symmetry

Article

On Ulam Stability of Functional Equations in 2-Normed
Spaces—A Survey

Anna Bahyrycz 110, Janusz Brzdek V*1(, El-sayed El-hady %3*

check for

updates
Citation: Bahyrycz, A.; Brzdek, J.;
El-hady, E.-s.; Le$niak, Z. On Ulam
Stability of Functional Equations in
2-Normed Spaces—A Survey.
Symmetry 2021, 13, 2200. https://
doi.org/10.3390/sym13112200

Academic Editor: José Carlos R.
Alcantud

Received: 11 October 2021
Accepted: 10 November 2021
Published: 18 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

and Zbigniew Lesniak **

Faculty of Applied Mathematics, AGH University of Science and Technology, Mickiewicza 30,

30-059 Krakow, Poland; bahyrycz@agh.edu.pl

2 Mathematics Department, College of Science, Jouf University, P.O. Box 2014, Sakaka 72388, Saudi Arabia;
eaelhady@ju.edu.sa or elsayed_elhady@ci.suez.edu.eg

Basic Science Department, Faculty of Computers and Informatics, Suez Canal University,

Ismailia 41522, Egypt

Department of Mathematics, Pedagogical University, Podchorazych 2, 30-084 Krakéw, Poland;
zbigniew.lesniak@up.krakow.pl

*  Correspondence: brzdek@agh.edu.pl

1t These authors contributed equally to this work.

Abstract: The theory of Ulam stability was initiated by a problem raised in 1940 by S. Ulam and
concerning approximate solutions to the equation of homomorphism in groups. It is somehow
connected to various other areas of investigation such as, e.g., optimization and approximation
theory. Its main issue is the error that we make when replacing functions satisfying the equation
approximately with exact solutions of the equation. This article is a survey of the published so far
results on Ulam stability for functional equations in 2-normed spaces. We present and discuss them,
pointing to the various pitfalls they contain and showing possible simple generalizations. In this way,
in particular, we demonstrate that the easily noticeable symmetry between them and the analogous
results obtained for the classical metric or normed spaces is in fact only apparent.
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1. Introduction

The theory of Ulam stability has drawn the attention of many researchers because of
various possible applications. It is also somehow related, e.g., to some issues in optimization
and to the notion of shadowing (see, e.g., in [1]). It addresses the errors we encounter when
replacing functions that satisfy equations approximately by the exact solutions to them.

Every year numerous papers are published in this field, and many of them contain var-
ious gaps and mistakes. In this paper, we are reviewing the results on Ulam stability proved
for function taking values in n-normed spaces. We present and discuss them, pointing to
the various pitfalls they may contain and showing possible simple generalizations.

As the number of such results is very big, in this paper we focus only on the case of
n-normed spaces with n = 2, that is, on the case of 2-normed spaces. Moreover, also in this
area, we discuss in some detail only some part of such outcomes. The remaining results for
n-normed spaces and 2-normed spaces will be considered in future publications. However,
even from the limited number of examples that we consider in this paper, it follows that
the easily noticeable and commonly expected symmetry between stability outcomes for
2-normed spaces and the analogous results obtained for classical normed spaces is in fact
only apparent.

Roughly speaking, the Ulam stability concerns the following issue: how much an
approximate solution to an equation differs from the exact solutions. For the first time,
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such a problem was formulated by Ulam in 1940 for the equation of group homomorphism,
and now it is commonly known in the following form (see in [2]):

Let Gy be a group and (G, d) a metric group. Given € > 0, does there exist & > 0 such that if
a mapping f : G| — Gy satisfies the inequality

d(f(x+y) f(x) +fy) <6, xyehy,

then a homomorphism T : G1 — G, exists with

d(f(x), T(x)) <e, x € Gy?

D.H. Hyers [2] published the subsequent partial affirmative answer to the question:
Let E, Y be Banach spaces and € > 0. Then, for every f : E — Y with

[f(x+y)—f(x) - fy)ll<e  xy€E,

the limit

p(x) = lim M

n—+oo 20

exists for each x € E and the function ¢ is the unique additive function such that

|f(x) —@(x)]| <e  x€E.

The method that was used by D.H. Hyers is called now a direct method. Nowadays,
we often describe Hyers’ result by saying simply that the Cauchy functional equation

p(x+y) = 9(x) + ¢(y)

is Hyers—Ulam (or Ulam—-Hyers)-stable in the class of functions mapping a Banach space
into a Banach space.

At present, much more sophisticated results are known in this area and we refer to the
work in [3] for more details.

We should mention here that a result somewhat similar to that of Hyers was proved
much earlier (in 1924) by G. Pélya and G. Szeg¢ [4], and it reads as follows:

For every real sequence (by),en with

sup |bn+m —bn — bm‘ <1,
nmeN

there is a real number ¢ such that
sup |by —cn| <1.
neN

Moreover,

The result of Hyers inspired several other papers in the next years, and we refer to
the work in [5] for more information on this subject. However, a new direction in this field
was opened by a result, which was first proved by T. Aoki [6] and passed unnoticed by a
wider audience. It became widely known only due to a paper of Th.M. Rassias [7], who
independently rediscovered it to a large extent. The result reads as follows.
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Theorem 1. Assume that X is a normed space, Y is a Banach space, 1 > 0,and 0 < p < 1. Let
f: X =Y be a mapping such that

If(x+y) = f) = fFOI < nUxlIP +Myl7P), xyeX. 1)

Then, there exists a unique additive function A : X — Y such that

If@ - aml < 155 vex. ®
1—2r-1

Z. Gajda [8] extended the result contained in Theorem 1 for p > 1 and provided an
example showing that for p = 1 it is not valid. Moreover, estimate (2) is the best possible.
For p < 0, the analogous result is also valid, which was noticed in [9], but by now we
know that actually for p < 0 each function f : X — Y satisfying (1) (of course only for
x # 0 and y # 0) must be additive and completeness of Y is not necessary in such situation
(see [3] for more details). Very recently, much more precise results, but only for functions
taking real values, have been obtained in [10] by applying the Banach limit technique (see
also in [11] for the application of that technique in the stability of functional equations in
a single variable). For instance, the following has been proved in ([10], Theorem 8) (see

also ([10], Remark 7)).

Theorem 2. Let X be a normed space, Xo := X \ {0}, € > 0, p, x, p € R (the set of real numbers),
p # 1, and x < p. Assume that f: X — R satisfies the inequality

xUxlP +wll?) < flx+y) = f(x) = f(y) <p(lxP +ylP),  xyeX Q)

Then, there exists a unique additive T: X — R such that, in the case p < 1,

X P < _ < p P
P < T - f) < —E il xe X, @
and, in the case p > 1,
X x|lP < f(x) ~ T(x) < ||| x € Xo (5)
2r-1_1 - —2r-1_1 ! '

Moreover, if f is continuous at a point, then T is continuous.

The situation of the inequality

1f(x+y) = f() = fFWI < nlixlPllyll?, %y € X\ {0}, (6)

with p, g € R, was considered in [12,13] (see also in [14]). Later, more general approaches
have appeared with the stability inequalities (1) and (6) replaced by a more general condi-
tion:

Ifx+y) = f(x) = fW < o(xy),  xyeX )

Furthermore, stability for various other functional equations have also been considered
with many possible kinds of the stability inequalities (see in [3,5,15,16] for more information
and further references). Roughly speaking (see, e.g., in [17]), we can say that a functional
equation is stable in the sense of Ulam, 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.

The direct method used by Hyers in [2] has been successfully applied for study of
the stability of large variety of equations, but unfortunately (see [18]) it does not work in
numerous significant cases. The second most popular technique of proving the stability of
functional equations is the fixed point method (see in [19,20] for more details). The other
methods are shortly presented in [3].



Symmetry 2021, 13, 2200

40f19

The concepts of an approximate solution and nearness of two functions can be un-
derstood in various (also nonstandard) ways. This depends on the needs of a particular
situation and tools that are available for us. One of such non-classical ways of measuring a
distance can be provided by the notions of 2-norms and n-norms (we provide necessary
details on this subject in the next section). In this paper, we discuss the Ulam stability
results that are somehow related to those notions.

For more information on functional equations and their applications we refer to the
works in [21-25].

Through the article, we use R to denote the set of reals, R the set of nonnegative
reals, Rp := R\ {0}, Q to denote the set of rational numbers, N to denote the set of positive
integers, Ny to denote N U {0}, and A® denotes the family of all functions mapping a set B
into a set A.

The article is organized as follows. In the next section, we provide auxiliary informa-
tion on n-normed spaces (which includes also the 2-normed spaces), and in Section 3 we
proof some simple, but general results on stability of some functional equations, which are
very useful in further parts of the paper. The main survey of different stability results of
functional equations in 2-Banach spaces is included in Section 4. In Section 5, we give some
final remarks.

2. Auxiliary Information on n-Normed Spaces

The notion of n-normed spaces was introduced by A. Misiak (see [26]). In this way,
he generalized an earlier concept of 2-normed spaces (i.e., n-normed spaces with n = 2)
defined by S. Géhler [27,28].

Below we recall some basic definitions and facts concerning such spaces (for more
details we refer to the works in [26,29-32]).

Let n € N and £ be a real linear space, which is at least n—dimensional. If ||-,..., ||
is a function mapping £" into R such that, for every f € R and ky,kp,14,...,In € £,
the following four conditions are valid:

(N1) ||I3,...,14]| = 0if and only if vectors Iy, ..., I, are linearly dependent;

(N2) ||I,...,14]| is invariant under permutation of Iy, . .., I;;

)
)
(N3) [|Bh, - Tl = |BlllTn, - - Il
(N4) [lk1 +ko, Lo, o Il < k1, Loy e Inll 4 k2, Loy D,
then ||-,...,-| is called an n-norm on £, and the pair (&, ||-,...,||) is said to be an n-
normed space.

IfneN,n>1 and (£ < -,- >) is areal inner product space (and, as before, £ is at
least n-dimensional), then an #-norm on £ can be defined by the formula

<h,Lh> <lbL> ... <hl,> 1/2

Hll,...,lnHS:abS : . :
<l,lh> <l,L> ... <l,l,>

forly,..., 1, € £. Here, for every real number a, abs(a) denotes the module (absolute value)
of a.
In the case £ = R" (with the usual inner product), this n-norm also can be expressed
by
||11,. . '/lnHS = | det(li]')|, l; = (l,‘l,. . -/lin) eR%iel,...,n,

where
i hy .. Iy

det(li]-) =
lnl ln2 lnn

Then it is called the Euclidean n-norm on R"” and often denoted by ||, ..., ||g.



Symmetry 2021, 13, 2200

50f19

Remark 1. H. Gunawan and M. Mashadi [30] demonstrated that from every n-norm we can
obtain an (n — 1)-norm and finally also a norm. For a somewhat analogous observation, we refer
to ([33], Remark 2).
In what follows, to simplify some formulas, we write
I, z|| :== |Ix,2z1,-- -, zn-1ll, xeLz=(z1,...,2,_1) € &L,

We also have the following definitions and properties.

Definition 1. Let (Ix)xen be a sequence of elements of an n-normed space (£,||-,...,||). Then
we say that (I;)ren is a Cauchy sequence if

im ||l — Ik, yl| =0, yeg Ll
m,k—o0
The sequence (I )xen is convergent if there is | € £ (called the limit of (Iy)xen) with
lim ||, — Ly|| =0, yeg L
k—o0
Such a limit is unique; we denote it by limy_, o, Iy and so we write | = limy_,co Iy

An n-normed space is an n-Banach space if every Cauchy sequence in it is convergent.
Moreover, we have the following property stated in [32] (see also in [29]).

Lemma 1. Let (£, ||-,...,-||) be an n-normed space. Then, the following four conditions hold:

(i) if (xg)ken is a convergent sequence of elements of £, then

y E E}’l*l;

lim |,y = || lim x|,
k—o0 k—o00
(ii) ifx,z € Sandy € £, then

Hxyll = llzyll| < llx —zyll;

(iii) if x € Land
lxyl=0 — yeg
then x = 0.

The notion of Ulam stability in n-normed spaces can be understood as in the sub-
sequent definition (A® stands for the family of all mappings from a set B # @ into a set
A # Q).

Definition 2. Let (£, ||-,...,-||) be an n-normed space, D be a nonempty set, Uy C U C £P and
£ C RO pe nonempty, S+ € — R.P*" and F : U — £P. The equation

F@)=¢
is F-stable in Uy provided, for any ¢ € Uy and § € € with
[(Fe)(s) = ¢(s), 2

there is a solution ¥ € U of the equation with

| <6(s,2), seD,ze g1,

[@(s) — ¢(s),z|| < (S6)(s,z), seD,zege L

For further information on n-normed spaces refer to the works in [29,31,32,34-38].
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3. Preliminary Stability Results

In this section, we show two very simple stability results. We assume that 7 is a
positive integer and (N, ||+, ..., |[x) is an n-normed space.

Proposition 1. Let m € N, T, and Wy, ..., Wy, Xy, ..., Xy be nonempty sets. If F : Wy X ... x
Wi = N, & T — X;,and g : X; — W, fori =1,...,m, are such that

|F(g1(G1(8), -  &m(Gm(£)), 2|\ < @(t),  teT,ze NI, ®)
with some function ¢: T — [0,00), then
F(g1(&1(8), -, gm(Cm(t))) =0,  teT. ©)

Proof. Fixt € Tand z € N" 1. Then,
|F(g1(81(H), - gm(Gm(1)), Iz]| v < @(),  1€N,

and consequently

IF(81(81(8)), -, gm(Gm(1))), 2

1
|y < ln—_lgo(t), leN.

Therefore, letting | — oo, we get ||F(g1(G1(t)), ..., gm(Em(t))), 2|, = O forevery t € T
and z € N"*~1, which means that (9) holds (see Lemma 1 (iii)). [

The proposition yields at once the following corollary.

Corollary 1. Let E be a linear space over a field K, k,m € N, a;; € K fori =1,...,m and
j=1...,k A1,...,Am € R, ¢: EF — [0,00), and let g1,...,9m : E — N be mappings
satisfying

‘N S (P(xll"-/xk)/ (10)

m k
H ZAigi< Eﬂijxj>,z
i=1 =1
X1,..., X € E,ze N1,

Then,
m k
ZAigi(Z{li]’x]') =0, X1,...,xx € E. (17)
i=1 =1
Proof. It is enough to apply Proposition 1 with T = E¥, X; = E, W; = N,
k
Ci(xl,...,xk) = Zai]-xj, X1, , Xk € E,i=1,...,m,
j=1
and F(wy, ..., wy) = L' Ajw; forwy, ..., wy, € N. O

Note that Equation (11) is a generalized (the so-called pexiderized) version of the
functional equation

m k
ZAig( Zﬂi]‘x]') =0, X1,..., % €E, (12)
i=1 =1
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the stability of which was studied, e.g., in [39-42]. Particular cases of (12) are the Cauchy
functional equation

flx+y) = fx)+fy),

the Jensen functional equation

2f(x +y) = f(2x) + f(2y),

and the quadratic functional equation

fx+y)+ flx—y) =2f(x) +2f(y).

For more information on those (and many other) functional equations, we refer to the
works in [21,22,24]. In the next sections, we will discuss stability of them as well as of some
other particular cases of (11).

Finally, note that in a way similar as in Proposition 1, we also can easily extend (to the
case of n-normed spaces) the stability results presented, e.g., in [43—47].

4. Ulam Stability in 2-Normed Spaces

In this section, we survey results on stability in 2-normed spaces. To shorten the
statements of some theorems, we always assume that (G, +) is a groupoid (i.e., G is a
nonempty set endowed with a binary operation + : G2 — G, which is not necessarily
commutative), (X, |-, -||) and (Y, |-, ||y) are 2-normed spaces, (B, |-, -||5) is a 2-Banach
space,n € N,n > 1,and (N, |-,...,||x) is an n-normed space.

To the best of our knowledge, the first stability results involving the notion of 2-
normed spaces have been given in [48]. We present them in the form of the subsequent
two theorems. The first one (Theorem 2.1 in [48]) reads as follows.

Theorem 3. Let the dimensions of X and B be greater than 2. If f : X — B is such that
[f(x+y)—f(x)—f(y)zllp<c,  xy€eXz€B, (13)
with some ¢ > 0, then there is a unique additive mapping h : X — B such that
[f(x) —h(x),zllp<c, x€X,z€B. (14)
Moreover, if the mapping R > t — f(tx) is continuous for each x € X, then h is linear.

In this theorem (and in the rest of this section) a mapping # : X — B is said to be
additive if fulfills the Cauchy functional equation

h(x+y) = h(x) +h(y), x,y € X. (15)

(Analogously for mappings f : G — N.) A mapping h : X — B is linear if (as usual) it is
additive and h(ax) = ah(x) for every x € X and a € R.
Note that our Corollary 1 yields the following generalization of Theorem 3.

Proposition 2. If f : G — N is such that

If(x+y) = f() = fW)zlv <e,  xyeGzeN", (16)

with some ¢ > 0, then f is additive.

Note that at first glance, Theorem 3 seems to show that the situation in 2-normed
spaces is analogous as in the result of Hyers [2], but from Proposition 2 we see that it is
not, because for functions that take values in the 2-normed space, we actually get that
functions satisfying (16) must be additive, i.e., we obtain hyperstability (see in [49] for more
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information on this notion). Later in this article, we show that a similar lack of symmetry
between the results on Ulam stability in 2-normed spaces and classical normed spaces
occurs for several other equations.

If G is a real linear space, then we can add in Proposition 2 the following statement:
Moreover, if the mapping R > t — f(tx) is continuous for each x € G, then f is linear. The next
remark shows how we can derive it from the properties of additive mappings, if we
understand the notion of continuity as usual in n-normed spaces (in [48] it has not been
explained).

Remark 2. Let E be a real linear space and f : E — A be additive. Assume that the
mapping R > t — f(tx) is continuous for each x € E, i.e,,

lim f(tyx) = f(t) (inA) a7

for every x € E, every t € R, and every sequence (t,),cn in R with t = limy,_,« t, (with
regard to the usual topology in R).

We show that then f(ax) = af(x) for every a € R and x € E. Therefore, fix x € E,
x #0,and a € R. Let (g,),en be a sequence of rational numbers with a = limy,—;« g (in
R). Then,

lim [lgnf(x) = af(x),z|x = lim (g0 —al | f(x),z|x) =0,  zeN"7,

n—o0

which means that lim;, .« (g, f(x)) = af(x) (in NV). Further, in view of the additivity of f,
we have f(g,x) = quf(x) for every n € N. Consequently, by (17) (with t = a and t,, = g,)
and Lemma 1 (i),

| f(ax) — tim guf(x),2

Bim f(gax) — lim guf(x)), 2]

lim (f(qnx) — quf(x)),z

n

,}g{}o £ (qnx) — quf(x),2

"

v
=0, ze N1

"
whence
flax) = lim g, f(x) = af(x).

n—oo

The second main result in [48] (Theorem 2.2) can be formulated as follows.

Theorem 4. Let f : X — B be a surjective mapping and the dimensions of X and B be greater
than 2. If there exist ¢ > Oand r € R, v # 1, such that

If(x+y) = f(x) = f(W). f@ls < e(llxzl" + Iy, 2", (18)

x,y,z€ X,

then there exists a unique additive mapping h : X — B such that
2c ;
IfG) =hx) f@)s < gy B2l wzEX (19)

Unfortunately, the author does not explain how to understand ||x, z||” when r < 0
and ||x,z|| = 0 (which happens for linearly-dependent x and z). Therefore, it is natural to
presume that actually (18) should be in the case r < 0 formally rewritten as

If(x+y) = f(x) = fFW), @B < c(llx 2"+ Iy, I, (20)
x,y,2 € X, |x 2 lly, 2] #0.
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For the same reason, for r < 0, (19) should be

1£(x) = h(x), f(2)][B < |2562,| e zl", xze X [lxz] # 0. (21)

The proof of Theorem 2.2 in [48] should be modified accordingly.
The main results in [50] can be stated as in the following theorem.

Theorem 5. Let U be a normed space, 11,0,p,q € Ry, and f : U — B. The following three
statements are valid.

(i) Ifp#1#qand
If(x+y) = f(x) = f(y).zlls < yllxlP +0llyll",  xyeUzeB, (22)

then there is a unique additive mapping A : U — B such that

x||P O||x||7
x| n [ x|l

If(x) — A(x),z||p < oo "oz FEUzeEB (23)
(i) If p # 1 # q and
o7 (52 = ) = £z, < nlxile +ellyl, (24)

x,ye U,zeB,

then there is a unique mapping | : U — B such that

g =10+, wyel, 25)
2 1439
1500 = 1) 2llp < 5= Il 0o xl,  xeUzeB @6

(iii) If p 2 # q and
If(x+y)+ flx—y) —2f(x) —2f(y),z

5 < nllxll” + 6yl (27)
x,yel,zeB,

then there is a unique mapping Q : U — B such that

Qx+y) +Q(x—y) =2Q(x) +2Q(y), xyeU, (28)
P ollxlle 1
1) = Qo) 2l < T+ L Z1p0) 2 29)
x € U,z € B.

However, from Corollary 1 we can obtain the following generalizations of those results.
Proposition 3. Let U be a normed space, 1,0, p,q € Ry, and f : U — Y. The following three
statements are valid.

(i) If (22) holds with B replaced by Y, then f is additive.
(ii) If (24) holds with B replaced by Y, then f is a solution to Equation (25).
(iii) If (27) holds with B replaced by Y, then f is a solution to Equation (28).
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In [51], the inequalities (22), (24), and (27) have also been considered, but with the
function 77||x||” 4 6||y||7 replaced by 6/||x||?||y||9. Clearly, from Corollary 1 we can deduce
analogous (as in Proposition 3) generalizations of those results. Here, we also see the lack of
symmetry between the results on Ulam stability in 2-normed spaces and classical normed
spaces (cf., e.g., Theorem 1 and comments after it), contrary to what Theorem 5 suggests.

In [52], the stability of the quartic functional equation

q(2x +y) +q9(2x —y) = 4q9(x +y) +4q(x —y) +24q(x) — 6q(y) (30)

has been investigated in 2-Banach spaces. The main result provided there can be written as
follows.

Theorem 6. Let U be a normed space and ¢ : U> — R be such that

=1

Plry) =Y opo@x2y) <o, xyel, (31)
k=0
. 1 n n
Jim S92 2%) =0, xyel (32)

Suppose that f : U — B is such that

[f(2x +y) + f(2x —y) —4f(x +y) —4f(x —y) — 24f (x) + 6f(y),z|B (33)
<¢(xy), xyeclUzeB.

Then, there exists a unique solution q : U — B of (30) such that
1
[f(x) —q(x),zlp < 33¢(x,0), x €U,z € B.

Note that actually (32) results from (31), so (32) is superfluous, but this does not matter,
as again, with Corollary 1 we get the following generalization of Theorem 6.

Proposition 4. Let (U, +) be a group, ¢ : U> — Ry and f : U — Y be such that (33) holds.
Then, f is a solution to (30).

The stability of the functional equation

1 !
1o+ Y ) = X Flxo+x) (34)
i=1 i=1

with a fixed ] € N, [ > 1, has been studied in [53]. We guess (because of many confusing
misprints in the paper) that the main result can be rewritten as follows.

Theorem 7. Letj € {—1,1} and a : X'*1 — R be such that

o0 uc(lmfxo,lmfxl,...,lmfxl)

. 1] < 00, xg,xl,...,xleX.
m=0
Suppose that a function f : X — B satisfies
l l
Hf(lxo + Zx,-) - Y flxo+ xl-),uHB < a(xg,x1,...,%]), (35)
i=1 i=1

Xo,%1,---,% € X, u € B.



Symmetry 2021, 13, 2200

11 of 19

Then, there exists a unique additive function A : X — B such that
ILf(x) — A(x), u| <1 i _ 7 xeX,ueB
4 B i l - lk] 7 7 M

The mapping A(x) is defined by

A(x) := lim w, x € X.

m—co M)
The author also considers the equation
1 !
g(lxo - Z xi) = Zg(xo —Xxi), (36)
i=1 i=1

but this is not necessary, as (36) with x; replaced by —x; actually becomes (34).
Note that Theorem 3.1 in [53] (the proof of the theorem has some drawbacks, but it is
true) and our Corollary 1 imply the following result.

Proposition 5. Let a : X'*1 — R and f: X — Y satisfy

Hf(lxo + éxZ) - éf(xo +xi),uHY < a(xp,x1,...,X1), (37)

X0, %X1,..., € X, ueyY.
Then, f is a solution of Equation (34), whence (in view of ([53], Theorem 3.1)) it is additive.

From Proposition 5, it follows that Examples 5.1 and 5.2 in [53] are not correct (the
main problem is probably that they are constructed for X = R, which has dimension 1 and
therefore does not admit any nontrivial 2-norm).

A very similar situation, as in [53], is with all stability results and examples in [54],
where the authors have investigated the stability of the functional equation

11 [g(u 4 2v 4+ 2w) + g(u — 20 — 2w)] + 66g(u) + 48g(2v + 2w) (38)
=44[g(u+v+w)+g(u—v—w)|+12¢(3v + 3w) + 60g(v + w).

From Corollary 1, we obtain the subsequent corollary, which generalizes the main stability
outcomes contained in Theorems 3.1.1-3.1.5 in [54] in the following way:.

Proposition 6. Let (G,+) bea group, a : G> - Ry, f: G — N, and

Df(u,v,w) :=11[g(u +2v +2w) + g(u — 2v — 2w)| + 66g(u)
+48g(2v+2w) —44[g(u+v+w)+ g(u —v—w)]
+12¢(3v + 3w) + 60g (v + w), u,v,w € G.

If
|Df (u,v,w),z

|N <a(u,0,w), u,v,we G,ze N* 1, (39)
then f is a solution to Equation (38).

A description of solutions to Equation (38) is given in Theorem 3.1 in [54].
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In [55], a fixed point method has been used to investigate in 2-Banach spaces the
stability of the functional equation

f2x+y,2z4+w)+ f(2x —y,2z4+w) + f(2x + y,2z — w) (40)
= —f(2x—y,2z—w) +4f(x+yz+w)+4f(x+y,z—w)
2 (x+y,2) + 4 (x — 2+ ©) + 4f (x — y,z — )
+24f(x —y,z) +24f (x,z +w) +24f (x,z — w) + 144f (x, z).

Corollary 1 yields the following generalization of the main result in [55].
Theorem 8. Let (G, +) bea group and ¢ : G* — [0,00). If f : G> — N satisfies

IDs(x, v,z w) tly < @(x,y,2,w),  xyzweGte N",
where

D¢(x,y,z,w) == f(2x +y,2z + w) + f(2x — y,2z + w)
+f2x+y,2z—w)+ f(2x —y,2z — w)
—4f(x+yz4+w)—4f(x+y,z—w) —24f(x+y,z)
—4f(x—y,z+w) —4f(x —y,z—w) —24f(x —y,2)
—24f(x,z+w) —24f(x,z —w) — 144f(x, z),
then f is a solution to Equation (40).
In [56], the author studied in 2-Banach spaces the stability of the functional equation
flrn+x, X +x0) =Y, f(xa, o X,)- (41)
i1, in€{1,2}
The main stability result in [56] can be written as follows.

Theorem 9. Let (V,+) be a commutative semigroup with an identity element. Assume also that
@ : V2" — Ry is a function such that for any (x11, %12, + , Xn1, Xn2) € V" we have

@(x11, %12, , X1, Xn2) (42)
© 1 . . , .
= Z W¢(2]x11,2]x12,~ . ,2]xn1,2]xn2) < 00.
j=0

If f : V" — B is a mapping satisfying

Hf(xll + X102, X1+ Xp2) — Yoo flxa X))y ’B (43)

i1, ,in€{1,2}

< @(x11, %12, * , Xn1, Xn2),

for (x11, %12, , X1, Xm2) € V', y € Y, then there exists a unique mapping F : V' — B
satisfying Equation (41) such that

||f(xll/ e /xn]) - F(xllr e /xnl)/]/HB S (p(xllrxll/ e /xnlrxnl)/

for (x11,- -+ ,x1) € V" and y € B. The mapping F is given by

F(xll/ tt /xnl): = lim ﬁf(zjxll/ e /2]xn1)/ (44)

j—o0

fOT’ (xlll' t /xnl) € Vn'
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In view of Proposition 1, the theorem can be easily generalized in the following way.

Proposition 7. Let (V,+) be a semigroup, ¢ : V¥ — Ry, and f : V" — Y be a mapping
satisfying the inequality

Hf(x11+xlzl"',xn1+xn2)* Z f(xlill"'zxnin)/y‘y

iy, in€{1,2}

< @(x11, %12, Xp1, Xn2),
forall (x11,X12, -+ , Xp1, Xp2) € V2" and all y € Y. Then, f is a solution to Equation (41).

In the analogous way, we can generalized the theorems from [57], where the stability
of equations somewhat similar to (41) has been investigated in 2-Banach spaces.

In [58], the author studied (in 2-Banach spaces) the stability of Cauchy, Jensen, and
quadratic functional equations, with the control function ¢(x,y) = c||x||?||y||7||z||" for
x,y,z € U, where (U, || - ||) is a normed space, c € Ry, and p, g, € (0, c0). Unfortunately,
there is a confusion there, because the function ¢ should rather have the form ¢(x,y) =
cllx|IPllyl|9]|z||g for x,y € U and z € Y, where || - ||p is a norm in Y (see Remark 1). These
results with such modified form of ¢ can be collected in the form of the subsequent theorem.

Theorem 10. Let U be a normed space, || - ||o beanorminY, f : U — Y, p,q,v € (0,00) and
¢ € Ry. Then, the following three statements are valid.

(i) Ifp+q#land
1 +y) = f) = f(y),zlly < cllxlIPllyl7llzllo,  xyelze,
then there is a unique additive mapping A : U — Y such that

cllx[P*1zll
”f(x)*A(x)/Z”YSDTHq'O, xelu,zeY.

(i) Ifp+q # land

Hf(x;y)_f(X);f(y)

,Z

‘Y <cllxlPllyl"lzllo,  xyeUzeY,

then there is a unique solution | : U — Y to the Jensen Equation (25) such that

(1+ 30 [[x [P 1=llg
1£(x) = J(x),zlly < 3ogm . YeUzeY.

(iii) If p+q # 2 and
1fCety) + flx —y) = 2f(x) = 2f (v) zlly < cllxPPllyl7lizllo, ~ xyeUzeY,
then there is a unique solution Q : U — Y to the quadratic equation such that

cllxlP*zlly | 1
— < - - @ Y _ .
1f(x) = Q(x),zlly < 2 — 27| + 3Hf(0),2||y, xelUzeyY

In the case r # 1, generalizations of the above results can be easily derived from the
following modification of Corollary 1.
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Proposition 8. Let k,m € N, T and Eq, ..., E;; be nonempty sets, A1,...,An € R, ¢ : T —
Ry, re Ry \{1}, || - lobeanorminY,and & : T* — E;and g; : E; — Y fori=1,...,mbe
such that

m
H ;Aig,» (g:.(x1 ...,xk)),z ‘Y < o(x1,..., %) |IzI5, (45)
1=

xX1,...,x€T,zeY.

Then, g1, ..., gm satisfy the equation
m
ZAigi(f,‘i(xl...,xk)) =0, xX1,...,x, €T. (46)
i=1

Proof. Fix x1,...,x; € Tand z € Y, and put

o — 1 for 0<r<1;
"1 =1 for r>1.

Then,
l €N,

m k
H ZAigi( Zai]-xj) +ArlSZHY < xy,-o,x0) - ||zl
i-1 j=1

and consequently

| <OV, 5 2l e N

H iiAigi(]i aijxj) + Az

Therefore, letting | — oo, for every xq,--- ,x¢ € Tand z € Y, we get

=0
Y

m k
H Z Aigi( E LIZ']'JC]'> + A,Z
i=1 j=1

which means that (11) holds. [

Clearly, Proposition 8 implies the following generalization of Theorem 10.

Proposition 9. Let (G,+) be a group, || - ||o be a norm in Y, ¢: G> — Ry, r € Ry \ {1},
and f : G — Y. Then, the following three statements are valid.

(i) If, for every x,y € Gandz € Y,
1f(x+y) = f(x) = f(y). zlly < o(x Iz,

then f is additive.
(ii) If, forevery x,y € Gandz € Y,

,Z

Hf(x42ry>_f(xwzrf(y)

< r
|, < ezl

then f is a solution to the Jensen Equation (25).
(i) If, for every x,y € Gandz € Y,
1f(x+y) + fx —y) = 2f(x) = 2f(y). zlly < @(x,y)lzllo,

then f is a solution to the quadratic Equation (28).
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In [59], the stability of the following functional equation:

fx+y) = flx+2y) =3f(x) - 3f(y) (47)

has been investigated in 2-Banach spaces and the main result can be stated as follows.

Theorem 11. Let || - |[obeanormin X, e > 0, p,q € Ry \{2}andr > 0. If f : X — X isa
function such that

IDs(x,y), 2l < elllxllg + IylDIzl5  xyzeX,

where
Dy(x,y) == f(2x +y) — fx+2y) = 3f(x) +3f(y), (48)
then there exists a unique mapping Q : X — X satisfying (47) such that

ellxlIglizll

1f(x) = QM) = fO) 2l < =355 % xzEX.

Clearly, in the case r # 1, from Proposition 8 we can easily derive the following
generalization of Theorem 11.

Proposition 10. Let (G, +) bea group, || - ||o beanorminY, ¢: G> — R, andr € Ry \ {1}.
If f : G — Y is such that

IDf(xy) zlly < o(x,y)llzllo,  xy€GzeY,

where Dy is given by (48) for every x,y € G, then f is a solution to functional Equation (47).

The stability of the functional equation

f@x+y)+ f(2x —y) =2f(x +2y) —4f (x +y) +18f(x) — 12f(y) (49)

in 2-normed spaces has been studied in [60] and one of the two main results can be written
as follows.

Theorem 12. Let (U, || - ||) be a normed space and ¢, v, p,q € (0,00). Assume that p + g < 3 or
p,q € (3,00). If f : U — B is such that

IDs(x,y),zlls < e(llx Pyl + [lxlP + lylDI=l", xyeUzeB,

where D (x,y) := f(2x +y) + f(2x —y) — 2f (x +2y) + 4f (x +y) — 18f(x) + 12f (y), then
there is a unigue solution C : U — B of (49) with

el|x|[P]|z]|"

£ - €2l < S =

xe U,z € B.

The authors have not specified the meaning of ||z|| for z € B, but if we assume that
|| - || also means a classic norm in B, then the whole reasoning is still correct. Moreover,
if r # 1 in Theorem 12, then by Proposition 8, f must be a solution of (49). Solutions to (49)
have been characterized in Theorem 2.1 in [60].

The other main result presented in [60] can be formulated as follows.

Theorem 13. Let ¢, p,q € (0,00). Assume that p+q < 3or p,q € (3,00). If f : X — B is such
that

IDf(x,y) 2lls < e(llx 2lPlly, 2l + %, 2P + Ny 2l),  xyeXzeB,
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where Dg(x,y) := f2x+y) + f(2x —y) = 2f (x +2y) +4f (x +y) — 18f(x) +12f (y), then
there is a unique solution C : X — B of (49) with

ellx, z|[P

m, x € X,z € B. (50)

1f(x) = Cx), 2] <

Unfortunately, it appears that the authors confused the 2-norms in X and B and the
only reasonable possibility to keep the theorem valid is to assume that X = B. In such a
case, if p # 1, then from (50) (replacing z by Iz or by %Z, with | € N) we easily obtain that
f=C

In [61], the authors have investigated the stability of the equation

fRx+y)+f2x—y) = f(x+y) + f(x —y) +2f(2x) — 2f(x), (51)

in 2-Banach spaces. The main results in [61] can be written as follows.

Theorem 14. Let (U, || - ||) be a normed space, 6 € [0,00), p,q,r € (0,00), and p + q # 2. Let
f U — Bbesuch that f(0) = 0 and

If2x+y) + f(2x —y) — f(x+y) — f(x —y) —2f(2x) + 2f (x), 2[5 (52)
<0l x|IPllyll"llz["

forall x,y,z € U. Then, there is a unique solution Q : U — B of (51) with

4+ 31
[f(x) —Q(x),z][p < wa“pw”z”r, x,z e U

Unfortunately, already at the very beginning of the proofs (in Formula (2.3)) the
authors commit simple but meaningful mistakes, which makes the remaining reason-
ing doubtful. Moreover, to avoid evident confusion between the norm and 2-norm in
Theorem 14, it should be assumed that U = B (and B is endowed with a norm). However,
from Proposition 8 we can easily derive the following.

Proposition 11. Let (G, +) bea group, || - ||o beanormin Y, r € Ry, r # 1,and ¢ : G> — R.
If f + G — Y is such that

1f2x+y)+ f2x —y) = flx+y) — f(x —y) = 2f(2%) + 2f (x), 2y
<¢xylzllo,  wyeGzey,

then f is a solution of (51).

In [62] (Theorems 4.5 and 4.8), the authors claim that have used the direct and fixed
point methods to investigate the stability of a functional equation (called the decic func-
tional equation), being a particular case of (11), in the 2-normed spaces. However, be-
cause the results are stated in very unclear (for us) manner and without proofs, we are not
recalling them here.

A very similar situation is in [63] (Theorems 4.1 and 5.1), where the stability of a
functional equation of type (11) (called the n-dimensional quartic functional equation) has
been studied in the 2-normed spaces.

In [64] (Theorems 3.1 and 4.1), the authors apply two different methods to prove the
stability results for a functional equation of type (11) (called the n—dimensional quartic
functional equation, with n > 5) in 2-normed spaces. The main results are presented with
proofs, but unfortunately (analogously as in [62,63]) in a manner that is unclear for us. So
we have decided not to present them here.
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5. Some Other Results

Several other stability results in 2-normed spaces (also non-Archimedean and random)
have been presented in [65] (for the Pexiderized Cauchy functional equation), in [17,66] (for
the Cauchy equation), in [67] (for a generalized radical cubic functional equation related to
quadratic functional equation), in [68] (for the radical quartic functional equation), in [69]
(for the quadratic functional equation), in [70] (for the generalized Cauchy functional
equation), in [71] (for a functional equation called the Cauchy-Jensen functional equa-
tion), in [72] (for a general p-radical functional equation) [73] (for radical sextic functional
equation), in [74] (for several functional equations of quadratic-type), in [75,76] (for the
functional equation of p-Wright affine functions), in [77] (for a system of additive-cubic-
quartic functional equations with constant coefficients in non-Archimedean 2-normed
spaces), in [78] (for a functional inequality in non-Archimedean 2-normed spaces), in [79]
(for a cubic functional equation in random 2-normed spaces), in [80] (for the Pexiderized
quadratic functional equation in the random 2-normed spaces) and in [81] (for radical
functional equations in 2-normed spaces and p-2-normed spaces). However, as these
results are more involved and of a different character than those presented so far, we will
discuss them in more details in another publication.

Furthermore, the stability results in n-normed spaces, which can be found
in [29,31-33,35-37,53,82-86], will be discussed in a future publication.
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