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ABSTRACT. In this paper, we establish some existence results for bound-
ary and periodic value problems for systems of nonlinear differential
equations with right-hand side satisfying a Berntein-Nagumo growth
condition. Hartman’s condition (|f| < 2k({z, f) + |2’|?) + K) is not
assumed. This assumption is replaced by one which is automatically
satisfied in the scalar case.

1. INTRODUCTION

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

(%) a"(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 that we write

where A; is a n X n matrix (possibly nonsymmetric) for which there exists a; > 0
such that (x, A;z) > a;l|z||? for all x in R™; 8; = 0,1; a; + 3; > 0; i =0, 1.

The literature on this problem is voluminous, and we refer to [1,2,4-6,9-14] and
the references therein. Among those results, let us mention the following well known
result of Hartman [11], and a result in the scalar case (n = 1).
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Theorem 1.1. Let f:[0,1] x R*"™ — R" be a continuous function. Assume

(1.1) there emists a constant M > 0 such that (x, f(t,z,p)) + ||p||> > 0 for
lz|| = M and (x,p) = 0;
(1.2) there exist k, K > 0 such that | f(t,z,p)|| < 2k({z, f(t,z,p)) + |Ip||?) + K
for [lz]| < M;
(1.3) there exists a continuous function v : [0,00) — (0,00) such that
1£t 2, )| < @(llpl) for ||zl < M, and [* sds/v(s) = oo
Let ||7o]|, ||r1]| < M, then the problem

2’ (t) = f(t,z(t),2'(t)) a.e. t € [0,1]

z(0) =rg, (1) =mr (14)

has a solution.

Theorem 1.2. Let f:[0,1] x R? — R be a continuous function. Assume
(1.5) there erist a < B € C?([0,1],R) respectively lower and upper solutions

of (*);

(1.6) there exists a continuous function ¢ : [0,00) — (0, 00) such that
[f(t,2,p)] < ¥(lpl) for a(t) < @ < B(t), and [~ sds/tp(s) = oo
Then the problem (x) has a solution.
Observe that in the scalar case, if (1.1) and (1.3) are satisfied and |rg|, |r1| < M,
Theorem 1.2 gives the existence of a solution to (1.4) while Theorem 1.1 could not

be applied since conditon (1.2) is not necessarily satisfied.
Also, Theorem 1.1 does not give the existence of a solution to very simple prob-

lems such as . .
z"(t) = [|[2"(#)[| 2 (t) — ¢

£(0) = (1) = (0, ,0) (L)

where ¢ € R™ with ||¢|| = 1.

In this paper, we give theorems of existence of solution to (x) containing, as
a particular case, Theorem 1.2 (see Theorem 4.1), and which could be applied to
problems such as (1.7). Our existence results are obtained under an assumption of
existence of solution-tube. This notion generalizes in a natural way conditions (1.1)
and (1.5) and is slightly more general than the notion of Nagumo pair (see [6,9]).
Also, condition (1.2) is not assumed. This condition is replaced by one ((H3) or
(H5)) which is automatically satisfied in the scalar case. Let us mention that our
condition (H3) generalizes a condition of Gaprindashvili [9, condition (1.4)] while
his Nagumo growth condition is weaker than ours.

This paper is divided in five sections. Section 2 contains notations, definitions
and results which will be used throughout this paper. In section 3, theorems of
existence are established under a Bernstein-type growth condition, while in section
4, results are obtained under a Nagumo-type growth condition. In section 5, very
simple examples of the previous results are given. Proofs are obtained via the
theory of topological transversality for continuous, compact operators in §3, and
for upper semi-continuous, compact, multivalued operators in §4.

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
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norm in R™. The Banach space of k-times continuously differentiable functions x
is denoted by C*([0,1], R") with the norm: ||z||x = max{|z|o, [|2’[o,- - -, [|=%* o},
where ||z|lg = max{||z(t)|| : t € [0,1]}. The Sobolev space of functions in C*(]0, 1], R")
with the derivative being absolutely continuous is denoted by W?21([0, 1], R™). We
define Cy([0,1],R") = {z € C([0,1],R") : (0) = 0}, and CE([0,1],R™), (resp.
W2 ([0,1],R™)) the set of functions = € C*([0,1],R™) (resp. W21([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 || - || 1.

We say that a function f : [0, 1] x R?" — R” (resp. G : [0,1] x R?" — 28" a mul-
tivalued function with non-empty, closed, convex values) is a Carathéodory function
if, (i) for every (z,p) in R?", the function t — f(¢,z,p) (resp. t — G(t,z,p)) is
measurable; (ii) the function (z,p) — f(t,z,p) (resp. (x,p) — G(t,z,p)) is con-
tinuous (resp. upper semi-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)| < hx(t)
(resp. ||G(t,z,p)|| < hi(t) ie. ||v|| < hg(t) for all v € G(t,z,p)) a.e. t € [0,1],
and for all ||z|| < k and ||p|| < k. Observe that if G(¢,z,p) = {f(t,x,p)} then G
is Carathéodory if and only if f is Carathéodory. A function F : C1([0,1],R") —
LY([0,1],R") (resp. G : C*([0,1],R™) — 2L (0.1LE™)Y is said integrably bounded
on bounded if for every bounded set B C C([0,1],R™), there exists an integrable
function hp in L'([0,1],[0,00)) such that for every x € B, ||F(z)(t)| < hp(t)
a.e. t € [0,1] (resp. ||u(t)||] < hp(t) a.e. t € [0,1] and for all u € G(x)). We
associate to F (resp. G) an operator N : C1([0,1],R") — Co([0,1],R") (resp.
Ng : C*([0,1],R™) — 2C0(01LR™)Y defined by

Ni(2)(t) = / F()(s)ds
(resp. Ng(z) = {w(t) = /0 u(s)ds:u e G(z)}).

We recall the following result (see for example [7,10]).

Lemma 2.1.

(i) Let G : [0,1] x R?® — 2" be a Carathéodory multivalued function with
non-empty, closed, convex values then the operator G : C1([0,1],R") —
2L (OUEY) defined by G(z) = {u : u(t) € G(t,z(t),2'(t)) a.e. t € [0,1]}
18 upper semi-continuous, integrably bounded on bounded, with non-empty,
closed, convex values.

(ii) Let F : C*([0,1],R") — 2L (OLR") be an upper semi-continuous multi-
valued function, integrably bounded on bounded, with non-empty, closed,
convex values, then the associated operator Nx is upper semi-continuous
and completely continuous, with non-empty, compact, conver values.

Let us give some notions of the theory of topological transversality; for more
details and generality, see [3].

Let U be a bounded open set in C5([0,1],R"). By Koy (U, 205 (011E")) e
denote the set of upper semi-continuous and compact operators with non-empty,
compact, convex values T : U — 2CE(0,1R™) fixed point free on OU. We say
that T € Koy (U, 20113([0’1]&”)) is essential if for every R € Koy (U, 20}3([0’1]&”))
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such that T|,,, = R|,,, R has a fixed point. Let T, R € Koy (U, 205 (01.R™))
T is homotopic to R (T ~ R) if there exists H : [0,1] x U — 205(01UE") ypper
semi-continuous and compact with non-empty, compact, convex values such that
H(),-) € Koy (U,205001E)Y for every A € [0,1); T = H(1,-) and R = H(0,").
We have similar definitions for Ky (U, C5([0, 1], R™)), the set of continuous, com-
pact operators fixed point free on OU.

Theorem 2.2. (Topological Transversality). Let T' and R be homotopic operators
in Ko (U,Ck([0,1],R™) (resp. Koy (U, 2C5(0R")Y)  then T is essential if and
only if R is essential.

Let us consider the problem (x) where BC denotes (P) or (SL). A solution to
(%) is a function z € W' ([0, 1], R") satisfying (%).

Now, we give the definition of solution-tube to the problem (x) which was intro-
duced in [6] and which is slightly more general than the definition of Nagumo pair
given by Gaprindashvili [9]. This notion will play an essential role in our existence
results.

Definition 2.3. A solution-tube to the problem (x) is a couple (v, M) where M is
a non-negative function in W21([0,1],R), and v € W21(]0, 1], R™) such that
(i) (z—v(), f(t,z,p) —v"(1)) + p — V' (O)|* = M(&)M"(t) + (M'(1))?
a.e.t € [0,1] and for all (z,p) € R?** such that |z —v(t)|| = M(¢), and
(x —u(t),p — v'(t)) = M()M'(t);
and v”(t) = f(t,v(t),v'(t)) a.e. on {t € [0,1] : M(¢) = 0};
(ii) if BC denotes (SL), ||ro — (Aov(0) — Bov’(0))]| < aoM(0) — Sy M'(0),
I = (Aro(1) + Bro’ ()| < an M (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).

Observe that it is assumed in Theorem 1.1 that (0, M) is a solution-tube to
(1.4). In fact, many results were obtained under an assumption of existence of a
solution-tube of the form (0, M) with M being a positive constant, see for example
[1,4,11,14].

Remark also that in the scalar case, the notion of upper and lower solutions is
equivalent to the notion of solution-tube.

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

Lemma 2.4. 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 u'(t) # 0} = 0.

Lemma 2.5. Let u € W21([0,1],R) and ¢ > 0. Assume one of the following
properties is satisfied:
(i) v”(t)—eu(t) >0 a.e. t €[0,1]; apu(0)—bou'(0) <0, aju(l)+bu'(1) <0,
where a;,b; > 0, max{a;, b;} >0, max{ag,ai,e} > 0;
(i) w”’(t) —eu(t) >0 a.e t€0,1]; >0, u(0)=u(l), (1) —u'(0) <O0;
(iii) w’(t)—eu(t) >0 a.e. t € [0,t1]U[t2,1]; € >0, u(0) = u(l), u'(1)—u'(0) <
0, and u(t) <0 fort € [t1,ts].
Then u(t) <0 for allt € [0,1].



3. BERNSTEIN-TYPE GROWTH CONDITION

The following theorem gives the existence of solution when the function f satisfies
a Bernstein-type growth condition.

Theorem 3.1. Let f:[0,1] x R?"™ — R" be a Carathéodory function. Assume

(H1) there exists (v, M) a solution-tube to (x);
(H2) there exist C, D > 0 and a function h € L*([0,1]) such that
[(p, f(t,2.p))| < (CllpI*+D)(h(t)+pl]) a.e.t€0,1] and for all (z,p) €
R with ||z —v(t)]| < M(t);
(H3) there exist k,0,~v >0, m >0, hy,hy € L*([0,1]) such that for a.e. t € [0,1]
and for all (x,p) € R®™ with ||z —v(t)|| < M(t) and ||p|| > k,
(, f(tz,p)) + lIpl* _ (p, f(t, 2, p))(x, D)

ot (&S G p) +pl* (p, £ 7, p)) (@, p) (z,p)*
) el v )+

> (@, p)| = ha(t).
Then the problem (%) has a solution such that ||x(t) —v(t)|| < M(t) for allt € [0,1].

To prove this theorem, we need the following three lemmas.
Fix € > 0 such that the operator L. : C5([0,1],R"™) — Co([0,1],R™) defined by

is invertible. In particular, if BC' denotes (SL) with max{ag, a1} > 0, we can take
e =0 (see [8]).

Lemma 3.2. Let (v, M) be a solution-tube to (x). If x € W' ([0,1], R™) satisfies

(z(t) —v(t), 2" (t) = v"(t)) + [l (t) — " (O))* _ (a(t) — o), 2'(t) — v'(1))
— o)

(
() = o(@)] 2 (t)
—ellz(t) —v@)| = M"(t) —eM(2)

a.e. on {t € [0,1] : ||x(t) —v(t)|| > M(t)}. Then |z(t) — v(t)|| < M(t) for every
t€[0,1].

Proof. Let Es = {t € [0,1] : [Jz(t) — v(¢)|| > M(t) + 6} with § > 0. If, Es # 0
for some 6 > 0, then, for every interval (fg,t1) C Ej such that ||z(tg) — v(to)]| =
M(ty) + 6 or tog = 0, and ||z(t1) — v(t1)|| = M(¢t1) +d or t; = 1, the function
|z(t) — v(t)|| belongs to the space W2 ([tg,t1],R) and we have

(x(t) = v(t), 2'(t) — v'(t))
() = v(®)]]

lz(t) = o () =
which exists for all ¢ € [tg,¢1], and

o )~ v(Ea” () — v (0) + o' (0) — o ()]
o) =] (@) — v(0]]




a.e. t € [to, t1].
Denote w(t) = ||x(t) —v(t)||— (M (t)+6). By assumption, we have a.e. on [to, t1],

w”(t) —ew(t) = z(t) —v(@®)]" —ellx(t) —v@)] — M"(t) +e(M(t) + )

> 0.

In order to apply the maximum principle (Lemma 2.5), we need to verify some
boundary conditions. If BC' denotes (SL) then, either

w(tg) <0, or tg=0 and aow(0)— Bow’(0) <0

Indeed,
12:(0) = v(0) || (w0 |x(0) — v(0) || — Boll=(0) — v(0)I)
< (2(0) — v(0), Ao (2(0) — v(0)) — Bo(2'(0) — v'(0)))
< [|z(0) — v(0)[ Iro — (Aov(0) — Bov'(0))|
< [lz(0) = v(0)/[(c0 M (0) — BoM'(0))
< [|2(0) = v(0)[[(ao(M(0) + 6) — Bo(M + 6)"(0))-

Similarly, either
w(t;) <0, or t; =1 and ayw(l)+ fw'(1) <0.

On the other hand, when BC denotes the periodic boundary condition (P), if
w(ty) < 0 and w(ty) < 0, we argue as in the previous case. Otherwise, [to,t1] =
[0,1], or (to,t1) C (0,t2) U (t3,1) C Es and w(t2) = w(ts) = 0, and we have

l2(0) = v(0)[| = l=(1) —v(1)[l, M(0)=M(1), and w'(1)—w'(0)<0.
Indeed,

O lao) oo (0 = 0(0),(0) (1))
(1) = o(D" = [l2(0) — v(0)] 12(0) = v(0)]
< [|0'(1) = v'(0)] < M'(1) — M'(0).
By Lemma 2.5 applied to w, we deduce that ||z(t) — v(t)|| < M(t) + 6. But this
|

<
inequality holds for every § > 0; therefore, ||z(t) — v(t)|| < M(t) for all t € [0,1].
This completes the proof. [

Lemma 3.3. Letu € W2’1([0, 1],Rn), 11,12 € Ll([O, 1]), 91,71,]61 >0, m >0. [f
x € W2([0,1],R™) satisfies a.e. on {t € [0,1] : ||2'(t) — v/ (t)|| > k1},

(0 (@(t) —u(t), 2" (t) —u"(t)) + [l2'(t) — ' ()]

" (£) — u'(2)]]
@) — ' @), 2"(E) — W (@) (e (t) —u(t), 2'(t) — w'(t))
| ( ) — ()]
> 0|2 (t) — ' (t) ]| — ma(a(t ) —u(t), 2'(t) —u'(t)] — L(t);
. (@(t) —u(t),2"(t) —u"(t)) + [l (t) — ' (@)
) ()~ 10— ] )
(@' (t) —u'(t), 2" (t) — u" () {x(t) — u(t),2'(t) — u'(t)>)
[l (£) — ' ()]}

i
B
=
N—
|
e
=
o ==
VRS




Then there exists Ki(||x — ullg) such that for any interval [a,b] on which ||z’ (t) —
u'(t)|| > k1 we have ||2'—u'||p1pq,5) < K1(||z—wullo). Moreover, there existst € [0, 1]
such that ||'(t) — u/(t)]] < max{ky, K1(||x — ullo)}-

Proof. Assume ||2/(t) — /' (t)|| > k1 on [a,b]. Then, by (ii),

b
/ (2 (t) = u(t), 2 (t) — u'(2))| dt
< 1 /bZQ(t)+ d [lz(t) —u)|| (z(t) —u?),2'(t) — (1)) .

" i 1) — W @) t
g%{Wwynu+2mx—ww%=dﬁwx—mm»

Now, (i) gives

b
/nf@—u%mw

L () — (), 2/ (1) (1)
< g, ). b®Fmila) —u®), o' () =)+ = dt
< o (o + 1 Ka(lo = ullo) + 2l = o) = Kz —ul).

Moreover, there exists ¢t € [0, 1] such that ||2/(¢) — u/(¢)|| < max{ky, K1(||lx — ullo)}
since, either ||z’ (t) —u'(t)|| < k1 for some ¢ € [0, 1], or ||2"—u'|| 110,1] < K1([|[z—ulo).
O

Lemma 3.4. Let ko, Ko > 0, | € L*([0,1]) and ¢ : [0,00) — (0,00) be a Borel
measurable function such that

> sds
/ko o) 12 + Ko.
If v € W21(]0,1],R™) satisfies
(i) there exists t € [0,1] such that ||’ (t)| < ko;
() 1210 < Ko if /(8] > ko on [o, 8
(i) |2 (1), =" ()] < (=" @ODA@) + =" @) a-e. on {t: [[z'@)] = ko}-
Then there exists K = K (1,1, ko, Ko) such that ||z'||o < K.

Proof. Fix K > kg such that

K sds
U + Ko. .
Lo > e+ Ko (3.1)

We claim that ||z/(t)|| < K for all t € [0,1]. If not, there exist a,b € [0, 1] such
that ||2'(a)|| = ko, ||z’ (0)|| = K, and ko < ||2'(¢)|| < K for all ¢ between a and b.
Without loss of generality, assume that a < b, then

{2'(t), 2" (1))

T ="
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exists for all ¢t € (a,b]. Thus,

=" @' O < w(ll=" (DD @) + (12" @)

a.e. t € (a,b). Dividing by ¢ (||z'(t)||), integrating from a to b, we obtain

/b [EAQINEZAQ)
o YUl @®I)

By the inequality (3.1) and the change of variables formula (see [7]), we get a
contradiction. [

!
E e < e + 6.

To prove Theorem 3.1, 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 prob-
lem (%).

Let A € [0,1] and € > 0 be as before. We define the function f§ : [0, 1]xR** — R"
by

Sz, p)

() (%m, %,5) — 5;73) — (1 Ao+
) (- 22O (0 + PES @), i e - o)l > M),
A f(t,z,p) —ex) —e(1l — Nv(t)+

(1-2MX) (v”(t) + Af/[”(%) (x — v(t))) ) otherwise;

where (v, M) is the solution-tube to (%) given in (H1), 7 = Hwﬂf%(x —v(t))+o(t),

p=p+ (M'(t) — <w_ﬁit_)f(;ﬁ|/(t)>) <”§:28H ), and where we mean ]\]/{;(%) (x—v(t)) =
0 on {t €[0,1]: M(t) = 0}.

To the function f§, we associate the operator F§ : C'([0,1],R") — L'([0,1],R")
defined by

FX(z)(t) = fX(t,2(t), 2" (1))

The function f§ is not necessarily a Carathéodory function, but we have the fol-
lowing result.

Proposition 3.5. 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 Fs is
continuous and integrably bounded on bounded.

Proof. Obviously, F¥ is integrably bounded on bounded independently of A € [0, 1].
Therefore, it is sufficient to show that if z,, — x in C*([0, 1], R™), then

5t zn(t), o' (1) — f5(t,z(t),2'(t)) ae. te]0,1]. (3.2)

The conclusion follows from the Lebesgue Dominated Convergence Theorem.
Since f is a Carathéodory function, it is clear from the definition of f§ that the
relation (3.2) holds almost everywhere on {t € [0, 1] : ||z(t) —v ()| # M(t)}. On the
other hand, it follows from Lemma 2.4 that (x(t) —v(t),2’'(t) —v/'(t)) = M (t)M'(t)
8



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

hence, the relation (3.2) is satisfied.
Finally, on {t € [0,1] : ||lz(t) —v(t)|| = 0 = M(¢)}, z(t) = v(t), 2'(t) = V'(t),
M'(t) =0, M"(t) =0 a.e. So,
It (t), 2 (1) = Mf(t,2(t), 2 (1) — ex(t) + (1 = A)(0"(t) — ev(t))
A(f(t0(t), 0" (1) — ex(t) + (1 = A)(0"(2) — ev(t))
A" (t) = ex(t)) + (1= A) (" (t) — ev(t))
V" (t) — Aex(t) — (1 — N)ev(t)

a.e. on that set. This completes the proof. [J
Let us consider the associated problems
_ |2t —ex(t) = fR(t x(t),2'(t) ae t€]0,1]
()3 { x € BC
Now, we can prove Theorem 3.1.

Proof of Theorem 3.1. We will show that the problem (%) has a solution satisfying
|lz(t) —v(t)]] < M(t). By the definition of f{, this solution will be a solution to our
original problem ().

Let x be a solution to (x)5. On {t € [0,1] : ||z —v(¢)|| > M(t)}, we have

[Z(#) —v@)] = M(2), @()—v(t),2'(t)—v'(t)) = M(E)M'(t), and ||/ (t) =" (B)||* =

|2/ (t) — o' ()||? + (M'(t))? — <$(t>T|Z((i))’f;(fg)ﬂ§/(t)>2. Thus, by using (H1), we obtain
(e(t) — 0(), () — " (1) + () — VDI  {xlt) —v(0),2/ (1) — v/ ()
[ — o] [2() —o(OF
~ ella(t) — w(t)]
AE — w(t), £, 50, 7)) — v"(0) + |70 — v @I2) — M (1)
-~ [ — o]
(1= N[ E) — v ()] AW N
T k) — o) *(1 () ()H)M (t) = AeM(f)
oo (1= N(le00) — v (0)]2 - M (1))
> M"(t) —eM(t) + 128 = o(0)]

> M (t) — eM(t)

a.e. on {t € [0,1] : ||z —o(t)]| > M(¢)}. It follows from Lemma 3.2 that every
solution to (%) satisfies ||z () — v(t)|| < M(t) for all t € [0, 1].

On the other hand, (H3) implies the existence of 61,y1 > 0, l1,lz € L*(]0,1])
such that for every solution x of (x)5 we have a.e. on {t € [0,1] : ||z/(¢)|| > k},

(), 2" (1) +|l=" @I _ (2'(t), 2" (1)) {x (1), 2'(t))
4O B0l

. > 01|z ()l = ml(z(t), 2" (1))] — L (1);




and

(D). () + @I @ @) 2" O, (0) | (@t).a(0)?
=@l ( EZ0] T () ) WG]
> [z (t), 2 (1)) — la(t).

Indeed,
(z(t), 2" (@) + |2 (@O (2’ (1), 2" () (=(t), 2" (1))
[’ (2] [’ ()|
_ ((iv(t),f(tvw(t),iv’(t))> + =" @1 <33’(t)7f(t,flf(t),fc’(t))><$(t),flf’(t)>)
" (@)l [l ()]

+ (1 . )‘)Hxl(t)H + (1 B A)(x(t),v”(t) + (‘S + M”(t)/M(t))(lL‘(t) B U(t))>
[/ (2]

(1= A) (@' (#), 0" (t) + (e + M"()/M(#))(x(t) — v(t)))(x(t), 2'())
B0l
> M|z (@) = m(z(t), 2" (£)] + (1 = A)f[2" (D) = 1a()
> O]l (0] — mi(z(t), 2" (1)) — 1 (1);

and

(D)2 (1) + O @ 0.2 ON ). 0) | ()2 (1)
=@l ( EZ0] T ()P ) *

> (
> (=), 2'(£))] — l2(t).

Lemma 3.3 applied with u = 0 gives the existence of K1 = K1(||M||o+ ||v|lo) > 0
such that ||2|| 1}, < K1 for any interval [a, b] on which ||2'(¢)|| > k; and ||2/(¢)[| <
max{k, K1} for some t € [0, 1].

By (H2) and the definition of f§, there exist C1, D; > 0 such that

[(@'(8), " ()] < (1= Ml2" @) []o"(t) + (e + M"(8)/ M () (2(t) — v(B))]
+A(Cl2’ ()7 + D) (h(t) + [|l2" (1))
< (Cilla" @)% + D) (h(t) + ll2" (@0 + lleM(t) + M (B)]| + [[0" (1))

a.e. t € [0,1]. It follows from Lemma 3.4 that there exists K such that ||z/||p < K.
A solution to (%)5 is a fixed point of the operator LZ'oNpe : U — C([0,1],R™),
where U = {z € C5([0,1],R") : [|z]lo < ||vllo + [|[M]|lo + 1, ||2'llo < K}, and L.
and Np: are previously defined. From Lemma 2.1 and Proposition 3.5, we deduce
the continuity and the compactness of this operator. We showed that L-1 o N Fs
has no fixed point on U. Also, it is easy to show that L-1 o N Fe is essential. The
topological transversality Theorem (Theorem 2.2) gives the existence of a fixed
point to LZ' o Np:, and then a solution to (x)§ satisfying ||z(t) — v(t)|| < M (¢).
The conclusion follows from the definition of f{. [0
Remark. The assumption (H2) can we weaken. In fact, we need:

there exist a Borel measurable function v : [0,00) — (0,00) and a function h €
10



L([0,1]) such that [(p, \f(t, 2, p) + (1 = A\) (v + (e + (M"(t))* /M (t))(z — v(t)))]
%L@)H)(h(t) +||pll) a.e.t and for all A €[0,1], p € R™® and x with ||z — v(¢)]|
l);

o sds
and / > ||hllp: + K7,
max{k Ki} w( )
where K is the constant given in the proof of Theorem 3.1.

<
<

Gaprindashvili [9] obtained a similar result to the next one for the problem with
Dirichlet boundary condition. Here, assumption (H2) is stronger while (H1) is
weaker than his assumptions.

Corollary 3.6. Let f : [0,1] x R®® — R” be a Carathéodory function. Assume
(H1), (H2) and
(H4) there exist k,0 > 0, hy € L*([0,1]) such that for a.e. t and for all (z,p)
with |z —v(t)| < M(t) and ] > k,
x’ t? x’ + 2 ) t7x7 x’
.S DI S s g,

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

Remark. In the scalar case, (H4) is satisfied with § = 1, h;y =0 and any k£ > 0.
The following theorem is similar to Theorem 3.1.

Theorem 3.7. Let f : [0,1] x R?*® — R™ be a Carathéodory function. Assume
(H1), (H2) and

(H5) there exist k,0,v > 0, m > 0, hy,hy € L1([0,1]) such that for a.e. t and

for all (x,p) with ||z —v(t)|]| < M(t) and ||p—2'(t)]] > k,
i) (=), f(t2,p) —v"(t) + [p — ' @)
lp =o' (@)
_p =@, [tz p) = " (1) (z — (D), p — (1))
lp — o' ($)[?

> 0llp — ' (O]l = ml{z — v(t),p = v'(t))] = ha(t);

9 oot (£ m) =V 0) ¢ Ip VO

Jp—etl — )
—||.T—U(t)||<< v(),f(,w,p)—v ()><{L’—’U( ),p—?}()>>
(z —v(t),p—v'(1))?

lp — o' ()|
[ = 0@ Hp qoll
>z —v(t),p — V' (£)] — ha(t).
Then the problem (%) has a solution such that ||x(t) —v(t)|| < M(t) for allt € [0,1].

4. NAGUMO-TYPE GROWTH CONDITION

Theorem 4.1. Let f : [0,1] x R?*® — R™ be a Carathéodory function. Assume
(H1), (H5) and

(H6) there exist a Borel measurable function ¢ : [0,00) — (0,00) and a function
h € L'([0,1]) such that || f(t,z,p)|| < o(|[p|)(R(t) + |Ip|]) a.e.t €[0,1] and
for all (z,p) € R™ with ||z —v(t)|| < M(t);
and h s _ 00
¢(s) '
11



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

First of all, observe that ¢ is not necessarily continuous, and v” and M" could be
not essentially bounded. To prove this theorem, we can not use the problems ()5 as
we did for Theorem 3.1, since an assumption like (H6) is not necessarily satisfied by
f%- In fact, to prove this theorem, we will use the theory of differential inclusions.
We will construct a multivalued mapping and we will deduce the existence of a
solution of the differential inclusion associated. Finally, we will observe that this
solution is in fact a solution to our original problem (x).

For ¢ > 0, A € [0, 1], we define the multivalued fonction 7% : [0, 1] x R?® — 2&"

by T5(t,x,p) = J?j(t, x,p) + Ga(t,x,p) where J/”\i is the function defined by

fi(tx.p) =
A (%ﬂt, z,p) — 5%) —e(1=MNo(t), if ||lx —ov(t)] > M(t) >0,
A(f(t,@,p) —ex) — (1 = Av(t), if |z — v(t)]| < M(t), M(t) > 0,
V" (t) — ev(t), if M(t) = 0;

and G is the multivalued function defined by
G)\ (t7 z, p) =

( AM (t) " (z—v(t) 0" (1))
<(1_ o) (M" () + s ) +

x

(1- )\)(M'(t)z—llﬁ—v’(t)ll2)> e i o —v(t)] > M(t) > 0,

[z—v(®)]] le—v ()]

0,(1— ) (M"( )+ RO +

o ) = if lz — v(t)|| = M(t) >0,
0, if ||z — o(t)]| < M(t)
L or M(t) = 0;

where, as before, (v, M) is the solution-tube to (%) given in (H1), z = ov(t) +
M(t) 5 (z—v(t),p—v'(t)) z—v(t)
Moo (@ —v(t)) and p=p+ (M’(t) — @l ) (Hx—v(t)”)'
To the function T%, we associate the operator 7 = F§ + Gy : C1([0,1],R™) —
2L ([0R™)  where F ¢ and G, are respectively defined by

(1), 2'()),

F5(2)(t) = fi(t,
) € Ga(t, z(t),2'(t)) a.e. t € [0,1] }.

Ga(w) = {u € L'([0,1],R") : u(t

Proposition 4.2. 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 Ty is
upper semi-continuous, and integrably bounded on bounded, with non-empty, closed,
convex values.

Proof. To show that F  is continuous and integrably bounded on bounded inde-
pendently of A € [0, 1], we argue as in Proposition 3.5.
12



On the other hand, it is clear that G(¢,x,p) has non-empty, closed, convex
values, t — G (t, z,p) is measurable for all (x,p) € R?", and (z,p) — GA(t,z,p) is
upper semi-continuous for almost all ¢ € [0, 1]. Observe that if ||x—v(t)|| > M(t) > 0
and

((1 )‘M(t) )(M”(t)—|— <x—v(t),v”(t)>)

T o] oo
"2 — |1p— o 2 \ +
N (t)ux _Hi(wn = )) =0
then
M) L = o(t),e" ()
H( e MO+ )
MW O\ @ v)
RS S R &Y >) Hx—vth
<M(t)(3;:7;(tt)),v//(t)> —I—M”(t)M( )—I—M’ t ” _U()HQ
— (1 n) (e EEEO] : )
M) 0.0
N PR LA PO IR

< IF &z P+ W @) + [M7(2)]-

Hence, GG is Carathéodory. It follows from Lemma 2.1 that G, is upper semi-con-
tinuous with non-empty, closed, convex values, and integrably bounded on bounded.
This completes the proof. [

Let us consider the associated problems
_ |2t —ex(t) € TX(t 2(t),2'(t)) ae. t€[0,1]
(%)

x € BC

Proof of Theorem 4.1. We will show that the problem (*%)] has a solution satisfying
|z(t) — v(t)|| < M(t). By the definition of 75, this solution will be a solution to
our original problem (x).

Let = be a solution to (xx)5. By Lemma 2.4, M"(t) = 0 a.e. on {t € [0,1] :
M (t) = 0}. This and (H1) imply that

(w(t) —v(t),2"(t) —v"(t) + [la'() — 'O _ () —v(®),2'(t) — o' (1))
() = v(®)]] () = o(@)]]®
—ellz(t) = v(®)]]
> M"(t) —eM(t)

a.e. on {t € [0,1] : ||z —v(t)| > M(t)}. It follows from Lemma 3.2 that every
solution to (x%)§ satisfies ||z () —v(t)|| < M(t) for all t € [0, 1].
13



On the other hand, for every solution = of (%)5, we have a.e. on {t € [0,1] :

2" (8) = ' (D) = k¥,
(x(t) —v(t), 2" (t) — v" () + [|l2"(t) — ' () ]]?

[l (£) = v ()]
_ @1(@) =o' (@), 2" () = v () (x(t) — u(t), 2'(t) = V(1))
va’(t) v
o Lz (t) — o), f(E 2'(8), 2/ (1)) — v (1)) + |2’ (E) — o' (D)
- l2"(8) = ' @) (4.1)
8l (@) —'(@), £t 2(t), 2 (1)) — 0"(2)) {(t) — v(t), 2'(2) — V'(2))
[l (8) = v (B[

(
(1= Nl () — v (8)] - 2M () ] (D)l k:

Inequality (4.1) and (H5) imply that the assumptions of Lemma 3.3 are satisfied.
Thus, there exists Ky = Ki(||M|o) > 0 such that ||2" — v'||1145 < K1 for any
interval [a,b] on which ||z/(¢t) — v'(¢t)|| > k; and ||2/(t) — v'(¢)|| < max{k, K} for
some t € [0, 1]. -

By Lemma 2.4, 2/(t) = 2/(t) a.e. on {t € [0,1] : ||z — v(t)|| = M(t) > 0}. Thus,
it follows from (H1) that for almost all ¢ in that set and such that

>0,

— +
o {alt) = (0,0 (0) + M — |70 — o ()
(M 0 2B) — o(D)] )

1 / 2 //\ / 2 +
(M,,W ((t) — v(), 0" (£)) + M'(£)> — ||/ (1) — o' (1) ) (z — v(t))

o) = vl [o(®) = v (@]
_ (@ = o@), ft,2(0), 2/ (1))
- l2(®) —v(@)l
< [ £t 2 (), )] = 1w (t), 7' ()]

Hence,
IT5(t,2(t), 2" (1) + ex@)[| < || £t 2(t), 2" ()] + &l Mo

Fix ko = max{k, K1} +|/v'||o and € > 0 such that the previously defined operator
L. is invertible, and

> ds
> ||hllpr + 14 Ky + [[o']| 1.
/ko P(s) + || Mo

Lemma 3.4 applied with ¢(s) = s(¢(s)+¢||M||o), [(t) = h(t) +1 gives the existence
of K such that ||2'|o < K.

By using the multivalued version of Theorem 2.2 with the homotopy given by
the operators L7 ! o N7e, and arguing as in the proof of Theorem 3.1, we deduce
the existence of a solution to (%%)5. The conclusion follows from the definition of

Te. O
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Corollary 4.3. Let f : [0,1] x R?™ — R" be a Carathéodory function. Assume
(H1), (H6) and

(H7) there exist k,0 > 0, hy € L'([0,1]) such that for a.e. t and for all (z,p)

with ||z —v(t)|| < M(t) and ||[p — V' (t)| > k,
(=), f(t2,p) —v"(t) + [p — ')
lp = v’ (@)
=V @), ftx,p) — 0" (@) (x —v(t),p — v'(2))
lp — o' (#)[?
> 0llp =" (6] — ha(t).

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

5. EXAMPLES
The following problems have a solution.

Example 5.1.

a(t) = [|2'(t)]| 2'(t) — ¢

z(0) = z(1) = (0,---,0)
where ¢ € R™ with ||¢|| = 1. Verify that v(t) = 0, M(¢t) = ¢, any &k > 0, 6 =
1, ha(t) = 2t/k, h = 0, C = D = 1 satisfy the assumptions of Corollary 3.6.
Consequently, this problem has a solution such that ||z (¢)|| < ¢. Observe that there

is no constant M such that (0, M) is a solution-tube to this problem and Hartman’s
condition (1.2) is not satisfied.

Example 5.2.

2"(t) = —4{x(t), 2 (1)) *x(t) + 2(t) + ¢

2(0) = (1) = (0,---,0)
where ¢ € R™ with [|¢|| = 1. Verify that v =0, M =1, v=1/4,0 =1, m = 4,
any k > 0, hy = hg = 3/k, h = 0, C = 4, D = 2 satisfy the assumptions of

Theorem 3.1. Consequently, this problem has a solution such that ||z(¢)| < 1.
Observe that Hartman’s condition (1.2) and (H4) are not satisfied with this (v, M).

Example 5.3.
x// (t)
z(0)

|2 () — et/ (2 (t) — ct'/2) + (ct™1/2) /2
z(1) = (0,---,0)

where ¢ € R™. Verify that v(t) = (2¢t3/?)/3, M(t) = 2||c||/3, § = 1, any k > 0,
hi = 0, h(t) = ||c[|[(t72 + 2)/2, ¢(s) = (s + ||c||) satisfy the assumptions of
Corollary 4.3.

Example 5.4.

z"(t) = ¢(ll=" (1)) (¢)
' (0) = (0,---,0), z'(1) = ¢

where ¢ € R", ¢ : [0,00) — (0,00) is continuous and [~ ds/¢(s) = oo. Verify that

v(t) =0, M(t) = ||c||t, @ =1, any k > 0, h = hy = 0 satisfy the assumptions of

Corollary 4.3. Consequently, this problem has a solution such that ||z(t)| < ||c||t.
15
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