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Abstract. In this note, we study the Ulam stability of a functional equation
both in Banach and m-Banach spaces. Particular cases of this equation
are, among others, equations which characterize multi-additive and multi-
Jensen functions. Moreover, it is satisfied by the so-called multi-linear
mappings.
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1. Background and Motivation

Assume that X is a linear space over the field F, and Y is a linear space over
the field K. Let us recall (see for instance [20]) that a mapping f : X — Y
satisfies a linear functional equation provided

flarw + agy) = A1 f(x) + Aa f(y), T,y € X (1)

for some aq,as € F and Ay, A; € K.
It is obvious that the functional equation

fl+y)=flx)+ fy) (2)
and, under the additional assumption that the characteristics of F and K are
different from 2, the equation

r+y\ _ fl2)+ )
! ( 2 ) - 2 ’ ®)
(their solutions are said to be additive and Jensen mappings, respectively) are
particular cases of (1). For more information about equations (2) and (3) and
some applications of them ((3) is called the Jensen equation and it is connected
with the notion of convexity) we refer the reader for example to [14,15].
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Given an n € N (throughout this note N stands for the set of all positive
integers and Ny := N U {0}) such that n > 2, we will say that a function
f: X™ =Y is n-linear (roughly, multi-linear) if it satisfies the linear functional
equation in each of its arguments, i.e.

f1, .o, @i, @i T + Giaio, Tigt1, - - -, Tn,)
= A f(T1, . Tt Tl Tig1s - -5 Tp)
+Aif(T1,. ., Tic1, Tig, Tigl, - - Tn),

i€l 0}, . T, T, T, Tig s, T € X

with some a;1,a;0 € F and A;1, Ais € K.

It is clear that multi-additive functions, introduced by S. Mazur and W.
Orlicz (see for example [15], where one can also find their application to the
representation of polynomial mappings), and multi-Jensen functions, defined in
2005 by W. Prager and J. Schwaiger (see for instance [21]) with the connection
with generalized polynomials, are multi-linear. Moreover, with £ € N such that
1<k<n, a1 =a12=...=ap = ar2 = 1, k411 = Ak12 = ... = Ap1 =
Anp2 = % and A11 = A12 = ... = Akl = Akg = 1, Ak+11 = Ak+12 = ... =
Ayl = Ay = % in the above definition we obtain the notion of a k-Cauchy
and n — k-Jensen (briefly, multi-Cauchy-Jensen) function (see [1,2]).

Let a11,a12,...,a,1, 0,2 € F and Ail,---,in € K for i1,...,i, € {1, 2} be
given scalars. In this paper, we deal with the following quite general functional
equation

flaizin + a1212, . .., Gn1Tp1 + ApaZn2) =
(4)
Zil,...7i"e{l72} Ao f(@31, - iy )

Now, we present three functional equations which are special cases of the
considered equation.

Ezample 1. Equation (4) with a1y = a12 = ... = ap1 = ap2 = land 4, =
1 for iq,...,i, € {1,2} leads to the following functional equation

(@1 + 212, Tt + Tpa) = Z f(@1iys ooy Tniy)s (5)
i1yein€{1,2}

which (see [9]) characterizes multi-additive mappings.

Ezample 2. Another particular case of equation (4), i.e. the functional equa-
tion

1 1 1 1 1
f(§3311 + §=’E12, ceey §$n1 + §$n2) = ' z;{l y anf(xuly co Zni,)  (6)

was introduced and investigated in [21].
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Ezample 3. The functional equation

1 1 1 1
Sz + 212, Tpt + Th2, 3Th11 T 5Th4125 - -5 5Tn1 T 5Tn2) =
(7)

1
Zil’“.’ine{lg} mf(xlil ety x’nin,)a

which characterizes multi-Cauchy-Jensen mappings (see [1]), is also a special
case of equation (4).
Next, note that we have the following.

Proposition 1. If f : X" — Y is a multi-linear mapping, then there exist
Ai i, € K for iy, ... i, € {1,2} such that equation (4) holds for any
T11, %125 -+« s Tnl, Tn2 € X

The question about an error we commit replacing an object fulfilling some
properties only approximately by an actual object possessing these properties
is natural and interesting in many scientific investigations. To deal with it one
can use the notion of the Ulam stability.

In 1940, S.M. Ulam posed the problem of the stability of homomorphisms
of metric groups (a year later, D.H. Hyers gave its solution in the case of Banach
spaces). Another very important example is a question concerning the stability
of isometries. This problem was investigated for instance in [3,11,13,19,23] (see
also [18] for more information and references on this topic).

Let us recall that an equation is said to be Ulam stable in a class of
functions provided each function from this class fulfilling our equation “ap-
proximately” is “near” to its actual solution.

In recent years, the stability of various objects has been studied by many
researchers (for more information on the notion of the Ulam stability as well
as its applications we refer the reader to [4,6,7,12,18]). Furthermore, some
stability results on equations (5), (6) and (7) can be found, among others, in
[1,2,9,21].

In this note, the Ulam stability of equation (4) is shown. Moreover, we
apply our main results (Theorems 2 and 7) to get some stability outcomes on
functional equations (5) and (7).

Let us finally mention that as the concepts of an approximate solution
and the nearness of two mappings can be obviously understood in various
ways, we deal with the stability of the considered functional equations not
only in classical Banach spaces, but also in m-Banach spaces (i.e. spaces with
non-standard measures of the distance, namely the ones given by m-norms).

2. Stability in Banach Spaces

In this section, we prove the Ulam stability of functional equations (4), (5)
and (7) in Banach spaces.
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2.1. Main Result
We start with equation (4).

Theorem 2. Assume that Y is a Banach space, € > 0 and
Y A > L (8)
i1,eyin€{1,2}
If f : X" =Y is a function satisfying
[ flar1m11 + araz12, - - o s GniTp1 + Gnatp2)—
(9)
Zil,,,,,i"e{l,2} Aiy,in F @1y T, )| < €

for x11,x12,...,Tn1, Tne € X, then there is a unique mapping F : X™ — Y
fulfilling equation (4) and

€
||f(.731,,213)—F(1'1,,.I‘ )”S (10)
" " | Zil,...,ine{l,Q} A'L.17~~,in| -1
forxy,. ... x, € X.
Proof. Put
A= Z Ail,...,ina a; = a;1 + a;2, 1€ {1, A ,n}.

i10eein€{1,2}
Let us first note that (9) with z;5 = x;; for i € {1,...,n} gives
[fla1z11,. .o anzn1) — Af(z11,. 0| <e, (T115- -+, ) € X7,

and consequently

k+1 k+1 k k
f(a1+ w117~~;a7,,+ wnl) _ f(a1111:~~7an$n1)
ARTT Ak

’ S IA‘i-H’
(11)

(.2711, C ,xnl) e X", k € Np.
Fix l,p € Ny such that | < p. Then

p P L i p—1
Hf(alwu, p7an93n1) _ flajzaa, l,anwm) ‘ < Z |A\i’+17
=t (12)
(3;‘117 Ce 7l‘nl) € Xn,
(o k k
and thus for each (z11,...,%,1) € X", (W) is a Cauchy se-
keNg

quence. Using the fact that Y is a Banach space we conclude that this sequence
is convergent, which allows us to define

— fim flakxyy, ... akz,)
o k—oo Ak ’

Putting now [ = 0 and letting p — oo in (12) we see that

F(zi1,...,2n1) : (11, -y 2n1) € X" (13)

|f(z11,. ., xn1) — F(z11, ..., Zp1) (11, 201) € X7,

< ——,
A -1
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i.e. condition (10) is satisfied.
Let us next observe that from (9) we get

H faf(an@i14a12212),..,0% (An1 Tn1+an22n2)) _
Ak

fla¥ziiy,....afzni,)

Zil,...,i"e{l,Q} Ail,--~7in, Ak ‘ < ‘As‘k
for x11,x12,..., 251, Tn2 € X and k € Ny. Letting now & — oo and applying
definition (13) we deduce that
[F(a11711 + a12212, -+« Gn1Tn1 + Anatn2)—

Zil,...,ine{l,Q} AilvuwinF(‘Tlil7 s 7$mn)H <0

for 11, x12,...,Tp1, Tnz € X, and thus we see that the mapping F': X" — Y
is a solution of functional equation (4).

Let us finally assume that G : X” — Y is another mapping fulfilling
equation (4) and inequality (10) for xy,...,2, € X. Then for any I € N and
(z11,---,2n1) € X™ we have

|E(z11, -y @n1) — G(x11, .oy 20| =

H F(alzi1,...,al zn1) _ G(alzi1,...,al xn1)
Al

Al

<

ﬁ(||F(aém11, conyabxn) — flalzyn, .. dlan)||+

I f(aiziy,. .. a2n) — Glaloy,. .. 7aﬁlacnl)H) < ﬁ |A2|i1.
Letting now [ — oo and using (8) we conclude that G = F. O

2.2. Corollaries
Now, we present some consequences of the main result.

First, consider the case ;1 = a2 =... =ap1 =an2 =land 4;,, . ,;, =1
for i1,...,4, € {1,2}. Then from Theorem 2 we get the following outcome on
the Ulam stability of functional equation (5).

Corollary 3. Assume thatY is a Banach space ande > 0. If f: X" — Y isa
function satisfying

[ f(z11 + @12, -, Tn1 + Tn2) — Z f(@1iys o zn, )| <€
i1,in€{1,2}
for x11, 712, ..., xp1, Tno € X, then there is a unique solution F': X™ — Y of

equation (5) such that

”f(wl""’m”)_F(‘rh"'axn)ll <

(x1,...,2y) € X",
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Another consequence of Theorem 2 is a result on the stability of equation
(7). Namely, we have the following.

Corollary 4. Assume thatY is a Banach space ande > 0. If f : X" - Y isa
function satisfying

1 1 1 1
Hf(l"u + 12,5 Tht + T2, 3Th411 + 5ThA125 -5 5Tl + 5Tn2)—

Sinetrz 7S i) <
for x11,T12,. .., xn1, Tno € X, then there is a unique solution F': X™ — Y of
equation (7) such that
5
If(z1,...;zn) — F(z1,...,z,)|| < * 1’ (T1,...,2,) € X™.

Let us finally observe that a particular case of Theorem 2 is Theorem 2.1
in [10].

3. Stability in m-Banach Spaces

In this section, we deal with the Ulam stability of the considered equations in
m-Banach spaces.

3.1. Preliminaries

In 1989, A. Misiak (see [17]) generalized the notion of 2-normed space in-
troduced by S. Gahler a quarter of a century earlier and defined m-normed
spaces. Now, we recall (see for instance [5,17,22]) some basic definitions and
facts concerning such spaces.

Let m € N be such that m > 2 and Y be an at least m-dimensional

real linear space. If a mapping ||-,..., || : Y™ — R fulfils the following four
conditions:

(i) |x1, ..., zm] = 0 if and only if z1, ..., 2, are linearly dependent,

(ii) ||@1, ..., Tm] is invariant under permutation,

(i) oy, ., @l = lelllzrs - @l

(IV) H’I’ + Y, T2, .. azm” < ||£E,IL’2, s ,xm” + ||y,l’2, cee "Tm”
for any @ € R and z,y, 21, ..., 2, € Y, then it is said to be an m-normon Y,
whereas the pair (Y, ||-,...,||) is called an m-normed space.

Let us mention the following two known properties of m-norms.

Remark 5. Assume that (Y, ||-,...,]|) is an m-normed space. Then:

(i) the mapping |-, ...,|| is non-negative;
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(ii) for any k € Ny zg, ...,z € Y and y; € Y fori € {1,...,k} we have

k k
sziazQa"'vmeSZ”yth?"'azm”-
1=1 1=1

Let (yx)ren be a sequence of elements of an m-normed space (Y, |-, ..., |)-
We say that it is Cauchy sequence provided

lim |lye — yi, @2, .- ., T || = 0, To,...,Tm €Y.

k,l— o0
On the other hand, the sequence (y)xen is called convergent if thereisay € Y
such that

Hm |lyx —y,22,...,2m| =0, To,..., Ty €Y.
k— o0

Then the element y is said to be the limit of (yr)ren and it is denoted by
limy_. o Y% Obviously each convergent sequence has exactly one limit and the
standard properties of the limit of a sum and a scalar product hold true.

By an m-Banach space we mean an m-normed space such that each its
Cauchy sequence is convergent.

We will also use the following known facts.
Remark 6. Assume that (Y, ||-,...,||) is an m-normed space. Then:

(i) ifxy,...,em €Y,a e R, 4,5 €{1,...,m} and i < j, then
2 O O | T S I B A TR 2 |

(i) if ,y,y2,...,Ym € Y, then

M,y ymll = 19,92yl < 2=y, 92, ymlls
(iii) if x € Y and
||xay27~~wym||:07 y27"'7ym€Y7
then x = 0;
(iv) if (xg)ren is a convergent sequence of elements of Y, then

lm ||zg, Y2, yml = || lim xk,yg,...,ymH, Y2,y Ym €Y.
k—o0 k—o00

Let us finally mention that more information on m-normed spaces as
well as on some problems investigated in them can be found for example in
[5,8,16,17,22].

3.2. Main Result
Now, we prove the Ulam stability of equation (4).

Theorem 7. Assume that m € N, € > 0, Y is an (m + 1)-Banach space, and
(8) holds true. If f: X™ — Y is a function satisfying

| flar1z11 + a1212, . . ., n1Tp1 + ApaTna)—
(14)
Zil,...,ine{l,Z} Ail,...,inf(-rlil s 71'717:1;)7 Z” <e
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for x11,T12,.. ., Tn1,Tn2 € X and z € Y™, then there is a unique mapping
F: X" =Y fulfilling equation (4) and

5
1f(z1,y .. 2n) — Fag, ..., 20), 2] <

‘ Zil,...,in6{1,2} Ai1,.--7in| -

15
forxy,...,xp, € X and z € Y™,

Proof. Let A and a; for ¢ € {1,...,n} be as in the proof of Theorem 2, and
fix I, p € Ny such that [ < p. It is easy to see that

flabzi1,....alwn1)  flaizas,...al wnl)
’ . ar <ZJ l ‘A|J+17

AP
(16)
(xlh v axnl) € Xn) z € Ym7
k k
which shows that for each (x11,...,7,1) € X", (W)k . is a
€Ng

Cauchy sequence. Using now the fact that Y is an (m + 1)-Banach space
we conclude that this sequence is convergent, which allows us to define the
mapping F: X™ — Y by (13).

Next, putting { = 0 and letting p — oo in (16), and using Remark 6 we
see that

||f(x11;"'axn1) 7F(I11,...7l‘n1),z|| S ‘Als_lv

(1‘11,...733711) e X" zeY™,

which means that condition (15) is satisfied.
Let us also note that from (14) we get

H flaf (@112114012212),,0% (An1Tn1 +An2Tn2)) _

Zil ..... in€{l,2} Ail,m,in AF

fah@yy .. ,akocmn <
|A|’“

for z11,212,...,Tn1,Tn2 € X, 2 € Y™ and k € Ny. Thus, letting £ — oo and
applying definition (13) and Remark 6 we finally conclude that the mapping
F:X™—Y is a solution of equation (4).

Let us finally assume that G : X” — Y is another mapping fulfilling
equation (4) and inequality (15) for z1,...,z, € X and z € Y™. Then for any
leN, (z11,...,2,1) € X" and z € Y™ we have

|F(z11,. .. 2n1) — G(@11, ..., &n1), 2|| <

|/+(||F(a1$117 conyabwny) — flalzyy, ... adan), 2|+

If(@i1r,- . apwn1) — Gahony, .., apwn), 2ll) < pap sy

A
Letting now [ — oo and using (8) together with Remarks 5 and 6 we conclude
that G = F. O
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3.3. Corollaries
Now, we present three consequences of the main result of this section.

First, consider the case a11 = a2 = ... = ap1 =an2 =land 4, ;, =1
for iy,...,4, € {1,2}. Then from Theorem 7 we get the following outcome on
the stability of equation (5).

Corollary 8. Assume that m € N, ¢ > 0 and Y is an (m + 1)-Banach space.
If f: X" =Y is a function satisfying

[f(z11 + 212, ..o, Tn1 + Tp2) — Z f(@1igs oo Tna, ), 2l S €
iyein€{1,2}

for x11, 712, ..., xp1, T2 € X and z € Y™, then there is a unique solution
F: X" =Y of equation (5) such that
€
7@ en) = P2l < s

for (z1,...,2,) € X" and z € Y™.

Another consequence of Theorem 7 is the following result on the Ulam
stability of equation (7).

Corollary 9. Assume that m € N, ¢ > 0 and Y is an (m + 1)-Banach space.
If f : X" =Y is a function satisfying

Hf(lin + T2, .., Tl + Tp2, %$k+11 + %5€k+12, cee %%1 + %InQ)*
Zil,...,ine{l,Z} Q,"lfk f(mliu s ’xnin)’ ZH <e
for x11, 712, ..., xp1,Tpe € X and z € Y, then there is a unique solution
F: X" =Y of equation (7) such that
€
lf(z1,. .. 2n) — Fag, ..., 20), 2] < T

for (z1,...,2,) € X™ and z € Y™.
Let us finally mention that Theorem 7 generalizes Theorem 3.3 in [10].

3.4. Final Remark

In the paper we consider, among others due to historical reasons, m-normed
and m-Banach spaces for m > 2. However, one can also admit the case m = 1
and then get the results of the previous section as corollaries of the ones proved
in Sect. 3.
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