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MULTIPLE SOLUTIONS FOR A SECOND-ORDER
STURM-LIOUVILLE BOUNDARY VALUE PROBLEM

Yu Tian and Weigao Ge

Abstract. In this paper, we investigate a second-order Sturm-Liouville bound-
ary value problem depending on the parameter A. For any X in some explicitly
determined open interval, the boundary value problem admits multiple gener-
alized solutions by using very recent three critical points theorems stated in a
paper by G. Bonanno (J. Math. Anal. Appl. 29 (2004), 600-614).

1. INTRODUCTION

In recent years, multiplicity results for nonlinear boundary value problems were
extensively studied because of their application in many fields, see [1, 6, 7, 13, 15]
and the references therein. The results have been obtained mainly by the fixed point
theorem in cones, such as Guo-Krasnosel’skii fixed point theorem in a cone [12],
Leggett-Williams fixed point theorem [17], Avery and Henderson’s theorem [6]. In
the last few years, a result of Ricceri (Theorem 1 of [18]) has been widely used to
obtain multiplicity results, see [8-10]. In [19], Ricceri’s variational principle was
established, that is to say, infinitely many local minima of the functional & + A\
for each sufficiently large A € R exist under some assumptions. Based on the use
of Ricceri’s variational principle, the exact interval ]WL(T), w%(r)[ is determined in
[3] such that for every X e]m#(r), w%(r)[, the functional ® 4+ AV has at least three
critical points. Very recently, in [11] G. Bonanno obtained a new critical point
theorem where the coercity and the Palais-Smale condition are not assumed, so
further improve the critical point theorem.

We first state the critical point theorem in [11].
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At first, given a real Banach space X and two functions &,V : X — R, we
define the following functionals

(I)((I,') —inf le_liw (I)((I,')
1.1 —  inf we¥{] oo,
( ) (Pl(r) meq/_}ﬁ—oo,r[) r— \I/((L‘) ’
(1.2) pa(r1, ) = inf sup O(z) = @(y)

2eU=1(J=00,r1]) ye w1 (ry,ro]) (YY) — ¥(2)

for all r,ry,r9 > infx W, with 7 < r9, and where U—1(] — oo, r[)w is the closure
of U~1(] — oo, r[) in the weak topology.

Theorem 1.1. [11] Let X be a reflexive real Banach space, and &, ¥ :
X — R two sequentially weakly lower semicontinuous and Gateaux differentiable
functionals. Assume that W is (strongly) continuous and satisfies lim ¥(z) =

l|#]| =00

+o0. Assume also that there exist two constants r; and r5 such that
(4) infx U <7y <o
(J7) #1(r1) < pa(r1,r2);
(337) w1(re) < pa(ri,ra).

Then, there exists a positive real number o such that, for each

the equation W’+\®’ =0 admits at least two solutions whose norms are less than
g.
Define

(1.3) ¢3(r1,re,m3) = inf s ¥(y) — U(2)
3( T2 ) z€W=1([r1,r2[) ye¥—1([ra,r3)) \P(y) B \I/(IL')

for all r1,T2, T3 > ian v, Clearly, (pg(?"g, 7“3) < @3(7"1, r9, 7“3).

Theorem 1.2. [11] Let X be a reflexive real Banach space, and ®, ¥ : X — R
two sequentially weakly lower semicontinuous and Gateaux differentiable function-
als. Assume that W is (strongly) continuous and satisfies lim W¥(z) = +oc.

llz]| —+o0
Assume also that there exists three constants r 1, 7o and r3 such that
(k) infx ¥ <ry <re <rs;

(kk) max{p1(r1), ¢1(r2), p1(rs)} < min{pa(ry, r2), p3(r1,72,73)}
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Then there exists a positive real number o such that for each
1 1 in{ 1 1 1
) 7m1n ) )
p2(r1,m2) " p3(r1,72,73) ¢1(r1) p1(r2)” e1(rs)

the equation ¥/ + \®’ = 0 admits at least three solutions whose norms are less
than o.

A € |max{

The existence of multiple solutions for Dirichlet boundary value problem were
studied in [11] by means of Theorem 1.1 and Theorem 1.2. This paper is a contin-
uation for the application of the critical point theorem.

We consider the existence of solutions for the following second-order Sturm-
Liouville boundary value problem:

(L4) (@p(2")) + Af(t,2)g(x) =0, t€la,b],
| az(a) - fa'(a) =0, ya(b) +na'(b) =0,

where o,y > 0,8, > 0, ®,(z) := |z[P"2z,p > 1, f is an L!-Carathédory
function, ¢ : R — R is a bounded continuous function such that 0 < m :=
infg, 0< M :=supg.

For 3 = 0,7 = 0 (1.4) becomes Dirichlet boundary value problem, which has
been studied extensively in recent years, see [4, 11, 14] and the references therein.
For p=2,8=0,n=0, (1.4) has been studied in [1, 22]. For 8 =0,v =0, (1.4)
becomes mixed boundary value problem, which was studied in [5] by using critical
point theorem [3]. By using cone expansion-compression fixed-point theorem, Erbe
and Wang studied in [16] the equation u” + g(¢)f(u) = 0 and Sturm-Liouville
boundary condition, and get existence result by imposing the following conditions
on f:

(a) lim @ =0and lim @ = +o00, (superliner);

r—0+ T—00
or
im @) _ T A G i
(b) mlif& - +oo and mlggo - 0, (suberliner).

In this paper, we consider the existence of solutions for problem (1.4). Due to
B,n # 0 in boundary condition, the Banach space X and functionals ®, ¥ defined
on X are different from [11]. Our approach is based on Theorem 1.1 and 1.2 and
enables us to obtain multiple solutions of (1.4). Our results extend and complement
many results in the literature [2, 5, 11, 16].

This paper is organized as follows. in section 2, we introduce some basic
definition and notation. In section 3, the variational approach is justified and the
regularity of an appropriate functional involved is proved. In section 4, existence
results are given.
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2. Basic DerFINITIONS AND NOTATIONS

The Sobolev space WP([a,b]) = {u : u € C([a,b]),v € LP([a,b])},1 < p <

o0. The norm over W ([a, b]) is defined by [[u/|yy1.o = ( TP ue)e + \u’(t)\pdt> v

It is well known that WP ([a, b]) is a reflexive Banach space.

In this paper, we need the following notations: ||u|.o = m[a)g] lu(t)|, [|ullLr =
te|a,
1

(2 lut)Par)”.
Definition 2.1. A function f : [a,b] x R — R is said to be L!-Carathédory if
(a) t — f(t,u) is measurable for every u € R;
(b) uw— f(t,u) is continuous for almost every t € [a, b];
() for every p > 0 there exists a function I, € L!([a, b]) such that

sup |f(t,u)| < 1,(t) for almost everyt € [a, b].
lul<p

Definition 2.2. A function u : [a, b] — R is said a generalized solution to (1.4)
if u e C([a,b]),®,(uv') € AC([a, b]) satisfies Sturm-Liouville boundary condition
and

(2.1) (@p(u))" + Af(t, u)g(u) =0

for almost every ¢ € [a, b].
For p > 1, define J : R — R by putting, for any z € R

T p—1)slP?
2.2 J(x) = / — s,
(@2) (@) 0 9(s)
clearly J is an increasing homeomorphism on R and by [4] one has
|2[P %2 2P %2 d & ®p((t)
2. < < for all — _
(2.3) T J(x) < — orall € R, dtJ(x(t)) 3(2(0)

Definition 2.3. A function « : [a,b] — R is said a weak solution to (1.4) if
u € WP([a, b]) and

/a Tl W )+ T ( O‘“ﬂ("’)) o(a) = J (- Wn(b)) o(b)

(2.4) .

_ / (6 u())o(t)dt

a
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for every v € WP ([a, b]).

We claim that generalized solutions to problem (1.4) coincide with weak ones
when f is an L!-Carathédory function. In fact, if w € C'([a,b]) is a generalized
solution, it is clear u € W'P([a, b]). Since g : R — R is a continuous function and
inf g > 0 we have

(Dp(u'(1)))
g(u'(t))
Multiplying (2.5) by v € W'P([a,b]), then integrating them on [a, b], in view of
the boundary condition, we obtain (2.4). On the other hand, if « is a weak solution,

by integrating by parts and (2.3) we have

0= /abJ(u’(t))v’(t)dt L (%@) v(a)

_J (- Wﬁ(b)) o(b) — /ab (6 u(®))o(t)dt

(2.5) FAf(tu(t) =0,

+J (‘mg(“)) ()= J (-“Vun(b)) o(b) — /ab)\f(t, w(t))o(t)dt
i.e.
. 0= [J(u’(b)) y (- 7““”)] o(b) + [—J(u’(a)) +J (O‘“ﬁ(b)ﬂ v(a)

n
_ M@ @) Sl
/{ O (t))} (t)dt

holds for any v € W'P([a,b]). and hence for all v € C°([a,b]). Thus, by
fundamental lemma of variational, = satisfies the equation (2.5) for a.e. t € [a, b].
Then (2.6) become

)= (22D w4 |-s@) 4 (252 | ol =0

for all v € WP ([a, b]). We will show z satisfies boundary condition in BVP (1.4).
If not, without loss of generality, we assume

vu(b) +nu'(b) > 0,
which means J(u/(b)) — J(—L,g”)) > 0. Leto(t) =t —a € C%([a,b]) C
WLP([a,b]), then [J(u’(b)) —J (—%(b)ﬂ (b—a) > 0, a contralicaion. Therefore,
u is a generalized solution of problem (1.4).
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3. PRELIMINARIES

For each u € W'P([a, b]), put

b [ i) o) i
(31) (u) :/ (/0 7 s )ds> dt+ﬁ/ ds—i—g/o J(s)ds,

and

b
(32) () = — / F(t, u(t))dt,

where F(t,&) = fo f(t,x)dx for t € [a,b]. By (2.3), via a simple calculation, we
have

1 P! AP
it [ + For + uwyp

1 "p
< 0w < oo W + S

(3.3)

Lemma 3.1. If u € W'P([a,b]), and there exists » > 0 such that ¥(u) < r,
then

p—1 1
lulloo < &/Mpr ( LT a)a> .

Proof. If u € WP([a,b)), it follows from the mean value theorem that

t

(3.4) u(t)] = u(a)+/ o (s)ds| < lu(a)| + ||/ 2o (b — a) .
In view of ¥(u) < r and (3.3) we have

1 " p o P p

T [T, + ﬁp 1\u( a)| +np_1\u(b)\ <
then

p/ BP1

(3.5) ||| r < &/ Mpr, |u(a)| < ) Mpr

The conclusion then follows from (3.5). ]
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Lemma 3.2. Let ¥ : W'P([a,b]) — R be defined as (3.1). Then ¥ :
WtP([a,b]) — R is a sequentially weakly lower semicontinuous and continuous
functional and lim W(u) = +oo, whose Gateaux derivative at the point u is

llul| =00

the functional ¥/ (u) € (WP ([a,b]))* given by
b au(a u
U (u)(v) = / J(u' () (t)dt + J <#> v(a) —J <—L@) v(b)

for every v € WP ([a, b]).

Proof. First we will show that ¥ is a continuous functional. Let w,, — u on
WL ([a,b]) as n — oo, then ||u,, — || > — 0 and u,(a) — u(a), un(b) — u(b)

as n — oo.
b u;(t) ﬁ —au%(a)
1D () — ()| g/ / J(s)ds| dt + 2 / T Js)ds
a u(t & | Jeunla)
(3.6) _qun() : 7
+ ’ J(s)ds|,
"y _yun(b)
n
by (2.3), we have
b u;(t) u (8)
/ / s)ds |s|P~2sds| dt
a |Ju/(¢)

3.7)

- = / Hu'(t)u;(t)\p—\u’(t)”\!dt

Let ¢)(x) = |z|P, by mean value theorem at «/,(¢) and exists 0 < &£(¢) < 1 such that
|9 (un () = (' (8)] = [ (ug, (1)) + £(8) (ur, () — (' () x (o () — (' ()],
i.e.
(ur ()P = (W' O] = p|Pp(uy(8) + &) (g (8) — (W' ()] X |ug (£) — u'(2)]
< p(Jup(®)] + Jup, (1) = (W' (0 )P~ s, () u'(t)
) (t)

|
< ke [Jun ()P s, (8) — w'(6)] + [un, () — /' (£) P]

/ab /:i(t) J(s)ds
(3.8) < mi (/ |/ (8) [P~ g, (8) — o/ ()] + [, (£) —u’(t)\Pdt)
< 2 (WO O~ dllr + 10 - 1)

— 0 as u, — uon WhP([a,b]).

Therefore

dt
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Moreover, by (2.3)

aun (a)
&@j J(s)ds
aun (a) p p
(39) S i / B ‘S‘p—Qsds S L aun(a’) _ au(a’)
m | Jaste mp || B 3
D
a ﬁz?— [lun(@)|P = |u(a)[P| — 0 as u, — u on W' ([a,b])
mp
and
_’Yun(a)
(3.10) ‘ (b’; J(s)ds| — 0 as up — u.
_qulo)
n

It follows from (3.6) (3.8)-(3.10)that ¥(w,) — ¥(u) as u,, — wu. Thus we have
shown that ¥ is continuous, taking into account that ¥ is convex, from (Proposi-
tion 25.20 [20]) we obtain that W is a sequentially weakly lower semi-continuous
functional.

Now let ||u|| — oo, and consider two cases: (i) ||| Lr — oo, (ii) ||ul/r — oo.

(i) By (3.3) we have ¥(u) — oo.

(i) In view of ||ullzr < (b— a)%HuHOO we have |lul. — oo, together with
continuity of « on [a, b] we get u(a) — oo or u(b) — oo, therefore ¥(u) —
00. SO0 lim ¥(u) = oo.

llull—o0
By the definition of Fréchet derivative, it is easy to see that

W (u)(v) = / IO (Ot + T (“uﬁ(“)) v(a) — J (- Wn(b)) o(b).

for every v € W'P([a, b]). The proof is complete. |

Remark 3.1. If w € W'P([a,b]) is a critical point of ¥ + A®, in view of
Definition 2.3, then w is a weak solution of problem (1.4).

4, MAIN RESULTS

Theorem 4.1. Let f : [a,b] x R — R be an L!-Carathédory function, and put
F(t, &) = ff f(t, x)dx for every (t,&) € [a, b] x R. Assume there exist two positive
constants 0 < c¢; < ¢ and a function y* € WP ([a, b]) such that
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, — -1 1 P m
1) & < (I 1+ 1 @+ 2t el 0- o+ {25 < g

p JPF(yr(@)dt— [0 sup F(t.€)dt
] < [§1<cy

U(y*)

(112) AqMp |0~ ) + {/3

ap—1

fori=1,2.

Then for each

: 1 1
Yy min{z, a5 )

)\ € b « b 9 1 D ,
Jo Fty*(0)dt = [, sup F(t,€)dt pp, [(b—a)E L gzj]

[€]<e

the problem (1.4) has at least two generalized solutions whose norms in C([a, b])

are less than ¢y, where A, = L ab sup F(t, €)dt.

P
|€1<c

Proof. Take the Banach space X = W!P([a,b]). The functional ®, ¥ have
been defined as in (3.1) and (3.2). It is well known X is a reflexive Banach
space. Lemma 3.2 and [4] have showed that &, ¥ : X — R are two sequentially
weakly lower semicontinuous and Gateaux differentiable functionals and that ¥ is
continuous and satisfies lim ¥(z) = +oc.

l|z]| =00
We will obtain at least two critical points of ¥ + A® by applying Theorem 1.1.
It remains to verify conditions (j)(jj)(jjj) in Theorem 1.1.

-p
Letr; = % ((b - a)% + gij) .1 =1,2. By (3.3) and (H1) we have

* 1 | ap—l * P PYp_l * p-
U(y*) < o _Hy Iz» + ﬂp_l\y (a)] +F‘y (0)] | <r
and
* I | ap—l * P PYp_l * p-
Ry _Hy It + o=zl (@ + o=y (0)] | >

It is easy to verify that (j) holds since r1,r5 > 0.

We will now show that (jj) in Theorem 1.1 is satisfied.

Taking into account that the function « = 0 on [a, b] obviously belongs to
U~1(] — oo, r[) and that ¥(0) = ®(0) = 0, we get

O(z) —inf ——gr—rw O(2)
_ ‘nf €U~ 1(]—o0,r])
(Pl(r) melll_%r(l]—oo,r[) r— \I/((L‘)
1 inf  ®(2).
T ze¥—1(]—oo,r])

IN
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w

Noticing ¥—1(] — oo, 7[)” = ¥=1(] — oo, 7]), by Lemma 3.1 we obtain

b

1
@) SCERY) u F(t,€)dr
|§|<W{<b a % VL}
So
1 p—1 p
Mp [(b—a)q+ %] b
i) < > / sup F(t, )dt, i=1,2.
i a [€|<c
On the other hand, by Lemma 3.1 and r; < ¥(y*) < ro we have
. ®(z) — 2(y)
@a(Tr1,r2) = inf sup —_— 77
2( ! 2) J,‘Eq)_l(]—oo,rl[) yE\I!_l([T’1,T’2D \Ij(y) - \Ij(fI,')
s 2@ %)
zed=1(J—oom[) Y(y*) — V()
1 b b
> inf - /Ft,*t dt—/Ft,xt dt)
i G [ Fer o= [ R

By (H2) we have that [ F(t,y*(t))dt — [ F(t,z(t))dt > 0, so

1 b . b
palrr) > o ( | eyana- | Egl;F(t,fE)dt)-

From (H2) we have (jj) (jjj) in Theorem 1.1 hold. By choosing o = r,, the
conclusion follows. ]

In Theorem 4.1, condition (H2) is related to the function y* € WP, A different
function y* € W would lead to a different condition, which is similar to (H2).
For example, we let y*(¢) = d(t —a), where d is a constant. We have the following
result.

Corollary 4.2. Let f : [a,b] x R — R be an L!-Carathedory function, and
put F'(¢,&) = fo f(t,x)dx for every (t,§) € [a,b] x R. Assume there exist three
positive constants c1, d, ¢o such that

(H1) C1<d[(b a) + Wp l}p [(b—a)%—i— ﬂp 1] P/ o

(H2) A, M ((b— a)i + {2 1>p [b—a+ Zij(b—a)p} < B((t — a),d,c1)

Ci m

fori=1,2,
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where A, is defined in Theorem 4.1 and

Bld(t —a),d, 1) = —

b b
/ F(t, d(t — a))dt — / sup F(t,,g)dt].

dr €<
Then for each
p—1 . 1 1
e b—a+zp_1(b—a)p mln{AclvACQ}

mpB(d(t_a')vdv Cl)jMp [(b—a)g + ﬂp__i]p 7
oP~

the problem (1.4) has at least two generalized solutions whose norms in C([a, b])
are less than cs.

Example 4.1. Letp=2,a=1,6=1,v=3,n=1,g:[0,1] — R be defined
by g(x) =1+ |sinz| for every z € R, inf g = m = 1,supg = M = 2. Moreover,
let f : R — R be the function defined as follows

1, z€]—o0,1],

219 2 €)1, 4],

f(x) =< 49%—2+5), 2z ¢c4,5],
0, €540,

f(x), =z €]40, 400,

where f* is an arbitrary function on ]40, +oo[ satisfying f*(40) = 0. It is easy
to verify all assumptions of Corollary 4.2 by choosing ¢ = 1,d = 5,¢co = 40.
Therefore, thanks to Corollary 4.2 for each A €]2%, 29[, the problem

I A

z(0) —2'(0) =0, 3z(1)+2(1)=0

admits at least two classical solutions whose norms in C([0, 1]) are less than 40.
We denote the two solutions as x1,xs, by A > 0, f(z;) > 0 and g(z) > 0, we
have z;(t) < 0 on t € [0,1],i = 1,2, which together with z;(0) — z;(0) =
0,3x;(1) 4 x;(1) = 0 shows that z;(¢) > 0 on [0, 1].

Remark 4.1. If we are applying some cone expansion-compression fixed point
theorem [12], then some superlinear or sublinear assumptions on f must be imposed
in order to obtain existence results, see [16]. In our approach, we do not need such
assumptions, as Example 4.1 shows.
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Theorem 4.3. Assume that there exist five constants c1, dy, ¢2, do, c3 With

p 1
L E o p o
¢ < d; [(b—a)q + Oép_l] [b—a—i—np_l(b—a)p < Cit1 M,’LZLQ

such that

(4.3) ar—t

M Bp—1 1 P P~1
E[p +(b—a)QI [b—a—f—np_l(b—a)p
A*(Clv €2, C3) < B;kl,cg (d17 d2)7

where A*(ci, co,c3) = max{A., : i = 1,2,3}, B . (d1,d2) = min{B(dy(t —
a),c1), B(da(t — a),c2)}. Then for each

RIS R PR =
) —a)? _— ,
mpB ., (di,d2) ~ MpA*(cy, e, c3) ap—1

problem (1.4) has at least two nonzero generalized solutions whose norms in
C([a,b]) are less than cs.

Proof. Take the Banach space X and the functionals ¥, ® on X are as in

p—1 P
B} i=1,2,3and

[

Section 2 and in (3.1)(3.2). Letr; = ]ffp ((b - a,)% + P

y1(t) = di(t — a),y2(t) = da(t — a). Arguing as in the proof of Theorem 4.1, one
has

r < \Ii(yl) < Tro < \P(yg) <rs,

m
pa(r1,ro) = ,yp_lp B(dy(t = a), di; 1),
di + e di(b—a)?
m
p3(ri,r2,73) = (ra,73) = T £ B(d(t — a), d, ca),
di + np_ldlf(b —a)?
p—1
o(r)) < Mp [(b—a)% . ip—l Aeyi=1,2,3.

Therefore, taking into account (4.3), from Theorem 1.2, there exist at least three
generalized solutions. Not taking into account the zero solution, there are at least
two nonzero generalized solutions whose norms in C([a, b]) are less than cs. |
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