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By the notation and monotone convergence theorem of Henstock-Kurzweil integral, we investigate
the existence of continuous solutions for the second order boundary value problems with integral

boundary conditions in which the nonlinearities f(t, x(t)) are allowed to have the singularities in
t and are not Lebesgue integrable.

1. Introduction

The singular boundary value problems

-x" = f(t,x), te€(0,1),
ax(0) — px'(0) =0, (1.1)
yx(1) +6x'(1) =0,

where f(t,x) may be singular at t = 0 and t = 1, have been studied extensively; see, for
example, [1-8], and the references contained therein.
In [7], Taliaferro showed that problem (1.1) has a C[0,1] N C!(0,1) solution, where
p=0,6=0,and f(t x) = qt)x™, A >0,q € C(0,1) with g >0 and fé t(1-1t)g(t)dt < +oo.
Since then, there are many improvements of this result in literatures for more general
case.



2 Journal of Inequalities and Applications

In [5] and other literatures, the authors studied (1.1) in the case where f(t,x) =
q(t)g(x), g : [0,00) — [0,00) is continuous, and g € C(0,1) with f; t(1 - t)g(t)dt < +oo
or in the case where f(t,x) : (0,1) x R — R is continuous and satisfies |f(t, x)| < h(t) with
h € C((0,1),R") and fé t(1 - t)g(t)dt < +oo. We note that f(t,x) admit a time singularity at
t =0and/or t = 1 and space singularity at x = 0.

In [4], the authors considered (1.1) when = 0,6 =0, f(t,x) = q(t)g(x), g : [0,00) —
[0, 0) is continuous, and g € L(0,1),4(t) > 0 a.e. (in particular, g is allowed to have a finite
number of singularities).

In [1], Agarwal and O’Regan studied (1.1) when = 0,6 = 0, and f (¢, x) satisfies the
following caratheodory conditions.

(C1) The map x — f(t,x) is continuous for a.e. t € [0, 1].
(Cz) The map t — f(t,x) is measurable for all x € R.

(C3) There exists h € Llloc(O,l) with fol t(1 —t)h(t)dt < +oo such that |f(t,x)| < h(t) for
ae. te[0,1]and x € R.

In [8], the authors studied (1.1) with f = 0 as well as 6 = 0 and supposed that f(t, x) =
fi(t,x) +q(t), fi(t,x) : (0,1) x R — Ris continuous, and g € L'(0,1).
It is noticed that the case

1 2 1 1 1
t,x) = fi(t, x) +2sin — — —cos — — = sin — 1.2
f(t,x) = fi(t,x)+ sin = 7 cos = 5 sin ; (1.2)

with fi(t,x) : (0,1) x R — R being continuous is not included in all those papers
abovementioned.

In this paper, motivated by this case, relying on theory of Henstock-Kurzweil integral,
we investigate the following second order boundary value problems with integral boundary
conditions

—.X'" = f(t,X), te (0/ ]-)/

1

x(0) — k1x'(0) = fo hi(s,x(s))ds, (13)
1

x(1) + kpx'(1) = ’[0 ho (s, x(s))ds,

where ki, k; are nonnegative constants and f(t,x),hi(t,x)(i = 1,2) are not certainly L'-
integrable.

Henstock-Kurzweil integral encompasses the Newton, Riemann and Lebesgue
integrals. A particular feature of this integral is that integrals of highly oscillating function
which occur in quantum theory and nonlinear analysis such as F'(t), where F(t) = t*sint™2
on (0,1] and F(0) = 0, can be defined.

For the literatures in which the theory of Henstock-Kurzweil integral to study
differential equations is used we refer to [9-14] and so on.

This paper is organized as follows. In Section 2, we make some preliminaries in
Henstock-Kurzweil integral; in Section 3, we will prove the equivalence of problem (1.3) and
an integral equation as well as existence and uniqueness of solution for the linear problem
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which associate with (1.3); in Section 4, we are devoted to the existence results for the singular
problem (1.3). An example will be given in Section 5.

2. Preliminaries

In this section we introduce the basic facts on Henstock-Kurzweil integrability, a concept that
extends the classical Lebesgue integrability on the real line. All notations and properties can
be found in the references (see, e.g., [13, 14]).

Let [0,1] be the real unit interval provided with the o-algebra X of Lebesgue
measurable sets with the Lebesgue measure p.

Definition 2.1 (see [13, 14]). One says that D = {(I;,t;)} is a tagged partition of [0,1] if {I;}
is a finite family of closed subintervals I; of [0,1] which are nonoverlapping, that is, their
interiors are pairwise disjoint, and whose union is [0,1], and if t; € I;. Given a function
6:[0,1] — (0,00) (called a gauge of [0,1]), one says that a tagged partition D = {(I;, t;)} is
O-fine if I; C (t; — 6(t;),t;i — 6(t;)) for every i.

Definition 2.2 (see [13, 14]). A function f : [0,1] — R is said to be Henstock-Kurzweil
(shortly HK) integrable if there exists a real z satisfying that, for every € > 0, there is a gauge
6, such that

<e€ (2.1)

> ftpu) -z
i=1

for every 6,-finite partition D = {(I;, ;) }. One says that
1
z= (HK)J‘ f(t)dt (2.2)
0

is a Henstock-Kurzweil (shortly HK) integral of f over [0, 1].

A function F is absolutely continuous (or AC*) on E ¢ [0, 1] if for each ¢ > 0 there exists
6 > Osuch that >, w(F; [c;, d;i]) < e whenever {[c;, d;]} is a finite collection of nonoverlapping
intervals that have endpoints in E and satisfy >;(d; — ¢;) < 6 while w(F; [c;, d;]) denotes the
oscillation of f over [c;, d;]; that is,

w(F; [ci,di]) = sup{|F(x) - F(y)| : x,y € [ci, di]}. (2.3)

A function F is generalized absolutely continuous (or ACG") on E if F is continuous
on E and if E can be expressed as a countable union of sets on each of which F is absolutely
continuous (or AC").

For the Lebesgue integral of function f, we denote that fé f(s)ds.

Denote by C the continuous functions space on [0, 1], by AC the absolutely continuous
functions space on [0, 1], by ACG" the generalized absolutely continuous functions space on
[0,1], and by H the space of HK-integrable functions from [0, 1] to R. Assume that the space
C is equipped with pointwise ordering and normed by the maximum norm, and that the
space H is equipped with a.e. pointwise ordering and normed by the Alexiewicz norm.
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The following Lemma 2.3-Lemma 2.7 are from [13, 14].

Lemma 2.3. The Henstock-Kurzweil integral is linear, and additive over nonoverlapping intervals of
[0,1].

Lemma 2.4. Let f : [0,1] — R be HK-integrable and let g : [0,1] — R be bounded variation. Then
f g is HK-integrable, and for every t € [0, 1]

t t t s
(HK) Jl)f(s)g(s)ds = g(t)(HK) Iof(s)ds - Jo (g’(s)(HK) Jo f(T)dT> ds. (2.4)

Lemma 2.5. Let f. : [0,1] — R be HK-integrable. If f_(s) < f.(s) for almost every s € [0,1], and
if [a,b] C [0,1], then

b b
(HK)J‘ f-(s)ds < (HK)J‘ f+(s)ds. (2.5)
Lemma 2.6. Let f : [0,1] — R be HK-integrable. Then the relation
_ t
ft)=c+ (HK)I f(s)ds, tel0,1], (2.6)
0

defined a function f : [0,1] — R, which is continuous and belongs to ACG”, a.e. derivable and

Fi(t) = £(t) a.e. on [0,1].
f is called a primitive of f.

Lemma 2.7. Assume that functions f, : [0,1] — R, n € Nand f. : [0,1] — Rare HK-integrable,
that the sequence { f,(s)} is increasing (respectively decreasing) for almost every s € [0,1], and that

f-(5) < fu(s) < fi(s) (2.7)

foralln € N and a.e. s € [0,1]. Then there exists such an HK-integrable function f : [0,1] — R,
that f(s) =lim, _, o fu(s) for a.e. s € [0,1], and that

1 1
lim (HK)f fn(s)ds = (HK)I f(s)ds. (2.8)
n—o 0 0

3. Linear Problem

We know that the homogeneous problem
~x"=0, te(0,1),
x(0) — k1x'(0) =0, (3.1)
x(1) + kox'(1) = 0,
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has only the trivial solution and Green’s function is

(ki +t)(ka+1-5), 0<t<s<l,

G(t,s) = (3.2)

k1+k2+1
(k1+5)(k2+1—t), OSSStfl

It is easy to prove the following lemma.

Lemma 3.1. Forevery t € [0, 1], functions s — G(t,s) and s — (0G/0t)(t, s) are derivable on [0, t)
and (t,1] and their derivations are absolutely continuous.

Lemma 3.2. Let 0 : [0,1] — R be an HK-integrable function, then

(1) for every t € [0,1], G(t, s)o(s) and (0G/0t)(t, s)o(s) are HK-integrable in s;
(2) the function, where us : [0,1] — R,

1
Uy (t) = (HK) L G(t,s)o(s)ds, Vte[0,1] (3.3)

is derivable a.e. on [0, 1] and

1
ul (t) = (HK) L %—f(t, s)o(s)ds, (3.4)

(3) us(t) satisfies the following conditions:

1y (0) — kyul (0) =0,

(3.5)
uy(1) + koul (1) =0,
(4) ul (t) is derivable a.e. on [0, 1] and
—uy(t) =o(t), ae. in [0,1]. (3.6)

Proof. (1) From Lemma 3.1, since we know that G(t,s) and (0G/0t)(t,s) are absolutely
continuous respect to s, and o(s) € H, the conclusions are in as follows.
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(2) Since

1
us(t) = (HK) L G(t,s)o(s)ds

k1+t

1
= m(HK) J‘t (k2 +1- S)O'(S)ds (37)

kz +1-t t
+ m(HK) J‘O(kl + S)O'(S)ds,

it follows from Lemma 2.6 that, for a.e. t € [0, 1],

1
k1+k2+1

k1+t
2+1(k2+1—t)0'(t)

1
ROE (HK) L (a1 s)oe)ds — ot

1

_ k2+1—t
k1+k2+1

t
(HK) fo(kl +8)o(s)ds + P (ky +t)o(t) (3.8)

1oG
= (HK) fo E(t’ s)o(s)ds.
(3) Since

! HK 1k 1 d
uo()—m( )JO(2+ - s)o(s)ds,

44 0) = Jim 0= o0

t
1 '
= tll)rgl*? [m(HK) J‘t (k2 +1- S)O'(S)ds
(3.9)
kp+1-—t

t
+ m(HK) jo(kl +s)o(s)ds

kq

1
_m(HK) fo (kp+1- s)o(s)ds]

1 ) 1 t
= m(HK) .[o (ko +1-5s)o(s)ds — tlg{)li(HK) .[o so(s)ds,

we claim that

t
lim 1(HK) J‘ so(s)ds = 0. (3.10)
t—0+t 0
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In fact, by Lemma 2.4,
t t t s
HK ds = t(HK ds — HK dr )ds. 3.11
( )foscf(s) s =i )focr(s) 5 f0(< >foo<r) r) s (3.11)

Denote that g(s) = (HK) jgo(T)dT; then g(s) € ACG" and lim,_,0g(s) = 0. There exists
ty € [0, t] such that

t
fg@ﬁb=gawt (3.12)
0

Therefore,

t t

.1
fim 7010 |

so(s)ds = lim (HK) J‘
0 £50°

o(s)ds — tlirg g(to) =0. (3.13)
0 -0

Thus, we have

1

uU(O) - k1+k2+1

1
(HK) I (ko +1-5s)o(s)ds,
0 (3.14)

15(0) — k1, (0) = 0.

The proof of another condition 4 (1) + kou,, (1) = 0 is similar.
(4) Since

1

uo(t) - k] +k2+1

<—(HK) f;(kl + s)o(s)ds + (HK) f(kz +1- s)o(s)ds> (3.15)

for a.e. t € [0,1], there exists a subset I of [0,1] with p([0,1] \ I) = 0 such that u/,(t) € ACG*
on I. Relying on Lemma 2.6, u,(t) is derivable a.e. on I and, therefore, a.e. on [0, 1], and

1
m((’ﬁ +t)o(t) + (ko +1-t)o(t)) (3.16)

=o(t), ae.in [0,1].

—ug(t) =
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Theorem 3.3. Given functions o(t), pi(t), p2(t) € H. Then the following nonhomogeneous linear
problem

-x"(t) =o(t), te(0,1),

1
x(0) — k1x'(0) = (HK) fo p1(s)ds,

(3.17)
1
x(1) + kox'(1) = (HK)J‘ p2(s)ds,
0
has a unique solution x € ACG" and
1
x(t) =p(t) + (HK)J G(t,s)o(s)ds, (3.18)
0
where
= et g fl (s)ds + — L ik fl (s)ds (3.19)
P _k1+k2+1 Opl k1+k2+1 0P2 ’ ’
Proof. We notice that p(t) € C?[0,1] and
-p"(t)=0, te€(0,1),
1
p(0) = kip'(0) = (HK) L p1(s)ds, (3.20)

1
p(1) + k2p'(1) = (HK) -[0 pa(s)ds.

The facts associated with Lemma 3.2 deduce that the function x(t) satisfies x(t) € ACG*, x'(t)
is derivable a.e. on [0,1], and

-x"(t) =o(t), ae. [0,1], (3.21)

and x(t) verifies the boundary conditions. The uniqueness of solution of (3.17) follows from
Lemma 3.1. O
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4, The Nonlinear Problems

In this section we consider the following nonlinear problems:

—.X'" = f(t/x)/ te (0/ 1)/

1
x(0) — k1x'(0) = fo hi(s,x(s))ds, 1)

x(1) + kpx'(1) = Il ho(s, x(s))ds.

0
We impose the following hypotheses on the functions f and hy, hy.
(Hi) f(t,x(t)) and h;(t, x(t))(i = 1,2) are HK-integrable whenever x € C.
(Hy) f(t,x) and h;(t, x) (i = 1,2) are increasing in x for almost every ¢ € [0, 1].
(H3) There exist HK-integrable functions f* and k(i = 1,2) such that

O <fEx®) < fr®), b)) <hi(tx() <hi () (i=1,2) (4.2)

a.e. hold on [0,1] for all x € C.
To prove our results, we need the following fixed point theorem for mappings of C
which is proved in [10].

Lemma4.1. Let G: C — C be an increasing mapping which maps every monotone sequence {u,} of
C to a sequence {Guy, } which converges pointwise to a function of C. If u* € C,u” <u*, u” < Gu’,
and Gu* < u*, then G has in an order interval [u_, u*] of C least and greatest fixed points and they
are increasing in G.

We prove an existence result for solutions of (4.1).

Theorem 4.2. Assume that the hypotheses (H1)—(H3) are satisfied, then (4.1) has least and greatest
solutions in ACG".

Proof. We know from Theorem 3.3 that the solutions x € ACG" of (4.1) are the solutions of
following operator equation:

x(t) = (Tx)(t) = (Bx)(t) + (Ax)(t), x€C, (4.3)
where
kz +1-—t !
(Bx)(t) = m(HK) JO hl(S,x(S))dS
1
+ %(HK) L hy(s,x(s))ds, te0,1], (4.4)

(Ax)(t) = (HK) J: G(t,s)f(s,x(s))ds, te][0,1].
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The hypothesis (H;) and Lemma 2.5 imply that if u,v € C and u < v, then

Tu=Bu+Au<Bv+ Av=To.

That is, T is increasing in C.

(4.5)

Let {u,} be an increasing sequence in C, then the hypothess (H;)-(H3) imply that the
functions sequences { f(t,u,(t))}, {hi(t,u,(t))}(i = 1,2) are increasing in n and belong to H,

and

@) < ft,ua(t)) < fH(t), ae tel0,1], neN,
hi (t) < hi(t, u,(t)) < hi(t), (i=1,2), ae. te[0,1], n€N,

1 1 1
(HK) J; f(s)ds < (HK) Jo f(s,u,(s))ds < (HK) fo f*(s)ds, neN,

1 1 1
(HK) L h; (s)ds < (HK) L hi(s,u,(s))ds < (HK) L hi(s)ds, (i=1,2), neN.

Thus, by Lemma 2.7, there exist HK-integrable functions v, w;(i = 1,2) such that
ftu,(t)) <ov(t), f(tu,(t)) —o(t), ae tel0,1],
hi(t, u,(t)) <w;i(t), hi(t,u,(t)) — w;(t), (=1,2), ae. te[0,1],

1 1
() [ f(s,un(9)ds — (K [ w(0)ds,

1 1
(HK)I hi(s,u,(s))ds — (HK)I wi(s)ds, (i=1,2).
0 0
Denote that

1
gn(t) = (HK) L G(t,s)f(s,un(s))ds, te[0,1],

1
q(t) = (HK) fo G(t,s)v(s)ds, te[0,1],

ko+1-—t

1
Tn(t) = m (HK) J‘O hz(s,un(s))ds,

1
ki +t
(HK) fo hi(s, un(s))ds + hikil

_ k2+1—t
_k1+k2+1

k1+t

T'(t) k1 + k2 +1

1 1
(HK) fo w1 (s)ds + (HK) J‘o wo (s)ds.

(4.6)

(4.7)

(4.8)
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Then we can easily get that r,(t) — r(t) for every t € [0,1] and

1
0 < q(t) = gn(t) = (HK) Io G(t,s)(v(s) — f(s,un(s)))ds

) (4.9)
< Gu(HK) [ (20 - f(s,un(s)ds — 0, W€ [0,1],
0
which implies also that g,(t) — q(t) for every ¢ € [0,1]. Therefore we obtain
(Tu,)(t) — r(t) +q(t) e C, Vte[0,1]. (4.10)
Denoting that
) = 2 g f 1 hE(s)ds + — K fl K (s)ds
_k1+k2+1 0 1 k1+k2+1 0 2
1 (4.11)
+ (HK)I G(t,s)f*(s)ds,
0
then, by Lemma 2.6, x* € ACG". In addition, the hypothesis (Hj3) implies that
x~ < x¥,
(4.12)

Thus, by Lemma 4.1. We know that T has in the order interval [x~, x*] of C least fixed point
x, and greatest fixed point x*. The functions x,(t) and x*(t) are least and greatest solutions
of (4.1) in [x~,x*]. The hypothesis (H3) implies also that if x € C, then Tx € [x7,x*]. Thus
all the solutions of (4.1) belong to the order interval [x~, x*], whence x.(t) and x*(t) are least
and greatest of all solutions in C of (4.1).

On the other hand, if x € C is a solution of (4.1), then, from Lemma 2.6,

k2+1—t

X(t):k1+k2+1

1
f+ t+ (HK) JO ha (s, x(s))ds

1
(HK) J;) hl(S,X(S))dS + W

1 (4.13)
+ (HK) Jo G(t,s)f(s,x(s))ds € ACG".

The proof is completed. O
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5. An Example

Consider the following problem:

-x"=gt,x)+0o(t), te(0,1),

x(0) =0, (5.1)
x(1) =0,
where
£ 1. 1 @A-*. 1. 1
£ = z ~ Zsin —— 2
o(t) (1_t)251ntsm1_t 2 smtsml_t, (5.2)

and g(t, x) satisfies the following caratheodory conditions:

(L1) the map x — g(t, x) is continuous for a.e. t € [0,1],
(Lp) the map t — g(t, x) is measurable for all x € R,

(L) there exists h € L'[0,1] with f; h(t)dt < +oo such that |f(t,x)| < h(t) for a.e. t €
[0,1] and x € R,

(Ls) g(t, x) is increasing in x for a.e. t € [0, 1].

Since function o(t) is not Lebesgue integrable, the results in literature do not hold
for (5.1). Let f(t,x) = g(t,x) + o(t), f*(t) = £h(t) + o(t), then f~(t) < f(t,x) < f*(t) and
f(t,x(t)) is HK-integrable for every continuous x since g(t, x(t)) is Lebesgue integrable for
every continuous x and o(f) HK-integrable.

Hence, the existence of continuous solution of problem (5.1) is guaranteed by
Theorem 4.2.
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