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Abstract

We propose new definitions of adjoint equations to first-order linear Stieltjes differential and
integral equations. We investigate the existence and uniqueness of their solutions, provide explicit
solution formulas, and obtain corresponding versions of Lagrange’s identity. We show that our results
are compatible with known results for dynamic equations on time scales, which are included as
a special case.
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1 Introduction

In the classical theory of ordinary differential equations, there is a close link between the pair of scalar
first-order linear differential equations

where p is a continuous function. These equations are said to be adjoint or dual to each other. Their
operator forms are

Lxz(t) =0, L*y(t) =0,

where L and L* are linear operators given by Lx(t) = z'(t) — p(t)z(t) and L*y(t) = y'(t) + p(t)y(¢),
respectively; the operator L* is called the formal adjoint to the operator L (note that the concept of
formal adjointness is much more general, and makes sense for any linear differential operator).

The solutions of both equations can be written in the explicit form

+(0) = alto) e /t:p“) 1) w0 =yl - /t:”(s) 1)

from which it is clear that the product z - y is a constant function. The same fact also follows from the
Lagrange identity
(z-y) =yLe —zL"y,

which holds for each pair of continuously differentiable functions x and y.
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Similar concepts and results have been established for scalar first-order linear dynamic equations on
time scales, which provide a unified treatment of differential and difference equations; see [T}, 2]. For
A-dynamic equations, the pair of adjoint or dual equations has the form

aB(t) =p(t)z(t),  y*(t) = —pt)y(o(t)), (1.1)
where o is the forward jump operator. Similarly, for V-dynamic equations, we have the pair of adjoint
equations

2V (t) =pt)x(t),  yY(t) = —p(t)y(p(t)), (1.2)

where p is the backward jump operator. The corresponding versions of Lagrange’s identity for A- and
V-dynamic equations can be found in [2, Theorem 2.68] and [I, Theorem 3.33].

The goal of the present paper is to investigate duality for more general classes of equations that involve
Stieltjes derivatives and Stieltjes integrals, and whose solutions need not be continuous in the classical
sense. The paper is organized as follows.

In Section |2| we begin by recalling the notion of the Stieltjes derivative of a function x with respect
to a nondecreasing and left-continuous function g: R — R, denoted by qu, as well as some of its basic
properties. In Section [3] we focus on the linear first-order Stieltjes differential equation

g (t) = p(t)x(t), (1.3)
and introduce its adjoint equation,

p(t)

=T 0ATem

y(t), (1.4)

where Atg(t) = g(t+) — g(t) and g(t+) denotes the right-hand side limit of g at t. We will show that
solutions of both equations can be expressed in terms of the exponential function. The form of the adjoint
equation is motivated by the following facts:

1. If z, y are solutions of Eq. (1.3)) and Eq. (|1.4), respectively, then the product x - y is a constant
function.

2. The corresponding linear operators satisfy an analogue of Lagrange’s identity.

3. It is known that A-dynamic equations represent a special case of Stieltjes differential equations
with a suitable choice of g; in this case, Eq. (1.3) and Eq. (1.4) reduce to the dynamic equations
given in (|1.1]). This fact will be established in Section

We will see that Eq. (1.4) can be written in the equivalent form

Ye(t) = —p(t)y(t+), (1.5)

which is quite close to the second equation in Eq. . We will also consider the nonhomogeneous
versions of Eq. and Eq. , which generalize the nonhomogeneous A-dynamic equations from [2
Section 2.4].

In Section [f] we summarize some basic results on Stieltjes integral equations that are needed in the
rest of the paper. In Section @ we consider a function P: [a,b] — C with bounded variation, and focus
on the following pair of Stieltjes integral equations:

(1) = a(to) + / 2(s—) dP(s), (1.6)

to

y(t) = ylto) — / y(s+) dP(s). (L.7)

to



A precise definition of solutions to these equations is given in Definition where it is emphasized
that the left/right limits in the integrands have to be replaced by the corresponding function value
whenever s coincides with the left /right endpoint of the integration domain. We explain why it makes
sense to refer to Eq. and Eq. as adjoint equations. The reasons are similar to the case
of Stieltjes differential equations: The product of solutions is constant, and we have an analogue of
Lagrange’s identity.

We show that, in the special case when P is left-continuous or right-continuous, the solutions of
Eq. and Eq. can be expressed in terms of the generalized exponential function introduced
in [I3]. In the general case, we no longer have explicit solution formulas, but we show that Eq. (1.6)
and Eq. can be rewritten as Volterra—Stieltjes integral equations with suitable kernels, and provide
sufficient conditions for the existence and uniqueness of their solutions.

In Section [7, we show that the Stieltjes differential equations and represent special cases
of Eq. and Eq. with a suitable left-continuous function P. Therefore, our theory for Stieltjes
integral equations is compatible with the theory for Stieltjes differential equations developed in earlier
sections.

Finally, in Section |8, we explain that the A-dynamic equations in correspond to a special case
of Eq. and Eq. with a suitable left-continuous function P, while the V-dynamic equations in
correspond to a special case of Eq. and Eq. with a suitable right-continuous function P.
As in the case of Stieltjes differential equations, we do not restrict ourselves to homogeneous equations,
and consider also the nonhomogeneous case.

Throughout the paper, we consider equations with complex-valued coefficients and solutions, but all
results can be restricted to the real domain. The motivation for dealing with the complex-valued case
stems from the fact that the complex g-exponential function, defined as the solution of Eq. , leads
to the g-sine and g-cosine functions (see [4, Section 4]). Similarly, the complex generalized exponential
function, defined as the solution of a certain Stieltjes integral equation, leads to the generalized trigono-
metric functions (see [13] Section 4] or [I4] Section 8.5]). In other words, complex-valued solutions are
useful even if we are primarily interested in solving equations in the real domain.

Certain parts of the present paper can be read independently. Readers interested only in Stieltjes
differential equations can focus on Sections and [l Although we recall all necessary concepts, some
familiarity with Stieltjes derivatives and Stieltjes differential equations will be helpful.

Readers interested only in Stieltjes integral equations can jump directly to Section Some basic
familiarity with the Kurzweil-Stieltjes integral and generalized ordinary differential equations will be
helpful, but we have summarized all necessary results in Appendix [B] and in the beginning of Section
For more information, see e.g. [14} [19].

A basic knowledge of the time scale calculus and dynamic equations will be helpful in Sections 4 and ]
but we try to make the paper self-contained by providing all the basic definitions in Appendix [A] More
information is available in [2].

Let us provide some additional references related to the topics of this paper. Stieltjes differential
equations were studied in a number of recent papers, see e.g. [4, 5l [7, 8, 10 1T, 12], as well as some of
the references therein. It is known that they generalize classical ordinary differential equations, impulsive
differential equations, and A-dynamic equations on time scales.

Linear Stieltjes integral equations that we consider in the present paper are closely related to gen-
eralized ordinary differential equations studied e.g. in [14} 19, 2I]. In fact, if P is left-continuous or
right-continuous, then Eq. and Eq. reduce to linear generalized differential equations (see
Theorem . In the general case, they are equivalent to certain Volterra—Stieltjes integral equations
(see Theorem , which were studied e.g. in [2I]. Note that generalized ordinary differential equations
are, in fact, integral equations, and it is known that they generalize other types of equations, including
classical ordinary differential equations, impulsive differential equations, A- and V-dynamic equations,
as well as Stieltjes differential equations.

This is, to the best of our knowledge, the first paper dealing with duality for Stieltjes differential
equations. On the other hand, adjoint equations to generalized ordinary differential equations were



already studied in the context of boundary value problems, see [20], [21, Chapter 3], [23]. The definitions of
adjoint equations provided there are different from our definitions, because they serve a different purpose.
The form of adjoint equations that we consider here is motivated by the fact that the corresponding
operators satisfy an analogue of Lagrange’s identity. Moreover, we do not impose any requirements on
the jumps or left /right-continuity of the right-hand sides, and our form of adjoint equations is compatible
with the definitions used in the context of dynamic equations on time scales.

2 Preliminaries on Stieltjes derivatives

Let g: R — R be a nondecreasing and left-continuous function. We shall denote by i, the Lebesgue—
Stieltjes measure associated to g given by

ug([c,d)):g(d)—g(c), ¢, d €R, ¢ <d,

see [3] 17, [18]. We will use the term “g-measurable” for a set or function to refer to pg,-measurability in
the corresponding sense, and we denote by E;(X ,C) the set of Lebesgue—Stieltjes p4-integrable functions
on a g-measurable set X with values in C, whose integral we denote by

/Xf(s)dug(s), fe£i(x,0).

Similarly, we will talk about properties holding g-almost everywhere in a set X (shortened to g-a.e.
in X)), or holding for g-almost all (or simply, g—a.a.) € X, as a simplified way to express that they hold
pg-almost everywhere in X or for pg-almost all x € X, respectively.

Define

Cy={t €R : gis constant on (t —¢,t +¢) for some ¢ > 0},
D,={teR : Afg(t) > 0}.

Observe that, as pointed out in [7], the set Cj has null g-measure and it is open in the usual topology,
so it can be uniquely expressed as the countable union of open disjoint intervals, say

Cy = |J (an,bn),

neN
for some an, b, € [~00,+oc], n € N. With this notation, following [9] we define Ny = N~ U Ng‘*‘7 with
N, ={an eR:neN}\ D, ={a, € R: ATg(a,) =0},
N;:{bn eER:neN}\ D, ={b, e R: ATg(b,) =0}.
We are now in the position to introduce the definition of the Stieltjes derivative of a complex-valued
function. This can be regarded as a generalization of the definition in [7, [I0] or a particular case of the

one in [4], although further assumptions are required in that case in order to consider the derivatives at
the points of C,, which we do not do as it is irrelevant in the work ahead given that py(Cy) = 0.

Definition 2.1. Let f: R — C and t € R\ Cy. We define the Stieltjes derivative, or g-derivative, of f
at t as follows, provided the corresponding limit exists:

In that case, we say that f is g-differentiable at t.



Remark 2.2. It is important to note that, as explained in [I0, Remark 2.2], for t € N, we have

as the domain of the quotient function gives the corresponding one-sided limit. Furthermore, since g is a
regulated function, it follows that the g-derivative of f at a point ¢ € D, exists if and only if f(¢+) exists
and, in that case,
i~ AT
9 Ag(t)

The following result contains some basic properties of Stieltjes derivatives such as linearity and the
product rule. This result can be directly deduced from [10, Proposition 2.5], where the same properties
are presented for real-valued functions.

Proposition 2.3. Let fi, fo: [a,b] = C be two g-differentiable functions att € R\ Cy. Then:

o The function M\ fi + Ao fs is g-differentiable at t for any A1, Ay € C and
ALfL+ Aafa)y (1) = A (f1)y (8) + A2 (fa)y (1)
e The product fyf, is g-differentiable at t and
(fufa)y (1) = (f1)y (0)f2(8) + (fo)y (D F1(1) + (F1)y, (8) (f2), (1A g(t). (2.1)

o If fo(t) (f2(t) + (f2),(t) ATg(t)) # 0, the quotient f1/fs is g-differentiable at t and

(fl ) *) = (f1)y () f2(8) = (f), (8)f2(2)
f2) 7 R2() (f2() + (f2),(8) Atg(t)

Another fundamental concept in this context is that of continuity with respect to the map g, which
we present in the following definition that can be found in [5].

Definition 2.4. A function f: [a,b] — C is g-continuous at a point ¢ € [a,b], or continuous with respect
to g at t, if for every € > 0, there exists § > 0 such that

|f(t) = f(s)| <&, forallsela,b], |g(t) —g(s)| <.
If f is g-continuous at every point t € A C [a,b], we say that f is g-continuous on A.

The following result describes some properties of g-continuous functions. It can be deduced directly
from [5, Proposition 3.2], in which the same information is presented for real-valued functions.

Proposition 2.5. If a function f: [a,b] — C is g-continuous on [a,b], then:
o f is continuous from the left at every t € (a,b];
e if g is continuous at t € [a,b), then so is f;
e if g is constant on some [, B] C [a,b], then so is f.
In particular, g-continuous functions on [a,b] are continuous on [a,b] when g is continuous on [a,b).

As a consequence of Proposition [2.5| we can obtain the following result.



Proposition 2.6. Let u: [a,b] — C be a g-continuous function on [a,b]. Then, for each t € [a,b) such
that ugy(t) exists, we have

Atu(t) = uy(t)ATg(t). (2.2)

Proof. Let t € [a,b) be such that uj(t) exists. If ¢ € [a,b) \ Dy, then the equality becomes trivial as
A'g(t) = 0 and Proposition [2.5 ensures that u is continuous at ¢t. Otherwise, ¢t € [a,b) N D, and, in that
case, the equality follows from Remark O

Similarly to Proposition the following result can be obtained from [5], Corollary 3.5] by separating
complex-valued functions into real and imaginary parts.

Proposition 2.7. If f: [a,b] = C is a g-continuous function on [a,b], then it is Borel-measurable and,
wm particular, g-measurable.

Lastly, we present the concept of g-absolute continuity introduced in [7], as well as some of its
properties. For simplicity, we introduce such concept as part of the following result, [7, Proposition 5.4].
Observe that the original result is stated for real-valued functions, but it can easily be adapted to
complex-valued functions.

Theorem 2.8. Let F': [a,b] — C. The following conditions are equivalent:

1. The function F is g—absolutely continuous on [a,b] according to the following definition: for ev-
ery € > 0, there exists § > 0 such that for every open pairwise disjoint family of subintervals

{(an,bpn)}m, satisfying

NE

(g(bn) - g(an)) < 67

n=1

we have

> P (by) — F(an)| <e.

2. The function F satisfies the following conditions:

(i) there exists Fy(t) for g-a.a. t € [a,b);
(ii) Fy € Ly([a,b),C);
(iii) for each t € [a, b,
F(t) = F(a) + / Fj(s)dug(s). (2.3)
[a,t)

Remark 2.9. Observe that the equality in Eq. (2.3)) is, indeed, true for ¢ = a as we are considering the
integral over the empty set, which makes the integral null.

We denote by AC,([a, b], C) the set of g-absolutely continuous functions in [a, b] with values on C. It is
important to note that, as in the usual case, every g-absolutely continuous function is also g-continuous,
see [0, Proposition 5.5].

Finally, we present a result that, in a way, is the converse of Theorem This result follows from
[7, Proposition 2.4] by separating the real and imaginary parts of the complex-valued function.

Theorem 2.10. Let f € L}([a,b),C). Then, the function F: [a,b] — C defined as
F(t) = [ )f(s) dg(s),
a,t

is an element of ACy([a,b],C) and F,(t) = f(t) for g-a.a. t € [a,b).



3 Duality for equations with Stieltjes derivatives

As in the previous section, we assume that g: R — R is a nondecreasing and left-continuous function and
a,b € R, a <b. We now focus on the relations between the pair of homogeneous linear equations with
Stieltjes derivatives

y(t) = p(t)z(t), (3.1)

it) = o Rl (32)

where we assume that p € L;([a, b],C). Naturally, for Eq. (3.2)) to make sense we need to assume that
1+ p(t)Atg(t) # 0 for all t € [a,b] N D,. (3.3)

This condition is not new, as it is required in [4, [5] to obtain the solution of Eq. (3.1). Furthermore,
observe that under this condition, Eq. (3.2) is equivalent to

Ye()(1+p(t) AT g(t)) = —p(t)y(t). (3-4)

In order to properly study Eq. (3.1) and Eq. (3.2), let us introduce the concept of solution for each
of the two problems.

Definition 3.1. A solution of Eq. (3.1)) in the interval [a,b] is a function z € AC4([a,b], C) such that

xy(t) = p(t)z(t) for g-a.a. t € [a,b).

Similarly, a solution of Eq. (3.2) in the interval [a,b] is a function y € AC4([a, ], C) such that

3 p(t)
L+ p(t)Atg(t)

Remark 3.2. Observe that we are not including the endpoint b in the equalities that the solutions must
satisfy as either b ¢ Dy, and thus pu,({b}) = 0, or b € Dy and the corresponding derivatives cannot be
defined as the functions are not defined beyond b. For t = a, the derivative is not defined when a € N
and, in that case, pg({a}) = 0. Nevertheless, we cannot exclude the point a from these equalities as we
might have that a € D, in which case pg({a}) > 0.

y,(t) = y(t) for g-a.a. t € [a,b).

Remark 3.3. Since every solution of Eq. (3.2) is g-continuous, we can use Proposition to observe
that Eq. (3.2) is equivalent to the equation

Yg(t) = —p()y(t+). (3.5)
Nevertheless, we will continue to use Eq. (3.2) as it is more convenient to obtain Lagrange’s identity.

Existence and uniqueness of solutions to Eq. (3.1) and Eq. (3.2)) will be proved in Proposition
However, let us first explain why it is reasonable to call Eq. (3.2) to be adjoint to Eq. (3.1]), and vice

versa. We need the following auxiliary result.

Lemma 3.4. Let p € L)([a,b],C). Then, the following statements hold:
(i) The sum 3 cropnp, IP(O)IATg(t) is finite.
(ii) The map t — p(t)ATg(t) is bounded on [a,b).

(i) If p satisfies condition then, for any q € E;([a, b],C),

B q(t)
Q) = W e E;([a,b],(C).



Proof. Let p € L}([a,b],C). Observe that (i) follows directly from the g-integrability of p as
> st = 3 [ i 9= [ el < [ bl < +x.
tela,blND, tefa,b)nD, ’ {1 [a,b]NDy [a,0]

Note that (ii) follows from (i).
Now, for (iii), observe that @ = ¢ on [a,b] \ D, so, given that D, is at most countable, it follows that
Q is g-measurable. In order to show that @ is integrable, we decompose

[ ewiane = [ el [ e
= )| dpg(s HIAT 0,
[CLTACE S UINE

tefa,b)NDy

S0, since q € E;([a, b],C), 1t suffices to show that the last sum is finite.
Define A = {t € [a,b]N Dy : [p(t)|ATg(t) > 1/2} and B = ([a,b] N D,) \ A. Observe that A has finite

cardinality as
Z% <Y platen < Y bhlAte),

teA teA te[a,b)ND,

which we know to be finite by (i). On the other hand, for ¢t € B, we have
[1+p(t)ATg(t)] > 1~ |p(t)|ATg(t) > 1/2,

so |Q(t)] < 2|q(t)| for t € B. Thus,

Yo lR@IATe) =D 1R@WIAT(H) + D IQEM)IAT(E) < Y [Q)IATg() +2 ) la(t) AT g(t)

t€la,b)NDy tecA teB tcA teB
Now, the finiteness of the sum follows from (i) and the fact that A has finite cardinality. O

Let us consider now the linear operators associated with Eq. (3.1) and Eq. (3.4]), which we denote by
L and L*, respectively. In that case, we have that L, L*: ACy([a,b],C) — L}([a,b), C) are given by

Lu(t) = ugy(t) — p(t)u(t) for g-a.a. t € [a,b),
L¥u(t) = vy (t)(1 4 p(t) AT g(t)) + p(t)o(t) for g-a.a. t € [a,b).

Observe that L and L* do, indeed, map ACy([a,b],C) to L} ([a,b],C). For L, this is clear from Propo-
sition and Theorem . A similar reasoning works for L* noting that the map 1 + p(t)ATg(t*) is
bounded see Lemma

We are now in the position to establish a version of Lagrange’s identity for differential equations with
Stieltjes derivatives which, to some extent, justifies calling Eq. and Eq. adjoint equations.

Theorem 3.5. For all functions x,y € ACq4([a,b],C), we have

(x - y)’g(t) = (y(t) + y;(t)AJrg(t)) Lx(t) + z(t)L*y(t) for g-a.a. t € [a,b). (3.8)
In particular, if z,y € ACy([a,b],C) are functions satisfying Lv =0 and L*y = 0 g-a.e. in [a,b), then

z(t)y(t) = z(a)y(a) for allt € [a,b].



Proof. Since z,y € ACy([a,b], C), there exists £ C [a,b) such that p,(FE) = 0 and x (1), y,(t) exist for all
t € [a,b) \ E. Using Proposition and Eq. (2.1), we obtain
(y(t) + vy (1) AT g(1)) La(t) + x(t)L7y(t) = (y(t) + y, (VAT (1)) (2 (t) — p(t)a())
+a(t) (yo (O (1 + p()ATg (1)) + p(t)y(1))
= y(t)zy(t) — p()y(B)z(t) + yo () AT g(t) (25 (t) — p(t)z(1))
+ 2(t)y, () + pt)x(t)y,
=y ()y(t) +y,(a(t) + =
= (z-y)y(t)

for all t € [a,b) \ E. If Lv = 0 and L*y = 0 g-a.e. in [a,b), it follows from the previous calculation that
(z-y)y(t) =0 for g-a.a. t € [a,b), and therefore, since -y € AC,([a, ], C), the function z -y is constant
on [a,b]. O
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A closely related result is the following one.

Corollary 3.6. Let o € C\ {0} and z,y € ACy([a,b],C) be functions such that x(t)y(t) = a for all
t € [a,b]. If Lt =0 g-a.e. in [a,b), then L*y = 0 g-a.e. in [a,b). Conversely, if L*y = 0 g-a.e. in [a,b)
and condition (3.3) is satisfied, then Lxv =0 g-a.e. in [a,b).

Proof. First, note that the hypotheses guarantee that x(t),y(t) # 0, t € [a,b]. Furthermore, Eq. (3.8)
holds, so we can find E C [a,b) with p,(E) = 0 such that for all ¢ € [a,b) \ E,

(@ y)g(t) = (y(t) + y (AT (1)) La(t) + 2() L y(t).

First, assume that Lz = 0 g-a.e. in [a,)). In that case, there is E, C [a,b) such that pgy(E;) =0 and
Lx(t) =0 for all t € [a,b) \ E,. Consider N = EU E,. Then py(N) =0 and for all ¢t € [a,b) \ N,

(@ y)y(t) = (y(t) + yo (AT g(t)) La(t) +z(t) Ly (t) = 2(t) Ly(t).

Hence, since z(t)y(t) = a, t € [a,b], we have that (x-y);(t) = 0 for all ¢ € [a,b)\ N so, given that x(t) # 0
for t € [a,b) \ N, we necessarily have that L*y(t) = 0 for all ¢ € [a,b) \ N.

Conversely, suppose that L*y = 0 g-a.e. in [a,b) and condition is satisfied. In that case, there
is By C [a,b) such that pug(E,) =0 and Ly(t) = 0 for all t € [a,b) \ E,. In particular, we have that

p(?) ), telah)\ B

Ygt) = =77 (ATt

which guarantees that

O+ 1O = 0(0) - TR S OAT(0) = s telab)\E

Now, define M = EU E,. Then (M) =0 and for all t € [a,b) \ M,

(@),(0) = (4(0) + 1y (A" g(0) Lol 2(0L°0(0) = (1) + 33 (OA 9(0) Lalt) = K2 L),

Again, since z(t)y(t) = a, t € [a b], we have that (x-y);(t) = 0 for all ¢ € [a,b) \ M so, since y(t) # 0 for
t € [a,b) \ M and condition ) holds, we must have that Lx(t) =0, 1t € [a,b) \ M. O

Interestingly, the solutions of homogeneous linear equations with Stieltjes derivatives have already
been completely determined in [5, [I0] on the real line and, in [4], in the complex plane under the
assumption that a ¢ Dy UN, and b ¢ Dy U Cy U N;‘. Here, we shall show that the solution for the
complex case is the same even when we do not impose such conditions. To that end, we present the
following result that can easily be derived from [I1} Proposition 4.28].



Proposition 3.7. Let to,t1 € R, tg < t1, xg € C, f: [to,t1] X C — C and g: R — R be a nondecreasing
and left-continuous function such that to € Dy. Define g: R = R as

a0 - { 9 s 9)

If y: [to, t1] — C is such that y(to) = xo + f(to, o)AV g(te) and
y5(t) = f(t,y(t)) for g-a.a. t € [to, 1),

then the map x: [to,t1] — C defined as

. Zo ift:to,
z(t) _{ y(t) ift € (to, 1],

s such that
xy(t) = f(t,x(t)) for g-a.a. t € [to, t1).

In order to give the explicit expression of the solutions of Eq. (3.1) and Eq. (3.2]) we need to introduce
some functions.

Given 8 € £} ([a,b],C), we define 3: [a,b] — C as

R B(E)a o) t € la, 0]\ Dy,
By ={ mO+pM)A+g (3.10)
Ay , t € [a,b] N Dy,
where In denotes the principal branch of the complex logarithm; and exp,(3,-): [a,b] — C as
exp,(B,t) = exp < : )B\(s) dpg(s)> , t€]la,bl. (3.11)
a,t

We are now in the position to present the solutions of the adjoint homogeneous linear equations with
Stieltjes derivatives.

Proposition 3.8. Let p € L}([a,b],C) be such that condition holds and x4, y, € C. Then:
1. The unique solution of Eq. satisfying x(a) = x, is given by
z(t) = zaexp,(p,t), t€ [a,b]. (3.12)
2. The unique solution of Fq. satisfying y(a) = yq is given by
Y(t) = ya exp,(p, )yt tea,b). (3.13)

Proof. First, observe that the hypotheses and Lemma [3.4] ensure that

—p(t) 1
W S Eg([a, b], (C)

Furthermore, for ¢ € [a,b) N D,, we have that

p(t) 1
L T At S

10



Hence, it is enough to prove the first statement as Eq. follows from the equality exp, (
exp,(p,-) ", see [4, Proposition 4.6].

Now, Theorem 4.2 and Remark 4.3 in [4] show that the first statement is true when a ¢ Dy, U N
and b & Dy UCy U N, ; , 80 it remains to prove the remaining cases. Nevertheless, since our definition of
solution excludes the point b, we only need to prove the result for a € D, U N . Observe, however, that
if a € N, then tg({a}) = 0 so the result still holds as solutions must only satisfy the equation g-a.e. in
[a,b). This means that we only need to study the case a € Dy.

Let us assume that g is such that a € D, and let g be as in Eq. with tg = a. Theorem 4.2 and
Remark 4.3 in [4] guarantee that the map

P ) =
1+pA+ga

Z(t) = (1 + p(t) AT g(t)) expy(p, 1), ¢ € [a,b],

is the unique solution of () = p(t)Z(t) satisfying ¥(a) = z4(1 + p(t)A*g(t)). Thus, Proposition
guarantees that the solution of Eq. (3.1)) is the map z: [a,b] — C given by

Z(t) ) Za, t=a,
za(1 4+ p(t)ATg(t)) expy(p, 1), t € (a,b].
Let us show that x(t) = x, exp,(p,t) for all ¢ € [a,b]. The equality is obvious for ¢ = a, so it is enough
to show that exp,(p,t) = (1 + p(t)ATg(t)) expg(p, t) for all t € (a,b] or, equivalently,

% =exp;(p,t), tE€ (a,b]. (3.14)

Let us denote by p the corresponding modification of p in (3.10) for g; and by p, the one associated
to g. Observe that, for t € (a,b],

exp, (p, 1) = exp ( /[ t)ﬁ(s)dug(s)> — exp ( / ) dn) + /( t)ﬁ(s)dug(s)>

= exp </a} (s) dug(s)> exp (/(a’t) (s) dug(s)> = (1 +p(t)Atg(t)) exp (/(a,t) (s) d,ug(s)> .

Hence, noting that ¢ = g and p = p on (a, b], we have that for ¢ € (a, b],

b (2,1 =ex p(s s) | =ex p(s) duz(s
1T+ p()AFg(t) p(/(a,t)p()dug( ))— p(/w)p()dﬂg( )),

from which Eq. (3.14) follows since pg({a}) = 0. O
Remark 3.9. If z, - y, # 0, an alternative way of obtaining Eq. (3.13)) is to combine Eq. (3.12)) with
Corollary

Finally, one might be interested in the nonhomogeneous versions of Eq. (3.1)) and Eq. (3.2]). A possible
formulation could be

zy(t) = p(t)z(t) + f(1), (3.15)

p(t) f(t)
Yyt) = — P y() Y
1+ p(t)Atg(t) 1+ p(t)Atg(t)

with p, f € Eé([a,b],(C) such that condition ([3.3)) holds. The justification of (3.16) comes from the
definition of the linear operator L*. Furthermore, as we shall show in the next section, this formulation
allows us to establish connections with other problems.

(3.16)
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For completeness, we include the following result that provides the solutions of Eq. and
Eq. . A similar result for the solution of Eq. is stated in [4, Proposition 4.12] under the
assumption that the initial point is a continuity point of the map g. Here, we shall prove the result
without such restriction following the ideas in [10, Proposition 3.5].

Proposition 3.10. Let p, f € E;([a, b],C) be such that condition (3.3) holds and xz,,y, € C. Then:

1. The unique g-absolutely continuous solution of Eq. (3.15|) satisfying x(a) = x, is the function
x: [a,b] = C given by

z(t) = x4 exp,(p,t) + exp,(p,t) /[ ) 1—i—p(£§2‘*‘g(s) exp, (p, 5)71 dpeg(s). (3.17)

2. The unique g-absolutely continuous solution of Eq. (3.16|) satisfying y(a) = y. is the function
y: [a,b] = C given by

1

y(t) = ya exp,, (p, 1)~ 4 expg(p, t)” (s) expg(p, s)dpg(s).

[a,t)
Proof. In order to prove the first statement, let us first show that

1)
M) = T ate®

Indeed, it is clear that ¢ — exp, (p,t) is g-measurable and, for each ¢ € [a, b],

|exp, (p,1)] > exp ( /[ , o) dug(8)> > exp ( /[

Hence, since m > 0, it follows that h is g-measurable and, using Lemma g-integrable on [a, b] as
f(®) 1 ‘ 1 ft)
h(t)|dpu,(t) = / dpg(t) < — —_—.
/[a,b] [R(®)] i (t) [a,b] 1+ p(t)Atg(t) expg(p, t) o(t) m Jigp |1 + p(t)Atg(t)

This means that the map H (t) = f[a,t) h(s)dpg(s), t € [a,b], is g-absolutely continuous, see Theorem
and, as a consequence, so is the map z in Eq. .

Since = € AC,([a, b], C), we know that there exists N C [a,b] such that j1,(N) = 0 and zj(t) exists for
allt € [a,b)\ N. Then, Eq. , Theoremand Propositionguarantee that, for each ¢ € [a,b]\ N,

") =x ex ex Lex s)7! s
1) = (1) xp,0.0) O 0,00 [ T e ,5)” ()
Q) ft)

+ exp, (p, t)w expy (p,t) " + p(t) exp,y (p, t))w exp,(p, 1) ' Atyg(t)

=p()x(t) + f(1),

which finishes the proof of the first statement.
Now, for the second statement, note that Lemma guarantees that the maps

R 0
PO= Tmargn T Tipnargm

are g-integrable on [a,b]. In particular, this means that Eq. (3.16]) might be understood as a particular
case of Eq. (3.15). Hence, noting that

exp, (p, 1)~ € L} ([a,b],C).

—[p(s)] dug(s)> = m.

b]

)

F(t)

T Poagm W

and keeping in mind that exp, (ﬁé@g, ) = exp,(p, )71, see [ Proposition 4.6], the result follows. [
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4 Relations between Stieltjes differential equations and dynamic
equations
Readers who are not familiar with the time scale calculus should consult Appendix [A] before reading the
present section.
Given a time scale T C R, the aim of this section is to study possible relations between the pair of
adjoint equations (3.1)—(3.2) and the corresponding adjoint A-dynamic equations
z2(t) = p(t)z(t) + f(t), t € la,b)r, (4.1)
y2(t) = —p(y(o(t) + f(1), t€ [a,)r, (4.2)
where a,b € T and p, f: [a,b] — C.

As pointed out in [I1, Theorems 3.49 and 3.51], Eq. (3.15) and Eq. (4.1) are, in some sense, equivalent
when we consider the nondecreasing and left-continuous map ¢g: R — R defined as

a, t<a,
g(t)=« inf{seT:s>t}, a<t<b, (4.3)
b, t>b.

The mentioned equivalence should be understood as follows: given a solution of one of the problems, we
can construct a solution of the other one. We shall show that Eq. (3.16) and Eq. (4.2)) also share this
property, and they do so under the same circumstances as Eq. (3.15) and Eq. (4.1)).

Proposition 4.1. Let g: R — R be as in (4.3) and y: T — C be such that
y2(t) = —p(t)y(o(t)) + f(t), t€ [ab)r.
Then, if 1+ p(t)(a(t) —t) #0, t € [a,b)T, the map y(t) = y(g(t)), t € [a,b), is such that

_ p(t) f(t)
— L+pt)Atg() L+ p(t)Atg(t)

y(t) + for g-a.a. t € [a,b).
Proof. First, observe g(R) = [a,b]r and ¢(t) = ¢ for all ¢t € [a, b]T, which ensure that ¥ is well-defined.
Furthermore, we also have Atg(t) = o(t) —t for all t € [a,b)r and Cy; N (a,b) = (a,b) \ T, see [11}
Section 3.3.3]. Hence, it is enough to show that the equality holds for all ¢ € [a, b)T.

Let t € [a,b)r. By repeating the arguments in [IT, Theorem 3.49] we obtain that y{(t) exists and
Yu(t) = y2(t). On the other hand, [2 Theorem 1.16 (iv)] guarantees that

y(o(t) = y(&) +y> (O (o (t) — 1) = y(t) + (f() =)y (o (1) (o (t) — 1) = y(t) + (f() —p()y(o(t) AT g(1),

from which we obtain that

Hence, it follows that

y(t) + f(H)ATg(t) _ p(t) f(t)
v = A TS T amate " T T p0ATs
and so, since 7, (t) = y=(t) and g(t) = t,
() /() .
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Remark 4.2. Observe that the hypotheses required for Proposition are not the same as in [I1}
Theorem 3.49]; the requirement for the solution of the dynamic equation to be continuous from the left
at every right-scattered point is missing. This is because such condition is always redundant as every
A-differentiable function is continuous, see [2 Theorem 1.16 (i)].

The following result completes the equivalence between the two problems by showing that every solu-
tion of the nonhomogenous adjoint Stieltjes differential equation provides a solution of the nonhomogenous
dynamic equation.

Proposition 4.3. Let g: R — R be as in [.3)), p: [a,b] — C be such that 1+p(t)Atg(t) #0, t € [a,b)r,
and y: [a,b] = C be a g-continuous function such that

0 £
9" = At T T pnaTew

for allt € [a,b)T.

Then, the map y = y|r s such that
72 (t) = —p(®)g(o(t) + f(t), t€ [a,b)r.

Proof. Let t € [a,b)y. Following the reasonings in [I1, Theorem 3.51], we can see that y°(t) exists and
g2 (t) = y,(t). Using [2, Theorem 1.16 (iv)] once again we have that

o () =§(t) + 72 (O)(o(t) — 1) = y(t) +y, (VAT g(t).

Thus,
oo (1)) + £() = —p(D)y(t) + p(t) <1+p§§2+g<t)y<t> - 1+pé§2+g<t) ) Ao
_ p(t) F(t) o
= Trpoarem ' Thnatgm < WO =70 0

5 Preliminaries on Stieltjes integral equations

We now leave the topic of Stieltjes differential equations, and focus on Stieltjes integral equations. In
the rest of the paper, the symbol f; fdg always denotes the Kurzweil-Stieltjes integral of a function
f:[a,b] — C with respect to a function g: [a,b] — C. Note that we no longer assume that g is left-
continuous or nondecreasing. Also, unlike Section [2] the function g need not be defined on the whole R,
and we make no assumptions on the endpoints of the interval [a,b]. Readers who are not familiar with
the Kurzweil-Stieltjes integral and its basic properties should consult Appendix |B|before reading the rest
of the paper.

The next theorem is a basic result dealing with the existence and uniqueness of solutions to scalar
linear Stieltjes integral equations, also known as generalized ordinary differential equations (see [13]
Theorem 2.7] or [14], Theorem 8.5.1]).

Theorem 5.1. Consider a function P: [a,b] — C, which has bounded variation on [a,b]. Let tg € [a,b]
and assume that 1 + ATP(t) # 0 for every t € [a,ty), and 1 — A~ P(t) # 0 for every t € (to,b]. Then,
for every zyg € C, there exists a unique function z: [a,b] — C such that

¢

z@zm+/z@ﬂ%Lt€@@ (5.1)
to

The function z has bounded variation on [a,b]. If P and zy are real, then z is real as well.

Thanks to the previous theorem, it makes sense to introduce the generalized exponential function as
follows, see [I3] Definition 3.1] or [I4], Definition 8.5.2].
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Definition 5.2. Consider a function P: [a,b] — C of bounded variation on [a,b]. Let ¢ty € [a,b] and
assume that 1+ AT P(t) # 0 for every t € [a,tp), and 1 — A~ P(t) # 0 for every t € (tp,b]. Then we
define the generalized exponential function ¢ — eqp(t,1o), t € [a, b], as the unique solution z: [a,b] — C
of the generalized linear differential equation

z2(t) =1 +/t z(s)dP(s).

The basic properties of the generalized exponential function can be found in [I3] and [I4] Section 8.5].
The next theorem shows that the reciprocal values of the generalized exponential function correspond
to the values of another generalized exponential function (see [13, Theorem 3.4] or [14], Theorem 8.5.8]).

Theorem 5.3. Assume that P: [a,b] — C has bounded variation, 1 + AT P(t) # 0 for every t € [a,b),
and 1 — A7 P(t) #0 for every t € (a,b]. Then

(edp(tﬂfo))_l = ed(ep)(t7t0)7 te [Cl, b])

where

(©P)(t)=—P() + )

s€([to,t)

(A*P(s))? 3 (A~ P(s))?
T — .
1+ A*TP(s) el 1—A-P(s)
We can also consider the nonhomogeneous linear integral equation
t
() = 20+ / (s)dP(s) + F(t) — F(to), t¢ [a,b]. (5.2)

to

Its solution is given by the variation of constants formula, see [I4] Theorem 7.8.4]. The next theorem
shows that if F' is left- or right-continuous, then the formulas are particularly simple. (The result for a
left-continuous F' and ¢y = a can be found in [14] Corollary 7.8.6].)

Theorem 5.4. Suppose that functions P: [a,b] — C and F': [a,b] — C have bounded variation on [a,b].
Let ty € [a,b] and assume that 1 + AT P(t) # 0 for every t € [a,ty), and 1 — A~ P(t) # 0 for every
te (t(), b]

o If I is left-continuous, then the unique solution of FEq. (5.2)) is given by

() = ean(t, to)z0 + / cap(t, s+) dF(s).

to

e [f F is right-continuous, then the unique solution of Eq. (5.2)) is given by

2(t) = eap(t, to)zo + /t cap(t, s—) dF(s).

to

Proof. According to the general variation of constants formula ([I4] Theorem 7.8.4]), the unique solution

of Eq. (5.2)) is given by

Z(t) = edp(t, to)Zo + F(t) — F(to) — edp(t,to) /t(F(S) — F(to)) dedp(s,to)_l.

to

If F is left-continuous, the integration by parts formula of Theorem yields

Z(t) = edp(t,to)ZO + F(t) — F(to) — edp(t,to) ((F(t) — F(to))edp(t,to)_l - /t €dP(S+,t0)_1 dF(S))

to
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t t
= eaqp(t,to)zo + edp(t,to)/ eqap(to, s+)dF(s) = eqp(t,to)20 —|—/ eqp(t,s+)dF(s).
to tO
Note that according to Theorem the value eqp(t, s+) should be replaced by eqp(t, s) if s = max(to, t);
however, since F' is left-continuous, the value of the integrand at the right endpoint does not matter, and
therefore the convention might be dropped.
Similarly, if F is right-continuous, integration by parts gives

2(t) = eap(t,to)zo0 + F(t) — F(to) — eap(t, to) ((F(t) — F(tg))eap(t to) " — /t eap(s—,to) ! dF(s))

t
— cap(tte)z0 + ean(t to) / cap(to, s—) AF(s) = eap(t,to)z0 + / cap(t, s—) dF(s),

to to
where the value of the integrand at the left endpoint does not matter because F' is right-continuous. O
In connection with the previous result, it is natural to ask: Given the function
t
2(t) = eap(t,t0)20 +/ eqp(t,s)dF(s), t€ la,bl, (5.3)
to

is there a Stieltjes integral equation whose solution is z? The next theorem provides the answer for
left-continuous or right-continuous functions F', and shows what happens if P is replaced by &P.

Theorem 5.5. Suppose that functions P: [a,b] — C and F': [a,b] — C have bounded variation on [a,b],
to € [a,b], z0,wo € C, 1 + AT P(t) #0 for every t € [a,b), and 1 — A~ P(t) # 0 for every t € (a,b]. Let

() = carltto)zo + [ carts)dF). € o]

to

w(t) = easp(t,to)wo +/ eacp(t,s)dF(s), t€ [a,b].

o If F is left-continuous, then

2(t) = zo + /lt z(s)dP(s) + Fi(t) — Fi(to), t € la,b], (5.4)
w(t) = wo + /t w(s) d(eP)(s) + Fa(t) — Fa(tg), t € [a,b], (5.5)

where Fy(t) = fti(l + AT P(s))dF(s) and F5(t) = ftz m dF(s) for allt € [a,b].

o If F is right-continuous, then

z(t) = zo + /tt z(s) dP(s) + G1(t) — G1(to), t € [a,b], (5.6)
w(t) = wp + /t w(s) d(OP)(s) + Ga(t) — Ga(to), t € [a,bl, (5.7)

where G1(t) = fti)(l — A7 P(s))dF(s) and Go(t) = f:ﬂ ﬁ dF(s) for all t € [a,b).
Proof. The generalized exponential function satisfies

eap(t,s) = (1 + AT P(s))eap(t, s+), eap(t,s) = (1 — A7 P(s))eqp(t,s—)
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(see [I3, Theorem 3.2] or [I4, Theorem 8.5.3]). Taking the reciprocal values, we get

_ eqaop(t,s+) eaop(t,s—)
caor(ts) = T AT PGy 1-A-P(s)°

The previous four identities and the definitions of z, w and Fy, Fy, G1, G2 imply

eqop(t,s) =

z(t) = eap(t,to)zo + / (1+ ATP(s))eap(t,s+)dF(s) = eqap(t, to)z0 + / eqp(t,s+)dFi(s),

to tO
t t
eqopr(t, s+
w(t) = ed@p(t,to)wo + /to 41 fA(JrP(s)) dF(S) = ed@p(t,to)wo + /to edep(t, S—|—) dFQ(S),
t

Z(t) = edp(t,to)ZO + / (1 - AfP(s))edp(t, S—) dF(S) = edp(t,to)ZQ + / edp(t, S—) dGl(S),
wlt) = cacpltotoho + [ FOHEELAPG) = canplttohun + [ eucp(t.3-) dGas)

to

for all t € [a,b]. If F is left-continuous, then Fy, Fy are left-continuous as well, and the first part of

Theorem implies that z,w satisfy Eq. (5.4) and Eq. (5.5)), respectively.
Similarly, if F' is right-continuous, then G, Gs are right-continuous as well, and the second part of

Theorem implies that z, w satisfy Eq. (5.6) and Eq. (5.7). O

The next result is concerned with the solvability of Volterra—Stieltjes integral equations; its real-
valued version can be found in [2I, Chapter II, Corollary 3.12], and can be easily generalized into the
complex-valued setting that we present here.

Theorem 5.6. Suppose that tg € [a,b], f: [a,b] — C has bounded variation, and K : [a,b] X [a,b] — C
satisfies the following conditions:

o 1+ K(t,t+) — K(t,t) #0 for each t € [a,tp).

o 1—K(t,t)+ K(t,t—) # 0 for each t € (to,b].

o var(K (to, "), [a,b]) is finite.

e The Vitali variation of K over [a,b] x [a,b] is finite.
Then the integral equation

z(t) = f(t) —|—/ z(s)dK(t,s), tE€la,b],

to
has a unique solution x: [a,b] — C.

6 Duality for Stieltjes integral equations

Consider an interval [a,b] C R and a function P: [a,b] — C with bounded variation. We focus on the
following pair of integral equations:

z(t) = z(to) +/t x(s—)dP(s), t€]la,b], (6.1)
y(t) = ylto) - / y(s+)dP(s), t€ [a,b]. (6.2)

These equations have to be interpreted carefully: In the first integral, the value z(s—) should be
understood as x(s) when s coincides with min(¢g,t). Similarly, in the second integral, the value y(s+)
should be understood as y(s) when s coincides with max(¢g,t). This convention leads to the following
definition of solutions.
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Definition 6.1. A regulated function z: [a,b] — C is called a solution of Eq. (6.1]) if it satisfies

x(to) +ftt0 (2(s=)X(t0,11(5) + @ (to) X {10} (8)) AP(s), t > to,
ft ( —)X(t10](8) + x(t)x{t}(s)) dP(s), t<to.

A regulated function y: [a,b] — C is called a solution of Eq. (6.2) if it satisfies

z(t) =

ft ( Xito.t) (8) + y(t)X{t}(S)) dP(s), t > to,
y(to) + [, (y 5+)X[t,to)(8) + y(to)X{to3(5)) dP(s), t<to.

The reader might wonder why we need the previous convention regarding the values at the endpoints,
and the corresponding definition of a solution. What would happen if Eq. and Eq. were inter-
preted literally without this convention? Although the equations would still make sense, their solutions
would lack properties that we expect from solutions of dual equations. We will return to this question in
Remark [6.3]

As in Section |3, we will postpone the question of the existence and uniqueness of solutions to Eq. (6.1
and for later (see Theorem , and begin by deriving an analogue of Lagrange’s identity, which
will explain why it makes sense to call Eq. and dual (or adjoint) to each other.

The operator forms of equations (6.1)) and (6.2) are Lz = 0 and L*y = 0, where L and L* are linear
operators on G([a, b], C), the space of regulated functions, given by the formulas

y(t) =

Lo(t) = () — (to) = [1 (2(s=)X(tot1(5) + 2(to)X (10} (5)) dP(s), t > to,
(t) = (to) + J° (2(s=)X (10 (5) + ()X{t}( s))dP(s), t<to,
Lylt) = y(t) = y(to) + [, (Y(sH)xXit0 (8) + y(Ox () dP(s), ¢ >to,
y(t) = y(to) = [ (¥(s+)X[eo) (s )er(tO)X{to}(S)) dP(s), t<to.

The next result generalizes the Lagrange identity, and implies that the product of a solution of
Eq. (6.1)) and a solution of Eq. (6.2]) is a constant function.

Theorem 6.2. If z,y: [a,b] — C are functions of bounded variation and ty € [a,b], then for each
T € [a,b] we have

w(T)y(T)—w(to)y(to)=/t y(t+)dL$(t)+/t z(t—)dL y(t), (6.3)

with the convention that y(t+) = y(t) if t = max(to,T), and x(t—) = x(t) if t = min(to, T).
In particular, if Ly =0 and L*y = 0 on [a,b], then = -y is a constant function on [a,b].

Proof. The validity of Eq. (6.3)) is clear for T' = tp, when both sides vanish. Consider the case T' > tg.
The definitions of L and L* imply

x(t) = Lz(t) + x(to) + / (I(S—)X(to,t](S) + I(to)X{to}(S)) dP(s) = Lx(t) + z(to) + g1(t), t > to,

to

y(t) = Ly(t) +y(to) — / (y(s+)Xit0,6)(5) + y(t)x g3 (5)) AP (s) = L*y(t) + y(to) — g2(t), t > to,

to

where

g1(t) Z/ (2(s=)X(t0,1) (5) + (to) X (10} (5)) AP (s), t > to,

to
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gz(t)=/ (Y(sH)X[to.) (8) + y(t)x (3 (5)) dP(s),  t > to.

to
Denoting
J1(t) = y(t+)X(to,1m) () + y(T)x(ry (1), t = to,
f2(t) = 2(t=)X (10,1 (t) + (t0) X116} (1), = to,

integration by parts (Theorem yields

a(T)y(T) — x(to)y(to) = [ fr(t)dz(t) + [ f2(t) dy(t)

/ £1(t) dLa(t / fo(t) AL / £1(t) dga 1 / fo(t) dgs (1)

where the constant terms z(to) and y(tp) were omitted, since they have no effect in the integrators.

To finish the proof, we need to show that the last two terms cancel each other out. Let us focus
on the first one, split the integral over [tg,T] into two integrals over [tg,to + ¢] and [tg + §,T], where
to < tp+ 6 < T, and finally pass to the limit as § — 0+:

T to+96 T
/t A dg(t) = lim A dgy () + Tim £ dgr (1),

6—0+ to 6—0+ to+o

In the second integral, we have t > tg, and the integrator g; can be simplified using Lemma

t

ar(t) = / (25 )Xo () + 2(t0)x (10} (5)) AP(s) = / (5 )X (0. (8) AP(5) + 2(t0) A" P(to)

= /t x(s—) dP(S) — x(to—)A+P<t0) + CL‘(to)A+P(tQ) = /t .’1?(5—) dP(S) + A_.Z‘(t())AJrP(to)

(6.4)

(note that this identity holds only for ¢ > tg, because ¢1(tg) = 0). Observing that the last term does not
depend on t and using Theorem we get

T T

im [ A@)dg(t)= lim [ fiDa(t-)dP()

d—0+ to+d §—0+ totd
T

= dim [ (gt xpm) () + y(Dxqry (1)) o(t-) AP (1)
to+9

T

= Jim [yt n (Da(t-) dP() + y(T)a(T-)A™P(T).
- to+d

On the other hand, using Theorem and Eq. (6.4), we get
to+9 to+e
lim f (t) dgy (t) =f1 (to)g1 (t0+) =fi (to) lim (/ .13(5—) dP(S) + A_x(to)A+P(t0)>
§—0+ to e—0+ to
= fi(to)(x(to—) AT P(to) + AT a(to) AT P(to)) = fi(to)z(to) AT P(to).

In a similar way, we express

to+9 T
t)d = 1i t)dgo(t li t)dga(t).
/ £t = tim [ 000+ S [ fai6) a0
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For ¢ > t, the integrator g, can be simplified using Lemma [B:2}

t

galt) = / (W)X (0. (5) + 9D x (1) (5)) AP(s) = / y(5-H)X (o) (5) AP(s) + y(H) A~ P(1)

- / y(s+) dP(s) — y(t-+) A~ P(t) + y(t) A~ P(t) = / y(s+)dP(s) — ATy()A~P(t).  (6.5)

to tO
Thus, using Theorem [B.7] we get
T T T

. _ . _ . + —
Jim [ B0an0)= tm [ pOUEIE0O -t [ RO 0P

Since ATy(t)A~P(t) = 0 for all ¢ with at most countably many exceptions, we can use Lemma to
evaluate the last integral, getting

T

5 fz(t) dA+y(t)A_P(t) = f2(T>A+y(T)A_P(T) — falto + 5)A+y(t0 +0)A™ P(to +9).
to+

Therefore, since the latter term goes to zero for § — 0+, we obtain
T T

Jim [ B0 = lm [ BOUEH AP0 - AYDAPT)

On the other hand, using Theorem and Eq. (6.5), we get
to+9d

Jim. 5 f2(t) dga(t) = fa(to)ga(to+)

to

= fa(to)y(to+)AT P(to).

Collecting the previous results and using the definitions of f; and fs, we obtain

to+e
= fa(tp) lim </ y(s+)dP(s) — ATy(tg +e)AP(to + 6))

T

T T
| n0dn® - [ p@dn = tm [ y0xn @) 40 + y )T AP

T

~Jim [ ) ap()

+ fo(T)ATY(T)A™ P(T) — fa(to)y(to+) AT P(to)
T

= Jim [ 00 () — s () PO
+ y(T)x(T—)A™ P(T) + y(to+)x(to) AT P(to)

+ &(T—)ATy(T)A™P(T) — z(to)y(to+)AT P(to)

+ f1(to)z(to) A™ P(to)

T
= — lim y(t+)z(t—)xqry(t) dP(t) + y(T+)z(T—)A™ P(T) = 0,
=0+ to+o
which completes the proof for T' > ty. The proof for T' < ty is similar and is left to the reader. O

Remark 6.3. Let us return to the question posed after Definition [6.1] — what would happen if the
definition was abandoned and Eq. (6.1) and Eq. (6.2) were interpreted literally without the convention
regarding the values at the endpoints? Let us show that the Lagrange identity (6.3) would be no longer
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valid. It suffices to show that the product of two solutions z, y of Eq. (6.1) and Eq. (6.2)), respectively,
would not be necessarily constant.
Focusing again on the case T' > ¢y and, as in the proof of the previous theorem, denoting

1) = y(t+H) X101 () +y(T)xyry (1), > to,
f2(t) = (=) X (10,1 (1) + 2(to)X (10} (1), T = to,

integration by parts (Theorem yields

2(T)y(T) - a(to)y(to) / £1(t) dr(t / fot) dy(t)

The operators L and L* are now given by the formulas

La(t) = (t) — (to) - / w(s=)dP(s),  L*y(t) = y(t) — ylto) + / y(s+) dP(s).

to tO

Therefore, since z(t) = Lx(t) + x(tg) + ft —)dP(s) and y(t) = L*y(t) + y(to) — ft (s+)dP(s), w
get

a(T)y(T) — a(to)y(to) = ) fi(t) dLa(t) + ) fa(t) AL y(t)

+/tOT fit)d (/t:x(s—)dp(s)> — /: fa(t)d (/t: y(s+) dP(S)) :

Let us examine whether the last two terms cancel each other. Simplification using Theorem [B.7]leads to

/T noa( / os)aP(s)) - /T noa( [ ) aP(o))

-/ Az(t—)dP(t) — t fa(t)y(t+) dP(t)

= /t (Y ()2 (E=)X[0,m) (8) + y(T)x(t=)x 7y (1)) dP(2)

0

T
- / (2t =)y ()X (.71 (8) + 2(t0)y ()X 103 (1)) AP(E)

= / (y(t+H)2(t=)x 1103 () + y(T)2(t=)x {7y () — 2(t=)y(t+)x gy (£) — 2(to)y(t+) X 1103 () AP(E)

= y(to+)z(to—) AT P(to) + y(T)a(T—)A™ P(T) — x(T—)y(T+)A™ P(T) — x(to)y(to+) A" P(to)
—ATP(to)y(to+) A~ x(to) — A P(T)x(T—)ATy(T),

which is not necessarily zero. Thus, we see that even if Lx = 0 and L*y = 0, the product = - y need not
be a constant function.

Remark 6.4. A function y: [a,b] — C is a solution of the equation

u(t) = y(to) - / y(s+)dP(s), t € [a,b],

to
if and only if the function x: [—b, —a] — C given by z(t) = y(—t) is a solution of the equation

t

x(t) = z(—tg) +/ 2(s—)dP(s), te[-b,—a),

—to
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where P(s) = —P(—s) for s € [~b, —a], and both solutions are understood in the sense of Definition
Indeed, the latter equation is equivalent to

—t

z(—t) :x(7t0)+/ z(s—)dP(s), tE€ la,b].

—to
According to the definition of a solution, the last integral should be understood as f__tto f(s)dP(s), where

£(s) = {x(s) if s = min(—tg, —t),

x(s—) otherwise.

Note that
y(s) if —s = min(—tp, —t), i.e., if s = max(to,1),

( -)
Thus, letting ¢(s) = —s and using the substitution theorem f¢( ) f(s)dg(s) = fcd F(o(t))dg(g(t)) (see
[14, Theorem 6.6.5 and Exercise 6.6.6]), we obtain

y(s+) otherwise.

—t _ &(t) _ t _ t _ t
/ #(s—) dP(s) = /¢ F(5)4P(s) = [ F(o(s) dP(o(s) = [ f(—s)dP(—s) = - / y(s+) dP(s).

—to (t()) to to to

Hence, we see that a solution of Eq. (6.1) can be transformed to a solution of Eq. (6.2) with P replaced
by P, and vice versa. It will be useful to observe that the jumps of the function P are

AT P(t) = P(t4) — P(t) = —=P(—t—) + P(—t) = A~ P(—t), t€ [-b,—a),
A™P(t) = P(t) — P(t—) = —P(—t) + P(—t+) = AT P(—t), te (b, —a].

Given a solution x of Eq. (6.1]), we can express z(t—) in terms of z(¢) provided certain conditions are
met. A similar property can be obtained for a solution of Eq. (6.2) as presented in the next lemma.

Lemma 6.5. Suppose that a function P: [a,b] — C has bounded variation and to € [a,b].
1. If x: [a,b] — C is a solution of Eq. (6.1]) on [a,b], then

1+ ATP(t

x(t) 1+ AP E)

2(t—) = +AP()

t -

ez

if t € (a,tg) and 1+ AP(t) #£ 0,

if t € [to,b] and 1+ A~ P(¢t) #0.

2. Ify: [a,b] — C is a solution of Eq. (6.2)) on [a,b], then
1

o) = y(t)m if t € la,to] and 1+ ATP(t) # 0,
y(t)m if L € (to,b) and 1+ AP(t) # 0.

Proof. Let us prove the first statement. We begin with the case t € (a,tp). Using the definition of
solution, we have

o(t-) = Jim a(t—6) = Jim. (mo)— /t " B(5=)X (b0 (5) AP(s) — /t "t 6)xay(5) dP(s)).

6—0+ _5 _5

22



According to Lemma[B.2] the value of the second integral is z(t — §) AT P(t — §). In the first integral, we
can extend the integration domain from [t — d, tg] to [a, to]:

6—0+

z(t—) = lim (x(to) - / ’ 2(5=)X (t—s,t0](8) dP(s) — (t — SATP(t — 5))

Using the bounded convergence theorem (Theorem and the fact that lims_or ATP(t — ) =
lims 04 (P(t —64+) — P(t — §)) = P(t—) — P(t—) = 0 (see [14}, Corollary 4.1.9]), we get

2(t-) = (to) — / (5 )i (5) AP(s)

() — / " a(s—)xqey (s) dP(s) + /t 2(s)x gy (5) AP(s) = a(t) — 2(t—)AP(t) + 2(t)A* (1),

Le., z(t—)(14+ AP(t)) = z(t)(1 + AT P(t)), which proves the first statement for ¢ € (a, to).
Suppose next that ¢ = tg. Performing a similar calculation as before with ¢ — § replaced by ty — J, we
obtain

z(to—) = 513& (90(750) - /a ) T(5=) X (to—s,t0) () AP (s) — x(to — ) AT P(to — 5))

=z(tyg) — / ’ x(sf)x{to}(s) dP(s) = z(to) — z(to—)A™ P(to),

and therefore z(tp—)(1 + A~ P(tg)) = x(to), which settles the case t = t;.
Finally, if ¢ € (to, b], we have

§—0+ to

t—6
z(t—) = lim (I(to)+/ (#(s=)X(to,t-a1 () + 2(t0) X {10} (5)) dP(S))

6—0+ to

b
= lim (a:(to) + / (z(5=)X(t,t—5) () + T(to) X101 (5)) AP (s) + z(t — 6—) A~ P(t — 6))

b
— (to) + / (2(5=)Xto.0) (5) + 2(t0)X (10} (5)) AP (5)

to

t
=z(t) — / r(s—)xqy(s)dP(s) = z(t) — z(t—)A™ P(2).
to
Thus, z(t—)(1 + A~ P(t)) = x(t), which completes the proof of the first statement.
In the proof of the second statement, we use the fact that, according to Remark the function x
given by z(t) = y(—t) is a solution of the equation

t

x(t):x(—to)+/ 2(s—)dP(s), te[=b,—a),

_to

where P(s) = —P(—s) for s € [=b,—a]. We can use the first part of the lemma to calculate y(t+) =
x(—t—) for ¢t € [a,b). For t € (to,b), we have —t € (—=b, —1p), and therefore

1+ AtP(—t) 1+ A~P(t)
t+)=z(—t—) =2(—t) —————— =y(t) ———————=.
yit) = 2l = (DTS =y s
Similarly, for t € [a, to], we have —t € [—tg, —b], and therefore
(1) = w(~t-) = (1) (1 =
=g(—t—)=2(—t) ——— = T ———————
Y 1+ A= P(—t) MUTH AP
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The next theorem shows that Eq. (6.1]) and Eq. (6.2)) can be transformed into linear integral equations
that no longer involve the terms z(s—) and y(s+).

Theorem 6.6. Assume that a function P: [a,b] — C has bounded variation and to € [a,b].

1. If 1+ A= P(t) # 0 for each t € [to,b] and 1 + AP(t) # 0 for each t € (a,ty), then a function
x: [a,b] = C is a solution of Eq. (6.1)) if and only if it satisfies the following conditions:

o For every t € (to, b,
oft) =lto) + [ 26) (155 prap o)+ X 6)) 4PG)

e For every t € [a,tp),
to +P(s
o) = lto) — [ 0(6) (T AP X 8) + X1+ T3 gy K 9)) 4PG)

2. If 1 + ATP(t) # 0 for each t € [a,to] and 1 + AP(t) # 0 for each t € (to,b), then a function
y: [a,b] = C is a solution of Eq. (6.2) if and only if it satisfies the following conditions:

e For every t € (to,b),

<1 + A= P(s) 1

y(t) = y(to) —/ y(s) H—TP(s)X(t“’t)(s) + X3 (s) + H_AJrP(tO)X{to}(s)) dP(s).

to
o For every t € [a,tp),

y(t) = y(to) + /t i y(s) <1—|—A1+P(5)X[t’t°)(s) +X{to}(5)> dP(s).

Proof. Let us prove the first statement. From Lemma and from the definition of a solution to Eq. (6.1),
it is clear that a solution of Eq. (6.1]) necessarily satisfies both conditions of the first statement.

Suppose, conversely, that z: [a,b] — C satisfies both conditions of the first statement. It suffices to
show that

14+ ATP(t)
pe) - I(t)m, t € (a,to),
o 1
t e [to, b]

t)—mM8M —
e
The proof is similar to the one of Lemma For ¢ € (a,ty), we have

0—0+ _5
— BT _ +p(t —
= z(tg) 5£rg+m(t OATP(t —9)

to + s
o) = i (o)~ [ o) (L Km0 6 4 x0-09) + 15 p ) 4P())

to 1+ ATP(s
— lim x(s) (+()X(t5,t0)(8) + HAlp(to)X{t”}(s)) dP(s)

6—0+ Jq 14+ AP(s)
to ATP(s
—atto) = [ (o) (R 9+ 1 g e ) 4PG)
+ to +P(s
= alto) ~ o) TS AP0 — [ o) (A )+ T o ¢)) 4P
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At fo
= x(t) — :E(t)ll—:_APP(E?AP(t) + /75 z(s)x ey (s) dP(s)
1+ ATP(t )
= a(t) — x(t)m P(t) + z(t) AT P(t)
— 2(t)(1 + ATP(t)) — (t)mAP(t) - x(t)m.

For t = t¢, we perform a similar calculation as before with ¢ replaced by o, but noting that x[z, ¢,)(s) =
0 for each s. Therefore,

2(to—) = o(to) — / 0 x(s)ﬁx{to}(s) dP(s)

= #(0) =10 5y ) =) Ty

Finally, for ¢ € (to,b], we calculate

(5) (X(to,t—é] (S)ﬁ +X{to}(s)> dP(5)>
b A~P(t —9)

z(to) + [ (X(tg,t 5)(s )HAllg()JrX{to}(S)) dP(S)er(f—fs)H_A_P(t_é))

+ (X(fg,t) l—l—Al P(s) +X{t0}(5)) dP(s)

—) = lim
6%0+

= lim
§—0-+

/\/\

AP
=(t) — /t0 z(s)x ey (s )ﬁ dP(s) = x(t) - x(t)lJrA(]?(t) = x(t)ﬁ,

which completes the proof of the first statement. The proof of the second statement is similar and is left
to the reader. O

The next result describes what happens if P is left-continuous, right-continuous, or continuous.
Theorem 6.7. Assume that a function P: [a,b] — C has bounded variation and to € [a,b].

1. If P is left-continuous and 1 + AT P(t) # 0 for each t € [a,ty), then x: [a,b] — C is a solution of
Eq. (6.1) if and only if

z(t) = z(to) —|—/ z(s)dP(s), t€ la,b].

to
Moreover, all solutions of Eq. (6.1) have the form x(t) = x(to)eap(t,to).

If we in addition assume that 1 + AT P(t) # 0 for each t € [to,b), then y: [a,b] = C is a solution
of Eq. (6.2)) if and only if

v =stte) ~ | R 4P el

which holds if and only if

y(t) = y(to) + / y(s)A(©P)(s), t € [ab].

to

Moreover, all solutions of Eq. (6.2)) have the form y(t) = y(to)eaisr)(t, to) = y(to)eap(t, to)
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2. If P is right-continuous and 1 + A~ P(t) # 0 for each t € (to,b], then y: [a,b] — C is a solution of
Eq. (6.2) if and only if

y(t) = ylto) / y(5)dP(s), t€ [a,b]

to
Moreover, all solutions of Eq. (6.2)) have the form y(t) = y(to)ea—p)(t, to)-

If we in addition assume that 1+ A~ P(t) # 0 for each t € (a,to], then x: [a,b] — C is a solution
of Eq. (6.1)) if and only if

boa(s)
= P
oft) =0 + | g e Pt ot
which holds if and only if
t
o(t) = at0) + [ 2()AE-P)(s), 1 fab)
to
Moreover, all solutions of Eq. (6.1)) have the form x(t) = x(to)ea(s(—py) (t, to) = x(to)ea—py(t, to) "t
3. If P is continuous, then x: [a,b] — C is a solution of Eq. (6.1)) if and only if
t
z(t) = x(to) —|—/ x(s)dP(s), t€ la,b],
to
and y: [a,b] = C is a solution of Fq. if and only if
t
o(0) =ytt) ~ [ w(s) AP, < [a.b)
to

Moreover, all solutions have the form

z(t) = x(to)eap (t, to) = x(to)er M=),
y(t) = y(to)ea—p)(t,to) = y(to)e” (o) =P 1),
Proof. To prove the first statement, assume that P is left-continuous. Noticing that A~ P(s) = 0 for

every s € (a,b] and AP(s) = AT P(s) for every s € [a,b), and using the first part of Theorem we see
that Eq. (6.1) is indeed equivalent to the equation

z(t) = z(to) —I—/t z(s)dP(s), t€ [a,b].

Clearly, all solutions of this equation have the form x(t) = x(tg)eap(t, to).
Eq. (6.2)) is equivalent to the two equations in the second part of Theorem which in the left-
continuous case read as follows:

e For every t € (o, b,
)= (t0) ~ [ 006) (s o )+ X1 6) + 1w pacy Ko (9) ) 4P)

to
e For every t € [a, tp),

)=t + [ 909) (g e )+ xie (9)) PG
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However, note that in the first case, we have

t t
y(s)
P(s)=0= _— P
| veman@ape) =0= [ i) 4Pe)
because A~ P(t) = 0. Similarly, in the second case, we
! dp vl dp
| v @are 0= 7 Ry () ape).

because A~ P(tg) = 0. Thus, we see that Eq. (6.2]) is indeed equivalent to the equation

y(t) = y(te) — /t H‘Z(i)P(S)dP(s), t e [a,b]. (6.6)

Note that by Theorem [B.7] we have

- /tt y(s)d (—P(to) —~ /t H%ﬂjm dP(T)) :

However, since (1+ AT P(7))~! =1 for all 7 with at most countably many exceptions, Lemmayields

S 1 1
/to TTATPE dP(r) = P(s) — P(to) + <1+A+P(to) - 1) AT P(to)

n Z (HA1+P(T) - 1) AP(T) + (1+A1+P(s) - 1) A7 P(s)

T 2
P =P - Y Pn s = —(EPe) - Pl

TE[to,s)

and therefore Eq. is indeed equivalent to the equation

y(t) = ylto) + / y(s) d(©P)(s), t € [ab].

to

Clearly, all solutions of this equation have the form y(t) = y(to)easp)(t, to) = y(to)ear(t, to) ~ .

The proof of the second statement is similar, and is left to the reader. The third statement follows
from the first and second one, and from the fact that if P is continuous, then eqp(t,to) = eZ’ =) (see
[13, Theorem 3.2] or [14, Theorem 8.5.3]). O

We now return back to the general case when P need not be left-continuous or right-continuous, and
show that Eq. (6.1) and Eq. (6.2]) are equivalent to certain Volterra—Stieltjes integral equations. At the
same time, we provide sufficient conditions for the existence and uniqueness of their solutions.

Theorem 6.8. Assume that a function P: [a,b] — C has bounded variation and ty € [a,b].
1. If 1+ A= P(t) # 0 for each t € [to,b] and 1 + AP(t) # 0 for each t € (a,ty), then a function
x: [a,b] = C is a solution of FEq. (6.1) if and only if it satisfies

z(t) = z(to) +/ z(s)dK(t,s), tE€ a,b], (6.7)

to
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where K : [a,b] X [a,b] — C is given by

min(s,t) 1
/to (HA—p(T)X(tmb} (1) + X{to}(T)> dP(r) t,s € [to, ],
K(t,s) =4 [max(b /14 AtP(r) 1
= 2\ I p
/to 1+ AP(7) X(t.t0) () + x4y (7) + 1+ A*P(to)X{tO}(T) dP(r) t,s € [a,to],
0 otherwise.

If we in addition assume that 1 + AT P(t) # 0 for each t € [a,tg), then for each xg € C, Eq. (6.7)
has a unique solution x: [a,b] — C satisfying x(ty) = xo.

2. If 1+ ATP(t) # 0 for each t € [a,to] and 1 + AP(t) # 0 for each t € (to,b), then a function
y: [a,b] = C is a solution of Eq. (6.2)) if and only if it satisfies

u(t) = ylty) + / y(s)dL(t,5), t € [a,b], (6.8)

to

where L: [a,b] x [a,b] = C is given by

min(s:) /1 4+ A~ P(7) 1
/to <1-|—AP(7-)X(t°’t)(T) + xqp (1) + HAJFP(tO)X{to}(T)> dP(t) t,s € [to,b],
L(t,S) _ max(s,t) 1
_ /t T AP e (D) + X () ) 4P() t,s € [a,to],
0 otherwise.

If we in addition assume that 1 + A~ P(t) # 0 for each t € (to,b], then for each yo € C, Eq. (6.7)
has a unique solution y: [a,b] — C satisfying y(to) = yo-

Proof. Let the assumptions of the first statement be satisfied. According to Theorem [6.6] a function
x: [to,b] = C is a solution of Eq. (6.1)) if and only if for each t € (tg, b], we have

ott) = ott0) + | 266) (gm0 + X 6)) 4PG)

Inside the integral we have s < ¢, and therefore x4, ) can be replaced by x(s,4- Using Theorem @ we
get that, for ¢ > t,

[0 (58505 + v ) are) = [aa ([ (24055 v i) are)

to

- / tz(s) dK(t, 5).

to

Similarly, according to Theorem a function z: [a,ty] — C is a solution of Eq. (6.1)) if and only if
for each t € [a, ty), we have

to + s
oft) = lto) — [ 006) (TR pr X 8) + X109 + Ty X 6)) 4P

For ¢ < ty, using Theorem [B.7 we get
o 1+ ATP(s) 1 to
- “ra 28 S P(s) = — K(L,s).
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Thus, we have shown that Eq. is indeed equivalent to Eq. (6.7).

Our next goal is to use Theorem to investigate the existence and uniqueness of solutions on [a, b].
In this part of the proof, we assume that 1 4+ ATP(t) # 0 for each ¢t € [a,tg); this also implies that
14+ AP(a) =1+ AT P(a) # 0. Since

14+ ATP(7) A~P(T)

Y= 972p0) T1rAPH)

we can write K (¢,s) in the alternative form
max(st) /1 4+ AT P(r) A~P() 1
K(t, s) = - _ dP
( 78) /1;0 ( 1 +AP(T) X[a,to)( )+ 1 +AP(T) X{t}(T) + 1 +AP(t0)X{tO}(T)> (T)

for all ¢, s € [a,o]. Note that we have also replaced X[t.1,)(T) by X(a,t,)(7) as T € [t,to]. Moreover, we use
the decomposition
K(t7 S) = Kl(tv S) + KQ(t7 5)7

where

max(s,t) ATP(r
mi) = [ (e (M) + g pr () 4P,

to

max(s,t) -P(r
Ks(t, ) z/t lf—A]D_;(g')X{t}(T) dP(r).

For each t € [a,tp), it follows from Theorem that

14+ ATP(t)

K (t,t+) — Kq(t,t) = TE AP

ATP(3).

Moreover, a simple calculation shows that

Katttn) ~ ate) = i (= [ v maron + [ it (nar)

A~ P(t)
=— " ATP
rarps IO
as the integral over [t + , to] equals zero, since t < t 4+ §. Therefore,
1+ ATP(t) A~ P(t)
1+ K(tt+) - K(t,t) =1+ ———LATP{t) + ———=ATP(t) =1+ AT P(t) # 0.
() = K(L0) = 14+ T SATP() + 15 s AP = 14 AR P() #
On the other hand, for each t € (o, b], it follows from the definition of K and from Theorem that
ATP(t)
Kt —K(tt—) = ————
(11) = (1) = T+ 5
and therefore
ATP(t) 1

1— K(t,t)+ K(t,t—)=1-

1+A-P(t) 1+A-P() 7 0.

Clearly, var(K (to,-), [a,b]) is finite, because K (to,s) = 0 for all s € [a, b].
Next, we verify that the Vitali variation of K over [tg,b] X [to,b] is finite. Let to =19 <7 < --- <
T =band tg = 0g < 01 < -+ < 0; = b be two partitions of [tg, b]. We need to show that the expression

B
ZZ (1i,05) = K(Ti—1,05) — K(7i,05-1) + K(Ti—1,05-1)|
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has a finite upper bound that does not depend on the choice of the two partitions.

Note that the value K (t,s) is given by an integral in which the integrand depends neither on ¢ nor
on s, and we are integrating over the interval [to, min(s,t)] = [to, s] N [to,t]. In particular, K(r;,0;) is an
integral over [to, 7;] N [to, 0;], K(7i—1,0;) is an integral over [to,7;—1] N [y, 0;], and therefore K (7;,0;) —
K (7i—1,0;) is an integral over [1;_1,7;]) N [to, 0;]. Similarly, K(7;,0;-1) — K(7;—1,0;-1) is an integral over
[Ti—17Ti} N [to, O'j_l}. Therefore,

K{(7i,05) = K(7ie1,05) = K(7i,05-1) + K(7i-1,0-1)
is an integral over [r,_1,7;] N [0;_1,0;]. Thus, if we denote

1

M) = s e — + )
1 Te[ltlf,b] 1+A—P(T)X(to,b1(7) X{t0}(7)

Theorem [B-§| yields the estimate
|K(’Ti,0j) — K(Tifl,Jj) — K(Ti,djfl) =+ K(Ti,1,0j71)| S M1 V&I‘(P, [Tifl,Ti] N [Ujfl,O'j]),

and therefore

k l k l
ZZ|K(T1',O'J')7K(TZ'_1,U]‘)7K(TZ,0] 1)+K(Tl 1,O'J 1 |<MlzZvar 7'2 1,%](1[0]-_1,0]-})
=1 j=1 i=1 j=1

= M, var(P, [to, b]),

which shows that the Vitali variation of K over [tg, b] X [to, b] is finite. Thus, by Theorem applied to
the interval [to,b], we see that for each zy € C, Eq. (6.7) has a unique solution z: [to,b] — C satisfying
x(to) = wo.

It remains to consider the Vitali variation of K over [a, o] X [a,to]. Using the decomposition

K(ta 8) = _K3(t7 S) - K4(t7 5)7
where

fo 1+ ATP(7) 1
o= [ (T5arm e+ ratpgy ) 470

m.

Ky(t,s) = / ' - ﬁAPPST()T)X{t}(T) dP(r),

it suffices to show that the Vitali variations of K3 and Ky over [a,tg] X [a,to] are finite.

Note that the value K3(t, s) is given by an integral in which the integrand depends neither on ¢ nor on
s, and we are integrating over the interval [max(s,t),to] = [s, to] N [t, to]. Thus, arguing as in the previous
part of the proof, if we denote

1+ ATP(7) 1
My = su Iy (T) + — ),
2= T ARG X T AP YT
and choose partitions a = 79 < 7y < - < T =tgand a = 09 < 01 < --- < g7 = ty, we obtain the

estimate
|K3(7;,05) — K3(1i-1,0;) — K3(Ti,05-1) + K3(1-1,0j-1)| < Myvar(P, [1,—1,7) N [0;-1, 0j]).

Consequently,

koo
ZZ Ks3(1i,05) — K3(Ti—1,05) — K3(7i,05-1) + K3(Ti—1,05-1) |<MzzZVar [Ti—1,7i] N [oj-1,05])
=1 j=1 i=1 j=1
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= My var(P, [a,to]),

which shows that the Vitali variation of K3 over [a, o] X [a, o] is finite.
Concerning K4, we observe that

AT P()ATP(t)

Ku(t,s) = 1+ AP(t)
0 if t < s.

ift>s,

Therefore,
Aip(Ti)A+P(TZ')

Ky(r,05) — Ka(1i,05-1) = ~ 1+AP(n)
0 if 7, > 0500 <oj-q.

if Oj—1 <7< Oj,

Note that for a fixed ¢ € {1,...,k}, the condition o;_1 < 7; < o, holds for exactly one j € {1,...

Consequently,
A~ P(1)ATP(T;)
1+ AP(7;)

l
Z |Ka(7i,05) = Ka(7i,05-1)| =

Similarly,
Aip(Ti_l)AJrP(Ti_l)
1+ APy

Z |Ka(Tio1,05) — Ka(Tim1,05-1)] =

It follows that

A~ P(1;)ATP(7;)

!
ZZ|K4(7’¢,UJ')*K4(T¢—1,O’]) Ka(ri,05-1) + Ka(Ti-1,

== 1+AP(T¢)
Therefore, denoting
A~P(7)
Ms = sup |———*—~/|,
3 TE[a,to] 1+ AP(T)
we conclude that
ko1 k
ZZ Ku(1i,05) — Ka(Ti-1,05) — Ka(Ti,05-1) + Ka(1i-1,05-1)| < 2M3 Z |ATP(7;)]
i=1 j=1 i=0

< 2Mj3var(P, [a, to)),

which shows that the Vitali variation of Ky over [a,to] X [a, o] is finite.

1.

Thus, by Theorem applied to the interval [a, 1], we see that for each zg € C, Eq. (6.7) has a

unique solution x: [a,tg] — C satisfying z(ty) = xo.

We leave the proof of the second part to the reader; one can perform similar calculations as in the

first part, or use the symmetry described in Remark [6.4]

O

Remark 6.9. The proof of the previous theorem shows that the kernels K and L satisfy the assumptions
of Theorem Thus, if f: [a,b] — C has bounded variation, the assumptions of Theorem guar-
antee the existence and uniqueness of solutions also for the nonhomogeneous Volterra—Stieltjes integral

equations

£(t) = a(ty) + / w(s) AR (1, ) + F(t) — [(to), 1€ [ab],

to
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y(t) = yl(to) + / y($)dL(t, ) + f(t) — f(to), 1€ [a,b],

to
or, equivalently, the nonhomogeneous versions of Eq. (6.1) and Eq. (6.2), namely

2(t) = a(to) + / 2(s—)dP(s) + f(t) — f(to), t€ [a,b],

to

y(t) = y(to) — / y(s+) dP(s) + F(8) — f(to), € [a.b],

to

where we are using the same convention regarding the values at the endpoints as in Eq. (6.1)) and Eq. (6.2)).

7 Relations between Stieltjes integral equations and Stieltjes
differential equations

Let us verify that the adjoint Stieltjes differential equations introduced in Section [3| represent a special
case of the adjoint Stieltjes integral equations studied in Section [6}

As in Section 2] let g: R — R be a nondecreasing and left-continuous function, and consider an
interval [a,b] C R.

Proposition 7.1. Given a function p € E}l([a, b],C), choose an arbitrary to € [a,b] and let

Pt) = [ p(s)dg(s), t€ [a,b].

Then the following statements hold:

1. A function z: [a,b] — C is a solution of the Stieltjes differential equation

zy(t) = p(t)z(t) (7.1)
if and only if .
z(t) = z(to) —|—/t z(s)dP(s), t€ la,b], (7.2)

which holds if and only if x is a solution of Eq. (6.1]).

2. Suppose that 1+ p(t)ATg(t) # 0 for allt € [a,b) N D,. Then a function y: [a,b] — C is a solution
of the Stieltjes differential equation

) = T ATt te ol (73)
if and only if .
o0 =stto) ~ | TR PO el (7.4

which holds if and only if y is a solution of Eq. (6.2).

Proof. Note that g is left-continuous, and therefore P has the same property (see Theorem [B.8§]).

Let us prove the first statement.

First, observe that, according to Definition and Theorems and a function z: [a,b] — C
is a solution of Eq. if and only if

2(t) = o(a) + /[ ROCLC R
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which is equivalent to

o(t) - alto) = [

[at)

p(s)z(s)dpg(s) — / p(s)z(s)dug(s), t € [a,b].

[a,to)

Hence, it follows that z: [a,b] — C is a solution of Eq. (7.1)) if and only if

um—/ p(s)2(s) dug(s) if t < to,
_ [t,t0)
x(t) = (7.5)
z(to) —|—/ p(s)x(s)dpg(s) if t > to.
[tO)t)

We claim that Eq. (7.5 holds if and only

t
x@zﬂ@+/p@ﬂ®@@,t€@@ (7.6)
to

Indeed, Eq. implies Eq. , because Lebesgue—Stieltjes integrability implies Kurzweil-Stieltjes
integrability. On the other hand, if Eq. holds, then z is regulated (see Theorem , therefore
bounded and p,-measurable. Consequently, the function p - x is pg-integrable (being the product of an
integrable and a bounded measurable function), and Eq. (7.5)) holds.

Now, by Theorem q. is equivalent to Eq. . The fact that Eq. holds if and only

(61

if x is a solution of Eq. ) follows from the fact that P is left-continuous, and from the first part of

Theorem [6.71
The proof of the second statement is similar. One merely needs to note that ﬁ is p1g-integrable
(see Lemma[3.4), and that p(s)A*g(s) = ATP(s) for each s € [a,b). O

8 Relations between Stieltjes integral equations and dynamic
equations

Finally, let us describe the relation between dynamic equations on time scales and the Stieltjes integral
equations studied in Section [6} In comparison with Section [4] we will discuss dynamic equations with
A-derivatives as well as V-derivatives.

Let T be a time scale. Throughout this section, we work with a fixed time scale interval [a, bl =
[a,b] NT, where a,b € T, a < b. We introduce the functions

gt) =inf{s € T:s>t}, t¢€]la,b,
h(t)=sup{s € T:s<t}, tE€]la,bl.

Note that ¢ is the restriction of the function introduced in Eq. to the interval [a,b]. We have
g(t) = h(t) = t for every t € [a,b]r, the function g is left-continuous, and the function h is right-
continuous.

The homogeneous linear A and V-dynamic equations have the form

For our purposes, it is more convenient to consider their integral forms

x(t) = z(to) +/ p(s)z(s)As, t€ [a,blr, (8.1)

to

33



y@zﬂ@+/q@%$w»tﬂmm, (3.2)

to

where the integrals on the right-hand sides are the Kurzweil A- and V-integrals (see Appendix [Al). For
simplicity, we restrict ourselves to real-valued dynamic equations, but note that all considerations remain
valid for complex-valued dynamic equations.

The next theorem, which follows from the results of [I4) Section 8.7] (see Theorem 8.7.1 and the
discussion after Lemma 8.7.2 there), shows that the dynamic equations and are equivalent to
certain generalized ODEs.

Theorem 8.1. The following statements hold:

1.

Suppose that p: [a,bly = R is a Kurzweil A-integrable function, and let p: [a,b] — R be an arbitrary
function such that p(t) = p(t) for all t € [a,b]r. If z: [a,blr — R is a solution of Eq. (8.1)), then
the function x*: [a,b] — R given by x*(t) = x(g(t)) satisfies

20 = )+ [ o) (s)das), ¢ ot (83
as well as .
z*(t) = x*(to) —l—/t z*(s)dP(s), t€ [a,b], (8.4)

where P: [a,b] — R is given by

t

PO = [ B)dgls). te fa.b]
to

Conversely, each function z*: [a,b] — R satisfying Eq. (8.3) or Fq. (8.4) has the form z*(t) =

x(g(t)), where x: [a,blr — R is a solution of Eq. (8.1).

Suppose that q: [a, bl — R is a Kurzweil V-integrable function, and let q: [a,b] — R be an arbitrary
function such that q(t) = q(t) for allt € [a,b]r. Ify: [a,blr — R is a solution of Eq. (8.2), then the
function y: [a,b] = R given by y.(t) = y(h(t)) satisfies

yﬁﬁwww+[ﬂWM@M®,t€M% (8.5)
as well as .
m@=%ﬁ®ﬁlm@ﬂ@ﬁ,tﬂm% (.6)

where Q: [a,b] — R is given by
Q) :/ q(s)dh(s), te€ [a,b].
to

Conversely, each function y.: [a,b] — R satisfying Eq. (8.5) or Eg. has the form y.(t) =
y(h(t)), where y: [a,blr — R is a solution of Eq. (8.2).

The next lemma describes some properties of the functions P, @) introduced in the previous theorem.

Lemma 8.2. Suppose that p,q: [a,blr — R and P,Q: [a,b] — R are as in Theorem [8.1]
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1. If there exists a Kurzweil A-integrable function m: [a,blr — R such that
‘/ p(s) As’ S/ m(s) As whenever u,v € [a,b]t, u < v,

then P has bounded variation, it is left-continuous, and

A+P(f) = p(t) u(t) if t € la,b)r,
0 if t€a,b)\T.

2. If there exists a Kurzweil V-integrable function l: [a,blr — R such that
‘/ q(s) Vs‘ §/ I(s) Vs whenever u,v € [a,blt, u <wv,

then @ has bounded variation, it is right-continuous, and

B B p(t)v(t) if te€a,b)r,
A= {0 if t€[a,b)\T.

Using the results developed in the previous section, let us find the adjoint equations to Eq. (8.1) and

Eq. .

First, let us focus on A-dynamic equations. Assume that p: [a, b]r — R is Kurzweil A-integrable and
satisfies the integrable majorant condition of Lemma We know that Eq. is equivalent (in the
sense of Theorem to the generalized ODE

t

x*(t) = 2™ (to) +/ z*(s)dP(s), tE€]la,b].
to

According to Lemma the function P is left-continuous and has bounded variation. Interpreting the

last equation as a special case of Eq. (6.1), the adjoint equation has the form

y%ﬁw%d—/ﬁ@ﬂﬁthGM%

to

in which y*(s+) need not be replaced by y*(s) for s = max(¢,tg), because P is left-continuous and
therefore the value of the integrand at max(t,ty) does not matter. By Theorem the last equation is
equivalent to

wwzyww—[ﬁ@wwmw@ytemw

Note that g is constant on each interval (o, 3] C [a,b] such that (o, 3) N T = 0. Thus, y* has the same
property, and y*(s+) = y*(a(s)) for each s € [a, b]r. Consequently, the last equation is equivalent to the
dynamic equation
t
o) = lto) = [ pou(o(s) As, tefat] (87)
to

The assumption of the first part of Theorem namely the condition 1+ AT P(t) # 0 for all ¢ € [a,b),
holds if and only if 1+ p(t)u(t) # 0 for all t € [a,b)r; this condition is well known as the p-regressivity.
If this condition holds, then according to Theorem the adjoint equation can be also written in the

form
v 0 =00 - [ R PO et
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or equivalently
t ~
§ ) p(s)y(s)
t) =y (tg) — dg(s),
y() y(o) /tol+é+P(5) g()

This equation is equivalent (in the sense of Theorem [8.1)) to the dynamic equation

t € la,b).

t

y(t) = y(to) —/ p(s)y(s) As, t e |a,blr. (8.8)

to 1+ p(s)u(s)
The solutions of Eq. (8.1) and its adjoint equation (8.7)) or (8.8) can be expressed in terms of the
generalized exponential function eqp, which coincides with the time scale A-exponential function e,; we
get
z(t) = z(to)ear(t, to) = z(to)ep(t, to),
y(t) = y(to)ear(t,to) " = y(to)ey(t, o) .
Note that Eq. (8.7) and Eq. (8.8]) are integral forms of the dynamic equations
A A p(t)y(t)
y=(t) = —pt)ylo(t)), Y= () = ——F——.
(0= —p0ule).  vA0) = -2

Thus, our results agree with the known results for linear A-dynamic equations that can be found e.g. in
[2, Section 2.4]. Note that the authors of [2] also deal with the nonhomogeneous equation

2 (t) = p()z(t) + f(2), (8.9)

whose integral form is

x(t) = z(tg) —|—/ (p(s)x(s) + f(s)) As, t€ a,blr. (8.10)

to

The corresponding generalized ODE is

x*(t) = x*(to) + / x*(s)dP(s) + F(t) — F(to),

to
where

F(t) = / F(s)dg(s), t € ab],

and f: [a,b] — R is an arbitrary function such that f(t) = f(t) for all t € [a,b]r. Since F is left-
continuous, the variation of constants formula of Theorem yields

t t _
x*(t) = x*(to)eap(t, to) +/ eap(t, s+)dF(s) = x*(to)eap(t, to) +/ eap(t,s+)f(s)dg(s).
to t(J
Switching back to the time scale setting, we see that the solution of Eq. (8.10) is
t
ot) = ato)ey(tito) + [ eylt0(5)f(5) As,
to

which agrees with [2, Theorem 2.77], but note that our approach is more general and does not require p
and f to be rd-continuous.
According to [2], the adjoint equation to Eq. is defined to be

y2(t) = —p(y(a(t) + f(1).
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Using the formula y(o(t)) = y(t) + ™ (t)u(t), the last equation can be rewritten in the equivalent form

p(t) f@t)

A ——
A T 0] L+ p(t)u(t)’

y(t) +

Denote q(t) = 7%,

by ¢(t) = ©p(t). However, we avoid this notation because we use the symbol © in a different meaning
(cf. Theorem [5.3). The integral form of the previous equation is

t € [a,b]r. In the time scale calculus, this function is traditionally denoted

y(t) = y(to) +/t q(s)y(s) As —l—/t 1-&-1]:((;)#(8) As, t€[a,b]r. (8.11)
The corresponding generalized ODE is
Y (t) = y"(to) + /t y"(s)dQ(s) + Fa(t) — Fa(to), 1€ [a,b], (8.12)

where (note that 1+ AT P(s) = 1+ p(s)u(s) for each t € [a,b)T)

Fy(t) = /to H—fA(f)P(s)dg(s) = /to ﬁdﬁ‘(s)a t € [a,0],

Q(t):/to H‘f%dg(s)z—/to arp PO, el

We observe that ) = ©P; this fact is easily verified by calculating the last integral using Lemma
recalling that P is left-continuous and P(ty) = 0 (alternatively, see the proofs of [I3| Theorem 5.5] or [14]
Theorem 8.7.8]).

Since F5 is left-continuous, Eq. is a special case of Eq. from Theorem According to
this theorem, the unique solution is

t

y*(t) = y*(to)eaq(t, to) + / eaq(t, s)dF(s) = y*(to)eaq(t, to) + / eqaq(t, s)f(s) dg(s).

to to
Returning to the time scale setting, we obtain the solution of nonhomogeneous adjoint equation (8.11)):
t
) = vlto)eu(tto) + [ eaft)f(5) s, t€ fabe
to

This formula agrees with the result of |2l Theorem 2.74].

A similar analysis can be performed for V-dynamic equations. Assume that ¢: [a,b]r — R is Kurzweil
V-integrable and satisfies the integrable majorant condition of Lemma Eq. (8.2) is equivalent (in the
sense of Theorem to the generalized ODE

e () = w (f0) + / 4 (5)dQ(s), t € [a,0]

to

According to Lemma[8.2] the function @) is right-continuous and has bounded variation. Interpreting the
last equation as a special case of Eq. (6.2)) with P replaced by —@Q), the adjoint equation has the form

£ (1) = . (t0) — / r.(s-)dQ(s), € [a,b]

to
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in which z,(s—) need not be replaced by x.(s) for s = min(¢,%p), because @ is right-continuous and
therefore the value of the integrand at min(¢,¢y) does not matter. By Theorem the last equation is
equivalent to

2 (t) = . (to) — /t d(s)za(s—) dh(s), t€ [a,b.

Note that h is constant on each interval [, ) C [a, b] such that (o, 3) N'T = §). Thus, z,. has the same
property, and z.(s—) = x.(p(s)) for each s € [a, b]r. Consequently, the last equation is equivalent to the
dynamic equation

t

x@)zxum-1/ a(s)o(p(s)) Vs, L€ [a,b]. (8.13)
to

The assumption of the second part of Theorem [6.7 with P replaced by —@Q, namely the condition 1 —

A~Q(t) # 0 for all t € (a,b], holds if and only if 1 —q(t)v(t) # 0 for all ¢ € (a, b]r; this condition is known

as the v-regressivity. If this condition holds, then according to Theorem the adjoint equation can be

also written in the form

a:*(t):x*(to)—/ () 40(s), telab]

to 1 —A7Q(s)
or equivalently

x*(t):z*(to)—/t mcih(s), t € [ab]

This equation is equivalent (in the sense of Theorem [8.1)) to the dynamic equation
t
q(s)z(s)
2(t) = a(to) — / BUICLIC v (8.14)
1o 1 —a(s)v(s)

The solutions of Eq. (8.2]) and its adjoint equation can be expressed in terms of the generalized exponential
function eqq, which coincides with the time scale V-exponential function e,; we get

~

y(t) = y(to)eaq(t, to) = y(to)ey(t, to),
z(t) = x(to)eaq(t, to) ' = x(to)ey(t, to) .

Note that Eq. (8.13) and Eq. (8.14) are integral forms of the dynamic equations

V) = —alt) 2V ___a®z(t)
2V (t) = —q(t)z(p(t)), O =T mp®

Once again, our results agree with the known results for linear V-dynamic equations that can be found
e.g. in [I].
One can also consider the nonhomogeneous V-dynamic equation

y¥ (t) = a(t)y(t) + f(1). (8.15)

According to [I], the adjoint equation is defined to be

2V (t) = —q(t)x(p(t)) + £(2).

Using the formula x(p(t)) = x(t) — 2V (t)v(t), the last equation can be rewritten in the equivalent form

e 0
=10 T T gty (8.16)
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Rewriting equations and as nonhomogeneous generalized linear ODEs and using Theo-
rems and (the right-continuous case), one can recover the solutions formulas presented in [IJ,
Theorem 3.42] and [I, Theorem 3.39]; the calculations are similar to those we have performed for A-
dynamic equations, and we leave them to the reader.

We point out that the integral forms of the dynamic equations we have dealt with do not require
rd-continuity or ld-continuity of the functions p and g, respectively. Indeed, it suffices if p is p-regressive
and satisfies the assumption of the first part of Lemma (or, equivalently, it is Lebesgue A-integrable),
and ¢ is v-regressive and satisfies the assumption of the second part of Lemma (or, equivalently, it
is Lebesgue V-integrable). Under these hypotheses, the A- and V-exponential functions e, and e, can
be introduced as the unique solutions of appropriate integral equations; see [I3, Theorem 5.4] or [14]
Theorem 8.7.7].

Appendix A Basic notions of the time scale calculus

The time scale calculus, which originated in the work of S. Hilger [6], is a popular tool that provides
a unification of the continuous and discrete calculus, as well as differential and difference equations.
It is concerned with functions f: T — R, where T is a time scale — an arbitrary nonempty closed set
T C R. The choice T = R leads to the classical continuous calculus, while T = Z corresponds to the
discrete calculus. Another frequently studied time scale is T = ¢ = {¢" : n€Z}, where ¢ > 1; this
leads to the quantum calculus. The basic operations of the time scale calculus are the A-derivative,
V-derivative, A-integral, and V-integral. We refer to these concepts in Sections [4] and [§] To make the
paper self-contained, we recall their definitions in this appendix. More information can be found in [2].

We begin with the forward/backward jump operators and the graininess functions. If ¢ € T and
t <supT, we define the forward jump ¢ and the forward graininess u by

o(t) =inf{s € T : s > t}, wu(t) =o(t) —t. (A1)

Ift =supT < oo, we define o(t) = ¢, u(t) = 0.
Similarly, if ¢ € T and ¢ > inf T, we define the backward jump p and the backward graininess v by

p(t) =sup{s e T:s < t}, v(t) =1t — p(t). (A.2)

If t =inf T > —oo0, we define p(t) =t, v(t) = 0.

For an arbitrary interval I C R, we denote It =1 NT.

Given a function f: T — R, we introduce the A-derivative and the V-derivative of f at a point t € T
as follows.

Definition A.1. Consider a function f: T — R and a point ¢t € T.

(i) Suppose that ¢t < supT, or t = sup T and p(t) = t. We say that the A-derivative f(t) exists and
equals D € R if for every € > 0, there is a § > 0 such that

|f((t)) = f(s) = D(o(t) — s)| <elo(t) — s
for all s € (t — d,t+ ).

(ii) Suppose that ¢t > inf T, or t = inf T and o(t) = t. We say that the V-derivative fV(¢) exists and
equals D € R, if for every € > 0, there is a § > 0 such that

[£(p(t)) = f(s) = D(p(t) — s)| <elp(t) — s
for all s € (t —d,t+ ).

The following remarks should help to clarify the meaning of A- and V-derivatives:
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e If T =R, then f2(t) = fYV(t) = f'(t), i.e., both derivatives coincide with the classical derivative.

o If T =7, then f2(t) = f(t +1) — f(t) and fY(t) = f(t) — f(t — 1), i.e., the A- and V-derivative
reduce to the forward difference and backward difference, respectively.

e More generally, if ¢ € T satisfies o(t) > ¢, then

_ fle®) = () _ flo(®) = f(t)

Similarly, if ¢t € T satisfies p(t) < ¢, then

oo FO = F) £ — (1)
FPO="""0 =" w

We now turn our attention to the A- and V-integrals of a function f: [a,bly — R. For our purposes,
it is most convenient to deal with the Kurzweil integrals, which were introduced in [16] (see also [14}
Section 8.6]), and are based on the following concept of §-fine partitions.

Definition A.2. Consider a pair of functions dy,0g: [a,blr — (0,00). Then § = (§1,dr) is called
a A-gauge on [a,b]r if dg(t) > wu(t) for all ¢ € [a,b)r, and a V-gauge on [a,b]r if d.(t) > v(t) for
all t € (a,blr. Suppose that § = (d1,dg) is either a A-gauge or a V-gauge on [a,b]r. A partition
a=ay<a; <- < ay,=>b where a; € T for all j € {0,...,m}, together with a collection of tags
& € [aj_1, a4, j € {1,...,m}, is called d-fine if

[aj,haj] C [5] — 5L(£j)a£j + 6R(§j):| for all j € {1, - ,m}.
Definition A.3. Consider a function f: [a,b]r — R.

(i) We say that the Kurzweil A-integral fab f(t) At exists and equals I € R, if for every € > 0, there is
a A-gauge 0 on [a, bt such that

Zf(&j)(%‘ —aj1)—I| <e

for all d-fine partitions a = ap < a1 < --- < a,, = b, where a; € T for all j € {0,...,m}, with tags
gj S [Oéj_l,Oéj]ﬂ‘, j S {1, . .,m}.

(ii) We say that the Kurzweil V-integral fab f(t) Vt exists and equals I € R, if for every € > 0, there is
a V-gauge 0 on [a, by such that

m

SN —aj) — I <e

j=1

for all é-fine partitions a = ag < a1 < -+ < oy, = b, where a; € T for all j € {0,...,m}, with tags
fj S [O{jfl,aj]’ﬂ‘, j € {1,. .. ,m}.

We have dealt only with real-valued functions; however, the derivative and integral of a complex-valued
function are easily obtained by decomposition into a real and imaginary part.
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Appendix B Kurzweil-Stieltjes integrals

This appendix is intended for readers who are not familiar with the Kurzweil-Stieltjes integral. We recall
the definition of the integral and some of its basic properties that were needed throughout the paper. For
more information, see e.g. [14] [19].

Definition B.1. Consider a pair of functions f, g: [a,b] — R. We say that the Kurzweil-Stieltjes integral
f; f dg exists and equals I € R, if for every € > 0, there is a function § : [a, b] — (0, 00) such that

Zf(ﬁj)(g(%‘) —glaj_1))—I|<e

for all partitions @ = ap < a1 < -+ < oy, = b with tags & € [oj_1,04], 7 € {1,...,m}, such that

laj—1, 5] C[&5 —6(&5), &5 — 0(&5)]-

A simple and useful sufficient condition for the existence of the Kurzweil-Stieltjes integral is as follows:

If the functions f and g are regulated and one of them has bounded variation, then f: f dg exists (cf. [T4}
Theorem 6.13.1]). This sufficient condition is always satisfied in Sections
Given a regulated function g: [a,b] — C, we use the following notation:

A*g(t){g(H)_g(t) i:i[;b) Ag(t){g(t)_g(t_) iii(jm (B.1)

Also, we let Ag(t) = Atg(t) + A~ g(t) for t € [a,b].

If I C R is an interval, h: I — R is a function which is zero except on a countable set {¢1,t2,...} C I,
and the sum S =}, h(t;) is absolutely convergent, we write S = > _; h(x).

We sometimes encounter functions of the following type:

Fi(ty= >, f(s),  RM= ), f6), FH)= Y f)
Se[to,t) SG(t(),t] Se(tg,t)
where ty € [a,b] is fixed and t € [a, b]. For t < tp, the above sums should be interpreted as follows:
F)=- Y [fs), FEB=- > fs), FEH=- Y [f),
Se[t,to) SE(t,tU] s€(t,to)

The next three lemmas show how to evaluate certain types of Kurzweil-Stieltjes integrals. The first
result can be found in [22], Proposition 2.12].

Lemma B.2. Let f: [a,b] — R be a function which is zero except on a countable set {t1,ta,...} C [a,b]
and ), f(t;) be absolutely convergent. Then, for every requlated function g: [a,b] — R, we have

b
[ tda= X r@age).
a z€Ja,b]
with the convention that Ag(a) = ATg(a) and Ag(b) = A= g(b).

Every function h: [a,b] — R with bounded variation has at most countably many discontinuities, and
Y e a,b](|A+h(x)| + |A~h(z)|) is finite (see [14, Corollary 2.3.8]). Hence, both f = ATh and f = A™h
satis%y the assumptions of Lemma
The second result is taken from [14, Lemma 6.3.16].
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Lemma B.3. Let f: [a,b] — R be a regulated function such that f(x) = ¢ for all x € [a,b] \ D, where
D C [a,b] is at most countable. If g: [a,b] — R has bounded variation, then

b
/ fdg = c(g(b) = g(a) + (f(a) —)ATgla) + D (f(&) = )Ag(z) + (f(b) — )A™g(b).
@ z€DN(a,b)
The third result follows from [I4] Lemmas 6.3.15 and 6.3.16].

Lemma B.4. Let f,g: [a,b] — R be regulated functions and suppose at least one of them has bounded
variation. If g(x) =0 for all x € [a,b] \ D, where D C [a,b] is at most countable, then

b
/ fdg = f(B)g(b) — f(a)g(a).

The following version of the integration by parts formula for the Kurzweil-Stieltjes integral can be
found in [I3] (see Theorem 2.3 and Remark 2.4 there); it is obtained by a simple manipulation from the
more common version of the integration by parts formula presented in [I14] Theorem 6.4.2].

Theorem B.5. If f,g: [a,b] — R are regulated and at least one of them has bounded variation, then
b b
[ rag+ [ gdf = f09(0) - f@g@)+ 3 (A f@)agle) - Af()A* o)
@ @ z€Ja,b]
with the convention that A~ f(a) = 0 and AT g(b) = 0.

Combining Theorem with Lemma we obtain yet another version of the integration by parts
formula.

Theorem B.6. If f,g: [a,b] — R have bounded variation, then

b b
/ f(w—)dg(x)Jr/ g(z+)df(x) = f(b)g(b) — f(a)g(a)

with the convention that f(a—) = f(a) and g(b+) = g(b), i.e.,

b

b
/ (f@=)X(@p (@) + f(a)x{a}(2)) dg(:v)+/ (9(z4)X(a,0) () + g(b)x sy () df () = f(b)g(b)—f(a)g(a).

a

Proof. By Lemma [B.2] we have

b
> A f@age) = [ A f@)dgo), Y

z€[a,b) z€la,b

b
Af(x)A*g(a) = / Atg(z) df(z).
] a

The proof is finished by substituting these results into the identity from Theorem and recalling that
A~ f(z) = f(z) — f(z—) for x € (a,b], and Atg(z) = g(a+) — g(x) for x € [a,b). O

The substitution theorem for the Kurzweil-Stieltjes integral reads as follows (see [14, Theorem 6.6.1}).

Theorem B.7. Assume that h: [a,b] — R is a bounded function and f,g: [a,b] — R are such that

f; fdg exists. Then
/abh(f)d (/: f(=) dg(Z)) = /ab h(z) f () dg(w),

whenever either side of the equation exists.
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The next result describes the properties of indefinite Kurzweil-Stieltjes integrals (see [I4, Corol-
lary 6.5.5]).

Theorem B.8. Consider a pair of functions f,g: [a,b] — R such that g is regqulated and fab fdg exists.
Then, for every to € [a,b], the function

h(t):/t fdg, te€]la,b]

1s requlated and satisfies

h(t+) = h(t) + f(H)ATg(t), t€ [a,b),
h(t—) = h(t) — f()A"g(t), te (a,b].

Moreover, if f is requlated and g has bounded variation, then h has bounded variation, and

/abfdg

A simple but useful convergence theorem for the Kurzweil-Stieltjes integral is the following bounded
convergence theorem (see [I4) Theorem 6.8.13] or [15, Theorem 6.3]).

< sup |f(t)]-var(g, [a, b]).
t€la,b]

Theorem B.9. Suppose that a function g: [a,b] — R has bounded variation and let f,: [a,b] — R,
n € N, be a sequence of functions satisfying the following conditions:

(i) The integral f; fndg exists for each n € N.
(ii) limy, oo fn(t) = f(t) for all t € [a,b).
(iii) There exists a constant M > 0 such that |fn(t)] < M for alln € N and t € [a,b].

Then the integral f: fdg exists and

t t
lim (sup ‘/ fndg—/ fdg’) =0.
n=0 \ tea,b] ' Ja a

Given a pair of functions f,g: [a,b] — C with real parts fi, g1 and imaginary parts fs, g2, we define

/:fdgz/ab(ﬁ +if2)d(g1+ig2)Z/abfldm—/abfzdgz-&-i(/abf1dgz+/abf2dgl>

whenever the integrals on the right-hand side exist. All results mentioned in this appendix are still valid
for complex-valued functions.

Appendix C List of symbols

The present appendix provides a list of symbols used throughout the paper, including links to places
where they are introduced or mentioned.

XA characteristic (indicator) function of a set A C R

fi+), f(t-) one-sided limits of a function f at a point ¢
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ATf(t), AT f(t), Af(t) jumps of a function f at a point ¢ (Appendix Eq. (B.1)))

var(f, [a, b]) variation of a function f on interval [a, D]

Cy, Dy, N;, Ny, Ny classification of points with respect to a function g (Section |
Yower f(@) sum of all nonzero values of f on interval I (Appendix E)

fy Stieltjes derivative of f with respect to g (Definition )

fig Lebesgue—Stieltjes measure corresponding to a function g (Section )
fX fdug Lebesgue-Stieltjes integral of f with respect to p14 (Section i

f: fdg Kurzweil-Stieltjes integral of f with respect to g (Definition [B.1])
Ly (X,C) space of Lebesgue-Stieltjes integrable functions on X (Section |
AC4([a,b],C) space of g-absolutely continuous functions on [a, b] (Section )
G([a,b],C) space of regulated functions on [a,b] (Section

exp, g-exponential function (Section Eq. )

edp generalized exponential function (Definition [5.2])

oP a function such that eqp - eqop = 1 (Theorem j

T time scale, closed nonempty subset of R (Appendix )
It time scale interval I N'T (Appendix

o, forward jump and graininess (Appendix |Al Eq. )
P,V backward jump and graininess (Appendix [Al Eq. )
A,y A- and V-derivatives of a function f (Definition

f: f(t) At, f; ft) vt Kurzweil A- and V-integrals of a function f (Definition i
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