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FORCED SINGULAR OSCILLATORS
AND THE METHOD OF LOWER AND UPPER SOLUTIONS

DENIS BONHEURE — COLETTE DE COSTER

ABSTRACT. In this note, we study the existence of positive periodic solu-
tions of the second order differential equation

w4 g(u)u’ + f(t,u) = h(t)

where f(t, -) has a singularity of repulsive type at the origin. We use the
method of lower and upper solutions.

1. Introduction

In this note, we are interested in proving existence of solutions of the problem
- W+ gy + F(t,u) = h(2),
' u(a) =u(), u'(a)=1(b),

where f(t, -) defined in RT has a singularity at the origin.
The study of such singular second order boundary value problems goes back
at least to A. C. Lazer and S. Solimini. Keeping in mind the model equations

(1.2) u’ + % = h(t),
(1.3) - ui — ),

2000 Mathematics Subject Classification. 34B15, 34C25.
Key words and phrases. Repulsive singularity, upper and lower solutions, periodic solu-
tions.

(©2003 Juliusz Schauder Center for Nonlinear Studies

297
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with v > 0, they proved in [11] the following result: Let f be a positive continuous
function defined on ]0, oo[ such that f(u) — 0 as u — oo, f(u) — oo as u — 0T
and h be continuous on [a, b]. Then the problem

u + f(u) = h(t), ula) =ud), u'(a)=u'(b)

has a solution if and only if ff h(s)ds > 0. If moreover f satisfies

1
(1.4) -/0 f(s)ds = o0,
then the problem
(1.5) W(t) = f(u) = (), u(a) = u®), w(a) =)

has a solution if and only if f; h(s)ds < 0.

This result has been extended in order to deal with nonlinearities f which
are possibly unbounded at co. The result for the case of an attractive force at
the origin was extended by P. Habets and L. Sanchez in [10]. In the repulsive
case, the extension to equation (1.1) with an unbounded nonlinearity f(t, -)
at oo is not complete. M. A. del Pino and R. Mandsevich in [5] study the
case of a nonlinearity superlinear at infinity while the case of an asymptotically
linear nonlinearity at infinity is considered among others by M. A. del Pino,
R. Mandsevich and A. Montero ([6]), A. Fonda ([7]), P. Omari and W. Ye ([13])
and M. Zhang ([15], [16]). In all these papers, it is always assumed a certain
kind of nonresonance condition. For example, in [6], it is assumed that

k272 B liminfM < Jim sup ftu) (k4 1)27727
(b—a)? " u—too w u—too U (b—a)?

uniformly in ¢ for some k € N. In [7], considering only the case of a nonlinearity
independent of the ¢-variable, the author assumes

.. 2F(u) 2
lulgligg u? <(b—a)2’

where F(u) = [ f(£)d¢. Hence the case f(u) = 7%u/(b— a)? is always ex-
cluded. A first result in case f is asymptotically like 72u/(b — a)? is given
by I. Rachunkovéd, M. Tvrdy and I. Vrko¢ in [14] but a major step is made by
C. Fabry, D. Smets and D. Bonheure (see [1]). They prove for the model equation

(1.6) v + (b—a)?
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with v > 1, that the existence of a solution of (1.6) is closely related to the
properties of the function

B(0) = /b h(Ey(t + 0) dt,

where (t) = |cos(kn((t — a)/(b—a)))|. In another direction, P. Habets and
L. Sanchez ([10]) replace the condition on f by a real damping |g(u)| > A > 0.

In Section 3, we extend the result of [11] to (1.1) in the repulsive case for
a Carathéodory function f which can be asymptotically linear at co. We impose
a limitation on f(t, u)/u for large u (see condition (d) of Theorem 3.1) and a type
of strong force condition in a form which is very similar to the one introduced
by R. Martins in [12]. This section has to be compared with the results of [13].

In Section 4, we consider the undamped equation. We study the problem
(1.1) with g = 0 and f such that f(t,u) < (7/(b— a))?*u. We show that (1.1)
has at least one periodic solution if

t+b—a st
(1.7) min / h(s)sint——ds > § > 0.
tela,b] Jy b—a
This result improves Corollary 3.7 of [14]. Compared with the results of [1]
mentioned above for the problem (1.6), it corresponds to the case where @ is
positive. However, it should be pointed out that our result applies for a larger
class of functions than in [1]. In particular, it also applies in case we have no
singularity or a “weak repulsive force” at the origin as for example f(t,u) =
1)\t (/b - a)u.
To conclude this introduction, let us recall the following definition.
A function f: D C [a,b] x R — R is said to be a Carathéodory function if

(a) for a.e. t € [a,b], the function f(¢, -) with domain {u € R | (¢,u) € D}
is continuous,
(b) for all u € R, the function f(-,u) with domain {¢ € [a,b] | (t,u) € D}
is measurable.
If further, the Carathéodory function f satisfies
(c) for all 7 > 0, there exists h € L*(a,b) such that for all (¢,u) € D with
ul <7, [f(tu)] < h(t),

we say that f is a L'-Carathéodory function.

2. Lower and upper solutions

Let us first prove the needed result concerning non well ordered lower and
upper solutions. Further results concerning the method of lower and upper
solutions can be found in [2] and [4].
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Consider the following Liénard equation
W +g(uu’ + f(t,u) =0,

(2.1)
u(a) = u(b), u'(a)=1'(b).
In this work we will use the following notion of lower and upper solutions.

DEFINITIONS 2.1. A function « € C([a,b]) such that a(a) = a(b) is a lower
solution of (2.1) if its periodic extension on R, defined by «a(t) = a(t +b — a)
is such that for any ¢ty € R either D_a(tg) < DT a(ty), or there exists an open
interval Iy such that to € Iy, « € W%1(Iy) and, for a.e. t € Iy,

o’ (t) + g(a(t))o'(t) + f(t a(t)) = 0.

A function 8 € C([a,b]) such that B(a) = B(b) is an upper solution of (2.1) if
its periodic extension on R, defined by 3(t) = B(t + b — a) is such that for any
tg € R either D~ 3(tg) > D4 [(to), or there exists an open interval Iy such that
to € Iy, B € W2L(Iy) and, for a.e. t € Iy,

BI(t) + g(B(£)B'(8) + f (¢ B() < 0.

DEFINITION 2.2. A lower solution « of (2.1) (resp. an upper solution 3
of (2.1)) is said strict if every solution u of (2.1) with u > « (resp. u < ) is such
that u(t) > a(t) (resp. u(t) < B(t)) on [a, b].

The idea of the following result is known. We give it here for completeness.

THEOREM 2.3. Let a and B € C([a,b]) be strict lower and upper solutions
of (2.1) such that oo < 8 on [a,b]. Define

E={{t,u) €a,b] xR[at) <u<B(D)}

Assume g:R — R is continuous and f: E — R is a L'-Carathéodory function.
Then, for every C € L'(a,b) such that, for a.e. t € [a,b], |g(a(t))| < C(t),
19(B(t))| < C(t) and for every (t,u) € E, |f(t,u)| < C(t),

deg(I - T,Q) =1,

where T:C*([a,b]) — C*([a,b]) is the fived point operator defined by

b
(Tw)(t) := —/ G(t, s)lg(u(s))u'(s) + f(s,u(s)) + C(s)u(s)] ds,
with G(t, s) the Green function corresponding to
(2.2) o= Ct)u=f(t), wula)=u(d), u'(a)=1u'(b),
and

Q= {uecC(a,b]) | for all t € [a,b], a(t) < u(t) < B(t), ['(t)] < R}
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(with R > 0 large enough). In particular, the problem (2.1) has at least one
solution u € W2 (a,b) such that

a(t) <u(t) < p(t) forallt € [a,b].

PRrROOF. Step 1. The modified problem. We consider the modified problem

u’ = Clt)u+ g(y(t,u)u' + f(t,v(t,u) + C#)y(tu) =0,

(2.3) u(a) = u(b), u'(a)=u'(b),

where (¢, u) := max{«a(t), min{u, 3(¢t)}}.

Step 2. The solution u of (2.3) is such that « < u < 3 on [a,b]. This
step follows from the definition of C'(¢) and the arguments used in the proof of
Theorem 1.12 in [3].

Step 3. Degree estimations. Consider the homotopy
u” = Ct)u+ Ag(y(t, w)u' + f(t,7(t,u)) + C)y(t, u) =0,

24
@4 w(b), u'(a)=u'(b).

u(a)

Observe first that arguing again as in Theorem 1.12 of [3], it is easily seen that
every solution u of (2.4) satisfies @ = min; a(t) — 2 < u < f = max; B(t) + 2.
Multiplying equation (2.4) by u and integrating we obtain

||| g/b WP(t) + C(HuP(t) dt
b b
:A/ gyt u(t)))ut)u'(t) dt+/ F@y(t ult)))u(t) dt
b
+ [ C)y(t,ut))u(t) dt

< Ci[|| g2 + Co,

for some constants Cy, Co > 0. It is now easy to obtain a bound for |[u”|p:
and another for |[u'[|o. It follows that there exists R > 0 such that, for every
A € [0, 1], every solution u of (2.4) satisfies ||ulc1 < R.

The problem (2.4) is equivalent to the fixed point problem

u = T)\u,

where T'x:CY([a,b]) — C*([a,b]) is defined by

b
(Thu)(t) = —/ G(t,s)[Ag(y(t, u)u' + f(E, 7t w) + C(t)y(t, w)] ds,

with G(t,s) the Green function corresponding to (2.2). Observe that T is
completely continuous and, increasing R if necessary, we can assume that Q C
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B(0,R) and To(C'([a,b])) C B(0,R). Hence we have, by the properties of the
degree,
deg(I — Ty, B(0,R)) = 1.
By Step 2, every fixed point of T'; is in © and by the properties of the degree
we obtain deg(I — T,Q) = 1. The existence of a solution u such that for all
t € [a,b], a(t) <u(t) < B(t) follows now from the properties of the degree. [

The main ingredient of this paper is the following result.

THEOREM 2.4. Let o and 3 € C([a,b]) be lower and upper solutions of (2.1)
such that o £ 3. Assume that g:R — R is continuous and f:[a,b] x R — R
is a L'-Carathéodory function such that, for some a_, by € L'(a,b) such that
by =20,

limsup f(t,u) < a_(t) and limsup

U——00 u—00

M < b+(t)a

uniformly in t. Assume further that for any p € L'(a,b) with p < by a.e. on
[a,b] and any t € [a,b], the problem
v 4+ p(t)u =0,
(2.5) (7)
u(t) =0, u(t+b—a)=0,

has only the trivial solution (where p(t) = p(t—b+a) fort € b,t+b—a]). Then,
there exists a solution v € S of (2.1), where

(26) S = {’LL S C([CLb]) ‘ E'tl,tQ S [a,b],u(tl) > ﬂ(tl), u(tz) < O[(tg)}.
To prove this result, we need the following lemma

LEMMA 2.5. Let v € L'(a,b) be such that, for any p € L*(a,b) with p <~y
a.e. on [a,b] and any t € [a,b], the problem

"

u" +p(t)u =0,
u(t) =0, u(+b—a)=0,

has only the trivial solution (where p is extended by periodicity on ]b,t+b— al).
Then there exists € > 0 such that, for allt € [a,b], all w € H}(t,£+ b — a), we
have

t+b—a 9
A (W () — ()2 (8)) b > el

PrOOF. First observe that arguing as in [8], we can associate to any ¢ € [a, ],
a positive constant (f) such that, for every u € H} (, + b — a), we have

t+b—a 5 B
/{ (W (t) =y () (1)) dt > e(®)||ullF.
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Now, let us prove the claim. By contradiction, assume there exist sequences
(tn)n C [a,b] and (uy)n C HY (tn,tn + b — a) with |lu,| g1 = 1 and

1
n

tn+b—a
(2.7) / (w2 (1) — (D)2 (1)) dt <

Extending u,, by 0, we have, for all n, u,, € Hj (a,2b—a), 1wnll £ (a,26—a) = 1 and
hence, passing to a subsequence, t, — ¢ € [a,b], the sequence (uy), converges
weakly in Hg(a,2b — a) and strongly in C([a,2b — a]) to some function u with
u=0on [a,2b—a]\[t,t+b—a] and

t+b—a
/z (' (t) —(tyu?(1)) dt < 0.

By the first part of the proof, ||ul|g1 = 0i.e. u =0. We deduce now from (2.7)

that fa%ia w'?(t) dt — 0 which contradicts |Ju, ||z = 1. O

PRrROOF OF THEOREM 2.4. For each r > 0, we define

f(t,u) if |u| <,
frtu) = § (L7 = [ul) f(tu) = (Jul —r)u/r it r <|ul <r+1,
—u/r if r+1<|ul,

and consider the modified problem
u’ + glu)u’ + fr(t,u) =0,

(2.8) u(a) = u(b), u'(a)=1u'(b).

Claim 1. There exists L™ > 0 such that for any r > 0, the solutions u of
(2.8), which are in S, are such that maxu < L*.

Let u € S be a solution of (2.8) such that
mtaxu(t) > R := max{|| oo, ||8]| 0o }-

From the definition of S, there exists t3 € [a, b] so that u(t2) < a(t2) < R. Hence,
extending u by periodicity if necessary, we can find a’ < b’ so that ¥’ —a’ < b—a,
u(a’) =u(’) = R, u(t) > R on ]a’,b'[ and maxg <i<p u(t) = maxg<i<p u(t).

Let now € > 0 be given by Lemma 2.5 and choose M > R such that for all
u > M and a.e. t € [a, D]

f(t,u)
" <by(t)+ 5
Define then
fr(t,u)/u for u > M,
pr(t,u) = {
fr(@, M)/M  for u < M,
and

qr(t,u) = fr(t,u) — pr(t, u)u.
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For r > 0, these functions are such that for a.e. ¢ € [a,b] and all u > R,
pr(t,u) <bi(t)+e/2 and qq(t,u) < k(¢)

for some k € L(a,b).
The function v = u — R is nonnegative on [a/, '] and solves the problem

v"(t) + g(v(t) + R)V'(t) + pp (8, u(t)) (v(t) + R) + ¢r (t,u(t)) =0,
v(a) =0, v®)=0.

Hence, we compute

v’ 5 b’
/ v’ (t)dt—/ (by () +¢/2)(v(t) + R)v(t) dt

’ ’

/

y
< - / v(®)(W"(t) + g(v(t) + R)V'(t) + pr(t, u(t)) (v(t) + R)) dt

:/%mwmwﬁ

’

and using Lemma 2.5 we obtain

€ €
5”””?11(@/,1)/) SEHU”?{l(a/,b’) - §\|U||2L2(a',b/)

< /ab (U/Q(t) - <b+(t) + ;)vz(t)) dt
< /b (qr(t,u(t)) + <b+(t) + ;)R>v(t) dt
< /b (k(t) + <b+(t) + ;)R)v(t) dt,

ie. ||v|\%11(a,’b,) < K||v]|oo, for some K > 0 independent of r. It follows that, for
all t € [d/, V],
¢
o) = [ V(5)ds < K0 - )2

so that ||v]|ec < K(b—a) and max;u(t) < R+ K(b—a)=: LT.

Claim 2. There exists L~ so that any solution u € S of (2.8) with r > 8(b—a)?
satisfies min; u(t) > L.

By assumption, there exists k € L!(a,b) such that for a.e. t € [a, b] and every
u< LY f(t,u) < k(t).

Using Claim 1, we can write f(t,u(t)) < k(t) for a.e. t € [a,b], if u € S'is a
solution of (2.8). Next, integrating (2.8) or multiplying this equation by u and
integrating, we obtain

b b b
/ fr(t,u(t))dt =0 and / W () dt = / Fo(t, u(t)u(t) dt.
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It follows then that

’ [[u]
I/l = / Fr(tu(®)(lulloo +u(®)) dt < 2([|F][pr + 7==(b = a))ulloo

i.e.
l[ulloo
—a)l/?

2(b
Define now ¢ € [a, b] such that u(t;) > 8(t1) > —R. Extending u by periodicity,

'l z2 < @IElL flulle) ' +

we can write for t € [t1,t1 +b— d]

¢
() = ufen) + [ ()5 = ~R— 20— )bl - L.
ty

It is now easy to obtain L~ so that u(t) > L~ on [a, b].

Conclusion. Consider the problem (2.8), with r > max{L™, —L~,8(b—a)?}.
It is easy to see that a;(t) = —r —2 and (2(t) = r + 2 are strict lower and upper
solutions of (2.8).

Assume that ( is not a strict upper solution. Then, there exists a solution u
of (2.8) such that v < § and for some ¢; € [a,b], u(t;) = B(t1). As further a £ S,
there exists ta € [a,b] such that a(te) > B(t2). It follows that a(te) > u(ts),
u € 8, and we deduce from the claim that ||ul/o. < max{L™,—L~}. Hence, u
is a solution of (2.1) in S. We come to the same conclusion if « is not a strict
lower solution.

Suppose now that #; = 0 and ay = « are strict upper and lower solutions.
In that case, we apply Theorem 2.3 successively with

Q11 = {ueCl([a,b]) | for all t € [a,b], ai(t) < u(t) < Bi(t), |[v]|lee < R},
Qoo = {u € C([a,b]) | for all t € [a,b], az(t) < u(t) < B2(t), W]l < R},
o = {uecCa,b]) | for all t € [a,b], a1(t) < u(t) < Ba(t), [V]leo < R}.

We have deg(I —T,:,1) =1 and deg(I — T, 9) = 1 and moreover,

1 = deg([ — T, 9172)
= deg([ — T, Ql,l) —+ deg(I — :Zj7 92’2) + deg(I — T, 91’2 \ (ﬁl,l U 52?2))
which implies deg(l — T, 2\ (ﬁl,l U 5272)) = —1. The existence of a solution

uof (2.8) in 212\ (21,1 UQ22) C S follows and hence, by the claims, ||ullo <7
and v € S is a solution of (2.1). O

To conclude this section, we give concrete conditions on by in order to satisfy
the assumption of Theorem 2.4.
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PROPOSITION 2.6. Let by € L'(a,b). Assume that by (t) < 72/(b—a)? a.e.
on [a,b] with strict inequality on a subset of positive measure. Then the problem

u’ +pu =0,
u(t) =0, u(t+b—a)=0,

has only the trivial solution for any t € [a, b].

PROOF. This result can be deduced easily from the fact that 72/(b — a)? is
the first eigenvalue of the Dirichlet problem

u' + =0, wu(a)=0, wu(b)=0. O

3. Main result

In this section, we prove an existence result for the case of a repulsive force.
A model example is

(3.1)
u(a) = u(b), u'(a)=u'(b).

THEOREM 3.1. Let g € C(RY), h € L'(a,b) and assume f:[a,b] x Rf — R
satisfies a Carathéodory condition together with

(a) for any 0 < r < s, there exists a function k € L'(a,b) such that, for
a.e. t € la,b] and all u € [r,s], we have |f(t,u)| < k(t).

Assume moreover that

(b) there exists lower and upper solutions o and 8 € C([a,b]) of (1.1) such
that 0 < a, 0 < 8 on [a, b anda%ﬁ,
(c) (strong force) there exist p >0, £ € L*(a,b) and fe C(]0, p]) with

/OP f(w)du=+oo and f(u) =max{—f(u),0},

such that for all u €10, p] and a.e. t € [a, b]

~

ftu) < f(u) and  f(t,u) <L(1),

(d) there exists a function v € L'(a,b) such that v(t) < (7/(b—a))? a.e.

on [a, b] with strict inequality on a subset of positive measure and

lim sup ft,)

u——+00 u

<(t),

uniformly in t € [a,b].
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Then the problem (1.1) has at least one positive solution.

REMARK. We can of course generalize the condition (d) in the same spirit
as in Theorem 2.4.

The main role of the strong force condition (c) is to ensure the existence of
a lower a-priori bound on the solutions. It is important to notice that here we
do not impose that f(¢,u) goes to —oco as u goes to zero as it is the case in [6],
[10], [13] and [16], but that the bound f has a negative part whose primitive
is unbounded as w goes to zero. As oscillating singularities that enter into the
framework of our result, we can consider for example the function

-1 11 )+ 2 7(t — a)
wvVt—a u\t—a (b—a)? b—a

Notice that some control on the singularity such as assumption (c) is necessary.

f(t,u) = min (

This is clear from [11] where it is proved in particular that the problem

has no solution for some negative h € C([a, b]).

At last, assumption (d) forces the nonlinearity to be, for large values of
u, “under” the asymptote of the first nontrivial Fu¢ik curve for the periodic
problem, which is also the first eigenvalue of the Dirichlet problem

u' +d=0, wu(a)=0, wu(b)=0.

Such a condition is somewhat natural if we realize that large solutions of the
periodic problem (3.1) look like solutions of a Dirichlet problem. We also refer
to [16] for a discussion about the relationship between the periodic and the
Dirichlet problem. Also, such a condition cannot be avoided. Indeed, it is
proved in [1] that for some h € C([0, 27]) the problem

1 1

" _

u(0) = u(2r), «'(0) ='(2m),
has no solution.

PrROOF OF THEOREM 3.1. Without loss of generality, we can assume that
p € 10, min{min, 5(¢), min; c(t)}].
Let § € ]0, p], define the truncated function

B ft,u) if u >4,
folt,u) = { F(66)  ifu<s,
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and consider the modified problem
(3.2) u” + g(luhu’ + fs(t,u) = h(t),
’ u(a) = u(b), v'(a) =u'(b).

We deduce from Theorem 2.4 that there exists a solution u of (3.2) in
S=1{ueCab)) | Itz € [a,b], ult) = Bltr), ults) < alta)},

Claim 1. There exists R > 0 so that any solution v € S of (3.2) with
0 < § < p satisfies ||ullc: < R.

Repeating the arguments used to prove Claims 1 and 2 of Theorem 2.4, we
obtain R > 0 so that, any solution u € S of (3.2) with 0 < § < p satisfies
|lulloo < R. Hence, there exists C' € L'(a,b) such that,

Fs(t,u(t)) < C(t)  ae. on [a,b].

Multiplying (3.2) by u and integrating, we obtain
b
s = [ (stesu(e) ~ beute de
b
= / (fs(t, u(t)) = h(t)) (lullsc + u(t)) dt

b
< / (C(t) = h(®)(lulloe + u(t)) dt < 2R(|C[Lr + 2] £1)-

It is now easy to deduce a bound for ||u”| ;1 and another for |[u/| -

Claim 2. There exists £ €]0,p] so that any solution u € S of (3.2) with
0 < § < ¢ satisfies u(t) > € on [a, b].

Define £ > 0 such that

P
[ F > Qs e R+ (5 + 6= loGub) )5

with R given by Claim 1. Let u € S be a solution of (3.2). It follows from
the definition of S that max;u > p. Define the set A = {t € [a,b] | v/(t) > 0}
and suppose by contradiction that there exist t1, to € A so that u(t;) = &,
u(tz) = p and € < u(t) < p on [t1,t2]. Multiplying (3.2) by v’ and integrating
on B = [t1,ta] N A, we get

u?(ty)  uw(t)

. 2+ /B g(Jus) yu' (s) ds+ /B Js(s,uls))u (s) ds = /B h(s)u'(s) ds.

From the a priori bounds on ||u||s and ||u']|so, we obtain then

[ stu@he* () ds < - )R> lo(lul)
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and it follows that

R?
— [ s, (s)ds < Rl + 5+ 6= )R e [a((al)l.

On the other hand, let B~ = {t € B | f(u(t)) < 0} and B* = B\ B~. We
then have the following inequalities

- fs(s,u(s))u'(s) ds < R||]| 11
and

~

- Ts(s,u(s))u'(s)ds > —/ flu(s)

. o

P R
[P < Rt B+ 5) + =B e o))

s)ds

\\

‘We now deduce that

—R<u<R

which contradicts the definition of &.
Conclusion. From the first part of the proof, we know that problem (3.2)
with § = £ has a solution. According to Claim 2, this solution solves (1.1). O

Next we give conditions that ensure the existence of the required lower and
upper solutions.

COROLLARY 3.2. Let g € C(R*"), h € L'(a,b) and assume f:[a,b] xRf — R
satisfies a Carathéodory condition together with

(a) any 0 < r < s, there exists a function k € L(a,b) such that, for a.e.
t € [a,b] and all u € [r,s], we have |f(t,u)| < k(t).
Assume moreover that

(b) for some >0 and a.e. t € [a,b], f(t,8) —h(t) <0,
(c) (Strong force) there exist p € 10, [, £ € L*(a,b) and f € C(]0, p]) with

/P f_(u) du=+oco and f_(u) = max{—f(u),O},

0
such that f(t,u) < f(u) and f(t,u) < £(t) for all u € ]0,p] and a.c.
t € [a,b],

(d) there exist R > 3 and fo € L'(a,b) such that, for a.e. t € [a,b], if
u> R,

b b
ftw = folt) and [ faleyarz [ ie)an
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(e) there exists a function v € L(a,b) such that y(t) < (7/(b—a))? a.c.
on [a, b] with strict inequality on a subset of positive measure and

lim sup M

u——+00 u

<~(t), wuniformly int € [a,b)].

Then the problem (1.1) has at least one positive solution.

PrOOF. We apply Theorem 3.1. We only have to prove the existence of the
lower and upper solutions. We first deduce from (b) that the constant function
B(t) = [ is an upper solution for (1.1).

Next, we deduce a lower solution from condition (d) using the following
argument. Let us introduce the function

80 = fo(®) ~ h(t) = 5= [ (alt) = hlt)) dt € L'(a.b)

and prove that, for all ¢ € R, the problem

u”(t) + g(lu(t) + cl)u'(t) + ¢(t) = 0,

(3.3) u(a) = u(b), u’(a) = u’(b)

has a solution ag € W?(a,b) such that ap = (1/(b— a)) f; ap(t)dt = 0. To
this aim consider the homotopy

(3.4) u(t) + Alg(Ju(t) + c[)u'(t) + ¢(t)] = 0,
' u(a) = u(b), u'(a)=u'(b).
Solutions of this problem with mean value zero are fixed points of the operator
Ty:C([a,b]) — C'([a,b]), u— Thu,

where CNl([a,bD = {u € C%([a,d)) | f; u(s)ds = 0},

Tyu =\ / G(t, 9)lg(u(s) + cl)u (s) + 6(s)] ds

and G(t, s) is the corresponding Green function.
Let us prove that the fixed points of Ty are a priori bounded in C([a,b]).
Multiply (3.4) by u and integrate, we obtain, using [9],

b—a
12

b
/|72 = >\/ p(t)u(t) dt < ]l lufloe < 1@l flu']l 2.
This implies ||u/]|zz < /(b—a)/12]¢]|zr and |Julleo < ((b—a)/12)||p||rr. Tt is
now easy to bound ||u”||;1 and next ||u'|l.. Hence, by the invariance of the
degree along the homotopy, for every ¢ € R, the problem (3.3) has a solution ag
such that @y = 0 and ||ag|lec < ((b—a)/12)||¢]IL1-



FORCED SINGULAR OSCILLATORS 311

It remains to observe that, if we choose ¢ = ||¢]|p1(b — a)/12+ R and ag the
corresponding solution of (3.3),

alt) =w(t)+c> R
is the desired lower solution. O

ExAMPLE 3.3. It is easy to see from Corollary 3.2 that the model example
(3.1) has a solution if v € L'(a, b) is such that

0sh05 (75) [0

and h € L!(a,b) is lower bounded.

In the following situation, we do not impose a lower bound on f near +oo.
We use in the sequel the notations h = (1/(b — a)) f: h(t) dt and h(t) = h(t) — h.

COROLLARY 3.4. Let g € C(R"), h € L*(a,b) and assume f:[a,b] xR — R
satisfies a Carathéodory condition together with

(a) for any 0 < r < s, there exists a function k € L'(a,b) such that, for
a.e. t € [a,b] and all u € [r, s], we have |f(t,u)| < k(¢).

Assume moreover that

(b) for some 8 >0 and a.e. t € [a,b], f(t,5) —h(t) <0,
(c) (Strong force) there exist p €10, 3|, ¢ € L*(a,b) and fe C(]0, p]) with

~

/OP f(w)du =400 and f_(u) = max{—f(u),O},

such that for all u €10, p] and a.e. t € [a, b]

o~

ftu) < f(u) and  f(t,u) <€),

(d) there exist R > (3 and fo € L*(a,b) such that, for a.e. t € [a,b] and all
u € [R, R+ ((b—a)/6)[h]1],

f(t,u) > h,

(e) there exists a function v € L(a,b) such that (t) < (7/(b—a))? a.c.

on [a, b] with strict inequality on a subset of positive measure and

lim sup M

< ~(t),
im sup = <A(t)

uniformly in t € [a,b].
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Then the problem (1.1) has at least one positive solution.

ProoOF. We apply again Theorem 3.1. We only have to prove the existence
of the lower and upper solutions. We first deduce from (b) that the constant
function B(t) = 8 is an upper solution for (1.1).

Next, we deduce a lower solution from condition (d) using the following
argument. As in the proof of Corollary 3.2, we know that, for all ¢ € R, the
problem

(1) + g(|u(t) + ) (t) = h(t),

3.5
> u(a) = u(d), u'(a)=u'(b),

has a solution g € W21(a, b) such that @y = 0 and ||agllse < ((b — a)/12)[|h| L1
Hence a(t) = R+ ((b — a)/12)||h||1 + ao(t) is the required lower solution. O

The following model equation

s 1 -1

U t—a

is neither covered by Corollary 3.2 nor by Corollary 3.5 while Theorem 3.12
in [11] ensures the existence of at least one solution. The problem is that, as
h(t) = —1/y/t —a is not bounded below, condition (b) of Corollaries 3.2 and
3.4 is not satisfied and we do not have, as above, a constant upper solution.
The following result is the counterpart of Corollary 3.2 in case h is not bounded
below.

THEOREM 3.5. Let g € C(RY), h € L'(a,b) and assume f:[a,b] x R& — R
satisfies a Carathéodory condition together with

(a) for any 0 < r < s, there ewists a function k € L'(a,b) such that, for
a.e. t € [a,b] and all u € [r,s], we have |f(t,u)| < k(¢).

Assume moreover that

(b) (Strong force) there exist p > 0, £ € L'(a,b) and f € C(]0, p]) with

PN ~ —~

/ fT(uw)du=+oc0 and f~(u) = max(—f(u),0),
0
such that for all u €10, p] and a.e. t € [a, b]
ft,u) < f(u) and  f(t,u) < (1),

(c) [Peqtydt < [7n(t)dt,
(d) there exist R > p and fo € L'(a,b) such that, for a.e. t € [a,b], ifu > R

b b
ftw = folt) and [ faleydr= [ ie)an
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(e) there exists a function v € L(a,b) such that y(t) < (7/(b—a))? a.e.
on [a, b] with strict inequality on a subset of positive measure and

lhnsupzlélg—é/vﬁ)

u——+00 u
uniformly in t € [a,b].

Then the problem (1.1) has at least one positive solution.

ProOOF. For any 0 < § < p, consider the modified problem
u’ + g(Jul)u’ + fs(t, u) = h(t),

3.6
) u(a) = u(d), u'(a)=u'(b),

where
frlta) = { ft,0) +u—20 Tfu <9,
f(t,u) if u > 9.
Step 1. Existence of a solution of (3.6). As in the proof of Corollary 3.2, we
deduce from (d) the existence of a lower solution o > R and we know that, for
all ¢ € R, the problem

W’ + gllw + ey’ = R(t) - (1),
w(a) = w(b), w(a) =w'(b),

has a solution w with W = 0 and ||w|les < ((b—a)/12)|[h — €||;:. Hence, for
every 0 < & < p, B(t) = w(t) — ((b—a)/12)||h — £]| 11is an upper solution of (3.6)
and we can apply Theorem 2.4 to prove the existence of a solution of (3.6) in S.

Step 2. A priori bounds. Repeating the arguments used to prove Claims 1
and 2 of Theorem 2.4 and Claim 1 of Theorem 3.1, we obtain R > 0 such
that every solution v € S of (3.6) with 0 < § < p satisfies ||u]lcx < R. Now,
integrating (3.6) on [a,b], we deduce from (c) that maxu > p. Hence, as in
Claim 1 of Theorem 3.1, we have £ € ]0, p] such that, any solution u € S of (3.6)
with 0 < 0 < p satisfies u(t) > £ on [a, b].

Conclusion. By Step 1, we know that problem (3.6) with § = £ has a solution
in § and by Step 2, this solution solves (1.1). O

4. A problem without damping

In this section, we treat the case of a nonlinearity f(¢,u) which can be of the
form f(t,u) = g(t,u) + (7/(b — a))?>u with g bounded from above in L. Hence
the first resonant case is included. Moreover, the strong force condition becomes
unnecessary. Here we consider the problem

u” + f(t,u) = h(t),

(4.1) w(a) = u®d), u(a)=1u(b).
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The following result which present an explicit existence condition on h, is an
alternative to Corollary 3.2.

THEOREM 4.1. Let h € L'(a,b) and assume f:[a,b] x RS — R satisfies a
Carathéodory condition together with

(a) for any 0 < r < s, there exists a function k € L'(a,b) such that, for
a.e. t € [a,b], and all u € [r, s], we have |f(t,u)| < k(t).

Assume moreover that

(b) for allu > 0 and a.e. t € [a,b],

Ftu) < <bfa>2u,

(c) there exist R > 0 and fy € L'(a,b) such that, for a.e. t € [a,b], ifu> R

b b
F(tw) > folt) and /h@ﬁZ/h®%

(d) there exists § > 0 so that

t+b—a s—1
min / h(s)sinm ds > 6.
tela,b] Jy b—a

Then the problem (4.1) has at least one positive solution.

ProoF. The modified problem: For r > (y := 6(b— a)/27, we define the
truncated function

2
o+ (575 () itus s
Frt,u) = f(t,u) if Bp <u<r,
ft,r) if r < u,
and consider the modified problem
u’ + fr(t,u) = h(t),
u(a) = u(b), u'(a)=u'(b).

The function 3(t) = w(t) — B is an upper solution of (4.2) if B > 0 is large
enough and w solves the problem

(4.2)

b
W = h0) = £t o) 5 [ (hs) — S5, 60)) s,

w(a) =w(b), w'(a)=w'(b).

Next, we deduce a lower solution as in the proof of Corollary 3.2. At last, we
notice that for some k € L(a,b), all u € R and a.e. t € [a, b)],

foltou) < sup f(tu) < k(D).

Bo<u<r
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We deduce now from Theorem 2.4 the existence of a solution u of (4.2).
Claim 1. Solutions u of the modified problem (4.2) are such that u(t) >
d(b—a)/2w = [y on [a,b].

Let to be such that u(to) = minsepqp)u(t). Multiplying equations (4.2) by
sin((t — to)/(b — a)) and integrating on [to, to + b — a], we obtain

to+b—a t _ tO to+b—a t _ tO
§ < / h(t)sinm ; dt = / [u"(t) + fr(t,u(t))] sinm 2 dt

to —a to —a

to+b—a 2

° t—t 2m
< " T i 0 qt = .
< /t0 [u (t) + (b—a) u(t)] sin7o— dt b_au(to)

Claim 2. There exists M > 0 so that for any r > R, solutions u € S of (4.2)
are such that u < M.

Let k € L(a,b) be so that for all r > R, u > 3y and a.e. t € [a, b]

h(E) = f(t0) < h(®) = min{_min f(t0), fo(®)} < k().

By periodicity, there exists ty € [a, b] such that u/(tp) = 0 and, extending u by
periodicity,

t t
(1) :/ u"(s)dsg/ k(s)ds < k|l for all £ € [to, fo + b — al,
to to

to
u'(t) = —/ u”’(s)ds > —||k|| for all ¢ € [to — b+ a, to],
t

Le. [u']loo < |IK|lL2-
Next, as u € S, there exists some ¢ € [a,b] so that u(t) < ||a||c. Hence, we
can write

u(t) = u(t) +/{ U (s)ds < ||aleo + ||E]| 22 (b —a) =: M.

Conclusion. It follows now from Claims 1 and 2 that problem (4.2) with
> max(M, R) has a solution u € [By, M]. This solution solves the problem
1). O

REMARK 4.2. We only need condition (b) satisfied for all u > §(b — a)/27.

(4

EXAMPLE 4.3. Let h € L'(a,b) and v > 0. It is then easy to see from
Theorem 4.1 that the problem
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has at least one positive solution if A is bounded below by a positive constant as
well as for

h(t)=—-1 ift€[a,a+¢], h(t)=1 ifte(a+e,b],

if £ is small enough.
Notice also that, for k£ > 0, the existence of at least one solution of

- ﬁ = _h(t)a

u(a) =u(b), u'(a)=u'(b),

can be deduced from Theorem 4.1 for h with |[A™ |11 small enough.
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