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BOUNDARY AND PERIODIC
VALUE PROBLEMS FOR SYSTEMS
OF NONLINEAR SECOND ORDER

DIFFERENTIAL EQUATIONS

MARLENE FRIGON

ABSTRACT. In this paper, using the Schauder Fixed Point Theorem, we establish
some existence results to boundary and periodic value problems for systems of nonlin-
ear second order differential equations. Also, the notion of upper and lower solutions
to a differential equation is generalized in a natural way to systems of differential
equations.

1. INTRODUCTION

In this paper, we consider the boundary and periodic value problem for systems
of nonlinear second order differential equations

R 2 (t) = f(t,x(t),2'(t)) ae. t €0,1]
xr € BC

where f : [0,1] x R?® — R", is a Carathéodory function and BC denotes a boun-
dary condition such as non-homogeneous Dirichlet, Neumann, Sturm-Liouville con-
ditions, or the periodic condition:

where A; is a n X n matrix (possibly nonsymmetric) for which there exists a; > 0
such that (z, A;x) > a;]jz||? for all x in R™; 8; = 0,1; o; + B; > 0; i = 0, 1.

The literature on this problem is voluminuous, and we refer to [1-4,7-11] and
the references therein. Recall that in the scalar case (n = 1), many results rely on
an assumption of the following form:

(1.1) zf(t,z,0) >0 for |z|]=M.
This assumption was generalized by one of existence of upper and lower solutions:
(1.2) there exist ¢ < € W([0,1],R) such that
¢"(t) = f(t, (), ¢' (), and §"(t) < f(t,9(t),4'(t)) ae te][0,1].
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2 M. FRIGON

The condition (1.1) was generalized for systems of differential equations by the
following assumption from which arose many results (see [1,3,8,10]):

(1.3) there exists a constant M > 0 such that (x, f(¢,2,p)) + ||p[|*> > 0 for
|z|| = M and (z,p) = 0.
On the other hand, the assumption (1.2) was generalized in a number of ways, of
which we mention the following two:
(1.4) there exist ¢ < € W21([0,1],R™) such that
¢ > filt, 1, i1, Gis ity Ty Py Pie 1, Bi  Did 1, - - -5 D),
U < filt @, T i, Tty Ty D1y Die 1 Wi Dig 1y - - -5 D)
for  ¢;(t) < x; < Yi(t), —¢; < pj < ¢jfor j # i, and ¢ being any
vector satisfying |¢f(¢)], [0i(t)] < ¢ (see [2]);
(1.5) there exist ¢ < € W1([0,1],R™) such that ¢ (t) > f(¢,6(t)), and
() < ft,(t) ae te]0,1].
This last assumption was given in the case where the considered problem was the
periodic problem and the function f did not depend on the derivative 2’ (see [11]).

I recall also that those assumptions came with some other assumptions related
to the boundary conditions. In particular, the assumptions (1.1) and (1.3) are
deficient for the non-homogeneous Neumann problem.

Note also that in the scalar case, the assumption of existence of upper and lower
solutions (1.2) generalizes the assumption (1.1). This is not the case for systems;
that is, the assumptions (1.4) and (1.5) don’t generalize the assumption (1.3).

In this paper, we introduce a new notion which is a natural generalization of
the assumption (1.3). Moreover, in the scalar case, this notion is equivalent to
the notion of upper and lower solutions. Furthermore, using this notion, we ob-
tain existence results for problems with periodic, or non-homogeneous Dirichlet,
Neumann, or Sturm-Liouville boundary conditions. Our Theorems 4.1 and 4.2 are
generalizations of some results obtained by Bebernes and Schmitt [1], Fabry and
Habets [4], and Hartman [8]. As we mentioned at the beginning, our results are
given in the Carathéodory context. The proofs rely on the Schauder Fixed Point
Theorem.

The author wishes to thank Professor Granas for a useful discussion.

2. PRELIMINARIES

In this section, we establish notations, definitions, and results which are used
throughout this paper. We denote (,) the scalar product, and || - | the Euclidian
norm in R™. The Banach space of the k-times continuously differentiable functions x
is denoted by C*([0,1],R™) with the norm: |||, = max{||z|o,[|2]lo;- -, [|[2* [0},
where ||z||o = max{||z(¢)|| : t € [0,1]}. The Sobolev space of functions in C'*(]0, 1], R")
with the derivative being absolutely continuous is denoted by W21([0, 1], R™). We
define Cy([0,1],R") = {z € C([0,1],R") : 2(0) = 0}, and Ck([0,1],R"), (resp.
W2([0,1],R™)) the set of functions € C*([0,1],R™) (resp. W>1([0,1],R")) sat-
isfying the boundary condition z € BC. Let L!([0,1],R™) denote the space of
integrable functions, with the usual norm || - ||z:.

Let € > 0, we define the operator L. : C5([0,1],R™) — Co([0, 1], R™) by:
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A function F : C*([0,1],R™) — L([0, 1], R™) is said integrably bounded if there
exists an integrable function A in L([0, 1], [0, o)) such that

|F(x)()|| < h(t) ae. te€][0,1], and for every = in C*([0,1],R™).

We associate to F an operator Nx : C1([0, 1], R™) — Co([0, 1], R"™) defined by:

Np(x)(t):/O F(x)(s)ds.

We recall the following result (see [7]).

Lemma 2.1. If F:CY([0,1],R") — L'([0,1],R") is a continuous and integrably
bounded function, then the associated operator N is continuous and compact.

We say that a function f : [0,1] x R?® — R" is a Carathéodory function if:
(i) for every (z,p) in R?", the function t — f(t,z,p) is measurable; (ii) the function
(z,p) — f(t,x,p) is continuous for almost every ¢ in [0, 1]; (iii) for every k > 0,
there exists a function hy in L([0,1],[0,00)) such that | f(t,z,p)|| < hi(t) ae.
t €10,1], for all ||z|| < k and ||p|| < k.

For sake of completeness, we state the following results which will be used later
in this paper.

Lemma 2.2, Letu: [0,1] = R™ be an absolutely continuous function and let E be
a negligeable set in R™, then meas{t € [0,1] : u(t) € E and v'(t) # 0} = 0.

Lemma 2.3. Let u € W21([0,1],R) and ¢ > 0. Assume one of the following
properties is satisfied:
(i) v’(t) >0 a.e te]0,1],
apu(0) — bou'(0) <0, aju(l) 4+ bu'(1) <0,
where a;,b; >0, and max{a;,b;} > 0, max{ap,a1} > 0;
(i) u”(¢t) —eu(t) >0 a.e. t€]0,1],
aou(O) — boul(O) § 0, alu(l) + blu’(l) S 0,
where a;,b; >0, and max{a;,b;} > 0;
(iii) uw”(t) —eu(t) >0 a.e. t€]0,1],
u(0) = u(l), u(0) <0 or u'(1)—u/(0) <O0.
Then u(t) <0 for all t € [0,1].

Let us consider the following problem:

) 2" (t) = f(t,x(t),2'(t)) a.e. t €[0,1]
x € BC

where f :[0,1] x R?® — R" is a Carathéodory function and BC denotes one of
the following boundary conditions:
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where A; is a n X n matrix (possibly nonsymmetric) for which there exists a; > 0
such that (x, A;z) > ag||z||* for all z in R™; B; =0,1; a; +8; >0, i=0,1.
In particular, (SL) includes non-homogeneous Dirichlet and Neumann boundary
conditions. A solution to (%) is a function z € W' ([0, 1], R") satisfying (%).

Now, we introduce the notion of solution-tube to the problem (x). This notion
will play an essential role in our existence results.

Definition 2.4. A solution-tube to the problem (%) is a couple (v, M) where M
is a non-negative function in W21([0, 1], R), and v is a function in W21(]0, 1], R™)
such that:
(i) (@ —o(t), f(t,z,p) —v"(@)) + [p — V' O)]* = M()M"(t) + (M'(t))?
a.e. t € [0,1] and for all (z,p) € R?" such that ||z — v(¢)|| = M(t), and
(o= v(t),p — v'(t) = M()M (1)
and v (t) = f(t,v(t),v'(t)) a.e. on {t € [0,1] : M (t) = 0};
(ii) if BC denotes (SL), |lro — (Aov(0) — Bov'(0))|| < apM(0) — BoM'(0),
[r1 = (Arw(1) + Br' ()| < aaM(1) + B M'(1);
and if BC denotes (P), v(0) = v(1), ||v'(1) —2'(0)|]] < M'(1) — M'(0),
and M(0) = M(1).

Remark that if BC' denotes the homogeneous boundary condition (SL) (i.e.
ro =11 = 0) or the periodic condition (P), to say that (0, M) is a solution-tube to
(%) with M > 0 being a constant, is equivalent to have:

(z, f(t,z,p)) +|[p|* > 0 ae. t€0,1] and for all (z,p) € R*"
with ||| = M and (x,p) = 0.
This condition was considered by many authors, we mention [1,3,8,11].

Remark also that in the scalar case, the notion of upper and lower solutions to (x)
is equivalent to the notion of solution-tube to (). Indeed, if ¢ < ¢ € W21(]0, 1], R)
are respectively lower and upper solutions to (%), then ( (¢ +¥)/2, (¥ — ¢)/2) is

a solution-tube to (x). Conversely, if (v, M) is a solution-tube to (x), then v — M,
and v+ M are respectively lower and upper solutions to (x).

3. MAIN THEOREM

Before the statement of the main exitence result for the problem (%), we introduce
some notations.
Let v € W21([0,1],R"), and M € W2(]0,1],[0,00)). Define

_ { [rill + [[A:ll (M (@) + [lo(@)]]), if BC = (SL), and f5; # 0,

0, otherwise

. { min{|[M'(¢)] : M(t) =0}, if {t € [0,1]: M(t) =0} #0

00, otherwise;
and
¢ =¢(BC,v, M) = min{pg, p1, p2}.

We may now state our main Theorem.
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Theorem 3.1. Let f : [0,1] x R?" — R" be a Carathéodory function. Assume
there exists (v, M) a solution-tube to (%) such that ¢ = ¢(BC,v,M) < co. In
addition, suppose there exist v € L1([0,1],[0,00)) and a Borel measurable function
¢ :[0,00) — (0,00) such that

1 (&2, p)| < (&) ¢(llpll) a-e. t and for all (x,p) with |z —v(@)|]| < M(t);

and

Ty
V7 N L1,
®)

c

Then the problem (x) has a solution such that ||z (t)—v(t)|| < M(t) for allt € [0,1].

To prove this theorem, we will modify the function f. To this modified function,
we will associate a problem for which we will deduce the existence of a solution.
Finally, we will observe that this solution is in fact a solution to our original problem
(). In order to do that, we need to introduce some notations. Before that, we give
some examples.

Examples 3.2. (1) The following problem has a solution.

"(t) = llz(@®) (t) + (1,0, ,0)
(1):(0’ ’O)

Verify that v(t) = 0, M(t) = t — %, ¢(s) = s+ 17/16, v(t) = 1, satisfy the
assumptions of Theorem 3.1. Consequently, this problem has a solution such that
|z (t)|] < t—t%. Obseve that there is no constant M such that (0, M) is a solution-
tube to this problem.

(2) The following problem has a solution.

{ﬂ?"(t) = (2'(t) = (¢, , 1) (l=@®)]| +2)
55(0):(07"' 70)7 $(1)=(17~-~ 71)

xT
T

——
s %
=2 =
([

Verify that v(t) = (5, , &), M(t) = 2% ¢(s) = (s +/n)(2+ /), () = 1,

satisfy the assumptions of Theorem 3.1. Consequently, this problem has a solution
such that ||z (t) — (%, e %) | < # Observe that if we look for a solution-tube of
the form (0, M (t)), then we must have ||z(1) — (0,---,0)|| =||(1,---,1)| =v/n <
M (1). Therefore (0, M (t)) gives a worse approximation of the solution. Note also
that there is no solution-tube (0, M) with M a constant.

Let (v, M) be the solution-tube to (x) given in Theorem 3.1, and let K be a
positive constant which will be determined later. To (¢,z,p) € [0,1] x R*", we
associate T, p, and p given by:

- _ [ e —e®) F o), if o —o(0)] > M),
x, otherwise;

7= { =)+ @), i [p - @) > K,

D, otherwise;
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and
P+ (x—ov(t))x
M’ (t z—v(t),p—v’(t .
(Hm—v((t))H -4 \|z(—)qut)\|2( )>> ; if [z —v(t)[| > M(2),
ﬁ =

P+ (1 i) Fr (@ — (@), i M) > 0, le — ()] < M),
and |lp —v'(t)]| > K,

p, otherwise.

Observe that ||Z]], ||2]l, ||p|| are bounded independently of (¢, z,p).
Remark 3.3. If ||x — v(t)]| > M (t) then

(i) (|7 —v(@®)]| = M(2),
(i) (& —wv(t),p—v'(t)) = M(t)M'(2),

i)
(i) (19— o/ (0)” = 17— o/ (1) + (M (1))? — L= 2,
(iv) if K > 2||M’||o, then there exists a constant Ky depending only on v" and

M’ such that ||p]|? < ||p||* + Ko.
Let € > 0, we define the functions f1, fo : [0,1] x R?" — R" by:

Tomaqon f (67.0) + (1 - Hxﬂ—lv(%m) x
filt,,p) = (v + PEr@ = o)), if o - v(®)] > M)
f(t,z,p), otherwise;

fa(t,x,p) = fi(t,z,p) — .

Observe that fl(t>x7p) = f(t,a:,p), f?(taxvp) - f(tax7p) —E&r on {(t,l‘,p) :
lz — o) < M), ||p—v'(t)] < K}, and there exists h in L([0,1], [0, o0)) such
that ||fi(t,2,p)|| < h(t) a.e. t, and for all (z,p) € R*", i=1,2.

To the function f;, we associate F; : C*([0,1],R") — L([0,1],R"), (i = 1,2),
an operator defined by:

Fi(z)(t) = fi(t,2(t),2' (1))
The function f1, and consequently f> are not necessarily Carathéodory functions,

but we have the following result:

Proposition 3.4. Let f : [0,1] x R?® — R™ be a Carathéodory function and
let (v, M) be a solution-tube to (x). Then the previously defined operator Fy :
C1([0,1],R"™) — L1([0,1],R™), is continuous and integrably bounded.

Proof. Obviously, F is integrably bounded. Therefore, it is sufficient to show that
if z,, = o in C*(]0,1],R"™), then

(31) fl(taxn(t)ax/n(t)) - fl(t,:z:(t),x/(t)) a.e. le€ [Oa 1]

The conclusion will follow from the Lebesgue Dominated Convergence Theorem.
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Since f is a Carathéodory function, it is clear from the definition of f; that the
relation (3.1) holds almost everywhere on {t € [0,1] : ||z(t) — v(¢)|| # M(¢)}. On
the other hand, by Lemma 2.2, we have

on {t € [0,1] : ||z(t) — v(t)|| = M(t) > 0}. Therefore, it is easy to verify that
almost everywhere on that set,

2 () — 2/ (t).

Thus, the relation (3.1) is satisfied almost everywhere on that set.

Finally, on {t € [0,1] : [lo(t) — v(®)]| = 0 = M()}, o(t) = v(t), 2'(t) = v'(¢),
M'(t) =0, M"(t) =0 a.e.;so, f1(t,z(t),2'(t)) = f(t,x(t),2'(t)) = f(t,v(t),v'(t) =
v"(t) a.e. Observe that, on that set, fi(t,y,p) =v"(t) a.e., for all p, and y # v(¢).
This completes the proof. [

Corollary 3.5. Under the assumptions of Proposition 3.4, the operator Fy : C1([0,1],R™) —
LY([0,1],R") previously defined, is continuous, and integrably bounded.

Now, we consider the associated problems:

{:c”(t) = fi(t,z(t),2'(t)) ae. te€]0,1]
*)1
xz € BC

) 2’ (t) —ex(t) = falt,z(t),2'(t)) ae. te€]0,1]
’ x € BC

Fix € > 0 such that the operator L. : C5([0,1],R™) — Co([0,1],R?) defined in
§2 is invertible. In particular, if BC denotes (SL) with max{ag, a1} > 0, then we
can take ¢ = 0 (see [6]).

The following result gives a priori bounds on the solutions to the problem (x)s.

Lemma 3.6. Let f be a Carathéodory function and (v, M) a solution-tube to (x).
Then every solution to ()2 satisfies ||z(t) —v(t)|| < M(t) for every t € |0,1].

Proof. First of all, we remark that

(32) (z—(t), fult,z,p) =" (1)) + |lp— ' B)|* >

M) ||z — v(t)] + E=0:P = V()2

[l = v(®)]?

a.e. t € [0,1], and for every (z,p) € R*", with ||z —v(t)| > M(2).



8 M. FRIGON

Indeed, if ||z — wv(t)|| > M(t), using Definition 2.4 and Remark 3.3 give
(@ = v(t), fi(t,z,p) — 0" () + [lp — v'()]*
= (7 — o(t), (1,5 5) — 0" () + M(2) (e — o(®)]| — M) + lp — /(1)
> M(O)M"(t) + (M'(£))* + M"(t) (& —v(t)] — M(t)
+ o =o' @I = lIp — o' @)
(x —v(t),p—v'(t))*

= M"(t) [l —v(®)] + [lp — ' @O = P =" (O +

EErOlE

M"(t) |z — ()] +%’ it o/ (1) < K
_ o 2
M" (@) ||z —v(@®)|| + W

K2
+ (1 - HT—M(W) X

(Hp —v'(t))* - %) , otherwise

(z —v(t),p—v'(t))?
[l —v(®)]|?

On the other hand, let = be a solution to (%)a. So,
(3.3)  2"(t) = fa(t,2(t), 2" (1)) + ex(t) = fr(t,2(t),2'(1) + e(x(t) — Z(1)).
On the set {t € [0,1] : ||x(¢) —v(t)|| > M(t)}, we have
Hl‘(t) o ’U(t)”/ _ <$(t) — ’U(t),{l}l(t) — U/(t»

() — v(@®)]l

which exists for all ¢, and

@) — o), 2" (t) — v"()) + [|2'(t) — o' (B)]?

et — o), 2’ () — (1))

[[(t) = v(®) '
Fix 6 > 0, and let E5 = {t € [0,1] : [Jz(t) — v(t)|| > M(¢) + §}. The function
|lz(t) — v(t)|| belongs to the space W*!(Es,R). Therefore, if we note w(t) =
lx(t) —v(t)|| — (M(t)+0), then, using the relations (3.2), (3.3) and (3.4), we
verify that:

w”(t) — ew(t)
(2(t) = v(®), fu(t,2(2), 2" (1)) = 0" (1) + (1 = o) (@(8) = v(0))

> M"(1) [« —v(®)]| +

() = v(@)]l
L@ = OIF () —o(@), 2'(t) — v'(1)
[2(t) = o@)] () — v(@®)]I?
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In order to apply the maximum principle (Lemma 2.3), we need to verify some
boundary conditions. If BC' denotes (SL) then, either

w(0) <0 or agw(0)— Bow' (0) <O0.
Indeed,

[[2:(0) = v(0)]| (xo|x(0) = v(0)I] = Bollx(0) — v(0)])

< ((0) = v(0), Ao (x(0) — v(0)) — Bo(2'(0) — v'(0)))
< [Jz(0) = v(0)| Iro — (Ao (0) — Bov’(0))]|
< [Jz(0) = v(0)|[(a0 M (0) — BoM'(0))
< [l2(0) — v(0)[| (o (M (0) + 8) — Bo(M + 8)'(0)).
Similarly, either

w(1) <0 or aqw(l)+ frw'(1) <O0.

On the other hand, if BC' denotes the periodic boundary condition (P),

[2(0) = v(0)[| = [J(1) —w(D)]l,  M(0) = M(1),

and, either
l2(0) —v(0)]] <0 or w'(l)—w'(0)<0.

Indeed,

lz(1) = oMW" = [|2(0) = v(0)]I" =
[0 (1) =" (0)]| < M'(1) = M'(0) = (M +0)'(1) — (M +6)'(0).

By Lemma 2.3 applied to w, we deduce that ||z(t) — v(t)|| < M(t) + J. But this
inequality holds for every 6 > 0; therefore, ||z(t) —uv(t)|| < M(¢) for every t € [0, 1].
This completes the proof. [

Now, we can prove our main Theorem.

Proof of Theorem 3.1. To prove this theorem, the constant K will be chosen ap-
propriately, and we will show that the problem (x); has a solution z satisfying
lz(t) —v(t)]| < M(t), and ||z'(t) — v'(t)|]] < K. Thus, using the definition of fs,
this solution will be a solution to our original problem ().

By Lemma 3.6, we know that every solution to () satisfies ||x(t) — wv(¢)]] <
M (t). Now, we will determine K in order that ||z’ (t) —v'(¢)|| < K for every solution
to (*)2.

Let x be a solution to ()2 and ¢ = ¢(BC,v, M) be the constant previously
defined. By assumption, ¢ < co. Using the boundary condition, we can show that
there exists to € [0, 1] such that ||z'(to)|| < ¢. Fix K > ¢ such that

Rds

(3.5) V][ < j @,
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and choose K such that
(3.6) Ip| < K implies |jp— /()| < K for all ¢ € [0,1].

We claim that ||2/(t)|| < K for all ¢ € [0,1]. Suppose that ||/ (t1)|| > K for some
t; € [0,1]. Then, there exist ty,t5 € [0,1] such that ||2/(t2)| = ¢, ||2/(ts)] = K,
and ¢ < ||2/(t)|| < K for all ¢t between t5 and t3. Without loss of generality, assume
that t5 < ts, then
('(t), «" (t))

O = ey

which exists for all ¢ € (o, t3], and
2/ (t) = f(t,z(t),2'(t)) ae. tEe ta,ts]
by the definition of f5. Thus,

=" @ON" < l=" (Ol < v(#) (|2 (B)l])  ae. t€ (ta,ts].
Dividing by ¢, integrating from ¢, to t3, we obtain:

5 )
—— 1 d 1.
, aQ@n =l

By the inequality (3.5) and the change of variables formula (see [5]), we get

Koas % 2@
1 — = — " 1.
Mie < J 55 = [, alwon @ < i

This leads to a contradiction. In consequence, ||#/(t)|| < K for all ¢ € [0,1], and
the relation (3.6) gives

(3.7) |2'(t) — o' (t)|| < K for all t € [0,1].

On the other hand, a solution to ()2 is a fixed point for the operator L-'o Np, :
C5([0,1],R™) — CL([0,1],R"), where L. and Np, are defined in §2. Using
Lemma 2.1 and Corollary 3.5, we deduce the compacity of this operator. The
Schauder Fixed Point Theorem gives the existence of a fixed point to LZ! o Np,,
and then a solution to (x)2. Using Lemma 3.6 and the relation (3.7), we get the
conclusion. [J

4. OTHER EXISTENCE RESULTS

In what follows, we will generalize some results given by Hartmann [8,9], Be-
bernes and Schmitt [1], Fabry and Habets [4], for the periodic or the Dirichlet
problem. In those results, the function f was continuous, and they assumed the
existence of what we call a solution-tube of the form (0, M) with M a positve con-
stant, as in [1,8,9], or a positive function in C?([0,1],R), as in [4]. As we mentioned
before, we will obtain results not only for the Dirichlet or periodic boundary condi-
tions, but also for the non-homogeneous Neumann and Sturm-Liouville boundary
conditions.
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Theorem 4.1. Let f : [0,1] x R?" — R" be a Carathéodory function. Assume
there exists (v, M) a solution-tube to the problem (x). In addition, assume there
exist a constant k > 0, a function h € L'([0,1],[0,00)), and a Borel measurable
function ¢ : [0,00) — (0,00) such that

and the two following properties are satisfied a.e. t € [0,1], and for (z,p) € R?*?
with ||z — v(t)]] < M(¢):

@) [LF 2 )| < 2k (G, f (L, p)) + [Ipl*) + h(1);

(i) Kp, £z, p)| < [lpll o(llpll)-
Then the system (x) has a solution such that ||x(t) — v(t)| < M(t).
Proof. We will show that every solution to the problem (x) satisfies ||z(t) —v(t)] <
M(t), and ||z'(t) —v'(t)|| < K where K will be an appropriate constant which
will be chosen later.

Let K, be the constant given in Remark 3.3(iv). Let M; = ||M|o + ||v]o,
Ky =414 kMy)M; + ||h||pr + k Ko/2, and take Ky > K such that

(4.1) s s Ky + 2kM2;
K, 9(s)
and choose K > 2 ||M’||o such that
(4.2) |pll < Ky implies |jp—2'(t)|| < K for all ¢ € [0,1].
We will show that every solution to (%) satisfies ||2’(t)] < K2, hence

|z (t) — o' (t)|| < K for all ¢ € [0,1].

Let z be a solution to (x)3. By Lemma 3.6, we already know that z satisfies
lz(t) — v(t)|| < M(t), and thus

(4.3) [z(®)]| < M.

The assumption (i), the inequality (4.3), Remark 3.3(iv), and the following re-
lation

a'(t)

x(t+1/2) —z(t) — 5

t+1/2
:/ (t+1/2—s)2"(s)ds, 0<t<1/2
t

imply that

k Ko

(4.4) |2’ (t)|| < 4M;y + 4kME + ||hll g — 2k(||lz(8)]1?) + 5 for 0<t<1/2.
Similarly, the assumption (i), the inequality (4.3), Remark 3.3(iv), and the following

relation

x(t) —x(t —1/2) — @ = /ttl/2 (t—1/2—3s)2"(s)ds, 1/2<t<1



12 M. FRIGON

leads to
/ 2 27/ kKO
(4.5) ||='(t)|| < 4My + 4kM7 + ||kl pr + 2k(||l=(®)]]%)" + — for 1/2<t<1.

Adding (4.4) and (4.5) gives
&/ (1/2)]| < 4My + 4kM7 + ||hl| g2 + k Ko/2 = Ki.

Now, suppose there exists ¢y € [0,1] such that |2/ (tg)|| > K2. Then there exist
t; and to € [0,1] such that |2/ (¢t1)|| = K1, ||2'(t2)|| = K2, and Ky < [|2/(¢)|| < K2
for t between t; and t2. Without loss of generality, assume 1/2 < t; < to. Then
the assumption (ii) and the inequality (4.5) imply that

@@ 0) _ OO .
e ] R

Integrating from ¢; to t2, and using the change of variables formula and the in-
equality (4.1) give

K> i o to <$,(t),$”(t)> )
/Kl Ok ‘/tl s =T

Ko S
< ——ds.
/Kl ¢(s)
This is a contradiction. Therefore, ||2'(t)|| < Ko for all ¢t € [0,1] and then ||z'(t) —

v'(¢)|| < K. The rest of the proof follows as in the proof of Theorem 3.1, and we
get the existence of a solution to the problem (x). O

The following theorem generalizes a result given by Fabry and Habets [4], and
obtained for the classical homogeneous Dirichlet problem. They assumed M (t) > 0
for all ¢ € [0,1], which is not the case here.

Theorem 4.2. Let f : [0,1] x R?" — R" be a Carathéodory function. Assume
there exists (v, M) a solution-tube to the problem (x). In addition, assume there
exist a constant k € [0,1), a function h € L*([0,1],[0,00)), and a Borel measurable
function ¢ : [0,00) — (0,00) such that

[ee] 82
—— ds = o0,
e

and the two following properties are satisfied a.e. t € [0,1], and for (z,p) € R*"
with ||z — v(t)|| < M(t):

(i) 0 < {z, (t.2,p)) + Klp|> + (1)

(i) [(p, f(t, 2, p)| < [lpll o(llpIl)-
Let BC' denote the boundary condition (P), or (SL) with (1 — ;)r;M (i) = 0,
i =0,1. Then the system (x) has a solution such that ||z(t) — v(t)|| < M(t).

Proof. As before, we will show that the problem (%); has a solution satisfying
lz(®) —v(@)|| < M(t), and ||z’ (t) —v'(¢)|| < K, where K is a constant which will
be determined later.
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First of all, taking into account the boundary condition and Lemma 3.6, we note
that there exists a constant kg = ko(BC,v, M) such that every solution to (x)s is
such that

(4.6) (@(1),2(1)) = (2(0),2(0)) < ko.

1/2
Let ky = (ﬁ(“h”g + ko —|—kK0)) , where Ky is the constant given in Re-

mark 3.3(iv). Let k2 be such that

k2 2 )
(47) /kl %ds > k17

and take K > 2 ||M’||p such that
(4.8) Ipll < ko, implies that  |p —'(¢)]| < K.
Let = be a solution to (x)2. By Lemma 3.6,
(4.9) [(t) = v(®)]| < M ().
By using Remark 3.3(iv), the relation (4.9), and the assumption (i), we get

(@(t), 2" (1)) = (x(t), f(t, 2(t),2"(1)) = (2(t), f (£, x(t), (1))
>~k ()| = h(t) — k Ko.

Integrating by parts gives

1 1
(@0, (V) = (@O’ O) = [ IO dt =~ [ O dt = bl - b Ko
0 0
It follows that
1
/ 2 1 2
1 @1 dt < bl + ko + K Eo) = 2
0 -

Now, suppose there exists ty € [0,1] such that ||2'(¢9)|| > k2. Then there exist
t1 and to in [0, 1] such that ||z'(¢1)] = k1, [|2'(t2)|] = ko, and k1 < [|2/(2)| < ke,
and then ||z/(t) — v'(t)|| < K for ¢t between ¢; and to. Without loss of generality,
assume t; < to, then the assumption (ii) implies that

[l (#)]] (" (2), ="
¢(ll=" ()11

Integrating from t¢; to to, and using the change of variables formula give

B [P, 0)
/,ﬂ Ok ‘/tl PG
to k2 §2
g/t ||x'(t)||2dtgk§</k e

We get a contradiction. Therefore, ||2'(t)|| < k2, and then ||2'(t) — v'(¢)|| < K for
all ¢ € [0,1]. This completes the proof. O

D) @2 ae. te (tt).
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