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Abstract

In this paper, we prove some theorems about the Hyers-Ulam-Rassias stability of linear isometries. In particular, this
paper will address the stability of the orthogonality equation, {(f(z), f(y)) = (z,y), on the restricted domains.
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1 Introduction

Throughout the paper, we will use (E,| - ||) and (F,]| - ||) to denote normed spaces over K, unless specifically
mentioned about them, where K denotes either R or C. A mapping f : E — F' is called an isometry if it satisfies

11(2) = F@)ll = llz = yll (1.1)

for all z,y € F.

Taking into account the definition of Hyers and Ulam [I§], for any fixed € > 0, a function f : E — F' is called an
e-isometry if f satisfies the inequality

f(@) = f@)ll =z —yll| <e (1.2)

for all x,y € E. If there exists a constant K > 0 such that for any e-isometry f : E — F, there exists an isometry
U : E — F satisfying ||f(z) — U(z)| < Ke for all z € E, then we say that the functional equation has the
Hyers-Ulam stability in the class of functions of E into F.

If we weaken the conditions associated with Hyers-Ulam stability, we will be able to study more diverse topics:
Assume that ¢, ® : E x E — [0,00) satisfy some ‘mild’ conditions. Let K be a special class of functions of F into F'.
If for any function f € IC that satisfies the inequality

f (@) = F@I = llz = yll| < o2, y),
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there exists a function U € K such that ||U(z) — U(y)|| = ||z — y|| and || f(z) — U(x)| < ®(x,x) for all z,y € E, then
we say that the functional equation has the Hyers-Ulam-Rassias stability in the class IC. (The term generalized
Hyers-Ulam stability has been sometimes used for the same concept.) These terminologies also apply to other types
of functional equations.

As far as we know, Hyers and Ulam are recognized as the first mathematicians who studied the Hyers-Ulam stability
of isometries (see [18]). They indeed used the properties of the inner product to prove the stability of isometries of a
real Hilbert space E onto E: For any surjective e-isometry f : E — E with f(0) = 0, there exists a surjective isometry
U : E — E such that || f(z) — U(x)|| < 10¢ for all z € E.

This result of Hyers and Ulam was generalized by Bourgin [2]: Assume that E is a real Banach space and that F
belongs to the class of uniformly convex real Banach spaces which includes the spaces L,(0,1) for 1 < p < oo. For
any e-isometry f : E — F with f(0) = 0, there exists a linear isometry U : E — F such that || f(z) — U(z)|| < 12¢ for
every x € E.

After that, Hyers and Ulam [19] studied the stability problem for the Banach spaces of continuous functions:
Assume that S; and S are compact metric spaces and C(.S;) is the Banach space of real-valued continuous functions
on S; equipped with the supremum norm || - ||oo. If a homeomorphism 7 : C'(S;) — C(S2) satisfies the inequality

T () =T (@)oo = IIf = glloo| < & (1.3)

for some € > 0 and for all f,g € C(S1), then there is an isometry U : C(S1) — C(S2) such that [|T(f) —U(f)|le < 21e
for any f € C(S1).

This very result of Hyers and Ulam was once again widely generalized by Bourgin (see [4]): Suppose that S
and Sy are completely regular Hausdorff spaces and T : C(S1) — C(S2) is a surjective function that satisfies the
inequality for some ¢ > 0 and for all f,g € C(S1). Then there is a linear isometry U : C(S;) — C(S2) with
IT(f) — U(f)|loo < 10e for any f € C(Sy). After that, Bourgin [5] continued to study the stability of isometries in
finite-dimensional Banach space.

In 1978, Gruber [16] proved the following elaborate theorem: Let F and F be real normed spaces. Assume that
f: E — F is a surjective e-isometry. Moreover, suppose U : E — F is an isometry with f(p) = U(p) forap € E. If
Ilf(z) = U(x)|| = o(||z]]) as ||z|| = oo uniformly, then U is a surjective linear isometry and || f(x) — U(z)|| < 5¢ for all
x € E. Furthermore, if f is continuous, then || f(z) — U(z)|| < 3¢ for any = € E.

Years later, Gevirtz [15] studied the stability of isometries defined between real Banach spaces: Let E and F be
real Banach spaces. For each surjective e-isometry f : E — F, there exists a surjective isometry U : E — F that
satisfies || f(z) — U(z)|| < 5¢ for any x € E. After that, the upper bound 5¢ was improved to a sharper 2¢ by Omladi¢
and Semrl [24].

Due to [13] 29], we say that a function f : E — F is an (g, p)-isometry when f satisfies

£ @) = fW = llz = yll] < elle —yl?

for some constants p > 0 and ¢ > 0 and for all 2,y € E. Dolinar [I3] demonstrated the superstability of (e,p)-
isometries: If p is larger than 1, then every surjective (e, p)-isometry f : E — F between finite-dimensional real
Banach spaces is an isometry.

There are many other papers related to the stability of isometries, but it is unfortunate that we cannot quote them
all in this paper due to page limitations. Nevertheless, see [I], Bl 14, 20] 211 23] 26| 27, 28], 30, BT}, 32l [33] for more
general information on the stability of isometries and related topics.

The orthogonality equation

(@), F(y)) = (a,) (1.4)

is well known to characterize linear isometries that map a Hilbert space into another one. It would be interesting and
meaningful to study the stability of the orthogonality equation in order to shed new light on the characteristics of
linear isometries as well as to study the stability of the equation (1.1)).

In this paper, the Hyers-Ulam-Rassias stability problems for linear isometries are studied in several different
perspectives. More precisely, we prove some theorems about the Hyers-Ulam-Rassias stability of the orthogonality
equation on the restricted domains.
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2 Preliminaries

From now on, we use F and F' to denote Hilbert spaces over K, where K is either R or C. A function f: EF — F'is
said to be inner product preserving if and only if f is a solution to the orthogonality equation (1.4)) for any =,y € E.
It is to be noted that a function f : E — F is a solution to the orthogonality equation (1.4) if and only if it is a linear
isometry.

On the other hand, a function f: E — F is a solution to the functional equation

(f(@), f(y)) = (y,z)

for any z,y € E if and only if it is a conjugate-linear isometry, i.e., f is an isometry that satisfies f(Ax + py) =
AM(x)+Taf(y) for all z,y € E and A, p € K.

We define § = {z € K : |z] = 1}. Any two functions f,g : E — F are said to be phase-equivalent if and only if
there exists a function o : E — S such that g(z) = o(z)f(z) for any = € E.

The functional equation

[(f (@), F)] = [(z, )] (2.1)

is called the Wigner equation or the generalized orthogonality equation. The following theorem was introduced in [34].

Theorem 2.1. If a function f : E — F satisfies the Wigner equation (2.1]) for all z,y € E, then f is phase-equivalent
to a linear isometry or a conjugate-linear isometry.

Let (E,(-,-)) be a Hilbert space with the associated norm defined as ||z|| = /|{z,z}|. For any fixed d > 0, we
define either D = {z € E: ||z|| > d} or D = {z € E : ||z|| < d}. (In the latter case, we will exclude the trivial case of
D = {0}). Now we choose an appropriate constant ¢ that satisfies the following condition:

{0<c<1 (for D={z € E: |z|| > d}), (2.2)

c>1 (for D={z € E:|z|| <d}).

In practice, we will either choose an arbitrary constant ¢ that satisfies the conditions (2.2)) and (2.3)), or an arbitrary
constant ¢ that satisfies the conditions ([2.2)) and (2.5)) as we see in several theorems and corollaries below. The following
theorem was proved in [11l Theorem 1] (or see [12] Theorem 3]).

Theorem 2.2. Let E and F be Hilbert spaces over K. Assume that a function ¢ : E x E — [0,00) satisfies the
following condition

m+n—oco

1 1

lim ™"y (m, y) =0 (2.3)
¢

for all z,y € D. If a function f: E — F satisfies the inequality

[[(f (), F) = [z, )] < (=,9) (2.4)

for all z,y € D, then there exists a unique function I : E — F' (up to a phase-equivalent function) that satisfies the
Wigner equation (2.1]) for all z,y € E as well as

[f(z) = I(@)]| < Vel 2)
for all x € D.

It follows from Theorem [2.1] that if E' and F are real Hilbert spaces, then the function I : E — F in Theorem [2:2]
has to be phase-equivalent to a linear isometry as we see in the following corollary.
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Corollary 2.3. Let F and F be real Hilbert spaces. Assume that a function ¢ : Ex E — [0, 00) satisfies the condition
(2.3) for all z,y € D. If a function f : E — F satisfies the inequality (2.4]) for all x,y € D, then there exist a function
o:E — {—1,1} and a linear isometry U : E — F' that satisty || f(z) — o(2)U(z)|| < v/¢(z,z) for all z € D.

Proof . According to Theorem there exists a unique function I : E — F (up to a phase-equivalent function) that
satisfies the Wigner equation (2.1)) for all 2,y € F as well as

1f(2) = I(@)]| < Velz,z)

for all x € D. Due to Theorem the function I : E — F' is phase-equivalent to a linear isometry, since £ and F
are real Hilbert spaces. That is, there exist a function o : F — {—1,1} and a linear isometry U : E — F such that
I(z) = o(z)U(x) for any x € E. O

The Hyers-Ulam-Rassias stability of the orthogonality equation was proved in [I1, Theorem 2] using a similar
method used to prove Theorem The result mentioned above is introduced in the following theorem, omitting the
proof.

Theorem 2.4. Let E and F be Hilbert spaces over K. Assume that a function ¢ : E x E — [0,00) satisfies the
condition (2.3)) for all z,y € D. If a function f: E — F satisfies the inequality

[(f (), f(y)) — (x,9)| < o(z,9)

for all z,y € D, then there exists a unique linear isometry U : E — F' that satisfies

[/ () = U(@)l| < Vel z)

for all z € D.

In the following theorem, the upper bound of the inequality may be larger than the upper bound given in
Theorem This is an obvious drawback of the following theorem. However, it is an advantage of the following
theorem to weaken the condition so that the next theorem has a more broad application than Theorem |2.4
Indeed, the new condition may not look much different from the old condition , but the various theorems
introduced in the next section will show that the new condition has significantly weakened the old one. That is,
Theorem is an improved version of Theorem and the former will play a central role in this paper. We will see
in the next section that the limit values included in the inequality below become nonnegative constants in the
usual application environment.

The proof of the following theorem is based strongly on the well known properties of the inner product of Hilbert
spaces and the direct method that was first conceived by Hyers [I7]. Since the following theorem has been proved in
detail in [I2) Theorem 5|, the proof will be omitted here.

Theorem 2.5. Let E and F be Hilbert spaces over K and assume that a function ¢ : E x E — [0, 00) satisfies the
condition

1 1
lim cm+”<p< x, y) =0 (2.5)

m,n—o00 cm ch

for all z,y € D. If a function f: F — F satisfies the inequality

[(F(@), f(y) = (z,9)] < @(z,y) (2.6)
for all x,y € D, then there exists a unique linear isometry U : E' — F' that satisfies
. 1 . 1
If(x) =Ux)| < \/np(x,x) + lim c”go(:c, m) + lim c"ap(m, x) (2.7)
n— 00 cn n—00 ch

for all x € D.
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3 Stability of linear isometries

In this section, we will use F and F' to denote some Hilbert spaces over K, unless specifically mentioned about
them, where K denotes either R or C.

When the control function has the form of ¢(z,y) = 0|z||P||y||¢ which was first suggested by Rassias [25] for
approximate additive functions, it would be quite interesting to study the stability problem of the orthogonality
equation, depending on the form of D.

Theorem 3.1. Assume that d, p, ¢, and 0 are constants with d > 0, p > 1, ¢ > 1 (excepting the case of p = ¢ = 1),
and 6 > 0. Furthermore, let D = {z € E: ||z|| < d}. If a function f : E — F satisfies the inequality

[(f (@), F () = (. 9)] < OlllP[ly? (3.1)

for all x,y € D, then there exists a unique linear isometry U : E — F that satisfies

VO|z|pte  (for p>1 and ¢ > 1),

If(2) = Uz)]| < { :
\/20]||z||[pTe (for either p=1or g =1)

for all z € D.

Proof . Due to the condition (2.2)), we select a constant ¢ satisfying ¢ > 1. Let us define a function ¢ : Ex E — [0, 00)
by p(z,y) = 0||z||P||y||? for all x,y € E. Since one of p and ¢ has to be larger that 1, we show that

1 1 cm+n
lmlcmmw(%dl): lim O e[y} = 0

m,n—o0 cm m,n—oco cPMtan

for all z,y € D, which states that ¢ satisfies the condition ([2.5) for all z,y € D.
We know that

1 ™ 0l|z||Pte  (for p = 1),
lim cncp —x,x | = lim QLHx”erq _ ” || ( p )
n— oo ch n—oo CP™ 0 (fOI‘ P > 1)

and

1 & 0||z||Pte  (for ¢ = 1),
lim "¢z, —2z | = lim gin”erq: ] (for q )
n—00 Cn n—oo an 0 (fOI‘ q > 1)

Since either p > 1and ¢ >1,or p=1and ¢ > 1, or p > 1 and ¢ = 1, according to Theorem [2.5] there exists a unique
linear isometry U : E — F' that satisfies the given inequality for all x € D. [J

Theorem 3.2. Assume that d, p, ¢, and 0 are constants with d > 0, p < 1, ¢ < 1 (excepting the case of p = ¢ = 1),
and 6 > 0. Moreover, let D = {x € E : ||z|| > d}. If a function f : E — F satisfies the inequality (3.1)) for all z,y € D,
then there exists a unique linear isometry U : E — F such that

VOlz|pte  (for p<1and ¢ < 1),

If(2) = U2)]| < { :
\/20]||z||[pTe (for either p=1or g =1)

for all z € D.

Proof . Considering the condition (2.2)), we fix a constant ¢ with 0 < ¢ < 1. We define a function ¢ : E x E — [0, 00)
by o(x,y) = 0||z||P||ly||? for all z,y € E. Since 0 < ¢ < 1 and one of p and ¢ is smaller than 1, we have

. 1 1 ) c7n+n
e ) = im0 el =0

T, —
m,n— 00 cm 7cny cpmtqn
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for all z,y € D. Thus, ¢ satisfies the condition (2.5) for any x,y € D.
Moreover, it holds that

1 " 0 for p < 1),
lim "¢ —z,z | = lim QC—HCEHPW = (forp < 1)
n—00 c” n—oo cP™ QHxHP-‘rq (for p= 1)

and

1 n
lim c”go(x,x) = lim OC—Hpr'HI =
n—00 c" n—oo cd™

0 (for ¢ < 1),
OllelPt (for g = 1).

Since either p < 1land ¢ < 1,orp=1and ¢ <1, or p <1 and g =1, due to Theorem [2.5] there exists a unique linear
isometry U : E — F that satisfies the given inequality for all z € D. [J

If0<p<1land 0 < ¢ <1butnot p=g =1, then we can assume that d > 0 in Theorem [3.2] It would be
interesting to compare our Theorem and Theorem with [0, Theorem 2]. We note that [9, Theorem 2] is the
result on the case when the function f satisfies inequality for all z,y € FE, at most excluding the origin, and
p = q # 1, while the function f satisfies inequality for all z,y € D in our theorems. In particular, for the case
when E is finite-dimensional and p = ¢ = 1, Chmielinski [I0, Theorem 2] proved a similar theorem as [0, Theorem 2].

When D = {z € E : ||z|| > d}, we can prove the Hyers-Ulam stability of the orthogonality equation on the
restricted domain D.

Theorem 3.3. Assume that d and ¢ are constants satisfying d > 0 and € > 0, and let D = {x € E: ||z|| > d}. If a
function f : F — F satisfies the following inequality

[(f(2), f(y) —(z,p)| < e (3.2)
for all z,y € D, then there exists a unique linear isometry U : E — F' that satisfies
If(@) = U2)] < Ve

for all x € D.

Proof . First, we consider the condition (2.2) and select a constant ¢ satisfying 0 < ¢ < 1. In addition, we set
p(z,y) =€ for all z,y € E. Then, we easily verify that

1 1
lim cm+”g0<x — ) = lim et =0

m,n— oo cm ’ cn m,n— oo
for all z,y € D, i.e.,  satisfies the condition (2.5 for all z,y € D.

Since

1
lim c”go(nx,x> = lim ec" =0
c

n—oo n—oo

and

1
lim c”@(x,x) = lim ec" =0,
cn

n— 00 n—roo
by Theorem there exists a unique linear isometry U : E — F satisfying the given inequality for all x € D. O

In the case of D = {z € E : |z|| < d}, we are not able to prove Theorem by applying Theorem because
we have to select a constant ¢ larger than 1 and ¢(z,y) = ¢ in this case, and hence the condition (2.5) is not satisfied
unfortunately.
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We remark that Chmielinski [6] proved the superstability of the orthogonality equation for the class of functions
f :R™ — R", where n is an integer larger than 1. More precisely, if a function f : R®™ — R"™ satisfies the inequality
(13.2) for all z,y € R™, then f is a solution to the orthogonality equation, i.e., f is a linear isometry.

It would be interesting to study Theorem [2.5| when the control function has the form of p(x,y) = 0(||z||” + ||y]|9)-
We would like to point out that we cannot prove the following theorem by using Theorem From this fact we can
be sure that Theorem 2.5 is more useful than Theorem [2.4]

Theorem 3.4. Assume that d, p, ¢, and 0 are constants with d > 0, p < 1, ¢ < 1, and § > 0. Moreover, let
D ={z e E:|z| >d}. If a function f : E — F satisfies the inequality

[(f(@), f() = (. m)| < O(ll2]” + lly]l) (3-3)

for all x,y € D, then there exists a unique linear isometry U : E' — F such that

VO(ll2[P + z]|9)
VO[] + [l]|7)

forp<1landqg<1),

~ o~ o~ o~

)
forp=1and ¢ < 1),
)
)

[f(z) = Ulz)|l <
O()|lz||? 4+ 2||z|]) (for p <1 and g =1),
24/0]|z|] forp=land¢g=1
for all x € D.

Proof . Due to ([2.2)), we choose a constant ¢ with 0 < ¢ < 1 and let ¢ : E x E — [0,00) be a function defined by
o(z,y) = 0(||z||? + [|y[|?) for all z,y € E. Since p < 1 and ¢ < 1, we have

. 11 . ¢ cmi
lim cm+”go<cmx,cny> = lim 9< lz||” + y||q> =0

m,n— oo cbm can

for all z,y € D, which implies that ¢ satisfies the condition (2.5 for all z,y € D.

Since
1 " 0 for p < 1),
lim <" ( e ) = im0 Sl + el ) = torp <)
n— o0 cn n—o00 cbn 9”1:“ (fOI‘ p= 1)
and

1 " 0 for g < 1),
i "2, 5o ) = tim o elP + 5l = ora <1)
n— o0 cn n—oo an 9||ZCH (fOI‘ q — 1)7

Theorem implies that there exists a unique linear isometry U : E — F that satisfies the given inequality for all
zeD. O

If0 <p<1and0<gqg <1, then we can assume that d > 0 in Theorem When D = {z € E : ||z|| < d}, we
are not able to prove Theorem by using Theorem because we should select some ¢ > 1 and the condition (2.5
does not seem to be satisfied under any selection of the values of p and gq.

It would also be interesting to introduce the following theorem dealing with the case of ¢(z,y) = ||z — y||? in
connection with (e, p)-isometries.

Theorem 3.5. Assume that d, p, and ¢ are constants with d > 0, 0 < p < 1, and € > 0. Moreover, define
D ={z € E:|z| >d}. If a function f: F — F satisfies the inequality

[(f(@), F()) = (2, 9)| < ellz —yl?
for all x,y € D, then there exists a unique linear isometry U : E — F' that satisfies

(for 0 <p < 1),

0
z) = U(z)|| <
I f () ()] —{ 2¢||z|]| (for p=1)
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for all x € D.

Proof . First, we refer to the condition (2.2]) and select an appropriate constant ¢ satisfying 0 < ¢ < 1. Assume that
a function ¢ : E x E — [0,00) is defined by ¢(x,y) = ¢|lz — y||? for all z,y € E. Since0 < c<land 0 <p <1, we
have

1 1
lim C"H'"go(% y) = lim ecI P |cng _ cmy||P =0
m n
m,n— oo C C m,n— oo
for all z,y € D, which implies that ¢ satisfies the condition (2.5 for all x,y € D.
We know that

. 1 ) " 0 (for 0 <p<1),
lim "o —z,2 | = lim e—|jz — | =
n—oo cn n—oo  (P" gllzl]] (forp=1)

and

. 1 . n 0 (for 0 <p<1),
lim c"pl| 2z, —z | = lim e—|c"z —z||V =
n=»00 cn oo (P ellz]| - (for p=1).

Hence, our assertion immediately follows from Theorem [2.5, [
Unfortunately, we do not yet know if Theorem [3.5| holds for the case where D = {z € E: ||z|| < d} and p > 1.

We may compare Theorem with [22, Theorem 5], in which the stability of the equation (I.1)) instead of (1.4])
was proved under the assumptions that D = {x € E : ||z|| < d} and p > 1.

4 Discussion

It is widely known that the orthogonality equation is an equation that determines the linear isometries between the
Hilbert spaces over K. Therefore, it would be very interesting and meaningful to study the stability of the orthogonality
equation in order to shed new light on the characteristics of linear isometric as well as to study the stability of the
equation (1.1J).

As far as we know, Chmielinski was the first mathematician to study the stability of the orthogonality equation.

Indeed, he mainly studied the Hyers-Ulam stability of the orthogonality equation on the whole space, not the restricted
domain (see [7, §]).

It is an important difference from Chmielinski’s papers that the present paper deals with the stability problems of
the orthogonality equation by specially focusing on the stability on the restricted domains.

By using the fact that the function y = /x is concave on z > 0, we can easily prove the following inequality.
Hence, we omit the proof.

Lemma 4.1. For all real numbers a,b > 0, it holds that

(i) Va+b <\a +Vb;
() |Va—vb| < \/la—10];
(iii) |a — b < 2max {/a, Vb }|va — vb]|.

Using [22, Theorem 3], we can prove the Hyers-Ulam stability of the orthogonality equation on a restricted domain.

Theorem 4.2. Let E be a real Hilbert space, d > 1, and 0 < € < 5-d be fixed, and define D§ = {z € E : |z|| >
d} U {0}. If a function f : E — E satisfies the inequality

[(f(@), f(y)) = ()| <€
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for all z,y € Dg, then there exists a unique linear isometry U : E — E such that

| f(z) = U(z) - f0)]| <5(2+V2)Ve

for all x € Dg.

Proof . If we set a = (f(z) — f(y), f(z) — f(y)) and b = (z — y,x — y), then it follows from Lemma [£.1] (i) and (i)
and that
|11 (2) = F@)Il = llz = yll]
= |VTF@) = 7). 7@ = F@) = Ve —yo =) |
< VI{f(@) = fy). @) = f(y)) — (& —y.x —y)|
=VI{f (sc) (2)) — (z,2)) = 2((f (= )7f(y)> —{,y) + <<f(y>,f<y)> (v, )]

< VI @), (@) — (@, 2)| + V21 (@), F)) — (@ u)l + VW), W) — (0, 9)]
(2+\f2)\f

for all x,y € D§. According to [22, Theorem 3|, there exists a unique linear isometry U : E — E such that

| f(z) = U(x) — £(0)]| <52+ V2)ve

for all x € Dj. O

As we can see, the result of Theorem is not better than that of Theorem Taking this into account, we can
see that Theorem [2.5]is very useful.
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