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POSITIVE SOLUTIONS TO A NONLINEAR THIRD ORDER
THREE-POINT BOUNDARY VALUE PROBLEM

JOHN R. GRAEF, LINGJU KONG, BO YANG

ABSTRACT. We consider a third order three point boundary value problem.
Some upper and lower estimates for positive solutions of the problem are
proved. Sufficient conditions for the existence and nonexistence of positive
solutions for the problem are obtained. An example is included to illustrate
the results.

1. INTRODUCTION

Recently, second and higher order multi-point boundary value problems have
attracted a lot of attention. In 2004, Henderson [5] considered the second order
three point boundary value problem

u’ () + f(u(t)) =0, 0<t<1,
u(0) = u(p) — u(1) = 0.

In 2006, Graef and Yang [3] studied the third order nonlocal boundary value prob-
lem

(1.1)

u”(t) = g()f(u(t)), 0<t<1, (1.2)
uw(0) = /(p) =u"(1) = 0. (1.3)

For some other results on third order boundary value problems we refer the reader
to the papers [T} 2[4 [6] [8, @]. Motivated by these works, in this paper we consider
the third order three point nonlinear boundary value problem

W) = o) F(ult), 0<t<1, (1.4)
uw(0) = u(p) —u(l) =u"(1) = 0. (1.5)

To our knowledge, the problem (1.4)—(1.5) has not been considered before. The
boundary conditions (1.5)) are closely related to some other boundary conditions.
Firstly, (1.5)) contains (|1.1)) as a part. We also note that u(p) —u(1) = 0 implies that
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there exists 5 € (p, 1) such that «'(8) = 0, and therefore the boundary conditions
(L5) imply

w(0) =4/'(B) =" (1) = 0.
Hence, boundary conditions (|1.5)) are closely related to the conditions (|1.3)). If we
let p — 17, then (1.5) “tends to”

w(0) = /(1) = u"(1) =0, (1.6)

which are often referred to as the (1,2) focal boundary conditions.

In this paper, we are interested in the existence and nonexistence of positive
solutions of the problem 7. By a positive solution, we mean a solution
u(t) to the boundary value problem such that u(t) > 0 for 0 < ¢t < 1. Throughout
the paper, we assume that

(H1) The functions f : [0,00) — [0,00) and g : [0,1] — [0,00) are continuous,

and g(t) # 0 on [0, 1];

(H2) The constant p satisfies 1/2 < p < 1.

We will use the following fixed point theorem, which is due to Krasnosel’skii, to
prove the existence results.

Theorem 1.1 ([7]). Let X be a Banach space over the reals, and let P C X be a
cone in X. Let < be the partial order on X determigd by P. Assume that Q1 and
Qs are bounded open subsets of X with 0 € Q1 and 1 C Qy. Let

L:PN(Qy—Q)—P

be a completely continuous operator such that, either

(K1) Lu 2w ifu e PNOQy, and Lu L u if u € PN ON; or
(K2) Lu £ u if u € PNOQy, and Lu Z u if u € PN ONs.

Then L has a fived point in PN (Qa — Q).

Before the Krasnosel’skii fixed point theorem can be used to obtain any existence
result, we need to find some nice estimates to positive solutions to the problem
f first. These a priori estimates are essential to a successful application of
the Krasnosel’skii fixed point theorem. It is based on these estimates that we can
define an appropriate cone on which Theorem can be applied. Better estimates
will result in sharper existence and nonexistence conditions.

We now fix some notation. Throughout we let X = C[0, 1] with the supremum
norm

[lv|| = max |v(t)| for all v e X.
te[0,1]

Clearly, X is a Banach space. Also, we define the constants

Fy = limsup M, fo = liminf M,
z—0+ X r—07t X
F = limsup @, foo = liminf M
rz——4o0 L T—+00 I

These constants will be used later in the statements of our existence theorems.
This paper is organized as follows. In Section 2, we obtain some a priori estimates
to positive solutions to the problem 7. In Section 3, we define a positive
cone of the Banach space X using the estimates obtained in Section 2, and apply
Theorem[I.1]to establish some existence results for positive solutions of the problem
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(1.4)—(L.5). In Section 4, we present some nonexistence results. An example is given
at the end of the paper to illustrate our results.

2. GREEN FUNCTION AND ESTIMATES OF POSITIVE SOLUTIONS

In this section, we give the Green function for the problem f and prove
some estimates for positive solutions of the problem.

We need the indicator function x to write the expression for the Green’s function
for the problem (L.4)-(L.5). Recall that if [a,b] C R := (—o0,400) is a closed
interval, then the indicator function x of [a,b] is given by

() = 1, ift€a,b],
Mot =0, it t ¢ [a, 8],
Now we define the function G : [0, 1] x [0,1] — [0, 00) by
tl+p)—t2  t(1- s) t(p — 5)2
G(t,s) = — + s
(t—s)?
+ B X[0,t] (s).

Then G(t,s) is the Green functlon associated with the problem (L.4)—(L.F]). More-
over, the problem (|1.4 is equivalent to the integral equatlon

1
u(t) = /0 G(t,s)g(s)f(u(s))ds, 0<t<1. (2.2)

It can be shown that G(t,s) > 0 if (¢,s) € [0,1]2.
The following result is based on Lemmas 2.1 and 2.2 of Graef and Yang [3].

Lemma 2.1. If u'(t) > 0 for 0 <t < 1, and u(0) = v/ () = «’(1) = 0, where
B € (1/2,1) is a constant, then u(t) >0 for 0 <t <1, and
26t — t2
32
Throughout this paper we let

2t —t2, ift < ,
a(t) — { 1+:D

2pt—t?2
p? if ¢ > 7 1+p

u(B) <wu(t) <u(B) for0<t<I

It can be shown that
a(t) > min{t,1 —t}, 0<¢<1.
The proof of the last inequality is straightforward and therefore is omitted.
Lemma 2.2. Ifu e C30,1] is such that
u(t) >0, 0<t<1, (2.3)

and
u(0) = u(p) — u(1) = w"(1) = 0,
then u(t) > a(t)||ul| for 0 <t < 1.
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Proof. Since u(p) = u(1), there exists 8 € (p,1) C (1/2,1) such that v/(8) = 0.
Since w”’(t) > 0 for 0 < t < 1 and u(0) = v/(8) = v”(1) = 0, by Lemma [2.1] we

have

%tﬁ; tQU(ﬁ) <u(t) <u(B) =lull, 0<t<1
If 0 <t <2p/(1+p), then
utt) — a(0lul > u() |22 - - )
= Y- ps -1+ 9)
u(d)

>

=) 29 - 2 149)

_ 20(B)(1 - )

If 2p/(14+p) <t <1, then

u(t) — a(t)||ul| > u(B) {25; 2 2ptp;t }

= O o+ ) - 200
)

tu(B)(B —p) [ 2p? 2p
=T [1+p+ﬁ<1+p_2p)]
(BB p) 2%
B 1+p
Thus, we have proved that u(t) > a(t)| || on [0, 1]. O

(1-p)=>0.

The following lemma is immediate.
Lemma 2.3. If u € C3[0,1] is such that u"’(t) >0,0<t <1, and
u(0) = u(p) —u(l) = u"(1) =0,

then
4p
u(2p/(1 4+ > ——||ul],
(2p/(1+p)) = (1+p)2ll |
or equivalently,
14 p)°
Jull = S22 u(2p/ 1+ ).

We can summarize our findings in the following theorem.

Theorem 2.4. Suppose that (H1) and (H2) hold. If u € C3[0,1] satisfies (2.3)
and the boundary conditions (LF)), then u(t) > a(t)||u]| on [0,1]. In particular, if

u € C3[0,1] is a nonnegative solution to the boundary value problem (1.4)—(1.5)),
then u(t) > a(t)||ul| on [0,1].
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Now we define
P={veX:at)|v] <v(t) on [0,1]}.
Clearly, P is a positive cone of the Banach space X. Define an operator 7' : P — X
by
1
Tu(t) = / G(t,$)g(s)f(u(s))ds, 0<t<1, forallue X.
0

It is well known that T': P — X is a completely continuous operator. And by the
same arguments as those used to prove Theorem [2.4] we can show that T'(P) C P.
We also note that if v € P, then

1 2
o) < LF2)
4p

v(2p/(1+p)).
Now the integral equation ([2.2)) is equivalent to the equality
Tu=u, ué€P,
so in order to solve the problem (1.4))—(1.5)), we only need to find a fixed point of T
in P.
3. EXISTENCE OF POSITIVE SOLUTIONS

We begin by defining the constants

1 1
A= / G(2p/(1+p),s)g(s)a(s)ds and B = / G(2p/(1+p),s)g(s) ds.
0 0
Our first existence result is the following.
Theorem 3.1. If

BF <1< Afs,

(1+p)?
4
then the problem (1.4)—(1.5) has at least one positive solution.

Proof. Choose € > 0 such that (Fy +¢)B(1+p)?/4p < 1. Then there exists H; > 0
such that

flz) < (Fo+e)x for 0 <z < Hj.
For each u € P with |lu|| = Hy, we have

(Tu)(2p/(1 + p)) = / G(2p/(1 + p), 8)9(s) f (uls)) ds
1
< / G(2p/(1 + p), 5)g(s) (Fo + €)uls) ds
0

< (Fo + O)llul / G(2p/(1 + p). $)g(s)ds

= (Fo + o)llullB

(1+p)?
4p

< B(FQ +€)

<u(2p/(1+p)),
which means Tu 2 u. If we let Q; = {u € X | ||u| < Hy}, then
Tu # u, forany ue PNoQ.

u(2p/(1+p))
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To construct s, we first choose ¢ € (0,1/4) and ¢ > 0 such that

1—c

(foo —6) G(2p/(1+p),s)g(s)a(s)ds > 1.

c

Now, there exists Hs > 0 such that f(z) > (foo — 0)x for & > Hjz. Let Hy =
Hy + Hs/c. If u € P with |lu|]| = Ha, then for ¢ <t <1 — ¢, we have

u(t) > min{t, 1 — t}||ul| > cHy > Hs.
So, if u € P with ||u|| = Ha, then

1—c
(Tw)(2p/(1 + p)) Z/ G(2p/(1 +p),5)g(s)f(u(s)) ds

> [ G@p/( 1 p), 8)9(5) (foo — yuls)ds
> (foo— Ol [ G@p/(1 1), 8)a(s)als) ds
> [l

> u(2p/(1+p)),
which means Tu £ u. So, if we let Qy = {u € X : |Ju|| < Ha}, then Q4 C Qy, and
Tu L u, forany ue PNoQs.

Therefore, condition (K1) of Theorem is satisfied, and so there exists a fixed
point of T in P. This completes the proof of the theorem. O

Our next theorem is a companion result to the one above.
Theorem 3.2. If

(1+p)?

BF,, <1< Afo,

then the problem (1.4)—(1.5) has at least one positive solution.
Proof. We first choose ¢ > 0 such that
A(fo—€) > 1.

There exists H; > 0 such that f(z) > (fo—¢)x for x > H;. If u € P with ||u|| = Hy,
then

1
(Tu)(2p/(1 +p)) > / G(2p/(1 +p), 5)g(s) f (u(s)) ds
> / G2p/(1 +p), 8)9(s)(fo — €)u(s)ds

1
> (fo = llull [ Gp/(1+p)5)g(s)als) ds
0
> [Jull
> u(2p/(1+p)),
which means Tu £ u. So, if we let Q1 = {u € X | |Ju|| < H1}, then
Tu L u, foranyue PNoQ.
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To construct €2y, we choose ¢ € (0,1) such that

(Fao + 8B + )02

There exists Hz > 0 such that f(z) < (Fs + 0)z for x > Hz. If we let M =
maxo<gz<m, f(z), then f(z) < M + (Foo + 6)z for © > 0. Let

K:M/O G(2p/(1+p),s)g(s)ds + 1,

and let Hy = Hy —I—K((liiz;)z, —(Fo+ 6)3)_1. Now for each u € P with ||u|| = Ha,
we have

1
(Tw)(2p/(1+p)) = / G(2p/(1+p), 5)g(5) Fu(s)) ds
< / G(2p/(1+p), 8)g(s) (M + (Fug + S)u(s)) ds
1
< K+ (Fao +0) / G(2p/(1 + p), 5)g(s)uls) ds

< K+ (Foo + 0)|lul / G(2p/(1 + p), s)g(s) ds
< K + (Fo + 6)Blul|

< (uf‘;—pp)z — (Fao + 8)B) Hy + (Peo + 0) B

S
- (1+p)?
<u(2p/(1+p)),

which means Tu 2 u. So, if we let Q3 = {u € X | ||u|| < Hz}, then
Tu # u, for any u € PNOQs.

By Theorem T has a fixed point in PN(Q2—4). Therefore, problem (1.4)—(1.5)
has at least one positive solution, and this completes the proof of the theorem. [

4. NONEXISTENCE RESULTS AND EXAMPLE

In this section, we give some sufficient conditions for the nonexistence of positive
solutions.

Theorem 4.1. Suppose that (H1) and (H2) hold. If %Bf(m) < x for all
x € (0,400), then the problem (1.4)—(1.5)) has no positive solutions.
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Proof. Assume to the contrary that u(t) is a positive solution of problem (|1.4)—(1.5)).
Then u € P, u(t) > 0 for 0 <t <1, and

a2/ (1-+) = [ G2/ + ). 5)9(6)f(u(e) ds

4p
<(1+p 57 [ 6w+ )10 s

77l / G(2p/(1 + ). $)g(s)ds

(1+p) 5 [l
<u(2p/(1+p),

which is a contradiction. O

<
—(1+

In a similar fashion, we can prove the next theorem.

Theorem 4.2. Suppose that (H1) and (H2) hold. If Af(z) > = for allxz € (0,+00),
then the problem (1.4)—(L.5)) has no positive solutions.

We conclude the paper with an example.
Example 4.3. Consider the third-order boundary-value problem
o (t) = g(t)f(u(t), 0<t<1, (4.1)
uw(0) = u(3/4) —u(l) =" (1) =0, 4.2
where
gt)y=(1+1t)/10, 0<t <1,

14 3u
=\ > 0.
flw) u1+u, u>0

Here A > 0 is a parameter. We easily see that Fy = fo = A and F, = foo = 3.
Calculations indicate that

5268393409 33611
"~ 216850636800 T 1229312°

From Theorem [B.1] we see that if

1 48
137203~3—A<)\<49—B~358282

then problem (4.1)—(4.2) has at least one positive solution. From Theorems[f.1]and
we see that if

16 1
——— ~11.942 — ~41.1
A< 198 9427 or > 1 607,

then problem (4.1)—(4.2) has no positive solutions.
This example shows that our existence and nonexistence conditions work very
well.
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