TAMKANG JOURNAL OF MATHEMATICS
Volume 45, Number 4, 397-426, December 2014
doi:10.5556/].tkjm.45.2014.1512

Available online at http://journals.math.tku.edu.tw

PARTIALLY CONDENSING MAPPINGS IN PARTIALLY
ORDERED NORMED LINEAR SPACES AND APPLICATIONS
TO FUNCTIONAL INTEGRAL EQUATIONS

BAPURAO C. DHAGE

Abstract. In this paper, the author introduces a notion of partially condensing mappings
in a partially ordered normed linear space and proves some hybrid fixed point theorems
under certain mixed conditions of algebra, analysis and topology. The applications of
abstract results presented here are given to some nonlinear functional integral equations
for proving the existence as well as global attractivity of the comparable solutions under
certain monotonicity conditions. The abstract theory presented here is very much use-
ful to develop the algorithms for the solutions of some nonlinear problems of analysis
and allied areas of mathematics. A realization of of our hypotheses is also indicated by a
numerical example.

1. Introduction

It is well-known that compact sets are next to the finite sets useful for handling in the
mathematical formulations and so, several results from analysis and topology use compact-
ness to derive some far reaching conclusions. The topological methods or fixed point theo-
rems involving the compactness arguments are useful only to prove existence of the solutions
of some nonlinear equations and do not give any computational scheme or algorithm for solv-
ing such problems. However if we combine the compactness or its generalizations in terms
of measure of noncompactness with some algebraic arguments, then it is possible to develop
the algorithms for the solutions of nonlinear problems under some suitable conditions. The
work along this line is of great interest and which is the main motivation of the present paper.
Here, we combine the topological arguments with some order related hypotheses to prove
some hybrid fixed point theorems for the mappings in ordered spaces and apply newly devel-
oped abstract result to obtain a algorithm for the solutions of a functional integral equation
under some mixed compactness and monotonic conditions. We claim that the results of this
paper are new to the literature.
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Many attempts have been made in the literature to measure numerically the degree of
noncompactness of sets in a normed linear space in terms of certain characteristics of the
compactness property. The more is the value of this characteristic the lesser is the compact-
ness and vice versa. Two such Kuratowskii [18] and Hausdorff [15] measures of noncompact-
ness in a metric space are well-known in the literature. However, axiomatic way of approach
of the measures of noncompactness is sometimes useful in the study of various qualitative
properties of the dynamical systems in nonlinear analysis (cf. [1] and [2]). In this article, we
follow the axiomatic way of approach to define a new partially measure of noncompactness in
a partially ordered normed linear space and which is subsequently exploited to derive some
interesting consequences. We prove some new fixed point theorems (FPTs) for partially con-
densing mappings in a partially ordered complete normed linear space and apply our abstract
results to a certain nonlinear hybrid functional integral equation for proving the existence as
well as global attractivity results on unbounded intervals of real line. The abstract theory pre-
sented is useful to develop the algorithms for the solutions of some nonlinear problems of
analysis and allied areas of mathematics.

2. Partially ordered linear spaces

Let E be a real vector or linear space. We introduce a partial order < in E as follows. A
relation < in F is said to be partial order if it satisfies the following properties: Let a, b,c,d € E
and A eR.

1. Reflexivity: a< aforall a€ E,

2. Antisymmetry: a < band b < aimplies a= b,
3. Transitivity: a < b and b < c implies a < ¢, and
4

. Order linearity: axband c<d=a+c=<b+d;

and axb=—= Aa=<Ab for 1=0.

The linear space E together with a partial order < becomes a partially ordered linear or
vector space. Two elements x and y in a partially ordered linear space E are called comparable
if either the relation x < y or y < x holds. We introduce a norm || -|| in a partially ordered linear
space E so that E becomes now a partially ordered normed linear space. If E is complete with
respect to the metric d defined through the above norm, then it is called a partially ordered
complete normed linear space. We frequently need the concept of regulatory of E in what
follows. 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. A few details of

an ordered Banach spaces and operator theoretic techniques are given in a series of papers
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Dhage [6, 7, 8, 9], Dhage and Dhage[11] and Dhage et. al [12]. The applications to nonlinear
differential and integral may be found in Dhage [7], Dhage and Dhage [10], Dhage et. al [13],
Heikkild and Lakshmikantham [16] and Carl and Hekkil4 [5] and the references therein.

Definition 2.1. A mapping 9 : X — X is called monotone nondecreasing if it preserves the
order relation =, that is, if x < y implies I~ Ty for all x,y € X. Similarly, 9 is called
monotone nonincreasingif x < yimplies 7 x = 9 y for all x, y € X. A monotone mapping J is
one which is either monotone nondecreasing or monotone nonincreasing on X.

The following terminologies may be found in any book on nonlinear operators, equations
and applications. See Banas and Goebel [2], Krasnoselskii [17] and the references therein.

An operator 9 on a normed linear space E into itself is called compact if I (E) is a rela-
tively compact subset of E. J is called totally bounded if for any bounded subset S of E, 9 (S)
is a relatively compact subset of E. If 9 is continuous and totally bounded, then it is called
completely continuouson E.

The following definitions have been introduced in Dhage [8] and are frequently used in
the subsequent part of this paper.

Definition 2.2 (Dhage [9]). A mapping J : E — E is called partially continuous at a point
a € E if for € > 0 there exists a § > 0 such that |9 x — 9 all < e whenever x is comparable to a
and ||x—all < 6. 9 called partially continuous on E if it is partially continuous at every point
of it. Tt is clear that if J is partially continuous on E, then it is continuous on every chain C
contained in E.

Definition 2.3. A mapping .9 : E — E is called partially bounded if T (C) is bounded for every
chain Cin E. J is called uniformly partially bounded if all chains 9 (C) in E are bounded by
a unique constant. J is called bounded if T(E) is a bounded subset of E.

Definition 2.4. A mapping J : E — E is called partially compact if 7 (C) is a relatively com-
pact subset of E for all totally ordered sets or chains C in E. J is called umformly partially
compact if I (C) is a uniformly partially bounded and partlally compact on E. J is called
partially totally bounded if for any totally ordered and bounded subset C of E, J (C) is arela-
tively compact subset of E. If F is partially continuous and partially totally bounded, then it
is called partially completely continuouson E.

Remark 2.1. Note that every compact mapping on a partially normed linear space is par-
tially compact and every partially compact mapping is partially totally bounded, however the
reverse implications do not hold. Again, every completely continuous mapping is partially
completely continuous and every partially completely continuous mapping is partially con-
tinuous and partially totally bounded, but the converse may not be true.
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Definition 2.5 (Dhage [8]). The order relation < and the metric d on a non-empty set E are
said to be compatible if {x,} is a monotone, that is, monotone nondecreasing or monotone
nondecreasing sequence in E and if a subsequence {x,, } of {x,} converges to x* implies that
the whole sequence {x;} converges to x*. Similarly, given a partially ordered normed linear
space (E, <, |), the order relation < and the norm || - || are said to be compatible if < and the
metric d defined through the norm | - || are compatible.

Clearly, the set R of real numbers with usual order relation < and the norm defined by
the absolute value function has this property. Similarly, every partially compact subset of the
space C(J,R) with usual order relation defined by x < y if and only if x(¢) < y(¢) forall t € J

and the usual standard supremum norm | - || defined by || x| = sup |x(¢)| are compatible.
te]

The following applicable hybrid fixed point theorem is proved in Dhage [8].

Theorem 2.1. Let E be a partially ordered linear space and suppose that there is a norm in E
such that E is a normed linear space. Let I : E — E be a nondecreasing, partially compact and
continuous mapping. Further if the order relation < and the norm | - || in E are compatible and
if there is an element x € E satisfying xo < T xo or Xo = I Xy, then I has a fixed point x* and

the sequence {T" xo} of successive iterations converges to x*.

We note that Theorem 2.1 is very much useful for proving the existence theorems for
several dynamical systems in nonlinear analysis modeled on nonlinear differential and inte-
gral equations. Here, in the following section we generalize above fixed point theorem under
weaker conditions via measure of noncompactness and apply it to obtain existence of the

solutions of a certain nonlinear functional integral equation in a constructive way.

3. Partially condensing mappings

At the beginning of this section, we present some basic facts concerning the partially
measures of noncompactness in a partially ordered normed linear space. Assume that (E, || -
[) is an infinite dimensional partially ordered Banach space with zero element 6. If C is a
chain in E, then C’ denotes the set of all limit points of C in E. The symbol C stands for the
closure of C in E defined by C = Cu C'. Clearly, infC,sup C € C provided infC and sup C
exist. The supC is an element z € E such that for every € > 0 there exists a ¢ € C such that
d(c,z) <eand x < z for all x € C. Similarly, infC is defined in the same way. Then C is again a
chain, called the closed chain in E. Thus, C is the intersection of all closed chains containing
C. In what follows, we denote by &;(E), Py, (E), Prep(E), Pep(E), Ppa,cn(E), {O]’rcpych(E)
the family of all nonempty and closed, bounded, relatively compact, chains, bounded chains
and relatively compact chains of E respectively. Now we introduce the concept of partially
measure of noncompactness in E on the lines of usual classical theory.
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Definition 3.1. A mapping u” : P4 n(E) — Ry = [0,00) is said to be a partially measure of
noncompactness in E if it satisfies the following conditions:

12 @ # (UP) L {0}) € Prcp cn(E),

2° pP(C)=puP(0),

3% uP is nondecreasing, i.e., if C; « C, = uP (Cy) < u”(C,), and

4° If {C,} is a sequence of closed chains from 22, ., (E) such that C,4; < Cp, (n=1,2,...) and

if r}l_{lgo u”(Cp) =0, then the intersection set Coo = M9, Cn is nonempty.

The family of sets described in 1° is said to be the kernel of the measure of noncompactness
u” and is defined as
ker uP ={C e Pyq cn(E) | uP (C) = 0}.

Clearly, ker uP < 2, o (E). Observe that the intersection set C, from condition 4° is a mem-
ber of the family ker u”. In fact, since u” (C) < ¢’ (Cy,) for any n, we infer that u” (Cyo) = 0.
This yields that C, € ker u”. This simple observation will be essential in our further investi-

gations.
Te partially measure p” of noncompactness is called sublinear if it satisfies

5% pP(Cy + Cy) < pP(Cy) + P (Cy) for all Cy, Cy € Py 1 (E) and
6° uP(AC) =|A|uP(C) for L eR.

Again, uP is said to satisfy maximum property if
70 pP(C1UG,) = max{u? (1), p? ()},

Finally, u” is said to be full or complete if
89 ker uP = Pycp cn(E).

Example 3.1. Define two functions a”, P : Pyq ., (E) — R, by

n
a? () :inf{r>0 |c=Uc;, diam (C) sr‘v’i}
i=1

where, C € Py o, (E) and diam (C;) = sup{llx -yl : x,y € C;}, and
n
BP(C)=inf{r>0 ‘ Cc|J%B(xi,r) forsome x; € E
i=1

where, B(x;, 1) ={x € E: || x;—x|| < r}. Itis easy to prove that a” and BP are partially measures
of noncompactness called respectively the partially Kuratowskii and partially ball or Haus-

dorff measures of noncompactness in E.
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The above two partially Kuratowskii and Hausdorff measures of noncompactness a” and
PP are sublinear, full and enjoy the maximum property in E. The verification of this claim
is same as classical Kuratowskii and Hausdorff measures of noncompactness and so we omit
the details.

Definition 3.2. Amapping v : R; — R, is called a dominating function or, in short, Z -function
if it is an upper semi-continuous and monotonic nondecreasing function satisfying v (0) = 0.

There do exist Z-functions and commonly used Z-functions are

w(r) = kr, for some constant k >0,

Lr
y(r) = ——, for some constants L >0,K >0,
K+r

y(r) = tan™'r,

w(r)=log(1+r),
w(r)=e —1.

The above defined -functions have been widely used in the existence theory of nonlin-
ear differential and integral equations.

Remark 3.1. If ¢, Ry — R, are two @-functions, theni) ¢+, ii) A, A >0, and iii) poy are
also Z-functions on R... The class of Z-functions on R; is denoted by ©.

Definition 3.3. A nondecreasing mapping 9 : E — E is called partially nonlinear 2 -set-
Lipschitzif there exists a @-function y such that

PP (T C) < y(uP ()

for all bounded chain C in E. g is called partially k-set-Lipschitz it uP(r) = kr, k> 0. I
is called partially k-set-contraction if it is a partially k-set-Lipschitz with k < 1. Finally, I
is called a partially nonlinear 9 -set-contraction if it is a partially nonlinear Z-Lipschitz with
uP(r)<rforr>0.

Remark 3.2. It is clear tat every partially k-set-contraction is a partially nonlinear 2-set-
contraction an every partially nonlinear Z-set-contraction is partially condensing, however,
the converse implications may not be true. Actually, it is very difficult to prove practically
a selfmaping of a normed linear space is partially condensing and we rarely come across
a mapping of this kind. But the mappings with nonlinear &-set-contraction and k-Z-set-
contraction are available in the literature.

The following lemma (see Dhage [8, page 159]) is frequently used in the analytical fixed
point theory of metric spaces.
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Lemma 3.1 (Dhage [6]). Let v : Ry — R, be a @ -function satisfyingy(r) <r forr > 0. Then
lim;, ..o w" () =0 for each t € R and vice-versa.

Our main result of this section is as follows.

Theorem 3.1. Let (E,<, |- |) be a regular partially ordered complete normed linear space such
that the order relation < and the norm | - | are compatible. Let 9 : E — E be a nondecreas-
ing, partially continuous and partially bounded mapping. If T is partially nonlinear 9 -set-
contraction and if there exists an element xy € E such that xo < 9 xo, then  has a fixed point

x* and the sequence {J " xy} of successive iterations converges monotonically to x*.
Proof. Define a sequence {x,} of points in E by
Xns1=9 x,, n=0,1,2,.... 3.1
Since 9 is nondecreasing and xy < 9 Xy, we have that
X0=<X]=SXpg =<+ =X, =<+--. 3.2)

Denote
Cn= {xn»xn+1»-~-}

forn=0,1,2,.... By construction, each C, is a bounded and closed chain in E and
Co,=T(Cp 1), n=0,1,2,....
Moreover,

CooCio---2CyD---. (3.3)

Therefore, by nondecreasing nature of y” we obtain

uP(Cp) = pP (T (Cy-1))
<P (Cp-1)
< * (P (Cp-2))

< " (P (Cp)) (3.4)

Taking the limit superior as n — oo in the above equality (3.4), in view of Lemma 3.1 we
obtain that

lim 4?(C,) < limsupy” (2P (Co) = lim y" (4P (Cy) =0. (3.5)

n—oo
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Hence, by condition (4°) of u”,

_ )
Co = ﬂ Ch#9 and CyE€ grcp,ch (E).

n=1
From (3.5) it follows that for every € > 0 there exists an n € N such that

uP(Cy) <e Y nz=ny.

This shows that C,, and consequently Cy is a compact chain in E. Hence, {x,} has a
convergent subsequence. Further since the order relation < and the norm || - || are compatible,
the whole sequence {x,} = {9 "xy} is convergent and converges monotonically to a point, say
x* € Cy. Since the ordered space space E is regular, we have that x,, < x*. Finally, from the
partial continuity of 7, we get

T x* :97(1im xn) = lim T x, = lim x,,; = x*.
n—oo n—oo n—oo

This completes the proof. O

Theorem 3.2. Let (E,=, |- ) be a regular partially ordered complete normed linear space such
that the order relation < and the norm | - | are compatible. Let 5 : E — E be a nondecreas-
ing, partially continuous and partially bounded mapping. If T is partially nonlinear 9 -set-
contraction and if there exists an element xy € E such that xy < 9 xo, then 9 has a fixed point

x* and the sequence{J " xy} of successive iterations converges monotonically to x*.

Proof. The proof is similar to Theorem 3.1 and hence we omit the details. O

Remark 3.3. If the set S5 of solutions to the operator equation Tx = x is a chain, then all the
solutions belonging to E are comparable. Further, if u”(S97) > 0, then p?(Sg) = p” (I Sg) <
w(uP(Sg)) < 1P (Sg) which is a contradiction. Consequently, Sg € ker uP. This simple fact
has been utilized in the study of qualitative properties of the dynamic systems under consid-

eration.

Remark 3.4. The regularity of the partially ordered normed linear space E in above Theo-
rems 3.1 and 3.2 may be replaced with a continuity condition which is stronger than partial

continuity of the operators 9 on E.

Remark 3.5. Suppose that the order relation < is introduced in E with the help of an order
cone % which is a non-empty closed set £ in E satisfying (i) £ + % < %/, (i) £ < £ and
(iii) {-A}NnA = {0} (cf. [16]). Then the order relation <in Eisdefinedasx <y < y—xe %
The element x € E satisfying xo < 9 x( in above Theorem 3.1 is called a lower solution of the

operator equation x = 9 x. If the operator equation x = 9 x has more than one lower solution
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and set of all these lower solutions are comparable, then the corresponding set S of solutions
to above operator equation is a chain and hence all solutions in S are comparable. To see this,
let xp and yy be any two lower solutions of the above operator equation such that xy < yy and
let x* and y* respectively be the corresponding solutions under the conditions of Theorem
3.1. Now, by definition of <, one has yy — xo € £ and from monotone nondecreasing nature
of T it follows that Ty, — T" xy € & . Since # is closed, we have that y* — x* € # or x* < y*.

Theorem 3.3. Let (E,<, |- |) be a regular partially ordered complete normed linear space such
that the order relation < and the norm || - | are compatible. Suppose that 9 : E — E is a par-
tially continuous, nondecreasing and partially nonlinear k-set-contraction with k < 1. If 9 is
partially bounded and there exists an element xo € E such that xo = 9 xo or xo = I X, then I
has a fixed point x* and the sequence{J " xo} of successive iterations converges monotonically
tox*.

Proof. The proof is similar to Theorem 3.1 and so we omit the details. O

Corollary 3.1 (Dhage [8]). Let (E, =, ||-11) be a regular partially ordered complete normed linear
space such that the order relation < and the norm | - | are compatible. Suppose thatJ : E— E
is a partially continuous, nondecreasing and partially compact mapping. If I is partially
bounded and there exists an element xy € E such that xo < J xy or xo = Txo, then I has a fixed
point x* and the sequence{J " xo} of successive iterations converges monotonically to x*.

Before giving a further generalization of Theorems 3.1 and 3.2, we state a useful defini-
tion.

Definition 3.4. A nondecreasing mapping J : E — E is called partially condensing if for any
bounded chain C in E, p”(J (C)) < uP(C) for u”(C) > 0.

We remark that every partially compact and partially nonlinear &-set-contraction map-
pings are partially condensing, however the reverse implications may not hold.

Theorem 3.4. Let (E,<, |- ) be a regular partially ordered complete normed linear space such
that the order relation < and the norm || -| are compatible. Suppose thatJ : E — E is a partially
continuous, nondecreasing and partially condensing mapping. If 9 is partially bounded and
there exists an element x, € E such hat xg < J xg or xo = I Xy, then I has a fixed point x* and
the sequence {J " x} of successive iterations converges monotonically to x*.

Proof. The proofis standard and hence we omit the details. O

Remark 3.6. We note that the proofs of Theorems 3.1 and 3.2 do not make any use of the
linear structure of the underlined space E, and therefore, Theorems 3.1, 3.2, 3.3 and 3.4 also

remain true in the setting of a partially ordered metric space E.
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In view of above Remark 3.6, a slight generalization of Theorems 3.1 3.2, 3.3 and 3.4 are

as follows.

Theorem 3.5. Let (E,=<,d) be a regular partially ordered complete metric space such that the
order relation < and the metric d are compatible. LetJ : E — E be a partially continuous, non-
decreasing and partially condensing mapping. If 9 is partially bounded and there exists an
element x € E such hat xo < J xo or xo = I Xy, then I has a fixed point x* and the sequence

{T " xo} of successive iterations converges monotonically to x*.

Corollary 3.2. Let (E,=,d) be a regular partially ordered complete metric space such that the
order relation < and the norm d are compatible. Suppose that 5 : E — E is a nondecreas-
ing, partially continuous and partially bounded mapping. If T is partially nonlinear 9 -set-
contraction and if there exists an element xy € E such that xo < 9 xo, then 9 has a fixed point
x* and the sequence{J " xo} of successive iterations converges monotonically to x*.

Corollary 3.3. Let (E,<,d) be a regular partially ordered complete metric space such that the
order relation < and the norm d are compatible. Suppose that I : E — E is a partially contin-
uous, nondecreasing and partially k-set-contraction with k < 1. If g is partially bounded and
there exists an element xg € E such hat xo < J xy or xo = Txo, then I has a fixed point x* and
the sequence {J " xo} of successive iterations converges monotonically to x*.

Corollary 3.4. Let (E,=<,d) be a regular partially ordered complete metric space such that the
order relation < and the norm d are compatible. Suppose that 9 : E — E is a partially con-
tinuous, nondecreasing and compact mapping. If I is partially bounded and there exists an
element xy € E such hat xo < I xg or xo = Txy, then I has a fixed point x* and the sequence

{T " xo} of successive iterations converges monotonically to x*.

Remark 3.7. The regularity of the partially ordered metric space E in above Theorem 3.5 may
be replaced with a stronger continuity condition than partial continuity of the mappings I~
on E. Furthermore, the fixed point set %5 of comparable elements of the mapping 9 in S is

a member of ker u”.

4. FPTs of Krasnoselskii and Dhage type

The study of hybrid fixed point theorems for sum of two operators is attributed to Kras-
noselskii [17] whereas the study involving the product of two operators in Banach algebra is
attributed to Dhage [7]. Again the study of fixed point theorems in Banach algebras involving
the sum as well as product of operators is credited to Dhage [7]. Here, we prove the analogous

results for the sum and the product of operators in partially ordered complete normed linear
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spaces which are useful in applications to perturbed nonlinear differential and integral equa-
tions for proving the existence and attractivity of solutions under mixed compact, Lipschitz

and monotonic conditions.

4.1. FPTs of Krasnoselskii type

Definition 4.1. Let (E, <, -||) be a partially ordered normed linear space. A mapping 9 : E —

E is called partially nonlinear & -Lipschitz if there exists a Z-function ¥ : R, — R, such that
1T x=Tyl=yplx-yl)

for all comparable elements x,y € E. If w(r) = kr, k> 0, then Jis called a partially Lipschitz
with a Lipschitz constant k. If k < 1, 9 is called a partially contraction with contraction
constant k. Finally, 9 is called nonlinear 2-contraction if it is a nonlinear 2-Lipschitz with

w(r)<rforr>0.

In a recent paper [8], the author proved the following fixed point result in a partially or-
dered Banach space which combines contraction mapping principle and topological fixed
point principle developed in the same paper. Also see Nieto and Lopez [19] and the refer-
ences cited therein.

Theorem 4.1 (Dhage [8]). Let (E, <, |- ||) be a partially ordered complete normed linear space
such that the order relation < and the norm || - || in E are compatible. Let «f ,% : E — E be two

nondecreasing operators such that

(@) & is continuous and partially nonlinear & -contraction,
(b) 9B is continuous and partially compact,
(c) there exists an element xg € E such that xo < &/ xg+ By forall y € E, and

(d) every pair of elements x, y € E has a lower and an upper bound in E.
Then the operator equation

AX+BXx=Xx 4.1)

has a solution in E.

Note that the hypothesis (c) is just more than that of a lower solution of the operator
equation (4.1) and the hypothesis (d) holds in particular if E is a lattice. In the following we im-
prove above Theorem 4.1 under weaker conditions (c) and (d) thereof with a different proof.
Before going to the main fixed point result we prove a useful lemma which we need in what

follows.
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Lemma 4.2. Let (X, <, |- |) be a partially ordered complete normed linear space. If 5 : E— E
is a nondecreasing and partially nonlinear @ -Lipschitz mapping, then for any bounded chain
C in E, we have

a? (T C) sw(aP(0) 4.2)

where, aP is a partially Kurotowskii measure of noncompactness and v is a associated 2 -
function of 9 onE.

Proof. The proof is similar to standard result for usual nonlinear 2-Lipschitz mapping with
Kurotowskii measure of noncomactness « in the Banach space E. We omit the details. a

Theorem 4.2. Let (E, <, |- ||) be a regular partially ordered complete normed linear space such
that the order relation < and the norm || - || in E are compatible. Let of,% : E — E be two
nondecreasing operators such that

(@) & is partially bounded and partially nonlinear 2 -contraction,
(b) 9B is partially continuous and partially compact, and
(c) thereexists an element xy € E such that xo < of xo + B xy.

Then the operator equation (4.1) has a solution x* in E and the sequence {x,} of successive
iterations defined by x4+, = < X, + Bxyn, n=0,1,...; converges monotonically to x*.

Proof. Define a mapping 9 on E by

Tx=oAx+ABx.

Since «f and 2 are nondecreasing, 9 is nondecreasing on E. From the partial continuity
of the operators «f and 2 and the continuity of the binary composition addition, it follows
that the operator J is partially continuous on E. As & is partially bounded and 48 is par-
tially continuous and partially compact, we have that J is a partially bounded operator on E.
Again, by hypothesis (c), xo <9 xo. Next, we show that ™ is a nonlinear &-set-contraction on
E. Let C be a bounded chain in E. Then by definition of 9, we have

T (C)cA(C)+B(C).

Since 9 is nondecreasing and partially continuous J (C) is again a bounded chain in
E. Now, the partially Kurotowskii measure a” of noncompactness is subadditive and full or
complete and satisfies the properties (5°) and (8°) in E. As a result,

al (T C) = al (A (C)+al (B(C) <y(a’(O)

which shows that J is a partially nonlinear &-set-contraction on E. Next, the order relation
< and the norm || - | are compatible, so the desired conclusion follows by an application of
Theorem 3.1. This completes the proof. O
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Theorem 4.3. Let(E, <, |- ||) be a regular partially ordered complete normed linear space such
that the order relation < and the norm || - || in E are compatible. Let «f,% : E — E be two

nondecreasing operators such that

(@) < is partially bounded and partially nonlinear & -contraction,
(b) 9B is partially continuous and partially compact, and

(c) there exists an element xy € E such that xo = of xo + B Xxy.

Then the operator equation (4.1) has a solution x* in E and the sequence {x,} of successive

iterations defined by x4+, = < X, + Bxyn, n=0,1,...; converges monotonically to x*.

4.2. FPTs of Dhage type

Let (E, <, |- 1) be a partially ordered normed linear algebra. Denote
E'={xe€E|x=0} and & ={E"cE|uveE"forall u,veE"}, 4.3)
where 6 is the zero element of E. The members of £ are called positive vectors in E.

Lemma 4.3 (Dhage [7]). If uy, u», v1,v2 € £ are such that uy < vy and uy < vy, then ujuy <

V1V2.

Definition 4.2. An operator 9 : E — E is said to be positive if the range R(9") of 9 is such
that R(T) c £

For any two chains C; and C; in E, denote

CiC={x€eE|x=cic, 1€ and cr € Col.

Then we have the following lemma.

Lemma 4.4. IfC; and C, are two bounded chains in a partially ordered normed linear algebra
E, then
al(C1C) < |Colla (C) +11CrllaP (Cy) (4.4)

where ||C| = sup{licll | ¢ € C} and a” is a partially Kurotowskii measure of noncompactness in
E.

Theorem 4.4. Let (E,<,| - |) be a regular partially ordered complete normed linear algebra
such that the order relation < and the norm || - || in E are compatible. Let «/,9B : E — X and

€ : E — E be three nondecreasing operators such that

(@) of and <€ are partially bounded and partially nonlinear 2 -Lipschitz with 2 -functions v o
and y« respectively,
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(b) 9B is partially continuous and compact,
(©) Myy(r)+vwe(r)<r,r>0, where M = |B(E)|, and
(d) thereexists an element xo € X such that xo < <f xo B Xy + 6 xo or Xy = I X9 Bxo+ € Xy.

Then the operator equation
AXBX+Ex=x (4.5)

has a solution x* in E and the sequence {x,} of successive iterations defined by x,,+1 = o X, Bx,+
€6 xn, n=0,1,...; converges monotonically to x*.

Proof. Suppose that there exists an element xy € X such that xy < of xy Bxy + € xo. Define a
mapping 9 on E by
T x=AxXBx+Ex.

Since «f and 28 are positive and </, 4 and ¢ are nondecreasing, T is nondecreasing
on E. From the partial continuity of the operators «, 98 and ¢ and the continuity of the
binary compositions addition and multiplication, it follows that the operator 9 is partially
continuous on E. As «/ and € are partially bounded and 48 is partially compact, we have that

9 is partially bounded on E. Again, by hypothesis (d), xo < 9 xp. Next, we show that J is a
partlally nonlinear Z-set-contraction on E. Let C be abounded chain in E. Then by definition
of 9, we have

T (C) A (C)B(C)+6(C).

Since 9 is nondecreasing and partially continuous 9 (C) is again a bounded chain in E.
Now, the partially Kurotowskii measure a” of noncompactness in E is subadditive and full or
complete and satisfies the properties (5°) and (8°). As a result,

al(TC) < | (O a’(B(O) + 1BO)aP (£ (C) + aP (€(C))
< |1BE)aP (4 (0)+aP (€(C)
< My 4(a”(C) +y« (P ()
= y(aP(C), (4.6)

where ¢ (1) = My (r) + W (r) <r, r >0 and the constant M exists in view of the fact that %
is compact operator on E. This shows that 9 is a partially nonlinear &-set-contraction on E.
Next, the order relation < and the norm || - || are compatible, so the desired conclusion follows
by an application of Theorem 3.1. Similarly, if xo = < xo 2x( + € x, then using Theorem 3.2 it
can be proved that 9 has a fixed point. This completes the proof. a

Remark 4.1. Ifwe take ¢ (r) = K = L and 1//<g (r) = L, r, then hypothesis (d) of the above hybrid

fixed point theorem takes the form + L, < 1 for each real number r > 0. Similarly, if
Yo (r)=Lir,and ye(r) = Igir -, then hypothe31s (d) of the above hybrid fixed point theorem

takes the form M L; + LZM < 1 for each real number r > 0.
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Corollary 4.1. Let (E,<, |- ||) be a regular partially ordered complete normed linear algebra
such that the order relation < and the norm || - || in E are compatible. Let </, 98 : E — & be two
nondecreasing operators such that

(@) o is partially bounded and partially nonlinear 2 -Lipschitz with @ -function ¥ o,
(b) 4B is partially continuous and compact,
() Myy(r)<r,r>0, where M = ||AB(E)| and

(d) there exists an element xo € X such that xo < of xg Bxy or xo = <f Xy BXy.

Then the operator equation
AXBx=x 4.7

has a solution x* in E and the sequence{x,} of successive iterations defined by x,+1 = < X, Bx,
n=0,1,...; converges monotonically to x*.

Remark 4.2. The hypotheses (b) and (c) in Theorem 4.4 may be replaced with the weaker
hypotheses as follows:

(b') 2 is partially continuous and uniformly partially compact, and
(c) My (r)+ye(r)<r,r>0,where M =sup{||B(C)| : C€ P.}.

The proof of Theorem 4.4 under these new hypotheses is essentially the same as that
given in the theorem. Similarly, the conclusion of Corollary 4.1 also remains true under the
corresponding changes in the hypotheses (b) and (c) thereof. Corollary 4.1 is useful in the
study of quadratic nonlinear differential and integral equations for qualitative aspects of the

solutions.

Remark 4.3. The conclusion of hybrid fixed point theorems of Sections 3 and 4 also remains
true if we replace the compatibility of E with respect to the order relation < and the norm
|l - II by the weaker condition of the compatibility of every compact chain C in E. The later

condition holds if < and || - | are compatible in every partially compact subset of E.

5. Functional integral equations

In this section, we are going to prove a result on the existence and uniform global attrac-
tivity of comparable solutions for a nonlinear functional integral equation. Our investigations
will be carried out in the partially ordered Banach space of real functions which are defined,
continuous and bounded on the right half real axis R... The integral equation in question has
rather general form and contains as particular cases a lot of functional equations and non-
linear integral equations of Volterra type. The main tool used in our considerations is the
technique of partially measures of noncompactness and the fixed point result established in

Theorem 3.1. The measure of noncompactness used in this paper allows us not only to obtain
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the existence of solutions of the mentioned functional integral equation but also to character-
ize the comparable solutions in terms of uniform global ultimate attractivity. This assertion
means that all possible comparable solutions of the functional integral equation in question
are globally uniformly ultimately attractive in the sense of notion defined in the following
section.

5.1. Notation, definitions and auxiliary facts

Our considerations will be placed in the Banach space BC(R;,R) consisting of all real
functions x = x(#) defined, continuous and bounded on R... This space is equipped with the
standard supremum norm

x|l = sup{lx(£)|: t€R:}. (5.1)

Define the order relation < in BC(R4,R) as follows. Let x,y € BC(R4,R). Then by x <
y we mean x(t) < y(t) forall t € R;. It is clear that (BC(R;4,R),<,| - |) is a regular partially
ordred Banach space and the order relation < and the norm || - || are compatible in every
partially compact subset of BC(R,,R). Further (BC(R4,R), <) is also a lattice so that every
pair of elements in it has a least lower bound and a greatest upper bound. (cf. Nieto and

Lopez [19]). See also Carl and Heikkila [5] and the references therein.

For our purposes we introduce a measure of noncompactness which is a handy tool in the
study of the solutions of certain nonlinear integral equations. To define this partial measure,
let us fix a nonempty and bounded chain X of the space BC(R,,R) and a positive number
T. For x € X and € = 0 denote by wT (x,€) the modulus of continuity of the function x on the
interval [0, T] defined by

wT(x,e) =supf|x(?) —x(s)|: t,s€[0,T], [t—s|<€}.
Next, let us put

wT(X,e) = sup{wT(x,e) c Xe X},
ol (X) = lin(l)wT(X, €),
€—

wo(X) = lim ol (X).
—00

It is claimed that the partial Hausdorff measure of noncompactness " is very much use-

ful in applications to nonlinear differential and integral equations and it can be shown that
1
BP(X) = EwO(X)

for all bounded chain X in E. Thus w is a handy tool for 7 in E.
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Now, for a fixed number ¢ € R, and a fixed bounded chain X in BC(R,,R), let us denote

X)) ={x(t):xe€ X}.

Define
04.(X(1) = 1X(0)| =supilx(t)|: xe X},
ST (X (1) = supd,(X(1) =sup|X(1)]
t=T t=T
and

8a(X) = lim 6T (X (1) =limsup |X(1)].

t—o0
Again, for a fixed real number c, denote

X(t)—c={x(t)—c: xe X}.

Define
S6p(X(1) = |X(1) — c|=supilx(t) —c|: x€ X},
6£(X(t)) =supd,(X (1) =sup|X(t)—cl
=T =T
and

§p(X) = lim &, (X(1) =limsup |X (1) - cl.

t—o0
Similarly, let

0.(X(1)) = diam X(¢) = sup{|x(t) —y(D)|: x,ye X},

5CT(X(t)) = supd(X(t)) = sup diam X (1)
=T =T
and

5.(X) = lim 67 (X (1) =limsup diam X(¢).
T—o0 t—o00
The details of the functions 64, 8, and 6. appear in Dhage [8]. Finally, let us consider the
functions u?, ,uZ and p? defined on the family of bounded chains in BC(R,,R) by the formula

ph (X) = max{wo(X), 64(X)}, (5.2)

py, (X) = max{wo(X), 6,(X)} (5.3)
and

pf (X) = max{wy(X), 6.(X)}. (5.4)

It can be shown that the functions p, ,uf; and p? are partially measures of noncompact-
ness in the space BC(R4,R). The components wy and §, are called the characteristic values
of the partially measure of noncompactness . Similarly, wo, 8, and wg, 5. are respectively
the characteristic values of the partially measure of noncompactness ,u’Z and pf in BC(R,,R).



414 BAPURAO C. DHAGE

Remark 5.1. The kernels ker u}, ker pZ and ker u? consist of nonempty and bounded chains
X of BC(R,,R) such that functions from X are locally equicontinuous on R, and the thick-
ness of the bundle formed by functions from X tends to zero at infinity. This particular char-
acteristic of ker u?, ker ,uZ and ker p? has been useful in establishing the global attractivity
and global asymptotic stability of the comparable solutions for nonlinear functional integral

equations.

In order to introduce further concepts used in the paper let us assume that Q is a nonempty
chain of the space BC(R,,R). Moreover, let Q be an operator defined on Q with values in
BCR,,R).

Consider the operator equation of the form
x(1) =Qx(1), teRy . (5.5)

Definition 5.1. We say that comparable solutions of the equation (5.5) are locally attractive if
there exists a ball @(xo, r) in the space BC(R.,R) such that for arbitrary comparable solutions

x=x(#) and y = y(¢) of the equation (5.5) belonging to Z(xo, r) N Q we have that
lim [x(1) - y(1)]=0. (5.6)
t—00

In the case when limit (5.6) is uniform with respect to the set @(xg, r)NQ, i.e. when for each
€ > 0 there exists T > 0 such that
lx(6) =yl <e (5.7

for all x,y € @(xg, r) N Q being the comparable solutions of (5.5) and for t = T, we will say
that the comparable solutions of the operator equation (5.5) are uniformly locally ultimately

attractive defined on R, .

Definition 5.2. A comparable solution x = x(#) of equation (5.5) is said to be globally ulti-
mately attractive if (5.6) holds for every comparable solution y = y(t) of (5.5) on R, . In other
words, we may say that the comparable solutions of the equation (5.5) are globally ultimately
attractive if for arbitrary comparable solutions x(#) and y(¢) of (5.5) the condition (5.6) is sat-
isfied. In the case when condition (5.6) is satisfied uniformly with respect to the set BC(R.,R),
i.e., if for every € > 0 there exists T > 0 such that the inequality (5.7) is satisfied for all x, y € Q
being the comparable solutions of (5.5) and for ¢ = T, we will say that the comparable solu-
tions of the equation (5.5) are uniformly globally ultimately attractive on R..

Let us mention that the concept of asymptotic stability may be found in Banas and Dhage

[3] and references therein wheres the concept of global attractivity of solutions is introduced
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in Dhage [8] and proved attractivity results for certain nonlinear integral equations. We men-
tion that the present approach is constructive and different from that given in the above stated

papers.

5.2. Integral equation and attractivity result

Now we will investigate the following nonlinear functional integral equation (in short

FIE)
B

Mﬂ=f%xmwm+ﬁ; gt s, x(y(s)))ds (5.8)

for all € R, where the functions f: Ry xR — R and g:R; xRy x R — R are continuous and
a,ﬁ,'y . R+ - R+.

By a solution of the FIE (5.8) we mean a function x € C(R;,R) that satisfies the equation
(5.8), where C(R;,R) is the space of continuous real-valued functions on R,.

Observe that the above integral equation has been discussed in Banas and Dhage [3] under
strong Lipschitz condition for the attractivity of solutions and includes several classes of func-
tional, integral and functional integral equations considered in the literature (cf. [1, 4, 7] and
references therein). Let us also mention that the functional integral equation considered in
[3, 4] is a special case of the equation (5.8), where a(f) = B(t) = y(¢) = t. The novelty of the
present approach lies in the fact that we use a weaker one sided or partially Lipschitz condi-

tion and derive some stronger conclusions for comparable solutions.

The nonlinear integral equation (5.8) will be considered under the following assump-

tions:

(H;) The functions a, 8,y : R; — R, are continuous and a(t) = ¢ for all e R,.

(Hp) The function F : R, — R, defined by F(¢) = |f(¢,0)|is bounded on R, with Fy = sup F(%).
=0
(H3) There exist constants L > 0 and K > 0 such that

Lx-y)

OSf(t»x)—f(t»J/)Sm

for all r € R} and x, y € Rwith x = y. Moreover, L < K.
(Hy) g(t,s,x)is nondecreasing in x for each ¢, s € R,.
(Hs) There exists an element u € BC(R,,R) such that
B(1)
mnsfmumum+f glt,s,uly(s)))ds
i

0

forall te R,.
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(Hg) The function g : R; x R x R — R is continuous and there exist functions a, b : Ry — R,
such that
18 (£, 8, %) < a(t)b(s)

for t,s € R, and x € R. Moreover, we assume that

B(1)
lim a(1) b(s)ds=0.

t—o0 0

(H7) There exists a real number ¢ such that f(¢,c) =cforall t e R,.

The hypotheses (H;)-(H2) and (Hy), (Hg) have been widely used in the literature on non-
linear differential and integral equations. The special case of hypothesis (H3) with L < K is
considered in Nieto and Lopez [19]. Now we formulate the main existence result for the inte-

gral equation (5.6) under above mentioned natural conditions.

Theorem 5.1. Assume that the hypotheses (H,) through (Hg) hold. Then the functional integral
equation (5.8) has at least one solution x* in the space BC(R,,R) and the sequence {x,} of
successive approximations defined by

B(1)
Xn(2) =f(t,xn—1(oc(t)))+fO glt, s, xp—1(y(s))ds (5.9

forall t e Ry with xy = u converges monotonically to x*. Moreover, the comparable solutions of

the equation (5.8) are uniformly globally ultimately attractive on R,.

Proof. We seek the solutions of the FIE (5.8) in the space BC(R.,R) of continuous and bounded
real-valued functions defined on R.. Set E = BC(R,,R). Define an order relation < in E as
x < yifand onlyif x(¢) < y(¢) for all £ € R,.. Clearly, E is regular and the order relation < an the
norm ||-|| in E are compatible in every compact chain C of E. Consider the operator Q defined
on the space BC(R.,R) by the formula

B(1)
Qx(1) =f(t,x(a(t)))+f0 gt s, x(y(s))ds, teR,. (5.10)

Observe that in view of our assumptions, for any function x € E the function Qx is continuous
on R, . As aresult, Q defines a mapping Q : E — E. We show that Q satisfies all the conditions
of Theorem 3.1 on E. This will be achieved in a series of following steps:
Step I: Q is nondecreasingon E.

Let x, y € E be such that x < y. Then by hypothesis (H3)-(H,4), we obtain

B(t)
Qx(1) = f(t,x(a(t)))+f0 g(t,s,x(y(s))ds
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B(1)

< f(t,y(oc(t)))+fO glt,s,y(y(s))ds
=Qy(®

for all £ € R.. This shows that Q is a nondecreasing operator on E.

Step II: Q is partially bounded on E.

Let X be a chain in E and let x € X. Since the function v :R; — R defined by

B(1)
v(t) = tlim a(t)/ b(s)ds (5.11)
00 0

is continuous and in view of hypothesis (Hg), the number V = sup,. v(¢) exists. Moreover if
x = 0, then for arbitrarily fixed ¢ € R, we obtain:

B
[Qx(D)] = If(t,x(a(t)))l+f0 lg(t,s,x(s)lds

B
< |f(t, x(a(0) = f(&,0)+1f(z,0)]+ a(t)fO b(s)ds

Lix(a(1))l
<—+F()+ v(n)
K+ 1x(a()l
L x|
< +F+V=L+F+V=r (5.12)
K+lxl

Similarly, if x = 0, then it can be shown that |Qx(#)| < r for all ¢ € R,. Taking the suremum
over t, we obtain ||Qx|| < r for all x € X. This means that the operator Q transforms any chain
X into a bounded chain in E. More precisely, we obtain that the operator Q transforms the
chain X into the chain Q(X) contained in the ball @(0, r), where r = L+ Fy+ V. As aresult, Q
defines a mapping Q : 2., (E) — gwch@(e, r)) and that Q is partially bounded on E.

Step III: Q is partially continuouson E.

Now we show that the operator Q is partially continuous on E. To do this, let X be a chain
in E and let us fix arbitrarily € > 0 and take x, y € X such that x = y and ||x — y|| < €. Then we
get:

1Qx(1) = QyDI = |f (¢, x(a () - f (£, y(a(®)))]

B B(D)
+f0 g(t,s,x(y(S)))ds—fO g(t,s,y(y(s$))ds

<I|f(t, x(a() - ft, yla(®)l
B(1) B
+f0 Ig(t,s,x(y(s)))ldS+fO lg(t, s, y(y(SNlds
- Lix(a(r) — y(a()l
K+ x(a() - yla)]

B()
+2a(t)f b(s)ds
0
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Lix-yl

<—— T _4+20(1)
K+lx=yl

<e+2v(L).

Hence, in virtue of hypothesis (Hg) we infer that there exists T > 0 such tha v(¢) < % for
t=T. Thus, for t = T we derive that

[Qx(1) —Qy(t)| < 2¢. (5.13)
Further, let us assume that ¢ € [0, T]. Then, evaluating similarly as above we get:
1Qx(8) —Qy)| = | f (¢, x(a(1))) — f (&, y(a(t))]

B
+f0 llg(t, s, x(y(s)—gt, s, yyllds

- L|x(a(1)—yla()l
— K+ |x(a®) - ya()l

Br
+f0 [lg(t,s,x(y()) — gL, s, yy()I]ds

<e+Brol(ge, (5.14)

where we have denoted
Br =sup{f(t): t€[0, T},

and

er(g,E) =supilg(t,s,x)—g(t,s,|: t,s€[0,T], x,ye[-rr], |x—y|<€}.

Obviously, in view of continuity of 8, we have that f1 < co. Moreover, from the uniform
continuity of the function g(¢, s, x) on the set [0, T] x [0, T] x [-r, r] we derive that w;r(g, €)—0
as € — 0. Now, linking (5.13), (5.14) and the above established facts we conclude that the
operator Q maps partially continuously the ball (8, r) into itself.

Step IV: Q is a nonlinear 2 -set-contraction w.r.t. the characteristic value wy.

Further on let us take a bounded chain X in E with bound r >0, i.e., the chain X belong-
ingto the ball (6, r). Next, fixarbitrarily T > 0 and € > 0. Let us choose x € X and 11, £ € [0, T
with |, — £;| < e. Without loss of generality we may assume that x(a(t1)) = x(a(t2)). Then, tak-

ing into account our assumptions, we get:

1Qx(11) = Qx(r2)| = | f (11, x(a(11))) — f (L2, x(a(22)))]

B(t1) B(t2)
+ fo g(tl,s,x(y(s)))ds—fo gLz, 5, x(y(s)))ds

= |f(n, x(a(0)) = f (L2, x(a(12)))]
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B(t) B(t2)
+ fo g(tl,s,xo/(s)))ds—fO g(t2,5,x(y(s))ds

B(t) B(t2)
+ fo g(tl,s,x(y(S)))ds—fO g(ta,5,x(y(s)) ds

<|f(t1, x(a(t)) = f(t2, x(a(t2)))]
B(t1)
+/O lg(ty,s,x(y(s) — glt2, s, x(y(s))ds

+

B(t)
f lg(t2, s, x(y(s))lds
B(t2)

< |[f(t, x(@(11) = f(f2, x(a(22)))]

Br
+/O g (11,5, x(y(s))) — g(t2, s, x(y(s))|ds+ G |B(t1) = B(r2)|,  (5.15)
where
G =sup{lg(t,s,x)|: t€[0,T], s€[0,B7], x€[-r,1]}
which does exist in view of continuity of the function g on compact [0, T] x [0, B7] x [-1,T].
Now combining (5.14) and (5.15) we obtain,

L|x(a(f1)) — x(a ()|

[Qx(t2) — Qx(t)| = | f (£1, x(a (1)) — f (L2, x (@t + Kt Ix (@) —x(@(t)]

Br
+f0 lg(t1, 5, x(y(5))) — gL, s, x(y ()| ds+ G |B(t1) — B(12)]

LwT(x,wT((x,e))
T K+oT(x o0l (a,e€)

Br
+w,T(f,e)+f wl(g e ds+Gro’(Be), (5.16)
0
where we have denoted

o’ (a,€) = suplla(ty) —a(t)|: t, 6 €[0,T], Ita—tl <€},

T (B,e) = supllB(t2) — B(t): 1,6, €10, T, |t — t1] <€},

er(f,E) =sup{lf(t2, x)— f(t1,x)|: t1,€[0,T], |t —t1l <€, x € [-1,1]},
and

w!(g,€) = supilg(tz, s, x)—g(t1,5,%)|: 11, €0, T, [t2—t1l<e, se[0,Br], xe[-rrl}.

From the above estimate we derive the following one:

LoT (X, 0T (a,€)

T
0’ (Q(X),e) < K+owT(X,0T (a,c)

Br
+er(f,€)+f wl(g e ds+Gro’ (B e). (5.17)
0

Observe thatw! (f,e) — 0and w! (g,€) — 0 ase — 0, which is a simple consequence of the
uniform continuity of the functions f and g on the sets [0, T'] x[—r, ] and [0, T]x [0, B7] x [T, T]
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respectively. Moreover, from the uniform continuity of @, 8 on [0, T1, it follows that wl(a,e) —

0, v’ (B,€) — 0 as € — 0. Thus, linking the established facts with the estimate (5.14) we get

Lol(X)
T 0

w, (Q(X)) = .
0 (© K+ol(X)
Consequently, we obtain

L wy(X)

wo(Q(X)) = Kt

(5.18)

Step V: Q is a nonlinear 9 -set-contraction w.r.t. characteristic value 6.

Now, taking into account our assumptions, for arbitrarily fixed ¢ € Ry and for x,y € X
with x = y, we deduce the following estimate:

B(1)

[(QxX) () = QWD) = |f (&, x(a(D) = (&, y(a(D))] +2(a(t)f0

Lix(a(n) — y(a()l
~ K+ |x(a®) - ya()l

b(s) ds)

2v(t).

From the above inequality it follows that

diam (QX (1) < LM X@@) .
K +diam (X (a(2)))

for each t € R;. Therefore, taking limit superior over ¢ — co, we obtain

0.(QX) =limsupdiam (Q(X(¢)))

t—o0

- Llimsup,_, ., diam (X (a(?)))

~ K+limsup,_ . diam X (a(1))
- Llimsup,;_. ., diam (X(1))
~ K+limsup,_,, diam (X(?))

_ LX)
CK+6.X)°

(5.19)

Step VI: Q is a partially nonlinear & -set-contraction on E.

Further, using the measure of noncompactness ,uf defined by the formula (5.4) and keep-
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ing in mind the estimates (5.18) and (5.19), we obtain

pF (QX) = max{wo(QX), §.(QX)}

{ Lwy(X)  Ld.(X) }
K+wo(X) K+6.(X)

- Lmax{wy(X),6.(X)}
~ K+max{wo(X), 6.(X)}

_ Ll
T K+l X)

for all bounded chains X in E. Since L < K, the operator Q is a partially nonlinear 2-set-
Lr

contraction on E with Z-function y(r) = ——. Again, by hypothesis (Hs), there exists an

element xy = u € E such that xy < Qxy, that s, xq is a lower solution of the FIE (5.8) defined on

R;.

Thus Q satisfies all the conditions of Theorem 3.1 on E in view of Remark 4.3. Hence we
apply it to the operator equation Qx = x and deduce that the operator Q has a fixed point x* in
E. Obviously x* is a solution of the functional integral equation (5.8) and the sequence {x;} of
successive approximations defined by (5.9) converges monotonically to x*. Moreover, taking
into account that the image of every chain X under the operator Q is again a chain Q(X)
contained in the ball 28(0, r) we infer that the set % (Q) of all fixed points of Q is contained
in %8(6,r). If the set Z(Q) contains all comparable solutions of the equation (5.8), then we
conclude from Remark 3.3 that the set % (Q) belongs to the family ker ”. Now, taking into
account the description of sets belonging to ker u” (given in Section 3) we deduce that all
comparable solutions of the equation (5.8) are uniformly globally ultimately attractive on R,.
This completes the proof. O

Theorem 5.2. Assume that the hypotheses (H,) through (H;) hold. Then the functional FIE
(5.8) has at least one solution x* in the space BC(R,,R) and the sequence {x,} of successive
approximations defined by (5.9) converges monotonically to x*. Moreover, the comparable so-
lutions of the equation (5.8) are uniformly globally ultimately asymptotically stable to the line
x(t) = c defined on R,.

Proof. As in Theorem 5.1, we seek the solutions of the FIE (5.8) in the space E = BC(R,,R).
Define the closed bounded set S = @(xg, r), where r = ||xo ||+ L+ Fy+ V and define the operator
Q on S into itself by (5.10). Then proceeding as in the Step IV of the proof of Theorem 5.1 it
can be proved that Q is a nonlinear Z-set-contraction with respect to the characteristic value
Lr_je., the inequality (5.18) holds on E.

wo with @-function y(r) = &,
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Next, we show that Q is nonlinear 2-set-contraction with respect to the characteristic
value 6,. Let X be a bounded chain in E. Now, taking into account our assumptions, for

arbitrarily fixed ¢ € R, and for x € X with x = ¢, we deduce the following estimate:

B(1)
[(Qx) (D) —cl = |f(t, x(a1 (D), x(a2())) — f(t,c, 0+ a(t)fo b(s)ds

- L max{|x(a1 (1) —cl, [x(a2(2)) — cl}
— K+max{|x(a; (1) —cl,|x(a2(1) — cl}

v(1).

From the above inequality it follows that

10X (1) —cl < L max{|X(a;(1)—cl, | X(az(1) - cl} o)
— K+max{|X(a; (1) —cl, I X(a2(8) — cl}

for each ¢ € R,. Therefore, taking limit superior over ¢ — oo, we obtain
0p(QX) =limsup|Q(X(1)) —c|
t—o0

- L max{limsup,_ ., [X(a1(2)) —cl, limsup,;_, 1 X(a2(2)) —cl}
~ K+max{limsup,_, | X(a1(8) —cl, limsup,_ o, | X(a2(1)) —cl}

_ Llimsup,_, [X(1) —c|
~ K+limsup,_ . 1X(1)—c|

Lép(X)

T K+6,X) 20

Further, using the measure of noncompactness ,uZ defined by the formula (5.3) and keep-

ing in mind the estimates (5.18) and (5.20), we obtain

1}, (QX) = max{wo (QX), 5, (QX)}

{ LwoX) LX) }
< max ,
K+wo(X) K+6,(X)

_ L max{w(X), 6,(X)}
~ K+max{wy(X),6,(X)}

Ly
S K+pl X

for all chains X in S. Since L < K, the operator Q is a partially nonlinear 2-set-contraction on
S with @-function y(r) = % This shows that Q is a partially nonlinear k-set-contraction
on S with k = L < 1. Again, by hypothesis (Hs), there exists an element xy = u € S such that
Xo < Quxyp, that is, xq is a lower solution of the FIE (5.8) defined on R,. The rest of the proof

is similar to Theorem 5.1 and now we conclude from Remark 3.3 that the set % (Q) belongs
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to the family ker ,u’; . Now, taking into account the description of sets belonging to ker ,u’;
(given in Section 2) we deduce that the equation (5.8) has a solution x* and the sequence
{x,} of successive iterations defined by (5.9) converges monotonically to x*. Moreover, all
comparable solutions of the equation (5.8) are uniformly locally ultimately asymptotically
stable to the line x(¢) = c on R,. This completes the proof. O

If ¢ = 0in hypothesis (H7), we obtain the following existence result concerning the asymp-
totic stability of the comparable solutions defined on R..

Theorem 5.3. Assume that the hypotheses (H,) through (H;) hold with ¢ = 0. Then the func-
tional FIE (5.8) has at least one solution x* in the space BC([R,,R) and the sequence {x,} of
successive approximations defined by (5.9) converges monotonically to x*. Moreover, the com-
parable solutions of the equation (5.8) are uniformly globally ultimately asymptotically stable
to 0 defined onR.,.

Remark 5.2. We remark that if a nonlinear hybrid integral equation (5.8) has more than one
lower solution, then it may have a number of comparable lower solutions. Furthermore, the
order relation < in C(R;,R) is same as the order relation induced by the order cone

H ={x€ CR+,R) | x(r) =0 forall reR,}

in C(R;,R). Hence, the integral equation (5.8) has a number of comparable solutions defined
on R.. As a result, under the given conditions of Theorem 5.1 all the comparable solutions
of the nonlinear functional integral equation (5.8) are uniformly globally ultimately attractive
onR,

Remark 5.3. The conclusion of Theorems 5.1, 5.2 and 5.3 remains true if we replace the hy-
pothesis (Hs) with the following one:

(Hg) There exists an element u € C(R,,R) such that

B(1)
mwzfmumum+f glt,s,uly))ds

to
forall te R,.

The proof under this new hypothesis is similar to Theorem 5.1 and 5.2 and now, the desired
conclusion follows by an application of Theorem 3.2.

Remark 5.4. The conclusion of Theorems 5.1 and 5.2 also remains true if we replace the hy-
pothesis (H3) with the following one:

(Hg) There exists a continuous and nondecreasing function ¢ : R, — R, such that
O0sflt,x)-ft,y)=p(x—Y)

forall teR; and x, y € R, x = y, where ¢(r) < r for r > 0.
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In the following we give a numerical example to illustrate the abstract theory developed
in this paper.

Example 5.1. Consider the linearly perturbed nonlinear hybrid fractional integral equation,

3t

x(2) =tan" ' x(21) +/ g(s,x(s/2))ds (5.21)
0

2+1
for all r € R;, where g : Ry x R — R is a function defined by

1, if x<0,
t,x)= X .
860 1+ 1,1f x> 0.

We shall show that all the hypotheses of Theorem 3.1 are satisfied by the functions in-
volved in FIE 5.21. Here, a(t) = 2t, B(t) = 3¢ and y(¢) = t/2 and so, «a, B,y are continu-
ous on R, into itself and a(t) = ¢ for all £ € R;.. Thus, hypothesis (Hp) is satisfied. Again,
flt,x) = tan~! x so that f(¢,x) is nondecreasing in x for each ¢ € R,y and continuous on
R: xR. Also f is bounded on R; x R by the constant 7/2. The function g(t,s, x) is given
by g(t,s,x) = ﬁ g(s,x). Next, g(t, s, x) is defines a continuous function on R; x R; x R and
nondecreasing function in x for each ¢, s € R; and so (H4) holds. Moreover, f(t,0) = 0. So the
hypotheses (H;), (H2), (H4) and (Hs) are held.

Now, we show that f is partially Lipschitz on R, x R. Let x, y € Rwith x = y. Then,

1

0< f(t,x)— f(t,y) =tan” x—tan_ly: (x—=p

1+¢&2

for all y < ¢ < x, and so hypothesis (H}) is satisfied with the function ¢ defined by ¢(r) =

1+—€2,O<§<r.

Furthermore, |g(s,x)| <2 for all s€ Ry and x € R. Therefore, we have
3t 61
v(t) = 2ds=——.
(z) fo 2+1 241

lim v(f) = lim =
=00 () (oo 2 +1

Therefore,
0.

Finally, it is easy to prove that u = 0 is a lower solution of the FIE (5.21) defined on R and
hence the hypothesis (Hg) is held. Thus all the conditions of Theorem 5.1 are satisfied and by
a direct application, we conclude that the FIE (5.21) has a solution x* and the sequence {x,}
defined by

3t
Xne1(H) =tan™t x,(21) +f g(s,x,(s/2)ds, teR,,
0

2+1
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converges monotonically to x*, where xy = 0. Moreover, the comparable solutions of the FIE
(5.21) are uniformly globally asymptotically ultimately attractive and stable to 0 defined on
R..

Remark 5.5. In this paper we have been able to weaken the Lipschitz condition to nonlin-
ear one-sided or partial Lipschitz condition which otherwise is considered to be a very strong
condition in the existence theory for nonlinear differential and integral equations. However,
in this case we needed an additional assumption of monotonicity on the nonlinearities in-
volved in the considered integral equation in order to guarantee the required characterization

of attractivity of the comparable solutions defined on the unbounded intervals of real line.

Remark 5.6. The existence theorems proved in Section 5 may be extended with appropriate

modifications to the generalized nonlinear hybrid functional integral equation

B
x(2) = f(t, x(a1(0),..., x(@n (1)) +/0 g(t,8,x(y1(8),...,yn(s))) ds (5.22)

forall t e Ry, where a;, B,7; : Ry = Ry, i=1,2,...,n, f: Ry xR" >R, and g: R, xR, xR" - R

are continuous functions.

6. Conclusion

Observe that the fixed point theorems of this paper may be applied to nonlinear hybrid
fractional integral equations for proving the existence results, however unlike existence the-
orem for nonlinear hybrid integral equations discussed in Dhage [8] we do not require the
assumption that E to be a lattice. Again the continuity of the functions f(z, x) and g(z, s, x) in
the variable x means that they are partially continuous on R since R is a totally ordered set,
and therefore, the corresponding operators defined in the proof of above theorem are par-
tially continuous on the domains of their definition which is contrary to the case considered
in Banas and Dhage [3] and Banas and Rzepka [4]. Moreover, we have proved the existence
and attractivity of comparable solutions under weak one sided or partial Lipschitz condition,
however, in this case we assumed the nonlinearities in question are monotonic in unknown
variable together with the existence of a lower solution of the considered nonlinear integral
equations. The advantage of the present approach over previous ones is that we have been
able to develop an algorithm for the solutions of the considered integral equations which oth-
erwise is not possible via classical approach of measure of noncompactness treated in Banas
and Goebel [2]. Another interesting feature of our work is that we generally need the unique-
ness of the solution for predicting the behavior of the dynamic systems related to the con-
sidered nonlinear fractional integral equation, however with the present approach it possible

for us to discuss the qualitative behavior of the systems even though there exist a number of



426

BAPURAO C. DHAGE

solutions of the dynamic system in question. Finally, while concluding this paper, we men-

tion that the above existence theorem may be proved by using Theorem 4.2 under weaker

Carathéodory condition than continuity of the nonlinearities with appropriate modifications

and some of the results in above mentioned direction will be reported elsewhere.
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