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1 Introduction

The boundary value problems (BVPs) for ordinary differential equations play a very
important role in both theory and application. They are used to describe a large num-
ber of physical, biological, and chemical phenomena. In this article, we will study the
existence of positive solutions for the following fourth-order nonlinear Sturm-Liouville

BVP in a real Banach space E

oy POW Q) =F(), 0 <t<1,

a1u(0) — B1u'(0) = 0, yu(1) +81u/(1) =0, (1.1)
ax'(0) ~ f lim p()u"(1) =0,

yu”’(1) + 8, tl_l)rln_ p(Hu”(t) =0,

where o, B;, 0, ¥ = 0 (i = 1, 2) are constants such that p; = f1y1 + ouyy + 00101 > 0,

dr
B(t,s) = fts o(z)’ P2 = Ba¥s + QaYs B(0, 1) + 020, > 0, and p € C'((0, 1), (0, +o0)).

Moreover p may be singular at £ = 0 and/or 1. BVP (1.1) is often referred to as the
deformation of an elastic beam under a variety of boundary conditions, for detail, see
[1-17]. For example, BVP (1.1) subject to Lidstone boundary value conditions #(0) = u
(1) = u"(0) = u” (1) = 0 are used to model such phenomena as the deflection of elastic
beam simply supported at the endpoints, see [1,3,5,7-11,13,14]. We notice that the
above articles use the completely continuous operator and require f satisfies some
growth condition or assumptions of monotonicity which are essential for the technique
used.

The aim of this article is to consider the existence of positive solutions for the more
general Sturm-Liouville BVP by using the properties of strict set contraction operator.
Here, we allow p have singularity at £ = 0, 1, as far as we know, there were fewer

works to be done. This article attempts to fill part of this gap in the literature.
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This article is organized as follows. In Section 2, we first present some properties of
the Green functions that are used to define a positive operator. Next we approximate
the singular fourth-order BVP to singular second-order BVP by constructing an inte-
gral operator. In Section 3, the sufficient condition for the existence of single and mul-
tiple positive solutions for BVP (1.1) will be established. In Section 4, we give one
example as the application.

2 Preliminaries and lemmas
In this article, we all suppose that (E, || - ||1) is a real Banach space. A nonempty
closed convex subset P in E is said to be a cone if AP P for A = 0 and P n {-P} = {6},
where 0 denotes the zero element of E. The cone P defines a partial ordering in E by x
< y iff y - x € P. Recall the cone P is said to be normal if there exists a positive con-
stant N such that 0 < x < y implies ||x||1 < N||y||:- The cone P is normal if every
order interval [x, y] = {z € E|x < z < y} is bounded in norm.

In this article, we assume that P € E is normal, and without loss of generality, we
may assume that the normality of P is 1. Let / = [0,1], and

C(, E) = {u:] — Elu(t) continuous},
Ci(I, E) ={u:] — E|u(t)is i - order continuously differentiable} ,i=1,2,....

For u = u(t) € C(J, E), let llull = H}SIX u(o)ll1, then C(J, E) is a Banach space with the

norm || - ||.

Definition 2.1 A function u() is said to be a positive solution of the BVP (1.1), if u
e C*([0,1], E) n C*((0, 1), E) satisfies u(t) > 0, t € (0, 1], pu” € C*((0, 1), E) and the
BVP (1.1), ie, u € C*[0,1], P) n C*((0, 1), P) and u(t) £6,te J.

We notice that if u(£) is a positive solution of the BVP (1.1) and p € C'(0, 1), then u
e C*(0,1).

Now we denote that H(t, s) and G(¢, s) are the Green functions for the following
boundary value problem

—u"=0, 0<t<l,
a1u(0) — B1u'(0) =0, yiu(l)+6:u'(1)=0

and

p(lt) POV (1) =0, 0<t<1,
@1(0) - lim Bop(t)v'(1) =0,
yav(1) + lim 82p(0)v(1) = 0,

respectively. It is well known that H(¢, s) and G(z, s) can be written by

_ 1 (,31+0l1$)(81+)/1(1—t)),OfotS1,
H )= {(/31 van)(Sr 49 (1—9))0<i<s<1 @1)
and
_ 1 (ﬂz +0[2B(0, S))((Sz + )/zB(t, 1)), 0<s<t<l,
G(t, S) - 02 {(,32 +0[2B(0, t))((Sz + J/QB(S, 1)), 0<t<s<l, (22)
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dr
where pP1 = 71ﬁ1 + 01 + 0,0, > 0, B(t, S) = j;s p(‘[)’ P2 = 00y + 052'}/23(0, 1) + ﬁz'}fz

> 0.
It is easy to verify the following properties of H(z, s) and Gz, s)
(I) G(t, s) < G(s, 8) < +o0, H(t, s) < H(s, 8) < +oo;
(II) G(¢, s) = pG(s, s), H(t, s) = EH(s, s), for any ¢t € [a, b] < (0, 1), s € [0,1], where

8, +v2B(b, 1) B2 +a2B(0,a) }

p=m { 82 +72B(0,1)" By +a3B(0, 1)

31+)/1(1—b) ,31+061d}
Si+yi | Birar |

$=min{

Throughout this article, we adopt the following assumptions
(Hy) pe CY(0, 1), (0,+)) and satisfies

1

1
ds

0< < +00, 0 < A= | G(s, s)p(s)ds < +o0.

o/”(s) ; Oj( Jp(s)ds < +

(Hy) flu) € C(P\ {6}, P) and there exists M > 0 such that for any bounded set B € C
(J, E), we have

a(f(B(t))) < Ma(B(t)), 2Mxr < 1. (2.3)
where o( ) denote the Kuratowski measure of noncompactness in C(/, E).

The following lemmas play an important role in this article.
Lemma 2.1 [17]. Let B © C[J, E] be bounded and equicontinuous on J, then

a(B) = stu?a(B(t)).

Lemma 2.2 [16]. Let B © C(J, E) be bounded and equicontinuous on J, let a(B) is
continuous on J and

o /u(t)dt ueBY | < /oe(B(t))dt.

J J

Lemma 2.3 [16]. Let B € C(J, E) be a bounded set on J. Then o(B(z)) < 20(B).
Now we define an integral operator S : C(J, E) — C(J, E) by

Sv(t) = fH(t, )v(r)dr. (2.4)
0

Then, S is linear continuous operator and by the expressed of H(, s), we have

(Sv)'(t)=—v(t), 0<t<l,
o1 (S)(0) — B1(Sv)'(0) = 0, (2.5)
1 (S)(1) + 81(Sv)'(1) = 0.

Lemma 2.4. The Sturm-Liouville BVP (1.1) has a positive solution if and only if the
following integral-differential boundary value problem has a positive solution of
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1 / / _ < <
p(t)(P(t)V(t)) +f(Su(t)) =0, 0<t<1,

az0(0) — lim Bap(1)v (1) = O, (2.6)

(1) + t”’}[ Sp(t)V (t) = 0,

where S is given in (2.4).

Proof In fact, if u is a positive solution of (1.1), let u = Sv, then v = -u". This implies
u" = -v is a solution of (2.6). Conversely, if v is a positive solution of (2.6). Let u = Sv,
by (2.5), u” = (Sv)" = -v. Thus, u = Sv is a positive solution of (1.1). This completes the
proof of Lemma 2.1.

So, we only need to concentrate our study on (2.6). Now, for the given [a, b] < (0,
1), p as above in (II), we introduce

K={ueC(, P) : u(t) > pu(s), tela b], se]0,1]}.

It is easy to check that K is a cone in C[0,1]. Further, for u(t) € K, t € [a, D], we
have by normality of cone P with normal constant 1 that ||u(f)||; = p]||u|]-
Next, we define an operator T given by

1
Tu(t) = /G(t, s)p(s)f(Sv(s))ds, te]|0,1], (2.7)
0

Clearly, v is a solution of the BVP (2.6) if and only if v is a fixed point of the opera-
tor T.
Through direct calculation, by (II) and for v € K, t € [a, b], s € ], we have

1

Tu(t) = / Gl )p(s)f(Su(s))ds
0
1

> p [ G5, IO ($0())ds = pT).

0

So, this implies that T K € K.

Lemma 2.5. Assume that (H;), (H,) hold. Then T : K — K is strict set contraction.

Proof Firstly, The continuity of T is easily obtained. In fact, if v,, ve Kand v, - v
in the sup norm, then for any ¢t € J, we get

1

Tua(t) = Tl < 11 (Sva(1)) — F(SUD)In / G(s, )p(s)ds

0
so0, by the continuity of f; S, we have

[|Tv, — Tv|| = sup ||Tva(t) — Tv(t)||1 — O.
te]

This implies that Tv,, = Tv in the sup norm, i.e., T is continuous.

Now, let B © K is a bounded set. It follows from the the continuity of S and (H)
that there exists a positive number L such that || ASv(t)) ||1 < L for any v € B. Then,
we can get

Page 4 of 12
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Tv(t)]y <Lh <1, Vie], veB.

So, T (B) € K is a bounded set in K.
For any ¢ > 0, by (H;), there exists a 0 * > 0 such that

8 1
f Gls ) = f Gls ) =
0 1-4§

Let P= max p(t) 1t follows from the continuity of G(t, s) on [0,1] x [0,1] that

te[8,1-8']
there exists 0 > 0 such that

€
G(t,s) — G(t,s)| < L t—=t1 <8, tt €]0,1]
G(ts) =G = 0 10— < [0, 1]
Consequently, when |t - | <, t, £ € [0,1], v e B, we have

1
I Tv(1) = To(£)1]1 = /(G(ES) — G(,))p(s)f (Sv(s))ds
0

1

5
< / IG(t, s) — G(Z, s)Ip(s)IIf (Sv(s)) 1 ds
0

1-4

R / 1G(t,5) — G(, 9)Ip(s)IF(Su(s)] 1 s
81

1

+ f IG(t,5) — G(, 5)lp(s) IF(Su(s)) 11 ds

1-8
5 1
< ZL/G(S, s)p(s)ds + 2L / G(s, s)p(s)ds
0 -5

1
+PL/ |G(t, s) — G(t,5)|ds
0

<e.

This implies that T(B) is equicontinuous set on J. Therefore, by Lemma 2.1, we have

a(T(B)) = sup a(T(B)(1))-

Without loss of generality, by condition (H;), we may assume that p(¢) is singular at ¢
= 0, 1. So, There exists {an}, {by,} C (0,1), {n;} © N with {n;} is a strict increasing

sequence and 115?1 ni = +1 guch that

O< - <ap<-<ap <by, <---<bpy, <---<1;
p(t) = ni, te(0,an]V[by, 1), plan) =p(by) = ni;
lim a,, =0, lim by, = 1.

i—>+1 i—>+1

(2.9

Page 5 of 12
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Next, we let

_fni, te(0, an]VU[by,1);
put) = {p(r), t € [an, by

Then, from the above discussion we know that (p),, is continuous on J for every i €
N and

P (1) < p(); P, () — p(t), Vie(0,1) asi— +1.

For any ¢ > 0, by (2.9) and (H,), there exists a iy such that for any i >i;, we have that

an; 1
2L / G(s, s)p(s)ds < i 2L / G(s, s)p(s)ds < ; (2.10)
0 by,

Therefore, for any bounded set B < C[J, E], by (2.4), we have S(B) € B. In fact, if v €

B, there exists D > 0 such that ||v|| < D, t € J. Then by the properties of H(t, s), we
can have

1 1
ISu(e)|1; < /H(t,r)uv(r)nldr < D/H(t,r)dr =D,
0 0

i.e., S(B) € B.

Then, by Lemmas 2.2 and 2.3, (H,), the above discussion and note that py,(t) < p(t),
te (0,1),as te J, i >iy we know that

«(T(B)(1) = ([ [ cespereiase B})

0

1
<a (‘f G(t, 8)[p(s) — P, (8)If (Sv(s))ds € B])

0

+o ( /G(t,s)pni (8)f(Sv(s))ds € B])

0
an, 1

< 2L [ G(s,s)p(s)ds + 2L | G(s, s)p(s)ds
feomoez]
1

+/a(G(t, $)pn, (5)f (Sv(s)) € B)ds

0
1
<eg +/ G(s,s)p(s)a(f(Sv(s)) € B)ds
0
< &+ 2MXa(B).
Since the randomness of ¢, we get

«(T(B)(1)) < 2MAra(B), te]. (2.11)
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So, it follows from (2.8) (2.11) that for any bounded set B © C[J, E], we have
a(T(B)) < 2Mxx(B).

And note that 2MA < 1, we have T : K — K is a strict set contraction. The proof is
completed.

Remark 1. When E = R, (2.3) naturally hold. In this case, we may take M as O,
consequently,

T: K — K is a completely continuous operator. So, our condition (H;) is weaker
than those of the above mention articles.

Our main tool of this article is the following fixed point theorem of cone.

Theorem 2.1 [16]. Suppose that E is a Banach space, K € E is a cone, let Q,, Q, be
two bounded open sets of E such that 0 € Q, Q; c Q,. Let operator
T : KN (£\Q1) — K be strict set contraction. Suppose that one of the following two
conditions hold,

@ |17x|| < ||%]|, Vx e KnoQq, ||Tx|| = ||¢||, ¥V x € KN 0Qy;

(i) [|Tx|] = ||¢|], ¥V x € Kn oy, ||Tx|| < ||x]], V x € KN 0Q,.

Then, T has at least one fixed point in K N (Q,\Q;)-

Theorem 2.2 [16]. Suppose E is a real Banach space, K € E is a cone, let Q, = {u €
K : ||u]| < r}. Let operator T : Q, — K be completely continuous and satisfy Tx = x, ¥V
x € 0L),. Then

(i) If || || < ||#|], ¥V « € 9Q,, then i(T, Q,, K) = 1;

(i) If || Tx|| = ||x||, V x € 0Q,, then i(T, Q,, K) = 0.

3 The main results
Denote

() @)1
= lim Jfoo = lim .
L TN R R LSRN
In this section, we will give our main results.
Theorem 3.1. Suppose that conditions (H;), (H,) hold. Assume that f also satisty
(Ay): flx) = ru*, &

<llxlh =7

le(r, 7)x(7)dr
0

1
(A): fix) < Ru*, 0 < ||x]|1 £ R,
where u* and u* satisfy

b

P /G(s, s)p(s)u*(s)ds|| > 1, [Jue(s)Il1 /01 G(s, s)p(s)ds < 1.

a 1

Then, the boundary value problem (1.1) has a positive solution.
Proof of Theorem 3.1. Without loss of generality, we suppose that » <R. For any u

€ K, we have
(Ol = pllull, ¢ € [a,b]. (3.1)
we define two open subsets Q) and Q, of E

Qi ={uekK: ||lu|<r}, Q={ueK: ||lul| <R}

Page 7 of 12
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For u € 9Q, by (3.1), we have
r=lull > [lu(s)ll1 > pllull = pr, s € [a,b]. (3.2)

Then, for u € K n 0Qy, by (2.4), (3.2), (II), for any s € [a, b], u € K n 0Q;, we have

r> /H(r,r)l|u(r)|l1dr > fH(r,r)u(r)df > [1Su(s)l

- /1 H(s, t)u(z)de| > ¢ /1 H(r, t)u(r)dr

1

So, for u € K n 0Q, if (A;) holds, we have

b
1
[|Tu(t)|]; = H/o G(t,5)p(s)f (Su(s))ds| =rp /G(S,s)p(s)u*(s)rds >71=||ul|
1
a 1
Therefore, we have
[(ITull = [lull, Vue€ 3. (3.3)

On the other hand, as u € K n 9Q,, by (2.4), (3.2), (II), for any s € [a, b], u e Kn
0025, we have

1 1
R> ‘O/H(r,r)||u(r)||1dr > O/H(r,r)u(r)df > |[Su(s)|| = 0.

1

For u € K n 9Q,, if (A,) holds, we know

1 1

Tu(t)!l1 = /G(t, )p(s)f (Su(s))ds|| < /G(t, $)p(s)us(s)ds| R
0 1 0 1

< /G(t,s)p(s)||u*(s)||1dsR < /G(s, s)p(s)ds||u(s)I[1R < R = ||u]].

0 0
Thus
T < |lull, YuedQ,. (3.4)

Therefore, by (3.2), (3.3), Lemma 2.5 and r <R, we have that T has a fixed point
v e (2,\;). Obviously, v is positive solution of problem (2.6).

Now, by Lemma 2.4 we see that u = Sv is a position solution of BVP (1.1). The proof
of Theorem 3.1 is complete.

Theorem 3.2. Suppose that conditions (H;), (H,) and (A;) in Theorem 3.1 hold.
Assume that falso satisfy

(A3): fo = 0;

(Ag): fo = 0.

Then, the boundary value problem (1.1) have at least two solutions.

Page 8 of 12
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Proof of Theorem 3.2. First, by condition (A3), (2.4) and the property of limits, we
can have
|\u|l\ilr20+ [F(SWll/llulli =0, Then, for any m > 0 such that mfab G(s, s)p(s)ds < 1,
there exists a constant p- € (0, r) such that
If (Sl < mllully, 0 <|lullh <ps, uF0. (3.5)
Set O, = {ue K: ||u|| <p-}, for any u € K n 9Q,-, by (3.4), we have
IF(Sw)ll < mllully < mps.

For u e K noQ ,- we have

1 1
o) = | [ G9pesue)ds| = [ 6t IpEIrsus)inds
0 0
b 1 b
< /G(t, s)p(s)mp.ds < p.m /G(s, s)p(s)ds < px = [|ull.

Therefore, we can have

HTull < [lull, Vu e dL,.

Then by Theorem 2.2, we have
(T, ,,K) = 1. (3.6)

Next, by condition (A4), (2.4) and the property of limits, we can have
\|ul\f1n1>1||f(su)||l/||u”1 =0, Then, for any m > 0 such that m fabG(s,s)p(s)ds <1,

there exists a constant pg > 0 such that
I (SWllh < mllulli,  [lullr > po- (3.7)

We choose a constant p* > max {r, po}, obviously, p- < r <p* Set
Qps ={ueK: [lul] < p*}, for any u e K noQ - by (3.6), we have

[If(Su)llh < mllully < mp*.

For u e Kn dQ ,- we have

1 1

I Tu()lh = / G(t s)p(s)g(s)f (Su(s))ds| < / G(t 5)p(s)g()IIf (Su(s))l 1 ds
0 1 0
b

b
< /G(t,s)p(s)n'ap*ds < p*m / G(s,s)p(s)ds < p* = |[ull.

a
Therefore, we can have

HTull < [lull, Yue€ Q..

Then by Theorem 2.2, we have

i(T, Qpw, K) = 1. (3.8)

Page 9 of 12



Su et al. Advances in Difference Equations 2011, 2011:65
http://www.advancesindifferenceequations.com/content/2011/1/65

Finally, set Q, = {u € K: ||u|| < r}, For any u € 0Q),, by (4,), Lemma 2.2 and also
similar to the latter proof of Theorem 3.1, we can also have

Tull = llull, Yue .
Then by Theorem 2.2, we have

i(T, @, K) = 0. (3.9)
Therefore, by (3.5), (3.7), (3.8), and p- <r <p*, we have

i(T, 2\Qp,, k) = —1,i(T, 2\, k) = 1.

Then T have fixed point v; € Q,\S_Zp*, and fixed point v, € Q/,*\S_Z,. Obviously, vy,
v, are all positive solutions of problem (2.6).

Now, by Lemma 2.4 we see that u; = Svy, u, = Sv, are two position solutions of BVP
(1.1). The proof of Theorem 3.2 is complete.

4 Application

In this section, in order to illustrate our results, we consider some examples.
Now, we consider the following concrete second-order singular BVP (SBVP)
Example 4.1. Consider the following SBVP

3 13 " ' ! !
7 3Jtu () +160|u2 +u3 |=6, 0<t<l,

u(0) —=3u/(0) =6, u(1)+2u'(1)=6, (4.1)
1 1
3u'(0) — lim _Jw"(t)=0, u'(1)+ lim _Jw'"(t) =6,
t—0* 3 t—~1- 3

where
ar=y1=161=3,86=2B=ym=58=1a=3,
1 1 1
p(t) = 3\S/t,f(u) =160(u2 +u3).

Then obviously,

1

1 3
dt = r1Joo = Or = Or
0/ s =0 f

By computing, we know that the Green’s function are
1[(B+s)(3—1t),0<s=<t<1,
H(us) = 6 {(3+t)(3—s),0 <t<s<l1.

1 (1+3s)(2—-1),0<s<t<1,
G(t's)_7{(1+3t)(2—s),0§t§s§1.

It is easy to note that 0 < G(s, s) < 1 and conditions (H,), (H>), (A3), (A4) hold.

Next, by computing, we know that p = 0.44, £ = 0.8. We choose r = 3, u* = 104, as
1.05 = pér < ||u|| = max{u(t), t € J} < 3 and p

be(s,s)p(s)u*(s)ds =13>1,

because of the monotone increasing of f{uz) on [0, ), then

Page 10 of 12
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f(u) > f(1.05) =326.4, 1.05< |Ju|| <3.

Therefore, as
1 1
per = péll [ H(r, o)lulldel| < éll [ (e, Dutr)dl,
0 0
so we have
1
fw) = r 1l [ HEz (el < Jull <,
0

then conditions (A;) holds. Then by Theorem 3.2, SBVP (4.1) has at least two posi-
tive solutions u;, u, and 0 < ||uy|| < 3 < ||us]].
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