N

N

Time averaging for ordinary differential equations and
retarded functional differential equations
Mustapha Lakrib, Tewfik Sari

» To cite this version:

Mustapha Lakrib, Tewfik Sari. Time averaging for ordinary differential equations and retarded func-
tional differential equations. Electronic Journal of Differential Equations, 2010, 2010 (40), pp.1-24.
hal-01189562

HAL Id: hal-01189562
https://hal.science/hal-01189562v1
Submitted on 30 May 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01189562v1
https://hal.archives-ouvertes.fr

Electronic Journal of Differential Equations, Vol. 2010(2010), No. 40, pp. 1-24.
ISSN: 1072-6691. URL: http://ejde.math.txstate.edu or http://ejde.math.unt.edu
ftp ejde.math.txstate.edu

TIME AVERAGING FOR ORDINARY DIFFERENTIAL
EQUATIONS AND RETARDED FUNCTIONAL DIFFERENTIAL
EQUATIONS

MUSTAPHA LAKRIB, TEWFIK SARI

ABSTRACT. We prove averaging theorems for non-autonomous ordinary dif-
ferential equations and retarded functional differential equations in the case
where the vector fields are continuous in the spatial variable uniformly with re-
spect to the time and the solution of the averaged system exists on some given
interval. Our assumptions are weaker than those required in the results of the
existing literature. Usually, we require that the non-autonomous differential
equation and the autonomous averaged equation are locally Lipschitz and that
the solutions of both equations exist on some given interval. Our results are
formulated in classical mathematics. Their proofs use the stroboscopic method
which is a tool of the nonstandard asymptotic theory of differential equations.

1. INTRODUCTION

Averaging is an important method for analysis of nonlinear oscillation equations
containing a small parameter. This method is well-known for ordinary differen-
tial equations (ODESs) and fundamental averaging results (see, for instance, [0, [13]
16], [38] [39] and references therein) assert that the solutions of a non-autonomous
equation in normal form

(1) = ef(r,2(7)), (1.1)
where ¢ is a small positive parameter, are approximated by the solutions of the
autonomous averaged equation

y'(T) =eF(y(r)). (1.2)

The approximation holds on time intervals of order 1/e when ¢ is sufficiently small.
In (1.2)), the function F is the average of the function f in (|1.1)) defined by

1T
F(x) = Tlgnoo f/o f(t, z)dt. (1.3)
The method of averaging for ODEs is known also as the Krylov-Bogolyubov-
Mitropolsky (KBM) method [6].
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The method of averaging was extended by Hale [I5] (see also of [26], Section 2.1])
to the case of retarded functional differential equations (RFDESs) containing a small
parameter when the equations are considered in normal form

CE/(T) = Ef(7—7 {E.,-), (14)
where, for 0 € [-r,0], z,(0) = z(r + ). Equations of the form (1.4) cover a
wide class of differential equations including those with point-wise delay for which

a method of averaging was developed by Halanay [14], Medvedev [34] and Volosov
et al. [44]. Note that the averaged equation corresponding to is the ODE
y'(r)=eF ("), (1.5)
where, for 7 fixed and 6 € [—r,0], §7(0) = y(7) and the average function F is
defined by . Recently, Lehman and Weibel [27] proposed to retain the delay
in the averaged equation and proved that equation is approximated by the
averaged RFDE
y'(r) =eF(y-). (1.6)
They observed, using numerical simulations, that equation ([1.4)) is better approxi-
mated by the RFDE than by the ODE , see Rem
The change from the fast time scale 7 to the slow time scale ¢ = e7 transforms

equations and , respectively, into
o(t) = f(t/e, x(t)) (1.7)
and
y(t) = F(y(t)). (1.8)
Thus a method of averaging can be developed for (1.7)), that is, if € is sufficiently
small, the difference between the solution z of nd the solution y of ,

with the same initial condition, is small on finite time intervals.
The analog of equation (1.7) for RFDEs is

i(t) = f(t/e,z¢). (1.9)
The averaged equation corresponding to ([1.9) is the REDE

where the average function F' is defined by (|1.3)).

Notice that the RFDEs (1.4) and (1.9) are not equivalent under the change of
time ¢t = e7, as it was the case for the ODEs (1.1)) and (1.7]). Indeed, by rescaling
7 as t = 7 equation (|1.4)) becomes

i(t) = f(t/e,ee) (1.10)
where, for § € [—r,0], 2, .(0) = z(t +0). Equation is different from (1.9)), so
that the results obtained for cannot be applied to . This last equation
deserves a special attention. It was considered by Hale and Verduyn Lunel in
[I7] where a method of averaging is developed for infinite dimensional evolutionary
equations which include RFDEs such as a particular case (see also Section 12.8
of Hale and Verduyn Lunel’s book [I8] and Section 2.3 of [26]).

Following our previous works [19, 20} 2], 22} 241 25|, 39, [41], [42] we consider in this
paper all equations , and . Our aim is to give theorems of averaging

under weaker conditions than those of the literature. We want to emphasize that
our main contribution is the weakening of the regularity conditions on the equation
under which the averaging method is justified in the existing literature. Indeed,
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usually classical averaging theorems require that the vector field f in (1.7), and
is at least locally Lipschitz with respect to the second variable uniformly with
respect to the first one (see Remarks and below). In our results this
condition is weakened and it is only assumed that f is continuous in the second
variable uniformly with respect to the first one. Also, it is often assumed that
the solutions = and y exist on the same finite interval of time. In this paper we
assume only that the solution y of the averaged equation exists on some finite
interval and we give conditions on the vector field f so that, for ¢ sufficiently
small, the solution x of 7 or will be defined at least on the same
interval. The uniform quasi-boundedness of the vector field f is thus introduced
for this purpose. Recall that the property of quasi-boundedness is strongly related
to results on continuation of solutions of RFDEs. It should be noticed that the
existing literature [I5] [I7, 26] proposed also important results on the infinite time
interval [0, 00), provided that more hypotheses are made on the non-autonomous
system and its averaged system. For example, to a hyperbolic equilibrium point of
the averaged system there corresponds a periodic solution of the original equation
if € is small. Of course, for such results, stronger assumptions on the regularity of
the vector field f are required.

In this work our averaging results are formulated in classical mathematics. We
prove them within Internal Set Theory (IST) [35] which is an axiomatic approach
to Nonstandard Analysis (NSA) [37]. The idea to use NSA in perturbation theory
of differential equations goes back to the 1970s with the Reebian school. Relative to
this use, among many works we refer the interested reader, for instance, to [3] [5] [L0L
28, [29], [30%, 311 32 [33], [43], [47] and the references therein. It has become today a well-
established tool in asymptotic theory of differential equations. Among the famous
discoveries of the nonstandard asymptotic theory of differential equations we can
cite the canards which appear in slow-fast vector fields and are closely related to
the stability loss delay phenomenon in dynamical bifurcations [II [2, [, [7] 8] 10, [T,
17, [45), [46].

The structure of the paper is as follows. In Section [2] we introduce the notations
and present our main results : Theorems and 2.11] We discuss also both
periodic and almost periodic special cases. In Section[3]we start with a short tutorial
to NSA and then state our main (nonstandard) tool, the so-called stroboscopic
method. In Section [4] we give the proofs of Theorems and Some of
the auxiliary results can be found, for instance, in [22, 39 [41]. They are included
here to keep the paper self-contained for the benefit of the reader. In Section [5| we
say exactly what are the results that are already proved in our previous articles
and we discuss the differences with the previous works.

Let us notice that our proofs do not need to be translated into classical mathe-
matics, because IST is a conservative extension of ZF, that is, any classical state-
ment which is a theorem of IST is also a theorem of ZFC.

2. NOTATION AND MAIN RESULTS

In this section we will present our main results on averaging for fast oscillating
ODE:s (1.7), RFDEs in normal form and fast oscillating RFDEs . First
we introduce some necessary notations. We assume that r > 0 is a fixed real number
and denote by C = C([-r,0],R?) the Banach space of continuous functions from
[—7,0] into R? with the norm ||¢|| = sup{|¢(#)| : 6 € [-r,0]}, where |- | is a norm of
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R?. Let L > 0. If z : [-r, L] — R? is a continuous function then, for each t € [0, L],
we define z; € C by setting z,(0) = x(t+0) for all # € [—r,0]. Note that when r =0
the Banach space C can be identified with R? and =z, with x(¢) for each t € [0, L].

2.1. Averaging for ODEs. Let U be an open subset of R? and let f : Ry x U —
R?, (t,x) — f(t,z), be a continuous function. Let zo € U be an initial condition.
We consider the initial value problem

o(t) = f(t/e,x(t)), x(0) = =, (2.1)
where € > 0 is a small parameter. We state the precise assumptions on this problem
in the following definition.

Definition 2.1. A vector field f : R, x U — R? is said to be a KBM-vector field
if it is continuous and satisfies the following conditions
(C1) The function f is continuous in the second variable uniformly with respect
to the first one.
(C2) For all x € U, there exists a limit F(z) := limp_. = fOT f(t, z)dt.
(C3) The initial value problem

y(t) = Fy(t)), v(0) =0 (2.2)
has a unique solution.

Notice that from conditions (C1) and (C2) we deduce that the average of the
function f, that is, the function F : U — R% in (C2), is continuous (see Lemma.
So, the averaged initial value problem is well defined.

The main theorem of this section is on averaging for fast oscillating ODEs. It
establishes nearness of solutions of and on finite time intervals, and reads
as follows.

Theorem 2.2. Let f: Ry x U — R% be a KBM-vector field. Let xo € U. Lety be
the solution of and let L € J, where J is the positive interval of definition of
y. Then, for every § > 0, there exists eg = eo(L, ) > 0 such that, for all e € (0, &),
every solution x of is defined at least on [0, L] and satisfies |z(t) — y(t)| < &
for allt € [0, L].

Let us discuss now the result above when the function f is periodic or more
generally almost periodic in the first variable. We will see that some of the condi-
tions in Theorem can be removed. Indeed, in the case where f is periodic in ¢,
from continuity plus periodicity properties one can easily deduce condition (C1).
Periodicity also implies condition (C2) in an obvious way. The average of f is then
given, for every x € U, by

T
F(z) = % /O F(t,)dt, (2.3)

where T is the period. In the case where f is almost periodic in ¢ it is well-known
that for all x € U, the limit

F(z) = lim 1/S+T f(t, x)dt (2.4)

T—oo T

exists uniformly with respect to s € R. So, condition (C2) is satisfied when s = 0.
We point out also that in a number of cases encountered in applications the func-
tion f is a finite sum of periodic functions in ¢. As in the periodic case above,
condition (C1) is satisfied. Hence we have the following result.
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Corollary 2.3 (Periodic and Almost periodic cases). The conclusion of Theo-
rem holds when f : Ry x U — R? is a continuous function which is periodic
(or a sum of periodic functions) in the first variable and satisfies condition (C3).
It holds also when f is continuous, almost periodic in the first variable and satisfies
conditions (C1) and (C3).

Remark 2.4. In the results of the classical literature, for instance [26], Theorem
1, p. 202], it is assumed that f has bounded partial derivatives with respect to the
second variable.

2.2. Averaging for RFDEs in normal form. This section concerns the use of
the method of averaging to approximate initial value problems of the form

() = f(t/e,ze), z(t) = P(t/e),t € [—er,0]. (2.5)
Here f: Ry x Q — R% (t,z) — f(t,x), is a continuous function, Q = C([-r,0],U),
r > 0, where U is an open subset of R?, ¢ € Q is an initial condition and £ > 0
is a small parameter. For each ¢ > 0, z;. denotes the element of C given by
x1(0) = z(t + ) for all § € [—r,0].
We recall that the change of time scale ¢t = e7 transforms (2.5)) into the following
initial value problem, associated to a RFDE in normal form :

(1) =¢ef(r,2,), x0=0.

Definition 2.5. A vector field f : Ry x Q — R? is said to be a KBM-vector field
if it is continuous and satisfies the following conditions.

(H1) The function f is continuous in the second variable uniformly with respect
to the first one.

(H2) The function f is quasi-bounded in the second variable uniformly with
respect to the first one, that is, for every compact subset W C U, f is
bounded on Ry x A, where A = C([—r,0], W).

(H3) For all # € Q, the limit F(z) := limp_oo & [ f(t,2)dt exists.

(H4) The initial value problem

9(t) = G(y(1)), w(0) = 4(0) (2.6)
has a unique solution. Here G : U — R? is defined by G(z) = F(&) where,
for each z € U, & € Q is given by £(0) =z, 0 € [—r,0].

As we will see later, condition (H2) is used essentially to prove continuability
of solutions of at least on every finite interval of time on which the solu-
tion of is defined. For more details and a complete discussion about quasi-
boundedness and its crucial role in the continuability of solutions of RFDEs, we
refer the reader to Sections 2.3 and 3.1 of [I8§].

In assumption (H4) we anticipate the existence of solutions of . This will be
justified a posteriori by Lemma where we show that the function F : Q — R¢
in (H3), which is the average of the function f, is continuous. This implies the
continuity of G : U — R? in and then guaranties the existence of solutions.

The result below is our main theorem on averaging for RFDEs in normal form.
It states closeness of solutions of and on finite time intervals.

Theorem 2.6. Let f: R, x Q — R? be a KBM-vector field. Let ¢ € Q). Let y be
the solution of (2.6) and let L € J, where J is the positive interval of definition of
y. Then, for every § > 0, there exists eg = £9(L, ) > 0 such that, for alle € (0,&¢],
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every solution x of (2.5)) is defined at least on [—er, L] and satisfies |z(t) —y(t)| < ¢
for all t € [0, L].

As in Section [2.1] we discuss now both periodic and almost periodic special
cases. In each one, some of the conditions in Theorem can be either removed
or weakened. Let us consider the following (weak) condition which will be used
hereafter instead of condition (H2):

(H5) The function f is quasi-bounded, that is, for every compact interval I of
R4 and every compact subset W C U, f is bounded on I x A, where
A =C([-r,0],W).

When f is periodic it is easy to see that condition (H1) derives from the conti-
nuity and the periodicity properties of f. On the other hand, by periodicity and
condition (H5), condition (H2) is also satisfied. The average F' in condition (H3)
exists and is now given by formula where T is the period. When f is almost
periodic, condition (H5) imply condition (H2) and the average F is given by for-
mula (2.4). Quite often the function f is a finite sum of periodic functions so that
condition (H1) is satisfied. Hence we have the following result.

Corollary 2.7 (Periodic and Almost periodic cases). The conclusion of Theorem
holds when f : Ry x Q — R? is a continuous function which is periodic (or
a sum of periodic functions) in the first variable and satisfies condition (H4) and
(H5). It holds also when f is continuous, almost periodic in the first variable and
satisfies conditions (H1), (H4) and (H5).

Consider now the special case of equations with point-wise delay of the form

&(t) = f(t/e,z(t), z(t —er))

which is obtained, by letting 7 = t/e, from equation

(1) =ef(r,z(r),x(t —r)).
In this case, for both periodic and almost periodic functions, condition (H5) follows
from the continuity property and then may be removed in Corollary 2.7]

Remark 2.8. In the results of the literature, for instance [26, Theorem 3, p. 206],
f is assumed to be locally Lipschitz with respect to the second variable. Note that
local Lipschitz condition with respect to the second variable implies condition (H1).
It also assures the local existence for the solution of . But, in opposition to
the case of ODEs, it is well known (see Sections 2.3 and 3.1 of [18] that without
condition (H5) one cannot extend the solution x to finite time intervals where
the solution y is defined in spite of the closeness of z and y. So, in the existing
literature it is assumed that the solutions x and y are both defined at least on the
same interval [0, L].

Remark 2.9. In the introduction, we noticed that Lehman and Weibel [27] pro-
posed to retain the delay in the averaged equation (|1.6). At time scale ¢ = 7, their
observation is that equation (2.5)) is better approximated by the averaged RFDE

y(t) = F(yr.e) (2.7)
than by the averaged ODE ([2.6). It should be noticed that the averaged RFDE
(2.7) depends on the small parameter e, which is not the case of the averaged

equation ([2.6)).
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2.3. Averaging for fast oscillating RFDEs. The aim here is to approximate
the solutions of the initial value problem

Qf(t) = f (t/e’:‘,.rt) ) Ty = ¢a (28)
where f : Ry xQ — R4, (t,z) — f(t,z), is a continuous function, Q = C([~r,0],U),
r > 0, where U is an open subset of R, ¢ € ) is an initial condition and € > 0 is
a small parameter.

Definition 2.10. A vector field f : R, x Q — R? is said to be a KBM-vector field
if it is continuous and satisfies conditions (H1), (H2), (H3) in Definition and
the following condition

(H6) The initial value problem

yt) =Fy), yo=¢ (2.9)
has a unique solution.

The averaged initial value problem associated to is well defined since
conditions (H1) and (H3) imply the continuity of the function F : Q — R< in (H3).

We may state our main result on averaging for fast oscillating RFDEs. It shows
that the solution of is an approximation of solutions of on finite time
intervals.

Theorem 2.11. Let f : Ry x Q — R? be a KBM-vector field. Let ¢ € Q. Let
y be the solution of and let L € J be positive, where J is the interval of
definition of y. Then, for every 6 > 0, there exists eg = e9(L,d) > 0 such that, for
all € € (0,¢e0], every solution = of is defined at least on [—r, L] and satisfies
|z(t) — y(t)| < for allt € [0, L].

In the same manner as in Section [2.2] we have the following result corresponding
to the periodic and almost periodic special cases.

Corollary 2.12 (Periodic and Almost periodic cases). The conclusion of Theorem
holds when f : Ry x Q — R% is a continuous function which is periodic (or
a sum of periodic functions) in the first variable and satisfies condition (H5) and
(HG). It holds also when f is continuous, almost periodic in the first variable and

satisfies conditions (H1), (H5) and (H6).

For fast oscillating equations with point-wise delay of the form

i(t) = f(t/e, x(t), alt - 1)),
in the periodic case as well as in the almost periodic one, condition (H5) derives
from the continuity property and then can be removed in Corollary

Remark 2.13. In the results of the classical literature, for instance, [26, Theorem
4, p. 210], it is assumed that f is locally Lipschitz with respect to the second
variable and the existence of the solutions xz and y on the same interval [0, L] is
required.

3. THE STROBOSCOPIC METHOD

3.1. Internal Set Theory. In this section we give a short tutorial of NSA. Addi-
tional information can be found in [Bl 10, B5, B7]. Internal Set Theory (IST) is a
theory extending ordinary mathematics, say ZFC (Zermelo-Fraenkel set theory with
the axiom of choice), that axiomatizes (Robinson’s) nonstandard analysis (NSA).
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We adjoin a new undefined unary predicate standard (st) to ZFC. In addition to
the usual axioms of ZFC, we introduce three others for handling the new predicate
in a relatively consistent way. Hence all theorems of ZFC remain wvalid in IST.
What is new in IST is an addition, not a change. In the external formulas, we use
the following abbreviations [35] :

VA for Vaz(stz = A) and F'A for Jz(stx &A).

A real number z is said to be infinitesimal if |z| < a for all standard positive
real numbers a and limited if |x| < a for some standard positive real number a.
A limited real number which is not infinitesimal is said to be appreciable. A real
number which is not limited is said to be wunlimited. The notations z ~ 0 and
xr ~ 4oo are used to denote, respectively, = is infinitesimal and z is unlimited
positive.

Let D be a standard subset of some standard normed space E. A vector x € D is
infinitesimal (vesp. limited, unlimited) if its norm ||| is infinitesimal (resp. limited,
unlimited). Two elements z,y € D are said to be infinitely close, in symbols, x ~ y,
if |x —y|| ~ 0. An element = € D is said to be near-standard (resp. near-standard
in D) if x ~ z¢ for some standard zy € E (resp. for some standard zo € D). The
element xq is called the standard part or shadow of x. It is unique and is usually
denoted by °z. Note that when E = R?, each limited vector € D is near-standard
(but not necessary near-standard in D).

The shadow of a subset A of F, denoted by °A, is the unique standard set whose
standard elements are precisely those standard elements x € FE for which there
exists y € A such that y ~ x. Note that °A is a closed subset of E and if A C B
then °A C °B. When A is standard, °A = A. We need the following result

Lemma 3.1. Let U be a standard open subset of R®. Let A be near-standard in U
(i.e. Yz € A, x is near-standard in U ). Then, there exists a standard and compact

set W such that AC W C U.

Proof. For better readability we break the proof into three steps.

Step 1. We show that the shadow °A of A is compact in R%. °A is standard and
closed. Let us prove that °A is bounded. Since A is near-standard, each element
of A is limited. Hence Vz € A F*'a > 0 |z| < a. By idealization, there exists a
standard and finite set a’ such that Vo € A Ja € d’ |z| < a. Let a = max(a’). Then
Vo € Alz| < a. Hence A C F = {x € R?: |z| < a}, from where we deduce that
°A C °F = F. This proves that °A is bounded. Finally, we conclude that °A is
compact in R since it is closed and bounded.

Step 2. We show that °A C U. Let = be standard in °A. Let y € A such that
y ~ x. Since A is near-standard in U and z is the standard part of y, we have
x € U. By transfer we deduce that every x € °A belongs to U. Thus °A C U.

Step 8. We show that there exists a standard and compact set W such that
A C W C U. Let W be the standard and compact neighborhood, around the
standard and compact set °A, given by W = {y € R?/ 3z € °A : |z — y| < p},
for some standard p > 0 chosen such that W C U. Let z € A and z¢ € U, xg
standard, such that z ~ xy. Thus zg € °A. Hence x € W, since W is a standard
neighborhood of xy, which proves that A C W. O

Let I C R be some interval and f : I — R be a function, with d standard. We
say that f is S-continuous at a standard point = € [ if, for all y € I, y >~ x implies
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fly) = f(x), fis S-continuous on I if f is S-continuous at each standard point of I
and f is S-uniformly-continuous on I if, for all x,y € I, v ~ y implies f(z) ~ f(y).
If I is standard and compact, S-continuity on I and S-uniform-continuity on I are
the same. When f (and then T) is standard, the first definition is the same as saying
that f is continuous at a standard point z, the second definition corresponds to the
continuity of f on I and the last one to the uniform continuity of f on I.

We need the following result on S-uniformly-continuous functions on compact
intervals of R. This result is a particular case of the so-called “Continuous Shadow
Theorem” [10)].

Theorem 3.2. Let I be a standard and compact interval of R, D be a standard
subset of R? (with d standard) and x : I — D be a function. If x is S-uniformly-
continuous on I and for each t € I, x(t) is near-standard in D then there exists a
standard and continuous function y : I — D such that, for allt € I, x(t) ~ y(t).

The function y in Theorem is unique. It is defined as the unique standard
function y which, for ¢ standard in I, is given by y(t) = °z(t). The function y is
called the standard part or shadow of the function x and denoted by y = °z.

3.2. The Stroboscopic Method for ODEs. Let U be a standard open subset
of R?. Let o € U be standard and let F : R, x U — R be a standard and
continuous function. Let I be some subset of R and let  : I — U be a function
such that 0 € I and z(0) ~ zo.

Definition 3.3 (F-Stroboscopic property). A real number ¢ > 0 is said to be an
instant of observation if t is limited, [0,¢] C I and z(s) is near standard in U for all
s € [0,t]. The function z is said to satisfy the F-Stroboscopic property on [ if there
exists p > 0 such that, for all instant of observation ¢ € I, there exists ¢ € I such

that p < ¢/ —t ~ 0, [t,#'] C I, x(s) = 2(t) for all s € [t,#'] and ZE=20) ~ F(¢, 2(¢)).
Now, if a function satisfies the F-stroboscopic property on I, the result below
asserts that it can be approximated by a solution of the ODE

y(t) = F(t,y(t)), y(0) = zo. (3.1)
Theorem 3.4 (Stroboscopic Lemma for ODEs). Suppose that

(a) The function x satisfies the F-stroboscopic property on I (Definition[3.3).
(b) The initial value problem has a unique solution y. Let J = [0,w),
0 < w < o0, be its maximal positive interval of definition.
Then, for every standard L € J, [0, L] C I and the approzimation z(t) ~ y(t) holds
for allt € [0, L].

The proof of Stroboscopic Lemma for ODEs needs some results which are given
in the section below.

3.2.1. Preliminaries.

Lemma 3.5. Let L > 0 be limited such that [0, L] C I. Suppose that

(i) For allt €0, L], x(t) is near-standard in U.

(ii) There exist some positive integer N and some infinitesimal partition {t, :
n=20,...,N +1} of [0, L] such that to =0, ty < L < tnyy1 and, for n =
0,...,N, tpy1 ~tn, 2(t) = x(ty) for all t € [tn,try1], and W ~
Ftn,x(tyn))-
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Then the function x is S-uniformly-continuous on [0, L].

Proof. Let t,t' € [0,L] and p,q € {0,...,N} besuch that t <t',t ~ ', t € [tp, tps1]
and t’ € [ty,tq+1]. We write

z(tq) — z(tp) = Z(x(thrl) —z(tn)) = (tnt1 — t) [F'(tn 2(tn)) +ma),  (3.2)

where

T(tny1) — 2(tn)
2‘:n+1 - tn

for all n € {p,...,q — 1}. Denote

M = - F(tnyxtn) ~ 0,

n=_max In.] and m = Jnax |F(tn, z(tn))|.

We have n ~ 0 and m = |F(ts, z(ts))| for some s € {p,...,q — 1}. Since the
function F' is standard and continuous, and (¢s,x(ts)) is near-standard in Ry x U,
F(ts,x(ts)) is near-standard. So is m. Hence (3.2)) leads to the approximation

2(t') = x(t)] = |2(tq) — (tp)] < (m+n)(tg —1p) ~0
which proves the S-uniform-continuity of  on [0, L] and completes the proof. O

When we suppose L standard instead of limited, then more properties about the
function x can be obtained and the following lemma can be written.

Lemma 3.6. Let L > 0 be standard such that [0, L] C I. Suppose that conditions
(i) and (ii) in Lemma hold. Then the shadow y = °x of the function x is a
solution of (3.1). Moreover, the approzimation x(t) ~ y(t) holds for all t € [0, L].

Proof. By Lemma the function z is S-uniformly-continuous on [0, L]. From
hypothesis (i) and Theorem [3.2] we deduce that y is continuous on [0, L] and y(t) ~
z(t) for all t € [0,L]. Let us show now that the function y is a solution of (3.1,
that is, for all ¢ € [0, L] it satisfies

t
o)) w0+ [ Flsyls)ds.
0
Let ¢ € [0, L] be standard and let n € {0,..., N} be such that ¢ € [t,,, t,+1]. Then

n—1

y(t) —zo > a(tn) —2(0) = Y (x(tis1) —a(t)

k=0
= 3 s — ) [F(t, () + e,
k=0

where 7, ~ 0 for all k € {0,...,n — 1}. As F is standard and continuous, and
x(tr) ~ y(tx) with z(t;) near-standard in U, we have F(tg, x(tr)) = F(tg, y(tr))+0k
where () ~ 0 for all k € {0,...,n — 1}. Hence (3.3) gives

n—1

t
) =20 = - (ther — )Pt yt) + Gu+ ) = [ Fls,y(s))ds.
k=0 0
Thus the approximation

y(t) ~ xg +/0 F(s,y(s))ds (3.3)
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holds for all standard ¢ € [0, L]. Actually (3.3) is an equality since both sides of
which are standard. We have thus, for all standard ¢ € [0, L],

t
o)) a0+ [ Flsy(s))ds (34)

0
and by transfer (3.4) holds for all ¢ € [0, L]. The proof is complete. O

The following statement is a consequence of Lemma [3.6

Lemma 3.7. Let L > 0 be standard such that [0, L] C I. Suppose that

(i) For allt € [0,L], z(t) is near-standard in U.
(ii) The function x satisfies the F-stroboscopic property on [0, L] (Definition
£,
Then the function x is S-uniformly-continuous on [0, L] and its shadow is a solution

y of (3.1). So, we have x(t) ~ y(t) for all t € [0, L]

Proof. First of all we have A € A, for all standard real number A > 0, where 4,
is the subset of R defined by A, ={A e R /Vt € [0,L] 3" € I : P,(t,t',\)} and
P.(t,t', A) is the property

!/
p<t'—t<\ [t CI,Vseltt]|z(s)—z(t)] <A, |M—F(t,x(t))| <A
By overspill there exists also A\g € A, with 0 < Ag ~ 0. Thus, for all ¢ € [0, L],
there is t’ € I such that P,(t,t',A¢) holds. Applying now the axiom of choice
to obtain a function ¢ : [0,L] — I such that c¢(t) = t/, that is, P.(t,c(t), Xo)
holds for all ¢t € [0,L]. Since ¢(t) —t > p for all ¢t € [0, L], there are a positive
integer N and an infinitesimal partition {¢,, : m» =0,..., N 4+ 1} of [0, L] such that
to =0, ty < L < tyy1 and tp41 = ¢(t,). Finally, the conclusion follows from
Lemma 3.6l O

3.2.2. Proof of Theorem[34 Let L > 0 be standard in J. Fix p > 0 to be standard
such that the (standard) neighborhood around I' = {y(t) : ¢t € [0,L]} given by
W={zeR? /It e[0,L]:]|z—y(t)| < p} is included in U.
Let A be the subset of [0, L] defined by
A={L,€][0,L] /[0,L1] C I and {z(t):t€[0,L1]} C W}.

The set A is nonempty (0 € A) and bounded above by L. Let L be the upper bound
of A and let Ly € A be such that Lo —p < Ly < Lg. Since {z(¢t) : t € [0, L1]} C W,
the function z is near-standard in U on [0, L;]. Hence, for any standard real number
T such that 0 < T' < Ly, hypotheses (i) and (ii) of Lemma are satisfied. We
have then

x(t) ~y(t), Vtelo,T], (3.5)
where y is as in hypothesis (b). By overspill approximation still holds for
some T ~ L;. Next, by the S-uniform-continuity of  and the continuity of y on
[0, L1] we have z(t) = z(T) and y(t) ~ y(T), for all t € [T, L;]. Combining this
with yields

x(t) ~y(t), Vtel0,Lq]. (3.6)
Moreover, by hypothesis (a) there exists L) ~ L such that L} > Ly+pu, [L1, L] C T
and z(t) ~ y(t) for all ¢ € [Ly, L}]. By we have z(t) ~ y(t) for all ¢ € [0, L}].
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It remains to verify that L < L{. If this is not true, then [0,L}] C I and
{z(t):t € [0,L}]} € W imply L} € A. This contradicts the fact that L] > Lg. So
the proof is complete.

3.3. The Stroboscopic Method for RFDEs. Let r > 0 be standard. Let Q2 =
C([-7,0],U), where U is a standard open subset of R? and ¢ € ) be standard. Let
F:R, x Q — R be a standard and continuous function. Let I be some subset of
R and let z : I — U be a function such that [—r,0] C I, zp ~ ¢ and, for each ¢t € I,
t 2 0, Ty € Q.

Definition 3.8 (F-Stroboscopic property). A real number ¢ > 0 is said to be
an instant of observation if ¢ is limited, [0,¢] C I and for all s € [0,t], x(s) is
near-standard in U and F'(s,z) is limited. The function z is said to satisfy the
F-Stroboscopic property on [ if there exists 4 > 0 such that, for all instant of
observation ¢, there exists ¢’ € I such that u <t —t¢t ~0, [t,t'] C I, z(s) ~ x(t) for

all s € [t,t'] and w ~ F(t,x).

In the same manner as in Section [2} for » = 0 we identify the Banach space C
with R? (and then Q with U) and z; with x(t). By continuity property of F, if x(s)
is near-standard in U for all s € [0,¢] then F(s,z(s)) is near-standard and then
limited for all s € [0,t]. So, Definition [3.3|is a particular case of Definition

In the following result we assert that a function which satisfies the F-stroboscopic
property on I can be approximated by a solution of the RFDE

y(t) = F(t,yt), yo=¢. (3.7)

Theorem 3.9 (Stroboscopic Lemma for RFDEs). Suppose that

(a) The function x satisfies the F-stroboscopic property on I (Definition @)
(b) The initial value problem (3.7) has a unique solution y. Let J = [—r,w),
0 < w < o0, be its mazimal interval of definition.
Then, for every standard and positive L € J, [—r,L] C I and the approximation
x(t) ~ y(t) holds for allt € [—r, L].

To prove Stroboscopic Lemma for RFDEs we need first to establish the following
preliminary lemmas.

3.3.1. Preliminaries.

Lemma 3.10. Let L > 0 be limited such that [0,L] C I. Suppose that
(i) For allt €0, L], x(t) is near-standard in U and F(t,x¢) is limited.
(ii) There exist some positive integer N and some infinitesimal partition {t, :
n=20,...,N +1} of [0, L] such that to =0, ty < L < tnyy1 and, for n =
0,..., N, tyr1 = tn, o(t) ~ x(t,) for all t € [ty,tni1], and W ~
F(tn7 l’tn).

Then the function x is S-uniformly-continuous on [0, L].

Proof. The proof is similar to the proof of Lemma [3.5] For ¢,t' € [0, L] with ¢ < ¢/
and t ~ ¢’ we have

q—1 q—1

x(tq) — x(tp) = Z(x(tn—&-l) —a(ty)) = Z(tm—l — ) [F(tn, 2e,) + 0], (3.8)
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where p,q € {0,..., N} are such that ¢ € [t,,t,4+1] and ¢’ € [tg, tg41] with ¢, >~ ¢,.
Let

= = F .
n=_max [p| and m= max [F(tn,z,)
Since 0, ~ 0 for n = p,...,q — 1, we have n ~ 0. Since m = |F(¢s,x,)| for some

s €{p,...,q— 1}, by hypothesis (i), m is limited. Hence (3.8)) yields
(') — x(t)] = |2(tg) — 2(tp)] < (m+n)(tg —1p) ~ 0
which shows the S-uniform-continuity of = on [0, L]. O

If the real number L in Lemma [3.10]is standard, instead of limited, one obtains
more precise information about the function x.

Lemma 3.11. Let L > 0 be standard such that [0, L] C I. Suppose that conditions
(i) and (ii) in Lemma are satisfied. Then the shadow y = °x, of the function
x 1s a solution of (3.7) and satisfies

x(t) ~y(t), Vtelo,L]. (3.9
Proof. The proof is the same as the proof of Lemma Notice that by (3.9) we

obtain that for all t € [0, L], x; is near-standard in Q with z; ~ y;. The details are
omitted. O

From Lemma [3.17] we deduce the result below.

Lemma 3.12. Let L > 0 be standard such that [0, L] C I. Suppose that
(i) For allt €0, L], x(t) is near-standard in U and F(t,x;) is limited.
(ii) The function x satisfies the F-stroboscopic property on [0, L] (Definition

Then the function x is S-uniformly-continuous on [0, L] and its shadow is a solution
of (3.7) and satisfies approzimation (3.9)).

Proof. As in the proof of Lemma[3.7, we obtain a function ¢ : [0, L] — I satisfying,
for all ¢ € [0, L],

u<c(t)—t~0, [t,c(t)] C I, Vs €[t c(t)] x(s) ~ z(t), olelt)) = 2(t) ~ F(t,xy).

e(t) —t
If we let tg = 0 and t,,41 = c(ty,) for n = 0,..., N, where the integer N is such that
ty < L <tny1, the conclusion follows by applying Lemma |3.11 (]

3.3.2. Proof of Theorem[3.9. Let L > 0 be standard in J and let Wy C U be the
standard neighborhood around T'y = {y(t) : ¢ € [0, L]} defined by Wy = {z €
R? /3t €[0,L]: |z —y(t)| < po}, where pg > 0 is a given standard real number.

Now, since F is standard and continuous, and [0, L] x ' is a standard compact
subset of Ry x Q, where I' = {y; : ¢ € [0, L]}, there exists p > 0 and standard such
that F is limited on [0, L] x W, where W C Q is the standard neighborhood around
Dgiven by W={z€C/3tel0,L]:]|z—uy| <p}. Consider the set

A={L1 €[0,L]/]0,L1] C I, {x(t) : t € [0, L1]} € Wy and {; : t € [0, L1]} € W}.

The set A is nonempty (0 € A) and bounded above by L. Let L; € A such that
Lo —p < Ly < Ly, where Lg = sup A. Then

{z(t):t€[0,L1]} C Wy and [0,L1] x {z¢:t€[0,L1]} C[0,L] x W.
Hence, for all t € [0, L1], =(t) is near-standard in U and F'(¢, ;) is limited.
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Thus, for any standard real number T such that 0 < T' < Ly, hypotheses (i) and
(ii) of Lemma are satisfied. We have then

z(t) ~y(t), Vtelo,T],
where y is as in hypothesis (b). By overspill the property above holds for some
T ~ L;. On the other hand, due to the S-uniform-continuity of z on [0, L1] and

the continuity of y on the same interval, we have z(t) ~ z(T) and y(t) ~ y(T), for
all t € [T, L1], which achieves to prove that

2(t) = y(t), Vte[0,L]. (3.10)

By hypothesis (a), there exists some L} ~ L; such that Lj > Ly 4+ u, [L1, L] C I
and z(t) ~ y(t), for all t € [Ly, L}]. Combining with (3.10) yields

z(t) ~y(t), Vtelo,L]]. (3.11)
Now, taking into account that xzg ~ ¢ = yp, from (3.11)) we deduce that x; ~ y; for
all t € [0, L]
It remains to verify that L < L}. Assume that L} < L. Then [0,L]] C I, {z(¢t) :
te€0,Li]} € Wy and {z, : t € [0, L}]} € W. This implies L] € A, which is absurd
since L} > Lg. Thus L} > L. Finally, for any standard L € J we have shown that
x(t) = y(¢) for all ¢ € [0, L] C [0, L}]. This completes the proof of the theorem.

4. PROOFS OF THE RESULTS

We prove Theorems [2.2} [2.6] and [2.11] within IST. By transfer it suffices to prove
those results for standard data f, xo and ¢. We will do this by applying Strobo-
scopic Lemma for ODEs (Theorem [3.4)) in both cases of Theorems and and
Stroboscopic Lemma for RFDEs (Theorem in case of Theorem For this
purpose we need first to translate all conditions (C1) and (C2) in Section and
(H1), (H2) and (H3) in Section into their external forms and then prove some
technical lemmas.
Let U be a standard open subset of R? and let 2 = C([—r,0],U), where r > 0 is
standard. Let f: Ry x U — R%or f: R, x Q — R? be a standard and continuous
function. The external formulations of conditions (C1) and (C2) are:
(C1) Ve eUVr eUVte R, (2 ~a= f(t,2)) ~ f(t,z)).
(C2) FF: U — R Ve € U VR = +oo F(x) =~ & [\ f(t,z)dt.

The external formulation of conditions (H1), (H2) and (H3) are, respectively:
HD) Vo2 e QVe e QVte Ry (¢/ ~a = f(t,2) ~ f(t,)).
(H2’) V*'W compact, W C U, Vt € Ry, Vo € A =C([-r,0], W), f(t, ) is limited.
(H3) FF: Q — R? Vo € Q VR~ +oo F(x) = L [ f(t,)dt.

4.1. Technical Lemmas. In Lemmas [£.1] and [£.2] below we formulate some prop-
erties of the average F' of the function f defined in (C2) and (H3).

Lemma 4.1. Suppose that the function f satisfies conditions (C1) and (C2) when
r =0 and conditions (H1) and (H3) when r > 0. Then the function F in (C2) or
(H3) is continuous and satisfies

R
F(x) ~ %/0 f(t,x)dt

forallx € U or x € Q, x near-standard in U or in Q and all R ~ +o0.
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Proof. The proof is the same in both cases »r = 0 and r > 0. So, there is no
restriction to suppose that r = 0. Let x,°x € U be such that °z is standard and
x ~ °z. Fix § > 0 to be infinitesimal. By condition (C2) there exists Ty > 0 such
that

1 T
‘F(x)—T/O f(t,a:)dt‘<6, VT > T,

Hence there exists T ~ +oo such that

)~ — /ftx

By condition (C1’) we have f(t,x) ~ f(t,°x) for all ¢ € R;. Therefore

N—/ftx

By condition (C2’) we deduce that F(z) ~ F(°z). Thus F is continuous. Moreover,
for all T' ~ 400, we have

T T
Flz) ~ F(°z) ~ % /0 F(t,°x)dt =~ % /O F(t,2)dt

So, the proof is complete. O

Lemma 4.2. Suppose that the function f satisfies conditions (C1) and (C2) when
r = 0 and conditions (H1) and (H3) when r > 0. Let F be as in (C2) or (H3).
Let € > 0 be infinitesimal. Then, for all limited t € Ry and all x € U or x € ,
x near-standard in U or in §, there exists a« = af(e,t,x) such that 0 < a ~ 0,
e/a~0 and
c t/e+Tale
—/ flryz)dr ~TF(x), VT €]0,1].
t/e
Proof. The proof is the same in both cases r = 0 and r > 0. Let ¢ be limited in R
and let « be near-standard in 2. We denote for short g(r) = f(r,x). Let T € [0, 1].
We consider the following two cases.
Case 1: t/e is limited. Let o > 0 be such that e/a ~ 0. If Ta/e is limited then

we have T'~ 0 and
e t/e+Ta/e
- / g(r)dr ~0~TF(x).

t/e

If Ta/e ~ +o0 we write

c t/e+Ta/e 1 t/e+Tafe e t/e
< dr = S dr — = dr.
a\/t g(’l") r= ( + )t/E+TOé/€/ g(’l") r a\/() g(’l") T

By Lemma [.1] we have
1 t/e+Ta/e

Since = Ot/eg(r)dr ~ 0 and t/a ~ 0, we have

e t/e+Tofe
— / g(r)dr ~ TF(x).

t/e

This approximation is satisfied for all a > 0 such that ¢/a ~ 0. Choosing then «
such that 0 < a ~ 0 and ¢/a ~ 0 gives the desired result.



16 M. LAKRIB, T. SARI EJDE-2010/40

Case 2: t/e is unlimited. Let o > 0. We have

t/e+Ta/e
=/ g(r)dr = Tn(a) + * [n(a) — n(0)], (4.1)
Q t/E (67
where . 4ot Ta/e
n(a) = m/o g(r)dr.

By Lemma we have n(a) ~ F(x) for all & > 0. Return to (4.1) and assume
that « is not infinitesimal. Then

e t/e+Tafe
- / g(r)dr ~ TF(x), (4.2)
a Ji/e

By overspill (4.2]) holds for some o ~ 0 which can be chosen such that e/a ~ 0. O

4.2. Proof of Theorem [2.2l We need first to prove the following result which
discuss some properties of solutions of a certain ODE needed in the sequel.

Lemma 4.3. Let w € Ry, w~ +o0o. Let g: Ry x B(0,w) — R4 and h : R, — R?
be continuous functions, where B(0,w) C RY is the ball of center 0 and radius w.
Let xo be limited in R, Suppose that

(1) g(t,x) =~ h(t) holds for all t € [0,1] and all x € B(0,w).

(ii) fot h(s)ds is limited for all t € [0,1].
Then any solution x of the initial value problem

& =g(t,x), t€[0,1]; z(0) =z

is defined and limited on [0,1] and satisfies

J;(t)zaco—i—/oth(s)ds, vt € 0, 1],

Proof. Assume that there exists ¢ € [0,1] such that x(t) € B(0,w) and z(t) ~ oco.
Then we have

x(t) = xo +/0 g(s,x(s))ds ~ g Jr/o h(s)ds

whence, in view of hypothesis (ii), z(¢) is limited; this is a contradiction. Therefore
x(t) is defined and limited for all ¢ € [0, 1]. O

Let us now prove Theorem Assume that zg and L are standard. To prove
Theorem is equivalent to show that, for every infinitesimal € > 0, every solution
x of is defined at least on [0, L] and satisfies z(t) ~ y(¢) for all t € [0, L]. Fix
e > 0 to be infinitesimal and let z : I — U be a maximal solution of (2.1). We
claim that z satisfies the F-stroboscopic property on I (Deﬁnition. To see this,
let tg > 0 be an instant of observation of the stroboscopic method for ODEs; that is
to is limited, ¢o € I and x(t) is near-standard in U for all ¢ € [0,¢o]. By Lemma [4.2]
there exists o = a(e, to, (to)) such that 0 < @ ~ 0, /o ~ 0 and

e to/e+Taje
2 / F(t, 2(to))dt ~ TF(2(to)), VT € [0,1]. (4.3)
Q Jig/e
Introduce the function
to + aT) — x(to)

xr)y = - . Telo1].
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Differentiating and substituting the above into (2.1)) gives, for T € [0, 1],
ax
dT

By (C1’) and Lemma [4.3] the function X, as a solution of (4.4)), is defined and

limited on [0, 1] and, for T" € [0, 1],

(T) = f(%o + %T,a:(to) + aX(T)). (4.4)

T to/e+Tale
X(T) z/o rlo %t,x(to))dt _ f/t F(t, (ko)) dt.

9 « o/e

Using now (|4.3) this leads to the approximation

X(T) ~TF(z(tg)), VT €][0,1].
Define t; = top + @ and set p = . Then p < a = t; —tg ~ 0, [to,t1] C I and
x(to + aT) = x(to) + aX(T) =~ x(tg) for all T € [0, 1], that is, z(t) ~ x(t) for all
t € [to,t1], whereas

(t1) — x(to)

t1 — 1o

which shows the claim. Finally, by (C3) and Theorem the solution z is defined

at least on [0, L] and satisfies z:(¢) ~ y(t) for all ¢ € [0, L]. The proof of Theorem [2.2
is complete.

= X(1) ~ F(x(to)),

4.3. Proof of Theorem We start by showing the following auxiliary lemma,
which is needed to prove Lemmas [£.5] and Lemma [£.5] is used in the proof of
Theorem [2.6] and Lemma [£.6] is used in the proof of Theorem

Lemma 4.4. Let U be a standard open subset of R and Q = C([—r,0],U), where
r >0 is standard. Let g : R. x Q — R? be a continuous function. Suppose that

(A) for all standard and compact subset W C U, allt € Ry and all z € A =
C([—r,0]), W), g(t,x) is limited.

Let ¢ € Q be standard. Let x : I = [—er,b) — U, with b > 0, be a mazimal solution
of the initial value problem
i(t) = g(t,wee), x(t) = d(t/e), t € [—er, 0], (4.5)
orxz : I =[-rb) — U, withb > 0, be a mazimal solution of the initial value
problem
i(t) = g(t,xe), w0 = . (4.6)

Let tg € [0,b) be limited such that x(t) is near-standard in U for all t € [0, 0].
If b~ ty then z(t') is not near-standard in U for some t' € [to,b).

Proof. The proof is the same for the solution x of the initial value problem
or the solution x of the initial value problem . We give the details in the first
case. Assume by contradiction that x(t) is near-standard in U for all ¢ € [to, b).

Claim 1: supyeyy ) [9(t, e.e)| ds limited. Since z([—er,0]) = ¢([—r,0]), z(0) is
near-standard in U for all § € [—er,0]. Thus z(¢) is near-standard in U for all
t € [—er,b). By Lemma there exists a standard and compact set W such that
z([—er,b)) C W C U. We have 2, € A = C([-r,0],W) for all t € [ty,b). By
assumption (A), supsep, ) [9(t, T1,c)| is limited.
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Claim 2: limy_, 2(t) exists and is in U. Let (7,,), be a sequence in [tg, b) which
converges to b. For n,m € N, we have

Tm
o)~ a(r)l = | [ gt )] < =] sup g(t.1.0)]
Tn te[to,b)
By Claim 1, the sequence (z(7,)), is a Cauchy sequence, and hence, it converges
to some £ € R™. Let ¢ € [to,b) and n € N such that 7,, > t. By

o) = 2(] < [ lg(sszec)lds < (ma—8) sup [g(s..)
t s€[to,b)
we conclude that lim; ., z(t) = £. By Claim 1, for each t € [tg, ), we have
¢

[2(t) —a(to)| < [ lg(s,2se)lds < (t—to) sup [g(s,asc)] = 0.
to s€[to,t]
Since z(tg) is near-standard in U and x(t) ~ x(tp), we have £ € U.

Now, one can extend z to a continuous function on [—er, b] by setting x(b) = &.
Consequently, z; . € Q and then one can find a solution of through the point
(b, zp,e) to the right of b, which contradicts the noncontinuability hypothesis on .
So the proof is complete. O

Lemma 4.5. Let U be a standard open subset of R and Q = C([—7,0],U), where
r > 0 is standard. Let g : R, x Q — R be a continuous function. Suppose that
condition (A) in Lemmal[f.4 holds. Let ¢ € Q2 be standard and let x : I = [—er,b) —
U, with 0 < b < 00, be a mazimal solution of the initial value problem . Let
to € [0,b) be limited such that x(t) is near-standard in U for all t € [0,to]. Then
the solution x is such that

(i) the restriction of x to interval [0,t] is S-uniformly-continuous.
(ii) =(t) is defined and near-standard in U for all t > to such that t ~ t;.

Proof. (i) Let t,t' € [0,t0] such that ¢ <t' and t ~ t'. We have

o
|z(t') — 2(t)] S/ l9(s, zs.e)lds < (' —1) sup [g(s,zsc)l-
¢ sElt,t']

By Lemma 3.1} there exists a standard and compact set W such that z([—er, to]) C
W c U. We have z;, € A = C([-r,0],W) for all s € [t,¢']. By assump-
tion (A), supep 11 [9(8, Ts,¢)| is limited so that z(¢') ~ x(t). Thus z is S-uniformly-
continuous on [0, to].

(ii) Assume, by contradiction, that z(t) is not defined or not near-standard in
U for all t > ¢y such that ¢ > to. If (¢) is not defined for some ¢ > ¢y such that
t > to, then b ~ t3. By Lemma we have z(t') is not near-standard in U for
some t’ € [tg,b). If 2(¢) is not near-standard in U for some ¢ > ¢; such that ¢ > ¢,
then obviously, we have x(t') is not near-standard in U for some ¢’ € [to,b). Hence,
in both cases there exists t' > tg, t' >~ ¢y such that x(¢') is not near-standard in U.
Now, by the continuity of z, there exists t; € [tg,t'] such that z(t) is near-standard
in U for all t € [to,t1] and z(t1) % (o). By property (i) of the lemma, z is
S-uniformly-continuous on [0,¢1]. Thus x(¢1) ~ z(to), which is a contradiction. O

The proof of Theorem [2.0] is as follows. Assume that ¢ and L are standard. To
prove Theorem [2.6] is equivalent to prove that, when ¢ > 0 is infinitesimal, every
solution z of (2.5) is defined at least on [—er, L] and satisfies z(t) ~ y(t) for all
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t € [0, L]. Let € > 0 be infinitesimal. Let = be a maximal solution of defined
on I, an interval of R. Let £y > 0 be an instant of observation of the stroboscopic
method for ODEs; that is ¢ is limited, ¢y € I and z(¢) is near-standard in U for
all t € [0,t]. Since z(to) is near-standard so is z'® where z'0 € Q is defined by
it (0) = x(to) for all § € [—r,0]. Now we apply Lemma[4.2]to obtain some constant
a = ale, tg, z') such that 0 < a ~ 0, /o ~ 0 and

€ to/e+Ta/e

< /t / f(t, 70)dt ~ TF(#) = TG(x(to), ¥T € (0,1,  (47)

0/€

By Lemma x(t) is defined and near-standard in U for all ¢ > tg and ¢ ~ to.
Hence one can consider the function

x(to + oT + e0) — x(to)

X(0,7) = . . 0el-r0), Telo1].
We have, for T € [0, 1],
x(0,7) = Mot ol) = o) = =4 aX ().

«

Note that, since 2 (0) + aX (0, T) is near-standard in U for all § € [—r,0] and all
T € [0,7T], by Lemma there exists a standard and compact set W such that
{z'(0) +aX(0,T):0 € [-r,0], T €[0,T]} C W C U. From this we deduce that
o+ aX(,T) € A = C([-r,0, W) for all T € [0,1]. Differentiate now X (0,-) to
obtain

oX o to (0% ~to
S (0.7) = f(; +2T,a% + aX(.,T)), T e 0, 7).
Integration between 0 and T, for T' € [0, 1], yields
T
t
X(0,T) = / f(—o + 24 5% +ax (., t)))dt. (4.8)
0 e €

Here after we will consider the following two cases:
Case 1: T € [0,er/a]. Using (H2’) and taking into account that er/a ~ 0, (4.8)
leads to the approximation
X(0,7) ~0. (4.9)
Case 2: T € [er/a, 1]. By Lemma[4.5] the restriction of « to interval [0,y + o] is
S-uniformly-continuous so that, for 6 € [—r,0],
aX(0,T) =x(to + aT +€0) — z(tg) ~ 0,

since to + aT + €0 € [to,to + ] C [0,t0 + «] and to + aT + €0 ~ t,.
Return now to (4.8)). For T € [0, 1], we write

X(0,T) = (/Osr/a +/:/a )f(t—0 + 20 4 aX (1)) dt.

9 9

Using ([4.9), (H1’), (H2’) and ([4.7), we thus get, for T € [0, 1],

T T
t t
X(O,T):/ f(—°+9t,a:«t0)dt:/ f(—°+9t,:zt0)dt
erja \E € 0 e €

to/e+Ta/e
_ E/ T b )t ~ TG ().

« to/é‘
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Defining t; = t9 + « and setting u = ¢, the following properties are true: p < a =
t1 —to =~ 0, [to,t1] C I, x(tg + aT) = z(ty) + aX(0,T) =~ z(ty) for all T € [0,1],
that is, z(t) ~ z(to) for all ¢ € [tg, 1], and

z(t1) — x(to)
t1—to
This proves that x satisfies the F-stroboscopic property on I (Definition [3.3]). Tak-
ing (H4) into account, we finally apply Theorem (Stroboscopic Lemma for
ODEs) to obtain the desired result, that is, the solution z is defined at least on
[—er, L] and satisfies x(t) ~ y(t) for all ¢ € [0, L]. The theorem is proved.

4.4. Proof of Theorem We first prove the following result.

Lemma 4.6. Let U be a standard open subset of R and Q = C([-7,0],U), where
r > 0 is standard. Let g : R, x Q — R be a continuous function. Suppose that
condition (A) in Lemmal4.4) holds. Let ¢ € Q0 be standard and let x : I = [—r,b) —
U, with 0 < b < o0, be a mazimal solution of the initial value problem (4.6). Let
to € [0,0) be limited such that x(t) is near-standard in U for allt € [0,to]. Then
(i) z is S-uniformly-continuous on [—r,to] and z; is near-standard in Q for all
te [0, to].
(ii) =(t) is defined and near-standard in U for all t ~ tq, t > to.

= X(0,1) ~ G(z(ty)).

Proof. (i) We first note that x is S-uniformly-continuous on [—r, 0], since it coincides
with the standard and continuous function ¢ on the (standard) interval [—r, 0]. Now
consider the interval [0,%o]. Let ¢,t' € [0,t0] such that ¢ < ¢ and t ~¢'. Then

o
olt) 2] < [ lo(s,m)lds < (¢ = 0) sup [g(s..).
t sE(t,t’]
By Lemma [3.1] there exists a standard and compact set W such that z([—r,to]) C
W c U. We have z;. € A = C([-r,0],W) for all s € [t,¢]. By assump-
tion (A), supyepy 1 [9(8, T5,¢)| is limited so that (¢') ~ x(¢). Thus x is S-uniformly-
continuous on [0, to].

It remains to prove that x; is near-standard in Q for all ¢ € [0,¢g]. Since x(t) is
near-standard in U for all ¢ € [—r, to] and S-uniformly-continuous on [—r, o] then,
for any fixed ¢ € [0,%¢], z(f) is near-standard in U for all § € [—r,0] and x; is
S-uniformly-continuous on [—r,0]. So, the result follows from Theorem [3.2

(ii) Assume, by contradiction, that z(¢) is not defined or not near-standard in
U for all t > ¢y such that ¢ > to. If x(¢) is not defined for some ¢ > t; such that
t > to, then b ~ t3. By Lemma we have z(t') is not near-standard in U for
some t' € [to,b). If 2(¢) is not near-standard in U for some ¢ > ¢y such that ¢ > ¢,
then obviously, we have x(t') is not near-standard in U for some ¢’ € [tg,b). Hence,
in both cases there exists t' > tg, t' ~ ¢y such that x(¢') is not near-standard in U.

By the continuity of x there exists ¢t; € [to,t'] such that z(t) is near-standard
in U for all t € [tg,t1] and x(t1) % x(to). By property (i) of the lemma z is S-
uniformly-continuous on [—r,t]. Since ¢ ~ tg, it follows that x(¢t) ~ z(tg), which is
absurd. This proves that z(t) is defined and near-standard in U for all t ~t5. O

Let us prove Theorem Let ¢ and L be standard. To prove Theorem [2.11
is equivalent to show that for every infinitesimal £ > 0, every solution x of is
defined at least on [—r, L] and x(t) ~ y(¢) holds for all ¢ € [0, L]. We fix € > 0 to be
infinitesimal and we let « : I — U to be a maximal solution of . We show that x
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satisfies the F'-stroboscopic property on (Deﬁnition. Let tg > 0 be an instant
of observation of the stroboscopic method for RFDEs; that is ¢ is limited, ty € T
and z(t) is near-standard in U and F(z;) is limited for all ¢ € [0, ]. According to
(H2’) Lemma [4.6| applies. Thus z; is near-standard in ) for all ¢ € [0, to].

Now, applied to ty and x4, Lemma gives

to/e+Ta/e
2/‘ F(t a0, )dt ~ TF(zy), VT € [0,1] (4.10)
to/E

for some a = (e, to, x4,) such that 0 < a ~ 0 and e/a ~ 0.
Let X : [-r,0] x [0,1] — R? be the function given by
{E(to + ol + 0) - 1’(t0 + 9)

X(0,T) = - . 0e[-ro0], Telo1l.

By Lemma the function X is well defined. It satisfies, for T' € [0, 1],
x(to + oT') — x(to)

X(0,T) = " , TtgtaT = Tt, + X (,T).

Hence, for T € [0, 1],
0X
ﬁ(OaT) = f(

Solving this equation gives, for T € [0, 1],

to «
z+ET,IL’tO+O[X(',T)>.
xo.1) = [ (o4
0,T) = fCH%%Jm+mﬁﬁDﬁ. (4.11)
0 13 13

According to Lemma the solution z is S-uniformly-continuous on [—r,ty + a].
Therefore, for § € [—r,0] and T € [0, 1], X (0, T') satisfies, since to+aT +6 ~ ty+0,

aX(0,T)=x(to+aT +6)—x(to+6) ~0. (4.12)
By (H1), (4.12)), (4.11)) and (4.10), we have for all T € [0, 1] the approximation
T to/e+Tale
to (67 3 0
X(O,T) =~ /O f(; + gt,(l?t(J)dt— a/;ﬂ/g f(t,.’lfto)dt_TF(l‘tO)

Let t1 = tg + o and set u = €. The instant ¢t; and the constant u are such that:
p<a=t —tg~0, [to,tﬂ c I, x(to + aT) = x(to) + (XX(O,T) ~ x(to) for all
T € [0,1], that is, z(t) ~ x(to) for all ¢ € [to,t1] and
z(t1) — x(to)
t1 —to
which is the F-stroboscopic property on I. Finally, using (H6) we get, by means of

Theorem (Stroboscopic Lemma for RFDEs), that the solution z is defined at
least on [—r, L] and satisfies z(t) ~ y(t) for all ¢ € [0, L]. So the proof is complete.

= X(0,1) = F(ay,),

5. DiscussioN

In this paper we presented averaging results for ODEs and RFDEs. The results
are proved in an unified manner for both ODEs and RFDEs, by using the Strobo-
scopic method which is a nonstandard tool in the asymptotic theory of differential
equations. It should be noticed that the usual approaches for averaging make use of
different tools for ODEs [6], [13] B8] and for REDEs [14] [15], [16], 17, (18] 26} 27, 34] [44].
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The results on RFDEs presented in this paper were obtained in [22], in which the
Stroboscopic method for RFDEs was stated for the first time (see also [25],[42]). We
recall that the stroboscopic method was initially proposed for ODEs. In this paper,
we presented a slightly modified version of this method (see Theorem [3.4) and then
extended it (see Theorem in the context of RFDEs. Here, the stroboscopic
method is slightly extended since the time ¢’ in Definition is assumed to exist
only for those limited values of ¢ for which z(s) is near-standard in U for all s € [0, ¢]
(see also Definition 6 in [42]). In the previous papers the time ¢’ was assumed to
exist for those limited values of ¢ for which z(¢) is near-standard in U, without any
assumption on z(s) for s € [0,t] (see Theorem 1 in [4I] or Definition 5 in [42]).
In the stroboscopic method for RFDEs, the main assumption is that the time ¢’
in Definition is assumed to exist for those limited values of ¢ for which z(s) is
near-standard in U and F'(s,zs) is limited for all s € [0, ¢].

The Stroboscopic method for ODEs was first obtained by Callot and Reeb [9, [36].
For more information on the discovery of the stroboscopic method, and its use in
averaging and asymptotic analysis the reader can consult [32] 40, [4T]. Lemma
of the present paper is simply the Stroboscopic Theorem of Callot (see Theorem 1
in [9] or Lemma 1 in [41]). Theorem [3.4]is similar to Theorem 1 in [41]. Lemma 3.7
is similar to Lemma 2 in [4I]. In the case r = 0, Lemma is Lemma 4 in [41];
in the case r > 0 it is Lemma 4.3.6 in [22]. In the case r = 0, Lemma is
Lemma 2 in [39] or Lemma 5 in [41]; in the case r > 0 it is Lemma 4.3.7 in [22].
Lemma is Lemma 1 in [39] or Theorem 2 in [4I]. The results of Sections
and are extensions of some of the results in [22]. In our previous papers
[19, 20, 211 24], the stroboscopic method for RFDEs was not yet established and
the results of averaging were obtained directly through evaluations of integrals.

The KBM theorem of averaging on ODEs obtained previously (see Theorems 1
in [B9] or Theorem 6 in [41]) concerned nonstandard differential equations of the
form & = g(t/e,x) where g(t,z) is a perturbation of a standard KBM vector field
f(t,x) satisfying the conditions in Definition From a classical point of view
this theorem includes the case of deformations of the form

l‘(t) = f(t/e,x(t),a),
where the vector field f(¢,z,e) depends also on e. More precisely the theorem
concerns all initial value problems in a neighborhood of a KBM vector field in a
suitable topology (see Theorem 7 in [41]). The KBM theorems of averaging on
ODEs and RFDEs obtained in this paper does not concern deformations of the
above form in the case of ODEs or of the form

(t) = f(t/e,x,e)  or  @(t) = f(t/e,x1e,€),
in the case of RFDEs. However we think that our approach will permit also to
consider these deformations. We leave this problem for future investigations. An
other adapted version of the stroboscopic method for the case of ordinary differential
inclusions has been given in [23] and used there to prove an averaging result.

Acknowledgements. The authors would like to thank the anonymous referee very
much for his/her valuable comments and suggestions.
REFERENCES

[1] E. Benoit, JL. Callot, F. Diener and M. Diener, Chasse au canard. Collectaneca Mathematica
31-32 (1-3) (1981), 37-119.



EJDE-2010/40 AVERAGING FOR DIFFERENTIAL EQUATIONS 23

2]
(3]

(4]

(5]
(6]
(7
(8]
(9]

[10]
(11]
(12]
(13]
(14]
(15]
[16]
(17]
18]
(19]
20]
(21]

(22]

23)
[24]
25]
[26]

27]

E. Benoit (Ed.), Dynamic bifurcations. Proceedings of the conference held in Luminy, March
510,1990. Lecture Notes in Mathematics, 1493. Springer-Verlag, Berlin, 1991.

E. Benoit, Applications of nonstandard analysis in ordinary differential equations. Nonstan-
dard analysis (Edinburgh, 1996), 153-182, NATO Adv. Sci. Inst. Ser. C Math. Phys. Sci.,
493, Kluwer Acad. Publ., Dordrecht, 1997.

E. Benoit, A. Fruchard, R. Schiafke and G. Wallet, Solutions surstables des équations
différentielles complexes lentes-rapides a point tournant. Ann. Fac. Sci. Toulouse Math. (6),
7 (1998), no. 4, 627-658.

I. P. van den Berg, Nonstandard Asymptotic Analysis. Lecture Notes in Mathematics, 1249.
Springer-Verlag, Berlin, 1987.

N. N. Bogolyubov and Yu. A. Mitropolsky, Asymptotic Methods in the Theory of Nonlinear
Oscillations. Gordon and Breach, New York, 1961.

H. Boudjellaba and T. Sari, Stability loss delay in harvesting competing populations. J. Dif-
ferential Equations 152 (1999), no. 2, 394-408.

H. Boudjellaba and T. Sari, Dynamic transcritical bifurcations in a class of slow-fast
predator-prey models. J. Differential Equations 246 (2009), no. 6, 2205-2225.

JL. Callot and T. Sari, Stroboscopie infinitésimale et moyennisation dans les systémes
d’équations différentielles a solutions rapidement oscillantes, in Landau I. D., éditeur, Outils
et modeles mathématiques pour 'automatique, ’analyse des systémes et le traitement du
signal, tome 3, Editions du CNRS (1983), 345-353.

F. Diener and M. Diener (Eds.), Nonstandard Analysis in Practice. Universitext, Springer-
Verlag, 1995.

A. Fruchard and R. Schéfke, Sur le retard a la bifurcation. ARIMA Rev. Afr. Rech. Inform.
Math. Appl. 9 (2008), 431-468.

L. Gonzaga Albuquerque, Canard solutions and bifurcations in smooth models of plane struc-
ture variable systems. ARIMA Rev. Afr. Rech. Inform. Math. Appl. 9 (2008), 469-485.

J. Guckenheimer and P. Holmes, Nonlinear Oscillations, Dynamical Systems and Bifurca-
tions of Vector Fields. Applied Mathematical Sciences 42, Springer-Verlag, New York, 1983.
A. Halanay, On the method of averaging for differential equations with retarded argument. J.
Math. Anal. Appl. 14 (1966), 70-76.

J. K. Hale, Averaging methods for differential equations with retarded arguments and a small
parameter. J. Differential Equations 2 (1966), 57-73.

J. K. Hale, Ordinary Differential Equations. Pure and Applied Mathematics XXI, Wiley-
Interscience [John Wiley and Sons], New York, 1969.

J. K. Hale and S. M. Verduyn Lunel, Averaging in infinite dimensions. J. Integral Equations
Appl. 2 (1990), No. 4, 463-494.

J. K. Hale and S. M. Verduyn Lunel, Introduction to functional differential equations. Applied
Mathematical Sciences 99, Springer-Verlag, New York, 1993.

M. Lakrib, The method of averaging and functional differential equations with delay. Int. J.
Math. Math. Sci. 26 (2001), no. 8, 497-511.

M. Lakrib, On the averaging method for differential equations with delay. Electron. J. Dif-
ferential Equations 2002 (2002), No. 65, 1-16.

M. Lakrib, Time averaging for functional differential equations. J. Appl. Math. 2003, no.1,
1-16.

M. Lakrib, Stroboscopie et moyennisation dans les équations différentielles fonctionnelles a
retard. These de Doctorat en Mathématiques, Université de Haute Alsace, Mulhouse, 2004
(http://tel.archives-ouvertes.fr/tel-00444149 /fr).

M. Lakrib, An averaging theorem for ordinary differential inclusions. Bull. Belg. Math. Soc.
Simon Stevin 16 (2009), no. 1, 13-29.

M. Lakrib and T. Sari, Averaging results for functional differential equations. Sibirsk. Mat.
Zh. 45 (2004), No. 2, 375-386; translation in Siberian Math. J. 45 (2004), No. 2, 311-320.
M. Lakrib and T. Sari, Averaging Theorems for Ordinary Differential Equations and Retarded
Functional Differential Equations. arXiv:math/0611632v1 [math.DS] (2006).

B. Lehman, The influence of delays when averaging slow and fast oscillating systems:
overview. IMA J. Math. Control Inform. 19 (2002), No. 1-2, 201-215.

B. Lehman and S. P. Weibel, Fundamental theorems of averaging for functional differential
equations. J. Differential Equations 152 (1999), No. 1, 160-190.



24

M. LAKRIB, T. SARI EJDE-2010/40

[28] C. Lobry and T. Sari, The peaking phenomenon and singular perturbations. ARIMA Rev.

Afr. Rech. Inform. Math. Appl. 9 (2008), 487-516.

[29] C. Lobry and T. Sari, Non-standard analysis and representation of reality. Internat. J. Control

81 (2008), no. 3, 517-534

[30] C. Lobry, T. Sari and S. Touhami, On Thkhonov’s theorem for convergence of solutions of

slow and fast systems. Electron. J. Diff. Eqns. 1998 (1998), No. 19, 1-22.

[31] C. Lobry, T. Sari and S. Touhami, Fast and slow feedback in systems theory. J. Biol. Systems,

7 (1999), No. 3, 307-331.

[32] R. Lutz, L%ntrusion de I’Analyse non standard dans l’étude des perturbations singuliéres, in

ITIéme Rencontre de Géométrie du Schnepfenried, Vol. 2, Astérisque 107-108 (1983), 101-140.

[33] R. Lutz and T. Sari, Applications of Nonstandard Analysis in boundary value problems in

stngular perturbation theory. Theory and Applications of Singularly Perturbations (Oberwol-
fach 1981), 113-135. Lecture Notes in Math. 942, Springer-Verlag, Berlin, 1982.

[34] G. N. Medvedev, Asymptotic solutions of some systems of differential equations with devi-

ating argument. Soviet Math. Dokl. 9 (1968), 85-87.

[35] E. Nelson, Internal Set Theory: a new approach to nonstandard analysis. Bull. Amer. Math.

Soc. 83 (1977), No. 6, 1165-1198.

[36] G. Reeb, Equations différentielles et analyse non classique (d’aprés J.-L. Callot (Oran)).

Proceedings of the IV International Colloquium on Differential Geometry (Santiago de Com-
postela, 1978), pp. 240-245, Cursos Congr. Univ. Santiago de Compostela, 1979.

[37] A. Robinson, Nonstandard Analysis. American Elsevier, New York, 1974.
[38] J. A. Sanders and F. Verhulst, Averaging Methods in Nonlinear Dynamical Systems. Applied

Mathematical Sciences 59, Springer Verlag, New York, 1985.

[39] T. Sari, Sur la théorie asymptotique des oscillations non stationnaires, in IIléme Rencontre

de Géométrie du Schnepfenried, Vol. 2, Astérisque 109-110 (1983), 141-158.

[40] T. Sari, Petite histoire de la stroboscopie, in Colloque Trajectorien & la Mémoire de G. Reeb

et J.L. Callot (Strasbourg-Obernai, 1995), 5-15. Prépubl. Inst. Rech. Math. Av., 1995/13,
Univ. Louis Pasteur, Strasbourg, 1995.

[41] T. Sari, Stroboscopy and averaging, in Colloque Trajectorien & la Mémoire de G. Reeb et J.L.

Callot (Strasbourg-Obernai, 1995), 95-124. Prépubl. Inst. Rech. Math. Av., 1995/13, Univ.
Louis Pasteur, Strasbourg, 1995.

[42] T. Sari, Averaging for ordinary differential equations and functional differential equations.

The strength of nonstandard analysis, 286305, I. van den Berg and V. Neves (Eds). Springer-
Wien New York, Vienna, 2007.

[43] T. Sari and K. Yadi, On Pontryagin-Rodygin’s theorem for convergence of solutions of slow

and fast systems. Electron. J. Diff. Eqns. 2004 (2004), No. 139, 1-17.

[44] V. M. Volosov, G. N. Medvedev and B. I. Morgunov, On the applications of the averaging

method for certain systems of differential equations with delay. Vestnik M.G.U. Ser. III,
Fizika, Astronomija (1968), 251-294.

[45] G. Wallet, La variété des équations surstables. Bull. Soc. Math. France 128 (2000), no. 4,

497-528.

[46] M. Wechselberger, Canards. Scholarpedia, 2, 4 (2007), 1356.
[47] K. Yadi, Singular perturbations on the infinite time interval. ARIMA Rev. Afr. Rech. Inform.

Math. Appl. 9 (2008), 537-560.

MusTAPHA LAKRIB

LABORATOIRE DE MATHEMATIQUES, UNIVERSITE DJILLALI LIABES, B.P. 89, 22000 Sip1 BEL ABBES,
ALGERIE

E-mail address: m.lakrib@univ-sba.dz

TEWFIK SARI

LABORATOIRE DE MATHEMATIQUES, INFORMATIQUE ET APPLICATIONS, UNIVERSITE DE HAUTE AL-
SACE, 4 RUE DES FRERES LUMIERE, 68093 MULHOUSE AND EPI MERE (INRIA-INRA), UMR
MISTEA, INRA 2, pL. ViAaLA, 34060 MONTPELLIER, FRANCE

E-mail address: Tewfik.Sari@uha.fr



	1. Introduction
	2. Notation and Main Results
	2.1. Averaging for ODEs
	2.2. Averaging for RFDEs in normal form
	2.3. Averaging for fast oscillating RFDEs

	3. The Stroboscopic Method
	3.1. Internal Set Theory
	3.2. The Stroboscopic Method for ODEs
	3.3. The Stroboscopic Method for RFDEs

	4. Proofs of the Results
	4.1. Technical Lemmas
	4.2. Proof of Theorem 2.2
	4.3. Proof of Theorem 2.6
	4.4. Proof of Theorem 2.11

	5. Discussion
	Acknowledgements

	References

