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Abstract

In this paper, we apply a fixed point theorem to the proof of Hyers—Ulam—Rassias stability property for
isometries from a normed space into a Banach space, in which the parallelogram law holds.
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1. Introduction

Let (E,dg) and (F,dF) be metric spaces. A mapping [ : E — F is called an isometry if /
satisfies

dr(1(x), 1(y)) =dE(x,y)

forall x,y € E.
Extending the definition by D.H. Hyers and S.M. Ulam [13], we may call a mapping
f:E — F an ¢-isometry if f satisfies the inequality

ldr (£, fO)) —de(x, y)|<e (%)

for all x, y € E. The question is whether ¢ being small implies the existence of an isometry /
such that dist(f, I) = sup{dr(f(x), I(x))} is small. If the answer to this question is affirmative,
then we may say that the stability problem for isometries between (E, dr) and (F, dF) is stable
in the sense of Ulam.
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In [13], Hyers and Ulam proved the stability property for surjective isometries between real
Hilbert spaces. Indeed, they proved that if a surjective mapping f: E — E, where E is a real
Hilbert space, satisfies f(0) =0 as well as inequality (x) for some ¢ > 0 and for all x,y € E,
then there exists a surjective isometry / : E — E such that || f(x) — I (x)|| < 10¢ forall x € E.

This result was further generalized by D.G. Bourgin [4], who proved the following theorem:
Assume that E is a Banach space and that F belongs to a class of uniformly convex spaces
which includes the spaces L, (0, 1) for 1 < p < co. If a mapping f: E — F satisfies f(0) =0
as well as inequality (x) for some ¢ > 0 and for all x, y € E, then there exists a linear isometry
I:E — F suchthat || f(x) — I (x)| < 12¢ foreachx € E.

Subsequently, Hyers and Ulam [14] studied a stability problem for spaces of continuous
mappings: Let 1 and Sy be compact metric spaces and C(S;) denote the space of real-valued
continuous mappings on S; equipped with the metric topology with || - ||c. If a homeomorphism
T :C(S1) — C($y) satisfies the inequality

T =T@]—If—gllo| <e (s3k)
for some ¢ > 0 and for all f, g € C(S]), then there exists an isometry U : C(S1) — C(S2) such
that |T(f) — U(f)lloo < 21e for every f € C(S7).

This result of Hyers and Ulam was significantly generalized by D.G. Bourgin again (see [5]):
Let S7 and S, be completely regular Hausdorff spaces and let 7' : C(S1) — C(S2) be a surjective
mapping satisfying inequality (xx) for some ¢ > 0 and for all f, g € C(S7). Then there exists a
linear isometry U : C(S1) — C(S2) such that ||T(f) — U(f)|lco < 10¢ for any f € C(Sy).

The study of stability problems for isometries on finite-dimensional Banach spaces was con-
tinued by R.D. Bourgin [6].

In 1978, PM. Gruber [12] obtained an elegant result as follows: Let E and F be real normed
spaces. Suppose that f: E — F is a surjective mapping and it satisfies inequality () for some
& > 0 and for all x, y € E. Furthermore, assume that / : E — F is an isometry with f(p) = I(p)
for some p € E. If || f(x) — [ (x)|| = o(]lx]]) as ||x]|| — oo uniformly, then [ is a surjective
linear isometry and || f(x) — I(x)|| < 5¢ for all x € E. If in addition f is continuous, then
|l f(x)—I(x)|]| <3ecforallx € E.

J. Gevirtz [11] established the stability property for isometries between arbitrary Banach
spaces: Given real Banach spaces E and F, let f: E — F be a surjective mapping satisfy-
ing inequality (x) for some ¢ > 0 and for all x, y € E. Then there exists a surjective isometry
I:E— Fsuchthat || f(x) — I(x)] <5¢foreachx € E.

Later, M. Omladi¢ and P. Semrl [21] obtained a sharp stability result for ¢-isometries. Indeed,
they proved that if a surjective mapping f: E — F satisfies f(0) =0 as well as inequality (*)
for all x,y € E, where E and F are real Banach spaces, then there exists a unique surjective
linear isometry [ : E — F such that || f (x) — I (x)|| < 2¢ for any x € E. The upper bound 2¢ is
sharp even in the case that £ = F' is an n-dimensional real Hilbert space,n =1,2, ....

On the other hand, G. Dolinar [9] proved the superstability property for isometries. In fact,
he proved that for p > 1 every surjective (g, p)-isometry f : E — F between finite-dimensional
real Banach spaces is an isometry, where a mapping f : E — F is called an (g, p)-isometry if f
satisfies the inequality

£ = FO = llx = yll| <ellx = y11?
for some ¢ > 0 and for all x, y € E. (One may refer to [9,26] for more exact definition of (g, p)-
isometry.)
For more general information on the stability property for isometries and related topics, refer
to [1-3,10,15-17,19,23-25,27-30].
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Recently, L. Cadariu and V. Radu [8] applied the fixed point method to the investigation of the
Cauchy additive functional equation (refs. [7,22]). Using such an elegant idea, they could present
a short and simple proof for the Hyers—Ulam stability of that equation.

In this paper, we apply the fixed point method to the proof of Hyers—Ulam—Rassias stability
property for isometries whose domain is a normed space and range is a Banach space in which
the parallelogram law holds.

2. Preliminaries

Let X be a set. A functiond : X x X — [0, oo] is called a generalized metric on X if and only
if d satisfies

M) d(x,y)=0if and only if x = y;
M) d(x,y)=d(y,x) forall x,y € X;
M3) d(x,z) <d(x,y)+d(y,z) forallx,y,z€X.

Note that the distinction between the generalized metric and the usual metric is that the range of
the former is permitted to include the infinity.

Let (X, d) be a generalized metric space. An operator A: X — X satisfies a Lipschitz condi-
tion with Lipschitz constant L if there exists a constant L > 0 such that

d(Ax, Ay) < Ld(x, y)

for all x, y € X. If the Lipschitz constant L is less than 1, then the operator A is called a strictly
contractive operator.

We now introduce one of fundamental results of fixed point theory. For the proof, we refer
to [20].

Theorem 2.1. Let (X, d) be a generalized complete metric space. Assume that A:X — X is
a strictly contractive operator with the Lipschitz constant L < 1. If there exists a nonnegative
integer k such that d(A*T'x, A*x) < oo for some x € X, then the following holds true:

(a) the sequence { A"x} converges to a fixed point x* of A,

(b) x* is the unique fixed point of A in
X*={yeX|d(Akx,y) <oo};

(c) ify € X*, then

1
* _
d(y,x )< 1_Ld(Ay,y).

3. Main results

Throughout this section, by K we denote either R or C, where R is the field of real numbers
and C is the field of complex numbers.

In the following theorem, by applying the fixed point method (Theorem 2.1), we will prove
the Hyers—Ulam—Rassias stability property for isometries from a normed space over K into a
Banach space over K in which the parallelogram law holds.
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Theorem 3.1. Let E| be a normed space over K and let Ey be a Banach space over K in which
the parallelogram law holds. Assume that §: E1 — [0, 00) is an even function such that there
exists a constant L (0 < L < 1) with

§(2x) <2L*8(x) forall x € Ey,

x|l < L2 (x) forall x € Ey with ||x|| < 1, (@Y)

x|l > L%8(x) forall x € Ey with ||x|| > 1,

and that
. 1

nlingo 58(2")5) =0 2)
forall x € Ey. If a function f: E1 — Ej satisfies

£ = F] = llx =yl <8x = y) 3)
forall x,y € Ey, then there exists an isometry I : E1 — E, such that

14 L7
[ = fO - I®] <7 v ® @

forall x € Eq, where

o m{nxnw(x)} for x|l <1,
_x =

L V/Tx T8 (x) for x| > 1.

The I is the unique isometry satisfying both (4) and I (2x) =21 (x) for every x € E.

Proof. First, we will prove that

¥ (2x) <2LY(x) &)

forall x € Eq.If ||x]| > 1, then (5) immediately follows from the first condition of (1). If ||x|| < %,
then the first and second conditions of (1) imply that

LY@ = P2 > P (L5 — ) > el (L28(x) — [x]) > 0.
V1+2L? V1+2L?
Now, let % < |lx|l < 1, 1.e., ||2x]|| = 1. It then follows from the first two conditions of (1) that
1 2 1
mlﬂ(h) = mﬁIIZXIIS(ZX)

1
< ﬁIIXIIS(X)

1 2
= 1) B —— 8
T I8 + T s

1 2
<——8(x)? 8
1+2L2 )7+ 14+2L2 €8 ¢x)
1 2
<— 8
1+2L2{||x||+ 0}
=y (x)?

for all x € E;.
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Let us define
X ={h:E; — E»| h(0)=0}
and introduce a generalized metric on X as follows:
d(hy, hy) =inf{C € [0, 00] | | A1 (x) — ha(x)|| < C¥r(x) for all x € E;}.
Then, it is easy to show that (X, d) is a generalized complete metric space (see the proof of [18,

Theorem 3.1] or [8, Theorem 2.5]). We now define an operator A: X — X by

1
(Ah)(x) = 5h(2x) forallhe X and x € E].

We assert that A is a strictly contractive operator. Given A1, hy € X, let C € [0, oo] be an
arbitrary constant with d(#1, hy) < C. From the definition of d, it follows that

[1() = ha(0)| < Cyrx)
for each x € Ej. By the last inequality and (5), we have

1 1
| (AR (x) = (Ah2)(x) | = §||h1(2X) —hy(2x)| < SCV ) S CLY ()

for all x € E1. Hence, it holds that d(Ah, Ahy) < CL, i.e., d(Ahy, Ahy) < Ld(hy, hy) for any
hi,hyeX.
If we set g(x) = f(x) — f(0) for any x € E1, then it follows from (3) that

[lg@) — g = llx = yll| <8¢x —y) (6)

forall x,y € Ej.
Now, we can apply the parallelogram law to the following parallelogram

(Ag)(x) — g(x)

(Ag)(x)

and we conclude that
2[(A9)x) — g @) |” + 2| (A (®) | = 2(A9) ) — g ) |* + | e ) |

for any x € Ey. Thus, since (Ag)(x) = % g(2x), it follows from the last equality and (6) that
1
2 (A0 —s@)|* = g2 @ |” = S |s@0)|” + [s)]?

1
<2l +sw) - S0’ @

for each x € E|.
If ||x|| < 1, then it follows from (7) that

2 (Ag)(x) — g |” < 2{lxll + 8(x))
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or equivalently,

[(A2)(x) — g(0)| < V1I+2L2 ¢ (x) ®
for all x € E| with || x| < 1. If ||x|| > 1, then it follows from (1), (6) and (7) that

1
2] (Ag)(x) — g || < 2{lxll + 8(x0))* — 3 leo|?
1
2 ||x||+6(x)}2—5{||2x|| —s@n)’

<

1
<2{llxll +80)) - 5 {21l — 2125(x)}
<

{
{

4(1+ L2 x 18 (x) +2(1 — L8 (x)?
(

4(1+ L2)||x||8(x) + 21 L lx]]8(x)
1.2
14 L2\?
- 2( - ) I8 ).
Hence, it holds that
[(Ag)(x) — g(®)|| < (14 L)y (x) )
for all x € E1 with ||x| > 1. In view of (8) and (9), we conclude that
d(Ag,g) <1+ L% (10)

According to Theorem 2.1(a), the sequence {A" g} converges to a fixed point / of A, i.e., if
we define a function 7 : E1 — E; by

I(x)= lim (A"g)(x) = lim_ 21,1g(2”x) (11
for all x € Ey, then I belongs to X and [ satisfies
I (2x) =21(x) (12)
for any x € E. Moreover, it follows from Theorem 2.1(c) and (10) that
d(g. 1) < ;d(/\g,g) < 1+—L2
1-L 1-L

i.e., inequality (4) holds true for every x € Ej.

If we replace x by 2"x and y by 2"y in (6), if we divide by 2" both sides of the resulting
inequality, and if we let n go to infinity, then it follows from (2) and (11) that / is an isometry.

Finally, it remains to prove the uniqueness of /. Let J be another isometry satisfying (4) and
(12) in place of 1. If we substitute g, I, and O for x, x*, and k in Theorem 2.1, respectively, then
(4) implies that d(Akg, J) =d(g,J) < % < 00. Hence, J € X* (see Theorem 2.1 for X*).
By (12), we further have J (x) = L702x)=(AJ)(x) forallx € E}, ie., J is a ‘fixed point’ of A.
Therefore, Theorem 2.1(b) implies that / = 1. O

We notice that the parallelogram law is specifically true for norms derived from inner prod-
ucts. It is also known that every isometry from a real normed space into a real Hilbert space
is affine (see [1]). Since the isometry [ satisfies 7(0) = O (see the proof of Theorem 3.1), the
following corollary is a consequence of Theorem 3.1.
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Corollary 3.2. Let E| be a real normed space and let E> be a real Hilbert space. Given any

0 < p < 1, choose a constant € with 1 < ¢ < 2'7P and define a function 8 : E{ — [0, 00) by
§(x) =e¢llx|lI”

for all x € Ey. If a function f:E| — E> satisfies inequality (3) for all x,y € E, then there

exists a unique linear isometry I : E1 — E» such that
1+¢

[ £ = fO —1(0)] < P

¥ (x)

forall x € Eq, where

Y= LSl +elx?) forllxll <1,

Ltp
ellx| = for x| =1

Proof. From the assumption 1 < ¢ < < 21=P it follows that 27 — % <0.If weset L = %f then
we get

2
§(2x) —2L%8(x) = <2" - —)ellxll” <0
I

and

> llxll for [lx| <1,

2 — P
L3 = x| {<||x|| for Jx|| > 1.

That is, & satisfies all the conditions in (1). Moreover, it holds that

lim i8(2’1 ) 11

P —
n—oo0 2N m 2"(1 p) ”x” =0

forall x € Ej.
In view of Theorem 3.1 and the argument given just above this corollary, we conclude that
our assertion is true. O

As we did in the proof of Theorem 3.1, we also apply Theorem 2.1 for proving the following
theorem.

Theorem 3.3. Let E| be a normed space over K and let E; be a Banach space over K in which
the parallelogram law holds. Assume that §: E1 — [0, 00) is an even function such that there
exists a constant L (0 < L < 1) with

28(x) < L?8(2x) forall x € Ey,

x|l = 8(x) for all x € Ey with ||x|| <1, (13)

x|l < L2 (x) forall x € Eq with || x|| > 1

and

) 1
lim 2"8 —x | =0
n— 00 on
for all x € Ey. If a function f:E| — E> satisfies inequality (3) for all x,y € E, then there
exists an isometry I : E1 — E; such that inequality (4) holds true for all x € E1, where
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IIXIIS(X) Jor x|l <1,

Y(x)= (x|l +8)}  for |lx|| =

A1+ 2Lz

The I is the unique isometry satisfying both (4) and I (2x) =21 (x) for every x € E|.

Proof. If ||x|| > 1, then it follows from the first and third conditions of (13) that

EW(x)—;{EIIxIHEB(x)}
L™ J1+2r2|L L
1 1
< —31—12 L5(2
m{Lll x| + (x)}
1 1
=ﬁ[{”zx”+3(2X)}+(1—L){Z||2x||—5(235)”
1—-L
<YQx) + ———{L52x) — 82
wu>+m{ (2x) — 5(2x)}
<Y (2x).

If ||x|| < 3, then it follows from the first condition of (13) that

2
7Y@ =7 \/ X118 (x) < ,/ IXI|—5(ZX)—1lf(2x)

Now, assume that 1 < |lx|l < 1. By (13), we have

4 2
V& =773 IIXIIS(X)

L2 L
< EII2XII5(2X)

2
=—|2x||6(2 —12x||6 (2
a2 IS0 + s

8(2x)% +

[12x18(2x)

S 14212 1+4+2L2

2
< 1_FW{”Z)C” + 5(2X)}

=20
Consequently, we have proved that
L
Y (x) < S¥(2x)

for each x € E;.

(14)

We introduce the same definitions for X and d as in the proof of Theorem 3.1 such that (X, d)

becomes a generalized complete metric space. Let us define an operator A: X — X by

1
(Ah)(x) = 2h<§x> forallh e X and x € Ej.

As we did in the proof of Theorem 3.1, we can similarly show that A is a strictly contractive

operator. More precisely, it holds that d(Ahy, Ahy) < Ld(hy, hy) for any hy, hy € X.
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If we set g(x) = f(x) — f(0) for all x € Eq, then we get inequality (6) for any x,y € E7.

Let us apply the parallelogram law to the parallelogram

to get
2

1
[(A9)0) = s@)|* + g0]* = 2”g(5x) — )

2 1
2 —
for any x € E1. Using the last equality and (6), we have

2 1 2
* Hg@

1 1\)> 1 )
<2 5||x||+a(§x> —§||g(x)||

2

1
e

1 2 1
3 [(Ag)(x) —g0)||” = Hg<EX) —g(x)

for every x € E;. If || x|| < 1, then it follows from (6), (13) and (15) that

1 5 1 1\)* 1
o =gl <2+ 30) | = 5= s
1 L2 2
<25 lxll+ —8(0) 5{||x||—8<x>}

L)l + 5 (L~ 1502

(1
(1+ L) Ix[18(x)
2

<
< 2[[x 18 (x).

Thus, we conclude that

l(Ag)(x) — g(x)| <2Ly (x)

for all x € E| with ||x] < 1.
On the other hand, if ||x|| > 1, then it follows from (15) that

a P <o Lperes( )]
sl - el <2 gimi+5(50) |

Hence, by the above inequality and the first condition of (13), we obtain

|KA@Uﬂ—g@H|IMH+28( ) lxll +8(x) = V1 + 2L ¥ (x)

(15)

(16)

a7
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for any x € E| with ||x|| > 1. Combining (16) and (17), we conclude that
d(Ag, g) <max{2L,v/1+2L2} <1+ L% )

Due to Theorem 2.1(a), the sequence {A”"g} converges to a fixed point I of A, i.e., if we
define a function 7 : E; — E» by

. . 1
160 = im (4%5)) = fim 7 5:)

forall x € Ey, then I belongs to X and I satisfies equality (12) for any x € E1. By Theorem 2.1(c)
and (18), we get
1+12

1
d@. < —7dA8. )< T

which implies the validity of (4) for all x € Ej.
Analogously to the proof of Theorem 3.1, we can easily show that / is a unique isometry with
the properties (4) and (12). O

The following corollary is a consequence of Theorem 3.3.

Corollary 3.4. Let E;| be a real normed space and let Ey be a real Hilbert space. For a given
p > 1, choose constants €1 and e, with) < g1 <1, 1 <& < 2P~ and define a function 6 : E1 —
[0, 00) by
etllxll? for x|l <1,
o(x) =
0 {82||X||P for el > 1.
for all x € Ey. If a function f:E| — E, satisfies inequality (3) for all x,y € E|, then there
exists a unique linear isometry I : E1 — E> such that
14 1)
fx) = f(0) —I(x) —W(X)
| <

for all x € Ey, where

Lip
Ve x|z for|lx|l <1,

Y(x)=
L lxl + e20x17) - for lx)l > 1
Proof First, we set L = \/LE_Z Since 1 < &3 <2771 it holds that zp >2.If x € E| is given with
x|l < 5, then
L%8(2x) —28(x) = 2)81||x||” > 0.

If x € E| satisfies ||x]| > 1, then we get
2 2P
L78Q2x) —28(x) = (— —2)82||x||” > 0.
&2

For % < |Ix|l < 1, we obtain

L*8(2x) —28(x) = (27 = 2¢1) Ix|I” = (27 = 2)[Ix||” > 0.
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Hence, § satisfies the first condition of (13).
Besides, § satisfies

5() erllxll? < llx |l for ||x|l <1,
X)= 1
eallxll” = x|l for x| > 1.

Therefore, § satisfies all the conditions in (13).
Moreover, we see

lim 2na<ix> — lim —_x|” =0
n—00 on n—oo0 2n(p—1)
forany x € E.

Subsequently, we can now apply Theorem 3.3 to the verification of the corollary. In partic-
ular, the uniqueness of I follows from the fact that every isometry / from a real normed space
into a real Hilbert space with 7(0) = 0 is linear (see the statement between Theorem 3.1 and
Corollary 3.2). O
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