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Abstract. We introduce a contractive condition involving new auxiliary function and prove a fixed
point theorem for closed multivalued maps on complete metric spaces. An example and an applica-
tion to integral equation are given in support of our findings.
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1 Introduction and preliminaries

The study of fixed points for multivalued maps is a very important part of fixed point
theory. Almost all the major fixed point theorems for self-maps have been extended
to multivalued maps. Nadler [21] started this direction in metric fixed point theory. He
used Hausdorff metric to extend Banach contraction principle to multivalued maps. Later
on, many authors extended and introduced many other fixed point theorems in different
settings, see, for example, [2-7,9-12,15,17-21,23]. Recently, Samet et al. [24] introduced
the notions of a-1-contractive and a-admissible self-maps and obtained some interesting
fixed point theorems. The extensions of these notions to multivalued maps are available in
[2-7,12,14,18,20]. Here, we give another generalization of results in [24] to multivalued
maps. Then many contractive conditions and related fixed point theorems can be obtained
from our result due to the specific family of functions introduced in this paper. An example
and an application to integral equation are given to support the theory.

In the following lines, we present some notational and terminological conventions,
which will be used throughout this paper. Let (X, d) be a metric space. We denote by
N(X) the family of all nonempty subsets of X, by CL(X) the family of all nonempty
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closed subsets of X and by CB(X) the family of all nonempty closed and bounded
subsets of X. For A € N(X) and 2 € X, D(z,A) = inf{d(z,a): a € A}. For
every A, B € CL(X), let

max{sup,¢c 4 D(z, B),sup,cp D(y, A)} if the maximum exists;

o0 otherwise.

H(A,B) = {

Such a function H is called generalized Hausdorff metric induced by d. We give few
definitions and result due to Asl et al. [7] and Mohammadi et al. [20] for convenience.

Definition 1. (See [7,20].) Let (X, d) be a metric space and o : X x X — [0, 00) be
a function. Then
(i) AmapT : X — CL(X) is a,-admissible if a(z,y) > 1 = a.(Tz,Ty) > 1,
where o (Tx, Ty) = inf{a(a,b): a € Tz,b € Ty}.
(i) AmapT : X — CL(X) is a-admissible if for each € X and y € Tx with
a(z,y) = 1, we have a(y,z) > 1 forall z € Ty.

It is easy to see that a..-admissible maps are also a-admissible maps, but the converse
may not be true as shown in [22, Ex. 15].

Let : [0,00) — [0, 00) be a strictly increasing function such that > | 4" (t) < oo
for all £ > 0. We denote the class of such functions by ¥. Recall that previous condition
implies ¢ (¢) < t forall ¢ > 0.

Definition 2. (See [7].) Let (X, d) be a metric space. Amap T : X — CL(X) is called
a,.-1p-contractive if there exist two functions o : X x X — [0, 00) and ¢ € ¥ such that

forallz,y € X.

Theorem 1. (See [7].) Let (X,d) be a complete metric space, o : X x X — [0,00)
be a function, v € W and T : X — CL(X) be an a..-admissible and c..-1)-contractive
map. Suppose that there exist xo € X and x1 € T'xq such that a(zxg, 1) > 1. Assume
that if {x,,} is a sequence in X such that &(xy,, xp+1) 2 1 foralln € Nand x,, — x as
n — oo, then a(xy,,x) > 1 for all n. Then T has a fixed point.

2 Main result

We start this section by introducing the following class of functions. For other results
in this direction, see [8]. We denote by & the family of functions ¢ : [0, 00)* — [0, 00)
satisfying the following conditions:
(1) ¢ is continuous and nondecreasing in each coordinate;
(i) Let uy,ug,w € [0,00), if uy < ug, u; < qw forany ¢ > 1 and w < ¢(uz, us,
u1, uz), then there exists ¢ € ¥ such that w < ¥ (us);
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(iil) Letuy,us,w € [0,00), if ug > ug, ug < quw forany ¢ > 1 and w < @(uq, uz,
u1,uy), then w = 0;
(iv) Letu € [0,00), if u < ¢(0,0,u,u/2) or u < ¢(0,u,0,u/2), then u = 0.

The following are some examples of functions, which belong to ®:

o1(u1,ug, us, ug) = kmax{uy, ug, us, uqs}, where k € [0,1);
= kuy, where k € [0,1);
= kmax{uy, uz,us}, where k € [0,1);
= kmax{ug, us}, where k € [0,1);
= kuq, where k € [0,1);
= k(uz + u3z)/2, where k € [0,1);
= kmax{uy, (uz + u3)/2,us}, where k € [0,1);
s (u1, ug, us, ug) = auy + b(ug + us) + 2cuy, where a, b, ¢ are nonnegative real
numbers such that a + 2b + 2¢ € [0,1);
9. ¢g(u1,ua, us, us) = aug + bug + cug, where a, b, ¢ are nonnegative real numbers
suchthata +b+c € [0,1);
10. ¢10(u1, us, uz, uq) = (max{uy, ug, us, us}), where ¢ € ¥.

U, U2, U3, Ug
U, U2, U3, Ug
Uy, U2, U3, Usq

Ui, U2, U3, Ug

— — — O O ~—

o2

¢3(uy

¢4 (uy
¢5(u1,u2,u3,u4
b6 (uy

¢7(uy

Ui, U2, U3, Us

Sl IR e

Lemma 1. (See [2].) Let (X, d) be a metric space and B € CL(X). Then for each v € X
with d(xz, B) > 0 and q > 1, there exists an element b € B such that

d(z,b) < qd(z, B).

Definition 3. Let (X, d) be a metric space. A map T : X — CL(X) is said to be an
a-¢-contractive mapping if there exist a : X X X — [0, 00) and ¢ € @ such that

(D(y, Tx) + D(x,Ty))) ¢))

H(r2. 1) < 0 do.). Do o), D To). 5

forall z,y € X with a(x,y) > 1.

Theorem 2. Let (X, d) be a complete metric space, and let T : X — CL(X) be an a-¢-
contractive map satisfying the following conditions:

(1) T is a-admissible;
(ii) There exist xg € X and x1 € Txq such that o(zg, z1) > 1.
Also suppose that one of the following conditions holds:

(iii-a) T is continuous,
(iii-b) If {x, } is a sequence in X such that x,, — x as n — 00 and a(xp, Tpi1) = 1
foreachn € N, then a(x,,x) > 1 for eachn € N.

Then T has a fixed point.
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Proof. By hypothesis, we have z¢p € X and 21 € Tx¢ such that a(xg,z1) > 1. Suppose
Ty # x1, otherwise xg is a fixed point. From (1) we have

H(Txo, Txl)

1
< ¢<d(x0,x1),D(xo,Txo), D(xq,Txy), §(D(Jc1,Txo) + D(J:O,Txl))>. 2)

For g > 1, there exists x5 € T'z1, suppose xo # x1, otherwise z; is a fixed point, such
that we have
0 < d(x1,22) < qH(Tx0,Tx1). 3)

From (2), since ¢ is nondecreasing in each coordinate, we get

(0 + d(=o, :cQ))). 4)

N |

H(Txo,Tx1) < ¢(d(3007931)7d($07 x1),d(x1, x2),

By triangular inequality, we have
d(xo,l‘g) < d(1'07$1) +d({L‘17CE2). (5)

We claim that d(x1, z2) <d(zo, x1). Suppose, on the contrary, that d(z1, z2) > d(zo, 1),
then from (5) we have d(zg, 22) < 2d(z1, 22). Using these relations in (4), we have

H(Tw07T1.1) < ¢(d($1,$2)7d($0, xl)a d(x17$2)7d(x1, $2))

By property (iii) of ¢ and (3), we deduce that H (T'xo, Tz1) = 0, which is a contradiction
to (3). It follows that d(z1, z2) < d(zg, z1), and hence, from (4) we get

H(Tzp,Tx1) < ¢(d(x0,m1)7d(xo,xl),d(xl,mg)d(:co,xl)).
By property (ii) of ¢, we obtain
H(Tzo, Tz1) < ¥(d(zo,21)). (6)
Now, from (3) and (6) we have
d(x1,x2) < qw(d(xo,xl)).
Since v is strictly increasing, we write
Y(d(z1,22)) < ¥ (g (d(zo,71))).

Let g1 = ¥ (qy(d(zo,x1)))/9(d(x1,z2)) > 1. Since T is a-admissible and 2 € T'zy,
a(zo, 1) = 1 implies a(z1, z2) > 1; thus, from (1) we have

H(TCL'hTZL'Q)

(D(.rg,TfL'l) +D($1,T$2))> (7)

DN =

< (b(d(.’l?l,.’)fg),D(l’l,TJ]]),D(.’L’Q,T{EQ),
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Since q¢; > 1, there exists z3 € Tzo, suppose x3 #* s, otherwise s is a fixed point,
such that
0< d(l‘Q,Ig) < qu(TIl,TZ‘Q). (8)

From (7), since ¢ is nondecreasing in each coordinate, we have
1

H(T01 T2) < 0 dor ). don az) ez, ).

(0+d(331,$3)))- &)

By triangular inequality, we write
d({El,ng,) < d(ZCl,CL'Q) +d(x2,x5) (10)

We claim that d(z2, x3) <d(z1,x2). Suppose, on the contrary, that d(z2, x3) > d(x1, z2);
then from (10) we have d(z1, 23) < 2d(z9, 23). Using these relations in (9), we get

H(Til'l, T:EQ) < ¢(d(‘r27 mB)v d(xla fEQ), d(x27 1'3)7 d(an x3))

By property (iii) of ¢ and (8), we deduce that H (T'x1, Tx5) = 0, which is a contradiction
to (8). Therefore, d(z2, x3) < d(z1,22). Next, from (9) we have

H(Txz,Txs) < gb(d(xl,xg),d(xl,xg),d(xg,mg),d(:vl,xg))
and, by property (ii) of ¢, we obtain
H(Tzy,Txs) < ¥(d(z1,22)). 11)
From (8) and (11) we have
d(z2, x3) < qrp(d(z1,22)) = ¥(q(d(zo,71))),
and hence, since 1 is strictly increasing, we get
P(d(x2,3)) < > (g (d(wo, 71))).

Let go = ¥?(q¢(d(xo,21)))/1(d(z2,73)) > 1. Continuing in this way, we construct
a sequence {x, } in X such that

Tnt1 € Ty, Tp # Tpt1, (TnyZpt1) 21, d(@pt1, Tnye) < d(Tn, Tryr)
for all n € N'U {0}. Further, we have
d(2p, Tpyp1) < P™ T (q¢(d(x0,z1))) for each n € N.
For n, m € N with n > m, we write
ATy Tn) < ATy Tit1) + A @mg1, Tmg2) + - + d(@n—1, Ty)
<™ g (d(zo,21))) + ™ (qv (d(wo, 1)) + - -
+ "2 (q (d(20, 21)))
n—2 oo
= > ¥(qw(do,z1))) < D ¥ (qv(d(wo,z1))).
i=m—1

i=m—1
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Thus, the convergence of the series .- | 1" (qy(d(zo,1))) implies d(zy, T,,) — 0 as
m — oo. Therefore, {x,} is a Cauchy sequence in X, and, since X is complete, there
exists z* € X such that z,, = x* asn — oo.

Now, if (iii-a) holds, that is, T" is continuous, then x* € T'z*. In fact, we have

D(z*,Tx*) < d(z*,2pt1) + D(zpy1, T2") < d(@*, zpy1) + H(T 2y, T2™)

and, letting n — oo, we obtain D(z*, Tx*) = 0 and hence 2* € T'z*. On the other hand,
suppose that (iii-b) holds. From (1) we have

D(xpy1,T2")
< H(Txyp, Tx™)

< gb(d(xn,x*), D(zy, Txy,), D(x*, Tx™), (D(m*,Txn) + D(xn,Tx*))

N = N

< gb(d(a?n,x*),d(:cn,xn+1),D(x*,Tx*), (d(m*,xn+1)+D(xn,Tx*))). (12)

Since ¢ is continuous, letting n — oo in (12), we get

D(z*, Te*) < ¢<0,0,D(x*,T;v*)7 W)

By property (iv) of ¢, we deduce that D(z*, T'z*) = 0. By closedness of T'z*, we have
¥ eTx*. O

3 Further discussion and example

3.1 «.-admissible maps
We give some results for an o, -admissible map in the setting of metric spaces.

Corollary 1. Let (X, d) be a complete metric space, and let T : X — CL(X) be a map.
Assume there exist o : X x X — [0,00) and ¢ € P such that

() a(z,y)H(Tz, Ty) < ¢(d(z,y), D(z,Tz), D(y, Ty), (D(y, Txz)+D(z,Ty))/2)
forallz,y € X;
(i1) T is ay-admissible;
(iii) There exist xg € X and x1 € Txq such that a(xg, 1) > 1.

Also suppose that one of the following conditions holds:

(iv-a) T is continuous,
(iv-b) If {x,} is a sequence in X such that x,, — x as n— 0o and (T, xpy1) 2 1 for
eachn € N, then a(x,,,x) =1 for eachn € N.

Then T has a fixed point.

Proof. Each a,-admissible map is obviously a-admissible, and hence, the conclusion
follows from Theorem 2. O
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Moreover, we give the following theorem.

Theorem 3. Let (X, d) be a complete metric space, and let T : X — CL(X) be a map.
Assume there exist o : X x X — [0,00) and ¢ € D such that

() H(Tz,Ty) < ¢(d(z,y), D(x,Tx), D(y, Ty), (D(y, Tx) + D(x,Ty))/2) for
all z,y € X with o, (Tx, Ty) > 1,
(i1) T is a,-admissible;
(iil) There exist xog € X and x1 € Tz such that a(xg, z1) > 1.
Also suppose that one of the following conditions holds:

(iv-a) T is continuous,
(iv-b) If {x} is a sequence in X such that x,, — x asn — o0 and a(ZTp, Tpy1) = 1
foreachn €N, then oz, x) > 1 for eachn € N.

Then T has a fixed point.

Proof. The proof of this theorem runs on the same lines as the proof of Theorem 2, and
hence, to avoid repetition, the details are omitted. O

Next corollary follows from the above result.

Corollary 2. Let (X, d) be a complete metric space, and let T : X — CL(X) be a map.
Assume there exist o : X x X — [0,00) and ¢ € P such that

(i) o (T, Ty) H(Tz,Ty) < ¢(d(z,y), D(z,Tz), D(y, Ty), (D(y, Tx) + D(z,
Ty))/2) forall z,y € X;
@i1) T is a-admissible;
(iii) There exist xg € X and x1 € Txg such that a(xg, 1) = 1.
Also suppose that one of the following conditions holds:

(iv-a) T is continuous;
(iv-b) If {x,,} is a sequence in X such that x,, — x as n— 0o and (T, xpy1) 21 for
eachn € N, then a(x,,,x) > 1 for eachn € N.

Then T has a fixed point.
Remark 1. Note that [7, Thm. 2.1] follows from above corollary.

We give an illustrative example of Corollary 1 and hence of Theorem 2.
Example 1. Let X = [0, 00) be endowed with the usual metric d(x,y) = |z — y| for all
z,y € X.DefineT : X — CL(X) by
[0,2/8] ifz €[0,4),
Tz ={{0}  ifz=4,
0,e7]  ifz >4,
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and define o : X x X — [0, 00) by

(2 ifz,y €[0,4],
a(r,y) = d(z,y)/(2(e* +e¥)) otherwise.

Further, consider ¢(u1, ug, us, ug) = ¥(max{uy,us}) with () = t/2 for each ¢ > 0.

Clearly, ¢ € . First, we show that T satisfies condition (i) of Corollary 1. We distinguish
the following cases:

Case 1. If z,y € [0,4), then we have
1 1
Case 2. If z € [0,4) and y = 4, then we have

alz,y)HTz,Ty) == <1< w(max{d(x,y),D(y,Ty)}).

R

Case 3. If 2 € [0,4) and y > 4, then we have

a(z,y)H(Tz, Ty)

dz,y) |z | d=y)
T ol LR < ), D(y, T :
Case 4. If x = 4 and y > 4, then we have
a(z,y)H(Tz, Ty)
= e a0~ <=5 <vlmax{d(,y), Dly. Ty)}).

Case 5. If z,y > 4, then we have

a(z,y)H(Tz, Ty)

C) BT @ < ¢ (max{d(z,y), D(y, Ty)}).

2(e* 4 ev)

Thus, condition (i) of Corollay 1 holds true. Notice that «(z,y) > 1 only for z,y € [0, 4];
this implies . (Tx, Ty) > 1 for z,y € [0, 4], and hence, T is cv,-admissible. For 2o = 1,
we have 21 =1/8 € Tz such that a(z, x1) =2. Moreover, for any sequence {z,} C X
such that x,, — x asn — oo and a(zy,, Tn41) = 1 foreachn € N, we have a(z,,, z) > 1
for each n € N. As all the conditions of Corollary 1 (Theorem 2) hold, we conclude that
T has a fixed point.
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3.2 Some consequences

As consequences of Theorem 2, we give some corollaries. In particular, various theorems
of the existing literature can be easily derived by our main theorem.

Corollary 3. Let (X, d) be a complete metric space, and let T : X — CL(X) be a map.
Assume there exists ¢ € O such that

(D(y, Tz) + D(x, Ty)))

DN =

H(Tz,Ty) < ¢(d(x7y),D($,Tw)vD(%Ty),

forall xz,y € X. Then T has a fixed point.

Proof. Let a(z,y) = 1 for all z,y € X. Therefore, the conclusion follows from Corol-
lary 1 (Theorem 2). [

Corollary 4. Let (X, d) be a complete metric space, and let T : X — CL(X) be a map.
Assume there exist o : X x X — [0,00) and 1) € ¥ such that

(i) H(Tz, Ty) <y (max{d(z,y), D(z, Tz), D(y,Ty), (D(y, Tx)+D(x,Ty))/2})
Sforall z,y € X with a(z,y) > 1;
(i) T is a-admissible;
(iii) There exist xg € X and x1 € Txq such that a(xg,x1) > 1.
Also suppose that one of the following conditions holds:

(iv-a) T'is continuous,
(iv-b) If {xy} is a sequence in X such that x, — x as n— o0 and a(xy, Tpi1) =1 for
eachn € N, then a(x,,x) > 1 for eachn € N.

Then T has a fixed point.

P}"()Of: Let ¢(u1; U2, U3z, ’LL4) = ¢10(U1, Uz, U3z, ’LL4) = ,l/)(max{ul, Uz, U3, 7_[,4}), where
1 € W. Thus, the conclusion follows from Theorem 2. O

Remark 2. Note that [6, Thm. 2.2] is a special case of above corollary.

Corollary 5. (See [21].) Let (X, d) be a complete metric space, and let T : X — CB(X)
be a map such that

H(Tz,Ty) < kd(z,y)
forall x,y € X, where k € [0,1). Then T has a fixed point.

Proof. Let a(z,y) = 1forall z,y € X and ¢(uq, ug, us, ug) = ¢5(uy, us,us, ug) =
kuy, where k € [0,1). Then from (1) we have

H(Tz,Ty) < kd(z,y)
for each z,y € X. Therefore, by an application of Theorem 2, we deduce that 7" has

a fixed point. O
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Corollary 6. (See [23].) Let (X, d) be a complete metric space, and let T : X — CB(X)
be a map such that

H(Tz,Ty) < k(D(z,Tx) + D(y,Ty))
Sforall z,y € X, where k € [0,1/2). Then T has a fixed point.

Proof. Let a(x,y) = 1forall z,y € X and ¢(uy, ug, us, us) = dg(ur, ug, us, ug) =
(B(ug2 + ug)/2, where 8 € [0, 1). Then from (1) we have

H(Tz,Ty) < g(D(x,Tx) + D(y,Ty)) = k(D(m,Tx) + D(y,Ty))

for each z,y € X, where k € [0,1/2). Therefore, by an application of Theorem 2, we
deduce that T has a fixed point. O

Corollary 7. (See [11].) Let (X, d) be a complete metric space, and letT : X — CB(X)
be a map such that

H(Tz,Ty) < ad(z,y) + b(D(z,Tz) + D(y,Ty)) + ¢(D(y, Tx) + D(z, Ty))

forall z,y € X, where a, b, c are nonnegative real numbers such that a+2b+2c € [0, 1).
Then T has a fixed point.

Proof. Let a(x,y) = 1forall z,y € X and ¢(uq,us, us, us) = dg(ug, us,us, ug) =
auy +b(us+usz)+2cuy, where a, b, ¢ are nonnegative real numbers such that a+2b+2¢ €
[0,1). Then from (1) we have

H(Tx,Ty) < ad(z,y) + b(D(x, Tx) + D(y, Ty)) + ¢(D(y, Tx) + D(x, Ty)).

Therefore, by an application of Theorem 2, we deduce that 7" has a fixed point. O

Corollary 8. (See [11].) Let (X, d) be a complete metric space, and let T : X — CB(X)
be a map such that

H(Tz,Ty) < k(D(y,Tz) + D(x,Ty))
Sforall z,y € X, where k € [0,1/2). Then T has a fixed point.

Proof. Let a(x,y) = 1forall z,y € X and ¢(uq,ug, us, ug) = da(uy, us, us, ug) =
Bug, where 3 € [0,1). Then from (1) we have

H(Tz,Ty) < g(D(y,Tx) + D(z,Ty)) = k(D(y,Tx) + D(z, Ty))

for all z,y € X, where k € [0,1/2). Therefore, by an application of Theorem 2, we
deduce that T has a fixed point. O
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Remark 3. The family of functions @ can be extended by replacing function ¢ with the
MT-function introduced by Mizoguchi and Takahashi [19] or with the GMT'-function
introduced by Javahernia et al. [13]. Moreover, by using the contractive condition

D(3.Ty) < 6(d(a,). Dl Ta). D Ty). 5 (Do T2) + Dla. 7))

forall z € X and y € Tz with a(z,y) > 1, instead of condition (1) in Theorem 2
with @ defined along with M T'-function/ GM T-function, we are able to generalize either
completely or partially many other results of the literature including the results mentioned
in[1,5,13,15,16,18,19].

3.3 Ordered metric spaces

Let (X, %, d) be an ordered metric space and A, B C X. We say that A <,. B if, for each
a € Aand b € B, we have a < b. Also, A < B whenever, for each a € A, there exists
b € B such that a < b. Notice that the function o : X x X — [0, 00), defined by

(2.9) 1 ifz=xy,
alz,y) =
0 otherwise,

is an easy example of function suitable for Theorem 2. By using opportunely this fact, we
present some results in the setting of ordered metric spaces.

Corollary 9. Let (X, %, d) be a complete ordered metric space, andletT : X — CL(X)
be a map such that

(i) H(Tz,Ty) < ¢(d(z,y), D(z,Tz), D(y, Ty), (D(y, Tx) + D(z,Ty))/2) for
allz,y € X withz < yand ¢ € b;
) Ifx ]y, thenTx <, Ty;
(iii) There exist xy € X and x1 € T'xq such that xqg < x7.

Also suppose that one of the following conditions holds:

(iv-a) T is continuous;
(iv-b) If {zn} is a sequence in X such that v, — x asn — 0o and T, < Tpi1 for
eachn € N, then z,, < x for eachn € N.

Then T has a fixed point.
Proof. Define a: X x X — [0,00) by
1 ifx=xy,
a(z,y) = .
0 otherwise.

Thus, it is easy to see that all conditions of Theorem 2 hold, and hence, 7" has a fixed
point. O
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Corollary 10. Let (X, <,d) be a complete ordered metric space, and let T : X —
CL(X) be a map such that

() H(Tz,Ty) < ¢(d(z,y), D(x,Tx), D(y, Ty), (D(y,Tx) + D(x,Ty))/2) for
all x,y € X withTx < Ty and ¢ € P;
(i) If, foreachx € X andy € Tx, Tx X Ty, then Ty X Tz forall z € Ty;
(iii) There exist xo € X and x1 € Txq such that Txg < Tx;.
Also suppose that one of the following conditions holds:

(iv-a) T is continuous,
(iv-b) If {zy,} is a sequence in X such that x,, — x asn — o0 and Tx,, < Txpy1 for
eachn € N, then Tx,, < Tx for eachn € N.

Then T has a fixed point.
Proof. Define the function o : X x X — [0, 00) by

(2.7) 1 ifTx < Ty,
alx,y) =
Y 0 otherwise.

Clearly, the multivalued map 7" is a-admissible. In fact, foreach x € X andy € Tx
with a(x,y) > 1, we have Tx < Ty, and, by condition (ii), we obtain that Ty < Tz
for all z € T'y. This implies that «(y, z) > 1 for all z € Ty. Thus, all the hypotheses of
Theorem 2 are satisfied, and 7" has a fixed point. O

4 Application to integral equation

Based on our fixed point results, this section is dedicated to establishing the existence
of solutions for integral equations. First, we give the background and notation. Let X =
C([0, I], R) be the set of continuous real functions on [0, I] with I > 0,and d : X x X —
[0, 00) be given by

d(z,y) = ||z — yllo forall z,y € X.

Then (X, d) is a complete metric space. Also, consider the integral equation

x(t) = p(t) + /S(t, u) f (u, z(u)) du, (13)
0

where f : [0,I] x R = R, p: [0,I] — R are two continuous functions and S : [0, ] X
[0, I] — [0, 00) is a function such that S(¢,-) € L([0, I]) for all ¢ € [0, I].
Then we prove the following theorem.

Theorem 4. Let X = C([0,1I],R), and let T : X — X be the operator defined by

I
T()(t) = plt) + / S(t,u) f (u, 2(w)) du (14)
0
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Assume there exist a, § : X X X — [0, 00) such that

) If a(z,y) = 1 forx,y € X, then, for every u € [0,1] and some k € (0,1), we

have
0 < |f(ux(w) = f(u,y(w)| < Bla,y)|2(u) - y(u)|
and ,
[ stwse i <k
O oo

() z,y € X, a(z,y) > 1 implies o(Tz, Ty) > 1;

(iii) There exists vo € X such that a(xo, T(xg)) > 1;

(iv) If {zn} is a sequence in X such that o2y, xpy1) > 1 for each n € N and
Tp —> T asn — 0o, then a(x,,x) = 1 for eachn € N.

Then the integral equation (13) has a solution in X.

Proof. Notice that any fixed point of the integral operator (14) is a solution of (13). Then,
by condition (i), we obtain

I
/S(t,u) [f(u,x(u)) — f(u,y(u))] du
0
S(t,u)|f(u, x(u)) — f(u,y(u)) ’ du
S(t,u)B(z,y)|z(u) — y(u)| du

I
<o =yl [ S(t.0)3(,y) du.
0
Consequently, we have

IT(x) = T()| . < llz — yllo

)

/S(t,u)ﬁ(m,y) du

o
and hence, for all z,y € X with a(x,y) > 1, we obtain
d(T(x), T(y)) < kd(z,y).

Thus, condition (i) of Corollary 3 is trivially satisfied with ¢(¢) = kt for all ¢ > 0. The
other conditions of Corollary 3 are immediately satisfied, and hence, the operator 7" has
a fixed point, that is, there exists a solution of the integral equation (13) in X. O
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Remark 4. Clearly, the function @ : X x X — [0, c0), mentioned at the beginning of
Section 3.3 and defined by

(2.9) 1 ifz <y,
alz,y) =
0 otherwise,

is suitable for Theorem 4.

Acknowledgment. Authors are thankful to the Reviewers for their useful comments to
improve the quality of the paper.
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