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Abstract. We use the fixed point alternative theorem to prove that, under suitable con-
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1. Introduction

Let X and Y be Banach spaces and € > 0. A mapping f : X — Y is called an
approximate isometry, or an e-isometry if | ||f(z) — f(v)|| — ||z — y|| | < € for all
xz,y € X. The question is whether € > 0 being small implies the existence of an
isometry I which is close to f. If the answer is affirmative, then we say that isometries
are stable in the sense of Ulam. The first positive answer toward the solution of the
problem was given by Hyers and Ulam [12] who proved that each e-isometry from
a Hilbert space onto itself can be uniformly approximated by an isometry within a
distance of ke, for some k& > 0. In [13], they also solved the problem for mappings
on the space of continuous functions over a compact metric space. In 1983, Gevirtz
[10] showed that every surjective e-isometry f : X — Y with f(0) = 0, where X
and Y are real Banach spaces, can be uniformly approximated by a linear isometry
U such that ||f(z) — U(x)|| < 5e for each x € X. Omladic and Semrl [18] showed
that 2¢ is a sharp constant in the latter inequality.

The problem of isometries and its variants have been considered by many authors
from different points of view (see e. g. [1, 6, 7], [9]-[14],[19, 22] and the references
therein).

Hilbert C*-modules are objects like Hilbert spaces except that the inner product
takes its values in a C*-algebra. Let E and F' be Hilbert C*-modules over a C*-
algebra A. A mapping U : E — F is called an isometry (or an A-valued isometry)
if

|U(x) = U(y)| = |z -y

holds, where |- | denotes the A-valued norm.
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In this paper we consider the Hyers-Ulam stability for the above functional equa-
tion. In fact, we use the fixed point alternative theorem to show that if £ and F
are Hilbert C*-modules over a C*-algebra A and f : F — F satisfies the inequality

HF@) =Wl = e =yl [l <elzy) (2,5 € E) (1)

then under suitable conditions on ¢ : E x E — [0,00), there is a unique isometric
mapping U : F — F, which suitably approximates f.

2. Preliminaries

In 1953, Kaplansky [15] initiated the notion of a Hilbert C*-module as a generaliza-
tion of a Hilbert space in which the inner product takes its values in a C*-algebra.
It turned out that the notion of Hilbert C*-module has many applications [16].

Definition 1. Let A be a C*-algebra. An inner product A-module is a linear space
E which is a right A-module with compatible scalar multiplication:

AMza) = (Ar)a=2(Ma) (A€C,z € E,ac A),

together with a map
(z,y) —(z,y) : ExE— A

such that for each x,y,z € E, o, € C and a € A,
(1) (z,ay + Bz) = alz,y) + Bz, 2),
(ii) (x,ya) = (x,y) a,
(i) (x,y)* = (y,2) ,
(iv) (x,z) >0 and the equality holds if and only if x = 0.

It is easy to observe that ||z|| = ||(z, z)|| defines a norm on E. An inner product A-
module which is complete with respect to the norm ||z|| is called a Hilbert A-module
or a Hilbert C*-module over the C*-algebra A. The notion of a left Hilbert A-module
can be defined similarly. By (iv), (x,z) is a positive element of the C*-algebra A,
hence the A-valued norm |z| = (x,z)? exists. The A-valued norm | . | is a useful
device but it needs to be handled with care. For example, it need not be the case
that |z + y| < |x| + |y| for each z,y € E.

Example 1. Every C*-algebra A is a Hilbert A-module under the A-valued inner
product
(a,b) = a™b (a,be A).

Example 2. FEvery complex Hilbert space is a left Hilbert C-module.
We refer the reader to [16] for basic properties of Hilbert C*-modules.

Definition 2. The pair (X,d) is called a generalized complete metric space if X is
a nonempty set and d : X* — [0, 00] satisfies the following conditions:
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(a) d(z,y) > 0 and the equality holds if and only if x =y,
(b) d(z,y) = d(y,z),
(¢) d(z,2) < d(z,y) + d(y, 2),
(d) every d-Cauchy sequence in X is d-convergent.

Note that the distance between two points in a generalized metric space is per-
mitted to be infinity.

Definition 3. Let (X,d) be a generalized complete metric space. A mapping A :
X — X satisfies a Lipschitz condition with Lipschitz constant L > 0 if

d(A(x),Aly)) < Ld(z,y) (z,y € X).
If L <1, then A is called a strictly contractive operator.

In 2003, Radu [20] employed the following result, due to Diaz and Margolis [8],
to prove the stability of a Cauchy functional equation. Using such an elegant idea,
several authors applied the method to investigate the stability of some functional
equations, see [2]-[5], [14, 17, 20, 21].

Proposition 1 (The fixed point alternative principle). Suppose that a complete
generalized metric space (€,d) and a strictly contractive mapping J : € — & with the
Lipschitz constant 0 < L < 1 are given. Then, for a given element x € £, exactly
one of the following assertions is true:

either

(a) d(J"z, J" z) = co for allm >0 or

(b) there exists some integer k such that d(J"x, J" 1) < oo for all n > k.
Actually, if (b) holds, then the sequence {J"x} is convergent to a fixed point x* of
J and

(b1) x* is the unique fized point of J in F := {y € €,d(J*x,y) < 0o};

(b2) d(y,z*) < % forally € F.

Remark 1. The fized point x*, if it exists, is not necessarily unique in the whole
space E; it may depend on . Actually, if (b) holds, then (F,d) is a complete metric
space and J(F) C F. Therefore properties (b1) and (b2) follow from ”The Banach
Fized Point Theorem”.

3. Main results

Throughout the rest of the paper, we assume that £ and F' are Hilbert C*-modules
over a C*-algebra A. A function f: F — F is said to be p-approximately isometric
if (1) holds.

Lemma 1. Let ¢: E x E — [0,00) and f : E — F be such that

N f@) = f@)P = [e—ylP || < d(z,y) (z,y€E). (2)
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Suppose that
lim 22”27 "2,27"y) =0 (x,y € E),

and for each x € E,
2¢(27'z) < Lip(x) (3)
where 0 < L < 1 and

Nl

(o) = (6(22,0) + 2 6(2,20) +2 6(2,0)) " (v € B). (4)
Then there exists a unique isometry U : E — E such that

Ly (x)

17) = J0) - V@)l < 57

(r e E) (5)
and
U2 "z)=2""U(z) (z€E,neN). (6)

Proof. By replacing f by fi = f — f(0), we can assume that f(0) = 0. By substi-
tuting y by 0 and 2z in (2), we see that

| 1f(@)? = |2?|| < ¢(,0) (7)
and
| 1f(22) = f(@)]? = |2 || < ¢(z, 22) (8)
for each x € E. By replacing x by 2z and y by 0 in (2), we see that
| [f22)* — 4| || < ¢(22,0) (2 € E). (9)
Since
|f(z) = f(22)]* = (f(z) — f(22), f(z) - f(22))
= f22) + |f(@)]? = ((f(2), f(22)) + (f(22), f(2))) (z € B),

2f(2) = £(22)* = (2f(2) = f(22),2f(2) — f(22))

o) +1f22)]* = 2((f(2), f(22)) + (f(22), f(2)))
2z) — f(2)* +2|f (@) — | f(22)[”

(1f(22) = f(@)]* = |=f*)

+2(|f (@) = [2*) = (If 22)]* — 4f2*) (v € B).
Therefore by (7), (8) and (9), we have

12f () = Fa)|I* = || [2f (=) — f(22)[* ||
<2l [f(2x) = f(@) = |2* || + 2] |f(@)* = |=[* |
H| [ f(22) — 4]zl |
<2 ¢(x,2x) + 2 ¢(x,0) + ¢(22,0) (z € E).
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Hence
12f(z) = f(22)|| < (z) (v € E). (10)
Define
E={g: E— F:g(0)=0}
and

d(g,h) =inf{a > 0:||g(z) — h(z)|| < ap(x),Vz € E} (g9,h €E).

Then (&, d) is a complete generalized metric space (see [20] for details). Let J : € — &
be defined by J(g)(x) = 2g9(271z) for each x € E. We have

lg(2) = h(@)[| < d(g, )¢ (x) (z € E).

Therefore for each = € F,

17(9)(z) = J(h)(@)]] = [129(27 &) = 2h(27 " 2)[| < 2d(g, h) (27 x) < Ld(g, h)y ().

Hence

d(J(g),J(h)) < Ld(g,h) (g,h € E).
Therefore J : £ — £ is a strictly contractive mapping with the Lipschitz constant
0 < L < 1. By (3) and (10), |[J(f)(z) — f(z)|| < £(z) for each z € E. This
means that d(J(f), f) < Z. Therefore, by Proposition 1, J has a unique fixed

point U : E — F in the set § = {g € € : d(J(f),g) < oo} which is defined by
U(z) = limy, 00 2" f(27"x) for each z € E and

a(f, J(f) . L
1-L —20-1)

a(U, f) <

Hence, by the definition of d, (5) holds. We have

U@ ™"z) = lim 2mf(2-"mg) = Jim 279k f(27F )

m—0o0

27"U(x) (z € E,neN).
This proves (6). Since

11U(2) = U@P = e —yl” || = lm || [2"f(27"2) =272 7"y)* — o~y |
< lim 22"¢(27"2,27"y) =0 (2,y € E),

n—oo

we have
U(z) -U@)| =z -yl (z,y€E).
Let U’ : E — F be an isometry such that

Ly(x)

(z € E),

and
U2 "z)=2""U'(z) (xeE,neN).
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Then by the triangle inequality

V() - U'(@)]) < 2@

<T-71 (r € E).

Therefore for each x € F and n € N, we have

|U(z) = U'(2)]| = 2"(|U(2"2) = U'(27"2)]|
_ L2myp(2-ma)
- 1-L
_ L)

<97 (n € N).

Since L < 1, the last term of the above inequality tends to zero as n tends to infinity.
This proves the uniqueness in the assertion of Lemma 1. O

Theorem 1. Let f : E — F be a @-approzimately isometric function for some
function ¢ : E x E — [0,00) such that

lim 2"p(27"2,27"y) =0 (z,y € E). (11)

n—oo

Define
o(e,y) = e(e.y) (p(ey) + 2o —yll) (@.y € E). (12)

Let v be defined by (4) and assume that (3) holds for some 0 < L < 1. Then there
exists a unique isometry U : E — F such that (5) and (6) hold.

Proof. For every z,y € F, we have

F@) = )P~ Jo =yl = 17 @) = fW)I(1f@) ~ )]~ 2~ y])
+(I@) = @) = |z =9l le — .

Since by (1)
1f(x) = fWI < elz,y) + |z -yl (z,y € E),

we have
1@ = F@P = |o =y || < e(@y) (e@y) + 2z =y} (z.y € ).
Since

22"¢(2_”x, 27y) = 2" (272, 27 y) (2"4,0(2_"33, 27"y) + 2|z — yH)
(z,y € E;n €N)

by (11), lim,, 0 22"¢(27 2,27 "y) = 0 for each z,y € E. Hence, by Lemma 1, there
exists a unique isometry U : E — F such that (5) and (6) hold. O
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Corollary 1. Let f: E — F be a function such that for some p > 1,
@) =)l =z =yl [| <[lz —yll”  (2,y € E).

Then there exists a unique isometry U : E — F such that (6) and the approzimation

1
(@ + llal > + (272 + ) |a|ir+!)

[[f(z) — f(0) = U(z)]| < I 5 (ze k) (13)
hold.
Proof. Let

e(@,y) =|lz—yll" (z,y € E).
Then
lim 2"p(27"2,27"y) = lim 2" Pz —y[|P =0 (z,y € E)
n—oo

n— oo

and the functions ¢ and ¢ which are defined by (12) and (4) are
¢(z,y) = ||z =yl + 2|z —y|P*" (2,9 € E)
and )
V@ = (@ + )l + @2 + 8l H) @ e B),

respectively. We have

1
20(271a) = 2(27(20 4 4)ol P+ 20D (272 4 g )
< 2max{277, 275 Jo(x)

—(p+1)

=272 oY(z) (z€E).

—(p+1)

Hence for L = 272 < 1, (3) holds. By Theorem 1, there is a unique isometry
U : E — F such that (6) and (13) hold. O

The proof of the following result is similar to the proof of Lemma 1, hence it is
omitted.

Lemma 2. Let ¢ : E x E — [0,00) be a mapping and f : E — F satisfy (2). If
lim 272"¢(2"2,2"y) =0 (z,y € E),

n—oo
and for each x € E,

S0(21) < D (a), (14
where 0 < L < 1 and v is defined by (4). Then there exists a unique isometry
U:FE — F such that

Y(x)

I1£() = £O) U@l < g (@€ ) (15)

and
U@2"z) =2"U(z) (z€E). (16)
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By applying Lemma 2 and imitating the proof of Theorem 1, one can easily prove
the following result.

Theorem 2. Let ¢ : E X E — [0,00) be a function such that

lim 27"p(2"z,2"y) =0 (z,y € E).

n—oo

Let f : E — F be a @p-approzimately isometric mapping, let ¢ and ¢ be defined by
(12) and (4), respectively. Suppose that for each x € E, inequality (14) holds. Then
there exists a unique isometry U : E — F such that (15) and (16) hold.

In particular, we have:
Corollary 2. Lete >0 and f: E — F satisfy the inequality
Hf(@) = fWl =z =yl <e (z,y € E).

Then there exists a unique isometry U : E — F such that (16) and

10— 1) vy < L) a7)
2—1/2
hold.
Proof. Let
olx,y)=¢ (r,yec k).
Then

lim 27"p(2"z,2"y) = lim 27" =0 (x,y € E).

n—oo n—oo

Let ¢ be defined by (12), then

oa,y) = (e +2lz—yll) (a.ye ).

It is not hard to see that the function v defined by (4), is

1

W(z) = (5(55 + 12Hx||)>§ (z € E).

Since )
3

9~ 1y(2z) = 271 (5(55 n 24||x\>) <2 W2y(z) (z€E),

for L = % < 1, all conditions of Theorem 2 are fulfilled. Therefore there exists a

unique isometry U : E — F such that (16) and (17) hold. O

Hyers and Ulam [12] gave an example of an e-isometry f : R — R? such that
{Ilf(z) = U(x)|| : € R} is an unbounded set for every isometry U : R — R?. Here
we give such an example in the setting of complex Hilbert spaces.
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Example 3. Let E=C, F =C? ande > 0. Then E and F are C-modules. Define
f:E—F by f(z) =(z,e++/2 €|z|). Then for each z,w € E, we have

2= w] < {|z —wP+ (V2 ezl = V2 )2} = [f(z) - fw)].  (18)

Without loss of generality, we may assume that |z| > |w|. Then /|z||w| > |w|, so
that

[Vl = VIwll? = 2] + [w] = 2/]zllw] < |2 + [w| = 2jw] = 2] = Jw] < |z—wl|.
Hence by (18), we have

|z —w| < [f(2) = f()] < {|z = w]? + 2 ez — w|}?

1
<{lz—w]*+2¢lz—w|+°}?

= |z —w|+e.

This shows that f is an e-isometry. By Corollary 2, U(z) = lim, . 27" f(2"2) =
(2,0) is the unique suitable isometry corresponding to f. However,

d(f,U) =sup{|f(z) —U(z)| : z € E} =sup{e + v/2¢|z| : z € E} = o0.
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