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APPROXIMATELY GENERALIZED ADDITIVE FUNCTIONS
IN SEVERAL VARIABLES

H. KHODAEI'* AND TH.M. RASSIAS?

ABSTRACT. The goal of this paper is to investigate the solution and stability in
random normed spaces, in non—Archimedean spaces and also in p—Banach spaces
and finally the stability using the alternative fixed point of generalized additive
functions in several variables.

1. INTRODUCTION AND PRELIMINARIES

In 1940, Ulam gave a talk before the Mathematics Club of the University of
Wisconsin in which he discussed a number of unsolved problems. The stability
problem of functional equations originated from a question of Ulam [74] concerning
the stability of group homomorphisms.

In 1941, Hyers [32] considered the case of approximately additive functions f :
X — Y such that

If(x+y) = flz) = fy)ll <e

for all x,y € X and for some ¢ > 0, where X and Y are Banach spaces. Then there
exists a unique additive function A : X — Y such that

If(z) = Afz)| <€

for all x € X.

Aoki [5] and Rassias [56] provided a generalization of the Hyers theorem for ad-
ditive and linear functions, respectively, by allowing the Cauchy difference to be
unbounded.

Theorem 1.1. (Th.M. Rassias). Let f : X — Y be a function from a normed
vector space X into a Banach space Y subject to the inequality

(& +y) = f(2) = )l < ell=]” + llyll”) (1.1)

for all x,y € X, where € and p are constants with € > 0 and p < 1. Then there exists
a unique additive function A : X — 'Y satisfying

If () = A(@)]| < ellzf?/(1 =271 (1.2)
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for all x € X. If p < O then inequality (1.1) holds for x,y # 0 and (1.2) for x # 0.
Also, if for each fizred x € X the function t — f(tz) is continuous in t € R, then A
18 linear.

The above Theorem has provided a lot of influence during the last three decades
in the development of a generalization of the Hyers—Ulam stability concept. This
new concept is known as generalized Hyers—Ulam stability or Hyers-Ulam-Rassias
stability of functional equations (see [14, 33]). Furthermore, a generalization of
Rassias theorem was obtained by Gavruta, who replaced e(|| = [P + || v ||?) by a
general control function p(z,y) ; cf. [21]-[27].

It was shown by Rassias [57] that the norm defined over a real vector space X is
induced by an inner product if and only if for a fixed integer n > 2

ED DTS lED TN T
nfl~ A T; ‘ i ‘ xj||* = ‘ T
i=1 =1 j=1 =1

for all z1,...,x, € X (see also [4, B7]). During the last three decades a number
of papers and research monographs have been published on various generalizations
and applications of the generalized Hyers-Ulam stability to a number of functional
equations and functions (see [13]-[28], [34] 36, B9, 41] and [59]-[66]). We also refer
the readers to the books [T}, 14 [33, 38|, 58].

Now, we consider the general n-dimensional additive functional equation for n > 2
and then investigate the stability in random normed spaces and in non-Archimedean
spaces, moreover, the stability for functions from quasi-normed spaces into p—Banach
spaces and finally the stability by using the alternative fixed point, of an n-dimensional
additive functional equation as follows:

n k k+1 n n n—k+1
)OI DI DIV GEED DR RS
k=2 i1=2i2=i1+1  in_pi1=in_k+1l  i=Lii1,min_ki1 r=1
: (1.3)
+ f(z a;x;) = 2" tay f(21)
i=1

where ay,...,a, € Z — {0} with a; # £1. As a special case, if n = 2 in (1.3), then
the functional equation (1.3) reduces to

f(alxl — (]J2$2) + f(alajl + (12232) = 2a1f(x1)
also by putting n = 3 in (1.3), we obtain

2 3 3 2 3 3
E E f( E a;r; — E i, Ti, ) + E f( § a;iT; — i, Ty, )
i1=2do=i1+1  i=1,i%i1in r=1 =2  i=l,ii

3
+ f(z a;z;) = 2%ay f(21)

that is,
flarxy — aswe — agxs) + fa1xy — asxe + azxws) + f(a1x; + agwy — azws)

+ f(a1x1 + aoxo + Clgl'g) = 22a1f($1)
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Throughout this paper, assume that aq,...,a, are nonzero fixed integers with
aq 7é +1.
2. GENERALIZED ADDITIVE FUNCTIONS IN SEVERAL VARIABLES
Let both X and Y be real vector spaces. We here present the solution of (1.3).

Theorem 2.1. A function f: X — Y satisfies the functional equation (1.3) if and
only if f: X — Y s additive.

Proof. Let f satisfies (1.3). Setting x; =0 (i = 1,...,n) in (1.3), we have

k+1 n

O D> )f0)+ f(0) =2""ay f(0)

k=2 i1=212=11+1 Ip— k1= —k+1

that is,
2 3 n 3 4 n n
DD D W A (0= N N N (1) EERE S (1)
i1=2ip=i14+1  ip_1=in_o+1 i1=2ip=i14+1  in_g=in_3+1 i1=2

+ £(0) = 2" 1a1 £(0)
that is,

((Z _ i) - (Z - ;) Fot (n; 1) +FF0)=2"a f0)  (2.1)

on the other hand, we have the relation
n—1 n 1 n—1 n 1
§ - _ § - _ on—1

hence, it follows from (2.1) that 2" !(a; —1) f(0) = 0 and since a; # %1, so f(0) = 0.
Putting z; =0 (i = 3,...,n) in (1.3) and then using f(0) = 0, we get

n—2

Flar — asms) + (( ) ) Flar — asms) + (Z - 3) Flar, + as2)
i ((” - g) Flarzr — agzs) + (” 5 2) Flarzy + ases))

n

+ ((Z B 3) flarm — aszs) + (” . 2) Flar, + asas))

+ flayxy + asxs) = 2n_1a1f($1)
that is,

n—2

(1+ Z (n ; 2))(f(a1$1 + asxs) + flarzy — agws)) = 2" tar f(x) (2.2)

for all x1, 25 € X. It follows from (2.2) and S~ (n ; 2) = 2"2 that

f(alxl + CLQZL'Q) + f(alxl - CLQIEQ) = 2(11f($1) (23)
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for allzy, zo € X. Setting 25 = 0 in (2.3), gives f(a1x1) = a1 f(zy) for all z; € X.
Replacing z, by “x5 in (2.3) and then using f(a1z1) = a1 f(x1), we get

f(x1+22) + flz1 — 22) = 2f(21) (2.4)

for all x1,29 € X. Putting 25 = x1 in (2.4) to get f(2x1) = 2f(z;) for all z; € X.
Replacing x1 and x9 by 1 + 9 and 27 — x9 in (2.4), respectively, and then using
f(2z1) = 2f(x;), we obtain that

[z +22) = f(21) + f(22) (2.5)

for all xq, x5 € X, which implies that f is additive.

Conversely, suppose that f is additive, thus f satisfies (2.5). Putting ;1 = 25 =0
in (2.5), we get f(0) = 0. Setting xo = x; in (2.5), we have f(2z,) = 2f(x;) for
all x; € X. Putting o = —2x; in (2.5) and then using f(2z,) = 2f(x;), we obtain
f(=z1) = —f(x1). Letting o = x; and x5 = 2x; in (2.5), respectively, we obtain
that f(2z1) = 2f(x1) and f(3z1) = 3f(x1) for all 1 € X. So, f(mz1) = mf(z;) for
any integer m. Replacing xo by —x5 in (2.5) and using the oddness of f, we have

f(x1 +32) + fz1 — 22) = 2f(21) (2.6)

for all z1, 25 € X. Replacing z; and x5 by a;z; and aszs in (2.6), respectively, then
by using the identity f(mx) = mf(x;1), we obtain

f(alxl —+ CLQ.TQ) —+ f(alxl - (Zg.’EQ) = 2a1f(:v1) (27)

for all x1, 25 € X. Now, we are going to prove our assumption by induction on n > 2.
It holds on n = 2; see equation (2.7). Assume that it holds on the case where n = p;
that is, we have

p k k+1 D D p—k+1
E (E E E ) E aiTi — E a;, T, )
k=2 i1=2142=1t1+1 Ip_kr1=lp_k+1 i=1,i#11,..., Ip_kt1 r=1

+ f(z a;z;) = 27"y f(21)
i—1

for all 1, ..., z, € X. It follows from condition (2.5) that

P P P
f(z ;T + Api1Tpi1) + f(z QT — Qpi1Tpr1) = 2f(2 a;r;) (2.8)
i—1 i—1 i—1

for all z4, ..., 2,41 € X. Replacing x, by —z, in (2.8), we obtain

p—1 p—1
f(z ;i — apTp + Aps1Tpt1) + f(z ;T — ApTp = Ap41Tpt1)

i=1 =1

- (2.9)
= 2f(z a;x; — apTy)
i=1
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for all z1, ..., 2,41 € X. Adding (2.8) to (2.9), we have

p—1 p—1

FOQ aimi = apy — appazpin) + FO @i — ayzy + apiay i)
P i=1

p—1 p—1

+ FQ aimi+ apr, — apazpin) + (O @i + ayr, + appazpi)
i1 i=1
p—1 p—1

=20f O awi + apzy) + £ aimi — ayy)]

i=1 i=1
for all 1, ..., 2,41 € X. By using the above method, for z,_; until z,, we infer that

p+1 k+1 p+1 p+1 p—k+2 p+1

Z(Z Z Z ) ( Z a;T; — Z airxir)+f(zaixi)

k=2 11=21i2=11+1 ip—kt2=lp_kt+1+1 1=1,i701,..,ip k42

P E o k41 P P p—k+1 P
= Q[Z(Z Z Z ) ( Z AiTi — Z i, i, ) + f(z a; ;)]
k=2 i1=2ds=i1+1  ip_py1=ip_p+1 i=1,i#11 eyt 1 r=1 i=1

for all xy,...,2p41 € X. Now, by the case n = p, we lead to

p+1 k41 p+1 p+1 p—k+2

Z(Z Z Z ) f( Z a;x; — z; a;, x;)

k=2 11=212=11+1 lp—kt2=lp_k+1t+1 i=1,i#01,...,ip_ k42
p+1

+ f(z a;;) = 2[2" ay f(a1)]

i=1

for all xq,...,xp11 € X, so (1.3) holds for n = p + 1. This complete the proof of the
theorem. ]

3. APPROXIMATELY ADDITIVE FUNCTIONS IN RANDOM NORMED SPACES

The aim of this section is to investigate the stability of the given general n-
dimensional additive functional equation (1.3), in random normed spaces.

In the sequel we adopt the usual terminology, notations and conventions of the
theory of random normed spaces, as in [10], 47, [44] [7T], [72]. Throughout this paper,
let AT is the space of distribution functions that is,

AT ={F R U{—00,00} — [0,1] : F is left — continuous,
non — decreasing on R, F(0) =0 and F(4o00) =1}
and the subset Dt C A™ is the set,
Dt = {F e A" F(+o0) = 1}

where, [~ f(x) denotes the left limit of the function f at the point x. The space A*
is partially ordered by the usual point-wise ordering of functions, i.e., F' < G if and
only if F(t) < G(t) for all ¢ € R. The maximal element for AT in this order is the
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distribution function given by

olt) = 0, ift <0,
T 1, it >o.

Definition 3.1. ([7TI]) A function 7' : [0,1] x [0,1] — [0,1] is a continuous
triangular norm (briefly, a ¢—norm) if 7" satisfies the following conditions:

(a) T'is commutative and associative;

(b) T is continuous;

(c) T(a,1) = a for all a € [0, 1];

(d) T'(a,b) < T(c,d) whenever a < ¢ and b < d for all a,b,c,d € [0,1].

Typical examples of continuous t—norms are Tr(a,b) = ab, Tys(a,b) = min(a,b)
and 77 (a,b) = max(a + b — 1,0) (the Lukasiewicz ¢-norm).

Recall (see [29], [30]) that if 7" is a t-norm and {z, } is a given sequence of numbers
in [0,1], T, x; is defined recurrently by

n Ty, ifn= 1,
iTi:l'Ti - n—1 .
T(T!  xi,xy,), ifn>2.

T, x; is defined as T2°, ;4.
It is known ([30]) that for the Lukasiewicz ¢t-norm the following implication holds:

lim (77);2 xpsi = 1 <= Z(l — Z,) < 00.
n=1

Definition 3.2. ([72]) A Random Normed space (briefly, RN-space) is a triple
(X, 1, T), where X is a vector space, T' is a continuous ¢—norm, and x is a function
from X into D% such that, the following conditions hold:

(RN1) p,(t) = eo(t) for all ¢ > 0 if and only if x = 0;
(RN2) f1q.(t) = ,ux(@—‘) for all z € X, a # 0;
(RN3) pgry(t +5) > T(pa(t), p1y(s)) for all z,y € X and ¢, s > 0.

Definition 3.3. Let (X, u,T) be a RN-space.

(1) A sequence {x,} in X is said to be convergent to x in X if, for every € > 0 and
A > 0, there exists positive integer N such that u,, () > 1 — A whenever n > N.

(2) A sequence {z,} in X is called Cauchy if, for every ¢ > 0 and A > 0, there
exists positive integer N such that p, . (€) >1— X whenever n > m > N.

(3) A RN-space (X, pu,T) is said to be complete if and only if every Cauchy
sequence in X is convergent to a point in X. A complete RN-space is said to be
random Banach space.

Theorem 3.4. ([71]) If (X, u,T) is a RN-space and {x,} is a sequence such that
Ty — x, then lim, o pie, (t) = () almost everywhere.

The theory of random normed spaces (RN-spaces) is important as a generalization
of deterministic result of linear normed spaces and also in the study of random op-
erator equations. The RN-spaces may also provide us the appropriate tools to study
the geometry of nuclear physics and have important application in quantum parti-
cle physics. The generalized Hyers-Ulam stability of different functional equations
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in random normed spaces, RN-spaces and fuzzy normed spaces has been recently
studied in, Alsina [3], Mirmostafaee, Mirzavaziri and Moslehian [50, 51], 52], Mihe,
and Radu [44]-[47], Mihet, Saadati and Vaezpour [48] [49], Baktash et. al [8] and
Saadati et. al. [70].
From now on, we use the following abbreviation for a given function f:
n k k+1 n n n—k+1

Df(xl, ..,xn) = Z(Z Z Z )f( Z a;T; — Z (IZ'T.’JTZ'T)

k=2 i1=21i2=11+1 Ip—k41=tp—k+1 iil,i#il,...,in_k_‘_l r=1

+ f(z aixi) - 2”_1a1f(x1).

i=1

Theorem 3.5. Let X be a real linear space, (Y, A\, T) be a complete RN-space and
E:X"—> Dt (neN, n>2and{(xy,...,x,) is denoted by &, . ..) be a function
such that

.....

1 g, g (1) = 1 (31)
forall xq,...,x, € X, t >0 and
Tim T2 (et o(2 Har ™)) = 1 (3.2)

for all x € X and all t > 0. Suppose that f: X — Y is a function satisfying

ADf(ﬂc1 ----- xn)(t>2§w1 ,,,,, zn(t) (3-3)

for all x1,...,x, € X and t > 0. Then there exists a unique additive function A :
X —Y such that

Ap@r-a@) (1) 2 T2 (Er1,0, 02" Haa|?)) (3.4)
forallxz € X andt > 0.
Proof. Putting 1 =z and x; =0 (i = 2,...,n) in (3.3), we obtain that

A n k k+1 n n—1 <t>
(Zk:Z <Zi1:2 Zig:iﬁ-l Zz’n,,ﬁl:z’nka) flarz) + flayw) — 2 alf(@)
> &20,..0(1)
for all z € X and t > 0, that is,

A( n—1 N n—1 o n—1 1) f(aya)—2t ()(t) > &0,...0(t)

n—1 n—9 1 flarz)— a1 f(z

for all z € X and ¢ > 0. It follows from last inequality that

A <t> Z é:v,() ..... O(t)

A+ (n ; 1) )f(arz)—2"~1ay f(x)

for all z € X and t > 0, hence by using the relation 1+ Z?:_ll (n Z 1) = 2" 1 gives

Aon-1p(ar0) 2010y £(2) () = Eayo,...0(t)
forallz € X and t > 0. So

Af(‘llT)if(m)(t) > &o0,.0(2" Mar|t) = &op,.0(2" P ar|t)
aj
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for all x € X and t > 0, which implies that

Af(a§+1:t) _ f(a{z) (t) Z fa{m,o ..... 0(21171 |a1 |£+1t) (35)

a§+1 a{

forall x € X, t > 0 and ¢ € N. It follows from (3.5) and (RN3) that

t t
Af(;%m o) (t) > T(Af(:?) _tta (5)7 Af(zi}z),f(m) (5))

ZT<£a1x,O ,,,,, 0(27172‘&1'215)’6%0 ..... 0(27172’@1“))
> T (0., 0(2n73‘a1|2t);fx,0 ..... 0(2"%aq|t))

for all z € X and ¢t > 0. Thus

Mg o () = T (Egemrg0 02" an[8)) (3.6)

for all z € X and ¢ > 0. In order to prove the convergence of the sequence {

flai"x)
/ agn }7
we replace x with a}* x in (3.6) to find that

) /
Af(a{”*'mlm)_f(ﬂlnlm) (t) > ngl <§a7lnl+£_1$,0 0(2” 4 1‘a1‘m +€t))

.....

7
am+m

’
m
1 @

for all x €  and all ¢ > 0. Since the right hand side of the inequality tends to 1 as
m' and m tend to infinity, the sequence {f(Z—%f)} is a Cauchy sequence. Therefore,
one can define the function A : X — Y by

A(z) := lim imf(a’lnx)

m—oo 1y

for all z € X. Now, if we replace xy, ..., z,, with a}"x, ..., a]*z,, in (3.3), respectively,
it follows that

Abfama,...aman) (t) > £a;nzl ,,,,, a?}twn(‘al‘mt) (3.7)

m
aq

for all z1,...,z, € x and all t > 0. By letting m — oo in (3.7), gives DA(zy, ..., x,) =

0 thus A satisfies (1.3). Hence by Theorem [2.1] the function A : X — Y is additive.
To prove (3.4) take the limit as m — oo in (3.6).

Finally, to prove the uniqueness of the additive function A subject to (3.4), let us

assume that there exists a additive function A’ which satisfies (3.4). Since A(a}"x) =

a"A(x) and A'(a'x) = a7 A'(z) for all z € X and m € N, from (3.4) it follows that

A2 () = Maapa)-ar(apa) (Jar| 1)
> T(Aa@pa)-fapa) (|aa]" ), Aptapa)-ar(apa) (laa " 7'))
ZT(TZO:Ol(Sa;n+471x’O ..... 0(2”—Z—1|a1|m+€—1t))

Y Tgozol(fa;n+e71m70 ,,,,, 0(2n_€_1|a1|m+8_1t>))

(3.8)

for all x € X and all t > 0. By letting m — oo in (3.8), we find that A = A’. O
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4. APPROXIMATELY ADDITIVE FUNCTIONS IN NON-ARCHIMEDEAN SPACES

In 1897, Hensel [31] has introduced a normed space which does not have the
Archimedean property. It turned out that non-Archimedean spaces have many nice
applications [42] [75], [67, [76].

A non-Archimedean field is a field K equipped with a function (valuation) | . |
from K into [0, 00) such that |r| = 0 if and only if r = 0, |rs| = |r||s|, and |r + s| <
max{|r|, |s|} for all r,s € K. Clearly |[1| = | —1| =1 and |n| <1 for alln € N. An
example of a non-Archimedean valuation is the function | . | taking everything but
0 into 1 and |0] = 0. This valuation is called trivial.

Definition 4.1. Let X be a vector space over a scalar field K with a non—
Archimedean non-trivial valuation | . |. A function || . || : X — R is a non—
Archimedean norm (valuation) if it satisfies the following conditions:

(NA1) ||z|| = 0 if and only if z = 0;
(NA2) ||rz|| = |r|||z|| for all r € K and x € X;

(NA3) ||z + y|| < max{||z], |ly||} for all z,y € X (the strong triangle inequality).
Then (X, || . ||) is called a non—Archimedean space.

Remark 4.2. Thanks to the inequality
e — ] < max{le, 2, 1<) <m—1}  (m>1)

a sequence {z,,} is Cauchy if and only if {z,,4+1 — x,,} converges to zero in a non—
Archimedean space. By a complete non—Archimedean space we mean one in which
every Cauchy sequence is convergent.

The most important examples of non-Archimedean spaces are p-adic numbers. A
key property of p-adic numbers is that they do not satisfy the Archimedean axiom:
"for x,y > 0, there exists n € N such that z < ny.”

Example 4.3. Let p be a prime number. For any nonzero rational number z = 3p"=
such that a and b are integers not divisible by p, define the p-adic absolute value
|z|, == p~™. Then | . | is a non-Archimedean norm on Q. The completion of Q with
respect to | . | is denoted by Q, which is called the p-adic number field.

Note that if p > 3, then |2"| =1 in for each integer n.
Arriola and Beyer [6] investigated stability of approximate additive functions f :
Qp, — R. They showed that if f : Q, — R is a continuous function for which there
exists a fixed € :

[flx+y) — flx) = fly)| <e

for all z,y € @,, then there exists a unique additive function 7" : Q, — R such that
[f(z) =T(z)| <€
for all z € Q,. Additionally in 2007, Moslehian and Rassias [54] proved the gen-

eralized Hyers—Ulam stability of the Cauchy functional equation and the quadratic
functional equation in non—Archimedean normed spaces.

Theorem 4.4. Let G is an additive group, X is a complete non—Archimedean space
and ¢ : G" — [0,00) be a function such that

lim
m—00 |a,1 |m

Qp(arlnxla ) a;nxn) =0 (41)



APPROXIMATELY GENERALIZED ADDITIVE FUNCTIONS... 31

for all xq,...,x, € G, and

Y(x) = lim max{%w(afx,o, 0): 0<l<m} (4.2)

m—o0 |6L1
for each x € G, exists. Suppose that f : G — X is a function satisfying

IDF (@1, )l € (@, s ) (4.3)
for all x4, ...,x, € G. Then there exists a additive function A : G — X such that

1£(z) — A)] < —

|27 ay |
for all x € G. Moreover, if

S () (4.4)

lim lim max{

J—00 M—00 ‘

‘Z@b(alxo 50): g<tl<m+3}=0

then A is the unique additive function satisfying (4.4).

Proof. Putting 1 = x and 2; =0 (i = 2,...,n) in (4.3), we get

() - if(am $(x,0,...,0) (4.5)

I < o
’2 0,1|

for all x € G. Replacing x by a[" 'z in (4.5), we have

1 m— 1 m 1 —
||Ff(a’1 lr) — a—mf(% z)|| < mﬂ% '2,0,...,0) (4.6)

1 1

for all x € G. It follows from (4.6) and (4.1) that the sequence {#f(aﬁ”:v)} is
Cauchy. Since X is complete, we conclude that {# f(al"x)} is convergent. So one
can define the function A: X — Y by

A(z) ;== lim af (i)

m— 00 arln

for all z € G. It follows from (4.5) and (4.6) by using induction that

1 1 1

||f(l‘) - ﬁf(&?ﬂ})” < |2n_1a1| maX{ |CL1|J

Y(alz,0,...,0): 0<3<m} (4.7)

for all m € N and all z € G. By taking m to approach infinity in (4.7) and using
(4.2), we obtain (4.4). By (4.1) and (4.3), we get

1
|DA(z1, ..., 2z,)|| = lim ——
m—o0 |a1’m

1
< lim ——y(af"z1,...,a{"z,) =0
m—00 ‘CL1|

||Df(a’1"3:1, ,CLT&?,JH

for all y, ..., z, € G. Therefore the function A : G — X satisfies (1.3). By Theorem
[2.1] the function A : X — Y is additive.
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If A’ is another additive function satisfying (4.4), then

J—0

JA() — A'(z)] = lim ﬁnww — A(adz)]

lim —— max{ [|A(alz) — f(alx)], | /(alx) — A'(alo)]| }

<
T g |CL1|]
L im0 {1¢(f0 0): y<l<m+3}=0
im lim max{——(ajz,0,...,0): 3 < m =
= |27 Tay | o0 m—oo |ay | 1 J J
for all x € G, so A = A’. This completes the proof of the uniqueness of A. O

Corollary 4.5. Let n:[0,00) — [0,00) be a function satisfying
(1) n(lax[t) < nlar|)n(t) for all t > 0;
(@) n(las]) < laal.
Suppose that € > 0 and G be a normed space and let f : G — X satisfying

IDf (1, s za)l| < Y nllll)
=1

for all x1,...,x, € G. Then there exists a unique additive function A : G — X such

that
€

|2n—1a1|

1f(z) = A(z)|| < n(ll=(])
for all x € G.

Proof. Defining ¢ : G x G — [0,00) by ¢(x1, ..., 2,) =€ > n(||z;]|), we have

—— <
ﬂlliréo |a1|m¢(a1 L1y eeny Gy xn) = mhiréo( |Cl1|

V™" (x1, .y ) =0

for all x4, ..., x, € G. We have

- 1
Y(z) = lim max{Ww(alim,O, 0): 0<l<m} =1(x,0,...,0)
and
. . 1 Y4 . 1 7
lim lim max{——%(ajz,0,...,0): 3 <{<m+ 3} = lim ——9(aix,0,...,0) =0
J—00 M—00 |CL1|Z J—ee ’CL1|J
for all z € G. O

Remark 4.6. The classical example of the function 7 is the function n(t) = ¢? for
all t € [0,00), where p > 1 with the further assumption that |a;| < 1.

Remark 4.7. We can formulate similar statements to Theorem in which we
can define the sequence A(z) := lim,, . a!" f(-z) under suitable conditions on the
1

function v then obtain similar result to Corollary [L.5] for p < 1.

5. APPROXIMATELY ADDITIVE FUNCTIONS IN p—BANACH SPACES

We consider some basic concepts concerning p-normed spaces.
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Definition 5.1. (See [9,68]). Let X be areal linear space. A function ||. [ : X — R
is a quasi-norm (valuation) if it satisfies the following conditions:

(QN1) ||z|| > 0 for all z € X and ||z|| = 0 if and only if x = 0;

(QN2) |A. z|| = |A|.]|z|| for all A € R and all x € X;

(QN3) There is a constant M > 1: ||z + y|| < M(||z|| + |ly||) for all z,y € X.
Then (X, || . ||) is called a quasi-normed space.

The smallest possible M is called the modulus of concavity of || . ||. A quasi-Banach
space is a complete quasi-normed space.
A quasi-norm || . || is called a pnorm (0 < p <1) if

[+ ylI” < [l[” + [ly[/”

for all z,y € X. In this case, a quasi-Banach space is called a p—Banach space.

By the Aoki-Rolewicz Theorem [68], each quasi-norm is equivalent to some p—
norm (see also [9]). Since it is much easier to work with p—norms, henceforth we
restrict our attention mainly to p—norms. Moreover in [73], J. Tabor has investigated
a version of Hyers-Rassias-Gajda Theorem (see |20, [56]) in quasi-Banach spaces.

Our main result in this section is the following:

Theorem 5.2, Let £ € {—1,1} be fizred, X be a p—normed space, Y be a p—Banach
space and ¢ : X" — [0,00) be a function such that

: 1 m
lim M ng(al T1, .., ar,) =0 (5.1)

m—0o0

for all xv,...,z, € X, and

Z |a1|@p ¢P(az,0,...,0) < oo (5.2)
_1-—¢
_T

for all z € X (denoted (p(x1,...,x,))P by @P(x1, ..., x,)). Suppose that f: X — Y is
a function that satisfies

I Df(x1,...xn)|| < (a1, ... ) (5.3)

for all x4, ..., x,, € X. Furthermore, assume that f(0) = 0 in (5.3) for the case £ = 1.
Then there exists a unique additive function A : X — Y such that

1) = AW < 3 e ol (54

forallx € X.
Proof. For { = 1, putting ;1 =z and z; =0 (i = 2,...,n) in (5.3), we obtain

||2”_1f(ala:) — 2"_1a1f(x)|| < ¢(z,0,...,0) (5.5)
for all z € X. So

1) - if(aw) (£.0,...,0) (5.6)

L
|| — 2n_1|a1|90
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for all z € X. Replacing = by a;x in (5.6) and dividing by a; and summing the
resulting inequality with (5.6), we get

1 9 1 o(ayz,0, ..., 0)
r) = S a2)| < 5o z,0,....,0) + ——= 5.7
1) = 3@ € Gl .0) 4 ZRD) (57
for all x € X. Hence
m—1
1 ! 1 il 1 1 e
||a—llf(a1x) - @f(al r)||P < 201 Jay [P ; lasr” (a,0,...,0) (5.8)

for all nonnegative integers m and [ with m > [ and for all z € X. It follows from
(5.1) and (5.8) that the sequence {#f(aﬁ“a:)} is a Cauchy sequence for all z € X.

Since Y is complete, the sequence {# f(al"x)} converges. Therefore, one can define
the function A: X — Y by

Alx) = lim — f(a'z)

m— oo al

for all x € X. By (5.2) for £ =1 and (5.3),

3 1 m m
DAz )| = Jim | DF (A, o)

< lim ——o(ay"zy, ..., a{'z,) = 0

for all xy,...,x, € X. So DA(z1,...,x,) = 0. By Theorem , the function A : X —
Y is additive. Moreover, letting [ = 0 and passing the limit m — oo in (5.8), we get
the inequality (5.4) for ¢ = 1.

Now, let A’ : X — Y be another additive function satisfying (1.3) and (5.4). So

I\A(x)—A’(:v)H”—| |mp!|A(a1 ) — Alai"z)|)”

1
<
= laaf™

([A(ay"z) = flafx)||” + [[A'(a™x) = fa™z)|")
2 ~ m
= |a1|mp2(n—1>p|a1|p90(a1 7)
which tends to zero as m — oo for all z € X. So we can conclude that A(x) = A'(x)

for all x € X. This proves the uniqueness of A.
Also, for ¢ = —1, it follows from (5.5) that

1 T

I17(@) = af (O < gyl

0,...,0)

)
a1

for all z € X. Hence
x
lla f( zl) f(a1 WP < 5o ZI 1|7PP s 0,...,0) (5.9)

for all nonnegative integers m and [ with m > [ and for all x € X. It follows from
(5.9) that the sequence {a™f(-5;)} is a Cauchy sequence for all z € X. Since Y
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is complete, the sequence {a™f(-5)} converges. So one can define the function

A: X =Y by

for all z € X. By (5.2) for £ = —1 and (5.3),

. x]_ ajn . x]_ %’n
DA o)l = Jim ol DA 22 < i ol 22) =0

for all zy,...,x, € X. So DA(x1,...,z,) = 0. By Theorem 2.1, the function A : X —
Y is additive. Moreover, letting [ = 0 and passing the limit m — oo in (5.9), we
get the inequality (5.4) for £ = —1. The rest of the proof is similar to the proof of
previous section. ]

Corollary 5.3. Let e, \; (1 <i <n) be non-negative real numbers such that \; < 1
or \; > 1 (1 <i<mn). Suppose that a function f: X — Y with f(0) =0 satisfies

IDf (1, )| <& >l (5.10)
=1

for all xy,...,z, € X. Then there exists a unique additive function A : X — Y such

that
€

1f(z) = A=) < r )™

20 H]aP = lag [Are]

for all z € X.
Proof. In Theorem , put (@1, ..., zy) = Yo ||

6. APPROXIMATELY ADDITIVE FUNCTIONS BY USING ALTERNATIVE FIXED POINT

M for all T1,...,x, € X. [

Baker [7] was the first author who applied the fixed point method in the study
of Hyers—Ulam stability (see also [2]). A systematic study of fixed point theorems
in nonlinear analysis is due to Isac and Rassias; cf. [35, 36]. Recently, Cadariu
and Radu [T1] applied the fixed point method to the investigation of the Cauchy
additive functional equation [12] 55]. Using such a clever idea, they could present
a short, simple proof for the Hyers-Ulam stability of Cauchy and Jensen functional
equations (see also [18] 40, 53]).

We now introduce one of fundamental results of fixed point theory. For the proof,
refer to [43]69]. For an extensive theory of fixed point theorems and other nonlinear
methods, the reader is referred to the book of Hyers, Isac and Rassias [33].

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

(GMy) d(z,y) =0 if and only if x = y;
(GMs) d(z,y) = d(y,z) for all z,y € X;
(GM;3) d(z,z) < d(z,y) + d(y, z) for all z,y,z € X.

Note that the distinction between the generalized metric and the usual metric is
that the range of the former is permitted to include the infinity.

Let (X,d) be a generalized metric space. An operator T' : X — X satisfies a
Lipschitz condition with Lipschitz constant L if there exists a constant L > 0 such
that

d(Tx,Ty) < Ld(z,y)
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for all z,y € X. If the Lipschitz constant L is less than 1, then the operator T is
called a strictly contractive operator.
We recall the following theorem by Margolis and Diaz.

Theorem 6.1. Suppose that we are given a complete generalized metric space (€2, d)
and a strictly contractive function T : 0 — Q with Lipschitz constant L. Then for
each given x € ), either
d(T™z, T x) = oo for allm >0,

or other exists a natural number mgy such that

* d(T™z, T™ ) < oo for all m > my;

* the sequence {T™x} is convergent to a fized point y* of T';

* y* is the unique fized point of T in

A={y e d(T™z,y) < oo}
* d(y,y*) < 25d(y, Ty) for all y € A.

By using the idea of Cadariu and Radu, we will prove the stability of the general
n-dimensional additive functional equation (1.3).

Theorem 6.2. Let X be a real vector space and Y be a real Banach space. Suppose
that 0 € {—1,1} be fized and f : X — 'Y a function for which there exists a function
v X" —[0,00) that satisfying (5.1) and (5.3) for all xq,...,x, € X. If there exists
0 < L= L(f) <1 such that the function x — (x) = p(;-,0,...,0) has the property

x
V@) <Ll o) (6.1)
1
for all x € X. Then there exists a unique additive function A : X — Y such that
L[-{Q»l
_ 2
1) = A < =i —7 ¥l (6.2

forall x € X.

Proof. Let €2 be the set of all functions g : X — Y and introduce a generalized
metric on {2 as follows:

d(g,h) = dy(g,h) = nf{K € (0,00) : [lg(x) = h(2)|| < K(z), v € X}

It is easy to show that (€2, d) is a generalized complete metric space [11].
Now we define a function T': Q — Q by T g(z) = - g(aiz) for all z € X.

Note that for all g, h € Q,
d(g,h) <K = |g(x) — h(z)]| < K¢(z), forall x € X,

1 1
= | 2rglale) — ~hlafa)]| < - K b(abe). for all z € X.
aj aj |a1|

1 1

> l—glale) = ~ch(afa)| S LK w(@),  forallze X,
1 1

= d(T g, T h)< LK.

Hence we see that d(T ¢g,T h) < L d(g,h) for all g,h € Q, that is, T is a strictly
self-function of €2 with the Lipschitz constant L.
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Putting zy =z and x; =0 (i = 2,...,n) in (5.3), we have (5.5) for all z € X, thus,
by using (6.1) with the case ¢ = 1, we obtain that

1 1 1 1 L

1) = -F@12)] < gy 9(0.0,0) = s blans) <

a
for all z € X, that is, d(f,Tf) <
in

T < 00.
7
Also, if we substitute z = = i ( ) and use (6.1) with the case { = —1, then we
see that
17@) — 6 ()] < 5y ()
r)—af( O < 5o vl

for all z € X, that is, d(f,Tf) < 52
Now, from the fixed point alternative in both cases, it follows that there exists a
fixed point A of T in 2 such that

1
A(z) = lim — f(a"z)
m—0o0 (1]
for all z € X, since lim,—o d(T™f, A) = 0.
Also, if we replace x1, ..., 7, with a1, ..., af*z,, in (5.3), respectively, and divide
by a*, then it follows from (5.1)that

: 1 m
DA o) = Jim DS, )]
< lim ——p(ay"sy, ..., a1"x,) =0

m— oo |CL1|

for all zy,...,z, € X, so DA(x1,...,x,) = 0. Thus the function A is additive.
According to the fixed point alterative, since A is the unique fixed point of 7" in
the set A={ge€Q:d(f,g) < oo}, Ais the unique function such that

1f(z) = Az)|| < K o(x)
for all z € X and K > 0. Again using the fixed point alterative, gives

+1

L2
A) < —d T _
A4 < 27T € 5
so we conclude that
L%
1/ (z) = A(z)]] < 5;—;(—————5’¢($)
for all z € X. This completes the proof. O

Corollary 6.3. Let X be a normrd space and Y be a Banach space. Let €, )\; (1 <
i < n) be non-negative real numbers such that A\; <1 or \; > 1 (1 < i <n). Suppose
that f : X — Y is a function satisfying (5.10) for all xy,...,x, € X. Then there
exists a unique additive function A : X — 'Y such that

£

A1
Hf(l’) - A(l‘)“ < 2n71Ha1‘ _ |a1‘)\1| H‘Q:H (63)

for all x € X.



38 H. KHODAEI, TH.M. RASSIAS

Proof. In Theorem , put o(x1,..,x,) =& S |la||™ for all zy,..,z, € X.
Then the relation (5.1) is true for \; < 1 or A; > 1 and also the inequality (6.1)
holds with L = |a;|**=Y. Thus from (6.2), yields (6.3). O

Corollary 6.4. Assume that 0 > 0 is fixed. Let f: X — Y be a function such that
IDf(xy,...;xy)|| <0

for all x,...,z, € X, then there exists a unique addtive function A : X — Y such
that

0
—A <
@) = AW € e
holds for all x € X.
Proof. Letting \y =0, € = % and applying corollary [6.3] OJ
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