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Fixed Point Theorems in Probabilistic Metric
Spaces Using Property (E.A)

B.D. PANT, BRIAN FISHER AND SUNNY CHAUHAN

ABSTRACT. In this paper, we prove a common fixed point theorem for
even number of self mappings in Menger space by using an implicit
relation with property (E.A). We also extend our main result to four
finite families of mappings employing the notion of pairwise commuting
due to Imdad et al. [Coincidence and common fixed point theorems for
nonlinear contractions in Menger PM spaces, Chaos, Solitons & Fractals
42(5) (2009), 3121-3129]. Our results generalize and extend several well
known comparable results existing in literature.

1. INTRODUCTION AND PRELIMINARIES

Karl Menger [14] introduced the notion of a probabilistic metric space
(briefly, PM-space) in 1942. The idea of Menger was to utilize distribution
functions instead of non-negative real numbers as values of the metric. The
notion of PM-space corresponds to situations when we do not know exactly
the distance between two points, but we know probabilities of possible val-
ues of this distance. The study such spaces received an impetus with the
pioneering work of Schweizer and Sklar [21]. A probabilistic generalization
of metric spaces appears to be interest in the investigation of physical quan-
tities and physiological thresholds. It is also of fundamental importance in
probabilistic functional analysis especially due to its extensive applications
in random differential.

In 1986, Jungck [8] introduced the notion of compatible mappings for
a pair of self mappings in metric space. Mishra [16] extended this notion
of compatibility to PM-space and obtained some interesting common fixed
point results in this setting. It can be easily seen that most of the common
fixed point theorems for contraction mappings invariably require a compat-
ibility condition besides assuming continuity of at least one of the involved
mappings. However, the study of common fixed points of non-compatible
mappings is also of great interest due to Pant [17]. In 2002, Aamri and
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Moutawakil [1] defined the notion of property (E.A) for a pair of self map-
pings which contained the class of non-compatible mappings and proved
common fixed point theorems in metric spaces under strict contractive con-
dition. Since then, Kubiaczyk and Sharma [10] studied the common fixed
points of weakly compatible mappings satisfying the property (E.A) in PM-
spaces for the existence of common fixed point. Subsequently, there are a
number of results wherein the notion of property (E.A) is used; for instance
see [5], [7], [13]. Recently, Ali et al. [2] extended the notion of common
property (E.A) in Menger spaces and proved some common fixed point the-
orems which generalized several known results in Menger space as well as
metric spaces (also, see [3]).

In 2005, Mihet, [15] proved some fixed point theorems concerning proba-
bilistic contractions satisfying an implicit relation. Kumar and Pant |12, 13|
and Pant and Chauhan [18, 19] proved some fixed point theorems in PM-
spaces satisfying implicit relation.

Most recently, Kumar et al. [11] proved a common fixed point theorem
for two pairs of non-compatible mappings employing an implicit relation in
PM-space. The aim of this paper is to prove a common fixed point theorem
for even number of self mappings satisfying an implicit relation. Further, we
extend our main result to four finite families of mappings in PM-space.

For the sake of completeness, we recall some definitions and properties of
Menger spaces.

Definition 1.1. [21] A mapping F' : R — R is called a distribution function
if it is non-decreasing and left continuous with 1nf F(t) =0and sup F(t)=

We shall denote by & the set of all dlbtl‘lbutlon functions Whlle H will
always denote the specific distribution function defined by

0, ift<0;
Hity=4¢ " =7
1, ift>0.

Definition 1.2. [21] A PM-space is an ordered pair (X,F), where X is
a non-empty set of elements and F is a mapping from X x X to &, the
collection of all distribution functions. The value of F at (z,y) € X x X is
represented by Fj,. The function F , is assumed to satisfy the following
conditions for all z,y,2 € X and ¢,s > 0:

(1) Fpy(t) =1 for all t > 0 if and only if z = y;
(2) Fx,y(o) =0;

(3) Foy(t) = Fya(t);

(4) If Fpy(t) =1 and Fy.(s) =1 then F,.(t +s) =
Definition 1.3. [21] A mapping A : [0, 1] x [0, 1] — [0, 1] is called a t-norm
if the following conditions are satisfied for all a,b,¢,d € [0,1]:

(1) A(a,1) =a for all a € [0, 1];

(2) Ala,b) = Ab, a);
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(3) Ala,b) < A(e,d) fora < ¢, b<d;
(4) A(A(a,b),c) = A(a, A(b, ¢));

Examples of continuous t-norms are A(a,b) = min{a,b}, A(a,b) = ab
and A(a,b) = max{a+b—1,0}.

Definition 1.4. [21] A Menger space is a triplet (X, F, A) where (X, F) is
a PM-space and A is a t-norm such that the inequality

Fuz(t+5) 2 A (Foy(t), Fya(s))
holds for all z,y,z € X and all ¢, s > 0.

Every metric space (X, d) can be realized as a PM-space by taking F :
X x X — S defined by F, ,(t) = H(t — d(x,y)) for all z,y € X.

Definition 1.5. [21] Let (X, F,A) be a Menger space with continuous t-
norm A.
(1) A sequence {z,} in X is said to be converge to a point = in X if
and only if for every € > 0 and A > 0, there exists a positive integer
N(e, A) such that Fy, .(€) > 1 — X for all n > N(e, A).
(2) A sequence {x,} in X is said to be Cauchy if for every € > 0 and
A > 0, there exists a positive integer N(e, A) such that Fy, . () >
1 — A for all n,m > N(e, A).

A Menger space in which every Cauchy sequence is convergent is said to
be complete.

Definition 1.6. [16] A pair (A,S) of self mappings of a Menger space
(X, F,A) is said to be compatible if and only if Fagy, 54z, (t) — 1 for
all t > 0, whenever {z,} is a sequence in X such that Ax,, Sz, — z for
some z € X as n — 00.

Definition 1.7. [5] A pair (A, S) of self mappings of a Menger space (X, F, A)

is said to be non-compatible if and only if there exists at least one sequence

{zp} in X such that li_)m Az, = li_>m Sz, = z for some z € X, but for
n oo n oo

some t > 0, li_>m FAsz, .54z, (t) is either less than 1 or non-existent.
n oo

Definition 1.8. [4, 9] A pair (A,S) of self mappings of a non-empty set
X is said to be weakly compatible (or coincidentally commuting) if they
commute at their coincidence points, i.e., if Az = Sz for some z € X, then
ASz = SAz.

Remark 1.1. Two compatible self mappings are weakly compatible, but
the converse is not true in general (see [22, Example 1]). Hence the notion
of weak compatibility is more general than compatibility.

Definition 1.9. [10] A pair (A,S) of self mappings of a Menger space
(X, F,A) is said to satisfy the property (E.A), if there exists a sequence



14 FIxEp POINT THEOREMS IN PM-spAcEs USING PROPERTY (E.A)

{zy} such that

lim Az, = lim Sz, = z,
n—oo n—oo

for some z € X.

Note that weakly compatible and property (E.A) are independent to each
other (see |20, Example 2.2|). Also a pair of non-compatible self mappings
of (X, F) satisfies the property (E.A) but the converse need not be true (see
[5, Example 1]).

2. IMPLICIT RELATION

Pant and Chauhan [18| proved a common fixed point theorem concerning
probabilistic contractions satisfying the following implicit relation:
Let ® be the class of all real continuous functions ¢ : (R*)* — R, non-
decreasing in the first argument and satisfying the following conditions:
(R-1) u,v >0, p(u,v,u,v) >0 or p(u,v,v,u) > 0 implies that u > v.
(R-2) ¢(u,u,1,1) >0 for all u > 1.

Example 2.1. [18] Define (p(tl,tg,tg,t4) = aty + bty + ct3 + dt4, where
a,b,c,d e Rwitha+b+c+d=0,a>0,a+c>0,a+b>0and a+d > 0.
Then ¢ € .

Example 2.2. Define p(t1,to,t3,t4) = 14t1 — 12ty + 6t3 — 8t4. Then ¢ € P.

3. RESuLTS

Theorem 3.1. Let P, Ps, ..., Po,, A and B be self mappings of a Menger
space (X, F,\), where A is a continuous t-norm. Further, let the pairs
(A, PPs...Poy,_1) and (B, PPy ... Pa,) be weakly compatible satisfying:
(1) A(X) CBP... PQn(X), B(X) C PPs... Pgnfl(X),'
(2) One of A(X), B(X), PiPs...Py,_1(X) and PPy ... Py,(X) is a
complete subspace of X;
(3) Suppose that

Pl(Pg R Pznfl) = (Pg - Pgnfl)Pl,
P1P3(P5 R Pznfl) = (P5 - Pgnfl)Plpg,

Py ... Py 3(Pop—1)
A(Pg - Pgn_l)
A(P5 - Pgn_l)

(Pop—1)P1 ... Poy_3,
(Pg - Pzn_1)A,
(P5 - Pzn_1)A,

APyy_1 = P11 A,
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simalarly,
Py(Py...Pyy) = (Py...Poy)Ps,
PyPy(Ps ... Poy) = (Fs ... Poy) PPy,

Py ... Poy_o(Pop) = (Pap)Ps ... Pay_2,
B(Py...Poy) = (Ps...Ps)B,
B(Ps...Poy) = (Ps...Pa)B,

BPQn = P2nB;

(4) (A, PiPs...Py,_1) or (B, PaPy...Py,) satisfies the property (E.A);
(5) there exist k € (0,1) and ¢ € ® such that

(1) © FAm,By(kt)v FPlP3-~~P2n—1$,P2P4.--P2ny(t)7 >0
F 2P Ps..Pon—12(Kt), FBy PPy Pay(t) ) —
or,
Fuz.By(kt), Fp p;...Pyy_1a,P2Py... Pany (1)
2 DY ’ 1£3... 2012, 214...72nY ’ > O,
( ) SO( FAI,P1P3...P2n_1x(t)7FBy,P2P4--~P2ny(k:t) o

forallz,ye X, t>0.
Then Py, Ps, ..., Po,, A and B have a unique common fized point in X.

Proof. Suppose that the pair (A, Py Ps... P,_1) enjoys the property (E.A),

then there exists a sequence {x, } in X such that Az,, — zand P\ Ps ... Pop_12, —
z, for some z € X as n — oo. Since A(X) C PyPy... Poy(X), hence for
each {z,} there exists a sequence {y, } in X such that Az, = PoPy ... Pypyn.
Therefore, PoPy ... Popy, — 2z and Ax, — z as n — oo. Thus in all, we
have Ax, — z, PLPs... Py, 12y, — z and PoPy... Popy, — z as n — oQ.

Now we claim that By, — z as n — oo. Suppose By, — w(# z) € X, then
applying inequality (1), we have

© FAIn,Byn (kt)7 FP1P3..-Pzn—1xn,P2P4~-~P2nyn (t)7 >0
FACEn7P1P3.--P2n—1In (kt)a FByn7P2P4~»-P2nyn (t) -

Taking the limit as n — oo, we obtain
@ (Fow(kt), 2 2(t), F: 2 (kt), Fy 2 () > 0,
and so
o (Fow(kt), 1,1, Fy . (t)) > 0.
As ¢ is non-decreasing in the first argument
@ (Fz7w(t), 17 17 Fw7z(t)) Z 0'

Using (R-1), we get F,,(t) > 1 for all t > 0, ie., F,,(t) = 1, which
implies w = z. Thus By, — z as n — oc.
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Suppose that Py Ps... P, 1(X) is a complete subspace of X. Then
z = (P1Ps...Py,—1)u for some u € X. Subsequently, we have Ax, —
(P1P3 ce Pgn_l)u, Byn — (P1P3 A Pgn_l)u, P2P4 R PQnyn — (P1P3 A Pgn_l)u
and Py Ps... Py, 12y — (P1P3...Py,_1)u as n — oo. Using inequality (1),
we have
cp< Fau,By, (kt), F(p,Py...Psy_1)u, P2 Py... Panyn (1) > >0
Fpu,(PyPs... Py yu(Kt), FBy, Py Py Popy, ( =

Taking the limit as n — oo, we get

2 (FAu,z(kt)7 Fz,z(t)a FAu,z(kt)a Fz,z(t)) >0,
and so
%) (FAu,szt), 1, FAu’Z(k‘t), 1) > 0.

Using (R-1), we have Fy, .(kt) > 1 for all ¢ > 0. Hence Fga,.(t) = 1,
i.e., Au= z. Therefore Au= (P, P5...Psy,_1)u = z which shows that u is a
coincidence point of the pair (A, Py Ps ... Py,_1).

Since A(X) C PaPy...Py,(X), there exists a point v in X such that
Au = (PyPy ... Py)v. Now, we assert that (PyPy...Ps,)v = Bv. Using
inequality (1), we have

< FAU,BU(kt)7 F(P1P3...P2n,1)u,P2P4...P2nv(t)’ ) > O
Fpu, (P Ps.. Py yu(Kt)s FBu PPy Pyo(t) ) =
and so
¥ (FZ,Bv(kt% FZ,Z(t)v FZ,Z(kt)v FBU,Z(t)) >0,
or, equivalently,
2 (Fz,Bv(kt)a 1) 1a FBv,z(t)) > 0.
As ¢ is non-decreasing in the first argument

2 (Fz,Bv(t)a 17 17 FBv,z(t)) > 0.

Using (R-1), we have F, p,(t) > 1 for all t > 0. Hence F, p,(t) = 1.
Thus z = Bv. Therefore Bv = (P2Py ... Pyy)v = z which shows that v is a
coincidence point of the pair (B, PoPy ... Pay,).

Since the pairs (A, PiPs ... Py,—1) and (B, PPy ... P,) are weakly com-
patible, therefore Az = A(Plpg - PQn_lu) = (P1P3 - Pzn_l)Au = (P1P3 - Pgn_l)z
and Bz = B(P2P4 e Pznv) = (P2P4 e Pgn)BU = (P2P4 c. Pgn)z.

Now we prove that Az = 2 = P|P3... Py,_1zand Bz = 2 = P,Py ... P2,
then using inequality (1), we obtain

< FazBo(kt), F(p,P;...Pyp_1)2,PaPy... Pono () > .-
Fpe (P Py...Pon_1)=(K1), FBu Py Py Pyu(t) ) =
and so
0 (Fazz(kt), Fas.(t), Faz a.(kt), F, .(t)) > 0,
or, equivalently,
¢ (Fa, . (kt), Fa,.(t),1,1) > 0.
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As ¢ is non-decreasing in the first argument, hence

¥ (FAz,z(t), FAz,z(t), ]., ]_) > 0.

Using (R-2), we have Fy, .(t) > 1 for all ¢t > 0, i.e., Fla,.(t) = 1 and so
Az = z. Therefore Az = (P1P3...Py,_1)z = 2.

Similarly, one can prove that Bz = z = PPy ... Popz. Therefore Az =
Bz=PP;...Poy_12 = PyPy ... Py, 2z = z. Now we show that z is the com-
mon fixed point of all the component mappings. Putting x = P5... Py,_12,
Yy =z, Pll = P P;...P,_1 and PQ/ = PPy ... Py, in inequality (1), we get

Fapy. .oy 12,B2(kt), Fpl by Po_12,Po Py Py . (),
()0 1 n ) n Z 0’
FAP3...PQn_127P1/P3...P2n_1Z(kt)’ FBZ7P2P4“'P2"Z(t)

and so

FP3~~P2n71Z,Z(kt)> FP3~AP2n712,Z(t)> >0
FP3~~P2n712,P3mP2n712(kt)v FZ,Z(t) o

or, equivalently,

2 (FPg...PQn_1z,z(kt)7 FPg...PQn_1z,z(t)7 17 1) > 0.

As ¢ is non-decreasing in the first argument, we have

¥ (FPB---P2n71Z7z(t)7 FPS---P2n71Z73(t)7 1, 1) > 0.

Using (R-2), we have Fp, p,, ,..(t) > 1 forallt > 0.
Hence FP3...P2n_1z,z(t) = 1. Thus (Pg . Pgn_l)z = Z.
Thus Plz = Pl(Pg e Pzn_12’) =Z.
Continuing this procedure, we get Az = Plz=P3z=...= Py, 1z=2. In
the same manner, taking x = z, y = Py... Pz, Pll = PP;... Py, 1 and
PQ/ = PPy ... Py, in inequality (1), we get z = Py... Popz. Hence Poz = 2.
Continuing this procedure, we get Bz = Pz = Pyz = ... = Pz = 2.
Therefore z is the common fixed point of Py, Ps,..., Py,, A and B. The
uniqueness of common fixed point is an easy consequence of inequality (1).
The proof is similar when PPy ... Py, (X) is assumed to be a complete
subspace of X. The cases wherein A(X) or B(X) is assumed to be a com-
plete subspace of X are similar to the cases in which PyPy... Pa,(X) or
P\ P; ... Py, 1(X) respectively, is complete since A(X) C PaPy... Pop(X),
B(X) C PiPs...Py,_1(X). We can also find a unique common fixed point
of the involved self mappings by using inequality (2) in the same manner. [

Now we prove a common fixed point theorem, which is a slight general-
ization of Theorem 3.1.

Theorem 3.2. Let {Ty}acs and {P;}27, be two families of self mappings
of a Menger space (X, F,/), where A is a continuous t-norm. Suppose
that there exists a fivred B € J such that the pairs (Ty, P1Ps ... Pay,—1) and
(T, PoPy . .. Pay) be weakly compatible satisfying:
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(1) To(X) C PoPy ... Poy(X) foreach o € J and Tg(X) C PiPs ... Poy—1(X)
for some B € J;

(2) One Of TQ(X),TQ(X), P1P3 e P2n_1(X) and P2P4 e Pgn(X) 1S a
complete subspace of X ;

(3) Suppose that

Pl(Pg . Pznfl) = (Pg A Pgnfl)Pl,
P1P3(P5 . Pznfl) = (P5 A Pgnfl)Plpg,

Py ... Py 3(Pop—1) = (Pon—1)P1 ... Pop_3,
Ta(Ps... Pon_1) = (Ps... Pon_1)Th,
Ta(Ps... Pon_1) = (Ps... Pon_1)Th,

ToPop—1 = P2n—1Tom
similarly,
Py(Py...Pyy) = (Py...Poy)Ps,
PyPy(Ps ... Poy) = (Fs ... Poy)PyPy,

P2 Ce P2n_2(P2n) = (PQn)PQ cee P2n—2>
TB(P4 S Pgn) = (P4 .. -P2n)TB7
TB(P(; e Pgn) = (Pﬁ .. 'P2n)TB7

Ty Pay = Py T
(4) (To, P\P3 ... Poy_1) or (Tg, PyPy ... Pay) satisfies the property (E.A);
(5) there exist a constant k € (0,1) and ¢ € ® such that

FroeTyy(kt), Fp p;..Pyy_1a,P2 Py... Payy ()
3 aZ,lgy ’ 163 2n—1T,2...12nY ’ >0
( ) SD( FTa$7P1P3.~-P2n—1JE(kt)7FT,@?/7P2P4~-~P2ny(t) -
or,

Fr o 15y(k), Fp Py Py 12, PoPy... Pany(t)
4 aZ, gy ’ 1£3 2n—1T,17219 2nY ) >0
( ) 14 < FTaa:,Png...Pgn,1x(t)v FT5y7P2P4---P2ny(kt) -
forallz,ye X, t>0.
Then all {P;} and {Ta} have a unique common fized point in X .

Proof. Let Ty, be a fixed element in {T}, }4cs. By Theorem 3.1 with A = T,
and B = Tp it follows that there exists some z € X such that

ng = TQOZ = P1P3 e Pgnflz = P2P4 e Pgnz = Zz.
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Let o € J be arbitrary. Then applying inequality (3), we obtain
< Fro.my=(kt), Fp Py Pyp_12,PyPy.. Pynz (1), > >0
Fr, 2 i Py...Poy12(Kt), Fryz popy. Poz(t) ) —
and so
¥ (FTaz,z(kt)v FZ,Z (t)v FTaz,z(kt)7 FZ,Z(t)) > 0,
or, equivalently,
%2 (FTQZ,ZUft)a 1, FTaz,z(kt)a 1) 2 0
Using (R-1), we have Fr, , ,(kt) > 1 for all ¢ > 0. Hence Fr, . .(t) = 1.
Thus T,z = z for each o € J.

Uniqueness of the common fixed point is an easy consequence of inequality
(3). O

Corollary 3.1. Let A,B,S and T be self mappings of a Menger space
(X, F, ), where A is a continuous t-norm. Further, let the pairs (A, S)
and (B, T) be weakly compatible satisfying:
(1) A(X) C T(X), B(X) C 5(X);
(2) One of A(X),B(X),S(X) and T(X) is a complete subspace of X;
(3) (A,S) or (B,T) satisfies the property (E.A);
(4) there exist a constant k € (0,1) and ¢ € ® such that
(5) ¥ (FAw,By(kt)a FSx,Ty(t)7 FAm,Sm(kt)a FBy,Ty(t)) >0

or,

(6) ¥ (FAI,By(kt)7 FSx,Ty(t)a FA:E,S:E(t)y FBy,Ty(kt)) >0,
forallz,ye X, t>0.

Then A, B,S and T have a unique common fized point in X .

Proof. If we set PiP3... Py, 1 = S and PoPy... Py, =T in Theorem 3.1,
then the result easily follows. O

Remark 3.1. As two non-compatible mappings of a Menger space (X, F, A)
satisfy the property (E.A.), therefore the earlier proved results also valid for
non-compatible self mappings.

The following example illustrates Corollary 3.1 in view of Remark 3.1.
Example 3.1. Let X = [0, 1) and d be the usual metric on X and for each

t € [0, 1], define
L ift>0;
£y (t) = Bl ’
) {Q if t = 0.

for all z,y € X. Clearly, (X,F,A) is a Menger space, where A(a,b) =
min{a, b} for all a,b € [0,1]. Consider the function ¢ : (R*)* — R as shown
in Example 2.2. Let A, B,.S and T be self mappings of X defined by

A(X) = 0, if x =0;
0.2, ifo<z<].
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B(X)—{O’ if x =0;

0.3, if0<x<1.
0, if £ =0;
S(X) =< 0.25, if 2 € (0, 3];
r—0.3, ifze(z1).
0, if x =0;
T(X)={02, if z € (0, 3);
r—02, ifze(3,1).

Then A, B, S and T satisfy all the conditions of Corollary 3.1 for some
fixed £ € (0,1) and have a unique common fixed point at z = 0. It may
be noted that, the mappings A and S commute at the coincidence point
0 € X and hence the mappings A and S are weakly compatible. Similarly
B and T are weakly compatible mappings. Now we show that the pairs
(A,S) and (B, T) are non-compatible, let us consider a decreasing sequence

{z,,} defined as =, — 0.5 as n — oo. Then Az, — 0.2, Sz, — 0.2 (as
n — 00) but limy, o Fase, SAz, (1) = m # 1 which shows that the

pair (A, S) is non-compatible. Also, Bz, — 0.3, Tx,, — 0.3 (as n — oo) but

lim Fprs, 7B, (t) # 1. Hence the pair (B,T) is non-
n—o0

T t+]03-02]
compatible. All the mappings involved in this example are discontinuous at
the common fixed point x = 0.

Remark 3.2. Corollary 3.1 represents the result of Kumar et al. [11, The-
orem 12| in absence of inequality (6).

On taking A = B and S = T in Corollary 3.1 then we get the interesting
result.

Corollary 3.2. Let A and S be self mappings of a Menger space (X, F, /),
where A is a continuous t-norm. Further, let the pair {A,S} is weakly
compatible satisfying:

(1) A(X) C 5(X);

(2) One of A(X) and S(X) is a complete subspace of X ;

(3) (A,S) satisfies the property (E.A);

(4) there exist a constant k € (0,1) and ¢ € ® such that
(7) ¥ (FAx,Ay<kt)a FSJ:,Sy(t)7 FAa:,Sa:(kt)v FAy,Sy<t)) >0

or,
(8) © (Faz,ay(kt), Fsz sy(t), Faz,s:(t), Fay,sy(kt)) >0,
forallz,ye X, t>0.

Then A and S have a unique common fized point in X.

The following definition firstly studied by Imdad et al. [6].
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Definition 3.1. [6] Two families of self mappings {4;}!", and {By}}_, are
said to be pairwise commuting if

(1) AZA] = A]Al for all 4,5 € {1, 2,... ,m};

(2) BBy = BBy, for all k,l € {1, 2,... ,n};

(3) A;B = BiA; foralli e {1,2,...,m} and k € {1,2,...,n}.

Now, we utilize Definition 3.1 (which is a natural extension of commu-
tativity condition to two finite families) and prove a common fixed point
theorem for four finite families of self mappings in Menger space.
Theorem 3.3. Let {A;},, {B,}r—i, {Sk}e—y and {Tn}i_, be four fi-
nite families of self mappings of a Menger space (X,F,/\), where A is
a continuous t-norm such that A = A1As... A,,, B = B1By...B,, S =
S152...8, and T =TTy ...T,. Also, the pairs of the families ({A;},{Sk})
and ({By},{Tn}) are commuting pairwise satisfying:

(1) A(X) € T(X), B(X) C $(X);
(2) One of A(X),B(X),S(X) and T(X) is a complete subspace of X;
(3) (A,S) or (B,T) satisfies the property (E.A);
(4) there exist a constant k € (0,1) and ¢ € ® such that
(9) ¥ (FAx,By(kt)v FSx,Ty(t)7 FA:c,S:c(kt)v FBy,Ty<t)) >0
or,
(10) 2 (FAa:,By(kt)a FSJ:,Ty(t)a FAz,Sz(t)a FBy,Ty(kt)) >0
forallz,ye X, t>0.

Then {A Y, {Br}'—y, {Sk}i_; and {Tp}}_, have a unique common

fized point in X.

Proof. From the notion of pair-wise commuting, one can prove that AS =
SA as

AS = (A1Ay ... An) (515, ... S,)
= (A1Ay .. A1) (AnS1Ss ... S,)
= (A1 4y .. Ay 1)(S152 ... SpAm)
= (A14y .. Ap—2)(Am_15152 ... Sy Ap)
= (A1 Ay .. Am_2)(S155 ... SpAm_14Am)

=A1(5152...5pA2. .. A1 Ap)
= (5152...5p)(A142... Ap)
= SA.
One can also prove that BT = T'B. Hence the pairs (4,S) and (B,T)

are weakly compatible. In view of Corollary 3.1, we conclude that A, B, S
and T have a unique common fixed point z in X.
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Now, we assert that w remains the fixed point of all the component map-
pings.

( .
= (A1 Ay . A1) (A As)w
= (A1 Ay .. A1) (AiAm)w
= (A1 4y .. Ap—2)(Am—1 A Ap)w
= (A14s. .. Ap—2)(AiAm—1Ap)w

= A1(AjAy. .. Ap)w
= (A14;)(Asy... Ap)w
= (4;41)(As... Ap)w
= A;(A1Ay. .. Ap)w
= A;w.

Similarly, we can prove that

)
S(Spw) = Sk(Sw) = Spw,
S(4Aw) = A;(Sw) = Aw,
B(B,w) = B,(Bw) = Byw,
B(Thw) = Ty (Bw) = Thw,
T(Thw) = Tp(Tw) = Thw,
T(B,w) = B,(Tw) = B,w,

which shows that (for all ¢,7, k and h) A;w and Sxw are other fixed point
of the pair (A, S) whereas B,w and Tpw are other fixed points of the pair
(B,T).

Now appealing to the uniqueness of common fixed points of mappings
A, B,S and T, we get

w= A;w = Spw = Byw = Thw,

foralli € {1,2,...,m}, ke {1,2,...,p},r€{1,2,...,n}and h € {1,2,...,q}
which shows that w is the unique common fixed point of {A;}",, {B;}—;,

{Sk}izy and {Th}_,. O
By setting Ay = Ay = ... = A, = A, By =B, =... =B, =B,
S1=8=...=5 =Sand T =T, = ... =T, =T in Theorem 3.3, we

deduce the following:

Corollary 3.3. Let A,B,S and T be self mappings of a Menger space
(X, F, ), where A is a continuous t-norm satisfying:
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(1) A™(X) C T9(X), B"(X) C SP(X);

(2) One of A™(X),B™"(X),SP(X) and T1(X) is a complete subspace of
X;

(3) (A™,SP) or (B™,T?) satisfies the property (E.A);

(4) there exist a constant k € (0,1) and ¢ € ® such that

(11) gO (FAm%Bny(k’t), FSpm,TQy(t), FAmx7SP$(kt), FBn%Tqy(t)) 2 0
or,
(12) QD (FAmx,B”y(kt)a FSPI,Tqy(t)> FAmz7Sq$(t), FBny’Tqy(k}t)) Z 0,

for all z,y € X, t > 0 and and m,n,p and q are fized positive
integers.

Then A, B,S and T have a unique common fixed point in X provided that
AS =SA and BT =TB.

Remark 3.3. Corollary 3.3 is a slight but partial generalization of Corollary
3.1 as the commutativity requirements (i.e., AS = SA and BT = T'B) in
this corollary are stronger as compared to weak compatibility in Corollary
3.1.

Acknowledgements
The authors are thankful to the Editor and anonymous referees for their
fruitful comments on this paper.

REFERENCES

[1] M. Aamri and D.El Moutawakil, Some new common fized point theorems under strict
contractive conditions, J. Math. Anal. Appl. 270 (2002), 181-188.

[2] J. Ali, M. Imdad and D. Bahuguna, Common fized point theorems in Menger spaces
with common property (E.A), Comput. Math. Appl. 60(12) (2010), 3152-3159.

[3] J. Ali, M. Imdad, D. Mihet and M. Tanveer, Common fized points of strict contrac-
tions in Menger spaces, Acta Math. Hungar. 132(4) (2011), 367-386.

[4] B.C. Dhage, On common fized points of coincidentally commuting mappings in D-
metric spaces, Indian J. Pure Appl. Math. 30(4) (1999), 395-406.

[5] J.X. Fang and Y. Gao, Common fized point theorems under strict contractive condi-
tions in Menger spaces, Nonlinear Anal. 70(1) (2009), 184-193.

[6] M. Imdad, J. Ali and M. Tanveer, Coincidence and common fized point theorems
for nonlinear contractions in Menger PM spaces, Chaos, Solitons & Fractals 42(5)
(2009), 3121-3129.

[7] M. Imdad, M. Tanveer and M. Hasan, Some common fized point theorems in Menger
PM spaces, Fixed Point Theory Appl. vol. 2010, Article ID 819269, 14 pages.

[8] G. Jungck, Compatible mappings and common fized points, Int. J. Math. Math. Sci.
9 (1986), 771-779.

[9] G. Jungck and B.E. Rhoades, Fized points for set valued functions without continuity,
Indian J. Pure Appl. Math. 29(3) (1998), 227-238.

[10] I. Kubiaczyk and S. Sharma, Some common fized point theorems in Menger space
under strict contractive conditions, Southeast Asian Bull. Math. 32 (2008), 117-124.



24

FIxEp POINT THEOREMS IN PM-spAcEs USING PROPERTY (E.A)

11]
12]
113]
[14]
115]
[16]
17]
18]
[19]
120]
[21]

22]

S. Kumar, S. Chauhan and B.D. Pant, Common fixed point theorem for noncompatible
maps in probabilistic metric space, Surv. Math. Appl. (2012/2013), accepted.

S. Kumar and B.D. Pant, A common fized point theorem in probabilistic metric space
using implicit relation, Filomat 22(2) (2008), 43-52.

S. Kumar and B.D. Pant, Common fized point theorems in probabilistic metric spaces
using implicit relation and property (E.A), Bull. Allahabad Math. Soc. 25(2) (2010),
223-235.

K. Menger, Statistical metrics, Proc. Nat. Acad. Sci. U.S.A. 28 (1942), 535-537.

D. Mihet, A generalization of a contraction principle in probabilistic metric spaces,
Part II, Int. J. Math. Math. Sci. 2005(5) (2005), 729-736.

S.N. Mishra, Common fized points of compatible mappings in PM-spaces, Math.
Japon. 36 (1991), 283-289.

R.P. Pant, Common fized point theorems for contractive maps, J. Math. Anal. Appl.
226 (1998), 251-258.

B.D. Pant and S. Chauhan, Common fized point theorems for semi compatible map-
pings using implicit relation, Int. J. Math. Anal. (Ruse) 5(28) (2009), 1389-1398.
B.D. Pant and S. Chauhan, A common fized point theorems in Menger space using
implicit relation, Surv. Math. Appl. (2012/2013), accepted.

H.K. Pathak, R.R. Lopez and R.K. Verma, A common fized point theorem using
implicit relation and property (E.A) in metric spaces, Filomat 21(2) (2007), 211-234.
B. Schweizer and A. Sklar, Statistical metric spaces, Pacific J. Math. 10 (1960), 313—
334.

B. Singh and S. Jain, A fized point theorem in Menger Space through weak compati-
bility, J. Math. Anal. Appl. 301 (2005), 439-448.

B.D. PaANT

GOVERNMENT DEGREE COLLEGE
CHAMPAWAT-262523, UTTARAKHAND
INDIA

E-mail address: badridatt.pant@gmail.com

BRI1AN FISHER

DEPARTMENT OF MATHEMATICS
UNIVERSITY OF LEICESTER
LeicesTER, LE1 7TRH
ENGLAND

E-mail address: fbr@le.ac.uk

SUNNY CHAUHAN

NEAR NEHRU TRAINING CENTRE
H. No. 274, Na1 Basti B-14
B1iNOR-246701, UTTAR PRADESH
INDIA

E-mail address: sun.gkv@gmail.com



