Xu and Rassias Journal of Inequalities and Applications 2012, 2012:204 ® Journal of Inequalities and Applications
http://www.journalofinequalitiesandapplications.com/content/2012/1/204 a SpringerOpen Journal

RESEARCH Open Access

A fixed point approach to the Hyers-Ulam
stability of an AQ functional equation on
B-Banach modules

Tian Zhou Xu'" and John Michael Rassias?

“Correspondence:
xutianzhou@bit.edu.cn Abstract

'School of Mathematics, Beijing In thi blish th [ soluti di . h lized
Institute of Technology, Beijing, n this paper, we establish the general solution and investigate the generalize

100081, People’s Republic of China Hyers-Ulam stability of the following mixed additive and quadratic functional

Full list of author information is equation: f(kx + ly) + flkx = ly) = f(kx) + F(x) + %(k — DIk + 27 () + kF ()] + PIF(y) + F(=y)]
avallable at the end of the article (k,1 € Z\{0}) in B-Banach modules on a Banach algebra. In addition, we show that
under some suitable conditions, an approximately mixed additive-quadratic function
can be approximated by a mixed additive and quadratic mapping.

MSC: 39B82; 39B52; 46H25

Keywords: Hyers-Ulam stability; additive and quadratic equation; 8-Banach module;
fixed point method

1 Introduction and preliminaries

Starting with the article of Hyers [1] and continuing with those of Rassias [2], Gavruta [3],
Czervick [4] and so on, the authors used the ‘direct method’ to prove the stability prop-
erties for functional equations. Namely, the exact solution of the functional equation is
explicitly constructed as a limit of a sequence starting from the given approximate solu-
tion.

On the other hand, Baker [5] used the Banach fixed point theorem to give a Hyers-Ulam
stability result for a nonlinear functional equation in a single variable. In 2002, Cadariu
and Radu delivered a lecture entitled ‘On the stability of the Cauchy functional equation: a
fixed point approach’ in ‘The 14th European Conference on Iteration Theory - ECIT 2002,
Evora, Portugal, 2002’ Their idea was to obtain, in 8-normed spaces, the existence of the
exact solution and the error estimations by using the fixed point alternative theorem [6].
This new method was used in two successive papers [7, 8] in 2003 to obtain the properties
of generalized Hyers-Ulam stability for Jensen’s functional equation. Also, the lecture from
ECIT 2002 was materialized in [9]. After that, a lot of papers used the ‘fixed point alterna-
tive’ to obtain generalized Hyers-Ulam stability results for different functional equations
in various spaces. The reader is referred to the following books and research papers which
provide an extensive account of the progress made on Ulam’s problem during the last sev-
enty years (see, for instance, [10-25]).

The motivation of this paper is to present a new mixed additive and quadratic (‘AQ’ for

short) functional equation. We obtain the general solution of the AQ-functional equation.
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Moreover, we prove the generalized Hyers-Ulam stability of the AQ-functional equation
in Banach modules on a Banach algebra using the fixed point method.
The functional equation

So+y) +fx—y) =2f(x) +2f () 11)

is related to a symmetric bi-additive function [20]. It is natural that such an equation
is called a quadratic functional equation. In particular, every solution of the quadratic
equation (1.1) is said to be a quadratic function. It is well known that a function f be-
tween real vector spaces is quadratic if and only if there exists a unique symmetric bi-
additive function B such that f(x) = B(x,x) for all x (see [20]). The bi-additive function
B is given by B(x,y) = i(f(x +9) + f(x — ). In [4], Czerwik proved the Hyers-Ulam sta-
bility of the quadratic functional equation (1.1). A Hyers-Ulam stability problem for the
quadratic functional equation (1.1) was proved by Skof for functions f : E; — E,, where
E; is a normed space and E, is a Banach space (see [26]). Cholewa [27] noticed that the
theorem of Skof is still true if the relevant domain E; is replaced by an Abelian group.
Grabiec in [28] has generalized the above mentioned results. The quadratic functional
equation and several other functional equations are useful to characterize inner product
spaces (see, for instance, [10, 17, 18, 21, 29]).

Now, we consider a mapping f : X — Y that satisfies the following general mixed addi-
tive and quadratic functional equation:

1
flhkx + Iy) + f(kx — ly) = f(kx) + f(x) + E(k - 1)[(/< +2)f (x) + kf(—x)]
+P[fO) +f(=n)], (1.2)
where k, 1 € Z\{0}. It is easy to see that the function f(x) = ax® + bx is a solution of the
functional equation (1.2).

Let S8 be a real number with 0 < 8 <1, and let K denote either R or C. Let X be a linear
space over K. A real-valued function || - || is called a 8-norm on X if and only if it satisfies

(BN1) |lxllg =0 if and only if x = 0;
(BN2) |[Ax]lg = |Al? - |x]ls forall A € K and all x € X;
(BN3) llx+yllg < llxllg + [lyllp for all x,y € X.

The pair (X, || - [|g) is called a S-normed space (see [30]). A B-Banach space is a complete
B-normed space.
For explicit later use, we recall the following result by Diaz and Margolis [6].

Theorem 1.1 Let (2,d) be a complete generalized metric space and ] : 2 — Q be a strictly
contractive mapping with the Lipschitz constant L < 1, that is,

d(x, Jy) < Ld(x,y), Vx,y€Q.
Then for each given x € Q, either
d(]”x,]””x) =00, Vn>0,

or there exists a non-negative integer no such that
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(1) d(J"x,]™x) < oo for all n > ny;

(2) the sequence {J"x} converges to a fixed point y of J;

(3) ¥ is the unique fixed point of ] in the set Q" = {y € Q | d(J™x,y) < 00};

(4) d,y) < 7d,Jy) forally € Q.
2 General solution
Throughout this section, X and Y will be real vector spaces. Before proceeding with the
proof of Theorem 2.3, which is the main result in this section, we shall need the following
two lemmas:
Lemma 2.1 Ifan odd mapping f : X — Y satisfies (1.2) for all x,y € X, then f is additive.
Proof Since f satisfies the functional equation (1.2), putting x = y = 0 in (1.2), we get (1 -
k* — 22)f(0) = 0, or £(0) = 0 if k2 + 2/2 # 1. Note that, in view of the oddness of f, we
have f(—x) = —f(x) for all x € X. If x = 0 in f(—x) = —f(x), one gets f(0) = —f(0), or f(0) =0

without assuming the condition k2 + 212 # 1. Yet, it is assumed that f is odd. Hence, (1.2)

implies the following equation:

Slhkx +ly) + f (kx — by) = f (k) + kf (x) 21

for all v,y € X. Letting y = 0 in (2.1), we get

S (kx) = kf (x) (2.2)

for all x € X. Replacing x and y by Ix and kx, respectively, in (2.1) and using (2.2), we have
f(2lx) = 2f (Ix) (2.3)
for all x € X. Replacing y by 7 in (2.3), we get
£x) = 2 (%) (2.4)

for all x € X. Replacing y by k—ly in (2.1) and using (2.2), we obtain

S +y) +f(x—y) =2f(x) (2.5)
for all x,y € X. Replacing x and y by = and =2, respectively, in (2.5) and using (2.4), we
get

S +y)=f(x)+f() (2.6)
for all x,y € X. Therefore, the mapping f : X — Y is additive. d

Lemma 2.2 [faneven mappingf : X — Y satisfies (1.2) for all x,y € X, then f is quadratic.
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Proof Since f satisfies the functional equation (1.2), putting x = y = 0 in (1.2), we get
f(0) = 0. Note that, in view of the evenness of f, we have f(—x) = f(x) for all x € X. Hence,
(1.2) implies the following equation:

Sflhkx + Iy) + f(kx — ly) = f(kx) + Kf (x) + 22 (y) (2.7)
for all x,y € X. Letting y = 0 in (2.7) and using f(0) = 0, we get

fkx) = K (x) (2.8)
for all x € X. Replacing x and y by 0 and , respectively, in (2.7) and using f(0) = 0, we have

fllx) = Pf (x) (2.9)
for all x € X. Replacing x by /x in (2.7) and using (2.9), we get

flkx+9) +f (ke = y) = f(kx) + Kf (x) + 2 () (2.10)
for all x € X. Replacing y by ky in (2.10) and using (2.10), we obtain

Sa+y) +fx—y) =2f(x) + 2f () (2.11)
for all x,y € X. Therefore, the function f : X — Y is quadratic. O

Now, we are ready to find the general solution of (1.2).

Theorem 2.3 A mapping f : X — Y satisfies (1.2) for all x,y € X if and only if there exist a
symmetric bi-additive mapping B: X x X — Y and an additive mapping A : X — Y such
that f(x) = B(x,x) + A(x) forall x € X.

Proof 1If there exist a symmetric bi-additive function B: X x X — Y and an additive func-
tion A : X — Y such that f(x) = B(x,x) + A(x) for all x € X, it is easy to show that

flkx + ly) + f(kx — ly) = 2k>B(x, x) + 20*B(y, ) + 2kA(x)
= k) + ) + 5 (k= D[k + 206 + k(-] + B[ 0) + ()]

for all x,y € X. Therefore, the function f : X — Y satisfies (1.2).
Conversely, we decompose f into the odd part and the even part by putting

S &) —f(=x) f @) +f(=x)
2

Jolx) = 5

and fi(x) =

for all x € X. It is clear that f(x) = f,(x) + f.(x) for all x € X. It is easy to show that the
functions f;, and f. satisfy (1.2). Hence, by Lemmas 2.1 and 2.2, we achieve that the functions
f, and f; are additive and quadratic, respectively. Therefore, there exists a symmetric bi-
additive function B: X x X — Y such that f;(x) = B(x,x) for all x € X (see [10]). So,

f(x) =B(x,x) + A(x)

for all x € X, where A(x) = f,(x) for all x € X. (]
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3 Approximate mixed additive and quadratic mappings

In this section, we prove the generalized Hyers-Ulam stability of the mixed additive and
quadratic functional equation (1.2) using the fixed point method introduced by Radu in
[7] (see also [8, 9, 31-35]).

Throughout this section, let B be a unital Banach algebra with norm || - ||, B; = {b € B|
[Ibllg =1}, X be a B-normed left B-module and Y be a B-normed left Banach B-module,
and let &,/ € Z\{0} be fixed integers. For a given mapping f : X — Y, we define the differ-
ence operators

Duf (x,9) = f(kbx + Iby) + f (kbx — Iby) — bf (kx) — bf (x)
— S (k= p[+ 27 @) + k(0] - PB[f0) + ()]
and
Duf (x,9) = f(kbx + Iby) + f (kb — by) — b*f (kx) — b*f (x)
S (kD4 201 w) + k()] - 1) + ()]
forallx,y € X and b € By.

Theorem 3.1 Let ¢ : X*> — [0, 00) be a function such that

Jlim Wg&(k x,k"y) =0 (3.1)

forallx,ye X. Let f : X — Y be an odd mapping such that
IDf )], = o) 62)
forallx,y € X and all b € B,. If there exists a Lipschitz constant 0 < L <1 such that
@(kx,0) < |k|P Lo(x,0) (3.3)

for all x € X, then there exists a unique additive mapping A : X — Y such that

lfx) - A@)|, < ¢(x,0) (3.4)

1
|k|F(1-L)

forallx € X. Moreover, if f (tx) is continuous in t € R for each fixed x € X, then A is B-linear,
i.e., A(bx) = bA(x) for all x € X and all b € B.

Proof Letting b=1and y = 0 in (3.2), we get
[ (kx) ~ k)|, < ol 0) (35)

for all x € X. Consider the set Q2 :={g|g: X — Y, g(0) = 0} and introduce the generalized

metric on Q:

d(g,h) = inf{C € [0,00) | Hg(x) — h(x) ||ﬂ <Cp(x,0),Vx € X}. (3.6)
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It is easy to show that (£2,d) is a complete generalized metric space (see the Theorem 2.1
of [13]). We now define a function J : @ — Q by

(Jg)(x) = %g(kx), VgeQxeX. (3.7)

Let g,h € Q and C € [0, 0] be an arbitrary constant with d(g, /) < C; by the definition of
d, it follows

||g(x) — h(x) Hﬁ <Cp(x,0), VxeX. (3.8)

By the given hypothesis and the last inequality, one has

1 1
H glle0) = )

<CLp(x,0), VxeX. (3.9)
B

Hence, it holds that d(Jg, Jh) < Ld(g, h). It follows from (3.5) that d(Jf,f) < T
fore, by Theorem 1.1, ] has a unique fixed point A : X — Y inthe set Q" = {g € Q | d(f,g) <
oo} such that

ﬂ < 00. There-

A(x) := lim (]”f)(x) = lim %f(k"x) (3.10)
and A(kx) = kA(x) for all x € X. Also,

d(A.f) =

<17 (3.11)

1
4 -
Urf) = k[F(1-L)
This means that (3.4) holds for all x € X.
Now, we show that A is additive. By (3.1), (3.2) and (3.10), we have

||D1A(x,y)||ﬂ = lim |”ﬁ | Dof (K%, K"y) ||/S < hm T ﬂ<p(k %K) =0

that is,

flkx + Iy) + f(kx — ly) = f(kx) + f(x) + %(k - 1)[(k +2)f(x) + kf(—x)] + 2 D‘(y) +f(—y)]

for all %,y € X. Therefore, by Lemma 2.1, we get that the mapping A is additive. To prove
the uniqueness assertion, let us assume that there exists an additive function 7: X — Y
which satisfies (3.4). Since d(f, T) < 1/[|k|f(1 - L)] and T is additive, we get T € Q" and
UT)(x) = % T(kx) = T'(x) for allx € X, i.e., T is a fixed point of /. Since A is the unique fixed
point of J in ', then T = A.

Moreover, if f(tx) is continuous in ¢ € R for each fixed x € X, then, by the same rea-
soning as in the proof of [2], A is R-linear. Since A is additive, A(rx) = rA(x) for any ra-
tional number 7. Fix xo € X and p € Y (the dual space of Y). Consider the mapping
¢ :R— R, ¢(t) := p(A(txp)), t € R. Then ¢(t + 5) = () + ¢(s), t,s € R, i.e. ¢ is a group
homomorphism. Moreover, ¢ is a Borel function because of the following reasoning. Let
@(2) = lim,,_, o p(f (k" tx0))/k" and put ¢,(t) = p(f(k"tx0))/k". Then ¢,(¢) are continuous
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functions. But ¢(¢) is the pointwise limit of continuous functions, thus ¢(¢) is a Borel
function. It is a known fact that if ¢ : R — R is a function such that ¢ is a group homo-
morphism, i.e. ¢(t +s) = p(£) + ¢(s) and ¢ is a measurable function, then ¢ is continuous.
Therefore, ¢(t) is a continuous function. Let 2 € R. Then a = lim,,_, o r,, where {r,} is a
sequence of rational numbers. Thus

@(at) = <p(t lim r,,) = lim @(tr,) = <lim rn)<p(t) = ap(t).
n—00 n—00 n—0o0

Therefore, p(at) = ap(t) for any a € R. And then, A(ax) = aA(x) for any a € R. Hence, the
additive mapping A is R-linear.
Letting y = 0 in (3.2), we get

| 2 (kbx) = bf (kx) - kbf ()|, < 9 (x,0) (3.12)
for all x € X and all b € B;. By definition of 4, (3.1) and (3.12), we obtain

|24 (kbx) — bA(kx) - kbA(x)| ; = lim

Hm ﬁ ||2f(kn+1bx) _ bf(k”*lx) _ kbf(k”x)

s

< lim Lﬂw(k"x,o) =0

n—oo |k|"

for all x € X and all b € By. So, 2A(kbx) — bA(kx) — kbA(x) = 0 for all x € X and all b € B;.
Since A is additive, we get A(bx) = bA(x) for all x € X and all b € B; U {0}. Now, let a €
B\{0}. Since A is R-linear,

b b

b
A(x) = bA
ol ) = bAw)

=1blls -

for all x € X and all b € B. This proves that A is B-linear. d
Corollary 3.2 Let 0<p<1,4,60 €[0,00),and let f : X — Y be an odd mapping for which
|Duf G|, <8+ 6l + ) (3.13)

forall x,y € X and b € By. Then there exists a unique additive mapping A : X — Y such
that

lfx) - AW, < 011

1 1
S+
|k|F = |kIPP - |kIP — |k|PP
forallx € X. Moreover, if f (tx) is continuous in t € R for each fixed x € X, then A is B-linear.

Proof The proof follows from Theorem 3.1 by taking ¢(x,y) = § + 9(||x||§ + ||y||1;,) for all
%,y € X. We can choose L = |k|#?~V to get the desired result. O

The generalized Hyers-Ulam stability problem for the case of p = 1 was excluded in
Corollary 3.2. In fact, the functional equation (1.2) is not stable for p =1 in (3.13) as we
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shall see in the following example, which is based on the example given in [36] (see also
[34]).

Example 3.3 Let ¢ : C — C be defined by

x, for|x| <1,
P(x) =

1, for|x|>1.

Consider the function f : C — C be defined by

f@) =) a"p(a"x)

m=0

for all x € C, where @ > max{|k|, |/|}. Let

Duf (5,9) = f(kbx + lby) + f (kbx — by) - bf (ke) — b (x)

- %(k —Db[(k +2)f (x) + kf (<2)] = B[ () + £ ()]

forallx,y e Cand b € T := {A € C| |A| =1}. Then f satisfies the functional inequality

(k2 +3+20)

|Dyf (x,9)] < 1 (Ixl + Iy1) (3.14)

for all x,y € C, but there do not exist an additive mapping A : C — C and a constant d > 0
such that |f(x) — A(x)| < d|x| for all x € C.
It is clear that f is bounded by -*; on C. If |x| + |y| = 0 or |x| + [y| > é, then

2(k% +3+2P)

D) <= (1x] + Iy1).
-1

Now, suppose that 0 < |x| + [y| < é Then there exists an integer n > 1 such that

1
e <zl + |yl < ot (3.15)
Hence,

o kbx + Iby| < 1, a”lkx| <1, o"x| <1, oyl <1
y

forall m =0,1,...,n — 1. From the definition of f and (3.15), we obtain that

IDuf (6,9)] = | (o (kb + Iby)) + Y ™" p (o™ (Kbox — Iby))

-b Z a_mq&(amkx) -b Z ofmqb(amx)

- %(k ~1)b [(k +2)) a (o) + kmz a"m¢(—amx):|

m=n

Page 8 of 18
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+ lzb[i a‘m(p(amy) + i a‘”‘¢(—amy):| ‘

m=n m=n

(k2 +3+202)
<

= T(lxl +191)-

Therefore, f satisfies (3.14). Now, we claim that the functional equation (1.2) is not stable
for p =1 in Corollary 3.2. Suppose, on the contrary, that there exist an additive mapping
A :C — C and a constant d > 0 such that |[f(x) — A(x)| < d|x| for all x € C. Then there
exists a constant ¢ € C such that A(x) = ¢x for all rational numbers x. So, we obtain that

[f ()] < (d +1cl)lx] (3.16)

for all rational numbers x. Let s € N with s + 1 > d + |¢|. If x is a rational number in (0, @ ~*),
then a”x € (0,1) for all m = 0,1,...,s, and for this x, we get

f@=Y" qb(oz::x) = d)(z:x) =(s+1)x> (d+]cl)x,
m=0

o
m=0

which contradicts (3.16).

Corollary 3.4 Lett,s >0 such that ) :=t +s <1 and §, 0 be non-negative real numbers,

andlet f : X — Y be an odd mapping for which

| Daf e )| < 8 + O [Ill 15 + (hells + 1y15)]

forall x,y € X and b € By. Then there exists a unique additive mapping A : X — Y such
that

[f ) -AW)| , < ol

1 1
5+
|kIP = 1k|B* " |k|P — [k|P
forall x € X. Moreover, if f (¢x) is continuous in t € R for each fixed x € X, then A is B-linear.

Proof The proof follows from Theorem 3.1 by taking ¢(x,y) = & + 8[||x||g||y||f3 + (||x||f3 +
llyll3)] for all x,y € X. We can choose L = |k|PC-~D to get the desired result. O

The generalized Hyers-Ulam stability problem for the case of A = 1 was excluded in

Corollary 3.4. Similar to Theorem 3.1, one can obtain the following theorem.

Theorem 3.5 Let ¢ : X? — [0, 00) be a function such that

. X )y
lim k"o —,= | =0
Jm [kl ¢<kn kn)
forallx,ye X.Let f : X — Y be an odd mapping such that

| Def (x9) || < 9 (. 9)
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forallx,y € X and all b € B;. If there exists a Lipschitz constant 0 < L < 1 such that ¢(x,0) <

|k|P Lo (kx, 0) for all x € X, then there exists a unique additive mapping A : X — Y such
that

L
“f(x) —A(x)”ﬂ = m‘/’(%o)

forall x € X. Moreover, if f (¢x) is continuous in t € R for each fixed x € X, then A is B-linear.
As applications of Theorem 3.5, one can get the following Corollaries 3.6 and 3.7.

Corollary 3.6 Letr >1and 0 be a non-negative real number, and let f : X — Y be an odd
mapping such that

|Duf e, <0 (Il + 1)

forall x,y € X and b € By. Then there exists a unique additive mapping A : X — Y such
that

1 r
Hf(x) - A(x) Hﬂ = WQ %1l

forall x € X. Moreover, if f (¢x) is continuous in t € R for each fixed x € X, then A is B-linear.

Corollary 3.7 Lett,s >0 such that ). :=t+s>1and 0 be a non-negative real number, and
let f : X — Y be an odd mapping such that

[Duf e, < B[l 15 + (el + )]

forall x,y € X and b € By. Then there exists a unique additive mapping A : X — Y such
that

1
Hf(x) —A(x) ||ﬁ = We ||x||;\3

forallx € X. Moreover, if f (tx) is continuous in t € R for each fixed x € X, then A is B-linear.

Theorem 3.8 Let ¢ : X?> — [0,00) be a function such that

: 1 n n
nll)rgo TG <p(k x, k y) =0 (3.17)

forallx,ye X. Let f : X — Y be an even mapping with f(0) = 0 such that

|Def ) < 9(.9) (3.18)

forall x,y € X and all b € B,. If there exists a Lipschitz constant 0 < L <1 such that

@(kx,0) < |k|* Lo(x,0) (3.19)
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for all x € X, then there exists a unique quadratic mapping Q : X — Y such that

IF@ - QW) , < ¢(,0) (3.20)

b
k% (1-L)

for all x € X. Moreover, if f(tx) is continuous in t € R for each fixed x € X, then Q is B-
quadratic, i.e., Q(bx) = b*Q(x) for all x € X and all b € B.

Proof Letting b=1and y = 0 in (3.18), we get
Hf(kx - K*f(x) H < ¢(x,0) (3.21)

for all x € X. Consider the set Q2 :={g | g: X — Y,g(0) = 0} and introduce the generalized
metric on Q:

d(g, ) = inf{C € [0,00) | ||g(x) — h(x) ||ﬂ < Cop(x,0),Vx € X}.

It is easy to show that (£2,d) is a complete generalized metric space (see Theorem 2.1 of
[13]). We now define a function J : @ — Q by

1
Jg)(x) = pg(kx), Vg e Q,xeX.

Letg,h € Qand C € [0, c0] be an arbitrary constant with d(g, &) < C; by the definition of 4,
it follows

lg(x) - h(x)Hﬂ <Cop(x,0), VxeX.
By the given hypothesis and the last inequality, one has

’ 1

1
(k) = = ()

<CLgp(x,0), VxeX.
B

Hence, it holds that d(Jg,Ji) < Ld(g, k). It follows from (3.21) that d(Jf,f) < 1/|k|*# < oc.
Therefore, by Theorem 1.1, J has a unique fixed point Q : X — Y in the set Q= {ge]
d(f,g) < oo} such that

Q)= Jim (")) = lim 5 (K"%) (322)
and Q(kx) = k2Q(x) for all x € X. Also,

dQ.f) =

< U f) <

<1
k%P (1- L)'

This means that (3.20) holds for all x € X. The mapping Q is quadratic because it satisfies
equation (1.2) as follows:

1
|D1Qx.9)] , = lim |k|2nﬂ |Dyf (k"% k"), < lim |k|2nﬁ¢(k”x,k"y):0
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for all x, y € X; therefore, by Lemma 2.2, it is quadratic. To prove the uniqueness assertion,
let us assume that there exists a quadratic mapping S : X — Y which satisfies (3.20). Since
d(f,S) <1/[|k|**(1 - L)] and S is quadratic, we get S € Q" and (JS)(x) = k%S(kx) = S(x) for
allx € X, i.e., S is a fixed point of /. Since Q is the unique fixed point of  in Q, then S = Q.

Moreover, if f (tx) is continuous in ¢ € R for each fixed x € X, then by the same reasoning
as in the proof of [2], Q is R-quadratic. Letting y = 0 in (3.18), we get

”2f(kbx) — b*f(kx) — k*b*f (x) Hﬁ < ¢(x,0) (3.23)
for all x € X and all b € B;. By definition of Q, (3.17) and (3.23), we obtain

|2QUkb) - 5*Q(k) - K*b* Q) , < lim

1
m k2—nﬁ(p(knx’ 0) =0

for all x € X and all b € B;. So, 2Q(kbx) — b*>Q(kx) — k>b*>Q(x) = 0 for all x € X and all

b € By. Since Q(kx) = k2Q(x), we get Q(bx) = b*Q(x) for all x € X and all b € B; U {0}. Now,
let b € B\{0}. Since Q is R-quadratic,

b b
bx) = bl - =1bII? - }
Qbx) Q(” e ||b||3x) 1615 Q(nbns")

b1 (i)zam QW)
B RN T -

for all x € X and all b € B. This proves that Q is B-quadratic. d

Corollary 3.9 Let 0 <p<2,6,0 €[0,00), and let f : X — Y be an even mapping with
f(0) = 0 such that

|Duf (e, 5 < 8+ 0(Ull; + 1yl

forallx,y € X and b € B,. Then there exists a unique quadratic mapping Q: X — Y such
that

)= Q) < b4 ol

N R
for all x € X. Moreover, if f(tx) is continuous in t € R for each fixed x € X, then Q is B-
quadratic.

Proof The proof follows from Theorem 3.8 by taking ¢(x,y) = 6 + 9(||x||1; + ||y||§) for all
%,y € X. We can choose L = k|2 to get the desired result. O

The following example shows that the generalized Hyers-Ulam stability problem for the
case of p = 2 was excluded in Corollary 3.9. This example is a modified version of Czer-
wik [4].

Example 3.10 Let ¢ : C — C be defined by

x2, for |x| <1,

ox) =

1, for|x|>1.
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Consider the function f : C — C be defined by

fx) = Za‘ZW’d}(a’"x)
m=0
for all x € C, where « > max{|k|,|/|}. Let

Duf (x,9) =f(kbx + Iby) +f (kbx — Iby) - Bf (k) — b*f ()

(k DB*[(k +2)f (x) + kf (—0)] = PB[f () + f ()]
forallx,y e Cand b € T := {A € C| |A| =1}. Then f satisfies the functional inequality

K +3+202)at

Dufts] = =53

(Ix1* + 1y1?) (3.24)

for all x, y € C, but there do not exist a quadratic mapping Q: C — C and a constant d > 0
such that |[f(x) - Q(x)| < d|x|* for allx € C.
It is clear that f is bounded by a‘;—: on C.If |x|* + |y|* = 0 or |x|* + [y|> > -, then

+3+2l)

|D,,f(x,y)| 1

(Ix* + y1%).

Now, suppose that 0 < |x|? + |y|? < a—lz Then there exists an integer # > 1 such that

1 2 9 1

Hence,
a” |kbx £ Iby| < 1, alkx| <1, o™x| <1, a”lyl <1

forall m =0,1,...,n— 1. From the definition of f and the inequality (3.25), we obtain that

~ K +3+202)at
Duf@y)] < %(W +1yl?).

Now, we claim that the functional equation (1.2) is not stable for p = 2 in Corollary 3.9.
Suppose, on the contrary, that there exist a quadratic mapping Q : C — C and a constant
d > 0 such that |f(x) — Q)| < d|x|? for all x € C. Then there exists a constant ¢ € C such
that Q(x) = cx? for all rational numbers x. So, we obtain that

[f@)| < (d + Icl) I« (3.26)

for all rational numbers x. Let s € N with s + 1 > d + |¢|. If x is a rational number in (0, &™),
then a”x € (0,1) for all m = 0,1,...,s, and for this x, we get

f(x)—z (@) _Z —(s+1)x2>(a'+|c|)x2

m=0

which contradicts (3.26).

Page 13 0f 18
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Similar to Corollary 3.9, one can obtain the following corollary.

Corollary 3.11 Let t,s > 0 such that ). :=t + s <2 and 8§, 6 be non-negative real numbers,
andlet f : X — Y be an even mapping with f(0) = 0 such that

|Buf e, < 6+ B[l Iyl + (Il + Iy115)]

forallx,y € X and b € By. Then there exists a unique quadratic mapping Q: X — Y such
that

1 1
— S A
|f () QMMSMW—MW + e g Ol

for all x € X. Moreover, if f(tx) is continuous in t € R for each fixed x € X, then Q is B-
quadratic.

Similar to Theorem 3.8, one can obtain the following theorem.
Theorem 3.12 Let ¢ : X* — [0,00) be a function such that

lim kwgo(ﬁn, l) -0 (3.27)
n—00 k /(

forallx,ye X.Letf : X — Y be an even mapping such that

| Dof @) < 05,9 (3.28)

forallx,y € X and all b € B,. If there exists a Lipschitz constant 0 < L < 1 such that ¢(x,0) <
k=28 Lo(kx, 0) for all x € X, then there exists a unique quadratic mapping Q : X — Y such
that

Ifx) - Q)| ;= ¢(x,0) (3:29)

L
KB(1-L)

for all x € X. Moreover, if f(tx) is continuous in t € R for each fixed x € X, then Q is B-
quadratic.

Remark 3.13 Let f : X — Y be a mapping for which there exists a function ¢ : X? —
[0, 00) satisfying (3.28). Let 0 < L < 1 be a constant such that ¢(x, 0) < k~2fLe(kx, 0) for all
x € X.f(0) =0, since ¢(0,0) = 0.

We now prove our main theorem in this section.

Theorem 3.14 Let ¢ : X* — [0, 00) be a function such that

lim

Tim Wgo(k”x, K'y)=0 (3.30)

forallx,ye X. Let f : X — Y be a mapping with f(0) = 0 such that

|Duf @), < 0xy) and  |Duf (3], < 9(x) (3.31)
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forallx,y € X and all b € B,. If there exists a Lipschitz constant 0 < L <1 such that
¢(kx,0) < |k|” Ly (x, 0) (3.32)

forall x € X, then there exist a unique additive mapping A : X — Y and a unique quadratic
mapping Q : X — Y such that

k|8
If (%) = A@) - QW) |, < | k“' +l [0(x,0) + o(x,0)] (3.33)

?(1-1)

forall x € X. Moreover, if f (tx) is continuous in t € R for each fixed x € X, then A is B-linear
and Q is B-quadratic.

Proof If we decompose f into the even and the odd parts by putting

_fx) +f(=x)
- 2

fe(x) and f,(x) =

fx) —2f (%) (3.34)

for all x € X, then f(x) = f,(x) + f,(x). Let ¥ (x,9) = [¢(x,y) + ¢(—x,—)]/27, then by (3.30)-
(3.32) and (3.34), we have

nlgglo TG w(k”x, k”y) =0, ¥ (kx,0) < |k|PLy (x,0),
D), ¥y [Dafe@n)], < vy

Hence, by Theorems 3.1 and 3.8, there exist a unique additive mapping A: X — Y and a
unique quadratic mapping Q : X — Y such that

1
[fol@) - A@)| , < mw(x, 0, Jt@-Qwl, =< ¥ (x,0)

1
KB(1-1L)

for all x € X. Therefore,

) - A - Q)] = [60) - AW, + [ - QW]

1
A

< - - -
~ |kIFQ-L) (1-1)
|k|f +1

) [¢(x,0) + p(-x,0)]

forallx € X. O

Corollary 3.15 Let 0 < p <1 and §, 6 be non-negative real numbers, and let f : X — Y be
a mapping with f(0) = 0 such that

|Duf )|, <8 +0(Ixll; + Iylly)  and | Duf )], < 8+ 0 (Il + llylls)

forall x,y € X and b € B,. Then there exist a unique additive mapping A: X — Y and a
unique quadratic mapping Q : X — Y such that

2(1k|# +1)

Hf(x) -Ax) - Qx) ||ﬁ = W[s + 9||x||’2]
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forall x € X. Moreover, if f (tx) is continuous in t € R for each fixed x € X, then A is B-linear
and Q is B-quadratic.

Thanks to Remark 3.13, by a similar method to the proof of Theorem 3.14, one can obtain
the following theorem.

Theorem 3.16 Let ¢ : X2 — [0,00) be a function such that

forallx,y e X. Let f : X — Y be a mapping such that
|Dof @), <9xy) and  |Def (3], < 9(x)

forall x,y € X and all b € B,. If there exists a Lipschitz constant 0 < L <1 such that
¢(x,0) < |k|* Ly (kx, 0)

forallx € X, then there exist a unique additive mapping A : X — Y and a unique quadratic
mapping Q : X — Y such that

B
|Lf(x)—A(x)—Q(x)||ﬂ < |(|k| +1)L

KPPy 0) + e(=x0)]

forall x € X. Moreover, if f (tx) is continuous in t € R for each fixed x € X, then A is B-linear
and Q is B-quadratic.

Corollary 3.17 Let p > 2 and 0 be a non-negative real number, and let f : X — Y be a
mapping for which

|Dof @), < 6%l + 1915)  and [ Daf )], < 6%l + lyI)

forall x,y € X and b € By. Then there exist a unique additive mapping A: X — Y and a
unique quadratic mapping Q : X — Y such that

k|8
19 - 40) - Q] = e 0

kiPP — [k|2P

forall x € X. Moreover, if f (¢x) is continuous in t € R for each fixed x € X, then A is B-linear
and Q is B-quadratic.

Remark 3.18 The generalized Hyers-Ulam stability problem for the cases of p = 1 and
p =2 were excluded in Corollaries 3.15 and 3.17, respectively.
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