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Abstract

In this paper, we prove the Hyers-Ulam stability in f-homogeneous probabilistic modular spaces via
fixed point method for the functional equation

2(k + 1)

p flky) —2(k+1)f(y)

flx+ky)+ flo—ky) = fx+y) + flz —y) +

for fixed integers k with k # 0, £1.
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1. Introduction and preliminaries

More than a half century ago, Ulam [32] posed the famous Ulam stability problem which was partially
solved by Hyers [10] in the framework of Banach spaces. The Hyers-theorem was generalized by
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Aoki [2] for additive mappings. In the year 1978, a generalized solution for approximately linear
mappings was provided by Rassias [29]. He considered a mapping f : X — Y satisfying the condition
| f(x1 4+ 22) — f(21) — f(x)]| < €(||z1]|P + ||2||?) for all x1, 29 € X, where e > 0 and 0 < p < 1.
This theorem was later extended for p # 1 and generalized by several mathematicians (cf. Gajda [6],
Rassias and Semrl [30] and [3, 4, [7, 8, 111, 12} 13], 14}, 15 18| 28]).

The functional equation

fle+y) + flo—y) =2f(x) +2f(y) (1.1)

is related to a symmetric bi-additive function (cf. [I, 16]). It is natural that is called a
quadratic functional equation. In particular, every solution of the quadratic is said to be a
quadratic function. For other types of quadratic functional equations (cf. [3] 5] [13]).

Now, we consider a mapping f : X — Y that satisfies the following general mixed additive and
quadratic ("AQ” for short) functional equation:

2(k+1)

z flky) = 2(k+1)f(y), (1.2)

fle+ky)+ flz —ky) = flz+y) + flo—y) +
for fixed integers k with k # 0,41. Tt is easy to see that the function f(x) = az? + bz is a solution
of the functional equation (|1.2)).

In the present paper, we will study the Hyers-Ulam stability of the given equation (1.2]) from linear

spaces into probabilistic modular spaces by applying the fixed point theorem in modular spaces (see
Theorem .

Definition 1.1. Let X be an arbitrary vector space.

(a) A functional p : X — [0,00] is called modular if for arbitrary x,y € X,
(i) p(xz) = 0 if and only if x = 0,

(ii) p(ax) = p(x) for every scaler o with || = 1,

(iii) p(ax + By) < p(z) + p(y) if and only if « + 3 =1 and a, 5 > 0,

(b) if (iii) is replaced by

(i1i) p(ax + By) < ap(x) + Bp(y) if and only if o +B =1 and a, f > 0,
then we say that p is convex modular.

The vector subspace X, = {r € X :  p(vz) — 0 as v — 0} of X is called a modular space. Let p be
a convex modular, the modular space X, can be equipped with a norm called the Luxemburg norm,

defined by
||x||p:inf{y>0 ; p(%) < 1}.

A function modular is said to satisfy the As-condition if there exists ¢ > 0 such that p(2z) < {p(z)
for all x € X,.

Definition 1.2. Let {z,} and x be in X,. Then

(i) the sequence {x,}, with x,, € X,, is p-convergent to x and write x,, = x if p(x, —x) — 0 as
n — oo.

(ii) The sequence {x,}, with x,, € X,, is called p-Cauchy if p(x, — xm,) = 0 as n,m — oo.

(111) A subset B of X, is called p-complete if and only if any p-Cauchy sequence is p-convergent to
an element of B.

The modular p has the Fatou property if and only if p(z) < liminf,,_, p(z,) whenever the sequence
{z,} is p-convergent to x.
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Remark 1.3. Note that p is an increasing function. Suppose 0 < a < b. Then the property (iii) of
Deﬁnition with y = 0 shows that p(ax) = p (%bx) < p(bx) for all x € X. Moreover, if p is a
conver modular on X and |a| < 1, then p(ax) < ap(x) and also p(z) < Lp(2x) for all v € X.

The theory of modular spaces was, in fact, initiated by Nakano [25] and generalized by Musielak
[24] and Orlicz [27]. for more, the reader is referred to [19, 20} 211, 22] 31l 33]. On the other hand,
in 1942 a generalization of the notion of metric space was introduced by Menger [23] under the
name of statistical metric space which is now called probabilistic metric space. Such a probabilistic
generalization of metric space appears when there is an uncertainty about the distance between the
points and we know only the probabilities of possible values this distance. After the appearance of
Menger’s paper, the study of probabilistic metric spaces was performed rapidly by many authors
in theory and application, and many concepts and results in classical functional analysis obtained
some generalizations and counterparts in probabilistic functional analysis. In [9], after introducing
the probabilistic modular, authors then investigated some basic facts in such spaces and study linear
operators defined between them.

In the following, A stands for the set of all non-decreasing functions f : R — Ry satisfying
infier f(t) = 0, and sup,cp f(t) = 1. We also denote the function min by A.

Definition 1.4. A pair (X, pn) is called a probabilistic modular space (PM-space) if X is a real
vector space, and p is a mapping from X into A satisfying the following conditions:

(1) p(x)(0) = 0;
2 )(t) =1 for allt > 0, if and only if t =60 (0 is the null vector in X );

(2) p(x
(3) p(=2)(t) = p()(t);
(4) u(

4) plax + By)(s+t) > u(x)(s) A uly)(t), for all z,y € X, and o, B,s,t € RS, a+ = 1.

We say (X, i) is S-homogeneous, where 5 € (0, 1] if,

o) = ute) 1)

for every x € X, t > 0, and « € R\ {0}.
Example 1.5. Suppose that X is a real vector space and p is a modular on X. Define

0, t<0

t
o) t>0

Then (X, ) is a probabilistic modular space.

Definition 1.6. Let (X, p) be a PM-space, {x,} a sequence in X and x € X. Then

(i) the sequence {x,}, with x, € (X, u), is p-convergent to x and write x, % x, if for every t > 0
and X € (0,1), there exists a positive integer ng such that p(z, — x)(t) > 1 — X for all n > ny.

(i) the sequence {x,}, with x, € (X, pn), is u-Cauchy, if for everyt >0 and X\ € (0, 1), there ezists
a positive integer ng such that p(x, — xm,)(t) > 1 — X for all m,n > ny.

By [9], every p-convergent sequence in a PM-space is a pu-Cauchy sequence. If each p-Cauchy
sequence is p-convergent in a PM-space (X, p), then (X, p) is called a p-complete P.M-space.
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A PM-space (X, ) possesses Fatou property if for any sequence {x,} of X p-converging to x, we
have

() (t) > limsup pu(, ) (t)

n>1

for each t > 0.

Remark 1.7. Note that for any x € X, p(x)(.) is an increasing function, since u(x) € A. Moreover,
if pis a B-homogeneous probabilistic modular on X and x,y € X, then the property (4) of Definition

shows that

a4 ) (PG 0) = (54 30) (502 ) A k()0

For more details about the PM-space, the readers refer to [20].
Our aim is based on the fixed point approach:

Theorem 1.8 ([17]). Let X, be a modular space such that p satisfies the Fatou property. Let C be
a p-complete nonempty subset of X, and let T': C — C be a quasicontraction, that is, there ewists a
K <1 such that

p(T(x) = T(y)) < Kmax{p(z —y), p(x = T(x)), ply = T(y)), p(x = T(y)), ply — T(x))}.

Let x € C such that
d,(z) == sup{p(T"(z) — T™(x)) : m,n € N} < cc.

Then T"(x) p-converges to w € C. Moreover, if p(w — T'(w)) < oo and p(x — T'(w)) < oo, then
the p-limit of T™(x) is a fized point of T. Furthermore, if w* is any fived point of T in C such that
p(w — wx) < 0o, then one has w = wx.

In the rest of this paper, we will assume that p is a probabilistic modular on X with the Fatou
property (in the probabilistic modular sense) and (X, u) is a p-complete S-homogeneous P.M-space
with 8 € (0, 1].

2. Approximate Mixed Additive and Quadratic Mappings

Theorem 2.1. Let y € {—1,1} be fized. Let €& be a linear space and (X,u) a p-complete (-
homogeneous PM-space. Suppose that an odd mapping f : € — (X, u) satisfies the condition
f(0) =0 and an inequality of the form

u(f(o+ky) + fl@—ky) = fz+y) = flo—y) - = —
+20k+ 1)f(5)) () = Yl y) D),
for all x,y € E, where ¥ : € x € — A is a given function such that
»(0, Kz) (k7 Lt) > (0, 2)(t)
for all x € € and has the property

lim (k™ x, ky)(kP"t) = 1 (2.2)

n—00
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for all x,y € €& and a constant 0 < L < 2% Then there exists a unique additive mapping A : € —
(X, ) satisfies (1.2]) and

t
u(AG@) - f(@)) ( =T ) > (0, 2) (1) (2.3)

forallx € €.
Proof . Putting x = 0 in ({2.1)), we get by the oddness of f,

y (Q(k; +1)

S ) = 2004+ 1010 ) (02 w000

for all y € £. Therefore,

(100 = 700 ) 0 = (252 0) = 2064 D)) 276+ 170

k
> 9(0,9)(27(k +1)%)

for all y € £. Replacing y by x in the above inequality, we have

p (31000) = 1)) () 2 w(0.0) (6 + 1) (2.4)
for all z € £. Replacing x by k~'x in (2.4)), we obtain
(M2 o = w (B2 s () 25)
> 0,k 'x) (2% +1)°L7! %)
> P(0,2) (2°(k +1)°L7M) .
By and (2.5)),
n (152 = 1)) 0 2 plo)e) = v(0.0) (P + 1L'7) (26)

for all z € €. Consider the set N :={g: & — (X, u)| ¢(0) = 0} and introduce the modular p on
N as follows,

plg) = nf{r >0 u(g(x))(rt) = @(x)(1)}.
It is clear that p is even and p(0) = 0. If p(g) = 0, then for each r > 0, u(g(x))(rt) > ¢(x)(t) for all

t>1andall z € £ If we let ¢ — +o0 and € = rt is fixed, then p(g(z))(e) = 1, which implies that
g =0. Now let € > 0 be given. Then there exist r; > 0 and r, > 0 such that

r1 < plg) +e; ulg(@))(rit) > o(@)(t)

and
ro < p(h)+e;  u(h(z))(rat) > p(z)(t).



94 Zolfaghari, Ebadian, Ostadbashi, de la Sen, Eshaghi Gordji

If a+ 5 =1and a,8 >0, then we have

plag(z) + Bh(x))(rit +rat) = p(g(2))(rit) A ph(z))(rat) = o(2)(1),

and so
plag + Bh) < ri+1s < p(g) + p(h) + 2e.
This shows that p(ag + Bh) < p(g) + p(h) f a+ =1 and a, 5 > 0.

Now, we are going to prove that p satisfies the A,-condition with ¢ = 2°. For ¢ > 0 given, there
exists r > 0 such that

r<plg)+e pulg(@)(rt) = elx)(t).
Since (X, u) is a S-homogeneous P.M-space, we get

(29(2))(2°rt) = p(g(@))(rt) = o(x)(?),

and so p(2g) < 2°r < 2% p(g) + 2% . Hence p(2g) < 2° p(g). Thus p satisfies the Ay-condition with
(=2°

Next, we show that p satisfies the Fatou property (in the modular sense). To do this, let {g,} be a
p-convergent in N to g. We can easily show that {g,(x)} p-converging to g(z) for any =z € £. Let
o = liminf, . p(g,) < oo and p(g) > p. We have u(g(x))(pt) < ¢(x)(t) for all ¢ > 0. Since u
satisfies the Fatou property (in the probabilistic modular sense), we see that

limsup 11(gn(2))(pt) < p(g(2))(pt) < (2)(t), Ve >0.

n>1

This shows that there exists a positive integer ny € N such that u(g,(z))(pt) < ¢(z)(t) and so
p(gn) > @ for all n > ng. Thus liminf, . p(g,) > g, which is a contradiction. Therefore, p satisfies
the Fatou property.

Let § > 0 and 0 < A < 1. Since ¢(z) € A, there exists to > 0 such that ¢(z)(ty) > 1 — . Let {4,}
be a p-Cauchy sequence in N, and let € < % be given. There exists a positive integer ng € N such
that p(A, — An) < ¢ for all n,m > ny. By definition of the modular p, we obtain

p(An(@) = An(@) ) 6) 2 1(An(@) = An(@) ) (et) 2 pl@) () > 1= A (27)

for all x € € and n,m > ny. Let © € £ be an arbitrary point. Then (2.7)) implies that {A,(x)} is a
p-Cauchy sequence in (X, p). Since (X, p) is p-complete, {A,(z)} is p-convergent in (X, u) for all
x € £. Thus, we can define a mapping A : £ — (X, u) by

A(x) = lim A,(z),

n—oo

for any x € £. Letting m — oo, inequality (2.7)) implies that
p(A, —A) <e

for all n > ny, since p has the Fatou property. Thus {A,} is p-convergent sequence in N,. Therefore
N, is p-complete.
Now, we consider the mapping 7 : N, — N, as follows:

A(kix)
ko

TA(x) =
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for all A € N,. Let g,h € N, and let r > 0 be an arbitrary constant with p(g — h) < r. From the
definition of p, we get

u(g@) = @) ) (rt) > o)1)
for all z € £. By the assumption and the last inequality, we have
1 (Tg(z) — Thiz)) (Lrt) = p(k7g(kz) — k7h(k'z)) (Lrt)
= u(g(Kz) — h(k’z)) (k™ Lrt)
o(kx)(kPLt)
p(x)(t)

for all z € €. Hence p(Tg — Th) < Lp(g — h), for all g,h € N, that is, T is a p-strict contraction.
By replacing x by &7z in (2.6]), we deduce that

AVARAVS

p(kF(R22) = f(R) ) (8) = (W) 1)

that is

(k2 (K2) = k0 f (W) ) (Lt)

— (K7 (%) = f(R) ) (K7 L2)

> p(W2)(K7Lt) > () (1),
Hence

u (L2~ f(@)) (Lt + 1)
> g (K = 2 (L) A (K52 - (@) (0 (2.8)
> p(z)(t)

for all z € £. Replacing x and 2°(Lt + t) by k’z and k%2°(L2t + Lt) in (2.8), respectively, we find
that

M(WJ F(kY2) — f(ij)) (%28 (L2 + Lt))
> p(k'z) (K7Lt) > o(x)(t).
and so
u(k*?’f G f(kﬂx)) (2%(L% + Lt)) > o(x)(1).

Hence,

I (f(];zx) — f(:c)) (27 {2°(L*t + Lt) + t})

> (f(k3]x) - f(ij)) (2°(L2t + L)) A g (f(ij) _ f(x)) )

- k37 Lk
> p(z)(t)
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for all x € £. By induction, one can check that

m <f(,]:j:x) —f (:c>> ({(2%)”‘1 +2° ;(2%)2"1} t) > p()(t),

for all z € £, and so

n—1 n
. , 28
_ B \n—1 B B \i—1 B Br1\i—1
p(T"f—f) < (2°L)" " 42 ;:1:(2 L)ymt <2 ;:1:(2 L7 < —

(2.9)

Next, we show that d,(f) = sup {p (T"(f) — T™(f));n,m € N)} < oo. To do this, Since p satisfies
the As-condition with ¢ = 27, it follows from (2.9)) that

p(Tf=T"f) <5pT"f =2f) + 50 (2T™f — 2f)
< 5o (Tf =)+ 5p(T"f = f) (2.10)
228
> 197L

for all n,m € N. According to the above inequality, we have §,(f) < co. Due to Theorem |1.8| we
get {T™(f)} is p-converges to A € N,. Since p has the Fatou property, the inequality (2.9) gives
p(TA - f) < oo
Setting m = n + 1 in the inequality (2.10]), we have

228

p(T”Hf—T"f) < 1_9L

Hence, we determine that p(7 A — A) < (2%%/1 — 2°L) < oo. By using Theorem [1.8] we have p-limit
of {T™(f)} ie., A€ N, is a fixed point of the map 7. Let us replace  and y by ™z and k™y in
inequality ({2.1]), respectively. Then we obtain

2k + 1)

P SR (ky))+2(k+1),

p (g {07 )4 = b)) =(F (7)) (7 = )

for all z,y € £. As n tends to infinity, the right-hand side of the above inequality tends to one; so
we conclude that A satisfying the equation ([1.2)), that is, A is additive. From ([2.9)), we have

28

p(A_f)Sm-

Hence

u(4) - 1) (1257 ) 2 o)) = wi0.0) (2004 1°12),

and so
t

u(A) - f(x)) ( TG M)) > (0,2) (1)

Hence (12.3)) holds. Lastly, we prove that A is unique. To do this, let A* be another fixed point of T.
Then

p(A— A%) < Sp(2TA = 20) 4 Sp(2TA* ~2f)

| —
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228

< <——<
- ~1-2°8L

Q.

o(TA~ )+ 5p(TA ~ f)

LN CYICN

Since T is p-strict contraction, we have

p(A =A%) = p(TA—TA") < Lp(A - A",
which implies that p(A — A*) =0 or A = A*, since p(A — A*) < co. Therefore A is unique. [J

Theorem 2.2. Let y € {—1,1} be fized. Let € be a linear space and (X,u) a p-complete (-
homogeneous PM-space. Suppose that an even mapping f : € — (X, u) satisfies the condition
f(0) =0 and inequality (2.1). Let ¢ : £ x € — A is a given function such that

(0, Kz)(K*Lt) > (0, z)(t)
for all x € £ and has the property

lim (k™ x, k) (k*Pt) = 1 (2.11)

n—o0

forall x,y € € and a constant 0 < L < 2% Then there exists a unique quadratic mapping Q : € —
(X, ) satisfies (1.2]) and

t

p(Q@) - (@) (k%l T ) > (0, 2)(t) (2.12)

forall x € €.
Proof . Replacing = by kz in (2.1), we get

p( Pk + ) + Fk(e =) =k +y) = flkw — ) — 252 f(ky) (2.13)
L2k + 1) (1)) (1) = Uk, y)(0)

for all z,y € £. Putting x = 0 and replacing y by x in (2.13]), we have by the evenness of f,

r (%f(kw) - 2kf(x>> (1) > (0, 2)(1)

for all x € £. Therefore,
1 2
(o 00 = 50)) 0 = (2100) = 207(0)) @00 2 w0.0) @) (210
for all € £. Now replacing = by k~'x in , we get

(M2 - sw) o = w(52 - r0m0) (35) .15

Lt
-1 B1.8T—1
Y0,k ) <2 k"L k‘w)

> (0,z) (2°k°L't)

v



98 Zolfaghari, Ebadian, Ostadbashi, de la Sen, Eshaghi Gordji

for all z € £. From inequality (2.14) and (2.15)), we have

w (L2~ ) ()2 ol)t) = w0 (220°17) 216)

for all x € €. Consider the set N*:={g: & — (X, )| ¢(0) =0} and introduce the functional p on
N* as follows,

plg) = inf{r >0 u(g(x))(rt) = (x)(t)}.
Similar to the proof of Theorem [2.1] we can show that p modular on N* and it satisfies the Fatou
property and As-condition with ¢ = 2°. Furthermore, N'* is p-complete.
Let o € £ be an arbitrary point. We consider the linear mapping T : N, b = N , such that

TQ() = LD

for all @ € N*,. Proceeding as in the proof of Theorem , we obtain that p(g — h) < r implies
that p(Tg — Th) < Lp(g — h) for all g,h € N;. This means that 7 is a p-strict contraction.
By substituting x with &’z in (2.16)), we arrive

(k2 F () = F() ) (1) = (k) (1)

So

(72 [ (k) — k2 (k) ) (L)

= (k2 f (k) = f (W) ) (W2 Lt)

> p(K'x) (K Lt) > o(x)(t)
for all x € £.
So

p (L5 — () (2%(Lt +1)
> (G = 22) (Lo A (K52~ 1@) ) (217
> p(z)(t)

for all € £. Replacing x and 2°(Lt + t) by k’z and k?#72°(L2t + Lt) in (2.17)), respectively, we get

for all z € &,
u(k;—?(?ﬂ) F(kYz) — f(k%c)) (k29127 (L2t + Lt))
> p(kia) (WILE) > ple)(h).
It follows from the last inequality that
(K75 f() — K2 f () ) (2°(L2 + L)) 2 p(@)(0),
which yields

(%Z‘?) — f(:c)) (27 {2°(L%t + Lt) + t})

> (L5 - L) s o) (152 - o) 0

= £3(22) k2 k%
> p(7)(t)
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for all z € £. In general, using induction on a positive integer n, we obtain that

1 (f(::;x) —f (:v)) ({(2%)"‘1 +2° Z(WL)H} t) > () (1),

=1

for all x € £. Therefore, we have

p(T"f = f) < (2°L)" +2° nfi(?%)i—l < 2 i(?ﬁmi‘l <z (2.18)

: : —1-26L°

i=1 i=1
Proceeding as in the proof of Theorem and using Theorem [L.8] we obtain that {7T"(f)} is p-
converges to @ € N7 and p-limit of {T"(f)} i.e,, Q € N is a fixed point of the map T

It follows from (2.18)) that

28

P(Q_f)ﬁm-

This implies that
28

u(Q) = 1) (1257 1) 2 (@0 = v(0.0) (2L71).

So by the above inequality, we have

t

/4mw—fu0(wﬁ?u_%m>zwmww»

This implies that the inequality (2.12)) holds.
The rest of the proof is similar of Theorem 2.1 O

Theorem 2.3. Let j € {—1,1} be fized. Let €& be a linear space and (X,u) a p-complete (-
homogeneous PM-space. Suppose that a mapping f : € — (X, ) satisfies the condition f(0) =0
and inequality . Let ¢ : £ x € = A is a given function such that

kI

D(0, skz) (C—p) > w(O,sx)(%)

and

lim min { (K", ) (e O 1
T min {4 (7, K7) (), (", k) () | =

forallz,y € €, a constant 0 < L < 2%, s €{—1,1} andr € {1,2}. Then there exist a unique additive
mapping A : € — (X, p) and a unique quadratic mapping Q : € — (X, ) such that

()~ A0~ @) 0 2 min {0, (L7 2,

L7 (1 — 28L
w(0,~n) (P02,

w(o’x)((k + 1)61:2;i§1 - 2/3L)t>’
(0, —a) (4 1)%2];12(1 )

forallx € €.
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Proof . Let

for all x € £. Then f,(0) =0, f,(—x) = —f,(x), and
u(fole+ky)  +fola—ky) = folw+y) = folw — y) — 252 £, (ky) (2.19)
2k + 1) fo() ) (8) > min {4, 9)(4), b~ ~9)(§)}

for all z,y € £. Hence, in view of Theorem [2.1], there exists a unique additive function A : & — (X, p)
such that

p(Aw) ~ £o(@) () > min{ (0,2 (BT 020, (2.20)
00— (B2 7 0y

Let ]
fula) = 51F(@) + F(2)]
for all z € £. Then f.(0) =0, f.(—z) = f.(z), and
N(fe($+ky) +fe($_ky) _fe(x+y> _fe<x_y) - Z(k]jl)fe(kZD (221)
20k + 1)£(y) ) (t) = min {p (2, 5)(4), b~z ~y)(4) }

for all z,y € €. From Theorem [2.2] it follows that there exists a unique quadratic mapping @ : £ —
(X, p) such that

p(Q@) ~ £)) @) 2 min {  w(0,0) (LETH=2Dy), (222
»(0, —x) (kBLJ_212(1—26L) t) }
Obviously, follows from ([2.20) and (2.22)) . O
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