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Abstract
We consider the Sturm-Liouville boundary value problem

Yy + FEy,y @,y ) =0, el
y9W(0)=0, 0<k=m-3,
é-y(m—2)(o) _ Qy(m’”(O) =0, py(m’2>(1) + Sy(mfw)(n =0,

wherem >3 and 1 < g < m - 2. We note that the nonlinear term F involves
derivatives. This makes the problem challenging, and such cases are seldom
investigated in the literature. In this paper we develop a new technique to obtain
existence criteria for one or multiple positive solutions of the boundary value
problem. Several examples with known positive solutions are presented to dwell
upon the usefulness of the results obtained.
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1 Introduction

In this paper we consider the higher-order Sturm-Liouville boundary value problem

(&) + F(t,5(8),5 (0), ...,y P@) =0, te(0,1],
y00)=0, 0<k<m-3, 1.1)
£y"2(0) -6y (0) =0,  py" (1) + 8y (1) =0,

where m > 3,1 < g <m -2, and F is continuous at least in the domain of interest. The

constants ¢, 6, p, and § are such that
6 >0, 5§>0, 0+¢>0, S+p>0, K=Cp+8+60p>0. (1.2)

These assumptions allow ¢ and p to be negative.
There is a vast amount of research done on the existence of positive solutions of Sturm-

Liouville boundary value problems. The many interests in (1.1) may stem from the fact that
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boundary value problems of type (1.1) model various dynamic systems with m degrees of
freedom in which m states are observed at m times; see Meyer [1]. For example, when
m = 2, the boundary value problem (1.1) describes a vast spectrum of physical phenom-
ena such as gas diffusion through porous media, diffusion of heat generated by positive
temperature-dependent sources, thermal self-ignition of a chemically active mixture of
gases in a vessel, catalysis theory, chemically reacting systems, adiabatic tubular reactors,
fluid dynamics, electrical potential theory, combustion theory, steady-state of oxygen dif-
fusion in a cell with Michaelis-Menten kinetics, cell membrane, and heat conduction in
the human brain; see [2—8]. Singular boundary value problems of particular and related
cases of (1.1) have also been the subject matter of many papers; see [9-15]. For recent de-
velopments in (1.1) and other types of boundary value problems, the reader is referred to
the monographs [16, 17] and the hundreds of references cited therein. Note that in most
of these investigations the nonlinear terms considered do not involve derivatives of the
dependent variable, and only a relatively small number of papers tackle nonlinear terms
that involve derivatives, of which we mention some below.

Fink [18] has studied the radial symmetric form of the semilinear elliptic equation Ay +
Aq(|x)f(y) = 0 in R¥, which turns out to be a particular second-order Sturm Liouville
eigenvalue problem that has y’ in the nonlinear term, viz.,

Y+ 52y +0q(Of () =0, te(0,1),
¥'(0) =y(1) =0.

Later, Wong [19] has considered (1.1) when g = m — 2 and obtained the existence of a
solution (not necessarily positive) by assuming that (1.1) has lower and upper solutions v
and w such that v"=2(¢) < w"-2(¢) on [0,1],

F(t, V(t): ey V(m_s)(t): um—l) = F(t; Uy ooy Um-2, um—l) = F(ty W(t)y ey W(m_g)(t), um—l)

fort € [0,1],and (V(t),..., V"D (t)) < (w1, ..., Upm—) < (W(t),..., w3 (£)). A few years later,
Grossinho and Minhos [20] established the existence of a solution to a related problem
of (1.1) when g = m — 1; their method requires again the assumption of lower and upper
solutions, and, in addition, F must satisfy the Nagumo-type condition on some set A C
[0,1] x R™, viz.,

there exists a continuous function % : [0, 0c0) — (0, 00) such that
|F(t,lxl1,...,l/tm)| Sh(h’tml)t (t,ul,...,um)GA;

0 g _

0 ds = 0.

For infinite interval problems, Lian et al. [21, 22] have investigated the following problem:

" (8) = h(e)f (&, 5(8), 5 (8), ...,y D(t), € (0,00),
y00)=Ar, 0<k<m-3,
ym2(0) —ay™ V() =B, y"D(o0)=C.

Here, once again, the method of lower and upper solutions is used, and a Nagumo-type
condition plays an important role in handling the derivatives in the nonlinear term. A rel-
atively small number of papers on problems involving derivative-dependent nonlineari-
ties indicates that problems of this type are more difficult to tackle analytically; we note,
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however, that numerical methods are more developed for this type of problems; see, for
example, [23-28].

Motivated by the research mentioned, in the current work we develop a different and
new technique to tackle the boundary value problem (1.1). Note that our technique re-
quires neither the existence of lower and upper solutions nor a Nagumo-type condition;
both of these conditions are not easy to check in practical applications.

The focus of this paper is on the existence of one or more positive solutions of (1.1). By a
positive solution y of (1.1) we mean y € C"[0,1] satisfying (1.1) and y(¢) > 0 for ¢ € [0,1].
By using a variety of fixed point theorems we begin with the establishment of the exis-
tence of a solution (not necessary positive) and proceed to the existence of a nontrivial
positive solution, two nontrivial positive solutions, and multiple nontrivial positive solu-
tions. Due to the presence of derivatives in the nonlinear term, our work naturally gen-
eralizes and extends the known results for Sturm-Liouville boundary value problems [18,
29-36] and complements the work of many authors [19, 20, 37-46]. We remark that our
conditions/assumptions, which do not involve lower and upper solutions and a Nagumo-
type condition, are comparatively easy to check. We illustrate this practical usefulness by
examples with known positive solutions.

The paper is organized as follows. In Section 2 we state the fixed point theorems and
present some properties of a certain Green’s function. The new technique and various
existence criteria are developed in Section 3. Finally, in Section 4 we illustrate the useful-
ness of the results obtained by some examples. We remark that in all the examples, known
positive solutions are given to validate the conclusions derived from the theorems.

2 Preliminaries
In this section, we state the fixed point theorems and some inequalities for certain Green’s
function. The first theorem is known as the Leray-Schauder alternative, and the second is

usually called Krasnosel’skii’s fixed point theorem in a cone.

Theorem 2.1 (Leray-Schauder alternative) [16] Let B be a Banach space with E C B closed
and convex. Let U be a relatively open subset of E with 0 € U, and S : U — E be a contin-
uous and compact map. Then either

(a) S has a fixed point in U, or

(b) there exist x € 0U and A\ € (0,1) such that x = LSx.

Theorem 2.2 (Krasnosel’skii’s fixed point theorem in a cone) [47] Let B=(B,| - ||) be a
Banach space, and let C C B be a cone in B. Let 1, Q2 are open subsets of B with 0 € Q;,
Q) C Qy,andletS: CN(Q\RQ) — Chea completely continuous operator such that either
(@) 18x] < x|, x € CN 3Ry, and ||Sx|| > ||lx||, x € CN IRy, or
(b) 1Sx]l > |Ixll, x € CN Oy, and ||Sx|| < |lx]l, x € CN IR,.
Then S has a fixed point in C N (Q2\21).

Let G(t,s) be the Green’s function of the second-order Sturm-Liouville boundary value

problem

-w'(t)=0, te(0,1),

(2.1)
cw(0) —6w'(0) =0, pw(l) +éw'(1) = 0.
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It is known that [33, 35, 36]

G(t,s) = -

_1[@+c9lap-nl 0ss<e<1,
@+ct)[d+p(1l-s)], 0<t<s<l.

Lemma 2.3 [33, 35, 36] The Green’s function G(t,s) has the following properties:

(@) G(t,s) =0 for(t,s) €[0,1] x [0,1] and G(¢,s) > 0 for (¢,s) € (0,1) x (0,1).
(b) G(t,s) < LG(s,s) for (t,s) € [0,1] x [0,1], where

0 1)
L =max3jl, ——,——¢.
O+C 6+p

(c) G(t,5) = K,,G(s,s) for (t,s) € [n,1 —n] x [0,1], where n € (0, %) is fixed, and

. [S+pn S+pQ-n) O+¢n 0+5(1-n)
K, = min , ’ ’ .
S+p 8+ pn 0+¢ 0+¢n

(d) gu(t,s), defined by the relation aa;,—ign(t, s) = G(t,s), is the Green’s function of the

nth-order Sturm-Liouville boundary value problem
-w(£) =0, te(0,1),
wh(0)=0, 0<k=n-3,
cwi=2(0) — ow D (0) = 0, oW 2(1) + sw* V(1) = 0.

(e) 0<gult,s) < ﬁG(s,s)for (t,s) € [0,1] x [0,1].

3 Positive solutions of (1.1)

Page 4 of 25

(2.2)

(2.3)n

In this section, we establish criteria for the existence of one, two, or multiple nontrivial

positive solutions of (1.1).

We rewrite (1.1) in a form suitable for investigation. To begin, we consider the initial

value problem

yO(t) = x(t), telo,1],
$(0) =¥ (0) =y"(0) = - -- = y4D(0) = 0.

Due to the initial conditions in (3.1), it is clear that

t 1 52 Sq—k-1
y(")(t) = / f f . / X(sg-k)dsg_k---ds;, 0<k<gq-1
o Jo Jo 0

We introduce the notation of the k-tuple integral

t s1 $2 Sk—1
JEx(t) = / / / / x(sg)dsg---ds;, k>1.
0 Jo 0 0

Then, it follows from (3.1) and (3.2) that
@) =77 %), 0<k<gq

where J0x(t) = x(¢).

(3.1)

(3.3)
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Denote Jx(£) = (J9x(2), J4 7 x(¢), ..., Jx(t), x(t)). Noting (3.1) and (3.3), we rewrite (1.1) as
the following (m — g)th-order Sturm-Liouville boundary value problem:

*mD(¢) + F(¢,Jx(¢)) =0, te[0,1],
200)=0, 0<k<m-g-3, (3.4)
£xm=a-2(0) — 9x"-1-1(0) = 0, px=4-D(1) + sx-1-D(1) = 0.

If (3.4) has a solution x*, then the boundary value problem (1.1) has a solution y* given by
@) =75 8), 0<k<gq (3.5)

and, in particular,

Y (t) = Jx(2) = /0 t /0 ! /0 L /0 (s, dsy - . (3.6)

Hence, the existence of a solution of (1.1) follows from the existence of a solution of (3.4).
Further, it is obvious from (3.5) that for 0 < k <g, y*(k) is positive if x* is, and y*(k> is non-
trivial if x* is. We study (1.1) via (3.4) and employ a new technique to tackle the nonlinear
term F.

Let the Banach space

B={xeC"?00,1] |s(0)=0,0 <k <m-q-3}
be equipped with the norm

lxll = sup [x"~ 12 ().
tel0,1]

Throughout the paper, let 57 € (0, 1) be fixed. Define the cone C in B by

C= {x €B[2" () 20,6 €(0.1); min &) = v } (3.7)
te[n,l-n

where y = K;,/L (L and K,, are defined in Lemma 2.3).

Lemma 3.1 [35,36] Letx € B. For0 <i<m—q-—2,we have

0 m—-q—2—i
D)) < , te]l0,1]. 3.8
0] < o el te 0] (3.8)
In particular,
1
H<— , te]l0,1]. 3.9
|’“()|—(m_q_2)1”’“” €[0,1] (3.9)

Lemma 3.2 [35,36] Letx € C.For0 <i<m—q-2,wehave

28>0, telo,1], (3.10)
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and

() > (¢ - )1 l(mq+)”x” tenl-nl

In particular, for fixed z € (n,1 - n), we have

_r
(m—qg-2)!

x(t) > (z—n)" 12 lxll, telz1-n].

Remark 3.1
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(3.11)

(3.12)

(a) A solution y* of (1.1) can be obtained via (3.6), where x* is a solution of (3.4). In view

of (3.5), if x* is nontrivial/positive, then so is y*(k), 0<k=<gq.

(b) Ifx* € C is a solution of (3.4), then (3.10) implies that x#* is a positive solution of

(3.4).
The next result is useful in handling the nonlinear term F.

Lemma 3.3
(a) Letx € B. For1 <k < g, we have

m—q-2+k

1
k
(o) < m”x” = m”xH, te[0,1].

(b) Letx e Candze (n,1-n) be fixed. For1 <k < q, we have

JEx(t) > (z — )2 lxl, telz1-n).

(m—q-2+k)

Proof (a) Since x € B, using (3.8)|;=0, we obtain that, for 1 <k <gand t € [0,1],

x| 5/;/031 /052~~~/05k71|x(s/<)|dskmdsl

m—-q—2

S A A e

_ it [l
m—q-2+k! " (m-q-2+k)!

(b) Since x € C, using (3.11)|;-0, we find that, for1 <k <gand t € [z,1 - 7],

0o [ [
E/q/n ‘/n .../nx(sk)dsk...ds
2/;/’:1 fnsz---/;k_l(Sk—n)’””#{ﬁz)!dsk---dh

yr-a-2+k Y llxll

=

The next result gives the estimate of y* = J9%x* in terms of ||x*||.

(3.13)

(3.14)
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Lemma 3.4 Let x* and y* be related by (3.5) and (3.6).
(a) Letx* € B.For0 <k <m -2, we have

k=2
Iy (t)|_( ¥l = Il eelon. (3.15)
(b) Letx* € C.For0 <k <m -2, we have
(k>(t>z(t—n>m-k-2m| |, temm1-nl. (3.16)

Proof (a) Since x* € B, using (3.5) and (3.13), for 0 < k < g — 1, we obtain

tm—k—Z ||x* || - ”x* ”

m—-k=2)!~ (m-k=2)"

|y*(k)(t)| _ ’]qka*(t” < te[0,1].

Further, since y*@(¢) = x*(t), we have y*@*)(t) = x*O(¢) for 0 <i < m — g — 2, and so from
(3.8) it follows that
tm—q—Z—i ”x* ” ”x* ”
(m—q-2-0! " (m-gq-2-0V
€l0,1],0<i<m-qg-2,

|y*(q+i)(t)| — |x*(i)(t)|

which is the same as

K2 x| floc* ||
O] < < :
m-k=2)!"" m-k-2)!

tel0,1,g<k<m-2.

Combining this with the inequality obtained earlier, we get (3.15).
(b) Since x* € C, noting (3.11)|;-, we find that, for 0 <k <g-1and ¢ € [n,1-17],

Sq—k-1
®e) = J77*x*(t) = f// f X" (84 1) dsg i -+ - dsy
Sq-k-1
Z// / /q X (sq-k) dsg_i - - - ds
Sq“ [l ||
g2 YL g d
ff/ / (Sook = (m—q-2n @t

o meke2 VIl
= =

Next, since y*@(t) = x*(t), we have y*@*(t) = x*D(¢) for 0 < i < m — q — 2, and so from
(3.11) we have

(=)™ >y x|

) (5) = *0(p) >
YR (e) = 2" (e) = g2

, tenl-n,0<i<m-q-2,

or, equivalently,

(=" Pyl

(k)
O k2

tenl-n,q<k<m-2.

A combination with the earlier inequality yields (3.16). O
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Let the operator S : B — B be defined by

1
Sx(t) = / Gn—q(L, s)F(ij(s)) ds, te][0,1]. (3.17)
0

Noting that g,,,_,(t, s) is the Green’s function of (2.3),,_, (see Lemma 2.3(d)), it is clear that

a fixed point of S is a solution of (3.4). Moreover, (3.17) is equivalent to
1 ~
(Sx)"=172)(¢) = f G(t,s)F(s,Jx(s)) ds, te[0,1], (3.18)
0

where G(¢,s) is the Green’s function of (2.1). In view of Remark 3.1, to obtain a positive
solution of (1.1), we shall seek a fixed point of the operator S in the cone C.
For easy reference, the conditions that will be used further are listed below. In these

conditions, the sets K and K are defined respectively by
K ={ueCl0,1] ] u(t) > 0,t€[0,1]}
and
K= {u € K | u(t) > 0 on some subset of [0,1] of positive measure}.
(Al) Fis continuous on [0,1] x K7*! with
F(t,uy,...,ug1) =0,  (tuy,...,ugm) €[0,1] x KT,
and
F(t,u1,...,ug1) >0, (t,uy,...,uga) €[0,1] x KT,

(A2) There exist continuous functions 8 : [0,1] — [0, 00) and f : [0, 00)?*! — [0, c0)

such that f is nondecreasing in each of its arguments and
F(t,ui,... ug) < PO (ur,..stigr), (G, ... tge) € [0,1] X KL,

(A3) There exists a > 0 such that

Mf a a a
a > 5 yeeey )
(m—2)!" (m-3)! (m—q-2)!
where M = sup,c(o fol G(t,s)B(s)ds.
(A4) Letz e (n,1-n) be fixed. There exists a continuous function « : [z,1 — 1] — (0, 00)

such that

F(t,uy,... uga) = a@)f (w1, ugn), (G, tuga) € [2,1-1] X K7,



Agarwal and Wong Boundary Value Problems (2016) 2016:112 Page 9 of 25

(A5) Let z € (n,1—n) be fixed. There exists b > 0 such that

z=-m"2yb z-n)"yb  (z- n)"”’zyb)

bSNf( m-2)! " m=3)! 7 (m-q-2)

where N = sup,o le_" G(t,8)a(s)ds and y = K, /L.

Remark 3.2 The computation of the constants M and N in (A3) and (A5) can be avoided
by using some upper bound of M and some lower bound of N. As a consequence, stricter
inequalities are obtained. Indeed, using Lemma 2.3, we have

1 1
M = sup/0 G(t,s)ﬁ(s)dss‘/o LG(s,s)B(s)ds =M

te[0,1]

and

1-n 1-n
N = sup/ G(t,s)a(s)ds > sup / G(t,s)a(s)ds

tel0,1] te[n,1-n]
1-n
> / K,G(s,s)a(s)ds=N'.
z
Let (A3)" denote condition (A3) with M replaced by M’, and (A5)’ denote condition (A5)

with N replaced by N'. Obviously, (A3) is satisfied if the stronger condition (A3)’ is met;
likewise, (A5) is satisfied if the stronger condition (A5)" holds.

The first result below gives the existence of a solution, which may #ot be positive.

Theorem 3.5 Let F: [0,1] x R — R be continuous. Suppose that there exists a con-
stant d, independent of A, such that ||x|| # d for any solution x € B of the equation

1
x(8) =2 / Gn-q(t,$)E(s,]x(s)) ds, te€[0,1], (3.19),
0

where 0 < A < 1. Then, (1.1) has at least one solution y* € C"[0,1] such that, for 0 < k <
m-—2,

m—k—2 d
k-2 m—k-2)

P < ( , te[0,1]. (3.20)
Proof We recognize that a solution of (3.19), is a fixed point of the equation x = ASx,
where S is defined in (3.17). Using the Arzela-Ascoli theorem, we see that S is continuous
and completely continuous. Now, in the context of Theorem 2.1, let U = {x € B| |»|| <
d}. Noting that ||x| # d, where x is any solution of (3.19),, we see that x ¢ dU, and so
conclusion (b) of Theorem 2.1 is not valid. Hence, conclusion (a) of Theorem 2.1 must
hold, that is, S has a fixed point in . Hence, (3.4) has a solution x* € U with ||x*|| < d.
By Remark 3.1(a), (1.1) has a solution y* = J2x*. Noting that ||x*|| < d, (3.20) is immediate
from (3.15). O

Using Theorem 3.5, the next result gives the existence of a positive solution.
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Theorem 3.6 Let (A1)-(A3) hold. Then, (1.1) has a positive solution y* € C"[0,1] such
that, for0 <k <m-2,

*(1) tm—k—2 a
0 <y*"(¢ < , tel0,1]. 3.21
P R Py 10.1] (3.21)
Proof Let F:[0,1] x R7*! — R be defined by

Ftym, ... ug01) = F(& lwrl, .., lttgaa) (3.22)

Noting (A1), we see that the function F is well defined and continuous.

Since we plan to employ Theorem 3.5, we consider the equation

1
x(8) =2 / n-q(tE(s,]x(s)) ds, t€0,1], (3.23);
0

where 0 < A <1, and prove that any solution x € B of (3.23), satisfies ||x|| # a.
To proceed, let x € B be any solution of (3.23),. Using (3.22), Lemma 2.3(e), and (Al),

we get

1 A~ ~
x(t) = A/ Gn—q(L, s)F(s,]x(s)) ds
0

J7x(s)

ey

Jx(s)|,

1
= A/ Zn-q(t; F (s, x(s)|)ds>0, tel0,1].
0
Thus, x is a positive solution.
Similarly, it is easily seen that

1
a2 (g) = & / G(t,)F(s,Jx(s)) ds > 0, t€[0,1].
0
Then, applying (A2), (3.13), and (3.9), we find that, for ¢ € [0,1],

J1%(s)], .., () |»

1
|xm=0-2)(1)| = xm-1-2)(¢) < f G(,8)F s,
0

x(s)|) ds

Jx(s)

x(s)|) ds

ooy ]

1
< / G(t,5)B(s)f ([Jx(s)
0

1 =l Il
5/0 G(t’s)'B(S)f((m—Z)!’(m—B)!""’(m—q—Z)!)dS'

Taking the suprema of both sides yields

(3.24)

IIxIISMf<( &l &l [l )

m=2) (m=3)"" (m-q-2)!

Comparing (3.24) and (A3), it is clear that ||x|| # a.
It now follows from the proof of Theorem 3.5 that (3.23)[;-; has a solution x* € B with
[lx*]l < a. Using a similar argument as before, it can be easily seen that x* is a positive
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solution and ||x*|| # a. Thus, ||x*|| < a. Moreover, since x* is positive, we have |J*x*(s)| =
Jkx*(s) for 0 < k < q and s € [0,1]. Using this we find that, for ¢ € [0,1],

1 A ~
x*(8) = / Gn—q(t, )F(s,Jx"(s)) ds
0

Jix*(s)],...,

Jx* (s)

| (9)]) ds

1
=f gqu(LS)F(S,
0
1
[ @I O 01 6) .
0

Hence, x* is actually a positive solution of (3.4) with ||x*|| < a. By Remark 3.1(a), y* = J2x*
is a positive solution of (1.1) satisfying (3.15), which, in view of ||x*| < a, leads to (3.21)
immediately. O

Remark 3.3 Note that the last inequality in (Al),
F(t; Ulyeres uq+l) >0, (t’ Ulyeors uq+1) € [01 1] X I(qﬂ;
is not needed in Theorem 3.6.

The positive solution guaranteed in Theorem 3.6 may be trivial. Our next result gives
the existence of a nontrivial positive solution.

Theorem 3.7 Let (Al)-(A5) hold. Then, (1.1) has a nontrivial positive solution y* €
Cclm) [0,1] such that, for 0 <k <m -2,

tm—k—Z a )
< x4 S i t€[01], ifa>b,
0=y¥my "L Y . (3.25)
= (m—k—z)!b S ko EE [0,1], ifa<b,
and
#(k) = %W% tenl-nl, ifa>b,
yU(e) n 2 (326)

>myﬂ, te[r],l—n], l:fﬂ<b.

Proof We apply Theorem 2.2 with the operator S and the cone C defined respectively in
(3.17) and (3.7). To begin, note that the operator S : B— B is continuous and completely
continuous. Further, from (3.10) we see that if x € C, then x is nonnegative, and so J*x € K
(or J*x € K if x is nontrivial) for 0 < k < q.

First, we show that S maps C into C. Let x € C. Noting (3.18), Lemma 2.3(a), and (Al),
it is clear that

1
(Sx)"1D(¢) = / G(t,5)F(s,Jx(s)) ds > 0, te[0,1]. (3.27)
0
Using Lemma 2.3(b), we have that, for ¢ € [0,1],

1
(5974200 = (59" 20 = [ L6F(s](6)
0
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which immediately implies

ISx|| < /1LG(s,s)F(ij(s)) ds. (3.28)
0

Now, using Lemma 2.3(c) and (3.28), we find that, for ¢ € [,1 - 5],
1 ~ K,
(5920 = [ K, (5]5(5) ds = 15wl =y 15l
0
It follows that
min Sx(¢) > | Sx|. (3.29)
teln,1-n]

Inequalities (3.27) and (3.29) imply that S(C) € C.
Next, let Q, = {x € B| ||x|| < a}. Let x € CN 3L2,, so ||x|| = a. Applying (A2), (3.13), and
(3.9), we have, for t € [0,1],
(512 = (590

1 ~
< [ Gy ints) ds
0

1 a a a
< [ 6w (o g g )

Taking the suprema and using (A3), we get

11|l SMf((mb_lz)z’ (mi3)!"“’ (m—Z—2)!) <a= |l (3.30)

Hence, we have shown that ||Sx| < ||x|| forx € CN3Q,.
Next, let Q5 = {x € B| ||x|| < b}. Let x € C N 92y, so that |x|| = b. Noting (A4), we find
that, for ¢t € [0,1],

1-
|(Sx)"=172)(8)] > f ' G(t,s)F(s,Jx(s)) ds

1-n ~
> / G(t,s)a(s)f(]x(s)) ds
b (z=n)"?yb (z=n)""yb
> /Z G(t,s)a(s)f( 2 mo3n

(z- n)’”“”yb) ds,
(m—q-2)!

where we have used (3.14) and (3.12) in the last inequality. Taking the suprema and using
(A5) lead to

(3.31)

m—2 m-3 m-q-2
”lelsz<(z—n) yb (z—-n)""yb (z—n)" yb)zb:HxH.

m=-2)! " m=3)! 7 (m-q-2)

Hence, we have ||Sx|| > ||x|| for x € C N 982,,.
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In view of (3.30) and (3.31), we conclude from Theorem 2.2 that S has a fixed point
x* € C N (QLmaxiap) \Rmin(a,p))- Thus, min{a, b} < ||x*|| < max{a, b}. We further note that
[lx*|| # a follows from a similar argument as in the first part of the proof of Theorem 3.6.
Hence, we obtain

a<”x*||§b ifa<b and b§||x*||<a ifa>b. (3.32)

By Remark 3.1, (1.1) has a nontrivial positive solution y* = J9x*. Since x* € B, y* satisfies
(3.15) which, in view of (3.32), gives (3.25). Further, since x* € C, using (3.32) in (3.16) leads
to (3.26) immediately. O

The next result gives the existence of two positive solutions.

Theorem 3.8 Let (Al)-(A5) hold with a < b. Then, (1.1) has (at least) two positive solutions
Y1,¥2 € C[0,1] such that, for0 <k <m -2,

gm—k=2

0= < k4 = ke LE(0,1];
m—k-2
0 <250 < b < iy t€10,1], (3.33)

yz ') > %Vﬂ; tenl-nl

Proof From the proofs of Theorems 3.6 and 3.7 we see that (3.4) has two positive solutions
x1 € Band x; € C (x; is nontrivial) such that

0 =<l <a< |2l < b. (3.34)

By Remark 3.1, (1.1) has two positive solutions y; = J%x; and y, = J9x, (y, is nontrivial).
Using (3.34) in (3.15) and (3.16) gives (3.33) immediately. a

One of the solutions (y;) may be trivial in Theorem 3.8. Our next result guarantees the
existence of two nontrivial positive solutions.

Theorem 3.9 Let (Al)-(A5) and (A5)|y-p hold, where 0 < b' < a < b. Then, (1.1) has (at
least) two nontrivial positive solutions y,y, € C10,1] such that, for0 <k <m -2,

m-k-2

0<)(t) < toya < gy £€10,1],
k
W) = %Vb’, tenl-nl (3.35)
m-k—2 -
0<y(t) < (fn = b< ity t€l01],

9 (t)> e - 2)' “va, ten1-nl.

Proof From the proof of Theorem 3.7 (see (3.32)) we derive that (3.4) has two nontrivial
positive solutions x;,x; € C such that

0<b <|mll <a<|x] <b. (3.36)

By Remark 3.1, (1.1) has two nontrivial positive solutions y; = J%x; and y, = J2x,. Using
(3.36) in (3.15) and (3.16) gives (3.35) immediately. O

Page 13 of 25
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Note that in Theorem 3.9, both (A3) and (A5) are required to obtain the existence of two
nontrivial positive solutions. In the next two theorems, only one of (A3) and (A5) is used

to ensure the existence of two nontrivial positive solutions. Define

. Uly.eo s Ugsl
fo= lim ﬂ’i””) and
u;—0+,1<i<g+1 Mq+1
foo _ lim f(ul"w;uq+l).
u;—>00,1<i<g+1 Ugsl

Theorem 3.10 Let (Al)-(A4) hold and 0 < fz -1 G(s,s)a(s) ds < o0.
(a) Iffy = oo, then (1.1) has a nontrivial positive solution y, € C"[0,1] such that, for
0<k<m-2,

tm—k—2 a

m—k—21" = m—k—2)

0 <y < te0,1]. (3.37)

(b) Iffs = 00, then (1.1) has a nontrivial positive solution y, € C"[0,1] such that, for

0<k<m-2,
k (t - U)m_k_z
y(zl)(t) > myﬂ, ten1-nl (3.38)

(©) Iffo =foo = 00, then (1.1) has (at least) two nontrivial positive solutions
y1,92 € C"[0,1] such that (3.37) and (3.38) hold for 0 < k < m —2.

Proof We apply Theorem 2.2 with the operator S and the cone C defined respectively in
(3.17) and (3.7). As seen in the proof of Theorem 3.7, S maps C into C. Let , = {x €
B| ||x|| < a}. Using (A2) and (A3) as in the proof of Theorem 3.7, we obtain (3.30), and
hence

ISx|| < llxll, x€CNaI,. (3.39)
(a) Define

. [(z— Wy, [T

1
m—a-20 J. G(s,s)a(s) ds] . (3.40)

Since fy = 00, there exists 0 < r < a such that
flury . tgn) > Puge, O<uy<rl<i<q+l (3.41)

Let Q,={x € B||x|| <r}. Let x € CN 3, so ||x|| = r. Note that from (3.13) and (3.9) we

have

[l r

" -
J x(s) < (m-q-2+k! (m—q-2+Kk) )

r, s€[0,1],0<k<gq. (3.42)
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For t € [,1 - n], we use (A4), Lemma 2.3(c), (3.42), (3.41), (3.12), and (3.40) successively
to get

1-
|(Sx)(m—q*2)(t)| > / WG(t,s)F (ij(s)) ds

1-n

> K, G(s,8)au(s)f (Jx(s)) ds

z

1-n
> / K, G(s,s)ot(s)Px(s) ds

1-n _ oy \m—q-2
> / K,Gls)a(pZ I G
z (Wl —-q- 2)!

Hence, we have
[ISx]| = llx]l, x€CNIL,. (3.43)

Having established (3.39) and (3.43), by Theorem 2.2 we conclude that S has a fixed
point x; € C N (R,\2,) such that r < |x;|| < a. Using a similar argument as in the first
part of the proof of Theorem 3.6, we see that ||x;|| # a. Hence, we get r < |x1]| < a (x1 is
nontrivial). By Remark 3.1, (1.1) has a nontrivial positive solution y; = J9x;. Since |1 < 4,
(3.37) is immediate from (3.15).

(b) Since f = 00, we may choose w > a such that
f(ult .. 'ruq+l) = Puq+l: ui>w,1<i<gqg+1, (3.44)

where P is defined in (3.40). Let

w —max{w[(z_’l)m_q_zy}_l w|:(Z—7l)m_q_2+kV:|_11<k< }_ w(m —2)!
" tm—q-21 ] lon—q-2vnr] T Ty

Clearly, wo > w > a. Let Q,, = {x € B| [|x]| <wo}. Let x € CN 9Q,, so that |lx|| = wy. Note
that from (3.12), (3.14), and the definition of wy we have that, for s € [z,1 - ],

(z n - 12y
x(S) = 2)[ ” ” (m— q 2) Wo = W, (3 45)
Ky(c) > (&= n) T2y o ey l<k< ’
J x(s) —  (m—q-2+k)! [l = (m —q—2+k)! Wo Z W, =K=q

Using (A4), Lemma 2.3(c), (3.45), (3.44), (3.12), and (3.40) successively, we get that, for
te [77, 1 - '7],

’(Sx)('”_q_z) (t)| K,G(s, s)a(s)f(jx(s)) ds

v

KG(s,s)a(s)Pw i

(m—q-2)!

=

> / .
/Z o K, Gs, s)ax(5)P(s) dis
\/;1
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It follows that
ISxll = llxll, x€ CNay,. (3.46)

With (3.39) and (3.46), by Theorem 2.2 we conclude that S has a fixed point x, € CN
(ﬁwo\ﬂﬂ) such thata < ||x; || < wp. Once again, as seen earlier, ||x;| # a, so thata < ||x;|| <
W (%7 is nontrivial). By Remark 3.1, (1.1) has a nontrivial positive solution y, = J%x,. Since
ll2]] > a, (3.38) is immediate from (3.16).

(c) This follows from Cases (a) and (b). (|

Theorem 3.11 Let (Al), (A2), (A4), (A5) hold, and 0 < /01 G(s,5)B(s)ds < 00.
(@) Iffy =0, then (1.1) has a nontrivial positive solution y, € C"[0,1] such that, for
0<k<m-2,

m—k-2 b

0 <9< te0,1]. (3.47)
(m

b< ,
—k=2)" T (m-k-2)
(b) Iffs =0, then (1.1) has a nontrivial positive solution y, € C"[0,1] such that, for

0<k<m-2,

(t —n)mH=2

myb, te [7],1 - 7’}]. (3.48)

7 =
(©) Iffo =foo =0, then (1.1) has (at least) two nontrivial positive solutions
y1,92 € C"([0,1] such that (3.47) and (3.48) hold for 0 < k < m - 2.

Proof Once again, we apply Theorem 2.2 with the operator S and the cone C defined
respectively in (3.17) and (3.7). Let 2, = {x € B | ||x|| < b}. Using (A4) and (A5) as in the
proof of Theorem 3.7, we obtain (3.31), and so

ISxll = llxll, x€CNaLy. (3.49)
(a) Let
L 1 -1
=| — , ds| . .
T [(m—q—2)! «/0 G(s,s)B(s) s] (3.50)

Since fy = 0, there exists 0 < r < b such that
flurs . ttgn) < Tuga, O<u;<rl<i<q+l (3.51)

Let Q,={x e B| x| <r}. Letx € CN 3L, so ||x| = r. Note that (3.42) holds. Using (A2),
Lemma 2.3(b), (3.42), (3.51), (3.9), and (3.50) successively, we find that, for ¢ € [0,1],

1
|(Sx)m-1D(p)| < /0 LG(s,5)B(s)f (Jx(s)) ds

1 1
5/0 LG(s,s)ﬂ(s)Tx(s)ds§/0 LG(s,s)ﬁ(s)T%q"_z)! ds = ||x||.
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Hence, we have
[ISx] < |lxll, xe€CNaI,. (3.52)
Noting (3.49) and (3.52), it follows from Theorem 2.2 that S has a fixed point x; €
C N (2\2,) such that r < ||| < b (x; is nontrivial). Hence, we see from Remark 3.1
that (1.1) has a nontrivial positive solution y; = J9x;. Using ||x;|| < b in (3.15) yields (3.47)
immediately.
(b) Since fi, = 0, we may choose w > b such that
flurs .o ttgn) < Tuga, wi>wl<i<qg+l, (3.53)
where T is defined in (3.50). To proceed, we consider two cases, when f is bounded and
when f is unbounded.
Case 1. Suppose that f is bounded. Then, for some A > 0,

flury... ug0) <A, u;€[0,00),1<i<g+1 (3.54)

Let
1
wo :max{b+1,LA/ G(s,s),B(s)ds}.
0

Clearly, wy > b. Let Q,,, = {x € B| ||| < wo}. Let x € C N 3L, so ||x]| = wy. Using (A2),
Lemma 2.3(b), and (3.54) provides, for ¢ € [0,1],

|(Sx)"=172(8)| < /0 1 LG(s,5)B(s)f (Jx(s)) ds
< LG5, 9B(6)Ads < wo = .
Hence, we have
ISxll < llxll, x€ CNaLy,. (3.55)

Case 2. Suppose that f is unbounded. Then, there exists wy > w(m — 2)! (> b) such that

wo Wo Wo )
)

f(ulx...,uq+l) Sf((m_z)ﬂ (m_g)!"“’ (m_q_2)|

0<u;<wypl<i<g+l (3.56)
Let Q,,, ={x € B| ||x|| < wo}. Letx € CN 3, so [|x]| = wy. It follows from (3.13) and (3.9)
that

[l Wo

" _
Jrx(s) < (m-q-2+k! (m-q-2+Kk)

<wy, s€[0,1,0<k=<gqg. (3.57)
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Now, we apply (A2), Lemma 2.3(b), (3.57), (3.56), (3.53), and (3.50) successively to obtain,
for t € [0,1],

1
()12 (1) < /0 LG(5,9)B6)f (x(6)) ds

1 wo Wo Wo
< /0 LG(s,S)ﬂ(S)f((m U (m=3)"""" (m —q—2)!) “

1 Wo
< fo LG(s T oo ds = o = I,

It follows that ||Sx|| < ||l%| for x € C N 3R, that is, (3.55) holds.

Having established (3.49) and (3.55), by Theorem 2.2 we see that S has a fixed point
%€ CN(Q wo \S2p) such that b < |lx;|| < wy (x; is nontrivial). It follows from Remark 3.1
that (1.1) has a nontrivial positive solution y, = J9x,. Using ||x5] > b in (3.16) leads to (3.4.8)
immediately.

(c) This follows from Cases (a) and (b). O

Remark 3.4 Comparing Theorem 3.9 with Theorems 3.10(c) and 3.11(c), we note that all
of them guarantee the existence of two nontrivial positive solutions of (1.1); also, conclu-
sion (3.35) in Theorem 3.9 gives more details than the conclusions in Theorems 3.10(c)
and 3.11(c). This might be explained by the fact that condition (A5) is required in The-
orem 3.9 twice but not at all in Theorems 3.10(c) and 3.11(c); further, more effort might
be needed to check (A5). Therefore, the ‘more’ details in (3.35) require possibly greater
efforts.

Using the earlier results, we now give the existence of multiple positive solutions of (1.1).

Theorem 3.12 Let (Al), (A2), and (A4) hold. Suppose that (A3) is satisfied for a = ay,
£=1,2,...,k, and (A5) is satisfied for b= b;, £ =1,2,...,n

(@ Ifn=k+1land0<by<ay <-- <bg<ay< by, then (1.1) has (at least) 2k nontrivial

positive solutions yi, ...,y € C[0,1] such that, for 0 <i <m-2and £ =1,2,...,k,

0] m—i-2
0 <y2l€ 1(t) < fn i—2)! Ay = (mfié_2>!1 te [0; 1]7
yze () > ﬁybb tenl-nl,

b
0 <J’2@(t) = fn —i-2)! bl+1 (m_l;_lz)!’ te [0’1])
(t=n)"

¥ () > ) “ya,, telnl-nl.

(3.58)

b) Ifn=kand 0<by<ay<---< by <a, then (1.1) has (at least) 2k — 1 nontrivial
positive solutions yy,...,ya-1 € C"[0,1] such that, for 0 <i<m-2,£=1,2,...,k,
andj=1,2,...,k-1,

0=y (< ap< % tel0,1]
=Y m=i= 2) = mmic2)? el

y(Ziz—l(t) = (tn,:]l 2)! J/be: te [nrl - 7)],

b,
bj+1 < (m—]i—IZ)!’ te [01 1];

(3.59)

Pk i-2
(m—i-2)!

0<y() <

i _\m—i-2
J’(zl;)(t) > %Vﬂjr t€n1-nl
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() Ifk=n+land0<a;<b;<---<a,<b,<ay., then (1.1) has (at least) 2n + 1
positive solutions yo, ..., ya, € C"[0,1], where yi, ..., ya, are nontrivial, such that,
forO<i<m-2andf=12,...,n,

0 <30 () < 5 2) i < o t€[0,1],

- b
0 Syzg_l(t) —_ (m—i—2)! b/ﬁ S (m—il—Z)!’ t € [07 1];

i _\m—i—-2
Prat)> S mya,  teln -], (3.60)
1 m—i-2
0 sy(zlé(t) < Mﬂul < ﬁ, te[0,1],

7 o ym—i-2
¥ > (i,,f’_)i_z), ybe, te[n1-nl.

d) Ifk=nand0<ay <by<---<ay < by, then (11) has (at least) 2k positive solutions
Y05+ Yox-1 € CP[0,1], where y1, ..., yax_1 are nontrivial, such that, for
0<i<m-2,£=12,...,k,andj=1,2,...,k -1,

0 <J’o (t) < (m i 2) a1 = (m“ll 21 te [0’1]1

0 <J’24z (0 = (mm, sibe < mbf_z)l, te[0,1],
P> Wyae, tenl-nl, (3.61)
0 5)’2; () < mﬂju = %, t€(0,1],

i _\—i-2
Y0 = E by, te[n,1-n).

Proof The proofinvolves repeated usage of Theorems 3.6 and 3.7. In (a) and (b), we apply
(3.32) repeatedly to get multiple positive solutions of (3.4) as follows.
(@) fn=k+1and 0 < by <a; <--- < by <ay < by, then (3.4) has (at least) 2k nontrivial

positive solutions xj, ..., %y € C such that

0<b <llmll <ag < |lxzll < by <--- <ag < |x2k|l < Dies1. (3.62)

(b) f n=kand 0 < by <ay <--- < by < ay, then (3.4) has (at least) 2k — 1 nontrivial

positive solutions xy, ..., %21 € C such that

0<b <lxll <ar< %2l <by <+ < bp < %2kl < ax. (3.63)

Hence, conclusions (a) and (b) follow from Remark 3.1. Inequalities (3.58) and (3.59) are
obtained by using (3.62) and (3.63) in (3.15) and (3.16).

Next, in (c) and (d), from the proof of Theorem 3.6 we see that (3.4) has a positive solu-
tion xg € Bwith 0 < |lxo|| < a1. Applying (3.32) repeatedly again, we get more solutions as
follows.

(¢) fk=n+landO<a;<b; <---<a,<b, <a,., then (3.4) has (at least) 2n + 1

positive solutions xg € B, x3,...,%3, € C such that

0 =<|xoll <ar < llxll by < lwall <ag < -+ < by < %ol < @par. (3.64)
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(d) fk=nand 0 <ay < by <--- <ag < by, then (3.4) has (at least) 2k positive solutions
%0 € B, x1,...,%91 € C such that

0 <llxoll <ar <llxill < by < [l%2]l <@z < - -+ <@g < [ %]l < br- (3.65)

Hence, conclusions (c) and (d) follow from Remark 3.1. Inequalities (3.60) and (3.61) are
obtained by using (3.64) and (3.65) in (3.15) and (3.16). O

4 Examples
In this section, we illustrate the theorems obtained in Section 3 by some examples. We
remark that in all the examples presented, explicit known solutions are given to validate

the conclusions derived from the theorems.

Example 4.1 Consider the Sturm-Liouville boundary value problem

YO 8) + F(t,y(2),y (£),y"(®),y" () =0, ¢te[0,1], 1)
¥(0)=y(0)=y"(0)=0,  2y¥(0)-yP(0)=0, —¥1)+3y®)=0, '
where
E(t3yy'y") = 36 (290 + 660t + 961> + 144> — ¢4 — 61°\ ™
7_)/7_)/ ;J’ ,J/ - 5 10
x (y+2y +3y" +4y" + 5)3. (4.2)

Here,m=5,4=3,0=2,0=1,p=-1and§ =3.Letn = i and z = % A direct computation
gives L = %, K
Clearly, (Al

1 1
=y andy = 3.
, (A2), and (A4) are satisfied with

i

~

36 <29o + 660t + 9612 + 1443 — t* — 61° )‘3

at)= p(6) = = =

and
fuy, ug, us,ug) = (U1 + 20y + 3us + 4uy + 5)3,

It is easy to check that fy = foo = 00. Next, let us check if (A3) is satisfied, and for this, using
Remark 3.2, we shall check the easier but stricter (A3)/, viz.,

a a

6Z>Mif<3',51a;a); (4'3)

where M’ = fol LG(s,s)B(s) ds. This inequality reduces to

[ a a 3
a>M g+25+3a+4a+5 ,

which can be solved to get a € [0.012243,3.5027]. Hence, (A3)’ (and so (A3)) is satisfied
ifa € [0.012243,3.5027].
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In summary, (A1)-(A4) are met (with a € [0.012243,3.5027]), and also f; = fo = 00. By
Theorem 3.10(c), (4.1)-(4.2) has (at least) two nontrivial positive solutions yy, y, € C®[0,1]
such that, for 0 <k <3,

(k) 3-k
0=y ()< gma=gm t€01] (4.4)
Wigys Lo(t-Lp3*ya, te[l,? '
Y2 B-R! A 1)

Since a € [0.012243,3.5027], it follows from (4.4) that, for 0 < k < 3,

25 0.012243) < 202283 4 [0 1]
B-h! = e (4.5)

PO > et - 1P *y(35027), tell,2].

0=y <

In fact, a positive solution of (4.1), (4.2) is known to be

_ 50£% +25¢* - 3¢°

(¢ 4.6
y (@) 20 (4.6)
By direct computation, we find that, for 0 < k < 3,
*(k) *(k) 1 o 13
y () <cr, tel0,1] and y*(t)>di|t- vl B b | (4.7)

where ¢ and dj are respectively the smallest and the largest constants for the inequalities
to hold, and they are given as follows:

Co = 144, = 4-.7, Cy = 108, C3 = 144,
(4.8)
do = 4.5267, dy =9.7453, d, =14.7375, ds = 8.775.

Since di > y(3.5027)/(3 — k)!, this y* may be y, in (4.5). This y* is certainly not y;. Hence,
conclusion (4.5) is somewhat validated.

Example 4.2 Consider the Sturm-Liouville boundary value problem (4.1)-(4.2) again. Let
us checkif (A5) is satisfied. For this, using Remark 3.2, we shall check the easier but stricter
(A5), viz.,

o vb vb yb
bSNf(E) m; Zryb>r (4"9)

3
where N’ = [} K 1 G(s,s)a(s) ds. This inequality reduces to
2

b b b 3
b<N' 7/—+2y—+3y—+4yb+5 ,
433! 4221 4

which we solve to get b € (0,5.4735 x 107*] U [230.39, 00). Hence, (A5)’ (and so (A5)) is
satisfied if b € (0,5.4735 x 107*] U [230.39, 00).

Combining with the investigation in Example 4.1, we have that (A1)-(A5) is satisfied
with a € [0.012243,3.5027] and b € (0,5.4735 x 107*] U [230.39, 00). Now, applying The-
orem 3.9 with a € [0.012243,3.5027], b’ € (0,5.4735 x 10~4], and b € [230.39,00) (¥’ <
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a < b), we see that (4.1)-(4.2) has two nontrivial positive solutions y,,y, € C®[0,1] such
that (3.35) holds. Noting the ranges of 4, &', b, we further deduce from (3.35) the following
for0 <k<3:

0 <y < G (o 012243) < 0‘;123;,‘3, te0,1],

NOE W(zr—l)3 ¥y (54735 x107%), te(3,3],
0<yy (t)< (23039)<2§°k3?, telo,1],

¥ > a5 (t——)3 ky(3.5027), tel3i,2].

(4.10)

As seen in Example 4.1, the boundary value problem (4.1)-(4.2) has a known positive so-
lution y* given in (4.6), (4.8). Noting that dy > y(3.5027)/(3 — k)! and ¢, < (230.39)/(3 - k)!,
this y* may be y, in (4.10). This y* is certainly not y;. Hence, conclusion (4.10) is somewhat
validated.

Further, it is obvious that (4.10) (obtained from Theorem 3.9) gives more details than
(4.5) (obtained from Theorem 3.10(c)). As noted in Remark 3.4, more details come from

(A5) being used twice in Theorem 3.9 but not at all in Theorem 3.10(c).

Example 4.3 Consider the Sturm-Liouville boundary value problem (4.1) with

o 3635490t +276% + 93 + t* — 3.5\ 0°
F(t.y.y.y"y") = = z

x (y+y +y" +y" +1)°. (4.11)

Clearly, (A1), (A2), and (A4) are satisfied with

a(t) = B(o) =

36 (35 +90f + 2762 + 943 + ¢4 —3t5)06
5 5

and
Sur, ua, uz,ua) = (uy + tp + uz + g +1)°°.

Note that Theorems 3.10(c) or 3.11(c) cannot be applied to this example because fy = co
and f = 0.

We proceed with checking (A3) and (A5). Similarly to Examples 4.1 and 4.2, solving the
stricter inequalities (4.3) and (4.9), we obtain a € [80.313, 00) and b € (0, 0.30913]. Hence,
(A3) and (A5) are satisfied if a € [80.313,00) and b € (0,0.30913]. Note that a > b.

Applying Theorem 3.7, we conclude that (4.1), (4.11) has a nontrivial positive solution
y0 € C®[0,1] satisfying (3.25) and (3.26) for the case a > b. Noting that a € [80.313,00)
and b € (0,0.30913], we further obtain, for 0 < k < 3,

0<y®® < G (80 313) < 803 1< 0,1],
yO 1\3-k o 13 (4.12)
yWO@) > remran k ( 17%y(0.30913), telg,2
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Now, it is known that (4.1), (4.11) has a positive solution y* given in (4.6), (4.8). Noting
that ¢, < (80.313)/(3 — k)! and dy. > y(0.30913)/(3 — k)!, this y* could just be y, in (4.12).
Hence, conclusion (4.12) is somewhat validated.

Example 4.4 Consider the Sturm-Liouville boundary value problem (4.1) with

» <y+y’ +y" +y" + 100)

36 (530 +90t+ 2762 + 983 + t* — 3t5)

10 (4.13)

Clearly, (A1), (A2), and (A4) are satisfied with

36 (530 +90¢ + 2782 + 983 + t4 - 3¢°
a(t) = () = =0

and

Uy + U + Uz + ug + 100
10 '

f(l’tl’ U, U3, l/i4) =

Once again, Theorems 3.10(c) or 3.11(c) cannot be applied to this example because f; =
oo and f5, = 0.4.

Checking (A3) and (A5) as in Example 4.3, we solve (4.3) and (4.9) to get a € [26.577, 00)
and b € (0,1.4883]. Hence, (A3) and (A5) are satisfied if a € [26.577,00) and b €
(0,1.4883]. Note that a > b.

An application of Theorem 3.7 gives a nontrivial positive solution y € C®[0,1] of
(4.1), (4.13) satisfying (3.25) and (3.26) for the case a > b. Since a € [26.577,00) and
b € (0,1.4883], we further obtain, for 0 <k < 3,

0=<yP@) <

G Lel
¥R (@6 = (—i) y(1.4883), te[k

(4.14)

In fact, (4.1), (4.13) has a positive solution y* given in (4.6), (4.8). Since ¢k < (26.577)/(3 -
k)! and dy > y(1.4883)/(3 — k)!, this y* could be y in (4.14). Hence, conclusion (4.14) is
somewhat validated.
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