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On one-dimensional superlinear indefinite
problems involving the ¢-Laplacian

Uriel Kaufmann and Leandro Milne

Abstract. Let Q := (a,b) C R, m € L*(Q) and ¢ : R — R be an odd in-
creasing homeomorphism. We consider the existence of positive solutions
for problems of the form

—¢(u) =m(z)f(u) inQ,
{ u=0 on 082,
where f : [0,00) — [0,00) is a continuous function which is, roughly
speaking, superlinear with respect to ¢. Our approach combines the
Guo-Krasnoselskii fixed-point theorem with some estimates on related
nonlinear problems. We mention that our results are new even in the
case m > 0.

Mathematics Subject Classifications. 34B15, 34B18, 35J25.

Keywords. Elliptic one-dimensional problems, ¢-Laplacian, positive so-
lutions.

1. Introduction

Let Q := (a,b) C R, m € L'(Q2) with m* #£ 0, and let ¢ : R — R be an odd
increasing homeomorphism. In this paper, we proceed with the investigation
of positive solutions of the problem

—o(u') =m(x)f(u) inQ,
{u—O on 012, (1.1)

where f : [0,00) — [0,00) is a continuous function. The existence of positive
solutions for problems as (1.1) involving the so-called ¢-Laplacian has been
intensively studied over the last 20 years. We cite, among many others, the
articles [1,3,8,12,14-16,18,22,23]. These problems arise in a number of ap-
plications such as reaction—diffusion systems, population biology, glaciology,
nonlinear elasticity, combustion theory, non-Newtonian fluids, etc., see for in-
stance [5,6,9,17]. We remark that they also appear naturally in the study of
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radial solutions for nonlinear equations in annular domains (see e.g., [12,20]
and its references).

In particular, the problem (1.1) with either sublinear or superlinear
nonlinearities was considered in [2, Corollary 3.4], [19, Theorem 1.1] and [21,
Theorem 2], but with some rather strong hypothesis on m and ¢ (for the
special case ¢(x) = x with sublinear or superlinear nonlinearities we refer to
[10] and [7] respectively, and the references therein). More precisely, in [2] it
was assumed that m € C(Q) with mingm > 0, while in [19,21] it was required
that m > 0in ©Q and m # 0 on any subinterval of (2. Regarding the conditions
on ¢, the restrictions imposed in all of these papers do not allow neither
exponential-like nor logarithmic-like nonlinearities. On the other hand, in
[13], we recently studied the sublinear case, for any nonnegative (nontrivial)
m and also weakening the conditions on ¢.

Our aim in this article is to deal with the superlinear case. Here, we shall
even allow m to change sign in 2 as long as its negative part is small, and
we shall also be able to treat nonlinearities ¢ that are not covered by [2,19,
21]. We shall rely on the well-known Guo-Krasnoselskii fixed point theorem
combined with some estimates derived in [13].

In the next section, we compile some auxiliary results, while in Sect. 3,
we state and prove our main theorem. Finally, at the end of the paper, we
give several examples illustrating our results and their relation with the ones
in [2,19,21] (see also Remark 3.2).

2. Preliminaries

Let ¢ : R — R be an odd increasing homeomorphism and h € L'(Q). We
start considering the problem

—o(") =h(x) inQ,
{v =0 on Jf). (21)

Remark 2.1. For every h € L'(2), (2.1) has a unique solution v € C1(€) such
that ¢(v’) is absolutely continuous and that the equation holds pointwise, a.e.

2 € Q. Tn fact, )
o(z) = / 6! (ch _ /ayh(t) dt> dy, (2.2)

where ¢j, is the unique constant such that v(b) = 0. Furthermore, the solution
operator S, : L'(2) — C1(Q) is completely continuous and nondecreasing,
see [4, Lemma 2.1] and [13, Lemma 2.2]. In addition,

0<ep< / h (2.3)
whenever h > 0 in Q (see [13, (2.5)]).

Let us now introduce some notation. For h € L'(Q) with 0 < h # 0,
define
Ap ={x € Q:h(y) =0a.e. y€ (a,2)},
By :={reQ:h(y) =0ae. ye(xb)},
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and

. Jsup Ah if Ah ;’é @, L inf Bh if Bh 7’£ (2)7
ap = ﬂh =

a if A, =0, b if By, =0,
. 1 1 = ant P
9, '_mm{ﬁh—a’b—ah}’ 0y == 5

YVe note that since h # 0, 0, is well defined and «;, < (5, (and hence,
01, € (an, By)). Observe also that if g € C(Q) with g > 0 in Q, then 0§, = Ohg
and 0), = @hg, We also set

dq(x) := dist(z,0Q) = min(x — a,b — x).

We shall employ the following estimates several times in the sequel. For
the proof, see [13, Lemma 2.3 and its proof].

Lemma 2.2. Let 0 < h € LY(Q) with h # 0. Then, in Q it holds that

b
0, 1S5 ()|, 60 < So(h) < 671 ( / h> 5. (2.4)

In addition,

S (Rl o = min{/:h ot (/: h) dy, /{: ot (/: h) dy} >0. (2.5)

We conclude this section with a particular case of the well-known Guo-
Krasnoselskil fixed-point theorem (e.g., [11, Theorem 2.3.4]).

Lemma 2.3. Let X be a Banach space and let K be a cone in X . Let Q1,2 C
X be two open sets with 0 € Q1 and Qy C Qo. Suppose that T : K N
(QN\21) — K is a completely continuous operator and

|Tv]| > ||v]|  forve KNI, |[Tv]| <|lv|| forve KNIN.
Then, T has a fized point in KN (Qa\1).

3. Main results

Let us introduce the following assumptions on ¢ and f:
H1. There exist ¢, > 0 and two increasing homeomorphisms ¢ : [0,1] —
[0,(2)] and ¢ : [t,00) — [¥(E), 00), such that

o(tx) > p(t)p(x) forall te[0,t], x>0, (3.1)
o(tx) < Y(t)p(x) forall ¢t e [t,00), x> 0. (3.2)

F1. There exist tg, k1, k2, q1, g2 > 0 such that
f(t) > kit forall ¢t>0 and f(t) < kqot? for te[0,t0]. (3.3)

We shall write as usual m = m* —m~ with m* = max(4+m,0). Let us
also set C3(Q) := {u € C1(Q) : uw = 0 on N} and denote the interior of its
positive cone by

P i={ueCy(Q):u>0in Qandu/(b) <0< v (a)}.
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Theorem 3.1. Let m € L' (Q) with m* # 0. Assume H1 and F1 with

I ta J Tm 142
lim, .. —— =00 an im;_ o+ —— =
e p(t)

¥(t)
Then, there exists 69 > 0 such that for all § € [0,0¢] the problem
—¢(u') = (m*(z) —om~(2))f(u) inQ,
u=0 on 082,
admits a solution u € P°.
Remark 3.2. (i) A quick look at the final two paragraphs in the proof of

Theorem 3.1 shows that one can replace the last conditions in (3.3) and
(3.4) by

o ‘ —fw
f is increasing in (0,tg) for some to >0 and lim;_g+ =—= = 0.

o(t)

(i) In the particular case of the p-Laplacian, i.e., ¢(t) = [t|" > ¢ with p > 1,
clearly H1 (with ¢(t) = 9(t) = tP~1) is true. Moreover, (3.4) is valid
if and only if ¢;,92 > p — 1, so that here we get the standard growth
condition that characterizes superlinear problems.

Proof. Let t,t,to, k1, k2,q1,q2 > 0 and ¢, 1) be as in H1 or F1, as appropriate.
For § > 0, let ms := m™* — dm™ and K be the cone given by

K:= {UGC(Q) tv > QmTJrHUHOO(SQ in Q}, (3.5)

and for v € K define Z5v := Sg(msf(v)). Observe that, Ci(Q) N (K\{0}) C
Pe.

Let Bg(0) be the open ball in C(£2) with radius R and centered at 0. We
shall first show that, for any fixed R > r > 0,75 : KN (BR( NB:(0 )) — K if

¢ is small enough. Indeed, let us := Zsv and C' := max,c(o, g f(). Integrating
over (a,z) and recalling that S, and ¢ are nondecreasing we obtain

¢<ug<x>>—¢<ua<x>>s/x¢<ug>'— o(uh) —6/ mf o <6c/ ",

and 1ntegrat1ng over (x,b) and arguing as above we have ¢(uf(x)
6C fa m~. Then, letting 2 — a™ we infer that

b
6(u(a)) ~ dlup(a)] < 3 / m (36)

Now, by (2.2), uj(z) = ¢~ 1(cm5f (v) — f msf(v Wiﬁh Cms f(v) = P(uf(a)).
Note also that, (2.3) and (3.6) yield that, for all z € €,

x b b
e ) — / msf(v)] < |8(uts(a))] + / jms| f(v) < 2C / |

Cmaf(v)_/ mes f(v) — (cm+f U>—/ m* )‘ <250/ m.

and
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Hence, since ¢! is uniformly continuous on compact intervals, it follows
that, given any ¢ > 0, ||uf — “6”0(6) <eif § =d(e,C,m™) > 0 is sufficiently
small. Moreover, taking this into account we deduce that there exists some
de > 0 (depending only on &, C' and m™) such that

[us — uollcry <& forall 6 €0,0.]. (3.7)

On the other side, from the first condition in F1, for every 0 Z v € K
we have that f(v) > 0 in Q. Thus, employing the first inequality in (2.4) we
get

Uy = Qm*f(v) HUOHOO oo = Qm+ HUOHOO 0o in Q.

Also, since v € K\ B, (0), from (2.5) and F1 we deduce that |ugl/,, > ¢
for some ¢ > 0 depending on r but not on v. Thus, we may choose 0 <
n < Q’"T* |luoll - So, having in mind (3.7) and that ug € P° and S, is
nondecreasing,

Ot

9 o
= g | o, S > = lusll . 6 in

us > uo — 160 > (0, lluoll o —n) 6o >

for all 6 € [0, do], for some §y > 0 (not depending on v). Therefore, for such 4,
Ts5(v) € K as asserted. Furthermore, taking into account (2.5), making §y > 0
smaller if necessary and reasoning as above we may also derive that

! 5ot 7, b y
sl > mm{ [ ( / m*f(v)) a [ o ( / m+f<v)> dy}.
2 Ja Yy 0,.,+ 0,.,+
(3.8)
Note also that, since v — mg f(v) is continuous from C(Q) into L!(Q2), Remark
2.1 yields that 75 is completely continuous.
On the other hand, (3.2) implies that t¢=1(z) < ¢~ !(¢(¢t)x) for all
t € [t,00) and x > 0. In addition, since ¥ : [t,00) — [¢(),00) is an homeo-
morphism, 1 ~1(¢) > £ for all t > 9(f). Hence,

Y ) (x) < ¢ (tx) forall  t € [(T),00), x>0. (3.9)

Let us now define

?7”4, 1 9 " q1 §m+
My 2:/ o | k1 (; > / m* oG | dy,
a Yy
b q1
0 y
Mo ::/7 ot (kl (ZLJr) /7 m+5g> dy,
O+ O+

2
- min{(/\/h,/\/lg)}'
By the first condition in (3.4), there exists t, > max{t,¢(¢)} such that
t1 > M)(t) for all t > ty. Recalling that ¢ : [t,00) — [1(t),00) is an
homeomorphism, there also exists some ¢ > ty such that z/fl(tN) > ty. Hence,
Y=L(t) > MEY9 . Let us fix R := /9. Then, R1" > () and

¢~ (R™) > MR. (3.10)
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We claim that || Zsv|| . > ||v], for v € KNIBR(0). Indeed, since ¢~ is
increasing, taking into account (3.8), F1, (3.5), (3.9) and (3.10) we see that

1 §m+ . §m+ b . Yy
1Tovlle > gmind [0t (b [ mton dy/ ot ([ e ) ay
2 a y 0+ 0t

1 0t a 0,,+
> min { [ <k1 (B2 | m+63;>dy,
a Y
b Yy
[ ¢1< (B2t )" [ m*«s&l)dy}
Ot Ot

m

1
5071 (Iw]2) min (M1, Mz}
> Jloll -

We notice next that (3.1) says that t¢=1(z) > ¢~ (p(t)x) for all ¢ € [0,¢]
and x > 0, and therefore,

o r)o Hx) > ¢ (rz) forallr € [0,0(t)], z > 0. (3.11)

€= 2 " >0
S\ —a) g (ke [T m)

The second condition in (3.4) tells us that there exists t, < t such that
%2 < ep(t) for all t < t,. Thus, p~'(t) < (et)'/% for t < ¢(t,) and hence

e () < €Y for all v < p(t,)Y . (3.12)

Let

We choose now r := min {to, © (759(,)1/q2 ,R/Q}. Having in mind that Sy
and ¢~! are nonincreasing, the second inequality in (2.4), F1, (3.11) and
(3.12) we find that for v € K N IB,-(0),

b
0 < Tov = Sy(ms f(v)) < Sp(m™ f(v)) < o7 (/ m+f(v)> e

b b
b—
<o <k2|v||zz / m+) o <o (o) 67! (k / m+> =

< vl

Thus, || Zsv||,, < ||v]|, for such v. Now, from a direct application of Lemma
2.3, the theorem follows. O

Let us write as above ms = mt — dm~. As an immediate consequence
of Theorem 3.2 we have the following corollary.

Corollary 3.3. Let m, ¢ and f be as in Theorem 3.2, and let A\ > 0. Then,
there exists 69 = 0g(A) > 0 such that for all § € [0,d¢] the problem

{ —o(u') = Ims(2)f (u) in Q,
u=0 on 082,

admits a solution u = uy € P°. Moreover, uy can be chosen such that

i o = oo (3.13)
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Proof. The existence assertion is clear. Suppose now (3.13) does not hold.
Then, recalling that Sy is nondecreasing and Lemma 2.2 we get

b
0 <uy =Ss(Amsf(uy)) < Sp(Am™t f(uy)) < ¢t <)\/ m+f(u>\)> dq — 0

uniformly in © as A — 0. In other words, uy — 0 in C(Q2). But this is
not possible because in the proof of the above theorem we can choose r
uniformly away from 0 for all X close to 0 (see the last two paragraphs of the
aforementioned proof). O

Examples. We assume without loss of generality that x > 0.
Let n : (0,00) — (0,00) be a continuous and nonincreasing function
with lim,_ g+ 2Pn(x) = 0 for some p > 0. Define

¢(x) :==aPn(z) for z >0, ¢(0):=0.

Then, clearly ¢ fulfills H1 with t = ¢ = 1 and ¢(t) = 9 (t) = tP. Moreover,
(3.4) holds if and only if g1, g2 > p.

Note that, the above paragraph implies that if ¢ : [0,00) — [0,00) is
an increasing homeomorphism such that ¢(z)/2zP is nonincreasing for some
p > 0, then ¢ satisfies H1.

Let us exhibit next a few particular cases. We notice that in all the
examples below it is easy to check that ¢ : [0,00) — [0,00) is indeed an
increasing homeomorphism.

(el) Let
o(x) =P + P2, py > py > 0.

Since ¢(x)/xP* is nonincreasing, we see that H1 holds.

(e2) Let
xP1 0
¢2) =1 m>p2 >0
Then, ¢(x)/xP* is decreasing, and therefore, H1 is valid.
(e3) Let

o(z) == (In(x + 1)), p>0.

A few computations show that ¢(x)/aP is decreasing and thus H1 is true. Let
us observe that since

t

lim o(tz)

it is easy to check that ¢ does not satisfy the conditions in [2,19,21].
(e4) Let

=1 forallt>0, (3.14)

¢(x) := arsinh z.

Then, ¢(x)/x is decreasing and so H1 holds. Since here ¢ also satisfies (3.14),
¢ does not meet the assumptions in [2,19,21].
(e5) The functions

¢(x) :=x(|lnz|+1) and ¢(z) =z —In(x+1)
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satisfy H1 since in both cases ¢(x)/x? is decreasing.

(e6) Let 3 : [0,00) — (0,00) be continuous and concave. Then, for any
p >0, ¢(x) := 2P [B(x) fullfils H1 with o(t) = ¥(t) = tP*. Indeed, this follows
from the fact that G(x)/z is nonincreasing.
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