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Abstract

In this paper we prove some hybrid fixed point theorems for the monotonic nondecreasing mappings in a partially
ordered metric space which includes the Schauder type fixed point theorems in an ordered Banach space proved by
Dhage (2013,2014) and Dhage et al. (2022) in a partially ordered Banach space as the special cases. As an application,
we discuss a nonlinear functional integral equation of Fredholm type and a nonlinear functional boundary value
problem for proving the existence and approximation of solution by constructing the algorithms via Dhage monotone
iteration method under some natural condtions.
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1. Introduction

It is well-known that the fixed point theory is very much useful in the theory of nonlinear equations for proving the
different qualitative aspects of the solutions (see Granas and Dugundji [14] and the references therein). Similarly,
the hybrid fixed point theory initiated by the present author by mixing different arguments from different branches of
mathematics finds numerous applications in solving qualitatively the nonlinear equations that arise in several natural
and physical processes of the universe( see [1, 2, 3, 4, 5, 7] and the references therein). Recently, the present author
developed a hybrid fixed point theory in an ordered abstract spaces and discussed several nonlinear differential and
integral equations via construction of the algorithms. The novelty of this approach lies in the fact that we obtain the
algorithms to calculate the approximate solution rather than only existence of the solution. Before proving the main
hybrid fixed point theorem we give some preliminary definitions.

Throughout this paper, unless otherwise mentioned, let (E, <,d) denote a partially ordered metric space. Two
elements x and y in E are said to be comparable if either the relation x < y or y < x holds. A non-empty subset C
of E is called a chain or totally ordered if all the elements of C are comparable. It is known that E is regular if {x,}
is a nondecreasing (resp. nonincreasing) sequence in E such that x, — x* as n — oo, then x, < x* (resp. x, > x*)
for all n € N. The conditions guaranteeing the regularity of E may be found in Guo and Lakshmikatham [13] and the
references therein.

We need the following definitions (see Dhage [1, 2, 3, 4, 5] and the references therein) in what follows.

A mapping 7 : E — E is called isotone or monotone nondecreasing if it preserves the order relation <, that is, if
x <yimplies 7 x < 7y forall x,y € E. Similarly, 7 is called monotone nonincreasing if x <y implies 7 x > 7y for
all x,y € E. Finally, 7 is called monotonic or simply monotone if it is either monotone nondecreasing or monotone
nonincreasing on E.

A mapping 7 : E — E is called partially continuous at a point a € E if for given € > 0O there exists a ¢ > 0
such that d(7 x,7 a) < € whenever x is comparable to a and d(x,a) < 6. 7 is called partially continuous on E if it is
partially continuous at every point of it. It is clear that if 7 is partially continuous on E, then it is continuous on every
chain C contained in E and vice-versa.

A non-empty subset S of the partially ordered metric space E is called partially bounded if every chain C in
S is bounded. S is called uniformly partially bounded if all chains C in S are bounded by a unique constant. A
non-empty subset S of the partially ordered metric space E is called partially compact if every chain C in § is a
compact subset of E. § is called uniformly partially compact if S is a uniformly partially bounded and partially
compact operator on E.
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Finally we state a very fundamental, natural and most celebrated notion of a Janhavi set which forms the basis of
hybrid fixed point theory in the partially ordered metric and Banach spaces and applications.

Definition 1.1 (Dhage [1, 2, 3, 4, 5]). The order relation < and the metric d on a non-empty set E are said to be D-
compatible if {x,} is a monotone sequence, that is, monotone nondecreasing or monotone nonincreasing sequence in
E and if a subsequence {x,,} of {x,} converges to x* implies that the original sequence {x,} converges to x*. Similarly,

given a partially ordered normed linear space (E, <, || - ||), the order relation < and the norm || - || are said to be D-
compatible if < and the metric d defined through the norm || - || are D-compatible. A subset S of E is called Janhavi
set if the order relation < and the metric d or the norm || - || are D-compatible in S. In particular, if S = E, then E is

called a Janhavi metric space or Janhavi Banach space.

Using above definition of Janhavi set, several hybrid fixed point theorems are proved in a partially ordered metric
space having interesting applications to nonlinear equations( see Dhage [1, 2, 3, 4, 5, 6, 7] and refernces therein).
However, to the best of our knowledge, no fixed point theorem is obtained in a non-empty subset of the ordered metric
space which may have some interesting applications to nonlinear differential integral equations. This prompted us
to discuss some results in this direction. In this paper, we formulate a Schauder type hybrid fixed point theorem in
the partially ordered metric and Banach spaces and derive an interesting applicable hybrid fixed point theorem in an
ordered Banach space giving applications to nonlinear nonlinear functional integral equations and nonlinear two point
boundary value problems of functional differential equations.

2. The Hybrid Fixed Point Theory

In this section we shall prove a couple of hybrid fixed point theorems useful for applications to nonlinear equations
for proving the existence and approximation of solutions. Our main hybrid fixed point theorem in a partially ordered
metric space is as follows.

Theorem 2.1. Let S be a non-empty partially compact subset of a regular partially ordered metric space (E, <, d) with
every chain C in S is Janhavi set and let T~ : S — S be a monotone nondecreasing, partially continuous mapping.
If there exists an element xg € S such that xo < T xo or xo > T xo, then the hybrid mapping equation T x = x has a
solution £ in S and the sequence {T"xo}; of successive iterations converges monotonically to & .

00

Proof. Assume first that we have an element xy € S such that xo < 7 xo and define a sequence {x,},.

by

of points in §

Xort = T s n=0,1,2, ... 2.1)

From the monotonic nndecreasing nature of 77, it follows that {x,}7 , is a nondecreasing sequence of point in §,
i.e., we have
Xo <Xy < =X, 200 2.2)

Consequently, {x,}, is a chain in §. As § is partially compact the chain {x,} ", is compact chain in §. As a
result, {x,}* , has a convergent subsequence {x,,}”, converging to a point, say, £*. Again, by hypothesis, C = {x,}
is a Janhavi set in §, so the original sequence {x,} , converges monotone nondecreasingly to &*. Since (E, <,d) is a
regular partially ordered metric space, we have x,, — &" and that x,, < &* for all n € N. Finally, from partial continuity

of 77, it follows that

00

£ = Jim xyn = Jim 7x, =7 (fim x,) = 7€
Similarly, if xo > 7 xo, it can be shown using analogous arguments that 7 has a fixed point £&* and the sequence
{xa}, of successive iterations converges monotone nonincreasingly to & Thus, in both the cases 7 has a fixed point
&" and the sequence {7 "xo};”, of successive iterations converges monotonically to £&*. This completes the proof.
We note that Theorem 2.1 generalizes the hybrid fixed point theorem of Dhage et al. [12] proved in a partially
ordered Banach space. When S = FE in above Theorem 2.1, we obtain the following fixed point result in the hybrid

fixed point theory.

Corollary 2.1. Let (E, =,d) be a regular partially compact Janhavi metric space and let T : E — E be a monotone
nondecreasing, partially continuous mapping. If there exists an element xy € E such that xo < T xo or xo = T xo,
then the hybrid mapping equation 7 x = x has a solution £ in E and the sequence {T"xo};’ of successive iterations
converges monotonically to &*.
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Definition 2.1. An operator T on a partially ordered metric space (E, <,d) is called nonlinear partial contraction if
there is an upper semi-continuous nondecreasing function y : R, — R, satisfying

d(T x,Ty) < y(d(x,y)) (2.3)

for all comparable elements x,y € E, where y(r) <r, r> Q.

A few examples of the nonlinear functions ¢ along with some applications appear in Dhage and Dhage [11]. If
Y(r) =qr,0 < g <1,then 7 is called a partial contraction on E with the contraction constant g.

Theorem 2.2. Let S be a non-empty partially closed subset of a regular partially ordered complete metric space
(E,x,d)and let T : S — S be a monotone nondecreasing nonlinear partial contraction. If there exists an element
Xo € S such that xy < T xog or xy = T xo, then the hybrid mapping equation T x = x has a unique comparable solution

& in § and the sequence {T"xp}y of successive iterations converges monotonically to &*. Moreover, £ is unique
provided every pair of elements in E has a lower bound or an upper bound.

Proof. The proof is obtained by giving arguments similar to those given in Dhage [1, 2] with appropriate modifications.
Hence we omit the details.

Corollary 2.2. Let S be a non-empty partially closed subset of a regular partially ordered complete metric space
(E,=,d)andlet T : S — S be a monotone nondecreasing partial contraction. If there exists an element xy € S such
that xo X T xo or xo = T xo, then the hybrid mapping equation T x = x has a unique comparable solution & in S and
the sequence {T"xo}g of successive iterations converges monotonically to &*. Moreover, & is unique provided every
pair of elements in E has a lower bound or an upper bound.

Remark 2.1. When S = X in Theorem 2.2, we obtain the hybrid fixed point theorems for contraction mappings proved
in Dhage [1, 2] as the special cases.

Theorem 2.3. Let S be a non-empty partially closed subset of a regular partially ordered complete metric space
(E,x,d)and let T : S — S be a monotone nondecreasing mapping with the property that there exists a positive
integer p such that T? is nonlinear partial contraction. If there exists an element xo € S such that xo < T xo or
Xo = T xo, then the hybrid mapping equation 7 x = x has a unique comparable solution &* in S and the sequence
{T"xo}y of successive iterations converges monotonically to & . Moreover, £ is unique provided every pair of elements
in E has a lower bound or an upper bound.

Proof. By Theorem 2.3, 77 has a unique comparable fixed point &* which is unique provided every pair of elements
in E has a lower bound or an upper bound. Then, we have 77&* = £ which further gives that 7(7P)(&") = TP(T £F) =
7°¢*. This shows that 7°¢” is again a fixed point of 77. By uniqueness of the fixed point £, we get 7 x* = x* showing
that 7~ has a unique fixed point £&* and the sequence {7 "xp};; of successive iterations converges monotonically to &*.

Theorem 2.4. Let B,[x] denote the partially closed ball centered at x of radius r, for some real number r > 0,
in a regular partially ordered metric space (E,=<,d) and let T : (E,=,d) — (E, <,d) be a monotone nondecreasing
and partial contraction operator with contraction constant q. If there exists an element xy € X such that xo < T xo or
xo = T xo satisfying

d(xo, T x0) < (1 =), 2.4

then T has a unique comparable fixed point x* in B,[xo] and the sequence {{T"xo}})" )} of successive iterations
converges monotonically to x*. Furthermore, if every pair of elements in X has a lower or upper bound, then x*
is unique.

o

Proof. Assume first that we have an element xy € B,[xo] such that xo < 7 x¢ and define a sequence {x,}

in § by

of points

Xpe1 =T x,, n=0,1,2,.... (2.5)

e

Because 7" is monotone nondecreasing, {x,}
B, [xp]. From the contraction of 77, it follows that

d(xp, Xns1) < q"d(x0, x1) (2.6

is monotone nondecreasing sequence in X. We show that {x,} C

for all n € N. Therefore, we have

d(x9, x,) < d(xg,x1) + - + d(Xp-1, Xp)

170



<(l+q+q*+-+¢")d(xo, x1)

q
< (1 -
<34 I =-qr

<r

This shows that x,, € B,[xo] for all n € N. Now, from the inequality (2.6) it foolws that {x,} is Cauchy sequence in
B,[x0]. The rest of the proof is similar to that given in Dhage [1, 2] and so, we omit the details.
Next, we obtain a Banach space version of above Theorem 2.1. Let X denote a real Banach space with norm || - ||.
A non-empty closed subset K of X is called acone ifi) K+ K C K,ii) AK € KforA € R, 4 > 0 and iii) (-K)NK = {6},
where 6 is a zero element of X. We introduce an order relation < in X as follows. Let x,y € X be arbitrary. Then, we
define
x<y & y—-x€ek. 2.7

Now the Banach space X together with the order relation < becomes a partially ordered Banach space and we
denote it by (X, K). Then the following lemmas are immediate which are proved in Dhage [8, 9].

Lemma 2.1 (Dhage [8, 9]). Every partially ordered Banach space (X, K) is regular.
Lemma 2.2 (Dhage [8, 9]). Every partially ordered subset S of a ordered Banach space (X, K) is a Janhavi set in X.

Now, we are equipped well to state our interesting applicable hybrid fixed point theorem in the subject of hybrid
fixed point theory and applications. See Dhage et al. [12] and the references therein.

Theorem 2.5 (Dhage et al. [12]). Let S be a non-empty partially compact subset of a partially ordered Banach space
(X,K)andletT : S — S be a partially continuous and monotone nondecreasing operator. If there exists an element
X0 € S such that xo < T xo or xyg = T xo, then the hybrid operator equation T x = x has a solution & in S and the
sequence {T"xo}y of successive iterations converges monotonically to &

Proof. From Lemmas 2.1 and 2.2 it follows that (X, K) is a regular partially ordered Banach space and every partially
compact subset S of X is a Janhavi set in X, i.e., every chain C in S is Janhavi set. Now the desired conclusion follows
by an application of Theorem 2.1.

Again, as a consequence of Theorem 2.3, we obtain

Corollary 2.3. Let (X,K) be a partially compact normed linear space and let T : X — X be a monotone
nondecreasing, partially continuous operator. If there exists an element xy € X such that xo < T xo or xo = T xo,
then the hybrid operator equation T x = x has a solution £ in X and the sequence {T"xo}; of successive iterations
converges monotonically to &*.

Theorem 2.6. Let S be a non-empty partially closed subset of a partially ordered complete normed linear space (X, K)
andlet T : S — S be a monotone nondecreasing nonlinear partial contraction. If there exists an element xy € S
such that xo < T xo or xo = T xo, then the hybrid mapping equation T x = x has a unique comparable solution &* in
S and the sequence {T"xo}y of successive iterations converges monotonically to £*. Moreover, x* is unique provided
every pair of elements in X has a lower bound or an upper bound.

Proof. The proof is similar to Theorem 2.2 and Hence we omit the details.

Corollary 2.4. Let S be a non-empty partially closed subset of a partially ordered complete normed linear space
(X,K)and let T : S — S be a monotone nondecreasing partial contraction. If there exists an element xy € S such
that xo < T xo or xo = T xo, then the hybrid mapping equation T x = x has a unique comparable solution & in S and
the sequence {T"xo}y of successive iterations converges monotonically to & . Moreover, & is unique provided every
pair of elements in X has a lower bound or an upper bound.

Theorem 2.7. Let B,[x] denote the partial closed ball centered at x of radius r, for some real number r > 0, in
a partially ordered Banach space (X,K) and let T : (X,K) — (X, K) be a monotone nondecreasing and partial
contraction operator with contraction constant q. If there exists an element xy € X such that xo < T xo or xo = T Xo
satisfying

llxo — T xoll < (1 = g)r (2.8)

for some real number r > 0, then T~ has a unique comparable fixed point x* in B,[xo] and the sequence {T"xo};" ,} of
successive iterations converges monotonically to x*. Furthermore, if every pair of elements in X has a lower or upper
bound, then x* is unique.
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Remark 2.2. If the initial approximation xq in Theoems 2.5, 2.6 and 2.7 is positive, that is, xo € K, then the sequence

{T"xo};, of iterations of the operator 7 converges to the positie fixed point £* monotonically.

If we compare our hybrid fixed point result Theorem 2.3 with the classical Schauder’s fixed point theorem in
a Banach space, we find that the convexity argument which otherwise needed in Schauder fixed point theorem is
altogether omitted from the statement, however it is compensated with the monotonicity of the operator in question.
But instead of mere existence of fixed point, we obtain an algorithm to calculate the approximation of fixed point by our
fixed point result. Therefore, in view of above observation, our hybrid fixed point theorems are a better achievement
over the famous Schauder and Banach fixed point theorems of nonlinear functional analysis.

3. Functional Integral Equations
Given the real numbers r > 0 and 7 > 0, consider the closed and bounded intervals Iy = [-r,0] and I = [0,7] in R
and let J = [-r, T]. By C = C(lp, R) we denote the space of continuous real-valued functions defined on /,. We equip
the space C with he norm || - ||c defined by

lixllc = sup |x(0)]. 3.1

—r<6<0

Clearly, C is a Banach space with this supremum norm and it is called the history space of the functional differential
equation in question.
For any continuous function x : J — R and for any ¢ € I, we denote by x, the element of the space C defined by

x(0) = x(t+6), -r<6<0. (3.2)

As an application of our newly developed hybrid fixed point theorem, we consider the following nonlinear
Fredholm type functional integral equation (in short FIE)

T
x(1) = f k(t, $)f (s, x(s), x5)ds, tel,
0 (3.3)
X0 = ¢,
where k: I xI —» Rand f : I X R X C — R are continuous real-valued functions.

Definition 3.1. A function x € C(J,R) is said to be a solution of the Fredholm type FIE (3.3) defined on J if
(i) xo0=¢,
(ii) x; € Cforeachte I, and
(iii) x is satisfies the equations in (3.3) on I,
where C(J,R) is the space of continuous real-valued functions defined on J.

The significance of the functional integral equation (3.3) with some delay lies in their occurrence in some natural
physical sciences (see Hale [15] and the references therein) and studied existence and uniqueness theorems under some
standard compactness and Lipschitz type conditions. But the study of the numerical aspect of the solution is very rare
in the literature and in this paper we prove an approximate solution of the FIE (3.3) under usual standard conditions on
the nonlinearity f. Below we obtain an algorithm which goes monotonically to the solution of the functional integral
equation (3.3) on J. This method of tackling the nonlinear problem is initiated by the present author in Dhage [1, 2]
and Dhage and Dhage [10] and commonly known as Dhage iteration method in the subject of nonlinear analysis.

We equip the Banach space C(J,R) with the norm || - || and the order relation < defined by

llxll = sup (D)l (34
teJ
and
x<y & y—-xeKk, 3.5)
where K is a cone in C(J,R) given by
K={xeCWU,R)|x(r) 20VrelJ} (3.6)

It is known that the partially ordered Banach space C(J,R) is regular and lattice so that every pair of elements
of E has a lower and an upper bound. See Dhage [6, 8, 9] and the references therein. The following useful lemma
concerning the Janhavi subsets of C(J,R) follows immediately from the Arzeld-Ascoli theorem for compactness in a
Banach space C(J,R).

Lemma 3.1. Let (C(J,R), K) be a partially ordered Banach space with the norm || - || and the order relation < defined
by (3.1) and (3.2) respectively. Then every partially compact subset S of C(J,R) is Janhavi set.
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We introduce an order relation <¢ in C induced by the order relation < defined in C(J,R). Thus, for any x,y € C,
x Zc y implies x(0) < y(0) for all 6 € I. Note that if x,y € C(J,R) and x <y, then x; <¢ y, forall 7 € I.

Let C,4(J,R) denote the subset of all equicontinuous functions in C(J,R). Then for a constant M > 0, by C %(J, R)
we denote the class of equicontinuous functions in C(J, R) defined by
CH(J.R) = {x € Co(.R) | |Ix]| < M)
Clearly, C %(J, R) is a closed and uniformly bounded subset of the set of equicontinuous functions of the Banach

space C(J,R) which is compact in view of Arzeld-Ascoli theorem.
We need the following definition in what follows.

Definition 3.2. A function u € C%(J, R) is said to be a lower solution of the FIE (3.3) if the conditions (i) and (ii) of
Definition 3.1 hold and satisfies

T
u(t) < f k(t, )f (s, u(s),us)ds, tel,
0 .

up <c ¢

Similarly, a functionv € C %(J, R) is called an upper solution of the FIE (3.3) if the above inequalities are satisfied
with reverse sign. By a solution of the FIE (3.3) in a subset C%(J, R) of the Banach space C(J,R) we mean a function
X € C%(J, R) which is both lower and upper solution of the FIE (3.3) defined on J.

We consider the following set of hypotheses in what follows:
(H;) The function t — f(z,0,0) = F(¢) is bounded on J by Fj.
(H;) There exists constants £; > 0, £, > 0 such that
0 < f(t, x1, x2) — f(£,y1,¥2) < C1(x1 = y2) + bollxa — y2lle
for all ¢ € J, where x1,y; € R and x;,y, € C with x; >y, x5 > y.
(H3) The function k is nonnegative and bounded on / X I with bound M.
(Hy) The FIE (3.3) has a lower solution u € C %(J, R).

(Hs) The FIE (3.3) has an upper solution v € C%(J, R).

Theorem 3.1. Suppose that hypotheses (H;) through (Hy) hold. Furthermore, if

ligllc + Mk TFo
R T PR MU+ 6) < 1, 37
1= MI + ) - el +6) < S

then the FIE (3.3) has a solution x* defined on J and the sequence {x,} ", of successive approximations defined by

xo(t) = u(t), telJ,

T
f k(t, s)f (s, xa(s), X ds, tel, (3.8)
-xn+1(t) = 0

¢(t)’ re 103

where x(0) = x,(s + 6), 8 € Iy, converges monotone nondecreasingly to x*.

Proof. SetS§S = CQ;’(J, R). Then, S is a uniformly bounded and equicontinuous subset of the ordered Banach space
(X, K). Hence S is compact in view of Arzelld-Ascoli theorem. Consequently, S is partially compact subset of (X, K).
Define an operator 7 : S — C(J,R) by

T
f k(t, s)f(s, x(s),x,)ds, tel,
T x(t) = 0

@), 1€l
We shall show that the operator 7~ satisfies all the conditions of Theorem 2.5 in a series of following steps.
Step I: 7 is well definedand 7 : S — S

Clearly, 7 is well defined in view of continuity of the functions k and f on J X J and J X R X C receptively. We
show that 7(§) € S. Let x € S be arbitrary. Now by hypothesis (H;),

| £t x(0), x)| < | £t x(2), %)) = £(2,0,0)] +1£(2,0,0)|

< Ox()] + Gllxdle + Fo

(3.9)
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< (G + D)Xl + Fo
< (51 +52)M+ F()
for all ¢ € J. Hence, by definition of 7,

T
T x(1)| < fo k(e )| f (s, x(s), x,)| ds

lp(®)l
<llglle + T Mi[(€, + €)M + Fo
<M

for all ¢ € J. Taking the supremum over ¢, we obtain ||7 x|| < M for all x € CQZ(J, R).
Next, we prove that 7(S) € S. Let y € 7(S) be arbitrary. Then there is an x € S such that y = 7x. Now we
consider the following three cases:

Case I : Suppose that 7,1, € I. Then, we have
V(1) = ()] = [T x(ty) = Tx(ta)|

T
< f |k(t1, 5) = k(t2, )| 1 £ (5, x(5), x,)| ds
0

T
<[(6 + &)L+ Fy f k1, 5) - k(ta, )| ds
0

Since k is continuous on compact J X J, it is uniformly continuous there. Therefore, for each fixed s € J, we have
|k(t1,8) — k(t,5)] >0 as 11 >t
uniformly. This further in view of inequality (3.6) implies that
[Tx(t) - Txn)| >0 as 1 >0 (i)
uniformly for all x € S.
Case II : Suppose that ¢, 1, € Iy. Then, we have
V(@) = (@)l = [Tx(t) = T x(22)
= [p(11) — ¢(12)]
-0 as L —on
uniformly for x € S.
CaseIll : Let t; € I) and 1, € I. Then we obtain
() = y(0) = |Tx(tr) = Tx(n)|
<|Tx(t) = Tx(0)| + |Tx(0) - Tx(to)|
Ift; — 1, thatis, |t — ] — 0, then #;, — 0 and £, — 0 which in view of inequalities (i) and (ii) implies that
(@) —y)l >0 as 6 —>1n (iii)

uniformly for all y € 7(S). From above three cases (i)-(iii) it follows that 7x € S forallx € S. Asaresult 7(S) C S.
Step II: 7 is a monotone nondereasing operator on S.

Let x,y € § be such that x > y. Then, x, > y, for each t € I. Therefore, by hypothesis (H;), we get

T
Tx(1) = f(; k(t, $)f(s, x(s), x5)ds, , t €1,
&), tel,

T
f K(t, $)f (s, (). o) ds, » 1 € I,
29 Jo

o), tel,
=T y(@)

for all ¢ € J. This shows that 7 x > 7y and consequently the operator 7~ is monotone nondecreasing on S'.
Step III: 7 is partially continuous on S.
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Let C be a chain in the closed and bounded subset Cé‘/ql(], R) of the ordered Banach space (C(J,R), K) and let {x,}

be a sequence of points in C such that x, — x as n — oo. Then, by definition of the operator 7 ,we obtain

T
kl, s Xn s nd,,[ ]’
lim 7 x, = lim fo @, 9)f(s,x,(8),xy)ds, , t €

n—oo n—oo
¢(Z)9 te IO’

T

f K, s)[lim Pl xn(s), )| ds, L e 1,
0 n—oo

o), tel,

T

f k(t, s)f(s, x(s), x5)ds, , t€l,
0

¢(t)’ te 103

=T x(t)

for all t € J. This shows that 7 x,, — 7 x pointwise on J. Next, by following the arguments as in Step II, it is proved
that {7 x,} is an equicontinuous sequence of points in S. This shows that 7 x,, — 7 x uniformly on J. Consequently
7 is a partially continuous operator on S into itself.

Thus 7~ satisfies all the conditions of Theorem 2.5 on a partially compact subset S of the Banach space C(J,R).
Hence 7~ has a fixed point x* € § and the sequence {7"xo}>, of successive iterations converges monotone
nondecreasingly to x*. This further implies that the FIE (3.3) has a solution x* on J and the sequence {x,};” , successive
approximations defined by (3.8) converges monotone nondecreasingly to x*. This completes the proof.

Remark 3.1. Theorem 3.1 also remains true if we replace the hypotheses (H;) and (H,) with the following ones:
(Hs) The function f is bounded on / X R x C with bound M.

(H7) The function f(z, x,y) is nnondeceasing in x and y for each ¢ € I.

In this case the condition (3.7) is replaced by ||¢|lc + MiM ;T < M.

Theorem 3.2. Suppose that the hypotheses (H»), (Hs) and (Hy) hold with C%(J, R) replaced by C(J,R). Furthermore,
if MiT(€1 + &) < 1, then the FIE (3.3) has a unique solution x* defined on J and the sequence {x,},, of successive
approximations defined by (3.8) converges monotone nondecreasingly to x*.

Proof. Set X = C(J,R). Then (X, K) is an ordered Banach space which is also a lattice w.r.t. the lattice operations
xVy=max{x, y} and x A y = min{x, y}. Therefore, for any pair of elements {x, y} there exist a lower and an upper
bound. Define an operator 7 on (X, K) by (3.9). Then 7 is well defined. We shall show that 7~ is a partial contraction
on (X, K).

Let x,y € S be such that x > y. Then, by hypothesis (H,), we have

720 - Ty(o) = | fo K5 59,5 = S5, 3] ds|
< fo K )59, 20) — 5,50y s
< fo K L. ). ) — 5,509,y ds
< fo K 9IX) — Y6 + ol — yilc] ds

T
< f k(, )(t1 + O)llx — yllds
0

S MT (G + &)llx =yl
for all ¢ € J. Taking the supremum over #, we obtain
17°x = Tyll < M T (6 + G)llx =yl

for all comparable elements x,y € S. This shows that 7" is a partial contraction on C(J,R). We know that every partially
Lipschitz operator is partially continuous, so 7 is a partially continuous operator on S. Now, we apply Theorem 2.6
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to the operator 7~ and conclude that 7~ has a unique fixed point x* and the sequence {7 "u}; , of successive iterations
converges to x*. This further implies that FIE (3.3) has a unique solution x* and the sequence {x,}", of successive
approximations defined by (3.8) converges monotone nondecreasingly to x*.

e

n=0

Remark 3.2. The conclusion of existence and uniqueness theorems, Theorems 3.1 and 3.2 for the problem (3.3) also
remains true if we replace the hypothesis (Hs) by (Hs). In this case the sequence {x,} ., defined by (3.8) converges
monotone nonincreasingly to the solution x* of the functional FIE (3.3) defined on J.

4. Functional Boundary Value Problem
With the usual notations of section 3, we consider the following two pint boundary value problem (in short BVP) of
nonlinear ordinary second order functional differential equation,
=x"(t) = f(t, x(t),x), t€l,
x(0) =0 = x(T), 4.1)
X0 = ¢,

where f : I X R X C — R is a nonnegative continuous real-valued function.

When f(t, x,y) = f(t, x), the reduced nonlinear BVP without delay is common in the literature which is discussed

extensively for existence of the solution. It has also been discussed in Dhage [6] for existence and approximation of
the solution via a new Dhage iteration method.

Obviously, the functional BVP (4.1) is equivalent to the nonlinear functional integral equation,

T
f G(t, $)f(s,x(s),x)ds, tel,
x(t) = 0

4.2)
¢, 1€y,
where G(t, 5) is the Green’s function associated with the linear homogeneous BVP

-x"() =0, rel,
4.3)

x(0) =0=x(T).

It is known that the Green’s function G continuous and nonnegative on J X J satisfying the inequality
T

OSG(t,s)SZ = Mg (*)

forallt,s € J.
We consider the following definition in what follows.

Definition 4.1. A function u € C'(J,R) is said to be a lower solution of the functional BVP (4.1) if the conditions (i)
and (ii) of Definition 3.1 hold and
—u'(t) < f(t,u(t),w), tel,

u(0) <0 >uw(T), 4.4

xo0 ¢ ¢,

where C'(J,R) is the space of continuously differential real-valued functions defined on J. Similarly, an upper solution
v € C'(J,R) for the functional BVP (4.1) is defined by reversing the inequality signs. By a solution of the BVP (4.1)
we mean a function x € C'(J,R) which is both lower and upper solution of the BVP (4.1) defined on J.

The following lemma easily follows by an application of maximal principle (see Protter and Weinberger [16]).

Lemma 4.1. If a function u € CY(J,R) is a lower solution of the functional BVP (4.1) defined on J, then by maximum
principle,

T
u() < fo G(t, 8)f(s,u(s),u)ds, tel, @5)

#(0), tel,

We need the following hypotheses in what follows.
(Hg) There exists a lower solution u € C'(J,R) N C %(J, R) of the functional BVP (4.1) defined on J.
(Ho) There exists an upper solution v € C'(J,R) N C %(J, R) of the functional BVP (4.1) defined on J.
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Theorem 4.1. Suppose that the hypotheses (Hy)-(H3) and (Hg) hold. Furthermore, if

4|gllc + T*F

HAlle +T°F0 1204, 4 ) < 4, (4.6)

4 — Tz(fl + 52)
then the functional BVP (4.1) has a solution x* defined on J and the sequence {x,},’ , of successive approximations

defined by
xo(t) = u(t), te€J,

T
f G(t, 9)f (s, xa(5), X} ds, t€l, 4.7
0

xn+|(t) =
(1), tely,

where x%(0) = x,(s + 6), converges monotone nondecrasingly to x*.

Proof. Set S = C% (/,R) and we place the problem of FIE (4.2) in the function space S. As mentioned earlier, the
functional BVP (4.1) is equivalent to the functional integral equation (4.2) on J. Notice that the functions involved in
the functional integral equation (4.2) satisfy all the conditions of Theorem 3.1 in view of inequality (*) and the Lemma
4.1. Therefore, the desired result follows by an application of Theorem 3.1. This completes the proof.

Theorem 4.2. Suppose that the hypotheses (H,), (H3) and (Hg) hold with C%(J, R) replaced by C(J,R). Furthermore,

if T> (L1 + &) < 4, then the functional BVP (4.1) has a unique solution x* defined on J and the sequence {x,};, of
successive approximations defined by (4.7) converges monotone nondecreasingly to x*.

Proof. The proof is similar to Theorem 3.2, so we omit the details.

Remark 4.1. The conclusion of existence and uniqueness theorems, Theorems 4.1 and 4.2 for the problem (4.1)
also remains true if we replace the hypothesis (Hg) by (Hy). In this case the sequence {x,}, defined by (4.7)
converges monotone nonincreasingly to the solution x* of the functional BVP (4.1) defined on J. We also note that
our theorems, Theorems 4.1 and 4.2 include the existence and approximation results of Dhage [6] for the BVP (4.1)
without functional argument and with a different method as the special cases.

Remark 4.2. We remark that the results of Section 4 may be extended with appropriate modifications to the nonlinear
BVP of second type of ordinary second order functional functional differential equation,

=x"(t) = f(t, x(2),x;), t€,
x(0)=0=x'(T) (4.8

X0 = ¢
Notice that the functional BVP is equivalent to the following nonlinear functional integral equation

T
f H(, $)f(s, x(s), x;)ds, tel,
0

x(t) = 4.9)
¢(t)’ te 10,
where H(t, s) is the Green’s function associated with the linear homogeneous BVP
-x'"()=0, rel,
(4.10)

x(0) = 0= x'(1),

is continuous and nonnegaive on [0, 7] X [0, T'] satisfying the boundedness inequality 0 < H(¢,s) < T forall ¢, s € I.
Therefore, the existence and uniqueness theorems for the nonlinear BVP (4.8) similar to Theorems 4.1 and 4.2 may
also be proved by using the analogous arguments with appropriate changes in the hypotheses and conditions.

Remark 4.3. We note that if the functional FIE (3.3) and functional BVP (4.1) have a lower solution u € C %(J, R) as
well as an upper solution v € C %(J, R) such that # < v, then under the given conditions of Theorems 3.1 and 4.1, they
have corresponding solutions x, and y* and these solutions satisfy the inequality

U=x<x; 22X, xSy Ly, L Ly 2y =

Hence x. and y* are respectively the minimal and maximal solutions of the FIE (3.3) and functional BVP (4.1) in the
vector segment [u, v] of a subset S = C%(J, R) of the Banach space C(J,R), where the vector segment [u, v] is a set of

elements in C)(J, R) defined by

[u,v] = {xECZ(J,R) |u < x=<v}

This is because of the order cone K defined by (3.6) is a non-empty closed convex subset of C(J,R). However, we
have not used any property of the cone K in the main existence results of this paper. A few details concerning the
order relation by the order cones and the Janhavi sets in an ordered Banach space are given in Dhage [8].
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5. The Examples
In this section we give a couple of examples for illustrating the hypotheses and abstract ideas involved in Theorems
3.1 and 4.1.

Example 5.1. Let [ = [—g 0] and [ == [0, g] be two closed and bounded intervals in R, the set of real number and
letJ = [_7_2r’ O] U [O, g] Given a history function ¢(¢) = sint, t € [—g, 0], consider the functional integral equation,

foz %(t_ s) fi(s, x(s), x;) ds, te€ [0, g]

x(t) = (5.1

T
int, te ——,0],
Sin [ 3

forall 1,5 € [0, 7| with ¢ > s and x,(6) = x(t + 0), 0 € [~5,0], where

0, lf x < O’ y ﬁC O’
1 .
3 tanh x, if x>0, y=c0,
fl(t9 x»)’) = 1
3 tanh(||yllc), if x<0,y20, y#0,
1
3 [tanh x + tanh(|lyllc)], if x>0, y>c0, y#0.

Here, T = % k(t,s) = t — s which is continuous, nonnegative and bounded function on

o,’—;] x [o,g] and
f [O, 7—;] XR X C — R. Clearly, the functions k(z, s) and f(z, x, y) satisfy the hypotheses (H3) and (Hg) with M} = g

and M; = 2. Next, we show that the function f(z, x, y) is nondecreasing in x and y for each 1 € [0, g] Let x,y € C(J,R)
be any two elements such that x > y. Then there are following four cases, namely, (i) x > y > 0, (ii) x > 0 > y, (iii)
0 > x > yand (iv) x < 0 < y. We treat the case (i) only and other cases can be treated similarly. Now suppose that
x =y = 0. Then, x(t) 2 y(t) 2 O and x; =¢ y; = O forall € [0, %]. This further implies that |lx;llc > Illc > 0.
Therefore, by nondecreasing nature of hyperbolic function tanh, we obtain

S, x(1), x;) = tanh x(7) + tanh ||x,[lc > tanh y(z) + tanh |ly,|lc = f(z, y()1., y:)

forall ¢ € [O, %] This shows that f(z, x, y) is monotone nondecreasing in x and y for each 7 € [O, %] and so hypothesis
(Hy) is satisfied. . Again, the function u : J — R defined by

0, te[O,E],
2
u(t) = x
int, t ——,0],
Sin G[ 2

serves as a lower solution of the FIE (5.1) defined on J. Furthermore, the condition (3.7) is satisfied with M = %

6
in view of Remark 3.1. Hence, by a direct application of Theorem 3.1 yields that the FIE (5.1) has a solution x* €

Czy/ 1%(J,R) and the sequence {x,},”, of successive approximations defined by
0, te

v/
05_:|3
2
X0 =

/4
int, te ——,0],
Sin [ 3

bis

i

fz St = 9)[tanh 5, () + tanh [¥l] ds, 1€ [O,g],
Xpp1(H) =4 0 .

int, te|-=,0],

sin e[ : ]

where x}(0) = x,(s +6), 6 € [—g O], converges monotone nondecreasingly to x*.
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Example 5.2. Let [, = [—g O] and I == [0, 1] be two closed and bounded intervals in R, the set of real number and
letJ = [—7—;, 0jUIo, 1] = [—;—r, 1]. Given a history function ¢(f) = sint, t € [—g, 0], consider the nonlinear two point
functional BVP |

-x"(t) = 5 L0, x), 10,1,

(5.2)
x(0) = ¢(0) = 0 = x(1),

Xo = ¢,

for all r € [0, 1], where x,(0) = x(t + ), 6 € [—’2—’ 0] and the function f; is given by

0, if x<0, y=c0,
I _
gtan X, if x>0, y=c0,

Lt xy) = 1
3 tan~" (|lylle), if x<0,y2c0, y#0,
1
3 [tan™! x + tan”" (Iyllc)| . if x>0, y=c 0, y#0,

forall t € [0, 1].
Here, T = 1 and f, defines a function f : [0, 1] X R x C — R. We shall show that f, satisfies all the conditions
1
of Theorem 4.2. Now for any ¢ € [0, 1], one has F(r) = f(¢,0,0) = 3 = Fy and so, hypothesis (H;) holds. Next,

let x1,y; € R and x;,y, € C be such that x; > y; > 0 and x; >¢ y, > 0. Then there exist constants & and & with
y1 <& < xpand ||yl < & < [lx2llc satisfying

0 < ftx1,x)- ft,y1,y2)

< 3 [tan™' x; —tan™! y]

1 _ _
+g -[tan Hixalle — tan™" [ly2llc]
1 1
8 1+&

IA

(x1 = y1)

1
+— . — x —
s 1+§§(|| 2lle = Iy2lle)

1 1
< 3 (x1 —yD+ 3 (2 = y2lle)
for all ¢ € [0, 1]. Similarly, we get the same estimate for other values of the function f;. So the hypothesis (H;) holds
with £, = é and £, = é Again, the Green’s function G is continuous and nonnegative on [0, 1] x [0, 1] with bound

Mg = g, so that the hypothesis (Hjz) holds. Moreover, here we have

4-TXO+6)  4-1 75
and so the condition (4.6) of Theorem 4.1 is satisfied for M = %. Finally, the functions u and v defined by

1 !
—f G(t,s)ds, t€]0,1],
5Jo

digllc + T>Fy _4+3 84
1

u(t) =
Ve

int, t ——,0],
sSin E[ )

and

1
(ﬂ + é)f G(t,s)ds, t€]0,1],
() = 0

T
int, te€ ——,O],
Sin [ )
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satisfy respectively the inequalities of the lower solution and upper solution of the BVP (5.2) with u < v on J. Hence
the functional BVP (5.2) has a unique solution x* € Cfg/ s (J,R) defined on J = [—%, 1]. Moreover, the sequence
{xn}:7, defined by

Xo() = u(r), 1€ [—g 1],

1
f G(t, 8)f(s, xa(5), X;)) ds, te€[0,1],
xn+1(t) = 0 -
sint, t € [—5,0],

is monotone nondecreasing and converges to x*, that is, we have

Xo =X xp <=2, <X

Remark 5.1. We note that the well-known method of upper and lower solution may not be applied to the BVP (5.2)
in the above Example 5.2, because here, we are working in a smaller subset CE‘:}/ 75(J, R) of the Banach space C(J,R)
which may not contain an upper solution of the problem in question. This clearly shows the advantage of the present
monotone iteration method of this paper over that of well-known upper and lower solution method for nonlinear
differential and integral equations. If at all, both the lower solution # and an upper solution v to the BVP (5.2) exist
and satisfy the comparison condition u < v, then we might apply Remark 4.3 for desired conclusion.

6. Conclusion

We remark that the nonlinear functional equations considered here in this paper for applications of our new hybrid fixed
point results, Theorems 2.3 and 2.4 are of simple nature, however other complex different types of nonlinear functional
differential and integral equations may also be considered for applications. We also remark that the use of above hybrid
fixed point results not only yield the existence of solution, but also gives an algorithm to obtain approximation of the
solution and so it is more powerful than Schauder fixed point theorem. Furthermore, we also improve in some sense
the celebrated hybrid fixed point theorems of Dhage [1, 2] having numerous applications. Hence we claim that the
hybrid fixed point results of this paper are very fundamental and useful contribution to the subject of nonlinear analysis
and applications. In a forthcoming paper, we propose to discuss other IVPs and BVPs of nonlinear ordinary first order
functional differential equations for applications of the abstract hybrid fixed point theorems developed in this paper.
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