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Abstract

In this paper we obtain some results on coincidence and common fixed points for two pairs of multi-valued
and single-valued non-self mappings in complete convex metric spaces. We improve on previously used
methods of proof and obtain results for mappings which are not necessarily compatible and not necessarily
continuous, generalizing some known results. In particular, a theorem by Rhoades [19] and a theorem by
Ahmed and Rhoades [2] are generalized and improved.

2000 Mathematics subject classification: primary 54H25, 47H10.

1. Introduction

Let (X, d) be a complete metric space and C B(X) be the set of all non-empty closed
bounded subsets of X. Denote by H the Hausdorff metric induced by the metric d,
and forany x € X and A C X set D(x, A) = inf(d(x, y): y € A}.

Extending the Banach contraction principle, Nadler [16] and Markin [15] first
initiated the study of fixed point theorems for multi-valued contraction self-mappings.
Assad and Kirk [4] first studied fixed point theorems for multi-valued contraction
non-self mappings in a complete metrically convex metric space (X, d), using the fact
that if K is any non-empty closed subset of X then for each x € K and y ¢ K there
exists a point z € 3K (the boundary of K) such that d(x, z) + d(z, y) = d(x, y).

In the last four decades several authors have proved some fixed point or common
fixed point theorems for self-mappings (see, for example, [5], [12, 13], [15-17], [20]),
or for non-self mappings (see, for example, [1-4,9], [6-8, 10, 11], (14], [18, 19],
[21].) Some applications of non-self mappings are given by Assad and Kirk [4] and
by Tsachev and Angelov [21].
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Recently Ahmed and Rhoades [2] generalized and improved the result of Rhoades
[19]. They proved the following theorem.

THEOREM 1.1. (Ahmed and Rhoades [2]). Let (X, d) be a complete metrically
convex metric space and K be a non-empty closed convex subset of X. If mappings
F,G:K —> CB(X)and S, T : K - X satisfy the following condition

(1.1)
H(Fx,Gy)
< h max {M’ D(Sx, Fx), D(Ty, Gy), D(Sx,Gy) + D(Ty, Fx)]
a a+h
forall x, vy in X, where
—1+v5 2h?
0<h<_;r_‘/_—, az it

and

(i) IKCSKNTK, FKNKCTK,GKNK C SK,
(ii) Tx € 3K implies Fx C K, Sx € aK implies Gx C K,
@iii) (F, S) and (G, T) ure compatible mappings,

(v) F, G, S, T are continuous on K,

then there exists a point z in X such that
Sz=Tze FzNGz.

The purpose of this paper is to generalize the theorem of Rhoades [19] and Theo-
rem 1.1, weakening the condition for the coefficient # and removing the hypotheses
of compatibility and continuity for the mappings. We prove coincidence and common
fixed point theorems for not necessarily compatible and not necessarily continuous
non-self mappings F, G, S and T, which satisfy (1.1) with 0 < & < 2/3. To accom-
plish that, we improve on the methods of proof used by Rhoades [19] and Ahmed and
Rhoades [2].

2. Results

THEOREM 2.1. Let (X, d) be a metrically convex metric space and K be a non-
empty closed subset of X. If mappings F,G : K — CB(X)and S,T : K — X
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satisfy the following condition
2.1)

H(Fx, Gy)

{d(Sx, Ty) D(Sx,Gy)+ D(Ty, Fx) ]
< hmax { ————~
a

, D(Sx, Fx), D(Ty, Gy), ath

forall x, y in X, where

0<h<l a»14 2
< < =
3 =TT

and
() 3K C SKNTK,
(i) FKNKCTK,GKNK C SK,
(iii) Sx € 3K implies Fx C K, Tx € 0K implies Gx C K
and S(K) and T (K) are complete, then there exist points u and w in K such that

Sue Fu, TweGw, Su=Tw and Fu=Guw.

PrOOF. If F(K), G(K), S(K), T(K) C K then the Theorem holds without the
hypothesis of convexity of X and under a contractive condition weaker than condition
(2.1). The proof in that instance is much simpler, since Cases 2 and 3 do not occur.
We will give a proof under the hypothesis that each of the mappings F, G, S and T is
not necessarily a self-mapping.

Let x € 3K be arbitrary. We construct three sequences: {x,} and {z,} in K and
a sequence {y,} in X in the following way. Set zp = x. Since z; € 9K, by (i) there
exist points x, x; € K such that Sx; = Tx; = z. Consider the choice zp = Sx;. In
this case we denote xo = x;. Now Sxo € 9K implies Fx, € K, so we conclude that
Fxy € K N FK. Then from (ii), Fx; € T K. Thus there exists an x; € K such that
Tx, € Fxg € K. Setz; = y; = Tx,. Let ¢ be any real number such that

2
2.2) 1<c¢ and ch=q<§

(for example, c = 1 +2/3 — h ). Since y, € Fxy € CB(X), from Nadler [16] we
know that there exists a pdint y2 € Gx, such that

d(y1, y2) < cH(Fxp, Gxy).

If y; € GK N K then from (ii) we have y, € SK and so there is a point x; € K such
that Sx; = y, = 25 € Gx.
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If y, ¢ K then by z, we denote a point in 3K such that

d(yi, 22) + d(z2, y2) = d (31, y2).

There are two possibilities : d(z, ) < (1/2)d(y1, y2) ord(z, y1) < (1/2)d(y1, y2).

If the first possibility occurs, then we choose x, € K such that Sx, = z, . This
choice is possible by (i), as z; € 3K C SK. Now we choose a point y; € Fx; such
that

(2.3) d(y2, y3) £ cH(Gxy, Fx3).

Since Fx, € FK N K C SK, it follows from (ii) that there is a point x; € K such
that Tx; = ys.

If the second possibility occurs, that is, if d(z, y1) < (1/2)d(y, y2), then by
Xx; we denote a point in K such that Tx; = z;. This choice is possible because
22 € 3K € SKNTK. Since y, € Fxy, we can choose a point y; € Gx, € K such
that

(2.4) d(y1, »3) < cH(Fxo, Gxp).

Since y; € Gx N K C SK, there isa point x3 € K such that Sx; = y;.
Continuing the foregoing procedure we construct sequences {x,} € K, {z,} & K
and {y,} € FK U GK such that:

(i) yn € Fxp_yory, € Gx,_y,
(i) z,= Sx,orz, =Tx,,
(ii1) y, = z, ifand only if y, € K and in this case :
ify, € Fx,_, then z, = Tx, and y,;,; € Gx, is such that

d(Yn, yat1) < CH(Fxn-1, Gxy),
or, if y, € Gx,_; then z, = Sx, and y,,, € Fx, is such that
d(Yns Yus1) < cH(GXnoy, Fxp),
(iv) y. # z, whenever y, ¢ K andthen z, € 3K is such that

d())n—lv Zn) + d(Z,,, yn) = d(yn—lv yn)
and

(iv.i) if d(za, yo) < (1/2)d(Yn-1, 3»), then
if y, € Fx,_, then z, = Tx, and y,,; € Gx, is such that

d(ym yn+l) S H(Fxn—lv Gxn)
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or, if y, € Gx,_; then z, = Sx, and y,; € Fx, is such that
d(Yns Yn+1) £ H(Gxaa, Fx,),
(ivii) ifd(yn-1,z4) < (1/2)d(ys-1, ya), then
if y, € Fx,_i, then z, = Sx, and y,+; € Fx, is such that
d(Yu-1, Yn+1) £ cH(Gx,3, Fx,),
or, if y, € Gx,_, then z, = Tx, and y,; € Gx, is such that
d Yty Yas1) < CH(Fxo3, GX,).

OBSERVATION. If z, # y, then z, € 3K, which implies z,,; = y,;, € K. This
implies that also z,-y = y,.; € K, since otherwise z,_; € dK which implies that
Zn = )Yn € K.

Now we wish to estimate d(z,, Z,4+1). If d(2,, Z,+1) = O for some n then it is easy
to show that z,,, = z, forall k > 1.

Suppose that d(z,, z,+1) > O for all n. From the Observation we conclude that
there are three possibilities.
Case 1. Letz, =y, € K and z,4; = yat1 € K. Suppose, without loss of generality,
that z, = y, = Tx, € Fx,_;. Then z,4; = Yas1 € GXu, 2a—1 = Tx,_; (observe
that z,_, is not necessarily equal to y,..;) and points y, and y,, are chosen such that
d (Vs Yu+1) < cH(Fx,-1, Gx,). Then from (2.1) and (2.2),

(2.5) d(ym Yn41) < cH(Fx,_;, Gx,)

d S n—1ls T n
< g max {M D(Sx,_1, Fx,_1), D(T x,,, Gx,),
a
D(S-xn—ls Gxn) + D(Txm Fxn—l)
a+h
d n-1s d n— yzn
< g max {(z—‘z") d(Za-1, 2), d(2a, Zur), (Z—‘iﬁ] .
a a+h

Note that if (2.1) holds for some A; > O then it also holds for any & such that
hy < h < 2/3. Thus we may suppose that 3/5 < h < 2/3, which implies that

t_3 1 1
a3 ™ TRty
Thus from (2.1),
(2.6)
H(Fx, Gy)
3d(Sx, T D(Sx, Ty, F
shmax[——(f‘—”,D(Sx,Fx),D(Ty,Gy), ("Gy);D( 4 ")].
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From (2.5) and (2.6),

d(2za-1,22) + d(2n, Z0s1) |
d(yn, yn+1) s q max ’d(zn—l» Zn)a d(zm Zn+1), : 2 il i

< g max {d(z,-1, %), d(@n, Zut1)}.

Hence, as 2z, = Ya, Zns1 = Yas+1 andg < 2/3,

(27) d(ynv )’n+1) =< qd(Zn—l’ Zn)'

(6]

Note that (2.7) holds whenever y, = z,, without regard to y,+1 = Zy+1 OF Ynt1 7# Zns1-

From (2.7) it immediately follows, since now y,,; = 2,41, that
(2.8) d(zn, 2n+1) < qd(2a-1, 20)-
Case 2. Letz, = y, € K but 2,41 # Ya+1- Then z,,1 € 9K is such that
d(Yn, Zn+l). +d(Za41s Yat1) = d(Yns Yus1)-
Thus d(z,, Zo+1) = d(Yn» Zas1) < d(¥n, Ya+1) and from (2.7),
(2.9) d(Zn, 2us1) < qA(2a-1s 20)-
Case 3. Letz, # y,. Then z, € 9K, and

(2.10) d(yn-1, Zn) + d(2n, yn) =d(Yn—lv Yn)-

Also, by the Observation, z,41 = Y41 and Z,_; = Yp_1.
If we suppose that d(z,, Z,+1) < d(Ya-1, y») then from (2.7),

(21 1) d(va Zn+l) =< qd(zn—Zv Zn—l)y
so we shall only consider the case
(212) d(Z,,, Zn+l) > d(yn—lv yn)

From (2.10) it follows that there are two possibilities:

d n—1ls n
(2.13) Az ya) < -(Lz‘—y)
or

d n—1is n
(2.14) d(zn, yaot) < (Lz‘—y—)
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Case 3a. Suppose that (2.13) holds and, without loss of generality, assume that
Y, € Fx,_,. Then y,.y = z,., = Sx,_, € Gx,, and y, # z, = Tx, and, by
construction of {y,} (see (1v.1)), Yoy1 = Znsy1 = Sx,41 € Gx, is such that

d(Ya, Yn+1) < cH(Fx,_y, Gx,).
Thus from (2.6) and (2.2),

(2.15)
d(ym yn+l) S CH(FX,,..], Gxn)

< g max [d(Sx,._l, Tx,), D(Sx,-1, Fx,_,), D(Tx,, Gx,),

D(Sx,_1, Gx,) + D(Tx,, Fx..-l)]
2

d(yn—h Zn+1) +d(zm yn)]

S qmax {d(yn—h Zn)v d(yn—lv yn)vd(zns Zn+])1 2

Since, from (2.10) and (2.12),

d(Yn-1520) < d(Yn-1, Yn) < d(2n, 2011);
d(Yn-1, Zn41) +d(2n, Yo) < d(2n, Yn) + d(Yn-1s 22) + d(2a, 2041)
= d(Ya-1, Yn) + d(2ns 2n41) < 2d(2ns Zn11)s
from (2.15) we deduce
(2.16) d(Yn, Ynt1) < qd(2n, Zns1)-

Since z,41 = Ya41 and z,_; = y,—, from (2.13), (2.16) and (2.7),

A (Y1, Yn)

d s &n
5 +4q (20, Zn+1)

d(2ns Za41) < d(2Zn, Yn) + AV, Yar1) <

2
< %d(Zn-m 1) F gd(Zm Znt1)-

Hence

3
(2]7) d(Zm Zn+1) =< (E)td(;’.n—% zn—l)-

Similarly, if y, € Gx,_, then one can show that (2.17) holds.

Case 3b. Consider now the second possibility, namely the case when (2.14) holds.
We may suppose, without loss of generality, that y, € Fx,_;. Then, by construction
of {x,} (see (iv.ii)), we now have that x, € K is chosen such that Sx, = z,, and
Ya+1 = Zn+1 € Fx, is such that d(y,_i, yat1) < cH(GXp-2, Fx,).
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Thus from (2.6),
(2.18)

d(Yn=1s Yat+1)
< cH(Gxy-3, Fx,)

3
< g max {Zd(Tx,.-z, Sx,), D(Txy_3, GXp_3), D(Sxy, Fx,),

D(Txn-2, Fx) + D(Sxn, Gxa—2) }
2

d(zn—21 )’n+l) + d(znv Yn-l)}

3
S q max {Zd(zn—Zv Z’l)v d(zn—Zv zn—-])v d(zna Zn+1)y 2

Since y,-; = z,-1, from (2.14) and (2.7),

4

1
2d(zn~29 Zn—]) < §'d(2n_2, Zn—l)v

1
d(Zn, yn—l) < Ed(yn—lv yn) <

4
d(zn—Zy Zn) S d(Zn—Zv Zn—l) + d()’n~1, Zn) < gd(zn—Z, Zn—l)’

d(zn—Zy yn+1) S d(zn—Zv yn—l) + d(yn-ls yn+l)-
Thus from (2.18),
(2.19)

2 1
d(¥s—1, Ya+1) < g max {d(Zn-z, 25—1),d(Zns Zn1)s [gd(zn—L Zn—l)+5d(yn—1, )’n+|)j}}-

If we suppose that d (y,—1, Yar1) > g max{d(z,—2, Zo-1), d (22, Z,+1)}, then from (2.19),

d (Y1, Yar1) < %gd(ln-zy Zn-1) + %d()’n—h Y1) < 2?qd(2n-2, Zn-1) + %d(yn—la Y1)
and hence
d(Ya-1: Yus1) = qd(zp-2, Z0-1),
a contradiction. Thus,
(2.20) d(Yu-1, Y1) < gmax {d(2,-2, 20-1), d(Zns Zn41)} -
Using the triangle inequality together with (2.14), (2.20), (2.7) and the fact that

Yni1 = Zny1 and y,_; = z,_,, We obtain

1
d(Z,,, yn+l) < d(yn—lv Zn) + d(yn—lv yVH-l) =< Ed())n—lv yn) + d(yn—l» yn-H)

A

%d(zn—Zy Zp—1) +q max {d(zn—Za 2n-1), d(Z5, Zny1)}

IA

2
%d(zn—Zv Zn—l) + max [q d(Zn_2, Zn—]), gd(znv zn+1)} .
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Hence
3q
(2.21) d(Zny Za41) < -Z—d(Zn-z, Zn-1)-

Similarly, if y, € Gx,_, then (2.21) holds.
From (2.11), (2.17) and (2.21) we see that in Case 3,

3
(2.22) A2, Zas1) < 7qd(2,._2, 1) foralln > 2.

From (2.8), (2.9) and (2.22) we conclude that in each of the cases considered we
have

3
d(2nr Zas1) < —fmax (d@a-zs 2a—1), A(2n Zng1)}  foralln > 2.

Now, proceeding on the lines of Cirié [5] and using the fact that (3/2)g < 1, it can
be shown that the sequence {z,} is a Cauchy sequence and hence converges to some
point z € K. Since S(K) and T (K) are complete, there are points  and w in K such
that Su = z and Tw = z. By the construction of {z,}, at least one of its subsequences
{Zah) OF {Zary}, defined by z,(jy = Sx4(j) € Gxpjy—1, OF bY Zuty = TXnry € FXngy—1,
respectively, is infinite.

Suppose that the sequence {z,(j,}, with z,;, € Gx,()-1, is infinite. For convenience,
denote Zu(j), Yn(j)> Xn¢y and x,()—1 by 2;, y;, x; and x;_;, respectively. Then we have
z;=y;=358x; € Gx;_;and Tx;_; = z;_; € K (note that z;_; = y;; € Fx;_,, or
Yj-1 # Zj-1 € 3K).

Since z; € Gx;_;, from (2.1) we deduce that

D(Fu,z;) < H(Fu,Gx;_,)

d(Su, Tx;_
< hmax {ia—u D(Su, Fu), D(Tx;_,, Gx;_y),
D(Su, Gx;_y) + D(Tx;_,, Fu) }
a+h ‘
d(z, z;- d(z,z;) + D(z;_\, F
Shmax{_(fi‘_),u(z,Fu),d(zj_,,z,-), (2.2)) + DGz ")}.
a a+h

Taking the limit as j — oo, we get D(Fu, z) < hD(z, Fu)and hence D(Fu, z) =0.
Since Fu is closed, z € Fu. Thus we have proved that Su € Fu.

Similarly, if {z,@}, With 2,4 € Fxnu)-1, is infinite then Tw € Gw.

Consider now the case when {z,()}, With Z,4) € Fx,4-1, is finite. In this case we
will construct a new infinite sequence {u,} in F X N K such that lim,_, , 4, = z. Since
{z.) is finite, it follows that there is some ny such that z, € K\FK for all n > ny.
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Hence there is an infinite subsequence {z,u} of {z,}, defined by z,;) € 0K. For
convenience, we denote X,y Znays Zn)x1 A0 Zny—2 bY X, 2, Zixs and z;_y, respectively.
Now, parallel with the already considered points x; € K, z; = Tx;, Zi+1 = i1 € Gx;
(see Case 3a), we choose a new point x; € K such that Sx; = z; € dK and a point
u;;1 € Fx; C K (see Case 3b) such that

d(zi1, uiy1) < cH(Gxi3, Fx;).

This choice is possible because z;,_; € Gx;_1.
As in Case 3b (see (2.20)), it can be shown that

d(zi—y, i) < g max{d(zi—2, 1), d(Zi, Uns1)}.
Hence, as z, — z, it follows that u; - z. From (2.1),

D(u;s1, Gw) < H(Fx;, Gw)

d iy D iaG d y Ui
@22y uisn), DGz, Gw), 28 “;):h (”“)}.

shmax{

Taking thelimitasi — 0o, we get D(z, Gw) < hD(z, Gw) and hence D(z, Gw) = 0.
Therefore

z=Tw € Guw.

Now from (2.1) we have H(Fu, Gw) = 0. Hence Fu = Gw. Thus we have proved
that
SueFu, TweGw, Su=Tw and Fu=Gw. O

We note that a coincidence of F and S and a coincidence of G and T need not be
the same point, even if F, G, S and T are single-valued self mappings. The following
example shows this.

EXAMPLE 1. Let X be the Euclidean space [0, 00) with the usual metric. Define
F,G, S and T on X as follows :

Fx=x>4+7/64, Gx =x>+7/64, Sx=8x* and Tx =8x>.
Then
8|x2—y*|  d(Sx,Ty)
4 h 4

Thus (2.1) holds for all x, y € X. Also the other hypotheses (i) and (ii) are satisfied.
It is easy to see that F(1/8) = S(1/8) = 1/8 and G(1/4) = T(1/4) = 1/8.
Therefore F and S have a coincidence at the point ¥ = 1/8 and G and T have a
coincidence at the point w = 1/4 and F(1/8) = G(1/4).

d(Fx,Gy) = |x* —y)| <
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In Theorem 2.1, if we set S = T = id (where id is the identity mapping), we

obtain the following result.

COROLLARY 2.2. Let (X,d) be a complete and metrically convex metric space
and K be a non-empty closed subset of X. If mappings F, G : K — CB(X) satisfy

d(x, y), D(x, Fx), D(y. Gy). D(x,Gy)+ D(y, Fx) }
a a+h

H(Fx,Gy) < hmax{

forall x, y in X, where
2 h?
O<h< = d >14 —,
< <3 and a > +1+h

and x € 9K implies Fx C K and Gx C K, then there exists a point z in K such that
z2€ FzNGzand Fz = Gz

In Corollary 2.2, if we set G = F, we obtain the following generalization of the
Rhoades result in [19].

COROLLARY 2.3. Let (X, d) be a complete metrically convex metric space and K a
non-empty closed subset of X. Let F : K — CB(X) be a non-self mapping satisfying

H(Fx, Fy) < h max {‘“x’ ») D(x, Fy) + D(», Fx)l

, D(x, Fx), D(y, Fy), et h

forall x, y in X, where

2h?
1+h

2
0<h<§ and a>1+

If Fx C K for each x € 3K, then F has a fixed point.
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