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1. INTRODUCTION

It is well-known that, formally, the methods used in the the theory of boundary
value problems for the investigation and approximate construction of solutions, can
be characterised as analytic, functional-analytic, numerical and numerical-analytic
ones (see, e.g. [1,4,7,16,20,23] and the references therein). Among the numerical-
analytic methods we share out those which are based upon some types of successive
approximations.

In the theory of nonlinear oscillations, such types of numerical-analytic methods
were apparently first developed by Cesari [2], Hale [6], and Samoilenko [24-26].
The latter mentioned approach had later been developed for more general types of
boundary-value problems in numerous books and papers (see, e. g., [8—14,17,21,22,

,27-29]).

Methods of the numerical-analytic type, in a sense, combine, advantages of the
mentioned above approaches and are usually based upon certain iteration processes
constructed explicitly in analytic form. Such an approach belongs to the few of them
that offer constructive possibilities both for the investigation of the existence of solu-
tion and it approximate construction.

For a boundary value problem, the numerical-analytic approach usually replaces
the problem by the Cauchy problem for a suitably perturbed system containing some
artificially introduced vector parameter z, which most often has the meaning of the
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initial value of the solution and the numerical value of which is to be determined
later. A solution of the Cauchy problem for the perturbed system is sought for in
an analytic form by successive approximations. The functional “perturbation term,”
by which the modified equation differs from the original one, depends explicitly on
the parameter z and generates a system of algebraic or transcendental “determining
equations” from which the numerical values of z should be found. The solvability
of the determining system, in turn, may be checked by studying some approxima-
tions constructed explicitly. It is clear that the complexity of the given equations and
boundary conditions has essential influence on both the efficiency of construction of
approximate solutions and the subsequent solvability analysis.

In order to guarantee the convergence, one usually assumes [11,27-29] a kind of
the Lipschitz condition and requires a certain smallness restriction, which most often
has the form

r(K) =qr. (1.1)
where K is the Lipschitz matrix and g7 is a constant depending on the period 7. The
improvement of the condition then consists in minimising the value of gr.

The aim of this paper is to show how a suitable interval halving and parametriza-
tion techniques can, under fairly general assumptions, weaken (1.1) to

r(K) =2qr (1.2)

and, thus, essentially improve the sufficent convergence conditions established in [11,
—27] for the periodic successive approximations related to the periodic solutions of
non-linear non-autonomous systems of ordinary differential equations.

2. LIST OF SYMBOLS

We fix an n € N and a bounded set D C R”. The following symbols and conven-
tions are used in the sequel:

(1) |-], < for vectors from R” are understood component-wise.

(2) sup{f(z):z€ Q}forany f = (f;)’_, : O — R", where Q C R”, m <n,
is defined as the column vector with components sup{ fi(z) : z € O}, i =
1,2,...,n. The symbol max{ f(z) : z € Q} is defined by analogy.

(3) The “vector-valued diameter” of a set Q C R” is defined by the equality

diam Q := sup{|z1 —z2| : {z1.22} C O}. 2.1
4) d(Q): see (7.26).

(5) r(K) is the maximal, in modulus, eigenvalue of a matrix K
(6) 65,p(f): see (4.2).

(7) ox: see (4.3) and (4.4).

(8) D(r): see Definition 4.1, formula (4.1).

9) O0—-0:={z1—22:{z1.22} C Q} forany Q C R".
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3. MOTIVATION, PROBLEM SETTING, AND BASIC ASSUMPTIONS

In the papers [24,25], Samoilenko had suggested a method for studying 7" -periodic
solutions of a system of non-linear ordinary differential equations

u'(t) = f(r.u@t)), 1€ (—00,00), (3.1)
where f : Rx D — R”" is a continuous function such that
ft.2)=f(t+T.z) (3.2)

forall z € D and all ¢ € (—o0,00). Here, T is a given positive number and D is the
closure of a bounded and connected domain in R”.

We are interested in continuously differentiable solutions of system (3.1) which
are periodic with period 7. From now on, instead 7 -periodic solutions of (3.1), we
shall deal with solutions of the corresponding periodic boundary value problem on
the bounded interval [0, T']

u'(t) = f(t.u@)), te[0,T], (3.3)
u(0) = u(T). (3.4)

The passage to problem (3.3), (3.4) is justified by assumption (3.2) and the following
standard lemma (see, e.g., [ |, Lemma 3.1] or [3, Lemma 2.2.1]) which is given here
for completeness.

Lemma 3.1. If a function u : (—o0,00) — D is a T —periodic solution of a system
(3.1), then its restriction to [0, T] satisfies (3.3), (3.4). Conversely, if, under assump-
tion (3.2), a function u : [0, T] — D is a solution of the boundary value problem (3.3),
(3.4), then its continuous T -periodic extension to (—o0,00) is a T -periodic solution
of system (3.1).

Our study of the periodic boundary value problem (3.3), (3.4) is based on the as-
sumption that the non-linearity f :[0,7]x D — R” is Lipschitzian in the space vari-
able. For the sake of simplicity, we assume that there exists a non-negative constant
matrix K = (kij)l"l,j:1 such that

|t x1) = f(t.x2)| = K[x1—x2| (3.5)
for all {x1,x2} C D andt €[0,7T].
Here and below, the obvious notation |x| = col(|x1|,|x2]|,...,|Xx]|) is used. The

inequalities and the signs “max” and “min” for vectors are understood component-
wise.

The method of [24,25], originally called numerical-analytic method for the inves-
tigation of periodic solutions, was later referred to also as numerical-analytic method
of periodic successive approximations [11,27-29].

The scheme of the method, which is described, in a suitable for us form, by Propo-
sitions 5.1 and 5.5 below, is extremely simple and deals with the investigation of the
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parametrised equation

t T
u(t) =2 +/O £(s.u(s))ds — %/O fGu(s)ds,  t€0.T,  (36)
where z € D is an parameter to be chosen later. For convenience of reference, we
formulate the statements for the p-periodic problem
u'(t) = g(t.u(®),  telto.to+pl. (3.7
u(to) = u(to+p). (3.8)
where g : [tg,t0 + p] X R” — R" and tg € (—00, 00) is arbitrary but fixed.

4. NOTATION

The notion of a set D(r) associated with D, which could have been called an
r-core of D, will often be used in the sequel.

Definition 4.1. For any non-negative vector r € R”, we put
D(r):={ze D:B(z,r) C D}, 4.1)
where B(z,r):={£eR":|E—z| <r}.
Definition 4.2. Given a closed interval J C R, define the vector

8 = t,7)— i 1,7). 4.2
7,0(f) (t’zlglea}wf( 2) (t,zgrglwf( 2) 4.2)

Finally, let the positive number g, be determined by the equality
1

-1_. N
0 —1nf{q >0:q —/ exp(f(t—l)q)dr . 4.3)
0
Note that the constant o+« had already appeared in the literature, and it can be defined
in various ways (see, €. g., [1 1, 16] for more details). One can show that
0x ~ 0.2927. (4.4)

5. p-PERIODIC SUCCESSIVE APPROXIMATIONS: THE ORIGINAL VERSION

The original, unmodified, periodic successive approximations scheme for the p-
periodic problem (3.7), (3.8) is constructed as follows. With problem (3.7), (3.8), we
associate the sequence of functions u,(+,z), m > 0, defined according to the rule

uop(t,z) =2z,

? t—ty [lOFP (5.1)
Um(1,2) 1= 2+ / Gt (5.2)ds == / ¢ (st (5,2))ds
1

o 0

for t € [tg,to + p] and m = 1,2,..., where the vector z = col(21,22,...,25) 1S re-
garded as a parameter whose value is to be determined later. The following proposi-
tion is a consequence of [8, Theorem 1].



PERIODIC SUCCESSIVE APPROXIMATIONS AND INTERVAL HALVING 463

Proposition 5.1 ([8]). Let the function g satisfy the Lipschitz condition of form (3.5)
with a matrix K for which the inequality

1
r(K) < 5.2)
POx
holds, and moreover
D (£ 810,10+ p1,0(8)) # D. (5.3)

Then, for any fixed z € D(%(S[to,,o_,_p],p(g)), the following assertions are true:

(1) Sequence (5.1) converges to a limit function
Uso(t,2) = lim up(t,z) (5.4)
m-—>00

uniformly in t € [to,to + p].
(2) The limit function (5.4) satisfies p-periodic boundary conditions

uoo(tO,Z) = Moo(to + p,z).

(3) The function uso(+,2) is the unique solution of Cauchy problem

u'(t) = g(t.u(@)—p ' Az). 1 €lio.to+ pl. (5.5)
u(ty) = z, 5.6)
where
to+p
A(z) :=/ g(t,uso(t,2))dr. (5.7)
to

(4) Given an arbitrarily small positive €, one can choose a number mg > 1 such
that the estimate

Olmg(t)
2

[Um (t,2) —Uoo(t,2)] < K™me~! (pcsK)m_mS—H (1, — PCSK)_I 5[to,to+p],D(g)

holds for all t € [tg,to + p] and m > mg, where
Ce := 0x +&. (5.8)

Remark 5.2. According to Definition 4.1, condition (5.3) means the non-emptiness
of the %8[t0,,0+ p],D(g)-core of the set D, where the vector 8, z,+p],p(g) is given
by formula (4.2). This correlates with the natural idea that the domain where the
Lipschitz condition is assumed should be wide enough.

The proof of Proposition 5.1 is based on Lemma 5.3 formulated below, which
provides an estimate for the sequence of functions «,,, m > 0, given by the formula

_ t o to+p
o (0) = (1—t p’“)/ ozm_l(s)ds—i—% ami(s)ds  (5.9)
1

0 t
where ao(t) := 1,1 € [to.to + p], m > 1.
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Lemma 5.3. Given an arbitrary ¢ € (0,+00), one can specify an integer mg > 1
such that

m+1(t) = p (0« + &) am(t) (5.10)
forallt € [ty,to + p] and m > mg, where 0« ~ 0.2927 is given by (4.3).

Proof. The assertion is easily derived from [8, Lemma 3] by transforming the time

interval to [to, %o + p]. O
Remark 5.4. Tt follows from [19, Lemma 4] that if ¢ > g, where
3
g0 = 0 —0x ~ 0.00727, (5.1

then m, = 1 in Lemma 5.3.

Proposition 5.1 suggests that there is a relation between p-periodic solutions of the
given differential equation and those of the perturbed equation (5.5), which are, at the
same time, solutions of the initial value problem (5.5), (5.6). The following statement
shows that, by choosing the value of z appropriately, one can use function (5.4) to
construct a solution of the original periodic problem (3.3), (3.4).

Proposition 5.5. Let the assumptions of Proposition 5.1 hold. Then:

(1) Given a z € D(%S[to,,o_,_p]’l) (2)), the function us (+,2) is a solution of the
p-periodic boundary value problem (3.7), (3.8) if and only if z is a root of
the equation

A(z) =0. (5.12)

(2) For any solution u(-) of problem (3.7), (3.8) with u(tg) € D(%8[,O,t0+p]’l) (2)),
there exists a 7o such that u(-) = U (+,20)-

The important assertion (2) means that equation (5.12), usually referred to as a
determining equation, allows one to track all the solutions of the periodic boundary
value problem (3.3), (3.4). The original infinite-dimensional problem is thus reduced
to a system of n numerical equations.

Proof of Proposition 5.5. The statement is a consequence of [8, Corollary 1] and
[15, Lemma 3.5]. O

The method thus consists of two parts, namely, the analytic part, when the integral
equation (3.6) is dealt with by using the method of successive approximations (5.1),
and the numerical one which consists in finding a value of the unknown parameter
from equation (5.12).

We also note that it is possible to prove the existence of a solution based on the
properties of a certain iteration u,, (-, z), constructed explicitly for a certain fixed m,
by studying the approximate determining system

Am(z) =0,
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where Ay, : D — R” is defined by the formula

fo+p
Am(2) = / g(s,um(s,z))ds, z€eD.
to
This topic is discussed in detail, in particular, in [1 1], whereas a theorem of the kind
specified, which corresponds to the scheme developed here, is proved in Section 10
below.

In view of (4.4), assumption (5.2), which is essential for the proof of the uniform
convergence of sequence (5.1), can be rewritten in the form

pr(K) <3.4161.... (5.13)

Inequality (5.13) can be treated either as a kind of upper bound for the Lipschitz ma-
trix or as a smallness assumption on the period p, the latter interpretation presenting
the scheme as particularly appropriate for the study of high-frequency oscillations.

Without assumption (5.13), Lemma 5.3 does not guarantee the convergence of
sequence (5.1) directly. Nevertheless, it turns out that this limitation can be overcome.
We are going to show that, by using a suitable parametrisation and modifying the
scheme appropriately, one can always weaken the smallness condition (5.2) so that
the constant on its right-hand side is doubled:

r(K) < 2 (5.14)

*

6. INTERVAL HALVING AND PARAMETRISATION

Our aim is to show that the approach described above can also be used in the
cases where the smallness condition (5.2), which guarantees the convergence, is not
satisfied. For this purpose, a natural trick based on the interval halving can be used.

The idea is surprisingly simple: along with the periodic boundary value problem
(3.3), (3.4), consider two auxiliary problems,

X(@) = f(t.x@).,  te[0.5T]. (6.1)
T
x(z) —x(0)=4A 6.2)
and
Y@= f@.y@), te[3T.T] (6.3)
T
y(T)—y(E) = -4, (6.4)

where A = col(41,...,A,) is a parameter. Our further reasoning related to problem
(3.3), (3.4) uses the following simple observation.
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Proposition 6.1. Let x : [0, %T] —Rtandy: [%T T — R" be solutions of prob-
lems (6.1), (6.2) and (6.3), (6.4), respectively, with a certain value of A € R". Then
the function

= 1r 0+ 1= o) (y0-5(3) +x(3)). €071 69

where y7(t) =1for0 <t < %T and yt(t) =0 for %T <t <T, is a solution of the
periodic problem boundary value problem (3.4) for the equation

T T
104y — _ ) (L
w0 = f (a0 + -2 (5(5)-x(3))). el 60
Conversely, if a certain function u : [0,T] — R" is a solution of problem (3.3),
(3.4), then its restrictions x 1= u|[0’ 17] and y = u|[ 17,1 10 the corresponding in-
tervals satisfy, respectively, problems (6.1), (6.2) and (6.3), (6.4).

Proof. The idea is to rewrite the periodic boundary condition (3.4) in the form

1(0) —u(%) + u(%) —u(T) =0. 6.7)

Then it is obvious from (6.2) and (6.4) that the function u given by (6.5) satisfies
(6.7) and, hence, condition (3.4) holds. Moreover, it is clear from (6.5) that u(% T)=
x(%T). Thus, u is continuous at the point %T and, hence, u € C([0,T],R"). By
direct computation, one easily verifies that function (6.5) satisfies equation (6.6) and,
therefore, is a solution of problem (3.4), (6.6).

On the other hand, if a certain function u : [0,7] — R” is a solution of problem
(3.3), (3.4), then its restriction x := u| [0,47] to the interval [0, %T] satisfies (6.2) with

T
A .:u(a)—u(O). 6.8)
Put now y := u|[%T’T]. Then, due to (3.4) and (6.8), we have
T T
v =y(3) =0 -u(3)
=-A
and, therefore, y has property (6.4) with A given by (6.8). (]

Proposition 6.1 suggests one the idea to treat the 7 -periodic problem (3.3), (3.4) as
a kind of join of two independent two-point problems. More precisely, one may try to
solve independently the auxiliary problems (6.1), (6.2) and (6.3), (6.4), considering
A as an unknown parameter, and then “glue” their solutions together by choosing the
value of A so that (6.9) holds. A rigorous formulation is contained in the following
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Proposition 6.2. Assume that x : [0, %T] —R"and y : [%T T — R" are solutions
of problems (6.1), (6.2) and (6.3), (6.4), respectively, for a certain value of A € R".
Then the function u : [0,T] — R”" given by formula (6.5) is a solution of problem
(3.3), (3.4) if and only if the equality

(@)=
holds.

Conversely, if a certain u : [0, T] — R" is a solution of problem (3.3), (3.4), then
the functions x := u|[0, 17] and y = u|[ 17,7 satisfy, respectively, problems (6.1),
(6.2) and (6.3), (6.4).

Proof. 1t is sufficient to apply Proposition 6.1 and take into account the fact that,
for x : [0, %T] — R" and y : [%T, T] — R” satisfying (6.9), equality (6.6) coincides
with (3.3).

The second part of the assertion is a repetition of that of Proposition 6.1. Note that
condition (6.9) is satisfied automatically in that case. O

7. SUCCESSIVE APPROXIMATIONS ON SMALLER INTERVALS

Let us now turn to the construction of the successive approximation scheme re-
lated to the T -periodic problem (3.3), (3.4). As Proposition 6.2 suggests, we shall
first deal with the auxiliary problems (6.1), (6.2) and (6.3), (6.4), for which purpose
appropriate iteration processes will be introduced.

More precisely, for any £ € R” and A € R”, we set

xo(t,é,k):=$+¥k, te[0,17], (7.1)

and define the recurrence sequence of functions x, : [0, %T] xR - R*, m =
0,1,..., by putting

, 5
fnt.6. 0= [ Gomen (e s = [T f G (64D ds

2t
+g+7/\, t€[0,1T]. (7.2)
forallm=1,2,....

Introduce the functions &y, : [0, %T] — [0,4+00) and &, : [%T, T] — [0, 400),
m > 0, by putting &g = 1, 5{0 =1,

t It
Am+1(t) = (1 — 2%)/0 U (s)ds + %/tz A (5)ds (7.3)
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fort €0, %T], and

t T
Um1(1) :=2(1—%) AT&m(s)ds+ (?—1)/t O (5)ds (7.4)

fort e [%T, T]. In particular, we have

_ 2t 1

ay(t) =2t 1—7 , t€[0,5T], (7.5)
and

&l(z)=2(1—%) Qt—T), t€[3T.T]. (7.6)

Functions (7.3) and (7.4) are involved in the estimates of convergence given in the
sequel. In the case of the iteration process (7.2), we have the following

Theorem 7.1. Let the vector-function f :[0,T]x D — R" satisfy the Lipschitz
condition (3.5) on the set D with a matrix K such that

r(K) < (1.7)

Tos’
where the constant o« is determined by equality (4.3). Moreover, assume that there
exists a set 9 C D such that

D(g8j,177,p(f) +diam2) # &. (7.8)

Then, forallA € Y — P and € € D(%‘S[O,%T],D (f)+diam 2):

(1) For any m > 1, x, (-, &, A) satisfies the boundary conditions

Xm(AT, 6, 1) —xm (0,6, 1) = A. (7.9)
(2) The uniform, int € |0, %T], limit
mlgnooxm(t,é,)t) =! X0 (t,E, 1) (7.10)
exists, and moreover,

Xoo(AT.£.1) — X0 (0,£.1) = A. (7.11)

(3) The function xs (-,€, 1) is the unique solution of the Cauchy problem
X'(t) = f(t.x(t)+2T 1 E(EN), (7.12)
x(0) =§, (7.13)

where

SEA) = A —/(;Zf(r,xoo(T,S,/\))dT. (7.14)
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(4) For an arbitrarily small positive €, one can find a number my > 1 such that
the function

sm(’é’k) = xm("g’k)_xoo("g’k)

satisfies the estimate

1_ _ _ -1
|Em (2.6, 1)] < Eamg(l‘) K™e 1(%TCSK)m e+l (ln - %TCsK) 8[0,%T],D(f)
(7.15)
forallt €0, %T] and m > mg, where cg is given by (5.8).

Recall that the non-negative vector diam & appearing in condition (7.8) is defined
according to formula (2.1). By 2 — &, we mean the set of all the differences z1; — z»
with z1 and z, both belonging to . The proof of Theorem 7.1 is postponed till
Section 8.4.

Remark 7.2. The error estimate (7.15) may look inconvenient because it is guaran-
teed starting from a sufficiently large iteration number, m., depending on the value of
& which can be arbitrarily small. It is, however, quite transparent when the required
constant is not “too close” to g« (i. e., if € is not “too small”).

More precisely, as is seen from the proof given in Section 8, m. in Theorem 7.1
is, in fact, the very number appearing in Lemma 5.3. In view of Remark 5.4, m; = 1
for & > g¢, where

go ~ 0.00727

is given by formula (5.11). Consequently, inequality (7.15) with ¢ > g¢ holds for an
arbitrary value of m > 1.

By analogy to Theorem 7.1, let us now consider the parametrised boundary value
problem (6.3), (6.4) on the interval [%T, T]. Put

2
yO(l,n,l)i=TI—(7’—1)/\, te[3T.7T], (7.16)

and introduce the functions yy, : [% T,T]x R2" >R", m>1, according to the formula

t T
)= [ F Gomer o dnds=(F=1) [ F Gmor Goniyds

2
+n—(%—1)x, te[AT,T], (7.17)

for all n and A from R”.
Let 2 be the set appearing in Theorem 7.1. Then the following statement on
sequence (7.17) holds.
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Theorem 7.3. Assume that the vector-function f satisfies conditions (3.5), (7.7),
and, moreover,

D(g8i7,r,p(f) +diam 2) # 2. (7.18)
Then, for all fixed A € Y — % and n € D(%‘S[%T,T],D (f)+diam 2):
(1) Forany m > 1, yu, (-, n, A) satisfies the boundary conditions

Ym(T.0.2) = ym(3T.n.A) = =4 (7.19)
(2) The uniform, int € [%T, T, limit
lim y,(,n,4) = Yoo (£,n,A) (7.20)
m—00
exists, and moreover,
Yoo T\ 0. 4) = Yoo (5T 1.2) = —A. (7.21)
(3) The function yso (-, 1, A) is the unique solution of the Cauchy problem
Y'(@) = f(t,y(@)+2T"H(n, 1), (7.22)
yGT)=n. (7.23)
where
T
H(n,A) :=—-1— /T f(t,y00(t,n,A))d . (7.24)
Bl

(4) For an arbitrarily small positive €, one can find a number my > 1 such that
the function

WM(" TI»A) = J’m(,flak) _yOO(Zv 77’}')

satisfies the estimate

l- _ _ -1
|Ym(t,n,A)] < Eamg(t) K™e 1(%TC£‘K)m metl (ln _%TCEK) 8[%T,T],D(f)
(7.25)
forallt e [%T, T) and m > mg, where c, is given by (5.8).

Remark 7.4. By analogy to Remark 7.2, one can conclude that the validity of
estimate (7.25) is ensured for all m > 1 provided that &€ > g¢ with &g given by for-
mula (5.11).

Theorems 7.1 and 7.3 suggest that sequences (7.2) and (7.17) can be used to con-
struct the solutions of auxiliary problems (6.1), (6.2) and (6.3), (6.4), and ultimately
of the original problem (3.3), (3.4).

Remark 7.5. As will be seen from the proofs (Section 8), Theorems 7.1 and 7.3
could have been formulated so that the inclusion A €  — % would be replaced by A €
Ag (Theorem 7.1) and —A € A (Theorem 7.3), where Ag and A are certain sets in
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R” where the unknown values of A and —A are expected to belong. Assumptions (7.8)
and (7.18) would then be replaced by the conditions

D(%S[O,%T]’D(f) +d(Ao)) # 2,

D(%g[%T,T],D(f) +d(A1)) 7é a,
where
d(Q) :=sup{|z|:z € O} (7.26)
for any non-empty Q C R”.

The present choice Ag = -9, Ay = P — P, with 2 C D, is rather natural
because, as follows from the form of the auxiliary boundary conditions (6.2) and
(6.4), the looked-for values of A are, in fact, always differences of values of the
solutions at some of the points 0, %T, T, and all those values should lie in D.

The last two statements are summarised in the following

Theorem 7.6. Assume that the vector-function f satisfies conditions (3.5), (7.7),
and, moreover,

D% max{do 177, p (/). S17,77,p ()} +diam 2) # &, (7.27)
Then, for any & € D(%S[O%T]’D(f) +diam 2), n € D(%S[%T,T],D(f) + diam 2),
and A € 9 — 9, the assertions of Theorems 7.1 and 7.3 hold.
8. PROOF OF CONVERGENCE THEOREMS

The proof of Theorems 7.1 and 7.3, which will be given in Section 8.4, uses the
fact that, by modifying the problem suitably, the inhomogeneous terms in the bound-
ary conditions (6.2) and (6.4) can be removed so that techniques similar to Proposi-
tion 5.1 can be applied.

8.1. Making the boundary conditions periodic

Let 2 be the set appearing in the formulation of Theorem 7.1. For any fixed
A € P — 2, consider the boundary value problems

OE f(t,)?(t)+2—7f/\)—%k, ref0,17], 8.1
x(g) —5(0)=0 (8.2)
and
V'(6) = f(r,i(t)+(1—¥)x)+%x, te[LT.T], (8.3)
F(T) - y(%) —0. (8.4)

Then, by direct computation, one easily finds that
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Lemma 8.1. The following assertions are true for an arbitrary A € R":
(1) A function x : |0, %T] — R” satisfies (8.1), (8.2) if and only if the function

x(t) = )E(t)+¥)t, t€[0.371], (8.5)

is a solution of problem (6.1), (6.2).
(2) A function y : [%T T] — R” satisfies (8.3), (8.4) if and only if the function

- 2t
y(t) = () + (1 —7)1, te[LT,T], (8.6)
is a solution of problem (6.3), (6.4).

Keeping this equivalence in mind, one can deal with problems (6.1), (6.2) and
(6.3), (6.4) by using Proposition 5.1, for which purpose the corresponding iteration
process should be constructed. Indeed, for any fixed A € R” and (£,7) € D2, let us
put
t

Tt E ) =& +f0 f(s,fcm_1 (5.6,0) + Z?S)L)ds

T
2t (2 ~ 2s
-7 £ (s:%m1 (5.60) + 7/\)ds, tefo,17],
(8.7)
and
- g - 2s
Ym(t,m,4) = 77+/T f(s,ym—1 (s,m.A)+ (1 - ?)/\)ds
2
2t T . 2s 1
_ (7_1) /g f(s,ym_1 (5,7, 4) + (1—7)A)ds, te[LT.T],
(8.8)
forallm =1,2,..., where
Xo(t.6.4):=§&  1€[0.5T], (8.9)
Jot.nA):=n, te[AT.T] (8.10)

Similarly to Proposition 5.1, we see that functions (8.7) and (8.8) have the proper-
ties

Tm(0,6,1) = Tm(L.£.2),
ym(%: n,A) = ym(T,n, 1)

for all £, n, and m.
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8.2. Estimates of non-linearities
For any fixed A € ¥ — 2, put
Dy = {z €R":z+(—1)/0A e D forall 6 € [0, 1]} 8.11)
fori € {0,1}.

Lemma 8.2. Let A € 9 — & be arbitrary. Then:
() {§+2tT712:1 €[0,4T]} C D ifand only if § € D, .
Q) n+(1—=2tT Hi:t e [%T, Ty C D ifand only ifn € D, ;.

Proof. Indeed, if § € D, , then, according to (8.11), z +6A € D forall 8 € [0, 1],
and therefore £ + 2T~ 'At € D for any ¢ € [0, %T]. Similarly, given an n € D ;,
we have n— 61 € D for all 6 € [0,1] and, hence, n+ (1 —2tT"HA e D for t €
AT.T]. O

When estimating the integral terms in (8.7) and (8.8), the following result will be
used.

Lemma 8.3 ([19]). Let u : [0,T] — R” be continuous. The following estimates
are true:

/t u(s)—zfgu(o)do ds < 16{1(t) max lu(s)—u(o)| (8.12)
0 T Jo —2 sef ]

0,t],0€[t,1T
fort €]0, %T] and
t 2 (T 1:
/ u(s)——/ u(o)do |ds < —ai(t) max lu(s)—u(o)| (8.13)
r TJz 2 se[LT,t],0€[t,T]
fort e [%T, T].

Here, as before, the inequalities between vectors and the operation “max” for vec-
tor functions are understood in the component-wise sense.

Proof of Lemma 8.3. The assertion is obtained along the lines of proof of [19,
Lemma 3] after rescaling the original interval to [0, %T] and [%T, T'] respectively.

The main points of the proof being the same, the details are omitted. 0
Given arbitrary i € {0,1} and y € C([%iT, %(i +1)T],R"), put
t 2t T
(Piv)(t) := / v(s)ds — (— —i)[ v(s)ds (8.14)
Lt T Lt
2 2

forallt € [%i T, %(i +1)T1]. Itis clear that the linear mapping P; transforms the space
C([5iT. 2 + 1T].R") to itself.
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Lemma 8.4. The estimate
i+1 T

t 2
[(Pov)(t)] < (1 +i —%)/éT lv(s)|ds + (2_Tt_l)/, lv(s)|ds  (8.15)

holds for any i € {0,1}, v e C([3iT.3( + DT, R"), and t € [3iT,3(i + 1)T].

Proof. Estimate (8.15) is established by direct computation using (8.14). O

Now define the functions X : [0, %T] xD —R*"and Y) : [%T, Tlx D — R" by
setting

X, (t,6) = f(z,g+2—TtA), (t.£) € [0,1T]x D, (8.16)

and
Yk(t,n)::f(t,n+(l—¥)k), (t,n)e[%T,T]xD. (8.17)

Lemma8.5. LetA € P — 9, and u : |0, %T] —-R" v: [%T, T — R™ be arbitrary
Sfunctions such that {u(t) : t € [0, %T]} CDjyoand{v(t):t € [%T, Ty C Dy 1. Then:

(1) Fort €[0,5T),

1
[ PoX 3 (u(NI(®) = 58130, 1.7,p(f)
T
= %040 (8.18)

(2) Fort €[AT.T],

I-
PG00 = 5@ 087,70 (f)
T
Recall that we use notation (4.2).

Proof. Let us fix a A € Z — 2. Let us prove, e.g., inequality (8.19). Take an
n € D; 1. Applying inequality (8.13) of Lemma 8.3 with u = Y (-, 1), we obtain the
estimate

(PG E0ONOI =580 max  [H606) - Yo 0o)]  ($20)

se[%T,t], o€(t,T]

valid for ¢ € [%T, T]. Since v has values in D, ;, Lemma 8.2 ensures that v(z) +
2tT~1X e D for all ¢ € |0, %T] and, therefore, considering (8.17), we see that the
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Lipschitz condition (3.5) assumed for f can be applied in (8.20). Then (8.17) and
(8.20) yield the estimate

|(PY3 (o)) < %&(r)s[%T,T],D(f), t € [AT.T]. (821)

It now remains to observe that the maximal value of the function &, given by equality
(7.6) is attained at %T and

- T
max aq(t) = —, (8.22)
te[3T,T] 4

which leads us immediately to (8.13).
Inequality (8.18) is proved similarly by estimating the value of Py on the function
X, u()) with u([0, 3 T]) C D; o and using the equality

_ T
max &1(t) = — (8.23)
t€[0,17] 4
which is obtained directly from formula (7.5) using the fact that max, €[0,17] ar(t) =

aq (%). Indeed, similarly to (8.21), one shows that

1_
(PoXa(uONO] < 381 (08,471, p (/). 1 €[0.3T1 (8.24)
The required estimate (8.18) is then a direct consequence of relations (8.23) and
(8.24). Inequality (8.18) is established in a similar way. 0

8.3. Functions @y and &y, m =0,1,. ..
We need the following estimates for the sequences of functions (7.3) and (7.4).

Lemma 8.6. Given any ¢ € (0,+00), one can specify an integer mg > 1 such that
the estimates

i 1 i
m+1() = 5T (@ +8)Am(0),  1€]0, 5T, (8.25)
and

= 1 =
Olm—i—l(t)SET(Q* +8)am([)’ te[%T9T]’ (826)
hold for all m > mg, where o« is defined by (4.3).

Proof. Estimate (8.25) (resp., (8.26)) is obtained directly from Lemma 5.3 by
putting g := 0 (resp., to := %T) and p = %T in (5.9). Il

Remark 8.7. It follows immediately from (8.25) and (8.26) that

m—mg+1
&mﬂ(r)s(E) (ox +&)" ™ a, (1), tel[0.iT], (827
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and
_ m—mg+1 ~
&mH(r)s(;) 00+ ™G (). 1e[ATT].  (828)

for all m > m,, where m, is the integer appearing in Lemma 8.6. Inequalities (8.27)
and (8.28) improve the corresponding estimate from the work [20].

8.4. Proofs of Theorems 7.1 and 7.3

We shall use an approach similar to that described in Proposition 5.1 adopting it
appropriately to problems (6.1), (6.2) and (6.3), (6.4).

Proof of Theorem 7.1. Let A € 9 — % and
§ € D(go1,17,p(f) +diam 2) (8.29)

be fixed. It is not difficult to verify by computation that X, (-,&,A), m > 0, coincides
with sequence (5.1) fortg =0, p = %T, and g = X, — 27!, where the function
X, .0, %T] x D — R”" is defined according to (8.16).
Let us show that
{Zm(t.E.1):1€[0,4T]} C Dy (8.30)

for all m > 0. For m = 0, the validity of inclusion (8.30) is guaranteed directly by
(8.9) and (8.29). Indeed, for all 8 € [0, 1] and z such that

T
=21 = 580471,0(/):
the estimates

§+ 04—z <|E—z[+]A|
<|é—z|+diamZ

T
= ¢%0.47,p(f) +diamZ (8.31)

hold. In (8.31), we have used the assumption that A belongs to ¥ — 2. By virtue of
(8.29), inequality (8.31) guarantees that z +60A € D, i.e., § € D, ¢ and (8.30) holds
withm = 0.

Assume that (8.30) holds for a certain value of m and show that the inclusion

{(Fm+1(t.6,2) 11 € (0,571} C D (8.32)

holds as well.
Indeed, considering definition (8.7) and recalling notation (8.14), we conclude
that, for all m, the identity

)zm+1("§vk)_$ = POXA(")Em('vS’)L)) (833)
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holds. Here, we have used the fact that Poc = 0 for every ¢ € R". Therefore, taking
assumption (8.30) and inequality (8.18) of Lemma 8.5 into account, we obtain the
estimates

- T
fnt1(1.62) =81 = T804 710

valid for all € [0, 3 T].
Therefore,

- T
|Xm+1(2,6,A) + 0L —&| < §8[0,%T],D(f)+ |A|

T

forall 6 € [0,1] and ¢ € [0, %T] However, in view of notation (4.1), estimate (8.34)
implies that

{Zm1(,EN)+01:0€0,1], 1 €[0,1T]} C D,

which means that (8.32) holds. Thus, inclusion (8.30) is true for all m > 0.
Now, following [&], consider the differences

A (t.6.1) := Tmg1 (.EA) =T (1.E.4), m=0,1,.... (8.35)
By virtue of (8.33) and Lemma 8.5,
Aot £ < 51080 4 p (1) 1€ [0.3T] (836)
In view of (8.33),
A (-£,2) = Po (X2 (. %m (- €,2)) = X3.( Tm—1 (-6, 1)) (8.37)
for any m. Since (8.30) holds for all m, it follows that, for any ¢ € [0, %T], the

function X (¢,-) satisfies the Lipschitz condition with the same matrix K as f(¢,-)
does. Therefore, relations (8.37), (8.36), Lemma 8.4, and notation (7.3) yield

T

- t - -
|d1(z,g,x)|§(1—¥)1<f0 |d0(s,g,x)}ds+¥1</t |do(s,£,1)|ds

t %T
< 1 ((1—¥)K/0 551(s)ds+¥l(/; &1(s)ds)8[0’éT],D(f)

562(1)K8[0,%T],D(f) (8.38)

D=

N = N
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for ¢ € [0, %T] On the other hand, considering (8.37) and using the Lipschitz condi-
tion, we obtain the inequality

- 2t .
nte.6.01 = (122 & [ Jdmor(s.6.00

20 (2T - )

+7K }dm—l(s,ésk)}dsy te [0’ ET]ﬂ (839)
t

for m > 1. Combining (8.36) and (8.39), recalling notation (7.3), and arguing by

induction, we arrive to the estimate

- 1
|dm(l‘,§',)t)| = EKm&m+l(t)8[0,%T],D(f) (3.40)

valid for all 7 € [0, %T] It follows from assumption (7.7) that, for a sufficiently small
positive number &, the inequality

(K) < 2 (8.41)
r —_— .

T (0« +¢)
holds. Let us fix such an ¢ and let m > m,, where m, is the integer appearing in
Lemma 8.6. Then (8.27) and (8.40) yield

m—mg+2

- T _ _
|dm+1(2,€,4)| < WK’"—H (0% +&)™ m6+2amg(1)5[0,%T],D(f) (8.42)

fort € [0, %T]. Now note that, due to (8.41), we have
lim 27T (0« +&)"K™ = 0. (8.43)

m—400

Then, arguing similarly to the proof of [8, Theorem 1], we conclude that (8.42) and
(8.43) imply the convergence of the sequence X, (-,&,4), m > 0. Since (7.2) and (8.7)
imply the identity

Xm (£, E0) = X (1, E,0) + %k, t€[0.37T]. (8.44)

the latter fact is equivalent to the convergence of x,(-,&,1), m > 0. The rest of the
proof almost literally follows the lines of [8]. (]

Proof of Theorem 7.3. It follows along the lines of proof of Theorem 7.1. One
finds that y,,(-,n,4), m > 0, is nothing but (5.1) with 7o = %T, p= %T, and g =
Yy +2T 714, where Yj, : [%T, T1x D — R" is given by (8.17). The required assertion
is established by analogy, instead of (8.44), using the identity

~ 2t
Ym0, ) = Fm(t0 ) =24, t €T, (8.45)

which follows, for any n € D(%S[ 17,7 p(f) +diam 2), directly from relations
(7.17) and (8.8). O
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9. DETERMINING EQUATIONS

Theorems 7.1 and 7.3 guarantee that, under the conditions assumed, the functions
Xoo(-,E,4) 1 [0, %T] — R" and yoo(-,1,14) : [%T, T] — R" are well-defined for the ap-
propriate values of (§,1, 4). Therefore, one can introduce the function ueo(+,€,1,1) :
[0,7] — R” by putting

Uoo (1,6, 1m,4) 1= Y7 (1) Xoo(1,§.4)

+ (1= x7(1) (Yoo (t.7.1) = Yoo (3T.10. 1) + Xoo(3T.6.2))  (9.1)
for all 7 € [0,7] and & € D(%8[0,%T]’D(f) +diam 2), 1 € D(%S[%T’T]’D(f) +
diam%),and A € ¥ — 2.

Theorem 9.1. Assume that f satisfies the Lipschitz condition (3.5) with a matrix

K such that (7.7) holds. Furthermore, let
D(£810,r1,p(f) +diam 2) # @. 9.2)
Then the following assertions hold.:

(1) The function uso(-,€,n,A) 1 [0,T] — R” defined by (9.1) is a solution of the
boundary value problem (3.3), (3.4) if and only if the triplet (€, 1, A) satisfies
the system of 3n equations

Z(&, 1) =0,
H(n,4) =0, 9.3)
xOO(%T’SvA) =1n.
(2) For every solution u(-) of problem (3.3), (3.4) with u(0) and u(%T) lying
in D(%(g[O,T],D (f) + diam 2), there exists a triplet (£o,n0,A0) such that
u(') = Uxo (" EO’ nO’AO)-

Proof. 1t follows immediately from (4.1) that D(Bo) € D(B1) whenever Bg < 1.
Therefore, using notation (4.2) and the obvious inequality

max{dyo 1 71 p (). 87.71,p ()} < 60,710 (f):

we find that that assumption (9.2) ensures the validity of relations (7.8) and (8.30)
and, therefore, Theorems 7.1 and 7.3 can be applied. It then remains to use Proposi-
tion 6.1 and argue by analogy to [18, Theorem 5.2]. 0

Equations (9.3) are referred to as determining equations [5,11].

10. A REMARK ON THE CONSTRUCTIVE APPLICATION OF THE SCHEME

Although Theorem 9.1 theoretically solves the question on the construction of a
solution of the periodic problem (3.3), (3.4), its application faces with difficulties due
to the fact that the explicit form of the functions & : D xR” - R* and H: D xR" —
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R” appearing in (9.3) is usually unknown. This complication can be overcome by
using the functions

Em(EN) :=)L—/02f(r,xm (£, 1))dt (10.1)

and

T
Hp(0.2) = 2= [ f(em (e e (10.2)
2

for a fixed m, which will lead one to the so-called approximate determining equa-
tions. More precisely, similarly to [15], one can show that, under certain natural
assumptions, the exact determining system (9.3) can be replaced by its approximate
analogue

En(E 1) =0,
Hpu(n,A) =0, (10.3)
xm(3T.E,1) =n.

It is important to note that, unlike system (9.3), the mth approximate determining sys-
tem (10.3) contains only terms involving the functions x,, and y,, and, thus, known
explicitly. The topic concerning the use of the approximate determining equations in
solvability analysis falls out of the scope of this paper and will be developed else-
where.
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