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MULTIPLICITY RESULTS FOR SYSTEMS OF SECOND ORDER
DIFFERENTIAL EQUATIONS

M. FRIGON AND E. MONTOKI

ABSTRACT. Multiplicity results are obtained for systems of second order dif-
ferential equations with periodic or Sturm-Liouville boundary conditions. Re-
sults rely on the notion of strict solution-tube. Different growth conditions of
Wintner-Nagumo type are considered.

1. INTRODUCTION

In this paper, we establish multiplicity results for the following system of second
order differential equations:
2"(t) = f(t,z(t),2'(t)), ae. t€]0,1],

(1.1) x € BC.

Here f: [0,1] x R?® — R" is a Carathéodory function, and BC denotes the Strum-
Liouville or the periodic boundary conditions:

Aoz (0) — Boa’ (0) = ro,

(12) Alx(l) + ﬁ1$l(1) =171,
(0) = 2(1),
) ¥(0) = /(1)

where for i = 0,1, ; € {0,1}, and A; is a n x n matrix such that there exists a; > 0
satisfying (A;z, ) > a;||z|?, and a; + 3; > 0.

In the literature, there are very few multiplicity results for systems (n > 1) of
second order differential equations. Let us mention results of Barutello, Capietto
and Habets [1] where systems of two second order differential equations are consid-
ered. Multiplicity results with prescribed nodal structure were obtained for systems
of second order differential equations by Capietto with Dalbono [2] and Dambro-
sio [4] (see also [3]). Multiplicity results for systems of superlinear second order
equations were also obtained in [13] via a continuation theorem and computation
of the degree associated to some scalar equations.

In the particular case of a boundary value problem for a single differential equa-
tion of second order, more results were obtained. Our results extend to systems
the results of Henderson and Thompson [12] for classical upper and lower solutions.
Other multiplicity results for a single equation can be found for instance in [10].
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In order to obtain multiplicity results to (1.1), we will assume the existence of
solution-tubes of (1.1). This notion was introduced in [6], and generalizes the no-
tions of upper and lower solutions of a differential equation. Also, we introduce the
notion of strict solution-tube. Different growth conditions of Wintner-Nagumo type
will be imposed, and for which different arguments will be needed. Indeed, in sec-
tion 4, using the Schauder degree theory, we will prove a multiplicity result (which
slightly generalizes a result obtained in the Ph.D. thesis of the second author [14])
when f satisfies the growth condition:

there exist a Borel measurable function ¢ : [0, 00[— ]0,00[ and v € L*([)
such that

.5t < oI + 1ol and [ S50 w20,

On the other hand, in section 5, we will establish multiplicity results in the case
where f satisfies the more standard growth condition:

there exist a Borel measurable function ¢ : [0,00[— ]0,00[ and v € L'(I)
such that

1f (8 2 p)|| < o(llplD(v(2) + [lpl)) - and /:O q:iz) =00 Vk>0.

The proof of these multiplicity results will rely on degree theory for multi-valued
compact upper semi-continuous maps with closed, convex values.

It is well known that for systems of second order differential equations, a Nagumo
type growth condition is not sufficient to guarantee the existence of a priori bounds
on the derivative of solutions. Two different types of hypothesis will be considered.
The first one (see (H4)) is the well known condition introduced by Hartman [11].
The second one (see (H5) or (H8)) is a generalization of a condition introduced by
the first author in [7]. It has the advantage of being trivially satisfied in the scalar
case.

In what follows, we will use the following notations: I = [0,1], C*(I,R") is
the space of k-times continuously differentiable functions endowed with the usual
norm that we denote || - ||x; C%(I,R™) is the subset of z in C*(I, R™) satisfying the
boundary condition BC; Co(I,R") = {z € C(I,R") : (0) = z(1) = 0}; L*(I,R")
is the space of integrable functions with the usual norm || - ||z1; W21(I,R") is the
Sobolev space {x € C*[0,1] : 2’ is absolutely continuous} endowed with the norm
|2ll20 = &l pr + 12/l 20 + 2" || s W' (I, R™) = W2L(I,R™) N Cp(I,R™).

We will denote single-valued maps with lower case letters while we will use
capital letters for multi-valued maps. Let X and Y be topological spaces, we say
that a multi-valued map F : X — Y is upper semi-continuous (u.s.c.) (resp. if
X =[0,1], F is measurable) if {z € X : F(z) N B # 0} is closed (resp. measurable)
for every closed set B of Y. We say that f : [0,1] x R?® — R" a single-valued
map (resp. F : [0,1] x R?*™ — R" a multi-valued map with closed convex values)
is Carathéodory if ¢ — f(t,x,p) (resp. t — F(¢,z,p)) is measurable for all x,p;
(x,p) — f(t,z,p) is continuous (resp. (x,p) — F(t,z,p) is u.s.c.) for a.e. t € I; for
every k > 0, there exists dj, € L*(I) such that f(t, B(0,k), B(0,k)) C B(0,d(t))
(resp. F(t,B(0,k),B(0,k)) C B(0,d(t))) a.e. t € I, where B(0,r) is the closed
ball of radius r centered at the origin.
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2. MAIN THEOREM

The notion of solution-tube will play a fundamental role in our main result. This
notion was introduced in [6] and generalizes naturally to systems the well known
notion of upper and lower solutions.

Definition 2.1. Let v € W21(I,R"), and p € W%1(I,R). We say that (v, p) is a
solution-tube of (1.1) if
(i) for a.e. t € I, and every (z,p) € R®" such that ||z — v(t)|| = p(t) and
(z—v(t),p—v'(t) = p(t)p' (1),
(e — (1), £t p) — 0" (0) + o — VO > p(0)" (1) + 5 (1)

(i) v"(t) = f(t,0(t),v'()) a.e. on {t € [0,1] : p(t) = 0};
(iii) if BC denotes (1.2),

[ Agv(0) = Bov’(0) — 70l < cop(0) — Bop'(0),
[A10(1) + B10" (1) = 71| < crp(l) + Bip'(1);
and if BC denotes (1.3),
p(0) = p(1), 0(0) = o(1), [+/(0) — o' (V)] < (1) - §'(0).
We denote
T(v,p) = {z € C(IRY) : a(t) — v(®)]| < plt) Vi € I},

Our goal is to establish multiplicity results for the system of second order differ-
ential equation (1.1). To this aim, we introduce the notion of strict solution-tube.

Definition 2.2. Let (v,p) € W2Y(I,R") x W21(I,R). We say that (v,p) is a
strict solution-tube of (1.1) if
(i) p(t) > 0forall t € I;
(i) for every t € I, there exist € > 0 and V a neighborhood of ¢ such that
(& —o(®), f(t,z.p) =" () + [lp — V' (O)* = p(t)p"(t) — p'(1)* 2 0
a.e. t € V and for every (x,p) € S; ., where
Ste = {(z,p) €R*" 1 p(t) — e < [lz —v(t)|| < p(t),
[z —v(t),p —v'(t)) — p(t)p' ()| < e}
(iii) if BC denotes (1.2),
[ Ao (0) — Bov'(0) — 7ol < anp(0) = Bop’(0),
[A1v(1) + B1v'(1) — rif| < axp(1) + Bip'(1);
and if BC denotes (1.3),

p(0) = p(1), v(0) = (1), [[v'(0) =" (V)] < p'(1) = p'(0).
In the particular case where n = 1, if (v, p) is a strict solution-tube of (1.1) then
v — p (resp. v + p) is a strict lower (resp. upper) solution of (1.1), see [5].

We will consider the following assumptions:

(H1) f:1I xR?*" — R" is Carathéodory;

(H2) there exist (vg, po) a solution-tube of (1.1) and (vy, p1), (v2, p2) two strict
solution-tubes of (1.1) such that T'(v1, p1) N T (ve, p2) = 0, and T(vs, pi) C
T(vo,pO)a L= ]-7 27
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(H3) there exist a Borel measurable function ¢ : [0, co[— ]0,00[ and v € L(1)
such that

[(ps f(t, 2, p)] < &(llpI)(v(2) + [Ipl])
a.e. t € I and for all (z,p) € R?" such that ||z — vo(t)|| < po(t), and

*  sds
Y o VE>0
/k o) rs o =l

(H4) there exist a > 0 and [ € L'(I) such that

1£ (¢, 2, p)| < al(w, f(t,2,p)) + [Ip]I*) + U(t)

a.e. t € I and for all (z,p) € R?" such that ||z — v (t)| < po(t);
(H5) there exist R >0, b> 0, ¢ >0, and h € L'(I) such that

0+ cllzl)o(t,z,p) = |Ipll — h(t),
for a.e. t € I and for all (z,p) € R?" such that ||z —vo(t)|| < po(t), ||pl| > R,
where

t 2 t
ot p) = (z, ft,z,p)) + P> (0, £( ,x,ps)><x,p>
[Ipl ol
Observe that (H5) is trivially satisfied in the scalar case i.e. when n = 1.

Now, we can state our main result.

Theorem 2.3 (Main Theorem). Assume that (H1)—(H3), and (H4) or (H5) are
satisfied then the problem (1.1) has at least three distinct solutions xg, x1, 2 such
that z; € T(U,’,pi), x; Q T(’Uj,pj), 1=0,1,2,7=1,2,4 7é J.

3. AUXILIARY RESULTS

As in the method of upper and lower solutions, the assumptions on the existence
of solution-tubes will permit to obtain a priori bounds on the solutions. First of
all, we recall a result of [7] (see [7, Lemma 3.2]).

Lemma 3.1. Let ¢ > 0, and (v,p) € WHY{(I,R") x W2L(I,R) a solution-tube
of (1.1). If v € W' (I,R") satisfies

(e(t) — o(t), 2" (1) — (1)) + [l (1) — v ()]
3.1) 120 — o(D)]
I RO R 0

forae. te{tel:|zt)—v@)|| > p)}, then x € T(v,p).

Next, we want to show that if x is a solution of (1.1) lying in T'(v, p) for (v, p) a
strict solution-tube of (1.1), then a belongs to the interior of T'(v, p).

Lemma 3.2. Let (v,p) € W2L(I,R")xW2(I,R) be a strict solution-tube of (1.1).
Ifz e Wé’l(I,R”) NT(v,p) is a solution of (1.1), then ||x(t) —v(t)| < p(t) for all
tel

Proof. We claim that
(3.2) [2(0) = v(0)[] < p(0) and [[z(1) —v(1)[| < p(1).
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Indeed, if BC denotes (1.2) and if ||2(0) — v(0)|] = p(0), then by Definition 2.2 and
since ||:c( ) —v(t)|| < p(t) for all ¢,

o d

> dt(Hw( ) = v()]> = p(t)*)l=o0

—ﬂo(<x<0> v(0), 2/ (0) = v'(0)) — p(0)'(0))

> Bo(w(0) — v(0),2(0) — v'(0)) + p(0)[| Agv(0) — Bov’(0) — 70| — 0p(0)*

> Bo(x(0) —v(0),2'(0) — v'(0)) — ((0) — v(0), Agv(0) — Bov’ (0) — 7o)
aol|z(0) — v(0)[|?

Qo
< o(2(0) = v(0)),2(0) — v(0)) — aof|z(0) — v(0)|>

O

contradiction. Similarly, we show that ||z(1) — v(1)|| < p(1).
If BC denotes (1.3), then

2(0) = v(O)]l < p(0) i and only it [l2(1) — v(1)] < p(1).
Therefore, if the claim is false, by Definition 2.2, ||2(0) — v(0)|| = p(0) = p(1) =
(1) = v(1)[|, and

< 2 (S lete) — v — o0 mr — - ((e) = w(E)” — p(H})leco)

p
<p(M)(p'(1) = p'(0)) — p(1) (p'(1) — P (0));
which is a contradiction.
Now assume that E = {¢ € ]0,1] : ||z(t) —v(#)| = p(¢)} # 0. Let ¢t; = inf E.
By (3.2), t1 € ]0,1[ and (x(t1) — v(t1), 2’ (t1) — v'(t1)) = p(t1)p (t1). Definition 2.2
implies that there exist € > 0 and V' a neighborhood of ¢; such that

{y —v(t), f(t,y,p) =" () + p = ' @) = p(t)p"(t) + o' (t)* 2 0

a.e. t € V and for every (y,p) € Si o which is defined in Definition 2.2. Since
x € C', we can find O C V a neighborhood of ¢; such that (z(t),z’(t)) € Sy, - for
all t € O. On the other hand, by definition of ¢1, we can choose tg € O N[0, t;] such
that

d
5 () = v = p(t))le=to > 0.
Therefore,

1 t1 d2
0>~ 1> = p(t)?) dt
ST CCROIE0P

/t (@) — ult), F(t2(t). 2 (1) — o () + ' (1) — o (1))

>0,

and the proof is complete. ([l
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In order to obtain a priori bounds on the derivative of the solutions, we recall the
following results of [7]. The first one concerns a priori bounds that can be obtained
under a Wintner-Nagumo growth condition (see [7, Lemma 3.4]).

Lemma 3.3. Let r,k >0, m € L'(I), and ¢ : [0,00[— ]0,00[ a Borel measurable
function such that
°° sds
v 9(s)
Then there exists K > 0 such that ||2’||o < K for every x € W21(I,R") satisfying
(i) minger [[2"(#)] < r;

(1) |2l L1fte,er] < k for every [to, t1] C {t € I« ||/ (t)]| > r};
(iit) [{=' (), 2" ()| < (2" (@)])(m(t) + [l ()]]) a.e. on{t € I:[|a’(t)[| =7}

> |lmllo + k.

The previous result shows that to obtain an a priori bound of the derivative z’
with respect to norm of the uniform convergence, we need to obtain an a priori
bound of z’ in the L'-norm.

The following result generalizes and simplifies [7, Lemma 3.3].

Lemma 3.4. Let u € W2YI,R"), € >0,¢ >0, r >0, m € L*(I). Then there
exists w : [0, 00[— [0, 00[ an increasing function such that we have for any interval
[to, 1] on which ||z’ (t) — u/(t)]| > r,

2" = Wl 1ty < w(llz = wllo),

and

min ||« (£) — o' (£)]| < max{r, (|l —ullo)}.

for every x € W2L(I,R"™) satisfying almost everywhere on {t € I : ||2'(t) —u'(t)| >

T},

C(a(t) = ult), 2'(t) — u'(

(§+C||$(t) _u(t)H)Uu(t7x) + ||x(t) _ u(t)|| ||.17’(t) . | > ||:L‘/(t) - u/(t)H _m(t)7

where

(x(t) —u(t), 2" (t) — u"(t)) + [l2'(t) — w'(t)]?
[l (8) = ' @)
_ (@'(t) —u'(?),2"(t) — " (1) (z(t) —u(t),2'(t) — (1))

[l () = w (B)[]°

oy (t,x) =

Proof. First of all, observe that

d (E+ () —u®)|){x(t) — u(t), 2’ (t) — ' (1))
dt [l (8) — ' @)

(3.3)

et () — (e (1 . SO —u(®) 7' () — W't
*(54’(” (t) (t)H) u(ta )+ Hx(t)—ut)” H.T/(t)— /
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Assume that ||2'(t) — «'(t)|| > r on [to, t1] then the assumptions and (3.3) yield

[lm%w—wamﬁ

% d (€ Clle(t) — u(t))lt) —ult),a'(1) o' (1)
<o+ [ 5 o/0) — w0 “

0
< |Imll g0, + 2(€ + Cllz — ullo) |z — ullo

= w([lz = ullo)-

O

An a priori bound of z’ in L'-norm can also be obtained using a condition
introduced by Hartman [11].

Lemma 3.5. Let k > 0 and m € L'(I). Then there exists w : [0,00[— ]0,00[ an
increasing function such that for every x € W21(I,R") satisfying

2" ()] < k((2(t), 2" () + [|2'(®)?) + m(t) ae tel,
we have ||2']|p1 < w(||z]lo)-

Proof. Let x € W21(I,R™). Observe that

' 1 3 q
x2(t) :x(t+§)—x(t)—/ (t—!—i—s)x”(s)ds for 0 <t <
t

N | =

(3.4)
So, for ¢ € [0,1/2],

" (t)
2

t+3 1
<2fallo + mlp+k [ (045 = 5) (@le).a” (6)) + ' (6)|P) ds
t
k t-‘r% 1 d2 9
=2lelo+ il +5 [ ¢+ 5= 9) g5l ds

Using (3.4) with ||z||?, we obtain

65 AT oy s + kel - S0, 0'@) oro<i< g
Similarly, using the identity

(3.6) ‘7”/2“) — () — 2(t — %) _ /t:(t _ % — $)a"(s)ds for % <t<i,

we obtain

61 O <oy 1 fmilss + kel + S0, 00y for § <<
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Combining (3.5) and (3.7), we deduce that
1/2 1
ol = / ()] dt + / 2 (8) ] e
0 1/2

2 k 12 d 2
< lallo + 2miles +2held — & [ S leo)?dt
0
k[t d )
— — ||z (t)||* dt
Rl

k
< 4ljzllo + 2llmzr + 2k[l[15 + 3 (LI + [lz(O)[I* = 2(|=(1/2)I|)
< Aljzllo + 2[lml L2 + k|3

The conclusion follows if we define w(r) = 3kr? + 4r + 2||m/|| 1.

4. PROOF OF THE MAIN THEOREM

Fix € > 0 such that the operator I : C5(I,R") — Co(I,R") defined by

le(z)(t) = 2'(t) — 2/ (0) — 5/0 x(s)ds

is invertible.
For A € [0,1], and (v, p) € W2(I,R") x W21(1, 0, 00]), we define

fr, s IXR™ S R™ by f),=Au,+a, (1=,

where
- s (6 B p Pop) = EFupy i & = v(B)]] > p(t),
T — lz—v(t)] P P P
Foolts 2:7) {f(t,x,m —eq, i e — v(t)] < p(t)
(1 R220950) (v () + 2y (@ = v(®))), i 2 = o(®)]
gl/},p(tv (E,p) = B > p(t),
(1-2X) (v”(t) + pp((té) (x — v(t))), otherwise;
with ( )
Tpp =10 pUt —v
'r’Ule - (t) ||{E _ ’U( )” ( (t))a
N , (x—v(t),p—1'(t)) z —(t)
Pop=p+ (P(0) - Iz — (@) )(|x—vt))
and where we mean p”’(t)(x —v(t))/p(t) =0 on {t € [0,1] : p(¢t) = 0}.

Remark 4.1. For (z,p) € R*™ such that ||z — v(t)|| > 0,
[0, = v(@)] = p(t); (To,p = 0(8),Pv,p = V' (1) = p(£)P' (1),
[y — V@1 = lp— v @ + (¢ (12 — LD =P (O,

z(t) —o@®)*
and for z € C*(I,R"),

—_— -

(@(t)y o 2 (t),,,) = (2(t),2'(t)) ave. on {t € I+ |x(t) —v(t)]| = p(t) > 0}.

s
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We consider for ¢ =0, 1,2, and X € [0, 1], the problem

2 (t) —ex(t) = fj‘hpi (t,z(t),2'(t)) a.e. te€]0,1],

P
(Pin) z € BC.

A priori bounds can be obtained for the solutions of (P; ).

Proposition 4.2. Assume that (H1) and (H2) are satisfied. Then
(a) every solution x of (P;x) with i = 0,1,2, A € [0,1], is such that x €
T(U%pi);
(b) every solution x of (P;1) fori=1,2, satisfies ||x(t) —vi(t)|| < pi(t) for all
t € 10,1].

Proof. (a) For i € {0,1,2} and X € [0, 1], let x be a solution of (P; ). To simplify
the notation, let v and p stand for v; and p; respectively, and Z(¢) and #’(t) stand

for x(t)vi’pi and x’(t)vi,pi. Then for almost every t € {t € I : ||z(t) — v(t)]| > p(t)},
MET;Jmﬂ@UV—Mﬂw%ﬂ—v%ﬂ%ﬂhﬁ)—U@mﬂ
- m&@) —(t), 2’ (t) — ' (t))% — e|lz(t) — v(®)|
= ; x — Api(t) T i,/ _ ’U”
= T o (0 ~ 70 oy =y 6708 6) — )
— e{a(t) — v(t), \E(t) + (1 — No(t) — x(t)>)
Ap(t)

" (1‘M)” “
/() — v (8)]|? x(t) —v(t), 2’ (t) —v'(t))?
la'(®) — v O (o) —o(@.2"() —'(O) oy

T @ ol ECECOIE
= oy (@ — o0, 1030, 8(0) =) + (0~ v O
+ ey (1970 - VO = M3 @)~ o 0IF)
_<Mw_;g;fxgﬁda»2+(r—Wﬂy?&UWp%o—sMu)
> e o0+ 0) + (1 )

1 A/ / 2 / 2
+ o (L= VIO = O = 9(0)?) = exolt)

() —v
> p"(t) —ep(t).

It follows from Lemma 3.1 that statement (a) holds.
(b) Observe that if x is a solution of (P; 1) for some ¢ € {1,2}, then by (a), = is
a solution of (1.1). Lemma 3.2 yields to the conclusion. O

We associate to f) , an operator

No.p o [0,1] x CH(I,R™) — Co(I,R™)
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defined by
¢
No,p(A, ) = / fap(s,x(s),x/(s))ds.
0

The following result establishes some properties of 7, ,. The proof of this result is
a direct consequence of [7, Proposition 3.5].

Proposition 4.3. Let f : I x R?" — R" be a Carathéodory function, and (v,p) €
W2L(I,R™) x W21(I,]0,00]) a solution-tube of (1.1). Then the operator m, , is
continuous and completely continuous.

In order to prove our main theorem, we first establish the following general result.

Theorem 4.4. Assume that (H1) and (H2) are satisfied. Assume also that there
exists a constant K > 0 such that every solution x of (P; ) with i = 0,1,2,
A € [0,1], satisfies ||2'||o < K. Then the problem (1.1) has at least three distinct
solutions xg,x1,x2 such that x; € T(vi,pi), i & T(v;,p5), 1 =0,1,2, j = 1,2,
i

Proof. For i =0,1,2, let us define

hiyh; 2 [0,1] x CH(I,R™) — C*(I,R™)

by hi(A\, ) =l 0 Ny, p; (N, ), and h; (A, z) = Ah;(0, ) respectively. Proposition 4.3

implies that h;, and hence h;, are continuous and completely continuous. Observe
that h; is bounded, so we can find an open bounded set W C CY(I,R") such that
hi([0,1] x CY(I,R™)) C W. Therefore,

(4.1) 1 = deg(id, W, 0) = deg(id — hi(1,-), W,0) = deg(id — h;(0,-), W, 0).
We denote
Ui ={z € CHI,R") : [lz(t) —vi(t)|| < ps(t) + 1, || (t)|| < K Wt € I},
Vi ={z € C*(I,R") : ||z(t) — v;(t)|| < ps(t), ||z’ (t)|| < K Vt € I}.

Without lost of generality, we can assume that U; C W. It follows from Propo-
sition 4.2(a), the excision property, and the homotopic invariance of the degree,
and (4.1) that

(4.2) 1 = deg(id — hi(1,-), Us, 0).

Also, for ¢ = 1,2, we have by Proposition 4.2(b), and the excision property of the
degree that

(4.3) 1 =deg(id — hi(1,-),V;,0).
On the other hand, since for i = 1,2, T'(v;, p;) C T'(vo, po),
hi(1,7) = ho(1,z) for all z € V;,
and hence,
(4.4) 1 = deg(id — ho(1,-),V;,0) fori=1,2.
Also, V1 UVy C Uy and Vi NV, = () since T'(vq, p1) N T (v, p2) = 0, combining (4.2)
and (4.4) leads to
deg(id — ho(1,-), Uo\V1 U Vz,0) = deg(id — ho(1,-), Up, 0)
— deg(id — ho(1,-), V1,0) — deg(id — ho(1,-), Vo,0) = —1.
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Therefore, there exists g € Up\V1 UVa, 1 € V1 and x2 € V5 solutions of (P 1),
and hence of (1.1). O

With this general result, we can prove our main theorem.

Proof of Theorem 2.3. We have to show that there exists a constant K such that
|z'llo < K for every z solution of (P; ) for A € [0,1] and ¢ = 0,1,2. Let z be a
solution of (P; ). From Proposition 4.2, we know that x € T'(v;, p;). To simplify
the notation, we write v, p instead of v;, p; respectively.

We have by (H3) that

[’ (), & (E)] = |2’ (2), £, (t, x(8), 2" (1)) + e (1))
< A1), f(t,2(8), 2'(2))]

+ (=N @l (elle) — v + [0 O] + 1" (®)])
< o(l2’ O (v®) + I’ @) + 12" Ol (ep(®) + 10" @) + 0" (®)]).-

So, for

Y0(t) =) + max {epi(t) + [[oi (Ol + 167 (D)},

(4.5) [’ (1), 2" ()] < (&ll" 1) + l2" ) (vo(8) + [|l2" ()]])-

Now, to verify assumptions (i) and (ii) of Lemma 3.3, we consider two cases.
1st case: (H4) is satisfied. We have

) +ex(t)]|
I+ ellz() —v@®l + " @O + ()]

(
£),2' (1)) + =" ()]l ) 1(t)
Ol + 10" + 10" @)l
)

)

<a((a(t), apu,x(t),x'(t) +ex< >> + ')

+e) (@(t) - v(t))
+ellat) - <>||+||v<>||+|p<>\+<>

< a(2(®),a"(0) + 2/ (1)) + 20(0),

=" @) = I1£2,,(t, 2 (t), o' (¢
< AF (s a(t), 2/ (t)
(

< xa((@(t), £t
+ellz(t) — o(

)
)

—a(l—=N){z )+

20(t) = U(t) + max, {(aps(t) + allos(®)ll + D(epi(t) + llof (DI + 1oF (DI}

The conclusion follows from (4.5), and Lemmas 3.3 and 3.5.
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2nd case: (H5) is satisfied. Let o¢ be the function introduced in Lemma 3.4.
Observe that

Uo(t,x)
0,20+ PO @ (0,2 0w l), (1)
1 @] FZOIE
) ((m(t)7f(t7w(t)»fc’(t)> @) <w’(t)7f(t,w(t),:v’(t))><w(t)7x’(t)>)
1] EIOIE
il B, (1) (@ (0,0 () ()2 (1)
ta ”[” o1+ (S O,
L PO (G020 —v) _ @0, 2(0) — v) (), 1)
+ (e p@))( 0]l E2GIE ﬂ
(), £t 2(t),a') + [ (O (1), F(tx(8),2/ (D)) a(t), ' (1))
= A( 1@ EHOIE >
2@l (1 )] + p(t) + 1o ()

+ (1 =Nl (Bl -2
=" @)
It follows from (H5) that on {¢t € [0,1] : ||2/(¢)|| > R},

(4.6) 0+ cllz®))oo(t, z) = A" ()] = ~(t)) + b1 = N)[|2"(£)]| — do(?),
with

So(t) = ﬁ(b +c(po(t) + lwo®))) (po(t) + v ()])
) 7" "
maxc {epi(0) + 1o ()] + 07 (O] }-
The conclusion follows from (4.5), (4.6), and Lemmas 3.3 and 3.4. O

Other existence results can also be obtained. In particular, we can remove (H4)
and (H5) if we impose a condition stronger than (H3) with the Sturm-Liouville
boundary condition.

Theorem 4.5. Let BC denote the Strum-Liouville boundary condition (1.2) with
max{fo, 81} > 0. Assume (H1), (H2) and

(H6) there exist v € L*(I) and 9 : [0,00[— [1,00[ a Borel measurable function
such that || f(t,z,p)|| < v()¥(||p||) a.e. t € I and for all (z,p) € R?*" such
that ||z — vo(¢)|| < po(t) for all ¢ € [0, 1], and

/mwﬁ):oo Vk > 0.
k

Then the problem (1.1) has at least three solutions zg,z1,x2 such that x; €
T(Uiapi)7 €g g T(Uj7p])7 i = 07 172a J = 1a27 { 7& ]

Proof. The conclusion will follows from Theorem 4.4 if we can show that there
exists a constant K > 0 such that ||z'||o < K for every x solution of (P; y).
Let x be a solution of (P; ). We already know that « € T'(v;, p;). Set

{ Iroll + ao(pi(0) + [[vi(0)[]) [Ir1ll + a1(pi(1) + ||Ui(1)|)}
Bo ’ b1
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where ||4;z]| < aj||2| for all z € R™, and j =0, 1. Obviously

min{ [z’ (0)]], |l (D[} < .

Assume that 2’| > u. Let ¢ € [0,1] such that ||z/(¢1)]] = ||'||o. There exists
to < t1 such that ||2/(¢)|| > p on (to,t1) and ||2'(to)|| = p. We have

Ay (0,27 (1)
ail ™ O = )
!/ ‘p//(t” 1"
< 720, 2/ @)l + (= + 05 et = Ol + 10" )]
< AOR(2 O) + () + 10" (1) + 0" B
< () (la’ ),
with vo(¢) = () + max;—o.1.2{ep:(t) + |p ()| + |0/ (®)||}. Therefore,

)OI ||/ 2’ Ol g4
ol > [ b= [T

We get the conclusion choosing K > p such that

K s

6 ol

©w

5. WINTNER-NAGUMO GROWTH CONDITION

In this paragraph, we present a modification of our Main Theorem in which
the Wintner-Nagumo condition (H3) is replaced by a more standard one. More
precisely, we establish the following result.

Theorem 5.1. Assume that (H1), (H2), and (H4) or (H5) are satisfied. Assume
also

(H7) there exist a Borel measurable function v : [0, 00[— ]0,00[ and v € L!(1)
such that

1 (&2, p)| < (llpl)(v(#) + llpl)
a.e. t € I and for all (z,p) € R?" such that ||z — vo(t)|| < po(t), and

/mwﬁ):m vk > 0.
k

Then the problem (1.1) has at least three distinct solutions g, z1, 22 such that
T; € T(vi’pi)’ Z; ¢ T(Ujvpj)a 1= Oa 1a2, .7 = ]-727 { 7&]

To prove this result, we consider for i = 0,1,2, and A € [0, 1], the differential
inclusion

2" (t) —ex(t) € FY  (t,x(t),2'(t)) ae. te€][0,1],

Ii Vi Pi
(L) z € BC.

where for (v, p) € W»'(I,R™) x W21(I,[0,00]), F}, : I x R?" — R™ is the multi-
valued map defined by

Fé\.,p = )‘fv,p + G;}’p —e(1 = A,
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where f,, , is defined in the previous section, and

o, brp) =By, itz — o) > (),
Gt p) = 1 10,0 (6, 2, p) fouidh,if [l —v(t)]| = p(1),
0, if [l — o()]| < p(t);
with
Ao(t) (@ —v(t),v" (1))
A 1z
9y (ta$7p): 11— Tt 1Y (t)+—
e = (1= 20 (0 + E )

Lo =) lp—v @I\
N G Pt nx—vwn)>'

Observe that t Gi‘,p(t,m,p) is measurable for every (z,p,A) € R™ x [0, 1], and
(z,p,\) = G} ,(t,2,p) is us.c. ae t €I
We associate to Fj: , & multi-valued operator

Ny, [0,1] x CHI,R™) — Co(I,R™)
defined by

N,,(\,x) = {u € Co(I,R™) : 3w € L*(I,R™) such that

w(t) € F) ,(t,2(t),2'(t)) ae. t €I, and u(t) = / w(s)ds}.
0

This operator has some nice properties.

Proposition 5.2. Let f: I x R?" — R" be a Carathéodory function, and (v, p) €
W2L(I,R™) x W21, [0,00) a solution-tube of (1.1). Then the operator N, , is
completely continuous, u.s.c. with nonempty, compact, convex values.

This result can be proved using the following lemma with [8, Lemma 2.7], and
arguing as in [8, Lemmas 2.4] with p : I x R?*" — R?" defined by

e t
w(toz.p) = L EooPop) i o= v(@)l] > p(t).
(z,p) otherwise,

since we obtain a Carathéodory function if we replace in the definition of f, o) Tu.p
and D, , respectively by « and p, and by Remark 4.1.

Lemma 5.3. Let f : I x R?™ — R" be a Carathéodory function, and (v,p) €
W2L(I,R™) x W2(I,[0,00[) a solution-tube of (1.1). Then the operator Gy , is
integrably bounded on bounded sets uniformly in A, i.e. for every k > 0, there exists
dp € L'0,1] such that G} ,(t,x,p) C B(0,dx(t)) for a.e. t € [0,1] and for all
(z,p) € R*™ with ||z] <k, [lp]| < k.
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Proof. Definition 2.1 and Remark 4.1 imply that if Gf}’p(t,x,p) # {0}, then for
every z € Gf,‘,p(t, x,p),

A
12l < |93, (t, %, p)

— (1 - ”>‘pt))”> (p”(t) + M)

x—v(t |z —v(®)]l
v o=
O G P EETOIR.
o)\ (o (o (D). ()
(- e PO+ )

L0 20 =200

le — o1l Tz —o(0)]
T —v —/(t))2
e e or]
_ p(t) 1y 4 =00, 0" (1)
- (- o+ )
i " T (). 7(4\2
o (POF O+ Fop = vld) 0" (1) + 4 ()

—1Ipp — v'(0)]?)

<O+ 10Ol + 1 ! oot o = V00, (T Po)

< 1" @O+ W O + 1 (8 To,p, ool

The conclusion follows from the fact that f is a Carathéodory function and

[Zo,pll < llvllo + lplo and [Pyl < 2llpll + [[v"llo + 1o'lo-
O

In order to prove our main theorem, we can first establish a general result as in
the previous section.

Theorem 5.4. Assume that (H1) and (H2) are satisfied. Assume that there exists
a constant K > 0 such that every solution x of (I;x) with i =10,1,2, A € [0,1],
satisfies ||z'||o < K. Then the problem (1.1) has at least three distinct solutions
xo, T1, T2 such that x; € T(v;, p;), xi € T(vj,p;), 1 =0,1,2, j=1,2, 1 # j.

The proof of this result is analogous to the proof of Theorem 4.4 where we
replace the operators 1,,,,, by V., ,, and we use degree theory of compact, upper
semi-continuous multi-valued maps with closed, convex values, and the following
proposition.

Proposition 5.5. Assume that (H1) and (H2) are satisfied. Then
(a) every solution x to (I; x) is such that x € T'(v;, p;) fori=0,1,2, A € [0,1];
(b) fori=1,2, every solution x to (I;1) satisfies ||x(t) —v;(t)| < pi(t) for all
t €[0,1].

Proof. (a) Let i € {0,1,2}, X € [0,1], and let x be a solution of (I; ). To simplify
the notation, let v and p stand for v; and p; respectively, and Z(¢) and #’(t) stand
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— —

for z(t),, ,, and 2'(t),, ,. Then for almost every ¢t € {t € I : [[z(t) — v(t)[| > p(t)},

Ap(t) 1 B
(O =0 ~ e =) ® ~ o0 ®)
o)

|
Ol (@) —o(®),2'(t) —v'(®)* _ AlZi(t) — v' @)
() — (@) () = v@)]

(%
(%

> e (1) (1) + P (8)?) — eXn(t)

Ap(t) 3 1 28 — o(t). 0"
(w2 @T ~ T —w) ) ~ v ")
l(t) — O  {xt) - v(t),2'(¢
2@ —o(0)] T2 — o

+ g0, (t (1), 2 (1))

+ (1= )(

)P
[z(t) —v(@®)|l
> /(1) — 2p(0).

The conclusion (a) follows from Lemma 3.1.
(b) We argue as in the proof of Proposition 4.2 using Lemma 3.2. O

The following lemmas will lead to the existence of a priori bounds on the deriv-
ative of the solutions of (I; ).

Lemma 5.6. If (H1), (H2), (H7) are satisfied then every solution x of (I; ) for
1=0,1,2 and A € [0, 1], satisfies
=" (@I < 2(l2" @)D (@) + 12 (O]) +ellpollo  a-e. t € [0,1].

Proof. Let i € {0,1,2}, A € [0,1], and x a solution to (I; x). By Proposition 5.5,
we know that = € T(v;, p;). Again, to simplify the notation, we do not write the
subscripts. We have that

(5.1) =" (O < 1 x(@), 2" ()] + ell=(t) — ()|
N {gﬁ,p(t,w(t),rc’(t)), if [J(t) = o@)] = p(t),

0, otherwise.

Let us examine the third part of the right member of this equation. Since (v, p) is a
solution-tube of (1.1) and by Remark 4.1, we have a.e. on {t € [0,1] : ||z(¢)—v(¢)|| =
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p(t), gu,(t,x(t),2'()) > 0},
9o p(t,z(t), 2'(t))

e ) = 00,07 (0) + (0 — 1) — O
== <” &)+ a(6) — o0 )

_ (@) = o), f(t, 2 (), 7' (1)
=T e el
< I 2(@), 2" @)l = 1f (¢t x (@), 2" ()]
This inequality combined with (5.1) and (HT7) leads to the conclusion. O

Lemma 5.7. Under (H1), (H2), (H5) there exist by > 0, co > 0, and dy € L'[0,1]
such that every solution x of (I;x) for i = 0,1,2, X € [0,1], satisfies a.e. on
{t € [0,1] : [l"(8)[| = R}

(bo + collz(®)Doo(t, ) > || ()] — do(t),
where R is given in (H5) and o¢ is defined in Lemma 3.4.

Proof. Let = be a solution to (I; ) for some i € {0,1,2}, and X € [0,1]. Again

to simplify the notation, we don’t write the subscripts. From Proposition 5.5,

x € T(v,p). Also, a.e. on {t € [0,1] : lz(t) — v(t)]| = p(t), g2 ,(t, (1), 2 (1)) # O},
192, (82 (t), &' ()] = g5, (&, x(8), 2 (¢))

< z(t) == ma {]of/(1)] + [0/ (1) }.

It follows that a.e. on {t € [0,1] : ||z’(¢)| > R},
(0 +cllz(®)Doo(t, )
= Ab+ cllz@)Do(t,2(t), 2/ (1) + (1L = )b+ clla’ ) [l«" (@)

, 05,70 (et (t) = v(t)
+ o+l O (=N + == ) (S

(@'(2), 2(t) — v(t)){x(t), :L"(t)>)
2 (E)11° ’
where b, ¢ are given in (H5) and

o) € {[o, 1, if fla(t) = v(0)]| = p(0),

{0}, otherwise.

(5.2)

It follows from (H5) and (5.2) that

(b-+ elle®)loolt, 2) > O+ (1= )’ (O]~ h(t) —2( -+ ¢) Dl (ep() + 20(1)-

Set v = minygpo,1j{A + b(1 — A)}. The conclusion follows choosing by = b/v and
co = ¢/v and

wio(t) = h(t) + 3 (b -+ eloo(e) ]| + po(0) ) (o) + po(®) (pol) + 20(1)).
(]
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Lemma 5.8. Under (H1), (H2), (H4) there exists mg € L*[0,1] such that every
solution x of (I;x) fori=0,1,2, XA € [0,1], satisfies

lz” ()] < a((a(t), 2" () + ll2’)II7) +mo(t)  a.e. t €[0,1],
where a is given in (H4).

Proof. Let x be a solution of (I; ) for some ¢ € {0,1,2} and A € [0,1] which is in
T(vs, p;) by Proposition 5.5. As always, to simplify the notation, we don’t write
the subscript i. We have by (H4) and (5.2)

=" @) < AlLf(E, 2(t), 2" ()] + (1 = N)[Ja(t) — o)l + 20(t)
< aA((z(t), f(t,x(t), 2 (1)) + [l (0)]%) + 1(t) + epo(t) + 20(t)
< a((z(t), 2" (1)) + [l (0)]1%) + 1(t) + epo(t) + 20(t)
+ allz(®)[|(epo(t) + 20(1));
and the proof is complete. O

Now, we can prove the main theorem of this section.

Proof of Theorem 5.1. The conclusion is a direct consequence of Theorem 5.4, Lem-
mas 3.3-3.5, and 5.6-5.8. ([l

Arguing as in the proofs of Theorems 2.3 and 5.1, we can see that we can obtain
the following more general results.

Theorem 5.9. Assume that (H1), (H2), and (H3) or (H7) are satisfied. Assume
also

(H8) there exist R > 0, b >0, ¢ > 0, h € L'(I), and u € W21(]0,1],R") such

that

clr —ult),p —u'(t))?
& —u(®)[Hlp — v @)
for a.e. t € I and for all (x,p) € R?" such that ||z — vo(t)|| < po(t),
lp — ' (t)|| > R, where

(z —u(t), f(t,z,p) —u"(t)) + [lp — ' ()]
lp —w ()]
_p— (), f(t @, p) — (1)) (x — u(t),p — w(t))
lp —w (®)[? '
Then the problem (1.1) has at least three distinct solutions g, z1, 2z such that
x; € T(vi,pi), s € T(vj,p5),1=0,1,2, j=1,2,1# j.
Theorem 5.10. Assume that (H1) and
(H9) there exist (vg, po) a solution-tube of (1.1) and for ¢ = 1,...m with m >
2, there exists (v;, p;) a strict solution-tube of (1.1) such that T'(v;, p;) N
T(vj, p;) =0, and T'(vs, p;) C T(vo, po), i,j € {1,...,m}, i # j.
Assume also (H3) or (H7), and (H4) or (H5) or (H8) are satisfied. Then the
problem (1.1) has at least m + 1 distinct solutions z1,...,Zmy+1 such that z; €
T'(vi, pi); Tm+1 € T(vo, po), Tmy1 € T(vi pi), i =1,...,m.

b+ cllz —u(®)[)o" (L, z,p) + > lp = ' (@) = h(t),

o(t,z,p) =
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Idea of the proof. As before, for i = 0,...,m, we define appropriate maps h; and
families of problems (P; ») (or (I; x)) such that solutions to (P; 1) are fixed points of
h;(A,-). A priori bounds are obtained which permit to define open sets Uy, V1, ..., V,,
with V; C Uy, V;NV; =0 for i # j,

hi(1,x) = ho(1,z) forallze€V;, i=1,...,m,

and

1= deg(zd — ho(l, '), UQ,O),

1 =deg(id — hi(1,-),V;,0) = deg(id — ho(1,-),V;,0), i=1,...,m.
Thus,

deg(id — ho(l, -), UQ\V1 J---u Vm70> = deg(id — ho(l, '), U070)
—deg(id — ho(1,-),V1,0) — - -+ — deg(id — ho(1,+), Vin,0) =1 — m # 0.
So, there exists a solution in Up\V; U - - UV, and hence in
T(UO,pO)\T(’Uhpl) U---u T(Umapm)7

and for each i = 1,...m, there exists a solution in V; and hence in T'(v;, p;). O

In the scalar case, we have the following result. Let us recall that u,w are
respectively strict lower and upper solutions if ((u 4+ w)/2, (w — u)/2) is a strict
solution-tube of (1.1). See Henderson and Thompson [12] for a result with more
general upper and lower solutions.

Corollary 5.11. Let f : [0,1] x R? — R be a Carathéodory function. Assume that
there exist wy, ..., W,m, M strict upper solutions, and ui,..., U, m strict lower
solutions such that

(i) u; <wy, fori=1,...,m;
(i) ur Sug < Uy, wy S Wy < Wy
(111) Ui+1 ﬁ w;, 1= 1,...,7’77/— 1,'
(iv) there exist a Borel measurable function 1 : [0, 00[— ]0,00[ and v € L*(I)
such that

I1f (&2, p)F < (el (v(#) + [lplD)
a.e. t € I for all (x,p) € R*™ such that ui(t) <z < wy,(t), and

> d
/ —S:oo vYm > 0.
k

¥(s)
Then the problem (1.1) has at least m+ 1 distinct solutions x1,. .., Tm41 such that
u; <z < wiy U1 < Typgr < Wiy T € [wg,wi], 1=1,...,m.

Finally, we present an example.
Example 5.12. Consider the following system
2" =5z —b(x,y)y —u(t,z,y, 2,y ) +v(t,z,y,2',y") = 5
(5.3) y" =5y +b(x,y)r —ult,z,y, 2,y )y +wt, 2, y,2',y) =5
2(0) = x(1), y(0) = y(1), 2(0) = 2'(1), y'(0) = y'(1),
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where u, v, w are bounded Carathéodory functions such that u > 0, ||v(t, z,p, ¢)|| <
L Jlw(t,z,p,q)|| <1, and
5((3:2 +y? -2y +3/4)? — (22 +y? - 22+ 3/4)2)

(% + 42 =2y + 3/4)? + (22 + > — 20 + 3/4)°
We can find a constant pg > 2 big enough such that ((0,0),p0) is a solution-tube
of (5.3). Also, we define p(t) = 1/2+6(t—1/2)%. We can verify that for § > 0 small
enough, ((1,0),p) and ((0,1),p) are strict solution-tubes of (5.3), T'((1,0),p) C
T((Oa O), pO)a T((Oa 1), P) c T((Ov 0)3 P0)7 and T((lv O)a ,0) mT((O, 1)7 p) =0. FinaHYa
it is easy to check that assumptions (H3) and (H5) are satisfied.

b(z,y) =
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