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Abstract

We investigate the existence of the least and greatest solutions to measure differential equations,
as well as the relation between the extremal solutions and lower or upper solutions. Along the way,
we prove a fairly general local existence theorem and an analogue of Peano’s uniqueness theorem for
measure differential equations. Finally, we show that the general theory is applicable in the study of
differential equations with impulses or dynamic equations on time scales.
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1 Introduction

The study of extremal solutions to ordinary differential equations goes back to G. Peano’s 1886 paper [31]
dealing with local solvability of scalar differential equations with continuous right-hand sides. Given the
initial-value problem

y'(t) = fy(®),1), yla)=uyo, (1.1)

Peano proved the existence of a pair of solutions Ymin, Ymax : [@,a@ + 8] — R that are extremal in the
sense that every other solution y : [a,a + §] — R satisfies ymin < ¥ < Ymax. The functions ym;, and
Ymax Were obtained as the supremum of all strict lower solutions and the infimum of all strict upper
solutions, respectively. Although Peano’s proof was not completely satisfactory, the basic idea is correct,
and similar arguments can still be found in modern textbooks; see e.g. [14, Lemma 1.3], [24, Theorem
8.53], or the nice expository papers [33, 34] describing other possible approaches to extremal solutions.
Questions connected with the existence of extremal solutions and their relation to lower and upper solu-
tions still continue to attract researchers’ attention. One possible direction is to study extremal solutions
to equations of the form (1.1) with discontinuous right-hand sides; see e.g. [2, 3, 6, 13, 15, 19, 35, 36, 37, 38]
and the references there. In this case, it is common to deal with solutions of Eq. (1.1) in Carathéodory’s
sense, i.e., they are absolutely continuous and satisfy the differential equations almost everywhere. Ex-
tremal solutions of various types of equations with discontinuous solutions, such as equations with im-
pulses or distributional differential equations, were considered e.g. in [16, 17, 18, 20, 29, 39].



In the present paper, we are concerned with extremal solutions of the so-called measure differential
equations, i.e., integral equations of the form

y(t) = yo + / F(y(s), 5) dg(s), (12)

where the integral on the right-hand side is the Kurzweil-Stieltjes integral (also known as the Perron-
Stieltjes integral), and g is a nondecreasing function. Measure differential equations generalize other types
of equations, such as classical differential equations (corresponding to ¢g(s) = s), equations with impulses,
or dynamic equations on time scales (see Sections 5 and 6). Their solutions need not be differentiable
or continuous; a solution can have up to countably many discontinuities located at the points where g is
discontinuous (cf. Theorem 2.3).

Although it is not difficult to find examples where Eq. (1.2) does not possess extremal solutions, we show
that a simple condition guarantees the existence of the greatest and the least solution. The condition
is trivially satisfied at all points where ¢ is continuous, and therefore our result generalizes the classical
theorem due to Peano. Our approach to extremal solutions is inspired by [33, 34] and does not rely on
iterative techniques or on lower/upper solutions. We are interested not only in local extremal solutions,
but also in the global existence of noncontinuable extremal solutions. Along the way, we obtain an
analogue of Peano’s uniqueness theorem for measure differential equations whose right-hand sides are
nonincreasing in y. Then we introduce the concepts of lower and upper solutions to Eq. (1.2), and discuss
their relation with extremal solutions. Finally, we present several new theorems on the extremal solutions
of equations with impulses and dynamic equations on time scales.

To make the paper self-contained, Section 2 provides a summary of all basic properties of Kurzweil-
Stieltjes integrals that will be needed in the rest of the paper. In Section 3, we prove a fairly general local
existence theorem for measure differential equations, as well as several auxiliary results concerned with
continuation of solutions. Section 4 contains the main results on extremal solutions and lower/upper
solutions to scalar measure differential equations. In Section 5, we recall that equations with impulses
represent a special case of measure differential equations, and use this fact to obtain new results about
extremal solutions of impulsive equations. A similar approach is followed in Section 6, where we study
extremal solutions of dynamic equations on time scales.

2 Preliminaries

We begin with a brief overview of some properties of the Kurzweil-Stieltjes (or Perron-Stieltjes) integral,
whose definition can be found in many sources; see e.g. [9, 10, 41, 42, 43, 44, 45]. Nevertheless, for readers
who are not familiar with this concept, it is sufficient to know that the integral has the usual properties
of linearity, additivity with respect to adjacent subintervals, as well as the properties described in this
section.

In what follows, given functions f : [a,b] — R™ and ¢ : [a,b] — R, the Kurzweil-Stieltjes integral of f
with respect to g on [a,b] will be denoted by fab f(s)dg(s), or simply f: fdg. If this integral exists, we
also define [," fdg = — f: fdg.

The following result is a particular case of [41, Theorem 1.14].
Theorem 2.1. Let f :[a,b] = R"™ and g : [a,b] — R. Then the following statements hold:

1. If the integral ftbfdg exists for every t € (a,b] and if lim;_, 4 (ftbfdg + f(a)(g(t) — g(a))) =7
for a certain I € R™, then f; fdg exists and equals 1.



2. If the integral fatfdg exists for every t € [a,b) and if limy_y;_ (f;fdg—i— F()(g(b) — g(t))) =17
for a certain I € R™, then fj fdg exists and equals 1.

Remark 2.2. For simplicity, we will denote by f; n fdg the limit lim;_, o4 ftb fdg, when it exists. Simi-
larly, the symbol fab_ f dg will stand for the limit lim;_,;_ fat fdg.
The following result, which describes the properties of the indefinite Kurzweil-Stieltjes integral, is a

special case of [41, Theorem 1.16]. Given a regulated function g, the symbols Atg(t) and A~ g(t) will be
used throughout this paper to denote

AJrg(t) = g(t+) - g(t)7 te [a7b)7 Aig(t) = g(t) - g(t_)a te (a7b}'
We also make the convention that AT g(b) =0 and A~ g(a) = 0.

Theorem 2.3. Let f : [a,b] = R™ and g : [a,b] — R be such that g is regulated and the integral f; fdg
exists. Then the function

wy= [ sag. relo,
1s requlated and satisfies '
u(t+) = u(t) + f(H)ATg(t), t€lab),
u(t—) =u(t) — f()Ag(t), t€ (a,b].
The next convergence result for the Kurzweil-Stieltjes integral is based on Lemma 5.4 and Theorem 5.5
from [26] (see also [41, Theorem 1.28] and [41, Remark 1.30]). Although the original theorem in [26] is

formulated for a sequence of real-valued functions, the result still holds for functions taking values in R™
(to see this, it is enough to apply the original statement to all components of the vector-valued functions).

Theorem 2.4. Let g : [a,b] — R be a function of bounded variation. Assume that f, fr : [a,b] — R™,
k € N, are functions satisfying the following conditions:

1. The integral f; fi dg exists for every k € N.
2. For each T € [a,b], limy— o0 fr(T) = f(7).

3. There exists a constant K > 0 such that for every division a = 09 < 01 < --- < o7 =b of [a,b] and
every finite sequence myq,...,m; € N, we have

L o,

> fm; dg|| < K.

j=1v9i-1

Then the integral f; fdg exists and

b b
/ fdg = lim / frdg.
a k—oo J,

Finally, we recall a characterization of relatively compact sets in the space of regulated functions, which
is a consequence of [11, Theorem 2.18]. As usual, G([a, b], R™) denotes the space of all regulated functions
z : [a,b] — R", equipped with the supremum norm ||z oo = supejq 4 [|2(1)||-

We remark that, though the theorem in [11] requires h to be an increasing function, it is enough to
assume that h is nondecreasing and let h(t) = h(t) +t, t € [a,b], to see that the original assumption is
satisfied.



Theorem 2.5. Let A C G([a,b],R™). Assume that the set {z(a); v € A} is bounded, and there is
a nondecreasing function h : [a,b] — R such that

[e(t2) = z(t)[ < hlt2) — h(t1)

whenever x € A and [t1,t2] C [a,b]. Then A is relatively compact.

3 Existence and continuation of solutions

In this section, we consider measure differential equations of the form

£ = yo + / f(u(s),5)dg(s), t € [a,b], (3.1)

where g : [a,b] — R is a function of bounded variation, f : B x [a,b] — R™, ty € [a,b], and yg € B, where
B C R™. Using the method of successive approximations, we will prove a Peano-type (or Carathéodory-
type) existence theorem. Results on continuation of solution will be also investigated.

We introduce the following system of conditions, which will be useful for our purposes:

(C1) For every y € B, the integral f fy,t)dg(t) exists.

(C2) There exists a function M : [a,b] — R, which is Kurzweil-Stieltjes integrable with respect to g, such

that
/f.%dg H /M ) dg(t)

(C3) For each t € [a, b], the mapping y — f(y,t) is continuous in B.

for every y € B and [u,v] C [a,

The next lemma presents a consequence of conditions (C1), (C2), (C3) that is crucial for the forthcoming
results.

Lemma 3.1. Assume that g : [a,b] — R is a function of bounded variation and f : Bx[a,b] — R™ satisfies
conditions (C1), (C2), (C3). Then for each regulated functiony : [a,b] — B, the integral [ f(y(t),t)dg(t)

exists, and we have
t)‘ < / M(t)dg(t), [u,v]  [a,b]. (3.2)

Proof. We begin by proving the statement in the case when y : [a,b] — B is a step function. Then
there exists a division a = tg < t; < -+ < t,, = b such that y is constant on each interval (¢;_1,t;),
i €{1,...,m}. Consider a fixed i € {1,...,m}. Choose an arbitrary 7 € (t;_1,%;) and let

= /S M(t)dg(t), s€ [ti—1,ti],

9= TP, 0 dg(t), s € (fi,ti),

where M is the function specified in condition (C2); note that the integral appearing in the definition
of F' is guaranteed to exist by condition (C1). It follows from Theorem 2.3 that h is regulated, and
therefore the Cauchy conditions for the existence of the limits h(¢;_1+4) and h(t;—) are satisfied. Since

1P~ Pl =

/f t)Hg/:M(t)dg(t):h(v)—h(u), o] C (b ts), (3.3)



it follows that the Cauchy conditions for the existence of F(t;_1+) and F(t;—) are also satisfied. By
Theorem 2.1, the integrals ft;l fly(t),t)dg(t) and f: Fly(t),t)dg(t) exist, and we have

| 000800 = F@) - Fltrt) + ot o)A g(to),

/ Fy(®),0dg(t) = F(ti=) — F(7)+ fly(t), t) A g(t).

Consequently, the integral 'f.tj—l f(y(¢),t) dg(t) exists as well. Note that

(ol A gt )] :‘

ti—1+
| 1600

ti—1+
<[ M.

t;

). dg(t)H < [ M agl).

t;— t;—

£ (y(t), t) A g(t:)]| = ‘

These observations together with (3.3) imply that the estimate || [ f(y(t),t) dg(t)|| < [ M(t) dg(t) holds
also if u = t;_1 or v =t;.

By the additivity of the integral with respect to adjacent intervals, we conclude that f: fly(t),t)dg(t)
exists and (3.2) holds.

To finish the proof, consider the case when y : [a,b] — B is a regulated function. There exists a sequence
of step functions {y;}72, which is convergent to y on [a,b]. Without loss of generality, we can assume
that all functions yj, take values in B (see the explanation before Lemma 10 in [43]). By the first part of
the proof, we know that the integral f; flyg(t),t) dg(t) exists for each k € N, and

/uv fyk(0),1) dg(t)H < /u vM(t) dg(t), [u,v] C [a,b]. (3.4)

Hence, for every division a = 09 < 01 < -+ < g; = b and every finite sequence my,...,m; € N, we have

Z 'fymj /M )dg(?)

O'Jl

Finally, condition (C3) implies that limg_o0 f(yx(s),s) = f(y(s),s), s € [a,b]. Theorem 2.4 guarantees
that the integral f: f(y(s),s)dg(s) exists and equals limy o [ f(yx(s),s)dg(s). This fact together with
(3.4) imply that (3.2) holds. O

If f satisfies conditions (C1), (C2), (C3) and y is a solution of Eq. (3.1), the estimate (3.2) implies that
ly(v) = y(w)[| < h(v) = hu), [u,0] € [a,b],

where h(s) = [” M(t)dg(t), s € [a,b]. An immediate consequence is that y has bounded variation.
We now present the main result of this section, a local existence theorem for measure differential equations.
Theorem 3.2. Assume that g : [a,b] — R is a function of bounded variation, f : B X [a,b] — R

satisfies conditions (C1), (C2), (C3), to € [a,b] and yo € B. If y+ = yo + f(yo,t0)ATg(to) and y_ =
yo— [ (yo,to)A~g(to) are interior points of B, then there exist §_, 54 > 0 such that Eq. (3.1) has a solution



on [to — d_,to + 4] N [a,b].
Moreover, d_— and 01 can be chosen to be any numbers such that the balls

to+04

{2 € R [lz —yy < / M), e R -y < / 5 M(s) dg(s))

are contained in B.

Proof. We start by proving the existence of a solution on a right neighborhood of ¢y3. Assume that ¢y < b;
otherwise, there is nothing to prove. Let h(t) = j;to M(s)dg(s), t € [to,b]. Condition (C2) implies that
[, M(s)dg(s) > 0 for each [u,v] C [a,b]. Hence, h is a nondecreasing function. Noting that y is an
interior point of B, there exists an Ry > 0 such that the ball

{z eR" |z —yifl < Ry}

is contained in B. Let 64 > 0 be any number such that

t0+6+
hlta+3) = hito) = [ M(s)dg(s) < Ry (35)
to+
We will show that there exists a solution of Eq. (3.1) defined on [to, to + d4].
Let y1 : [to,to + d+] — R™ be given by y1(t) = yo, t € [to,to + 04]. For each k € N, k > 2, define
Yk © [to, to + d4] = R™ recursively by

ue(t) = o + / Flr(s),5)dg(s), ¢ € [fo. o+ 6.].

We claim that the functions y; are well defined, regulated, and take values in B. The statement is
obvious for K = 1. By induction, if we assume the statement holds for a certain k, then Lemma 3.1
implies that yx11 is well defined, and is regulated by Theorem 2.3. Using Theorem 2.1, Lemma 3.1, and
the estimate (3.5), for ¢t € (to, %o + d+] we have

ok () — ye ]l = / Flyi(s), ) dg(s) — F (o, to) A* glto)

= F(yr(s),s)dg(s) — f(yr(to), to) At g(to)

=/ +f(yk(8)78) dg(s)|| < t +M(S) dg(s)
= h(t) — h(to+) < h(to + 64) — h(to+) < Ry. (3.6)

Consequently, yi+1(t) € B for every t € [tg,to + 4]
For each k € N, we have yx(to) = yo and

1Yr+1(8) = yrta ()l = < h(t) — h(s)

/ f(ui(r), 7) dg(7)

whenever [s,t] C [to,to + 6+]. By Theorem 2.5, the set {yx; k € N} is a relatively compact subset of
G([to, to+0+], R™), and thus contains a subsequence which converges to a function y € G([to, to+0+], R™).
Relabeling, we may assume that klim llye — ylloo = 0. It follows from (3.6) that

—o0

ly(t) —ysll < Ryy  t € [to,to + 04,



and hence y takes values in B. Note that, by Lemma 3.1, the integral f; flyg(t),t) dg(t) exists for each
k € N, while condition (C3) implies that limy_ o f(yr(s),s) = f(y(s), ), s € [to, to + d4+]. Moreover, for

every division tg = 09 < 01 < -+ < gy = tg+ 04 of [to, to+ I4+] and every finite sequence my, ..., m; € N,
we have
l oj to+5+
S [ @ dee)| < [ Mgl
j=1 Tj—1 to

Thus, applying Theorem 2.4, we see that for each t € [to, to + 4]

y(0) = Jim () = w0+ Jim [ 7((9):5)da(s) =m0+ [ 1(6().5)dats).

wherefrom we conclude that y is a solution of the given measure differential equation on [tg, to + 0]
To prove the existence of a solution on a left neighborhood of %y, it is enough to reverse time and consider
the measure differential equation

t
2(t)=yo+ [ [f(2(s),s)dg(s), te€[~to,—al,
—to
where §(t) = g(—t) and f(z,t) = f(z,—t). Using the first part of the proof, one can conclude that the
equation has a solution z defined on [—tg, —tg + d_], where 6_ > 0 is any number such that

to—

/ M(s)dg(s) < R_,
to—0—

R_ being a number such that the ball {x € R"; ||x — y_|| < R_} is contained in B. Consequently,

x(t) = z(—t), t € [to — d_, o], is a solution of Eq. (3.1) on [ty — d_, o). O

Remark 3.3. Peano’s classical theorem on the local existence of solutions to differential equations with
continuous right-hand sides is a special case of Theorem 3.2. In that case, we have g(s) = s, y1 = y— = vo,
and f is continuous. Hence, if we take B C R" to be a closed ball containing yq in its interior, then f is
bounded on B X [a,b], and conditions (C1), (C2), (C3) are satisfied.

The more general Carathéodory’s local existence theorem also follows from Theorem 3.2: Assume that
B C R"™ is a closed ball containing yq in its interior and f : B X [a,b] — R™ is a Carathéodory function,
ie., y— f(y,t) is continuous for each ¢ € [a,b], t — f(y,t) is measurable for each y € B, and there exists
a Lebesgue integrable function M : [a,b] — R such that ||f(y,t)|] < M(¢) for all (y,t) € B x [a,b]. It
follows that for each y € B, t — f(y,t) is Lebesgue integrable, and therefore also Kurzweil integrable.
Hence, conditions (C1), (C2), (C3) are satisfied.

Remark 3.4. With a simple adaptation of the proof of Theorem 3.2, it is possible to obtain an existence
theorem for measure functional differential equations of the form

y(t) = ylto) + t:f(ys,é‘) dg(s), L€ ltosto+0l, o)

yto - ¢
Equations of this type were studied in several papers; see e.g. [9, 44, 45] and the references there. Picard-

type existence and uniqueness theorems for measure functional differential equations can be found in
[9, Theorem 5.3] and [44, Theorem 3.12], while a more general Osgood-type existence and uniqueness



theorem was obtained in [45, Theorem 5.2]. Using the method of successive approximations as in the proof
of Theorem 3.2, we arrive at the following Peano-type (or Carathéodory-type) existence theorem: Assume
that g : [to, to+0] — R is a function of bounded variation, B C R™, and f : G([—r,0], B) X [tg, to+0] — R"
has the following properties:

1. The integral f:OOJrU flye, t)dg(t) exists whenever y : [to — 7, to + o] = B is regqulated.

2. There exists a function M : [a,b] — R, which is Kurzweil-Stieltjes integrable with respect to g, such
that || [ fye.t)dg(t)|| < [ M(t)dg(t) for every regulated function y : [to — r,to + o] — B and
[u,v] C [to, to + o).

3. f is continuous in the first variable.

If $ € G([—r,0], B) is such that $(0) + f(&,t0)ATg(to) is an interior point of B, then there exists a § > 0
such that Eq. (3.7) has a solution on [to,to + ¢].

The rest of this section will be devoted to continuation of solutions.

Lemma 3.5. Assume that g : [a,b] — R is a function of bounded variation, f : B X [a,b] — R™ satisfies
conditions (C1), (C2), (C3), and B C R™ is open. Suppose that yo € B, y+ = yo + f(yo.t0)ATg(to) € B
and y— = yo — f(yo,to)A"g(to) € B.

If 6_ and 64 are any numbers such that the balls

to—

t0+5+
{z eR™ [z —yill < / M(s)dg(s)}, {zeR"|[z—-y-| < / M(s)dg(s)}
to+ to—5_
are contained in B, then each solution y : I — B of Eq. (3.1), where I is a closed subinterval of
[to —d_,t0 + 0+] N [a,b] containing to, can be extended to [ty — 0_,to + d4] N [a,b)].

Proof. Let us prove that y can be continued forward in time up to min(ty + d4,b); the existence of
a backward continuation can be obtained in a similar way. Assume that ¢; = supI < min(to + 04, b);
otherwise, there is nothing to prove. Denote y1 = y(t1) and 77 = y1 + f(y1,t1)AVg(t1). Let 2z : [a,b] — B
be given by

y(to), t € [a o),

2(t) = quy(t), te€[to,ta],

y(t1)7 t e (tl,b].

Since z is regulated, Lemma 3.1 and Theorem 2.3 imply

ti+ t1
f(2(s),8)dg(s) = [ f(2(s),5)dg(s) + f(z(tr1),t1) AT g(t1) — f(2(to), to) AT g(to)

to+ to

— g0+ / " Fy(s), 5)dg(s) + Fu(tn). ) A g(ta) — o — Flylto), to) A g(te) = 77 — vs.
Now, if z € R™ satisfies

e t0+5+
e — 73] < / M(s) dg(s), (3.8)
t1+

it follows that

to+04 t1+ to+04
le = yall < o — 75l + 175 — vell < / M(s)dg(s)+ [ M(s)dg(s) = / M(s) dg(s).
t1+ to+ t



Hence, the ball consisting of all © € R™ satisfying (3.8) is contained in B. By Theorem 3.2, the equation

¢
y) =y + [ fly(s),s)dg(s)
t1
has a solution defined on [t1,to 4 6+] N [a, b], which completes the proof. O

The next example shows that a solution defined on [tg,T) need not be extendable to [tg,T] even if the
limit y(T'—) exists. Moreover, if the extension exists, it need not be unique.

Example 3.6. Assume that f : R x [0,1] — R is given by f(y,t) = y, and g : [0,1] — R is given by
g(t) =t fort €[0,1), and g(1) = 2. Consider Eq. (3.1) with an arbitrary yo € R. On the interval [0, 1),
the equation reduces to

¢
v =+ [ o)ds te ),
0
whose solution is y(t) = yoe’, t € [0,1). If the solution can be extended to [0, 1], then Theorem 2.3 implies
y(1=) = y(1) — f(y(1),1)A=g(1) = y(1) — y(1) = 0. This condition is violated if yo # 0, which means

that the solution cannot be extended to [0,1]. On the other hand, if yo = 0, we can choose y(1) to be an
arbitrary number. We have

lim ( / y(s) dg(s) + y(lm—gm) — (1),

t—1—

By Theorem 2.1, fol y(s)dg(s) exists and equals y(1), i.e., the extended function y : [0,1] — R is indeed
a solution of our equation on [0, 1].

Generalizing the ideas from the previous example, we arrive at the following result.

Lemma 3.7. If g : [a,b] = R is a function of bounded variation, B C R", yo € B and f : Bx|[a,b] = R",
then the following statements hold:

1. If y is a solution of Fq. (3.1) on [ty,T), then it can be extended to a solution on [to,T] if and only
if y(T'—) exists and there is a vector § € B such that y(T—) =9 — f(§,T)A™g(T).
2. If y is a solution of Eq. (3.1) on (T, tg], then it can be extended to a solution on [T, to] if and only
if y(T+) exists and there is a vector § € B such that y(T+) = § + f(§, T)ATg(T).
In both cases, the extension of the solution can be obtained by letting y(T) = .

Proof. 1t is enough to prove the first statement; the second one can be obtained by “reversing time” as
in the proof of Theorem 3.2.

If the solution y can be extended to [to, T], then Theorem 2.3 implies y(T—) = y(T) — f(y(T), T)A~g(T).
Hence, the existence of y(T'—) and of a vector § € B such that y(T—) = g— f(g,T)A~g(T) are necessary
conditions. Let us show that they are also sufficient. Let y(T') = §. We know that

y(t) = o + / f(u(s),5)dg(s), t€ [to,T).

Passing to the limit ¢ — T—, we see that lim,_,p_ ftto f(y(s),s)dg(s) = y(T'—) — yo. Thus,

lim ( t f(y(s),s)dg(s) + f(y(T)yT)A‘g(T)> =y(T—) —yo+ f(5,T)A9(T) = § —yo = y(T) — yo-

t—T—

By Theorem 2.1, ftf f(y(s),s)dg(s) exists and equals y(T') —yo. Consequently, y is a solution of Eq. (3.1)
on [tg, T1. O



4 Extremal solutions, lower and upper solutions

In this section, we turn our attention to the scalar equation

y(t) = o + / f(u(s),5)dg(s), ¢ € [ab], (4.1)

where ¢ : [a,b] — R is nondecreasing and left-continuous, f : B x [a,b] = R, B C R, and yg € B.
According to Theorem 2.3, left-continuity of g implies that each solution of Eq. (4.1) is left-continuous.
One reason for focusing only on left-continuous functions g is that we want to avoid technical difficulties
connected with extension of solutions from intervals of the form [u,v) to [u,v]; cf. Example 3.6 and
Lemma 3.7. From the viewpoint of applications, this restriction is not a serious one; see Sections 5 and 6.
Note also that we deal only with solutions going forward in time, i.e., the initial condition is imposed at
the left endpoint of the interval. Again, the reason is to avoid problems with extension of solutions from
(u,v] to [u,v].

The least and greatest solutions to measure differential equations are defined in the standard way as we
can see in the following definition.

Definition 4.1. Let I C [a,b] be an interval with a € I and let z : T — R be a solution of Eq. (4.1). We
say that z is the greatest solution of Eq. (4.1) on [ if any other solution y : I — R satisfies

y(t) < z(t) forevery tel.
Symmetrically, we say that z is the least solution of Eq. (4.1) on I if any other solution y : I — R satisfies
z(t) < y(t) forevery tel.

When we want to emphasize that we are considering solutions defined on I and taking values in B, we
say that z is the greatest or the least solution of Eq. (4.1) in B x I.

The greatest solution and the least solution are collectively referred to as the extremal solutions.

The following example illustrates that Eq. (4.1) with a discontinuous function g need not have extremal
solutions. The function g introduced in the example is left-continuous, but discontinuous from the right
at t = 1.

Example 4.2. Suppose that g: [0,2] = R and [ : [0,00) x [0,2] — R are given by

. t €[0,1],
g(t)_{t+1, te (1,2,

3?3, telo,1),
0, te(1,2].

Consider Eq. (4.1) with yo = 0. On [0,1), the equation reduces to y'(t) = 3y(¢)?/3. Since g is left-
continuous at 1, each solution has the same property. Next, note that
y(14+) = y(1) + f(y(1), DATg(1) = y(1) +2(1 - y(1)) = 2 — y(1).
Finally, each solution has to be constant on (1, 2]. It follows that all solutions have the form
0, te0,7],
Z(t) = q (t=1)°, te(r1],
2—-(1-71)3, te(1,2],
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where 7 € [0,1] is a parameter. Note that z is the greatest solution on [0,1], while z; > zp on (1, 2].
Hence, there is no greatest solution on [0,2]. Similarly, z; is the least solution on [0, 1], but there is no
least solution on [0, 2].

The previous example shows that additional assumptions are needed to ensure the existence of extremal
solutions. Therefore, we introduce the following condition:

(C4) If u,v € B, with u < v, then u + f(u,t)ATg(t) < v+ f(v,t)ATg(t) for every t € [a,b).
Note that in Example 4.2, the condition is violated at ¢t = 1.

Remark 4.3. The importance of condition (C4) stems from the following observation: If y1,y2 : I — B
are two solutions of Eq. (4.1), where I C [a,b] is an interval with a € I, and if y;(7) < yo(7) for some
7 € I\ {supI}, then condition (C4) together with Theorem 2.3 imply

yi(m+) = y1(7) + f(y(7), T)ATg(7) < 2 (7) + fya(7), ) AT g(7) = ya(7+).
This observation will be used in the proofs of subsequent theorems.

The next result shows that conditions (C1), (C2), (C3) together with (C4) are sufficient to guarantee the
existence of extremal solutions. Inspired by R. L. Pouso’s proof of [34, Theorem 3.1] (which is concerned
with the existence of extremal solutions to classical ordinary differential equations), we find the greatest
solution as the solution with the largest integral. (See also the paper [25], where the authors employ
a similar method for finding extremal solutions of a second-order periodic boundary-value problem.)

Theorem 4.4. Assume that g : [a,b] — R is nondecreasing and left-continuous, B C R is closed, yg € B
and f : B x [a,b] — R satisfies conditions (C1), (C2), (C3), (C4). If Eq. (4.1) has a solution on [a, b,
then it has the greatest solution and the least solution on [a,b.

Proof. Let us prove the existence of the greatest solution on [a,b]. Let S be the set of all solutions of
Eq. (4.1) defined on [a, b] and taking values in B. If x € S and [s, t] C [a, b], Lemma 3.1 implies

() — x(s)| = ‘/ f(a(r),7)dg(7) S/ M(r)dg(r) = h(t) = h(s),

where h(t) = fat M(7)dg(r), t € [a, b], is nondecreasing (see the proof of Theorem 3.2). Hence, it follows
from Theorem 2.5 that S is a relatively compact subset of G([a,b],R). In order to prove that S is
compact, it is enough to show that S is closed. To this aim, consider a sequence {z;}72; in S such that
limg 00 ||2% — 2||co = 0 for some function x € G([a, b],R). Since B is closed, it follows that z takes values
in B. Tt is clear that z(a) = yo. From Theorem 2.4 (the assumptions are satisfied because of (C1), (C2),
(C3) and Lemma 3.1), we have

k—o0

lim / f(xk.(s),s)dg(s):/ f(xz(s),s)dg(s) for every t € [a,b],

which shows that z is a solution of (4.1) on [a,b], i.e. € S, and therefore S is closed.

Note that each x € S is regulated, and therefore Riemann integrable. Let F' : S — R be given by
F(z) = f: x(s)ds, x € S. Because F is continuous on the compact set S, it attains a maximum for
a certain ymax € S. That is,

b b
/x(s)dsg/ Ymax(s)ds, x € S.
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Let us show that ymax is the greatest solution of Eq. (4.1). For contradiction, assume there exist y € S
and 7 € (a, b] such that ymax(7) < y(7). Then left-continuity of g implies Ymax(7—) < y(7—), and Remark
4.3 implies that Ymax(7+) < y(7+). Let

a=sup{t € [a,7); Y(t) < Ymax(t)}.

By the definition of supremum, we have either y(a) < ymax(t), or there is a sequence of points {tx}32
from [a, @) such that ¢, — « and y(tx) < Ymax(tx) for each k € N. In the latter case, y(a—) < ymax(a—),
and left-continuity implies y(a) < ymax(a). Thus, the inequality y(a) < ymax(c) is always true, which
necessarily means that a # 7, i.e., a < 7.

It follows from Remark 4.3 that y(a+) < ymax(a+). On the other hand, it follows from the definition
of a that ¥ > Ymax on (o, 7] and, consequently, y(a+) > Ymax(a+). Thus, the only possibility is that

y(a+) = Ymax(at).
We now distinguish between two cases concerning the behavior of ¥y« and y on the right of 7:

1. For all t > 7, we have y(t) > Ymax(t). In this case, consider the function z : [a,b] — B given by

Ymax(t), t € [a,q],
y(t), te (bl

The fact that y(a+) = ymax(a+) implies that z is a solution of Eq. (4.1) on [a,b]. Indeed, z is
obviously a solution on [a, a], and for each ¢ € (a, b] we obtain

2(t) = 2(a) = 2(t) — z(a+) + z(at) — 2() = y(t) — y(at) + y(at) — Ymax(@)

- / F(5(5),5) dg(5) + gmue(@+) — Yrman(@) = / F(u(5),5) dg(s) + f (tmax(@), ) AT g(a)

+ a+
- / F(2(5),5) dg(s) + f(2(a), @) A g(a) = / F(2(5), ) dg(s),
a+ «

which confirms that z is a solution of Eq. (4.1) on [a, b].

Since z > Ymax on [a,b] and y > Yymax on (a, 7], we have f: z(s)ds > f; Ymax(5) ds, a contradiction
with the definition of ympax.

2. There exists a t > 7 such that y(t) < ymax(t). In this case, let
B =inf{t € (7, b); y(t) < Ymax(t)}-

Since y(t) > Ymax(t) for t € [1, B), we see that y(5—) > ymax(8—); the latter fact and left-continuity
imply y(8) > ymax(83), and consequently (by Remark 4.3) y(84) > Ymax(8+).

By the definition of infimum, we have either () < ymax(8), or there is a sequence of points {uy }72
from (8,b] such that ur, — 5 and y(ug) < Ymax(ug) for each & € N. Obviously, both possibilities
lead to the conclusion y(8+) < Ymax(8+). Thus, it follows that y(5+) = Ymax(5+).

Now, consider the function

Ymax(t), t € [a,a]U(B,b],
y(t), te (aaﬂ]'
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As in the previous case, the facts that y(a+) = ymax(a@+) and y(5+) = yYmax(8+) imply that z is
a solution on [a, b].

Since z > Ymax 0N [a,b] and y > ymax on (a, ), we have fab z(s)ds > fab Ymax(s) ds, a contradiction
with the definition of ymax.

The existence of the least solution can be proved similarly by finding the minimum of the mapping
F(m):ffx(s)d&xeS. O

Example 4.5. In the previous theorem, the assumption that B is closed cannot be omitted. Indeed,
consider the classical example

y'(t) =3y(t)?3, tel0,1], y(0)=0. (4.2)

All solutions have the form

) = {0, t e 0,7,

(t—7)3, telnl],

where 7 € [0,1] is a parameter. For B = [0, 1], the greatest solution of Eq. (4.2) in B x [0,1] is zo.
However, for B = [0, 1), the solution 2y escapes from B at ¢ = 1, and there is no greatest solution of
Eq. (4.2) in B x [0,1].

As an application of Theorem 4.4, we will now derive a generalization of Peano’s uniqueness theorem
for differential equations whose right-hand sides are nonincreasing in y (cf. [1, Theorem 1.3.1] or [33,
Corollary 2.2]). We replace condition (C2) by the following weaker assumption:

(C2') For each compact set C C B, there exists a function M : [a,b] — R, which is Kurzweil-Stieltjes
integrable with respect to g, such that

[ 1w dg<t>| < [ aragte

for every y € C and [u,v] C [a, b].

(Note that in Section 3, we were interested only in the local existence theory, where it is always possible
to choose B to be a compact set. Thus, there was no loss of generality when dealing with the apparently
stronger condition (C2).)

Theorem 4.6. Assume that g : [a,b] — R is nondecreasing and left-continuous, B C R is closed, yo € B
and f : B X [a,b] = R satisfies conditions (C1), (C2"), (C3), (C4). If the function f is nonincreasing in
the first variable, then Eq. (4.1) has at most one solution on [a,b].

Proof. Consider a pair of solutions y1, y2 : [a,b] — B. Both of them are regulated, and therefore bounded,
i.e., there exists an r > 0 such that the values of y;,y2 are contained in the compact set C = BN [—r,r].
By the assumption, f satisfies condition (C2) on the set C' X [a,b]. Thus, Theorem 4.4 ensures the
existence of the greatest solution ymax : [a,b] — C and the least solution ymin : [a,b] = C. We have

ymin(t) < ymax(t) =Y%o +/ f(ymax(s)a 5) dg(s) < Yo +/ f(ymin(3)7 3) dg(s) = ymin(t)a te [a,b],

which means that ymin = Ymax. Since both y; and ys lie between ymin and ymayx, they have to coincide. [
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Theorem 4.7. Assume that g : [a,b] — R is nondecreasing and left-continuous, B C R, and f :
B X [a,b] — R satisfies conditions (C1), (C2'), (C3), (C4). Suppose also that yo € B and y4 = yo +
f(yo,a)ATg(a) is an interior point of B. Then there exists a § > 0 such that the following statements
hold:

1. Eq. (4.1) has the greatest solution Ymax and the least solution ymin in B X [a,a + J].

2. For any other solution y : I — B of Eq. (4.1), where a € I C [a,a + J], we have ymin(t) < y(t) <
Ymax(t) for allt € 1.

Proof. Take an arbitrary compact set C' C B such that yo € C' and y, is an interior point of C. Then
the restriction of f to C' x [a, b] satisfies condition (C2). Let M be the function from this condition and
take an arbitrary 6 > 0 such that the interval {z € R; |z —y4| < faajé (s)dg(s)} is contained in the
interior of C. It follows from Theorem 3.2 that Eq. (4.1) has a solution on [a, a + J].

The existence of the greatest solution ymax and the least solution ymin of Eq. (4.1) in C x [a,a + 4] is
guaranteed by Theorem 4.4. We claim that ymax and ymin are also extremal in the whole set B x [a, a+4].
To see this, it is enough to show that no solution defined on [a,a + 0] can leave the set C. Assume for

contradiction there exists a solution y : [a,a + 0] — B that leaves C, and let
a=inf{t € [a,a + 9]; y(t) ¢ C}.
Left-continuity of y and closedness of C' imply that y(a) € C (if @ = a, the statement is obvious).

Consequently, a < a + 4. Observe that

a+
ly(at) —yr| < lyle) —y(a+)| + [ f(y(e), @) AT g(a)| = +/ f(y(a),s)dg(s)

" F(y(s). 5) dg(s)
.

a+d

«a a+
< [ M)+ [ Mg < [ MGs)dglo).

a+ « a+
which implies that y(a+) is contained in the interior of C. Consequently, the values of y on a right
neighborhood of « lie in C', which contradicts the definition of «.
We now proceed to the proof of the second statement. We already know it is enough to consider solutions
y: I — C of Eq. (4.1), where a € I C [a,a + §]. Choose an arbitrary ¢ € I. According to Lemma 3.5,
there exists a solution z : [a,a + 0] — C of Eq. (4.1) such that z = y on [a,t]. Since Ymax, Ymin are
the extremal solutions on [a,a + ¢], we conclude that Ymin < 2 < Ymax o1 [a,a + J], and in particular

ymin(t) < Z(t) = y(t) < ymax(t)- O

Remark 4.8. In the classical case when ¢(s) = s, the condition (C4) is vacuous, and Theorem 4.7
generalizes the classical Peano’s theorem on the local existence of extremal solutions (see e.g. [34, Theo-
rem 3.1]).

The next result provides global information on the existence of noncontinuable extremal solutions. The
proof is inspired by the proof of [33, Theorem 2.3].

Theorem 4.9. Assume that g : [a,b] — R is nondecreasing and left-continuous, B C R is open, and
f : B x[a,b] = R satisfies conditions (C1), (C2'), (C3), (C4). Suppose also that yo € B and yo +
f(yo,a)ATg(a) € B. Then there exist intervals I,J C [a,b] containing a, and noncontinuable solutions
Ymax : L = B, Ymin : J = B of Eq. (4.1) such that the following statements hold:

1. For any solution y : I' — B of Eq. (4.1) with a € I' C I, we have y(t) < Ymax(t) for allt € I'.
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2. For any solution y : J' — B of Eq. (4.1) with a € J' C J, we have ymin(t) < y(t) for allt € J'.
Proof. We prove only the first statement; the proof of the second one is similar. Consider the set

T = {7 > a; there exists a solution y, : [a,7] — B of Eq. (4.1) such that any solution y : I’ — B
with a € I' C [a, 7] satisfies y < y, on I'}.

By Theorem 4.7, there exists a § > 0 such that a + 6 € T, i.e., T is nonempty. Denote T'= sup 7, and

L fn), TeT
[a,T), TeT.

Define the function ymax : I — B as follows: For an arbitrary ¢ € I, find 7 € T with 7 > t, and let
Ymax(t) = y-(t). This definition is meaningful, since for 7,7 € T, it follows from the definition of T
that y,, = y-, in the intersection of their domains.

Let us show that ymax cannot be continued to the right. For contradiction, assume that ym.x can be
extended to a larger subinterval of [a, b], and denote the extended function again by ymax. We distinguish
two cases:

1. I = [a,T), and the extended function ymax is defined on an interval containing [a,T]. For an
arbitrary solution y : [a,T] — B of Eq. (4.1), we have y < ymax on [a,T), and therefore y(T—) <
Ymax(T—). Tt follows from left-continuity that y(T) < ymax(T). Thus T € T, a contradiction.

2. I = [a,T], and the extended function ym.y is defined on a certain interval which contains [a, T] as
a proper subinterval. Then Ymax(T+) = Ymax(T) + fYmax(T), T)ATg(T) must be an element of
B. By Theorem 4.7, the equation

y@=mMﬂ+AﬂWWNW%tZﬂ (4.3)

has the greatest solution w on a certain interval [T,T + ¢]. We claim that '+ ¢ € 7. Indeed,
consider the function gmax : [a, T + €] — B given by

ymax(t)a t G [a7 T}7

w(t), te[l,T+e

gmaX(t) =

Let y : I’ — B be any solution of Eq. (4.1) with a € I' C [a,T 4 ¢]. Obviously, ¥ < Umax
on [a,T]. Suppose that y(7) > Ymax(7) for a certain 7 € (T,T + €], ie., y(r) > w(r). Let
a =sup{t € [T,7); y(t) < w(t)}. We can now argue as in the final part of proof of Theorem 4.4:
We have y > w either on (o, T + €], or on an interval («, ), where 8 € (a,T + €], y(8) > w(pB),
and y(B+) = w(B+). In any case, the solution z of Eq. (4.3) obtained by pasting w on [T, a] and
y on a right neighborhood of « is not majorized by w, which contradicts the fact that w was the
greatest solution of (4.3) on [T, T + ¢]. The previous considerations imply that ¥ < §max on I’, and
therefore T' + ¢ € T, which is a contradiction.

O

Our next task is to study the relation between extremal solutions and lower or upper solutions.

15



Definition 4.10. Let I C [a,b] be an interval with a € I. A regulated function « : I — B is said to be
a lower solution of Eq. (4.1) on I if a(a) < yp and

Mw—mms/ﬂm@wmmﬂ 0] € 1. (4.4)

Symmetrically, a regulated function 8 : I — B is an upper solution of Eq. (4.1) on I if §(a) > yo and

v
50~ 80 > [ F(5().5)dg(s), [we] C 1. (4.5
Remark 4.11. If a : I — B is a lower solution of Eq. (4.1), then (4.4) and Theorem 2.3 imply

Ata(t) (t+) — a(t) < fla(t), ) ATg(t), tel, (4.6)
ATa(t) =at) —a(t—) < f(a(t),t)A7g(t), tel.

Obviously, the reverse inequalities hold for upper solutions.

Theorem 4.12. Assume that g : [a,b] — R is nondecreasing and left-continuous, B C R is open,
and f : B X [a,b] — R satisfies conditions (C1), (C2'), (C3), (C4). Suppose also that yo € B and
yo + f(vo,a)A%g(a) € B. If ymax : I = B and ymin : J — B, where a € I C [a,b] and a € J C [a,b], are
the noncontinuable extremal solutions of Eq. (4.1) described in Theorem 4.9, then the following statements
hold:

1. Ifa:I' = B, where a € I' C I, is a lower solution of Eq. (4.1), then & < ymax on I'.
2. If B:J — B, where a € J' C J, is an upper solution of Eq. (4.1), then 8 > ymin on J'.
Consequently,

Ymax (t) = max{a(t); a is a lower solution of Eq. (4.1) on [a,t]}, te€ I,
Ymin (t) = min{B(t); B is an upper solution of Eq. (4.1) on [a,t]}, € J.

Proof. Let us prove the first statement; the proof of the second one is symmetrical. For contradiction,
assume there is a lower solution a: I’ = B and t; € I’ such that a(t1) > Ymax(t1). Let

to = sup{t € [a,11); a(t) < Ymax(t)}.

By the definition of supremum, we have either a(t2) < ymax(t2), or there is a sequence of points {ux}32
from [a,t2) such that up — t2 and a(ug) < ymax(ug) for each k& € N. In the latter case, a(ta—) <
Ymax(t2—). Using (4.7) and the fact that A~g(t) = 0, we get A~ a(t2) <0, and therefore

altz) = a(tz—) + A7 a(tz) < a(te—) < Ymax(t2—) = Ymax(t2).

Thus, the inequality a(t2) < Ymax(t2) is always true, and implies that ty < 1.
Denote & = Ymax(t2) and consider the equation

whﬁ+[fwﬂﬂw®,tﬂmm, (48)

where f : B x [ts,t1] = R is given by



Clearly, f satisfies condition (C3). If y € B, then the function m(t) = max{y,a(t)}, t € [t1,1s], is
regulated and f(y,t) = f(m(t),t). Lemma 3.1 then implies that f satisfies conditions (C1) and (C2').
Moreover, & + f(&,t2) AT g(t2) = ymax(t2+) € B. Take an arbitrary compact set C' C B such that & € C
and Ymax (t2+) is an interior point of C'. Then the restriction of f to C' x [a, D] satisfies conditions (C1),
(C2), (C3). Therefore, by Theorem 3.2, Eq. (4.8) has a solution z on [ta,t2 + 1] C [t2, t1], for some n > 0.
Let us show that

2(t) > a(t) for all ¢ € [ta,ta + 7). (4.9)

For contradiction, assume that there exists a 7 € (t2, t3 + 7] such that z(7) < a(7). Let
v =sup{t € [t2,7); a(t) < z(t)}.

Using the same argument as in the beginning of this proof, we can show that a(v) < z(v), and thus
v < 7. By the definition of v, we have z(t) < «(t) for all t € (v, 7], and therefore z(v+) < a(r+). On
the other hand, Eq. (4.6) and condition (C4) imply

a(v+) < av) + fla@),v)ATgv) < 2(v) + f(2(v), V) ATg(v) = 2(v+).
Hence, the only possibility is that z(v+) = a(v+). Using the definition of f, we obtain

() =slo) = [ )90 da(s) = [ flao).9)dg(s) = a(r) —a(v),

which implies that z(7) 2 a(T); this is a contradiction. Thus, we have proved that (4.9) holds.
Since Ymax (t2) = z(t2) = Z, the function y : [a,t2 + n] — R given by

ymax(t); te [ath]a
z(1), t € [ta,ta + 7).

defines a solution of Eq. (4.1) on [a,t2 + n]. It follows from Theorem 4.9 that y(t) < ymax(t) for t €
[a,t2 + n]. On the other hand, (4.9) and the definition of t; imply that y(t) = z() > a(t) > Ymax(t) for
all t € (ta,t2 + 1], which leads to a contradiction. O

<
!

5 Ordinary differential equations with impulses

In this section, we take advantage of the known relation between impulsive systems and measure differ-
ential equations (cf. [10, 12, 45]), and study the existence of extremal solutions for differential equations
with impulses at preassigned times. More precisely, we are concerned with the initial-value problem

y'(t) = f(y(t),t), ae. in [a,b],
A+y(tk) = Ip(y(t)), ke{l,...,m}, (5.1)
y(a) = yo,

where meN,a <t < - <ty <b, f:Bxla,b >R I1,..., I, : B—R" yo € Band B CR".
The solutions of Eq. (5.1) are assumed to be left-continuous on [a, b], and absolutely continuous on [a, t1],

(t1,t2], ..., (tm,b]. The three relations in Eq. (5.1) are equivalent with the single integral equation
D=t [ Fw99as+ Y R, <] (52)
a k; tp<t

where the integral on the right-hand side is the Lebesgue integral.
The next example shows that in general, an impulsive equation need not have extremal solutions.
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Example 5.1. Consider the impulsive differential equation

y'(t) = [fy(d),t), ae inl0,2],
I(y(1)) (5.3)

y(1) =
y(0) = 0,
where I : [0,00) = R and f : [0,00) x [0,2] — R are given by

3y?/3, telo,1),
fly.t) = |
0, tell,2.
It is not hard to see that the solutions of Eq. (5.3) are exactly the same as the solutions of the measure
differential equation from Example 4.2. Therefore, Eq. (5.3) has no greatest/least solution on [0, 2].

The following lemma, which is a consequence of [10, Lemma 2.4], is important for our purposes.

Lemma 5.2. LetmeN, a<it; <ty <-- <ty <b, and

m

g(s) =s+ ZX(tk,OO) (s), s€la,b (5.4)
k=1

(the symbol xa denotes the characteristic function of a set A C R). Consider an arbitrary function
f:]a,b] = R™ and let f : [a,b] — R™ be such that f(s) = f(s) for every s € [a,b]\{t1,...,tm}. Then,
g 1s left-continuous on (a,b], and the Kurzweil-Stieltjes integral fa f(s)dg(s) exists if and only if the

Kurzweil-Henstock integral fab f(s)ds ewxists. In this case, we have
t ¢ ~
[ i) = [ feds+ 3 fw. te o
@ @ ki te<t

We now deduce the following relation between Eq. (5.2) and a measure differential equation; it is a
straightforward modification of [10, Theorem 3.1].

Theorem 5.3. Let m € N, a <t <ta < -+ <ty <b, BCR" yo € B, f: B x]Ja,b - R", and
Li,....DI, : B—>R". Ify:[a,b] = B is a solution of Eq. (5.2), then it is a solution of the measure
differential equation

y(t) = yo + / F(y(s),5)dg(s), t € [a,b], (5.5)

where g : [a,b] — R is given by (5.4) and for each z € B,

5 ) f(zt), tea,b\{t1,... tm},
fz1) = {Ik(z), t =ty for some ke {l,...,m}. (5.6)

If there exists a Lebesgue integrable function M : [a,b] — R such that || f(y,t)|| < M(t) for everyy € B
and t € [a,b], then each solution of Eq. (5.5) is a solution of Eq. (5.2).

Proof. According to Lemma 5.2, the measure differential equation (5.5) is equivalent to the equation

vt =un+ [ fos)ds+ 3 L), te o)

ks tp<t
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where the integral on the right-hand side is the Kurzweil-Henstock integral. Thus, the first part of
the theorem follows from the fact that Lebesgue integrability implies Kurzweil-Henstock integrability.
Conversely, if s — f(y(s), s) is Kurzweil-Henstock integrable, then it is measurable. Hence, if it has a
Lebesgue-integrable majorant M, it is Lebesgue integrable. O

Let meN, a<t) <ty <--+ <ty <b BCR" We introduce the following system of conditions
concerning the functions f : B X [a,b] = R™ and I1,..., I, : B = R™

(P1) For every y € B, the function ¢t — f(y,t) is measurable.

(P2) There exists a Lebesgue integrable function M : [a,b] — R such that ||f(y,t)|| < M (t) for every
y€ BandtE€E [a,b]

(P3) For each t € [a,b]\{t1,...,tm}, the mapping y — f(y,t) is continuous in B.
(P4) For each k € {1,...,m}, there exists a constant mj > 0 such that

Ik (y)|| < my for every y € B.

(P5) The function Iy, : B — R™ is continuous for each k € {1,...,m}.

Consider the function f : B x [a,b] — R defined by (5.6). In view of Lemma 5.2, if f satisfies conditions
(P1) and (P2), then f satisfies condition (C1). Moreover, if conditions (P3) and (P5) are satisfied, then
f satisfies condition (C3). The next lemma provides a similar relation between conditions (P2), (P4),
and (C2).

Lemma 5.4. Letm €N, a <t; <ty < - <ty <b, BCR". Assume that f : B x [a,b] — R" satisfies
condition (P2) and I,... I, : B — R" satisfy condition (P4). Then the function f : B x [a,b] — R"
given by (5.6) satisfies condition (C2).

Proof. Let M : [a,b] — R be the function from condition (P2). For y € B and [u,v] C [a, b], by Lemma 5.2
and conditions (P2) and (P4), we have

/uvf(y,t)dg(t)H: /u”f(y,t)dt—l— > Ly g/uvM(t)dt—i— > om (5.7)

ks u<ltp<v k; u<ltrp<v

Considering the function M : [a,b] — R defined by

i) = {M(t), t € la,b]\{t1,. .., tm},

M, t =t for some k€ {l,...,m},

by Lemma 5.2, we can see that the right hand side of the inequality (5.7) equals f: M (t) dg(t). Therefore,
we conclude that f satisfies condition (C2). O

From now on, we focus on the scalar case of Eq. (5.2), and define extremal solutions in the obvious way.

Definition 5.5. Let I C [a,b] be an interval with a € I and let 2z : I — R be a solution of Eq. (5.2). We
say that z is the greatest solution of Eq. (5.2) on I if any other solution y : I — R satisfies

y(t) < z(t) for every tel.
Symmetrically, we say that z is the least solution of Eq. (5.2) on I if any other solution y : I — R satisfies

z(t) <y(t) forevery tel.
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In order to derive results on the existence of extremal solutions for impulsive differential equations based
on the theorems from previous sections, we need to discuss whether condition (C4) is fulfilled by the
function f defined in (5.6).

Noting that the function g given by (5.4) is such that AT g(t;) = 1 foreach k € {1,...,m} and Atg(t) =0
otherwise, we introduce the following condition for the impulse functions:

(P6) If u,v € B, with u < v, then u + Iy(u) < v+ Ix(v) for every k € {1,...,m}.

Clearly, f satisfies condition (C4) provided Iy,...,I, : B — R satisfy (P6). Therefore, as a direct
consequence of Theorems 4.4 and 5.3 we obtain the following result.

Theorem 5.6. Assume that m € N, a < t; <ty < -+ < t,, < b, BCR is closed, yg € B, and the

functions f: B X [a,b] = R, I,..., I, : B — R satisfy conditions (P1), (P2), (P3), (P4), (P5), (P6). If
Eq. (5.2) has a solution on [a,b], then it has the greatest solution and the least solution on [a,b].

Before we proceed, we need the following weaker versions of conditions (P2) and (P4):

(P2’) For each compact set C' C B, there exists a Lebesgue integrable function M : [a,b] — R such that
|f(y,t)| < M(t) for every y € C and t € [a, b].

(P4’) For each compact set C C B and each k € {1,...,m}, there exists a constant mj, > 0 such that
[Tk (y)| < my for every y e C.

If conditions (P2') and (P4’) hold, then Lemma 5.4 implies that the function f given by (5.6) satisfies
condition (C2').

By combining Theorems 4.6 and 5.3, we get the following analogue of Peano’s uniqueness result for
equations with impulses.

Theorem 5.7. Assume that m € N, a < t; <ty < -+ < t,, < b, BCR is closed, yg € B, and the
functions f: Bxa,b] = R, I,..., I, : B — R satisfy conditions (P1), (P2"), (P3), (P4’), (P5), (P6). If
f is nonincreasing in the first variable and I,. .., I, are nonincreasing, then Eq. (5.2) has at most one
solution on [a,b].

The next comparison result follows from Theorems 4.9 and 5.3.

Theorem 5.8. Assume that m € N, a < t; <ty < -+ < t,, < b, B C R is open, yo € B, and
the functions f : B X [a,b] = R, I1,...,I,, : B — R satisfy conditions (P1), (P2’), (P3), (P4), (P5),
(P6). If t1 = a, suppose that yo + I1(yo) € B. Then there exist intervals I,J C [a,b] containing a, and

noncontinuable solutions Ymax : I — B, Ymin : J — B of Eq. (5.2) such that the following statements
hold:

1. For any solution y : I' — B of Eq. (5.2) with a € I' C I, we have y(t) < Ymax(t) for allt € I'.

2. For any solutiony : J' — B of Eq. (5.2) with a € J' C J, we have ymin(t) <

y(t) for allt € J'.

In the forthcoming results we will consider the following definition of lower and upper solutions of impul-
sive differential equations.

Definition 5.9. Let m € N, a < t1 < t3 < -+ < t,,, < b and put Jy = [a,t1], Jx = (tk,tk41] for
ke{l,...,m—1} and J,, = (tm,b]. Consider an interval I C [a,b] with a € I. A regulated function
a: I — B is called a lower solution of Eq. (5.2) on I, if a(a) < yo,

af / f(a(s),s)ds whenever [u,v] C Jy NI, k€ {0,...,m},

a(tp+) < a(ty) + Ix(a(ty)) for each k € {1,...,m} such that t; < supl.
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Symmetrically, a regulated function 5 : I — B is an upper solution of Eq. (5.2) on I, if 8(a) > yo,

B(v) — B(u) > /U f(B(s),s)ds whenever [u,v] C Jy NI, ke€{0,...,m},
B(tr+) > B(tr) + I(B(tx)) for each k € {1,...,m} such that ¢, < supI.

Lemma 5.10. If a: I — B is a lower/upper solution of Eq. (5.2), then it is a lower/upper solution of
Eq. (5.5).

Proof. We will prove the statement for lower solutions, the other one is symmetrical. Let « : I — B be
a lower solution of Eq. (5.2) and let u,v € I, u < v be given. Lemma 5.2 implies

/ " Fadt). 1) dg(r) = / Tfe@ndet Y ().

kyu<ltp<v

If [u,v) N {t1,...,t;m} =0, then

/ " Falt), 1) dg(t) = / " Fa(t), 0 dt > a(v) - alu).

Otherwise, there exist indices |, N € {1,...,m} such that u < ¢; < --- < ty < v. Note that, by the

definition of lower solution, for each k € {I,..., N — 1} we have
(7] tet1
/ T Sta,nar=tm [ pe0),0d> T () ()] = alte) - altih)

and, similarly, f;jv f(a(t),t)dt > a(v) — a(ty+). These inequalities together with Lemma 5.4 imply that

v - v N
/ Fla(t), t)dg(t) = / Fla(), dt+ 3 Ii(alty)
u u k=l

t th+1 v N
— [ rawas Y [ fam.0ds [ s> Riatw)
u k=1 “tk i k=1
N—-1 N
> a(t) ~ a(u) + Y faltur) ~ alt+)] +a(e) — alty+) + Y- La(t)

l k=l

k=
N
= a(v) = a(u) + Y _la(te) — altst) + I(a(t))] = a(v) — a(u),

(where the last inequality is due to the fact that a(t;) — «(t;+) + Ij(a(t;)) > 0 for t; € I). Therefore,
we conclude that o : I — B is a lower solution of Eq. (5.5). O

By combining Lemma 5.10 and Theorems 4.12 and 5.3, we obtain the following result.

Theorem 5.11. Assume that m € N, a < t; <ty < -+ < t,, < b, B CR is open, yo € B, and the
functions f: B X [a,b] = R, I1,...,I,, : B — R satisfy conditions (P1), (P2), (P3), (P4'), (P5), (P6).
If t1 = a, suppose that yo + I1(yo) € B.

If Yymax : I — B and ymin : J — B, where a € I C [a,b] and a € J C [a,b], are the noncontinuable
extremal solutions of Eq. (5.2) described in Theorem 5.8, then the following statements hold:
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1. Ifa:I' = B, where a € I' C I, is a lower solution of Eq. (5.2), then & < yYmax on I'.
2. If B:J — B, where a € J' C J, is an upper solution of Eq. (5.2), then B > Ymin on J'.
Consequently,

Ymax(t) = max{a(t); a is a lower solution of Eq. (5.2) on [a,t]}, te€ I,
Ymin (t) = min{B(t); B is an upper solution of Eq. (5.2) on [a,t]}, t€ J.

Remark 5.12. Extremal solutions and lower/upper solutions are often discussed in the literature related
to impulsive differential equations. They appear not only in the context of first-order initial-value prob-
lems, but also in the study of periodic boundary value problems subject to impulses (see the monograph
[27] by V. Lakshmikantham et al.), functional differential equations with impulses (see the article [39]
by R. L. Pouso and J. Tomecek), or distributional differential equations (see the papers [16, 17, 20] by
S. Heikkild and E. Talvila), which include impulsive equations as a special case. In the following remarks,
we point out some differences between the existing approaches and our results:

1. Lower/upper solutions of differential equations with or without impulses are usually defined by
means of differential inequalities, and are supposed to be piecewise continuously differentiable,
piecewise absolutely continuous, or to have bounded variation (see e.g. [2, 8, 13, 27, 29, 30, 36,
38, 39]). Our definitions of lower and upper solutions are based on integral inequalities, and we
require them to be merely regulated, i.e., they may have up to countably many discontinuity points.
A similarly general approach can be found in [16], where the lower/upper solutions are regulated
and left-continuous, in [17], where they are bounded and left-continuous, or in [20], where they are
locally Kurzweil-Henstock integrable and left-continuous.

2. Results on extremal solutions of impulsive differential equations are sometimes formulated for sys-
tems of equations (see e.g. [16, 17, 18, 27]), while we are concerned with the scalar case only.

3. The methods of obtaining extremal solutions often rely on monotone iterative techniques and assume
that the right-hand side f and the impulse functions are nondecreasing in y (see e.g. [16, 17, 18, 20]).
These assumptions lead not only to the existence of extremal solutions, but also to the fact that
they are nondecreasing with respect to the right-hand side and initial condition. Our results do not
require f to be nondecreasing in y, and the impulse functions are only assumed to satisfy condition
(P6), which is weaker than monotonicity. On the other hand, unlike the above-mentioned papers,
we require f to be continuous in y.

6 Dynamic equations on time scales

In this section, we use the known relation between dynamic equations on time scales and measure dif-
ferential equations (cf. [12, 40, 43]) to obtain new theorems on extremal solutions and lower or upper
solutions of dynamic equations. We suppose that the reader is familiar with the elements of the time scales
calculus, including the notions of the Lebesgue and Kurzweil-Henstock A-integrals (see [4, 5, 22, 32]).
Assume that T C R is a time scale, a,b,tg € T, a <ty < b, BCR", f: B X [a,b]r = R, and yo € B.
Instead of dealing with the usual form of the dynamic equation

y2 () = fly(t).1), telablr, ylto) =y, (6.1)
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we work with the more general integral form

y(t) = yo + / f(u(s),5) A, t € [a, b, (6.2)

where the integral on the right-hand side is the Lebesgue A-integral. Each solution of Eq. (6.2) is
necessarily continuous. Hence, if f is rd-continuous, then the integral on the right-hand side of Eq. (6.2)
is simply the Riemann A-integral, and Eq. (6.2) reduces back to the classical form (6.1).

We need to recall the relation between the Kurzweil-Henstock A-integral and Kurzweil-Stieltjes integral,
which was described in [43] and later refined in [10]. For each ¢ € [a,b], let t* = inf{s € T;s > t}.
Since T is a closed set, we have t* € [a, b]r. For each function f : [a,b]r — R", we consider its extension
f*: [a,b] — R™ given by f*(t) = f(t*), t € [a,b]. The next statement is taken over from [10, Theorem 4.2].

Theorem 6.1. Let f : [a,blr — R™ be an arbitrary function. Define g(s) = s* for every s € [a,].
Then the Kurzweil-Henstock A-integral fab f(t) At exists if and only if the Kurzweil-Stieltjes integral

fab f*(t)dg(t) exists; in this case, both integrals have the same value.

Using the previous theorem and some ideas from [43] and [10], we obtain the following relation between
dynamic equations of the form (6.2) and measure differential equations.

Theorem 6.2. If y : [a,b]r — B is a solution of Eq. (6.2), then y* : [a,b] — B is a solution of the
measure differential equation

0=t [ FC6)906), 10, ©3)
0
where g(t) =t*, t € [a,b], and
f (z,t) = f(2,t%), z€B, te]a,b)]. (6.4)
If there exists a Lebesgue A-integrable function M : [a,bly — R such that || f(y,t)|| < M(t) for everyy € B

and t € [a,b], then each solution z : [a,b] — B of Eq. (6.3) has the form z = y*, where y : [a,blr — B is
a solution of Eq. (6.2).

Proof. Assume that y : [a,b]lr — B is a solution of Eq. (6.2). Note that Lebesgue A-integrability implies
Kurzweil-Henstock A-integrability. Hence, for each t € [a, b]r, Theorem 6.1 guarantees that the Kurzweil-
Stieltjes integral ftf) fly(s*), s**) dg(s) exists and equals ftto f(y(s),s) As. If t € [a,b]\T, then g is constant
on the interval [¢,¢*]. Thus f: fy(s*),s*)dg(s) =0, and
t t* t* t*
[t s dglo) = [ fols)5)dgts) [ fols) s das) = [ plas) 0 A
to to t to
To sum up, the relation f; fy(s*),s*)dg(s) = fti: f(y(s), s) As holds for each t € [a,b]. Consequently,

b (1) = y(t*) = yo+ / F(y(s), 5) As = o+ / Flu(s%),5%) dg(s) = ot / £ (5),5)dg(s), ¢ € [a,],

which proves that y* is a solution of Eq. (6.3).
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Conversely, assume that z : [a,b] — B is a solution of Eq. (6.3). Since the function ¢ is constant on each
interval [u,v] such that [u,v) N T = @, it follows that z has the same property. Hence, z = y*, where
y : [a,b]lr — B is such that y(t) = z(t) for ¢ € [a, b]r. Using Theorem 6.1, we get

Mﬂzmﬁlﬁ%%@@@zm+[f@@ﬁﬂ@@zm+[f@%$A&temw,

where the last integral is the Kurzweil-Henstock A-integral. However, if f has the Lebesgue A-integrable
majorant M, the integral ftto fly(s),s) As also exists as a Lebesgue A-integral, i.e., y is a solution of
Eq. (6.2). O

Given a function f : B X [a, bl — R”, we introduce the following set of conditions:
(T1) For every y € B, the function t — f(y,t) is Lebesgue A-measurable.

(T2) There exists a Lebesgue A-integrable function M : [a, bl — R such that || f(y,t)|| < M(t) for every
y € Bandt € [a,b]r.

(T3) For each t € [a, b, the mapping y — f(y,t) is continuous in B.

Consider the extended function f*: B x [a,b] — R™ defined by (6.4). Obviously, if f satisfies condition
(T3), then f* satisfies (C3). Similarly, by Theorem 6.1, if f satisfies conditions (T1) and (T2), then f*
satisfies (C1). Finally, if f satisfies condition (T2), then f* satisfies (C2) with the function M replaced
by M*.

In the rest of this section, we focus on scalar equations having the form

y®:m+/fM$QA&tGMﬂm (6.5)

where B C R and f : B X [a, bl — R; note that the initial condition is now imposed at the left endpoint.

Definition 6.3. Let I C [a,b]r be a time scale interval with a € I and let z : I — R be a solution of
Eq. (6.5). We say that z is the greatest solution of (6.5) on I if any other solution y : I — R satisfies

y(t) < z(t) for every tel.
Symmetrically, we say that z is the least solution of (6.5) on I if any other solution y : I — R satisfies
z(t) < y(t) forevery tel.

The next example, which is a simple adaptation of Example 4.2, shows that dynamic equations need not
have extremal solutions.

Example 6.4. Let T = [0,1] U[2,3]. Suppose that f:[0,00) x T — R is given by

3y°/%, te[0,1),
0, tef2,3].

Consider Eq. (6.2) with a =ty =0, b = 3, and yo = 0. On [0, 1), the equation reduces to 3/ (t) = 3y(t)%/3.
Each solution is left-continuous at ¢ = 1, and satisfies

2
y(2) = y(1) + /1 fly@),t) At =y(1) + f(y(1), Du(l) = y(1) +2(1 —y(1)) =2 —y(1).
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Finally, each solution has to be constant on [2, 3]. It follows that all solutions have the form

0, t €0, ],
ZT(t) = (t_T)Sa te (7—7 1},
2 (1-7)% te[23]
where 7 € [0,1] is a parameter. Note that zy is the greatest solution on [0, 1], while z; > 2y on [2,3].

Hence, there is no greatest solution on T. Similarly, z; is the least solution on [0, 1], but there is no least
solution on T.

Taking into account the relation between dynamic equations and measure differential equations, we expect
that the existence of extremal solutions will be guaranteed if the functions f*, g satisfy condition (C4).
We have Atg(t) = u(t) for each t € [a,b)r, and ATg(t) = 0 otherwise. Thus, we set the following
condition:

(T4) If u,v € B, with v < v, then u + f(u, t)u(t) < v+ f(v,t)u(t) for every t € [a,b)r..

Obviously, condition (C4) holds if (T4) is satisfied. By combining Theorems 4.4 and 6.2, we obtain the
following result.

Theorem 6.5. Assume that B C R is closed, yo € B, and [ : B X [a,b]lr — R satisfies conditions (T1),
(T2), (T3), (T4). If Eq. (6.5) has a solution on [a,b]t, then it has the greatest solution and the least
solution on [a, b]T.

To formulate the next results, we introduce the following weaker version of condition (T2):

(T2") For each compact set C' C B, there exists a Lebesgue A-integrable function M : [a,blr — R such
that || f(y,t)]| < M(t) for every y € C and t € [a, b]r.

Note that if f: B x [a,b]T — R satisfies condition (T2'), then f*: B x [a,b] — R satisfies (C2').
As a consequence of Theorems 4.6 and 6.2, we have the following analogue of Peano’s uniqueness theorem
for dynamic equations.

Theorem 6.6. Assume that B C R is closed, yo € B, and f : B X [a,blr — R satisfies conditions (T1),
(T2'), (T3), (T4). If the function f is nonincreasing in the first variable, then Eq. (6.5) has at most one
solution on [a, b]t.

The combination of Theorems 4.9 and 6.2 leads to the following result.

Theorem 6.7. Assume that B C R is open and f : B X [a, bl — R satisfies conditions (T1), (T2'), (T3),
(T4). Moreover, suppose that yo € B and yo + f(yo,a)un(a) € B. Then there exist time scale intervals
I,J C [a,b]T containing a, and noncontinuable solutions Ymax : I — B, Ymin : J — B of Eq. (6.5) such
that the following statements hold:

1. For any solution y : I' — B of Eq. (6.5) with a € I' C I, we have y(t) < ymax(t) for allt € I'.
2. For any solution y : J' — B of Eq. (6.5) with a € J' C J, we have ymin(t) < y(t) for allt € J'.

We now proceed to lower and upper solutions of dynamic equations.
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Definition 6.8. Let I C [a,b]r be a time scale interval with a € I. A regulated function a: I — B is
called a lower solution of Eq. (6.5) on I if a(a) < yo and

a(v / fla(s),s) As whenever u,v € I, u < v.
Symmetrically, a regulated function 8 : I — B is an upper solution of Eq. (6.5) on I if S(a) > yo and
/ f(B(s),s) As whenever u,v € I, u < v.

Lemma 6.9. Ifa: I — B is a lower/upper solution of Eq. (6.5) on I, then o* : I* — B is a lower/upper
solution of Eq. (6.3) on I* = {t; t* € T}.

Proof. Assume that o : I — B is a lower solution of Eq. (6.5). Choose an arbitrary pair u,v € I*, u < v.
Since g is constant on [u,u*] and [v,v*], the integrals [ f(a*(s),s*)dg(s) and [ f(a*(s),s*)dg(s)
exist and are equal to zero. Thus,

@) (@ =a() ~aw) < [ Sla) 9 as= [ a"(6)5) dgts) = /“f(a*<s>,s*>dg<s>,

which shows that a* : I* — B is a lower solution of Eq. (6.3). The statement about upper solution can
be proved in the same way. O

The following result is a consequence of Lemma 6.9 and Theorems 4.12 and 6.2.

Theorem 6.10. Assume that B C R is open, f : B X [a,blr — R satisfies conditions (T1), (T2'), (T3),
(T4), yo € B, and yo + f(yo,a)u(a) € B.

If Ymax : I = B and ymin : J — B, where a € I C [a,blr and a € J C [a,b|r, are the noncontinuable
extremal solutions of Eq. (6.5) described in Theorem 6.7, then the following statements hold:

1. Ifa:I' - B, where a € I' C I, is a lower solution of Eq. (6.5), then a < ymax on I'.
2. If B J) — B, where a € J C J, is an upper solution of Eq. (6.5), then 8 > ymin on J'.
Consequently,

Ymax (t) = max{a(t); « is a lower solution of Eq. (6.5) on [a,t|r}, t€ 1,
Ymin(t) = min{B(t); B is an upper solution of Eq. (6.5) on [a,t]r}, t€ J.

Remark 6.11. Extremal solutions and lower/upper solutions of dynamic equations were already stud-
ied in B. Kaymakgalan’s paper [23] (see Theorems 5.1 and 5.2 there), and later in the book [28] (see
Theorems 2.3.1 and 2.4.1). For the sake of comparison of our results with the ones in [23] and [28], we
mention the following facts:

1. Instead of dealing with the dynamic equation y*(t) = f(y(t),t), we work with the more general
integral equation (6.2). Similarly, our definitions of lower and upper solutions are based on integral
rather than differential inequalities, and thus are less restrictive. Unlike [23] and [28], the right-hand
side is not required to be rd-continuous.

2. The results in [28] are formulated for systems of equations, and the right-hand side is assumed to
be quasimonotone nondecreasing. On the other hand, we have restricted our attention to scalar
equations only.

3. Theorems 5.1 and 5.2 in [23] assume that for each ¢, the function u — f(u,t)u(t) is nondecreasing.
This assumption is stronger than our condition (T4), which coincides with the one given in [28].
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Open problems

Interested readers are invited to think about the following open questions:

e Is it possible to extend the theory developed in Section 4 to the vector case where both f and y

take values in R"? For comparing vector-valued functions, we can use the componentwise partial
ordering of R", where y < z if and only if y; < z; for all ¢ € {1,...,n}. As in the classical case (see
e.g. [2, 7, 15]), one can expect that to obtain the existence of extremal solutions, the right-hand
side f should be assumed to be quasimonotone nondecreasing, i.e., such that for each ¢ € {1,...,n}
and (y,t),(z,t) € B x [a,b], the relations y < z and y; = z; imply f;(y,t) < fi(z, ).

e For classical ordinary differential equations, the existence of a lower solution « : [a,b] — R and an

upper solution S : [a,b] — R, where oo < 8, guarantees the existence of a solution lying between «
and S (see e.g. [34, Theorem 4.1]). Is there an analogue of this statement for measure differential
equations?

e In [21, Theorem 19.1], R. Henstock established a local existence theorem for integral equations of

the form

y(t) = yo + \ f(y(s),s)ds, te [a7 b]v

where the integral on the right-hand side is the Kurzweil-Henstock integral. Henstock’s approach
was thoroughly analyzed in [41, Chapter 2]; it turned out that Henstock’s conditions, which are
denoted by (H1), (H2), (H3) in [41], cover a somewhat larger class of right-hand sides than the
Carathéodory theory. Our conditions (C1), (C3) coincide with Henstock’s conditions (H1), (H2),
but condition (C2) is stronger than (H3). Would it be possible to replace (C2) by an analogue of
(H3) in order to get a more general local existence result for Eq. (3.1)7
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