uing)y(t) = f(t, uine(t)), g-aa.tel\.J.
Part (b) follows from (a) with the extra assumption. O]

Remark 4.80. The corresponding result for ls,, obtained through Theorem reads as
follows: if the hypotheses of Theorem {.79]are satisfied, then

(@) (Lsup)y(t) = f(t,lsup(t)) for g-aa. t € T'\ J where J is as in Theorem

(b) lsup is the greatest solution of provided that for all k,m € N, the set Jy,, in
Theorem{.77)is g-measurable.

Part (a) of Theorem and its counterpart ensure that u;,¢ and Iy, are some sort of
“weak” solution in an extremely weak sense, as countable union of sets having no positive
g-measure may be rather big. Anyway, the measurability of the sets Jj ., and Jj, ,,, is enough
to turn uins and lgyp, respectively, into solutions. With this idea in mind, we move on to the
study of sufficient conditions for the sets Jj, ,,, and fk,m to be g—measurable. To that end, we
will need the following lemmas.

Lemma 4.81. Let « : I — R be a function which has bounded variation. Then there exists a
sequence of step functions, {k }ken, converging uniformly to x on I such that for all k € N
andallt € I, xi(t) € Q.

Proof. We shall show that such sequence exists for a nondecreasing function, y : I — R,
as any function with bounded variation can be expressed as difference of two nondecreasing
functions. Consider the sequence yi, : I — R, k € N, given by

yg(t) = %[k cy(®)], tel,

where [z] denotes the integer part of z. First, note that yy(t) € Q forall k € Nand all ¢ € I,
and moreover, each yi, k € N, is a step function since y is nondecreasing. Furthermore,

1 1 1
0= lly = yrlloo = sup|y(t) — 2k~ y(t)]| = Zsuplk-y(t) = [k-y@)]| < -,
tel tel
from which the result follows. O
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Letz € AC,4(I,R) and {z} }xen be the corresponding sequence in Lemma Define

D= U {t € I : x}, is not continuous at t}.
keN

Note that D is a countable set as it is a countable union of countable sets. Given € > 0, we
define the set S, as the set of step functions defined as follows: a function v : (to,to+7) — R
belongs to S, if, and only if,

1. z(t) —e <v(t) < z(t) forall t € (tog,to + T);
2. v(t) € Qforallt € (to,to+T);
3. there exist a; < as < ... < a,, € D such that

v is constant on (tg, a1), (a1,a2), .+, (Gm—1,am), (@m,to + T).

Remark 4.82. The set S, is nonempty. Indeed, since {z} } xen converges uniformly on I to
x, there exists ky € N such that

o(t) — S <ap,(t) <2()+ 2, tel

3
Define s(t) = x, (t) — q for some ¢ € (¢/3,2¢/3) N Q. It is easy to see that s € S,.

Lemma 4.83. Let © € AC,(I,R), ¢ > 0 and S, be as before. For allt € (to,to + T),
all y € (x(t) — e, z(t)) and all 6 > 0, there exists s € S, such thaty — § < s(t) < y.
Analogously, for all t € (to,to +T), all y € (x(t) — e,z(t)) and all 5 > 0, there exists
s € Sy such thaty < s(t) < y+ 0.

wW| ™

Proof. We shall only prove the first part of the statement, as the second part is analogous. Fix
t € (to,to+T),y € (z(t) — &, z(t)) and § > 0. Take & € (0, 8] such that z(t) — e < y — d.
Since {x }ken converges uniformly on I to x and y € (x(t) —e,z(t)), we can find j, kg € N
big enough so that

9 B
x(t)—]j €<y—§<y<x(t)—§ and ac(r)—i_<ack0(7ﬂ)<m(r)—|—i rel.

2j 25’

The function s(r) = x, (r) —ax, (t)+¢ for some g € (y—4,y)NQ satisfies the statement
of the lemma. Indeed, first s € S, since conditions 2 and 3 are trivially fulfilled and

s<r>=xko<r>—xko<t>+q<xr>+f—x<>+§j+y=x<r>—x<t>+§+y
<a(r) - ()+]+w() 3=$(T);

8(r) = o (1) — 2k (t) + g > 2(r) — ; (t)—%w—g—x(?")—x(t)—*ﬂ/—g
>x(r)—x(t)—§+x(t)— jlezx(r)—a

Moreover, (1) = a4, (1) — 2, (1) + 0 = 0 € (y ~8,9) NQ C (v~ 5,y) N Q. =
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We can now prove the following result that gives a sufficient condition for the sets Jj,
k,m € N, in Theorem f.73|to be g—measurable. We prove a more general result and obtain
the corresponding conditions from it later.

Theorem 4.84. Let N C I be a g-null measure set and let f : I x R — R be such that
f(-,q) is g-measurable for each q € Q. If forallt € I\ N and all x € R,

Yy—xr—

max {liminf f(t,y),lim irif f(t,y)} > f(t,x), (4.84)
y—T

then, for all z € AC,(I,R) and all € > 0, the mapping

Pae(t) =sup{f(t,y) : x(t) —e <y <z(t)}, tel,
is g—measurable.

Proof. Fix x € AC4(I,R) and ¢ > 0. Define S,, as before. Then S, is a countable family
of functions. Indeed, since D is countable, the set D" is countable for each m € N. For
each w = (wy,...,wm,) € D™, let us denote by S,, the set of step functions of S, which are
constant on the intervals whose extreme points are consecutives number of w. It is easy to see
that each S, is countable, and so, S, is countable as it can be written as

S.=J ( U sw>.
meN \weD™

Hence, given that f(-, s(-)) is g—measurable on (to,tg + T') for s € S, it is enough to show
that 0 = og where

o(t):=  sup  f(t,y), oo(t) :=sup f(t, s(t)).
yE(z(t)—e,x(t)) sES
It is obvious that o(t) > o¢(t) on (to,to + T). To prove that oy > o on (to,tg + 1) \
N, fix t € (to,to + T) \ N and take a sequence {yx}ren in (z(t) — &, 2(t)) such that
limg o0 f(t,yx) = o(t). Our assumptions guarantee that for each n we have that either
liminfyqy; fy) > f(t,yx) or liminfy_w;r f(t,y) > f(t,yx). Assume the first case
holds as the other one is analogous. By definition, we have

f(t,yx) < liminf f(t,y) = lim ( inf f(t7z)> .

Y=y, r—01t \Yr—r<z<yk

Then, there exists 6 > 0 such that inf,, _s<.<,, f(t,2) > f(¢,yx) — 1/n. Hence for each
n € N, by Lemma there exists s, € S, such that y, — 6 < sx(¢) < yx, and so

Flse) > b f(6,2) > fltue)

Yr—0<2<yk

Therefore, o := sup,cs f(t,5(t)) > f(t,sx(t)) > f(t,yx) —1/n. Since this holds for each
n €N,

oalt) = i (fle.n) = ) = Jim 7t ) = ()

and so o0 = o on (to,to + 1) \ N. O
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4.1 Initial value problem

Remark 4.85. Note that the sets Jx ., k,m € N, in Theorem can be rewitten as

1
Jk,m = {t el \ Dg : (Ulnf);(t) — Souinf,l/m(t) — E > 0} N k,m € N.

Thus, if [(4.84)] is satisfied, the maps (Uint)(-) = Puge1ym(-) — 1/k, k,m € N, are g-
measurable and, as a consequence, so are the sets Jj, ,.

To obtain the corresponding condition for the sets i k,m> k,m € N, in Theorem , we
wil use Theorem once again, although this time we will use the definition of the map f.

Corollary 4.86. Let N C I be a g-null measure set and let f : I x R — R be such that
f(-,q) is g-measurable for each q € Q. If forallt € I \ N and all x € R,

min {lim sup f(t,y), limsup f(ty)} < f(t,x), (4.85)

y—z Yozt
then, for all z € AC,(I,R) and all & > 0, the mapping

Ve e(t) =nf{f(t,y) :2(t) <y <z(t)+e}, tel
is g—measurable.

Proof. Define f as in Theorem ie. f(t,z) = —f(t,—x), (t,z) € I x R. Clearly,
f(-,q) is g-measurable for each ¢ € Q. Moreover, f satisfying is equivalent to f
satisfying Hence, Theorem [4.84] ensures that the map

Goe(t) =sup {f(t,y) s a(t) —e <y <a(®)}, tel,
is g-measurable for each z € AC,(I,R) and £ > 0. The result now follows from noting that

Yy e = —p_z . foreachz € AC,(I,R) and € > 0. O

Remark 4.87. Note that the sets jkm, k,m € N, in Theorem can be rewitten as

1
{t €I\Dy: (lsup)’g(t) — Plyup,1/m + z < 0} , k,meN.

Thus, if[(4:85)|is satisfied, the maps (ting)y (1) =%1,0,,1/m+1/k, k,m € N, are g-measurable,
and as a consequence, so are the sets jk,m-

Thus, by gathering all the results obtained until this point, we have the following result
for the existence of extremal solutions of problem

Theorem 4.88. Let f : I x R — R satisfy the hypotheses of Theorem If f(,q) is
g-measurable for all ¢ € Q, then:

(1) If[(48%) holds for g-a.a. t € I and all x € R, then wiys is the least solution of problem
(4.62)
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(2) If [(4.85) holds for g-a.a. t € I and all x € R, then ls,y, is the greatest solution of
problem[(4.62)]

Next we illustrate the applicability of Theorem A.88]in a family of examples with non—
monotone discontinuities accumulating around the initial condition.

Example 4.89. Let g : R — R be an arbitrary nondecreasing and left—continuous function
and ¢ : [0,1] — R be a nondecreasing g—absolutely continuous function on [0, 1] such that
©(0) = 0. Note that such map exists. Indeed, it is enough to consider ¢ € E;([O, 1),R) such
that ¢(t) > O forall ¢ € [0,1) and

o(t) = /[O ,c0)ag(s), 1<)

In particular, for each A > 0, the map ¢} : [0, 1] — R defined as

@A(t) = )\(g(t) - g(O)), te [07 1], (4-86)

satisfies all the conditions stated above. Recall that, since g is nondecreasing, it can present
infinitely many countable number of discontinuity points, which would result in the same
property for the maps px, A > 0, in[(4.86)] See Figure[4.7)to observe this behaviour.

251 /
20 =

-

—
15} —
ol /
0.5
| | | | | | |
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Figure 4.7: Example of a nondecreasing and left—continuous map g : R — R with infinitely
many countable discontinuity points. In particular, this graph corresponds to 1 in[(4.86)] for
such function g.

We shall prove by means of Theorem [4.88] that [(4.62)| has the extremal solutions for

. 1 .
2+Sln|ﬁx—|—gp(t):|7 lftEI\Dgand$>0,

2, otherwise,

f(t,.%‘) =

where [z] denotes the integer part of z. We remark that f is discontinuous and non—monotone
with respect to x on every neighborhood of the initial condition.

178



4.1 Initial value problem

First, observe that f(¢,z) € (1,3) for all (¢,2) € I x R, which implies [(4.69)} second,
for each fixed ¢ € I N D, we have that f(¢, -) is constantly equal to 2, which implies

Now, for the last hypothesis in Theorem since p(t) > 0 for all t € I, we deduce
that discontinuities can only occur at points (¢, z) such that z = 0 or

1
——— =k forsome k € N.
x4 ()
Therefore, we define vo(t) = 0 for all ¢ € I and, foreach k = 1,2, ...,
1
%(t):%—@(t), tel
1.0\
0.5k —
\
0.0 L e T ———— L ) ~
0.2 0.4 0.6 0.8 1.0

-0.5

-1.0-

Figure 4.8: Representantion of some -y, for g as in Figure and ¢ as in[(4:86)|for A = 1/2.

Notice that, for each fixed ¢ € [0, 1], the mapping f (¢, -) is continuous on R\ o {~&(¢)}
(it might also be continuous at some points 2z = ~;(t), for some k € N, but this is not
important). Therefore, for each fixed ¢ € [0,1], the mapping f(¢,-) satisfies [(4.44)] on
R\ Ug—o{7(t)}. It remains to show that the curves v, k = 0,1,..., either satisfy the

0,1
differential equation, or they satisfy [(4.79) and [(4.80)] Given k = 0,1, ..., 4 is nonincreas-
ing and so, the definition of g—derivative yields that for g-a.a. t € [0, 1],

(y)y(t) <0 <1< min{f(t,vk(t))v liminf f(t,y), limsup f(ty)} :

y—= (e ()t y—(ve(t)~
Hence, we have that v, k = 0,1, .. ., satisfies Moreover,
(w)y(t) > limsup f(t,y), k=0,1,...
y—= (e ()~

only occurs for ¢ € A with p,(A) = 0. Therefore, condition (ii) in Theorem is satisfied.
Finally, we check that f(-, q) is g-measurable for all ¢ € Q and that for g-a.a. t € I and
all z € R we have

y—T y—xt

min {lim sup f(t,y), limsup f(¢, y)} < f(t,z) < max {lim inf f(t,y), liminf f(¢, y)} .
- y—z— y—xt
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Stieltjes differential problems with a single derivator

The last part follows from the fact that, for each fixed ¢t € [0, 1], the mapping f(¢,-) is
continuous from the left at every x € R. Indeed, this is trivial if ¢ € D,; otherwise, observe
that f(t,z) =2 forallx <0, f(t,x) =2 forz > v1(t), and for k = 1,2,... we have

F(ta) =2+sin(k), @ € (s (t), (). @ > 0.

To deduce that f(-, q) is g-measurable for each ¢ € Q, just note that f(-, ¢) takes a finite
number of different values on corresponding Borel-measurable subsets of [0, 1], hence f(-, q)
is a Borel-measurable function, which implies that f (-, ¢) is g—measurable.

4.2 Stieltjes differential equations with functional arguments

In this section we have a look at Stieltjes differential equations that present some functional
arguments. In particular, given a nondecreasing and left—continuous function, g : R — R,
we will consider the functional problem

xy(t) = f(t,z(t),x), B(x(to),x) =0, (4.87)

with ¢, 7 € R, T > 0, f : [to,to + T) x R x ACy([to,to + T|,R) — R and B :
R x AC4([to,to + T],R) — R. Observe that the conditions considered in this problem
are more general than the ones before, as the map B allows us to consider, not only initial
value problems, but more complex formulations such as boundary value problems, as studied
in [[75]. Furthermore, note that we are restricting ourselves to the context of the real line
as we will study this problem using some of the results in Section {.1.3] In particular, we
will be looking for conditions to ensure the existence of extremal solutions between a pair
of well-ordered lower and upper solutions, as in [48|]. Later, we will obtain a new existence
result for extremal solutions between a pair of well-ordered lower and upper solutions for
problem [(4.62)] following the ideas of [9].

First, let us introduce the basic definitions for the study of this problem. As usual, we
denote I = [tg,to + T) and I = [to,to + T).

Definition 4.90. A solution of problem on I is a function x € AC4(I,R™) such that
B(z(tg),z) = 0 and

xy(t) = f(t,z(t),z), g-aa tel.

A lower solution of [4.8T)on I is a function o € AC,(I,R™) such that B(a(to),«) < 0 and
ay(t) < f(t,a(t),a), g-aatel

Similarly, an upper solution of problem [[4.8T) on I is a function 3 € AC4(I,R™) such that
B(B(to),8) > 0 and
B;(t) Z f(tvﬁ(t)aﬂ)a g—a.a. te]

Remark 4.91. Similarly to[(4.2)|and[(4.62)] it is possible to consider solutions and lower and
upper solutions to be defined strictly on I instead of I. To do so, it is enough to ask for the
maps to belong to EAC,(I,R) instead of AC,(I,R). We will still consider our definitions
on the context of g—absolutely continuous maps for simplicity.
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4.2 Stieltjes differential equations with functional arguments

Note that these definitions yield Definitions [4.1] and [4.54] for problem when f has
no functional arguments and B(s,y) = s — @0, (s,y) € I x AC,(I,R). Similarly, we can
extend the definition of extremal solutions between a lower and an upper solution for [(4.62)]
Definition .60} as follows.

Definition 4.92. Let o, 8 be a lower and an upper solution of on I, respectively, such
that o < B on 1. A solution of [4.87)|on I, x*, is said to be the greatest solution of on
I between o and 8 if a(t) < x*(t) < B(t), t € I, and

z(t) <a2*(t), tel,

for every x € AC,(I,R) solution of [4.87) on I such that a(t) < z(t) < B(t), t € L.
Similarly, a solution of [4.8T)on I, x., is said to be the least solution of on I between
aand Sifa(t) <z.(t) < B(t), t € I, and

r.(t) < z(t), tel,

for every x € AC,4(I,R) solution of [4.62) on I such that a(t) < z(t) < B(t), t € 1. If
has the greatest and the least solution between o and 3, we say that has the
extremal solutions between o and 3.

In order to obtain our result for the existence of extremal solutions for[(4.87)] we need the

following version of Bolzano’s theorem. This result can be found in [31, Lemma 2.3], and it
will be used in the proof of Theorem [4.94]

Lemma 4.93. Leta,b € R, a < b, and let h : R — R be such that h(a) < 0 < h(b) and

liminf h(z) > h(z) > limsuph(z), =z € [a,b). (4.88)

Z—T Z——)CL‘+
Then there exist c1,co € [a,b] such that h(c1) = 0 = h(cz). Moreover, if h(c) = 0 for some
¢ € [a,b] then c; < ¢ < ¢y, ie., ¢y and co are, respectively, the least and the greatest of the
zeros of h in [a, b].

We are now in position to establish a new existence result based on the method of lower
and upper solutions for[(4.87)|and Heikkild’s generalized iterative technique, see [40]. These
ideas were followed in [30] in the case of the usual derivative, for which we use Proposi-
tion[3.33]and the notation there introduced.

Theorem 4.94. Suppose that for f : I x R x AC,4(I,R) — R the following conditions hold:
(i) There exist a, 3 lower and upper solutions, respectively, such that o < 3 on I.

(ii) There exists h € L} (I, [0, +00)) such that
|f(t,13,’}/)| S h(t)v g—a.a. t € Ia IER7 ’YG [Oéa/B]_ACg(T,R)'
(iii) Foreach~ € |a, B]ACQ(T,R) the mapping
(ba) € TX R fy(t,2) = [(t,2,7)

is a g—Carathéodory function and satisfies
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(iv) For g-a.a. t € I and all © € R, the map f(t,x,-) is nondecreasing in [c, B]ACQ(T,R) .

Furthermore, assume that B : R x AC,(I,R) — R satisfies the following property:

(v) Foreach~ € [a, B]ACQ(TJR) and x € R, B(x,+) is nonincreasing in |, B]ACQ(T,R) and

liminf B(y,~y) > B(x,7) > limsup B(y, 7). (4.89)

y—z— y—at
Then the problem[(4.87)| has the extremal solutions on I between o and .

Proof. Consider the mapping G : [a, f] AC,(TR) [, B] Ac, (7,r) defined as follows: for
each v € [a, 3], we define G+ as the least solution between « and S of the initial value
problem

xy(t) = f(t,x(t),y), g-aatel, x(tg) =z, (4.90)

where x is the least solution in [a (o), 5(to)] of the algebraic equation B(z, ) = 0.

Claim 1 — G is well-defined. Let vy € |a, (] Ac, (T,r)- Hypothesis (v) ensures that B(x,-) is
nonincreasing for every = € [a(to), B(to)]. Hence, for every oo < v < 3,

B (B(to),7) = B(B(to), B) = 0 > B(a(to), @) = B (alto),7)-

Moreover, [(4.108)| ensures that the hypotheses of Lemma for h = B(-,~) are satisfied,
from which we conclude that ., is well-defined. Now, the existence of the least solution of

between « and (3 is guaranteed by Theorem [4.61] as hypotheses (i), (iii) and (iv) are
enough for the hypotheses of Theorem 4.61]to be satisfied. Thus, G is well-defined.

Claim 2 — G satisfies the conditions of Proposition [3.33] First, note that hypothesis (ii)
guarantees that for every y € [a, 6] Ac, (TR)

(G, = [f (&, Gy(t), ) < h(t), g-aatel

Therefore, all that is left to prove is that G is nondecreasing in [«, 3] AC,(TR)"

Letv1, v2 € [a, f] AC,(TR) be such that y; < +,. By definition, x.,, is the least solution in
[a(to), B(to)] of the equation B(x,v;) = 0,7 = 1,2. Hence, if 2, = a(to) then z,, < z,,.
Otherwise, we have that z, > «a(to). In this case, for every = € [a(to), z~,) we have

B (z,72) < B(z,7) <0,

where the last inequality follows from the fact that ., is the least of the zeros of the algebraic
equations B (x,~;) = 0. Thus, we obtain that z.,, < ., as well.
Then we can say that G-y, is an upper solution of the initial value problem

zy(t) = f(t,z(t),m), gaatel, x(to) =, (4.91)

and G2 > . Hence, applying Theorem [4.61] once again, we have that[(4.91)| has the least
solution between o and Gy,. Since the least solution of that problem between « and g is
G711, we have that Gy; < Gys.
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4.2 Stieltjes differential equations with functional arguments

Conclusion. By Proposition , G has the least fixed point, v, € [a, 3] 4 (7.®)» and
satisfies o

~. = min {'y € o, B}ACQ(Y,R) Gy < 'y} . (4.92)

Note that if v € [, ] AC,(T,R) is a fixed point of G then + is a solution of|(4.87){on I between
a and 3. Now, if v is a solution of [(4.87)[on I between « and § then B(+(to),7) = 0 and
Y(to) € (o), B(to)], which implies that y(tg) > ., by the definition of «.,. Therefore - is
an upper solution of [(4.109)| and hence G~y < ~. Thus, by[(4.92), we conclude that v, < 7,

i.e., . is the least solution of [(4.87)|in [«, 3].
To deduce the existence of the greatest solution of [(4.87)|in [, /] AC,(1R) it suffices to

redefine G in the obvious way. O

Theorem[4.98]yields a novel existence result for Stieltjes differential equations with func-
tional arguments, whose applications are shown in the following example based on the re-
production cycle of a silkworm population, which is not properly represented by the usual
population models. This example was first introduced in [48].

Example 4.95. Usual population models, such as the malthusian or logistic models, implic-
itly assume that the reproduction of a given species happens so frequently in the time interval
considered that it has a continuous influence on the evolution of the population size. How-
ever, many species exhibit very short periods of reproduction —for example due to rutting
seasons or eggs hatching in a short lapse of time— which might be more reasonably and eas-
ily modeled in terms of impulses. This kind of populations can only decrease between two
consecutive moments of reproduction. On the other hand, some species go through dormant
states for some periods during which the population size is unlikely to change in a noticeable
manner.

Silkworm populations exhibit impulsive reproduction and two dormant states. In the
first one, worms transform into moths inside chrysalides, and a second dormant state begins
when the whole moth population dies and we have to wait until the next eggs eclosion, when
we have a completely new silkworm population. Here, we introduce and explicitly solve a
particular case of initial value problem with functional arguments whose solution x(t) will
give us the number of individuals in a silkworm colony at time ¢ > 0. We assume that at the
initial time ¢ = 0 we have a number x( of newborns after a first eggs hatching.

The life cycle of silkworms has three well-known stages: worm, cocoon and moth. Moths
lay eggs and die soon after, then eggs hatch and produce a completely new colony of silk-
worms. For the sake of a simpler mathematical notation, we assume that the worm stage has
a duration of 30 days while the remaining stages are each 15 days long. Accordingly, the
units for our ¢ variable will be periods of 15 days, i.e. the time interval [0, 2] corresponds to
worm stage, the interval (2, 3] corresponds to cocoon stage, and so on. We assume that this
is a periodic process with period 7" = 5, and we classify times as follow:

| STAGE | TIME INTERVALS \

Worms | (5k,5k +2],k=0,1,2,...
Cocoons | (bk +2,5k+3],k=0,1,2,...
Moths | (5k + 3,5k + 4,k =0,1,2, ...
Eggs (5k + 4,5k +5],k=0,1,2,.
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Our first task is to device a nondecreasing and left—continuous derivator, g : R — R,
which reflects how important times are depending on the corresponding stage. We propose
that such a function g should

(a) be constant on cocoon and egg stages, during which the population size can be assumed
to remain constant;

(b) have jump discontinuities at two types of events which we assume to happen so fast
that we can model them as impulses, namely, the instants 5k + 4 when all moths die
and the instants 5k + 5 when new silkworms are born;

(c) have greater slopes at the beginning of worm stages and at the end of moth stages.
This choice gives greater importance to those periods when individuals are weaker and
therefore the population size is more volatile.

As an instance, we consider a derivator g : R — R defined by

0, ift <0,
1

5Vt =12, if0<t<2,

g(t) = 1, if2<t<3,

2 V6t—12—38, if3<t<d,

3, if4<t<5,

and g(t) = 4+ g(t — 5) for every t > 5. See Figure 1 for a plot of our derivator g. Note that

Ag(4) = g(4") — g(4) = 1, and so z},(4) = x(4") — x(4). The same thing occurs at ¢ = 5.

10- /_/
i

Figure 4.9: Graph of the silkworm derivator g.

In this case the set of negligible times is

(5k + 2,5k + 3) U (5k + 4,5k + 5).

(@

Cy =

k=0
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We are now ready to introduce a concise silkworm population model:

ah(t) = f(t,a(t),x), ¢>0, x(0)=um >0, (4.93)

where f : [0,00) \ Cy x R x L} (R,R) — R is defined by

—cx, ift € (5k,5k+4),k=0,1,2,..,
_z, ift=5k+4, k=0,1,2,..,
flt,z,0) = t—1

)\/ w(s)ds, ift=5(k+1),k=0,1,2,...,
t—5

where L{. (R, RR) denotes the set of locally integrable functions with respect to the Lebesgue
measure, m, and ¢ > 0 and A > 0 are parameters. In this case, the constant ¢ represents
the mortality rate and A is a proportionality factor informing us how many times we have to
multiply the average number of individuals we have in a season to know how many eggs will
succesfully hatch in the next. It is important to note that the map f is not defined in Cy, nor
is it necessary as it is a set with g—measure zero.

Observe that the differential equation in @lis just xy (t) = —cx(t) with the exception
of the moments ¢ = 5k + 4, where the moths die, and ¢ = 5k + 5, when the eggs hatch. In
the latter, this introduces a functional dependence in the system.

Problem [(4.93)] can be explicitly solved. Indeed, we have

z,(t) = —cx(t), te0,4), z(0)= o,

so, according to Proposition the solution on the interval [0, 4) is given by

x(t) = zoe_c(t,0) = zg exp (/{

—cdyg(s) | = zoe™W, te]0,4),

0,t)

and the same expression is valid for ¢ = 4 because g—absolutely continuous functions are
continuous from the left. At¢ = 4,(4.93)reduces to x7(4) = —x(4), and therefore the
definition of g—derivative yields

r(41) =0, (4.94)

i.e., the whole population disappears at ¢ = 4. Since the solution is g—absolutely continuous
on [0, 5], and g is constant on (4, 5], we know from Proposition [3.21] that 2 must be constant
on (4, 5], hence[(4.94) implies that = = 0 on (4, 5].

In order to carry on with the resolution of [[4.93)] for times ¢t > 5 we have to find out the
value z(57) and then repeat the previous arguments on the interval [5,10) using z(5%) as a
new initial condition, in a similar fashion to the method suggested in the method of separation
of variables in Section[d.1.1] The differential equation [(4.93)]at ¢ = 5 and the definition of
g—derivative at discontinuity points give us

4
z(57) =2/ = z(5),x) = z(s)ds.
(5%) = ,(5) = £(5,(5),2) = A / (s)d
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Therefore, following the suggested argument, we obtain that

zg e 9t) if0<t<4,
5k—1
x(t) = ()\/ z(s) ds) e~clo=9GKD]  ifsk < ¢ <Bk+4, k=1,2,3,...,
5(k—1)
0, otherwise.

See Figure 2 for a plot of the solution in the first three seasons for zp = 8, ¢ =1land A = 1.1
Note that this solution is always greater than 1 except where it vanishes. Indeed, for ¢ € [0, 4]
we have that

z(t) > x(4) =81 > 1.
Since g(t) — g(5k™) for t € (5k,5k + 4], k = 1,2,3, ..., behaves identically as g(¢) for
t € (0,4] and noting that

k-1 k-1
1.1~/ x(s)ds>/ ds > 1,
5(k—1) 5(k—1)

it follows that 2(t) > 1 forall ¢ € [0, 00) \ Cy.

20}
15[

10}

&

2 4 6 8 10 12 14
Figure 4.10: Solution of [(4.93)|for xg =8, c=1and A = 1.1

Observe that we were able to obtain an explicit expression for a solution of the g—
differential equation due to the simplicity of the model. In what follows, we present a
more complicated and detailed model reflecting some new information about the population.
For this new model, we will use Theorem [£.94] to ensure the existence of solution.

Let us consider the following functional and discontinuous model for the evolution of a
silkworm population:

xy(t) = f(t,z(t),x), te][0,15), x(0)==z(13), (4.95)
with zp > 0 and f : [0,15) \ C,; x R x AC,([0, 15], R) — R is defined by
—c(ip(t)) 22, ift € (5k,5k +4), k=0,1,2,
— it =5k+4, k=012,
fltz,p) = t—1
A U Lp(s)ds] ift=5k+1), k=01,
t—5
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4.2 Stieltjes differential equations with functional arguments

where ¢ : [0,00) — [0, 00) is monotone nonincreasing and [-] denotes the integer part.
Observe that the g—differential equation in|(4.95)|is, for ¢t € [0,4) U (5,9) U (10, 14),

) (t) = —c(x(t)2>(t), (4.96)

which means that population decays at a rate proportional to the usual competitive term z2(t).
This introduces in our model intraspecific competition for resources. Moreover, we allow the
proportionality “constant” to be a nondecreasing (and not necessarily continuous) function
—c(z(t)).

We assume the number of eggs hatching at £ = 5 and ¢ = 10 to be proportional to the
integer part of the mean value of the population in the preceding season. This is reasonable
if, for instance, our silkworm population corresponds to a farm where it is kept under control
from one to another hatching without exact computation of the number of individuals.

Finally, our generalized initial condition can be regarded as a control condition, as we are
imposing that the number of individuals of the population at the initial time must be equal
to the number of moths laying eggs in the third generation. In this case, we can rewrite the
initial functional condition as B(x(0), z) = 0 for

B(s,p) =s—¢(13) forall (s,p) € R x AC,4([0,15],R).

Obviously, a(t) = 0 for ¢ € [0, 15] is a lower solution of|(4.95)| In turn, the function 3(t)
defined as the solution of forc=1,x9 = 8 and A = 1.1, and whose graph features in
Figure[A.10] is an upper solution of [[4.95)|as long as we assume that

c(z) >1 forall z € [0,00). 4.97)

It is easy to check that the remaining conditions in Theorem [4.94] are satisfied and therefore
we can conclude that the discontinuous and functional problem [(4.95)| has the extremal so-
lutions between « and /3. In particular, such solutions are nonnegative. Alternatively, it is
possible to show the existence of solution in a similar fashion to[(4.93)] by noting that[(4.96)]
is an example of separation of variables.

As anticipated before, we can obtain a new existence result for from Theorem
In this case, the function f in will be allowed to be discontinuous and it is not
necessarily monotone. To obtain this result we follow the ideas of Biles and Binding in [9].
In particular, we first prove a similar result to [9, Lemma 1] in the context of g—differential
equations.

Proposition 4.96. Let f : I x R — R satisfy the following conditions:
(i) f(-,x(-)) is g-measurable for every x € AC4(I,R).
(i) Forg—a.a.t € I andallz € R,

limsup f(t,y) < f(t,@) < liminf f(t,y). (4.98)
y—z

y—x—
(iii) There exists h € L}(I,[0,+00)) such that

|f(t,x)| <h(t), g-aatel zecR.
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Consider the map F : [ x R x R — R defined as

itz ):{ sup{f(t,2) :w <2<y} o<y, (4.90)

inf{f(t,2):y<z<z} ify<uz.
Then the following holds:
l. F(t,x,x) = f(t,x) forallt € I and all x € R.
2. Forg-a.a. t € I and all x € R, the map F(t,x,-) is nondecreasing.
3. Foreach x € ACy(I,R), the map k(t,s) := F(t,s,x(t)) satisfies:

(a) for g—a.a. t € I, the map k. (t,-) is continuous;
(b) forall s € R, the map k-, s) is g-measurable;
(c) there exists H € L}(I,[0,400)) such that

lkx(t,s)| < H(t), g-aa.tel, xR

Proof. By its definition, it is clear that F fulfills 1, 2 and 3 (c) for H (¢) = h(t). Let us see that
3 (a) holds. First note that for g—a.a. t € I and all y € R, the map F'(¢, -, ) is nonincreasing.
As a consequence, it is enough to show that

limsup F(t, z,y) < F(t,z,y) < liminf F (¢, 2,y), =€ R. (4.100)

s z—xt

Let z,y € Rand ¢ € I be such that[(4.98) holds. If z < y, it follows from condition (ii) that

limsup F'(¢, z,y) = limsup (sup{ f(¢t,s) : 2 < s < y})

Z—x Z—x

= lim sup (max{sup{f(¢,s) : z < s < x},sup{f(t,s) : x < s < y}})

zZ—x

< max{f(t,z),sup{f(t,s):x <s<y}} =F(tx,vy).

Similarly, if > vy, then for all z € (y,x) we have F(t,z,y) = inf{f(¢,s) : y < s < z}.
Hence, using a similar argument, we have that

limsup F(t,z,y) = limsup (inf{f(¢,s) : y < s < 2})

zZ—r~ zZ—r—

<inf{f(t,s):y < s <azt}=F(t 2,y).

For the second inequality in|(4.100)|it is enough to define

f(t,x)=—f(t,—2), (tx)€xR, (4.101)

and let F* be the corresponding function in[[@-99)|for f. With this notation, the first inequality
in for F'is equivalent to the second inequality in [(4.100)|for F' as

F(t,z,y) = —F(t,—2,~y), (t,2,y) el xRxR.
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4.2 Stieltjes differential equations with functional arguments

Finally, in order to prove 3 (b), fix z € AC,(I,R) and s € R. We shall show that the sets
Ppsa={t€l:ky(t,s)<a}, a€R,
are g—measurable. For a given a € R, we can rewrite I';, 5 , as

Tpsa=Tssan{tel:z)<shHU([ysanN{tel:x(t)>s})
={tel:ist)<alU{tel:ous(t) <a},

where ¢y 5,0, s : I — R are defined as
tos(t) =Inf{f(t,2) : x(t) <z < s}, o55(t) =sup{f(t,2):s<z<z(t)} 4102

Hence, it is enough to show that ¢, s and o, ; are g—measurable to prove that I'; 5 , is a g—
measurable set for each a € R. Moreover, if we denote by 7, - the corresponding function in

[@102)|for f as in[@101)} y € AC,(T,R) and r € R, we have that
Oz,s(t) = —1_g_s(t), tel,

so it is enough to show that ¢, ; is g—measurable, as z € AC, (I,R) and s € R are arbitrarily
chosen.

To show that ¢, s is g—measurable, fix ¢ > 0 and ¢ € I so that condition (ii) holds. By
definition of ¢, 4, there exists v € [z(¢), s] such that f(¢,v) < 1y s(t) + €. We claim that
there exists p € Q, p > 0, such that if we define 7 ; ,(t) = min{x(t) + p, s}, t € I, then

f(t,r2,5,(t) < f(t,v) +e. (4.103)

Indeed, if v = z(t) the inequality holds trivially for p = 0; so let us assume that v € (x(t), s].
In that case, by condition (ii),

ft,v) > limstip flt,y) = lim < sup f(t,z)) ,

y—v Yy—=vT \y<Lz<v

and so there exists yo such that sup, ., f(t,2) < f(¢,v)+¢c. Hence it is enough to choose
p > 0such that z(t) 4+ p € (yo,v) to obtain [(4.103)] Therefore

F(t,ra,s,(t) < f(t,0) +e < u(t) + 2,

and s0, 15 5(t) = inf{f(t,r25,(t)) : p € Q, p > 0}. Note that r, , , € AC,(I,R) by
Proposition [3.28] Hence, by (i), ¢ is the infimum of countable many g—measurable functions
and therefore ¢, ¢ is g—measurable, which finishes the proof. O

Remark 4.97. Hypotheses (i)—(iii) are an adaptation to the context of g—derivatives of those
in [9, Lemma 1] . Note that (ii) does not imply that f is continuous nor monotonic.

Let us introduce the following result ensuring the existence of extremal solutions of prob-
lem between two fixed lower and upper solutions, obtained from Theorem [4.94] and

Proposition[4.96
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Theorem 4.98. Ler f : I x R — R satisfy[(4.64)] and conditions (i)(iii) in Proposition {.96]
Assume that problem[(4.62)| has a lower solution on I, o, and an upper solution on I, 3, such
that o« < (3 on I. Then, the problem[(4.62)| has the extremal solutions on I between o and 3.

Proof. In order to prove this result, define F': I x R x AC,(I,R) — Ras

~

F(t,x,7) = F(t, z,7(t)),
with F’ defined as in Proposition[#.96} and consider the problem

ol (t) = F(t,x(t),z), g-aatel, x(ty) = o, (4.104)

First, note that[(4.104)|is equivalent to since

~

Ft,x(t),z) = F(t,z(t),z(t)) = f(t,x(t)), tel, z€AC,T,R).  (4.105)

Moreover, is a problem in the setting of Theorem with B(s,y) = s — xo,
(s,7) € R x AC,4(I,R). Hence, it suffices to show that F satisfies hypotheses (i)~(v) in
Theorem [4.94]

First of all, given our assumptions and the fact that [(4.105)| holds, it follows that condi-
tion (i) in Theorem.94]is satified. Moreover, it is clear that condition (iii) in Proposition[4.96|
guarantees that condition (ii) in Theorem [#.94]is satisfied. Condition (v) in Theorem .94]is
satisfied trivially for B(s,y) = s — x¢; and condition (iv) in Theorem follows from
statement 2 in Proposition .96] It only remains to check condition (iii) in Theorem #-94] to
which the rest of this proof is devoted. By the third statement in Proposition 496 we know
that for each v € [a’ﬁ]ACQ(T,]R)’ F,(-,-) = F(-,-,7) is g—Carathéodory. Therefore, it is

enough to show that ﬁw satisfies Recall that it suffices to show that such property
holds for t € I N D,,.

Lety € [a, 8] 4¢,7,r)»t € LN Dganda, b€ Rbesuchthata <b.Ifa <b<(t), we
need to show that

a+Ag(t) sup f(t,0) <b+ Ag(t) sup f(t,90). (4.106)
a<o<y(t) b<6< (1)

On the one hand, [(4.64)] yields that for every ¢ € [a, b],

b+ Ag(t) sup f(t,6) >b+Ag(t)f(t,b) > c+ Ag(t)f(t,c) > a+ Ag(t)f(t,c),
b<6<y(t)

and therefore,

b+ Ag(t) sup f(t,0) >a+ Ag(t) sup f(t,9).
b<o<~(t) a<s<b

On the other hand, it is obvious that

b+ Ag(t) sup f(t,0) >a+Ag(t) sup f(¢,9).
b<o<~(t) b<6<~(t)
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4.2 Stieltjes differential equations with functional arguments

Thus, we have that

a+Ag(t) sup f(t,5)a+Ag(t)maX{ sup f(t,6), sup f(t,5)}

a<8<y(t) a<<b b<6<~(t)

<b+ sup f(t,0),
b<6<A(t)

which proves[(4.106)] The case y(t) < a < b is analogous and we omit. Hence, we just need
to show that if a < (t) < b, then

a+ Ag(t) su t,0) <b+ Ag(t) inf t,9). (4.107)
o) s f0.8) b+ Bl) it .0

By the definition of supremum, for each € > 0 there is ¢ € [a, v(t)] such that

a+ Ag(t) j;ip(t) f(t,0) Sa+ Ag(t)f(t,c) +e <c+Ag(t)f(t,c)+e.
a0y

Hence, for any § € [y(t), b], condition [(4.64)] yields

a+ Ag(t) <?Slip(t) f(t,0) <0+ Ag(t)f(t,0) +e < b+ Ag(t) f(t,0) +e.
a0y

Hence, for all € > 0 we have

a+Ag(t) sup  f(t,0) <b+ Ag(t) inf f(t,9)+e,
a<<y(t) () <6<b

which implies [(4.107)] O
Remark 4.99. For the particular case where
alt) = 0 —/ h(s)dg(s), B(®) =x0+/ h(s)dg(s), tel,
[to,t) [to,t)
we obtain [48] Theorem 4.2]. Note that the proof of both results is almost identical.

Note that Theorems .61 and [f.98] are not comparable, in the sense that one of them does
not imply the other one. With this idea in mind, and since Theorem [f.61] was fundamental in
the proof of Theorem .94 we reformulate this result applying Theorem {.98]instead.

Theorem 4.100. Suppose that for f : I x R x AC,(I,R) — R the following conditions
hold:

(i) There exist a, 3 lower and upper solutions, respectively, such that o < 3 on I.

(ii) There exists h € E}] (1,]0,+00)) such that

lf(t,z,v)| < h(t), g-aatel, zeR, ~€ [Q,Q]ACQQR).
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(iii) Foreach~ € [a,ﬁ}Acq(iR) the mapping f(t,x) := f(t,x,7), (t,z) € I xR, satisfies
[@38)and f. (-, x(-)) is g-measurable for every x € AC,(I,R).

(iv) For g-a.a. t € I and all v € R the map f(t,x,-) is nondecreasing in |, mAcg(T R) -

Furthermore, assume that B : R x AC, (I,R) — R satisfies the following property:

(v) Forall v € [, B] y¢ (7,r) and all @ € R, B(x,-) is nonincreasing in [ov, 8] 40 (7 r)
and ' '
liminf B(y,~) > B(z,v) > limsup B(y, ). (4.108)

y—x— y—>;c+

Then the problem[(&.87)| has the extremal solutions on I between o and .

Proof. Consider the mapping G : [«, (] Ac,(TR) ~ [, B] Ac, (T,r) defined as in the proof of

Theorem [4.94] i.e for each v € [«, 3], define Gy as the least solution between « and 3 of the
initial value problem

xy(t) = f(t,2(t),), g-aatel, xz(to) =1z, (4.109)

where x, is the least solution in [c(to), B(to)] of the algebraic equation B(x,~) = 0. Let us
show that G is well-defined under the hypotheses of Theorem [4.100}

Lety € [a, 8] 4¢, 7 r)- Hypothesis (v) ensures that, for every x € [a(to), B(t0)]. B(x, ")
is nonincreasing . Hence, for every o < v < 3 we have

B (B(to),7) = B(B(to), 8) > 0 > Bla(t), @) > B (alto),7)-

Moreover, ensures that the hypotheses of Lemma[4.93]for h = B(-, ) are satisfied,
from which we conclude that x., is well-defined. Now, the existence of the least solution of
between « and 3 is guaranteed by Theorem [A.98] as hypotheses (i)—(iii) ensure that
the hypotheses of such result are satisfied. Thus, G is well-defined.

The arguments in the proof of Theorem #.94]remain true, which concludes the proof. [

Note that, given the relations between g—differential equations and other differential prob-
lems, the main results in [30,55]] for discontinuous equations with impulses or in [[13]] for
difference equations can be seen as particular cases of Theorems .94 and [4.100]

4.3 Stieltjes differential inclusions

In this final section of the chapter we look at differential inclusion problems with Stieltjes
derivatives, also known as Stieltjes differential inclusions following [53]]. Specifically, we
consider a nondecreasing and left—continuous map, g : R — R, and we study the problem

xy(t) € F(t,z(t)), x(to) = 2o, (4.110)

withtg, T € R, T > 0,29 € R" and F : [to,to+T) x R — P(R™), where P(R™) denotes
the set of all subsets of R™. Every multivalued mapping considered here shall be assumed
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to be strict, i.e. to assume nonempty values. Once again, we denote I = [tg,to + T') and
1 = [to,to + T).

In this setting, we will provide some results on the existence of solution for the inclusion
problem[(4.110)] and from there, obtain some existence results for problems of the form[(4.2)]
Hence, we start with the following fundamental definition.

Definition 4.101. A solution of [4.110)on I is a map = € AC,(I,R"™) such that x(to) = g

and
zy(t) € F(t,z(t)), g-aatel.

Remark 4.102. Once again, in a similar fashion to[(4.2)|and [(4.87)} given that we are talking
about solutions on [ instead of I, it would be more adequate to ask for functions defined
stricly on I and not I. As usual, the way to work around this is to consider functions in
EAC,(I,R"™) instead of AC,(I,R™). However, we will still consider Definition for
convenience. Recall that both definitions are equivalent, as shown in Proposition [4.4]

We shall prove an existence result for problem [(4.110)| by generalizing the ideas of [22]],
who studied the particular case g = Id and assumed upper semicontinuity of F'(¢, -) on R™ for
a.a. t € I. Here, besides considering derivatives in a wider sense, we shall show that upper
semicontinuity may fail at many points provided that they belong to the graph of another
multivalued mapping satisfying some technical conditions with respect to F'.

For the proper study of we will need to introduce some tools for measure spaces.
Given measure space, (X, M, i), we consider the space of integrable functions on X to-
gether with the map | - [|; : £,,(X,R") — [0, +00) given by

1l = /X 11l d .

The pair (£),(X,R™), || - ||1) fails to be a Banach space, however, by considering the set
L}L (X, R™), of classes of integrable functions where the ones that agree on p—almost every-
where in X are identified, we obtain that (L,,(X,R"), || - ||1) is a Banach space. For more
information on this, we refer to [[73| Chapter 3]. Therefore, we can obtain some interesting
results for measurable spaces. For example, combining [25, Theorem IV.8.9] and [25, Chap-
ter V, Section 3, Corollary 14] applied to this context yields the following result that will be
used later on the study of differential inclusions.

Theorem 4.103. Let (X, M, 1) be a measure space and {1} nen be a sequence in L),(X,R™).
Assume the following conditions are satisfied:

1. {xg}ren is bounded;

2. for each family of measurable sets, { E;, }men, such that Ep, 1 C Ep, m € N, and
ﬂmeN E,, = 0, we have that

lim xr dp =0 uniformly for k € N.

m—0oQ
Em
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Then, there exists a subsequence, {xy, }ien, and y € L), (X,R™) such that

lim xkldu:/ ydpu.
X X

l— 400
Moreover, there exists a convex combination of {x, }1en converging to y on (L, (X,R™), || - ||1).

Theorem [4.103] allows us to obtain a result providing some information about pointwise
limit of sequences of g—absolutely continuous functions and their g—derivatives. In order to
properly formulate such result, we need to introduce the concept of convex hull of a given
set.

Definition 4.104. Ler X C R". We define the convex hull of X, denote co(X), as the
smallest convex set containing X. We define the closed convex hull of X, and we denote it
by ©o(X), as the closure of co(X).

We can now obtain a result that generalizes [22, Theorem 4.1], which provides infor-
mation on the limit of a sequence of absolutely continuous functions. Here, we extend that
information to the context of g—absolutely continuity, showing that the limit function is g—
absolutely continuous and its g—derivative on a set involving the Stieltjes derivatives of the
functions in the sequence.

Lemma 4.105. Let z), : I — R", k € N, be a sequence of functions in AC,(I, R"). Assume
there exists L € L}(I,[0,400)) such that for every k € N we have

[(@e)5 () < L(t), g-aa.tel (4.111)
If o1 (t) converges to x(t) for all t € T for some x : I — R™, then x € AC,(I,R") and
xy(t) € mﬁ U{(xk)'g(t)} forg-aa.tel
i=1 k=i

Proof. Consider the set S = {(z)}, : k € N} € L£}(I,R"), which is bounded thanks to

Moreover, S satisfies condition 2 in Theorem|4.103} Indeed, let us denote by LS, (1)
the Lebesgue—Stieltjes o—algebra on I induced by g and define

v(E) :/EL(s)dg(s), E e £S,(I).

Then Proposition[[.19]ensures that v is a measure, and so given any sequence of g—measurable
sets { By, }men C I in the hypotheses of condition 2 in Theorem 4.103] we have that

lim L(s)dg(s) = lim v(E,)= lim v (ﬂ Ek> =v(p) = 0.

m—oo Jp m—00 m—00
m k=1

Now, implies that condition 2 in Theorem holds. Hence, for every t € I,

2(t) = lim 2, (1)

l—o0

— lim <xkl<to>+ /[ t)(xkl>;<s>dg<s>>=m<to>+ /[ Vo)Al
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Therefore, Theoremshows that z € AC,(I,R") and z(t) = y(t) for g-a.a. t € I.
Moreover, Theorem also ensures the existence of a sequence of convex combinations
of (z, )y, which we denote by {y;}jen, converging in Ly (I,R") to y. Hence, there exists a
subsequence {¥j, }qen such that y; (t) — y(t) for g-a.a. t € 1. For every ¢ € N we have

v, (t ECOU{ (z1,)y(t)} Cco U{xk }, graa.tel,
so, by letting ¢ tend to infinity, we get
oo
xy(t) = U (t)} gaatel.

Moreover, since for each fixed ¢ € N the sequence {xy }7° , also converges to z, a repetition
of the previous arguments shows that

x;(t) € co {(xk);(t)} g-aatel.
k=i
Hence,
zy(t) € ﬂ% U{(xk)'g(t)} g-aa.tel,
i=1 k=i
which concludes the proof. O

To obtain our existence result for[[4.110)} we shall base our arguments on the concept of
upper semicontinuity and on the following new concept of contingent derivative for multival-
ued mappings, introduced in [53|] and based on the ideas of [[6]. Let us start by presenting the
definition of upper semicontinuity, [24, Definition 1.1].

Definition 4.106. Let X,Y be Banach spaces, Q@ C X, Q # 0 and P(Y) be the set of all
possible subsets of Y. Amap F : Q — P(Y') \ {0} is said to be upper semicontinuous, and
we shorten it as u.s.c., if F~1(A) is closed in ) for every closed set A C Y.

Remark 4.107. In [24, Definition 1.2] we find a similar definition. The map F' is said to be
e—0—upper semicontinuous, and we shorten it as e—d—u.s.c., if for every g € Q and € > 0,
there exists 6 > 0 such that

F(z) C F(xo) + By(0,e), € Bx(z,d)NQ,

where Bx (z, p) and By (z, p) denote the open balls of center z and radius p in the the topolo-
gies of the normed spaces X and Y, respectively. It is shown in [24] Proposition 1.1] that
every u.s.c. map is e-d—u.s.c., and that the converse holds provided that F' has compact values
inY.

Next, we introduce the concept of contingent g—derivative of a multivalued mapping.
The following definition is somehow based on the analytical description of the contingent
derivative in the usual sense, see [|6, Proposition 2, p. 177]. In particular, this definition
coincides with that for the usual case through the mentioned result.
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Definition 4.108. Ler K : I — P(R™) with Ix C R, I # 0. The contingent g—derivative
of K at a point (¢,z) € graph(K) is the set denoted by Dy K (t,x) defined as follows: we
say that v € Dy K(t, z) if there exist {hi }ren C R and {zy}ren C R” such that

1. Foreveryk € N, hy > 0andt+ hy € Ik.
2. The sequence {hy }ren converges to 0 as k — oo.

3. Forallk € N, zj, € K(t+ hy) and
T — X

klﬂoo g(t + hk) (t) -

Remark 4.109. In the conditions of Definition 4.108| if ¢ & D,, then {x}, }ren necessarily
converges to z. Indeed, in that case, g(t 4+ hy) converges to g(¢) as g is continuous at that
point. Hence, we have that

T — I
osnkan—H( k

k—o00
m“ (9@t + hi) — g(t)) —— 0,

which implies that {xj, }ren converges to x as k — oo.

For a better understanding of Definition [4.108] let us consider K (t) = {~(¢)} for some
v : I, — R™. Furthermore, assume that v is g—differentiable from the right at a point ¢g € I,.
That is, the limit

exists. In that case, and denoting by 7, (tar) the value of the limit [(4.112)] we have that

Dy K (to,v(to)) = {7,(t5)}-
We now have all the necessary tools to prove the following existence result for
following the ideas of [17]. To the best of our knowledge, this result is new even in the

particular case of g = Id, i.e. when g—derivatives reduce to derivatives in the usual sense.
Theorem 4.110. Let F : I x R™ — P(R™) satisfy the following conditions:

(i) Forallt € I N Dy, F(t,-) assumes convex and compact values in R™ and it is upper
semicontinuous on R".

(ii) For g—a.a.t € I\ Dy, F(t,x) is convex and compact in R™ for every x € R™ \ K (1),
and F'(t,-) is upper semicontinuous on R™ \ K (t), where the set K (t) is either empty,
or there exist K, : I, C I\ Dy — P(R™), p € N, such that

Et)= |J K,
{p:tel,}
and if x € K, (t) for some p € N, then

() @F(t B(x,r)(|Dy Kp(t,z) C F(t,x). (4.113)
r>0
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4.3 Stieltjes differential inclusions

(i) For all x € R™, there exists a g—measurable selection of F (-, x), that is, there exists a
g-measurable function f, : I — R™ such that f,(t) € F(t,x) for g-a.a. t € I;

(iv) There exists M € L}(I,[0,400)) such that for g-a.a. t € I and all x € R™,

lyll < M(t) foranyy € F(t,x).

Then[(4.110)| has at least a solution.

Proof. First of all, note that (iv) ensures that the g—measurable selections in (iii) are g—
integrable on I. Indeed, let x € R™ be fixed and f, a selection in the conditions of (iii).
Then f,(t) € F(t,x) for g-a.a. t € I, so (iv) implies that

/ [ f=@)] dg(t) S/ M(t)d g(t) < +oo.
[to,to+T) [to,to+T)

Consider the sequence xy, : [to, to+71| — R™, k € N, defined as follows: foreach k € N,
denote ¢y, ; = to + jT'/k,j = 0,1,2,..., k. Define z(ty) = zo,

xk(t):xk(tk,j)+/ fk’](S)dg(S), t e (tk,jatk;j"t‘l]v j:0a1527"'5k_17
[tk,i5t)

where fj, ; is a g-measurable selection of F'(-, zx (¢ ;)), 7 = 0,1,2,...,k — 1, whose exis-
tence is guaranteed by (iii). Then, if we define f, : [to,to + 7)) — R™ as

fk(t):fk,j(t)a te [tk,jatk,j-f—l), j:031a27"'3k713
it follows that

xk<t>:mo+/[ ) dgls), tel

Moreover, f; € E;(I ,R™) as pointed out at the beginning of the proof, and so {xj }ren is
well-defined. For each k € N, Theorem implies that zj, € AC4(I,R) and

(zr)y(t) = fult), g-aa.tel

Hence, we have that for each k € N, ||(zx)) ()| < M(t) for g—a.a. t € I. Moreover,
{zk(to) : k € N} = {xo}, so Propositionm guarantees that {zy}ren is a relatively
compact subset of BC,(I,R). Therefore, there exists a subsequence converging to a func-
tion in BC,(I,R), say z. Clearly, x(tg) = xo. Moreover, applying Lemma to such
subsequence, we deduce that z € AC (I, R) and there exists E C I such that y4(E) = 0
and

x;(t)eﬂ@U{xk m U }, tel\E.
=1 k=j j=1  k=j
Let us prove that
() € (@F(t, Bx(t),r), tel\E. (4.114)
r>0
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Stieltjes differential problems with a single derivator

Fixt € I\ E. Foreach k € N, take i), € {0,1,2,...,k—1} suchthat¢ € [t i, Tk in+1)-

Hence,
o0 o0
Ve et e o]

Moreover, note that ¢, ;, converges to ¢ from the left as k — 00, as

F(t,zk(tri))- (4.115)

\|C8
HC8

T
.
Therefore, since each xj, k € N, is left—continuous —see Proposition and z(t) con-

verges to z(t), it follows that (¢, ) converges to z(t). Hence, for every r > 0 there exists
ko € N such that

0 <t =ty <lhip+1 — thyip =

|zk (th,in) —z(t)|| <7, forall k > ko,
and therefore [(4.115)] yields

) €O U (t, 2k (tri, ) C COF(t, B(z(t),r)).
k=ko

This implies [(4.114)| because r > 0 was arbitrary.
Now we can prove that z (t) € F(t,x(t)) for g-a.a. t € I \ E. We start by removing
some inconvenient g—null measure sets from I \ E. For each p € N, define the set

A, ={teI\(EUDy):x(t) € Kp(t), z(s) & K,(s), s € (t,t + &) for some e, > 0}.

For every t € A, take the greatest , possible in the conditions of the definition of A,. The

infinite sum

> e

teA,
is convergent as the sum of any finite subset of its terms is bounded by the length of the
interval I. Therefore, only a countable number of €; can be positive. Hence, j4(A,) = 0
because A, is countable and contains no discontinuity points of g.

We consider the g—null measure set E=E UA1UA2U- - - and, without loss of generality,
we assume that condition (ii) is satisfied for all ¢t € I\ (E U Dy). Fixt € I\ E and we
consider two cases to prove that zy (t) € F/(t, z(t)).

Case 1:t €1\ (EU D,) and x(t) € K,(t) for some p € N.
Since ¢t ¢ A,, we can find hy, > 0, k € N, such that b, — 0 as k — oo and

x(t+hi) € Kp(t+ hg), keN.

Thus, the definition of contingent g—derivative ensures that

x(t + hy) — x(t)

wy(t) = klinéo SOt he) — a0 € D, Kp(t, z(t)).

Now condition (ii) implies that x (t) € F(t,z(t)).
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Case2.t€ INDgortel\ (EUDQ) and x(t) & K(t).
In either of these two situations, condition (i) ensures that F'(¢, z(t)) is convex and compact
and F'(t,-) is u.s.c. at z(t).

Reasoning by contradiction, assume that xj () ¢ F'(¢,x(t)). On the one hand, since
F(t,z(t)) is a compact subset of R”, we can find &9 > 0 such that

zy(t) & F(t,z(t)) + B(0, o). (4.116)

Indeed, consider the map p(y) = ||z}, (t) —yl, y € R". Clearly, o is continuous on the whole
R™ and since F'(t,x(t)) is compact, @ attains a minimum in F'(¢,2(t)). That is, there exists
o € F(t,2(t)) such that |} (1) — yl| = ¢(y) > (yo) forall y € F(t, (1) and (o) > 0

because 7, (t) # yo. Thereforeholds foreg = ©(yo).
On the other hand, Remark [4.107] ensures that F (£, -) is e~6-u.s.c., so there exists § > 0

such that
F(t,y) C F(t,z(t)) + B(0,e0/2), y€R", [ly—z(t)| <o (4.117)

Take k¢ € N such that
ek (tri) —z@)|| <0 k> ko.

Then [(4.117) yields
F(t,wn(tr,i)) C Fta(t) + B(0,60/2) C F(t,2(t) + B(0,€0/2), k= ko.

Now, since F'(t, z(t)) + B(0,£0/2) is a convex and closed set, it follows that

co U (t, 2k (tr,in)) C F(t,z(t)) + B(0,e0/2) C F(t,z(t)) + B(0,¢eo).
k=Fko

We deduce from [(4.115)|that x} (t) € F(t,z(t)) + B(0, o), which contradicts[(4.116)} [
Remark 4.111. It is important to note that the result of Theorem {.110| may fail if [(4.113)]is

not satisfied just at one point. Let us show that|(4.110)|with g =1d, o =0, T =1, 29 = 0,
and

{1}, ifx <0,
F(t,z) =< {1/2}, ifz =0,
(-1}, ifz >0,

has no solution.
Observe that F'(¢, -) assumes convex and compact values and it is u.s.c. on R\ {0}. In
this case we should take K (¢) = {0} for all ¢ € [0, 1], and we have

() @F(t,(—r,r))[ Dy K(t,0) = [-1,1][ {0} = {0} ¢ F(t,0).
r>0
Our next example shows that Theorem [.110]is so general that it can be applied in cases

where the nonlinear part is not u.s.c. or convex and compact valued on dense subsets of R™.
To that end, we shall construct an ill-behaved multivalued mapping using a real valued func-
tion which is discontinuous at every rational number. Once again we consider the particular
case of g = Id to highlight that Theorem [£.110]is new even in the classical setting of usual
derivatives.

199



Stieltjes differential problems with a single derivator

Example 4.112. First, consider a bijection r : N — Q, denote r, = r(p) for each p € N,
and define
o(z) = Z 277 zeR
rp<T

Obviously, 0 < ¢(z) < 1 forall z € R and ¢ is increasing. Moreover, ¢ is continuous at
every irrational and discontinuous at every rational. More precisely, for each p € N we have

@(Tp ) = 90(7‘1)) < ‘P(rp) +277 = go(r;_).

This implies that we can find J,, > 0 such that

o(rp)
5

Now fix A € (0,1) and define F : [0,1] x R — P(R"™) as

ly —rpl < 6p = p(y) > (4.118)

[Ao(z), o()], ifte A,z¢Q,

F(t, ) (Ap(x), () NQ, ifte A, zecqQ,
¥ = [—p(z —t), = Xo(z — )], ifte Byx—t¢Q,
(—p(z =t), = dp(x —t))NQ, ifteB,z—-tecqQ,

where

A_[j LW T P
N 20°201—-1)° § 20041721 )°

I

Tr

Note that F is not explicitely defined for ¢t € C' = {(21)~! : I € N} U {0}, nor it is necessary
as it is countable, and thus m(C') = 0. We shall show that the hypotheses of Theorem
are satisfied regardless of the values of F' on C' x R. Also note that F'(¢, ) is neither convex
nor compact if (¢,2) € A x Qor (t,x —t) € B x Q. Moreover, if t € A, then F(¢,-) is not
u.s.c. at rational numbers because ¢ jumps upwards at rationals.

Clearly, (iv) is satisfied with M (¢) = 1, ¢ € [0, 1]. Condition (iii) is easy to check: for
each fixed x € R\ QQ, we can take the selection

| (o), ift e A,
fo(t) = { —p(z—1), ifte B

Observe that f,(t) may not be an element of F(t,z) onC, = {t € B : z —t € Q} =
BN (xz—Q), but this does not matter because C,, is a countable set. For the case x € Q, just
take any ¢ € (Ap(z), ¢(x)) N Q and consider
| q ift € A,
fa(t) = { “p(z— 1), ifteB.
In any case, f, is piecewise monotone, hence measurable.
Now for conditions (i) and (ii). Define
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where, for each p € N,

o A}, ift € A,
Kp(®) { {t+r}, ifteB.

Clearly, D, K, (t,1,) = {0} forall t € A, and
D, K,(t,t +r,) ={1} forallt e B.

Moreover, for a.a. t € T and every = € R\ K (t), the set F'(t,z) is closed and convex. Let us
prove that for a.a. t € I, the multivalued mapping F'(¢, -) is u.s.c. at every fixed x € R\ K (¢).
If t € A, then ¢ is continuous at x, so for each € > 0 there exists § > 0 such that

ly — x| <0 = lo(y) —e@)| <e=|uply) —pe(x)| <e forany p € [~1,1].
Hence, if t € A, and |y — x| < §, then
F(t,y) C [Mo(y), ()] C (Ap(x) = &, p(x) +¢) = F(t,x) + (—¢,¢).

The proof is similar for ¢ € B, the only difference is that we have to use that ¢ is continuous
atx — t, because « ¢ K,(t) = {t + r,} for any p.

Finally, we have to check that holds. If ¢ € A, then for each fixed p € N,
there exists d, > 0 such that [4.118) holds if |y — | < d,. Then, if |y — 7,| < &, and
z € F(t,y) C [Ap(y), ¢(y)], then

z 2 Ap(y) > Ap(rp)/2.

Hence
coF(t, (Tp —0pyTp + 51))) C P“P(Tp)/l 00),

which implies that

ﬂ COF(t,(rp —r,rp 4+ 1)) C [Ap(rp)/2,00) C (0, 00).

Then the intersection in is empty and therefore condition [(4.113)] holds. Checking
condition[[4.113)|for t € B and x = t + r,, for some p is easier. Clearly,

ﬂ@F(t, t+r,—rt+r,+r)) C(—00,0],

and Dy K, (¢, t +rp) = {1}.

As a corollary of Theorem[d.110|we obtain the following existence principle for[(4.2)] To
do so, we look at the inclusion problem

xy(t) € Kf(t,x(t)), g-aa.tel, x(ty) = o, (4.119)
where f : I x R® — P(R"™) is the Krasovskij map defined as

Kf(t,x) = (| @f (t. B(x,r)), (t,x)€lxR" (4.120)
r>0
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This definition ensures f(t,z) € Kf(t,z) for all (¢t,z) € I x R™, so every solution of [(4.2)]
is a solution of Thus, to obtain an existence result for [4.2)]it is enough to impose
conditions to guarantee the existence of solution of problem[(4.119)|and that every solution of
the inclusion problem is a solution of the differential problem. Thus, we present the following
result.

Theorem 4.113. Let f : [ x R™ — R" satisfy the following conditions:
(i) Forall x € R™, the map f(-,x) is g—measurable.
(ii) There exists L € L}(I,[0,+00)) and N C I, pig(N) = 0, such that
If(t, )| < L(t), teI\N, zeR"™

(iii) Forallt € I\(NUD,), f(t,-) is continuous on R"\ K (t), where K (t) = U;ozl K,(t),
and for each p € N and x € K,(t), we have

o0

() @f(t, B(x,r)) [ |Dg Kp(t, ) C {£(t,x)}. (4.121)

r>0

(iv) Forallt € Dy, f(t,-) is continuous on R™.
Then, the initial value problem has at least one solution.

To conclude this section, we present the following example in which it is possible to
apply the previous result to obtain the existence of solution for the corresponding initial value
problem.

Example 4.114. Let ¢ : R — R be a nondecreasing and left—continuous map, ¢ as in
Example and ¢ : R — R be a continuous function such that ¢»~!(Q) is countable.
Define themap f : I x R — R as

f(t,x) = ¢ (¢ (az + Bg(t)) X\ p, (t) + tXp, (1)),

witha > 0, 8 € (—00, —a) U (0, +00). Note that 0 < f(¢,2) < 1forall (t,z) € I X R, so

oo

ﬂ cof(t,B(z,r)) C [0,1]

r>0

for all (¢,z) € I x R. Consider the initial value problem

() = ft,@), tel, alto) =

Let us show that the previous problem has at least a solution by proving that the hypotheses
of Theorem [4.113] are satisfied.

Conditions (ii) and (iv) follow directly from the definition of f. For condition (i), fix
x € R. The map

telm ¢ (ax+Byt) Xnp,(t) + tXp,(t))
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is Borel-measurable as it is the composition of Borel-measurable maps. Hence, it is g—
measurable.
Finally, for condition (iii), write 1)~ (Q) = {s,, : p € N} and define v, : I = R, p € N,

(t) = 2=,

Ky, : I = PR), p €N, as Ky(t) = {7,(t)} and K(t) = U,Z, K,(t). Note that for
each p € N, v, is g-differentiable everywhere in I and v, (t) = —3/a, t € I. Therefore,
DyK,(t,vp(t) = {—B/a}, p € N, s0 DK, (t,v,(t)) C (—00,0) U (1, +00), depending
on the value of 3.

Fix t € I\ Dy. If z € K,(t) for some p € N, then the intersection in [(4.12T)]is empty,
so the condition is trivially satisfied. On the other hand, if x € R\ K(¢), it follows that
Y(az + Bg(t)) ¢ Q since

as

ax + fg(t) # sp, forallp € N.

Hence ¢ is continuous at ¢ («x 4+ Sg(t)) and so f(¢, ) is continuous at x as it is the compo-
sition of continuous functions. That is, the hypotheses of Theorem [d.113]are satisfied and so
the initial value problem has at least a solution.
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Chapter 5
Stieltjes differential problems with

several derivators

In this chapter we have a look at multidimensional differential problems with Stieltjes deriva-
tives, where each of the components is differentiated with respect to a different derivator.
The interest of this kind of problems comes from two places. On the one hand, the theoretical
interest of these problems is clear, as it provides a more general setting that the equations
studied on Chapter[d] On the other hand, from the point of view of applications, the ability to
consider different derivators allows us to study more precise models as different phenomena
evolve in different ways and speed, as we show in some of the examples presented throughout
this chapter.

In particular, in this chapter we will consideramap g : R — R"™, g = (91,92, ---,9n)s
such that for each 7 € {1,2,...,n}, the function g; : R — R is nondecreasing and left—
continuous; and we will look at problems of the form

zq(t) = f(t,2(t)), x(to) = 2o, (5.1

withtg, T € R,T > 0,29 € R™and f : [tg,to+T) xR™ — R", and other formulations sim-
ilar to those in Chapter [d] We will refer to this type of problems as g—differential equations.
Denoting zg = (20,1, %0,2, - - - To,n) and f = (f1, f2, ..., fn),[O.1)]is to be understood as
the following system of differential equations:

(xl)/gl(t) = fi(t,x(t)), wi(to) =m0y, 1=1,2,...,m,

where the derivative sign is to be interpreted as the Stieltjes derivative with respect to the
corresponding function g;. Note that if g = (g, g,...,g) for some nondecreasing and left—
continuous map g : R — R, becomes Observe that, similarly to and
all the other problems considered in Chapter |4, we do not include the point o + 7" when
studying problems of the form [(5.1)| as the same argument there presented still holds, that is,
we cannot consider the derivative of a function with respect to g;, i € {1,2,...,n},ifto+ T
is a discontinuity point of such g;.

In our quest to obtain results for [(3.1)] we mainly follow the results in Chapter 4] adapted
to this context. This was partially done in [[50|]. However, we will also study vectorial measure
differential equations of the form of

t
z(t) = 2zo + B[ f(s,2(s))dg(s), t€ [to,to+T), (5.2)
to

with to, 7 € R, T > 0, 9 € R™ and f : [tg,to + T] x R® — R™ as done in [52].
This equation should be understood as a “component-by-component” integration process in
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the Kurzweil-Stieltjes sense, that is, equation corresponds to a systems of n scalar
equations, each of which reads as follows

t
zi(t) = wo; + B fils,x(s))dgi(s), telto,to+T], ie€{l,...,n}. (53)
to
The interest of studying this type of problems lies in the fact that there is a way of translating
existence results for [(5.2)]into existence results of problems of the form of It is impor-
tant to note thatif g = (g, g, . . ., g) for some nondecreasing and left—continuous map g, then
[(5:2)|becomes a measure differential equation introduced in [27].

Remark 5.1. In the work ahead, the integral notation introduced above will also apply to
Lebesgue—Stieltjes integrals. Such notation can be justified by regarding as a particular
case of the following vectorial equation

y(t) = yo + <KS>/ d[G(s)] £(5y(8)s tE [toto+T], (5.4)

to

where for each ¢ € [tg, o + T, G(t) € R™*" is the diagonal matrix

ai(t) 0 0
Gty = 0 g Ft) 0
0 0 gu ()

In the case when f (¢, z(t)) = x(t), equation [(5.4)| becomes a particular case of the so-called
generalized linear differential equation; a branch of Kurzweil equations theory which has
been extensively investigated in [[78}|82].

The rest of the chapter is structured as follows. First, in Section@] we turn our attention
to the study of some types of continuity of functions that can be defined in terms of the map
g, where we study deeply some of the concepts introduced in [50]. Later, in Section
we study some conditions ensuring the existence and uniqueness of solution of while
also considering conditions to obtain solutions in a “classical” sense. This is done in a similar
fashion to Chapter[dand following [[60]l. Finally, in Section[5.3] we study measure differential
equations of the form [(5.2)|through the method of lower and upper solutions as in [52]]. From
there, we derive some results for[(5.1) using lower and upper solutions, generalizing some of
the results obtained in Section in Chapter [

5.1 Continuity with respect to several derivators

Similarly to Chapter [4] the main focus of this chapter is to obtain results that ensure the
existence and uniqueness of solutions of the corresponding differential equation defined by
amapg : R — R", g = (g1,92,---,9n), such that for each i € {1,2...,n}, the map
g; : R — R is nondecreasing and left—continuous. In particular, we will be looking for
solutions lying in a specific set: the set of g—absolutely continuous functions, which is a
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generalization of the set .AC,([a, b], R™) introduced in Definition [3.24] In order to formalize
this definition, we will start by exploring some generalizations of certain concepts presented
in Chapter[3] We will start by having a look at the concept of g—continuity. A similar concept
was first introduced in [50]. Here, we present another definition and, later, we discuss their
relations. In what follows, we shall assume that R" is endowed with the maximum norm, i.e.
given x = (21,9, ...,2,) € R™, we consider the norm

2]l = max{|z1], w2, ..., [2n]}.

We do this for simplicity, but the theory that follows remains true when we consider the the
usual norm in R", as they are equivalent.

Definition 5.2. Letg : R — R"™, g = (g1, 92, - - ., gn), be such that foreachi € {1,2,...,n},
the map g; : R — R is nondecreasing and left—continuous. A function f : A C R — R",
f=(f1, fa,--., fn), is g—continuous at point ¢ € A, or continuous with respect to g at ¢ if
fi is gi—continuous at t for each i € {1,2,...,n}. If it is g—continuous at every point t € A,
we say that f is g—continuous on A.

Remark 5.3. It is clear that Definition [5.2] is a generalization of Definition It is
enough to consider g = (g, ¢,...,g) for some nondecreasing and left—continuous function
g:R— R.

Before reflecting on the relation between Definition[5.2] and the corresponding definition
in [50], let us introduce some notation. Let us denote by Cy ([a, b], R™) the set of g—continuous
functions on [a, b] with values in R™ and by BCg4([a, b],R™) the set of g—continuous func-
tions on [a,b] with values in R™ which are also bounded. The set BCq([a,b],R™) is a
real vector space with the usual operations. Moreover, given its definition, we can rewrite
BCy([a,b],R™) as

BCy((a.t) B") = ][ BCy, (.. B),

which means that it can be regarded as a product of Banach spaces, see Proposition [2.28]
Hence, it is possible to endow BCy4([a, b], R™) with a Banach structure given by the norm

.....

It follows from the definition that || - [|sc, (ja,b),zn) and || - || are equivalent norms in
BC4([a,b], R™), from which we obtain that (BCq([a, b], R™), || - ||oc) is a Banach space equiv-
alent to (BCq([a, b, R"), || - ll5c, ((a,b),k7))-

Now, we compare Definition @] with [50L Definition 3.1], a similar definition of con-
tinuity with respect to a map g : R — R", g = (g1,92,...,9n), such that for each
i €{1,2,...,n}, ¢; : R — R is nondecreasing and left—continuous. In order to do so,
we include the mentioned definition.

Definition5.4. Letg : R — R", g = (g1, 92, - - ., gn), be such that foreachi € {1,2,...,n},
the map g; : R — R is nondecreasing and left—continuous. A function f : A C R — R",
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f = (f1, f2s.--, fn) is G—continuous at point t € A if, for every € > 0, there exists § > 0
such that

[f@) = f(s)l <e, forallse A, |g(t)—g(s)|| <é.
If it is g—continuous at every pointt € A, we say that f is g—continuous on A.
In [50]], the authors claimed that Definitions [5.2] and [5.4] are equivalent. However this is
not the case, as shown in the next example. This misinformation does not affect the existence

and uniqueness results obtained in such paper. However, it does have some implications when
it comes to the study of solutions in the classical sense. This will be discussed in Section[5.2]

Example 5.5. Let g1, g2 : R — R be given by ¢ (¢) = 0 and
¢ ift <0,
92(t) = { t4+1, ift>0.
Consider the function f : R — R2, f = (fy, f2), given by
(t,0), ift <0,

1) = (t+1,w>, ift > 0.

Note that f; cannot be g;—continuous as it is not constant. Therefore, f cannot be g—
continuous. However, f is g—continuous. Indeed, first of all, note that

l9(t) — g(s)ll = lg2(t) — g2(s)l;  s,t €R,

so showing that f is g—continuous is equivalent to showing that f is go—continuous in the
sense of Definition As a consequence, and given the definition of || - || in R™ we
are considering, it suffices to show that f; and fy are go—continuous. Now, fi is trivially
go—continuous as f; = go; and Example [3.19| shows that f5 is go—continuous. Thus f is
g—continuous. Therefore, Definitions andcannot be equivalent.

It is interesting to mention that the converse implication does hold, that is, every contin-
uous function in the sense of Definition[5.2]is also continuous in the sense of Definition[5.4l
We gather this information in the following result, which can also be found in [50].

Proposition 5.6. Let g : R — R™ g = (g1,92,...,9n), be a map such that for each
i€{1,2,...,n}, the function g; : R — R is nondecreasing and left—continuous; and consider
fACR=RY f=(f1,f2,..., [fn) If [ is g—continuous, then f is G—continuous.

Proof. Fixe > 0andt € A. Giveni € {1,2,...,n}, we have that f; is g;—continuous at ¢,
so there exists ¢; > 0 such that

|fi(t) — fi(s)] <e, forallse€ A, |g:(t) — gi(s)| < ;.

Take 6 = min{dy, da,...,0,}. Then, if ||g(t) — g(s)|| < J, we have that |g;(t) — g;(s)| < J;
forall: € {1,2,...,n}, which implies that

1f(8) = f(s) max {|fi(t) — fi(s)[} <e,

i=1,...,n

that is, f is g—continuous at ¢. O
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As we have seen, the concepts of g and g—continuity are not equivalent in general. How-
ever, in the light of Proposition [5.6] we can find a necessary and sufficient condition for the
two types of continuity to be the same. The following result provides that information by
exploring the converse implication to the one in Proposition [5.6]

Proposition 5.7. Lerg : R — R" g = (91,92,.-.,9n), be a map such that for each
i1€{1,2,...,n}, the function g; : R — R is nondecreasing and left—continuous. Then, the
following are equivalent:

(i) Every g—continuous map is g—continuous.
(ii) Foreach j,k € {1,2,...,n}, the map g, : R — R is g;—continuous.

Proof. First assume that (i) holds. Fix k € {1,2,...,n} and define G : R — R" as

G(t) = (9r(t), gk (t), - -, gk(t)), teR.

To show that (ii) holds, it is enough to show that G is g—continuous, as in that case, (i) would
ensure that it is g—continuous or, equivalently, g, is gj—continuous foreach j € {1,2,...,n}.
Note that this is straightforward. Indeed, lett € R, ¢ > 0 and take § = . Then, if s € R is
such that ||g(t) — g(s)|| < 4, it follows that

1G(®) = G(s)ll = |gr(t) — gr(s)] < [lg(t) —g(s)l| <6 =e.

In other words, G is g—continuous at ¢, which finishes this implication.

Conversely, assume that (ii) holds and let f : A C R — R", f = (f1, fo,..., fn), bea
g—continuous map. Fix i € {1,2,...,n},t € Aand e > 0. Since f is g—continuous, there
exists v > 0 such that

IIf(t) — f(s)|| <e, foralls e Asuchthat|g(t)—g(s)| <.

On the other hand, for each k € {1,2,...,n}, the map g is g;—continuous and so, there
exists & > 0 such that

lgr(t) — gx(s)| <=, forall s € R such that|g;(t) — g:(s)| < O.

Therefore, taking 6 = min{dy,d2,...,d,}, for any s € A such that |g;(t) — gi(s)| < 0, we
have that |g;(t) — gx(s)] < v forall k € {1,2,...,n}. Therefore, if s € A is such that
|g:(t) — g:(s)| < d, we obtain that ||g(t) — g(s)|| < -y, which ensures that

If:(t) = fi(s)| < |1F(t) = f(s)] <e.

That is, f; is g;—continuous. Now, since ¢ € {1,2,...,n} was arbitrarily fixed, we have that
f is g—continuous. O

Remark 5.8. As a consequence of Proposition [3.21] a necessary condition for (ii) in Propo-
sition[3.7]to be satisfied is that

Cy; = Cops Dy, =Dy, jik=12,....n.

J
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Interestingly enough, it is possible to establish some other connections between the con-
tinuity in the sense of Definition [5.4]and other types of continuity in this thesis. In particular,
we can show that there exists an equivalence between g—continuity and continuity in the sense
of Definition [3.17]for an adequate choice of a nondecreasing and left—continuous function.

Proposition 5.9. Let g : R — R™ g = (g1,92,-.-,9n), be a map such that for each
i € {1,2,...,n}, the function g; : R — R is nondecreasing and left—continuous; and
consider the map g : R — R defined as

() =g1(t) + g2(t) + -+ gn(t), teR. (5.5)

Q)

Then, f : A C R — R™ is g—continuous at t € A if and only if f is g—continuous at t.

Proof. First, observe that for all s € A,

lg(t) —g(s)Il < 19(t) —g(s)] < nlig(t) — g(s)ll. (5.6)

Indeed, it is clear that the first inequality holds as

n n
= |2 90 =3 g
= 1=1

for any s € A. Now, for the other inequality we consider two cases. If t > s, we have that

lg(t)

< Z |9:(t) = gi(s)] < nllg(t) — g(s)ll;

[9() = 5(s)| = 5(t) = 5(s) = 3_(9:(1) = gi(s))
2 max {g;(t) —gi(s)} = max {|gi(t) —gi(s)[} = llg(t) —g(s)II

i=1,...,n

On the other hand, if t < s,

n

[9() = 5(s)| = 5(s) = 9(8) = 3 _(9:(s) = 9a(1)
2 max {g;(s) —gi(t)} = max {|gi(t) —gi(s)[} = llg(t) —g(s)II

Hence, we have proven that holds. Now, the equivalence between the two types of
continuity follows. O

Remark 5.10. Observe that Proposition 5.9 can be used for an alternative argument for Ex-
ample Furthermore, the same result can be used to justify that g and g—continuity re-
duce to g—continuity when we consider g = (g, g, . ..g) for some nondecreasing and left—
continuous map g : R — R.

Thanks to Propositions[5.6|and[5.9)and Definition[5.2] we are able to deduce some proper-
ties of g—continuous functions from Propositions [3.21and [3.22] We gather such information
in the following two results.
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Proposition 5.11. Letrg : R — R", g = (91,92,--.,9n), be a map such that for each
i € {1,2,...,n}, the function g; : R — R is nondecreasing and left—continuous; and
f a0 = R™ f = (f1, fo,.-., fn), be g—continuous on [a,b]. Then, for each i €
{1,2,...,n} the following properties hold:

1. f; is continuous from the left at every t € (a, b);
2. if g; is continuous at t € [a,b), then so is f;;
3. if g; is constant on some [c,d] C |a,b], then so is f;.

In particular, the map f is continuous from the left at every t € (a,b]. Moreover, f is
continuous on [a,b] when g is continuous on [a,b).

Proof. Given that f; is g;—continuous for each ¢ € {1,2,...,n}, it is enough to apply Propo-
sition [3.21]to each of those maps to obtain the stated properties. O

Remark 5.12. Note that some of the properties stated in Proposition can be deduced
from the fact that f is g—continuous on [a, b] for g as in[(3.5)] In particular, it follows from
Proposition that if f : [a,b] — R™ is g—continuous, then the following hold:

1. The map f is continuous from the left at every ¢ € (a, b].

2. If g is continuous at t € [a, b), then so is f. Equivalently, if each g;, i = 1,2,...,n, is
continuous at ¢t € [a,b), then sois f.

3. If g is constant on some [c, d] C [a, b], then so is f. Equivalently, if g;, ¢ = 1,2,...,n,
is constant on some [¢,d] C [a, b], then so is f.

Observe that Proposition[5.9| guarantees that such properties hold for g—continuous functions.

The next property is the corresponding extension of Proposition [3.22] for this new con-
text. Observe, however, that we state this result in the context of g—continuity rather than
g—continuity as it represents a more general framework as pointed out in Proposition [5.6]

Proposition 5.13. Let g : R — R", g = (91,92,...,9n), be a map such that for each
i € {1,2,...,n}, the function g; : R — R is nondecreasing and left—continuous; A C R be
a Borel setand f : A C R — R"™ be g—continuous on A. Then, f is Borel measurable.

Proof. Proposition ensures that f is g—continuous on A for g as in [(53.5)] Therefore,
Proposition ensures that f is Borel measurable. O

Remark 5.14. Given that Lebesgue—Stieltjes measures are Borel measures, we have that
every Borel measurable map is Lebesgue—Stieltjes measurable. In particular, we have that if
AisaBorel setand f : A C R — R" is g—continuous on A, then f is gj—measurable for all
je{l,2,...,n}.

Another interesting concept of continuity introduced in Chapter [4| was the concept of
(9 x Id)—continuity in Definition[4.5] The next definition is an adaptation of such definition
to the context of g—differential equations, thus providing a more general definition.
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Definition 5.15. Letg : R — R", g = (91,92, - - -, gn), be such that foreachi € {1,2,...,n},
the function g; : R — R is nondecreasing and left—continuous; f : A C R x R — R",
f = (1,02 -y fn), and (t,x) € A. We say that f is (g x Id)—continuous at (¢,x) if
foreach i € {1,2,...,n}, the map f; is (g; x Id)—continuous at (t,x). We say that f is
(g x Id)—continuous in A if it is (g x Id)—continuous at every (t,x) € A.

Similarly to Definition [5.2] we can find a similar definition to Definition [5.15] in [50],
based on the the ideas of Definition[5.4] As a consequence, we have that Definition[5.15]does
not match [50, Definition 4.7], the corresponding definition of “product” continuity. Such
definition reads as follows.

Definition 5.16. Lerg : R — R", g = (g1, 92, - - - , gn), be such that for eachi € {1,2,...,n},
the function g; : R — R is nondecreasing and left—continuous; f : A C R x R* — R",
=102 o fn) and (t,x) € A. We say that f is (§ x 1d)—continuous at (t, z) if for
every € > 0, there exists § > 0 such that

[(s,y) € A, llg(t) —g(s)| <0, [le =yl <] = |[f(t,2) - f(s,0)ll <e
We say that f is (§ x 1d)—continuous in A if it is (§ % 1d)—continuous at every (t,x) € A.

Let us discuss the relations between Definitions[5.15]and[5.16] First, in an analogous fash-
ion to Proposition we have the following result showing that every (g x Id)—continuous
function is also (g x Id)—continuous.

Proposition 5.17. Let g : R — R"™ g = (g1,92,---,9n), be a map such that for each
i € {1,2,...,n}, the function g; : R — R is nondecreasing and left—continuous; and
fiACRXR* = R" f = (f1,fo, -, fn) If fis (g x Id)—continuous, then f is
(g x Id)—continuous.

Proof. Fix e > 0 and (¢,x) € A. Giveni € {1,2,...,n}, we have that f; is (g; x Id)-
continuous at ¢, so there exists §; > 0 such that

|fi(t,z) — fi(s,y)| <e, forall (s,y) € Asuchthat |g;(t) — gi(s)| < &, [lz—yl < ds.

Take 0 = min{dy, d2,...,0,}. Then, if ||g(t) — g(s)|| < J and ||z — y|| < 4;, we have that
|9i(t) — gi(s)| < &; and ||z — y|| < 6; forall i € {1,2,...,n}, which implies that

1£(t.2) ~ (5,9l = max {Ifilt7) — fi(s, )]} <<,
that is, f is g—continuous at ¢. O

Observe that Proposition [5.17] only guarantees the implication in one direction. This is
because the converse implication is not true in general. To see that, it is enough to consider a
simple modification of Example [5.5]as in the following example. Essentially, we reduce the
corresponding “product” continuities to the corresponding g and g—continuities.
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Example 5.18. Let g1,92 : R — R be as in Example [5.5] and consider the function f :
R x R? = R2, f = (fi, f2), given by

(t,0), ift <0,

f(t7 (x’y)) = <t+17Sin(1/t)

if ¢ > 0.
¢ ),1 >

Note that, since f does not depend on (, y) € R?, (§x Id) and (g x Id)—continuity reduce to
g and g—continuity, respectively. Thus, f is (§ x Id)—continuous but not (g x Id)—continuous,
see Example[5.5]

Once again, we can still ensure the equivalence between these two concepts of continuity
in an analogous fashion to Proposition Observe that the condition necessary in the next
result for (g x Id)—continuity to be equivalent to (¢ x Id)—continuity is the same as the one
required in Proposition[5.7]

Proposition 5.19. Let g : R — R", g = (91,92,.--,9n), be a map such that for each
i1€41,2,...,n}, the function g; : R — R is nondecreasing and left—continuous. Then, the
following are equivalent:

(i) Every (§ x Id)—continuous map is (g x 1d)—continuous.
(ii) Foreach j,k € {1,2,...,n}, the map g : R — R is g;—continuous.
Proof. First assume that (i) holds. Fix k € {1,2,...,n} and define G : R x R" — R" as

G(t,:l?) N (gk(t)vgk(t)v' o )gk(t)), (tvx) € RxR"

Now, noting that G does not depend on the variable z, it follows from the proof of Proposi-
tion|5.7|that it is (§'x Id)—continuous, which implies that G is (g x Id)—continuous. Therefore,
G(-,z0), zo € R, is g—continuous, which is equivalent to (ii).

Conversely, assume that (ii) holds and let f : A C R x R™ = R", f = (f1, fa,- -+ fn)>
be a (¢ x Id)—continuous map. Fix ¢ € {1,2,...,n}, (t,z) € Aand e > 0. Since f is
(g x Id)—continuous, there exists v > 0 such that

Hf(t,l’) - f(&y)” <g, for all (S7y) € A such that Hg(t> —g(S)H <7, ||.’IJ - yH <7.

On the other hand, for each k € {1,2,...,n}, the map gx is g;—continuous and so, there
exists &z > 0 such that

lgr(t) — gr(s)| <, foralls e Rsuch that|g;(t) — g:(s)| < d%.

Therefore, taking 6 = min{d1, da,...,d,}, for any (s,y) € A such that |g;(t) — g:(s)| < 9,
we have that |g;(t) — gr(s)] < yforall k € {1,2,...,n}. Therefore, if (s,y) € A is such
that |g;(t) — g:(s)| < d and ||z — y|| < -, we obtain that ||g(¢) — g(s)|| < v and ||z —y|| < 7,
which ensures that

[fi(t, ) = fils, y)| < | F(t2) = Fs,9)] <e.

That is, f; is g;—continuous. Now, since ¢ € {1,2,...,n} was arbitrarily fixed, we have that
f is g—continuous. O
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In a similar fashion to Proposition [5.9] we can establish a connection between Defini-
tions [5.16] and [£3] its counterpart for the context of Chapter @ In order to obtain such
relation we need to consider the map g introduced in and consider the inequality

Proposition 5.20. Lerg : R — R"™, g = (91,92,.-.,9n), be a map such that for each
i € {1,2,...,n}, the function g; : R — R is nondecreasing and left—continuous; and
consider the map g : R — R defined as in[(5.5)) Then, f : Ax B C R xR" — R" is
(g x Id)—continuous at (t,x) € A x B ifand only if f is (g x Id)—continuous at (t, x).

Proof. Let (t,x) € A x B. First, assume that f is (¢ x Id)—continuous at (¢, ). In that case,
given £ > 0, there exists 6 > 0 such that

1f(t,2) = f(s,9)ll <&, forall (s,v) € Ax B, |lg(t) —g(s)ll <90, [z —yll <.

Note that if s € A is such that [g(t) — g(s)| < d then[(3.5) ensures that ||g(t) — g(s)| < o.
Hence, given ¢ > 0 and (s,y) € A x B such that [g(t) — g(s)| < ¢ and ||z — y|| < I, we
have that || f (¢, 2) — f(s,y)|| < e. Thatis, fis (g x Id)—continuous at (¢, z).

Conversely, assume that f is (g x Id)—continuous at (¢,z) and let ¢ > 0. Under this
conditions, we know that there exists 5 > 0 such that

IF(t.) = f(s,9)]l <e, forall (s,v) € Ax B, [6(t) = §(s)| < 3, [z =yl < 3.

Now, take § = g/n If (s,y) € A x Bissuch that ||g(t) — g(s)|| <  and ||z — y|| < 0, then
[(3:3)] yields that R >

9(t) =g(s)| <6, lz -yl <9,
which guarantees that || f(¢,2) — f(s,y)|| < €. In other words, we have that f is (g x Id)—
continuous at (¢, x). O

Later we will present the corresponding adaptations of the results regarding “everywhere”
solutions in [33]] to the context of g—differential equations, following [[50]. To that end, we
will still use Definitions [5.2] and [5.16] instead of Definitions [5.4] and [5.13] as those are the
concepts that are well-behaved when it comes to the composition of functions, as shown in
the next result.

Lemma 5.21. Letg: R — R", g = (g1, 92, - - - , gn), be such that for eachi€{1,2,...,n},
gi : R — R is nondecreasing and left—continuous; and f : A x B C R x R® — R" be
a (g x Id)—continuous function on A x B. If x : A — B is g—continuous on A, then the
composition f(-,x(-)) is G—continuous on A. Moreover, if A is a Borel set, f(-,x(-)) is Borel
measurable, and, in particular, g;—measurable, i € {1,2,...,n}.

Proof. The result follows directly from Propositions [5.9)and [5.20]and Lemma [.6] O

Remark 5.22. It follows from Lemma([5.21]that the composition of a g—continuous map with
a (g x Id)—continuous one is g—continuous. However, we cannot assure that the composition
is g—continuous. Indeed, to see that this is not the case, consider g;, g2 : R — R nondecresing
and left—continuous, I an interval and ¢y € I such that Agy(¢p) = 0 and Ags(tg) > 0. Take
x: 1 — R? givenby z(t) = (g1(t),g2(t)) and f : I x R? — R2, f = (f1, f2), defined as

fl(tv (:Cay)) :gl(t)fy, f2(ta (Ivy)) :92(15)7177 (tv (xay)) EIXRQ'
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5.1 Continuity with respect to several derivators

It is clear that = is g—continuous at t. On the other hand, the composition fi (-, z(-)) is not
continuous at tq, as

tlgg filt,z(t)) = tlgg g1(t) — g2(t) = g1(to) — g2(t) < g1(to) — g2(to) = fi(to, z(to)).

As a consequence, fi(-,z(+)) cannot be g;—continuous at ¢y as it is not continuous at ¢, and
g1 is, see Proposition[3.21] Therefore, the map f(-, z(+)) is not g—continuous at to. However,
the map f is (g x Id)—continuous at (to, (g1(t0), g2(t0))). Indeed, we shall only show that
f1 is g1—continuous at such point as the case for f> is analogous.

Lete > 0 and take 0 < § < &/2. Denote ug = (g1(to), g2(t0)). If (¢, (z,y)) € I x R?is
such that |g; (o) — g1 (¢)| < d and |lug — (z,y)|| < 4, then

| f1(to, uo) = f1(t, (2, 9))] = |g1(to) — g2(t0) — g1(¢) + ¥
<lg1(to) — g1()| + |y — g2(to)|
< lg1(to) = g1 (D] + [luo — (@, y)[ <26 <e.

In other words, the map f; is (g1 x Id)—continuous at (¢g, (g1(¢0), g2(t0))). A similar argu-
ment shows that f5 is (go x Id)—continuous at that point, which proves that f is (g x Id)—
continuous.

Finally, we turn our attention to the corresponding adaptation of the concept of abso-
lutely continuity with respect to g. The next definition is presented following the ideas of

Definitions [5.2] and [3.24]

Definition 5.23. Let g : R — R"™, g = (g1,92,---,9n), be a map such that for each
i € {1,2,...,n}, the function g; : R — R is nondecreasing and left—continuous; and
F:[a,b] > R", F = (F\, F,,...,F,). We say that F is g—absolutely continuous on [a, ],
or absolutely continuous on [a, b] with respect to g, if for each i € {1,2,...,n}, the map F;
is g;i—absolutely continuous on [a,b]. We denote by ACg4([a,b],R™) the set of g—absolutely
continuous functions on [a, b] with values in R™.

Remark 5.24. Note that by definition we have that

ACy(Ja, b], HAcgl a,b], R).
=1
Moreover, it follows from this expression that if g = (g, g,...,¢g) for some nondecreasing

and left—continuous map g : R — R, Definition [5.23] yields Definition It can also be
derived from this characterization as a cartesian product and Remark [3.25] that g—absolute
continuity implies g—continuity, and therefore, g—continuity or g—continuity for g as in[(3.5)}

Remark 5.25. Observe that every g—absolutely continuous map is also g—absolutely contin-
uous for g : R — R as in[(3.5)] Indeed, let z € ACq([a,b],R™), = (z1,22,...,2p),
i€{1,2,...,n}and ¢ > 0. By definition, z; € ACy, ([a, D], R), so there exists 6 > 0 such
that for every open pairwise disjoint family of subintervals of [a, b], {(ax, bx)}}-,, verifying

> " (gi(b) — gi(ar)) < 8 (5.7)
k=1
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implies that

> lwi(br) — wiar)| < e (5.8)

k=1

Hence, if {(ax, b)}}", is an open pairwise disjoint family of subintervals of [a, b] such that

> (@) = dlar)) <6,

k=1

it follows that holds, which implies That is, z; € AC5([a,b],R). Now, since
i € {1,2,...,n} was arbitrarily chosen, we have that z € AC4([a,b],R").

Let F' : [a,b] — R, F = (F1, Fs,...,F,), be a g-absolutely continuous function on
[a, b]. Then, the Fundamental Theorem of Calculus for the Lebesgue—Stieltjes integral, The-
orem [3.27} yields that for each i € {1,2,...,n}, (Fi), (¢) exists for g;i-a.a. t € [a,b) and
(F3),, € L} ([a,b), R). Moreover, we have that

F;(t) = F;(a) +/ (Fi)y.(s)dgi(s), telab], i=12,...,n,
[ast)
or, using the “component-by-component” integral expression introduced before,
F(t) = F(a) +/ F;(s)dg(s), t €la,bl].
[a;t)

Finally, we can obtain from Proposition [3.31] a useful result about relatively compact
subsets of ACq4([a, b], R™). Note that, as usual, ACq([a, b], R™) is a subset of BCq4([a, b], R™).

Proposition 5.26. Let g : R — R"™, g = (g1,92,---,9n), be a map such that for each
i€ {1,2,...,n}, the function g; : R — R is nondecreasing and left—continuous; and S be
a subset of ACq4([a,b],R™). Assume that for each i € {1,2,...,n} the following conditions
are satisfied:

(i) The set {F;(a) : F = (Fy, Fa,..., F,) € 8} is bounded.
(ii) There exists h; € L} ([a,b), [0,400)) such that

[(Fi)y, (1) < hi(t), giaa. t€[a,b), forall F = (Fy,Fy,...,F,)€S.

Then S is a relatively compact subset of BC4([a, b], R™).

5.2 Initial value problem

In this part of the chapter, we shall focus on the study of initial value problems in the context
of g—differential equations. Specifically, giveng : R — R™, g = (g1, g2, - - - , gn ), such that
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eachmap g; : R - R, 7 = 1,2,...,n, is nondecreasing and left—continuous; we will study
the existence and uniqueness of solution of

(E;(t) = f(t, (E(t)), (E(to) = Xy, (59)

with t9,7 € R, T > 0, X C R", 290 € X and f : [to,t0 +T) x X — R", f =
(f1, f2,--., fn). To that end, we introduce the concept of solution that is fundamental for the
aims of this section. As usual, in what follows we denote by I, = [to,to + 7), 7 € (0,77,
and I = [tg,to+ T). Similarly, we denote I, = [to,to + 7], 7 € (0,T],and I = [to,to +T).

Definition 5.27. A solution of [3.9)on an interval I, 7 € (0,T), isamap x € ACg(I,,R™),
x = (x1,%2,...,%n), such that x(tg) = xo, x(t) € X forallt € I, and

xy, (t) = fi(t,x(t), gi—aa tel., ie€{l,2,...,n}. (5.10)

If 7 =T, we say that x is a global solution of [3.9)} otherwise, i.e. if T € (0,T), we say that
x is a local solution of

Remark 5.28. In the work ahead, we will say that properties are satisfied g—almost every-
where in a set or for g—almost all points of a set, meaning that they are satisfied with almost
everywhere for the corresponding measure, f1,4,. That is, we will consider the properties in a
“component—-by—component” fashion. Therefore, we will write expressions like as

xy(t) = f(t,x(t), g-aatel,.

Remark 5.29. Analogously to the discussion about Definition [4.1] one might be interested
in the reason for considering the solutions on an interval I, 7 € (0,77, to be defined over
the corresponding closed interval, I,. The justification for that remains the same as for the
solutions the Fundamental Theorem of Calculus. This result allows us to characterize
the solutions of [(3.9)]in an analogous fashion to Remark 2] That is, z is a solution of
onI,, 7 € (0,7, if and only if z € AC4(I,,R™) and it solves

x(t) = xo —&—/{ )f(s,a:(s))dg(s), tel,. (5.11)

Observe, however, that this can still be done by requiring the solutions to belong to the cor-
responding set generalizing the one in Definition @3] In this case, it would be for functions
in the set EAC4(I,,R™) defined as the following cartesian product:

EACy(I.,R") = [[ EAC,,(I,,R).

=1

It follows from Proposition that there exists a bijection between EAC4(I,,R™) and
ACg4(I-,R™). Hence, we will restrict ourselves to Definition for simplicity.

Following the steps of Chapter ] we study “everywhere” solutions of problem In
particular, we generalize Corollary showing that “everywhere” solutions of have
g—continuous derivatives provided that the map f is (§ x Id)—continuous.
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Proposition 5.30. Let 7 € (0,T], f : I xR = R", f = (f1, f2,..., fn), be a (§ x Id)-
continuous function on I, x R" and x € ACy(I.,R"™), x = (x1,22,...,xy), be such that
x(to) = xo and

(z;), (t) = fi(t,x(t)), forallt € [;\C,, i=1,2,...,n.

9gi

Then, (z)y, is G—continuous on I \ Cy,.

Proof. Given that z is g—absolutely continuous on I, we have that x is g—continuous on I ,,
see Remark Hence, it is G—continuous on I,.. Thus Lemma yields that f(-,z(+))
is g—continuous. Hence it follows from the definition of g—continuity that, for each i €
{1,2,...,n}, themap f;(-,x(-)) is g-continuous, and since (x;)y, is defined on I, \ Cy,, the
result follows. O

Remark 5.31. If g = (g,9,...,9) for some nondecreasing and left—continuous map ¢ :
R — R, Proposition [5.30] yields Corollary &.7]

It follows from Proposition[5.9|that, under the hypotheses of Proposition[5.30] ()7, is 5—
continuous on I \ C, for g as in[(3.5)] Furthermore, notice that if we replace the concept of

g—continuity for g—continuity in the hypotheses of Proposition |5.30| we still obtain the same
result. As proven in Remark we cannot ensure that the corresponding g;—continuity
without further modifications to the hypotheses. To that end, we introduce the following
result.

Proposition 5.32. Let f : I x R® — R™, f = (f1, fo,..., fn) and x € AC4(I,,R"),
x = (x1,T2,...,2n), T € (0, T, be such that z(ty) = zo and

(zi)y, (1) = filt,x(t), forallt € [\ Cy, i=1,2,...,n.

If there exists i € {1,2,...,n} such that f;(-,x(-)) is gi—continuous on I, then (x;); i
gi—continuous on 1.\ Cy,. In particular, if f(-,z(-)) is g—continuous on I, then (z;), is
gi—continuous on I \ Cy, forall i € {1,2,...,n}.

Proof. The hypotheses ensure that f;(-, z(-)) is g;—continuous on I.. Now, it is enough to

note that (z;)g, is defined on I \ Cy,, to finish the proof. O

Following the steps of Chapter[d we now generalize Proposition[4.8] a result that showed
that under certain hypothesis on the map defining the problem, a solution can be turned into
an “everywhere” solution. Here, we prove that under the corresponding condition of f for
this context, a solution in the sense Definition m is an “everywhere” solution. Observe,
however, that in order to do so, we need more than the corresponding continuity one.

Proposition 5.33. Let f : I x R" = R", f = (f1, f2y..., fn), beamap and x : [, — R,
x = (x1,22,...,2,), T € (0,T], be a solution of [(5.9)] Then:

() If f(-,z(")) is g—continuous on I, then
(zi)y, (t) = fi(t,z(t)) forallt € (I \ (DgUCy,))UDy, i=1,2,...,n,
for g as in[(5.5)]
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@) If fi(-,x(-)) is gi—continuous for some i € {1,2,...,n}, then
(2i)y, (t) = fi(t,x(t)) forallt € I\ Cy,.
In particular, if f(-,x(+)) is g—continuous on I, then

(zi)y, (t) = fi(t,x(t)) forallt € I.\Cy, i=1,2,...,n.

Proof. Fixi € {1,2,...,n}. Since z is a solution of [(3.9)] we have that z; € AC,, (I, R™)
and

(zi)y, (t) = fi(t,x(t), gi-aa te . (5.12)
It follows from [(5.12)|that in particular, (2;);, (t) = fi(t,z(t)) forallt € D,,, so itis enough

to show that the equality holds for ¢t € I\ (Cy, UDj) to prove (i) and for t € 1.\ (Cy, UDy,)
to prove (ii). We will first prove the (ii) and then, by making small modifications to that proof,
we will obtain (1).

Fix t € I, \ (Cy, U Dy,). Since g; is not constant on any neighbourhood of ¢, we may
have g;(s) < g;(t) forall s < ¢, g;(s) > g;(t) for all s > ¢, or both. If g;(s) < g;(t) for all
s < tandt > tg, then for all s € [tg, t),

(9i(t) = gi(s)) inf fi(r,x(r)) < fi(ra(r)) dgi(r)

s<r<t [S,t)

< (0(t) ~ i) sup £, 2(r)).

Now, the Fundamental Theorem of Calculus ensures that
flryz(r)dgi(r) = x;(t) — zi(s), s € [to,?).
[s:t)

Hence,

wils) —wil) e
= gi(s) — gi(t) = sSrEtfl( (). (5-13)

On the other hand, if g;(s) > g;(¢) for all s > ¢, then for all s € [t, ¢y + 7) we have

inftfi(r,:c(T)) <

s<r<

(9:(s) = gi(t)) inf fi(r,2(r)) < fi(r,x(r)) d gi(r)

t<r<s [£,5)

< (9i(s) = gi(t)) sup fi(r,z(r)).

t<r<s

Reasoning analogously to the previous case, we obtain

. zi(s) — xi(t)
inf fi(r,z(r)) < —— < sup fi(r,z(r)). (5.14)
t<r<s ( ( )) gi(S) *gi(t) t<r<s ( ( )>
Now, for (ii), assume that f;(-,z(-)) is g;—continuous on I,. In that case, since g; is

continuous at ¢, we have that f;(-, z(-)) is continuous at ¢. Therefore, if ¢ is such that g;(s) <
gi(t) for all s < ¢,[(5.13)]implies that the following limit exists and

i Zi(8) = 2:(t)

S ) — ) = fi(t, z(t)). (5.15)
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If gi(s) = gi(t) on some [t,t + d], & > 0, then the limit in[(5.15)]is (x;);, () and the proof is
complete. Similarly, if ¢ is such that g;(s) > g;(¢) for all s > ¢, the continuity of f;(-,z(-))

at t and[(5.14)|ensure that the following limit exists and

lim x;(8) — x4(t)

) =) fi(t,z(t))- (5.16)

This covers all of the remaining cases, so the proof is finished for f;(-, z(-)) g;—continuous,
and subsequently, for f(-, 2(-)) g—continuous.

On the other hand, if t € I \ (Cy, U Dj), we have that t € I \ (Cy, U Dy, ). Hence,
[(3:13) holds if ¢ is such that g;(s) < g;(t) for all s < ¢, and[(3.14)] if g;(s) > g;(¢) for all
s > t. Therefore, for (i), f(-,z(-)) is g—continuous, so f(-,z(-)) is g—continuous at ¢. As a
consequence, f(-, z(-)) is continuous at ¢ as g is continuous at that point. Hence, by making

analogous reasonings, we can obtain and [(3.16)]to finish the proof. O
Remark 5.34. Notice thatif ¢ = (g, g, ..., g) for some nondecreasing and left—continuous

function g : R — R, then Proposition [5.33 reduces to Proposition [#.8] In particular, we
have that the proof of Proposition [5.33]is a more complex version of that for Proposition [4.8]
in [33]]. Observe that we can find a similar result to Proposition@in [50, Proposition 4.6].
However, such result is not correct due to Definitions [5.2] and [5.15] not being equivalent to
Definitions [5.4] and [5.16] respectively. The correct formulation of the result is the one here
proposed in Proposition[5.33]

As we have pointed out, Propositions and [5.33] generalize the corresponding re-
sults in Chapter 4 Propositions [4.7] and [4.8] which lead to the conclusion of Theorem [4.9]
However, we cannot directly establish an analogous result to Theorem 4.9 because of the
limitations that the definitions present. Here, we propose a result that can be regarded as a
generalization of Theorem4.9] as it reduces to such result when we consider g = (g,9,...,9)
for a nondecreasing and left—continuous function g : R — R. Essentially, the following result
ensures that the “classical” concept of solution can be obtained from Definition[5.27|provided
that f satisfies the corresponding continuity condition and the solution satisfies the equation
in some problematic points.

Theorem 5.35. Let 7 € (0,71, f : I x R" — R" be a (g x Id)—continuous function on
I x R"and x : I, — R" be a solution of [(5.9)] If there exists i € {1,2,...,n} such that

(zi)y, (t) = f(t,x(t)), forallt € Dg\ Dy, (5.17)
then
(zi)y, (t) = fi(t,x(t)) forallt € I\ Oy, (5.18)

and (), is g-continuous on I, \ Cy,. In particular, if (S.1D)|holds for all i € {1,2,...,n},
then[(5.18)| holds for alli € {1,2,...,n} and each (x;),,, i € {1,2,...,n}, is g-continuous
on I\ Cy,.

Proof. By definition, x € AC, (I,,R™), and therefore x is g—continuous. Hence, given that
fis (g x Id)—continuous on I x R™, Proposition ensures that

(@), (t) = fi(t,2(t)) forallt € (I, \ (DgUCy,))UD,, i=12,..n.
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5.2 Initial value problem

Hence, given i € {1,2,...,n} such that[(5.17) holds, we have that (x;), (t) = fi(t,z(t))
forall ¢t € I, \ C,,. Now, Proposition ensures that (z;)y, is g—continuous in I \ Cy,,
which finishes the proof. O

Remark 5.36. Note that condition becomes vacuous when g = (g,9,...,9) for a
nondecreasing and left—continuous function g : R — R as g = ng, from which we have
D; = D,,. Furthermore, in that case, § and (§ x Id)—continuity reduce to g and (g x Id)—
continuity, respectively. In other words, Theorem generalizes Theorem |4.9

In 50, Theorem 4.8] we find a similar result to Theorem[5.33} In that case, the authors as-
sumed the following extra hypothesis: for each i € {1,2, ..., n}, there exists a g;—integrable
map h; : I — [0,400) such that

|fz(t7x)‘ S hz(t)v gi—a.a. te Ia T e B(I07T)' (519)

With that extra assumption, the authors claimed that they can ensure the existence of a local
solution. This part can be proven to be true using a later result, Theorem [5.39] However, the
statement of [[50, Theorem 4.8] goes beyond that, ensuring that such local solution satisfies
and that the solution is g—continuous. The reasoning used there follows the arguments
used to obtain Theorem[5.35] In particular, this argument presents the limitations commented
in Remark [5.34] invalidating the proof there included. Furthermore, it is easy to see that
the extra hypothesis, is not enough to guarantee that the composition f(-, z(-)) is g—
continuous. It is enough to consider the example included in Remark [5.22] for two bounded
derivators. Therefore, the result is not correct.

It is interesting, however, to consider the ideas of [50, Theorem 4.8]. In particular, the
idea of finding “everywhere” solutions of that are g—continuous. To that end, we have
Proposition [5.32] providing some conditions ensuring that that is the case. Combining that
result with statement (ii) in Proposition[5.33] we can obtain the following result.

Theorem 5.37. Let f : [ x R® — R", f = (f1, fa,..., fn), beamap and x : I, — R",

x = (x1,2a,...,%,), be a solution of [3.9) If fi(-,x()) is g;—continuous on I, for some
i€{1,2,...,n}, then

(i), (t) = fi(t,x(t)) forallt € I.\ Cy,,

and (z;)y, is gi—continuous on I, \ Cy,. In particular, if f(-,x(-)) is g—continuous on I,
then
() (t) = fi(t,z(t)) forallt e I\ C,, i=1,2,...,n,

9i
and (z;)y, is gi—continuous on I \ Cy, forall i € {1,2,...,n}.

5.2.1 Existence and uniqueness of solution

We now present some results guaranteeing the existence and uniqueness of solution of in
a similar fashion to the results in Chapter@ That is, first, we study under which conditions we
can ensure the existence of solution and later, we look for conditions guaranteeing uniqueness
of solution. Finally, combining the previous results, we obtain results on the existence of a
unique solution of problem in [50,/60]. Before doing so, it is important that we make
the following remark about the continuity of the derivators at the initial point.
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Remark 5.38. When studying the existence and uniqueness of solutions of [(3.9)] we can
assume without loss of generality that g is continuous at #y3. To see this, it is enough to
consider the “component-by-component” formulation of the problem and apply a similar
argument to that in Proposition [4.28]

As a final comment, note that given g : R — R", g = (¢1,92,-..,9n), such that each
map ¢g; : R = R, 7 = 1,2,...,n, is nondecreasing and left—continuous; we have that
each g;, 7 = 1,2,...,n, defines a Lebesgue—Stieltjes measure, ug,, ¢ = 1,2,...,n, over its

corresponding o—algebra, LS,,, 7 = 1,2, ..., n. Furthermore, the map g in[(3.5)]also defines
a o—algebra, LS3. It follows from Remarkthat Ni_y LS, C LS. Therefore, as long
as we can ensure that a function is g;—measurable for all ¢ € {1,2,...,n}, we do not need to
worry about the g—measurability of such function.

Existence of solution

Our first existence result is, as it happened in Chapter [d] a Peano—type existence result. This
result is a generalization of Theorem [4.3T]and its proof is analogous to that of Theorem .31
in the more general context of

Theorem 5.39. Letr > Oand f : I x B(xzo,r) = R™, f = (f1, fa,. .., fn), be such that
foreveryi=1,2,....n, f; is gi—Carathéodory. Then there exists T € (0,T] such that[(5.9)]
has a solution on I ..

Proof. Let R = r + ||z]|- By hypothesis, for each ¢ € {1,2,...,n}, f; is g;—Carathéodory
on I x B(zo,r). Therefore, for each i € {1,2,...,n}, there exists hr; € L} (I, [0, +00))
such that

|fi(t,z)| < hgr:(t), gaa.tel, x¢€ B(zxg,r), ||z <R.

In particular, we have that, for each i € {1,2,...,n},
|fl‘(t,$)| < hR,i(t), g;—a.a. te ], T € B(Q?o,?“).

We can assume, without loss of generality, that g is continuous at ¢, see Remark[5.38] There-
fore, we can find 7 € (0, T such that

max / hri(s)dgi(s) p <. (5.20)
i=1,...,n [to,to+T)

Define X = {x € BCy(I,R) : ||z(t) — zo|| < rforallt € I} and F : X — X given by

Fa(t) =z + f(s,z(s))dg(s), tel,.
[to,t)
It is clear that X is nonempty as the map H = (Hy, Ha, ..., H,) given by

Hi(t):xo’i—i—/ hri(s)dg(s), i=1,2,...,n,
[tht)
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belongs to X. Moreover, X is a closed convex subset set of BCq4(I,R) by construction.
Furthermore, the hypotheses and the selection of 7 guarantee that £’ is well-defined. In-
deed, given © € BC4(I,,R), we have that x is g,—measurable for all ¢ € {1,2,...,n},

see Proposition and Remark Now, Proposition ensures that f;(-,z(-)) is g;—

measurable for each i € {1,2,...,n}, and since € BCy(I,,R™), the same result ensures
that f;(-,z(-)) € Ly, (I+,R), i = 1,2,...,n. Hence, the integrals in the definition of F" are
well-defined. Now, the selection of 7 ensures that F' maps X to itself. Thus, it is enough
to show that I’ is compact to obtain the result as a consequence of Schauder’s Fixed Point
Theorem.

Let A C X be a bounded set. Let us show that F'(A) is relatively compact subset of
BCy4(I,,R™) using Proposition First, it is clear that {z;(to) : © € F(A)} = {x¢,} for
eachi € {1,2,...,n}. Moreover, for any « € F(A), Theorem [3.26]ensures that

[(Fix),, ()] = fi(t,2(t))| < hri(t), gaatel,, i=1,2,...,n.

Hence, we have that F'(A) is relatively compact, which proves that F' is compact. Now the
result follows. O

Next, we present the generalization of Theorem [4.32] thus guaranteeing the existence of
a global solution. Similar to the proof of such result, the proof of the following result is a
slight modification of that of Theorem[5.39] and it is based on the fact that the local character
of the solution in Theorem [#.32]is due to condition[(5.20)] Therefore, it is enough to impose
a boundedness condition in terms of the corresponding integrable functions.

Theorem 5.40. Let f : [ x R® — R", f = (f1,fa,..., [n), be such that, for each
i €{1,2,...,n}, the following conditions are satisfied:

(i) Foreachx € BCy(I,R™), the map f; (-, x(-)) is gi-measurable.
(ii) There exists h; € E;i (1,]0,+00)) such that

|fi(t,x)| < hi(t), gi—aa.tel, xeR"

Then|[(5.9)| has a solution on 1.

Proof. First of all, note that the hypotheses imply that for each i € {1,2,...,n} and z €
BCy(I,R™), the map fi(-,z(-)) € L} (I,R) since

/ fi(s,2(5)) | dgi(s) < / ha(s) dgi(s) < +oo.
I I

Thus, the map F : BCy(I,R"™) — BCy(I,R™) defined as

Fx(t) = xo +/ f(s,z(s))dg(s), tel,

[to,t)

is well-defined. The rest of the proof follows the steps of the proof of Theorem[5.39] and we
omit it. O
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Remark 5.41. Observe that it is enough for f; to be g;—Carathéodoryon I xR,7 =1,2,....,n,
for condition (i) in Theorem [5.40] to be satisfied. Indeed, let i € {1,2,...,n} and consider
x € BCq(I,R™). It follows from Propositions |5.6and and Remark that z is g;—
measurable. Hence, Proposition[1.28]ensures that f;(-, z(")) is g;~measurable.

Our last existence result is an Osgood-type existence result. The proof of this result is
somehow similar to that Theorem [#.3€] in the sense that it can be obtained as a consequence
of the corresponding Peano existence result. Note that if the hypotheses of Theorem [£.36] are
satisfied, then the hypotheses of the following result are also satified for g = (g,9,...,9)
and we obtain the same information on the existence of solution. Hence, this result is an
extension of Theorem

Theorem 5.42. Letr > O and f : I x B(xg,7) = R™ f = (f1, f2, .., fn), be such that,
foreachi € {1,2,...,n}, the following conditions are satisfied:

(i) Foreach x € B(xq,7), fi(-, x) is gi—measurable.
(i) fi(-,20) € Ly, (I, R).

(i) There exist p; € L}, (I,[0,+00)) and w; : [0,+00) — [0, +00) nondecreasing, con-
tinuous at 0 with wZ(O) = 0 and such that
|fb(t7x) (tay)| ( )w’l(Hx_yH) gi—a.a. te Ia T,y € B(Jfo,”/’).

Then there exists T € (0, T)] such that[(5.9)| has a solution on I..

Proof. The hypotheses guarantee that each map f;, i« = 1,2, ..., n, satisfies the hypotheses
of Lemma for the corresponding map g;. Hence, for each i € {1,2,...,n}, the map f;
is g;—Carathéodory and so, the result follows from Theorem [5.39] O

Uniqueness of solution

We now focus on results ensuring the uniqueness of solution. The first of such results is anal-
ogous to the Lipschitz uniqueness result, which in the context of [(4.2)] is Theorem[4.37} The
following result provides a more general result and, as much as the proof of Theorem[d.37] its
proof is based on our version of Gronwall’s inequality for Stieltjes integrals, Propositiond.17}

Theorem 5.43. LetT € (0,T], X CR™", zp € Xand f : IxX = R"™, f = (f1, foy-- -, fn)-
If there exists L : I — [0, 400) such that, for eachi € {1,2,...,n}, L € L} (Ir,[0+ c0))
and

‘f’b(t7x)_fl(t7y)| SL(t)||$—y||7 gi—a.a. teIT7 $7y€X7

then[(3.9)| has at most one solution on I.

Proof. Suppose that z,y € ACg(I.,R™) are two solutions of [5.9) on I. It follows from
Theoremthat fit,x()), fil () € £} (I, R) forall i € {1 .,n}. As a conse-
quence, we have that | f;(-, z(-)) — f; (-, y(- ))| is gl—mtegrable on I, for allz’ €{1,2,...,n}.

Define u(t) = ||z(t) — y(t)||, t € I,. Since each of the components of = — y is Borel
measurable —see Remark [5.14}- and v is the pointwise maximum of Borel measurable maps,
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we have that u is Borel measurable. Therefore, we have that u is g;—measurable for all
i € {1,2,...,n}. Observe that this ensures that the map u - L is g;—measurable for all
i € {1,2,...,n}. As a consequence, we have that it is g—measurable for g as in
Moreover, u is nonnegative and bounded on I, as = and y are bounded. Hence, we have
that u,u - L € L} (I,[0,+00)) for each i € {1,2,...,n}. Therefore, Proposition@
statement (b) ensures that u,u - L € El( +[0,+00)). Now, the Fundamental Theorem of

Calculus yields that for a given ¢ € I,
u(t) = |z, (t) — yj, (1) for some jo € {1,2,...,n}

/[t  inlo2(5) = 5,06 ., 4

< 50 (8,2(8)) — f0(8,9(s)) d gj, (s
< L(s)||z(s) —y(s)||d o
> /[to,t) ($)llz(s) — y(s)ll dgje(s)

Z/to | HOlets) = u(o) daits)
:/ L(s)u(s)dg(s) by Proposition[I.17] (b).
[to,t)

Hence, holds for g with K = 0 which implies that w = 0 on I, i.e. z = y on that
interval. N

Remark 5.44. Note that, for the particular case of g = (g, g, . .., g) for a nondecreasing and
left—continuous function g : R — R, the conditions on the integrability of L are the same the
ones in Theorem Furthermore, in that case, the Lipschitz condition in Theorem [5.43|
reads as

Ifitt,z) — fi(t,y)| < L)z —y|, g-aatel,, zyeX, i=12...,n

Now, since we are considering the max—norm in R”, we have that this implies that the Lip-
schitz condition in Theorem [£.37]is satisfied. Hence, Theorem [5.43|is a generalization of

Theorem £.371

The next existence result is a version of Osgood’s uniqueness result adapted to the con-
text of Its proof is a slight modification of Theorem [4.39] using, once again, the map
g: R — Rin[(3.5)

Theorem 5.45. Let7 € (0,T], X CR", 20 € X, f: I X X = R", f = (f1,f2,-- s fn)s
and w : [0,400) — [0, +00) be a nondecreasing and continuous function such that w(0) = 0
and w(s) > 0 for all s > 0. Assume that the following conditions are satisfied:

(i) Foreachi€ {1,2,...,n},

[fi(t, ) = filt, )| <w(lle—yl), gimaatel, zyecX
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(i) For every u > 0,

u

1
lim ——ds = +oo.
=0t Jo w(s)

Then has at most one solution on I.

Proof. Let x and y be two solutions of [(5.9)on I, § : R — R be as in[(5.5)]and up > 0.
Define ¢ : I — [0,400) as ¢(t) = ||z () — y(t)]] and 2 : (0, +00) — (0, +00) as

"1
Q(r)z[low(s)ds, r € (0,+00).

First, note that, by an analogous argument to the one in the proof of Theorem [5.43] we have
that | f; (-, () — fi(-,y(*))| is g;—integrable on I, for each i € {1,2,...,n}. Similarly, ¢
is Borel measurable and, since w is continuous, the composition w o v is Borel measurable.
This ensures that w o ¢ is g;—measurable for all i € {1,2,...,n}. Furthermore, it is also
g—measurable for g as in Moreover, w o 1) is integrable on I, with respect to g and
gi» i € {1,2,...,n}. Indeed, since z,y € ACqy(I;,R), it follows that z — y is bounded,
and thus so is ¥. As a consequence, the map w o v is bounded as well. This ensures that
the map w o 1 is g;—integrable on I for all ¢ € {1,2,...,n}, from which we have that
wo € £§(IT, [0, +00)), see Proposition|1.17, statement (b).
Now, let K > 0 be an upper bound of w o ¢. Then, for each o € (0, 7),

[ wwe)daes [ Kdge) = Kugltot + o)) < (o),
[to,to+0o) [to,to+o)

where (0) = K pug([to,to + o)) + o > 0. Noting that € and w are in the same circunstances
as € and w in the proof of Theorem with g in place of g, we obtain that holds in
this setting. That is, there exists 0 < R < 7 such that

QEG))+gto+7)—g(to+6) < B:= lim Q(r) for ¢ € (0,R).

T—00

Now, Theorem yields that for each ¢ € I,
W(t) = |z, (t) — yj, (1) for some jo € {1,2,...,n}

50 (8,2(8)) — fi(8,y(s djos
g/W)Lf( () = Fio (5, u(s)) d gz (5)
w(llz(s) —y(s d NG
s/{m (llz(s) — y(s)II) d gio ()
<y / w(llz(s) — y(s)) dgs(s)
_ / w(l(s) — y(s)I]) d(s) by Proposition [T} (b).

/ (5))dg(s) + / w(t(s)) d(s)
to,to+6) [to+4,t)
<20)+ / w(tp(s)) dg(s)

[t0+§t)
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5.2 Initial value problem

for all § € (0, R). Therefore, the assumptions of Lemmal4.38|are satisfied and we have
(1) < Q) + (1)~ §lta+0)), S (O,R), tel.
Applying ) on both sides of the inequality, we obtain
Q1)) — Ae(9)) < §(t) — Glto +8) < §(t) — ko), G € (0,R), teT,.

Assume that 1) # 0 on . If that is the case, there is some t* € I such that ¢(t*) > 0.
Then for all § € (0, R) such that 6 < t* — ¢, we have

¥t q
/ ds = Q(E)) — Q=) < JE) — G(to),
(8) w(s)

and, by taking the limit as § — 0™, we obtain

¥t q
I ——ds < g(t*) - glto) <
L e L 9(t") = g(to) < +oo,

which contradicts (ii). Hence we must have ¢» = 0 on I, i.e. £ = y on that interval. O]

Remark 5.46. Using analogous arguments to the ones in Remark [5.44] we can show that
the Osgood conditions in Theorem [5.43] imply the Osgood condition in Theorem #.39) when
g=1(9,9,...,9) for anondecreasing and left—continuous map g.

Following the results in Chapter 4] we now present the corresponding version of Montel—
Tonelli’s uniqueness result for Analogously to the proof of Theorem [£.41] the proof
of the following result reduces to the proof of the Osgood-type result, Theorem [5.43] after
using a transformation to a Kurzweil-Stieltjes integral.

Theorem 5.47. Let7 € (0,T], X CR", 20 € X, f: I x X = R", f = (f1, f2,--++ Jn
and w : [0,400) — [0, +00) be a nondecreasing and continuous function such that w(0) =
and w(s) > 0 for all s > 0. Assume that the following conditions are satisfied:

),
0

(i) There exists a map ¢ : I, — [0,+00) satisfying that for each i € {1,2,...,n},
pE L%u (I,]0,+00)) and

[fi(t, ) = fi(t, )| < pB)w(lz —yl), gi—aatel, zyeX

(i) For every u > 0,

“ 1
lim ——ds = +o0.
e—0t . w(s)

Then has at most one solution on I .
Proof. Let x and y be two solutions of on I,. Define ¢ : I, — [0, +00) as

U(t) = llz(t) —y@)ll, te .
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We can show, using the same arguments as in Theorem [5.43] that w o 1) is bounded and Borel
measurable. Therefore, given K > 0 an upper bound of w o v, we have that

w(®®)et)| < Klet)], tel.

This ensures that ¢ - w 0 ¢ € L] (I+,[0,+00)) forall i € {1,2,...,n}. Hence, it follows

from Proposition 1.17} statement (b) that ¢ - w o ¢} is g—integrable on I, for g as in[(3.5)}
Defineg: R — R as

0, ift < to,

_ / o(s)dg(s), iftg <t <to+r,
g(t) = [to,t)
/ w(s)dg(s), ift>to+T.
[to,to+T)

Observe that Proposition [I.17] statement (b) ensures that g is well-defined. Furthermore,
by definition, g is nondecreasing and left—continuous everywhere. Recalling the relation
between the integrals of Lebesgue—Stieltjes and Kurzweil-Stieltjes, for each ¢ € I, we have

/[t | SA)e) () - <KS>/ w((5))p(s) d3(s)

to

t
&9 wwie)dg) = [ wls)dgls).  G2n
to [to,t)
where the second equality is a consequence of the substitution formula for Kurzweil-Stieltjes
integral, Theorem[1.69] Observe that the integral in [(5.2T)|is well-defined in the Lebesgue—
Stieltjes sense as the map w o) is Borel measurable. Recall that we can assume, without loss
of generality, that g is continuous at t, which implies that g is also continuous at ty. As a
consequence, we have that g is also continuous at ¢o. This, together with [(5.2T)} implies that
for each o € (0, 7),

[ wwendgt) < [ Kdgls) < Kigltato +0) + o = 2(0).
[to,to+o) [to,to+0)

Therefore, the result can be proved by reasoning as in the proof of Theorem [5.45] with the
appropriate adjustments, i.e. replacing g by g and £(-) by £(-) accordingly. O
Remark 5.48. Once again, note that the arguments in Remark [5.44] adapted to this context
show that Theorem generalizes Theorem in the sense that if the hypotheses of the

latter are satisfied, the hypotheses of the former are also satisfied.

The last uniqueness results are some Perron—type result. First, we present two possible
generalizations of Theorem[#.42] one of the uniqueness result that generalized Perron’s ideas.
The first of these results yields a new result even in the context of as we will see later.

Theorem 5.49. Let 7 € (0,T], X CR™, 2o € X, f: I x X = R™, f = (f1, far---, fu),
and w : I; x [0, +00) — [0, 4+00) be (g; x Id)—continuous for all i € {1,2,...,n}. Assume
that the following conditions are satisfied:
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5.2 Initial value problem

(i) Foreachi € {1,2,...,n},
|.f1(tax)_fz(t7y)| SW(t, |xl_yl|)7 gi—a.a. tel, xayex-
(ii) Foreachie {1,2,...,n}andr € [0,+00), w(:,7) € L} (Ir,[0 + c0)).

(iii) Foreveryt € |J;_, Dy, N1, there exists §; > 0 such that for all s € (t—0;,t+06;)N1,
w(s, ) is nondecreasing.

(iv) Foreachi € {1,2,...,n}, the only gi—absolutely continuous function on I, satisfying
2o, (t) Swl(t, 2(t), gi—aa tel., 2(t) <0, (5.22)
is the null function.
Then has at most one solution on I..

Proof. Let z and y be two solutions of [(3.9) on ;. For each i € {1,2,...,n}, define
i (t) = |xi(t) — yi(t)], t € I,. We will show that for each i € {1,2,...,n}, ¢; satisfies
which then implies x; = y;, and thus, z = y.

Fix i € {1,2,...,n}. Clearly, 1;(to) = 0 and, by Proposition[3.28] v; € AC,, (I.,R).
We claim that conditions (ii)-(iii) imply w(-, 1;(-)) € £}, (Ir,[0,40c)). First, Lemma
ensures that the composition is g;—continuous, and in particular, g;—measurable. Now, let

0= [J @t—6ut+0).

tel,NDy,

Note that O is open by definition, hence I, \ O is compact. The fact that g; is continuous
on I, \ O, together with Proposition yields that w(-,1;(-)) is continuous on I \ O,
therefore bounded. Let M; > 0 be an upper bound of w(-,1;(-)) on I, \ O, and let K; > 0
be an upper bound of v; on I .. Then w(s,;(s)) < M; +w(s, K;), s € I, and so it follows
thatw(-, () € Ly, (I7, [0, +00)).

Define ¥; : I, — Ras

U, (t) = / w(s,¥i(s))dgi(s), tel,. (5.23)
[to,t)

By definition, ¥; € AC,, (I;,R) and consequently it is g;—differentiable for g;—a.a. t € I,.

Denote by E the set of points of I, where both derivatives ¢ and (¥;), exist. If ¢ €
Dy, N E, then, by Remark [3.4] we have that
(r), () = |23 (1) = i (t)] = |2:() — wi(t)]
o Ag;(t)
() — i) + (filt.x(®) = filt,y®))Agi()  |wi(t) — v (D))
Agi(t) Agi(t)

< |filt,2(t)) = fult, y()| < w(t, zi(t) — v (D)),
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that is, (1), w(t,(t)) for t € Dy N E. On the other hand, for t € E\ Dy,
Theoremiylelds that
V) = lim Yi(s) — i(t)
(W), (0) = sL“ 9i(s) — gi(t)
o 1(s) — as)] ) — )
s—t+ 9i(s) — gi(t)
_zi(s) = @i(t) — (yils) — wi(1))]
< Jim, 71(5) = i (D)
. 1
—»iggﬁgxs)__gxt) hﬁ)(fxr,x()) filry(r))) dgi(r)
1
< T oy e
- lim 1(8) — \Ij%(t) v RV
=B e e - PO

Noting that (V)] (t) = w(t,i(t)) —see Theorem we conclude that

(i)y, () S w(t, ¢i(t)), te E;

proving that v; satisfies O
Let us discuss the relations between Theorems [5.49] and [4.42] under the circumstances
for which both results make sense i.e., when g = (g, g, - .., g) for a nondecreasing and left—

continuous map g : R — R. First, note that condition (i) in Theorem [5.49]does not translate
directly into condition (i) in Theorem .42} However, if

|fl(t7m)_fl(t7y)| Sw(tv |‘rl_y1|)7 g—a.a.tEIT, xvyeXu
foralli € {1,2,...,n}, then we have that

1) = FEp)ll < max {wlt, o - )}, gaatel, zyeX.

This does not imply, in general, condition (i) in Theorem #.42] Conversely, it is clear that
condition (i) in Theorem [#:42] does not imply, in general, condition (i) in Theorem [5.49
Hence, the two results are not comparable. For a direct generalization of Theorem [4.42] we
include the following result which is based on the map g : R — R in[(3.5)}

Theorem 5.50. Let 7 € (0,7], X CR", zg € X, f: I x X = R", f = (f1, fo,---, [n)
and g : R — R be as in[(3.5)] Assume there exists a map w : I, x [0,+00) — [0,+00)
which is (g x Id)—continuous map and satisfies the following conditions:

(i) Forg-a.a. t € I, andall x,y € X,

1t 2) = f(E )l < wlt [z = yll).
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5.2 Initial value problem

(ii) Foreachi € {1,2,...,n}andr € [0,+00), w(:,7) € L} (Ir,[0 + c0)).

(iii) Foreveryt € Dgn 1., there exists §; > 0 such that for all s € (t — 0, + 0;) N I,
w(s, ) is nondecreasing.

(iv) The only G—absolutely continuous function on I, satisfying
z5(t) Sw(t, 2(t)), g-aa tel., 2(t) <0, (5.24)
is the null function.
Then has at most one solution on I.

Proof. Let x and y be two solutions of [[5.9)]on I, and define ¥ (t) = ||x(t) — y(¢)||, t € I,.
We will show that ¢ € AC5(I,,R) and it satisfies which implies that z = y on I,.
Observe that, by definition, ¥(tg) = 0, so in order to show that ¢ satisfies we only
need to prove the differential inequality.

First, note that by definition we have that z —y € ACq(I,,R™). Therefore, Remarkﬂ
ensures that x —y € ACz(I,,R™). Now, given that ¢ is the pointwise maximum of g—
absolutely continuous functions, we have that ¢ € ACg(TT, R™), see Proposition

Now, let us show that 1) satisfies [(5.24)} Since ¢ € AC5(I,,R™), we have that 1 is g—
continuous. Then, Lemma[d.6|ensures that w(-, 9(-)) is g—continuous and Borel measurable.
Now, repeating the arguments in Theorem[5.49] we can show that

w(s,¥i(s)) <M +w(s,K), sel,,

for some constants M, K > 0. This, once again, implies that w(-,1(-)) is g;—integrable
on I, foreach i € {1,2,...,n}, and as a consequence, w(-, ¥(-)) € %(IT, [0,400)), see
Proposition statement (b).

Define ¥ : I. — Ras

W(t) = / w(s,9(s))dg(s), teT. (5.25)
[to,t)

By definition, ¥ € AC5(I,,R) and consequently it is g—differentiable for g-a.a. t € I,. Let
us denote by E the set of points of I, where both derivatives z/;é and \Il_fq\ exist. We shall show
that [(5.24)| holds for all the points of E.

Let t € Dy N E. By definition of the norm in R™, ||z(¢tT) — y(t1)|| = |z, (¢1) — i, (0)]
for some 7o € {1,2,...,n}. Hence, since x, y are solutions of [(5.9)]

2(t™) = y(t)| = |2 (t
< |£U7;0 (t
< lz(t) —y
< lz(t) —y

) = i () + (fio (& 2()) — fiy (8, 4(2))) Agiy (1)
) = Yio (O] + [ fio (8, 2(1)) — fio (£, 5())| Agi, (t)
O+ 1F (s 2(8)) — f(E y() | Agi, (£)
O+ 1 2(8) = f(&y(2)[[AG()-

—_
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Thus, it follows that
oy @) =y (@) = [lz() —y@)||
Yol = AG(D
) —y@I + £ 2@)) — fEy@)IAGE) — [z(t) —y@)]
Ag(t)

= [lf(t,z(t) — f(ty(®)]| < w(t,p(t)).
On the other hand, if t € '\ Dg,

e

va() = Jim, 70s) — g0
() = yls) — (2(t) — y(0) |
=A% 30s) — 3(0)
. 1
= lim o | G = ) st

/[t (50200 = ) dtr)

}

IA
5
8
&

\ { i3t = ) dgm} .

Now, for each r € I, the hypotheses ensure that

[fi(r,z(r)) = filr,y ()| < [1f (r,2(r)) = f(ry(r)] < w(r, (), i=1,2,...,n.

As a consequence,

1
S 23y 0 ) 00
. 1 N
= lim gy [ e age)

Theorem ensures that W%(¢) = w(t, 9 (t)), which concludes the proof. O

Observe that conditions (iii) in Theorems [5.49] and [5.50] are the same. To see that, it is
enough to note that

D; = U D,,. (5.26)
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5.2 Initial value problem

Similarly to Theorem [4.42] there is a way to avoid these conditions in a similar fashion to
Theorem [#.43] In the following, we present two generalizations of Theorem [4.43] by making
the corresponding changes to the Theorems [5.49| and [5.50]

Theorem 5.51. LerT € (0,7], X CR™" 20 € X, f: I x X - R” and g : R — R be
as in[(3.5)] Assume that there exists a g-Carathéodory map, w : I, x [0,400) — [0, +00),
satisfying conditions (i) and (iv) in Theorem[5.50] Then has at most one solution on I.

Proof. Let x and y be two solutions of [(5.9)on I and define ¢)(t) = ||z(t)—y(t)|.t € I;. As
in the proof of Theorem 5.50|, we have that ¢ € AC5(I;,R). Therefore, 1 is g—measurable
and bounded. Thus, Proposition |1.28|ensures that w(-,¥(-)) € Cé(IT, [0,400)). Now, it is

enough to define ¥ : I, — R as in[(5.25)| and repeat the same arguments as in the proof of
Theorem [5.50]to show that 1 satisfies [(3.24)] O

Theorem[5.51]is the most direct generalization of Theorem[4.43]in the same way that The-
orem[5.50]generalizes Theoremd.42] A different type of generalization can be obtained using
Theorem @l In that case, we obtain the following result, which provides new information
even in the context of in an analogous sense to Theorem [5.49]

Theorem 5.52. Let7 € (0,7], X CR", mg € Xand f : IXX = R", f = (f1, fa,---, [n)-
Assume that there exists w : I, x [0,4+00) — [0, +00) satisfying conditions (i) and (iv) in
Theorem and such that w is g;—Carathéodory for eachi € {1,2,...,n}. Then[(5.9) has

at most one solution defined on .

Proof. Let x and y be solutions of[(5.9) on I, and i € {1,2,...,n}. Define ¢; : I, — R as
Vi(t) = |ai(t) —wi(t)|, tel..

It follows from Proposition (3.28 that ¢; € AC,, (I;,R). Therefore, 1); is g;—measurable
and bounded. Thus, Proposilﬁ@ ensures that w(-, 1;(-)) is g;—integrable on I,.. Now, it
suffices to define ¥; : I, — R asin and repeat the same arguments as in the proof of
Theorem[5.49]to show that 1; satisfies O

Existence and uniqueness of solution

We finally present some existence and uniqueness results for problem We start by
presenting some of the results that can be obtained directly by combining the previous results.
Our first result gives a sufficient condition for[(3.9)|to have a unique local solution. This result
is obtained from combining Theorems [5.39]and [5.43]

Theorem 5.53. Let v > O and f : I x B(xg,r) — R™ f = (f1, fa,..., [n), be such
that for each i € {1,2,...,n}, the map f; is g;/—Carathéodory. If there exists a function
L: T —[0,00), such that for everyi=1,2,...,n, L € L} (I,[0,400)) and

|fi(t,x) = fi(t,y)| < L)z —yll, gi—aa tel, x,y€ B(xo,r),

then there exists T € (0, T] such that[(3.9)| has a unique solution on I.
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Remark 5.54. At this point, we need to talk about [[50, Theorem 4.4]. In this result, the
condition of f; being g;—Carathéodory, i € {1,2,...,n}, is replaced with the following
conditions:

1. foreveryi=1,2,...,n,and z € B(x,r), the map f;(-, z) is g;—measurable;
2. forevery i =1,2,...,n, fi(-,z0) € L} (I,R);

However, as it is shown in Remark 43| this is equivalent to f; being g;—Carathéodory,
1 =1,2,...,n, under the Lipschitz condition of Theorem @ Observe, nevertheless, that
[50, Theorem 4.4] does not explicitly reflect on the g—measurability of the map L in the
Lipschitz condition. Here, we have shown that it can be deduced from the hypothesis of the
result, improving, in a sense, the proof of the result.

We can obtain another result guaranteeing the existence and uniqueness of a local solution
of by imposing conditions that ensure that the hypotheses of Theorems [5.42] and [5.47]
are satisfied. This leads to the following Montel-Osgood—Tonelli existence and uniqueness

result for

Theorem 5.55. Letr > 0, f : I x B(xg,7) = R, f = (f1, fay. .-, fn), and w : [0,400) —
[0, 4+00) be a nondecreasing and continuous function such that w(0) = 0 and w(s) > 0 for
all s > 0. Assume that the following conditions are satisfied:

(i) Foreachx € B(xg,r), fi(-, ) is g;/—measurable.

(iii) For every u > 0,

u
1
lim

ds=+oc0.
=0t Jo w(s)

(iv) There exists a map ¢ : I — [0,+00) satisfying that for each i € {1,2,...,n},
@ e L) (I,]0,+00)) and

[filt;x) = filt, )] < @@z —yl)),  gmaa tel, wxye Blxo,r)

Then there exists T € (0, T such that[(5.9)| has a unique solution on I.

Remark 5.56. Note that for the particular choice of w(r) = r, r > 0, we obtain [50, Theo-
rem 4.4]. Therefore, this theorem is a more general result than Theorem@ Furthermore, if
g=1(9,9,...,9) for anondecreasing and left—continuous map ¢ : R — R, then the hypothe-
ses of Theorem [5.55] are the same as those of Theorem [4.46] thus providing a more general
result.

We now turn our attention to the study of global solutions. In this framework, we can
obtain a simple result by gathering the hypotheses of Theorems [5.40| and [5.43] Given that
such results can be regarded as the extensions of Theorems [4.32] and to the context of
respectively, the next result is a generalization of [£.4§| to the context of g—differential
equations.
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5.2 Initial value problem

Theorem 5.57. Let f : [ XxR™ = R"™, f = (f1, fa,- .., fn), satisfy the following conditions:
(i) Foreachi€ {1,2,...,n} and x € BCy(I,R™), the map fi(-,x()) is gi—measurable.
(ii) Foreachi € {1,2,...,n}, there exists h; € L}, (I, 10, +00)) such that

|fi(t, )] < hi(t), giaa tel, xeR™

(iil) There exists a map L : I — [0,400), satisfying that, for each i € {1,2,...,n},
LeL) (I,[0,400)) and

|f1(tax)_fl(t7y)” SL(t)HJZ—y”, gi—a.a. tEI, l‘,yERn.

Then[(5.9)| has a unique solution defined on I.

Although this result provides some sufficient conditions on the existence of a unique
solution of problem there is a more general version of such result that can be found
in [50]. This result is a generalization of Theorem [#.49]and it is proven in a fashion similar
to that of the original paper, [33].

Theorem 5.58. Let f : [ xR"™ — R"™, f = (f1, fo, ..., [n), satisfy the following conditions:
(i) Foreveryi=1,2,...,nand x € R", the map f;(-, ) is gi—measurable.
(il) Foreveryi=1,2,...,n, fi(-,x9) € E;i (I,R).

(iil) There exists a map L : I — [0,400), satisfying that, for each i € {1,2,...,n},
LeL) (I,[0,+00)) and

‘fl(tax)_fl(tay” SL(t)”m_ynv gi_a'a'telv JZ,yERn.

Then|[(5.9)| has a unique solution on I.
Proof. Define F : BCy(I,R™) — BCg4(I,R™) as the map given by

Fa(t) = 20 + / f(s,a(s) dg(s), teT.
[to,t)

Note that hypotheses (i)-(iii) imply that for each i = 1,2,...,n, f; is g;—Carathéodory, and

so the corresponding F' is well-defined (see the proof of Theorem [5.39). Hence, noting that

x is a solution of [(5.9)]if and only if it is a fixed point of F’, proving the result is equivalent to

showing that F' has a unique fixed point.

Let L be the function given by hypothesis (iii). Observe that the hypotheses and Propo-
sition g statement (b), ensure that L € LL(1, [0, +00)) for g as in Let us show that
L satisfies and for g. Indeed, first of all note that [(4.7)]is trivially satisfied as L is
nonnegative. Now, for[(4.8)] first note that for eachi = 1,2,...,n,

> wsa) = [ LAt < [Ledge. 2D

teInDy, I
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Hence, since L € L} (I,[0,+00)) for each i € {1,2,...,n}, we obtain that the sum in

is finite for every ¢ € {1,2,...,n}. Therefore, recalling the relation in and
given that log(1 + s) is subadditive for s > 0 and log(1 + s) < s for every s > —1, we have
that

Y llog(1+ LH)AG(E)| = Y log(1+ L(t)AG(H))

teInD; teInDg

< Y log(n+ L(H)AG()

teInD;

> log (Z(l + L(t)Agi(t))>

teINDg i=1

> (Z log(1 + L(t)Agi(t))>

te IﬂD§ i=1

IN

IN

<

%

n
Y log(1+L(t)Agi(t)

=1 \teInDy,

Hence, the sum is finite and [(4.8)]is satisfied. Thus, the map ey, (-, o) is well-defined so we

can define the following norm on BCg4(I, R™):

_ |z(2)]l = on
]l —Stlg ertio) " € BCy(I,R™).

Note that, since e (-, o) is nondecreasing and er,(to, o) = 1, the norms || - ||, and || - ||, are
equivalent. as

=)l
2]l =sup ————~ <supl|lz(t)]| = [|z]ly < er(to + T, to)||zlL.
tel er(t,to) tel

Therefore, (BCq(I,R™),|| - ||, ) is a Banach space. As a consequence, it suffices to show that
F'is a contraction to finish the proof via Banach’s contraction principle.

To prove that F' is a contraction we fix x,y € BCq4(I, R™). In that case, we have that z —
y € BCqy (I,R™) and therefore, each of its components is Borel measurable, see Remark
Therefore, since the map ||z — y|| is the pointwise maximum of Borel measurable maps, we
have that it is Borel measurable. As a consequence, ||z — y|| is g and g;—measurable for each
i € {1,2,...,n}. Furthermore, given that z —y € BCy(I, R™), it follows that it is integrable
with respect to the measures defined by g and g; for each ¢ € {1,2,...,n}. Now, observe
that for each t € I,

[Fz(t) — Fy(t)|l =

/[t (F(6:2) = F(5. () 500

)

/[t  ino2060) = iy (553() g (5
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5.2 Initial value problem

for some jo € {1,2,...,n} and therefore, condition (iii) yields

[Fz(t) — Fy@)] < /[t t)L(S)IIw(S) —y(s)l dgjo(s)

<Z / 9)lla(s) — y(s)| dgi(s)
tot
_ / L(s)|(s) — y(s)]| dG(s) by Proposition[[.T7} (b)
[to,t)
<z~ / L(s)er (s to) dd(s)
[to,t)

= ||z —yll,(er(t, to) — 1) by Lemma[#.13

Hence,

[Fz(t) — Fy(t)]l -

|Fz — Fy|l, = sup ————=== < (1= (er(to + T t0)) )|z — yll,.-
tET 6L(t7 tO)

It is clear that 1 — (ep,(to + T,t0)) ' < 1, and so F'is a contraction. Thus, it has a unique
fixed point, i.e., problem[(5.9) has a unique solution. O

Remark 5.59. The proof of Theorem@]is a modification of the one for [S0, Theorem 4.3].
Essentially, the only difference between the two results is the fact that in Theorem there
is no discussion about the g—measurability of the maps involved in the proof, whereas here
we have properly justified it.

Following [50]], we illustrate the applicability of Theorem [5.58]in the following example,
while also showing the real world interest of g—differential equations. In particular, we con-
sider a model for a fish population subject to harvesting in the form of fishing with open and
closed seasons.

Example 5.60. Let p(t) be the number of a fish species at time ¢ and let h(¢) be the number of
fished individuals of p at time ¢t. We would like to propose a mathematical model for both, p
and h, under the assumptions that population p only reproduces during certain periods of time
and that fishing is allowed during some seasons of the year — open seasons— and forbidden at
any other time —closed seasons. These fishing restrictions are imposed in order to protect the
animals during their reproductive cycle and their newborns. Hence, if we identify each year
with and interval of the form (4k — 4, 4k], k € N, we can suppose that at times ¢ = 4k — 1,
k € N, new fishes are born. Then, considering the intervals (4k — 2,4k], & € N, as an
estimation for the closed season could be reasonable.

Prior to proposing a first model for this situation, we need to choose two left—continuous
and nondecreasing functions, g1, g2 : R — R, as derivators for the corresponding system of
equations. If g; is the derivator of p, we need for g; to present jump discontinuities at times
t =4k — 1, k € N, since we assume that fish are born so fast that it can be represented by
an impulse. On the other hand for the derivator for h, go, we need jump discontinuities at
times t = 4k — 2, k € N, when the fishing stops completely, and at t = 4k, k € N, where

237



Stieltjes differential problems with several derivators

fishing resumes. We also require g, to be constant on (4k — 2,4k], k € N, as there are no
changes due to closed season. Further conditions could be asked for g; and go. For example,
a greater slope of the derivator represents a greater importance of the proccess happening
during that period of time. For the fish population, it could represent a greater death rate right
after they are born. For both p and h, a greater slope at the beginnig of open season could be
understood as a bigger number of fished individuals due to the size of the population being
bigger. Bearing this in mind, one possible option could be

0, ift <0, 0, ift <0,
g1(t) = t(6 —t), ift €0,3], g2(t) = t(4—t), iftelo,2],

A4 /1= (t—4)2, ifte(3,4], 3, ift e (2,4],

and g1(t) = 5+ g1(t — 4), g2(t) = 4 + g2(t — 4) for t > 4. Note that both g; and g have
jump discontinuities of length 1 at their corresponding discontinuity points.

We know want to establish a system of differential equations representing the behaviour
of the fish population, p, and the fishing, 4. In order to do so, we include a list of important
features that the model should present:

(i) Naturally, when a new generation of fish is born, the fish population increases, which
requires that py > 0 at those times. Between two consecutives new generations of fish,
the fish population must decay as a result of individuals dying by natural causes or by
ﬁshmg. This is represented in the model by imposing p,, < 0 at the corresponding
times.

(i1) Similarly, the fishing should also decay from the during open seasons as a consequence
of the decay of resources available caused by the fishing itself and the natural deaths of
fish. This translates into imposing hqu < 0 during open seasons. Once closed seasons
start, the fishing stops immediately, for which we will impose a collapse condition on
the model. After those points, the fishing remains constant as a consequence of g
being constant during closed seasons. Analogously, at the beginning of open seasons
h should increase as a result of fishing being allowed again. This is translated into the
model by imposing h;z > ( at those points.

Let I = [0,a), 0 < a < +o0. Fort € I, we consider the following Stieltjes differential

system:
{ Py, (t) = filt,p(t),h(t)),
h272 (t) = f2(t7p(t)a h(t))v h(O) = ho,

where f1, fo : I x R x R — R are given by

(5.28)

. Cpp’ lft:4k_]-vkeN7
fl(t’p» h) = { —ap — Bph, otherwise,

—h, ift =4k — 2,k € N,
fa(t,p,h) = enp—h, ift=4kkeN,
—P, otherwise.

Here, the parameter o > 0 represent the death rate of the fish population caused by the
environment they live in, 5 > 0 is the fishing rate and v > 0, a decay rate for the fishing.
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5.2 Initial value problem

Finally, 0 < ¢p,c, < 1 are two proportionality constants: one related to the number of
newborns of species p and the other one, related to the number of fished individuals at the
beginning of open season. This can easily be seen by considering the system at those points.
For example, fort = 4k — 1, k € N,

cpp(4k — 1) = p, (4k — 1) = p(4k — 17) — p(4k — 1)

from which we obtain that p(4k — 1) = (1 + ¢, )p(4k + 1).

Let us denote g = (g1,92), f = (f1, f2), z(t) = (p(t), h(t)) and 2o = (po, ko). Then
can be regarded as the g—differential equation

zg(t) = f(t,x(t), tel, =x(0)=mxo. (5.29)

Noting that[(5.29)]is an autonomous system with f a polynomial function, it is inmediate that
hypotheses of Theorem [5.38]are satisfied. Therefore, has a unique solution on I.

An adaptation of the Montel-Osgood—Tonelli existence and uniqueness result for
Theorem [A.51] can be obtained in the more general context of Such result can be
obtained by making small modifications to the proof of Theorem .51} This requires us to
introduce the following lemma, which is, in some sense, a generalization of Lemmal@

Lemma 5.61. Let f : I x R™ — R"™, f = (f1, fay..., fn), and w : [0,+00) — [0, +00)
be a nondecreasing and continuous function such that w(0) = 0 and w(s) > 0 for all s > 0.
Assume that g is continuous at to and that the following conditions are satisfied:

(i) Foreveryi=1,2,...,nandx € R", the map f;(-, ) is gi—measurable.
(ii) Foreachi e {1,2,...,n}, fi(-,z0) € L} (I, R).

(iii) For every u > 0,

u

1
lim ——ds = +o0.
e—0t Jo w(s)

(iv) There exists a map ¢ : I — [0,+00) satisfying that for each i € {1,2,...,n},
@€ L (I,[0,+00)) and

[fi(t,2) = filt, )| < pBw(lle—yl), gi—aatel, zyecR™

Then there exist t1 € (to, to + T'] and a nondecreasing function h : [to, t1] — R such that for
every solution of [3.9) = : I — R", 7 € (0,T), we have

() = zol < h(t), te€ I N[to,ta].

Proof. Define k: I — R as

Z/ \fi(s,20)|dgi(s), tel.
to
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Note that hypothesis (ii) ensures that « is well-defined. Let 2 : I, — R™ be a solution of
Remark ensures that z — 29 € ACg(I,,R™). Now, Proposition guarantees
that |2 — 20| € AC4(I-,R™), and so, it is Borel measurable. Given that w is continuous,
it follows that w(||z — zo]|) is Borel measurable and thus, g and g;—measurable for each
ie{1,2,...,n}

Now, for each ¢ € I, there exists j; € {1,2,...,n} such that

[(t) = zoll = |2, () = 0,5, (t)] = fi(s,2(s)) d g;, (s)| -

[to,t)

Hence, condition (iv) yields that for each ¢ € I,

x(t) — wo|| < S (s,2(s))| d gj, (s
Jo(t) =0l < [ 175 a(a)ld 0,0
< /[to, 5 \fjt(S,xo)\dgjt(S)—i—/ |£i.(5,2(5)) — £, (s,20)| d gj, (5)

[to,t)
< Z /

[to,t)

a0l dg) + [ po)(late) - aol) dgi, ()

[tO 7t)

+Z/ w(lle(s) — zoll) dgis)

= K(t) +/[t ) p(s)w(|lx(s) — xol[) dg(s).

Defineg: R — R as
0, ift <tg,

_ | eedae). <ttt
9t =9 Jie
/ o(s)dgls), ift>to+r
[to,to+T)
Recalling the relation it follows that

() = ol < 5(2) +/ w(llz(s) —zoll) dg(s), telr, (5.30)

[tO 7t)

for every solution z of defined on 7. In order to apply Lemma [4.38] fix an arbitrary
up > 0 and consider the function

"1
Q(r):LOW(S)dS, r € (0, +00).

Since lim,._,o+ ©(r) = —o0, there exists R > 0 such that

Q(R) +g(t0 + T) (t()) < B := lim Q( ) < 4o00.

T—00
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5.2 Initial value problem

Since g is continuous at to, we have that, for each ¢ € {1,2,...,n}, g; is continuous at ¢, as
well. Then, we can choose t1 € (to,to + T such that x(¢1) < R. The monotonicity of
then yields

Q(k(t1)) + g(t1) — g(to) < B.

The inequality above together with [(5.30)] shows that the assumptions of Lemma [4.38] are
satisfied on the interval [to, t;], therefore

lz(t) — woll < Q7H(Q(k(t1)) +7(t) —Glto)) =2 h(t), t€ I Nlto,ta],
and h : [to,t1] — R is the desired monotone function. O

Now, we can state and prove the following Montel-Osgood-Tonelli existence and unique-
ness of solution result for problem It is important to note that this result reduces to
Theorem [4.51] when reduces to [(4.2)] Observe that, although we are imposing global
conditions on R™, we can only ensure the existence of a unique local solution as in Theorem
A31] In that sense, Theorem[5.62)is only a partial improvement to Theorem[5.58]

Theorem 5.62. Let f : [ x R” — R™, f = (f1, f2,.-+, fn), and w : [0, +00) — [0, +00)
be a nondecreasing and continuous function such that w(0) = 0 and w(s) > 0 for all s > 0.
Assume that the following conditions are satisfied.:

(i) Foreveryi € {1,2,...,n}and x € R", the map f;(-, ) is g;—measurable.
(il) Foreveryi€ {1,2,...,n}, fi(-,zg) € L}h(L R).

(iii) For every u > 0,

u

1
lim ——ds = +oo.
=0t J. w(s)

(iv) There exists a map ¢ : I — [0,+00) satisfying that for each i € {1,2,...,n},
@ e Ly (I,[0,+00)) and

[filt,z) = filt, )| < p(Ow(llz —yl)), gi-aatel, =zyeR" (531

Then there exists T € (0, T such that[(5.9)| has a unique solution on I.

Proof. Without loss of generality, we assume that g is continuous at ¢(, see Remark[5.38] Let
h : [to,t1] — R be the function whose existence is guaranteed by Lemma [5.61] and denote
R =h(ty). Defineg : R — R as

0, if £ < to,

B / o(s)dG(s),  ifte<t<to+,
g(t) = [to.t)

/ o(s)dg(s), ift>to+T.
[to,to+T)
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Since g is continuous at ¢, we have that so are g;, i € {1,2,...,n} and g. As a consequence,
g is continuous at ¢o. Thus, we can choose 7 € (0, 7] such that ¢y + 7 < ¢; and

mmmmm+7+§j/ fi(s,20)|dgi(s) < R. (5.32)
[to,T)

Consider B = {x € BCy(I.,R") : ||x(t) — zo|| < R, t € I.}. Clearly, B is a closed
and convex subset of BCy(I,,R™). Now let us define F' : B — BC,(I,,R") by

Fx(t) =z + f(s,z(s))dg(s), tel,.
[to,t)

It follows from Lemma [4.33] that each f; is g,—Carathéodory. Furthermore, given z € B,
we have that x is Borel measurable and therefore, g;—measurable for each i € {1,2,...,n}.
Thus Proposition[T.28]and Theorem [3.26] ensure that F' is well-defined. Moreover, the conti-
nuity of w together with condition (iv) implies that F' is continuous. Furthermore, following
a similar argument as the one used to obtain and using the relation it follows
from condition (iv) and [(3.32)] that for z € B,

\mmwwﬂs/

[to,t)

w(llz(s) = zol))dg(s +ZL:UNxMMA)R,

for every t € I. Thatis, F(B) C B. It remains to verify that F(B) is relatively compact in
BCy(I.,R™). Firstly, note that for z € B andi € {1,2,...,n} we have

[filt, ()] < [fit,2(t)) — fi(t,wo)| + | fi(t, zo)| < p(H)w(R) + [fi(t, zo)| =: M;(2),
for g;—a.a. t € I,. Observe that F(B) C ACy(I,,R™) and
(Fx),)y,, (t) = fi(t,z(t)), gimaa.tel,, ze€B, i=12,...,n

Since M; € L} (I,]0,+00)) for each i € {1,2,...,n}, it follows from Proposition
that F'(B) is relatively compact in BCq (I, R™). Thus, Schauder’s Fixed Point Theorem

guarantees the existence of solution of on I, while the uniqueness is a consequence of
Theorem [5.45] O

For an application of Theorem [5.62} it is enough to consider a slight modification of
Example [#.53] requiring the integrable map to be integrable with respect to all the different
derivators.

Example 5.63. Letg : R — R", g = (g1, 92, - - -, gn ), be such that foreach i € {1,2,...,n},
the map g; : R — R is nondecreasing and left—continuous; and ¢ : [0,1) — [0,400) be a
Borel measurable map such that ¢ € £ ([0, 1), [0, +00)) for each i € {1,2,...,n}. For
each k£ € N we consider the initial value problem

zg(t) = fr(t,z(t)), g-aa tec[0,1), x(0)= o, (5.33)
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where fk : [05 1) X R™ — Rna fk = (fk,lafk727 .- '7fk,n)7 is given by
fri(t,z) = o) we(llzl), () €[0,1) xR, ie{l,2,...,n},

with wy, as in Similarly to Example we have that each fi;, ¢ € {1,2,...,n},
does not satisfy a Lipschitz’s condition on the whole R as the derivative of wy, is unbounded
on any neighbourhood of 0, see Theorem [4.52] assertion (c), and therefore the hypotheses
of Theorem [5.58] are not satisfied. Similarly, Theorem [5.53] cannot be applied for any ball
around x( containing 0. In particular, if xy = 0 we can never assure the existence of a local
solution for this problem through this results. However, the Montel-Osgood—Tonelli result,
Theorem [5.62] yields that has a unique solution. To see that this is the case, it is
enough to repeat the arguments in Example [4.53| noting that ¢ is g—measurable as it is Borel
measurable.

5.3 Vectorial measure differential equations

Measure differential equations, in the sense introduced in [27]], are integral equations of the
form

2(6) =30+ F9[ f(s,a(5)) dg(s). (534
to

where g : R — R is a nondecreasing and left—continuous function and f : R x R — R. In
Theorem{.57] we presented an existence result for such problem. Herein we propose a more
general version of such an equation where not only f can be a vectorial function but also the
integrator g. More precisely, we are interested on equations of the form

z(t) =z + (KS) t f(s,z(s))dg(s), (5.35)
to

withg : R - R", g = (¢1,92,---,9n), such thateachmap ¢g; : R - R, i =1,2,...,n,is
nondecreasing and left—continuous; to € R,T > 0,9 € R™and f : [tg,to+7T] xR™ — R".

As usual, we start by introducing the basic definitions for problem[(3.35)} In what follows,
we shall denote I = [to,to + T) and I = [to,to + T.

Definition 5.64. A solution of [[5.35)|on I is a map = € G(I,R") such that

z(t) = zg + K tf(sm(s),x) dg(s), tel.
to

A solution of [(5.35) on I, x* is said to be the greatest solution of on I if for any other
solution on I, y, we have that y < x*. Similarly, a solution of [(5.35)|on I, x., is said to be
the least solution of on I if for any other solution on I, y, we have that x.. < 1.

Remark 5.65. Note that these definitions provide the corresponding definitions for[(5.34)] as
well by considering the case n = 1. Also, observe that as a consequence of Theorem [T.68]
we have that the solutions of share, somehow, the discontinuity points of g.
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In a similar fashion, we can define the concepts of lower and upper solution of as
well as those of extremal solutions between a well-ordered pair of lower and upper solutions.
In order to do so, we introduce the following notation: given o, 3 : I — R"™ such that o < 3,
we define the functional interval

[aaﬁ]G(T,Rn) = {"}/ S G(T, ]Rn) ta< Y < ﬁ}
With this notation, we introduce the following definition.

Definition 5.66. A lower solution of on I is a function « € G(I,R™) such that
a(ty) < o and

a() — afu) < <KS>/” f(s.0(s) dg(s), [wv] T,

Symmetrically, an upper solution of [(5.35)on I is a map B € G (I, R") such that xo < B(to)
and

Bv) = Blu) = F9 [ f(s,B(s))dg(s), [u,0] CT.
Let o, 3 be a lower and an upper solution of on I, respectively, such that oo < 3. A
solution of on I, x*, is said to be the greatest solution of on [ between « and
Bonlifx* € [a7ﬁ]G(77Rn) and for any%other solution , y € [a,B]G@Rn), we have thcg
y < x*. Similarly, a solution of [(3.35) on I, x, is said to be the least solution of on I
between « and S if 2. € [a, 5]G(7,Rn) and for any other solution, y € [«, B]G(T,R”)’ we have
that . < y.

Remark 5.67. It is important to note that if o : T — R™ is a lower solution of then
foralli € {1,...,n}, the following inequalities hold:

Ata;(t) = o;(tT) — ai(t) < fi(t,a(t)ATg(t), tel, (5.36)
AT a;(t) = a;(t) — oi(t7) < fi(t,a(t)Agi(t), tel, (5.37)

where we are using the notation introduced in[(T.29)] Similarly, if 3 : I — R™ is an upper
solution of [(5.35)} then for alli € {1,...,n},

ATBi(t) = Bi(th) — Bit) = fi(t, B(t) A gs(t), tel, (5.38)
A™Bi(t) = Bi(t) — Bi(t7) > filt, B(t)A™gi(t), tel. (5.39)

In order to obtain an existence result for problem we will first have a look at
In particular, we present a new existence result for this problem obtained in [52] that
answered one of the questions posed in [64]], namely, the existence of (extremal) solutions
between given lower and upper solutions. Our result somehow generalizes what is available
in the classical theory of ordinary differential equations (cf. [46]]) as the function f is not
required to be continuous with respect to the first variable. To that end, we recall some of the
results in [64]). First, we start by recalling conditions (C1)—(C4) in Theorem for a map
f:IxR—=R:
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thrT

(C1) For every y € R, the integral ““f f(t,y)dg(t) exists.

(C2) There exists M : I — R, Kurzweil-Stieltjes integrable with respect to g, such that

v

mafmwmmﬂ<“” M(t)dg(t),

u u

for every [u,v] C T and y € R.
(C3) Foreacht € I, the map f(t,-) is continuous on R.

(C4) Forallt €1,
uw€R— u+ f(t,u)Ag(t) isnondecreasing.

We now present a result that combines Lemma 3.1 and Theorem 3.2 from [64]] that makes
use of these conditions to obtain some information about [(3.34)]

Theorem 5.68. Assume that f : I x R — R satisfies conditions (C1)—(C3). Then for each
function x € G(I,R), the integral 55) t°+T ft,z(t)) dg(t) exists, and we have

u

km/ftx @o\“> M(t)dg(t), [u]CT. (5.40)

Moreover, under these hypotheses, equation[(5.3%)| has a solution on I.

Furthermore, combining Theorems 4.4 and 4.12 in [64], we deduce the following result
about extremal solutions for problem [(3.34)]

Theorem 5.69. Suppose that f : I x R — R satisfies conditions (C1)—(C4). If equation
has a solution on I, then it has the greatest solution, x*, and the least solution, x.., on
1. Moreover, for eacht € I we have

x*(t) = sup{a(t) : « lower solution of [(3.34)| on [to, t]},
z.(t) = inf{B(¢) : B upper solution of [5.3%)| on [to, ]}

Using these results, we can investigate the existence of extremal solutions for equation
((5.34)| provided a lower and an upper solutions are known and well-ordered. This is done in
a similar fashion to Theorem [.61]for problem[(4.62)] Essentially, the idea for this result is to
modify our problem in order to obtain the existence of the extremal solutions for the modified
problem and, later, show that those solutions are also solutions of the original problem.

Theorem 5.70. Let f : I x R — R be a map. Suppose that[5.3%) has a lower solution, «,
and an upper solution, (8, such that o« < 3. Define
E := | inf a(s),sup 5(s)|.
sel sel

Assume that the following conditions hold:
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(1) Foreveryy € E, the integral (Ks)f fo T ft,y)dg(t) exists.

(ii) There exists M : I — R, Kurzweil-Stieltjes integrable with respect to g, such that

‘(KS)/U f(t.y) dg(t>‘ < @[yt gt

foreveryy € E and [u,v] C I.
(iii) For eacht € I, the mapping y — f(t,y) is continuous in E.
(iv) Foreacht € I the mapping
u € [a(t), B(t)] = u+ f(t,u)ATg(t)
is nondecreasing.

Then equation[(3.3%)| has extremal solutions between o and 3. Moreover, the greatest solution
between o and 3, x*, satisfies that for eacht € I,

z*(t) = sup{l(t) : | lower solution of [(5.34)|between o and 3}, (5.41)
Similarly, the least solution between « and f3, x.., satisfies that for each t € 1,

z,(t) = inf{u(t) : u upper solution of [(5.34)| between o and 3}. (5.42)
Proof. Define f: T x R — Ras

N ft,at) ifx<alt),
fitx) =9 flt,x) ifat) <z < p(1),
[, 6@1) if x> pB(t),

and consider the modified problem

x(t) = xo + (KS) t f(s,x(s)) dg(s), tel. (5.43)

to

Clearly, (iii) ensures that jN’satisﬁes (C3). To show that fsatisﬁes (Cl) and (C2),lety € R
and put
m(t) = max{min{y, 8(t)}, a(t)}, tel.

Thus, m € G(I, E) and f(t,y) = f(t,m(t)) for every t € I. Note that Theorem [5.68and
conditions (i)—(iii) imply that (KS?[t°+T f(t,m(t))dg(t) exists and [(3.40) hold. In other

words, for every y € R, the integral (K5 ?[tﬁT f(t,y)dg(t) exists and

‘(KS) ! f(t,y)dg(t)‘ < (KS) UM(t)dg(t), [u,v] C 1.

u u
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In summary, f satisfies the conditions of Theorem and we conclude that has a
solution on 1. The existence of the greatest solution of x*, and the least solution of
., is then a consequence of Theorem [5.69]and assumption (iv).

It only remains to show that if # : I — R is an arbitrary solution of equation then
z € [a, Bl 7 r)> thus proving that z is a solution of and the functions x, and z* are
the intended extremal solutions between « and (3.

Let 2 : I — R be a solution of equation We shall only prove that o < z on I as
the proof for < /3 on I is analogous and we omit it. Reasoning by contradiction, assume
that there exists some ¢ € (to,to + 7] such that a(t1) > z(¢). Let

to = sup{t € [to,t1) : a(t) < z(t)}.

By the definition of supremum, either «(t2) < z(t2), which includes the case to = ¢g, or
there exists a sequence of points ux € (tg,t2),k € N, such that uy, — t5 as k — +o0 and
afuy) < x(uy) for each k € N. We claim that, in either case, a(t2) < z(t2). Indeed, it
is enough to show that this inequality holds for the second case. In that case, it follows that
a(ty ) < z(t5 ). Thus, using[(3.37) and the fact that g is left-continuous, we get A~ (t3) <
0, that is,

alts) < alty) < a(t7) = a(ta).

Hence, a(ts) < z(t2) as we claimed. This means that we must have that to < ¢;. We will
show that this leads to a contradiction with the definition of ¢;.
First, observe that

Oé(tl) - Zlf(tl) = Oé(tl) — Oz(tg) S a(tz) = IE(tl)

t1
< K[ f(s,a(s)) dg(s) + alty) — z(ty). (5.44)
to
The definition of ¢ implies that z:(¢) < a(t), t € (t2, t1]; thus, by Theorem|1.65] we have
t1

K[ fls,a(s)) dgls) = lm F9[ f(s,a(s) dgls) + f(ta, alt) A*g(ts).

to O'—>t; o

Now, by the definition of ]""V we have that

lim (K9 1f(s,oz(s))dg(s) = lim &9 1 ~(s,x(s))dg(s)

U*}t;— o Uﬁt;— o

= K[ Fls.as)) dgs) - Fita,a(ta) A gl

to

= a(t1) — x(ta) — f(t2, x(t2)) AT g(t2),
where the last equality follows from the fact that  is a solution of [(5.43)] Therefore,

W[ f(s,als)) dg(s) = a(tr) — w(ta) — lta, 2(t2)) AT glta) + F(ta, alta)) A g(t).

to
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Combining this equality with we obtain

a(ty) — x(tr) < alte) + f(ta, a(t2)) AT g(ta) — x(ta) — f(t2, 2(t2)) AT g(t2).

At this point we need to distinguish two cases regarding the value of f at the point to. If

alty) < z(ta) < B(t2), then f(ta, x(t2)) = f(ta2, z(t2)). Since condition (iv) implies that

a(ta) + f(t, alte)) AT g(ty) < x(te) + f(t, x(t2)) AT g(t2),

we conclude that a(t1) — z(¢1) < 0, a contradiction. In the case when z(t2) > S(t2), then

f(ta, z(t2)) = f(t2, B(t2)), which implies that
a(ty) — z(t1) < alte) + f(t2, a(t2)) AT g(ta) — Bt2) — f(t2, B(t2)) AT g(t2).

The contradiction again follows from condition (iv), now considering that a(t2) < S(¢2). In
conclusion, we have that « < x on .

Finally, equalities and follow from Theorem[5.69] O

Our goal now is to extend the information provided by Theorem[5.69]to the more general
context of [(3.33)] In order to do so, we need to establish some interesting properties of the
space of regulated functions. In what follows, we present some of the results in [32,/43}|52].
The first of these results charaterizes the functions in such space.

Theorem 5.71. The following two statements are equivalent:
() f € G([a,b],R).

(il) For every € >0 there exists a partition of [a,b], P = {xo,x1,22,...,2,}, such that
foreachj € {1,...,n},

[f(s) = fO] <&, st € (zj,))

In the mentioned articles, we can also find a useful characterization of the equiregulated
sets in such space. To that end, we first recall the definition of equiregulated set.

Definition 5.72. A set A C G([a,b],R) is said to be equiregulated if for every ¢ > 0 and
every ty € [a, b] there exists 6 > 0 such that:

lz(t) —2(td)| <e forall to<t<ty+6, x€A,
|z(t) —z(ty)| <e forall toy—d<t<ty, z€A

As anticipated, the following result provides a unequivocal way to describe equiregulated
sets on G([a, b], R™). This result will be fundamental to prove Proposition|5.76

Lemma 5.73. The following statements are equivalent:

(i) AC G([a,b],R) is equiregulated.
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(ii) For every € >0 there exists a partition of [a,b], P = {xo, %1, 22,..., 2.}, such that
foreachj € {1,...,n},

|f(8)_f(t)‘<67 S7t€(xj*17xj)> feA

Equiregulated sets allow us to characterize relatively compact sets through the Arzela-
Ascoli theorem. Next we present the following formulation of such result in the context of
the space of regulated functions.

Theorem 5.74. A subset A of G([a,b], R) is relatively compact if and only if it is equiregu-
lated and the set {f(t) : f € A} is bounded for each t € [a, b].

Remark 5.75. At this point is worth mentioning one particular case in which the assumptions
ensuring compactness are satisfied. Let A C G([a, b], R) be such that there exist M > 0 and
nondecreasing function h : [a, b] — R satisfying

[f(v) = f(u)| < h(v) — h(u) for f €A, [u,v] C[a,b],

and |f(a)| < M forall f € A. By Lemma the set A is equiregulated, and obviously
{f(t): f € A} is bounded for each ¢ € I. Thus, in this case, A is relatively compact.

With all these tools, we can finally show that the pointwise supremum of regulated func-
tions on [a, b] also lies in G([a,b], R). This property will be fundamental for the proof of
Theorem as, in a similar way to Theorem we will prove that the supremum of
lower solutions is the least solution of Therefore, we need to show that such function
is regulated, which motivates the following result.

Proposition 5.76. Let A be a relatively compact subset of G([a,b],R). Then, the function
Eup © [a,b] = R given by

Eaup(t) =sup{f(t): f e A}, te€]ab],
is regulated.

Proof. From Theorem [5.74] we know that {f(t) : f € A} is bounded for each ¢ € [a,b];
therefore, the function &, is well-defined. Moreover, since A is equiregulated, Lemma
ensures that, given ¢ > 0 there exists a partition of [a,b], P = {x¢,z1,22,...,Zn}, such
that for j € {1,...,n},

|f($)*f(t)| <eg, S,tE (117]‘_1733]‘), fEA
Fix an arbitrary j € {1,...,n}. For s,t € (z,;_1,2,) we get
f(s) —e < f(t) < f(s) +e<&(s) +¢ forall feA,

and, consequently,
fsup(s) — & S fsup(t) g gsup(s) + E.

In summary, &, satisfies assumption (ii) of Theorem@ hence &gy, s regulated. O
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Remark 5.77. Notice that Proposition suffices to show that the pointwise infimum of
regulated functions over a relatively compact subset of G([a, b], R) is regulated. Indeed, let A
be a relatively compact subset of G([a, b], R) and consider the map &in¢ : [a, b] — R defined
by

Ene(t) =nf{f(t): f € A}, t€a,b]

First, note that the set B = {—f : f € A} is relatively compact on G([a, b], R), see Proposi-
tion and Lemma[5.74] Moreover, we can rewrite it as

&int(t) = —sup{h(t) : h € B} := —Esup, t € [a,b].
Now, Proposition guarantees that gsup is regulated, from which it follows that so is &;p¢.

We now have all the tools necessary to extend the ideas of Theorem [5.70] to the more
general context of To do so, we will require the notion of quasimonotonicity that we
introduce in the next definition. In particular, we will use the concept of a quasimonotone
nondecreasing map.

Definition 5.78. Let f : I xR* — R™. We say that f is a quasimonotone nondecreasing
mapinaset E C I x R" ifgivent € I and x,y € R", © < y, such that (t,x), (t,y) € E,
the equality x; = y; for some i € {1,...,n}, implies that f;(t,x) < fi(t,y).

With this notion, we can establish an existence result for [(3.35)| based on Theorem [5.70}
In what follows, e;, i € {1, ...,n}, denotes the i-th canonical vector in R™, that is, the vector
whose ¢-th term is 1 and all others are zero.

Theorem 5.79. Let f : I x R® = R", f = (f1, f2,---, fn), be a map. Suppose that[(5.35)]
has a lower solution, o, and an upper solution, 3, such that o < (3 and assume that f is
quasimonotone nondecreasing in

E={(t,x) e I xR" : a(t) <z < 5(t)}.
Furthermore, assume that for each i € {1,2,...,n}, the following conditions hold:
. . Syrto+T .
(i) For eachn € |o, B gny the integral (K )ftoo fi(t,m(t)) d gi(t) exists.

(ii) There exists M; : I — R, Kurzweil-Stieltjes integrable with respect to g;, such that

ey ano| <9 o as
Jor everyn € [a, B] 7 gy and [u,v] C 1.
(iii) Foreachn € |« ﬂ]G(T,R") and t € 1, the mapping
u € [aq(t), Bi(t)] = fi(t,n(t) + (u —ni(t))es)

is continuous.
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5.3 Vectorial measure differential equations

(iv) Foreachn € [, mG(T,R") and t € I, the mapping

u € lag(t), Bi(t)] = w+ fi(t,n(t) + (u — mi(t))er) A gi(t)
is nondecreasing.

Then equation has the extremal solutions in [, B]G(T Rn)- Moreover, for t € 1, the

greatest solution, ©* = (x7,...,x)), is given by
z; (t) = sup{li(t) : (Ir, ..., 1) lower solution of |(5.35)|in [, Bl (7 gy} (5.45)
and the least solution y. = (Yx1,--.,Yxn) IS given by

(1) = inf{u;(¢) : (us, ..., un) upper solution of (5.35)|in [cv, B] ;7 rny }- (5.46)

Proof. Let L = (Lu,..., Ly) be an arbitrary lower solution of [5.35)|in [c, 8] 7 g and,
foreachi € {1,...,n}, define

t
hi(t) = T M;(s)dgi(s), tel,

to
where M; is the corresponding function in condition (ii). Note that by definition, each h;,
i € {1,...,n}, is nondecreasing and left-continuous.
Given z € G(I,R) and € > 0, we shall denote by P, . the partition whose existence is

guaranteed by Theorem[5.71] With this notation, we define the set of functions A as follows:
n € Aifn € [, Bl g7 gn> and it satifies the following two conditions:

(a) Foreachi € {1,2,...,n}ande >0, P, . C Pr, .U Py, ..

(b) n(tg) < xg and foreachi € {1,2,...,n},

@) — mi(w) < €9 M) dgi(s), [uv] C T.

u

First observe that L. € A. Indeed, condition (a) is trivially satisfied. As for condition (b), by
definition of lower solution L(tg) < xq and

L) — L) < C9 [ fs,a(s)) dg(s), [uo] CT.

u

In particular, for each ¢ € {1,2,...,n}, we have that for any [u,v] C I,
Li(0) = Lifu) < 9 fi(s, L) daits)

< ’(KS)/U fi(t,L(t))dgi(t)’ < )" M) dgt).

u u
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Moreover, every solution of [(5.35)|in [, 8] (7 ) belongs to A. Indeed, let x be a solution
of [(5:35)} Then z(ty) = o and

t
ot) =0+ K9 flsas)0)dgls). teT,
to
In particular, we have that for each i € {1,2,...,n} and [u,v] C T,

£i(v) — i) = <KS>/U filt, 2(t)) d g (t),

from which it follows that condition (b) is satisfied. Furthermore, the same relation, together
with condition (ii), ensures that condition (a) is satisfied.
Define £* : I — R™, &* = (&F,...,&"), where each &, ¢ € {1,...,n}, is given by

& (t) = sup{n;(t) : n € A, nis alower solution of [3.35)}, te€I. (5.47)

Note that, foreach t € T and i € {1,...,n}, the set {n;(t) : n € A} C [a;(t),B:(?)].
Therefore, the supremum &7 (¢) is well-defined. Moreover, condition (a) in the definition of
A ensures that {r; : n € A} is equiregulated, see Lemma[5.73] Thus, Theorem|5.74]together
with Propositionimply that£¥, ¢ = 1,2,...,n,isregulated. As a consequence, we have
that ¢* € G(I,R™).

Claim 1 - " is the greatest solution of |(5.35)|in [, Bl 7 gny- Fix i € {1,...,n} and define
®;,: I xR—>Ras

Qi(t,z) = fi(t, () + (x — & (t))es), tel, z€R.
Since £* < (3, the quasimonotonicity of f yields

(KS)/U ®,(s, Bi(s))dgi(s) < (KS)/U fi(s,B8(s))d gi(s) < Bi(v) = B(u), [u,v] CI,

which shows that 3; : T — R is an upper solution of the scalar problem

t
x(t) = o, + (KS)/ D,(s,2(s))dgi(s), tel. (5.48)

to

Using a similar argument, we can show that for any lower solution 7 of such that
1 € A, the function 7); is a lower solution of between «; and (3;. Noting that ®; satisfies
the conditions of Theorem it follows that has the greatest solution, z}, between
«; and f;, and by [(3.41)] we get that n;(t) < z}(t), t € I, for any n € A lower solution of
Since the argument is valid for each i € {1,...,n}, we construct amap z* : I — R",

x* = («7,...,x), which clearly satisfies that £* < z*. The quasimonotonicity of f yields

) n

that for each i € {1,...,n},

zi(v) — at(u) = (KS)/

u

v

D, (s, 2t (s)) d gi(s) < KD vfi(s,:r*(s))dgi(s), [u,v] C 1.
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This is, z* is a lower solution ofin [, Bl gny» and foreach i € {1,...,n},
|xnvy—xnunzzFK?/véxax:@»dgx@
=]““”u”ﬁ<as*w>+<xﬂs>—ffw»e»dgxs
< (KS)/U M;(s)d gi(s) = hi(v) — hi(u)

for every [u,v] C I. This shows that z* satisfies conditions (a) and (b) in the definition of
A, so * € A. Now, the definition of £* implies that z* < £*. In summary, £* = x* and for
eachi € {1,...,n},

S@=mﬁﬂ®/@@$@mm@=mwﬁm)ﬁ@?@ﬂﬁ% tel.

to t

Therefore, £* is a solution of [(5.35)} and by |(5.47)|, it is the greatest one in [, 6]G(7ARn).
Claim 2 — The greatest solution of |(5.35)|in [O‘vﬂ]a(f,w)’ y* = &%, satisfies [(5.45), The

lower solution L € [« B]G(T,]Rn) was fixed arbitrarily, so y* is greater than or equal to any
lower solution in [« B]G(T,R")' On the other hand, y* is a lower solution itself and so|(5.45)
holds.

The proof of the existence of the least solution v, as well the validity of [(5.46)|is analo-
gous, and we omit it. O

5.3.1 Vectorial measure differential equations with functional arguments

We will now consider a more general vectorial measure differential equation. In this case, we
will allow the function f to consider functional arguments. Specifically, given g : R — R™,
g = (91,92,--.,9n), such that each map g; : R — R, i = 1,2,...,n, is nondecreasing and
left—continuous; we will consider integral equations of the form

t
z(t) = o+ K[ f(s,2(s),2) dg(s), (5.49)

t
where 79 € R”, f : I x R™ x G(I,R") — R". It is interesting to note that this kind of
problems include the so-called measure functional differential equations in the sense intro-

duced in [27]). To see this it is enough to consider g = (g, . . ., g) for some nondecreasing and
left—continuous map g : R — R and

f(tvy(t)’ y) = F(t7yt)a

where r > 0, F : I x G([-r,0],R™) — R™, and for each ¢t € I, y; : [-r,0] — R™ denotes
the history or memory of y in [t — r, t], that is, y:(0) = y(t + 0), 0 € [—r,0].

Once again, we start by formalizing the definition of solution of which is analo-
gous to that of
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Definition 5.80. A solution of [5.49)on I is a map x € G(I,R") such that

m(t)=x0+(KS)/ f(s,z(s),z)dg(s), tel.

Similarly, we present the definitons of lower and upper solution for a vectorial measure
differential equation of the form of as well as the definition of extremal solutions
between a pair of well-ordered lower and upper solutions.

Definition 5.81. A lower solution of on I is a function « € G(I,R™) such that
a(ty) < zg and
a(v) —a(u) < FI[ f(s,a(s),a)dg(s), [u0] CT.

Symmetrically, an upper solution of [(5.49)on I is amap 3 € G(I,R™) such that o < (to)
and

Bv) — B(u) > (K5) ’ f(s,B(s),8)dg(s), [u,v]C]I.

Let o, 3 be a lower and an upper solution of on 1, respectively, such that o < . A
solution of [(5.49)on I, x*, is said to be the greatest solution of on [ between « and 3
onlifz* € [a, B]G(T,R") and for any other solution, y € |, B]G(T gny» We have thaty < x*.
Similarly, a solution of [(5.49) on I, x., is said to be the least solution of on I between
o aid Bifz. € |, B]G@Rn) and for any other solution, y € [a, 6}G(77Rn), we have that
e < 1.

The aim of this section is to obtain a result for [(3.49) ensuring the existence of extremal
solutions between a lower and an upper solution in a similar fashion to Section.2]in Chap-
ter @] There, we used a fixed point method approach based on an existence result for the
nonfunctional problem. Here we will proceed in a similar manner. With that idea in mind,
we present the following fixed point result obtained from Theorem [3.32] in the particular
setting of the set of regulated functions.

Proposition 5.82. Ler o, 8 € G([a,b],R™) be two functions such that o« < (3, and consider
T : [, Bla(anrm) — [ Bla(la,p),rr)- Assume that T is nondecreasing and such that for
eachi € {1,...,n} there exists a nondecreasing map h; : [a,b] — R satisfying

((T)i(v) = (TY)i(w)] < hi(v) = hi(w),  [u,0] Cla,b], v € [, Bla(apem)- (5:50)

Then T has the least fixed point, ., and the greatest fixed point, v*, in [, 5] G([a,b),r"), and
they satisfy the following equalities:

¥+ = min{y € [a, Blg(aprn) : Ty <7}, 7" =max{y € [, Blg(ap ) : 7 < T}

Proof. We will apply Theorem [3.32] assuming X = Y = G([a,b],R") equipped with the
supremum norm and the partial ordering for functions defined above. Given a monotone
sequence {7x}72, in [, B]G([a,b),rn), it suffices to show that for each i € {1,...,n}, the
sequence {(Ty)i 52, converges in G([a, b], R™).
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By[(5.50) and Remark[5.75] for each i € {1,...,n}, {(Tyx):} 72 is a relatively compact
subset of G([a, b], R™), hence {(Tyx): } 72, has a subsequence converging in X to a limit, say
y. Now, since the sequence {7 }72, is monotone, we have that {(T7yx); } 32, is monotone as
well. Thus, {(Tvx): }72, also converges to y, which finishes the proof. O

We can now present a result ensuring the existence of extremal solutions between a lower
and an upper solution that are well-ordered. Observe that Theorem [5.83]is a direct general-
ization of Theorem [5.79]to the context of functional measure differential equations.

Theorem 5.83. Let f : [ x R" x G(I,R™) = R"™, f = (f1, f2,. -, fn), be a map. Suppose
that [(5.49)] has a lower solution, o, and an upper solution, (3, such that o < 3. For each
~ € [a, B]G(T gny» denote by fvy : I xR™ — R"™ the function defined as f+(t,x) = f(t,z,7),
(t,z) € I x R™. Assume that for each ~y € [a, B]G(T R the function f., is quasimonotone

nondecreasing in
E={(t,x) e I xR":at) <a < B(t)}.

Furthermore, assume that for each i € {1,2,...,n}, the following conditions hold:

(i) For each~y,n € [a, Bl 7 gy the integral (KSmZOJrT(f,Y)i(s, n(t)) d g;(s) exists.

(ii) There exists M; : I — R, Kurzweil-Stieltjes integrable with respect to g;, such that

‘(KS)/U(fw)i(t,n(t)) dgi(t)‘ < & [ are) dgito)

u u
for every v, n € [a, Bl 7 gy and [u,v] C I
(i) For each~,n € |a, B]G(T,]R") and t € T, the mapping
u € [ay(t), Bi(t)] = (fy)i(t, n(t) + (u —mi(t))e:)
is continuous.
(iv) Foreach~v,n € |a, B]G(T,]R") and t € I, the mapping
w € [ai(t), Bi()] = w+ (f5)i(t,n(t) + (u — mi(t))ei) AT gi(t)
is nondecreasing.
If, moreover, the following condition is satisfied:
(v) Foreacht € I and x € R", the mapping f(t,x,) is nondecreasing on [, B]G(Tan),
then equation[(5.49)| has the extremal solutions in [cv, B] ;7 gny-

Proof. First of all, note that for each v € [« ﬁ]G(T,R")’ condition (v) implies that o and 3
are, respectively, a lower and an upper solution of the vectorial equation

z(t) = zo + K t fy(s,2(s)) dg(s). (5.51)
to
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Consider T : [« 5]G(T,Rn) = o, B]G(T,]R") defined as follows: foreach vy € [a, B]G(T,]R")’
T~y is the greatest solution of in [, B] 7 gn)- The function T"is well-defined as hy-
potheses (i)—(iv) together with Theorem[5.79|guarantee the existence of the extremal solutions
of [5.5T)in [, 8] 7 )~ Let us show that T satisfies the hypotheses of Proposition 5.82]

irst, note that I clearly satisfies [(3.50)| with

t
hi(t) = B Mi(s)dgi(s), tel, ie{l,...,n}.

to

Thus, we only need to show that 7" is nondecreasing. Let v, 7 € [a, 5]6‘(7 Rn) be such that

7y < 7. Condition (v) yields that f (s, Tn(s),y) < f(s,Tn(s),n) for s € I. Thus, for each
ie{l,...,n}and [u,v] C I,

<Ksyv<fw>i<s,Tn<s>> dgi(s) < <KS>/v<fn>i<s,Tn<s>> dgi(s) = (Tn)i(v) — (Tn)i(u),

that is, 7'n is an upper solution of

¢
2(t) = o + E[ f.(s,2(s)) dg(s). (5.52)
to
Theorem [5.79)] guarantees that [(5.52) has the greatest solution between « and 7). Since Ty
is the greatest solution of in [a, B] (7 gny it follows that Ty < T'n. Therefore, T is
nondecreasing. Now, Proposition [5.82] ensures that 7" has the greatest fixed point, v*, and it
satisfies the following equality:

7= max{’y € [Q»B]G(T,Rn) < T'Y}'

Naturally, ~* is a solution of in [o, ﬁ]G(T,R")' Moreover, it is not hard to see that if
7 € [a, Bl 7 gn) is any other solution of then v < T'y. Therefore, by the definition
of «v*, we conclude that +v* is the greatest solution of

To prove the existence of the least solution for equation[(3.49)] proceed in a similar way
but redefining the function 7" so that Ty corresponds to the least solution of equation[(3.51)]
Since the procedure in that case is analogous, we omit it. O

5.3.2 Applications to Stieltjes differential equations

It is possible to establish a relation between the solutions of and the solutions of
It follows from Remark [5.29] that a solution of problem [(5.9)| solves [(5.35)| as well, since the
integrals that exist in the Lebesgue—Stieltjes sense, also exist in the Kurzweil-Stieltjes sense.
However, in order to apply the results obtained previously, we require some conditions that
guarantee the converse process. That is, we need to investigate some conditions that ensure
that the solutions generate a solution of

Along those lines, in [[63]] the authors showed that, under very general assumptions, the
integral equation is equivalent to

xy(t) = f(t,x(t)) mg-ae. tcl, x(ty) = o, (5.53)

256



5.3 Vectorial measure differential equations

where m, stands for the Thomson’s variational measure induced by a function g : R — R,
see Sp- g in [81]. In the case when g is nondecreasing, as proved in [26], the variational
measure m, corresponds to the Lebesgue-Stieltjes outer measure, py. Hence, if £ C I and
mg(E) = 0, then p;(E) = 0 and, consequently, ' is Lebesgue-Stieltjes measurable with
pg(E) = 0. Accordingly, a solution of also satisfies equation

xy(t) = f(t,x(t)) g-aa.tel, x(to) = o,

where € AC,(I,R) if and only if f(-,z(-)) is integrable on I with respect to g in the
Lebesgue-Stieltjes sense. Therefore, along similar lines of the results in [|63[], we can draw a
correspondence between the solutions of

t

zi(t) =20, + | fi(s,x(s))dgi(s), tel, ie{l,...,n},
to

and the solutions of
(ﬂfl)lg7 (t) = fi(t,x(t)) for gi—a.a.t € I, J}i(to) = Z0,i, 1€ {1, Ce ,n}.

Thus, we can now translate the results on existence of extremal solutions for vectorial mea-
sure differential equations into the corresponding results for Stieltjes differential equations
with several derivators. To that end, we introduce the following definitions generalizing those
in Definition

Definition 5.84. A lower solution of[(3.9)]is a function o € ACq(I,R™) such that a(ty) < o
and
oy (t) < fi(t,a(t)) giaa.tel, i=1,2,...,n. (5.54)

Analogously, an upper solution of isamap 3 € ACg(I,R™) such that zo < (to) and

B;Z(t) Zfl(t?IB(t)) gi_a'a'tel7 7::1’25"""'

Remark 5.85. Asin Remark@ we could consider the lower and upper solution to belong
to EAC,(I,R"™) instead of AC,(I,R™). The reasoning behind this choice is the same: sim-
plicity. In this case, it is even more relevant as we aim to conect lower and upper solutions of

[3:9)]to those of which are defined on the closed interval.

Remark 5.86. Every lower solution of [(5.9)]is also a lower solution of Indeed, given
a lower solution a of since a; € ACg, (I, R) foreachi € {1,...,n}, the Fundamental
Theorem of Calculus yields that for every [u, v] C I we have

) =il + [ (@) (94
Therefore, [(5.61)]implies that

a;(v) —a;(u) < fi(s,a(s))dg; [u,v]CI, ie{l,...,n}.

[’u’?/U)
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Now, recalling that Lebesgue-Stieltjes integrability implies Kurzweil-Stieltjes integrability,
together with the fact that g, is left-continuous, ensures that the Lebesgue-Stieltjes integral
on right-hand side coincides with the Kurzweil-Stieltjes integral (/5 )fj fi(s,a(s)) d gi(s).
Since functions in the space ACg, (I, R) are of bounded variation, we conclude that « is a
lower solution of the integral equation [(5.34)] A similar argument holds to show that every

upper solution of [(3.9)]is also an upper solution of

The following result, obtained from Theorem ensures the existence of solution for
the vectorial problem in the presence of lower and upper solutions. For this result, it is
important to note that AC4(I,R) C G(I,R"™) and, as a consequence,

e, Bl 7 rmy NVACG (I, R) = [a, B ac, (7.1)»
with [« 5] AC, (T,R) 3 in Proposition

Theorem 5.87. Let f : [ x R* — R", f = (f1, f2,.--,fn), be a map. Suppose that
has a lower solution, o, and an upper solution, (B, such that o < (3. Assume that f is
quasimonotone nondecreasing on

E={(tz) eI xR":a(t) <z <A}
Moreover, assume that for each i € {1,...,n} the following conditions hold:
(i) Foreachn € |, ﬁ]G(T,R”)’ the function f;(-,n(-)) is g;-measurable.
(ii) For every r > 0, there exists a function h; , € E}h (I, [0, +00)) such that

|fi(t,x)| < hir(t), forgi—aa te I, zeR™|z| <

(iii) For eachn € |a, /B]G(T,Rn) and for g;—a.a. t € I, the mapping
u € [ag(1), Bi(t)] = fi(t,n(t) + (uw—mi(t))es)
is continuous.
(iv) Foreachn € [a, ﬁ]G(iR") andt € I, the mapping
u € [ai(t), Bi(t)] = w+ fi(t,n(t) + (u—nmi(t))e:) AT gi(t)
is nondecreasing.

Then|(5.9)|has extremal solutions in [, 3] Ac, (T,r)- Moreover, fort € I, the greatest solution,
x* = (x7,...,xk), is given by

x; (t) = sup{l;(¢) : (l,...,l,) lower solution ofﬂm Acg(l Ry}
and the least solution, T, = (.1, ... ,x*,n), is given by

Xy (t) = inf{u; (¢) : (uq,...,u,) upper solution ofﬂm AC a, R")}
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5.3 Vectorial measure differential equations

Proof. Foreachi € jl, ...,n} let N; j I be a g;—null set such that both conditions (ii) and
(iii) hold for all t € I\ N;. Write U; : I x R™ — R

. | filt,z) iftelI\N;, ze€R"”
Uilt,z) = { 0 otherwise.

LetU = (Uy,...,U,) : I x R® — R™ and consider the modified problem

t
w(t) = zo + K[ U(s,z(s))dg(s), tel. (5.55)
to
It follows that a solution of is also a solution of Moreover, conditions (i)—
(iii) guarantee that the integrals in[(5.55)|also exist as Lebesgue-Stieltjes integrals when x is
between « and . Hence, the existence of extremal solutions for [(53.55)|in [, ] yields the
existence of greatest and least solutions for[(5.9)]in [a, 8]. Altogether, it is enough to show
that the function U fulfills conditions (i)—(iv) of Theorem[5.79}
Clearly, U satisfies (iii) and (iv) in Theorem [5.79] Note that (i)—(iii) imply that for each
i € {1,...,n} and n € [a, )], the Lebesgue-Stieltjes integral [, U;(s,7(s))d g; exists.
Consequently, (i) in Theorem [5.79| holds due to the relation between Lebesgue-Stieltjes and
Kurzweil-Stieltjes integrals.
To prove (ii) in Theorem take r = max{||a|/s , ||f]|loc} andlet h; -, i € {1,...,n},
be the corresponding function in (ii). Since

Ui(t, 2)| < hir(t), tel, zeR™ |z <

and both functions are integrable with respect to g; in the sense of Kurzweil-Stieltjes, we get

‘(KS)/U Ui(t, x) dgi(t)’ < (KS)/U hir(t) dgi(t)

u u

for every [u,v] C I and z € R™ with ||z|| < r. Proceeding as in the proof of Lemma 3.1
in [64], we can show that the inequality above still holds if we consider regulated functions
x : I — R™ with ||z]|oo < 7. Thus, (ii) follows and this concludes the proof. O

Next, we illustrate the applicability of Theorem[5.87|by considering a model of a bacteria
population. This model represents the population of bacteria as well as the medium they live
in, in this case water. We shall assume that the population depends directly on the amount of
water available which, at the same time, varies as a consequence of the sun.

Example 5.88. Consider an open tank which contains an initial amount of water reaching
a level of L meters high and assume that the changes on the level of water are exclusively
caused by evaporation as a result of the effect of sunlight. According to this, during the day
the level of water will change, whereas it will remain constant during night hours. Now con-
sider a bacteria population whose resources depend directly on the volume of water. This
means that the carrying capacity —that is, the number of bacteria that can be supported indef-
initely in the tank— will be dependent on the level of water: the higher the level of water is,
the bigger the carrying capacity will be. Finally, we will also assume that every morning, the
tank is refilled until a certain level depending on the population of bacterias at that time.
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We want to design a mathematical model for w(t), the water height at time ¢ > 0, and
p(t), the bacteria population at time ¢ > 0, under the previous assumptions. For the latter, we
will consider a logistic model where the carrying capacity will be given by a nondecreasing
function N : R — R depending on w(t). Hence, the population p at time ¢ is represented by
the equation

p'(t) = rp()(N(w(t)) — p(t)),
where r > 0 is a constant representing the reproduction rate of the population.

In order to find an expression that suits w(¢), we want to differentiate with respect to a
function g : R — R which is constant during night hours and such that it assigns greater
measure to middays, when the effect of sunlight is stronger. We also want this derivator to
present jump discontinuities at the beginning of each day in order to introduce instantaneous
changes in w(t) due to refillings. Thus, if we identify day hours with the intervals [2k, 2k+1],
k=0,1,2,..., and nights with [2k + 1,2k + 2], k = 0,1, 2, ..., a possible choice is

t
g(t) =max{k =0,1,2,...: 2k <t} —I—/ max{sin(7s),0} ds, teR,
0

since it presents the characteristics introduced above. That is, g is constant on [2k+1, 2k +2],
k =0,1,2,..., presents jump discontinuities at times ¢ € 2N, and has maximum slopes at
t=1/24 2k, k =1,2,..., which represent middays. You can observe this information in

Figure[5.1]

Figure 5.1: Graph of g.

Let ¢ > 0 be the evaporation rate of the water and let @ € R be a proportionality parameter
readjusting the mistakes arising from counting the number of bacteria. Fixed an arbitrary time
T > 0, consider the described problem in the span interval I = [0,7]. A simple first model
for w(t) is given by

wy(t) = F(t,p(t), w(t)),
where F': T x R x R — R is defined as

Flt,p,w) = min{|ap|w,2L —w}, ift€2NN1,
P = —c, otherwise,
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and | -] denotes the floor function. Note that the definition of F at times ¢ € 2NN guarantees
that w(2k) < w(2k™) < 2L, k € N. Indeed, given that the jump discontinuities of g have
length 1, it follows from the definition of g—derivative that

wy(2k) = w(2k*) — w(2k) = min{ [ p(2k)|w(2k), 2L — w(2k)}

sow(2kt) = min{(1 + |ap(2k)])w(2k),2L} < 2L.
Therefore, we consider the following system of differential equations
{ P'(t) = rp(t)(N(w(t)) — p(t), p(0) = po,

wy(t) = F(t,p(t), w(t)), w(0) =L,

(5.56)

which can be regarded as a vectorial Stieltjes differential equation of the form with
unknown term & = (p, w), initial condition z9 = (po, L), and the functions g : R — R?,
f: I xR? — R? are given by

9(t) = (t,9(1), [(t, (p,w)) = (rp(N(w) = p), F (¢, p,w)). (5.57)

We will use Theorem [5.87]to show that[(5.56)| has at least one solution. Clearly, the map
o : I — R? defined as a(t) = (0, 0) is a lower solution of [(3.56)} On the other hand, consider
the map W : I — R defined as

L- c/t max{sin(rws),0} ds, ift €10,2],
W(t) = 0 t
min{(1 + |ap(2k)|)w(2k),2L} — C/Qk max{sin(rs),0} ds, ift e I,

where I}, = (2k,2k +2] N1, k = 1,2,... In Figure we have included a plot of this
function for some values of L and c. It is easy to check that the map 3 : I — R defined as

t
) = (mexo ([ rvv(9) as) wio)
0
is a solution of the following simplification of

{ p'(t) = rp(t)N(w(t)),  p(0) = po,

wy(t) = F(t,p(t), w(t), w(0)= L.

(5.58)

Given the definition of it follows that any solution of is an upper solution of
In particular, we have that 3 is an upper solution of so we are in condition to
study the applicability of Theorem[5.87] and therefore, an upper solution of

First, observe that the map f in is quasimonotone nondecreasing in J x R?, and
in particular in £ = {(t,x) : a(t) < z < B(¢)}. Moreover, given that the map N is
nondecreasing, it is Borel measurable, so it follows that, f;(-,7(-)) is g;/—measurable, i = 1, 2,
for any regulated function on I. Therefore, condition (i) in Theorem is satisfied. The
boundedness condition in (ii) in Theorem[5.87]is trivially satisfied for f; as it does not depend
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20 \ \
15;— N\

10¥

2 4 6 8

Figure 5.2: Graph of W(t) for L =10, c=manda = 1/7.

on the variable £ and N is nondecreasing. _For f2, consider R > 0 and let (p,w) € R? be
such that ||(p, w)|| < R. Then, for any ¢ € I we have that

|f2(tv (p,w))| < maX{| min{Lapr72L = w}|,c} = max{|[apjw|, |2L - w|,c}
<|lap|wl+ |20 = w| + ¢ < [lap]||lw] + |2L] + |w| + ¢
<|laR]|R+2R+R+c.

Hence, for each R > 0, it suffices to consider ks g(t) = R(||a R]|+3) + ¢, which is trivially
integrable with respect to g on I, to check that condition (ii) in Theorem is satisfied.
Finally, for conditions (iii) and (iv), for each regulated function  : I — R2, 5 = (1, n2), let
us consider the maps ¢,, ¥, : I x R — R defined as

en(t,u) = filt,n(t) + (u—m(t))er) = ru(N(mn(t) —u), (t,u) €I xR,
wn(tau) = f2(t777(t) + (u - 772(t))@2) = F(t7771(t)7u)a (t7 U) €
Now, for any ¢ € I, the maps ¢, (t,-), ¥, (t,-) : R — R are continuous, so condition (iii) in

Theorem m is satisfied. Furthermore, condition (iv) is trivially satisfied for ¢ = 1 as the
derivator is continuous. As for the case ¢ = 2, it is enough to check that the map

U, (u) =u+y,(t,u), ueR,
is nondecreasing for each t € D, N T = 2NN 1. For such points, we have that
W, (u) = u+ min{[an (t)]u, 2L — u} = min{(lam ()] + Du,2L}, ueR,

which is clearly nondecreasing. Hence, the hypotheses of Theorem [5.87 are satisfied, which
ensures that has the extremal solution between « and . Moreover, observe that the
reasoning used to show that the conditions in Theorem did not depend on the lower
and upper solution selected. Hence, given a lower and an upper solution of on I,
Theorem [5.87 ensures the existence of extremal solutions between them.

262
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So far, we have only used the fact that N (w) is a nondecreasing function of w, so no
matter if it is continuous or not, our theory applies. However, in some cases we may find it
reasonable to allow the carrying capacity N (w) to be piecewise constant because very small
changes in the water level could have no influence on the carrying capacity. A simple example
appears when we consider N to be the floor function, N(t) = |¢], for which we can obtain
an explicit expression. As we mentioned before, W is a solution of

wg (t) = F(t,p(t),w(t)), w(0)=L.
Hence, we obtain the following ODE

p'(t) =rp)(IW(B)] = p(t),  p(0) = po. (5.59)

It is easy to check that the map | W (¢)] has at most a countable number of discontinuities,
which we will denote by {¢; }ien. Put tg = 0. Note that equation is a linear equation
in each interval (¢;,¢;41], ¢ = 0,1,2,..., which can be solved exactly. Setting p; = p(¢;),

i € N, then the solution of [[(3.39)]is

D el.” ()]rt
t bl t E tl7 tl .
" LW (t:)]rts <p1 Wl > elW(®)]rt ( +1]
e B & A
i W (t:)] [ W (t)]

In Figure[5.3| we have represented the solution for different values of the parameters.

201

[ 2 P 6 8 2 4 6 8
(a) Solution offor L = 10, ¢ = m, (b) Solution offor L =10,¢c = m,
a=1/7,7=1andpo = 5. a=1/7,r=1and po = 15.

Figure 5.3: Graphs of the solution of for different values of the parameters.

Consider now the functional problem,

xg(t) = f(t,x(t),z) x(to) = xo, (5.60)
where 79 € R", f : I x R" x G(I,R") — R" and g : R — R" is such, for each
i € {1,2,...,n} the map g; : R — R is nondecreasing and left—continuous. As before,

denotes a system of Stieltjes differential equations subject to functional arguments;
namely:

(Il)qu (t) = fz(t,I(t),SC) le(to) = Z0,i, = {1, . ,n}.
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A solution of this functional equation is defined analogously to those of problem and
so are the upper and lower solutions.

Definition 5.89. A solution of [(5.60)|on I is a function x € ACg4 (I, R™) such that x(ty) = xo
and
z (t) = fi(t,z(t),z), giaatel, i€{l,2,...,n}

gi
A lower solution of [[3.60)\is a function o € ACgq (I,R™) such that o(ty) < wo and
ag, () < fit,a(t),a) giaa tel, ic€{l,2,...,n}. (5.61)
Analogously, an upper solution of[(5.60)|is a map 3 € ACq(I,R™) such that o < B(to) and
By, (t) > fi(t,B(t),B) gi—aa. tel, ie{l,2,...,n}.

Remark 5.90. Similarly to Remarks [5.29)and [5.853] it is possible to consider the definitions
replacing the space AC4 (1, R™) with EACg(I,R™).

Applying Theorem [5.83] we present a result for [(5.60)]in its general formulation. Such a
result relies on a correspondence between and [(5.49)] which can be obtained from an
extension of the argument used before for problems [(5.9)|and [(5.35)}

Theorem 5.91. Let f : I x R™ x G(I,R™) — R", f = (f1, fay-- ., fn), be a map. Suppose
that [(5.60)| has a lower solution, o, and an upper solution, f3, such that o < /3 and let

E={tz)elIxR":al) <z<p@{)}
For each v € [, 5]G(77Rn), denote by f., : I x R" — R"™ the map defined as

f’Y(tvx):f(tamv'y)a (t,x) €I xR".

Assume that for each vy € |, 6]6‘(7,1&”) and i € {1,2,...,n}, the following conditions are
satisfied:

(i) For eachn € |o, Bl g7 gny, the function (fy)i(-,n(-)) is gi-measurable.
(ii) Forevery r > 0, there exists a function h; , € L'}h (1,[0,400)) such that
I(f)it,2)| < hir(t), forgi—aa tel, zeR" |z|<r
(iii) For eachn € |a, B]G(Y,R") and for gi—a.a. t € I, the mapping
u € (), Bi(t)] = (fy)i(t;n(t) + (u = ni(t))ei)
is continuous.

(iv) For eachn € [a, ﬂ]G(T ) and t € 1, the mapping

u € [oq(t), Bi(1)] = w+ (fy)i(t m(t) + (u —ni(t))es) AT gi(t)

is nondecreasing.
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Ifforeach i € {1,2,...,n}, the following condition is satisfied:

(v) Forgi—a.a. t € I and all x € R™, the map f;(t, x, ") is nondecreasing on |a, B]G(T,R")?

then problem[(5.60)| has the extremal solutions in [cv, B] 4¢ (7 zrn)-

To finish this chapter, we include an application of Theorem [5.91] We consider a more
complex model for the bacteria population than the one considered in Example [5.88]

Example 5.92. We shall show that we can still ensure the existence of extremal solutions
for a more complex version of [(3.56)] where we allow functional arguments. Consider the
following modified version of the problem in Example[5.88}

{ﬂ@=m®WW@%¢@% p(0) = po,
_ (5.62)

wy(t) = F(t,w(t), p), w(0) =L,

where the map F : I x R x L*(I,R) — R is defined as

2n
~ min a s)ds|w,2L —w p, ift e 2NN1,

—c, otherwise.

In this case, « = (0,0) is a lower solution of and an upper solution can be obtained
analogously to the one from problem Either way, proceeding in a similar fashion to
the one used in Example[5.88] we can show that the hypotheses of Theorem[5.97]are satisfied
provided we can find a lower and an upper solution. To see that this is the case, it is enough to
note that, for any ¢ € L'(I,R) fixed, the functional arguments in [(53.62)] become constants,
so the reasonings in the mentioned example still hold. The extra functional hypothesis in
Theorem[5.91] condition (v), is satisfied by the monotonicity character of the integral. Hence,
we can ensure the existence of extremal solutions on I between any given lower and upper
solutions.
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Results

Throughout this thesis, we have studied different mathematical objects in depth. In what
follows, we revisit and highlight the most important results obtain in this work.

The first chapter of this manuscript consists, for the most part, of a bibliographical re-
vision of integration theory. Nevertheless, we obtained some new results regarding the
Lebesgue-Stieltjes integral, such as Theorem [I.50] in which we show that the Lebesgue—
Stieltjes outer measure can be computed using families of pairwise disjoint intervals; Propo-
sition[1.52] which confirms that the Lebesgue—Stieltjes measure associated to a sum of nonde-
creasing and left—continuous maps coincides with the sum of the corresponding Lebesgue—
Stieltjes measures; or Proposition [[.51] a result that, essentially, shows that every simple
Lebesgue—Stieltjes measurable function can be approximated by a sequence of step func-
tions. This last result was fundamental for the contents of the next chapter.

The next chapter was devoted to the construction of a new type of derivative, called A—
derivative, as well as the corresponding measure and their relations. In order to do so, we
started by studying displacement spaces as topological objects and, from there, we moved on
to the analytical structures. It is at this point that we find Proposition ?? and Definition [2.40]
in which we can find the concept of integral with respect to a path of measures. However, the
most important results in this chapter are, without a doubt, Theorems [2.62] and These
results are known as the Fundamental Theorems of the Displacement Calculus as they are the
natural extension of the corresponding results for the usual derivative. Roughly speaking, the
importance of these results comes from the fact that they show that the A—derivative and the
A—integral are inverse processes.

In Chapter[3|we turned our attention to the particular case of the Stieltjes derivative. In this
chapter, and through Proposition ??, we established the relation between this derivative and
the A—derivative showing that they are always equivalent. Furthermore, we also related the
problems with Stieltjes derivatives to other known differential problems, see Theorems [3.39]
[3.42] ??,[3.49]and [3.51] It is in this chapter that we obtained some interesting properties for
the Stieltjes derivative. Specifically, we want to highlight the importance of Proposition[3.13]
in which we corrected the product and quotient formula for Stieltjes derivatives presented
in [54].

The forth chapter was centered on the study of differential problems involving only one
Stieltjes derivative. First, we focus on the results obtained for differential equations of the
form

2,(t) = f(t,a(t),  a(to) = o,

with f : [to, to+T) x R™ — R™. For this type of problems, we recreated some known results
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for the classical setting in the setting of Stieltjes differential equations. For example, we
looked for explicit solutions for the linear equation and equations with separation of variables,
see Propositiond.2Tand Theorem[.23] We also proved some existence and uniqueness under
the Lipschitz condition (Theorems 4.44] and [.49) or the Montel-Osgood—Tonelli condition
(Theorems [4.46 and [§.5T). When we restricted ourselves to the context of the real line, we
could use the method of lower and upper solutions to obtain some existence result. For
example, in Theorem [4.88] we proved some conditions ensuring that the infimum of upper
solutions and the supremum of lower solutions are the extremal solutions of the initial value
problem. Similarly, in Theorem .61 we ensured the existence of extremal solutions between
a lower and upper solutions. In fact, this result was fundamental for the study of the problem
with functional arguments,

2o (t) = f(t,2(t), x), B(x(to), ) =0,

with f : [to, to+T) xR x ACy4([to, to+T],R) — Rand B : R x AC,([to, to+T],R) — R.
For this problem, our main result was Theorem [4.94] which was obtained by reducing the
functional problem to an initial value problem and applying the mentioned result. Finally, in
Chapter [d] we also studied differential inclusions of the form

x/g(t) € F(tvx(t))’ ‘T(tO) = Zo,

with F : [to, to+T) x R™ — P(R"). In this case, we found Theorem[d.110] a result ensuring
the existence of solution for the differential inclusion which provides new information even
in the context of the usual derivative.

Lastly, in Chapter [5] we focused on Stieltjes differential problems involving several dif-
ferent Stieltjes derivatives. Namely, given g; : R — R, ¢ = 1,2,...,n, each of them
nondecreasing and left—continuous, we considered

(‘,I’.’L);]l(t) :fl(tvx(t))v xz(to) = Z0,i, 7121727771,,

with f; : [to,to+T) x R™ — R. In this case, we were able to obtain analogous existence and
uniqueness results to those for the case with just one Stieltjes derivative, see, for example,
Theorems [5.53] [5.55] [5.58] or [5.62} Furthermore, by looking at the corresponding integral
counterpart, we were able to obtain a new existence result in the context of lower and upper
solutions. This is the case of Theorem which can be regarded as generalization of the
methods of lower and upper solutions in the previous chapter. Observe that in this case we
did not restrict ourselves to the context of the real line.
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Conclusions and future work

Throughout this Thesis we have studied several important concepts, including different deriva-
tives and several differential problems. In what follows, we reflect on the information ob-
tained for these aspects, while also commenting the limitations that we have encountered as
well as the possibilities for future work on these topics.

The first notion that we consider is that of displacement. Displacement spaces are pre-
sented as a generalization of metric and pseudometric spaces. In particular, the hypothesis
required for a map to be a displacement are shown to be the necessary conditions for open
balls to be open. Other than that, very few topological aspects for this structure have been
studied. It would be interesting to explore further topological properties in this context, espe-
cially those that play a major role in the context of mathematical analysis.

At the intersection between displacement spaces and mathematical analysis, we find the
concept of derivative. In this work, we have considered two different type of derivatives: dis-
placement derivatives and Stieltjes derivatives. The idea behind the displacement derivative
was to come up with a generalization of many derivatives, including the Stieltjes derivative.
However, under the hypotheses considered, both derivatives happen to be equivalent. Of
course, in the light of this, the following question arises naturally: Is it possible to define a
displacement derivative under a different set of hypotheses that still generalizes the Stieltjes
derivative and cannot be reduced to such derivative? Recall that the connection between the
displacement derivative and the Stieltjes derivative comes from the fact that the displacement
measure is a Lebesgue—Stieltjes measure and, thus, has a nondecreasing and left—continuous
map that represents it. We believe that a possible way to avoid the equivalence between
the two derivatives might come from a new definition of integral based on A. It would be
interesting to revisit the theory of displacement Calculus under the theory of the Kurzweil—
Stieltjes integral. This is one of the possible ways that might lead to a stronger version of
derivative. Another possible path to follow is to consider derivatives in a similar fashion to
the absolute derivative in [[15] in this context. That is, derivatives of functions where, not
only the domain is “measured” by a map A satisfying the corresponding hypothesis, but the
codomain is under these circumstances as well. In other words, the derivative of a function
f X — Y would be computed, roughly speaking, as

LAY (f(), f(s))
Fay(8) = lim =2 T 5=,

where Ay : X x X - Rand Ay : Y x Y — R satisfy some set of hypotheses. Observe,
however, that although this setting is more general than all the derivatives considered in this
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Thesis, it is in detriment of some of the most basic properties of the derivatives. For example,
the linearity of the derivative does not follow immediately from the definition, which could
have a huge impact on the construction of a Theory of Calculus around this concept.

When it comes to Stieltjes derivatives, the topic of more relaxed hypothesis is interesting
as well. In [34]], the authors have established a theory where the hypothesis of monotonicity of
the derivator was weakened to functions of controlled variation. Essentially, these functions
are monotonic in each of the connected components determined by removing a negligible set.
Exploring this type of derivative and further extensions of Stieltjes derivatives appears as an
interesting task. In a similar fashion, and following Chapter 3] it would be interesting to ex-
plore more possible relations between Stieltjes differential equations and other problems. In
particular, inspired by the ideas in [49], given a nondecreasing and left—continuous function,
g : R — R, we can consider one of the generalized inverses included in [29]], v : R — R,
defined as

v(t) =sup{s e R:g(s) <t} =inf{s €R:g(s) > ¢}, teR.

As pointed out in [23}44]], this map is nondecreasing and left—continuous. Furthermore,
as stated in such paper, this generalized inverse “swaps” the jumps and the points around
which the map is constant. Exploring the relations between differential equations with Stielt-
jes derivatives for g and ~ could provide new information on the problems as well as new
resolution methods.

Finally, we need to reflect on the study of differential problems. Throughout this thesis we
have extended some of the classical result for ODE:s to the context of Stieltjes derivatives even
in the setting where we consider several different derivators. Along those lines, there is still
plenty of work to do. We need to consider different approaches and techniques to the study
of this type of problems. For example, we could consider the qualitative study of systems
of differential equations with Stieltjes derivatives. Similarly, it is necessary to continue to
explore differential inclusions with Stieltjes derivatives and other differential problems that
have not been studied in this thesis. Particularly, we could focus on problems that arise
exclusively in the context of Stieltjes derivatives. For instance, we could look at problems
where the derivator depends on the function we are looking for, such as differential equations
of the form

o (t) = f(t,2(t)),
9(t) = G(t, x),

where G : R x X — R for some functional space X. This could be used to describe
processes where the magnitude represented by the derivator and the magnitude represented
by the unknown function are closely related, such as the temperature and pressure of a gas
contained in a tank.

With this work we pretend to show the applicability of differential problems with Stieltjes
derivatives by means of their theoretical and real-world applications, while also motivating
people to continue the study of the many possibilites that this framework offers.
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Esta Tese, titulada Problemas diferenciais con derivadas de Stieltjes e aplicacions, € unha
recoleccion do traballo de investigacion realizado polo autor durante a stia etapa predoutoral.
Como indica o propio titulo, este traballo xira ao redor do concepto de derivada de Stielt-
jes. Dun xeito sinxelo, esta derivada é unha modificacién da derivada usual utilizando unha
funcién crecente e continua pola esquerda. Este pequeno cambio na definicidén permitenos
estudar varios problemas diferenciais nun mesmo contexto.

No que segue, presentamos un resumo dos cinco capitulos que compoén este manuscrito
co fin de explicar en mais detalle os contidos do mesmo. Atendendo 4 sia tematica, podemos
dividir os capitulos en tres partes diferenciadas. A primeira delas corresponde ao Capitulo
e céntrase na teoria da medida e, en particular, nalgunhas integrais de Stieltjes, xa que son
unha ferramenta fundamental para esta Tese. A segunda parte do manuscrito vén marcada
polos Capitulos 2] e[3] onde nos centramos no estudo de dias derivadas distintas, a derivada
en desprazamentos e a derivada de Stieltjes, asi como tamén na relacién existente entre as
mesmas. Por dltimo, os Capitulos [] e [5] conforman a terceira parte deste traballo. Aqui,
estudamos algtins problemas diferenciais con derivadas de Stieltjes en profundidade, 4 vez
que amosamos as stas aplicacién en diversas situacions.

Capitulo I Teoria de integracion

Coa intencién de facer un traballo que sexa autosuficiente, o Capitulo [T)inclie unha serie de
conceptos e resultados fundamentais para os capitulos que seguen. En particular, este capitulo
céntrase na teoria de integracion.

Primeiro, presentamos os conceptos de espazo medible e espazo de medida seguindo,
principalmente, [S}/73]]. Desde ai, construimos a integral con respecto a unha medida e in-
cluimos o Teorema de Radon—Nikodym. Estas ddas ferramentas son clave para a construcién
de integrais no Capitulo 2]

Na Secci6n [I.2]centrdmonos no estudo de integrais de Stieltjes. En concreto, traballamos
coas integrais de Lebesgue—Stieltjes e de Kurzweil-Stieltjes na recta real. Seguindo [3],
definimos as integrais de Lebesgue—Stieltjes como a integral con respecto a unha medida de
Lebesgue—Stieltjes, i.e. unha medida de Borel que asigna valor finito a conxuntos limitados.
Despois, usando o Teorema de Extensién de Carathéodory, probamos que, dada una funcién
crecente e continua pola esquerda, podemos construir unha medida de Lebesgue—Stieltjes.
Reciprocamente, vemos que dada unha medida de Lebesgue—Stieltjes, 1, podemos construir

.

unha funcién satisfacendo esas hipéteses. E suficiente considerar a funciéon g : R — R
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definida como
—u([z,0)), sex <O0.
glx) =<0, sex =0,
w([0,2)), sex>0.

E dicir, existe unha bixecci6n entre o conxunto das medidas de Lebesgue—Stieltjes e o con-
xunto de funciéns crecentes e continuas pola esquerda. Isto € interesante tanto para a cons-
trucién dunha medida no Capitulo 2] como para os contidos do Capitulo[3]

Doutra banda, a integral de Kurzweil-Stieltjes non € a integral con respecto a unha me-
dida, sen6n que € construida dun xeito que recorda 4 integral de Riemann. Neste caso, a
definicién vén dada en termos dunha funcién chamada integrador. Isto, xunto coa bixec-
cién mencionada anteriormente, permitenos establecer certas conexidns entre a integral de
Kurzweil-Stieltjes e a de Lebesgue—Stieltjes, seguindo [65]].

Capitulo : A derivada en desprazamentos

Neste capitulo centrdmonos na construccién dunha nova derivada na recta real seguindo as
ideas en [61]]. Esta derivada xorde de notar que as definicions de derivada en [15}[541/67]
xiran ao redor da mesma idea: medir a loxitude entre dous obxectos, pero conservando o
sentido de direccién. Con esta idea en mente, definimos o concepto de desprazamento. Un
desprazamento nun conxunto X € unha aplicacién A : X x X — R satisfacendo as seguintes
dudas propiedades:

(a) Paratodo z € X, A(z,z) = 0.

(b) Paratodo xz,y € X,
A, y)| = sup {lminf |A(e, 20| {znbnen © X, lim [A(y,20)| = 0}.

Os espazos en desprazamento son xeneralizacions dos espazos métricos e pseudométricos
e, ao igual que para estes, ¢ posible dotar ao espazo dunha estrutura topoldxica definida en
termos do seu desprazamento. Na Seccion [2.1| exploramos os aspectos topoldxicos destes
obxectos.

Mais adiante, na Seccién 2.2]buscamos construir certas estruturas analiticas na recta real
que sexan compatibles co concepto en desprazamento. Especificamente, traballamos baixo
a suposicién de que existe unha aplicacién A : [a, b] X [a,b] — R satisfacendo as seguintes
condicions:

(H1) Paratodo = € [a,b], Az, z) = 0.
(H2) Paratodo = € [a,b], a funcién A(x, -) é crecente e continua pola esquerda.
(H3) Existe unha aplicacién v : [a, b] X [a,b] — [1,400) tal que

(i) Paratodo z,y, 2,% € [a,b],

1Az, 2) = Az, 9)| <(2,2)|AFZ2) — AZy)l.
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(i) Paratodo z € [a, b],

lim (2,%) = lim y(z,2) = 1.
zZ—z zZ—z
(iii) Para todo z € [a, b], as funciéns v(z, ), v(, 2) : [a,b] — [1,+00) estdn limi-
tadas.

E importante destacar que as condiciéns aqui consideradas non son as consideradas en [61]].
Isto débese a que, ainda que non € evidente, as hipdteses (H1)—(H3) garanten que a aplicacion
A define un desprazamento en [a, b], suprimindo algunha das condicidns ali consideradas.

Na Seccién pasamos 4 construciéon dunha medida neste contexto, notando que as
hipéteses garanten a existencia de medidas de Lebesgue—Stieltjes “locais” que son absolu-
tamente continuas unhas con respecto das outras, i.e. estas medidas estdn nas hipé6teses do
Teorema de Radon—-Nikodym. Despois, na Seccién introducimos e estudamos o con-
cepto de derivada en desprazamentos, definida, esencialmente, como

/ —lmf(y)_f(x)

Por dltimo, na Seccién conectamos os conceptos de medida e derivada mediante o
Teorema Fundamental do Calculo utilizando razoamentos similares aos de [54] no contexto
de derivadas de Stieltjes.

Capitulo 3;: A derivada de Stieltjes

O terceito capitulo estd adicado ao estudo da derivada de Stieltjes na recta real. Grosso modo,
esta derivada calcilase como

/ — lim f(y)_f(x)
Jol®) = o —ga)

onde g : R — R € unha funcién crecente e continua pola esquerda que chamamos derivador.
Naturalmente, esta derivada € un caso particular da derivada en desprazamentos. Non obstan-
te, as conexions entre as ddas derivadas non rematan ai. Na Seccién [3.1| exploramos outras
relacions entre elas, probando que as ddas son equivalentes, a través da bixeccion existente
entre as medidas de Lebesgue—Stieltjes e as funcidns crecentes e continuas pola esquerda.
Mais adiante, na Seccién recollemos toda a informacion existente para a derivada de
Stieltjes, adaptando a este contexto os resultados no Capitulo [2 asi coma incluindo outros
resultados dispoiiibles en [33}[54]].

O ultimo que estudamos neste capitulo € a relacién entre as ecuaciéns diferenciais con
derivadas de Stieltjes, tamén chamadas ecuacions diferenciais de Stieltjes, da forma

zy(t) = f(t,2(t), t€ la,b), (1)

e outros problemas diferenciais, usando as ideas de [33,49,54]. E evidente que, por definicion,
as EDOs son un caso particular de Non obstante, podemos dicir ainda méais. Ao longo
da Seccién [3.3.1] demostramos que, baixo certas hipéteses, os problemas diferenciais con
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derivadas de Stieltjes poden reducirse a unha EDO. En particular, isto aporta un método de
resoluciéon para ecuaciéns como sempre que poidamos resolver a EDO asociada. Dun
xeito similar, na Seccion [3.3.2]estudamos problemas diferenciais con impulsos da forma

l’l(t):f(t,.’t(t)), te [avb)\‘]v
z(tT) = 2(t) + L(x(t), teJ

onde J € un conxunto numerable. Neste caso, podemos probar que este problema é equiva-
lente a unha ecuacién de Stieltjes para un derivador adecuado. Para rematar, na Seccioén
definimos a derivada de Hilger e os problemas diferenciais asociados a esta derivada, os cales
mostramos, seguindo as ideas de [[79]], que poden ser estudados como unha ecuacién da forma
[(D]para un determinado derivador.

Capitulo @: Problemas diferenciais de Stieltjes cun unico derivador

O Capitulo [f] céntrase, como o propio titulo indica, no estudo da existencia e unicidade de
solucion de varios problemas diferenciais con derivadas de Stieltjes. Nétese que ese mesmo
titulo remarca o uso dun unico derivador. Con isto referimonos a que, a pesar de poder con-
siderar problemas en R, imos derivar todas as compofientes con respecto 4 mesma funcién.
En particular, dada una funcién crecente e continua pola esquerda, g : R — R, consideramos
tres problemas diferenciais con derivadas de Stieltjes: problemas de valor inicial da forma

zy(t) = f(t,2(t), @(to) = 2o, )

con f : [tg, to+T) xR™ — R™; ecuacidns diferenciais de Stieltjes con argumentos funcionais
como
xy(t) = f(t,z(t),x), B(x(to),x) =0, 3)

onde f : [to,to +7T) x Rx X - Re B: R x X — R para un certo espazo de Banach, X;
e inclusidns diferenciais de Stieltjes,

zy(t) € F(t,z(t), x(to) = o, )

con F': [to,to + T) x R" — P(R™).

Na Seccién @] traballamos con problemas de valor inicial coma @], seguindo [48 49,
511/53)/58l/59]. Especificamente, na Secciénd.1.1] presentamos algiins métodos de resolucién
para a ecuacion linear, tanto na sta formulacién homoxénea coma non homoxénea, e para
problemas en variables separables. Despois, na Seccién tratamos de adaptar alguns
resultados cofiecidos sobre existencia e unicidade de solucién para EDOs ao novo contexto
de ecuacions diferenciais de Stieltjes. En concreto, estudamos os problemas de valor inicial
baixo a condicién de Lipschitz,

[f(t,x) = fFt, 9l < L)z —yll, g-ctp.telto,to+T), x,y€R
a condicién de Osgood,

1f(t2) = f(E )l <wlllz —yll)  g-ctp.t €to,to+T), 2,y eR
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a condicion de Montel-Tonelli,

1t 2) = fF(E )l < ew(llz —yll),  g-etp.t€lto,to+T), zyecR";

e a condicion de Perron,

Hf(tax)—f(t,y)\\ Sw(taHfﬂ—yH)» g—ctp.t e [t07t0+T)7 1'7y€Rn.

A continuacién, pasamos a estudar o problema[(2)] na recta real mediante o método de sub e
sobresoluciéns. Isto faise na Seccion onde primeiro buscamos as soluciéns extremais
entre unha subsolucion e unha sobresolucién ben ordeadas, e despois, procuramos condicidns
necesarias e suficientes para que o supremo puntual das subsoluciéns e o infimo puntual das
sobresolucidns sexan as soluciéns extremais de[(2)]

O estudo de lévase a cabo na Seccién Ali, usando un resultado de existencia
para mediante o método de sub e sobresolucions, xunto coa técnica iterativa xeneralizada
de Heikkild, obtemos un resultado garantindo a existencia de soluciéns extremais entre unha
subsolucién e unha sobresolucion. Utilizando este resultado, e seguindo as ideas de Biles e
Binding en [9], conseguimos un novo resultado de existencia para [(2)| no contexto de sub e
sobresolucion que, de novo, ¢ utilizado para obter outro resultado para

Por ultimo, a Seccién 4.3|esta adicada ao estudo de inclusions diferenciais con derivadas
de Stieltjes. Aqui traballamos considerando a envoltura pechada e convexa da aplicacién F'
no problema Nestas circunstancias, obtemos un resultado de existencia de solucion, o
cal proporciona nova informacién incluso cando a derivada de Stieltjes resulta ser a derivada
usual. Para rematar, voltamos ao problema |(2)| para o que obtemos un novo resultado de
existencia de solucion mediante 4 aplicacién de Krasovskij asociada a aplicacion f en
Kf:[to,to+T) x R" — P(R"™), definida como

Kf(t,z) = () @f (t, B(x,r)), ()€ [to,to+T) x R™

>0

Ao longo deste capitulo, ilustramos os resultados que obtivemos para os diferentes pro-
blemas considerados con algtins exemplos analiticos, como tamén mediante algunhas apli-
cacidns para situacions reais como cun modelo describindo o movemento dun vehiculo im-
pulsado por un motor eléctrico, ou un modelo representando unha poboacién de vermes de
seda.

Capitulo |S: Problemas diferenciais de Stieltjes con varios derivadores

Dun xeito similar ao Capitulo 4 o Capitulo [5] aborda tamén o tema de existencia e unici-
dade de solucién para problemas diferenciais con derivadas de Stieltjes. Mentres que no
Capitulo [4| consideramos un tnico derivador cando estudamos sistemas de ecuacions dife-
renciais, neste capitulo permitimos que cada compoiiente sexa diferenciada con respecto a
un derivador distinto. Para ser mdis concretos, tomamos unha aplicacién g : R — R”,
g = (q1,92,-.-,9n), de xeito que cada g;, © = 1,2,...,n, sexa un derivador, e considera-
mos o sistema de ecuacions

($7);h (t) = fl(t,x(t)), Il(to) = T0,i, 1= 17 2, ey Ny (5)
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onde f; : [to,to +7T) x R™ — R. Obsérvese que, dadas as relaciéns presentes no Capl’tulo
este novo contexto permitenos estudar fenémenos mais complexos nos que poidamos atopar
procesos marcados por diferentes impulsos ou escalas de tempo. Podemos ver isto nalgins
dos exemplos incluidos neste capitulo.

Por suposto, os problemas de valor inicial da forma[(5)|son unha xeneralizacién do mesmo
tipo de problemas c6s que traballamos no Capitulofd] Non obstante, e a pesar desta conexion,
a maioria dos conceptos anteriormente utilizados precisan ser adaptados a este novo contexto.
Asi, a Seccién céntrase en estender os conceptos de continuidade no Capitulo|3|para que
sexan adecuados para o estudo de @], seguindo [50|60]. Madis tarde, na Seccién [3;2], xa
coas definiciéns adecuadas e pensando en [(3)] como unha xeneralizacién de [(2)] tratamos
de ver se é posible estender a este novo contexto os resultados de existencia e unicidade
obtidos na Seccion .1.2]do Capitulo[d] En particular, seguindo [501/60], obtemos resultados
andlogos baixo as condiciéns de Lipschitz, Osgood, Montel-Tonelli e Perron que devolven
os correspondentes resultados do Capitulo 4] cando[(5)|é da forma[(2)]

Finalmente, na Seccién [5.3] traballamos de novo no contexto de sub e sobresolucions.
Non obstante, esta vez non traballamos directamente con ecuaciéns da forma[(5), senén que
estudamos problemas da forma

t
x,-(t)za;o,ﬁ/fi(s,x(s))dgi(s), L1900 n ©)
to

onde consideramos a integral no sentido de Kurzweil-Stieltjes. Asi, seguindo [52], obte-
mos un resultados garantindo a existencia de soluciéns maximais de [(6)] entre una sub e
unha sobresolucién dadas. Utilizando este resultado e a conexion existente entre as integrais
de Lebesgue—Stieltjes e as de Kurzweil-Stieltjes, conseguimos un novo resultado para [(5)]
Tamén conseguimos un resultado de existencia para o caso no que consideramos argumentos
funcionais que, de novo, é utilizado para obter o correspondente resultado no contexto de
ecuacidns diferenciais de Stieltjes con varios derivadores.
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