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FIXED POINT THEOREMS FOR NEW GENERALIZED HYBRID
MAPPINGS IN HILBERT SPACES AND APPLICATIONS

Wataru Takahashi, Ngai-Ching Wong and Jen-Chih Yao*

Abstract. In this paper, we introduce a broad class of nonlinear mappings in
a Hilbert space which covers nonexpansive mappings, nonspreading mappings,
hybrid mappings and contractive mappings. Then we prove fixed point theorems
for the class of such mappings. Using these results, we prove well-known and
new fixed point theorems in a Hilbert space.

1. INTRODUCTION

Let H be a real Hilbert space and let C' be a nonempty subset of H. A mapping
T :C — H is said to be nonexpansive [18], nonspreading [13], and hybrid [19] if

[Tz =Tyl < ||z =yl

2Tz — Tyl* < | Tz — y||* + | Ty — «||?

and
3| Tz — Ty|* < llo — yl* + | Tz — y||* + | Ty — «|?

for all z,y € C, respectively; see also [7], [8] and [20]. These mappings are indepen-
dent and they are deduced from a firmly nonexpansive mapping in a Hilbert space; see
[19]. A mapping F': C' — H is said to be firmly nonexpansive if

|Fz — Fy|* < (z —y, Fx — Fy)

for all z,y € C; see, for instance, Browder [2], Goebel and Kirk [5], and Kohsaka
and Takahashi [12]. Recently Kawasaki and Takahashi [10] introduced the following
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nonlinear mapping in a Hilbert space. A mapping 7" from C into H is said to be widely
generalized hybrid if there exist «, 3,7, 0, €, € R such that

a|Tz = Ty|* + Blla = Tyl* + [Tz — y|* + 6]z — y?
+max{ella — Tz|? ¢lly — Ty|*} < 0

for any x,y € C; see also [11].

In this paper, motivated by these mappings, we introduce a broad class of nonlinear
mappings in a Hilbert space which covers nonexpansive mappings, nonspreading map-
pings, hybrid mappings, contractive mappings, contractively nonspreading mappings
and contractively hybrid mappings. Then we prove fixed point theorems for the class
of such mappings. Using these results, we prove well-known and new fixed point
theorems in a Hilbert space.

2. PRELIMINARIES

Let H be a real Hilbert space with inner product (-, -) and norm || - ||, respectively.
We denote the strong convergence and the weak convergence of {x,} to z € H by
T, — x and x, — x, respectively. Let A be a nonempty subset of H. We denote by
coA the closure of the convex hull of A. In a Hilbert space, it is known that

@D Jazr+ (1 -a)yl? = alzl® + 1 - a)llyll* - a(l —a)llz —y|
for all z,y € H and a € R; see [18]. Furthermore, in a Hilbert space, we have that
22)  2z-y.z—w) = lz—wl®+ly — 2| = fla = 2l* — [ly — w|?

for all z,y, z,w € H. Let C be a nonempty subset of H and let T be a mapping from
C into H. We denote by F(T') the set of fixed points of 7.

Let [*° be the Banach space of bounded sequences with supremum norm. Let
be an element of ([°°)* (the dual space of [°°). Then, we denote by p(f) the value
of wat f = (x1,29,23,...) € [°°. Sometimes, we denote by p,(x,) the value
p(f). A linear functional y on [*° is called a mean if u(e) = ||u|| = 1, where
e=(1,1,1,...). A mean p is called a Banach limit on {*® if p,(zp4+1) = pin(zn).
We know that there exists a Banach limit on [°°. If x4 is a Banach limit on [°°, then
for f = (x1,x9,23,...) € 1%,

liminf z, < p,(x,) < limsup x,.

n—00 n—oo
In particular, if f = (1,29, 23,...) € [*® and z,, — a € R, then we have p(f) =
tn(zn) = a. See [17] for the proof of existence of a Banach limit and its other
elementary properties. Using means and the Riesz theorem, we can obtain the following
result; see [14, 15, 16] and [17].
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Lemma 2.1. Let H be a Hilbert space, let {x,,} be a bounded sequence in H and
let pw be a mean on 1°°. Then there exists a unique point zy € co{x, | n € N} such
that

Mn<$na y> = <207 y>7 vy € H.
3. FIxep POINT THEOREMS

Let H be a real Hilbert space and let C' be a nonempty subset of H. A mapping
T from C into H is called symmetric generalized hybrid if there exist «, 3,7, € R
such that

ol Tz = Tyl +B(lx = Tyl* + [Tz — y*) + vllz — y|*

3.1) , ,
+o(llz = Tz||* + ly — Tyl|") <0

for all x,y € C. Such a mapping 7T is also called («, 3,7, §)-symmetric generalized
hybrid. If a =1, 3 =90 = 0and v = —1 in (3.1), then the mapping 7" is nonexpansive.
Ifa=2 06=—-1and vy = § = 0 in (3.1), then the mapping T  is nonspreading.
Furthermore, if « = 3, 3 =~ = —1 and § = 0 in (3.1), then the mapping 7" is hybrid.
Recently Kawasaki and Takahashi [10] introduced the following nonlinear mapping in
a Hilbert space and they proved a fixed point theorem and a mean convergence theorem
for the mappings. Let H be a real Hilbert space and let C' be a nonempty subset of
H. A mapping T from C into H is said to be widely generalized hybrid if there exist
a, 3,7, 6,&,( € R such that

52 of| Tz — Tyl|?> +8]l — Tyl + 7| Tz — y||*> + 6]z — y|?
+max{ellz — Tz|?, ¢|ly — Ty|*} <0

for any x,y € C. Such a mapping T is called (o, 3,7, 9, €, {)-widely generalized
hybrid. Replacing the variables x and y in (3.2), we have that

[Ty = Tz|* +8lly — Tz|* + 4| Ty — z||* + 6]y — ||

(3.3) ) )
+max{e|ly — Tyl|", ([l — Tz|"} <0.
From (3.2) and (3.3) we have that

20)|Ty — Tz||* + (6 +7)(Ily — Tl* + | Ty — z[|*) + 26[|y — |?

(3.4)
+ max{el|z — Tz, ¢|ly — Tyll*} + max{e|ly — Ty|*, ¢|lz — Tz||*} <O0.

From ||z — Tx|?, ¢|ly — Ty||* < max{e||x — Tx|| ¢||ly — Ty|*}, we have that

(3.5) elle = Ta|* + Clly — Tyl* < 2max{e|z — Tz ¢lly — Ty*}.
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Similarly, we have that
(3-0)  elly=Tyl* +¢llo — Tal|* < 2max{elly — Ty|l*, llo — T[]}
Consequently, we have from (3.4), (3.5) and (3.6) that

2a|| Ty — Txl|> +(B+7)(ly — Tx|* + | Ty — z|1*) + 26|y — ||*
3.7)

1
+5 e+ Ollz — Ta|? + |ly = Tyl*) < 0.

Such a mapping T is symmetric generalized hybrid. We first prove a fixed point
theorem for symmetric generalized hybrid mappings in a Hilbert space.

Theorem 3.1. Let H be a real Hilbert space, let C be a nonempty closed convex
subset of H and let T be an (o, 3,7, 0)-symmetric generalized hybrid mapping from
C into itself such that the conditions (1) a +260+~v >0, Q) a+ 8+ > 0 and
(3) 0 > 0 hold. Then T has a fixed point if and only if there exists z € C such that
{T"z :n =0,1,...} is bounded. In particular, a fixed point of T is unique in the
case of o+ 20 4+ v > 0 on the condition (1).

Proof.  Suppose that T" has a fixed point z. Then {T"z : n =0,1,...} = {2}
and hence {T"z : n = 0,1,...} is bounded. Conversely, suppose that there exists
z € C such that {T"z : n =0,1,...} is bounded. Since T is an («, (3, v, §)-symmetric
generalized hybrid mapping of C' into itself, we have that

of| T = T2 + B(llw — T e||* + | T — T"2[|*) + vllo — T"2 |
+ (e — T+ Tz — T 22) < 0

for all n € NU{0} and =z € C. Since {T™z} is bounded, we can apply a Banach limit
p to both sides of the inequality. Since || Tz — T"2||? = p,||Tx — T™ 2|2 and
pn||x — T12]|2 = pp ||z — T"2||?, we have that

(@ + B)pnll Tz = T"2|* + (B + 7) pnllz — T"2|?
+6(||z — Tx||* + pn|| T2 — T 2||?) < 0.
Furthermore, since
pnl|Te = T||? = ||T2 — |* + 2pn(T2 — 2,2 = T"2) + pin |l — T"2P?,
we have that
(a+ B8+ )Tz — z|® + 2(a+ B pn(Tx — x, 0 — T"z)

+ (@ + 28+ ) pnllz = T2||? + 6| T2 = T 2|12 < 0.
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From (1) o+ 26+~ > 0 and (3) 6 > 0, we have that
(3.8) (a+ B+0)|Tx — z||> + 2(a + B pn(Tx — x,x — T"z) < 0.

Since there exists p € H from Lemma 2.1 such that

pn(y, T"z) = (y,p)
for all y € H, we have from (3.8) that
(3.9) (a+ B+ 0)||Tx — z|* + 2(a+ B)(Tx — z,z — p) <O0.
Since C is closed and convex, we have that
peco{T"x:neN} CC.
Putting x = p, we obtain from (3.9) that
(3.10) (a+ B+ )Ty —p|* <0.

We have from (2) o+ 8+ 6 > 0 that ||Tp — p||> < 0. This implies that p is a fixed
point in 7.

Next suppose that oo + 23 + v > 0. Let p; and py be fixed points of T". Then we
have that

o[ Tpy — Tpal” + B(|lp1 — Tpa||* + | Tpr — p2|1?) +7llp1 — p2|®
+6(|lpr — Tp1|* + |lp2 — Tp2||*) <0

and hence (o + 23+ 7)||p1 — p2/|? < 0. We have from o + 23+~ > 0 that p; = ps.
Therefore a fixed point of 7" is unique. This completes the proof. ]

As a direct consequence of Theorem 3.1, we obtain the following theorem.

Theorem 3.2. Let H be a Hilbert space, let C be a nonempty bounded closed
convex subset of H and let T be an («, 3,7, §)-symmetric generalized hybrid mapping
from C into itself such that the conditions (1) a+28+~v >0, Q) a+ 8+ >0 and
(3) 0 > 0 hold. Then T has a fixed point. In particular, a fixed point of T is unique
in the case of o + 23 + v > 0 on the condition (1).

Using Theorem 3.1, we prove the following fixed point theorem. Before proving
it, we introduce a more broad class of nonlinear mappings which contains the class
of symmetric generalized hybrid mappings. A mapping 7" from C into H is called
symmetric more generalized hybrid if there exist o, 3,7, 9, ¢ € R such that

ol[Ta = Ty|* + B(le = Tyll* + | Tz — y|I*) + ]z - y]*
+6([le = Tz|* + lly = Ty|*) + ¢z —y — (Tz — Ty)|> < 0

for all z,y € C. Such a mapping T is called («, 3, 7, 6, {)-symmetric more generalized
hybrid.

(3.11)
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Theorem 3.3. Let H be a real Hilbert space, let C be a nonempty closed convex
subset of H and let T be an («, 8,7, 6, {)-symmetric more generalized hybrid mapping
from C into itself such that the conditions (1) a+28+v>0, Q) a+5+d+(>0
and (3) 6 + ¢ > 0 hold. Then T has a fixed point if and only if there exists z € C
such that {T"z :n = 0,1, ...} is bounded. In particular, a fixed point of T is unique
in the case of o + 23 + v > 0 on the condition (1).

Proof. Since T : C' — C'is an («, 3,7, d, {)-symmetric more generalized hybrid
mapping, there exist a, 3,7, d, € R satisfying (3.11). We also have that

lz —y = (Te = Ty)|* = ||lz — T + [y — Tyl

(3.12)
—lle = Tyl]” = lly = Tz|* + |z — y|” + | Tz — Ty|?

for all x,y € C. Thus we obtain from (3.11) that

3.13)  (a+OlITz —Tyl* + (8~ Ol — Tyl* + Iz — y||*)
+(+ Ol =yl + (6 + Ol = Tz|* + ly - Tyll*) < 0.

The conditions (1) a« + 28+ v > 0 and (2) o« + 8+ 6§ + ¢ > 0 are equivalent to
(a+Q)+2(8—C)+(v+¢) >0 and (a+¢)+(5—C)+(0+C¢) >0, respectively. Furthermore,
since (3) § + ¢ > 0 holds, we have the desired result from Theorem 3.1. ]

As a direct consequence of Theorem 3.3, we obtain the following.

Theorem 3.4. Let H be a real Hilbert space, let C be a nonempty bounded
closed convex subset of H and let T be an («, (3,7, 6, {)-symmetric more generalized
hybrid mapping from C' into itself such that the conditions (1) a + 26+ v > 0, (2)
a+0B8+6+¢>0and 3) 6+ >0 hold Then T has a fixed point if and only if
there exists z € C such that {T"z : n = 0,1,...} is bounded. In particular, a fixed
point of T is unique in the case of o+ 203 + v > 0 on the condition (1).

The following theorem is an extension of Theorem 3.4.

Theorem 3.5. Let H be a real Hilbert space, let C be a nonempty bounded closed
convex subset of H and let T be an (o, 3,7, 0, ()-symmetric more generalized hybrid
mapping from C' into itself which satisfies the conditions (1) o + 28 +~v > 0, (2)
a+ B+ 6+ ¢ >0 and (3) there exists X € [0,1) such that (o + )N+ 0+ ¢ > 0.
Then T has a fixed point. In particular, a fixed point of T is unique in the case of
a+ 206+~ > 0 on the condition (1).

Proof.  Since T is an («, (3,7, 6, {)-symmetric more generalized hybrid mapping
from C into itself, we obtain that

af| Tz — T2 + B(|le — T 2| + | Tx — T"2|) + yllx — Tz
+0(||lx — Ta:H2 + || 7"z — T”+12H2) +(||(x = Tz) — (T"z — T"+12)H2 <0
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for any n € NU {0} and for any x € C.

Let A € [0,1)N{\: (a+B)A+{+n > 0} and define S = (1-\)T+AI. Since C
is convex, S is a mapping from C' into itself. Since C is bounded, {S"z:n =0,1,...}
is bounded for any z € C. Since A # 1, we obtain that F'(S) = F(T'). Moreover,

from T = 155 — 1251 and (2.1), we have that
1 A 1 A 2
“ <1—AS‘”_1—A‘”)_<1—Asy_1—xy)
1 A 2 1 A
+h x_<1—/\Sy_1—/\y) +B’<1—AS‘”_1—A‘”)_Z/
+7llz - yl?
1 A 2 1 A
+5’x—<1_/\5x—1_/\a:) +5’y—<—1_/\5y——1_/\y)’
1 A 1 A 2
e (e i250) - (- (- 20)
2
= a7 (52 = Sy) = 7= (z —y)
A 2
#| 2yt 50— 250
2
#2500 - 256 0| #ale-ul?
2 1 2
+5H1_/\(a:—Sa:) +5Hﬁ(y—5y)
1 2
+CH1_ $—5$>—m(y Sy)
= —HSw — SylI* + T lle— Sy|?
A
+ius$—yu?+ — 2 (@ +28) +7) o -yl
11—\ 1-\
5+ BA 5§+ BA
+ T aslE = Sell*+ 5lly — Syll®
(1=X)? (1=n)?
+ aA
+ Gl e = 52) = = Su) <.
Therefore S is an (%, T £ <, — 12 /\ (a+208) +7, (i+’?\;\2, (Clt%\,z ) -symmetric more gen-

eralized hybrid mapping. Furthermore, we obtain that
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1f‘A+12_BA+13A—1_A(a+25)+7:a+25+720,
« 8 d+ B (+al  a+B+6+(
2 Tt ooy taye T a0
o+ BA C+a/\_(oz+ﬂ)/\+5+C>0
1-22 (1= (1=  ~7

Therefore by Theorem 3.4 we obtain F'(.S) # 0.
Next suppose that o + 23 + v > 0. Let p; and p, be fixed points of 7. Then

o[ Tpr — Tpal® + B(|lp1 — Tpa2|* + | Tp1 — p2|1?) + llp1 — p2|®
+6(/lp1 = Tp1l* + llp2 — Tp2ll*) + Cll(p1 — Tp1) — (p2 — Tp2)|?
=(a+28+7)|p1—p2)* <0

and hence p; = po. Therefore a fixed point of 7' is unique. [ |

For the case 8 + § = 0 in Theorem 3.5, we have the following theorem.

Theorem 3.6. Let H be a real Hilbert space, let C be a nonempty bounded closed
convex subset of H and let T be an (o, — 3,7, 3, {)-symmetric more generalized hybrid
mapping from C into itself, i.e., there exist a, 3,7, € R such that

[Tz = Ty|* + B(le = Tyll* + | Tz — y|I*) + ]z - y]*

(3.14) ) , ,
—Blz = Tz|" + ly = TylI") + Cllz —y — (Tz = Ty) || < 0

for all x,y € C. Furthermore, suppose that T satisfies the following conditions: (1)
a+284v >0, (2) a+¢ > 0 and (3) there exists A € 0, 1) such that (a+B)\—F+( >
0. Then T has a fixed point. In particular, a fixed point of T' is unique in the case of
a+ 206+~ > 0 on the condition (1).

4. APPLICATIONS

In this section, we prove well-known and new fixed point theorems in a Hilbert
space by using fixed point theorems obtained in Section 3.

Let H be a Hilbert space and let C be a nonempty subset of H. Then T : C — H
is called a widely strict pseudo-contraction if there exists r € R with < 1 such that

|72~ Tyl? < lla — |2+ l|(I — The — (I - Thy|l%, Va,y € C.

We call such T a widely r-strict pseudo-contraction. 1f 0 < r < 1, then T is a
strict pseudo-contraction; see [4]. Furthermore, if » = 0, then 7' is nonexpansive.
Conversely, let S : C — H be a nonexpansive mapping and define 7 : C' — H by
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T = 55+ 21 for all z € C and n € N. Then T is a widely (—n)-strict pseudo-

contraction. In fact, from the definition of 7', it follows that S = (1+n)T —nlI. Since
S is nonexpansive, we have that for any z,y € C,
I(L+ )Tz —nz — (L+n)Ty —ny)||* < [« -yl
and hence
T2 = Ty|? < [lo = ylI* = nll(I = T) — (I = T)y|l*
Using Theorem 3.3, we first prove the following fixed point theorem.

Theorem 4.1. Let H be a real Hilbert space, let C' be a nonempty bounded closed
convex subset of H and let T be a widely strict pseudo-contraction from C' into itself,
i.e., there exists r € R with r < 1 such that

(4.1) T2 = Ty|? < lla =yl +rl|(I = T)a = (I = T)y|l*, Va,yeC.
Then T has a fixed point in C.

Proof.  We first assume that » < 0. We have from (4.8) that for any x,y € C,
42) |72 — Tyl ~ o — yl> = ¥[|(I - T)a — (I - T)yl> < 0.

Then T is a (1,0, —1,0, —r)-symmetric more generalized hybrid mapping. Further-
more, (1) a+28+v=1-12>0,2)a+p+0+(=1-r>0and (3)6+(=—r >0
in Theorem 3.3 are satisfied. Thus 7" has a fixed point from Theorem 3.3. Assume
that 0 < r < 1 and define a mapping 7" as follows:

Sr=Xx+ (1—\NTz, VYxeC,

where 7 < A < 1. Then S is a mapping from C' into itself and F'(S) = F(T). From
Sz = Az + (1 — A\)Tz, we also have that

1 A
Ta:zl_/\Sa:—l_/\a:.

Thus we obtain from (4.8) and (2.1) that

1 A 1 A
> _ _ _
02|52~ 72— ({35 |

J— J— 2_ J— J—
R

= (52— Sy) — 25w )

1
-
= L s sy
TIo AT

~llz=yl* 7]

1—/\‘
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+ sl = (Sa—Sy)lP — Ja -yl
:
—me—y—(Sa:—Sy)W
= se sy - ey 2l —y — (Sz— Sy
T 1o T I YEL R L

Then S is (ﬁ, 0, —li—/\, 0, (1’\_;/\7")2)-symmetric more generalized hybrid. From

1 1 1 A—7T A—r
——+2.0——=0 0 d —=>0
- U e Wi Ry Ve CR VR

MDa+2+~7>0,2Q)a+8+d+¢ >0and (3) 6+ ¢ > 0 in Theorem 3.3 are
satisfied. Thus S has a fixed point in C' from Theorem 3.3 and hence 7" has a fixed
point. This completes the proof. ]

Let H be a Hilbert space and let C' be a nonempty subset of H. Let T be a mapping
of C into H. For u € H and s,t € (0, 1), we define the following mapping:
Sx=te+(1—t)(su+(1—s)Tx)
for all x € C. We call such S a TWY mapping generated by u, T, s,t. Since Sz =
tr + s(1 —t)u+ (1 —t)(1 — s)Tx, we have that for any x,y € C,
1Sz — Syl* = ||tz —y) + (1 = t)(1 - s)(Tz — Ty)||?
= t*llz —ylI* + (1 = )°(1 - 5)°| Tz — Ty|?
+2t(1—t)(1 = s)(z —y, Tz — Ty)
(4.3) = t*[|lz — y|* + (1 - )*(1 - )| Tz — Ty|?
+t(1 =)L = s)(lz = Tyl* + |ly — Tz|?
= |l = T|® ~ |ly — Ty[|*)
= t*[|lz — y|* + (1 — )*(1 - 8)*|| Tz — Ty|?
+t(1 =) (L= s)(|z = Tyl* + lly — Tz||*)
—t(1= )1 = s)(lla = T|* + |y - Tyl?)

Similarly, we have that

lz = Syll* + lly — Sz
= 5(1 =) (lu— |* + [lu - y|I*)
(4.4) = s(1=5)(1 = t)*(Ju = Ta|® + |lu — Tyl*)
=t = )1 = s)([la = T|* + lly = Ty|?)
+ (1 =1)(1 = s) (e = Tyl + lly — Tx[|?) + 2tl|= -y,
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lz = Szl|* + [ly — SylI®
(4.5) = s(1 = t)*([lu —2® + [lu — yl*)
—s(L—=s)(1 = t)*(lu—Ta|® +|lu— Ty|*)
+(1=5) 1 = t)*(llz = Tzl* + [ly — Tyl).
We also have that
Iz —y — Sz — Sy)||?
(4.6) =(1—-s)(1 = t)*(Jz = Tz|* + lly - Tyl*)
— (L=s)(1 = 0)*(|lz = Tyl* + [ly — Tz[|*)
+ (L= 1)z —yl® + (1 = )*(1 - 5)?|| Tz — Ty|*.
Using (4.4) and (4.5), we have that
lz = Sz||* + [ly — Sy|I* — [l = Syll* — [ly — Sz||?
4.7) =1 =)A= t)(lla = T+ lly - Tyl
— |z = Tyl* = lly = Tx||*) - 2t]| - y||>.
Using (4.3) and (4.7), we have the following theorem.

Theorem 4.2. Let H be a real Hilbert space, let C be a nonempty bounded closed
convex subset of H and let T be a widely strict pseudo-contraction from C' into itself,
i.e., there exists r € R with r < 1 such that

(4.8) T2 = Ty|? < llz = yll* +rl| (I = T)a = (I = T)yll*, Va,y e C.

Let uw € C and s € (0,1). Define a mapping U : C — C' as follows:
Ur=su+ (1—-s)Tx, VYxeC.

Then U has a unique fixed point in C.

Proof. Since T is a widely r-strict pseudo-contraction from C' into itself, we have
that for any x,y € C,

Tz = Tyll* = o = yl|* = rllz -y = (Te = Ty)|[* < 0.

If r <0, then T is a nonexpansive mapping. Therefore U is a contractive mapping.
Using the fixed point theorem for contractive mappings, we have that U has a unique
fixed point in C. Let 0 < r < 1. Since
lz =y — (Te = Ty)|I> = [l = Tz|* + ||y — Tyl
—lle = Tyl® = lly — Tz|* + |l — yl* + | Tz — Ty|?,
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we have that

(1= r)|T2 = Tyl = A+ )]z —y?

= r(|lx = Ta|* + [ly = Tyl* - | = Tyl* — lly — T=|*) < 0.

For u,T and s,r € (0,1), define a TWY mapping S as follows:
Sx=rz+(1-r)(su+(1—-s)Tz), VzeC.

Then we have from (4.3) that

1 r2
- Sr—SuyllPe — |z —ll?
A=ma—sp =5 - gyl vl
r
+ 7 (lz =Tzl + ly = Tyl* = o = Ty|* = lly = T[|*)
— (L+7) ]z -yl

= r(llx = Tz|* + [ly = Tyll* - |l = Tyll* — lly — Tz||*) < 0.

We have from (4.7) that

2

TS = S - gl — vl
- mwx— Sz|? + ly — Syl* — Iz — Sy|* — Iy — Sz|1?)
b el ol = (1 e =l
~ e = el = Sl = e = Syl = 1y = S
- el =l <0
and hence
T ElSe - sl

rs

- m(“x = Syl* + lly — Sz[?)

2 2
( r

J1=s)?  (1=r)(1-s)

rs

TN

7 (e = Sz|* + |ly — Syll*) < 0.
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For this inequality, we apply Theorem 3.2. We first obtain that

1 2rs r? 1—s+7r%1+5s)

I—nN(0=5° (0=—nl-92 (1-n(-9? (-n(-9
_s(Q+r)2-s1—-r))

> 0.
(1—7)(1—s9)?
Furthermore, we have that
1 rs rs _ 1 >0
(1-ry(1—-s)2 (1—7~)(1—s)2+ (1—r)(1—s)2 - (1—r)(1—s)2 ’
" 5y
(1-r)(1—s)2 "~

Thus S has a unique fixed point z in C' from Theorem 3.2. Since z is a fixed point of
S, we have z =rz+ (1 —r)(su+ (1 — s)Tz. From 1 — r # 0, we have that

z=su+(1—9)Tz.

This completes the proof. u
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