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FIXED POINT RESULTS FOR (¢,%)-CONTRACTIONS IN METRIC
SPACES ENDOWED WITH A GRAPH AND APPLICATIONS

Mina Dinarvand

Abstract. In the present work, we introduce the concepts of (G, ¢,)-contraction and
(G, ¢, v)-graphic contraction defined on metric spaces endowed with a graph G and we show
that these two types of contractions generalize a large number of contractions. Subsequently,
we investigate various results which assure the existence and uniqueness of fixed points for such
mappings. According to the applications of our main results, we further obtain a fixed point
theorem for cyclic operators and an existence theorem for the solution of a nonlinear integral
equation. Moreover, some illustrative examples are provided to demonstrate our obtained results.

1. Introduction

A very interesting approach in the theory of fixed points in some general struc-
tures was recently given by Jachymski [7] and Gwézdz-Lukawska and Jachymski [6]
in the context of metric spaces endowed with a graph. Using this simple but very
interesting idea, Jachymski [7] investigated the Banach contraction principle in
metric spaces with a graph and generalized the same results in metric and partial-
ly ordered metric spaces simultaneously. He also presented its applications to the
Kelisky-Rivlin theorem on the iterates of the Bernstein operators defined on the
Banach space of continuous functions on [0, 1]. In the recent years, this idea was
followed by many authors for different contraction mappings in metric spaces.

In [1], Bojor proved fixed point theorems for ¢-contraction mapping on a metric
space endowed with a graph. Recently, Bojor in [2] and [3] investigated the existence
and uniqueness of fixed points for Kannan type and Reich type contractions on
metric spaces with a graph, respectively. Very recently, Oztiirk and Girgin [9]
obtained some fixed point results for w-contraction and -graphic contraction in
a metric space endowed with a graph. Some new fixed point results for ¢-graphic
contraction and graphic contraction on a complete metric space with a graph have
been presented in [10] and [5], respectively.
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In this work, motivated by the work of Jachymski [7] and Petrugel and Chifu [5],
we introduce the notions of (G, ¢, ¥)-contraction and (G, g, ¢)-graphic contraction
defined on metric spaces involving a graph by using some auxiliary functions and
find sufficient conditions which guarantee the existence and uniqueness of a fixed
point for these two types of contractions. As an application of our main results, we
obtain a fixed point theorem for cyclic contractive mappings. Finally, the existence
of solution of an integral equation is proved under appropriate conditions. Some
examples are presented in order to verify the effectiveness and applicability of our
main results.

2. Preliminaries

We shall begin by presenting some basic notions and notations of graph theory
that will be needed throughout the paper. For more details, the reader is referred
to [4, 7).

Let (X,d) be a metric space and A denote the diagonal of the Cartesian
product X x X. Consider a directed graph G such that the set V(G) of its vertices
coincides with X, and the set F(G) of its edges contains all loops, i.e., E(G) 2 A.
Assume further that G has no parallel edges. Now we can identify G with the pair
(V(G), E(G)) and also it is said that the metric space (X, d) is endowed with the
graph G. The graph G can be converted to a weighted graph by assigning to each
edge a weight equal to the distance between its vertices.

The metric space (X,d) can also be endowed with the graphs G~! and (~¥,
where the former is the conversion of G which is obtained from G by reversing
the directions of the edges, and the latter is an undirected graph obtained from G
by omitting the direction of the edges. Thus, it is clear that V(G™') = V(G) =
V(G) = X and we have

BG™) ={(z,y) e X x X : (y,z) € B(G)} and E(G)= E(G)UE(G™).

If z and y are two vertices in a graph G, then a path in G from = to y of length
N is a finite sequence (z;)Y, consisting of N + 1 distinct vertices of G such that
o =x, xny =y and (z;-1,2;) € E(G) for i = 1,2,... ,N. The number of edges
in G forming the path is called the length of the path. A graph G is connected if
there is a path in G between any two vertices of G. If a graph G is not connected,
then it is called disconnected and its different paths are called the components of
G. Every component of G is a subgraph of it. Furthermore, G is weakly connected
if the graph G is connected.

If G is such that E(G) is symmetric and z is a vertex in G, then the subgraph
G, consisting of all edges and vertices which are contained in some path in G
beginning at x is called the component of G containing . In this case V(G,,) = [z]q,
where [z]¢ is the equivalence class of x in the equivalence relation R defined by

y N 2 <= there exists a path in G from y to z (y,2 € V(G)).

It is clear that the graph G, is connected for all x € X.
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The use of auxiliary functions to generalize the contractive conditions on maps
have been a subject of interest in fixed point theory. Now, we define the following
class of auxiliary functions which will be used densely in the sequel.

We denote by ¥ the class of all functions ¢ : [0,+00) — [0, +00) with the
following properties:

(v;) 1 is nondecreasing;
(i) (t) = 0 if and only if ¢ = 0;
(i1i) for every {t,} € [0,400), ¥(t,) — 0 if and only if ¢,, — 0;
(tiy) 1 is subadditive, that is, ¥(t + s) < ¥(t) +1(s) for all ¢, s € [0, +00).

Also, we denote by @ the class of all functions ¢ : [0,400) — [0,400) with the
following properties:

(¢i) ¢ is nondecreasing;

(pii) S22 p™(t) < +oo for all t > 0, where @™ is the n-th iterate of ¢.

A function ¢ € @ is called a (c)-comparison function.

LEMMA 2.1. Let p € ®. Then
(i) @(t) <t, for allt > 0;
(i) 9(0) = 0;
(iii) ¢ is continuous at t = 0.

In what follows, we assume that (X, d) is a metric space that is endowed with
a directed graph G with V(G) = X and E(G) O A and the graph G has no parallel
edges unless stated otherwise. We denote by Fix(f) the set of all fixed points for a
self-map f on X.

To present our main results, we make use of the following useful definitions.

DEFINITION 2.2. [7] We say that the sequences {z,} and {y,} are Cauchy
equivalent in X if both of them are Cauchy and further, d(z,,, y,) — 0 asn — +oo.

DEFINITION 2.3. [11] Let f be a mapping from X into itself. We say that

(i) f is a Picard operator if f has a unique fixed point z* € X and f"z — z* as
n — 4oo for all z € X.

(ii) f is a weakly Picard operator if the sequence {f"x} is convergent to a fixed
point of f for all z € X.

It is clear that each Picard operator is a weakly Picard operator but the con-
verse is not generally true. Moreover, a weakly Picard operator is a Picard operator
if and only if its fixed point is unique.

DEFINITION 2.4. [7] Let f: X — X be an arbitrary mapping. We say that

(i) f is orbitally continuous on X if for all z,y € X and all sequence {a,} of
positive integers, f®x — y as n — +oo implies f(f“"x) — fy as n — 4o0.
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(ii) f is orbitally G-continuous on X if for all z,y € X and all sequence {a,}
of positive integers with (f“”x,f“”“x) € E(G) for n = 1,2,... such that
férx — y as n — 4oo implies f(fa"m) — fy as n — +o0.

It is clear that continuity implies orbital continuity, and orbital continuity
implies orbital G-continuity. But the converse of these relations is not true in
general.

3. (G, g, )-contractions

In this section, following [7], we study the existence of fixed points in metric
spaces with a graph by defining the (G, ¢, ¥)-contraction.

DEFINITION 3.1. One says that a mapping f : X — X is a (G,p,¥)-
contraction if the following conditions hold:

C1) f preserves the edges of G, i.e., (z,y) € E(G) implies (fz, fy) € E(G) for all
z,y € X,

C2) f decreased the weight of edges of G, that is, there exist two functions ¢ € ®
and ¥ € ¥ such that

Y(d(fz, fy) < p(v(d(z,y))), (3.1)
for all z,y € X with (z,y) € E(G).

REMARK 3.2. It is interesting to remark at this point that
(1) Any Banach G-contraction (see [7]) is a (G, ¢, 1)-contraction, where ¢(t) = at
and ¥(t) =t for some a € (0,1) and each ¢ € [0, +00).
(2) Any (G, p)-contraction (see [1]) is a (G, ¢, 1)-contraction, where ¥ (t) = t for
each t € [0, +00).
(3) Any (G, v)-contraction (see [9]) is a (G, p, ¢)-contraction, where ¢(t) = «at for
some « € (0,1) and each ¢ € [0, +00).
We now give some examples of (G, ¢, 1)-contractions in metric spaces endowed
with a graph.
EXAMPLE 3.3. Since E(G) contains all loops, it follows that each constant
mapping f: X — X is a (G, ¢, 1)-contraction for any ¢ € ® and ¢ € V.
EXAMPLE 3.4. Each (G, p,)-contraction is a (Go, ¢, 1)-contraction, where
Gy is the complete graph with V(Gp) = X, that is, E(Gy) = X x X.
EXAMPLE 3.5. Suppose that < is a partial order on X and consider the poset
graph Gy, that is, V(G;) = X and

E(G1) ={(z,y) e X x X 12 2 y}.

Then E(G1) contains all loops. Now, (G4, ¢, 1)-contractions are precisely the non-
decreasing order contractive mappings on X. That is, Condition (C1) means that
f is nondecreasing with respect to =, and Condition (C2) means that f is an order
(G1, @, 1)-contraction, i.e., (3.1) holds for all z,y € X with z < y.
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Our first proposition is an immediate consequence of symmetry of d and Defi-
nition 3.1.

PROPOSITION 3.6. If a mapping f : X — X satisfies Condition (C1) (respec-
tively, Condition (C2)) for a graph G, then it satisfies Condition (C1) (respectively,
Condition (C2)) for the graphs G=' and G. In particular, a (G, @, )-contraction
is both a (G, ,v)-contraction and a (G, p,)-contraction.

The following result shows that there is a close relationship between con-
vergence of an iteration sequence which can be obtained by using a (G, p,)-
contraction mapping and connectivity of the graph.

THEOREM 3.7. The following statements are equivalent:
(i) G is weakly connected;
(ii) For each (G, ,v)-contraction f : X — X and each x,y € X, the sequences
{f"a} and {f™y} are Cauchy equivalent;
(iii) Each (G, p,)-contraction has at most one fized point in X.

Proof. (i) = (ii): Let z € X and y € [z]5. Then there is a path ()N,
in G from z to y, which means zo = z, oy = y, and (2;,_1,2;) € E(G) for
1=1,2,...,N. Because f is a (G, p, ¥)-contraction, it follows by Proposition 3.6
that f is a (G, ¢, 1¥)-contraction and so it preserves the edges of G. Hence an easy

induction yields

(fnxz—lafnxl)eE(G) (2215275Nan21)

Furthermore, by the contractive condition (3.1) and the fact that ¢ is nondecreas-
ing, we get

Y(d(f @i, fag)) <

<" (Y(d(wi-1,2:))),
forall n > 1 and all ¢ = 1,2,...,N. Thus, by using the property of ¥ and the
triangle inequality, we get

v(d(f e, y))
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" (Y(d(zi—1,2;))) <400 as n — +oo.
(3.2)

So d(f”x,f"y) — 0. Now, the weak connectivity of G gives fr € X = [x]a, and
so, setting y = fx in (3.2) yields

Y(d(frz, f1He)) <

o8

" (Y(d(zi-1,2;)))

=1
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for all n > 1. Hence

S wla(ra ) = 3 5 @ (@ldsn)) <o

i=1n=0
and a standard argument shows that { "z} is Cauchy. Similarly, { "y} is Cauchy
and hence {f"z} and {f"y} are Cauchy equivalent.
(ii) = (iii): Let f is a (G, ¢, ¥)-contraction and z,y € Fix(f). Since, by the
hypothesis, {f™z} and {f"y} are Cauchy equivalent, it follows that

d(z,y) = d(f"z, f"y) — .
Therefore, x = y.
(iii) = (i): Suppose on the contrary that G is not weakly connected, that is,

G is disconnected. Then there exists an zo € X such that both sets [a)] 5 and
X \ [zo] 5 are nonempty. Let yo € X \ [z]5 and define f: X — X by

foo { zo, T € [2o]5,
Yo, =€ X\ [2o]s
Obviously, Fix(f) = {zo,y0}. To get a contradiction, we show that f is a (G, p, ¥)-

contraction. If (z,y) € E(G), then [z]5 = [y]5, and so either z,y € [zo]z or

z,y € X\[zo]5. Hence, in both cases, fz = fy, so (fz, fy) € G because E(G) D A.
Moreover,

G(d(fx, fy)) =0 < p((d(z,y))),
where ¢ € ® and ¢ € U. Thereby, f is a (G, ¢, ¥)-contraction having two fixed
points which violates the assumption. m

The following result is an easy consequence of Theorem 3.7.

COROLLARY 3.8. Let (X,d) be a complete metric space and G be a graph
weakly connected. Then for each (G, p,¥)-contraction f : X — X, there exists
x* € X such that f"z — z* for all xz € X.

Proof. Let f : X — X be a (G, ¢,v)-contraction and fix any point z € X.
Since G is weakly connected, it follows by Theorem 3.6 that the sequence {f™z} is
Cauchy in X, and since X is complete, there exists z* € X such that f"z — x*.
Now, let y € X be given. Then by using the Cauchy equivalence of {f™y} and
{f"z}, we have

d(fry,a*) < d(fy, frz) + d(f 2, z*) — 0.
Therefore, f"y — z*. m

The next example shows that we could not add that z* is a fixed point of f in
Corollary 3.7.

EXAMPLE 3.9. Let X = [0,1] be endowed with the Euclidean metric and
define a graph G by

B(G) = {(0,0} U{(0.1)} U{(@y) € (0,1 x (0,1] : 2 = y}.
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Consider f: X — X defined by the rule

5 {g ifo<az <1,
l‘:
L ifr=0.

2

Take (t) = £ and 9(t) = t_%l for each ¢ € [0,400). Then it can be easily seen that
G is a weakly connected graph and f is a (G, ¢, ¢)-contraction. Clearly, f"z — 0

for all x € X, but f has no fixed point.

PROPOSITION 3.10. Let (X,d) be a complete metric space endowed with a
graph G and f : X — X be a (G, p,v)-contraction for which there exists xg € X

such that fzo € [1:0}5. Then [1’0]5 is f-invariant and f|izo~ is a (C:‘xo,ga,d))—
G

contraction, where CNQ’% is the component ofé containing xo. Moreover, if x,y €
[xol5, then {f"x} and {f"y} are Cauchy equivalent.

Proof. Note that since fzo € [zo]g, we have [fzo]z = [z0]5. Suppose that
z € [zg]5. Then there exists a path ()N in G from z to z, ie., zy = = and
(xi_1,x) € E(é) fori=1,2,...,N. Since f is a (G, ¢, 1)-contraction, it follows
by Proposition 3.6 that f is a (é, ©,1)-contraction and so it preserves the edges
of G which yields (fz;_1, fz;) € E(G) for i = 1,2,...,N, that is, (fz;)Y, is a
path in G from fzy to fz. Therefore, fz € [fzol5 = [wo] 5. Consequently, [o]5 is
f-invariant.

Since f is itself a (G, @, ¥)-contraction and E(Gy,) C E(G), to see that it is
a (Gay, @, 1b)-contraction on [2o] 5, it suffices to show that f preserves the edges of
ézo. To this end, suppose that (z,y) is any edge of ézo, ie, (z,y) € E((N;mo) This
means that there exists a path (xi)zN:O in G from 2o to y such that zx_1 =z. On
the other hand, fzo € [zo]5. So there is another path (yj)jMZO in G from z¢ to fxo,

ie., yo = xo, yu = fxo, and (y;—1,y;) € E(G) for i =1,2,... ,N. Repeating the
argument above, we realize that

(xOZyanh'" afxOZyM7f'r1af'T'27'” afI:fo—lafy:fo)

is a path in G from z( to fy. In particular,

(fx, fy) = (fen-1, fan) € E(Gﬂco)
Furthermore, since the graph Gy, is connected and f : [z(] g = lwolg is a
(ézo,w,z/))—contraction, it follows by Theorem 3.6 that the sequences {f"z} and
{f"y} are Cauchy equivalent for all z,y € [zo]5. m

For any mapping which satisfies the condition of Corollary 3.8 to have a fixed
point we need to add property (x), which is given in the following theorem.

THEOREM 3.11. Let X be a complete metric space and the triple (X,d, Q)
satisfies the following property:
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(*x) If a sequence {z,,} in X converges to some x € X and it satisfies (Tp, Tnt1) €
E(G) for all n > 1, then there exists a subsequence {xn,} of {xn} such that
(Zn,,x) € E(G) for all k > 1.

Suppose that f : X — X is a (G, p,)-contraction, and Xy = {x € X :
(z, fx) € E(G)}. Then the following assertions hold:

(i f\[w]~ is a Picard operator for all x € X5.

)
(i) If Xy # 0 and G is weakly connected, then f is a Picard operator.
(iii) card(Fix(f)) = card{[z]~:z € X;}.
)
)

(iv) Fix(f) # 0 if and only zfo # (.

(v) f has a unique fized point if and only if there exists xo € Xy such that Xy C
[mO]G

(vi) flx: is a weakly Picard operator, where X' =J{[z]5:x € Xy}.

(vii) If f € E(G), then f is a weakly Picard operator.

Proof. We prove each part of the theorem separately.

(i) Let z € Xy. Then (z, fz) € E(G) C E(G) and hence fz € [z]5. Now,

by Proposition 3.10, the mapping f][;)~ is a (éx, ©,)-contraction and if y € [x]é,
G

then the sequences {f™z} and {f"y} are Cauchy equivalent. Since X is complete,

an argument similar to that appeared in the proof of Corollary 3.8 establishes

that there exists z* € X such that f"y — a* for all y € [x]a In particular,

f"z — x*. To prove our claim, note first that since f is a (G, ¢, )-contraction

and (z, fx) € E(G), it follows by induction that
(f"z, f"'z) € E(G) (n>1). (3.3)
By applying the property (x), there exists a subsequence {f"™*z} of {f"x} such
that (f™x,z*) € E(G) for all k > 1.
Now, by using (3.3), we conclude that (z, fo, f?z,..., f™x,2*) is a path in
G and hence in G from z to 2, and this means that z* € [z]5. Moreover, because
fis a (G, ¢,1)-contraction, it follows that

G(d(f e, for) <e((d(fr, ) (k>1).

By taking the limit as k — +o0, we deduce z* = fz*. Finally, if y* € [z]5 is a
fixed point for f, then y* = f"y* — x* and so by the uniqueness of the limits of

convergent sequences, we have 2* = y*. Consequently, f|[;)~ is a Picard operator.
G
(ii) If x € Xy, since G is weakly connected, it then follows that [z]5 = X. So
by using (i), f is a Picard operator.
(iii) Put C = {[z]~ : # € Xy} and define a mapping I' : Fix(f) — C by

I(z) = [x]5.

We are going to show that I' is a bijection. Suppose first that « € Fix(f). Then
(x, fr) = (z,x) € E(G) since E(G) 2 A. So x € Xy and I'(z) € C. Moreover,
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x1 = xo implies T'(z1) = T'(a2) for all 21,22 € Fix(f). Hence, the mapping T is
well-defined.

To see that I' is surjective, let = be any point of X;. Since by using (i), f|jz~
G

is a Picard operator, it has a unique fixed point in [z] 5> say «*. Thus, we have

I'(z*) = [2"]5 = [2]5

Finally, if 1 and x5 are two fixed points for f such that
[21]5 = D(21) = [(z2) = [22]5,

then z1 € Xy, and by (i), f|[w1]g is a Picard operator. Therefore, 1 and x5 are two

fixed points for f in [z1]5 and because f must have only one fixed point in [21]

it follows that x7; = x5. Hence, I is injective and consequently, it is a bijection.

o’

(iv) It is an immediate consequence of (iii).

(v) Suppose first that zo is the unique fixed point for f. Then zy € Xy and
by (iii), for any y € X, we have [y|5 = [z]5. So y € [z]5.

For the converse, note that since Xy is nonempty, it follows by (iv) that f has
at least one fixed point in X. Now, if z*,2* € Fix(f), then z*,y* € X; C [m]5
and so [2*]5 = [y*]5 = [z]5. Consequently, the one-to-one correspondence in (iii)
implies that x* = y*.

(vi) If Xy =0, then so is X’ then so is X and vice versa, and there is nothing
to prove. So let € X’. Then there exists zo € Xy such that x € [vo]5. Since, by

(i), T'|{zo]~ is a Picard operator, it follows that the sequence {f™z} converges to a
fixed point of f. Therefore, f|x- is a weakly Picard operator.

(vii) If f C E(G), then Xy = X which implies that the set X’ in (vi) coincides
with X. Hence it is concluded from (vi) that f is a weakly Picard operator. m

COROLLARY 3.12. Let (X, d) be complete metric space and the triple (X,d, G)
satisfy the property (x). Then the following statements are equivalent:

(1) G is weakly connected.

(ii) Every (G, @, v)-contraction f : X — X such that (o, fxo) € E(G) for some
xo € X, 1s a Picard operator.

(iii) Ewvery (G, ¢, v)-contraction f: X — X has at most one fized point in X.

Proof. (i) = (ii): It is an immediate consequence of Assertion (ii) of Theorem
3.11.

(i) = (iii): Let f be a (G, ¢, 9)-contraction. If Xy = (), then f is fixed point
free since Fix(f) C X and then there is nothing to prove. Otherwise, if X # 0, it
then follows by the hypotheses that f is a Picard operator and so it has a unique
fixed point. Therefore, f has at most one fixed point in X.

(iii) = (i): This implication follows immediately from Theorem 3.6. m
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COROLLARY 3.13. Let X be a complete and e-chainable metric space for some
€ >0, i.e., for each x,y € X there exist N € N and a sequence (xi)fio such that

xo=2, xzy=y and d(x,—1,z;)<e fori=1,2,--- N.
Suppose that f: X — X be such that
d(z,y) < e = (d(fz, fy)) < o(¥(d(z,y))) (3.4)
for all x,y € X. Then f is a Picard operator.
Proof. Consider a graph G consisting of V(G) := X and
EG) :={(z,y) € X x X : d(z,y) <e}.

Since X is e-chainable, it follows that G is weakly connected. Let (z,y) € E(G).
Thus, by using (3.4), we have

Y(d(fz, fy) < e (d(x,y))) < v(d(z,y)).

As 9 is nondecreasing, we deduce that d(fz, fy) < d(x,y) < €. Hence, d(fz, fy) €
E(G). Therefore, in view of (3.4), f is a (G, ¢, )-contraction. Further, (3.4)
implies that f is continuous. Now,the conclusion follows by using Assertion (ii) of
Theorem 3.11. m.

REMARK 3.14. In all theorems and corollaries above, setting G = Gy (G =
G1), we get the usual (ordered) version of fixed point theorems in (partially ordered)
metric spaces.

4. (G, p,1)-graphic contractions

In this section, we establish some fixed point theorems in metric spaces with
a graph by defining the (G, ¢, ¥)-graphic contraction.

DEFINITION 4.1. One says that a mapping f : X — X is a (G, ¢, ¥)-graphic
contraction if the following conditions hold;

GC1) the edges of G are preserved by f, i.e., (z,y) € E(G) implies (fz, fy) € E(G)
for all z,y € X;

GC2) there exist ¢ € ® and ¢ € ¥ such that
D(d(fz, f2x)) < (v (d(z, f2))), (4.1)
for all z € X/, where X/ = {2 € X : (z, fz) € E(G) or (fz,z) € E(G)}.

REMARK 4.2. Tt is interesting to remark at this point that

(1) Any Banach G-graphic contraction (see [5]) is a (G, ¢, 1)-graphic contraction,
where ¢(t) = at and ¥(t) = ¢ for some « € [0,1) and each ¢ € [0, +00).

(2) Any (G, )-graphic contraction (see [10]) is a (G, ¢, )-graphic contraction,
where 1)(t) = t for each ¢ € [0, +00).
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(3) Any (G,)-graphic contraction (see [9]) is a (G, p,)-graphic contraction,
where ¢(t) = at for some « € [0,1) and each t € [0, +00).

The following example demonstrates that the (G, ¢, ¥)-graphic contraction is
more general than the (G, ¢, ¥)-contraction.

EXAMPLE 4.3. Let X = [0, 1] be endowed with the Euclidean metric. Consider

E(G) ={(0,0)} u{(0, 1)} U{(z,y) € (0,1] : x >y}
and define f : X — X by

%, if x =0.

Take ¢(t) = L and ¢(t) = v/t for each t € [0,+00). Then it is clear that G is a

weakly connected graph and X7 # (), and with simple calculations it can be easily
seen that f is a (G, ¢, )-graphic contraction. Take

o rt) =o(s(a0 L) = <l

which is a contradiction. Thereby, f is not a (G, ¢, ¥)-contraction.

; {g, if0<z<l,
xr =

The next proposition is an immediate consequence of symmetry of the metric
d and Definition 4.1.

PROPOSITION 4.4. If a mapping [ from X into itself satisfies Condition
(GC1) (respectively, Condition (GC2)) for a graph G, then it satisfies Condition
(GC1) (respectively, Condition (GC2)) for the graphs G™' and G. In particu-
lar, a (G, @, )-graphic contraction is both a (G=1,¢,)-graphic contraction and a
(G, ,)-graphic contraction.

To investigate the existence of fixed points for (G, ¢, 1)-graphic contractions,
we need following lemmas.

LEMMA 4.5. Let (X,d) be a metric space endowed with a graph G and f :
X — X be a (G, p,v)-graphic contraction. If x € X7, then there exists r(x) > 0
such that

Y(d(fra, frHa)) < " (r(2)),
for all n > 1, where r(z) := ¢(d(z, fz)).
Proof. Take x € X/ i.e., (z, fz) € E(G) or (fr,x) € E(G). Now, if (z, fz) €
E(G), then by induction, we have (f"z, f"™'z) € E(G) for each n > 1 since f

is a (G, ¢,1)-graphic contraction. Moreover, by using (4.1) and the fact that 1 is
nondecreasing, we get

(d(fra, [ ) <@(d(f e, fMe))) < - <@ (W (d(x, f2)) = @ (r()).

If (fz,x) € E(G), then again by induction, we get (f"“x,f”x) € E(G) for each
n > 1. Thus, we have

(d(fra, f2)) < @(@(d(f e fre))) < < @t (0(d(w, fr))) = @ (r(2). @
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LEMMA 4.6. Let (X,d) be a metric space endowed with a graph G and f :
X — X be a (G, p,)-graphic contraction. Then there exists x* € X such that
frx — z* forallxz € X7,

Proof. Suppose that € X/. By Lemma 4.5, we obtain
zow(d(f"%f”"’lx)) < z—:o @™ (r(z)) < oo,

which implies that w(d(f"x, f”“;z:)) — 0. Hence, by using the property of 1, we
have d(f"x, f**1z) — 0. Now, let m > n > 1. By using the property of 1) and the
triangle inequality, we obtain

V(d(f e, fr)) < (d(fra, 1)) + (A e 1))
+¢(d(fn+mflx7fn+mx))
< " (r(2)) + " (r(@) + -+ " (r(2))
= g:l "t (r(z)) <oo as n,m — 400,

from which it follows that {f"z} is Cauchy sequence. Because (X,d) is a com-
plete metric space, we get that there exists 2* € X such that the sequence {f"z}
converges to z* as n — 400. ®

PROPOSITION 4.7. Let (X,d) be a metric space endowed with a graph G and
f:X — X be a (G, p,)-graphic contraction for which there exists xo € X such

that fxo € [xolg. Then [xo]y is f-invariant and f|[zo]g is a (Gay, @, V) -graphic

contraction, where G, is the component of G containing x.

Proof. The proof of this proposition can obtained by using similar arguments
as given in the proof of Proposition 3.10. m

THEOREM 4.8. Let X be a complete metric space and the triple (X,d, Q)
satisfies the following property:

(xx) If a sequence {x,,} in X converges to some x € X and it satisfies (T, Tni1) €
E(G) (or respectively, (xpy1,2n) € E(G)) for all n > 1, then there ex-
ists a subsequence {xn, } of {zx,} such that (z,,,z) € E(G) (or respectively,
(z,3,,) € E(G)) for all k > 1.

Suppose that f : X — X is a (G, p,)-graphic contraction which is orbitally G-

continuous. Then the following statements hold:

(i) fli)~ is a weakly Picard operator for each x € X/,
G
(ii) Fix(f) # 0 if and only if X # 0.
(iii) If X # 0 and G is weakly connected, then f is a weakly Picard operator.

Proof. (i) Suppose that € X7/. By applying Lemma 4.5, there exists r(x) > 0
such that

Y(d(frz, [ ) < 9" (r(2)),
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for all n > 1. This yields, as in the proof of Lemma 4.6, that there exists an
x* € X such that f"x — z*. Because z € X/, it follows that f"x € X7 for every
n > 1. Now, assume that (z, fz) € E(G). (A similar deduction can be made if
(fz,z) € E(G). By using the property (x%), there exists a subsequence {f™x} of
{f™x} such that (f™*z,z*) € E(G) for all k > 1. A path in G can be formed by
using the points (z, fz, f2x,..., f™x,2*) and hence x* € [x]a Since f is orbitally
G-continuous, it follows that f(f"x) — fa*. On the other hand, since

F(7a) =
we deduce z* = fa*. Therefore, ff,)~ is a weakly Picard operator.
G

(i) If X5 # 0, then, by using (i), Fix(f) # 0. Conversely, suppose that
Fix(f) # 0. By using the assumption that F(G) O A, we immediately get that
X1 #£0.

(iii) Choose any x € X /. Since G is weakly connected, it follows that [z]~ = X,

G
and thus by using (i), f is a weakly Picard operator. m

The next example illustrates that f must be orbitally G-continuous in order
to obtain statements which are given in Theorem 4.8.
EXAMPLE 4.9. Let X = [0, 1] be endowed with the Euclidean metric. Consider

EG) = {(0,0)} U {(O,x) cx > 1/2} U {(x,y) cxT,y € (0,1]}
and define f: X — X by

L if x =0.

F {92”, if0<z <1,
Tr =
29

Then it can be easily checked that G is a weakly connected graph, X7 is nonempty

and f is a (G,¢,)-graphic contraction where () = § and ¢(t) = £ for each
t € [0,400), but it is not orbitally G-continuous. Thus, f does not have a fixed

point.

EXAMPLE 4.10. Let X = [0, 1] be endowed with the Euclidean metric. Con-
sider

E(G) = {(0,0)} U {(O,x) tx > 1/2} U {(amy) cx,y € (0,1]}
and f: X — X,

3, if0<xz<l,
fr=4¢0, ifxz=0,
1, ifz=1.

Then G is a weakly connected graph, X/ is nonempty and f is a (G, ¢, 9)-graphic
contraction with ¢(t) = £ and ¢(t) =t for each ¢ € [0,+00). An easy argument
shows that f is G-orbitally continuous. Moreover, Fix(f) = {0,1}.

REMARK 4.11. In the above result, we can remove the condition that the triple

(X,d, Q) satisfies the property (x%) and f is G-orbitally continuous if we assume
that the mapping f is orbitally continuous.
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5. Applications

Recently, Kirk et al. [8] introduced the idea of cyclic contractions and estab-
lished fixed point results for such mappings.

Let (X, d) be a metric space, m > 2 be a positive integer, {X;}™; be nonempty
closed subsets of X and let f : |J;~, X; — U;~, X; be an operator. Then YV :=
Ui~, X, is known as a cyclic representation of X with respect to f if

f(X1) € Xy, f(X2) € X5, f(Xin—1) € X, f(Xin) € X0
and the operator f is called a cyclic operator on X [8].

THEOREM 5.1. Let (X,d) be a complete metric space, m > 2 be a positive
integer, {X;}", be nonempty closed subsets of X, Y =", X; and f : X — X
be an operator. Suppose that

(1) UL, X; is cyclic representation of X with respect to f;
(ii) there ezist two functions ¢ € ® and v € ¥ such that w(d(fx,fy)) <

@(w(d(:n,y))) whenever x € X; and y € X;11 where X1 = X1.

Then f has a unique fized point * € (=, X; and f"y — z* for anyy € U~ X;.

Proof. Since Y = |J!*; X; is closed so (Y,d) is a complete metric space. Let
us consider a graph G consisting of V(G) :=Y and

E(G):=QU{(z,y) €Y xY :z € X; and y € X;41 for some i =1,2,... ,m}.

By using (i), it follows that f preserves edges. In view of (ii), the mapping f
is a (G, p,v)-contraction on Y. Now, let z, — x in Y such that (z,,zn41) €
E(Q) for all n > 1. If the sequence {x,} is eventually constant, then clearly we
have a subsequence {z,z,z,...} that satisfies the property (x) in Theorem 3.11.
Otherwise, by the construction of GG, there exists at least one pair of closed sets
{X;,X,11} for some j = 1,2,... ,m such that both sets contain infinitely many
terms of sequence {z,,}. Since Xj is closed for every i, it follows that € X; N X4
and thus one can easily extract a subsequence {x,, } such that (z,,,z) € E(G) for
all £ > 1. So the property (x) in Theorem 3.11 is satisfied in this case too. The way
we constructed G makes it weakly connected. Also for any = € Y, (z, fx) € E(G)
for f(X;) C X;41 for all i. Therefore, by applying Theorem 3.11, f has a unique
fixed point * € Y and f"y — z* for any y € Y. Since fz* = z* and f(X;) C X;11
for all 4, it follows that z* € N/, X;. m

Now, we wish to study the existence of a unique solution to an integral equa-
tion, as an application of our results.

Consider the nonlinear integral equation

b
x(t) = g(t) —|—/ f(t,s,2(s)) ds for all ¢ € [a,b], (5.1)

where b > a > 0. Assume that the functions f and ¢ in (5.1) satisfy the following
conditions.
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(i
(ii

(ii

: [a, 0] x [a, )] x R™ — R™ (R stands for real numbers) is a continuous function.

f
f(t,s,.) : R — R™ is nondecreasing for all ¢, s € [a, b].
g : [a,b] — R™ is a continuous function.

T

)
)
)
) There exist a (c)-comparison function ¢ : [0,400) — [0, +00) and a continuous
function p : [a, b] X [a,b] — [0, 400) such that for all ¢, s € [a,b] and z < y (i.e.,
z(t) < y(¢) for all t € [a, b]),

[f(t,s,2(s)) = f(t.5,9(s5))| < plt, ) (|(s) — y(s)]).

(v) maxge(q,p) f:p(t,s) ds < 1.

(vi) There exists o € C([a,b], R) such that zo(t) < g(t) +f: f(t,s,20(s)) ds for all
t € [a,b].

Denote by X = C([a,b],R™) the set of all continuous functions defined on [a, b]

with values in R™ and pointwise partial order. Obviously, X with the metric given
by

(iv

d(z,y) = ||z — ylleo = Jax, 2(t) —y(t)| for all 2,y € X,

is a complete metric space.

THEOREM 5.2. Under the assumptions (i)—(vi), the integral equation (5.1) has
a unique solution and it belongs to C = {:U eX:x<xyorx> xo}.

Proof. Define a mapping T : X — X by
b
Txz(t) = g(t) —|—/ ft,s,2(s))ds for all ¢ € [a, b]. (5.2)

Note that, if * € X is a solution of (5.1) if and only if 2* is a fixed point of f.

By virtue of our assumptions, 7" is well defined (this means that if 2 € X, then
Tz € X). Consider a graph G with V(G) := X and E(G) = {(z,y) € X x X :
x < y}. From (ii), it is easy to check that the mapping T is nondecreasing and
thus T preserves edges. Furthermore, G satisfies the property (x) in Theorem 3.11
because R™ has this property for a sequence described there. By applying (iv), for
every x,y € X with (z,y) € E(G), we have

b
[T (t) — Ty(t)| < / |f(t,s,2(s)) — f(t,s,y(s))|ds
b

< / p(t,5)p(j2(s) — y(s)]) ds

a

<(/ a(t.) is) ol - vl

< @(llz = ylloo)-

Hence, we have
1Tz — Tyl < @(llz = ylloo),
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which implies that d(Tz,Ty) < ¢(d(z,y)). From (vi), we have (zo,Tz) € E(G),
so that [v9]5z = {z € X : @ < mg or v > x¢}. This proves that the mapping T
satisfies the contractive condition (3.1) by considering ¢ (t) = t. Thus, T satisfies
all the hypotheses of Theorem 3.11 and so 7" has a unique fixed point, that is, the
integral equation (5.1) has a unique solution in the set C. m

Note that Theorem 5.2 specifies region of solution which invokes the novelty
of our result.
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