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Abstract. In this paper we prove some coupled and mixed coupled hybrid fixed point theorems
involving different algebraic combinations of three operators and coupled operators in a partially
ordered Banach algebra by an application of a coupled hybrid fixed point principle for partially
condensing coupled mappings developed in Dhage [J. Fixed Point Theory Appl. 19 (2017),
2541-2575]. Our approach is based on the partial Kuratowskii measure of noncompactness with
maximum property and is somewhat different from the approach of coupled hybrid fixed point
theorems presented in Dhage [J. Fixed Point Theory Appl. 19 (2017), 3231-3264]. We apply
our newly developed abstract mixed coupled hybrid fixed point theorems along with algorithms
to a couple of nonlinear first and second order coupled quadratically perturbed hybrid differen-
tial equations with the periodic boundary conditions for proving the existence and approxima-
tion theorems under certain mixed hybrid conditions from algebra, analysis and topology. The
abstract existence and approximation results of the coupled quadratic periodic boundary value
problems of first and second order ordinary differential equations are also illustrated by present-
ing a few numerical examples. We claim that the results of this paper are new to the literature on
nonlinear analysis applications.

1. Introduction

Throughout this paper, unless otherwise mentioned, let (E,<,||-||) denote a par-
tially ordered Banach algebra with the order relation < and the norm || - || defined on
it. Given a nonlinear operator .7 : E X E — E, consider a pair of operator equations

x=T(x,y) (L.1)
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2 B. C. DHAGE

and
y=7 (%) (1.2)

which together are called the nonlinear coupled operator equations and the nonlinear
operator .7 involved in them is called the coupled operator on E x E into E .

A pair (x*,y*) of elements in E is called a coupled fixed point of the coupled
operator .7 or a coupled solution of the coupled operator equations (1.1) and (1.2) if

X'=7x,y") and y' =T x"). (1.3)

A coupled fixed point (x*,y*) is called unique comparable if there does not exist
another coupled fixed point (u*,v*) which is comparable to it. A coupled fixed point
(x*,y*) is called unique if it is the only coupled solution of the coupled operator equa-
tions (1.1)—(1.2) in the space E x E. Finally, a point (x*,y*) is called a fixed point if
X =y" e, xF =T (X" x).

The coupled hybrid fixed point theorems for mixed monotone condensing oper-
ators using the properties of cones in an ordered Banach space have been proved by
Chang and Ma [6], Nistri et.al [36], Sun [38] and references therein. Similarly coupled
hybrid fixed point theorems for mixed monotone partially condensing coupled map-
pings in a partially ordered metric space guaranteeing the existence of coupled fixed
points have been proved in Dhage [19] which include the coupled fixed point theorems
of Bhaskar and Lakshmikantham [4], Berinde [3], Dhage and Dhage [27] and Dhage
[18] as special cases. Bhaskar and Lakshmikatham [4] used a partial contraction type
condition on the mixed monotone coupled operator .7~ which is further generalized by
Berinde [3] by generalizing the partial contraction condition to symmetric partial con-
traction condition for getting the same conclusion via constructive method. However,
Dhage [18] used a compactness type topological arguments on the mixed monotonic
coupled operator .7 and obtained an algorithm for the coupled solutions for the cou-
pled operator equations (1.1)—(1.2). Sometimes it may happen that the mixed monotone
operator .7 is neither contraction nor satisfies the compactness type condition, but the
splitting of the coupled operator .7 into three operators or coupled operators .# , ¢ and
A into the form 7 = % & 4 S satisfy the above criteria separately, where the prod-
uct of coupled operators .7 ¢ : E x E — E isdefined by (F ¥)(x,y) = .Z (x,y)¥ (x,y).
See Dhage [10, 12, 13] and the references therein. So in this case it is interesting to es-
tablish the coupled hybrid fixed point theorems involving the sum and product of three
operators in a partially ordered Banach algebra (cf. Dhage [15, 16, 17]).

The rest of the paper is organized as follows: Section 2 deals with the preliminar-
ies and auxiliary results concerning the Janhavi sets and the regularity of the partially
ordered Banach space which will be used in the subsequent part of the paper. Section
3 deals with the main coupled hybrid fixed point theorems and their various conse-
quences. The mixed coupled hybrid fixed point theorems are presented in Section 4.
Section 5 consists of coupled hybrid quadratic periodic boundary value problems (in
short QPBVPs) of first order nonlinear differential equations and the related results to
be used in the subsequent section of the paper. The existence and approximation results
for coupled hybrid QPBVPs of first order nonlinear differential equations are given in
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Section 6. Section 7 deals with the coupled hybrid QPBVPs of second order nonlinear
differential equations and related existence and approximation results. Some illustra-
tive numerical examples of the first and second order QBVPs are given in Section 8.
Finally some concluding remarks are given in Section 9. We claim that the results of
this paper are new to the literature on nonlinear analysis and applications.

2. Preliminaries and auxiliary results

Throughout this section, unless otherwise mentioned, let (E,<,d) denote a par-
tially ordered metric space with partial order < and the metric d on X . The partially
ordered normed linear spaces and the order Banach spaces are the examples of a par-
tially 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 and x, — x*
as n — oo, then x, < x* (resp. x, > x*) for all n € N. The conditions guaranteeing
the regularity of £ may be found in Guo and Lakshmikantham [30] and the references
therein. Similarly a few details of a partially ordered normed linear space are given in
Dhage [14] while orderings defined by different order cones are given in Deimling [7],
Guo and Lakshmikantham [30], Heikkild and Lakshmikantham [3 1], Carl and Heikkild
[5], Zeidler [40] and references therein.

We need the following definitions (see Dhage [13, 14, 15, 16, 17] and the refer-
ences 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 <y implies Zx < Jy forall x,y € E. Similarly, 7
is called monotone nonincreasing if x <y implies x > Zy for all x,y € E. Finally,
T 1is 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 € > 0 there exists a 0 > 0 such that d(.7x, 7a) < €
whenever x is comparable to @ 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. A mapping .7 on a partially ordered metric
space E into itself is called partially bounded if 7 (E) is a partially bounded subset
of E. 7 is called uniformly partially bounded if all chains C in 7 (E) 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. A mapping
T :E — E is called partially compact if every chain C in 7 (E) is a relatively compact
subset of E. .7 is called uniformly partially compact if 7 is a uniformly partially
bounded and partially compact operator on E. 7 is called partially totally bounded
if for any bounded subset S of E, .7 (S) is a partially totally bounded subset of E.
If .7 is partially continuous and partially totally bounded, then it is called partially
completely continuous on E .



4 B. C. DHAGE

REMARK 2.1. Suppose that .7 is a monotone nondecreasing operator on E into
itself. Then .7 is a partially bounded or partially compact on E if .7 (C) is a bounded
or relatively compact subset of E for each chain C in E.

DEFINITION 2.1. (Dhage [15, 16], Dhage and Dhage [26]) The order relation <
and the metric d on a non-empty set E are said to be Z-compatible if {x,} is a mono-
tone sequence, that is, monotone nondecreasing or monotone nonincreasing sequence
in E and if a subsequence {x,, } of {x,} convergesto x* implies that the original se-
quence {x,} converges to x*. Similarly, given a partially ordered normed linear space

(E,<,||-]]), the order relation < and the norm || - || are said to be Z-compatible if
< and the metric d defined through the norm || - || are &-compatible. A subset S of
E is called Janhavi if the order relation < and the metric d or the norm || - || are 2-

compatible in it. In particular, if S = E, then E is called a Janhavi metric or Janhavi
Banach space.

There do exist several examples of the regular and Janhavi Banach spaces in the
literature. In fact, every finite dimensional Euclidean space R" is regular as well as
Janhavi with respect to the usual componentwise order relation and the standard norm
in R”. The following results are of fundamental importance concerning the regularity
of a partially ordered Banach space and the Janhavi sets whereby which it is possible
to extend the utility or applicability of the abstract coupled hybrid fixed point theorems
of this paper to the variety of nonlinear problems in a natural way.

2.1. Regularity and Janhavi sets

We need often the concepts of regularity and Janhavi sets in a partially ordered
and ordered Banach space in the development of coupled hybrid fixed point theory and
applications. In the following we obtain some basic results in this direction.

We recall that a non-empty closed and convex subset K of the Banach algebra E
is called a coneif i) K+K CK,ii)) AK CK for A € R, A >0, and iii) {—-K}NK =
{6}, where 0 is a zero element of E. The cone K in E is called positive if iv)
KoK C K, where “o” is a multiplicative composition in E. The details of cones
and their properties may be found in Guo and Lakshmikantham [30], Heikkild and
Lakshmikantham [31] and references therein. We define an order relation < in the
Banach algebra E by

XLy <= y—x€k (2.1)

forall x,y € E, where K is a positive cone in E. The Banach algebra E together with
the order relation < becomes a partially ordered or simply ordered Banach algebra and
it is denoted by (E,K). We observe that every ordered Banach algebra (E,K) is not
necessarily a Janhavi Banach algebra as against the claim made in Yang et.al [39]. The
following two useful lemmas are recently proved in Dhage [22, 23] play a crucial role
in this connection. Since the proofs of these lemmas are not well-known, we give the
details of proof or completeness and ready reference.

LEMMA 2.1. (Dhage [22, 23]) Every ordered Banach space (E,K) is regular.
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Proof. Let {x,} be a monotone nondecreasing sequence of points in a partially
ordered Banach space (E,K). By monotonic nature, we have

X SX <SS (*)

Suppose that the sequence {x,} converges to a point x*, that is, x, — x* as n — oo.
Then, every subsequence {x,, } of {x,} also converges to the same limit point x*, that
is, x,, — x* as k — oo. Since {x,} is nondecreasing, for any given positive integer n,
we have x, <x,, foreach k> n € N. This further by definition of the order relation <
implies that x,, —x, € K. As the cone K is closed and convex set in E, one has

klim (x,,k—xn )zx*—x,, €K

for each n € N. Therefore, x, < x* for all n € N. Similarly, if {x,} is monotone
noincreasing sequence of points in £, then using the similar arguments, it can be proved
that x* < x,, forall n € N. As aresult, (E,K) is a regular ordered Banach space and
the proof of the lemma is complete. |

LEMMA 2.2. (Dhage [21, 22]) Every partially compact subset S of an ordered
Banach space (E,K) is Janhavi.

Proof. Let C be an arbitrary chain in a partially compact subset S of an ordered
Banach space E. Then C = C is a compact setin E. Let {x,} be a monotone nonde-
creasing sequence of points in the chain C, that is,

<< < < 2.2)

Then {x,} is a relatively compact set in E. Therefore, {x,} has a convergent
subsequence, say {x,, } convergingto a point x*. We show that {x,} also converges to
x*. Suppose not. Then for € > 0 there exists a subsequence {x,,} of {x,} such that

|lxn; —x"|| > € foreach i=1,2,.... (2.3)

Now, by relative compactness of {x,,}, there is a subsequence {x,,l.j} of {xy,}
such that x,;, — x’ as j — co. Hence for any given positive integer k, by nondecreasing
nature of {xj,,} it follows that when j is large enough (j > k), we have that x,,, < X,
Then x,, —x,, € K. As K is closed and convex, taking the limit first as j — oo and
then as kj — oo, We obtain

X—xeKk = x*<¥.

Similarly, it can be shown that x’ < x*.

Xy, = x* as j — oo. Therefore, we get

As a result, we have x’ = x* and that

||x,,l.j —x'| <e (2.4)
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for large j. This is a contradiction to (2.3) and the proof of the lemma is complete. [

The above two lemmas, Lemmas 2.1 and 2.2 are very much useful in the study of
nonlinear differential and integral equations in ordered Banach spaces for approxima-
tion and algorithms of the solutions. Next, we discuss some more information about
the regularity and Janhavi sets in the partially ordered normed linear product spaces.
The results so obtained in this field are useful in the development of hybrid fixed point
theory in nonlinear analysis and applications to the systems of nonlinear equations. For
that we consider the following definitions in what follows.

DEFINITION 2.2. A mapping f : R"l — R is called sublinear if
(i) f(x+y) < f(x)+ f(y) (subadditivity), and
(ii) f(Ax) = Af(x) (homogeneity)
forall x,y € R and A € R, 2 > 0.
DEFINITION 2.3. A continuous mapping f : R — R is called Kasu function if
(i) f is sublinear,
@ii) f(ry,...,ry) =0 if and only if r; =0 forall i, i=1,2,...,n, and
(iii) f(r1,...,rn) is nondecreasing in each of its co-ordinate variables.

The class of Kasu functions is denoted by K.

EXAMPLE 2.1. Define a mapping f; : R}, — R by

n
fs‘(rlr'"rn):zairi; (2.5)
i=1
where a; € R, a; >0 forall i=1,...,n. Then f; is a Kasu function.

EXAMPLE 2.2. Let the mapping f,,, : R — R be defined by
Sm(r1yeoym) =amax{ri,...,r}, (2.6)

where a € R, a > 0. Then f;, is a Kasu function.

PROPOSITION 2.1. Let ||-||1,---,|"|ln» bethenormson n vectorspaces Ey,...,E,
respectively and let E = E| X - X E,,. Then the function ||- || : E — R, defined by
Il = £ (llaealls - [lxalla) 2.7)

is a normon E, where x:(xl,...,xn)€E1><~~~><En and f € R.
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Proof. Clearly, E is a vector space with respect to the co-ordinatewise addition
and scalar multiplication in it. We show that the function || - || defined by (2.7) satisfies
all the properties of a norm on E.

(i) By definition of the of Kasu function f, we obtain
Il = £ (el [lxalla ) >0
forall x = (xy,...,x,) € R.. Furthermore, we have
x| =0 <= £ (|Ixilli,--- 2l )=0 < x;=0 fori=1,....n,

and therefore, ||x|| = 0 if and only if x =0 in view of property (ii) of the Kasu function

(ii) Let A € R be arbitrary. Then, by sublinearity of Kasu function f, we obtain

[1Ax] = [[(Ax1; -, Ax )|
=f (NAxtlln - A xalln )
=f (1Al A xnlln )

= A1f (Il el )
= |21 llx[]-

(iii) Next, we prove the triangle inequality for the function || -|| on E. Let x,y € E
be such that x = (x1,...,x,) and y = (y1,...,ys). Then, we have

||x+yH:H (X17~~~>xn)+(y1»---»yn) H
:H (X1+y1»~~~7xn+yn) H
= (v +yillisee s [l +yalln )

< S Clbealle+ Iyl -l + lLyalla )
< (lalls-s el ) £ Cllylles - lvalla)
= [lell =+ [1¥1]-
and so, the function || - || satisfies the triangle inequality.
(iv) Finally, we show that the function || - || is a continuous function on E. To

see this, let {x'} be a sequence of points in E converging to a point x in E, where
X" = (x',...,x)") and x = (x1,...,x,). Then, by definition of the function || - ||, we
have

|l = {1 | < [l =]
= (x’l",...,x;’f) - (xl,...,xn) |

= H (X —x1,. X0 —x,) ’

= £ (I =t lhe o =l ).
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Taking the limit as m — oo in the above expression, we obtain

gim |2l < tim (=il =)

:f( lim || —x1||1,..., lim Hx;"_x,,u,,)
m—oo M—soo
~ £(0,...,0)
=0
and so, ||x™|| — ||x|| as m — oo. This shows that || - || is a continuous function on the
product vector space E .

Thus, the function || - || satisfies all the properties of the norm on E and hence
(E,||-||) is a normed linear space. O

REMARK 2.2. The norm || - || defined by (2.7) is called a Kasu norm on the
product linear or vector space E| X --- X E,,.

PROPOSITION 2.2. Let (Ey,||-|[1),---,(En, |- |ln) be n normed linear spaces and
let E=E| X --- X E,. Suppose that the Kasu norm || - || is defined by (2.7). If each of
the normed linear spaces Ey,...,E, is complete, then so is also (E,||-|).

Proof. We show that every Cauchy sequence of points in E converges to a point
in E. Let {x"} = {(x{",...,x")} be a Cauchy sequence in E. Then, we have

lim ||xX" —x?| =0.
m,p—eo

Now, by definition of the Kasu norm || - ||, we have that
tim_ £ (I =l o = ) =0
m,p—e
which further yields

lim " —xf[|; =0

m,p—eo
for each i, i =1,2,...,n. This shows that {x"} is a Cauchy sequence in E; for i =
1,2,...,n. Since each E; is complete, the sequence {x]'} converges to a point, say
x; € E;fori=1,2,...,n. As aresult, we have

lim ||x'—=x/||; =0, i=1,2,...,n.
m—oo
Now, by definition of the norm || - || we obtain
n%iggoﬂxm—x*H :rrlll—IEo | () = (o) ||
:n%ig}o | (7 =xi,. o =) ||
= tim £ (=i, =53 )
= 7 (lim =il lim (= )
m—oo M—o0

=0.



Differ. Equ. Appl. 11, No. 1(2019), 1-85. 9

As a result every Cauchy sequence in E is convergent and converges to a point in
E . Hence, E is a complete normed linear space. ]

Next, we introduce the binary operation multiplication “-” in R’ as follows. Let
a=(ai,...,a,) and b= (by,...,b,) be two elements of R’ . Then the multiplication
a- b is defined by the co-ordinatewise multiplication as

a-b= (al,...,an)-(bl,...,bn) = (albl,...,anbn).

[73L)

Similarly, the multiplication in the product Banach space E =E| X --- X E, is
defined as the co-ordinatewise multiplication,

x.y: ('x17"‘7'xn) : (yl?"'?yn) = ('xlyl7"'7xnyn)' (2'8)

for x = (xl,...,xn),yz(yl,...,yn) €E=FE x---xE,,whereeachof E|,... ,E, isa
Banach algebra.

DEFINITION 2.4. A Kasu function f : R’ — R, is called submultiplicative if
fla-b) < f(a)f(b) for a,b e R"..

LEMMA 2.3. Let || - ||1,---, || ||n be the norms in the Banach algebras Ey, ... ,E,
respectively and let E = Ey X --- X E,. Let ||-|| and “-” be the Kasu norm and co-
ordinatewise multiplication in E defined by the relations (2.7) and (2.8) respectively. If
the Kasu function f is submultiplicative, then E is also a Banach algebra.

Proof. Let x = (x1,...,%:),y = (V1,---,¥x) be two elements of the product Ba-
nach space E = E| X --- X E,. Then, by (2.8), we obtain

X-y= (xlv"'vxn) '(yl7'”7yn) = (xly17'”7xnyn)~
Therefore, by submultiplicativity, we get
[[x- ¥l = f(Hxl)’IHI»-“v||xnyan)
< FUlllyll - lleallallyalln)
= (el lalla) - (s ll))
< f(Hlelv"'7||ann) 'f(||ylHlv~--v||yn||n)
=[xl Iyl
Hence, (E,||-||) is a Banach algebra and the proof of the lemma is complete. [

REMARK 2.3. We remark that Lemma 2.3 is useful in the study of coupled hybrid
fixed point theory in Banach algebras and applications on the lines of Dhage [20].

EXAMPLE 2.3. Let || - ||z be a norm in a Banach space E. Then the functions
|| -1ls and || - ||» defined by
lulls = llxlle + llylle (2.9)
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and
]l = max {||x[|z, I¥ll£} (2.10)

are the norms in E2 in view of the expressions (2.5) and (2.6), where u = (x,y) € E?.
Moreover, (E2,||-|s) is also a Banach algebra with respect to the co-ordinatewise
multiplication in E? = E x E, provided E is a Banach algebra.

Now, we introduce an order relation ¢ in the product metric space E = E; X - -+ X
E,. An order relation < is a binary relation which is reflexive, antisymmetric and
transitive. Note that a vector or linear space X together with the order relation =< is
called partially ordered if the following conditions are satisfied.

(1) x=y = Ax=Ayforallx,yecX and A € R, A >0, and
(i) xxy = x+z=y+zforxyzeX.

A few details of a partially ordered vector space appear in Dhage [14] and refer-
ences therein. If a partial order < is introduced in a normed linear space X and which
is also complete with respect to the norm, then it is called a partially ordered Banach
space.

Let ay,..., 0, be the partial order relations in the partially ordered Banach space
Ey,... E, respectively. Denote E = E| X --- X E, and o0 = 0 X --- X 0y,. We define
a partial order ¢ in the product space E as follows. Let x = (xj,...,x,) and y =
(¥1,---,¥n) be two elements of E. Then,

xoy < x;jo;y; fori=1,2,...,n. (2.11)

The order relation o defined by the above expression (2.11) is called the Kasu
partial order on the product Banach space E = E| X --- X E,;. The product space E
together with the above Kasu partial order o becomes a partially ordered linear space
and if the norm || -|| in E is defined by (2.7), then (E,a,|| -||) becomes a partially
ordered Banach space.

EXAMPLE 2.4. Let < be the partial order relation in a partially ordered Banach
space E and let E2=E x E. Let Z = (x,y) and W = (u,v) be two elements of E>.
Then the binary relations < and =, defined in E? by

Z233W <= x<ulNy<v (2.12)

and
Z32 W <= x<ulhyz2v (2.13)

are the Kasu partial order relations and called the simple and mixed Kasu partial order
relations in E? respectively.

Now, we are equipped with all the necessary details to state the significant results
concerning the Janhavi sets and regularity of the partially ordered product Banach space
(E o).
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THEOREM 2.1. Assume that each of the partially ordered Banach spaces
(Ev,ou, 1)y (Eny Oy || ||n) is regular. Suppose that E = Ey X --- X E,, and ot =
oy X -+ X 0. Ifthe norm || - || in E is defined by Kasu function (2.7), then the partially
ordered Banach space (E,a,|| - ||) is regular.

Proof. Suppose first that {x™} is a monotone nondecreasing sequence of points
in E. Then x” oo x*! for each m € N. By definition of the partial order ¢, we obtain
X" oy X" foreach i, i=1,2,...,n. Next, we assume that X — x*. Then,

lim ||x" —x*|| =0.
Now, by definition of the Kasu norm (2.5), we obtain

lim |[x" —x7[; = 0
m—oo

for each i = 1,...,n. Thus the sequence {x/'} is monotone nondecreasing and con-
verges to a point x} for i =1,...,n. Since each (E,-7 oG, || - 1l ) is a regular partially
ordered Banach space, one has x!" o; x; for all m € N and for each i, i =1,...,n.
Hence, by definition of o, we get x™ o x* for all m € N. Similarly, if {x¥”} is mono-
tone nonincreasing sequence of points in E, that is, X! o x” for all m € N and if
{x™} converges to a point x*, then it can be shown that x* oz x™ for all m € N. As
aresult (E,c,| -||) is a partially ordered regular Banach space. This completes the
proof. ]

COROLLARY 2.1. Let E1 = (E, =<, || ||g) and E; = (E, =, || -||g) be two partially
ordered Banach spaces, where > is the inverse or reverse of the order relation =< and
let E = E| X E,. If one of the partially ordered Banach spaces Ey or E, is regular,
then, (E | -||) is also a regular partially ordered Banach space, where o0 == X =
is a mixed Kasu order relation and || - || is a Kasu normin E.

Proof. Suppose that E; = (E, <, || ||g) is aregular partially ordered Banach space
and suppose that {x,} is a monotone nondecreasing sequence of points in E; with re-
spect to the order relation < converging to a point x* in E. Then, {x,} is a nonin-
creasing sequence of points in E with respect to the order relation > converging to the
point x*. As E| is regular, we have that x, < x* for all n € N. By definition of >
which implies that x* > x,, for all n € N. Similarly, if {x,} is a monotone nonincreas-
ing sequence of points in E; converging to the point x,, then {x,} is also a monotone
nondecreasing sequence of point in E; with respect to the order relation > converging
to the same limit point, x.. As E; is regular one has, x, < x, for all » € N. By def-
inition of > which implies that x* > x,, for all n € N. As a result, (E1,=,||-||g) is
also a regular partially ordered Banach space. Now the desired conclusion follows by
an application of Theorem 2.1. ]

COROLLARY 2.2. Let (E,=,||-||g) a regular partially ordered Banach spaces
and let E* = E x E. Then, (E*,=,||-||) is also a regular partially ordered Banach
space, where = is a simple Kasu order relation and || - || is a Kasu norm in E.
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THEOREM 2.2. Let (E1,Ky,||-|1),--., (En.Kn, |- ||ln) be n ordered Banach spaces.
Supposethat E =E| x --- X E, and K =K, X -+ X K;,. If the norm || || in E is defined
by Kasu function (2.7) and the Kasu order relation o is defined by (2.11), then the
ordered Banach space (E K, || -||) is regular.

Proof. By Lemma 2.1, each of the ordered Banach spaces (Ei,Ki,| - [|1),...,
(En,Kn,| - ||n) is regular. Now the desired conclusion follows by an application of
Theorem 2.1. |

THEOREM 2.3. Assume that each of the partially ordered Banach spaces
(Ev,ou, |l - 111)s- s (Eny O, || < ||ln) is Janhavi. Suppose that E = Ey X --- X E, and
=0y X+ X 0. Ifthenorm ||-|| in E is defined by Kasu function (2.7) and the Kasu
order relation o. is defined by (2.11), then partially ordered Banach space (E, o] -||)
is also Janhavi.

Proof. Let {x™} be a monotone sequence of points in £ and let a subsequence
{x™} of {x™} be convergent converging to the point x*. Then, from the nature of the
sequence {x™}, it follows that the sequence {x'} is monotone and has a convergent
subsequence {x;*} converging to a point x; in E; for i = 1,...,n. As each partially
ordered Banach space (E;, o, || - ||;) is Janhavi, we have that X" — x} as m — oo for
i=1,2,...,n. Finally, from the definition of the Kasu function it follows that x” — x*
as n — co. As a result the partially ordered Banach space (E, o, || -||) is Janhavi. O

COROLLARY 2.3. Let Ey = (E, =, |- ||g) and Ex = (E,=,||- ||g) be two partially
ordered Banach spaces, where > is the inverse or reverse of the order relation =< and
let E?> = E| x E. If every partially compact subset of one of the partially ordered Ba-
nach spaces Ey or E, is Janhavi, then, every partially compact subset S of (E%,a., || -||)
is Janhavi, where o0 == X = is a mixed Kasu order relation and || - || is a Kasu norm
in E.

Proof. Assume that every partially compact subset of the partially ordered Banach
space E; is Janhavi. Let S be an arbitrary partially compact subset of the partially
ordered Banach space E, and let C be a compact chain in S. Let {x,} be a monotone
sequence of points in C with respect to the order relation > in E,. Then {x,} is also
a monotone sequence of points in C with respect to the order relation < in E;. By
our assumption, the convergence of a subsequence of the sequence {x,} to the point
x* implies the convergence of the original sequence {x,} to the point x*. As a result,
the compact chain C is Janhavi. Consequently, every partially compact subset of the
partially ordered Banach space E, is Janhavi. Now, the desired conclusion follows by
an application of Theorem 2.3. |

COROLLARY 2.4. Let (E,=,|-||g) a partially ordered Banach space and let
E? = E X E. If every compact chain in E is Janhavi, then every compact chain in
(E2, =, || |) is also Janhavi, where = is a simple Kasu order relation and || - || is a
Kasu normin E.
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THEOREM 2.4. Let (Ey,Ky,|-|[1),-.., (En,Kn, |- |ln) be n Janhavi ordered Ba-
nach spaces. Suppose that E =E| X --- X E, and K =K X -+ X K. If the norm || - ||
in E is defined by the Kasu function (2.7) and the Kasu order relation o is defined by
(2.11), then the ordered Banach space (E,K,||-||) is also Janhavi.

Proof. The proof is similar to Theorem 2.3 and hence we omit the details. g

THEOREM 2.5. Assume that every partially compact subset of each of the par-
tially ordered Banach spaces (Ey, o, - |[1)s---s(En O, || - ||ln) is Janhavi. Suppose
that E=FE; X --- X E, and o, =04 X -+ X 0. If the norm ||-|| in E is defined by Kasu
function (2.7) and the Kasu order relation o is defined by (2.11), then every partially
compact subset of the partially ordered Banach space (E,a.,||-||) is also Janhavi.

Proof. Suppose that § is a partially compact subset of the partially ordered Banach
space (E,a,| -||). Then S =S| x--- xSy, where Si,...,S, are partially compact
natural projections of S on Ej,...,E, respectively. Let € be a chain in S which
is compact by virtue of partial compactness of S. Then 4 = C; x --- x C,, where
Ci,...,C, are compact chains and natural projections of ¢ on Sy, ...,S, respectively.
Let {x"} be any monotone sequence of points in 4. Then, by compactness of €, it
has a convergent subsequence {x"*} converging to a point, say x* € ¢. Now, x" :(
XX ), so that there are monotone sequences {x/'} in C; for i =1,...,n and
subsequences {x{"*} converging to the points x} in view of the definition of the Kasu
normin E. Since every partially compact subset of the partially ordered Banach spaces
(Ei, 04, | - ]li) is Janhavi, the sequence {x"} converges to x; for each i, i=1,...,n.
From definition of the norm || - || it follows that the original sequence {x™} converges
to x*. This shows that the partially compact subset S of the partially ordered Banach
space E is Janhavi. This completes the proof. ]

THEOREM 2.6. Let (E1,Ky,||-|),---, (En,Kn, |- |ln) be n ordered Banach spaces.
Suppose that E=FE| X --- X E, and K =K X --- X K. If the norm || -|| in E is defined
by Kasu function (2.7) and the Kasu order relation o is defined by (2.11), then every
partially compact subset of the ordered Banach space (E,K,||-||) is also Janhavi.

Proof. Suppose that S is a partially compact subset of the ordered Banach space E
and suppose that Sy, ...,S, be the natural projections of S on the ordered Banach spaces
Ey,... E, respectively. Then the sets Sy,...,S, are also partially compact subsets of
Ey,... E, respectively. By Lemma 2.2, each compact chain of the sets Sy,...,S, is
Janhavi. Now the desired conclusion follows by an application of Theorem 2.5. This
completes the proof. U

DEFINITION 2.5. An element u of the partially ordered set (E,=) is called a
lower bound for a pair {x,y} of elements in E if u < x and u < y. Similarly, an upper
bound for a pair of elements in the partially set E is defined. If every pair of elements
in E have a lower as well as an upper bound, then the partially ordered set (E, <) is
called a lattice. Moreover, if E is a Banach space, then it is called a Banach lattice.
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The following results are sometimes useful for proving the uniqueness of fixed
point for nonlinear operators and coupled operators on a partially ordered product Ba-
nach space satisfying certain partial contraction condition along with the applications
to simultaneous nonlinear equations.

LEMMA 2.4. Let (Ey,ou,|-[[1),.., (En, 0, - |ln) be n partially ordered Ba-
nach spaces and let E = E| X -+ X E,. Suppose that || - || and o are respectively the
Kasu norm and Kasu partial order in E defined by (2.7) and (2.11) respectively. If
every pair of elements in each of E\,...,E, have a lower bound or an upper bound,
then every pair of elements in E have a lower bound or an upper bound. In particular,
the above conclusion holds if each of E1,...,E, is a Banach lattice.

Proof. Let x = (x1,...,x,) and y = (y1,...,y,) be any two elements of E. Then
Xi,yi € E; for each i = 1,...,n. Suppose that each pair of elements in each E; have
a lower bound, say z; € E;. Then, we have z; o; x; and z; ¢ y; foreach i=1,...,n.
Therefore, the elements z = (zy,...,z,) serves as a lower bound for the pair of ele-
ments {x,y} in E. Similarly, if each pair of elements in each E; have an upper bound
for each i, i =1,...,n, then it can be proved that every pair of elements of E have
an upper bound 7’ in E. Again, if each of Ej,...,E, is a Banach lattice, then the par-
tially ordered product Banach space E is also a Banach lattice and a fortiori, the above
conclusion holds for all elements of E. This completes the proof. |

LEMMA 2.5. If every pair of elements in a partially ordered Banach space
(E,=,|| - |lg) have a lower bound or an upper bound, then every pair of elements in
the partially ordered product Banach space (E*,a.,||-||) have a lower bound or an up-
per bound in E?, where oo and | -|| are respectively the Kasu partial order and Kasu
norm defined E*. In particular, the above conclusion holds if each of E, is a Banach
lattice.

Proof. Here, E| = E,. Hence, the proof of the lemma follows by an application
of Lemma 2.4. We omit the details. ]

REMARK 2.4. The assertions of Lemma 2.4 remains true if we replace the par-
tially ordered Banach spaces (E;, o, || - ||z,) with the ordered Banach spaces (E;,K;),
i=1,...,n. Similarly the assertion of Lemma 2.5 also remains true if we replace the
partially ordered Banach space E with the ordered Banach space (E,K).

2.2. Partial measure of noncompactness

The second most important concept that will be used in the development of cou-
pled hybrid fixed point theory and applications is the partial measure of noncompact-
ness in the partially ordered Banach spaces. A few details concerning the partial mea-
sures of noncompactness along with their applications to nonlinear differential and in-
tegral equations appear in Dhage [14, 15, 16, 17] and the references therein. For ready
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reference, we describe in the following some basic facts about the partial measures of
noncompactness in a partially ordered Banach space E.

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 = CUC'. The set C is called
a closed chain in E. Thus, C is the intersection of all closed chains containing C.
Clearly, inf C,sup C € C provided inf C and sup C exist. The sup C is an element
z € E such that for every € > 0 there exists a ¢ € C such that d(c,z) < € and x < z for
all x € C. Similarly, infC is defined essentially in an analogous way.

In what follows, let &7,(E) denote the class of all subsets of E with property
p. In particular, we denote by Py (E), Ppa(E), Prep(E)y Pen(E)s Ppaen(E).,
Prepen (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 a partial measure of noncompactness of the chains in E on the lines of
Dhage [15, 16, 17]. The related idea of classical measure of noncompactness may be
found in Appell [1], Banas and Goebel [2] and references therein.

DEFINITION 2.6. A mapping Uy : Ppgcn(E) — R4 = [0,00) is said to be a partial
measure of noncompactness in E if it satisfies the following properties:

(P1) 0+# (up) ' ({0}) C Prepen(E). (kernel compactivity)

(P2) up(C)=p,(C). (closure invariance)

(P3) W, is nondecreasing, i.e., if C C D = u,(C) < up(D).  (monotonicity)
(P4) up(AC)=|A|u,(C). (scalar multiplicativity)

(Ps) Up(C+D) < uy(C)+uy(D). (subadditivity)

(Pg) If {Cy,} is a sequence of closed chains from Py (E) suchthat G, CCy,n €
N and if lim p,(C,) =0, then Co. =(;_;C, is nonempty. (limit intersection

property)

The family of sets described in (P ) is said to be the kernel of the partial measure
of noncompactness [, and is defined as

ker 1, = {C € Ppgn(E) | 1p(C) =0}. (2.14)

Clearly, ker ), C Prcp.en(E). Observe that the intersection set Co., from condi-
tion (P3) is a member of the family ker u,,. In fact, since u,(C) < u,(G,) for any n,
we infer that p1,(Cs) = 0. This yields that C.. € ker u,,. This simple observation will
be essential in our further investigations.

The partial measure L, of noncompactness is called full or complete if it satisfies
(P7) ker tp = Prepen(E).

Finally, u,, is said to satisfy maximum property if
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(Pg) up (Cl UC2> =max {11, (C1), 1p(C2) }.

EXAMPLE 2.5. Define three functions o, B, 6, : Ppa.cn(E) — Ry by

o, (C) :inf{r>0’C: |G, diam (C;) < r}, (2.15)
i=1

where C € P4 cn(E) and diam (C;) = sup{d(x,y) : x,y € C;},

By(C) :inf{r >0 ‘ CccC U%(x,-,r) for some x; € E}, (2.16)
i=1

where B(xi,r) ={x € E :d(x;,x) <r}, and
5,(C) = diam (C) = sup { d(x,y) i x,y€C } : 2.17)

It is easy to prove that ¢y,, B, and J, are partial measures of noncompactness
and are respectively called the partial Kuratowskii, partial ball and partial diametric
measures of noncompactness in E. Note that partial measures ¢, and f3, are full or
complete and enjoy the maximum property in E but the partial measure &, is not full
as well as does not satisfy the maximum property.

The following proposition is very much useful for obtaining the partial measures
of noncompactness of the partially ordered product Banach spaces provided the partial
measures of associated components in the partially ordered Banach spaces are known
to us.

PROPOSITION 2.3. Let ,ull, .- My, be the partial measures of noncompactness in
the n partially ordered Banach spaces Ey, ... E, respectively and let E = E; X -+ X
E,. Suppose that f: R} — R is a Kasu function. Then the function [, : Ppq cn(E) —
R defined by

() = F(1p (€)oo () ) (2.18)

is a partial measure of noncompactness in E, where Ci,...,C, denote the natural
projections of the chain € on Ey,...,E, respectively.

Proof. We shall show that the function p,, satisfies all the conditions (P ) through
(P¢) of a partial measure of noncompactness in the partially ordered Banach space
(E, o[- 1)-

(1) Kernel compactivity:

Let Cy,...,C, be the natural projections of the chain ¢ in E on Ej,...,E,
respectively. Then, u,(¢) = f(u; (€),....un (Cn)> =0 = w,(CG) =0 for each
i=1,...,n. Therefore, Cy,...,C, are relatively compact chains in Ey,...,E, respec-

tively. Asaresult 4 =Cj x --- x C, is arelatively compact chain in the product Banach
space E.
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(i1) Closure invariance:

Now forany ¢ = Cj x --- x C,, we have that C; x --- x G, = Cj X --- x C,. There-
fore, we obtain

(@) = (@)oo (@) ) = F(1H(C1) o 15(C) ) = ().

(iii) Monotonicity:

Let ¥ and 2 be two chains in E with natural projections Cy,...,C, and Dy, ...,
D, on Ey,...,E, respectively. Suppose that € C Z. Then, it follows that C; C D; for
each i, i=1,...,n. Now, by nondecreasing nature of Kasu function in each co-ordinate
variable, we obtain

(@) = (€)oo (Ca) ) < (DY), oo (D)) = ().

This shows that 1, is nondecreasing in E.

(iv) Scalar multiplicativity:

Let € be a bounded chain in £ with natural projections Cy,...,C, on Ey,...,E,
respectively. Then, for any A € R,

up(A6) = f (Y AC1).... mE(AC))
= F(1p(©)..s R I(C) )
= A1f (1h(C1), o 1(C))

= [A|up(€)
and so, [, is a scalar multiplicative functionin E.
(v) Subadditivity:
Let ¥ and Z be two chains in E with natural projections Cy,...,C, and Dy,...,
C, on Ey,...,E, respectively. Then, € + & is again a chain with natural projection

Ci+Dy,....C,+ D, on Ey,... E, respectively. Now, by sublinearity of the Kasu
function, we obtain

1p(€+2) :f(u,i(Cl +D1),---,u$(Cn+Dn))
(p(€0)+ DY), o (Co) + (D))
(p (€)ool () £ (DY), (D))

which proves that u,, is subadditive in E.

(vi) Limit intersection property:

Let {¢™} be a decreasing sequence of closed and bounded sets in the partially
ordered set E, thatis, €' D --- D €™ ---; and let us assume that 1im,_ Up(€™) =0.
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Suppose that C{",...,C; be the natural projections of the chain ™ on Ei,...,E, re-
spectively. For the sake of convenience we write this as ¢’ = C; x --- x C,. Then {C/"}
is also a decreasing sequence of closed and bounded chains in the partially ordered
Banach space E; for i = 1,...,n. Now by definition of (i,

1 (€)= f(1p(C).. i (C)).

Therefore,
. _ . 1
lim p, (47) = "{lg;f(up (C1)see sty (C,T))
. 1 .
=/ (Jim 3 (CF).-, Jim (7))
=0
if and only if lim u;(Cf”) =0fori=1,...,n. As ;,LI", ’s are the partial measures of
m—oo

noncompactness in the partially ordered Banach spaces E;, we have that (,,_; C/" =
C” #0 foreach i, i=1,...,n. Therefore, we obtain

N &"=F==Cx .. xC= £0.
m=1
Thus the function 1, satisfies all the properties (P ) through (P ) of the partial
measure of noncompactness and hence it is a partial measure of noncompactness in E.
This completes the proof. g

REMARK 2.5. The partial measure p, of noncompactness defined by (2.17) is
called a partial Kasu measure in the product linear or vector space E| X --- X E,,.

EXAMPLE 2.6. Let u;, ---; My, be the partial measures of noncompactness in the
n partially ordered Banach spaces Ej,...,E, respectively and let E = E; X --- X E,,.
Define two functions ), and py' on Ppg cn (E) by

wy () =Y aiu)(Ci), ai >0 Vi, (2.19)
i=1
and
u(€) =amax { fy(C1),.... 11 (Cy) }, a>0, (2.20)
where Cy,...,C, are the natural projections of the chain € on Ey, ..., E, respectively.

Then the functions u;, and ;' are Kasu partial measures of noncompactness in E,
because here the Kasu functions f; and f;, are defined by (2.5) and (2.6) respectively.

EXAMPLE 2.7. Let u, be the partial measure in the partially ordered Banach
space E. Then the partial measures (5 and p' of noncompactness of a chain ¢ =
C x D in E> = E x E may be defined as

13(6) = 1(C) + (D) 2.21)
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and
up (%) = max{1,(C) , pp(D)} (2.22)

where, C and D are the natural projections or components of the chain € of E2 in E.

We employ the partial measure (1, of noncompactness given by (2.21) in the study
of coupled operators and coupled equations in the subsequent part of this paper. The
following definition of partially condensing monotone mappings on a partially ordered
Banach space is well-known and may found in Dhage [15, 16, 17], however it is new
for the monotone mappings on a partially ordered Banach space of the product form
E x E into itself.

DEFINITION 2.7. Let (E%,a,] - |) be a partially ordered Banach space, where
o and | -|| are Kasu partial order and Kasu norm in E? respectively. An operator
T : E* — E? is called monotone nondecreasing if it preserves the order relation o
in E2, thatis, Zza Jw for all z,w € E?, z oo w. Similarly, an operator .7 on E>
into itself is called monotone nonincreasing if .z o Zw for all z,w € E%, zow,
where o is the reverse of the order relation ¢ in E. Finally, an operator .7 is called
monotone if it is either monotone nondecreasing or monotone nonincreasing on E.

DEFINITION 2.8. Let (E2,a,||-||) be a partially ordered Banach space, where

o and |- || are Kasu partial order and Kasu norm in E? respectively. A monotone
mapping .7 : E X E — E X E is called partially condensing if
Uy (T(€))< Up(€) (2.23)

for all bounded chains ¢ in E x E for which 1,(¢) > 0.

Note that monotone partially compact and monotone partially contractions opera-
tors on E x E are partially condensing, however the converse may not be true. Now we
state a basic hybrid fixed point theorem for partially condensing monotone mappings in
a higher dimensional partially ordered product space which is useful in the development
of coupled hybrid fixed point theory and applications.

THEOREM 2.7. Let (E,=,|-||g) be a regular partially ordered Banach space
and let every compact chain C in E be Janhavi. Suppose that o and || - || be the
Kasu partial order and Kasu norm defined in E* respectively and suppose that 2 :
E x E — E X E is a monotone nondecreasing, partially continuous, partially bounded
and partially condensing operator. If there exists an element (xo,yo) € E X E such
that (xo,y0) 0 2(x0,y0) or 2(x0,v0) ¢ (x0,¥0), then 2 has a fixed point (x*,y*) €
E x E and the sequence { 2" (xy,y0)} of successive iterations converges monotonically
to (x*,y*).

Proof. Set E>=E x E. As o and || - || are respectively the Kasu order and Kasu
norm in E?, the triplet (E2,a,||-||) is a regular partially ordered Banach space and
every compact chain ¢ in E? is Janhavi in view of Corollarries 2.2 and 2.4. Fur-
thermore, since the operator 2 is a partially continuous, partially bounded, partially
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condensing and monotone nondecreasing on (E?, o, || - ||) into itself and there exists
an element (xo,yo) € E X E such that (xo,yo) o 2(x0,y0) or 2(xo,v0) ¢ (x0,y0), the
desired conclusion follows by an application of a hybrid fixed point theorem for partial
condensing mappings in a partially ordered Banach space proved in Dhage [15, 16, 17].
This completes the proof. U

COROLLARY 2.5. Let (E,=,||-||g) be a regular partially ordered Banach space
and let every compact chain C in E be Janhavi. Suppose that o, and || - || are the Kasu
partial order and Kasu norm defined in E*> = E x E respectively and suppose that
2 : E* — E? is a partially continuous, partially compact and monotone nondecreas-
ing operator. If there exists an element (xo,yo) € E X E such that (xo,y0) ot 2(x0,Y0)
or 2(x0,y0) o (x0,y0), then 2 has a fixed point (x*,y*) € E X E and the sequence
{2"(x0,y0)} of successive iterations converges monotonically to (x*,y*).

REMARK 2.6. As mentioned in Dhage [17, 19] the condition
(A) every compact chain C in E is Janhavi,
of Theorem 2.7 may be replaced with a weaker condition that
(B) every compact chain ¢ in 2(E x E) is Janhavi.

We note that condition (A) =- condition (B), however the converse may not be
true. To see this, let us assume that the condition (A) holds. Then, by Corollary 2.4,
every chain € in E X E is Janhavi. As 2 is partially continuous, it is continuous on
% and consequently 2(%) is also again a compact chain in E x E and so it is Janhavi.
As % is an arbitrary chain in E X E, every compact chain in 2(E x E) is Janhavi.

In view of the above remark, Remark 2.6 we obtain the following applicable cou-
pled hybrid fixed point result as a corollary to Theorem 2.7.

COROLLARY 2.6. Let (E,=,||-||g) be a regular partially ordered Banach space
and let oo and | - || be the Kasu partial order and Kasu norm defined in E* respectively.
Suppose that 2 : E*> — E?* is a monotone nondecreasing operator satisfying the linear
partial contraction condition

122 - 2W| < k||Z—W|| (2.24)

for all comparable elements Z,W € E?, where 0 < k < 1. If there exists an element
Zo = (x0,y0) € E X E such that (xo,y0) ¢ 2(x0,y0) or 2(x0,y0) ¢ (x0,Y0), then 2
has a unique comparable fixed point (x*,y*) € E X E and the sequence {2"(xo,v0)}
of successive iterations converges monotonically to (x*,y*). Moreover; the fixed point
is unique if every pair of elements in E have a lower bound or an upper bound.

Proof. First we show that the condition (B) of Remark 2.6 holds. Let ¢ be an
arbitrary chain in 2(E x E) and let {Z,} be a monotone sequence in %’. Since % is
compact, it has a convergent subsequence {Z,, } converging to a point, say Z*. Without
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loss of generality, we may assume that Zn = 2"(Z) for some Z € ¢. After simple
computation, by condition (2.24), it can be shown that {Z,} is a Cauchy sequence
of points in €. As a result, the original sequence {Z,} converges to Z* and that
the compact chain ¢ is Janhavi in 2(E x E). Next, using the routine arguments,
it can be shown that the operator 2 is a k-set-contraction on E x E with respect to
the partial Kuratowskii measure of noncompactness with a contraction constant k£ < 1.
Now, by a direct application of Theorem 2.7 implies that operator 2 has a fixed point
Zx = (x*,y") € E x E. If there is another fixed point W* = (u*,v*) of 2 which is
comparable to Z*, then from the contraction condition (2.24) we get a contradiction.
As aresult, 2 has a unique comparable fixed point.

To prove the uniqueness of fixed point, let W* = («*,v*) be another fixed point of
the operator 2. Since given that every pair of elements of the partially ordered Banach
space E have a lower or an upper bound, by Lemma 2.5, every pair of elements in
E? also have a lower or an upper bound. Without loss of generality, we assume that
there exists an upper bound U for the pair of elements {Z*,W*} in E2. Then, the
elements Z* and W* are comparable to the element U. By nondecreasing nature of
2, we obtain Z* = 2"Z* < 2"U and W* = 2"W* < 2"U for each n € N. Now, by
contraction condition (2.24), we obtain

12 =Wl = [|2"Z" — 2"W*|

< || L2'ZF - 2"U|| + || 2"U - 2"W7||
<k'[lz-=vl+llv-w]
.

0 as n— oo,

Hence Z* = W* and consequently .2 has a unique fixed point. This completes the
proof. ]

Notice that Corollary 2.6 includes the main coupled fixed point theorem of Berinde
[3] as a special case. Again, Theorem 2.7 and Corollaries 2.5 and 2.6 are useful for
proving the existence and approximation of couple solutions to a system of a couple of
nonlinear coupled differential and integral equations. Again, Theorem 2.7 and Corol-
laries 2.5 and 2.6 may be extended with appropriate modifications to nonlinear tripled,
quadrupled and in general, n-tupled operators which have again nice applications to the
systems of nonlinear tripled or quadrupled or n-tupled differential and integral equa-
tions for proving the existence as well as approximation of their solutions along with
the algorithms.

Next, in the subsequent part of this paper, we shall discuss only the coupled or
bivariate mixed monotone operators as well as mixed nonlinear operators and coupled
mixed monotone operators and fixed points in a partially ordered Banach algebra along
with applications of some of mixed coupled operators to the coupled periodic bound-
ary problems of ordinary nonlinear first and second order ordinary differential equa-
tions. The following chain-contractive definition for coupled mixed monotone opera-
tors which plays a significant role in the study of nonlinear coupled operator equations
and their appliations to nonlinear coupled integral equations has been introduced by
Dhage [19, 20] in a partially ordered Banach space E'.
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DEFINITION 2.9. (Dhage [19]) A mixed monotone coupled operator 7 : E X E
— F is called partially condensing if

11,(T(C x D)) + 1y (T (D % C)) < 1p(C) + ip(D) (2.25)

for all C,D € Ppqn(E) for which u,(C)+ u,(D) > 0, where u, is a full partial
measure of noncompactness satisfying the maximum property on &g cn(E).

The following coupled hybrid fixed point theorem for partially condensing mixed
monotone coupled operators in a partially ordered Banach space E is proved in Dhage
[19].

THEOREM 2.8. (Dhage [19]) Let (E,<,| -||) be a complete and regular partially
ordered normed linear space and let every compact chain C in E be Janhavi. Suppose
that 7 : E*> — E is a partially continuous, partially bounded and partially condensing
mixed monotone coupled operator. If there exists an element (xo,yo) € E X E such that
X0 < T (x0,y0) and yo = T (yo,x0) or xo = 7 (x0,y0) and yo < T (yo,X0), then T
has a coupled fixed point (x*,y*) and the sequences { 7" (xo,y0)} and {FT"(yo,x0)}
of successive iterations converge monotonically to x* and y* respectively. Moreover,
the set of all comparable coupled fixed points is compact.

The above coupled hybrid fixed point theorem includes the coupled hybrid fixed
point theorems for partially compact coupled operators proved in Dhage [18] and Dhage
and Dhage [27]. Also note that Theorem 2.1 proved in Dhage [19] is only for the partial
measures of noncompactness with maximum property, however the result is true for any
arbitrary partial measure of noncompactness in the Banach space E. In this context we
state the following corollary which is sometimes useful to obtain other coupled hybrid
fixed point theorems involving the sum and product of two or three coupled operators
in a partially ordered Banach space or Banach algebra.

COROLLARY 2.7. Let (E,<,||||) be a complete and regular partially ordered
normed linear space and let every compact chain C in E be Janhavi. Suppose that
T : E* — E is a partially continuous, partially bounded and mixed monotone coupled
operator satisfying

8,(7(C x D))+ 8,(7 (D x C)) < 8,(C) + 8,(D) (2.26)

for all C,D € Py cn(E) for which 8,(C)+ 8,(D) > 0. If there exists an element
(x0,¥0) € E X E such that xo < 7 (x0,y0) and yo = 7 (yo,x0) or xo = 7 (x0,¥0)
and yo < I (yo,x0), then  has a coupled fixed point (x*,y*) and the sequences
{T"(x0,50)} and {T"(yo,x0)} of successive iterations converge monotonically to x*
and y* respectively. Moreover, the set of all comparable coupled fixed points is com-
pact.

Proof. The proof of the corollary is standard and so we omit the details. U

Now we are equipped with all the necessary details to deal with the nonlinear
coupled operator equations and the related results. In the following section we prove
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our main coupled hybrid fixed point theorems of this paper under suitable natural mixed
conditions from algebra, analysis and topology.

3. Coupled hybrid fixed point theorems

Given a partially ordered Banach algebra (E, =, || -||) and given the three coupled
operators .%,%9 .7 : E x E — E, consider a couple of operator equations

x=F(x,y)¥9(x,y) + 5 (x,y) 3.1)

and
y=Z %)Y (y,x) +H(y,x) (3.2)

for all (x,y) € E x E, where the coupled operators %, & and ¢ are not necessarily
continuous.

The coupled operators %, ¢ and ¢ involved in the coupled operator equations
(3.1)—(3.2) satisfy different algebraic, geometric and topological properties on E X E
into E. A pair of elements (x*,y*) € E x E is called a coupled fixed point of the coupled
operator equations (3.1) and (3.2) if

X'=F )Gy )+ A (X YY) (3.3)

and
Y =F )G+ Ay XT). (3.4)

The existence and approximation of such coupled fixed points for coupled oper-
ators is generally obtained under certain monotonic condition of the coupled operator
7 on E X E. See Heikkild and Lakshmikantham [31], Chang and Ma [6], Bhaskar
and Lakshmikantham [4] and Dhage and Dhage [26] and the references therein. A
coupled operator .7 (x,y) is called mixed monotone if the map x — .7 (x,y) is nonde-
creasing for each y € E and the map y — .7 (x,y) is nonincreasing for each x € E. A
couple of coupled hybrid fixed point theorems for the coupled operator equations (3.3)
and (3.4) are proved in Dhage [20] provided one of the coupled operators .% , 4 and
J is symmetric partial & -Lipschitz, however there is a flaw in the arguments with
that method. In this paper we improve the coupled hybrid fixed point theorems under
slightly stronger partial Z-Lipschitz condition.

Before going to the main coupled hybrid fixed point theorems, we state some
useful preliminary definitions and auxiliary results in what follows.
Let (E,<,||-]|) be a partially ordered normed linear algebra. Denote

K={x€E|x>0, where 6 is the zero element of E }

which is a closed and convex subset of E. The elements of K are called the positive
vectors of the normed linear algebra E. Clearly, the set K is positive in view of the
fact that it satisfies the relation “u-v € K whenever u,v € K. The next lemma follows
immediately from the definition of the set K which is often used in the applications of
hybrid fixed point theory in a partially ordered and an ordered Banach algebra E.
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LEMMA 3.1. (Dhage [9, 12]) If the elements uy,uz,v,v2» € K are such that u; <
v1 and up < vy, then ujus < viva.

DEFINITION 3.1. Anoperator .7 : E — E is said to be positive if the range R(.7)
of J issuchthat R(J) CK.

DEFINITION 3.2. (Dhage [8, 9, 10]) An upper semi-continuous and monotone non-
decreasing function v : Ry — Ry is called a & -function if y(0) = 0. The class of all
2 -functions is denoted by ©.

DEFINITION 3.3. (Dhage [14, 15]) A monotone operator .7 : E — E is called
partial & -Lipschitz if there exists a Z-function Wy € © such that

|7x =Ty <wz(llx—yll) (3-5)

for all comparable elements x,y € E. If yz(r) =kr, k>0, 7 is called a partial
Lipschitz operator on E x E with the Lipschitz constant k. Again, if 0 <k < 1, then
7 is called a partial contraction on E with contraction constant k. Furthermore, if
v (r) <rfor r >0, then 7 is called a nonlinear partial Z- contractionon E.

DEFINITION 3.4. (Dhage [23]) A monotone coupled operator .7 : E X E — E is
called nonlinear partial & -Lipschitz if there exists a & -function Y5 € ® such that

1
17 (x,y) = T (@)l < 5 vz (I —ul + v =) (3.6)
for all comparable elements (x,y), (u,v) € EXE.If w7 (r)=kr, 7 is called a partial
Lipschitzon E x E with the Lipschitz constant k. Again, if 0 <k < 1, then .7 is called
a partial contraction on E X E with contraction constant k. Furthermore, if Wz (r) <r
for r > 0, then 7 is called a nonlinear partial & - contractionon E x E .

DEFINITION 3.5. (Dhage [19, 25]) A coupled operator .7 : E x E — E is called
nonlinear symmetric partial & -Lipschitz if there exists a Z-function Yz € © such
that

17 (x,y) = T )|+ |7 (1,x) = T )| <y (lx—ull +[v=yl]) 3.7

for all comparable elements (x,y),(u,v) € EXE. If yz(r) =kr, 7 is called a
symmetric partial Lipschitz on E x E with the Lipschitz constant k. Furthermore,
if 0<k<1,then .7 is called a symmetric partial contraction on E x E with contrac-
tion constant k. Furthermore, if w5 (r) < r for r > 0, then .7 is called a nonlinear
symmetric partial & - contractionon E X E .

REMARK 3.1. Note that linear partial contraction coupled operators are consid-
ered by Bhaskar and Lakshmikantham [4] whereas symmetric linear partial contraction
coupled operators are considered by Berinde [3] in the study of coupled fixed point
theorems in the partially ordered metric spaces with applications. It is clear that every
partial & -Lipschitz is symmetric partial & -Lipschitz, but the converse may not be true.
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A slight generalization of Corollary 2.6 may be stated as follows.

THEOREM 3.1. Let (E,=.||-||g) be a regular partially ordered Banach space
and let oo and || -|| be the Kasu partial order and Kasu norm defined in E* respec-
tively. Suppose that 2 : E*> — E? is a monotone nondecreasing operator satisfying the
nonlinear partial contraction condition viz., there exists a 9 -function ¥y € ® such that

|2Z—2W || <y(|z-W]) (3.8)

for all comparable elements Z,W € E*, where y(r) <r, r > 0. If there exists an
element Zy = (x9,y0) € E X E such that (xp,yo) ot 2 (x0,y0) or 2(x0,y0) . (x0,y0),
then 2 has a unique comparable fixed point Z* = (x*,y*) € E X E and the sequence
{2"(x0,y0)} of successive iterations converges monotonically to (x*,y*). Moreover,
the fixed point is unique if every pair of elements in E have a lower bound or an upper
bound.

Proof. The proof is similar to Corollary 2.6 with obvious modifications and now
the conclusion follws from the arguments given in the papers of Dhage [14, 15, 16, 17].
We omit the details. ]

As a consequence of Theorem 3.1 we obtain the following coupled hybrid fixed
point results studied earlier in the literature.

COROLLARY 3.1. (Berinde [3] and Dhage [19]) Let (E,=.|-|g) be a regular
partially ordered Banach space. Suppose that 2 : E*> — E is a mixed monotone nonde-
creasing coupled operator satisfying the condition of nonlinear symmetric partial con-
traction. If there exists an element Zy = (xo,y0) € E X E such that xy = 2(xo,y0) and
2(y0,x0) =< yo, then 2 has a unique comparable coupled fixed point Z* = (x*,y*) €
E X E and the sequences { 2" (xo,y0)} and {2"(yo,x0)} of successive iterations con-
verge monotonically to x* and y* respectively. Moreover, the coupled fixed point is
unique if every pair of elements in E have a lower bound or an upper bound.

Proof. Define a Kasu norm || - ||z2 and a Kasu partial order <,, in E* by the
relations

1y l[g2 = [1xllE + [lylle

and
(x7y) jm (u,v) — )Cj u/\yt vy

for all (x,y), (u,v) € E*. Define an operator .7 : E> — E? by
T (x,y) = (2(x.y), 2(y,x)).

We show that the operator 7 is a monotone nondecreasing operator and satisfies
the condition of nonlinear partial Z-contraction on EZ. Let Z = (x,y) and W = (u,v)
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be any two elements in E? such that Z >, W . Then, by mixed monotonicity of operator
2, we obtain T Z =, TW. Again, we have

172 TWg = || (2(), 20:9) = (200,v), 201)|

E2
= H (2(x,y) — 2(u,v), 2(y,x) — 2(v,u)) =
= [20y) = 2w)|[e+ [ 20(:x) = 2 u)
S y(llx—ulle+ 1y =vlE)

=v(IZ=Wl|g2).

Now the desired conclusion follows by an application of Theorem 3.1. U

COROLLARY 3.2. (Bhaskar and Lakshmikantham [4]) Let (E,=,||-||) be a reg-
ular partially ordered Banach space. Suppose that 2 : E*> — E is a mixed monotone
nondecreasing coupled nonlinear partial contraction. If there exists an element Zy =
(x0,0) € E X E such that xo < 2(x0,y0) and 2(yo,x0) = yo, then 2 has a unique
comparable coupled fixed point (x*,y*) € E X E and the sequences {2"(xo,y0)} and
{2"(vo,x0)} of successive iterations converge monotonically to x* and ,y* respec-
tively. Moreover, the coupled fixed point is unique if every pair of elements in E have a
lower bound or an upper bound.

The following two lemmas are fundamental in the study of coupled hybrid fixed
point theorems for the sum and product of three coupled operators on a partially ordered
Banach algebra.

LEMMA 3.2. Let (E,<,||-||) be a partially ordered Banach space and let 7 :
E X E — E be a mixed monotone, partially bounded and partial 9 -Lipschitz coupled
operator with 9 -function Wz . Then,

o, (T (Cx D))+ 0, (T (D xC)) < yz(0p(C) + 0p(D)) (3.9)

for all bounded chains C and D in E, where oy, is a partial Kuratowskii measure of
noncompactness in E.

Proof. Let € > 0 be given and let C and D be two bounded chains in the partially
ordered Banach space E. Then, by partial Kuratowskii measure of noncompactness,
there exist subchains Cy,C,---,C,, of C such that

c={JG and diamG < a,(C)+ % (3.10)
i=1
Similarly, there exist subchains Dy,D;,---,D, of D such that

D =

-

D; and diamD; < (D) + 5. (3.11)
1

J
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Now,
diam (9(c X D)) = swp Ty = Ty
(x.y),(u,v)€CxD
1
<z osup o Yo (|lx—ull+[v—yl
2 (x.y),(u,v)€CxD ( )
1
<5V (diamC—f—diamD). (3.12)
Similarly, we have
1
diam (ﬂ(D x C)) <5 V7 (diamD—f— diamc) . (3.13)

Therefore, from (3.10) and (3.12) we obtain,

o, (7(CxD)) <diam ( 7(C;xD;))

1 Vg (dlamC +diamD; )

IHI\J

<3vr (a,,(C)+a,,(D)+e). (3.14)

Similarly, from (3.11) and (3.13) we obtain

a, (T(DxC))< l-W(ocp(D)+ozp(c)+f). (3.15)

[\

Now adding (3.14) and (3.15) together implies that
oy, (7(CxD)) +a, (T(DxC))< W(a,,(c:) + (D) +e).
Since € is arbitrary, one has
o, (T(CxD))+a, (T(DxC))< u(7<ap(C)+ap(D)>.

This completes the proof. U

LEMMA 3.3. Let (E,<,||-||) be a partially ordered Banach algebra and let
F,9 : EXE — K be two mixed monotone coupled operators satisfying the
following conditions.

(a) F is a partially bounded and partial 2 -Lipschitz coupled operator with bound
Mgz and P -function Yz, and

(b) 9 is a uniformly partially compact with uniform bound Mg .
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If the coupled operator F : E X E — E be defined by 7 (x,y) = F (x,y)¥ (x,y), then
T is partially continuous and partially bounded mixed monotone coupled operator

satisfying
o, (T (Cx D))+ 0, (T (D x C)) < My yz (0, (C) + 0 (D)) (3.16)
for all bounded chains C and D in E.

Proof. Define an operator .7 : E x E — E by
T (x,y) = F(x,y)¥ (x,y) (3.17)

so that we have
T (y,x) = F (3,x)9 (y,x). (3.18)

Since .# is a partial & -Lipschitz, it is partially continuous on E x E. As a result,
T = F % is well defined and partially continuous coupled operator on E x E into E.
As the coupled operators .# and ¢ are mixed monotone and partially bounded, the
coupled operator .7 is also a mixed monotone and partially bounded on E x E into K
in view of Lemma 3.1. We show that .7 satisfies the condition (3.16) on E x E into
E.

Let (x,y),(u,v) € E x E be two comparable elements. Then, by definition of the
coupled operator .7, we obtain

17 (x,9) = T (u,v)|
= 7@y ¥ (xy) = F (u,v)4 (u,v)|

<L Z (3) — Z )|+ 12 )19 y) - G )|
< My |7 (x,) = F ()| + M |9 (5,9) ~ 9 w,0)|
< My v (=l + vy 4 M |9 ) - @m). 319)
Similarly, we have
1723~ 700l < Mg iz (1=l + =)
M 00) —~F ()] (320)

Let € > 0 be given and let C and D be two bounded chains in the Banach algebra
E satisfying the conditions (3.10) and (3.11) respectively. Then,

diam(y(cXm): sup | T (x,y) — T ()|

(x,y),(u,v)ECXD

< sup 1 gl//f(HX—MH-F||V_YH>
(x,y),(u,v)ECxD 2
+  sup Mg ||9(xy) =G (u,y)
(x,y),(u,v)ECXD

1
—Mbwg@mmC+dmmD)+M%mmngmkln 3.21)

[\
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Similarly, we have
1
diam (9(1) X C)) < 5Myys <diamC+ diamD) Y Mzdiam%(DxC). (3.22)

Next, since ¢ is partially compact, ¢ (C x D) = G is relatively compact subset
of E. Therefore, for above € > 0, by partial Kuratowskii measure of noncompactness,
there exist subchains Gy, Ga,...,Gy, of G such that

mj mp
4(Cx D)= UG[ ¢ = Jv'G)=cxD

and

diam (Gy) < for each /. (3.23)

j‘
Similarly, ¥(D x C) = G’ is a relatively compact subset of E and, for above
€ > 0, by partial Kuratowskii measure of noncompactness, there exist subchains G’l,
G5,...,G,, of G' such that

G(DxC)= UGk ¢ = U% =DxC

and e
diam (G},) < T for each k. (3.24)

F
Denote
Céj,j = g71 (G/) ﬂ (Cl X Dj) .
Then we have

U C[ﬁi’j =CxD.
Gi.j

Similarly, let
i =9 (G (Dj < G).
Therefore, we have

U C/w}i =DxC.

ki, j
Now, from (3.21) and (3.23), it follows that

o, (7 (Cx D)) <diam (.7 (Crs;))

1
< =My yz (diamC; + diamD; ) +Mzdiam ¢ (Cy; ;)
< My yz

(3.25)

<d1amC +diamD; ) + M gz diam G,
<3Mavs (

N = =

My vz (0,(C) + (D) +) +

Nlm
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Similarly, from (3.22) and (3.24) it follows that
o, (7 (DxC)) <diam (.7 (211))
< =My ysz (diamCi + diamD,-) +Mzdiam ¢ (C; ;)

< =My ysz (diamCi + diamD,-) + M & diam G,

»—l\)lb—l\)l'—‘

<§MWM«%K3+%@»+@+§~ (3.26)

Adding expressions (3.25) and (3.26) together implies that
o (7(CxD))~+o, (T (DxC) )<Mgl]{¢<0{p(c)+ap(D)+e> +&.
Since € is arbitrary, we have
o, (T7(CxD))+a, (T(DxC))<Myyz (ap(C) + ap(D)>
for all bounded chains C and D in E and the proof of the lemma is complete. ]

THEOREM 3.2. Let (E,<,||-||) be a partially ordered Banach algebra and let
every compact chain C in E be Janhavi. Suppose that %, : E X E — K and 7 : E X
E — E are three mixed monotone coupled operators satisfying the following conditions.

(a) F is partially bounded and partial 2 -Lipschitz with a 2 -function Y,

(b) 9 is partially continuous and uniformly partially compact with uniform bound
My =sup{||9(Cx D)|:C,D € Ppyn(E)},

(c) F is partially bounded and partially 9 -Lipschitz with a 9 -function W p,
(d) My wz(r)+wape(r) <r for r>0, and

(e) there exists an element (xp,y0) € E X E such that xo < % (x0,y0)¥ (x0,y0) +
. (x0,y0) and yo = F (0,%0) 9 (yo,x0) + (yo,X0) or xo = F (x0,0) ¥ (x0,Y0)
+ € (x0,y0) and yo < F (yo,%0) ¥ (yo,X0) + I (yo,X0)-

Then the coupled operator equations (3.1) and (3.2) have a coupled solution (x*,y*)
and the sequences {x,} and {y,} of successive iterations defined by

Xn1 = F (X, Yn) G (Xn,Yn) + F (Xn, yn) (3.27)
and
yn+l — y(yn»xn)g(yn,xn) +¢%ﬂ(yn7xn) (328)

Jor n =0, converge monotonically to x* and y* respectively. Moreover; the set of all
comparable coupled solutions is compact.
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Proof. Now, the coupled operator equations (3.1) and (3.2) can be written as
x= T (x,y)+(x,y) (3.29)
and
y=T(yx)+H#(yx) (3.30)
forall (x,y),(v,x) € E x E, where 7 is a coupled operator defined by
T (x,y) =F(x,y)9(x,y), (x,y) €EXE.
Define the coupled operator T : E X E — E by
T(x,y) = T (x,y) +H(x,y) (3.31)
so that we have
T(y,x) = T (y,x) + H(y,x). (3.32)

We show that the coupled operator ¥ satisfies all the conditions of Theorem 2.1 on
E x E. Since %, ¢ and 2 are mixed monotone coupled operators on E X E , the cou-
pled operator ¥ is mixed monotone on E X E. As .% and ¢ are partial & -Lipschitz,
they are partially continuous coupled operators on E x E. From the continuity of the
multiplicative composition, it follows that the coupled operator ¥ is a partially contin-
uous on E x E. Next we show that ¥ is a partially condensing on E x E, that is, T
satisfies the set-contractive condition (2.25) of Theorem 2.8 with respect to the partial
Kuratowskii measure ¢/, of noncompactnessin E.

Let C and D be any two bounded chains in E. Then from partial boundedness
of F, 9 and A it follows that .7 (C x D) and J#(C x D) are bounded chains in E.
Now, by definition of the coupled operator ¥, we obtain
T(CxD)C T(CxD)+#(CxD)
and
IT(DxC)C T(DxC)+H#(DxC).

Again, from monotonicity and subadditivity of the partial measure ¢, of noncom-
pactness it follows that

o, (T(CxD))< 0 (T(CxD)) 4oy, (A (CxD)) (3.33)
and
o, (T(DxC))< 0 (T(DXC)) 4oy, (H(DXC)). (3.34)
Adding the above two inequalities together implies that
o, (T(CxD))+o, (T(DxC))

<oy (F(CxD))+a, (H(CxD))

+ocp(9(D><C ) +o, (A (DxC) )
<Mo Yz (0p(C)+0p(D) ) +yr ((0(C) + (D) )

=z (0,(C >+ op(D) ) (3.35)
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where, Yz (r) = Mgy.z(r) + ye(r) < r for r > 0. Thus the coupled operator T
satisfies the set-contractive condition (2.25) of partially condensing coupled operator
with respect to the partial Kuratowskii measure ¢¢, of noncompactnesson E .

Next, there exists an element (xq,yp) € E x E such that

X0 < F (x0,50) 9 (x0,0) + 7 (x0,¥0) = Z(x0,Y0)

and

yo = F (¥0,%0) ¥ (yo0,X0) + 7 (yo,%0) = Z(yo,%0)
or

xo = F (x0,50) ¥ (x0,y0) + 7 (x0,¥0) = Z(x0,Y0)
and

yo < Z (y0,%0) % (yo,x0) + 7 (yo,%0) = T(yo,%o)-

Hence, the element (xo,yo) is a lower coupled or an upper coupled solution of the
coupled operator equations

x=%(xy) and y=T(yx).

Thus the coupled operator ¥ satisfies all the conditions of Theorem 2.1 and so
it has a coupled solution, that is there exists a point (x*,y*) € E X E such that x* =
T(x*,y*) and y* = T(y*,x*) which further by definition of the coupled operator T
implies that

¥ = T () + A )

and
or

X =F W)Y+ A (XY
and

Y =F )G x) + A xT)

and the sequences {x,} and {y,} defined by (3.27) and (3.28) converge monotonically
to x* and y* respectively. Moreover, the set of all such comparable coupled solutions
is compact. This completes the proof. U

THEOREM 3.3. Let (E,<,||-||) be a partially ordered Banach algebra and let
every compact chain C in E be Janhavi. Suppose that %, : E X E — K and 7 : E X
E — E are three mixed monotone coupled operators satisfying the following conditions.

(a) F is partially bounded and partial 2 -Lipschitz with a 2 -function Y,

(b) 9 is partially continuous and uniformly partially compact with uniform bound
My =sup{||9(Cx D)|:C,D € Ppyn(E)},

(c) A is partially continuous and partially compact,
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(d) My wz(r)<r forr>0,and

(e) there exists an element (xo,y0) € E X E such that xo < % (x0,y0) ¥ (x0,y0) +
J(x0,y0) and yo = .F (y0,%0) 94 (Yo, X0) +7 (Yo, X0) or xo = F (x0,Y0) ¥ (xX0,0)
+ 7 (x0,y0) and yo < F (y0,%0)¥ (yo,%0) + 7 (yo,X0)-

Then the coupled operator equations (3.1) and (3.2) have a coupled solution (x*,y")
and the sequences {x,} and {y,} of successive iterations defined by (3.27) and (3.28)
converge monotonically to x* and y* respectively. Moreover, the set of all comparable
coupled solutions is compact.

Proof. The proof of the theorem is similar to Theorem 3.2, but for the sake of
completeness we give the details of it. Define a coupled operator T : E x E — E by

T(xy) =T (x,y)+H(x,y)
where .7 is a coupled operator defined by
T (x,y) =F(x,y)¥(x,y), (x,y) €EXE.

We show that the coupled operator ¥ satisfies all the conditions of Theorem 2.1
on E X E. Since %, 4 and 5 are mixed monotone coupled operators on E X E, the
coupled operator ¥ is mixed monotone on E X E. As .Z is partial Z-Lipschitz, it is
partially continuous coupled operator on E x E. From the continuity of the multiplica-
tive compositionin E it follows that the coupled operator ¥ is a partially continuous on
E x E. Next we show that T satisfies the set-contractive condition (2.25) of Theorem
2.8 with respect to the partial Kuratowskii measure ¢, of noncompactnessin E.

Let C and D be any two bounded chains in E. Then from partial boundedness of
Z and the partial compactness of ¢ and .7 it follows that .7 (C x D) and .7 (C x D)
are bounded chains in E. Now, by definition of the coupled operator T, we obtain

T(CxD)C T(CxD)+H#(CxD)

and
I(DxC)C T(DxC)+H#(DxC).

Next, from monotonicity and subadditivity of the partial measure ¢, of noncom-
pactness it follows that

o, (T(CxD))< 0 (T(CxD))+a, (H(CxD)) (3.36)

nd
' o, (T(DxC))< 0 (T(DXC)) 4oy, (H(DXC)). (3.37)

Since 57 (C x D) and 5 (D x C) are compact sets, it can be shown as in the proof
of Theorem 3.2 that

o, (A (CxD))< and o, (A (DxC))<

N M
N M
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for some arbitrary € > 0. Making use of these inequalities and adding the two inequal-
ities (3.36) and (3.37) together implies that

o, (T(CxD))+a, (T(DxC))
<a, (7(CxD))+a, (T (DxC)) +e
<My Yz (0(C)+ (D))
= vz (0,(C)+0p(D)) (3.38)
where Wz (r) = My w2 (r) < r for r > 0. The rest of the proof is obtained by closely

observing the proof of Theorem 3.2 and so we omit the details. Hence, the proof of the
theorem is complete. ]

On taking % (x,y) = 0, we obtain the following new coupled hybrid fixed point

theorem to the subject of nonlinear analysis and applications.

COROLLARY 3.3. Let (E,<,||-||) be a partially ordered Banach algebra and let
every compact chain C in E be Janhavi. Suppose that .%,9 : E x E — K are two
mixed monotone coupled operators satisfying the following conditions.

(a) F is partially bounded and partial 9 -Lipschitz with a 9 -function Yz,

(b) 9 is partially continuous and uniformly partially compact with uniform bound
My = sup{||§f(C X D)” :C,.De f@hd,cn(E)}y

(¢c) Mgz (r)<rforr>0,and

(d) there exists an element (xo,yo) € E X E such that xo < F(x0,v0)% (x0,Y0)
and yo = F(yo,x0)9(yo,x0) or xo = F(x0,y0)%(x0,y0) and yo <
F (¥0,%0) ¥ (y0,%0)-

Then the coupled operator equations

x=7(xy)9(x,y) (3.39)
and

y=Z(»x)¥(y,x) (3.40)

have a positive coupled solution (x*,y*) and the sequences {x,} and {y,} of succes-
sive iterations defined by

Xni1 = F (X0, Y)Y (Xn, V) (3.41)

and
Ynt+1 = g(ynaxn)g(ymxn) (3.42)

for n >0, converge monotonically to x* and y* respectively. Moreover; the set of all
comparable positive coupled solutions is compact.
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REMARK 3.2. Note that a couple of coupled hybrid fixed point theorems similar
to Theorems 3.2 and 3.3 are also obtained in Dhage [21] using the partial Kuratowskii
measure of noncompactness under the condition that one of the coupled operators .%
and ¢ are symmetric partial & -Lipschitz on E x E. However, we remark that though
the theorems are correct, there is a flaw in the proofs of the theorems with that method.
Therefore, Theorems 3.2 and 3.3 are new coupled hybrid fixed point theorems different
from those presented in Dhage [19] containing the sum and product of three coupled
operators on E x E under a little stronger partial & -Lipschitz condition of one of the
coupled operators .% and 7. Again, the regularity of the partially ordered Banach
algebra E in above coupled hybrid fixed point theorems, Theorems 3.2 and 3.3 may be
relaxed and compensated with the continuity of the coupled operators .%#, 4 and %
on E x E. See Dhage [9, 17, 18, 19, 20] and the references therein.

REMARK 3.3. If x =y in the coupled operator equations (3.1) and (3.2), then they
reduce to the operator equation &/x Bx+ € x = x, where &/x = .7 (x,x), Bx =9 (x,x)
and Ex = S (x,x), and consequently Theorems 3.2 and 3.3 reduce to the hybrid fixed
point theorems for the sum and product of three nonlinear nondecreasing operators in a
partially ordered Banach algebra E proved in Dhage [15, 16, 17].

In view of the Lemmas 2.1 and 2.2 we obtain the following interesting applicable
coupled hybrid fixed point results in an ordered Banach algebra (E,K).

COROLLARY 3.4. Ler (E,K) be an ordered Banach algebra and let F,9 : E X
E — K and 7 : E x E — E are three mixed monotone coupled operators satisfying
the conditions (a) through (e) of Theorem 3.2. Then the coupled operator equations
(3.1) and (3.2) have a coupled solution (x*,y*) and the sequences {x,} and {y,} of
successive iterations defined by (3.27) and (3.28) converge monotonically to x* and y*
respectively. Moreover; the set of all comparable coupled solutions is compact.

COROLLARY 3.5. Let (E,K) be an ordered Banach algebra and let F,9 : E x
E — K and 77 : E x E — E are three mixed monotone coupled operators satisfying
the conditions (a) through (e) of Theorem 3.3. Then the coupled operator equations
(3.1) and (3.2) have a coupled solution (x*,y*) and the sequences {x,} and {y,} of
successive iterations defined by (3.27) and (3.28) converge monotonically to x* and y*
respectively. Moreover; the set of all comparable coupled solutions is compact.

COROLLARY 3.6. Let (E,K) be an ordered Banach algebra and let F,9 : E x
E — K be two mixed monotone coupled operators satisfying the conditions (a) through
(d) of Corollary 3.3. Then the coupled operator equations (3.39) and (3.40) have a
positive coupled solution (x*,y*) and the sequences {x,} and {y,} of successive iter-
ations defined by (3.41) and (3.42) converge monotonically to x* and y* respectively.
Moreover, the set of all comparable positive coupled solutions is compact.

Similarly, if x =y and &/x = Z(x,x), $Bx =Y (x,x) and €x = H(x,x), then
Corollary 3.5 reduces to the following hybrid fixed point theorem involving the sum
and product of three operators in an ordered Banach space (E,K).
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COROLLARY 3.7. Let (E,K) be an ordered Banach algebra and let </ ,.% : E —
K and € : E — E be three nondecreasing operators satisfying the following conditions.

(a) < is partially bounded and partial 9 -Lipschitz with 9 -function Yoy,
(b) A is partially continuous and uniformly partially compact,
(¢) € is partially bounded and partial 9 -Lipschitz with 9 -function Wy, and

(d) My (r)+ we(r) <rforeach r >0, where Mg = sup{||B(C)| :
Ce Praen(E)}.

If there exists an element xo € E such that xy < o/ xg $Bxo~+ Cxo or xo = o xy) Bxo+
Exo, then the operator equation </ x Bx+ € x = x has a solution x* and the sequence
{xn} of successive iterations defined by x| = <X, Bx, + €xn converges monotoni-
cally to x*. Moreover, the set of all comparable solutions is compact.

COROLLARY 3.8. Let (E,K) be an ordered Banach algebra and let </ ,.% : E —
K be two nondecreasing operators satisfying the following conditions.

(a) < is partially bounded and partial 9 -Lipschitz with 9 -function Yo,
(b) A is partially continuous and uniformly partially compact, and
(¢) Mpyy(r) <r foreach r >0, where Mg = sup{||B(C)| : C € Ppacen(E)}.

If there exists an element xo € E such that xo < o/ xo Bxy or xo = A xoBxy, then
the operator equation </ xBx = x has a positive solution x* and the sequence {x,}
of successive iterations defined by x,.1 = x, Bx, converges monotonically to x*.
Moreover, the set of all comparable solutions is compact.

REMARK 3.4. The hybrid fixed point corollaries, Corollaries 3.3, 3.4, 3.5 and 3.6
are new to the literature on the theory of coupled fixed point theorems in the ordered
Banach spaces and applications. Note that the above mentioned coupled hybrid fixed
point results are very much useful in the subject of nonlinear analysis for proving the
existence and approximation theorems for nonlinear coupled differential and integral
equations in finite and infinite dimensional Banach spaces.

4. Mixed coupled hybrid fixed point theorems

Next, we consider the case in which the operators and the coupled operators appear
in the coupled equations simultaneously at the same time. There are ample examples
of such coupled equations in nonlinear analysis and applications. Therefore, it is of
interest to obtain the coupled solutions to such mixed coupled equations under certain
suitable mixed hybrid conditions of algebra, analysis and topology.
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4.1. Mixed coupled equations of type I

Now, consider the coupled operator equations
x=9dxYG(x,y)+Cx 4.1)

and
y=yY(y,x)+Ey, (4.2)

where ./ ;¢ : E — E are nonlinear operators and ¢ : E x E — E is a coupled operator
which are not necessarily continuous.

A pair of elements (x*,y*) € E x E is called a coupled fixed point of the coupled
operator equations (4.1) and (4.2) if

X'=dxXG "y )+ Ex" (4.3)
and

V' =y Gy X))+ Y. 4.4)

THEOREM 4.1. Let (E,<,| - ||) be a partially ordered Banach algebra and let
every compact chain C in E be Janhavi. Suppose that </ :E — K and € : E — E are
nondecreasing operators and 4 : E x E — K is a mixed monotone coupled operator
satisfying the following conditions.

(a) < is partially bounded and partial 9 -Lipschitz with a 9 -function Yoy,

(b) 9 is partially continuous and uniformly partially compact with uniform bound
My =sup{||4(CxD)||:C,D € Ppyen(E)},

(¢) € is partially bounded and partially 2 -Lipschitz with a 9 -function Yy,
(d) My o (r)+ we(r) <r foreach r >0, and

(e) there exists an element (xo,y0) € E X E such that xy < /x09 (x0,y0) + €xo
and yo = Ayo9Y(vo,x0) + €yo or xo = Ax0Y(x0,y0) + €xo and
Yo < @09 (yo,%0) + €yo.

Then the coupled operator equations (4.1) and (4.2) have a coupled solution (x*,y*)
and the sequences {x,} and {y,} of successive iterations defined by

Xnt1 = D x0G (X, Yn) + Cxn 4.5)

and
Yn+1 = JZ{yng(ymxn) +Cyn (4.6)

Jor n = 0, converge monotonically to x* and y* respectively. Moreover; the set of all
comparable coupled solutions is compact.
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Proof. Define a coupled operator .7 : E X E — E by
T (x,y) = AxY (x,y) +Cx 4.7)

so that
T (y,x) = A y9G (y,x) +Cy. (4.8)

Since the operator &/ and % are nondecreasing on E and the coupled operator
% (x,y) is nondecreasing in x for each y € E, the coupled operator 7 (x,y) is nonde-
creasing in x for each y € E. Similarly, since the operator ¢ (x,y) is nonincreasing in
y for each x € E, the coupled operator .7 (x,y) is nonincreasing in y for each x € E.
Thus the coupled operator .7 is mixed monotone on E x E. Again, as </ and ¢ are
partially bounded on E and ¥ is partially bounded on E x E, the coupled operator
T is partially bounded on E x E. We show that .7 satisfies the measure theoretic
set-contractive condition (2.25) of Theorem 2.8 on E X E.

Now, for any comparable elements (x,y), (#,v) € E x E, by definition of the cou-
pled operator .7, we obtain

17 (63) — @) < 1559 (x53) — /()| + | — B
< |lx = ul[|9 (x, )| + || ull [Glx,y) — G(u,v)]]
+||€x —Cull
<My oy (|x—ull) +Moy (| (x,y) =% ()]
e (Jlx—ul)) @9)

Similarly,

1.7 (y,x) = T (vu)|| <My ey (IIv—yl) +M |9 (y,.x) =4 (v,u) ||
+ve (Iv—=yll) - (4.10)

Next, let € > 0 be given and let C and D be two bounded chains in the Banach
algebra E satisfying the conditions (3.10) and (3.11) respectively. As .7 is partially
bounded, we have that .7 (C x D) is a bounded chain of E. Therefore, by definition of
the diameter of a set in E, we obtain

diam (y(CXD)> = sup ”‘7()(7)’)_9(14,\))“
(x.y),(u,)ECXD

< sup My ([x—ul)
(x,y),(u,v)ECXD

My sup (|G (y,x) =G (vu)
(x.y),(u,v)€CxD

+ sup v (lx—ul)
(x.y),(u,)ECXD

< My oy (diam (C) ) +M,, diam (%(C X D))
4y (diam (C) ) . 4.11)
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Similarly, we obtain
diam <§(D X C)) < My Yy (diam (D) ) +M diam <§?(D X C))
+yi (diam(D) ) . (4.12)

Next, since ¢ is partially compact, ¢ (C x D) = G is relatively compact subset
of E. Therefore, for above € > 0, by partial Kuratowskii measure of noncompactness,
there exist subchains Gy, Ga,...,Gy, of G such that

my
4(Cx D)= UG,I—G = U% =CxD
and
diam(Gy) < foreach A. (4.13)
o

Similarly, 4 (D x C) = G’ is a relatively compact subset of E and for above
€ > 0, by partial Kuratowskii measure of noncompactness, there exist subchains G/,
G),...,G,, of G' such that

G(DxC)= U G,=G = U 9 (G)=DxC
and e
diam (G))) < T for each 7. (4.14)

Denote
B?u}j = gil(GQL) m (C,' X Dj).

Then we have

U C7L7i7.f =CxD.

Aij
Similarly, let

/ —Ly
Crii=9"(G)) (D xC).

Therefore, we have

UC,, ;i =bpxc.

L

Now, from the inequalities (4.11) and (4.13), we obtain

ap(y(c x D)) < diam <7(Bx7i71)>
<My v,y (diam(G;) ) +M, diam (g ([3171'7;'))
+ i (diam (G;) )
<My Yoy (0p(C) + &) +My diam Gy,
+ e (0,(C) + )
<My (0p(C)+e) +we (@(C)+e) 45 @19)
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Similarly, from the inequalities (4.12) and (4.14), we obtain

o (7(DxC)) < diam (7 (T}, )
< My Yy (diam (D;) ) +Moy diam (%(C0))
+ vy (diam (D) )
<My oy (0p(D) +€) +My diamG),
+ v (ap(D)+¢)
<My .y (0p(D)+¢) +yg (0p(D) +¢) +§. (4.16)

Adding (4.15) and (4.16) together implies that

o (7(CxD))+ (7 (DxC))
<My vy (0,(C)+¢) +yy (a,(C)+¢)
+My o (0p(D)+€) +yiy (0p(D)+€) +e.

Since € is arbitrary, one has
ap<§(CxD)> +ap( (D xC)

<My vy (0(C)) +yig (0(C))
+Mgyy (0p(D) )+ (0p(D))
< op(C)+ 0p(D)

for all bounded chains C and D in E for which o, (C) + o;,(D) > 0. As a result, the
coupled operator .7 is a partially condensing with respect to the partial Kuratowskii
measure 0, of noncompactnessin E. Thus, 7 satisfies all the conditions of Theorem
2.8 and so the coupled operator equations x = .7 (x,y) and y = .7 (y,x) have a coupled
solution (x*,y*). Consequently the coupled operator equations (4.1) and (4.2) have
a coupled solution (x*,y*) and the sequences {x,} and {y,} of successive iterations
defined by (4.5) and (4.6) converge monotonically to x* and y* respectively. This
completes the proof. ]

THEOREM 4.2. Let (E,<,||-||) be a partially ordered Banach algebra and let
every compact chain C in E be Janhavi. Suppose that </ :E — K and € : E — E are
nondecreasing operators and 4 : E X E — K is a mixed monotone coupled operator
satisfying the following conditions.

(a) < is partially bounded and partial 9 -Lipschitz with a 9 -function Yoy,

(b) 9 is partially continuous and uniformly partially compact with uniform bound
My =sup{||9(Cx D)|:C,D € Ppyn(E)},

(¢) € is partially continuous and partially compact,



Differ. Equ. Appl. 11, No. 1 (2019), 1-85. 41

(d) My vy, (r) <r foreach r >0, and

(e) there exists an element (xo,y0) € E X E such that xy < o/x09 (x0,v0) + €xo
and yo = AyoY(vo,x0) + €yo or xo = Ax0Y(x0,y0) + €xo and
Yo < y0Y (yo,%0) + €yo.

Then the coupled operator equations (4.1) and (4.2) have a coupled solution (x*,y")
and the sequences {x,} and {y,} of successive iterations defined by (4.5) and (4.6)
converge monotonically to x* and y* respectively. Moreover; the set of all comparable
coupled solutions is compact.

The proof of Theorem 4.2 is simple and can be obtained by giving similar argu-
ments and closely observing the proof of Theorem 4.1. We omit the details. As a
consequence of above Theorems 4.1 and 4.2 we obtain the following corollary.

COROLLARY 4.1. Let (E,<,||-||) be a partially ordered Banach algebra and let
every compact chain C in E be Janhavi. Suppose that </ : E — K is nondecreasing
operator and 9 : E X E — K is a mixed monotone coupled operator satisfying the
following conditions.

(a) < is partially bounded and partial 9 -Lipschitz with a 9 -function Yoy,

(b) 9 is partially continuous and uniformly partially compact with uniform bound
M% = Sup{”g(c X D)” : CvD € <@bd,cn(E)};

(¢c) My, (r) <r foreach r>0, and

(d) there exists an element (xo,y9) € E X E such that xo < &/x09 (x0,y0) and yo =
AyoY (yo,x0) or xo = A x09 (x0,y0) and yo < AyoY (yo,X0)-

Then the coupled operator equations
x=dxY(x,y) (4.17)

and
y=yY(y,x) (4.18)

have a positive coupled solution (x*,y*) and the sequences {x,} and {y,} of succes-
sive iterations defined by
Xnt1 = XY (Xn,Yn) (4.19)

and
Y1 = LYY (Yn,Xn) (4.20)

for n > 0, converge monotonically to x* and y* respectively. Moreover; the set of all
comparable coupled solutions is compact.

Now, in view of the Lemmas 2.1 and 2.2, we obtain
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COROLLARY 4.2. Let (E,K) be an ordered Banach algebra. Suppose that
o E — K and € : E — E are nondecreasing operators and 4 : E X E — K is a
mixed monotone coupled operator satisfying the conditions (a) through (e) of Theorem
4.1 or4.2. Then the coupled operator equations (4.1) and (4.2) have a positive coupled
solution (x*,y*) and the sequences {x,} and {yn} of successive iterations defined by
(4.5) and (4.6) converge monotonically to x* and y* respectively. Moreover, the set of
all comparable coupled solutions is compact.

4.2. Mixed coupled equations of type II

Next, we consider the mixed coupled operator equations
x=dxF(x,y)+Cx (4.21)

and
y=AyF(y,x)+Ey, (4.22)

where «7,% : E — E are nonlinear operators and .% : E x E — E is a coupled operator
which are not necessarily continuous.

A pair of elements (x*,y*) € E x E is called a coupled fixed point of the coupled
operator equations (4.21) and (4.22) if

X=X F Xy )+ Ex" (4.23)
and

Vi =y F(y LX)+ Ey (4.24)

THEOREM 4.3. Let (E,<,|-||) be a partially ordered Banach algebra and let
every compact chain C in E be Janhavi. Suppose that </ : E — K and ¢ : E — E are
nondecreasing operators and % : E X E — K is a mixed monotone coupled operator
satisfying the following conditions.

(a) < is partially continuous and uniformly partially compact with uniform bound
M =sup{||#Z(C)|| :C € Ppaen(E)},

(b) F is partially bounded and partial 2 -Lipschitz with a 2 -function Y,
(c) € is partially bounded and partial 9 -Lipschitz with a 9 -function Yy,
(d) Moy wz(ri+r)+we(r) +we(r) <ri+r foreach ry >0, r; >0, and

(e) there exists an element (xo,y0) € E X E such that xy < <7 xyF (x0,y0) + €xo
and yo = yoF(yo,x0) + €yo or xo = IxoF(x0,y0) + Exo and
yo < @yoF (yo,%0) + €yo-

Then the coupled operator equations (4.21) and (4.22) have a coupled solution (x*,y*)
and the sequences {x,} and {y,} of successive iterations defined by

Xp1 = A X0 F (Xn,vn) + Exn (4.25)
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and

Yn+1 = szynf(yn,xn) +Eyn (4.26)

Jor n > 0, converge monotonically to x* and y* respectively. Moreover; the set of all
comparable coupled solutions is compact.

Proof. Define a coupled operator .7 : E x E — E by
T (x,y) = dxF(x,y)+Cx (4.27)

so that we have

T (v,x) = Ay F(y,x) +Cy. (4.28)

Since the operator &/ and % are nondecreasing on E and the coupled operator
Z (x,y) is nondecreasing in x for each y € E, the coupled operator .7 (x,y) is nonde-
creasing in x for each y € E. Similarly, since the operator .% (x,y) is nonincreasing in
y for each x € E, the coupled operator .7 (x,y) is nonincreasing in y for each x € E.
Thus the coupled operator .7 is mixed monotone on E x E. Again, as </ and ¢ are
partially bounded on E and . is partially bounded on E x E, the coupled operator
T is partially bounded on E x E. We show that .7 satisfies the measure theoretic
set-contractive condition (2.25) of Theorem 2.8 with respect to the partial Kuratowskii
measure of noncompactness on E X E.

Now for any two comparable elements (x,y), (#,v) € E X E, by definition of the
coupled operator .7, we obtain

1.7 (x,y) = T ()| < |(xF (x,y)) — (FuF ()| + | €x—Cul
< |l x — ul| | Z (x,3) || + | ull || 7 (x,y) — F (u,v)]]
+||€x—Cu

1
<My || x— ol +3Ma vz (lx—ull+[v=yl)
+ v (lx—ul). (4.29)

Similarly,
1
17 00) = T )l <Mz |y = vl + SMoy Yz (llx—ull+lv=yl)
+ve (ly—vl) . (4.30)

Next, let € > 0 be given and let C and D be two bounded chains in the Banach
algebra E satisfying the inequalities (3.10) and (3.11) respectively. As .7 is partially
bounded, we have that .7 (C x D) is a bounded chain of E. Therefore, by definition of
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the diameter of a set in E, we obtain
diam (ﬂ(c x D)) = sup | Zy) - Ty
(x,y),(u,v)eCxD
< sup Mg ||o/x — o/ ul|

(x.y),(u,v)€CxD

1
+§ sup Ma/l//f(H,X—MH‘FHV_y”)
(x.y),(u,y)€CxD

+ sup ‘V(K(HX—MH)
(x.y),(u,)ECXD

1
< Mg diam o/ (C) + 3 M w7 (diamC+ diamD)
+ Yy (diamC) . (4.31)

Similarly, we obtain

diam (9(D X C)) < Mz diam.«/ (D) + % M yz (diamD + diamC)
+y (diamD ) . (4.32)

Next, since < is partially compact, </ (C) = A is relatively compact subset of E.
Therefore, for above € > 0, by partial Kuratowskii measure of noncompactness, there
exist subchains Ay, Aj,...,A,; of A such that

m3 m3
dC)=JAu=4A = Yo '4y=C

p=1 u=1
and e
dlam(Aﬂ) < m

for each . (4.33)

Similarly, <7 (D) = A’ is a relatively compact subset of E and therefore, for above
€ > 0, by partial Kuratowskii measure of noncompactness, there exist subchains A’l,
Aj, ..., A, of A" such that

n3 n3
4 D)= JA, =4 = |J& '4,)=D
v=1

v=1

and

diam (A}) < 2;{ for each v. (4.34)

F
Denote
Cyﬂ'?j - (gil(G“) ﬂC,) X Dj,
then we have
U Cyﬂ'?j =CxD.
Hoi.j
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Similarly, let

Cj= (47 ) N0s) <G

UCVJI—DXC.

v, jii

so, we have

Now, from the expressions (4.31) and (4.33) we obtain
o, (7(CxD)) <diam (.7 (Cp,j))
< Mg diamA, + % ‘M yz (diamC; + diamD))
+ Wy (diamG; )

< %'ngl//j‘ (a(C)+a(D)+e)

F ((0) +e) +5. (433)
Similarly, we have
o, (7(DxC)) <diam (7 (Cy;;))
< Mz diamA), + % ‘M Yz (diamC; + diamD;)
+ Y (diamD; )

< %'Mpy"//f (a(C)+a(D)+e)

+yi (a(D)+e) +§. (4.36)

Adding (4.35) and (4.36) together implies that
ap<§(C X D)) + ap(ﬁ(D X C)) <My yz (0,(C)+oy(D)+€)

+ vy (0p(C)+¢) +yy (ap(D)+e) +e.

Since ¢ is arbitrary, one has

o (7(CxD)) + (T (DxC)) <My yiz (((C)+0(D) )
)

+ve (0(C) )+ (0p(D) )
< op(C) + 0(D)

for all bounded chains C and D in E for which o, (C) + o;,(D) > 0. As a result, the
coupled operator .7 is a partially condensing with respect to the partial Kuratowskii
measure 0, in E. Thus, T satisfies all the conditions of Theorem 2.8 and so the cou-
pled operator equations x = .7 (x,y) and y = .7 (y,x) have a coupled solution (x*,y*).
Consequently the coupled operator equations (4.21) and (4.22) have a coupled solution
(x*,y*) and the sequences {x,} and {y,} of successive iterations defined by (4.25) and
(4.26) converge monotonically to x* and y* respectively. This completes the proof. []
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THEOREM 4.4. Let (E,<,|-||) be a partially ordered Banach algebra and let
every compact chain C in E be Janhavi. Suppose that </ :E — K and € : E — E are
nondecreasing operators and 4 : E X E — K is a mixed monotone coupled operator
satisfying the following conditions.

(a) < is partially continuous and uniformly partially compact with uniform bound
M =sup{||#Z(C)|| :C € Ppaen(E)},

(b) F is partially bounded and partial 2 -Lipschitz with a 2 -function Y,
(¢) € is partially continuous and partially compact,
(d) Mo wa(r) <r foreach r >0, and

(e) there exists an element (xo,y0) € E X E such that xy < <7 xoF (x0,y0) + €xo
and yo = yoF(yo,x0) + C€yo or xo = Fxo.F(x0,y0) + Cxo and
Yo < @yoF (yo,%0) + €Y.

Then the coupled operator equations (4.21) and (4.22) have a coupled solution (x*,y")
and the sequences {x,} and {y,} of successive iterations defined by (4.25) and (4.26)
converge monotonically to x* and y* respectively. Moreover; the set of all comparable
coupled solutions is compact.

The proof of Theorem 4.4 is obtained by closely observing the proof of Theorem
4.3. We omit the details. As a consequence of above Theorems 4.3 and 4.4 we obtain
the following corollary.

COROLLARY 4.3. Let (E,K) be an ordered Banach algebra. Suppose that
o E — K and € : E — E are nondecreasing operators and ¥ : E XE — K is a
mixed monotone coupled operator satisfying the conditions (a) through (e) of Theorem
4.3 or 4.4. Then the coupled operator equations (4.21) and (4.22) have a coupled so-
lution (x*,y*) and the sequences {x,} and {y,} of successive iterations defined by
(4.25) and (4.26) converge monotonically to x* and y* respectively. Moreover, the set
of all comparable coupled solutions is compact.

4.3. Mixed coupled equations of type III
Now, consider the coupled operator equations
x=dxYG(x,y)+ €y (4.37)

and
y=AyY(y,x)+ Cx, (4.38)

where «7,% : E — E are nonlinear operators and .% : E x E — E is a coupled operator
which are not necessarily continuous.

A pair of elements (x*,y*) € E x E is called a coupled fixed point of the coupled
operator equations (4.37) and (4.38) if

X'=dxXG(xy )+ 6y (4.39)
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and
V' =y Gy, xt)+Ex". (4.40)

THEOREM 4.5. Let (E,<,|-||) be a partially ordered Banach algebra and let
every compact chain C in E be Janhavi. Suppose that </ : E — K is nondecreasing
operator, € : E — E is nonincreasing operator and 4 : E x E — K is mixed monotone
coupled operator satisfying the following conditions.

(a) < is partially bounded and partial 9 -Lipschitz with a 9 -function Yo,

(b) 9 is partially continuous and uniformly partially compact with uniform bound
My =sup{||9(CxD)|:C,D € Ppyn(E)},

(c) € is partially bounded and partially 9 -Lipschitz with a 9 -function W,
(d) My o (r)+we(r) <rforeach r >0, and

(e) there exists an element (xo,y0) € E X E such that xy < o/x09 (x0,v0) + €Yo
and yo = AyoY(vo,x0) + €xo or xo = Ax0Y(x0,y0) + €yo and
yo < yo%9 (yo,x0) +€xo.

Then the coupled operator equations (4.37) and (4.38) have a coupled solution (x*,y*)
and the sequences {x,} and {y,} of successive iterations defined by

Xn+1 :%xng(xmyn)"i'(gyn (441)

and
Vi1 = DYnG (Yn,xn) + Exp (4.42)

for n >0, converge monotonically to x* and y* respectively. Moreover; the set of all
comparable coupled solutions is compact.

Proof. Define a coupled operator .7 : E x E — E by
T (x,y) = AxY (x,y)+ €y (4.43)

so that we have
T (y,x) = AyY (y,x) + €x. (4.44)

Since the operator < is nondecreasing and the coupled operator ¢(x,y) is non-
decreasing in x for each y € E, the coupled operator 7 (x,y) is nondecreasing in x
for each y € E. Similarly, since the operator 4" is nonincreasing and the coupled op-
erator ¢ (x,y) is nonincreasing in y for each x € E, the coupled operator .7 (x,y) is
nonincreasing in y for each x € E. Thus the coupled operator .7 is mixed monotone
on E x E. Again, as & and ¢ are partially bounded on E and ¥ is partially bounded
on E x E, the coupled operator 7 is partially bounded on E x E. The rest of the proof
is similar to Theorem 4.1 and hence we omit the details. |
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THEOREM 4.6. Let (E,<,|-||) be a partially ordered Banach algebra and let
every compact chain C in E be Janhavi. Suppose that </ : E — K is nondecreasing
operator, € : E — E is nonincreasing operator and ¢4 : E X E — K is mixed monotone
coupled operator satisfying the following conditions.

(a) < is partially bounded and partial 9 -Lipschitz with a 9 -function Yo,

(b) 9 is partially continuous and uniformly partially compact with uniform bound
Mg =sup{||4(CxD)||:C,D € Ppqen(E)},

(¢) € is partially continuous and partially compact,
(d) My vy, (r) <r foreach r >0, and

(e) there exists an element (xo,y0) € E X E such that xy < o/x09 (x0,v0) + €Yo
and yo = Y09 (vo,x0) + €xo or xo = FxY(x0,y0) + Cyo and
Yo < yoY (yo,x0) + Cxo.

Then the coupled operator equations (4.37) and (4.38) have a coupled solution (x*,y*)
and the sequences {x,} and {y,} of successive iterations defined by (4.41) and (4.42)
converge monotonically to x* and y* respectively. Moreover, the set of all comparable
coupled solutions is compact.

COROLLARY 4.4. Let (E,K) be an ordered Banach algebra. Suppose that
o E — K and € : E — E are nondecreasing operators and ¥ : E XE — K is a
mixed monotone coupled operator satisfying the conditions (a) through (e) of Theorem
4.5 or 4.6. Then the coupled operator equations (4.37) and (4.38) have a positive cou-
pled solution (x*,y*) and the sequences {x,} and {y,} of successive iterations defined
by (4.41) and (4.42) converge monotonically to x* and y* respectively. Moreover, the
set of all comparable coupled solutions is compact.

4.4. Mixed coupled equations of type IV

Now, consider the coupled operator equations
x=dxF(x,y)+ €y (4.45)

and
y=oyF(y,x)+Ex, (4.46)

where o/, ¢ : E — E are nonlinear operators and .% : E x E — E is a coupled operator
which are not necessarily continuous.

A pair of elements (x*,y*) € E x E is called a coupled fixed point of the coupled
operator equations (4.45) and (4.46) if

X=X F (X y )+ €y (4.47)

and
Y =y F(y X))+ Ex (4.48)
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THEOREM 4.7. Let (E,<,|-||) be a partially ordered Banach algebra and let
every compact chain C in E be Janhavi. Suppose that </ : E — K is nondecreasing
operator, € : E — E is nonincreasing operator and .7 : E X E — K is mixed monotone
coupled operator satisfying the following conditions.

(a) o is partially continuous and uniformly partially compact with uniform bound
M =sup{[| (C)|| : C € Ppaen(E)},

(b) F is partially bounded and partial 2 -Lipschitz with a 2 -function Y,
(c) € is partially bounded and partial 9 -Lipschitz with a 9 -function Yy,
(d) Moy waz(ri+nr)+ we(r)+ We(rn) < ri+r foreach ry >0, r, >0, and

(e) there exists an element (xo,y0) € E X E such that xy < <7 xoF (x0,Y0) + €Yo
and yo = yoF(yo,x0) + Exo or xo = FxoF(x0,y0) + Cyo and
Yo < @y F (yo,%0) +€xo.

Then the coupled operator equations (4.45) and (4.46) have a coupled solution (x*,y")
and the sequences {x,} and {y,} of successive iterations defined by

Xp1 = A X0 F (Xn, V) + Evn (4.49)

and
Yn+1 = dyn (ynyxn) +<gxn (4.50)

Jor n >0, converge monotonically to x* and y* respectively. Moreover; the set of all
comparable coupled solutions is compact.

Proof. The proof of the theorem is obtained by closely observing the proof of
Theorems 4.3 and 4.5 and hence we omit the details. g

THEOREM 4.8. Let (E,<,||-||) be a partially ordered Banach algebra and let
every compact chain C in E be Janhavi. Suppose that </ : E — K is nondecreasing
operator, € : E — E is nonincreasing operator and ¥ : E X E — K is mixed monotone
coupled operator satisfying the following conditions.

(a) < is partially continuous and uniformly partially compact with uniform bound
My =sup{||#Z(C)|| :C € Ppaen(E)},

(b) F is partially bounded and partial 9 -Lipschitz with a 9 -function Yz,
(¢) € is partially continuous and partially compact,
(d) Mo wa(r) <r foreach r >0, and

(e) there exists an element (xo,y0) € E X E such that xo < <7/xoF (x0,y0) + €Yo
and yo = yoF(yo,x0) + €xo or xo = Ax0F(x0,y0) + Cyo and
yo < yoF (yo,%0) + € xo.
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Then the coupled operator equations (4.45) and (4.46) have a coupled solution (x*,y*)
and the sequences {x,} and {y,} of successive iterations defined by (4.49) and (4.50)
converge monotonically to x* and y* respectively. Moreover, the set of all comparable
coupled solutions is compact.

Proof. The proof of the theorem is obtained by closely observing the proof of
Theorems 4.4 and 4.6 and hence we omit the details. |

COROLLARY 4.5. Let (E,K) be an ordered Banach algebra. Suppose that
o E — K and € : E — E are nonincreasing operators and .7 : E X E — K is a
mixed monotone coupled operator satisfying the conditions (a) through (e) of Theorem
4.7 or 4.8. Then the coupled operator equations (4.45) and (4.46) have a coupled so-
lution (x*,y*) and the sequences {x,} and {y,} of successive iterations defined by
(4.49) and (4.50) converge monotonically to x* and y* respectively. Moreover, the set
of all comparable coupled solutions is compact.

4.5. Mixed coupled equations of type V
Now, consider the coupled operator equations
x=dx+9(x,y) 4.51)
and
y=y+%9(yx), (4.52)

where o : E — E is a nonlinear operators and ¢ : E x E — E is a coupled operator
which are not necessarily continuous.

A pair of elements (x*,y*) € E X E is called a coupled fixed point of the coupled
operator equations (4.51) and (4.52) if

X=X +9G(x",y") (4.53)

and
Y=y +9(y",x") (4.54)

THEOREM 4.9. Let (E,<,||-||) be a partially ordered Banach space and let every
compact chain C in E be Janhavi. Suppose that </ : E — E is a nondecreasing opera-
torand 9 : E x E — K is a mixed monotone coupled operator satisfying the following
conditions.

(a) < is partially bounded and nonlinear partial 2 -contraction with a 9 -function

Ve

(b) 9 is partially continuous and partially compact, and

(c) there exists an element (xo,y0) € E X E such that xo < <7/xo+ 9 (x0,y0) and
Yo = yo+%9 (yo,%0) or xo = o/ xo+ 9 (x0,y0) and yo < «yo+9 (o, o).
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Then the coupled operator equations (4.51) and (4.52) have a coupled solution (x*,y")
and the sequences {x,} and {y,} of successive iterations defined by

Xnt1 = A Xn+ G (xn,vn) (4.55)

and
Ynt+1 = dyn'f'g(ymxn) (4.56)

for n >0, converge monotonically to x* and y* respectively. Moreover; the set of all
comparable coupled solutions is compact.

Proof. Define a coupled operator .7 : E X E — E by
T (x,y) = Ax+Y(x,y) (4.57)

so that
T (,x) =dy+9(y,x). (4.58)

Since the operator <7 is nondecreasing on E and the coupled operator ¢ (x,y) is
nondecreasing in x for each y € E, the coupled operator .7 (x,y) is nondecreasing in
x for each y € E. Similarly, since the operator ¢(x,y) is nonincreasing in y for each
x € E, the coupled operator .7 (x,y) is nonincreasing in y for each x € E. Thus the
coupled operator .7 is mixed monotone on E X E. Again, as <7 is partially bounded on
E and ¥ is partially bounded on E X E, the coupled operator .7 is partially bounded
on E x E. We show that .7 satisfies the measure theoretic set-contractive condition
(2.25) of Theorem 2.8 on E X E.

Let C and D be two bounded chains in the Banach space E. As .7 is partially
bounded, we have that .7 (C x D) is a bounded chain of E. Then we have

F(Cx D) C o (C)+%(C D)

nd
’ T(DxC)C o (D)+9(DxC).

Now, by property (P6) of partial Kuratowski measure ¢, of noncompactness in
E, we obtain

o, (T (Cx D)) < ap((C)) + 0, (4(Cx D)) < yy (05 (C)) (4.59)

and
o, (T (DxC)) < ap((D))+0p(4(DxC)) < Wy (0, (D)) (4.60)

Adding (4.59) and (4.60) together implies that
ap(ﬂ(Cx D)) + ap<§(D X C))

<V (0 (C)) + vy (0 (D))
< 0)(C) + 04y (D)
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for all bounded chains C and D in E for which o, (C) + a,(D) > 0. As a result, the
coupled operator .7 is a partially condensing with respect to the partial Kuratowskii
measure 0, of noncompactnessin E. Thus, 7 satisfies all the conditions of Theorem
2.1 and so the coupled operator equations x = .7 (x,y) and y = .7 (y,x) have a coupled
solution (x*,y*). Consequently the coupled operator equations (4.51) and (4.52) have
a coupled solution (x*,y*) and the sequences {x,} and {y,} of successive iterations
defined by (4.55) and (4.56) converge monotonically to x* and y* respectively. This
completes the proof. ]

As a consequence of above Theorem 4.9 we obtain the following corollary.

COROLLARY 4.6. Let (E,K) be an ordered Banach space. Suppose that < :
E — E is a nondecreasing operator and ¢4 : E X E — E is a mixed monotone coupled
operator satisfying the conditions (a) through (c) of Theorem 4.9. Then the coupled op-
erator equations (4.51) and (4.52) have a coupled solution (x*,y*) and the sequences
{xn} and {y,} of successive iterations defined by (4.55) and (4.56) converge monoton-
ically to x* and y* respectively. Moreover, the set of all comparable coupled solutions
is compact.

Next, we consider the mixed coupled operator equations
x=dx+ F(x,y) (4.61)
and
y=dy+F(yx), (4.62)

where o/ : E — E is a nonlinear operator and .% : E X E — E is a coupled operator
which are not necessarily continuous.

A pair of elements (x*,y*) € E x E is called a coupled fixed point of the coupled
operator equations (4.61) and (4.62) if

X=X+ F(x"y") (4.63)

and
Vi =y + F (v x). (4.64)

THEOREM 4.10. Ler (E,<,||-||) be a partially ordered Banach space and let
every compact chain C in E be Janhavi. Suppose that </ : E — E is a nondecreasing
operator and ¥ : E x E — K is a mixed monotone coupled operator satisfying the
following conditions.

(a) o is partially continuous and partially compact,

(b) F is partially bounded and nonlinear partial 9 -contraction with a 9 -function
Vg, and

(c) there exists an element (xo,y0) € E X E such that xo < o/xo+ F (xo,y0) and
Yo = yo+F (yo,X0) or xo = o xo+F (x0,y0) and yo < &yo+ F (yo,X0)-
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Then the coupled operator equations (4.61) and (4.62) have a coupled solution (x*,y*)
and the sequences {x,} and {y,} of successive iterations defined by

Xnt1 = A xn+ F (Xn,n) (4.65)

and
Yn41 :%yn"‘g(ynaxn) (4.66)

for n >0, converge monotonically to x* and y* respectively. Moreover; the set of all
comparable coupled solutions is compact.

Proof. The proof is similar to Theorem 4.9 with appropriate modifications and
hence we omit the details. ]

As a consequence of above Theorem 4.10 we obtain the following corollary.

COROLLARY 4.7. Let (E,K) be an ordered Banach space. Suppose that < :
E — E is a nondecreasing operator and .7 : E X E — K is a mixed monotone coupled
operator satisfying the conditions (a) through (c) of Theorem 4.10. Then the coupled
operator equations (4.61) and (4.62) have a coupled solution (x*,y*) and the sequences
{xn} and {yn} of successive iterations defined by (4.65) and (4.66) converge monoton-
ically to x* and y* respectively. Moreover, the set of all comparable coupled solutions
is compact.

The common existence principle running through all of the above coupled and
mixed coupled hybrid fixed point theorems is called “Dhage monotone iteration princi-
ple” in nonlinear analysis and which may be described as “the monotonic convergence
of the sequences of successive iterations or approximations to the coupled solutions of
the nonlinear coupled equations beginning with a lower or an upper coupled solution
of the related coupled equations as their first or initial approximation” and the proce-
dure of applying the above iteration principle to nonlinear coupled equations is called
the “Dhage monotone iteration method’. This method is very much useful in the study
of nonlinear coupled equations in view of the fact that we obtain the algorithms along
with existence of the coupled solutions for a system of nonlinear coupled and mixed
coupled equations under consideration.

5. Coupled periodic boundary value problems

The periodic boundary value problems are often times discussed in the literature
for different aspects of the solutions via applications of the tools from nonlinear func-
tional analysis. See for example, Dhage [18, 21, 22, 23, 24], Dhage and Dhage [27]
and the references therein. In the following we consider a coupled periodic boundary
value problem of nonlinear first order quadratic differential equations with linear and
quadratic perturbations of second type to be discussed by an application of coupled
hybrid fixed point principle embodied in Theorem 4.1.
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Given a closed and bounded interval J = [0, T] of the real line R, we consider the
coupled hybrid quadratic periodic boundary value problems (in short coupled hybrid
QPBVPs) of nonlinear first order ordinary differential equations,

(MO g (KA ). e

[t x(2)) f(t,x(1)) (5.1)
x(0) =x(T),
and
y(t) = k(t,y(®) ) y(t) —k(t,y(t)\
( ft,y()) ) HL( ft,y(1)) ) =&lty)x0), red, (5.2)

for A eR, A >0, where f:JxR—->R\{0},g:/xRxR—-Randk:/xR—R
are continuous functions.

By a coupled solution of the coupled hybrid QPBVPs (5.1) and (5.2) we mean a
pair of functions (x*,y*) € C(J,R) x C(J,R) such that the functions 7 — HO)—kl1x(t))

Ftx(1))
and ¢t — % are well defined, continuous and differentiable satisfying the equa-

tions (5.1) and (5.2) on J, where C(J,R) is the space of continuous real-valued func-
tions defined on J.

The special case of the coupled hybrid QPBVPs of the form

X () +Ax(t) = g(t,x(t),y(t)), t €J,
x(0) =x(T), } (5-3)
and
Y (1) +Ay(t) = gt,y(1),x(1)), t € J,
¥(0) =¥(T), } e

have been discussed by Bhaskar and Lakshmikantham [4] and Berinde [3] for the ex-
istence and uniqueness theorem if the nonlinearities f and g satisfy a Lipschitz type
condition and when f and g satisfy a compactness type condition it has been discussed
in Dhage [16] for the existence and approximation of coupled solutions on J. However,
the special cases of the coupled hybrid PBVPs (5.1) and (5.2) in the form

[x(t) — k(t,x(t))]/ + A [x(t) —k(2,x(2))] = g(t,x(t),y(t)), t €J,
(5.5)

and
() = k(e,y(0)] + A [y() — k(2,(1))] = (t,y(1),x(1)), t € ],

y(0) =x(T),

(5.6)
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as well as the coupled hybrid QPBVPs

x() ' X0 Ny
(f(nx(r))) T (f(M(t))) glext)y), red, 57
x(0) =x(T),
d
) (ﬂ)/m (ﬂ) = 5(1.3(0)x(0)). 1 €7
ft,y(1)) ft,y(1)) R (5.8)
y(0) = y(T),

are also new and not discussed in the literature. In view of above presentation, the
coupled hybrid QPBVPs (5.1) and (5.2) are more general in the theory of nonlinear
coupled differential equations and therefore, it is of interest to discuss them for different
aspects of the coupled solutions.

The existence theorems for all the above PBVPs without monotonic property may
be proved using the hybrid fixed point theorems given in Dhage [23], however in that
case we do not get the algorithms for the coupled solutions. The purpose of the present
study is to establish an existence result and develop an algorithm for approximating the
coupled solutions of the coupled hybrid QPBVPs (5.1) and (5.2) under certain mixed
hybrid conditions on the nonlinearities f, g and k.

The following useful lemmas are obvious and may be found in Nieto [32, 33],
Nieto and Lopez [34, 35] and Dhage [18, 20] and the references therein.

LEMMA 5.1. For any function ¢ € L'(J,R), x is a solution to the differential

equation
X()+Ax(t) =0(t), t€J,
1)+ 2(1) = (1 50
x(0) =x(T),
if and only if it is a solution of the integral equation
T
x(0)= [ Gilts)o(s)ds, rel. (5.10)
0
where, the Green’s function G(t,s) is given by
AMAAT
G, (t,s) = (5.11)
els—iu .
m, lf 0 S r<s S T.

Notice that the Green’s function G, is continuous and nonnegative on J x J and
therefore, the number

Mg, :=max{|G,(t,s)| : t,s €[0,T]}

A
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exists for all A € RT. For the sake of convenience, we write G, (¢,s) = G(z,s) and
Mg, = Mg.

Other useful results for establishing the main result are as follows.

LEMMA 5.2. (Dhage [22, 23]) If there exists a differentiable function u € C(J,R)

such that
A J
0+ halr) < 0(0), 1€, 5o
u(0) <u(T),
where L €R, A >0 and o € LI(J,R), then
T
u(t) </ G(t,5) o (s)ds, (5.13)
0

for all t € J, where G(t,s) is the Green’s function given by the expression (5.11) on
JxJ.

Proof. The proof of the lemma appears in Dhage [15, 16, 17, 20] and Dhage and
Dhage [27, 28] and so we omit the details. O
Similarly, we have the following result of differential inequality related to the first

order periodic boundary value problems defined on J.

LEMMA 5.3. (Dhage [22, 23]) If there exists a differentiable function v € C(J,R)
such that

V() +Av(t) = o(t), t e, (5.14)
v(0) = w(T),
where A € R, A >0 and 6 € L'(J,R), then
T
0 ;/ G(t,5)o(s)ds, (5.15)
0

Sorall t € J, where G(t,s) is the Green’s function given by the expression (5.11) on
JxJ.

Now we are ready to apply our abstract mixed coupled hybrid fixed point theorem
to coupled hybrid QPBVPs (5.1) and (5.2) under suitable natural conditions. In the
following section we prove our main existence and approximation theorem for coupled
solutions of the coupled hybrid QPBVPs (5.1) and (5.2) defined on J.

6. Existence and approximation results

The equivalent integral forms of the coupled hybrid QPBVPs (5.1) and (5.2) are
considered in the function space C(J,R) of continuous real-valued functions defined
on J. We define a norm || - || and the order relation < in C(J,R) by

[|x[| = sup|x(7)] (6.1)
teJ
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and
x<y ifandonlyif x(r)<y(r) forall relJ. (6.2)

Clearly, C(J,R) is a Banach space with respect to above supremum norm which is
also a partially ordered with respect to the above partially order relation <. Moreover,
C(J,R) is also a Banach algebra with respect to the multiplication ““-” defined by

(x-y)(@) =x(t)-y(¢t) forall r€J. (6.3)

It is known that the partially ordered Banach space C(J,RR) is regular and has
some nice properties concerning the compatibility of norm and order relation in it. The
following lemma concerning the Janhavi sets in C(J,IR) follows by an application of
the Arzeld-Ascoli theorem.

LEMMA 6.1. Let (C(J,R),<,| - ||) be a partially ordered Banach space with the
norm || -|| and the order relation < defined by (6.1) and (6.2) respectively. Then, every
partially compact subset of C(J,R) possesses 2 -compatibility property with respect
to || -|| and < and so is Janhavi.

Proof. The proof of the lemma is well-known and appears in the papers of Dhage
[14, 16, 17, 18] and Dhage and Dhage [26, 28]. Here we give the proof of the lemma
using somewhat different arguments via cones in a Banach space C(J,R). Define a
subset K of C(J,R) by

K={xeC(,R)|x(t) >0 forall r € J}. (6.4)

Clearly K is a non-empty, closed and convex subset of the Banach space C(J,R)
satisfying the properties (i)- (iv) of a cone in C(J,R). So K is a positive cone in
C(J,R). Now, the order relation < given by (6.2) is equivalent to the order relation
< defined by the cone K in C(J,R). Therefore, the desired conclusion follows by an
application of Lemma 2.2. This completes the proof. g

We need the following definition in what follows.

DEFINITION 6.1. A pair of differentiable functions (u,v) € C(J,R) x C(J,R) is
said to be a lower coupled solution of the coupled equations (5.1) and (5.2) if the func-
t) —k(t,u(t 1) —k(t,v(t
ult) — k() (0 = k()
f(tu(?)) fltv(1))

on J satisfying

tions ¢ — are continuous and differentiable

W) ko) (W) k)
( o) )”( Flu() )gg(“ Oyl rehl oo
u(0) <u(T),
and
W(0) KON (vl — K v(0)
( a0) )”( 0] )”“’V(’)’”“))”g’ 66
W(0) > v(T)
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Similarly, a pair of differentiable functions (w,z) € C(J,R) x C(J,R) is called an
upper coupled solution of the coupled hybrid QPBVPs (5.1) and (5.2) if the functions
w(t) — k(t,w(r)) 2(r) —k(z,2(1))

ey T T )

and the above inequalities are satisfied with reverse sign.

are continuous and differentiable on J

The coupled hybrid QPBVPs (5.1) and (5.2) will be considered under the follow-
ing assumptions:

(A1) f defines a mapping f:J xR — R\ {0}.
(Ay) f(t,x) is periodic in ¢ with period T for each x € R.
(A3) There exists a & -function ¢y € Z such that
0 < f(t.x1) — f(t,x2) < @f(x1 —x2)
forall x;,x; € R with x; > x,.
(Ay4) The function f is bounded on J X R x R with bound M.
(B1) g definesamapping g:JXxRxR—R,.
(B2) g(z,x,y) is nondecreasing in x and nonincreasing in y for each z € J.
(B3) The function g is bounded on J x R x R with bound M,.
(C1) k(t,x) is periodic in ¢ with period T for each x € R.
(C,) There exists a Z-function ¢ € © such that
0 < k(t,x1) — k(1,x2) < @x(x1 —x2)
forall x;,x, € R with x; > x,.
(C3) The function k is bounded on J x R with bound M;,.

x—k(0,x)
1(0,x)
(D2) The coupled hybrid QPBVPs (5.1) and (5.2) have a lower coupled solution
(u,v) € C(J,R) x C(J,R).

(D) The map x — is injection on R.

The hypotheses (A1)—(Ay4), (B1)—(B3) and (C;)—~(C3) are standard and have
been widely used in the literature on nonlinear differential and integral equations. The

L
special case of the hypothesis (A3) and (C,) with ¢(r) = Aﬁ’ where L > 0 and
r
M > 0 satisfy L < M, is considered recently in Dhage [9, 12].

x—k(0,x)
f(0,x)

REMARK 6.1. The hypothesis (D 1) holds, in particular if the map x —

is increasing in R.
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The following useful lemma follows by an application of Lemma 5.1.

LEMMA 6.2. Assume that the hypotheses (A;), (Cy) and (Dy) hold. Then a pair
of differentiable functions (x,y) € C(J,R) x C(J,R) is a coupled solution to the coupled
hybrid QPBVPs (5.1) and (5.2) if and only if x and y are the solutions of the quadratic
coupled integral equations

x(t) = k(6. x(0)4 [ £0.3(0)) ] ( I G(r,s>g<s,x<s>,y<s>>ds) 6.7)

and .
y(t) = k(t,y(1)+ [ f(t,3(1)) ] (/0 G(I,S)g(s,y(S),X(S))dS> (6.8)
forallteJ.

x(1) — k(t,x(1)) y(t) —k(t,y(t))
f(t,x(t)) F(t,y(t))

functions ¢ — z(¢) and ¢ — w(r) are continuous and differentiable on J. Moreover, by
the periodic boundary conditions x(0) = x(7') and y(0) = y(T), get
0) — k(0,x(0 T)—k(T,x(T
A0) = MO —KOX(O0) _ x(T)~KTXT) __
£(0,x(0)) f(T,x(T))

Proof. Set z(t) = and w(r) = for r € J. Then the

and
30 - KO(0) _ y(T) TN
YO="rnoy o sy

and conversely in view of hypotheses (A, ), (C1) and (D). Substituting these values
in the coupled hybrid QPBVPs (5.1) and (5.2) we obtain the PBVPs

2 (t) + Az(t) = g(t,x(t),y(t)) (%)
z(0) =z(T)
and
w' (1) + Aw(r) = g(t,y(1),x(1)) (k%)
w(0) = w(T)

for all + € J and vice versa. Now, from Lemma 5.1 we infer that the above PBVPs ()
and () are equivalent to the integral equations

)= [ Gle.9)(5.x(5).2(5)) s
and ;
() = /O G(t,5)g(s,y(s),x(s)) ds,

for all # € J. The desired quadratic integral equations (6.7) and (6.8) now follow from
definitions of the functions z and w on J and the proof of the lemma is complete. [J

Now we formulate the main existence and approximation result for the coupled
hybrid QPBVPs (5.1) and (5.2) under previously mentioned natural conditions.
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THEOREM 6.1. Assume that the hypotheses (A1)—(As), (B1)—(B3), (C1)—(C3)
and (Dy)—(Dy) hold. Furthermore, if the inequality

MgM(;T(pf(r) + (pk(r) <rr> 0, (6.9)

holds, then the coupled hybrid QPBVPs (5.1)—(5.2) have a coupled solution (x*,y")
and the sequences {x,} and {y,} of successive approximations defined by

xo=u, Xpy1(t) =k(t,xa(t))

+ L] (f

Yo=v, Yusr(t) = k(e 3n(0)
T
L Ayn@)] ( / G(r,s>g<s,yn<s>,xn<s>>ds)

Jor t € J, converge monotonically to x* and y* respectively.

T (6.10)

G(r,s>g<s,xn<s>,yn<s>>ds)
and

(6.11)

Proof. Set E = C(J,R). Then, by Lemma 6.1, every compact chain C in E is
Janhavi. We introduce a Kasu norm || - || ;2 and a Kasu partial order <,, in E> =E x E
by the relation

1Ge ) g2 = llxll =+ (11

and
(,Y) =m (u,v) = x<uAy>=v

for (x,y), (u,v) € EXE. Clearly (E?,=,,]|-|z2) is aregular partially ordered Banach
algebra with respect to above norm and partial order and every compact chain is E? is
Janhavi in view of Theorem 2.5. Now, by Lemma 6.2, the coupled hybrid QPBVPs
(5.1) and (5.2) are equivalent to the nonlinear coupled integral equations of Fredholm
type (6.7) and (6.8) respectively.

Next, we define the three mappings </ and ¢ on E and ¢4 on E X E by

Ax(t) = f(t,x(t)), t €J, (6.12)
Cx(t) =k(t,x()), t €J, (6.13)
and ,
Gx3)(0) = [ Gl 9g(sx(5).5(s)) ds, 1€, (6.14)
respectively.

Then, the nonlinear coupled hybrid quadratic integral equations (6.7) and (6.8) are
equivalent to the coupled operator equations,

x(t) = dx(t)9 (x,y)(t) +Cx(t), t €J, (6.15)
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and
() =Ay)9 (y,x)(t)+Cy(), t €J. (6.16)

Since the hypotheses (A1), (B) hold, <7 and ¢ define the mappings <7 : E — K
and ¢ : E x E — K. Also the operator 4 maps E into itself. We shall show that the
operators .«f and ¢ and the coupled operator ¢ satisfy all the conditions of Theorem
4.1 on their respective domains of definition into E£. This will be done in a series of
following steps:

Step I: The operators <7, € and 4 are monotone.
Let x,y € C(J,R) be two elements such that x > y. Then by hypothesis (A ), we
get
x(t) = f(t,x(t)) = f(2,y(t)) = y(t)
forall € J, and so &/x > /y. Similarly, by hypothesis (C; ), we obtain
Cx(t) = k(t,x(t)) = k(t,y(t)) = €y(t)

forall + € J, and so ¥x > €y. Therefore the operators </ and ¥ are nondecreasing
on E.

Next, let (x,y),(u,v) € E X E be arbitrary elements such that (x,y) =<, (u,v).
Then by definition of =<,,, we get x < u and y > v. Now, by hypotheses (B> ),

T
Ix3)(1) = [ Gl.5)(5,x(5).5(9)ds

T
g/o G(t,s)g(s,u(s),v(s))ds

=9 (u,v)(t)

forall r € J. Hence ¢ is a mixed monotone coupled operator on E x E into K.
Step I1: </ and € are partially bounded and partial 9 -Lipschitz operatoron E .
Let x € E be arbitrary. Then by (A»),

[ /x(0)] < | (2,x(0))| < My
for all ¢ € J. Taking the supremum over ¢ in the above inequality, we obtain
/x| < My

forall x € E. So, o is bounded and consequently a partially bounded operator on E .
Similarly, it can be shown that the operator % is also bounded with bound M;.

Next, let x,y € E be such that x > y. Then, we have
| x(1) — ey (1) = | f(t,x(t)) = f(2,5(1))|
< or (1) =y()])

< O ( HX—YH)
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forall t € J, where ¢ € D. Taking the supremum over ¢, we obtain

17 x — 2yl < @s (|lx = ¥II),

for all x,y € E with x > y. Hence, & is a partially Z-Lipschitz on E with a -
function ¢, and which further also implies that .o/ is a partially continuous operator
on E. Similarly, we have

[ x = 2yl < @ ([l =),

for all x,y € E with x >y, and so ¥ is also partially & -Lipschitz on E with a -
function ¢ and which further also implies that ¢ is a partially continuous operator on
E.

Step lll: 9 is a partially continuous coupled operator on E X E.

Let C and D be any two chains in E and let {x,} and {y,} be two sequences in
C and D respectively such that x,, — x and y, — y. Then, by continuity of the function
g, we obtain

lim & (x,y,) () = lim TG(t,s)g(s7xn(s),yn(s))ds

n—oo n—oo

—/ G(1,s) hmg(s Xn(s ),yn(s))] ds

- /OT G(t,5)g(s,x(s),y(s)) ds

=9 (xy)()

for all + € J. This shows that the sequence {¥(x,,y,)} converges to ¢(x,y) pointwise
on J. We show that the convergence is uniform. To do so, it is enough to show that
the sequence {¥(x,,y,)} is equicontinuous set of functions in E. Let 71,1 € J be
arbitrary. Then,

|g(xn,yn)(t1) - g(xmyn)(t2)|

< [1601,5) - Glo2,9) g(5,30(5)3a(5)

T
<M, [16(1,9) = Gloz,5)| ds
—0 as 1 —1,

uniformly for all n € N. This proves the equicontinuity of the sequence {¥ (x,,v,)}
of functions in E. As aresult, 4 (x,,y,) — ¢(x,y) uniformly. Hence ¢ is continuous
coupled operator on C x D. Consequently, ¢ is partially continuous on E x E into K.

Step IV: 4 is a partially compact coupled operator on E X E .
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Let C and D be any two chains in E. We show that ¢4(C x D) is a relatively
compact subset of E. First we show that ¢ (C x D) is a uniformly bounded subset of
E.Let z€ %(C x D) be a fixed element. Then there exists a point (x,y) € C x D such
that z =% (x,y). Then,

koﬂ=wgwaxnksATGmw@@w@»ﬂwndw<M¢kT

forall 7 € J. Taking the supremum over 7, ||z|| < MgMgT forall z € ¢4(C x D). Hence
% (C x D) is a uniformly bounded subset of E .

Next, we show that 4(C x D) is an equicontinuous subset of E. Let 71,1, € J be
arbitrary. Then,

l2(11) = 2(t2)| = |9 (x,y) (1) = 9 (x,7) (12)
< [[16(1,5) - Glo2,9) lg(5.1(9),(6) | s

<My [ 16(1,5) - Gloz )l s

—0 as 1t —1n,

uniformly for all z € ¢(C x D). This proves the equicontinuity of the set 4(C x D) in
E. Asaresult, 4(C x D) is compact and hence relatively compact in view of Arzeld-
Ascoli theorem. Hence ¢ is a partially compact coupled operator on E x E into E.

Step V: The operators 4, <f and € satisfy condition (d) of Theorem 4.1.
Now, since condition (6.9) holds, we have

My oy (r) + W (r) < MMT @f(r) + @i(r) < r

for each r > 0 and so, condition (d) of Theorem 4.1 is satisfied.
Step VI: Coupled equations (6.15)—(6.16) have a lower coupled solution.
Now, by hypothesis (Hs ), there exists an element (u,v) € E x E such that the func-

u(t) —k(u(e) ()~ k(e(0))
fa) T T i)

satisfying the inequalities

(e (e

tions ¢ — are continuous and differentiable

and
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for all # € J. This further in view of Lemmas 5.1, 5.2 and 5.3 implies that

u(e) < kG u(0)+ [ £ u(e) ] ( / TG(t,s>g<s,u<s>,v<s>>ds)

and

o) = K (O)+ [ v ] ( I G(r,s>g<s,v<s>,u<s>>ds)

forall t € J. Again, from definition of the operators .7 and ¢ and the coupled operator
4 it follows that
u(t) < Ju(t)4(u,y)(t)+Cu(t), t €J,

and
v(t) = ()Y (vu)(t)+Cv(t), t€J.

Therefore, the coupled operator equations (6.15)—(6.16) have a lower coupled so-
lution (u,v) in E x E. Thus the coupled operators .% and ¥ satisfy all the conditions
of Theorem 4.1 and hence the coupled operator equations (6.15)—(6.16) and conse-
quently the coupled hybrid QPBVPs (5.1)—(5.2) have a coupled solution (x*,y*) and
the sequences {x,} and {y,} defined by (6.10) and (6.11) converge monotonically to
x* and y* respectively. |

REMARK 6.2. The conclusion of Theorem 6.1 also remains true if we replace the
hypothesis (D) by the following one:

(D3) The coupled hybrid QPBVPs (5.1)—(5.2) have a upper coupled solution (w,z) €
C(J,R) x C(J,R).

The proof under this new hypothesis (D3 ) is obtained by giving similar arguments as
in the proof of Theorem 6.1 with appropriate modifications.

COROLLARY 6.1. Assume that the hypotheses (A)—(A4), (B1)—(B3) and (Dy)~-
(D7) hold with k = 0. Furthermore, if the inequality

MgMGT(pf(V) <rr>0, (6.17)

holds, then the coupled hybrid QPBVPs (5.7) and (5.8) have a positive coupled solution
(x*,y*) and the sequences {x,} and {y,} of successive approximations defined by

xXo=1u, Xxpi1(t) Z[f(l‘,xn(t))] (/OT G(t,s)g(s,xn(s),yn(s))ds) (6.18)
and
o= yuert) =[ Ftn(0)) ] ( / TG(t,s>g<s,yn<s>,xn<s>>ds) (6.19)

for t € J, converge monotonically to x* and y* respectively.
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Proof. The proofis similar to Theorem 6.1 and now the desired conclusion follows
by an application of Corollary 4.1. ]

COROLLARY 6.2. Assume that the hypotheses (B1)—(B3), (C1)—(C3) and (Dy)—
(D7) holdwith f = 1. Furthermore, if the inequality

or(r)<r,r>0, (6.20)

holds, then the coupled hybrid QPBVPs (5.5) and (5.6) have a coupled solution (x*,y")
and the sequences {x,} and {y,} of successive approximations defined by

T
Xo=u, Xpi1(t)=f(t,x,(2))+ (/0 G(t,s)g(s,xn(s)7y,,(s))ds) (6.21)
and
T
= 0= Fes)+ ([ Grsbnmas) 622
Jor t € J, converge monotonically to x* and y* respectively.

Proof. The proofis similar to Theorem 6.1 and now the desired conclusion follows
by an application of Theorem 4.9. ]

REMARK 6.3. We note that if the coupled hybrid QPBVPs (5.1) and (5.2) have
a lower coupled solution (u,v) as well as an upper coupled solution (w,z) such that
(u,v) =<m (w,z), then under the given hypotheses of Theorem 6.1, they have a corre-
sponding coupled solution (x.,y*) of the coupled hybrid QPBVPs (5.1)—(5.2) which
satisfies the inequalities u < x, < w and v > y* > z and therefore, (x.,y") € [u,w] X
[z,v], where the vector segment [u,w] and [z,v] are the sets in C(J,R) defined by

[uw]={xeC(J,R) Jlu<x<w}

and
[z,v] ={xeC(,R) | z<x < v}.

Moreover, if (u,v) is a lower coupled solution of the coupled hybrid QPBVPs
(5.1) and (5.2) with u < v, then they have a coupled solution (x,,y*) satisfying the
inequality

U=x0 < <X < <Y <y <<y =, (6.23)

where the sequences {x,} and {y,} are defined by (6.10) and (6.11) respectively. Thus,
(x4,¥*) is a maximal coupled solution of the coupled hybrid QPBVPs (5.1) and (5.2)
in the vector segment [u,v] of the Banach space E = C(J,R) with respect to the order
relation =,,. The similar conclusion holds for the first order PBVPs (5.3)-(5.4), (5.5)—
(5.6) and (5.7)—(5.8) on J. Again, we note that the present study via Dhage iteration
method does not require any property of the cone K in the existence theorems of this
paper which is otherwise to the case of nonlinear differential equations for proving the
existence of maximal and minimal solutions.
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7. Coupled hybrid QPBVPs of second order differential equations

Given a closed and bounded interval J = [0, T] of the real line R, we consider the
coupled hybrid quadratic periodic boundary value problems (in short coupled hybrid
QPBVPs) of nonlinear second order ordinary differential equations,

_ (M)Z.)ﬁ (M) =g(t,x(1),y(t)), t € J,

F(t.x(0)) f(t,x(1)) (7.1)
x(0) =x(T), ¥'(0) =x/(T),
and
(YO kY)Y e (YO KGO
( f(t,y(0) )“L( f,y()) ) sy, red; (7.2)

¥(0) =y(T), ¥'(0)=y(T),

for A € R, A > 0, where the functions k:J xR —= R, f:JxR — R\ {0} and
g:J xR xR — R are continuous and satisfy certain mixed hybrid conditions from
algebra, geometry and topology.

By a coupled solution of the coupled hybrid QPBVPs (7.1) and (7.2) we mean
a pair of functions (x*,y*) € C!(J,R) x C'(J,R) with the property that the functions

1) —k(t,x(t 1) —k(t,y(t
X)) —k(ex() (0~ k()
f(t,x(1)) f,y(1))

tiable satisfying the equations (7.1) and (7.2) on J, where C'(J,IR) is the space of
continuously differentiable real-valued functions defined on J.

The QPBVPs (7.1) and (7.2) are the mixed linear and quadratic perturbations of
second type of the coupled hybrid PBVPs of nonlinear second order ordinary differen-
tial equations,

t— are well defined, continuously differen-

—x"(t) + A%x(t) = g(t,x(t),y(1)), t € J,} 73
x(0) =x(T), x'(0)=x(T),
and
—y"(6) + A2y(t) = g(t,y(t),x(1)), 1 61,} a4
¥(0) =¥(T), ¥(0) =¥(T), '
and include the following coupled hybrid PBVPs
—[x(r) = k(t,x(2))]" + 22 [x(1) — k(t,x(t))] = g(t,x(t),y(t)), 1 €J, o)
x(0) =x(T), X' (0)=x(T),
and
—[y(0) = k(t,y(0))]" + A2 [p(t) = k(2,¥())] = g(t,3(2),x(1)), £ € J, 7.6)
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as well as the coupled hybrid QPBVPs

() N a0
(st 7 (et ) = sestoston. e a7
X(0) = x(T), ¥(0) = ()

and

(0 Ny N X
(revim) % (i) =seratnres 78)
¥(0) =¥(T), ¥'(0) =y'(T),

as special cases (see Dhage [12, 13] and the references therein). Notice that while ap-
plying the newly developed mixed coupled hybrid fixed point theorem to the QPBVPs
(5.1) and (5.2) we made use of two features of the problem, namely, the nonnegativ-
ity of the Green’s function and two differential inequalities established in Lemmas 5.2
and 5.3. The following lemma is crucial concerning the Green’s function related to the
PBVP of second order linear ordinary differential equations (see Nieto [32, 33]).

LEMMA 7.1. For any function ¢ € L'(J,R), x is a solution to the differential
equation

—x" 2x _
(1) + A%x(t) G(t),tEJ,} 79)

x(0) =x(T), x'(0) =x'(T),

if and only if it is a solution of the integral equation
T .
x(1) :/ Gy (t.5)0(s)ds, 1 € J, (7.10)
0
where 6,1 (t,s) is the Green’s function associated with the homogeneous PBVP

)+ A% () =0, 1 € ), } (7.1

x(0) =x(T), x'(0) =x'(T),

given by

1 Alt—s) | AT+ ~)}
- N N 0 < < t < T,
AT 1) [e +e ) s

1 Als—1) 7L(T7s‘+t)}
L ¢ ] 0<r<s<T.
AT —1) [H0 e ’

G, (t,5) = (7.12)

Notice that the Green’s function G;L is continuous and nonnegative on J x J and

the numbers

e?LT

o = min{ |(~;;L(t,s)\ 1t,5€[0,T]} = m
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and i

~ et 41
=max{ |G, (t,s)| : t,5€ |0, T|} = ————

exist for every positive real number A .

Again, the linear differential inequalities similar to Lemmas 5.2 and 5.3 related to
the PBVP of ordinary linear second order differential equation (7.9) may be stated as
follows.

LEMMA 7.2. If there exists a continuously differentiable function u :J — R

such that )
1)+ A t),ted,
' (1) +Au(t) < o(t) / } 7.13)
u(0) <u(T), ' (0) <u'(T),
where A € R, A >0 and 6 € L'(J,R), then
/ Gl (t,5)0(s)ds, t € J, (7.14)

where (N;;L (t,s) is the Green’s function given by the expression (7.12) on J x J.

Proof. The proof of the lemma is obvious and follows from the maximum prin-
ciple for BVPs of second order ordinary differential equations (see Protter and Wein-
berger [37] and Dhage and Heikkild [29]). We omit the details. U

Similarly, we have the following differential inequality related to the second order
periodic boundary value problems defined on J.

LEMMA 7.3. If there exists a continuously differentiable function v :J — R

such that ol
)+ t), tel,
—"(t) (t) > ()/ } .15)
v(0) = v(T), v/(0) >v(T),
where L € R, A >0 and o € L (J,R), then
/ Gk t,s)o(s)ds, t €J, (7.16)

where 6,1 (t,s) is the Green’s function given by the expression (7.12) on J x J.

The following useful result follows by an application of Lemma 7.1.

LEMMA 7.4. Assume that the hypotheses (A;), (Cy) and (Dy) hold. Then a pair
of continuously differentiable functions (x,y) € C(J,R) x C(J,R) is a solution to the
coupled hybrid QPBVPs (7.1) and (7.2) if and only if x and y are the solutions of the
nonlinear quadratic coupled integral equations

x(t) = k(t,x(0)+ [ £ex(0)) ] ( [ 6 (t,s>g<s,x(s>,y<s>>ds) @.17)
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and

T _
¥(0) = k(ty(0)+ [ £3(0) ] ( [ 6 <t7s>g<s7y<s>,x(s>>ds) (7.18)
forallteJ.

We need the following definition in what follows.

DEFINITION 7.1. A pair (u,v) of continuously differentiable functions u,v:J —

R is said to be a lower coupled solution of the coupled equations (7.1) and (7.2) if the
t)—k(t,u(t 1) —k(t,v(t

u(t) — k() (0 = k()
f(t,u(t)) f(e,v(1))

on J satisfying the inequalities

functions ¢ — are continuously differentiable

(M) k) s (W) —Kew)
(“raen ™) +# (g ) <t e 719
u(0) < u(T), u'(0) <u'(T),
and
(M=K @) (=K@
(M) (e ) 2 s e 720
v(0) >v(T,) v/ (0) >V/(T).

Similarly, a pair (w,z) of continuously differentiable functions w,z : J — R is
called an upper coupled solution of the coupled hybrid QPBVPs (7.1) and (7.2) if the
1) —k(t,w(t 1) —k(t,z(t
W) —kew(0) ) = k(e,a()
ft,w(t)) f(t,2(1))

tiable on J and the above inequalities are satisfied with reverse sign.

functions # +— are continuously differen-

We consider the following hypothesis in what follows:

(D4) The coupled hybrid QPBVPs (7.1) and (7.2) have a lower coupled solution
(u,v) € C1(J,R) x C1(J,R).

THEOREM 7.1. Assume that the hypotheses (A1)—(As), (B1)—(B3), (C1)—(C3)
and (D), (D4) hold. Furthermore, if the inequality

MBTop(r)+ @i(r) <r,r>0, (7.21)

holds, then the coupled hybrid QPBVPs (7.1) and (7.2) have a coupled solution (x*,y")
and the sequences {x,} and {y,} of successive approximations defined by

T _
X0 =it xu1(0) = k(.54 [ S(E0a(0)) ] ( / Ga<z,s>g<s,xn<s>,yn<s>>ds)
(7.22)
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and

T _
Yo =0 It (1) = Ktsyu )+ [ FEralt))] ( | Gl(r,s>g<s,yn<s>,xn<s>>ds)

(7.23)
for t € J, converge monotonically to x* and y* respectively.

Proof. The proof is similar to Theorem 6.1 with appropriate modifications. Hence
we omit the details. |

REMARK 7.1. The conclusion of Theorem 7.1 also remains true if we replace the
hypothesis (D) by the following one:

(Ds) The coupled hybrid QPBVPs (7.1) and (7.2) have a upper coupled solution
(w,z) € CY(J,R) x C'(J,R).

The proof under this new hypothesis (Ds) is obtained by giving similar arguments as
in the proof of Theorem 7.1 with appropriate modifications.

COROLLARY 7.1. Assume that the hypotheses (A1)—(A4), (B1)—(B3), (Dy) and
(D4) hold with k = 0. Furthermore, if the inequality

MBTos(r) <r,r>0, (7.24)

holds, then the coupled hybrid QPBVPs (7.7) and (7.8) have a positive coupled solution
(x*,y*) and the sequences {x,} and {y,} of successive approximations defined by

T _
xo=u, Xup1(t) =[ f(t.x:(2)) ] (/0 G;L(t,s)g(s,xn(s),yn(s))ds> (7.25)
and
T _
Yo=v, Yurr(t) =[f(t,ya(t))] (/0 G)L(t75)g(s7Yn(S)7xn(s))ds) (7.26)
Jfor t € J, converge monotonically to x* and y* respectively.

COROLLARY 7.2. Assume that the hypotheses (B1)—(B3), (C1)—(C3), (D1), and
(Dy) holdwith f = 1. Furthermore, if the inequality

Qr(r)<r,r>0, (7.27)

holds, then the coupled hybrid QPBVPs (7.5) and (7.6) have a coupled solution (x*,y")
and the sequences {x,} and {y,} of successive approximations defined by

Xo=u, Xpi1(t)=f(t,x,(2))+ (/OT 6,1(t7s)g(s7xn(s)7yn(s))ds) (7.28)
and
= a0 = Fen)+ ([ Guleoenamo)as) 029

for t € J, converge monotonically to x* and y* respectively.
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Furthermore, we mention that the obtained existence and approximation results of
the coupled hybrid QPBVPs (7.1) and (7.2) also include the existence and approxima-
tion results for the coupled hybrid PBVPs (7.3)—(7.4), (7.5)—(7.6) and (7.7)-(7.8) on J
as special cases.

REMARK 7.2. The conclusion of Remark 6.3 also remains true if we replace the
first order coupled hybrid QPBVPs (5.1) and (5.2) with the second order coupled hybrid
QPBVPs (7.1) and (7.2) on J. The similar conclusion holds for the second order PBVPs
(7.3)-(7.4), (7.5)—(5.6) and (7.7)—(7.8) on J .

REMARK 7.3. A unified generalization of the coupled hybrid PBVPs of first and
second order quadratic differential equations (5.1)—(5.2) and (7.1)—(7.2) is the following
problem of coupled hybrid nonlinear Fredholm type quadratic integral equations

x(t) =k(t,x(1)) + [f(t,x(t))] (/OT v(t,s)g(s,x(s),y(s))ds) (7.30)

and ;
() = k(t,y(0)) + [f(t,5(1))] (/0 V(t7S)g(s7y(S)»X(S))dS> (7.31)

forall t € J, where v:JxJ - R, k,f:JXR—-Rand G:JXRXxR — R are
continuous functions. When the kernel function v(z,s) takes the special values like
(5.11) and (7.12), we obtain the coupled hybrid PBVPs of quadratic first and second
order differential equations (5.1)—(5.2) and (7.1)—(7.2) respectively defined on J.

Furthermore, the existence and approximation theorems along with algorithms for
the coupled hybrid nonlinear integral equations (7.30) and (7.31) may be obtained with
the arguments similar to existence theorem for the coupled hybrid PBVPs (5.1) and
(5.2) with appropriate modifications.

8. Examples

Below in the following we give some numerical examples of the nonlinear coupled
hybrid periodic boundary problems of first and second order ordinary quadratic differ-
ential equations illustrating the hypotheses and the conclusion of Theorems 6.1 and 7.1
and the Corollaries 6.1, 6.2, 7.1 and 7.2.

EXAMPLE 8.1. Given a closed and bounded interval J = [0, 1] of the real line R,
we consider the coupled hybrid quadratic periodic boundary value problems (in short
coupled hybrid QPBVPs) of nonlinear first order ordinary differential equations,

x(t) —ky(6,x(1)\' [ x(t) —ki(2,x(¢))
( Ai6x(0)) )*( Fi(6x(0)

x(0) = x(1),

>=&OJ@JOMt€L
8.1)
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and

YO = ka(6,y©)\ | (¥(0) —ki(e,x(0))
( Ay @) )*( AE0)
(

y(0) = y(1),

where f:[0,1] xR — R\ {0}, g;: [0,1]] x RxR — R and k; : [0,1] x R — R are
three functions defined by

) = g1 (ty(0) (1)), 1 €1,
(8.2)

if —eo<x<0,
fl(tax):

=

+2 if 0 <x< oo,
+x

1
g1(t,x,y) = 7 [cothx+cot_1y+4]

and
if —eo<x <0,

kl(t,.X) = X

L if 0<x < oo,
X

N —
—

forall 7 € [0,1].

It is easy to verify that the real-valued function fj is continuous on [0,1] x R
into R, \ {0}, g; is continuous on [0,1] x R X R into R; and k; is continuous on
[0,1] x R into R and so the hypotheses (A ) and (B) are satisfied. We shall show
that the nonlinearities fj, g; and k; satisfy the hypotheses (A|)-(A4), (B1)—(B3) and
(C1)—(C3) respectively. Clearly the function f;(z,x) is periodic in ¢ for each x € R
and is bounded on [0, 1] x R with bound My, =2 and so the hypotheses (A>) and (A4)
are satisfied. Next let x;,x, € R be such that x; > x, > 0. Then, we have

ngl(l‘,)q)_fl(t;x%)

X1 X }

N =
—_
+
R
—_
+
=
)

1 2 }
L(1+x1)(1+x2)

N =

N =

X1 —X2
| L4+ x14+x2+x1x2

N
N =

x
L1 +x14+x2
[ x1—x
|1 +x1—x2

= @5, (x1 —x2)

N
N =
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1 r
here, — .
e (Pfl.(r) 2 1+r - .
the above inequality is satisfied. Similarly, if x; > 0 and x, < 0, then also the above
inequality is satisfied. Therefore, in all cases, the function f; satisfies the hypothesis
(As)on [0,1] x R.

Similarly, the function & (z,x) is periodic in ¢ for each x € R. Also k; is bounded
on [0,1] x R with bound M, = 2. Further, it can be shown as in the case of function
/1 that the function k; satisfies the inequality

0 <ki(t,x1) —ki(t,x2,) < @, (x1 — x2)

for r> 0 and that @7, €. Again,if x; <0 and x; <0, then

r
1+r

N =

forall 7 € [0, 1] and for all elements x;,x, € R with x; > x», where ¢, (r) =
for r > 0 and that ¢, €D.

1
Next, the function g; is bounded on [0,1] x R x R with bound Mg, = 3 Again,

g1(,x,y) is nondecreasing in x and nonincreasing in y for each ¢ € [0,1]. Here, the
Green’s function G(z,s) is given by

esftJrl
. if 0<s<r<l,
e_
G(t,s) = (8.3)
S—t
£ if 0<r<s<l.
e—1
Therefore, Mg = sup G(t,s) < 3. Then, we have

(r,5)€[0,1]x[0,1]

M MGT @, (r) + @, (1) < 5305, (r) + @1, (1)

r
1+r
<

r

<
= 1+r

+

N | = W] =
N =

-
1 +r
for each r > 0. So the condition (6.9) of Theorem 6.1 is satisfied.
Next, we Ijh(ow t)hat the functions f; and k; satisfy the hypothesis (D), that is, the
x—k1(0,x

fl (Orx)

then the expression

r

map x — is injection on R. If x < 0 and y < 0 are any two real numbers,

x—k1(0,x) Y- ki(0,y)
£1(0,x) £1(0,y)

implies that
x—1 y—1 .
—_— = X=y.
2 2 Y

Similarly, if x > 0 and y > 0 be any two real numbers, then the expression

x—k1(0,x) Y- ki(0,y)
fl(O,x) fl(oay)
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implies that

1/ x 1/ y
)] [
* {2(1+x>+ ] 7 [2 1y " }
1/ x T 170y
(e M)
2(1+x>+ 2\1+y +
22_ o 2
. x°—x—2 2y —y-—-2
Sx+4 Sy+4
— 10x%y — 10y + 8x% — 4x = 10y*x — 10x + 8y*> — 4y
= (x—y)[10xy +8(x+y) +6] =0
— X =Y.
x—k1(0,x)

This proves that the map x —

(D) is satisfied.

is injection on R, and so the hypothesis

fl (07)6)
Finally, the pair of functions (u,v) given by

u(t)z/OlG(t,s)ds—l
and .
v(t)z/o G(t,s)ds+1

for all 7 € [0,1], are continuous and form the lower coupled solutions of the coupled
hybrid QPBVPs (8.1) and (8.2) defined on J = [0, 1], where the Green’s function G is
defined by (8.3) on [0,1] x [0,1].

Thus the functions f;, g; and k; satisfy all the hypotheses (A)—(A4), (B1)-
(B3), (C1)~(C3) and (D{)—~(D,) of Theorem 6.1 and therefore, the coupled hybrid
QPBVPs (8.1) and (8.2) have a coupled solution (x*,y*) and the sequences {x,} and
{yn} defined by

xo(t):/OlG(t,s)ds—l,

$wi1 () = k(1 () [fi(ta(0)) ] ( [ G(r,s>g1(s,xn<s>,yn<s>>ds)

and

yo(t):/OlG(t,s)ds—l-l,

Vs 1) = ka3 () [Fi(tayn(©)) ] ( A G(r,s>g1<s7yn<s>7xn<s>>ds)

for all ¢ € [0, 1], converge monotonically to x* and y* respectively.
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EXAMPLE 8.2. Given a closed and bounded interval J = [0,1] in R, we consider
the coupled hybrid quadratic periodic boundary value problems (in short QPBVPs) of
nonlinear first order ordinary differential equations,

x(7) ' x(1) _ 1
<7tan_1x(t)+3) + <7tan_1x(t)+3> =15 [ tanhx(t) — tanhy(t) + 3 |, 54

and

o 0 1
(m) + (m) = B [tanhy(t) —tanhx(l)—|—3], ®.5)

forall 7 € [0,1].
Here, f and g are the functions on [0,1] x R and [0, 1] x R x R defined by

f(t,x) =tan 'x+3

and

1
g(t,x,y) = s [ tanhx —tanhy+3 ] .

It is easy to verify that the real-valued functions f and g are continuous on [0, 1] x
R and [0,1] x R x R respectively. We shall show that the nonlinearities f and g satisfy
the hypotheses (A1)—-(A4) and (B)—(B3) respectively. Obviously f and g define the
functions f:[0,1] x R — Ry \ {0} and g:[0,1] x R xR — R . So the hypotheses
(A1) and (B ) are satisfied. Clearly the function f is bounded on [0, 1] x R with bound
My =35. Nextlet x,y € R be such that x > y. Then, we have

1
0< f(t,x)— f(t,y) =tan™'x—tan™ 'y = T&(X—Y) =orlx—y)
where, @y (r) = Tr§2 for 0 < & < r and that ¢y € ©. Thus, the function f satisfies
the hypothesis (A»).

1
Next, the function g is bounded on [0,1] x R x R with bound M, = 3 Again,

g(t,x,y) is nondecreasing in x and nonincreasing in y for each ¢ € [0,1]. Here, the
Green’s function G(z,s) is given by (8.3) on [0, 1] x [0, 1]. Therefore, we have

Mg = sup G(t,s) < 3.
(1,5)€[0,1]x[0,1]

Then, we have

r
1+&2

1
MMGT @ (r) < 33 or(r) <
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for each r > 0, where 0 < £ < r. So the condition (6.17) of Corollary 6.1 holds.
Next, we show that the function f satisfies the hypothesis (D) with £ = 0, that
X

f(0,%)

is, the map x — is injection on R. If x and y are any two real numbers, then

the expression
X X

£(0,x) " tan lx+3

implies that

>0

tan~lx 43— ——
d[ x ] d[ x ]_an e

dx | f(0,x)] ~ dx |tan Tx+3 (tan—Tx+3)2

for all x € R. Therefore, the map x — is increasing on R and consequently the

f(0,x)

map x — is injection on R in view of Remark 6.1.

f(0,x)

Finally, the pair of functions (u,v) given by

1
u(t):%/o G(1,s)ds

and |
v(t)z%/o G(1,s)ds

for all 7 € [0, 1], are continuous and form the lower coupled solution of the coupled
hybrid QPBVPs (8.4) and (8.5) defined on J = [0, 1], where the Green’s function G is
defined by (8.3) on [0,1] x [0,1].

Thus, the functions f and g satisfy all the hypotheses (A1)-(A4), (B1)—(B3)and
(D1)—(D>) of Corollary 6.1 and therefore, the coupled hybrid QPBVPs (8.4) and (8.5)
have a positive coupled solution (x*,y*) and the sequences {x,} and {y,} defined by

1
xo(t) = %/0 G(1,s)ds,
Xur1(t) = % [tan_lxn(t)+3] </01G(t,s) [ tanhux, (s) — tanhy,(s) +3 ] ds)

and
5 1
Yolt) = —/ G(1,s)ds,
3Jo

Yur1(t) = % [tan_lyn(t)+3] </01G(t,s) [ tanhyy, (s) — tanhx,(s) +3 | ds)

for all ¢ € [0, 1], converge monotonically to x* and y* respectively.
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EXAMPLE 8.3. Given a closed and bounded interval J = [0,1] in R, we consider
the coupled hybrid quadratic periodic boundary value problems (in short PBVPs) of
nonlinear first order ordinary differential equations,

[x(t) - % tanlx(t)] L [x(t) _ % tanlx(t)} =tana() by,

and

[y(t) _ % tan~"! y(t)] o [y(t) - % an~! y(t)} =tanhy () b0 |

forall 7 € [0,1].

Here, k and g are the functions respectively on [0,1] X R and [0,1] x R x R
defined by

1
k(t,x) = 3 tan~ ! x

and
g(t,x,y) = tanhx — tanhy.

It is easy to verify that the real-valued functions k and g are continuous on [0, 1] x
R and [0,1] X R x R respectively. We shall show that the nonlinearities k and g satisfy
the hypotheses (C)-(C4) and (B )—(B3) respectively. Obviously £ and g define the
functions £ : [0,1] x R — R and g:[0,1] x R x R — R. So the hypotheses (C;) and

(B ) are satisfied. Clearly the function k is bounded on [0, 1] x R with bound M} = —

and so, the hypothesis (C3) is satisfied. Next let x,y € R be such that x > y. Then, we
have

=y

! 1+52:(Pf(x_y)

1 1
0 < k(t,x) —k(t,y) = Etan x—Etan ly=

I\JI'—‘

where, @ (r) = < r for x < & <y and that ¢ € ©. Thus, the function k

1
2 1+ 52
satisfies the hypothesis (C» ).

Next, the function g is bounded on [0,1] x R x R with bound M, = 2. Again,
g(t,x,y) is nondecreasing in x and nonincreasing in y for each ¢ € [0,1]. Here, the
Green’s function G(z,s) is given by (8.3) on [0, 1] x [0, 1]. Therefore, we have

Mg = sup  G(z,s5) < 3.
(1,5)€[0,1]x[0,1]
Then, we have
r
o (r) < <r
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for each > 0. So the condition (6.20) of Corollary 6.2 holds.

Next, we show that the function k satisfies the hypothesis (D) with f =1, that
is, the map x +— [x — k(0,x)] is injection on R. If x and y are any two real numbers,
then the expression

1
—k(0,x) =x— 3 ~tan"lx
implies that

d d 1 1 1
L k(0 ot S )
dx b= k(0.)) = dx [x p x] 2 Ti2

for all x € R. Therefore, the map x +— [x —k(0,x)] is increasing on R and consequently

the map x — [x — k(0,x)] is injection on R in view of Remark 6.1.
Finally, the pair of functions (u,v) given by

1
- / G(t,s)ds—1
0

1
v(t) :2/ G(t,s)ds+ 1
0

and

for all 7 € [0, 1], are continuous and form the lower coupled solution of the coupled
hybrid PBVPs (8.6) and (8.7) defined on J = [0, 1], where the Green’s function G is
defined by (8.3) on [0,1] x [0,1].

Thus, the functions k and g satisfy all the hypotheses (C1)-(C4), (B1)—-(B3)
and (D)-(D,) of Corollary 6.2 and therefore, the coupled hybrid linearly perturbed
PBVPs (8.6) and (8.7) have a coupled solution (x*,y*) and the sequences {x,} and

{yn} defined by
/ G(t,s)ds—1,

x,,+1(t)—§ ~tan ! x, (1) —|—/ G(t,s) | tanhx,(s) — tanhy,(s) | ds
and

(t):Z/OlG(t,s)dH—l,

1 1
Var1(t) = 5 -tanflyn(t)—i-/o G(1,s) | tanhy,(s) — tanhx,(s) | ds

for all ¢ € [0, 1], converge monotonically to x* and y* respectively.

In the following we give some numerical examples of PBVPs of nonlinear sec-
ond order ordinary differential equations in order to illustrate the abstract results of
Section 7.
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EXAMPLE 8.4. Given a closed and bounded interval J = [0, 1] of the real line R,
we consider the coupled hybrid QPBVPs of nonlinear second order ordinary differential
equations,

- (MR (O KON g a0, s

Si(t,x(1)) Jilt,x(t)) (8.8)
x(0) =x(1), ¥'(0) =x(1),
and
(YO =ki,y@)\" | (y0) =ki(,y(0))
(M) + (e ) = s, < @9)
y(0) = y(1), ¥'(0) =y'(1),

where f:[0,1] xR — R\ {0}, g;: [0,1]] x RxR — R and k; : [0,1] x R — R are
three functions defined as in Example 8.1.

Here, A =1 and T =1, so the Green’s function 51 (t,s) associated with the
QPBVP (8.8) or (8.9) is given by

1 {(ts)_’_e(lt-‘rs)}, 0<s<r<l,
i) =4 2D 8.10
1(1,5) - (s—1) (1—s+1) ( . )
g s 0<r<s<1
20e—1) o J: =
~ e+1 .
Therefore, B =sup, ;; G1(t,s) = =D <2 < 3. Now following the arguments

similar to that given in Example 8.1, it is proved that the functions f, g and k satisfy
all the conditions of Theorem 7.1 and a lower coupled solution (u,v) of the QPBVPs
(8.8) and (8.9) is given by

I
:/ Gy (t,s)ds— 1
0
and
I
:/ Gi(t,s)ds+1
0

forall ¢ € [0, 1]. Therefore, the coupled hybrid QPBVPs (8.8) and (8.9) have a coupled
solution (x*,y*) and the sequences {x,} and {y,} defined by

[
:/ G (t,s)ds—1,
0

X1 (1) = k(.20 (0))+ [ 1 (5,2 (0)) | (/0151 (m)gl(S»xn(S)Jn(S))dS)
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and

I
:/ Grlt,s)ds+1,
0

a0 =kt O0+ (A3 ( [ 6165006005000 ds

for all # € [0, 1], converge monotonically to x* and y* respectively.

EXAMPLE 8.5. Given a closed and bounded interval J = [0, 1] of the real line R,
we consider the coupled hybrid quadratic periodic boundary value problems (in short
QPBVPs) of nonlinear second order ordinary differential equations,

x(t) ! x(1) 1
- (tanlx(t)+3) * (tan Tx(1) + ) = 75 [tanhx(t) —tanhy(r) + 3],
x(0) = x(1), x'(0) = ¥(1),

(8.11)
and
¥(1) ! (1) 1
_<tan‘1y(t)+3) +<tan‘1y(z) ) 75 [ tanhy(r) — tanhx(t) +3 ],
¥(0) = y(1), y'(0) =y'(1),
(8.12)

forall 7 € [0,1].

Here, again the Green’s function G (,s) is given by (8.10). Next, following the
arguments similar to that given in Example 8.2, it is shown that the functions involved in
(8.11) and (8.12) satisfy all the conditions of Corollary 7.1 and a lower coupled solution
(u,v) of the QPBVPs (8.11) and (8.12) is given by

1o

=— | G d
15/0 1(2,8)ds
5 .

——/ G (t,s)ds
3Jo

for all ¢+ € [0,1]. Therefore, the coupled hybrid QPBVPs (8.11) and (8.12) have a
positive coupled solution (x*,y*) and the sequences {x,} and {y,} defined by

(.
t)—B/O Gi(t,5)ds

tan~'x,(¢) +3 | (/0161 (t,s) [ tanhux,(s) — tanhy,(s) +3 ] ds)

and

anrl(t) = % [
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and

501~

——/ G (t,s)ds
3Jo
1 I
Yur1(t) = G [tan_lyn(t)+3] (/ Gi(t,s) [ tanhy,(s) — tanhx,(s) +3 | ds)
0

for all ¢ € [0, 1], converge monotonically to x* and y* respectively.

EXAMPLE 8.6. Given a closed and bounded interval J = [0,1] in R, we consider
the coupled hybrid linear perturbed periodic boundary value problems (in short PBVPs)
of second type of nonlinear second order ordinary differential equations,

_ [x(t) - % -tanlx(t)] "y [x(t) - % -tanlx(t)] =tana() by, |
x(0) =x(1), ¥'(0) =x'(1)
and
- [y(t) - % -tan_ly(t)]”—f— [y(t) - % -tan_ly(t)} = tanhy(r) — tanhx(z),
(8.14)
¥(0) =y(1), X'(0) =x'(1),

forall 7 € [0,1].

Here, again the Green’s function G (z,s) is given by (8.10). Next, following the
arguments similar to that given in Example 8.3, it is shown that the functions involved in
(8.13) and (8.14) satisfy all the conditions of Corollary 7.2 and a lower coupled solution
(u,v) of the PBVPs (8.13) and (8.14) is given by

u(z)z—/olél(z,s)ds—l

and

[
v(t) :2/ Gi(t,s)ds+1
0

forall 7 € [0, 1]. Therefore, the coupled hybrid PBVPs (8.13) and (8.14) have a coupled
solution (x*,y*) and the sequences {x,} and {y,} defined by

/Gltsds—l

Xpi1(t) = 5 ~tan~ ! x, (1 +/ Gi(t,s) [ tanhx,(s) — tanhy,(s) | ds
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and
1
yo<z>=z/ Gi(t,s)ds+1,
0

1 .
Yui1(t) = 5 .tan’ly,,(t)—k/o G (t,s) [ tanhy,(s) — tanhx,(s) | ds

for all # € [0, 1], converge monotonically to x* and y* respectively.

REMARK 8.1. Note that the functions u,v € C([0, 1],R) in the lower coupled so-
lution (u,v) for all coupled hybrid PBVPs given in the Examples 8.1 through 8.6 satisfy
the inequality u < v on J = [0, 1]. Therefore, in view of Remarks 6.3 and 7.2, the func-
tions x*,y* € C([0,1],IR) in the coupled solution (x*,y*) for each of the coupled hybrid
PBVPs considered in above examples satisfy the inequality (6.23) on [0, 1]. It is known
that the nonlinear coupled differential and integral equations occur in many fields of ap-
plied sciences and they are studied in the literature for existence and other qualitative
aspects of the coupled solutions. The numerical aspects such as approximation and
algorithms for the coupled solutions for such equations may be obtained by using the
abstract results developed in this paper.

9. Remarks and conclusion

The nonlinear analysis is a multistoryed building and the three basic fixed point
theorems of Schauder, Banach and Tarski from topology, analysis and algebra respec-
tively form the three basic pillars and the hybrid fixed point theory initiated by Kras-
noselskii for the sum of two operators in a Banach space and by Dhage for the product
of two operators in a Banach algebra form the forth basic pillar for this monument (see
Dhage [12, 13, 24] and references therein). The hybrid fixed point theorems for the sum
of two operators in an ordered Banach space as well as the product of two operators in
an ordered Banach algebra is initiated in Dhage [9] and Dhage [10] respectively. It
is now well recognized that the hybrid fixed point theory finds numerous applications
to diverse areas of nonlinear analysis in mathematics and mathematical sciences. The
topic of tupled operator equations and tupled solutions is of common interest and useful
in the study of systems of simultaneous nonlinear tupled differential and tupled integral
equations involving two or more unknown variables for proving different qualitative as-
pects of the tupled solutions. The classical coupled fixed point theorems (in short cou-
pled FPTs) deals with the coupled operator equations involving two unknown variables
and is a subject of interest for a long time and they are used for proving the existence of
coupled solutions to the systems of a couple of simultaneous nonlinear equations with
two unknown variables. But the subject of coupled hybrid fixed point theorems (in short
HFPTs) and applications is relatively recent in the literature. The advantage of coupled
HFPTs over the coupled FPTs is that we obtain additionally the algorithms along with
the existence of the coupled solutions for nonlinear coupled hybrid equations. This
is mainly because of the monotonic characterization of the coupled operators in the
coupled equations on the domains of their definitions. Here, we assumed the mixed
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monotonicity of the coupled operators, however, we conjecture that other monotonic
features of the coupled operators could also be considered for obtaining the coupled
hybrid fixed point theorems and their applications. The coupled hybrid fixed point the-
orems (in short HFPTSs) similar to Theorems 3.1 and 3.2 involving the sum and product
of three coupled operators are also obtained in Dhage [19] with partial & -Lipschitz
condition is replaced by symmetric partial &-Lipschitz condition. However, as for
applications to nonlinear quadratic coupled hybrid integral equations of Volterra type,
the partial & -Lipschitz condition is employed in the discussion. Therefore, Theorems
3.1 and 3.2 of the present study are new interesting applicable special cases of HFPTs
developed in Dhage [18] under a little stronger & -Lipschitz condition in view of Re-
mark 3.1. However, our approach is somewhat different from that of Dhage [17] while
establishing the coupled and mixed coupled hybrid fixed point results in an ordered
and partially ordered Banach algebra. The mixed coupled hybrid fixed point theorems
of Section 4 are completely new to the literature and other similar mixed coupled hy-
brid fixed point theorems for different algebraic combinations of two or three operators
and coupled operators may be obtained on the similar lines with appropriate modifica-
tions. We specifically mention that these mixed coupled hybrid fixed point theorems
have some nice applications to other areas of mathematics including nonlinear coupled
hybrid differential and integral equations. In the present study, our newly developed
mixed coupled HFPT, Theorem 4.1 is applied to a very simple but new coupled hybrid
periodic boundary problems of first order ordinary quadratic differential equations for
proving the existence as well as approximation of the coupled solutions. However, the
technique can also be extended and applied to other nonlinear second or higher order
coupled differential equations under suitable boundary conditions for proving different
aspects and developing algorithms for the coupled solutions. As mentioned in Dhage
[19] that these operator theoretic coupled HFPTs have some advantages over the mea-
sure theoretic coupled hybrid fixed point theorems in which one needs to construct a
handy tool for the partial measures of noncompactness suitable for the prevailing sit-
uation and which requires a sophisticated knowledge of advanced functional analysis.
Furthermore, a clever mathematician makes the cleverer selection of a coupled hybrid
fixed point theorem for dealing with the nonlinear coupled hybrid differential or inte-
gral equations and avoid the complexities in the arguments and calculations. This is a
fundamental and preliminary work in the direction of nonlinear tupled hybrid operator
equations and tupled solutions and many other questions such as attractivity, positivity,
stability and monotonicity etc. form the further scope for the research work in the study
of simultaneous nonlinear equations of several variables. Finally, while concluding this
paper we mention that a few more applications of the abstract coupled and mixed cou-
pled hybrid fixed point theorems of this paper will be considered in the forthcoming
papers in future.
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