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Abstract

In this paper, we prove some theorems about the Hyers-Ulam stability of the functional equation
f(2x +y) + f(2x —y) = 2f(x +y) + 2f(x —y) + 2[f(2x) — 2f(x)]

in paranormed spaces. From these theorems, as corollaries, we obtain the stability of the above functional equation with weaker
conditions controlled by product of powers of norms and mixed-type product-sum of powers of norms. (©2017 All rights
reserved.
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1. Introduction

In 1940, Ulam [18] posed the first stability problem concerning group homomorphisms: let (Gy, *) be
a group and (Gp, ¢, d) be a metric group with the metric d(-,-). Given ¢ > 0, does there exist a 5(¢) > 0
such that if a mapping f: G; — G satisfies the inequality

d(f(xxy), f(x)of(y)) <

for all x,y € Gy, then there is a homomorphism g : G; — Gy with d(f(x), g(x)) < € for all x € G1?

In 1941, Hyers [4] gave the first affirmative partial answer to the question of Ulam for Banach spaces.
Hyers’ result was generalized by Aoki [1] for additive mappings and by Rassias [14] for linear mappings.
In 1982, Rassias [15] considered a further generalization of the results of Hyers and proved a theorem
using weaker conditions controlled by a product of different powers of norms. Forti [2] and Gavruta [3]
obtained generalized Rassias’ result which allows the Cauchy difference to be controlled by a general
unbounded function in the spirit of Rassias’ approach. Since then, the stability of several functional
equations has been extensively investigated by several mathematicians (see [5-7, 16, 17] and references
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therein). Recently, some stability results concerning with the linear functional equations such as the
additive Cauchy functional equation, quadratic functional equation, the cubic functional equation, the
quartic functional equation, and the mixed type additive-quadratic-cubic-quartic functional equation (cf.
[8, 10-13]) in paranormed spaces have been obtained.

In 2008, Najati and Eskandani [9] considered the functional equation

f(2x +y) + f(2x —y) = 2f(x +y) + 2f(x —y) + 2[f(2x) — 2f(x)] (1.1)

with f(0) = 0. It is easy to show that the mapping f(x) = ax® + cx is a solution of the functional equation
(1.1). They determined the general solution of the functional equation (1.1) and also investigated the
Hyers-Ulam-Rassias stability of functional equation (1.1) in quasi-Banach spaces.

The main purpose of this paper is to investigate the generalized Hyers-Ulam stability of functional
equation (1.1) in paranormed spaces. We also present stability of functional equation (1.1) using weaker
conditions controlled by product of powers of norms and mixed-type product-sum of powers of norm.

2. Definitions

In this section, we present some definitions that will be used throughout this paper. Let us begin with
the definition of paranorm.

Definition 2.1. Let X be a vector space. A paranorm P : X — [0, c0) is a function on X such that

(1) P(0)=0;

(2) P(—x) =P(x);

(3) P(x+y) < P(x)+ P(y) (triangle inequality);

(4) If {tn}is a sequence of scalars with t, — t and {xn} C X with P(xn, —x) — 0, then P(tnxn —tx) = 0
(continuity of multiplication).

P
P

The pair (X, P) is called a paranormed space and P is a paranorm on the vector space X.

The paranorm is called total if, in addition, we have P(x) = 0 implies x = 0. A Fréchet space is a total
and complete paranormed space. Throughout this paper, we assume that (X, P) is a Fréchet space and
(Y, |l -]|) is a Banach space. It is easy to see that if P is a paranorm on X, then P(nx) < nP(x) for all x € X
and n € N.

Let V and W be vector spaces, and V =V x V x --- x V be the Cartesian product of n copies of V. A
mapping A : V — W is called an n-additive mapping if and only if A is additive in each variable. The
diagonal of a 3-additive mapping is called a cubic mapping whereas the diagonal of a 2-additive mapping
is called a quadratic mapping.

For a given mapping f : X — Y, where X is either a paranorm or a norm space and Y is a norm or a
paranorm space, we define D¢ : X x X — Y by

D¢(x,y) = f(2x +y) + f(2x —y) — 2f(x +y) — 2f(x —y) — 2[f(2x) — 2f(x)]

for all x,y € X.

3. Main results

In this section, using the direct method, we prove the Hyers-Ulam stability of the functional equation
D¢(x,y) = 0 in paranormed spaces. It is easy to check that the mapping x — f(x) — f(0) also satisfies the
equation D¢(x,y) = 0. Thus, throughout this section, without loss of generality, we assume that f(0) =0,
otherwise we work on the function x — f(x) — f(0) instead of f.

Before proceeding to the proof of the main results, we present the following two lemmas.
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Lemma 3.1 ([9]). Let V and W be real vector spaces. If a mapping f : V. — W satisfies (1.1), then the mapping
g:V — W defined by g(x) = f(2x) —2f(x) is cubic.

Lemma 3.2 ([9]). Let V and W be real vector spaces. If a mapping f : V. — W satisfies (1.1), then the mapping
h:V — W defined by h(x) = f(2x) — 8f(x) is additive.

Theorem 3.3. Let r be positive real number with v < 3. Suppose that f : X — Y is a mapping satisfying
IDe(x,y)ll < P(x)"+P(y)" (3.1)

forall x,y € X. Then there exists a unique cubic mapping C : X — Y satisfying

1£(2x) — 2(x) — C(0)| < Zt;:P(x)r (32)
forall x € X.
Proof. Setting x = 0 in (3.1), we have
I(y) + F(=y)ll < Ply)" (3.3)

for all y € X. Replacing y by x first and then y by 2x in (3.1), we obtain the inequalities

|| f(3x) —4f(2x) 4 5f(x) || < (3.4)
[£(4x) — 2£(3x) — 2(2x) — 2f(—x) + 4F(x)|| < ( 2T+1 JP(x)" (3.5)

for all x € X. It follows from (3.3), (3.4), and (3.5) that

[|f(4x) — 10f(2x) + 16f(x)|| < [|]2(f(x) + f(—x)) || + [|]2(f(3x) — 4f(2x) + 5f(x))||
+ ||f(4x) —2f(3x) —2f(2x) —2f( )+ 4F(x)|| (3.6)
<2P(x)"+2-2P(x)"+ (2" +1)P(x)" = (7+2")P(x)"

for all x € X. Defining g : X — Y by g(x) := f(2x) — 2f(x) and using (3.6) we have

1 7427
lgtx) — 920 < ==P(x)" (3.7)
8 8
for all x € X. Hence
1 1 n—1 (7+2r)2r)' .
lgme@™x) — grg@™I| < ) g —P(x) (38)
j=m

for all nonnegative integers n and m with n > m and all x € X. Therefore we conclude from (3.8) that
the sequence {g-g(2™x)} is a Cauchy sequence in Y for all x € X. Since Y is complete, the sequence
{g=9(2™x)} converges for all x € X. So one can define the mapping C : X — Y by

n—oo

C(x) := lim SLQ(ZTL ) (3.9)

for all x € X. Letting m = 0 and passing the limit n — oo in (3.8), we get (3.2). Now, we show that the
mapping C is cubic. By (3.7) and (3.9),

1 1
ICt2x) —8C)| = lim |- 2n+1x)_8n_19(2nx)”
= lim L l2g(2™ ) — g2
(7+2r)2nr

P(x)"=0

= TE—)oo 8n
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for all x € X. Therefore, we obtain
C(2x) = 8C(x) (3.10)

for all x € X. On the other hand it follows from (3.1) and (3.9) that

. 1
[Dclx,y)|| = lim HSTLDg(an,ZnU)H

n—oo

1
= lim 87||Df(2“+1x, 2 Hly) — 2D (2™, 2™y

< lim M PGOT 4 PY)T+ 27 PR+ Ply) )
~ lim 2 (2" +2)[P(x)" 4+ P(y)T] = 0

n—oo 3N

for all x,y € X. Hence the mapping C satisfies (1.1). So by Lemma 3.1, the mapping x — C(2x) —2C(x) is
cubic. Hence (3.10) implies that the mapping C is cubic. To prove the uniqueness of C, let C' : X — Y be
another cubic mapping satisfying (3.2). Then we have

1

€00~ C9] = g C2™) — €2

< g (C2™) — 2™ + [ (€20 — g2
2(7+2m)2nT

< g P

which tends to zero as n — oo for all x € X. So we can conclude that C(x) = C’(x) for all x € X. This
completes the proof of the theorem. O

Corollary 3.4. Let v, s be positive real numbers such that p := r +s < 3. Suppose that f : X — Y is a mapping
satisfying

T s

ID¢(x, y) < {EEQE%JF Pl 4 Ply)S (3.11)
forall x,y € X. Then there exists a unique cubic mapping C : X — Y satisfying

2+42°

1£(2x) — 2f(x) — C(x)|| < { f:f;ljz)p

WP(X)F’
forall x € X.
Proof. The proof is similar to the proof of Theorem 3.3 and thus it is omitted. O

Theorem 3.5. Let 1,0 be positive real numbers such that v > 3. Suppose that f : Y — X is a mapping satisfying
P(D¢(x,y)) < 0(x]|" + Iyl (3.12)

forall x,y €Y. Then there exists a unique cubic mapping C : Y — X satisfying

2T+ 7

P(f(2x) —2f(x) — C(x)) < 8

Ol (3.13)

forallx €Y.
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Proof. Setting x = 0 in (3.12), we obtain
P(f(y) + f(—y)) <Oyl (3.14)
for all y € Y. Replacing first y by x and then y by 2x in (3.12), we get

P(f(3x) — 4f(2x) + 5f(x)) < 20]]x||", (3.15)
P(f(4x) — 2f(3x) — 2f(2x) — 2f(—x) + 4f(x)) < (2" +1)0|]x||" (3.16)

for all x € Y. It follows from (3.14), (3.15), and (3.16) that

P(f(4x) — 10f(2x) + 16f(x)) < P(2(f(x) + f(—x))) + P(2(f(3x) — 4f(2x) + 5f(x)))
+ P(f(4x) — 2f(3x) — 2f(2x) — 2f(—x) + 4f(x))

3.17
< 20|x||" +2-20]|x||" + (2" + 1)6]|x|I" (3-17)
— (2" 478"
for all x € Y. Defining g : Y — X by g(x) := f(2x) — 2f(x) and using (3.17) we have
X 2" —|—7 -
Plg(x) —8g(5)) < =5, 0|x]| (318)
for all x € Y. Hence
n—1
X (2" +7)8
P(8™g(5) —8 Z e er\xw (3.19)
j=m

for all nonnegative integers n and m with n > m and all x € Y. It follows from (3.19) that the sequence
{8™g(5%)} is a Cauchy sequence in X for all x € Y. Since X is complete, the sequence {8™g(5%)} converges
for all x € Y. So one can define the mapping C: Y — X by

C(x) := lim 8ng(l

n—oo 2n

) (3.20)

for all x € Y. Moreover, letting m = 0 and passing the limit n — oo in (3.19), we get (3.13). Now, we show
that the mapping C is cubic. By (3.18) and (3.20),

P(C(x)—8C(3)) =ngr;oP(8“g(2%)—8““9(2;11))
= lim 8™P(g() —8g(57-7))
< tim 2 g~ 0

for all x € Y. Therefore, we obtain

C(x) = 8C(§) (3.21)
for all x € Y. On the other hand it follows from (3.12) and (3.20) that

P(Dc(x,y)) = lim P(8"Dgl(5r, 5]
= lim 8™P(Ds (55, 37) —2Ds (5 o))

n

gn . .
< lm (2" +2)0([Ix[|" + ly[I") =

n%Z
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for all x,y € Y. Hence the mapping C satisfies (1.1). So by Lemma 3.1, the mapping x — C(2x) —2C(x) is
cubic. Hence (3.21) implies that the mapping C is cubic. To prove the uniqueness of C, let C" : Y — X be
another cubic mapping satisfying (3.13). Then we have

P(C(x) — C"(x)) = P(8"Cl) - 8“C”( o)
X X
<BMP(Cly) — 95 )+ PC"(5) = 9(5)))
MQH ",
= (2r —8)2nr
which tends to zero as n — oo for all x € Y. So we can conclude that C(x) = C”(x) for all x € Y. This
completes the proof of the theorem. O

Corollary 3.6. Let 1,5, 0 be positive real numbers such that p :==r+ s > 3. Suppose that f: Y — X is a mapping
satisfying

Ol [yll*,
P(Dt(xy)) < . e e (3.22)
OClP ™y ll® + (™= + llyl[™*))
forall x,y €Y. Then there exists a unique cubic mapping C : Y — X satisfying
S50lxI1°,
P(F(20) —2f(0) = C(x)) <4 21 per)
Zrs 6P
forallx €Y.
Proof. The proof is similar to the proof of Theorem 3.5 and thus it is omitted. O

Theorem 3.7. Let v be positive real number with r < 1. Suppose that £ : X = Y is a mapping satisfying
D+ Yl < P()" +Ply)"
forall x,y € X. Then there exists a unique additive mapping A : X — Y satisfying

7427
2-27

If(2x) —8f(x) — A(x)|| < P(x)"

forall x € X.
Proof. The proof is similar to the proof of Theorem 3.3 and thus it is omitted. O

Corollary 3.8. Let r,s be positive real numbers such that p := r+s < 1. Suppose that f : X — Y is a mapping
satisfying (3.11) for all x,y € X. Then there exists a unique additive mapping A : X — Y satisfying

< HEP(x)°,
Xl < (254+9)+2° o
o PIX)

[T(2x) —8f(x) —

forall x € X.
Proof. The proof is similar to the proof of Theorem 3.7 and thus it is omitted. O

Theorem 3.9. Let 1,0 be positive real numbers such that v > 1. Suppose that f : Y — X is a mapping satisfying
P(D+(x,y)) < O(x[I" + [[yll")
forall x,y €Y. Then there exists a unique additive mapping A : Y — X satisfying
2" +7

P(f(2x) —8f(x) — A(x)) < o

—5OllxI”

forallx €Y.
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Proof. The proof is similar to the proof of Theorem 3.5 and thus it is omitted. O

Corollary 3.10. Let 1, s,0 be positive real numbers such that p :== v+ s > 1. Suppose that f : Y — X is a mapping
satisfying (3.22) for all x,y € Y. Then there exists a unique additive mapping A : Y — X satisfying

530lIx]1°,
P(f(2x) —8f(x) — A(x)) < { i@ o
forallx €Y.
Proof. The proof is similar to the proof of Theorem 3.9 and thus it is omitted. O

Applying Theorems 3.3 and 3.7, we obtain the following result.

Theorem 3.11. Let r be positive real number with v < 1. Suppose that f : X — Y is a mapping satisfying (3.1).
Then there exist a unique additive mapping A : X — Y and a unique cubic mapping C : X — Y such that

742" +7+2‘"
2-2r 8§27

[6f(x) —A(x) = C(x)|| < ( )P(x)" (3.23)

forall x € X.

Proof. Let g(x) = f(2x) —2f(x) and h(x) = f(2x) — 8f(x). Then 6f(x) = g(x) — h(x). By Theorems 3.3 and
3.7, there exists an additive mapping Ag : X — Y and a cubic mapping Cp : X — Y such that

7427 7427

[|f(2x) —8f(x) — Ag(x)|| < 2_2rP(x)T, |[f(2x) —2f(x) — Co(x)|| < 5o

P(x)"
for all x € X. Therefore it follows from the last inequalities that

[6f(x) + Ao(x) — Co(x)|| = [[g(x) = h(x) + Ag(x) — Co (x|

< [[h(x) = Ag(x) || + [lg(x) — Co(x)]]
7420 7420
2o Tg— ")

<

for all x € X. So we obtain (3.23) by letting A(x) = —Ap(x) and C(x) = Cp(x) for all x € X.
To prove the uniqueness of A and C, let A;, C; : X — Y be another additive and cubic mappings
satisfying (3.23), and let A’ = A —A;j and C' = C—C;. So

7427 7427

A7)+ C' G0l < 166(x) = Alx) = OOl +[16Fx) — As(x) = Calx)]| < 205 + 5=

JP(x)"  (3.24)
for all x € X. Since
. 1 i 1
lim ——P(2"x)" = lim _—P(2"x)" =0
n—00 n—oo 2
for all x € X, (3.24) implies

lim [ A’(2%) + C'(2"x)]| = 0

n—oo 8N

for all x € X. Therefore C’(x) = 0 for all x € X. By (3.24), we have A’(x) = 0 for all x € X. This completes
the proof of the theorem. O



Z. Wang, P. K. Sahoo, J. Nonlinear Sci. Appl., 10 (2017), 2633-2641 2640

Corollary 3.12. Let 1, s be positive real numbers such that p :== v+ s < 1. Suppose that f : X — Y is a mapping
satisfying (3.11) for all x,y € X. Then there exist a unique additive mapping A : X — Y and a unique cubic
mapping C : X — Y such that

(555 + 355 )P(x)°,

94-28)4-2P 94-28)42°
(B2t B2 2 )p(x e

[6f(x) —A(x) = C(x)[| < {

forall x € X.
Proof. The result follows from Theorem 3.11. O
Similar to Theorems 3.5 and 3.9, we also obtain the following results.

Theorem 3.13. Let 1,0 be positive real numbers such that v > 3. Suppose that f : Y — X is a mapping satisfying
(3.12). Then there exist a unique additive mapping A : Y — X and a unique cubic mapping C : X — Y such that

2"4+7 247

P6F(x) = Alx) = C(¥)) < (57—5 + 5v—5

)OIl

forallx €Y.

Proof. The proof is similar to the proof of Theorem 3.11 and the result follows from Theorems 3.5 and
3.9. O

Corollary 3.14. Let 1, s,0 be positive real numbers such that p :== v+ s > 3. Suppose that f : Y — X is a mapping
satisfying (3.22) for all x,y € Y. Then there exist a unique additive mapping A : X — Y and a unique cubic
mapping C : X — Y such that

(555 + 553)0lx)1°,

P(6f(x) —A(x) — C(x)) < {

P s P S
e e =l M
forallx €Y.
Proof. The result follows from Theorem 3.13. O
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