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NEW MULTIPLE FIXED POINT THEOREMS FOR SUM OF TWO
OPERATORS AND APPLICATION TO A SINGULAR
GENERALIZED STURM-LIOUVILLE MULTIPOINT BVP

Lydia Bouchal and Karima Mebarki

Abstract. In this paper, we develop some new multiple fixed point theorems for the sum
of two operators T'+ S where I — T is Lipschitz invertible and S is a k-set contraction on
translate of a cone in a Banach space. New existence criteria for multiple positive solutions
of a singular generalized Sturm-Liouville multipoint boundary value problem are established.
The article ends with an illustrative example.

1. Introduction

Starting from the Krasnosel’skii fixed point theorem [11], the fixed point theory for
the sum of operators has developed rapidly and has been extended both in theory
and in application to many problems of various kinds of nonlinear sciences. On the
other hand, Krasnoselskii’s fixed point theorem in cones, which appeared in 1960 (see,
e.g., [7,8]), is one of the most useful principles for proving the existence, localization,
and multiplicity of nonnegative solutions of various nonlinear problems. According
to this theorem, a solution is localized in a conical shell of a Banach space.

Recently, in 2019, the authors in [4] opened a new line of research in the theory
of fixed points in ordered Banach spaces for the sum of operators. Several fixed point
theorems, including Krasnosel’skii type theorems in cones, have been established for a
sum of an expansive operator and a set contraction. Recent developments of positive
fixed point theorems in this direction and their applications can be found in [1,2,5].
These works are motivated by the fact that many problems from different fields of
science (chemical reactors, neutron transport, population biology, infectious diseases,
epidemiology, economics, applied mechanics, fluid mechanics, ...) can be formulated
for a sum of two operators.

2020 Mathematics Subject Classification: 4TH10, 34B10, 34B24
Keywords and phrases: Fixed point; sum of operators; cone; Sturm-Liouville BVP; multiple
positive solutions.

196



L. Bouchal, K. Mebarki 197

Positivity of solutions of nonlinear equations, especially ordinary, fractional, par-
tial differential equations and integral equations, is a very important issue in applica-
tions where a positive solution can represent a density, temperature, velocity, gravity,
etc. The positivity condition can be described mathematically by introducing a cone
P in a Banach space E which is a closed convex subset such that AP C P for all
positive real numbers A and P N (—P) = {0}. Note that a cone P induces a partial
order < in E defined by z < y if and only if y — z € P. We denote P \ {0} by P*.

The first part of this paper contains generalizations of some fixed point theorems
for the sum of operators. More precisely, it is devoted to the study of existence,
multiplicity, positivity and localization of solutions for abstract equations of the form:
Tz + Sz = x, x € D, where (I —T) is a Lipschitz invertible mapping, S is a k-set
contraction, and D is a translation of a cone of a Banach space.

In the second part of the paper, we discuss the existence of multiple positive
solutions of the following singular Sturm-Liouville multipoint boundary value problem
(BVP for short):

—u"(t) =h(t) f(t,u(t),u'(t), 0<t<l,

m—2
au(0) — bu'(0) = a;u(&;),
(0) (0) ; (&) o
cu(l) +du'(1) = > biu(&),

=1
where a,b,¢,d € [0,00), 0 < & < & < ... < &n-2 <1 (m >3),a;b; €[0,00) are
constants for i =1,2,...,m — 2 and p = ac + ad + bc > 0.

By a positive solution, we mean a function u € C'([0,1]) N C2((0,1)) such that
u(t) > 0 on [0, 1], it is not identically zero and satisfies (1).

Multipoint boundary value problem theory has developed rapidly in the last twenty
years. Since the original work of Il'in and Moiseev [9] on the existence of solutions for
a linear multipoint BVP, special attention has been given to the study of multipoint
BVP for nonlinear ordinary differential equations. Various approaches have been used
to deal with this type of problem: Leray-Schauder continuation theorem, fixed point
theorems in cones, coincidence degree theory, and the method of upper and lower
solutions.

In [14], Zhang and Sun, using the fixed point theorem of Avery and Peterson,
discussed the existence of three positive solutions of the problem (1) for the case
where h € C([0, 1], [0, 00)).

In [15], Zhang used the same approach to obtain a multiplicity result for this
problem in the singular case (where h can be singular at ¢ = 0 and/or t = 1).

In this work, new existence criteria for at least three positive solutions of the
problem (1) is established using one of our results from Section 3. This study is
carried out under much weaker conditions than those established in [14] and [15].
Moreover, the possibility of the existence of countable many positive solutions is also
discussed in this paper.

The paper is organized as follows. In Section 2, we give some useful preliminary
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results. In Section 3 we develop some new multiple fixed point theorems for the sum
of two operators on translates of cones in Banach space. New general criteria for the
existence of multiple nontrivial positive solutions of the generalized Sturm-Liouville
multipoint BVP (1) are established in Section 4. To illustrate the application of our
main criteria, an example is presented in Section 5. Finally, in Section 6 we compare
the obtained results with some existing ones.

2. Preliminary

Let E be a real Banach space. Recall the following

DEFINITION 2.1. A mapping K : F — FE is called completely continuous if it is
continuous and maps bounded sets into relatively compact sets.

The notion of set contraction is related to the Kuratowski measure of noncom-
pactness. Recall that the Kuratowski measure of noncompactness «(V') of a bounded
subset V of a Banach space E is the infimum of positive numbers § such that there
are finitely many sets of diameter at most § covering V. For the main properties of
the measure of noncompactness we refer the reader to [8].

DEFINITION 2.2. A mapping A : E — FE is called k-set contraction if it is continuous
and bounded and there is a constant k£ > 0 such that a(A(Y)) < ka(Y), for any
bounded set Y C E. The mapping A is called a strict k-set contraction if k < 1.

Obviously, if A : E — FE is a completely continuous mapping, then A is a 0-set
contraction.

In the following, P will refer to a cone in a Banach space (E, ||-||). For a given w €
E, we consider the translation of the cone P, namely K, = P+w ={z+w :z € P}.
Then the set K, is closed and convex, that is, a retract of E. Let 2 be a subset of IC,,
and U be a bounded open subset of K. The fixed point index i,.(T + S, U N, Ky)
is defined by

i(I-T)"'S,UKy,), ifUNQ#D @)
0, ifunQ=0.
It is well-defined if T : @ — E is such that (I —T) is Lipschitz invertible with constant

¥ >0and S:U — E is a k-set contraction with 0 < k <y~ and S(U) C (I -T)(Q).
For more details see [4,5].

i*(T+S7UﬂQ,ICw):{

3. New multiple fixed point theorems for sum of two operators

It is known that if D is a bounded open subset of a Banach space F and A is a strict
set contraction mapping defined on the closure of D and taking values in F, then the
Leray-Schauder boundary condition Ax # Ax for all x € 9D, A > 1, is sufficient to
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guarantee the existence of a fixed point for A. For the importance of this condition
and its extensions in the study of nonlinear problems, we refer the reader to [6,10].
In this paper, we develop an extension of the Leray-Schauder boundary condition by
considering a translation of the cone P defined above. First, we present our result for
the class of strict set contractions. Then we extend it for a class of k-set contractions
perturbed by an operator T such that (I — T') is Lipschitz invertible.

LEMMA 3.1. Let Ky, be a translate of a cone P and U C Ky, a bounded open subset
with w € U. Assume that A : U — K, is a strict k-set contraction without fixed point
on OU and there exists € > 0 small enough such that

Az —w # Nz —w) forall x €U and A >1+e. (3)
Then the fized point index i (A, U, K,) =1

Proof Consider the homotopic deformation H : [0,1] x U — K, defined by H(t,z) =

= +1 (Az —w)+w. The operator H is continuous and uniformly continuous in ¢ for each
x, and the mapping H(¢,.) is a strict set contraction for each ¢t € [0,1]. In addition,
H(t,.) has no fixed point on OU. Otherwise, there would exist some xy € U and
to € [0, 1] such that ﬁ (Azo — w) + w = xg; then

e If t5 =0, we get x¢g = w, contradicting w € U.

o If tg € (0,1], we get Azg —w = 1E=(zg — w) with L2 > 1 + ¢, contradicting
the assumption (3). From the invarlance under homotopy and the normalization
properties of the index, we deduce
1 €
| A UK,) =1i(w,UK,)=
(g At g @ UiK) = i (@,U,K)

Now, we show that i (4,U, ) = (€+1 A+ 5 w,U,Ky). Since A has no fixed point

in OU and (I — A)(9OU) is a closed set (see [13, Lemma 1]), we get 0 ¢ (I — A)(0U).
Hence, v := dist(0, (I — A)(0U)) = inf |l — Az|| > 0. Let € be sufficiently small so

that || w)|| < % and &2k < 1 Hence

e+1
1
Ax — Ax —&-— Ax —w
e+1 €+1

Define the convex deformation G : [0,1] x U — K, by

1
G’(t,x)_tAzzz+(1t)(€+1Aaj+8j_1w).

The operator G is continuous and uniformly continuous in ¢ for each z, and the

mapping G(t,.) is a strict set contraction, with constant Eﬁk for each ¢t € [0,1]. In

addition, G(t,.) has no fixed point on 9U. In fact, for all x € U, we have
1 €
—tAr — (1 -1t A
v 2= )<6+1 x+5—|—1w>'

1 1
z— | —— Ax +7w —t||Ax — Ax + c w
e+1 e+1 e+1 e+1

E+1(

, Vo e oU.

le = G(t,2)| =

>




w—Ax—l—LAx—Lw -
e+1 e+1
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t——( Az —w
e+1
> ||l — Azx|| — & Az —w)| -t (Ar-w
e+1 e+1
YT
>y ————==0.
TT9 7
Then our claim follows from the invariance by homotopy property of the index. U
Now, we extend the previous result to the case of a k-set contraction perturbed
by an operator T such that (I —T') is Lipschitz invertible.

LEMMA 3.2. Let K, be a translate of a cone P. Let Q be a subset of K, and U
a bounded open subset of K. Assume that T : Q@ — E is such that (I —T) is a
Lipschitz invertible mapping with constant v > 0, S : U — E is a k-set contraction
with 0 < k <=1 and S(U) c (I — T)(Q). Suppose that T + S has no fized point on
oU N Q. Then we have the following results:

(i) If w € U and there exists € > 0 small enough such that

Sr# (I -T) A+ (1—Nw) forall A\>1+¢, 2€dU and Az + (1 —Nw € Q,
then the fized point index i (T + S,UNQ,K,) = 1.

(i) If there exists ug € P* such that
Sz # (I —T)(x— Aug), forall A>0 and z € 0U N (Q+ Auyg),
then the fized point index i, (T + S,U N, K,) =0.

Proof. (i) The mapping (I —T)~1S : U — K,, is a strict yk-set contraction without
fixed point on QU N §2, and our hypothesis implies

(I-T)'Sz—w#\Nz—w) for all €U and A>1+e.
Then, our claim follows from (2) and Lemma 3.1.

(ii) The mapping (I —T)~1S: U — K, is a strict yk-set contraction. Assume to
the contrary that i, (T + S, U NQ,K,) # 0; then i((I —T)~1S,U, K,,) # 0. For each
r > 0, define the homotopy H (t,x) = (I—=T)~*Sx+trug, forx € U and t € [0,1]. The
operator H is continuous and uniformly continuous in ¢ for each z. Moreover, H(t,-)
is a strict vk-set contraction mapping for each ¢, and H([0,1]xU) = ((I-T)~1S(U)+
trug) C K. In addition, H(t,z) # x for all (t,z) € [0,1] x OU. Otherwise, there
would exist some (g, z0) € [0, 1] x QU such that H(to,zo) = xo; then (I —T)" Sz =
xo — torug, and so xg — torug € . Hence Szg = (I — T)(xg — toruog), for some
xo € OU N (2 + torug), which contradicts our assumption. By homotopy invariance
property of the fixed point index, we deduce that i((I — T)~*S + ruo,U,K,,) =
i((I —T)~1S,U,K,) # 0. Thus, from the existence property of the fixed point index,
for each r > 0, there exists x,, € U such that

z, — (I =T) 'Sz, = ruo. (4)
Letting r — +oo the left-hand side of (4) is bounded, while the right-hand side is
not, which is a contradiction. Therefore i, (T 4+ S,UNQ,K,,) = 0. U
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REMARK 3.3. (a) The result (i) in Lemma 3.2 is an extension of [4, Proposition
2.11], [5, Proposition 4.1] and [3, Proposition 4].

(b) The result (ii) in Lemma 3.2 and additional results concerning the computation
of the fixed point index for the sum T+ S on translates of cones, are given in [5].

In the following result the existence is proved of at least three fixed points for the
operator T + S on translates of cones.

THEOREM 3.4. Let Uy, Us and Uz be three open bounded subsets of K, such that
U, CUy CU;s and w € Uy, and let Q be a subset of K,,. Assume that T : Q — F
be such that (I —T) is a Lipschitz invertible mapping with constant v >0, S : Uz —
E a k-set contraction with 0 < k < 47! and S(U3) C (I — T)(QQ). Suppose that
(U \U)NQ# D, (Us\Us)NQ # D, and there exist ug € P* and £ > 0 small enough
such that the following conditions hold:

(i) Se# (I -T) A+ (1—MNw), forall \>1+¢,2€0U; and Az + (1 —Nw € Q,

(ii) Sz # (I —T)(x — Aug), for all X >0 and x € Uz N (2 + Aug),

(iii) Sz £ (I-T) Az + (1 —Nw), forall \>1+¢e, x € Uz and Az + (1 — N)w € Q,
Then T + S has at least three nontrivial fized points x1,x2,x3 € K\ such that

T €8U1 NQ and zo € (U2 \U]) NQ and x3 € (U;}, \Ug) ﬁQ,
or 1 €ULNQ and z2 € (U3 \U1) NQ and z3 € (Us \ U2) N Q.

Proof. If Sx = (I —T)x for x € OU; N, then we get a fixed point z1 € U3 N of
the operator T+ S.

Suppose that Tx + Sx # z on OU; N Q2. Without loss of generality, assume
that Tz 4+ Sz # x on OUs3 N Q. By Lemma 3.2, we have i, (T + S, U1 N Q,K,) =
i (TH+S,UsNQ,K,) =1 and iy (THS,U2NQ, K,) = 0. From the additivity property
of the index i, we get i, (T+S, (U\U1)NQ, Ky) = —1, ix (T+S, (Us\U2)NQ, K,,) = 1.
Consequently, by the existence property of the index i., T'+ S has at least three fixed
points such that #7 € Uy NQ, 22 € (U \U;) NQ and w3 € (Uz \ Uz) NS O

Similarly, we can prove the following results, which are extensions of Theorem 3.4.

THEOREM 3.5. Let Uy, Us,...,U, ben (n > 3) open bounded subsets of IC,, such that
Uy,cUyC---CU, andw € Uy and Q be a subset of K. Assume thatT : Q — E be
such that (I —T) is a Lipschitz invertible mapping with constanty >0, S : U,, — E is
an l-set contraction with 0 < £ < 4~ such that T+ S has no fized point in OUspi1 N
for2k+1¢e{1,....n} and S(U,) C (I —T)(Q).

Suppose that (U;p1 \U;) NQ # 0, fori € {1,...,n— 1}, and there exist ug € P* and
€ > 0 small enough such that the following conditions hold:

(a) Sz # (I-T)(Az+(1-Nw), forall A > 1+e, x € OUsp1, for2k+1 € {1,...,n}
and (Az + (1 — Mw) € Q.

(b) Sz # (I-T)(x—Aug), forallx >0 and x € U, N(Q+Aug), for 2k € {2,...,n}.
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Then T 4+ S has n nontrivial fized points x1,x2,...,x, € K, satisfying
xleUlﬂQ, and l‘iE(Ui\ﬁi_l)ﬂQ, f0ri6{2,...,n}.

THEOREM 3.6. Let Uy,Us,...,Upy1 be n+ 1 (n > 3) open bounded subsets of K,
such that Uy CUy C --- CUpyq andw € Uy. Let T : Q — E be such that (I —T) is a
Lipschitz invertible mapping with constant v > 0, S : U411 — E is a I-set contraction
with 0 < £ < =1 such that T+ S has no fized point in Ui, NS for 2k € {2,...,n+1}
and S(Up+1) C (I —T)(Q).

Suppose that (U1 \U;) NQ # 0, fori € {1,...,n— 1}, and there exist uy € P*
and € > 0 small enough such that the following conditions hold:
(a) St # (I —=T)(x — Aug), for all X\ >0 and x € OUsk11 N (Q+ Aug), for 2k +1 €
{1,...,n+1}.
(b) Sx #(I-T)Azx+(1—-Nw), forall A\>1+¢, v € Uy, for2k € {2,...,n+1}
and Az + (1 — Mw) € Q.
Then T + S has n nontrivial fized points x1,xa, ..., x, € Ky satisfying

x; € (Ui+1 \UZ) ﬂQ, fO’I’ i€ {1,...,71}.

4. Application to a singular generalized Sturm-Liouville multipoint BVP

The aim of this section is to investigate the singular generalized Sturm-Liouville mul-
tipoint BVP (1) for existence of multiple positive solutions. For this goal, our new
topological approach for the sum of two operators, developed in Section 3, is used.

4.1 General assumptions

We first enunciate the common assumptions that we will use in order to prove our
main results. The following assumptions will be assumed in each existence criteria.
(1) f €C([0,1] x [0,00) x (=00, 00), (=00,00)), | f(t,u,v)| < kr|ul"* + ka|v[F? + k3,
t €[0,1], u,v € R, kq, ko, ks, p1, p2 are positive constants.
(H2) h € C((0,1),R) may be singular at ¢t = 0 and/or ¢t = 1 and fol G(s,s)h(s)ds <
00, where G is given by (6).

m—2 2

(Ms) A<0, p= % ay(&) >0, p— 5 bi(€) > 0.

i=1 1

4.2 Integral representation of the solutions

Let 2(t) = at + b and y(t) = d + ¢(1 — t) for ¢ € [0, 1] and denote

m—2 m—2
-2 ax(&)  p— X ay(&)
A = z;l mz:l

p— :Z_IQbiI(fi) - §2b¢y(§¢)
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In [12], it is proved that, if A # 0, then the problem (1) is equivalent to the
following integral equation

_ /0 G(t, s)h(s)f (s, u(s), u

"(s)) ds + A(hf) x(t) + B(hf) y(t), te0,1], (5)
where
_Lf(d+c(l—1))(as+b), 0<s<t<1,
G(t’s)p{(at+b)(d+c(1—s)), 0<t<s<l, (6)
, 7,5% LG sp(s)ds p—S a(€)
A(’U) K ml—:21 )
Z b; fo gzv )ds - Z bzy(ﬁl)
) ng oe) S af) Gl ds
B(v) A o
p— ; (Ez) E bi fo gza )
Set

1
M= /0 G(s, 5)|h(s)| ds,

m—2 m—2

1 Z ai P Z aiy(&)
A= —— =1 i=1

IAl m—2 m—2
- ; b; ; biy (&)

m—2

L X aw&) - Z a;

B.= —— =1 =1
m—2 —

p— ; biz (&) Z

Let E be the Banach space C*([0, 1]) endowed with the norm

= (e (9 e 10

te[0,1]
For u € FE, we define the operators

1
Fu(t) :/0 G(t, s)h(s)f(s,u(s),u'(s)) ds + A(hf)x(t) + B(hf)y(t)
Siu(t) = Fu(t) — u(t),

Sau(t) = /0 (t — 5)% g(s)Stu(s) ds

€ [0,1],
where g € C([0, 1], (0, 00)).

By (5), it follows that if u € E satisfy the equation Sju = 0, then it is a solution
of the problem (1).
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LEMMA 4.1. Suppose that (H1)-(Hs) hold. Let L be a real constant and u € E
satisfies the equation

Sou(t)+2L =0, te][0,1]. (7)

Then u is a solution of the problem (1).

Proof. We differentiate the integral equation (7) three times with respect to ¢t and we
get g(t) Syu(t) = 0, t € [0, 1], whereupon S; u(t) =0, t € [0, 1]. U

4.3 A priori estimates

Suppose
(H4) g € C([0,1],(0,00)) be such that fol((l —3)2+2(1 —5)+2)g(s)ds < Ay, for
some constant A; > 0.

Fix B > 0 arbitrarily.

LEMMA 4.2. Suppose that (H1)-(Hs) hold. For any u € E with ||u|| < B, we have
[Fu(t)] < M (14 (a+b)A + (c+ d)B) (k1 BP* + kaBP? + k3), t € [0,1].

Proof. We have

A (hf|<|A|(<Zaz/ G615 u(s), <>>|ds> (Zbiy@i))

f( 0y
(Z bz/ol (&, s) |d5> ( R ail/(fz‘)))

)
(& <<mZ:/Gh |ds> (mzbyg>
( sz/olassm |ds> <p—mzaly&>)) (kallull + Kol + )

< MA (ki BP + ko BP? + ks).
Similarly, we obtain |B(hf)| < MB (k1 BP* + ko BP2 + k3) . Then

[Fu(t)] S/O G(t, )|h(s)If (s, uls),u'(s)) | ds + [A(hS) | 2(t) + [B(hf)|y(t)

b~
A
&
Q

b

=

=

=

o

&
3 ~——
[\j/_-\
3
[\v]

&

=

o
~

3
L 2

Il
—

IN
—

: / G(t, s)|h(s)| (kr|u(s) [P + ka|u'(s) [P + ks) ds
0
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+ MA (B [|ul[P + ko [ul|”* + k3) x(t) + MB (ky[[u]|”* + ko||ul[” + k3) y(t)
<M@A+(a+b)A+ (c+d)B) (k1B + ko BP? + k3), te€][0,1].
This completes the proof. O
LEMMA 4.3. Suppose that (H1)-(H4) hold. Let uw € E be such that ||u|| < B. Then
|Soull < Ay(M (14 (a+ b)A + (c+ d)B) (k1 B”* + ko BP? + k3) + B),
[(Sou)”(t)] < Ay (M (1 + (a+b)A + (c+ d)B) (k1 BP* + ko BP> + k3) + B), t €[0,1].

Proof. Using Lemma 4.2, we arrive at

|Sau(t)] = / (t - )%9()Sru(s) ds

< / (t— 5)%g(s)|Syus)| ds

t 1
< / (t — )%g(s) | Fu(s) — u(s)|ds < / (1 - 5)%g(s) (Fu(s)| + [u(s)]) ds

<M+ (a+b)A+ (c+d)B) (k1 BP* 4+ ko BP? + k3) + B) /1(1 —5)2g(s) ds
0
<A (M + (a+b)A+ (c+d)B) (ky BP* + ko BP? + k3) + B), te€]0,1],

and

(Sou)'(t)] = 2 / (t - )g(s)Shu(s) ds

t

<3 / (t — 8)9(s)|Svuls)| ds < 2 / (t - $)g(s)|Fu(s) — uls)| ds

<2(M (1 + (a+b)A+ (c+ d)B) (k1 BP* + koBP? + k3) + B) /01(t —5)g(s)ds

<A M0+ (a+b)A+ (c+d)B) (k1B + ko BP? + k3) + B), t<][0,1],
Hence,

IS2ull < AL(M (1 + (@ + b)A + (¢ + d)B) (ki B + ko B + ks) + B),

and

|(52U)"(t)|=‘2 | aosiueas| <2 [ a@isiue)as

1

< 2M (14 (a4 b)A+ (c+ d)B) (k1 B” + ko BP + k3) + B) | g(s)ds
0

<A (M4 (a+b)A+ (c+d)B) (k1 BP* + ko BP? +k3) + B), te|0,1].
This completes the proof.

4.4 Main results

In the sequel, suppose that the constant A; which appears in (H,4) satisfies the fol-
lowing inequality:

Aq (M (1 + (a + b)A + (C + d)B) (klefl + sz;iJz + kg) + Rl) < 2L, (8)
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where Ly, Ry are such that r; < L; < R; with r; a positive constant.
The first main existence criteria is the following;:

THEOREM 4.4. If the assumptions (H1)-(H4) and the inequality (8) are satisfied, the
problem (1) has at least three positive solutions u1, uz, uz € C1([0,1])NC3((0,1)) that
satisfy

0< max{ max lup (t)], max |uf (O]} < 7,
0,1] te(0,1]

ry < max{ max lua(t)], max |ub(t)|} < Ly,

0,1] tel0,1]
L < max{ max lus(t)], max |uj(t)]} < Ry.
0,1] t€[0,1]

Proof. Let P={u € E:u>0on [0,1]}. For u € P let us define the operators T and
S as follows:

Tu(t) = (1 + pe)u(t) —eLy, Su(t) = —eSqu(t) — peu(t) —elq, t € [0,1],
where p is a large enough positive constant and £ > %{j—ll Note that any fixed point
u € P of the operator T+ S is a solution to the problem (1). Define

Up=Pr, ={ueP:ul|<rm}, Us=Pr, ={uecP:||u| <L},
Us =Pgr, ={ueP:|ul <R},

1
0= m (A;(M (1 + (@ +b)A + (c+ d)B) (k1 RT* + ko RY? + k3) + Ry + 2La + uRy)

Q=P,={veP:|v|]| <o}
1. For uy,us € Q, we have [|[Tuy — Tuz|| = (1 + pe)|lus — usz||; then T is an expansive
operator with constant 1 + pe. So, (I —T) : E — E is Lipschitz invertible with
constant i

2. As in [15, Lemma 2.5], by applying Ascoli-Arzeld compactness criterion, we can
prove that the operator S is completely continuous; then S is 0-set contraction.

3. We prove that S(Pgr,) C (I —T)(Q). Let u € Pg, be arbitrarily chosen. Set
v = W It is clear that v > 0 and

||v|| = IIf(Szu + 2Ly + pu)|| < (||52u|| + 2Ly + p|ul))
< ; (A (M (1 + (a+b)A + (c+ d)B) (k1 R + ko RY? + k3) + Ry) + 2L + puRy) =
Therefore v € ) and
(I =Ty = —e(pv — Ly) = —e(u(

Thus, S(Pr,) € (I — T)(Q).

Sou+ 2L
W) ~L1) = —e(Sou + pu+ Ly) = Su.

4. Assume that there exist -= > A >e+1and 1 € 9P, (Mz1 € Q leads to Ay <
B ”) such that Sz, = (I — )(Alxl) Then —eSsxy — pexy — el = —eprix + €Ly,
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or equivalently Sex; = u(A; — 1)x; — 2L;. So
[S2x1]| = [[p(A1r = Doy — 2L4 || 2 p(Ar = D)l || — 2Ly
> pu(Ay = 1)ry — 2Ly > pery — 2Ly > 2L4.
Hence, a contradiction with one of the results of Lemma 4.3 and (8).

5. Assume that for any ug € P*, there exist A\g > 0 and z¢ € 9Py, N (L + Aoup) such
that Sxg = (I —T)(zo — Aoup). Then —e(Saxg + pxo + L1) = —e(u(xo — Mouo) — L1),
or equivalently Sexg = —(Aouug +2L1). So |[Sexo|| = [[Aopuo + 2L1]| > 2L1, which is
a contradiction.

6. Assume that there exist R% > Xy > e+ 1 and x5 € IPpR, such that Szy =
(I — T)(Aax2). Then Saxe = (A2 — 1)pxe — 2L;. So
[[Sexa|] = ||w(A—1)z2—2L4 ]| > w(Ao—1)R1—2L1 > pueR1—2L1 > per1—2Ly > 214,

which is a contradiction.
Therefore all conditions of Theorem 3.4 hold for w = 0. Hence, the problem (1) has
at least three solutions ui, ug and ug in P so that 0 < ||uq]| < r1 < |uz| < L1 <
s < Ry. 0

Now, we discuss the existence of countable many positive solutions for the prob-
lem (1). If we replace the inequality (8) by the following one

Ay (M (1 + (a+b)A+ (c+ d)B) (k1 RE* + ko RE* + k3) + R,) < 2L4, 9)

where n € N* fixed and for i € {1,...,n}, L;, R; € (0,00) are such that r; < L; < R;
with r; > R;_1,7 > 2, and by using similar arguments as in the proof of Theorem 4.4,
we can prove the following generalized existence criteria.

THEOREM 4.5. If the assumptions (H1)-(Ha4) and the inequality (9) are satisfied, the
problem (1) has at least 2n + 1 positive solutions u € C([0,1]) N C%((0,1)), k €
{1,...,2n 4+ 1} that satisfy 0 < |lu|| < r1 < |luz|| < L1 < ||us|| < R1, i < |lugk]l <
L < H’LL2k+1|| < Ry, fO?" ke {2, Ce ,n}.

Proof. In this case for ¢ € {1,...,n}, we consider
UD =P, ={ueP:|ul|<r}, U =P, ={ueP:|ul| <L,
U3i) =Pgr, ={ueP:|ul| <Ri},

1
;(Al(M (14 (a+D0)A+ (c+d)B) (k1 RE' + ko RP? + k3) + Ry,) + 2Ly + uRy)

0
N=P,={ueP:|u| <o} O

5. Example

Let m=4,a=4,b=2,c=4,d=2, a1 =
&H = % We consider the following BVP

—u"(t) = h(t) f(t,u(t), ' (1), 0<t<1,

N)
Il
o=
(=l
,_.
I
ol
(=)l
N
Il
(SIS
a3
—
I
=

1
1 @
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MAO)—QU%O)zz%U(%)%—%u(%L (10)
4uu)+2uxn::%u(iy+%u(%y

Where h(t) = 22 + =, t € (0,1), f(t,y,2) = 1zt + oz y + Tz, te 0,1,y €
[0,00), z € (—00, 00).

Let also, 1y = 1, L1 = 15, Ry = 20, 1o = 25, Ly = 35, Ry = 40, p1 = %, po = 3,
A = %, k1= %, ko = %, ks = % By some calculations, we have p = 32, A = —823.66,
and the conditions (H1) and (H3) hold. We have, G(s, s) = —55(4s + 2)(4s — 6). Let
M = [ G(s,5) h(s)ds = 33. Then

A (M + (a+b)A + (c+ d)B) (k1 RS + ko RY? + k3) + Ry) = 25,4559 < 2L;.

Let g(s) = &L, s € [0,1]. Then

/01((13)2+2(1s)+2)g(s) ds:% /01((13)2+2(18)+2)s ds:i—g:(),475§Al.

Then all assumptions of Theorem 4.5 hold for n = 2. Hence, the problem (10) has at
least five positive solutions uy, us, us, uyg, us such that

0< lull €1, 1< fusl <10, 10 < |Jus] <20. 25 < |luall <35, 35 < |Jus| < 40.

6. Comparison and concluding remarks

In this section we compare the results obtained in this paper with those obtained by
Zhang-Sun [14] and Zhang [15].

(a) In this work, the nonlinear term f takes values on R and is associated with the
first-order derivative; moreover, f satisfies a general growth condition. The nonlin-
earity considered in [14] and [15] takes values in [0,00) and is said to be piecewise
bounded.

(b) The problem studied here is provided with a singular term given by h which takes

values on R, and the integral of h on (0, 1) need not be finite as in [15], it suffices that
1
Jo G(s,5)h(s)ds < oco.

m—2 m—2

(c¢) The conditions a > > a;, ¢> > b; in both [14] and [15] are not of interest in
i=1 i=1

our work.

(d) In this work, we establish sufficient conditions for the existence of countable
many positive solutions to the problem (1). However, in [14] and [15] the authors
have discussed the existence of only three positive solutions.

(e) Our approach has been applied to prove the existence of finite multiple positive
solutions as well as the existence of countable many positive solutions for the prob-
lem (1), and it can be used to study the existence of multiple solutions for other
classes of differential equations covered by various types of boundary value problems.
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