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FIXED POINTS AND STABILITY OF AN AQCQ-FUNCTIONAL
EQUATION IN G-NORMED SPACES

JUNG RYE LEE?, MADJID ESHAGHI GORDJI® AND DONG-YUN SHIN ©*

ABSTRACT. In this paper, we introduce functional equations in G-normed spaces
and we prove the Hyers-Ulam stability of an additive-quadratic-cubic-quartic func-
tional equation in complete G-normed spaces by using the fixed point method.

1. INTRODUCTION AND PRELIMINARIES

The stability problem of functional equations was originated from a question
of Ulam [44] concerning the stability of group homomorphisms. Hyers [18] gave a
first affirmative partial answer to the question of Ulam for Banach spaces. Hyers’
Theorem was generalized by Aoki [2] for additive mappings and by Th.M. Rassias
[37] for linear mappings by considering an unbounded Cauchy difference. The paper
of Th.M. Rassias [37] has provided a lot of influence in the development of what we
call Hyers-Ulam stability or Hyers-Ulam-Rassias stability of functional equations.
A generalization of the Th.M. Rassias theorem was obtained by Gavruta [17] by
replacing the unbounded Cauchy difference by a general control function in the
spirit of Th.M. Rassias’ approach.

The functional equation

flx+y) + flz—y) =2f(x) +2f(y)

is called a quadratic functional equation. In particular, every solution of the qua-
dratic functional equation is said to be a quadratic mapping. The Hyers-Ulam sta-
bility problem for the quadratic functional equation was proved by Skof [43] for

mappings f : X — Y, where X is a normed space and Y is a Banach space.
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Cholewa [8] noticed that the theorem of Skof is still true if the relevant domain X
is replaced by an Abelian group. Czerwik [10] proved the Hyers-Ulam stability of
the quadratic functional equation.

In [21], Jun and Kim considered the following cubic functional equation

(1.1) fRx+y)+ f(2x —y) =2f(z +y) +2f(z —y) + 12f(z).

It is easy to show that the function f(z) = 22 satisfies the functional equation (1.1),
which is called a cubic functional equation and every solution of the cubic functional
equation is said to be a cubic mapping.

In [25], Lee et al. considered the following quartic functional equation

(1.2) fzx+y)+f2r—y)=4Af(x+y) +4f(x —y) +24f(x) —6f(y).

It is easy to show that the function f(x) = x? satisfies the functional equation
(1.2), which is called a quartic functional equation and every solution of the quartic
functional equation is said to be a quartic mapping.

The following additive-quadratic-cubic-quartic functional equation

(1.3) flx+2y) + flx—2y) = 4f(x+y) +4f(x—y) —6f(z)
+f(2y) + f(—2y) —4f(y) — 4f(~y)

has been investigated in [24, 33, 34]. The stability problems of several functional
equations have been extensively investigated by a number of authors and there
are many interesting results concerning this problem (see [1, 3, 7, 9, 11, 15, 16],
[19, 22, 23, 28, 30], [38]-[42]).

Definition 1.1 ([29]). Let X be a vector space. A function G : X3 — [0,00) is
called a G-metric if the following conditions are satisfied:
(1) G(z,y,2) =0if z =y = z,
(2) G(z,z,2z) >0 for all z,z € X with z # z,
(3) G(x,z,2) < G(x,y, 2) for all x,y,z € X with y # z,
(4) G(z,y,z) = G(p(x),p(y),p(2)), where p is a permutation of z,y, z,
(5) G(z,y, 2) < G(z,w,w) + G(w,y, 2z) for all z,y,z,w € X.
The pair (X, G) is called a G-metric space.

G
G
G
G

Definition 1.2 (][29]). Let (X, G) be a G-metric space.
(1) A sequence {z,} in X is said to be a G-Cauchy sequence if, for each € > 0,
there exists an integer N such that, for all m,n,l > N,
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G(Tm, Tn,x;) < €.

(2) A sequence {z,} in X is said to be G-convergent to a point x if, for each

g > 0, there exists an integer N such that, for all m,n > N,
G(Tm,Tn,x) < €.

A G-metric space (X, Q) is called complete if every G-Cauchy sequence is G-

convergent.

Example 1.3 ([29]). Let (X,d) be a metric space. Then G : X3 — [0, ), defined
by
G(aj7 y? Z) = maX{d(m, y)? d<y7 Z>7 d(x7 Z)}’ CC? y? z e X7

is a G-metric.

One can define the following.

Definition 1.4 ([35]). Let X be a vector space over a field F' = R or C. A function
-]l - X2 — [0, 00) is called a G-norm if the following conditions are satisfied:

1) ||z,y|| = 0 if and only if z =y = 0,

2) ||z —y,0|| < ||z —w,0| + ||w—y,0| for all z,y,w € X,

3) lz—y,x—z|| < |lxr —w,z —w|| + ||lw —y,w — 2| for all z,y,z,w € X,

4) |[Az, Ay|| = |A| ||z, y|| for all z,y € X and all A € F.

The pair (X, |-, -]|) is called a G-normed space.

(
(
(
(

Definition 1.5 ([35]). Let (X, |-, -||) be a G-normed space.
(1) A sequence {z,} in X is said to be a G-Cauchy sequence if, for each ¢ > 0,
there exists an integer N such that, for all m,l > N,

|lz1 — Ty 21 — T || < € & lz1 — zm, 0] <e.
(2) A sequence {z,} in X is said to be G-convergent to a point x € X if, for each
€ > 0, there exists an integer IV such that, for all m > N,
|z — zm,x —zp|| <€ & |z — zm, 0| <e.

We will denote z by G-lim,, o0 T, .
A G-normed space (X, ||-,-]|) is called complete if every G-Cauchy sequence is

G-convergent.

It is easy to show that if there exists a G-limit x € X of a sequence {x,} in X

then the G-limit is unique.
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Example 1.6 ([35]). Let (X,]| - ||) be a normed space. It is easy to show that
|- -]l : X2 — [0, 00), defined by

2, yll = max{[lz]l, [yll},  zyeX,

is a G-norm.

Let X be a set. A function d: X x X — [0,00] is called a generalized metric on
X if d satisfies

(1) d(z,y) = 0 if and only if x = y;

(2) d(z,y) = d(y,x) for all z,y € X;

(3) d(z,2) < d(x,y) + d(y, z) for all z,y,z € X.

We recall a fundamental result in fixed point theory.

Theorem 1.7 ([4, 12]). Let (X,d) be a complete generalized metric space and let
J: X — X be a strictly contractive mapping with Lipschitz constant L < 1. Then

for each given element x € X, either
d(J"z, J" ) = 0o

for all nonnegative integers n or there exists a positive integer ng such that
(1) d(J"z, J"r) < oo, Vn > ng;

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

(3) y* is the unique fized point of J in the set Y = {y € X | d(J™z,y) < oo};
(4) d(y,y*) < _Ld(y, Jy) forally €Y.

In 1996, G. Isac and Th.M. Rassias [20] were the first to provide applications of
stability theory of functional equations for the proof of new fixed point theorems
with applications. By using fixed point methods, the stability problems of several
functional equations have been extensively investigated by a number of authors (see
[5, 6, 27, 31, 32, 36]).

Using the fixed point method, we prove the Hyers-Ulam stability of the additive-
quadratic-cubic-quartic functional equation (1.3) in complete G-normed spaces.

Throughout this paper, let X be a G-normed space and let Y be a complete

G-normed space.

2. STABILITY OF THE AQCQ-FUNCTIONAL EQUATION (1.3)
IN G-NORMED SPACES: ODD CASE

One can easily show that an odd mapping f: X — Y satisfies (1.3) if and only
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if the odd mapping mapping f : X — Y is an additive-cubic mapping, i.e.,

flz+2y) + f(x = 2y) = 4f (x +y) + 4f(z —y) — 6f(2).

It was shown in [14, Lemma 2.2] that g(z) := f(22)—2f(z) and h(z) := f(22)—-8f(z)
are cubic and additive, respectively, and that f(x) = %g(a:) - %h(x).

One can easily show that an even mapping f : X — Y satisfies (1.3) if and only
if the even mapping f : X — Y is a quadratic-quartic mapping, i.e.,

f@+2y) + flx—2y) =4f (z +y) +4f(x —y) — 6f(x) + 2 (2y) — 8/ (y).

It was shown in [13, Lemma 2.1] that g(z) := f(2z) — 4f(z) and h(z) := f(2z) —
16f(z) are quartic and quadratic, respectively, and that f(z) = 159(z) — $h(z).

For a given mapping f : X — Y, we define

Df(z,y): = flz+2y)+ f(z—2y) —4f(z+y) —4f(z —y) +6f(2)
—f(2y) = F(=2y) +4f(y) +4f (=)

for all x,y € X.

Using the fixed point method, we prove the Hyers-Ulam stability of the functional

equation D f(x,y) = 0 in G-normed spaces: odd case.

Theorem 2.1. Let ¢ : X* — [0,00) be a function such that there exists an L < 1
with
L
(2.1) play, z,w) < 2 (22, 2y, 22, 20)
forallx,y,z,we X. Let f: X — Y be an odd mapping satisfying
(2:2) I1Df(z,y), Df (z,w)|| < ¢(z,y,z,w)

for all x,y,z,w € X. Then there exists a unique cubic mapping C : X — Y such
that

(2.3) 1f(22) = 2f(x) = C(x), f(22) = 2f(x) — C(a)]]

L
< gogp Wele o z,2) + ¢ (20,2, 22, 1)),
(2.4) 1£(22) = 2f(2) = C(2), 0]l < g—¢7 (49 (2,2,0,0) + ¢ (22, 2,0,0))
forallz e X.

Proof. Since f is odd, f(0) = 0.
Letting x = z = w = y in (2.2), we get

(2.5)  [If(3y) —4f(2y) +5f(y), fBy) — 4f(2y) +5f W)l < »(¥,y,v,v)
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for all y € X.
Replacing z, z, w by 2y, 2y, y in (2.2), respectively, we get

(2.6)  [f(4y) —4f(3y) +6f(2y) — 4f(y), f(4y) — 4f(3y) +6f(2y) — 4f(y)|l
< »(2y,9,2y,y)
for all y € X.

Since ||z —y,z — 2| < ||z —w,z —w|| + [|w — y,w — 2| for all z,y,z,w € X, it
follows from (2.5) and (2.6) that

(2.7)  |f(4y) —10f(2y) + 16 (y), f(4y) — 10f(2y) + 16f(y)||
< 14(fBy) —4f(2y) +5f (), 4(f(3y) — 4f (2y) +5f(v))ll
+[f(4y) — 4f(3y) +6f(2y) — 4f(v), f(4y) — 4f(By) + 6f(2y) — 4f(v)||
<4o(y,y,y,y) +¢(2y,y,2y,y)

for all y € X. Letting y := § and g(x) := f(2z) — 2f(x) for all z € X, we get

w9 lor-(5) -5 2] < 4G5 52) ro(a5n)
< % (4o (x, 2,2, 2) + ¢ (22, x, 22, X))

for all z € X.
Letting = y and z = w = 0 in (2.2), we get

(2.9) 1£(3y) —4f(2y) +5f(y),0)|| < ¢(y,y,0,0)

for all y € X.
Replacing = by 2y and z = w = 0 in (2.2), we get

(2.10) 1f(4y) — 4f(3y) +6f(2y) — 4f(y), 0)|| < »(2y,y,0,0)

for all y € X.
Since ||z —y, 0] < ||z —w, 0| + [Jw —y, 0|| for all z,y,w € X, it follows from (2.9)
and (2.10) that

(2.11) [ f(4y) — 10f(2y) +16f(y), O]
< [|4(f(3y) —4f(2y) +5f(y)), 0l + || f(4y) — 4f(3y) + 6f(2y) — 4f(y), 0]
< 4p(y,9,0,0) + ¢(2y,y,0,0)
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for all y € X. So
T T

x x
21) o) =89 (3) 0] = 40(5,5:0.0) + e (x3,00)
( ) g(z) Sg2 o] < @2200 —I—s0x200

L
3 (4p (2, 2,0,0) + ¢ (27,2,0,0))

A

for all z € X.
Consider the set
S={h: X ->Y}

and introduce the generalized metric on S:
d(g,h) = inf {p € By : g(x) — h(x), g(x) — h(@)]| < p(4p (v, 7,2)
+o (22,2, 2,2) ), |[9(z) — h(2), 0] < u(4p (z,2,0,0)
+¢ (22,2,0,0) ), YV € X},

where, as usual, inf ¢ = 400. It is easy to show that (S, d) is complete (see [26]).

Now we consider the linear mapping J : S — S such that

Jg(@) =8¢ (5)

for all x € X.
Let g,h € S be given such that d(g,h) = €. Then

lg(z) — h(x),0[ < (4¢ (z,2,0,0) + ¢ (22, 2,0,0))
for all x € X. Hence
|79(x) = Th(), 0] = |89 (
for all z € X.

Similarly, one can show that

T x T x
|79(x) = Th(), Jg(x) = Th(@)]| = II8g (5) = 8h (5) .89 (5) =80 (5) I
<L (490 (.%‘,l',l’,ﬂ?) +o (2‘737 &, 2'737 CC))
for all x € X. So d(g,h) = € implies that d(Jg, Jh) < Le. This means that

d(Jg,Jh) < Ld(g, h)

X

X
—8h (= <

for all g,h € S.
It follows from (2.8) and (2.12) that d(g, Jg) < %.
By Theorem 1.7, there exists a mapping C : X — Y satisfying the following:
(1) C is a fixed point of J, i.e.,

(2.13) C (g) - éC(w)
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for all x € X. The mapping C' is a unique fixed point of J in the set
M ={ge S:d(h,g) < oc}.
This implies that C' is a unique mapping satisfying (2.13) such that there exists a
p € (0, 00) satisfying
lg(z) — C(x), g(x) — C(z)]]
lg(z) = C(x),0] < p(dp(z,2,0,0)+ ¢ (22,2,0,0))

IN

l’[/(490 (‘,'177 x? x? 'CE) +¢(2x7 x? 2'CE? x)) )

for all x € X;
(2) d(J™g,C) — 0 as n — oo. This implies the equality

lim 8"g ( x ) = C(x)

n—oo 27
for all x € X;
(3) d(g,C) < 11;d(g, Jg), which implies the inequality
L
< .

This implies that the inequalities (2.3) and (2.4) hold.
By (2.1) and (2.2),

Tz Yy 2x 2y T Yy
Do (gi50) 0| < 8"*0<zn’2n’0’0)+2'8"90(2n’2nvo’0)

< L™(¢(22,2y,0,0) + 2¢ (22, 2y,0,0)),

STL

A

which tends to zero as n — oo. So
IDC(x,y),0] =0

for all x,y € X. Thus the mapping C' : X — Y is a cubic mapping, as desired. [J

Corollary 2.2. Let 0 be a positive real number and p a real number with 0 < p < 3.
Suppose that f: X — Y is an odd mapping satisfying

(2.14) [[Df(x,y), Df(z, w)| <Oz, =" + lly, yll” + |z, 2[” + llw, w][*)

for all x,y,z,w € X. Then there exists a unique cubic mapping C : X — Y such
that

2P(9 4 2P)
4(8 —2r)
2P(9 4 2P)
8(8 —2r)

1f(22) = 2f(x) = C(x), f(22) = 2f () = C(a)|| <

0|, z[|”,

1f(22) = 2f(x) = C(x),0] <

0|z, [|”
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forallz e X.

Proof. The proof follows from Theorem 2.1 by taking p(z,y,z,w) = 0(||z,z|P +
lly, ylIP + ||z, 2||P + ||w, w]||P) for all ,y,2,w € X. Then we can choose L = 2P~3 and
we get the desired result. O

Theorem 2.3. Let ¢ : X* — [0,00) be a function such that there exists an L < 1
with

T Y 2w

27272 5)

for all z,y,z,w € X. Let f : X — Y be an odd mapping satisfying (2.2). Then

o2, 2,w) < 8L (

there exists a unique cubic mapping C : X — Y such that

1f(22) = 2f(x) = C(x), f(2x) = 2f(x) — C(a)]]
1
8 —8L

1f(2z) = 2f(z) — C(2),0] <
forallz e X.

<

(4o (z, 7,2, 7) + ¢ (22, 7,27, 7)),

8 — 8L (490 (.T,ZE,0,0) +Q0(2$,ZE,0,0))

Proof. Let (S,d) be the generalized metric space defined in the proof of Theorem
2.1.
Consider the linear mapping J : S — S such that
1
To(x) = g9 (22)
for all x € X.

It follows from (2.8) and (2.12) that

IA

(4@ (x’ x? :B, x) + (p (21‘7 -’,U, 2$7 J))) Y

Jo0) - 30 20) 9(0) - 3o 20)

IN

(4 (2,2,0,0) + ¢ (22,2,0,0))

|~ ool

o)~ 30 20|

for all z € X. So d(g,Jg) < 3.
The rest of the proof is similar to the proof of Theorem 2.1. U

Corollary 2.4. Let 0 be a positive real number and p a real number with p > 3.
Suppose that f : X — Y is an odd mapping satisfying (2.14). Then there exists a
unique cubic mapping C : X — 'Y such that
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2P(9 + 2°) )

[f(2z) = 2f(z) — C(z), f(2z) — 2f(z) — C(z)]| < mm\w,x\\,
2P (9 + 2°) )

1f(22) = 2f(x) — C(x),0] < mm\x,x\\

forallx € X.

Proof. The proof follows from Theorem 2.3 by taking p(z,y,z,w) = 0(||z,z|P +
ly, yl|? + ||z, 2||P + |Jw, w||P) for all z,y, 2,w € X. Then we can choose L = 2377 and

we get the desired result. O

Theorem 2.5. Let ¢ : X* — [0,00) be a function such that there ewists an L < 1
with
L
SO($7 Y, %z, U)) < 5%0 (2«'177 2y,2z, 2’[1))

for all z,y,z,w € X. Let f : X — Y be an odd mapping satisfying (2.2). Then

there exists a unique additive mapping A : X —'Y such that

1f(22) = 8f(x) — A(x), f(22) — 8f(x) — A(x)]]
L
2 2L

1f(22) = 8f(x) — A(x), 0] <

forallx € X.

< (4o (x,z,2,2) + ¢ (22,2, 22, 2)) ,

L
4 2
2_2L(@(x7x’070)+¢(x7x7070))

Proof. Letting y := 3 and h(z) := f(2z) — 8f(x) for all z € X in (2.7), we get
(2.15) Hh(:}:) —2h (g) ,h(x) —2h (g) H < 4y (a; rr x) + ¢ (x, E,x, £>

2727272 27772
< g (4o (z,z,x,2) + ¢ (22, 2,22, 7))
for all x € X.
It follows from (2.11) that
(2.16) Hh(m) 2 (g) oH < dp (g g 0,0) + (. g 0,0)
< 5 (o (2,2,0,0) + ¢ (27,2,0,0))
for all z € X.

Let (S,d) be the generalized metric space defined in the proof of Theorem 2.1.
The rest of the proof is similar to the proof of Theorem 2.1. O
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Corollary 2.6. Let 0 be a positive real number and p a real number with 0 < p < 1.
Suppose that f : X — Y is an odd mapping satisfying (2.14). Then there exists a
unique additive mapping A : X —Y such that

20(9 + 29) )
1f(22) — 8f(x) — A(x), f(2z) = 8f(x) — A(x)|| < meﬂl’aﬂ?” ;
20(9 + 27) ,

1 f(27) = 8f(x) — A(x),0] < weﬂxa@“”

forallz e X.

Proof. The proof follows from Theorem 2.5 by taking ¢(z,y,z,w) = 0(||z, z||P +
lly, yllP + ||z, 2||P + ||w, w||P) for all ,%,2,w € X. Then we can choose L = 2P~! and
we get the desired result. O

Theorem 2.7. Let ¢ : X* — [0,00) be a function such that there exists an L < 1
with

Ty z w)

2727272

for all x,y,z,w € X. Let f : X — Y be an odd mapping satisfying (2.2). Then

there exists a unique additive mapping A : X — Y such that

1f(22) = 8f(x) — A(x), f(22) — 8f(z) — Az)|
1
2 2L

1f(22) = 8f(x) — A(x), 0] <

forallx € X.

<

(4o (z,xz,z,2) + ¢ (22, x,22,2)) ,

1
4
57 (40 (2,2,0,0) + ¢ (22,,0,0))

Proof. Let (S,d) be the generalized metric space defined in the proof of Theorem
2.1.

It follows from (2.15) and (2.16) that

1
< — (e (z,z,z,2) + ¢ (22,2,22, 7)),

h (2z) 5

N = —~

Hh(m) - %h(%),h(w) -

Hh(m)—;h(Qx),OH < %(anp(x,x,o,m+<p(2x,x,o,0))

for all x € X.
The rest of the proof is similar to the proof of Theorem 2.1. O
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Corollary 2.8. Let 6 be a positive real number and p a real number with p > 1.
Suppose that f : X — Y is an odd mapping satisfying (2.14). Then there exists a
unique additive mapping A : X —Y such that

27(9 4 27) )
1f(2z) = 8f(z) — A(z), f(22) — 8f(z) — A(z)|| < menf&ﬂ?” ;
2°(9 4 27) )

1f(2z) = 8f(z) — A(z),0] < mellwvwll

forallx € X.

Proof. The proof follows from Theorem 2.7 by taking p(z,y,z,w) = 0(||z,z|P +
ly, yl|? + ||z, 2||P + [Jw, w||P) for all z,y, z,w € X. Then we can choose L = 277 and

we get the desired result. O

3. STABILITY OF THE AQCQ-FUNCTIONAL EQUATION (1.3)
IN G-NORMED SPACES: EVEN CASE

Using the fixed point method, we prove the Hyers-Ulam stability of the functional

equation D f(z,y) = 0 in G-normed spaces: even case.

Theorem 3.1. Let ¢ : X* — [0,00) be a function such that there exists an L < 1
with

L
SO(:E?Z/? va) S 176@ (21" 2y7 2Z7 2’[0)

for all x,y,z,w € X. Let f : X — Y be an even mapping satisfying (2.2) and
f(0) = 0. Then there exists a unique quartic mapping R : X —'Y such that

1f(2x) —4f(x) — R(x), f(22) — 4f(2) — R(x)]|

<« _ =
< 16_16r @@ 2) +9 (22, 28,7)),
L
_ _ oL
| f(2z) —4f(xz) — R(x), 0| < 616 (4¢ (z,2,0,0) + ¢ (23,2, 0,0))
forallx € X.

Proof. Letting z = z = w =y in (2.2), we get

(3.1) [If(By) —6f(2y) +15f(y), f(3y) — 6f(2y) + 15f (W)l < (v, ¥, Y, v)

for all y € X.
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Replacing z, z, w by 2y, 2y, y in (2.2), respectively, we get

(32)  |f(dy) —4f(3y) +4f(2y) +4f(y), f(4y) — 4fBy) + 4 (2y) + 4 (y)
< ¢(2y,9,2y,y)
for all y € X.
Since ||z —y,z — 2| < ||z —w,z —w|| + [|w — y,w — 2| for all z,y,z,w € X, it
follows from (3.1) and (3.2) that
(3.3) [If(4y) —20f(2y) + 64f(y), f(4dy) — 20 (2y) + 64f (y)|
< [[4(fBy) — 6f(2y) + 151 (), 4(f (3y) — 6 (2y) + 15/ ()|l
+IIf(4y) —4f(By) +4f(2y) + 41 (y), f(4y) —4f(3y) +4f(2y) + 4 W)
< 4oy, y,9,y) + 2y, , 2y, y)
for all y € X. Letting y := § and g(z) := f(2x) — 4f(x) for all z € X, we get

x T T T T T T

. - z - < z

(34Mg(x) 169(2) 169( )H = 490(2 22 2)“‘)( X x’2)
L
< 6 (4o (z,z,2,2) + ¢ (22,2, 22, 7))

for all z € X.

Letting x =y and z = w = 0 in (2.2), we get
(3.5) 1/ By) — 6f(2y) +15f(y), 0)|| < ©(y,y,0,0)
for all y € X.

Replacing = by 2y and z = w = 0 in (2.2), we get
(3.6) 1 (4y) —4fBy) +4f (2y) +4f (1), 0)l| < ©(2y,y,0,0)
for all y € X.

Since ||z —y, 0] < ||z —w,0|| + [|w —y, 0|| for all z,y,w € X, it follows from (3.3)
and (3.4) that

(3.7) |If(4y) —20f(2y) + 64f(y), 0l
< [[4(f(3y) — 6£(2y) +15f(y)), 0l + [| f(4y) — 4f(3y) +4f(2y) + 4f(y), O]
< 4¢(y,9,0,0) + ¢(2y,y,0,0)

for all y € X. So
< io(5.500) o s500)

38 e —169(5).
< % (4p (x,2,0,0) + ¢ (22,2,0,0))
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for all x € X.
Let (S,d) be the generalized metric space defined in the proof of Theorem 2.1.
The rest of the proof is similar to the proof of Theorem 2.1. O

Corollary 3.2. Let 0 be a positive real number and p a real number with 0 < p < 4.
Suppose that f : X — Y is an even mapping satisfying (2.14). Then there exists a
unique quartic mapping R : X —'Y such that

I20) = 47(0) - R(a), f(20) ~ 4f(0) ~ R < g gitbllal”
I20) ~ 47(0) - R@)0I < FacT 2ol alP

forallx € X.

Proof. 1t is obvious that f(0) = 0. The proof follows from Theorem 3.1 by taking
p(z,y, z,w) = O(||z, 2P + lly, yll” + [z, 2[|” + [Jw, w]]P) for all z,y,z,w € X. Then

we can choose L = 2P~% and we get the desired result. O

Theorem 3.3. Let ¢ : X* — [0,00) be a function such that there exists an L < 1
with

T Y z w

27272 5)

for all x,y,z,w € X. Let f : X — Y be an even mapping satisfying (2.2) and

e, ,2,w) < 16L¢ (

f(0) = 0. Then there exists a unique quartic mapping Q : X — Y such that

1f(22) — 4f (z) — R(x), f(2z) — 4f(x) — R(z)|

< — (4 2 2
1
— — < -
17(22) = 47(2) = B(@), 0] £ T (4 (2,,0,0) + ¢ (22,,0,0))
forallx € X.

Proof. Let (S,d) be the generalized metric space defined in the proof of Theorem
2.1.
Consider the linear mapping J : S — S such that

To(x) = 159/(20)

for all z € X.
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It follows from (3.4) and (3.8) that

1
— (4o (z,z,x,2) + ¢ (22, 2,22, 7)) ,

1
- — g2 <
Jot0) - fgo@20).9t0) - ool < g
1
H Ly, oH < @200+ (20.2.0.0)
for all x € X. So d(g,Jg) <
The rest of the proof is snmlar to the proof of Theorem 2.1. O

Corollary 3.4. Let 6 be a positive real number and p a real number with p > 4.
Suppose that f : X — Y is an even mapping satisfying (2.14). Then there exists a
unique quartic mapping R : X — Y such that

20+2), p

1f(2z) — 4f(x) — R(z), f(2z) — 4f(z) — R(z)| < (27— 16) 0|, «|”,
2P(9 + 27)

1f(22) = 4f(z) — R(x),0] < 8(2r 16)9” x|l

forallx € X.

Proof. The proof follows from Theorem 3.3 by taking ¢(z,y, z,w) = 0(||z,z|P +
lly, yl|P + ||z, 2||P + ||w, w||P) for all ,%,2,w € X. Then we can choose L = 24P and
we get the desired result. O

Theorem 3.5. Let ¢ : X* — [0,00) be a function such that there exists an L < 1
with
L
QO(I', Y, z, ’LU) S ng (2$7 2.% 227 2w)

for all x,y,z,w € X. Let f : X — Y be an even mapping satisfying (2.2) and
f(0) = 0. Then there exists a unique quadratic mapping Q : X — Y such that

1f(22) = 16f(x) — Q(), f(2x) — 16f(x) — Q(z)|

= 4 —L4L

[7(22) ~16/(x) ~ Q). 0]l € 7 (49 (2,2,0,0) + ¢ (22, 2,0,0))
forallz e X.

(4o (z,z,x,2) + ¢ (22,2, 22, ),

Proof. Letting y := 5 and h(z) := f(2x) — 16f(x) for all z € X in (3.3), we get

w4 (3.1 (3)] < 45(5:5.5:3)+ oo )

L
< 5 Welrza,2) +¢(22,2,22,1))
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for all z € X.
It follows from (3.7) that

xr xr X xr
1 — 4 (3) 0] < 40 (5:5:0.0) +¢ (#.5:0.0)
(3.10) ‘h(a:) n(5):0] <40 (5 5:0.0) +¢ (2,500
L
< o We(2,2,0,0) + ¢ (22, 2,0,0))
for all x € X.

Let (S,d) be the generalized metric space defined in the proof of Theorem 2.1.
The rest of the proof is similar to the proof of Theorem 2.1. O

Corollary 3.6. Let 0 be a positive real number and p a real number with 0 < p < 2.
Suppose that f : X — Y is an even mapping satisfying (2.14). Then there exists a
unique quadratic mapping Q : X — Y such that

2P(9 + 2P) )

1(22) = 16£(x) — Q(a), £(22) ~16/(x) = Q)| < =g Ol 2l
2P(9 + 2P) »

1£(22) = 16f(2) = Q). 0 < 5 bl ]

forallx € X.

Proof. The proof follows from Theorem 3.5 by taking ¢(z,y, z,w) = 0(||z,z|P +
ly, yl|P + ||z, 2||P + |Jw, w||P) for all z,y, z,w € X. Then we can choose L = 2P~2 and
we get the desired result. O

Theorem 3.7. Let ¢ : X* — [0,00) be a function such that there exists an L < 1
with

T Yy zZ w
y I~ <4L <*575777>
o(r,y,2,w) < vl 957

for all x,y,z,w € X. Let f : X — Y be an even mapping satisfying (2.2) and
f(0) = 0. Then there exists a unique quadratic mapping Q : X — Y such that

1f(22) = 16f(z) — Q(x), f(22) = 16f(x) — Q(x)||

< 1 e (o, 0,2) + (2,0, 20,)),
1£27) ~16£(x) ~ Q). 01l € 717 (4 (7,2,0,0) + ¢ (27, 2,0,0))
forallz e X.

Proof. Let (S,d) be the generalized metric space defined in the proof of Theorem
2.1.



AQCQ-FUNCTIONAL EQUATION IN G-NORMED SPACES 281

It follows from (3.9) and (3.10) that

1 1 1
)~ 320 o)~ 20| < §Up () + o (22200,
1 1
for all x € X.
The rest of the proof is similar to the proof of Theorem 2.1. O

Corollary 3.8. Let 6 be a positive real number and p a real number with p > 2.
Suppose that f : X — Y is an even mapping satisfying (2.14). Then there exists a
unique quadratic mapping @ : X — Y such that

2P(9 + 2P)

1f(2z) = 16f(z) — Q(x), f(2z) — 16f(z) — Qz) < mﬂ\%x\lp,
2P(9 4 2) )
1f(22) = 16f(x) — Q(2),0]] < mﬂ\ﬂw\l

forallx € X.

Proof. The proof follows from Theorem 3.7 by taking p(z,y,z,w) = 6(||z, x| +
Ny, yl|P + ||z, 2||P + |Jw, w||P) for all z,y, z,w € X. Then we can choose L = 22~? and
we get the desired result. O

CONCLUSIONS

Let fo(x) := W and fe(z) := W Then f, is odd and f, is even.
fo and f. satisfy the functional equation (1.3). Let go(x) := fo(22) — 2f,(z) and
ho() 1= £o(20)—8$,(2). Then fo(z) = gole)~ Sho(a). Let gu(x) i= £.(20)—4(x)
and he(z) = fe(2x) — 16 fe(z). Then

Jol) = T50e(0) = 5he().
Thus ) . ) )
flz) = 690(35) - ého@) + ﬁge(x) - ﬁhe(x).

So we obtain the following results.

Theorem 3.9. Let 6 be a positive real number and p a real number with p > 4.
Suppose that f : X — Y is a mapping satisfying (2.14) and f(0) = 0. Then there
exist an additive mapping A : X — Y, a quadratic mapping Q : X — Y, a cubic
mapping C : X — Y and a quartic mapping R : X — Y such that
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[4) = 54) — 5Q() ~ 5C@) ~ 73R (), f2) — GA@) — 1)
~5C() — - R@)|
= (6(2171— o) " 12(2191_ " 6(2;01_ g " 12(2191_ 16)> QP(QI 2 e,
|10) - 4 - {500 - §0t0) - R0

. [ SR SR 2O+X)
=\62r—2) " 1222 —4) " 6(2¢ —8) ' 12(2r — 16) 8 o

forallx € X.

Theorem 3.10. Let 0 be a positive real number and p a real number with 0 < p < 1.
Suppose that f : X — Y is a mapping satisfying (2.14) and f(0) = 0. Then there
exist an additive mapping A : X — Y, a quadratic mapping QQ : X — Y, a cubic
mapping C : X — Y and a quartic mapping R : X — Y such that

[4) = 54) ~ 5Q() = 50@) ~ 73R, f(2) — G A@) ~ 1)
~$C) ~ 15RE)|
1 1 1 1 2P (9 4 2P) )
= <6<2 —o) T 12a-2) " 6E-2) 1216 2p>> 7 Ol
1 1 1 1
Hf(x) — 2A(2) - Q) - £C(@) - =R(@) oH
1 1 1 1 2P (9 + 2P) )
= (6(2 —2) " 12(d—2) 6(5—2) ' 12(16- 2p)) g Ol
forallx € X.
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