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Preface

Handbook of Functional Equations: Stability Theory consists of 17 chapters written
by eminent scientists from the international mathematical community, who present
important research works in the field of mathematical analysis and related subjects,
particularly in the Ulam stability theory of functional equations. These works pro-
vide an insight in a large domain of research with emphasis to the discussion of
several theories, methods and problems in approximation theory, influenced by the
seminal work of the well-known mathematician and physicist Stanislaw Ulam (1909—
1984). Emphasis is given to one of his fundamental problems concerning approximate
homomorphisms.

The chapters of this book focus mainly on both old and recent developments
on the equation of homomorphism for square symmetric groupoids, the linear and
polynomial functional equations in a single variable, the Drygas functional equation
on amenable semigroups, monomial functional equation, the Cauchy—Jensen type
mappings, differential equations and differential operators, operational equations
and inclusions, generalized module left higher derivations, selections of set-valued
mappings, D’ Alembert’s functional equation, characterizations of information mea-
sures, functional equations in restricted domains, as well as generalized functional
stability and fixed point theory. It is a pleasure to express our deepest thanks to all the
mathematicians who, through their works, participated in this publication. I would
like to thank Dr. Michael Batsyn for his invaluable help during the preparation of
this book. I would also wish to acknowledge the superb assistance that the staff of
Springer has provided for the publication of this work.

Athens, Greece Themistocles M. Rassias
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On Some Functional Equations

Marcin Adam, Stefan Czerwik and Krzysztof Krol

Subject Classifications: 39B22, 39B52, 39B82, 40A05, 41A30.

Abstract This chapter consists of three parts. In the first part we consider so-called
Adomian’s polynomials and present the proof of the convergence of the sequence of
such polynomials to the solution of the equation. The second part is devoted to present
several approximation methods for finding solutions of so-called Kordylewski—
Kuczma functional equation. Finally, in the last one we present a stability result
in the sense of Ulam—Hyers—Rassias for generalized quadratic functional equation
on topological spaces.

Keywords Adomian’s polynomials - Decomposition method - Convergence of Ado-
mian’s iterations - Approximate solutions of functional equations - Generalized
quadratic functional equation - Stability

1 On the Convergence of Adomian’s Method

1.1 Introduction

G. Adomian in several papers (see e.g. [6-9]) developed a numerical technique using
special kinds of polynomials (called Adomian polynomials) for solving non-linear
functional equations. In this method the solution is given by a series having terms
which are Adomian’s polynomials. Unfortunately, the problems of convergence are
not satisfactorily solved.
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2 M. Adam et al.

Yves Cherruault [10] presents some results on convergence of Adomian’s method.
But the result (and the proof) presented in this paper contains some incorrectness. In
this chapter we present a similar result and the complete proof.

Throughout this chapter we denote the sets of nonnegative integers, positive
integers, and real numbers by Ny, N, and R respectively.

1.2 The Decomposition Method

Let us consider the following functional equation:

y=N» =/, ey)

where N : X — X is a given function on a Banach space X and f € X. Assume
that (1) has exactly one solution y € X for every f € X.
The Adomian method is the following one. Let

Y= vn )

n=0

and assume that
o0
NG =) A, 3)
n=0

where A,, are so-called Adomian’s polynomials obtained from the relation:

o0 o0 o0
for z= ZX"yn, N (Z,\y> = ZA"A,,,

n=0 n=0 n=0

where A is a parameter. Then we have (under suitable assumptions on N)

dr ad
1A, = — | N Ay, , No. 4
=g |8 (Zoew)| e @

In general, one can verify that A, depends only on yy, ... , y,.
First, we neglect the problem of convergence of the series involved into the
method. Then from (1), (2), and (3) we get

o) 00
dom= ) A=t
n=0 n=0

and therefore
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y1 = Ao,

Yo = A1, n e N.

Consequently, we can determine all term of the series (2).
In [10] the following modification is presented. For a convergent series

]
y = Zym
n=0

we define

oo
NG =" An(¥os -+ Yn),
n=0

where A,’s are given by (4). Let

n

Un = Z)’i,

i=0
then .
Na(Up) =Y Ai(yo, - > 30).

i=0

Therefore the Adomian method is equivalent to finding the sequence
Si=yi+...+ W
given by the formula
Snt1 = Nu(yo + Sn), So =0, n € Ny (5)

(for more details, see [10]).
The sequence defined by

Sn+1 = N()’O + Sn)& SO = 09 ne NO’
one can associate with the following equation:
N(yo+8)=S. (6)

Under suitable assumptions we shall prove in the next part of the chapter that the
sequence given by (5) will converge to S, the solution of (6) (the proof presented in
[10] contains some incorrectness).
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1.3 Convergence Result

We shall prove the following result concerning the convergence of the approximations
to the solution of the equation.

Theorem 1 Let X be a Banach space andlet N,N,, : X — X, n € Ny, be functions
such that

INX)= NI <éllx —yll, x,yeX, @)

where
0<é<1, (8)

and there exist constants L, > 0, n € Ny, such that

Ny = N)@OI < Lallxll, x € X, n €N, ©)

where
L,—>0 as n— oo. (10)

Then the sequence {S,} given by

Sp+1 = Nu(yo + Sn), So =0, n € No, (11)
where yo € X is arbitrarily fixed, converges to S, the unique solution of the equation

N(yo+5)=S. (12)

Proof Let us note that, in view of (7) and (8), from the well-known Banach fixed
point theorem for the strict contraction in complete metric space the Eq. (12) has
exactly one solution S € X.

Take & > O such that ¢ + § < 1. Then from (10) it follows that there exists
a number ny € N such that L, < i for n > ng. Assume that M, is the number
satisfying the conditions

My

My
1Suoll < — IS < —, llyoll < Mo. (13)

4

Now we shall prove the inequality

M,
n&—sns3i n > ng. (14)
For n = ny we have
1S — SI < 18wl + 151 < Mo 4 Mo _ Mo
o — e -4 4 2

Let us assume that for n = m > ng we have

M,
n%—wsf. (15)
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From (7), (9), and (11) we get

[1Sn1 = Sl = [IN2(yo + Sn) = N(yo + )l
= [INa(yo + Sp) = N(yo + S») + N(yo + Su) = N(yo + S
< [I(Nw = N)(yo + Sl + 811S, — S|
< Lullyo + Sull + 8115, — S
< La(llyoll + 1Sa1D) + 8115w — S1I-

Therefore

1Sn+1 = SI < Lu(llyoll + 1Su1D) + 811S, — S (16)
for all n € N. From (15) one obtains
My

M
2

0
1Smll < 1Sm = ST+ 1ISII < - Mo

and consequently, by (16) for n = m we get

M, My 0
| Sms1 — Sl < Ln(Mo + M) +57 < (e +3)7 < -
ie.,
My
1Sns1 — SII < >

which shows by the induction principle that (14) holds true. Consequently, from (14)
there exists

0 <limsup|S, — S|| =¢g < oo.
n—00
To prove our theorem it is enough to verify that ¢ = 0. In fact, (14) implies
1Sl = Mo, n = no,
and consequently by (16) we obtain for n > ny
1Sns1 — SII < 2L, Mo + 8IS, — S

Hence, on account of (10), we get

g =limsup S, 41 — S|

< limsup (2L, My) + lim sup (§]|S, — S1|)
n—oo n—oo

< d8limsup|S, — S|

n—00

<dq,



6 M. Adam et al.

ie.,
q < dq,

which implies by (8) the equality ¢ = 0. This means that there exists the limit

0 < lim [|S, — S|l <limsup S, — S| =0
n—o00o

n—oo

and the proof is completed. O

2 Approximation Methods for Solving Functional Equations

2.1 The Collocation Method

In the first and in the second part of this section we contemplate two boundary
element methods. The first will be the collocation method. We can read about this
method in [29]. Furthermore, we can read about the linear functional equation and
the nonlinear functional equation in [27].

We consider the linear functional equation

yIf )] = gx)y(x) + F(x), A7)

where functions f, g, F are given and y is unknown function.

In this section we consider continuous solutions of the Eq. 17 in the interval [a, b]
and taking values in R.

The class of functions defined in an interval / and taking values in R will be
denoted by Y[I]. Let Rg [I] be the class of continuous and strictly increasing functions

in I fulfilling the conditions for £ € I:

. (f(x)—x)(&—x)>0, xel, x#E,
2. (fx)—=8&)(E—x)<0, xel, x#E.

Theorem 2 [27] Assume that f € Rg[I], where & € 1. Let functions g, F € Y[I] be
continuous in I and g(x) # 0 forx € I, x # &. Further, let condition |g(§)| > 1 be
fulfilled. Then Eq. (17) has a unique continuous solution y € Y[I] in 1. This solution
is given by the formula

oo F n
y[x] = _Z [f"(x)]

, xel, (18)
0 G,H.](X)

n=»

where
n—1

G,(x) = Hg[fi(x)], xel, neN.

i=0

In the sequel we present the following result.
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Theorem 3 Let functions g, F : [a,b] — R, f : [a,b] — [a,b] fulfill the
assumptions of Theorem 2 for P = [a, b], where a < b, a,b € R. Let

S:={x;: x; €la,b]l, x; #xjfori #j,i,j=1,...,n}

Assume that @; : [a,b] — R,j = 1,... ,n, are given and linearly independent
functions on the interval [a, b]. Then the solution of the Eq. (17) on the interval [a, b]
is approximated by the function

WE) =) pi®;(x),  xela,bl, (19)
j=1
where coefficients p;, j = 1,... ,n, are solutions of the equations
Y P =F(x),  i=1.....n, (20)
j=1

where W;(x;) == @;[f(x)] — gx))P;(xj))and x; € S,i,j =1,... ,n.
Proof Define the following error function
Rly()] := y[f ()] = gx)y(x) — F(x).
We calculate value R[y,(x;)] for x; € S:

Rlyn(xi)] = yal f ()] = g(xi)yn(xi) — F(x;)

= Z pi®;[f(x)] — glx;) Z pi®;i(x;) — F(x;)

j=1 j=1
=2 pi[ @510 = gD | = F ).
j=1

In the collocation method we calculate unknown parameters p; by finding place,
where error function R[y(x)] takes value equal to O on the set S, that is

Rlyn(x)] = 0, i=1,...,n.

From the above conditions we get the system of Eq. (20). This completes the
proof. O
In this section we use the same examples to show solution accuracy.

Example 1 Find approximate solution of the equation

1 2
y(zx) =2x +4)y(x)—4x° —Tx, x e[—1,1], 21

using the collocation method.
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Solution 1 In this case we take the following knots: x; = —1, x, = 0, x3 = 1
from the interval [—1, 1]. From the Eq. (21) we get f(x) = %x, g(x) = 2x + 4,
F(x) = —4x? — 7x. These functions fulfill the assumptions of Theorem 2. We take
the following linearly independent functions:

Pi(x)=1, P =x, D3x)=x".
We calculate the functions ¥;(x) for j = 1,2,3:
Yi(x) = @il f ()] — g(x)P1(x) = —2x — 3,

7
Uy (x) = o[ f(x)] — g(x)Py(x) = —2x2 — 5%

15
W3(x) = O3[ f(0)] — g(x)P3(x) = —2x° — Tﬂ_

By putting the knots to above functions and from (20) we get the following system
of equations
—p1+3p2—ip3=3,
=3p1+0p2+0p3 =0,
—5p1— S pr—Fps =11,

to which the only solution is

p1 =0,
p2=2,
p3=0.

Hence we get approximate solution of the Eq. (21) in the form
y3(x) = p1@1(x) + p2P2(x) + p3P3(x) = 2x.

This is the accurate solution of the Eq. (21).
Next we apply this method to nonlinear functional equation. We consider the
nonlinear functional equation

yIf )] = glx, y(x)), (22)

where functions f, g are given and y is unknown function.
Let £2 be a region (an open, simply connected set) on the real plane and let / be
a real interval. We introduce the sets (see [27])

2, ={y: (x,y) € 2}.

Let g be a function defined in £2. We denote by Iy the set of values of g(x, y) for
yeS2.
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We assume the following hypotheses (see [27]).
Conjecture 1 For every x € [ the set §2, is an open interval (possibly infinite).
Conjecture 2 For every x € I we have I, = 2y(y).

Conjecture 3 The function g(x, y) is defined and continuous in the strip

{(x,y): xel, ye 2.}

Conjecture 4 For every fixed x € [ the function g,(y) A g(x,y) is invertible in
2,.

Theorem 4 [27] Let f € Rg [I], where & is an endpoint of I, & ¢ I, and let
conjectures 1, 2, 3, and 4be fulfilled. Then Eq. (22) has in I a continuous solution y
depending on an arbitrary function, given in the interval [xg, f(x0)].

Now we consider the following example.

Example 2 Find the approximate solution of the equation
1
y(§x> =30 =8 +x, xel-L1], (23)

using the collocation method.

Solution 2 From the Eq. (23) we get f(x) = %x, and g(x,y) = —8x3 +x + 3.
These functions fulfill the assumptions of Theorem 4 for 2 = (—1,1) x R and
2y = Q2¢x) = I'y = R. In this case we take the following knots: x; = —1, x, =0,
x3 = 1 from the interval [ — 1, 1]. We take the following linear independent functions:

D(x)=1, Dx)=x,  D3(x)=x".
‘We calculate the error function
1 3 3
RIy) = y(5%) = () + 86 —x.
Hence for ,
) =Y p®ixi), i=123,
j=1
we get
3

3 3
1
R[ys(x,-)]=2pja>,-(5xi)— Y pi@ia) | 485 —x i=123. (24)
j=1 j=1

In the collocation method R[y3;(x;)] = 0 fori = 1,2,3. From (24) we get for
i=1,23
LE
2

LE

1 pips — 3p?p3) x7 + (—p3 — 6pipap3) X}

Pl—Pf-f-( pfpz)xi+(
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+ (—3p§p3 — 3p1p§) x? + (—3p2p§) xi5 — pgxf = —8xi3 + x;.

By putting the knots to above equations we get the following nonlinear system of
equations

pi—pi— 2 +3pipy+ B —3pip3 —3pips+ p3 +6p1p2ps — 3p3ps
=3pipi+3ppi—pi=17,
’;
p1—p; =0,
) &_32 ﬂ_3 2_32 _3_6 _32
P1—pit+ 53 pip2+ 5 p1D3 pip3 — D> P1DP2P3 D> P3
—3p1p3 —3p2pi—pi=-T,

to which the solution is

p1 =0,
p2=2,
p3=0.

Hence we get approximate solution of the Eq. (23) in the form

¥3(x) = p1@1(x) + pr®a(x) + p3P3(x) = 2x.

This is the solution of the Eq. (23).

2.2 The Method of Moments

One can read about this method one can read in [29].

Theorem 5 Let functions g, F : [a,b] — R, f : [a,b] — [a,b] fulfill the as-
sumptions of Theorem 2 for P = [a,b], where a < b, a,b € R. Assume that
D :la,b] - R,j=1,...,n,are given and linearly independent functions on the
interval [a, b]. Then the solution of the Eq. (17) on the interval [a, b] is approximated
by the function

n
@) =F@X)+ Y pj®;(x), x€la,bl, (25)
j=1
where coefficients p;, j = 1,... ,n, are solutions of the equations

n b b
D [ f wj<x)<z>,~(x>dx]= f (1 + 8 F) = FLA@) @) dx 26)
Jj=1 a

a

fori=1,... . nand ¥;(x) = Q;[f(x)] — g(x)P;(x), x € [a,b].
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Proof Define the following error function
Rly(x)] = y[f(x)] = g(x)y(x) — F(x), x € [a,b].
We calculate the value R[y,(x)] for x € [a, b]:
Rlyn(0)] = yaLf (X)] = g(x)yn(x) — F(x)

= FIf]+ Y pi@i[f 0] = g() | Fa)+ Y pid;x) | — F(x)

j=1 j=1

=3 PPN = g0P(0)| + FLAOT = (1 4+ () F(x)

j=1
= Z Pi¥i(x)+ FLf)] = (1 + g(x)F(x). 27)
Jj=1

In the method of moments we require the error function to be orthogonal to
functions @;(x), i = 1,...,n. It means that it must be satisfied by the following
conditions

b
/R[yn(xncb,-(x)dx:o, i=1,....n. 28)

From (27) and (28) we get the system of equations

b n b b
ijlpj(x)(pi(x)dx_/ (1+g(x))F(x)‘Pi(X)dx+/ FIf(x)]®i(x)dx = 0.

a -1
After transformations we get the system of Eq. (26). This completes the proof. O
The system of Eq. (26) takes the following matrix form

C-p=F 29)
where
b
C={Cij}ij=1..n» Cij :/ Vi(x)P;(x) dx,

p:[pl,,,_ 7pn]T9

b
F=[F,. .. Kl F =/ (1 + g F(x) = FLf(x)]1Pi(x) dx.

Remark 1 1t would be interesting to find conditions when the system of Eq. (29)
has a solution.

Example 3 Find the approximate solution of the equation

1 2
y(§x> — Qx+dy) —42—Tx,  xel-11] (30)

using the method of moments.
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Solution3 From the Eq. (30) we get f(x) = %x, g(x) = 2x+4, F(x) = —4x>—7x.

These functions fulfill the assumptions of Theorem 2. We take the following linearly
independent functions:

O(x)=1, Dx)=x,  D3(x)=x".
We calculate the functions ¥;(x) for j =1,2,3:
Yi(x) = &1 f(0)] — g(x)P1(x) = —2x — 3,

7
Wy(x) = Bo[ f(x)] — g(x)Pa(x) = —2x7 — 2

15
W3(x) = 3£ ()] - g)B3(x) = =207 = %
Furthermore, we get the following elements of matrix C:
1 1
C= / U(x)P1(x)dx = / (=2x —3)dx = —6,
—1 ~1
1 1 7 4
2
Cp= / U (x)Pi(x)dx = / (=2x" = =x)dx = ——,
-1 ~1 2 3
! ! 15 5
3 2
Ciz= / U3 (x)Pi(x) dx = f (=2x" — —x%)dx = ——,
_1 1 4 2
1 1 4
Cy = / U1 (x)Pr(x)dx = / (—2x = 3)xdx = 3
—1 ~1
1 1 7 7
2
Cyp = / U (x)Pr(x)dx = / (—2x° — Ex)x dx = 3
—1 —1
! ! ; 15, 4
Cypz = U3(x)Dr(x)dx = (=2x7 — —x")x dx = ——,
_1 —1 4 5
1 1
Cy = / U (x)P3(x) dx = f (—2x = 3)x%dx = -2,
—1 —1

1 1 5 7 5 4
Csp = U (x)D3(x)dx = (—2x° — Ex)x dx = —3
—1 —1

! ! ; 15, 3
Cs3 2/ U3(x)D3(x) dx =/ (—2x° — Zx )X dx = —3
—1 -1

and elements of the column F:
1 1 \2
F = / [(2x + 5)(—4x> —Tx) + 4 <§x) +7 (
-1

1 2
F, = / [(2x + 5)(—4x> —Tx) + 4 <%x) +7 (

1
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| . 1 \2 | X 66
F = / [2x +5)(—4x" —Tx) + 4 (—x +7 —x> Ixrdx = ——.
» 2 2 5

Finally, we get the following system of equations

—6p1 — 5p2 — 3p3 = =22,

311 312 513 5
_2171_3[72—5[)3 -5

to which the only solution is

p1 =0,
p2=09,
p3:4.

Hence we get the approximate solution of the Eq. (30) in the form
y3(0) = pr@1(x) + pa®a(x) + p3@3(x) + F(x) = 9x + dx® — dx® — Tx = 2x.

Moreover, this is the solution of the Eq. (30).
Next we apply this method to nonlinear functional equation.

Example 4 Find the approximate solution of the equation

1
y(§x> =30 =8 +x, xel-L1], G1)
using the method of moments.

Solution 4 From the Eq. (31) we get f(x) = 1x and g(x,y) = —8x% + x + y°.
This functions fulfill the assumptions of Theorem 4 for 2 = (—1,1) x R and
Q2. = 24 = I: = R. From (31) we obtain F(x) = —8x* + x. We take the

following linearly independent functions:
Pix)=1, Px)=x, D) =x>,  Dyx)=x".
We calculate the error function
_ l .3 3
Ryl =y 2*) =Y (x) + 8x” —x.
Hence for )
YaX)=F(x)+ Y p;j®;(x), xel-11],
j=1
we get
3
1 ! 1 !
Rlys(x)] = F(§x> T ij¢j(§x) — | Fe+Y pi@00 | +8x° —x
j=1

j=1
(32)
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for x € [—1, 1]. In the method of moments it must be satisfied by the conditions

1
/ RIn(I&i(x)dx =0, i =1,2,3,4, (33)
-1

From (33) for @;(x) = 1 we get

1
/ (512 — 192y + 24p2 — pIx° + (— 1923 + 483 ps — 3p3 )’
—1

+ (=192 — 192y + 24p3 + 48py + 48paps — 3pips — 3p3 — 3papi)x’
+(—192p) +48p3 + 48pap3 — p3 + 48p1ps — 6p3pa — 6pap3ps — 3p1 p)x°
+ (24 +48py + 24p; +48pips —3p; —3pap; —3ps — 6papa — 3pipa

— 6p1p3pa)X°

+ (48p1 4+ 48p1pr — 3p3 — 6paps — 3p3ps — 3p1p; — 6p1pa — 6p1papa)x’?

P
+(6+24p7 —3p2 —3p; — p3 —6pi1ps — 6pipaps + ? —3pipax’
P
+(=3p1 = 6p1p2 = 3pipy + 7 = 3pipa’
! p
+ (=5 =30+ 5 = 3pipx + (pr — p) dx = 0.

From (33) for &,(x) = x we obtain

1
/ (512 — 192y + 24p2 — px™® 4+ (=192 + 48ps pa — 3pspD)a’
—1

+ (=192 — 192, + 24p% + 48y + 48paps — 3p2 ps — 3p2 — 3pap2)x®
+(=192p; + 48ps3 + 48pyp3 — p3 +48p1p3 — 6p3ps — 6papaps — 3p1p)x’
+ (24 4 48py + 24p; + 48pips — 3p3 — 3pap3 —3p3 — 6p2ps — 3p3pa

— 6p1p3pa)x®

+ (48p1 +48p1p2 — 3p3 — 6paps — 3p3p3 — 3p1p; — 6p1pa — 6p1 papa)x’
LB

2 4
X
3 D1 P4)

+(6+24p7 —3p2 —3p3 — p3 —6p1ps — 6pipaps +

LEN

2 3
X
2 PipP3)

+(=3p1 — 6p1p2 — 3pip3 +

L

) pip)x* 4+ (p1 — phx dx = 0.

1 2
+ (_E —3p] +
From (33) for @3(x) = x? we get

1
/ (512 — 192ps + 24p; — p)x" + (—192p3 + 48p3 ps — 3p3p)x'”
-1
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+ (=192 — 192y + 24p3 + 48py + 48paps — 3p3ps — 3p3 — 3paph)x’®

+ (—192p; +48p3 +48pyps — p3 + 48p1 ps — 6p3py — 6p2p3ps — 3p1 pHx®
+ (24 +48py +24p; +48pips —3p; —3pap; — 3ps — 6papa — 3pipa

— 6p1p3pa)x’

+ (48p1 +48p1py — 3ps — 6paps — 3pip3s — 3pips — 6p1 pa — 6p1 papa)x®

P4
+(6424p7 —3p> —3p3 — p3 —6p1p3 — 6p1p2p3 + T 3pipa)x’

L

2 3pipy)x’

+(=3p1 — 6pip> —3pips +

P2

5~ 3p2p)x’ + (p1 — pHx? dx = 0.

1 2
From (33) for ®@4(x) = x> we obtain

1
/(ﬂ%%%m+mﬁ—ﬁn”+«4%m+%mm—ww@ﬂ
~1

+ (=192 = 192, + 24p? + 48y + 48pr py — 3p2ps — 3p2 — 3papHx'©
+(—192p) +48p3 + 48pap3 — p3 + 48p1ps — 6p3pa — 6pap3ps — 3p1 p)x’
+ (24 +48py +24p; +48pips —3p; —3pap; — 3ps — 6papa — 3pipa

— 6p1p3pa)x®

+ (48p1 +48p1p> — 3p3 — 6p2p3 — 3p3p3 — 3p1p; — 6p1ps — 6p1papa)x’

P4
+(6424p7 —3p> —3p3 — p3 — 6p1p3 — 6p1p2p3 + T 3pipa)x®

p3
+(=3p1 — 6p1p2 — 3p1p5 + il 3pipa)x’
1
+(—5 =3+ % —3p2pxt + (p1 — pHxddx = 0.
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Finally, we get the following nonlinear system of equations

— B8y —2pi + Bpipy—2p1p3 — B2 ps — 2pips + L paps — Epips
—Spip} = 2P+ 2 pips — 2pipars + Bpaps — Lpopsps — Spipd
—%P3P5 =0,

%Pf - %PZ —2pip2+ %Pg - %P% + %le - %Pll’zm + %P%
—Spapy — BB, — Splps+ B pypy — Spps — Lpipsps — 3p3ps
+EPE — ippi — fpl = 5

—%Pl - %P% + %PIPZ - %pm% - %m - gpfps + %sz - SP%IB

—Spip3 —Eipi+ B pips — Lpipaps+ 2 p3ps — Tpapsps — 2p1p}
—11p3pi =0,

Rt — B — Spip+ 3 p2 —2p3+ Bpips — Zpipaps + 03
—§P2P§ - 215270516231’ - gp%m + %PZP - %P%[M - §P1P3P4 — 16—117%194
+iPi — T P2Pi = 15Pi = ~ s
to which the solution is

p1=0,

=1,

p3 =0,

ps =38.

Hence we get the approximate solution of the Eq. (31) in the form

Ya4(x) = p1@1(x) + p2®a(x) + p3P3(x) + pa@s(x) + F(x)
=0+ lx + 0x? + 8x> — 8x> + x = 2x.

As we know this is the solution of the Eq. (31).

2.3 The Least Squares Method

In this section we apply the method presented in [25], to nonlinear functional
equation. We present this method on the following example.

Example 5 Find approximate solution of the equation

y(%x) — )-8 +x,  xel[-1,1] (34)

using the least squares method.
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Solution 5 From the Eq. (34) we get f(x) = %x and g(x,y) = —8x3 + x + 3.
These functions fulfill the assumptions of Theorem 4 for 2 = (—1,1) x R and
2y = 2x) = I, = R. We take the following linearly independent functions:

D1(x) =1, Dy(x) = x.
‘We calculate the error function
1
RIy(0)] = y(§x> — () + 82 — x.

In the least squares method we tend to minimize the following expression

1

1) = I(pr. p2) = / (RIy2(0])? dx.
-1

where y>(x) = p1D1(x) + p2P2(x). Hence we get

3 2

1 2 2
I(P)zfl ij@j(%x>— ij@j(x) +8x —x | dx.
R j=1

Thus coefficients p; must satisfy the equations

o1(p) _

0, i=1,2.
api

Therefore we get fori = 1,2:
3
1 2 1 2
@-(—x)— Di(x) | +8x7 —x
/ LICORI DI

2
2
1
@i(5x> -3 ;pj@j(x) (1) | dx =o0. (35)
From (35) for i = 1 we have

! 1
/ (Pl + 2 <§x> — (p1 + pax)’ +8x7 — x> (1 =3(p1 + p2x)*) dx =0,

1

and for i = 2 one gets

! 1 1
/ <PI+P2 (535) — (p1 + pax)® + 8x° — X)-<§x—3 (p1 + pax)? ~x) dx =0.
-1

Finally, we obtain the following nonlinear system of equations

2p1 — 8p7 +6p] — L pipy — 6p1p} +20pip + 6p1p3 =0,

— B+ Lpy— 6pIpa + 10pipr — B2 p2 — 4p3 + 12p2p3 + $pf = — 82,
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to which the solution is
p1=0,
p2=2
Hence we get the approximate solution of the Eq. (34) in the form
y2(x) = p1®1(x) + p2Pr(x) = 2x.

Moreover, this is the solution of the Eq. (34).

2.4 The Adomian Decomposition Method

We can read about this method in [1, 2, 4, 5-9]. In this section we apply the de-
composition method, presented in [2, 26], to nonlinear functional equation. Let us
consider the following functional equation

y—N@y) =f, (36)
where N : X — X is a given function on a Banach space X and f € X.
Theorem 6 [2] Let X be a Banach algebra and let N : X — X be the class of C*°.
Then

Ar= D Car (NGO o (N (o)~

ap+...+a,=n
- (NP (o)™ 7 o (N (y0))™ (37)
and Ag = N(y), where yg € X and

Capse - >0

n!
- (a1 —a)! ... (a_1 —ap)la,!(A1)x=2  (n — D)l-1=%np)(n + 1 — oy)!
(38)

forn € N.

yeen

1 (o] 1
2 Ci1 %
0 1
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Theorem 7 [2] If N is C*® and satisfies |N™(yo)|| < M < 1 for any n € N, then
the decompositional series Y .-, vy is absolutely convergent and we have

2
sl = [All < M nvien/3n, (39)

We present this method on the following example.

Example 6 Find the approximate solution of the equation

1 1 5 2,
y(§x>—ﬁy (=38 +x  xel-L1], (40)

using the decomposition method.

Solution 6 From the Eq. (40) we get f(x) = 1x and g(x,y) = —3x° + x + 5 y°.
These functions fulfill the assumptions of Theorem 4 for £2 = (—1,1) x R and
2y =Ry =1 =R

In this example we consider a Banach algebra (X, | - ||), where X = C([—1, 1]),
lxll = sup,e_yqy XM and N : C([—1,1]) - C([—1,1]), N € C¥(X,Y) for
Y = C([—1,1]). From (40) we get N(y) = &y* and f(x) = —2x3 + x. In this
method we have

By differentiating N(y) we get N'(y) = }‘yz, N"(y) = %y, N"(y) = % and
N®(y) = 0. From (37) and applying the table of coefficients we have
16 .

Yo(x) = 2x — ERE

1 o= Ny = Lyt = L (2 16, }
—X = = = — = — X — —X~
Y1 > 0 Yo 12)’0 12 3

2, 16 5 128 , 1024 ,

= —Xx" - —Xx + X X7,
3 3 9 81
16 , 512 5 16384 ., 524288
yi(x) = ?x - Tx + 9 x' = 21 X,
1 , 1 16 5\’
» <5x) = A1 =cN(Qo) - N(y) = 7 (ZX -3 >

16 , 512 5 16384 , 524288 ,
N = —x + x' = X
3 3 9 81
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16 ¢ 1792 , 74752 , 1409024 |,
= —Xx — x + X — X
3 9 27 81
11534336 5 33554432 s
+ X = X
243 729
512 5 229376 , 38273024 , 2885681152
V(X)) = —x" — x4+ X~ — X
3 9 27 81
94489280512 ;1099511627776
+— " - —x

243 729

k)

1
y3<—x)::Az=cnmN(m»2-N”@w—+Q@Nom»(N%y»V

2

1 /16 512 16384 242 | 1

===+ 638 x’ - > 88x9 = 2x — —6x3
2\3 3 9 81 2 3

2
16 512 16384 524288 1 16 5\°
1 =x* = =25+ x — )= (2 = =53
3 3 9 81 4 3

176 , 31744 9_|_825344 1 107773952 ,3+2800943104 5
— X x = X X

B 27 27 243 729
| 14266925056 ,, 347422588928 ,, 1105954078720
729 6561 19683 .
20528 ;16252928 , 1690304512 |, 882884214784
y3(x) = x' = x + X - X
9 27 27 243
| 9181303631872 5 1869994400940032 ,,
729 729
182149494303883264 |, 2319353808095805440 ,,
6561 T 19683 o

In the decomposition method we consider the solution having the series form

o0
Y=y (41)
n=0

In our case we get the following partial sum of series (41)

¥3(x) = yo(x) + y1(x) + y2(x) + y3(x)
_, 63488 ; 65536000 , 2185232384 |, 262798311424
3 81 81 81
" 90681792004096x15 _ 1869994400940032x17

729 729
182149494303883264 |,  2319353808095805440 ,,

X
6561 19683
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Next we use Theorem 7 to prove the convergence of this series. First we verify
the assumption of this theorem. From above calculations we have

V2
N T A
NGl < %

IN' (o)l <

E}

ool’_‘

IN"(oll <

i

»—lc\| [
5

IN"(yo)ll < >
INPG)I <0, n=4,5,...

Hence we get
1
INGol < 5 <1, neN.

From Theorem 7 we guess that the series (41) is absolutely convergent to the
solution of (40).

If we look into the partial sums of the series we discover that most expressions
cancel out in this series. From (41) and Theorem 4 we get that the Eq. (40) has
continuous solution. One can check that y(x) = 2x is the solution of the Eq. (40).

3 Stability of the Generalized Quadratic Functional Equation
on Topological Spaces

3.1 Introduction

In the theory of functional equations the problem of the stability has its origin in the
following question, posed by S. Ulam [33] in 1940, concerning the stability of group
homomorphisms.

Let G be a group and let G, be a metric group with a metric d(-, -). Given ¢ > 0,
does there exist a § > 0 such that if a function f : G| — G satisfies the inequality

dlf(xy), f(x)f(»)] <é forallx,y € Gy,
then there exists a homomorphism a : G; — G, with
d[f(x),a(x)] <e forallx € G;?

In the next year, D. H. Hyers [19] gave a partial affirmative answer to the question
of Ulam in the context of Banach spaces. That was the first significant breakthrough
and a step toward more solutions in this area. Since then, a large number of papers
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have been published in connection with various generalizations of Ulam’s problem
and Hyers’ theorem. For more information concerning the stability problems of
functional equations the reader is referred to the next monographs [13, 14, 21, 22]
and papers, e.g. [11, 12, 16, 20, 31].

Let (S, +) be a commutative semigroup and throughout this part of the chapter
let X be a sequentially complete locally convex linear topological Hausdorff space.
We recall a few results concerning the stability of the Cauchy and Pexider functional
equations on topological spaces.

In [32] L. Székelyhidi and in [17] Z. Gajda have proved thatif f : § — X isa
function for which the Cauchy difference

Cfe,y):=fx+y)—fx)=f), x,yeSs

is bounded on S, then there exists an additive function a : § — X such that f —a
is bounded on S. In such a case we say that the Cauchy functional equation

fa+y)=fx)+ f(y), x,yeSs

is stable in the sense of Hyers and Ulam.

For an arbitrary set A C X, we denote by conv A the convex hull of A, by ¢/ A
the closure of A, and by seq cl A the sequential closure of A. In [30] K. Nikodem has
proved, assuming additionally that S is a semigroup with zero, that if for arbitrary
functions f,g,h : § — X for which the Pexider difference P(f, g, h) satisfies the
condition

P(f,g,m)(x,y):=fx+y)—gx)—h(y)eV, x,yes,

where V is a bounded, convex, and symmetric with respect to zero subset of X, then
there exist functions F, G, H : S — X satisfying the Pexider functional equation

Fx+y)=Gx)+H(y), x,yeS

such that f(x) — F(x) € 3seqcl V, g(x) — G(x) € 4seq cl V, h(x) — H(x) €
4 seq clVforallx € S.

Motivated by this result, E. Glowacki and Z. Kominek [18] have proved the
stability of the Pexider functional equation without the assumption that S contains
the zero element. Moreover, in [24] Z. Kominek generalized this result, and similarly
to the above Nikodem’s theorem, he gave the appropriate bounds of functions f — F,
g—G,andh — H.

In [3] M. Adam and S. Czerwik have proved the stability of the generalized
quadratic functional equation. This result reads as follows.

Theorem 8 Let G be an Abelian 2-divisible group and let B C X be a nonempty
bounded set. If functions f,g : G — X satisfy

fe+y)+fx—y)—gx)—gly)e B, x,yegG,

then there exists exactly one quadratic function Q : G — X such that

Ox)+ f(0)— f(x) e % seq cl conv (B — B), x€G, 42)
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20(x)+ g(0) — g(x) € % seq cl conv(B —B), xe€G. 43)

Moreover, the function Q is given by the formulae

. f@'x) 1 g(2"x)
Q(x) = lim o =§nll)rrolo o xeG (44

and the convergence is uniform on G.
In the present part of the chapter we determine the general solution of the
functional equation

Jx+3y) +g(x —y) =h(x =3y) +k(x +y), x,y€G, (45)
which is a generalized version of the functional equation
Ja+3+3 fx—y)=fx =3 +3 f(x+y), x,yeG.  (40)

The general solution of the above equation is of the form f = Q-+ A+c, where Q is
aquadratic mapping, A is an additive one and c is an arbitrary constant. Itis also worth
noting that this equation is equivalent to the functional equation Agy f(x—=3y)=0,
where Af is the difference operator defined by A, f(x) = f(x+h)— f(x)and A f
denotes its third iteration. Therefore a solution of the above equation is a polynomial
of degree at most two (see, e.g., [28]). Itis a classical result in the theory of functional
equations. Moreover, we will prove the Hyers—Ulam stability of the above functional
equation on topological spaces.

Now we give some auxiliary results. Given sets A, B C X and a number k € R,
we define the well-known operations

A+B:={xeX: x=a+b,ac A, be B},

kA ={x e X: x =ka, a € A}.
One can prove (see, e.g., [15]) the following lemmas.
Lemma 1l I[fA,BC Xand0 <o < B, then
oA C B conv[A U {0}],

conv A + conv B = conv(A + B).

Lemma 2 For any sets A, B C X and numbers a, B € R we have
o(A+ B)=aA+ B,
(¢ + B)A CaA + BA.
Moreover, if A is a convex set and o, B > 0, then
aA+ BA = (a + B)A.

Let us recall that a set A C X is said to be bounded iff for every neighbourhood
U of zero there exists a number o > 0 such that A C U.
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Lemma 3 If A, B C X are bounded sets, then
AUB, A+ B, conv A

are also bounded subsets of X.

3.2 Stability

In the following theorem we prove the stability of the functional Eq. (46) on
topological spaces.

Theorem 9 Let G be an Abelian group uniquely divisible by 2 and 3, and assume
that B is nonempty and bounded subset of X. If f : G — X satisfies the condition

Ja+3+3fx—y) = f(x=3y)=3f(x+y) € B, x,y€Q, (47)

then there exist a unique quadratic function Q : G — X and a unique additive
function A : G — X such that

Ox)+AXx)+ f(0) — f(x) € % seq cl conv(11B —3B), x € G,
S )+ f(=x) c 1

O(x)+ f(0) — 5 3 sed cl conv B, x € G,
A(x) — w € éseq clconv(B—B), x<G.

Moreover, the functions Q and A are given by the formulae

o L&D+ (=2~ 2f(0)

Q(X) = nlioo 7. € G,
A@) = lim L&D =0 G
n—>oo 2.3n

Proof Putting x = y = 01in (47) we have O € B. Let us define a function f, : G —
X by the formula

f)+ f(=x)
2

Clearly, f, is even and f,(0) = 0. Since f satisfies (47), then

Je(x) == - f0), xeG.

Je(x +3y) +3fe(x —y) = fe(x =3y) =3fe(x +y) € conv B, x,y € G. (48)
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Substitution y = x in (48) leads to
fe(4x) —4f.(2x) € conv B, x € G,
ie.,
1 1
ife(Zx) — fo(x) € 1 conv B, xe€G. 49)

By a standard way (see, e.g., [3]) one can inductively check that

22n —fe(2"x) = fo(x) € = ( - 2%) convB, neN, x €G. (50)

Define
0,x) = 22n — f.(2"x), neN, x € G. (€28

For all m,n € Nand x € G, we have by (50)

Omin(x) — On(x) = 22(m+n) oo Je (2m+n ) - 22n — fe(2"x)

1 11 1
= ZE |:22m fo( Qm.2"x) — fe(Z”x)i| 22n g <1 — 22_m) conv B.

From the boundedness of the set conv B (see Lemma 3) we have that (Q,,),,cn 1S @
Cauchy sequence of elements of X uniformly convergent on G by the completeness
of X. Therefore we can define a function Q : G — X by the following formula

O(x) := lim Q0,(x), xeG.
n—oQ
Obviously, Q is even and Q(0) = 0. Taking the limit in (50) as n — oo we obtain
1
0x)— fe(x) e 3 seq cl conv B, x€G. (52)

Substituting 2"x, 2"y instead of x and y in (48), respectively, and dividing both
sides of the resulting expression by 22" we get

1 1
27]”(.»(2"06 +3y)+3- 27]’(:(2”()6 =)
n n 1
22n — f.(2"(x —3y)) — 3 22” — 2" (x +y)) e — conv B, x,yeG.
Taking the limit in the above expression as n — oo we conclude that

Q(x +3y)+30(x —y)— Q(x =3y) =30(x+y)=0, x,yeG.

Itis well known (see, e.g., [23]) thatif Q is even then the above functional equation
is equivalent to the original quadratic functional equation

Q(x +y)+ 0(x —y)=20x) +20(y), x.y €.

Therefore, Q is quadratic.
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To prove the uniqueness of the solution assume that there exists another quadratic
function Q| : G — X satisfying the condition (52). Then we have

2
01(x) = Q(x) = Q1(x) = felx) = [Q(x) = fe(X)] € 3 seq cl conv B,

ie.,

2
0:(x)—0x) € 3 seq cl conv B, x €G.

Replacing x in the above condition by 2"x and dividing both sides by 22", and
then taking the limit in the resulting expression, we obtain Q(x) — Q(x) = 0, i.e.,

01 =0.
According to (52) we get

SO+ f=x) 1

Q)+ f(0) — 5 3 5¢d cl convB, x¢€QG. (53)
Moreover
@)+ f(=2"%) = 2f(0)
o) = lim 5 o , x€G.
Now we consider the second case where a function f, : G — X is defined by the
formula ) (=)
£(x) = % cG.

Clearly, fjis odd and f,(0) = 0. Since f satisfies (47), then

Jolx +3y) +3folx —y) = folx =3y) =3folx + y) € % conv(B —B),x,y €G.

(54)
Taking x = 0 in (54) we see that
1
fo(Bx) =3 f,(x) € 1 conv(B—B), x e,
hence
1 1
§f0(3x) — folx) € T conv(B—B), xeG. (55)

Proceeding similarly as in the previous case we can prove by induction the
following formula

3i,,fo(3nx) — fox) € é (1 — 3%) conv(B—B), neN, x e(G. (56)
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Moreover, (%:x) is a Cauchy sequence and thus we can define a function
- ne
A : G — X by the following formula
(3"
AG) = lim - (3n Y rea.

Obviously, A is odd and A(0) = 0. Taking the limit in (56) as n — oo we obtain
1
Alx) — fo(x) € 3 seq cl conv(B —B), xe€G. 67
It follows from (54) that

Ax +3y)+3A(x —y) — A(x = 3y) —3A(x+y)=0, x,y€G.

It is also well known (see, e.g., [23]) that if A is odd then the above functional
equation is equivalent to the Cauchy functional equation. Therefore, A is additive.
Similarly as before, we can prove the uniqueness of the solution. By (57) we get

@) = f(=x)

A(x) 5

1
€ 3 seq cl conv (B — B), x €G. (58)

Moreover

A) = lim L8R /30

n—o00o 2.3n

Finally, from (53) and (58) we obtain

x €G.

Ox)+Ax)+ f(0) — f(x) € % seq cl conv (11B —3B), x € G,

which completes the proof. a

In the following theorem we determine the general solution of the functional
Eq. (45) without assuming any regularity condition on the unknown functions f, g,
h, k.

Theorem 10 Let G| be an Abelian group divisible by 2 and 3, and let G, be an
Abelian group uniquely divisible by 2 and 3. Suppose that functions f, g, h,k : G| —
G, satisfy the following functional equation

fO+3y)+gx —y)=h(x —=3y)+k(x+y), x,y€Gy. (59

Then there exist a quadratic function Q : G; — G, additive functions E, F :
G1 — Gj and constants Cy, C,, C3,C4 € G, such that Cy + C, = C3 + C4 and
fx)=0W)+ E(x)+ F(x)+ Cy,
g(x) =30(x) +3E(x) — F(x) + Ca,
h(x) = Q(x) + E(x) — F(x) + C3,
k(x) =30(x)+3E(x)+ F(x)+ Cy
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forallx € Gy.

Proof Since the group G5 is uniquely divisible by 2 (i.e., 2G = G), then we may
split f into its even and odd parts f*, f~ : G; — G, by the formulae

JRTRELCIES (S R (RS ()

€ Gy.
2 1

Clearly, f* is even, f~ is odd, and f = f* + f~. Similarly we define the
functions g+, g=, k™, k=, k*, k. Obviously f~(0) = g~ (0) = h~(0) = k= (0) = 0.
Since f, g, h, k satisfy (59), then

fra+3n+gtx—y)=ht(x=3y)+kt(x+y)., x,yeGy, (60)

ffx+3+gx—y=h (x=3y)+k (x+y), x,yeq. 61)

Let us denote C; := f1(0), C, := g7 (0), C3 := h*(0), C4 := k*(0). For
x =y = 01in (60) we have C; + C, = C3 + C4. Define

fo(x) == fH(x)—Cy,

go(x) 1= g (x) = C,
ho(x) == h*(x) — C3,

ko(x) := kT (x) — Cy4

for all x € G. Obviously, the functions fy, go, hg, ko are also even and f,(0) =
20(0) = ho(0) = ko(0) = 0. Moreover

Jolx +3y) + go(x — y) = ho(x —3y) + ko(x +y), x,y € Gi.  (62)

Setting, successively, x =0,y =0,y =x,y = —x,x =3y and x = 5y in (62)
and applying the fact that fy, go, ho, ko are even, we get

Jo(3x) + go(x) = ho(3x) + ko(x), (63)
Jo(x) + 8o(x) = ho(x) + ko(x), (64)
Jo(2x) = ho(x) + ko(x), (65)

Jo(x) + 8o(x) = ho(2x), (66)
So(3x) + go(x) = ko(2x), (67)

Jo(4x) + go(2x) = ho(x) + ko(3x) (68)
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for all x € G. Subtracting (65) and (66) from (64) we have
Jo(2x) = ho(2x), x € Gy,
ie.,
Jo(x) = ho(x), x € G.
Comparing (64) and (69) we see that

go(x) =ko(x), x e Gj.

29

(69)

(70)

Therefore, using (69) and (70) one can check that Egs. (66), (67), and (68) are

now given as follows

So(x) + go(x) = fo(2x),
So(Bx) + go(x) = go(2x),
Sfo(4x) + go(2x) = fo(x) + go(3x)

for all x € G. Replacing x by 2x in (71) we obtain

Jo(2x) + go(2x) = fo(4x), x € Gy.

Adding (71), (73), and (74) we have

80(3x) = 2g0(2x) + go(x), x € Gy.

Replacing x by 3x in (71) we get

Jo(3x) + go(3x) = fo(6x), x € Gy.

Adding (72) and (75), and using (76) yields
Jo(6x) = 380(2x), x € Gy,
whence
JoBBx) =3g0(x), x € Gy.
Combining (72) and (77) we arrive at

go(2x) = 4go(x), x € Gy.

(71)
(72)
(73)

(74)

(75)

(76)

(77)

(78)

Multiplying both sides of (78) by 2 and adding to the resulting Eq. (75) we obtain

go(3x) = 9go(x), x € G.

(79)
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Comparing (77) and (79) we see that

Jo(3x) = 3go(x) = %go(3x), x € Gy,
ie.,
3fo(x) = go(x), x € Gy. (80)
Finally, from (69), (70), and (80) we get
3 fo(x) = go(x) = 3ho(x) = ko(x), x € G. 81
Let Q := fy. Therefore from (62) and (81) we have
O(x+3y)+30(x —y)=0(x —3y)+30(x +y), x,y€G.

Since Q is even and satisfies the above equation, then Q is a quadratic function.
Moreover

fTx) = 0(x) +Cy,
g () =30()+ Cy,
h*(x) = Q(x) + C3,
kT(x) =30(x)+ Cy4

forall x € G,.
Now we consider the second case. Replacing y by —y in (61) we obtain

STx=3y)+g x+y)=h (x+3y)+k (x—y), x,ye€G. (82)
Thus, subtracting (82) from (61) we see that
a3 +h(x+3y)+8 x—y)+k (x—y)
=f(x=3y)+h (x=3y)+g x+y+k x+y), x,yeG;. (83

Define
Ei(x):=fT(x)+h (x), xe€Gy,

Exx): =g (x)+k (x), xeG.
Clearly, these functions are odd and E;(0) = E»(0) = 0. Then (83) becomes
Ei(x +3y) + Ex(x —y) = Ei(x = 3y) + Ex(x +y), x,y € Gy. (84)
Setting, successively, x =0, y = x, x =3y and x = 5y in (84) we get

E(3x) = Ex(x), (85)
E1(2x) = —Ei(x) + Ex(x), (86)
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E\(3x) + Ex(x) = E2(2x), 87)
Ei(4x) + E2(2x) = Ei(x) + E2(3x) (88)
for all x € G;. From (85) and (87) it easily follows that
E,(2x) =2E5(x), x € Gy. (89)
Comparing (87) and (86), and using (89) we have
E\(3x)=E2x)+ Ei(x), x€G. (90)
Now, replace x by 2x in (86) to get
E\(4x) = —E|(2x) + E»(2x), x € Gy. 91
Then subtracting (90) and (91) from (88), and using (85) and (89) we obtain
E>(3x) =3E»(x), x € Gy. (92)
Next, using (85) and (92) we have
Ei(3x) = Ex(x) = %E2(3x), x € Gy,
ie.,
3E1(x) = Ex(x), x € Gy. (93)
Substituting twice (93) back into (84) we see that

Ei(x +3y)+3E/(x —y) = Ei(x = 3y) + 3E:(x +y), x,y€ G, (94)

Er(x +3y)+3Ex(x —y) = Ex(x —3y)+3Ex(x+y), x,y€Gy. 95)

Since E| and E, are odd, and satisfy the above equations, then these functions
are additive.
Adding (61) and (82) we have

FFa4+3y)—h@x+3)+g x—y)—k (x—y)

=—f(x=3+h x-3y)—g x+y+k x+y), x,yeGi. (96)

Define
Fi(x) = f~(x) —h"(x), x€Gy,

Fx) =g (x)—k (x), xe€G.

Obviously, these functions are also odd and Fj(0) = F,(0) = 0. Then (96)
becomes

Fi(x +3y)+ F2(x —y) = =Fi(x = 3y) - F2(x +y), x,y € Gy. 7



3 M. Adam et al.
Setting y = 0 in (97) we get
Fi(x)=—-F(x), xe€G. 98)
Now, using twice (98) in (97) we see that

Filx +3y)+ Filx =3y)= Filx + y) + Filx —y), x,y € G, (99)
Fy(x +3y)+ Fr(x =3y) = ,(x + y) + Fa(x — ), x,y € Gy

Setting, successively, y = x and x = 3y in (99) we obtain

F1(2x) =2F(x), x € Gy, (100)
Fi(3x) = Fi(2x) + Fi1(x), x € Gy. (101)

Combining (100) and (101) we arrive at
Fi(3x) =3F(x), x € G. (102)

Now we show that F and F; are additive. Interchanging the roles of variables in
(99) and applying the oddness of F; we deduce that

FiBx+y)-FGBx —y)=Fix+y)— Filx —y), x,y€G. (103)
Replacing y by 3y in (103) and using (102) one can obtain
3Fi(x+y) = 3F(x —y) = Fi(x + 3y) — Fi(x = 3y), x,y € Gy,
ie.,
Fi(x +3y)+3F(x —y)= Fi(x =3y)+3F(x +y), x,y€G. (104)

Since F) is odd and satisfies the above equation, then F) is additive. From (98)
the function F; is also additive. Finally

Ei(x) = f7(x)+h"(x), (105)
3E1(x) =g (x)+ k™ (x), (106)
Fi(x) = f(x) = h (x), 107)
—Fi(x)=g"(x) —k™(x) (108)

for all x € G,. Define
1 1
Ex) = EEI(X)’ F(x):= EFl(x)’ x €Gy.

Then from (105), (107), and (106), (108) we obtain

fTX)=EX)+ F(kx), xe€Gy,
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g8 (x) =3E(x)— F(x), x€G
and

h(x)=Ex)— Fx), xeGy,
k“(x)=3E(x)+ F(x), x e Gy,

respectively. Since f = f + f~, then
fxX)=0x)+ Ex)+ F(x)+Ci, x€Gh.
Similarly, one can show that

g(x) =30(x) +3E(x) — F(x) + C»,
h(x) = Q(x) + E(x) — F(x) + Cs,
k(x) =30(x)+3E(x)+ F(x)+ C4

for all x € G|, where C| 4+ C, = C3 + Cy4. This completes the proof. O
Using a similar argument to that of the proof in Theorem 10 and applying Theorem
9, we have the following result concerning the stability of (59) on topological spaces.

Theorem 11 Let G be an Abelian group uniquely divisible by 2 and 3. Suppose
that B C X is a nonempty bounded set and let functions f,g,h,k : G — X satisfy
the condition

fx+3y)+gx—y)—h(x—-3y)—k(x+y)e B, x,yeG. (109)

Then there exist exactly one quadratic function Q : G — X and two unique
additive functions E, F : G — X such that

0(x) + F(x) + G(x) + f(0) — f(x) € % seq cl conv (B — B),
30(x) +3F(x) — G(x) + g(0) — g(x) € 64—5 seq cl conv (B — B),
Q(x) + F(x) — G(x) + h(0) — h(x) € % seq cl conv (B — B),
30(x) 4+ 3F(x) + G(x) + k(0) — k(x) € 64—5 seq cl conv (B — B)

forall x € G.
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Abstract Let (G,«) and (H, o) be square symmetric groupoids and S C G be
nonempty. We present some remarks on stability of the following conditional
equation of homomorphism

faxy)=f(x)o f(y) x,yeSxxyes,

in the class of functions mapping S into H. In particular, we consider the situation
where H = R and
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Let G| be a group and (G»,d) a metric group. Given ¢ > 0, does there exist § > 0
such that if f : Gy — G satisfies

d(f(xy), fX)f(y) <8  x,y € Gy,

then a homomorphism T : G| — G, exists with

d(f(x), T(x)) <¢ x,y € G?

In 1941 D.H. Hyers [21] published a partial answer to it, which can be stated as
follows.
Let E and Y be Banach spaces and € > 0. Then, for every g : E — Y with

sup llgtx +y) —g(x) — gl < e,
x,yeE

there is a unique solution f : E — Y of the Cauchy equation

fa+y)=fx)+fO) (1

such that
sup [[g(x) — f(O)| < e.

xeE

We can describe the result of Hyers by simply saying that the Cauchy functional
Eq. (1) is Hyers-Ulam stable (or has the Hyers-Ulam stability). At the moment it
is well known (see, e.g., [23]) that in the Hyers result it is enough to assume that
(E,+) is an amenable semigroup or a square symmetric groupoid (either of those
assumptions is fulfilled when (E, +) is a commutative semigroup).

In the next few years Hyers and Ulam published some further stability results for
polynomial functions, isometries, and convex functions in [22, 26-28].

We should mention here that now we are aware of an earlier result concerning
stability of functional equations that is due to Gy. Pélya and G. Szego [40, Teil I,
Aufgabe 99] (see also [41, Part I, Chap. 3, Problem 99] and [18, p. 125]) and reads
as follows (N stands for the set of positive integers).

For every real sequence (ay),en such that

Sup |apym — an — am| <1,
n,meN

there is a real number w with sup, .y la, — wn| < 1. Moreover,

. ay
o= lim —.
n—oo n
A next significant result for the Cauchy equation was obtained by T. Aoki [1],
who proved the subsequent (for another extension of the result of Hyers see [55]).
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Theorem 1 Assume that E and E, are two normed spaces, E, is complete, ¢ > 0
and 0 < p < 1. Let f : Ey — E; be a mapping such that

1fGx+y) = f) = fDI < clllxll” +1yI7)  x,y € Ey. 2)

Then there exists a unique solution T : E1 — E, of (1) with

1 - Tl < e, 3)
12!

Unfortunately that result had remained unnoticed by a wider audience for quite
a long time. In 1978 it was rediscovered by Th.M. Rassias [47], who came across it
while solving a problem communicated to him by Ulam (evidently not familiar with
the Aoki outcome, as well); moreover, Th.M. Rassias [47] obtained the linearity
of T under the assumption of continuity of f and thus provided an outcome on
stability of linear mappings and a method of proving it. In this way and through
his numerous further publications (see, e.g., [12, 24, 25, 29, 49-54]) Th.M. Rassias
strongly stimulated investigations of that kind of stability (for further information
and references see, e.g., [6, 23, 31, 32]). In recognition of this, the results obtained
in [47] are quite often referred to as the Hyers-Ulam-Rassias stability of the Cauchy
equation (cf., e.g., [16, 31-32]).

In [49] (see also [53, p. 326]) it has been noticed that a result analogous to that of
Theorem 1 is also valid for p < 0. Next, motivated by the problem raised by Th.M.
Rassias (see [48]), Z. Gajda [15] extended the result contained in Theorem 1 for
p > 1 and gave an example that for p = 1 it is not valid (for further such examples
see [53]; some complementary result for the case p = 1 are given in [17, 56]).
Recently, it has been proved in [8] (see also [39]) that, for p < 0, each function
f : E; — E; satisfying (2) (but of course only for x # 0 and y # 0) must be
additive and the completness of E; is not necessary then.

All those stability results finally yield the following theorem.

Theorem 2 Let E| and E, be two normed spaces, ¢ > 0 and p # 1 be fixed real
numbers. Let f : E; — E, be a mapping such that

1fGx+y) = f) = fDI < cllxll” +1yI7)  x,y € Ex\{0}. b

If p = 0 and E; is complete, then there exists a unique additive function T :
E, — E, with

cllx|”

If(x) =T < 2 1]

x € B\ {0} (5)

If p <0, then f is additive.

It has been proved in [7] that estimation (5) is optimum for p > 0 in the general
case. Further extensions and generalizations of the idea of stability, described above,
have been proposed in [4, 5, 16, 20, 45, 46] (for more information we refer, e.g., to
[6, 11, 13, 23, 31]), where the authors studied mappings f satisfying the inequality

If&x+y)=fx) = FODI = ox,y) (6)
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for functions ¢ of some other or more general form than in condition (4). In particular,
the function ¢ of the form

p(x,y) = c(lxI”lIyl?)

has been used in [45, 46], with suitable real c, p, q.

2 An Auxiliary Result

In the sequel we use in the proofs some kind of fixed point approach (for a survey on
related results we refer to [10]).The following lemma is very simple, but nevertheless
very useful in that (R denotes the set of nonnegative reals).

Lemma 1 Assume that I’ : Ry — R, is nondecreasing and

Y I'y<oo teR. (7)
n=0

Then the following three statements are valid.
(a) I'(0)=0.
(b) I is continuous at 0 or, for each t € Ry, there is m € N such that
reoH=0 n>m.
(¢c) If I is subadditive, i.e.,
't+s)<IT®)+I(s) t,s e R,
then

r (Z F"(t)) < Y I'n keNyteR,. 8)

n=k n=k+1

Proof The proof seems to be a routine by now, but for the convenience of readers
we present it here.

Since I" is nondecreasing, we have

) <r"o) neN.

Consequently, it is easily seen that (a) is a consequence of (7).
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Next, for the proof of (b), assume that there are ¢ € R, and a sequence (k,),cny €
NN such that

lim k, = o0
n—0o00

and
'k () > 0.

Suppose that I" is not continuous at 0, i.e., according to (@) there is d > 0 with
I'(c)>d c>0.

Then
rt'oy=r(r*®)>d neN,

which is a contradiction to (7). Thus we have proved (b).
Finally, we prove (c). So, fix t € R} and k € N. First, suppose that I" is not
continuous at 0. Then, according to (b), there is m € N such that

') =0 n>m.

Next, by subadditivity of I", we get

r (i F”(t)) < ir”*‘(t) +r ( i F”(t))
n=k n=k n=m+1

=) "+,

n=k
whence, by (a),
r (Z r”(:)) <Y =Y Ir'w.
n=k n=k n=k+1

It remains to consider the case when I” is continuous at 0. Then, analogously as
above, the subadditivity of I" yields

r (i F"(z)) < i o+ r ( i r"(r)) ©)
n=k n=k n=m-+1
form € N, m > k. Clearly, (7) and (a) imply that

00

Hence, letting m — oo in (9), we obtain (8). O
We need yet the following simple observation (R stands for the set of real
numbers).
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Proposition 1 Let S be a nonempty set, T : RS — RS and y,,8, : S — R, for
n € Ny. Assume that

—8um1(t) < T — T" N @)t) < yui(t) teS,neN

and

Ar) == Zan(r) <oo, I(1):= Zy,,(t) <00 €S

n=0 n=0

Then, for each t € S, the limit
@(r) ;= lim T"(p)()
n—oo

exists and
—A(t) < O() —ot) < I'(@).
Proof Since, for every k,n € Ny := NU {0}, k > 0,7 € S, we have

k

=Y 80 <Y T o)) — T )

i=1

=T )0) = T"(@)1) < D %i(0),

i=n
the limit & (¢) exists and, with n = 0 and k — 00, we obtain

A(r) = (1) —(r) < I'(1). o

3 Modified Stability on Square Symmetric Groupoids

In the case where f takes values in the set of real numbers R, condition (6) can be
written in the form

—0(x,y) < fx+y)— fx)— f(¥) < olx,y) (10)

and there arises a natural question whether results analogous to those in Theorem 2
can be obtained also for functions f : E; — R, which satisfy the inequalities

—v(x,y) = flx+y) = fO) = f(y) < ulx, y), (1)

with some suitable functions u,v : E; x E; — R4, not necessarily equal. In this
section we investigate this issue. Moreover, we do it on a restricted domain and for
functions with a domain being a subset of a square symmetric groupoid.
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Let us recall that a groupoid (G, ¢) (i.e., anonempty set G with a binary operation
o : G x G — G)is square symmetric provided the operation ¢ is square symmetric,
i.e.,
(xox)o(yoy)=@xoy)oxoy  x,yeG.

Clearly every commutative semigroup is a square symmetric groupoid. Next, let
X be a linear space over a field K, a,b € K, z € X and define a binary operation
*: X? — X by:
x*xy:=ax +by+z x,yeX.

Then it is easy to check that (X, x) provides a simple example of a square sym-
metric groupoid. Clearly,  is commutative only if @ = b. Moreover, it is easy to
check that it is associative only fora = b = 1.

If in a nonempty set G we define a binary operation x : G> — G by one of the
following two conditions:

X*xy:=x x,y €G,

X*xy: =y x,y € G,

then it is square symmetric. Also, it is easily seen that (R, o), with
xoy:=A(x—y) x,y €R,

with some fixed mapping A : R — R, is another very simple example of a square
symmetric groupoid.

One more example of a square symmetric operations is described in [18, Theorem
12]. Namely, let (G, -) be a groupoid with a right (or left) unit element and F : G> —
G be such that

F(z-x,z-y)=2z-F(x,y), Fx-z,y-20=F(x,y)-z x,y,2 € G.

Then the operation « : G> — G, given by: x x y := F(x,y) for x,y € G, is
square symmetric.

Observe yet that, if (G, o) is a square symmetric groupoid, H is a nonempty set
and 4 : H — G is a bijection, then the operation « : H> — H, given by:

x %y :=h~ N (h(x) o h(y)) x,y € H,

is also square symmetric.

The square symmetric groupoids have been already considered in several papers
investigating the stability of some functional equations (see, e.g., [18, 33, 34, 37, 38,
43,44, 55, 57]). For a description of square symmetric operations we refer to [14].

Finally, let us mention that (G, +,d) is a complete metric groupoid provided
(G, +)isagroupoid, (G, d) is acomplete metric space and the operation + : G> — G
is continuous, in both variables simultaneously, with respect to the metric d.
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In the sequel, given a groupoid (G, ¢), we define a mapping 7, : G — G by:
To(x) ;= x 0 x.

Now we are in a position to prove the next theorem, which generalizes to some
extent the main results in [18, 33, 34, 37, 38].

Theorem 3 Let (G, %) be a square symmetric groupoid, o : R> — R be a continuous
square symmetric operation (cf. [14]), S C G be nonempty, p,v : S* — Ry,
..(S) C S, I, : R — Ry be nondecreasing forn € N, and h : S — R satisfy

—v(x,y) <h(x*xy)—h(x)oh(y) < u(x,y) x,yeS,xxyes. (12)

Suppose that one of the following two conditions is valid.

(i) T, is bijective and o := 1!, p := T, satisfy

o"(x) —o"(y) < I(x —y) x,yeR,neN, (13)

A =) Dt (u(p" (). p"(0) <00 x €S,
n=0

V@) =) L (00" (). 0" () <00 x €S,

n=0
liminf F5,(u(p"(x), p"(y))) =0  x,y € S,xxye€S, (14)
n—o00
liminf I;,(v(p"(x), p"(y))) =0 x,ye€ S, xxyes. (15)
n—oo

(ii) T.|s is a bijection onto S, (13), (14), and (15) hold with p := (t.|s)”" and
o =T, and

Ai(x) = v(p(x), p() + Y Liw(p" (), p" (X)) <00 x €5,

n=1

V) = pulp(). p()) + ) L"), p" @) <00 x €S,

n=1

Then the limit
F(x):= nlij.lo " (h(p"(x)))

exists for each x € S,

F(xxy)=F(x)o F(y) x,ye S, xxyes, (16)
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and
—V(x) < F(x) —h(x) <mu(x) xe€S. (17)

Moreover, if I is subadditive and

liminf I'"'(@("(x))=0 x €S, (18)
liminf I7(@W(p"(x))) =0 x €S, (19)

then F is the unique function mapping S into R such that (16) and (17) are valid.
Proof Write Ih(t) =t, fort € R and define A, : R — R by
Ap(x) = —T,(—x) x € R,n € Ny.
Then A, is nondecreasing for each n € Ny and, by (13),
Apx —y)<o'(x)—o"(M = Li(x—y) x,yeRneNy  (20)

Let
T(a)(@) := o (a(p(1)))

fora € RS, ¢ € §. Next, (12) with x = y yields
—v(x,x) < h(t(x)) — (h(x)) < pulx,x)  x€S. ey
Hence, in the case when (i) holds, by (20), for eachn € Ny and z € § we get
T (h)(2) — T"(h)z) =" ohop"™(2) — 6" o hop"(2)
—o" M oho ,O"H(Z) —o" ot,0ho 0"(2)

< Dupi(ho p(p" (@) — To(h(p" (2)))
< L (u(p"(2), p"(2))

and

T (@) = T"(h)@) = 0" ohop"™(2) — 0" o ho p"(2)

— ol oh opn-H(Z) _Gn+l oT,0h op”(z)
> Aps1(h o p(p" (@) — To(h(p"(2))
= Apr1(—v(p" (@), p"(2)))
= — L1 (00" (@), "))

If (i7) holds, then analogously we obtain

T (h)(z) — T"(h) @) =" ohop'(z) —0" oho p"(z)
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< (o o h(p"™(2)) — h(p"(2)))
= [(o 0 h(p" T (2)) — h o T.(p" T (2)))
< L,w(" @), 0" (),

T (h)(2) — T"(h)(2) = Au(o 0 h(p"(2)) — h(p"(2)))
= Ay(1o 0 h(p" ' (2) — h o T.(p" ' (2)))
> A (—p(p" (@), " (2))
= —F(u(e" @), 0" (2))

forevery n € Ny and z € S. So, in view of Proposition 1 with

L1 (u(p"(2), p"(2))),  if (i) holds;

Vn(Z) = {Fn (\)(,OnJrl(Z), pn+1(z))), 1f(ll)h01dS,

and
5,(2) == =1 (v(p"(2), p"(2))) if (i) holds;
T =L e ), 0" @), if (id) holds,

forz € S and n € Ny, the limit
F(x):= lim T"(h)(x)
n—oo

exists for every x € S and (17) holds.
Now we show that F satisfies (16). So take x,y € S with x x y € S. Then it is
easy to check that, for every n € N,

p"(x), p"(y) €S,

p"(x*y) = p"(x)* p"(y),

o (h(p"(x))) 0 " (h(p"(y))) = 0" (h(p" (x)) o h(p"())),
and consequently
o (h(p"(x *x y))) — " (h(p"(x))) 0 6" (h(p"(¥)))
= o"(h(p"(x) * p"(y))) — 0" (h(p" (x)) 0 h(p"(¥)))
< L(h(p" (x) * p"(¥)) — h(p" (X)) o h(p"(¥)))
=< (" (), p" (),

o"(h(p"(x * y))) — 0" (h(p"(x))) 0 " (h(p"(¥)))
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> Au(h(p"(x) * p" () — h(p" (x)) o h(p"(¥)))
> Ap(—v(p"(x), p" () = =L, (w(p"(x), p"(¥)))-
Letting n — o0, in view of (14), (15) and the continuity of o, we obtain
F(x*xy)=F(x)o F(y).

Finally we prove the statement concerning the uniqueness of F. So, assume that
Iy is subadditive and (18), (19) are valid. Let A : § — R satisfy

Alx xy) = A(x) o A(y) x,ye S, xxy¢€S,

and
—D(x) < A(x) — h(x) < fi(x) x €.

According to Lemma 1, forevery x € Sandn € N,
o"(F(p"(x)) —o"(A(p"(x))) = IT'(F(p"(x)) — A(p" (x)))
< IT(F(p"(x)) — h(p" (x)))
+ I (h(p" (x)) — A(p" (x)))
< IT((e" (x))) + I (W(p" (x)))
and
o"(F(p"(x)) —o"(A(p"(x))) = AT(F(p"(x)) — A(p"(x)))
> A(F(p"(x)) — h(p"(x))) + AT(h(p" (x)) — A(p" (x)))
> AT (=V(p"(x))) + AT (—=1(p" (x)))
= —I7'(V(p" (x)) — I (" (x))).

Consequently, with n — o0, in view of (18) and (19) we obtain that

F(x)=Ax) x e S. O

Below we give a very simple example of possible applications of Theorem 3 with
functions p and v having some natural forms, mentioned already before.

Corollary 1 Let X be a normed space, cy,c3, p,q,r € [0,00),
(p—D@+r—-1>0,
S C X be nonempty, 28 = S, and h : S — R satisfy the inequality

—cillx[?llyll” < h(x +y) — h(x) — h(y) < ca(llx[|” + Iy [I”) (22)
x,yeS,x+yeSs.
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Then there exists a unique function F : S — R such that

Fx+y)=Fx)+ F(y) x,yeS,x+yes, (23)
and
crllx |9t callx|l?

Proof If p < 1landq +r < 1, then it is enough to use Theorem 3 (i). If p > 1 and
g +r > 1, then we use Theorem 3 (ii). O

4 Some Complementary Results

In this section we show that a fixed point approach, analogous as in the proof of
Theorem 3, can be applied to obtain stability results also for functions mapping a
square symmetric groupoid (G, x) into a metric space (Y, d) and satisfying the “usual
stability inequality”

d(h(x x y),h(x) o h(y)) < u(x,y)  x,y € S,xxy €S,

with a nonempty S C G, some square symmetric operation o : Y?> — Y, and a
suitable function p : S — [0, 00). In the case where S = G and

d(xoy,zoy) <d(x,2) x,y,z€7Y, (25)

such results can be derived from [18, Theorems 4 and 6]. However, the reasonings
and notations in [18] are somewhat involved, while the proof that we present below
is direct, quite elementary, on a restricted domain, and without condition (25). We
should add here that actually our proof applies some ideas from [18] (and also from
[33, 34, 37, 38, 44, 55, 57]).

We start with the following modification of Proposition 1.

Proposition 2 Let (X, d) be a complete metric space, S be a nonempty set, ¢ € X5,
T:X5 = X5 y,: 85 = R, forn e Ny,

d(T(@)), T (@)1)) < yui(t) teS,neN,
and

h(t) =) yalt) <o t€S. (26)
n=0

Then the limit
P(1) = lim T"(p)(1)

exists for everyt € S and

d(e(®),®(t)) =h(t) teS. 27)
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Proof Forevery k,n e NU{0},k > 0, € S, we have

k
AT @), T (@)6) <Y d(T" (o)), T""(p)(1)) (28)

i=1
o0
<D .
So, for each ¢t € S, the limit
D(t) = nlilrgo T"(@)()

exists and, in view of (28) (with n = 0 and k — 00), we get (27). O
Now we are in a position to prove the main result in this section.

Theorem 4 Let (G,x) and (H, o) be square symmetric groupoids, d be a complete
metric in H, the operation o be continuous, i : S2 >R ScGbe nonempty,

T.($) C S,
I, : Ry — R, be non-decreasing forn € N, and h : S — H satisfy the inequality
dh(x *y),h(x) o h(y)) < u(x,y) x,y€e S,xxy¢€eS. (29)
Suppose that one of the following two conditions is valid.
(i) t, is bijective, and o = ro_l, p = T, satisfy
d(o"(x),0"(y)) = I(d(x,y)) x,y€ H,neN, (30)

A =) Lt (u(p" (). p"(0) <00 x €S,
n=0

liminf I, (u(p"(x), p"(y))) <00 x,y € S,x*xy€S. (31)
n—oo

(ii) t.ls is a bijection onto S, (30) and (31) hold with p = (I,,|s)_1 and o = T,
and

A0 = w(p(), p) + ) L™ (), ")) <00 xS

n=1

Then the limit
F(x) := nlirglo " (h(p"(x)))

exists for each x € S,

F(xxy)=F(x)o F(y) x,ye S, xxyesS, 32)
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and
d(F(x),h(x)) < i(x) x€S. (33)
Moreover, if I is subadditive and

liminf I (A(p"(x) =0 x €S, (34)
n—0o0

then F is the unique function mapping S into H such that (32) and (33) are valid.
Proof Note that p(z) € S for z € S. Write

T()(@) == o(a(p(1)))
fora € H, t € S. From (29), with x = y = z, we deduce that
d(ho1(2), T 0h(2)) < u(z,z) z€S.
Consequently, (30) implies that, for eachn € Ny and z € S,
d(T" (@, T" (@) =d@" ™ ohop™(@).0" 0 hop"(2))
=d(" " ohop(2),06" ™ o1, 0h o p"(2))

< Dig1(d(h o p(p"(2)), To(h(p" (2))))
< L1 (u(p"(2), p"(2)))

if (i) holds and, analogously, we get

d(T" (h)(2), T"(h)(@) =d(c"* o h o p"*'(2),0" 0 h o p"(2))
< L(d(o o h o p(p"(2)), h(p"(2))))
= I,(d(to 0 h(p" ' (2)), h o T.(p" ' (2))))
< L™ @), 0" (@)

if (i7) holds, where I'y(t) = t, for t € R,. So, in view of Proposition 2 with

Va(2) = I (u(p"(2), 0"(2))), if (i) holds;
T (et @), 0" (2)), if (i) holds,

for z € S and n € Ny, the limit F(x) exists for every x € S and (33) holds.
Now we show that F satisfies (32). So take x,y € S with x x y € S. Then it is
easy to check that, for every n € N,
p"(x), p"(y) € S,
p"(x xy) = p"(x)* p"(¥),
" (h(p"(x))) o 0" (h(p"(y))) = 0" (h(p"(x)) o h(p"(¥))),
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and consequently

d(@"(h(p"(x x y))), 0" (h(p"(x))) o " (h(p"())))
=d(0"(h(p"(x) * p"(y))), 0" (h(p"(x)) o h(p"(¥))))
< L,(d(h(p" (x) * p"(y)), h(p" (x)) o h(p"(¥))))
= L(u(p"(x), " (1))
Letting n — 00, in view of (31) and the continuity of o, we obtain
F(x xy) = F(x)o F(y).

Finally we prove the statement concerning the uniqueness of F. So, assume that
A:S— H,

A(x xy) = A(x) o A(y) x,ye S, xxyes,

and
d(A(x),h(x)) < ii(x)  x€S.

Then
d(F(x), A(x)) = d(c"(F(p"(x))),0"(A(p"(x))))
< IT@(F(p"(x)), A(p" (x))))
< IT'(d(F(p" (x)), h(p" (x))))
+ IT'(d(h(p" (x)), A(p" (x))))
< 2IT((p"(x))) xeS,neN.

Now, from (34) we derive that

F(x) = A(x) x €S. O

Remark 1 Note that in the case when I is subadditive, (i) holds and
() < IV (@) teS,neN, 35)

in view of Lemma 1 we have

(@' () < Iy (Z I ™" (), pi*”(X))))

i=0

<Y I e @), o ()
i=0

=D O ue'@).p' ) xeSneN

i=n
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Consequently, in such situation, the condition

[e ]

DT . p) <0 xeS
i=0

implies (34).
Analogously, in the case of (ii), (34) follows from the conditions (35) and

> ™ @), p ) <00 xeS.
i=0

Remark 2 Let(H, o) be a square symmetric groupoid and o := 7,. Define functions
I, :R — R, forn € N, by (cf. [18]):
(1) = sup {d(c"(x),0"(2)) : x,2 € H,d(x,2) <t}  1€[0,00),  (36)
L) =0 te(=o0,0).

It is easily seen that they are nondecreasing, fulfill (30) and, for every family of
nondecreasing functions I, : R — R, with n € N, satisfying (30), we have

L) >  teR.

Moreover, R
d(o"(x),0"(y)) < I"d(x,y))  x,y € H.

There arises a natural question whether it is possible at all that

El # F ln
for some square symmetric groupoids H and some n. The answer is yes. This is
the case for instance when H is a multiplicative subgroup of the field of complex

numbers C, of the form
H={1-1,i,—i}

(where i> = —1), with o being the usual multiplication in C, and
dx,y):=|x —y| x,y € H.
In fact, then

N2 =max {[x2— 22| :x,z€ H,|x —z] <2}

=max{|x*—z* :x,z€e H} =2
and consequently, by induction, we get

o =r"@=n@=2 neN,
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but clearly
0,2 =max{|x¥ =z :x,ze H}=0 neNns>l,

because 0" (x) = x> = 1 foreveryx € H,n e N,n > 1.

Remark 3 There arises a natural question concerning the optimality of estimations
(17) and (33) (cf., e.g., [18]). Unfortunately, this is not the case, which shows
Theorem 2 with p < 0.

Remark 4 Let (G,+), (H,+) be commutative semigroups, d be a complete metric
inH,g,h:G— Gand A,B: H— H be homomorphisms with

goh=hog, AoB=BoA, 37
and ¢ € G, z9p € H. Write
xxy:=gx)+h(y)+¢ x,y€G

and
uov:=A)+ B(v)+ 29 u,v € H.

Then it is easy to check that (G, x) and (H, o) are square symmetric groupoids.
Therefore from Theorem 4 one can easily derive a stability result for the functional
equation

f(gx) +h(y)+8) =A(f(x)+ B(f(y) + 20

in the class of functions f mapping a nonempty set S C G into H. Note that condition
(37) is valid for instance when g = " and A = B™ with some m,n € N.

Below we present a simplified case of such result, concerning the general linear
functional equation of the form

Flax+By+y)=AFx)+BF(y) +C (38)

for functions F mapping a subset S # ) of a linear space X over a field K into
Banach space Y over a field F € {R,C}, with some fixed «,8 € K, A,B € F,
y € X,and C € Y. Let us mention here that, motivated by a problem formulated by
Th.M. Rassias and J. Tabor in [54, pp. 67-68], several authors (see [2, 3,9, 19, 30, 42])
studied stability of various particular cases of (38).

Corollary 2 Let E:= A+ B #1,A# —B, S C X be nonempty, s : X — X be
given by
s(x):=(@+B)x+y xeX,

¢0:8*— R and f: S — Y satisfy

I flax+ By +y) = Af(x) = Bf(y) = Cll < ¢(x, y) (39)
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for every x,y € Swithax + By + y € S. Suppose that there is ¢ € {—1,1} such
that s(S) C S and, for every x,y € S,

H(x):= ) |E|*(s™ (x), 5" (x)) < o0,
i=0

lim inf | E 7" ¢(s"* (x), s"(y))| = 0. (40)
n—0oQ

Then there exists a unique F : S — Y such that (38) holds for every x,y € S
withax + By +vy € S and

[F(x) = fOll < Ho(x)  x €8,

where
P(s7'(x), s (x), FE=0;
Ho(x) := {|E|""H(»), ifE#0ande =1;
H(s™'(x)), ifE #0Qande = —1.
Proof Note that condition (i) of Theorem 4 holds when ¢ = 1 and condition
(i1) of Theorem 4 is fulfilled when ¢ = —1. Consequently it is enough to apply
Theorem 4. O

Remark 5 Corollary 2 contains actually the main result in [9]. Note that if
A+B=1#a+8,

then with

RO 2
l—a—§8

in (38) we get C = 0, which means that for C # 0 Eq. (38) has no solutions
F : X — Y. On the other hand (39) holds for every x, y € X whenever f is constant
and
ICIl = inf o(x,y).
x,yeX
This means that Corollary 2 is not true when A+ B =1#«a + Band S = X.

Corollary 2 generalizes several already classical results on stability of (1)

described in the Introduction. In fact, if we take e = —1, V C X and
@(x,y) == Lilx||1” + Lally 1 + Lallx[I"[| yII* x,yeV
with some Li,L,,L; € Ry, p,q € (1,00), and r,s € R withr + s > 1, then H,
has the form
Lillx||”  Lollx||?  Lsllx|**
H = e V.
Al Vo S VI S v N
On the other hand, ife = 1, V C X \ {0} and
@(x,y) := 8 + Lullx||1” + L2[l17 + Lsllx " Iy I* x,yeV
with some 8, L, Ly, L3 € Ry, g,y € (—o0,1),andr,s € R withr + s < 1, then
Lillx||”  Lallx|l?  Lsllx|™**

Ho(x) = § V.
=0+t T2 *€
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Abstract We present a survey of selected recent results of several authors concerning
stability of the following polynomial functional equation (in single variable)

e(x) =Y ai()pE )" + F(x),
i=1
in the class of functions ¢ mapping a nonempty set S into a Banach algebra X over
afield K € {R, C}, where m is a fixed positive integer, p(i) € Nfori = 1,... ,m,
and the functions &; : S > S, F: S — Xandg, : S — Xfori =1,...,m, are
given. A particular case of the equation, with p(i) = 1 fori = 1,... ,m, is the very
well-known linear equation

P(x) =Y a;(0)p(&(x) + F(x).

i=1
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1 Introduction
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The issue of stability of functional equations has been a very popular subject of
investigations for more than 50 years. The first known result on it is due to Gy. Pélya
and G. Szeg6 [54] and reads as follows.

For every real sequence (a,),en With

Sup |@uim — ap — am| < 1,
n,meN

there is a real number w such that

sup la, —wn| < 1.
neN

Moreover;,
. ay
w= lim —.
n—oo n

But the main motivation for investigation of that subject was given by S. M. Ulam,
who in 1940 in his talk at the University of Wisconsin discussed a number of unsolved
problems. The following question concerning the stability of homomorphism was
among them. Let G| be a group and (G,, d) a metric group. Given ¢ > 0, does there

exist 6 > O such that if f : G| — G satisfies

d(fxey), f)f(y) <8

forall x,y € Gy, then a homomorphism T : G| — G, exists with

d(f(x),T(x)) <e
forallx,y € G,?

The first answer to it was published in 1941 by D. H. Hyers [40]. The subsequent
theorem contains an extension of it.

Theorem 1 Let E| and E, be two normed spaces, ¢ > 0 and p € R\ {1}. Assume
that f : E1 — E, satisfies the inequality

If&x+y)— fC) = fFDI < clxll” +1yIP),  x,y € Er\ {0}
If E, is complete and p > 0, then there is a unique T : E\ — E, that is additive
(ie, T(x +y)=Tx)+ T(y) for x,y € Ey) and fulfills

[f(x) =TI < lxl”,  x € Ei\{0}. ey

¢
2r T 1]
If p <0, then f is additive.

It contains the results of Hyers [40] (p = 0), Aoki [2] and Rassias [59] (p € (0, 1)),
Gajda [38] (1 < p), and Brzdek [11] (p < 0).

From [38] it follows that an analogous result is not true for p = 1 (see [41-43] for
more details). Moreover, it has been proved in [10] that estimation (1) is optimum.
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Results similar to Theorem 1 have been proved for numerous other functional
equations. Also, the theorem has been generalized and extended in various directions.
For more detailed information we refer to [3, 7, 39, 41-43, 48, 60, 62].

We can introduce the following general definition of the notion of stability that
corresponds to the outcomes collected in Theorem 1 (for some comments on various
possible definitions of stability we refer to [51-53]).

Definition 1 Letn € N, A be a nonempty set, (X, d) be a metric space, C C ]RJFA”

be nonempty, 7 be a function mapping C into R #, and F;, F, be functions mapping
nonempty D C X4 into X", We say that the equation

Fro(xi, ..., x0) = Fag(xn, ..., xp) 2)
is 7 —stable provided for every ¢ € C and ¢y € D with

d(]:](p()(xl,- .. ’xn),fZ‘pO(xl’- .. a-xn)) S S(X],. .. a-xn)
X1y...,X, €A,
there is a solution ¢ € D of (2) such that

d(p(x), po(x)) < Te(x), x € A.

Let us mention that given two nonempty sets, by A? we denote, as usual, the
family of all functions mapping B into A.

2 Stability of Zeros of Polynomials

That notion of stability of functional equations, described above, inspired numerous
authors to investigate stability of other mathematical objects, in a similar manner
(see, e.g., [7, 35, 41-43]).

For instance Li and Hua [49] started to study stability of the solutions of the
following polynomial equation

xX"+ax+B=0, 3)

with x € [ — 1, 1], where « and B are fixed real numbers and n is a positive integer.
They have proved the following theorem.

Theorem 2 Assume that |@| > n and
1Bl < lo| — 1.

Then there exists a real constant K > 0, such that for eache > Qandy € [ — 1, 1]
with

V' +ay+ Bl <e,
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there is a solution v € [ — 1, 1] of Eq. (3) such that
ly —v| < Ke.

They have asked if an analogous property is true for more general polynomials of
the form

@'+ a1+ .+ aiz+ao=0.

In this way they have inspired authors of the papers [6, 44]. For example, the
following result has been proved in [6].

Theorem 3 Lete > Qanday,. .. ,a, € R be such that

lao| < |ai| — (laz| + las| + ... + la,),

lai| > 2|az| + 3las| + ... + (n — Dlan—1| + nlan|.
If y € [ — 1, 1] fulfills the inequality
lany" +an-1y" "+ ary +aol <e,
then thereisz € [ — 1, 1] with
"+ an 7" V. A aiz+ap=0

and

ly —z| < Ze,
where
2|a2| + 3|a3| +...+ (n - 1)|an—1| +n|an|
ag

S.-M. Jung [44] has proved the subsequent theorem.
Theorem 4 LetK € {R,C}, n € N, ag,ay,...,a, € K, r > 0and

B, ={weK:|owl <r}.

Assume that
n
jar] > Y ir ™yl
i=2

n

lagl < Y (i — Dr'lay].

i=2
Ife > 0 and z € B, fulfill the inequality
lan?" + an12" .+ aiz 4 agl <,
then there is 7y € B, such that
azp a1 L Faizo+ap=0
and

&
|z — 20l £ ———,
(I = Mlai]
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where
1 n
hi=— Y ir e < 1.
lai] =

Further generalization of those two theorems have been obtained in [16], where
stability of the following functional equation

FE)+ ) a;(x) fE )Y = G, “)
j=1

has been studied in the class of functions f mapping a nonempty set S into a commu-
tative Banach algebra X over a field K € {R, C}, with the unit element denoted by e,
wherem e N,ay,...,an € X5, p:{1,... ,m} = N,G € XSand&,... &, € S5.
We write f(y)? = e and

FO =),  keN.

Note that the linear functional equation (in single variable)

fx)+ Zaj(X)f(Ej(X)) = G(x) )]
j=1
is a particular case of Eq. (4) (when p(i) = 1 fori = 1,... ,m). Itis very well known

and its stability has already been studied in several papers, under various additional
assumptions. For more information on its solutions we refer to [46, 47].

In this chapter we present a survey of those stability results concerning Eqgs. (4)
and (5), published by various authors.

For examples of other stability results for functional equations in single variable
see for instance to [1, 4, 5, 7-9, 12, 13, 18, 22, 27-30, 36, 37, 45, 65-69]. For
information on polynomials and their solutions we refer to [50, 61].

3 Stability of the Linear Equation: The General Case

In what follows we assume that S is a nonempty set, K € {R,C}, m € N, and
£1,...,&, € S5, unless explicitly stated otherwise.

We start our survey with the following general result that can be easily deduced
from [22, Corollary 4].
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Theorem 5 Let X be a commutative Banach algebra over a field K, ay, ... ,a, €
X5, e:S—> Ry, ¢: 85— X,

q(x) = lai)l <1,

i=1

e(&i(x))e(x)
and
q(&i(x)) < q(x) (6)
forx e S, i=1,...,m. Assume that

[¢() + D aipE ) — Gx)| <e(x), xeS.

i=1

Then, for each x € S, the limit
FO) = lim T"(x)
n—oo

exists and the function f : S — X, defined in this way, is the unique solution to

Eq. (5) such that

o) — foll = —2_ xes,
1—gq(x)

where T : X5 — XS is given by:
T g(x):=G(x) - Y ai(x)g(x), geX’ xes.
i=1
Clearly, assumption (6) is fulfilled when
lai GOl < la;Oll,  xeSi=1....m

this is the case, e.g., when the functions a, . .. , a,, are constant.
In the case m = 1 Eq. (5) takes the form

P(x) + ar(0)p§1(x)) = G(x). )

If & is bijective, then it can be rewritten in the form

P(EX)) = ax)p(x) + F(x) (8
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with £ := &,
ax) = —-ai(§(x)), xe€S§,

and
F(x):=GEW), x € S.

Also, if a; takes only the scalar values and 0 & a;(S), then (7) can be written as (8)
with

1
a(x) = —m, x €S,
and
G(x)
F(x):= R x € S.
a(x)

Stability of (8) has been investigated in [5, 8, 24, 56-58, 63] (for some related
results see, e.g., [8, 9, 29-34, 64-69]); it seems that the most general result has been
provided in [24, Lemma 1] and it is presented below. As usual, for each p € Ny, we
write £7 for the p-th iterate of €, i.e.,

Ex)=x, xe€S,
and
EM(0) =£E"x),  peNpxes,
and, only if £ is bijective,
=",

where £ ! denotes the function inverse to &.
From now on we assume that X is a Banach space over K, FeX S and Ee S S,
unless and explicitly stated otherwise.

Theorem 6 Letey:S — R, a:S5 —> K,

S :={x €S :aE’x) #0for p e Ny},

, o eo(EF () ,
g'x):= —_— < 00, x €S,
kgo: [T laEP(x))|

and ¢; : S — X be a function satisfying the inequality
llos(§(x)) — a(x)@s(x) — F(O)Il < go(x),  x € S. )

Suppose that the function

& :=&ls\s5 (10)
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(i.e., the restriction of § to the set S\ ') is injective and
E(S\S) C S\, a(S\S") c {0}.

Then the limit

) i “m[ 0E" () N FE) }
oo | T aEi () i TTEp atEd (x))

exists for every x € S’ and the function ¢ : S — X, given by:

o' (x), ifxeS;
p(x) = {FE '(x), ifx &)\ S,
@s(x) +u(x), ifx e S\[SUES)I,

with any u : S — X such that
lu(ll < eox),  x €S,
is a solution of functional Eq. (8) with

los(x) — @)l <&'(x), x€8, (1)

where

eo(€y ' (), ifx €ES)\S;

&'(x) ==
go(x), ifxeS\[SUES)I.

Moreover, ¢ is the unique solution of (8) that satisfies (11) if and only if
S =S8 UE(S).

To simplify the statements, in Theorem 6 it is assumed that assumption (10) is
fulfilled by every function & : S — S when the set S \ S’ is empty. Note that in the
case S\ §' = ¢, Theorem 6 takes the following much simpler form, which is actually
[63, Theorem 2.1].

Theorem 7 Letey:S — Ry, a: S — K\ {0},
00 k
&'(x) :=ZM<OO, xes,
iz [ =0 laE? ()|
and ¢, : S — X be a function satisfying inequality (9). Then the limit

n—1

o) i hm[ eE"0)  FEQ) }
o | [T Zgai() i Tl pal&i(x)
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exists for every x € S and the function ¢ : S — X, defined in this way, is the unique
solution of functional Eq. (8) that satisfies inequality (11).

The next result has been stated in [24, Corollary 1].

Theorem 8 Leta:S — K gy: S —> Ry, @5 1 S — X satisfy (8), & be bijective,

S§":={x € S:a(P(x)) #0for p e N},

&8 S, a(S\S") C {0}, and

oo k—1
' (x) 1= e ) [JlaE 7o) <00,  xes".

k=1 p=1

Then, for every x € S”, the limit

n n k—1
¢"(@):= lim | g [ TaG 0N+ FE e [aE ™ @)
k=1

j=1 j=1

exists and the function ¢ : S — X, given by

() = " (x), ifxeS"
PO = B, ifx e S\ S

is the unique solution of Eq. (8) such that

los(x) =)l < &"(x),  x €8,

where
e'(x)=eE'(x), xeS\S".

For some remarks and examples complementing the above results see [26, pp. 96,
97].

Let us yet present one more simple result from [24, Lemma 2] (a function &
mapping S into a nonempty set P is £-invariant provided (£ (x)) = h(x) forx € ).

Theorem 9 Assume that & is bijective, ¢y : S — Ry anda : S — Kare &-
invariant,

S:={xeS:lax)| £ 1},

and @5 © S — X satisfies (9). Then there exists a unique solution ¢ : S — X of
Eq. (8) such that

o(x)
los(x) — )l < ———,
’ 11— la(o)l|
It follows from [24, Remark 7.7] that, in the statement of Theorem 9, in some
situations ¢ cannot be extended to a solution of (8) that maps S into X.

x €S.
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In several cases it can be proved that the assumptions, that appear in the theo-
rems containing the stability results, are necessary. So, one could guess that in the
case when some of them are not fulfilled, we should be able to obtain a kind of
nonstability outcomes. It is true, but the point is that in general it is very difficult to
give a (reasonably simple) general definition of nonstability; for examples of such
definitions we refer to [17, 20, 23-25]. If we base on Definition 1, then such non-
stability notion should refer to the operator 7 and it seems that we should speak of
T -nonstability. Below we give an example of such nonstability result for m = 1,
given in [21, Theorem 1], and the reader will easily identify the suitable operator 7T .

Theorem 10 Assume that (a,)nen, is a sequence in K\ {0}, (by)nen, is a sequence
in X and (&p)nen, IS a sequence of positive real numbers such that

. &plangtl
Iim ——— =

=00 Epyq

1.

Then there exists a sequence (Xp)nen, in X satisfying
X041 — dnXn — bull < €4, n €N,
and such that, for every sequence (y,)nen, in X, given by
Ynt1 = apYn +bn, 1 €Ny,
we have

i lxn — yall
m —— =0
n—o00 &,

For further examples of nonstability results we refer to [17, 20, 23-25]. At the
end of the next section we give examples of nonstability results for m > 1.

4 Stability of the Linear Equation: Iterative Case

In this section we focus on a special iterative case of (5), when there is a function
& : S — S such that

£ =&/, j=1,...,m.
Then (5) takes the form
fx)+ Zaj(x)f(gf(x)) = G(x). (12)
j=1

If € is bijective, then it can be rewritten in the form

m

FOm@) =Y b)) f ") + F(x) 13)

j=1
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(analogously as in the previous section by replacing x by £ " (x)) with  := £ ! and
bi(x) = —a;(n"(x)),  Fx):=Gn"(x)), xeSi=1...,m

Also, if a,, takes only the scalar values and 0 ¢ a,,(S), then (12) can be written in
the form of (13) with n := & and

amf,'(X)’ Fl) = G(x) ’
am(x) am(-x)

In what follows we use the following hypothesis concerning the roots of the
equation

bi(x) :=— xeSi=1,...,m—1.

m

"= b =0, (14)
j=1

which (for x € §)is the characteristic equation of functional Eq. (13). The hypothesis
reads as follows.

H)n:S—>8,by,...,b,:S—> KF:S§— Xandfunctionsry,...,r, :S —> C
satisfy the following condition

H(Z—Fi(x))=z'" —ij(x)z'"*j, xeS,zeC.
i=1 =1

It is easily seen that () means that r{(x),... ,r,(x) € C are the complex roots
of Eq. (14) for every x € S. Moreover, the functions ry, ... ,r, are not unique, but
for every x € S the sequence

(r(x), ..., rm(x))
is uniquely determined up to a permutation. Clearly,
0¢&b,(S) ifandonlyif O0¢&r;(S) forj=1,...,m.
As before, we say that that a function ¢ : S — X is f-invariant provided

p(f(x) =¢x), xeS.

Note, that under the assumption that (#) holds, by, ... ,b,, are f-invariant if and
only if r,... ,r, can be chosen f-invariant (see [24, Remark 3]).
To simplify some statements we write

0
]_[ MRP(x)) =1

p=1

foreveryh : S — S, A : S — K, x € S. Moreover, we assume that the restriction
to the empty set of any function is injective.
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Now we are in a position to present [24, Theorem 1] (see also [24, Remark 7]),
which reads as follows.
Theorem 11 Letey: S — Ry, (H) be valid, ¢, : S — X,
locr @) = Y bi)es " () — F)| < eox),  x€S,  (15)
i=1

rj be n-invariant for j > 1, (iy,... ,i,) € {—1,1}". Write

1 . .
Sjizz(l—lj), j=1,...,m,

Si:={x € S:ri(n""P(x)) # 0 for p € No}.
Assume that, for each j € {1,... ,m}, one of the following three conditions holds:

1°ij=1forj=1,... , mand 0 & b,,(S),
2°ij=1for j=1,...,m, nisinjective, n(S\ S1) C S\ S1, ri(S\ 1) C {0},
3° n is bijective, n(S1) C Sy, and ri(S\ S1) C {0}

Further, suppose that

00 k—s1
e1(x) = Y e @) [ [ Ine"P @)™ <00, x eS8,
k=s] p=s1

o0
£j(x) =Y &; i E)lri) ) <00, xS je(2...,m)

k=s;

where

S;={xeS:rjx)#0} j>1,
and, in the case S\ S; # 0,
ix) = :e,f_l<n-l(x>>, ifx € n(S)\S;;
&j-1(x), ffxeS\[S;Un(Sl,
forx € S\'S;, j €{1,... ,m}). Then Eq. (13) has a solution ¢ : S — X with
llos(x) — (X))l < em(x),  x €S8.
Moreover, ifry is n-invariant and
S\S; Cn(S\S)), j=1...,m,

then for each n-invariant function h : S — R Eq. (13) has at most one solution
¢ : S — X such that

los(x) — ()|l < h(x)en(x), x €S.

A simplified version of Theorem 11, with constant coefficient functions b;, can
be found in [19].
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If we assume that the functions &y, by, . .. , b, are n-invariant and 7 is bijective,
then we obtain the following result, which is much simpler than Theorem 11 (see
[24, Theorem 2]).

Theorem 12 Suppose that hypothesis (H) holds, n is bijective, gy : S — Ry and
bi, ..., b, are n-invariant,

S:={xeS:|rj|£1forj=1,...,m},

and a function @5 : S — X is an go-solution of Eq. (13) that is (15) holds. Then
there is a unique solution ¢ : S — X of (13) such that

£o(x)

| < ;
(T = r D - ... - (L= [rm ()

llos(x) — @(x)] xeS. (16)

Moreover, for each n-invariant function € : S>> R @ is the unique solution of
(13) such that

loy@) — el < e(x),  x€S.
It follows from [26, Remark 7.13] that, in the case K = R and

(S Cl0,00),  j=1,...,m,

estimation (16) in Theorem 12 is the best possible in the general situation. But in
some other situations we can get sometimes much better estimations than (16), as
for instance in [14, Theorem 3.1] (cf.[14, p. 3]), which is stated form =2, F(x) =0
and &g, b and b, being constant functions; it reads as follows.

Theorem 13 Letn:S — S, b1,br € K by 70,8 > 0and g : S — X satisfy the

inequality

sup [lg(n*(x)) — big(n(x)) — brg(x)| <&  x €.

xeS
Suppose that one of the following three conditions is valid:

(i) Isil < 1fori =1,2and sy # sz,
@ii) |si|l # 1 fori = 1,2 and n is bijective;
(iii) (ii) holds and s\ # s»,

where s1 and s, denote the complex roots of the equation
by +biz—1=0.
Then there exists a solution f : S — X of the equation

FOP)) =bi f()) + b f(x), x€S A7)
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such that
sup [lg(x) — f(O)| < Me,
xes
where
M= min{My, M)}, if (i)or (iii) holds;
| M, if (ii) holds
and

1 K K}
M, — < [s1] n |s2] )
[s1 —s2| \Ilst| =11  [ls2] =1

1
M2 = .
[(Is1] = D(Is2| = DI
Moreover, if |s;| < 1 fori = 1,2, then there exists exactly one solution  : S — X
of Eq. (17) such that

sup [lg(x) — f(x)| < oo.

xeS

Related and even more general (to some extent) results for Eq. (17) can be derived
from [15, Theorem 2.1].
Now, let us recall [24, Definition 3] (cf. [26, Definition 7.3]).

Definition 2 Eq. (13) is said to be strongly Hyers—Ulam stable (in the class of
functions ¥ : § — X) provided there exists « € R such that, for every § > 0 and
for every ¥ : S — X satisfying

sup v ) = by () = Fo|| <6,
€ i=1

there exists a solution ¢ : § — X of (13) with

sup [lo(x) — ¥ (x)|| < ad.

xe§
In [26, Corollary 7.4] the following result is stated.

Theorem 14 Suppose that hypothesis (H) is valid, n is bijective and
in£|1—|rj(x)|| > 0, j=1,...,m. (18)
X€

Then, in the case where by, . .. , by, are n-invariant, Eq. (13) is strongly Hyers—Ulam
stable.

From [26, Example 7.5] it follows (see [26, Remark 7.14]) that assumption (18)
is necessary in the theorem above.

In the special case when the functions by, . .. , b, are constant, Eq. (13) becomes
the following functional equation:

o™ () = Y _ bip(n™ " (x)) + F(x) 19)

i=l1
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with given fixed by, ... ,b,, € K. Then Theorems 11 and 12 obtain much simpler
forms described in [24, Corollaries 3 and 4]. They show in particular that Eq. (19) is
strongly Hyers—Ulam stable under the assumption that its characteristic equation

=Y " =0 (20)
i=l

has no roots of module one. The assumption is necessary (see [26, Examples 7.6 and
7.7]).

Clearly, a simple particular case of functional Eq. (13), with S being either the
set of nonnegative integers Ny or the set of integers Z, is the difference equation

m

Yn4+m = Zbi(n)ynerfi +dna nes, (21)

i=1

for sequences (y,)nes in X, where (d,),cs is a fixed sequence in X; namely Eq. (13)
becomes difference Eq. (21) with

fmy=n+1, y,:=f)=[f@0"0), d,:=F@m), nes.

Stability and nonstability results for such difference equations can be found in [20],
with constant functions b;. Let us recall here a nonstability outcome from [20,
Theorem 4].

Theorem 15 Let T € {Ny,7Z}, by,... ,b, € Kandry,...,r, denote all the com-
plex roots of Eq. (20). Assume that |r;| = 1 for some j € {1,...,m}. Then, for any
8 > 0, there exists a sequence (y,)ner in X, satisfying the inequality

m
”yner - Zbiynerfi —dy ” <34, nefT,

i=1
such that

sup ”yn - xn” =0
neT

for every sequence (x,)ner in X, fulfilling the recurrence

Xn+m = Zbixnntmfi +d,, neT. (22)

i=I

Moreover, if r1,...,r, € Korthereis a bounded sequence (x,),cr in X fulfilling
(22), then (yu)ner can be chosen unbounded.

The next theorem provides one more nonstability result from [26, Theorem 7.4].
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Theorem 16 Suppose that n € SS F e XS, by,... by, € K Eq. (19) has a
solution in the class of functions mapping S into X, characteristic Eq. (20) has a
complex root of module 1, and there exists xo € S such that

n*(xo) # n"(x0),  k,n € No,k #n,

and
n(S\ So) C S\ So,

where
So := {n"(x0) : n € No}.

Then, for each § > 0, there is a function  : S — X, satisfying the inequality
sup [y " () = Y b (" @) = Fo)| <8,
x€eS iz

such that
SUIS) I (x) — ()] = o0
xXe

for arbitrary solution ¢ : S — X of Eq. (19).
Moreover, if all the roots of characteristic Eq. (20) are in K, then { can be chosen
unbounded.

A similar, but more general result has been obtained in [23, Theorem 1]. Below we
present next two nonstability outcomes from [23, Theorems 2 and 3]. As before,
n e 85, F e XS and, in the second theorem (see [23, Remark 1]), d|, ... ,d,_; are
the unique complex numbers such that

by =ri+d, by = —ridy—y
and, in the case m > 2,

bj=rdi+d;.  j=2....m— L.

Theorem 17 Let by,... ,b, € K, m > 1, Sy C S be nonempty, n(Sp) C So,

sup || F(x)] < oo,

xeSo

> bi=1,

j=1

m
and

Tim | Y Fr* (x| = oo

k=0
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for some xy € Sy. Then Eq. (19) is nonstable on Sy, that is there is a function
Y S — X such that

sup [y (n"(x) = Y by ("' (x) — F(x)| < o0

XES() i=1
and

sup [[¥(x) — p(x)|| = o0

xES()
for arbitrary solution ¢ : S — X of Eq. (19).
Theorem 18 Let by,... b, € K m > 1, S C S be nonempty. Suppose that
Eq. (20) have a root | € K, there is a function Vo : S — X such that

sup [|Yo(n(x)) — rio(x) — F(x)|| < o0

xeSy

and the equation

Yi(mx)) =ry(x) + F(x)

has no solutions yr; : S — X with

sup [[Yo(x) — ¥ (x)|| < oo.

X€E€Sy

Further, assume that the equation

m—1

y(" ') =Y diy (" (x) + Yo(x)

i=1

is nonstable on S (in the sense described in Theorem 17) or has a solution y : S —
X. Then Eq. (19) is nonstable on S.

5 Set-Valued Case

In this part we present two theorems that contain results on selections of set-valued
maps satisfying linear inclusions, which can be derived from Theorems 1 and 2 in
[55]. They are closely related to the issue of stability of the corresponding functional
equations.

Let K be a nonempty set and (Y, d) be a metric space. We will denote by n(Y)
the family of all nonempty subsets of Y. The nonnegative real number

3(A) :=sup {d(x,y): x,y € A}
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is said to be the diameter of a nonempty set A C Y. For F' : K — n(Y) we denote
by clF the multifunction defined by

(clF)(x) :=clF(x), x €K.
Each function f : K — Y such that
f(x) e F(x), x €K,
is said to be a selection of the multifunction F.

The theorems read as follows.

Theorem 19 Let F: K - n(Y),me N, ay,...,a,: K >R &,...,& K —
K and

k k k
liminf Y lai, () Y lai, 0 &0 ) lai, 0 &,y © ... 08 @)

i1=1 ir=1 in=1

x8(Fo& o...08,(x)=0, x € K.

(a) If Y is complete and

Y a(0)FEX) C F(x),  x €Kk,

i=l1

then there exists a unique selection f : K — Y of the multifunction c1F such
that

Y anfE@) = f(x), xeKk.

i=1

(b) If

F(x)C Y ai(x)F&(x), xeK,

i=l

then F is a single-valued function and

Y aFEW) = F(x), xeKk.

i=l1

Theorem 20 Letm € N, ay,...,a, : K - R, &,...,§, : K > K, F,G :
K — n(Y),

k(x) := 8(F(x) + G(x))

m

+ YD a0l ) lai, 0 & (... Y lay o0& 0. 0 & (x)]

=1 i1=1 ir=1 i=1
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X 8(F ok o.. 0 (x)+Gok o... 0f/x) < oo,

D a()FEX) C F(x) + Gx),

i=1
and 0 € G(x) for all x € K. Then there exists a unique function f : K — Y such
that, for each x € K,

Y a0 fEX) = f(0),

i=1

sup d(f(x),y) < k(x).

YEF(x)

6 Stability of the Polynomial Equation

We end this chapter with a result proved in [16] and concerning stability functional
Eq. (4), i.e., the equation

FO+ Y a;0)f &N = G).

j=1

In this section, as at the end of Sect. 2, X denotes a Banach commutative algebra over
K,meNa,...,ap:S— X,p:{l1,...,m} > N,G € XSand§,... ,§, € S5.
In what follows, r > 0 is a fixed real number and

B.:={feX5:|f)]| <rforx e S}

To simplify statements of the main results we define operators £ : X5 — X5 and
¥ : R§ — R by the formulas:

Lh(x) = G(x) — Zai(x)h(&(x))p("), heX5xes,
i=1

y) =Y pir’ ey &), vy eRxes.
i=1

Now we are in a position to present [16, Theorem 2].

Theorem 21 Suppose that § € RS, y € B,,

|y + > ajyE )’ - G| <8(x),  xes,

j=1

m
IG@I <r =Y @,  xes,

i=1
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x(x) = lel"&(x) <00, x€8.
n=0

Then there is a unique solution f € B, of Eq. (4) with

If(x) =yl < x(x), xes;

in particular
f(x) = lim L'y (x), x€S.
n—oo

If in Theorem 21 we take S = {ro}, then it is easily seen that we obtain the
following.

Corollary 1 Suppose that &y,&1,... ,En € X, 20 € X, ll2oll <7,

m

l&oll <7 =Y N&Nr . ro:= > jri Mgl < 1.

i=1 j=1
Then there is a unique z € X such that ||z|| <r,

“ , 1 " .
7= E £z, llz—z2ll = T |20 — E AR
j=0 j=0

In particular
z= lim L"(zp),
n—oo

with

m

L(w):ZEiw’, we X.

i=0
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Abstract We present a survey of several results on selections of some set-valued func-
tions satisfying some inclusions and also on stability of those inclusions. Moreover,
we show their consequences concerning stability of the corresponding functional
equations.
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1 Introduction

At present we know that the study of existence of selections of the set-valued maps,
satisfying some inclusions, in many cases is connected to the stability problems of
functional equations (see, e.g., [8, 26, 27, 29]). Let us remind the result on the
stability of functional equation published in 1941 by D. H. Hyers in [6].

Let X be a linear normed space, Y a Banach space, and € > 0. Then, for every
function f : X — Y satisfying the inequality

fx+»—f)-fOIl=e, x,yeX, ey

there exists a unique additive function g : X — Y such that

If(x) — g <e, xeX. 2
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For further information and references concerning that subject we refer to [1, 3, 5,
7,10, 11, 15, 28].

W. Smajdor [29] and Z. Gajda, R. Ger [8] observed that inequality (2) can be
written in the form

fx+y) = f(x) = f(y) € B(0,¢e),  x,yeX,

where B(0, €) is the closed ball centered at 0 and of radius €. Hence we have

fx+y)+ B0,¢) C f(x)+ B0,€)+ f(y)+ BO,€),  x,ye€X,
and the set-valued function

F(x) := f(x)+ B(0,¢), x e X,
is subadditive, i.e.
F(x+y) C F(x)+ F(y), x,y €X;
moreover, the function g from inequality (2) satisfies
g(x) € F(x), x € X,

which means that F has the additive selection g.

There arises a natural question under what conditions a subadditive set-valed
function admits an additive selection. An answer provides the result of Z. Gajda and
R. Ger in [8] given below (§(D) denotes the diameter of a nonempty set D).

Theorem 1 Let (S,+) be a commutative semigroup with zero, X a real Banach
space and F : S — 2% a set-valued map with nonempty, convex, and closed values
such that

F(x+y)C F(x)+ F(y), x,y €8S,

and
sup 6(F(x)) < oo.
xes
Then F admits a unique additive selection.
Some other results on the existence of the additive selections of subadditive,
superadditive, or additive set-valued functions can be found in [16, 30-33].

2 Linear Inclusions

In this section X is a real vector space and Y is a real Banach space. We denote
by n(Y) the family of all nonempty subsets of Y and by ccl(Y) the family of all
nonempty closed and convex subsets of Y. The number

8(A) = sup |lx — yll
x,yeA
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is said to be the diameter of nonempty A C Y. For A,B C Y and «, B € R (the set
of reals) we write

A+B:={a+b: aec A be B}
and
oA ={ax: x € A};
it is well known that
2(A+ B)=aA+aB
and
(¢ +B)A C xA + BA.
If A C Y is convex and a8 > 0, then we have
(¢ + A =aA+ BA.
A nonempty set K C Y is said to be a convex cone if
K+KCK

and
tK C K, t > 0.

Any function f : X — Y such that
f(x) € F(x), xeX,

is said to be a selection of the multifunction F : X — n(Y).
Some generalization of Theorem 1 can be found in [20], where («, 8)-subadditive
set-valued map was considered, i.e., the set valued function satisfying

F(ax + By) CaF(x)+ BF(y), x,yeK.

It has been proved there that an (o, B8)-subadditive set-valued map with closed,
convex, and equibounded values in a Banach space has exactly one additive selection
ifor, B are positiverealsand e+ # 1. Fora+f < 1astronger resultis true; namely,
F is single valued and additive. The above results were extended by K. Nikodem
and D. Popa [18, 22] to the case of the following general linear inclusions:

Flax +by+k) C pF(x)+qF(y)+C, x,y €K, (3)
pF(x)+qF(y) C Fl(ax +by+k)+ C, x,y €K, (@)

wherea, b, p, g are positive reals, K C X is aconvex cone with zero, F' : K — n(Y),
k € K, and C € n(Y). Namely, they have proved the following two theorems.
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Theorem 2 Supposethata+b # 1, p+q # 1, and F : K — ccl(Y) satisfies the
general linear inclusion

F(ax +by +k) C pF(x)+qF(y), x,y €K,
and

sup 8(F(x)) < oo. ®))
xekK

Then,

(i) in the case p + q > 1, there exists a unique selection f : K — Y of F that
satisfies the general linear equation

flax +by+k)=pf(x)+qf(»y), =xyek; (6)

(ii) in the case p + q < 1, F is single valued.

Making a suitable substitutions, we easily deduce from the above theorem the
following corollary.

Corollary 1 Suppose thata +b # 1, p+q > 1, C C Y is nonempty, compact,
and convex and F : K — ccl(Y) satisfies (5) and the general linear inclusion (3).

Then there exists a unique single valued mapping f : K — Y satisfying Eq. (6)
and such that

1
fx)e Fx)+ ————C, xeKk.
pt+q—1

The next theorem is complementary to the above one.

Theorem 3 Suppose that p +q # 1 and F : K — ccl(Y) satisfies the general
linear inclusion

pF(x)+qF(y) C Flax +by), x,y€Kk, )
and
sup §(F(x)) < oo, zeK,
xel,
where
L,={tz: t >0}
Then,

(i) inthe case p +q < 1, there exists a unique selection f : K — Y of F satisfying
the general linear equation

pfx)+qf(y) = flax +by), x,y€K;

(ii) in the case p + q > 1, F is single-valued.
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It can be easily shown that Theorem 3 yields the following.

Corollary 2 Leta+b # 1, p+q < 1, C C Y be nonempty, compact, and convex,

and
k

T 1l—a—b

Suppose that F : K 4+ xo — ccl(Y) satisfies the general linear inclusion (4) for
x,y € K 4+ xp and

X0 -

sup 8(F(x)) < oo, ze K.

xeL;+xo

Then there exists a unique single valued mapping f : K + xo — Y satisfying
Eq. (6) for x,y € K + xo and such that

1
f(x)eF(x)+1—C, x € K + xo.

Now, we recall some results concerning the linear inclusions when p + ¢ = 1.
The special cases are the following two Jensen inclusions

F(x—i—y) C F(x)+ F(y)

2 2

and

F(x)+ F(y) c F(x+y>.
2 2

First we show some examples. Namely, the multifunction F : R — ccl(R) given
by
Fx)=[x—-1,x+1], x € R,

satisfies the Jensen equation

F(x+y> _ Fx)+ F(y)

b b ER’
2 e

2
and each function f : R — R,
fx)=x+b, x eR,

where b € [—1,1] is fixed, is a selection of F and satisfies the Jensen functional
equation.
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Observe also that, in the case p + g = 1, a constant function F : K — ccl(Y),
F(x) =M forx € K, where K C X isacone and M € ccl(Y) is fixed, satisfies the
equation

F(ax +by) = pF(x) +qF(y), x,y €K,

and each constant function f : K — Y, f(x) = m forx € K, where m € M is
fixed, satisfies

flax +by) = pf(x)+qf(y), x,y € K.

The subsequent results, concerning this case, have been obtained by K. Nikodem
[17] and by A. Smajdor and W. Smajdor in [34] (as before, K C X is a convex cone
containing zero).

Theorem 4 Leta € (0,1), a,b > 0, C be a nonempty, compact, and convex subset
of Y containing zero. Suppose that F : K — ccl(Y) satisfies

(I—-a)F(x)+aF(y) C F(px +qy)+C, x,y €K,
and

sup 6(F(x)) < oo.

xekK

Then there exists a function f : K — Y satisfying

(I-a)fx)+af(y)= f(px+qy), x,y€K,

and such that
1
fx)e F(x)+ =C, xeKk.
o

Recently D. Inoan and D. Popa in [9] generalized the above theorem onto the case
of inclusion

(I—-a)F(x)+aF(y) C Fxxy)+C, x,y €G, (®)
where (G, %) is a groupoid with an operation that is bisymmetric, i.e.,

(xp*yD) * (2% y2) = (xp % X2) x (Y1 % y2),  X1,X2,¥1,02 € G,

and fulfills the property:
there exists an idempotent element a € G (i.e. a xa = a) such that for every x € G
there exists a unique #,(x) € G with 7,(x) xa = x.

They have proved the following (we write t;’“(x) = 1,(t)(x)) for x € G and
each positive integer n).
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Theorem 5 Let p € (0,1)and F : G — n(Y) satisfy inclusion (8) and

sup 8(F () (x))) < oo, x € G.
neN

Then there exists a function f : G — Y with the following properties:

1
fx)eclF(x)+ —C, x €@,
p

A=pfx)+pfy)= flxxy), x,y €G.

To present the further generalizations of those results, we need to remind the
notion of the square symmetric operation. Let (G, *) be a groupoid (i.e., G is a
nonempty set endowed with a binary operation * : G — G). We say that x is square
symmetric provided

xXxy)*x(xxy)=x*xx)*x(y*y), x,y €G.

D. Popa in [21, 23] have proved that a set-valued map F : X — n(Y) satisfying
one of the following two functional inclusions

Fxxy) C F(x)o F(y), x,y € X,

F(x)o F(y) C F(x xy), x,y € X,

in appropriate conditions admits a unique selection f : X — Y satisfying the
functional equation

fx)o f(y) = flxxy),

where (X, ), (Y, ¢) are square-symmetric groupoids.

Those results extend the previous ones, because it is easy to check thatif K C X
is a convex cone, k € T and a, b are fixed positive reals, then * : T? — T defined
by

x*y:=ax +by+k, x,yeT,

is square symmetric. Actually, even more general property is valid: the operation
x:T? — T, given by

xxy=a(x)+p(y)+r,  xyeT,
is square symmetric, where o, 8 : T — T are fixed additive mappings with
o o ,3 = ﬂ oo

and y is a fixed element of T'.
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3 Inclusions in a Single Variable

Now, we present some results corresponding to inclusions in a single variable and
applications to the inclusions in several variables.

In this section, K stands for a nonempty set and (Y, d) denotes a metric space,
unless explicitly stated otherwise. For F : K — n(Y) we denote by clF the
multifunction defined by

(clF)(x) = clF(x), x € K.
Given« : K — K we write «°(x) = x for x € K and
" =a"oa, neNy:=NU{0}

(N is the set of positive integers). The following result has been obtained in [24].
Theorem 6 LetF: K - n(Y), ¥ :Y - Y, a: K — K, A €(0,400),

dWx),¥(y) =rd(x,y), x,y€Y,
and
n]i)rglo AMS(F(a"(x)) =0, x€K.
1) If Y is complete and
¥ (F(a(x))) C F(x), x ek,
then, for each x € K, the limit

lim cl¥” o F o a"(x) =: f(x)

n—00

exists and f is a unique selection of the multifunction clF such that
Vo foa=/f
2) If
F(x) C ¥(F(x(x))), x ek,
then F is a single-valued function and
WoFoua=F.
Obviously, if ¥ is a contraction (i.e., A < 1) and

sup §(F(x)) < oo,

xekK
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then it is easily seen that
lim A"8(F(a"(x)) =0
n—oo

and consequently the assertions of Theorem 6 are satisfied.

It has been shown in [24] that from Theorem 6 we can derive results on the selec-
tions of the set-valued functions satisfying inclusions in several variables, especially
the general linear inclusions. Indeed, it is enough to take

¥U(x)= X, a(x) = (a + b)x, x ek,

p+q

or
1

a+b
to obtain the results on selections for the inclusions

Y(x)=(p+qg)x, a(x) = X, x ek,

F(ax +by) C pF(x)+qF(y), x,y €K,

and
pF(x)+qF(y) C F(ax + by), x,y €K,

respectively. Analogously, we can also obtain results for the quadratic inclusions:
Fx+y)+ F(x —y) C2F(x)+2F(y)
and
2F(x)+2F(y)C Fx+y)+ F(x —y),
the cubic inclusions:
Fox+y)+ Fox —y) C2F(x +y) +2F(x — y) + 12F(x)
and
2F(x 4+ y)+2F(x —y) + 12F(x) C F2x + y) + F(2x — y),
and the quartic inclusions:

F2x+y)+ F2x —y)+6F(y) C4F(x +y)+4F(x — y)+24F(x), (9)

AF(x +y)+4F(x —y)+24F(x) C FQx+y)+ F2x —y) +6F(y) (10)
(some of them have been investigated in [19]), or the following one in three variables

Fx+y+2z) C2F (%) + F(2),

considered in [14].
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From Theorem 6 we can deduce the same conclusions as in [14, 19] (cf. also, e.g.,
[13]), but under weaker assumptions. As an example we present below such a result
for the quartic inclusions, with a proof.

Corollary 3 Let Y be a real Banach space, (K, +) be a commutative group, F :
K — ccl(Y) and
sup 6(F(x)) < oo.

xekK

(1) If (9) holds for all x,y € K, then there exists a unique selection f : K — Y of
the multifunction F such that

fCx+)+ fQx—y)+6f() =4f(x+y)+4f(x—y)+24f(x), x,y €K
(i1) If (10) holds for all x,y € K, then F is single-valued.
Proof (i) Setting x = y = 0 in (9) we have
8F(0) C 32F(0).

and, by the Radstrom cancellation lemma, we get 0 € F(0). Next setting y = 0 in
(9) and using the last condition we obtain

2F(2x) C 2F(2x) + 6F(0) C 32F(x), x €K,

whence we derive the inclusion

F(Q2x)
16

C F(x), x e K.

Next, by Theorem 6, with
1
VU(x)= Rx, a(x) = 2x, x €K,

for each x € K there exists the limit
. " u . F(@2"x)
lim ¢"(F(a"(x))) = lim = f(x);
n—o00 n—00 16n

moreover,
f(x) € F(x), xeKk.

Since, forevery x,y € K, n € N,

FQ'Qx+y)  FQ'"Qx—y) FQ2")
16" + 16" +o 16"
JFE+y) | FQUE —y) 424 F(Z”X)’

16" 16" 16"
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letting n — oo we also get

fCx+)+fRx—y)+6f(y) =4f(x+y)+4f(x—y)+24 f(x), x,y € K.

Also the uniqueness of f can be easily deduced from Theorem 6.
(ii) Setting x = y = 0 in (10) and using the Radstrom cancellation lemma we get

F(0) = {0}.
Thus and by (10) (with y = 0) we have
32F(x) C 2F(2x) + 6 F(0) = 2F(2x), x € K,

and consequently

F(Q2x)

F s e K.
x) C 6 X
So, using Theorem 6 with ¥ and « defined as in the previous case, we deduce
that F must be single-valued. 0

Some generalization of Theorem 6 can be found in [25]; they are given below.

Theorem 7 Let F : K - nY), keN ay,...,a0p : K > K, A,... , A : K —>
[0,00), ¥ : K x YF —> ¥,

k
AW (Wi, Wi, W (21, 20) < ) Mi(0d(wi, zi)

i=I

forx € K, wi,... , Wi, 21,...,2 € Y and

k k k
lim inf D hi ()Y iy o)XY (i, 0 i, 0.0 )(X)

i1=1 ir=1 in=1

X 8(F((ej, o...00a;)(x)) =0, x € K.
(a) If Y is complete and
¥ (x, F(aj(x)),..., Flag(x))) C F(x), x € K,

then there exists a unique selection f : K — Y of the multifunction clF such
that
V(x, flar(x)), ..., flaxx) = f(x), xeK.

(b) If
F(x) c¥(x, F(ai(x)), ..., Flag(x))), x ek,
then F is a single-valued function and

Y(x, F(ai(x)),..., Flar(x)) = F(x), x eK.
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From this theorem we can easily deduce similar results for the following two
gamma-type inclusions in single variable

¢(x)F(a(x)) C F(x), x ek,
and
F(x) C ¢(x)F(a(x)), xek,

where F : K — n(Y),a : K — K, ¢ : K — R (for some recent stability results
connected with those inclusions see [12]); or for the subsequent two inclusions

AMF(ap(x)) + -+ A Far(x)) C F(x), x €K,
and
F(x) CMF(ai(x))+ - - 4+ A Fag(x)), x €K,

where W : K xY* > Y, aq,...,ax : K = K, Ay,... , At € R, (nonegative reals),
and A +---+ A, € (0,1).

A different generalization of Theorem 6 have been suggested in [25], with the
right side of inclusions as a sum of two set-valued functions. But in this situation we
do not obtain existence of the selection but of a suitable single valued function close
to F. Namely, we have the following two theorems.

Theorem 8 Assume thatY is complete, F,G : K — n(Y),0 € G(x) forallx € K,
v:Y—>Y a:K— K, Ae(0,1),

dW(x),¥(y)) = Ad(x,y), x,y€l,

M = sup 6(F(x)+ G(x)) < o0
xek

and
Y(F(a(x)) C F(x)+ G(x), x e K. (11)
Then there exists a unique function f : K — Y such that
Vofoa=f
and

1
sup d(f(x),y) < ——M, xeKk.
yeF(x) 1—A

Theorem 9 Assume that Y is complete, F,G : K — n(Y),0 € G(x)forallx € K,
keNU: KxY > Y a,...,00: K— K, A,..., 0 : K — [0,00),

k
dWx,wi,... , W), ¥(x,21,...,2%) < Z)»i(x)d(wi,Zi)

i=1

forx e K, wi,... ,Wg,21,...,2% €7,
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k(x) := 8(F(x) + G(x))
k

ook k
FY Y M) Y iy 0 i )(x) ... Y (ki oty 0. 0 a;)(X)

=1 i1=1 ir=1 i=1

X 8(F((aj; 0...00;)(x)) + G((aj; 0...005)(x))) < 00
forx € K and
VU(x, F(ai1(x)),..., F(ax(x)) C F(x)+ G(x), xeK.
Then there exists a unique function f : K — Y such that

Y(x, flar(x), ..., flax) = f(x), xeK,

and

sup d(f(x),y) <k(x), xeKk.
yeF(x)

A special case of inclusion (11), without the assumption 0 € G(x), has been
investigated in [4]. In what follows X is a Banach space over a field K € {R,C},
a:K—>Kb:K —[0,00),¢:K — K,y : K— X are given functions and
B € n(X) is a fixed balanced and convex set with §(B) < co. Moreover, we write

a0 =1, @) :=[]a@ ),
Jj=0
cn(x) := b(@" (x))an-1(x),
and

s(x) =0, s,(x) ==Y a1 ()P (@)

k=0
foreveryn € No, x € K.

Theorem 10 Assume that F : K — n(X) is a set-valued map and the following
three conditions hold:

a(x)F(¢(x)) C F(x) +¢¥(x) +b(x)B, x €K,
lim inf S(F(@" (ODlan(x) =0,  x €K,

o) =) le(x) <00, xeK. (12)
n=0
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Let
@ur=d6mﬂmﬂwu»+w4m+<§]mw03)
k=n

for x € K, n € Ny. Then, for each x € K, the sequence (®,(x)),en, is decreasing
(i.e., @,41(x) C D,(x)), the set

D(x) =[] Pulx)
n=0

has exactly one point and the function f : K — X given by f(x) € Q/D\(x) is the
unique solution of the equation

ax)f(@(x) = f(xX)+¢¥(x), xek, (13)
with

f(x) € Do(x) = cl(F(x) + w(x)B), x € K.

4 Applications

In this section we present a few applications of the results, presented in the previous
sections, to the stability of some functional equations.

Let V be nonempty, compact, and convex subset of a real Banach space Y,0 € V,
anda,b, p,q € R.

Corollary 4 Let K be a convex cone in a real vector space and ¢ € K. Suppose
thata+b # 1, p+q > 1,and f : K — Y satisfies

flax +by+c)—pf(x)—qf(y) eV, x,yeKk.
Then there exists a unique function h : K — Y such that

h(ax + by +¢) = ph(x) + qh(y), x,y €K,

and
h(x) — f(x) € ! 14 €K
x)— f(x —V, X .
ptqg-—1
Proof Let
Fx):=fx)+ —V, xeKk.
@)= f@)+
Then
1

Flax+by+c)= flax+by+c)+ ———V
pt+qg—1
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Cpfx)+aqf(y)+ _ptd
ptqg-—1

1 1
=P<f(x)+—p+q_1v>+5]<f()’)+mv>
=pF(x)+qF(y), x,yeK.

By Theorem 2 there exists a unique function 4 : K — Y with

1
h(x) € f(x) + ——V, xek,
p+qg-—1

and such that

h(ax + by + ¢) = ph(x) + qh(y), x,y € K.

Corollary 5 Let (K, +) be a commutative group and f : K — Y satisfies

fCx+ )+ fRx—y)+6f(y)—4fx+y)—4fx—y)—24f(x) eV

for every x,y € K. Then there exists a unique function h : K — Y such that

hQ2x+y) + h(2x—y) + 6h(y) = 4h(x + y) + 4h(x — y) + 24h(x), x,y € K,
h(x) — 1V K
x)—fx) e 22" x € K.

Proof Let F(x) := f(x)+ iV for x € K. Then
F2x+y)+ FQ2x —y)+6F(y)

8
=f(2x+y)+f(2)C—y)+6f(y)+ﬁV

C4f(x+y)+4f(x—y)+24f(x)+%V—i—V

1 1 1
=4<f(x+y)+ﬂV>+4(f(x—y)+ﬁv)+24<f(x)+ﬂv>
=4F(x +y) +4F(x —y)+24F(x),  x,y€K.

Now, according to Corollary 3 there exists a unique function 4 : K — X such
that h(2x + y) + h(2x — y) + 6h(y) = 4h(x + y) +4h(x — y) +24h(x) forx,y € K
and

1
h(x)ef(x)+ﬁV, x e K.
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In similar way we can obtain the stability results for some other equations. In
particular, from Theorem 7 with

Fx) = fx)+

v, x ek,
= Gat -t

and A; + --- 4+ A € (0,1), we can derive analogous as in Corollary 5 results for
functions f satisfying the condition

Mflai(x) + -+ A fla@x) - fx) eV,  xek.
The following corollary follows from Theorem 10 (see [4]).
Corollary 6 Let (12) be valid and g : K — X satisfy

a(x)g(p(x)) — g(x) — ¥(x) € b(x)B,  x € K.

Then there exists a unique solution f : K — X of Eq. (13) with
f(x) — gx) € w(x)clB, x € K.
Moreover, for each x € K,
) = lim [a,-1(x)g(@" (x)) + $,-1(x)]-

Finally, let us recall the result in [2].

Theorem 11 Let (S,+) be a left amenable semigroup and let X be a Hausdorff
locally convex linear space. Let F : S — n(X) be set-valued function such that F (s)
is convex and weakly compact for all s € S. Then F admits an additive selection
a: S — X ifand only if there exists f : S — X such that

fls+1)— f(1) e F(s), s,1€S.
As a consequence of it we obtain the following corollaries.

Corollary 7 Let(S,+)be aleft amenable semigroup and let X be a reflexive Banach
space. In addition, let p : S — [0,00) and g : S — X be arbitrary functions. Then
there exists an additive function a : S — X such that

la(s) — gl < p(s),  s€S,
if and only if there exists a function f : S — X such that
If(s+0)— f() =gl =p@s), s,t€8.
Corollary 8 Let (S,+) be a left amenable semigroup, X be a reflexive Banach

space, and let p : S — [0,00) be an arbitrary function. Assume that a function
f S — X satisfies

If(s+0) = f(@) = fOl =pls), s.teS.

Then there exists an additive function a : S — X such that

la(s) = fOI < pls),  s.r€S.
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Generalized Ulam-Hyers Stability Results:
A Fixed Point Approach

Liviu Cadariu

Abstract We show that a recent fixed point result in (Cadariu et al., Abstr. Appl.
Anal., 2012) can be used to prove some generalized Ulam—Hyers stability theorems
for additive Cauchy functional equation as well as for the monomial functional
equation in S—normed spaces.

Keywords Generalized - Ulam—Hyers stability - Fixed point approach - Monomial
functional equation - Cauchy functional equation - S-norm

1 Preliminaries

Starting from a question of S. M. Ulam concerning the stability of group homo-
morphisms, D. H. Hyers gave a purely constructive solution in the case of Cauchy
functional equation in Banach spaces (see, e.g., [26, 27]). The result of Hyers was
generalized by T. Aoki [1] for approximately additive mappings and by Th. M. Ras-
sias [37] for approximately linear mappings. G. L. Forti [19] extended a part of
Th. M. Rassias’ result for a general class of functional equations. P. Gévruta [23]
obtained a generalization of Th. M. Rassias’ theorem, by replacing the Cauchy dif-
ferences by a control mapping satisfying a simple condition of convergence. These
papers had a great influence in the development of what is now known as general-
ized Hyers—Ulam—Rassias stability of the functional equations. For a comprehensive
presentation of this field we refer the reader to the papers [3, 20-22, 24, 28, 30-32,
35, 38, 39] and to the books [17, 18, 27, 29].

Almost all proofs in this topic used the direct method (of Hyers): the exact solution
of the functional equation is explicitly constructed as a limit of a sequence, starting
from the given approximate solution f. On the other hand, J. A. Baker [2] used
in 1991 the Banach fixed point theorem to give Hyers—Ulam stability results for
a nonlinear functional equation. In 2003, V. Radu [36] proposed a new method,
successively developed in [8—10,12] to obtain the existence of the exact solutions and
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the error estimations, based on the fixed point alternative. After that, D. Mihet [33]
applied the Luxemburg—Jung fixed point theorem in generalized metric spaces while
L. Gavruta [25] used the Matkowski’s fixed point theorem to obtain some general
results concerning the Hyers—Ulam stability of several types of functional equations
in a single variable. L. Ciddariu and V. Radu used two fixed point alternatives together
with the error estimations for generalized contractions of type Bianchini—-Grandolfi
and Matkowski for proving stability of Cauchy functional equation [13] and of the
monomial functional equation [14], in S—normed spaces (see, e.g., [16] for more
details).

In the last 3 years several papers based on the idea to construct some fixed points
theorems in very general conditions for operators with suitable properties have been
published. Afterwards, these theorems have been used to obtain properties of gen-
eralized Ulam-Hyers stability for several classes of functional equations. In this
context, J. Brzdek et al. proved in [7] a fixed point theorem for (not necessarily)
linear operators and they used it for proving Hyers—Ulam stability results for a class
of functional equations in a single variable. A fixed point result of the same type was
proved by J. Brzdek and K. Cieplifiski [6], in complete non-Archimedean metric
spaces as well as in complete metric spaces. These results were extended in [15] by
L. Cadariu et al. Moreover, they gave an affirmative answer to the open problem of J.
Brzdek and K. Ciepliniski [6], concerning the uniqueness of the fixed point of some
operator 7, defined in the following lines.

In this chapter, we will show that some classical results of generalized Ulam—
Hyers stability can be obtained directly from these fixed point theorems.

We now recall some necessary notions and results, used in the sequel. Let S be a
vector space over the real or the complex field K and 8 € (0, 1].

Definition 1 A mapping || - ||z : S — Ry is called a S—norm iff it has the
following properties:

ng:xllp =0 x =0;
ng' |- xllp = AP - lx]]p, forallx € S, e K;
ng!" x4+ yllg < lIxllp + Iyllp, forallx,y € S.

We also recall some fixed point results that will be used to prove the generalized
Ulam—Hyers stability theorems for the additive Cauchy functional equation as well
as for the monomial functional equation.

We consider a nonempty set X, a complete metric space (Y, d), and the mappings
A:RY - R¥and 7 : Y¥ — Y*. We remind that Y* denotes the space of all
mappings from X into Y.

Definition 2 We say that 7 is A— contractive if foru,v: X — Y and § € Rﬂ‘r with
d(u(t),v(t)) < 8(1), Vt € X,
it follows

d((Tu)®),(Tv)(@)) < (Ad)(@), Vi € X.



Generalized Ulam—Hyers Stability Results: A Fixed Point Approach 103

In the following, we assume that A satisfies the condition:
For every sequence (8, )nen of elements of RY and every ¢ € X,

lim §,(t) = 0= lim (A§,)(¢) =0. (Cy)
n—00 n—00

Also, we suppose that ¢ € Rf is a given function such that

e*(t) = Z (Aks) (t) < oo, t € X. (Cy)
k=0

Now we are in position to recall one of the main results in [15]:

Theorem 1 ([15], Theorem 2.1) We suppose that the operator T is A—contractive
and the conditions (Cy) and (C») hold. We consider a mapping f € YX such that

d(T )0, f(1) < @), Vi € X. &)

Then, for every t € X, the limit
g(0) = lim (T" )(0), @)

exists and the mapping g is the unique fixed point of ‘T with the property

[e¢]

d(T" (), g(t)) < Z (Aks) ), treX,meN={0,1,2,...}. 3)
k=m
Moreover, if we have
lirglo (A"e")(@) =0,V € X, (C3)

then g is the unique fixed point of T with the property

d(f(1),g()) < &"(1),Vt € X. (4)
As a direct consequence of the Theorem 1 we obtained the following result:

Proposition 1 ([15], Corollary 2.3) Let G be a nonempty set, (X,d) be a complete
metric space, R, be the set of all nonnegative real numbers, and A : Rfi — ]Rﬁ be
a non-decreasing operator satisfying the hypothesis (C1). If T : X¢ — X% is an
operator satisfying the inequality

d(TE@), (TW) < AdEX), w(x)), 6, 1 € X x €G, &)

and the functions ¢ : G — Ry and g : G — X are such that

d((Tg)(x),8(x)) < e(x), x € G, (6)
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and

o0

&' (x) 1= Z (Afe) (x) < 00, x € G,

k=0

then, for every x € G, the limit

Ax) = Tim (T"g)(x)

L. Cadariu

(Cy)

exists and the function A € X©, defined in this way, is a fixed point of T, with

d(g(x), A(x)) < &*(x), x € G.
Moreover, if the condition
lim (A"¢")(x) =0,Vx € G,

holds, then A is the unique fixed point of T with the property

d(g(x), A(x)) < &*(x), x € G.

2 Results

(C3)

In this section we show that generalized Ulam—Hyers stability properties for two
well-known functional equations can be obtained directly from the fixed point result
in Proposition 1. The first outcome refers to the generalized Ulam—Hyers stability for
additive Cauchy functional equation in 8 —normed spaces. This result was proved in
[23], by using the direct method, for functions defined on the Abelian groups into
Banach spaces. In [9] a variant of this theorem was obtained, for functions with
values in f— normed spaces, by using the fixed point alternative (see also [13]).
We denote by (G, +) an Abelian group, by (X, || - ||g) a complete 8—normed

space and by ¢ : G x G — [0, c0) a mapping such that
00 ky ok
) e(2"x,2%x)
D (x) = ZT <oo,Vx € G
k=0
and

lim 2&%.2"y)
m ——

Jim ~hn =0,Vx,y € G.

Theorem 2 Let f : G — X, such that

If(x+y) = f) = fODlp < ¢lx,y),Vx,y € G.

)

®)

®
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Then there exists a unique mapping A : G — X, which satisfies the additive
Cauchy functional equation and

1
1) = AX)llp = 75 P(x). Vx € G. (10)

Proof We apply the Proposition 1 taking the mapping
8 (2x)

A:RY — RS, (A8)(x) = ,(8:G—>Ry),

and the operator

1//(210

T:X0 - X9 (TyY)(x) := , (f G — X).

From the definition of A, the relation (Cy) is obvious and condition (5) from
Proposition 1 holds with equality.

If we take

p(x, x)

e(x):= T

,Vx € G,

the relation (7) implies that the series

o0 o0 k o0 ky ok
v X _ e(2*x) _ i 0(2%x,2%x) _ D(x)
W= (A=) =5 Ty = VA €G

k=0 k=0 k=0

is convergent, SO (C/z) is verified.
Also, we have that
2
‘f(zx)—f( )H —59(r.x).Vx € G,

and f satisfied the hypotheses of Proposition 1. This means that

dg (T /)0, f(x)) < e(x), Vx € G,

with dg(u,v) := |lu — v||g,u,v € X6,
On the other hand,
0 _@(2"x) P2y, 2" x) @(2Px,2Px)
(A"e)(x) = zﬂZ L e

HutDp 2(n+k)B
p=n

Taking on the limit in the above relation asn — oo, we obtain that (C ;) is verified.
Applying Proposition 1, it results that the limit

lim (7" f)(x) = lim 2 (;:x)
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exists for every x € G. Moreover, the mapping A : G — X,

A(x) = nli)rglo T"f(x),Vx € G
is the unique fixed point of 7, with

dp(f(x), A(x)) < €*(x),Vx € G,

which implies that
1
1 f(x)—A)llg < 2—ﬂ¢(x),\7’x eG.

As in [23], to prove that the function A is a solution of the Cauchy functional
equation, we use (8) and the definition of A. O

The last part of the chapter is devoted to the study of generalized Ulam—Hyers
stability of the monomial functional equation. We now recall some necessary notions
used in the sequel.

Let X and Y be vector spaces and consider the difference operators defined, for
every y € X and any mapping f : X — Y, by

ALf(x) = f(x+y)— f(x), Vx € X,

and, inductively, A’;“ = A; o A”, for all natural number n > 1.
A mapping f : X — Y is called a monomial function of degree N if it is a solution
of the monomial functional equation

AV f(x)—(N)f(y)=0,Vx,y€eX. (11

The monomial equation of degree 1 is exactly the Cauchy equation, for N = 2 the
monomial equation is equivalent to the well-known quadratic functional equation

Ja++fx=—y=2fx)+2f(y).Vx,y € X, 12)

for N = 3 the monomial equation is of cubic type, etc. In the sequel, the degree
N will be fixed. Recall also the following noteworthy formula for the difference
operator:

N
AV fy =) (= DV (NIX j> f&x+jy). 13)
j=0

In [10] we proved by the direct method, some properties of generalized Ulam—
Hyers stability of the monomial functional equation (see also [11]). In what follows
we give a very simple proof of the above mentioned result, by using also the fixed
point result in Proposition 1.
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Let us consider an Abelian group G, a complete S-normed space X, and a
controlling mapping ¢ : G x G — [0, 00) such that

_ 0(2kix, 2kx) .
@;(x) 1= Z T <o0,Vx € G,fori =0,1,...,N, (14)
and
p(2"x,2"y)

mgrcl>o Ny =0, Vx,y € G. (15)

Theorem 3 ([10], Theorem 2.1) For every mapping f : G — X which satisfies
the control condition

1AY f) = (NDfWDlp < ¢(x,y) Vx,y € G, (16)

there exists a unique monomial function A : G — X of degree N such that, for all
x e G,

1 N N
If(x)—AX)g < W (d’o(zx)-l—;(]v_i) 'Q‘(x)) . (17)

For proving the above theorem, we also need the following result:

Proposition 2 ([10], Lemma 2.2) Let G be an Abelian group, X a -normed space,
and ¢ : G x G — [0, 00) a given mapping. If the function f : G — X satisfies (16)
then, for all x € G,

N
00,20+ (N]\i l.) glix,x)
i=0

2NB . (N)E

H fQ2x) (18)

—f(x)H <
B

Proof of Theorem 3. We apply Proposition 1 taking the mapping

2x
A:RY - RS, (A8)(x) == ;Nﬂ), (6:G— Ry),
and the operator
T XS = XS, (Ty)(x) = w(ix), X).

From the definition of A, the relation (Cy) is obvious and condition (5) from
Proposition 1 holds with equality. From Proposition 2, we have that

J(2x)
‘ —flx )H = SNE (N (N')ﬂ ( (0, 2x)+2( ) p(ix, x)) = e(x),
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for all x € G, hence the relation

dp((T )Hx), f(x)) < e(x), x € G,
holds. On the other hand,

e =) (ae) ()=

k

- 00,2 x) L N\ e (2Fix2%x)
Z(zNﬁ (Nv)ﬁ( 2NBK +Z N—i] o )T

k=0

1 N N
T 2NF (NP (‘pom) + ; (N - ,-) ' ¢i(X)> Vx € G,

which is convergent from (14). So we have that (Cé) is verified. Moreover,

. I P2"0) N ) @)
(A"e7)(x) = 2NB . (N1)B ( 2mNp 2 (N—i B2

i=0

B 1 00 (p(o’ 2m+k+1x) N N @ (2m+kix’ 2m+kx) B
T 2NB L (N1)B kX_; N T Z N—il’ ANBm+) =

i=

L (9020 NN e @Pix,20x)
=2Nﬂ.(Ny)ﬂp2=;n( INBp +Z N—il T N ,Vx € G.

i=0

(=]

By letting m — oo in the above relation, we obtain

lim (A"e*)(x) =0,Vx € G,
m—00

SO (Cé) is verified. By using Proposition 1, it results that the limit

f@2"x)

omN

lim (7"g)(x) = lim
m— 00 m—00
exists for every x € G. Moreover, the mapping A : G — X,

f@2"x)

2mN

A(x):= lim (7" f(x)) = lim ,Vx e G
m— 00 m— 00
is the unique fixed point of 7, with
dp(f(x), A(x)) < &*(x),¥x € G,

which implies that the estimation relation (17) holds.
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To prove that the mapping A is a monomial function of degree N, we use the
same method as in [10]. In fact, we replace x by 2”x and y by 2"y in (16), then
divide the obtained relation by 2"V and it results

Apn, f(2"x) f@2"y) P(2"x,2"y)
o — (N T < SuNp Vx,y € G.
B
On the other hand, we denote
2m
A (x) = %,Vx €G.

By (13) we have that

AN f@2mx) _ ZN:( v N\ f@x+k2"y)

2mN — k 2mN

N N
=Y (=D An(x +ky) = AY A (),
k=0 k

for all x,y € G. And we get

@(2"x,2"y)

43 An0) = VD - An ), = =505

,Vx,y € G.

By letting m — oo and having in mind (15), we obtain

AyA(x) —(N)-A(y) =0,Vx,y € G.

Remark 1 Ttis worth noting that the generalized Ulam—Hyers stability properties for
a large class of functional equations (Cauchy and Jensen, quadratic, cubic, quartic,
quintic, etc.) can be obtained directly from Proposition 1, for suitable operator 7
and mapping A. Moreover, several results of generalized stability for functional
equations in a single variable can be obtained by the same method.

Remark 2 In some recent papers there are proved properties of hyperstability for
Cauchy functional equation on restricted domain [5] as well as for linear functional
equations [34], by using a fixed point result in [7]. Moreover, the same fixed point
theorem is the main tool for proving a stability result of Th. M. Rassias—Aoki’s type
for p-Drygas functional equation in [4]. Following the ideas of these papers, our
future goal is to identify several classes of functional equations whose generalized
stability properties can be obtained directly by suitable fixed point theorems. A first
step in this regard is the present chapter.
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On a Weak Version of Hyers—Ulam Stability
Theorem in Restricted Domains

Jaeyoung Chung and Jeongwook Chang

Abstract In this chapter we consider a weak version of the Hyers—Ulam stability
problem for the Pexider equation, Cauchy equation satisfied in restricted domains in
a group when the target space of the functions is a 2-divisible commutative group.
As the main result we find an approximate sequence for the unknown function
satisfying the Pexider functional inequality, the limit of which is the approximate
function in the Hyers—Ulam stability theorem.

Keywords Hyers—Ulam stability - Functional equations - Restricted domains -
Pexider equation - 2-divisible commutative group

1 Introduction

The Hyers—Ulam stability problems of functional equations were originated by S.
M. Ulam in 1940 when he proposed the following question [36]:

Let f be a mapping from a group G to a metric group G, with metric d(-, -) such
that

d(f(xy), f)f(y) <e.
Then does there exist a group homomorphism h and §, > 0 such that
d(f(x), h(x)) < é

forallx € G,?
One of the first assertions to be obtained is the following result, essentially due
to D. H. Hyers [20], that gives an answer for the question of Ulam.
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Theorem 1 Suppose that S is a commutative semigroup, B is a Banach space,
€ >0, and f : S — B satisfies the inequality

[fx+y)—f)—fDIl =€ )]

forall x, y € S. Then there exists a unique function A : S — B satisfying
Alx +y) = Ax) + A(y) 2)

and

[f(x)— A <€ 3)

forall x € S.

In 1950, this result was generalized by T. Aoki [4] and D.G. Bourgin [9, 8]. In 1978
T.M. Rassias generalized the Hyers’ result to new approximately linear mappings [?].
Since then the stability problems have been investigated in various directions
for many other functional equations. Among the results, the stability problem
in a restricted domain was investigated by F. Skof, who proved the stability
problem of the inequality (1) in a restricted domain [35]. Several papers have
been published on the Hyers—Ulam stability in restricted domains for a large
variety of functional equations including the Jensen functional equation [24],
quadratic type functional equations [23], mixed type functional equations [30], and
Jensen type functional equations [31]. The results can be summarized as follows:
Let X and B be a real normed space and a real Banach space, respectively. For fixed
d > 0,if f : X — B satisfies the functional inequalities (such as that of Cauchy,
quadratic, Jensen, and Jensen type, etc.) for all x,y € X with ||x|| + ||y]l > d, then
the inequalities hold for all x,y € X.

In[14, 15], generalizing the restricted domains such as ||x ||+ || y|| > d in anormed
space to some abstract domains in a group, we consider the stability problem of
Pexider equation and Jensen-type equations in the restricted domains. In the present
paper, we consider a weak version of Hyers—Ulam stability of the Pexider equation
when the target space of the functions in given functional inequalities are not a
normed space but a 2-divisible commutative group. Note that the existence of the
approximate additive function A in Theorem 1 is due to the completeness of the
target space B. For example, if Y is a noncomplete normed space and f : S — Y
satisfies (1), then we can only find a Cauchy sequence @, : S — Y such that

la,(x + y) — an(x) — a,(y)] < 27" 4)
forallx,y e S,n=1,2,3,...,and
[f(x) —a.,(x)| <€ )

forallx € Sandn = 1,2,3,.... Throughout this paper, we denote a commutative
group by G and a 2-divisible commutative group by H respectively, 0 € V C H
and W C G x G. Also, we denote a Banach space and a real normed space by B
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and Y, respectively, and f,g,h : G — H(or Y, B). In Sect. 2 of this chapter, we
consider the behavior of f : G — H satisfying

fa+y) = fx)=feV (6)

for all x,y € G. As a result we prove that there exists a Cauchy-type sequence
a, : G — H (which is a Cauchy sequence when H = Y) such that

Fx) —an(x) € 27(V +2V 4+ ...+ 2" 1) (7)
for all x € G. In Sect. 3, we consider

fx+y)—gx)—h(y)eV (8

forall (x,y) € W C G x G. As the main result we prove that under some assumptions
on W, if f, g, h satisfy (8) then there exist approximate Cauchy-type sequences
ay, by, and ¢, for f, g, and h respectively. From our result we obtain the Hyers—Ulam
stability theorem for Pexider equation when f, g,k : G — B.

2 A Weak Stability of Pexider Equation

For subsets V, Vi, Vo, of H,v € V,and n € N, we define

nw=v+---4+v, nV={n:veV}, 27"V={heH:2"heV},
———

n—times

and
Vi+Vo={vi4+wn:ivi eV, eVl

We call a, : G — H a V-Cauchy sequence if
Apan(X) — Ap(x) € 27"V 42V + ... +2"71V)

forallm,n =1,2,3,... ,and x € G.
First we consider the weak version of the Hyers—Ulam stability theorem for the
Cauchy equation.

Theorem 2 Suppose that f : G — H satisfies
fa+y—fx)—fneVv ©)
forall x,y € G. Then there exists a V-Cauchy sequence a, : G — H satisfying
an(x +y) — an(x) — ay(y) € 27"V, (10)
and

ay(x) — f(x) €27 (V 42V +...+2"y) (11)
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forallx,y € Gandn € N.

Proof Note that since H is 2-divisible, for each n € N and x € G we can choose
an a,(x) such that

2"a,(x) = f(2"x). (12)
Replacing y by x in (9) and using induction argument we have

2" rRx) = 2" f(x) e 2"V
2"2 f(4x) — 2" f(2x) € 2" 2V

22" x) —4f2" 2 x) €2V
f@'x)=2f2" 'x)eV

for all x € G. Thus it follows that
fQ'x)=2"f(x) eV 42V +... 42"V (13)
for all x € G. Now it follows from (12) and (13) that
ap(x) — f(x) €27V 42V +...+2"71V) (14)
for all x € G. Replacing x by 2" x in (13) and using (12) we have
Apan(X) — ap(x) € 27"V 42V 4+ ... +2""1V) (15)

for all x € G, which implies that a, is V-Cauchy. Replacing x by 2"x and y by 2"y
in (9) and using (12) we have

an(x+y)_an(-x)_an(y) € 2_nV (16)

for all n € N and x € G. This completes the proof.
Let (Y, | - ||) be anormed space and V = {x € Y : ||x|| < €}. Then we have

2NV A2V 4. 427y Cx e Y x| <€)
forall n € N, and
27NV 42V 4 42y c{x e Y s x| <27M€)

for all m,n € N. Thus in this case, every V-Cauchy sequence is a Cauchy sequence.
Now as a direct consequence of Theorem 2 we have the following.

Corollary 1 Let € > 0. Suppose that f : G — Y satisfies

[f(x+y) = f) = fll <€ A7)



On a Weak Version of Hyers—Ulam Stability Theorem in Restricted Domains 117
forall x,y € G. Then there exists a Cauchy sequence a, : G — Y satisfying
lan(x + y) — an(x) —an (V) = 27"€ (18)
foralln € Nand x,y € G, and
llan(x) — fOIl < € (19)

forall x € G.

In particular, if f : G — B, then there exists A : G — B such that
nli)r{.lo a,(x) = A(x).
Letting n — oo in (18) we have
Ax +y) = Ax) — A(y) =0 (20)

for all x,y € G. We call a function A : G — B satisfying (20) an additive function.
Thus as a direct consequence of Corollary 1 we have the well known Hyers—Ulam
stability theorem.

Corollary 2 Let € > 0. Suppose that f : G — B satisfies
[fx+y)—fx)—fOIl <€ 21
forall x,y € G. Then there exists an additive function A : G — B such that
[f(x)— A <€ (22)

forall x € G.
Throughout this chapter we denote

Vi={vi+vw—w—w:iv;eV,j=12734}

Theorem 3 Suppose that f,g,h : G — H satisfy
fx+y)—gx)—h(y)eV (23)

for all x,y € G. Then there exist V*-Cauchy sequences a,,b,,c, : G — H
satisfying

an(x +y) — an(x) — an(y) € 27"V* (24)
bu(x + y) = bu(x) — by(y) €27"V* (25)
en(x +y) — cu(x) —cu(y) € 27"V" (26)

foralln € Nand x,y € G, and
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a,(x) — f(x)+ f(0) e V), (27)
by(x) — g(x)+ g(0) € V), (28)
cn(x) — h(x) + h(0) € V', 29)
and
an(x +y) — by(x) — c,(y) € V,* (30)

foralln e Nand x,y € G, where
VE=2T"(VF 2V 4. 42"V,
V=V -V4+V —-Vi-Vr.
Proof Let D(x,y) = f(x +y) — g(x) — h(y). Then we have

fx+y) = f(x) = f)+ f(0)=D(x,y) + D(0,0) — D(x,0) — D(y,0) € V*

(€29)
gx+y)—g(x)—g(»)+g0)=D(x,y)+ D(y,0) — D(x + y,0) — D(0,y) € V*
(32)
h(x +y) — h(x) — h(y) + h(0)=D(x, y) + D(0,x) — D(0,x + y) — D(x,0) € V*
(33)

for all x, y € G. Thus, in view of (31), (32), and (33), using Theorem 2 for f(x) —
f(Q0), g(x) — g(0), h(x) — h(0), we obtain (24)—(29). Now, putting x = y = 0 in
(23), we have

f(0) —g(0)—hO) e V. (34)

Then, by (23), (27), (28), (29), and (34) we get (30).
This completes the proof.
In particular, let V = {x € Y : ||x|| < €}. Then we have

Vic{xeY: x|l <4e}, V*C{xeY:|x| < lde}

for all n € N. Thus as a direct consequence of Theorem 3 we have the following.

Corollary 3 Let € > 0. Suppose that f,g,h : G — Y satisfy
If(x+y)—gx)—h(y)l <€ (35)
forall x,y € G. Then there exist Cauchy sequences a,, b,,c, : G — Y satisfying

llan(x +y) — an(x) — a,(y)|| <272 (36)
b (x + ¥) — bu(x) — by(y)|| <272 (37)
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lleaCr + ¥) = en(x) — ca(y)l < 27" %€ (38)

foralln € Nand x,y € G, and

I f(x) — a,(x) — fO) <4de, (39
llg(x) — ba(x) — g(O)| < 4e, (40)
1 (x) — cu(x) — R(O)|| < 4e 41
and
la,(x +y) — bu(x) — c,(W)| < 14e (42)

foralln e Nand x,y € G.
Corollary 4 Let e > 0. Suppose that f,g,h : G — B satisfy

[f(x+y)—gx) —h(MI <€ (43)
forall x,y € G. Then there exists an additive function A : G — B such that

If(x) = Ax) = fO)| = 4e,

g(x) — Alx) — g(0)]| =< 4e,
[A(x) — A(x) — h(0)|| < 4e
forall x € G.
Proof Let Aj(x) = Ilim,_a,(x), A2(x) = lim,_ o b,(x), Asz(x) =

lim,,_, c ¢,(x). Then it follows from (36)—(38) that for each j = 1,2,3, A; is an
additive function. Letting n — o0 in (39)—(41) we have

I f(x) = Ai(x) — fO) < 4e,
lg(x) — Az(x) — g(0)]| < 4e,
h(x) — A3z(x) — h(0)|| < 4e

for all x € G. Finally, letting n — oo in (42) we have
[A1(x +y) — A2(x) — As(p)l < 14e (44)
forall x,y € G. Putting y = 0 and x = 0 in (44) separately, we have

[A1(x) — Az (x)]| < 14e
[A1(y) — As(V)| = 14e

for all x,y € G, which implies that A} = A, and A; = Aj. This completes the
proof.
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3 Weak Stability of Pexider Equation in Restricted Domains

It is a frequent situation to consider a functional equation satisfied in a restricted
domain or satisfied under a restricted condition [3, 5-7, 10-12, 15, 18, 28, 32-35].
In this section we consider the weak version of the Hyers—Ulam stability theorem in
some restricted domains in G. We use the following usual notations. Let G x G =
{(ai,a2) : a1,a; € G} be the product group. For asubset K of G x Ganda € G x G,
we definea+ K = {a+k : k € K}. For given x, y € G we denote the sets of points
of the forms (not necessarily distinct) in G x G by Py ,, Oy ,, andR, ,, respectively
as,

Px,y = {(05 0)5 (x7 0)’ (09 y), (x7 y)}’

Qry ={(3,0),(0,y),(x, ), (x +,0)},

R,y ={(x,0),(0,x),(x,y),(0,x + y)},
where 0 is the identity element of G. The set Py , can be viewed as the vertices of a

rectangle in G x G, and O, and R, , can be viewed as the vertices of parallelograms
inG x G.

Definition 1 Let W C G x G. We introduce the following conditions (C1), (C2),
and (C3) on W: For any x, y € G, there exist z;, z2,z3 € G such that

(CH (—zi,z)+ Py C W,

(C2) (0,22) + Qx,y cw,

(C3) (Z3’ O) + Rx,y C W’
respectively.
Example 1 Let G be areal normed space. For «, 8,d € R, let

U={(x,y)€GxG : alxll+Blyl =d}, (45)
V={x,y)eGxG: |ax+By| >d}. (46)

Then U satisfies (C1) ifa + 8 > 0, (C2)if 8 > Oand (C3)ifow > 0, and V
satisfies (C1) if ¢ # B, (C2)if B # 0 and (C3) ifa # 0.

Example 2 Let G be a real inner product space. Ford > 0, x9,yo € G
U={(x,y)€GxG : (x0,x) + (yo,y) = d}. (47)

Then U satisfies (C1), if xo # yo, (C2) if yo # 0 and (C3) if xo # 0.

Example 3 Let G be the group of nonsingular square matrices with the operation
of matrix multiplication. For o, 8 € R, 48,d > 0, let
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U={(P,P,) € GxG :|det P,|"|det P,|} <35}, (48)
U={(P,P)eGxG :|det Pi|*|det P|f > d}. (49)

Then U satisfies (C1) if e # B, (C2)if B # 0, and (C3) if o # O.

In the following one can see that if Py, Oy, and R, , are replaced by arbi-
trary subsets of four points (not necessarily distinct) in G x G, respectively, the
conditions become stronger, that is, there are subsets U;, j = 1,2,3, which sat-
isfy the conditions (C1), (C2), and (C3), respectively, but U;, j = 1,2,3, fail to
fulfill the following conditions (2.6), (2.7), and (2.8), respectively: For any subset
{p1, P2, P3, pa} of points (not necessarily distinct) in G x G, there existsaz € G
such that

(e,2){p1, P2, p3, P2tz e) C Uy, (50)
{P1, P2, P3> pat(e,2) C Ua, (S51)
(z,e){p1, p2, P3, pa} C Us, (52)

respectively.
Now we give examples of U, U,, U3 which satisfy (C1),(C2), and (C3),
respectively, but not (50), (51), and (52), respectively.

Example 4 Let G = Z be the group of integers. Enumerating
Z X Z = {(a19b1)? (az’b2)5 AR (an5 bn)’ A }

such that
lai| + 1b1] < laz| + b2 < -+ < lan| +1by| <---,

and let P, = {(0,0),(a,,0),(0,b,),(an,b,)}, n = 1,2,.... Then it is easy to
see that U, = Uff:, (P, + (— 2",2")) satisfies the condition (C1). Now let
P = {(x1,y1), (x2, y2)} C Z x Z with x > x1, y2 > y1, (x1 + y)(x2 + y2) > 0.
Then P + (— z,z) is not contained in U; for all z € Z. Indeed, let (a,b) €
P, +(—=2",2"),(c,d) € P,y + (— 2", 2"+1) Then we have a > ¢, b < d for all
n=1,2,.... Thus it follows from x, > x1, y, > y; thatif P + (— z,z) C U, then
P+(—z,2) C P,+(—2",2") for some n € N, which implies that the line segment
joining the points of P 4(—z, z) intersects the line y = —x in R?, contradicting to the
condition (x; 4+ y;)(x2 + y2) > 0. Similarly, let Q,, = {(b,,,0), (0, b,), (a,, by), (a, +
b,,0)} and R, = {(a,,0),(0,a,), (a,, b,),(0,a, +b,)}, n =1,2,.... Thenitis easy
to see that U, = ;- (Q, + (0,2")) satisfies the condition (C2) but not (2.7) and
U; = U:O:1 (R, + (2",0)) satisfies the condition (C3) but not (52).
As in Sect. 2, we denote

V*={V1+V2—V3—V41Vj eV, j=12734}.

Theorem 4 Let W satisfy the condition (C1). Suppose that f,g,h : G — H satisfy

Jx+y)—gx)—h(y)eV (53)
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forall (x,y) € W. Then there exists a V*-Cauchy sequence a, : G — H satisfying
ap(x + ) — ap(x) —a,(y) € 27"V* (54)

foralln e Nand x,y € G and
a,(x) — f(xX)+ fO) € 27 (V* +2V* ... +2"71yH (55)

forall x € G.

Proof For given x,y € G, choose z € G such that (— z,z) + P, C W. Then we
have

fax+y)—glx—2)—h(z+y) eV,
—f)+gx—2)+h(z)e -V,
—fM+g(—2)+hz+y)e -V,
+ f(0)—g(—2) —h(z) e V.

Thus it follows that
e+ —fO—-—FfOM+fOeV+(=V)+(-V)+V =V" (56)

forall x,y € G.

Now by Theorem 2, there exists a V*-Cauchy sequence a, : G — H satisfying
(54) and (55). This completes the proof.

In particular, let V = {x € Y : ||x|| < €}. Then we have

VEC{xeY:|x| <4e}, 27"(V*42V 4. . 42"V C{x €Y : x| < 4e)
foralln € N, and
2TMTRVE L 2VE 4 427V Cx e Y x| <27 2€)

for all m,n € N. Thus in this case, every V*-Cauchy sequence is a Cauchy sequence.
Now as a direct consequence of Theorem 4 we have the following.

Corollary 5 Let W satisfy the condition (C1) and € > 0. Suppose that f,g,h :
G — Y satisfy

[f(x+y)—gl) —h(yl <€ (57
forall (x,y) € W. Then there exists a Cauchy sequence a, : G — Y satisfying
llan(x + y) = an(x) = an ()l < 27" (58)
foralln € Nand x,y € G, and

llan(x) = f(x) + fO)| < 4e (59)
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forallx € G.
As a direct consequence of Corollary 5 we have the following.

Corollary 6 Let W satisfy the condition (C1) and € > 0. Suppose that f,g,h :
G — B satisfy

[f(x+y)—gx) —h(MI <€ (60)
forall (x,y) € W. Then there exists an additive function A, : G — B and
100 = A1) — FO)I < 4e 61)
forallx € G.
Theorem 5 Let W satisfy the condition (C2). Suppose that f,g,h : G — H satisfy
fx+y)—gx)—h(y)eV (62)
forall (x,y) € W. Then there exists a V*-Cauchy sequence b, : G — H satisfying
bu(x +y) = bu(x) — by(y) €27"V* (63)
foralln € Nand x,y € G, and
bp(x) — g(x) + g(0) € 27" (V¥ 42V* 4 ... 42" 1y¥) (64)

forall x € G.

Proof For given x,y € G, choose z € G such that (0,z) + O, C W. Then we
have

—fx+y+a+gx+y)+hiz)e-V,
fx+y+2—gx)—h(y+2 €V,
FO+2—g()—h@) eV,

—fy+2+g0)+h(y+2)e-V.

Thus it follows that
gx+y)—g)—g+g0)e~-V+V+V-V=V" (65)

for all x, y € G. Now by Theorem 2, there exists a sequence b, : G — H satisfying
(63) and (64). This completes the proof.
In particular, if f, g,k : G — Y we have the following.

Corollary 7 Let W satisfy the condition (C2) and € > 0. Suppose that f,g,h :
G — Y satisfy

[f(x4y) —g) =h(Vl <€ (66)
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forall (x,y) € W. Then there exists a Cauchy sequence b, : G — Y satisfying
15a(x + ) = bu(x) = bu(y)]| < 27" 67)
foralln € Nand x,y € G, and
bn(x) — g(x) + g(O)]| < 4e (68)

forall x € G.
In particular, if f, g,k : G — B we have the following.

Corollary 8 Let W satisfy the condition (C2) and € > 0. Suppose that f,g,h :
G — B satisfy

[f(x+y)—gl) —h(yl <€ (69)

for all (x,y) € W. Then there exists a unique additive function A, : G — B such
that

l8(x) — Ax(x) — g(O)]] < 4e (70)
forallx € G.

Theorem 6 Letr W satisfy the condition (C3). Suppose that f,g,h : G — H satisfy
fx+y)—gx)—h(y)eV (71)
forall (x,y) € W. Then there exists a V*-Cauchy sequence ¢, : G — H satisfying
en(x +y) — ca(x) —cu(y) € 27"VF (72)

foralln e Nand x,y € G and
ea(x) — h(x) + h(0) € 27" (V¥ +2V* + ... 42" V¥ (73)

forall x € G.

Proof For given x,y € G, choose z € G such that (0,z) + Q,, C W. Then we
have

—fe+x+y)+g@+hx+ye-V,
f@+x+y)—gz+x)—h(y)eV,
f@z+x)—g@)—hx) eV,

—fz4+x)+gz+x)+h(0) e —V.

Thus it follows that

h(x +y) —h(x) —h(y)+h(0) e =V +V +V -V =V* (74)
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for all x,y € G. Now by Theorem 2, there exists a sequence ¢, : G — H satisfying
(72) and (73). This completes the proof.
In particular, if f, g,k : G — Y we have the following.

Corollary 9 Let W satisfy the condition (C3) and € > 0. Suppose that f,g,h :
G — Y satisfy

[f(x+y)—gl) —h(yl <e (75)
forall (x,y) € W. Then there exists a Cauchy sequence c, : G — Y satisfying
llea(e + ) = @) = ca(y)] < 27" (76)
foralln e Nand x,y € G, and
llea(x) — h(x) + h(O)]| < 4e (77)

forallx € G.
In particular, if f, g,h : G — B we have the following.

Corollary 10 Let W satisfy the condition (C3) and € > 0. Suppose that f,g,h :
G — B satisfy

[f(x+y)—gl) —h(yl <e (78)

forall (x,y) € W. Then there exists a unique additive function Az : G — B such
that

[h(x) — A3(x) — h(O)]| < 4e (79)

forall x € G.

Theorem 7 Let W satisfy all the conditions (C1), (C2), and (C3). Suppose that
f.g,h: G — H satisfy

fx+y)—gx)—h(y)eV (80)

for all (x,y) € W. Then there exist V*-Cauchy sequences a,,b,,c, : G — H
satisfying

an(x +y) — an(x) — an(y) € 27"V* 1)
bu(x +y) = bu(x) — by(y) €27"V* (82)
en(x +y) —cu(x) —cu(y) € 27"V" (83)

foralln € Nand x,y € G, and
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an(x) = f(x) + f(0) € V], (84)
bn(x) — g(x) + ¢(0) € V', (85)
ca(x) — h(x) + h(0) € V! (86)

foralln € Nand x € G, and
an(x +y) = by(x) — ca(y) € V™. 87)
foralln € Nand x,y € G, where
VE=2T(VE 42V 4 427,
VF*=V4+V4+VH+VH+V-V-V-V-_V-_VH+V -V -V~

Proof From Theorems 4, 5, and 6, it remains to show (87). By the condition (C1),
for given x,y € G, choose z € G such that (— z,2), (x — z,z+ ¥) € W. Then from
(80) we have

fe+y)—gx—2)—hz+y) eV, (88)
—f0)+g(—2)+h(z) e —V. (89)

Also, by (65) and (74) we have

gx—2)—gx)—g(=2)+g0)eV+V -V -V, (90)
hz+y)—h(—h(y)+h0)eV+V -V V. o1
for all x, y,z € G. From (88)—(91), we have

fax+y)—gx)—h(y)—f(0)+g(0)+h(0)eV+V+VH+VH+V -V -V -V-V-V
(92)

for all x,y € G. Using (84), (85), (86), and (92) we have

an(x+y)—by(X)—cy(MEVHVHVHVHV V-V -V -V-VHV -V -V
(93)

This completes the proof.
In particular, let V = {x € Y : ||x|| < €}. Then we have

VEC{xeY:|x| <4e}, V*C{xreY:|x| <22

for all n € N. Thus as a direct consequence of Theorem 7 we have the following.

Corollary 11 Let W satisfy the conditions (C1), (C2), and (C3) and € > 0.
Suppose that f,g,h : G — Y satisfy

If(x+y)—glx) —h(MI <€ (94)
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forall (x,y) € W. Then there exist Cauchy sequences a,,b,,c, : G — Y satisfying

llan(x 4+ ¥) — an(x) — a,(y)|| <272 (95)
by (x 4+ ¥) — bu(x) — by(y)|| <272 (96)
llen(x + ¥) — cn(x) — eI < 27" € (97)

foralln e Nand x,y € G,

If(x) = an(x) = fO)| < 4e, (98)
lg(x) = bp(x) — g(O)I| < 4e, 99)
[1h(x) = cn(x) — hR(O)|| < 4e (100)

foralln € Nand x € G, and
la,(x +y) — bu(x) — c,(W| < 22¢ (101)

foralln e Nand x,y € G.

Corollary 12 Let W satisfy the conditions (C1), (C2), and (C3) and € > 0.
Suppose that f,g,h : G — B satisfy

[f(x+y)—glx) —h(yI <€ (102)
forall (x,y) € W. Then there exists an additive function A : G — B such that
I1f(x) —Ax) — f(O)|| < 4e,

g(x) — A(x) — g(O)]| < 4e,
[h(x) — A(x) — h(O)]| < 4e

forall x € G.

PVOOf Let Aj(x) = lim,La,(x), A2(x) = lim, 0 by(x), A3(x) =
lim,,_, o ¢,(x). Then it follows from (95)—(97) thatforeach j = 1,2, 3, A; isadditive.
Letting n — oo in (98)—(100) we have

I1f(x) = Ai1(x) = fO)| < 4e,
llg(x) — Az(x) — g(O)]| < 4e,
1A (x) — A3(x) — h(0)|| < 4e

for all x € G. Finally letting n — oo in (101) we have
[A1(x + y) — A2(x) — As(y)|| < 22¢ (103)
forall x,y € G. Putting y = 0 and x = 0 in (103) separately, we have

[A1(x) — A2 ()] < 22¢
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[A1(y) — As(V)]| = 22¢

for all x,y € G, which implies that A; = A, and A; = Aj. This completes the
proof.
In particular, if G is a normed vector space we have the following.

Corollary 13 Letd > 0. Suppose that f,g,h : G — B satisfy

If(x+y)—glx)—h(yl <€ (104)
forall \|x|| + |||l = d. Then there exists an additive function A : G — B such that
I f(x) — Alx) = fO) < 4e,
lg(x) — Alx) — g(0)]| =< 4e,

[A(x) — A(x) — h(0)| < 4e

forallx € G.
Finally we give another interesting example of the set W C R" x R" with finite
Lebesgue measure satisfying all the conditions (C1).

Lemma 1 Let D := {(x1,y1), (X2, ¥2), (x3, ¥3), . . . } be a countable dense subset of
R2. For each j=12,3,...,wedenote by

R] ={(X,y)€R2 . |x—_Xj| < 1, |y—y]| <2_'i6}

the rectangle in R? with center (xj,yj)andlet W = U;’il R;. It is easy to see that
the Lebesgue measure m(W) of U satisfies m(W) < €. Now for d > 0, let

Wy =WnN{x,y) eR: x|+ |y > d}.
Then W satisfies (C1).
Proof For given x,y € R we choose a p € R such that
lpl=d+ x|+ Iyl +1. (105)

We first choose (x;,, y;,) € K such that

1
I—p—xi1|+|p—ym|<z, (1006)

and then we choose (x;,,y:,) € K, (xi;, ;) € K and (x;,,y;,) € K with 1 < i} <
ip < i3 < ig, step by step, satisfying

|)C - yn - )C,'2| + |yi1 - yi2| < 2_il_l’ (107)
¥ —yi, = X |+ 1y + v, — Yl <2727, (108)
Iy — yiy — Xy |+ |y — i) <2757 (109)
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Let
a =Yy, —D
22 = Yip = Yir»
3=DVis = Vip =),
24 = Yiy — Yiz»
and

z=z21t+22+23+ 2.

Then from (106)-(109) we have

1 ; ; , 1
il < o lal <2707 sl < 2707 faal < 2707 el < 5 (110)
Thus from (105), (106), and (110) we have
1
|—p—z|+|p+zl22(|p|—|zl)22(|p|—§) (111)
>2d >d,
l=-p—z—xy| =|—p—xi|+ 1zl (112)
1 N 1 |
<-4+=<1,
4 2
and
p+z—yil=lat+z+zal <2707 42727 42707 <27 (113)
The inequalities (111), (112), and (113) imply
(-p—zp+2) €W, (114)

Also from the inequalities

1
lx —p—zl+Ip+z|l = 2(pl = Ix| —z]) >2(|P|—|X|—§) >d,
lx — p —z—xi,| < |x — yiy — Xip| + |22] + |z3] + |z4]
1 1 1 1

b —— <1
“sTstTw "

and
p4+2—yi,| = |za +24] <2727 4275871 <2702,
we have

(x—p—z,p+2) €W, (115)
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Similarly, using the inequalities
|x —p—z— x| < |x — yi, — xi5] + |zal + |z4] < 1,
v+ p+z—yil = lzal <275,
= p—z—xi| <1y —yiy — x| +lzal < 1,
ly+p+z—yul =0,
we have
x—p—zy+p+2,(—p—z,y+p+2e W, (116)

Let {(x1, y1), (x2, ¥2), (x3, ¥3), . . . } be defined as above. Foreach j = 1,2,3,...,
let

Si={x,»:x,yeR: x+y—x;—yjl <1, |x—y—x; +yl <2_je}
andlet V = Uj’;l S;. Then V satisfies m(V) < €. For fixed d > 0, let
Va=VN{xy) eR: x|+ |y > d}.

Using the similar method as in the proof of Lemma 1 we can show that V, satisfies
the conditions (C1), (C2), and (C3).
As a direct consequence of Lemma 1 we have the following.

Theorem 8 Letd > 0. Suppose that f : R — R satisfies

lfx+y)—fx)—fOl =€ 117)

for all (x,y) € W,. Then there exists a unique additive function A : R — R such
that

[f(x) — A(x)| < 3e (118)

forall x e R.
Proof 1t follows from (115) and (116) that for given x, y € R there exist p,z € R
satisfying
Ifx+—f)—fMI=l-fO+fx—p—2+ f(p+2)I
+Ifx+-fx—p—-2—fy+p+2)
=S+ f=p—2+ f(y+p+2)
< 3e.

Using Theorem A we get the result.
As a consequence of Theorem 8 we obtain an asymptotic behavior of

Ca(f) :=( SI)JPW [fx+y)— fx) = fDMI—0 (119)
x,y)eWa
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asd — oo.

Theorem 9 Suppose that f : R — R satisfies the condition
Ci(f)—0 (120)
as d — oo. Then f is an additive function.

Proof By the condition (120), for each j € N, there exists d; > 0 such that

1
[f(x+y)— f&X)— f)] < H

for all (x,y) € de. By Theorem 8, there exists a unique additive function
A; : R — R such that

w

[f(x) = Aj(x)] < 7 (121

for all x € R. From (121), using the triangle inequality we have

| W

|4 () — Ar(x)] =< -

+%§6 (122)

~

forallx € Randall positive integers j, k. Now, the inequality (122) implies A; = Ay.
Indeed, for all x € R and all rational numbers r > 0 we have

1
|4 (x) — Ar(x)| = ;IA,‘(FX) — Ap(rx)| = (123)

N Ne)

Letting r — oo in (123) we have A; = A. Thus, letting j — oo in (121) we get
the result.
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On the Stability of Drygas Functional Equation
on Amenable Semigroups

Elhoucien Elqorachi, Youssef Manar and Themistocles M. Rassias

Abstract In this chapter, we will prove the Hyers—Ulam stability of Drygas
functional equation

Fay)+ fxa(y)) =2fx)+ fy)+ fo(y), x,y €G,

where G is an amenable semigroup, o is an involution of G and f : G — E is
approximatively central (i.e., | f(xy) — f(yx)| < ).

Keywords Hyers—Ulam stability - Drygas functional equation - Amenable semi-
groups - Invariant means - Semigroups - Abelian groups

1 Introduction

The stability problem of functional equations originated from a question of Ulam
[50] in 1940, concerning the stability of group homomorphisms
Given a group G and a metric group G, with a metric d(-, -). Given € > 0, does there exist

ad > Osuchthatif f: G; — G satisfies d(f(xy), f(x)f(y)) < é forall x,y € Gy, then
a homomorphism g : G; — G, exist with d(f(x), g(x)) < e forallx € G?

In other words, under what condition does there exists a homomorphism near an
approximate homomorphism? The concept of stability for functional equation arises
when we replace the functional equation by an inequality which outs as a perturbation
of the equation. The case of approximately additive mappings was solved by Hyers
[23] under the assumption that G; and G, are banach spaces. In 1950, Aoki [1]
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provided a generalization of the Hyers’ Theorem for additive mappings. In 1978,
Rassias [41] succeeded in extending the result of Hyers for linear mappings by
allowing the Cauchy difference to be unbounded. Since then, several mathematicians
have been attracted to the results of Hyers and Rassias and stimulated to investigate
the stability problems of functional equations. The interested reader can get a rapid
overview on the subject by consulting the books of Czerwik [10], Hyers et al. [24]
and Jung [27], Kannappan [29] or the survey papers of Forti [17], Ger [21], Hyers and
Rassias [25] and Székelyhidi [49]. We refer also to the references: [3, 4, 7-10, 20,
21,27,32-46]. Let G be a semigroup and E a Banach space. A mapping f : G — E
will be called a solution of the generalized Drygas functional equation if it satisfies

fay)+ fxa(y)=2fx)+ f)+ flo(y), x,y €G, 9]

when o : G — G is an involution of G, i.e., o(xy) = o(y)o(x) and 0 o 0 (x) = x
for all x,y € G. The functional Eq. (1) is a generalization of the classical Drygas
functional equation

Fa+ fay H=2f@)+ fO)+ fO™, x,yeG 2)

introduced in [11]. The functional Eq. (2) has been studied by Szabo [47], Ebanks
et al. [12], and Faiziev and Sahoo [13]. The solutions of Eq. (1) in abelian group
are obtained by Stetkaer in [46]. A stability result for the Drygas functional Eq. (2)
was derived by Jung and Sahoo [28] when G is a linear space, while later on Yang
[51] proved the stability when G is an abelian group. Recently, Faiziev and Sahoo
[14, 15] proved the stability of Eq. (2) under an additional condition implied by the
centrality. Li, Kim and Chung [30] obtained the stability of Eq. (2) in the space of
generalized functions. Bouikhalene et al. [5] obtained a stability theorem for the
functional Eq. (1) an abelian groups. In the same years, in [4], they proved a stability
theorem for Eq. (1) in non-abelian group, when ¢ is an automorphism of G, i.e.,
cgoo(x)=xando(xy) = o(x)o(y)forall x,y € G. Székelyhidi [48] extended the
Hyers’ result to amenable semigroups. He replaced the original proof given by Hyers
by a new one based on the use of invariant means. The connections between stability
and amenability of groups (or semigroups) and sufficient condition for amenability
in term of stability is proved by Forti in [16]. In [18], Forti and Sikorska obtained the
stability of the Drygas functional Eq. (2) in amenable group G, under the assumption
that f is approximatively central (i.e., | f(xy) — f(yx)| < 8 for some § > 0 and for
all x, y € G). In the present chapter, we study the stability of the generalized Drygas
functional Eq. (1) when the domain G is an amenable semigroup and the function
f is approximatively central. The result of this chapter can be compared with the
ones of Forti and Sikorska [18] because we formulate them in the same way by using
some ideas from [18]. In contrast to [ 18], we work with a general involution o on the
semigroup G. We recall that a linear functional m on the space B(G, C). The space
of all bounded functions on G is called a left (right) invariant mean if and only if

inf f(0) < m(f) < sup 0 mGuf)=m(fx (n(fe) =m(f)

for all f € B(G,C) and a € G, where , f and f, are the left and right translates
of f defined by ,f(x) = f(ax), fu(x) = f(xa), x € G. A semigroup G which
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admits a left (right) invariant mean on B(G, C) will be termed left (right) amenable.
If on the space B(G, C), there exists a real linear functional which is simultaneously
a left and right invariant mean then we say that G is two-sided amenable or just
amenable. We refer to [22] for the definition and properties of invariant means.

Throughout this chapter, f° and f¢ denote the odd and even parts of f, respectively,

. o S = flo(x)) Sf&x)+ flo(x))
ie., fox)= 21227 EAALEEALE

> , fex) = > forall x € G.

2 Hyers-Ulam Stability of the Drygas Functional Equation
in Amenable Semigroups

In the following lemma, we establish a connection between solutions and approxi-
mate solutions of Drygas functional Eq. (1).

Lemma 1 Ler G be a semigroup and E be a Banach space. Let f : G — E be
a function for which there exists a solution g of the Drygas functional Eq. (1) such
that || f(x) — g(x)|| <6 forall x € G and for some § > 0. Then

g(x) =

n——+o0o

lim 27> {ff(xz") + % ;2"*‘ L@ o Y+ ff((o(x)z”kxz”f“)]}

2 k=1

n l - k—1 k—1_Hn—k k—1 k—1_on—k
+2”{f”(x2)+2[fe((x2 O S R CIO )]} 3

where f€, f° are the even and odd part of f.
Proof By using Drygas functional Eq. (1), we get

[g(xy) + g°(xa(y)) — 28°(x) — 28° (V] + [g°(xy) + g°(xa () — 2g°(x)] =0

)
Setting x = y in (4) and using g°(xo (x)) = g°(o (x)x) = 0, we obtain
[8(x%) + g°(xa(x)) — 4g°(x)] + [g°(x?) — 28°(x)] = 0. (5)
Changing x into o (x) in (5), we get
[¢°(x*) + g°(o(x)x) — 4g°(x)] + [— g°(x*) +2g°(x)] = 0. (6)
By adding and subtracting (5) to (6), we obtain respectively,
g’ + %[gf(xa(x)) + g (o (x)x)] = 4g°(x) %

and

1
g'(x%) + E[g"(xa(X)) — 8 (0 (x)x)] = 2g°(x). ®)
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From (7), we get
g0 + g°(xo(x)) — 4g°(x) = Z[g°(xo (x)) — g°(0(x)x)] )

N = N~

[g(xo(x)) — g(o(x)x)] = c(x),

1
where c(x) = =[g(xo(x)) — g(o(x)x)]. First, we use induction on n to prove the
following relation

n

gE(x2") — 4nge(x) _ 24](71 I:gE(xznfko_(x)Z"*k) _ C(inik):l (10)

k=1

for all x € G. Equation (9) proves that the assertion (10) is true for n = 1. Now,
assume that (10) holds for n. By using (9) and (10), we obtain

on+l

) =4g°(x”) — g% o (x)*") + c(x*)

=4 [4"ge(x> - Z 4 g e - c(xz”)ﬂ

k=1

g(x

— (¥ o)) 4+ c(x?)

n+1
— 4n+1ge(x) B Z4k_] [ge(x211+l—k0(x)2n+l—k) _ C(x2:z+l—k)] ,

k=1
which proves the validity of (10) for n + 1. If we replace x by xo(x) in (9), we get
4g°(xo (x)) = 28°((xa(x))’), x €G. (1)
By applying the inductive assumption, we obtain
4" (xo (x)) = 2"g“(xo (x))) (12)

for some positive integer n. It follows from (11) that (12) is true for n = 1. The
inductive step must now be demonstrated to hold true for n + 1, that is,

4" gl (xo(x)) = 412" g((xo (x))*")]
=2" x 2g°((xa(x))>") = 2" g (xo (x)*)

This proves the validity of the relation (12). By the hypothesis, f = g + b, where b
is a bounded function. So, we have

fe=g°+0b° and f°=g°+b°. (13)
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The first relation in (13) gives
47nfe(x2") — 47nge(x2”) + 47nbe(x2”)'

By using (10) and (12), we get

47 ey = 47 [4" g = Y 4 g o) - c(xz”)ﬂ + 4o

k=1
! k k ok—1 " k
— ge(x) _4n sz—]gE((xz O(x)z )2 )+ 4" Z4k—]c(x2 )
k=1 k=1

+47"pe ().

Therefore, we have

47" [f%x”) +y okt fe«x”‘ko(x)z"‘k)zk“)} (14)
k=1

n

=g @) +47 Y 2 [ o ) = g a0 )]

k=1
+47 Y =T ™y L ammpe .
k=1

Since the function c is odd (c(o(x)) = —c(x)), so by substituting x by o(x) in
(14), and adding the new result to (14), we obtain

47 {f"(ﬁ”w Ly 2 [ e )2"">2k‘)+f"((a(x)2""x2”)2"lﬂ

k=1

= g+ 4 Y2 [ o ) - g o )]

k=1

+ %4‘" P (O e e e B S (CIES L ] R R A

k=1

Therefore, we get

() — 47" [f%xz”) +3 2.2 [ o@D )+ @ ﬂ I
on—k ok—1

—4—"sz A (G e D S B (T € L | (15)

k=1

[\

on—k znkzkl

1 - ok ik k= n
34 2T (e [E S S WP (Te5) )+ 4716 ()|

k=1
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< 47§ szfl + 47n”be(x2")”
k=1

n

8+ 47" b ().

==
So, by letting n — +o00 in the formula (15), we obtain

R - kg nk onk gk
@ = tim 47 e+ 2 302 [ o T 4 oo T )]}

k=1

Consider now the odd parts. First, we check by induction that

g’ () = 2"g%(x) — Y 2" e ) (16)
k=1
for all x € G. From (8), it follows that (16) is true for n = 1. Now, assume that

(16) holds for n. Using (8) (by replacing x by x"), Eq. (16) and the definition of the
function ¢, we get

g’y = 2g°(x%) — e(x?)

n
=2 |:2"g”(x) - Z2”‘kc(x2kl)i| —c(x™)
k=1

n+1 -

— 211+lg0(x) _ Z 2n+l—kc(x2 - )’

k=1
which proves the validity of (16). By using (12), (16), and the definition of the
function ¢, we get

o f()(xz") — 27ng0(x2”) 4 27nb0(x2”)
=2 [zn g0 = Y 2 Fe? )} +27b (%)
k=1

n

=g°(x) =27 [; A G {CO M g%(a(x)z“xz“f”)}
k=1

+270(x .

Then, we obtain

n

lg?(x) —27" {f”(x”) + % ; F(C S0 S e ff((a(x)zk“xz“)2’”)} I

k=1 on—k k=1 on—k

1 < k-1 -1
=R I (O 1O i e R (O [ R a7
k=1
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k=1 k=1 on—k ok—1_on—k

T (CAC) ST S S WP (103 i | o) T C |

1 1 n n
= 27"[5115 + Enr?] + 27D (7)) = 27"n8 + 27" |b° (x|
If weletn — +ooin (17), we get

2 k=1

n l -1 1 ok 1 k=1 _on—
g°()= lim 27" {f"(x2 R A 1 S B R (CIO Py k)]} :
Since g(x) = g°(x) + g°(x), the rest of the proof follows.

Remark 1 Let G be a group,c = —1I and let E be a Banach space.Let f : G — E
be a function for which there exists a solution g of Drygas functional Eq. (2) such
that || f(x) — g(x)|| < d forall x € G and for some § > 0. Then, we obtain the result
proved in [18]:

g0y = lim 27"{ ()} + 277 (™))
n—-—+0oo
Remark 2 In Lemma 1, if a function g is a solution of Drygas functional equation
gxy) + glo(x)y) = 2g(y) + g(x) + glo(x)), x,y €G (18)

and || f(x) — g(x)|| < 6 forall x € G and for some 6 > 0. Then

8(x)

= lim 27 {ff(x”) + % D (a1 e L E o A (CIEO L S )]}

n—+00
k=1

n

+27 !f”<x2”> - % [ e Y - ff«a(x)z“xz“f”)]} :

k=1

Remark 3 if f : G — C is a solution of Drygas functional Eq. (1) with f is
central, i.e., f(xy) = f(yx) then the even and odd parts of f satisfies the quadratic
functional equation

Fay)+ fCo(y) =2fx)+2f0), x,yeG (19)
respectively, the Jensen functional equation
Foay) + foxo(y) =2f°(x), x,y €G. (20)

Later, we use the following result.

Lemma 2 Let G be a semigroup and E be a Banach space. Supposethat f : G — E
be an even function, (i.e., f(o(x)) = f(x)) satisfying the inequality

Ifey) 4+ fxa(y) =2f(x) =2f(MII =8 21
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forall x € G and for some § > 0. Then, for every x € G, the limit
g() = lim 27(FGH) + Q" = DT o)) (22)
n—+0o0

exists. Moreover, the mapping q satisfies the inequality

11
17C) =gl = =8 (23)

forall x € G.

Proof In the proof, we use some ideas from Bouikhalene et al. [4]. By interchanging
x by y in (21), we obtain with f(xo(y)) = f(yo(x)) that

ILf(xy) = fOx)ll < 26. (24)

Now, from (21), we get

12£ G o) o)) 2£ 0¥ 00 — 2f (0@ x| < 8.

(25)
Since
1F@ o)) = flo@)? ¥ )| <28 (26)
and
If G o) = fa o)) < 28 ()
Then
12f6* o2 —4fa? o0 ) <58 (28)
and
12f ¥ 0 (0)?) — 4£ 62 o0 Dl (29)
< 2f6¥ o ) = 2f T o))
+ 1267 o)XY —4f Y e )
< 96.
First, by using induction on n, we prove the following inequality
I f(x) — 22n{f( )+ @ = D e Y < 58+<527—§% 8
(30)

By letting x = y in (21), we get
£ (%) + fxo(x) —4f @) < 6. €2y
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So

8
I1f(x) = {f(x2)+(2 — DfGoCH = 53 (32)

This proves (30) for n = 1. The inductive step must now be demonstrated to hold
true for the integer n + 1 that is,

211+I

1 n n
1) = o PG+ @ = D o @)

n+l

1 o 2
fmﬂf(x Y+ f(xT o)) —4f(x7)]

+ S 122" = Do () - 4" - DY o))

+ Smn 476 + 42" - 1)f(x2”*‘ o2y = 220D £
= + & Doy b ) - e £+ @ = DG o @
= 22(n+]) 22(n+1) 22n
<981 25+115+(81 91)8—116+(8 1 9 1 y
— 229n D2 6 32 2’ T g 355670~ 3 )

This completes the proof of the induction assumption (30). Now, Let us define

90 = 3 [F0*) +@ = e o) (33)
for any positive integer n, and x € G. By using (21), (29), and (33), we get

lgn+1(x) — g ()l

l n+1 n n n n—1 n—1
= 22(fﬂnﬂxz )+ @ = DFGT o)) —4f () =42 = DT 0@ )
< 22(n+,)||f( T+ FET o)) — £

1 n 2" 2" n 21 21
+ S 122" = DT o)) 42" = DI o @) )
2" -1 5
= 22(n+1) +98 22+l = pn+3 77

Itfollows that {g, (x)}, is a Cauchy sequence forevery x € G. Since E is complete,
we can define g(x) = liIJIrl qn(x) for any x € G. In view of (30), one can verify
n——+oo
that g satisfies the inequality (23). This completes the proof.
In the following theorem, we prove a partial stability result of the quadratic and
Jensen functional equations on amenable semigroups.

Theorem 1 Let G be an amenable semigroup and E be a Banach space. Assume
that f : G — E be a function satisfying the following inequalities:

I1fGey) + fxo(y) = 2f°(x) = 2f“W]l <6, (34)
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1f°Cy) + fOxa(y) =2/l <y (35)

forallx,y € G andforsomed,y > 0. Then, there exists aunique solution g = Q+D
of Drygas functional Eq. (1), with Q solution of the quadratic functional equation

Q(xy) + Q(xa(y)) =20(x) +20(y)
and D solution of Jensen functional equation
D(xy) + D(xo(y)) = 2D(x)

such that

1
I1fCr) = gl = 56 + ) (36)

forall x € G.

Proof We follows the ideas and the computations used in [4] and [51]. By using
(34), we get

IFey)™) = fADI = 1 {xyxy. . .xy)xly) — f(yI(xyxy.. xy)xDIl < 2.
(37)

From (34), (37), and the triangle inequality, we deduce that
IF€ey)* (o)) — £ (o (x)* DI (38)
< I (@@ ) + £ ep)*) = 4Fxy)™)]l
) (@ (vx)*)) + FAx) (vx)F) — 4 (0™l
F A ) — FE> x)™)l

+ 4l = FAO0)
<8+6+25+85=126.

From Lemma 2, for every x € G, the limit
g = lim 27" f () + @ = DG o)) (39)
n—+0oQ
exists and
. 11
1 /9x) — gl = F‘S' (40)
Furthermore, in view of (37) and (2.36), we have

lg(xy) — g(yx)ll
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= lim 27" £ (@y)™) + @' = DA o))

— Fx)) = @ = D) o)
< lim 272 f¢ (™) = £
Q" =1 ., et orr et -
+ o IO o)™ ) = f0T o0 |
< ETOOTZ"H“”M =0.

Then, the mapping ¢ satisfies the relation

q(xy) =q(yx), x,y €G. (41)

So, by (40) and (34), the function g satisfies the inequality

lg(xy) + g(xo(y)) — 2q(x) — 2q(¥)|| < 128 (42)

for all x,y € G. Consequently, for any fixed y € G, the function x — g(xy) +
q(xo(y)) — 2g(x) is bounded. Since G is amenable then there exists an invariant
mean m on the space of bounded function on G and we have

mixg +ocy 4 —2yq} = m{y(:q +o) g — 29)} = m{:q +o 9 — 2q},
m{CIyz + Gyox) — 2‘])'} =m{(q, + qo(z) — Zq)y} =miq, + do(z) — 2q},
when ¢, (z) = ¢q(zy), z € G. Define
Y(y) = miqy + 4o(y) — 29} (43)
for all y € G. By using (43) and (41), we obtain
Y(zy) + ¥ (o (2)y) = m{qzy + Go(y)ozx) — 2‘]} + m{qa(z)y + qoy)z — 2q}
= m{zyq +o@y 9 — 2yq} + m{QJ(y)a(z) + qo(y)z — 2‘]0()0}
+m{2qy + 2q5(y) — 4q}
=m{:q to) 4 — 29} + m{qo) + 9. — 24}

+2m{qy + 4oy — 24}
=2 (2) + 2% (y).

So, O(y) = ¥ (y)/2 satisfies the functional equation

Q(xy) + Q(a(x)y) =20(x) +20(y) (44)

for all x, y € G and the following inequality

1
1O() — g = 3 lmigy + go() — 29 — 2V}l (45)
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1
< su;G) 5 lg(xy) + q(xa(y)) — 2q(x) — 2q(¥)|l
< 64.

If welet y = e in (44), we get Q is even and by a simple computation, we deduce
that Q(xy) = Q(yx)forallx, y € G. Consequently, there exists a mapping Q which
satisfies the quadratic functional equation

Q(xy) + Q(xa(y)) =20(x) +20(y), x,y € G (46)

47
and the inequality || f¢(y) — Q)| < FS. Assume now that there exists another

47
mapping H : G — E solution of (46) satisfying || f¢(x) — H(x)| < FS for all

x € G. First, by mathematical induction, we show that
Q) =27 { 0¥+ 2o o ) 47)
k=1
for each n € N. By letting x = y in (46) we obtain
() + Q(xa(x)) = 2°Q(x). (48)
This proves (47) for n = 1. Substituting x by xo (x) in (48), we get
20((x0 (x))*) = 4Q(xo (x)). (49)
By using (48) and (49), we obtain (47) for n = 2, that is:

0(%) + 026 (1)) +20((x0 (1)) = 22[Q(?) + Q(x0 (x))]
=2*0(x).
Suppose that (47) is true for n. Hence, by using (48) and (49), we have

n+1

Q(xszrl) + Z 2k—l Q((xznﬂ—kU(x)2)1+l—k)2k—l)
k=1

n+l1
= 06¥") + 06T o) + Y 2o e T
k=2
n+1
— 22Q(x2n) + Z 2k—1 Q((x2n+l—ko_(x)2n+l—k)zk—l)
k=2

=22 [Q(xz") +y 2! 02 oy )}

k=1
— 22(n+1) Q(x)
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From (47), we obtain
Q) — H)I

=210 = H6®)+ Y2 o o ) = B o0 H ]I

k=1

<270y — fAP) + 27 HG) — )

+272 3 2o o)) — A o I

k=1

+27 3 2 HGY @) = e e I
k=1
94 94

<2~ 2n s nZ’s.
- 6 + 6

By letting n — +00, we get Q = H. This proves the uniqueness of the mapping
Q. Now, we define by induction the sequence function fj(x) = f¢(x) and

on— k on—k

fi) =271 fe? )+sz e oo )

k=1

for all n > 1. By a direct computation, we can easily verify that f/(x) =

1
z[fn‘il(xz) + f/_(xo(x))] forn > 1. By letting x = y in (34) we get

; (50)

N S

1
||§[f“(x2) + [Cxo()] = 2f W)l <

SO
)
17 = 2fo@l = 5 (G

for all x € G. In the following, we prove by induction the inequalities

)
1) =2/ @l = 5 (52)

2" —1
100 — 2 Fe0o0l < (2—)6 (53)

foralln € Nand x € G. From (51), we get (52) for n = 1. The inductive step must
now be demonstrated to hold true for the integer n + 1, that is

1
I £E () = 220 = Ellf,f(xZ) + fAxo(x) = 2£5 (x%) = 2 £ (xa ()|
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1 1

< Ellf,f(xz) =215 (D)) + Ellf,f(xa(x)) = 2f (xa ()l
L

-2 2772

This proves that (52) is true for all # > 1. Now, by using the inequality

£ 0e) = 2" FEQI < 15 ) = 2f7, Ol + 211 fy () = 2" el (54)

we check that (53) holds true for any n € N. Let us define

fu ) n 2 k-1 2k ok k-1
gn(x) = "= =27 [ )+k2;2 FUOP o) )}

for any positive integer n and x € G. By using (47) and inequality || f*(x)— Q(x)|| <
47
F(S, we can prove that
Q(x) = lim g,(x).
n——+00

8
From (53), one can verify that Q satisfies || f¢(x) — Q(x)|| < 2 for all x € G.
Consider now (35), we have

1f9(yx) = fOxo () = 2F°WI = I1f7(vx) + fO(yo () = 2f° DIl < y. (55)

Whence, for every y € G, the function x — f°(yx)— f°(xo(y)) is bounded. By
using (35) and (55), we obtain

I £7(x) + folo()x) =2l (56)

< fx) = foxo() =2fWI+ 1L f (@ ()x) + folo (o (x) =2 (c)I
+ 1/ xy) + f(xa(y) = 2 /()|

<3y.

The function x — f°(yx) + f°(o(y)x) — 2 f°(x) is bounded. So, we have
m{zyfo +o@)y fo= 2yfn} = m{y(zfo +o(2) fO=2f) =m{.f° +o(2) fo=2f%,

m{f;(y)v(z) + faa(y)z - 2f;(,v)} = m{(f(;)(z) + fzo - 2f0)0(y)} = m{f;(z) + f;) —2f%).
Define

9(y) = m{y f* = fo) v € G. (57)
Therefore, we have

@(zy) + @(0(2)y) = m{z f — faa(y)g(z)} +mioey fO — fga(y)z}
=m{sy [ +oey [* =26 N —mife e + f50: = 2/em)
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+2m{y £ = fo)
=m{.f toe) [O=2fY =m{fyey + 7 —2f°}
+2mi{y [ = [}
=m{.f* — [} +mle 7= £} +2mi £ = [}
= ¢2) + ¢(o(2) + 20(y).

Thus, ¢ is a solution of Drygas functional Eq. (18). The function D(y) =

is a solution of Drygas functional Eq. (18). Moreover, we have

1 1
DY) = DIl = Flle(y) =2f° Wl = 3 lm{y f© = foy — 25O

2
1
5 sup [Lf(yx) — f(xa(y) = 2f M}

2 xeG
1

< —v.
_2V

So, D is a solution of (18) such that (58). Then, by Remark 2

IA

D(x) = % tim 272 G2 4+ 20 (?)

+ % ; 2 [ e D+ e ]

149

1
§§0(y)

(58)

| — n— n— k -k on—k k-1
322 @ o )+ et Y ))]}
k=1

2 {f”(xz") ~ (™)

1 k—1_on—k k—1 k—1_~n—k
S [ e + )
k=

1 n

2
k=

Then, D is odd. Thus, D satisfies the following equation
D(xy) + D(o(x)y) =2D(y), x,y € G,

which implies that

—D(o(y)o(x)) — D(o(y)x) = =2D(a(y)),

[f (@@ o )+ o) )2”))]}

(59)

(60)
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so D is a solution of Jensen functional equation
D(xy)+ D(xo(y)) =2D(x), x,y € G. (61)

The uniqueness of the function D follows as usual. Finally, we conclude that
g = O + D is the unique solution of Drygas functional Eq. (1) such that (36).
Now, we are able to prove the main result of the present chapter.

Theorem 2 Let G be an amenable semigroup and E a Banach space. Suppose that
f 1 G — E be a function satisfying the following inequalities

[ fxy)+ flxa() =2f(x) = f(y) = fleDI <9 (62)

and

Ifxy) = fFOl < n (63)

forallx,y € G andforsomeé, ;u > 0. Then, there exists a unique solution g = Q+D
of Drygas functional Eq. (1), with Q solution of the quadratic functional Eq. (46)
and D solution of Jensen functional Eq. (61), such that

[f(x) =gl =8+ (64)

forall x € G.
Proof From (62) and (63) we have

IfGey) + foxo () = 2f(x) = 2f°W)

1
=S 1fGy) + fle(o(x) + fxa() + f(yo(x) = 2f(x) —=2f(0(x)) —=2f(y) = 2f (eI

SN ]

=

IfGxy)+ fxo(0)) = 2f(x) = f() = flaO)]
1
+ I @) + floe@o () = 2f(@(0)) = f() = fleO)I

1 1
+ S I1f o) = fle@aoDIl + S1Lf (o () = fle@)y)l
<d+tpu

and analogous approximation we have

If°Gey) + fo(xa () =2/ =5+ (65)
for all x,y € G. Hence, by Theorem 1 we get our main result.

Corollary 1 [18] Let G be an amenable semigroup and E a Banach space. Suppose
that f : G — E be a function satisfying the following inequalities

IfGey) + fay™) =2f(0) = f) = fFOHI <8 (66)



On the Stability of Drygas Functional Equation on Amenable Semigroups 151

and

If(xy) = fFOI < n (67)

forallx,y € G andforsome$, u > 0. Then there exists a unique solution g = Q+D
of Drygas functional Eq. (2), with Q quadratic and D Jensen such that

1) =gl =8+ n (68)
forall x € G.

Corollary 2 [48] Let G be an amenable semigroup and E a Banach space. Suppose
that f : G — E be a function satisfying the following inequality

Ifxy) = fx) = fODIl =6 (69)

forall x,y € G and for some § > 0. Then, there exists a unique additive mapping
a : G — E such that

(70)

| S

I f(x) —a@)| <

forall x € G.

In fact, from the proof of Theorem 2, we see that instead of the condition || f(xy)—
fOx)| < u, we may assume a weaker one and which follows from the approximate
centrality, namely

Ifxy)+ fxo() = fyx) = fleo)l <y, x,y €G.

Corollary 3 Let G be an amenable semigroup and E a Banach space. Suppose that
f : G — E be a function satisfying the following inequalities

I fGey)+ flxo () —2f(x) = f(y) = fleDI =9 (71)

and

Ifxy) + fxa(y) = fyx) = fle(MO)ll <y (72)

forallx,y € G andforsomed,y > 0. Then, there exists aunique solution g = Q+D
of Drygas functional Eq. (2), with Q solution of the quadratic functional Eq. (46)
and D solution of the Jensen functional Eq. (61) such that

[f(x) =)l =8+ % (73)

forallx € G.
In [52], D. Yang presented some rich ideas on the stability of Jensen’s functional
equation

fay)+ fay H=2f(x), x,yeG (74)
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on amenable groups. However, the proof of his result is incorrect. The function ¥
defined by Eq. (11) in [52] satisfies Drygas functional equation, the deduction that
the odd parts v, of the function i satisfies Jensen functional Eq. (74) is not true. In
the following, we correct the error that occurs in the proof of [[52], Proposition 2].

Corollary 4 Let G be an amenable semigroup with neutral element e. Let f:
G —> C be a function satisfying the following inequality:

1FGy) + fey ™) —2f(x)I< 8 (75)

forall x,y € G and for some nonnegative §. Then, there exists a unique solution g
of Jensen Eq. (74) such that

If(x) —g(x) — fle)l< 38 (76)
forallx € G.

Proof In the proof, we use some ideas from Yang [52] and Forti and Sikorska [18].
Setting x = e in (75), we have

1)
If¢O) = flol= 7 (77
for all y € G. The inequalities (75), (77), and the triangle inequality gives
LfGey)+ fyx) =2f () =2f(y)+2f(e)l (78)

SIFGY) + fay™) =2+ [fx) + fyx™") =21 ()l
+2f(e) — flxy ) — flyxh)|
< 36.
Hence, from (75), (77), and (78), we get
f(yx) + fO7 ') = 2f ()] (79)
< x) + fxy) =2 () — 2 (x) + 2f (o))
HFOT D+ fay™) = 2£ () = 2£(x) + 2 (@)
= fy) = fay ™)+ 2f@I+2f () + 2 () —4f (@)l

< 96.
Now, from (75) and (79), we obtain
Fx) = fay ™+ fox) = fay™) =20/ — fFOH (80)
<Ifx) + fOox) =2/ H ey ™+ fay D =207

< 106.
Consequently, we get
[Fx) + fox™h) = 2f°(y)I< 58 1)

for all x,y € G. Now, by using the proof of Theorem 2.6, we get the rest of the
proof.
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Stability of Quadratic and Drygas Functional
Equations, with an Application for Solving
an Alternative Quadratic Equation

Gian Luigi Forti

Abstract The aim of this survey is to present stability results obtained in the last
years (roughly after 1995) for the quadratic equation and its various generalizations,
and the Drygas equation. The number of papers on this subject is very high, hence,
the author of the present chapter made a (quite arbitrary) choice of some of them
to be shown in detail. The last section is devoted to an application of stability for
solving an alternative form of the quadratic equation.

Keywords Ulam-Hyers stability - Quadratic equation - Drygas equation - Alternative
quadratic equation

1 Introduction

The well-known characterization of inner product spaces among normed spaces is
given by the so-called parallelogram law

e+ ¥ 12 + llx = yII* = 201x11> + 2111
and this leads naturally to the following functional equation
e+ +fx=y)=2fx)+2f(). D

In the case of f : R — R, the regular solutions of the equation above have the
form f(x) = Ax? and from this fact Eq. (1) has been named quadratic equation and
its solutions quadratic functions (see [2]).

The similar functional equation

gx +y)+glx —y)=2g(x)+ g(y)+ g(—y) ()

was introduced in 1987 by H. Drygas in [28], where the author was looking for
characterizations of quasi inner product spaces, which in turn lead to solutions of
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some problems in statistics and mathematical programming. Equation (2) is now
known in the literature as Drygas equation.

Both functional equations have been the subject of investigations in various set-
tings: linear spaces, commutative and non—commutative groups, etc. Moreover,
several authors dealt with the Ulam—Hyers stability of them.

The aim of this survey is to present stability results obtained after 1995 for the two
previous equations and some of their generalizations. For the period before 1995,
refer to [26, 42, 45, 86, 87, 91]. Moreover, various results are in the more recent
books [27, 57, 61, 88, 89, 91, 98]. The number of papers on this subject is very high,
hence, it is not realistic to try to describe the content of all of them. The author of
the present chapter made a (quite arbitrary) choice of some of them to be shown in
detail and decided not to treat the case of restricted domains.

The last section is devoted to an application of stability for solving an alternative
form of the quadratic equation.

Throughout this chapter N, R, C denote the natural, real and complex numbers,
respectively.

2 Stability of the Quadratic Equation

The natural setting for studying stability of Eq. (1) is that of functions mapping a
group G into a Banach space B. When G is not necessarily Abelian, we write Eq. (1)
in the multiplicative form

Fay) + fay™H=2fx)+2f0) 3)

otherwise we use the additive form.
Following [41] and [100], we shall use the following definition.

Definition 1 Let G be a group and B a Banach space. We say that the couple (G, B)
has the property of the stability of the quadratic functional equation (write (G, B) is
QS for short) if for every function f : G — B such that

I F(xy)+ flxy ™) —2f(x) —2f(y)| < & forall x,y € G and for some § > 0
)

there exists a quadratic function ¢ : G — B and a constant ¢ > 0 depending only on
6 such that

I £(x) — q(x)]| < e forall x € G. )

The first author treating the problem above was F. Skof, who in [96] proved the
following.

Theorem 1 Let X be a normed vector space and B a Banach space. If f : X — B
fulfils (4), then for every x € X the limit

f(2"x)
22n

g(x) = lim
n—oQ
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exists and q is the unique quadratic function satisfying (5) with € = §/2.

P. W. Cholewa in [18] proved that the previous theorem remains true if we
substitute the vector space X with an Abelian group G.

Having in mind what has been done for the additive equation, we face the problem
of eliminating or weakening the request of commutativity of G. The first step in order
to simplify the study of that problem is provided by the following:

Theorem 2 [100] Suppose that the couple (G, C) (or (G,R)) is OS. Then, for every
complex (real) Banach space B, the couple (G, B) is OS. Moreover, if the (G, B) is
OSand f,q,8 and € are as in Definition 1, then q is unique and € = §/2.

Following the ideas of L. Székelyhidi [97] for the Cauchy equation, D. Yang was
able to prove the following.

Theorem 3 [100] Let G be an amenable group. Then, (G, C) is OS.

Moreover, this paper of D. Yang contains a counterexample, suggested by that
presented in [41] for the Cauchy equation, proving that on the free group generated
by two elements the quadratic equation is not stable.

Also V. A. Faiziev and P. K. Sahoo attacked in [39] the problem of reducing the
requirement of commutativity (without quoting the former result of D. Yang). In
order to state the result, we need to introduce some classes of groups.

Definition 2 Given an integer n, a group G is said to be n-Abelian if for every
x,y € G, we have

(xy)il — xnyn'
By K., we denote the class of groups such that for every x, y the relation
(xy)n — xnyn — ynxn

is satisfied. Note that the 2-Abelian groups are commutative.
Another group considered in [39] is T'(2, K), that is the group of matrices of the
form

y t
0 x

where x, y,t € K and K is a commutative field.

Then, the stability of the quadratic equation is proved in [39] when the domain is
either a n-Abelian group or the group 7'(2, K).

Along the lines traced by T. Aoki [3] for the additive mappings and Th. M. Rassias
for the linear ones [83], many authors have considered the stability of the quadratic
equation in the more general case where the constant bound is substituted by a control
function.

Probably the first author to prove stability in this setting was St. Czerwik, who in
[25] proved the following.
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Theorem 4 Let X be a normed space and B a Banach space and let f : X — B
be a function satisfying the inequality

If&x+y)+ fx =) =2F) =2fI = Alx, y). (6)

with either

@O A, y) = n+0UxIIP + 1y, s<2 x,ye&\{0}
or
() ACx,y) = 0(xI* +1yI"), s>2 x,yed,

for some n,6 > 0.
Then, there exists exactly one quadratic function q such that

1
If(x) =gl = 3+ ILF O+ lxl*,  x € X\ {0}

4—2

in case (i) or

Ixll®, xeX

1) =g = 57—

in case (ii). Moreover, if the function t — f(tx),t € R, is continuous for each
x € X, then q satisfies the equation

q(tx) = tzq(x), xeX, tekR.

In [9], as a particular case of a stability theorem for a wider class of functional
equations, the following result has been obtained.

Theorem 5 Let G be an Abelian group, 13 a Banach space and let f : G — B be a
function with f(0) = 0 and fulfilling (6). Assume that one of the series

+00 +oo
Z 2_2iA(2i_'x, 2i_1x) or Z 22<i_')A(2_ix, 2_ix)

i=1 i=1
converges for every x and call I'(x) its sum. If, for every x,y
22 A%, 207 y) > 0 or 227D AQ X, 27Ty) — 0,
respectively, as i — 0o, then there exists a unique quadratic function q such that
[f(x) =gl = I'(x), xeX.

Some authors studied the stability of the quadratic equation in different contexts
concerning both the domain and the range of the functions involved. C.-G. Park
in [77] considered the case of Banach modules; in [113], the domain is a Banach
module over a C*-algebra; M. S. Moslehian, K. Nikodem and D. Popa in [75] used
multi-normed spaces.

A. K. Mirmostafaee and M. S. Moslehian in [73] investigated the stability when
domain and range are fuzzy normed space.
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Definition 3 A function N : X x R — [0, 1], X real linear space, is said to be a
fuzzy normon X if for all x,y € X and all 5,7 € R, the following conditions hold:

N(x,c)=0forc <0;

x = 0if and only if N(x,c) = 1 forall ¢ > 0;
N(cx,t) = N(x,‘z—,‘) if c #0;

N(x +y,s +1) = min[N(x,s), N(y,1)];

N(x,-) is non-decreasing and lim,_, o, N(x,?) = 1.

The pair (X, N) is called a fuzzy normed linear space; a complete fuzzy normed
linear space is called fuzzy Banach.
The result in this setting, presented in [73], says:

Theorem 6 Let (X, N) be a fuzzy normed linear space and (B, N') a fuzzy Banach
space. Let p > 1/2 and assume that f : X — B satisfies the inequality

N'(f&x+y)+ f(x =) =2f) = 2f(y),t +5) = min[N(x, "), N(y,s")]

forall x,y € X and s,t € [0,00). Then, there exists a unique quadratic function q

such that
22—1/p -1 p
N,(CI(X)_f(X)’t)ZN<X, (T) lp>.

A similar result is valid for p < 1/2.

Other stability theorems in the same framework of fuzzy spaces are in [29, 33,
48, 62]. For results in non-Archimedean spaces see [8, 63, 95].

As for other functional equations, also the quadratic one has been investigated
in the frame of distributions. A stability result in this setting has been published by
J.-Y. Chung in [19]. Clearly the first, and crucial, step consists of transforming a
functional inequality in an inequality meaningful for distributions.

Let A, B, P, and P, be the functions

Ax,y)=x+y, Blx,y)=x—y, Pi(x,y)=x, P(x,y) =y, x,y € R".
Then, the inequality (6) can be naturally transformed as
luoA4+uoB —2uo P —2uo P|| < A(x,y) @)

where uo A,uo B,uo P;,uo P, are the pullback of u by A, B, Py, P,, respectively,
and ||v|| < A(x, y) means that (v, ¢)| < || A¢||, for all test functions ¢.
The main result reads as follows:

Theorem 7 [19] Let u € S’ satisfies the inequality (7). Then, there exists a unique
quadratic function

q(x) = Z ajKX Xk

I<j<k<n
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such that

lu(x) — gx)|| < - 2p‘A(x x), 0<p<2orp>4
lu(x) = gl < 54(0,0), p =0.

(S’ is the space of Schwartz tempered distributions.)

Other results of this kind can be found in [20-22, 24, 69, 70].

The term f(x — y) in the quadratic equation or, more precisely, the —y in the
argument, can be interpreted in a more abstract way as an involution o applied to y.
Some results in this direction are given in [10, 11, 31].

The first natural generalization of the quadratic equation consists of the so-called
Pexideration of the functional equation, that is, while preserving the structure of the
equation, in one or more terms appear different functions.

S.-M. Jung in [56] proves the following stability theorem for a Pexider-type
equation:

Theorem 8 Assume that f1, f>, f3, fa : X — B satisfy the inequality
I /ix 4+ )+ folx —y) — f3(x) = faOW)Il = ¢(x,y)

where ¢ is symmetric, ¢(x,—y) = ¢(x,y) and there exists an integer s > 2 such
that either

21

E f¢(six,siy) < 00,
sl

i=0

or

> (5.3) <o

i=

Then, there exist a quadratic function q and additive functions a,, a, such that

I fi(x) = q(x) — ai(x) — ax(x) — fi(O)]| < ¥i(x), i =1,2,3
I fa(x) — 2g(x) — 2a1(x) — fa(O)]| < ¥4(x),

for some functions W;,i = 1,2,3,4 depending only on ¢. In the special case
¢(x,y) = &, the four functions W; are the constants ﬁs %8 13—68 and 124
respectively.

Quite curiously, this very same result, in the case of constant bound, constitutes
the only content of the paper [58], published later than [56] and by the same author.

Other results, very similar among them, are in [5S0-53].

A different approach to the stability is in the paper [ 10] where the following system
of equations is studied:

fOy)+ fxo(y) =2f(x)+2f(y)
fay)+gxo(y) = f(x)+g(»)
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Here, the domain of the functions f and g is an amenable semigroup G and o is
an automorphisms on G such that o = I. Some of the results therein contained
concern the Pexiderized quadratic equation

f1Gey) + f2(xo () = f3(x) + fa(y).

Note that Z. Kominek in [68] has been able to investigate the stability of the
quadratic equation in semigroups by modifying its form as follows:

JE+2)+f)=2fx+y)+2f().

In the last ten years, several other functional equations called “quadratic” (or
Euler-Lagrange: see [84—90]) have been investigated in order to determine the gen-
eral solution and to prove stability results in the sense of Ulam—Hyers in various
different situations. The name “quadratic” has been given since, in the case of real
functions of real variable, the quadratic polynomials are among their solutions.

Showing all these results would be excessively long. In the following, we present
a choice of these equations and related stability results.

J. M. Rassias in [85] proved the following:

Theorem 9 Let f : X — B, where X is a linear normed space and B a real
Banach space. For reals a; and positive reals m;, i = 1,2, define

mimy + 1 mla% + mza%
et s T

my = ’
m; +my mg
and
Feo =00 f(Grax) + 5 f (F2aa) ],
) = g=[mi flax) + 5= f(maaxx)].

Assume that m # 1 and ||7(x) — f)| < ¢ and
lmima fa1x1 + axx2) + f(maazxy — myaixz) — mmo(ma f(x1) + my f(x2)| < c,

for some positive constants ¢ and c’. Then, there exists a unique quadratic mapping
q satisfying the functional equation

mymaq(aix1 + axxy) + g(maazx; — miaix;) = mmo(maq(x1) + miq(xz)),

and such that || f (x) — q(x)|| < cy, for some c| depending only on ¢ and ¢'.
The same author treated analogous functional equations in several other papers.
S.-M. Jung in [54] considered the functional equation

fe+y+d+fO+ M+ f@Q=fCx+»N+fy+2+ fz+x),

where f maps a real linear space X into a Banach space B. If X = B = R, the
function f(x) = x? is a solution, hence, again we have a “quadratic” equation.
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The stability result proved therein is the following:

Theorem 10 Assume that f satisfies the system of inequalities

lfx+y++f)+ M+ f@D—-fx+»—-fO+2)—f@+x)| ¢
1 f(x) = f(=0) <6

for some €,0 > 0. Then, there exists a unique quadratic mapping q which satisfies
the previous equation and the inequality

If(x) =gl < 3e.

If, moreover, f is measurable or f(tx) is continuous in t for each fixed x € X,
then q(tx) = t*q(x) forall x € X and t € R.

The same equation has been studied in [14].

Again S.-M. Jung in [55] investigates the functional equation

Je=y=+fO+fOM+f@Q—-fx-—y—-fy+2)—-flz—x)=0,
f:X— B,
and, after showing that it is equivalent to the quadratic Eq. (1), proves the following:
Theorem 11 Assume that f satisfies the inequality

[fx=y=2+ O+ O+ @)= Ffx=y)=fO+2)—-flz=nl
< e(lxl” + llyll” + llzl1”)

for some ¢ > 0, some p > 0, p # 2 and for all x,y,z € X. Then, there exists a
unique quadratic mapping q which satisfies the inequality

8¢e
20 —4]

llx]”.

If(x) =gl =

If, moreover, f is measurable or f(tx) is continuous in t for each fixed x € X,
then q(tx) = tzq(x)for allx e X andt € R.

A similar result is true for p < O if the following inequality is added to the
hypotheses:

If ) = f(=x)Il < 6.

In this case, we have the different bound

llxll”.

2
1FC) =gl = 3@+ [1£O1D) + 20 — 4|

J.-H. Bae and H.-M. Kim in [4] studied the stability of equation

fa+y++fa—+ -+ fx -2 =3[fx)+ f)+ f@)]
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L.-S. Chang and H.-M. Kim in [15] considered the functional equations
JFx+)+fQx—y)=fx+y)+ f(x —y) +6f(x)
fRx+y)+ fx+2y) =4f(x +y)+ f(x) + f(y),

L.-S. Chang, E. H. Lee and H.-M. Kim in [17] considered the equation

FEFy+Fz4+wWF2fX)+2f0)+2f@) +2f(w) =
fe+N+fO0+2)+fz+x)+ fx+w)+ fFO+w) + fz+w).

and H.-M. Kim in [64] considered the following one
fe+y+a+fx=—N+fax—=fx—-y—-+ fx+y)+ flx+2).
In [49], K.-W. Jun and H.-K. Kim solved the functional equation
Yo x——=Dxi | +nr (Zx,-) =Y fxi),
i=1 i i=1 i=1

proving that its solutions are exactly the quadratic functions. Then, this stability
theorem is given:

Theorem 12 Let f : X — B be a function such that

YDA xi—=Dx +nf<ZXi>—n22f(xi) < P(x1, e xn)

i=1 i i=1 i=1

and assume that either

oo

1 . .
D(x1,- 5 Xy) = Zﬁtb(n’xl,n- ,n'x,) < 00
i=0
or
> X X
2i 1 n
D1, x) = Y n G, e, 20 < 00
i=0

forallx; e X,i=1,--- ,n.
Then, there exists a unique quadratic mapping q such that

f(0)

n?—1

1
Hf(x) - — )| < P, x)
n

forallx € X.
An analogous result is obtained when A is a unital Banach x-algebra and f :
M| — M,, where M, M, are Banach left A-modules.
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In this line of generalizations, various so-called mixed equations, i.e., equations
whose regular solutions, in the real-to-real case, are polynomials containing linear,
quadratic, cubic, quartic, etc. monomials, have been investigated.

An example of these kind of equations and related results is in [1], where we can
find the following:

Theorem 13 Let X' be a quasi-Banach space with quasi-norm || - ||x and Y a
p-Banach space with p-norm || - ||y. Suppose that a mapping f : X — Y, with
f(0) = 0, satisfies the inequality

If(x +y) + fnx —y) —n® fx+y)—n® f(x —y)
—2f(nx) 420 f(x) +2(0° — DfW)lly < p(x, ).

where ¢ : X x X — [0, 400) satisfies the following conditions:

lim 4" ¢ (zim Y ) —0= ——g2"x,2"y)

m— 00 2_m l6m

forall x,y and

S 40 (5.3) < o
> P (27x,2'y) < o0
for all x and all
y e {x,2x,3x,nx,(n — Dx,(n + Dx,(n —2)x,(n + 2)x, (n — 3)x}.

Then, there exists a unique quadratic mapping q and a unique quartic mapping t
such that

1f(x) —q(x) —t()lly < P(x),

where @ is a function explicitly computed from ¢.

(For the definition and properties of quasi-normed and quasi-Banach spaces see
[7] and [93].)

Other stability problems have been investigated in the framework of random
normed spaces. See the papers [6, 32-36, 47, 81, 94] for the definition of random
normed space and stability results.

We feel obliged to remark that most papers dealing with generalizations of the
quadratic equation and/or less usual domains and ranges do not give any motiva-
tion for the choice of the equations to be studied and the setting where they are
investigated.

This is the point where few words about the methods are necessary. Most of
the results previously stated have been obtained either by using the so-called direct
method (see, for instance, [43]) or by using the translation invariant means in the
case of amenable groups.
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In [16], L. Céddariu and V. Radu introduced the use of fixed point theorems for
the stability of some functional equations. While in the opinion of the author of the
present paper this new method is essentially a change in language with respect to the
direct one, several mathematicians started to use it, sometimes proving again already
known results. Here is a (certainly non-exhaustive) list of papers dealing with that
method for the quadratic equation and its generalizations: [5, 12-16, 34, 46, 60, 66,
67,71,72,74, 76, 78-82, 92].

Another method which can be applied for the investigation of stability make use of
the so-called shadowing property introduced in [99]. A stability theorem concerning
a functional equation of quadratic type proved by using this method can be found in
[65].

To finish this section, we prove a result which is the analogous of Theorem 4
proved in [41] for the Cauchy functional equation and which will be used in the last
section of this chapter. If

Qf(x,y) == flx +y)+ flx —y) =2f(x) = 2f(y)

is bounded then, due to any of the previous stability theorems, we have the decom-
position f(x) = g(x) + k(x), with g quadratic and k bounded. Our aim is to provide
information on the range of the bounded function k.

Theorem 14 Let f : G — B, where G is an Abelian group and B a Banach space
and let M be a bounded subset of B. If Qf(x,y) € M, then f(x) = q(x) + k(x),
where q is quadratic and the range of k is contained in 5 C (— M), where C(— M)
is the closure of the convex hull of —M.

Proof By any of the stability results, we have the decomposition
f(x) =qx) + k(x)

with ¢ quadratic and k bounded. Since ¢(0) = 0, we have f(0) = k(0) = ——mo,
for certain mg € M. Fix x € G and consider the value k(x) =: u. We have

1
k(2x) — 4k(x)= Qf(x,x) — f(0), hence, k(2x)=4u +§m0+m1 for some m; € M.

By induction, we obtain

s—1
—1
mo+ Y (s —i)m,

i=1

k(sx) = s’u + u

for some m; € M. By dividing by 52, we have

s—1 .
k(sx) 1 2(s — 1) 1 1
Uty 2 T g



166 G. L. Forti

Clearly, ZY_I 2(2 Dm; + mo € C(M); taking the limit as s — oo and

remembering that & is bounded we get

1 2(s — 1) 1
u -+ SH= 0, where p _slggo;—mi + 7m0
thus, u € $C(— M). O

Theorem 15 [n the hypotheses of Theorem 14, the range of k is contained in the
set K ={= Y2 4 — % :m;j € M, my = —2k(0)}.

Proof By Theorem 14, the range of k is contained in %C (— M) and we have £(0) =
— ¢ for some mo € M. From
Ok(x,x) = k(2x) + k(0) — 4k(x) = k(2x) — 4k(x) — ? eEM,
we obtain
my [
k(2x) = 4k(x) + - +m; € EC(_ M), for some m; € M,

hence

mj 11—
k(x) € [ C(=M) - ? — T} N |:§C(— M)} .

It is easy to see that

nj
—C(—M)———T C C(—M)

thus
mj
k M)— — — —|.
(x) € I I [SC( ) 4}
mieM
We claim that

k(x) € U |:2.14nC(— ) — —Z Zmn-H 1:| — K,

my,ma, mp €M

The proof is by induction. Consider n + 1 and

mn+] —i
4k(x)+7+mn+l €5 C<—M)——Z Z

for some my,my,--- ,m,; € M. Hence,

n+1

1 mn+1 —i mn+1
k) € 5 C M>——Z Z -
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and

o e —
k(x) € U [mc(— M)_TZI —Z 2 =K,41.
i=1 i=1

mp,my, My €M

It is not difficult to prove that K, C K, then

k(x) € ﬂK,, =K

n=1

and

o0
m; m
KZ{_E ﬁ—%:mieM,m():—Zk(O) .
i=1

3 Stability of the Drygas Equation

In this section, we intend to present some of the stability results concerning the
Drygas equation

gx +y)+glx —y)=2g(x)+ g(y) + g(—y).

As for the quadratic equation, if the domain is a group G non-necessarily
commutative, we shall use the multiplicative notation

g(xy) + glxy™) = 2g(x) + g(») + g . ®)

Therange is always at least acommutative field 7 with characteristic different from 2.

Before going to stability, we cite the important result obtained by B. R. Ebanks,
P. L. Kannappan and P. K. Sahoo ([30]) which gives the structure of the solutions of
Eq. (8).

Theorem 16 Let g : G — F be a solution of Eq. (8), satisfying the additional
condition g(zyx) = g(zxy) forall x,y,z € G. Then, g has the following form

g(x) = alx) + H(x,x),

where a : G — F is a homomorphism and H : G x G — F is biadditive and
symmetric (hence, H(x,x) is quadratic).

The condition g(zyx) = g(zxy) is known in the literature as the Kannappan
condition and constitutes a weak substitute of the commutativity of the domain.
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Thus, if G is Abelian, Theorem 16 says that any solution of the Drygas equation is
the sum of an additive function and a quadratic function.

Further results in this direction have been obtained in [37] by V. A. Faiziev and P.
K. Sahoo in the case of some special non-commutative groups for the system

gxy)+ glxy™) —2g(x) —g(y») — gy ™H =0

9)
gyx)+g(y'x) —2g(x) —g(» —g(y"H =0

where g is real valued. A glance at the system above shows that a sort of weak
commutativity is introduced by the couple of equations.

The first stability result concerning Drygas equation has been proved by S.-M.
Jung and P. K. Sahoo in [59], when the relevant domain is a real vector space:

Theorem 17 Let X be a real vector space and B a Banach space. If g : X — B
satisfies the inequality

lgx +y) +glx —y) = 28(x) — g(y) —g(=y)l = ¢ (10)
for some ¢ > 0 and all x,y € X, then there exist a unique additive function
a : X — Band a unique quadratic function q : X — B such that

25
llgx) = q(x) —ax)| = =-¢

for all x € X. In other words, there exists a unique solution d of Drygas equation
such that

25
lgCx) = d)ll = Z-e.

D. Yang in [101] as a corollary of a more general stability result for a functional
equation involving several unknown functions, obtained the following improvement
of Theorem 17:

Theorem 18 Let G be a group and B a Banach space. If g : G — B satisfies the
inequality

lg(xy) +glxy ") —2g(x) —g(») — gy Dl <e

for some e > 0andall x,y € G and g(zyx) = g(zxy) forall x,y,z € G, then there
exists a unique solution d of Drygas equation such that

3
lg(x) = d)ll = Ze.

forallx € G.
V. A. Faiziev and P. K. Sahoo in [38] attacked the problem of weakening the
requirement of commutativity of the domain or that that the function involved satisfies
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the Kannappan condition. In analogy with what has been done for the equation, they
considered the following system of functional inequalities

lg(xy) + gxy™) = 2g(x) —g(3) — gy DI <

(11)
lg(yx) + g(y~'x) — 2g(x) —g(y) —g(y D < e

for some non-negative ¢ and for real valued g.

As for the quadratic equation they used n-Abelian groups (see Definition 2 in
the previous section) or the Heisemberg group UT (3, K), that is the group of the
matrices of the form

t

X

1

[ R
S ==

where x, v, € K and K is a commutative field.
The stability result can be formulated as follows:

Theorem 19 [38] Let G € K,, or G = UT (3, K), then the system (11) is stable, that
is the function g is the sum of a solution of the system and a bounded function.
Theorem 3 shows that the quadratic equation is stable if the domain is an amenable
group. It is natural to ask if a similar result is true also for the Drygas equation. The
investigations in this direction have been conducted by J. Sikorska and the present
author in [44]. We present here two results. The first is given by the following.

Theorem 20 Let G be an amenable group and B a Banach space. Assume that
g ' G — B is a function satisfying the following inequalities, where g° and g°
denote its even and odd part, respectively:

lg“(xy) + g“(xy™") — 2g°(x) — g°(y) — gy VI
= [lg°(xy) + g(xy ™) — 2g°(x) — 2g°W)Il < &,
and
Ig°(xy) + g°(xy™) — 2g°(x) — g°(y) — g°(y ™
= [Ig°(xy) + g°(xy™") — 28°0)|l <

for some non-negative & and j1. Then, there exists a unique solution d of the Drygas
equation such that

1
lg(x) —d®)| < 5(8 +u), xeg.

The proof of Theorem 20 is inspired by those contained in [101] and [102].
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Instead of considering the inequalities concerning the even and odd part of the
function g, the next theorem starts with the boundedness of the Drygas difference of
the function g and the condition of approximate centrality of it.

Theorem 21 Let G be an amenable group and B a Banach space. Assume that
g : G — Bis a function satisfying the following inequalities:

lgCxy) + gy~ —2g(x) —g(») — gy Dl <,

lg(xy) —g(yx)ll < 8.

forall x,y € G and some non-negative & and §. Then, there exists a unique solution
d of the Drygas equation such that

lgx) —dx)| <e+3, xe€g.

As a consequence of the previous results, we obtain the following:

Theorem 22 Let G be an amenable group and B a Banach space. Assume that
g : G — Bis a function satisfying the Drygas equation and such that

lg(xy) +gxy™) —g(yx) — g "0 <y, x,yeg

for some non-negative y. Then g is of the form g = q + a with q quadratic and a
additive.

Moreover, as for the additive and quadratic equation, it is also proved that the
Drygas equation is not stable on the free group generated by two elements.

As a last result concerning stability, we present that obtained by J.-Y. Chung, L.
Li and D. Kim ([23]) in the frame of Schwartz distributions D’. As for the quadratic
equation (see the previous section) let A, B, P; and P, be the functions

Ax,y)=x+y, Bx,y)=x—y, Pi(x,y)=x, P,(x,y) =y, x,y € R".
Then, the inequality (10) can be naturally transformed as
luoA4+uoB—2uoPi—uoPr,—uo(—P)| <e (12)

where uoA,uo B,uo Pj,uo P,,uo(— P,) are the pullback of u by A, B, Py, P,, — P>,
respectively, and ||u|| < & means that |(u, ¢)| < €||¢||r, for all test functions ¢.
The main result is stated in the following.

Theorem 23 Let u € D’ satisfy the inequality (12). Then, there exist a unique
a € C" and a unique quadratic form

q(x) = Z ajiX j X

1<j<k=n

suchthatu = a-x+q(x)+h(x), where h is a bounded measurable function satisfying
Il < Ze.
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We finish this section devoted to the Drygas equation with two theorems analog
to Theorems 14 and 15.
Indeed, we have

Theorem 24 Let f : G — B, where G is an Abelian group and B a Banach space
and let M be a bounded subset of B. If g(x + y) + g(x — y) —2g(x) — g(y) — g(—
y) € M, then g(x) = d(x) + r(x), where d is a solution of Drygas equation and
(r(x) + r(—x))/2 is contained in %C(— M), where C(— M) is the closure of the
convex hull of —M.

Proof By the stability we have the decomposition g(x) = d(x)+r(x) with d solution
of Drygas equation and » bounded. Since d(0) = 0, we have g(0) = r(0) = —%mo,
for certain my € M. Fix x € G and consider the values r(x) =: u and r(—x) =: v.
We have

r2x) +r0) —3r(x) —r(—x) € M,
hence
1
r2x)=3u+v+ Emo + my for some m; € M.

By induction, we obtain

s—1

s(s+1 s(s —1 s—1

( )u+ ( )v+ m0+2(s—i)mi,
i=1

r(sx) = > 5 5

for some m; € M. By dividing by s? and taking the limit as s — oo, we have, as in
the proof of Theorem 14,
u+v
2

l——
€ EC(_ M).

d

Theorem 25 [n the hypotheses of Theorem 24, we have that (r(x) + r(—x))/2 is
contained in the set

1 oo

m; +t; m
R={-2-%" 7 ——O:mi,t,-eM,mo=—2r(0)}-

2 4 6

i=

Proof By adding the two relations
r(2x)+r0)—3r(x) —r(—x) e M and r(—2x) +r(0) — 3r(—x) —r(x) e M

we obtain

PEOETEED 2ty 4 r(=0] = r0) 4 M

for some m,t, € M.
From now on, we proceed as in the proof of Theorem 15. (]
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4 Alternative Quadratic Equation

The author of the present chapter became aware of the existence of Hyers’ theorem
about stability of the additive equation while working, in 1978, on a problem proposed
by Marek Kuczma concerning the alternative Cauchy equation. The stability result
has been the main tool for solving that problem (see [40]).

In order to conclude the present paper devoted to the quadratic equation, we
intend to investigate the analogous alternative equation. Namely, we intend to find
the solutions of the following alternative equation:

Of(x,y) = fx+y)+ fx —y) =2f(x) = 2f(y) € {0,1} 13)

We assume that f : G — R, where G is an Abelian group, hence, we use the additive
notation.
Due to the stability results, we transform the previous problem into the following

Qk(x,y) = k(x +y) + k(x — y) — 2k(x) — 2k(y) € {0, 1}, (14)

where the function k is bounded and, by Theorem 14, has its range in the interval
[—1/2,0]. By setting x = y = 0, we have k(0) € {—%,O}.

By setting p(x) := —k(x) — %, we see that k(0) = —% implies p(0) = 0 and
Op(x,y) € {0, 1}. Thus, we can consider only the case k(0) = 0 and investigate the
problem

k(x +y) 4+ k(x —y) — 2k(x) — 2k(y) € {0, 1}

5)
k:G— [-1.0], k(0)=0.
Theorem 15 applied to this situation gives that the range of k is contained in the
set K ={=>" " & a, €{0,1}}.
Writing the set K in the form

K Ly o, 0,1
= 3;4n :ay €{0,1)

we see that it is obtained by a procedure similar to that of the construction of the
ternary Cantor set. In this case, we take the unit interval, divide it in four equal
parts, say [0, 1/4],[1/4,1/2],[1/2,3/4] and [3/4, 1] and eliminate the open central
interval (1/4,3/4). Proceeding in this way and multiplying the resulting set by —%,
we obtain K.

It should be noted that the numbers in K have a unique representation in the form
-3, o with o, € {0, 1}.

Consider the set Z; = {x € G : k(x) = 0} and put x, y € Z; in Eq. (14): we have

k(x +y)+k(x —y)e{0,1}
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and this forces k(x + y) = k(x — y) =0, i.e., Z; is a subgroup of G.
Take now x ¢ Z; and let k(x) = — Zflo | 7+ for some sequence {a,} € {0, LN
Then

k(2x) = 4k(x) € {0, 1} & k@x) € =) -

n=1

00
Oy oy
,1— E .
—1 4n—1
n=1

o0

o] [¢] 1 o,
Ifay =0,then Y )2, ;5 =Y 7, % < 3,hence, 1 — ) 2| 5 >
Thus,

Wit

> o > o
k(zx) == Z 4ni1 == Z 4nfl '

Ifay=1,then Y 2 2 = 1432, ;7 > L hence, 1 — Y02, 227 < 0.
Thus,

3
3

k2x)=1—

If we identify k(x) with the sequence {c,, }2 |, then k(2x) is identified by {1152,

and we always have k(2x) € K.
Now we compute k(3x). From Eq. (14) with 2x instead of x and x instead of y,

we obtain

k(Bx) + k(x) — 2k(2x) — 2k(x) = k(3x) — 2k(2x) — k(x) € {0, 1}

whence
o0 o0
20, 2,
k() € Z“*‘“l Z“*“H
n=1 n=1
If
o0

Oln+205n+l
k(3x) = — _
Gry=-3 ——2

n=l1
then for having k(3x) € K, by Theorem 15, we must have

4}1 4n

n=1 n=1

00 9]
Z oy + 2Oln-‘rl _ An

for some sequence {a,} with a, = 0, 1. We prove that this is possible if and only if

o, + 20,41 € {0, 1}. If not, let ngy be the first index such that o, + 20,41 # a,; We

have two possibilities: either a,, < o, + 2ayy+1 0r 1 = a,, > @y + 20tp941 = 0.
In the first case, we have

o0

ia_n<aﬂ+ 1 =an0+1/3 Ay + 1 a,,0—|-2a,,0+1 Z +2cxn+1
ot 4n - 4n0 3 . 4n0 4}10 4n0 —
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a contradiction.
In the second case, we have

This forces the equality and a, = 0, «, + 20,41 = 3 foralln > ng, ie,a, =1
for all n > ny. Hence, 0 = o, + 200yy+1 > 2: a contradiction.

Thus, o, + 22,41 € {0, 1} and this is possible if and only if o, ; = O for every
n > 1. Thus, either o, = O for every n > 0, i.e., x € Z;, impossible, or ¢; = 1 and
o, = 0 for every n > 2. This means that k(x) = _‘1_‘. In this case, k(2x) = 0, i.e.,
2x € Zy and k(3x) = — 1.

The other possibility is

(o]

A, + 20,41 = 3 - oy + 20,41 > o, + 241 — 3
k(Bx)=1— - ' = - _ Zn T el In Tl T 7
The condition k(3x) € K implies o, + 200,41 — 3 = 0, i.e., o, + 20,41 = 3 for
every n > 1, hence, o, = 1 for every n > 1. This means that k(x) = —%. In this
case, k(2x) = —1 and k(3x) = 0, i.e., 3x € Z;.

Letnow x,y ¢ Z;, with k(x) = —i and k(y) = —%. Then

1 2 7 1
k(x+y)+k(x—y)+§+§ €{0,1} ©k(x+y)+k(x—y)e {_6’_8}'

Since k(x + y), k(x —y) € {—%, —%, 0}, we cannot obtain the values —% and —é.

Thus, we have proved the following
Theorem 26 Ifk is a solution of problem (14), then the range of k is contained in
the set {—%, 0} or {—}1, 0}. Thus, problem (14) has a non-identically zero solution
if and only if either G has a subgroup Z such that G/Z is cyclic of order 3 and the
non-trivial solution takes the values 0 on Z and —% outside Z or G has a subgroup
Z such that G/Z is cyclic of order 2 and the non-trivial solution takes the values 0
on Z and —i outside Z .
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A Functional Equation Having Monomials
and Its Stability

M. E. Gordji, H. Khodaei and Themistocles M. Rassias

Abstract We use some results about the Fréchet functional equation to consider the
following functional equation:

f (Z a,~x{’> = ai f(x).
i=1 i=1

We also apply a fixed point method and homogeneous functions of degree « to
investigate some stability results for this functional equation in 8-Banach spaces.

Keywords Frechet functional equation - Homogeneous functions - Dynamical
systems - Hyers—Ulam—Rassias stability - Fixed point theorem

1 Introduction

In 1909, M. Fréchet [10] studied an important generalization of Cauchy’s equation,
which characterizes the polynomials among the continuous functions. This functional
equation has the form

Apy iy f(X) =0, (1)
where Ay f(x) = f(x +h) = FO) Any gy () = Apy - Ay, f(x) and n =
2,3,---.In particular, if h; = --- = h,, = h, then (1) can be rewritten succinctly as

Ay f(x) =0 o)
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From the result of Fréchet, it follows that a continuous function f : R — R
satisfies (2) for all x,#2 € R if and only if f is a polynomial function of degree at
most n — 1; for details, see Theorem 1 of [2] and also Theorem 13.5 of [20]. In
explicit form, the functional Eq. (2) can be written as

arfe ==y [ ") e+ =o.

Jj=0 J

The problem of stability of functional equations is one of the main topics in the
theory of functional equations and is connected with perturbation theory and the
notions of shadowing in dynamical systems and controlled chaos (see [13, 26, 32]).
Zhou [34] used a stability property of the functional equation

S+ + flx—y)=2fx) 3)

to prove a conjecture of Z. Ditzian about the relationship between the smoothness of
a mapping and the degree of its approximation by the associated Bernstein polyno-
mials. The starting point of the stability theory of functional equations was a problem
formulated in the celebrated book by Pdlya and Szeg6 [29], and the problem of Ulam
concerning the stability of group homomorphisms [33]. Recall that an equation is
called stable in the Hyers—Ulam—Rassias sense if for any solution of the perturbed
equation, called an approximate solution, there exists a solution of the equation close
to it. For definitions, approaches, and results on Hyers—Ulam—Rassias stability, we
refer the reader to, e.g., [4,5,7,9, 11, 12, 14, 16, 17, 25, 28, 30].

We use some results about the Fréchet functional equation to consider Cauchy—
Jensen, quadratic, cubic, quartic, and quintic functional equations, and then we deal
with the following monomial functional equation

f ((Za,-x{’ﬁ) =D aifx). “
i=1 i=1

Finally, we apply a fixed point theorem to investigate the stability by using con-
tractively subhomogeneous and expansively superhomogeneous functions of degree
« for the Eq. (4) in 8-Banach spaces.

2 Preliminaries

Throughout this paper N, Z, Q*, Q, R*, R, and C stand, as usual, for the set
of positive integers, integers, positive rationals, rationals, positive reals, reals, and
complex numbers, respectively. In the rest of this paper, unless otherwise explicitly
stated, we will assume that K denote either Q or R, X and Y are linear spaces over K,
m € N\{l}, p € {1,...,5}, a1, ... ,a, are fixed nonzero reals when p € {I, 3,5}
and are fixed positive reals when p € {2,4}, « is a fixed nonzero real number,
L €(0,1)and 8 € (0,1].
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We now recall the definition and some necessary notions of multi-additive map-
pings, used in the sequel. A mapping A, : X" — Y is called n-additive if it is
additive (satisfies Cauchy’s functional equation) in each variable, that is

/
An(X],... s Xi—1>Xi +xi,xi+l,--~ ’xn) = An(X],... ’xl’l)
/
+An(x17--~ ’xifl’x[3xi+13'-~ ,xn)
foralli € {1,....n}, xi,... , X1, X, X/, Xi+1,... ., X, € X. Some basic facts on

such mappings can be found for instance in [21], where their application to the rep-
resentation of polynomial functions is also presented (see also [23, 24]). A mapping
A, is called symmetric if

An(xl9 cee ’xn) = An(-xil’- .. 9-xi,l)

for any permutation {iy,...,i,} of {1,...,n}. If A,(xy,...,x,) is an n-additive
symmetric mapping, then A" : X" — Y denotes the diagonal A, (x,... ,x), that s,
A™"(x) := A,(x,...,x) for x € X; note that A"(rx) = r"A"(x) whenever x € X
and r € Q. Such a mapping A”"(x) is called a monomial mapping of degree n
(under the assumption that A”(x) # 0). Furthermore, the mapping obtained by the
substitution x; = -+ = x; = X, Xj4] = --- = X, = y in A,(xy,... ,X,) is denoted
by Al,nfl(x’y).

Lemma 1 (see Czerwik [7], p. 74). Let A, : X" — Y be a n-additive symmetric
mapping and A" . X" — Y be the diagonal of A,. Then, for every k > n and for
every X, yi, ..., yx € X, we have

n!An(yls'--’yn) lfk=n,

Ay, yA"(x) =
’ if k> n.

The following theorem was proved by Mazur and Orlicz [23, 24], and in greater
generality by Djokovic [8]; also see Baker [3].

Theorem 1 Ifn € Nand f : X — Y, then the following assertions are equivalent:
(D A;‘,Hf(x) =0forallx,y € X;

2) Ay fX)=0forall x,y1,...,Yu41 €X;
(3) f is a generalized polynomial of degree at most n, that is,

fx) = Ao(x) + Al(x) + o4 AMX)

forall x € X, where A%(x) = A%isan arbitrary element of Y and Al i=1,...,n
is the diagonal of an i-additive symmetric mapping A; : X' — Y.

The following fixed point theorem will play a crucial role in proving our stability
results.

Theorem 2 (Banach’s Contraction Principle). Let (X, d) be a complete metric space
and consider a mapping A : X — X as a strictly contractive mapping, that is

d(Ax,Ay) < Ld(x,y), Vx,y€X,

for some (Lipschitz constant) L € [0, 1). Then:
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(i) The mapping A has a unique fixed point x* = A(x*);
(ii) The fixed point x* is globally attractive, that is
lim A"x = x*
n—00
for any starting point x € X;

(iii) One has the following estimation inequalities

d(A"x,x™) < L"d(x,x"),

d(A"x,x*) < d(A"x, A" ),

1-L

d(x,x*) <

1_Ld(x,/\)c)

for all x € X and nonnegative integers n.
Definition 1 A mapping ¢ : X — Y is called,

* A homogeneous mapping of degree « if ¢p(cx) = c*¢(x) (for the case of ¢ = 1,
the corresponding mapping is simply said to be homogeneous),

* A contractively subhomogeneous mapping of degree « if there exists a constant
L such that

P(cx) < “L(x),

* An expansively superhomogeneous mapping of degree « if there exists a constant
L such that

CO[
>
P(cx) = 2 ¢(x)
for any x € X and any positive reals c.

Remark 1 Tt follows by the contractively subhomogeneous of degree @ (:{ = 1)
and expansively superhomogeneous of degree o (:¢ = —1) conditions of ¢ that

p(cx) < (L) p(x), keN.

Definition 2 We fix a real number 8 and let X be a real or complex linear space. A
B-norm on X is a function x — [|x||g from X to [0, co) which satisfies

(BN1) llx|lg = 0if and only if x = 0;
(BNy) ||Ax]lg = |AlP. ||x]|| for all scalars A and all x € X;
(BN3) llx + ylig < lixlig + llyllp forall x, y € X.

The pair (X, || . ||g) is then said to be a f-normed space, which is called a 8-
Banach space if it is complete. In special case, when 8 = 1, (X N /3) turns into a
normed linear space.

Example 1 Let Lg be the space of all measurable functions f(¢) on I = [a, b] with
fab | f()|Pdt < oo (we identify functions which are equal almost everywhere). For
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1
all f € Ly, let the function || f]|5 be defined by || fl5 = ( I f(t)|ﬁdt)ﬁ . Hence,
| fllg is a quasi-norm on a topological linear space [19] and the Bth power of the

quasi-norm || f'||g is a B-norm on Lyg.

3 Multi-additive and Monomial Mappings

We start with the following lemma which plays a crucial role in this section.

Lemma 2 Let f : X — Y be a mapping. Then:

(1) f satisfies the functional equation (3) if and only if f is of the form f(x) =

A%+ Al(x);
(i) f satisfies the functional equation
JE+N+ = =2f)+2f() &)
if and only if f is of the form f(x) = A%(x) (see also [1]);
(iii) f satisfies the functional equation
fx+)+fCx —y)=2f(x+y)+2f(x —y)+ 12f(x) (6)
if and only if f is of the form f(x) = A%(x) (compare with [15, 31]);
(iv) f satisfies the functional equation
fx+ )+ fQx =y +o6f(=4fx+y)+4fx—y)+24fx) (D
if and only if f is of the form f(x) = A*(x) (compare with [6, 22, 27]);
(v) f satisfies the functional equation
fOx+ )+ fCx =)+ 10f(x+y)=5fCx +y)+5f(x —y)
+ 120 f(x) + 10 £ (y) ®)
if and only if f is of the form f(x) = A>(x);
forall x,y € X, where A% is an arbitrary element of Y and Al i=1,...,5isthe

diagonal of an i-additive symmetric mapping A; : X' — Y.

Proof (i) Assume that f is a solution of the Eq. (3). Letting x = x + y in (3), we

get

Jx+2y) =2f(x+y)+ f(x) =0,

that is, Aif, f(x) = 0. Consequently, by Theorem 1, f is a generalized polynomial of

degree at most 1; that is, f(x) = A+ Al(x) forall x € X.
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Conversely, if f has the form f(x) = AY + A'(x), where A' is additive, then we
have Af,f(x) = 0 by Theorem 1. Letting x = x — y in Aif(x) = 0, we get the
Eq. (3).

(ii) Assume that f is a solution of the Eq. (5). Lettingx = y = 0and x = 0
separately in (5), we get f(0) = 0 and f(—y) = f(y) for all y € X. Letting
y = x 4+ yand y = 2x + y separately in (5) and subtracting the latter from the
former, we obtain

fGx+y)=3fQx+y)+3fx+y)— f(y)=0,

that is, A f(y) = 0. Due to Theorem 1, f is a generalized polynomial of degree
at most 2; that is, f(x) = A° + A'(x) + A%(x), where A’(x) is the diagonal of an
i-additive symmetric mapping A; : X' — Y fori = 1,2 and A° is an arbitrary
constant. From £(0) = 0, we have A = 0. Since f is an even mapping, A'(x) must
vanish. Thus, f(x) = A%(x) forall x € X.

Conversely, assume that there exists a 2-additive symmetric mapping A, : X> —
Y suchthat f(x) = A?(x)forallx € X.ByLemma 1, we obtain A2A%(y) = 2!A%(x),
that is,

AP(2x +y) = 2A%(x + y) + AX(y) = 2A°(x).
Replacing y by y — x in the last equation, we obtain
A2 +y) = 2A%(0) + A%(y — x) = 24%(x).

On account of the additivity of A,(x1,x,), we have A%(rx) = r?A?(x) for all
re@Q,so

A’(x + y) + A% (x — y) — 24%(x) — 2A%(y) = 0.

By the assumption, we arrive at the functional Eq. (5).

(iii) Assume that f is a solution of the Eq. (6). Letting x = y = 0, x = 0 and
y = 0 separately in (6), we get f(0) =0, f(—x) = — f(x) and f(2x) = 8 f(x) for
all x € X. Interchanging x and y in (6) and using oddness of f, we obtain

Ja+2y) = fxr=2y) =2f(x+ ) +2f(x -y - 12f(»)=0. (9
Replacing x by 2x in (9) and using f(2x) = 8 f(x), we obtain
fQx+y)—fQx—y)—4f(x+y)+4fx —y)+6f(y)=0. (10)

Letting y = x + y and y = 2x + y separately in (6), then the two resulting
equations yield

f@x+y)—4fCx+y)+4fx+y)+2f(x +y) = 2f(x —y)
+12f(x) =5f(y) =0. (1D
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It follows from (6), (10), and (11) that

flx+y)—4fBx+y)+6f2x+y)—4f(x+y)+ f(y) =0,

that is, A? f(y) = 0. Due to Theorem 1, f is a generalized polynomial of degree at
most 3; thatis, f(x) = A+ Al(x) + A%(x) + A3(x), where A’(x) is the diagonal of
an i-additive symmetric mapping A; : X' — Y fori = 1,2,3 and A" is an arbitrary
constant. From f(0) = 0, we have A = 0. Since f is an odd mapping, A%(x)
must vanish. Thus, f(x) = Al(x) + A3(x) forall x € X. By f(2x) = 8f(x) and
A™(rx) = r" A" (x) whenever x € X and r € Q, we get A'(x) = 0. Therefore,
f(x) = A3(x)forall x € X.

Conversely, assume that there exists a 3-additive symmetric mapping Az : X> —
Y suchthat f(x) = A3(x)forallx € X.ByLemma 1, we obtain A3 A3(y) = 3143(x),
that is,

A3Bx +y) —3432x + y) +3A%(x + y) — A3(y) = 64%(x). (12)
Setting y = y — x in (12), we get
A3Q2x +y) =343 + y) +343(y) — A3(y — x) = 6A3(x). (13)
Setting y = —y in (13), we get
AdQ2x —y) = 3A%(x — y) +3A%(—y) — A(—y —x) = 6A%x). (14
Adding (13) to (14) and using oddness of A3, we get
AdQx +y)+ A32x —y) —2A3(x + y) — 2A3(x — y) — 1243 (x) = 0.

By the assumption, we arrive at the functional Eq. (6).

(iv) Assume that f is a solution of the Eq. (7). Letting x = y = 0, x = 0 and
y = 0 separately in (7), we get f(0) =0, f(—x) = f(x) and f(2x) = 16 f(x) for
all x € X. Letting y = 2x 4+ y and y = 3x + y separately in (7) and subtracting the
latter from the former, we obtain

JOx+y)=5f(4x+y)+10fGx+y)—10f2x+y)+5f(x+y)— f(y) =0,

that is, A3 f(y) = 0. Due to Theorem 1, f is a generalized polynomial of degree at
most 4; that is, f(x) = A® + A'(x) + A%(x) + A3(x) + A*(x), where A’(x) is the
diagonal of an i-additive symmetric mapping A; : X I 5 Yfori =1,2,3,4and
AV is an arbitrary constant. From f(0) = 0, we have A = 0. Since f is an even
mapping, A'(x) and A3(x) must vanish. Thus, fx)= A%(x)+ A*(x) forall x € X.
By f(2x) = 16 f(x) and A" (rx) = r"™ A™(x) whenever x € X and r € QQ, we get
A%(x) = 0. Therefore, f(x) = A*(x) forall x € X.

Conversely, assume that there exists a 4-additive symmetric mapping A4 : X* —
Y such that f(x) = A*(x) forall x € X. By Lemma 1, we get A?A%(y) = 41A*(x),
that is,

AY4x +y) —4A*Bx + y) + 6A*2x + y) — 4A%(x + y) + AY(y) = 24A%(x).
(15)
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Setting y = y — 2x in (15) and using evenness of A*, we get
A*Qx 4+ y) 4+ A*2x — y) —4A* (x + y) — 4A%(x — y) — 24A%(x) + 6A%(y) = 0.

By the assumption, we arrive at the functional Eq. (7).

(v) Assume that f is a solution of the Eq. (8). Lettingx =y =0,x =0,y =0,
y =x,y = 2x and y = 3x separately in (8), we get f(0) =0, f(—x) = — f(x),
FBx) = 4f2x) 4+ 1151 (x) (1), f(4x) = 10f(2x) + 704 f(x) (*2), f(5x) =
20f(2x) 4+ 2485 f(x) and f(6x) = 35f(2x) + 6656 f (x) (*3) for all x € X. From
(1), (¢2), and (x3), we obtain f(2x) = 32 f(x) forall x € X. Letting y = 2x + y and
y = 3x + y separately in (8) and subtracting the latter from the former, we obtain

FOx +9)—6fS5x +y)+15f(4x +y) —20f(Bx + y) + 15Ff2x + y)
—6f(x+y)+ f(y) =0,

that is, A f(y) = 0. Due to Theorem 1, f is a generalized polynomial of degree at
most 5; that is, f(x) = A"+ Al(x) + A%(x) + A3(x) + A*(x) + A (x), where A'(x)
is the diagonal of an i-additive symmetric mapping A; : X' — Y fori =1,2,3,4,5
and A° is an arbitrary constant. From f(0) = 0, we have A° = 0. Since f is an
odd mapping, A%(x) and A*(x) must vanish. Thus, fx)=A'(x) + Ad(x) + AS(x)
for all x € X. By f(2x) = 32f(x) and A"(rx) = r" A™(x) whenever x € X and
r e Q, we get A'(x) = A3(x) = 0. Therefore, f(x) = A>(x) for all x € X.

Conversely, assume that there exists a 5-additive symmetric mapping As : X° —
Y such that f(x) = A>(x) for all x € X. Due to Lemma 1, we obtain A3A%(y) =
5!A3(x), that is,

A5x4+ y) — 5454x 4+ y) + 10A°GBx + y) — 10A°2x + y) + 5A5(x + y)
— A(y) = 1204%(x). (16)

Setting y = y — 2x in (16) and using oddness of A3, we get
ASBx +y) = 54°2x + y) + A%2x — y) + 10A°(x + y) — 5A°(x — y)
— 120A°(x) — 10A°(y) = 0.
By the assumption, we arrive at the functional Eq. (8).

Remark 2 (i) The functional Eq. (3) is called the Cauchy-Jensen functional

equation, and every solution of the Eq. (3) is called a Cauchy—Jensen mapping.

(i) The functional Eq. (5) is called the quadratic functional equation, and every
solution of the Eq. (5) is called a quadratic mapping.

(iii) The functional Eq. (6) is called the cubic functional equation, and every solution
of the Eq. (6) is called a cubic mapping.

(iv) The functional Eq. (7) is called the quartic functional equation, and every
solution of the Eq. (7) is called a quartic mapping.

(v) The functional Eq. (8) is called the quintic functional equation, and every
solution of the Eq. (8) is called a quintic mapping.
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Lemma 3 [fa mapping f : R — X satisfies the functional equation

f ((Z#’)"’) =3 f. (17)
i=1

i=1

then for each p = 1,...,5, f is Cauchy-additive, quadratic, cubic, quartic, and
quintic, respectively.

Proof Letting x; = --- = x,, = 01in (17), we get f(0) = 0. Setting x; = x,

xy=—xandx3 =---=x, =0in(17),we get0 = f(0) = f(x)+ f(—x); that s,
f(=x)=—f(x)forallx € Rand p € {1,3,5}. Putting x; = —x; in (17), we have

f((zxzp)']’) =f(—xl)+2f(x,-) (18)

i=1 i=2

for all xy,...,x, € Rand p € {2,4}. If we compare (17) with (18), then we obtain
that f(—x;) = f(x)); thatis, f(—x) = f(x)forallx € Rand p € {2,4}. Itis easy
to see that f({/kx) = kf(x), and so f(ﬁ) = %f(x) for k € Z when p € {1, 3,5}
and k € N when p € {2,4}. Hence, f({/rx) = rf(x) forr € Q when p € {1,3,5}
and r € Q" when p € {2,4}. Thus, for every n € Z, we have f(r%x) =r" f(x) for
r € Q\ {0} when p € {1,3,5} and r € Q" when p € {2,4).

For p = 1, Eq. (17) yields the generalized Cauchy-additive equation
fF(Emix) = X0, f(x). If x3 = --- = x,, = 0 in the last equality, then f
is Cauchy-additive.

Using the proof of Lemma 2.1 of [18], we conclude thatif p =2 andx; = --- =
X = 01in (17), then f satisfies (5); i.e., f is quadratic.

For p = 3, letting x; = x, x = yand x3 = --- = x,,, = 0 in (17) and using
f(0) =0, one gets

F(VF+97) = 1@+ £, 19)

Replacing x by x + y and y by x — y in (19) and using f(~/2x) = 2 f(x), we
obtain

1
f (\3/)63 + 3xy2> = E[f(x + )+ fx =yl (20)

which by replacing x by 2x yields
1
(VAT +307) = J1f@x +3) + f@x = ). @
1
Setting y = (x* + 3xy?)? in (19) and using (20), we get

1
£ (V29 4300%) = S G+ ) + f =01+ 0. 22)
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Putting y = (2x° + 3xy2)% in (19) and using (22), we get
f<33x3+3xy2) = %[f(x+Y)+f(x—Y)]+2f(x). (23)
Letting y = (3x° + 3xy2)% in (19) and using (23), we get

1
F (VAT 43002) = U6+ 0 + f& = 01+ 3700, 4

From (21) and (24), we conclude that f satisfies (6). Hence, by Lemma 2, f is
cubic.

For p = 4, letting x; = x, x = yand x3 = --- = x,, = 0in (17) and using
f (0) =0, one finds

(Ve 437) = F0 + 100, 25)
Replacing x by x 4+ y and y by x — y in (25), we obtain
4 1
f (V623 ) = S0+ 0+ fx =Dl 6)

1
Setting y = (x* + 6x?y* + y*)* in (25) and using (26), we obtain

1
(Ve r ety = SUGH++f@=+ f@, @)

which by replacing x by +/2x and using f (rix) = r" f(x) for r € Q" becomes

7 ({4/8x4 12022 y4) = % [f (ﬁx + y) +f (fzx . y)] FAf(x). (28)

Interchange x and y in (27) and using evenness of f to get

. 1
f <\/x4 + 6x2y2 + 2y4> = E[f(x +y)+ fe=n1+ fO),

which by putting x = 2x gives

1
£ (VBX F 1207 4 3) = JLf@x 4 )+ fQx =)+ 2O @9)

It follows from (28) and (29) that

F@x+ )+ f@x—y) =2f (Var+y) +2f (V2x —y) +16/(x) =2/ ().
(30)

which by letting y = /2y yields

F(V2r+y) 4 £ (V2 = y) =2+ 0+ 2@ = 0 +47@) = 2/ ().
31)
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From (30) and (31), we conclude that f satisfies (7). Hence, by Lemma 2, f is
quartic.

For p = 5, letting x; = x, x, = yand x3 = --- = x,, = 0in (17) and using
f (0) = 0, we see that

F(VE+57) = r@+ . (32)

Replacing x by x + y and y by 0 in (32), we obtain

f <\5/x5 + 5x%y 4+ 10x3y2 + 10x2y3 + 5xy* + y5> = f(x+y), (33)

which by replacing x by 3x and then using (32) and f («5/§x) = 3 f(x) becomes

1
7 (5/81x5 F 135x%y + 90x3y2 + 30x2y° + 5xy4) = 3L/ G +3) = O,

which, by using (32) again, gives

1
£ (V278 + 185357 + 67)3 + 2y*) = LG +) = 243f(0) = ()]

(34)
Replacing x by x 4+ y and y by x — y in (32), we obtain
1
F (VS 1083 +5xy%) = SFGe+ 90+ Flx = ). (35)
which by replacing x by 2x yields
5/16x5 3,2 4 !
7 (/16x ¥ 40x3y? + 5xy ) = Qe+ 0+ Q=Y. G6)

Set y = x + y in (35) and using oddness of f to get

!
f (5‘/ 1635 + 40xy + 40x3y2 + 20x2)3 + 5xy4) = L/ @x+ ) = f(). BT

From (32) and (37), we have

1
£ (VBiy + 80y +ary £ yt) = IfQx +3) =32/ () = FO)L. (38)

It follows from (32), (36), and (37) that

. 1
f (V2 +057) = Slf Qe+ y) = fer =0 =2f M) (39)

which by replacing y by x 4 y and then using (32) becomes

1
£ (V3y+307 £225%) = [ Gr 4+ ) =20+ )= f(x = -3
(40)



192 M. E. Gordji et al.

By (32), (39), and (40), we obtain

1
(VA +20) = S5l Gx +3) = fQx+3)+ F2x =) =2/ +)
— [ =)+ 20O = (0. (4D

By (32), (38), and (41), we obtain
-1
f (VAP +30%) = S5LfGx +3) = 4f @ +3) + f2x = 3) = 2f(x +)

—fx—y)—144f(x)+5fW] (42)
By (32), (34), and (42), we obtain

f (\5/27x4y T 18x3y2 + 2x2y3) - %[3f(3x FY)—4fQx +y)+ fQx —y)

—2f(x+y) = fx =) +3fD] =21 f(x).
(43)

By (32), (41), and (43), we obtain
1
f <€/9x4y i 2x2y3) = 5 [3fGx +9) = 1@ +3) = 5f2x —)
+10fx+)+5f(x—y)—6f(]—3f(x). (44

By (32), (39), and (44), we obtain

; 1
£ (VA59) = o= [37Gx +3) = 10£Qx 4 3) = 2£2x = )+ 10£ + )

+5f(x —y) =360 f(x)]. (45)

By (32), (39), and (45), we obtain

f (f/x2y3) = %[12]‘(% LY —55F(x +y)+Tf(2x —y) +40f(x + y)

+20f(x —y)— 1440 f(x) + 30 f(¥)]. (46)

It follows from (32), (33), (35), (45), and (46) that f satisfies (8). Hence, by
Lemma 2, f is quintic.
We now solve the functional equation (4), which is the generalized form of (17).

Theorem 3 If a mapping f : R — X satisfies the functional equation (4) and
Yo" ai # 1, then for each p = 1,...,5, f is Cauchy-additive, quadratic, cubic,
quartic, and quintic, respectively.
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Proof Substituting x; = 0(1 <i <m)in (4) yields f(0) = 0 since Z;"zl a; = 1.1If
we put x; = —x in (4), then we have
1

f (Z Clix,-p> =ar f(—x1)+ Zaif(xi) 47)
i—1

i=2

for all xy,...,x,, € Rand p € {2,4}. If we compare (4) with (47), we obtain that
f(—=x)= f(x)forallx € Rand p € {2,4}. Settingx; = 0(1 <i # j < m) and
xj = x in (4), we get f (g/a@;x) = a; f(x) for all x € R. Hence,

k k
[Taix | =]]aif@) d=t<k=m (48)
j=( j=t

for all x € R. Letting x; = H7=1,j#i ajxi(l1 < i < m)in (4) and using (48),
we obtain that f satisfies (17). Hence, by Lemma 3, for each p = 1,...,5 f is
Cauchy-additive, quadratic, cubic, quartic, and quintic, respectively.

m

Corollary 1 Ifamapping f : R — X satisfies the functional Eq. (4)and )", a; #
1, then for each p = 1,...,5, f is of the form f(x) = AP(x) for all x € R, where
A? is the diagonal of an p-additive symmetric mapping A, : R? — X.

4 Fixed Points and Stability of Monomial Functional Equations

Let ¢ be a function from R™ toR* and Y be a 8-Banach space. A mapping f : R — Y
is called a ¢-approximately monomial, if

1

f (Zdi}C{’) _Zaif(-xi) qu(xl"" 5xm) (49)
i=1 i=1 B

forall xy,...,x, € R, where ), a; € RT\{1}. Now, we apply the Banach fixed
point theorem and our results in the previous section to get the following.

Theorem 4 Supposethat f : R — Y is a ¢p-approximately monomial mapping and
that the function ¢ is contractively subhomogeneous of degree a with a constant L,
where a < pB. Moreover, assume that f is even when p is even. Then, there exists
a unique mapping F, : R — Y satisfying (4) such that

1
|76 = 7o), = o=y 2@ (50)

forall x € R, where . :=Y " a; and
n—times
-1 —_—

1 ¢ 3
& (x) := AP~ DB Wq&(ﬁx,... ,A%x>.
¢

=

Il
o
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The mapping F), is given by F,(x) = lim,_, M%f()»”x)for all x e R, and F),
for each p = 1,...,5 is Cauchy-additive, quadratic, cubic, quartic, and quintic,
respectively.

Proof Consider the set

W1={g:R—>Y, M<o®}

Su
[ SEYES!

and introduce the following metric on W:

e — Al
d(8: 1) =sup =

We assert that W, d) is complete. Let {g;} be a Cauchy sequence in (W, d).
Then, for any £ > 0, there exists a positive integer N, such that d(g;, gx) < & for all
Jj,k > N,. By the definition of d, for each j, k > N,,

lg;) — @), < ePx), xR, (51)

So, for each x € R, {g(x)} is a Cauchy sequence in Y. Since Y is complete, for
each x € R, there exists g(x) € Y such that gz(x) — g(x) as k — oo. Hence, by
(51) for each k > N,

gk () = gy = lim |ge) — 8,0 s < e @), x R,

thatis, d(gx, g) < e foreachk > N,. Hence, gy — g € Wask — oo. Thus, W, d)
is complete.

Now we consider the mapping P : W — W defined by (Pg)(x) = %p g(Ax) for
allg e Wandallx e R. Let g,h € VW and let C € [0, 00) be an arbitrary constant
with d(g, h) < C. From the definition of d, we have

) —hCllp _
D(x) -

C

for all x € R. By the assumption and the last inequality, we have

I(P&)x) — Py Nl8@x) —h@Gx)lls _ ATPPL Jlg(x) — h(Ax) g -
d(x) B APBD(x) - @ (Ax) -

for all x € R. So

LC

d(Pg,Ph) < Ld(g,h)

for all g,h € W, which means that P is a strictly contractive self-mapping of W
with the Lipschitz constant L.
Substituting xy, . .. ,x, := x in the functional inequality (49), we obtain

n—times

|7 (2rx) - kf(x)Hﬁ < (T
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for all x € R. Thus,
| f Gx) =27 f0)], < @) (52)

for all x € R. Hence,
[f@—mro0], 1
<
P (x) — PP

1
forallx e R.Sod(f,Pf) < Ik
Due to Theorem 2, there exists a unique mapping 7, € W such that F,(Ax) =
AP Fp(x) for all x € R, i.e., F, is a unique fixed point of P. Moreover,

Fp(x) = nlirgo (P"Hx) = nlirgo );n f"x) (53)
for all x € R, and
1
a(f,Fp) < I _Ld(f,Pf) = m,

i.e., inequality (50) holds true for all x € R.
In addition it is clear from (49) and (53) that the equality

1
m 7 m
Fp <Zaixlp> —Zaif,,(x,-)
i=1 i=1
B
1
1 m P m
— i pn P _ . ny.
= i, o |/ (Z Mha ) 2 aif 05
i=1 i=1 ;
: l n n
< nlgrolo W(]ﬁ (k Xlyeor B A xm)
< lim (A PPL)" ¢ (x1,... ,x») =0
n—oo
holds for all xy, ... ,x, € R, and so by Theorem 3 the mapping F, € W for each
p = 1,...,5is Cauchy-additive, quadratic, cubic, quartic, and quintic, respectively,

as desired.

Theorem 5 Supposethat f : R — Y is a ¢p-approximately monomial mapping and
that the function ¢ is expansively superhomogeneous of degree o with a constant L,
where a > pB. Moreover, assume that f is even when p is even. Then, there exists
a unique mapping F, : R — Y satisfying (4) such that

|0 =Fo0l, = o2 ®(x) (54)

L
(I=1L)
for all x € R, where A and ®(x) are defined as in Theorem 4. The mapping F, is
given by F,(x) = lim, oo AP f (%)for allx e R, and F,, foreach p =1,...,5
is Cauchy-additive, quadratic, cubic, quartic, and quintic, respectively.
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Proof We introduce the same definitions for VW and d as in the proof of Theorem 4
such that (W, d) becomes a complete metric space. Let P : YW — W be the mapping
defined by (Pg)(x) = APg (f) for all g € W and all x € R. One can show that
d(Pg,Ph) < Ld(g,h) for any g,h € W. Similar to the proof of Theorem 4, we
obtain that f satisfies (52) for all x € R. Hence,

=27 ()1, _
D (x) =

L
A

forallx e R.Sod(f,Pf) < XL—Q
Due to Theorem 2, there exists a unique mapping F € W such that F,(Ax) =
M Fp(x) forall x € R, i.e., F, is a unique fixed point of P. Moreover,

Fplo) = lim (P" f)(x) = lim 27" f (%)

for all x € R, and

1
1-L

d(f.Fp) = T=d(f.PF) = -

(1-1Ly

i.e., inequality (54) holds true for all x € R.
The remaining assertion goes through in a similar way to the corresponding part
of Theorem 4.
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Some Functional Equations Related to the
Characterizations of Information Measures
and Their Stability

Eszter Gselmann and Gyula Maksa

Abstract The main purpose of this chapter is to investigate the stability problem of
some functional equations that appear in the characterization problem of information
measures.

Keywords Information measures - Information quantity - Probability distribution -
Shannon entropy - Stability

1 Introduction and Preliminaries

Throughout this chapter, N, Z, Q, R, and C will stand for the set of the positive inte-
gers, the integers, the rational numbers, the reals and the set of the complex numbers,
respectively. Furthermore, R, and R, will denote the set of the nonnegative and
the positive real numbers, respectively.

In this section, firstly we summarize some notations and preliminaries that will
be used subsequently. We begin with the introduction of the information measures.
Here, their definition and some results concerning them will follow.

The second section of our chapter will be devoted to the topic of information func-
tions. Here—among others—the general solution of the (parametric) fundamental
equation of information will be described. Furthermore, some results concerning the
so-called sum form information measures will also be listed.

Finally, in the last part of this chapter, we will investigate the stability problem
for the functional equations that appeared in the second section. Here, some open
problems will also be presented.
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1.1 Information Measures

The question “How information can be measured?,” was first raised by Hartley in
1928. In his paper [37], Hartley considered only those systems of events, in which
every event occurs with the same probability. After that, in 1948, the celebrated paper
of Shannon [72] appeared where the information quantity contained in a complete
(discrete) probability distribution was defined.

In what follows, based on the notions and the results of the monograph Aczél-
Daréczy [7], a short introduction to information measures will follow.

Letn € N, n > 2 be arbitrarily fixed and define the sets

re= !(pl,... P €ERYp > 0i=1,....n,) pi= 1}
i=1
and
FIZ: {(plv"' ’pll)ERn|pi Zoaiz 19"' 3nazpi :1]’
i=1

respectively. We say that the sequence of functions (1,,)52, (or simply (f,)) is an
information measure, if either I, : IY — R foralln > 2 or I, : I}, — R for all
n>2.

We have to mention that, in the literature, “information measures” depending
on not only probabilities but on the events themselves (inset information measures)
(see e.g., Aczél-Darécezy [5]) or depending on several probability distributions (see
Ebanks—Sahoo—Sander [25]) are also investigated. Here, we do not involve these
cases. On the other hand, originally the zero probabilities were allowed adopting the
conventions

0
Olog, (0) = 5— = 0*=0 (xeR). (1)

We follow these conventions, and we denote I',° or I, by G, provided that it does
not matter that the zero probabilities are excluded or not.

Certainly, the most known information measures are the Shannon entropy (see
Shannon [72)), i.e.,

n
HY(p1,....pn) ==Y pilogs(pi),  ((P1s--- »Pn) € Guont = 2)

i=1

and the so-called entropy of degree «, or the Havrda—Charvdt entropy (see Aczél—
Dar6czy [7], Daréezy [15], Kullback [53], Tsallis [78]), i.e.,

@ = 1) (Tt =) i o

H:(plw“,pn): 1 .
Hn(pl,"' spn)y if o =1
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wheren e N, n>2, o e Rand (pi,...,p,) € G,.

(H!) was first introduced to the statistical thermodynamics by Boltzmann and
Gipps, to the information theory by Shannon [72], while (Hy) (for « # 1) was
first investigated from cybernetic point of view by Havrda and Charvat [38], from
information theoretical point of view by Daréczy [15], and was rediscovered by
Tsallis [78] for the Physics community.

It is easy to see that, for arbitrarily fixed n > 2 and (p1,..., p,) € G,

im HY (pr oo s pu) = Hy (P1seo s pa),

which shows that the Shannon entropy can continuously be embedded to the family
of entropies of degree «. As it is formulated in [7], the characterization problem for
the information measure (H) is the following: What properties have to be imposed
upon an information measure (/) in order that (1,) = (H) be valid?

In what follows, we list the properties which seem to be reasonable for character-
izing (H)Y). It is not difficult to check that the information measure (H,) has these
properties.

An information measure (/,,) is called symmetric if

L (prs- .o P0) = L (Pt - -+ Pony) (2)
is satisfied for all n > 2, (p1,...,ps) € G, and for arbitrary permutation o :
{1,...,n} = {1,...,n}. Further, we say that (1,) is 3-semi-symmetric if

L(p1, p2, p3) = B(p1, p3, p2) (3)

holds for all (py, p2, p3) € Gs.
(1) is called normalized if

11
12 (5,5) = 1, (4)

and it is called «-recursive if

In (Pl, cee ,pn)
a 14 p
= Iy—1 (1 + p2, P35 -+ 5 P) + (P1+ P2) 12< ! —2> (5)
p1+p2 pr+p2
holds for all for all n > 3 and (p1, ..., ps) € G,. Incase o = 1, we say simply that

(1) is recursive.
Forafixedao €e Rand2 <n € N,2 < m € N, the information measure (/,) is
said to be (o, n, m)- additive, if

Lim (P % Q) = 1, (P) + 1,, (Q) + 2% = D1, (P) I, (Q) (6)

holds for all P = (py,...,pn) € Gu, O =(q1,--->qm) € G Where
PxQ = (p191s--->P1qm>- - Puq1s---»> Pngm) € Gum- Finally, we say that an
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information measure (/) has the sum property, if there exists a function f : I — R
such that

Lipi..op) =Y f(p)  (Prs-., Pn) € Gn) (7)

i=1

for all 2 < n € N. Here (and through the chapter) I denotes the closed unit interval
[0,1]if G, = I, forall 2 < n € N and the open unit interval ]0, 1[ if G, = I, for all
2 < n € N. Such a function f satisfying (7) is called a generating function of (I,,).

1.2 The Characterization Problem and Functional Equations

The properties listed above are of algebraic nature. This is the reason why they
lead to functional equations. In this section, we present how they imply the so-
called parametric fundamental equation of information and the sum form functional
equations. Following the ideas of Dar6czy [14] (see also [7]), suppose first that the
information measure (/) is (5) a-recursive and (3) 3-semi-symmetric, and define
the function f on I by

f) = hx,1—x)

and the set D° = {(x,y)|x,y,x +y € I},if  =]0,1[and D = {(x,y)|x,y €
[0,1[, x + y € I} if I = [0, 1], respectively. Let now

D ifI=1[0,1]
D° if I =10,1]

(x,y) €

andn=3,py=1—x—1y,p» =y, p3 = x in (5). Then, we have that

L —x—y,y,x) =Ll —x,0)+(1—x)h(1- 2 2
l—x 1—x

— f)+ (1 —x)1f (ﬁ)

which, by (3), implies that

o y o X
JO+A=x)"f\— ) =fOMW+A=-"f|+— (®)
1—x 11—y
holds on D° and on D, respectively. Functional Eq. (8) is called the parametric fun-
damental equation of information, (in case o = 1 simply the fundamental equation
of information).
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Furthermore, in case « = 1 and the domain D, its solutions f : [0,1] - R
satisfying the additional requirements f(0) = f(1), f (%) = 1 are the information
functions.

The role of the a-recursivity is very important since, with the aid of this property,
we can determine the entire information measure from its initial element /5. On the
other hand, this idea shows the importance of Eq. (8), as well.

The appearance of the sum form functional equations in the characterization prob-
lems of information measures is more evident. Indeed, the (6) («, n, m)- additivity
and the (7) sum property immediately imply the functional equation

m m

X Fpian =) fp+ Y fa@p+QRT =D fp)Y | flg) O
i=1 j=1

i=1 j=I i=1 j=1

for the generating function f.

As we shall see in the sections below, the solutions of (8) and (in many cases)
also of (9) can be expressed by the solutions of some well-known and well-discussed
functional equations. In what follows we remind the reader some basic facts from
this part of the theory of functional equations.

1.3 Prerequisites from the Theory of Functional Equations

All the results of this subsection can be found in the monographs Aczél [3] and
Kuczma [52].
Let A C R be an arbitrary nonempty set and

A= {(x,y)eR2|x,y,x+y € A}.
A function a : I — R is called additive on A, if for all (x,y) € A
a(x +y) = a(x) +a(y). (10)

If A = R, then the function a will be called simply additive. It is well known that
the solutions of the equation above, under some mild regularity condition, are of the
form

a(x) =cx xel,

with a certain real constant c¢. For example, it is true that those additive functions
which are bounded above or below on a set of positive Lebesgue measure have the
form

a(x) =cx (x € R)

with some ¢ € R. It is also known, however, that there are additive functions the
graph of which is dense in the plain. A great number of basic functional equations
can easily be reduced to (10). In the following, we list some of them.
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Let
M= {(x,y) eR?|x,y,xy € A}.
A function m : A — R is called multiplicative on A, if for all (x, y) € M

m(xy) = m(x)m(y).

If A =R, or A = R, then the function m is called simply multiplicative.
Furthermore, we say that the function £ : A — R is logarithmic on A if for any

(x,y) € M,
Lxy) = £(x) + £(y)

The functional equation

p(xy) = x@(y) + yp(x) (11)

has an important role in the following and it can easily be reduced to the functional
equation of logarithmic functions by introducing the function £(x) = @. Finally,
we will use functions d : R — R that are both additive and they are solutions of
functional Eq. (11), that is,

d(xy) = xd(y) + yd(x)

is also satisfied for all x, y € R. This kind of functions are called real derivations.
Their complete description can be found in Kuczma [52] from which it turns out
the somewhat surprising fact that there are nonidentically zero real derivations. Of
course, if a real derivation bounded from one side on a set of positive Lebesgue
measure then it must be identically zero, otherwise its graph is dense in the plain.

In the subsequent sections it will occur that the equations introduced above are
fulfilled only on restricted domains. Most of these cases it can be proved that the
functions in question are the restrictions of some functions which satisfy the above
equations on its natural domains. The results of this type are the so-called extension
theorems, and the first classical ones are due to Aczél-Erdds [8] and Daréczy—
Losonczi [20]. As a typical and important example, we cite the following extension
theorem (see [20]).

Theorem 1 Assume that the function ay : [0,1] — R is additive on [0, 1]. Then
there exists a uniquely determined function a : R — R which is additive on R such
that

ap(x) = a(x)

holds for all x € [0, 1].

Since all the other functional equations mentioned above in this subsection can
be reduced to (10), we can easily get extension theorems for them as consequences,
and their regular (say bounded on a set of positive Lebesgue measure) solutions can
also be obtained easily. In particular, the typical regular (say bounded from one side
on a set of positive Lebesque measure) solutions ¢ : [0, +o00[ — R of (11) are of
the form ¢(x) = cx log, (x) for all 0 < x € R and for some ¢ € R.
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2 Results on the Fundamental Equation of Information
and on the Sum Form Equations

2.1 Information Functions

The first characterization theorem concerning the Shannon entropy (the case o = 1)
considered on I, is due to Shannon himself, see [72]. The second one, which is
more abstract and mathematically well-based, can be found in Khinchin [47]. In
1956, Faddeev succeed to reduce the system of axioms used by the two previous
authors, see [27]. Faddeev assumed only symmetry, the normalization property,
recursivity and that the function f : [0, 1] — R defined by

fx)=hx,1-x)  (x,y€[0,1])

is continuous. After that, the regularity assumption in the result of Faddeev was
replaced by weaker and weaker assumptions. For example, together with the above
three algebraic properties, Tverberg [79] assumed (Lebesgue) integrability, Lee [55]
measurability, Daréczy [14] continuity at zero (‘small for small probabilities’), and
Diderrich [24] boundedness on a set of positive measure, and they showed that the
above properties determine uniquely the Shannon entropy. We mention here the result
of Kendall [46] and Borges [12] who suppose monotonicity on the interval [0, 1 /2[
and proved the same.

Concerning the characterization of the Shannon entropy, a 1969 paper of Daréczy
[14] meant a breakthrough. He recognized that this characterization problem is
equivalent with finding information functions that are identical with the Shannon
information function S defined by

S(x) = xlog, (x) + (1 —x)log, (1 —x) x el).

The other important contribution was to find the general form of information
functions (see [7]) which is the following.

Theorem 2 A function f : [0,1] — R is an information function if, and only if,

f&x)=e(x)+ el —x) (xe[0,1]) (12)
with some function ¢ : [0, +o0o[ — R satisfying the functional equation
p(xy) = x@(y) + yp(x)  (x,y €[0,+00) (13)

and ¢ (5) = 5.
The proof of this theorem is based on some results and ideas of purely algebraic
nature in Jessen, Karpf, and Thorup [43] on the cocycle equation

Fix+y,2)4+ Fx,y)=F(x,y+2)+ F(y,2)

that is satisfied, provided that

Flx,y) = (x+ ) f <$) (,yeR x+yeR,,)



206 E. Gselmann and G. Maksa

where f is an information function. Supposing that

FO+0—x)f (ﬁ) = O+ —yf <1f—y)

holds only on the open domain D° = {(x,y) : x,y,x + y € ]0, 1[} for the unknown
function f : ]0, 1[ — R, Maksa and Ng [68] proved that f(x) = ¢(x) + ¢(1 —x)
+ ax forall x € ]0, 1[ and for some function ¢ : [0, +0o[ — R satisfying functional
Eq. (13) and for some a € R.

Obviously, if ¢(x) = —xlog, x, x € [0, +0o[ then ¢ (1) = 1, ¢ satisfies (13),
and (12) implies that f = S. However, as it was pointed out in Aczél [4], f does not
determine ¢ unambiguously by (12). Indeed, if d : R — R is a real derivation, that
is, d satisfies both functional equations

d(x +y) =d(x)+d(y) and d(xy) = xd(y)+ yd(x)

then (12) and (13) hold also with ¢ + d instead of ¢, moreover (¢ + d) (3) = § is
valid, as well. Thus, since there are nonidentically zero real derivations, the function
@ in (12) does not inherit the regularity properties of f. So even for very regular
f the function ¢ may be very irregular. This is the main difficulty in deriving the
regular solutions from the general one.

The first successful attempt in this direction is due to Daréczy [17]. By his
observation, (12) and (13) imply that

Y

(x+y)f(x+y

) =p(x) + o(y) — o(x + )
()C,y €R+,x+y €R++). (14)

If f is (say) continuous then, for all fixed y € R, the difference functions
x = o(x +y)—@(x), x € R, soare. Therefore, by a theorem of de Bruijn [23], ¢
is a sum of a continuous and an additive function. It is not difficult to show that the
additive function is a real derivation and the other summand is a continuous solution
of (13).

This is the point at which the stability idea first appeared in the investigation.
Namely, supposing that the information function f is bounded by a positive real
number &, (14) implies that

lp(x) +o(y) —px +y)| <¢ (x,yeRi,x+y <1,

that is, the Cauchy difference of ¢ is bounded on a triangle. While de Bruijn type
theorem is not true for this case we could apply the stability theory in Maksa [60]
to determine the bounded information functions by giving a new and short proof of
Diderrich’s theorem published in [24].

At this point, we have to highlight the problem of nonnegative information func-
tions. First of all, we emphasis that the requirment of the nonnegativity for an
information function is very natural from information theoretical point of view,
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since f(x) is the measure of information belonging to the probability distribution
{x,1 —x}, x € [0, 1]. On the other hand, the one-sided boundedness is important
also from theoretical point of view, as well. Indeed, the solutions of the Cauchy
Eq. (10) bounded below or above on a set of positive Lebesgue measure are contin-
uous linear functions. Therefore, it was natural to expect that something similar is
true for the information functions that are bounded from one side (say nonnegative
on [0, 1]). Indeed, it was conjectured in Aczél-Dar6czy [7] (supported by the partial
result Daréczy—Katai [19] by which the nonnegative information functions coin-
cide with the Shannon one at the rational points of [0, 1]) that the only nonnegative
information function is the Shannon one. The following counter example in Dar6czy—
Maksa [21] however disproves this conjecture since, with any nonidentically zero
real derivation d, the function f; defined by

2
S(x)—l—&, if x€]0,1[
x(1 —x)

0, if xe{0,1}

Solx) =

is a nonnegative information function different from S. Of course, there are positive
results, as well. For example, it is also proved in [21] that S(x) < f(x) for all
nonnegative information function f and for all x € [0, 1]. Another one is about the
set K(f) = {x € [0, 1]|f(x) = S(x)} which was introduced by Lawrence [54] and
called the Shannon kernel of the nonnegative information function f. It is proved in
Gselmann-Maksa [36] that K(f) has the form [0,1] N Ly where L is a subfield
of R containing the square roots of its nonnegative elements. Furthermore, if K
denotes the intersection of all Shannon kernels (belonging to nonnegative information
functions) then all the elements of K are algebraic over (Q and K contains all the
algebraic elements of [0, 1] of degree at most 3. Our first open problem is related to
these latter facts.

Open Problem 1 Prove or disprove that all algebraic elements of the closed inter-
val [0, 1] is contained by K, in other words any nonnegative information function
coincides with S at the algebraic points of the closed unit interval.

We remark that Lawrence’s conjecture in [54] is affirmative.

The last sentences of this subsection are devoted to the case o # 1 which is much
simpler than the case « = 1. Indeed, in [15], Daréczy determined all the solutions f :
[0,1] — R of (8) satisfying the additional requirements f(0) = f(1), f (1) = 1.
Thus he characterized the entropy of degree o on I, by using purely algebraic
properties: semisymmetry, normalization, and @-recursivity. Since then, these results
have been extended to the open domain case, as well (see, e.g., the sections about
the stability).

2.2 Sum Form Equations

As we have seen earlier, the sum form Eq. (9) is the consequence of the («, n,m)-
additivity and the sum property. In connection with the characterization properties



208 E. Gselmann and G. Maksa

discussed above, we should remark here the following implication: the sum property
follows from the symmetry (2) and «-recursivity (5), as it is shown in [7].

In several characterization theorems for the entropy of degree « based on (¢, 1, m)-
additivity and the sum property, an additional regularity condition was supposed for
the generating function f and also on the parameters «, n, and m. We list some of
the results of this type in chronological order.

We begin with the Shannon case « = 1. Chaundy—McLeod [13] proved that, if
f :10,1] — R is continuous and

DY fpiap =Y f)+ Y fg)) (15)
i=1 j=1

i=1 j=1
holds for all (p1,...,pn) € I, (q15....qm) € I, andforalln > 2,m > 2 then

f(x) = cxlog, (x) (x €[0,1] (16)

with some ¢ € R. The same was proved by Aczél and Dar6czy [6] supposing that
f is continuous and (15) holds for all n = m > 2. Daréczy [16] determined the
measurable solutions f supposing that n = 3,m = 2, f(1) = 0. Dar6czy and Jérai
[18] found the measurable solutions of (15) in the case n = m = 2 discovering
solutions that are not solutions when n > 3 or m > 3. This was one of the starting
point of developing the regularity theory of functional equations (see Jarai [42]). In
Maksa [61], the solutions bounded from on a set of positive Lebesgue measure of
(15) were determined. These are the same as in the continuous case (see (16)) while
it was also shown that the supposition of the one-sided boundedness does not lead to
the same result. Counterexample can be given by real derivations (see Maksa [64]).
Connected with these investigations the following problem is still open.

Open Problem 2 Find the general solution of Eq. (15) for a fixed pair (n,m), n >
2,m > 2, particularly find all functions f : I — R satisfying the functional equation

Jay) + f(( =x)y) + fx(T = y)) + f([(A = x)(1 = y)
=fO+fA-x)+fM+ A=y

forallx,y e I.

A partial result can be found in Losonczi—-Maksa [59].

As we have already mentioned, in the characterization theorems for the entropy of
degree o based on («, n, m)-additivity and the sum property, an additional regularity
condition was supposed for the generating function f. Now we present here an
exceptional case (see Maksa [64]) in which all the conditions refer to the information
measure itself and there is no condition on the generating function. The stability
idea appears again. Indeed, suppose that the information measure (Z,,) is (1, n, m)-
additive for some n > 3, m > 2, has the sum property with generating function
f :10,1] - R and I5 is bounded by the real number K, that is,

[13(p1, p2, p3)l < K ((p1, p2, p3) € I3). (17)
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Letx,y € [0, 1] suchthat x 4y < 1 and apply (17) to the probability distributions
(x,y,1—x—y)e I[3andthento (x +y,1 —x — y,0) € I3, respectively to get that

[I3(x,y,1—x—y)| <K and [3(x +y,1 —x — y,0)| < K.

Therefore, because of the triangle inequality, for the generating function f, we
have that

Ifx+y) = fx) = fO)+ fO)] =2K,

that is, the stability inequality holds for the function f — f(0) on a triangle. The
details together with the consequences are in [64].

The brief history of the case o # 1 follows. The continuous solutions, supposing
that (9) holds for all n > 2,m > 2 were determined by Behara and Nath [11],
Kannappan [45], and Mittal [70] independently of each other. They found that the
continuous solutions either a sum of a continuous additive function and a constant or
the sum of a continuous additive function and a continuous multiplicative function
(power function). The same was proved by Losonczi [56] supposing that (9) holds for
a fixed pair (n,m), n > 3,m > 2 and the generating function f in (9) is measurable.
Contrary tothe case = 1, inthecase o 7# 1 the general solution has been determined
(see Losonczi-Maksa [59] and Maksa [63]) supposing that » > 3 and m > 2 are
fixed. Characterization theorems for the entropy of degree « can easily be derived
from these results (see [64]).

In the case o # 1, with the definition g(p) = p+ Q' —1)f(p), p € 1,Eq. (9)
can be reduced to equation

DO elpigp =g glg). (18)
i=1 j=1

i=1 j=1
The general solution of which is not known when n = m = 2. Therefore we

formulate the following open problem.

Open Problem 3 Find all functions g : I — R satisfying the functional equation

glxy) +g((1 —x)y) +g(x(1 —y)) + g((1 —x)1 —y))
= (gx)+g(1 —x)) (g(y) + g —y))

forallx,y € I.

A partial result is proved in Losonczi [57].

Further investigations related to sum form equations on open domain or for func-
tions in several variables can be found among others in Losonczi [58] and in the
survey paper Ebanks—Kannappan—Sahoo—Sander [26].
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3 Stability Problems

During one of his talks, held at the University of Wisconsin S. Ulam posed several
problems. One of these problems has became the cornerstone of the stability theory
of functional equations, see [80]. Ulam’s problem reads as follows.

Let (G, o) be a group and (H, *) be a metric group with the metric d. Let ¢ > 0
and f : G — H be a function such that

d(fxoy), f()* f(y) <e

holds for all x,y € G. Is it true that there exist § > 0 and a function g : G — H
such that

gxoy)=gx)*xg(y), x,yeqG)
and
d(f(x),g(x)) <o

holds for all x € G?
This question was first answered in 1941 by D. H. Hyers by proving the following
theorem, see [41].

Theorem 3 Let ¢ > 0, X,Y be Banach spaces and f : X — Y be a function.
Suppose that

[fx+y)—f)—fOIl=e
holds for all x,y € X. Then, for all x € X, the limit

a(x) = lim ACED)

n—oo 2N

does exist, the function a : X — R is additive on X, i.e.,
a(x +y) =a(x)+a(y)
holds for all x,y € X, furthermore,
If(x) —a)l <e

is fulfilled for arbitrary x € X. Additionally, the function a : R — R is uniquely
determined by the above formula.

The above theorem briefly expresses the following. Assume that X, Y are Banach
spaces and the function f : X — Y satisfies the additive Cauchy equation only
“approximatively.” Then there exists a unique additive functiona : X — Y which is
“close” to the function f. Since 1941 this result has been extended and generalized
in several ways. Furthermore, Ulam’s problem can obviously be raised concerning
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not only the Cauchy equation but also in connection with other equations, as well.
For further result consult the monograph Hyers—Isac—Rassias [40].

For instance, the stability problem of the exponential Cauchy equation highlighted
anew phenomenon, which is nowadays called superstability. In this case the so-called
stability inequality implies that the function in question is either bounded or it is the
exact solution of the functional equation in question, see Baker [10].

In this work, we will meet an other notion, namely the hyperstability. In this case,
from the stability inequality, we get that the function in question can be nothing else
than the exact solution of the functional equation in question, see, e.g., Maksa—Pales
[69].

Since the above result of D. H. Hyers appeared, the stability theory of functional
equations became a rapidly developing area. Presently, in the theory of stability
there exist several methods, e.g. the Hyers’ method (c.f. Forti [28]), the method of
invariant means (see Székelyhidi [74, 75]), and the method that is based on separation
theorems (see Badora—Ger—Pales [9]).

As we will see in the following subsections, in case of the functional equations, we
will deal with, none of the above methods will work. More precisely, in some cases
the method of invariant means is used. However, basically we have to develop new
ideas to prove stability type theorems for the functional equations, we mentioned in
the introduction. Concerning topic of invariant means, we offer the expository paper
Day [22]. Although the only result needed from [22] is, that on every commutative
semigroup there exist an invariant mean, that is, every commutative semigroup is
amenable.

The aim of this chapter is to investigate the stability of some functional equations
that appear in the theory of information. Firstly, we will investigate the above problem
concerning the parametric fundamental equation of information. The main results
and also the applications will be listed in the subsequent subsections. We will prove
stability, superstability, and hyperstability according to the value of the parameter
a. The results, we will present can be found in Gselmann [30, 31, 32, 34] and in
Gselmann—Maksa [35].

Concerning the stability of the parametric fundamental equation of information,
the first result was the stability of Eq. (6) on the set D, assuming that 1 # o > 0 (see
Maksa [67]). Furthermore, the stability constant, got in that paper is much smaller
than that of ours. However, the method, used in Maksa [67], does not work if &« = 1
or « < 0 or if we consider the problem on the open domain.

After that, it was proved that Eq. (6) is stable in the sense of Hyers and Ulam on
the set D° as well as on D, assuming that @ < 0 (see [35]). After that it turned out that
this method is appropriate to prove superstability in case 1 # o > 0. This enabled us
to give a unified proof for the stability problem of Eq. (6). Finally, using a different
approach, in [30] it was showed that in case @ < 0, the parametric fundamental
equation of information is hyperstable on D° as well as on D.
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3.1 TheCasesa =0and0 < o # 1

In this part of the chapter, we will investigate the stability of the parametric funda-
mental equation of information in case for the parameter o, « = 0, 0r0 < o # 1
holds. The method, we will use during the proofs were firstly developed for the case
a < 0. However, it turned out that this approach works in this case also. The results
we will present here can be found in [31, 32] and also in [67].

Theorem 4 Let o,c € R be fixed, | # a > 0,& > 0. Suppose that the function
f 10, 1[ — R satisfies the inequality

@+ —x)f (L) —f) = —y)yf <1f—y) <e (19

1—x

for all (x,y) € D°. Then, in case « = 0, there exists a logarithmic function [ :
10, 1] — R and ¢ € R such that

f() = [ —x)+cll = K(a)e, (x €]0,1[) (20)
furthermore, if a ¢ {0, 1}, there exist a,b € R such that
| f(x) = [ax® +b(1 — x)* = b]| < K(x)e 21)

holds for all x € 10, 1[, where

1—a -1 o 32- 301+1
K=]2""=1]"(3+12:2*+ —— .
27> — 1]
Proof Define the function F on Ri + by
v
Fu,v)=@+v)f (—) (22)
u-+v
Then
F(tu,tv) =t*F(u,v) (t,u,v € R,,) (23)
and
f&x)=F1—-x,x), (xe€]0,1] (24)
furthermore, with the substitutions
x:L =+ (U,V,W€R++)

u+v+w’ Y u+v+w

inequality (19) implies that
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w (u+v)* v
’f (u+v+w)+(u+v+w)“f<u+v)

v (u +w)* w
-/ (u—i—v—i—w) - (u—}—v—l—w)"‘f(u—i—w)‘ =

whence, by (22)

™

(25)

|[Fu+v,w)+ F(u,v) — Flu+w,v) — Flu,w)| < e(u+v+w)* (26)

follows for all u,v,w € R, .

In the next step, we define the functions g and G on R ; and on Ri . respectively
by
gw) = F(u,1) = F(1,u) 27
and
G(u,v) = F(u,v) + g(v). (28)
We will show that
IGu,v) — Gv,w)| <3ew+v+ 1D (uveRiy) 29)

Indeed, with the substitution w = 1, inequality (26) implies that
|[Fu+v,1)+ F(u,v) — Fu+ 1,v) — F(u,1)| < e(u+v+ 1% 30)
Interchanging u and v, it follows from (30) that

|[-Fu+v,1)— Fv,u)+ Fo+ 1, u)— Fv,D)| <ew+v+ 1)*

(u, S R++) .
This inequality, together with (30) and the triangle inequality imply that

|F(u,v) — Fv,u) — Flu+1,v) — F(u,1)+ F(v+ 1,u) + F(v, 1)|
<2e(u+v+1* (3D

holds for all #,v € R . On the other hand, with u = 1, we get from (26) that
[F(A4+v,w)+ F(1,v) — F(1 +w,w) — F(1,w)| < e(1 +v + w)“.
Replacing here v by u and w by v, respectively, we have that

|[Fu+1,v)+ F(l,u)— Fv+ 1,u) — F(1,v)] < e(u+v+1)*

(Lt, VS R++) .

Again, by the triangle inequality and the definitions (27) and (28), (31) and the last
inequality imply (29).
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In what follows we will investigate the function g. At this point of the proof, we
have to distinguish two cases.

Case I. (¢ = 0). In this case, we will show that there exists a logarithmic function
[ : Ry — Rsuch that

1g(u) — ()| < 6
for all u € R, ;. Indeed, (29) yields in this case that
|G(u,v) — Gv,u)| <3e. @,veR,y)
Due to (23) and (28), we obtain that
G(tu,tv) = F(tu,tv) + g(tv) = F(u,v) + g(tv) = G(u,v) — g(v) + g(tv)
that is,
G(tu,tv) — G(u,v) = g(tv) — g(v), (t,u,veR.})
therefore

lg(tv) — g(v) + g(w) — g(tw)| = |G (tu,tv) — G(u,v) — G(tv,tu) + G(v,u)|
< |G(tu,tv) — G(tv,tu)| + |G(v,u) — G(u,v)| < 6¢
(32)

for all ¢,u,v € R, .. Now (32) with the substitution # = 1 implies that

lg(tv) — g(v) — g(1)| < 6e

holds for all t,v € R, since obviously g(1) = 0. This means that the function
g 1s approximately logarithmic on R, . Thus, there exists a logarithmic function
[ : Ry — Rsuch that

lg(u) —I(w)| < 6e

holds forall u € R, .
Furthermore,
[f) —1(1 —x) = (f(1 —x) = I(x))]

= |F(1 —x,x)—I(1 —x) — F(x,1 —x) +1(x)|

=[F(1 —x,x) 4+ gx) — gx) — (1 —x)
—Fx,1—x)4+g(1—x)—g(l —x)+1(x) |

S IFA—x,x)+gx) — (F(x, 1 —x) + g(1 — x))|
+1g(1 —x) = I(1 —x)[ + [I(x) — g(x)]

=161 —x,x) = G(x,1 = x)[+ [g(1 — x)
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—I(1 = )| + I(x) — g(v)|
< 3e 4 6+ 66 = 15¢ (33)
Define the functions f and Fy on 0, 1[ and on ]0, 113, respectively, by
Jo(x) = f(x) —I(1 —x)

and

1 —
m@g)=ﬁﬂﬂ+ﬁ@)—ﬁ@w—fbﬁ_jg)
Due to (3.1)

[fo(x) — fo(1 —x)| = 15¢ (34)

holds for all x € ]0, 1[. Furthermore, with the substitutions x = 1 — p, y = pg
(p,q € 10, 1]) inequality (19) implies, that
i)
1—pq

is fulfilled for all p, g € ]0, 1[. Inequalities (34) and (35) and the triangle inequality
imply that

1 —

Jo(l = p) + folg) = fo(pg) — fo ( <e¢ (35)

[Fo(p,q)| < l6¢ (36)
for all p,q € ]0, 1[. An easy calculation shows that
Jfo(p) — folq)

1—p 1—p 1—p
O=%@m%JMnm+%<qum>ﬂho—1_M>+ﬁ(l_m>

therefore,

[ fo(p) — fo(q)l

< |Fo(g, p)| + | Fo(p,q)| +

I —pg
1 —pq 1 —pq

<3.168 + 15¢ = 63¢ (37)

+

holds for all p, g € ]0, 1[. With the substitution g = % inequality (37) implies that

1
Jo(p) = fo <§>

Using the definition of the function fj, we obtain that inequality

|f(x) —I(1 —x) —c| < 63¢

<63e. (pel0,1])

is satisfied for all x € ]0, 1[, where ¢ = fy (%) Hence, inequality (20) holds, indeed.
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Case II. (1 # « > 0). Finally, we will prove that there exists ¢ € R such that

4_3a+18

lg(x) —c(x* = DI = = 1]

holds for all x € ]0, 1[.
Due to inequalities (22) and (27),

G(tu,tv) = F(tu,tv) + g(tv) = t*F(u,v) + g(tv)
=1"G(u,v) — t"g(v) + g(tv),

that is,
G(tu,tv) — t*G(u,v) = g(tv) — t%g(v)
holds for all z,v € R, , . Therefore,

lg(tv) — t“g(v) + 1*g(u) — g(tu)|
= |G(tu,tv) — G(u,v) — G(tv,tu) + G(v,u)|
< |G(tu,tv) — G(@tv,tu)| + |G(u,v) — G(v, u)|
<3e(tw+v)+ D* +3e(w+v+ 1)* (38)

holds for all #,u,v € R, where we used (19). With the substitution u = 1, (38)
implies that

lgtv) —t%g(v) — g <3e@(v+ D+ D" +3e(v+2)* (t,veRyy) (39)
Interchanging ¢ and v in (39), we obtain that
lg(tv) —vig(t) — gW)| < 3e(w(t + 1)+ 1)* +3e(t +2)* (@, veR,y) (40)
Inequalities (39), (40), and the triangle inequality imply that
19g(v) + g(t) = v*g(t) — g(W)| < B(t,v) (41)
is fulfilled for all #,v € R, where

B(t,v) =3e(t(v+ 1) + D)* +3e(v + 2)% + 3e(v(t + 1) + 1)* + 3e(r + 2)*.

1
With the substitution ¢ = % and with the definition ¢ = ;’,@1, we obtain
1
_ aO B (5’ v)
1g(v) — (v =D = e 1 (42)

forallve Ry,.
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Let us observe that
|B(t,v)| < 4-3*"lg
holds, if t,v € ]0, 1[. Thus

B(Lv)  4.3¢tg
— Y1) < 2 =<
lg(v) —c(v )= D= 1] = e 1]

(43)

for all v € ]0, 1[. Therefore (24), (28), (29), (43), and the triangle inequality imply
that
f() —c(l—=x)*+c— (f(1 —x) —cx* +0) |
=|F(l—x,x)—c(l—x)*4+c— (F(x,1 —x)—cx*+0¢)|
<|F(1—=x,x)+gx)— Fx,1 —x) — gl —x)|
+18(x) —c(x® = DI+ |g(1 — x) — c((1 = x)* = 1)
=G —x,x)— G(x,1 —x)|
+18(x) —c(x® = DI+ |g(1 — x) — c((1 = x)* = 1)
o 8. 30t+1£
<3.2%+ m 44)

holds for all x € 0, 1[.
As in the previous cases, we define the functions fy and F on ]0, 1[ and on ]0, 112
by

Jo(x) = f(x) — el = x)* (45)

and

1—
Fo(p.q) = fo(p) + p* folg) — fo(pq) — (1 — pqg)* fo <1 — ppq> ; (46)

respectively. Then (19), (44), and (45) imply that

folx) + (1 —X)"fo<1 . )—fo(y)—(l — )" fo (L) <e @]
—Xx 1—y
for all (x, y) € D° and
" 8. 3Dt+le
| fo(x) — fol —x)| <3-2 8+m- (x €10,1D (48)

Furthermore, with the substitutions x = 1 — p, y = pq (p,q € 10, 1]), (47) implies
that

<e 49)

1_
fo(l = p)+ p* fol@) — fo(pg) — (1 — pg)* fo <1 — ;;)
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holds for all p, g € ]0, 1[. Thus (48), (49), and the triangle inequality imply that

o 8:3%Tle
|F0(P,61)|§8+3~2 €+m. (x €10, 1])

Similarly to the previous case, it is easy to see that the identity

fop) [¢* + A —q)* = 1] = fol@) [p* + (A — p)* —1]
= Fo(q, p) — Fo(p,q)

1— 1— 1-—
—(1—pq)“[Fo< 1 ,p>+fo(1— ”)—fo< ”)} (50)
1 — pq 1 —pg 1 — pg

is satisfied for all p,g € ]0, 1[. Therefore
fo(q)

g+ (1 —g) -1

<lg"+1 - — 17" x

| fo(p) — [+ = py —1]|

a+1

N £ o 8.3%tlg
x|3(e+3-2%+ +3-2% 4+ ——

[27% — 1] [27% — 1]

for all p,q € ]0, 1[. In view of (45), with g = % with the definitions

1 _
a:f0(§>(210ﬂ_1) ' and b=a+c,
this inequality implies that

| f(p) = [ap® + b(1 — p)* = b]| < K(a)e 1)
holds for all p € ]O, 1[, where

_ 2 a+1
K(a)=|21_“—1|1<3~|—12-2a+3 3 )

|27 — 1]
which had to be proved.

In the following theorem, we shall prove that the parametric fundamental equation
of information is stable not only on D° but also on D. During the proof of this theorem,
the following function will be needed. For all 1 # « > 0, we define the function
T (x) by

8. 3a+1
T)=3 -2+ ———.
@ MR

Furthermore, the following relationship is fulfilled between K (o) and 7 ()

4T (@) +3

K(@) = e

forall 1 # o > 0.
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Theorem 5 Let o,e € R be fixed, 0 < o # 1, ¢ > 0. Suppose that the function
f [0, 1] — R satisfies inequality (19) for all (x,y) € D. Then, in case a # O there
exist a,b € R such that the function h, defined on [0, 1] by

0, if x=0
hi(x) = ax* +b(1 —x)*—b, if xe]0,1[
a—b, if x=1

is a solution of (6) on D and
[f(x) = hi(x)| < max {K(a), (o) + 1}e (x €[0,1]) (52)

holds. In case o = O, there exists ¢ € R such that the function h, defined on [0, 1] by

fQ), if x=0
ha(x) = § e, if xe]0,1[
f, if x=1
is a solution of (6) on D and
[f(x) = ha(x)| < K(a)e.  (x € [0,1]) (53)

is fulfilled.

Proof An easy calculation shows that the functions 4, and h, are the solutions of
Eq. (6) on D in case o # 0 and o = 0, respectively.

At first, we deal with the case @ > 0. Substituting x = 0 into (19) and with
y — 0, we obtain that

[fO) =& < K(we,

that is, (52) holds for x = 0. If x € ]0, 1[, then inequality (52) follows immediately
from Theorem (4). Furthermore, with the substitution y = 1 — x (x € ]0,1[)
inequality (19) implies that

f)+ A=) f(D)— fA—x)—x*f(D] =e. (x€]0,1])
From the proof of Theorem 4 (see definition (45)), it is known that
fx) = fox) + el —x)% (x €]0,1])
therefore, the last inequality yields that

[fox) = fol =x) +c(1 =x)* —ex® + (1 =0)* f(D) —=x“f(D =& (54)
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holds for all x € ]0, 1[. Whereas

[fo(x) — fol =x)| = T(). (x €10,1D
Thus after rearranging (54), we get that

| fo(x) = fo(l =x) = [c+ f(DIx* = (A =x)*] =&, (x €]0,1])
that is,
Ifox) = fod =) — e+ f(D] - [x* = (1 —x)*[| <&

holds for all x € ]0, 1[. Therefore

le4+ fD]- 1x* =0 =) = (T(a) + De
for all x € ]0, 1[. Taking the limit x — 0+, we obtain that

le + f(DI = (T(e) + De.
However, in the proof of Theorem 4, we used the definition ¢ = b — a, thus
lf(1) = (a—=b)] = (T(x) + D,

so (52) holds, indeed.
Finally, we investigate the case « = 0. If x = 0 or x = 1, then (53) trivially
holds, since

1f(0) = h2(0)] = [f(0) = f(O)] =0 < K(a)e
and
Lf(D) —ha(D] = [f(1) — f(D] =0 < K()e.
Letnow x € ]0,1[ and y = 1 — x in (19), then we obtain that
If)—fAd—-xl=e (xe]0,1]D (55)

if fulfilled for all x € ]0, 1[.
Due to Theorem 4, there exists a logarithmic function/ : 10, I[ - Rand ¢ € R
such that

|f(x) = I(1 = x) —c| = 63¢ (56)

holds for all x € ]0, 1[. Hence it is enough to prove that the function / is identically
zero on |0, 1[. Indeed, due to (55) and (56)

(1 — x) = 1(x)]
=ll1=x)= fAd=x)+ f(l —x)+c—1x)+ fx) = fx) =l
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SHA—=—x)+c— fOI+1fA—x)—1x)—cl+|f(x)— f(1—x)
< 127¢ (57)

holds for all x € ]0, 1[. Since the function / is uniquely extendable to R ,, with the
substitution x = ﬁ (p,q € R), we get that

lI(p) — ()| < 127¢, (p,g € Riy)

where we used the fact that / is logarithmic, as well. This last inequality, with the
substitution g = 1 implies that

ll(p)l = 127¢

holds for all p € R, since (1) = 0. Thus/ is bounded on R ;. However, the only
bounded, logarithmic function on R is the identically zero function. Therefore,

|f(x) —c|l = 63

holds for all x € ]0, 1[, i.e., (53) is proved.
Since

lim1 K(x) = 400,

our method is inappropriate if « = 1. Hence we cannot prove stability concerning
the fundamental equation of information neither on the set D° nor on D.

The stability problem for the fundamental equation of information was raised by
L. Székelyhidi (see 38. Problem in [76]) and to the best of the authors’ knowledge,
it is still open. Therefore, we also can formulate the following.

Open Problemd4 Lete > 0be arbitraryand f : 10,1[ — R be a function. Suppose
that

<e

@)+ —x)f (ﬁ) — )= =yf <1f—y>

holds for all (x,y) € D°. Is it true that in this case there exists a solution of the
fundamental equation of information h : 10,1[ — R and a constant K(¢) € R
depending only on & such that

|f(x) —h(0)] = K(¢)

is fulfilled for any x € 10, 1[?
Concerning this problem, we remark that for the system of recursive, 3-semi-
symmetric information measures, some partial results are known, see Morando [71].
Applying Theorem 4 we can prove the stability of a system of functional equations
that characterizes the «-recursive, 3-semi-symmetric information measures.
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Theorem 6 Let n > 2 be a fixed positive integer and (1,) be the sequence of
Sunctions I, : I, — R and suppose that there exist a sequence (g,) of nonnegative
real numbers and a real number 0 < o # 1 such that

[1(p1s-. s Pn) = Inci(p1+ P2, P35 o 5 Pu)

P1 P2
—(p1+ p)°*L < , > < én (58)
pr+p2 p1+p2 !
foralln >3 and (py,...,pn) € I, and
|13(p1, p2, p3) — I(p1, p3, p2)| < &1 (59)

holds on I',. Then, in case a = 0 there exists a logarithmic functionl : 10,1[ — R
and ¢ € R such that

I (P pa) = [eHY (pro o) +1p)] |

n—1

<Y e+ (n—1) K@) 2e+#1) (60)
k=2
foralln > 2and (py, ..., py) € I,. Furthermore, ifa > O then there existc,d € R
such that
|1u(p1. ... p) = [cHZ(P1, ..., pa) +d(p] — D]]|
n—1
<Y a+(n— DK (@) + 1) (61)
k=2
holds for alln > 2 and (py, ..., p,) € I}, where the convention 211(22 g =0is
adopted.

Proof Similarly as in the proof of Theorem 6, due to (58) and (59), it can be proved
that, for the function f defined on 0, 1[ by f(x) = I (1 — x, x) we get that

F@+0 =00 f (L> —f) ==y f (lf—y) <26+ e

1—x

for all (x, y) € D°,i.e., (19) holds with ¢ = 2¢; + ¢;. Therefore, applying Theorem
6 we obtain (20) and (21), respectively, with some a,b,c € R and a logarithmic
function !/ : ]0, 1[ — R and ¢ = 2¢; + ¢4, i.e.,

1 (1 —x,x) — (ax* + b(1 —x)* —b)| < K(«)(2e2 +¢1), (x €]0,1])
in case o #~ 0, and
L (1 —x,x) = (1 —x)+0)] < K(@Q2e +e1) (x€]0,1D

in case o = 0.
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Therefore, (60) holds with ¢ = (2'"* — 1)a, d = b — a in case o« > 0 and (61)
holds in case o = 0, respectively, for n = 2.

We continue the proof by induction on n. Suppose that (60) and (61) hold,
respectively, and for the sake of brevity, introduce the notation

cHX(p1,...,pn) if a#0
Jn(pl"*~7pn)= 0 .
cH,(p1,....pp) +1U(p1), if a=0
foralln > 2,(p1,..., pn) € I;. It can easily be seen that (60) and (61) hold on I’}

for J, instead of I, (n > 3) witheg, =0 (n > 2).

Therefore, if « = 0, (58) (with n + 1 instead of n), (60) with n = 2 and
the induction hypothesis (applying to (p; + p2, ... , pn+1) instead of (py, ..., py))
imply that

Lii(prs- - s Puvt) — Jnt(P1s -+ 5 Prt)

n—1

<&t Y+ K@) — D)2+ e1) + K(@)(2e2 + £1)
k=2

= Zek + K(a)n(2e; + &1).
k=2

This yields that (60) holds for n + 1 instead of n.

Furthermore, if @ > 0, then (58) (with n + 1 instead of n), (61) with n = 2 and
the induction hypothesis (applying to (p; + p2, ..., pn+1) instead of (py, ..., pn))
imply that

Lipi(p1s o s Png) — St (P1s - o+ 5 Prs1)

n—1

<&t Y+ K@) — D)2 + &) + K(@)(2e2 + 1)
k=2

=Y e+ K(@nQe; + &),
k=2

that is, (61) holds for n 4+ 1 instead of n.

3.2 TheCasex <0

At this part of the chapter, we will turn to investigate the case @« < 0. Here it
will be proved for the negative parameters, the parametric fundamental equation
of information is hyperstable on D° as well as on D. As an application of these
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results, we will deduce that the system of «-recursive, 3-semi-symmetric information
measures is stable.

Theorem 7 Leta,ce e R, <0,¢>0and f :]0,1[ — R be a function. Assume
that

<e (62)

y X
O +A=x)*f (—) —fM-A=yf (ﬁ)

1—x
holds for all (x,y) € D°. Then, and only then, there exist c,d € R such that
fx)=cx*4+d(1—x)*—d (63)

forall x €10, 1][.

Proof 1t is easy to see that for the function f is given by formula (63) functional
equation

Fa+0—x)f (ﬁ) = F)+ A=y f (1f—y)

holds for all (x, y) € D°. Thus, inequality (62) is also satisfied with arbitrary ¢ > 0.
Therefore, it is enough to prove the converse direction.
Define the function G : D° — R by

Gx.y) = f(x)+ (1 —x)"f (ﬁ) —f+y). (ny)eD’) (64

Then inequality (62) immediately implies that
IG(x,y) =Gy, x)| < ¢ (65)

for all (x,y) € D°.
Let (x, y,z) € D3, then due to the definition of the function G,

Z

G(x+y,z)=f(x+y)+(1_(x+y))af<m

)—f(X+y+z),

Gx,y+2=fx)+1—-x)f (%) - fx+y+2)

and
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therefore,
o Y 2z
Gx,y)+Gx+y,2)=GXx,y+2)+ (1 —x) G(m,m> (66)

holds on D3, where we used the identity

z
Z 1—x

1—(x+y)=1_ Y
1—x

also.
In what follows, we will show that the function G is «-homogeneous. Indeed,
interchanging x and y in (66), we get
Gy, x)+ Gx +y,2)

X Z
l—y’l—y

:G(y,x+z)+(l—y)°‘G< ) ((x,y,2) € DY)

Furthermore, Eq. (66) with the substitution

(x,y,2) = (¥,2,%)
yields that

G(y,z)+G(y+z,x)=G(y,x+z)+(1—y)“G(L, il )
l—y 1—y

is fulfilled for all (x, y,z) € D3.
Thus

G(y,z)—(l—x)"‘G( Y L)

l1—x"1—x

:{G(x,y)+G(x+y,z)—G(x,y+z)—(l—x)”‘G( y _= )}
1l—x 1 —x

—Gx,y)—Gx+y,200+Gx,y+2)

+ {G(y,x)+ Gix+v,2) = Gy,x +72) — (1 — y)*G <LL>}
l—y 11—y

+{G(y,z)—i—G(y—l—z,x)—G(y,x+z)—(1—y)"‘G( S )}
11—y 11—y

— GO+ 20+ G.x+2)+ (1 -G (L L)
1l—y 11—y
=G, x) = Gx,y)+Gx,y+2)— Gy +2zx)

o z x x z
+=7) (G<1—y’1—y)_G<l—y’l—y)) 7
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forall (x,y,z) € D3, since the expressions in the curly brackets are zeros. Thus (67),
(65), and the triangle inequality imply that

G(y,z)—(l—xf'G(L < >§(2+(1—y)“)8 (68)

l—x"1—x

is fulfilled for all (x, y,z) € D3. Given any ¢t € |0, 1[, (u,v) € D°, let
x=1—t¢t, y=tu and z=tv.
Then x, y,z € 10, 1[ and
x+y+z=1—-t(1—u—-v)e]o,1],
that is (x, y,z) € D3, and inequality (68) implies that
|G(tu, tv) — t*G(u,v)| < 2+ (1 —ru)) s,
or, after rearranging,

G(ttli, tv) G| < 2+ (lta— tu)*) )

holds for arbitrary ¢ € 10, 1[ and (4,v) € D°. Taking the limit # — 0+ we obtain
that
. G(tu,tv)
lim ——=

t—0+ t*

= G(u,v), ((u,v) e D°)

since li%l (1—tu)* = 1forallu € 10, 1 and lirgl =% =0, since ¢ < 0. This implies
t—0+ t—0+

that the function G is «—homogeneous on D°. Indeed, for arbitrary s € ]0, 1[ and

(u,v) € D°

Glsu,sv) = lim 2UEW-16V)

t—0+ [
=s% lim M =s*G(u,v). (69)
t—0+ (ts)*

At this point of the proof, we will show that inequality (65) and Eq. (69) together
imply the symmetry of the function G. Indeed, due to (65)

|G (tx,ty) = G (ty,tx)| < &

holds for all (x, y) € D° and ¢t € ]0, 1[. Using the «-homogeneity of the function G,
we obtain that

[1°G (x,y) =G (y,x)| <&, ((x,y)€ D°1r€]0,1]
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or, if we rearrange this,
e
G (x,y) =G (y,x)| = s

holds for all (x,y) € D° and ¢ € ]0, 1[. Taking the limit r — 0+, we get that

G(x,y) = G(y,x)

is fulfilled for all (x, y) € D°, since @ < 0. Therefore, the function G is symmetric.
Due to definition (64), this implies that

Fa)+0 =0 f (ﬁ) = )+ (1 =y f (1f—y) . ((xy)e D)

i.e., the function f satisfies the parametric fundamental equation of information on
De°. Thus by Theorem 3 of Maksa [62], there exist ¢,d € R such that

f&x)=cx*+d(1 —x)*—d

holds for all x € ]O, 1].
In what follows, we will show that for negative «’s, the parametric fundamental
equation of information is stable also on the set D.

Theorem 8 Let o, e € R be fixed, « < 0, ¢ > 0. Then the function f :[0,1] - R
satisfies the inequality (62) for all (x,y) € D if, and only if, there exist c,d € R such
that

0, if x=0
fX)=1ex*+d (1 —x)*—d, if x€]0,1[ (70)
c—d, if x=1.

Proof Lety = 0in (62). Then, we have that
(A=x)+DIfO)l=<e (xe€]0,1D
Since o < 0, this yields that f (0) = 0. On the other hand, by Theorem 7,
f)=cx*+d(1—x)*—d (x€]0,1])

with some c,d € R. Finally, let x € ]0,1[ and y = 1 — x in (62). Then, again by
Theorem 7, there exist ¢,d € R such that

le—d — f(DIx* =1 —x)| <e.

Since o < 0, f (1) = ¢ — d follows.
The converse is an easy computation and it turns out that f defined by (70) is a
solution of (6) on D.
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Our third main result in this section says that the system of «-recursive, 3-semi-
symmetric information measures is stable.

Theorem 9 Letn > 2 be a fixed positive integer, (I,) be the sequence of functions
I, : I, — R and suppose that there exist a sequence (g,) of nonnegative real

numbers and a real number a < 0 such that

|In (p]9~ .. ’pn) - 1,171 (pl + P2, P3s .- ,pn)
P1 P2
—(p+p)* L ( ,—) < &1 (71)
pr+p2 p1+p2

holds for alln > 3 and (pi,...,p,) € I}, and
|3 (p1, p2, p3) — 13 (p1, p3, p2)| < &, (72)

holds on D3. Then there exist a,b € R such that
1L (p1o- - pw) — (aHY (pr.-. . p) + b (P — 1))] < Zek (73)
foralln > 2and (p1, ..., p,) € I, where the convention Zk ,» &k = Ois adopted.

Proof Asin Maksa [67], it can be proved that, due to (71) and (72), for the function
f defined by f(x) =1, (1 —x,x),x €]0, 1[ we get that

<2e 4+ ¢

f(X)+(1—X)f< > f(y)—(l—y)f( y)

for all (x,y) € D°,i.e., (62) holds with ¢ = 2¢; + ¢;. Therefore, applying Theorem
7, we obtain (63) with some ¢,d € R, i.e.,

L{—x,x)=cx*+d(1—-x)*—-d, (xe€]0,1]

i.e., (73) holds forn =2 witha = '™ — l)e, b =d —c.
We continue the proof by induction on n. Suppose that (73) holds and, for the
sake of brevity, introduce the notation

Jo (1o p) = aHy (pro... . pa) +b(pf — 1)

foralln > 2, (pi,...,pn) € I, It can easily be seen that (71) and (72) hold on I,
for J, instead of 1,, (n > 3) withe, = 0 (n > 2). Thus for all (py,..., pus1) € T
we get that

n+l’

Livi1 (P1s- v s Put1) = Jut1 (P1s - s Pug1)
= L1 Pty s Puy) — Ju (P1+ P2, 3y 5 Put1)

P1 P2
—(p1+p)* N < , )
Pr+p2 pir+p2
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= L1 (Pts- oo s Puy1) — Lo (p1+ P2, p3s o, Pus1)
P1 P2
— (p1+ p)* 12( ,—>
pr+p2 pi+p2
+In (Pl +P2,P3’-~ ’pn+1) - Jn (Pl +P2,P3,~~ ,Pn+1)

o P1 P2
+(p1+p)' DL ( , )
pr+p2 pr+p2

P1 P2
Y
! p1+p2 p1+p2

Therefore, (73) with n = 2 and the induction hypothesis imply that

n—1 n
|In+1 (ph‘ .. ’pFH—l) - Jn (p17-~ . 7pn+1)| < En + Zsk = ng’
k=2 k=2

that is, (73) holds for n + 1 instead of n.

Corollary 1.3.2.1 Applying Theorem 9 with the choice €, = O foralln € N, we get
the o-recursive, 3-semi-symmetric information measures. Hence the previous theo-
rem says that the system of a-recursive and 3-semi-symmetric information measures
is stable.

3.3 Related Equations

In the previous subsections, we have investigated the stability problem of the paramet-
ric fundamental equation of information. In the remaining part of this chapter, we will
discuss the stability problem of some functional equations that also have information
theoretical background. Firstly, we will show that the so-called entropy equation is
stable on its domain. After that some results concerning the modified entropy equation
will follow. Finally, we will end this section with some open problems.

3.3.1 Stability of the Entropy Equation

In what follows, our aim is to prove that the entropy equation, i.e., equation
Hx,y,2)=Hx+y,0,2) + H (x,y,0) (74)
is stable on the set
C = {(x,y,z)e]R3|x >0,y>0,z>0,x4+y+z> 0}.

In [44], A. Kamiriski and J. Mikusiriski determined the continuous and 1-homoge-
neous solutions of Eq. (74) on the set R3. This result was strengthened by J. Aczél
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in [2]. After that, using a result of Jessen—Karpf—Thorup [43], which concerns the
solution of the cocycle equation, Z. Daréczy proved the following (see [17]).

Theorem 10 If a function H : C — R is symmetric and satisfies Eq. (74) in the
interior of C and the map (x,y) — H (x,y,0) is positively homogeneous (of order
1) forall x,y € Ry, then there exists a function ¢ : Ry — R such that

@ (xy) = x¢ (y) +yp (x)

holds for all x,y € R, and

H@x,y,0=9px+y+2)—ox)—o(y) — 9@

forall (x,y,z) € C.
During the proof of the main result the stability of the cocycle equation is needed.
This theorem can be found in [74].

Theorem 11 Let S be a right amenable semigroup and let F : S x S — C be a
function, for which the function

Xy, Fx,y)+F&+y,200—-F&,y+2—F(y,2) (75)

is bounded on S x S x S. Then there exists a function ¥ : S x S — C satisfying the
cocycle equation, i.e.,

Vx,)+¥x+y,2)=¥xy+2+¥(,2) (76)

forall x,y,z € S and for which the function F — W is bounded by the same constant
as the map defined by (75).

About the symmetric, 1-homogeneous solutions of the cocycle equation one can
read in [43]. Furthermore, the symmetric and «-homogeneous solutions of Eq. (76)
can be found in [62], as a consequence of Theorem 3. The general solution of the
cocycle equation without symmetry and homogeneity assumptions, on cancellative
abelian semigroups was determined by M. Hosszu in [39].

Our main result concerning the stability of Eq. (74) is the following, see also [34].

Theorem 12 Let €1, &;,83 be arbitrary nonnegative real numbers, o € R, and
assume that the function H : C — R satisfies the following system of inequalities.

|H(x,y,2) = H (6(x),0(y),0(2)| <& (77)
forall (x,y,z) € C and forall o : {x,y,z} — {x,y,z} permutation;
|H (x,y,2) = H (x +y,0,2) = H (x,y,0)| <& (78)
forall (x,y,z) € C° where C° denotes the interior of the set C;

|H(t-x’ty70)_taH(x9y70)| =é&3 (79)
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holds forallt,x,y € Ry. Then, in case « = 1 there exists a function ¢ : Ry, — R
which satisfies the functional equation

py) =xp () +yp ), (x,yeRy)
and
H(x,y,2) =[px+y+2) —9x) =0 —¢@]l =e1+&  (80)
holds for all (x,y,z) € C°; in case a = 0 there exists a constant a € R such that
|H (x,y,2) —al < 8&3 4+ 258, +49¢) (81)

for all (x,y,z) € C°; finally, in all other cases there exists a constant ¢ € R such
that

|H(x,y,0) —c[(x+y+2—x* =)y —2%]| <e1 + & (82)

holds on C°.

Proof For the sake of brevity, here we present only the sketch of proof of the above
statement. For details, the reader should consult [34].
Using inequality (79), it can be shown that the map

(xay)HH(x’Y»O) (x’y€R++)

is homogeneous of degree o, assuming that o # 0.
Let us consider the function F : Ri + —> R defined by

F(x,y)=H(x,y,00  (x,y €eRyy).
From inequalities (77) and (78), we can deduce that
[F(x,y) = F(y,x)| <&, (x,y € Ryy) (83)
and

[F(x+y,2)+ F(x,y) — F(x,y +2) — F(y,2)| <28 +4e1. (x,y,z€Ryy).
(84)

Furthermore, in case « # 0, H(x, y,0) is homogeneous of degree «, therefore
F(tx,ty) =t*F(x,y) (¢ #0,t,x,y e Ry}) (85)
andifo =0,
|[F(tx,ty) — F(x,y)| < €3, (t,x,y € Ryy) (86)

is fulfilled.
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The set C° is a commutative semigroup with the usual addition. Thus it is
amenable, as well. Therefore, by Theorem 11, there exists a function G : Ri +—R
which is a solution of the cocycle equation, and for which

|F (x,y) = G (x, )| < 2&; +4¢ &7

holds for all x,y € R,,. Additionally, by a result of [39] there exist a function
f :R4; — Rand a function B : Ri + —> R which satisfies the following system

B(x +y,z) = B(x,z) + B(y,2),
B(x,y)+ B(y,x) =0,

(x’ y,Z € R++)

such that
Gx,y) =B, )+ fx+y)— f() = f(y). (x,yeRy)
All in all, this means that
|F(x,y) = (B(x,y) + f(x + y) = f(x) = fF())] = 2&2 4 4¢ (88)

holds for all x,y € R .
Using the above properties of the function B, we can show that B is identically
Zero on Ri - Additionally, after some computation, we obtain that

F(X+Y»Z)+F(X’Y)=F(x’y +Z)+F(y9z) (xvy’Z€R++)

This means that also the function F satisfies the cocycle equation on Ri - Addition-
ally, F is homogeneous of degree o (¢ # 0) and symmetric. Using Theorem 5 in
[43], in case o = 1, and a result of [62] in all other cases, we get that

Fla.y) = cl(x 4+ y)* —x*—y*], if «a¢{0,1} (89)

px+y) =) —e»), if a=1
where the function ¢ : Ry, — R satisfies the functional equation

@ (xy) = xp(y) + yo(x)

forall x,y € R, 4, and c € R is a constant. In view of the definition of the function
F, this yields that

H(x,y,0)=c[(x+ y)* —x¥ — ] (90)
forallx,y € Ry incase o ¢ {0, 1}, and
H(x,y,0) =9 (x +y) —¢(x) — ¢(y) 2y

forallx,y e R, incasea = 1.
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Using this representations and inequalities (77) and (78), the statement of our
theorem can be deduced.
With the choice ¢ = ¢, = g3 = 0, one can recognize the solutions of Eq. (74).

Corollary 1.3.3.1 Assume that the function H : C — R is symmetric, homoge-
neous of degree a, where o € R is arbitrary but fixed. Furthermore, suppose that
H satisfies Eq. (74) on the set C°. Then, in case a« = 1 there exists a function
¢ : Ry, — R which satisfies the functional equation

p(xy) = xp(y) + yp(x), (x,y € Ryy)
and
Hx,y,)=¢9x+y+2—9Xx)—¢() —¢ @ 92)
holds for all (x,y,z) € C°; in all other cases there exists a constant ¢ € R such that
Hx,y,2)=c[x+y+2%—x*—y* —2%] (93)
holds on C°.

Remark 1.3.3.1 Our theorem says that the entropy equation is stable in the sense
of Hyers and Ulam.

3.3.2 Stability of the Modified Entropy Equation

In this part of the chapter, we investigate the stability problem concerning the
functional equation

f(x,y,Z)=f(x,y+z,0)+(y+z)°‘f(0, 4 i > 94)
y+z y+z

where x, y, z are positive real numbers and « is a given real number. Equation (94)
is a special case of the so-called modified entropy equation,

f(x,y,z)=f(x,y+z,0)+M(Y+z)f<0, y = ) 95)
y+z y+z

where p is a given multiplicative function defined on the positive cone of R¥ and
(95) is supposed to hold for all elements x, y, z of the above mentioned cone and all
operations on vectors are to be understood componentwise. The symmetric solutions
of Eq. (95) were determined in [29] (see also [1]).

By a real interval we always mean a subinterval of positive length of R.
Furthermore, in case U and V are real intervals, then their sum

U+V={u+v|iuelU,veV}

is obviously a real interval, as well.
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During the proof of our main result of this subsection, the stability of a simple
associativity equation should be used which is contained in the following theorem,
see [33].

Theorem 13 Let U, V, and W be real intervals, A : (U +V)x W — R, B :
U x (V+ W) — R and suppose that

A +v,w) — Bu,v+w)| <& (96)

holdsforallu € U,v € V, andw € W. Then there exists afunctiong : U+V+W —
R such that

|A(p,q) —p(p+g)l <2¢ (peU+V)qgeW) (Cl))
and
|B(t,s) —p(t+s)<e (telU,se(V+W) (98)

hold.
With the choice ¢; = ¢, = 0, we get the following theorem. Nevertheless, it was
proved in Maksa [66].

Corollary 1.3.3.2 Let U,V, and W be real intervals, A : (U + V) x W — R,
B :U x (V+ W) — R and suppose that

Alu+v,w) = B(u,v+w)

holds forallu € U,v € V,andw € W. Thenthere exists afunctiongp : U+V+W —
R such that

A(p.q) = o(p+q) (99)

forallp e U+ YV andq € W and
B(t,s) = @(t +5) (100)

forallt e Uands € V + W.

In view of the results of the previous sections (that is Theorems 4 and 7 and with
the help of Theorem 13, the following result can be proved. For the details of the
proof, see [33].

Theorem 14 Leta,e € R, # 1,6 > 0and f : Ri — R be a function. Assume
that

=€ 101

o Y Z
f,y, 00— fx,y+20 -G +2 f(o’y+z’y+z>

and

|f(x.y,2) = [ (0(x),0().0(2))] < &2 (102)
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hold for all x,y,z € Ry and for all permutations o : {x,y,z} — {x,y,z}.
Then, in case a < 0, there exist a € R and a function ¢ : Ry — R such that

| f(x,y,2) = [ax® + ay* + az® + o1(x + y + 2)]| < 21 + 3¢, (103)

holds forall x,y,z € Ry,.
Furthermore, if o = 0, then there exists a function ¢, : Ry, — R such that

| f(x,y,2) —@a(x +y +2)| < 191e; + 1263¢, (104)

holds for all x,y,z € R, 4.
Finally, if 1 # a > 0, then foralln € N, there exists a function vy, : 10,3n] - R
such that

| f(x,y,2) = [ax® + ay* + az® + Yu(x + y + 2)]| < cu(@)e, + dul(@)er
holds for all x,y,z € 10,n], where
(@) =247-2nK () and dy(a)=4+7 220K ().

With the choice &1 = &, = 0, we get the general solutions of Eq. (94), in the
investigated cases.

Corollary 1.3.3.3 Leta € R, @ # 1| and suppose that the function f : Ri — Ris
symmetric and satisfies functional Eq. (94) for all x,y,z € R, ..
Then, in case a # 0, there exist a € R and a function ¢; : Ry, — R such that

fOey.2) = ax® + ay® +az + o1(x +y +2)

holds for all x,y,z € R, .
In case a = 0, there exists a function ¢, : Ry — R such that

S, y,2)=px+y+2)

is fulfilled for all x,y,z € Ry .

In view of Corollary 1.3.3.3, our theorem says that the modified entropy equation
is stable in the sense of Hyers and Ulam on its one-dimensional domain with the
multiplicative function pu(x) = x* (¢ < 0,x € Ryy).

In case 1 # o > 0 we obtain however that functional Eq. (94) is stable on
every cartesian product of bounded real intervals of the form ]0, n]?, where n € N.
Nevertheless, an easy computation shows that

lirf cu(a) = 400 lirll dy(a)=400. (1#a>0)

To the best of our knowledge, this is a new phenomenon in the stability theory of
functional equations. Since we cannot prove the “standard” Hyers—Ulam stability in
this case, the following problem can be raised.
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Open Problem 5 Let a,¢1,6, € R, & > 0,61,6, > 0, and f : R2 — R be a
function. Assume that

o M Z
fx,y,2)— flx,y+2,0 —(y+2) f(o’_y+z’y+z)‘ <&

and
[ f(x,y,2) = f(o(x),0(y),0(2)| < &

holds for all x,y,z € Ry and forall o : {x,y,z} — {x,y,z} permutations. Is it
true that there exists a solution h : Ri + —> Rof equation (94) such that

[ f(x,y,2) — h(x,y,2)| < Ki&1 + K26

holds for all x,y,z € Ry, with some K, K, € R? The second open problem that
can be raised is the stability problem of the modified entropy equation itself, i.e.,
Eq. (95).

Open Problem 6 Let ey, e >0, u: Rﬁ + = R be a given multiplicative function,
f: Ri_k — R. Assume that

=¢€

y Z
f(x,y,z) f(X,y-i-Z,O) M()"i‘Z)f (O’y+z’y+z>

and

[ f(x,y,2) = f(o(x),0(y),0(2))| < &

holds for all x,y,z € R’fH and forall o : {x,y,z} = {x,y,z} permutation.
Is it true that there exists a solution h : Riﬁ — R of Eq. (95) such that

|f(xs y,Z) - l’l()C, y’Z)l = K181 + K282

holds for all x,y,z € R’fH_ with certain K, K, € R?

3.4 Stability of Sum Form Equations

We have to begin with an open problem since there is no stability result on Eq. (9)
DX Fpian =Y fe+ Y f@p+QRT =D f(p)Y fg))
i=1 j=I i=1 j=I1 i=1 Jj=1

incase o = 1.
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Open Problem 7 Suppose thatn > 2,m > 2,0 < ¢ € R, f : I — R and the
stability inequality

SN g =Y Fe) =D flgn| <e
i=1j i=1 j=1

—1

holds for all (p1,...,pn) € Gus (q1,--- sqn) € G- Prove or disprove that f is the
sum of a solution of (9) with « = 1 and a bounded function.

A somewhat related result however is proved in Kocsis—Maksa [51] which reads
as follows.

Theorem 15 Letn >3,m >3, 0<e e R, f:[0,1] > R, o, 8 € Rand
suppose that

SN g =Y Fen Y al =Y fapd | <e
i=1 j=1 i=1 j=l1 j=1 i=1

holds for all (p1,...,pn) € I, (q1y--- qn) € Ty.

Then there exists an additive functiona : R — R, afunctionf : Ry — R, £(0) =
0, £ is logarithmic on R, ., a bounded function b : [0,1] — R, and a real number
¢ such that a(1) = 0,

f(p)=ap)+c(p*—p’Y+b(p) if pel0l], p#a
and
f(p)=a(p)+ p*lp)+b(p) if pel0,1], B=a#1.

If ¢ = 0 then b = 0 can be chosen here, so, the above theorem is of stability type
which however does not cover just with the Shannon case 8 = o = 1.

In case @ # 1, the problem of the stability of Eq. (9) can easily be handled at
least whenever both n and m are not less than three. First of all, introducing a new
function g by g(p) = p + (2!=% — 1) f(p), p € I, the stability inequality

ZZf(p,cm—Zf(p,)—Zﬂq])—(z‘ “C—DY )Y flgp| e
i=1 j=1

i=1 j=I1

goes over into

YN (p,q,>—2g<p,)2g<q, <e- 27 —1] (105)
i=1 j=1 i=1 j=1

and the following theorem can be proved (see Maksa [65]).
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Theorem 16 Letn >3,m >3, 0 <e € R, g :[0,1] — R, and suppose that
(105) holds for all (p1,...,pn) € I, (q15... ,qn) € Ty. Then e

g(p)=a(p)+m(p)+b(p) (pel0,1])

where a : R — R is an additive, b : [0,1] — R is a bounded, and m : [0,1] - R
is a multiplicative function, respectively.

The corner point in the proofs of these theorems is the following stability result
(see [65]).

Theorem 17 Letn >3, 0 <e € R, ¢ :[0,1] = R, and suppose that

> epi)
i=1

holds for all (p1,... ,pn) € I,. Then there exist an additive function A : R — R
and a function b : [0, 1] — R such that b(0) = 0, |b(x)| < e forall x € [0, 1] and

<e (106)

o(p) —9(0) = A(p) +b(p) (p€l0,1].

By an argument similar to that we used in the subsection on sum form equations
in connection with the inequality (17), inequality (106) and the triangle inequality
imply that

lo(x + y) — o(x) — @(y) + ¢(0)] < 2,

that is, the classical stability inequality holds for the function ¢ —¢(0) on the restricted
domain {(x, y) € R? | x,y,x+y € [0, 1]}. Therefore, the results (see Skof [73], Tabor
and Tabor [77]) on the stability of the Cauchy equation on restricted domain can be
applied to finish the proof of the above theorem.

We remark that the other basic tool for proving stability results for sum form
equations was the analysis of the methods with the help of which the solutions
of these equations were found. These and similar ideas proved to be fruitful in the
investigations on the stability of the sum form equations in an open domain (excluding
zero probabilities) and also of the several variable cases (See Kocsis [48-50]).
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Approximate Cauchy-Jensen Type Mappings
in Quasi-3-Normed Spaces

Hark-Mahn Kim, Kil-Woung Jun and Eunyoung Son

Abstract In this chapter, we find the general solution of the following Cauchy—
Jensen type functional equation

2
P ) (S ) () = R £00+ £

n n

and then investigate the generalized Hyers—Ulam stability of the equation in quasi-
B-normed spaces for any fixed nonzero integer n.

Keywords Cauchy-Jensen type mappings - Hyers-Ulam stability - Homomorphisms
- Quasi-B-normed spaces

1 Introduction

In 1940, S. M. Ulam gave a talk before the Mathematics Club of the University
of Wisconsin in which he discussed a number of unsolved problems. The stability
problem of functional equations originated from a question of S. M. Ulam [23]
concerning the stability of group homomorphisms.

We are given a group G and a metric group G, with metric p(-,-). Given
€ > 0, does there exist a number § > 0 such that if f : G — G, satisfies
p(f(xy), f(x)f(y) < b forall x,y € Gy, then a homomorphism h : G; — G,
exists with p(f(x), h(x)) < € forall x € G{?

In 1941, D. H. Hyers [8] proved the following stability result for the case of
approximate additive mappings between Banach spaces. Suppose that E; and E;
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are Banach spaces and f : E; — E, satisfies the following condition: if there is a
number € > 0 such that

[f(x+y)—f)—fIl <€

for all x, y € Eq, then the limit 2(x) = lim,,_, o ﬂ;:") exists for all x € E; and there

exists a unique additive mapping 4 : E; — E; such that

If(x) = hO)l <e.

Moreover, if f(zx) is continuous in ¢t € R for each x € E}, then the mapping &
is R-linear.

The method which was provided by D. H. Hyers, and which produces the addi-
tive mapping 4, is called a direct method. This method is the most important and
most powerful tool for studying the stability of various functional equations. Hyers’
theorem was generalized by T. Aoki [1] and D. G. Bourgin [3] for additive map-
pings by considering an unbounded Cauchy difference. In 1978, Th. M. Rassias [15]
also provided a generalization of Hyers’ theorem for linear mappings which allows
the Cauchy difference to be unbounded. Let E; and E; be two Banach spaces and
f + E; — E; be amapping such that f(zx) is continuous in ¢ € R for each fixed x.
Assume that there exist € > 0 and 0 < p < 1 such that

Ifx+y)— f) = fFODI < ellx” + llyll”), Vx,y € Ei.

Then, there exists a unique R-linear mapping 7 : E; — E; such that

llx11”

1) =Tl < 7,
forallx € E;.In 1990, Th. M. Rassias [16] during the 27th International Symposium
on Functional Equations asked the question whether such a theorem can also be
proved for p > 1. In 1991, Z. Gajda [5], following the same approach as in [15],
gave an affirmative solution to this question for p > 1. However, it was shown by
Z. Gajda [5], as well as by Th. M. Rassias and P. Semrl [20], that one cannot prove
a Rassias’ type theorem when p = 1. The counterexamples of Z. Gajda [5], as well
as of Th. M. Rassias and P. Semrl [20], have stimulated several mathematicians to
invent new approximately additive or approximately linear mappings. A generalized
result of Rassias’ theorem was obtained by P. Gadvruta in [6] and S. Jung in [10].
J. M. Rassias [18, 19] established the Hyers—Ulam stability of linear and nonlinear
mappings related to Jensen and Jensen type functional equations. In 1999, P. Gdvruta
[7] answered a question of J. M. Rassias [14] concerning the stability of the Cauchy
equation. During the last two decades, the stability problems of several functional
equations have been intensively and extensively investigated by a number of authors
and there are many interesting volumes containing these stability problems of several
functional equations [4, 9, 11, 21].

The notion of quasi-B-normed space was introduced by J. M. Rassias and H. Kim
in [17].
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We fix a real number 8 with 0 < 8 < 1 and let K denote either R or C. Let X be
a real linear space over K. A quasi-B-norm is a real-valued function on X satisfying
the following:

(1) |lx|l = Oforall x € X and ||x|| = 0 if and only if x = 0.
(2) ||Ax]| = |A|P||x]|| forall , € K and all x € X.
(3) Thereis a constant M > 1 such that |x + y|| < M(|lx|| + ||y]]) forall x,y € X.

The pair (X, || - ||) is called a quasi-S-normed space if || - || is a quasi-B-norm on
X. The smallest possible M is called the modulus of concavity of the quasi-B-norm
Il - Il. A quasi-B-Banach space is a complete quasi-S8-normed space.

Let p be a real number with (0 < p < 1). Then, the quasi-g-norm || - || on X is
called a (8, p)-norm if, moreover, || - ||” satisfies the following triangle inequality

lx +yI” < llxl” + 1yl

forall x, y € X. In this case, a quasi-B-Banach space is called a (8, p)-Banach space.
We can refer to [2, 22] for the concept of quasi-normed spaces and p-Banach spaces
for § = 1 as a special case.

Given a p-norm, the formula d(x, y) := ||x — y||? gives us a translation invariant
metric on X. By the Aoki—Rolewicz theorem [22], each quasi-norm is equivalent to
some p-norm (see also [2]). Since it is much easier to work with p-norms, henceforth,
we restrict our attention mainly to p-norms.

We observe that if x1, x,, . .. , x,, are nonnegative real numbers, then

n r n
§ Xi =< E -xips
i=1 i=1

where 0 < p < 1 [13].
In 2007, A. Najati [12] has introduced the Hyers—Ulam stability of the Cauchy—
Jensen type functional equation

(s (w0 (5 0) mar s
(1)

and then has investigated homomorphisms between JB *—triples, and derivations on
JB*—triples associated to the functional equation.

Now, we introduce a modified and generalized Cauchy—Jensen type functional
equation

. 2
f (xnﬂ +z) +f (yTHer) +f (”};x + y) = %[f(xw FO)+ F@]
@)

for any fixed nonzero integer n. This equation reduces to functional Eq. (1) forn = 2.
In this chapter, we establish the general solution of the functional Eq. (2).

In the sequel, we investigate the generalized Hyers—Ulam stability of (2) in (8, p)-
Banach spaces.
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2 Generalized Hyers—Ulam Stability of (2)

First, we present the general solution of the Eq. (2).

Lemma 1 Let both X and Y be vector spaces. A mapping f : X — Y satisfies (2)
if and only if f is additive.

Proof Suppose that a mapping f : X — Y satisfies (2) forall x, y,z € X. If we put
Xx,y,zin (2) by 0, then we have f(0) = 0. If n = 1, then one can easily show that f
is additive. Now, let n # 1. Setting y,z = 0 in (2), we get

X 1
F(5) =~ ®
for all x € X. Using (3), one obtains that

fa+y+n)+ fy+z+n)+ f@+x+ny)=m+2[fx)+ fFO)+ F@)]
4)

for all x, y,z € X. Putting z = 0 in (4), we have
S+ + fax+y)+ f(x +ny)=n+2)[f(x)+ f(¥)] (5)

for all x, y € X. Replacing z by —y in (4) yields
Ja=—m=Dy)+ fx+m-Dy)=2 f)+ 0 +f(M+ (=] (6

forall x,y € X.

Now, we claim that f is an odd mapping by showing f, = 0, where f.(x) =
W is the even part of f. Since the mapping f : X — Y satisfies (2), the even
mapping f, is also a solution of (2).

Thus, applying f, to (5) and (6), we have two equations

felx +y) + fenx +y) + folx +ny) = (n + [ fo(x) + fe(W)], (7

Je(x —(n = Dy) + fe(x +(n = Dy) =2 fe(x) + 2(0n + 2) fe(y) ®)

for all x,y € X. Putting —x + y instead of y in (7), one has by the evenness of f,

Je(y) + fe((n = Dx +y) + fe((n — Dx —ny) = (n + 2)[ fe(x) + fo( —x + y)]
9

forallx,y € X.Replacing y by —y in (9) and using the evenness of f,, one arrives at

Fe O+ fo((m — Dx — )+fe((n — Dx +ny) = (n + D[ fo(x)+ fo(x + y)]  (10)
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for all x, y € X. Adding (9) and (10), one obtains by using (8) that

2fe(y) +{fel(n = Dx + y) + fe((n — Dx = y)}
+ {fe((n = Dx = ny) + fe((n = Dx + ny)}
=2fe(y) + {2/e(¥) +2(n + 2) fo(x)} + {2 fe(ny) + 2(n + 2) fe(x)}
=+ 2)[2fe(x) + fe(x +y) + felx = y)],

which yields

20 +2) fe(x) + 2(n + 2) fe(y) = (n + D felx + y) + felx —y)] (1D

forallx,y € X.
Thus, if n #% —2, then f, satisfies the quadratic functional equation

Je(x +y) + fex —y) = 2fe(x) + 2 f(y) 12)

for all x,y € X. Combining (3) and (12), one can easily conclude that f, = 0 if
n # —2.If n = —2, then we see from (8) that f, satisfies the equation

Je(x +3y) + fo(x = 3y) =2f.(x)

for all x,y € X. Thus, f, is a Jensen and an odd mapping, and so f, = 0 since f,
is even. Hence, f, = O for any fixed nonzero integer n # 1. Therefore, f is an odd
mapping, as claimed.

Therefore, it follows from (6) that

Ja—m=Dy)+ fx+@—-1Dy) =2 f(x)

for all x,y € X, which is equivalent to the Cauchy—Jensen equation f(x + y) +
f(x —y) =2 f(x). Therefore, f is additive.

The proof of the converse is trivial.

From now on, we assume that X is a linear space and Y is a (8, p)-Banach space
with (8, p)-norm || - || without any specific reference. For notational convenience,
given a mapping f : X — Y, we define the difference operator Df : X3 — Y of
the Eq. (2) by

R LICEY

n

n+2

n

Lf)+ f()+ f@)]

forall x,y,z € X.

Theorem 1 Assume that a mapping f : X — Y satisfies the functional inequality

IDf(x,y, DI < @x,y,2) (13)
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forall x,y,z € X, and the perturbing function ¢ : X3 — [0, 00) satisfies

]

1 o
Z T KKy D) < oo, (14)

for all x € X, where k = "niz Then, there exists a unique additive mapping
A: X — Y defined by A(x) = limy, .o L5 such that

Eal |

| G
I f(x)— A < 3K [Z T o(kix, k'x, k‘x)l’i| (15)

forall x € X.

Proof Letting y = z := x in (1), we have

'Pf(<n+2)x>—3<n+2>f@):Eﬂ%xﬁ) (16)
for all x € X. Putting k := 2 , we obtain
13fkx) = 3kf() < o(x,x,x) (17)

for all x € X. If we replace x by k"' x and divide both sides on (17) by 1318 ||+ DB,
we get

f(k'"“x) f(k'”x)
km-H - fem

< |3|ﬂ|k|(m+l)ﬁgo(k’"x,k’”x,kmx) (18)

for all x € X and all nonnegative integer m. It follows from (18) that

m p

1 )
D [ - 7f%%)
i=l

m

=3
i=l

FE™x)  fkx)|)”
km+ 1 - kl -

1 i1 PRI 1
Wf(k x)—Pf(kx)

m

| 1 o
= 3k > TEALRLEZE (19)
i=l

for all nonnegative integers m and  withm > [ > 0 and x € X. Since the right-hand
side of (19) tends to zero as [ — oo, we obtain that the sequence {f (,]:,:'x)} is Cauchy
for all x € X. Because of the fact that Y is a (8, p)-Banach space, it follows that the
sequence { L (k:x)} converges in Y. Therefore, we can define amapping A : X — Y as

J (k" x)
km

A(x) = lim € X.
m— o0
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Moreover, letting I = 0 and taking m — oo in (19), we get

(o]

1 1 S »
1 f(x) — A < kP [Z W¢(k1x,k’x,k’x)p:|

i=0
for all x € X. It follows from (1) and (14) that
Df(kix,k'y,kiz)|"

IDA(x,y,2)lI” = lim H i
11— 00 k

< lim p(k'x, k'y, kiz)? =0

i—00 |k|ﬂpi
for all x, y,z € X. Therefore, the mapping A satisfies (2) and so the mapping A is
additive.

Now, to prove the uniqueness of the additive mapping A satisfying (15), let
A’ : X — Y be another additive mapping satisfying (15). Then, we have

1 ; 1 P
[AG) — AN = HFA(M) - FA'(kJX)

1 , , 4 o
= |k|ﬁ,,j(||A(kJX)— FEION” + || fix) — A' (K x)||17)
< i ] @k x k™ x kT x)P
T [3k|Pr = k| PPEED ’ ;

2 o« 1 o

R 1 1 l )4
= 3k 2 g KX K )

i=j
for all j € N and all x € X. Taking the limit as j — oo, we conclude that
A(x) = A'(x)

for all x € X. This completes the proof.

Corollary 1 Let X be a quasi-a-normed linear space with quasi-a-norm || - || and
let r;,0; be nonnegative real numbers with 0 < ar; < B foralli = 1,2,3. Ifa
mapping f : X — Y satisfies the following functional inequality

IDf(x,y, 2l < OillxlI™ + O:llylI™* + 651zl
forall x,y,z € X, then there exists a unique additive mapping h : X — Y such that

1 [ 07 .
— _— G N el 2
1/ G) =k < 25 [Z e 1 }

i=1

forall x € X.
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Proof Considering ¢(x,y,2) := 01(||x]I"" + 6:2||y]|”> + 63]|z]|"®) in Theorem 1, we
lead to the desired results.

Theorem 2 Assume that a mapping f : X — Y satisfies the functional inequality
IDf(x,y, 2l < ¢x,y,2) (20)
forall x,y,z € X, and the perturbing function ¢ : X3 — [0, 00) satisfies
> /Xy ZN\P
2 (G o) < @b

for all x € X, where k := nnﬁ Then, there exists a unique additive mapping
A: X — Y defined by A(x) = lim,,_, o k™ f({7) such that

1 x x x ’

forall x € X.

Proof Dividing both sides on (17) by |3|#, we obtain that

1
I|f(kx) = kf(0)Il < |3|ﬁ<p(x X, X) (22)

forall x € X. If wereplace x in
we have

w7t i (22) and multiply both sides of (22) by k|,

mf
el X Comp (X ‘ |k| ( X X X )
Hk f(km-H) k f(km) = 1318 ¢ fm+17 fem+17 fem+1

for all x € X and all nonnegative integer m. Hence

)40 G < e ) Y

1 < ; X X X\’
Bp@+1) -
= 13k Z—z Ik] ¢ (kiJrl T ki+1)

(23)

for all nonnegative integers m and [ with m > [ > 0 and all x € X. The remaining
proof is similar to the corresponding part of Theorem 1. This completes the proof.
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Corollary 2 Let X be a quasi-a-normed linear space with quasi-a-norm || - || and
let r;,0; be nonnegative real numbers with ar; > B for alli = 1,2,3. If a mapping
f + X — Y satisfies the following functional inequality

IDf .y, 2l < 6ullxl™ + 6201 + 631z)1™

forall x,y,z € X, then there exists a unique additive mapping h : X — Y such that

1 3 ep P
—h < i rip
17 = heoll = 735 [Z e ey ]

i=1
forall x € X.

Proof Putting ¢(x,y,2) := 01(Jlx||"" +6:2||yI"* + 65]|z]|*) in Theorem 2, we lead to
the desired results.

3 Alternative Generalized Hyers—Ulam Stability of (2)

From now on, we investigate the generalized Hyers—Ulam stability of the functional
inequality (2) using the contractive property of perturbing term of the inequality (2).

Theorem 3 Assume that a mapping f : X — Y satisfies the functional inequality

IDf(x, y, 2l < ¢(x,,2)

forall x,y,z € X and there exists a constant L with 0 < |k|'"PL < 1 for which the
perturbing function ¢ : X3 — [0, 00) satisfies

o(kx,ky, kz) < |k|Lo(x,y,2) (24)

forall x,y,z € X, where k := . Then, there exists a unique additive mapping
A: X — Y given by A(x) = lim,;,_, o0 klmf(kmx) such that

n+2
n

1
If(x) — A < 30 kP kL p(x, X, x) (25)

forall x € X.
Proof Tt follows from (19) and (24) that

‘ FE™x)  fk)

r 1 & 1
PP pionp
< E |k|ﬁp,g0(k x,k'x,k'x)

k! k! = I3k|PP = i
I (KIL)” )
= ok 2 e )
1

= g 2o (KD ol x. )
i=l



252 H.-M. Kim et al.

for all nonnegative integers m and / withm > [ > 0 and all x € X. Thus, it follows

that the sequence (L0 s Cauchy for all x € X, and so we can define a mapping

A:X — Yby

A(x) = lim f(k:x),

m—oo k

e X.

Moreover, letting [ = 0 and m — oo in the last inequality yields the approxima-
tion (25).

The remaining proof is similar to the corresponding part of Theorem 1. This
completes the proof.

The following corollary is a generalization of the stability result of the special
case £(||x||) = ||x|I",r < 1 when X is a normed space with @ = 1 and Y is a Banach
space with 8 =1 = p.

Corollary 3 Let X be a quasi-a-normed linear space with quasi-a-norm || - ||. Let
& : [0,00) — [0, 00) be a nontrivial function satisfying

E(k|“t) < E(kDYE@, ¢ =0),  0<E(kD* < [k’
wherek 1= ”ni Ifamapping f : X — Y satisfies the following functional inequality

IDf (x, y, )l < 6{ECIx 1D + ECllyll) + &ClIzID}

forall x,y,z € X and for some 0 > 0, then there exists a unique additive mapping
A : X — Y such that

If(x) = A < Ellx1D

30
1312 3/1k|PP — E (kP
forall x € X.

Proof Letting ¢(x, y,z) = 6{&(|lx|) + &(llyIl) + &£(llzID}, and applying Theorem 3

with L := 5("’;;)'3[ , we obtain the desired result.

Theorem 4 Suppose that a mapping f : X — Y satisfies the functional inequality

IDf(x,y, 2| < ¢(x,y,2)

forall x,y,z € X and there exists a constant L with 0 < |k|P~'L < 1 for which the
perturbing function ¢ : X° — [0, 00) satisfies

Xy z L

T T T S T s s 26
o (1) = et (26)
forall x,y,z € X. Then, there exists a unique additive mapping A : X — Y defined
by A(x) = limy,, oo kK™ f () such that

L
- A =< s Ay
If(x) =AM < i |k|/3PLP(p(x x,X)

forall x € X.
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Proof 1t follows from (23) and (26) that

] X / X\ ||? 1 - Bpi+1) X X X \P
Hk f (km+1) -k (ﬁ)” = |3k|ﬂ1? zl: k] ¢ (kiﬂ’ ki+1’ ki+1>

1 m+1

i X X X\P
= k Bpi (_., -, —)
13k[PP 2 W (Gm
i=l+1
1 m—+1 ‘
= Bk > (KIPTL)Y g, x, x)
i=l+1

for all nonnegative integers m and [ withm > [ > Oand all x € X.
The remaining proof is similar to the corresponding part of Theorem 1. This
completes the proof.

Corollary 4 Let X be a quasi-a-normed linear space with quasi-a-norm || - ||. Let
& : [0,00) — [0, 00) be a nontrivial function satisfying

s( ! ><s<i)as<r) i = 0) 0<s(i>a<|k|—ﬂ
i) =) £ =0 ] ’

wherek := "nﬁ Ifamapping f : X — Y satisfies the following functional inequality

IDf (e, y, 2l < OLE(Ix 1D +EClyID + ECIzID}

forall x,y,z € X and for some 0 > 0, then there exists a unique additive mapping
A : X — Y such that

305(1)"

1316 /1 — kIrE (i yor

Proof Letting ¢(x, y,z) = 6{&(|lx[l) + &(llyl) + &(llzl])} and applying Theorem 4
with L := |k|& (ﬁ)"‘, we lead to the desired approximation.

If(x) =AM <

E(llxID

forall x € X.
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An AQCQ-Functional Equation in Matrix
Paranormed Spaces

Jung Rye Lee, Choonkil Park, Themistocles M. Rassias and Dong Yun Shin

Abstract In this chapter, we prove the Hyers—Ulam stability of an additive-quadratic-
cubic-quartic functional equation in matrix paranormed spaces. Moreover, we prove
the Hyers—Ulam stability of an additive-quadratic-cubic-quartic functional equation
in matrix 8-homogeneous F-spaces.

Keywords Paranormed spaces- Hyers—Ulam stability- Statistical convergence-
Cauchy difference- Quadratic mapping

1 Introduction and Preliminaries

The concept of statistical convergence for sequences of real numbers was introduced
by Fast [13] and Steinhaus [37] independently and since then several generalizations
and applications of this notion have been investigated by various authors (see [14,
23, 26, 27, 35]). This notion was defined in normed spaces by Kolk [24].

We recall some basic facts concerning Fréchet spaces.

Definition 1 [39] Let X be a vector space. A paranorm P(-) : X — [0,00) is a
function on X such that

() PO)=0

(2) P(—x) = P(x)

(3) P(x +y) < P(x)+ P(y) (triangle inequality)
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(4) If {#,}is a sequence of scalars with #, — ¢ and {x,,} C X with P(x,—x) — 0,
then P(t,x, — tx) — 0 (continuity of multiplication).
The pair (X, P(-)) is called a paranormed space if P(-) is a paranorm on X.
The paranorm is called fotal if, in addition, we have

(5) P(x) =0implies x = 0.
A Fréchet space is a total and complete paranormed space.

Definition 2 Let X be a linear space. A nonnegative valued function || - || is an
F-norm if it satisfies the following conditions:

(FNy) |Ix]l = 0 if and only if x = 0;

(FNy) |Ax]| = ||x|| for all x € X and all A with |A| = 1;

(FN3) [lx + yll < llx[l + llyll forall x, y € X;

(FNy) |1, x|| = O provided A, — 0;

(FNs) |Ax,|| = O provided ||x,| — O.

Then (X, ||-||) is called an F*-space. An F-space is a complete F*-space.

An F-norm is called 8-homogeneous (8 > 0) if ||tx|| = |¢|?|x| forall x € X
and all 7 € R (see [33]).

The stability problem of functional equations originated from a question of Ulam
[38] concerning the stability of group homomorphisms.

The functional equation

fa+y)=fx)+fO)

is called the Cauchy additive functional equation. In particular, every solution of the
Cauchy additive functional equation is said to be an additive mapping. Hyers [18]
gave a first affirmative partial answer to the question of Ulam for Banach spaces.
Hyers’ Theorem was generalized by Aoki [2] for additive mappings and by Rassias
[30] for linear mappings by considering an unbounded Cauchy difference. A gen-
eralization of the Rassias theorem was obtained by Géavruta [16] by replacing the
unbounded Cauchy difference by a general control function in the spirit of Rassias’
approach.

In 1990, [31] during the 27th International Symposium on Functional Equations,
Rassias asked the question whether such a theorem can also be proved for p > 1. In
1991, Gajda [15] following the same approach as in Rassias [30], gave an affirmative
solution to this question for p > 1. It was shown by Gajda [15], as well as by Rassias
and Semrl [32] that one cannot prove a Rassias’ type theorem when p = 1 (cf. the
books of Czerwik [6] and Hyerset al. [19]).

The functional equation

e+ +fx=y)=2f0x)+2f()

is called a quadratic functional equation. In particular, every solution of the quadratic
functional equation is said to be a quadratic mapping. A Hyers—Ulam stability prob-
lem for the quadratic functional equation was proved by Skof [36] for mappings
f X — Y, where X is a normed space and Y is a Banach space. Cholewa [4]
noticed that the theorem of Skof is still true if the relevant domain X is replaced
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by an Abelian group. Czerwik [5] proved the Hyers—Ulam stability of the quadratic
functional equation.
In [21], Jun and Kim considered the following cubic functional equation

JRx+y)+ fQx —=y)=2f(x +y)+2f(x —y)+ 12/ (). 6]

Itis easy to show that the function f(x) = x3 satisfies the functional Eq. (1), whichis
called a cubic functional equation and every solution of the cubic functional equation
is said to be a cubic mapping.

In [25], Lee et al. considered the following quartic functional equation

fRx+ )+ fQx =) =4fx+y)+4f(x —y)+24f(x) -6f(y). (2)

It is easy to show that the function f(x) = x* satisfies the functional Eq. (2), which
is called a quartic functional equation and every solution of the quartic functional
equation is said to be a quartic mapping. The stability problems of several functional
equations have been extensively investigated by a number of authors and there are
many interesting results concerning this problem (see [1, 10, 20, 22, 28]).

The abstract characterization given for linear spaces of bounded Hilbert space
operators in terms of matricially normed spaces [34] implies that quotients, mapping
spaces and various tensor products of operator spaces may again be regarded as
operator spaces. Owing in part to this result, the theory of operator spaces is having
an increasingly significant effect on operator algebra theory (see [8]).

The proof given in [34] appealed to the theory of ordered operator spaces [3].
Effros and Ruan [9] showed that one can give a purely metric proof of this important
theorem by using a technique of Pisier [29] and Haagerup [17] (as modified in [7]).

We will use the following notations:

M, (X) is the set of all n x n-matrices in X;

ej € M;,(C) is that j-th component is 1 and the other components are 0;

E;; € M, (C)is that (i, j)-component is 1 and the other components are 0;

E;; ® x € M,(X) is that (i, j)-component is x and the other components are 0;

Forx € M, (X),y € Mi(X),

0
xX@y=
y

Note that (X, {||-||,,}) is a matrix normed space if and only if (M,,(X), | -1,) is
a normed space for each positive integer n and |Ax Bl < ||A]l||B]l||x|l, holds for
A e My, x =[x;j] € M,(X)and B € M, , and that (X, {||-||,}) is a matrix Banach
space if and only if X is a Banach space and (X, {||-||,,}) is @ matrix normed space.

Definition 3 Let (X, P(-)) be a paranormed space.

(1) (X, {P,()}) is a matrix paranormed space if (M,(X), P,(-)) is a paranormed
space for each positive integer n, P,(Ey ® x) = P(x) for x € X, and P(xy) <
Py([xi;]) for [x;;] € M, (X).
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(2) (X, {P,()}) is a matrix Fréchet space if X is a Fréchet space and (X, { P,(-)})
is a matrix paranormed space.

Definition 4 Let (X, ||-||) be an F*-space.

(DX, {IH. D is amatrix F*-space if (M,,(X), || ||,,) is an F*-space for each positive
integer n, | Exy @ x ||, = |lx|| for x € X, and [lx || < [|[x;;]llx for [xi;] € M, (X).

Q) (X, {lI-l.}) is a matrix F-space if X is an F-space and (X, {||-||,}) is a matrix
F*-space.

Let E, F be vector spaces. For a given mapping & : E — F and a given positive
integer n, define h,, : M,(E) - M, (F) by

ha([xi5]) = [h(xij)]

for all [x;;] € M,(E).
In this chapter, we prove the Hyers—Ulam stability of the following additive-
quadratic-cubic-quartic functional equation

fE+2)+ fx=2y)=4fx+y)+4f(x —y) 3
—6f(x)+ fRy)+ f(=2y)—4f(y)—4f(—=y)

in matrix normed spaces and in matrix S-homogeneous F-spaces by the direct
method.

One can easily show that an odd mapping f : X — Y satisfies (3) if and only if
the odd mapping f : X — Y is an additive-cubic mapping, i.e.,

Ja+20) + fx =2y)=4f(x +y) +4f(x —y) = 6f(x).

It was shown in [12, Lemma 2.2] that g(x) := f(2x) — 2 f(x) and h(x) := f(2x) —
8 f(x) are cubic and additive, respectively, and that f(x) = %g(x) — éh(x).

One can easily show that an even mapping f : X — Y satisfies (3) if and only if
the even mapping f : X — Y is a quadratic-quartic mapping, i.e.,

Ja+2)+ fxr =2y) =4f(x +y) +4f(x —y) = 6f(x) +2f2y) — 8f ().

It was shown in [11, Lemma 2.1] that g(x) := f(2x) —4 f(x) and h(x) := f(2x) —
16 f(x) are quartic and quadratic, respectively, and that f(x) = ﬁ g(x) — 1—12h(x).

2 Hyers-Ulam Stability of the AQCQ-Functional Equation (3)
in Matrix Paranormed Spaces: Odd Mapping Case

In this section, we prove the Hyers—Ulam stability of the AQCQ-functional equation
(3) in matrix paranormed spaces for an odd mapping case.

Throughout this section, let (X, {||-||,,}) be a matrix Banach space and (Y, { P,(-)})
a matrix Frechet space.
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Lemma 1 Let (X, {P,(-)}) be a matrix paranormed space. Then
(1) POxw) < Po(lxij]) < 227524 Pxij) for [xij] € My(X).

(2) limy_ o x; = x if and only if lim,_, o X5;; = x;; for x; = [x5;],x = [x;;] €
M (X).

Proof (1) By Definition 3, P(xy) < P,([x;;]).
Since [x;;] = Zz"l,jzl Ei; ® xij,

Pulxi)=Pu [ Y Ej@xi | =Y Pu(E; ®xip) = Y Plxy).

i,j=1 i,j=1 i,j=1

(2) By (1), we have

n
P(xs = %) < PalXsij — xij1) = Po(lxaij] — [xif]) < ) PCxsij — xij)-
ij=1
So we get the result.

Lemma 2 Let (X, {||-|l.}) be a matrix normed space or a matrix F*-space. Then
(D 1B @ xln = [Ix] for x € X.
@) Nl ll < Mxijdlle < 227 52y il for [xij] € My(X).

(3) lim, o X, = x if and only if lim,_, o X;jn = X;j for x, = [xijn],x = [x;;] €
Mi(X).

Proof (1) Since Ey ® x = efxe; and |lef|| = llell = 1, |1 Ey ® x]l, < |lx]. Since
er(Exy @ x)ef = x, |x|| < [|Ex @ x|ln- So [[Ex @ x|ln = [ x]I.

(2) Since exxef = xiy and [lex|| = llef | = 1, lxill < [l[xi;]1lln- Since [x;;] =
Z,r-l,jzl E;; ® xij,

n n n
Il = | Y Ey@xi| < > 1E; @xijlla= Y llxill.

i,j=1 . b=l i,j=1

(3) By

n
xxin — xill < Wxijn — xij1ln = l1lxija) =[xl < Z lxijn — xijll,
ij=1

we get the result.
For a mapping f : X — Y, define Df : X*> — Y and Df, : M,(X?) — M,(Y)
by
Df(a,b):= f(a+2b)+ f(a—2b)—4f(a+b)—4f(a—Db)+6f(a)
— f@2b) — f(=2b)+4f(b)+4f(=b),
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Dfu([xi1, [yi; D := fallxii] + 20y D + fullxig] = 20D — 4 fulxi] + [yij D
=4 fu([xi 1=12i; D+6 fr ([xi; D— fu QLyij D— fu (= 21yi; D+4 fu (i D+4 fo (= [yi;])
foralla,b € X and all x = [x;;1,y = [yi;] € Mu(X).

Theorem 1 Let r,0 be positive real numbers withr > 1. Let f : X — Y be an
odd mapping such that

P, (Dfa([xij1, [yijD) < Z Ollxi; 11" + llyii 1) “)

i,j=1

Jorall x = [x;;1,y = [yij]1 € M,(X). Then there exists a unique additive mapping
A : X — Y such that

n

942"
Py (fulxij1) — 8 fullxij]) — Ap([x;;]) < Z men)ﬁj”r 5

ij=1
forall x = [x;] € M(X).
Proof Letn = 1in (4). Then (4) is equivalent to
P(Df(a,b)) < 0(|lall” + lIb]I") (6)

foralla,b € X.
Letting a = b in (6), we get

P(f(3b) —4f(2b) +5f (b)) = 20|b|" (7

forall b € X.
Replacing a by 2b in (6), we get

P(f(4b) —4f(3b)+ 6f(2b) —4f (b)) = (1 +29)0|1b|" @®)

forallb € X.

By (7) and (8),

P(f(4b) —10f(2b) + 161 (b)) )
= P(A(f(3D) —4f(2b)+ 51 (b)) + P(f(4b) —4f(3b) + 6 f(2b) — 4 f (b))
<4P(f(3b)—4f2b)+5f(b))+ P(f(4D) —4f(3b) +6f(2b) — 4 f(b))
<O+290bl"

for all b € X. Replacing b by 7 and letting g(a) := f(2a) — 8 f(a) in (9), we get

P (s@ -2 (5)) = 22 0lalr
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for all a € X. Hence

m—1

a a 942" 2/

P <2lg —> -2"g (— ) =< E —Olall (10)
! m - r r
(2 2 ) 2 P 27

for all nonnegative integers m and [/ with m > [ and all a € X. It follows from
(10) that the sequence {2¢ g(za—k)} is Cauchy for all @ € X. Since Y is complete, the
sequence {2~ g(3%)} converges. So one can define the mapping A : X — Y by

1 k(9
A= Jim 2's (55)
foralla € X.
By (6),

P(DA(a,b)) = lim P <2kDg (27 o

a b : 2k r r r
=< lim W(Z +8)0(lall” +11ol") =0

forall a,b € X.So DA(a,b) =0.Since g : X — Y isodd, A: X — Y is odd. So
the mapping A : X — Y is additive.
Moreover, letting / = 0 and passing the limit m — oo in (10), we get

r

9
P (f2a) - 8f(a) — Al) < —

Ollall” 11
S 0lal (11)

foralla € X.
Now, let T : X — Y be another additive mapping satisfying (11). Then we have

P(A(a) — T(a)) = P (2”A (i) —-2T (i»

(o (6 (2) 1) (1 ()£ ()

which tends to 0 as ¢ — oo for all a € X. So we can conclude that A(a) = T (a)
for all a € X. This proves the uniqueness of A. Thus the mapping A : X — Y isa
unique additive mapping.

By Lemma 1 and (11),

n

P (fn(2[xij]) — 8 fulxijD) — An([xij])) < Z P(fQ2x;j) — 8 f(xij) — A(xi}))

ij=1

"9y
<> 750 Iill

i,j=1

forall x = [x;;] € M,(X). Thus A : X — Y is a unique additive mapping satisfying
(5), as desired.
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Theorem 2 Let r,0 be positive real numbers withr < 1. Let f : Y — X be an
odd mapping such that

| DA xi 1 Ly D], < D 0P () + P(ip)) (12)

ij=1

SJorall x = [x;;],y = [yij] € M,(Y). Then there exists a unique additive mapping
A :Y — X such that

n

9
| fuLxii D) — 8 fullxij]) — A([x,11)||,l_z+—9P(x,]>' (13)

i,j=1 2 2
Sforall x = [x;;] € M,(Y).
Proof Letn = 1in (12). Then (12) is equivalent to
IDf(a,b)ll < 6(P(a) + P(b)") (14)
foralla,beY.
Letting b = a in (14), we get
I £(3b) —4f(2b)+ 5 () < 20P(D) (15)
foralla € Y.
Replacing a by 2b in (14), we get
I f(4b) —4f(3Bb)+6f(2b) —4f ()l < (1 +27)0P(b) (16)
forallb €Y.
By (15) and (16),
Il f(4b) — 10 f(2b) + 16 f (D)l a7

< 14(f@Bb) —4f2b) +5f NI + 1 f(4b) —4f(Bb) + 6f(2b) — 4 f (D)
=4[ f(B3b) —4f2b)+ 57 D)l + |1 f(4b) — 4 f(3b) + 61 (2b) — 4 f (D)l
<(9+4+2)0P()
for all b € Y. Replacing b by a and letting g(a) := f(2a) — 8 f(a) in (17), we get
12g(a) — g Qa)|| < (9 +2")0P(a)

foralla € Y. Hence

‘ 1

1

2r 2ir
Z A ory (18)

=l

1
518 (2a) = g (2"a)
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for all nonnegative integers m and [ withm > [ and all a € Y. It follows from (18)
that the sequence {zik g(2ka)} is Cauchy for all a € Y. Since X is complete, the

sequence {2% g(2ka)} converges. So one can define the mapping A : ¥ — X by
1 k
Aa) = hm ?g (2 a)
foralla e Y.
By (14),
kr

: 1 k k : 2 r r r
HDMmMH=g&H§Dg@m2m < Jim “r (@ +8)0(P(a) + P(b)Y) =0

foralla,b € Y.So DA(a,b) =0.Since g : Y — Xisodd, A:Y — X is odd. So
the mapping A : ¥ — X is additive.
Moreover, letting / = 0 and passing the limit m — oo in (18), we get

r

2 0 P(a) 19
% a) (19)

9
15Ca) =8/ (@ — A@ = 5

forallaeY.
Now, let T : Y — X be another additive mapping satisfying (19). Then we have

1 1
um@-rmm:HEAwa—ZT@%)

<

R N e

< 21 9+2
29 2 =728
which tends to 0 as ¢ — oo for all @ € Y. So we can conclude that A(a) = T(a)
for all @ € Y. This proves the uniqueness of A. Thus the mapping A : ¥ — X isa
unique additive mapping.
By Lemma 2 and (19),

OP(a),

| fa@Lxi D) = 8 £u(Lxii D) — Au(lxi D), < D I1£Qxip) — 8 (xij) — Axip)|

i,j=1

942"
_Z ki GP(Xij)r

1]1

forall x = [x;;] € M, (Y). Thus A : Y — X is a unique additive mapping satisfying
(13), as desired.

Theorem 3 Let r,0 be positive real numbers withr > 3. Let f : X — Y be an
odd mapping satisfying (4). Then there exists a unique cubic mapping C : X — Y
such that

9 I"
By (gD — 2ol — CallxgD) < 3 ol
ij=1
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Jorall x = [x;;] € M,(X).
Proof Replacing b by 5 and letting g(a) := f(2a) — 2 f(a) in (9), we get

r

P(s@—82(3)) = 222 0har

foralla € X.
The rest of the proof is similar to the proof of Theorem 1.

Theorem 4 Let r,0 be positive real numbers withr < 3. Let f : Y — X be an
odd mapping satisfying (12). Then there exists a unique cubic mapping C : Y — X
such that

n

942"
| @l = 2 £ D = Calle D, < 3 f 570 PG
ij=l1

forall x = [x;;] € M,(Y).
Proof Replacing b by a and letting g(a) := f(2a) — 2 f(a) in (17), we get

I18g(a) — g Ca)|l = (9 +2")0 P(a)

forallaeY.
The rest of the proof is similar to the proof of Theorem 2.

3 Hyers-Ulam Stability of the AQCQ-Functional Equation (3)
in Matrix Paranormed Spaces: Even Mapping Case

In this section, we prove the Hyers—Ulam stability of the AQCQ-functional equation
(3) in matrix paranormed spaces for an even mapping case.

Throughout this section, let (X, {||-||,,}) be a matrix Banach space and (Y, { P,(-)})
a matrix Fréchet space.

Theorem 5 Let r,0 be positive real numbers withr > 2. Let f : X — Y be an
even mapping satisfying f(0) = 0 and (4). Then there exists a unique quadratic
mapping Q : X — Y such that

2942

Po (£ @LxijD) = 16 £yl 1) = Qullv D) < Y S0l I

ij=1
for all x = [x;j] € My(X).

Proof Letn = 1. Then (4) is equivalent to

P(Df(a,b)) < 0(llall” + I16]I") (20)
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foralla,b € X. Letting a = b in (20), we get

P(f(3b) —6f(2b) + 15f (b)) < 20| (2D
forallb € X.
Replacing a by 2b in (20), we get
P(f(4b) —4f(3b) +4f(2b) +4f (b)) < (1 +27)0|1D" (22)
forall b € X.
By (21) and (22),

P(f(4b) —20f(2b) + 64 f (b))
< PA(f(3b) —6f(2b) + 15 (b)) + P(f(4b) — 4f(3b) +4f(2b) + 4 f(b))
<A4P(f(3b) —6f(2b) + 15f(b)) + P(f(4b) —4f(3b) + 4f(2b) + 41 (b))
<O+29|b|" (23)

forall b € X. Replacing b by 5 and letting g(a) := f(2a) — 16 f(a) in (23), we get

P (s@ -4z (5)) = 22 0lalr

foralla € X.
The rest of the proof is similar to the proof of Theorem 1.

Theorem 6 Let r,0 be positive real numbers withr < 2. Let f : Y — X be an
even mapping satisfying f(0) = 0 and (12). Then there exists a unique quadratic
mapping Q : Y — X such that

2942 .
| £ 2Lxii 1) = 16 fu([xi D) — Qi D, < ,-,Z=1 1 0 P)
forall x = [x;;] € M,(Y).
Proof Letn = 1in (12). Then (12) is equivalent to
|Df(a,b)|l < O(P(a)” + P(b)") (24)
foralla,beY.
Letting b = a in (24), we get
| f(3b) — 6£(2b) + 15f(b)|| <20 P(b) (25)

foralla € Y.
Replacing a by 2b in (24), we get

f(4b) —4f(3b) +4f(2b) +4f (D)l = (1+27)0P(b) (26)
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forallb e Y.
By (25) and (26),
I f(4b) —20f(2b) + 64 f (D)l (27
= [14(fBb)—=6 f 2b)+15 fF (D) I+ f(4b)—4 f Bb)+4 f (2b)+4 f (D)
=4 fBb)—4f(2b)+5 fF D)+ f(4b)—4 f(3b)+6 f (2b)—4 f(b) |l
<(OO+2H0P@D)

for all b € Y. Replacing b by a and letting g(a) := f(2a) — 16 f(a) in (27), we get
4g(a) — g Qa)|| < (9 +2")0P(a)
foralla € Y.

The rest of the proof is similar to the proof of Theorem 2.

Theorem 7 Let r,0 be positive real numbers with r > 4. Let f : X — Y be
an even mapping satisfying f(0) = 0 and (4). Then there exists a unique quartic
mapping R : X — Y such that

n

9+ 2"
Py (fuRLxi; D) — 4 fu([xi;D) — Ru([x;5]) < Z ﬁmlxull’

ij=1
Jorall x = [x;;] € M,(X).
Proof Replacing b by 5 and letting g(a) := f(2a) — 4 f(a) in (23), we get

P (s —16¢ (%)) = 222 0llal’

foralla € X.
The rest of the proof is similar to the proofs of Theorems 1 and 5.

Theorem 8 Let r,0 be positive real numbers withr < 4. Let f : Y — X be
an even mapping satisfying f(0) = 0 and (12). Then there exists a unique quartic
mapping R : Y — X such that

n

| fa@lLxij D) = 4 £ulxii D) = Ralxii D], < D

i,j=1

942"
16 — 2"

QP(X,'.]')r

Sforall x = [x;;] € M,(Y).
Proof Replacing b by a and letting g(a) := f(2a) — 4 f(a) in (27), we get

116g(a) — ga)ll = (9 + 20 P(a)

foralla e Y.
The rest of the proof is similar to the proofs of Theorems 2 and 6.
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4 Hyers—-Ulam Stability of the AQCQ-Functional Equation (3)
in Matrix 8-Homogeneous F*-Spaces: Odd Mapping Case

In this section, we prove the Hyers—Ulam stability of the AQCQ-functional equation
(3) in matrix B-homogeneous F*-spaces for an odd mapping case.

From now on, we assume that (X, {||-|[,,}) is a matrix 8;-homogeneous F*-space
and (Y, {||-l»}) is a matrix B,-homogeneous F-space (0 < 1, f» < 1).

Lemma 3 Let (X, {||-l.}) be a matrix F*-space. Then
(D) Mlxw < Mxij Tl < 377 iy Nl |l for [xij] € Mu(X).
(2) limy_, o x; = x if and only if lim,_, o xs;; = x;j for x; = [x4;],x = [x;;] €

M(X).

Proof (1) By Definition 4, [|xx || < [I[xij]ll,-
Since [x;;] = Z,’-ij:l E;; ® xij,

n n n
Il = | > Eiy®xi| < Y NE; ®xijlla= Y llxill-

ij=1 L =] ij=1

(2) By (1), we have

n
lxss — xrall < Wxsij — Xij 1l = Wlxsi;] — [xij1lln < Z llxsi; — x5l
ij=1

So we get the result.

Theorem 9 Letr, 0 be positive real numbers with 811 > B,. Let f : X — Y be an
odd mapping such that

n

| DA LD, < D 0CUxi 17 + 11y 17 (28)

ij=1

SJorall x = [x;;],y = [yij] € M,(X). Then there exists a unique additive mapping
A : X — Y such that

| fa@Lxi D) = 8 £ullxii D) — An(lxii D], < D
ij=1

14248 4 2b" .
T Ty — Ollxi; " (29)

forall x = [x;;] € M,(X).
Proof Letn = 11in (28). Then (28) is equivalent to

I1Df(a,b)ll = O(llall” + 161") (30)

foralla,b € X.
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Letting a = b in (30), we get

1 f(3D) —4f(2b) +Sf(D) < 20| (€2
forall b € X.
Replacing a by 2b in (30), we get
| f(4b) — 4£(3b) + 6 f(2b) — 4 f(b)]| < (1 +2°7)0|b||" (32)
forall b € X.
By (31) and (32),

I.f(4b) — 10£(2b) + 16 f(b)||
< [14(f(Bb) —4f2b) +5f D) + | f(4b) — 4 f(3b) + 6 f(2b) — 4 f (D)l
< 4P| f3b) — 4£(2b) + 5B + || f(4b) — 4 f(3b) + 6. f(2b) — 4 £ (D)
<(142-42 4269 |b)" (33)

for all b € X. Replacing b by 7 and letting g(a) := f(2a) — 8 f(a) in (33), we get

14240 4 2B ,
s@ -2 (5)] = ——Zm——01al

for all a € X. Hence
m—1
, [a m a 14248 4 2817 22 P
76 (4) ()] = 22 oy o

281r 281
j=l

for all nonnegative integers m and [/ with m > [ and all a € X. It follows from
(34) that the sequence {2k g( 7)} is Cauchy for all @ € X. Since Y is complete, the
sequence {2¢ g(5r)} converges. So one can define the mapping A : X — Y by

foralla € X.
By (30),

2k
— 1 k Bir B2
| DA, b= lim |2°Dg <2k Zk)H Jim S 4 87)0(all” + 6])=0

forall a,b € X.So DA(a,b) =0.Since g : X — Yisodd, A: X — Y is odd. So
the mapping A : X — Y is additive.
Moreover, letting / = 0 and passing the limit m — oo in (34), we get

14248 4 2b1r

I f2a) —8f(a) — Al@)| < W

Ollall” (35)
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foralla € X.
Now, let T : X — Y be another additive mapping satisfying (35). Then we have

la@-T@i = |24 (5;) - 27 (57))|

= () - G (7 () -

14+2-4P2 4 281 Db
= 281r _ B 2ap1r

#(3))l

Bllall”,

which tends to 0 as ¢ — oo for all @ € X. So we can conclude that A(a) = T(a)
for all @ € X. This proves the uniqueness of A. Thus the mapping A : X — Y isa
unique additive mapping.

By Lemma 3 and (35),

| f2@Lxi 1) = 8 £ullxij D) — An(lxis D], < D I1£@xi) — 8 (xip) — Alxi))

ij=1

Z 14+2. 4ﬂ2+2f"1’

il

i,j=1

forall x = [x;;] € M,(X). Thus A : X — Y is aunique additive mapping satisfying
(29), as desired.

Theorem 10 Let r,0 be positive real numbers with Bor < B1. Let f : Y — X be
an odd mapping such that

n

| Dfalxii 1, Ly D, < D 0 17 + 1lyis 1) (36)

i,j=1

Jorall x = [x;;1,y = [yij] € M,,(Y). Then there exists a unique additive mapping
A :Y — X such that

2”: 142481 4 2br

| £o@Lxii ) = 8Ly D — An(lxi D], < T

Ollxi;lI” - (37)

ij=1
forall x = [xi;] € M,(Y).
Proof Letn =1 1in (36). Then (36) is equivalent to

I1Df(a,b)ll < O(llall” + I6]I") (38)

foralla,beY.
Letting b = a in (38), we get

If(3b) —4f(2b) + 57 (B) < 20]b]I" (39)
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forallaeY.
Replacing a by 2b in (38), we get

| £(4b) — 4£(3b) + 6 f(2b) — 4 f(B)|| < (1 + 270 |b||" (40)
forallb e Y.
By (39) and (40),
| f(4b) — 10 £(2b) + 16 f(b)|| 41

< 4(f3Bb) —4f2b) + 5D + |l f(4b) —4f(3b) + 6 f(2b) — 4 f(b)|
= 4P| f(3b) — 4£(2b) + 5 (D)l + || f(4b) — 4 f(3b) + 6 £ 2b) — 4 f ()|
<(142-45 1289 b)"

forall b € Y. Replacing b by a and letting g(a) := f(2a) — 8 f(a) in (41), we get
I128(a) — gQa)|| < (1 +2- 47 +27")0a|

forall a € Y. Hence

for all nonnegative integers m and [ withm > [ and all a € Y. It follows from (42)
that the sequence {zlk g(2ka)} is Cauchy for all @ € Y. Since X is complete, the
sequence {2% g(2"a)} converges. So one can define the mapping A : ¥ — X by

1
yg (21(1) — —g 2’"

g (142 4/31 4 2par) Qifor

rflall @)

j=l

A(a) == hm 1g(2k )

foralla €Y.

By (38),

DA(a,b)| = li 1D 2%a, 2kp) || < i 2kﬂzrzfﬁf 880 (llall” + |1b]1")=0
IDAGa, )l = lim | = g (2%a,2"b) = Jim =5 QP+ 8M0(lall” + 11")=

foralla,b € Y.So DA(a,b) =0.Since g : Y — Xisodd, A: Y — X is odd. So
the mapping A : Y — X is additive.
Moreover, letting / = 0 and passing the limit m — oo in (42), we get

14248 4 2pr

i Olall 43)

If2a) =8 f(a) — Ala)l| =

foralla € Y.
Now, let T : Y — X be another additive mapping satisfying (43). Then we have

1 1
[A(a) = T(a)|| = HZ_‘?A (2%a) — Z_qT (2%a)
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e N ez

24bar 1 42 . 4Bt 4 Dper
2B14q 281 — Qpar
which tends to 0 as ¢ — oo for all a € Y. So we can conclude that A(a) = T (a)
for all a € Y. This proves the uniqueness of A. Thus the mapping A : Y — X isa
unique additive mapping.
By Lemma 2 and (43),

<

Ollall’”,

| fa@Lxi D) = 8 £u(Lxii D) — Au(lxi D), < D 11FQxip) — 8£(xij) — Axip)|
i,j=1
Z 1+2 4br 4 2P2r

mpy llxi; 1l

i,j=1
forall x = [x;;] € M, (Y). Thus A : Y — X is a unique additive mapping satisfying
(37), as desired.

Theorem 11 Let r, 6 be positive real numbers with Bir > 38,. Let f : X — Y be
an odd mapping satisfying (28). Then there exists a unique cubic mappingC : X — Y
such that

14245 4 2b"
Z—

| £o@LxisD) = 2 fullxi D = CallxiD ), < S

Ollxi; 1"
ij=1
Jorall x = [x;;] € M,(X).

Proof Replacing b by 5 and letting g(a) := f(2a) — 2 f(a) in (33), we get

1+2-4F 428 ,
[s@—8¢(5)] = ——55——lal

foralla € X.
The rest of the proof is similar to the proof of Theorem 9.

Theorem 12 Let r, 0 be positive real numbers with Br < 381. Let f : Y — X be
an odd mapping satisfying (36). Then there exists a unique cubic mappingC : ¥ — X
such that

i 142481 L 2br

| £@LxisD) = 2 fullxi D = CallxiD ), < o

Ollxi;ll"
ij=1
forall x = [x;] € M,(Y).
Proof Replacing b by a and letting g(a) := f(2a) — 2 f(a) in (41), we get
I18g(a) — g Qa)l| < (1+2-4% 4270 a|"

foralla e Y.
The rest of the proof is similar to the proof of Theorem 10.
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5 Hyers-Ulam Stability of the AQCQ-Functional Equation (3)
in Matrix 8-Homogeneous F*-Spaces: Even Mapping Case

In this section, we prove the Hyers—Ulam stability of the AQCQ-functional equation
(3) in matrix B-homogeneous F*-spaces for an even mapping case.

Theorem 13 Let r, 0 be positive real numbers with Bir > 28,. Let f : X — Y be
an even mapping satisfying f(0) = 0 and (28). Then there exists a unique quadratic
mapping Q : X — Y such that

2”: 1+2.482 4 2B1r

| £o@Lxij D = 16 fuLxis D) = Qu(lxi D), < o —am Ol

ij=1
Sorall x = [x;;] € M,(X).
Proof Letn = 1. Then (28) is equivalent to
IDf(a,b)ll < 6(llall” + 161" (44)
forall a,b € X. Letting a = b in (44), we get
| f(3b) — 6 f(2b) + 15 f(b)|| < 20| 1b]" (45)

forall b € X.
Replacing a by 2b in (44), we get

If(4b) = 4£(3b) +4£2b) +4£ D)l < (1 +27)0|b]" (46)

forall b € X.
By (45) and (46),
I f (4b) — 20f (2b) + 64 f(b)||
< [[4(f(3b) — 6 £(2b) + 15 f(B))|| + || f (4b) — 4 f(3b) + 4 f(2b) + 4 f (D)l
< 4% f(3b) — 6 £(2b) + 15 f(b)|| + || f(4b) — 4 f(3b) + 4 f(2b) + 4 f (b)||
<1 +2-42 429 p)" (47)

for all b € X. Replacing b by % and letting g(a) := f(2a) — 16 f(a) in (47), we get

1+2-48 428 ,
“g(“)_d'g( )| = Ml

foralla € X.
The rest of the proof is similar to the proof of Theorem 9.



An AQCQ-Functional Equation in Matrix Paranormed Spaces 273

Theorem 14 Let r, 0 be positive real numbers with Br < 28y. Let f : Y — X be
an even mapping satisfying f(0) = 0 and (36). Then there exists a unique quadratic
mapping Q : Y — X such that

n

| fa@lLxi D) = 16 £ ([xi; ) = Qullxii D], < D

i.j=1

14248 4 2pr

e

forall x = [x;] € M,(Y).
Proof Letn = 1in (36). Then (36) is equivalent to

IDf(a,b)ll < 6(llal” + 151" (48)

foralla,b eY.
Letting b = a in (48), we get

I f(3b) — 6f(2b) + 15 f(b)|| < 20||b||" (49)

forallaeY.
Replacing a by 2b in (48), we get

If(4b) = 4£(3b) +4£2b) + 4 £ D)l < (1 + 270 b]" (50)

forallbeY.
By (49) and (50),
| f(4b) — 20 f(2b) + 64 f(D)||
< 14(f(3b) = 6 f(2b) + 15 f (D)l + | f(4D) — 4 f(3D) + 4 f(2D) + 4 f (D)l
= 4P| f(3b) — 4 f(2b) + 5F ()| + || f(4b) — 4 f(3b) + 6,f(2b) — 4 f(b)]|
<1 +2-48 2P| p|" (51)

for all b € Y. Replacing b by a and letting g(a) := f(2a) — 16 f(a)in (51), we get
14g(a) — gQa)|| < (1 +2- 47 + 27210 a|"

foralla e Y.
The rest of the proof is similar to the proof of Theorem 10.

Theorem 15 Let r, 0 be positive real numbers with Bir > 48,. Let f : X — Y be
an even mapping satisfying f(0) = 0 and (28). Then there exists a unique quartic
mapping R : X — Y such that

”fn(Z[xl,]) - 4fn([xij]) - Rﬂ([xi.f])”n = Z
ij=1

14240 4 2817

2811 — 1682 9”xi‘i”r

for all x = [x;j] € My(X).
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Proof Replacing b by % and letting g(a) := f(2a) — 4 f(a) in (47), we get

1+2-4F 4287 ,
s —16¢ (5)] = ——5——0lal

foralla € X.
The rest of the proof is similar to the proofs of Theorems 9 and 13.

Theorem 16 Letr,0 be positive real numbers with Bor < 4By. Let f : Y — X be
an even mapping satisfying f(0) = 0 and (36). Then there exists a unique quartic
mapping R : Y — X such that

14248 4 2P

T6p om0l

”fn(z[xz]]) _4fn([xij]) R (xll )”n — Z

i,j=1
forall x = [x;;] € M,(Y).
Proof Replacing b by a and letting g(a) := f(2a) —4f(a) in (51), we get

[16g(a) — gRa)ll < (1 +2 4P + 279 a|”

foralla € Y.
The rest of the proof is similar to the proofs of Theorems 10 and 14.

6 Conclusions

Let f,(x) := W and f,(x) := W Then f, is odd and f, is even.
fo» fe satisfy the functional equation (3). Let g,(x) := f,(2x) —2 f,(x) and h,(x) :=
fo(2x) = 8 f,(x). Then f,(x) = $8,(x) — £h(x). Let ge(x) := fo(2x) — 4 fo(x) and
he(x) == fo(2x) = 16 fo(x). Then fo(x) = g38¢(x) — l—‘zheu). Thus

1 1
fx) = go(X) o(X) + 58) — h ().

We summarize the above results as follows.
Let (X, {||- Il.}) be a matrix Banach space and (Y, { P,(-)}) a matrix Fréchet space.

Theorem 17 Let r,0 be positive real numbers with r > 4. Let f : X — Y
be a mapping satisfying f(0) = 0 and (4). Then there exist an additive mapping
A . X = Y, a quadratic mapping Q : X — Y, a cubic mapping C : X — Y, and
a quartic mapping R : X — Y such that

Py (24 fu(x) — 4A5(x) — 2Qn(x) — 4Cy(x) — 2R, (x))

4942) | 29+2)  409+42) 2(9+2’
5( 2r -2 >4 o3 )ZQH <

i,j=1
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Sforall x = [x;;] € My(X).

Theorem 18 Let r be a positive real number with r < 1. Let f : Y — X be
a mapping satisfying f(0) = 0 and (12). Then there exist an additive mapping

A Y — X, a quadratic mapping Q : Y — X, a cubic mapping C : Y — X, and
a quartic mapping R : Y — X such that

124 fu(x) — 44, (x) = 20, (x) — 4Cp(x) = 2R, (X)]l,,
- (4(9—1—2’) 209+2") 4(9—1—2’) 20+2"\ -

0P (x;;)
21— TTa— TR—2 Tie- 2r)”21 (xij)

Sforall x = [x;;] € M,(Y).

From now on, we assume that (X, {|| - ||,,}) is a matrix 8;-homogeneous F*-space
and (Y, {|| - |l,}) is a matrix B-homogeneous F-space (0 < 81,8, < 1).

Theorem 19 Let r,0 be positive real numbers with fir > 48,. Let f : X — Y
be a mapping satisfying f(0) = 0 and (28). Then there exist an additive mapping

A X — Y, a quadratic mapping Q : X — Y, a cubic mapping C : X — Y, and
a quartic mapping R : X — Y such that

124 fu(x) — 4A5(x) = 20, (x) — 4Cp(x) = 2R, ()],

- 4 2 4 2
— \2Bir — 2B + 2B1r — 4B2 + 2Bir — 882 + 2B1r — 1882

x (1+2-4P2 4287 g)x;|"
i,j=1

forall x = [x;] € M,(X).
Theorem 20 Let r be a positive real number with Br < Bi. Let f : Y — X

be a mapping satisfying f(0) = 0 and (36). Then there exist an additive mapping

A :Y — X, a quadratic mapping Q : Y — X, a cubic mapping C : Y — X, and
a quartic mapping R : Y — X such that

124 fu(x) — 4A5(x) = 20,(x) — 4Cp(x) = 2R, ()]l

- 4 2 4 2
— \ 281 — Qpr + 481 — Qpor + 861 — 2por + 1681 — 2p2r

x (1+2-4P 4287 3" g)x; "
ij=1

forall x = [x;;] € My (Y).
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On the Generalized Hyers—Ulam Stability
of the Pexider Equation on Restricted Domains

Youssef Manar, Elhoucien Elqorachi and Themistocles M. Rassias

Abstract Let 0: E —> FE be an involution of the normed space E and let p, M, d
be nonnegative real numbers, such that 0 < p < 1. In this chapter, we investigate
the Hyers—Ulam—Rassias stability of the Pexider functional equations

S +y)=g)+h(y), f(x +y)+gkx —y)=h(x)+k(y),
f+y)+gx+0o(y)=hx)+k(y),x,yecE

on restricted domains B = {(x,y) € E2 : |x||” + ||y|I” = M?}and C = {(x,y) €
E*: x|l =d or |yl = d}.

Keywords Hyers Ulam Rassias stability - Pexider functional equation - Metric group
- Cauchy difference - Restricted domain

1 Introduction

In 1940, the following stability problem for group homomorphisms was raised by
Ulam [70]. Given a group G and a metric group G, with metric d(.,.) and a pos-
itive number € greater than zero, does there exist a positive number § greater than
zero such that if a function f : G; —> G, satisfies the functional inequality
d(f(xy), f(x)f(y)) < 6 for all x,y € G, then there exists a group homomor-
phism 2 : G; — G, with d(f(x),h(x)) < € for all x € G,. The problem for
the case of approximately additive mappings was solved by Hyers [25] on Banach
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spaces. In 1950, Aoki [1] provided a generalization of the Hyers’ theorem for addi-
tive mappings and in 1978, Rassias [57] generalized the Hyers’ theorem for linear
mappings by considering an unbounded Cauchy difference for sum of powers of
norms €(]|x||” 4+ || ¥]|”). Rassias’ theorem has been generalized by Gavruta [22] who
permitted the Cauchy difference to be bounded by a general control function. Since
then, the stability problems for several functional equations have been extensively
investigated by a number mathematicians (cf. [10, 11, 16, 23, 35, 31, 41, 54, 58,
59, 61, 62, 65, and 72]). The terminology Hyers—Ulam—Rassias stability originates
from these historical backgrounds. This terminology can also be applied to the case
of other functional equations. For more detailed definitions of such terminologies,
we can refer to [2, 3, 17, 20, 21, 26, 28, 33, 37, 42, 47-53, 60, and 63]. Concerning
the stability of functional equations on a restricted domain, Skof [67] was the first
author to solve Ulam problem for additive mapping on a restricted domain. Given a
real normed vector spaces X and E, afunction f : X — E will satisfy the functional
equation

fx+y)=fx)+ f(y) forall x,yeX

if and only if

Ifx4+y) = f) = fODI = 0 as |xll + [yl = +oo.

In [27], Hyers, Isac, and Rassias considered the asymptotic aspect of Hyers—
Ulam—Rassias stability that is close to the asymptotic derivability. In [29], Jung
investigated the Hyers—Ulam stability for the quadratic equation

Ja+N+fx=y=2f0)+2f(), x.y € E ey

on a restricted domain A := {(x,y) € E? : ||x|| + ||y]| = d}. In [64], Rassias
and Rassias investigated the Hyers—Ulam stability on A for the Jensen functional
equations

f++ fx—y)=2f(x), x,y € E 2

and

Ja+y) - fx=y)=2f(), x,y € E. 3)

The more general equation is

e+ +fx+o()=2fx)+2f(), x,y € E, 4

where ¢ is an involution and has been solved by Stetkar [69] in abelian groups.
Recently, the stability theorem of Eq. (4) and the Jensen functional equations

fe+y+fx+o(y)=2fx), x.y € E ®)

fae+y)—fx+o(y)=2f(). x.y € E (6)
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has been proved (see [12, 39, 43]). In [18, 19, 44], Elqorachi, Manar, and Rassias
investigated the stability of Egs. (4), (5), and (6) on unbounded domains: {(x,y) €
E? : ||ly|l > d} and {(x,y) € E? : |x|| > d}, respectively. In this chapter, we
consider the Pexider functional equations

fx+y)=gx)+h(), x,y € E, 7N
fa+y)+gx—y)=h(x)+ k@), x,y € E ¥

and
f+y»+gx+0() =hx)+k(y), x,y € E, )

where ¢ : E — FE is an involution of the normed space E, i.e., o(x + y) =
o(x)+o()and o(o(x)) = x, forall x,y € E. Jung [31], and Jung and Sahoo [36]
investigated the Hyers—Ulam—Rassias stability of Eq. (8). Bouikhalene, Elqorachi,
and Rassias [6] proved the Hyers—Ulam stability of Eq. (9). Recently, Pourpasha,
Rassias, Saadati, and Vaezpour [55] investigated the Hyers—Ulam stability of Eq. (7)
and (8) by using the fixed point method. The stability problems of several functional
equations on a restricted domain have been extensively investigated by a number of
authors (cf. [4, 5, 7-9, 13-15, 24, 27, 30, 32, 34, 38, 40, 45, 50, 56, 66, 68, and 71]).
Chung [13] generalized the Hyers—Ulam stability of a Pexiderized logarithmic func-
tional equation in restricted domains. In the following, we present our results as
follows: In the next section, we will study the Hyers—Ulam—Rassias stability problem
for equations

fx+y)=gx)+h(), x,y € E,
on restricted domains:
B={(x,y) € E*: [x]|” + y|I” = M"}
and
C={x.y) e E*:|Ix| =dor |yl = d}.

In the Sect. 3, we will investigate the Hyers—Ulam—Rassias stability for the
equation
fx+y)+gl —y)=k(x)+h(y), x,y € E,

on restricted domains BB and C. In the last section, we study the Hyers—Ulam—Rassias
stability for equation

f+y)+egx+0o(y) =kx)+h(), x,y € E,

on a restricted domain C. Throughout this paper, E denotes a normed space and F' a
Banach space.



282 Y. Manar et al.

2 Stability of Eq. (7) on Restricted Domains

In the present section, we prove the Hyers—Ulam—Rassias stability of the Pexider
functional equation of type (7) on restricted domains 53 and C. In the following
lemma, we will apply some ideas from [41] to the proof of Hyers—Ulam—Rassias
stability of Eq. (7). As an application, we study the Hyers—Ulam—Rassias stability
of that equation on restricted domains B and C.

Lemma 1 Let fi, f>, f3 : E — F satisfy the inequality
I fitx +y) = fa(x) = LI < 8+ ellxll” + lIyll?) (10)

for all x,y € E, where §,€, p are given positive numbers such that 0 < p < 1.
Then, there exists a unique additive mapping A : E — F such that

Il fi(x) — A(x) — f1(0)]] 563+2_2p||x||”, (11)
A 0)]] < 88 6-2° p 12
| f2(x) — A(x) — f2(0)]| <85 + € (2_2p> flx|] (12)
and
A 0)]| < 88 6-2 » 13
I f3(x) — A(x) — f3(0)]| <85 +¢€ <2_2p) flx|] (13)
forall x € E.

Proof For any function f; : E — F (i = 1,2,3), we introduce the functions
Fi(x) = fi(x) — fi(0), x € E. From (10) and the triangle inequality, we obtain

IFiCx+3) = B) = B < 28+ e(lxl” + 1717, (14)
Setting y = 0 in (14), to obtain
[ Fi(x) = F2(0)ll <258 + €llx||” 15)
for all x € E. Setting x = 0 in (14), we get
I F1(y) — F3()Il <26 +€llyll” (16)
for all y € E. It follows from (15), (16) and the triangle inequality that

| Fi(x +y) — Fi(x) — Fi(y)l
< Fi(x +y) — F2(x) = B + [ F1(x) — F(0)| + (1 F1(y) = Fs(3)l
<28 +e([lx)|” + yll”) +28 +€ellx||” 428 + €llyll”
<68+ 2e(|[x]I” + lIyII”)
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for all x,y € E. So, from [22] there exists a unique additive mapping A : E — F
given by A(x) = liIP 27" F1(2"x) such that
n—+00

[ F1(x) — A(x)|l < 68 +

T Il (17)

for all x € E. From (15) and (17), we obtain

[F2(x) = A < | Fi(x) = Al + [ F1(x) = F2(0)|

<85 6-2 P 18
<85+ (55 ) Il (18)

for all x € E. In a similar way, by using (16) and (17) we obtain the following
inequality

6—27
[F3(x) — A(x) =< 85 +€ [lx11” 19)
2-2r
forallx € E.
In the following theorem, we establish the Hyers—Ulam—Rassias stability for the
Eq. (7) on restricted domains.

Theorem 1 Let a normed vector space E and a Banach space F are given. Suppose
d > 0and § > 0 be given. Assume that the mappings fi, f», f3 : E — F satisfy the
inequality

[filx +y) = falx) = sl =8 (20)

for all (x,y) € C=/{(x,y) € E?such that |x|| > d or ||y|| = d}. Then, there
exists a unique additive mapping A : E — F such that

I fi(x) — Alx) — 1O = 368, 2D

I f2(x) — A(x) — f2(0)|| < 485 (22)
and

I f3(x) — A(x) — f3(0)]] <485 (23)
forall x € E.

Proof Let(x,y) € E*\C.If x = 0 and y = 0, we choose an element z € E with
lzll > d, and we use

[f1(0) — f2(0) — f3(0)] = [f1(0) — fo( — 2) — f3(2] + [ f1(22) — f2(0) — f3(22)]
+ /1) = f2(2) = 0] = [f1(22) — £2(2) — f3(2)]
= [fix) = fo( = 2) = f3(22)]
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to get

I /1(0) — £2(0) — f3(0)|| < 54. (24)
If y #0o0rx # 0, we choose az = 2"y if y # 0 and we choose z = 2"x if
x # 0, with n € N large enough. We can easily verify that ||z|| > d, ||y — z|| = d or
lx +zll > d.
Therefore, from (20), the triangle inequality and the following equation:
2[filx +y) — fa(x) = f3(0)]
=[ic+y)— Lx+2)— [y — D]+ [filx +y) — faly —2) — f(x +2)]
+2[/1(y +2) — f2(2) = L]+ 2[fi(x + 22) — falx) — f3(22)]
—[filx +22) = falx +2) — [3@] = [fi(y +2) — f2(22) — f3(y — )]
= [filx +22) = f2(2) = fs(x + )] = [fi(y +2) — f2(y — 2) — f3(22)]
= [/1(32) — 2(2) — f3(2)] + [ f/1(32) — f2(22) — f3(2)],

we get

Ifitx +y) = falx) = s = 63. (25)

Finally, inequality (25) holds true for all x,y € E. From Lemma 1 with € = 0,
the rest of the proof follows.

In the following theorem, we prove the Hyers—Ulam—Rassias stability of Eq. (7)
on restricted domain 5.

Theorem 2 Assume a normed vector space E and a Banach space F are given.
Let 8, > 0and M,p > OwithO < p < 1 be fixed. Let f1, f>,f3 : E —> F be
mappings which satisfy the inequality

Ifitx 4+ y) = f2(x) = DI < 8+ ellxll” + llyll?) (26)
forall (x,y) € B={(x,y) € E>: ||x||” + |y|” = MP). Then, there exists a unique
additive mapping A : E — F such that

| fi(x) — A(x) — fi(0)]] <368 + 6€(4 x 37 +3 x 2P +3 x 4P)M?P
4e

+2—2P

lxI?, 27)

[ f2(x) — A(x) — f2(0)|| <485 + 8e(4 x 37 +3 x 27 + 3 x 4")MP

6 —2° » 28
+e( 555 ) Il (28)

and

I £5(x) — A(x) — f5(0)]] < 485 + 8e(4 x 37 + 3 x 2P + 3 x 4P)M”P

6—2° » 29
te(53= ) Il 29)

forall x € E.
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Proof Assume ||x||” + ||y||”? < MP.If x = y = 0, we choose an element z € E
with ||z|| = M, and we use

[f1(0) — f2(0) — f3(0)] = [f1(0) — fo(—2) — f3(2)]
+ [f122) — f2(0) — f32)] + [ f1(2) — f2(2) — f3(0)]
—[f1(22) — (D) — f5@] — [ fi(z) — fo(—2) — f3(22)],

we deduce
[f10) = £2(0) — f3(0)]| < 58 +2€(3 +27)M”. (30)
Otherwise, we take

x .
(Il I +M)m, if Ixll =iyl

Y .
Iyl +M)m, if Iyl = llxll.

It’s clear that ||z|| > M and
X +zlI” + lly — zlI” = max{[lx +z||”, ly — z|I"} = M”,
X +zlIl” + llzII” > llzl|” = M?,

Iy —zl” +12z01” = 12z]|” = M”,

min{{[z[|” + Iy I, Ix 1”4+ 122017, 122117 + 1zl17} = llzll” = MP.
Also we have
max{|lx +z|l, ly — zll} < 3M, |zl <2M.
Now, by using the following equation
2L+ y) = fo(x) = f3(0)]
=[fik+y) = lx +2) = O -+ [filx +y) = Loy —2) = f3(x +2)]
+2[/1(y +2) = f2(2) = 5]+ 20 filx +22) — folx) — f3(22)]
—[/itx +22) = oplx +2) — 3] = [fi(y +2) — f2(22) — f3(y — 2]
=ik +22) = f2(2) = rx + D] = [/i(y +2) — oy —2) — f3(22)]
— [/1B2) = f2(2) = [322)] + [ /132) — f2(22) — f3(2)],
we deduce
Ifitx 4+ y) = fa(x) = [0l <65+ €(4 x 37 +3 x 2P +3 x4H)MP  (31)
+ e(llxll” + llyll”).
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Therefore, inequality (31) holds true for all x, y € E. According to Lemma 1, the
rest of the proof follows.

Now, by using ideas from [29] and Theorem 1, we provide a proof of an asymptotic
behavior of that equation.

Corollary 1 Assume a normed vector space E and a Banach space F are given.
The mappings fi, f2, f5 : E — F with f;(0) = 0 satisfy Eq. (7) if and only if the
asymptotic condition

Ifitx +y) = falx) = s = 0 as ix[| + [y = +o00

holds true.

Proof According to our asymptotic condition, there exists a sequence (§,), which
is monotonically decreasing to zero such that

I filx +y) = f2(x) = 5D < 6y (32)
for all x,y € E with ||x|| + || y]| > n. So
I filx +y) = f2(x) = 5D < 6, (33)

for all (x,y) € C = {(x,y) € E? such that ||x|| > n or ||| > n}. By Theorem 1,
there exists a unique additive mapping A, : E — F such that

If1(x) — A0l < 368,
[ f2(x) = Ap(xX)]| < 485,

and
I f3(x) — Ap(0)|l < 486,

forall x € E. Let n and m be integers. Since (8,), is a monotonically decreasing
sequence, the additive mapping A,, satisfies

f1(x) = An ()| < 368, < 365,

| f2(x) — Ap ()|l < 488, < 486,
and
| f3(x) — Ap ()| < 485, <485,

for all x € E. By using the uniqueness of A,, we get A, = A,, for all n,m € N.
By letting n — +o00, we get that f is an additive mapping. The reverse assertion is
obvious.
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3 Stability of Eq. (8) on Restricted Domains

In this section, we will investigate the stability of Pexider functional Eq. (8) on a
restricted domain

C = {(x,y) € E? such that ||x|| > d or ||y| > d}
and
B={(x,y)e E*: |Ix||” + yl” > M"}.

First, we prove the following stability theorem.

Theorem 3 Assume a normed vector space E and a Banach space F are given. Let
8,6 > 0and pwith0 < p < 1 be fixed. If the functions f1, f>, f3, fa : E — F
satisfy the inequality

[fitx +y)+ folx = y) = f3(x) = fal = s+ elix” +1yI7) (34

for all x,y € E, then there exists a unique quadratic mapping q : E — F, and
exactly two additive mappings a,,a, : E — F such that

I f1(x) ! (x) ! (x) ! (x) (0)||<443+ 1+4+2p71
1(x qu 2a1x 2a2x fi =% € 3 YTy
342,714 2%

Y )IIXIIP, (35)

1 1 1 44 1 442071
Il f2(x) — ECI(X) - Eal(x) + Eaz(x) — LOI = F(S +e <§ + Ao
342r7 1 4220

Y ) lxll”,  (36)

20
I /3(x) —q(x) —ai(x) — 0)| < =d6+€

<21’+8 4427
=3

LA YTV GV
4_2P+2_2p)||x|| (37)

and

16—27 4427
)IIXII"

32
/36 = q0) = ax(x) = g(x) = fa(O)] < 6 + ¢ ( T T

(38)
forallx € E.

Proof By applying the same argument as in the proof of Theorems 3.1 [6] and 1
[72], we obtain the proof of Theorem 3.
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Theorem 4 Let a normed vector space E and a Banach space F be given. Assume
that the functions fi, f>, f3, fa : E — F satisfy the inequality

Ifix + )+ folx —y) = f3(x) = faO)ll = 8 (39)

for all (x,y) € C = {(x,y) € E? such that ||x|| = d or ||y|| = d}. Then, there ex-
ists a unique quadratic mapping q : E — F, and exactly two additive mappings
ay,ar : E — F such that

1 1 1 ol < 3086 40
Il f1(x) — ECI(X) - zal(X) - Eaz(X) - HOI = <% (40)
1 1 1 ol < 3088 A1
Il f2(x) — 56]()6) - Eal(X)-ir Eaz(X) = LOI = < % 41
140
I f3(x) —a1(x) — q(x) — f30)] < TS (42)
and
224
| fa(x) — a2(x) — q(x) — fa(O)] = T(S (43)
forallx € E.

Proof Let(x,y) € E>\C.If x = 0 and y = 0, we choose an element z € E with
llzIl = d, and we use

[/1(0) + f2(0) — f3(0) — f4(0)]

=[/100) + f2(22) — f3(z) — fa( = 2)]
+ [fi( = 42) + f2(0) — f3(—22) — fa(— 22)]
= [fi(—=42) + f222) — f5(—2) — fa( = 32)]
+ [f1(—32) + f2(32) — f3(0) — f4( —32)]
+1fi(=2)+ fa( —2) = f3(—2) — fa(0)]
—[/it=2) + £(82) — f3(z) — fa( — 22)]
—[/Ai(=32)+ fol —2) — f5(=22) = fu( = D)),

to get
I /1(0) + f2(0) — f3(0) — f4(Ol < 78. (44)

Otherwise, if y # 0 or x # 0, we choose a z = 2"y if y # 0 and we choose
z=2"x if x # 0 with n € N large enough. We can easily verify that ||y — z|| > d,
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ly—2z|| = d, ||z]| = d and ||x —z|| > d. Therefore, from (39), the triangle inequality
and the following decomposition:
LA+ )+ folx —y) = f5(x) — fa(W)]
=[filc +y)+ folx =y +22) = f3x +2) — fuly — 2]

+[ilx +y =4+ folx —y) — falx —22) — fa(y — 22)]
— [N +y—4)+ folx =y +22) — f3(x —2) — faly — 32)]
+[fitx +y =32) + folx — y +32) — f3(x) — fa(y — 32)]
+ i +y -2+ hlx—y—2) = failx —2) = fuy)]
—[Nx+y -2+ folx =y +32) — filx +2) — fu(y — 22)]
=ik +y =32+ folx —y —2) = f5(x —22) — fu(y — 2)],

we get

Ifitx +y) + falx = y) = f3(x) = fa = 78. (45)

Consequently, inequality (45) holds true for all x, y € E. From Theorem 3 with
€ = 0, the rest of the proof follows.

Corollary 2 The functions fi, f2, f3, fa : E — F with f;(0) =0,i = 1,2,3,4
satisfy Eq. (8) if and only if

Ifix + )+ folx = y) = f3(x) = faO)Il = 0 as x|l + [yl = Fo0.

Theorem 5 Suppose that a normed vector space E and a Banach space F are
given. If the functions f1, f, f3, fa : E — F satisfy the inequality

[fitx +y)+ falx = y) = f3(x) = fal =8 +ellx” +1IyI7)  (46)

forall (x,y) € B={(x,y) € E>: ||x||” + ||[y|? = MP} where 8, €, p are given pos-
itive numbers such that 0 < p < 1, then there exists a unique quadratic mapping
q : E — F, and exactly two additive functions ay,a, : E — F such that

1 1 1
1f1G) = 54(x) = Zar(x) = Sax(x) = A1O)]

308 44 1 44201 340p-l 402
< TS+ el x TIM + 7,
+el12x 7] ( + — >||x||

(47)

1 1 1
Il f2(x) — —q(X) - —al(X) + —az(X) — L0
308 44 1 442071 342p- 14 02-p
< + ) llxll”,

< 2% P2 x 7 Me
g 0T g ell2xTIM  +e a_2 T 2o
(48)
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140 20
1/50) = ar(x) = g(x) = LON = —==8 + —€[12 x 77IM?

+6<%+2i§2>”x”” (49)
and
Il fa(x) — az(x) — q(x) — fa(O)]| < %5 + 33—26[12 x 17 1M"P
+e (146__22: + ;’:ij) Ix” (50)
forallx € E.

Proof Assume |x||? 4+ ||y]|? < MP.If x = y = 0, we choose a z € E with
Izl = M. Otherwise, we take

X

(lxll 4+ M)——, if llxll = llyll;
llxl
=
Y .
Ayl +M)—”y”, if Iyl = lixll.

It’s clear that ||z|| > M,

lx + 2l + Iy — zll” = max{llx +zlI”, lly — 2"} = M”,
Il = 22017 + lly — 22" = max{llx — 2z||”, ly — 2z|"} = M”,
lx —zll” + Iy — 3zl1” = max{llx —z|I”, |y — 3z} = M?,
lx = 2217 + lly — zll” = max{llx — 2z|I”, Iy — zlI"} = M?,
Il +zlI” + lly = 2z01” = max{llx +zl|”, Iy — 2z[”} = M”,

II? +llx —zl” = llx =zl = M7,
Ixl1? + Ny = 3zlI” = lly = 3z|I” > M?,

and
max{llx +zll, |y — zll, lx = 2zll, Iy — 2z]l, [ly — 3z|l} < 7M.

Consequently, we obtain

LAi(x + ) + falx — ) — f5(x) = fa(y)]
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=[fix + )+ falx =y +22) = falx +2) — fa(y — 2]
+[ilx +y =42+ falx — y) = f3lx = 22) — fa(y — 22)]
—[fic+y—42)+ falx —y +22) — f3(x —2) — fa(y — 32)]
+ ik +y =32+ folx — y +32) — f5(x) — fa(y — 32)]
+Ailc+y =2+ folx =y —2) = f3lx —2) = fa(Y)]
—[fik+y—2)+ folx =y +32) — filx +2) — faly — 22)]
=ik +y =3+ folx —y —2) = f5(x —22) — fu(y — 2)].

Therefore, in view of inequality (46) and the triangle inequality, we get
I fitx + )+ falx =) = f5(x) = faWIl <78+ €[12 x 77IMP (51)
+ e(llxlI” 4+ Iyll”).

Then, inequality (51) holds true for all x,y € E. According to Theorem 3, the
rest of the proof follows.

In the following corollaries, we prove the stability for the Drygas functional
equation

fa++fax=y)=2f)+fOM+ f(=y), x,yeE (52)
in a restricted domain
B={(x,y) € E*: |lx|” + llyll” = M"}

and
C={(x,y) e E*: x| > d or |lyll > d}.

As an application, we use the result for the study of an asymptotic behavior of
that equation.

Corollary 3 Suppose that a normed vector space E and a Banach space F are
given. Let §,¢ > Oand M,p > O0withO < p < landlet f : E — F a mapping
which satisfies the inequality

IfGx+ )+ fx=y)=2f0) = fO) = =l =5+ ellxl” + 17 (53)

forall (x,y) € B={(x,y) € E?: |x||” + |y||? = MP). Then, there exists a unique
additive mapping a : E — F and a unique quadratic mapping q : E — F such
that

@) 1 1 - 1438+20 [12 x 771M”
Il f(x Ea(x) EQ(X)” =75 gf X

2 4+8 2044
r 54
+e(4_2p+2_2p>uxn (54)

forall x € E.
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Corollary 4 Suppose that a normed vector space E and a Banach space F are
given. A mapping f : E — F with f(0) = 0 is a solution of the Drygas functional
Eq. (52) if and only if

[fx+y)+fx=y)=2f) = fO) = f=I = 0 as x|+ [yl = +oo.

4 Stability of Eq. (9) on Restricted Domain

In this section, we will investigate the Hyers—Ulam stability of the Pexider functional
equation
fx+y)+gx+o(y)=kx)+h(y), x,y € E,

on a restricted domain C = {(x,y) € E?: |x|| > d or ||| = d}.

Theorem 6 Letanormedvector space E and a Banach space F are given. Suppose
d > 0and $§ > 0 be given. Assume that the mappings fi, f2, f3, fa : E — F satisfy
the inequality

Ifi(x 4+ )+ falx +0() = f3(x) = faWIl =6 (35)

forall (x,y) € C. Then, there exists a unique function q : E — F solution of Eq. (4),
there exists a function v : E — F solution of equation

vix +y) =v(x+0(y), x,y € E, (56)

there exists exactly two additive functions A1, A, : E — F suchthat A; oo = —A;
(i=1,2)

1 1 1 1
1/106) = 5 A1) = ZAx(x) = Sv(x) — 5 (x) = fi(O)]] = 133, (57)

1 1 1 1
Il f2(x) + EAI(X) - EAZ(X) + §V(X) - ECI(x) — L) = 1335, (58)

Il f3(x) = Az(x) — g(x) — f3(0)]] < 1126 (59)
and

| fa(x) — A1(x) — g(x) — fa(O)|| < 1128 (60)
forall x € E.

Proof Let (x,y) € E>\C.If x = y = 0, then we have

2[£1(0) + 2(0) = f3(0) — fa(0)]
=2[£1(0) + f2(0) = fa(=z = 0(2)) — falz + 0 (2))]
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= [fi(=0 (@) + fo(=2) = f3(—2 — 0(2)) — fa(2)]

+ [f1(=0 (@) + f2(=0(2)) — f3(=0(2)) — f2(0)]

= [fi(=2) + fa(=0(2) — f3(—z— 0(2)) — fa(o(2))]
+ [f1(2) + f2(0(2)) — f5(0) — fa(2)]

= [/1@) + f22) = f3(=0(2) — faz + 0(2))]

+ [f1(0(2) + f2(2) — f3(0) — fa(o(2))]

= [fi(e (@) + falo (@) = f3(—2) = faz + 0(2))]

+ [fi(=2) + fa(=2) — f3(=2) — fa(0)]

for all z € E. Now if we choose z = 2"xg, with xg # 0, xo + o (x9) # 0 and n large
enough, we obtain

[/1(0) + f2(0) — £3(0) — fa(O)]| = 56. (61)

If x % 0and y # 0, we choose z = 2"x or z = 2"y with n € N. Case
1: o(y) # —y and o(x) # —x. For n large enough, we can easily verify that
I—x = 0@l 2 d, |—x +2ll > d, |x +z+ 0@ > d, Ix — 2 — 0@)|I2d,
ly+z+o@lzd lly—z—0@l=zd. | —y—0@I|=d,and || —y+z| =d.
Therefore, from (39), the triangle inequality and the following decomposition
2Afix + )+ falx +0(y) — f3(x0) = fa(y)]
=[x+ + L +o(y) — fx —z2—0@) — fuly + 2+ 0(2)]
+ix+Y)+ olx+o() - filx +z2+0(@) — fay —z2—0())]
—[fi(=o@) + folx —0o(x) —2) = f3(x —2—0() — fa(—x +2)]
+ [fi(=0@) + fal=y +0(y) —0(2) — fas(=y —0(2)) — fa(y)]
— [+ ox —o(x)+0@) — filx +2+0(2) — ful—=x —0(2))]
+ [fi(=0(@) + folx —o(x) —2) — f3(x) — fa(—x — 0(2))]
+ /1@ + falx —o(x) +0(2) — f3(x) — fa( —x + 2)]
+ 1@+ fal=y + o) +2) = fasl=y +2) = fuy)]
—[fil=o@)+ fo( =y +0o(y) —0@) — fal=y +2) — fa(h) —z2—0(2))]
—[1@+ fal=y + o) +2) — fal=y —0 @) — faly + 2+ 0 ()],

we get

Ifitx + )+ falx + 0 () — f3(x) = fa(W)Il = 56. (62)

Case 2: 6(y) = —y oro(x) = —x. Subcase 2.1: 6(y) = —y. By using the same
decomposition in Theorem 4, we obtain

fitx +y) + folx —y) = f3(x) = fa = 78. (63)
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Subcase 2.2: o(x) = —x. Inequality (39) implies that

11y +x)+ faoo(y —x) = f3(x) = fuWI < 6. (64)

Now, by using the decomposition in Theorem 4, we get

[/i(y +x)+ faoo(y —x) = f3(x) = fuO)I = 78. (65)

Finally, in view of inequalities (62), (63), (64), and (65), we obtain

I/ix + )+ falx +0(¥) = f35(x) = faWII =78 (66)

for all x,y € E. According to Theorem 3.1 [6] one gets that there exists a unique
function g : E — F solution of Eq. (4), there exists a function v : E — F solution
of Eq. (56) and there exists exactly two additive functions Aj, A, : E — F such
that A; o 0 = —A; (i=1,2), and which satisfy the inequalities (57), (58), (59), and
(60). This completes the proof of theorem.

Corollary 5 The mappings fi, f>, f3, fa : E = F with f1(0) = £2,(0) = f3(0) =
f4(0) = 0 are solutions of Eq. (9) if and only if

Ifitx 4+ )+ folx +0() = f3(x) = faWIl = 0 as [lx[| + [y = +o0.

Corollary 6 If the mappings f1, f2, f3, fa : E — F satisfy the inequality

Ifix + )+ falx = y) = f3(x) = faO)ll = 8 (67)

forall (x,y) € C, then there exists a unique function q : E — F solution of Eq. (4),
there exists a € F, there exist exactly two additive functions Ay, A, : E — F such
that

1 1 1
lfi(x) — §A1(X) - zAz(X) - 56]()6) — f1(0) — af < 1334, (68)
1 1 1
Il f2(x) + §A1(X) - EAz(X) - Eq(x) — f2(0) + || < 1334, (69)
I f3(x) — Az(x) — g(x) — f3(0)]| <1126 (70)
and
| fa(x) — A1(x) — qg(x) — f2(0)]| < 1126 (71)

forall x € E.
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Corollary 7 The mappings fi, f>, f3, fa : E — F with f1(0) = f2(0) = f3(0) =
f4(0) = 0 are solutions of Eq. (8) if and only if

I/ix + )+ falx = y) = f3(x) = faO)Il = 0 as x|l + [yl = +o0.

Corollary 8 If the mappings f,g,h : E — F satisfy the inequality

If(x+y)—gx) —h(VI <4 (72)

for all (x,y) € C, then there exists a unique additive function A : E — F such that

If(x) = Ax) = fO) = 2666, (73)

lg(x) — A(x) — g(O)]| < 1125 (74)
and

h(x) — A(x) — h(0)|| < 1125 (75)
forallx € E.

Corollary 9 The mappings f,g,h : E — F with f(0) = g(0) = h(0) = 0 are
solutions of Eq. (7) if and only if

If(x4+y)—g) =W = 0 as x|l + [yl = 4o0.

Corollary 10 The mapping f : E — F with f(0) = 0, is additive if and only if

Ifx4+y) = fx) = fOII = 0 as |xll + [yl = +oo.

Corollary 11 The mapping f : E — F with f(0) = 0 is a quadratic function if
and only if

If(x 4+ + fx=y)=2f(x)=2fWI = 0 as [x||+ Iyl > +oo.

Corollary 12 The mapping f : E — F with f(0) = Ois a solution of the quadratic
functional Eq. (4) if and only if

[fx 4+ + fx+0()=2f(x)=2fWDI = 0 as |x]|+ Iyl = +oo.

In the following corollaries, we state the Hyers—Ulam stability for Drygas
functional equation

fa++ fx+o)=2fx)+ f)+ f@()), (76)

in the restricted domain C.
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Corollary 13 Ifthe mapping f : E — F satisfies the inequality

Ifx++ fx+o()=2f(x) = f(y)— floDll =6 (77)

for all (x,y) € C, then there exists a unique additive mapping A : E — F and a
unique quadratic mapping q : E — F such that Ao o = —A and

If(x) —qx) — Ax) — fO)]| = 1128 (78)
forall x € E.

Corollary 14 The mapping f : E — F with f(0) = 0 is a solution of Drygas
functional Eq. (76) if and only if

[fx++fx+o()=2f) = f) = fleDI = 0 as |xlI+ ]yl = +oc.
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Hyers-Ulam Stability of Some Differential
Equations and Differential Operators

Dorian Popa and Ioan Rasa

Abstract This chapter contains results on generalized Hyers—Ulam stability, ob-
tained by the authors, for linear differential equations, linear differential operators
and partial differential equations in Banach spaces. As a consequence we improve
some known estimates of the difference between the perturbed and the exact solution.

Keywords Hyers—Ulam stability - Differential operators - Linear differential
equations - Partial differential equations

1 Introduction

In 1940, on a talk given at Wisconsin University, S. M. Ulam posed the following
problem: “Under what conditions does there exist an homomorphism near an ap-
proximately homomorphism of a complete metric group?”’, more precisely: “Given
a metric group (G,-, p), a number ¢ > 0 and a mapping f : G — G which
satisfies the inequality p(f(xy), f(x)f(¥)) < € for all x,y € G, does there exist
a homomorphism a of G and a constant k > 0, depending only on G, such that
pla(x), f(x)) < ke forallx € G?’

If the answer is affirmative, the equation a(xy) = a(x)a(y) of the homomorphism
is called stable (for more details see [39]). A year later, D. H. Hyers in [12] gave
an answer to the problem of Ulam for the Cauchy functional equation in Banach
spaces. “Let E|, E; be two real Banach spaces and ¢ > 0. Then, for every mapping
f: Ey — E; satisfying

[fx+y) = f) = fll<e 6]
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for all x,y € E|, there exists a unique additive mapping g : E; — E, with the
property

If(x) — gl <&, VxeE" 2)

After Hyers’ result many papers dedicated to this topic, extending Ulam’s problem
to other functional equations and generalizing Hyers’ result in various directions,
were published (see e.g., [3-7, 10, 11, 13, 14, 18, 28, 29]. A new direction of
research in the stability theory of functional equations, called today Hyers—Ulam
stability, was opened by the papers of Aoki and Rassias by considering instead of
¢ in (1) a function depending on x and y ([2, 33]). Obtoza seems to be the first
author who investigated Hyers—Ulam stability of differential equations [26, 27].
Later Alsina and Ger proved that for every differentiable mapping f : I — R
satisfying | f'(x) — f(x)| < e for every x € I, where ¢ > 0 is a given number and
I is an open interval of R, there exists a differentiable function g : I — R with the
property g'(x) = g(x) and | f(x) — g(x)| < 3¢ for all x € I. The result of Alsina
and Ger [1] was extended by Miura, Miyajima and Takahasi [24, 25, 37] and by
Takahasi, Takagi, Miura and Miyajima [38] to the Hyers—Ulam stability of the first
order linear differential equations and linear differential equations of higher order
with constant coefficients. Furthermore, S.-M. Jung [15, 16, 17, 19] obtained results
on the stability of linear differential equations extending the results of Takahasi,
Takagi and Miura. I. A. Rus obtained some results on the stability of differential
and integral equations using Gronwall lemma and the technique of weakly Picard
operators [35, 36]. Recently, G. Wang, M. Zhou and L. Sun [40] and Y. Liand Y.
Shen [20] proved the Hyers—Ulam stability of the linear differential equation of
the first order and the linear differential equation of the second order with constant
coefficients by using the method of integral factor.

An extension of the results given in [16, 20, 25] was obtained by D. S. Cimpean
and D. Popa, and by D. Popa and I. Raga for the linear differential equation of nth
order with constant coefficients and the linear differential operator of nth order with
nonconstant coefficients [8, 30, 31]. It seems that the first paper on Hyers—Ulam
stability of partial differential equations was written by Prastaro and Rassias [32].
For recent results on this subject we refer the reader to [9, 21-23, 34].

Throughout this paper by (X, ||1||) we denote a Banach space over the field K (K
is one of the fields R or C). In what follows by 9z, we denote the real part of the
complex number z.

2 Stability of the Linear Differential Equation of Order One

In wlgt follows, I = (a,b), a,b € R U {Zoc} is an open interval in R, ¢ € [a, b],
CeR, feCl,X), e CU,K)and ¢ € C(I,R) with ¢ > 0. We deal with the
stability of the linear differential equation (see [30])

Y@ —A0)y(x) = f(x), xel 3)
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For a function g : (a,b) — X, define g(b) := lin}; g(x) and g(a) := lim g(x), if

the limits exist. Let L € C!(I, K) be an antiderivative of A, i.e., L’ = A on I. Define
Y. : I - Rby

Ye(x) = "W . (4)

X
/ €7§T‘L(t)8(t)dt

c

If ¢ € {00} then we suppose that the integral which defines . is convergent for
every x € I. Therefore, Y.(c) =0 forallc € I.
The following well-known lemma is useful in the proof of our stability results.

Lemma 1 The general solution of the equation
Y = ax)y(x) = f(x), xel ®)

is given by

y(x) = et ( f ) ft)e Hdr + k) (6)

where xo € I and k € X is an arbitrary constant.
The first result on Aoki—Rassias stability for a first order linear differential equation
is contained in the next theorem.

Theorem 1 For every y € C'(I, X) satisfying
1Y) = Ax)y(x) = fOOll < e(x), xel (7
there exists a unique solution u € C'(I, X) of the Eq. (5) with the property

ly(x) —u@)ll < Ye(x), x €l ®)

Proof Existence. Let y € C'(I, X) satisfying (7) and define

g(x) = y'(x) = Ax)y(x) — f(x), x €l €))

Then, according to Lemma 1, it follows

y(x) = "™ < / e L0 r(dr + f e tOg(r)dr + k) , xo€l, keX.
Y X

X0 0

Let G : I — X be given by

G(x):= / ' e tWe(tdt, xel. (10)

If ¢ € {£00}, the integral which defines G is convergent since
g <e(t) forall rel.

(See the remark after (4)).
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Now let u be defined by
u(x) ;= e ( / ) FOe tdr + k — G(xo)) )
X0
Then, obviously u satisfies the Eq. (5) and we get

Iy — uGo = M / g M0t + Gxo)| = O G|

0

X
<t [Cje g ar
C

X
SeﬂiL(x) / e‘m(’)g(t)dt
c

= vY.(x), x € I.

Therefore, the existence is proved.
Uniqueness. Suppose that for a y satisfying (7) there exist u;, u, ) # uy, satisfying
(5) and (8). Then

uj(x) = gL(X) </ f(t)efL(f)dt +k]> , kj eX, j= 1,2, ky # ks
xo

and

MOk — kol = lur(x) — wa(x)]

< lur(x) =yl + ly(x) — u2 ()|

X
/ e MWe(t)dt
C

< DML

for all x € I. Therefore,

ki —koll <2 , xel (11)

X
f e_mL(t)E(t)dt
¢

Now letting x — ¢ in (11) it follows k; = k,, contradiction.
Theorem 1 leads to the following result for the Cauchy problem of Eq. (5).

Corollary 1 Forevery y € C'(1, X) satisfying

1Y/ (x) = Ax)y(x) = fOll < e(x)

, xel

yie)y==C
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there exists a unique solution u € C'(I1, X) of the Cauchy problem

u'(x) = AXu(x) — f(x) =0
, xel,
u(c) =C
with the property
y(x) —u)ll < Ye(x), x €l

The result obtained in Theorem 1 is more general than the result of [8, [Lemma
2.2]] and [16, Theorem 1] since it gives a better estimation of the difference between
the approximate solution and the exact solution of Eq. (5). This is obvious in the
cases ¢ = a and ¢ = b, but for ¢ € (a, b) this better approximation is not always
valid on the entire interval (a,b). We will show in the next example that in some
cases, this estimation is global for ¢ € (a, b) and we will find the optimal ..

Example 1 Letf € R\ {0} and e(x) = ONRA(x), x € I. Then
Ye(x) = 1011 — " EOEO v e L.
First we consider the case 6 > 0, i.e., RA(x) > O for all x € I. Then,
RL'(x) >0, xel,

hence, ML is increasing on I,

e?)iL(x)—SRL(c) _ 1’ x e [C, b),
Vex) =0 -

1— eERL(x)f}HL(C)’ x e (Cl,C),

and
[Welloo = Gmax {e})i(L(b)—L(c)) 11— efh‘(L(a)—L(c))} )

Obviously || ¥ |le is minimum for @=L _ 1 = | — ML@O-L) je
M@ 4 ML)
2

The relation from above gives ¢ optimal, therefore, the following estimation holds

e.‘]\L(c) —

Iy — ulloo = 1¥elloos

where , ,
NLB) _ L@

N —p(MLBD-L@) _ N, €
lYelloo = O(e =6 eNL®) 1 ML)
ie.,

ef?tL(b) _ eSRL(a)

rf-‘é?”%”w =0- NL()  hiia) " (12)
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The case 6 < 0 leads analogously to

NL@ _ ML)

min[[Yefleo = =0 NLG) 4 L@’

therefore for all & € R \ {0}, we have

|eNLB) _ L@
min el = 101 S

Remark 1 Now let A be constant with XA # 0. Then, L(x) = Ax and

|eb.‘7M _ eaﬂi)»|
miniiyelloe =101 PIE - gadin (13)
i ~ s ..
Taking now an arbitrary § > 0 and 6 = 9 it is easy to check that
min||[¥eloo < L(l _ o Mi—a))
SN LY
ifa,b € R and
min|| Y lleo = ——
inlyello = 5o
ifa = —oo or b = +00, therefore, we improve the result obtained in [[8], [Corollary

2.4]], along all interval [ in the case of classical Hyers—Ulam stability.
More precisely we have the following result.

Corollary 2 Suppose that . € C\ {0} and § > 0. Then, for every y € C'(I, X)
satisfying
V() = ay(x) — fOll <8, xel

there exists a unique solution of (5) such that

) |ebm)\ _ eaﬂM|
TN —,if a,beR
INA| P 4 ealh if
ly(x) — u(x)|l <
)
_’i a=—0oo or b = 0.
oo/ +

3 Stability of the Linear Differential Equation of Higher Order
with Constant Coefficients

The results proved in the previous theorems and corollaries lead to stability of the
linear differential equation with constant coefficients (see [31]). We will improve
in what follows the results obtained in [8] and [25] for this equation. Suppose that
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(X, | - 1II) is a Banach space over C and ay,a, ... ,a,—;1 € C, n > 1, are given
numbers. We study the stability of the linear differential equation

n—1
Y@ =Y aiyV () = fx), xel (14)
j=0
Let
n—1
P@)=7"=) a7 (15)
Jj=0
be the characteristic polynomial of the Eq. (14) and denote by ry,72,... ,r, the

complex roots of (15). For A € C and ¢ € [a, b] define

/ 67:)‘(}L)th(t)dt

c

P ()(x) := " P* , xel (16)

for all & with the property that the integral from the right hand side of (16) is con-
vergent. We suppose that ¢, o ¢, o...0 ¢, (¢)exist forevery k € {1,2,... ,n}if
c=aorc=>b.

Theorem 2 Forevery y € C"(1, X) with the property

n—1

Y@ =Y aiy V) - f)| <elx), xel (17)

j=0
there exists a solution of the Eq. (14) such that

y(x) —u()|| < ¢y, 0 ¢y, 0...0 b (e)x), x €l (18)

Proof The proof by induction is analogous to the proof of [8, Theorem 2.3].

For n = 1, Theorem 2 holds in virtue of Theorem 1.

Now suppose that Theorem 2 holds for an n € N. We have to prove that for all
y € C"I(I, X) satisfying the relation

YD) =3 a0 — f| < e), Yx el 19)
=0

there exists a unique solution u € C"*!'(1, X) satisfying

u(n+l)(x) _ Zaju(/)(x) — f(_x) = 0, Vxel (20)
j=0
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such that

ly(x) —u)ll < br,yy 0 Pr, 0. 0P (e)X), VX €1 1)

Let y € C"*!(1, X) be a mapping satisfying (19). According to Vieta’s relations
we get

[y =1+ A )Y )+ A (= D g () — £ < e(x)

or
IV = 1Y) = 1+ A 1)) = ey P L+
(=1 (Y () = P y(0) — Il < e(x), x eI (22)
Let z be given by

2=y —rug1y.
Then, (22) becomes
127G — (o A+ )2 o (D () = FO]] < e(x)

for all x € . Therefore, in virtue of the induction hypothesis, there exists a unique
v such that

VX)) =4 AV @) 4 A (=D () = f(x), x el

and
lz(x) = vl < ¢, 0.0 (e)x), x€l

which is equivalent to
1Y/ (x) = Fps1 ()Y (x) = vl < @r, 0 ... 0 ¢y ()(X).

Taking account of Theorem 1, it follows that there exists a unique mapping u €
C'(1, X) such that

W (x) — rppu(x) —vix) =0, xel, (23)

and
ly(x) — u)ll < ¢r,y 0P, 0...00,(e)x), x €l

Finally taking into account the properties of u and v, it follows that u satisfies
(20). The theorem is proved.
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Theorem 3 Let § be a positive number and suppose that all the roots of the char-
acteristic Eq. (15) have the property Rry # 0, 1 < k < n. Then, for every mapping
y € C"(I, X) satisfying the relation

n—1

Y@ =Y a0 - fx)| <8, xel

Jj=0
there exists a solution u € C"(1, X) of the equation

n—1

YO =Y a;y @) - () =0, xel,

j=0
such that
ly(x) —u(x)|| < L
where
n S I35
1 |eb'“rk _ ea.)\rk| ]
8- l_[ |§H7‘k| ’ ebri —i—e“f“rk > lf a,b € R,
k=1
L = 5
" ’ if a=-o00 or b=+o0.
[ T 19l
k=1

Proof The proof follows analogously to the proof of Theorem 2 taking account of
Corollary 2.

Remark 2 The uniqueness of the solution « in Theorem 3 holds if its characteristic
polynomial P has no pure imaginary roots and I = R (see [16]).

4 Stability of First Order Linear Differential Operator

In what follows, I = (a, b), a,b € RU{zxoo}is an openinterval, ¢ € (a,b), (X, |-|)
is a Banach space over C, C"(/, X) is the set of all n-times strongly differentiable
functions f : I — X with f(") continuous on I, n € N, and C(I, X) is the set of all
continuous functions f : I — X.

Letalso A,ay, ... ,a, € C(I,C) be given. We deal with the Hyers—Ulam stability
of the linear differential operator D" : C"(I, X) — C(I, X) defined by

D'"(y)=y" +ay"V+ .. +ay, yeC'UX). (24)
For every h € C"(I, X), define ||h||» by
Moo = sup{llA(O]l : t € I}. (25)
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Then, ||| is a gauge function on C"(/, X). (Recall that p : ¥ — [0,00] is a
gauge function on the linear complex space Y if p(ax) = |a|p(x) for all x € Y and
all « € C, see [25]). For an arbitrary function f : A — B we denote by R(f) the
range of f,ie., R(f)={y |y = f(x), x € A}.

Definition 1 The operator D" is said to be stable in Hyers—Ulam sense if for every
& > 0 there exists § > 0 such that for every f € R(D") and every y € C"(I, X)
satisfying

I1D"(y) — fllw < € (26)
there exists u € C"(I, X) such that D"(u) = f and
ly —ullo < 8. (27)

Let £ be anon-negative number. As in Sect. 2, for a function g : (a, b) — X define
g(a) ;= lim g(x), g(b) := lin}7 g(x), if the limits exist. Let L be an antiderivative of
xX—a xX—

e, LeC'(I,C)and L’ =XronI.Forn =1anda; = A, denote D' by D;, i.e.
Dy=y +xry, yeC'U, X).

The next results concern the Hyers—Ulam stability of the first order linear
differential operator and improve some results obtained in [24].

Theorem 4 Suppose that

ing [RA(x)| :=m > 0. (28)
Xe

Then, for every f € C(I,X) and every y € C'(I, X) satisfying
I1D:(y) = flloo <€ (29)

there exists u € C'(I1, X) with the properties Dy (u) = f and

€
Iy —tlloc = — -8 (30)
m

where

1 — ML@—NRLD) if MA>0 on I,
8, =
1 — MONL@ i n <0 on .

Moreover, if one of the following conditions

i) NL(a)=—o0, if RA>0 on I,
(€29)
ii) RLMb)=—o0, if R <0 on I,
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is satisfied, then u is uniquely determined.

Proof From (28), it follows that 9iX # 0 on I, therefore, A has constant sign on
I, in view of its continuity. We conclude that R L is strictly monotone on /, hence,
there exist WL(a) and RNL(D), finite or infinite.

Existence. Let y € C'(I, X) satisfying (29) and define

g(x) = y'(x) + Ax)y(x) — f(x), x el

Then, according to Lemma 1, we get
X X
y(x) = et ( / e f(dr + / eFDg(t)dr + k), xoel, keX. (32
X0 X0

1° Suppose first that 5L > O on I. Define

G(x) :=f e"Vet)dt, x el

Since [ is an open interval we have to prove that G(x) is defined for all x € 1.
We get

le"Vgt)| <e-e", tel (33)
and

/x MO g — /’“ ’ 1 CRAG) - MOdr < i /x (O dy
\ ) m )
1 . 1 &
— _(e.)\L(X) _ e.ﬂL((l)) < _eJlL(X), xel. (34)
m m

(ML(a) < RL(x) for all x € I, since NL is increasing).
From (33) and (34), it follows that G(x) is absolutely convergent for all x € 1.
Now defining

u(x) = e LW <f LD f()dt + k — G(xo)) , xel,

0

and using (34) we get

X
ly(x) — ux)|| < geme(x)‘/‘ SO g
a

e—SRL(x) (eﬂiL(x) _ eSRL(a))

IA

&
m
&
m

(1 . e?)’iL(a)ff)tL(b))’ vel
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2° The case RA < 0 can be treated analogously, setting

b
G(x):= _/ etDetydt, x el

The existence is proved.

Uniqueness. Suppose that one of the conditions (i), (ii) is satisfied and for a
function y € C'(I, X) satisfying (29) there exist two solutions u1, u of (5), u; # u,
with the property (30). Then

uj(x)=e—L<x>(/ eL(’)f(t)dt—i-kj), kieX,j=12,
X(

)

with k; # k», according to Lemma 1, and

e MOk — kol = ur(x) — wa ()]
< llur(x) = YOI + ly(x) — ua ()|
2e
<=6, xel (35)
m

Letting in (35) x — a if (i) is satisfied, or x — b if (ii) is satisfied, it follows
&
oo < —, contradiction.

m
The theorem is proved.
Theorem 5 Suppose that ing IRA(x)| :=m > O andlet f € C(I,X). Then, for
Xe
every y € C\(I, X) satisfying
I1D:(y) = flloo <€ (36)

there exists u € C'(I1, X) with the properties Dy (u) = f and
&
ly —ulloo < —8:(0), (37
m

where

max{|1 _ emL(c)—mL(b)L |emL(c)—mL(a) _ 1|}’ lme(Cl) > —00

8,(c) = and RL(b) > —oo,  (38)

LifRL(a) = —c0 or RL(b) = —oo0.

Proof If RL(a) = —o0 or RL(b) = —o0, the statement follows from Theorem 1.
Suppose now that RL(a) > —oo and RL(D) > —oo.

Similarly to the proof of Theorem 1, we get that A has constant sign on / and
NRL is strictly monotone on 1.
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Lety € C'(1,X) satisfying (36) and

g(x) = y'(x) + Ax0)y(x) — f(x), x €l
Then, y is given by (32). Define G and u by

G(x) = / ' L De(t)dt

u(x) 1= e t® (/x LD f(dt + k — G(xo)> , xel.

0
We get, analogously to the proof of Theorem 1,

Iy() = u)ll = e g0

/ et g1

x n
/ RUZOEN
c

On the other hand, since M - ¢ has constant sign on I, it follows

[ wa =| [ 2L -
C C

RA(F)
The relations (39) and (40) lead to

< MW

< 86—2)\L(x)

,xel (39)

1 SLe
< — MW _ MOy e . (40)
m

€ ) —NRL(x
ly(0) = u@o)ll = —|1 = e Y (41)

The relation (37) follows from (41) taking account of the monotonicity of 9t L.
The theorem is proved.

Remark 3 1f L(a) > —oo and L(b) > —oo it is easy to verify that §, (c) is minimal

in Theorem 5 for
1 — MLO=BLG) _ MLE-NL@) _ |

or

—ML(a) —RL(D)
; e +e
e~ NL© ) (42)

The relation (42) gives ¢ optimal. Note that since RL is strictly increasing and
continuous on I, ¢ exists and is unique.
Choosing ¢ = ¢ in Theorem 5, we get

e ML@ _ o=RL()|

8.(0) = e—NL@) J g—NL() °

(43)
therefore, the relation (37) becomes

Iy — s < —8,(@. (44)
m
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5 Stability of Higher Order Linear Differential Operator

The results expressed in Theorems 4 and 5 lead to the Hyers—Ulam stability of the
operator D" defined by (24), in appropriate conditions. We suppose that there exist
ri,r2,...,r, € C(I,C) such that

D'"=D, oD,o...0D,. (45)

We remark that D" is a surjective operator as a composition of surjective operators
(D, is a surjective operator in view of Lemma 1).

Let Ry be an antiderivative of 3, 1 < k < n and f € C(I,X) an arbitrary
function.

Theorem 6 Suppose that ing |ri(x)| := my > O for every k € {1,2,... ,n}. Then,
Xe
for every y € C"(1, X) satisfying the relation
I1D"(y) — fllw < € (46)

there exists u € C"(I, X) with the properties D" (u) = f and

&
ly —ttlloo < ————8,,8r, ..., (47

mimy...m, "

Proof We prove the theorem by induction on 7.

For n = 1, Theorem 6 holds in virtue of Theorem 4.

Now suppose that Theorem 6 holds for an » € N. We have to prove that for all
y € C"*Y(1, X) satisfying

ID"' () — fllw < & (48)

there exists u € C"T!(I, X), D"t (1) = £, such that

&
”y - u”oo = mm m 8,1(3,2 . '8r,,+1‘ (49)
1Mz ...Mp41

Let y € C"*!(1, X) satisfying (48). Then
[D"(2) = fllo < &

with z := D, ., (y). Hence, in virtue of the induction hypothesis, there exists v €
c'(1,X), D"(v) = f,and

&
lz = Voo £ ————8,,8,...5),
mimyp...my

which is equivalent to

&
IDs (3) = Vlloo € —————8,,8,, ...,
nymy...ny,

(50)
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Then, according to Theorem 4, from (50), it follows that there exists a mapping
ueClI,X), D, ,(w)=v,and

Iy —tlloo € ———5,8,...8

Tn41°
mimyp...Myyq

Finally the relations D"(v) = f and D, (u) = vlead to D"t (u) = f.The theorem
is proved.
An analogous result follows from Theorem 5.

Theorem 7 Suppose that in§ [ri(x)] = my > O forevery k € {1,2,... ,n}. Then,
XeE
foreveryy € C"(1, X) satisfying

ID"(y) = flloo =

there exists u € C"(1, X), D" (u) = f, such that

e
Iy —ulloo < ———38,(c)...6,,(c). (51)
mimsy...my,

Proof Analogous to the proof of Theorem 6.

Remark 4 1t R(Ri(a)) > —ooforallk € {1,2,...,n}, choosing ¢ = ¢in Theorem
7 the estimate (51) can be improved to

n |ef.‘RRk(a) _ e:“Rk(b)l

Iy = ullee = mims...m, e NRi(@) 4 o—NRRk (D)
k=1

Proof Follows from Theorem 7 and Remark 3.

The results obtained in Theorems 6, 7 and their consequences improve and extend
the estimates given in [8, Theorem 1.1], on the Hyers—Ulam stability for the linear
differential operator with constant coefficients. The estimates obtained in (47) and
(51), concerning the difference between the perturbed and the exact solution, improve
also the results on stability in Aoki—Rassias sense for systems of differential equations
[17, Theorem 2], and for linear differential equations with constant coefficients in
Banach spaces, given in [8, Theorem 2.3] and [30, Theorem 3.2].

6 Stability of Partial Differential Equations

In what follows, let D = [a,b) x R, a € R, b € R U {400} be a subset of R?. We
deal with the Hyers—Ulam stability of the linear partial differential equation

u ou
p(x, y)a— +qx,y)— = px,yrxu+ f(x,y) (52)
X ay



316 D. Popa and I. Rasa

where p,q € C(D,K), f € C(D,X), r € C([la,b),R) are given functions and
u € C'(D, X) is the unknown function (see [21]). We suppose that p(x, y) # 0 for
every (x,y) € D.

Let ¢ > 0 be a given number. The Eq. (52) is said to be stable in Hyers—Ulam
sense if there exists § > 0 such that for every function u € C'(D, X) satisfying

<e (53)

9 9
Hp(x,y)ﬁ(x,y) + q(x,y)a—;l(x, y) = pCe, Yr(xulx,y) — f(x,y)

for all (x, y) € D, there exists a solution v € C'(D, X) of (52) with the property
lux,y) = vx, I <3, V(x,y)€D. (54)

We will prove in what follows that the existence of a global prime integral ¢ :
[a,b) — R of the Eq. (52) leads, in appropriate conditions, to the stability of the
Eq. (52). The following lemma is a useful tool in the proof of the main result of this
section.

Lemma 2 Let ¢ : [a,b) — R be a solution of the differential equation

f_ q(x,y)
p(x,y)

Then, u is a solution of the Eq. (52) if and only if there exists a function F € C'(I, X)
such that

_ T f0,00)+y — o)) )
,y) =e LW L®gp + F(y — 55
ueoy) =e ( P00 Fy—gtry’  OTFOTeN ) 59)

for every (x,y) € D, where L(x) = — /x r(0)do, x € [a,b) and I ={y — p(x) :
(x,y) € D}. ‘

Proof Let u be a solution of the Eq. (52) and consider the change of coordinates

S =X xX=s

& (56)
t=y—ok) y=g(s)+1
Define the function v by
v(s, 1) = u(s, p(s) +1) < ulx,y) = v(x,y — ¢(x)). (57)
Then
du v 's) av  du Jv
— = —(5) —, — = —
ox as 200 o T
and replacing in (52) it follows
0 , t
LIPS [ RO ) 58)

ds CpGs,p(s)+ 1)
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Equation (58) is equivalent to

i(v . eL(S)) = —f(s,(p(s) +1 el

(59)
s p(s,p(s)+1)

An integration on the interval [a, 5), s € [a, b), leads to

- ' fO,90)+1)
L(s) L(O)
v(s,1) = ( O] t) do + F(t)) (60)

where F is an arbitrary function of class C'.

Replacing s, t from (56) in (60) the relation (55) is obtained.

Now let u be given by (55), we have to prove that u is a solution of (52). Taking
account of the change of coordinates (56), it is sufficient to prove that v, given by
(60), satisfies (58). A simple calculation shows that v is a solution of (58).

The main result of this section is given in the next theorem.

q(x,y)

p(x,y)
admits a solution ¢ : [a,b) — R and( in)fD |[p(x, )| - r(x) =: m > 0. Then, for
X,y)€E

Theorem 8 Let ¢ > 0 be a given number. Suppose that the equation y' =

every solution u of (53) there exists a solution v of (52) with the property
l[uCx, y) = v(x, Il = n% (x,y) € D. (61)
Moreover, if L(b) =: lg L(x) = —oo then v is uniquely determined.
Proof Existence. Let u be a solution of (53) and put
p(x, y)—(x ) +aqx, y) (x y) = p(x, yIr(xu(x, y) — flx,y) =: g(x,y)

for every (x, y) € D. Then, according to Lemma 2, we have:

At ) — &9 ( / f(6,90) +y = 9() +80.00) +y ~ () 15,
; p0.90) Ty — p(x))

+ F(y — w(X))>

where F € C'(I, X) is an arbitrary function.
Let v be defined by

' pO,90) +y — p(x))

8(0,90(0) +y — o(x )) SOy 4 ) N
+/a p0,90)+y — ox)) + F(y — ¢(x)) (x,y) € D.
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The function v is well defined since the integral

b
G(t):=/ 8GOV +D 101y e
a DPO,00)+1)

is convergent. Indeed,
80, 9(0)+1)

b
Il = / 20.90) +1) -1

e b
= / r(@)e"?do
m a

(@)@ do

IA

e [* L@® € Lb
——/(e“)’de:—(l—e”)g , rel,
m J, m

&
m

therefore G(¢) is absolutely convergent.
(Since r is positive on [a,b) it follows that the function L is decreasing on
[a,b), a monotone function has left and right limits at every point, therefore

X
L) =— lin}) / r(0)d6 exists and is negative).
On the other ‘fland v is a solution of (52) being of the form (55). We have:

oL <_ /” 80.90) +y—9) 1) d9> H
x PO, 90)+y — @(x))

lluCx, y) = v(x, pIl =

b
< e_L(X)/ £ eLDdo
B x PO, 00) +y — o))l
b &
=e¢ I / r(@)e"?do
x 1P, 9O) +y — (x)|r®)
P b
f _e—L(x)/ (_eL((}))/dg
m X

£ &
= —(1 =" <~ (x,y) e D.
m m

Uniqueness. Suppose that L(b) = —oo and for a solution u of (53), there exist two
solutions vy, v, of (52), vi # v,, with the property (61), given by

. F0.00) + y — p(x))
, — oL L(9)d9 F _ )
Wy = ¢ <f 20,00y —gtry’ 20 H L=l

(x,y) € D,k € {1,2}. We have

A

Vi, y) = va(x, Y < [IviCx, y) — uCe, Y+ llux, y) = va(x, y)

IA

2¢e
—, (x,y)e D
m
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which is equivalent to

—L() 2¢e
e [ F1(y — @(x)) — Fo(y — @)l < o (x,y) e D. (62)

Since v; # v, it follows that there exists xo such that Fi(xg) # F>(xo). For
y = @(x) + xo, the relation (62) becomes

~L() 2¢e
e | F1(x0) — Fa(xo)ll < o %€ [a, D). (63)

. . ) 2¢ . . .
Now letting x — b in (63), it follows co < —, contradiction. Uniqueness is
m

proved.
Corollary 3 Let D = (0,00) x R and p,q € C(D,R), r € C([0,00),R),
f € C(D, X). Suppose that p,q are homogeneous functions of the same degree,

qglx,y) .
—— #=onD and( 1r§fD |p(x,¥)| - r(x) = m > 0. Then, for every ¢ > 0 and
x,y)€

plx,y) = x
every solution u of (53) there exists a solution v of (52) with the property (54). If

[o¢]
/ r(0)d6 = oo, then v is uniquely determined.
0

Proof Suppose that p, g are homogeneous functions of nth degree. First, we prove
that the equation

y = q(x,y)
p(x,y)

(64)

admits a solution ¢ : (0,00) — R.
Taking account of the homogeneity of p and g, it follows

plx,y) p<x~1,X')Xc) - x"p (1%> B p<l’%) .

forall (x, y) € D, therefore the Eq. (64) is equivalent to the homogeneous differential
equation

qx.y) 14 (x Lx %) *'q (1§) 1 (19 _ (y>

X

(Y
y _h<x>. (65)
Let H : R — R be given by
H()—/Z a6 eR (66)
7) = A z .

Obviously H is well defined since h(0) # 0 for all 6 € R.
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The change of variable in (65) given by
y(x) = xz(x), x € (0,00)

leads to the equation with separate variables

dz  dx
h@x) —z x
with a solution given by
H(z)=Inx, x €(0,00). (67)

By the condition #(0) # 6, 6 € R and the continuity of 4 it follows that 2(6) — 6
has constant sign on R, therefore H is strictly monotone.
In this case, there exists H~! : H(R) — R. From (67), we get the explicit solution
of the Eq. (65) given by
z(x) = H '(Inx)

and finally the prime integral
p(x)=x-H '(Inx), x € (0,00).

Now the conclusion follows from Theorem 8.

Remark 5 If m = 0, then the result obtained in Theorem 8 is not generally true.
Indeed consider the equation
ou ou

x— +y— =0, x,y € [a,00),a > 0. (68)
0x ay

and let ¢ > 0. A solution of the equation xg—z + yg—g = ¢ is of the form u(x,y) =

elnx+ go(%) where ¢ : (0,00) —> X is an arbitrary function of class C!, according
to Lemma 2.

Let v(x,y) = w(f) be an arbitrary solution of (68), ¥ € C'((0,c0), X). The
condition

<e

ou ou
x—(x,y)+y—(x,y)
dax dy
is satisfied for all x, y € (0, 00), but

sup [lu(x, x) — v(x,x)|| = +o0,
x€la,o0)

and therefore, the Eq. (68) is not stable.
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Results and Problems in Ulam Stability
of Operatorial Equations and Inclusions

Toan A. Rus

Abstract In this chapter we survey some results and problems in Ulam stability
of fixed point equations, coincidence point equations, operatorial inclusions, in-
tegral equations, ordinary differential equations, partial differential equations and
functional inclusions. Some new results and problems are also presented.

Keywords Ulam stability - Inclusions - Operational equations - Coincidence point -
Differential equations

1 Introduction

In the general theory of differential equations, integral equations, operatorial
equations and operatorial inclusions the data dependence (monotony, continuity,
differentiability, stability, ...) is a crucial part ([3, 8, 11, 17, 22, 28, 33, 35, 43-46,
68, 69, 73, 74, 88, 93, 107, 108, 110, 115, 125, 126, 127, 134, 135, 136, ...]). On
the other hand, in the theory of functional equations ([12, 30, 42, 103, 104, ...])
there are some special kind of data dependence (Ulam (1940; [133]), Hyers (1941;
[48]), Hyers-Ulam (1945; [53]), Aoki (1950; [4]), Bourgin (1951; [15]), Gruber
(1978; [45]), Rassias (1978: [95]), Hyers (1983; [49]), Baker (1951; [9]), Gavrutd
(1994; [39]), Radu (2003, [94]); see also: [2, 7, 16, 18-20, 23-27, 37, 38, 40, 41,
47, 50-66, 67, 77-79, 81-83, 85, 86, 89-91, 96-101, 102, 103—-106, 129-132, 137,
... ]). With these results in mind, we introduced in [117] and [122] six types of Ulam
stability for operatorial equations in metric and generalized metric spaces.

The aim of this paper is to revisit these results and to present some open problems.

Throughout this paper we shall use the terminology and the notations in [117]
and [122]. We shall specify some of them along the paper.
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2 Operatorial Equations and Inclusions

Let X be a nonempty set, f : X — X be a singlevalued operatorand 7 : X — X
be a multivalued operator. Then we denote:

PX):={Y CX|Y #0)
for=1x, fli=f.f =fof,...,f":= fof"!-theiterates of f
T(Y):=|JT).fory c X
yeY

T'(Y):=TW),T*Y) :=T(TXY)),...,T"(Y):=T(T"'(Y)) - the iterates of 7.
We consider the following operatorial equations:

(@) x = f(x)

A solution of this equation is by definition a fixed point of the operator f and
we denote by F the solution set of this equation. By F; = {x*} we mean that the
operator f has a unique fixed point and we denote this fixed point by x*.

b) x € T(x)

A solution of this equation is by definition a fixed point of the multivalued operator
T and we denote by Fr the solution set of this equation. We name equation (b),
operatorial inclusion.

(©) {x}=T(x)

By definition, a solution of this equation is a strict fixed point of the multivalued
operator T and we denote the solution set of equation (¢) by (SF)r.

Let X and Y be two nonempty sets, f, g : X — Y be two singlevalued operators
and T,S : X — P(Y) be two multivalued operators. In this case we consider the
following operatorial equations:

(d) f(x) =g)

A solution x € X of this equation is by definition a coincidence point of the pair
f,8. Wedenote by C(f,g) := {x € X | f(x) = g(x)} the solution set of equation
().

(&) T(x)NS(x)#9

A solution x € X of this equation is by definition a coincidence point of the pair
T,S. We denote by C(T,S) := {x € X | T(x) N S(x) # 0} the solution set of
equation (e).

The basic problems of the operatorial equations and inclusions are the following:

In which conditions we have:

Problem 1 Fy # 7
Problem2 Fy = {x*}?
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Problem3 Fr #0#?

Problem 4 Fp = {x*}?

Problem 5 (SF)r #0?

Problem 6 (SF)r = {x*}?

Problem 7 Fr = (SF)r ?

Problem 8 Fr = (SF);r = {x*}?

Problem 9 (SF)r #0 = Fr =(SF)r = {x*}?
Problem 10 C(f,g)#0?

Problem 11 C(f,g) = {x*}?

Problem 12 C(T,S) #@?

Problem 13 C(7,S) = {x*}?

Other problems of the theory of operatorial equations and inclusions are in con-
nection with data dependence of solutions. In what follows we shall present some of
them.

Let (X, d) be a metric space and f, g : X — X be two operators. Let us consider,
for example, the fixed point equations

x = fx), ey
x = g(x) 2)
Problem 14 We suppose that:

@) Fr={xth
(i) F, # 0.

In which conditions there exists a function # : R, — R, such that we have the
following implication

n>0 and d(f(x),gx))<n VxeX = d(x?,x;) <0(n), Vx; € F,?
For example if f is an o-contraction, i.e., 0 < o < 1 and
d(f(x), f(¥)) < ad(x,y), Vx,y € X,

then, Fy = {x’;} and () = (1 — o) 'n.
Indeed, let x; be a fixed point of g. We have

d(xy,xy) = d(f(x}), g(x)) < d(f(x}), f(x)) +d(f(xp), 8(x7))
< otd(x;’i,x;) + 7.

So, d(x},xp) < (1 — o) .
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Problem 15 (Ulam problem) Let (X, d) be a metric space and f : X — X be an
operator. We consider the fixed point equation, (1), and for each ¢ > 0 the inequation

dy, f(y) < e. 3)

In which conditions there exists a function 8 : R, — R, such that for each
solution y* of (3) there exists a solution x* of (2) with the following property,
d(x*,y*) = 0(¢e)?

Since the problem is suggested by the well-known Ulam problem (see section 3 of
this paper) we call it Ulam Problem of Data Dependence of a Fixed Point Equation.

For the theory of fixed point equations, i.e., the fixed point theory see: [13, 17,
33,44, 68, 69, 110, 113, 124], ...

For the theory of coincidence equations, i.e., the coincidence theory, see: [17, 21,
33,68,609, 113, 124], ...

For the theory of fixed point equations with multivalued operator, i.e., the inclusion
theory, see: [33, 68, 88, 110, 113, 124], ...

The aim of this paper is to study the Ulam Problem of Data Dependence.

3 From the Ulam Problem to the Notion of Ulam-Hyers
Stability of an Operatorial Equation

In 1940, S.M. Ulam proposed the following problem (see [133]; see also [23, 51,
56,63],...):

Let (G, +) be a group and (G,, @, d) be a metric group. For each ¢ > 0 find a
positive number §(¢) such that for every mapping f : G; — G, satisfying

d(f(x+y), f(x) @ f(y) < é(e)
there exists a group homomorphism # : G; — G, with
d(f(x),h(x)) <¢, Vx €G.

In 1941, D.H. Hyers [48] gave the following answer to the Ulam Problem:
Hyers Theorem. Let (E1,+,R, || - ||, (E2,+,R, || - || be two Banach spaces and let
f 1 Ey = E) be a mapping satisfying:

[fx+y)=f)—fOIl <& YVx,y€E

with ¢ > 0. Then, there exists a unique additive mapping h : E; — E, which
satisfies

| f(x)—h(x)| <e, VxekE.

In 1945, D.R. Hyers and S.M. Ulam [53] considered the following problem:
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Ulam-Hyers Problem. Let (X,d) and (Y, p) be two metric spaces. In which con-
ditions there exists a constant k(X,Y) > 0 such that for each ¢ > 0 and for each
mapping f : X — Y with

ld(x,y) — p(f(x), fONI <&, Vx,y € X,

there exists an isometry h : X — Y such that

p(f(x), h(x)) < k(X,Y)e?

In 1978, PM. Gruber presented the following problem ([45]):

General Stability Problem of Gruber. Suppose that a mathematical object satisfies
a certain property approximately. Is then possible to approximate this object by
objects satisfying the property exactly?

Itis not a problem to remark that the Ulam problem has generated a lot of research
directions in the theory of functional equations, operatorial equations and inclusions.
With these results in mind, we introduced in [117] and [122] some types of Ulam
stability for the operatorial equations in a metric space. In what follows we shall
present some of them, in the case of a fixed point equation.

Definition 1 Let (X,d) be a metric space and f : X — X be an operator. By
definition, the fixed point equation

x = f(x) “4)

is Ulam-Hyers stable if there exists a constant ¢y > 0 such that: for each ¢ > 0 and
each solution y* € X of the inequation

diy,f(y) <e (5)
there exists a solution x* of the Eq. (4) such that

d@y*,x*) < cye.

Definition 2 The Eq. (4) is generalized Ulam-Hyers stable if there exists 6 : R, —
R increasing and continuous in 0 with 6(0) = 0 such that: for each ¢ > 0 and for
each solution y* of (5) there exists a solution x* of (4) such that

d(y*, x*) < 0(¢).

Remark 1 A solution of the inequation (5) is called an ¢-solution of the Eq. (4).

Let us denote by S, the e-solution set of (4) and by H; the Pompeiu-Hausdorff
functional (see [10, 33, 88, 124]). Then from Definition 2 we have that if the Eq. 4
is generalized Ulam-Hyers stable, then

Hy(Fy¢,Se) < 6(e).

Indeed, this follows from the following property of the functional H; (see [110],
p- 76).
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Lemma 1 Let (X,d) be a metric space and A, B € P(X). Then, if n > 0 is such
that:

(1) foreach a € A, there exists b € B such that d(a,b) < n;
(2) foreach b € B, there exists a € A such that d(a,b) < n;

then, H;(A, B) < n.

Remark 2 Letd and p be two metrics on a nonempty set X and f : X — X be an
operator. We suppose that the metrics d and p are metric equivalent, i.e., there exists
c1, ¢y > 0 such that

cid(x,y) < p(x,y) <cd(x,y), Vx,y € X.

Then the following statements are equivalent:

(1) the Eq. (4) is Ulam-Hyers stable in (X, d);
(2) the Eq. (4) is Ulam-Hyers stable in (X, p).

We have a similar result for the generalized Ulam-Hyers stability.
For more considerations on the role of metric in Ulam-Hyers stability see [117]
and [122].

4 ¢-Weakly Picard Operators and Ulam-Hyers Stability
of a Fixed Point Equation

Let (X,d) be a metric space. Following [112] we shall present some notions and
examples from weakly Picard operatory theory.

Definition 3 An operator f : X — X is weakly Picard operator (W P O) if the
sequence (f"(x)),en Of successive approximations converges for all x € X and the
limit (which may depend of x) is a fixed point of f.If fis WP O and F; = {x*},
then by definition f is Picard operator (P O).

Definition 4 If f : X — X is WP O, then we define the operator f*° : X — X
by f°(x) = lim f"(x).
n—oo
From the definition of f°° it follows that f*°(x) € F; and f*(X) = Fy.
Definition 5 A WPO f: X — X isc-WPO if c is a positive constant and

d(x, f(x)) < cd(x, f(x)), Vx € X.

Definition 6 A WPO isy-WPO if ¢ : R, — R, is increasing, continuous in 0
with ¥(0) = 0 and

d(x, f(x) < ¥d(x, f(x)), Vx € X.
Itis clear that if f is ¥-W PO and ¥ (t) = ct then f isc-WPO.



Results and Problems in Ulam Stability of Operatorial Equations and Inclusions 329

Example 1 Let (X,d) be a complete metric space and f : X — X be an « -
contraction. Then, f is (1 — )~ !'-PO.

Indeed, by the contraction principle f is PO.Let Fy = {x*}. Then, f*°(x) = x*,
V x € X and we have

d(x, f(x) =d(x,x*) <d(x, f(x)) +d(f(x), f(x) <
<d(x, f(x)) + ad(x,x™).
So,

d(x, fx)) < (1 —a) 'd(x, f(x)), Vx € X.

Example 2 Let (X,d) be a complete metric space and ¢ : R, — R, be a strict
comparison function, i.e.,

(1) ¢ is increasing;
2) ¢"(t) > O0asn —> oo, Vt € Ry;
(3) t — () > ccast — oo.

Let f : X — X satisfying the following condition
d(fx), f(y) = ed(x,y)), Vx,y € X.
Then, f is ¥,-P O, where ,, is defined by
Yo(t) :=sup{s e Ry | s — o(s) < t}.

Indeed, by the Matkowski fixed point theorem (see [68, 110, 124]) f is PO. Let
F; = {x*}. We have

d(x, fo(x) =d(x,x*) <d(x, f(x)) +d(f(x), f(x7)) <
<d(x, f(x) + ¢(d(x,x7)), Vx € X.
Hence
d(x,x*) — p(d(x,x")) < d(x, f(x)).
So,

d(x,x*) < Yu(d(x, f(x)), Vx € X.

Example 3 Let (X, d) be a complete metric space, « € [0,1[ and f : X — X be
an operator. We suppose that:

(i) d(f2(x), f(x)) < ad(x, f(x)),V x € X;
(ii) f is with closed graphic.

Then, fis(1 —a)"'-WPO.
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Indeed, by the graphic contraction principle (see [110, 124]) f is WPO. Let
x € X. We have
d(x, f*(x) =d(x, f"(x)) +d(f"(x), ) <
<d(x, f) + ... +d(f" 00, f1@) +d(f" (), fO ) <

1 — "
=7 ‘ d(x, f(x)) +d(f"(x), f*(x)), Vn € N".

—

So,
d(x, fX(x) < (1 —a) 'd(x, f(x)), Vx € X.

For other examples of {-W P O see [13, 29, 110, 124], ...
The basic results of this section are the following:

Theorem 1 Let (X,d) be a metric space. If f : X — X is c-WPO, then the
equation

x = f(x) (6)
is Ulam-Hyers stable.

Proof For ¢ > 0 we consider the inequation

d(y, f(y)) < e. )

Let y* € X be a solution of the inequation (7). Then, x* := f°(y™*) is a solution
of (6). Since f is c-W P O we have

d(y*,x*) < cd(y*, f(y")) < ce.

So, the Eq. (6) is Ulam-Hyers stable. (]
In a similar way we have

Theorem 2 Let (X,d) be a metric space. If f : X — X is y-WPO, then the
Eq. (6) is generalized Ulam-Hyers stable.
Now, some applications of Theorems 1 and 2.

Example 4 Let X :=R,d(x,y):=|x —y|,0 <m < 1 and M > 0. We consider
the Kepler equation
x=msinx + M

where f(x) :=msinx + M.
Itis clear that f is a m-contraction and by Example 1 and Theorem 1, the Kepler
equation is Ulam-Hyers stable.

Example 5 Let X := {x : R — R | xis bounded} and the metric d(x,y) :=

sup |x(t) — y(#)|. Then (X,d) is a complete metric space. Let ¢ : R — R be a
teR
function and 0 < A < 1. Let us consider the Schroder functional equation

x(t) = rx(g()), t € R. (8)
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In this case f is defined by

F(@) == Ax(p(1)).
‘We have that

LfC)(®) = FODO] = Ax(p@) — y(e(1)] < Ad(x,y), Vx,y € X.

Hence,
d(f(x), f(y)) < Ad(x,y), i.e., f is a A-contraction.

By Example 1 and Theorem 1, the Schréder equation is Ulam-Hyers stable.
Moreover, if y* € X is a solution of the inequation

d(y,\y(@)) < ¢ )
then there exists a solution x* € X of (8) such that
diy*,x*) < (1 —n)"le.

Here x* is the unique solution of (8).

Remark 3 Let y* € X be a solution of the inequation
ly(@) = Ay(ep() <&, Vi eR (10)

then
ly*(t) —x*(1)| <&, Vi eR.
Indeed, we observe that if y* is a solution of (10), then y* is a solution of (9).

Example 6 Let X = C(2) := {x : 2 — R | xis continuous}, where £ is a
bounded domain in R”. We consider on C(£2) the Chebyshev metric, d(x,y) =
max, g|x(t) — y(t)|. With this metric C (Q2)isa complete metric space. We consider
on C(£2) the following integral equation of Fredholm type

x(t) = / K(t,s,x(s))ds + k), t € $2. (11)
2

We have
Theorem 3 We suppose that:

(i) K e C(2 x 2 xR)andk € C(2);
(ii) there exists Ly > 0 such that

|[K(t,s,u) — K(t,s,v)| < Lglu—v|, Vt,s € 2, VuvekR,

(iii) Lxmes(82) < 1.
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Then, the integral Eq. (11) is Ulam-Hyers stable. Moreover, if y* € C(R2)isa

solution of the inequation

d y’/K(()’S’y(s))dS+k 58 (12)
2

and x* is a unique solution of (11) then

d(y*,x*) < (1 — Lgmes(£2))"'e.
Proof Let f : C(22) — C(£2) be defined by

f)(@) = / K(t,s,x(s))ds + k(t), t € §2.
I?)

We have

[f)@) — fO)D)] < / |K(t,s,x(s) — K(,s,y(s))|ds <
2
<Ly / Ix(s) — y(s)lds <
2

< LKd(x,y)fds = Lgmes(£2)d(x, y).
2

Hence,
d(f(x).f(y)) < Lgmes(2)d(x,y), V x,y € C(£2).

From the condition (iii) it follows that f is a contraction. By Example 1 and
Theorem 1, the integral Eq. (11) is Ulam-Hyers stable. O

Remark 4 If y* € C(2) is a solution of the inequation

ly(t) — f K(t,s,y(s))ds —k(t)| <e, YVt e 2 (13)
2

then
Iy (1) — x*(t)] < (1 — Lxmes(£2)) e, V1t € £2.

Indeed, we observe that if y* is a solution of (13), then y* is a solution of (12).
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Example 7 We E)nsider the Fredholm integral Eq. (11) on C (£2), but we shall
endow the set C(§2) with two metrics, the metric d of Chebyshev and the metric p
defined by
3
oty i= ([ 16 = yPds | = = vz
Q
We have

Theorem 4 We suppose that:

(i) K € C(2 x 2 xR) and k € C(2);

(ii) there exists L € C($2 x §2) such that

|K(t,s,u) — K(t,s,v)] < L(t,8)|lu—v|, Vi,5s € 2, u,v e R;

(iii) /|L(t,s)|2dtds<l.
2x82

Then, the integral Eq. (11) is Ulam-Hyers stable with respect to the metric p.
Moreover, if y* € C(82) is a solution of the inequation

P y,/K((-),S,y(S))derk <e¢
2

and x* is the unique solution of (11) then

p(y*,x*) < ce

1 —1

wherec:= |1 — f|L(t,s)|2dtds
x 2

Proof Let f be defined as in Example 7. The conditions (i)-(iii) imply that f
satisfies the conditions of the fixed point theorem of Maia (see [110], pp. 28-29;
[124], pp. 39—40). From this theorem it follows that f is c-P O with respect to the

metric p, where ¢ = (1 — ( f |L(t,s)|2dtds)%)’1. So, by Theorem 1, the Eq. (11)
2x82
is Ulam-Hyers stable with respect to the metric p. U

Example 8 Let X := Cla, b] with Chebyshev metric d. We consider on C[a, b] the
following Volterra integral equation

t

x(t) = / K(t,s,x(s)ds + k(t), t € [a,b] (14)

a
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In a similar way as in Example 6 we have
Theorem 5 We suppose that:

(i) K € C([a,b] x [a,b] x R)and k € Cla,b];
(ii) there exists Lg > O such that

|K(t,s,u) — K(t,s,v)| < Lglu—v|, Vt,s € 2, Vu,v e R,

(iii) Lx(b—a) < 1.

Then, the integral Eq. (14) is Ulam-Hyers stable. Moreover, if y* € Cla,b] is a
solution of the inequation

)
d x,/K((~),s,x(s))ds+k <e (15)

a

and x* is a unique solution of (14), then

d(y*,x*) < (1 — Lg(b—a))'e.

Remark 5 1If y* € Cla, b] is a solution of the inequation

x(t) — / K(,s,x(s)ds —k(t)| <e,Vt €la,b] (16)

a

then

Iy () = x*()| < (1 = Lg(b —a))'e.

Example 9 Let X := Cla, b] and we consider on C[a, b] the Bielecki metric (for
T >0)

d:(x,y) = maXaftgb(bC(t) — y([)|e—r(1—a))'

With respect to d., Cla, b] is a complete metric space.
We consider on Cla, b] the Volterra integral Eq. (14). We have

Theorem 6 We suppose that:

(i) K € C([a,b] x [a,b] x R)and k € Cla,b];
(ii) there exists Lg > 0 such that

|K(t,s,u) — K(t,s,v)| < Lglu—v|, Vt,s € [a,b], u,v € R.

If t > 0is such that LTK < 1, then the Eq. (14) Is Ulam-Hyers stable with respect
to Bielecki metric, d..
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Proof Let f : Cla,b] — Cl|a, b] be defined by
t

f(@) = f K(t,s,x(s))ds + k(t), t € [a,b].

a

Then we have

10 — FOND < Lk / (s) — y(s)lds <

t
L
< Lg f 1x(s) — y(s)|e "6 DT D gs < ZE g (5 y)et),
T
a

Hence, .
d: (f(x), f(y) < TKdr(x,y), Vx,y € Cla,b].

Since LTK < 1, from Example 1 and Theorem 1 it follows that the Volterra integral

Eq. (14) is Ulam-Hyers stable. Moreover, if y* is a solution of the inequation
)
& (3 [ K(Chsyonds +4) <

a

and x* is the unique solution of (14), then
L
d,(y*, x*) < (1 - —K)e. O
T

For the theory of integral equations see: [46, 61, 69, 108, 119] ...

5 Ulam-Hyers Stability of a Coincidence Equation

Let (X,d) and (Y, p) be two metric spaces and f,g : X — X be two operators.

Definition 7 Let ¢ : R, — R, be increasing, continuous in 0 with ¥7(0) = 0. By
definition, the pair f, g is ¥ -weakly Picard pair if there exists an operator i : X — X
such that

(i) his WPO;
@i) F,=C(f,8)
(iii) d(x,h*(x)) < ¥ (p(f(x),g(x))), Vx € X.

If the pair is ¥ -weakly Picard and ¥ (¢) = ct, then the pair f, g is called c-weakly
Picard.
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Definition 8 The coincidence equation

J&x)=gx) (17)

is Ulam-Hyers stable if there exists ¢ > 0 such that: for each ¢ > 0 and for each
solution y* of the inequation

p(f(y),8(y) =€ (18)
there exists a solution x* of (17) such that
d(y*,x*) < ce.
Definition 9 The coincidence Eq. (17) is generalized Ulam-Hyers stable if there
exists an increasing function ¢ : Ry — R, continuous in 0 with {(0) = 0, such

that: for each ¢ > 0 and for each solution y* of the coincidence inequation (18) there
exists a solution x* of (17) such that

d(y*,x*) < ¥ (e).

The following results are very useful to study Ulam-Hyers stability of coincidence
equations.

Theorem 7 If a pair f,g : X — Y is c-weakly Picard pair, then the Eq. (17) is
Ulam-Hyers stable.

Proof Let y* be a solution of (18). Let 2 : X — X be the operator which appears
in Definition 7. We take x* := h®°(y*). For this solution of (17) we have

d(y*,x*) < ep(f(y"), 8(y")) = ce. O
In a similar way we have

Theorem 8 Ifapair f,g: X — Y is y-weakly Picard pair, then the coincidence
Eq. (17) is generalized Ulam-Hyers stable.

For some examples of c-weakly Picard pairs see [21], pp. 37-40.

For the coincidence point theory see [17, 21, 33, 44, 110, 113, 124].

Problem 16 To construct a theory of r-weakly Picard pairs.

Problem 17 To give some relevant applications of Theorem 7 and Theorem 8.
References: [21, 117, 122].

6 The Case of Spaces of Functions: Ulam-Hyers
and Ulam-Hyers-Rassias Stability

Let £2 C R™ be a nonempty subset of R”, X be a set of functions x : £2 — R and
f.g: X — X.If we have on X a metric then we have for the coincidence equation

fx)=gkx) 19)



Results and Problems in Ulam Stability of Operatorial Equations and Inclusions 337

the notions of Ulam-Hyers stability given by Definitions 8 and 9.
Now, we consider on X the generalized metricd : X x X — Xy :={x: 2 —
R | x > 0}, defined by

d(x,y)(t) == |x(1) = y(@)|, V1 € £2.

With respect to this generalized metric we have the following notions of Ulam
stability.

Definition 10 The Eq. (19) is Ulam-Hyers stable with respect to the generalized
metric d if there exists a real number ¢ > 0 such that: for each & > 0 and for each
y* € X solution of the inequation

[f)@) —gM@)| <e Vte2 (20)

there exists a solution x* of (19) such that

ly*(r) = x*(1)| < ce, V1 € 2.

Definition 11 The Eq. (19) is generalized Ulam-Hyers stable with respect to the
generalized metric d if there exists an increasing function ¢ : R, — R, continuous
in 0 with ¥ (0) = 0, such that: for each ¢ > 0 and for each solution y* of (20) there
exists a solution x* of (19) such that

Y —x* O] < Y(e), Vi € 2.
Definition 12 Letg : 2 — R, be a function. The Eq. (19) is Ulam-Hyers-Rassias

stable with respect to ¢ and to the generalized metric d if there exists ¢ > 0 such
that: for each ¢ > 0 and for each solution y* of the inequation

L f)(@) — g < ep(t), Vi€ 2 2D
there exists a solution x* of (19) with
[y*(t) = x*()] < cep(t), V1 € 2.
Definition 13 Let ¢ : 2 — R, be a function. The Eq. (19) is generalized Ulam-

Hyers-Rassias stable with respect to ¢ and to the generalized metric d if there exists
¢ > 0 such that: for each solution y* of the inequation

I f(y@) — gy < p@), Vie 2 (22)
there exists a solution x* of (19) with
[y*(t) = x* ()] < cp(t), V1 € £2.
Example 10 Let 2 := [a,b] and X := C![a, b]. Let us consider the differential
equation

x'(t) = h(t,x@)), t € [a,b] (23)



338 I. A. Rus

and the differential inequation

[y'(t) = h(t, y()| < (1), t € [a,b]. (24)
We have

Theorem 9 We suppose that:

(i) h € C(la,b] x R);
(ii) ¢ € C(la,b],R,) is increasing;
(iii) there exists l, € L'[a, b] such that

|h(t,u) — h(t,v)| < L,(Olu—v|, Yt €la,b], Vu,velk.

Then, the differential Eq. (23) is generalized Ulam-Hyers-Rassias stable.

Proof Lety € C'[a,b] be a solution of the differential inequation (24). Let x be
the unique solution of the Cauchy problem (conditions (¢)-(iii) imply the existence
and uniqueness of Cauchy problem!)

x'(t) = h(t,x(1)), t € [a,b]
x(a) = y(a).
For such y and x we have

t

x(t) = y(a) —i—/h(s,x(s))ds, t € la,b]

a

and
t t

0= 3@~ [ his.360ds| = [ ptsrds < gt@). 1 < b
From these relations it follows

t

30 = 001 = |y0) = 3@ — [ s, ynds|+ [ 1hs. 069 ~ his.xcods =

a a

t

< () + / In($)]y(s) — x(5)]ds.

a

By a well-known Gronwall lemma (see [3, 28, 134], ...) we have

|y(1) —x(@)| < co(), t € [a,D]

b
where ¢ := exp/lh(s)ds. ([l
a
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For other results on Ulam stability of integral equations, of differential equations
and of partial differential equations see: [2, 36, 41, 57-59, 61, 62, 64-68, 71, 72, 75,
76, 80, 92, 117-120, 122], ...

For the basic theory of differential and integral equations see: [3, 11, 28, 43, 46,
93,108, 116, 127, 134-136], ...

Problem 18 To give some abstract results for Ulam stabilities as in Definitions
10-13.
References: [21, 56, 63, 82, 87, 104, 107, 112, 117, 119-122, 137], ...

7 Equations with Multivalued Operators

Let (X, d) be a metric space. Let us denote
P.(X):={Y € P(X)| Yis closed},
P, (X) :={Y € P(X) | Yis compact},
P,(X) :={Y € P(X) | Yis bounded}.

In what follows we need the following functionals:

e §;: P(X) x P(X) = Ry U{+o0},
84(Y,Z) :=sup{d(y,z) | y € Y, z € Z}- the diameter functional,
e D;: P(X)x P(X)—> R,,
Dy(Y,Z):=inf{d(y,z) | y € Y, z € Z}- the gap functional,
o Hy: P(X)x P(X) = R, U{+o0},

H;(Y,Z):= max{ sup Dy(y, Z), sup Dy(Y, z)
yeyY zeZ

- the generalized Pompeiu-Hausdorff functional.

Following [123] we shall present some notions from multivalued weakly Picard
operator theory.

Definition 14 Let (X, d) be a metric space and T : X — P(X) be a multivalued
operator. By definition 7" is W P O if for each x € X and each y € T'(x) there exists
a sequence of successive approximations (x,),en, Xn+1 € T (x,), n € N, such that

d
X0 =x,x; =yandx, - x* € Fr.

Definition 15 Let 7 : X — P(X) be a multivalued W P O. Then we define the
multivalued operator 7*° : G(T) — P(Fr) by,

T*°(x,y) := {z € Fr | there exists a sequence of successive approximations of

T starting from(x, y)that converges toz}.

Here G(T') denotes the graphic of T.
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Definition 16 Let v : R, — R, be an increasing function, continuous in 0 with
Y(0)=0.An WPO T : X — P(X) is y-weakly Picard multivalued operator if
there exists a selection r* of 7> such that

d(x,1®(x,y)) < ¢¥(d(x,y), Yx,y € G(T).
If ¢ (¢) = ct, then T is called c-multivalued W P O.
Definition 17 Let us consider the multivalued fixed point equation
x e T(x) (25)
and the multivalued inequation
Di(u,Tu) < ¢ (26)

for e > 0.
The Eq. (25) is Ulam-Hyers stable if there exists ¢ > 0 such that: for each ¢ > 0
and for each solution u* of (26) there exists a solution x* of (25) such that

du*, x*) < cs.

The Eq. (25) is generalized Ulam-Hyers stable if there exists an increasing function
¥ : Ry — Ry, continuous in 0 with {(0) = 0 such that: for each ¢ > 0 and for
each solution u* of (26) there exists a solution x* of (25) such that

d*, x*) < ¥(e).
Now let us consider the strict fixed point equation
{x}=Tkx) 27
and the strict fixed point inequation
Hy({u}, T(w)) < e. (28)

We observe that H;({u}, T (w)) = 8;({u}, T (w)).

Definition 18 The Eq. (27) is Ulam-Hyers stable if there exists ¢ > 0 such that:
for each ¢ > 0 and for each solution u* of (28) there exists a solution x* of (27) such
that

du*, x*) < cs.

The Eq. (27) is generalized Ulam-Hyers stable if there exists an increasing function
¥ : R, — Ry, continuous in 0 with ¥(0) = 0 such that: for each ¢ > 0 and each
solution u* of (28) there exists a solution x* of (27) such that

dW*,x*) < ¥(e).
We have
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Theorem 10 Let (X,d) be a metric space and T : X — P.,(X) be a multivalued
YW-W P O. Then, the inclusion (25) is generalized Ulam-Hyers stable.

Proof Let u* be a solution of (25). Let y* € T (u*) be such that D;(u*, T (u*)) =
d*, y*). If we take x* := r*°(u*, y*), then we have

d(*,x*) =d ", 1", y) < ¥du”, y*)) < ¥ (e). O

For other results for Ulam stabilities in the case of multivalued operators see
[14, 87, 117, 128].

Problem 19 To study the Ulam-Hyers stability of a strict fixed point equation.

References: [87, 111, 124].

Another operatorial equation with multivalued operators is the coincidence
equation.

Let (X,d) and (Y, p) be two metric spaces and 7,5 : X — P(Y) be two
multivalued operators from X to Y. Let us consider the coincidence equation

Tx)NSx)#0 (29)
and the inequation
Dy(T(u), Sw)) < & (30)

fore > 0.

By definition the Eq. (29) is generalized Ulam-Hyers stable if there exists an
increasing function ¢ : Ry — R, continuous in 0 with ¥(0) = 0 such that: for
each ¢ > 0 and for each solution u* € X of (30) there exists a solution x* of (29)
such that

dw*, x*) < ¥(e).

Problem 20 To study the Ulam-Hyers stability of a multivalued coincidence
equation.
References: [14] and the references therein.

8 Other Problems

8.1 Ulam Stability in the Case of a Generalized Metric
Space (d(x,y) € Ry)

There are several concepts of generalized metric of type d : X x X — R,. The
following axioms appear in different definitions of such metrics:

@) dx,y)=0&x=y,Vx,yeX;
(i1) d(x,x) =0, Vx e X;
(i) dx,y)=0=>x=y,Vx,y € X;
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(i3) dix,y)=d(y,x) =0 x=y,Vx,y € X;

(is) dx,y) =d(y,x)=0=x=y, Vx,y € X;

(lS) d(xvx) = d(y’y) = d(x’y) FxXx =Y, Vx,y € X;

(i) d(x,x) <d(x,y), Vx,y € X;

(i7) d(y,y) <d(x,y), Vx,y € X;

@) d(x,y) =d(y,x), Vx,y € X;

(iiy) there exists ¢ > 0 such that d(x,y) < cd(y,x),Vx,y € X;
(iii) d(x,y) <d(x,z)+d(z,y), Vx,y,z€ X;
@(iiy) d(x,y) <d(x,2)+d(y,2), Vx,y,z€ X;
(iiip) d(x,y) < max(d(x,2),d(z,y)), Vx,y,z € X;
(iiiz3) Ve >0d(x,z)<e,d(z,y) e =>dkx,y)<e Vx,y,2€ X;
(iii4) there exists a > 1 such that: d(x,y) < a(d(x,z) +d(z,y)), Vx,y,z € X;
(iiis) there exists a > 1 such that:

d(x,y) < amax(d(x,y),d(y,z)), Vx,y,z € X;
(iiig) d(x,y) <d(x,z) +d(z,y) —d(z,2), Vx,y,z € X.
By definition d is a:

1) premetric if it satisfies: (i;) + (iii);
2) pseudometric if it satisfies: (i;) + (ii) + (iii);
3) quasimetric if it satisfies: (i3) + (iii);
4) semimetric if it satisfies: (i) + (ii);
5) symmetric if it satisfies: (i;) + (ii);
6) dislocated metric if it satisfies: (i4) + (ii) + (iii);
7) ultrametric if it satisfies: (i) + (ii) + (iiiy) or (i) + (ii) + (iii3);
8) quasiultrametric if it satisfies: (i) + (iiy) + (iiis);
9) b-metric if it satisfies: (i) 4+ (ii) + (iiiy);
10) partial metric if it satisfies: (is) + (i¢) + (i1) + (iiig).

Problem 21 To study Ulam stability of operatorial equations and inclusions in each
of the above generalized metric spaces.

References: [34, 114, 124] and the references therein.

Commentaries: Let X be a nonempty set and f : X — X be an operator. Let us
consider the fixed point equation

x = f(x)

and the functional d : X x X — R,. If d is a semimetric, an ultrametric, a quasiul-
trametric or a b-metric then the definitions of Ulam-Hyers stability and of gneralized
Ulam-Hyers stability can be given as in Definitions 1 and 2. If the functional d do
not satisfies axiom (7) then it is necessary to take instead of inequation (5) another
inequation. Let us consider, for example, that d is a partial metric. In this case a good
candidate for (5) is the following inequation

2d(x, f(x)) —d(x,x) —d(f(x), f(x)) < &,

since the functional p : X x X — R, definded by, p(x,y) := 2d(x,y) — d(x,x) —
d(y,y) is a metric (see [114]).
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8.2 Ulam Stability in the Case of a Generalized Metric
Space (d(x, y) € E+)

Let (E,+,R, <,— ) be an ordered linear L-space (see [121] and [122]). Let
E, ={e€E|e>0}

and
EY :={e € E | e > Oande # 0}.

Let X be a nonempty setand d : X x X — E. be a generalized metric on X,
i.e., d satisfies the following axioms:

(@) d(X,)’)=0<1>x =y, Vx,y€X;
@ii) d(x,y)=d(y,x), Vx,y € X;
@ii) d(x,y) <d(x,2) +d(z,y), Vx,y,z € X.

Following [122] we present the following definitions and results.

Definition 19 Let (X, d) be a generalized metric space withd(x,y) € E;,Vx,y €
X.Let f: X — X be an operator. By definition the equation

x = f(x) 3D

is Ulam-Hyers stable if there exists a linear increasing operator ¢ : E — E such
that: for each ¢ € E7 and each solution y* € X of the inequation

dy. f(») =e¢ (32)

there exists a solution x* € X of (31) with

d(y*,x*) = c(e).

Definition 20 The Eq. (31) is generalized Ulam-Hyers stable if there exists an
increasing operator v : E, — E_, continuous in 0 with ¥(0) = 0, such that: for
each ¢ € E7Y and for each solution y* € X of (32) there exists a solution x* € X of
(31) such that

d(y*,x*) < ¥(e).
Example 11 LetE :=R", X :=C (5, R™), 2 C R? is a bounded domain and

max|x(z) — y1(7)|
tef2
d(x,y) = e RY

rtrgglxm(t) — Ym(2)]

where x = (x1,... ,Xn), ¥y = (V1,..., V) are from C(E,R’”).
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Let f : C(22,R™) — C(£2,R™) be defined by

f() = / K(t,s,x(s)ds + k(t), t € 2

2

and we consider the fixed point equation
x(t) = f(x)t), t € 2. (33)
We have

Theorem 11 We suppose that:

(i) K € C(2 x 2 x R",R") and k € C(2,R™);
(ii) there exists a matrix Ly € R}™™ such that

|K1(t,S,M)—K1(t,S,V)| |M1—V1

|Kn(t,s,u) — Ky (t,s,v)] [ty — Vi

Vi, s € 2, VuveR"
(iii) the matrix mes(§2)L g is such that

(mes(2)Lg)" — Oasn — o0.

Then, the Eq. (33) has a unique solution and is Ulam-Hyers stable.

Proof
First of all, we observe that

d(f(x), f()) < mes(2)Lgd(x,y), ¥ x,y € C(2,R™). (34)

From the Perov fixed point theorem (see [110], pp. 96-97; [124], pp. 83) the
Eq. (33) has a unique solution x*. Let y* be a solution of the inequation (¢ € R})

d(y, f(y)) <&, Vx € C(2,R™). 35)
From (34) we have that
d(y*,x*) < (I,, — mes(2)Lg) " 'e.

So, the Eq. (33) is Ulam-Hyers stable. O

For more considerations on Ulam-Hyers stability in a generalized metric space
with d(x,y) € E see [122].

For a fixed point theory in a such generalized metric space see [31, 32, 124, 139].
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Problem 22 To construct a theory of W P O in a generalized metric space (d(x, y)
€ E.) and to apply this theory to Ulam-Hyers stability of a fixed point equation in
a such space.

References: [122].

8.3 Ulam Stability in the Case of Equations with Set-To-Point
Operators

Let (X,d) and (Y, p) be two metric spaces, Z C P(X), Z #@and T,S : Z - Y
be two set-to-point operators. We consider on Z the equation

T(A) = S(A). (36)

Definition 21 The Eq. (36) is Ulam-Hyers stable if there exists ¢ > 0 such that:
for each ¢ > 0 and each solution B* € Z of the inequation

o(T(B),S(B)) <¢ (37)
there exists a solution A* € Z of (36) such that
Hy(B*, A*) < ce.

In a similar way we define the generalized Ulam-Hyers stability of the set-to-point
Eq. (36).
Problem 23 To study Ulam stability of (36).

Problem 24 Let (X, d) be a metric space, Z C P(X),Z #@andT : Z — R, bea
point-to-set functional. Let >0 be a given positive real number (S(A) :=r, V A€ Z).
The problem is to study Ulam stability of the equation

T(A) =r (38)

We can take in Problem 83, T := §;, T := « - an abstract measure of
noncompactness, 7 := § - an abstract measure of nonconvexity, . . .

References: [122]. For the measures of noncompactness see: [5, 6, 10, 33, 44,
68, 113, 124]. For the measures of nonconvexity see: [10, 113] and the references
therein.

8.4 Difference Equations as Operatorial Equations

Let k € N* and f, : RF - R, n € N* be some given functions. We consider, for
example, the following difference equation

Xn = fn(xnfka Xn—k41s- - sxnfl)- (39)
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Let us denote
S(R) = {(xn)neN* | Xn € R}

and
M@R) = {(x;))]° | xij € R, i, j € N*}.

We consider on s(R) the generalized metric
d(x7 )’) = (lxn —n ”neN*

and on M (R) the generalized metric

o0

d(A,B):=sup »_ |ayj].

ieN* T
Let us consider the operator
T : R x s(R) - R* x s(R)
defined by
(X kg lse e e 9 X0s Xy nve s Xnyeve ) > (Xl oo 5 X05 J1T(Xktlse e 5X0)5 - v s
Son—ks oo s Xp—1)s . ).
In terms of the operator 7', the difference Eq. (39) takes the following form:
x =T(x). 40)
The Eq. (40) is a fixed point equation on the generalized metric space, R¥ x s(R).

Problem 25 To study the Ulam stability of the Eq. (39) by operatorial equations
tehniques.

References: [1, 70, 92, 117, 122], ...

For the Ulam stability of the difference equations see [18-20, 90, 91, 138], ...

8.5 Ulam Stability of Fractal Equations

Let (X,d) be a metric space and T : X — P.,(X) be an upper semicontinuous
operator. Let T be the fractal operator corresponding to T, i.e., T : P, (X) —
P.,(X), defined by f"(A) = U T (a). Let us consider the equations:

acA
x € T(x) (41)
and
A =T(A). (42)

Equation (41) is an operatorial inclusion on X and Eq. (42) is a fixed point equation
with singlevalued operator on P.,(X).



Results and Problems in Ulam Stability of Operatorial Equations and Inclusions 347

Problem 26 In which conditions we have that: If the Eq. (41) is Ulam-Hyers stable
on (X, d), then the Eq. (42) is Ulam-Hyers stable on (P.,(X), Hy)?
For fractal operators see: [113], pp. 19-20; [124], pp. 275-277.
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Superstability of Generalized Module Left
Higher Derivations on a Multi-Banach Module

T. L. Shateri and Z. Afshari

Abstract The problem of stability of functional equations was originally raised
by Ulam in 1940. During the last decades, several stability problems for various
functional equations have been investigated by several authors. In this chapter, by
defining a multi-Banach space, we introduce a multi-Banach module. Also, we
define the notion of generalized module left higher derivations and approximate
generalized module left higher derivations. Then, we discuss the superstability of an
approximate generalized module left higher derivation on a multi-Banach module.
In fact, we show that an approximate generalized module left higher derivation on a
multi-Banach module is a generalized module left higher derivation. Finally, we get
the similar result for a linear generalized module left higher derivation.

Keywords Superstability - Multi-Banach module - Derivation - Normed space -
Group homomorphisms - Bimodule - Multi-Banach space

1 Introduction and Preliminaries

The problem of stability of functional equations was originally raised by Ulam [26]
in 1940 concerning the stability of group homomorphisms. Hyers [12] provided
an affirmative partial solution to the question of Ulam for the case of approximate
additive mappings between banach spaces. Superstability, the result of Hyers was
generalized by Aoki [1], Bourgin [4] and Rassias [22]. During the last decades several
stability problems for various functional equations have been investigated by several
authors. We refer the reader to the monographs [2, 6, 13, 15, 16, 18, 21, 23, 24].
Let (E, ||.]|) be a complex-normed space, and let k € IN. We denote by E* the
linear space E @ - - - @ E consisting of k-tuples (xy, - - - , xx), where x;,--- ,x; € E.
The linear operations on E* are defined coordinatewise. The zero element of either
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E or E¥ is denoted by 0. We denote by IN; the set {1,2,- - - ,k} and by C; the group
of permutations on k symbols.

Definition 1 A multi-norm on {EX : k € IN} is a sequence (||.[x) = (||.|lx : k € IN)
such that ||.||; is a norm on E* for each k € IN, ||x||; = ||x|| for each x € E, and the
following axioms are satisfied for each k € IN with k > 2

M) [(xoys - - s XDk = 11, -+ s x)lle - (0 € Cryxy,--- ,x; € E)

(M2) llCeerxy, - - - s axp) e < (Maxjen laDICGers -+ xi) e

(ar,---,0p €C, x1,--- ,x; € E)

(M3) (x5 -+ =1, Ol = NGty -+ s xk—Dlle—1 - (1, -+, x € E)
MBH N, x XD lle = 1, - s x-Dllee1 - (1, -+, Xk € E).

In this case, we say that ((E, ||.||), k € IN) is a multi-normed space.

We recall that the notion of multi-normed space was introduced by H. G. Dales
and M. E. Polyakov in [7]. Motivations for the study of multi-normed spaces and
many examples are given in [7].

Suppose that ((EX, ||.|lx) : k € IN) is a multi-normed space, and k € IN. The
following properties are almost immediate consequences of the axioms.

W -0l = il (e E)
(i) maxiew |5 =Gy, - x) =252y Xl < kmaxien, Ixill(xr, -« xk € E).

It follows from (ii) that, if (E, ||.||) is a Banach space, then (E*, |.||;) is a Banach
space for each k € IN. In this case, ((EX, |.||l) : k € IN) is a multi-Banach space. By
(ii), we get the following lemma.

Lemma 1 Suppose that k € IN and (x,---,x;) € EX. For each Jj € INg,
let {x]}hen be a sequence in E such that lim,_ . x; = xj. Then, for each
1, >y € E*, we have

lim (x) — yi,-- x5 =y = @ — yio- - L0 — W)
n—0oo

Definition 2 Let ((EX, |.|lx) : kK € IN) be a multi-normed space. A sequence {x,}
in E is a multi-null sequence if, for each € > 0, there exists ny € IN such that

sup |(xp, -+ - S Xpqk—Dllk < € (n > ng).
kelN

Let x € E. We say that lim,,_, o x,, = x if {x, — x} is a multi-null sequence.
Definition 3 Let (A4, |.||) be a normed algebra such that ((A%, |.||lx) : k € N)is a

multi-normed space. Then, ((A* 1.1 ¢ k € IN) is a multi-normed algebra if

l(aiby, -~ ,axb)llx < l(ai, - ,a)llkllr, -, b)ll« (D

fork € Nand xq,--- ,x¢, 1, - - , yx € A. Furthermore, if (A%, |.lx) : k €e N)is a
multi-Banach space, then ((A*, |.||x) : k € IN) is a multi-Banach algebra. Let X be
a Banach A-bimodule such that ((X*, |.|lx) : k € IN) is a multi-normed space, then
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(A%, 1.1k € IN) is said to be a multi-Banach .A-bimodule if there is a non-negative
number M

(@ix1, - s axx)lle < Mli(a, - -+ a)llellxer, - x0) ks 2
lCxray, -« - xka)lle < Ml(ar, - -+ a)llell G, -+ -5 x)llk (3)
fork e Nanday,--- ,ar € A, x1,--- ,x, € X.

Let A be an algebra and ky € {0,1,---,} U {oo}. A family {Dj}l;o=0 of linear
mappings on A is said to be a higher derivation of rank ky if the functional equation
Dj(xy) = YI_yDi(x)D;_;(y), holds for all x,y € A, j = 0,1,2,...,ko. If
Dy = id 4, where id 4 is the identity map on A, then D is a derivation and {D; }];.0:0
is called a strongly higher derivation. A standard example of a higher derivation of
rank ko is {%’}f{o where D : A — A is a derivation. The reader may find more

information about higher derivations in [3, 8—11, 14, 22].
Let A be an algebra over the real or complex field F and X be an A-bimodule.

Definition 4 A family {8 j}l;ozo of mappings from A into A is called a module-X
additive if
x8j(a+b)=x8;a)+x8;(b) (a,bec AxeX,j=0,1,2,--- k. (4)
A module-X additive family {§; }I;(’ZO is called a module-X left higher derivation
(resp., module-X higher derivation) if §o = id4 and forall 1 < j < kg

j—1
x8j(ab) = ax8;(b) + bxdj(a) + Zx&(b)(ﬁj,,-(a) (a,be A,xeX) (5

i=I

(resp.,

J
x8;(ab) =Y " 8i(@x8;_i(b) (a.b € A.x € X)) (6)
i=0

holds.
Definition 5 A family { f ,»}];‘):0 of mappings from X" into X is called a module-A-
additive if

afix +y)=afjx)+af;(y) (@eAx,yeX,j=0,1,2,--- k) (7

A module-A additive family { f j}];O=0 is called a generalized module-A left higher
derivation (resp., generalized module-A higher derivation) if fy = id4 and there
exists a module-X left higher derivation {§ j}l;o o such thatforall 1 < j < ko

J
afj(bx) = abf;(x) +a ij,,-(x)ﬁ,-(b) (a,be A, x € X). ®)

i=1
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(resp.,

J
afj(bx) = abfj(x) +a Z(S[(b)fj_i(x) (a,be A, x € X)). ©))

i=1

Remark 1 1f X = A is a unital algebra or a Banach algebra with an approximate
unit, then module-A left higher derivations, module-.A higher derivations, general-
ized module-.A left higher derivations and generalized module-.4 higher derivations
on A become left higher derivations, higher derivations, generalized left higher
derivations and generalized higher derivations on .A. Superstability of generalized
higher derivations discussed in [25].

The stability of derivations was studied by C.-G.Park [19, 20]. In this chapter,
using some ideas from [17, 5], we investigate the superstability of generalized module
left higher derivations in multi-Banach algebras.

2 Main Results

In this section, we define the notion of an approximate generalized module-
A left higher derivation. Then, we show that an approximate generalized left
higher derivation on a multi-Banach algebra is a generalized module-.A left higher
derivation.

Lemma 2 Let((EX, ||.|)k € IN) be a multi-Banach space. Let  : ExE — [0, 00)
satisfies the following conditions

(i) 1imy oo 2" (30, 1750, 5 17 yi) = 0,
() PO, ox) = Yoo ! Y (01, 10, 0) < o0

for xi,- -+ Xk, y1, -+, yx € E. Suppose that f : E — E is a mapping satisfying
f(@©0)=0and
by by 2f(x bY
sup | (7 (3 2y (=2 = 2L (B )
kel t l t l t t l
X 2f(x
+ﬂi—&%-ﬂ“)
t [ t X
k k
<y (Zx,»,Zy,), (10)
i=1 =l
for all integer t,1 > 1 and all x1,--- ,x;, 1, -, Y« € E. Then, there exists an

additive mapping d : E — E such that

ICFCe) = dCen), -+, fO) — O] < Pl -+, x) 1)
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forxy,--- ,xx € E.

Proof Substituting y; = 0fori = 1,--- ,k and replacing x; by txy, - - - , tx; in (10),

we get
sup (f(xl) SO - L Wk)) < Lyt 4+ +1x00). (12)
kelN t t -2
From (12), we have that
k
sup (f(xl) - f(t x1) () = st Xk)) 4 (thi,O)
S i=1

k
“ly <Zt2xi,0). (13)
i=1

An induction argument implies that

SupH( (xl)—f( xl) Pl — f(l”xk)>
k

1 n - k )
< — t —J w t-’x,-, 0
kelN 2 ; (,ZI

(14)

for x;,--- ,x; € E and n € IN. Let n > m, then by (14) and condition (i), we
obtain that

“ (f(t”xn) ey fe f(z"'xk)>
keg " N m k
Sim sup <%fnmxl) _f(fm)ﬁ)v"' ’W —f(tmxk))
! keN t t t

<— Zt' fw(th,, >—>0(m—>oo).

—ﬂl

f("x)

tll
and therefore converges for all x € E. Put d(x) = lim,_ f([’—:x) (x € E), so
d(0) = f(0) = 0. By (14), we get

sup ‘(f(t;xﬂ —d(xy), -, f(t;)Ck) - d(Xk)>

kelN

Hence, the sequence { } is a cauchy sequence in the multi-Banach space E

<Y, ,x0). (15)

k

In particular, the property (ii) of multi-norm implies that

Jf@"'x)
tn

lim ||

n—00

—d(x)||=0 (x€E). (16)



358 T. L. Shateri and Z. Afshari

Now, we show that d is additive. To do this, let x,y € E putx; = --- = x; =
t"x,y; = -+ =y = t"y in (10). Therefore
" "y n t"x t"y f(t x) 1y
t —t— t —_— t t .
f<t+l>+ f(t l)t t Zny
)
By letting n — o0, the condition (7) yields that
x Yy x oy 2
d(— —) d(———):—d 18
S y) (T (x) (18)

for all x,y € E. Since d(0) = 0, taking y = 0 and y = x respectively, we

get d(zl*) = 2d(7), and hence, d(2x) = 2d(x) for all x e E. We obtain that
dx +y)+dx —y) = 2d(x) for all x,y € E. Now, for all z,w € E, put
x=5@+w),y= é(z — w). Then by (18), we see that

_ X oy xooy\ 2 2 (1 _
d(z)+d(W)—d(t + l>+d(t - l) = td(x)_ td(z(Z+W)) =d(z+w).
(19)
Therefore, d is additive.

Definition 6 Let (A%, |.|lx) : k € IN) be a multi-Banach algebra and ((X*, ||.||x)k
€ IN) a multi-Banach A-bimodule. Suppose that #,/ > 1 are integers, 0 < a < ¢
and ¥ @ X x X x A x X — [0,00) satisfy the following conditions
() Timy oo £ TY (b, 70, S5 1791,0,0) + (0,0, 5 a;, Y5 z)1 =0

D) P, -x) = 02ty (3 %:,0,0,0) < 00

(iii) 1im, oo 1729(0,0, 5 1"a;, Y5 172)1 = 0

forall xi,- -+, X6, Y1, -+, Yk 215+ - s 2k € X, ap,- - ,ax € Aand

@iv) ¥(0,0,t"a,t"x) < a"™(0,0,a,x) (a € A,x € X,m,n € N).

Let{fj: X > X }];0=o and {g; .A — A} %, be two families of mappings such that

fj(0) =0and §;(a) = lim,_ oo - w&j(t"a) exists for all a € Aand 0 < j < ko. If
foreach0 < j < ko

supH (i G+ +an)+ (5 -3 +an) - 2@ —2a, £;(z1)
x XY, i)
—221gj(611),"',fj(7k T +aka)+fj(k—Tk+akzk)—QJTk
k
24 fy@0) = 2agy(a@) | < v (in,Zyi,Zai,Zzi) (20)
i=1 i=1 i=1 i=1
forall xq, -+, X, Y1, » Y215+ » 2 € X,ag,-+- ,a, € A and
J
afj(bx) —abfi(x) —a Z Ji-ix)gi)|| < v¥(0,0,b,x) (21)
i=1
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forall x € X,a,b € A. Then, {f; }]60 and {g; }]60 are called (¥, o)-approximate
generalized module-.A left higher derivation and ({, &)-approximate module-X left
higher derivation, respectively.

In the following theorem, we show that a (1, o)-approximate generalized module-
A left higher derivation on a multi-Banach .4-bimodule is a generalized module left
higher derivation.

Theorem 1 Let A be a Banach algebra with unit e and X a Banach A-bimodule.
Suppose that { fj}go is a (¥,a)-approximate generalized module-A left higher
derivation on the multi-Banach A-bimodule (X*,||.|) : k € IN) and {gj}g0 is
a (Y, a)-approximate module-X left higher derivation on the multi-Banach algebra
Al 1) : || € N). Then, {fj}go is a generalized module-A left higher derivation

and {g j}ﬁo is a module-X left higher derivation.
Proof Lettinga; = z; = 0 fori = 1,---k in (20), Lemma 2 implies that for

each 0 < j < ko, there exists an additive mapping d; on X" defined by d;(x) =
£i@"x)

lim,,— oo - such that
ICFGe) = dCxn), -, o) — d)| < P(xy, -+, xi) (22)
for x1,--- ,xx € Eand d;(0) = f;(0) = 0.1If j = 1 [5, Theorem 2.1] implies that

f1 is a generalized module-.A left derivation and &1, g; are module-X left derivation
on Aandforalla,b € Aandx € X

afi(bx) = abfi(x) + axd;(b), di(x) = fi(x), (23)
xgi(ab) = axg (b) + bxgi(a), xgi(a) = xbi(a).

By induction for 1 < j < kg — 1, we assume that

J
afj(bx) =abfi(x) +a Z Si-i(x)8: (D), dj(x) = f;(x)
i=1

j—1
x8;(ab) = axd;(b) + bxé;(a) + ZxSi(b)Sj_i(a)

i=1

j—1

xg;(ab) = axg;(b) + bxg;(@) +x Y g;-i(b)gi(a). xg;(a) = x8;(a)  (24)

i=1

and each §; is module-A" additive. Then, we prove that

ko
afia(bx) = abfig() +a 3 fio1()8(bB), dig(x¥) = fio () 25)
i=1
ko—1
X0k (ab) = axdy,(b) + bxdy,(a) + Z x8;(b)Sxy—i(a)
i=1
ko—1
xgk()(ab) = axgk()(b) + bxgk()(a) +x Z gk(],i(b)gi(a), -xgk()(a) = x(Sk()(a).

i=1
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Letb € A,x € X, by replacing b with ¢"b, x with "x in (21), respectively and
a = e, we obtain

1

o

1

o

b
fio (" bx) — - fuot"3) =

ko
D fy i X) gk (£"b)
i=1

1 o\ 2n
= V.00 < (2) W0.0b1 >0 @00 (6)

Therefore,

ko

diy(bx) = bd,(x) + Z d, —i(x)5; (b) @7

i=1

forall b € Aand x € X. Since dy, is additive and §; (1 < s < ko — 1) are
module-&" additive, dx, is module-X additive. Put Fy,(b,x) = fi,(bx) — bff,(x) —
Zf(’:l Sro—i(x)gi(b), then we see that

o

tln||FkO(t”b,x)|| < (7) ¥(0,0,b,x) = 0 (1 — 00) (28)

forall b € Aand x € X. Hence

fult"bx) _ (Fkou"b,x) + 1"bfiy () + YR fko,»(x>g,-(r"b)>

l»n

dko (bX) - nILrIc}o tn n—00

ko ko
= bfiy(X) + Y fro-iC)8i(B) = bfiy(x) + Y diy—i(x)8i(b).
i=1

i= i=1

It follows from (27) that bdy,(x) = bfy,(x) for all b € A and x € X, and hence,
di,(x) = fi,(x) for all x € X. Since d, is additive, fi, is module- A additive.
Therefore, forall a,b € Aand x € X,

ko
afiy(bx) = ady,(bx) = abfi,(x) + a Z Jio—i(x)8: (D)

i=1
and then (24) implies that

ko—1
x8i,(ab) = fi,(abx) — abfi(x) = > fi,-i(x)i(ab)
i=1
ko—1 ko—1
= afi(bx) +bxéy,(a) +Z fko_i(bx)&(a)—abfko(x)—Z Jro—i(x)8i(ab)
i=1 i=1
ko—1
= abfi,(x) + axdi,(b) +a Z Jro—i(x)3:(b) + bxdiy(a)

i=l1



Superstability of Generalized Module Left Higher Derivations . . . 361

ko—1 ko—i—1
+ [bfko_i<x)+xsko_i<b>+ > fko_,-_k(xmk(b)} 5i(a)

i=1 k=1
ko—1
— abfiy(x) = Y " [afiy-i(X)8:(b) + bfi,—i(x)8;(a)
i=1
+ sumi_} fig—i(X)8k(b)Six(b)]
ko—1 ko—1ko—i—1
= axdiy(B)+bx8iy(@)+)_ X8k, i (D)@ +) | Y frgk—i(X)8(B)Si(a)
i=1 i=1 k=1
ko—1 i—1 ko—1

= Y Y fao- i8S k(@) =axSi, (B)+bx Sy (@) +)_ X8, i(b)Si().

i=1 k=1 i=1

This shows that {8}'"_, is a module- X’ left higher derivation on A and then { £;}",

is a generalized module-.A left higher derivation on X'. Finally, we prove that {g 1;":0
is a module-X left higher derivation on 4. We conclude from (21) and the condition
(i) that

1 b 1 &
 ig@B) = T fig (1) = = Y figi(" )1 (B)

i=1

1
= SV (0.0.6,1") = (5)"Y(0.0.b,x) > 0,

as n — o00. Therefore,

ko

diy(bx) = bdiy(x) + Y _ diy-i(x)gi(b)

i=l1

for all b € A and x € X. Now, the induction assumptions in (24) and Eq. (27)
implies that xgg,(a) = x8,(a), for all b € A and x € X. Therefore, {gj}];"zo is a
module-2X left higher derivation on .4, and this completes the proof.

Remark 2 A typical example of the function ¥ in Theorem 1 is

Y(x,y,a,2) = €(Ix?[| + Iy I* + llal"llzl*)

in which € > 0 and p,q,r,s € [0, 1).
If we put X = A in Theorem 1, we get the next corollary.

Corollary 1 Let A be a Banach algebra with unit e,e€ > 0 andt,l > 1 be integers.
ko 0

Suppose that {f;};_, and {g j}l;zo are two family mappings from A into A with
fi(0) =0(0 < j < ko) such that
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X1y X1y fitx1)
sup ({ fil —+=+aiz)+fi | ———+aiz) -2 —2a1 fi(z1) — 2z18(a1)
e )( ’(t ! ) J (t ! ) t J J
s fy <%+¥+akzk>+fj (i—k—%-l—akzk) —2@
- 200 fy(@) ~ a8, | <. 29)
forallxl’... ,_xk’yl’... ,yk’zl’... ’Zk’ah“' ,ak eAand
J
afio) — a0 = a Y fri0gim)| <€ (30)
i=1

forallx,a,b € A. Then, {fj}lf)o is a generalized left higher derivation and {gj}go is
a left higher derivation.

Proof [5, Corollary 2.3] implies that f| is a generalized left derivation and g is a
left derivation. By induction, let the result holds for { f; f‘;’*l and {g; ’5"71. If we put
Y(x,y,a,z) = € in Theorem 1 and @ = e in (25), then we have
J Jj—1
[ibx)=bfi(x)+Y_ f-i(x)8:(b), g;(ab) = ag;(b) + bg;(a) +Y_ gi(b)g; i(a)
i=1 i=1
for all a, b, x € A. This completes the proof.
With the help of Theorem 1, we get the following result for a linear generalized
module left higher derivation.
Theorem 2 Let A be a Banach algebra with unit e and X a Banach A-bimodule.
Suppose that {f; g(’ is a (¥,a)-approximate generalized module-A left higher
derivation on the multi-Banach A-bimodule (X%, .|l )k € IN) and {gj}lé0 is a
(¥, a)-approximate module-X left higher derivation on the multi-Banach algebra
(AL € IN) such that

(2 5 (B2 ) 2002

keN l R [ t

—2ay fj(z1) — 2z18j(a1)

2B8F;
""’fj(@—i_#‘kakzk)"'fj(@—%—kakzk)— ﬂf;(xk)

— 2ay fi(z1) — 2Zkgf(“’<)) ”k

k k k k
51&(2)@,2%,2@,2@) 31)
i=1 i=1 i=1 i=1

forall xy,--+ X, y1,-++ V21,00 w2k € Xoar,-- ,ar € Aandall By € T =
{z € C : |z| = 1}. Then, {fj}g‘) is a linear generalized module-A left higher
derivation and {g j}ﬁo is a linear module-X left higher derivation.
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Proof 1tis clear that the inequality (20) is satisfied. Theorem (1) shows that { f; }]60 is
a generalized module-A left higher derivation and {g ,-}{;" is a module-X left higher
derivation with

t"x j—1
fito)=li f’(n ), gj(b)zfj(b)_bfj(e)_ij—i(e)gi(b) (32

i=1

forallx e X,be Aand j = 1,- -, ko. Taking a; = z; = 0 and replacing x; and y;
with #*x and t"y fori = 1,---k and x,y € X in (31), respectively, then we see that

,lnff (ﬂt”x N L"y) —f, (ﬁt” yt”y) 1 28f;G"x) ‘

t l l t" t

1

<
=

¥ (kt"x,kt”y,O, 0) -0

asn — oo, forallx,y € X andall 8,y € T. Therefore,

2 .
Ry

t

forallx,y € Xandall B,y € T. Taking y = 01in (33) implies that f;(8x) = Bf;(x)
forall x € X and all B € T. Since f; is additive, [5, Lemma 2.4] shows that f; is
linear and (32) yields that g; is linear.

Employing the similar way as in the proof of Theorem 2, we get the next corollary
for a linear generalized left higher derivation.

Corollary 2 Let A be a Banach algebra with unit e,e€ > Q0 and t,l > 1 be integers.

Suppose that { fj}];"zo and {gj}];": o are two family mappings from A into A with

fi(0)=0(0 < j < ko) such that

gl (B4 ) (3 )

kelN l !
—2ay fj(z1) — 2z18j(a1)

,'"’fj<@+¥+ak2k>+fj<@_¥+ )_2:3]2()%)

— 2 £ — g @) | e (34)

forallxy, - X, y1. Y21+ 2kdrc o ax € Aand By € T If
J
lafi(bx) — abfi(x) —a y_ fi-i(x)gib)l| < € (35)
i=1

for all x,a,b € A, then { fj}g‘) is a linear generalized left higher derivation and
{gj }SO is a linear left higher derivation.
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D’Alembert’s Functional Equation and
Superstability Problem in Hypergroups

D. Zeglami, A. Roukbi and Themistocles M. Rassias

Abstract Our main goal is to determine the continuous and bounded complex valued
solutions of the functional equation

(0x 8y, 8) 4 (8x * 8y, g) = 2g(x)g(¥), x,y € X,

where X is a hypergroup. The solutions are expressed in terms of 2 -dimensional
representations of X. The papers of Davison [10] and Stetkaer [25, 26] are the essential
motivation for this first part of the present work and the methods used here are closely
related to and inspired by those in [10, 25, 26]. In addition, superstability problem
for this functional equation on any hypergroup and without any condition on f is
considered.

Keywords Superstability - Hypergroup - D’Alembert’s functional equation -
Involution - Wilson’s functional equation

1 Introduction

A number of results have been obtained for the d’ Alembert’s functional equation (1)
and the corresponding Wilson’s functional equation (2) on groups

glxy) + glxa(y)) = 2g(x)g(y), x,y € G, (D
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fy)+ fxo(y) =2f(x)g(y), x,y € G, 2

where f, g are complex-valued functions on a group G and 0 : G — G be an
involution of G, i.e., o(xy) = o(y)o(x) and o(0(x)) = x, for all x,y € G. In
[15], from 1968, Kannappan proved that the non-zero complex valued functions g
satisfying

gx+y)+glx —y)=2g(x)g(y), x,y € G

are the functions of the form

_ m(x) + m(—x)

, xXeG
2

g(x)
where m is an homomorphism of (G, +). Mathematicians extended Kannappan’s
result to an even more general setting; the group inversion is below replaced by a
general involution, and the group by a semigroup (See Baker [3], Sinopoulos [21]
and Stetkaer [22]). In this context, the most general result is the following:

Theorem 1 Let S be a semigroup, and let o : S — S be an involution of S. Assume
that g : S — C satisfies Kannappan’s condition, i.e., that g(xyz) = g(xzy) for all
x,y,2 € S. Then, g is a solution of the functional Eq. (1) if and only if there exists
a multiplicative homomorphism m : S — C, such that

m-+moo

§= )

and m is unique, except that it can be replaced by m o o.

The problem was how to find solutions of (1) in the non-abelian case. I. Corovei
(see, e.g., [8, 9]) discussed them on certain nilpotent groups. H. Stetkaer [23, 24]
solved d’Alembert’s and Wilson’s functional equations on Step 2 nilpotent groups
and derived many properties of d’ Alembert functions on groups (see[26]). In 2008, T.
Davison [10] proved, with algebraic methods only, the following structure theorem,
which encompasses both abelian and non-abelian d’ Alembert functions.

Theorem 2 [10] Let G be a topological group and f : G — C a continuous
function with f(e) = 1 satisfying

Fay) + fay ™ =2 ) 3)

for all x,y in G. Then, there is a continuous (group) homomorphism h : G —
SL>(C) such that

fx)= %tr(h(x)), x eG.

In [25], H. Stetker gave solutions of (3) introducing the theory of representation.
Precisely, he proved that the non-zero continuous solutions f of the Eq. (3) are the
functions of the form f = % Xr» Where T ranges over the 2-dimensional continuous
representations of G for which w(x) € SL2(C) forall x € G.

The study of functional equations on hypergroups started with some recent results.
Székelyhidy [27, 28] and Orosz and Székelyhidi [16] described moment functions,
additive functions and multiplicative functions in special cases of hypergroups. In
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[17], sine and cosine functional equations are considered and solved on arbitrary
polynomial hypergroups in a single variable and the method of solution is based on
spectral synthesis. Recently, Roukbi and Zeglami [19] studied the abelian solutions
of the d’ Alembert’s functional equation

(Bx # 8y, 8) + (8 * 8y, 8) = 28(x)g(y), x,y € X, “4)

where g is an unknown complex-valued function to be determined on a
hypergroup (X, %), and obtains the following result.

Theorem 3 Let (X, *) be a hypergroup and g € Cyp(X). Assume that g is abelian
(i.e., satisfies Kannappan’s type condition defined below).

Then, g is a solution of the functional equation (4), if and only if there exists
a continuous multiplicative function x : X —> C, such that g = % and x is
unique, except that it can be replaced by X.

The purpose of this chapter is to develop a coherent theory for d’ Alembert’s func-
tional equation (4) on hypergroups that includes most of the results just mentioned.
Precisely, we determine the continuous and bounded solutions of the functional
equation (4). In this context, the papers [10] of Davison and [25, 26] of Steatker just
mentioned are the essential motivation for the present work and the methods used
here are closely related to and inspired by those in [10, 25, 26].

In the last section of this chapter, we shall extend the investigation given by J. A.
Baker [3], L. Székelyhidi [27, 29], R. Badora [2], and E. Elqorachi and M. Akkouchi
[11] to Eq. (4). We consider the superstability of the Eq. (4) on any hypergroup.
This chapter has the following content. In Sect. 2, we give some preliminaries on
hypergroups and some notations and definitions which will be used in this work. In
Sect. 3, we derive a series of elementary but useful properties of d’ Alembert functions
on hypergroups. In Sect. 4, for a non-abelian d’ Alembert function g, we study the
space W (g) of Wilson functions corresponding to g. In particular, we prove that W(g)
is a finite-dimensional subspace of C,(X), invariant under the left representation L
of X and dimW(g) = 4. The main results (Theorem 6) will be proved in Sect. 5. In
Sect. 6, superstability problem for the Eq. (4) is considered. On the stability problem,
the interested reader should refer to [1-5, 11-13, 18, 20, 27, 29-36].

2 Preliminaries and Notations

Our notations and definitions are described in this section. We will, without further
mentioning, keep them in rest of the chapter.

2.1 Hypergroups

We start with some notations. For a locally compact Hausdorff space X, let M(X)
denote the complex space of all bounded Borel measures on X, if u € M(X),
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supp(w) is the support of . The unit point mass concentrated at x is indicated by
8y. Let K(X) be the complex algebra of all continuous complex-valued functions
on X with compact support and C(X) (resp. Cp(X)) the complex algebra of all
continuous (resp. continuous and bounded) complex-valued functions on X. Now,
recall some basic notions and used notation from the hypergroup theory.

Definition 1 If M(X) is a Banach algebra with an associative multiplication
(called a convolution), then (X,x*) is a hypergroup if the following axioms are
satisfied:

X1. If u and v are probability measures, then so is u * v.

X2. The mapping (i, v) —> w * v is continuous from M(X) x M(X) into M(X),
where M (X) is endowed with the weak topology with respect to K (X).

X3. Thereis an element ¢ € X such that §, * &t = ux 6, = p for all u € M(X).

X4. There is a homeomorphic mapping x —> X of X into itself such that (¥)=x
and e € supp(8, * 8,) if and only if y = X.

X5. Forall u,v € M(X), (u*v) =V * i, where & is defined by

([t f) = (. f) = / fDdu@); f e Cp(X).
b
X6. The mapping (x,y) —> supp(dx * §y) is continuous from X x X into the
space of compact subsets of X with the topology described in ([14], Sect. 2.5).

The definitive set of axioms was given first by Jewett in his encyclopedic article
[14]. A hypergroup (X, *) is called commutative if its convolution is commutative.
We review some notations: Let f € Cp(X), forall x € X and u € M(X), we put

(80, f) = fx)
(o f) = /X (80, £) dpu(x)
fx) = f(@), x € X.

If u,v € M(X), we define the convolution measure @ * v by
v )= [ [ (oo, s dutnni).
x Jx

f is said to be even or invariant, (resp. odd), if f=f. (resp. f=-n.

Definition 2 [6] Let (X, %) be a hypergroup and x : X — C be a function, we say
that

(i) x is a multiplicative function of (X, %) if it has the the property
<<Sx * (Sy,)() = x(x)x(y) forall x,y € X.

(ii) x is a hermitian function if x (X) = x(x), for all x € X.
(iii) y is ahypergroup character of (X, %) if it is bounded, continuous, multiplicative,
and hermitian function.
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Definition 3 ([14], Sect. 11.3) Let H be a Hilbert space, let I be the identity
operator, and let B(#) be the space of all bounded operators on . We say that  is
a representation of X on H if the following four conditions are satisfied:

i) The mapping u — m(u) is a k-homomorphism from M (X) into B(H).
i) If u € M(X) then [[w ()l < Il
iii) m(8.) = 1.
iv) If a,b € H, then the mapping u —> (7 ()a, b) is bounded and continuous.

Let L and R denote, respectively, the left and right representation of X on Cp(X),
ie., [L(y)f1(x) = (85 % 8y, f) and [R(y) f1(x) = (8 * 8, f) forall x,y € X and
f € Cp(X). Note that L(a) and R(b) commute for all a,b € X as it is well known
and also easy to check.

2.2 D’Alembert Function on Hypergroups

Definition 4 Let f : X — C be a continuous and bounded function on X.

(1) f is said to satisfy Kannappan’s type condition if
(uxvsw, fYy=(uxwxv, f), forall u,v,w e M(X) (&)

(i1)) We say that f is abelian if it satisfies (5).

Definition 5 Let (X, *) be a hypergroup.

(i) A d’Alembert function on X is a continuous and bounded non-zero solution
g : X —> C of d’Alembert’s functional equation (4).

(ii) A solution of Wilson functional equation is a pair { f, g} of functions in Cp(X)
satisfying

(8 % 8y, f) + (8x # 85, f) = 2f(x)g(¥), x,y € X. (6)

We say that the function f in the solution {f,g} is a Wilson function
corresponding to g.

3 Properties of D’Alembert Functions

In this section, let (X, *) denotes a hypergroup with neutral element e. First, the
notation of some pertinent functions.

Definition 6 Let g € C,(X). We define

(i) d = dy : M(X) —> Cby (u,d) := 2(u, g)* — (u * . g) for all u € M(X).
In particular, d(x) = 2g(x)* — (8, * 6,,g) forall x € X.
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(i) gu: X —> Cby gu(y) = (1 *dy,8) — (1, 8)g(y) forall u € M(X), y € X.
In particular, g.(y) = (3, * Jy,g) — g(x)g(y) forallx, y € X.

(i) A: M(X) x M(X) — Cby (L ® v, A) := {11, g,) (v, gv) — (v, g,)* forall
w,v € M(X). In particular, A(x, y) = gx(x)g,(y) — g«(y)? forallx, y € X.

The function A was introduced by Davison in [10]. Let us start by collecting a number
of results for d’ Alembert function.

Proposition 1 Let g : X — C be a d’Alembert function on X and g, be as in
Definition 6, then

(i) g isinvariant, thatis g = g.

(ii) g is central, that is (|t x v, g) = (v * u, g) forall u,v € M(X).
(iii) If e € X is the neutral element, then g(e) = 1.
(iv) Forall w,v,w € M(X), we have the following equalities

(s gv) = (v, gu)- (N

W, 8u) = —(v.gu)- (i.e., g,is odd) 8)

(Vxw, gu) + (v, gu) =2(v, g, (w, g). ©)
(vxw,gu) + (W, g,) =2(v, g, )(w, g) + 2(v, g} {w, gu) (10)
(mxv,gu) = (v, gu) = (1, &) (v, gu) + (v, ) (1, 8u). (1D

Proof (i) The left hand side of (4) does not change if v is replaced by v. Applying
this to the right hand side, we infer that (v, g) = (v, g) for all v € M(X), proving
(i). (i) If we interchange p and v in (4), we obtain

(v, g) + (v, g) =2(u, g) (v, g).
Since g is an invariant, we get that
(v, g) + (uxv,8) =2(u, 8){v, g),
for all u,v € M(X). By (4), we conclude that
(U *xv,g) = (v*u,gforall u,v e M(X).
(iii) Noting that ¢ = e, we get with v = §, in (4) that
(i, 8) + (1, g) = 2(u, g)g(e) forall u € M(X).

This implies, since g # 0, that g(e) = 1. (iv) The first property follows from
the definition of g, and the fact that g is central. The rest of the proof consists of
straightforward computations except possibly for (10); to get (10), we interchange v
and w in (9) and add the identities. We get the result by using (8).

The following results are also hold.
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Proposition 2 Let g € Cyp(X) be a d’Alembert function on X and d be as in
Definition 6.

(i) Ifw € M(X) such thatw = w, then (u*w, g) = (i, g){w, g) forall u € M(X).
In particular,

(LxvxD,g)={u,g)v,d), forall u,v € M(X).

(ii) d : X —> C is amultiplicative invariant function satisfying (i, d) = (u*, g)
forall © € M(X), and d(e) = 1.
(iii) Forall u,v,w € M(X), we have

(xvkw, g) 4+ (uxwxv,g) =2, g)(viw,g) +2(v,g)(w*pu,g) (12)

+2(w, g} *v,g) —4Hu, g){v, g)w, g).

Proof (i) From the functional equation (4), we get that

2(m, g)(w, g) = (n*w, g) + (u*Ww,g)
={u*xw,g) +(u*w,g)
=2(u*w,g),

which implies (i). (ii) By definition of d and the fact that g is central, we have
(wv.d) = (v (nrv),g) = (iLxp*xv*b,g)
= (i * u, g)(v xV,g) = (u,d)(v,d).

(iii) Since

(w*v,g) = (v,8u) + (K, ) (v, 8),
we may write

(Wxvsew,g) + (Uxwxv,g) = (Vkw,g,) + (L g(v*wg)

+ (wxv,g,) + (1, g){w=v,8),
from which we, using (10) and the fact that g is central, derive that
(v, 8u) +2(v, g} (W, gu) +2{1, g) (v x w, g)
(m*v,g) —2(u, g)v, g)(w, g)

g)
g)
2(v, g){u xw, g)
2(u, g) (v, g)(w, g) + 2(1, g) (v x w, g),

(U vskw, g)+{u*xwxkv,g)=2(w,
=2(w,
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which is the stated result.
We now derive some properties of the function A introduced in Definition 6.

Proposition 3 Let g € Cp(X) be a d’Alembert function on X and A be as in
Definition 6. Then

(i) Forall u,v € M(X), we have

UV, A) = V@ U, A) = (L ®V, A). (13)
(n®v,A) = [(n,8)* — (. d)] [(v, g)* — (v, d)]
— [ xv,8) — (1, 8) (v, &) (14)
1
(m®v, 4) = S((,d)(v.d) = (v fix T, g)). (15)
1
<M®v,A>=5((M*M*v*v,g>—(u*v*u*v,g% (16)

(ii) The right representation R of X on Cy(X) has the property

<R(/L*v)— R(v * 1)

2
> > g=—(n®v,Ag, forall p,v e M(X). (17)

Proof (i) The equalities (13) and (14) sign come immediately from the definition of
A and the equality

(1o 8u) = (1. 8)* — (. d), forall u € M(X).

For the proof of (15), substituting w = i * ¥ in (12), we get that

(v % (% D), 8) + (1 * fL* D x v), g)

=2, ) (v * L x D), g) + 2{v, g) ({1 * V * u, g)
+2(f %V, g) (e * v, 8) — 4w, g) (v, g) (L * V, 8)

= 2, @) (B %V v, g) + 2(v, @)V ok [, g) + 2w v, )
— 4, g) (v, g) (i * v, g)

= 2(u, &) (1L, &)V * v, g) + 2(v, ) {(V, g) {1 * &, &)
+2(u kv, 8)° — 4. g) (v, g) (L % V. g)

= 2w, 8)* (v d) + 2(v, ) (. d)) + 2 % v, g)°
— 4, g) v, g *v,g).

Using the fact that d is multiplicative, we get the second equality sign. To get
(16), we compute (i * v * (ft * D), g) as follows:



D’ Alembert’s Functional Equation and Superstability Problem in Hypergroups 375

(Wxvx(L*D),g) = (*v*WEw),g) + (L* vk vk, g) — (L*V*kVk/u,g)
=2(uxv,g)(vxu)g) — (L v*xvxpu)g)
=2 *v,8)% — (s puxvxv),g)
={(uxvk kv, g) + (xv*(VEu),g) — (U*xpu*xv*v,g)
= (u*xv,g)+{u*xv,d) —(L*xpu*xv*kv)g),
from which the result follows.
(ii) By definition, for all i, v; € M(X), we have
(R(i1 % v1) — R(vy % 1))* = R(y % vy # a1 % v1) — R(i1 % vy % vy % 1)
— Ry * g * g % vp) + R(vp * oy * vy * ),

we get for any w € M(X) that

(W, (R(p1 % 1) — R(vy % 01))* @) = (W jug vy % g * vy, g)
— (W g vy R VK g, Q)
+ (W vk g ok gk Vg, g)
— Wk vk U * V% L, g).

Using the definition of g,,, we have

(W, (R(uey % v1)— Ry % p1))® 8)=(t1 % vy * g * vy, gw) + (V1 * py % vy % g, g)
=1k vy v L, gw) — (Vi sk kv, gw) (i, 8) X {{k x vr sk g % vy, 8)
(Vi gk vy g, 8) — (K vp sk vy sk ey, 8) — (V1 sk g % (g k vy, 8) )

The first four terms on the right hand side cancel. Indeed, on the two first terms

we apply the property (10) with v = w; % v; and w = | * vy, then we get

(kv kv, gy) =2(u*v,gu) {1 *v,g),

and on the two next terms we apply (10) with & = p; * vy and w = vy * ;. Using
freely that g is central, we get that

(W, (R( % v) — R(v # 11))* g) = 2(w, g)((1 % v % v, 8) — (i p* v kv, g)),

we get (ii) by referring to (16).
We now characterize the abelian solution of d’Alembert’s equation (4) by using
the function A.

Theorem 4 Let (X, *) be a hypergroup and g : X —> C be a d’Alembert function,
then

(i) g is abelian if and only if A = 0.
(ii) If g is non-abelian then there are elements [, vy € M(X) such that g,, # 0
and simultaneously (o ® vg, A) # 0.
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Proof The proof of Theorem 4 consists of modifications of the corresponding com-
putations of [25] and [26]. (i) That A = 0 if g satisfies Kannappan’s type condition,
which is an immediate consequence of the formula (16).

Let us conversely assume that A = 0. We get from (15) that

(Wxvxp*v,g)=(u,d){(v,d)forallu,v e M(X).
Butmore is true when A = 0, viz. that the following holds forall u, v,w € M(X) :
Wrpuxvx*v,g) = (wg)(u*vx*i*v,g) = (wg)ud)(v.d). (18)
Indeed, writing w instead of  and p * v * & * ¥ instead of v in (14), we find

[(wa v Lx1,8) — (w,g)(w*vx[ixD,g)]°
2

[(w,g)* — (w, d)I[{p * v L D, g)> — (kv Lk D,d)]
[(w,8)* — (w,d)I[{p % v s [ 5 D, 8)* — (11,d)*(v,d)’]
[(w,8)* — (w, d)I[{p 5 v s L5 D, g) + (i, d) (v, d)]

X [(uxv*pxv,g) —(u,d)(v,d)]

= [(w,8)* — (w, d)][(p % v fi 5 D, g) + (p,d) (v, d)] x 0 =0.

When we replace w by % v * w in (18), we find using the fact that g is central
and Proposition 2(i) that

wxvkw, g)(v,d)(u,d)
(UW*V*W)*xVxU*kD*[L,g)

(wxvxw,g)(u,d)(v,d) =

(
=
=((L*kV)kwxvxUkD kL, Q)
= (WHV* U HD*L*(UL*V),g)
= (W vk % (k) k(L x ), g)
= (wk vk, g)(u*v,d)
= (wk vk u,g)(u,d)(v,d),

SO

[ vsw,g) — (uxwxv,g)(u,d)(v,d) =0, 19)

for all u,v,w € M(X). If d vanishes nowhere, we get that (it x v * w, g) = (1 *
w* v, g), i.e., that g satisfies Kannappan’s type condition. In general case, we must
work a bit longer to get the desired conclusion:

(uxvsew,g)={(uxwxv,g), forall u,v,w € M(X).
Case 1 Assume that (i, g,) = 0, then for any v € M(X), we find that

0=(v®u,A) = (v, )1, gu) — (U &) =0 — [V, g) — (v, 8) (1, g)1%,
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so (v u,g) =(v,g){u,g). Forany v,w € M(X), we now get

(vrwsxp, g)=w*w, g, g)=w*v,g) (1, ) =W*v*u,g)=(V*u*wg),

so that the desired conclusion holds in this case.
Case 2 Assume that (v, g,,) = 0. We have also the desired conclusion. In this
case, 0 = (UL @ v, A) = (i, &u) (v, &v) — (v, 8)* = (. &u) (v, &), so either

(1,8u) =0 or (v,g,)=0.

We are thus back in the Case 1.
General Case Let i, v,w € M(X), since g is central we get that

(V*W, Gaw) = (VkWkVxw, g) — (v>t<w,g)2
= (Wxvxwxv,g) — (Wk,8)° = (WkV, guu),
and so (using (1 ® (v * w), A) = 0) that
)2

(v*xw, 8l = (u, g,u)(‘) * W, gv*w> ={u, gu><W *V, gw*v) = (wx*v, g/L)z,

which means that
[(vxw,gu) —(wxv, g ) [(vrw,g,) +(wxv,g,)]=0.

Rewriting the individual factors by using the definition of g,, on the first factor
and (10) on the second one, we get that

[ xv*rw, g) — (uxw=v, g)[{v,g.)w, g) + (v,8)(w, g.)]1 =0,

for all u,v,w € M(X). Replacing w by w only changes the sign of the first factor,
while we in the second factor get that (W, g,) = —(w, g,,), so that

[ vxw, g) — (ke w*v, g)][(v, gu)(w, g) — (v, g){w, gu)] = 0.
Adding the two identities yields
[ xvskw, g) — (uxwxv,g)|(v,gu)(w,g) =0. (20)

If (v,g,) =O0then (u*v*w,g) = (u*xwx*v,g) from the second case above. In
particular, [(u * v xw, g) — (w*xw* v, g)]{w, g) = 0, an identity which also holds
if (v, gu) # 0 as we see from (20). Renaming letters we have in any case that

[(uxvsw,g)— (uxwxv,g){un,g) =0forall u,v,w e M(X). 21)

Writing (i, g.) = (1, g)* — (1, d) and similarly for g, we get for any u, v, w €
M (X) by help of (20) and (21) that

[{xv*w, g)—(uxw*v, g) {1, g.){v, &)l
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= [(wxvsw,g) — (wxws v, 2)((1, 8)° = (1, d))(v,8)* = (v.d))
=0.
Applying the first case we get that (it x v *w, g) — (w*w*xv,g) = 0. i.e., the

function g is abelian.
(>ii) By (i) there exist o, v € M(X) such that

(0 ®v,A) = (0,8 )(v,8) — (U, &) #0. (22)

If (0,8,) # 0, we have the desired conclusion with up = o and vy = v.
Similarly if (v, g,) # 0. So, we may in the remainder of the proof assume that
(0,85) = (v, gy) = 0. We get from (22) that (v, g,) # 0. From (o, g,) = 0, we get
that

(ox0,8) =(0,8)°=(0%5,8) #0,
where the inequality sign was established in Proposition 2(ii). By the formula (11)

in Proposition 2(iv), we get that

(0 %v,8,) = (0,8)(V,8) + (0,8, ){V, 8) = (0,8){v,8:) #0.

So the pair {0, o * v} also satisfies the inequality (22), i.e., (o0 ® (o *v), A) # 0.
We are through if (0 * v, go4y) # 0, So we may from now assume that (o *
U, 8o+v) = 0. This means that
((o xv)* (0 *xv),g) = (a>ku,g)2 = ((o*v)*(a*vi,g)

={(oc*xU*xV*0,g)
=(0x5,8)(u*D,g) = (0,8)*(v,g)°

Now,

[{o xv,g) + (0,8) (v, 8)(v, &)
=[{o xv,g) + (0,8 (v, g)ll{o * v, g) + (7,8) (v, g)]
= (o *v,8)* — (0,8)*(v,8)* =0,

which, since (v, g,) # 0, implies that (¢ * v, g) + (o, g){(v, g) = 0.

Since (6 Q v, A) = (0 Q@ U, A) # 0 we may go through the considerations above
with v replaced by v. This will give us (o * U, g) + (0,g)(V,g) = 0, i.e., that
(o0, g)+ {0, g){v, g) = 0, unless we on the way get a pair {u¢, vo} of measures in
M (X)suchthat (o, g,,) (Lo®Vo, A) # 0. Adding this to (o *v, g)+(0, g)(v,8) =0
gives 4(o, g){(v, g) = 0, contradicting that (o, g) # 0 and (v, g) # 0.
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4 The Space W(g) of Wilson Functions

We discuss Wilson functions corresponding to a non-abelian d’ Alembert function.
Throughout this section, let g denote a non-abelian d’ Alembert function on a hy-
pergroup X. That g is non-abelian means that there exist (o, vo € M(X) such that
(o ® vg, A) # 0 (Theorem 4(i)). We choose such element 1, vy € M(X), keep
them fixed during the remainder of this section.

Definition 7 We let W(g) denote the space of functions f € Cp(X) satisfying

(v, f)+ (w0, f) =2, f){v,8), n,veMX). (23)

The elements of W(g) are called Wilson functions on X. The set of even (resp.
odd) Wilson functions is denoted W(g). (resp. W(g),). Even/odd is meant with
respect to the involution of X.

A consequence that we will derive below, is that W(g) is finite-dimensional and
invariant under the right and the left representation of X. We generalize the result
for groups obtained recently by Davison in [10] and Stetkeer in [25]. For the reader’s
convenience we include proofs. It is an adaptation of Davison’s and Stetkaer’s proofs
to the hypergroup status.

Proposition 4 Let g € Cp(X) be a d’Alembert function on X.

(i) A Wilson function f is odd if and only if f(e) = 0.
(ii) g € W(g)e while g, € W(g), forall n € M(X).
(iii) W(g) is a vector subspace of Cp(X), and it is invariant under the left
representation L of X.
(iv) W(g). and W(g), are vector subspaces of W(g) such that W(g) = W(g). &
W(g),. Furthermore, W(g), = Cg. Finally, if f € W(g), then for all u,v €
M(X)

(v, f) + (v, f) =2(u, f){v,8) +2(v, /) (1. 8)- (24)

Proof (i) Assume that f(e) = 0. In (23), we replace u by 6. then we get that
(v, ) 4+ (D, f) = 0. The other implication is obvious.

(ii) It follows from Proposition 1.
(iii) Using the definition of the left regular representation of X, we get that

(% v, L) f) + (o D, L0 f) = (00 % % v, f) + (0 % 0% 0, f)
=2(Wxpu, f){v.g)
=2(u, Lw) f){v,8)

which shows that L(w) f € W(g) for all w € M(X).

(iv) f € W(g)isby
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v v

+f -7
f= st
decomposed into its even and odd parts in C;(X). The only problem is to show that
the parts belong to W(g) Taking 4 = 6, in (23), we see that f+f = f(e)g € W(g).

It follows that L5L = f — &L +f = f — fe)g € W(g) as Well To get (24), we
interchange u, v 1n (23) and add the result to (23).

We have so far in this section not used that g is non-abelian. But the assumption
will be essential from now on. We need a pair {{g, vo} of measures in M(X) such
that Ay = (o ® vo, A) # 0.

Lemma 1 If f € Cy(X) is an odd Wilson function such that (o, f) = (vo, f) =
(o *vg, f) =0, then f = 0.

Proof Let f € W(g), satisfies the conditions of the lemma, and let u, v,w € M(X)
be arbitrary. We take our point of departure in (24) which gives us the two identities
(mxvsew, ) +(vsewsp, f) =2(u, FHvew, f)+2(u, g v *w, f),
(ewsp, fY+wxpuxv, f) =2(v, f)w=pn,g) +2(v,g)(w*pu, f).

We get two more identities by interchanging p and v in these two identities.
Adding all four identities we get, using (24) and that g is central to get reductions on
the left and right hand sides, that

(wxwxv, )+ (vswsxu, ) =2(u, f)vew,g)+2(v, fl{uxw,g) (25
+ 2(w, 2w, [Y v, f) = (v, f)].

In (25), we put v = u and get by the definition of d that

(wxwskpu, f=2(u, friuxw, g) + (w, fH{n,d). (26)

In (26), we replace w by v % w * v, and add it to the same identity with © and v
interchanged. Using (26), we get
(xvewskvsu, Y+ @skpuxwxuxv, f)=2(u, Il xvkw*xv,g)
+ (vod)(wxw, )1+ 2(v, FIIv s pxw*p, f)
+ (n.d) (v xw, )14+ 2(w, f){u.d){(v.d).

We note that the left hand side is the left hand side of (25) if we in (25) replace u
by v * p and v by 1 * v, so equating the right hand sides we obtain, using (16) that
2w, Yl vk w v, g) 4+ (v, d) (s w, &)1+ 2(v, fH[{v sk pskwpu,g)

+ (. dY(w v, &)1+ 2w, f)(u,d)(v,d)

=2(kp, [l {wxvxw,g)+2(uwxv, fHv*uxw,g)+ 2w, f)

2

2vsku,g)" —(vruxuxv,gl
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Using (14), (23), and

2(v sk 1, 8)7 = 2(v ke o, @) (I v, g) = (Vo sk puk v, g) + (Vs ok Dk L, g)

we obtain

2, I xvxwxv, g) + (v, d)(xw, g) +2(v, (v * wxw*pu,g)
+ (. d) (v * w, g)] + 2w, f){r,d)(v,d)

=2[— (w*v, f) +2(u, v, 8) +2(v, {1, &)l x v *xw, g)
+2(u v, ) (vrpwxw,g) + 2w, fHl{n.d)(v,d) —2{n Q@ v, A)].

This simplifies enormously for & = o and v = vy because (o, f) = (vo, f) =
(o * vo, ) = 0. Indeed, we get

2<W’ f><,bL(),d><U(), - 2<W f /’LO’ V(),d) - 4(“0 ® Vo, A)]s

which implies that (w, ) = 0, since (ug ® vy, A) # 0.

Corollary 1 The central Wilson functions corresponding to a non-abelian
d’Alembert function g are the complex multiples of g.

Proof g € W(g)iscentral, so any complex multiple of g is a central Wilson function.
To get the converse, let f € W(g) be a central function. According to Proposition
4(iv) we may write it in the form f = cg + fy where ¢ € C and fy € W(g),. It
suffices to prove that fy = 0. Noting that f; = f — cg is central, we get from (24)
that

(v, fo) = (1 fo) (v, g) + (v, fo)(u. &) forall p,v e M(X).

That we use a number of times in the following computation

(v, g1, fo) = (v, 8)w, fo) — (1, &) (v, &) {u, fo)

= (u*xv,g)(u, fo) + (1 *v, fo)lw, g) — (. &)[{w, fo){v, g)
+ (v, fod{m, &)1 — (1, &) (v, &) (i, fo)

= (v, fo) = (1. &) (v, fo) — 2w, 8)(v. &) {1, fo)

= (g, fo) (v g) + (i 1, 8) (v, fo) — (. 8) (v, fo)
= 2(u, g){v, g){1, fo)

= 2(u, fo) (i, &) (v, &) + [{n * u, g)
- <u,g>2]<v, fo) = 2<u,g><v,g><u, fo)

=[{n*xp, g — (v, fo)

= (u,gu><v,fo>
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Taking first u© = g and v = vy, and then & = vy and v = o we find that
(10» 8o ) (V05 fo) — (Vo, &uo) (0, fo) =0,

and
(1o, 8vy) (vo, fo) — (vo, &wy) (K0 fo) = 0.

This is a system of equations in the unknowns (vy, fo) and (o, fo). Its determinant
{140+ 8120) (V01 8u) — (V0, 8uo)” = (Ko ® v, A) # 0,
then (vo, fo) = (1o, fo) = 0 and

(ko * vo, fo) = (1o, fo){vo,g) + (vo, fo){wo,g) = 0.

By Lemma 1, we conclude that f; = 0.

Definition 8 Let g € C;,(X) be a non-abelian d’ Alembert function on X, let

R(po * vo) — R(vo * o)

f1:= 8uy» f2:=gunand f3:=( 5 )8
and define «, 8,y € C by
! ( ), B ! ( ) and ! ( )
= — (o, 8uy)» B = — (vo, an = —{Vg, Q).
o Ao o> 8o Ao 0> 8o Y Ao 0> 8vo

Lemma 2 (i) We list a couple of formulas that will be used later

1

ay == 7 27)
(o * vo, f1) = (vo * po, f1), (28)
(o * vo, f2) = (vo * o, f2), (29)

(o, f3) = (vo, f3) =0, (30)
(ro * vo, f3) = —(vo * no, f3) = —Ao. (31)

(ii) The functions fi, f>, and f3 presented in Definition 8 are odd.

Proof (i) The first equality follows from the definition of A. The equalities (28) and
(29) follow from (11). For the last statement of (i) we refer to (17).

(ii) We have seen in Proposition 2 that f| := g,, and f> := g, are odd functions,
soitis left to verify, using the fact that g is central and invariant, and that the functions
gu : M € M(X) are odd, that f3 is odd:

R — R
i fa) = <IVL, (o * vo) . (vo * Mo)g>
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L. .
= 5 (ks pro * vo, g) — (1 o * po- 8))
1 . .
= 5 (ko s vo o [L, g) — (vo s o * fL. &)

= 5((/2, Guosvo) T+ (1o * V0, &) (L, &) — (ILs &upxuo) — (Vo * o, &) (1L, &)

1
= 5(—(M,guo*m) + (1o * vo, g) {1, &) + (U, &uowuo) — (Vo * Lo, &) {1, &)
1
= —E((Mo * Vg * 1L, &) — (Vo * o * U, g))

_ < R(po * vo) — R(vo * o) >>
=—{u, 5 8

= _(M7f3>5

so f3 is odd.
The next theorem is one of the important results of this chapter. It was derived for
groups in [25].

Theorem 5 Let (X, *)be ahypergroup and g € Cyp(X) be anon-abelian d’Alembert
function, then

(a) dimW(g) = 4.

(b) A basis of W(g), is { f1, fa, 13} If | € W(g), then

= [y f) = Bvo, £)] fi + [=Blo. £) + (v, )1 > (32)

1
— ﬂ[(,uo * Vo, f) — (vo * wo, )13,

where the functions fi, f>, f3 and the constants «,f,y are introduced in the
Definition 8.

(c) W(g) =span{L(n)g: pn € M(X)} =span{R(n)g : n € M(X)}.

(d) As operators on W(g) we have the identity

L) + L(j1) = 2(u, ). (33)

(e) The matrix-coefficients of subrepresentations of L/W(g) and R/W(g) are
in W(g).

(f) If E is an L-invariant subspace of W(g). Then, xp/g = dim(E)g where the
character xp,r of L/E is defined by

xL/E(x) =tr(L(x)/E),x € X.

Proof (a) follows from (b) and Proposition 4(iv). (b) We first show that the formula
(32) holds. Let /1 be the function on X defined by

h = [y {uo. f) = Bvo, )] fi + [=Blro. f) + a(vo, F)] fo —
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2—A0[<M0 * v, f) — (Vo * wo, )] /3.

Since both f and & belong to W(g), it suffices by Lemma 1, to show that (119, ) =

(o, h), (vo, f) = (vo,h) and (o * vo, f) = (io * vo, h). Noting that (uo, f3) =
(vo, f3) = 0, it is easy to see that (o, f) = (uo, k) and that (vy, f) = (v, h), so it
is left to verify that (g * vo, h) = (o * vo, f).

Since (g * vy, f3) = —Ag by using the formula (23) and (30), we get that

(ko * vo, h) — (1o * vo, f)
= [v (1o, ) — Bvo, £)] (o * vo, 8uo) + [—B{ro, £) + a(vo, )] (1o * vo, guy)

1
+§((M0*V0,f)—<U0*Mo7f>)—(ﬂo*vo,f)

= [y (o, £) — Bvo, )] (1o * vo, ) + [—B 1o, ) + a(vo, )] (140 * vo, &uy)
— (1o, f){vo, 8) — (vo, f) {10, &)
= (1o, £) {¥ (110 % V0, 8u0) — Blito * 10, &vy) — (V0. 8)}
+ (vo, f) {=B1o * vo, 8ue) + (o * v0, 8vp) — (10, 8)} -
By (11), we find that the coefficient of (g, f) vanishes. Indeed
Ao {y (110 % vo, 8uy) — Blkto * vo, &u) }
= (10, &w) [ (10, &) (V0. &) + (140- &puo) (V0 8)]
— V0, 8uuo) [(v0» ) (1405 &) + (V0. 8uo) (0, 8)] — Ao{vo, g)
= [(v0: 8uo) (10: &p10) — (V0. 8o}’ ] (V0. 8) — Ao (v, g) = 0.

Similar arguments show that the coefficient of (vy, f) vanishes. We have now
shown that the formula (32) holds, so that { f1, f>, f3} spans W(g),. Itremains to show
that { f1, f>, f3} is a linearly independent set. So assume that ¢| f| +c, f> +c3 f3 = 0,
where ¢y, ¢;, c3 € C are constants. Using (o, f3) = (vo, f3) = 0, we find that

ci{po, f1) + c2{po, f2) =0

c1{vo, f1) + c2(vo, o) =0 '

The determinant of this system is

(Mo’fl) (MO’fZ) _ <M03guo) (/’L()’gvo)
(vo’fl) (V03f2> <U0agM()) (VO»gV())

<M07 gﬂo><v0, gw)> - <V0’ g,u())z = AO # O,

so ¢; = ¢ = 0. Appliquing at po * vg, we now find that 0 = c3{(ug * vo, f3) =
c3(—Ap) = —c34y, so that also ¢3 = 0.

(c) As mentioned in Proposition 4, W(g) is an invariant under the left represen-
tation L of X. Now g € W(g), so span {L(u)g : i+ € M(X)} € W(g). On the other
hand
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(1, 8v) = (v, g) — (u, g) (v, 8)
= (u, L(V)g) — (v, &), L(8.)g),

which means that g, = L(V)g — (v,g)L(8.)g € span{L(uw)g : u € M(X)} for
any v € M(X). As R and L commute, we have f3 € span{L(n)g : n € M(X)}.
Since  {g, guu0» Guos wg} is a basis of W(g), then W(g) C
span{L(n)g : n € M(X)} . Thus

W(g) = span{L(n)g : p € M(X)}.

The last equality of (c) comes from the fact that g is central, so that L(jt)g =
R(un)g forany u € M(X).

(d) Using that g is central we get that

(v, (L(w) + L(1))g) = (1 * v, 8) + (u x v, g)
=2(v, g)(u, g) forall u,v € M(X),
which means that [L(u) + L(%t)]g = 2(u, g)g for all u,v € M(X).
n

Forany f = ) c;R(u;)g € W(g) we get, since L and R commute, that
j=1

(LG + L) £ = (L) + L(D) Y c;R(1)g

j=1

=Y ciR(uy) (L(w) + L(v) g

j=1

=Y iR, g)g = 2(1,8) f,
j=1
proving the equality (33).
(e) Fix a basis of W(g) and let for any x € X
aj(x) ap(x) apx) apx)
M(x) = a(x) an(x) axp(x) axu(x) ’
az1(x) apn(x) az(x)  asa(x)

a1 (x)  azp(x) ap(x) apu(x)

be the corresponding matrix for L(x). Noting that

(m,ai)  (,a) (,a13) (U, ai4)
(i M) = (,a21  ((,a2) (W,a3) (W, a) ,

(u,a31)  (,a3) (w,as3) (W, aszs)

(W,a41)  (W.aa2)  (W,a43) (W, Aa4)
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for all © € M(X). The identity (33) translates to
(n, M) + (i, M) = 2(, g)ls,
which means, forany © € M(X)and 1 < i, j < 4, that we have
(s aii) + (i, aii) = 2(u, g) and (w, a;;) + (@, a;;) =0fori #j. (34
Since L is a representation of X, then
(w=xv,M) = (u, M)(v, M) for all u,v e M(X),

this identity translates to

M-

(w*v,a;) =) (Wai)(v,a),l <i,j <4 (35)

~
Il

1

Using the formulas (34) and (35), we get that

4 4
(*v,ai;) + (U *0,a) Z (1, aix) (v, agj) +Z (i, ai) (v, ag;)
k=1

= Zw, aix) ((v,aij) + (¥, ax;))
k=1

= (. a) ((v,aj)) + (V,a;;))
2(u, at/)(v7 g)

which means that the matrix-coefficients of subrepresentations of L/W(g) are
in W(g).

(f) Let E be an L-invariant subspace of W(g). The character x;,z is a central
function and hence (by (e)) a central Wilson function. By Corollary 1, there exists a
constant ¢ € C such that x;,r = cg. Evaluating at e € X we find that ¢ = cg(e) =
xeye(e) = tr(lg) = dim(E). So g = guptr(Xe/e).

Lemma 3 There are no 1-dimensional L-invariant subspaces of W(g) where L is
the left regular representation of X on W(g).

Proof We assume to the contrary that C f is a 1-dimensional L-invariant subspace of
W(g). Then, f # 0 and L(u)f has for any u € M(X) the form L(n)f = (i, x) f,
where (i, x) € C. Since L is a representation of X, then

(v, x) f = L), ) f =, x)(v, x) f forall u,v e M(X),

which implies that

(w*v, x) = (u, x){v, x) forall n,v € M(X),
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this means that x is amultiplicative function of X and x(e) = 1. Evaluating L(n) f =
(m, x) f at e we get that

(e, f) = (u, x) f(e).

In particular, f(e) # 0, because otherwise f = 0. Since f is a Wilson function
then so is the function ¥ = %, thus, we get
(v, X)+ (v, X) = 2(u, X)(v, g).

For i = 8., we obtain (v,g) = 1 {(v, %)+ (v, x)}. But this implies the con-
tradiction that g is non-abelian, because y is multiplicative function and hence
abelian.

However, there are 2-dimensional L-invariant vector subspaces of W(g).

Proposition 5 Fix § € C such that §* = — A,. Then

R(po * vo) — R(vo * o)
2

W(g)* = 1{f e W(g): f =81}
are two 2-dimensional L-invariant subspaces of W(g),and W(g) = W(g)T@W(g)~
as direct sum. Furthermore,

(a) w:= L/W(g)" is a continuous and irreducible representation of X on W(g)*
with character x, = 2g.

(b) 7w(f1) = adj(mw(w)) for all p € M(X), where adj : LIW(g)*) — LIW(g)T)
the adjugate map defined by

a c
adj =
b

Proof The statement about the invariance of W(g)™ and W(g)~is easily deduced
from the fact that, the left and the right representations commute, L leaves any
eigenspace of w invariant. We start by proving that

R —R 2
( (1o * vo) > (Vo MO)) = —Apl as operators on W(g). 36)
We know from (33) that
Ruo#vo) = R(vo  po)\*
B 8§ = 08-

Since the left and right representations commute, we get that

(R(Mo * vp) — R(vp * “0))2 f=-Aof,

2
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for any f of the form f = ZCJL(,uJ)g, where ¢; € Cand u; € M(X), j =
j=1

1,2...,n. But these functions f constitute W(g) by Theorem 5(c). This proves (36).
Let T : w so that 72 = I. Then

f+Tf  f-Tf
2 + 2 ’

f:

is the desired decomposition of f € W(g) into elements from W(g)* and W(g)™.
So W(g) = W(g)" & W(g)™.

We next prove that dimW(g)™ = dimW(g)~ = 2. Let f; be the function defined
in Definition 8. The computation

R(po * vo) — R(vo * o) R(po * vo) — R(vo * po)
(f3+688) = f3
2 2
R(po *vo) — R(vo * o)
2 8

R(Vo*ﬂo)>2

+ 46

:<R(Mo*vo)— ¢+ 8y

2
= —Aog +4f3

A
(f3 + Tog)
= 48(f3 +39),

shows that f3 + 8g € W(g)". Similarly we find that f; — 8g € W(g)~. Thus,
both W(g)" and W(g)~ have dimensions, at least one. However, there are no 1-
dimensional invariant subspaces (by Lemma 3), so both W(g)™ and W(g)~ must be
at least 2-dimensional. But dimW(g) = 4 (Theorem 5(a)), so none of them can have
dimension strictly bigger than 2.

(a) W(g)™ is irreducible under L, because a nontrivial invariant subspace of it
would be 1-dimensional, and there are no such subspaces according to Lemma 3. By
definition of L we see that 7 is continuous [3]. The statement about the character is
immediate from Theorem 5( f).

(b) Fix a basis of W(g)" and let for any u € M(X)

() = (m,an) (. arz) c MQ.0),

(M’ Cl21> (/’L’aZZ)

be the corresponding matrix for 7 (u). The formula L(u) + L(n) = 2{(u,g)I on
W(g) translates to

(,an) {w,an) n (fyan) (i, an) 2{u,g) O
(w,az)  {u,axn) (f,az) (i, an) 0 2(u, g)
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while the formula tr(7w(n)) = x.(nw) = 2(u, g) from (a) translates to (u,a;;) +
(i, an) = 2{u, g). Using these two formulas, we find for any u € M(X) that

(f,an) = 2(u, &) — (. an) = 2(u, &) — [, an) + (u, an)] + (1, an)
=2(u, g) — 2(u, g) + (1, an) = {1, an).

Replacing u by 1t we get that (ft,ax»n) = {(u,a;;). Furthermore, we find that
(ft,ai2) = —(u,ar2) and (i, az ) = —(u,az ). Thus,

Gl = (M,an)  —{u,a) — adj (u,a11)  (u,an) — adj(r ().
— (1, az) (1, an) (w,az1)  (u,a)

5 The General Case

We return to general d’ Alembert functions on hypergroups, i.e., nonzero solution
g € Cp(X) of (4). The first main result of this chapter is the following Davison’s
structure theorem [10, 25].

Theorem 6 (a) The d’Alembert functions on (X, ) are the functions of the form

gx) = %tr(ﬂ(x)),

where 7 range over the 2-dimensional continuous representations of X for which
(X)) = adjor(x) forall x € X.

b)) g= %trmr is non-abelian if and only if 7 is irreducible. If g is non-abelian,
then 1 is unique up to equivalence.

(¢) If g is abelian, then 7w can be chosen as a direct sum of two 1-dimensional repre-
sentations of X, i.e., of two multiplicative functions. If x is one of these multiplicative
functions, then X is the other.

Proof (a) ltis easy to verify that any function of the form g = % Xz, Where 7 is
a 2-dimensional continuous representation of X such that 7 (X) = adjom (x) for all
x € X, is a d’Alembert function on X.

The converse, if g is non-abelian d’Alembert functions on X, then we refer to
Proposition 5 for a representation 7 with the desired properties. If g is an abelian
d’Alembert functions on X, we may in the notation of theorem 3 as 7 choose

X 0
200 = [ * | foralix e x.
0 x®
(b) Assume first that g = % X 18 non-abelian, we show that 7 is irreducible.

By contradiction, if ¥ were no irreducible, then there would exists an invariant 1-
dimensional subspace C. f of the representation space. So (i) f = x(w)f for all
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w € M(X), where x(u) € C. Let { f, h} be a basis of the representation space with
respect to that basis, 7 takes the form

2o = [ X o an e M),

0 x1 ()

where a, x; are complex valued functions. It follows from 7 being a representation
that x and x; : X — C are multiplicative functions on X. Multiplicative function
on X is abelian function on X. Hence, so does g = %X,, = %(X + x1), i.e., g is
abelian. But that contradicts our assumption.

Assume conversely that 7 is irreducible. We prove that g is non-abelian by con-
tradiction. If g were abelian, then g can, according to Theorem 3, be written in the
form g = 2((1) + ¢) where ¢ is multiplicative function on X. Thus, x, = ¢ + d)
Viewing ¢ and ¢> as 1-dimensional and hence, irreducible representation, we see
that the three multiplicative functions x,, ¢, and qvb are not linearly independent. But
multiplicative functions are linearly independent (see [19, Proposition 3]). If ¢ and
q; are equivalent, they coincide, so x, and ¢ are linearly dependent, and thus = and
¢ are equivalent. But they cannot be, being of dimension 2 and 1, respectively. Other
possibilities cannot occur; 7 and ¢ are not equivalent, being of different dimension.
Similarly for 7 and ¢.

The essential uniqueness of 7 is a consequence of the fact that characters of
inequivalent irreducible finite-dimensional representations are linearly independent
([7], Proposition 2, Chap. V111, §13, no. 3).

(c) We saw in the beginning of the proof that 7 can be chosen as a direct sum
of two 1-dimensional representation of M (X), i.e., of two multiplicative functions.
The uniqueness follows from ([19], Proposition 3).

As an immediate consequence of Theorem 6 we have the following Corollary.

Corollary 2 If g is a d’Alembert function on (X, x) then there is a continuous and
multiplicative map ¢ : X —> Maty(C) with ¢ = adj o ¢ such that

L t
= —trog,
§=3 @
where Mat,(C) is the space of complex matrix of order 2 and adj : Mat,(C) —
a b d -—b
Mat,(C) —
c d —c a

6 Superstability of the D’Alembert Equation (4)

There is a strong stability phenomenon which is known as a superstability. An equa-
tion of homomorphism is called superstable if each approximate homomorphism
is actually a true homomorphism. This property was first observed by J. Baker, J.
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Lawrence, and F. Zorzitto [4] in the following Theorem: Let V be a vector space. If
a functionf : V — R satisfies the inequality

lfx+y)—fOfWI<e¢

for some ¢ > 0 and for all x;y € V. Then, either fis a bounded function or

Ja+y)=fxf, x,yeV

Later this result was generalized by J. Baker [3] and L. Székelyhidi [29].

Székelyhidy in [27] (Theorem 7.1), dealt with the superstability of exponential
(i.e., multiplicative) functions on hypergroups. Precisely, he proved the following
result. LetKbe a hypergroup and let f,g : K —> C be continuous functions with
the property that the function

y— /K fd(6, x8y) — fF(x)g(y),

is bounded for all y in K. Then, either f is bounded, or g is exponential (i.e.,
multiplicative function).

In present section, we shall extend the investigation given by J. Baker [3], L.
Székelyhidi [27, 29], R. Badora [2], and E. Elqorachi and M. Akkouchi [11] to the
Eq. (4).

In Theorem 7, the superstability of Eq. (4) will be investigated on any hypergroup.

Lemma 4 Let § > 0 be given. Assume that the continuous function f : X — C
satisfies the inequality

[(8y % 8y, f) + (8 %85, f) —2f () ()| <8, x,y e X (37)

If f is unbounded then it satisfies the d’Alembert’s long functional equation

(8 # 8y, f) 4 (8x 85, f) + (8y # 8, f) + (85 % 0x, ) =4f () f (). (38)

Proof Assume that f is an unbounded function satisfying the inequality (37). For
all x,y,z € X, we have

12f @) |(8c % 8y, f) + (8 % 85, ) + {8y % 8y ) + (85 % 8, [) = 4L () f ()]
= |2/ @)(8x %8y, f) + 2F ()8 * 85, f) + 2 (@)(8 * by, )
+ 2f @85 * 8, f) = 8F@ ()W)

= /2f(Z)f(t)d(5x * 8y)(1) +f2.f(z).f(t)d(5x * 85)(1)

X X

+/2f(z)f(t)d(3y * 8,)(1) + / 2f @) f()d (85 % 8:)(1) — 8f(2) f(x) f(y)

X X
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=

/ ((8:% 81, f) + (8. 85, ) = 2f () (1) d(8x % 8,)(0)
X

[ | (8% 80 f) + (8% 85, f) = 2F @ f (1) d(Sy % 83)(1)

< —

((8 % 8is f) + (8. % 85, f) = 2f @ f (1) d(8y % 8:)(1)

+
—

(8% 81, f) + (8. 8, ) = 2f (@) f(1)) d(85 % 8:)(0)

+
<—

((8 % 8y, £ + (8 % 85, ) = 2f () f () d(B. % 8:)(1)

+
<—

(8¢ # 8> f) + (8 % 8z, f) = 21 () f(x)) d(8: % 8,)(1)

+
< —

+ /((&*c‘x,f)Jr(&*er,ﬂ—2f(t)f(X))d(3z*3;)(t)
X

+ / ((8 % 8y, f) 4 (80 % 85, ) — 2£ (1) f(x)) d(8, % 8:)(2)

X

+ 2F (82 # 8, f) + (8. % 85, f) = 2f () f ()]
+ 21 F O] [(8. %8y, f) + (8% 85, ) =2 @ f )]

By virtue of inequality (37), we have

[2£@)] |(8y * 8y, £) + (8s % 85, f) + (8y % 8x, £) + (85 %8s, f) — 4L () F ()|
<83+ 2(If)| + | fF(x)8. (39)

If we fix x, y, the right hand side of the above inequality is bounded function of
z. Since f is unbounded, from the preceding (39), we conclude that f is a solution
of the d’ Alembert long equation(38), which ends the proof.

We have the following result on the superstability of the d’Alembert equation
which generalizes the Baker’s result on the classical d’ Alembert functional equation
on an abelian group [3] (Theorem 5).
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Theorem 7 Let§ > 0 be given. Assume that the continuous function f : X — C
satisfies the inequality

|8 % 8y, f) 4+ (8 % 85, f) —2f () (V)| <8, x,ye X (40)
then either

ool < LI+ 2 2”25

x € X,

or

(8 # 8y, )+ (8x % 85, f) = 2f () f (), x,y € X.

Proof Assume that f satisfies inequality (40). If f is bounded, let A = sup|f],
then we get for all x € X that |2 f(x)f(x)] < § + 2A, from which we obtain that
2AZ —2A — § < 0 such that

14+ V1426
AS%, x € X.

Now we consider the case of f unbounded. For all x, y,z € X, we have

12F @)1 [{(8x % 8y, f) + (8 % 85, ) = 2/ () f ()]

/Zf(Z)f(t)d(Sx * 8y)(1) + / 2f @) f(D)d 6y * 85)(1) —4f(x) f(y) f(2)

X X

=

/ (80 % 8au £) -+ 80 % 820 ) — 20 () £(2) (B, % 8,)(0)
X

+ / (8, % 820 ) + (81 % 85 £) — 27 £ () d(S,  85)(0)
X

+ / ((8 % 80, f) + (8 % 8, f) = 2F () () d(8, % 8)(1)

X

+ / ((8c % 81, ) + (82 % 85, ) = 2F () f (1)) d(8y * 8:)(1)

X

+ / (8 % 8¢, £ + (8 % 8, f) = 2£ () f (1)) d(B: % 8,)(0)

X

+ / ((8 % 8¢, f) + (8 % 85, f) = 2f () f (1)) d (8. % 8,)(1)

X
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+ / (50 % 8y £) + (50 # 85 f) — 20D £() d(By % 8:)(0)

X

+ / ((8 % 8y, £ + (8 % 85, ) = 2f (D f () d(8x % 8)(1)

X
+|2F )8y # 8es £) +2F(0) (8 8z, f) +2£(x) 8z % 8y, f)
+ 21 () (8. %8y, f) = 8F () f (N (2)|
+ 1208y % 82, ) F () + 28 %82, ) f () — 4f () F () f )]
<88 +28 | f I+ 1270 [(8y 82, ) + (8, % 8z, f)
+ (8, % 8y, f) 4 (82 % 8y, ) — 4f O f Q)] .

In virtue of inequality (40), we obtain

12 £ @) [(8x % 8y, £) + (85 % 85, f) — 2£ () f ()]
<85+ 28 [ F + 12O [(8y % 82, f) + (8y * 8z, f) + (8. % 8y, f) + (82 % 8y, f)
—4fMfQ@)I.

Or f is unbounded then by Lemma 4 it is a solution of (38). We conclude that

12 £ @) [(8s * 8y, £) 4 (84 # 85, f) — 2L ) ()| <88+ 28| f(¥)]. (41)

Again the right hand side of (41) as a function of z is bounded for all fixed x, y.
Since f is unbounded, from the preceding (41), we conclude that f satisfies the
Eq. (4), and the proof of the theorem is finished.
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