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Introduction

The rabid development of the theory of functional equations has been strongly promoted
by its applications in various fields, e.g., networks and communication (see, e.g., [4, 16, 17,
21, 31]). They have applications in computer graphics [29], in information theory [2, 28],
in digital filtering [34], and in decision theory [1, 35]. Stability of functional equations is
nowadays a popular subject with many interesting applications ( see, e.g., [5-8, 12, 23, 30]
for more details). Stability can be seen from different perspectives, see [30], and hundreds
of researchers are dealing with such amazing topic. It has applications in optimization
theory (see, e.g., [26]), it is somehow related to the notion of shadowing (see, e.g., [22]),
and it has applications in the economy (see [13]).

The starting point of the stability of functional equations was due to S.M. Ulam who
posed an open problem in 1940. The problem posed by Ulam can be stated as follows
(see, e.g., [30]):

Let G be a group and (Go, d) a metric group. Given ¢ > 0, does there exist § > 0 such
thatif g : G; — Gy satisfies

d(g(xy), g(x)g(y) <8

for all x,y € Gy, then a homomorphism f : G; — Gy exists such that

d@gx).f(x) <e,
forallx,y € G1?
It should be noted that Hyers’s introduced a partial answer to Ulam’s problem in Banach
spaces( see, e.g., [23]).
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Stability is useful because it can be considered as an efficient tool for evaluating the
error people usually face when replacing functions that satisfy some equations only
approximately, by the exact solutions to those equations. Roughly speaking, an equation
is said to be stable in some class of functions if any function from that class, satisfying
the equation approximately (in some sense), is near (in some way) to an exact solution of
the equation. In the last few decades, several stability problems of various (functional, dif-
ference, differential, integral) equations have been investigated by many mathematicians
(see, e.g., [9-11, 24, 27] for more details), but mainly in classical spaces.

Since the notion of an approximate solution and the idea of nearness of two functions
can be understood in many ways, depending on the needs and tools available in a par-
ticular situation. One of such non-classical measures of a distance can be introduced by
the notion of a 2-norm. As far as we know, the concept of the linear 2-normed space was
introduced first by Géhler et al. in [20], and it seems that the first work on the Hyers-Ulam
stability of functional equations in complete 2-normed spaces (that is, 2-Banach spaces),
see, e.g, [19]. See also [14, 33] for some details in 2-Banach spaces. In this article, we inves-
tigate the stability of the functional equation of the p-Wright affine functions investigated
in [3] but in (2,)-Banach spaces.

The article is organized as follows: in the “Preliminaries” section, we recall some def-
initions and the functional equation of our interest; the “Fixed-point theorem” section
introduces the fixed-point theorem used in the stability; in the “Stability” section, we
investigate the stability of the functional equation of the p-Wright affine functions; the
“An observation on superstability” section introduces a simple observation on supersta-
bility; and the “Conclusion” section concludes our work.

Preliminaries

Throughout the article, we use R, to denote the set of nonnegative reals, R denotes the
set of reals, N denotes the set of positive integers, and K to denote the field of real or
complex numbers. Let 0 < p < 1 be a fixed real number. We say that a function f:

f:I— R,

mapping a real nonempty interval / into the set of reals R is p-Wright convex provided
(see, e.g., [15])

fx1+ (1 = p)x2) + f((1 — p)x1 + px2) < f(x1) +f(x2), x1,%2 € 1.

If f satisfies the functional equation

fx1 + (1 = p)xz) + (1 — p)x1 + pxz) = f(x1) + f(x2), 1)
then we say that it is p-Wright affine (see [15]). Note that for p = 1/2, Eq. (1) becomes
the Jensen’s functional equation

f(xl —;—xz) =f(x1) ;Lf(xz).
For p = 1/3, Eq. (1) takes the form

SQ2x1 +x2) +f(x1 + 2x2) = f(3x1) +f(3x2),

which has been investigated by Najati and Park in [32]. The cases of more arbitrary p were

studied in [15] (see also [25]). We prove some results concerning the Hyers-Ulam stability
of (1). The method of the proof of the main result corresponds to some observations in



El-hady Journal of the Egyptian Mathematical Society (2019) 27:21 Page 3 0of 9

[12] and the main tool in it is a fixed point. Let us recall first (see, for instance, [18]) some
definitions.

Definition 1 By a linear 2-normed space, we mean a pair (X, ||, .||) such that X is an at
least two-dimensional real linear space and

- : X xX—>R
is a function satisfying the following conditions:

(1) |lx1,%2|| = 0 if and only if x1 and xy are linearly dependent;
(2) w22l = g, %1 for x1, %0 € X

(3) w1, %2 + a3l < llxx, xall + [, %3 forx; € X,i=1,2,3
(4 Bx1, %20l = |Blllx1, 2|l for B € R and x1,%; € X.

A generalized version of a linear 2-normed spaces is the (2, «)-normed space defined in

the following manner:

Definition 2 Let o be a fixed real number with 0 < o < 1, and let X be a linear space
over K with dim X > 1. A function

ol : X X X — R4
is called a (2, a)-norm on X if and only if it satisfies the following conditions:

(C1) |lx1,x2|lq = O if and only if x1 and x, are linearly dependent;
(C2) |lx1, %20l = llx2, %1l for x1, %2 € X
(C3) lIx1, %2 + x3lle < llx1,%2ll0 + llx1, %3]l for x; € X,i=1,2,3

(CH |rx1, x20le = A% [lx1, 22]lo for A € Rand x1,x € X
The pair (X, |.,.]l«) is called a (2, ®)-normed space.

Definition 3 A sequence (x,) e of elements of a linear (2, o)-normed space X is called
a Cauchy sequence if there are linearly independent y,z € X such that

lim |lx; —%m zlle =0=lim |x, — X Vs
1,M—>00 1,m—> 00

whereas (x,)yeN is said to be convergent if there exists an x € X (called a limit of this
sequence and denoted by lim,,_, », x,,) with
lim o, — % ylle =0,y € X.
n,m— o0

A linear (2, ®)-normed space in which every Cauchy sequence is convergent is called a
(2, @)-Banach space.

Let us also mention that in linear (2, «)-normed spaces, every convergent sequence has
exactly one limit and the standard properties of the limit of a sum and a scalar product
are valid. Next, it is easily seen that we have the following property.

Lemma 1 If X is a linear (2, «)-normed space, x,y,z € X, y,z are linearly independent,
and

ll, ¥l = 0 = ||, 2zl >
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then x = 0.
Let us yet recall a lemma from [33].

Lemma 2 [f X is a linear (2, ®)-normed space and (x,)neN is a convergent sequence of
elements of X, then

lim [l%y, zlle = || lim %,,2lla; 2 € X.
n—oo n—o0
We introduce a simple example of a (2, «)-normed space.

Example 1 Forx = (x1,%2), ¥y = (y1,y2) € X = R?, the (2, «)-norm on X is defined by
lle, Yl = %172 — x2y1|a,
where « is a fixed real number with 0 < o < 1.

The main tool used in this article is the following fixed-point theorem. It is a version of
theorem 1 in [10]. In order to write it, we need the following assumptions.

Fixed-point theorem
Let us introduce the following three assumptions:

(A1) E is a nonempty set, (Y, |.,.llo) is a (2,@)-Banach space, Yy is a subset of Y
containing two linearly independent vectors, j € N,

fitE—E, g:Yy—> Yy, and L;:Ex Yy —> Ry fori=1,---,j;
(A2) T: Y% — YF is an operator satisfying the inequality

J
ITE@) — T, ylle < Y Lile NIEF®) — 1fi@®)), &) las

i=1
S,ueYE,er,ye Yo (2)

(A3) A :REXYo — REXY0 igan operator defined by

J
AS(x) = Y Lilxy)8(fi(x),gi(»), 8 € R,
i=1

xeE, yeYy 3)

Now, its the position to present the abovementioned fixed-point theorem.

Theorem 1 Let hypotheses (A1)—(A3) hold and function
e:ExYy—>Riandp:E—Y
Sfulfill the following two conditions:

ITex) — &), ylle <e,y), x€E, ye Yy (4)

e*(x,y) = Z(Ale)(x,y) <00, x€EyeY) (5)
i=1
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Then, there exists a unique fixed point  of T for which

o) — @), ylla < &*(x9), x €E, y € Y. (6)
Moreover,
Y = lim (T'p)(x), x € E. )

We skip the proof as it is illustrated in [12].

Stability
In this section, we introduce the main result in this article that concerns the stability of

Eq. (1); it corresponds in particular to some results in [12].

Theorem 2 Let (A1) be valid, p € K, A, k € (0,00), |p|** + |1 — p|*k < 1, and

g:E—>Y
satisfy

lgpx1 + (1 = p)xa) +g((1 — p)x1 + pxa) — g(x1) — g(*2), ¥lla

< A (Il + %291 ), %122 € Ey € Yo. ®)
Then there exists a unique solution G : X — Y of Eq. (1) such that
k

le(6) = G0 ple = T e e E o)
and G is given by

G(x) :=g(0) + lim (T"g) (%), x € E, (10)

where gy and T are defined by (13) and (14). Moreover, G is the unique solution of Eq. (1)
such that there exists a constant M € (0, 00) with

lg®) — G@),ylla < Mlxyll% x € E,y € Yo (11)
Proof Note that (8) with xy = 0 gives

lg(px1) +g((1 — p)x1) — g(x1) — £(0), ¥l

= A (Il +191E), 51 € Eye Yo (12)
Write
Q1) =gx1) — g(0), x1 € E (13)
and
TE(x1) = E(px1) + E((1 — p)x), x1 € E £ € YE. (14)

Then (12) implies the inequality

lgo(px1) + go((1 — p)x1) — g(x1) — g(0), ¥lla
< A(lx1,y1I%), x1 € E (15)

which means that

ITgoGer) = o)yl < A (Iwn, 31 ), 1 € E. (16)
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Further, note that (A3) holds with k = 2, fi(x) = px,fa(x) = (1 — p)x,Li(x) = 1 for
i =1,2,x € E. Define A as in (A3). Clearly, with e(x) := A(||x1,y||f§) for x € E, we have

£ (x1) == Y (A"e)(x1)

n=0

o0
< A(lxn 318 Y (pI™ + 11— py”
n=0
A k
_ (x,y115)
1= |pl*k = |1 = pjek”

X1 € E. (17)

Hence, according to Theorem 2, there exists a unique solution Go : X — Y of the

equation
Go(x1) = Go(px1) + Go((1 — p)x1), x1 € E (18)
such that
k
llgo(x1) — Go(x1), ¥l < - ;;'&[xi,{l'"i)p'ak, x1 €E; (19)
moreover,
Go(x1) := nlgngo(T"go)(x1), x1 € E. (20)

Now we show that, for every x1,x2 € E, n € Ny (nonnegative integers),

IT"go(px1 + (1 — p)x2) + T"go((1 — p)x1 + pxa) — T"g(x1) — T"g(x2), ¥l
< AP + 11— pI)" (e yl§ + 2291 ) 21,22 € By € Yo @1

It is easy to see that the case n = 0 is just (8). Next, fix m € Ny and assume that (21) holds
for every x1,xp € E with n = m. Then

1T+ go(pxr + (1 — p)x2) + T go((1 — p)ay + paa)
—T"g@) — T g@2), ylle = IT"g(p(px1 + (1 — p)x2))
+T"g0((1 — p)(px1 + (1 — p)x2)) + T"go(p((1 — p)x1 + px2))
+T" go((1 — p)(1 — p)x1 + px2)) — T" go(px1)
=T" go((1 — p)x1) — T"go(px2) — T"go((1 — p)x2), ¥lle  (22)
which is clearly
< IT"go(ppx1 + (1 — p)px2)+ T"go((1 — p)px1 + ppx2) — T"go(px1)
—T"go(px2), ¥lle + IT "go(p(1 — p)x1 + (1 — p)(1 — p)x2)
+T"go((1 — p)(1 = p) x1 + p(1 — p)x2)
—T"g((1 — p)x1) — T"g(p(1 — p)x2), ylla
= AP+ 11 = 1™ (@l )k + @l yl)*)
H(pI™ + 11 = pI™) ™ (@ = Pl yla)* + (@ = i, yl))

= (pI™* + 1= pI) ™ (e, 7100k + (2 1))

x1,x% € E,y € Y. (23)
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Thus, by induction, we have shown that (21) holds for every x;,x2 € E and n € Ny.
Letting » — o0 in (21), we obtain that

Go(px1 + (1 = p)x2) + Go((1 — p)x1 + pxa) = Go(x1)
+ GO(XZ), X1,X%2 € E (24‘)
Write G(x1) := Go(x1) + g(0) for x1 € E. Then it is easily seen that
G(px1 + (1 — p)xz) + G((1 — p)x1 + pxa) = G(x1)
+ G(x2), x1,%) € E (25)

and (9) holds. It remains to show the uniqueness of G. So suppose that My € (0, c0) and
G1 : X — Y isasolution to (1) with

lg(x1) — G1(x1),ylla < Mollx1,¥lle, ¥1 € E,y € Yo (26)
Note that

G(0) =¢(0) = G1(0),

Gi(px1) + G1((1 — p)x1) = G1(x1) + G1(0), x1 € E, (27)
G(px1) + G((1 — p)x1) = G(x1) + G(0), x1 € E, (28)
and, by (9),

(M + A) |lx1, 911X
1 —|p|*k — |1 — p|ok

1G(x1) — Gi(*1), Yo <

o
= M+ A)llxnylly Y (pI** +11—pI*"Y", %1 € E (29)

n=j
The case j = 0 is exactly (29). So fix [ € Ny and assume that (29) holds for j = /. Then, in
view of (27) and (28),
1G(x1) — G1(x1), ¥l
= [|G(px1) + G((1 — p)x1) — Gi(px1) — G1((1 — p)x1), Ylla>
< 1Gpx1) — G1(px1),Ylle + 1G((1 — p)x1) — G1((1 — p)x1), Yl

o
< M+ AUl Iyl + 10 = pIEIxsL Y19 Y (pl™ + 11 = p|*)",

n=I[

o0
< M+Dllxylly D ApI + 1= pl*Y", 21 € Ey e Yo
n=Il+1

Thus, we have shown (29). Now, letting j — oo in (29), we get G; = G. O

An observation on superstability
The following is a very simple observation on the superstability of Eq. (1) complements
Theorem 2.
Theorem 3 Let (A1) be valid, p € F, A, k € (0,00), |p|*** + |1 — p|*** < 1, and
g:E—=>Y

satisfy
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g @1+ (1 —p)x2) +g((1—p)x1 +pxs) —g(x1) —g(x2), ¥l < Allxr, yI1X %2, 11X, (30)

forevery x1,x2 € E,y € Yo. Then g is a solution to (1).

Proof 1t is easy to see that (30) with xy = 0 gives

gx1) = g(px1) +g((1 — p)x1) —g(0), x1 € E (31)

We show that, for every x1,x3 € E, y € Yo, n € Ny,

lgx1 4+ (1 = p)x2) +g((1 = p)x1 + pxa) — g(x1) — g(x2), ¥lla
n
= A (I 411 = pI*2) " flew, o1 oz 1K, (32)

It is easy to see that the case n = 0 is just (30). Next, fix m € Ny and assume that (32)
holds for every x1,xy € E, with n = m. Then, by (31),

lgpx1 + (1 — p)x2) + (1 — p)x1 + px2) — gx1) — g(x2), ylla

= [lgp(px1 + (1 — p)x2)) + g((1 — p)(px1 + (1 — p)x2))

+g(p((1 — p)x1 + px2)) + g((1 — p)((1 — p)x1 + px2))
—g(px1) — g((1 — p)x1) — gpx2) — g((1 — p)x2), Ylle (33)

which is clearly
m
< A (121 + 11 = pI“*) " Il I, y1S 11 Iz, 1S
m
+A (I + 11 = pI"%) " 1= pll e,y 1T = pIE 2,1

m+1
= A (1P 4 11— pI) 7, 1S ez, 1 (34)

for every x1,x2 € E,y € Y. Therefore, by induction, we have shown that (32) holds for
every x1,x2 € E and n € Ny. Letting » — oo in (32), we obtain that g is a solution to
(1). O

Conclusion

In this paper, we managed to generalize some recent results concerning the stability of the
functional equation of the p-Wright affine functions in (2,«r)-Banach spaces, for some real
number & € (0, 1]. The main tool in the investigation is a fixed-point theory. This work
may be further generalized to be in (n,a)-Banach spaces, for some natural number 7.
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