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Abstract. In this paper, we investigate the generalized Hyers-Ulam type (briefly, HUT)
and Isac-Rassias type (briefly, IRT) stability and super stability of the following functional

equation
it £ o)) ()
i=1 j=1,j#i i=1 i=1

for a fixed positive integer m with m > 2 in quasi-Banach spaces.

1. INTRODUCTION AND PRELIMINARIES

It is of interest to consider the concept of stability for a functional equation
arising when we replace the functional equation by an inequality which acts
as a perturbation of the equation.

The first stability problem was raised by Ulam [20] during his talk at the
University of Wisconsin in 1940. The stability question of functional equa-
tions is that how do the solutions of the inequality differ from those of the
given functional equation? If the answer is affirmative, we would say that the
equation is stable.

In 1941, Hyers [9] gave a first affirmative answer to the question of Ulam
for Banach spaces. Let f : E — E’ be a mapping between Banach spaces
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such that
[f(z+y) = fz) = fly)l <9,

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

If(z) =T(z)|| <0,
for all z € E. Moreover if f(tx) is continuous in ¢ € R for each fixed x € F,
then T is linear. Aoki [1], Bourgin [3] considered the stability problem with
unbounded Cauchy differences. In 1978, Rassias [16] provided a generalization
of Hyers’ theorem by proving the existence of unique linear mappings near
approximate additive mappings. It was shown by Gajda [6], as well as by
Rassias and Semrl [19] that one cannot prove a stability theorem of the additive
equation for a specific function. Géavruta [7] obtained generalized result of
Rassias’ theorem which allows the Cauchy difference to be controlled by a
general unbounded function. Isac and Rassias [10] generalized the Hyers’

theorem by introducing a mapping 1) : RT™ — R™ subject to the conditions:
. ¢
(1) tlggo @ -
(2) (ts) < P(t)ip(s); s,t >0,
(3) ¥(t) <t; t>1.
These stability results can be applied in stochastic analysis [11], financial and
actuarial mathematics, as well as in psychology and sociology.

In 1987, Gajda and Ger [6] showed that one can get analogous stability
results for subadditive multifunctions. In 1978, Gruber [8] remarked that
Ulam’s problem is of particular interest in probability theory and in the case
of functional equations of different types. We refer the readers to [5], [10]-[19]
and references therein for more detailed results on the stability problems of
various functional equations.

We recall some basic facts concerning quasi-Banach space. A quasi-norm is
a real-valued function on X satisfying the following:

(1) |lz|| > 0 for all x € X and ||z|| = 0 if and only if z = 0.
(2) ||IAz]] = |Al.||z|| for all A € R and all z € X.
(3) There is a constant K > 1 such that ||z + y|| < K(||z] + ||ly||) for all

z,y € X.
The pair (X, ||.||) is called a quasi-normed space if ||.|| is a quasi-norm on X.
A quasi-Banach space is a complete quasi-normed space. A quasi-norm ||.|| is

called a p-norm (0 < p <1) if
[l +yll” < [l=]I” + lly[[”

for all z,y € X. In this case, a quasi-Banach space is called a p-Banach space.
Given a p-norm, the formula d(z,y) := ||z —y||P gives us a translation invariant
metric on X. By the Aoki-Rolewicz Theorem (see [2]), each quasi-norm is
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equivalent to some p-norm. Since it is much easier to work with p-norms,
henceforth we restrict our attention mainly to p-norms.

In this paper, we consider the generalized Hyers—Ulam stability of the fol-
lowing functional equation

Zf xi-f—% Z T; —l—f(;z:x,):?f(Zl‘Z) (1.1)
i=1 j=1,j#i i=1 i=1

for a fixed positive integer m with m > 2 in quasi-Banach spaces.

Throughout this paper, assume that X is a quasi-normed space with quasi-
norm ||.||x and that Y is a p-Banach space with p-norm ||.||y.

2. STABILITY OF FUNCTIONAL EQUATION (1.1) IN QUASI BANACH SPACES

Throught this section, using direct and fixed point methods, we investigate
the stability of functional equation (1.1) inquasi Banach spaces.

Theorem 2.1. Let V and W be real vector spaces. A mapping f : V — W
satisfies in (1.1) if and only if f is additive.
Proof. Let f : V — W satisfies (1.1). Substituting z; = z and z; = 0 for all
2<j<min (1.1), we get

f(mz) =mf(x) (2.1)
for all z € X. Replacing x1 = 2 and 2; by ¥ for all 2 < j <m in (1.1) and
using (2.1), we obtain

flmz +y) + (m = 1)f(x+2y) = 2m — 1) f(z +y) (2.2)

for all ,y € X. Putting 21 =z, zg =y and 2; =0 (3 < j <m) in (1.1) and
using (2.1), we get

flmz +y) + flz+my) = (m+1)f(z +y) (2.3)
for all z,y € X. Therefore, it follows from (2.2) and (2.3) that
fl@+my) —(m—1)f(z+2y) = 2—m)f(z+y) (2.4)
for all z,y € X. Replacing = and y by y and x, respectively, in (2.2), we have
fl@+my)+ (m—1)f(2x +y) = (2m —1)f(z +y) (2.5)
for all z,y € X. Using (2.4) and (2.5), we obtain
3f(x+y) = flz+2y) + f(2x +y) (2.6)

for all z,y € X. Setting y = 0 in (2.6), we get
f2z) =2f(x) (2.7)
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for all x € X. Replacing y by « in (2.6) and using (2.7), we get
f(3z) =3f(x) (2.8)

for all z € X. Replacing = and y by 29”3_ Y and 2y3_ £, respectively, in (2.6) and

using (2.8), we get

fla+y)=f=)+ fy) (2.9)
for all z,y € X. So the mapping f : V — W is additive. Converse is
obvious. 0

Now, we investigate the generalized Hyers-Ulam stability of functional equa-
tion (1.1) in quasi Banach spaces.

Theorem 2.2. Let ¢ : X™ — [0,00) be a function satisfying

@(:c):f;@)ip@p(o,---,m%,--.,o)<oo (2.10)
i= jt

for allxz € X and

n ... n
lim 20T M) (2.11)
n—00 mm

forallzj € X (1 <j<m). Suppose that a function f: X — Y satisfies the
inequality

Sor(wed 35 ) oo (55) - ()
i=1 j=1,j#i i=1 i=1 v
< (@1, Tm), (2.12)

for all zj € X (1 < j < m). Then there exists a unique additive mapping L
defined by

L(x) = lim — f(m"z) (2.13)

for all x € X and the mapping L : X — Y satisfies the inequality

1

1f(z) = L(z)| < [®(x)]” (2.14)
forallx € X.

Proof. Putting z; = mz and 2; =0 (1 < ¢ <m, i # j) in (2.12) and using
f(0) = 0, we obtain

|f(ma) =mf(@)| < o0z, ,0) (2.15)
jth
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for all x € X. By a simple induction we can prove that

jth

for all x € X and n € N. Thus

f(m'z)  fmtra) P~ (1) i
H T T < Z - gop(O,-~,mw,~-,0) (2.17)
=1+l jth

for all z € X and all I € N (I < n). It follows from (2.17) and (2.10) that the

1

sequence {W f (m”a?)} is a Cauchy sequence in Y for all x € X. Since Y is

complete, the sequence {# f (m”w)} converges in Y for all x € X. Hence we
can define the mapping L : X — Y by

L(z) = lim —— f(m"z) (2.18)

for all z € X. Letting n — oo in (2.16), we obtain (2.14). Now we show that
the mapping L is additive. We conclude from (2.11), (2.12) and (2.18)

L T+ — > o —i—L(mZ;xi)—QL(Z;xi)
1= i=

i=1 J=Lj#i v
1 m m
1 n,.. n—1 .
i=1 J=1j#i
m m
+f (m”l Z%) —2f (Z m”xi>
=1 =1 Y
< fim 20T )
n—oo mm
for all z; € G (1 < j <m). So
m 1 1 m
i—1 M mi4 i—1

Hence by Theorem 2.1, the mapping L : X — Y is additive. Now we prove the
uniqueness assertion of L, by this mean let L' : X — Y be another mapping
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satisfies (2.14). It follows from (2.14)

mFz) — L' (mFx
L) — ' (2)|]y = WEmE@) = L(m72)|ly

k
m
|T(mFa) — f(mFa)lly n Lf (mFz) — T (mFa) ||y
- mk mk
2(®(mFa))»
1
1 [ /1\P !
= 27]4: <> Sop(Oa ,mlqj’ 70>
m m
=1 jth
o0 1 'L'p ] P
_ = Pl ... Py ..
72.2 (m) gp(O, ,m'z, ,0)
i=1+k jth

for all z € X. The right hand side tends to zero as k — oo, hence L(z) = L'(z)
for all z € X. This show the uniqueness of L. O

Corollary 2.3. Let 0,r,(1 < k < m) be non-negative real numbers such that
0 < rp < 1. Suppose that a mapping f : X — Y satisfies the inequality

o)) ()

m

" 1

j=1,j#i v

m
<6 Nzl
k=1

for all x, € X (1 < k < m). Then there exists a unique additive mapping
L:X —Y such that

m(l_rj )p

rp )7 |
Hﬂ@—ﬂ@W§{7n_l}9M@

for allx € X.
Proof. In Theorem 2.2, let

m
g0($1,$2, o 7xm) = GZ kaHg?
k=1

forall 2 € X (1 <k <m). O
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The following corollary is Hyers-Ulam type (briefly, HUT) stability for the
functional equation (1.1).

Corollary 2.4. Let 0 be non-negative real number. Suppose that a mapping
f: X =Y satisfies the inequality

m m m m
S ETR o RV E SR BE 0 9P | I
i=1 M4 i i=1 v

for all z; € X (1 < j < m). Then there exists a unique additive mapping
L:X —Y such that

1 \»
I50) - sl < o{ o |
for all x € X.

Proof. In Theorem 2.2, let

@($17x2,"‘ 7:I:m) = 9
forall z; € X (1 <i<m). O

The following corollary is Isac-Rassias type (briefly, IRT) stability for the
functional equation (1.1).

Corollary 2.5. Let ¢ : R™ — R™ be a mapping such that
limy o0 @ =0,

P(ts) < P()ip(s), s,t>0,

(t) <t, t>1.

Let 0,r, (1 < k < m) be non-negative real numbers. Suppose that a mapping
f X =Y satisfies the inequality

Z :v1+— Z T +f<;zzi)—2f<zwi>
=1 i=1 =1 %

J 1,570

Z (2l x)

k=

for all z; € X (1 < k < m). Then there exists a unique additive mapping
L: X —Y such that

0 (m)y(llz]))
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forallx € X.

Proof. The proof follows from Theorem 2.2 by taking

P, am) =0 ([l x)
k=1
forall 2z, € X (1 <k <m). O

Remark 2.6. In Theorem 2.2, if we replace control function by 6 [T/~ ; [|z;(|™7,
then L = f. Therefore in this case, f is superstable.

Theorem 2.7. Let ¢ : X™ — [0,00) be a mapping such that

lim m"o (2L ... Tm) — g 2.19
@

Y )
n—00 mm mm

forallz; € X (1 <j<m) and

@(m):imipgop(o,w-,xi,--',0><oo (2.20)
i=0 N
jth

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

Sl 2 o) oo () ()
i=1 j=1,57#1i i=1 i=1 v
<1, Tm) (2.21)
for all z; € X (1 < j < m). Then there exists a unique additive mapping L
defined by

L(z) = lim m"f (i) (2.22)

n—oo mm

for all x € X and the mapping L : X — Y satisfies the inequality
1f(z) = L(z)|| < [®(x)] (2.23)
forallx € X.

IN

Proof. Putting z; = mx and z; =0 (1 <i < m,i # j) in (2.21) we obtain

| (ma) =mf(@)| < o0z, ,0) (2:24)
jth
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for all x € X. Replacing = by —+ in (2.24) and multiplying both sides of
(2.24) to m™, we get

T 11 T T
[ms () = me s ()| <m0 25 0)
—~—

for all z € X and all n € NU {0}. Since Y is a p-Banach space, we have
n
z T [P ; x ; x
[t () =2 Gl = 2l () =o' ()|
i=r

Simm@p(o,..., x 0) (2.25)

mt’
—~—

jth
for all z € X and all non-negative n and r with n > r. Therefore, we have
from (2.20) and (2.25) that the sequence {m”f (%) } is a Cauchy in Y for

all x € X. Because of Y is complete, the sequence {m” f (%) } converges for
all x € X. Hence we can define the mapping L : X — Y by

— lim m" i)
Le) = Jim e (0
for all z € X. Putting r = 0 and passing the limit n — oo in (2.25), we obtain

(2.23). Showing the additivity and uniqueness of L is similar to Theorem 2.2,
and the proof is complete. ]

Corollary 2.8. Let 0,1, (1 < k < m) be non-negative real numbers such
that rp, > 1 (1 < k < m). Suppose that a mapping f : X — Y satisfies the
equality

dor Hfz‘-i-% > o +f(;zxz> —2f (Z%)
i=1 =1 i=1 i=1 v

m
<60 llaall¥,
j=1

for all z; € X (1 < k < m). Then there exists a unique additive mapping
L: X —Y such that

1
mri—1p P .
[f(z) — L(z)|y < {1_mm—1)p 0|z

for allx € X.
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Proof. In Theorem 2.7, let
()0(3:171'27 e 7‘7;771) = 02 kaHer
k=1
forall z, € X (1 <k <m). O

Remark 2.9. We can formulate similar statement to Corollaries 2.4 and 2.5
for Theorem 2.7. Moreover, in Theorem 2.7, if we replace control function by
OTL;%, [lz;]™7, then L = f. Therefore in this case, f is superstable.

Now, we apply a fixed point method and prove the generalized Hyers-Ulam
stability of functional equation (1.1).

We recall a fundamental result in fixed point theory.

Theorem 2.10. ([4]) Let (X, d) be a complete generalized metric space and let
J: X — X be a strictly contractive mapping with Lipschits constant L € (0,1).
Then, for a given element © € X, exactly one of the following assertions is
true: either

(1) d(J"x, J""x) = oo for alln >0

or

(2) there exists ng such that d(J"z, J""1x) < oo for all n > no.
Actually, if (az) holds, then the sequence J™x is convergent to a fized point x*
of J and

(3) x* is the unique fized point of J in A :={y € X,d(J™x,y) < co};

(4) d(y,z*) < % forally € A.

Theorem 2.11. Let f : X = Y be a mapping for which there exists a function
p: X™ —[0,00) such that

dof J?H-% S o +f(;z$i)_2f<zxi>
i=1 =1 =1

=1 v
<p(r1, 0 Tm) (2:26)
and
~ n, (Lo ng) —
Jim me (mn ow) =0 (2.27)

for all zj € X (1 <j <m). If there exists an L <1 such that

o (B, B) g B )

) )
m

(1<j<m),
m m
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then there exists a unique additive mapping L : X — Y satisfying
jth
0, 7"3;\7... ,0)

¥
I1£(2) - Lia)| < B2

(2.28)
forallx € X.

Proof. Putting z; = mz and 2; =0 (1 <3 <m), i # j in (2.38), we obtain

1 (ma) = mf (@) < (0,0, a_i-+,0)

~~’
jth
for all x € X. Hence
Hf(:r)—mf (%)H S@(O,--- L ,0> (2.29)
jth

for all z € X. Let E :={g: X — Y}. We introduce a generalized metric on £
as follows

d(g, h) := inf{u € RY : |lg(@) = h@)|l < pp (0, a_s-++,0), Vo e X }.
jth

It is easy to show that (F,d) is a generalized complete metric space.

Now we consider the mapping J : E — E defined by

J(g)(@) =mg (=)

for all g € E and all z € X. Let g,h € E and let © € RT ba an arbitrary
constant with d(g, h) < p. From the definition of d, we have

lg(z) = h(@)]| < pe(0, -+, & _,---,0)

jth

for all x € X. By the assumption and last inequality, we have

1)@ = Im@l = mlo(Z)-n(2)]

IN
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for all x € X. So d(Jg, Jh) < Ld(g,h) for all g,h € E. It follows from (2.41)
that d(Jf, f) < 1. Therefore, according to Theorem 2.10, the sequence {J" f}
converges to a fixed point L of J, i.e.,

L:iX =Y,  L@)= lim (")) = lim m"f (=)

n—oo n—00 mm

and L(z) = mL(%) for all x € X. Also L is the unique fixed point of J in
the set £, ={g € F: d(f,g) < oo} and
1 1
T <— < —
AT, 1) < = dUf ) < 7
i.e., inequality (2.30) holds for all z € X. It follows from the definition of L,
(2.26) and (2.27) that

ZL xi—i—aAZ‘xj +L<m2xi>:2L<in>.
i=1 j=1,j#1¢ i=1 =1
Hence by Theorem 2.1, the mapping L : X — Y is additive. O

Corollary 2.12. Let rj € (1,00) (1 < j < m) and 6 be real numbers. Let
f: X =Y such that

;f xz‘—l-% Z xj +f(m;$,>—2f<;l’l>

j=1,j#i
m
<O [l
7j=1

for all zj € X (1 < j < m). Then there exists a unique additive mapping
L: X =Y satisfies the inequality

1/ () = L(z)|| <

Y

Ol
m'i —m

forallx € X.
Proof. Setting

m
@(1'1,1'2, e 7$m) = 02 H‘Tjurj
7j=1

forallz; € X (1 <j <m) in Theorem 2.11. Then by L = m!'~"i, we get the
desired result. O

Similarly, we have the following Theorem and we omit the proof.
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Theorem 2.13. Let f : X — Y be a mapping for which there exists a function
w: X™ — [0,00) satisfying (2.26) and (2.27). If there exists an L < 1 such
that

SO(m.fL'l,"' 7m$j) < ngp(:Uly ,LL']) (1 < J < m)7

for all x; € X (1 < j < m). Then there exists a unique additive mapping
L: X —Y satisfying
jth
0,---,"x - ,0)
1-L

(@) - Liz)| < 28 (2.30)

for allx € X.

Corollary 2.14. Let r; € (0,1) (1 < j < m) and 0 be real numbers. Let
f: X =Y such that

Slat 3w “‘(12“) - <Z>
i=1 m j=1,j7i mi= i=1
<O [l

j=1

for all z; € X (1 < j < m). Then there exists a unique additive mapping
L : X —Y satisfies the inequality

Y

1£(2) - Liz)| < 72002l

m —m'"i
forallx € X.

Proof. Setting
m
@(1'1,1'2, T a'Im) = 02 H‘Tjurj
=1

for all z; € X (1 < j <m) in Theorem 2.11. Then by L = m"i~!, we get the
desired result. O

Remark 2.15. We can formulate similar statements for stability of (1.1) on
Banach spaces.
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