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Abstract

In this paper, we prove some coupled fixed point theorems for O-
compatible mappings in partially ordered generalized metric spaces un-
der certain conditions to extend and complement the recent fixed point
theorems due to Bhaskar and Lakshmikantham [Nonlinear Anal. TMA
65 (2006) 1379 - 1393] and Berinde [Nonlinear Anal. TMA 74 (2011)
7347-7355]. We give some examples to illustrate our results. An appli-
cation to integro-differential equations is also given.

1 Introduction and preliminaries

Let (X, d) be a metric space. A mapping T : X — X is called a contraction
mapping if there exists a k € [0,1) such that

d(Tz,Ty) < kd(x,y), forall z,y € X.

The well-known Banach contraction principle states that a contraction map-
ping of a complete metric space into itself has a unique fixed point. This
celebrated principle is one of the pivotal results of analysis and has applica-
tions in a number of branches of mathematics. The above principle has been
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extended and generalized in various directions for recent years by putting con-
ditions on the mappings or on the spaces.

In [28], Perov extended the Banach contraction principle for contraction
mappings on spaces endowed with vector-valued metrics, namely generalized
metric spaces. The notion of a generalized metric space is stated as follows

Definition 1.1. (/28]) Let X be non-empty set and N > 1. A mapping
d: X x X — RY is said to be a generalized metric on X if the following
conditions are satisfied:

(i) d(xz,y) >0, for all x,y € X and d(z,y) = 0 if and only if x =y,
(iii) d(z,y) < d(z,z)+d(z,y), for all z,y,z € X.

A set X equipped with a generalized metric d is called a generalized metric
space. We will denote such a space by (X,d). Here, the order relation on RN

is deﬁned by7 fO’I“.T = (xlax% .-~,$N)7y = (yl,y% 7yN) € RN,
r<yez <y inR, forali=1,2,..,N.

Notice that a generalized metric space is a usual metric space when N = 1.

For generalized metric spaces, the notions of convergent sequences, Cauchy
sequences, completeness, open subsets, closed subsets and continuous map-
pings are similar to those for usual metric spaces.

Throughout this paper we denote by My (R;) the set of all N x N matrices
with positive elements, by © the zero matrix, by I the identity matrix and by
6 the zero element of RYV. Notice also that, for the sake of simplicity, we will
make an identication between row and column vectors in RV .

Recall that a matrix A is said to be convergent to zero if and only if
A" — © as n — oo (see [37]). For the proof of the main result we need the
following Lemma (see [37], [32], [30])

Lemma 1.2. Let A € Mn(Ry). The following statements are equivalent:
(i) A converges to zero.
(i) A" — © as n — oo.
(iii) The eigenvalues of A are in the open unique disk i.e.
p(A) = max{|A| : A € C with det(A —XI[) =0} < 1.
(iv) The matriz I — A is non-singular and

(I-A)'=T+A+A*+. . +A" +..
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(v) The matriz I — A is non-singular and (I — A)~! has non-negative ele-
ments.

(vi) A"q — 6 and gA™ — 0 as n — oo for all ¢ € RV,

For examples and considerations on matrices which converge to zero, see
Bica and Muresan [8], Rus [32], Turinici [31] and so on.

The main result for contraction mappings on generalized metric spaces is
the Perov’s fixed point theorem.

Theorem 1.3. ([28]) Let (X,d) be a complete generalized metric space
such that d(x,y) € RN, N> 1, forallz,y € X . Let T : X — X and suppose
there exists a matriv A € My(R) such that

d(Tz,Ty) < Ad(z,y), Vx,y€X.
If A converges to zero, then
(i) T has a unique fized point,

(ii) the sequence of successive approzimations {x,}, Ty, = Txp_1 is conver-
gent and it has the limit x*, for all xg € X,

(iii) one has the following estimate
d(xn, 2*) < AT — A) " 'd (z,21) .

For some extensions and applications of the Perov’s fixed point theorem,
one can see in [7]-[9], [13], [24], [29], [30], [26], [31], [38] and references therein.

Recently, existence of fixed points for contraction type mappings in par-
tially ordered metric spaces has been considered in [1] - [6], [10] - [12], [14] -
[24], [33] - [36] and references therein, where some applications to matrix equa-
tions, ordinary differential equations, and integral equations were presented.
Bhaskar and Lakshmikantham [6] introduced notions of mixed monotone map-
pings and coupled fixed points and proved some coupled fixed point theorems
for the mixed monotone mappings and discussed the existence and uniqueness
of solutions for periodic boundary value problems.

Definition 1.4. (/6]) Let (X, <) be a partially ordered set and F' : X x X —
X. The mapping F is said to have the mized monotone property if F(x,y) is
monotone non-decreasing in  and is monotone non-increasing in y, that is,
for any x,y € X,

r1,22 € X, x1 2 a3 = F(z1,y) 2 F(22,9),

and
y,92 € X, y1 2ye = F(z,y1) = F(x,92).
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Definition 1.5. ([6]) An element (z,y) € X x X is called a coupled fized
point of the mapping F : X x X — X if

F(z,y) ==, and F(y,z)=y.

Theorem 1.6. (/6]) Let (X, =) be a partially ordered set and suppose there
exists a metric d on X such that (X,d) is a complete metric space. Let F :
X x X — X be a continuous mapping having the mixed monotone property on
X. Assume that there exists a k € [0,1) with

d(F(z,y), F(u,v)) < g[d(x,u) +d(y,v)], foreachz > u andy < v.
If there exist xo,y0 € X such that
zo = F(zo,50) and yo = F(yo, o),
then there exist x,y € X such that
x=F(z,y) and y= F(y,x).

Theorem 1.7. (/6]) Let (X, <) be a partially ordered set and suppose there
exists a metric d on X such that (X,d) is a complete metric space. Assume
that X has the following property:

(i) if a non-decreasing sequence {x,} — x, then x, < x for all n,
(ii) if a non-increasing sequence {y,} — y, then y <X y, for all n.

Let FF: X x X — X be a continuous mapping having the mired monotone
property on X. Assume that there exists a k € [0,1) with

d(F(z,y), F(u,v)) < g[d(x,u) +d(y,v)], for eachz > u andy < v.
If there exist xg,yg € X such that
zo = F(zo,50) and yo = F(yo, o),
then there exist x,y € X such that
x=F(z,y) and y= F(y,x).

Afterward, coupled fixed points for mappings having mixed monotone
property were established in various partially ordered spaces such as met-
ric spaces, cone metric spaces, G- metric spaces, partial metric spaces (see
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[4], [5], [6], [10], [11], [14], [17], [18] - [20], [34] - [36] and references therein).
In particular, Lakshmikantham and Ciric [18] established coupled coincidence
and coupled fixed point theorems for two mappings F' : X x X — X and
g: X — X, where F has the mixed g-monotone property and the functions F
and g commute, as an extension of the coupled fixed point results in [6].

Later, Choudhury and Kundu in [10] introduced the concept of compatibil-
ity and proved the result established in [18] under a different set of conditions.
Precisely, they established their result by assuming that F' and g are compat-
ible mappings and the function g is monotone increasing.

Definition 1.8. ([18]) Let (X,=) be a partially ordered set and let F :
X xX = X and g: X — X are two mappings. We say F has the mized
g-monotone property if F(x,y) is g- non-decreasing in its first argument and
is g- mon-increasing in its second argument, that is, for any xz,y € X,

T1,T2 € X7 gri j gxra = F(xlay) j F($27y),

and
y, 2 € X, gy 2 gy = F(x,y1) = F(z,y2).

Definition 1.9. ([18]) An element (z,y) € X x X s called a coupled
coincident point of the mapping F: X x X - X and g: X — X if

gr = F(z,y) and gy = F(y, ).

Definition 1.10. ([10]) Let (X, d) be a metric space. The mappings F and
g, where F: X x X — X, g: X — X, are said to be compatible if

lim d(gF(mnayn)vF(gmnvgyn)) = 0’

n—oo

and
lim d(gF (yYn,n), F(9Yn, 97n)) = 0,

n— oo

where {x,} and {y,} are sequences in X such that lim F(2,,yn,)
n—oo

= lim gz, = = and lim F(y,,z,) = lim gy, = y for all z,y € X are
n—oo

n—oo n— oo

satisfied.

Very recently, Berinde [5], in his interesting paper, extended the coupled
fixed point theorems for mixed monotone mappings obtained by Bhaskar and
Lakshmikantham [6] by significantly weakening the contractive condition in-
volved and gave an application to periodic boundary value problems. His main
result is the following theorem
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Theorem 1.11. (/5]) Let (X, =) be a partial generalized ordered set and
suppose there is a metric d on X such that (X, d) is a complete metric space.
Let F: X x X — X be a mized monotone mapping for which there exists a
constant k € [0,1) such that for each x = u, y < v,

d(F(z,y), F(u,v)) + d(F(y, ), F(v,u)) < k[d(z,u) + d(y, v)].
If there exist xg,y0 € X such that
zo 2 F(z0,y0) and yo = F(yo, zo),

or
zo = F(x0,90) and yo < F(yo, o),

then there exist x,y € X such that x = F(x,y) and y = F(y,x).

Inspired by the above results, in this paper, we first introduce a concept of
O-compatible mappings in partially ordered generalized metric spaces. This
concept is slightly more general than the concept of compatible mappings.
Then we prove some coupled coincidence point and coupled fixed point theo-
rems for mapping F': X x X — X having the mixed g- monotone property
in partially ordered generalized metric spaces. The results extend and im-
prove the results of Bhaskar and Lakshmikantham [6] and Berinde [5]. We
also give some examples to illustrate our results. Moreover, an application to
integro-differential equations is given.

Definition 1.12. Let (X,d, <) be a partially ordered generalized metric
space. The mappings FF : X x X — X and g : X — X are said to be O-
compatible if

nh_{go d(gF(xn7yn)aF(gxnvgyn)) =0,

and
nhﬁngo d(gF(yna $n), F(gyna gxn)) =0,

where {z,} and {y,} are sequences in X such that {gx,}, {gyn} are monotone
and

lim F(xn,y,) = lim gz, ==z,
n—oo n— o0

and
n—oo

n— oo

for all x,y € X are satisfied.

Remark 1.13. Let (X,d, X) be a partially generalized metric space. If
F:XxX—> X and g: X — X are compatible then they are O-compatible.
However, the converse is not true. The following example shows that there
exist mappings which are O-compatible but not compatible.
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Example 1.14. Let X = {0} U [1/2,2] with the usual metric d(z,y) =
| —yl, for all z,y € X. We consider the following order relation on X

r,yeX 3y & xz=y or (z,y) =(0,1).
Let F: X x X = X be given by

[0 ifxye{0}uUll/2,1]
F(z,y) = { 1 otherwise
and g : X — X be defined by
0 if £ =0
B if1/2<z<1
U= 2—-2 ifl<a<3/2

1/2 if 3/2<x<2

Then F and g are O-compatible. Indeed, let {z,},{yn} in X such that
{92n},{gyn} are monotone and

lim F(z,,y,) = lim gz, ==z,
n—oo n—oo

and
n—roo

n—oo

for some z,y € X. Since F(zpn,yn) = F(yn,xn) € {0,1} for all n, z = y €
{0,1}. The case x = y = 1 is impossible. In fact, if x = y = 1, then since
{9xn},{gyn} are monotone, gz, = gy, = 1 for all n > nq, for some ny. That
is Tp,yn € [1/2,1] for all n > ng. This implies F(zy,yn) = F(yn,2n) = 0,
for all n > mny, which is a contradiction. Thus z = y = 0. That implies
gxn = gy, = 0 for all n > ny, for some ny. That is x,, = y, = 0 for all n > no.
Thus, for all n > ng,

d(9F (Tn,Yn), F(9Tn; gyn)) = d(9F (Yn, Tn), F(gYn, gzn)) = 0.

Hence
Jim d(gF (zn, yn), F(92n; gyn)) = 0,

and
nli)H;o d(gF(yna xn)v F(gyna an)) = 07

hold. Therefore F' and g are O-compatible.
However, F and g are not compatible. Indeed, let {2}, {y»} in X be defined
by

1

Tn=go =1+ ——=

=1,2,3,..
+17 n Pt B
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We have
ny Yn Yns Tn 17 n 1 )

and

1 1
9$n:gyn=9(1+n+ >=1—n+1—>1 as n — 0o,

but

1 1
d(gF(zn,yn), F(9Tn, gyn)) = d{F(1—-—=1—-—=],g1
(9F (nsyn), F(9Tn, 9yn)) (( e nH)g)

= d(0,1)=1-»0 as n — co.
Thus, F and g are not compatible.

We are now going to prove our main results.

2 Coupled point theorems

Theorem 2.1. Let (X,d, =) be a partially ordered complete generalized
metric space. Suppose F : X x X — X and g : X — X are mappings
such that F has the mized g- monotone property. Assume that there exist
A,B € My(Ry) with p(2(A+ B)) <1 such that

d(F (2,y),F (u,v)) +d(F (y,2), F (v,u)) < Ad (gz, gu) + Bd (gy, gv), (1)

for all x,y,u,v € X with gz > gu and gy = gv. Suppose F(X x X) C g(X),
g is continuous and g is O-compatible with F'. Suppose either

(a) F is continuous or
(b) X has the following property

(i) if a non-decreasing sequence {x,} — x, then gx,, < gz for all n,

(it) if a non-increasing sequence {y,} — vy, then gy < gy, for all n.
If there exist two elements xg,yo € X with
gzo = F(20,90) and gyo = F(yo,Zo),

then F' and g have a coupled coincidence point in X.
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Proof. Let xo,y9 € X be such that gxg < F(zo,y0) and gyo = F(yo,zo)-
Since F(X x X) C g(X), we construct two sequences {z,} and {y,} in X as
follows

gTn+1 = F (xnayn) and 9Yn+1 = F(ynaxn)a for all n > 0. (2)

By the mixed g- monotone property of F', using the mathematical induction,
one can easily show that

gTn X GTpyt1, (3)
and
9Yn = GYn+1, (4)

for all n > 0.
Since gz, = gr,—1 and gy, < gyn—1, from (1) and (2), we have

d(ganrlvgxn) +d(gyn+1vgyn) = d(F(fEn,yn),F(wnq,ynq))
+d(F(yn7xn)vF(yn—17$n—1))
< Ad(grn, 9grn-1) + Bd(gyn, gYn—1))-(5)

Similarly, since gy,—1 = gy and grp,—1 = gn,

d(gynagynJrl) +d(gxnvgxn+1) = d(F(ynflvxnfl)aF(ynamn))
+d(F(2n—1,Yn-1), F(Tn,yn))
Ad(gyn—1,yn) + Bd(grp-1,975). (6)

IN

From (5) and (6), we have

1
d(gTnt1, 9Tn) + d(gynt1, 9yn) < §(A + B)[d(97n, gTn—1) + d(gYn, gYn—1))]-

(7)
Set dn = d(gxn+1,gxn) + d(gynJrlygyn)v M = %(A + B)a then M € MN(R+)
and p(M) < 1. From (7), we have

dy < Md,_1 < M?d,_o < ...< M"dy. (8)
Since p(M) < 1, M™ — © as n — oco. Taking the limits as n — oo in (8), we

get
lim dn = lim [d(g$n+1,gfcn) + d(gynJrhgyn)] =0.

n—oo n—oo

For m > n, we have
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d(9Tm, 9n) + A(9Ym;> 9Yn)

< d(9xm,9Tm—1) + d(gTm—1, 9Tm—2) + ... + d(gTpn+1, gTs)
+d(9Ym> 9Ym—-1) + A(GYm—1, 9Ym—2) + .. + d(GYn+1, 9yn)

[d(92n+1, 970) + A(gYn+1,9Yn)] + o + [d(gTrm—1, gTm—2)

+d(9Ym—1, 9Yym—2)] + [d(gZm, gTm—1) + d(gYm; GYm—1)] + ...

dp + oo+ dypo + dyn1 + ...

(M"+ ..+ M™ 2+ M™ '+ )do

= M"(I+M+..+M"+..)dyg=M"(I—-M) 'dp.

IN

IN

(notice that I — M is non-singular due to p(M) < 1). That implies
(g m, gwn) < M™I — M)~ do and d(gym, gyn) < M™(I — M)~ 'do,

for all m > n.

Since p(M) < 1, M™(I — M)~*dy — 6 as n — oo. Therefore, {gz,} and
{gyn} are Cauchy sequences. Since X is a complete generalized metric space,
there exist z,y € X such that

lim gz, =z and lim gy, =y. (9)

Thus

lim F(z,yn) = nh—>Holo 9rn, = and  lim F(yn,z,) = nh_}rr;o gyn =y. (10)

n— o0 n—oo

Since {gx,} and {gy,} are monotone, by the O-compatibility of F' and g, we
have

Jim_ d(gF (zn, yn), F(92n, gyn)) = 0, (11)
and
nh—{r;o d(gF(yn7 xn)7 F(gyna gxn)) = 0. (12)

Suppose (a) holds. Taking the limits as n — oo in the following inequality

d (9, F (g2, 9yn)) < d (92, gF (Tn,yn)) + d(GF (Tnyyn) » F (9%0, gyn))

and using (9), (11) and the continuity of F, g, we get d(gz, F(x,y)) < 0. This
implies gz = F(x,y).

Similarly, one has gy = F(y, z).

Finally, suppose (b) holds. Since {gx,} is non-decreasing sequence and gz, —
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x and {gy,} is non-increasing sequence and gy, — y , by the assumption, we
have ggx,, < gz and ggy, > gy for all n. From (10), (11) and (12), we have

lim F(gz,,gy,) = lim gF(z,,y,) = lim ggz, = gz, (13)
and
lim F(gyn, gzn) = lim gF(y,,zn) = lim ggy, = gy. (14)

Since ggy, = gy and ggx, = gx , we have

d(F(z,y), 9z) + d(F(y,2),9y) < d(F(z,y), F(92n,gyn)) + d(F(92n, gyn), gz)
d(F(y, ), F(gyn, gzn)) + d(F(gyn, gTn), 9y)
< d(F(9%n, 9yn), 97) + d(F(gyn, gTn), 9y)
+Ad(gz, g9zn) + Bd(gy, 9gyn)-

Taking n — oo in the previous inequality and using (13),(14), we get
d(F(z,y),gz) + d(F(y,z),gy) < 0.

It implies F(z,y) = gx and F(y,x) = gy. This completes the proof. O

In Theorem 2.1, taking gz = =z, for all z € X, we obtain the following
Corollary

Corollary 2.2. Let (X,d, =) be a partially ordered complete generalized
metric space. Let F': X x X — X be a mapping having the mired monotone
property on X such that there exist two elements xg,yo € X with

zo = F(xo,50) and yo = F(yo, o).
Assume that there exist A, B € My (Ry.) with p(3(A + B)) <1 such that
d(F (z,y), F (u,v)) +d (F (y,x), F (v,u)) < Ad (z,u) + Bd (y,v), (15)
for all x,y,u,v € X with x = v and y =< v. Suppose either
(a) F is continuous or
(b) X has the following property

(i) if a non-decreasing sequence {x,,} — x, then gx,, < gz for all n,

(ii) if a non-increasing sequence {y,} — y, then gy =< gy, for all n.

then F has a coupled fixed point in X.
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In Theorem 2.1, taking n = 1, we get the following Corollary

Corollary 2.3. Let (X,d, =) be a partially ordered complete metric space.
Suppose F': X x X — X and g : X — X are mappings such that F' has the
mized g- monotone property. Assume that there exist a,b € Ry with a+b < 2
such that

d(F(z,y), F (u,0)) + d(F (y, ), F (v,u)) < ad (g2, gu) + bd (gy, gv) , (16)

for all x,y,u,v € X with gz > gu and gy =< gv. Suppose F(X x X) C g(X),
g is continuous and g is O-compatible with F. Suppose either

(a) F is continuous or
(b) X has the following property

(i) if a non-decreasing sequence {x,} — x, then gz, < gz for all n,

(i1) if a non-increasing sequence {y,} — vy, then gy < gy, for all n.

If there exists two elements xg,yo € X with

gro = F(20,%0) and gyo = F(yo, o),

then F and g have a coupled coincidence point in X.

Also, taking n = 1 in Corollary 2.2, we get

Corollary 2.4. Let (X,d, =) be a partially ordered complete metric space.
Let F: X x X — X be a mapping having the mixzed monotone property on X
such that there exist two elements xg,yg € X with

xo X F(xo,90) and yo = F(yo, o).
Assume that there exist a,b € Ry with a + b < 2 such that
d(F (z,y),F (u,v))+d(F (y,x),F (v,u)) < ad(z,u)+ bd (y,v), (17)
for all x,y,u,v € X with x = u and y < v. Suppose either
(a) F is continuous or

(b) X has the following property

(i) if a non-decreasing sequence {x,,} — x, then gx,, < gz for all n,

(i) if a non-increasing sequence {yn,} — vy, then gy =< gyn for all n.
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then F has a coupled fixed point in X.

Remark 2.5. In Corollary 2.4, letting a = b, we get the result of Berinde
(Theorem 1.11)

Now we shall prove the uniqueness of the coupled fixed point. Note that if
(X, =) is a partially ordered set, then we endow the product X x X with the
following partial order relation:

for (x,y),(u,v)EXxX, (I,y)ﬁ(u,v)@zju,ytv.

Theorem 2.6. In addition to the hypotheses of Corollary 2.2, suppose that
for every (z,y), (2,t) € X x X, there exists a (u,v) € X x X that is comparable
to (x,y) and (z,t), then F has a unique coupled fized point.

Proof. From Corollary 2.2 the set of coupled fixed points of F' is non-empty.
Suppose (z,y) and (z,t) are coupled points of F, that is x = F(x,y),y =
F(y,z),z = F(z,t) and t = F(t, z), we shall show that z = z and y = t.

By the assumption, there exists (u,v) € X x X that is comparable to (z,y)
and (z,1t).

We define two following sequences {u,} and {v,} as follows

Ug =u, Vo =V, Upt1 = F(un,v,) and vpp1 = F(v,,uy), forall n

Since (u,v) is comparable with (x,y), we may assume that (z,y) 2 (u,v) =
(up, vp). By using the mathematical induction and the mixed monotone prop-
erty of F, it is easy to show that

(x,y) 2 (up,vy), forall n. (18)
Since z = u,, and y =X v, for all n, from (15), we have

d(z,un) +d(y,vn) = d(F(z,y), F(un—1,0n-1)) + d(F(y,z), F(vn—1,Un-1))

< Ad(z,un-1) + Bd(y,vn-1).
Similarly,
d(vn,y)—l—d(un,x) = d(F(U’ﬂ*hu”*l)’F(y?x))+d(F(un*17v”*1)’F(x7y))
< Ad(vn 1,y)+ Bd(un1,2).
Therefore,
1
A ) +d.0) € 3 (A4 B) (@) + d,vm0)
= M(d(‘raunfl) +d(y7vn71))
< MP(d(z,up—2) + d(y, vn—2))
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Since M™ — © as n — oo, taking the limits in (19), we get

lim [d(z,u,) + d(y,v,)] = 0.

n=ro0
That is

nh_{glo d(x,uy) = nh_{r;o d(y,v,) = 6. (20)
Similarly,

nh_}rrgo d(z,up) = nh_}ngo d(t,v,) = 0. (21)
From (20) and (21), we have = z and y = t. The proof is complete O

Theorem 2.7. In addition to the hypotheses of Corollary 2.2, suppose
o, Yo are comparable then F has a fized point, that is there exists x € X
such that F(z,z) = x.

Proof. By Corollary 2.2, F has a coupled fixed point (z,y). We will show that
x = y. Let us assume that yg =< x¢. By the mathematical induction and the
mixed monotone property of F', one can show that

Yn = Ty, for all n. (22)

where x,, = F(xnfhynfl% Yn = F(yn71,$n71)7 n=123,...
Since x, = Yn,

d(F (mnayn)vF(ynvl'n))+d(F (ynaxn)vF(xnayn)) gAd(l'n»yn)+Bd(ymxn))

or
d(F(xmyn)aF(ynazn)) <

By the triangle inequality,

(A4 B)d(xn,yn) = Md(xn, yn)-

N | =

d(z,y) < d(@,zp41) +d(@ni1,Ynt1) + d(Ynt1,9)
= d(xamn-i-l)_"d(yn-i-l)y)+d(F(xnayn)7F(ymxn))
< d(@2ng1) +d(Ynr1,y) + Md (20, yn) - (23)

Taking n — oo in the above inequality, we get d(z,y) = 6 . This implies
x = y. The proof is concluded. O

We next give two examples to illustrate our results.

Example 2.8. Let X = R with the generalized metric d : X x X — R? be
defined by

d(z,y) = ( 2|Tcx_—yy|\ > , forall x,y € X,
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and the usual ordering <.
Let F: X x X = X be defined by

1
F(z,y) = 3T~ for all z,y € X,

and g : X — X be defined by

gxr =3z, forall x € X.
Let A, B € M5(R,) with

(1) (1)

Then X is complete, F, g are continuous and O-compatible. F' (X x X) C
g(X) and F has the mixed g- monotone property. M = (A 4+ B)/2 converges
to zero and there exist zp = yo = 0 such that gzg < F(xo,yo) and gyo >
F(yo, zo). Moreover, for z,y,u,v € X with gz > gu, gy < gvie.,z > u,y <o,

we have
Br—y—duto] \ _ ( He—ul+ly-v
|z — 2y — u + 20| —\ |z —u|+ 2]y — v

1 1 1
_ |2y — 2z — Jv+uf < ( 3ly—vl+lz—ul
d(F(y,2), F (v,u)) ( ly — 22 — v + 2u| N\ ly vl + 20z -

O wl=
o=
= o=
o= |

d(F(z,y), F (u,v))

Thus,

3 ( |z —ul+ly—vl
d(F(x,y),F(u,v))+d(F(y,:c),F(v,u))S2(2|x_u|+2|y_v| )

3lx —u
Ad(gx, gu) + Bd(gy, gv) = ( ) ( GI:C,UI )
3ly — vl
" < > < 6ly — v| )
o — | + 2y — v]
2|z — u| + 4|y — v

d(F(z,y), F (u,0)) +d(F (y, ), F (v, u)).

Also,

|
—ol- Owlim

N e S B

Y]

Therefore, all the conditions of Theorem 2.1 are satisfied. Applying Theorem
2.1, we obtain that F' and g have a coupled coincidence point. In fact, (0,0)
is the unique coupled coincidence point of F' and g.
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Example 2.9. Let (X,d, =), F and g be defined as in Example 1.14.

Then:
(i) X is complete and X has the property

e if a non-decreasing sequence {x,} — x, then gz, < gz for all n,

e if a non-increasing sequence {y,} — y, then gy < gy, for all n.

(ii) F(X x X)={0,1} c {0} U[1/2,1] = g(X).

(iii) g is continuous and g and F' are O-compatible.

(iv) There exist g = 0,y = 1 such that gxg < F(x0,y0) and gyo = F(yo, xo)-
v) F has the mixed g-monotone property. Indeed, for every y € X, let
x1,T9 € X such that gr; < gao

o if gx1 = gao then x1,29 = 0 or x1, 29 € [1/2,1] or z1,22 € (1,3/2] or
x1, 22 € (3/2,2]. Thus, F(z1,y) =0 = F(ze,y) if y € {0} U[1/2,1], and
21,29 =0 or xy1,x9 € [1/2,1], otherwise F(z1,y) = 1 = F(z2,y).

o if gr1 < gxs, then gz; = 0 and gas = 1, ie., 21 = 0 and 25 € [1/2,1].
Thus F(z1,y) = 0 = F(zg,y) if y € {0} U[1/2,1], and F(z1,y) =1 =
F(xz,y) if y € (1,2].

Therefore, F' is the g- non-decreasing in its first argument. Similarly, F' is the
g- non-increasing in its second argument. (vi) For z,y,u,v € X, if gz > gu
and gy = gv then d(F(x,y), F(u,v)) = 0. Indeed,

e if grv > gu and gy < gv then y = v = 0 and x,v € [1/2,1]. Thus
d(F(z,y), F(u,v)) = d(0,0) = 0.

e if gv = gu and gy < gv then y = 0 and v € [1/2,1]. Thus if z =
uw=0or z,u € [1/2,1] then d(F(x,y), F(u,v)) = d(0,0) = 0, otherwise
d(F(z,y), F(u,v) = d(1,1) = 0. Similarly, if gz > gu and gy = gv then

d(F(z,y), F(u,v)) = 0.

e if g = gu and gy = gv then both z,u are in one of the sets {0},
[1/2,1], (1,3/2] or (3/2,2] and both y,v are also in one of the sets {0},
[1/2,1], (1,3/2] or (3/2,2]. Thus d(F(z,y), F(u,v)) = d(0,0) = 0 if
x=u=0orzu€([l/2,1] and y = v =0 or y,v € [1/2,1], otherwise,
d(F(z,y), F(u,v)) =d(1,1) = 0.

Therefore, all the conditions of Corollary 2.3 are satisfied with a,b > 0 and
a + b < 2. Applying Corollary 2.3, we conclude that F' and g have a coupled
coincidence point.

Note that, we cannot apply the result of Choudhury and Kundu [10] as well
as the result of Lakshmikantham and Ciric [18] to this example.
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3 Application to integro-differential equations

In this section, we use the results that are established in Section 2 to derive
some results on the existence and uniqueness of solutions of integro-differential
equations.

Consider the integro-differential equation

t

z(t) = /(f (s, (s),2"(s)) +g(s,x(s),2'(s)))ds forall t € [0,T], (24)

for some T > 0.
We consider the following conditions

(H1) f,g€ C([0,T] x R x R,R).
(H2) There exist «, 8, A, u > 0 such that
ng(t,:c,y)—f(t,u,v) Sa(xiu)+6(yfv)a

and
Az —u)—ply—v)<gtzy) —g(tuv) <0,

forallt € [0,T],z,y,u,v € R with x > u,y > v.

Definition 3.1. An element (w,9) € C([0,T],R) x C([0,T],R) is called
a coupled lower and upper solution of the integro-differential equation (24) if
w(0) =9(0) =0 and
w'(t) ftw(t),w' () + g (t,9(2),9'(t))
f&0(),9'(1) + 9 (t,w(t),w'(t) < 9'(1),

INIA

for all t €10,T7.

Theorem 3.2. With the assumptions (H1) -(H2). If the integro-differential
equation (24) has a coupled lower and upper solution and T(a+N)+8+p < 1
then it has a unique solution in C ([0,T),R).

Proof. Set y(t) = 2'(t), from equation (24), we have the following system
equations
£(t) = [ (7 (5.2 (5) 0 (5)) + 9 (5.2 (5). 3 () ds
o : (25)
[t (t),y @) +g(ta(t),y(t)
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for all t € [0, 7).
Set X = C([0,T],R) x C([0,T],R). Then X is a partially ordered set if we
define the following order relation on X:

(z,9), (u,v) € X, (z,y) 2 (u,v) & z(t) < u(t),y(t) <o(t), for all ¢ € [0,T].
Also, (X,d) is a complete generalized metric space with metric

d((z,y), (u,v)) = ([lz = ull, [ly = v]).

for all (x,y), (u,v) € X, where ||z|| = max{|z(t)|] : t € [0,T]} for all = in
C ([0,7),R)

Obviously, if {(x,,y»)} is a monotone non-decreasing sequence in X which
converges to (z,y) in X and {(uy,v,)} is a monotone non-increasing sequence
in X which converges to (u,v) in X, then (2,,y,) = (z,y) and (u,v) =X (un,vy)
for all n. Also, X x X is a partially ordered set if we define the following order
relation on X x X: for ((z1,11), (u1,v1)), ((z2,y2), (u2,v2)) € X x X,

((z1,91), (u1,v1)) S ((T2,92), (u2,v2)) & (21,91) = (T2,92), (u2,v2) =X (u1,v1)

For any (x,v9),(u,v) € X, then (max{z,u}, max{y,v}) and
(min{z, u}, mln{yﬂ)}) are in X and are a upper and a lower bound of
(z,9), (u,v), respectively. Therefore, for every ((x1,91),(u1,v1)),
((l'g,yg) (ug,v2)) € X x X, there exists a

((max{z1, z2}, max{y, y2}), (min{uy, uo}, min{vy, v2})) € X x X,

which is comparable to ((z1,y1), (u1,v1)) and ((z2,y2), (uz,v2)).
We define a mapping F': X x X — X as follows

F ((SC, Y), (u7v)) = (Fl ((z,y), (u,v)) B ((m,y), (uvv)))
where Fy, Fy : X x X — C([0,T],R) are defined by

By (2.9). (0:0)) () = [ (F(5:2(5),(5) + gl ). () i,
0

and
Fy ((l‘,y), (u, U)) (t) = f(t7x<t)7y(t)) + g(t,u(t),v(t)),

for all z,y,u,v € C([0,T],R), and for all ¢ € [0, T].
We claim that F' has the mixed monotone property. In fact, for any (z,y) and
(u,v) in X, if (z1,y1) =< (z2,y2), we have
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Fu((z1,91), (w,0) () = Fr (22, 92), (u,0)) (1)

- / (5, 21(5),91(5)) + g5, u(s), v(s))) ds

t

- [ (o220, 12(9) + (5, u(s),v(5)) ds

0
(by the assumption (H2))
¢

- /WWM%M@%%@M@wﬁm%SQ

0

and

By ((21,1), (w,0)) (1) = F2 (22, 92), (u, ) (2)

= St xa(), v (1) + g(t, ult), v(t)) — (f (£, 22(), y2(t)) + g(t, u(t), v(t)))
(by the assumption (H2))

= ft,z1(t),y:(t)) — f(t, w2(t), y2(t)) < 0.

Therefore, F ((z1,y1), (u,v)) < F ((x2,y2), (u,v)) that is, F is non-deacreasing
in the first argument.
Similarly, if (u1,v1) = (ug2,v2) then we have

By ((z,y), (u1,v1)) (8) = F1 (2, 9), (w2, v2)) (F)

- /mmm><»wmm@mwmw

/ ) + g5, ua(s), va(5))) ds

(by the assumption (H2))
¢

- /Mmd%m@%w@w@w%WﬁZQ

0

and
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Fy ((w,y), (u1,v1)) (t) — Fa (2, ), (u2,v2)) (1)
= f(s,2(5),y(s)) + g(s,u1(s),v1(s)) — (f(s,2(s),y(s)) + g(s,u2(s),v2(s)))

(by the assumption (H2))
= g(s,u1(s),vi(s)) — f(s,ua(s),v2(s)) = 0.
Therefore, F ((z,y), (u1,v1)) = F ((x,y), (u2,v2)), that is, F' is non-increasing
in the second argument.
The claim is proved.
Now for any (z1,y1), (x2,92), (u1,v1), (u2,v2) € X with (z1,y1) = (z2,92) and
(u1,v1) X (uz,v2), we have,

[F ((z1,91), (w1, v1)) (8) — F1 (22, 92), (u2,v2)) (2)]

t

/(f(s 21(s),y1(s)) + (s, u1(s), v1(s))) ds

(s,22(s )+ g(s,u2(s),v2(s))) ds

(9(s,u1(s), v1(s)) = g(s, u2(s), va(s))) ds

/
/ (s,1(s — f(5,22(5),92(5))) ds
0
J

IA

/ ) —x2(5)) + B(yi(s) — y2(s))) ds
0

t

+ / (Mua(s) = ui(s)) + p(va(s) — vi(s))) ds

0
< aT|lzy — zof| + BT [yr — well + AT([uz — wi || + pT'|lvg — vi|
Therefore,
d(F1 ((z1,91), (u1,v1)), Fi (w2, 92), (u2,v2))) < oT|lwr — @2 + BT |lyr — y2l|
FAT||ur — uz|| + pT|lvr — va2|].
Similarly, we have
d (Fy ((uz,v2), (w2, 92)) , F1 ((u1,v1), (21,91)))

IN

aT|lug — u1|| + BT ||ve — v1]]
FAT [y — 2| + pT|lyr — yel|.
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On the other hand, for (z1,v1), (2, y2), (u1,v1), (ug,v2) € X with (z1,y1) =
(z2,92), (u1,v1) = (u2,v2), we also have

|2 (21, 91), (u1,01)) (8) — Fa (22, y2), (u2,v2)) ()]
)

|£ (21 (), y1 (1) + (8, ua (t), vi(t) — (f(E 22(2), y2(t)) + g(t, u2(t), v2(1))) |
) = [t x2(t), y2())) + (9t ur (t), v1(t)) — g(t, ua(t), v2(1))) |
+ B(y1(t) = y2(8)) + Aua(t) — ua(t)) + p(v2(t) — v (2).

[ (f (21 (8), (2
az1(t) — z2(t))

IA

Thus,

d(F2 ((x1,91), (u1,v1)), Fo ((z2,y2), (u2,v2))) < allzr — 22| + Bllyr — vl
FAluz — ui || + pllve — vi]].

Similarly,

d(F ((uz,v2), (v2,92)) , F2 ((u1,v1), (z1,91))) < alluz —wa]| + Bljva — v
Az — @2l + pllyr — yol|.

Therefore, for any (w1,y1), (z2,¥2), (u1,v1), (uz,v2) € X with (21,31) =
(x2,92), (u1,v1) = (u2,v2), we have

d(F ((x1,91), (ug,v1)), F (22, 92), (U2, v2)))

(
+d (F ((u1,v1), (x1,91)) , F ((u2,v2), (22,92)))
d( ((xlayl) (u1,v1)), F (22, y2), (u2,v2)))
(U2,U2) (z2,92)), F ((u1,v1), (21,91)))
_ ( 171,3/1 s (u1,01)), Fi ((22,2) , (u2,v2))
((w1,91) 5 (u1,v1)) , Fa ((w2,92) , (uz, v2))
+( d(Fl((Uwfz) (z2,y2)), F1 ((u1,v1) s (21,91
d(F ((u2,v2), (72,92)) s F2 ((u1,v1) , (1,1
( Ta+T)\ (w1 = 2| + [Jur — uz|)
) (lz1 = @2 + [Jur — uz])

< Tﬂ‘f'TM) (llyr = yell + llvr —v2|) )

— —

)
))

IA

+

B+ ) (lyr = yell + [Jv1 — v2|)

_ ( Ta+T\ TS+ Tu ) ( llz1 — 2o + [Jur — ual| )
a+A B+ p lyr — g2l + llvr — v

Ald((z1, 1), (22,92)) + d ((u1,v1), (u2,v2))]

where

A_ [ Ta+TX T+ Tnu
o a+ A B+p )
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It is easy to see that the matrix A has two eigenvalues 61 = 0 and §; =
T(a+ X))+ S+ p < 1. Hence A converges to zero.

Thus F verifies the contraction condition (15) in Corollary (2.2) with A = B.
Now let (wy,%:1) be a coupled lower and upper solution of the equation (24),
then we have

w1 (t) f(twi(t),w’ () + g (t,9:(t),01'(1))

<
< f (6 00(8),04(8) + g (twi (¢

~—
&
[y
~
—
~+
~—
~
AN
53
—_
~
—
o~
~—

(26)

Set wa(t) = wi(t) and Jo(t) = V1(¢)" for all ¢ € [0,T]. From (26), for all

that is, for all ¢ € [0,T],

wa(t) < Fh ((wi,w2), (V1,92)) () < Fo (91, 72), (w1, w2)) () < da2(t).  (27)
Also, by (26), for all ¢t € [0,T], we have

t t

/wl’(s)ds < /(f(s,wl(s),wll(s)) +g(t,191(5),?91/(t))) ds
0 0

/ (f(s,l?l(s),ﬁl/(s)) Jrg(s,wl(s),wl'(s))) ds < /191/(5)d5
0

0

IN

or

wi(t) —wi(0) < (F(s,w1(s), w2(s)) + g(t,91(s), D2(s))) ds (28)

IN

[ (510151, 02(9) + g1 (5)wn(9) s < 010) = 010,
From (28) and the fact that wy(0) = 9(0) = 0, we get

wi(t) < F1 (w1, w2), (V1,02)) (1) < F1 ((01,02), (w1, w2)) () < 01 (F). (29)
From (27) and (29), we have

(wi,wa) < (F1 ((wi,w2), (91,72)) , Fo (w1, w2), (¥1,72)))
< (F1 (W1, 92), (wi,we)) , B2 (91, 92), (w1, w2))) < (V1,92)
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This means that there exist (w1,ws), (¥1,792) € X such that
(Wi, w2) 2 F ((w1,w2), (Uh,72)) and (Vh,02) = F ((91,72), (w1, w2)) -

Thus all the conditions of Theorem 2.6 are satisfied. Applying this theorem, F’
has a unique coupled fixed point (z*,y*), (u*,v*) in X x X. Since (w1, ws) =
(91,92), applying Theorem 2.7, we conclude that (xz*,y*) = (u*,v*) is the
unique fixed point of F'. It means the system of equations (25) has the unique
solution (z*(t),y*(t)). That means

¢
T (t) = bf (f (va (8),:/./ (S)) +g(8,$ (S)ay (8)))d$ , fOT all ¢ c [O,T]
y () = f(ta"(t),y" (1)) + g (t,27(t), y* (1))

(30)
The first equality shows that 2* € C([0,7],R) and after taking the derivative
that equation, we have

(@) (t) = £ (t2(1),y" (1) + g (&, 2™ (1), y™ (1) = y" (2). (31)
Therefore z* € C([0,T],R) is the unique solution of the equation (24). The
proof is complete. O
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