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Abstract

We introduce the notion of a bi-linear mapping which generalizes some known ones, and note that bi-linear mappings satisfy
a functional equation. The Hyers-Ulam stability of this equation is studied in Banach, 2-Banach and complete non-Archimedean
normed spaces. (©2017 All rights reserved.
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1. Introduction

Throughout this paper IN stands for the set of all positive integers, Ny := IN U {0} and R := [0, c0).

1.1. Functional equations
It is well-known that among functional equations the Cauchy equation

f(x +y) = f(x) +fly), (1.1)
and the Jensen equation
f<X42ry) _ f¥) erf(y)’ (12)

(which is closely connected with the notion of convexity) play a prominent role. A lot of information
about them and their applications can be found for instance in [12, 13].
Let X and Y be linear spaces over the fields [F and K, respectively. A mapping f : X — Y is said to be
linear, if
flax +by) = Af(x) + Bf(y), x,yeX

for some a,b € F and A, B € K (see for example [1]). It is clear that additive and, under the additional
assumption that the characteristics of IF and K are different from 2, Jensen mappings (i.e., solutions of
(1.1) and (1.2), respectively) are linear.
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We will say that a function f : X2 = Y is bi-linear if it is linear in each of its arguments, i.e., f satisfies
the following system of functional equations

flaixq + azxp,y) = A1f(x1,y) + Axf(x2,y), x1,%2,y € X,
(1.3)
f(x, bryr +bay2) = B1f(x,y1) + B2f(x,y2), %y, y2 € X,

with some a1, ay,bq,by € IF and A, Ay, By, B, € K.

Let us note that for a; = a; = by = by, =1 and A; = A, = By = B, = 1 the above definition leads
to the so-called bi-additive mappings (some basic facts on such mappings can be found for instance in
[13], where their application to the representation of polynomial functions is also presented); for a; =
a, =b; =by = % and Ay = A, =B =B, = % we obtain the notion of a bi-Jensen function (which was
introduced in 2005 by Prager and Schwaiger (see [17]) with the connection with generalized polynomials;
see also [2]); and for a; = a; = 1,by = by = % and Ay = A, =1,B; =B, = % we get the definition of a
Cauchy-Jensen mapping given by Park and Bae in [16].

It is obvious that we have the following.

Remark 1.1. If a function f : X — Y satisfies system (1.3), then

flaix; + axxz, b1y + boyz) = A1B1f(x1,y1) + A1Baf(x1,Y2)

(1.4)
+ A2B1f(x2, Y1) + A2Baf(x2, y2)
for x1,%2,Y1,Y2 € X.
This leads us to the functional equation
flaixi + azxz, biys + bayz) = Cuaf(xy, y1) + Ciaf(x1, y2) (1.5)
+ Carf(x2,y1) + Co2f(x2, y2), '
where ay,a, by, b2 € F and Cyy, Cqp, C21, C2 € K are given scalars.
Particular cases of (1.5) are, among others, the following three functional equations:
f(x1 +x2, Y1 +y2) = fx1,y1) + f(x1,y2) + f(x2, y1) + fx2, y2), (1.6)
X1+ X +
4f(Fo2, ) = o, y1) + 0, y2) + 0, u1) + 0, v2), (L7)
+
26 (x1 +x2, 1) = £, u1) + 1, y2) + Flxz, y1) + Fxz, 2. (L8)

Let us point out that these equations characterize bi-additive, bi-Jensen and Cauchy-Jensen mappings,
respectively (see [2, 6, 16]).

1.2. Hyers-Ulam stability

The following natural question arises in many areas of scientific investigations: what errors we commit
replacing functions satisfying some equations only approximately by exact solutions of these equations.
Some efficient tools to evaluate these errors can be found in the theory of the Hyers-Ulam stability.

Let us recall that we say that an equation is stable in a class of functions if any function from this class
satisfying the equation approximately (in a sense) is near (in a way) to an exact solution of the equation.
The problem of stability for homomorphisms of metric groups was formulated by Ulam in 1940, and its
solution (for Banach spaces) was published a year later by Hyers.

The method used by Hyers, called the direct method, has been successfully applied for study of the
stability of a large variety of equations. Apart from it, there are also several other efficient approaches to
the Hyers-Ulam stability, using different tools, for example the fixed point method, the method of invari-
ant means, the method based on sandwich theorems, and the method using the concept of shadowing
(see [4] for the details and references).
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In the last few decades, several stability problems of various (functional, differential, difference, in-
tegral) equations have been investigated by many mathematicians (see [3, 11] for the comprehensive
accounts of the subject). In particular, the stability of functional equations (1.6), (1.7) and (1.8) has been
studied, among others in [2, 6-8, 16-18].

In this note, we apply the direct method to prove the Hyers-Ulam stability of (1.5). Moreover, as
corollaries from our main results we obtain some stability results on (1.6) and (1.8).

Since the notion of an approximate solution and the idea of nearness of two functions can be under-
stood in various, also nonstandard ways (such non-classical measures of a distance can be introduced,
for example, by the notions of a 2-norm and a non-Archimedean norm), we show the stability of (1.5)
not only in classical Banach spaces, but also in 2-Banach spaces and complete non-Archimedean normed
spaces.

2. Stability in Banach spaces

We start with the classical case, i.e., we deal with the stability of functional equation (1.5), and conse-
quently also (1.6) and (1.8), in Banach spaces.

2.1. Main result
In this section, we show the Hyers-Ulam stability of (1.5).

Theorem 2.1. Let Y be a Banach space and ¢ > 0. If |[C11 + C12+ Co1 + Cxo| > 1 and f : X2 > Yisa mapping
such that

[f(a1x1 4+ azx2, b1y + bayz) — Ci1f(x1, Y1) — Ciaf(x1,y2) — Corf(x2,y1) — Cof(x2, Yo)|| < € (2.1)

or X1,%2,Y1, Yz € X, then there exists a function F : X2 — Y satisfying (1.5) and the condition
Y1,y 8

€
|C11 + Ci2+ Co1 4+ C| — 17

Hf(X/U) _F(X,U)H < Xy e X (22)

Proof. Set
C=C11+C;2+Cy1+Cp, a:=a;+a, b:=by+Dby

Putting xo = x1 and y» = y; in (2.1) we get
Hf(axllbyl) - Cf(xllyl)H < g, X1, Y1 S X/

whence

H fla™Ixg, b lyy)  fla™xq, b™My; €

)
Cn+1 - cn H < |C|n+1/ X1,Y1 € X, ne NO- (23)

Consequently, for any m,l € INg with 1 < m we have

X1,Y1 € X, (24-)

B |C)i+1’

fla™xa, b™y1)  flatx, bly)y v
e Ca AP
j=1

and thus for any x,y € X, <W is a Cauchy sequence. Since Y is a Banach space, this

) nelNy
sequence is convergent and we can put

Fixy):= lim —<—=, xyeX (2.5)
Putting | = 0 and letting m — oo in (2.4) we get
€
If(x,y) —Fx, Y|l < Xy €X,

ICl—1’



K. Ciepliniski, J. Nonlinear Sci. Appl., 10 (2017), 5914-5921 5917

i.e., (2.2) holds true.
Next, by (2.1), we obtain

f(a™(aix; + azxz), b™(b1ys + bayz)) C fla™xq1,b™yq) C fla™xq1,b™yz)
H cn i cn o2 cn
fla™x2, b™yq) fla™x2, b™ys) €
—Cxn cn —Cx o H < o

for x1,%2,y1,Y2 € X and n € INg, whence letting n — oo and using (2.5) we see that
[Flaixq + azx2, b1ys + bayz) — C11F(x1, Y1) — CiaF(x1,y2) — CanF(x2, y1) — CoF(x2,y2)[| <0
for x1,%2,Y1,Y2 € X, which proves that the function F satisfies (1.5). O

2.2. Some consequences
Theorem 2.1 with aj = a = by = by =1 and Cy; = Cyp = Cy1 = Cx» = 1 immediately gives the
following result on the Hyers-Ulam stability of (1.6).

Corollary 2.2. Let Y be a Banach space and € > 0. If f : X2 — Y is a mapping such that
1f0x1 +x2,y1 +y2) — f(x1,y1) — f(x1,y2) — fx2,y1) — f(x2, y2)[| < €

for x1,%2,Y1,Y2 € X, then there exists a function F : X2y satisfying (1.6) and the condition

||f(x,y) _F(X/y)H < ’ XY € X.

W[ m

On the other hand, Theorem 2.1 with a; = a; =1, b = by = % and C1; = Cyp = Cy = Cpp = % also
yields the Hyers-Ulam stability of (1.8).

Corollary 2.3. Let Y be a Banach space and € > 0. If f : X2 — Y is a mapping such that

+ 1 1 1 !
Y1 : 92> — f(x1,y1) — = f(x1,Y2) — =F(x2, Y1) — *f(Xz,yz)H <e

“f("1+x2’ 2 2 2 2

for x1,%2,Y1,Y2 € X, then there exists a function F : X2 5Y satisfying (1.8) and the condition

It y) —Fxylll<e, xyeX

3. Stability in 2-Banach spaces

Recall that the concept of linear 2-normed space was introduced by Géahler in 1964, and it seems that
the first work on the Hyers-Ulam stability of functional equations in complete 2-normed spaces (i.e., 2-
Banach spaces) is [10]. After it some papers (see for instance [5, 8, 15]) on the stability of other equations
in such spaces have been published.

3.1. Preliminaries

Let us recall (see for instance [9]) that 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 x X — R is a function satisfying the
following conditions:

IIx,y|| =0 if and only if x and y are linearly dependent,
oyl =Nyl xyeX
Iy +zll < lxyl+lxzl, xyzeX
Joox, yll = ledlx, yll,  xeR,x,y X
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A sequence (xn)nenN of elements of a linear 2-normed space X is called a Cauchy sequence if there are
linearly independent y, z € X such that
lim |xn —xm,y[| =0= lm |xn —xm,z[,
n, m—oo n,m—oo
whereas (xn)nen is said to be convergent if there exists an x € X (called a limit of this sequence and
denoted by limy ;0 Xn) With
lim |[xn—xy||=0, yeX

n—oo
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.
Finally, recall two lemmas from [15].

Lemma 3.1. If X is a linear 2-normed space, x € X and
Ixyll =0, yeX
then x = 0.

Lemma 3.2. If X is a linear 2-normed space and (xn )necN is a convergent sequence of elements of X, then

Jim_en, yll = ] Jim eyl oy € X

3.2. Main result
Now, we show the Hyers-Ulam stability of (1.5) in 2-Banach spaces.

Theorem 3.3. Let Y be a 2-Banach space and e > 0. If |Cq1 + C1p + Co1 + Cap| > 1 and f : X* — Y is a mapping
such that
[f(aix1 + azx2, b1ys + bayz) — C11f(x1, Y1) — Ciaf(x1,y2) — Carfx2, y1) — Coaf(x2,y2), 2| < € (3.1)

or X1,%X2,Y1, Y2 € Xand z € Y, then there exists a function F : — Y satisfyin .5) and the condition
X and Y, then th ] 'FXZY"g(15)dh diti

€
|C11 + Ci2+ Co1 + Co| = 17

Hf(xzy)*F(X/U);ZH < X,y € X,ZE Y. (32)
Proof. Let C, a and b be as in the proof of Theorem 2.1. One can show that for any m,l € Ny with 1l <m

we have
m—1

13
‘g y qE ByEXzeY, (3.3)
i=1

fla™x, b™y)  f(alx,bly)
cm ¢t F

and therefore for any x,y € X, (%) N is a Cauchy sequence. Since Y is a 2-Banach space, this
nelNg

sequence is convergent and we can define F : X> — Y by (2.5). Putting 1 = 0 and letting m — co in (3.3)
we get, by Lemma 3.2,

1f(x,y) —F(x,y), z|| < X,y X zeY,

€
ICl—1"
i.e., (3.2) holds true.

Next, by (3.1), we obtain

fla™(a1xq + azxz), b™(bryy + bays)) c fla™xq,b™y1) c fla™x1, b™ys)
cn —Cn on —Cp2 on
f(a™x2, b™y1) f(a™x2, b™Mys) €
—C —C | <
21 cn 2 on z o

for x1,%2,Y1,Y2 € X, z € Y and n € Ny, whence letting n — oo and using (2.5) and Lemmas 3.1 and 3.2
we see that the function F satisfies (1.5). O
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3.3. Some consequences
Theorem 3.3 with aj = a = b; = by =1 and Cy; = Cip = Cy; = Cxp = 1 immediately gives the
following result on the Hyers-Ulam stability of (1.6).

Corollary 3.4. Let Y be a 2-Banach space and e > 0. If f : X2 — Y is a mapping such that
[f(x1+x2,y1 +Y2) — f(x1,y1) — f(x1,y2) — f(x2,y1) — f(x2, y2), z[| < ¢

for x1,%2,Y1,Y2 € Xand z € Y, then there exists a function F : X2y satisfying (1.6) and the condition

IIf(x,y) —F(x,y),z[| < =, x,yeXzeY.

Q| m

On the other hand, Theorem 3.3 with a; = a; =1, by = by, = % and C11 = Cp =Cy =Cp = % also
yields the Hyers-Ulam stability of (1.8).

Corollary 3.5. Let Y be a 2-Banach space and ¢ > 0. If f : X*> — Y is a mapping such that

Y1 +Uz> 1 1 1 1
|7 (e 3, 222 ) = So0a,u1) = 510, u2) = Sk y1) = 5 e, 2), 2

<

or X1,%2,Y1, Yz € Xand z € Y, then there exists a function F : X? — Y satisfying (1.8) and the condition
Y1, Yy g

If(x,y) —F(x,y),z|[| <&, x,yeXzeY.

4. Stability in complete non-Archimedean normed spaces

Although some particular cases were considered earlier (see [3] for details), the first work on the Hyers-
Ulam stability of functional equations in complete non-Archimedean normed spaces was [14]. Over the
recent years many papers (see, for instance, [3, 7, 18] and the references given there) on the stability of
different equations in such spaces have been published.

In this section, we present a result on the Hyers-Ulam stability of functional equation (1.5) in complete
non-Archimedean normed spaces.

4.1. Preliminaries

Let us first recall (see for example [7, 14, 18]) some basic definitions and facts concerning non-
Archimedean normed spaces.

By a non-Archimedean field we mean a field F equipped with a function (called a valuation) |- |: F —

R for which
Irf =0 if and only if r =0,

lrs| =Irlls|, T,s€TF,

and
Ir +s| <max{[r|, |s]}, 1,s¢€TF.

In such fields we have |1 = |—1| =1 and [n| < 1 for n € INp.
In any field FF the function |- |: F — R given by

| = 0, x=0,
11, x#0,

is a valuation which is called trivial, but the most important examples of non-Archimedean fields are
p-adic numbers.
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Let X be a linear space over a field F with a non-Archimedean non-trivial valuation |-|. A function
| - || : X = R4 is called a non-Archimedean norm provided

||| =0 if and only if x =0,
x|l = [7][x|l, T€F,xeX,

and
[x +yll < max{[[x|, [lyll}, xyeX

Then (X, || - ||) (or briefly X) is said to be a non-Archimedean normed space. In any such a space the
function d : X x X — R given by
dixy) =lx—yl, xyeX

is a metric on X.

Recall finally that a sequence (xn)nen of elements of a non-Archimedean normed space is Cauchy if
and only if the sequence (xn+1 —Xn)nen converges to zero, and that the addition, scalar multiplication
and non-Archimedean norm are continuous mappings.

4.2. Main result

Theorem 4.1. Let Y be a complete non-Archimedean normed space and € > 0. If |C11 + C12 + Cp1 + Cpo| > 1 and
f: X2 = Y is a mapping such that inequality (2.1) holds true for x1,%2,Y1,Y2 € X, then there exists a function
F: X2 — Y satisfying (1.5) and the condition

€
|C11 + C12 + Co1 + Col”

”f(X/U) _F(le)” < X,y € X. (41)

Proof. Let C, a and b be as in the proof of Theorem 2.1. Since (2.3) holds, for any x,y € X, (%) N
nelNp

is a Cauchy sequence, and thus it is convergent. Therefore, we can define F: X2 — Y by (2.5).

Next, by induction, we show that

f(a™x, b™y) 13
HT—f(X,y)H gﬁ, X,HEX,HEN,

whence letting n — oo and using (2.5) we get (4.1).

The rest of the proof runs as in the classical case. O

5. Conclusions

In the paper, we have shown the classical Hyers-Ulam stability of functional equation (1.5) in Banach,
2-Banach and complete non-Archimedean normed spaces. From this we have derived some stability
results on two known equations, i.e., (1.6) and (1.8), which characterize bi-additive and Cauchy-Jensen
mappings, respectively.

Let us note that one can also prove the generalized (in the sense of Aoki and Rassias or Bourgin and
Gavruta) Hyers-Ulam stability of (1.5) as well as obtain similar results via a fixed point method.

In view of Remark 1.1 every function f : X*> — Y satisfying system (1.3) is a solution of (1.4). Moreover,
as we mentioned in Section 1, in some cases (1.4) is equivalent to system (1.3).

We finish the paper by formulating two natural problems.

Problem 5.1. Find all scalars aj, a, by, by € IF and Ay, Ay, By, Bo € K for which (1.4) and system (1.3) are
equivalent.

Problem 5.2. Find a general solution of functional equation (1.4).
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