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Abstract

The purpose of this work is to present some existence theorems for coupled fixed points of F-type
contractive operator in metric spaces endowed with a directed graph. Our results generalize the main
result obtained by Chifu and Petrusel [C. Chifu, G. Petrusel, Fixed Point Theory Appl., 2014 (2014),
13 pages]. We also present applications to some nonlinear integral system equations to support the
results. (©2016 all rights reserved.
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1. Introduction

In metric fixed point theory, the strong motivation for establishing fixed point results of mappings
which satisfy Banach type contractive condition is due to their applications to large class of problems.
In 2006, Bhaskar and Lakshmikantham [I] introduced the concept of coupled fixed point for mixed
monotone operators and used it to solve various existence problems including periodic boundary value
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problem. Most recently, Chifu and Petrusel [2] applied the ideas from Jachymski [3] to introduce the
concept of coupled G-contraction and proved some interesting coupled fixed point theorems.

Following this direction of research, in this paper, we present some existence results for coupled
fixed points of F-type contractive operator in metric spaces endowed with a directed graph. Our
results extend and generalize the main result given in [2]. Applications to some integral systems are
also discussed.

2. Preliminaries

Throughout the article N, R*, and R will denote the set of natural numbers, positive real numbers,
and real numbers, respectively.

Now, we briefly recall basic notions and notation from the literature. In particular, we refer to
[2, 3].

Let (X,d) be a metric space and A be the diagonal of X x X. Let G be a directed graph, such
that the set V(G) of its vertices coincides with X and A C F(G), where E(G) is the set of the edges
of the graph. Assume also that G has no parallel edges and, thus, one can identify G with the pair
(V(G), E(G)).

Throughout the paper we shall say that G with the above-mentioned properties satisfies standard
conditions.

Let us denote by G~! the graph obtained from G by reversing the direction of edges. Thus,

E(GTY) ={(z,y) € X x X : (y,2) € B(G)}.
Let us consider the function f: X x X — X.

Definition 2.1 ([2]). An element (z,y) € X x X is called coupled fixed point of the mapping f, if
f(x,y) =z and f(y,z) = y.

We shall denote by CFix(f) the set of all coupled fixed points of a mapping f, that is,

CFix(f) = {(z,y) € X x X : f(z,y) = x and f(y,x) = y}.

Definition 2.2 ([2]). We say that f : X xX — X is edge preserving if [(z,u) € E(G), (y,v) € E(G™1)],
then, (f(z,y), f(u,v)) € E(G) and (f(y, ), f(v,u)) € E(G™").

Definition 2.3 ([2]). The mapping f : X x X — X is called G-continuous if for all (z,y) € X X
X, (z*,y*) € X x X and for any sequence (n;);ey of positive integers, with f™(z,y) — x*, f"(y,z) —
y* as i — oo, and (f5(z, ), [z, ) € B(G), (/"(y,2), " (3,2)) € B(G), we have that

FU @), (g, 2) = fa*,y),
FU @), [ (2, y) = fly", o),
as ¢ — 00.

Definition 2.4 ([2]). Let (X, d) be a complete metric space and G be a directed graph. We say that
the triple (X, d, G) has the property (A;), if for any sequence (x,)neny C X with x, — z, as n — o0,
and (zp, Tpy1) € E(G), for n € N, we have (z,,z) € E(G).

Definition 2.5 ([2]). Let (X, d) be a complete metric space and G be a directed graph. We say that
the triple (X, d, G) has the property (A,), if for any sequence (x,,)neny C X with z, — =, as n — oo,
and (2, T,11) € E(G™!), for n € N, we have (z,,7) € E(G™).
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Following Wardowski [5], we denote by F the family of all functions, F': R* — R satisfying the
following conditions:

(F1) F is strictly increasing on R™;

(F'2) for every sequence {s,} in Rt we have lim s, = 0 if and only if lim F(s,) = —o0;
n—oo n—oo

(F3) there exists a real number k € (0,1) such that lim s*F(s) = 0.

s—0t
Example 2.6. The following function F' : R™ — R belongs to F:
(i) F(s)=Ins, with s >0,

(ii) F(s) =Ilns+s, with s > 0.

Definition 2.7 ([5]). Let (X,d) be a metric space. A mapping f : X — X is said to be an
F-contraction on X if there exists 7 > 0 such that

d(fz, fy) > 0= 7+ F(d(fz, fy)) < F(d(z,y))

for all x,y € X and F € F.

2.1. Coupled fixed point theorems

Let (X, d) be a metric space endowed with a directed graph G satisfying the standard conditions.
The set denoted by (X x X)/ is defined as follows:

(X x X)) ={(z,y) € X x X : (z, f(w,y)) € E(G) and (y, f(y,2)) € E(G™")}.
Proposition 2.8 ([2]). If f: X x X — X is edge preserving, then:

(i) gf(»g)g E(G) and (y,v) € E(G™") implies (f"(x,y), f"(u,v)) € E(G) and (f"(y, ), f"(v,u)) €
(i) (x,y) G’(X x X)7 implies (f"(x,y), f"*(z,y)) € E(G) and (f"(y,x), f**(y,2)) € E(G™") for
all n € N;
(iii) (z,y) € (X x X)! implies (f"(z,y), f"(y,z)) € (X x X)/ for all n € N.

Definition 2.9. The mapping f : X x X — X is called an F-G-contraction if:

(i) f is edge preserving;
(ii) there exists a number 7 > 0 such that

T+ F(d(f(2,y), f(u,v))) < F(max{d(z,u),d(y, u)})
for all (x,u) € E(G), (y,v) € E(G™") with d(f(z,y), f(u,v)) > 0.

Remark 2.10. If F is defined by F(s) = In s, for all s > 0, and the fact that @ < max{a, b} for all

non-negative real numbers a and b, the F' — G-contraction reduces to G-contraction given in [2].
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Lemma 2.11. Let (X,d) be a metric space endowed with a directed graph G and let f : X x X — X
be a F-G -contraction. Then, for all (z,u) € E(G), (y,v) € E(G™'), we have

F(d(f"(2,y), f"(u,0))) < F(d(z,u)) —nT

F(d(f"(z,y), ["(u,v))) < F(d(y,v)) —nT
and
F(d(f"(y, ), [*(v,u))) < F(d(z,u)) —nT

Fd(f"(y, ), ["(v,u))) < F(d(y,v)) — nT.
Proof. Let (z,u) € E(G) and (y,v) € E(G™'). Since f is edge preserving, we have
(f(z,y), f(u,v)) € E(G) and (f(y,z), f(v,u)) € E(G™Y).

from Proposition 2.8 (i), it follows that (f"(z,y), f"(u,v)) € E(G) and (f"(y,z), f*(v,u)) € E(G™Y).
Since f is an F-G-contraction, we obtain

F(d(fQ(x,y),fQ(u,v))) _F<d( ( ( )v (y> ))7f(f(u7v)>f< ))))
<F(max{d(f(z,y), f(u,v)),d(f(y,z), f(v,u)))}) — .
),

(
It max{d(f(z,y), f(u,v)),d(f(y,2), f(v,u))} = d(f(z,y), f(u,v)), then, we have
)

F(d(f*(x,y), f2(u,0))) =F(d(f(z,y), f(u,v)) — (2.1)
<F(max{d(z,u),d(y,u }) — 2. |
If max{d(f(x,y), f(u,v)),d(f(y,z), f(v,u))} = d(f(y,x), f(v,u)), then, we have
F(d(f*(x,y), f*(u,v))) =F(d(f(y,x), f(v,u))) = (2.2)
<F(max{d(y U),d(%U)}) — 27 |

Thus, from and , we conclude that
F(d(f*(z,y), f*(u,v))) < F(max{d(y,v), d(z,u)}) - 27.

Now, we consider the two cases:
Case I If max{d(y,v),d(z,u)} = d(z,u), then we get

F(d(f*(x,y), [*(u,v))) < F(d(z,u)) - 27.
Case IT: If max{d(y,v), d(z,u)} = d(y,v), then we get

F(d(f*(z,y), f*(u,0))) < F(d(y, v)) — 2.
Therefore, by mathematical induction, we get

F(d(f"(z,y), ["(u,v))) < F(d(z,u)) —nT

or

F(d(f"(x,y), ["(u,0))) < F(d(y,v)) — nt.
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Similarly, we can write

F(d(f*(y, @), f*(v,w)) =F(d(f(f(y, ), f(2,9), (f(f(v,u), f(u,0)))))
<F(max{d(f(y, ), f(v,u),d(f(z,y), f(u,v)))}) = 7.

If max{d(f(y, @), f(v,w), d(f(z,y), f(u,0)))} = d(f(y, 2), (v, 0)), then, we have
F(d(f*(y, 2), *(v,0))) =F(d(f (3,2), f(v,u) — 7

ZF(max{d(y, v)d(z,u)}) — 27 (2:3)
If max{d(f(y, x), f(v,u),d(f(2,y), f(u,0)))} = d(f(z,y), f(u,v)), then, we have
F(d(f*(y, %), [*(v,w)) =F(d(f(2,y), (w,0)) =7 (2.4)
<F(max{d(z,u),d(y,v)}) — 2r.
From and (2.4), we conclude that
F(d(f*(y,z), f*(v,0))) < F(max{d(z,u),d(y,v)}) - 27.
Following the similar reasoning including induction as done above, we get
F(d(f™(y,2), f"(v,u))) < F(d(x,u)) — nr
: Fd(f"(y, ), (v, 0))) < F(d(y,v)) —nr.
O

Lemma 2.12. Let (X,d) be a complete metric space endowed with a directed graph G and let f :
X x X — X be an F-G-contraction. Then, for each (z,y) € (X x X)/, there exist 2 € X and j € X
such that (f"(x,y))nen converges to & and (f™(y,x))nen converges to g, as n — 0o.

Proof. Let (z,y) € (X x X)/, that is, (z, f(z,y)) € E(G) and (y, f(y,z)) € E(G™'). By Lemma
2.11] we consider u = f(z,y) and v = f(y, x), then we obtain

F(d(f"(x,y),f"(f(x,y))),f(y,x)) SF(d(ZL’,f(I’,y))) —nT
that is,

F<d(fn(x>y)7fn+l(x7y))) SF(d(l’,f(iL‘,y))) —nT (25)

or

F(d(fTL(:E,y), fn+1<x7y))) SF(d(y,f(y,$))) —nT

and
F(d(fn(yax)v fn-l-l(y’x))) SF(d(ZE, f(ZL’, y))) —nT

or (2.6)
F(d(f"(y,x), "y, 2))) <F(d(y, f(y,z))) — nT.

Now, taking limit as n — oo in ([2.5)), we get

lim F(d(fn<x7 y)? fnJrl(x’ y))) = —0.

n—oo
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Then, by (F,), we have
lim d(f"(z,y), [ @, y) = 0. (2.7)
Now, from (F3), there exists k& € (0, 1) such that
T (4 (), £ () (A ). S ) = 2.5)
Therefore, from (2.5), for all n € N we deduce that
(d(f™ (), [ (@, ) F A (), 2 (@) — Fld(z, fz,y)))
< —nr(d(f"(xy), [ (2,9))" <0,
or (2.9)
(AdCf" (), £ )P (EES" (@), f7 (2 y) = Fd(y, fy.2)))
< —nr(d(f"(z,y), f (2. 9)" <0.

Now, using (2.7), and taking limit n — oo in ([2.9)), we get
Tim (nd(f"(z,y). " (z,9)))" = 0.
Therefore, there exists ng € N such that
n(d(f" (@, ), f (@, y))" <1 Yo > ng

that is,,
d(f"(z,y), [ (2,y)) <

Now, for all m > n > ng, we have

d(f™(z,y), [™(x,y)) <d(f”(fc ), [ (@) + A (), ()

<Z—

n>n0

Vn > ny.

3
|

which is convergent as k € (0,1). Therefore as m,n — oo, we get d(f"(x,y), f™(x,y))
Similarly, we can obtain

d(f"(y,z), f™(y,z)) = 0 as m,n — oo.

— 0.

Therefore, (f"(z,y))nen and (f™(y, x))nen are Cauchy sequences in X. Since (X, d) is a complete
metric space, then there exists £ € X and gy € X such that (f™(z,y))nen converges to point Z and

(f"(y,x))nen converges to point g, as n — 00.

]

Theorem 2.13. Let (X,d) be a complete metric space endowed with a directed graph G and let f :

X x X — X be an F-G-contraction. Suppose that:
(i) f is G-continuous;

or

(ii) The triple (X, d, Q) satisfy the properties (A1), (A2) and F is continuous. Then, CFix(f) # ()

if and only if (X x X)7 #(.
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Proof. Suppose that CFix(f) # ), then there exists (z*,4y*) € CFix(f) such that (z*, f(z*,y*)) =

(x*,2*) € A C E(G) and (v*, f(y*,z%)) = (y*,y*) € A C E(G™1).

So (z*, f(z*,y*)) € E(GQ) and (y*, f(y*,2*)) € E(G™!) that is, (z*,y*) € (X x X)/ and thus

(X x X)/ #0.

Suppose that (X x X)/ # 0, then there exists (z,y) € (X x X)/, that is, (z, f(z,y)) € E(G) and

(v, f(y,x)) € E(G™).
Let (n;)ien be a sequence of positive integers. From Proposition (ii), we have

(" (), [P (2, y)) €E(G),
(f"(y, ), [ (y,2)) €E(G™).

further, from Lemma [2.12] there exists * € X and y* € X such that
fr(a,y) — x*(x) and f*(y,x) — y*(y) as i — oo.

Now, we shall prove that f(z*,y*) = z* and f(y*,2*) = y*.
Case 1. Suppose f is a G-continuous mapping, then we get

FUM (@), [y, @) = f(2",y7) and f(f"(y,2), [ (2,y)) = f(y" 2") as i — 0.

Now,
d(f(a* y), @*) <d(f(x*,y*), [P (@) + d(f " (2, y), 27).
Since f is G-continuous and f™(z,y) — x*, therefore, we get

d(f(x*,y*),2*) = 0 that is, f(z*,y*) = 2*.

By the same argument, we can be proved that f(y*, x*) = y*.
Thus (z*,y*) is a coupled fixed point of the mapping f and hence, CFix(f) # 0.
Case II. Suppose that the triple (X, d, G) has the properties (A1) and (As), then we get

(f"(z,y),2*) € B(G) and (f"(y,2),y*) € E(G™).

Now,
d(f(z*,y"),2) < d(f(a* y"), [ @, ) + d(f (2, y), 27)
< d(f(«y"), F(f" (@), [y, 2))) + d(f" (2, y), @
F(d(f(z*,y"),2") — d(f" Nz, y),2%) < Fd(f(z*,y%), F(f"(2,9), [y, x))))
< F(max{d(z*, f"(z,y)),d(y", f"(y,2))}) — T.

Then, as n — oo and continuity of F', we get
Fd(f(z",y"),2")) < —o0

that is, d(f(z*,y*),z*) = 0.
Similarly, we can prove that d(f(y*,z*),y*) = 0.
Thus (z*,y*) € CFix(f).

(2.10)

]

Theorem 2.14. Under the condition of Theorem if (z*,y*) € CFix(f) with (z*,y*) € E(G)

and (y*,z*) € E(G™1), then z* = y*.
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Proof. Suppose z* # y*. Then as (z*,y*) € E(G), (v*,z*) € E(G™') and f is an F-G-contraction
mapping, we have

F(d(a®,y")) =F(d(f(z",y")), d(f(y", =)
<F(max{d(z",y"),d(y", 2")}) — 7
=F(d(z",y")) — 7,

a contradiction. Hence z* = y*. O

Remark 2.15. From Remark [2.10] we obtain Theorem 2.1 and Theorem 2.3 given in [2].

3. Applications

Integral Equations arise in many scientific and engineering problems. A large class of initial and
boundary value problem can be converted to Volterra or Fredholm type integral equations.

In this section, we apply our main theorem to the existence for a solutions of the some integral
systems.

At first we considered the following integral systems equation given in [4]

£(t) = / g(t, 5, 2(5), y(s))ds + h(t),
0 (3.1)

y(t) = / g(t, 5, y(s), 2(s))ds + h(t),

where ¢ € [0, 7] with T > 0.
Let X := C([0,7],R") with the usual supremum norm, that is, ||z| = maxco|z(t)| for all
x € C([0,T],R™). Consider also the graph G defined by using the partial order relation that is,

r,y € X,z <y z(t) <y(t) for any t € [0,7T].

Therefore, (X, | - ||) is a complete metric space endowed with a directed graph G.

If we consider E(G) = {(z,y) € X x X : © < y}, then the diagonal A of X x X is included in
E(G). On the other hand E(G™) = {(z,y) € X x X : y < z}.

Moreover, (X, || - ||, G) has the properties (A;) and (As).

In this case (X x X))/ ={(2,y) € X x X : 2 < f(x,y) and f(y,z) < y}.

Theorem 3.1. Consider system (3.1]). Suppose that

(i) g:[0,7] x[0,7] x R* x R* — R™ and h : [0,7] — R" are continuous;
(ii) for all z,y,u,v € R™ with < u,y < v, we have g(t, s, z,y) < g(t,s,u,v) for all t,s € [0,T];
(iii) there exists a number 7 > 0 such that

-
lg(t, s, z,y) — g(t,s,u,v)| < Tmax{\:v —ul,|ly — |}

for all t,s € [0, T], 2, y,u,v € R" x < u,v < y;
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(iv) there exists (zo,y0) € X x X such that

ro(t) = / o(t, 5, 20(5), o(s))ds + ()

and

wolt) = / o(t. 5, y0(s), 20(s))ds + h(t),

where ¢ € [0, 7.
Then there exists at least one solution of the integral system (3.1).

Proof. Let f: X x X — X, (x,y) — f(z,y), where

T
fa)®) = [ gfts.ols)u(o)ds + hie)s ¢ € 0.T)
0
Then the system (3.1) can be written as

v = [f(z,y) and y = f(y, ).

Now, Let x,y,u,v € X such that x < u and v < y. Then we have
T
Fla)®) = [ (t.s.x(s).y(s)ds + )
0
T
< [ gtts,uls),vis)ds + bt
0

=f(u,v)(t), for all t € [0,T],

and
F(y,2)(t) = / o(t 5, y(s), 2(s))ds + h(t)
g/o ot 5,0(s), u(s))ds + h(t)

=f(v,u)(t), for all t € [0,T].

Hence, f is G-edge preserving.
From condition (iv), it follows that

(X x X)) ={(z,y) e X x X :2 < f(z,y) and y < f(y,z)} # 0.

Further,

)0 = Fluv)®)] < / 9(t,5.2(5),y(s)) — g, 5, u(s), v(s))|ds
< / (max{le(s) — u(s)], [y(s) — v(s)[})ds

<7(max{||z — ul|, |ly —v||})
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that is,
1f(z,y) = f(w, 0)|| < 7(max{[lz — ], [y —v[]})

or
d(f(z,y), f(u,v)) < T(max{d(z, u),d(y,v)}.
By passing through a logarithm, we can write

Ind(f(z,y), f(u,v)) <In(e”"max{d(z,u),d(y,v)})

and hence

T+ Ind(f(x.y), f(u,v)) <In(max{d(z,u), d(y, v)}).

Now, we observe that the function F' : RT™ — R defined by F'(«) = In v, for each « € C([0, T], R"),
is in F and so we reduce that the operator f satisfies all condition of Theorem [2.13] and hence there
exists a coupled fixed point (z*,y*) € X x X of the mapping f which is the solution of the integral

system [3.1] O

In the next theorem we provide some conditions for existence of solution of nonlinear integral
equation of fredholm type. Precisely, we prove the following theorem.

Theorem 3.2. Consider the non-linear integral equation of Fredholm type:

P(z,y) —h(x,y)+/0a/0 {k1(2,y,t,8) + ka2, y, 1, 8) (L5, p(t, ) + (L, 5, q(L, 9)))dtds,  (3.2)

where ky, ko € C(Iy x Iy x I, x Iy, R) and f,g € C(I, X I, Xx R X R). Assume that there exists \, i > 0

and T > 0 such that
a b
/ / ki(x,y,t,s)dtds
o Jo

a b
/ / ko(x,y,t, s)dtds
o Jo

For py > po, (z,y) € I, X I, f and g satisfy

—T
sup

<
(CC,y)EIaXIb 2

(A+p)

and
e~ T
<

el ~ 200+ p)

(Z,y)GIaXIb

0< flz,y,p) — f(z,y,9) < Ap—q)

and
—ulp —q) < g(z,y,p) — 9(z,y,q) < 0.
If the coupled upper-lower solutions of (3.2) ewist, then there exists a unique solution of the integral

equation (3.2)).
Proof. Let X = C(1, x I, R), where I, = [0,a] and I, = [0, b] with the metric defined by:

d(wy, wo)(x,y) =  sup  |wi(x,y) — wa(x,y)|
(zy)Ela X Iy

for all wy,wy € X.
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Also, consider the graph G defined by the partial order relation that is, wy(z,y) < ws(x,y). Then
X is a complete metric space, moreover (X, d, G) have the properties (A;) and (A,).
Now, define H : X x X — X by

a b
H(p,q)(x,y) :/0 /0 ki(z,y,t,8)(f(t,s,p(t,s)) + g(t,s,q(t,s)))dtds
+ /Oa/o ko(z,y,t, ) (f(t,s,q(t,s)) + g(t,s,p(t,s)))dtds + h(z,y)

for all (z,y) € I, x I, and p,q € X. Then H is edge preserving mapping.
Now, for p1,p2,q1,¢2 € X with py > py and ¢ > g3, then

d(H(p1,q1), H(p2,@2)) =  sup  |H(py, q1)(w,y) — H(p2, ¢2) (2, y)|
(x,y)GIaXIb

= sup
(xzy)elﬂ XIb

+ /Oa/o ko(z,y,t,8)(f(t,s,q1(t,s)) + g(t, s, pi(t, s)))dtds

a b
/ / k(. 8)(f(t 5, pa (1)) + 9(t 5, 1 (£, )))dbds

a b
~ [ [ bt ) s patt ) + ot sl ) e

+// ko, 5,1, 5)(F (5, (L, 5)) + (L 5, pa(t, 5)))dtds

= sup

Y / / ki(x,y,t,$){f(t,s,pi(t,s)) — f(t,s,pa(t,s))
+g t S q1 t S) g(t s QQ(t S))}dtds

/ / k(.. ){F(t, 5.1 (1 5)) — F(t,5.pa(t, )

+ g(ta S, ql(ta S) - g(ta S, q2(t7 S))}dtdS

/ / k(9.1 )M (4 5) — polt, 5)}

sup
(z,y)Ela X1y

+ M{QI(L S) - QQ(ta S)}]dtds

Sup
(:1: Yy EIaXIb

/ / koo y.t ) Mar (1 ) — ao(t, 5)}

+ p{pi(t, 5) — pa(t, 5) }dtds

a b
< swp / / k(2,9 1, 5) A (p1, pa) + pd(as, a2)dids
0

(x,y)EIaXIb
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+ sup / / ko(x,y,t, 8)[Ad(q1, q2) + pd(p1, p2)]dtds
(:z:y elgxIy
< sup / / ki(z,y,t, s)drds|[Ad(p1, p2) + pd(q1, g2)]
(x,y)EI,lXIb
+ sup / / ko(x,y,t, s)dtds|[Ad(q1, q2) + pd(p1, p2)]
(:J:y €l x1Iy
677'
< INd(pr.ps) + Mlq,
_2()\+M)[ (pl p2) (Ch QQ)]
e~ T
A d
+ 2(r+3)[ (q1,q2) + pd(p1,p2)]
677_
=——— (A + p)d(p1,p2) + (A + p)d(q,
2()\+M) [( N) (pl p2) ( M) (91 CI2)]

_e_T[d(pMPZ) + d(qh QQ)]
N 2

<e "max{d(p1, p2), d(q1,q2)}-

By passing though a logarithm we can write

In(d(H (p1, q1), H(p2,q2))) < In(e”" max{d(pi, p2), d(q1, ¢2)}),
that is,
7+ In(d(H (p1, 1), H(p2, ¢2))) < In(max{d(p1, ps), d(q1,¢2)}),

that is, the operator H is an F' - GG contraction.
Now, let a(z,y) and B(x,y) be the coupled upper - lower solution of (3.2)), then we have

a(z,y) <H(a(z,y), B(x,y))

and

B(x,y) <H(B(z,y), o, y))

for all (z,y) € I, x Iy, i.e (X x X)) #£ (.
Thus, all the hypothesis of the Theorem are fulfilled and thus, there exists a coupled solution

(a,y") of (D). 0

Example 3.3. Consider the nonlinear Fredholm integral equation
1 T Lo
plx,y) = — +//—1+t+sp2t,sdtds.
B T I A A (AR

(1+z+y) 6(1:3—3/) ) ]ﬁ(l', Y, 1, 5) = Lf__y(l +1+ S)? and f(ta Sap(ta 8)) = pQ(ta 3)'
Taking initial po(¢,s) = and using the iterative scheme

Here, we have h(z,y) =

1+t+s
1 x /1/1 x 9
— + — (1 +t + s)p;dtds,
Trate? 6ty S Jo Grgt T

the exact solution is p(x,y) =

DPn+1 =

1
(1+z+y)?”

The Figure[1]is the exact solution while the Figure [2/ shows approximate solution given after 25
iteration. Error defined as |exact solution - approximation solution| is plotted in Figure .
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Figure 2: Plot of the approximate solution

Figure 3: Plot of the error
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