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Abstract

In this paper we analyze how to compute discontinuous solutions for functional differential
equations, looking at an approach which allows to study simultaneously continuous and
discontinuous solutions. We focus our attention on the integral representation of solutions
and we justify the applicability of such an approach. In particular, we improve the step
method in such a way to solve a problem of vanishing discontinuity points. Our solutions are
considered as regulated functions.
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1 Introduction

In the classical theory of differential or integral equations generally solutions are expected to
be at least continuous. However, for many types of delay differential equations (DDEs), for
impulsive equations or measure differential equations, solutions need not be continuous (cf.
Kolmanovskii and Myshkis 2012, Chapter 2.5.2; Zavalishchin and Sesekin 1997, Chapter 5
or Tvrdy 2002). Despite that, the problem can be also considered in terms of distributional
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derivative (see, for instance, Federson et al. (2012)), we believe that it is too far from the
problems leading to DDEs and in this paper we keep the advantages of the classical theory.
All derivatives considered here are taken in the classical sense.

In the paper, we concentrate on computational aspects of this theory, so we study the
applicability of the step method for discontinuous initial functions and then for problems
having discontinuous solutions. There are two main problems to be solved: what kind of
integral representations of solutions can be applied for the step method and how to ensure
the propagation of discontinuity points from the initial interval to the future. Our results are
of practical nature and they should allow the use of mathematical models based on DDEs
with discontinuous initial functions with the “almost classical” step method.

Motivated by the papers Baker and Lumb (2006) and Baker and Paul (2006), we will
study the problem of discontinuous solutions for DDEs. In this case, the definition and the
construction of solutions seem to be rather complicated with respect to the case of ordinary
differential equations (ODEs). Here we suggest a simpler approach which allows use to use
the same types of proof for both cases. We consider some retarded functional differential
equation of the form

x'(1) = f(t,x(t — 1))
x(t) = ¢(t) fort e [—r,0]. (D)

Problems of this kind arise, for instance, in population dynamics (such as the growth of cell
modeling: x'(r) = %x(r — 1), see Baker and Bocharov (2005) and Liz and Pouso (2002);
with discontinuous initial function ¢, see (Baker et al. 2008, Sect. 1.4) for more details).

Let us stress that, in view of seasonability of some population dynamics, the population
observed as discontinuous in the past should be discontinuous in the future and the model
should preserve this property, we recall that time scales are sometimes used to describe such a
situation (cf. Bohner and Peterson 2012, for instance). As in this case we are able to think that
¢ has values zero outside of the time scale (whence it is possibly discontinuous), we cover
and extend this approach too. Thus, both continuous and discontinuous functions should be
considered as solutions and we unify both cases in one approach. The choice of the study of
the problem (1) is sufficient to show all the ideas which will be then applied for more general
problems.

The classical theory for DDEs is based on the assumption that the initial function ¢ is
continuous on [—1, 0], consequently solutions are continuous too. As claimed above, in some
mathematical models, it is not a realistic case. Following Baker and Paul (2006) we will allow
the function ¢ to be discontinuous at some points in [—7, 0]. As x is determined by the initial
function ¢ the solution is expected to be discontinuous too.

We think that regulated functions constitute a convenient function space with respect to
the supremum norm to study problems of this form. Due to some properties of the space of
regulated functions, we will be able to extend the results to this space in a manner unified
with continuous case. We will give a proper integral representation for problem (1) defined
in terms of Stieltjes-type integrals, namely using the Kurzweil-Stieltjes integral. Note that
integral equations with Kurzweil-type integrals were investigated (see Federson et al. 2012,
for instance) mainly by its generality. It is known that not only DDEs, but also some other
functional equations can be treated as special cases of generalized differential equations
and the existence theorems are then proved (cf. Federson et al. 2012). Here we concentrate
on a computational aspect from the model to its solution. We will show that the integral
representation by means of the Kurzweil-Stieltjes integral is a very natural approach, which
coincides with the classical integral representation in the case of DDEs with continuous initial
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functions (see Hale 1971, Lemma 2.1). As applications, we will discuss the step method and
the problem of vanishing points of discontinuity for solutions (studied in Baker and Lumb
(2006), Baker and Paul (2006) and Sun et al. (2005), for instance).

The paper is recommended for all readers interested on DDEs and is organized as fol-
lows. The next two sections are devoted to recalling fundamental concepts and basic facts,
respectively, about the space of regulated functions and on Henstock—Kurzweil and Kurzweil—
Stieltjes integrals. In the fourth section, we introduce the notion of regulated solutions and
we take into consideration other notions of solutions from the classical theory and some gen-
eralized notions of solution. Then, we give the integral representation for regulated solutions
and we show that classical and Carathéodory solutions as well as piecewise continuous and
natural solutions are special cases of regulated ones.

Adapting the step method for the new integral representation we allow its use for problems
with continuous and discontinuous initial functions ¢ and we prove also some existence the-
orems. For discontinuous solutions we solve the problem of vanishing discontinuity points
(cf. Brunner and Zhang 1999). In the last section, we study population dynamics for discon-
tinuous past states (initial functions). The paper is supplemented by explanatory examples.

2 Regulated functions

We denote by R the set of all real numbers. Givena, b € R,a < b, we denote by C([a, b], R),
PC([a, b],R), C'([a, b], R) and AC([a, b], R) the space of all continuous, piecewise con-
tinuous (cf. Ballinger and Liu 2004, 2000), continuously differentiable and absolutely
continuous real-valued functions u defined on [a, b], respectively. A function u : [a, b] - R
is said to be regulated if there exist finite right «(¢*) and left u(s~) limits for every points
t € [a,b) and s € (a, b]. The Banach space G ([a, b], R) consists of all regulated real-valued
functions defined on [a, b] (see Honig 1983) equipped with the supremum norm. Every regu-
lated function is bounded, has a countable set of discontinuities and is the limit of a uniformly
convergent sequence of step functions. Clearly C ([a, b], R) C G([a, b], R). We recall that a
function g : [a, b] — Ris said to be of bounded variation if VarZ g < 0o, where the variation
Vang is defined by Varla’g = sup {Zipzl lgeti) —gtti—Dl:a=ty<t1 <---=<t, = b}.
The Banach space BV ([a, b], R) is the space of all functions of bounded variation equipped
with the norm || g||py := |g(a)| + Vang. We have BV ([a, b], R) C G([a, b], R).

It is well known that a function x of bounded variation can be decomposed as the sum
of a continuous function of bounded variation x. and a break function x,. Precisely, if
{tx : k € N}, where (#;) is assumed below to be ordered as increasing, denotes the set of
discontinuity points then

o0
xa) = D [(x@) = xtD) Kigen + () = x(@)) x@pp1] onla.bl, ()
k=1

where we set x(a~) = x(a) and x(bT) = x(b), and x. = x — x4 € C([a, b],R) (cf.
Tvrdy 2002). We refer to x. and x4 as the continuous and discrete part of x. It is known that
Vaer = VaerC + Varﬁxd. Throughout we will deal with the subspace Zg of G([a, b], R)
consisting of regulated functions having finite sum of jumps, i.e.,

D0 [l = x@) 1+ 1x () — x@)]] < oo,

txeDy

where D, denotes the set of discontinuity points of x.
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Proposition 2.1 Any function x € Zg is representable in the form x = x. + x4, where x4 is
the function, of bounded variation, defined by (2) and x. = x — x4 € C([a, b], R).

Note that BV ([a, b], R) C Zs and C([a, b], R) is the subspace of G([a, b], R) consisting
of functions having vanishing discrete parts. This class of functions will form a general space
consisting of possible initial functions for considered DDEs.

Let f : [a, b] x R — R, then the Nemytskii superposition operator S, : Rl:2! — Rla.?]
is defined by the formula Sy (x)(¢) = f (¢, x(¢)). It is one of the most important nonlinear
operators in the theory of differential and integral equations. Properties of the Nemytskii
operator have been studied in different function spaces (cf. Appell and Zabrejko 1990), here
we summarize some properties of the operator in the space G ([, b], R). The following useful
theorem is proved by Michalak (2016a).

Theorem 2.1 (Michalak 2016b, Proposition 2.2) The operator Sy maps G([a, b], R) into
itself if and only if the function f has the following properties:

(1) the limit lim[a,‘v)XRa(u’y)ﬁ(s,x) f(u, y) exists for every (s, x) € (a, b] x R,
(2) the limit im p)xR>(u,y)— (s,x) J (U, y) exists for every (¢, x) € [a, b) x R.

In particular, it implies that if f (¢, x(#)) = f(x(¢)) then the (autonomous superposition)
operator Sy maps G([a, b], R) into itself if and only if f is continuous (see Michalak 2016a,
Corollary 3.6).

Corollary 2.1 (Aziz et al. 2014, Theorem 2.3) Suppose that the function f (-, u) is regulated
on [a, b] for all u € R, and the function f(t,-) is continuous on R, uniformly with respect
tot € [a, b). Then the operator Sy maps G([a, b, R) into itself and is (norm) bounded.

3 Kurzweil-Stieltjes integral

The Kurzweil-Stieltjes integral will be used in the new integral representation formula for
discontinuous solutions of DDEs. Here we collect some important properties of the integral.

A partition of [a, b] is a finite collection P = {([t;_, ], &) : i = 1,2, ..., p} where
[#ti_1, t;] are non-overlapping intervals in [a, D], & € [ti_1, t;] and Ule[tl;l, til = la, b].
A positive function § on [a, b] is called a gauge on [a, b]. Given a gauge 6 on [a, b], a
partition P = {([t;—1, 4], &), i = 1,2,---, p} of [a, b] is called §-fine if [t;_1,1;] C
(& —38(5), & +68(&)) fori=1,...,p.

Definition 3.1 A function f : [a, b] — R is said to be Kurzweil-Stieltjes integrable with
respect to g : [a, b] — Ron [a, b] (shortly, KS integrable) if there exists a function denoted
by (KS) fa'f(s)dg(s) : [a, b] — R such that, for every ¢ > 0, there is a gauge 6. on [a, D]
with

P

2

i=1

<é&

i ti—1
FED(g) —gti-1) — ((KS)/ f(s)dg(s) — (KS)/ 1) dg(S))

for every §.-fine partition {([#;—1, %], &) : i =1, ..., p} of [a, b].

The KS integrability is preserved on all sub-intervals of [a, b]. The function ¢t
(KS) f at f(s)dg(s) is called the KS primitive of f with respect to g on [a, b], and the KS

integral will be denoted by (KS) [ ab f(s) dg(s) or simply by (KS) [ ab f dg (we refer to
Schwabik (1992) or Tvrdy (2002)). We note that in the case g(f) = t we have the usual
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Henstock—Kurzweil integral (see Gordon 1994; Monteiro and Tvrdy 2012; Schwabik et al.
1979).

It is well known that if g is of bounded variation the KS integral (K S) f ab fdg exists
for any regulated function f (or conversely) (Schwabik et al. 1979, Lemma 4.16) and

‘(KS) P dg’ < 1l (Var’g). Moreover, we have

Proposition 3.1 (Tvrdy 1989, Theorem 2.15) Let f : [a, b] — R be of bounded variation
and g : [a, b] — R be regulated. Then both the integrals (KS) fab f dg and (KS) fab gdf
exist and

b b
(KS)/ fdg+(KS)/ gdf = fb)g(b) — fl@)gla)+ Y [Af(H)A g(t)

a<t<b
—AT A E0)]
where AY (1) = f(i4) — f(t) and A~ f (1) = (1) — f(1-).

The following result implies that, under some natural assumptions, the solutions of (1) are
regulated functions.

Proposition 3.2 (Federson and Bianconi 1990, Theorem 2.2; Tvrdy 2002, Proposition
2.3.16.) Let g : [a,b] — R and f : [a,b] — R be such that the Kurzweil-Stieltjes
(KS) fab f(s) dg(s) exists. If g is regulated, then so is the primitive h : [a,b] — R,
h(t) = (KS) f; f(s) dg(s) and for every t € [a, b],

A*h(t) = h(t) = h(t) = (1) [g(T) — g(0)] and

ATh(@t) = h(t) —h(t7) = f() [g(t) — g(t7)].
Moreover, if f is bounded and g is of bounded variation, then h is of bounded variation.

In contrast to the case of the Lebesgue integral, the primitive ¢t — (HK) fat g(s) ds is
not absolutely continuous. However, such a kind of integral allows to integrate arbitrary
derivative. Recall, that any ACG, function is differentiable a.e. (for basic notions we refer
the reader to Saks (1937), it contains a survey about generalized notions of absolute continuity
of functions), we have the following characterization:

Proposition 3.3 (Gordon 1994, Theorem 9.17) A function f : [a,b] — R is Henstock—
Kurzweil integrable on [a, b] if and only if there exists an ACGy function F, given by F(t) =
(HK) fat f(s) ds on [a, b] such that F'(t) = f(t) a.e. on [a, b].

In view of Proposition 3.2 we are unable to expect such a nice property for the KS integral.
A problem of differentiability is discussed in details in Pouso and Rodriguez (2015).

4 Delay differential equations

Let now consider problem (1):
X)) = ft.x(t — 1)
x(t) = ¢(t) fort e[—1,0].

Any solution x(¢) of (1) derives its properties from ¢ and f. Assume ¢ € G([—7, 0], R).
We expect that all the discontinuity points of ¢ will be then propagated in [0, T'] as points of
discontinuity of the solution x (¢). This paper is based on the following definition of solution.
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Definition 4.1 A function x : [—7, T] — R is called a regulated solution for the problem
(1) on [—7, T] provided it is a regulated function, it coincides with ¢ on [—t, 0], is a.e.
differentiable on [0, 7] and its derivative satisfies the equation x’(¢) = f (¢, x(t — 7)) a.e. on
this interval.

In the sequel of this section, we will present a short comparison of the above definition
with the notions of solution from the classical theory in the case of a continuous initial
function ¢, and other approaches to define a generalized notion of solution of (1) in the
case of a discontinuous ¢. In particular, the definition of a regulated solution, together with
the integral representation of the problem by means of KS integral, generalizes all these
approaches. We will try to justify here that the above definition is the best choice for the
study of DDEs and can be used to improve the method of steps.

Considering the case of a continuous function ¢, from the classical theory usually a solution
is required to be either continuously differentiable or absolutely continuous. Let us recall that
afunction x : [—t, T] — Riscalled a classical solution for the problem (1) if it is continuous
on [—7, 0] and it is continuously differentiable on [0, T], its derivative satisfies the equation
x'(t) = f(t,x(t — 1)) on [0, T] and it coincides with ¢ on [—7, 0]; while x : [-7,T] — R
is called a Carathéodory solution for the problem (1) if it is continuous on [—7, 0] and it is
absolutely continuous on [0, T, its derivative satisfies the equation x'(¢) = f (¢, x(t — 1))
a.eon [0, T'], and it coincides with ¢ on [—7, 0].

The definition of regulated solution is a natural extension of both the notions of classical
and Carathéodory solution, indeed Cl([—t, T,R)yc AC([—t,T],LR)c C([-7,T],R) C
G([—1, T], R). Moreover, due to the definition, the assumptions on the operator Sy will be
less restrictive.

The cases of classical and Carathéodory solution are related to the case when f is, respec-
tively, jointly continuous or a Carathéodory function. Usually such solutions are presented in
a very convenient integral form (cf. Hale 1971; Hale and Verduyn Lunel 2013, for instance):

t
x(t)=¢<0>+/ F(s.x(s — 1)) ds fort > 0.
0

For a brief discussion for DDEs we refer to Baker and Lumb (2006) and much more detailed
for ODEs to Cichon (2005). Now we look at the attempts to define a generalized notion of
a solution for (1). Typically in the case of Carathéodory type (see Baker and Paul (2006)
and Ballinger and Liu (2000)) solutions the differentiability is expected except at the points
t =nt,n=0,1,2, ... (cf. the step method). One needs to fix the properties of solutions in
such points: usually, it is assumed that the solution should be right continuous and right dif-
ferentiable. We point out that the use of the integral representation with the KS integral allows
us to control the properties of solutions at those points, taking into account the properties
of ¢. Note that the discontinuity of ¢ implies that we are unable to find classical solutions,
because for any point ¢y of discontinuity of ¢ the derivative x’(¢) of a solution x(¢) cannot
exist at time ¢ = #y + 7 [as claimed in Ballinger and Liu (2000), Lemma 3.2, for instance].
If a delay differential problem, observed in the past, has some discontinuity points (¢
is discontinuous), then we can expect that the same property should be valid in the future
(so-called breaking points, in this paper they are of the form {& + nt : n = 1,2, ...},
where (&;) are discontinuity points of ¢). We point out that, according to Definition 4.1, the
negligible set on which the derivative of a regulated solution does not exist may consist of
two kind of points: breaking points dependent on ¢ and some points of continuity of x in
which x has no derivative (points of discontinuity of f). But when studying discontinuous
solutions for differential problem the situation is much more complicated than that presented
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above (see Guglielmi and Hairer 2008, Sect. 2.2, for an interesting discussion). As clarified
in Zavalishchin and Sesekin (1997, Chapter 5) we have a few different approaches. For the
case of DDEs with discontinuous initial function ¢, the most appropriate choice seems to be
the use of the definition which coincides with Carathéodory solutions for continuous ¢ (cf.
Ballinger and Liu 2000, Lemma 3.2). An interesting discussion about the notion of a solution
for DDEs can be found in Baker et al. (2008, Sect. 1.4).

We recall the definition from Baker and Lumb (2006) and Baker and Paul (2006) for
continuous f and for right continuous ¢ with a finite number of points of discontinuity
(adapted to the case of our problem), which is used to study discontinuous solutions for
(1), but it is closer to the notion of solutions for impulsive differential equations (see also
Ballinger and Liu 2004).

Definition 4.2 (Baker and Lumb 2006, Definition 3.14; Baker and Paul 2006, Definition 2.7)
A function x : [—7, T] — R is called a natural solution for the problem (1) on [—7, T]
provided it is right continuous and satisfies for all # € [0, T'] the Eq. (1) with the derivatives
being taken as right-hand derivatives.

The function f is supposed to be continuous, so the integral, in the integral representation,
is taken in the Riemann sense. However, if we don’t need to control the (right) differentiability
[as in Baker and Lumb (2006)], then the above definition can serve as a Carathéodory solution
too (the differentiability almost everywhere). The above definition suggests to use the integral
representation instead of the original one and we will use this idea by presenting the integral
representation for regulated solutions. If the points of the future discontinuity are known,
then the following definition is used:

Definition 4.3 (Ballinger and Liu 2000; Sun et al. 2005) A function x : [—7,T] — R is
called piecewise continuous solution for (1) if it is continuous and satisfies (1) (either every-
where Sun et al. (2005) or almost everywhere Ballinger and Liu (2000)) on some intervals
[, tx+1) C [0, T] for some prescribed points (k) (k = 1, 2, ...N), possibly dependent on a
piecewise continuous initial function ¢.

In fact, it is a solution for the set of problems

x'(1) = filt,x(t — 1)), x(t — tr1) = ge(x(t — trg1))s

where t € [tx, txy1), k = 1,2, ..., N and fi, g are sufficiently well defined. Note that
the space of piecewise continuous functions also forms a proper subspace of the space of
regulated functions, so it is also a special case of our Definition 4.1 (see also Kolmanovskii
and Myshkis 2012, Chapter 2.2).

Sometimes, functional differential problems for which piecewise continuous solutions
are expected are formulated directly as impulsive delay differential equations (cf. Ballinger
and Liu 2004). So the set of solutions is in the space PC([—t, T], R) and the initial func-
tion is also piecewise continuous. It is connected again with integral problems with the
Henstock—Kurzweil integral as observed in Federson and Schwabik (2006), but impulsive
delay differential equations have separated description of the points of discontinuity and
jumps and this is not object of our study (cf. Federson and Mesquita 2016 for recent results).
However, due to the fact that PC([—7, T], R) C G([—7, T1], R), such an approach is close,
in some sense, to ours. As claimed in Baker et al. (2008, Theorem 2.1) any Carathéodory
solution is also a piecewise continuous one.
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5 Integral representation for solutions of (1)

The problem of the existence of an integral representation formula for discontinuous solutions
was observed and discussed in Baker and Lumb (2006). It is worthwhile to note that for natural
solutions it was investigated under very restrictive assumptions on f (see Baker and Lumb
2006, Lemma 3.13), moreover the initial function ¢ was assumed to be right continuous
with a finite number of points of discontinuity having bounded jumps (see Baker and Lumb
2006, Assumption 3.2). We observe that such a class of functions is contained in the space
of regulated functions (even in the subspace of the so-called “cddldg” functions).

Denote by Zg(—r,0),r) the subspace of G([—7, 0], R) consisting of regulated functions
having finite sum of their jumps, i.e., their discrete parts are of bounded variation (see Sect. 2).
We will give a proper equivalent integral representation for (1) in the more general case in
which ¢ € Zg(-+,0,r). Throughout we will assume that the operator S, maps the space
G([—7, T], R) into itself (cf. Theorem 2.1 for the necessary and sufficient conditions).

We need to construct a function g associated with the initial function ¢, which will keep all
the information about its discontinuity points and then we define an integral form of solutions
by means of the KS integral. This approach will allow to prolong discontinuity points in a
method of steps and, of course, to keep all the advantages of integral representation of
solutions.

Definition 5.1 Assume that ¢ € Zg(—7,0,R). Lett € I,, = (mt, (m+ 1)7) forsomem € N
for which (m + 1)t < T, then we define a function g : [0, T] — R:

gy=@—mo+ Y AWM+ Y. ATem),

y<t—(m+1)t y<t—(m+1)t

and if 7 is one of the endpoints of any interval /,,, we put the left limits. We call g the associated
function with ¢. If necessary, we can put also g(t) = ¢ (t) fort € [—7,0] and g(¢) = 0 for
t>T.

Lemma 5.1 (cf. Schwabik 1996, Proposition 15 ) Assume that the function ¢ : [—7,0] - R
is regulated and let g the associated function with ¢. Then

(i) The function g is regulated and if ¢ € ZG(—<,01,R), then g € BV ([0, T], R).
(i) Let ¢ € Zg(—-r.01R)- Then A=g(t) = A=¢p(t — (m + 1)) and At g(t) = ATt —
(m 4+ D7) fort € (mt,(im+ 1)t), m € N.
(iii) For any regulated function h : [—t, T] — R the integral (KS) f_TT h(s) dg(s) is well
defined and its KS primitive is a regulated function on [—t, T].

Proof (i) Clearly g is regulated function. Put M > 1 besuchthat T <M -t < T + 1. If
¢ has its discrete part of bounded variation on [—7, 0], then by the definition of the discrete
part

Varl g < (M + 1) + Var’ | ¢, < cc.
(ii) Let t € (mt, (m + 1)7) for some m € N and take a sequence ty — ¢, f;y < t. Note, that

by definition, ¢ is a point of continuity of g if and only if both A~¢(+ — (m + 1)7) = 0 and
AtTo(t — (m + 1)1) = 0, so the thesis holds true.
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Suppose now that ¢ is such that # — (m + 1)t is a point of discontinuity of ¢. Then

lgt) — g =t —mD)+ Y. ATpM+ Y, ATe®m)

y<tpy—(m+1)t y<t—(m+1)t

—(t—m) = Y A — Y. ATe®)
y<t—(m+1)t y<t—(m+1)t

<l -1+ > A" ¢ ()
tr—(m+Dr<y<t—(m+1)t

+ > IATG ().

ti—(m+)r<y<t—(m+1)t

Clearly, |tx —t| - 0 as k — oo. If t — (m + 1)t is not an accumulation point for the set of
all discontinuity points of ¢, then for sufficiently big k there is no right discontinuity point in
the interval (t, 1), then 3 _ 4 1y7 cyer—mt 1y [AT¢(y)| = 0. In this case 7 is the unique
point of left discontinuity in this subinterval and then Ztk—(m+l)r<y§t—(m+l)r A= (y)| =
A~p(t — (m+ 1)1).

Consider now the case, when t — (m + 1)t is an accumulation point for the set of all dis-
continuity points of ¢. As this function is regulated, it should have limits at z. Thus the set { €
[—7,0]: |¢p(t)—p(t—)| > %} is finite and consequently A~ ¢ (#x —(m+1)t) — Oask — oo.
As ¢ € Zg(-1,01,R), then for k sufficiently big Ztk—(m+l)f<y§t—(m+l)r [AT¢(y)] < %
Again 3o minye<y<i—mtye 1ATEDI=0.

Whence [g(tix) — g(1)] < |t — t| +|A™¢(t — (m+ D)+ 1 > [A~¢( — (m + D7)
as k — oo.

Hence forany t € [0, T]: A7g(t) = A™¢(t — (m + 1)7). For the right limit we have
similar estimations.

iii) Duetoi) g is of bounded variation. If / is regulated, then the integral (KS) f(; h(s) dg(s)
exists and is a regulated function too. Thus it is an immediate consequence of Proposition 3.2.

m}

Observe that if ¢ is a continuous function then the discrete part of the associated function
g vanishes, so we get dg(s) = ds.
Consider now the following integral equation with the KS integral:

t
x(t) = ¢0) + (KS)/ f(s,x(s — 1)) dg(s) fort € [0, T], 3)
0

withx(t) = ¢ (t) fort € [-7,0], ¢ : [-7,0] — R.
We have the following integral representation theorem (cf. (Hale 1971, Lemma 2.1) for
the case of continuous ¢ and f):

Theorem 5.1 Assume, that ¢ € Zg(-r,01r) and f : [-7,T] x G([—7, T],R) — R is
such that the Nemytskii operator Sy maps the space G([—1, T], R) into itself. Then x is a
regulated solution for (1) if and only if it is regulated function satisfying the integral Eq. (3),
where the function g is the associate function with ¢.

Proof Let ¢ € ZG(—z,01,R)- Denote by N its set of discontinuity points. We will not expect
differentiability for solutions on the set {N + kt : k = 0, 1, 2, ...} (possibly this set can be
empty), which is at most a countable set. Let g be the associated function with ¢.

I. First assume that x is a regulated solution for (1). Then x is a.e. differentiable on
[—7, T'] and its derivative satisfies the equation x’(¢) = f (¢, x(t — 7)) a.e. on [—7, T]. Since
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the derivative of x may not exist in the set {N +kt : k =0, 1, 2, ...} and for KS integrability
we need to have a function everywhere defined, we can put x’(z) = 0 at these points. Clearly
x(- — ) is also regulated, by our assumption on the Nemytskii superposition operator we
have that the function f (-, x(- — 7)) is regulated and, by (1), the same is true for x’.

Since the function ¢ is regulated and the mapping s — s — 7 strictly increasing, then the
composition ¢ (- — ) is regulated too, as a consequence of the Sierpiiski characterization of
regulated functions (Sierpifiski 1933). Then by Lemma 5.1 iii) the integral (KS) f(; S, x(s—
7)) dg(s) is well defined. It means that we are able to KS integrate both sides of x'(¢) =
[, x(t — 7)) with respect to g,

t t
(KS) /0 x'(s) dg(s) = (KS) /0 F(s,x(s — 1)) dg(s).

Consequently, by Proposition 3.2 (as x’(¢) = 0 at the points of discontinuity) we get:
t
x(t) —x(0) = (KS)/O S(s,x(s — 7)) dg(s)
t
x() —¢(0) = (KS)/0 S, x(s — 7)) dg(s)

t
x(1) = ¢(0) + (KS)/O f (s, x(s — 1)) dg(s).

Thus x is a solution for (3).

II. Now let x be a regulated function satisfying (3). Then, from the hypothesis on f, for
any t € [0, T']the integral y(t) = (KS) fot f(s,x(s—1)) dg(s) exists and by Proposition 3.3
y is an ACG, function, whence differentiable a.e., say outside the null set Nj with y'(r) =
f(t,x(t — 1)) ae. on [0, T]. Moreover by Proposition 3.2, y is a regulated function.

If we differentiate both sides of (3) at a common point of differentiability ¢ (the set with
a full measure, i.e. [0, f[\(N; U{N +kt : k=0,1,2,...})), we get

t /
X () = ((KS)/O f(s,x(s — 1) dg(S)) =y

and clearly x(0) = ¢ (0) = y(0), so x(¢) = y(t). Therefore the regulated function x satisfies
x'(t) = f(t,x(t — 7)) a.e. on [0, T]. Consequently, it is a regulated solution for (1). O

Remark 5.1 Theregulated solution satisfies the equation a.e., so if we expect the uniqueness of
solutions we need to add some rules how to fulfill the values at the points of discontinuity (and
values of a derivative at some points). Recall that definitions for both natural and piecewise
solutions contain such conditions. It is important, when we need to study natural solutions
and it was discussed in earlier papers (Baker et al. 2008; Baker and Lumb 2006; Baker and
Paul 2006, for instance). But the Stieltjes-type integrals are defined everywhere, so the only
possibility is to redefine the function g.

As the initial function is defined on a closed interval, some regularity conditions for ¢ are
necessary. It can have jumps at t = —7 and r = 0 and we need to have

0 0
x(0) = ¢(0) + (HK)/0 f(s,x(s — 1)) dg(s) = ¢(0) + (HK)/O f(s,¢(s — 1)) dg(s)
=¢0)+ f(0,¢(=1)) - [g(0+) — g(0)].

It means that f(0, ¢(—7)) - [g(0+) —g(0)] = f(0, p(—71)) - [¢(—T+) — ¢ (—7)] should be
equal to O (cf. Hale and Verduyn Lunel 2013, p. 50).
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Now, we should compare our result with a classical one when ¢ is continuous. In such a
case for classical solutions we should have Sy : C([—71, T], R) — C([—7, T'], R), which is
equivalent with the fact that f is jointly continuous ( Appell and Zabrejko 1990, Theorem
6.3). Then

Lemma5.2 Foragiven f : [a, b] xR — R ifthe operator Sy maps C([a, b], R) into itself,
then Sy : G([a, b], R) = G([a, b], R).

Proof In view of Theorem 6.3 in Appell and Zabrejko (1990) the assumption implies
that f is continuous on [a, b] x R. In particular, it means that the following limits exist:
]im[a,s)x]Ra(u,y)—)(s,x) f(u, y)forevery (s, x) € (a, b] XRand]im(t,b]x]Rs(u,y)a(s,x) S, y)
for every (¢, x) € [a, b) x R. Moreover, they are equal f (s, x) and f (¢, x). Thus the limits
are finite and due to Theorem 2.1 the operator Sy maps G([a, b], R) into itself. ]

6 Step method

The introduced notion of regulated solutions is also appropriate for a classical step method
used for solving DDEs. For the case of (discontinuous) natural solutions it was proposed
in Baker and Lumb (2006, Sect. 4.2) and here we will present an extension. Suppose that
¢ € Zg(-r,0,R) and that the Nemytskii (autonomous) superposition operator Sy maps
G([—7, T], R) into itself (for some 7' > 0). Consider the integral equation

t
x(1) =x(0) + (KS)/ f(s,x(s — 1)) dg(s) forze[0,T],
0

with x(t) = ¢(¢) fort € [—1, 0].
Step L. Let ¢ € [0, t]. Then we have

t
x() = $(0) + (KS)/O s, x(s — 7)) dg(s).

Ass —1 e€[—1,0] we get x(s — ) = ¢ (s — 7). Thus using the substitution formula for the
KS integral (Monteiro and Tvrdy 2012) we get

(1) = $(0) + (KS) fo F(s. (s — )dg(s)

—T+t
= ¢(0) + (KS) f@z+1,x(2)dg(z+ 1)

—T+t
= ¢(0) + (KS) fz+71,¢(@)dg(z+ 1)

-7
t
= ¢(0) + (KS) /0 fs, (s —1))dg(s) =: ¢1(2).
We need to show that the latter integral exists and is regulated. As claimed in the proof of
Theorem 5.1 the integral is well defined. Since the operator Sy maps regulated functions into

the same class of functions ¢; is regulated on [0, t]. We extend it to [—7, T] by assuming
that ¢ () = ¢ (¢) on [—7, 0).
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Step II. Let ¢ € [, 27]. Again we have
t
x() =¢(0) + (KS)/0 Ss,x(s —1))dg(s) = ¢(0)

t
+(KS)/0 [ (s, ¢1(s — 1))dg(s) =: ¢2(0).

We are able to repeat our above comments about existence and regularity of function ¢,
so this function exists and is regulated. Put again ¢, (t) = ¢1(¢) on [—1, T), so we have a
regulated solution on [—7, 27].

Step III. By repeating this procedure we are able to extend a solution x as long as the
considered integral exists to [—t, T'] (by induction).

Remark 6.1 Note that if the equation is of the form (a delayed logistic equation with poten-
tially discontinuous initial function, for instance)

x/(t) = f(t’x(t)ax(t - T))
x() =¢(t) fort e[—1,0], 4)

then in a first step we have x (1) = ¢ (0)+ (KS) fot f(s,x(s), (s —7)) dg(s) we get the usual
differential equation (¢ (- — 7) is the known function), which can be treated as in Zavalishchin
and Sesekin (1997) and under our assumptions it is possible to find a solution by step method
too (cf. also Brunner and Zhang 1999).

We are ready to present an existence theorem based on the step method with assumptions
presented in terms of considered operators (i.e., assumptions on S rather than on f), which
is an extension of that presented in classical books and can be even easily adapted to more
general problems.

Theorem 6.1 Suppose, that ¢ € Zg(—+,0\,r) and that for some T > 0 the operator Sy
maps G([—1, T1, R) into itself. Then there exists a regulated solution for the problem (1) on
[—7, T].

Proof As ¢ satisfies all assumptions of Lemma 5.1 the associated function g is regulated and
has bounded variation. By our assumption, the function Sy(¢) is regulated on [—1, 0], so
KS integrable on this interval with respect to g. Therefore, the step method can be used (as
S 7 (¢x) are regulated functions too fork = 1, 2, ..., where ¢ are constructed above) to obtain
a regulated solution for the integral Eq. (3) on [—t, T']. Thus by Theorem 5.1 we obtain a
regulated solution for the problem (1) on [—7, T']. O

As in the case of continuous solutions (cf. Hale and Verduyn Lunel 2013) we are able to
study the case when 7' = oc:

Corollary 6.1 Suppose that the assumptions of Theorem 6.1 hold true. If, moreover, the oper-
ator Sy is bounded, then we can put T = oo and any regulated solution can be prolonged
uptoT = oo.

Remark 6.2 1t follows from the above consideration that the classical method is valid for the
case when ¢ (so g too) is of bounded variation and the substitution formula holds true for
the KS integral (and the set of discontinuity points need not be necessarily a finite set, cf.
Baker and Lumb (2006)). Thus we are able to treat also different delay differential problems
(Hale and Verduyn Lunel 2013) including the case of initial functions with possible countable
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number of discontinuity points. It is worthwhile to note that, since S (x) is regulated, it has
at most a countable set of discontinuity points, so the proper choice for the step method is
the KS integral representation.

Under our assumptions, when ¢ is continuous we have more general existence results,
due to the fact that we require the Henstock—Kurzweil integrability of the function Sz (x)(-).
Its primitive is continuous, but not necessarily absolutely continuous, so even in such a case
the solution need not to be a Carathéodory solution. Note, that the Lebesgue integrability
implies the Henstock—Kurzweil integrability, but the converse need not be true. However, in
both cases the primitives are derivable a.e. In view of Lemma 5.1 we get

Corollary 6.2 [fthe initial function ¢ is continuous, then the regulated solution is a continuous
Sfunction. If moreover, Sy(x)(-) is Lebesgue integrable, then it is absolutely continuous and
we get a Carathéodory solution.

Remark 6.3 The converse implication need not be true, so even for a continuous function ¢
we have more general results.

Sometimes, instead of the step method, we need to construct a sequence of approximations
for a solution of (1). In such a case we can apply the following convergence proposition (cf.
Monteiro et al. 2016, Theorem 6.3 or Monteiro and Tvrdy 2012, Corollary 3.4):

Proposition 6.1 Ler g be a function of bounded variation on [0, T] and assume that the
Nemytskii operator Sy generated by a function f : [0, T]x R — R satisfying Carathéodory
conditions maps G ([0, T], R) into itself. Then for any sequence (x,) C G([0,T], R)
pointwisely convergent to some x € G([0, T],R) such that for some M > 0 we have
sup, IS (xp)lloc < M < 00 we get

n—oo

lim (KS) t f(s,xn(s)) dg(s) = (KS) /I f(s,x(s)) dg(s) fort e [0, T].
0 0

By assuming that ¢ € Zg(—t, 0), let us consider again the problem (1). Put
x1(t) = @(t) fort € [—7,0] and x;(t) = ¢(0) for t [0, T].

Then for any ¢ € [0, T] we can define a sequence of successive approximations:

t
Xnt1(1) = ¢(0) + (KS)/0 S (s, xn(s — 1)) dg(s), n>1 (&)

(see Baker and Lumb 2006, Section 4.4 and Theorem 4.6 for the applicability of the method
of iterations for natural solutions). By our assumptions we ensure that all integrals exists and
that the functions x, (n € N) are regulated. Clearly, x» coincides with a function defined
as a solution by the step method on a interval [0, 7] and is constant in (7, T]. The same
property holds true for x,,11 on [0, nt] and (nt, T], respectively. Thus for any finite 7 we
get a solution in a finite number of steps:

Proposition 6.2 Ler g be a function of bounded variation on [0, T] and assume that the
Nemytskii superposition operator Sy generated by a function f : [0, T] x R — R satisfying
Carathéodory conditions maps G ([0, T, R) into itself. Then there exists a regulated solution
of (1), which is obtainable by Picard iteration based on (5).

Note, that for the case T = oo the sequence (x,) is pointwisely convergent to a solution of

(D).
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6.1 Problem of vanishing discontinuity points

It is known that the current version of the step procedure is, in some sense “improving”.
We believe, that there is no reason to think, that the process which was discontinuous in the
past should be continuous in the future. Indeed, even if mathematical models are studied
with discontinuous initial function (piecewise continuous, for instance as in Sun et al. (2005,
Sect. II) or with jumps like in Bellen and Guglielmi (2009)), then the solutions were contin-
uous. However, in the paper mentioned above the necessity of the study for discontinuous
solutions is explained and for some special cases a research method is presented.

Unfortunately, it is based on the description of jumps in the future, i.e., forty > 0,k € N.
It means that we need to consider a sequence of problems

() = filt,x(t — 1), x(t = tip1) = ge(x(t — tiy1)),

wheret € [, tr+1) and f, g are sufficiently well defined. Such an approach allows to obtain
discontinuous solutions, but only in prescribed points determined for a countable number of
points transition functions gx (cf. Sun et al. 2005, Sect. III). In such a case, we need to solve
several differential problems (without use of the step method), we are unable to use classical
methods and so the assumptions are really strong (like Lipschitz conditions, for instance).
Let us emphasize, that in that paper solutions are just piecewise continuous functions and
additional property of right continuity is separated from the existence problem. We should
note that, as PC([—7, T], R) is a subspace of the space of regulated functions, our method
can be also applied in the case considered in Sun et al. (2005) with standard (more natural)
formulation of the problem.

Now, let us underline that in Baker and Lumb (2006) one of the problems lies in the fact
that after each step the solution is more regular than in the previous step. In particular, in
a classical approach with the integral, the points of discontinuity vanish after one step. It
means, that we are not able to find discontinuous solutions. Since it is not a realistic case, the
authors in Baker and Lumb (2006) and Baker and Paul (2006) discussed some assumptions
allowing to keep the discontinuities for the next step, described all the discontinuity points
in the future (Sun et al. 2005).

In the case of a fixed time delay considered here, the constructed function g allows to
preserve the points of discontinuity for the next interval in the step method. A more detailed
theory devoted to study such a problem for DDE:s is presented in Brunner and Zhang (1999,
Sect. 2). It is discussed the fact that as ¢ increases, the solution x of (1) becomes smoother
than the initial function (Hale 1971) (a discussion is also for derivatives of a solution, but it
goes beyond the goal of this work).

Remark 6.4 We should also mention some theoretical approaches, where DDE:s are treated as
special cases of generalized ordinary differential equations, dynamic or measure differential
equations. In contrast to the case considered in this paper, such papers are devoted to unify
some earlier theories and not related to computational aspects.

The first case is when solutions are expected to be functions of bounded variation (Fetisova
and Sesekin 2005; Sesekin and Fetisova 2010, for instance). It is a subspace of the space
of regulated functions G([—7, T'], R). As the norm considered in the space of functions of
bounded variation is stronger than the supremum norm, then additional properties of solutions
are required (and so additional assumptions). However, the form of the considered problems
is closer to impulsive differential equations (¢ is supposed to be piecewise continuous with
finite number of jumps, whence of bounded variation), solutions are obtained as limits of some
approximated solutions. It is interesting, despite that integral representation for considered
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solutions are not in a Henstock—Kurzweil sense, it has separated continuous and discrete
parts, so our approach is valid also for this case.

In Federson et al. (2012), some DDEs are studied in the space of regulated functions
by considering some integral equations with the KS integral, but the goal and the methods
used there are completely different, indeed derivatives are taken in the distributional sense
and the problem is reformulated to measure differential equations or generalized differential
equations. Here we prefer the direct approach and we study classical DDEs derived directly
from some mathematical models.

The next lemma will allows us to check if discontinuity points for the KS integral are
preserved. It provides an answer to what we need to assume to keep the continuity or differ-
entiability property at¢ = O (cf. Brunner and Zhang 1999). It is a basis for our computational
method allowing to calculate the points of discontinuity separately.

Lemma 6.1 (Schwabik et al. 1979, Lemma 4.23; Schwabik et al. 1979, Theorem 2.34) Let
f € G([a, b], R) and g be a regulated function with bounded variation. Denote by Dy the
set of discontinuity points of g in (a, b) and by g the continuous part of g. Then

b b
®S) [ fag=KS) [ fds+ S@ATe@) + Y F@DA@) + DA g0)
a a deD

(6)

We are able to present a result about non-vanishing continuity points for our problem (1).

Theorem 6.2 Under the assumptions of Theorem 6.1 any regulated solution x of (1) has at
every interval [mt, (m + 1)t] the set of discontinuity points of the form N,, = {& + mt :
k € N}, where N = {& : k € N} is the set of discontinuity points of ¢ with the exception of
points &, satisfying the condition f(&,—1,x(Epn—1 — 1)) =0.

It is an immediate consequence of the above Lemma 6.1. If in the above formula (6) for
some point d we have f(d) = 0, then a discontinuity point vanishes, and for f(d) # O itis
distributed for the next interval. Let us omit the detailed proof and, instead, we illustrate the
idea by the following example.

Example 6.1 As a special case of (1), for f (¢, x) = - x, we consider the following problem:
X@)=t-x@t—-1)
x() = ¢(t) forte[—1,0], (@)
with
t forte[—l,—%),
p)=3t+3%  forre[-3,-1),
t+2  forte[-5.0].
Then A=¢(—3) = 3 and A"¢(—%) = 3.
Let g : [0, 1] — R be the associate function with ¢, defined according to Definition 5.1.
Then we have g(t) =t fort € [0,3), g(t) =t + A~¢(—3) =1+ 3 fort €[4, %) and

gy =t+ A ¢(—3) + A ¢(—3) =t +2fort €3, 1]. Clearly, g(t) = 1.
We will calculate the solution of (7) on [—1, 1]. By applying Lemma 5.1, let us consider
three cases:

@ Springer f DMAC



172 Page 16 of 20 D. Caponetti et al.

(A) Lett € [0, }). Then

t
x(1) = ¢(0) + (KS)/O f(s. (s — 1)) dg(s)

t t
:¢(0)+/s«¢(s—l)ds:2+/szds:2+1t3.
0 0 3

(B) Lett €[4, 3). Then

t
x(1) = ¢(0) + (KS)/O f(s, (s — 1)) dg(s)

! 1 2 _ 1

1

1 t
=2+/3S'¢(S—1)ds+ﬁS'¢(S_1)ds+0
0 3

2+/é2d +/1 +2)a 1t3+t2+53
= N S S-S - S = = - .
0 1 3 3072 27

. _ 1 . _ 1 .
Observe that llmt% 1- x(t) =2+ gy and llmt% %+ x(t) = 2+ gy, therefore the function

1

x(t) is continuous at = 7.

(C) Lett € [3, 1]. Then

t
x(t) = ¢(0) + (KS)/0 (s, p(s — 1)) dg(s)

! 1 2 1
=2+/0 fs,d(s—1D)ds+ f (g,qb(—g))-fg (3)
2 1 -~ 2
o (5’¢(‘5>>'A g<5>
! 2 1 1
:2+/0s-¢>(s—1)ds+0-§+f(—§,¢(—§>)-2

1 t
:2+/3s-d)(s—l)ds+ﬁ s-¢(s—l)ds+/zs-¢>(s—1)ds
0 3 2

wGeld)s |

1

5, 3 2 ' 2
:2+/ sds—f—/ s-s+ = ds—i—/s-(s—i—Z)ds-i-f-
0 % 3 % 3

_t3+t2+31
=3 5

W

SIS

: _ 23 : _ 161
Observe now, that llmt_)%— x(t) =2+ g7 and llmt_> %+ x(t) =2+ %7, therefore the

function x(¢) is discontinuous at r = 2

@ Springer f bMA



On a step method and a propagation of discontinuity Page 170f20 172

Finally,
13 42 for ¢ € [0, 41,
¢](I): %t3+%+% forte[%,%],
1342y il for t € (3, 1].

Thus the function ¢ has a discontinuity point only at t = % and not at t = % Note that in
the next steps the situation will be the same.

If we intend to find a solution on the interval [1, 2], then the integral form of the problem
is the following

t 43 t
(D) = ¢i(D) + (KS)fl Fs. 915 = 1) dgls) = ' + (KS>/] s duls — 1) dg(s).

Note that g is defined for the values in this interval and g(t) = — 1 + Z)r§t72 ATd(y).

Let us concentrate now on the point fo = %. Note that in this case the point 7o — 2 is a

discontinuity point (of ¢) and #y — 1 is not (see the above formula for ¢).

If1 <t < 3, then

43 ! 14 1 5 5 167
£ =— A2+ =8 ) ds=— +1"+ —.
x(t) 9+/]s(+3s> S=1s + +45

Fort € [%, %] we obtain

x(t):ﬁ—l—/ts-(pl(s—l)ds—l—ﬂ-qb] <1>A¢<—l>
9 1 3 3 3
:E /gs-(2+1s3>ds+/1s-<2—1+1t3+t2>ds
9 1 3 4 27 3 2
4 1 _ 1
#30(35) 70 (=3):

Thus the discontinuity comes back as the integrand is not zero at the point 7.

7 An extension

Till now our approach has been presented for retarded differential Egs. (1). It can be used
for the case of the growth of cell modeling (x'(r) = %x(t — 1), cf. Baker and Bocharov
2005), also for the case of discontinuous initial function ¢ (Baker et al. 2008, Sect. 1.4 with
piecewise continuous solutions). Now, we are able to study population dynamics also for
discontinuous past states and we are not restricted to the cases studied earlier.

Let us consider now DDE of the form:

d
o x@) —x(t —0)} = ft,x(t — 1))
x(t) = ¢(t) for te[—r,0] (8)
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Let g the associated function with ¢. Then by integrating the equation we get

t d t
(HK)/ (07 {x(s) —x(s — t)}> ds = (KS)/ S(s,x(s — 1)) dg(s)
0 ! 0
and whence
¢
x() —x(t —1)=¢0) —¢p(—7) + (KS)/0 fs,x(s — 7)) dg(s).

Again for t € [0, ] we have the integral representation of a solution:

x() =¢0) —¢(-1)+ ot — 1) + (KS)/0 [ (s, x(s — 1)) dg(s).

Clearly, its properties are dependent directly on the properties of ¢ as well as on the properties
of the operator Sy. Therefore, our previous results are applicable in this case.

Note, that if we need to investigate (8) in an explicit form we require derivatives x’ ()
and for 7(¢) (the existence of a derivative of x(#) — x(¢ — 7) does not imply the existence
of x/(r)). In Baker and Paul (2006) (see also Baker and Lumb 2006, Example 2.1 and Baker
and Lumb 2006, Sect. 4.4) the above problem with f (¢, x) = x is investigated:

%{x(t) —x(t =0} =x(—1)
x(1) = ¢(1) for te[—1,0] )

where the initial function ¢ () = ¢ fort < 0 and ¢ (0) = 1. The natural solution x (obtained
by the method of steps) is studied. It is a discontinuous function, but x(-) — x(- — 7) is
continuous and has a continuous two-sided derivative for all > 0. However, it does not imply
the continuity of x (#) and x (¢) inherits discontinuities, for certain # > 0, from discontinuities
at earlier times, through dependency on x(t — 7).

Let us investigate regulated solutions on [—1, 1]. In this case g(t) =t fort < 0, g(0) = 1
and g(t) =t + 1fort € (0, 1), g(1) = 3. Its integral representation for ¢ € [0, 1) is given
by

t t
x(t)=1+1+(t—1)+(KS)/¢(s—1)dg(s)=t+1+/(s—l)ds:%ﬂ—i—l
0 0

and x(1) = % + 1 + 1. It means that the regulated solution coincides with the natural one
considered in Baker and Paul (2006), but now we are able to apply directly the new integral
representation of a solution. Note, that it is the simplest case, when ¢ is discontinuous only at
the right endpoint of the interval. Obviously, this solution can be calculated on next intervals
in the same manner.
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