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We study common fixed point theorems for a finite family of discontinuous and noncommutative
single-valued functions defined in complete metric spaces. We also study a common fixed point
theorem for two multivalued self-mappings and a stationary point theorem in complete metric
spaces. Throughout this paper, we establish common fixed point theorems without commuting
and continuity assumptions. In contrast, commuting or continuity assumptions are often assumed
in common fixed point theorems. We also give examples to show our results. Results in this paper
except those that generalized Banach contraction principle and those improve and generalize
recent results in fixed point theorem are original and different from any existence result in the
literature. The results in this paper will have some applications in nonlinear analysis and fixed
point theory.

1. Introduction and Preliminaries

Let (X, d) be a metric space and T : X — X be a multivalued map. We say that x € X is
a stationary point of T if T(x) = {x}. The existence theorem of stationary point was first
considered by Dancs et al. [1]. If S is a self-mapping (multivalued or single valued) defined
on X, we denote F(S) the collection of all the fixed points of S. In this paper,we need the
following definitions.

Definition 1.1. A function f : X — Xis called

(i) contraction if there exists r € [0, 1) such that

d(f(x), f(y)) <rd(x,y), VYx,yeX, (1.1)
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(ii) kannan if there exists a € [0,1/2) such that
d(f(x), f(y)) < ad(x, f(x)) +ad(y, f(y)), Yxy€X, (1.2)

(iii) quasicontractive if there is a constant r € (0, 1) such that

a(f(x0), f(y)) srM(xy), VxyeX (1.3)

where M(x,y) = max{d(x,y),d(x, f(x)),d(y, f(y)),d(x, f(y)),d(y, f (x))}.
(iv) weakly contractive if there exists a lower semicontinuous and nondecreasing function
¢ :[0,00) — [0,00) with ¢(t) = 0 if and only if £ = 0 such that

d(f(x), f(y)) <d(x,y) -9(d(xy)), VYxyeX (1.4)

It is known that every contraction and every Kannan mapping has a unique fixed point
in complete metric spaces Banach [2], Kannan [3] and every quasicontractive mapping has a
unique fixed point in Banach spaces Ciri¢ [4], Rhoades [5]. In 2001, Rhoades [6] proved that
every weakly contractive mapping has a unique fixed point in a complete metric space. Let
f and g be self-maps defined on X; the following inequality was considered in the study of
common fixed points theorems Rhoades [5], Chang [7]:

d(f(x),g(y)) <rM(x,y) (1.5)

for some constant 7 € (0, 1) and function M : X x X — [0, +o0).
If f and g satisfy the inequality (1.5) with

M(x,y) = max{d(x,y),d(x, f(x)),d(y,g(y)), d(x,g(y)), d(v, f(x))},  (1L6)

then f and g are said to be a couple of quasicontractive mappings which is studied by
Rhoades [5]. Chang [7] prove that every couple of quasicontractive mappings has a unique
common fixed point in Banach spaces. Recently, Zhang and Song [8] proved a common fixed
point theorem in complete metric spaces under the following assumption:

d(f(x),8(y)) < M(x,y) - p(M(x,y)), (1.7)

where M(x, y) = max{d(x, y), d(x, f (x)), d(y, §(1)), (1/2)[d(y, f(x)) + d(x, g1},

The result of Zhang and Song [8] generalized the results in [2, 3, 5, 6]. Motivated by
Chang [7], Zhang and Song [8], it is natural to ask whether there is a common fixed point
of f and g in X satisfy inequality (1.5) with M(x,y) = d(x, f(y)). In this paper, we give a
positive answer to this question in complete metric spaces.

Let {T;}"; be a finite family of self-mappings on X. If there is a nondecreasing, lower
semicontinuous function ¢ : [0, +00) — [0, +00) with ¢(x) = 0 if and only if x = 0 such that
for every x,y € X,

d(Tix, Tiy) < Mi(x,y), Vie({l,2,...,m}, (1.8)
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where M;(x,y) = max{d(Ti-1x,Tiy), d(Ti-1x, Tix), d(Ti-1y, Tiy) }, for alli € {1,2,...,m -1},
and

M, (x,y) = max{d(Tp-1x,v) — (d(Tn-1x,y)), d(Tp-1%, Tux) — p(d(Trn-1x, Trux)) }.
(1.9)

Here, T is the identity map defined on X and Ty,1 = T1. We show that {T;}!’; have a unique
common fixed point if X is complete. As a special case of this result, we give a common fixed
point theorem in complete metric spaces under the assumption that inequality (1.5) holds
with M(x,y) = d(x, f(y)). One of our results generalized Banach contraction principle, an
example is given (Example 2.12) to show that the maps T; (i = 1,2,...,m) above need not
to be continuous. The assumption of continuity is often used in the existence theorems of
fixed points [6, 9-14]. We also give an example to show that the family {T;};"; above is not
necessary to be commuting, and in contrast that the commutativity assumption is often used
in the existence theorems of common fixed points [9, 10, 13, 15, 16]. Finally, we generalize
some of our results to the case of multivalued maps.

LetT,S : X —o X be multivalued maps satisfy

H(Tx,Sy) <rd(x,Ty), Vx,yeX. (1.10)

for some r € [0,1) (where H denotes the Hausdorff metric). In fact, under the hypothesis
that inequality (1.10) holds, we can show that F(T) = F(S)#0 and Tx = Sx = F(T) for all
x € F(T) if T and S have nonempty closed bounded values. Further we give a new stationary
point theorem in complete metric spaces and illustrate with examples (Examples 3.4 and 3.8).

2. Fixed Point Theorems

Throughout this paper, let (X, d) be a complete metric space and let N be the set of all positive
integers. In this section, all the self-maps on X are single valued. The following theorem is
the main result in this section.

Theorem 2.1. Let {T;}}"; be a finite family of self-mappings on X. If there is a nondecreasing, lower
semicontinuous function ¢ : [0,+00) — [0, +00) with ¢(x) = 0 if and only if x = 0 such that for
every x,y € X,

d(Tix, Tiy) < Mi(x,y), Vie({l,2,...,m}, (2.1)

where

M;(x,y) = max{d(Ti-1x, Tiy), d(Ti-1x, Tix), d(Tiay, Tiy) } (2.2)
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forallie {1,2,...,m—-1},and

M, (x,y) = max{d(Tp-1x,v) — 9(d(Tn-1%,y)), d(Tp-1x, Tpx) — p(d(Tu-1x, Tux)) },

(2.3)
Ty is the identity map defined on X and Ty1 = Th.
Then, {T;}}"; have a unique common fixed point.
Proof. For any fixed x € X, take
xg = x,x1 = Tixo, X2 = ToXo, ..., X = Trnxo,
Xma1 = T1%Xm, Xims2 = DX, - -, Xom = TinXom, (24)

Continuing in this way, we obtain by induction a sequence {x,} in X such that x,, = TkXxgp,
whenever n = k + sm with 1 < k <m and s > 0. Then, if n = km, we have

d(xp, Xpi1) = d(me(k—l)m/ Tlka)

< Moy, (X (k=1yms Xkem)

(2.5)
= d(xu-1,%n) — @(d(xXp-1,%n))
< d(xn—l/ xn)-
If n=k+smforsomel<k<m-1,then
d(xn/ xn+1) = d(Tkxsm/ Tk+1xsm)
< Mk (xsm/ xsm)
(2.6)

= d(Tik-1Xsm, Tk Xsm)

=d(x,-1,Xp).

Therefore {d(x,, x4+1)} is a decreasing and bounded below sequence,and there exists r > 0
such that d(x,, x,+1) — r. Since ¢ is lower semicontinuous, ¢(r) < lim inf, _ ¢ (d(x,, Xn+1)).
Taking upper limits as k — oo on two sides of the following inequality

A(Xiem, Xiema1) < AXkem=-1, Xkm) — (A Xkm=1, Xkm)), (2.7)
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we have

r <r—lim inf(d(x,, Xns1)) <7 - (7). (2.8)

Then, ¢(r) = 0 and, hence, r = 0.

{xn} is a Cauchy sequence in (X, d). Indeed, let C,, = sup{d(xj,xx) : j, k > n}. Then
{C,} is a decreasing sequence. If lim,,_,,C,, = 0, we are done. Suppose that lim, _,,,C, = C >
0, choose € < C/(4m + 6) small enough and select N € N such that

d(xy,xp1) <e, Cp<C+g, Vn>N. (2.9)

By the definition of Cn.1, there exist k,I > N + 1 such that

Ad(xk,x1) > CNy1 — €. (2.10)

Since d(x,, Xu+1) < €, for all n > N. Replace k and [ if necessary, we may assume that k =
m+sm,l=1+tmand

d(xk,x;) > Cns1— € —2me = Cpny1 — 2m + 1)e. (2.11)
Hence,
2m+3 C
_ — - C- = —. 2.12
d(xe-1,x1.1) >C—2m+1)e-2e=C 4m+6c 5 (212)
Then,
Cni1— (2m+1)e < d(xk, x1) = d(TnXsm, T1Xtm) < M (Xsm, Xim)- (2.13)
We consider the following two cases:
(i) My (Xsm, Xtm) = A(Tin-1Xsm, Xtm) — (P(d(Tm—lxsmr Xtm))
(11) Mm(xsmr xtm) = d(Tm—lxsmr mesm) - (P(d(Tm—lxsmr mesm))-
If Mm (xsm/ xtm) = d(Tm—lxsm/ xtm) - (P(d(Tm—lxsmr xtm))r we have
CN+1 — (2771 + 1)5 < d(Tm—lxsmr Xtm) = (P(d(Tm—lxsml xtm))
= d(xk-1,x1-1) — (A (xk-1,X1-1))
(2.14)

C C
<d(xk-1,x1-1) = (p(E) <Cn - (’0<E)

<C+£—(p<§>.
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Then, Cn+1 + ¢(C/2) < C + (2m + 2)¢. Since ¢ is arbitrary small positive number, if we take
e<p(C/2)/(2m+2). Then,

c+(p<§> ch+1+¢<§> <C+(2m+2)s<C+(p<%>. (2.15)

This yields a contradiction.
If Mm(xsm/ xtm) = d(Tm—lxsm/ mesm) - (P(d(Tm—lxsm/ mesm))/ we have

Cn+1 — (2m+1)e < d(Ton-1Xsm, TinXsm) — @(A(Trm-1Xsm, TmXsm)) 16
= d(xk-1, xk) — p(d(xk-1,xk)) < €. '

Then Cn+1 < (2m +2)e < C/2. This also yields a contradiction.

Therefore, C = 0 and {x,} is a Cauchy sequence in (X, d). Since (X, d) is complete,
{x,} converges to a point in X, say z.

In order to show that z is the unique common fixed point of {T;}}";. We first claim that
Tiz=zforalli=1,2,...,m.

Indeed, for eachi € {1,2,...,m},

d(Tiz, z) = khf;od(TiZ’ Xi1+km) = khf;od(TiZ’ Ti-1xkm) < kth;oMi—l(ka/ z). (2.17)

We consider the following three cases:

(i) Mi—1(xkm, 2) = A(Ti2Xkm, Tic1Xkm),
(ii) Mi_1(xXkm, z) = d(Ti2z,Ti12),
(iii) Mi_1(xkm, z) = A(Ti-2Xkm, Ti-12).

If Mi_1(Xkm, z) = A(Ti2Xkm, Ti-1Xkm), then
d(Tiz, z) < lim d(TioXkm, Ti-12km) = 1im d(Xmri-2, Xiemsi-1) = 0. (2.18)

If Mi1(xkm, z) = d(Ti2z,Ti-12), then

d(Tiz, z) £ d(Ti-oz, Ti1z) < Mia(z,2) = d(Tissz, Tipz)

<d(z,Tiz) = tli_}rg)d(ﬂz, Xim) = tlingod(le, TonX(t-1ym) (2.19)
< lim A(z, Tin-1x¢-1ym) — @(d(2, Tu1X(t-1ym) )

= tlim d(z, Xpm-1) — 9(d(z, Xpm-1)) < d(z,z) = 0.
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If Mi1(xkm, z) = d(Ti-2Xkm, Ti-12), then

d(Tiz, z) < klgn A(Ti-2xkm, Ti-12) = klgn d(Ti-1z, Xkm+i-2)- (2.20)

Continuing in this process, we show that d(Tiz,z) < limk_ ,d(Tiz, Xkm). By the same
argument as in the case above, we see that d(Tiz, z) = 0.

Then, we see that Tjz = z, for all i = 1,2,...,m. Next, we claim that z is the unique
fixed point of T;. Indeed, for any x € F(T;), we have

d(x,z) =d(Tyx,z) =d(T1x,T,,z) 221)
< d(x, Tw1z) — p(d(x, Tw12)) = d(x, z) — (d(x, 2)). '

Then, d(x,z) = 0 and y = z. Therefore, z is the unique fixed point of T; and we
complete the proof. O

Remark 2.2. (a) The sequence {x,} approaching to the unique common fixed point in
Theorem 2.1 is different from those in [8, 11, 12, 16-19].

(b) The finite family {T;}}"; of self-mappings in Theorem 2.1 is neither commuting nor
continuous, which are often assumed in common fixed point theorems, see [6, 9-16]. In fact,
the commuting and continuity assumptions are not needed throughout this paper and we
will give examples (Examples 2.12-2.15) to show this fact.

As special cases of Theorem 2.1, we have the following theorems and corollaries.

Theorem 2.3. Let S,T : X — X, be self-mappings on X. If there is a nondecreasing, lower
semicontinuous function ¢ : [0,+00) — [0,+00) with ¢(x) = 0 if and only if x = 0 such that

d(Tx,Sy) < max{d(x,Ty) - ¢(d(x,Ty)),d(Ty,Sy) - ¢(d(Ty,Sy))},

(2.22)
d(Tx,Sy) < max{d(x,Ty),d(x,Tx),d(y,Ty)},

forall x,y € X. Then S and T have a unique common fixed point.

Proof. Take m = 2, Ty = T and T, = S in Theorem 2.1, then Theorem 2.3 follows from
Theorem 2.1. O

Corollary 2.4. Let S,T be self-mappings on X. If there is a nondecreasing, lower semicontinuous
function ¢ : [0,+00) — [0,+00) with ¢(x) = 0 if and only if x = 0 such that

d(Tx,Sy) <d(x,Ty) —¢(d(x,Ty)) VYx,yeX. (2.23)

Then S and T have a unique common fixed point.
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Corollary 2.5. Let T be a self-mapping on X. If there is a nondecreasing, lower semicontinuous
function ¢ : [0,+00) — [0, +o0) with ¢(x) = 0 if and only if x = 0 such that

d(Tx, T2y> <d(x,Ty)-¢(d(x,Ty)) Vx,yeX. (2.24)

Then T has a unique fixed point.
Proof. Take S = T? in Theorem 2.3, then Corollary 2.4 follows from Corollary 2.4. O

Remark 2.6. (a) Since d(Tx,Ty) < d(x,y) —¢(d(x,y)) for all x,y € X implies

d(Tx, T2y> <d(x,Ty) -¢(d(x,Ty)), Vx,yeX. (2.25)

Corollary 2.5 generalizes Theorem 1 in Rhoades [6].
(b) Corollary 2.4 is equivalent to Corollary 2.5.

Proof. 1t suffices to show that S = T? in Corollary 2.4. Indeed, for each y € X, there exists
x € X such that x = T(y). By the hypothesis in Corollary 2.4, d(T?y,Sy) = d(Tx,Sy) <
d(x,Ty) = 0 and we complete the proof.

(¢) In Theorem 2.3, the map S is not necessary equal T?, see Example 2.14. In fact, the
maps S and T in Theorem 2.3 are not necessary to be commuting, see Example 2.15. O

Theorem 2.7. Let {T;}}"; be a finite family of self-mappings on X. If there exists r € [0,1) such that
for every x,y € X

d(Tix, Tiny) < Mi(x,y), Vie{l,2,...,m}, (2.26)

where

max{d(Tizix, T;y), d(Tioax, Tix), d(Tiay, Tiy) ), ifie{1,2,...,m—1},

Mi(x,y) = {

rmax{d(Tpu-1x,y),d(Tnax,Tux)}, ifi=m,
(2.27)
and Ty is the identity map defined on X and Ty,q = Th.

Then {T;}!, have a unique common fixed point.

Proof. Take ¢(t) = (1 —r)t forall t € [0, o0), then Theorem 2.7 follows from Theorem 2.1. [

Theorem 2.8. Let S, T be self-mappings on X. If there exists r € [0,1) such that

d(Tx,Sy) < rmax{d(x,Ty),d(Ty,Sy)},
2.28
d(Tx,Sy) <max{d(x,Ty),d(x,Tx),d(y,Ty)}, (225

forall x,y € X. Then S and T have unique common fixed point.
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Proof. Take, m = 2, Ty = T and T, = S in Theorem 2.7, then Theorem 2.8 follows from
Theorem 2.7. O

Corollary 2.9. Let S, T be self-mappings on X and if there exists r € [0,1) such that

d(Tx,Sy) <rd(x,Ty), Vx,yeX. (2.29)

Then, S and T have a unique common fixed point.

Corollary 2.10. Let T be a self-map on X and if there exists r € [0,1) such that

d(Tx, T2y> <rd(x,Ty), VYx,yeX. (2.30)

Then T has a unique fixed point.
Proof. Take S = T? in Corollary 2.9, then Corollary 2.10 follows from Corollary 2.9. O

Remark 2.11. (i) If T is contractive, then there exists r € [0, 1) such that d(Tx, T?y) < rd(x, Ty)
for all x,y € X, but the converse is not true. It is obvious that Corollary 2.9 is a special case
of Corollaries 2.4 and 2.10 is a generalization of Banach contraction principle. Further we see
that Corollary 2.9 is equivalent to Corollary 2.10 by the same argument as in Remark 2.6.

(ii) A map T satisfies d(Tx, T?y) < rd(x, Ty) for all x,y € X and for some r € [0,1) is
neither continuous nor nonexpansive. We give an example (Example 2.12) to show this fact.

Example 2.12. LetT : [0,1/2] — [0,1/2] be defined by

x?, ifxe [O'}L)
T(x) = 2.31)

Then, d(Tx, T?y) < (1/2)d(x,Ty) for all x,y € [0,1/2] and T is not continuous.
Proof. We consider the following three cases:
(i) x € [0,1/4),y € [0,1/2],
(i) x € [1/4,1/2],y € [1/4,1/2],
(ifil) x € [1/4,1/2],y € [0,1/4).
If x€[0,1/4), y € [0,1/2], then
d(Tx, T2y> = d(xz, (Ty)2> = 'xz - (Ty)z'

. . (2.32)
=[x =Ty||x+Ty| < 5[x - Ty| = 5d(x, Ty).
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Ifxe[1/4,1/2],y € [1/4,1/2], then
2 > 1
d(Tx,T y) =d(0,0) = 0 and hence d(Tx,T y) < Ed(x, Ty). (2.33)

If xe[1/4,1/2], y € [0,1/4), then

a(TxT7y) = d(0,y") = ' < oo,

e s (2.34)
aGoTy) = d(x ) =x-v*2 - (3) =15

and, hence d(Tx,T?y) < (1/2)d(x,Ty). It is obvious that T is not continuous at x = 1/4 but
d(Tx,T?y) < (1/2)d(x,Ty) forall x,y € [0,1/2]. O

Example 2.13. Let T be the same as in Example 2.12. and take T; = T' for all i € N. Since
F(T1) € F(T;) for all i € N. By Example 2.12 and Corollary 2.10, we see that {T;},,y has a
unique common fixed point. But for each i € N, T; is not continuous, the results in [13, 16] do
not work in this example. Further it is obvious that the family {T;};.y have a unique common
fixed point 0.

Example 2.14. Let X = {+1/8%}72, U {0} and define maps T,S : X — X by T(x) = x/8 and
S(x) = —x/8. Then S#T? and we see that T and S have a unique common fixed point.

Proof. 1t suffices to show that there exists r € [0,1) such that

d(Tx,Sy) < rmax{d(x,Ty),d(Ty,Sy)},

(2.35)
d(Tx,Sy) <max{d(x,Ty),d(x,Tx),d(y,Ty)},
forall x,y € X.
We have to consider the following two cases:
(@) |x = [yl,
(if) |x| < yl.
If |x| > |y|, then
X x Y x y x
- | Z 4+ < |Z Zl<|Z
d(Tx,Sy) = d<8 ) 8+8_8+8_'4'
; (2.36)
Yy Y x x
_7 <] > _ |12 =12=
(o, Ty) = d(x, - |4 2 - 3] - |5
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If |x| < |y|, then

y x Y| _ x|, | v, lyl_|%
—+ =< |= = < |= ===
d(Tx, Sy) = d(s 8) 878|518 T I8] = 64| " 8‘ '64"
Yy Y\N_|Y Y -|Y
d(Ty,Sy) = d(g ?>_|8+8| |4|, (2.37)
y vl _ |7y
) =a(v-5) = |o-5]- |5

If we take r = 9/16, then by Theorem 2.8, we see that S and T have a unique common fixed
point. In fact, 0 is the unique common fixed point of S and T. O

By the same argument as in Example 2.14, we give the following example to show that
the maps T and S in Theorem 2.8 are not necessary to be commuting.

Example 2.15. Let X = {+1/8%}2, U {0} and define maps T,S : X — X by T(x) = x? and
S(x) = —x2. Then S and T are not commuting and we see that T and S have a unique common
fixed point.

Proof. Tt suffices to show that there exists r € [0, 1) such that

d(Tx,Sy) <rmax{d(x,Ty),d(Ty,Sy)},

(2.38)
d(Tx,Sy) <max{d(x,Ty),d(x,Tx),d(y,Ty)},
forall x,y € X.

We have to consider the following two cases:

(i) [x[ = yl,

(if) |x[ <yl.

If |x| > |y|, then

d(Tx,Sy) = d(xz, —y2> = |x2 + y2| =x? +y? <2x?,

(2.39)

d(x,Ty) = d(x,y2> = )x —y2| > |x| - y? > 8x% — y* > 7x%
If |x| < |y|, then
2
Yy 65
o059 - a( ) <] < o -
d(Ty,Sy) =d(v* -v*) = 20", (2.40)

d(y, Ty) =d(y,~y*) = v +v*| 2 [yl -v* = 8>~ y* = 7",
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If we take r = 65/128, then by Theorem 2.8, we see S and T have a unique common fixed
point. In fact, 0 is the unique common fixed point of S and T. O

3. A Common Fixed Point Theorem of Set-Valued Maps
and a Stationary Point Theorem

In this section, we study a fixed point theorem and a stationary point theorem which
generalize a fixed point theorem in Section 2.

In this section, let CB(X) be the class of all nonempty bounded closed subsets of X
and for A,B € CB(X), let H(A, B) be the Hausdorff metric of A and B and let d(x,B) =
infyepd(x, b) for all x € X.

Lemma 3.1 (see [20]). For all A,B € CB(X), ¢ > 0 and a € A, there exists b € B such that
d(a,b) < H(A,B) +¢.

Theorem 3.2. Let S,T : X — CB(X) be multivalued maps. If there exists v € [0,1) such that

H(Tx,Sy) <rd(x,Ty), Vx,yeX. (3.1)

Then F(T) = F(S)#@ and Tx = Sx = F(T) for all x € F(T).

Proof. For any fixed x € X and 0 < ¢ < 1. Take x9 = x, and let x; € Txp. By Lemma 3.1, we
may choose x; € Sxp such that d(x1,x2) < H(Txg,Sxo) + ¢, x3 € Tx, such that d(xz,x3) <
H(Sxo,Tx3) + €2, x4 € Sxy such that d(x3,xs) < H(Txy,Sx;) + €,.... Continuing in this
process, we obtain by induction a sequence {x,},y such that

X2 € SX2p—2, Xons1 € TXop,
d(xons1, Xons2) < H(T X2, Sxan) + €741, (3.2)

d(xam, Xons1) < H(Sxan-2, Txon) + €™

Therefore,

d(xan, Xons1) < H(Sxona, Txon) + €™

< rd (%0, Txon2) + €2 < 1d(X2n, Xon_1) + €7,
(3.3)

2n+l
d(xn+1, Xon+2) < H(Txp, Sxay) + €™

< rd (x5, Txon) + €2 < rd (X0, Xope1) + €21
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Therefore, d(x,,, x,41) < rd(x,,-1,x,) + €" for all n € N and

d(xy, xp41) < vd(%y-1, Xy) + "

< r(rd(xn_z,xn_l) + 5"‘1> + "

=1r2d(xp_n, Xp_1) + 1" + "

5 n-2 n-1 n
<r (rd(xn-3, Xp-2) + € ) tres te (3.4)

2

= 13d(Xp_3, Xp_o) + 122 +re™ 4 £"

n
<r"d(xg, x1) + Zr”‘ksk.
k=1

This shows that

Ms

> d(xn, xna1) < D r"d(x0,x1) +

n=1 n=1 n

NS .

1 €
= 1—r [rd(xQ,X1) + :] < oo

I
—_

and {x,} is a Cauchy sequence. Since (X, d) is complete, there exists z € X such that x, — z.
Since

d(Tz,z) = im d(Tz, x2p42) < lim H(Tz, Sxyy,)

(3.6)
<rlimd(z, Txy,) <rlim d(z, x,41) =1d(2,2) =0

and H(Tz,Sz) <rd(z,Tz) =0,z € Tz = Sz. Therefore z € F(T) #0 and z € F(S) #0.

To complete the proof, it suffices to show the following four cases:

(i) F(T) CTzand Sx = Tx for all x € F(T),
(ii) Tz € F(T),
(iii) Tx = Tz for all x € F(T),
(iv) F(S) C Tz.

For any x € F(T),

d(x,Tz) < H(Tx,Sz) <rd(x,Tz). (3.7)
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This shows that d(x,Tz) = 0 and x € Tz. Further
H(Sx, Tx) <rd(x,Tx) =0 (3.8)

and x € Sx = Tx.
Forany x € Tz,

d(x,Tx) < H(Sz,Tx) <rd(Tz,x) = 0. (3.9)

This shows that x € Tx. Till now, we see that Tz = F(T) C F(S) and Sx = Tx for all x € F(T).
For any x € F(T),

H(Tx,Sz) <rd(x,Tz) =rd(x, F(T)) =0. (3.10)

Hence Tx =Sz =Tz.
It remains to show that F(S) C Tz = F(T).
Indeed, for any x € F(S),

d(x,Tz) < H(Sx,Tz)
(3.11)
<rd(Tx,z) <rH(Tx,Sz) < r’d(x,Tz)

and d(x,Tz) =0. Thenx € Tzand F(S) CTz. O

Remark 3.3. (a) If one of S and T in Theorem 3.2 is single valued, then the set F(T) = F(S)
is singleton and the maps S and T have a unique common fixed point in X. Therefore,
Theorem 3.2 is a generalization of Corollary 2.9, but Theorem 3.2 is not a generalization of
Theorem 5 Nadler [20].

(b) The sequence {x,} approaches to the common fixed point z of S and T in
Theorem 3.2 is different from those in [20-25].

(c) By Example 2.12, we see that both T and S in Theorem 3.2 are neither to be upper
semicontinuous nor to be lower semicontinuous (multivalued maps). Further the maps T
and S are not necessary to be commuting. We give an example below.

Example 3.4. Let X = {+1/8K}%2, U {0} and let maps T,S : X — X be defined by T(x) =
{£x/8F}%2, U {0} and S(x) = {|x|/8*1}, U {0}. Then we see that T and S have a unique
common fixed point.

Proof. 1t suffices to show that there exists r € [0,1) such that
H(Tx,Sy) <rd(x,Ty), Vx,yeX. (3.12)

We have to consider the following two cases:

(i) |x| > [yl
(ii) |x[ < |yl
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If |x| > |y|, we have

H(Tx,Sy) = |%|, H(x,Ty) > |x| - |%| = g|x|. (3.13)
If |x| < |y|, we have
H(Tx, Sy) S|614|' H(x,Ty) :|x|+|%|2%|y|, (3.14)

If we take r = 1/7, then by Theorem 3.2, we see S and T have a unique common fixed point.
In fact, 0 is the unique common fixed point of S and T. O

Corollary 3.5. Let T : X —o X be a multivalued map with nonempty compact values and r € [0,1)
such that

H(Tx, T%) <xd(x,Ty), ¥x,ye€X. (3.15)

Then F(T)#® and Tx = F(T) for all x € F(T).
Similarly, we have the following existence theorem of stationary points.

Theorem 3.6. Let T : X — CB(X) be a multivalued map, S : X — X be a single valued function.
Ifp : [0,00) — [0, 00) is a nondecreasing, lower semicontinuous function with ¢(a) — p((b) <a-»b
forall a>b >0and ¢(x) = 0 if and only if x = 0. Suppose that

H(Tx,Sy) <d(x,Ty) —¢(d(x,Ty)), VYx,yeX. (3.16)

Then T has a unique stationary point, say z € X. In fact, F(T) = F(S) = {z} and Tz = {Sz} = {z}.

Proof. For any fixed xp € X, let x; € Txo, x, = Sxo, x3 € Tx2, x4 = Sx,.... Continuing in
this process, we obtain by induction a sequence {x,} such that x2,+1 € Txp, and x2,:2 = Sxpy,.
Since

d(x2n, Xon+1) < H (%20, Tx2y)
= H(Sx24-2, Tx2,) < d(x2n, Txon—2) — p(d(x2n, TX2n-2))
< d(x2n, Xon-1) — (A (X20, X2n-1)) < A(X2n-1, X2n),
(3.17)
A(x2n41, Xon+2) < H(TXon, Xon42)

= H(Tx24, Sx21) £ d(xon, Tx21) — p(d(x2n, Tx21))

< d(xon, Xons1) — @(d(X2n, X2n41)) < d(Xon, Xoni1)-
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Then, d(x,, xn+1) is a decreasing and bounded below sequence, and hence there exist r > 0
such that d(x,, x,+1) — r. Since ¢ is lower semicontinuous, ¢(r) < lim inf, _ ¢ (d (s, Xn+1)).
Taking upper limits as 7 — oo on two sides of the following inequality

d(xp, Xpi1) < d(Xp-1, %) — @(d(Xp-1,Xn)), (3.18)
we have

r <r—lim info(d(xn, Xns1)) <7 — (7). (3.19)

Then, ¢(r) = 0 and hence r = 0.

{x,} is a Cauchy sequence in (X, d). Indeed, let C,, = sup{d(xj, xx) : j, k > n}. Then
{Cy} is a decreasing sequence. If lim,,_,,C,, = 0, we are done. Suppose that lim, ,,,C, = C >
0, choose € < C/10 small enough and select N € N such that

Ad(xy,xp1) <e, Cp<C+eg, Vn>N. (3.20)
By the definition of Cpn1, there exists k,I > N + 1 such that

d(xk, xl) > CN+1 —E. (3.21)

Since d(xy, x,41) < €, for all n > N. Replace k and [ if necessary, we may assume that k = 2s,
I=1+2tand

d(xk,x;) > Cny1 — € —2¢ = Cny1 — 3€. (3.22)
Hence,
5 C
d(xe-1,x11) >C—-36-2e>C—-—C=—. (3.23)
10 2
Then,
CN+1 —-3e< d(xk,xl)
= d(Sxps-2, X2141) < H(Sx25-2, Tx2t)
< d(xo, Txzs-2) = p(d(x2t, Tx25-2))
(3.24)

< d(xo1, x25-1) — (A (X021, X25-1))

=d(x-1, Xk-1) — @(d(x1-1, Xk-1))

SCN—(p<%> <C+5—(p<%>,
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and Cn+1+¢(C/2) < C+4e. Since ¢ is arbitrary small positive number, if we take € < ¢(C/2) /4.
Then

C+(p<%> <Cn+1 +(p<%> <C+4e<C+q)<§>. (3.25)

This yields a contradiction. Therefore C = 0 and {x,} is a Cauchy sequence in (X, d). By the
completeness of (X, d), {x,} converges to a point in X, say z.
Since,

d(Tz, z) = klim A(Tz, x2x42) < klim H(Tz, Sxy)

< klgl; [d(z, Txak) — ¢(d(z, Tx2x))]

(3.26)
< klim d(z, Txy) < klim d(z, xk41) =0
H(Sz,Tz) <d(z,Tz) - ¢p(d(z,Tz)) <0.
It follows that Tz = {Sz} = {z}.
Further for all x € F(S),
d(x,z) <H(Sx,Tz) <d(Tx,z) —p(d(Tx, z))
<H(Tx,z) =H(Tx,Sz) <d(x,Tz) - p(d(x,Tz)) (3.27)
=d(x,z)-p(d(x,z)).
Then, d(x,z) =0and x = z.
For all x € F(T),
d(x,z) < H(Tx,z) = H(Tx, Sz)
(3.28)
< d(xr TZ) - (P(d(xr TZ)) = d(x/ Z) - (P(d(xl Z))
Then, d(x,z) = 0 and hence x = z. O

Remark 3.7. (a) The single valued map S in Theorem 3.6 is not necessary to be continuous
(see Example 2.12), but the continuity assumption is used in Theorem 3.2 [21, 22, 25] and
Theorem 2.1 Ciri¢ and Ume [23]. We give an example to show that T and S in Theorem 3.6
are not necessary to be commuting.

(b) Theorems 3.2 and 3.6 are different and Theorem 3.6 is also a generalization of
Corollary 2.9.

Example 3.8. Let X = {+1/8%}, U {0} and letmaps T : X — X and S : X — X be defined by
T(x) = {+x/8K}52, U {0} and S(x) = |x|/64. Then we see that T has a unique stationary point.
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Proof. 1t suffices to show that there exists r € [0,1) such that

H(Tx,Sy) <rd(x,Ty), Vx,yeX. (3.29)

We have to consider the following two cases:

(i) x| = |yl,
(ii) fx] <[yl-

If |x| > |y|, we have

x 9
H(Tx,Sy) = % + l(])/—4| < 6—4|x|, H(x,Ty) = |x| + % > |x|. (3.30)

If |x| < |y|, we have

|y

H(Tx, Sy )—% —4SM H(x,Ty) = |x| + 1v] 2%|y|. (3.31)

If we take 7 = 1/4. Then by Theorem 3.6, we see T has a unique stationary point. In fact, 0 is
the unique stationary point of T O
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