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1. Introduction
Classical averaging theorems for ordinary differential equations are concerned with the initial-value problem

X0 =ef(t,x(0) +e2g(t,x(t),€),  X(to) =xo,

where & > 0 is a small parameter. Assume that f is T-periodic in the first argument. Then, according to the periodic
averaging theorem, we can obtain a good approximation of this initial-value problem by neglecting the £2-term and taking
the average of f with respect to t. In other words, we consider the autonomous differential equation

y®y=¢efo(y®),  y(to) =xo,
where

to+T

1
=7 [ repa.
to

Different proofs of the periodic averaging theorem can be found e.g. in [5], [6], or [10]; these monographs also include many
applications.
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In this paper, we derive a periodic averaging theorem for generalized ordinary differential equations, which were intro-
duced by Jaroslav Kurzweil in 1957 (see [4]). We then show that the classical averaging theorem (even with the possibility
of including impulses) is a simple corollary of our theorem. As a second application, we obtain a periodic averaging theo-
rem for dynamic equations on time scales. In the final section, we derive a periodic averaging theorem for a large class of
retarded equations.

2. Generalized ordinary differential equations

We start with a short summary of Kurzweil integration, which plays a crucial role in the theory of generalized ordinary
differential equations.

A partition of a compact interval [a, b] is a finite collection of point-interval pairs (z;, [si—1,5;]){%.;, where a =sg <s1 <
-..<sp=D>band 1 €[si_1,si],i=1,2,...,m. Given a function § : [a,b] = R, we say that the partition (T, [s,-,1,s,-]):.":1 is
8-fine whenever [s;_1, s;] C (tj — 8(7j), T + 6(7;)) for every i=1,2,...,m.

A function U : [a, b] x [a, b] — R" is called Kurzweil integrable on [a, b], if there is an I € R" such that given an & > 0,
there is a § : [a, b] — R™T such that for every §-fine partition (z;, [si_1, s,-])?;] of [a, b], we have

<é&.

Z[U(n, si) — U(ti,si-1)] —1
i=1

In this case, we write [ = ]ab DU(t,t). This definition generalizes the well-known Henstock-Kurzweil integral of a function
f :[a,b] — R™, which is obtained by taking U(t,t) = f(7)t. Another important special case is the Kurzweil-Stieltjes integral
of a function f :[a, b] — R" with respect to a function g : [a, b] — R, which corresponds to the choice U(t,t) = f(t)g(t)

and will be denoted by fab f(s)dg(s).
Consider a set B C R", an interval I C R and a function F: B x I — R". A function x: I — B is called a solution of the
generalized ordinary differential equation
dx

— =DF(x,1t),
e x,1)

whenever
b
x(b)—x(a):/DF(x(r),t)

for every a,b e I.
A basic source in the theory of generalized ordinary differential equations is the book [7]. It is known that an ordinary
differential equation x'(t) = f (x(t),t) is equivalent to the generalized equation
dx
—— =DF(x,1t),
dr

where F(x,t) = f[; f(x,s)ds. However, generalized equations include many other types of equations such as impulsive equa-
tions, retarded functional differential equations, or dynamic equations on time scales.

Without loss of generality, we can always assume that the right-hand side of a generalized equation satisfies F(x,0) =0
for every x € B. Otherwise, we let

F(x,t)=F(x,t)— F(x,0), x€B, tel,

and consider the equation

X Db
dr — e

Then we have F(x,0) =0 for every x € B, and it follows from the definition of the Kurzweil integral that the new equation
has the same set of solutions as the original one.

Definition 1. Let B C R", I C R an interval on the real line, £2 = B x I. Assume that h: I — R is a nondecreasing function.
We say that a function F : £2 — R" belongs to the class F(£2, h), if it satisfies

|F(x,52) = F(x,51)|| < |h(s2) — h(s1)]

for every x € B and every s1,s; € I, and

|F(x,52) = F(x,51) — F(y.52) + F(y, 50| < llx = | - |(s2) — h(s1)|
for every x, y € B and every s1,53 € I.
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The following existence theorem is proved in [7, Corollary 1.34]. The inequality follows easily from the definition of the
Kurzweil-Stieltjes integral.

Theorem 2. If f : [a, b] — R" is a regulated function and g : [a, b] — R is a nondecreasing function, then the integral fab f(s)dg(s)
exists. Moreover,

b b
/ f()dg(s)|| < / | f(s)] dg(s).

The following lemma combines two statements from [7] (see Lemma 3.9 and Corollary 3.15).

Lemma 3. Let B C R", 2 = B x [a, b]. Assume that F : 2 — R" belongs to the class F (82, h).Ifx : [a, b] — B is a regulated function,
then the integral fab DF(x(t),t) exists and

b

DF(x(7),t)|| <h(b) — h(a).

Se—

We also need the following theorem, which can be found in [7, Lemma 3.12].

Lemma4. Let B C R", 2 = B x [a, b]. Assume that F : 2 — R" belongs to the class F(§2, h). Then every solution x : [, ] — B of
the generalized ordinary differential equation

X —DF(x. 1)
dr ’

is a regulated function.
The following inequality will be useful in the proof of the averaging theorem.

Lemma 5. Let B C R", 2 = B x [a, b]. Assume that F : 2 — R" belongs to the class F(£2,h). If x, y : [a,b] — B are regulated
functions, then

b

/D[F(x(t),t) —F(y(0),1)]

a

b
< / xt) - y(©)] dh(o).

Proof. The Kurzweil-Stieltjes integral on the right-hand side exists, because h is nondecreasing and |x — y| is regulated.
For an arbitrary partition (7, [Si_1, si])?;] of [a, b], we have

m

> (F(x(m), si) — F(x(t), si1) — F(y(t), 5i) + F(y(Ti), 5i-1)) H

i=1

|F (x(ti). si) — F(x(ti). si—1) — F(y(z). si) + F(y(m).si-1) | < Z”X(Ti) — y(@) | (h(si) — h(si-1)).

1 i=1

<

&

1

Now, given an ¢ > 0, there is a partition (z;, [sj—1,5;]){"; such that

m

b
/D[F(X(r),t) F(y(@).t)] = > (F(x(m). si) = F(x(ti), si-1) — F(y(0). si) + F(y(t). 5i-1))

i=1

<€

and

/ [ -y | ah© — 3 xcm) - @] (s — hesi)| < e

i=1
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It follows that
b

/D[F(x(t), t) — F(y(1).t)] H

<D (F(x(m. si) = F(x(ti). sim1) = F(y(m). si) + F(y(1). si—1)) H
i=1
b m
+ /D[F(X(r),t) F(y().t)] = > (F(x(m). si) — F(x(zi). si-1) —F(J’(Ti)»si)+F(Y(Ti)aSil))H
a i=1

<> Ix@) = y@ | (h(si) — h(si1)) + &

i=1

< |3 It -y (b5 — hesi—) / [x® -y dh®)| + / %@ — y© | dh® +

i=1

<2e+/|}x(t) — y(®| dh().

This proves the statement since & can be arbitrarily small. O

The following theorem represents an analogue of Gronwall’s inequality for the Kurzweil-Stieltjes integral; the proof can
be found in [7, Corollary 1.43].

Theorem 6. Let h : [a, b] — [0, co) be a nondecreasing left-continuous function, k > 0, | > 0. Assume that v : [a, b] — [0, 00) is
bounded and satisfies

v(&) <k+I/W(r)dh(r), & €[a,b].

Then ¥ (£) < ke!t®~h@) for every & € [a, b].

We proceed to our main result, which is a periodic averaging theorem for generalized ordinary differential equations.
The proof is inspired by a proof of the classical averaging theorem for ordinary differential equations given in [6] (see
Theorem 2.8.1 and Lemma 2.8.2).

Theorem 7. Let B C R", 2 = B x [0, 00), &9 > 0, L > 0. Consider functions F : 2 — R" and G : 2 x (0, gg] — R" which satisfy the
following conditions:

1. There exist nondecreasing left-continuous functions hq, hy : [0, c0) — [0, o0) such that F belongs to the class F (2, hy), and for
every fixed € € (0, €], the function (x,t) — G(x,t, €) belongs to the class F($2, hy).

2. F(x,00=0and G(x,0,¢e) =0 forevery x € B, € € (0, &g].

3. There exists a number T > 0 and a bounded Lipschitz-continuous function M : B — R" such that F(x,t + T) — F(x,t) = M(x)
foreveryx e Bandt € [0, 00).

4. There exists a constant o > 0 such that h1(iT) — h1((i — 1)T) < « foreveryi e N.

5. There exists a constant 8 > 0 such that |hy(t)/t] < B foreveryt > L/¢&.

Let
F(x,T)
Fo(x) = ———, x€B.
T
Suppose that for every € € (0, &), the initial-value problems
dx
I =D[eF(x,t) + £2G(x, t,8)], x(0) =xp(&),

y't) =¢eFo(y®),  y©0)=yo(e)
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have solutions x., y¢ : [0, %] — B. Ifthere is a constant | > 0 such that ||xo(&) — yo(e)|| < Jé& for every € € (0, &), then there exists
a constant K > 0 such that

|x: () — ye@®)| < Ke

forevery e € (0, &0l and t € [0, £1.

Proof. If x € B, then

F(x,T) H _ H F(x,T) — F(x,0) H M@
T o T T

m
ST

)

JFo] = |

where m is a bound for M. Let [ be a Lipschitz constant for M. The function H : B x [0, co) — R" given by

F(x,T)
T

H(x,t) = Fo(x)t = t

satisfies
|H(x.s2) = Hx, s1)|| = %HF(& T)s2 — F(x, T)s1| = %HF(X, T)|(s2—s1) < ?(52 —s)
and
[H . s2) = Hx.s1) = H(y. s2) + H(y. 50 = %HF(X, T)sy — F(x. T)st — F(y. T)s2 + F(y. T)s1 |
= %HF(X, T) — F(y, T)|(s2 — s1)

1 [
== [M0) = M) (s2 = s1) < S llx = yll(s2 = 51)

for every x, y € B and every s1, 5, € [0, 00), s1 < s3. It follows that H belongs to the class F(£2, h3), where h3(t) = (m+)t/T.
For every t € [0, L/¢], we have

t t

xg(t)=xo(s)+s/DF(xg(t),s)—i—s2 DG(xe(7), s, €),
0 0
t t
ys(t)=yo(8)+8fFo(ys(r))dr ZYS(0)+8/D[FO(YS(T))S]-
0 0
Consequently,
t t t
|%(®) = ye®) | = xO(E)—yo(S)+8/DF(xs(f),S)+82/DG(xs(t),s,8) —S/D[FO(Ys(f))S]
0 0 0
t t
<Je+e /D[F(xg(r),s)—F(ye(t),s)] +e /D[F(yg(‘c),s) — Fo(ye(1))s]
0 0
t
+ &2 /DG(xg(r),s,s) )
0
According to Lemma 3, we have the estimate
t ha(L/e)

g2 < &2 (ha(t) — h2(0)) < £%ha(L/e) = 6L < elp.

/DG(xg(r),s,s)

0

L/e

Also, it follows from Lemma 5 that

/D[F(xg(l'),s) — F(ye(1),9)]

0

t
§“&®—h®%h®.
0
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Let p be the largest integer such that pT <t. Then

t p iT t
[ olFe@.9) = Folye@)s] =Y [ DIF(r(0).9) = Folye()s] + [ DIF(v®).) = Folye()s].
0 =191 pT
For every i € {1, ..., p}, we obtain
iT iT iT
/ DIF(ye(1),5) — Fo(ye())s] = / DIF(ye(1),5) — F(ye(iT), 5)] - / D[Fo(ye(D)s — Fo(ye iT))s]
(i-1T (i-1T (i-1T
iT
+ / D[F(ye(T),s) — Fo(ye(iT))s].
(i-DT
We estimate the first integral as follows:
iT iT
D[F(ye(r).s) — F(ye(iT).s)]| < / |ye(s) — ye(T)| dhy(s).
(i-1DT (i-DT

Since y, satisfies y} (t) = eFo(y¢(t)), the mean value theorem gives
[ye(s) = ye(D| < 8?(1’T —s)y<em, se[(i—DT,iT],
and consequently
iT
f |ye(s) = ye (D dhi(s) < em(h1(GT) —h1 (G — DT)) < emar.
(i-1T
The same procedure applied to the second integral gives
iT
/ D[Fo(ys(1))s — Fo(ys(iT))s]

(i-1T

<em(h3(T) —h3(( — DT)) < em(m +1).

The third integral is zero, because for an arbitrary y € B, we have
iT
D[F(y,s) = Fo(y)s] = F(y,iT) = F(y, (i = DT) — Fo(»)T = M(y) — F(y, T) =0.
(i—1T
Since pT < L/e, we obtain
p T
> f D[F(ye(t),s) — Fo(ye(1))s]

=li-nr

Lma  m(m+I1)L
< pema+ pem(in +1) < —— + ————.

Finally, the following estimate is a consequence of Lemma 3:

t

/D[F(ys(r), s) — Fo(ye(7))s]

pT

t

/DF(yg(r),s) /D[Fo(yg(t))s]

pT pT
< hi(8) —hi(pT) + h3(t) — h3(pT)

<hi(pT +T) —h1(pT) +h3(pT +T) —h3(pT) <a +m+L

By combining the previous inequalities, we obtain

t

< +

<K,

/D[F(ys(r), s) — Fo(ye())s]
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where K is a certain constant. It follows that
t
%@ - ye )] < e/ng(s) — o) dhi(s) +2(J + K + L),
0

Since x. is a regulated function (we have used Lemma 4) and y, is a continuous functions, both of them must be bounded
and we can apply Gronwall’s inequality from Theorem 6 to obtain

[xe(6) = ye | <eMOMOeg(] 4 K +L1B).

The proof is concluded by observing that

e(h1(®) — h1(0)) < e(h1(L/e) — h1(0)) < &(h1([L/(€T)]T) — h1(0))
<5Loc<eL+1a< L—f-eot O
S er [T o\er S\t )T
3. Ordinary differential equations with impulses

We now use the theorem from the previous section to obtain a periodic averaging theorem for ordinary differential
equations with impulses. Given a set B C R", a function f : B x [0, 00) — R", an increasing sequence of numbers 0 <ty <
t, <---, and a sequence of mappings I; : B— R", i € N, consider the impulsive differential equation

X () =ef(x().t) +e2g(x(0).t,€), te[0,00\{t1,t2,...},
ATx(t) = eli(x(t;), i€N,

where ATx(t;) = x(ti+) — x(t;).

Since we are interested in deriving a periodic averaging theorem, we will assume that f is T-periodic in the second
argument and that the impulses are periodic in the following sense: There exists a ke Nsuch that 0 <t <ty <--- <ty <T
and for every integer i > k, we have tj =t;_, + T, I; = I;_.

It is known (see Chapter 5 in [7]) that if f is a bounded function which is Lipschitz-continuous in the first argument
and continuous in the second argument, and if the impulse operators I; are bounded and Lipschitz-continuous, then the
impulsive differential equation

X () = f(x(t),t), te[0,00\{t1,t2,...},
ATx(t) =1i(x(t)), €N,

is equivalent to a generalized ordinary differential equation with the right-hand side

t t 00
F(x,t)=[f(x,5)d5+ > Ii(x)=/f(x75)d5+21i(x)Hti(t)»
0 0

i; 0<tj<t i=1

where H, denotes the characteristic function of (v, 00), i.e. Hy(t) =0 for t <v and H,(t) =1 for t > v.

Theorem 8. Assume that BC R", 2 =B x [0,00), T > 0, &g > 0, L > 0. Consider functions f : 2 — R" and g : 2 x (0, &g] — R"
which are bounded, Lipschitz-continuous in the first argument and continuous in the second argument. Moreover, let f be T-periodic
in the second argument. Assume that k e N, 0 <t; <ty <--- <ty <T,and that I; : B— R", i =1,2,...,k are bounded and
Lipschitz-continuous functions. For every integer i > k, define t; and I; by the recursive formulas t; = t;_; + T and I; = I;_y. Denote

T k
1 1
fo(x) = T/f(x,S)dS and lo(x) = T 21 Li(x)
0 1=

for every x € B. Suppose that for every € € (0, &9], the impulsive equation
X(0) =ef(x(t),t) +e2g(x(t),t,€), te[0,00\{t1,t2, ...},
Atx(t) =eli(x(t))., €N, x(0)=xo(e)

and the ordinary differential equation

Yy =¢e(fo(y®)+Io(y®)),  y0)=yo(e)
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have solutions x¢, y¢ : [0, %] — B. Ifthere is a constant | > 0 such that ||xo(e) — yo(e)|| < J& for every € € (0, &g), then there exists

a constant K > 0 such that

% @) — ye(®)| < Ke

L
forevery e € (0,80l and t € [0, ¢].

Proof. Let

i=1

¢ o0
Fx.t) =ff(x, s)ds+ Y i) Hy, (0),
0

t
G(x, t,e)= / g(x,s,€)ds.
0

Given an ¢ € (0, &], the function x, satisfies

d
% =D[eF(xs. 1) + £2G(x¢, 1, )].

According to the assumptions, there exists a constant C > 0 such that

Ifx.o|<c, ||fx—fy.o]<Clx—yl

for every x, y € B, t € [0, 00), a constant D > 0 such that

i@ <D, L —Lw|<Dlx-yl

for every x, y € B and i € N, and a constant N > 0 such that

lex.t.e)] <N, |ekx.t.e)—gy.t,e&)| <Nlx—yl

for every x, y € B, t € [0, 0), € € (0, &]. The function h; : [0, c0) — R given by

hi(®)=Ct+D > Hy ()
i=1

is left-continuous and nondecreasing. If 0 < u <t, then

|F(x.t) = Fx,w)| =

t o0
< [Irolds+ e | (H© - How)
Y i=1

<C(t—u)+ DY (Hy(t) = Hy () =hy () — hy (u)

i=1

and

|Fx,t) — F(x,u) — F(y.t) + F(y, )| =

¢ oo
/ f@x.s)ds+ Y L0 (Hy (t) — He ()

i=1

/(f(x, )= F(y.9)ds + > (L) = i) (He, () — Hy, (w))

< [Irs = Fv 9l ds+ Y1160 = L) (He 0 = Ho @)

Ct —u)+ DY (Hy(t) — Hy; (w))

) = |x = yli(h1(®) —h1(w)).
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It follows that F belongs to the class F(§2, hy). Define h; : [0, 00) — R by ha(t) = Nt. If 0 <u <t, then

t

/g(x, s,&)ds

u

|Gx,t,e) —Gx.u, &) = <N(t —u) =hy(t) — ha(u).

Also, if 0<u <t and x, y € B, we have

t

/(g(x,s,g) —g(y,s,8))ds

<N[x = ylIt —u) = llx = ¥l (h2(6) — ha ().

Therefore, for every fixed ¢ € (0, g¢], the function (x, t) — G(x,t, &) belongs to the class F(£2, hy). It is clear that F(x,0) =0
and G(x,0, &) =0 for every x € B. Moreover, for every t > 0, the difference

|Gx,t,e) —G(x,u, &) — G(y,t, &) + G(y,u, )| =

t+T

T
F(x,t+T)—F(x,t)=ff(x,s)ds+ > Ii(X)=/f(x,s)ds+ )R (169)
t 0

i t<tj<t+T i;0<tj<T

is independent of t, so we can define M(x) = F(x,t + T) — F(x, t). The following calculations show that M is bounded and
Lipschitz-continuous:

k

T
/f(x, $)ds+ Y 1)
0

i=1

IM@)| =|FxT)—Fx 0| = < CT +kD,

IM@ — M) = |[FxT) = F(y, T) = F(x,0) + F(y,0) |
T k
/(f(x, ) = f(y.9))ds+ Y (Lix) — Ii(y))
0 i=1
<CT|x—yll +kD|x — yll = llx — yII(CT + kD).

i=1

T k
< [Irs - rvollds+ Yl - )]
0

For every j € N, we have

[e.¢] o0
mGT) —hi(( = DT)=CiT+D )Y Hy(jT) = C(j = DT =D Y Hy((j = DT)
i=1 i=1
=CT+D ) 1=CT+Dk
i (-DT<G<jT

Finally, note that |ha(t)/t| = N for every t > 0. We see that the assumptions of Theorem 7 are satisfied. To conclude the
proof, it is now sufficient to define

Fx,T)

Fo(x) = T =

T k

1 1

¥/f(x, s)ds + T 21 Ii(x) = fo(x) + Io(x)
0 1=

and apply Theorem 7. O
4. Dynamic equations on time scales

In this section, we use Theorem 7 to derive a periodic averaging theorem for dynamic equations on time scales. We
assume that the reader is familiar with the basic notions of time scales calculus as described in [1], and with integration on
time scales as presented in [2]. According to [8], dynamic equations on time scales can be converted to generalized ordinary
differential equations. Before describing the corresponding procedure, we introduce the following notation, which is taken
over from [8].

Let T be a time scale. If t is a real number such that t < supT, let

t* =inf{seT; s >t}
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Since T is a closed set, we have t* € T. Further, let
T — { (—oo,supT] if supT < oo,
(—00, 00) otherwise.
Given a function f:T — R", we define a function f*:T* — R" by
froy=f(t*), teT"
The following theorem, which is a special case of Theorem 12 from [8], describes a one-to-one correspondence between the

solutions of a dynamic equation and the solutions of a certain generalized ordinary differential equation.

Theorem 9. Consider a bounded set B C R" and a bounded Lipschitz-continuous function f : B x T — R". Moreover, assume that
f is rd-continuous, i.e. the function t — f(x(t), t) is rd-continuous whenever x : T — B is a continuous function. If x: T — B isa
solution of

XA =f(x®,t), teT, (1)
then x* : T* — B is a solution of generalized ordinary differential equation

dx

— =DF(x,t), teT* 2

o =DF(D ()

where

F(x,t):/f(x,s*)du(s), xeB, teT*,
to

to € T is an arbitrary fixed number, and u(s) = s* for every s € T*. Conversely, every solution y : T* — B of (2) has the form y = x*,
where x : T — B is a solution of (1).

We now proceed to the periodic averaging theorem for dynamic equations on time scales.
Definition 10. Let T > 0 be a real number. A time scale T is called T-periodic if t € T implies t+ T € T and u(t) = w(t+T).

Theorem 11. Let T be a T -periodic time scale, ty € T, &9 > 0, L > 0, B C R" bounded. Consider a pair of bounded Lipschitz-continuous
functions f : B x [tg, 00)T — R" and g : B x [tg, 0o)T x (0, g9] — R™. Assume that f is T-periodic in the second variable, and that
both f and g are rd-continuous. Define fy: B — R" by

to+T
1
folx) = T / f(x,s)As, xe€B.
to
Suppose that for every € € (0, &o], the dynamic equation
X2 =ef(x(t),t) +e’g(x(0), t,8),  x(to) =xo(e)

has a solution x, : [tg, to + %]1‘ — B, and the ordinary differential equation

y =efo(y®).,  y(to) =yo(e)

has a solution y, : [to, to + é] — B.Ifthereis a constant | > 0 such that ||xo(€) — yo(&)|| < Je forevery € € (0, &g], then there exists
a constant K > 0 such that

[%:(0) — ye O] < Ke,

forevery e € (0, &0l and t € [to, to + L]r.

Proof Without loss of generality, we can assume that to = 0; otherwise, consider a shifted problem with the time scale
= {t —tg; t €T} and right-hand side f(x t) = f(x, tg +t). According to the assumptions, there exist constants m,[ > 0
such that

[faxof<m — Jextef <m
||f(x7t) - f(yvt)” gl”X_y”! ||g(X, t78) _g(y9t78)|| <l”x_y”



872 J. Godoy Mesquita, A. Slavik / . Math. Anal. Appl. 387 (2012) 862-877

for every x, y € B, t € [0, 00)T, € € (0, &9]. Let u(t) =t*, h1(t) = ha(t) = (m + Du(t),

t
F(x,t):/f(x,s*)du(s), xeB, te]0,00),
0

t
G(x,t,s):/g(x,s*,s)du(s), xeB, tel0,00).
0
If 0<t; <ty and x, y € B, then

|F(x,t2) = F(x, t1)|| = <m(u(tz) —u(ty)) < hy(t2) — hi(ty),

t
f f(x,s%) du(s)

t

to

[ = 13257 duts)

t
<Ix = yll(u(t2) — u(ty) < lx — yll(h1(t2) — h(t1)).
It follows that F belongs to the class F(§2, hy). Similarly, if 0 <t; <t; and x, y € B, then

|F(x.t2) = F(x.t1) — F(y.t2) + F(y.t) | =

to

/g(x, s*, &) du(s)

t

[Gx,t2,6) — Gx, t1, )| =

<m(u(ty) — u(ty)) < ha(tz) — ha(ty),

t
/(g(x, s*, &) —g(y.s*, €))du(s)
5]
Llx = yll(u(t2) —u(tr)) < llx — yll(ha(t2) — ha(ty)).
Therefore, for every fixed ¢ € (0, g¢], the function (x, t) — G(x,t, &) belongs to the class F(£2, hy). It is clear that F(x,0) =0

and G(x,0,¢e) =0. Since T is a T-periodic time scale, the function u is also T-periodic. The function f is T-periodic in the
second argument and it follows that the difference

|G(x.t2,8) = G(x, t1,€) — G(y,t2,€) + G(y. 1, 8) | =

t+T T
Fx,t+T)—F(x,t) = / f(x,s*)du(s)=ff(x,s*)du(s)
t 0

does not depend on t. The function M(x) = F(x,t + T) — F(x, t) satisfies

T
M@ | = /f(x,s*)du(s) <m(u(T) — u(0)) =mT,
0
T
[M@) - M| = /(f(x,s*)—f(y,s*))du(s) <Ux =yl (™) —u©) =1x - y|T,
0

i.e. M is a bounded Lipschitz-continuous function. For every i € N, we have
hy(GT) —hi (G — DT) = m+D(uGT) —u(i — DT)) =m+D(iT — (i — DT) = m+DT.
If t > L/eo, then

@‘ﬂmw)% s(m+l>#=<m+l>(1 +§> <(m+1)<1 +?)

Thus we have checked that all assumptions of Theorem 7 are satisfied. Moreover,

Fx,T)

T
1
Fo = —— = T/f(x,S*)dU(S)zfo(X),
0
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where the last equality follows from Theorem 5 in [8]. By Theorem 9, for every ¢ € (0, &o], the function xj : [to, to + é] — B
satisfies

sk
S = DleF(z.0) + Gl e)] RO =)

According to Theorem 7, there exists a constant K > 0 such that
|xi@®© = ye®| < Ke
for every t € [0, %], which proves the theorem. O

Note that in our Theorem 11, the averaged equation is an ordinary differential equation, while in a similar Theorem 9
obtained in [9], the averaged equation is a dynamic equation on the same time scale as the original equation.

5. Retarded equations

Let r > 0 be a given number. The theory of retarded functional differential equations is usually concerned with the
initial-value problem

X)) =fxe.t), X =0,

where x; is given by the formula x;(0) = x(t + 0), 6 € [—r, 0]. The equivalent integral form is

t
X(t)=><(to)+/f(xs,s) ds, Xtg = @.
to

We will focus on slightly more general problems of the form

t
X(f)ZX(to)Jr/f(Xs,S) dh(s), X, =¢,
to

where the Kurzweil-Stieltjes integral on the right-hand side is taken with respect to a nondecreasing function h. More
precisely, we are interested in deriving a periodic averaging theorem for the equation

t

t
x(t) =x(0) +8/f(xs,s) dh(s) +82/g(xs,s, e)dh(s),  xo=¢.
0 0
Before proceeding to the averaging theorem, we need the following auxiliary lemma.

Lemma 12.If y : [a — r, b] — R" is a regulated function, then s — || ys|l oo is regulated on [a, b].

Proof. We will show that lims_.s,— || yslleo €Xists for every sg € (a, b]. The function y is regulated, and therefore satisfies the
Cauchy condition at so —r and sp: Given an arbitrary € > 0, there exists a § € (0, sp — a) such that

lyw —yw)| <&, u,ve(so—r—385s0—1), 3)
and

lyw) —yw)| <&, u,ve(so—34,s0). (4)

Now, consider a pair of numbers si, sy such that s —§ < s1 < sy < Sg. For every s € [s; —r, s, —r], it follows from (3) that

ly®) | < ys2 =] +&<lys,lloc +&.

It is also clear that [|y(s)|| < [|¥s,llco for every s e [sp —r1,5s1]. Consequently, ||¥s, lloc < [|¥s;llc0 + €. Using (4) in a similar
way, we obtain [|ys, leo < [1¥s, lloo + €. It follows that

[1Ysilloo = 1¥s, lloc| < &, 51,52 € (S0 — 8, 50),

i.e. the Cauchy condition for the existence of lims_,s,_ || ¥slloo is satisfied. The existence of lims_, sy [|¥slleo for so € [a, b)
can be proved similarly. O

The proof of the periodic averaging theorem for retarded equations follows the same basic idea as the proof of Theorem 7.
Certain details are inspired by the paper [3], which is devoted to nonperiodic averaging. Given a set B C R", we use the
symbol G([a, b], B) to denote the set of all regulated functions f :[a,b] — B.
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Theorem 13. Let &9 > 0, L > 0, B C R", X = G([—r, 0], B). Consider a pair of bounded functions f : X x [0,00) - R", g: X x
[0, c0) x (0, £9] — R™ and a nondecreasing left-continuous function h : [0, c0) — R such that the following conditions are satisfied:

1. The integral fé’ f(ye, t) dh(t) exists for everyb > 0 and y € G([—r, b], B).
2. fis T-periodic in the second variable.

3. Thereis a constant & > 0 such that h(t + T) — h(t) = « for every t > 0.
4. There is a constant C > 0 such that for x, y € X and t € [0, 00),

[fx.0) = fy.0)] <Clix = ylloo-
. The integral

w

T
1
fox) = 7ff(x, s)dh(s)
0

exists for every x € X.

Let ¢ € X. Suppose that for every € € (0, go], the initial-value problems
t

x(t)=x(0)+8/f(xs,s)dh(s)+82/g(xs,s,8)dh(s), X0 =9,

0
y(t)zy(0)+8/fo(ys)ds, Yo=¢
0

have solutions x¢, y© : [—r, %] — B. Then there exists a constant | > 0 such that

@) — y* | < Je

L
forevery e € (0,g0] and t € [0, ¢].

Proof. There is a constant M > 0 such that || f(x,t)|| <M and ||g(x,t,&)|| <M for every x € X, t € [0, 00) and ¢ € (0, &o]. It
follows that

Mo

(h(T) —h(0)) = —

M
T T

T
1
| fox)| = HT/f(x, s)dh(s)
0

for every x € X. Thus if € € (0, &g}, s, t € [0, 00), s > t, the solution y°¢ satisfies

s+6
lyés+60) =yt +60)| = e/fo(yg)da <M, 0 e[-r,0],
t46
M(s—t
I =il = sup |y s+0) =y e+0)] < T2 ®)
6e[—r,0]
For every t € [0, L/¢], we have
t t
[ ® -y | =|e / s) dh(s) + &* / (x5, s, s)dh(s)—.s/fo yi)d
0 0
t t
<e / f(ys.s))dn(s)| +¢ /f(y?,s)dh(s)—/fo(yﬁ)ds
0 0 0
t
/ X, s, .9 dh(s)
0
t t t
s/c||x§—y§||oodh(s)+s /f(yg,s)dh(s)—/fo(yg)ds + &M (h(t) — h(0)). (6)
0 0 0
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(Note that the integral féCHxi — ¥¢lloc dh(s) is guaranteed to exist by Lemma 12, while the existence of fé f(y&,s)dh(s)
follows from assumption 1.) First, we estimate the second term. Let p be the largest integer such that pT <t. Then

t
/ (v, 5) dh(s) — / fo(y)d
0

iT

iT iT

p
+Z F(¥ipyr.s)dh(s) — / fo(¥G_1yr) ds

=t pr (i-DT

p
>
i_

=t pr
+Z

For every i € {1,2,...,p} and every s € [(i — 1)T,iT], inequality (5) gives

f(yi’s) - f(yfi_])-rgs)) dh(S)

iT t

t
[ 105)an0 - [ fo(vi)as
pT

pT

(fo(¥Gi—1yr) — fo(¥5)) ds|| +

i-nT

Mea(s—({—1)T)

lvs = ¥icnrle < T < Mea.
Using this estimate together with the fact that pT < é we obtain
v iT p 2
. CMLax
> (F(¥E.5) = F(¥§i_1)r-5)) dh(s) ZCMea h(T) = (G = 1)T)) = CMea?p < ———.
i=11l i=1
i-1T

When s>t >0 and y € G([—r, s], B), then

T
1 C C
| fo(ys) = foyo)| = T f(f(ys, o) — f(yr,0))dh(o)| < T 1Ys = Yelloo (A(T) = h(©)) = = llys = ellocer

0
Thus
) i
> /(fo(ﬁ)—fo(yzfl)r Z / [ fo(¥5) = fo(¥ii—nyr) | ds
=1l Sla-or
c P
<?az / lvs = v nrlds
=11

MCLo?

C p
<= eMaT = eMCa?p <
T“Z o a‘p T

i=1

The fact that f is T-periodic in the second variable and the definition of fO imply

) iT iT oy T
Z f(yfiq)r’s)dh(s)_ / fo(yfifl)T)ds :Z /f(yfiq)r’s) dh(s)_fo(yfifl)T)T 0.
=t (-1T =110

Finally,

t

t
/f(yf,S) dh(S)—ffo(yﬁ)ds
pT

pT

t

< /f(yi,S) dh(s)
pT

t
+ 1) es
pT

M
M(h(t) — h(pT)) + T“(t—pT)

M(h((p+ 1DT) —h(pT)) + #T = Ma + Ma = 2Ma.
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By combination of the previous results, we obtain

2MCLa?

< —— +2Mo.
T +

t t
/ £ (y5.s)dh(s) — / folye)ds
0 0

Denote the constant on the right-hand side by K. Returning back to inequality (6), we see that
t
¥ @) -y <e / C[xé — y&|| . dh(s) + €K + e*M(h(t) — h(0)).
0

Let 1/ (s) = supr(g 5 IX°(T) — y*(T)|l. Since x° and y® are regulated, it is not difficult to see that v is also regulated and
therefore Kurzweil-Stieltjes integrable with respect to the function h. For every u € [0, t], we have

u t
%) — y*w)| <e / Cy(s)dh(s) + K + &M (h(u) — h(0)) < & / Cr(s) dh(s) + eK + e*M(h(t) — h(0)).
0 0
Consequently,

t

Y(t) < 8/ Cy(s)dh(s) + eK + SZM(h(t) — h(O)).
0
Next, note that

e(h(t) —h(0)) < e(h(L/e) — h(0)) < e(h([L/(eT)|T) — h(0)) < SIVEL—‘a < s(ei + 1)a < (— - 80>a.

Thus
t

Y(t) < 8fC1p(s) dh(s) + eK +£M<% +80>O(.
0

Gronwall’s inequality from Theorem 6 gives

¥ (t) < efCMO=hO) (K + M(% + 80>a>8 < eClrteoa <1< + M(% + 8o>a>8.
It follows that if we let J — eC(F &0 (K 4 M(% + o)a), then

I¥*® -y O] <v® < Je
for every ¢ € (0, &g] and t € [0, %]. O

In the special case h(t) =t, we obtain a periodic averaging theorem for the usual type of retarded functional differential
equations. However, our theorem is much more general. The following example shows that it is applicable even to retarded
difference equations.

Example 14. Consider the function h(t) = [t] and assume that x: [—r, 00) — R" satisfies

t
x(t)=x(0)+/f(x5,s)dh(s), t €0, 00). (7)
0

It follows from the properties of the Kurzweil-Stieltjes integral that for every integer k > 0, the function x is constant on
(k, k+1], and x(k+) = x(k) + f (xg, k) (h(k+) —h(k)) = x(k) + f (x, k). Using this observation, we see that a retarded difference
equation of the form

atk+1) —a(k) = F(k,a(k),ak — 1), ...,ak — 1)), ke Ny,

is equivalent to the integral equation (7), where h(t) = [t] and f(y,t) = F([t], y(0), y(—1),...,y(—r)) for every t > 0 and
y € G([—r, 0], R"). Indeed, every solution x of this integral equation must be constant on (k,k + 1] and satisfy
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x(k+1) = x(k+) = x(k) + f(xk, k) =x(k) + F (k, x(k), x(k — 1), ..., x(k — 1))

for every integer k > 0. Thus our averaging theorem is applicable to retarded difference equations of the form

atk+1) —a(k) =eF(k,ak),atk —1),...,ak —1)), keNy,

where ¢ € (0, go] is a small parameter. Assuming that F is T-periodic in the first argument (where T is a positive integer),
the corresponding averaged equation has the form

t
y® =y +8/f0(ys)d5,
0

where the function fy is given by

T 71 i+1 T-1 T—-1
1 1 1 . 1 .
fow) =+ / f(y.5)dh(s) = = X;: / f(y.5)dh(s) = = ng(y, = X;: (i, y(0), y(=1), ..., y(-1))
0 i=0 3 i=l i=

for every y € G([—r, 0], R™).
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