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Abstract

We consider measure functional differential equations (we write measure FDEs)
of the form Dz = f(x¢,t)Dg, where f is Perron-Stieltjes integrable, x; is given by
z(0) = z(t +6),0 € [—r,0], with r > 0, and Dz and Dg are the distributional
derivatives in the sense of the distribution of L. Schwartz, with respect to functions
x : [tp,00) = R™ and ¢ : [tg,o0) — R, tg € R, and we present new concepts of
stability of the trivial solution, when it exists, of this equation. The new stability
concepts generalize, for instance, the variational stability introduced by S. Schwabik
and M. Federson for FDEs and yet we are able to establish a Lyapunov-type theorem
for measure FDEs via theory of generalized ordinary differential equations (also
known as Kurzweil equations).

Keywords: Measure functional differential equations, generalized ordinary dif-
ferential equations, stability, Kurzweil-Henstock-Stieltjes integral, Lyapunov func-
tionals.

1 Introduction

An initial value problem for a measure functional differential equation (we write measure
FDEs, for short) can be given in the form

{ Dx = f(mbt)ng
xto - ¢7
where z; is given by x,(0) = x(t +6),6 € [—r,0], with » > 0 and Dz and Dg are the

distributional derivatives, in the sense of the distribution of L. Schwartz, with respect to
the functions = and g.

(1.1)

*Supported by CNPq grant 304424/2011-0 and FAPESP grant 2010/09139-3.
fSupported by FAPESP grant 2010/12673-1 and CAPES grant 6829-10-4.
fSupported by FAPESP grant 2009/06259-0.



The integral form corresponding to (1.1) is given by

x(t) = x(to) +/to fzs,5)dg(s), t = to, (1.2)
¢7

Tty =

where we consider the integral in the sense of Perron-Stieltjes taken with respect to a
nondecreasing function g : [ty,00) — R.

We introduce some new concepts of stability for the trivial solution of measure FDEs
which generalize some concepts presented in the literature as the variational stability
for FDEs (see [8] and [9]). We also present a correspondence between measure FDEs
and generalized ODEs, using more general conditions than those presented in [6]. Then,
we introduce some new concepts of stability for the trivial solution of generalized ODEs
and relate these new concepts to the corresponding ones for measure FDEs. Finally, we
prove Lyapunov-type theorems for generalized ODEs and, by the correspondence between
generalized ODEs and measure FDEs, we prove Lyapunov-type theorems for measure
FDEs.

The present paper is organized as follows. The second section is devoted to of the
presentation new stability concepts for measure FDEs. In the third section, we present
a correspondence between generalized ODEs and measure FDEs, generalizing the results
from [6] and also, we present existence-uniqueness theorems for solutions of these equa-
tions. The fourth section is devoted to stability concepts for generalized ODEs. In the
fifth section, we establish a correspondence between the new stability definitions for the
trivial solution of a generalized ODEs and a measure FDE of the above type. The sixth
section is devoted to prove some Lyapunov theorems for generalized ODEs. Finally, in the
last section, we prove, using the correspondences between solutions, Lyapunov theorems
for measure FDEs. The paper also contains two appendixes which describe the basis of
Perron integration and the fundamental results of the theory of generalized ODEs.

2 Measure functional differential equations

In this section, we introduce new concepts of stability for measure FDEs. Let r, t5 € R,
with r > 0 and consider the following problem

Dx:f<xt7t)Dga (21)

where x; is given by the formula z,(0) = z(t +6), 0 € [-r,0], r > 0 and Dz, Dg are
the distributional derivatives, in the sense of distributions of L. Schwartz (see [3]), of
regulated functions x : [tg, 00) — R™ and ¢ : [tp,00) — R. In particular, we consider g
nondecreasing and left-continuous.

Let a € R. By G([a,0),R") we denote the space of regulated functions from [t, c0)
to R™ with the topology of uniform convergence. By regulated function we mean that



the left and right limits at a point ¢ > a exist whenever they can be defined. Then by
BG ([a,0),R™) we denote the subspace of G([a,00), R™) of bounded functions.

Next, we define a special set of functions in BG ([tg — r, 00), R"™) with a property which
we call the prolongation property.

Definition 2.1. Let O be an open subset of BG ([ty — r,00), R"). We say that O has the
prolongation property, if for every y € O and every t € [ty — r,00), the function § given
by

_ y(t), to—r<t<it,
y(t) = -
y(t), t<t<oo
is also an element of O.

Now, having a set O C BG ([to — r,00),R™) with the prolongation property, we also
consider the set

S=A{y; ye O, tety,o)} C BG(]—r,0],R")

and we assume that the function f : S x [tp,00) — R™ on the right-hand side of the
measure FDE (2.1) is such that

f£(0,t) = 0 for every t € [ty, 00)
so that y = 0 is a solution of (2.1) on [ty —r, 00), and the following conditions are satisfied:

(Hy) For all y € O, the mapping t — f(y,t) is Perron-Stieltjes integrable with respect
to g : [tp,00) — R which we assume to be nondecreasing.

(Hy) There exists a function M : [tg,00) — R which is locally Lebesgue-Stieltjes inte-
grable with respect to g such that the inequality

l[ﬂ%ﬁ@@
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holds for every y € O and every v,v € [ty,o0)

(H3) There exists a function L : [tg, 00) — R which is locally Lebesgue-Stieltjes integrable
with respect to ¢ such that the inequality

(fw@@—ﬂ%mw@
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holds for every y, z € O and every v,v € [tg, 00).



Clearly, the integral form of (2.1) is given by

z(t) = x(to) + /ttf(xs,s) dg(s), t > to, (2.2)

where the integral on the right-hand side is in the sense of Perron-Stieltjes integral taken
with respect to g : [tp,00) — R which we are assuming to be nondecreasing and left-
continuous.

In the following lines, we recall the classical definitions of Lyapunov stability, uniform
(Lyapunov) stability and uniform asymptotic stability of the trivial solution of (2.1). See
[11], for instance.

Definition 2.2. The trivial solution of system (2.1) is called Lyapunov stable, if for every
e >0 and vy € R, there exists § = d(g,7) > 0 such that if $ € S and 7 : [y,v] — R", with
[v,v] C [to,00) and [y, v] 3 to, is a solution of (2.1) such that 7., = ¢ and

I¢lloo <9,

then
15:(v: D)oo <&t E[v,0].

Definition 2.3. The trivial solution of system (2.1) is called wuniformly stable, if the
number ¢ in Definition 2.2 is independent of ~.

Definition 2.4. The solution y = 0 of (2.1) is called uniformly asymptotically stable, if
there exists a 09 > 0 and for every € > 0, there exists a T' = T'(e,d9) > 0 such that if
¢ € S,and 5 : [y,v] = R", with [y,v] C [tg,00) and [v,v] 3 to, is solution of (2.1) such
that g, = ¢ and

[6]loe < do,
then

1T:(7, D)oo <&, t€[y,v]N[y+T,00).

Now, we consider the perturbed measure FDE
Dy = f (y:,t) Dg + p(t)Du, t >t (2.3)

where p : [tg,00) — R. Again, we consider g, u : [ty,00) — R to be nondecreasing and
left-continuous.
The solution of (2.3) has to be interpreted as a solution of the integral equation

t t
y(0) =y(to)+ [ 1 9)dgls)+ [ pls)duls). ¢ 21 (2.4)
to to
where the integrals are in Perron-Stieltjes sense.
We assume that the conditions (H;), (Hy) and (Hj) are fulfilled and that the function
p: [to,00) = R™ satisfies:



(H,) The Perron-Stieltjes integral ftz p(s)du(s) exists for every t € [tg, 00);

(Hs) There exists a function K : [ty,00) — R which is locally Lebesgue-Stieltjes integrable
with respect to u such that

L * p(s)du(s)

Under conditions (H;) to (H;), a solution y of (2.4) is regulated and left continuous,
that is, y € G~ ([to, 00), R™). See [6] for a proof of this fact.

The following definitions are based on the definitions given by A. Halanay in [10]
concerning integral stability.

< / K (s)du(s),

for all v,v € [tg, 0).

Definition 2.5. The solution y = 0 of (2.1) is said to be integrally stable, if for every
e > 0 there is a § = §(g) > 0 such that if ¢ € S with [[1)]|. < ¢ and

sup /p(s)du(s) < 0,

te[y,v]

where tg < v < v < 00, then
15:(v, )]l <&, for every t € [y,v],
where y(¢;7,) is a solution of the perturbed equation (2.3) with g, = .

Definition 2.6. The solution y = 0 of (2.1) is called integrally attracting, if there is a
0 > 0 and for every € > 0, there exist a T'=T(¢) > 0 and a p = p(e) > 0 such that if

9]l <&  and sup
te€fy,v]

<p,

/ ' p(s)du(s)

where tg < v < v < 00, then
NG (7, V) |lo <€ forall t>~+T, t €[y,
where y(t;7,) is a solution of the equation (2.4) satisfying 3, = 1.

Definition 2.7. The solution y = 0 of (2.1) is called integrally asymptotically stable, if it
is integrally stable and integrally attracting.

Remark 2.8. The reader may note that, if the solution y = 0 of (2.1) is integrally stable,
then it is uniformly stable. An analogue assertion holds for the asymptotic stability, that
is, if the solution y = 0 of (2.1) is integrally asymptotically stable, then it is uniformly
asymptotically stable.

In the next section, we present a correspondence between generalized ODEs and mea-
sure FDEs. The results we obtain generalize the corresponding ones from [6].
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3 Measure RFDEs regarded as generalized ODEs

Suppose the function f : S X [tg,00) — R™ satisfies conditions (H;), (Hs) and (H3) and
p : [to,00) — R™ satisfies conditions (Hy) and (Hs). Moreover assume, as before, that
the functions u : [ty,00) — R and g : [tg,00) — R are nondecreasing (not necessarily
left-continuous).
Let BG™ ([ty—r, 00), R™) denote the set of functions from BG([to—r, o0), R"™) which are
left-continuous. Let O a subset of BG™ ([ty — r,00), R™) with the prolongation property.
For y € O and t € [ty, 00), define

to—1r <V <t

F(y, 1(0) = / Fes)dglo), oSy tses (3.1)

/ f(ys,s)dg(s), t<v < o0

and
(07 tO_rgﬁgth
9
s)du(s), to<v<t< oo,
P(t)(0) = ¢ /t p(s)du(s), o (3.2)
t
/ p(s)du(s), t <19 < 0.
\ to
Then,

G (y,t) = F(y,t)+ P(t) (3.3)

defines an element G (y,t) of BG~ ([t — r,00),R™) and G (y,t) (¥) € R™ is the value of
G (y,t) at a point ¥ € [tg — r,00), that is,

G : O X [tg,00) = BG™ ([tg — r,00),R").

In order to carry on with our correspondence results, we now need to consider a special
type of generalized ODEs, whose definition is presented in details in the Appendix B (see
Definition B.1).

Consider the following generalized ODE

dx
— = DG(x,t 3.4
= DG(,1), (3.4)
where the function G is given by (3.3).
Let h : [tg,00) — R be defined by

h(t) :/t [M(s) + L(s)]dg(s) +/t K(s)du(s), t € [ty,00). (3.5)



Clearly the function h is nondecreasing (and left-continuous whenever u and g do so).
Under the above assumptions, it is a matter of routine to prove that the function G
given by (3.3) belongs to the class F (€2, h), given by Definition B.3 in Appendix B, with
Q=0 x [to, OO)
Let o > 0 and consider the space G([to — r,to + o], R") of regulated functions from
[to — 7, to + o] to R™. The next result can be carried out as in the proof of Lemma 3.7
from [6], with obvious adaptations.

Lemma 3.1. Let O be a subset of G([tg — r,to + o], R"™) with the prolongation property
and S = {y; y € O, t € [to,to + o|}. Assume that ¢ € S, g,u : [to,to + o] — R are
nondecreasing functions, f : P X [tg,to+ o] — R™ is such that the Perron-Stieltjes integral
ftto f(ys, s)dg(s) ezists for every y € O and t € [to,to + o] and p : [to, o + o] — R" is
such that the Perron-Stieltjes integral ft'; p(s) du(s) exists. Consider G given by (3.3) and
assume that x : [to, to + o] — O is a solution of

dx
— = DG(z,t
dT (.’ﬂ, )
with initial condition x(ty) (V) = ¢(0 — to) for ¥ € [to — 1, o], and x(ty)(9) = z(to)(to) for
¥ € [to,to + o]. If v € [to,to + o] and V¥ € [ty — 7, to + 0], then

z(v)(¥) = z(v)(v), V>0, (3.6)

and

z(v)(¥) = xz(9)(9), v >9. (3.7)

Note that if the generalized ODE (3.4) admits a global solution, then Lemma 3.1 can
be extended to an unbounded interval.

The next result, namely Theorem 3.2, gives a correspondence between the solution
of an initial value problem for a generalized ODEs and the solution of an initial value
problem for a measure FDE. Theorem 3.2 generalizes Theorems 3.8 and 3.9 from [6]
which, together with [17] inspired our proof presented here.

Theorem 3.2. Consider O C G([ty — r,tg + o], R™) with the prolongation property, let
S ={zy; x €O, t € ftghto+o]|} and ¢ € S. Assume that g : [to,to + 0] = R and
w: [to, to + o] = R are nondecreasing, f : S X [to,to + o] — R™ satisfies conditions (Hy),
(Hy), (Hs) and p : [to, to + o] — R" satisfies conditions (Hy) and (Hs). Let G be given by
(3.3).

(i) Lety : [to—r,to+o]| — O be a solution of the measure functional differential equation

Dy = f(y;,t)Dg + p(t)Du, t € [to,to+ o], (3.8)



with initial condition v, = ¢. For everyt € [ty — r,tg+ o], let

y(9), € ltg—rt,
y(t), U eltto+al].

Then the function x : [ty,to + o] — O is a solution of the generalized ordinary
differential equation

DG (1)
dr

with G given by (3.3) and initial condition

¢(19—t0>7 fOT NS [to_r7t0]a
.T(to)(to), fOT’ to <V <ty+o.

o(to) (9) = { (3.9)

Reciprocally, if x : [to, to+o] — O is a solution of the generalized ordinary differential
equation

dx
— =D t
dr G (z,1),
with tnitial condition
v —1y), to—r <9<t
l’(to)(to), to §79<t0+0',

then the function y : [to — r,tg + o] — O defined by

x(to)(ﬁ), t()—’l”gﬁgto
“m:{xwﬂm,mgﬁ<m+a

18 a solution of the measure functional differential equation
Dy = f(yt, t)Dg +p(t)Du, te [to, to + U], (310)

with initial condition y, = ¢.

Proof. We need to show that, for every v € [to, tp + o], the integral ft DG(z(7),t) exists

and

—.CEtQ /DG

Let an arbitrary € > 0 be given. Define the function

h(t) = /t [L(s) + M(s)]dg(s) —l—/t K(s)du(s), t € [to,to+ ol



Since the functions g and u are nondecreasing, they can have only a finite number of points
t € [to,v] such that AT g(t) := lim,_¢, g(s)—g(t) = g(t+)—g(t) > € and Atu(t) > e. The
same statement remains true for the function hA. Thus h can have only a finite numbers
of points ¢ € [tg,v] such that ATh(t) > e.

Note that the points which satisfies the inequality for the function h are the union
of the points which satisfy the analogous inequalities for functions g and w (it follows
directly by the definition). Let us denote these points by t1, ..., tp,.

Let us define a function 9§ : [to, to + o] — (0, 00), called gauge of [ty,ty + o]. We take
delta such that

T — T—
(5(7)<min{%, k::2,...,m}, T € [ty to + 0]

and
O(7) <min{|7 — tgl, |7 — ti1|; T € (th—1,t), k=2,....,m}, T €E [to,to+ o).

These conditions assure that if a point-interval pair (7, [c, d]) is d-fine, then [c, d] contains
at most one of the points t1,...,t,, and moreover, T = t; whenever t; € [c,d].
Since y;, = x(ty)s, , it follows from Theorem A.5 in Appendix A that

S

lim [ L(s)llys — (te)slloc dg(s) = L(ti)llye, — 2(te)s, oA g(tr) = 0

s—tp+ th

for every k € {1,...,m}. Thus the gauge § might be chosen in such a way that

/ L(8) 1y — 2(t0), e dg(s) < Fe{l....m}

123

om +1’

Using Theorem A.5 again, we have

T+t T+
ly(r + 1) — y(r)] = / F(ys, 5)dg(s) + / p(s)dus)| <

< /TH M (s)dg(s) + /T+t K(s)du(s) < h(t +t) — h(7),
and, therefore, ' '
ly(t+) —y(7)| < AYR(T) <&, 7€ [to,to+]\{t1,. . tm}
Thus we can assume that the gauge 0 is such that

ly(p) —y(1)] <,



for every 7 € [to,to + o]\{t1,...,tm} and p € [1, 7+ (7).

Assume, now, that {(7;, [s;_1,:]), i = 1,...,1} is a d-fine tagged division of the interval
[to, v]. Using the definition of z in statement (i), it can be easily shown that
9 € [to -, 31’—1]7

(0,
v 9
[2(si) — 2(si-1)] (V) = / F(Ys 5)dg(s) + / p(s)du(s), ¥ € [si1,s,]
K/s f(ys, ) dg(s)+/‘” p(s)du(s), ¥ € [si,to+ 0l

Similarly, it follows from the definition of G that
[G(if(ﬂ'), si) — G(z(m), Si—l)} (0) =
VS [to -, Sl',l],

(O,
)ttt + [ peduts), 0 € fssl,

1

\/Sl f(z(1)s, ) dg(s) + /SZ p(s)du(s), O € [s;,to+ o).

Thus
[2(s:) = 2(si-1)] (0) = [G(2(), 51) — G(x(7), 5i-1)] (V) =
(0, v E [to—r, 81,
Y
) () = F(m9) dots), 0 € s
[ ()~ ()09 dg(s). 0 € lsita+ o),
and hence

lz(s:) = 2(si1) = [G(x(r), 51) — G(a(7), 5i-1)] [loo =
= sup  |[z(si) = 2(si)](0) = [G(x(7), 50) — G(a(r), i) ()] =

ﬁe[tofT,t0+O']

= sup
V€[s;-1,54]

/ [Fls) — F@ (), 9)] dg(s)].

Again, by the definition of x, we get z(7;)s = ys whenever s < 7;. Thus
07 VRS [82‘_1,7'1'],

9
/Si_l [f<y37 s) — f(z(7)s, 8)} dg(s) = {/19 [f(ys, s) — f(:L‘(TZ-)S,S)] dg(s), 9 € [m, s
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Then condition (Hj) implies

<

[ 1009 = falmo)] ds)

9 5i
< [ L= ol dgls) < [ L) = 2l dg(s)
Given a particular point-interval pair (7;, [s;_1, s;]), there are two possibilities:
(a) The intersection of [s;_1,s;] and {t1,...,t,,} contains a single point t; = 7;.
(b) The intersection of [s;_1,s;] and {t¢1,...,t,} is empty.

In case (a), it follows from the definition of the gauge § that

[ E = sm)l dels) < 5=
that is .
|2(si) — x(si-1) — [Gx(7), 8i) — G(@(7), 5:-1)] |oo < o

In case (b), we have

1ys — 2(7i)sll00 = P ly(p) —y(m)| <e, s €[m,si]
pE|Ti,S

by the definition of the gauge §. Thus
[2(s:) = x(si-1) — [G((73), 8:) — G(2(7), 8i-1)][|oo < 5/ L(s)dg(s).

Combining cases (a) and (b) and using the fact that case (a) occurs at most 2m times,
we obtain

l

2(v) = x(te) = Y _[G(z(n), 5:1) — G(x(7:), 5i-1)]

=1

fote 2me
< L(s)d .
<c [ Lot 5

[e.e]

Then, since ¢ is arbitrary, it follows that
2(v) — 2(te) = / DG(a(7). 1),
to

Reciprocally, the equality y;,, = ¢ follows easily from the definitions of y and x(t¢) in
statement (ii). It remains to prove that if v € [to, o + o], then

y(v) — ylto) = / " F e s) dg(s) + /  p(s)du(s).
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Using Lemma 3.1, we obtain

y(0) — ylto) = 2(0)(v) — (to)to) = 2(0)(0) — 2(to) (v (/’DG 0) @,

Thus

y(%wu)t/f%,dﬂ) /”(MM)

:</t DG(x(r), t ) /fys, dg(s / p(s)du(s). (3.11)

Define a function A : [tg,to + 0] — R by

h@z[@@+MM®@+[K@M®

Let an arbitrary € > 0 be given. Since g and u are nondecreasing, they can have only
a finite number of points ¢ € [tg,v] such that ATg(t) > ¢ and ATu(t) > . The same
applies to the function h.

We denote the union of points of discontinuities of the functions g and u by tq,...,,,.
(Recall that these points are the same for the function h).

Consider a gauge 0 : [to, to + 0] — RT such that

trp — tp_
5(7‘)<min{%, k;z?,...,m}, T € [to, to + 0]

and
O(r) <min{|r — ty|, |7 — ts_1|; T € (th_1,tr), k=2,...,m}, T €E [to,to+ 0]

These conditions assure that if a point-interval pair (7, [c, d]) is d-fine, then [c, d] contains
at most one of the points t1, ..., t,, and, moreover, 7 = t;, whenever t; € [c,d].
Again, the gauge § might be chosen in such a way that

tkt+0(tk) e
L(8)|lys — 2(t)sl oo d ke {l,....m)
[ Ll = ot dgls) < 5 B L)

tk

Since the function G given by (3.1) belongs to the class F(O x [to, to + o], h) and
\h(T+) = h(T)| <&, 7€ [to,to+)\{t1,...,tm},
we can assume that the gauge ¢ satisfies
|h(p) — h(T)| < e for every p € [r,7+ d(7)).
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Finally, the gauge 6 should be such that

v I
/ DG(x(7),t) — Z[G(:p(n), si) — G(z(r),si21)]|| <e (3.12)

to i=1 oo
for every o-fine division {(7;,[s;_1,$:]),e = 1,...,1} of [to,v]. The existence of such a

gauge follows from the definition of the Kurzweil integral (given in Definition A.1 from
Appendix A). Choose a particular d-fine partition {(7;,[s;_1,si]),i = 1,...,1} of [to,v].
By (3.11) and (3.12), we have

\yw) ~ ylto) - / " F(yers) dg(s) - /t;p<s>du<s>
- \( A DG<x<r>,t>) (v) - / F9)da(s) = [ plsjau

Sl a(r). 50 = Glar. sa))(0) = [ fn9)dats) = [ pe)aute

i=1

<

<

(G(a(r). 1) — Gla(r), si1)] / F (e, 5) dg(s / p(s)du(s)]

Thus the definition of G yields

(Gx(r), 5:) — G(a(), 51-1)] / F(a(r)er 5) dg(s) + / p(s)du(s),

which implies

'[G(m(Ti),Si)—G(x ,5i-1) / f(ys,s)dg(s / lp(S)dU(S)

(e s)dg(s) — [ Flyes)dg(s)

Si—1 Si—1

/sz [f(x(Ti)& S) - f(ys7 S)] dg(s) .

By Lemma 3.1 again, for every i € {1,...,l}, z(7;)s = x(s)s = ys for s € [s;_1,7;] and
ys = x(s)s = x(s;)s for s € [, s;]. Therefore

/Sz [f(x(Ti)s, 8) — f(y& S)] dg(s) _

/'.si [f(x(Ti)s, S) — f(y37 S)] dg(s) _

[ Gar)ees) = flas)er9)dgls) < [ L) el — ol do(s),

where the last inequality follows from condition (H3).
Again, we distinguish two cases:
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(a) The intersection of [s;_1,s;] and {t1,...,t,} contains a single point t; = 7;.
(b) The intersection of [s;_1,s;] and {t1,...,t,} is empty.

In case (a), it follows from the definition of the gauge § that

[ El = o) < 5
that is
Gle(r). ) = Glalr). 5] 0) = [ Fms)dole) = [ pleaute)| < -5

In case (b), we use Lemma B.2 from Appendix B to obtain the estimate
[2(s:)s — (7i)slloo < [J2(s:) — 2(7i) [l < hlsi) — h(7;) < ¢

for every s € [1;, s;], and therefore,

'[G<x<n>,s@->—e<x< o= [ oot = [ st

Si— -1

<: / " L(s)dg(s).

Combining cases (i) and (ii) and using the fact that case (i) occurs at most 2m times,
we obtain

l

D

=1

<

[Gla(r). ) — Cla(r), si1)] / £ (er 5) dg(s) — / p(s)dufs)

<o [T L) agte) + 2 < (1] "L ().

to 2m to
(20 [ L),

which completes the proof. O

and hence,

\yw) — ylto) - / a9 ds(s) — [ ip<s>du<s> <e

Now, one can use Theorem 3.2 and Theorem B.4 from Appendix B to obtain the next
existence-uniqueness result for measure FDEs. A proof of it follows as in Theorem 5.3
from [6].
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Theorem 3.3. Assume that O C G([to — r,to + o], R™) has the prolongation property,
P =A{xy; z € O, t € [to,to+ 0]}, g : [to,to + 0] = R and u : [to,to + 0] — R are
left-continuous and nondecreasing functions, f : P X [tg, to + o] — R™ satisfies conditions
(Hy), (Hy), (Hs) and p : [to,to + 0] — R" satisfies conditions (Hy) and (Hs). Let
G : O X [tg,to + o] = G([to — r,to + o], R™) be given by (3.3) and assume that G(z,t) €
G([to —r,to+ a],R") forx € O and t € [to,to+ o|. If ¢ € P is such that the function

o) = ot — to), t € [to — 7, o),
¢(0) + f(¢,t0) AT g(to) + p(to) At ulte), t € (to,t0 + 0]

belongs to O, then there exist § > 0 and a function y : [to — r,to + 8] — R™ which is the
unique solution of the measure functional differential equation

Dy = f(ys,s)Dg + p(s)Du,
i 319

4 New concepts of stability for generalized ODEs

Let X be a Banach space and B, = {z € X;||z| < ¢}, where ¢ > 0. Define Q = B, X
[to, 00). Suppose F': Q — X belongs to F (2, hy), where ho(t) = ftz [M(s) + L(s)]dg(s).
Assume further that F(0,t) — F(0,s) = 0, for ¢,s € [ty, +00). Then, for every [y,v] C
[to, 00), we have

/U DF(0,1) = F(0,0) — F(0,) = 0,

which implies that = 0 is a solution on [tg, 00) of the generalized ODE

dx
i DF(x,t). (4.1)

Recall (see [14]) that if T : [y, v] C [tg, 00) — X is a solution of (4.1), then the following
assertions hold:

(a) 7 is of bounded variation on [, v];
(b) Z(s) =T(v) +/ DF(z(7),t), for s € [y,v], by definition.
gl
Now, we present some new concepts concerning stability of the trivial solution of

generalized ODEs.

Definition 4.1. The trivial solution x = 0 of (4.1) is called regularly stable, if for every
e > 0, there exists § = 0(g) > 0 such that if T : [y,v] = B, with tp <y < v < 0, is a
regulated function which satisfies

[Z(MIf <d and  sup
SE[y,v]

< 0,

w(s) —7(0) - | " DF((r).1)
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then
1Z(t)|| <e, te&][y,v]

Definition 4.2. The trivial solution z = 0 of (4.1) is called regularly attracting if there
exists a dp > 0 and for every £ > 0, there exist T'=T'(¢) > 0 and p = p(e) > 0 such that
if T : [y,v] = B, with tg < v < v < 00, is a regulated function satisfying

IZ(y)]| <do and  sup
s€[,v]

) = 1(0) - [ DF((r).0) <

then
IZ(t)|| <&, forte [y,v]N[y+T,o0) and v > to.

Definition 4.3. The trivial solution = = 0 of (4.1) is called regularly asymptotically
stable, if it is regularly stable and regularly attracting.

Note that if the trivial solution z = 0 of (4.1) is regularly stable, then it is variational
stable in the sense defined by Stefan Schwabik in [15] (see also [14]). Similar statements
hold for regular attractivity and regular asymptotic stability.

Besides the generalized ODE (4.1), we consider the perturbed generalized ODE

W DRt + P(1), (42)
dr
where F': B, X [tg,00) — X and P : [ty,00) — X, and consider the following definitions.

Let G~ ([y,v], X) denote the space of regulated functions from [y, v] to X which are
left-continuous.

Definition 4.4. The trivial solution x = 0 of (4.1) is called regularly stable with respect
to perturbations, if for every e > 0, there exists § = d(¢) > 0 such that, if ||z¢|| < ¢ and
P e G~ ([v,v], X) with

sup [|[P(s) — P(Y)Il <9,

then

|Z(t,v,z0)|| <e, forevery t e [y,v]
where Z(t, 7, xo) is a solution of the perturbed generalized ODE (4.2), with initial condition
j(V?V?*'EO) = Zo and [77”] - [t()? OO)

Definition 4.5. The trivial solution = 0 of (4.1) is called regularly attracting with

respect to perturbations, if there exists 6 > 0 and for every € > 0, there exist T'=T(g) > 0
and a p = p(e) > 0 such that, if

lzoll <& and sup [|[P(s) = P()[l <p

s€[v,v]
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with P € G~ ([y,v], X), then

|Z(t, v, x0)|| <e, forall t>~v+T,te |y,
where Z(t, v, zo) is a solution of the perturbed generalized ODE (4.2) with initial condition
j(V?V)xO) = Zo and [fy’v] - [t()? OO)

Definition 4.6. The trivial solution =z = 0 of (4.1) is called regularly asymptotically
stable with respect to perturbations if it is both stable and attracting with respect to
perturbations.

The following result shows us how all the previous concepts of stability can be related.
Theorem 4.7. The following statements hold.

(i) The trivial solution x = 0 of (4.1) is reqularly stable, if and only if, it is reqularly
stable with respect to perturbations.

(11) The trivial solution x = 0 of (4.1) is regularly attracting, if and only if, it is reqularly
attracting with respect to perturbations.

(11i) The trivial solution x = 0 of (4.1) is reqularly asymptotically stable, if and only if,
it 18 reqularly asymptotically stable with respect to perturbations.

Proof. Let us prove (i). Assume that the trivial solution = 0 of (4.1) is regularly stable.
Let ¢ > 0 and 6 = d(¢) > 0 be given according to Definition 4.4.

Let x(t) = x(t,7,x9) be a solution of the perturbed generalized equation (4.2) on
[7,v]. Then, by the definition, we obtain

2(5) — () = / DF(a(r).t) + P(s) — P(7). (4.3)

Also, suppose [|z(7)|| = [[z(7,7,20)|| < 0 and supyep, ) [|P(s) — P(7)[| < 4. It follows
from (4.3) that

sup
s€[y,v]

ofs) =2 - | 8 DF<x<r>,t>H — sup |P(s) — P()]| <6

SE[v,v]

Then, by regularly stability, we have
()] = l[x(t, 7, z0)l| < e for t € [y,v]

and the trivial solution of (4.1) is regularly stable with respect to perturbations.
Reciprocally, if the trivial solution x = 0 of (4.1) is regularly stable with respect to
perturbations, let T : [y,v] — B, ty < v < v < 00, be regulated function on [y, v] such
that
[Z(1)| <é and  sup

SE[y,v]

< 0,

ofs) ~ 2) - | " DF(a(r).1)
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where § > 0 corresponds to some € > 0 from the Definition 4.4.
For s € [, v], define

P(s) = P() +(s) ~7(7) = [ DF(@(r).0)
Then, for all s, sy € [, 0],

s2
2(ss) — T(s1) = / DFE(r),t) + Plss) — P(s1),
which implies that T is a solution of (4.2) on [y, v]. Moreover,

sup [|[P(s) = P(7)|| = sup

s€lyv] s€[v,v]

7(s) — T(7) — /7 S DF(f(r),t)H <6

Thus the regular stability with respect to perturbations implies ||Z(t)| = ||Z(¢, v, z0)|| < €,
for all ¢ € [y, v], which implies that the trivial solution = 0 of (4.1) is regularly stable.

Now, assume that the trivial solution z = 0 of (4.1) is regularly attracting. Then
there exists 0 > 0 and for every e > 0, there exist T = T(e) > 0 and p = p(e) > 0 such
that if T : [y,v] = B, tg < v < v < o0, is a regulated function such that ||Z(7)| < 6 and

sup
SE[Y,v]

) =70 - [ DF((r).0)| <7

then
[zl <e, tevo]N[y+T,00), v = to.
Denote x(t) = x(t,7,x0) the solution of the perturbed generalized equation (4.2)
satisfying x(7,~,x¢) = xo. Suppose there exists 5 > 0 and for every € > 0, there exists
p = p(e) > 0 such that ||zo|| < and

Moreover, suppose P € G~ ([y,v], X). It follows that ||z,| = ||z(7)| < 6 and by the
definition of a solution of equation (4.2), we obtain

sup
s€[,0]

o) =) - | S DF(xm,t)H — sup [|P(s) — P(7)]| < p.

SE[Y,v]

Hence, since x is regularly attracting, we have

[zt v, @)l = [[x(t)]] <e, forall t>y+T,t€[yv],
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that is, the trivial solution x = 0 of (4.1) is regularly attracting with respect to pertur-
bations.

Reciprocally, we assume that the trivial solution z = 0 of (4.1) is regularly attracting
with respect to perturbations. Let T : [y,v] — B, to <7 < v < 00, be a regulated and
left continuous function on [, v] satisfying

) <8 and s |w(s) ~7(r) [ DFGE(r)0)
s€[vy,v 5

Again, for s € [y,v], let P(s) = P(v) + Z(s) — Z(7) — fj DF(z(r),t). Then, Z(t) is a
solution of (4.2) on [y, v]. Thus,

< p.

Therefore, Definition 4.5 yields
[Z@) <&, telyvlnly+T,00), v =t

which implies the regular attractivity of the trivial solution of (4.1).
Finally, item (iii) follows from itens (i) and (ii) and the proof is complete. O

5 Stability relations between generalized ODEs and
measure FDEs

We are now able to present a result which relates the concepts of regular stability and
regular attractivity of the trivial solution of the generalized ODE (5.3) and the concepts
of integral stability and integral attractivity of the trivial solution of its corresponding
measure FDE (5.1).

Consider the measure FDE

Dx = f(x,t)Dg, (5.1)

where f : Sx[tg, 00) — R" satisfies the conditions (H;), (Hs) and (Hs) and g : [tg,00) — R
is a nondecreasing and left-continuous function. Furthermore, assume that Dx and Dy
are the distributional derivatives with respect to z and ¢ in the sense of L. Schwartz and
f(0,t) =0 for every t € [ty,00) so that y = 0 is necessarily a solution of (5.1).

Consider the function

F: O x [tg,00) = BG™([tg — r,00),R")
defined b
R (0, to—1 <9<ty

F(y,t)(ﬁ) _ /to f(ys,s)dg(3)7 to < U <t< 0, (5.2)

/tf(ys,S)dg(S), t <Y< oo

\ to
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Since f(0,t) = 0, for every t € [tg,00), then F(0,t) = 0, for all ¢t € [tg,00). Hence,
as we observed in the previous section, x = 0 is a solution, on [ty,c0), of the generalized

ODE ;
X
—~ = DF(,1). .
i (2,t) (5.3)

We also consider the perturbed measure FDE
Dy = f(y,t)Dg + p(t) Du, (5.4)

where p @ [tg,00) — R™ satisfies conditions (Hy) and (H;) and u : [tg,00) — R is a
nondecreasing and left-continuous function. Moreover, Du is the distributional derivative
in the sense of L. Schwartz in respect to u.
By Theorem 3.2, the generalized ODE corresponding to the perturbed FDE (5.4) is

given by

d

d—“" — DG(x,t) = D[F(z,t) + P(t)], (5.5)

-

where F' : O x [ty,00) — BG ([ty — r,00),R") is given by (5.2) and P : [ty,00) —
BG~([ty — r,00),R™) is given by

(O, t0—7“§19§t0,
9
s)du(s), to <V <t<oo,
Poyw =] [, HOE. (5.6
t
/p(s)du(s), t <9 < oo
\ to

Theorem 5.1. Suppose the function f : S X [tg,00) — R™ satisfies conditions (Hy),
(Hs) and (H3). Assume that the functions g,u : [tg,00) — R are nondecreasing and left-
continuous. Further, suppose p : [tg,00) — R™ satisfies conditions (Hy) and (Hs). Then
the following statements hold:

(i) The trivial solution y = 0 of (5.1) is integrally stable, if and only if, the trivial
solution x = 0 of (5.3) is regularly stable.

(i) If the trivial solution x =0 of (5.3) is reqularly attracting, then the trivial solution
y =0 of (5.1) is integrally attracting.

(iii) If the trivial solution x = 0 of (5.3) is reqularly asymptotically stable, then the trivial
solution y = 0 of (5.1) is integrally asymptotically stable.

Proof. We start by proving (i). Suppose the trivial solution of (5.1) is integrally stable.
Then given € > 0, there exists § = d(¢) > 0 such that, if ¢ € P with ||¢|| < ¢ and

sup
tely,v]

< 6,

/ ' p(s)du(s)
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then .
|gt(77 ¢)| < 57 S [77”]7

where (t;7, ¢) is a solution of (5.4) such that g, = ¢.

We will prove that the trivial solution of generalized equation (5.3), with F' given
by (3.1), is regularly stable with respect to perturbations, then the result will follow by
Proposition 4.7.

Let x(t;7, o) be a solution of the perturbed generalized ODE (5.5) with the initial
condition x(v;~, zg) = xg, where F' and P are given by (3.1) and (3.2), respectively. Let
e > 0 and suppose that there exists a § = d(¢) > 0 such that 6 < £/2 and moreover,

assume that
zolle <6 and sup [|[P(t) — P(v)]| <,

tely,v]

where zo € BG™([to — r,00),R") and P € G~ ([, v],R").
We have [[z(7)[| = [[#(7; 7, zo)[| = [lzol| < & which means that supgep, .0y [2(7)(0)] <
¢ and therefore supgep,_, 1 [#(0 — )| < d/2. Thus,

o
6]l < 5.

Since x is a solution of the perturbed generalized ODE on [y, v], we have
u2
x(ug) — x(uy) = / DF(x(71),t) + P(ug) — P(uy),

for uy, us € [7,v].

Therefore,
¢
sup x(t)—x(to)—/ DF(z(7),s)|| = sup ||P(s) — P(to)|| < d/2.
te[y,v] to te[y,v]
Then, it follows that
|P(t) = P(y)[| = sup [P(t)(¥) — P(y)(¥)]
VE[y—r,t]
> sup [P(t)(J) — P(7)(9)]
IE[,t]
9 t
= s | [ p(s)duts) = | [ plo)du(s (5.7)
de[t] |Jy v
and we get
t )
sup | [ pls)du(s)| < 5.
tely,v] 1Jy 2



Thus, by the integral stability of the trivial solution of (5.1), we have
ly(t)| < e/2, forall t e [y,v].

Finally, for ¢ € [y, v], we have

[zl = sup |z(®)(@)] = sup [y(0)]
0€[y—r,00) 0€[y—rit]

< o+ sup (@) < 045 <
0€[v,t]
since § < ¢, and we have the sufficiency of item (i).

Now, using (i) from Proposition 4.7, we assume that the trivial solution of (5.3) is
regularly stable with respect to perturbations. Thus, given € > 0, let § = d(¢) > 0 be the
quantity from Definition 4.4.

Let y(t;7, ¢) be a solution of the perturbed measure FDE (5.4). Suppose ¢ € P with
|¢||co < 0 and

sup <0/2.

t€[v,v]

/ ' p(s)dus)

We want to prove that y = 0 is integrally stable, that is, |y(t;7, ¢)| < e, t € [y,v].

Let z(t; 7y, zo) be the solution of the perturbed generalized ODE (5.5) with F given by
(3.1) and P given by (3.2), that is, z is the solution corresponding to y obtained according
to Proposition 3.2.

By the definition of function P and from the fact that sup;c,

[ p(s)dus)

< 0/2,
we obtain
sup [[P(t) — P(y)|| < d/2.

Thus, from the regular stability with respect to perturbations of the trivial solution of
(5.5), we obtain ||z(¢)|| < e, which implies

sup |z(t)(0)] <e, t€[y,0].
O€[y—r,v]

Therefore, the relation in Proposition 3.2 implies

sup [y(0)| <e, te€[y,0].
0€[y—r,t]
In particular,

sup [y(0)] < sup [y(0)] <e.
0€[y,v] Oe[y—rv]

Now, we will prove (ii). Suppose the trivial solution of generalized ODE (5.3) is

regularly attracting with respect to perturbations. Then there exists 6 > 0 and given
e>0,let T'=T(e) >0 and p = p(e) > 0 be as in Definition 4.5.
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Let y(t; v, ¢) be a solution of the perturbed retarded equation (5.4). Suppose |[¢|oc < &
and sup;e(, 4 ‘ th p(s)du(s)‘ < p. Then, it follows that it implies that

sup [|[P(t) — P(y)l[ < p.

By Proposition 3.2, it follows that ||zo]|cc = [|@]lc < 5. Thus the regularly attractivity
with respect to perturbations of the trivial solution of (5.3) implies

2@l = lz(t; 7, 20)lloo <&, 27+ T, L€ [y,0].
Therefore, for ¢t > « 4+ T" and taking T'(¢) > r, we have by Proposition 3.2, for ¢ € [, v],
O] = ly(t; 7, o) = [(®)(@)] < l2(t) ][ <.

Assertion (iii) follows from (i), (ii) and from Proposition 4.7. O

6 Lyapunov theorems for generalized ODEs

In this section, we prove some Lyapunov-type theorems for generalized ODEs using the
concepts introduced before. We start by considering the following set

B, ={z € O;|z| < p},

where O C BG([ty — r,00), R"™) with the prolongation property.
In what follows, we present a result which will be essential to our purposes. The proof
is inspired in Lemma 10.12 from [14].

Lemma 6.1. Let G € F(Q,h). Suppose V : [tg,00) X E_p — R is such that V (-, x) :
[to,00) = R is continuous from the left on (ty, 00) for x € B, and satisfies

V(t,2) = V(tyl < Klz—yll, 2,y € By, t € [t, ), (6.1)

where K is a positive constant. Furthermore, suppose there exists a function ® : Ep — R
such that for every solution x : [a,b] — B,, |a,b] C [tg,0), of (5.3), we have

V(t,z(t)) = lim sup
n—0+ n

<®a(t), telab.  (62)

Ifz: [y,v] — Ep, to < v < v < 00, is left-continuous on (vy,v] and of bounded variation
on [y,v], then

V(v,7(v)) = V(7,%(y)) < K sup

s€[y,v]

) =0 - [ DG@(TH)H L M), (63)

where M = sup ®(z(t)).

te [v,v]
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Proof. Let T : [y,v] — B, be a left-continuous function on (v, v] and regulated on [y, v] C
[to, 00). By [14], Corollary 3.16, the integral [ DG(%(),t) exists.

Take o € [, v]. By Theorem B.4 from Appendlx B, equation (5.3) has a local solution,
say, = : [0,0 +m1(0)] = B, on [o, 0 + m1(0)], satisfying the initial condition z(o) = Z(0).
It is clear that the integral [ o+m(o) DG(z(7),t) exists.

Let 1y > 0 be arbitrarily small such that 7, < n;(¢) and o+ < v. Then the integral
[77™ DG(a(7),t) exists and the integral fﬁm D[G(z(7),t) — G(x(7),t)] also exists by
the property of integrability on subintervals. Therefore, given € > 0, there exists a gauge
d on [0, 0 +1ns] corresponding to € in the definition of the last integral and we can assume,
without loss of generality, that 7y < d(0). By (6.2), we can take 0 < 7 < 1, such that the
inequality

V(e +n,z(0 +n)) = V(e z(0)) < n®(x(0)) (6.4)
holds, and we can assume, by Corollary A.7(7) from Appendix A, that
HG(()a+m /ﬁ DG )H e (6.5)
and
HG(()a+n) / DG )H < e (6.6)
Notice that
)) = Glalr). )|
—HG(T()UJHI (0') 0) = G(z(0),0 +n) + G(x(0),0)||
):t) — G(a(7),1)]
—(G(@(0),0 + 1) = G(z(0),0) = G(z(0),0 + 1) + G(x(0),0))||
o+n
< ||G(z(o),0+1n) — G(T(0),0) — / DG(E(T),t)H
+HG@wLa+ny—G@@%ay—/UnDG@ﬁ%ﬂ”

Also
|G(@(0), 0 +n) — G(x(0),0) — G(z(0),0 + 1) + G(z(0),0)|

< [[7(o) — z(o)||[h(o +n) = h(o)| =0,

since T(0) = x(o) and (A.2) from the Appendix is fulfilled. Then, we have by (6.5) and
(6.6),

mamw—mﬂmQWSE. (6.7)




Moreover, (6.1) implies
V(g +n,7(0 +n)) = V(e +n,z(0 +n)) <

< Kl|[z(o +n) —z(0 +n)|| = K|[z(o +n) —7(0) + 2(0) — 2(0 + )|

T(o+n)—T(o) — DG(z(T),t)]| -

(e

=K

(6.8)
Then (6.4), (6.7) and (6.8) imply
V(e +n,2(c+n)) —V(o,T(0))
=V(o+nT(c+n)=Vie+nz(e+n)+V(e+nxo+n)—V(ie,x(o))

o+n

(o + 1) — F(o) - DG(())H+WMM®)

Z(o+n) —Z(o / DG(x ”+77M

Z(o+n) —Z(o / DG (T H

—G@v»mH+nM

Z(o+n) —z( / DG(z H+na+nM (6.9)

- /V " DG@E), )

Since T is regulated on [y, v], we have by [14], Corollary 3.16 that P is also regulated on
[v,v]. Then, we have

Given s € [y, v], we define

P(o+n)— Plo) = T(o+n)—( / DG(z /DG
= Z(c+n) —T(o / DG(z

Now, we define
f(t) = K||P(t) — P(o)]| + et + Mt.
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Notice that

V(e +n,T(c+n)) —

V(o,Z(0)) < K|P(c+n)—P(o)|]|+ne+nM

= K(|P(c+n)— P(o)| — |P(c) — P(o)]])
+ ne+nM = f(o+n)— f(o). (6.10)

By (6.10) and by [14], Proposition 10.11, we have

V(v,z(v) = V(1.2(y) < flv)=f()

= K([[P(v) = P(o)| = [|P(v) = P(o)|]) + (v =)
+ M(v—7) < K|P(v)—P(o) - [P(v)— P(o)]|
+ e(v=7)+M@w—7v)=K[P@)—-PH)|+elv-7)
b atw=) < & (|t - /DG -0}
+ e(v—7)+Mw—"7)
L
+ e(v—7)+Mw—7)

Since € > 0 is arbitrary, the result follows as well. O

In what follows, we remind the reader the definition of Lyapunov functional for gen-

eralized ODEs.

Definition 6.2. We say that V : [tg,00) x B, — R is a Lyapunov functional (with respect
to the generalized ODE (5.3)), if the following conditions are satisfied:

(i) V(,2):

[to, o0

) — R is continuous from the left on (ty, c0), for every x € B,;

(ii) There exists a continuous and strictly increasing function b : R* — R™ satisfying
b(0) = 0 (we say that such function is of Hahn class), such that

for every t € [ty,

Vit x) = (][],

o) and = € B,;

(iii) For every solution Z : [y,v] — B, of (5.3), with [y,v] C [t, 00), we have

V(t,Z(t)) = limsup

n—0t

V(t+nz(t+n)—V(t,z())

<0, te [y,
n

that is, the right-derivative of V' is non-positive along the solutions of (5.3).
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The next result gives us conditions such that the trivial solution of (5.3) is regularly
stable. We inspire the proof in Theorem 10.13 from [14].

Theorem 6.3. Let V : [ty,00) X Fp — R be a Lyapunov functional, where E ={ye X:
lyll < p}, 0 < p <c. Suppose V satisfies the following conditions:

(1) V(t,0) =0, t € [to, 0);
(i) There exists a constant K > 0 such that

V(t,2) = V(ty)l < Kz —yll, t€[to,00), 2,y € B,.

Then the trivial solution x =0 of (5.3) is reqularly stable.

Proof. Let T : [y,v] — X be a regulated function on [y,v] C [ty,00). By condition (iii)
from Definition 6.2 and by Lemma 6.1, we have

V(t,z(t)) < V(y,Z(y)) + K sup

s€[y.t]

, (6.11)

(s) —~70) - [ DGGr).0)

for every t € [y, v].
Since V is a Lyapunov functional, there exists a function b : R™ — R™ of Hahn class
such that
V(t,2) 2 b([lz])), (¢, ) € [y, 0] x B,. (6.12)

Let € > 0 and b(¢) > 0. Let §(¢) > 0 be such that 2Kd(e) < b(e). If

sup < d(e),

s€[v,1]

2(s) — T(7) — / DG(E(). 1)

then

V(t,z(t) < V(v,7(7)) + +K sup

) () - [ DGt a

s€[v,t]
< V(v z()l+ Kd(e)
< 2Kd(e) < ble), t € [y,vl. (6.13)

On the other hand, suppose there exists u € [y,v] such that |Z(u)|| > €. Then, by
(6.12), we have
V(u,7(u)) = b(||z(w)]]) = b(e),

which contradicts (6.13). Thus, ||Z(t)|| < € for t € [y, v] and the result follows. O

The next result shows that, with an additional hypothesis on the Lyapunov functional,
the trivial solution of generalized ODE (5.3) is regularly asymptotically stable. The proof
is inspired in Theorem 10.14 from [14].
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Theorem 6.4. Let V : [tg,00) x B, — R be a Lyapunov functional, where B, = {y €
X :lyll < p}, 0 < p<c. Suppose V' satisfies conditions (i) and (ii) from Theorem 6.3.
Moreover, suppose there exists a continuous function ® : X — R satisfying ®(0) = 0
and ®(x) > 0 for x # 0, such that for every solution x : [y,v] = B, of (5.3), with
[v,v] C [to, 00), we have

V(t2(t) < —0((t), €[y (6.14)
Then the trivial solution x =0 of (5.3) is regularly asymptotically stable.

Proof. Since all hypotheses from Theorem 6.3 are satisfied, the trivial solution z = 0 of
(5.3) is regularly stable. It remains to prove that the solution x = 0 of (5.3) is regularly
attracting.

Since the solution = 0 of (5.3) is regularly stable, we have

(I) There exists 6 € (0, p) such that if Z : [y,v] = B, [v,v] C [to,00), is a regulated
function on [y, v], such that

5
IZ(IF <5
and .
sup ||Z(s) — T(7) — / DG(E(T),t)H <9,
s€[y,v] ¥
then

[Z@ <p, t €yl

(IT) For every € > 0, there exists 6 = d(¢) > 0, § < e such that, if 7 : [,9] — B.,
[7, 7] C [to, 00), is a regulated function on [, 7], such that

lzZ(7)]] <o
and )
sup |[7(s) — 7(7) — / DG(E(T),t)H <3
se[,7] ¥
then
lzZ(t)|| <e, tely,1].
Let

N = sup{=®(y) : §(¢) < [lyl| < e} = —inf{S(y) : 6(¢) < [lyll <&} <0.

Define

T'(e) := min {v—fy, _K%+T(5(€)} > 0. (6.15)
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Suppose T : [v,v] = B, [v,v] C [tg, 00), is a regulated function on [y, v], such that

Fl < 5 (6.16)

2(s) — T(y) - / " DG(E(r). 1)

@ <&, telyvlnly+T(e),00), v=to

Let us prove that there exists a t* € [y, + T'(¢)] such that ||Z(t*)|] < (). Suppose
the contrary, that is, ||Z(s)|| > A(e), for every s € [y,7 + T'(¢)]. By Lemma 6.1 and

conditions (¢) and (¢7) from Theorem 6.3, (6.15), (6.16) and (6.17), we obtain
VO TEI0+TE) £ Viat)+K s o) ~26) ~ [ DGG(r).0)
sely,y+T(e)]

L ONTE) < K24 Ko + ( 5+5 )

and
< d(g). (6.17)

sup
s€[y,v]

We want to prove that

2

< KS+K5(5)+N<—K ) K6 — K& =0.

(6.18)
On the other hand, since V' is a Lyapunov functional, there exists a function b : R™ —
R* of Hahn class such that

V(t,z) > b(]|z]]), para (t,z) € [ty,0) X B,.
Thus,
Vv +T(e),z(v +T(e)) = b ([7(v + T(e))l]) = b(Ale)) > 0,

which contradicts (6.18). Then, we conclude that there exists a t* € [y, + T'(¢)] such
that [|Z(t*)|| < 0(g). Therefore ||Z(t)|| < € for ¢t € [t*,v], since (II) holds for ¥ = t* and
v =wv. Also, |Z(t)|| < € for t > v+ T(g), since t* € [y,7 + T(¢)] and, thus, the solution
x = 0 of equation (5.3) is regularly attracting and the result follows. O

7 Lyapunov theorems for measure FDEs

In this section, we prove some Lyapunov theorems for measure FDEs, using Lyapunov
theorems for generalized ODEs presented in the previous section and the correspondence
between the solutions.
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We consider the following measure FDE

Dy = f(y:,t) Dy, (7.1)

where Dy and Dg are distributional derivatives in the sense of L. Schwartz and f :
S X [tg,00) — R™, where S = {zy; x € O, t € [ty,00)} and O C BG([ty — r,00),R™) has
the prolongation property.

We also consider that g : [tg,00) — R is a nondecreasing and left-continuous function
and f(0,t) = 0 for all ¢ € [ty,00). Thus y = 0 is a solution of (7.1). Suppose f satisfies
conditions (H;), (Hy) and (Hjz) introduced previously. We also assume that F' from
equation (5.3) is given by the relation described by equation (3.1), which means that for
y € O and t € [tg, 00), we have

tO—T'<19<t0,

s, $)dg( to <V <t< oo,
Fly,t)(9) = /fy 9(s), o >

/ fys,8)dg(s), t<1 < oo.

Then F : O X [tg,00) — BG~([to — r,00),R™) and by Theorem 3.2, we have a relation
between the initial value problems for the equations (5.3) and (7.1).

Given t >ty and a function ¢ € G~ ([—r, 0], R"), we consider the measure FDE (7.1)
with initial condition y; = 1. We also consider that the GODE (5.3) is subject to the
initial condition z(t) = Z, where Z(¥) = (9 —t), t —r <9 < t, e T(J) = (0), ¥ > t.

By Theorem 3.3, there exists a unique solution y : [t —r,v] — R" of the measure FDE
(7.1) which satisfies y; = 1.

By Theorem 3.2, we can find a solution x : [t,v] — G~ ([t,v],R™) of the GODE (5.3),
with initial condition z(¢) = Z. Then z(t)(t + 6) = y(t + 0) for every 6 € [—r,0] and
hence, (x(t)): = y. In this case, we write Y1+, = yiyy(t, 1) for every n > 0. Then, given

a function U : [ty, co) x G~ ([-r,0],R") — R, we define
t t —U(t t
DJFU(t,?/)) _ limsup U( +777yt+77< ’¢)) U( 7%( 7¢))7 tZ tO-
n—0+ n

On the other hand, given t > t, if € G~ ([t —r, 00), R™) is such that z(J) = (I —1),
t—r <9 <t and z(9) = ¢¥(0), 7 > t, then, by Theorem B.4 from Appendix B, there
exists an unique solution z : [t,7] — G~ ([t,7],R") of the GODE (5.3) such that z(t) = z,
with [t,v] C [to, 00).

By Theorem 3.2 again, we can find a solution y : [t —r, 7] — R™ of (7.1) which satisfies

= ¢ and it is described in terms of z. In this case, we write x,(t) instead of simply
z(t). Then we have y(t,1) = (xy(t)): = ¢. Thus (¢, x4(t)) — (¢, y:(t, 1)) is a one-to-one
mapping and we can define a function V' : [ty,00) x O — R by

Vi(t,2y(t) = Ut ye(t, ¢)). (7.2)
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Therefore

DYU(t, ) = limsup Vit nayttm) - VEze®) o (7.3)

n—0+ n

Thus, given ¢ > to, we have ||y(t, )| = ||z4(t)]]. Indeed,

It = llwell = _sup fy(t+0)] = swp_ly(r)| = sup_l|wy(t)(7)]

t—r<rt<t t—r<rt<t

= sup  |zy()(7)| = [z @],

t—r<r<oco

where the fourth equality follows from Theorem 3.2
Now, we present a concept of Lyapunov functional U : [ty, 0o) x G~ ([—r,0],R") — R
with respect to the measure FDE (7.1).

Definition 7.1. We say that U : [tg, o0) x G~ ([—r,0],R") — R is a Lyapunov functional
(with respect to the measure FDE (7.1)), if the following conditions are satisfied:

(i) U(-, ) : [to,00) — R is left-continuous on (tg, o), for every ¢ € G~ ([—r, 0], R");
(ii) There exists a function of Hahn class b : R* — R* such that

Ut v) = o([|l4]),
for each t >ty and for each ¢ € G~ ([—r, 0], R™);
(iii) The inequality
DYU(t,¢) <0
holds for each t > tq and for each ¢ € G~ ([—r, 0], R™).

We assert that if U : [ty,00) x G~ ([-r,0],R") — R is a Lyapunov functional, then
V' i [tg, 00) x O — R given by the relation (7.2) satisfies conditions (i), (#4) and (i) from
Definition 6.2, meaning that V' is also a Lyapunov functional. Indeed, by (7.2) and (7.3),
it is easy to see that V satisfies conditions (i) and (i77) from Definition 6.2. Therefore,
we just have to check that V' satisfies (i¢). Thus, if ¢ > tg and z € O, then there exist
a solution = of the GODE (5.3) and a function ¢» € G~ ([—r, 0], R™) such that z = x,(t),

(y(t))r = ye(t, 1)), where y is a solution of the measure FDE (7.1) corresponding to .
But

[0 = llye(t, D) = ey @)1 = []]-
Since U is a Lyapunov functional, by condition (i7) of Definition 6.2, we obtain

Vt,z) = V(t,zy(t) = Ult, 5e(t, ¢) = U, ¥) = b(|[4]]) = b(]l=]),

which shows (ii).
Now, let us consider the set

E,={y € G ([-r,0,R"); [ly|l < p}.

The next result can be carried out as in [2], Lemma 4.4 with obvious adaptations.
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Lemma 7.2. Consider the measure functional differential equation (7.1). Suppose the
function U : [ty, 00) x E, — R satisfies the following conditions:

(1) U(t,0) =0, t € [ty,00);
(i) There exists a constant K > 0 such that

‘U(taw) _U(taa)‘ SK\W—EH, te [to,OO), w>EEEp'

Then the function V : [ty,00) X B, — R defined by (7.2) satisfies V(t,0) = 0 for every
t € [tg,0), and
V(t,2)— Vi(t.2)| < K|z — ],

fort >ty ez ze€ Ep.
With Lemma 7.2 at hand, we can prove the next stability result for measure FDEs.

Theorem 7.3. Consider the measure functional differential equation (7.1). Suppose
the function f : S X [tg,00) — R™ satisfies the conditions (Hy), (Hz) and (Hs) and
U : [tg, o0) X Ep — R is a Lyapunov functional. Moreover, assume that the following
conditions are satisfied:

(1) U(t,0) =0, t € [to, 0);
(i1) There exists a constant K > 0 such that

U(t,w) = Ut 9)| < Kl =], telto,c0), ¢, ¢ €E,

Then the trivial solution y =0 of (7.1) is uniformly stable.

Proof. Since f satisfies conditions (H;), (Hy) and (H3), the function F' in the generalized
ODE (5.3) belongs to the class F(2,h), with Q = O x [tg,00) and h : [ty,00) — R given
by
t
h(t) = / (M(s) + L(s)]dg(s), t € [to, 00).
to

Let V : [tg,00) X B, — R be given by (7.2). By Lemma 7.2,
V(t,0) =0, telty,o0)

and -
V(t,z) =V(t,2) < K|z —Z|, t€lty,0), 2,Z€ B,.

Since U is a Lyapunov functional, it follows that V' is a Lyapunov functional. There-
fore, all the hypotheses from Theorem 6.3 are satisfied. Then the solution x = 0 of (5.3)
is regularly stable. Thus, by Theorem 5.1, the solution y = 0 of (7.1) is integrally stable
and, therefore, uniformly stable. n
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Theorem 7.4. Consider the measure functional differential equation (7.1). Suppose U :
[to,00) X E, — R is a Lyapunov functional and satisfies conditions (i) and (ii) from
Theorem 7.3. Furthermore, suppose there exists a continuous function A : R, — R, such
that A(0) =0 and A(x) > 0 if z # 0, and such that, for every ¢ € E,, we have

DTU(t,¢) < =A([¥l), t>to. (7.4)
Then, the trivial solution y = 0 of (7.1) is uniformly asymptoticaly stable.

Proof. Let V : [ty, 00) x B, — R be given by (7.2). Then all the hypotheses from Theorem
6.3 are satisfied. B
Let us define a function ® : B, — R by

®(2) = A(l=1)-

It is clear from the definition that ® is continuous and satisfies ®(0) = 0 and ®(z) > 0,
z # 0.

Suppose 7 : [tg, 00) — B, is a solution of (5.3) such that (z(t)); = ¢, t € [ty, o) and
Y € E,. Let y: [to — r,00) = R" be the solution of (7.1), given by Theorem 3.2, which
satisfies y, = 1. By equation (7.4), we have

o sup VL1 20(0 1) = V(T 2y (1)
n—0+ n

=D Ut ¥) < —A([¥]) = =Allwl)-

= DUt y(t.¥)) =

We also have

lurll = o @11
Therefore,
imsup Vit +mau(t *;7” “VAE2 D) Al = —Alzo(0)]) = (e (0)

and all the assumptions from Theorem 6.4 are satisfied. Thus, the solution z = 0 of (5.3)
is regularly asymptotically stable. Finally, by Theorem 5.1, the solution y = 0 of (7.1) is
integrally asymptotically stable and, hence, uniformly asymptoticaly stable. O

A Perron integration
Let us recall some basic concepts from the non-absolute Perron integration theory and
from the theory of generalized ODEs. For more details, the reader may want to consult

[14].
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A tagged division of a compact interval [a,b] C R is a finite collection of point-interval
pairs (73, [Si_1, 8i]), where a = 55 < s1 < ... < s = b is a division of [a,b] and 7; €
[Si—17 SZ‘], 1= ]_, 27 ey k.

A gauge on a set E C [a,b] is any function § : F — (0,00). Given a gauge d on |a, b],
a tagged division d = (7, [s;_1, si]) is d-fine if, for every i, we have

[81;1,81‘] - {t € [&, b], ’t — Ti‘ < 5(7])} .

Definition A.1. Let X be a Banach space. A function U : [a,b] X [a,b] — X is called
Kurzweil integrable over [a,bl, if there is a unique element I € X such that given € > 0,
there is a gauge 0 on [a, b] such that

for every d-fine tagged division (7, [s;—1, S;]) of [a, b]. In this case, I is called the Kurzweil
integral of U over [a, b] and it is denoted by f; DU (1,t).

> WU (m,s1) = Ui, si)] = 1

i

<€

Remark A.2. In particular, the Perron-Stieljtes integral of a function f : [a,b] — X with
respect to a given function ¢ : [a,b] — R corresponds to the choice U(r,t) = f(7)g(t).
Clearly, thus, the choice U(7,t) = f(7)t corresponds to the well-known Perron integral

which we denote by f: f(s)ds.

The Perron and Perron-Stieltjes integrals have the usual properties of linearity, addi-
tivity with respect to adjacent intervals and integrability on subintervals.

In order to present a result on the existence of the Perron-Stieltjes integral fab f(s)dg(s),
we need the concept of regulated functions.

Recall that a function f : [a,b] — X is regulated, if the lateral limits

lim f(s)=f(t—) e X, te(a,b], and lim f(s)=f(t+) e X, tE€la,b)

s—t— s—t+

exist. The space of all regulated functions f : [a,b] — X is denoted by G([a, b], X) and it
is a Banach space under the usual supremum norm || f||e = sup,<;<; || f(¢)||. We denote
by G~ ([a,b], X) the subspace of G([a,b], X) of left-continuous functions.

A proof of the next result can be found in [14], Corollary 1.34.

Theorem A.3. If f : [a,b] — X is a regulated function and g : [a,b] — R is a nonde-
creasing function, then the Perron-Stieltjes integral f:f(s) dg(s) ezists.

There is also an existence result (see [14], Corollary 3.16) for the Perron integral
ff DU(7,t), in the particular case, where U(7,t) = G(z(7),t), z : [a,b] = O, O C X, is
a regulated function and G : O x [a,b] — X satisfies

|G, 52) = G2, s1)|| < |h(s2) = h(s1)] (A1)

34



and
|Gz, 82) = Gz, 1) = Gy, s2) + G(y, 81)|| < |l = ylloc|(s2) — h(s1)] (A.2)

for all (z, 1), (z, $2), (y, s1), (v, $2) € Ox]|a, b] and some nondecreasing function b : [a, b] —
R.

Theorem A.4. If G satisfies the equations (A.1) and (A.2) and z : [a, 5] — O is a
regulated function such that (z(s),s) € Ox[a, f], for every s € [a, ], where [, B] C (a,b),
then the integral faﬁ DG(x(1),t) exists.

The following result, which describes the properties of the indefinite Perron-Stieljtes
integral, is a special case of Theorem 1.16 from [14].

Theorem A.5. Let [ : [a,b] = R"™ and g : [a,b] — R be a pair of functions such that g
is requlated and f:f(s) dg(s) exists. Then the function

b = [ 76)dgts). e ]
is requlated and satisfies
h(t+) = h(t)+ f(H)ATg(t), t € [a,b),
h(t—) = h(t) - f()A g(t), t € (a,b],
where A*g(t) = g(t+) — g(t) and A™g(t) = g(t) — g(t—).

The next lemma is a fundamental result in the non-absolute integration theory, known
as Saks-Henstock Lemma. A proof of this lemma can be found in [14], Lemma 1.13, when
X =R". The proof for an arbitrary Banach space X follows analogously.

Lemma A.6. Let U : [a,b] X [a,b] — X be Perron integrable over [a,b]. Given e >0, let
0 a gauge in |a,b] such that

k

> U85 = Ulry,85-1)] —/ DU(r, 1)

=1
for every d-fine tagged division d = {(7;, [sj-1,5;]),j =1,2,...,k} of [a,b]. If
a<P <G <N<<HE< RS S <& S m <Dh

represents a partial delta-fine tagged division {(&;,[5;,74]),7 = 1,2,...,m} of [a,b], which
means,

<e (A.3)

&€ 1B85,7] € (& —0(&).&+0(&), j=12,...,m,
then

m

D

j=1

(e )~ V(67 ~ [ DU | <= (A4)
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As a consequence of the Saks-Henstock Lemma we have the following result

Corollary A.7. Let U : [a,b] X [a,b] — X be Perron integrable over [a,b]. Given ¢ > 0,
let § be a gauge in |a,b]. Let [y,v] be a closed subinterval of [a,b]. Then,

(i) (v—") < d(y) implies

HU(%U)—U(%V)—/:DU(TJ)H <&

(11) (v—") <0 (v) implies

HU(U,U)—U(U,V)—/:DU(T,t) <e.

B Generalized ODEs

Now, we recall the definition of a generalized ODE.

Definition B.1. Let X be a Banach space. Consider a set O C X, an interval [a,b] C R
and a function G : O x [a,b] — X. A function z : [a,b] — O is called a solution of the
generalized ordinary differential equation

dx
i DG(z,t) (B.1)

on the interval [a, ], if
d
z(d) — x(c) = / DG(x(T),t)
for every ¢, d € [a, b].

When the right-hand side of a generalized ODE satisfies (A.1), we have the following
information about its solutions (see Lemma 3.12 from [14]).

Lemma B.2. Consider a set O C X, an interval [a,b] C R and a function G : Ox[a,b] —
X. If x : [a,b] — O is a solution of the generalized ordinary differential equation

dz
— = DG(x,t
dT (1:, )
and G satisfies (A.1), then x is a function of bounded variation (and hence regqulated).

Under the assumptions (A.1) and (A.2) on G : O X [a,b] — X, it is possible to
obtain an existence-uniqueness result for an initial value problem for equation (B.1). See
Theorem B.4 in the sequel. As a matter of fact, the class of functions G fulfilling (A.1)
and (A.2) is important to several results. We now define this class of functions.
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Definition B.3. Given a nondecreasing function h : [a,b] — R, we say that a function
G : O x [a,b] — X belongs to the class F (2, h), if for all z,y € G([a, b], X ), we have

|G (2, s2) = G(x,51)|| < [h(s2) — h(s1)] (B.2)
and
|G (z,52) = G(x,51) = G(y, s2) + G(y, s1)|| < ||z — ylloc|Als2) — h(s1)] (B.3)
for all s1, s € [a,b] and all z,y € O.

For a proof of the next theorem, see [7], Theorem 2.15.

Theorem B.4. Let G : QQ — X be an element of the class F (2, h), where the function
h is left continuous (i.e. h(t—) = h(t)). Then for every (z,ty) € Q such that for T, =
T+ G(Z,ty+) — G(T,ty), we have (T4, ty) € Q and there exists a A > 0 such that, on the
interval [to,to + A], there exists a unique solution x : [to, to + A] — X of the generalized

ordinary differential equation (B.1) for which x(ty) = T.
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