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ABSTRACT. We propose to derive common fixed point theorems for a pair of
mappings satisfying a new generalized («, ¢, ¢)-weakly contractive condition
under weaker control functions with S-a-admissible condition in the frame-
work of metric space. Our results generalize several well-known comparable
results in the literature. As an application of our main result, we further es-
tablish some common fixed point theorems in metric spaces endowed with a
partial order. We supply some illustrative examples to highlight the realized
improvements in our results over the corresponding relevant results in the
existing literature.

1. Introduction and Preliminaries

The celebrated Banach Contraction Principle is one of the cornerstones in the
development of Nonlinear Analysis. In fact, the fixed point theorems have appli-
cations not only in the various branches of mathematics but also in economics,
chemistry, biology, computer science, engineering, etc. In particular, such theo-
rems are used to demonstrate the existence and uniqueness of solutions of differ-
ential equations, integral equations, functional equations and partial differential
equations. Therefore, generalizations of the Banach Contraction Principle have
been explored heavily by many authors. This famous theorem can be stated as
follows.

Theorem 1.1. [4]. Let (X,d) be a complete metric space and T be a mapping
of X into itself satisfying:

d(Tz,Ty) < kd(z,y), Vo,y € X, (1.1)
where k is some constant in (0,1). Then, T has a unique fized point * € X.

In particular, obtaining the existence and uniqueness of fixed points for self-
maps on a metric space by altering distances between the points with the use of a
certain control function is an interesting aspect. There are control functions which
alter the distance between two points in a metric space. In this direction, Khan
et al. [12] addressed a new category of fixed point problems for a single self-map
with the help of a control function which they called an altering distance function.
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Definition 1.2. (altering distance function [12]). A function ¢ : [0,400) —
[0, +00) is called an altering distance function if the following properties are sat-
isfied:

(a) ¢ is continuous and non-decreasing,
(b) ¢(t) =0t =0.

In [3], Alber and Guerre-Delabriere introduced the concept of weak contraction
in Hilbert spaces. Rhoades [17] showed that the result which Alber et al. had
proved in [3] is also valid in complete metric spaces.

Definition 1.3. (weakly contractive mapping). Let X be a metric space. A
mapping 7 : X — X is called weakly contractive if

d(Tz, Ty) < d(z,y) — ¢(d(z,y)), Yo,y € X, (1.2)

where ¢ is an altering distance function.
Theorem 1.4. [17, Theorem 2| . Let (X,d) be a complete metric space. If
T : X — X is a weakly contractive mapping, then T has a unique fized point.

Note that Alber et al. [3] assumed an additional condition on ¢ which is
lim ¢(t) = 4o00. But Rhoades [17] obtained the result noted in Theorem 1.4

t—+oo
without using this particular assumption. If one takes p(t) = (1 — k)t, where
0 < k < 1, then (1.2) reduces to (1.1).

Dutta and Choudhoury [6] generalized Theorem 1.4 as follows.

Theorem 1.5. Let (X,d) be a complete metric space and let T : X — X be a
self-mapping satisfying the inequality

p(d(Tz, Ty)) < ld(z,y)) — d(d(z,y))

for all x,y € X, where p,¢ : [0,+00) — [0,4+00) are both continuous and nonde-
creasing functions with (t) = 0 = @(t) if and only if t = 0. Then T has exactly
one fixed point.

Dorié [7] gave the following generalized version of Theorem 1.5 and Theorem
1.4.

Theorem 1.6. Let (X, d) be a nonempty complete metric space an let T : X — X
be a self-mapping such that for each x,y € X,

P(d(Tz, Ty)) < p((x,y)) — ¢(®(x,y)),

where
(i) ©(z,y) = max{d(z,y), d(x, Tx),d(y, Ty). 5[d(y, Tz) + d(z, Ty)]}.
(ii) ¢ : [0,400) — [0,400) is a continuous, nondecreasing function with

o(t) =0 if and only if t =0,
(iii ) ¢:[0,400) = [0,+00) is a lower semi-continuous function with ¢(0) =0
if and only if t = 0.

Then there exists a point z € X such that z =T z.

12



COMMON FIXED POINT THEOREMS FOR ADMISSIBLE MAPPINGS

Abbas and Khan [1] and Abbas and Porié [2] extended Theorem 1.5 to obtain
common fixed points for a pair of mappings. Popescu [15, Theorem 4] proved The-
orem 1.6 under some weaker conditions for control functions which was extended
for a pair of maps in [13].

Samet et al. introduced in [19] the notion of a-admissible mappings and proved
some fixed point theorems using this notion. After that, several other authors
used a-admissible mappings to obtain various (common) fixed point results (see,
e.g., [11, 18] and the references cited therein).

In this paper, we propose to introduce the concept of generalized (a,,@)-
weakly contractive mapping, and we study the existence and uniqueness of fixed
points for S-a-admissible mappings. Also, our results improve [1, Theorem 2.1]
and [15, Theorem 4] by considering weaker conditions for control functions ¢
and ¢. As an application of our main result, we further establish common fixed
point theorems for metric spaces endowed with a partial order. We furnish some
illustrative examples to highlight the realized improvements in our results over the
corresponding relevant results in the existing literature.

2. Main Results

In this section, we propose new contraction conditions under which a pair of
mappings has a common fixed point. To achieve our goal, we recall some important
definition.

Definition 2.1. [18] Let X be a non-empty set, let 7,8 : X — X and « :
X x X — [0,400). The mapping T is called S-a-admissible if, for all z,y € X,
a(Sz,Sy) > 1 implies a(Tz,Ty) > 1. If S is the identity mapping, then T is
called a-admissible [19].

Definition 2.2. [18] Let (X,d) be a metric space and a : X x X — [0,400).
X is called a-regular if, for every sequence {z,} C X such that a(x,, x,+1) > 1
for all n € N and z,, — «, there exists a subsequence {z,,} of {z,} such that
a(xn,,z) > 1 for all k € N.

Our main result is the following

Theorem 2.3. Let (X,d) be a metric space. Suppose that T,S : X — X are
mappings such that T(X) C S(X), that S(X) is complete and that they satisfy
generalized (o, p, @)-weakly contractive condition, that is,

for all x,y € X, where a: X x X — [0,+00) and
(a)
1
O(z,y) = max{d(Sz, Sy), d(Sz, Tz),d(Sy, Ty), 5 [d(Sy, Tx)+d(Sz, Ty)]}. (2.2)

(b) ¢ : [0,400) — [0,400) is a nondecreasing function with ¢(t) = 0 if and
only if t =0.

(¢) ¢ :[0,4+00) = [0,400) is a function with ¢(t) = 0 if and only if t = 0,
and liminf,, o ¢(t,) > 0 if im, oo t, =t > 0,

(d) @(t) > p(t) — p(t—) for any t > 0, where p(t—) is the left limit of v at t.
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Assume also that the following conditions hold:
(i) T is S-a-admissible;
(i) there exists xg € X such that a(Sxo, Txo) > 1;
(iii) X is a-regular;
(iv) either a(Su,Sv) > 1 or a(Sv,Su) > 1 whenever Su= Tu and Sv = Tv.

Then T and S have a unique point of coincidence in X. Moreover, if T and S
commute at their coincidence points then T and S have exactly one common fized
point.

Proof. It should be noted that there exists the left limit of ¢ at each ¢ > 0 by the
monotonicity of .

If Ta* = Sx*, then we have a coincidence point. Suppose Tz # Sz for all
x € X. Let gy € X be an arbitrary point such that a(Szo, Tzp) > 1. Now
since T(X) C S(X), we can choose 1 € X so that Sz; = Txzo. Again, from
T(X) C §(X), we can find z2 € X so that Sxo = Txz;. Continuing this process
we find a sequence {z,} in X’ such that

Szpi1 =Tz, for all n > 0.

If there exists ng € {1,2,---} such that ©(zp,,Zn,—1) = 0 then it is clear that
Sxpy—1 = Txp, = TTp,—1, contrary to the assumption. Hence, we can suppose

O(zp, Tp-1) >0 (2.3)

for all n > 1.
Step 1. We claim that

a(Txp, Taps1) > 1 for all n € NU{0}.

Using condition (ii), we have a(Sxzo, Txo) = a(Txzo, Tx1) > 1. Since, by hy-
pothesis, T is S-a-admissible, we obtain

a(Tzo, Tw) = a(Sx1,812) > 1, a(Tx1,Tre) = a(Sx2,Sw3) > 1.
By induction, we get
a(Txp, Taps1) =1 for all n € NU{0}.

Step 2. We claim that
lim d(Tzpt1,Tx,) =0.

n—oo

First of all, by (2.2), we have for n > 1
9(5571; xnfl) = maX{d(S-'L'n; Smnfl)a d(‘S-T’ru Tl'n), d(S.’En,l, Tmn71)7

LS 1, Toa) + d(S, T 1))}

= mac{d(Tan 1, T 2), d(Tan 1, Tan), 5d(Tarn -, Trn))
< max{d(’Txn_l, Txn—2)a d(Tzn—lv Txn)}

We will prove that
A(Txpi1, Ten) <d(Tap, Trp—1) (2.4)
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for all n > 1. Suppose this is not true, that is, there exists ng > 1 such that
AT xngt1, TTng) > d(Txpg, TXny—1). Substituting x = Ty, . and y = xp, in the
inequality (2.1), we have

(P(d(TxnoJrlvTxno)) < SD(O[(T:L'THJ?Tl’no*l)d(TxnoJrlvTxno))

< w(@(xnoJrhxno)) - ¢(@(1‘n0+171‘n0)>

< @(max{d(TmnoaTxno—1)7 d(Txno’ Txno-‘rl)}) - ¢(®($no+17 xno))
= @(d(T s Tne+1)) — A(O(@ng41, Tny))- [

This implies ¢(O (2,41, Tny)) = 0. By the properties of ¢, we have O(xy,, 41, Zn,) =l
0, which contradicts (2.3).

Therefore, (2.4) is true and so the sequence {d(7Txn+1,T zy)} is nonincreasing
and bounded. Thus there exists p > 0 such that lim, oo d(Tzpt1,Txn) = p-
Therefore by (2.2),

lim d(Tzp, Ten-1) < lim O(z,,z,—1)
n— oo

n—oo

= lim max{d(Sxn,Sxn_1),d(Sxn, Txpn),d(STp_1,TTn_1),

n—oo

%[d(Smn_l, Tn) + d(San, Tan 1)]}

= tim max{d(Tan 1, T 2),d(Tan 1, Tan), 5d(T 2 Tn)} g

This implies p < limy, 00 O(2p, 2n—1) < p and 80 lim, o0 O(2y, Tp—1) = p.
Now we claim that p = 0. By (2.1), we have

(P(d(Txnz T-Tnfl)) < @(6(‘7;71’ .’L'n,1)) - ¢<@($n, Jﬁn,l))
and taking limit as n — oo, we have
p(p+) < ¢(p+) —lim infG(O(zn, Tni1))
n—oo
which is contradictory, unless p = 0. Hence
p=0= ILm A(Txng1, Tn). (2.5)
Step 3. We show that {7z} is a Cauchy sequence.

Suppose this is not true. Then there is an € > 0 such that for an integer k there
exist integers m(k) > n(k) > k such that

AT Zn(k), TTm(r)) > € (2.6)
For every integer k, let m(k) be the least positive integer exceeding n(k) satisfying
(2.6) and such that
d(TCCn(k), Tilim(k),l) <e. (2.7)
Then
ATk, TTm(k))
d(Ta:n(k), Txm(k)_l) + d(Txm(k)_h Txm(k)).
Then by (2.6) and (2.7) it follows that
k]gr;o d(T$n(k), Tl‘m(k)) =c. (2.8)

€<
<
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Also, by the triangle inequality, we have
(T Ty, TEm@)—1) — AT Zn()s TZm)| < AT T(e)—1> T Toni))-
By using (2.8) we get
li =ec. 2.
Jim AT Znky, TTmk)—1) = € (2.9)
Now by (2.2) we get
A(TZnkys TTmk)-1) < O(Tn(k)s Tm(k)-1)
= maX{d(Swn(k),Sxm(k) 1), (ST ey, TTr(k))s A(ST (k) —15 T T (k) —1),
[ (STim)—1, TTnky) + d(STn()s Ty —1)1}
< maX{d(Tﬂfn =15 T T —2), AT Tr(iy=15 T Tru(i))s AT Tin iy =2, T Ten(k)—1)5

1
3 [A(TTmr)y—2, Tny) + d(TTp)y—1, T Tmry-1)]}
< max{d(TTpr)—1, T Tm(k)— 2) AT ny—1,T Tn(k)),

d(Txm 2>Txm(k) 1) [ (Tmm (k)— 237—3777, )
+ d(TTrky—1, T Trry) + d(Tl‘n 815 T T (i)—1)]} [
and letting k¥ — oo and using (2.8) and (2.9), we have
< Ii <
€< kIL}H;OG(In(k)axm(k)—l) <e

and so

Jim O(Tn(k), Tm(k)—1) = €

If there exists a subsequence {k(p)} of {k} such that e < d(Tznwp))» T Tmkp)))
for any p, then by (2.2) we get

o(e+) = lilrcn sup ©(d(T k), T Tim(k)))
—00

(

< limsup ¢(a(T2n k) =15 T T (k) —2)d(T (i) T Tm(k)))

<limsup ¢(a(TZnk)-1, T Tmr)—2) (AT Trirys TTmry—1) + AT Tmiy—1, T Ton(r))])
(

= limsup ¢(a(T Zpr)y—1, T Tm(r)—2) AT Tp(ry, T Toni)—1))

< limsup[@(O(@n (k) Tm(k)-1)) — (O(Tn(k)s Tm(r)—1))]

k—o0

= p(e+) — hm mf A(O(Tr (k) Trn(k)—1))s |

which is a contradiction. We repeat the procedure if there exists a subsequence

{k(p)} of {k} such that e < d(TZnk(p))s T Tm(k(p)+1)) for any pore < d(Txpkp)+1)s T Tmkp)) )i}
for any p. Therefore, we can suppose that d(’Tacn(k(][,))7 TZmkp)) = & AT Tnkp)+1) T Zmkr)) <i
e and d(Txp(k(p))s T Tm(kp)+1)) < € for any k > k1. Then ©(zy(ry, Ty () = € for

k > ks = max{k1, ko}, where ko is such that d(Tzk, Txps1) < € for all k& > ks.

Substituting & = ,,(x), ¥ = Tm) in (2.1), we have

<»O(d(’rxn(k)-‘rlv7-1'm(k)+1)) < 90(5) - ¢(€)
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for any k > ky. Obviously (7 (k)+1, T Tm(k)+1) < €, otherwise we have ¢(g) = 0.
Letting k& — oo we obtain

p(e—) < pl(e) — 6(e),
which contradicts hypothesis (¢). Thus {7z, } is a Cauchy sequence.
Step 4. Existence of a coincidence point of 7 and S.
From the completeness of S(X), it follows that there exists z € S(X) such that
Sx, — zasn — oo. Let u € X be such that Su = z. We claim that Tu = z.
Since X' is a-regular there exists a subsequence {x,)} of {z,} such that
a(zn,u) > 1. For each n, applying (2.1) with 2 = x,,(;;) and y = u, since

1
@(ua zn(k)) = ma‘X{d(SU7 ‘an(k))a d(S’LL, TU), d(‘sxn(k)v Txn(k))a 5 [d(an(k)7 TU) + d(S’U,7 Txn(k) )]}

= mac{d(z, T 1), d(z, Tu), ATy 1, T, 5 AT 21, T) + (2, T
we have that limy_,o ©(u, 2, x)) = d(2, Tu). Therefore, we have
(d(Tu,2z)—) < h/?isip o(a(Su, Smn(k)Jrl)d(Tuasxn(k)Jrl))
= limsup(p(d(Tu, T Zn(x))))

k—o0

< lim SU-p[QO(@(u7 mn(k))) - ¢<@(ua mn(k)))]

k—o0

< p(d(Tu, z)) - qb(d(Tu’ Z))

which contradicts hypothesis (¢). Hence Tu = z. Therefore, Tu = Su = z. Thus
we have proved that 7 and S have a coincidence point.
The uniqueness of the point of coincidence is a consequence of the conditions
(2.1) and (iv), we omit the details.
If S and T commute at their coincidence points, then by a well-known result of
Jungck [10], they have a unique common fixed point. Thus, the proof is complete.
O

An immediate consequence of Theorem 2.3 is as follows.

Corollary 2.4. Let (X,d) be a metric space. Suppose that T,S : X — X are
mappings such that T(X) C S(X), that S(X) is complete and that the following
condition holds:

p(a(Sz, Sy)d(Tz, Ty)) < p(d(Sz,Sy)) — ¢(d(Sz, Sy))
for all z,y € X, where o : X x X — [0,4+00) and
(a) ¢ :[0,4+00) = [0,+00) is a nondecreasing function with ¢(t) = 0 if and
only if t =0,
(b) ¢ : [0,400) = [0,+00) is a function with ¢(t) = 0 if and only if t = 0,
and iminf,, o ¢(t,) > 0 if im, oo t, =t > 0,
(c) o(t) > p(t) — p(t—) for any t > 0.
Assume also that the following conditions hold:
(i) T is S-a-admissible;
(i) there exists xo € X such that a(Sxo, Txo) > 1;
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(i) X is a-regular and, for every sequence {x,} C X such that a(zy,Tni1) >
1, we have a(xpm, xn) > 1 for all myn € N with m < n;
(iv) either a(Su,Sv) > 1 or a(Sv,Su) > 1 whenever Su= Tu and Sv = Tv.
Then T and S have a unique point of coincidence. Moreover, if T and S commute
at their coincidence points then T and S have a unique common fized point.

If § = I, an identity mapping, in Theorem 2.3, then we have [15, Theorem 4]
as corollary:

Corollary 2.5. Let (X,d) be a complete metric space. Suppose T : X — X is a
mapping and o : X x X — [0,+00), such that the following condition holds:

ola(z,y)d(Tz, Ty)) < 0(O(z,y)) — ¢(O(z,y))
for all x,y € X, where
(a)
O(w,y) = max{d(x,y),d(z, Tz),d(y, Ty), %[d(y, Tx) +d(z, Ty)l},

(b) ¢ : [0,400) — [0,400) is a nondecreasing function with ¢(t) = 0 if and
only if t =0,
(¢) ¢ :]0,4+00) = [0,400) is a function with ¢(t) = 0 if and only if t = 0,
and liminf,, o ¢(t,) > 0 if im, oo t, =t > 0,
(d) ¢(t) > o(t) — p(t=) for any t > 0.
Assume also that the following conditions hold:
(i) T is a-admissible;
(ii) there exists xg € X such that a(zo, Txo) > 1;
(i) X is a-regular;
(iv) either a(u,v) > 1 or a(v,u) > 1 whenever u=Tu and v = Twv.
Then T has a unique fixed point.
Now, we give an example involving mappings 7 and S that are not continuous

and show that Theorem 2.3 can be used in the situations when [1, Theorem 2.1]
and [15, Theorem 4] cannot. The example is inspired by [13, Example 2.4].

Example 2.6. Let X = [0, 1] be equipped with the standard metric and consider
the following mappings S, 7 : X — X and functions ¢, ¢ : [0, +00) — [0, +00):

1, 0<z<1/2
Sp_ JU2 w=1/2 _ 1/2, 0<z<1/2,
1/10, 1/2 <z <2/3, 1, 1/2<z<1,
0, 2/3 <x <1,
s, 0<t<1/2, _ 2
ﬂt%{@—ﬂ)w(ﬂ-m, 1/2 <t < +oo, 9(t) = (1/10)¢".

Consider a: X x X — [0, +00[ given by

a(ery) = 4 b I @) €0:3]x 5,110 (5,11 x 0,5,
W= 0, otherwise
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We will prove that:

(A) &(t) > p(t) — p(t—) for any t > 0, where p(t—) is the left limit of ¢ at t.
(B) T,S : X — X satisty generalized («, ¢, ¢)-weakly contractive condition.
(C) T is S-a-admissible;

(D) there exists zg € X such that a(Sxg, Txg) > 1;

(E) X is a-regular;

(F) either a(Su,Sv) > 1 or a(Sv,Su) > 1 whenever Su = Tu and Sv = Twv.

Proof. (A) The only point of discontinuity of ¢ is 1/2 and it is ¢(1/2) =

0.025 > 1/2/2 — 0.7 = p(1/2) — ©(1/2—), hence condition (A) is satisfied.

(B) Since ¢(t) < @(t) for all t € [0,1], the only nontrivial cases when the

contractive condition (2.1) has to be checked are when = € [0,1/2), y €
(1/2,2/3]) and = € [0,1/2), y € (2/3,1] (or vice versa).

In the first case (2.1) becomes ¢(1/2) < ©(9/10) — $(9/10) and in the
second ¢(1/2) < (1) — ¢(1), and both of these inequalities are easily
verified, hence 7,8 : X — X is a generalized (a, ¢, ¢)-weakly contraction.

(C) Let (x,y) € X x X such that a(Tz,Ty) < 1. From the definition of «, it
follows that either Tz, Ty € [0,1/2) or Tz, Ty € (1/2,1]. By definition
of T, the first case is not possible. In the second case it follows that
Sxz,8y < 1/2 and, hence, a(Sz,Sy) =0 < 1.

Thus T is S-a-admissible.

(D) Taking zo = 3, we have a(Szo, Tzo) = a(3,3) = 1.

(E) Let {z,} be a sequence in X such that a(z,,z,+1) > 1 for all n and
Ty, — x as n — oo for some z € X'. From the definition of «, for all n, we
have

1 1

(e 7)€ [0, 3] [5, 11U L5,1] % [0,

Since [0, 3] [$, 1JU[%, 1] x [0, 3] is a closed set with respect to the Euclidean
metric, we get that

l\D\»i

1 1 1 1
= -, 1Ju[=,1 =].
Then, the only possibility is that x = % Thus X is a-regular for all n.
(F) It is easy to show that only for u = v = 1 we have Su = Tu(= 1) and

Sv = Tu(= 3). Then, a(Su,S8v) = a(3,3) = 1. So, condition (F) is

satisfied.
Now, all the hypotheses of Theorem 2.3 are satisfied; thus 7 and S have a
unique common fixed point in X' (which is 1/2). O

It is easy to show that several existing fixed point results in the literature can
be deduced from our Theorem 2.3.

Taking in Theorem 2.3, a(Sz,Sy) = 1 for all z,y € X, we obtain immediately
the following fixed point theorem.

Corollary 2.7. [13] Let (X,d) be a metric space. Suppose that T,S : X — X
are mappings such that T(X) C S(X), S(X) is complete and that the following
condition holds:

p(d(Tz, Ty)) < ¢(O(z,y)) = 6(O(x,y))
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for all x,y € X, where
®
O(r,y) = max{d(S, 8y), d(Se, Ta), d(Sy, Ty), 5[d(Sy, Ta) + d(Sr, Ty)]}

(b) ¢ : [0,400) — [0,4+00) is a nondecreasing function with ¢(t) = 0 if and
only if t =0,
(¢) ¢ :[0,4+00) = [0,400) is a function with ¢(t) = 0 if and only if t = 0,
and liminf,, o ¢(t,) > 0 if lim, oo t, =t > 0,
(d) 6(t) > plt) — plt—) for any t > 0,
Then T and S have a unique point of coincidence. Further, if T and S commute
at their coincidence points then T and S have exactly one common fized point.

Corollary 2.8. [15] Let (X, d) be a complete metric space. Suppose that T : X —
X is a mapping satisfying the following condition:

e(d(Tz, Ty)) < ¢(O(z,y)) — ¢(O(z,y))
for all x,y € X, where
(a)
O(r,y) = max{d(z y), d(z, Ta), d(y, Ty), 3 d(y, Ta) + d(z, Ty)]},

(b) ¢ : [0,400) = [0,400) is a nondecreasing function with ¢(t) = 0 if and
only if t =0,
(¢) ¢ :[0,4+00) = [0,400) is a function with ¢(t) = 0 if and only if t = 0,
and iminf,, o ¢(t,) > 0 if lim, oo t, =t > 0,
(d) o(t) > p(t) — p(t—) for any t > 0.
Then T has a unique fived point.

3. Fixed Point Theorems on Metric Spaces Endowed with a Partial
Order

The technique of contraction mappings and the abstract monotone iterative
technique are well known and are applicable to a variety of situations. It is well-
known that there is a possibility to combine these two techniques. In the context
of ordered metric spaces, the usual contraction conditions are weakened but at the
expense that the operator is supposed to be monotone.

The first result in this direction was given by Ran and Reurings [16, Theorem
2.1] who presented an analogue of Banach’s fixed point theorem in partially ordered
sets. It was applied to the resolution of matrix equations. Further, Harjani and
Sadarangani [8, 9] used the above discussed concept and proved some fixed point
theorems for weakly contractive operators in ordered metric spaces. Thereafter
many work has been done in this direction.

We will show that the results of Section 2 can be used to obtain new (common)
fixed point results in ordered metric spaces.

Let X be a nonempty set. Then (X, d, <) is called an ordered metric space if

(i) (X,d) is a metric space,
(ii) (X, =) is a partially ordered set.
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If (X, <) is a partially ordered set then x,y € X are called comparable if z < y
or y = x holds.

Let (X, =) is a partially ordered set and 7 : X — X, then 7 is said to be
non-decreasing, if for x,y € X, x < y implies Tz < Ty.
Definition 3.1. [9]. Suppose (X, <) is a partially ordered set and S, 7 : X — X
are self-mappings on X'. One says that T is S-non-decreasing if for z,y € X,

Sz <X Sy implies Tz < Ty.

Theorem 3.2. Let (X,d, =) be an ordered metric space. Suppose that T,S : X —
X are mappings such that T(X) C S(X), S(X) is complete and generalized ordered
(p, ¢)-weakly contractive condition is satisfied, that is, for every pair (x,y) € X xX
such that Sx and Sy are comparable,

p(d(Tz, Ty)) < ¢(O(x,y)) — ¢(O(x,y)) (3.1)

where conditions (a)—(d) of Theorem 2.3 are satisfied.
Assume also that the following conditions hold:
(i) T is S-nondecreasing;
(ii) there exists xg € X such that Sxg = Txop;
(iil) if {xn} C X such that x, < xp11, for alln € N and x,, — x, then there
exists a subsequence {xy, } of {xn} such that x,, <z for all k € N;
(iv) for allu,v € X, if Su = Tu and Sv = Tv, then Su and Sv are comparable.

Then T and S have a unique point of coincidence in X. Moreover, if T and S
commute at their coincidence points then T and S have exactly one common fixed
point.

Proof. Define the mapping o : X x X — [0, +00) by

(2.9) 1, ifz,yeSX andax =y
o\, = .
Y 0, otherwise.

Clearly, (T, S) is a generalized (a, ¢, ¢)-weakly contractive mapping, since a(Sxz, Sy) =|}
1 for all z,y € X such that Sz <X Sy. Otherwise p(a(Sz,Sy)d(T=z, Ty)) = 0 and
so condition (2.1) holds.

For all x,y € SX, from the S-nondecreasing property of 7, we have

az,y) > l=c=y=>Te<Ty=a(Tz,Ty) > 1.

Thus 7 is an S-a-admissible mapping. Hence, (i) of Theorem 2.3 holds.

From condition (ii), for zop € X we have a(Sxg, Txo) > 1. Hence, (ii) of Theorem
2.3 holds.

Now, let {x,} be a sequence in X such that a(z,,z,4+1) > 1 for all n € N and
T, — x € X as n — co. By the definition of «, we have

Ty, Tl € SX and x,, <X x,41 for all m € N.

Since SX is complete, we deduce that z € SX. By (iii), there exists a subsequence
{zn,} of {x,} such that z,, < x for all ¥ € N and so a(z,,,z) >1forall k € N
and so X is a-regular. Moreover, a(zy,,z,) > 1 for all m,n € N with m < n.
Hence, (iii) of Theorem 2.3 holds.
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From condition (iv) and definition of o, Su = Tu and Sv = T implies that
a(Su,Sv) > 1 or a(Sv,Su) > 1. Hence, (iv) of Theorem 2.3 holds.

Thus the hypotheses (i)—(iv) of Theorem 2.3 are satisfied and by Theorem 2.3,
T and S have a unique common fixed point. O

Remark 3.3. 1. Theorem 3.2 is ordered version generalization of [2, Theorem 2.1]
(for two maps) with weaker control function.

2. Theorem 3.2 is generalization of [8, Theorem 2.1] in the sense of using
generalized weakly contraction condition with weaker control function.

The following results are immediate consequences of Theorem 3.2.

Corollary 3.4. Let (X,d,=) be an ordered metric space. Suppose that T,S :
X — X are mappings such that T(X) C S(X), S(X) is complete and for every
pair (z,y) € X X X such that Sz and Sy are comparable,

e(d(Tz, Ty)) < ¢(d(Sz, Sy)) — ¢(d(Sz, Sy))

where conditions (b)—(d) of Theorem 2.3 are satisfied.
Assume also that the following conditions hold:

(i) T is S-nondecreasing;
(ii) there exists xg € X such that Sxg 2 Txp;
(iii) of {xn} C X such that x, X Tpt1, for alln € N and x,, — x, then there
exists a subsequence {xy, } of {xn} such that x,, <z for all k € N;
(iv) for all u,v € X such that Su = Tu and Sv = Tv, then Su and Sv are
comparable.

Then T and S have a unique point of coincidence in X. Moreover, if T and S
commute at their coincidence points then T and S have exactly one common fixed
point.

Corollary 3.5. Let (X,d, <) be an ordered complete metric space. Let T : X — X
be a mapping satisfying for every pair (x,y) € X x X such that Sx and Sy are
comparable,

e(d(Tz, Ty)) < ¢(O(z,y)) — ¢(O(,y))

where conditions (a)-(d) of Theorem 2.3 are satisfied.
Assume also that the following conditions hold:

(i) T is nondecreasing;
(ii) there exists xg € X such that xg = Txo;
(iil) if {xn} C X such that x, < 11, for alln € N and x,, — x, then there
exists a subsequence {xy, } of {xn} such that x,, <z for all k € N;
(iv) for all u,v € X such that w = Tu and v = Tv, then u and v are compa-
rable.

Then T has exactly one fixed point.

The above Corollary 3.5 is ordered version generalization of [15, Theorem 4]
with weaker control function.
The following example is inspired by [14, Example 2].
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Example 3.6. Let X = [0,1] be endowed with the usual order < in R and
the standard metric d(z,y) = |x — y| for all z,y € X. Counsider the following
discontinuous mappings S, 7 : X — X and functions ¢, ¢ : [0, +00) — [0, +00):

0, 0<z<1/2

Sp_ 12 T=1)2 Tx:{l/Q, 0<z<1/2,
2/3, 1/2 <z <2/3, 1, 1/2<z<1,
4/5, 2/3 <z <1,
(7/5)t, 0<t<1/2,
p(t) = { V2/2, t=1/2, ¢(t) = (1/10)¢
(2t +3)/5, 1/2 <t< +oo,
We will prove that:

) () > p(t) — p(t—) for any t > 0, where p(t—) is the left limit of ¢ at t.
B) 7,8 : X — X satisfy generalized (¢, ¢)-weakly contractive condition.
C) T is S-nondecreasing;
D) there exists xg € X such that Szg < T xo;
E) if {,} C X is such that x,, < 11, for all n € N and z,, — z, then there
exists a subsequence {x,, } of {z,} such that z,, <z for all k eN;
(F) forallu,v € X, if Su = Tuand Sv = Tv, then Su and Sv are comparable.

Proof. (A) Tt is clear.

(B) Since ¢(t) < @(t) for all t € [0,1], the only nontrivial cases when the
contractive condition (2.1) has to be checked are when z € [0,1/2), y €
(1/2,2/3] and = € [0,1/2), y € (2/3,1] (or vice versa).

In both these cases, (3.1) becomes ¢(1/2) < (1) — ¢(1), and this
inequality is easily verified. Hence 7,S : X — X satisfies generalized
(¢, ®)-weakly contractive condition.

(C) It is clear from the definition of S and 7 that for all z,y € X, Sz < Sy
implies that Tx <Ty.

(D) Taking xg = 3, we have Sxg = 5 = Txo.

(E) Let {x,} be a sequence in X such that z, < x,41 for all n and z, — x
as n — oo for some z € X. Since z,, € [0,1] for n and [0,1] is a closed
set with respect to the Euclidean metric, we get that = € [0,1]. Then,
ZTp, o forall ke N.

(F) It is easy to show that, only for u = v = %, we have Su = Tu and
Sv = Tw. So Su <X Sv. So, condition (F) is satisfied.

Now, all the hypotheses of Theorem 2.3 are satisfied; thus 7 and S have a

unique common fixed point in X (which is 1/2).

Note that this example is not covered when & = I by [8, Theorem 2.1], since

the function ¢ is not right-continuous at the point 1/2. ([

(A
(
(
(
(

Remark 3.7. Similar to section 3, we can give application to cyclic mapping as in
[5].
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