On the stability of Appolonius’ equation*
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Abstract

In this paper, using an idea from the direct method of Hyers and Ulam, we
investigate the situations so that the generalized Hyers-Ulam stability problem
for Appolonius’ equation

fla =)+ ly—2) = 5 i@ —y) +27 (s~ 2 L)

is satisfied.

1 Introduction

In 1940, S. M. Ulam [15] raised a question concerning the stability of group homo-
morphisms:

Let Gy be a group and let G5 be a metric group with the metric d(-,-). Given € >
0, does there exist a 0 > 0 such that if a function h : Gy — G4 satisfies the inequality
d(h(zy), h(x)h(y)) < § for all z,y € Gy, then there exists a homomorphism H :
G1 — Gy with d(h(z), H(z)) < € for all x € G?

In other words, we are looking for situations when the homomorphisms are sta-
ble, i.e., if a mapping is approximately a homomorphism, then there exists a true
homomorphism near it with small error.

The case of approximately additive functions was solved by D. H. Hyers [5] and
generalized by Th. M. Rassias [13]. During the last decades, the stability problems
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of several functional equations have been extensively investigated by a number of
authors (see [6, 7, 8, 10, 12, 14] and references therein).
The functional equation

flx+y)+ flz—y)=2f(x)+2f(y) (1.1)

is related to a symmetric biadditive function ([1, 6]). It is well known that a func-
tion f between real vector spaces is quadratic if and only if there exists a unique
symmetric biadditive function B such that f(z) = B(z,z) for all = (see [1]). The
biadditive function B is given by

Blz,y) = 1 (f(x +) — [z~ ). (12

Thus we call the equation (1.1) quadratic functional equation and every solution of
the quadratic equation (1.1) is said to be a quadratic function. A stability problem
for the quadratic functional equation (1.1) has been widely investigated by a lot of
authors [2, 11]. Further, Jun and Lee [9] proved the generalized Hyers-Ulam stability
of the pexiderized quadratic equation (1.1).

Now we may verify by direct calculation that the following Appolonius’ identity

x+yl?

1
lz = 21" + lly = 2II” = llz —ylI” + 2|z -

holds for any elements in an inner product space.
This identity may be formulated by the following Appolonius’ equation,

fle =2+ fy—2) = 5@ —y)+2f (- = 1Y),

(1.3)
of which the solution is called the Appolonius’ function. In fact, it will be easily
verified that Appolonius’ equation (1.3) in the class of functions between real vector
spaces is identically equivalent to the quadratic functional equation (1.1), and thus
we establish the generalized Hyers-Ulam stability problem for the equation (1.3) in
the sense of Hyers, Ulam and Rassias in Section 2.

2 Stability of (1.3)

First we seek for the general solution of (1.3) in the class of functions between real
vector spaces. Putting z = y = z = 0 in the equation (1.3) yields f(0) = 0.
Substituting z = y = 0 in (1.3) we see that f is even. Replacing z by 0 one obtains
that

£)+ 1) = 5 =)+ 27 (- T,

; (2.1)

Replacing y by —z in (2.1) and using the evenness of f one gets that f(2x) = 4f(x).
This fact and the equation (2.1) imply that

2f(x) +2f(y) = f(x —y) + flz +y). (2.2)
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Thus f is quadratic. Conversely, if f is quadratic, then it is obvious that f satisfies
the equation (1.3).

Throughout this section X and Y will be a real vector space and a real Banach
space, respectively, unless we give any specific reference. Given f: X — Y, we set

x—l—y)
2

Df(w,9,2) = flw =)+ fly = 2) = oS —y) 27 (= -

for all z,y,z € X.
Let p : X x X x X — R, := [0, 00) be a mapping satisfying one of the conditions
(A), (B)

> 1

(2, y,2) = E@(Qkxﬂky, 2F2) < 00 (A)
k=0
> r Yy z

for all z,y, 2z € X.
The conditions (A), (B) will be needed to derive a quadratic function near an
approximately Appolonius’ function as in the following theorem.

Theorem 2.1. Assume that a function f: X — Y satisfies
IDf(z,y, )|l < ¢(z,y, 2) (2.3)

for all x,y,z € X. Then there exists a unique quadratic function Q : X — Y
satisfying (1.3) such that in case (A)

Hf — —> —Q(x )H ; (x,—x,x) + i@(:v,a:, —x) (2.4)

and in case (B)

1 1
If () = Q@) = S¥(z, —2,2) + J ¥(z, 2, ~x) (2.5)
forall x € X.
The function @ is given by
Q(x) = lim 52 if (A) holds
Q(z) = lim 2> f(5) if (B) holds
forallxz € X

Proof. Putting y = z = x in (2.3) yields
IFO)| < 2¢(2, z,x) (2.6)

for all x € X. Replacing y, z by z, —z in (2.3), respectively, yields

12 (2) — 2 (=2x) - ;f(O)H < p(x, z, —) (2.7)
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for all x € X. Setting —z, z instead of y, z in (2.3), respectively, we arrive at

1£(0) + f(—2z) — ;f(%) —2f(2)] < ¢(@, —z, ) (2.8)

for all x € X. Combining the relation (2.7) and (2.8) we obtain the crucial inequality

I£(22) — 47(@) + 2 FO) < g, 2, ) + 2p(x, 2.2 (2.9

for all z € X.
Case 1. Assume that ¢ satisfies the condition (A).
Dividing both sides of (2.9) by 4, we have

< SO($’_:B7$) + gO(fL‘,i’, —ZL’)

< 5 1 (2.10)

for all x € X. Replacing z by 2" 'z and dividing by 47! in (2.10) we obtain

-2 2
gn— 1 qn
n—1 _on—1 n—1 n n _on
<1g0(2 x,—2"" 1z, 2 :E)+g0(2 x, 2"z, —2"x)
-9 An—1 qn
for all z € X and for all n € N.
Thus from the formula (2.10), the inequality (2.11), and the triangle inequality
we prove by induction that

n— f(0) n.\ _ f(0)
’f @2z f(2rx) (2.11)

10) _ f2a) = £
— — 2.12
7@ -5 I (212
< 1”_1 o(2'z, —2'x, 2'x) N (2, 2w, —2')
2D 4 i=0 4t

for all x € X and for all n € N.
Q"m)—&

Now we claim that the sequence {W‘tin?} is Cauchy in the Banach space Y.
In fact it follows from (2.12) that

H L (2.13)
H ) f@r-2mae) — 1P
~gm 4n
1 — 2m+1 2m+zw 2m+1 ) n—1 90(2m+il’, 2m+iw7 _2m+zx)
§ Amti + — Amtitl
for all z € X and for all n,m € N. Since the right hand side of (2.13) tends to zero
as m — 00, the sequence {fi} is Cauchy for all x € X and thus converges
by the completeness of Y. Therefore we can define a function @) : X — Y by
on _ m on
Q(x)zlimwzlim I x), z e X.

n—00 4n n—oo  4n
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Replacing z,y, z in (2.3) by 2"z, 2"y, 2"z, respectively, dividing both sides by 4™,
and after then taking the limit in the resulting inequality, we have

Qe —2)+Qy—2) — 30 —y) —20(s - ¥} =0, (2.14)

Therefore the function ) is Appolonius and quadratic.
Taking the limit in (2.12) as n — oo, we obtain that

Hf - —) —Q(x )H ; (v, —x,x) + i@(m,x, —x) (2.15)

for all z € X.
To prove the uniqueness, let Q' be another Appolonius’ function satisfying (2.15).
Then it is obvious that Q'(2"z) = 4"Q’'(z) for all z € X. Thus we have

10() ~ Q@) = Q") — '2)]

1 n ny . £0) ny_ 10) n
< pllee ) - 1@ + T2+ s - 12 - @)

271 1
< 2|z n,. _on n - n n,. _on )
< 4n{2<b(2 x,—2"x,2 x)—|—4<1>(2 x,2"x, —2"x)

Taking the limit as n — oo, we conclude that Q(x) = Q'(z) for all x € X.

Case 2. Let ¢ satisfy the condition (B). Then the proof is analogous to that
of Case 1. Indeed, putting + = y = 2z = 0 in (2.3) we have f(0) = 0 since
U(0,0,0) < oo and so ¢(0,0,0) = 0.

Replacing = by § in (2.9) we get

1) = 4£(G)] < 2005, )+ o5, 2, -5) (2.16)

x

27 272
for all x € X.

An induction argument together with (2.16) implies that

T

7@ - 250
" T x 1 . =z x
g z’ 21’21)+4; SO(21’22’ 21)

1
U(x,—x,x) + Z\P(x, T, —r)

(2.17)

<

1
2
1
< -
-2

for all z € X and for all n € N.

Repeating the similar method to (2.13) with the aid of (2.17) one concludes that
{47 f(5%)} is a Cauchy sequence for all x € X and thus converges. Therefore one
can define a function @) : X — Y by

Qx) = hm4f( ~), v € X.

n—oo

Using the similar argument to that of Case 1, we see easily that @) is the unique
quadratic mapping satisfying (1.3) such that

1£) ~ QI < J¥(w, —z,2) + {W(r, 7, ~)

for all z € X. This completes the proof. [ ]
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From the main Theorem 2.1, we obtain the following corollary concerning the
stability of the equation (1.3).

Corollary 2.2. Let X and Y be a real normed space and a real Banach space,
respectively. Let p, € be real numbers such that € > 0, p # 2. Assume that a function
f: X =Y satisfies the inequality

1D f (2,5, )| < e(llz[[” + [[yll” + 11217) (2.18)

forall x,y,z € X (X\{0} if p < 0). Then there ezists a unique quadratic function
Q : X — Y which satisfies (1.3) and the inequality

_ M
2

9el|][”

- Q)| <

for all z € X (X\{0} if p <0), where f(0) =0 if p > 0.

Proof. Letting o(z,y,2) = e(||z||” + ||y||" + ||z||") for all z,y,z € X and then
applying Theorem 2.1 we obtain easily the result. Here if p > 0, f(0) = 0 since one
gets that ¢(0,0,0) = 0 by putting z =y = z = 0 in (2.18). n

The exclusion of the case p = 2 in Corollary 2.2 is necessary as shown by the
following counterexample, which is a modification of the example of Czerwik [2]. In
fact, let ¢ : R — R be defined by

p(x) = a2 if |z] <1
o(v) = & i 2] > 1,
where € > 0, and put
00 21
flz)=>" <p(4ix)’ r € R.
i=0

Then ¢ and f are bounded by 57 and {5 on R, respectively. Utilizing the similar
argument to that of [2] we conclude that

fo =)+ Sy = 2) = 3@ =) =26 (5= TED)| < elfol? + of? +1aP)

for all z,y,z in R, but that there is no quadratic function g : R — R such that
|f(z) — g(z)] < Kz? for all x € R and for some K > 0. Therefore Appolonius
equation is not stable in the sense of Hyers, Ulam and Rassias if p = 2 is assumed
in the inequality (2.18).

The following corollary is an immediate consequence of Theorem 2.1.
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Corollary 2.3. Assume that for some 6 > 0, a function f : X — Y satisfies the
inequality

IDf(z,y,2))l <6 (2.19)

for all x,y,z € X. Then there exists a unique quadratic function @@ : X — 'Y which
satisfies (1.3) and the inequality

17@) - I Q) <o
forallx e X

Proof. Putting o(z,y, z) := 0, we get immediately the result. [

Let X be a normed linear space and let H : R, xR, xR, — R, and ¢g: Ry —
R, be mappings such that
wo(A) >0, forall A>0 (2.20)

©o(2) #
900( ) ( Ypo(A), forall A>0

H(\u, )\U,Aw) < po(AN)H (u,v,w), forall w,v,weR;, A>0.

Recall that a function H : Ry x Ry xR, — R, is homogeneous of degree p > 0
if it satisfies

H(tu,tv, tw) = t? H(u,v,w) for all ¢ u,v,w € R,.

Thus in particular, if for 0 < p # 2 we consider ¢y(t) = t*, the homogeneous function
of degree p is a special case of the preceding properties (2.20).
Now, we consider in the next corollary

p(,y,z) = H(||zl, [lyll, I]])-

Then one obtains that

e(2fz, 2%y, 2%2) = H(@"||z|, 2% |yll,2"(|])
< wo2MH(||]], Iyl I=]l)
= wo2)*H(||z|, |yll, lI2]]),

and
vy RN
— Z ) = H —= — 2.21
S0(2k’2k’2’€> (2 * gk ok (221)
1
< vol5e ) H U Iyl N=1)
1
= X y
Sy el Il 1),

since we remark that 1 = ¢o(1) = ¢o(2)¢0(3) and = (2) = ¢o(5) by induction.
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Therefore in case ¢o(2) < 4 we have

< o(2)* H([1al Iyl |21}
By, < 3P
=0

AH (][, llyll, 1|21
4 —¢o(2)
On the other hand, in case ¢o(2) > 4 it is noted by (2.21) that H(0,0,0) = 0 and

= ARH (||l lyll, 1121

U(x,y,z) <

( Y ) ,; 900(2)k
AH (||, 1], II21)

¢o(2) —4

Hence, we see that the following corollary holds by Theorem 2.1.

Corollary 2.4. Assume that a function f: X — Y satisfies

1D f (@, y, 2)[| < H(llz[], [lyll, [[2]])

for all x,y,z € X. Then there exists a unique quadratic function QQ : X — Y which
satisfies (1.8) and either the inequality

f(0) BH([]], [l ll=[])
@) - 5 - @) < =R
BH ([l llll, NIl
@) - QW < = 2t
forallz € X.

In the last part of this paper, let B be a unital Banach algebra with norm |-|, and
let pB; and gpBs be left Banach B-modules with norms || - || and || - ||, respectively.
A quadratic function T : gB; — B, is called B-quadratic if

T(az) = a®T(z), Va € B,Vz € gB.

In the following theorem, we are going to prove the generalized Hyers-Ulam
stability problem for Appolonius’ equation in Banach modules over a unital Banach
algebra.

Theorem 2.5. Let ¢ be defined as in Theorem 2.1. Assume that a function f :
BB, — BBy satisfies

2

|F(ax — az) + [y — az) = T flw —y) - 203z =

) < e(z,y,2)

foralla € B (|a| =1) and for all z,y,z € gBy. If f(tz) is continuous int € R for
each fixed x € gBy, then there exists a unique B-quadratic function T : gBy — gBs,
defined as in Theorem 2.1, which satisfies the equation (1.3) and the inequality (2.4)
(or (2.5), respectively) for all x € pB;.
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Proof. By Theorem 2.1, it follows from the inequality of the statement for
a = 1 that there exists a unique quadratic function 7' : gB; — B, satisfying the
equation (1.3) and inequality (2.4) (or (2.5), respectively) for all z € gB;. Under
the assumption that f(tz) is continuous in ¢ € R for each fixed z € B, by the
same reasoning as the proof of [3], the quadratic function T': pB; — B, satisfies

T(tx) = t*T(z), Vx € By, Vt € R.

That is, T" is R-quadratic. For each fixed o € B (Ja| = 1), replacing f by T and
setting y = —z,2 = 0 in (1.3), we have T(ax) = o*T(x) for all z € gB;. The last
relation is also true for o = 0. For each element a € B (a #0), a = |a] - a7 Since T
is R-quadratic and T'(aw) = o*T'(x) for each element o € B(|a| = 1),

a2

Tlar) = T(lal - o) = ol T(qcra) = lal* 05 - T

= a’T(z), Va € B(a#0),Vx € pB,.

So the unique R-quadratic function T : gB; — gB, is also B-quadratic, as desired.
This completes the proof. [ ]

Since C is a unital Banach algebra, the Banach spaces E; and E, are considered
as Banach modules over C. Thus we have the following corollary.

Corollary 2.6. Let Ey and E5 be Banach spaces over the complez field C. Suppose
that a function f : By — FEy satisfies

2

0z = az) + flay — az) = 5 f(z — y) - 2021 ( = 2

2

) < e(x,y,2)

for all a € C (la] = 1) and for all x,y € Ey. If f(tz) is continuous int € R for
each fixed x € Ey, then there exists a unique C-quadratic function T : E1 — Fs
which satisfies the equation (1.3) and the inequality (2.4) (or (2.5), respectively) for
all x € Fy.
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