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STABILITY OF A FUNCTIONAL EQUATION DERIVING
FROM QUARTIC AND ADDITIVE FUNCTIONS

MADJID ESHAGHI GORDJI

ABSTRACT. In this paper, we obtain the general solution and the gener-
alized Hyers-Ulam Rassias stability of the functional equation

2 (5y) - 2£) + 2£20) — 87 ().

fQr+y) + Qe —y) =4(f@+y) + flz —y) - 2

1. Introduction

The stability problem of functional equations originated from a question
of Ulam [28] in 1940, concerning the stability of group homomorphisms. Let
(G1,-) be a group and let (Ga,*) be a metric group with the metric d(-, ).
Given € > 0, does there exist a § > 0, such that if a mapping h : G; — G4
satisfies the inequality d(h(x - y), h(z) * h(y)) < 0 for all z,y € G1, then there
exists a homomorphism H : G; — Gy with d(h(x), H(x)) < € for all x € G1?
In the other words, under what condition does there exist a homomorphism
near an approximate homomorphism? The concept of stability for functional
equation arises when we replace the functional equation by an inequality which
acts as a perturbation of the equation. In 1941, D. H. Hyers [13] gave a first
affirmative answer to the question of Ulam for Banach spaces. Let f: E — E’
be a mapping between Banach spaces such that

1f(x+y) = flz) - fy)l <6

for all z,y € E, and for some § > 0. Then there exists a unique additive
mapping T : E — E’ such that

If(z) =T(2)| <o

for all z € E. Moreover if f(tx) is continuous in ¢ for each fixed « € E, then T
is linear. Finally in 1978, Th. M. Rassias [25] proved the following theorem.
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Theorem 1.1. Let f : E — E’ be a mapping from a norm vector space E into
a Banach space E’' subject to the inequality

(L.1) 1f(z+y) = f(@) = FWI < e(ll]” + llyll”)

for all x,y € E, where € and p are constants with € > 0 and p < 1. Then there
exists a unique additive mapping T : E — E' such that

2¢
(12) 7@~ T@) < 5o
forallz € E. If p <0, then inequality (1.1) holds for all x,y # 0, and (1.2) for
x # 0. Also, if the function t — f(tx) from R into E’ is continuous for each
fized x € E, then T is linear.

24

In 1991, Z. Gajda [9] answered the question for the case p > 1, which was
rased by Rassias. This new concept is known as Hyers-Ulam-Rassias stability
of functional equations (see [1, 3], [5-15], [22-24]).

In [19], W.-G. Park and J. H. Bae, considered the following functional equa-
tion:

(13)  fQRr+y)+fQ2z—y) =4(f(z+y) + f(x —y)) +24f(z) — 6/ (y).
In fact they proved that a function f between real vector spaces X and Y is a
solution of (1.3) if and only if there exists a unique symmetric multi-additive
function B : X x X x X x X — Y such that f(x) = B(z,z,x,z) for all = (see
[2, 4], [16-21], [26, 27]). It is easy to show that the function f(z) = 2* satisfies
the functional equation (1.3), which is called a quartic functional equation and
every solution of the quartic functional equation is said to be a quartic function.
We deal with the next functional equation deriving from quartic and additive

functions:
(1.4)

fQaz4y)+f(2r—y) = 4(f(x+y)+f($—y))—$(f(2y)—2f(y))+2f(2$)—8f($)~

It is easy to see that the function f(z) = ax?+ bz is a solution of the functional
equation (1.4). In the present paper we investigate the general solution and
the generalized Hyers-Ulam-Rassias stability of the functional equation (1.4).

2. General solution
In this section we establish the general solution of functional equation (1.4).

Theorem 2.1. Let X,Y be vector spaces, and let f : X — Y be a function
satisfies (1.4). Then the following assertions hold.

a) If f is even function, then f is quartic.

b) If f is odd function, then f is additive.
Proof. a) Putting x =y = 0 in (1.4), we get f(0) = 0. Setting = 0 in (1.4),
by evenness of f, we obtain

(2.1) f(2y) =16f(y)
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for all y € X. Hence (1.4) can be written as

(22)  fQr+y)+ Qe —y) =A(f(x+y)+ flz —y)) +24f(z) - 6/ (y)
for all z,y € X. This means that f is a quartic function.

b) Setting © = y = 0 in (1.4) to obtain f(0) = 0. Putting z = 0 in (1.4),
then by oddness of f, we have

(2:3) fQ2y) =2f(y)

for all y € X. We obtain from (1.4) and (2.3) that

(2.4) fRz+y)+ fQRr—y) =4(f(z +y) + f(z —y)) — 4f(2)

for all z,y € X. Replacing y by —2y in (2.4), it follows that

(2:5) fQRx=2y) + f(2x +2y) = 4(f(x = 2y) + f(z +2y)) — 4f(2).

Combining (2.3) and (2.5) to obtain
(2.6) fle—y)+ fl@e+y) =2(f(z—2y) + f(z + 2y)) — 2f(2).
Interchange x and y in (2.6) to get the relation

(2.7) flety) + fl@—y) =2(f(y — 22) + f(y + 22)) — 2 (y).
Replacing y by —y in (2.7), and using the oddness of f to get

(2.8) fle—y) = flae+y) =2(f2z —y) - fQRr+y)) +2f(y).
From (2.4) and (2.8), we obtain

(2.9) A4f2z+y) =9f(z +y) + Tf(z —y) —8f(x) + 2f(y).
Replacing x 4+ y by y in (2.9) it follows that
(2.10) Tfr—y)=4Af(z+y)+2f(z —y) = 9f(y) + 8 ().

By using (2.9) and (2.10), we lead to

(211) f(2+y) + F(2r —y) = 2@+ y) + o o —y) — 2 () ~ 1170
We get from (2.4) and (2.11) that

(2.12) 3f(x+y) +5f(x—y)) =8f(x) —28f(y).
Replacing x by 2z in (2.4) it follows that
(2.13) flz+y)+ f(dz —y) =16(f(z +y) + f(z —y)) — 24f(2).

Setting 2x + y instead of y in (2.4), we arrive at

(2.14) flz+y) = fly) =4(fBz —y) + f(z —y)) — 4f ().
Replacing y by —y in (2.14), and using oddness of f to get

(2.15) fldz —y) + f(y) = 4(fBz +y) + flz +y)) — 4f(z).
Adding (2.14) to (2.15) to get the relation
(2.16)

flz+y)+ f(4e—y) = 4(fBz+y)+fBz—y)) —4(f(z+y)+ f(z—y)) - 8f(z).



494 MADJID ESHAGHI GORDJI

Replacing y byz + y in (2.4) to obtain

(2.17) fBr+y)+ fla—y) =4(f2x +y) - f(y)) — 4f ().
Replacing y by —y in (2.17), and using the oddness of f, we lead to
(2.18) fBx—y)+ flx+y) =4(f2z —y) + f(y)) — 4f ().
Combining (2.17) and (2.18) to obtain

(2.19) fBz+y)+ fBz —y) =15(f(z +y) + f(z —y)) — 24f(z).
Using (2.16) and (2.19) to get

(2.20) fz +y) + f(4e —y) =56(f(z +y) + f(z —y)) — 1041 ().
Combining (2.13) and (2.20), we arrive at

(2.21) fl@+y)+ flx—y) =2f(2).
Hence by using (2.12) and (2.21) it is easy to see that f is additive. This
completed the proof of theorem. O

Theorem 2.2. Let X,Y be vector spaces, and let f : X — Y be a function.
Then f satisfies (1.4) if and only if there exist a unique symmetric multi-
additive function B : X x X x X x X — Y and a unique additive function
A: X =Y such that f(z) = B(z,z,z,x) + A(x) for all z € X.

Proof. Suppose f satisfies (1.4). We decompose f into the even part and odd
part by setting

folw) = 5P + F(a)), fol) = 5(f() — ()

for all z € X. By (1.4), we have
fe(2x + y) + fe(2:13 - y)

fQRr+y) + f(—2x —y) + f(2r —y) + f(—2x +y)]

£ +9) + FQx — )] + 5lf(~20 + () + f(-20 — ()

N =N =N =

P+ 9) + Flx — )~ 2(7(29) ~ 2 (9) +27(2x) ~ 87 ()

(S (= =) + S (= = (=) = 2((=29) — 2f(-)) +2f(~22) — 8] (~)]

[4

—~

Il
=
N — +
N =
—_

(fl@+y) + f=2—y)) + S (f(=2 +y) + flz —y))]
)+ F-2) ~ (F) — 1)
2[5 (f(20) + f(-20))] ~ 8[5(f(a) + F(~))]

= Afule+9) + Lol =) — 2(Fe(20) ~ 20e(0) + 26u(22) — 8. (2)



STABILITY OF A FUNCTIONAL EQUATION 495

for all x,y € X. This means that fe holds in (1.4). Similarly we can show
that f, satisfies (1.4). By above theorem, f. and f, are quartic and additive
respectively. Thus there exists a unique symmetric multi-additive function
B: X xXxXxX — Y such that f.(z) = B(z,z,z,x) for all x € X. Put
A(x) := fo(x) for all z € X. Tt follows that f(x) = B(x) + A(z) for all z € X.
The proof of the converse is trivially. O

3. Stability

Throughout this section, X and Y will be a real normed space and a real
Banach space, respectively. Let f : X — Y be a function then we define
Dy X xX —Y by

Dy(z,y) =712z +y) + f2z —y)] = 28[f(z + y) + f(z —y)]
+3[f(2y) — 2f(y)] — 14[f (2z) — 4f (z)]

for all z,y € X.

Theorem 3.1. Let ¢ : X x X — [0,00) be a function satisfies y ., w(?’gr) <
oo for all x € X, andlim%zOforallm,yeX, Iff: X =Y isan

even function such that f(0) =0, and that
(3.1) 1Dy (2, y)ll < (. y)

for all x;y € X, then there exists a unique quartic function Q : X — Y
satisfying (1.4) and

I o 2z
(32) 1) - QI < g5 2 vo2e)
forallx € X.
Proof. Putting x = 0 in (3.1), then we have
(3.3) 13/ (2y) — 48 ()| < ¢(0,y).
Replacing y by z in (3.3) and then dividing by 48 to obtain
(3.4 1789 ) 1< v0.0)

for all z € X. Replacing « by 2z in (3.4) to get

f(42) 1
o —1(29) [ 50 (0,20).

Combine (3.4) and (3.5) by use of the triangle inequality to get
f(4x) 1 <¢(0, 2z)

(3-5) |

(3.6) I

L) s ls g5 (522 +vi0).
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By induction on n € N, we can show that

n n—1 i
3.7) 122 w1 5 3 2022,
=0

Dividing (3.7) by 16™ and replacing = by 2™z to get

f@mtra) o f(2ma)
6m+" 16

= 16m | f(2"2"2) — fF(2™) |

n—1 ;
1 ¥(0,2%)
< -
T 48 x 16™ Z 16?
(0,272
§ Z 16m+i

for all z € X. This shows that {f 2'z) } is a Cauchy sequence in Y by taking the

6™
limm — oo. Since Y is a Banach space, then the sequence {f on )} converges.

We define Q : X — Y by Q(z) := lim, f(126f) for all x € X. Since f is even

function, then @ is even. On the other hand we have

1Dq ()] = lim | Dy (272,27
< i Y2"7.2"9)
n 16m
for all x,y € X. Hence by Theorem 2.1, @ is a quartic function. To shows that
@ is unique, suppose that there exists another quartic function Q X =Y
which satisfies (1.4) and (3.2). We have Q(2"z) = 16"Q(z) and Q(2"z) =
16"Q(x) for all z € X. It follows that

I Q) - Q(x) Il = 16” I Q") — Q(2") |

< 16n[ll Q2"x) — f(2"2) || + || f(2"2) — Q(2") ]

’l/) 0 2n+z
<5 24 Z 16n+e

for all x € X. By taking n — oo in this inequality we have Q(x) =Q(z). O

=0

Theorem 3.2. Let i) : X x X — [0,00) be a function satisfies
Zm%p 277 1r) < o0

for all x € X, and lim 16™¢(27"x,27"y) = 0 for all z,y € X. Suppose that
an even function f : X — Y satisfies f(0) = 0, and (3.1). Then the limit
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Q(z) = lim, 16" f(27"x) exists for allz € X and Q : X — Y is a unique
quartic function satisfies (1.4) and

(39 1£) - @)l < 5 D216 w(0,27 )
=0

forallxz € X.
Proof. By putting =0 in (3.1), we get

(3.9) 13f(2y) — 48f (W)l < (0,y).
Replacing y by 5 in (3.9) and result dividing by 3 to get

_ 1 _
(3.10) 116£(27"2) = f(2) lI< 3(0,27"2)
for all 2 € X. Replacing = by § in (3.10) it follows that
1
(3.11) |165(47%) — f(27 ) 1< 50(0,222).
Combining (3.10) and (3.11) by use of the triangle inequality to obtain
0,2

(3.12) 16247 0) — (@) < & (m H00.270)).
By induction on n € N, we have

n—1

n —-n 1 7 —i—

(3.13) 116" f(27"2) = f(2) lI< 5 > 16'9(0,27 ).

i=0

Multiplying (3.13) by 16™ and replacing = by 2~z to obtain
[16™Ff(27™ ) = 16™ f(27 ) || = 16™ || f(27"27 ") — f(27 ") |

mnl

<A447§:1w¢ 270 )

1 oo
g 216m+2w 0 2—1 12— )

for all z € X. By taking the lim,, o, it follows that {16™ f(27"x)} is a Cauchy
sequence in Y. Since Y is a Banach space, then the sequence {16™f(27"z)}
converges. Now we define ) : X — Y by

Q(z) :==lim16" f(27"x)
for all x € X. The rest of proof is similar to the proof of Theorem 3.1. (|

Theorem 3.3. Let ¢ : X x X — [0,00) be a function such that

(3.14) §:¢02x
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and

(3.15) lim W =0
forallz,ye X. If f: X =Y is an odd function such that
(3.16) 1Dy (z,9)|| < ¥(x,y)

for all x;y € X. Then there exists a unique additive function A : X — Y
satisfies (1.4) and

> 021
Z

N\H

1f(2) =

forallxz € X.

Proof. Setting x = 0 in (3.16) to get

(3.17) 1£(2y) = 2f W)l < ¥(o,y).
Replacing y by « in (3.17) and result dividing by 2, then we have
(3.18) Hf(;x) — f(x) %w(o z).

Replacing x by 2z in (3.18) to obtain
f(4z)
2

—_

f(2z)|| < 5(0,22).

(3.19) |

[\)

Combine (3.18) and (3.19) by use of the triangle inequality to get

-
4

(3.20) f(x)H < LW(0.2) + 260,22,

Now we use iterative methods and induction on n to prove our next relation.

(3.21) |28 - r)| < ;ZW}Z“

Dividing (3.21) by 2™ and then substituting = by 2™z, we get

wa” f@ma) _1Hf(2”2mw)
2m+n 2m 2m n

- f(2"x)

1 "lep(o 219m )

— 2m+1

w(O, 2itmy)

(3.22) S

IN
| =
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Taking m — oo in (3.22), then the right hand side of the inequality tends to
zero. Since Y is a Banach space, then A(z) = lim, f(gnm) exits for all z € X.
The oddness of f implies that A is odd. On the other hand by (3.15) we have

Y(2"z, 2"y)
QYL

.1 o on .
Dy(z,y) = hrrln ﬁHDf(Q x,2™y)|| < hrrln =0.

Hence by Theorem 1.2, A is additive function. The rest of the proof is similar
to the proof of Theorem 3.1. O

Theorem 3.4. Let ¢ : X x X — [0,00) be a function satisfies
> 24p(0,27 1) < 00
i=0

for all x € X and im 2™ (272,27 ™y) = 0 for all z,y € X. Suppose that an
odd function f : X —'Y satisfies (3.1). Then the limit A(z) := lim,, 2" f(27 ")
exists for all x € X and A : X — Y is a unique additive function satisfying
(1.4), and

1 (@) = A@)| <D 2'%(0,27" 1)
i=0
forallx € X.
Proof. 1t is similar to the proof of Theorem 3.3. (]

Theorem 3.5. Let: X x X — Y be a function such that

ZMSOO and hmw

2l n 27L = 0

for all x € X. Suppose that a function f: X — Y satisfies the inequality

D¢ (z,y)|| < ¥(x,y)

for all xz,y € X, and f(0) = 0. Then there exist a unique quartic function
Q: X =Y and a unique additive function A : X —'Y satisfying (1.4) and

H f(x) — Q(x) — A(z) HS i [Z <w(0,21x) + (0, —2"x)

8 | = 2 x 16¢
(3.23) 4 12(4(0,2'z) 2+ ¥(0, —2%)))]

forallxz,y € X.
Proof. We have

| =
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for all z,y € X. Since f.(0) = 0 and f. is and even function, then by Theo-
rem 3.1, there exists a unique quartic function @ : x — Y satisfying
x) + (0, —2%x)

2 x 16¢

1 <= (0,2
(3.24) I fe(2) = Q(2) lI< 45 >
i=0

for all x € X. On the other hand fj is odd function and

1D5,(:0)]l < 5[6(9) + $(~z, ~)

for all x,y € X. Then by Theorem 3.3, there exists a unique additive function
A: X — Y such that

1S (0, 2i2) 4 (0, —2z)
(3.25) | fo) = Ae) 1< 5 3 2% 2

=0
for all 2 € X. Combining (3.24) and (3.25) to obtain (3.23). This completes
the proof of theorem. O

By Theorem 3.5, we are going to investigate the Hyers-Ulam-Rassias stability
problem for functional equation (1.4).

Corollary 3.6. Let 6 >0, P < 1. Suppose f: X — Y satisfies the inequality
Dy (2, y)ll < 0ll=l” + llyl*)

for all z,y € X and f(0) = 0. Then there exists a unique quartic function
Q: X =Y and a unique additive function A : X —'Y satisfying (1.4), and

0 16 96
| £@) - Q@) — A) I< ll=l” (16 — 2)

forallx € X.

By Corollary 3.6, we solve the following Hyers-Ulam stability problem for
functional equation (1.4).

Corollary 3.7. Let € be a positive real number, and let f : X — Y be a
function satisfies

[1Ds(z, )| < e

for all x,y € X. Then there ezist a unique quartic function Q : X — Y and a
unique additive function A: X —'Y satisfying (1.4), and

362

I f(2) - Qz) = Al2) I - e

forallz e X.

By applying Theorems 3.2 and 3.4, we have the following theorem.
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Theorem 3.8. Let i : X x X — Y be a function such that
> 16'9(0,27'x) <00 and  lim16"(2"x,2"x) =0

for all x € X. Suppose that a function f: X — Y satisfies the inequality

1Dy (2, y)ll < bz, y)

for all x,y € X and f(0) = 0. Then there exist a unique quartic function
Q: X —>Y and a unique additive function A: X —'Y satisfying (1.4), and

| (2) — Q) — A(w) | < ic [(f i 2i> (W 27) + 40 —2“@)]

forallxz,y € X.
Corollary 3.9. Let 8 >0, P > 4. Suppose f: X — Y satisfies the inequality
Dy, y)ll < 6ll=l” + llyl*)

for all x,y € X, and f(0) = 0. Then there exist a unique quartic function
Q: X =Y and a unique additive function A : X —'Y satisfying (1.4), and

I 50) = Q&) — (o) 1= g lolP (=5 + =5 )

3 x2p 24-p 1 -—2l-p
forallx € X.
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