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Preface

An intriguing and famous talk presented by Stanislaw M. Ulam in 1940 triggered
the study of stability problems for various functional equations. In his talk, Ulam
discussed a number of important unsolved mathematical problems. Among them, a
question concerning the stability of homomorphisms seemed too abstract for anyone
to reach any conclusion. In the following year, Donald H. Hyers was able to give
a partial solution to Ulam’s question that was the first significant breakthrough and
step toward more solutions in this area. Since then, a large number of papers have
been published in connection with various generalizations of Ulam’s problem and
Hyers’s theorem. In particular, Themistocles M. Rassias succeeded in extending
the result of Hyers’s theorem by weakening the condition for the Cauchy differ-
ence. This remarkable result of Rassias led the concern of mathematicians toward
the study of stability problems of functional equations.

Unfortunately, no books dealing with a comprehensive illustration of the fast
developing field of nonlinear analysis had been published for the mathematicians
interested in this field for more than a half century until D. H. Hyers, G. Isac and
Th. M. Rassias published their book, Stability of Functional Equations in Several
Variables, Birkhduser, 1998.

This very book will complement the books of Hyers, Isac and Rassias and
of Czerwik (Functional Equations and Inequalities in Several Variables, World
Scientific, 2002) by presenting mainly the results applying to the Hyers—Ulam—
Rassias stability. Many mathematicians have extensively investigated the subjects
on the Hyers—Ulam—Rassias stability. This book covers and offers almost all classi-
cal results on the Hyers—Ulam—Rassias stability in an integrated and self-contained
fashion.

e In Chapter 2, we discuss the Hyers—Ulam—Rassias stability problems and the
related topics of the additive Cauchy equation. In Section 2.1, we explain the
behaviors of additive functions. We, then, begin to discuss the Hyers—Ulam and
the Hyers—Ulam—Rassias stability problems of additive functional equation in
Sections 2.2 and 2.3. The stability on restricted domains and its applications are
introduced in Section 2.4. We explain briefly the method of invariant means and
the fixed point method in Sections 2.5 and 2.6. In Section 2.7, the composite
functional congruences are surveyed. The stability of the Pexider equation will
be proved in Section 2.8.

vii



viii Preface

e The Hyers—Ulam—Rassias stability of some generalized additive functional
equations is proved in Chapter 3. Moreover, we discuss the Hyers—Ulam stability
problem in connection with a question of Th. M. Rassias and J. Tabor.

e Chapter 4 deals with the Hosszid’s functional equation. In Section 4.1, we prove
that the Hosszud’s equation is stable in the sense of C. Borelli. The Hyers—Ulam
stability problem is discussed in Section 4.2. In Section 4.3, we present that the
generalized Hosszu’s equation is stable in the sense of Borelli. In the next section,
we prove that the Hosszli’s equation is not stable on the unit interval. Moreover,
the Hyers—Ulam stability of the Hosszi’s equation of Pexider type is proved in
Section 4.5.

e We survey the stability problems of the homogeneous functional equation in
Chapter 5. In Section 5.1, we prove the Hyers—Ulam—Rassias stability of the ho-
mogeneous functional equation between real Banach algebras. Section 5.2 deals
with the superstability on restricted domains. The stability problem of the equa-
tion between vector spaces will be discussed in Section 5.3. Moreover, we present
the Hyers—Ulam—Rassias stability of the homogeneous equation of Pexider type
in Section 5.4.

e There are a number of functional equations including all the linear functions
as their solutions. In Chapter 6, we introduce a few functional equations among
them. We survey the superstability property of the system of functional equations
fx+y)= f(x)+ f(y)and f(cx) = cf(x) in Section 6.1. Section 6.2 deals
with the stability problem for the functional equation f(x+cy) = f(x)+cf(y).
In Section 6.3, we discuss stability problems of other systems which describe
linear functions.

e Jensen’s functional equation is the most important equation among a number of
variations of the additive Cauchy equation. The Hyers—Ulam—Rassias stability
problems of Jensen’s equation are proved in Section 7.1, and the Hyers—Ulam
stability on restricted domains is discussed in Section 7.2. In Section 7.3, we
prove the stability of Jensen’s equation by using the fixed point method. The
superstability and Ger type stability of the Lobacevskii functional equation will
be surveyed in Section 7.4.

e Chapter 8 is dedicated to a survey on the stability problems for the quadratic func-
tional equations. We prove the Hyers—Ulam—Rassias stability of the quadratic
equation in Section 8.1. The stability problems on restricted domains are dis-
cussed in Section 8.2. Moreover, we prove the Hyers—Ulam—Rassias stability by
using the fixed point method in Section 8.3. Section 8.4 deals with the Hyers—
Ulam stability of another quadratic functional equation. We prove the stability of
the quadratic equation of Pexider type in Section 8.5.

e In Chapter 9, we discuss the stability problems for the exponential functional
equations. In Section 9.1, the superstability of the exponential Cauchy equa-
tion is proved. Section 9.2 deals with the stability of the exponential equation
in the sense of R. Ger. Stability problems on restricted domains are discussed in
Section 9.3. Another exponential functional equation f(xy) = f(x)” is intro-
duced in Section 9.4.
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e Chapter 10 deals with the stability problems for the multiplicative functional
equations. In Section 10.1, we discuss the superstability of the multiplica-
tive Cauchy equation and a functional equation connected with the Reynolds
operator. The results on §-multiplicative functionals on complex Banach alge-
bras are presented in Section 10.2. We describe §-multiplicative functionals in
connection with the AMNM algebras in Section 10.3. Another multiplicative
functional equation f(x”) = f(x)” is discussed in Section 10.4. In Section 10.5,
we prove that a new multiplicative functional equation f(x + y) = f(x) f(y)
f(1/x 4 1/y) is stable in the sense of Ger.

e In Chapter 11, we introduce a new functional equation f(x”) = yf(x) with the
logarithmic property. Moreover, the functional equation of Heuvers f(x 4+ y) =
f(x)+ f(y) + f(1/x + 1/y) will be discussed.

e The addition and subtraction rules for trigonometric functions can be repre-
sented by using functional equations. Some of these equations are introduced
and the stability problems are surveyed in Chapter 12. Sections 12.1 and 12.2
deal with the superstability phenomena of the cosine and the sine equations. In
Section 12.3, some trigonometric functional equations with two unknown func-
tions are discussed. In Section 12.4, we deal with the Hyers—Ulam stability of
the Butler-Rassias functional equation following M. Th. Rassias’s solution.

e Chapter 13 deals with the Hyers—Ulam—Rassias stability of isometries. The
historical background for Hyers—Ulam stability of isometries is introduced in
Section 13.1. The Hyers—Ulam—Rassias stability of isometries on restricted do-
mains is proved in Section 13.2. Section 13.3 is dedicated to the fixed point
method for studying the stability problem of isometries. In Section 13.4, we
discuss the Hyers—Ulam—Rassias stability of the Wigner equation on restricted
domains.

e Section 14.1 deals with the superstability of the associativity equation. In
Section 14.2, the Hyers—Ulam stability of a functional equation defining mul-
tiplicative derivations is proved for functions on (0, 1]. In Section 14.3, the
Hyers—Ulam—Rassias stability of the gamma functional equation and a gen-
eralized beta functional equation is proved. The Hyers—Ulam stability of the
Fibonacci functional equation will be proved in Section 14.4.

I would like to express my humble gratitude to Professor Themistocles M. Rassias
for his valuable suggestions and comments. I am also very much indebted to my
wife, Min-Soon Lee, as she has always stood by me and helped me type the
manuscript in BTEX system.

This research was supported by the Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of Education,
Science and Technology (No. 2010-0007143).

Finally, I would also like to acknowledge the fine cooperation and assistance that
Ms. Elizabeth Loew of Springer Publishing has provided in the publication of this
book.

December 2010 Soon-Mo Jung






Contents

1 Introduction ......... ..o 1
2 Additive Cauchy Equation.........................ooiiii 19
2.1 Behavior of Additive Functions ..................cooiiiiiiiiiiinnnnn 19
2.2 Hyers—Ulam Stability ..........oooiiiiiiiiiiiiiiiii e 21
2.3 Hyers—Ulam-Rassias Stability ..........c.c.oooiiiiiiiiiiiiiiian . 24
2.4 Stability on a Restricted Domain .................coooiiiiiiiinnn 57
2.5 Method of Invariant Means .............cccoiiiiiiiiiiiiiiiieennnnn. 71
2.6 Fixed Point Method ... 74
2.7 Composite Functional Congruences...............o.o.uuuuuuuueennnnnnns 76
2.8 Pexider EQUAtiOn ............uuuuuuuiiii i 81
2.9 RemaArks.......ooiiiii 86
3  Generalized Additive Cauchy Equations .................................. 87
3.1  Functional Equation f(ax + by) = af(x) +bf(¥) .ceveevvenrn... 87
3.2 Additive Cauchy Equations of General Form......................... 91
3.3 Functional Equation f(x + )% = (f(x) + fO)?civirireinin.. 98
4  Hosszu’s Functional Equation............................................... 105
4.1  Stability in the Sense of Borelli ..., 105
4.2 Hyers—Ulam Stability ... 109
4.3  Generalized Hosszi’s Functional Equation ........................... 112
4.4  Hosszi’s Equation is not Stable on the Unit Interval ................. 117
4.5  Hosszi’s Functional Equation of Pexider Type ....................... 120
5 Homogeneous Functional Equation ........................................ 123
5.1  Homogeneous Equation Between Banach Algebras.................. 123
5.2 Superstability on a Restricted Domain .................ccovvivinnnn 129
5.3  Homogeneous Equation Between Vector Spaces ..................... 131
5.4  Homogeneous Equation of Pexider Type ............................. 137

xi



xii

10

11

12

Contents
Linear Functional Equations......................iiiiiiiiiiiiiii, 143
6.1 A System for Linear Functions ... 143
6.2  Functional Equation f(x +cy) = f(x) +cf(}) eevviiiiiinnnn. 146
6.3 Stability for Other Equations ............c.coooiiiiiiiiiiiiiiiiiannnnn 148
Jensen’s Functional Equation ............................................... 155
7.1  Hyers—Ulam—Rassias Stability ..............ccooiiiiiiiiiiiiiinnnnn 155
7.2 Stability on a Restricted Domain ................coooiiiiiiiiiiiinnnn, 160
7.3  Fixed Point Method ... 166
7.4  Lobacevskii’s Functional Equation........................c....oo..... 168
Quadratic Functional Equations.......................................... 175
8.1  Hyers—Ulam—Rassias Stability ....................... 175
8.2 Stability on a Restricted Domain ... 183
8.3 Fixed Point Method ... 190
8.4  Quadratic Functional Equation of Other Type ........................ 194
8.5  Quadratic Functional Equation of Pexider Type ...................... 198
Exponential Functional Equations ......................................... 207
9.1 Superstability ........cooiuiiiii i 207
9.2 Stability in the Sense of Ger ............c.ooeiiiiiiiiiiiiiiiiiiie, 215
9.3 Stability on a Restricted Domain ................ooiiiiiiiiiii 217
9.4  Exponential Functional Equation of Other Type...................... 221
Multiplicative Functional Equations ..........................ccciiiie 227
10.1  Superstability .....ovvviiiiiii e 227
10.2  §-Multiplicative Functionals ..............cooiiiiiiiiiiieeeninnn... 229
10.3  Theory of AMNM Algebras ...........ccooiiiiiiiiiiiiiiiiiiiinn, 233
10.4 Functional Equation f(x”) = f(X)” ceoiiiiiiiiiiiiiin, 236
10.5 Functional Equation f(x + y) = f(x) f(») f(1/x + 1/y) ........ 240
Logarithmic Functional Equations .......................iiiiiin, 253
11.1 Functional Equation f(x?) = pf(X) ceovereiiiiiiiiii i 253
11.2  Superstability of Equation f(x?) = yf(X)..ccvvviriiiiiiiiiinnnn. 254
11.3  Functional Equation of Heuvers ...............coooiiiiiiiiiiiiinnnn 261
Trigonometric Functional Equations..........................oi, 267
12.1 Cosine Functional EQuation .............ccooiiiiiiiiiiiiiiiiinnnnn... 267
12.2  Sine Functional Equation ....................iiiiii 271
12.3  Trigonometric Equations with Two Unknowns ....................... 274
12.4 Butler—Rassias Functional Equation..........................ooo.. 279

12,5 ReMAIKS. ..ottt 284



Contents Xiii
13 Isometric Functional Equation..................................l 285
13.1 Hyers—Ulam Stability ...........oooiiiiiiiiiii s 285
13.2  Stability on a Restricted Domain ....................oooiiiiiin 301
13.3  Fixed Point Method ..........ccooiiiiiiiiiii i 309
13.4  Wigner EQUation ..ottt 314
14 Miscellaneous ............ooiiuiiiiiiiii i 325
14.1  Associativity EQUation ............ccooiiiiiiiiiiiiiiiiiiiiia 325
14.2  Equation of Multiplicative Derivation.....................oocoeian 327
14.3  Gamma Functional Equation .............ccoooiiiiiiiiiiiinnn. .. 329
14.4  Fibonacci Functional Equation ...............cooooiiiiiiiiiiin. .. 336
Bibliography ......... ... 345
IndeX .. 359






Chapter 1
Introduction

In the fall of 1940, S. M. Ulam gave a wide-ranging talk before a Mathematical
Colloquium at the University of Wisconsin in which he discussed a number of im-
portant unsolved problems. Among those was the following question concerning the
stability of homomorphisms (cf. [354]):

Let G1 be a group and let G, be a metric group with a metric d(-,-). Given
e > 0, does there exist a 6 > 0 such that if a function h : Gy — G satisfies the
inequality d(h(xy), h(x)h(y)) < 8 forall x,y € Gy, then there is a homomorphism
H: G, — Gywithd(h(x), H(x)) <eforallx € G{?

If the answer is affirmative, we say that the functional equation for homomor-
phisms is stable.

D. H. Hyers was the first mathematician to present the result concerning the
stability of functional equations. He brilliantly answered the question of Ulam for
the case where G; and G, are assumed to be Banach spaces (see [135]). This result
of Hyers is stated as follows (cf. Theorem 2.3):

Theorem 1.1 (Hyers). Let f : E1 — E» be a function between Banach spaces
such that

If(x+y)—f)—fOl =4 (LD

for some § > 0 and for all x,y € E1. Then the limit
A(x) = lim 27" f(2"x) (1.2)
n—oo
exists for each x € E1, and A : E1 — E3 is the unique additive function such that

[f(x) —AX)[| =8

for every x € Eq. Moreover, if f(tx) is continuous in t for each fixed x € E, then
the function A is linear.

Taking this famous result into consideration, the additive Cauchy equation
f(x +y) = f(x) + f(y) is said to have the Hyers—Ulam stability on (E1, E3)
if for every function f : E; — E, satisfying the inequality (1.1) for some § > 0
and for all x,y € Ej, there exists an additive function A : E; — E, such that
f — A is bounded on Ej.

S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 1
Analysis, Springer Optimization and Its Applications 48,
DOI 10.1007/978-1-4419-9637-4_1, (© Springer Science+Business Media, LLC 2011



2 1 Introduction

The method in (1.2) provided by Hyers which produces the additive function A
will be called a direct method. This method is the most important and powerful tool
to study the stability of various functional equations.

Ten years after the publication of Hyers’s theorem, D. G. Bourgin extended the
theorem of Hyers and stated it in his paper [28] without proof. Unfortunately, it
seems that this result of Bourgin failed to receive attention from mathematicians at
that time. No one has made use of this result for a long time.

In 1978, Th. M. Rassias addressed the Hyers’s stability theorem and attempted
to weaken the condition for the bound of the norm of Cauchy difference

Jx+y)—fx) =7

and proved a considerably generalized result of Hyers by making use of a direct
method (cf. Theorem 2.5):

Theorem 1.2 (Rassias). Let [ : E; — E, be a function between Banach spaces.
If f satisfies the functional inequality

1fCe+y) = ) = fFOI = 0(lxI1?7 + [[y117)

for some 0 > 0, pwith0 < p < 1 and forall x,y € E, then there exists a unique
additive function A : E1 — E» such that

26

1) =A@ = 575,

[lx11” (1.3)

for each x € Ey. If, in addition, f(tx) is continuous in t for each fixed x € Ey,
then the function A is linear.

This exciting result of Rassias attracted a number of mathematicians who began
to be stimulated to investigate the stability problems of functional equations.

By regarding a large influence of S. M. Ulam, D. H. Hyers, and Th. M. Rassias
on the study of stability problems of functional equations, the stability phenomenon
proved by Th. M. Rassias is called the Hyers—Ulam—Rassias stability. In this book,
the Hyers—Ulam stability will be regarded as a special case of the Hyers—Ulam—
Rassias stability.

For the last thirty years many results concerning the Hyers—Ulam—Rassias stabil-
ity of various functional equations have been obtained, and a number of definitions
of stability have been introduced. Hence, it is necessary to introduce the exact def-
inition of the Hyers—Ulam—Rassias stability which is applicable to all functional
equations appearing in this book.

Let £, and E, be some appropriate spaces. For some p,q € N and for any
ie{l,...,p}let

gitEl - E; and G:E} xE] — E,
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be functions. Assume that ¢, ® : E i] — [0, 0o) are functions satisfying some given
conditions. If for every function f : E1 — E; satisfying the inequality

||G(f(g1(x1,...,xq)),...,f(gp(xl,...,xq)),xl,...,xq)”
< o(x1,...,Xxq) (1.4)

forall xq,...,x4 € Ej there exists a function H : £y — E5 such that

G(H(g1(x1.....xg))s ... H(gp(x1.....Xg)). X1, ... Xg) =0

forall xq,...,x4 € Ey and
[f(x)—HX)| < &(x,...,x) (1.5)

for any x € E1, then we say that the functional equation

G(f(gl(xl,...,xq)),...,f(gp(xl,...,xq)),xl,...,xq) =0 (1.6)

has Hyers—Ulam—Rassias stability on (E1, E») or we say that it is stable in the sense
of Hyers, Ulam, and Rassias.

If o(x1,...,x4) in (1.4) and ®(x,...,x) in (1.5) are replaced by § and K§
(K > 0), respectively, then we say that the corresponding phenomenon of the func-
tional equation (1.6) is the Hyers—Ulam stability on (E1, E3).

If each solution f : E; — E; of the inequality (1.4) is either a solution of
the equation (1.6) or satisfies some strong regular conditions, then we say that the
equation (1.6) is superstable on (E;, E3). J. Baker, J. Lawrence, and F. Zorzitto
discovered the superstability phenomenon for the first time. Indeed, they assumed
that V' is a vector space over rational numbers QQ and proved that if a function
f :V — Rsatisfies | f(x + y) — f(x) f(y)| < § fora given § > 0 and for all
x,y € V, then either f(x) remains bounded or f is an exponential function (ref.
[17]). If there is no confusion, we can omit (£, E>) in the terminologies.

R. Ger pointed out that the superstability phenomenon of the exponential equa-
tion is caused by the fact that the natural group structure in the range space is
disregarded, and he suggested a new type of stability for the exponential equation
(ref. [122]):

M ]‘ < (1.7)

f)f()

If for each function f : (G, +) — E\ {0} satisfying the inequality (1.7) for some
8 > 0 and for all x, y € G, there exists an exponential function M : G — E\{0}
such that

1/ (x)/M(x) = 1| = ®(8) and [[M(x)/f(x) = 1]| = ¥(5)
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for all x € G, where ®(8) and W(§) depend on § only, then the exponential
functional equation is said to be stable in the sense of Ger.

We will use the following notations. C, N, Q, R, and Z denote the set of complex
numbers, of positive integers, of rational numbers, of real numbers, and of integers,
respectively. Furthermore, let Ng = N U {0}.

Now, let us review the contents of this book briefly.

In Chapter 2, we discuss the most famous functional equation, namely, the addi-
tive Cauchy functional equation

Jx+y)=fx)+ 1)

of which properties have been widely applied to almost every field of science and
engineering.

In Section 2.1, the behaviors of the continuous or discontinuous additive func-
tions will be briefly described.

In Section 2.2, the very historically important theorem of Hyers will again be
presented.

Section 2.3 will entirely be devoted to the Hyers—Ulam—Rassias stability of the
additive functional equation for functions between Banach spaces. The theorem of
Rassias (see above or [285]) which is also very important from a historical point
of view will be described in Theorem 2.5. Furthermore, a counterexample of Z.
Gajda [112], stating that the theorem of Rassias is no more valid if p = 1, will be
introduced in Theorem 2.6.

In relation to Rassias’s theorem, Th. M. Rassias asked in his paper [290] whether
the inequality (1.3) provides the best possible estimate of the difference || f(x) —
A(x)| between an “approximately additive function” f and the additive function
A constructed by making use of a direct method. This question was affirmatively
answered by Th. M. Rassias and J. Tabor in the case of p = 1/2 (ref. [313]). In the
case of p > 0 (p # 1), the answer is also affirmative as was demonstrated by J.
Brzdek (ref. [30]). The result of Brzdek will be formulated in Theorem 2.10.

In the next part of Section 2.3, more generalized results on the Hyers—Ulam—
Rassias stability of the additive Cauchy equation will further be introduced (see,
e.g.,[113,118,119,142-144,156,280-282,302,311]). These results will be applied
to the study of some important problems in nonlinear analysis; for example, the
existence of fixed points on cones for nonlinear functions, the study of eigenvalues
for a couple of nonlinear operators, and the study of bifurcations to the infinity, with
respect to a convex cone, of solutions of the Hammerstein equation (see [144]).

In Section 2.4, the Hyers—Ulam stability of the additive Cauchy equation on a
restricted domain will be proved. F. Skof was the first person to address the stability
on a bounded domain. Indeed, Skof obtained the following result for N = 1, and
Z. Kominek extended it for any N € N (cf. [224,330] or Lemma 2.28):

Let E be a Banach space. Given ¢ > 0, let a function f : [0,c)N — E satisfy
the functional inequality

If(x+y) = f) = f =4
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forall x,y € [0,c)N with x + y € [0,¢)N. Then there exists an additive function
A: RN — E such that

I/ (x) = AX)|| = (4N —1)8

for x € [0,c)V.

A theorem of L. Losonczi [238] concerning the stability on a restricted domain
will also be introduced in Theorem 2.31. This result will be reserved for further use
in the study of the Hyers—Ulam stability of Hosszii’s equation (see Theorem 4.5).

In contrast to the previous one, F. Skof [331] also proved the Hyers—Ulam sta-
bility of the additive Cauchy equation on an unbounded and restricted domain. She
applied this result to the study of an interesting asymptotic behavior of additive
functions (Theorems 2.32 and 2.34 and Corollary 2.35):

The function f : R — R is additive if and only if f(x +y)— f(x)— f(y) = 0
as |x| + |y| = oc.

The stability result of the additive Cauchy equation on a restricted domain pre-
sented by D. H. Hyers, G. Isac, and Th. M. Rassias will be discussed in Theorem
2.36, and its applications to p-asymptotical derivatives will also be presented
(ref. [136]).

Section 2.5 will address the method of invariant means. Until now, it has been
assumed that the domains of functions involved are vector spaces. In this section, the
theorem of Hyers will be generalized by extending the domain spaces of involved
functions to abelian semigroups. The results of G. L. Forti and Z. Gajda will be
described (cf. [105,111,316,342,343]).

Recently, L. Cadariu and V. Radu proved the Hyers—Ulam—Rassias stability of
the additive Cauchy equation by using the fixed point method (see [57,279]). Many
mathematicians try to prove the Hyers—Ulam—Rassias stability of various functional
equations by applying the fixed point method. This method appears to be powerful
and successful. In Section 2.6, a theorem of Cédariu and Radu will be introduced.

In Section 2.7, a theorem of R. Ger and P. Semrl concerning the composite func-
tional congruence will be demonstrated (Corollary 2.48 or [123]):

Let (G, +) be a cancellative abelian semigroup, and let ¢ € (0, 1/4). If a function
f : G — R satisfies the congruence

Sx+y)—fx)=f(y) €Z+ (—¢.¢)

forall x,y € G, then there exists a function p : G — R such that

p(x+y)—p(x)—p(y) €Z and |f(x)—p(x)|<e¢

forany x,y € G.

This result will be applied to the proof of stability of the exponential functional
equation in the sense of Ger (see Theorem 9.7).

The Hyers—Ulam—Rassias stability of the Pexider equation, f(x + y) = g(x) +
h(y), will be surveyed in the last section of Chapter 2. A theorem proved by
K.-W. Jun, D.-S. Shin, and B.-D. Kim is introduced (see Theorem 2.49 or [155]):
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Let G and E be an abelian group and a Banach space, respectively. Let ¢ :
G? — [0, 00) be a function satisfying

oo
O(x) =Y 27 (p(27'x,0) + ¢(0.27'x) + ¢(2"'x. 27 'x)) < 00

i=1
and
lim 27"¢(2"x,2"y) =0
n—0oo
forall x,y € G. If functions f,g,h : G — E satisfy the inequality

[f(x+y)—g(x)—hW < olx,y)

forall x,y € G, then there exists a unique additive function A : G — E such that

1/ Ge) = A = 18O + [1RO)[ + P(x).
lg(x) = A = 8O + 21RO + ¢(x.0) + P(x).
[7(x) = A = 2[[g O] + [7O)[| + ¢(0, x) + P(x)

forall x € G.

In Chapter 3, the Hyers—Ulam—Rassias stability of some generalized additive
Cauchy equations will be discussed. In the paper [312], Th. M. Rassias and J. Tabor
asked whether the functional equation

flax +by +c¢)=Af(x)+ Bf(y) +C

with abAB # 0 is stable in the sense of Hyers, Ulam, and Rassias.
Section 3.1 will deal with the results of C. Badea [8] concerning the Hyers—
Ulam—Rassias stability of the functional equation

flax +by) = af(x) +bf(y).

These results of Badea provide a partial answer to the question of Rassias and Tabor-.
In Section 3.2, in the paper [162] S.-M. Jung introduced another generalized
additive Cauchy equation

m m m
f XO+Zanj ZZb,f Za,-jxj . (1.8)
j=1

i=1 ji=1

In the case of xo = 0 in (1.8), the Hyers—Ulam—Rassias stability of (1.8) will be
proved in Theorem 3.6. This result will be applied to a partial answer to the question
of Rassias and Tabor.
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In Section 3.3, the Hyers—Ulam stability phenomenon of a new functional
equation

f+0)2 = (&) + f0)°

introduced by S.-M. Jung [157] will be presented.
In Chapter 4, a special form of generalized additive Cauchy equations, the pre-
sumed Hosszii’s functional equation

Sx+y—xy)=f(x)+ f(y) = f(xp),

will be discussed.

C. Borelli was the first person to deal with the stability problem of this equation.
He proved in his paper [23] that the Hosszi’s equation is stable in the sense of
Hyers, Ulam, and Borelli (cf. Theorem 4.4). The result of Borelli will be introduced
in Section 4.1.

The result of Borelli was a predecessor to the proof of the Hyers—Ulam stability
of the Hosszi’s equation. In fact, L. Losonczi proved the Hyers—Ulam stability of
the Hosszi’s functional equation (Theorem 4.5 or [238]):

Let E be a Banach space and suppose that a function f : R — E satisfies the
inequality

lfx+y—xy) = f(x) = f) + fxy)| <8

for some § > 0 and for all x,y € R. Then there exists a unique additive function
A : R — E and a unique constant b € E such that

[.f(x) — A(x) — b =206

forany x € R.

In Section 4.3, a generalized form of the Hosszu’s functional equation

Sx+y+qgxy)=f(x)+ f(y) +qf(xy),

where ¢ is a fixed rational number, will be discussed. In Theorem 4.10, the Hyers—
Ulam—Borelli stability of the functional equation mentioned above will be proved
under the assumption that ¢ & {—1/2,0, 1/2} (cf. [191]).

We will see that the Hosszdi’s equation is not stable on the unit interval.
J. Tabor proved this surprising theorem in the paper [348] and will be addressed
in Section 4.4.

In Section 4.5, we will survey the Hyers—Ulam stability of the Hosszi’s func-
tional equation of Pexider type.

In Chapter 5, the Hyers—Ulam—Rassias stability of the homogeneous functional
equation

Jx) = y* fx)
of degree k will be proved.
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Section 5.1 will be devoted to the Hyers—Ulam—Rassias stability property of
the homogeneous equation for the functions between Banach algebras. Notably,
J. Tabor and J. Tabor proved that the homogeneous equation for the functions
between Banach algebras is superstable if some weak conditions are satisfied
(Theorem 5.3 or [161]).

In Section 5.2, a few results of S.-M. Jung [166] will be introduced, i.e., the
superstability property of the homogeneous equation will be applied to the study of
the superstability phenomenon of the same equation on a restricted domain, and this
result for a restricted domain will be applied to the proof of an asymptotic behavior
of the homogeneous functions.

In Section 5.3, the stability results of the homogeneous equation for the func-
tions between vector spaces will be presented. The superstability results of J. Tabor
[347] will be formulated in Theorem 5.9. It is interesting to observe that the bound
condition for the norm of the difference f(cx) — ¢ f(x) determines the type of sta-
bility as we may see in Theorems 5.9 and 5.11. Indeed, S. Czerwik [88] proved the
Hyers—Ulam—Rassias stability of the homogeneous equation (Theorem 5.11), while
J. Tabor [347] observed the superstability phenomenon for the same equation under
different conditions from those of Czerwik.

In the last section of Chapter 5, the Hyers—Ulam—Rassias stability of the homo-
geneous functional equation of Pexider type

flax) = ¢ (a)g(x)

will be discussed, where f and g are unknown functions and v is a given function
(Theorem 5.15 or [91]).

There are a number of (systems of) functional equations which include all the
linear functions as their solutions.

In Chapter 6, only a few (systems of) functional equations among them will be
introduced. In Section 6.1, the superstability property of the “intuitive” system

fx+y)=f(x)+ fO). (1.9)
flex) =cf(x) |

obtained by J. Tabor will be presented (ref. [347]).
J. Schwaiger introduced the functional equation

fx+ey) = fx)+cf(y)

which is equivalent to the system (1.9) if the related domain and range are vector
spaces (ref. [325]). He proved the stability of the given equation, and these related
results will be found in Section 6.2.

As indicated above, Rassias’s theorem cannot be extended for p = 1 (cf.
Theorem 2.6). Such a counterexample has stimulated many mathematicians in an
attempt to surpass such awkwardness. For example, B. E. Johnson worked for this
purpose. In Section 6.3, a theorem of Johnson will be formulated in Theorem 6.7
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(ref. [147]). P. Semrl simplified the functional inequalities appearing in the theorem
of Johnson and proved the stability result (cf. Theorem 6.9 or [326]):

Let a continuous function f : R — R satisfy the functional inequalities

[F G+ 0) = £Or) == fG)] = 8(x1] + o+ )

for some § > 0 and for alln € N, x1,...,x, € R. Then there exists a linear
function L : R — R such that

| f(x) = L(x)| = §|x]|
forall x € R.

The simplest and most elegant variation of the additive Cauchy equation is the
Jensen’s functional equation

X+y
2

2 (552) = r@ + )
whose Hyers—Ulam—Rassias stability properties will be proved in Chapter 7.

In Section 7.1, the Hyers—Ulam—Rassias stability result of S.-M. Jung will be
presented (see Theorem 7.1 or [163]):

Let E1 and E» be a real normed space and a real Banach space, respectively.
Assume that §, 0 > 0 are fixed, and let p > 0 be given with p # 1. Suppose a
function f . E1 — E; satisfies the functional inequality

X+y
2

27 (552) - r@ - 0| s+ 6007 +1007) 110y

forall x,y € Ey. Furthermore, assume f(0) = 0and § = 0in (1.10) for the case
of p > 1. Then there exists a unique additive function A : E1 — E, such that

§+ 1O + @77 = 1)™'6x||” (for 0 < p < 1),

iy
[f(x) —AX)| < 20-1(20=1 _ =19 x||? (for p > 1)

forall x € E.

Similarly, as in the case of the additive Cauchy equation, the Jensen’s functional
equation is not stable if p = 1 and § = 0 are assumed in the inequality (1.10). Jung
proved that an example which was constructed by Th. M. Rassias and P. Semrl [310]
as a counterexample for the case of p = 1 in the theorem of Rassias also serves as
a counterexample for the Jensen’s equation (see Theorem 7.3 or [163]).

In Section 7.2, the stability result of Z. Kominek for a bounded domain will
be introduced in Theorem 7.5 (ref. [224]). Another stability result of the Jensen’s
equation on an unbounded and restricted domain was obtained by S.-M. Jung, which
will be formulated in Theorem 7.7. By using this result, Jung was able to prove an
asymptotic property of the additive functions which may be regarded as a modifica-
tion of Skof’s result mentioned above (see Corollary 7.8 or [163]).
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A new method for proving the stability will be introduced in Section 7.3. By
applying the fixed point method (Theorem 2.43), L. Céddariu and V. Radu [55]
proved the Hyers—Ulam—Rassias stability of the Jensen’s functional equation (see
Theorem 7.9):

Let Eq be a (real or complex) vector space and let E» be a Banach space. Assume
that a function f : E1 — E, satisfies f(0) = 0 and the inequality

P (*52) - 1 - s 2 et

forall x,y € Ey, where ¢ : E12 — [0, 00) is a given function. Moreover, assume
that there exists a constant 0 < L < 1 such that

@(x,0) < Lgip(q; 'x,0)

forany x € Ey, where qo = 2 and q1 = 1/2. If ¢ satisfies the condition
lim ¢;"p(qi'x.q]'y) =0
n—oo

forall x,y € E1, then there exists a unique additive function A : E; — E; such

that )
1—i

1@ = A = 1

@(x,0)

forany x € E;.

A theorem of P. Gavruta will be introduced in Section 7.4 which concerns the
superstability of Lobacevskii’s functional equation

X+ y\2
F(557) = form
(see Theorem 7.10 or [114]). Moreover, the Ger type stability of the Lobagevskii’s
equation is also introduced (see [170]).

In Chapter 8, the Hyers—Ulam—Rassias stability of the quadratic functional equa-
tions will be discussed. The “original” quadratic functional equation

Jx+y)+ fx—y) =2f(x)+21(y)

will be presented in Section 8.1.

F. Skof was the first person who proved the Hyers—Ulam stability of the quadratic
equation for the functions f : Eq; — E,, where E; is a normed space and E; is a
Banach space (ref. [331]). P. W. Cholewa demonstrated that the theorem of Skof is
also valid if £} is replaced by an abelian group (ref. [70]). S. Czerwik finally proved
the Hyers—Ulam—Rassias stability of the quadratic equation (see Theorems 8.3 and
8.4 or [87]).
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Similarly, as in the cases of the additive Cauchy equation and the Jensen’s
equation, Czerwik presented a counterexample concerning the special case when
p = 2 is assumed in Theorem 8.3 or 8.4.

In Section 8.2, the important results concerning the Hyers—Ulam stability of the
quadratic functional equation on restricted domains will be introduced.

The Hyers—Ulam—Rassias stability of the quadratic functional equation will be
again proved in Section 8.3 by using the fixed point method. In Theorems 8.12 and
8.14, some results of S.-M. Jung, T.-S. Kim, and K.-S. Lee will be presented.

Section 8.4 is devoted to a quadratic functional equation different from the
“original” quadratic functional equation:

Ja+y+a+ )+ )+ @ =fx+y)+ 0+ + flz+x).

In Theorems 8.16 and 8.17, the Hyers—Ulam stability of the above equation will be
proved under some suitable conditions.

The stability problem of the quadratic functional equation of Pexider type is
treated in Section 8.5. In Theorem 8.18 and Corollary 8.19, we will introduce some
results presented by S.-M. Jung (see [173]).

Chapter 9 will discuss the stability problems of the exponential functional equa-
tions. The exponent law of the exponential functions is intuitively symbolized by
the exponential functional equation

fx+y)= 1))

This equation reveals a different stability behavior from those of other functional
equations. Indeed, J. Baker, J. Lawrence, and F. Zorzitto proved the superstability
of the exponential equation (ref. [17]):

If a real-valued function defined on a real vector space satisfies the functional
inequality

[fx+y) =) f =8

for some § > 0 and for all x and y, then f is either bounded or an exponential
function.

This theorem was the first result concerning the superstability phenomenon of
functional equations. Later, J. Baker, L. Székelyhidi, and S.-M. Jung generalized
this result (ref. [16, 164,341]). These results will be described in Section 9.1.

Section 9.2 will address the subject on the stability in the sense of Ger. As men-
tioned above, R. Ger first demonstrated that the superstability phenomenon of the
exponential equation is caused by the fact that the natural group structure in the
range space is disregarded and he suggested the stability problem in the form (1.7)
(ref. [122]).

R. Ger and P. Semrl proved the stability (in the sense of Ger) of the exponential
equation (cf. Theorem 9.7 or [123]):

Let (G, +) be a cancellative abelian semigroup, and let § € [0, 1) be given. If a
Sunction f : G — C\{0} satisfies the inequality (1.7) for all x,y € G, then there
exists a unique exponential function M : G — C\{0} such that
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max {| £ (x)/ M(x) — 1], M)/ £ () — 1]}

forany x € G.

Section 9.3 will deal with the stability problems of the exponential equation on a
restricted domain. S.-M. Jung presented the superstability phenomenon of the expo-
nential equation for functions on an unbounded and restricted domain under a weak
condition and applied this result to the proof of an asymptotic property of the ex-
ponential functions (see Theorem 9.8, Corollary 9.9 or [180]). Furthermore, he also
proved a theorem which may be regarded as a version of the theorem of Ger for a
restricted domain (Theorem 9.10).

In Section 9.4, we will introduce a new type of functional equation

fxy) = f(x)”

with the exponential property because every exponential function f(x) =a* (a > 0;
x € C) satisfies this equation. The results of Jung [165] on the stability in the sense
of Ger of this equation will be presented.

In Chapter 10, stability problems of the multiplicative functional equations
will be discussed. First, we will consider the “original” multiplicative functional
equation

fxy) = fX)f(y).

Let E be a commutative complex Banach algebra. A linear functional ¢ on E is
called §-multiplicative if

lp(xy) — () (y)| =< 8llx[][y |

for all x, y € E. Each nonzero continuous linear functional on FE is called a char-
acter of E if it is multiplicative. Let us denote by E the set of characters of E. For
every continuous linear functional ¢, let us define

d(¢) = inf{¢ — v | ¥ € EU{0}}.

We state that E is an algebra in which approximately multiplicative functionals are
near multiplicative functionals, or E is AMNM for short, if for any ¢ > 0 there
exists § > 0 such that d(¢) < ¢ whenever ¢ is a §-multiplicative linear functional.

A theory of AMNM algebras contributed by B. E. Johnson [146] will be demon-
strated in Section 10.3.

A new type of multiplicative functional equation, namely, f(x”) = f(x)”, will
be discussed in Section 10.4. In the paper [171] (cf. [300]) S.-M. Jung dealt with
the stability problems of this equation in the sense of Ger, and these results will be
presented.
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In the last section of Chapter 10, a new multiplicative functional equation,

fx+y) =) fOf (" +yTh),

will be discussed. In particular, S.-M. Jung [175] proved that this functional equation
is stable in the sense of Ger (see Theorem 10.23).

It is not difficult to demonstrate the Hyers—Ulam stability of the logarithmic func-
tional equation f(xy) = f(x) + f(y) for the functions from (0, co) into a Banach
space E. More precisely, if a function f : (0,00) — E satisfies the inequality
| f(xy) — f(x) — f(¥)|| <§ forsome§ > 0 and for all x, y > 0, then there exists
a unique logarithmic function L : (0,00) — E such that || f(x) — L(x)| < § for
any x > 0. Therefore, we will introduce, in Chapter 11, a new functional equation

J&7) = yf(x).

The above functional equation may be regarded as another logarithmic functional
equation because each logarithmic function f(x) = logx (x > 0) is a solution
of this equation. S.-M. Jung obtained the superstability results of this equation in
various settings in his paper [158], which will be presented in Theorems 11.2, 11.3,
and 11.8.

Moreover, the functional equation of Heuvers, f(x + y) = f(x) + f(y) +
f(x~" + y~1), will be introduced. The Hyers—Ulam stability of the equation of
Heuvers will be proved in Theorem 11.10.

The famous addition or subtraction rules for trigonometric functions may be rep-
resented by using functional equations. Some of such equations will be introduced
and stability problems for them will be surveyed in Chapter 12.

In Section 12.1, we will discuss the superstability phenomenon of the cosine
functional equation

fx+y+ flx=y)=2f(x)f(») (1.11)

which stands for an addition theorem of cosine function. This equation is sometimes
called the d’ Alembert equation.

J. Baker proved the superstability for this equation for the first time, and later
P. Gévruta presented a short proof for the theorem (Theorem 12.2, [16] or [114]):

Let § > 0 be given and let (G, +) be an abelian group. If a function f : G — C
satisfies the functional inequality

| fx+y)+ flx =) =2f()f()] =6

for all x,y € G, then either | f(x)| < (1 + 1+ 28)/2f0r any x € G or f
satisfies the cosine functional equation (1.11) forall x,y € G.

Similarly, the superstability of the sine functional equation

fx+y)fx—y) = fx)?>=f(»)? (1.12)
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will be presented in Section 12.2. This equation may remind us of one of the
trigonometric formulas:
sin(x 4+ y) sin(x — y) = sin® x — sin? y.
P. W. Cholewa obtained the superstability phenomenon of the sine functional
equation (1.12) (ref. Theorem 12.7 or [69]):

Let (G, +) be an abelian group in which division by 2 is uniquely performable.
If an unbounded function f : G — C satisfies the inequality

S+ f(x =)= [+ f()?| <

for some § > 0 and for all x,y € G, then f is a solution of the sine functional
equation (1.12).

L. Székelyhidi introduced the following functional equations

Sxy) = f(x) f(y) —g(x)g(y) (1.13)

and

Sxy) = f(x)g(y) + f(y)g(x) (1.14)

for complex-valued functions defined on a semigroup (G, -) (ref. [345]). It is not
difficult to demonstrate that the equations (1.13) and (1.14) represent addition theo-
rems for cosine and sine.

In Section 12.3, the stability results of L. Székelyhidi in connection with the
trigonometric functional equations (1.13) and (1.14) will be surveyed (Theorems
12.10, 12.13 or [345]). It is very interesting that these functional equations for
complex-valued functions defined on an amenable group are not superstable, but
they are stable in the sense of Hyers and Ulam, whereas the equations (1.11) and
(1.12) are superstable.

In Section 12.4, we will deal with the Butler—Rassias functional equation

Jx+y)=f(x)f(y) +csinxsiny.

M. Th. Rassias solved the equation in the class of real functions (Theorem 12.14):

Let ¢ < —1 be a constant. The solution f : R — R of the Butler—Rassias
functional equation is f(x) = asinx + cosx or f(x) = —asinx + cosx, where
a=,/|c|— 1L

S.-M. Jung proved the Hyers—Ulam stability of the Butler—Rassias functional
equation (see Theorem 12.17).

It is worthwhile to note that R. Ger considered the functional equations (1.13)
and (1.14) simultaneously and proved that the system is not superstable, but that it
is stable in the sense of Hyers, Ulam, and Rassias (ref. Theorem 12.18 or [121]).
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An isometry is a distance-preserving map between metric spaces. For normed
spaces Ep and E», a function f : E; — E is called a §-isometry if f changes
distances at most §, i.e.,

/G = fDI=llx =yl <8

forall x,y € E;.

In Section 13.1, we will introduce the Hyers—Ulam stability results of the isome-
tries. By making use of a direct method, D. H. Hyers and S. M. Ulam proved that
the surjective isometries of a complete Euclidean space are stable in the sense of
Hyers and Ulam. (Theorem 13.4 or [139]).

Let E be a complete abstract Euclidean space. Assume that f : E — E is a
surjective §-isometry and f(0) = 0. Then there exists a surjective isometry I :
E — E such that

I/ (x) = I(x)| = 108
forallx € E.
D. G. Bourgin [25], R. D. Bourgin [27], P. M. Gruber [128], and J. Gevirtz [124]
continued the study of stability problems for isometries. We close Section 13.1 by

introducing a theorem of M. Omladi¢ and P. Semrl in which they presented a sharp
stability result for §-isometries (see Theorem 13.8 or [259]):

Let E1 and E» be real Banach spaces. If f : E1 — E3 is a surjective §-isometry
and f(0) = 0, then there exists a unique surjective linear isometry [ : E1 — E,
such that

I/ (x) = I(x)]| <26
foreach x € Ej.

The Hyers—Ulam—Rassias stability of isometries on a restricted domain will be
surveyed in Section 13.2. Let us define

Ko(8) = Ki(8) =8, Ka(8) =338, Ki(§) =2762"

inductively for all integers i > 3 and for some § > 0. First, we introduce a theo-
rem of J. W. Fickett (see Theorem 13.10 or [103]). Fickett constructed the related
isometry by quite a different method from the (direct) method of Hyers and Ulam:

Let S be a bounded subset of R" and let f : S — R” be a §-isometry, where
0 < K, (8/diam S) < 1/3. Then there exists an isometry I : S — R”" such that
| f(s) —I(s)|| < Kp+1(8/diam §) - diam S

foralls € S.

Moreover, some results of S.-M. Jung concerning the Hyers—Ulam stability of
isometries on a restricted domain will be presented in Theorems 13.11 and 13.13
(ref. [178]).
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Section 13.3 will be devoted to the fixed point method for studying the stability
problem of isometries. Recently, by applying the fixed point method, S.-M. Jung
could present a short and simple proof for the Hyers—Ulam—Rassias stability of
isometries of which domain is a normed space and range is a Banach space in which
the parallelogram law holds true (see Theorems 13.15 and 13.17).

Let £ and E; be real or complex Hilbert spaces with the inner products and the
associated norms denoted by (-, -) and | - ||, respectively. A function f : £y — E»
is a solution of the orthogonality equation { f(x), f(y)) = (x, y) if and only if it is
a linear isometry. Functions f, g : E; — E; are called phase-equivalent if and only
if there exists a function ¢ : E; — S such that g(x) = o(x) f(x) foreach x € E,
where we set S = {z € K | |z] = 1}. A functional equation

[(f (), fO)] = [{x, y)

is called the Wigner equation (or the generalized orthogonality equation).

In the last section of Chapter 13, we will present a theorem of J. Chmielifiski and
S.-M. Jung concerning the Hyers—Ulam—Rassias stability of the Wigner equation on
a restricted domain (see Theorem 13.20 or [66]):

If a function f : E1 — E; satisfies the inequality

Q). SONT =[x )| < elx, p),

forall x,y € D, with the function ¢ : E? — [0, 00) satisfying the property

lim ™™ p(cx,c"y) =0,
m+n—00

forall x,y € D, where

{x € E1||x| =d} (for 0<c<1),
{x€E1|||x||§d} (for ¢ > 1)

for given constants ¢ > 0 (¢ # 1) and d > 0. Then there exists a function I : E1 —
E5 satisfying the Wigner equation and such that

1/ () =100 = velx, x)

forall x € D. The function I is unique up to a phase-equivalent function.

One of the simplest functional equations is the associativity equation

F(x,F(y,2)) = F(F(x.y).2)

representing the famous associativity axiom x - (y - 7) = (x - y) - z which plays an
important role in definitions of algebraic structures. The superstability phenomenon
of the associativity equation will be demonstrated in Section 14.1 (Theorem 14.1
or [4]).
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In Section 14.2, the stability problems of an important functional equation

fxy) =xf(y) + f(x)y

representing multiplicative derivations in algebras will be discussed. P. Semrl [327]
obtained the first result concerning the superstability of this equation for functions
between operator algebras. In this section, a Hyers—Ulam stability result presented
by J. Tabor as an answer to a question of G. Maksa will be formulated in Theorem
14.2 (ref. [239, 260, 349]).

The gamma function T is very useful to develop other functions which have phys-
ical applications. In Section 14.3, the Hyers—Ulam—Rassias stability of the gamma
functional equation

Jx+1) =xf(x)

and a generalized beta functional equation

S+ p.y+q) =y y)f(x,y)

will be proved (see Theorems 14.3 and 14.4 or [148, 160]).

The Fibonacci sequence is one of the most well-known number sequences. If F,
stands for the nth Fibonacci number for any n € N and Fy = 0, then the Fibonacci
numbers satisfy the equation

F,=F, 1+ F,—, forall n >2
(ref. [225]). From this formula, we derive a functional equation

Jx)=flx =D+ flx=2),

which is called the Fibonacci functional equation. The Hyers—Ulam stability of the
generalized Fibonacci functional equation

S&x)=pf(x—=1)—qf(x—-2),

where p and ¢ are fixed real numbers with ¢ # 0 and p? — 4q # 0, will be proved
in the last section.

Besides, there are a large number of valuable results concerning the stability
problems of various functional equations which cannot be presented in this book for
lack of space (see, e.g., [198,243,299,305]).






Chapter 2
Additive Cauchy Equation

The functional equation f(x 4+ y) = f(x) + f(») is the most famous among the
functional equations. Already in 1821, A. L. Cauchy solved it in the class of contin-
uous real-valued functions. It is often called the additive Cauchy functional equation
in honor of A. L. Cauchy. The properties of this functional equation are frequently
applied to the development of theories of other functional equations. Moreover, the
properties of the additive Cauchy equation are powerful tools in almost every field of
natural and social sciences. In Section 2.1, the behaviors of solutions of the additive
functional equation are described. The Hyers—Ulam stability problem of this equa-
tion is discussed in Section 2.2, and theorems concerning the Hyers—Ulam—Rassias
stability of the equation are proved in Section 2.3. The stability on a restricted do-
main and its applications are introduced in Section 2.4. The method of invariant
means and the fixed point method will be explained briefly in Sections 2.5 and 2.6.
In Section 2.7, the composite functional congruences will be surveyed. The stability
results for the Pexider equation will be treated in the last section.

2.1 Behavior of Additive Functions

The history of the study of functional equations is long. Already in 1821, A. L.
Cauchy [60] noted that every continuous solution of the additive Cauchy functional
equation

flx+y)=fx)+ f(y). (2.1)

for all x,y € R, is linear. Every solution of the additive Cauchy equation (2.1) is
called an additive function.

First, we will solve the additive Cauchy equation (2.1) under some weaker con-
ditions than that of A. L. Cauchy (ref. [59]).

Theorem 2.1. If an additive function f : R — R satisfies one of the following
conditions, then there exists a real constant ¢ such that f(x) = cx forall x € R:

(i) f is continuous at a point;
(ii) f is monotonic on an interval of positive length;

S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 19
Analysis, Springer Optimization and Its Applications 48,
DOI 10.1007/978-1-4419-9637-4_2, (© Springer Science+Business Media, LLC 2011
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(iii) f is bounded from above or below on an interval of positive length;
(iv) f is integrable;

(v) f is Lebesgue measurable;

(vi) f is a Borel function.

Proof. We prove the theorem under the condition (i) only. By induction on n we
first prove

fnx) =nf(x) (a)

forall x € R and n € N. Let x in R be arbitrary. Obviously, (a) is true forn = 1.
Assume now that (a) is true for some 7. Then, by (a), we get

S+ Dx) = f(nx) + f(x) =nf(x) + f(x) = (n + 1) f(x).

If we substitute x/n for x in (a), we obtain

Jfx/n) = (1/n) f(x). (b)

Following from (a) and (b) yields

flgx) = qf (x) (c)

for any x € R and for all ¢ € Q.
Finally, by letting x = 1 in (¢) and considering the condition (i), we have
f(x) = cx forany x € R, where c = f(1). O

As indicated in the previous theorem, if a solution of the additive Cauchy equa-
tion (2.1) additionally satisfies one of the very weak conditions (i) — (v), then it has
the linearity.

Every additive function which is not linear, however, displays a very strange
behavior presented in the following theorem (ref. [2]):

Theorem 2.2. The graph of every additive function [ : R — R which is not of the
form f(x) = cx, forall x € R, is dense in R?.

Proof. The graph of f is the set

G={(x.y) eR?|y = f(n)}.

Choose a real number x; # 0. Since f is not of the form f(x) = cx for any real
constant ¢, there exists a real number x, # 0 such that

f(x1)/x1 # f(x2)/x2.

Namely,
x1 f(x1)

w2 £y | 7
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This means that the vectors p; = (x1, f(x1)) and p» = (x2, f(x2)) are linearly
independent and thus span the whole plane R?. Let p be an arbitrary plane vector.
Then there exist rational numbers ¢ and ¢ such that | — (¢1 p1 + g2 p2)| < ¢ for
any & > 0, since Q? is dense in R?. Now,

G191 + 4252 = q1(x1. f(x1)) + g2(x2, f(x2))
= (q1x1 + g2x2.q1 [ (x1) + q2 [ (x2))
= (q1x1 + q2x2, f(q1X1 + q2x2)).

The last inequality follows from (c) in the proof of Theorem 2.1. Hence,

Gz ={(x.y) €eR? | x = q1x1 + @22, y = f(x). q1.92 € Q}

is dense in R2. From the fact G;» C G we conclude that G is dense in R? which
completes the proof of our theorem. O

‘We now give some results concerning the additive complex-valued functions de-
fined on the complex plane:

If an additive function f : C — C is continuous, then there exist complex
constants ¢y and ¢ with f(z2) = c1z + 2z for all z € C, where 7 denotes the
complex conjugate of z.

Unlike the case of real-valued additive functions on the reals, the complex-valued
continuous additive functions on the complex plane are not linear. However, every
complex-valued additive function is linear if it is analytic or differentiable.

2.2 Hyers-Ulam Stability

As stated in the introduction, S. M. Ulam [354] raised the following question con-
cerning the stability of homomorphisms:

Let Gy and G, be a group and a metric group with a metric d(-,-), respectively.
Given ¢ > 0, does there exist a § > 0 such that if a function h : G — G,
satisfies the inequality d(h(xy), h(x)h(y)) < § forall x,y € Gy, then there exists
a homomorphism H : Gy — G, with d(h(x), H(x)) <eforallx € Gy?

D. H. Hyers presented the first result concerning the stability of functional equa-
tions. Indeed, he obtained a celebrated theorem while he was trying to answer the
question of Ulam (ref. [135]).

Theorem 2.3 (Hyers). Let [ : E1 — E, be a function between Banach spaces
such that

If(x+y)—f)—fOl =4 22
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for some § > 0 and for all x,y € E;. Then the limit
A(x) = lim 27" f(2"x) (2.3)
n->00
exists for each x € E1 and A : E1 — E; is the unique additive function such that
[f(x) —AX)[| <4 24

forany x € E1. Moreover, if f(tx) is continuous in t for each fixed x € E, then A
is linear.

Proof. For any x € Ej the inequality || f(2x) — 2f(x)|| < § is obvious from (2.2).
Replacing x by x/2 in this inequality and dividing by 2 we get

1(1/2) f(x) = f(x/2)]| = (1/2)é
for any x € E;. Now, make the induction assumption
[27" f(x) = F(27"x)| < (1—=27")8. (a)
It then follows from the last two inequalities that
la/2 @™ - 2™ )| = 1/2)8

and
|27 f) = /2 f@7 | = (/21 =278,
Hence,

27" fo)y = f27" ) = (1=27"71)8.

Therefore, the inequality (@) is true for all x € E; andn € N.
Put g, (x) =27" f(2"x), where n € N and x € E;. Then

gm(x) — qn(x) = 27" f(2"x) = 27" f(2"x)
=27"(f@"T"2"x) = 27" f(2"X)).

Therefore, if m < n, we can apply the inequality (@) to the last equality and we get
llgm (x) = gn(X)|| < (27" =27")8

for all x € E;. Hence, the Hyers—Ulam sequence {g,(x)} is a Cauchy sequence for
each x, and since E; is complete, there exists a limit function

Alx) = lim g (x).



2.2 Hyers—Ulam Stability 23

Let x and y be any two points of E;. It follows from (2.2) that

[f@2"x +2%y) = f2"x) = fQ2"y)I <6

for any n € N. Dividing by 2" and letting n — oo we see that A is an additive
function. If we replace x by 2"x in (a) and take the limit, we have the inequality
(2.4).

Suppose that A’ : E; — E, was another additive function satisfying (2.4) in
place of A, and such that A(y) # A’(y) for some y € E;. For any integer n >
28/|A(y) — A’(y)]|| we see that the inequality |A(ny) — A’(ny)| > 2§ holds. On
the other hand, this inequality contradicts the inequalities

[A(ny) = f(ny)ll =8 and [|A'(ny) — f(ny)]| < 6.

Hence, A is the unique additive function satisfying the inequality (2.4).

Assume that f is continuous at y. If A is not continuous at a point x € Ej,
then there exist an integer k and a sequence {x, } in E; converging to zero such that
|A(x,)|| > 1/k for any n € N. Let m be an integer greater than 3k§. Then

[A(mxn + y) — A()|| = [[A(mxn)| > 38.
On the other hand,

[A(mxn +y) = AW = [A(mxn + y) = f(mxn + y)l

+ [1f (mxn + y) = FDI + 1L () = A
<36

for sufficiently large n, since f(mx, + y) — f(y) asn — oo. This contradiction

means that the continuity of f ata pointin £ implies the continuity of 4 on Ej.
For a fixed x € Eq, if f(¢x) is continuous in ¢, then it follows from the above

consideration that A(¢x) is continuous in ¢, hence A is linear. O

The Hyers—Ulam stability result of Theorem 2.3 remains valid if £ is an abelian
semigroup (ref. [105]).
The following corollary has been proved in the proof of Theorem 2.3.

Corollary 2.4. Under the hypotheses of Theorem 2.3, if f is continuous at a single
point of Eq, then A is continuous everywhere in Ej.

As we see, we can explicitly construct the unique additive function satisfying
(2.4) by means of the method expressed in (2.3). D. H. Hyers was the first person to
suggest this method known as a direct method because it allows us to construct the
additive function A satisfying (2.4) directly from the given function f in Theorem
2.3. It is the most powerful tool to study the stability of several functional equations
and will be frequently used to construct certain function which is a solution of a
given functional equation.
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2.3 Hyers-Ulam-Rassias Stability

After Hyers gave an affirmative answer to Ulam’s question, a large number of papers
have been published in connection with various generalizations of Ulam’s problem
and Hyers’s theorem.

There is no reason for the Cauchy difference f(x + y) — f(x) — f(y) to be
bounded as in the expression of (2.2). Toward this point, Th. M. Rassias tried to
weaken the condition for the Cauchy difference and succeeded in proving what is
now known to be the Hyers—Ulam—Rassias stability for the additive Cauchy equa-
tion (see [159,298,301,306]). This terminology is justified because the theorem of
Th. M. Rassias (Theorem 2.5 below) has strongly influenced mathematicians study-
ing stability problems of functional equations. In fact, Th. M. Rassias [285] proved
the following:

Theorem 2.5 (Rassias). Let E1 and E» be Banach spaces, and let | : E1 — E»
be a function satisfying the functional inequality

Lf G+ y) = fG) = fFOI = o(lIx]” + [IylI7) (25)

for some 6 > 0, p € [0,1), and for all x,y € E;. Then there exists a unique
additive function A : E1 — E, such that

26

£ = A = 3=

[l11” (2.6)
for any x € E1. Moreover, if f(tx) is continuous in t for each fixed x € Ey, then A

is linear.

Proof. By induction on n, we prove that

n—1
127" f2"x) = f)l < 0f]x [P ) 2me=D (a)
m=0

for any n € N. Putting y = x in (2.5) and dividing by 2 yield the validity of (a)
for n = 1. Assume now that (@) is true and we want to prove it for the case n + 1.
However, this is true because by (a) we obtain

n—1

127 f(2"2x) = f2x)|| < 0]2x]|? Y 2™,

m=0

therefore

|27t F (2 ) — (1/2) f2x) | < 0P Y 2D,

m=1
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By the triangle inequality, we get

|27 (2 x) = @)
< 27 @) = (/2 /@0 + 1172 f@x) — f@

n
< 0x|” Z om(p=1)

m=0

which completes the proof of (a).
It then follows that

27 2" = f 0l = 555

[l ()

o0
since 22'"(1’_1) convergesto2/(2—27),as 0 < p < 1. However, form > n > 0,

m=0
we have

1277 f@"x) = 27" fQ2" )| = 27727 F @2 ) — f(27 )
26

< on(p=1)
- 2-27

<117

Therefore, the Rassias sequence {27 f(2"x)} is a Cauchy sequence for each x €
E.. As E, is complete, we can define a function A by (2.3). It follows that

| £ 2"+ 2) = f@"x) = f@" )| = 2"P0(1IxIIP + [y]17).

Dividing by 2" the last expression and letting n — oo, together with (2.3), yield
that A4 is an additive function.

The inequality (2.6) immediately follows from (b) and (2.3).

We now want to prove that A is such a unique additive function. Assume that
there exists another one, denoted by A’ : E; — E,. Then there exists a constant
g1 >0andg (0 < g < 1) with

1A"Ge) = fOIl < enllx]?. (©)

By the triangle inequality, (2.6), and (c¢) we obtain

A

[AG) = A" = 14G) = fOll + [/ (x) = A
26

2-2»p

lxlI” + e flx?.
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Therefore,

[AC) = A" ()| = (1/n) | A(nx) — A'(nx) |

1 26

< +(F25 I + erluse)
26

2-—-2p

n?~! )17+ n?™ ey |lx ]|
forall n € N. By letting n — oo we get A(x) = A’(x) forany x € Ej.
Assume that f(zx) is continuous in ¢ for any fixed x € Ej. Since A(x + y) =

A(x) 4+ A(y) for each x,y € E;, A(gx) = qA(x) holds true for any rational
number g. Fix x¢ in E; and p in EJ (the dual space of E,). Define a function

¢ :R — R by
¢(1) = p(A(txo))

for all r €eR. Then ¢ is additive. Moreover, ¢ is a Borel function because of
the following reasoning: Let ¢ (1) = lim 27"p(f(2"1x0)) and set ¢,(t) =
n—oo

2_”,0( f (2”tx0)). Then ¢, (¢) are continuous functions. ¢ (¢) is the pointwise limit

of continuous functions, thus ¢ (¢) is a Borel function. According to Theorem 2.1, ¢

is linear and hence it is continuous. Let a € R. Thena = lim ¢,, where {g,} is a
n—oo

sequence of rational numbers. Hence,
dlar) = (1 lim gn) = lim $lign) = lim gug (1) = ap(@).

Therefore, ¢ (at) = ap(t) for any a € R. Thus, A(ax) = aA(x) for any a € R.
Hence, A is a linear function. O

This theorem is a remarkable generalization of Theorem 2.3 and stimulated the
concern of mathematicians toward the study of the stability problems of functional
equations. T. Aoki [7] has provided a proof of a special case of Th. M. Rassias’s
theorem just for the stability of the additive function using the direct method. Aoki
did not prove the last assertion of Rassias’s Theorem 2.5 which provides the stability
of the linear function.

Th. M. Rassias [289] noticed that the proof of this theorem also works for p < 0
and asked whether such a theorem can also be proved for p > 1. Z. Gajda [112]
answered the question of Rassias for the case of p > 1 by a slight modification of
the expression in (2.3). His idea to prove the theorem for this case is to replace n by
—n in the formula (2.3).

It turns out that 1 is the only critical value of p to which Theorem 2.5 cannot be
extended. Z. Gajda [112] showed that this theorem is false for p = 1 by constructing
a counterexample:

For a fixed 8 > 0 and u = (1/6)0 define a function f : R — R by

) =) 27"¢@2"x),

n=0
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where the function ¢ : R — R is given by

m (for x € [1,00)),

¢(x) =4 ux (for x € (—1,1)),
—p (for x € (—oo0, —1]).

Then the function f serves as a counterexample for p = 1 as presented in the
following theorem.

Theorem 2.6 (Gajda). The function [ defined above satisfies

|f(x+ )= f) = fOD)] = 0(Ix] + [y]) 2.7)

for all x,y € R, while there is no constant § > 0 and no additive function
A : R — R satisfying the condition

| f(x) = A(x)| =< x| (2.8)

forallx,y € R.

Proof. If x = y = 0, then (2.7) is trivially satisfied.
Now, we assume that 0 < |x| + |y| < 1. Then there exists an N € N such that

27V < x|+ [y <277
Hence, 2N_1x\ <1, \2N_1y| < 1, and |2N_1(x + y)| < 1, which implies that

foreachn € {0,1,..., N — 1} the numbers 2" x, 2"y, and 2" (x + y) belong to the
interval (—1, 1). Since ¢ is linear on this interval, we infer that

$(2"(x +y)) —$(2"x) —¢(2"y) = 0

forn € {0,1,..., N — 1}. As aresult, we get

40 =@ = SO _ §5 [#E6+) — 4@ = g2y
[+ Dyl z 27(Ix + 1))

3
262N (1x] + [y])

M

k=0

n

2

[A
WK
(98]

0

I
=0
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Finally, assume |x| + |y| > 1. Then merely by means of the boundedness of f
we have

fx+y) =) = fOI
x| + [

6 =06,

since

|f@)l < Zz =24

Now, contrary to what we claim, suppose that there exist a constant § > 0 and an
additive function A : R — R such that (2.8) holds true. Since f is defined by means
of a uniformly convergent series of continuous functions, f itself is continuous.
Hence, A is bounded on some neighborhood of zero. Then, by Theorem 2.1, there
exists a real constant ¢ such that A(x) = cx for all x € R. Hence, it follows from
(2.8) that

| f(x) —cx| < 8lx],
for any x € R, which implies
| fCOl/1x] =8 + |e]

for all x € R. On the other hand, we can choose an N € N so large that Ny >
8 + |c|. If we choose an x € (0, 2_(N_1)), then we have 2"x € (0, 1) for each

n €{0,1,..., N — 1}. Consequently, for such an x we get
N— N-1
(x) ¢(2”X) u2"x
Z Zznx = Nu >3+ |cl,
n=0 n=0
which leads to a contradiction. O

Similarly, Th. M. Rassias and P. Semrl [310] introduced a simple counterexample
to Theorem 2.5 for p = 1 as follows:
The continuous real-valued function defined by

fx) = xlog,(x +1) (for x > 0),
xlog, |x — 1]  (for x <0)
satisfies the inequality (2.7) with & = 1 and | f(x) — cx|/|x| = o0, as x — oo, for
any real number c.
Furthermore, they also investigated the behaviors of functions which satisfy the
inequality (2.7).

Theorem 2.7. Let [ : R — RY be a function such that f(tx) is continuous in t
for each fixed x, where k and £ are given positive integers. Assume that f satisfies
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the inequality (2.7) for any x,y € RK. Then for any ¢ > 0, there exists a real
number Mg such that

Me|x|'™* (for |x| = 1),

| f(x)] < Mx| (for x| < 1), (2.9)
Proof. Applying (2.7) and induction on n, we can prove
| f Qe 4 xn) = f(xn) = = f(xn)| (@)
< O =D (|xel + -+ xal).
Let {e1,...,ex} be the standard basis in R*. An arbitrary vector x € R with

|x| < 1 can be expressed in the form
x =Arer + -+ Arex,

where |A;| < 1fori € {1,2,...,k}. It follows from (@) that

| faer + -+ Axer) — f(Arer) —-- = f(Arer)|
< Ok —D(JAer] + -+ [Arexl)
< 6k — k.

Then

|f(Arer + -+ Ager)| < Ok — Dk + | f(Arer)] + -+ + | f(Aer)]
< 0(k — Dk + My + -+ My,

where
M; = max | f(Le;)].
|Al=1

Hence, f is bounded on the unit ball in R, Thus, there exists a real number ¢ such
that

| fCO)] < clx| (b)

for all x satisfying 1/2 < |x| < 1.
Claim that

27" f(2"x) = f(x)| < nflx] (c)

forall n € N. By (2.7), (c) is true for n = 1. Assume now that (c) is true for some
n > 0. Using the triangle inequality and (c), we get

|2—n—1f(2n+1x) _ f(x)|
<277 f(2"2x) — (1/2) f20) | + [(1/2) f(2x) — f(x)]
< (n+ 1)0fx|,

which ends the proof of (¢).
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For any x with |x| > 1, we can find an integer n such that the vector y = 27" x
satisfies 1/2 < |y| < 1. Moreover, we have n < log, |x| + 1. It follows from
(c) that

27" f(x) = f(P)] < nb]y].
Therefore, by (b), we obtain

S = 2"(1 /W] +nblyl) < 2"|yl(c +n0) < |x|(c + O(logy |x| + 1)),

which proves the first part of (2.9).
A similar argument as in the proof of (¢) yields

12" f(27"x) = f(0)] < nblx|

for any n € N. For any x with |x| < 1, there exists an integer n such that the vector
y = 2"x satisfies 1/2 < |y| < 1. It follows that n < —log, |x|. As in the previous
case, we obtain

12" f(x) = f(¥)] <nblyl.
Thus,
|f)] < 27(ILfF )] + nbly]) < |x|(c — O log, |x]).

Hence, the second part of (2.9) also holds true. |

Th. M. Rassias [290] asked whether (2.6) gives the best possible estimate of the
difference || f(x) — A(x)|| for p # 1. Th. M. Rassias and J. Tabor [313] answered
the question for p = 1/2, and J. Brzdek has partially answered the question for the
case of p > 0 (p # 1). As it is an interesting subject, we introduce the result of
Brzdek [30]:

Letd >0and p > 0 (p # 1) be given, and let 4, f : R — R be defined by

A(x) =0

for all x € R, and

f(x) = sign(x)

V4
!

for all x € R, where sign : R — {—1,0, 1} is the sign function. Then A is an
additive function and
— — 7 5P
() = A = ey

for all x € R. We now aim to show that f also satisfies the inequality (2.5) for all
x,y € R.
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Let us start with the following lemma:

Lemma 2.8. If f1, f> : [0, 1] = R are functions defined by

fi(x) =(x + DP = xP = 1]/(xP + 1),
f2(x) = (1 =x)? +xP —1[/(x" + 1)

for some p > 0 (p # 1) and for any x € [0,1], then f1(x) > fa(x) for all
x €[0,1].

Proof. Put gi(x) = fi(x)(x? + 1) forx € [0,1] and i € {I,2}. Note that, in the
case p > 1,

(1-x)?+x? <1 and (x+1)? —x?>1 for x €[0,1]

and, inthe case 0 < p < 1,
(1=x)+x?>1 and (x+ 1)?» —x? <1 for x €[0,1].
Hence, for every x € [0, 1],

_ &+ DP—xP =1 (for p>1),
gl(x)_{1+xp—(x+1)1’ (for 0 < p <1) “

and

[ 1=xP—(1=x)? (for p>1),
g2(x)_{(1_x)17+xp—] (f0r0<P<1)

Consequently, for x € [0, 1],
, p(x+ P~ = pxP=t (for p > 1),
g (x) = p—1 p—1
pxP~  —p(x+1) (for 0<p<1)
and

! (x) = p(1 —x)?71 — pxP=1  (for p > 1),
2 Z 0 pxrl Z p1— )Pt (for 0 < p < 1).

Further, if p > 1, then

(x+ P —xP> (1 —x)P7 —xP71 for x € [0, 1],

andif 0 < p < 1,

X7l (x + 1)1’—1 >xP71— (1 —x)P7! for x € (0,1).
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Thus, g7(x) > g5(x) for any x € (0, 1). Hence, g1(x) > g2(x) forall x € [0, 1],
since g1(0) = g2(0) = 0. That is, fi(x) > f2(x) foreach x € [0, 1]. O

Lemma 2.9. Let fi be the same as in Lemma 2.8. Then
sup {fl(x) | x €0, 1]} = |2"’_1 — 1\
for p>0and p # 1.

Proof. Suppose f{(x) = 0. Considering (a) in the proof of Lemma 2.8, it follows
from the hypothesis that

(p(x + D771 — px? ) (x? + 1) — px? N ((x + 1)? —x? — 1) = 0.

The solution of this equation is x = 1 only.
In this way, we have shown that

sup { f1(x) | x € [0, 1]} = max { /1(0), fi(1)} = [277" —1],

which ends the proof. O
J. Brzdek [30] proved that f satisfies the inequality (2.5):

Theorem 2.10 (Brzdek). The function f satisfies the functional inequality (2.5)
forallx,y € R.

Proof. First, let x = y = 0. Since f(0) = 0, itis clear that f satisfies (2.5) for this
case.
Now assume (x, y) # (0,0), and let

Ea|
glx.y) = a( |f(x+2) = f(x) = fO)]

forall x, y € R with x2 + y2? > 0. Let us define
s =sup{g(x,y) | x,y €R, x* + y* > 0}.
Since g(x,y) = g(y,x) for x, y € R with x2 + y2 > 0, it is easily seen that
s=sup{g(x,y) | x,y €R, |x| <|y], x* +y* > 0}.

Moreover, if xy > 0, x2 4+ y2 > 0 and |x| < |y, then

g0, y) = |lx + 1P — x| = |p|?|/(|xI? + [yI7),
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and if xy < 0 and |x| < |y], then

glx.y) = |lx + y|? + |xI? = [y?|/(1x|? + |y|7).

Define
= sup{g(x,y) | xy >0, x24+y%>0, x| < |J’|}
and
s2 = sup {g(x,y) | xy <0, |x| < [y]}.
Then
s1=sup{fi(x) | x € [0,1]}
and

S = sup {fz(x) | x €0, 1]}

Therefore, by Lemmas 2.8 and 2.9, we get
s = max {s1,52} = [227" — 1]
which implies that f satisfies (2.5) for all x, y € R with x2 + y2 > 0. O

Until now, we have proved that 8| x||? /|1 — 27~!| gives the best possible upper
bound for the norm of the difference f(x) — A(x) in the case of p > 0 (p # 1).

Now, we return to the subject concerning the generalization of the bound condi-
tion for the norm of the Cauchy difference in (2.5).

A function H : [0, 00)? — [0, 00) is called homogeneous of degree p if it satis-
fies H(tu,tv) = t? H(u,v) forall t,u,v € [0, 00). We can replace 9(||x||1’ + 1y ||1’)
with H (||x]|. [ly]), where H : [0,00)> — [0, 00) is a monotonically increasing
symmetric homogeneous function of degree p > 0, p # 1, and still obtain a stabil-
ity result. More precisely, Th. M. Rassias and P. Semrl [311] generalized the result
of Theorem 2.5 as follows:

Theorem 2.11 (Rassias and éemrl). Let Ey and E5 be a normed space and a real
Banach space, respectively. Assume that H : [0, 00)? — [0, 00) is a monotonically
increasing symmetric homogeneous function of degree p, where p € [0,00)\ {1}.
Let a function [ : E1 — E; satisfy the inequality

If(x+y)— fx) = FO)l < H(lIx]. I1l) (2.10)

forany x,y € E\. Then there exists a unique additive function A : E1 — E, such
that

H(.1)

1760 = A = s

= Ixl” (2.11)
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for any x € Ei. Moreover, the function A is linear if for each fixed x € E; there
exists a real number §x > 0 such that f(tx) is bounded on [0, §].

Proof. The proof of the first part of the theorem is similar to Theorem 2.3 or 2.5.
Therefore, we prove only the linearity of A under the condition that f(zx) is locally
bounded for each fixed x. So, let us assume that for every fixed x € E; there exists a
positive number 8 such that the function || f(#x)| is bounded on [0, §x]. Fix z € E
and ¢ € E;‘ . Here, E; denotes the dual space of E». Let us define

M. = sup {|[ f(t2)]l | t € [0.8]}.

Consider the function ¢ : R — R defined by ¢ (¢) = (p(A(tz)). It is obvious that ¢
is additive. For any real number ¢ € [0, §;], we have

()] = |p(A@2))] < llell 1A < llll(IA(2) = fE)] + L f ).
Using (2.11) we obtain

H(1,1)

82z||1? + M, ).
S 07l + M)

()] < ||<p||(

Since the additive function ¢ is bounded on an interval of positive length, in view
of Theorem 2.1, it is of the form

P(1) = p(1)

for all 1 € R. Therefore, p(A(1z)) = ¢(tA(z)) for any ¢ € R, and consequently A
is a linear function. O

As expected, an analogue of Theorem 2.11 cannot be obtained in the case that H
is a monotonically increasing symmetric homogeneous function of degree 1. It is not
difficult to construct a counterexample from the following lemma presented in the
paper [311].

Lemma 2.12. Let h : [0,00) — [0,00) be a monotonically increasing function
satisfying

tlim h(t) =00, h(l)=1, and h(t) =th(1/t)

—>00

for all t > 0. Then there exists a continuous monotonically increasing function
g :[0,00) — [0, 00) such that

(i) g(0) =0,
(ii) g(t) — o0 ast — oo,
(iii) gt +s)—g(t) < h(s/t) foralls,t € [0,00), t # 0.

Proof. Since h(t) — oo ast — oo, we can find a monotonically increasing se-
quence {ny} of positive integers satisfying

n =1 and h(2"*) > k. (@)
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Let {ag } be a sequence given by
a1 =0, ap =2, and agy; = 2"ay (b)

fork € {2,3,...}.
We define

gla)) =0 and g(ax)=1/3+1/4+---+1/(k+1)

for k € {2,3,...}. We extend g to [0,00) such that g is piecewise linear. It is
obvious that g : [0, 00) — [0, 00) is a continuous monotonically increasing function
satisfying (i) and (ii).

Let # be a real number with 0 < z < 1. Since / is a monotonically increasing
function satisfying 2(1) = 1, we have h(1/t) > 1. It follows that th(1/t) > t.
Using h(t) = th(1/t) we finally get that

h(t) >t ()
holds true for any ¢ € (0, 1].

In order to prove (iii) let us first assume that # > s and choose k € N such that
t € [ag, ak+1]. The definition of g implies

s
gt +9)—g@) = T D a0 (d)
For k > 1 we get using (b) that
s 1 s s
S = C D=2 @ 1
The relation (c) completes the proof in this case. The case, when k& = 1, is an

immediate consequence of (), (c¢), and (d).
Suppose now that s > ¢ and choose k € N such that s € [ag, ax+1]. Let us set
ao = 0. We will first consider the case that t > a;_;. Then we have

gt +5)—g() < glaxt2) — glar—1) =1/3+1/4+1/5< 1.

The desired relation (iii) follows now from 4(1) = 1 and s/t > 1.
It remains to consider the case when ¢ < ag_;. This implies k > 3. Therefore,

gt +9)—g(t) < glaks2) =1/3+1/4+---+1/(k+3) <k—1.
Using (a) we have

gt +s)—g) < h(akZ”k—‘a,zl) =< h(2”k—1sa,:1).
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Applying 2"*k—1¢ < 2"k=lg,_; = ay in the previous inequality, we obtain
gt +s)—g) < h(2”k—‘s27"k—‘t*1) = h(s/t),

which ends the proof. O

Using the result of the last lemma, Th. M. Rassias and P. Semrl [311] have suc-
ceeded in finding a counterexample to Theorem 2.11 for the case in which H is a
monotonically increasing symmetric homogeneous function of degree 1.

Theorem 2.13. Assume that H : [0, 00)?> — [0, 00) is a symmetric monotonically
increasing homogeneous function of degree 1 such that
lim H(l,s) = oo. (2.12)
§—>00

Then there exists a continuous function f : R — R satisfying

| f(t+5)= f() = f(s)] < H(Je]. |s])

forallt,s € R and
sup | f(t) — A()|/]t| = oo (2.13)
t#0

for any additive function A : R — R.

Proof. For every real numbert > 1 wehave H(1,¢) < H(t,t) = tH(1,1). Thisin-
equality yields H(1, 1) # 0 using (2.12). We can assume without loss of generality
that H(1,1) = 1. Let us define /4 : [0, 00) — [0, 00) by h(t) = H(1,t). Obviously,
h is a monotonically increasing function satisfying h(t) — oo, as t — oo, and
h(l) = 1. Moreover, we have h(t) = H(l,t) = tH(1/t,1) = tH(1,1/t) =
th(1/t) for any t > 0. We choose a function g as in Lemma 2.12 and define
f(t) = (1/2)tg(t) forall t > 0. We extend f to R as an odd function.
We first prove the inequality

|f(t+35) = f(@6) = f(s)| < H(|t]. Is]) (a)

for all s, € R. Clearly, (a) holds true in the case that t = 0 or s = 0. Next, we
consider the case in which both numbers ¢ and s are positive. Then we have

|f(t+5) = () = f()l = (1/D)|e(g(r +5) — (1) +5(g(t +5) — g())].

As g is a monotonically increasing function, Lemma 2.12 (iii) yields

|f(t +5) = f(1) = f()] < (1/2)(th(s /1) + sh(t/s))
= (1/2)(H(t,5) + H(s, 1))
= H(|t],s]).

Since f is an odd function, (a) holds true for z, s < 0 as well.
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It remains to consider the case when r > 0 and s < 0. Let us first assume that
|t| > |s|. The left side of (a) can be rewritten as | f(t) — f(t + s) — f(—s)]|, but
t + s and —s are positive real numbers. Thus,

|ft+5) = f(O) = f&)| < H(t +5.—s) < H([t]. s]).

The proof of (a) in the case when |s| > |¢] proceeds in a similar way.
Suppose now that there exists an additive function A : R — R such that

sup | f(t) = A(D)|/]1] < oo. (b)
t#0

As f is a continuous function, it is bounded on any finite interval. It follows from
(b) that the additive function A is bounded on every finite interval [a, b] of the real
line with 0 ¢ [a, b]. This implies that A is of the form A(¢t) = ct for some real
number c. For t > 0 we have

L) = A/t = 1(1/2)g (1) —cl.
According to Lemma 2.12 (if), this contradicts (). O

As seen in the above proof, the condition (2.12) is essential for the construction
of a function f satisfying (2.13). The above theorem is a generalization of the result
of Theorem 2.6 stating that the answer to Ulam’s problem is negative in the special
case that H (|7, |s]) = |¢| + |s].

In the following theorem, we will introduce the behavior of functions satisfying
the inequality (2.10), where H is a homogeneous function of degree 1 (ref. [311]).

Theorem 2.14. Let E1 and E» be a real normed space with dim E1 > 1 and a real
Banach space, respectively. Suppose a function f : E; — E, satisfies the inequal-
ity (2.10), where H : [0,00)?> — [0, 00) is a symmetric monotonically increasing
homogeneous function of degree 1. Then the following conditions are equivalent:
(i) sup [| f(xX)[| < oo,
Ixl<1

(ii) sup [[f(x)] < oo,
lxl=1
(iii) f is continuous at 0,

L 1”1m LA GO/ Ix]'*8 =0 for any &> 0,
(v) lim | f)[/[lx['~* =0 forany &> 0.

IxI—o0

Proof. Letusset H(1,1) = 6. Claim that

127" f(2"x) = f)ll <= (1/2)nb]|x]| (@)

and

12" F27"x) = f)I < (1/2)nb]|x]| ()
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for any n € N. The proof of (a) follows by induction on n. The case n = 1 is clear.
Assume now that (a) is true for some n > 0 and we want to prove it for n + 1. Using
the triangle inequality and (a), we get

|27 @) = o < |27 £ @) — (1/2) f)|
+101/2) £ 20) = )
< (1/2)(n + D]

Replacing x with 27"x in (a) and multiplying the resulting inequality by 2", we
obtain (b).

The implications (i) = (ii) and (v) = (iii) are easily seen. In order to prove
(if) = (i), we choose a vector z such that ||z]] < 1. Since dim E; > 1, the in-
tersection of the unit spheres S(0,1) = {x e Ei | |Ix|| = 1} and S(z,1) =
{x € E1 | |lx —z| = 1} is nonempty. Choose w € S(0,1) N S(z,1). Clearly,
z=w—+ (z—w). Since f satisfies (2.10), we have

/@I < H(Iwl. Iz = wl) + [ /)] + 1@ =w
<60+2 sup | f()].

lxll=1

Claim that (iii) = (i). It is easy to see f(0) = 0. From (iii) it follows that there
exist positive real numbers § and M such that || x| < § yields || f(x)|| < M. We fix
a positive integer n¢ satisfying 270 < §. For every vector z € Eq, ||z|| < 1, we get
using (b) that

I/ @I = (1/2nob izl + 2" f (27" < (1/2)n00 +2"° M.

Claim that (i) = (iv). It follows from (i) that there exists a real number ¢ such
that

If N < ellx] (c)
for all x with 1/2 < |x|| < 1. For any x with norm greater than 1 we can find
a positive integer n such that the vector y = 27"x satisfies 1/2 < |y| < 1.

Moreover, we have n < log, ||x|| + 1. It follows from (@) that

127" f () = SOOI = A/ 2)nbllyll.

Therefore,

LA = 2"(ILfF DI+ (1/2)n0]1y]l)
<2"[lyll(c + (1/2)n)
=< lIxll(c + (1/2)8(og, | x]| + 1)),

which completes the proof of this implication.
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Claim that (i) = (v). For any x in the unit ball, ||x|| < 1, there exists an integer
n such that the vector y = 2"x satisfies 1/2 < ||y| < 1. It follows that n <
—log, || x||. As before we get

12" f(x) = fOD)I = (1/2)nb] yl|.
Thus,
£ < 27" (ILF D)+ (1/2)n0]y () < llxll(e = (1/2)8Tog, [1x]1).
Hence, (v) holds true.

Claim that (iv) = (if). It follows from (iv) with ¢ = 1 that there exist positive
real numbers 7 and M such that || x| > M implies || f(x)|| < nllx|*>. Let us fix a

positive integer ng satisfying 2”0 > M. Then for every z € E; with ||z]] = 1, the
inequality || f(2"0z)|| < 4”97 is true. A simple use of (a) completes the proof.
Applying a similar approach we can prove the implication (v) = (ii). o

The assumption that dim £; > 1 is indispensable in the above theorem. Every
function f : R — FE satisfying (2.10), where H is a homogeneous function of
degree 1, is bounded on the unit sphere {—1, 1}. However, such functions need not
be bounded on the unit ball. The proof of the equivalence of the conditions (i), (ii),
(iv), and (v) works also in the case that dim £y = 1. A function f : R? — R
defined by

t+s (for t,5s € Q),
t,s) =
AUR A (for 1 € R\Q or s € R\Q)
is an example of a function satisfying (2.10), where H is a monotonically increasing
symmetric homogeneous function of degree 1, of which point of continuity is only
0 (see [311]).
Under the additional assumption that supH(1,s) < oo, Th. M. Rassias and

§=>0

P. Semrl [311] improved the previous result as follows:

Theorem 2.15. Let £y and E; be those in Theorem 2.14. Suppose a function
f : E1 — Ej satisfies the inequality (2.10), where H : [0,00)?> — [0,00) is a
symmetric monotonically increasing homogeneous function of degree 1. Further-

more, assume that supH (1, s) < co. Then the conditions (i), (ii), and (iii) given in
§=>0
Theorem 2.14 are equivalent to the following condition:

(vi) there exists a real number M such that || f(x)|| < M || x| forall x € E;.

Proof. All we have to do is to prove that (i) implies (vi). Let us denote

sup H(1l,s) = M;.

§>0
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Claim that
[(1/k) fkx) — f(xX)|| < Mq]lx] (a)

for any integer k > 1. The verification of (a) follows by induction on k. In the case
k = 2, we have

1(1/2) f2x) = fC)ll = (/2 H(Ix [ X)) < (1/2)My||x].

Assume now that (a) is true for some £k > 1 and we want to prove it for k + 1.
Using the triangle inequality and (a), we get

[k + D7 f(tk + Dx) = )|
< |k + D7 f (k4 Dx) =k + D)7 flkx) — (k + D7 ()|
+ ||k + D7 fkx) = (k/(k + 1) f(x) ]
< (k+ D)7 H (llx[l kllxl) + (k/ G + D)/ k) f(kx) = £l
< (k + D)7N(Myl|x|| + kM x])
= Mi|x].

It follows from (i) that there exists a real number ¢ such that (¢) in the proof
of Theorem 2.14 holds true for all x satisfying 1/2 < |x|| < 1. For any x with
norm greater than 1 we can find an integer k (> 2) such that the vector y = (1/k)x
satisfies 1/2 < ||¥|| < 1. From (c) in the proof of Theorem 2.14 and (a) it follows

If N = /Gl = kllyli(c + M) = |x[l(c + My). (b)

A similar argument yields || f(x)|| < |lx||(c + M) for any x having norm smaller
than 1/2. The relations (¢) in the proof of Theorem 2.14 and (b) demonstrate that
the assertion of the theorem holds true with M = ¢ + M;. |

In the following corollary, Rassias and Semrl [311] generalized the result of
Theorem 2.7, i.e., it was proved that if a function f : E; — E; satisfies the inequal-
ity (2.10), where H is the same as in Theorem 2.14, and some suitable condition,
then it behaves like that of Theorem 2.7.

Corollary 2.16. Let E1 and E, be a finite-dimensional real normed space with
dim Ey > 1 and a real Banach space, respectively. Suppose a function f : E1 — E»
satisfies the inequality (2.10), where H : [0,00)?> — [0, 00) is a symmetric mono-
tonically increasing homogeneous function of degree 1. Moreover, assume that for
every x € E there exists a positive real number 8 such that the function || f (tx)|| is
bounded on [0, 8x]. Then for every positive real number ¢ there exists a real number
My such that

Me|lx]|'*e (for x|l = 1),

17l =< Melx]|'=* (for x| < 1).
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Further, assume that supH (1, s) < 0o. Then there exists a real number M such that
§>0

If GOl = Mlx]|
forallx € Ey.

Proof. All norms on a finite-dimensional vector space are equivalent. Thus, without
loss of generality, we can assume that £ is a Euclidean space R¥. Let us set 6 =
H(1,1). For an arbitrary pair x, y € E; we have

A

£ G+ y) = S = fODIl = H(lIx] 1y 1)
H(|lx[l =+ Iy Il + Tyl
= 0(IlxIl + Iy 1)-

IA

Applying induction on n we can easily prove

[fGen 4o 4 xn) = fxn) == = f(xn) |

<0 —D(llxe]l + -+ llxnll)- (@)
Let{ey,..., e} be the standard basis in R¥. According to the hypothesis, there exist
positive real numbers M1, 81, ..., 8 such that |t| < &; implies || f(te;)|| < M; for

i €{l,...,k}.Choose a positive number K . Using (a) in the proof of Theorem 2.14
we can find a real number M5 such that |f| < K implies || f(te;)|| < M, for
ie{l,.... .k}

An arbitrary vector x € R¥ with || x|| < K can be expressed in the form

X =tney + -+ treg,
where |t;| < K fori € {1,...,k}. It follows from (a) that

| f(trer + -+ + txex) — f(trer) — -+ — fltker) ||
<0k —D(lterll + -+ llwexll) < 6k — kK.
Then
I £ = || f(tier + -+ + txex) |

< 0k — DK + | f(e)] + -+ + |Lf (tker) |
< 0(k — VKK + kM,.

Hence, we have proved that f is bounded on every bounded set in E. The assertion
of our corollary is now a simple consequence of Theorems 2.14 and 2.15. O
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G. Isac and Th. M. Rassias [142] established a different generalization of
Theorem 2.5 as follows:

Theorem 2.17 (Isac and Rassias). Let Ey and E, be a real normed space and a
real Banach space, respectively. Let ¥ : [0,00) — [0, 00) be a function satisfying
the following conditions:

(i) Jim y(0)/1 =0,

(it) w(ts) <y @)Y (s) forall t,s € [0, 00),
(iii) ¥(t) <t forall t > 1.

If a function f : E1 — E; satisfies the inequality

£+ y) = fx) = fWI = (v dlx]) + v dyID) (2.14)

for some 6 > 0 and for all x,y € E1, then there exists a unique additive function
A E1 — E5 such that

0
1700 = AW = 5= (lx]) 215)

for all x € Ei. Moreover, if f(tx) is continuous in t for each fixed x, then the
function A is linear.

Proof. We will first prove that

127" £2"x) = f)ll < Oy (llx]) Z v(2)/2)" (@)

forany n € N and for all x € E;. The proof of (a) follows by induction on n. The
assertion for n = 1 is clear by (2.14). Assume now that (@) is true for n > 0 and we
want to prove it for the case n + 1. Replacing x with 2x in (a) we obtain

n—1
127" F2"2x) = f0)ll < 0y (2]x]) Y (¥(2)/2)"
m=0
By (ii) we get
n—1
|27 F (2" x) — fex | < oy @y (lixl) D (v(2)/2)" (b)
m=0

Multiplying both sides of (b) by 1/2 we have

||2—n—1f(2n+1 ) (1/2)f(2x)|| < 91// ||x|| Z W(2)/2
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Using the triangle inequality, we now deduce

||27n71f(2n+1x) _ f(X) ”
< 2771 (2" x) = (1/2) f@0) | + 1(1/2) £2x) = f ()|

n

<0y (lxl) Y (v@/2)" + 6y (lxl)

m=1
n

=y (Il) 3 (v@/2)",

m=0

which ends the proof of (a).
Thus, it follows from (a) that

20y (lx1)

27 @) ~ foll = 5= s

(©)

forany n € N.
For m > n > 0 we obtain
27" F2™x) — 27" FQ2"x)| = 27" 27 F 2™ x) — f(2"x)||
=227 f27y) — FO).

where r = m —n and y = 2"x. Hence,

29(lIyll)

2-v(2)

292"y (|Ix 1))
2-y(2)

- (w(z))"ezw(uxn)

- 2 2—1/f(2)'

127" f@"%) = 27" f2"0)| = 2776

<270

However, by (iii), the Rassias sequence {27" (2" x)} is a Cauchy sequence. Let us
define

A(x) = nl;rr;o 27" f(2"x)

forall x € E;.
We will prove that A4 is additive. Let x, y € E; be given. It then follows from
(2.14) and (ii) that
7@ (x + ) = f@"x) = £@" )| < 6w (12"x]) + v (12" y11))
<oy (v dlx) +wdyiD),
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which implies that

27 F 2N+ ) = F@x) = £ )| = (v (@/2) 8 (v xID) + vy D).

Using (iii) and letting n — oo, we conclude that A4 is additive.

By letting n — 0o in (¢), we obtain the inequality (2.15).

Claim that A4 is such a unique additive function. Assume that there exists another
one, denoted by A’ : E1 — E», satisfying

/

0
1760 = AW = 3= (1), (@

where 6’ (> 0) is a constant and ¥’ : [0, 00) — [0, 00) is a function satisfying (i),
(i), and (iii). By (2.15) and (d ), we get

1AG) = A @) = 1) = Fl + £ — A
<2yl + 22y,
=150 PR—Ie)

Then,

[A(x) = A" ()| = (1/m)[[A(nx) — A'(nx)||
_ v 20y (lixl) N ' (n) 20"y (IIx]])
n 2-yQ2) 12—y
for every integer n > 1. In view of (i) and the last inequality, we conclude that
A(x) = A'(x) forall x € E;.
Because of the additivity of A it follows that A(qx) = gA(x) for any ¢ € Q.

Using the same argument as in Theorem 2.5, we obtain that A(ax) = a A(x) for all
real numbers a. Hence, A is a linear function. m|

G. Isac and Th. M. Rassias [142] remarked that if ¥ (1) = ¢? with0 < p < 1,
then from the last theorem we get the result of Theorem 2.5. If p < 0 and

|0 (for t = 0),
v = t?  (for t > 0),

then from Theorem 2.17 we obtain a generalization of Theorem 2.5 for p < 0
(ref. [112]). If f(S) is bounded, where S = {x e Eq| x| = 1}, then the A given
in Theorem 2.17 is continuous. Indeed, this is a consequence of the inequalities

1A < 1F@] + 1400 — £l
0
< 1O+ —L g (lxl)

2-v(Q2)
20
< [ f)l+ 2_—1//(2)1“1)

forall x € S.
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The control functions H and v appearing in Theorems 2.11 and 2.17 were re-
markably generalized and the Hyers—Ulam—Rassias stability with the generalized
control function was also proved by P. Gavruta. In the following theorem, we will
introduce his result [113].

Theorem 2.18 (Gavruta). Let G and E be an abelian group and a Banach space,
respectively, and let ¢ : G* — [0, 00) be a function satisfying

o0

D(x.y) =y 275 Tp(2Fx.2%y) < o0 (2.16)
k=0

forallx,y € G. Ifa function f : G — E satisfies the inequality
1/ + )= () = W = o(x.¥) (2.17)
forany x,y € G, then there exists a unique additive function A : G — E with
[/ (x) = AX)[| = ®(x, x) (2.18)

forall x € G. Moreover, if f(tx) is continuous in t for each fixed x € G, then A is
a linear function.

Proof. Putting y = x in the inequality (2.17) yields

1(1/2) f2x) = f)ll = (1/2)¢(x, x) (a)
for all x € G. Applying an induction argument to 7, we will prove
n—1
127" f2"x) — fOll < D 27* o2k x, 25 x) ()
k=0
for any x € G. Indeed,
[2771 @) = s = |27 ) = (/2 f 20|
+ 111/2) f(2x) = f ().

and by (a) and (b), we obtain

|27 @) = )

n—1

< (1/2) )27 (2" 1, 2 ) + (1/2)p(x, x)
k=0

n
= Z 2_k_1¢(2kx, 2kx),
k=0

which ends the proof of (b).
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We will present that the Rassias sequence {27" f(2"x)} is a Cauchy sequence.
Indeed, for n > m > 0, we have

27" f(2"x) =277 f(2"x) |
= 27270 F@M T2 x) — f(27)|
n—m—1
< y—m Z 2—k—1(p(2k+mx’ 2k+mx)
k=0

n—1

- Z 27K (2kx, 2 ).

k=m

Taking the limit as m — oo and considering (2.16), we obtain
lim [|27" f(2"x) =27 f(2"x)|| = 0.
m—0Q0

Since E is a Banach space, it follows that the sequence {27" (2" x)} converges. Let
us denote

A(x) = nli)ngo 27" (2" x).

It follows from (2.17) that

| £ @ (x + ) = £Q@"x) = FQ@"y)| < @(2"x.2"y)

for all x, y € G. Therefore,

[27" (2" (x + ) = 27" f2"x) = 27" f2"y) || = 27"p(2"x.2"y).  (c)
It follows from (2.16) that
nli)rrolo2_"go(2"x,2"y) =0.

Thus, (c) implies that A : G — E is an additive function.
Taking the limit in (b) as n — oo, we obtain the inequality (2.18).
It remains to show that A is uniquely defined. Let A’ : G — E be another additive
function satisfying (2.18). Then, we get
[AGx) — A ()| = 27" AQ2"x) = 27" A'(2"x) |
= [277A@"x) = 27" f(2" )l
+ 127" f(2"x) =27 A2 )|
<27"®(2"x,2"x) + 27" ®(2"x,2" x)
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o0
— 2—n Z 2—k¢(2k+nx’ 2k+nx)
k=0

[o.¢]
= Z Z_k(p(2kx, 2kx)
k=n

for all n € N. Taking the limit in the above inequality as n — oo, we get
A(x) = A'(x)

forall x € G.

From the additivity of A it follows that A(gx) = qA(x) for any ¢ € Q. Using
the same argument as in Theorem 2.5, we obtain that A(ax) = aA(x) for all real
numbers a. Hence, A is a linear function. 0O

Later, S.-M. Jung complemented Theorem 2.18 by proving a theorem which in-
cludes the following corollary as a special case (see [173, Theorem 4]).

Corollary 2.19. Let Ey and E; be a real normed space and a Banach space, re-
spectively. Assume that a function ¢ : E? — [0, 00) satisfies

o0
D(x,y) = Z 2k¢)(2_kx,2_ky) < 00
k=1

forall x,y € Ey. If a function [ : E1 — E; satisfies the inequality (2.17) for any
X,y € Ey, then there exists a unique additive function A : E1 — E, such that

[ f(x) — A = (1/2)P(x, x)
forall x € Ej.

S.-M. Jung [156] has further generalized the result of Theorem 2.18 by making
use of an idea from the previous theorem. In the following theorem, let G be an
abelian group and E be a Banach space. Consider a function ¢ : G?> — [0, 0)
satisfying ¢(x,y) = ¢(y,x) forall x,y € G. Foralln € N and all x,y € G
define ¢l(x,y) = ¢(nx,y) and ¢2(x,y) = ¢(x,ny). By a = (a1,a2,...) we
denote a sequence with a, € {1,2} for all n € N, and we define ¥/ (x,y) =
e (x,y) + -+ goZ" (x, y) for a fixed integer k > 1. Suppose that there exists a
sequence a = (ay,as,...) witha, € {1,2} for all n € N such that

We(x,y) = Y k7" (K" x k" y) < oo (2.19)
n=1

for all x, y € G. With these notations, Jung [156] proved the following theorem.
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Theorem 2.20. Suppose f : G — E is a function satisfying

I/ +y) = f(x) = FOI = e(x.p) (2.20)

forall x,y € G. Then there exists a unique additive function A : G — E such that
1/ () = Al = Wi (x, x) (2.21)

for all x € G. Moreover, if G is a Banach space and f(tx) is continuous in t for
every fixed x € G, then A is linear.

Proof. We first claim

I(1/n) f(nx) = fOOIl = (1/m) Yy (x. x) (a)

for each integer n > 1 and all x € G. We verify it by induction on n. By putting
y = x in (2.20), we obtain

1/ 2x) =2f () = ¢(x. x) = ¥{ (x,x).

This implies the validity of (@) for the case n = 2. Assume now that the inequality
(a) is valid forn = m (m > 2), i.e.,

I/ (mx) —mf ()| < ¥y (x,%). (b)

For the case n = m + 1, replacing y with mx in (2.20), we get

I/ (x +mx) = f(x) = f(mx)|| < ¢(x,mx) = ¢(mx, x). (c)

It follows from (b) and (c) that

||f((m + l)x) —(m+ l)f(x)“
< |f(m+ Dx) = f(x) = f(mx)| + || f(mx) —mf(x)]|

< ¥a(x,x).

Accordingly, the assertion (a) is true for all integers n > 1 and all x € G.
We claim

k™ f(K"x) = Il < Yk yf (K x k) (d)

i=1

for each n € N. We also prove it by induction on n. The validity of (d) forn =1
follows from (a). By assuming the induction argument for » = m and puttingn = 1
and then substituting k" x for x in (d ), we obtain
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”kfmflf(kn’H»lx) _ f(x) ”
< [kt (R x) — kT F )|+ KT F ™) — £

< KTQ/R) k™) = FOM0l + D kT g (K k)

i=1

< kTR k) + ) kT g (K K x)
i=1
m+1

= Z ke (K, k).

i=1

Hence, the inequality (d) is true for all n € N.
We now claim that the Rassias sequence {k~" f(k"x)} is a Cauchy sequence.
Indeed, by (d), we have

™" F (k" x) — k=" f (K™ )|
=k [k T K x) = f(K7x) |
<k kg (KT kM, KT Km)

i=1

< > kg (K k)

i=m+1

for n > m. In view of (2.19), we can make the last term as small as possible by
selecting sufficiently large m. Therefore, the given sequence is a Cauchy sequence.
Since E is a Banach space, the sequence {k~” f (k" x)} converges for every x € G.
Thus, we may define

A() = Tim k7" (k" ).

We claim that the function A is additive. By substituting k" x and k" y for x and
y in (2.20), respectively, we get

| £ (K" +3)) = f(K"x) = f(K"p)| < oK™ x, K" y). (e)
However, it follows from (2.19) that
nlglgo k=" (k" x, k" y) = 0.
Therefore, dividing both sides of (e¢) by k" and letting n — oo, we conclude that A

is additive.
According to (d), the inequality (2.21) holds true for all x € G.
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We assert that A is uniquely determined. Let A’ : G — E be another additive
function with the property (2.21). Since A and A’ are additive functions satisfying
(2.21), we have

[AG) = A" ()| = k7" A" x) — k" A" (K" x) |
< kTMAK"x) = f" )| + KT f (K" x) — A" (K" )|
< kTP (K" x, k" x) + kTP (K" x, K x)

=2 Y kT (KT e kT ).
m=n+1

In view of (2.19), we can make the last term as small as possible by selecting suffi-
ciently large n. Hence, it follows that A = A’.

Finally, it can also be proved that if G is a Banach space and f(¢x) is continu-
ous in ¢ for every fixed x € G, then A is a linear function in the same way as in
Theorem 2.5. |

It is worthwhile to note that P. Gavruta, M. Hossu, D. Popescu, and C. Caprau
obtained the result of the previous theorem in the papers [118, 119] independently.
Furthermore, Y.-H. Lee and K.-W. Jun generalized Theorem 2.20. Indeed, they
replaced k with a rational number ¢ > 1 in the condition (2.19) and proved
Theorem 2.20 (see [233]).

There are still new valuable results for the Hyers—Ulam—Rassias stability of the
additive Cauchy equation which were not cited above. Among them we have to state
here an outstanding result of G. Isac and Th. M. Rassias [143] without proof:

Let E1 and E, be a real normed space and a real Banach space, respectively.
Assume that f : E1 — Ej is a function such that f(tx) is continuous in t for every
fixed x in E. Assume that there exist 0 > 0 and p1, p2 € R such that p; < p; <1
or 1 < py < py. If f satisfies the inequality

£+ y) = fO) = fOI < 0(lx 7' + [IylI72)

forall x,y € E\, there exists a unique linear function A : E1 — E, such that

02 =207 (llx[1?r + [Ix[172)  (if p2 < p1 < D),

4 <
[ f(x) —AX)[ < 8272 —2)" (|x|P + Ix[72)  (if 1 < p2 < p1)

forany x € Ej.

During the 3Ist International Symposium on Functional Equations,
Th. M. Rassias [292] raised an open problem whether we can also expect a simi-
lar result for p» < 1 < py.

We here remark that J. M. Rassias [280] considered the case where the Cauchy
difference || f(x + y) — f(x) — f(y)| in (2.5) is bounded by &/ x|? ||y ||? (6 > 0,
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0 < p < 1/2) and obtained a similar result to that of Theorem 2.5 except the
bound for the difference || f(x) — A(x)]| in (2.6) bounded by 0]|x|?*? /(2 — 27)
instead of 26| x||? /(2 — 27). Furthermore, he [281] also proved the Hyers—Ulam—
Rassias stability of the additive Cauchy equation for the case where the norm of the
difference in (2.5) is bounded by @/ x||?|y||9 (8 = 0,0 < p + g < 1) with the
modified approximation bound 8 ||x||?*4 /(2 — 27%4) for || f(x) — A(x)| in (2.6).

Several mathematicians have remarked interesting applications of the Hyers—
Ulam—Rassias stability theory to various mathematical problems. We will now
present some applications of this theory to the study of nonlinear analysis, espe-
cially in fixed point theory.

In nonlinear analysis it is well-known that finding the expression of the asymp-
totic derivative of a nonlinear operator can be a difficult problem. In this sense, we
will explain how the Hyers—Ulam—Rassias stability theory can be used to evaluate
the asymptotic derivative of some nonlinear operators.

The nonlinear problems considered in this book have been extensively studied by
several mathematicians (cf. [6,54,226,242,364]). G. Isac and Th. M. Rassias were
the first mathematicians to introduce the use of the Hyers—Ulam—Rassias stability
theory for the study of these problems (see [144]).

Let E be a Banach space. A closed subset K of E is said to be a cone if it satisfies
the following properties:

(Cl) K+ K CXK;
(C2) AK C K forall A > 0;
(C3) KN (—K) = {0}.

By K* we denote the dual of K ,i.e., K* = {¢ € E* | ¢(x) > Oforall x € K}.
It is not difficult to see that each cone K C FE induces an ordering on E by the
hypothesis that x < y if and only if y — x € K. If in E a cone is defined, then
E is called an ordered Banach space. A cone K C E is said to be generating if
E = K — K and it is said to be normal if there exists a § > 1 such that ||x| <
8llx + y| for all x,y € K. We say that a cone K C FE is solid if its topological
interior is nonempty. We call a point xog € K a quasi-interior point if ¢ (xo) > 0 for
any nonzero ¢p € K*.If the cone K C E is solid, then the quasi-interior points of
K coincide precisely with its interior points.

We denote by L(E, E) the space of linear bounded operators from E into E.
It is well-known that for every T € L(E, E) the spectral radius r(T) is well de-
fined, where r(T) = max {|A| | A € o(T)} and o(T) is the spectrum of T. We
say that T € L(E, E) is strictly monotone increasing if for every pair x, y € E the
relation x < y (i.e., x < y and x # y) implies T(y) — T(x) € K°, where K°
denotes the interior of K.

Let D C E be a bounded set. We define y (D), the measure of noncompactness
of D, to be the minimum of all positive numbers § such that D can be cov-
ered by finitely many sets of diameter less than §. A function f : E — E is said
to be a k-set-contraction if it is continuous and there exists a k > 0 such that
)/( f (D)) <ky(D) for every bounded subset D of the domain of f. A function
f : E — E is said to be a strict-set-contraction if it is a k-set-contraction for some
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k <1. A function f : E — E is called compact if it maps bounded subsets of the
domain of f onto relatively compact subsets of E and f is said to be completely
continuous if it is continuous and compact. Every completely continuous function
is a strict-set-contraction.

Let K be a generating (or total, i.e., E = K — K ) cone in E. The function
f : K — E is said to be asymptotically differentiable along K if there exists a
T € L(E, E) such that

Jim £ Gy =T/ llx]l = o.

lxll — o0

In this case, T is the unique function and we call it the derivative at infinity along
K of f. We say that a function f : E — E is asymptotically close to zero along
K if

lim [ f@)]/lx]) = 0.

xe€eK

x| = oo

Let ¢ : [0,00) — [0, 00) be a function such that ¢(¢) > O for all # > y, where
y > 0. We say that f : K — E is ¢-asymptotically bounded along K if there
exist b, ¢ > 0 such that for all x € K, with ||x|| > b, we have || f(x)| < c¢(||x||)
Every ¢-asymptotically bounded function (along K) such that tlggo o)/t = 0is

asymptotically close to zero.
If K is a generating (or total) cone in E, then a function f : K — FE is said to
be differentiable at xo € K along K if there exists f’(x9) € L(E, E) such that

fim 1f(xo + x) = f(x0) = f"(xo)x|I/[Ix]| = 0.

x—>0

In this case, f”(xo) is the derivative at xo along K of f and it is uniquely deter-
mined.

To enlarge the class of the functions ¥ such that the condition of Theorem 2.17
remains valid, we consider the following: Let Fy, be the set of all functions ¥ :
[0, 00) — [0, 00) satisfying the conditions (i), (i), and (iif) in Theorem 2.17. Let
P (W) be the convex cone generated by the set Fy,. We remark that a function €
P (W) satisfies the condition (i) but generally does not satisfy the conditions (i)
and (iii) in Theorem 2.17. However, G. Isac and Th. M. Rassias [144] presented
that Theorem 2.17 remains valid for each ¢ € P (V).

Theorem 2.21. Let Eq be a real normed space, E» a real Banach space, and
f : E1 — E3 a continuous function. Let € P(V) be given. If f satisfies the
inequality (2.14) for some 0 > 0 and for all x,y € E, then there exists a unique
linear function T : E1 — E; satisfying the inequality (2.15) for all x € E;.
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Proof. We apply Theorem 2.18 for the function

e(x.y) =0y dlxD + v dlyD)-

In this case, using the properties of the functions ¢ € P(W¥), we can show that
®(x,y) < ooforall x,y € Eq, and the conclusion of our theorem follows. 0O

The last theorem is significant because the class of functions satisfying (2.14)
with ¥ € P(W) is strictly larger than the class of functions defined in Theorem
2.17. G. Isac and Th. M. Rassias [144] also proved the following theorem:

Theorem 2.22. Let E be a Banach space ordered by a generating cone K and let
f 1 E— E, g: K — K be functions such that:

(f1) f is completely continuous, positive, and satisfies the inequality (2.14) for
some Y € P(W) and 6 > 0 (i.e., f(K) C K);

(f2) there exist a quasi-interior point x9 € K and 0 < Ao < 1 such that
im 277 f(2"x0) = Aoxo;

(gl) g is asymptotically close to zero along K;

(h1) h = f + g is a strict-set-contraction from K to K.

Then h = [ + g has a fixed point in K.

Proof. Let § = {x e E||x| = 1}. By assumption ( f1) and Theorem 2.21, we
have that T(x) = lim 27" f(2"x) is well defined for every x € E and T is the
n—oQ

unique linear operator satisfying the inequality

0
I/ () =T = 2_2—MW(IIXII) (a)

for all x € E. Since f is compact, we have that f(S) is bounded, which implies
that T is continuous. Indeed, the continuity of 7 is a consequence of the following
inequalities:

1T < 1/ + 1T Cx) = f()l
26

<[ fl + 2——1ﬁ(2)1//(”x”)

20
<[ fl + 2_—1//(2)1”1)

forall x € S.
From the definition of T and the fact that f(K) C K, we deduce that T is
positive (i.e., T(K) C K). From (a) and the properties of v, it follows that

fim £ Gy =T/ lx] =0,

x| — o0
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i.e., T is the asymptotic derivative of f along K. In addition, from the principal
theorem of [141] or [6], T is completely continuous (and it is also a strict-set-
contraction). From (g1) we have

lim  |Jh(x) = T/ lx|

xekK
[xll = o0
< lim Jg@|/lxll + lim | f(x)=T@)]|/x]
xeK xeK
[lx]| = o0 lx]| = o0
=0,

i.e., T is also the asymptotic derivative of & along K.

Since T is completely continuous, its spectrum consists of eigenvalues and zero.
Suppose that r(7T") > 0. From ( f2) we have that T'(xg) < A¢xo and using the
Krein—Rutman theorem ([364, Proposition 7.26]) we have that there exists ¢o €
K*\ {0} such that T*(¢pg) = r(T)¢o and ¢o(x¢) > 0 (since xg is a quasi-interior
point of K), where we denote by 7* the adjoint of 7. Hence, we deduce

(T*(¢0)) (x0) _ $o(T (x0)) _ $o(Aoxo)

r(T) = = < = Ao,
$o(xo) $o(xo0) $o(xo0) ’
ie.,r(T) < 1.
Now, all the assumptions of [6, Theorem 1] are satisfied and hence h = f + g
has a fixed point in K. O

Corollary 2.23. Let E be a Banach space ordered by a generating cone K and let
f : E — E be afunction satisfying the conditions (f1) and (f2). Then f has a fixed
pointin K.

In Theorem 2.22 and Corollary 2.23 we can replace (f2) with the following
condition:

(13) 11 £(x) = Ax]| > 20(2—v(2) "W (|x]) forall A > 1 and x € K\{0}.

G. Isac and Th. M. Rassias [144] investigated the existence of nonzero positive
fixed points. We will express the result of G. Isac and Th. M. Rassias in the following
theorem.

Theorem 2.24. Let E be a Banach space ordered by a generating cone K and let
f i E—E, g:K — K be functions satisfying (fl), (gI), (hl), and:
(f4) there exist Ao > 1 and xo ¢—K such that 1i)m 27" f(2"x9) > AoXo;
n o0
-1
(f5) 1/ (x) = x| > 202~y (2) "y (lxll) for all x € K\{0};
(h2) h is differentiable at 0 along K and h(0) = 0;

(h3) I (0) does not have a positive eigenvector belonging to an eigenvalue A > 1.

Then h = f + g has a fixed point in K\{0}.
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Proof. As in the proof of Theorem 2.22, h is asymptotically differentiable along
K and its derivative at infinity along K is T(x) = nll)n;o 27" f(2"x) for each
x € E. Moreover, T is completely continuous and the inequality («) in the proof of
Theorem 2.22 is also satisfied. It follows from ( f5) that 1 is not an eigenvalue with
corresponding positive eigenvector of 7. From ( f4) we obtain r(T') > A¢. Indeed,
if r(T') < Ag and since r(T') = nlingoHT" ['/" (Gelfand’s formula), AT < k™
for sufficiently large n and some k < 1. From the fact that T'(xo) > Aoxo we deduce
Ao T™(x0) > xo (since T is positive) and if we pass to the limit in the last relation,
we obtain xo < 0,i.e., xo € —K, which is a contradiction. Using the Krein—Rutman
theorem again, we have that r(7") is an eigenvalue of 7" with an eigenvector in K.

Thus, all the assumptions of [54, Theorem 1] are satisfied and we conclude that &
has a fixed point in K\ {0}. O

Let E be a Banach space ordered by a cone K, and let L, A : E — E be
functions. We say that A > 0 is an asymptotic characteristic value of (L, A) if L
and AA are asymptotically equivalent (with respect to K), i.e.,

lim [|L(x) —AA)|/lx]l = 0.
x €K
lxIl —o0

An asymptotic characteristic value of (L, A) is a characteristic value of (L, A) in
the sense of the definition provided by M. Mininni in [242], i.e., A is a characteristic
value of (L, A) in Mininni’s sense, if there exists a sequence {x,} of elements of K
such that

lim ||x,|| =00 and lim ||L(x,) — AA(xp)|/llxn] = O.
n—>0o0 n—>00

The following result is a consequence of Theorem 2.24.

Corollary 2.25. Let E be a Banach space ordered by a generating cone K (C E),
let f : E — E be a function such that f(K) C K, andlet L,A : E — E be
functions. Assume that the following conditions are satisfied.:

(i) f satisfies the conditions (f1), (f4), and (f5);
(i) A is an asymptotic characteristic value of (L, A);
(iii) h = f 4+ L — AA satisfies the conditions (hl), (h2), and (h3).

Then the nonlinear eigenvalue problem, L(xx) + f(xx) = X« + AA(xx) with un-
knowns x. € E\{0} and A > 0, has a solution.

It is well-known that the study of the nonlinear integral equation

x(u) = /g2 G(u,v) f(v.x(v))dv, (@)

known as the Hammerstein equation, is of central importance in the study of several
boundary-value problems (cf. [226,364]).
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In addition, some special interest is focused on the eigenvalue problem

x(u) = )L/Q G(u, v)f(v,x(v))dv. B)

If we denote by G the linear integral operator defined by the kernel G(u, v) and
by f the Nemyckii’s nonlinear operator defined by f(v,x(v)), i.e., f(u)(v) =
f (v, x(v)), then the equation () takes the abstract form

x = AGf(x). (r)

For the equation () we consider the following hypotheses:

(H1) (E,K) and (F, P) are real ordered Banach spaces. The cone K is normal
with nonempty interior.

(H2) The function f : E — F is continuous and the operator G : F — E is
linear, compact, and positive.

(H3) G is strongly positive, i.e., x < y implies G(y) — G(x) € K°.

We recall that (A, +00) is a bifurcation from infinity of equation (&) if A, > 0
and there is a sequence of solutions (A, x) of (y) such that A,, — A, and ||x, | —
00 as n — 00.

Isac and Rassias [144] also contributed to the following theorem.

Theorem 2.26. Consider equation (y) and suppose that (HI), (H2), and (H3) are
satisfied. In addition, assume that the function f : E — F satisfies the following
conditions:

(i) f(K) C K and f(S) is bounded, where S = {x € E | ||x| = 1};
(ii) [ satisfies the inequality (2.14) for some 6 > 0, v € P(V), and for all
x,yek;
(iii) 1im 27" f(2"x) > O for all x € K\{0}.
n—o0

If we set T(x) = lim 27" f(2"x), for all x € E, and A = r(GT)™}, then
n—>oo
(Ax, +00) is the only bifurcation from infinity of equation (y).

Proof. First, we note that T is the asymptotic derivative of f along K. Since by
assumption (iii) we see that T is strictly positive on K, we remark that r(GT) > 0.

We set
l*[1f (x/lIx]l)  (for x # 0),
0 (for x = 0).

We know that g’(0) = T and (A, +00) is a bifurcation point of x = AG f(x) if and
only if (4, 0) is a bifurcation point of x = AGg(x). Our theorem now follows from
a theorem of [364]. O

g(x) =

Concerning Theorem 2.26, the two-sided estimates for the spectral radius ob-
tained by V. Y. Stetsenko [337] are very essential. Stetsenko presented that if
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A . E — E is a completely continuous operator and E is a Banach space or-
dered by a generating closed cone K with quasi-interior points and if some special
assumptions are satisfied, then we can define the numbers A, p, the vectors ug, v,
and a functional ¢¢ such that

¢o(vo) _

_ 1 go(vo)
p¢0(uo) N

) = o p $o(ug)’

(©)

0—

G. Isac and Th. M. Rassias [144] raised an interesting problem to find new and
more efficient two-sided estimates for the spectral radius of the operator GT with

T(x) = nlgréo 27" (2" x)

when f satisfies the inequality (2.14) for some 6 > 0, v € P(W¥), and for all
x,y e E.

Such an estimate of r(GT'), similar to the estimate (§), is important for the ap-
proximation of the bifurcation point (4, +00) of the equation (y).

2.4 Stability on a Restricted Domain

In previous sections, we have seen that the condition that a function f satisfies one
of the inequalities (2.2), (2.5), (2.10), (2.14), (2.17), and (2.20) on the whole space,
assures us of the existence of a unique additive function approximating f* within a
given distance.

It will also be interesting to study the stability problems of the additive Cauchy
equation on a restricted domain. More precisely, we will study whether there exists a
true additive function near a function satisfying one of those inequalities mentioned
above only in a restricted domain.

F. Skof [330] and Z. Kominek [224] studied this question in the case of functions
defined on certain subsets of RY with values in a Banach space. First, we will intro-
duce a lemma by Skof [330] which is necessary to prove the following propositions.

Lemma 2.27. Let E be a Banach space. If a function f : [0, 00) — E satisfies

If(x+y)=f) = fO <4

for some § > 0 and for all x,y > 0, then there exists a unique additive function
AR — E such that

[f(x) —AX)[| <8

forany x > 0.
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Proof. Define a function g : R — E by

f(x) (for x > 0),

gl = —f(=x) (for x <0).

It is not difficult to see that

lgx +y)—gx)—gO <6

for all x, y € R. Therefore, by Theorem 2.3, there exists a unique additive function
A : R — E such that

lg(x) —AX)|| <8 (a)
for any x € R. This function A is the unique additive function which satisfies (a)
for any x > 0. O

F. Skof [330] proved the following lemma for N = 1, and Z. Kominek [224]
extended it for any positive integer N .

Lemma 2.28. Let E be a Banach space and let N be a given positive integer. Given
¢ >0, let a function f :[0,c)N — E satisfy the inequality

If G+ )= f) =S =8 (2.22)

for some § > 0 and for all x,y € [0,¢)N with x +y € [0,¢)N. Then there exists
an additive function A : RN — E such that

1/ (x) — AX)[| = (4N —1)8

forany x € [0,c)N.

Proof. First, we consider the case N = 1. We extend the function f to [0, c0)
and then make use of Lemma 2.27 above. Let us represent an arbitrary x > 0 by
x = (1/2)nc + p, where n is a nonnegative integer and 0 < u < (1/2)c. Define a
function g : [0,00) — E by

g(x) = f(w) +nf((1/2)c).
On the interval [0, ¢) we have
lg(x) — ()| <38 (a)

In fact, when 0 < x < (1/2)c, we have g(x) = f(x). When (1/2)c < x < c,
we get

lgx) — fCl = | f(w) + £((1/2)c) — £((1/2)c + n)| < 8.

since f satisfies (2.22).
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We will now show that g satisfies

lg(x +y)—gx)—g)| <26 (b)

forall x,y > 0. For given x,y > 0,letx = (1/2)nc + pand y = (1/2)mc +
o, where n and m are nonnegative integers and © and @ belong to the interval
[0,(1/2)c). Assume u + w € [0, (1/2)c). Then

lg(x +y)—g(x) —gW
= | f( + o)+ m+n) £ ((1/2)c) — f(n)
—nf((1/2)c) = f(@) —mf((1/2)c)|
=f(k+ )= f(p) - flo)]

< 4.

Assume now that 4 + @ € [(1/2)c,¢). Put u + w = (1/2)c + ¢. Then, by (a), we
have

lg(x +y)—g(x) =g
= || f((1/2)¢) + f(1) — f(n) — f(o)|
=lgnto)— f(rto)+ f(n+o)—f(r)— flo)
< 28.

According to Lemma 2.27, (b) implies that there exists a unique additive function
A : R — E such that

lg(x) —A()| = 26 (c)
for any x > 0. Therefore, by (a) and (c), we have
I/ (x) = A = [ f(x) =g + llg(x) — A(x)|| = 38

for all x € [0, ¢), which completes the proof for N = 1.
Assume now that N > 1. If we define the functions f; : [0,c¢) — E fori €
{1,...,N} by
f,-(xi) = f(O,...,O,xi,O,...,O),

then the functions f; satisfy
ILfi Gxi + yi) = fi(xi) = fi(yi)ll = 6

forallx;, y; € [0,¢) withx;+y; € [0, ¢). Thus, the first part of this proof guarantees
the existence of additive functions 4; : R — FE such that

I fi (xi) — A ()| < 36 (d)

forall x; € [0, ¢).
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Representing x € R¥ in the form (x1,...,xn) we see that the function A4 :
RN — E given by

N
A(x) =) Ailxi)

i=1

is an additive function. Moreover, for each x € [0,¢)", by (d) and (2.22), we get
If(x) —AX)||
N
<[ f@) =) filx)

i=1

N
+ Y i (i) — Ai(xo) |

i=1

IA

N-1
f@r -1, 0) = D7 fix)
i=1

+ = £0.....0.xN) = f(x1.....XN-1.0) + f(x)]| + 3N§

A

N—-1
f(xlv"'v-xN—lvo)_ Z ﬂ(xi) +8+3N8
i=1

=
=

(N — 1)§ + 3NS.

This ends the proof. O
Lemma 2.29. Let E be a Banach space and let N be a positive integer. Given
¢ > 0, let afunction f : (—c,c)N — E satisfy the inequality (2.22) for some § > 0

and for all x,y € (—c,c)N with x +y € (—c,c)N. Then there exists an additive
function A : RN — E such that

1/ (x) = A < (5N — 1)
forany x € (—c,c)V.
Proof. First, we prove the assertion for N = 1. Put
g(x) = (1/2)(f(x) = f(=x)) and h(x) = (1/2)(f(x) + f(-x))
forall x € (—c, ¢). We note that
[A(x)]| <6 (@)

for x € (—c,c) and
lg(x +y) —g(x) =gl =4

forall x, y € (—c,c) with x + y € (—c, ¢). According to Lemma 2.28, there exists
an additive function A : R — E such that ||g(x) — A(x)|| < 36 for each x € [0, ¢).
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Since g and A are odd, ||g(x) — A(x)| < 36 holds true for any x € (—c, ¢). Hence,
by (a), we get

[/(x) = A = A + llg(x) — A < 48
for all x € (—c, c¢). This completes the proof for the case N = 1.

Assume now that N > 1. The proof runs in the same way as in the proof of
Lemma 2.28. We define functions f; : (—c,c¢) — E by

fi(xi) = f(0,...,0,x;,0,...,0)
fori € {1,..., N}. Then, the functions f; satisfy
Ifi (xi 4+ yi) = filxi) = fily)l =6

for all x;,y; € (—c,c) with x; + y; € (—c,c). Thus, the first part of our proof
implies that there exist additive functions A; : R — E such that

| fi(xi) — Ai (x;)|| < 46 (b)

for x; € (—c,c¢).
Expressing x € R¥ in the form (x1,...,xn) we see that the function A4 : RN -
E defined by

N
A(x) = Z Ai(xi)
i=1

is additive. Let x € (—c,c)" be given. Then, by () and (2.22), we have

N
+ ) NG — A (x|

i=1

N
F) =" filxi)

i=1

= 1f(x) = f0,....0,x8) = f(x1,....xn-1, 0)|

I/ () — A =

N-1
+ | S xn—1,0) = Y fix) ||+ 4NS
i=1
N-1
s||f(x1,...,xN_1,0)—Zﬁ(x,-) +8 4 4N$
i=1
S.
< (N —1)§ + 4NS§,

which ends the proof. O
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Using Corollary 2.23, Z. Kominek [224] proved a more generalized theorem con-
cerning the stability of the additive Cauchy equation on a restricted domain.

Theorem 2.30 (Kominek). Let E be a Banach space and let N be a positive inte-
ger. Suppose D is a bounded subset of RN containing zero in its interior. Assume,
moreover, that there exist a nonnegative integer n and a positive number ¢ > 0 such
that

(i) (1/2)D C D,
(ii) (—c,c)N C D,
(iii) D C (=2"¢,2"c)N.

If a function f : D — E satisfies the functional inequality

Ifx+y)—f) = fOll =4 (2.23)

for some § > 0 and for all x,y € D with x + y € D, then there exists an additive
function A : RN — E such that

If(x) — A = 2" -5N = 1)§

forany x € D.

Proof. On account of Lemma 2.29, there exists an additive function 4 : RY - E
such that

If(x) = AX)|| = BN —1)8 (a)

forany x € (—c,c)" . Taking an arbitrary x € D we observe, by (i), that 27 %x € D
fork e {1,...,n}, and condition (iii) implies that 2" x € (—c, ¢)" . It follows from
(2.23) that forevery x € D andeach k € {1,...,n}

sz_lf(2_k+1x) _ 2kf(2—kx) ” < 2]{—18,
therefore,

[f(x) =2"f27" )| < (2" = 1)8. (b)
Now, by (a), (b), and the additivity of 4, we get

[ f(x) =A@ < [1f(x) =2" fFQ7"0)]
+ 2" f(27"x) = 2"AQ7"x) ||
<(@"=1§+2"(5N — )8
=(Q"-5N —1)§

for any x € D, which ends the proof. O

L. Losonczi [238] proved the following theorem and applied it to the study of the
Hyers—Ulam stability for Hosszd’s equation (see Theorem 4.5).
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Theorem 2.31. Let Eq and E» be a normed space and a Banach space, respec-
tively. Suppose a function [ : E1 — E; satisfies the inequality

If(x+y)—f(x)=fDIl =4 (2.24)

for some § > 0 and for all (x,y) € E?\ B, where B is a subset of E? such that
the first (or second) coordinates of the points of B form a bounded set. Then there
exists a unique additive function A . E1 — E; such that

[ f(x) —Ax)|| <56 (2.25)

forany x € Ej.
Proof. Since the left-hand side of (2.24) is symmetric in x and y, we may assume
that (2.24) holds true for all (x,y) € C = (E?\ B) U (E?\ By), where By =
{(x.y) € E} | (y.x) € B}. Since

C = (Ef\B) U (E}\Bs) = Ef\(B N By)

and both coordinates of the points from B N By form a bounded set, we can find a
number @ > 0 such that B N By C Q, where

0 ={(x.y) € E¢ | x|l <a, llyll <aj.

Choose a t € E; such that ||¢|| = 2a and take any point (1,v) € B N Bg;. We
then know that all the points

(u +v,2t — (u+ v)), (u,t —u), (t—v,v), (t —u,t—v), (t,1) (a)
are in E7\ Q and hence also in EZ\ (B N By), since the inequalities

12t = (u+ v = [12¢]] = lu+v]| = 4a —2a > a,

e —ull = ll]] = llull = a.
e =vl = il = vl = a.
el > a

are true. Thus, if (1, v) € B N By, we get

If(u+v) = fw—fO
= f+v)+ fQ2r = (u+v)— fQ21)]
+ = fQt—(u+v)+ fC—w+ [t =)
+ = f—u)— fw)+ fO
+I=f)=ft—v)+ fO
+ 1= f(0) = f(1) + fQ2D)|
<54,

where we applied (2.24) for each of the points listed in (a).
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If (u,v) € E?\ (B N By), then we obtain

If+v) = f)— fW] <6

as we have already seen. Hence, the inequality

[f(x+y) = f(x) = FOI =56

holds true for all x,y € Ej. According to Theorem 2.3, there exists a unique ad-
ditive function A : E1 — E»> such that the inequality (2.25) is true for all x € E;
because the assertion of Theorem 2.3 also holds true for the case when the do-
main E; of the function f is extended to an amenable semigroup and because each
normed space is an amenable semigroup (see Corollary 2.42 below). O

F. Skof [331] proved the following theorem and applied the result to the study of
an asymptotic behavior of additive functions.

Theorem 2.32 (Skof). Let E be a Banach space, and let a > 0 be a given constant.
Suppose a function f : R — E satisfies the inequality

[f(x+y)=fx)=fl =4 (2.26)

for some § > 0 and for all x,y € R with |x| + |y| > a. Then there exists a unique
additive function A : R — E such that

1/ (x) — A < 98 (2.27)

forall x € R.

Proof. Put
plx.y) = fx +y) = f(x) = f(»)

for x, y € R. Suppose real numbers x and y # 0 are given. Let m and n be integers
greater than 1. We then have

fnx +my) = f(nx) + f(my) + ¢(nx,my)

and

flnx +my) = f((n—1)x + (x +my))
= f((n—1)x) + f(x) + f(my)
+ @(x,my) + ¢((n — Dx,x + my),
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from which it follows that

fnx) = f((n—1Dx) = f(x)
= @(x,my) + ¢((n — D)x,x + my) — g(nx, my).

If m is so large that m > (a + |x|) /1y|, the last equality implies

| f(nx) = f((n = Dx) = f(0)] = 38 (a)

for any x € R and any integer n > 1. The relation

n

fnx) =nfx) =Y (flkx) = f((k = Dx) = f(x)),

k=2

together with (a), yields

[ f(nx) —nf(x)| <3(n—1)8 (b)
for any real number x and n > 1. Obviously, it follows from () that

le(nx,ny) —ne(x, y)|| < | f(nx +ny) —nf(x + y)|
+ [[f(nx) —nf ()| + [|.f (ny) —nfO)]
<9(n—1)8

for all real numbers x and y with (x, y) # (0,0). Dividing both sides of the last
inequality by n, then letting n — oo and considering the fact that (1/n)@(nx,ny)
— 0asn — oo, we get

loCe. )l =< 98 (c)

for all x, y with (x,y) # (0,0). Let x be a real number with |x| > a. Then, the
inequality (2.26) with such an x and y = 0 yields || f(0)|| < §. Hence, we obtain
le(0,0)|| = || f(0)|| < 6. Therefore, (¢) holds true for all x, y € R.

According to Theorem 2.3, there is a unique additive function A : R — E such
that the inequality (2.27) holds true for any x in R. O

Analogously, we can easily generalize the last result. More precisely, we can
extend the domain of the function f in the last theorem to an arbitrary normed
space. Here, we remark that the domain E; of the function f in Theorem 2.3 can
be extended to a normed space without reduction of the validity of the theorem. The
proof of the following theorem given by F. Skof [331] is the same as that of the last
theorem.

Theorem 2.33. Let E and E, be a normed space and a Banach space, respec-
tively. Given a > 0, suppose a function [ : Ey — E; satisfies

Ifx+y)=f) = fOll =4
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for some § > 0 and for all x,y € Ey with ||x|| + ||y|| > a. Then there exists a
unique additive function A : E1 — E, such that

I/ (x) — A < 98

forall x € E.

Using this theorem, F. Skof [331] has studied an interesting asymptotic behavior
of additive functions as we see in the following theorem.

Theorem 2.34 (Skof). Let E1 and E, be a normed space and a Banach space,
respectively. Suppose 7 is a fixed point of E1. For a function f : E; — E; the
following two conditions are equivalent:

(i) fx+y) =)= f(y) =z as [Ix][ + [y = oo;
(ii) f(x+y)=f(x) = f(y) =z forall x,y € E\.

Proof. It suffices to prove the implication (i) = (ii) only because the reverse impli-
cation is a trivial case. Define g(x) = f(x) + z for all x € E;. Then the condition
(i) implies that

gx+y)—gx)—gy) =0 as [x|| + [yl = oo. (a)

Due to (a) there is a sequence {§, } monotonically decreasing to zero such that

lg(x +y)—gx) =g < dn

forall x, y € E; with ||x|| + ||y|| > n. According to Theorem 2.33, there exists a
unique additive function 4, : E; — E; satisfying

lg(x) — An ()| =< 98n ()

for all x € E;. Let m and n be integers with n > m > 0. Then the additive
function A4, : Ey — E; satisfies ||g(x) — A, (x)|| < 96, for all x € Eq. The
uniqueness argument implies 4, = A,, for all integers n greater than m > O.
Therefore, Ay = A, = ... = A, = .... If we define a function A : E; — E; by
A(x) = Ay(x) for all x € E; and for some n > 1, then A is an additive function.
Letting n — oo in (b), we conclude that g itself is an additive function. Thus,

O0=glx+y)—gx)—g)=fx+y)—f(x)= f(y)—z
forall x,y € Ej. O

The following corollary is an immediate consequence of the last theorem (see
[331]).
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Corollary 2.35. The function f : R — R is an additive function if and only if
S +y)—fx) = f(y) >0 as x|+ [y| > oo

Skof [334] dealt with functionals on a real Banach space and proved a theorem
concerning the stability of the alternative equation | f(x + y)| = | f(x) + f(¥)|:

Let E be a real Banach space, and let M be a given positive number. If a func-
tional f : E — R satisfies the inequality

Lf G+ =1f)+ fDI <8

for some § > 0 and for all x,y € E with |x|| + ||y|| > M, then there exists a
unique additive functional A : E — R such that

| f(x) — A(x)| <408 + 11| £(0)| + 11 max {3. | /(0)|}

forall x € E.

On the basis of this result, Skof could obtain the following characterization of
additive functionals (see [334]):

Let E be a real Banach space. The functional f : E — R is additive if and only
i f0)=0and |f(x+ )= |f(x)+ f()] =0 as|x]| +[y] — oo

D. H. Hyers, G. Isac, and Th. M. Rassias [136] have proved a Hyers—Ulam—
Rassias stability result of the additive Cauchy equation on a restricted domain and
applied it to the study of the asymptotic derivability which is very important in
nonlinear analysis.

Theorem 2.36 (Hyers, Isac, and Rassias). Given a real normed space E1 and a
real Banach space E», let numbers M > 0, 0 > 0, and p with0 < p < 1 be
chosen. Let a function [ : E1 — E; satisfy the inequality

1f G+ y) = fG) = fFOI = o(lIxI” + [IylI7) (2.28)

for all x,y € Eq satisfying ||x||? + |y|? > M?P. Then there exists an additive
function A : E1 — E5 such that

1f(x) — A()|| < 26(2 —27) " [|x||? (2.29)

forall x € Ey with ||x|| > 277 M.

Proof. When ||x|| > 272 M or 2|x||? > M?, we may put y = x in (2.28) to
obtain

1(1/2) f2x) = f()] < Ollx]|”. (a)
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Since [|2x|| is also greater than 2~'/7 M, we can replace x with 2x in (a). Thus,
we can use the induction argument given in Theorem 2.5 to obtain the inequality

_ -1
27" fQ2"x) = f)l <20(2=27) "||x|” (b)
forall x € E; with ||x|| > 27Y/?M and for any n € N. Hence, the limit
g(x) = lim 27" f(2"x) (c)
n—>00
exists when ||x|| > 271/7 M. Therefore,
—1
lg(x) = f(x) =26(2-27)""||x|”. (d)
Clearly, when ||x|| > 2~'/? M, we have
g(2x) = lim 27" f(2"*'x) =2 lim 277" £ (2" 'x),
n—>oo n—>00

so that
g(2x) = 2g(x) (e)

for || x|| > 27Y7M.
Assume now that || x|, || v||, and ||x 4 y|| are all greater than 2~'/2 M . Then, by
(2.28), we find that

[277F (2" (x + ) =277 f@"x) =277 f@" )| = 027D (x| + 1y )17)

for all n € N. It then follows from (c) that

glx+y) =gl +g)
forall x,y € Ey with |x]|[, |y]l. [|x + || > 2~"/7 M. Using an extension theorem
of F. Skof [334], we will define a function A : E; — E» to be an extension of the
function g to the whole space E;. Given any x € E; with 0 < ||x|| < 27V?M, let
k = k(x) denote the largest integer such that

27VPM < 2F|x| < M. (f)

Now, define a function A : E; — E, by

0 (for x = 0),
A(x) = { 27%g(2%x)  (for 0 < ||x|| <27V/PM, where k = k(x)),
g(x) (for ||x|| >27YPM).
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If we take x € E; with 0 < ||x|| < 27Y/PM, then k — 1 is the largest integer
satisfying
27V M < |25 x| < M.

and we have
AQx) = 27* D g2k ox) = 27F . 2g (2K x) = 24(x)

for 0 < ||x|| < 27Y/? M. From the definition of A and (e), it follows that A(2x) =
2A(x) for all x € E;. Given x € E; with x # 0, choose a positive integer m so
large that |2 x|| > 2~/? M . By the definition of 4, we have

A(x) =27"AQ2Mx) =27"g(2™x),
and by (c) this implies that
A(x) = lim 270+m pomtn
n—>oo
which demonstrates
A(x) = lim 27° f(2°x) (2)
S—>00

for x # 0. Since A(0) = 0, (g) holds true for all x € E;.
We will now present that

A(=x) = —A(x) (h)

forall x € Ej. Itis obvious for x = 0. Take any x € E;\{0} and choose an integer
n so large that ||2"x| > 27Y/2 M. If we replace x and y in (2.28) with 2"x and
—2"x, respectively, and divide the resulting inequality by 2", then we obtain

27" f(2"x) + 27" f(=2"x) || < 2027072 || x| + 27| £(0)].

If we let n — oo in the last inequality, () follows from (g).
We note that the equation

Alx +y) = A(x) + A(y) (@)

holds true when either x or y is zero. Assume then that x # 0 and y # 0. If
x + y = 0, then (/) implies the validity of (i). The only remaining case is when
X, ¥y, and x + y are all different from zero. In this case we may choose an integer
n such that |2 x|, |2 y ||, and ||2" (x + y)|| are all greater than 2~'/7 M . Then, by
(2.28), we get

| £ 2"+ ) = f@"%) = fQ" W] = 62" (IIx |17 + Iy [I7).

If we divide both sides of this inequality by 2" and then let n — oo, we find by (g)
that (i) is true, thus A is additive.
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By definition we have A(x) = g(x) when ||x|| > 2~V M, thus (2.29) follows
from (d). O

For convenience in applications, we give the following modified version of
Theorem 2.36 (ref. [136]).

Theorem 2.37. Given a real normed space E| and a real Banach space E,, let
numbers m > 0, 0 > 0, and p with 0 < p < 1 be chosen. Suppose a function
f : Ey — Ej satisfies the inequality

Lf G+ y) = £ = fFOI = o(lIxI” + [IylI7)

forall x,y € Ey such that ||x|| > m, ||y| > m, and ||x + y|| > m. Then there
exists an additive function A : E1 — E, such that

I f(x) — A <202 —27)"" x|
forall x € Ey with || x| > m.

Proof. Assume that ||x|| > m. Then as in the proof of Theorem 2.36 we obtain
(a) — (e) (in the proof of Theorem 2.36) inclusive, but now all these formulas are
satisfied for ||x|| > m. In particular,

glx) = lim 27" f(2"x)

when ||x|| > m. Also, if ||x|| > m, ||y|| > m, and ||x + y|| > m, then by hypothesis
we see that

|27 f (2" (x + »)) =27 f2"x) = 27" 2" y) | < 0277 (|Ix]|7 + [y ]|17)

and
gx+y)=gkx)+g»)

also hold true.
To apply Skof’s extension procedure in the present case, let x in E; be given
with 0 < ||x|| < m and define k = k(x) to be the unique positive integer such that

m < 2%|x|| < 2m. ()
Now define a function 4 : E1 — E; by
0 (for x =0),

A(x) = { 27%g(2kx)  (for 0 < [|x]| < m),
g(x) (for [lx|| > m).



2.5 Method of Invariant Means 71

The proofs, of (g) and (%), in the proof of the last theorem follow as before with
the obvious changes. Indeed, we start with x € E; satisfying 0 < ||x|| < m and
let k = k(x) as defined by (), etc. Thus, (g) and (7) mentioned above hold true
under the conditions of this theorem. The proof of the additivity of A also follows
as before. O

We apply the result of Theorem 2.37 to the study of p-asymptotical derivatives:
Let E1 and E; be Banach spaces. Suppose 4 : E1 — Ej is a function satisfying
eventually a special property, for example, additivity, linearity, etc.

Let 0 < p < 1 be arbitrary. A function f : E; — E, is called p-asymptotically
close to A if and only if || f(x) — AX)||/||x]|? — O as ||x|| — oco. Moreover, if
A € L(Eq, E,), then we say that A is a p-asymptotical derivative of f and if such
an A exists, then f is called p-asymptotically derivable.

A function f : E; — E; is called p-asymptotically additive if and only if for
every 6 > 0 there exists a § > 0 such that

1f G+ ) = fG) = fDI = 0(lIxI” + 1y 117)

forall x, y € E; such that ||x||?, ||¥||?, ||x + y||? > 4.

A function A4 : E; — E, is called additive outside a ball if there exists an r > (0
such that A(x + y) = A(x) + A(y) forall x, y € Eq such that |x|| > r, ||y| > r,
and ||x + y| > r.

Hyers, Isac, and Rassias [136] contributed to the following Theorems 2.38, 2.39,
and Corollary 2.40.

Theorem 2.38. If a function f : E1 — E, is p-asymptotically close to a function
A : E1 — E; which is additive outside a ball, then f is p-asymptotically additive.

Theorem 2.39. [f a function f : E1 — E5 is p-asymptotically close to a function
A : E1 — E, which is additive outside a ball, then [ is g-asymptotically close to
an additive function, where 0 < p < q < 1.

Corollary 2.40. If a function f : E1 — E, is p-asymptotically close to a func-
tion A : E1 — E, which is additive outside a ball, then f has an additive
q-asymptotical derivative, where 0 < p < q < 1.

2.5 Method of Invariant Means

So far we have dealt with generalizations of Theorem 2.3 in connection with the
bounds for the Cauchy difference. Now, we will briefly introduce another general-
ization of the theorem from the point of view of the domain space of the functions
involved.
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Let (G, -) be a semigroup or group and let B(G) denote the space of all bounded
complex-valued functions on G with the norm

11l = sup {f(x) | x € G}.

A linear functional m on B(G) is called a right invariant mean if the following
conditions are satisfied:

(i) m(f) =m(f) for f € B(G),
(ii) inf{f(x)|x € G} <m(f) < sup{f(x)|x € G}for all real-valued f €
B(G),
(iii) m(fx) =m(f) forallx € G and f € B(G), where fx(t) = f(tx).

If (iif) in the above definition is replaced with m(y /) = m(f), where , f(¢) =
f(xt), then m is called a left invariant mean.

When a right (left) invariant mean exists on B(G), we call G right (left)
amenable. 1t is known that if G is a semigroup with both right and left invari-
ant means, then there exists a two-sided invariant mean on B(G) and in this case
G is called amenable. 1t is also known that if G is a group, then either right or left
amenability of G implies that G is amenable (ref. [127]). We remark that the norm
of the functional m is one.

G. L. Forti [105] proved the following theorem.

Theorem 2.41 (Forti). Assume that (G,-) is a right (left) amenable semigroup.
If a function f : G — C satisfies

lfx-y) =)= f) =8

forsome $§ > 0 andforall x,y € G, then there exists a homomorphism H : G — C
such that

|f(x) —H(x)[ <4
forallx € G.

Proof. Let m : B(G) — C be a right invariant mean. We use the notation m, to
indicate that the mean is to be applied with respect to the variable x. Define the
function H : G — C by

H(y) =mx(f(x-y) = f(x)).
Using the right invariance and the linearity of the functional m, we have
H() + H@) = me(f(x-y) = f(0) +me(f(x2) = f(0))
=mx(f(x-y-2) = f(x 2+ f(x-2) = f(x))

=mx(f(x-y-2)— f(x))
=H(y-2),
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so that H is a homomorphism. We now get

S = HO)| = [f() —mx(f(x-y) = f(0)]
= |mx(f(x-y) = f(x) = f(0)]
< lmxl[ 1/ G- y) = f(0) = f()I

<34

for all y € G. The proof for the case of a left invariant mean is similar. O

It should be remarked that L. Székelyhidi introduced the invariant mean method
in [339,340]. Also, he proved this theorem for the case when (G, -) is a right (left)
amenable group (see [342]).

The method of invariant means does not provide a proof of uniqueness of the
homomorphism H. However, it should be remarked that J. Rétz [316] proved the
uniqueness of the homomorphism H.

Let us now introduce some terminologies. A vector space E is called a fopologi-
cal vector space if the set E is a topological space and if the vector space operations
(vector addition and scalar multiplication) are continuous in the topology of E.
A local base of a topological vector space E is a collection 5 of neighborhoods
of 0 in E such that every neighborhood of 0 contains a member of 3. A topological
vector space is called locally convex if there exists a local base of which members
are convex. A topological space E is a Hausdorf{f space if distinct points of E have
disjoint neighborhoods. A topological vector space E is called sequentially com-
plete if every Cauchy sequence in E converges to a point of E.

L. Székelyhidi [343] presented that if the equation of homomorphism is stable for
functions from a semigroup G into C, then stability also holds true for functions f :
G — E, where E is a semi-reflexive complex locally convex Hausdorff topological
vector space. Z. Gajda [111] significantly generalized this result, i.e., the stability
result of Székelyhidi also holds true for functions f : G — E, where E is a
complex locally convex Hausdorff topological vector space which is sequentially
complete.

Applying the above result of Gajda to Theorem 2.41, we obtain the following
corollary (ref. [111]).

Corollary 2.42. Let (G,-) be a right (left) amenable semigroup, and let E be a
complex topological vector space which is locally convex, Hausdorff, and
sequentially complete. If a function f : G — E satisfies

lfx-y) =)= =8

for some § > 0 and for all x,y € G, then there exists a unique homomorphism
H : G — E such that

[f(x) —H(x)[ <4
forallx € G.
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2.6 Fixed Point Method

In Theorems 2.3. 2.5, and 2.18, the relevant additive functions A are explicitly con-
structed from the given function f* by means of

A(x) = nli)n;o 27" f(2"x) or A(x) = nll)rr;o 2" f(27"x).

This method is called a direct method presented by D. H. Hyers [135] for the first
time. On the other hand, another approach for proving the stability was introduced
in Section 2.5. This approach is called the method of invariant means. In this section,
we will deal with a new method, namely, the fixed point method.

For a nonempty set X, we introduce the definition of the generalized metric on X .
A function d : X2 — [0, 0] is called a generalized metric on X if and only if d
satisfies

(M1) d(x,y) =0 ifandonlyif x = y;
(M2) d(x,y) =d(y,x) forallx,y € X;
(M3) d(x,z) <d(x,y)+d(y,z)forallx,y,z € X.

We remark that the only difference between the generalized metric and the usual
metric is that the range of the former is permitted to include the infinity.

We now introduce one of the fundamental results of the fixed point theory. For
the proof, we refer to [240].

Theorem 2.43. Let (X,d) be a generalized complete metric space. Assume that
A 1 X — X is a strictly contractive operator with the Lipschitz constant L < 1.
If there exists a nonnegative integer ng such that d (A"°+1x, A”(’x) < 00 for some
x € X, then the following statements are true:

(i) The sequence { A" x} converges to a fixed point x* of A;
(ii) x* is the unique fixed point of A in X* = {y € X |d(A"x,y) < oo}
(iii) If y € X*, then

d(y,x*) <

1
d(Ay, y).
740y y)

In 2003, V. Radu proved the Hyers—Ulam-Rassias stability of the additive
Cauchy equation (2.1) by using the fixed point method (see [279] or [57]).

Theorem 2.44 (Cadariu and Radu). Let E and E; be a real normed space and
a real Banach space, respectively. Let p and 0 be nonnegative constants with p # 1.
If a function [ : E1 — E; satisfies the inequality

1f G+ y) = £ = fOI = o(Ix]1” + [IylI7) (2.30)

forall x,y € Ej, then there exists a unique additive function A : E1 — E, such
that

[/ (x) =AM =

rperial 231)

forany x € Ej.
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Proof. We define the set
X ={g:E1— Ez2|p-g(0) =0}
and introduce a generalized metric d), : X2 — [0, 0o] by

dp(g.h) = up g () = RN/ l1x]1?.

We know that (X, d) is complete.
Now, we define an operator A : X — X by

(Ag)(x) = (1/9)g(gx),
whereg = 2if p < 1,and g = 1/2if p > 1. Then, we have
I(Ag)(x) = (AR OII/NIxI1” = (1/@) g (gx) — h(gx)| /x|

=q” "Ng(gx) —h(gx)|/llgx|”
< qp_ldp(g, h)

for any g, h € X. Thus, we conclude that
dp(Ag. Ah) < gP7'dy(g. )

forall g,h € X, ie., A is a strictly contractive operator on X with the Lipschitz
constant L = g?7!.
If we put y = x in (2.30), then we get

121 (x) = f20)|| < 20]x|I”
for each x € E, which implies that

0 (for p < 1),

dp(fAf) < 21=P9  (for p > 1).

(a)

According to Theorem 2.43 (i), there exists a function 4 : E; — E, whichis a
fixed point of A, i.e.,
AQ2x) = 2A(x)

for all x € E. In addition, A is uniquely determined in the set

X*:{g€X|dp(f,g)<oo}.
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Moreover, due to Theorem 2.43 (i), we see that d, (A" f, A) - 0asn — oo, i.e.,
A(x) = lim ¢7" f(q"x) (b)
n—>00

for any x € E. In view of Theorem 2.43 (iii) and (a), we have

dpfA) = T A = T2

which implies the validity of the inequality (2.31).
If we replace x and y in (2.30) with ¢" x and ¢" y, respectively, then we obtain

la™ f(a"(x + ) —a7" fl@"x) —q7" f(g"y)| < L"6(IxI” + [y1I7)

forall x,y € Ep.If we let n — oo in the preceding inequality and consider (b),
then we have

Alx +y) = A(x) + A(y)
forany x,y € Ej. O

2.7 Composite Functional Congruences

It is also interesting to study the stability problem when the values of the Cauchy
difference f(x + y) — f(x) — f(») are forced to lie near integers, i.e.,

fx+y)—fx) = f(y) € Z+ (—¢.¢), (2.32)

where ¢ is a small positive number.

R. Ger and P. Semrl [123] proved that if a function f : G — R, where G is a
cancellative abelian semigroup, satisfies the condition in (2.32) with 0 < ¢ < 1/4,
then there exists a function p : G — R such that p(x + y) — p(x) — p(y) € Z and
|f(x) = p(0)] =&

Such a property of functions satisfying (2.32) is called the composite functional
congruence. It is a generalization of the functional congruence which was first stud-
ied by van der Corput [86].

Before stating the results of Ger and §emrl, we introduce a theorem of M. Hosszu
[134]. We may omit the proof because it is beyond the scope of this book.

Theorem 2.45. Let Gy and G, be a cancellative abelian semigroup and a divisible
abelian group, respectively, in which the equation nx = y has a unique solution
x € Gy for each fixed y € G, and any n € N. The most general form of solutions
f: G12 — Gy of the functional equation

Jx 4y + fx.9) = flx.y +2+ f(y.2)
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is f(x,y) = B(x,y) + g(x +y) — g(x) — g(y), where B : G} — G, is an ar-
bitrary skew-symmetric biadditive function and where g : G; — G, is an arbitrary
Sfunction.

Let (G, +) be a group and let U,V C G. We can define the addition and the
subtraction between sets by

U+V={x+yl|lxeU yeV}

and

U-V={x—yl|lxeU yeV}.
For convenience, let us define UT = U + U and U~ = U — U. We remark that if
(G, +) is an abelian group, then (U")™ = (U™)™.

A set of generators of a group G is a subset S of G such that each element of G
can be represented (using the group operations) in terms of members of S, where
the repetitions of members of S are allowed.

If G is an abelian group with a finite set of generators, then G is a Cartesian
product of infinite cyclic groups Fy, F», ..., Fy, and cyclic groups Hy, H», ..., H,
of finite order. If n = 0, G 1is called torsion-free.

Ger and Semrl [123] proved the following theorem.

Theorem 2.46. Let (G, +) and (G, +) be a cancellative abelian semigroup and
a torsion-free divisible abelian group, respectively. Assume that U and V are
nonempty subsets of G, with (UT)™ N (V)™ = {0}. If a function f : G, — G,
satisfies

fa+1) = f@) = f0) €U +V
forall x,y € Gy, it can be represented by
f=u+v,
where u,v : Gy — Gy satisfy the relations
ulx +y) —ulx) —u(y) e U

and
vix 4+ y)—vix)—v(y) eV

forall x,y € Gy. The functions u and v are determined uniquely up to an additive
function.

Proof. There are functions v : G12 —Uandg: G12 — V such that

dix,y) = f(x+y)— f(x) = f(y) =v(x,y) +olx,y)

for all x, y € G;. The commutativity of (G, +) implies that d is symmetric.
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Claim that v is symmetric. We have

V(x,y) —¥(y,x) =d(x,y) —@(x,y) —d(y,x) + ¢(y,x) € V.
On the other hand,
vx,y)—v(,x)elU,
and since 0 € U™ N V~, we infer that

Y(x,y)—v(.x) e U NV"
cU +U )NV +V")

=(UT) n*)
= {0}.
Claim that v satisfies
Y,y )+ Y (.0 =vx+y.2+¥(x,p) (@)

for all x,y € Gy. A straightforward computation yields that d satisfies the same
functional equation. Consequently,

Y,y +2+v(.20 —vx+y,2—¥(,y)
=p(x+y,2) +ox,y) —ex,y+2) —0(y.2)
e(U)y n(v*)
= {0},

which proves (a).
According to Theorem 2.45, there exists a function u : G; — G5 such that

Y(x,y) = ulx +y) —ulx) —u(y) e U

for any x, y € Gy (since ¥ is symmetric, we take B(x, y) = 0 in Theorem 2.45).
Now, define v(x) = f(x) — u(x) for all x € G1. Then, we have

p(x,y) =d(x,y) —¥(x,y) =v(x +y) —v(x) —v(y) € V

forall x,y € Gy.
In order to prove the uniqueness, we assume that there are two representations

f=ut+tv=u+V
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with the properties described above. Putting

! /
a=u—u =v —v,

we get
a(x +y)—a(x) —a(y)
= (u(x 4 y) —ux) —u(y)) = (' (x +y) —u'(x) = u'(y))
eU™.
Similarly,

ax+y)—alx)—a(y) eV .

These two relations, together with 0 € U™ N V', imply the additivity of a. More-
over, we have
W=u—a and vV =v+a

which ends the proof. O

Let E be a vector space and let V' C E. The intersection of all convex sets in £
containing V is called the convex hull of V' and denoted by CoV. Thus, CoV is the
smallest convex set containing V.

Let U be a subset of a topological vector space and let U denote the closure of U
Ger and Semrl [123] also presented the following theorem.

Theorem 2.47 (Ger and Semrl). Let (G, +) be a cancellative abelian semigroup,
and let E be a Banach space. Assume that nonempty subsets U,V C E satisfy
UH™ N WH)™ =1{0},0 € V, and V is bounded. If a function f : G — E
satisfies

S+ —f)—f(»)eU+V

forall x,y € G, then there exists a function p : G — E such that

p(x+y)—px)—p(y) el
forany x,y € G, and
p(x) — f(x) € CoV
for any x € G. Moreover, if U~ N 3(CoV) = {0}, then the function p is unique.

Proof. According to Theorem 2.46, there exist functions u,v : G — E such that
f=u+v,ulx+y)—ulkx)—uly) € U,and v(x + y) — v(x) —v(y) € V for
x,y € G. It follows from [105, Theorem 4] that there exists an additive function
a : G — E such that

v(x) —a(x) € Co(=V) = —-CoV



80 2 Additive Cauchy Equation

for all x € G. Putting p = u + a and applying f = u + v, we get the desired
relation

p(x) = f(x) € CoV

forany x € G.
Assume that py, p» : G — E are two functions such that

pilx+y)—pi(x)—pi(y) €U
forany x, y € G, and
pi(x) — f(x) € CoV

forall x € G andi € {1,2}. Then, we have
r(x) = p1(x) = p2(x) = (p1(x) — f(x)) — (p2(x) — f(x)) € (CoV) ™

for all x € G. Consequently, using the notation V; = CoV, we obtain

b y) @) —r() € U 0N (V= Ve —Vy)
= U™ N3V
= {0},

since V;~ is convex and symmetric with respect to zero. Thus, r is additive and
bounded. An extended version of Theorem 2.1 implies that r (x)=p; (x)—p2(x) =0.
This ends the proof. O

Ger and Semrl also gave the following corollary in the paper [123].

Corollary 2.48. Let (G,+) be a cancellative abelian semigroup, and let ¢ €
(0,1/4). If a function [ : G — R satisfies the congruence

Jx+y)=fx) = f(y) €Z + (—¢.¢)

forall x,y € G, then there exists a function p : G — R such that

px+y)—px)—py)eZ
forany x,y € G, and
| f(x) —p(x)| <e
forallx € G.

Proof LetU = Z and V = (—s,¢). Then, we have (UT)™ = Z and (V)™ =
(=1, 1) and hence (U*)~ N (V+)~ = {0}. Therefore, the assertion is an immediate
consequence of Theorem 2.47. O
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2.8 Pexider Equation

In this section, we prove the Hyers—Ulam—Rassias stability of the Pexider equation,

f(x+y)=gx) + h(y).

Let G and G, be abelian groups. It is well-known that functions f, g,h : G; —
G, satisfy the Pexider equation if and only if there exist an additive function A4 :
G1 — G, and constants a, b € G, such that

f(x) =A) +a+b, gx)=Ax) +a, hix)=Ax)+b

forall x € G;.

In 1993, J. Chmielinski and J. Tabor [67] investigated the stability of the Pexider
equation (ref. [126]). This paper seems to be the first one concerning the stabil-
ity problem of the Pexider equation. We will introduce a theorem presented by
K.-W. Jun, D.-S. Shin, and B.-D. Kim [155].

Theorem 2.49 (Jun, Shin, and Kim). Let G and E be an abelian group and a
Banach space, respectively. Let ¢ : G*> — [0, o0) be a function satisfying
d(x) = ZZ 2’ Ix ,0) + (0, 2i—1 x) + (p(2i_1x,2i_1x)) < 0
i=1
and
lim 27%¢(2"x,2"y) =0
n—o0

forall x,y € G. If functions f,g,h : G — E satisfy the inequality

[f(x+y)—gx)=h(| = e(x,y) (2.33)

forall x,y € G, then there exists a unique additive function A : G — E such that

/() = A = IgO)] + [2O) ]| + P(x).
llg(x) = A = IgO)] + 22O ] + ¢(x.0) + (x), (2.34)
17(x) = A = 2[gO)[ + [7O)[| + ¢(0. x) + P(x)

forall x € G.

Proof. If we put y = x in (2.33), then we have

I/ (2x) = g(x) —=h(x)|| = ¢(x,x) (a)
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for all x € G. Putting y = 0in (2.33) yields that
I/ (x) — g(x) = h(0)]| < ¢(x,0) (b)
for any x € G. It follows from (b) that
lg(x) = fOI < [2(0)]| 4 ¢(x.0) (c)

foreach x € G. If we put x = 0 in (2.33), then we get

1/ () = &(0) = () = ¢(0,y)

for y € G. Thus, we obtain

17(x) = fOON = 1) 4 ¢(0, x) (d)

forall x € G.
Let us define

u(x) = [lgO)] + [7O0)[| + ¢(0.x) + ¢(x,0) + ¢(x, x).
Using the inequalities (a), (c), and (d), we have

1/ 2x) =2/ ()l
= [/ 2x) —g(x) =h() | + lg(x) = F + [[(x) = fO)|
=< g + [|20)]| + ¢(0. x) + ¢(x.0) + ¢(x, x)
= u(x) (e)

for all x € G. Replacing x with 2x in (e), we get
Hf(22x) —2f(2x) || < u(2x) (f)

for any x € G. It then follows from (e) and ( f) that

| £ (2%%) =22 f ()| = | £(2%%) =2/ @x) | + 201 f(2x) =2/ ()|
< u(2x) + 2u(x)

forall x € G.
Applying an induction argument on n, we will prove that

1f2"x) =2" f()ll < Y2 u(@ " x) (&)

i=1
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for all x € G and n € N. In view of (e), the inequality (g) is true for n = 1.
Assume that (g) is true for some n > 0. Substituting 2x for x in (g), we obtain

n

||f(2n+1x) _ 2nf(2x) ” < Z2i_1u(2"+1_ix)

i=1

for any x € G. Hence, it follows from (e) that

| £ 2+ ) = 2"+ 0| < | £ (2" %) =27 F@x) | + 2] F2x) — 2 ()

n
S Zzi—lu(2n+l—ix) + znu(x)
i=1

n+1

— Z 2i—lu(2n+l—ix)
i=1

for all x € G, which proves the inequality (g).
By (g), we have

127" f2"x) = fO < Y2 U@ x) ()

i=1

forall x € G and n € N. Moreover, if m,n € N with m < n, then it follows from
(e) that

27" f(2"x) = 27" fQ2" )|

n—1
< Z ||2—i f(zlx) _ 2—(i+l)f(2i+1x) H

i=m

n—1
< Z 2—(i+1)u(2ix)
I1=m
n—1
= > 27D (g + 1R O)]| + ¢(0.27x) + (2 x.0) + ¢(2'x, 2 x))

i=m

=27"(lg(O)] + 1A 0)1)

o0
+ )27 (p(0.2x) + 9(2'x.0) + 9(2'x.2'x))

i=m

—0 as m —> o0
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for all x € G. Hence, {27" f(2"x)} is a Cauchy sequence for every x € G. Since
E is a Banach space, we can define a function 4 : G — E by

A(x) = lim 27" f(2"x).
n—o00
In view of (2.33), we obtain
27" f2"x +2%y) —27"g(2"x) = 27"h(2"y)|| = 27"@(2"x,2"y)
forall x € G and n € N. It follows from (c) that
127"g(2"x) = 27" f2"x)|| = 27" (IR O] + ¢(2"x. 0)) (i)

forany x € G and n € N. Since

o0
27"p(2"x.0) < 2 270D (p(0.2x) + p(2'x.0) + ¢(2'x,2'x))
i=n

— 0 as n — oo,
it follows from (7) that
Jim 27g(2"x) = lim 277 f(2"x) = A(x) ()
for each x € G. Also, by (d), we have
127"R(2"x) = 27" f2" )| = 27" (g ()] + (0, 2"x)) (k)
forall x € G and n € N. Similarly, it follows from (k) that
nli)n;o 27"h(2"x) = nll)n;o 27" f(2"x) = A(x) )
for each x € G. Thus, by (2.33), (j), (I), and the commutativity of G, we get

0=

lim (27 (2" +2") = 27"g(2") 27" h (2" )|

n—oo

= [[A(x +y) — A(x) — AWl

forall x,y € G.
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Taking the limit in (k) as n — oo yields
[4(x) = f()l

n
= lim 2T @)
1=
= lim (1-27")(lg©] + [A(0)])
n
+ lim 2—i((p(0’2i—lx)+(p(2i—1x’0)+(p(2i—lx72i—1x))

n—00 4
i=1

= g O + 1RO + P(x)

for each x € G, which proves (2.34).
It remains to prove the uniqueness of A. Assume that A’ : G — E is another
additive function which satisfies the inequalities in (2.34). Then we have

AGx) — A’ ()|

<27 AQx) = Q)| + 27" £(2"x) — A2 )|
<27 (g0 + [1R(0)]| + (2"x))
=2"""(|gO] + [h©O)])

o0
+2 ) 27(p(0.277'x) + 927X 0) + 927 x. 27 X))
i=n+1

—0 as n— o0
for each x € G, which implies that A(x) = A’(x) forall x € G. O

Corollary 2.50. Let E1 and E, be Banach spaces and let 6 > 0 and p € [0, 1) be
constants. If functions f, g, h : E1 — E; satisfy the inequality

If(x +y) —g(x) —hWIl < O(Ix)1” + Iy1I17)

forall x,y € Eq, then there exists a unique linear function A : Ey — E; such that

<117

1/ () = A = g Ol + 12O + 5—;

lgCx) = A = llgO)] + 22 O)]| + ﬂ9|IX||”,
- 220

p
17(x) — A < 2[[gO)] + [|2(0)]| + 2P9IIXI|”

2-2
forany x € E;.

In 2000, Y.-H. Lee and K.-W. Jun [232] investigated the Hyers—Ulam—Rassias
stability of the Pexider equation on the restricted domains (ref. [274]).
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2.9 Remarks

T. Aoki [7] appears to be the first to extend the theorem of Hyers (Theorem 2.3) for
additive functions. Indeed, Aoki provided a proof of the special case of the theorem
of Th. M. Rassias when the given function is additive.

It was Th. M. Rassias [285] who was the first to prove the stability of the linear
function in Banach spaces.

D. G. Bourgin [28] stated the following result without proof, which is similar to
the theorem of Gavruta (Theorem 2.18).

Let Ey and E, be Banach spaces and let ¢ : [0, 00)> — [0, 00) be a monotone
nondecreasing function such that

o0
D(x) =Y 2% (2K |Ix[|. 2 |Ix])) < o0
k=1

forall x € Ey. If a function f : E1 — E, satisfies

1f G+ ) = f) = FODI < o

|xIl. 11y 1)

forall x,y € Eq, then there exists a unique additive function A : E;y — E; such
that

1/ (x) = AX)[| = ®(x)
forany x € E;.

G. L. Forti [104] used a similar idea in proving his stability theorem for a class
of functional equations of the form

f(F(x.y) =H(f(x0). f(»))

with f as the unknown function, which includes the additive Cauchy equation as a
special case. In the special case of the additive Cauchy equation, it proves that the
result of Bourgin with an abelian semigroup (G, +) instead of the Banach space E;
holds true under an additional condition such as

lim 2% (2% ||x]|, 2% =0
Jm e(2511xl, 2%y 1)

forall x,y € G.

Recently, S.-M. Jung and S. Min [193] have proved the Hyers—Ulam—Rassias
stability of the functional equations of the type f(x + y) = H ( fx), f (y)) by
using the fixed point method, where H is a bounded linear transformation.



Chapter 3
Generalized Additive Cauchy Equations

It is very natural for one to try to transform the additive Cauchy equation into
other forms. Some typically generalized additive Cauchy equations will be in-
troduced. The functional equation f(ax + by) = af(x) + bf(y) appears in
Section 3.1. The Hyers—Ulam stability problem is discussed in connection with a
question of Th. M. Rassias and J. Tabor. In Section 3.2, the functional equation
(3.3) is introduced, and the Hyers—Ulam—Rassias stability for this equation is also
studied. The stability result for this equation will be used to answer the question
of Rassias and Tabor cited above. The last section deals with the functional equa-
tion f(x + y)? = ( fx)+ f (y))z. The continuous solutions and the Hyers—Ulam
stability for this functional equation will be investigated.

3.1 Functional Equation f(ax + by) = af(x) + bf (y)

It is a very natural thing to generalize the additive Cauchy equation (2.1) into the
functional equation f(ax +by) = af(x) + bf(y) and study the stability problems
for this equation.

In the paper [312], Th. M. Rassias and J. Tabor asked whether the functional
equation f(ax +by +c¢) = Af(x) + Bf(y) + C withabAB # 0 is stable in the
sense of Hyers, Ulam, and Rassias.

C. Badea [8] answered this question of Rassias and Tabor for the case when
c=C=0,a=A,and b = B.

Theorem 3.1 (Badea). Let a and b be nonnegative real numbers with o« = a+b>0.
Let H : [0,00)? — [0, 00) be a function for which there exists a positive number
k < o such that H(as,at) < kH(s,t) forall s,t € [0,00). Given a real normed
space Eq1 and a real Banach space E,, assume that a function [ : E; — E,
satisfies the inequality

I fax +by) —af () =bf(I = H(IxI. Iyll) (3.1)

S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 87
Analysis, Springer Optimization and Its Applications 48,
DOI 10.1007/978-1-4419-9637-4_3, (© Springer Science+Business Media, LLC 2011



88 3 Generalized Additive Cauchy Equations
forall x,y € E. Then there exists a unique function A : E1 — E, such that
A(ax + by) = aA(x) + bA(y)

forany x and y in Eq, and

1f ) = A < (@ = k)" H(llx[, Ix])) (3.2)
forall x € E;.
Proof. Let x be a fixed point of E;. Putting y = x in the inequality (3.1) yields

| £@x) = af o)l = H(lxl. x])

which implies

1(1/e) fex) = fOIl < (1/e) H (IIx]l. [1x]]).- (@)
We now use an induction argument to prove

_ 1—(k/a)"
o™ f(@"x) = fG)l = ==L (I ) (b
for any n € N. Assume that the inequality (b) holds true for a fixed n > 1. If we
substitute ax for x in (b) and divide the resulting inequality by «, then we obtain

e n _I=(k/)"
”Oé lf(og +1x) —(1/a) f(ax) “ < —a(a 5 H(a||x||,ot||x||)
_ L= (k/)"
mkl‘](”x”, llx1).

This, together with (@), leads to the inequality

1 —(k/a)" 1
oot 1ol = (g + g ) ),

It can be easily seen that

1 — (k/a)**1 1= (k/a)" 1
a—k N a(oe—k)k+&

which implies the validity of the inequality (b) for every n € N.
Let m and n be integers with m > n > 0. Then we have

le™ fex) — ™" f@"x)| = a " o= " fa™x) — f(a"x)|
=a "o f@"y) = D).
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where r = m —n and y = o x. Therefore, using this equality and the inequality
(b), we get

_ _ 1 —(k/a)"
la™ fl@™x) —a™ fa"x)| < mH(H“"x”, llo” x]]).
However,
H ([l x|, e x[)) = H («lle” " x]|, el x[)

< kH ([l x|, " x])
E .
< K"H(|lx]I. lxl).

Hence,

1—(k/a)"
o f(a") — ™ fam ol = (/e L b (e, .

As k < a, the right-hand side of the inequality tends to zero if n tends to infinity.
Therefore, the sequence {o™" f(«” x)} is a Cauchy sequence. We may use the direct
method to define

A(x) = nlggo a " f(a"x)

for all x € E;. The inequality (3.2) follows immediately from (b).
We will show that A4 satisfies the equality A(ax + by) = aA(x) + bA(y) for all
x,y € Ey. Let x and y be points of E;. Then (3.1) implies

| f(@"(ax + by)) —af@"x) = bf@"y)| < H(lle"x|. " yIl)
<k"H(|xIl. lIy1)

and hence
| f (e (ax + by)) —af(@"x) =bf(a"y)| < (k/a)"H(IIx]. [|¥])-
We get A(ax + by) = aA(x) + bA(y), since (k/a)" tends to zero as n tends to

infinity.
Suppose there exists another function A’ : E; — E, such that

£ () = A" < (@ — k)" H (I, I1x1)
for a certain function H' with the corresponding number k’ < « and such that

A'(ax + by) = aA'(x) + bA'(y)
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forall x,y € E;. Since A(a"x) = a” A(x) and A'(a"x) = a” A’(x), we have

[AG) = A = 14G) = fFOl + 1/ (x) = A ()]
< (=) H(Ixl Ixl) + (@ =) H (Ix]. x])

and thus
[A(x) = A = lla™" A(e"x) —a™" A'(a"x)|
< (k/a)" (@ — k)" "H (|| x|. |lxIl)
+ (k' Ja) (o — Ky H ([l x|, 1 x])).

Both terms of the right-hand side of the above formula tend to zero for n tending to
infinity. Thus, A" coincides with A. O

As Gajda [111] extended the result of Theorem 2.5, Badea [8] also modified the
result of the previous theorem by using a similar method. Hence, we omit the proof.

Theorem 3.2. Let a and b be nonnegative real numbers such thatae = a + b > 0.
Let H : [0,00)?> — [0, 00) be a function for which there exists a positive number
k < 1/ such that H(s/a,t/a) < kH(s,t) for all s,t € [0,00). Given a real
normed space E and a real Banach space E,, assume that a function f . E;y — E»
satisfies the inequality

I f(ax +by) —af(x) =bfWI < H(llxI. 1y1)
forall x,y € Ey. Then there exists a unique function A : E1 — E; such that
A(ax + by) = aA(x) + bA(y)
forany x,y € Ey, and
/() = AN = (k/(1 = k) H (IIx]. |x1)
forall x € Eq.

Theorems 3.1 and 3.2 generalize the results of Theorems 2.11 and 2.17, respec-
tively. In the case when the function H is given by

H(s.1) = 0(y(s) + v (1)),
Badea [8] proved the following corollary.

Corollary 3.3. Let a and b be nonnegative real numbers such thata = a + b > 0.
Let i : [0,00) — [0,00) be a function for which there exists a positive number
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k < o such that Y (as) < ky(s) forall s > 0. Given a real normed space E1 and a
real Banach space E,, assume that a function f : E1 — E; satisfies the inequality

I f(ax +by) —af(x) =bfWMI = (v dlx) + v yID)

for some 8 > 0 and forall x,y € E1. Then there exists a unique function A : E1 —
E5 such that

A(ax + by) = aA(x) + bA(y)

forany x,y € Ey, and

1/ (x) = A = (20/ (@ = k) ¥ (llx])

forall x € E;.

3.2 Additive Cauchy Equations of General Form

Throughout this section, let £ and E, be a complex normed space and a complex
Banach space, respectively, let m > 2 be a fixed integer, and let (a;;) be a matrix in
C™ ™ of which determinant, denoted by w, is nonzero. By w;;, i, j € {l,...,m},
we denote the cofactor of the matrix (a;;) corresponding to the entry a;;. For any
i €{1,...,m} we denote by w; the determinant of the matrix that remains after all
entries of the i-th column in (a;;) are replaced with 1. Letaq; and b;,i € {1, ..., m},
be complex numbers for which there exist some j, k € {1,...,m} witha; # 0 and
by # 0.

S.-M. Jung [162] investigated the stability problem for a generalized additive
Cauchy functional equation

m m m
f XQ-I-Zaj)Cj :Zbif Zaijxj (3.3)
for all xy1,...,x, € E1, where xo is a fixed point of E;. In the case of xo = 0 in

(3.3), the Hyers—Ulam—Rassias stability problem is treated in Theorem 3.6. Further,

this result will be applied to the study of a question on the stability for a special form

of generalized additive Cauchy equation suggested by Rassias and Tabor [312].
Let us define

m m
r = Za,-w,-w_l and B = Zbi (3.4)

i=1 i=1

and assume |r|, |B| & {0, 1}. For a fixed xo € E1 and an x € E; we define

so(x) =x, s1(x) =rx+x9, and su4+1(x) = s,(s51(x))
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for any n € N. It is not difficult to show

Smtn (X) = Sm(sn(x)) (3.5)

for any m,n € N. Further, suppose that a function ¢ : E{" — [0, 0o) satisfies

o0
D(x1,...,xm) = Z |B|_i_1(p(w1w_lsi(x1), oo s (xm)) <oo (3.6)

i=0
and

O(sn(x),....50(x)) =0(|B|") as n — oo 3.7
forall x,xy,...,xm,m € Eq.

Lemma 3.4. It holds true that
m
w = Z ajjw;
j=1

foralli € {1,...,m}.
Proof. Consider the following system of inhomogeneous linear equations with m

unknowns z1,22,...,%, in C

anz +ane + -+ aimin =1,
a1z1 + axz2 + -0+ Aomm

Il
—

amz + am222 + - + Ammim = 1.

Since w # 0, the solution of this system is uniquely determined by z; = w; o !,

j €{1,...,m}. Hence, it holds true that

m
E a[jij_l =1,
Jj=1

foranyi € {l,...,m}, which ends the proof. O

We now investigate the stability problem for a generalized additive Cauchy equa-
tion, i.e., the stability problem for the functional inequality

m m m
f xo+2ajxj —Zbif Za,-jxj §<p(x1,...,xm) 3.8)
j=1 =1

i=1

forall xq,...,x, € E;.
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S.-M. Jung [162] contributed to the following theorem:

Theorem 3.5. If a function f : E\ — E satisfies the inequality (3.8) for all

X1,...,Xm € Eq, then there exists a unique function A . E1 — E» which satisfies
A(rx + x9) = BA(x) (3.9

and
[ f(x)—AX)[ < P(x,...,x) (3.10)

forall x € Ej.

Proof. Let x be an arbitrary point of E;. Using Lemma 3.4 and putting x; =
wijo x,i €{1,...,m}, it follows from (3.8) that

1/ (s1(0)) = Bf(¥)|| < (@107 'x. ... omo~"x). (a)

We will now prove

n—1
| f (sn(x)) = B" f(x)| < Z 1B" o007 si(x), ..., om0 si(x)) (D)

i=0

for all n € N. In view of (a) it is easy to see the validity of () in the case of n = 1.
Let us assume that (b) holds true for some integer n > 0. Replacing x in (b) with
s1(x) and using (3.5) we obtain

|/ (sn41(0)) = B" f (s1(0)) |
= | £ (sns1(0) = B"(f(s1(x)) = Bf (x)) = B""! f(x)

n—1

< Z |B|"_1_ig0(a)1w_1si+1(x), e a)mw_ls,-+1(x)).
i=0

Hence, it follows from (a) that
n .
”f(sn+1(x)) — B" f(x) H < Z |B|"_’q0(wla)_1si (x),..., wma)_ls,-(x))
i=0

which implies the validity of (b) forall n € N.
If we divide both sides in (b) by | B|" we get

n—1
B/ (5a() = )] < D 1Bl p(@107 51 (x), ..o omo 51 (). ()
i=0
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Next, we present that the sequence {B™" f(s,(x))} is a Cauchy sequence. In
view of (3.5), (¢), and (3.6), for any positive integers p and ¢ with p < ¢, the
following estimation is possible:

1B~ f(sq(x)) = B™7 f(sp (X))
= |BI7P| B9 f (sq-p(sp(x)) = / (sp ()|

q—p—1

<|B|7? Z |BI 7 p(010  spgi (x), ... 0Om@  spgi (%))
i=0

qg—1
< Z 1BI7 (w0 si(x), ..., omo~ " si(x))

i=p

—0 as p — oo.

Since E, is a Banach space, we can define
A) = lim B £ (s2(x)) ()

for all x € E;. On account of (3.6), (c¢), and (d), the validity of (3.10) is clear.
Further, replacing x in (d) with s1(x) and in view of (3.5), the validity of (3.9) is
also obvious.

It only remains to prove the uniqueness of A. Assume that A’ : £y — E is
another function that satisfies (3.9) and (3.10). From (3.9) and (3.5) it follows that

A(sp(x)) = B"A(x) and A'(s,(x)) = B"A'(x)
for all n € N. Hence, by (3.10) and (3.7), we get
[A(x) — A'(x)
= |B|7"[|A(sn(x)) — A’ (sn (X))
< BT (Il AGsn (x)) = f(sn CON + [ (50 (x)) = A" (sn (X))
<2|B|7"®(sp(x).....5n(x))
— 0 as n — oo,
which implies the uniqueness of A. O

On the other hand, if xo = 0 is assumed in the functional inequality (3.8), we
can prove the Hyers—Ulam—Rassias stability of the equation (3.8) (ref. [162]).

Theorem 3.6. Assume that xo = 0 in the functional inequality (3.8). If a function
f : E1 — E; satisfies the inequality (3.8) forall x1, . .., x, € E1, then there exists
a unique function A : E1 — E» which satisfies (3.10) and
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m m m
A Zajxj =Zb,’14 Za,-jxj (3.11)
j=1 i=1 j=1
forall xq,...,xm € Eq.

Proof. Let us define A as in (d) in the proof of the last theorem. On account of
Theorem 3.5, it only remains to prove (3.11). Since s, (x) = r"x (xo = 0), by (3.8)
with xo = 0 and by (3.6), we obtain

m m m
A Zajxj —ZbiA Zaijxj
Jj=1

j=1 i=1

m m m
Jim [BITF Y Saga | =Y b f| )y i
j=1

i=1 j=1
< lim |B|™@(r"x1,....1"xm)
n—oo
_ . —n—1 -1 -1 -1 -1
= |B|nll)ngo|B| (w10 sp(0] 0x1), ... om0  sh (0, ©xm))
=0,
which completes our proof. O

Since w # 0 is assumed, the set of vectors

{(a11.a12.....a1m). (a21,a22, ... .G2m). . ... (Am1.Am2. ..., A;mm)}

establishes a basis for C™. Therefore, we can uniquely determine the complex num-
bers di, d>, ..., d, such that

m
(a1.a,....am) = Y _di(an.aiz.....aim).

i=1

Jung [162] introduced some properties of the general solution of the generalized
additive Cauchy equation (3.11).

Theorem 3.7. Assume that wxr # 0 for some k € {1,...,m}. If a function
f : E1 — Ej satisfies the generalized additive Cauchy equation (3.11) for all
X1,...,Xm € E1 and, in addition, this satisfies f(0) = 0, then it holds true that
fldrx) = b f(x) forall x € E;.

Proof. Putting x; = a)kia),:klxk, i €{l,...,m}, and using this well-known fact

m
Y aijon; = Sirw
Jj=1
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yield
m m m m m
-1
Zajxj- = ZZdiainj = Zdi Zaijxj = dka)a)kkxk
j=1 j=1i=1 i=1 j=1
and

m m

-1 -1
Zaijxj = Zaijwkjwkk Xk = Sk Xk
Jj=1 Jj=1

Hence, the functional equation (3.11) can be transformed into
S (dewwgg xi) = b f (0w xe).

since f(0) = 0. Putting x = a)a)k_kl Xy ends the proof. O

As already introduced in Section 3.1, Rassias and Tabor [312] raised a question
concerning the stability of a generalized additive Cauchy functional inequality of
the form

| flarx + a2y +v) = b1 f(x) = b2 f(») —=w| = O(x|” + I¥|7).  (3.12)

where ajab1by # 0,60 > 0, p,g € R, v and w are fixed points of £y and E»,
respectively. Jung [162] partially answered this question as stated in the following
theorem.

Theorem 3.8. Assume that0 < |ay +az| < 1,0< p,q < 1,and |by + by| > 1. If
a function f : E1 — E; satisfies the inequality (3.12) for all x, y € E1, then there
exists a unique function A : E1 — E, which satisfies

A((a1 4+ az)x + V) = (b1 + b2)A(x)

and
[ f(x) = AQ)[| < My + Ma||x]|” + M3|x||?

forall x € Eq, where My, M», and M3 are appropriate constants.

Proof. The functional inequality (3.12) can be transformed into

If(@1x +azy +v) = b1 f(x) = b2 f(P)]| = p(x, y),

where ¢(x,y) = |w| + 9(||x||1’ + |ly[|) for all x,y € Ej. Since a;; = 1,
aip = 0,a1 =0,ap = 1,and w = w; = wp, = 1, we have r = a; + a, and
B = by + b;. Therefore, using the triangle inequality for the norm and using the
condition 0 < p,q < 1, we get
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n—1
sn O < lar + aa ™ lIx]* + Y lax + a2l [v]* (a)
j=0
fort € {p, q}, since
n—1
sn(x) = (a1 +ax)"x + Z(al + az)’v.
j=0

It follows from (a) and the given hypotheses that

R .
> b1+ b7 s ()]

i=0
0 .
< Xl by + b2l ™Y (lar + a2l by + ba| ")’
i=0
00 ) i—1 .
+ I for + bal Y 1o+ bal T lar + aal”

i=0 =0

<cilx]l" + ealv]l*

fort € {p,q}, where c; and c, are given constants. Hence, we obtain

Z |b1 + b2|_i_1(P(5i (x), si (y))

i=0

@(x,y)

> . b
= Db+ b T (Iwl + Bllsi (NP + Ol (0)]14) @
1=0

IA

My + M| x| + Ms]|y||4,

where M, M, and M3 are appropriate constants. Therefore,
D(x,y) < oo.
From (a) and (b), it follows that

D (5 (x). 55 (X)) < My + Ma|lsn(x)[|” + Ms]sn (x)]|
n—1
< Mi+ My lar + aalP" <[P + ) la1 + as P ||v])?
Jj=0

n—1
+ Ms| lar + az|?" x| + ) lar + az|[|v]|
Jj=0
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Hence, we achieve
D (51 (x), 50 (x)) = 0(|b1 + b2|") as n — oo. (c)

In view of (b), (c¢), and Theorem 3.5, the assertions are true. O

3.3 Functional Equation f(x + y)*> = (f(x) + f(»))?

The functional equation f(x + y)? = ( fx)+ f (y))2 may be regarded as a special
form of the functional equation

fx+ 9 =af(x)f() +bf(x)* +cf(y)* (a,b.c€C) (3.13)

of which solutions and the Hyers—Ulam stability problem were proved by S.-M. Jung
[157].

Throughout this section, let £ be a real normed space. We first describe the
solutions of the functional equation (3.13) briefly:

(i) The case of b # 1 orc # 1.
The function f : E — C is a solution of the functional equation (3.13) with
b # 1orc # 1if and only if there exists a complex number « such that
f(x) = aforall x € E, where @ = 0 for the case of a + b + ¢ # 1.

(ii) Thecaseofa = —landb =c = 1.
The function f : E — C is a solution of the functional equation

f+ ) ==f) )+ f(0)?+ f()?

if and only if there exists a complex number « such that f(x) = « for all
xeFk.

(iii) The caseof a € {—1,2}and b =c = 1.
The function f(x) = 0 (x € E) is the unique solution of the functional equa-
tion

fx+y)? =af@) )+ f)? + f()*

where a &€ {—1,2}.
(iv) Thecaseofa =2and b =c = 1.
In this case the functional equation (3.13) can be rewritten as

fx+ )%= () + f)> (3.14)

In the following theorem, solutions of the functional equation (3.14) which are
continuous at a point will be studied (see [157]).
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Theorem 3.9. Let f : R — C be a function which is continuous at 0. The function
f is a solution of the functional equation (3.14) if and only if f is linear, i.e., there
exists a complex number ¢ such that f(x) = cx forall x € R.

Proof. If wesetx = y = 0in (3.14), then we get f(0) = 0. By putting y = —x in
(3.14) and using f(0) = 0 we can show the oddness of f. Now, we will prove that

Jfnx) =nf(x) (@)
for all integers n and any x € R. By putting y = x in (3.14) we get
f@x)=2f(x) or f(2x) =-2f(x). ()

Replacing y in (3.14) with 2x yields

F6xy = 9f(x)*  (f f(2x) =2f(x)), ©
f()? G f2x) = =2f(x)).

In view of (3.14) and (b), it follows

f@x)? = (f@x) + f(22) = 16/ (). (d)
On the other hand, replacing y in (3.14) with 3x and using (c), we obtain

16f(x)>  (f f(3x) =3f(x)),

fUx)? = 14f(0)*  (f f3x) = =3f(x) or f(3x) = f(x)),
0 (if f(3x) = —f(x)).

~_

e)

Comparing (d) with (e) and taking (c¢) into consideration, we get f(3x) = 3f(x).
Hence, it follows from () and (c) that

Jf@2x) =2f(x).

Thus, (a) holds true for n = 2. Assume that () is true for all positive integers < n
(n > 2). Then, putting y = nx in (3.14) yields

f(r+Dx)y=@m+1Df(x) or f((n+Dx)==-m+1Df(x). (f)
Replacing y in (3.14) with (n + 1)x yields

(n+2)2f(x)*> G f((n+Dx) = (n+ 1) f(x)),

£ +2)x)* =
n? f(x)? (f ((n+ Dx) = —(n + 1) f(x).
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On the other hand, by substituting 2x and nx for x and y in (3.14), respectively, and
by using induction hypothesis, it holds true that

F(0142)x)° = (0 422/ (0. ()
Comparing (g) with (&) and considering ( /) yield
f((n+Dx) = (0 +1) f (),

which ends the proof of (a).
By substituting x/n (n # 0) for x in (a), we achieve

fx/n) = (1/n) f(x). (@)
Hence, by (a) and (i), we have
flgx) = qf(x)
for every rational number ¢q. If we put x = 1 in the above equation, then we attain
flq) = f(g. ()

The continuity of f at 0, together with (3.14), implies that f(x)? is continuous at
each x € R. From this fact and (), it follows that

Jr)=fMr or f(r)=—f(1)r (k)

for all irrational numbers r. Assume that f satisfies f(r) = — f(1)r for some
irrational number r. Then, by (k), it holds true that

fla+r=7fMg+r) or flg+r)=-/1)g+r) )

for any rational number ¢ # 0. On the other hand, by (3.14), (j), and the assump-
tion, we reach

fla+1r7?=f1)*(q—r)

By comparing this equation with (/), we conclude that f(1) = 0. Hence, if f(r) =
— f(1)r holds true for some irrational number r, then it follows that

f(x)=0

for all x € R. Assume now that f(r) = f(1)r for all irrational numbers r. Then
this assumption, together with (), yields

fx) = f()x

forall x € R.
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Conversely, every complex-valued function f defined on R of the form f(x)=cx
with a constant ¢ satisfies the functional equation (3.14). O

Remark. If f is a real-valued function, the functional equation (3.14) is equiva-
lent to

| fx+ W =1f(x)+ f)] forall x,y e E.

Since (R, | - |) is a strictly normed space, according to F. Skof [333], the function f
is a solution of the functional equation (3.14) if and only if f is an additive function.

Using ideas from Theorems 2.3 and 2.5, Jung [157] proved the Hyers—Ulam
stability of the functional equation (3.14).

Theorem 3.10. Suppose f : E — R is a function which satisfies

G+ = (S0 + f)| = (3.15)

for some § > 0 and for any x,y € E. Then there exists an additive function A :
E — R which satisfies

| f(x)? — A(x)*| < (1/3)8 (3.16)

forall x € E. Moreover, if A’ : E — R is another additive function which satisfies
(3.16), then
A(x)? = A'(x)? (3.17)

forany x € E.

Proof. By using induction on n we first prove that

n—1
1£(2"x)% = (2" f(0)*| =8> 2% (@)

=0

for any n € N. For n = 1, it is trivial by (3.15). Assume that (@) holds true for
some n. Then, by substituting 2" x for x and y in (3.15) and by using (a), we show

[F @) = @ )] = £ @) = (27 @"0)
+22|f2"0)2 — (2" f ()’

n—1
<8§+2% Z 22i

i=0
n
<8y 2%,
i=0

which ends the proof of (a).
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Dividing both sides in (a) by 22" yields
27" f(2"x)* — f(x)*| < (1/3)8 (b)

forall x € E and n € N. It follows from (b) that, forn > m > 0,

(@7 f@"0)” = (27" f@"0)|
— 2—2m } (2—(n—m) f(2n—m2mx))2 _ f(2mx)2|
<272m(1/3)8.

Hence, it holds true that
|(2_”f(2”x))2 - (2_mf(2mx))2| — 0 as m — oo. (c)

For each x € E we define
IF={neN| f@2"x)=0} and I; ={neN| f(2"x) <0}.

In view of (¢), we know that if / j or I is an infinite set, then the sequence
{277 f(2"x)}, o p+ or {277 f(2"x) }ner; is a Cauchy sequence, respectively. Now,
let us define

lim 27" f(2"x) (if 1.} is infinite),

nel,\+

lim 27" f(2"x) (otherwise).
nelrys

A(x) =

It is clear that if both /;F and 7 are infinite sets, then

A(x) = — lim 27" f(2"x). (d)

The definition of A and (b) imply the validity of (3.16).

Let x, y € E be given arbitrarily. It is not difficult to prove that there is at least
one infinite set among the sets 1, ﬂl;rﬂl;ry, Ijﬂl;rﬂlxjry, L IenI NIz
We may choose such an infinite set and denote it by /. Letn € I be given. Replacing
x and y in (3.15) with 2"x and 2"y, respectively, and then dividing the resulting

inequality by 22", we obtain

Q7" Q@ (x + ) = (27" FQ@" %) + 27 f2"))| <2728, (e)
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By letting n — oo through 7/ in (e) and taking (d) into consideration, we
immediately achieve

A + )2 = (Ax) + A()* or Alx + ) = (Ax) —AW)* (/)

forall x, y € E. The second equality in ( /') can take place, for example, when both
I;r and Iy_ are infinite sets and I = I; N Iy_ n I;_y for some x, y € E, because

(e)and I = I} NI, NIF  leadto

lim 27" f(2"(x + y)) = lim 27" f(2"(x + y)) = A(x + y),

el +
n nerfy,

lim 27" f(2"x) = lim 27" f(2"x) = A(x),
et vert

and
lim 27" f(2"y) = lim 27" f(2"y) = —A(y).

n— oo n— 00
nel n€ly

A(x) = 0 (x € E) is not only the unique solution of the second functional equation
but also a solution of the first equation in (/). Hence, it holds true that

A(x +3)? = (Ax) + A()® or [A(x + y)| = [Ax) + AQ)|

for all x, y € E. According to the above Remark, A is an additive function.
Now, suppose A" : E — R is another additive function which satisfies (3.16).
Since A and A’ are additive functions, it is clear that

A(nx) =nA(x) and A'(nx) =nA'(x)
foralln € N and any x € E. Hence, by (3.16), we get
|A(x)* — A'(x)*| = n7?|A(nx)> — A’ (nx)?|
n=2(|Amx)* = f(x)*| + | f(nx)* = A'(nx)?])
(2/3)n726

— 0 as n — oo,

IA

A

which ends the proof of (3.17). |






Chapter 4
Hosszu’s Functional Equation

In 1967, M. Hosszu introduced the functional equation f(x + y — xy) = f(x) +
f(y) — f(xy) in a presentation at a meeting on functional equations held in
Zakopane, Poland. In honor of M. Hosszu, this equation is called Hosszii’s func-
tional equation. As one can easily see, Hosszi’s functional equation is a kind of
generalized form of the additive Cauchy functional equation. In Section 4.1, it will
be proved that Hosszd’s equation is stable in the sense of C. Borelli. We discuss
the Hyers—Ulam stability problem of Hosszi’s equation in Section 4.2. In Sec-
tion 4.3, Hosszi’s functional equation will be generalized, and the stability (in the
sense of Borelli) of the generalized equation will be proved. It is surprising that
Hosszu’s functional equation is not stable on the unit interval. It will be discussed in
Section 4.4. In the final section, we will survey the Hyers—Ulam stability of Hosszd’s
functional equation of Pexider type.

4.1 Stability in the Sense of Borelli

We have seen in Chapter 3 that the additive Cauchy functional equation can be
generalized in various forms. Hosszii’s functional equation

Sx+y—xy)=f(x)+ f(y) = fxy) (4.1)

is the most famous among generalized forms of the additive Cauchy equation.
Hence, this equation will be surveyed separately from Chapter 3. Every solution
of Hosszd’s functional equation is said to be a Hosszii function. A function f is
called affine if it can be represented by f(x) = A(x) + ¢, where A is an addi-
tive function and c is a constant. According to T. M. K. Davison [92], the function
f : K — G is a Hosszu function if and only if it is affine, where K is a field with
at least five elements and G is an abelian group.

Throughout this section, let f : R — R be a function, and let g and /& denote the
odd and the even part of a corresponding function f', respectively.

We now start with the proof of Borelli’s theorem concerning the stability of
Hosszu’s functional equation (see [23]).

S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 105
Analysis, Springer Optimization and Its Applications 48,
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Lemma 4.1. If the inequality
|h(x +y —xy) = h(x) — h(y) + h(xy)| <& (4.2)

holds true for some ¢ > 0 and for all x,y € R, then |h(x)| < 2e + |h(1)| for all
x eR

Proof. If we replace x and y in (4.2) with —x and —y, respectively, we get

|h(—=x =y —xy) — h(x) = h(y) + h(xy)| <&,
since £ is even. Thus,

[A(x +y —xy) —h(=x —y —xy)|
< |h(x +y —xy) —h(x) = h(y) + h(xy)
+ | =h(=x —y —xy) +h(x) + h(y) — h(xy)|
<2e¢

and setting y = —1 yield |h(2x — 1) — h(1)| < 2¢.2x — 1 spans the whole R, which
ends the proof. O

C. Borelli [23] also provided the following lemmas.

Lemma 4.2. Let a function f : R — R satisfy the inequality

|f(x+y—xy)— f(x) = f) + fxy)| <8 (4.3)

for some § >0 and for all x,y € R, and let the even part h of f satisfy the in-
equality (4.2) for some ¢ > 0 and for all x,y € R. Define p = § + ¢ and
y = max {2,u, lg(2) — 2g(1)|}. Then the odd part g of f can be represented by
g(x) = p(x) + s(x) for any real number x, where p and s are odd functions, p
satisfies the equation p(2x) = 2p(x), and |s(x)| < y forall x € R.

Proof. 1t is obvious that
lg(x +y—xy)—g(x) —g(y) + gxy)| <

and
lg(x —y +xy) — g(x) — g(=y) + g(=xy)| < .
The oddness of g implies that

lg(x —y +xy) —g(x) + g(y) — g(xy)| < 1.
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therefore
lg(x +y —xy) + glx —y + xy) — 2g(x)|
<|g(x+y—xy)—gx)—g(y) + g(xy)|

+ [g(x —y +xy) — g(x) + g(») — g(xy)|
<2u.

Taking y = x/(1 — x) for x # 1 yields

lg(2x) + g(0) —2g(x)| = [g(2x) — 2g(x)| =< 2pu,

for x # 1, and so
lg(2x) —2g(x)| <y

for all x € R. Using induction on n we can verify that
n
27g" ) —g) = Y 2y <y (@)
k=1

forall x €e Randn € N. Form > n > 0 we get

27Mg(2™x) —27"g(2"x)| = 27" |27 g (22 x) — g (2" )|
< 2_")/

— 0 as n — oo.

Hence, the sequence {27" g (2" x)} is a Cauchy sequence. Let us define
p(x) = lim 27"g(2"x)
n—>00
for all x € R. We can then conclude that
. B —n n _ . —n—1 n+1 _
p(2x) = nlgI;OZ g(2"2x) = 2,,11)1202 g(Z x) = 2p(x),

p is odd and by (a)
lg(x) = p(x)| =[s(x)| =y
for all x € R. O

Lemma 4.3. Let a function f : R — R satisfy the inequality (4.3) for some § > 0
and for all x,y € R. If the even part h of [ satisfies the inequality (4.2) for some
e > 0andforall x,y € R, then the function p : R — R defined in Lemma 4.2 is
additive.
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Proof. From the preceding lemma it follows that

|p(x +y —xy) — p(x) — p(y) + p(xy)|
<|glx+y—xy)—g(x)—g(y) + gxy)|
+ | =s(x+y—xy) +50x) +5(y) = s(xy)|
< u+4y,

for all x, y € R, and hence

|p(—=x —y —xy) = p(=x) — p(=y) + p(xy)| < pu + 4y.

Since p is odd, from the last inequality we get

| = p(x+y+xy)+ p(x) + p(y) + p(xy)| <+ 4y.

These inequalities and the 2-homogeneity of p (see Lemma 4.2) imply

|p(x +y+xy) — p(x + y —xy) — p2xy)|
=|px+y —xy) = plx +y +xy) +2p(xy)|
<|p(x+y—xy)—px) = p(y) + p(xy)|
+ | = p+y +xy) + p(x) + p(y) + pxy)]
<2u+ 8y.

In the last inequality we make the following change of variables:
u=-x—y—+xy and v=-2xy. (a)

Since for all u € R and v > 0 there exists at least one pair (x, y) satisfying (a), we
have

[p(u+v)—pu)—pO)| <2u+ 8y

forallu € R and v > 0. According to Lemma 2.27, there exists an additive function
A : R — R such that

|p(u) — A(w)| <2u + 8y

for all u > 0. Indeed, we have A = p: Assume there exists w > 0 such that
A(w) # p(w). By the properties of A and p we have

|p(2"w) — A(2"w)| = 2"|p(w) — A(W)| <21 + 8y,

for all n € N, which leads to a contradiction. Thus, p is additive on [0, 00). Since it
is odd, p is additive on the whole R. m|

We now introduce the main theorem of Borelli (see [23]).
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Theorem 4.4 (Borelli). Let a function f : R — R satisfy the inequality (4.3) for
some § > 0 and for all x,y € R. There exists an additive function A : R — R such
that the difference [ — A is bounded if and only if the even part h of f satisfies the
inequality (4.2) for some ¢ > 0 and for all x,y € R.

Proof. Assume that h satisfies (4.2). By the previous lemmas we have

f(x) =g(x) +h(x) = px) +s(x) + h(x),

where p is additive and |s(x) + h(x)| < y 4+ 2¢ + |h(1)], i.e., f differs from a
solution of Hosszd’s equation by a bounded function.

Conversely, assume f(x) = A(x) + b(x), where A is additive and b is bounded.
We then have

h(x) = (1/2)(f(x) + f(=x)) = (1/2)(b(x) + b(=x)),
so h satisfies (4.2). O

Borelli raised a question as to whether one can also prove the Hyers—Ulam sta-
bility for Hosszu’s functional equation. Section 4.2 is wholly devoted to the answer
to this question of Borelli.

4.2 Hyers-Ulam Stability

L. Losonczi affirmatively answered the question of Borelli. More precisely, he
proved in his paper [238] that Hosszi’s functional equation (4.1) is stable in the
sense of Hyers and Ulam.

Theorem 4.5 (Losonczi). Let E be a Banach space and suppose that a function
f : R — E satisfies the functional inequality (4.3) for some § > 0 and for all
x,y € R. Then there exist a unique additive function A : R — E and a unique
constant b € E such that

[ f(x) —A(x) —b| <208
forall x € R.
Proof. Let us define
(Hf))(x,y) = f(x+y—xy)— f(x)— f(») + f(xy)

and

(G)x.y) = flxy) = f(x) = f()
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forall x, y € R. Then we have
(Gf)(xy.2) + (Gf)(x,y) = (Gf)(x,yz) = (Gf)(y.2) =0 (a)
forall x, y € R. Since
S +y—xy)=Hf)x,y) = (Gf)(x, ),
it follows from (4.3) and (a) that

[f(xy +z2—=xy2) + f(x +y—xy) = f(x +yz—xyz) — f(y + 2=y
= (Hf)(xy.2) + (Hf)(x,y) = (Hf)(x,y2) = (Hf)(y.2)]
< 46.

Substituting in the last expression

—3=y+z—-yz, (b)
u—3=xy+z—xyz (c)
and
v=3=x+y—xy (d)
for x, y,z € R yield
[fw—=3)+ f(v=3)— flu+v—=3)— f(=3)]| <45 (e)

for (u,v) € D, where D is the set of all pairs (u,v) € R? for which the system
(b)—(d) has at least one real solution triple x, y, z.
It is clear from (b) that y # 1. Thus, from (b) and (d) we get

v—4 4
x=1+1—, z=1———.

Substituting these into (c), we obtain after a simple calculation that
uy> —2u+2v—28)y +u=0. f)

The image of the set {(x,y,1—4/(1 —y)) | x € R, y # 1} under the transfor-
mations (b)—(d) is the set of all pairs (u, v) for which equation ( f) has at least one
real solution y # 1.

If u = 0,v € R, then (/) has at least one real solution y # 1, namely, y = 0 if
v # 4 and y = arbitrary real if v = 4.
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If u # 0, then y = 1 is a solution of (f) exactly if v = 4. Thus, (f) has at
least one real solution y # 1 if and only if v # 4 and the discriminant of (f) is
nonnegative, i.e., if 4(u + 2v — 8)%2 —4u? > 0 or (v — 4)(u + v —4) > 0. We can
write these conditions in the form

u+v=>4 (for v>4),

u+v<4 (for v<4). &)
In summary, we obtained that
D = {(u.v) € R? | v # 4 and (g) holds true}.
From (e) with F defined by F(u) = f(u—3) — f(-3) (u € R), we get
[F@+v)—Fu) — Fv)| <45 (h)

for all (u,v) € D. Since the left-hand side of (%) is symmetric in « and v, (k) also
holds true on

D* ={(u.v) | (u,v) € D or (v,u) € D}.
It is easy to check that D* = R2\ A, where A is the triangle
A = {(u,v) |u,ve (0,4, u+ve (4,8]}.

According to Theorem 2.31, there exists a unique additive function 4 : R — E
such that

| F(u) — A(w)| < 208.

Using the definition of F we get from the last inequality with x = u—3, A(x—3) =
A(x) — A(3),and b = A(3) + f(-3) that

[ f(x) = A(x) —b| <208
forall x € R. -

Later, Theorem 4.5 was generalized by P. Gavruta [117] and further by
P. Volkmann [357]:

Theorem 4.6. Let E be a Banach space. Suppose a function f : R — E satisfies
the functional inequality (4.3) for some § > 0 and for all x,y € R. Then there exist
a unique additive function A : R — E and a unique constant b € E such that

[/ (x) — A(x) — b < 48

forall x € R.
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4.3 Generalized Hosszi’s Functional Equation

In Chapter 3, we have seen various generalizations of the additive Cauchy functional
equation. The following functional equation

Sx+y+gxy)=f(x)+ f(y) +qf(xy)

can be regarded as a generalized form of Hosszi’s equation (4.1). A function
f :R— R will be called a solution of the generalized g-Hosszi’s equation if and
only if it satisfies

(Hg f)(x,y) = f(x +y+gxy)— f(x)— f(y)—qf(xy) =0

forall x,y € R.
According to a paper [213] of Pl. Kannappan and P. K. Sahoo, every solution
f R — R of the generalized ¢-Hosszi’s equation is given by

S(x) = A(x) (for g € Q\{-1,0}),
f(x)=AKx)+c¢ (for g =—1),

where A : R — R is an additive function and c is a real constant.

In this section, the stability problem of the generalized Hosszu’s equation will
be discussed (in the sense of Borelli) for the case of ¢ € Q\{—1/2,0,1/2}. We
denote by g and / the odd and even part of a corresponding function f : R — R,
respectively.

We will now start this section with the following three lemmas presented by
S.-M. Jung and Y.-H. Kye [191].

Lemma 4.7. If h satisfies the functional inequality |(Hgh)(x,y)| < eforallx,y €
R and for some ¢ > 0, then

|h(x)| < 2e+ [h(1/q)|
for each x € R.

Proof. Since h is the even part of f, by the hypothesis we have

[h(x + ¥ +qxy) = h(x) = h(y) = gh(xy)| < ¢,
[h(=x =y +qxy) —h(x) —h(y) — gh(xy)| < ¢

for all x, y € R. It follows from (a) that

|h(x +y+gxy)—h(—x—y + qu)| <2e¢
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for all x, y € R. Replacing x and y with (1/2)(u — 1/g) and 1/¢, respectively, in
the last inequality, we obtain

|h(u) —h(1/q)| < 2e.

Since u can take every real number as its value, the assertion is true. O

Lemma 4.8. Let ¢ and § be given positive numbers. Assume that a function
f :R — R and its even part h satisfy the inequalities

|(Hg f)(x.p)| =6 and |(Hgh)(x.y)| <& (4.4)

forall x,y € R. Furthermore, suppose there exists a & > 0 such that the odd part
g satisfies

max {(1/n)|g(n/q) —ng(1/q)| |n € Nj <&. (4.5)
It then holds true that

g(x) = g1(x) + g2(x),

where g1 and g, are odd functions such that g1(2qx) = 2qg1(x) for each x € R,
and g, is bounded.

The condition (4.5) is a kind of approximate homogeneity (additivity) of g which
is much weaker than an ordinary approximate homogeneity.

Proof. Tt follows from |(Hy f)(x,y)| = |(Hgg)(x,y) + (Hzh)(x, y)| that

|(Hgg)(x, y)| =8 +¢ (a)
forall x,y € R. Let n = max{§ + ¢, £}. We now assert that

|g(nx) —ng(x)| < |nln ()
for any real x and every integer n # 0.
First, we assume that 7 is a natural number. The assertion (b) is true for n = 1.

By (a), we get

[(Heg)(x,—y)| = [g(x —y —qxy) —g(x) + g(») + 9g(xy)| <n. (¢

According to (a) and (c), we obtain

lg(x 4+ y +gxy) + gx —y —gqxy) —2g(x)| < 2n. (d)
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Substituting x/(1 + gx), x # —1/q, for y in (d) yields

lg(2x) —2g(x)| = 27,
since g(0) = 0. Hence, by (4.5), |g(2x) —2g(x)| < 2nforall x € R.

Assume that |g(nx) —ng(x)| < npforn € {1,...,m} (m > 2) as induction
hypothesis. Then, replacing y in (d) with mx/(1 + gx), x # —1/q, yields

|g((m + 1)x) - g((m - 1)x) — 2g(x)|
= [g((m + Dx) — (m + Dg(x) — g((m — Dx) + (m — 1)g(x)|
< 2,

and hence

|g((m + 1)x) = (m + Dg(x)| < (m + D)n.

Thus, it holds true that |g(nx) —ng(x)| < nnforall x € R and any n € N.

Now, it is obvious that the assertion (b) is also true for any negative integer
n, since g is an odd function. Let m be any nonzero integer. It then follows from
(b) that

|g(mx) —mg(x)| < |m[n (e)
forall x € R. Dividing by |n| both sides of (e), we have
|(1/m)g(mx) — (m/n)g(x)| < (Im|/|n)n. (f)
Replacing x with (m/n)x and dividing by |n| both sides of (b) yield
|(1/n)g(mx) — g((m/n)x)| <1 (g)

for all real x and nonzero integers m and n. By using ( f) and (g), we conclude that
for all x € R and nonzero integers m and n

|g((m/n)x) — (m/n)g(x)| < (Im|/|n] + 1)n. (h)
Now, for any real x, let

lim 2¢)™"¢(2g)"x)  Gf |g] > 1/2).

=
T meorseo ) il <1/,
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By using (h), we show that if |¢g| > 1/2, then {(2¢) "g((2¢)"x)} is a Cauchy
sequence for each real x:
|29) ™" g((29)"x) — 29) " g((29)"x)|

= 12¢|7"[g(2)" " 2q)"x) — 29)" " g((2q)" x)|

< 12q17" (121" + )n

— 0 as m,n — oo.
Analogously, the sequence {(2¢)"g((2¢)™"x)} is also a Cauchy sequence, when
|g| < 1/2.Thus, g1 (x) exists for any x € R. In view of the definitions of g; and g,

we conclude that g;(2gx) = 2¢gg1(x) for each real x, and g1, g are odd functions,
and g, is bounded, since it follows from (/) that

lg2(x)| = |g(x) —g1(x)| =7 (i)
forall x € R. O

Lemma 4.9. Let ¢ and § be given positive numbers. Suppose a function f : R — R
and its even part h satisfy the inequalities in (4.4) for all x,y € R. Furthermore,
assume that there exists a & > 0 satisfying the condition (4.5). Then, the function g;
defined in Lemma 4.8 is additive on R.

Proof. Set n = max{$ + ¢, &}. It follows from (a) and (i) in the proof of Lemma
4.8 that

[(Hgg1)(x, y)| = [(Hgg)(x,y) — (Hg82)(x, y)|
< |(Hgg)(x,y)| + |(Hgg2)(x, y)|
< (lg] + 4)n (a)

for all x, y € R. Therefore, we also have
|(Hgg1)(=x.—y)| < (Ig] + 4)n. (b)
By using (a) and (), we obtain

|g1(x + ¥y + gxy) + g1(—x — y + qxy) — 2qg1(xy)|
=|g1(x +y +gxy) — gi(x + y — qxy) — g1(2qxy)|
<2(lgl +4)n (c)

forall x,y € R, since g1 is odd and g; (2gx) = 2¢gg1 (x).
For given u and v, consider a system of the following equations,

xX+y—gxy=u and 2gxy =v. (d)
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If we assume y # 0, it follows from (d) that

_qQu+v) £ Vq?Qu +v)2 —8qv
y= 4q .
Hence, there exists at least one pair (x, y) satisfying (d) either for all u € R and all

v < 0(wheng > 0)orforallu € R and all v > 0 (when ¢ < 0). Thus, by using (c)
and (d), we have

g1 +v) = g1(w) — g1(] = 2(lg] +4)n (e)

either for all #, v < 0 (and for ¢ > 0) or for all u,v > 0 (and for ¢ < 0.)
For the case when u,v < 0, g > 1/2, and when 7 is an arbitrary natural number,
we get

12¢1"|g1(u+v) — g1 () — g1 ()| < 2(lg| + 4)n

by substituting (2¢)"u and (2¢)"v for u and v in (e), respectively, and using Lemma
4.8. Similarly, if u,v < 0,0 < g < 1/2, and if n is a natural number, we replace u
and v in (e) with (2¢)™"u and (2g)™"v, respectively. Then

127" [g1(u +v) — g1(w) — g1 ()| < 2(Ig| + 4)n.

since Lemma 4.8 also implies g1 ((2¢)~'x) = (2¢)~'g1(x). These together imply
that if ¢ > 0O, then
giu+v) =g+ g1(v)

forall u,v < 0.
When g < 0, we analogously obtain the same equation for all u, v > 0. However,
the fact that g; is odd implies that g is additive on the whole R. O

Now, we introduce the main theorem of this section proved by Jung and Kye
[191]. This theorem says that the generalized Hosszi’s equation is stable in the
sense of Hyers, Ulam, and Borelli.

Theorem 4.10. Suppose g & {—1/2,0,1/2} is a fixed rational number. Let § > 0
be given and let f : R — R be a function satisfying the first inequality in (4.4) for
all x,y € R. Then there exists an additive function A : R — R such that f — A
is bounded if and only if there exist positive constants € and & such that the second
inequality in (4.4) and the condition (4.5) hold true for all x,y € R.

Proof. First, assume that [(H, f)(x,y)| < 8 and |[(Hgh)(x,y)| < eforall x,y €
R. Moreover, suppose there exists a £ > 0 such that g satisfies the condition (4.5).
From the above lemmas and (7) in the proof of Lemma 4.8, we obtain

f(x) = g(x) + h(x) = g1(x) + g2(x) + h(x),

where g; is additive and | f(x) — g1 (x)| = |g2(x) + h(x)| < n+2e+|h(1/q)| for
all x € R.
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Conversely, assume that f(x) = a(x) + b(x), where a is additive and b is
bounded. Then

h(x) = (1/2)(f(x) + f(=x)) = (1/2)(b(x) + b(=x)).

Hence, |(Hyh)(x, y)| is bounded. Moreover, we have

g(x) = (1/2)(f(x) = f(=x)) = a(x) + (1/2)(b(x) — b(—x))
and

(1/n)|g(n/q) —ng(1/q)|
= (1/@2n))|b(n/q) — b(—n/q) —nb(1/q) + nb(—1/q)|
< (1/@nm)|b(n/q) — b(—n/q)| + (1/2)|b(1/q) — b(—1/q)|.

Since b is assumed to be bounded, we can choose a £ > 0 such that the condition
(4.5) is true. O

It is not clear whether the generalized Hosszu’s equation is also stable in the
sense of Hyers, Ulam, and Borelli for the case when |¢| = 1/2. Naturally, one can
raise a question as to whether the generalized Hosszd’s equation is stable in the
sense of Hyers and Ulam.

4.4 Hosszi’s Equation is not Stable on the Unit Interval

As we have seen in Theorem 2.30, the additive Cauchy equation is stable on vari-
ous bounded intervals. However, Hosszi’s functional equation is not stable on the
unit interval, where we denote by the unit interval any interval with ends 0 and 1.
J. Tabor was the first person to prove this surprising fact. We first introduce a lemma
necessary to prove the main theorem of J. Tabor (ref. [348]).

Lemma 4.11. Let ¢ > 0 be given. Suppose that a function F : [0, c0) — R satisfies
the inequalities

|[F(x+y)—F(x)| <e (4.6)

forallx,y > 0withx >y, and
|F(x)| <e¢ 4.7
for any x € [0, 6]. Let us define a function f : (0,1) - R by

f(x) = F(g(x).
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where

—Inx (for x € (0,1/2)]),

g(x) = —In(1—x) (for x € [1/2,1)).

Then, the inequality

|f(x+y—xy) = f(x) = fO) + fxy)] < 4e (4.8)

holds true for every x,y € (0, 1).
Proof. Letx,y € (0, 1). Claim that

gx+y—xy)=gx) +g(y) forx=>y=1/2. (@)
If1/2 <u<1,then0 < 1—u < 1/2, and hence (1 — x)(1 — y) < 1/2. Since
l—-x—y+xy=(1-x)(1-y)<1/2,wehave x + y — xy > 1/2. Thus, we
have

gl +y—xy)=—In(1-x)1-y)=gx) +g()

forx >y >1/2.
Claim that

lg(xy) —g(y)| =3 for x>y and x > 1/2. ()

Suppose that y > 1/2.If xy < 1/2,then 1/2 <y < 1/+/2and 1/4 < xy < 1/2,
thus

lg(xy) — g < lgxy)| +1g()] <Ind+|In(1-1/v/2)| < 3.

If xy > 1/2, then

g(xy) =g = [In(l —xy) —In(1 - y)| = ln(l + y::—i) <3.
Assume now that y < 1/2. Then,
lg(xy) —g(y)| = [Inxy —Iny| < 3.
We claim that
lg(x +y—xy)—gx)| <3 for x>y and y < 1/2. (c)

Let x* = 1 — x. Then, we have g(x) = g(x*). Making use of the equality
glx +y—xy) = g((x*y")*) = g(x*y")

and interchanging the role of x and y, we obtain (c¢) from (b).
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Let us show that
|F(x) = F(y)| <2¢ (d)

for any x, y > 0 with |[x — y| < 3. The inequality (d) follows from (4.7) in the case
when x, y € [0, 6]. In the other case, we may assume that x > y and x > 6. Then,
X —y <3 < y and due to (4.6) we have

|F(x) = F())|=[F(y +(x—y)) = F(y)| <& <2e.

We will prove that (4.8) holds true. Without loss of generality, we may assume
that x > y. Suppose that x > y > 1/2. Then, by (a), (b), (d), and (4.6), we get

|f(x+y—xy)= f(x) = f() + f(xy)]
=|F(g(x+y—xy) = F(gx)) — F(g(») + F(g(xy))|
<|F(g(x+y—xy)— F(g(x) +g(»)|
+ |F(g(x) + g(») — F(g)| + |F(g(xy)) — F(g(»))|

and hence
|f(x+y—xy) = f(x) = f) + f(xy)| < 4e (e)

forall x,y € (0,1) with x > y > 1/2. Suppose that x > 1/2 > y. It then follows
from (b), (c), and (d) that

|f(x+y—xy)— f(x) = fO) + f(xp)]
=|F(g(x+y—xy)— F(gx) — F(g(») + F(g(xy))]
< |F(gx +y—xy)— F(g(x)| + |F(g(xy)) — F(g(»)]|
< d4e.

Suppose that y < x < 1/2. Then, it holds true that y* > x* > 1/2, and it follows
from (e) that

|f(x 4y —xy) = f(x) = f() + f(xp)]
=[SOy = ) = ST+ ST+ yT =Ty

< e,

since x + y —xy = (x*y*)*, x = ()", y = ") xy = (X +y*F —xFyH)*
and f(x*) = f(x). O

‘We are now able to prove the main theorem of J. Tabor [348].

Theorem 4.12 (Tabor). Let U be the unit interval. For every § > 0, there exists a
Sfunction f : U — R such that the inequality

[f(x+y—xy) = f) = fO) + fxp)| =8
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holds true for all x,y € U, but the range set of | f(x) — H(x)| is not bounded on
U for each Hosszi function H : U — R.

Proof. Without loss of generality, we may assume that § = 1. Let us define a func-
tion F : [0,00) — R by

F(x) = (1/8)In(1 + x).

Then, F satisfies (4.6) and (4.7) with ¢ = 1/4. Let

F(g(x)) (for x € (0,1)),

f=1, (for x € U\(0, 1)),

where g is the function defined in Lemma 4.11.
We show that

[f(x+y—xy) = fx) = f(0) + flxy)] < 1

forany x,y € U.If x = 0 or y = 0, then the inequality is obvious. For x,y €
(0, 1) the relation holds true by Lemma 4.11. We remark that an additive function
A : R — R is either continuous or has a dense graph in R? (see Theorems 2.1 and
2.2). Since f is continuous on (0, 1) and

lim f(x) = lim f(x) = oo,

this implies that the range set of | f(x) — A(x) — c| is unbounded on (0, 1) for every
additive function A : R — R and every constant c. Therefore, the range set of
| f(x) — H(x)| is unbounded on (0, 1) for each solution H : U — R of Hosszi’s
functional equation. O

4.5 Hosszu’s Functional Equation of Pexider Type

In this section, we investigate the Hyers—Ulam stability of the functional equation

fx+y—axy) + glxy) = h(x) + k(y). 4.9)

For a = 1, the functional equation (4.9) is a pexiderized version of Hosszi’s func-
tional equation (4.1).

In the following theorem, we prove the Hyers—Ulam stability of the functional
equation (4.9) when « # 0 (ref. [321]).

Theorem 4.13. Let E be a Banach space and let a be a nonzero real number. If
functions f, g, h,k : R — E satisfy the inequality

[f(x+y—axy)+glxy)—h(x)—k(y)| <6 (4.10)
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forall x,y € R and for some § > 0, then there exists a unique additive function

AR — E such that
I/ (x) — Aax) —al| < 245,
[h(x) — A(x) —a — by || < 256,
lk(x) — A(ax) —a — by || <254,
lg(x) — A(a®x) —a — by — by|| <278

forall x € R, wherea = f(1/a)— A(1), by = g(0) —k(0), and b, = g(0) — h(0).

Proof. If we put y = 01in (4.10), then
£ (x) = h(x) + b1l = 6.

where by = g(0) — k(0). If we put x = 0 in (4.10), then

/() =k(y) + b2|| <6,

where b, = g(0) — h(0). It follows from (4.10), (@), and (b) that

[f(x +y—axy)+gxy)— f(x)— f(y) —b1 — b2
S f(x 4y —axy) + glxy) —h(x) —k()|
+ [h(x) = f(x) = b1 + llk(y) — f(y) — b2l
<38

forall x,y € R.
Since @ # 0, if we put y = 1/« in (¢), then

llg(x/a) = f(x) = b1 — b =38
for all x € R. If we replace x in (d) with ax, then we have
lg(x) — flax) — by —ba| = 38

for all x € R. It then follows from (c) and (e) that

[f(x 4y —axy) + flaxy) = f(x) = fFD

< fx+y—axy)+gxy)— f(x) = f(y) —b1 — bz

+ || f(axy) — g(xy) + b1 + ba|
<66

(@)

(b)

(¢

(d)

(e)

)

forall x, y € R. If we replace x and y in (f) with x/« and y/«, respectively, then

we get

| £ (/) (x +y =x) + f((1/)xy) = flx/a) = f(y/)| = 68

forany x,y € R.

(&)
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Define a function ¥ : R — E by

v(x) = fx/a). (h)
In view of (g) and (h), we obtain

[V(x+y—xy)+¥(xy) —¢(x) =y <65

forall x,y € R.
According to Theorem 4.6, there exists a unique additive function 4 : R — E
such that

IV (x) — A(x) —a| < 248 (@)

forall x € R, where a = (1) — A(1). It thus follows from (%) and (i) that
[f(x) — A(ax) —al| <248 ()

for each x € R, wherea = f(1/a) — A(1).
Now, by (a) and (), we get

[h(x) — A(ax) —a — D1 = |h(x) — f(x) = b1l + || f(x) — A(ax) —a]|
< 258

for any x € R. Similarly, by (b) and (), we obtain

Ik(x) = A(ax) —a = ba|| < |[k(x) = f(x) = baf + [| f(x) — A(ax) —a]
<256

forall x € R.
Finally, it follows from (e) and () that

lg(x) — A(@®x) —a — by — by|
< |lg(x) = flax) —by —ba| + || f(ax) — A(e?x) —al|
<278

for any x € R. O



Chapter 5
Homogeneous Functional Equation

The functional equation f(yx) = y* f(x) (where k is a fixed real constant) is called
the homogeneous functional equation of degree k. In the case when k = 1 in the
above equation, the equation is simply called the homogeneous functional equation.
In Section 5.1, the Hyers—Ulam—Rassias stability of the homogeneous functional
equation of degree k between real Banach algebras will be proved in the case when k
is a positive integer. It will especially be proved that every “approximately’” homoge-
neous function of degree k is a real homogeneous function of degree k. Section 5.2
deals with the superstability property of the homogeneous equation on a restricted
domain and an asymptotic behavior of the homogeneous functions. The stability
problem of the equation between vector spaces will be discussed in Section 5.3. In
the last section, we will deal with the Hyers—Ulam—Rassias stability of the homoge-
neous functional equation of Pexider type.

5.1 Homogeneous Equation Between Banach Algebras

By K we denote either R or C. An algebra over K is a vector space E over K in
which a multiplication is defined such that

(Al) x(yz) = (xy)z forall x,y,z € E,
(A2) x(y +z) =xy + xz and (x + y)z = xz+ yz forany x,y,z € E,
(A3) a(xy) = (ax)y = x(ay) forall x,y € E and forall a € K.

If an algebra E over K is a Banach space with a norm || - || that satisfies the
multiplicative inequality

(A4) llxyll < x|yl forevery x.y € E,

then E is called a real (or complex) Banach algebra. If xy = yx forall x,y € E,
then the Banach algebra E is called commutative.

Throughout this section, let £ be a real commutative Banach algebra with the
following additional properties:

(A4) |lxyll = IxIy]l for every x,y € E,

S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 123
Analysis, Springer Optimization and Its Applications 48,
DOI 10.1007/978-1-4419-9637-4_5, (© Springer Science+Business Media, LLC 2011



124 5 Homogeneous Functional Equation

(A5) E contains an identity e # 0 such that ex = xe = x for each x € E,
(A6) (E,-) is a group.

It then follows from (A4’) and (A45) that |le] = 1. We will write x2, x3, ...
instead of x - x, (x - x) - x, .... By x™! we will denote the multiplicative inverse
of x. Analogously, we write x~2, x73, .. _instead of x~1-x71, (x71x71)x 71, L

It is then obvious that

=1 = N~

forany n € N.
Let k be a fixed positive integer. The equation

fyx) =y f(x)

is said to be the homogeneous functional equation of degree k. Every solution of
the homogeneous functional equation of degree k is called a homogeneous function
of degree k. In the case of k = 1 in the above equation, the corresponding equa-
tion is simply called the homogeneous functional equation and each solution of the
homogeneous functional equation is called a homogeneous function.

It is well-known that every homogeneous function f : [0, 00) — R of degree k
is of the form f(x) = cx*, where c is a real constant (see [59]).

Let ¢ : E2 — [0, o) be a function such that

o0
O.(x) = Y 2TV 0 x,2) < 00 5.1)
j=0
or
~ > . .
D.(x) = Y [zl F (U Vx.2) < 00 (5.2)
j=0

for some z € E with ||z|| > 1 and for all x € E. Moreover, we assume that

d,(W'x) = 0(||w||"k) as n— oo (for @,(x) < 00), (5.3)
O, (w'x) = o(|w|"*) as n - oo (for ®.(x) < 00) '
forsomew € E and forall x € E.

S.-M. Jung [161] proved the following theorem concerning the Hyers—Ulam—
Rassias stability of the homogeneous functional equation of degree k.

Theorem 5.1. Let E be a real commutative Banach algebra with properties (A4'),
(A5), and (A6). If a function f : E — E satisfies f(0) =0,

£ x) = yEf) < o(x,p) (5.4)



5.1 Homogeneous Equation Between Banach Algebras 125

and

p@x. ) =o(IfEN) —asn—oo (or ®:x) <c0). 5o
o "x.y) =o(| f@" X)) as n— o0 (for .(x) < o0)

forall x,y € E\{0}, then there exists a unique homogeneous function H : E — E
of degree k such that

®.(x) (for D.(x) < 00),

17 = HGl = | 3200 0o 29 =29 56
forallx € E.
Proof. We implement induction on 7 to prove
n—1
[y  f "0 = @] = 30 Iy I7Y e X, y) (@)
j=0

for any n € N. In view of (5.4), the inequality (a) is true for n = 1. If we assume
the validity of (@) for some n > 0, then it follows from (5.4) and (a) that

|y~ @K £ (3" x) — f(x0) |
< Iy 7R £y x) = y* FO" 0| + [y fOmx) = f(0)]|

n—1
<yl ko0 y) + Y Iy I7Y T ey x. y)
j=0
n
=Y lyl7Y %y  x. ).

Jj=0

which ends the proof of (a).
First, we consider the case when ®,(x) < oo for some z € E with ||z|| > 1 and
forall x € E.Letn > m > 0. It then follows from («) and (5.1) that

||Z_nkf(ZnX) _ Z_mkf(me) ”

= [l == p @) — f @)

n—m—1
< ™™ 3 el R 2 )
Jj=0
n—1
—(7 k i
=Y [V R x, 2)
j=m

— 0 as m — oo.
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Therefore, {z "% f(z"x)} is a Cauchy sequence. Since E is a Banach space, we may
define

H(x) = nll)n;o 7" £ (" x)

for all x € E. The validity of the first inequality in (5.6) easily follows from the
definition of H, (5.1), and (a).
Suppose x, y € E\{0} are given. It then follows from (a) that

ly™* fr"x) = @0 < Iy FeE"x. y).

By using the last inequality and (5.5), we have

| @07y fo —e| < I FIAE 01 o x, y)

— 0 as n — oo.
Hence,
lim /")~y Sy =e. (b)
n—oo
By the definition of H and (b), we can show that
H(yx) = lim z7"% f(" yx)
n—oo
_ vk 1 —nk n : n \—1.—k n
= y° lim 7" f("x) lim f("x)" y ™" f("yx)
n—>oo n—>oo
=y H(x)
for all x, y € E\{0}. In addition, it is not difficult to show that H(0) = 0. Hence,
we conclude that H(yx) = y*H(x) forall x,y € E.

Let H' : E — E be another homogeneous function of degree k satisfying (5.6).
By using (5.6) and (5.3), we get

IH (x) = H' ()l = Iwll ™™ [ HW"x) = H' (" %)

2llw| " ®.(w"x)

IA

— 0 as n — oo.

Hence, we conclude that H(x) = H'(x) forall x € E.

Now, we consider the case of ®.(x) < oo for some z € E with ||z]| > 1 and for
all x € E. Replacing x in (a) with y™"x and multiplying the resulting inequality
by [y, we get

n—1
Lf ) = y™ fO 0l < Y Iyl Fe(y Yt x.y) (©)
j=0
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for any n € N. As in the first part, when n > m > 0, it follows from (c) and (5.2)
that

n—1
I fE ) =2 f Ol = Y el eV z)
Jj=m
— 0 as m — oo.

We may now define

H(x) = nll)n;o 7" (27" x)

for all x € E. Hence, the second inequality in (5.6) is obvious in view of (¢).
As in the first part, it follows from (@) and (5.5) that

lim [Ty = e (d)
for x, y € E\{0}. By using the definition of H and (d), we get
H(yx) = lim 2% f(z"yx)
n—o0
= yF lim " £ lim £y (2
n—>oo n—>oo
= Y*H(x)

for any x,y € E\{0}. Since f(0) = 0, it also holds true that H(yx) = y* H(x)
for x = 0 or y = 0. The uniqueness of H can be easily proved. O

Jung [161] proved the following corollary.

Corollary 5.2. Let p(x,y) = §+0]x||*||y]|° (§ > 0,0 > 0,0 <a <k, b > 0)be
given in the functional inequality (5.4). If a function f : E — E satisfies f(0) =0,
the inequality (5.4), and the first condition in (5.5) for all x, y € E\{0}, then there
exists a unique homogeneous function H : E — E of degree k such that

1f () = H@) < 8(l12IF = 1)~ + 0l1z12 (121 = f121%) " 1x )

forany x,z € E forwhich ||z|| is sufficiently large. In particular, if § > 0 and 6 = 0
in the definition of ¢, then f itself is a homogeneous function of degree k.

In Corollary 5.2, it was shown that the homogeneous equation of degree k is
superstable. More precisely, if E is a real commutative Banach algebra with addi-
tional properties (A44'), (A5), and (A6), if k is a positive integer, and if a function
f : E — E satisfies f(0) = 0, the inequality

£ Orx) =y f0)l <8,
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and the first condition in (5.5) for some § > 0 and for all x, y,z € E\{0} for which
the value of ||z|| is sufficiently large, then f is a homogeneous function of degree k.
The superstability phenomenon of homogeneous functions will be summarized in
the following theorem.

Theorem 5.3. Let E be a real commutative Banach algebra with properties (A4'),
(A5), and (A6) and let k be a positive integer. If a function f : E — E satisfies
f(0) = 0 and the inequality

1f(yx) =y  fo)ll <8 (5.7
for some § > 0 and for all x,y € E\{0}, and if f satisfies the condition
| f(*x)|| = 00 as n — oo

for all x,z € E\{0} for which the value of |z| is sufficiently large, then f is
homogeneous of degree k.

The following corollary was provided in [161].

Corollary 5.4. Assume that p(x,y) = 0|x||||y]|? (6 =0, a > k, b > 0) is given
in the functional inequality (5.4). If a function f : E — E satisfies f(0) = 0, the
inequality (5.4), and the second condition in (5.5) for all x,y € E\{0}, then there
exists a unique homogeneous function H : E — E of degree k such that

—1
1LfGe) = HEo) < 012l (14 = 11=0%) ™ 11+ )1
for all x, z € E with ||z|| sufficiently large.

If p(x,y) = 9||x||kg(||y||) for some function g : [0,00) — [0, c0), then our
method to prove the stability for the homogeneous equation of degree k cannot be
applied. By modifying an example in [310] of Rassias and Semrl, Jung introduced
a function f : R — R which satisfies the inequality (5.4) and both conditions in
(5.5) with some ¢ and for which | £(x)|/|x|* (x # 0) is unbounded (see [161]):

Example. Let k be a given positive integer. Let us define f(x) = x¥ log|x| for
x # 0and f(0) = 0. Then f satisfies the inequality (5.4) and both conditions in
(5.5) with p(x, y) = |x|k|y|k| log|y|| (y # 0) and ¢(x,0) = 0. On the other hand,
@ satisfies neither (5.1) nor (5.2). In this case we can expect no analogy to the results
of Corollaries 5.2 and 5.4. In fact, it holds true that

Jim [ £(x) = H)l/|x]* = oo

for every homogeneous function H : R — R of degree k.
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5.2 Superstability on a Restricted Domain

Throughout this section, assume that E is a real commutative Banach algebra with
additional properties (A4), (A5), and (A6), and suppose k is a fixed positive integer.
Moreover, let § and £ be given positive numbers.

In this section, we will apply Theorem 5.1 to the proof of the superstability of
the homogeneous equation of degree k on a restricted domain.

Lemma 5.5. Assume that a function f . E — E satisfies f(0) = 0 and the
inequality (5.7) for all x,y € E\{0}. If f(x) # O for any x € E\{0}, then f
satisfies the condition

| fZ*x)|| = 00 as n — oo

forall x,z € E\{0} with ||z|| sufficiently large.
Proof. Let x,y € E\{0} be given. By using induction on r, we prove that

1" =™ Ol = 8L+ Iyl + o+ 117D ()

for all n € N. When n = 1, the inequality (a) is an immediate consequence of
(5.7). If we assume the validity of (a) for some n > 0, then it follows from (a) and
(5.7) that

| £ (" ) = y TR f )|
<[ £ ) =™ FO0) | + IV I™EILF x) = ¥F f(0)]
<S(L+ IyIF + -+ Iy ™),
which completes the proof of (a). It now follows from (a) that
=™  f"x) = £ < 8(IyI7™  + [y I7 D% 4o Iy 75)

)

= F -1 ®)

forany x, y € E\{0} with ||y| > 1.
Assume now that f(x) # 0 for all x € E\{0}. If we choose a z € E such that

)
lz > 1 and ——7— <[ /()]
Iz]l* -1
(if necessary, we replace z by mz for sufficiently large m € N), then it follows from

(b) that
7% f(Z'x) A0 as n — oo,

i.e., since ||z || = ||z|| "% — 0 as n — oo, we have
I /(" x)| = 0o as n — oo,

which ends the proof. O
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Now, let us define
S={(x.y) € E*||Ix|| <& and |ly|| <&}

for some & > 0.
Jung [166] proved the superstability of the homogeneous functional equation of
degree k on a restricted domain.

Theorem 5.6. If a function [ : E — E satisfies f(0) = 0 and the inequality (5.7)
forall (x,y) € E2\S, and if f(x) # 0 forall x € E\{0}, then f is homogeneous
of degree k.

Proof. Assume that ||x|| <& and 0 < ||y| <&. Since y # 0, we can choose some
real number 1 with > £ and ||y || > &. Then, it is true that (n~'x, ny), (7' x, ne) €
E?\ S. It follows from the hypothesis that

ILf () = y* £l

| £y = ) £ (07 x) + )F £ (7' x) = yF f ()

| £x) = )k £ (7 x) || + Iy IF ]| £ () = (e)* £ (n~ ) |
< §(1 + £5),

IA

since yx = (ny)(n7'x), x = (ne)(n~'x), and ||ne|| > &. Therefore, f satisfies the
inequality

£ (x) =y fOoll = 8(1+8F) (a)
for all x,y € E\{0}. It follows from (a), Theorem 5.3, and Lemma 5.5 that f is
homogeneous of degree k. O

Jung [166] also proved the following:

Theorem 5.7. If a function f : E — E satisfies f(0) = 0 and the inequality (5.7)
forall x,y € E\{O} with ||y|| = &, and if f(x) # 0 forall x € E\{0}, then f is
homogeneous of degree k.

Proof. For any x,y € E\{0} with 0 < ||y| < &, there exists some real number 7
with 7 > &£ and ||ny|| = &. By the same way as in the proof of Theorem 5.6, we see
that

1/ rx) = Y5 )l < 8(1+ ). (a)
Therefore, f satisfies the inequality (a) for all x, y € E\{0}. In view of Theorem
5.3 and Lemma 5.5, we conclude that f is homogeneous of degree k. O

F. Skof investigated an interesting asymptotic property of the additive functions
(see Theorem 2.34). In fact, she proved that a function f : E; — E; is additive if
and only if || f(x + ¥) — f(x) — f(V)|| = Oas ||x|| + ||¥]| = oo, where Ej is a
normed space and E is a Banach space.
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Now, we can prove the following corollary concerning an asymptotic property of
homogeneous functions (ref. [166]):

Corollary 5.8. Let f : E — E be a function satisfying f(0) =0 in which f(x) #0
for all x € E\{0}. Then f is a homogeneous function of degree k if and only if

Lf(vx) =y  fO)ll = 0 as x|l + [ly]| = oo.

Proof. Let § > 0 be a given number. By the hypothesis, there exists a constant
& > 0 such that the inequality (5.7) holds true for ||x|| > & or ||y|| > &. According
to Theorem 5.6, f is homogeneous of degree k. The reverse assertion is trivial. O

5.3 Homogeneous Equation Between Vector Spaces

In general, the “multiplication” between elements of a vector space is not defined.
Therefore, the previous definition of homogeneous functions has to be modified
accordingly.

Let us define the scalar homogeneity of functions between vector spaces. Sup-
pose that k # 0 is a fixed real number. A function f : E; — E, between vector
spaces is called homogeneous of degree k if it satisfies f(cx) = ¢k f(x) for any
x € E; and any scalar ¢ such that c¥ is also a scalar. For the case of k = 1, the
corresponding function is simply said to be homogeneous.

J. Tabor [347] proved the following superstability result of the equation for ho-
mogeneous functions.

Theorem 5.9. Let E; be a real vector space, let E, be a real topological vector
space, and let V' be a bounded subset of E». Suppose a function G : R x E; — R
satisfies the inequality

|G (e, x)| = [c[?]G(1, x)| (5.8)
for some p # 1 andforall c € R and x € Ey. If a function f : E1 — E; satisfies
flex) —cf(x) € G(c,x)V (5.9)

forany c € R and x € Eq, then f is a homogeneous function.

Proof. Assume that p < 1. Let {c,} be a sequence of nonzero real numbers such
that |c,| — oo as n — oo. It follows from (5.9) that

(1/cn) fenx) € f(x) + (G(en. X)/cn)V (a)
forall n € N and for any x € E;. However, the inequality (5.8) yields

G(ens x)fen| < leal”HG(, 0|
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forall n € N and for any x € E;. Hence, we obtain
lim G(cp,x)/cn =0
n—oo

for all x € E, and further by ()

Tim (1/¢0) f(en¥) = £(x) (b)
forall x € E;. Thus,
flex) = lim (1/cn) f(encx) (©)

forall c € R and forall x € E;.
‘We claim that

flex) = Tim (1/ey) f(enex) = cf (x) (@)

forc € R and x € E;. It is obvious that (d) holds true for ¢ = 0. Now, let ¢ # 0.
Then

i [enc] = o
therefore, by (b) and (c¢)
flex) = Tim (1/eq) f(cnex) = ¢ lim_ (1/(cnc)) f(cncx) = cf(x),

i.e., f is homogeneous.

In the case p > 1 we consider a sequence {c, } of nonzero real numbers such that
¢y — 0asn — oo. Then the remaining part of the proof runs analogously as in the
previous case. O

Using the last result, Tabor [347] proved the following:
Corollary 5.10. Let E; and E, be real normed spaces, and let p # 1 and 6 > 0
be given. If a function f : E1 — E, satisfies the inequality

If(cx) —cf ()l < Ollex|)”

forallc € Rand x € Ey, then f is homogeneous.

Proof. Put G(c,x) = O|cx||? and V = {x e Ei | |x| < 1} for any ¢ € R and
x € E;. Applying Theorem 5.9 to this case, we end the proof. O

S. Czerwik [88] studied the stability problems for the homogeneous functions of
degree k between vector spaces. In what follows, we use the notation

Ug={ceR|cF eR}

for any real number k # 0.
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Theorem 5.11 (Czerwik). Let E1 and E; be a real vector space and a real Banach
space, respectively. Suppose ¢ : Rx E1 — [0, 00) is a function for which there exists
an a € Ui \{0} such that

o0
> lal ™ p(a.a"x) < oo (5.10)
n=1
foreach x € Eq, and
liminf |a| %@ (c,a"x) = 0 (5.11)
n—>00

for any (c,x) € Up x Ey, where k # 0 is a fixed real number. If a function [ :
E — E; satisfies the inequality

I f(cx) —c* F(x)]| < p(c,x) (5.12)

for all (¢,x) € Uy x E, then there exists a unique function H : Ey — E, such
that H(cx) = ¢k H(x) for each (c,x) € Ux x Ey and which satisfies

[f(x)—HMX)| < Z la| ™" ¢ (a,a" " x) (5.13)
n=1

forany x € Ej.

Proof. First, we claim that

n—1
I1f@"x) —a™ foo)l =3 lal*(a.a" " x) (@)

Jj=0

foralln € N and (a, x) € Ux x E;. By putting ¢ = a in (5.12), we immediately
see the validity of (a) for n = 1. Assume that the inequality (@) is true for some
n > 0. Replacing x in (@) with ax yields

n—1
| £ (@ 'x) —a"™* fax)| < Z la)*p(a,a" x).
j=0
Replacing ¢ in (5.12) with ¢ and multiplying the resulting inequality by |a|"¥,
obtain

we

|a™® fax) —a® V% f(x)| < la|"®p(a.x).

Combining the last two inequalities yields

[ £ (@™ he) = a0 = 3 lalp(a.a" ),

Jj=0
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which completes the proof of ().
Put

ha(x) = a™"% f(a"x)
foralln € N and any x € E;. From (a) we get
n . .
Ihax) = f) < 3 lal 7 g(a.a’"x) ®)
Jj=1

forn € N and x € E;. If we replace x in (a) with a”x and n by n —m (n > m),
then we have

1An (x) = hm (X) || = |a|_"k H fa"x) — a(n—m)kf(amx) H
= |a|—nkH f(an—mamx) _ a(n_m)kf(amx) ”

n—m—1
<la|™ > lal*¢(a.a" " "x)
j=0
n
— Z |a|—ik(p(a’ai—1x)
i=m+1

and it follows from (5.10) that {/, (x)} is a Cauchy sequence for each x € Ej. Since
E5 is complete, we can define

H(x) = lim hy(x) = lim a™* f(a"x)

forany x € E;.
By (5.12) and (5.11), we get

IH(cx) —c*H)l = lim [a™"*(f(a"ex) —c* f(a"v)) |

|—nk

< lim |a|™¢(c,a"x)
n—o0

=0.

Thus, H is a homogeneous function of degree k when ¢ € Uy. Also, from (b) we
get (5.13).

Suppose that H' : E; — E is another homogeneous function of degree k when
¢ € Uy satisfying (5.13). Then, by (5.13) and (5.10), we have

IH(x) — H'(x)|
= |a|™™*||H(a™x) — H'(a"x)|
< la|™™ (|| H(@™x) — f@"x)|l + || f(@"x) — H'(a"x)|))
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%)
< |a|—mk22 |a|—nk(p(a’an+m—1x)
n=1

oo
<2 Z |a|_ik¢)(a,ai_1x)
i=m+1
— 0as m — oo,

which implies H = H'. O
On account of Theorem 5.11, Czerwik could also prove the following corollary
(see [88]).

Corollary 5.12. Let E| and E, be a real vector space and a real Banach space,
respectively. Suppose k # 0 is a given real constant. If a function f : E1 — E;
satisfies the inequality

I f(cx) —c* f(x)]| <8+ Oc|f

for some §, 0 > 0 and for all (¢, x) € U x E, then there exists a unique function
H : Ey — E, such that H(cx) = ¢X H(x) for each (c,x) € U x E and which

satisfies
/() —Hx)| <6
forany x € E;.

Proof. Assume that k > 0. By Theorem 5.11, for each integer m > 2, there exists a
homogeneous function of degree k

Hp(x) = Tim m ™" f(m"x)

such that
§ + Om*k
mk — 1

1/ G) = Hn()l = 32 m=k (5 + Om*) =

n=1

forall x € E;. By (a) we have

| H (x) — He(x)|| = 27" | Hpm (2"x) — He(2"x) |
- z_nk(a +Omk 5+ eek)

mk — 1 ek —1

— 0 as n — oo,

and hence H,, = H, for all integers £ and m larger than 1. We put H(x) = H,(x)
forall x € E;. By (a) we have

k
/) - Hyl < 2H0
mr —1
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forall x € Eq and letting m — oo, we find that || f(x) — H(x)|| < 6.
In the case when k < 0, the proof runs analogously. O

Czerwik [88] has remarked that the function f(x) = sinx (x € R) is not a
homogeneous function of degree k, but it satisfies
| sin(cx) — c*sinx| < 1+ |c|

foreach (c, x) € Uy xR. From this example we see that not all cases under Corollary
5.12 are superstable (see [88]).

Corollary 5.13. Assume that the assumptions in Corollary 5.12 are satisfied. If ei-
ther § or 0 is zero, then f(cx) = X f(x) for all (¢, x) € (U \{0}) x E.

Proof. Suppose that § = 0. Then,
1/ (ex) =  f)] < Blelf
for all (¢, x) € Uy x Ey.Putting x = (1/¢)y with ¢ € Ui\ {0}, we get

1£G) =k F((1/e)p)| < Olel*. (a)

Assume that k > 0. It then follows from the last inequality that
f(y) = lim X £ ((1/c)y)
for any y € Ej. Therefore, for (a, x) € (U \{0}) x E1, we have
flax) = lim ¢* f((1/¢)ax) = lim a*(c/a)* f ((a/c)x) = a* f (x).
For k < 0, it follows from (a) that

Jim K f(/e)y) = f),

and, as before, we find that the corollary is true for § = 0 and k < 0.
Now, suppose that & = 0. Then, we have

[e™ flex) = f)] = Slel™
for any (¢, x) € (Ux\{0}) x E;. Hence, we get

lim ¢ f(cx) (for k > 0),

_ |c|—>o00
Jlx) = lin}) ¢ flex) (for k <0).

As before, the assertion is valid in these cases as well. |
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5.4 Homogeneous Equation of Pexider Type

In this section, the Hyers—Ulam—Rassias stability of the homogeneous equation of
Pexider type

Jlax) = ¢ (a)g(x)

will be investigated. In 2005, S. Czerwik [91] introduced the following lemma.

Lemma 5.14. Let E; and E, be a real vector space and a real normed space,
respectively. Assume that f : E1—E;, g : E1—E, v : R—>R, and ¢ : R x
E1 — [0, 00) are given functions with ¥ (1) = 1. If f satisfies the inequality

I[f(ax) = y(@)g ()| < p(e, x) (5.14)

foralla € R and x € Ey, then it holds true forall € R, x € Eq, andn € N that

1f(@"x) =¥ (@) ) < Y 1Y (@) @10 x) (5.15)

i=1
and .
lg@™x) =y (@) g < Y ¥ (@) afe. " x), (5.16)
i=1
where @1 (o, x) = ¢(a, x) + |¥(@)|p(1, x) and O, (o, x) = @(a, x) + @(1, ax).
Proof. 1t follows from (5.14) that

[/ (ax) —y(a) f() < [If(ex) =P (@)g()| + [[Y()gx) — ¥ () f(x)]l
< ¢(a, x) + [Y(@)]e(l, x)
= O (a, x)

for any « € R and x € Ej. Hence, (5.15) is true for n = 1. Assume that (5.15)
holds true for some n > 0. It then follows from (5.15) that

| f (@™ x) =y ()" f ()
< [/ @*x) =@ f@" )| + [v(@) f@"x) =y @) f)
= Qo x) + [P (@)l f(@"x) = ¥ (@) f(O)

< (@ a"x) + Y [Y(@)] P (e e x)
i=1
n+1 ) )
— Z |I//(Oé)|l_lq>1(ol,oln+l_lx),

i=1

which proves the inequality (5.15) for all n € N. Similarly, we can prove the
inequality (5.16). O



138 5 Homogeneous Functional Equation

Using Lemma 5.14, Czerwik proved the following theorem concerning the
Hyers—Ulam—Rassias stability of the homogeneous functional equation of Pexider
type (see [91, Theorem 1]).

Theorem 5.15. Let E; and E, be a real vector space and a real Banach space,
respectively. Assume that f : Ey — E; g : E1 — E, ¥ : R — R, and
¢ : R x E1 — [0, 00) are given functions with ¥ (1) = 1. Moreover, assume that
there exists a B € R such that ¥ (B) # 0 and the series

Y B @i (B. " x) < 00 (5.17)
n=1

forall x € Ey and
Jim_ [y (B)[ 7" @1 (e, p" 1 x) = 0 (5.18)

foralloa € R and x € Ey. If f satisfies the inequality (5.14) for all « € R and
x € Ej, then there exists a unique -homogeneous function H : E1 — E; such
that

IH(x) = f(0)] < wa(ﬁ)r"@ (8.8""x) (5.19)
n=1
and
1H(x) — g(x)] < ZW(ﬁ)r"@z(ﬂ,ﬂ"—lx) (5.20)
n=1

for all x € Eq. (See Lemma 5.14 for the definitions of ®1 and ®;.)

Proof. Foreach x € E1 andn € N, define

Hy(x) = Y ()™ f(B"x). (a)
It then follows from (5.15) that
1 Hy () = ()] < ; (B~ Dy (B, 8" x),
which implies that
| Ha (x) = £ ()] < ;w)w B.B" " x) (b)

forany x € E; andn € N.
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Now, we will verify that { H,(x)} is a Cauchy sequence for each x € E;. The
inequality (5.15) yields

A

1o (x) = Hn ()| < [¢ (B | £(B"x) — v (BY" ™ f(B™x) |
> )T oi(B. B x)

i=m+1

IA

forall x € E; and m,n € N with n > m. In view of (5.17), we see that { H,(x)} is
a Cauchy sequence for any x € E;. Therefore, we can define a function H : E; —
E2 by

H(x) = lim H,(x).

n—>oo
It follows from (5.14) and (5.18) that
1H (ex) =Y ()H)|| = Tlim [y (B)"|[f (@f"x) — () f(B" )|
< lim |[y(B)[™" @1(a, f"x)
n—oo
=0

foralla € R and x € Eq, which implies that H is ¥-homogeneous. Due to () and
the definition of H, the inequality (5.19) is true.
By a similar way as for the { H, (x)}, if we define

H,(x) = y(B)"g(B"x)
for every x € Eq, then {H, (x)} is a Cauchy sequence. Hence, we may define
H'(x) = lim H,(x).
n—oo
Then, by (5.16), we get
n . .
1H,, (x) = g0 < Y (¥ (B) 7 ©2(B. B x) (©)
i=1
for all x € E;. Furthermore, by (5.14), we have
1 Hy (x) — Hy ()| = [¥(B) "l f(B"x) — g(B"x)

= WA e(l. f"x)
=1/ BT P (1, f"x).

In view of (5.18), it follows that H(x) = H'(x) for all x € E; and hence, the
inequality (5.20) follows from (c).
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Finally, it remains to prove the uniqueness of the ¥-homogeneous function H.
Assume that Hy : E; — E is another y-homogeneous function which satisfies
the inequalities (5.19) and (5.20). Without loss of generality, we suppose that there
exists an xo € Ey with Ho(xo) # 0. Then, by using the ¥-homogeneity of Hy, we
have

Hy(aBxo) = Y (aB)Ho(xo) = ¥ (a)y(B)Ho(xo)
for all @, B € R, and thus
V(aB) = v (@)Y (B) (d)

for any o, B € R.
Consequently, it follows from (5.17), (5.19), and (d) that

[H(x) — Ho(x)||
= [y (B™IT I H(B™x) — Ho(B" )|
<@ (IHB™x) = fFB™ )] + Lf(B™x) — Ho(B" X))

<2 > @I e (BB x)

n=m+1

—0 as m - o©

for all x € E, which proves the uniqueness of H. 0O

From the proof of Theorem 5.15, we may guess that if H does not identically
equal the zero function, then the function v has to be multiplicative.

Corollary 5.16. Let E| and E; be a real vector space and a real Banach space,
respectively. Assume that functions f : E1 — E, and g : E1 — E; satisfy the
inequality

I (@x) —lal’g(x)]| = & + |af"e

forall x € E1 anda € R, wherev > 0, 8§ > 0, and € > 0 are constants. Then, there
exists a unique function H : Ey — E» such that

H(ax) = |a|"H(x),
[H(x)— f(O)f <8+ 2,
[H(x)—gx)| <e

forall x € E;.

Corollary 5.17. Let Ey and E, be a real vector space and a real Banach space,
respectively. Assume that functions f : E1 — Ey and g : E1 — E, satisfy the
inequality

[f(ex) = la|"g ()| = 6 + [a]’e
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forall x € E1 and o € R, wherev > 0, § > 0, and € > 0 are constants.
(i) If 6 = 0, then f is v-homogeneous and

[f(x) =gl <&

forany x € Eq;
(ii) If e = 0, then g is v-homogeneous and

If(x) =g <6
forany x € E;.

A function f : E1 — E, is called a quadratic function if and only if

S +y)+ flx—y)=2f(x) +2/(y)

forall x,y € E;.

Corollary 5.18. Let E| and E; be a real vector space and a real Banach space,
respectively. Assume that functions f,g,h : E1 — E, are given and a constant
8 > 0is given. Then, [ = g + h, where g is a quadratic 2-homogeneous function
and ||h(x)|| <6 forall x € Eq, if and only if

1/ + )+ fx—y) =2f(x) =2f ()|l < 66 (5.21)

and

” flax) —a® f(x) || <8 +a’s (5.22)
forallx,y € Ey anda € R.

Proof. Assume that f = g + h, where g is a quadratic 2-homogeneous function
and ||h(x)| < § forall x € E;. Obviously, we have

If(x+ )+ f(x=y)=2f(x) =2/
= [lA(x +y) + h(x = y) = 2h(x) = 2h(y) ||
<66

and
| flax) — o2 f(x)| = || hax) —a?h(x)| < § + 5

forall x,y € E; and @ € R.
We now assume that the inequalities (5.21) and (5.22) are true. According to
Corollary 5.16, there exists a 2-homogeneous function g : £y — E» such that

1/ (x) —g()ll =6
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foreach x € E.If we defineh = f — g, then f = g + h and ||h(x)|| < § for all
x € E;.By (5.21), we get

lg(e(x +y)) + g(alx — y)) — 2g(ax) — 2g(ay)
+ h(a(x + y)) + h(e(x — y)) — 2h(ax) — 2h(ay)| < 66,

and hence

lgCx +y) + g(x —y) —2g(x) — 2g(»)
+ (1/0®) (h(a(x + »)) + h(a(x — y)) = 2h(ax) — 2h(ay))| < 65/0”

for any o # 0. Finally, if we let « — oo, then
lg(x +y) +g(x—y)—2¢(x)—2g(y)|| =0

for all x, y € Eq, which implies that g is a quadratic function. O



Chapter 6
Linear Functional Equations

A function is called a linear function if it is homogeneous as well as additive.
The homogeneity of a function, however, is a consequence of additivity if the func-
tion is assumed to be continuous. There are a number of (systems of) functional
equations which include all the linear functions as their solutions. In this chap-
ter, only a few (systems of) functional equations among them will be introduced.
In Section 6.1, the superstability property of the “intuitive” system (6.1) of func-
tional equations f(x + y) = f(x) + f(y) and f(cx) = cf(x) which stands for
the linear functions is introduced. The stability problem for the functional equation
f(x +cy) = f(x) + cf(y) is proved in the second section and the result is ap-
plied to the proof of the Hyers—Ulam stability of the “intuitive” system (6.1). In the
final section, stability problems of other systems, which describe linear functions,
are discussed.

6.1 A System for Linear Functions

It is natural for one to expect that the additive Cauchy equation, together with the
homogeneous equation, may determine all linear functions. Thus, the following sys-
tem of the functional equations

Sx+y)=f)+ f(»), (6.1)
£lex) = cf(x) '

may be introduced as a system of equations for linear functions. This section is de-
voted to the study of superstability problems of the system (6.1) of linear functions.
J. Tabor [347] proved a theorem concerning the superstability of the system (6.1).

Theorem 6.1 (Tabor). Let Eq be a real vector space, E> a locally convex topo-
logical vector space, V a bounded subset of E,, and let F : E% — R and
G : Rx E1 — R be such functions that there exists a sequence {cy, } of real numbers
satisfying

lim F(cpx,cny)/cn =0 (6.2)
n—o0
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and
lim G(cp,x)/cn =0 (6.3)
n—>0o0

forall x,y € E. If a function f : E1 — E, satisfies

fx+y)—f(x) = fy) € Flx, n)V, 6.4)
flex) —cf(x) € G(c,x)V '

forallc € R and x,y € Eq, then f is additive. Moreover, if for each x € E the
Sfunction G (-, x) is bounded on a set of positive inner Lebesgue measure or on a set
of the second category with the Baire property, then f is a linear function.

Proof. Tt follows from the second relation in (6.4) that

flenx)/en € f(x) + (Glen, x)/cn)V

forn € N and x € Ej. Since V is bounded, by (6.3) we obtain
lim f(cpx)/cn = f(x) (a)
n—oo

for each x € E;. From the first relation in (6.4) we get

f(cn(x + y))/cn — flenx)/cn — f(cny)/cn € (F(CnX,CnY)/Cn)V

foralln € N and x, y € E;, where by (6.2) and (a) we obtain

S+ —f)—-f(y) =0

for all x, y € E1, which means that f is additive.
For the proof of the second part we arbitrarily fix an x € E and a u € EJ (the
dual space of E5). We put

[ () = p(f(ex))

for all real numbers ¢. Obviously, f* is additive. From the second relation in (6.4)
it follows that

() € ulef(x) + Gle.x)V) ()

for any ¢ € R. By the assumption, G (-, x) is bounded on a set A of positive inner
Lebesgue measure or of the second category with the Baire property. Without loss
of generality, we may assume that A is bounded. Since p is a continuous linear
function, it maps a bounded set into a bounded set. Thus, by (b), f* is bounded on
A, and hence linear (cf. Theorem 2.1, [1, 228]). Now, for an arbitrarily fixed ¢ € R,
we get

1(flex)) = f*(e) = cf*(1) = cpu(f(x)) = p(cf(x)).



6.1 A System for Linear Functions 145

Since this equality holds true for each v € E3, we have

Sflex) =cf(x)
for any ¢ € R and x € E;, which ends the proof. 0O

Tabor [347] noted that the boundedness of the function G(-, x) on a respective
set is an essential assumption of Theorem 6.1: Consider an additive discontinuous
function f : R — R and put

F(x,y)=0 (for x,y € R),
G(c,x) = f(cx) —cf(x) (for ¢,x € R),
V ={1}.

Clearly, both relations in (6.4) hold true. We also have G(c, x) = 0 for ¢ € Q and
x € R. Therefore, for an arbitrary sequence {c, } of nonzero rational numbers, (6.2)
and (6.3) are valid. However, f is not linear.

Using the last theorem, Tabor [347] obtained a more familiar result:

Corollary 6.2. Let E1 and E, be normed spaces, let p # 1 be given, and let a
function H : [0,00)% — [0,00) be homogeneous of degree p and a function K :
[0,00)2 — [0, 00) be homogeneous of degree p with respect to the first variable. If
a function f : E1 — E, satisfies

I£Ge+ ) = £ = fO)I < H (Ix]l Iy, ©5)
I£ex) = e/ @) = K(lel. Ix])

forallc e Randall x,y € Ey, then f is linear.

Proof. Put

F(x,y) = H(llxI.Iyl)  (for x,y € Ey),
G(c,x) = K(|c|, ||x||) (for c e R, x € Ey),
V= {erl | x| < 1}.

Then, in view of (6.5), both conditions in (6.4) hold true. We now claim that there

exists a sequence {c,} satisfying (6.2) and (6.3). In the case of p < 1 we take
¢n = 2". Then we obtain

lim 27" F(2"x,2"y) = lim 2"@"VH (x|, [y]) =0
n—o00 n—oo

and
lim 27G(2",x) = lim 2" DEK(1,|x[) =0
n—o00 n—o0

forall x,y € E;.
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In the case p > 1 we take ¢, = 27". Then,

lim 2" F(27"x,27"y) = lim 2""PH (|lx|). | y]]) = 0

n—o0
and
lim 2"G(2™", x) = lim 2"0"PK(1, |x]) = 0
n—0o0

n—00

forall x, y € E;. We have
G(c.x) = [c|PK(1, | x])

for¢c € R and x € E;. This equality shows that the function G(:, x) is bounded
on every bounded interval, isolated from zero. Hence, we can apply Theorem 6.1,
which ends the proof. O

Taking in Corollary 6.2

H(lIx[l Iyl) = 6(IxlI? + y7)  (for x,y € Ey),
K(cl, Ix]) = 6llex]? (for ¢ € R, x € Ey).

Tabor [347] obtained the following corollary.

Corollary 6.3. Let E1 and E, be normed spaces, and let p # 1 and 6 > 0 be
given. If a function [ : E1 — E; satisfies

{ £+ ») = ) = fODI = ()17 + 1y 117).
[f(ex) = cf(o)l < Oflex]|”

forall c € R and forall x,y € Eq, then f is linear.

6.2 Functional Equation f(x +cy) = f(x) +cf(y)

In the previous section, it was shown that the “intuitive” linear functional equations
(6.1) is superstable. J. Schwaiger [325] introduced the functional equation

fx+ey) = fx)+cf(y)

which is equivalent to the system (6.1) if the related domain and range are assumed
to be vector spaces and proved the stability of the given equation.

Theorem 6.4 (Schwaiger). Let E; and E, be a real vector space and a real
Banach space, respectively, and let ¢ : R — [0, 00) be a function. If a function
f 1 E1 — E; satisfies the inequality
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f(x+cy) = f(x)—cfDIl = ¢(c) (6.6)

forall x,y € Ep and for any ¢ € R, then there exists a unique linear function
L : E1 — E5 such that

[ f(x) = L) < o(1)
forall x € E;.

Proof. For ¢ = 1 we see that the conditions in Theorem 2.3 (see also the comment
just below the theorem) are satisfied with 6 = ¢(1), where L(x) = lim 27" f(2"x)
n—oQ

is the unique additive function such that

I/ () = L) = o(1)

for all x € E;. It remains to show the homogeneity of L. Putting x = 0 and
replacing y in (6.6) with 2"y yield

1/ (2" cy) —cfQ"y) = FO) < ¢(c).

Dividing this inequality by 2" and letting n — oo, we find that

L(cy) = cL(y)
forall y € E; and c € R. O

Using the above theorem we can prove the Hyers—Ulam stability of the system
(6.1) which cannot be deduced from Theorem 6.1.

Corollary 6.5. Let E1 and E; be a real vector space and a real Banach space,
respectively, and let 61, 82 > 0 be given. If a function f : E1 — E, satisfies the
inequalities

I/ +y) = f(x) = fFWII = 1.
I/ (cx) —cfo)ll < 82

for all x,y € Ej and for any ¢ € R, then there exists a unique linear function
L : E1 — E5 such that

/() = L(x)|| <81+ 62

forany x € Ej.

Proof. From the hypothesis we get

[ f(x+cy)— f(x)—cfWDl
<N fx+cy) = f(x) = flen + 11 fey) —cfDI
<81+ 8
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for all x,y € E; and for any ¢ € R. In view of Theorem 6.4 with ¢(c) = 61 + >
(c € R), there exists a unique linear function L : E; — E; such that

/() = L(x)|| < 81 + 82

for any x € Ej. O

6.3 Stability for Other Equations

We start this section with an old theorem which is often called the Eidelheit’s sepa-
ration theorem (see [93] for the proof of this theorem). It plays an important role in
the proof of Theorem 6.7.

Theorem 6.6 (Eidelheit). Suppose E is a topological vector space. Let K; and
K> be convex subsets of E such that Ky has an interior point and K, contains no
interior point of Ky. Then there exists a i € E* such that

p(x) = p(y)
forall x € Ky and forall y € K.

It was shown in Theorem 2.6 that the statement of Theorem 2.5 is no more valid
for the case when p = 1 is assumed in the functional inequality (2.5). Such coun-
terexamples have stimulated many authors to attempt to surpass such awkwardness
of the inequality (2.5) for the case p = 1. B. E. Johnson was one of those mathemati-
cians who worked for this purpose. Johnson [147] provided the following theorem.

Theorem 6.7 (Johnson). Let E be a real Banach space. If a continuous functional
f : E — R satisfies the functional inequalities

| f(c1xt + -+ + cnxn) — 1 f(x1) =+ = ca [ (Xn)|
=< Q(HCIXIH +ooeet ”Cnxn”)

for some 0 > 0 and foralln € N, all¢y,...,cn € R, and all x1,...,x, € E, then
there exists a linear functional L : E — R such that

|f(x) = Lx)| = 30| x|

forall x € E.

Proof. For the special case of n = 1, the above inequality may be expressed as

| f(ex) —cf ()] = Blex]] (@)
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forall ¢ € Randforall x € E, and putting ¢ = 01in (a) yields f(0) = 0. Since f is
assumed to be continuous, there exists an > 0 such that | f(x)| = | f(x)— f(0)|<1
when || x|| < n. Given any x” # 0in E, putc = (2/n)|x’|| and x = (1/¢)x’. Thus,
we get

|fCD = 1f(ex)] < lef()] + Ollex] < @/mIx"| + 61"l

for all x’ € E\{0}.
Put
F={(x,y) e ExR|[|x] <1, y = f(x)}

and let I’ be the closed convex hull of T. Given (x, y) € I/, let {(x", y™)} be a
sequence of convex combinations of elements of I" converging to (x, y). Thus, we
have

Lm) _ Zc(m) ™ and pm = Zc(m) (m) _ Zc(m)f m),

where
ci(M) > 0, Zci(m) = 1, and ”xl(m) ” = 1.
i

By hypothesis, we obtain

) | = (et - e 1)
<0 3]
=0T

< 4.

Taking the limit as m — oo, we have
|f(x)—y| <6 and [x| =1 (b)

for (x,y) e T.
Now, put

={(x,y) € ExR||x|| <1 and 3z <y with (x,z) in I'}.
Let ' be the translate I —(0, 26) of I'. Since I is a subset of Bx[—2/n—0,2/n+

0] and T is also a subset of B x [-2/n — 6,2/n + 0], where B is the closed unit
ball in E, we see that I'" contains B x (2/n + 6, co) and hence is a convex body.
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Since the closed interval [-2/n— 6, 2/n + 0] is compact, it is easily shown that T'+
is closed and hence that it is the closure of its interior. If (x, y) € '™, then there
exists a z with z < y and (x,z) € I/, so by (b), we have z > f(x) — 0, and thus
y > f(x)— 0. Hence, if (x, y) belongs to the interior of I't, then y > f(x)—0.If
(x,y) € I'”, then (x, y + 260) isin I/, so by (b), we get y + 20 < f(x) + 0, i.e.,
y < f(x) — 6. Therefore,

TrHenT” = 0.

Thus, by Eidelheit’s separation theorem (see above), there exist a nonzero linear
functional G on the Banach space £ x R and a number k£ with G(w) > k for
w € (I'")° and hence for win I't, and G(w) < k forw € I'”. Thereisan L € E*
(where E* is the dual space of E) and i € R such that G(x, y) = uy — L(x) for
xeEandy e R.Ify > f(x)and ||x| < 1,then (x,y) € I'T,so uy — L(x) =
G(x,y) > k. By letting y — oo, we see that i > 0. Since (x, f(x)) € I'" and
(x, f(x) —20) € T” for ||x|| < 1, we have pf(x) — L(x) > k while u(f(x) —
20) — L(x) < k for ||x|| < 1.If u were 0, then we would have L(x) = —k for
x| < 1 and hence we would obtain k = 0, L = 0, and G = 0 which would
lead to a contradiction. Thus, we conclude that i > 0. Dividing by u, we may
assume that & = 1. Then, we get k < f(x) — L(x) < k 4+ 26 when || x| < 1. As
f(0) =0 = L(0), this shows that 0 > k > —26, and hence

|f(x) = L(x)| <26 (c)

when || x|| < 1.
For any x’ # 0 in E, put x = x’/||x’||, then ||x|| = 1 holds true. Then, by (a)
and (c), we have

|f() = LD = [ £ (1 llx) = 151 £ O]+ 1x1Lf () = L))
< Ollx"ll +26]1x'|

forall x’ € E. O

P. Semrl simplified the functional inequalities appearing in the last theorem and
proved the stability result. First, we introduce a lemma provided by Semrl [326].

Lemma 6.8. Given normed spaces E1 and E», let f : E1 — E» be a continuous
function satisfying the functional inequality

[fGer 44 x0) = fe1) == fO)| < O(Ixall + -+ [xall) (6.7
for some 0 > 0 and foralln € N, x1,...,x, € E1. Then

20||tx||  (for t = 0),

40|tx|  (for t <0) ©8)

I/ (2x) =2 ()| =

forallt € R and all x € E;.
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Proof. Putting each x; = (1/m)x in (6.7) yields

| £ (Ga/m)x) = nf ((1/m)x)| < Oll(n/m)x],

where n and m are any positive integers. It follows that

| £ ((r/m)x) — (n/m) £ ()|
< [ £ (@m/m)x) =nf ((1/m)x)| + (n/m)|mf((1/m)x) = f(0)]
< 0ll(n/m)x|l + (n/m)8]|x]|

and hence
|f ((n/m)x) = (n/m) f(x)| <20]/(n/m)x]| (a)
foralln,m € N and all x € E;. By (6.7), we get f(0) = 0.
Now, put x; = —(n/m)x, x = (n/m)x,and x3 = --- = x, = 01in (6.7) to
obtain

| £ (= @/m)x) + f((n/m)x)| < 20 (n/m)x|.

while, by (a), we have

| = f((r/m)x) + (n/m) f ()] = 260 (n/m)x].
Combining the last two inequalities yields

|/ (= (/m)x) = (=n/m) f(x)| < 40](n/m)x].
Thus, we have shown that

20|tx||  (for t > 0),

1@ =1f I =3 Jaril (o 1 < 0)

forall 1 € Q and for any x € E;. Since f is continuous, (6.8) is satisfied for all
teRandx € E;. ]

If E is a real Banach space and if a continuous function f : E; — R satisfies
the system (6.7), then

[ flerxt + -+ cnxn) —c1 f(x1) =+ —cun f(xn)l
< flerxi + -+ cnxn) — flerx1) — - = flenxn)|l
+ 1 fcrxt) —er fxO) + -+ + [ f (enxn) — cn f ()l
< O(llcrxill + -+ lenxall) + 40lcixi|l + - + 40| caxall
=50(llcixill + -+ =+ llcnxall)
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foralln € N,allcy,...,c, € R,andforall xq,...,x, € E,. Theorem 6.7, together
with this inequality, implies that there exists a linear functional L : E; — R such
that | f(x) — L(x)| < 150| x| for any x € E;.

In the special case where £; = E, = R, Semrl [326] proved the following
theorem.

Theorem 6.9 (Semrl). If a continuous function f : R — R satisfies the inequality
(6.7) for alln € N and all xq,...,xn, € R, then there exists a linear function
L : R — R such that

|f(x) = L(x)| < 0|x| (6.9)

forall x € R.

Proof. Applying Lemma 6.8 to the present case, we have

20|ts| (for ¢t > 0),

| f(ts) —1f(s)] < {49|,s| (for 1 < 0)

forall s,¢ € R. Thus, for any two nonzero real numbers s and ¢, we find that

|f@)/t = f(s)/s| = (1/[e])| £ (@/5)s) = (/) f(5)]
_ { 20 (for ts > 0),
— |46 (for ts <0).

Let us define
a=sup{f(t)/t|t#0} and b=inf{f(r)/t |1 #0}.
First, consider the case that
a=sup{f(t)/t |t >0} and b=inf{f(r)/t |t >0}.
By the last inequality, we have a — b < 26, and by putting

a+b

L(x) =

X,

we obtain the inequality (6.9) for all x € R. The same argument can also be applied
ifa = sup{f(t)/t |t < 0} and b = inf{f(t)/t |t < 0}.
It remains to consider the case that

a= sup{f(t)/t | t >0} and b =inf{f(t)/t | ¢ <O}.

(We omit the proof of the case

a=sup{f(t)/t|t <0} and b=inf{f(t)/t|t> 0}
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because it goes through in the same way.) As mentioned before, we have to show
that a — b < 26. Replacing f(¢) with f(t) — (1/2)(a + b)t we may assume that
a = —b. Now, we must prove that a < 6.

Assume on the contrary that @ > 6. Since f is continuous, there exist real num-
bers r1,r, (0 < ry < rp) such that

f(t) > 0t (a)

for all ¢ € [ry,r2). We claim that there exists ¢; > 0 such that for every t > ¢
we can find a positive integer m and a real number u € [ry, rp) satisfying t = mu.
Put n = 1 + [r1/(r2 — ry)], where the square brackets denote the integer part of
ri/(rp—r1). Then ¢; = nry has the above property. For, if t > nry, putm = [t/rq].
Thenm > nand mr; <t < (m+ l)ry,sot € [mry, (m + 1)ry). Also, since
m > n, we have m > ry/(r, — r1) which implies that (m + 1)r; < mry, so that
t € [mry,mry), i.e., there exists a u € [ry,rp) with # = mu. Similarly, there exist
negative numbers p1, pa, c2 with p; < p, such thatt € (p1, p»] implies

f@) > -0t ()

while for each ¢ < ¢, there exist a positive integer k and a real number w € (p1, p2]
with t = kw.

Now, choose ¢ > max {cl, |cz|}. Then, we may take t = mu = —kw with
u € [r1,r2) and w € (py, p2]. Since f(w) > —6w, f(w) > 0. By (a) and (b),
we get

| f(0) =mf(u) —kfw)| = |mf(u) + kf(w)
= mf(u) +kf(w)
> O(mu — kw)
= 9(m|u| +k|w|),

since u € [ry,r2) and w € (p1, p2]. On the other hand, by (6.7), we obtain

|f0) —mf(u) —kfw) = |f(mu+kw) —mf(u) —kf(w)]
< O(mlu| + k|wl),

since mu = —kw and m, k are positive integers. This contradiction ends the proof
of the theorem. O






Chapter 7
Jensen’s Functional Equation

There are a number of variations of the additive Cauchy functional equation, for
example, generalized additive Cauchy equations appearing in Chapter 3, Hosszi’s
equation, homogeneous equation, linear functional equation, etc. However, Jensen’s
functional equation is the simplest and the most important one among them.
The Hyers—Ulam—Rassias stability problems of Jensen’s equation are proved in
Section 7.1, and the Hyers—Ulam stability problems of that equation on restricted
domains will be discussed in Section 7.2. Moreover, the stability result on a re-
stricted domain will be applied to the study of an asymptotic property of additive
functions. In Section 7.3, another approach to prove the stability will be introduced.
This approach is called the fixed point method. The superstability and Ger type sta-
bility of the Lobacevskii functional equation will be surveyed in the last section.

7.1 Hyers-Ulam-Rassias Stability

The simplest and most elegant variation of the additive Cauchy equation is Jensen’s
functional equation which may be expressed in the form

X+Yy
2

2 (F55) = f0) + £,
Every solution of Jensen’s functional equation is called a Jensen function. It is
well-known that a function f between real vector spaces with f(0) =0 is a Jensen
function if and only if it is an additive function (see [258,278]). We may refer to the
paper [129] of H. Haruki and Th. M. Rassias for the entire solutions of a generalized
Jensen’s functional equation.

Using the ideas from Theorems 2.3 and 2.5, S.-M. Jung [163] proved the Hyers—
Ulam—Rassias stability of Jensen’s functional equation.

Theorem 7.1 (Jung). Let E and E, be a real normed space and a real Banach
space, respectively. Assume that §, 0 > 0 are fixed, and let p > 0 be given with
p # 1. Suppose a function f : E1 — E, satisfies the functional inequality

S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 155
Analysis, Springer Optimization and Its Applications 48,
DOI 10.1007/978-1-4419-9637-4_7, (© Springer Science+Business Media, LLC 2011
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xX+y
2

27 (332) - ro = ro)| s+ 6007+ 1v17) @

forall x,y € E. Furthermore, assume f(0) = 0and § = 0 in (7.1) for the case of
p > 1. Then there exists a unique additive function A : E1 — E, such that

- S+ /O + @7 =1)"0lx|”  (for p <),
1760 = A = 8,500 g AR
forall x € E;.
Proof. If we put y = 0in (7.1), then we have
12f(x/2) = fO) <8+ [ £O)] + Olx]|? (a)

for all x € E;. By induction on 1, we prove

127 £2"x) = Nl < (8 + 1O Y27 + 6)lx]? 3270 (b)

k=1 k=1

for the case 0 < p < 1. By substituting 2x for x in (a) and dividing the resulting
inequality by 2, we see the validity of (b) forn = 1. Assume now that the inequality
(b) holds true for some n € N. If we replace x in (a) with 2"*1x and divide by 2
the resulting inequality, then it follows from () that

H27("+1)f(2”+1x) _ f(x) ”
<2727 F (27 x) = FRM)| + 1127 £2x) = f()l

n+1 n+1
< (§+11O1) ZZ"‘ +0x||” ZZ—(l—p)k.
k=1 k=1

This ends the proof of the inequality (b).
Let us define

A(x) = nli)rgo 27" (2" x) (c)

for all x € E;. The function A4 is well defined because E; is a Banach space and
the sequence {27" f(2"x)} IS a Cauchy sequence for all x € E;: Forn > m we use
(b) to obtain

127" f2"x) =277 F 2" |
=272 F 2 x) — (27|
mp

2
<2 (5 + 1/ O+ 55— 01x117)

— 0 as m — oo.
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Let x, y € E be arbitrary. It then follows from (c¢) and (7.1) that

A+ y) = A(x) = Al

2n+1
-t (Z) |
n—00 2
< lim 2—("“)(8 + 62007 (|| x||P + IIyII”))
n—oQ0
- 0.

Hence, A is an additive function, and the inequality (») and the definition (c) imply
the validity of the first inequality in (7.2).

Now, let A’ : E{— E, be another additive function which satisfies the first
inequality in (7.2). It then follows

[AG) — A'()] = 27" AQ2"x) — A'2" )|
=27(1AQ"x) = fQ" )| + 1 £ (2"x) — A'(2"0)])
26

< 2_"(25 200+ 57—

277 ||x|17)
for all x € E; and for any n € N. Since the right-hand side of the last inequality
tends to zero as n — 0o, we conclude that A(x) = A’(x) for all x € E;, which
proves the uniqueness of A.

For the case when p > 1 and § = 0 in the functional inequality (7.1) we can
analogously prove the inequality

n—1
12" f@7"x) = f()l| < Oflx|[P D 2Pk

k=0

instead of (b). The remainder of the proof for this case continues in an analo-
gous way. 0

As mentioned in [163], the proof of the Hyers—Ulam—Rassias stability of Jensen’s
functional equation for the case of p = 0 can be achieved similarly as in that of
Theorem 7.1.

Corollary 7.2. Let E1 and E, be a real normed space and a real Banach space,
respectively. Assume § > 0 is fixed. Suppose a function f : E; — E, satisfies the
inequality (7.1) with 0 = 0 for all x,y € E;. Then there exists a unique additive
function A : E1 — E» satisfying the first inequality in (7.2) with 6 = 0.

Let p € [0, 1) be given. By substituting x 4+ y for x and putting y = 0 in (7.1)
we get

2 (F22) = s+ 0| =8+ 171+ 61617 + 1y17).
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This inequality, together with (7.1), yields

£+ )= () = fODII <28+ | O + 260 ([|x[1? + v1I7)

forall x, y € E;. According to Theorems 2.3 and 2.5, there exists a unique additive
function 4 : £1 — E5 such that

0
1f () — A <28+ | FO) + ——

for any x € E, which is by no means attractive in comparison with the first in-
equality in (7.2).

We also remark that the ideas from the proof of Theorem 7.1 cannot be applied
to the proof of the stability of (7.1) for the case p < 0. An essential process in the
proof of Theorem 7.1 was to put y = 0 in the inequality (7.1) which is impossible
in the case p < 0. The Hyers—Ulam—Rassias stability problem for the case of p < 0
still remains as an open problem.

As discussed at the end of Theorem 2.6, Th. M. Rassias and P. Semrl have con-
structed a continuous real-valued function in their paper [310] to prove that the
functional inequality

£+ ») = ) = FODI < 0(lx] + lIvll)

is not stable in the sense of Hyers, Ulam, and Rassias. By using this result, S.-M.
Jung [163] proved that the function constructed by Rassias and Semrl serves as a
counterexample to Theorem 7.1 for the case p = 1 as follows:

Theorem 7.3. The continuous real-valued function defined by

_ {xlog,(x +1) (for x > 0),
Tt = {xlogz lx — 1] (for x <0)
satisfies the inequality
‘Zf(x;y)_f(x)_f(”’ < 2(x] + 1yl). (7.3)

forall x,y € R, and the image set of | f(x) — A(x)|/|x| for x # 0 is unbounded
for each additive function A : R — R.

Proof. The given function f is continuous, odd, and convex on (0, 00). Let x and
y be positive numbers. Since f is convex on (0, 00), it follows from the fact

F0+ ) = £0) = fO)] = G+ =27 () @
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that

242 2
49 = £) = FOII = (e y)logy 5 2 < x4 bl )

for all x,y > 0. Since f is an odd function, (b) holds true for x, y < 0 as well.
Since (b) holds true for x = 0, y = 0, or x + y = 0, it only remains to consider
the case when x > 0 and y < 0. Without loss of generality, assume |x| > |y|. By
oddness and convexity of f and by (a), we get

lfx+y) =) =D =1/(x) = fx +y) = f(=p)]
J(x) =2f(x/2)

IA

< |x[+ [yl

since x + y and —y are positive numbers. Thus, the inequality (b) holds true for all
x,y € R.

By substituting x/2 and y /2 for x and y in (b), respectively, and multiplying by
2 both sides, we have

x+y

27 (F5%) —2£ /2 -2/ (/2| = Il + 1y ©
for any x, y € R. Putting x = y and dividing by 2 both sides in (c¢) yield
|/ (x) =2f(x/2)] = |x]| (d)

for x € R. By using (c) we obtain

2r (F3) - 270/ - 2700/2)
\2f(x T~ S = FO) + £ =21/ + F3) =2/ (3/2)
< lxl+ Iy

for x, y € R. The validity of (7.3) follows immediately from (d) and the last in-
equality. It is well-known that if an additive function 4 : R — R is continuous at
a point, then A(x) = cx where c is a real number (see Theorem 2.1). It is trivial
that | f(x) — cx|/|x| — oo as x — oo for any real number ¢, and that the image
set of | f(x) — A(x)|/|x]| for x # 0 is also unbounded for every additive function
A : R — R which is not continuous because the graph of the function A is every-
where dense in R? (see Theorem 2.2). O
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It should be remarked that K.-W. Jun, D.-S. Shin, and B.-D. Kim proved the
Hyers—Ulam—Rassias stability of Jensen’s functional equation of Pexider type (see
[155, Corollary 2.4]).

7.2 Stability on a Restricted Domain

In the following lemma, Z. Kominek [224] proved the stability of Jensen’s func-
tional equation on a restricted domain. This lemma is a version for Jensen’s equation
of Lemma 2.29.

Lemma 7.4. Let E be a real Banach space and let N be a given positive integer.
Givenc > 0, let f : (—c,c)N — E be a function satisfying

l2r (55) - r@ - ron] = 8

for some § > 0 and for all x,y € (—c,c)N with (1/2)(x + y) € (—c,c)N. Then
there exists a Jensen function J : RN — E such that

[ f(x) = J(X)| = (25N —4)8
forany x € (—c,c)V.

Proof. If we define a function f : (—c,c)¥ — E by fi(x) = f(x) — f(0), then
f1 satisfies the inequality

X+Yy
2

2A(52) - @ - A =9 (@)
forall x, y € (—c,c)V with (1/2)(x + y) € (—c,c)V. Put

A, = (_ e 2—n+1c)N\(_2—nc, 2—nc)N
for each n € N. We define a function g : (—c,c)N — E by

g(x) =27"F1 (27 x)

forall x € A, and any n € N.
Since f1(0) = 0, putting y = 0 in (a) yields

12f1(x/2) — fi(x)] < 6.
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Replacing x with x/2 in the last inequality and multiplying the resulting inequality
by 2 yield

|22 /1(27%x) = 2 f1(x/2)| < 26.

Similarly, we obtain
|25 fi27Fx) =2 (27| < 251 (b)

for all x € (—c,c)" and any k € N. Hence, using the triangle inequality and
summing the inequalities in (b) correspondingto k € {1,...,n — 1}, we have

2 AT — A = @ - )8,
Replacing x with 2"~ !x and dividing the resulting inequality by 2"~ yield

If1(x) =gl =8 (c)

for all x € A,. Moreover, we have g(x) = 2g(x/2) for any x € (—c,c)". This
fact, together with (a) and (c), implies that

lg(x 4+ y) —g(x) =gl

= HZg(x er y) —gx) — g(y)H

<2s(*32) - A(5)] + 1A - g0l

F1A0) -l + [24(33E) - A - A1)
<56

forall x, y € (—c,c)N such that (1/2)(x + y) € (—c,c)N.
Due to Lemma 2.29, there exists an additive function 4 : RY — E such that

lg(x) — AX)|| = SN —1)56 (d)

for x € (—c,c)V. Define a function J : RY — E by J(x) = A(x) + f(0). Then,
J is a Jensen function. By (c¢) and (d), we have

[f(x) =T = [Ifi(x) — AX)]]
< [[/i(x) =g + [lg(x) — AX)]|
< (25N — 4)8

for each x € (—c,c)N. O

Using the last lemma, Kominek [224] proved a more generalized result on the
Hyers—Ulam stability of Jensen’s equation on a restricted domain.
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Theorem 7.5 (Kominek). Let E be a real Banach space and let N be a given
positive integer. Let Dy be a bounded subset of RN . Assume that there exists an xo
in the interior of D1 such that the set D = D1 —Xxy satisfies the following conditions:

(i) (1/2)D C D,
(ii) (—c,c)N C D for some ¢ > 0,
(iii) D C (=2"c,2"c)N for some nonnegative integer n.

If a function f : D1 — E satisfies the functional inequality

X+Yy
2

127 (F52) - re - | =

for some § > 0 and for all x,y € Dy with (1/2)(x + y) € D1, then there exists a
Jensen function J : RN — E such that

[ f(x)—Jx)| < (2"(25N —3) —1)§
for each x € D;.

Proof. If we define a function f : D — E by fo(x) = f(x + xo) forall x € D,
then fj satisfies the inequality

X+Yy
2

126(%55) = fot) = o) =8

forall x,y € D with (1/2)(x + y) € D.
Similarly, as in the proof of Lemma 7.4, we define the functions f; and g,
namely,

J1(x) = fo(x) — fo(0)
for x € D and
g(x) — 2_k+1f1 (2k—1x)

for x € Ay (k € N), where
A = (—27F+1e, 27 * 1N (— 27k, 27k )Y,

We note that
I fi(x) =2" 17" 0)| = (2" = 1)8 (a)
foreach x € D, and

If1(x) =gl =8 (b)

forall x € (—c,c)V.Let A : RY — E be an additive function such that

lg(x) — AX)|| = SN —1)56 (c)
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for x € (—c,c)" (see (d) in the proof of Lemma 7.4). Taking any x € D, by (a),
(b), and (c), we obtain

I/1(x) = A < 1 /1(x) =2" Q"0 + 2% /1(27"x) — AQ7"x)|
=1/ =2" 127" + 2" A127"x) — g7l
+2"g(2™"x) =A@ )|
< (2"(25N —3) —1)6.
Now, we put
J(x) = A(x = x0) + fo(0)

for x € R . Then, J is a Jensen function. By the last inequality, we get

1/ Ce) = Tl = Nl fo(x = x0) = A(x = x0) = fo(O)|
= [ /1(x —x0) — A(x — x0) |
< (2"(25N =3)—1)8

foreach x € D;. O

Let D be an open and convex subset of RY. A function f : D — R is said to
be J-convex (convex in the sense of Jensen) if the inequality

X +y
2

2/ (55) = F@) + 1)
holds true for all x, y € D. If the inequality sign “<” is replaced with “>" in the
above inequality, f is said to be a J-concave function.

We say that a subset 7 of RY belongs to the class A if and only if every J-
convex function defined on a convex open domain D O T bounded above on T is
continuous on D.

The following theorem was presented by Kominek [224].

Theorem 7.6. Let D be an open convex subset of RN and let T C D be a fixed set
belonging to the class A. If f : D — R is a J-convex functionand g : D — R is
a J -concave function and, moreover,

f(x) = g(x)

forall x € T, then there exist an additive function A : RN — R, a convex function
F : D — R, and a concave function G : D — R such that

f(x) = A(x) + F(x),
g(x) = A(x) + G(x)

forevery x € D.
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Proof. Put
p(x) = f(x) —g(x)

for all x € D. We note that ¢ is a J-convex function bounded above on T'. Thus, ¢
is continuous on D. Let D; be an open convex and bounded subset of D for which
there exists a constant M > 0 such that

lp(x)| =M (a)

for any x € D;. From the definition of ¢, J-concavity of g, J-convexity of f, and
(a) it follows that

0 < 2g(¥) —8(x) —g(y)
=2/ (% er B) - s - fo) - (2¢(¥) —p(x) — (1))
<4M

forall x, y € D;. In particular,

xX+Yy
‘2g( > ) —g(x) —g(y)’ <4M
forall x,y € D;.

On account of Theorem 7.5 there exist a Jensen function J : R¥ — R and a
nonnegative integer n such that

lg(x) —J(x)| < (2"(25N -3)— 1)4M (b)

foreach x € D;.
Now, we define functions A, F', and G by

A(x) = J(x) = J(0) (x e RY),
G(x) = g(x) — A(x) (x € D),
F(x) = ¢p(x) + G(x) (x € D).

Then, A is an additive function. On account of (b), the function G is J-concave
bounded below on D1, and hence it is concave on D. The function F' is convex
since it is continuous and J-convex. Moreover, it is easily indicated that f(x) =
A(x) + F(x) and g(x) = A(x) + G(x) forany x € D. O

S.-M. Jung [163] proved the stability of Jensen’s functional equation on a re-
stricted and unbounded domain, and applied the result to the study of an asymptotic
behavior of additive functions.

Theorem 7.7 (Jung). Let E; and E» be a real normed space and a real Banach
space, respectively. Assume that d > 0 and § > 0 are given. If a function f :
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E1 — E, satisfies the functional inequality

X+y

27 (55) - r@ - s =8 (74)

forall x,y € Ey with ||x|| + ||¥|l = d, then there exists a unique additive function
A Ey — E5 such that

I/ (x) = A = 58 + [ fO)] (7.5)
forall x € E.

Proof. Suppose ||x|| + ||y|| < d.If x = y = 0, we can choose a z € E such that
|lz]l = d. Otherwise, let z = (1 + d/||x||)x for ||x|| = ||y|| orz = (1 + d/||y||)y
for ||x|| < ||¥|l. It is then obvious that

lx =zl + [y +zll = d,

122 + llx — 2|l = d,

Iyl + 12zl = d. (a)
Iy +zll + llzll = d,

Il + izl = d.

From (7.4), (a), and the relation

2/ (552) - 10 - )
=2/ (222) - fa-a - f0 +2)
(2 () - reo - re-a) 27 (2 - o - s
~(2r(F2E) - 10 +9- 1@) +27 (S5 - 10 - fe00
we get
l2r (F52) - 10 - 10| < 5. (b)

In view of (7.4) and (b), the function f satisfies the inequality (b) forall x, y € Ej.
Therefore, it follows from (b) and Theorem 7.1 that there exists a unique additive
function 4 : E; — E, satisfying the inequality (7.5) for all x € E;. O

Using the result of Theorem 7.7, Jung [163] proved an asymptotic behavior of
additive functions.

Corollary 7.8. Suppose a function f : E1 — E, satisfies the condition f(0) = 0,
where Ey and E, are a real normed space and a real Banach space, respectively.
The function f is additive if and only if
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[/ (F22) = 10 - 10)| = 0 as Ixl + Iyl = 0. 76)

Proof. On account of (7.6), there exists a sequence {3, } monotonically decreasing
to 0 such that

27 (F32) - e - 100 = 8 (@)

for all x,y € E; with | x|| 4+ ||y]| = n. It then follows from (a) and Theorem 7.7
that there exists a unique additive function A, : E; — E; such that

[ f(x) = An(x)|| < 56, (b)
forall x € Eq. Let £,m € N satisfy m > £. Obviously, it follows from (b) that
[ /(x) = Am(x)[| < 58m < 58

for all x € E; since {§,} is a monotonically decreasing sequence. The uniqueness
of A, implies A,, = Ay. Hence, by letting n — oo in (b), we conclude that f is
additive. The reverse assertion is trivial. |

7.3 Fixed Point Method

Using the fixed point method (Theorem 2.43), L. Cddariu and V. Radu [55] proved
the Hyers—Ulam—Rassias stability of the Jensen’s functional equation.

Theorem 7.9 (Cadariu and Radu). Let E and E, be a (real or complex) vector
space and a Banach space, respectively. Assume that a function f : E1 — E,
satisfies f(0) = 0 and the inequality

H2f<x+y) —f(X)—f(y)H < g(x,y) (1.7)

forall x,y € Ey, where ¢ : E? — [0,00) is a given function. Moreover, assume
that there exists a positive constant L < 1 such that

@(x,0) < Lqip(x/qi,0) (7.8)
forany x € Ey, where qo = 2 and q1 = 1/2. If ¢ satisfies

lim ¢;"¢(qj'x.qi' y) =0 (7.9)

n—oo

forall x,y € Ej, then there exists a unique additive function A : E1 — E, such

that )
1—i

L
If(x) — A = ALY (7.10)

forany x € E;.
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Proof. Let us define
X ={g:E1 — E2| g(0) =0}
and introduce the generalized metric d on X:
d(g,h) = inf{C €[0,00] | lg(x) — h(x)|| < Cep(x,0) forall x € El}.

Then, (X, d) is complete (ref. [181, Theorem 2.1]).
We now define an operator A : X — X by

(Ag)(x) = (1/4i)g(gix).

Forany g,h € X, d(g,h) < C implies that

lg(x) = ()] = Co(x.0)

or
|(1/gi)g(qix) — (1/g)h(gix)| < (1/4:)Cp(gix,0)

for all x € E;. It follows from (7.8) that

|(1/90)g(qix) — (1/gi)h(gix) | < LCp(x,0)

for any x € Ej. That is, if d(g,h) < C, then d(Ag,Ah) < LC. Therefore,
we conclude that d(Ag, Ah) < Ld(g,h) for all g,h € X. Indeed, A is strictly
contractive on X with the Lipschitz constant L.

Assume that i = 0. If we set x = 2¢ and y = 0 in (7.7), then it follows from
(7.8) that

£(t) —(1/2) f2D)|| < (1/2)9(2t,0) < Le(t,0)
foreacht € Ej,ie.,d(f,Af) <L =L"' < 0.
Fori = 1, we put y = 0in (7.7) to obtain

12/ (x/2) = fF) = ¢(x.0)
forall x € E;. Thus,d(f.Af) <1 = L% < <.
In both cases we can apply Theorem 2.43 and conclude that there exists a func-

tion A : E; — E, with A(0) = 0 such that

AQ2x) = 2A(x) (a)
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for any x € E; and A is the unique function satisfying (a) in the set
X*={geX|d(fg) < oo},
i.e., there exists a constant C > 0 such that

[A(x) = f(0)]l = Co(x.0) ()

forall x € E;.
Moreover, according to Theorem 2.43 (i), d(A" f, A) — 0 as n — oo, which
implies that
Alx) = lim g;" f(g;'x) (c)

for each x € E;. Due to Theorem 2.43 (iii), we have

L G(F AR o difdy <
drngy o dtpay <

a(f,A4) <

which implies the validity of (7.10).
If we replace x and y in (7.7) with 2¢" x and 247 y, respectively, then we get

lai™ £ (g7 (x + ) = (1/2)g;" f(2q!'x) — (1/2)g; " f 247 y) |
< (1/2)q;"¢(2q]'x,2q]'y)

for all x,y € E;. In view of (7.9), if we let n — oo in the last inequality, then we
obtain
A(x +y) = A(x) + A(y)

forany x,y € E;. O

7.4 Lobacevskii’s Functional Equation

In this section, the superstability of Loba&evskii’s functional equation

(22 = s (.11)

will be investigated. P. Gavruta contributed to the following theorem (ref. [114]).

Theorem 7.10. Let G be a 2-divisible abelian group. If a function f : G — C
satisfies the inequality

‘f(x;y)z—f(mf(y) = 7.12)
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forall x,y € G and for some § > 0, then either
SO < (1/2(LSO)] + (LFO)] + 48)'/?)

forall x € G, or f is a solution of Lobacevskii’s functional equation (7.11).

Proof. Suppose there exists an xo € G with

| o)l > (1/2)(1 £ O)] + (| F©O) + 48)"/?). (a)

If we replace x and y in (7.12) with 2x and 0, respectively, then we have

[f(x)* = f(0) f(2x)| < & ()

for all x € G. If we had f(0) = 0, then it would follow from (b) that | f(x)| <
V8 for any x € G. However, by (a), we get | f(xo)| > +/8, which leads to a
contradiction. Hence, we conclude that f(0) # 0.

In view of (b), we obtain

| FOILf@x)] = [ f(x)* + (£(0) f(2x) = f(x)?)]|
> [fF = f(0) f2x) — f(x)?]

> |f())P =8
for each x € G. Thus, we have
| f(0)> =6
70l = G (©

forall x € G. We now set
a=1/2)(f O]+ (fO +48)"?) and B =|f(xo)| — e (d)
It then follows from (a) and (d) that
|f(xo)| =a+p and B> 0.

Now, we will prove that

|f2"x0)| = o +2"B (e)
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for all n € N. Putting x = x¢ in (¢) yields

@+B2—5 _  20p+p _

Vel T T o ¢

o+ 28
since

o> =|f(0)|a+38, a>|f(©0), and B> 0.

That is, the inequality (e) is true for n = 1. Assume that (e) is true for some integer
n > 0.If we put x = 2"x¢ in (c), then

(a+2nﬁ)2_5 2n+106ﬂ—|—22n/32
2n+1 — n+1 ,
/@™ x0)| 2 =7 Y ) R

which ends the proof of (e).
We set x, = 2"x¢ for any n € N. Then, by (7.12), we get

‘f(xn)f(X) - /(= Zx”)z‘ <4

forall x € G and n € N. Hence, it follows from (e) that

Fe0 = Jim fean ™ (2E)

for all x € G. Hence, we obtain

fOf) = lim (f(xnrlf(”zx")f(y zx"))z,

Y (e (Y

()

On the other hand, it follows from (7.12) that

'f(xn)_l(f<x+xn)f(y+xn)_f<x+y+2xn>2)

. . . < 8/1f Gl

forall x,y € G andn € N.If we let n — o0 in the last inequality, then ( /) implies
that

(52 = rws)

forany x,y € G. O
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We introduce a theorem concerning the Ger type stability of Loba&evskii’s func-
tional equation (7.11) presented by S.-M. Jung [170].

Lemma 7.11. Let (G,4) be a cancellative abelian group which is uniquely
2-divisible, and let ¢ € (0, 1/8). If a function f : G — R satisfies the congruence

X+Yy
2

2 (552) - @)~ fO) € (-ee) + 7 (7.13)

forall x,y € G, then there exists a function p : G — R such that

pix+y)—px)—p(y)eZ
forany x,y € G, and
| f(x) = p(x) — f(O)] < 2¢
forallx € G.

Proof. 1f we put y = 0in (7.13), then we have

2f(x/2) = f(x) = f(0) € (—e.6) + Z (@)

for every x € G. Let us define a function g : G — R by g(x) = f(x) — f(0).
It then follows from (7.13) and (a) that

gx +y)—gx)—gy)
= 2g(#) —gx)—g(y) +glx+y) - Zg(#)
€ (—2¢&,2e)+ Z

forany x,y € G.
According to Corollary 2.48 (or [170, Theorem 3]), there exists a function p :
G — R such that

p(x+y)—px)—py)eZ
forany x,y € G, and
lg(x) — p(x)| = 2¢
for all x € G, which ends the proof of our theorem. O

Let §p &~ 0.344446... be one of the real solutions of the equation

xXvV5—4x =1—x.
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More precisely, we define §y by

1/3
511 510\"
7373\ 4

0+4r . 0+ 4w 2r—60 . 2w —0
-( cos 3 + i sin 3 + cos 3 + i sin 3 ,

where 6 &~ 91.812153...° satisfying sin 6 = (9/10)/37/30.

Theorem 7.12. Let E be a real normed space and let § € [0, §o) be a constant. If a
function f : E — C\{0} satisfies the inequality

<$ (7.14)

() o -

forall x,y € E, then there exists a unique exponential function F : E — C\{0}
such that

max{|f(x) f(0)~' F(x)~"' -1
< m(s —45)1/2

FOF@) f()™ = 1]}

’

(7.15)

forall x € E.
Proof. Tt follows from (7.14) that

‘N#)‘Z . x+y
L exp(z (2are  (“52) —arg ) —are f(y))) 1| <s

for all x, y € E. Therefore, we obtain

=5 < |/ (S30) Ir@tiron <1+ @
and
2argf(x ‘|2' y) —arg f(x) —arg f(y) c [_ Sin_l 5 Sil’l_l 5] Y onZ

forany x,y € E.

We define a function g : E — R by g(x) = (1/2x)arg f(x). Since § < 1//2
means (1/27)sin"'§ < 1/8, we can apply Lemma 7.11 to this case. Thus, there
exists a function p : E — R such that

p(x +y)—px)—p(y) € 2nZ (®)
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and
|arg f(x) — p(x) —arg f(0)| <2sin""§ (c)

forany x,y € E.
If we define a function /2 : E — R by h(x) = In| f(x)|, it then follows from (a)
that

‘Zh(x er y) —h(x) = h(y)| < —In(1 - §)

for x,y € E. According to Theorem 7.1, there exists a unique additive function
a : E — R such that

|h(x) —a(x) —h(0)| = —In(1 - &) (d)

foreach x € E.
We now define a function F : E — C\ {0} by

F(x) = exp (a(x) +ip(x)). (e)
From the additivity of @, (b), and (e), we can easily show that F is an exponential

function.
We observe

| f() O () —1
= | exp (h(x) — a(x) — h(0)) exp (i (arg f(x) — p(x) —arg £(0))) — 1].

In view of (c) and (), the complex number f(x) £(0)~! F(x)~! belongs to the set
A= {)L €eC|1-8<|A|<(1—=8)""and —2sin"'§ <argA < 2sin”! 8}.

From this fact, it is not difficult to see
—1 -1 $ 1/2
|f(x)f(0) F(x) —1| = m(5—45)

for every x € E. The inequality for | f(0) F(x) f(x)~! — 1] in (7.15) may be proved
in a similar way.
The hypothesis for § means that there is a constant 0 < 8 < 1 with

18T8(5—48)1/2 <B<1. (f)
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Let F' : E — C\{0} be another exponential function satisfying the inequality
(7.15) instead of F'. Since

F(2"x) = F(x)¥" and F'(2"x) = F'(x)*"

forall x € E and for any n € N, it follows from (7.15) and ( f') that

F(x) (F(znx))“

F'(x)  \ F'(2"x)
_ (f«»F(z"x))”( £(2"x) )2”
U femw) f(0)F'(2nx)

— 1 as n — oo,

implying the uniqueness of F'. O

The stability problem of Loba&evskii’s functional equation on restricted domains
and an asymptotic property of the exponential functions were investigated in [170].



Chapter 8
Quadratic Functional Equations

So far, we have discussed the stability problems of functional equations in
connection with additive or linear functions. In this chapter, the Hyers—Ulam—
Rassias stability of quadratic functional equations will be proved. Most mathemati-
cians may be interested in the study of the quadratic functional equation since the
quadratic functions are applied to almost every field of mathematics. In Section 8.1,
the Hyers—Ulam—Rassias stability of the quadratic equation is surveyed. The stabil-
ity problems for that equation on a restricted domain are discussed in Section 8.2,
and the Hyers—Ulam—Rassias stability of the quadratic functional equation will be
proved by using the fixed point method in Section 8.3. In Section 8.4, the Hyers—
Ulam stability of an interesting quadratic functional equation different from the
“original” quadratic functional equation is proved. Finally, the stability problem of
the quadratic equation of Pexider type is discussed in Section 8.5.

8.1 Hyers-Ulam-Rassias Stability

The quadratic function f(x) = cx? (x € R), where c is a real constant, clearly
satisfies the equation

fx+n+fx—y)=2f(x)+2/(). (8.1)

Hence, the equation (8.1) is called the quadratic functional equation.

There are a number of functional equations considered as quadratic and one of
them will be introduced in Section 8.4. A quadratic function implies a solution of
the quadratic functional equation (8.1).

A function f : E; — E; between real vector spaces is a quadratic function if
and only if there exists a symmetric biadditive function B : E? — Ej such that
f(x) = B(x, x). (A function B : E12 — E5 is called biadditive if and only if B is
additive in each variable.) If f is a quadratic function, then the biadditive function
B is sometimes called the polar of f and given by

B(x,y) = (1/H(f(x +y) = f(x = y)).

S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 175
Analysis, Springer Optimization and Its Applications 48,
DOI 10.1007/978-1-4419-9637-4_8, (© Springer Science+Business Media, LLC 2011
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F. Skof [331] was the first person to prove the Hyers—Ulam stability of the
quadratic functional equation (8.1) for functions f : E1 — E, where E; and E,
are a normed space and a Banach space, respectively. P. W. Cholewa [70] demon-
strated that Skof’s theorem is also valid if E is replaced with an abelian group G.

Theorem 8.1 (Skof). Let G be an abelian group and let E be a Banach space. If a
function f : G — E satisfies the inequality

[f(x+y)+ flx=y)=2f(x) =2/ =6

for some § > 0 and for all x,y € G, then there exists a unique quadratic function
0 : G — E such that

[f(x) =0l = (1/2)8
forany x € G.

I. Feny6 [102] improved Theorem 8.1 by replacing the bound (1/2)§ with the
best possible one, (1/3)(8 + || f(0)]|). The proof of Theorem 8.1 is a special case
of that of Theorem 8.3 by S. Czerwik [87], and hence, it will be omitted. Before
starting the theorem of Czerwik, we need a lemma provided by the same author.

Lemma 8.2. Let E1 and E, be normed spaces. Assume that there exist §, 0 > 0
and p € R such that a function f : E1 — E satisfies the inequality

If G+ y) + for=p) =2f() =2fWI <8+ 0(IxI” + lIyI7) (8.2

forall x,y € E1\{0}. Then for x € E1\{0} andn € N

If(2"x) = 4" f)|
<13 =1)E+c)+2-4"9x|P(1+a+---+a"") (83)

and

[f(x) =4 f27" )l
<A/HA = 1)+ o) + 2" POx||P(1+ b+ -+ "), (84)

where a =272, b =227? and ¢ = | f(0)].
Proof. Putting x = y # 0in (8.2) yields

1/ 2x) = 4f )l < 1/ O] + 8 +20]x]1”

which proves (8.3) for n = 1. Assume now that (8.3) holds true for each k < n and
x € E1\{0}. Then, for n + 1, we have
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||f(2n+1x) _ 4n+1f(x) ”
< 1/2-2"0) = 4f@" )| + 4I1Lf2"x) = 4" ()l
<8 4c+202"x]” + 4/3) G+ )" - 1)
+2-4"0|x|”(1 +a+---+a""")

=1/HF" T 1) +c)+2-4"0x|”(1 +a+---+a"),
which proves the validity of the inequality (8.3).
Similarly, taking x = y = ¢/2, we can verify the inequality (8.4) forn = 1.

Applying the induction principle we get the result for all » € N, which ends the
proof. O

S. Czerwik [87] has proved the Hyers—Ulam—Rassias stability of the quadratic
functional equation (8.1).

Theorem 8.3 (Czerwik). Let E1 and E, be a normed space and a Banach space,
respectively. If a function f : E1 — E, satisfies the inequality (8.2) for some
8,0 >0, p <2andforall x,y € E1\{0}, then there exists a unique quadratic
Sfunction Q : E1 — E, such that

/() = QI = (1/3)(8 + ¢) +2(4 = 27)710]|x||? (8.5)

Sfor any x € E1\{0}, where ¢ = | f(0)].

Proof. Let us define
On(x) =47" f(2"x) (a)

for x € £y and n € N. Then {Q,(x)} is a Cauchy sequence for every x € Ej.
Really, for x = 0 itis trivial. Let x € E;\{0}. For n > m we obtain by (8.3)

[On(x) = Om(x)|| = 47" fQ2"7" - 2"x) — 4777 f(2"x)]
< 47"37HETT — 1)(8 + o)
+ 2. 4—m—19”2mx”p(1 +a+---+ an—m—l)

and hence
[0n(x) = Om(x)]| <3747 +¢) +2mP 27N (1 —a) '0|x||?.  (b)

The assumption p < 2 implies that {Q,(x)} is a Cauchy sequence. Since E; is
complete, we can define

0(x) = lim 0, (x)

for any x € Ej.
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We will check that Q is a quadratic function. It is clear for x = y = 0, since
Q(0) = 0.For y = 0and x # 0 we have

O(x+0)+ 0(x—0)—20(x) —20(0) = 0.
Let us now consider the case x, y € E1\{0}. Then,

1Qn(x + ) + Qulx = 3) = 20u(x) = 20|
=47 QR x4 )+ F(2"(x =) —2/(2"x) =2/ (2"y) |
<478+ 6(I12"x)1” + 12" »117))
=475+ 27720 (x|1” + y]17).

By letting n — oo we get the equality

O(x+y)+ 0(x—y)—20(x) —20(y) = 0.

If we put x = y in the last equality, then we get Q(2x) = 4Q(x) foreach x € Ej.
Moreover, putting y = —x yields Q(—x) = Q(x) for x € E;. Therefore, if x =0
and y # 0, then

Q) + 0(=y) —20(0) —20(y) =0,

i.e., Q is a quadratic function.

The inequality (8.5) immediately follows from the inequality (8.3).

To prove the uniqueness, assume that there exist two quadratic functions ¢; :
E{ — E, (i €{1,2}) such that

/(%) = qi (O =< ¢ + bill x|

forany x € E;\{0} and i € {1, 2}, where ¢;, b; (i € {1,2}) are given nonnegative
constants. Then,

qi(2"x) = 4"q; (x)
forany x € E1,n € N, and i € {1,2}. Now, we have
lg1(x) = q2(0) 1 = 47" (llg1(2"x) = fQ" )| + [ £(2"x) — ¢2(2")])
< 47(er + ) + 27072 by + bo) X7
If we letn — oo, we get ¢1(x) = ¢a2(x) forall x € Ey. O
Czerwik [87] also proved the following theorem.

Theorem 8.4 (Czerwik). Let E1 and E, be a normed space and a Banach space,
respectively. If a function [ : Ey — E, satisfies the inequality

£+ p) + fx =) =2f() =2/l < O(Ix[1” + 1Iy]17) (8.6)
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for some 8 > 0, p > 2 and for all x,y € E1, then there exists a unique quadratic
Sfunction Q : E1 — Ej such that

1/ () = Q) =227 —4)~16]|x||? (8.7)

forall x € Eq.

Proof. Define the sequence
On(x) =4"f(27"x) (a)
forall x € Eq and all n € N. Since f(0) = 0, applying (8.4) yields
1Qn(x) = Qm(X)|| <2'772"CP) (1 —b)~'6]|x||? (b)

for any x € E; and n > m. Hence, the assumption p > 2 implies that { Q,(x)} is a
Cauchy sequence for every x € E;. Define

0(x) = lim 0n(x)

for each x € E;. Then, in a similar way as in the proof of Theorem 8.3, we may
verify that Q is a quadratic function. Using (8.4) again, we obtain (8.7).
It is not difficult to prove that

Q(rx) = r*Q(x) (c)

for all x € E; and for all r € Q. Assume now that there exist two quadratic
functions ¢; : E1 — E» (i € {1,2}) such that

£ () —qi () < dillx]|?
forall x € Eq, where d;, i € {1,2}, are nonnegative constants. By (¢) we get
llg1(x) = g2(x) || = 4"[lg1(27"x) — g2(27"x) ||
< 4"(dr +do)|27"x||?
=2"C7P(dy + dy) | x|)?,
from which we conclude that ¢; = g». O

The following corollary is derived from the book [137] written by D. H. Hyers,
G. Isac, and Th. M. Rassias.

Corollary 8.5. Ifin Theorems 8.3 and 8.4 the function f is continuous on E1, then
the quadratic function Q is also continuous at each point x € E1\{0}. When p > 0,
this restriction is unnecessary.
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Proof. Suppose that f is continuous at each point x € E; and that xo € E;\{0}.
Put s = ||x¢]|/2 and define an open ball by

B(xo,5) = {x € E1| |lx —xoll <s}.

For x € B(xg,s) we have s < ||x| < 3s. By letting n — oo in inequalities (b)’s in
the proofs of Theorems 8.3 and 8.4, we get

10(x) = Om()|l
(1/3)47( + ¢) + 2"P=2D=1 (1 —a)719|x||?  (for p < 2),
= | 21-P2m@=P) (1 — b)) 9| x||P (for p > 2).

For x € B(xg,s) we have s? > |x||? > (3s)? when p < 0, while the inequalities
are reversed when p > 0. Consequently, Q,, converges uniformly to Q on B(xy, s)
as m — o0. Since each function Q,, is continuous on B(xy, 5), it follows that the
limit Q is also continuous on B(xg, s). Thus, the quadratic function Q is continuous
at any point xo # 0 in E1. Obviously, the restriction xo # 0 is not needed when
p>0. O

It should be noted that Czerwik [87] proved the following corollary under the
weaker assumption that f(zx) is Borel measurable in ¢ for each fixed x € Ej.

Corollary 8.6. Let E1 and E» be a normed space and a Banach space, respectively.
If a function [ : E1 — E, satisfies either the inequality (8.2) for x,y # 0 or the
inequality (8.6) for x,y € E1, according to p < 2 or p > 2, and if moreover
f(tx) is continuous in t for each fixed x € E1, then the unique quadratic function
0 : E1 — E; defined by

lim 47" f(2"x) (for p <?2),

Q(x) = annE: 4 f2"x)  (for p>2)

satisfies Q(tx) = t2Q(x) forallt € R and x € E;.

Proof. It is obvious that Q(rx) = r2Q(x) holds true for all x € E; and for all
r € Q (ref. (¢) in the proof of Theorem 8.4). To prove that Q is homogeneous of
degree 2 for all real numbers as well, it suffices to prove that Q(zx) is continuous
in ¢ for each fixed x € E;. By hypothesis, f(¢x) is continuous in ¢ for each fixed
x in Eq. Apply Corollary 8.5 to the case where £; = R to show that if x # 0
and 19 # 0, then Q(zx) is continuous at t = fo. Thus, Q(tox) = th(x) for all
x # 0and tp # 0. But this equality is also valid for x = 0 or zyp = 0. Therefore, we
conclude that Q(tx) = t?>Q(x) holds true forall t € R and x € E;. O

Czerwik [87] presented an example concerning the special case p = 2. (This
case was excluded in Theorems 8.3 and 8.4.) This is a modification of the example
contained in [112] (or see [137]).
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Theorem 8.7. Let us define a function f : R — R by
o0

f(x) =) 472" x),
n=0

where the function ¢ : R — R is given by

o= e, forlid=b

ax= (for |x| <1)

with a positive number a. The function f satisfies the inequality

|43+ fx =) =2/ () =2/ (y)] < 32a(x* +?)

181

(8.8)

forall x,y € R. Moreover, there exists no quadratic function Q : R — R such that

the image set of | f(x) — Q(x)|/x? (x # 0) is bounded.

Proof. For x = y = 0 or for x,y € R such that x> + y2 > 1/4, it is clear that
the inequality (8.8) holds true because f is bounded by (4/3)a. Consider the case

0 < x2 + y? < 1/4. Then there exists a k € N such that
47U <2 2 gk

where 4K~ 1x2 < 1/4 and 45=1y2 < 1/4 and consequently

2k=1x, Zkfly, 2k71(x + ), 2k (x — y) € (—1,1).

Therefore, for eachn € {0, 1, ...,k — 1}, we have
2%x, 2%y, 2" (x + y), 2"(x — y) € (=1, 1)

and

P(2"(x + ) + ¢ (2" (x — y)) —2¢(2"x) —2¢(2"y) =0

forn € {0,1,...,k — 1}. Using (a) we obtain

|f(x+ )+ flx = y) =2f(x) =2/ ()]

< D472+ 2) + 92" (x — 3)) — 20(2"x) — 20(2")]
n=0

[o.¢]
<> 476 = 2-4'"%a < 32a(x*+y?).
n=k

i.e., the inequality (8.8) holds true.

(a)
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Assume that there exist a quadratic function Q : R — R and a constant » > 0
such that

|f(x) = Q)| < bx?

for all x € R. Since Q is locally bounded, it is of the form Q(x) = cx? (x € R),
where c is a constant (see [230]). Therefore, we have

|f()] < (b + [e])x? ()

forall x € R. Let k € N satisfy ka > b + |c|. If x € (0,2'7%), then 2"x € (0, 1)
forn < k — 1 and we have

o k—1
)= 47"p"x) = Y ad ™ (2"x)? = kax? > (b + |c])x2,
n=0 n=0
which in comparison with (b) is a contradiction. O

The results of Theorems 8.3 and 8.4 are immediate consequences of the following
stability result, which was presented by C. Borelli and G. L. Forti [24] for a wide
class of functional equations which contains the quadratic functional equation as a
particular case:

Let G be an abelian group, E a Banach space, and let f : G — E be a function
with f(0) = 0 and satisfy the inequality

[f G +3) + f(x=y) =2f(x) =2/ = ¢(x.y)

forall x,y € G. Assume that one of the series
o0 o0
Y 22,2 x) and Y22 Vg(27x, 277 x)
i=1 i=1
converges for each x € G and denote by ®(x) its sum. If
2722 'x, 2" y) > 0 or 22(i_1)<p(2_ix,2_iy) — 0,
as i — oo, then there exists a unique quadratic function Q : G — E such that

1/ () = Q)] = ®(x)

forany x € G.
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8.2 Stability on a Restricted Domain

Before initially proving the stability of the quadratic functional equation for func-
tions defined on a restricted domain, we discuss the stability problem for biadditive
functions on a restricted domain.

F. Skof and S. Terracini [336] proved the following stability theorem for sym-
metric biadditive functions based on results from F. Skof [330].

Theorem 8.8. Let E be a Banach space and let ¢, § > 0 be given. If a symmetric
function f :[0,c)?> — E satisfies the inequality

[f(x1 +x2.y) = f(x1,9) = [l p)[ =6

for all x1,x2,y € [0,c) with x1 4+ xp < c, then there exists a symmetric and
biadditive function B : [0, c)?> — E such that

I f(x,y) = B(x.y)|| =98
forall x,y €[0,c).

Proof. By hypothesis, for each fixed y € [0,c), the function fy(x) = f(x,y)
satisfies the inequality

Il fy(x1 + x2) — fy(x1) — fy(x2)|| <6

for all xq1,x, € [0,c) with x; + x, < c. Following the proof of Lemma 2.28, we
define the function f}* : [0, 00) — E for fixed y by

1y () = fy(w) +nfy(c/2)
forx =pu+ (c/2)n,n e Nand 0 < u < ¢/2. Thus, we have
Ify(x) = [yl <8 (a)

for any x € [0, ¢). This function is extended to R by putting f}*(x) = —f;*(—x)
when x < 0. It follows that f}* (0 < y < ¢) satisfies

”fy*(xl + x2) - fy*(xl) - fy*(X2)|| = 28

for all x1, x, € R (cf. (b) in the proof of Lemma 2.28), and hence, by Theorem 2.3,
there exists a unique additive function

A (x) = lim 27" f*(2"x),
n—o0
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forall x € R and y € [0, ¢), such that
I/ () = AS ()| < 28 (b)

forany x € Rand y € [0, ¢).

Now, let us define A(x, y) = Aj(x) for x, y € [0,¢). A(x, y) is additive in the
first variable.

Fix x,y,z € [0,¢) with y +z < ¢. Put 2"x = u, + (¢/2)k,, where k, € N and
0<pun <c/2,sothatk, = (2/c)(2"x — wn). Then,

A,y +2) = A, y) = Ax.2)
= lim 27" (£, (2"x) - £ (2"x) = £7(2"x))
= lim 27" (fyaa(itn) = Sy (1tn) = fo(ptn))
+ lim 27k (fy4:(¢/2) = fy(c/2) = fi(c/2)
= 200/0)(fy4:(e/2) = fy(e/2) = fle/D)).

Hence,
[A(x,y +2) — A(x, y) — A(x, 2)[| =28

forall x,y,z € [0,¢) withy +z < c.
Next, we extend A to a function A’ : [0,¢) xR — E. Withx € [0,¢) and y > 0,
lety =+ (¢/2)n, wheren € N and 0 < u < ¢/2, and define A’ by

A(x,y) = A(x, ) + nA(x,c/2)

and put
A/(x9 y) = —A/(X, _y)

for y < 0. In view of (b) and (@) in the proof of Lemma 2.28 and the first part of
the proof of Lemma 2.27, we obtain

[A'(x,y +2) = A'(x,y) — A'(x,2)|| <48

forall y,z € R and
[A(x, y) = A'(x, y)|| <26 (c)

forall x,y € [0, c). Also, for each y € R, A’ is additive in the first variable, i.e.,
A(x1 +x2,y) = A (x1,y) + A'(x2, ) (d)

for x1, x2 € [0, ¢) with x; + x2 < ¢, since A has this property.
For each fixed x € [0, ¢), it follows from Theorem 2.3 that the function

B(x,y) = nli)ngc 27" A (x,2"y) (e)
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is additive in y and satisfies

[A"Cx. y) = B(x, y)|| <48 f)
forall x € [0,c¢) and y € R. By (d) and (e) we have
B(x1 + x2,y) = B(x1,y) + B(x2,y)
for x1, x2 € [0, ¢) with x; + x2 < ¢. By (a), (b), (¢), and (f'), we obtain

[f(x,y) = B(x, p)|l <95 (g)

for x,y € [0,¢).
Since f is symmetric, it follows from (g) that

[B(x,y)— B(y,x)|| <185

forany x,y € [0,¢). If y = 0, we have B(x,0) = 0 = B(0, x) for x € [0, c). For
agiven y € (0,c), put

by(x) = B(y,x) — B(x,y)

for any x € [0, ¢). Now, by, (x) is bounded and additive, more precisely,
by(xl + x2) = by(xl) + by()C2)

for x1,x2 € [0,c¢) with x1 + x2 < ¢, so it is the restriction to [0, ¢) of a function
of x of the form b, (x) = a(y)x. Since by (y) = 0 forall y € (0,¢), a(y) = 0.
Hence, B is symmetric on [0, ¢)2. O

Using the result of the last theorem, Skof and Terracini [336] have proved the
following theorem.

Theorem 8.9. Let E be a Banach space and let ¢, § > 0 be given. If a function
f :]0,¢) — E satisfies the inequality

[f(x+y)+ flx=y)=2f(x) =2/ =6 (8.9)

forallx >y > 0withx+y < c, then there exists a quadratic function Q : R — E
such that

I/ (x) = ()|l = (79/2)8 (8.10)
forany x € [0, ¢).

Proof. Putting x = y (= 0) in (8.9) yields

/2x) + f(0) —4f(x)| =& and | f(O)] =5/2,
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and hence
I f(2x) = 4f ()|l = (3/2)8 (a)
for x € [0, ¢/2). Define

f(x) (for x €[0,¢)),

g(x) = f(=x) (for x € (—c,0))

andput u(x,y) = |lg(x + ) + g(x —y) —2g(x) —2g(»)|. It follows from (8.9)
that

u(x,y) <68 for x>y >0 with x+y <c. (b)
For y > x > 0 with y + x < ¢ we have
px,y) = py.x) =[f(x+y)+ f(=x+y)=2f(x) =2/
Hence, from (8.9) again, we get
wx,y) <68 for y>x >0 with y +x <ec. (c)
Ifx <0,y >0,and y — x < c, then u(x, y) = u(—x, y), since g is even. For this
case it holds true that either —x > y > O with —x + y < cory > —x > 0 with
y — x < ¢. Hence, from (b) or (¢) we obtain
u(x,y) <68 for x <0, y>0,and y —x <c. (d)
Finally, assume that y < 0, |[x 4+ y| < ¢, and |x — y| < c. It then holds true that
eitherx > —y > Owithx —y <cor—y >x >0withx —y <corx <0,
—y > 0,and —y — x < c. Therefore, it follows from (b), (¢), or (d) that
n(x,y) <8 for y <0, [x+y|<c,and |x —y|<c (e)
since p(x,—y) = u(x, y). According to (), (¢), (d), and (e), we conclude that
lg(x +y) + glx —y) = 2g(x) —2g()ll = 8 ()
for all (x, y) € D(c), where we set
D(c) = {(x,y) € R? | x+yl<ec, |x—y| <c}.

Let us define the auxiliary function /2 : D(c¢) — E by

h(x,y) = (1/4)(g(x +y) —g(x — y)).
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Clearly, h(x, y) = h(y, x) forall (x, y) € D(c). When y € [0, c/2), h satisfies the
inequality
7 (x1 + x2,y) = h(x1,y) = h(x2, p)|| = 8

for any x1, x5 € [0,c¢/2) with x; 4+ x < ¢/2 (see below), and by the interchange
of x and y, we also have, when x € [0,c/2),

[h(x,y +2) —h(x,y) —h(x,2)| <&
forall y,z € [0,c¢/2) with y 4+ z < ¢/2. From the definition of / it follows that
4(h(x1 + x2,y) —h(x1,y) — h(x2, )
= (g(x1 +x2+y) + g(x1 —x2 — y) — 2g(x1) — 28 (x2 + y))
—(g(x1 —y —x2) + g(x1 — y + x2) —2g(x1 — y) — 2g(x2))

—(g(x1 +y) + glx1 —y) —2g(x1) —2g(»))
+ (g(x2 +y) + glx2 — y) —2g(x2) — 2g(»))

for any (XI,XZ + y), (Xl - y~x2)’ (X],y), (x2’ y) € D(C) Hence, by (f)?
[h(x1 + x2,y) = h(x1,y) — h(x2, y)|| < 6.

Thus, & satisfies the hypothesis of Theorem 8.8 with ¢/2 in place of ¢. Hence, there
exists a symmetric and biadditive function B : [0, ¢/2)?> — E such that

17:(x. y) — B(x, y)|| < 98 (8)

for (x, y) € [0,¢/2)%. When x € [0, ¢/2), we have
/() —h(x, ) = (A1/H]4f(x) = f(2x) + SOl
= (/D41 (x) = f2x) = SO + A/ [ £ O

and it follows from (8.9) that

I/ (x) = h(x, x)|| < 8/2 (h)
for x € [0,¢/2).

The function B(x, x) is quadratic for x > y > 0 with x+y < ¢/2. According to

a theorem by F. Skof [331], it may be extended to a quadratic function Q : R — E
such that Q(x) = B(x, x) for all x € [0, c/2). Thus, from (g) and (%), we get

1/ (x) = Q) = [ f(x) = Blx,x)]
= 1/ (x) = h(x, )| + [lA(x, x) — B(x, x)||
= (19/2)8
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for x € [0,c/2).Now, let x € [c¢/2, ¢). Taking account of (a) and the last inequality
yields

1/ ) = Q) = 1/ (x) =4 (x/2)|| + [[41(x/2) = 4Q(x/2)| = (79/2)8,

which ends the proof. O

With the help of Theorem 8.9, Skof and Terracini [336] proved the following
theorem.

Theorem 8.10 (Skof and Terracini). Let E be a Banach space and let ¢, § > 0 be
given. If a function [ : (—c,c) — E satisfies the inequality (8.9) for all x,y € R
with |x+y| < ¢ and |x —y| < c, then there exists a quadratic function Q : R — E
such that

[f(x) = Q)| = (81/2)8
forany x € (—c,c).
Proof. Obviously we have
2/ = fEDN = MFG+ )+ flx=y) =2F(x) =2/
I -fx=y)—fx+y)+2f(x)+ 2/l

and hence, it follows from the hypothesis that

IfO) ==l <8 (a)

for any y € (—c, ¢) because for each y € (—c, ¢) there exists an x € (—c, ¢) such
that |x + y| < ¢ and |x — y| < c¢. Let us denote by fy the restriction of f to [0, ¢).
According to Theorem 8.9, there exists a quadratic function Q : R — E such that

[ fo(x) = Q) = (79/2)8 (b)
for x € [0, ¢). For x € (—c,0), the inequalities (a) and (b) imply
/() = Q) = L/ (x) = = + [ f(=x) — Q(=x)l
=3+ | fo(=x) = Q(=x0)|
= (81/2)8.
which ends the proof. O

The last theorem was generalized by extending the domains of the relevant func-
tions f to bounded subsets of R”. Indeed, S.-M. Jung and B. Kim proved the
following result in the paper [187]:
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Let E be a Banach space and let ¢, § > 0 be given constants. If a function
f i [—c.c]” — E satisfies the inequality (8.9) for all x,y € [—c,c]" with x +
Y, X —y € [—c,c]|", then there exists a quadratic function Q : R" — E such that

| £(x) — Q)| < (2912n% + 1872n + 334)§

forany x € [—c, c]".
In 1998, Jung investigated the Hyers—Ulam stability of the quadratic functional
equation (8.1) on the unbounded restricted domains (see [167, Theorem 2]).

Theorem 8.11 (Jung). Let E and E, be a real normed space and a real Banach
space, respectively, and let d > 0 and § > 0 be given. Assume that a function
f 1 Ey — E; satisfies the inequality (8.9) for all x,y € E1 with ||x|| + ||¥| = d.
Then there exists a unique quadratic function Q : E1 — E, such that

[f(x)— QM) = (7/2)8 (8.11)
forallx € E.
Proof. Assume | x| + ||y|]| < d.If x = y = 0, then we choose a z € E; with
|zl = d. Otherwise, let z = (1 + d/||x||)x for ||x|| = ||ly|lorz = (1 +d/|yll)y

for ||x|| < ||¥]. Clearly, we see

lx =zl +lly +zll = d, lx+zl + 1y +zll = d,

(a)
ly +zll + Mzl =d, lxl +1lly +2zl =d, [x] + ||zl = 4. ¢
From (8.9), (a), and the relation
S+ )+ flx—y)=2f(x)=2f(y)
=fx+y»+fx—y—22)-2f(x—2)—2f(y +2)
+fx+y+20)+ fx—y)=2f(x+2—2f(y +2)
=2f(y +229=2f(y)+4f(y +2) +4/(2)
—f(x+y+20)— fx—y—22)+2f(x)+2f(y +22)
+2f(x+2)+2f(x—2) —4f(x) —4f(2),
we get
[f(x+y)+ flx—y)=2f(x) =2/l = 76. @)

Obviously, the inequality (b) holds true for all x,y € E;. According to (b) and
Theorem 8.1, there exists a unique quadratic function Q : E; — E, which satisfies
the inequality (8.11) for all x € Ej. O

For more detailed information on the stability of the quadratic equation (8.1), we
can refer to a paper [298] of Th. M. Rassias.
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8.3 Fixed Point Method

In this section, we fix a real number 8 with 0 < 8 < 1. Suppose E is a vector space
over K. A function || - ||g : £ — [0, 00) is called a B-norm if and only if it satisfies

(N1) ||x|lg = O0ifand only if x = 0;
(N2) |Ax|lg = [AMP|x|g forall A € K and all x € E;
(N3) |x+ylg <lixllg+1llylg forallx,y € E.

By using the idea of L. Céadariu and V. Radu [55, 57], S.-M. Jung, T.-S. Kim,
and K.-S. Lee [190] proved the Hyers—Ulam—Rassias stability of the quadratic func-
tional equation in a more general setting. (Before the paper [190], Cddariu and Radu
[56] applied the fixed point method to the proof of the stability of quadratic func-
tional equations.) In the following theorem, we will introduce some results obtained
by Jung, Kim, and Lee.

Theorem 8.12. Let E1 and E; be vector spaces over K. In particular, let E; be a
complete B-normed space, where 0 < B < 1. Suppose ¢ : E3 — [0,00) is a given
function and there exists a constant L, 0 < L < 1, such that

¢(2x,2x) < 4% Lo(x, x) (8.12)

forall x € Ey. Furthermore, let f : E1 — Ej be a function with f(0) = 0 which
satisfies

[f(x+y)+ f(x =) =2f(x)=2f(Wlg < p(x,y) (8.13)

forall x,y € Ey. If ¢ satisfies
lim 47" p(2"x,2"y) =0 (8.14)
n—>o0

forany x,y € Eq, then there exists a unique quadratic function Q : E1 — E5 such
that

I 1
1FC) = QWllp = g7 ¢ %) (8.15)
forall x € E;.

Proof. 1f we define
X:{g:E1—>E2|g(O)=0}

and introduce a generalized metric on X as follows:
d(g,h) =inf{C € [0,00] | [lg(x) — h(x)|lg < Co(x,x) forall x € E},

then (X, d) is complete (ref. [181, Theorem 2.1]).
We define an operator A : X — X by

(Ag)(x) = (1/4)g(2x)
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for all x € E;. First, we assert that A is strictly contractive on X. Given g, h € X,
let C € [0, co] be an arbitrary constant with d(g, h) < C, i.e.,

lg(x) =h(x)lg = Colx, x)

for all x € E;. If we replace x in the last inequality with 2x and make use of (8.12),
then we have

[(A&)(x) = (AR)(x) g = LCo(x, x)

for every x € Eq,i.e., d(Ag, Ah) < LC. Hence, we conclude that d(Ag, Ah) <
Ld(g,h) forany g,h € X.

Next, we assert that d(Af, f) < oo. If we substitute x for y in (8.13) and we
divide both sides by 4P | then (8.12) establishes

IAf)) = f)llg <47 Pp(x.x)
forany x € Ey,i.e.,
d(Af, f) <47F < . (a)
Now, it follows from Theorem 2.43 (i) that there exists a function Q : E; — E;
with Q(0) = 0, which is a fixed point of A, such that A" f — Q,i.e.,
Q(x) = lim 47" f(2"x) (b)
n—>oo

forall x € E;.
Since the integer ng of Theorem 2.43is 0 and f € X* (see Theorem 2.43 for the
definition of X*), by Theorem 2.43 (iii) and (a), we obtain

1
1-L

1

NS S) S gy ©

d(f.0) < —.

i.e., the inequality (8.15) is true for all x € E;.

Now, substitute 2" x and 2" y for x and y in (8.13), respectively. If we divide both
sides of the resulting inequality by 4”8 and let n go to infinity, it follows from (8.14)
and (b) that Q is a quadratic function.

Assume that the inequality (8.15) is also satisfied with another quadratic function
Q' : E1 — E,besides Q. (As Q' is a quadratic function, Q’ satisfies that Q'(x) =
(1/4)Q'(2x) = (AQ')(x) forall x € E;. Thatis, Q' is a fixed point of A.) In view
of (8.15) and the definition of d, we know that

dfoy<~ 1 oo,

481 —L
ie, Q' € X* ={y € X | d(Af.y) < oo}. (In view of (a), the integer ng of
Theorem 2.43 is 0.) Thus, Theorem 2.43 (i) implies that Q = Q’. This proves the
uniqueness of Q. O
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We will now generalize the above theorem by removing the hypothesis f(0) = 0
and get the following theorem.

Theorem 8.13. Let E and E, be a vector space over K and a complete B-normed
space over K, respectively, where 0 < B < 1. Suppose a function ¢ : E3 — [0, 00)
satisfies the condition (8.14) for all x,y € E1 and there exists a constant L, 4-B <
L < 1, for which the inequality (8.12) holds true for any x € E;i. If a function
f 1 Ey — E satisfies the inequality (8.13) for all x,y € E1, then there exists a
unique quadratic function Q : Ey — E; such that

£ = FO) = QWlp = 357 (o 0) |2 € B1} +o(x.0)

forallx € E.
Proof. Putting y = 01in (8.13) yields

127 (O)lp = ¢(x,0)

for any x € E;. We define a function g : E1 — E; by g(x) = f(x) — f(0). If we
set

Y(x.y) = @0+ @(x,y)

for each x, y € Ey, where o = inf {¢(x,0) | x € E1}, it then follows from (8.13)
that

lg(x +y) +gx —y)—2g(x) —=2¢(V)llpg < ¥(x.y)

forall x,y € E;.
Considering (8.12) and L > 4-B , we see that

Y (2x,2x) = @o + ¢(2x,2x) < go + 4P Lo(x,x) < 4P Ly (x,x)
for any x € E;. Moreover, we make use of (8.14) to verify that

lim 47"y (2"x,2"y) = lim 47" (o + 9(2"x,2"y)) = 0
n—0o0 n—o0
forevery x,y € Ej.
According to Theorem 8.12, there exists a unique quadratic function Q : E; —
E, satisfying the inequality (8.15) with g instead of f. O

By a similar way as in the proof of Theorem 8.12, we also apply Theorem 2.43
and prove the following theorem.

Theorem 8.14. Let E and E, be a vector space over K and a complete B-normed
space over K, respectively. Assume that ¢ : E 12 — [0, 00) is a given function and
there exists a constant L, 0 < L < 1, such that

@(x,x) <47 Lp(2x,2x) (8.16)
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for all x € Ey. Furthermore, assume that [ : E1 — E; is a given function with
f(0) = 0 and satisfies the inequality (8.13) for all x,y € E1. If ¢ satisfies

Tim 4"(27"x,27"y) = 0

for every x,y € Ej, then there exists a unique quadratic function Q : E1 — E»
such that

1/ (x) = Q)lip = @(x, x) (8.17)

1 L
481 —L
forany x € Ej.

Proof. We use the definitions for X and d, the generalized metric on X, as in the
proof of Theorem 8.12. Then, (X, d) is complete. We define an operator A : X —
X by

(Ag)(x) = 4g(x/2)

for all x € E;. We apply the same argument as in the proof of Theorem 8.12 and
prove that A is a strictly contractive operator. Moreover, we prove that

d(Af f) <47PL (a)

instead of (@) in the proof of Theorem 8.12.
According to Theorem 2.43 (i), there exists a function Q : E; — E, with
0 (0) = 0, which is a fixed point of A, such that

0(x) = lim 4" f(27"x)

foreach x € Ey.
Since the integer ng of Theorem 2.43is 0 and f € X* (see Theorem 2.43 for the
definition of X*), using Theorem 2.43 (iii) and (a) yields

1 1 L

d(f. Q= —7dAM D= g1

which implies the validity of the inequality (8.17).

In the last part of the proof of Theorem 8.12, if we replace 2" x, 2"y, and 4np
with 27x, 27"y, and 48, respectively, then we can prove that Q is a unique
quadratic function satisfying inequality (8.17) for all x € Ej. O

Theorem 8.14 cannot be generalized to the case without the condition f(0) = 0.
For example, if ¢ is continuous at (0, 0), then the condition (8.16) implies that

o(x,x) > (4’3/L)n<p(27”x,27"x)

for any n € N. By letting n — o0, we conclude that ¢(0,0) = 0. If we put
x =y = 0in (8.13), then we get f(0) = 0.
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Let E; and E, be real vector spaces. If an additive function o0 : £y — E;
satisfies cr(cr(x)) = x for all x € Eq, then o is called an involution of E;. For a
given involution o : £y — E1, the functional equation

Ja+y)+ f(x +0() =2f(x) +2£()

is called the quadratic functional equation with involution.

In 2008, S.-M. Jung and Z.-H. Lee proved the Hyers—Ulam—Rassias stability of
the quadratic functional equation with involution by applying the fixed point method
while B. Belaid, E. Elhoucien, and Th. M. Rassias proved it by using the direct
method (see [18, 192]).

8.4 Quadratic Functional Equation of Other Type

A quadratic functional equation different from the “original” quadratic functional
equation (8.1) is introduced:

fx+y++ )+ /D + @) =fx+y)+ fy+2)+ flz+x) B.18)

This equation is sometimes called the functional equation of Deeba. In 1995, Pl
Kannappan [211] investigated the general solution of the functional equation of
Deeba:

The general solution f : R — R of the functional equation (8.18) is given by
f(x) = B(x,x) + A(x), where B : R?> — R is a symmetric biadditive function
and A : R — R is an additive function.

Throughout this section, assume that £; and E» are a real normed space and a
real Banach space, respectively.

We now prove the Hyers—Ulam stability of the functional equation (8.18) under

suitable condition by using a direct method. We first introduce a lemma presented
in [167]:

Lemma 8.15. If a function [ : E1 — E; satisfies the inequality
[fx+y+)+f)+fOD+ R —f(x+y)—f(r+2)—fe+x)]| =8 (8.19)

for some § > 0 and forall x,y,z € Eq, then

2"+ 1 2n —1
Hf(X) S 4 S 2

n
<38 Z 2k (8.20)
k=1

forall x € E1 andn € N.
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Proof. 1f we replace x, y, and z in (8.19) with 0, we get | f(0)| < §. Putting
x =y = —zin(8.19) yields

13f(x) + f(=x) = f2x)| =< 36. (a)
By substituting —x for x in (a), we obtain
13 (=x) + f(x) — f(=2x)|| = 38. (b)

We use induction on 7 to prove our lemma. By (a) and (b), we have

£ (x) = (3/8) f(2x) + (1/8) f(=2x) |
= G/ (x) + f(=x) = f2x)]|
+ (/8] =3/ (=x) = f(x) + f(=20)]
= (3/2)4.

which proves the validity of the inequality (8.20) for n = 1. Assume now that the
inequality (8.20) holds true for some n € N. By using (a), (), and the relation

2n+1 +1 " 2n+1 -1 "
J@) =~ S (@) + Wf(—2 )
ﬂ 2}1
= F0) ~ S S + 2 f(2)
2n+1 +1 n n n+1
+ s 32" + /(=2"x) - f(2"))
2n+1 1

22n+3 o (3 (=2"0) + f(2"x) — f(=2""1x)),

we can easily verify the inequality (8.20) for n + 1 which ends the proof. O

In the following theorem, S.-M. Jung [167] proved the Hyers—Ulam stability of
the functional equation of Deeba under the approximately even condition.

Theorem 8.16 (Jung). Assume that a function f : E1 — E3 satisfies the system
of inequalities

If(x+y+2+ )+ )+ f(2)
— S+ -+ - flz+ )l =4, (8.21)
1f ) = f(=0)ll =6

for some §, 0 > 0 and for all x,y,z € E;. Then there exists a unique quadratic
Sfunction Q : E1 — E, which satisfies (8.18) and the inequality

[ f(x)— Q)| <38 (8.22)

forall x € Eq.
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Proof. Tt follows from (8.20) and the second condition in (8.21) that

" P |
I f(x) —272" f(2"x)| < 38 22"‘ + We' (a)
k=1

By (a) we have
1272 £(2"x) = 272" f(2"x) |
— 2—2m ||2—2(n—m) f(2n—m . 2mx) . f(2mx) ”

—1
—2m —
<2 (3522 22(n — 9) (b)

for n > m. Since the right-hand side of the inequality (b) tends to 0 as m tends to
0o, the sequence {272" f(2"x)} is a Cauchy sequence.
Therefore, we may apply a direct method to the definition of Q. Define

Q(x) = lim 272" f(2"x)
n—>o0
for all x € E;. From the first condition in (8.21), it follows that

[0(x +y+2)+ 0(x)+ 0(y)+ 0(2)
—Q0(x+y)— 00 +2—0@E+x)| <272

for all x,y,z € E; and for all n € N. Therefore, by letting n — oo in the last
inequality, it is clear that Q is a solution of (8.18). Analogously, by the second
condition in (8.21), we can show that Q is even. By putting z = —y in (8.18) and
by taking account of Q(0) = 0, we see that Q is quadratic as an even solution of
(8.18). According to (a), the inequality (8.22) holds true.

Now, let Q' : E1 — E» be another quadratic function which satisfies (8.18) and
(8.22). Obviously, we have

0(2"x) =4"Q(x) and Q'(2"x) =4"Q'(x)
forall x € E1 and n € N. Hence, it follows from (8.22) that

1Q(x) = Q' ()|l = 47" Q(2"x) — Q'(2"x) ||
<4710 @2"x) — f" )| + [ £(2"x) — Q'2"0)]I)
< 65/4"

for all x € E; and n € N. By letting n — o0 in the preceding inequality, we
immediately see the uniqueness of Q. O



8.4 Quadratic Functional Equation of Other Type 197

From the direct combination of the inequalities in (8.21), it follows that the
function f : £y — E5 in Theorem 8.16 satisfies the inequality

IfGe+y)+ fx=p) =2f(x) =2f (W =8+ 0 + [ SOl =25 + 6.

According to Theorem 8.1, there is a unique quadratic function Q : E; — E; such
that

If(x) = Q@) =8+ (1/2)6.

We see that the last inequality contains a 6 term which appeared as the upper bound
for the second inequality in (8.21). The advantage of the inequality (8.22) compared
to the last inequality is that the right-hand side of (8.22) contains no 6 term.
Similarly as in the proof of Theorem 8.16, the Hyers—Ulam stability for equation
(8.18) under the approximately odd condition is proved (see [167, Theorem 7]).

Theorem 8.17 (Jung). Assume that a function f : Ey — E; satisfies the system of
inequalities

[f(x+y+2+ f(x)+ () + f@)
—fx+y)—fO+2 - fe+x)] =4, (8.23)
/() + f(=x)ll <0

for some §, 0 > 0 and for all x,y,z € Ei. Then there exists a unique additive
function A : E1 — E» satisfying the inequality

/() — A = 38 (8.24)

forall x € E;.

Proof. From (8.20) and the second condition in (8.23), we get

" 1
/G =27 f @) <38 3 27 + o6 (@)
k=1

The sequence {27" f(2"x)} is a Cauchy sequence because, for n > m,

127" f@"0) =277 f 27|
=27 ||2‘(""")f(2”"" -2"x) = f2" )]

2 —m
—m _
=2 <38 Z 2 22(n m)+1 0)
— 0 as m — oo.

Now, define
A(x) = lim 27" f(2"x)
n—>oo
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for all x € E;. Similarly as in the proof of Theorem 8.16, due to (8.23), we see that
the function A satisfies (8.18) and is odd. Putting z = —y in (8.18), considering the
oddness of 4 and lettingu = x + y,v = x — y yield

2A((u + v)/2) = A(u) + AW).

According to [278], since A(0) = 0, the function A is additive. The validity of the
inequality (8.24) follows directly from (a) and the definition of A.

Now, let A’ : E; — E, be another additive function which satisfies (8.24). It
then follows from (8.24) that

[A(x) = A'(x)]| = 27"]|A(2"x) — A'2"x) ||
< 27"(|A@"x) = fQ" )l + 1 £2"x) — A'(2"x) )
< 65/2"

forall x € E| and n € N. This implies the uniqueness of A. O

The approximately even condition in (8.21) guarantees the “quadratic” property
of O, whereas the approximately odd condition in (8.23) guarantees the “additive”
behavior of A.

G.-H. Kim [215] proved the Hyers—Ulam—Rassias stability of the quadratic
functional equation (8.18), and I.-S. Chang and H.-M. Kim [61] generalized the
preceding theorems of Jung.

8.5 Quadratic Functional Equation of Pexider Type

In this section, we will prove the Hyers—Ulam—Rassias stability of the quadratic
functional equation of Pexider type:

Silx + )+ falx —y) = f3(x) + fa(y) (8.25)

This equation of Pexider type is useful to characterize the quasi-inner product
spaces. B. R. Ebanks, Pl. Kannappan, and P. K. Sahoo [96] proved the following
theorem concerning the general solution of equation (8.25) (see also [172]).

The general solution f, f2, f3, fa : R — R of the functional equation (8.25) is

given by

S1(x) = B(x,x) + A1(x) + A2(x) + (a — D),

fa(x) = B(x,x) + A1(x) — A2(x) — (a + D),

f3(x) =2B(x,x) +2A41(x) — (2b + ¢),

fa(x) =2B(x,x) +242(x) +c,
where B : R2 — Risa symmetric biadditive function, Ay, Ay : R — R are
additive functions, and a, b, ¢ are real constants.
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Throughout this section, assume that £; and E; are a real normed space and a
real Banach space, respectively. Let ¢ : E 12 — [0, 00) be a given function with the
properties:

(1) ¢y, x) = ¢(x,¥);

(i) ¢(x.—y) = o(x.y);
(iii) it holds true that

oo
222i¢(2_ix,2_iy) < oo forallx,y € E;.
i=0

We now define

@e(x,y) = 2¢(x,y) + 4¢(x,0) + 3¢(x + »,0) + 3¢(x — y,0)
+60((x +)/2.(x +¥)/2) + 20((x — ) /2. (x = ¥)/2)
+20¢(0,0),

@o(x,y) = 2¢(x,y) + 2¢(x, x) + 2¢(y, y) + 2¢(2x,0) + 2¢(2y,0)
+2¢(x + y,0) + 2¢(x — y,0) + 14¢(0,0),

o0
CD(X, y) — Z 22(i+1)€0e (2—i—1x, 2—l'—ly)’

i=0
w . . .
(x,y) =Y 2 (27 P (x + ). 272 (x — ),
i=0
and
q>//(x’y) — 2214—1900(2—1—2(2)( + y)’z—l—Zy)
i=0

for all x, y € E;. These definitions will be used in the following theorem. We see
that ¢, satisfies the conditions (i), (if), and (iii) instead of ¢.

S.-M. Jung proved the Hyers—Ulam—Rassias stability of the quadratic functional
equation of Pexider type which includes the following theorem as a special case (see
[173, Theorem 5]).

Theorem 8.18 (Jung). If given functions fi, f2, f3, fa : E1 — E, satisfy the
inequality

[/1(x + )+ falx —y) — f3(x) = fa(W)|| < @(x,y) (8.26)

forall x,y € Ej, then there exist a quadratic function Q : Ey — E, and additive
Sfunctions Ay, Ay 1 Ey — E; such that

[ f1(x) = Q(x) — A1(x) — A2(x) — f1(0) ]|
< (1/8)®(x,x) + (1/4) P (x,x) + (1/4)D"(x, x)
+3¢(x/2,x/2) + (5/2)¢(x,0) + (11/2)¢(0,0),
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[ f2(x) = Q(x) — A1(x) + A2(x) — f2(0)]]
< (1/8)®(x, x) + (1/4) @' (x, x) + (1/4)®" (x, x)
+o(x/2,x/2) + (5/2)¢(x,0) + (7/2)9(0.0),
[ f3(x) =20 (x) —24:1(x) — f3(0)|l
< (1/4)®(x,x) + (1/2)@'(x, x) + 2¢(x,0) + 2¢(0,0),
[ fa(x) =20 (x) = 242(x) — f4(O) = (1/H)P(x.x) + (1/2)@"(x,x)
forall x € E;.
Proof. Letusdefine F;(x) = f;(x)— f;(0), and by F¢ and F? denote the even part
and the odd part of F; fori € {1,2,3,4}.Then, we get F;(0) = Ff(0) = F?(0)=0

fori € {1,2,3,4}. Putting x = y = 0 in (8.26) and subtracting the resulting
inequality from the original one yield

[F1(x +y) + Fa(x —y) = F3(x) = FaO)[l = (x.y) +¢(0.0)  (a)

forall x,y € E;.If we replace x and y in (a) with —x and —y, respectively, and
we add (subtract) the resulting inequality to (from) the original one, then we obtain

[ FY(x 4+ )+ F5(x —y) = F5(x) = Fy ()] < o(x,y) +¢(0,0)  (b)

and

[FY(x 4+ y) + FJ(x —y) = F{(x) = F{ ()l < ¢(x,y) +¢(0,0)  (c)

forall x,y € Ej.
If we put y = 0, x = 0 (and replace y with x), y = x, or if we put y = —Xx in
(b), then we get

IFY (x) 4+ F5 (x) = F5 ()] = ¢(x.0) + ¢(0.0), (d)

1FY (x) + F3 (x) = Ff ()l < ¢(x.0) + ¢(0.0). (e)

I1FY (2x) = F5(x) = F(x)]| < ¢(x.x) + ¢(0,0), 0))
or

1F5 (2x) = F5 (x) = Ff (x)|| < ¢(x, x) + ¢(0.0) (&)

forall x € E;.
In view of (d) and (e), we see that

[F5(x) = Ff ()|l
< IFP(x) 4+ Fy (x) = F{ (o)l + | F5 (x) = FY (x) — F; (x) ||
< 2¢(x,0) +2¢(0,0), (h)
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and it follows from ( /') and (g) that
[1FY (x) = F5 ()l = 20(x/2,x/2) + 2¢(0.0)
for any x € E;. By using (b), (1), and (i), we have
[1F5 (x4 y) + F5 (x = y) = Ff(x) = F{ D)l

SIF (x4 y) 4+ F(x —y) = F{(x) = F{ ()
T IF5 (x4 y) = FY(x + )| + [1F5(x) = F{ ()]

< o(x,y) +2¢0(x,0) + 2¢((x + »)/2, (x + ¥)/2) + 5¢(0,0).

Putting y = 0 in () yields
12F5 (x) — F{ ()] < 3¢(x.0) + 20(x/2.x/2) + 5¢(0.0).
Hence, () and (k) imply
1Ff (x 4+ y) + Fi(x — y) = 2F;(x) = 2F; ()|
<2[F5(x +y) + F5(x —y) = F{(x) = F{()ll
+ I1FE(x +y) =2F5 (x + )| + 1 Ff (x = y) = 2F5 (x — )|
< @e(x.y)

forall x,y € E;.

201

@)

)

(k)

In view of (iii), we can apply [173, Theorem 3] to this case. Hence, there exists

a unique quadratic function Q : E1 — E; such that

1F{(x) =20 = (1/4)P(x, x)

0

for all x € E;. (In order to obtain the last inequality, we need to make a routine

computation.)
On account of (h), (i), (k), and (), we get

I1FY (x) = Q)
S P (0) = FE Ol + (177 (x) = (1/2) Fy () |
+ (/2 FE(x) = Q)|

= (1/8)®(x, x) 4+ 3¢(x/2,x/2) + (3/2)¢(x,0) + (9/2)9(0.0),

I1F5 (x) = Q)|
< I1F5 () = (/D F (0l + 1(1/2) Fg (x) = Q)|

= (1/8)®(x, x) + ¢(x/2.x/2) + (3/2)¢(x.0) + (5/2)¢(0.0),

(m)

(n)
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and
£ (x) =20(x)||
S NFS () = Ff )| + 1 Ff (x) =20 (x0) ||
< (1/4)®(x, x) + 2¢(x,0) + 2¢(0,0) (0)

forany x € E;.
If we put y = 0, x = 0 (and replace y with x), y = x, orif we put y = —x in
(c) separately, then we obtain

IFY (x) + F7 (x) = F{(0)[| < ¢(x.0) + ¢(0.0), (»)

17 (x) — F7 (x) = F ()] = ¢(x.0) + ¢(0.,0), (@)

I1FY(2x) = F5(x) = F{ ()| < ¢(x.x) + ¢(0.0) (r)
or

I1F7 (2x) — F3(x) + F{ ()] = ¢(x. x) + ¢(0.0) ()

forall x € E;.
Due to (p) and (g), we have

2FY (x) = F5(x) = F{ ()|
< 1FP(x) + F5(x) = FZ )l + [1FY (x) = F3 (x) = F{ ()|
= 2¢(x.0) +2¢(0.0) ®
and
12F3 (x) — F5 (x) + F{ ()
S IFP () + FF(x) = FY (Il + 1 F7 (x) + F{ (x) = FY (1)
<2¢(x,0) + 2¢(0,0) (u)

foreach x € E;.
Combining (r) with (¢) yields

|F@x) + F92x) = 2F9(x) —2F5 ()]
< IF§2x) + F{(2x) —2F0 (20)|
2P (2x) = 2FS (x) = 2 ()|
<2¢(x,x) + 2¢0(2x,0) + 4¢(0,0). )

Analogously, by (s) and (u), we get
I1F3 (2x) = F(2x) = 2F5 (x) + 2F7 (x) |
< [1F5(2x) — F§(2x) = 2F7 (2x) |
+112F7 (2x) = 2F3 (x) + 2F2 ()|
<2¢(x,x) 4+ 2¢(2x,0) + 4¢(0,0) (w)
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for any x € E;. It now follows from (v) and (w) that
173 (2x) = 2F3 (x) ||
= 11/2) F3(2x) + (1/2) F{ (2x) — F3 (x) — F{(x)]
+ 11(1/2)F5 (2x) = (1/2) F§ (2x) — F3(x) + F2(x) ||
<2¢(x,x) + 2¢(2x,0) + 4¢(0,0) ()
and
I1F2(2x) = 2F (X)|| = 2¢(x, x) 4 2¢(2x,0) + 4¢(0,0) ()

forall x € E;.
In view of (¢), (¢), (u), (x), and (y), we have

IFY(x +y) + F(x +y) + FS(x — y)
— F{(x—y) = F(2x) — F{2y)|
SN2FP(x +p) + 2F7 (x — y) = 2F5 (x) = 2F ()l
+ [1F(x + ) + F(x + ) = 2F7(x + y)|l
+FY(x —y) = F{(x —y) = 2F; (x = y)l
+ 12F5 (x) = FY2x) || + 12F7 (v) — F{ )|
< @o(x,y) ()

forall x,y € E;.If wereplace y in (z) with —y and then add (subtract) the resulting
inequality to (from) (z), then we get

1F3 (x + ) + F5 (x — y) = F§ 2x)|| < ¢o(x. y) ()

and
[Fg(x +y) = Ff(x = y) = F2y)|| < ¢o(x,y) (B)

forany x,y € E;.
Lettingu = x + y and v = x — y in () yields

IFS ) + F§ () — F§ (u + )| < @o((u+v)/2, (u—v)/2)

forall u,v € E;. According to Corollary 2.19, there exists a unique additive function
A1 1 E1 — E, such that

175 (x) =241 ()] = (1/2)'(x. x) )

forall x € E;.
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Putting u = x — y and v = 2y in (f) yields
IF @+ v) = Fu) = F; W) < @o(u+v/2,v/2)

for all u,v € E;. According to Corollary 2.19 again, there exists a unique additive
function A, : E1 — E» such that

I1FZ (x) = 242(x)|| < (1/2)@"(x, x) (©)
forany x € Ej.
From (¢), (1), (y), and (8), it follows that
IFY (x) = A1(x) — A2(x)|
< [1FP(x) = (/2 F3(x) = (1/2) F7 (0
+ 1(1/2)F3 (x) = Ar() | + [1(1/2) F{ (x) — A2(x) |
= (1/4 2 (x. x) + (1/4)@"(x,x) + ¢(x.0) + ¢(0.,0) (€)

and
173 (x) = A1(x) + A2(x) |
< 1F7(x) = (1/2) F3(x) + (1/2) F{ ()|
+ I1(1/2)F5 (x) = Av () + [[A2(x) — (1/2) F ()|
= (1/H)P'(x,x) + (1/4)P"(x, x) + ¢(x,0) + ¢(0,0) )

foreach x € Ey.
Finally, the assertion of this theorem is true in view of the inequalities (/), (m),

(1), (0), (¥), (8), (€), and (£). O
Later, K.-W. Jun and Y.-H. Lee [153] proved Theorem 8.18 again in a setting

[/1(x + )+ falx —y) = 2f3(x) = 2fa(V)] < @(x,y)

instead of the inequality (8.26).

In the next corollary, we introduce the Hyers—Ulam stability of the quadratic
functional equation of Pexider type. We refer the reader to [173, Corollary 6] or
[200, Theorem 3] for the proof.

Corollary 8.19. If functions f1, fa, f3, fa 1 E1 — Ej satisfy the inequality
[fi(x+y)+ falx =) = f3(x) = fa(W)[ = 6

for some § > 0 and for all x,y € E1, then there exist a unique quadratic function
0 : E1 — E;, and exactly two additive functions Ay, A : E1 — E» such that
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I/1(x) = Q(x) — A1 (x) — A2(x) — f1(0)[| = (137/3)8,
[f2(x) = Q(x) — A1 (x) + A2(x) — f2(0)]| = (125/3)8,
[f3(x) =20(x) =241 (x) — f3(0)]| = (136/3)8,
1 fa(x) =20Q(x) = 242(x) — fa(0)|| = (124/3)8

forall x € E;.

D. Yang [359] improved Corollary 8.19 by replacing the domain of the functions
fi with a 2-divisible abelian group and by obtaining sharper estimates.






Chapter 9
Exponential Functional Equations

The exponential function f(x) = e* is a powerful tool in each field of natural
sciences and engineering since many natural phenomena well-known to us can be
described best of all by means of it. The famous exponential functional equation
f(x +y) = f(x)f(y) simplifies the elegant property of the exponential function,
for example, e*T7 = e*e”. In Section 9.1, the superstability of the exponential
functional equation will be proved. Section 9.2 deals with the stability of the ex-
ponential equation in the sense of R. Ger. Stability problems of the exponential
functional equation on a restricted domain and asymptotic behaviors of exponen-
tial functions are discussed in Section 9.3. Another exponential functional equation
f(xy) = f(x)? will be introduced in Section 9.4.

9.1 Superstability

The function f(x) = a” is said to be an exponential function, where ¢ > 0 is a
fixed real number. The exponent law of exponential functions is well represented by
the exponential functional equation

fx+y)=f)f).

Hence, we call every solution function of the exponential functional equation an
exponential function. We now introduce the general solution of the exponential func-
tional equation (see [90, Theorem 6.4]).

A function f : R — C is an exponential function if and only if either
F(x) = eA®Fa® foralix e R or f(x) =0 forall x € R,
where A : R — R is an additive function and a : R — R satisfies
a(x +y)=a(x)+a(y) mod2mw
forallx,y € R.
S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 207
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Indeed, a function f : R — R continuous at a point is an exponential function
if and only if f(x) = a* forall x € Ror f(x) = 0forall x € R, wherea > 0is a
constant.

J. Baker, J. Lawrence, and F. Zorzitto [17] have proved the superstability of the
exponential functional equation:

If a real-valued function f defined on a real vector space satisfies the functional
inequality

lfx+y) = fO)f)] =8
for some § > 0 and for all x and y, then f is either bounded or exponential.

This theorem was the first result concerning the superstability phenomenon of
functional equations.
J. Baker [16] generalized this famous result as follows:

Theorem 9.1 (Baker). Let (G, ) be a semigroup and let § > 0 be given. If a func-
tion f : G — C satisfies the inequality

|f(x-y)= ) f)] =é ©.D

forallx.,y € G, then either | f (x)| < (1+\/1+—45)/2f0rallx eGor f(x-y) =
f@)f(y) forallx,y € G.

Proof. If we pute = (1 + 1+ 48)/2, then &2 — ¢ = § and & > 1. Suppose there
exists an @ € G such that | f(a)| > ¢, say | f(a)| = ¢ + p for some p > 0. It then
follows from (9.1) that

£ @) = [f@® = (/@) = f(a%))]
> |f@?] = |f@)? - f(a®)]

> | f(@)* =38
=e+p+Qe—1p+p?
> e+ 2p,
where we use the notations a2 = a - a, a®> = a - a2, etc. Now, make the induction
hypothesis
\f(a2")|>8+(n+l)p. (a)

Then, by (9.1) and (a), we get

£@ )] =@ f (@) = (f (@) f @) = £ @@ -a”))]
= |/ (@) -8
> (e4+(n+ l)p)z—(ez—s)
>e+ (n+2)p,

and (a) is established for all n € N.
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For every x, y,z € G we have

|f(x-y-2)— fx-y)f@D <6

and
|f(x-y-2) = f(x)f(y-2)| =é.
Thus,
|f(x-»)f2) = f(x) f(y-2)| =28.
Hence,
| fx- @)= f) SO < f(x-y)f@)— f(x)f(y-2)l
+ 1S f(y-2) = ) D) fR)]
<25+ |f(x)]8
or

|f(x-y) = FE) DI @] = 26 + | F(0)]8.

In particular,

1f(x-9) = FQ L) < (28 + [ £0I8) /| f (@)

forall x,y € G and any n € N. Letting n — oo and considering (a), we conclude
that f(x-y) = f(x)f(y) forallx,y € G. |

In the proof of the preceding theorem, the multiplicative property of the norm
was crucial. Indeed, the proof above works also for functions f : G — E, where
E is a normed algebra in which the norm is multiplicative, i.e., |xy| = |lx||||y|| for
any x,y € E.Examples of such real normed algebras are the quaternions and the
Cayley numbers.

J. Baker [16] gave the following example to present that the theorem is false if
the algebra does not have the multiplicative norm.

Example. Given § > 0, choose an & with |e — &?| = §. Let M,(C) denote the space
of 2 x 2 complex matrices with the usual norm. Let us define f : R — M,(C) by

e* 0
ro=(sY)
for all x € R. Then f is unbounded and it satisfies || f(x + y) — f(x) f(y)|| = &
for all x, y € R. However, f is not exponential.
L. Székelyhidi [341] has generalized the result of Baker, Lawrence, and Zorzitto
[17] in another way. Let (G,-) be a semigroup and let V' be a vector space of

complex-valued functions on G. V is called right invariant if f belongs to V im-
plies that the function f(x - y) belongs to V for each fixed y € G. Similarly, we
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may define left invariant vector spaces, and we call V invariant if it is right and left
invariant. Following Székelyhidi, a function m : G — C is called an exponential if
m(x-y) =m(x)m(y) forany x,y € G.

The main theorem of Székelyhidi [341] is the following:

Theorem 9.2 (Székelyhidi). Let (G, ) be a semigroup and V be a right invariant
vector space of complex-valued functions on G. Let f,m : G — C be functions
such that the function ¢y (x) = f(x -y) — f(x)m(y) belongs to V for each fixed
v € G. Then either f belongsto V or m is an exponential.

Proof. Assume that m is not an exponential. Then there exist y,z € G such that

m(y -z) —m(y)m(z) # 0. However, we have

fx-y-2— flx-yym@) = (flx-y-2)— fx)m(y-2))
—m@)(f(x-y)— f(xX)m(y))
+ f(x)(m(y -2) —m(y)m(z))

and hence

fO) =[(fx-y-2)= fx-y)m@) = (f(x-y-2)— f)m(y-2))
-1
+ m@)(f(x-y) = fOm)]- (m(y-2) —m(y)m(2))
for any x € G. Now, the right-hand side, as a function of x, belongs to V', and hence
so does f. O
Székelyhidi [341] presented the following corollary.

Corollary 9.3. Let (G,-) be a semigroup with identity 1 and V be an invariant
vector space of complex-valued functions on G. Let f,m : G — C be functions
such that the functions

py(x) = fx-y) = f(x)m(y) and Yx(y) = f(x-y)— f(x)m(y)

belong to V for each fixed y € G and x € G, respectively. Then either f belongs
to V orm is an exponential and f(x) = f(1)m(x) for any x € G.

Proof. Suppose that f does not belong to V. Then, by the preceding theorem, m is
an exponential. On the other hand, the function y1 (y) = f(y)— f(1)m(y) belongs
to V and we have

Sx-y) = fm(x - y)
= f(x-y) = f)my) + (f(x) = f(Dmx))m(y)
for all x,y € G. If there exists an xo € G such that f(xo) # f(1)m(xo), then m

belongs to V and so does f, which is a contradiction. Hence, f(x) = f(1)m(x)
holds true for all x € G. O
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Applying Corollary 9.3, Székelyhidi [341] generalized the theorem of Baker,
Lawrence, and Zorzitto as one can see in the following corollary.

Corollary 9.4. Let (G, ) be an abelian group with identity and let f,m : G — C
be functions such that there exist functions My, M : G — [0, 00) with

| f(x-y) = f)m ()] < min {M;(x), M2(y)}

for all x,y € G. Then either f is bounded or m is an exponential and f(x) =
f()m(x) forall x € G.

Proof. Let V be the space of bounded complex-valued functions defined on G.
Obviously, V' is an invariant vector space and we can apply Corollary 9.3. O

During the thirty-first International Symposium on Functional Equations, Th. M.
Rassias [291] introduced the term mixed stability of the function f : E — R
(or C), where E is a Banach space, with respect to two operations “addition” and
“multiplication” among any two elements of the set {x, v, f(x), f (y)}. Especially,
he raised an open problem concerning the behavior of solutions of the inequality

|f(xe+ ) = f) SO < 0(Ix]1” + [1y117)

(see also [312]).

In connection with this open problem, S.-M. Jung [164] generalized the theorem
of Baker, Lawrence, and Zorzitto; more precisely, he proved the superstability of
the exponential equation when the Cauchy difference f(x + y) — f(x) f(y) is not
bounded. Let H : [0,00)> — [0, 00) be a monotonically increasing function (in
both variables) for which there exist, for given #,v > 0, an @ = a(u,v) > 0 and a
wo = wo(u,v) > 0 such that

Hu,v+w) <a(u,v)H(w,w) 9.2)

forall w > wy.

Theorem 9.5 (Jung). Let E be a complex normed space and let f : E — C be a
function for which there exist a z € E (z # 0) and a real number (0 < < 1)
such that

Z (klzll Nzl f @)1 F < B (9.3)
and
H(nlzl.nllzll) = o(1 f@") as n — co. (9.4)

Moreover, assume that f satisfies

|f(x 4+ y) = fC) SO < H(llx]. [Iy]) (9.5)

forallx,y € E. Then f is an exponential function.



212 9 Exponential Functional Equations

Proof. We use induction on n to prove

n—1
102 = 1@ | = 3 H kIR Lel) L@ @

k=1

for all integers n > 2. In view of (9.5), (a) is true for n = 2. If we assume that (a)
is valid for some integer n > 2, then we get forn + 1

|f((n 4+ 1Dz) = "
< |f((n+1D2) = f2) f@| + 1 f@I| f(n2) — f(2)"]

n—1
< H(nlzll, 1) + Y H(klzll I1z1) |/ @)

k=1

= Z H (kl|z]l, ||Z||)|f(z)|n+1—k—1

k=1

by using (9.5) and (a).
Multiplying both sides of (a) by | f(z)|™" and using (9.3) yield

n—1

[ f @™ =1 = 30 Hklel I @ <8,

k=1

which implies

lim | f(12) /)™ = 1= >0. ()
n—o00
Hence, it follows from (9.4) and (b) that
H(nllzll,nllz]) = o(| f(n2)]) as n — co. (c)
Now, let x, y € E be fixed arbitrarily, and choose an n € N such that
H(llxll, lly +nzll) < H(lx]l, Iyl +nlzll) < el 1y1) H (2], 7 ]z])

holds true (see (9.2)). We then have

|fm)[|f(x + ) = fFO S = [f(x +y) f(nz) = f(x +y + n2)]
+ [f(x +y +n2) = f(x) f(y + n2)
+ SIS+ n2) = f(y) f(n2)]
< H(llx + yll.nllzll) + H(llxIl. 1y + nzll)
+ 1 SOLH (Il nlzl)
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and hence
| fm2)|| f(x + y) = f() fW)| < CH (n]z], n|zll) (d)

for some C > max{a(||x + ¥|,0), e(|x[. |¥1), @(]|y],0)}. Letting n — o0 in
(d) and comparing this with (c), we conclude that f is an exponential function. O

P. Gdvruta [116] also gave an answer to the problem suggested by Rassias con-
cerning the mixed stability.

Theorem 9.6 (Gavruta). Let E; and E, be a real normed space and a normed

algebra with multiplicative norm, respectively. If a function f : E1 — E; satisfies
the inequality

£ +y) = fC) S = 0(lx)1” + [IyI17) (9.6)
forall x,y € Eq1 and for some p > 0 and 0 > 0, then either
| < $8|lx||? forall x € Ey with || x| > 1

or f is an exponential function, where § = (1/2) (21’ + (47 + 89)1/2).

Proof. Assume that there exists an xo € E1 with ||xo|| > 1 and || f(xo)|| > 8|xo||?.
Then, there exists an ¢ > 0 such that

If(xo)| > (8 + &)||xoll”.
It follows from (9.6) that
| £ (2x0) — f(x0)?| < 26x0ll”.

Since E; is a normed algebra with multiplicative norm, we have

1f@x0)ll = 1/ (x) I = || f(2x0) — f(x0)?|
> (8§ +&)*[lx0]1*” = 20]1x0]17
> (6 + )% —26) |07

By the definition of §, we get
§>=27§+20 and §> 27

and hence
I f(2x0) |l > (8 + 2€)27||xo]|”.

We will now prove that

/2" x0)ll > (8 + 2"&)[12" xoll” (@)
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for all n € N. It follows from (9.6) that

| /(2" x0) — F(2"x0)| < 2612 x0l|7.
By applying (a), we obtain

[ 7@ x0)| = /@ x0)I> = [ £ (2" x0) = (2"x0)
> (8 4 2")2[2" x0||*P — 202" x0]|”
> ((8 +2"e)> — 26) 12" xo ||”
> (8 4 2"11e)27)12" x0]|?,

which proves the validity of the inequality (a).
If we set x,, = 2" x¢, then ||x,|| > 1 for any n € N. By (@), we have

im xp [|7/f (xn) | = 0. (b)
n—oQ
Choose x, y,z € E; with f(z) # 0. It then follows from (9.6) that

If@fCx+y) = fx+y+ 2l = 0(lz” + llx + y117).
IfCe+y+2 = f) SO+l < 0(IxI1? + [y +zI17).

Hence, we have

1/ @ f(x +y) = f)f(y + 2

< 0(Iel? + %07 + [ + 17 + [y +2]7). ©
In view of (9.6), we get
1) £ +2 = FO) FO) F@I = 81 FI(I¥I? + [12]17).
which together with (c) yields
1@ f G+ ) — F@) D F@ = B(x. 7.2, (@)

where
9(x.y.2) = x| + 1217 + lx + 17 + Iy +2I? + 1SNy I7 + l1z]17).
Since E3 is a normed algebra with multiplicative norm, it follows from (d) that

[f(x + ) = F) S = Op(x. y. /I fD]-

If we put z = Xy, then it follows from () that
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lim @(x, y, xx)/[l f(xn)ll = 0
n—0o0

and consequently we obtain f(x + y) = f(x) f(»). O

9.2 Stability in the Sense of Ger

The group structure in the range space of the exponential functional equation is the
“multiplication.” R. Ger [122] pointed out that the superstability phenomenon of the
functional inequality (9.1) is caused by the fact that the natural group structure in
the range space is disregarded. Thus, it seems more natural to suggest the stability
problem in the following form:

fx+y) 1‘ <5
VACONAGY)
If, for each function f : (G, +) — E\{0} satisfying the inequality (9.7) for some

8 > 0 and for all x, y € G, there exists an exponential function M : G — E\{0}
such that

9.7

1/ (x)/M(x) = 1]| = ®(8) and [[M(x)/f(x)— 1]l = ¥(5)

for all x € G, where ®(§) and W(8) depend on § only, then the exponential func-
tional equation is said to be stable in the sense of Ger.

Let (G, +) be an amenable semigroup (for the definition of amenability see Sec-
tion 2.5), and let § € [0, 1) be a fixed number. Ger [122] proved that if a function
f : G — C\{0} satisfies the inequality (9.7) for all x, y € G, then there exists an
exponential function M : G — C\ {0} such that

max {| £ (x)/M(x) = 1|, [M(x)/f(x) = 1]} = 2= 8)/(1-9)

forall x € G.

We notice that the bound (2 — §)/(1 — §) in the above inequality does not tend
to zero even though § does tend to zero. R. Ger and P. Semrl [123] resolved this
shortcoming and proved the following theorem.

Theorem 9.7 (Ger and Semrl). Let (G, +) be a cancellative abelian semigroup,
and let § be a given number with 0 < § < 1. Assume that a function f : G — C\{0}
satisfies the inequality (9.7) for all x, y € G. Then there exists a unique exponential
function M : G — C\{0} such that

max {| f(x)/M(x) — 1], [M(x)/f(x) — 1]}
< (1 +(1=8)"=2(1+8/01- 5))1/2)1/2

foreach x € G.
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Proof. Every nonzero complex number A can be uniquely expressed as

A= |Alexp (i arg()t)),
where — < arg(A) < m. Then, (9.7) yields

|f(x 4+ )l
(NACONINAWD)

for every x, y € G. It follows that

exp (i (arg f(x + y) —arg f(x) —arg f())) — 1| <8

SEAD @

L= o =

and
arg f(x + y) —arg f(x) —arg f(y) € 2nZ + [— sin~!§, sin™! 8]

forall x,y € G. As § < 1, it necessarily holds true that sin™! § < /2.
This congruence, together with Corollary 2.48, implies that there exists a func-
tion p : G — R such that

p(x+y)—px)—p(y) € 2nZ (b)

forall x,y € G, and
larg f(x) — p(x)| <sin™'§ (c)
forany x € G.
Put 2(x) = | f(x)|. It then follows from (a) that

_h+y)
= hh() ~

for any x, y € G. Consequently, we have

1-6 146

Inh(x + y) —Inh(x) — Inh(y)| < —In(1 — )

for x,y € G. According to an extended version of Theorem 2.3, there exists an
additive function a : G — R such that

[Inf(x) —a(x)| < —In(1 —8) (d)

forevery x € G.
Let us define a function M : G — C\ {0} by

M(x) = exp (a(x) + ip(x))
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for each x € G. It follows from the additivity of @ and (b) that M is an exponential
function. Moreover, we have

| f(x)/M(x) = 1] = |exp (Inh(x) — a(x)) exp (i (arg f(x) = p(x))) — 1|

forevery x € G. Applying (c) and (d) we see that the number f(x)/M (x) belongs
to the set

Q={1eC|1-8<|A|<(1-8"", —sin"'§ <arg(h) <sin'§}.
Obviously,
sup{[A—1] |2 eQ} =[(1—8) "exp(isin™'§) — 1]

- (1 F (=82 =2((1 +8)/(1 — 5))”2)1/2.

The proof of the inequality for | M (x)/f(x) — 1| continues through in exactly the
same way. O

It was shown that the assumption § < 1 is indispensable in the above stability
result.

9.3 Stability on a Restricted Domain

This section presents stability problems of the exponential functional equation on
a restricted domain, and these results will be applied to the study of asymptotic
properties of exponential functions. More precisely, it will be proved that a function
f + E — C is an exponential function if and only if f(x + y) — f(x) f(y) — O as
x|l + |¥| = oo under some suitable conditions, where E is a real (or complex)
normed space. Moreover, we also present that a function f : E — C\ {0} is
exponential if and only if f(x + y)/f(x) f(y) — las ||x| + ||y]| = oo.

Let B = {(x,y) € E? | ||x|| <d and ||y| < d} foragivend > 0.S.-M. Jung
[180] proved the superstability of the exponential functional equation on a restricted
domain:

Theorem 9.8. Let E be a real (or complex) normed space. Assume that a function
f + E — C satisfies the inequality

| fx+y) =) f)] =8

for some § > 0 and for all (x,y) € E?\B. If there exists a number C > 0 such that

sup |f(x)] = C, (9.8)
Ixll<d
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then either f is an exponential function or f is bounded. In the latter case,
L) < (1/2)(1 + (1 +4(1 +2C)8)'?)
forall x € E.

Proof. Suppose that (x, y) is an arbitrary point of B. In the case of x = 0, choose
az € E with ||z|| = d. Otherwise, let us choose z = (1 + d/||x||)x Then, we have

(x—z.y+72), (zx—2), (y.z) € E*\B.

With such a z, by using the relation

fa+y)—f@)f ) =(fx+y)— fx—2)f(y+2)
—fO(f(x) = f@f(x —2)
+ fx=2(f(y +2)— ) f(@).

we obtain

|f(x+ )= FO) D < (L+ D]+ [ f(x = 2)])8. (a)

Hence, it follows from (a) and (9.8) that

[fx+y) = f) SO = (1 +2C)8

for all (x, y) € E2. Now, the assertion follows from Theorem 9.1. O

Jung [180] was able to deduce an asymptotic result analogous to an asymptotic
behavior of additive functions (see Theorem 2.34 or Corollary 2.35).

Corollary 9.9. Let E be a real (or complex) normed space. Suppose a function
f + E — C is unbounded. Moreover, assume that there exists, for infinitely many
n € N, a constant C,, > 0 such that

sup |f(x)| < Cy. (9.9)

lxll<n

Then f is an exponential function if and only if

fx+y)=f)f(y) >0 as |lx[| + [|y] — oo. (9.10)

Proof. Assume that the asymptotic condition (9.10) holds true. Let § > 0 be given.
On account of (9.9) and (9.10), there exists a sufficiently large n € N such that the
inequality (9.9) holds true and

lfx+y») =SSO =8
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for ||x|| > n or ||y|| > n. It then follows from Theorem 9.8 that either

| f)l = (1/2)(1+ /1 4+ 4(14+2C,)8) forall x € E,

or f is exponential. Since f is unbounded, f should be exponential. The reverse
assertion is trivial. O

Jung [180] has also proved the stability (in the sense of Ger) of the exponential
functional equation on restricted domains.

Theorem 9.10 (Jung). Letd and B be given as in Theorem 9.8. Let E be a real (or
complex) normed space. If a function f : E — C\{0} satisfies the inequality (9.7)
for some § € [0,1/2) and for all (x,y) € E?\ B, then there exists an exponential
function M : E — C\{0} such that

max {| M (x)/f(x) = 1], | f(x)/M(x) — 1]}

(1 +6)2 1+ 8\32\'?

forall x € E.

Proof. Suppose (x, y) belongs to B. Applying the same argument given in the proof
of Theorem 9.8, we can choose a z € E such that

(x—z.y+72), (zx—2), (y,z) € E2\B.
By using (9.7) and the relation

Sty _ fx+y)  f@Qfx=2) SO +2)
SO fy)  fx=f(y+2) Jf(x) FMf@’

we get
1-9 _|f&c+y]|_(1+8)?
1+ ff— 1-8

According to (9.7), the complex number f(x+y) f(x—z)~! f(y+2z)~! is separated
from 1 by a distance § at most. Hence, it holds true that

arg Sx+y)
fx—=2f(y+2)

where 0 < sin~! § < /6 because of 0 < § < 1/2. We obtain analogous relations

for f(x) f(2)~' f(x—2)"'and f(y +2) f(¥)"! £(z)7! in the same way. Therefore,
we have

(a)

{

€z + |- sin~!§, sin™! 8],

arg f(x + y) —arg f(x) —arg f(y) € 2nZ + [—3sin_1 §, 3sin”! 8] (b)

for any (x, y) € B.
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Indeed, the relations (a) and (b) hold true for all (x, y) € E2. Taking logarithms
on both sides of (a) yields

)

1
[0+ )l = L@ = Il )| < In =50

for all x,y € E. In view of Theorem 2.3, there exists a unique additive function
a : E — R such that

146
la(x) —In| f(0)]| < 1nﬁ (©)

forall x € E.
On account of (b) and Corollary 2.48, there exists a function b : E — R such
that

b(x +y) —b(x) —b(y) € Z, (d)

forany x,y € E, and
|arg /(x) = 27b(x)] < 3sin~" § ©

forevery x € E.
Now, let us define a function M : E — C\{0} by

M(x) — ea(x)+271ib(x)

for each x € E. From the additivity of a and (d), it follows that M is exponential.
Let x € E be given. Since f(x) can be expressed as e/ I+ a2 f(X) e have

IM(x)/f(x)—1| = iea(x)_ln|f(x)|ei(2”b(x)_argf(x)) . 1|'

Now, let us define

, 1—26)2 1
D:%re’ee(c (1+8) frf(lj_;)z,—3sin_18§9§3sin_18.
If we set
_ (=8 3015 _ 148 et
4= e 2=
then
(1-8)* _(1-5)>2 )
—112 = -2 1—46§ 1,
=1 = e ~2a g2 )+
3 2_(1+8)2_ L+8\32 -
2= 1P = s 2(1—5> (1—482) + 1.
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‘We now have

lzo — 12 —|z1 — 12

_ _ 55/
_(+9p2 (1 _ 8+§;j) +2(1 — 462) Ul (1 _a +8)2)

(1-268)* (14 8)1/2 1-68)*
a9 =9\ (-8 (=85
(TR (1‘<1+6>2)((1+8>2_z(1_45 AR &

On the other hand, since (1 — 482)+/1 — 82 < 1, we have (1 — 482)(1 —8§)1/2 <
(14 8)~"/2 and hence,

(1-8°7 _(1-9 (1-8°72 _ (1-87?

1 — 4682 —2(1—-48>)——~—— > 22 )
( Vazaz= 145 & "2 Vs> 2155
Thus, we get
2
a2 (=9 ((1=8)
e =1 =l == e s s ) =0

and hence we conclude that |z — 1| = max {|z —1]|ze€ D}.
Therefore, it follows from (c¢) and (e) that

IM(x)/f(x) =1] = [z2 —1]

B (1+6)2 L 148,32\
_(1+(1_5)4—2(1—48)<m> ) .

The proof of the inequality for | f(x)/M(x) — 1| goes through in the same way.
Hence, we omit the proof. |

9.4 Exponential Functional Equation of Other Type

Every complex-valued function of the form f(x) = a* (x € C), wherea > O is a
given number, is a solution of the functional equation

fxy) = f(x)”. 9.11)

Hence, the above functional equation may be regarded as a variation of the expo-
nential functional equation.

If a function f : R — (0, co) satisfies the equation (9.11) for all x,y € R, it
then follows from (9.11) that

fx)y = f(»)?*
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for all x, y € R. Thus, there exists a real number a = f(1) > 0 such that f(x) =
a* for all x € R. On the other hand, each function f : R — (0, c0) of the form
f(x) = a* satisfies the equation (9.11) for any x, y € R. Therefore, the general
solution f : R — (0, c0) of the functional equation (9.11) is f(x) = a*, where
a > 01is a given number.

Let us introduce some convenient notations:

n—1 o]
ei(x) = 2%, pa(x) = [Jei@). and a(x) =) pa(x)”!
i=0 n=1

for each x € R and n € Nj.
S.-M. Jung [165] proved the stability of the equation (9.11) in the sense of Ger.

Theorem 9.11 (Jung). Let§ € (0, 1) be a given number: If a function f : (0, co) —
(0, 00) satisfies the inequality

[ f(xy)/f(x)Y =1] <6 (9.12)

forall x,y > 0, then there exists a unique constant a > 0 such that
(1 =80 <a*/f(x) = (1 +§)*® (9.13)

forall x > 1.

Proof. Substituting e,,—1(x) for x and y in (9.12) yields

_§ < Sfen(x)) _
0= f(en—l(X))en—l(x) =1+

forevery x > O and n € N. Forn > m > 0, we obtain

f(en (x))
f(em (x))em (x)epn41(x)e,—1(x)

_ S (en(x)) ( F(en-1(x)) )enl(x)
Flen—1(x))en—1D \ f(en_z(x))en—2()
( f(ems1(x)) )+ (Dem+2 ()€1 (x)

Flem()en®
and
(o S Y St
Fem(x))ememt1(x)en—1(x) ) T flem(x))V/pm@)
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Hence, we have

B (en(x))1/Pntx) a
(1— S)a»z(x) am (X) < W <1+ 8)an(x) am(x)’ (a)

where
n
an(x) =Y pi(x)7".
i=1
Since the sequence {o,(x)} converges as n — oo for x > 1, it follows from

(a) that the sequence {In f(e,(x))"/?®)} is a Cauchy sequence for each x > 1.
Therefore, we can define

L(x) = lim In f(en(x))l/p”(x)

and
F(x) = et®
for all x > 1. In fact, we get
. 1/pn
F(x) = lim_f(en())"?"® (b)
n—>oo

for any x > 1.
Substituting e, (x) and e, (y) for x and y in (9.12), respectively, yields

=8 f ()" = fleate) = A+ f ()™ (@)

forall x, y > 0 and for any n € N. Hence, by (b) and (c), we have
; 1/pn(xy) en(y)/ pn(xy)
lim (1 —9§) f(en(x)) < F(xy)
n—>oo

and
F(xy) < lim (1 +8)l/pn(xy)f(en(x))en(Y)/Pn(xy)
n—>oo

for all x,y > 0 with xy > 1. Since p,(xy) — ocoasn — oo (xy > 1) and
en(y)/pn(xy) = y/pn(x) for any n € N, it follows from (b) and the preceding
inequalities that F(xy) = F(x)” for x > 1 and y > 0 with xy > 1. Therefore,
there exists a constant a > 0 such that F(x) = a* for all x > 1 (see above). By
putting m = 0 in (@) and using (b), we easily see the validity of (9.13).

Assume now that b is another positive constant such that

(1—=8)*® <b¥/f(x) < (1 +8)*™
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for all x > 1. Without loss of generality, let » > a. Then, the following inequalities

1=\ b\ b f) _ (148
146 “\a)  fx) e —\1-6
lead to a contradiction, since «(x) < 1 for x > 2 and (b/a)* — oo as x — oo.

Therefore, we conclude that there exists a unique constant a > 0 satisfying the
relations in (9.13). d

Let d > 0 be given, and let § € (0, 1) satisfy the condition
148 <2(1-298)7. 9.14)

It is not difficult to demonstrate that there exists at least one § € (0, 1) satisfying the
condition (9.14) for any d > 0.
The following theorem is also due to Jung [165].

Theorem 9.12. Let a function [ : (0,00) — (0, 00) satisfy the inequality (9.12)
forall x,y > 0 with x + y > d. Then there exists a unique constant a > 0 such

that
146 \*@ o 1+6 \*®
(a5) == (aam) O

Proof. Let x,y > 0 be given with x + y < d. Choose at > 0 satisfying tx > d.
From (9.12) and the relation

forany x > 1.

fey) _ S [ faxtY
f07 T faxpt\ i)

it follows that
1-6 _ f(xy) - 1+6
(I+8)4 7 flx)r — (1=84"

Hence, the inequality

1+6

|f(xy)/f(x)” = 1] = =87 -1 (a)

holds true for x, y > 0 with x + y < d. In view of the hypothesis, the inequality
(a) holds true for all x,y > 0. The condition (9.14) guarantees that the value of
the right-hand side of (a) belongs to (0, 1). Hence, on account of () and Theorem
9.11, there exists a unique constant a > 0 satisfying (9.15) for each x > 1. O

The following corollary is an easily applicable version of Theorem 9.12 (see
[165]).
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Corollary 9.13. Let ¢ > 1 be given. If a function f : (0,00) — (0, 00) satisfies
the inequality (9.12) for all x,y > 0 with x + y > d, then there exists a unique
constant a > 0 such that

S L8 N et 148\
(‘(1—8>d) _f(x)_((l—r?)d)

Now, we provide a sufficient condition for a function f : (0, co) — (0, c0) to be
asymptotically exponential (ref. [165]).

forall x > e.

Corollary 9.14. If a function f : (0, 00) — (0, 00) satisfies the condition

| fee)/f(x) =1 =o((x +»)7") as x +y — oo, (9.16)
then there exists a unique constant a > 0 such that f(x) = a* for any x > 1.

Proof. Let ¢ > 1 be arbitrary. According to (9.16), there exists a sequence {,},
monotonically decreasing to zero, such that

| £y /f(x) = 1] < 8u/n

for all x,y > 0 with x 4+ y > n. By Corollary 9.13, there exists a unique constant
ay, > 0 such that

(2_ 1+ 8/n )‘“8) _ 4 S( 1+ 8,/n )“‘6’ @
(1 =8n/n)" Sf(x) (1 =38n/n)"

for every x > ¢. Obviously, there exists an infinite subset / of N such that the

sequence {(1 + 8,/n)/(1 — 6,/n)"} decreases monotonically to 1 as n tends to

infinity through 7. Let m,n € [ satisfy n > m. In view of (a) and the above
consideration, we get

( 1+ 8m/m )“(8) az ( 1+ 8/ m )"‘(6)
2 - - < <
(I =8m/m)m S TN =8/ m)m

for any x > &, which implies a,, = a, = a forall m,n € I. Lettingn — oo
through 7 in (a) and using the above consideration again, we can conclude that
f(x) = a* forany x > ¢. Since ¢ > 1 was given arbitrarily, f(x) = a* holds true
forall x > 1. O






Chapter 10
Multiplicative Functional Equations

The multiplicative functional equation f(xy) = f(x) f(y) may be identified with
the exponential functional equation if the domain of functions involved is a semi-
group. However, if the domain space is a field or an algebra, then the former
is obviously different from the latter. It is well-known that the general solution
f : R — R of the multiplicative functional equation f(xy) = f(x)f(y) is
f(x) =0, f(x) = 1, f(x) = eAWPD|sign(x)], and f(x) = eAWFDsign(x) for
all x € R, where A : R — R is an additive function and sign : R — {—1,0, 1} is
the sign function. If we impose the continuity on solution functions f : R — R
of the multiplicative equation, then f(x) = 0, f(x) = 1, f(x) = |x|%, and
f(x) = |x|%sign(x) for all x € R, where « is a positive real constant. The first
section deals with the superstability of the multiplicative Cauchy equation and a
functional equation connected with the Reynolds operator. In Section 10.2, the re-
sults on §-multiplicative functionals on complex Banach algebras will be discussed
in connection with the AMNM algebras which will be described in Section 10.3.
Another multiplicative functional equation f(x”) = f(x)” for real-valued func-
tions defined on R will be discussed in Section 10.4. This functional equation is
superstable in the sense of Ger. In the last section, we will prove that a new multi-
plicative functional equation f(x 4+ y) = f(x) f(y) f(1/x + 1/y) is stable in the
sense of Ger.

10.1 Superstability

If the domain of functions involved is a semigroup, the multiplicative Cauchy func-
tional equation

Fxy) = fx) f(y)

may be identified with the exponential Cauchy functional equation f(x + y) =
f(x) f(»). Therefore, in view of Theorem 9.1, it is obvious that the multiplicative
Cauchy equation is superstable.

S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 227
Analysis, Springer Optimization and Its Applications 48,
DOI 10.1007/978-1-4419-9637-4_10, (© Springer Science+Business Media, LLC 2011
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Let (G,-) be a semigroup and let 5 > 0 be given. If a function f : G — C
satisfies the inequality

lfx-y) = f) SO =8

forallx,y € G, then either | f(x)| < (1++/1+48)/2forall x € G or f(x-y) =
fXxX)f(y) forallx,y € G.

Let (G, o) be an abelian semigroup and let g : G — G be a given function. We
now consider a functional equation connected with the Reynolds operator,

f(xog() = f(x)f(y) (10.1)

for all x,y € G. If g is the identity function, then the functional equation (10.1)
reduces to the multiplicative Cauchy functional equation. If (G,0) = (R,-) and
g = f, then the equation (10.1) reduces to the functional equation

F(xf) = f) f),

whose origin is in the averaging theory applied to turbulent fluid motion. This func-
tional equation is connected with some linear operators, i.e., the Reynolds operator,
the averaging operator, and the multiplicatively symmetric operator.

In 2007, A. Najdecki [257] proved that the functional equation (10.1) is super-
stable.

Theorem 10.1 (Najdecki). Let (G, o) be an abelian semigroup, let g : G — G be
a given function, and let K denote either R or C. If a function [ : G — K satisfies
the inequality

|f(xog() = fx)f(y)| <8 (10.2)

forall x,y € G and for some § > 0, then either f is bounded or f is a solution of
the functional equation (10.1).

Proof. Suppose that f is unbounded. Then we can choose a sequence {x,} of
elements of G such that 0 # | f(x,)] = ocoasn — oo. Put y = x, in (10.2)
to obtain

|/ (x 0g(xn))/ f(xn) = f(0)| < 8/1f (xn)l. (a)
Since | f(x,)| — 0o as n — o0, it follows from (a) that

f) = Tim f(xogCo)/f () (b)

forallx € G.
Replacing x in (10.2) with x o g(x,) yields

|f(xogln)og(y) = f(xogtxm) f(0)| =8 (c)
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forany x, y € G. It follows from (c) that

f(xog(y)oglm) — fxogln) /() _

% 7o) N @
Thus, by (b) and (d), we obtain
o [(xog(y)oglx))
f(xog(y) = lim 7o)
o f(xog(y)ogxn)— f(xoglxn)f(y)
= 1um
n—00 f(xn)
 fxog(xn))
+ lim T S
= f(x)f(y)
forall x,y € G. O

10.2 §-Multiplicative Functionals

In this section, let £ denote a commutative complex Banach algebra and let E*
denote the dual space of E.
For any linear functional ¢ on E we define

P(x,y) = p(xy) — () (»)

for all x,y € E. If the norm of the bilinear functional ¢v5 is less than or equal to
8 > 0, then ¢ is called §-multiplicative.
We introduce basic lemmas presented by B. E. Johnson [146].

Lemma 10.2. Let § > 0 be given. If ¢ € E* is §-multiplicative, then ||¢|| < 1 + 6.

Proof. By the hypothesis, we have

[ (xy) = () ()] = 8]l x]ll| ] (a)

forall x,y € E. Given ¢ with 0 < & < ||¢||, choose an x with ||x|| = 1 such that
l¢ll — e < |¢p(x)| and put y = x in (a). Then, we get

[p(x)* —¢(x?)] < 8

and hence

(g1 —&)> < 16O < [¢(x>)| + 8 < p]l + 6,
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since ||x2|| < |x||> = 1. Letting ¢ — 0 in the above inequality and solving the
resulting inequality, we obtain

ol < (1/2)(1 + V1 +48) <1435,

which ends the proof. O

K. Jarosz [145] proved a proposition in which the same bound for ¢ is obtained
as in Lemma 10.2, but without the assumption of continuity for the linear functional
¢. The following lemma follows from Lemma 10.2 by a straightforward calculation.
Hence, we omit the proof (ref. [146]).

Lemma 10.3. Let § > 0 be given, let a linear functional ¢ on E be §-multiplicative,
and let yr be a continuous linear functionalon E (¢ € E*). Then ¢+ is 6+ 3+
28) |1 || + W |1?)-multiplicative. If A € C, then (1+ )¢ is |1+ A|(§ + |A|(1+8)?)-
multiplicative.

If the algebra E lacks an identity, E can be extended by adjoining an identity
to E, and the extended one is denoted by E 1 Each linear functional ¢ on E can
also be extended to a linear functional 43 on E! by putting ¢~S(1) = 1. Then, ¢ is
§-multiplicative if and only if ¢ is. In some cases, an algebra which does not have
an identity may have an approximate identity, which may be defined as follows: A
net {eq } in E is an approximate identity for E if for each x € E there exists a subnet
{eg} of {ey} such that

limegx = x.
b B

Johnson estimated in [146] lower bounds for the norm of a §-multiplicative func-
tional (cf. [137]).

Lemma 10.4. (i) Let E possess an identity 1 and let ¢ be a §-multiplicative linear
functional on E with 0 < § < 1/4. Then either |1 — ¢ (1)| < 26, in which case
loll > 1 =28, or ||@] < 26.

(ii) Let K > 0 and let E have an approximate identity {ey} with |leq| < K for all
a. Let 0 < § < (4K?)~! and let ¢ be a §-multiplicative linear functional on E.
Then either lim sup|1 — ¢ (eq)| < 26K?, in which case ||¢|| > 1/K — 28K, or

o

lim sup|¢ (eq)| < 28K?2, in which case ||¢| < 28K.
o

Proof. Note that the first statement is a special case of the second. Let L be the set
of points of accumulation of the bounded net {¢(e,)} and let £, £ € L. We have

¢ (eaep) — d(ea)p(ep)| < 5K>.
If we take limits on suitable subnets, first for & and then for 8, we get

I$(ep) — Lp(ep)| < SK> and |€'(1—0)] < 5K < 1/4.
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For the special case where £ = ', we have either |1 — £| < 28K? or |[{| <
(1/2)(V1T+48K2 — 1) < 28K2 If |1 — €] < 28K? and || < 28K?, then
[£(1 —£')| > 1/4, so either we have the first alternative for all £ € L or the second
forall £ € L.

The first alternative gives

limsup |1 — ¢ (eq)| < 26K2,
o

SO
K|lg|l = limsup |¢ ()| > 1 — 26K
o

The second gives
lim sup | (eq)| < 26K2.
o

If £ € L, taking the limit on a suitable subnet in the inequality

P (xea) — P (X)P(eq)| < 8]l x[ K

yields |¢(x)| < §||x||K(1 — £)~! and hence ||¢| < §K(1 —£)~! < 28K, which
ends the proof. O

Using Lemmas 10.3 and 10.4, we can prove the following lemma (see [137]).

Lemma 10.5. Suppose that E has an identity 1 and let ¢ € E* be §-multiplicative
with 0 < § < 1/4. If ||| > 26, then the functionals ¥y = ¢/||¢| and ¥, =
¢ /¢ (1) are n-multiplicative, lie within a distance of 28(1 + 8)(1 —28)~' of ¢, and
have |y || = 1 and Y>(1) = 1, where n = (8/3)(1 + 28)(38 + 262 + 28%).

Proof. The arguments for ¥; and v, are the same. We consider ;. By the hy-
pothesis, ¢ satisfies the first alternative of Lemma 10.4 (7), so that ||¢|| > 1 — 26.
Hence, we get (1 — ||¢]l)/ll¢ll < 28/(1 — 28). Now, use Lemma 10.2 to obtain
1 — @ < 28(1 + 8)/(1 — 28). Next, apply Lemma 10.3 with A 4+ 1 = ||¢ |7,
so that A = (1 — ||¢||)/||¢|| < 26/(1 — 26). According to Lemma 10.3, v is
|1+ A|(8 + |A](1 + §)?)-multiplicative. Thus,

[T+ A[(8 + [AI(1 +8)%) < (1 —28)72(35 + 28> + 26°).
Since 0 < § < 1/4, we have (1 —28)™2 < (8/3)(1 + 28) which completes the

proof. O

B. E. Johnson [146] proved Lemma 10.5 with n = (1 + 28)(23 + 482 + 483).
Let us define

D={¢pcE" gl =)= ()}
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and
W(x) = {¢(x) | ¢ € D}

for each x € E. The set W(x) is called the numerical range of x.
Johnson [146] also presented the following lemma.

Lemma 10.6. Assume that E has an identity 1. Let b € E and u € R be given.
If N(z) < pforall z € W(b), then || (Al —b)! || < (%()L) — ,u)_lfor any A € C
with R(A) > L.

Proof. Leta € E with |la|| = 1 and let ¢ € E* with |¢|| = 1 = ¢(a). Then,
g(c) = ¢(ac) is an element of D. We have

la1 = b)]| = [¢(a(hl — )| = |4 — g®B)| = Rk - g(B)) = R(A) — p.
By [22, Theorem 6], (A1 — b)~! exists. By putting
a=}-b)"|a1=b71,
we achieve the required inequality. O

Using the previous lemmas, Johnson [146] proved the following theorem.

Theorem 10.7 (Johnson). Assume that E has an identity 1. Let § € (0,1) be
fixed. Suppose that ¢ € E* is S-multiplicative with ¢(1) = 1. Then there exists
an element W of D such that ||¢p — || < 82 + §).

Proof. The inequality
I¢(M - b)qﬁ(()kl - b)_l) — 1| < §|Al =D H (Al — b)_l H
together with Lemma 10.2 implies that if A, x, and b are as in Lemma 10.6, then

(M) — 1) "' (1 + OO = b)| = A1 =) [ (1 +8)|(A1 - b)|
> 1|1 = 5)7 121 )

lp(A1 = Db)||p((A1 —b)7")|

=821 =] |1 =)

A%

%

1= 8 A1 —b[[(R) —p) "

v

SO

A= ¢®)| = 1p(A1 =b)| = (1 +8) 1 (R(A) — p — 8| A1 = b])).
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Suppose that R(¢p(b)) > w, then we can put A = ¢ (b) in this inequality and
consider Lemma 10.2 to see that

R(p®B) —p < 8llgpd)1—bl <62+ 8)|b].

Clearly, this inequality also holds true for (¢ (b)) < u.

Putd; = §(246) and let B* denote the closed unit ball in £*. We want to present
that D N (¢ + 81 B*) # @. Suppose on the contrary that this set is empty. Then, we
can apply the Hahn—-Banach theorem to E* in the w*-topology to find a hyperplane
strongly separating the compact convex sets D and ¢ + 61 B*. Thus, there exist
an a € E, which we can assume has norm 1, and a u € R with R(f(a)) < u
forall f € D and N(f(a)) > p forall f € ¢ + 6;B*. Takinga g € B* with
g(a) = 1 and putting f = ¢ — 61 yield RN(p(a)) — 61 = R(f(a)) > p and
hence, N(P(a)) —u > §(2+ §)||a|| which is contrary to the inequality at the end of
the previous paragraph. Hence, we have verified that the set D N (¢ + 81 B*) is not
empty. This completes the proof. O

10.3 Theory of AMNM Algebras

As in the previous section, let £ be a commutative complex Banach algebra and let
E* denote the space of continuous linear functionals on E.
We will denote by E the set of characters of E. For each ¢ € E* we put

d(¢) = inf{llp —y| | ¥ € £ U{0}}.

We state that E is an algebra in which approximately multiplicative functionals are

near multiplicative functionals, or E is AMNM for short, if for each ¢ > 0 there

exists a § > 0 such that d(¢) < & whenever ¢ is a -multiplicative linear functional.
Johnson [146] proved the following:

Lemma 10.8. Let E have an identity. Then the following statements are equivalent:

(i) E is AMNM;
(ii) For every sequence {¢n} in E* with ||<]3,, || = O there exists a sequence {V,} in
E U {0} with |$n — ]l — 0; V
(iii) For every sequence {¢,} in E* with ||¢,| — O there exists a subsequence
{@n; } and a sequence {;} in EU {0} with ||¢n, — Vil = O;
(iv) For every sequence {¢,} in E* with ||<;V5,, | = 0 and ilr}f||¢n || > O there exists

a sequence {Yry} in E with lpn — ¥l — O;

(v) For every sequence {¢n} in E* with ||¢V>n|| — 0and ¢, (1) = 1 = ||pn|| there
exists a sequence {Yr,} in E with ||, — Y| — 0;

(vi) Forany g > O there exists a § > 0 such that if ¢ € E* with ¢(1) = 1 = ||¢||
and ||p|| < 8, then d(¢) < e.
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Conditions (i) to (iv) are equivalent even though E lacks an identity. If E has an
approximate identity of norm 1, then (i) to (iv) are equivalent to the following:

(vii) For any & > O there exists a § > 0 such that if ¢ € E* with |¢|| = 1 and
ol <6, then d(¢) < e.

Proof. The implications (i) = (ii) = (iii) = (i), (i) = (iv) = (iii), and (i) =
(v), (vi), and (vii) are elementary. The implications (v) = (iv), (vi) = (i), and (vii)
=> (i) follow from Lemmas 10.3 and 10.4, and Theorem 10.7. O

Johnson [146] proved that every finite-dimensional commutative complex
Banach algebra is AMNM as we see in the following theorem.

Theorem 10.9. If the dimension of E is finite, then E is AMNM.

Proof. Let{¢,} be a sequence in E* with ||¢v>,, | = 0. Then, by Lemma 10.2, {¢, } is
bounded and, thus, has a convergent subsequence {¢,, } with limit y. By continuity

of the function ¢ +— qvb, we see ¥ € EU {0}. Hence, the condition (iii) of Lemma
10.8 is satisfied with y; = . O

A subset J of E is said to be an ideal if

(11) J is a subspace of E (in the vector space sense),
(I12) xy € J wheneverx € E andy € J.

Johnson [146] provided the following theorem.

Theorem 10.10. Let J be a closed ideal in E.

(i) If J and E/J are AMNM, then so is E.
(ii) If E is AMNM, then so is J.
(iii) If E is AMNM and J has a bounded approximate identity, then E /| J is AMNM.

Proof. (i) Let {¢,} be a sequence in E* with ||¢V>n || = 0. Using a subsequence if
necessary, we may assume that either ||¢, ||| — O or that there exists an 7 > 0 with
[¢nlsll > nforn € N. Consider the second of these cases first. Since lnlsll <
x|, we note that there are Y € J with lpnls — ¥, || = 0. The elements v, of J
can be extended to elements ¥, of E by

Yn (X) = ¥, (X)) /¥ ()

forall x € E and j € J\Kery,,. Let j,k € J\Kery,. Then, ¥, (xjk) =
Y (X)), (k) = Y, (xk) ¥, (), so that

Y () /Y (GK) = Y () () = Y (xk) [y ().
Hence, the definition of ¥, is independent of the choice of j.

By the Hahn—Banach theorem, the functional (¢, — V¥,,)|s can be extended to
an element 6, of E* with ||6,]| = |[(¢n — ¥u)|s|, so that ||0,|| — 0. Thus,
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by Lemma 10.3, ||z§,,|| — 0, where ¥, = ¢, — 6, forn € N. Let j, € J with
ljz]l = 1 and |¢, (jn)| > n. Then, it holds true that

90 (x) = 90(Xjn)/On Gin) = On (X, jn)/On(in) = Yn(x) = Du(x, jn)/On (i)

foreach x € E. Thus, (&, — ¥, )(x) — 0uniformly for | x|| < 1,1i.e., |0, —¥n| —
0 and hence ||¢, — ¥u|| — 0. Now, consider the case where ||¢,|s|| — O and
let 6,, be an extension of ¢, |7 to E with ||6,] = |¢n|s]. Put 9, = ¢, — 6.
Then, ||1§n|| — 0 by Lemma 10.3 and ¥,, = 0 on J. Hence, we may consider
{9} as asequence in E/J. Since E/J is AMNM, there exists a sequence {{, } in
E/J U {0} C E U {0} with ||, — Y]] — 0, and 50 || ¢ — ¥nl| — O.

(ii) Suppose that £ is AMNM and {¢, } is a sequence in J* with ||¢V>n || = 0and
k = ilnlf llgn |l > 0. Let {j,} be a sequence in J with || j,|| < 2/k and ¢, (j,) = 1

forn € N. Put
D, (x) = ¢n(xjn)

forall x € E andn € N. Then, ®, € E* andforx,y € E

Dy (xy) — Pp(X)Pn(¥) = Pu(xYjn) — Gu(Xjn)Pn(Vjn)
= ‘Z’n (Xjns Yin) — ‘Z’n(x)’jnv Jn)

50 ®,(x,y) — 0 uniformly for || x| ||y < 1. Thus, there exists a sequence {¥,,}
in £ U {0} with |®n — Wy|| — 0, and we have ||¢, — V¥, || = 0 with ¥, = W,|s €
J u{o}.

(iii) Finally, suppose that £ is AMNM, J has a bounded approximate identity,
and {¢,} is a sequence in (E/J)* C E* with ||¢h,|| — 0. Then, there is a sequence
{¥n}in E U {0} with ||y — ¥ | — 0. By Lemma 10.4 (ii) with E replaced by J
and taking the limit as § — 0, we have either ||, |s|| = 1/K or |[{¥,|s]| = 0. As
lVnlsll — 0, we get ¥, | s = 0 eventually. Hence, v, is a multiplicative element of
(E/J)*. |

B. E. Johnson [146] proved the following:

Corollary 10.11. Let J be a closed ideal in E for which E/ J is finite-dimensional.
Then E is AMNM if and only if J is.

Proof. By Theorem 10.9, E/J is AMNM and the corollary follows from Theorem
10.10 (i) and (if). O

A topological vector space X is said to be locally compact if 0 has a neighbor-
hood of which closure is compact. Johnson also presented in the same paper that the
following commutative Banach algebras are AMNM:

(i) Co(X), where X is a locally compact Hausdorff space;
(ii) L2 for p € [1, o0];
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(iii) LY(G), where G is a locally compact abelian group;
o0

(iv) the algebra L' (Z) of power series Zanz” with Y |an| < oo;
n=0
(v) the convolution algebra L' (0, c0);
(vi) the disc algebra, i.e., the algebra of the continuous functions on the closed unit
disc in C which are analytic in the interior of the disc.

Now, let us discuss the general case of functions between Banach algebras E

and E,. We denote the space of bounded linear functions from E; into E, by
L(Ey, Ey).ForT € L(E1, E3), let us define

T(x,y) = T(xy) — T(x)T(y)

forall x,y € E;.

(E1, E») is said to be an AMNM pair (almost multiplicative maps are near mul-
tiplicative maps) if for each ¢ > 0 and K > 0 there is a § > 0 such that if
T € L(E1, Ez) with |T| < K and ||T|| < §, then there exists a multiplicative
function T* € L(Ey, E») with |[T —T'|| < e.

The main theorem of Johnson [147] states that if E; is amenable and E> is a dual
space, then the pair (E;, E3) is AMNM. He also proved that the following pairs are
AMNM:

(i) E1 is a finite-dimensional semi-simple algebra and E, is a Banach algebra;
(ii) E1 = LY (Z7) or E| = disc algebra and E, = C(X), where X is a compact

Hausdorff space;
(iii) E1 = E, = algebra of all bounded linear functions on a separable Hilbert
space.

10.4 Functional Equation f(x?) = f(x)”’

In Section 9.4, the functional equation f(xy) = f(x)” was introduced as a varia-
tion of the exponential functional equation f(x 4+ y) = f(x) f(y). Similarly, the
functional equation

f&x7) = f(x)? (10.3)

may be regarded as a multiplicative functional equation.
In the following theorem, the functional equation (10.3) will be solved in the
class of functions f : (0,00) — R (see [171]).

Theorem 10.12. A function f : (0,00) — R satisfies the functional equation
(10.3) for all x,y > 0 if and only if there exist real numbers ¢ and d such that
f has one of the following eight forms:

(i) f(x) =x° forO<x <1,and f(x) =0 forx > 1;
(i) f(x)=x for0<x <1, f(1) =0, and f(x) = x¢ forx > 1;
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(iii) f(x) =x€ for0 <x <1,and f(x) =0 forx > 1;
(iv) f(x) =x€ for0 <x <1,and f(x) =x? forx > 1;
(v) f(x) =0 forx >0;

(i) f(x) =0 for0<x <1, and f(x) =x? forx > 1;
(vii) f(x) =0 forx # 1,and f(1) = 1;
(viii) f(x) =0 for0 < x <1, and f(x) = x? forx > 1.

Proof. First, let f satisfy the functional equation (10.3) for all x, y > 0. By putting
x = 11in (10.3) we immediately obtain (1) = 0 or f(1) = 1. Assume that there
exist some p,q > 0 with p = g2 and f(p) < 0. Then, it follows from (10.3) that
0 < f(9)* = f(@* = f(p) < 0 which leads to a contradiction. Hence, f(x) > 0
holds true for all x > 0.

Assume that there exists some 0 < a < 1 such that f(a) > 0. Puts = a” for
y > 0. It then follows from (10.3) that f(s) = f(a)? = s°% /@ for0 < s < 1,
since {ay |y > O} = (0,1). If we put ¢ = log, f(a), then f(x) = x€ for all
0<x <l

Assume now that there exists some b > 1 such that f(b) > 0. Similarly, we
obtain f(s) = 5" /® for s > 1. Using the notationd = log, f(b) yields f(x) =
x4 forx > 1.

Cumulatively, f has one of the eight forms (i) to (viii).

Finally, it is easy to observe that if f has one of the given eight forms, then it
satisfies the functional equation (10.3) for all x, y > 0. O

The functional equation (10.3) is different from the multiplicative functional
equation f(xy) = f(x)f(»). If we define a function f : (0,00) — R by

_fx (for 0<x<1),
S = x2 (for x > 1),
then f does not satisfy the equation f(xy) = f(x)f(y), whereas it is a solution
of equation (10.3) according to Theorem 10.12 (iv).

Similarly, we can prove the following corollary. Hence, we omit the proof (or
see [171]).

Corollary 10.13. A function f : (0,00) — R satisfies the functional equation
(10.3) for all x > 0 and y € R if and only if there exists a real number c such that
f(x) = x€ forall x > 0.

The group structure of the range space of the exponential functional equation
f(x +y) = f(x)f(y) was taken into account, and the stability in the sense of R.
Ger was introduced in Section 9.2.

It is interesting to note that we still have a superstability phenomenon for the
functional equation (10.3) even though the relevant inequality is established in the
spirit of R. Ger, whereas the exponential equation f(x + y) = f(x) f(y) is stable
in the similar setting.

Jung [171] provided the following theorem.
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Theorem 10.14. Suppose §1 and §, are given with 0 < 61 < 1 and §; > 0. Let a

function f : (0,00) — (0, 00) satisfy the inequalities

f(x7) <148

PSS

forall x,y > 0. Then there exist real numbers ¢ and d such that

x¢ (for 0 <x <1),
x? (for x > 1).

fx) =
Proof. Let x > 0 be given. From (10.4) it follows that

. Sl)m/n - f((xm)n/m)m/n

< m/n
fom =A%)

(

forall m,n € N. Let m,n € N satisty n > m. By (a), we have

|(1/m)In f(x") — (1/m) In f(x™)|
= (1/m)|(m/n)In f((x™)"/™) —In f(x™)|

f((xm)n/m)m/n
S xm)

— 0 as m — oo.

In

= (1/m)

Thus, {(1/n)1n f(x")} is a Cauchy sequence, and we may define
L(x) = lim (I/n)In f(x™)
n—0o0

and
F(x) =exp (L (x))
for all x > 0. Indeed, it holds true that

F(x) = lim f(x")'".

Substituting x" for x in (10.4) yields

S(x")
TGy <1+,

1-6; <

(10.4)

(@)

(b)
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and hence
1/n
e S 1/n
(=)' = S < ()
Therefore,
Tim fm)YR fem T =1 (c)

From (b) and (c), it follows that
FOe2) = lim f?™)M = Tim fQer ) )= f ey
n—00 n—oo

and
F(x¥) = F(x)” (d)

for all x, y > 0. Obviously, (10.4) and (b) imply F(x) = f(x) for all x > 0. Since
f(x) > 0holds true for all x > 0, by Theorem 10.12 (iv), there are real numbers ¢
and d such that f(x) = x¢ for0 < x < 1 and f(x) = x¢ forx > 1. O

Analogously, Jung [171] proved the following corollary.

Corollary 10.15. Assume that a function f : (0,00) — (0,00) satisfies the in-
equality (10.4) for some 0 < §; < 1,8, > 0 and forall x > 0andall y € R. Then
there exists a real number ¢ such that f(x) = x€ forall x > 0.

Proof. Obviously, we can apply the definition (b) in the proof of Theorem 10.14 to
the proof of the corollary. As mentioned in the proof of Theorem 10.14, we have
F(x) = f(x) > O0forall x > 0. Hence, for any x > 0 there exist an & > 0 and an
m € N such that f(x")!/" > g forany n > m.

Now, let y < 0 be given. Since the function x + x7 is continuous on the interval
[£/2, 00), the equality (d) in the proof of Theorem 10.14 is true for y < 0.

Therefore, we can conclude that F satisfies the functional equation (10.3) for
x > 0and y € R. By Corollary 10.13, the assertion is obvious. O

Now, we study the superstability of the functional equation (10.3) on a restricted
domain (ref. [171]).

Theorem 10.16. Let 61 and 8, be given with 0 < §; < 1 and 8, > 0. Given
m > 0, suppose a function f : (0,00) — (0, 00) satisfies the inequality (10.4) for
all pairs (x, y) with x > m or |y| > m. Then there exists a real number c such that
f(x) = x€ forall x > 0.

Proof. Suppose 0 < x < m and —m < y < m. We can choose an n € N satisfying
nx > m. Using the equality

f(xr) f((nx)yloanX) ' f(nx)?ognxx
F()Y 7 fnx)? e f((nx)oenxx)”
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and the inequality (10.4) yields

=8 _f&) _ 146

Q167 = oy =~ Qs rr=0

or

f(x7) +1
(1=8)" <=2 < (1468,)"" for y <0.
f(x)>
In both cases we can find some &3 and §4 (67 < 83 < 1, 84 > §2) such that f
satisfies the inequality

f(x¥)

<1464 (@)
f(x)?
for any pair (x, y) with 0 < x < m and |y| < m. Hence, f satisfies the inequality
(a) forall x > O and y € R. Therefore, the assertion of our theorem is an immediate
consequence of Corollary 10.15. O

1 -85 <

Using the result of Theorem 10.16, we can easily obtain an interesting relation-
ship between the power functions and the asymptotic behavior of the equation (10.3)
as we observe in the following corollary:

Corollary 10.17. Let f : (0,00) — (0, 00) be a function. There exists a real num-
ber ¢ such that f(x) = x€ for all x > 0 if and only if f(x7)/f(x)” — 1 as
|x[ + |y] = oc.

10.5 Functional Equation f(x +y) = f(x)f(y)f(A/x +1/y)

K. J. Heuvers introduced in his paper [132] a new type of logarithmic functional
equation

Jx+y)=fx)+ )+ f1/x+1/y)

and proved that this equation is equivalent to the “original” logarithmic equation
f(xy) = f(x) + f(y) in the class of functions f : (0, 00) — R.

If we slightly modify the functional equation of Heuvers, we may obtain a new
functional equation

Jx+y) =) fA/x+1/y). (10.5)

which we may call a multiplicative functional equation because the function f(x) =
x“ is a solution of this equation.

By using the theorem of Heuvers (see Theorem 11.9 or [132]), we can easily
prove that if both the domain and range of relevant functions are positive real num-
bers, then the functional equation (10.5) is equivalent to the “original” multiplicative

equation f(xy) = f(x)f(y).
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By modifying an idea of Heuvers, S.-M. Jung [175] proved that the functional
equation (10.5) and the equation f(xy) = f(x)f(y) are equivalent to each other
in the class of functions f : R\{0} — R. Moreover, he also investigated a stability
problem of the functional equation (10.5) in the sense of Ger. We will now introduce
his results.

Every solution of the “original” multiplicative (logarithmic) functional equation
is called a multiplicative (logarithmic) function. For more information on multi-
plicative functions or logarithmic functions, one can refer to [3].

First, we will introduce a lemma essential to prove Theorems 10.21 and 10.23
which are the main theorems of this section. The proof of the following lemma is
elementary.

Lemma 10.18. It holds true that
() Ju=x"4+y " v=1—x(x+y) 1y,

x,y € R\{0} with x 4+ y # 0}
D {(u,v)|ue]R\{O}, veR with u4+v#1 and u(l —v) >0}.

Proof. Let us consider the system of equations

-1 -1
X +y  =u,
x(x+y) 7y T=1-v (@)

with variables x and y, where u € R\{0} and v € R withu+v # 1 and u(1—v) > 0.
It suffices to prove that the system has at least one solution (x, y) with x, y,x +y €

R\ {0},

Combining both equations in the system yields a quadratic equation
(uz—u+uv)x2—2ux+ 1=0.
Applying the quadratic formula, we find the solutions of the above equation:

_ux Ju(l—v) . 1
R #0 and y_i——u(l—v) # 0.

Moreover, we see by the first equation of the system (a) that x 4+ y # 0 because of
u € R\{0}. |

We will verify in the following lemma that if a function f : R — R is a solution
of the functional equation (10.5) and f(x) = 0 for some x € R\ {0}, then f is a
null function.

Lemma 10.19. If a function f : R — R satisfies the equation (10.5) forall x, y €
R\{0} and if there is an xo # 0 with f(x9) = 0, then f(x) = 0 forany x € R.
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Proof. Put x = x¢ in (10.5) to obtain

Jo+y) = fxo) f(»)f(1/x0+1/y) =0

for each y € R\ {0}. O
Two sets of solutions of the functional equation (10.5) with f(1) = 1 resp.
f(1) = —1 are equivalent to each other. In particular, we introduce the following

lemma whose proofis trivial.

Lemma 10.20. If a function f : R — R is a solution of the functional equation
(10.5) for all x,y € R\{0} and if f(1) = —1, then the function g : R — R
defined by g(x) = — f(x) is also a solution of the functional equation (10.5) for
any x,y € R\{0} with g(1) = 1.

In the following theorem, we will prove that the multiplicative equation (10.5)
is equivalent to the “original” one, f(xy) = f(x)f(»), in the class of functions
f:R—R.

Theorem 10.21 (Jung). A function f : R — R satisfies the functional equation
(10.5) for every x, y € R\{0} if and only if there exist a constant o € {—1, 1} and a
multiplicative functionm : R — R (i.e, m(xy) = m(x)m(y) forall x,y € R\{0})
such that f(x) = om(x) for all x € R\{0}.

Proof. 1f there exists an xog # 0 with f(xo) = 0, then Lemma 10.19 implies that
f(x) = 0 forevery x € R. In this case, we may choose ¢ = 1 and a multiplicative
function m = 0 such that f(x) = om(x) for all x € R\ {0}.

Assume now that f(x) # 0 for all x € R\{0}. Put y = 1/x in (10.5) to obtain

J(/x) =1/f(x) (a)

for each x € R\{0}. With x = 1, (@) implies f(1) = 1or f(1) = —1.
In view of Lemma 10.20, we may without loss of generality assume that

f() =1. (b)
It follows from () that

F/x+)fx+y)=f(1/+2)f(r+2) =1
for x + y, y + z € R\ {0}. Hence, by using (10.5), we have
S/ e+ y)+1/2) f(1/x + 1/ y)
= f(1/(x+ ) fA/) f(x +y+2f(1/x) fA/y) f(x + )

=f(1/+2)fA/x)f(x+y+2)f1)y)f(1/2) f(y +2)
=f(1/y+2+1/x)f(1/y +1/2) (©)

forall x,y,z € R\{0} with x + y # Oand y + z # 0.
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If we set
u=1/x+1/y and v=1/(x+y)+ 1/z, (d)

then

w = (1/x + 1/y)(1/(x +y) + 1/2)
=1/(y2) + 1/(xy) + 1/(x2)
=1/ +)A/y +1/2) + (1/x)(1/y + 1/2)
=(1/(y+2)+ 1/x)1/y + 1/2).

If we additionally set
I/y+1/z=1 (e)

in (¢), then (b), (c), (d), and (e) imply that the function f satisfies

S ) = fu) f(v) )

forall u € R\{0},v € R withu 4+ v # 1 and u(1 —v) > 0 (see Lemma 10.18 and
the fact thatu = 1/x + 1/yandv=1/(x + y) + 1/z=1—x(x + y)~1y~! for
some x, y € R\ {0} with x + y # 0).

Leta ~ —1.324717956. . . be a real solution of the cubic equation x3 —x +1 =
0; more precisely, let

o= (—1/2+(23/108)/2)"° 4 (—1/2 - (23/108)'/2) ">,

Using (f) and (a) yields

f@) = f(?/u) = f(?) f(1/u) = f(u?)] f(u)

or
f(?) = fw? (€3]

forany u < 0 (u # o) oru > 1 (u # o means u? + 1/u # 1). Using (a) and (g),
we have

f(w?) =1/f(®) =1/f@)? = f(1/u)®

foru < 0 (u # «) oru > 1. Hence, (b) and (g) yield that f satisfies (g) for
all u € R\ {0}. (The validity of (g) foru = 1/a # o or u > 1 implies that
f(l/uz) = f(1/u)?for 1l/u=oaor0 < 1/u<1)

Lets > ¢ > 1 be given. It then follows from (f), (g), and (a) that

fst) = f(s*t)s) = f(s?) ft/s) = fF()* F(@O) f(1)5) = f(s) f() ()
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forall s > 1 and¢ > 1. (We may replace each of s and # by the other whent > s > 1
and use (g) and (b) to prove (h) for s = ¢.) From (a) and (h), we get

F(/)A/0) = 1/f(st) = (1/f))(1/f @) = f(1/s) f(1]1),
foralls > 1andt > 1, or
Sfst)y = f(s)f@)

forall0 < s,# < 1.Forthecase whens > land0<f <1(>1and0<s < 1),
we may use (f) to obtain f(st) = f(s)f(¢t). Altogether, we may conclude by
considering (b) that f satisfies () for all pairs (u, v) of

{(u,v)|u>0, v>0}
U{(u,v)|u€R\{0},v€R,u+v7él,u(1—v)>0}. (@)

By (g), we have f(u)? = f(u?) = f((—w)?) = f(-u)? forall u € R\ {0}.
Hence, we get

Jw) =—f(=u) or fQu)= f(-u) ()

for each u € R\ {0}.
If we assume that f(u) = f(—u) for all —=1 < u < 0 and that there exists a
ug < —1 with f(uog) = — f(—uo), then it follows from (a) that

J(1/uo) =1/ f(uo) = —1/f(=uo) = — f(=1/uo)

and —1 < 1/ug < 0 which are contrary to our assumption. (Due to Lemma 10.19,
we can assume that f(—1/ug) # 0.)

Now, suppose there exists a ug (—1 < uy < 0) with f(ug) = — f(—up). It then
follows from (i) that

fuov) = f((—uo)(=v)) = f(=uo) f(=v) = —f(uo) f(=v) = — f(~uov)
forall v < —1 with v # up — 1, i.c.,
Su) =—f(—u) (k)
for all u := ugv > 1 (u # u? — uo). Using (a) and (k) yields
f) =1/fA/u) = =1/ f(=1/u) = — f(—u)
forany 0 < u < 1 (u # (u2 — up)™"). From (10.5), (a), (f), and (i) we get

fx=1D=f)f=Df1/x-1)
=) f=DfA=x)f(1/x)
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= f(=Df( —x)
=—f=Dfx =1

for 0 < x < 1, which implies that f(—1) = —1. Therefore,

S =—f(=D.

Altogether, we see that if there exists a ug (—1 < ug < 0) with f(ug) = — f(—uop),
1

then f satisfies (k) forall u > 0 with possible exceptions at u3 —uq and (u% —up)
Taking (/) into consideration, assume that

f(u% —uo) = f(uo—u%).

By (f) and (i), we have

forallv < —1 with v # ug — u% —1,ie.,

Su) = f(=u)

for each u := (uo — ug)v > ug — uo with u # (uo — ug)(uo — ug — 1), which
is contrary to the fact that (k) holds true for all # > 0 with possible exceptions at
two points. (In view of Lemma 10.19, we may exclude the case when f(u) = 0 for
some u # 0.)

Similarly, if we assume

S/ (g = mo)) = f(1/ (o = 5)).

then this assumption also leads to a contradiction. Hence, we can conclude that if
there exists a ug (—1 < ug < 0) with f(ug) = — f(—up), then

Jw) = —f(-u)

for all u > 0. If we replace —u with u, we will see that this equation is true also for
allu < 0.
Therefore, f satisfies either

f(u) = —f(—u) forall u<0
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or
f(u) = f(—u) forall u<O.

This fact together with ( f) and (i) yields

Suv) = fu) f(v)

for all u,v € R\{0}.
The proof of the reverse assertion is clear. O

If a function f : R — R is a solution of the functional equation (10.5) for all
x,y € R\{0} and additionally satisfies f(0) # 0, then we see by putting y = —x
in (10.5) and considering () in the proof of Theorem 10.21 that f(x) € {—1,1}
for all x € R\{0}. Therefore, we have the following:

Corollary 10.22. An unbounded function f : R — R is a solution of the functional
equation (10.5) for all x, y € R\{0} if and only if there exist a constant o € {—1, 1}
and an unbounded multiplicative function m : R — R such that f(x) = om(x)
forall x € R.

In the following theorem, we will prove the stability of the functional equation
(10.5) in the sense of Ger.

Theorem 10.23 (Jung). If a function f : R — (0, 00) satisfies the inequality

J(x+y) 1'58 (10.6)

fE D) A /x+1]y)

for some 0 < § < 1and forall x,y € R\{0}, then there exists a unique multiplica-
tive function m : R\{0} — (0, 00) such that

1-6 13/2<m(x)< 1+8)\'3/?
(m) e —(m)

for any x € R\{0}. If f is additionally assumed to be unbounded, then the domain
of m can be extended to the whole real space R with m(0) = 0.

Proof. 1t follows from (10.6) that

SO S fA/x +1/y)
S(x+y)

(1+87'< <(1-8§" (a)

for any x, y € R\{0}. Putting y = 1/x in (a) yields

A+87 =< fO)fA/x) =1 -87" ()
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for each x € R\{0}. With x = 1, (b) yields
1+ < =a-97"2 (c)

From (10.6) we get

(1 -8
- S/ x4+ y)+1/2)f(1/x+1/y)
TS+ A/ f(x+y +2) (/) fA)y) fx + )
< (1+38)° d)

and
(1-29)?
_ F(/ 42+ 1/x) f(1)y +1/2)
T/ +) Q) f(x+y+2fA/y) 1)) f(y +2)
<(1+98)> (e)

forall x, y,z € R\{0} with x + y # Oresp. y + z # 0. If we divide the inequalities
in (d) by those in (¢) and consider (b), then

(1—5)3 _ /G + 1/ f x4 1) (1 +3)3 0
1+8) =~ F(O0+0+1Ux)f()/y+ 1/ ~ \1-8

forall x, y,z € R\{0} withx + y % 0and y + z # 0.
If we define u and v by (d) in the proof of Theorem 10.21, then we have

w = (1/(y +2) + 1/x)(1/y +1/2)

as we see in the proof of Theorem 10.21. If an additional condition (e) in the proof
of Theorem 10.21 is also assumed, then (d) and (e) in the proof of Theorem 10.21,
together with (¢) and ( /), imply that

1-6 7/2<f(u)f(v)< 14+8\"?
(75) = "Fam = (755) (®)

forall u € R\{0},v € R withu 4+ v # 1 and u(1 —v) > 0 (see Lemma 10.18 and
the fact thatu = 1/x + 1/yandv=1/(x + y) + 1/z=1—x(x + y) "'y~ for
some x, y € R\ {0} with x + y # 0).

Let us define @ ~ —1.324717956 ... . as in the proof of Theorem 10.21. From the
relation

£ _ )0
J@? = S fG /w0
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and from (g) and (b), it follows that

G »

148 Fw)? ~

forany u < 0 (u # a)oru > 1 (u # o implies u? + 1/u # 1). On account of (b)
and (h), we obtain

(ﬂ)lm ) 1) f(e) fw? (1 +5)13/2
1+68) 7 f/w?>  f@2f1/w? fu?) = \1-6

foru < 0 (u # &) or u > 1. This fact together with () and (c) yields that

_e\13/2 2 13/2
(=320

1+8 = fw? ~\1-3

for all u € R\ {0}, since 1/a # a.
Lets >t > 1. With

FOf@ _ F(2) /) fOfA/s) f5) 1
S (s1) f(s2et)s)  f/s)  f(s?) f()f(1)s)

(g)’ (h)’ (b)’ and (C) yleld

1-8 25/2< [0 _ (148 25/2 .
(m) = 760 —(1—8) )

for all s > 1 and ¢+ > 1. (We can replace each of s and ¢ with the other when
t > s > 1 and we apply (i) to the proof of () for the case s = ¢.) By

£ £(1)0) ) |
EAR S S S — 1 ’
Fen) OIS OIAIZ O S 60 7 (1760)

and using (b) and (j) we obtain

(1 _5)29/2 W) fa/n (1 + 5)29/2

1436 F(1/sn) —\1-38 (k)

forall s > 1 and ¢t > 1. Hence, by (g), (j), and (k) we conclude that

1-3§ 29/2< S i) _ (14+8Y*? z
(i75) =" =(+55) 2
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for each pair (u, v) of

{(u,v)|u>0, v>0}

U {v)|ueR\{0}, veR, u+v#1 ul—v)>0} (m)

(We can use (g) to verify inequalities in (/) either for s > 1 and 0 < ¢ < 1 or for
t>land0 <s < 1))
The fact )
fw? _ fw? f((=u)?)
FCw? = f@2) fCup?

together with (i) implies that

1—6 13/2< f(w) . 146 13/2
(m) = f(-u) ~ (m)

for every u € R\ {0}. This fact, (/), and (m) together with the relations

fWfe) _ fEnf(=) fw) fO)
S (uv) Sv)  f=w) f(=v)

(for u,v <0)

S _ f@f(=v) fw) fO)

= (for u> 0, v <0)

S (uv) Sl=uw)  fluv) f(=v)

1-6 55/2< fa) (143 55/2
(m) = Fwfo) " (1 —8) )

for any u, v € R\{0}.
‘We now claim that

imply

2n
—1 u —1
5%+2+'"+2" < f( ) < 81+2+-~-+2” (0)

= Far =%

for all u € R\{0} and n € N, where we put

1 §\13/2 14 8\!3/2
5 = (=2 d&=[(—2) .
! (1+8) and o (1—8)

Due to (i) our assertion is obvious for n = 1. Assume that (0) is true for some
n > 1. Then, the relation

£ () (1))
f@> o pry? \ S
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together with (i) and (o) gives

2n+l
glt2t+2" f(u ) < glH2tt2n
1 — n+1 — “2
fu)?

which proves the validity of (o) for all u € R\{0} and n € N.
Let us define functions g, : R\{0} — R by

gn(w) = 27" 1In f (u®")
for each u € R\ {0} and n € N. Let m,n € N be arbitrarily given with n > m. It
then follows from (o) that
f( u2m 21— )
lgn () — gm(u)| =27 |27~ "~ 2| 50 as m — .

G

Hence, {g, (1)} is a Cauchy sequence for every fixed u € R\{0}. Therefore, we can
define functions £ : R\{0} — R and m : R\ {0} — (0, c0) by

L(w) = lim g,(u) and m(u) = et

n—>00
Indeed, we know that

m(u) = lim f(uzn)z_n

n—o0
for every u € R\{0}.
Replace u and v in (n) with «?" and v?", respectively, and extract the 2"th root
of the resulting inequalities and then take the limit as n — oo to obtain
m(uv) = m@u)ym(v)

for all u,v € R\ {0}. Hence, we conclude by considering (o) that there exists a
multiplicative function m : R\ {0} — (0, co) with

<é (p)

for any u € R\ {0}.
Suppose m’ : R\ {0} — (0, 0o) is another multiplicative function satisfying (p)
instead of m. Since m and m’ are multiplicative, we see that

m(uzn) =m(u)®" and m/(uzn) =m'w?*".
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Thus, it follows from (p) that

mey  (m@)\ @)\
m/(u)_(f(uzn)) w(@y| ThenrTee

which implies the uniqueness of m.

By (p) we see that m is unbounded if and only if f is so. Hence, it is not difficult
to show that if f is unbounded, then the domain of m can be extended to the whole
real space R by defining m(0) = 0. O

Corollary 10.24. If a function f : R — (—o0, 0) satisfies the functional inequality
(10.6) for some 0 < § < 1 and for all x,y € R\{0}, then there exists a unique
multiplicative function m : R\ {0} — (0, co) with

1+8\%?  mx) 1—68\'3?
N e < < -
1-6 ~ f(x) T 1+6
for each x € R\{0}. Moreover, if f is unbounded, then the domain of m can be
extended to the whole real space R with m(0) = 0.







Chapter 11
Logarithmic Functional Equations

It is not difficult to demonstrate the Hyers—Ulam stability of the logarithmic
Sfunctional equation f(xy) = f(x)+ f(y) for functions f : (0,00) — E, where E
is a Banach space. More precisely, if a function f : (0,00) — E satisfies the func-
tional inequality || f(xy) — f(x) — f(¥)|| < § for some § > 0 and for all x,y > 0,
then there exists a unique logarithmic function L : (0,00) — E (this means that
L(xy) = L(x)+L(y)forall x, y > 0)such that || f(x)—L(x)| < 6 forany x > 0.
In this chapter, we will introduce a new functional equation f(x”) = yf(x) which
has the logarithmic property in the sense that the logarithmic function f(x) = Inx
(x > 0) is a solution of the equation. Moreover, the functional equation of Heuvers

fx+y)=f(x)+ f(»y) + f(1/x + 1/y) will be discussed.

11.1 Functional Equation f(x”) = yf(x)

The general solution f : R\ {0} — R of the logarithmic functional equation

flxy) = f(x)+ f(y) (1L.1)

is given by
f(x) = A(ln|x|) for x € R\ {0},

where A : R — R is an additive function. If a continuous function f : R\{0} — R
satisfies the logarithmic equation (11.1), then there exists a real constant ¢ such that
f(x) =cln|x]| for all x € R\{0}.

The logarithmic function f(x) = Inx (x > 0) clearly satisfies the functional
equation

f(xY) = yf(x). (11.2)

Therefore, we may regard the functional equation (11.2) as a sort of logarithmic
functional equation.

S.-M. Jung [158] solved the functional equation (11.2) in the class of differen-
tiable functions f : (0, c0) — R as we will indicate in the following theorem.

S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 253
Analysis, Springer Optimization and Its Applications 48,
DOI 10.1007/978-1-4419-9637-4_11, (© Springer Science+Business Media, LLC 2011
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Theorem 11.1. A differentiable function f : (0,00) — R satisfies the functional
equation (11.2) forall x > 0 and y € R if and only if f(x) = ¢ Inx for any x > 0,
where c is an arbitrary real constant.

Proof. Let f : (0,00) — R be a differentiable function and satisfy the functional
equation (11.2) for all x > 0 and y € R. Obviously, putting x = 1 in (11.2) yields
S =o.

Assume that there exists some xg > 0 (xg # 1) such that f(xo) = 0. Then, the
fact {xg | —o0o <y < oo} = (0, 00), together with (11.2), yields f(x) = 0 for all
x> 0.

Assume now that f(x) # 0 forall x > 0 (x # 1). Differentiations of (11.2) with
respect to x and y yield f/(x?) = x'™ f/(x) and f'(x”) = x 7V (Inx)~" f(x), re-
spectively. Since f(x) # 0 for all x # 1, it follows from the last two equations that

NG
f(x)  xlnx

for any x > 0 (x # 1). By integrating both sides of the last equation, we obtain

aj|lnx| (for 0 <x < 1),
az|Inx|  (for x > 1),

F) = {

where a; and a, are positive real constants. The continuity of f implies that

_felnx  (for 0 <x <1),
Jx) = {cz Inx (for x > 1),
where ¢, c; # 0 are arbitrary real constants. However, the differentiability of f at
x = 1 implies ¢; = c,. Hence, it must hold true

f(x) =c1Inx,

for all x > 0, where ¢; # 0 is an arbitrary real constant. Therefore, we have
f(x) =clInx (x > 0) where c is an arbitrary (including 0) real constant.
The reverse assertion of our theorem is trivial. |

Analogously as in the proof of Theorem 11.1, we can also prove that a differ-
entiable function f : (0,00) — R satisfies the functional equation (11.2) for all
x,y > 0ifand only if f(x) = ¢Inx (x > 0), where c is an arbitrary real constant.

11.2 Superstability of Equation f(x”) = yf(x)

It is obvious that the logarithmic functional equation f(xy) = f(x)+ f(y) is stable
in the sense of Hyers and Ulam. We now prove the superstability of the functional
equation (11.2) in the conventional setting (11.3) (see [158]).
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Theorem 11.2. If a function f : (0, 00) — C satisfies the functional inequality

[f(xY)=yf(x)| <6 (11.3)

for some § > 0 and for all x > 0 and y € R, then either f is identically zero or it
satisfies the functional equation (11.2) for all x > 0 and y € R.

Proof. By taking x = 1 and letting y — oo in (11.3), we get f(1) = 0. First,
assume there exists an xo > 0 (xo # 1) such that f(xo) = 0. Then the fact
{xy | —oo <y < oo} =(0,00) and (11.3) imply that | f(x)| < § for any x > 0,
and this, together with (11.3) again, implies that f is identically zero.

Assume now that f(x) # 0 for any x > 0 (x # 1). Let z > 1 be fixed and
suppose x > 0. We use induction on 7 to prove the inequality

() = )| <8 2 (a)

i=1

for all n € N. The validity of (a) for n = 1 follows immediately from (11.3). Now,
assume (a) holds true for some integer n > 0. It then follows from (11.3) and (a)
that

|Z—(n+1)f(xz"+1) _ f(x)| < Z—(n+1)|f(xzn+1) —zf(xzn)|
+ [ () = S

n+1

< SZz_i,

i=1

which ends the proof of (a).
Let m,n € N satisfy n > m. Using (a) yields

S =) = T (DT = S ()]
.5
- "(z—-1)
— 0 as m — oo.

Hence, {z7" f(x¥")} is a Cauchy sequence, and we can define
L.(x) = lim z_”f(xzn)
n—>o00
for all x > 0.

Now, let x > 0 be given with x # 1. If we put y = 7", letn — oo in (11.3), and
then take into account f(x) # 0, we easily see

lim |/ (x™)] = oo. (b)

n—oo
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Let y # 0 be given. Substituting x*" for x in (11.3), dividing by |yf(x%")| both
sides, and letting n — oo, together with () yield

lim f (x> )y ()T =1

n—

Therefore, we have

L) = lim 27 f (27) = lim o7 f (7)™ f (7)) s ()

n—oo

and hence
L(x”) = yL:(x) (c)
forany x > 0 (x # 1) and for all y # 0. Moreover, it follows from (a) that
8
|L(x) = f(x)] < " (d)

for all x > 0.
Furthermore, let L : (0,00) — C be another function satisfying (c¢) and (d).
Substituting y” for y in (¢) yields

Lz(xyn) = y"L,(x) and L(xyn) = y"L(x) (e)

forall x > 0 (x # 1) and for any y # 0. Let y > 1 be fixed in (e). Then,
considering (d) and (e) we get

IL(x) = L(x)| = y7"|L(x*") = L(x*")

< 77 L(2) = STy S () = L(x7))
i 28
=y z—_l

forall n € N. Thatis, L,(x) = L(x) for all x > 0 (x # 1). This implies that if
7 >z >1,then

L:(x) = Lz (x) )
forall x > 0 (x # 1) because L satisfies (c¢) and (d).
By letting z — oo in (d) and by (¢) and (), we conclude that f itself satisfies

the functional equation (11.2) for all x > 0 (x # 1) and for any y # 0. Now, if
x =1, then f(1) = 0. Hence,

0= /()= f(x") = yf(x)
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for all y € R. Analogously, if y = 0, then

0= f(1) = f(x") = yf(x),
for all x > 0, which ends the proof. a

It is assumed in Theorem 11.2 that the inequality (11.3) holds true for all x > 0
and y € R. Can we also expect the superstability of the functional equation (11.2)
in somewhat restricted variables? Similarly as in the proof of Theorem 11.2, we can
prove the following theorems. Hence, we omit the proofs.

Theorem 11.3. Assume [ : (0,00) — C satisfies the inequality (11.3) for some
8 > 0 and forall x,y > 0. Then we have the following possibilities:

(i) f isidentically zero;
(ii) f is identically zero on (0, 1) and satisfies the equation (11.2) for x > 1 and
y >0
(iii) f is identically zero on (1, 00) and satisfies the equation (11.2) for x € (0, 1]
andy > 0;
(iv) f satisfies the equation (11.2) for x,y > 0.

For the particular case of D = {x € (0,00) | f(x) # 0} = (0,00)\ {1} in
Theorem 11.3, Jung [158] obtained the following result.

Corollary 11.4. Let a function [ : (0,00) — C satisfy the inequality (11.3) for
some § > 0andforall x,y > 0.1f D = (0,00)\{1}, then f satisfies the functional
equation (11.2) for all x, y > 0.

Jung [158] also obtained the following:

Theorem 11.5. Let a function [ : (0,00) — C satisfy the inequality (11.3) for
some § > 0 and for all x,y > 1. If there exists an ¢ > 0 such that

infF | f(x)| >0, (11.4)

x>1
then f satisfies the functional equation (11.2) for any x,y > 1.

By using the result of Theorem 11.5, we can prove the following corollary
(ref. [158]).

Corollary 11.6. Let d > 2 be fixed and let a function f : (0,00) — C satisfy the
inequality (11.3) for some § > 0 and for all x,y > Owith x +y > d. If (11.4)
holds true for some ¢ > 0, then f itself satisfies the functional equation (11.2) for
all x,y > 1.

Proof. Let x,y > 1 satisfy the condition x + y < d. Choose a number z > 1 with
zx > d. It then follows from (11.3) that
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76 =00 = |76 = 3 o] 4y (2 e - 100
nzx Inzx

<é(1+y)
< éd,

since
Inx Inx Inx
Y 0, 2% 59, 2

Inx
>0, ) +zx>d, — +zx>d.
In zx Inzx In zx Inzx

Our hypothesis implies that f satisfies

|f () = yf ()] < 8d

for all x, y > 1. Hence, by Theorem 11.5, f satisfies the functional equation (11.2)
forall x,y > 1. O

The assertion in Corollary 11.6 is also true under a weakened condition (11.5)
instead of (11.3) as mentioned in the following corollary (cf. [158]).

Corollary 11.7. Let f : (0,00) — C be a function. Assume that (11.4) holds true
for some ¢ > 0. If

Jim - sup [f(x”) = yf(x)] < oo, (11.5)

X x+y>n
then f satisfies the functional equation (11.2) for all x,y > 1.

Proof. According to (11.5), there is an M > 0 such that

lim = sup |f(x") —yf(x)] < M,

n—00y 4y5p

and hence, we can choose an ng such that

sup | f(x”) —yf(x)] <2M. (a)

xX+y>ngo

Corollary 11.6, together with (a), implies that f satisfies the functional equation
(11.2)forall x,y > 1. O

We will now prove the superstability of the functional equation (11.2) in the sense
of Ger. First of all, let § be given with 0 < § < 1, and define

n n

an(x.y) =[]0 =8x7"). Baxoy) =] (1+8x7")

i=1 i=1
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and
(X(X,_)/) = n]i)n;oan(xsy)v ﬂ(st) = nli?goﬁn(xsy)

for any x > 1 and y > 2. It is not difficult to demonstrate that «(x, y) > 0 for any
x>landy > 2.
Jung [158] provided the following theorem.

Theorem 11.8. If a function f : (0, 00) — (0, c0) satisfies the inequality

S0

G

<8§x7? (11.6)

forall x,y > 0 and for some 0 < § < 1, then [ satisfies the functional equation
(11.2)forall x > 1 and y > 0.

Proof. Letx (> 1) and y (> 2) be fixed. We use induction on n to prove

() e, (@)
G S

The inequality (a) for n = 1 is an immediate consequence of (11.6). Assume now
that (a) is true for some integer n > 0. Then, by the equality

fE) S )
yLfG)  yf () v f(x)

and by substituting x*” for x in (11.6) we get

f(xyn—H )

m < Bnt1(x,y)

ant1(x,y) <

which ends the proof of (a).
Letm,n € N be given with n > m. Since

£

Iny™ £ (") =lny™ f(x*") = g o)

(a) implies

Z In (1 —8x_yi) <In y_”f(xyn) — lny_’"f(xym)

i=m+1

n .
< 3 In(1+8x7).

i=m+1
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Since the left- and right-hand sides of the above inequality tend to 0 as m — oo, the
sequence {In y™ f(x”")} is a Cauchy sequence. Therefore, we can define

Py(x) = lim Iny™ f(x”")

and
Ly(x) =exp (Py (x))

forall x > 1 and y > 2. Indeed, it is not difficult to demonstrate
- 1 —n v
Ly(x) = lim y™" f(x"")

forany x > 1.
Substituting x*" (x > 1, y > 2) and z (> 0) for x and y in (11.6), respectively,
and letting n — oo, then we obtain

lim f(x™" )z_lf(xyny1 =1. (b)

n—o00

Hence, by using (b), we have

1 n

Ly(x%) = nlggo y—nf(xzy”) — nlggo y—nf(xzy”)z—lf(xy")f Zf(xy )

and
Ly, (x%) =zLy(x) (c)

for all x > 1 and z > 0. Clearly, it follows from (a) that L, satisfies the inequality

ax.y) < ’}y(—(;‘)) < Blx.y) )

for x > 1.

Now, let L : (1,00) — (0, 00) be a function which satisfies (d) for x > 1 and
(c) for x > 1 and z > 0. (It follows from (d) that if y > 2, then L, (x) # 0 and
L(x) # 0 forall x > 1.) Then, it follows from (d) and (c) that

a(x"y) Ly _ Ly(") _B(".y)
B(x".y) = L(x) L(x") ~ a(x",y)

holds true for x > 1 and y > 2, which implies the uniqueness of L, because
a(x,y) = 1, B(x,y) — 1 as x — oo. This implies that if y’ > y > 2, then
Ly/(x) = Ly(x) for all x > 1, because L, satisfies (d) for all x > 1 and (c)
for x > 1 and z > 0. Therefore, by letting y — oo in (d) and by considering
a(x,y) = 1, B(x,y) = 1l as y — oo (when x > 1), we conclude that f itself
satisfies (¢) forall x > 1 and z > 0. O
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11.3 Functional Equation of Heuvers

K. J. Heuvers [132] introduced a new type of logarithmic functional equation

fx4+y) =)+ )+ f(1/x+1/y), (IL7)

which will be called the functional equation of Heuvers, and proved that this equa-
tion is equivalent to the “original” logarithmic equation, f(xy) = f(x) + f(»),in
the class of functions f : (0, 00) — R.

Theorem 11.9. A function f : (0,00) — R is a solution of the functional equa-
tion (11.7) if and only if f is a solution of the “original” logarithmic functional
equation.

Proof. If weset y = 1/x in (11.7), then we have

S/x) =—f(x) (a)
and
S =0. (b)

We observe that

Hf)(x.y) = f(x+y)— f(x) = f(»)
is a first Cauchy difference and
(Hf)(x.y.2) = (Hf)(x + y,2) = (H[)(x,2) = (Hf)(y.2)

=fx+y+)-fx+y) - flx+2) - fy+2)
/) + )+ @)

is a second Cauchy difference which is symmetric in x, y, and z (see [131]).
Thus, we get

F/x+y)+1/2) = f(/x +1/2) = f(1)y + 1/2)
=fx+ty+a)—fx+y)—flx+2)— f(y+2)
+ f(x)+ f(y) + f@)
=f(1/(y+2)+1/x) = f(1)y +1/x) = f(1/z+ 1/x).

Consequently, we obtain

F/ G+ +1/2)+ f(1/x+1/y) = f(1/(y+2)+1/x)+ f(1/y+1/2). (c)
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Set1/y + 1/z = 1 in (¢). Since y and z are positive, they are obviously greater
than 1 and it follows that

1 1 y—1 y
—=1]1—- == or z = ———-.
4 y y y—1
Moreover, we have
1 1 1 -1 24 xy—x
Lo +y _J y
x+y z x+y y y(x+y)
1 1 xX+y
x oy oxy
1 1 1 1 -1 1 24 xy—x
y+z x y+y/-1) «x y x xy
It follows from (b) and (c) that
x+y y2 4+ xy —x Y2+ xy —x
f( )+f(— =fM\—7 (d)
Xy yx+y) xy
forall x >0and y > I,since 1/y +1/z=1.
Now, let
11 2 —
u:x+y=—+— and v=—y Xy x.
xy x oy y(x +y)
It then follows that
y2+xy—x
uy =
xy?

and it follows from (d) that

Jwv) = fu) + f().

Since x > 0 and y > 1, u and v are positive but there may be further restriction
on them. We have

1 1
u=—+4+— and v=1-— x/y'
X oy X4y
Thus, we get
1 1 xu—1 X
U—— = — = or y= .
X oy X xu—1
Moreover, we obtain
N L x2u 1 xu—1
X =X = or = .
Y xu—1  xu—1 xX+y x2u
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Thus, we have

(xu—1)2 (xu—1)2
yv=1-— or uv=u
x2u x2
Hence, we get
(xu—1)2 ) x2 1
— = 1 — = ——: = = .
u—uv=u(l—v) 2 or y Gu—12 ~ wi—v)

Therefore, it follows that 0 < v < 1 and y = u~"/2(1 — v)~1/2. Thus, we have
u—1/y = u—u'2(1—y)"? = 1/x = ul/z(ul/z - —v)l/z)

or
ul/2 4 (1 —v)l/2
Coul2u—1+v)

Hence, if u > 1, then u + v — 1 > 0. Therefore, we get

Suv) = fw) + f(v)

forallu > 1and 0 <v < 1.
Since

S = f)+ f() = fu-1) and f(v) = f(1)+ f(v) = f(1-v).

we obtain
Swv) = fu)+ f(v) (e)

forallu >1land0 <v < 1.
Assume that s > 1. Then,0 < 1/s < land1 <s < s2 and it follows from (a)
and (e) that

fGs) = f(s2/s) = f(s?) + f()s) = f(s?) = f(s)
or
f(5%) =2£(s). (f)
If1 <s <t,then0 < s/t <land 1 <t <2 Then, it follows from (a), (), and
(f) that
f(st) = f(s/0) + f(2?)

= f(&) + fA/0) + [ (?)

= f(s) = f@) +2f()

= f(s)+ f(0) (8)

forany s > landt > 1.
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Assume now that 0 < s,¢ < 1. It then follows from (a) and (g) that

—f(st) = f(1/Gs0) = f((1/9)(A/1)) = = f(s) = f().
Consequently, we have
fu) = fuw) + f)

for all u > 0 and v > 0. Thus, every solution of (11.7) is a solution of the “original”
logarithmic functional equation.

Assume that f is a solution of the “original” logarithmic functional equation.
Then, it holds true that f(xy) = f(x) + f(y) forall x > 0 and y > 0. Hence,
we get

fa+y) = fx1/x+1/y)y) = f() + fA/x +1/y) + f().

Therefore, each solution of the “original” logarithmic functional equation is also a
solution of (11.7). O

We will now apply Theorem 10.23 to the proof of the Hyers—Ulam stability of
the functional equation of Heuvers. S.-M. Jung [175] contributed to the following
theorem.

Theorem 11.10. If a function f : R — R satisfies the functional inequality
SO+ = f() = fO) = fA/x +1/y)[ =8 (11.8)

for some 0 < § < In2and forall x,y € R\{0}, then there exists a unique logarith-
mic function £ : R\{0} — R such that

| f(x) = £(x)] < (13/2)(8 —In (2 —¢%)) (11.9)
for each x € R\{0}.

Proof. If we define a function g : R — (0, co) by
glx) = e/, (@)

then it follows from (11.8) that

g(x +y)

—1|<ef—1
cgmeg/x+17y) | =€

for all x,y € R\{0}. According to Theorem 10.23, there exists a multiplicative
function m : R\ {0} — (0, co) with
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(2_368)13/2 <29 ( ¢ 3)13/2 0
e g(x) 2—e

for x € R\ {0}. Define a function £ : R\ {0} — R by

£(x) = Inm(x). (c)
Then, £ is a logarithmic function. We can conclude by (a), (b), and (c) that the
inequality (11.9) holds true for any x € R\{0}.
Let £/ : R\{0} — R be another logarithmic function satisfying (11.9) for each
x € R\{0}. Since £ and ¢’ are logarithmic, we get
£(x*") =2"¢(x) and €(x*") = 2" (x)
forall x € R\{0} and n € N. Hence, it follows from (11.9) that

[£(x) = £/(x))

27 (") — ' (")
27e(") — £ ()| 27 £ () - (x|

— 0 as n — oo,

IA

which implies the uniqueness of £. O

The functional equation

fx+y)=gx)+h(y)+k(1/x+1/y) (11.10)

is a Pexider generalization of the functional equation (11.7). K. J. Heuvers and PI.
Kannappan [133] investigated the solutions of the functional equation (11.10).

Theorem 11.11. The twice-differentiable solution f, g, h,k : (0,00) — R of the
functional equation (11.10) is given by

f(x) =—alnx 4+ bx + ¢y,
gx)=—alnx +bx —d/x+ c1 + c3,
h(x) =—alnx +bx —d/x —cy — c3,
k(x) =—alnx +dx + c3,

(11.11)

where a, b, c1, ¢2, ¢3, and d are real constants.

Proof. 1f we differentiate (11.10) with respect to x and y, then we get

f(x+y) = (1/xy)*k"(1/x + 1/y).
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If wesets = x + yandt = 1/x + 1/y in the last equation, then we obtain

f"(s) = (¢2/s*)k" (t) or
s2 f"(s) = t2k"(t) for st > 4. (a)

If we set s = 4 in (a), then we have t2k”(t) = a fort > 1. On the other hand, if
we sett = 4 in (a), then we get s f(s) = a for s > 1, where a is a constant.

For 0 <t < 1 choose s > 4 so that st > 4. Then it follows from (a) that f and
k satisfy the differential equation f”(s) = a/s? and k"(t) = a/t? for s,t > 0.
If we integrate each function twice, then we obtain

f(x)=—alnx +bx +c¢; and k(x) = —alnx + dx + c;.
Putting these into (11.10) yields
gx)+h(y)=—alnx —alny +bx+by—d/x—d/y+c1—ca

or

g(x) +alnx —bx +d/x—cy=—(h(y) +alny —by +d/y +c2) = c3,

where c3 is a constant. Hence, we conclude that the twice-differentiable solution of
the functional equation (11.10) is given by (11.11). |



Chapter 12
Trigonometric Functional Equations

The famous addition and subtraction rules for trigonometric functions can be
represented by using functional equations. Some of these equations will be intro-
duced and the stability problems for them will be surveyed. Section 12.1 deals
with the superstability phenomenon of the cosine functional equation (12.1) which
stands for an addition theorem of cosine function. Similarly, the superstability of the
sine functional equation (12.3) is proved in Section 12.2. In Section 12.3, trigono-
metric functional equations (12.8) and (12.9) with two unknown functions will be
discussed. It is very interesting that these functional equations for complex-valued
functions defined on an amenable group are not superstable, but they are stable in the
sense of Hyers and Ulam, whereas the equations (12.1) and (12.3) are superstable.
In Section 12.4, we will deal with the Hyers—Ulam stability of the Butler—Rassias
functional equation.

12.1 Cosine Functional Equation

The addition rule cos(x + y) + cos(x — y) = 2cosx cos y for the cosine function
may be symbolized by the functional equation

fx4+y)+ flx—y)=27(x)f(y). (12.1)

This equation is called the cosine functional equation or d’Alembert equation.
In 1968, P1. Kannappan [209] determined the general solution of the cosine func-
tional equation (12.1):

Every nontrivial solution f : R — C of the functional equation (12.1) is

given by
f(x) = (1/2)(m(x) + m(=x)),
where m : R — C\{0} is an exponential function.

J. Baker [16] was the first person to prove the superstability for this equation,
and later P. Gdvruta [114] presented a short proof for the theorem. Before this proof
provided by Gévruta, we will introduce a lemma of Baker which is necessary to
prove the theorem of Baker and Gévruta (see [16]).

S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 267
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Lemma 12.1. Let (G, +) be an abelian group and let a function f : G — C satisfy
the functional inequality

lfx+y)+ fx—y)=2f(x) f(W] =4 (12.2)
forall x,y € G and for some § > 0. If | f(x)| > (l + \/1~|—28)/2f0rs0me

x € G, then | f(2"x)| — oo as n — oo.

Proof. Letx € G and y = |f(x)| = & + p, where ¢ = (1 + /1 +2§)/2 and
p > 0. For simplicity, let & = § + €. Then, we have

292 —y—pn=26+p’—-e-—p-5—=¢
=2(%—¢e)+ @de—)p+2p*—5§
= (4e —1)p +2p?
> 3p,

since ¢ > 1 and 2(¢? — &) = §. Hence,

2y2 — >y 4+ 3p. (@)

If we put y = x in (12.2), we get

| f2x) + f(0) =2f(x)*| <6,

and hence

/2] = [2/(x)* = f(O)] =8 = 2| f(x)* = f(0)| = 6.

Since | f(0)| < &, we have

| f@0)| = 2 f()] - . (b)

It follows from (a) and (b) that

|f@x)] = 2| f(x) —p > | f(x)] +3p>e+2p.
Assume that
lf2"x)|=e+2"p (c)

for some integer n > 2. Then, if we replace x and y in (12.2) with 2" x simultane-
ously, it then follows from (c) that

|f (@ )] = [2@2"x)* = f(0)] = 6
>2|f(2"x)> —e—8
>2e% — 26— 8 4+e+ 2" 2gp 4 221 p2
> e+ 2n+1p’
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since ¢ > 1 and 26 — 2e — § = 0. Hence, (c) holds true for all n € N.
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O

In the following theorem, we show that the cosine functional equation (12.1) is

superstable (ref. [16, 114]).

Theorem 12.2 (Baker and Gavruta). Let (G, +) be an abelian group and let a
function f : G — C satisfy the functional inequality (12.2) for all x,y € G and
for some § > 0. Then either | f(x)| < (1 + /1 ~|—28)/2f0r any x € G or f

satisfies the cosine functional equation (12.1) forall x,y € G.

Proof. 1f there exists an xo € G such that

| f(xo)| > (1+ V1+28)/2,

then there exists a sequence {x,} with
lim | f(xp)| = o0
n—>oo
(see Lemma 12.1). Let x, y € G be given. From (12.2) it follows that
12/ (n) f(x) = f(x +xn) = fx —xn)| <6

forall n € N, and (a) implies

S+ xn) + f(x —xn)
2f(xn) .

0 = i

From (b) we get
2/() /() = lim 4,

and
S+ y)+ fx—y) = lim By,
where
A — (f(x + xn) + f(x_xn))(f(y +xn) + f(y _xn))
" 2 (xn)?
and

By, = (1/2)f(xn)_2(f(x +y+xn)+ f(x+y—xn)
+ fx =y +x0) + f(x =y —xa)) f(xn).

(@)

()

(c)

(d)
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By (12.2), we have

[2/(x 4+ xn) f(y + xp) — f(x +y +2x0) — f(x —y)| <6,
2f(x = xn) f(y + xn) = f(x +y) = fx =y —2x2)| <6,
2/ (x 4+ xn) f(y —xn) = f(x +y) = f(x =y + 2xn)| <6,
12f(x —xp) f(y —xn) — f(x + ¥ —2x5) — f(x — )] 4,

| =2f(x +y +x0) f(xn) + f(x + ¥ +2x2) + f(x + y)] <6,
[ =2f(x+y —xn) f(xn) + f(x +y) + fx +y—2x)] <6,
| =2f(x =y +x2) f(xn) + f(x = y) + fx =y +2xn)| 6,
| =2f(x =y = xn) f(xn) + f(x=y) + flx =y —2xn)[ <6

for every n € N, and hence

26

Ap — Bp| < ——— e
R VIEATE «
for all n € N. The relations (a), (¢), (d), and (e) imply that f satisfies the func-
tional equation (12.1) for any x,y € G. O

R. Badora [9] assumed the Kannappan condition f(x +y +2) = f(x +z+ )
instead of the commutativity of the group G and proved the following theorem:

Let (G, +) be a group. If a function f : G — C satisfies

I fx+y)+ fx=y)=2f(x)f() =6,
fx+y+a)—fx+z+y)=<e

forall x,y,z € G and for some §, & > 0, then either f is bounded or f is a solution
of the cosine functional equation (12.1).

In 2002, R. Badora and R. Ger [10] proved the superstability of the cosine func-
tional equation.

Theorem 12.3. Let (G, +) be an abelian group and let ¢ : G — [0, 00) be a given
Sfunction. If a function f : G — C\{0} satisfies the inequality

Ifx+ )+ flx =) =2/ () ()] = ¢(x)

forall x,y € G, then either f is bounded or f is a solution of the cosine functional
equation (12.1).

PI. Kannappan and G.-H. Kim [212] investigated the superstability of the gener-
alized cosine functional equations

fx+y)+ flx—y)=2f(0)g(y)



12.2 Sine Functional Equation 271

and
Sx+y)+ flx—y)=2g(x)f(y)
(see also [218]).

12.2 Sine Functional Equation

The sine functional equation
Ja+Nf=y) =)= f(»)? (12.3)
reminds us of one of the trigonometric formulas:

sin(x + y) sin(x — y) = sin® x — sin? y.

We now introduce a theorem concerning the general solution of the sine functional
equation (12.3):

A function f : R — C is a solution of the sine functional equation (12.3) if and
only if f is of the form

f(x)=0. f(x)=A), or f(x)=c(m(x)—m(=x)).

where A : R — C is a nonzero additive function, m : R — C\{0} is an exponential
function, and c is a nonzero constant.

P. W. Cholewa [69] observed the superstability phenomenon of the sine func-
tional equation (12.3). For the proof of the theorem of Cholewa, we need the
following three lemmas originating from the paper [69].

Lemma 12.4. Let § > 0, let (G, +) be an abelian group in which division by 2 is
uniquely performable, and let a function f : G — C satisfy the inequality

S+ f(x=y) = f()? + f(3)?] =6 (12.4)
forallx,y € G.If f is unbounded, then f(0) = 0.

Proof. Put y = x and then u = 2x in (12.4). Then, we have

| f@) f(0) = f/2)* + fw/2)?| = | f@)]| f(O)] <

and since | f(«)| can be as large as possible, we must have f(0) = 0. O

Lemma 12.5. The hypotheses in Lemma 12.4 are assumed. If f is unbounded, then
the inequality

[fx+y)+ flx—y)=2f()g(y)| =6 (12.5)
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holds true for all x, y € G, where

_fGta)- fx—a)
2/ (@)

forall x € G and for some a € G with | f(a)| > 4.

g(x) (12.6)
Proof. If weputx = (u+v)/2and y = (u—v)/2in (12.4), then we have

| f) fO) = f(@+v)/2)° + f(u—v)/2)% <8 (@)

forevery u,v € G. Using (@) and (12.6) yields

Ifx+y)+ flx=y) =2/ (0)g(y)]

<# . x+y+a\2 X+ y—a\2
= ‘f(x+y)f(a) () + ()
1 X—y+a 2 X—y—a 2
* T fa=nf@-f(—5—) + /(=)
1 X +y+a\? X —y—a\?
tral (Fa) () s
1 xX+y—a\? X—y+a\2
a0 0= () s ()
SO+a)—f(y—a)
+ ‘2f ) 27 @) - 2f(x)g(y)‘
48
<
= 1f(@)
<34
forall x,y € G. a

Lemma 12.6. The hypotheses in Lemma 12.4 are assumed. If f is unbounded, then
f satisfies the equation

S +y)+ flx—y)=2f(x)g(y) 12.7)

forall x,y € G, where g is defined in (12.6).

Proof. Let x and y be two arbitrarily fixed points of G. Then, using (@) in the proof
of Lemma 12.5 and (12.5) yields

If@Ifx+y)+ [ =) =2f()g(y)]
= f@fC+ )+ f@f(x =) =2f(x) f(2)g(y)]
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f(Z)f(X+y)—f(M>2+f(z—xT—y)2

g 2
+ f(Z)f(x—y)—f(mT_y)z_l_f(#)z
(Y (Y et s
" f(H%)z_f(g)z—f(z—y)f(x)
+1(f+y) +f(Z_y))f(x)_Zf(z)g(y)f(x)‘

=45+ 7 ()l

for each z € G. Hence,

|f(x+ )+ fx=y) =2f()gW) = (4 + | fDN)S/1f @)

Since f is assumed to be an unbounded function and x is a fixed element, the right-
hand side of the last inequality can be as small as possible. Hence, the equation
(12.7) holds true for all x, y € G. O

Now, we are able to prove the theorem of Cholewa (ref. [69]).

Theorem 12.7 (Cholewa). Let (G, +) be an abelian group in which division by
2 is uniquely performable. Every unbounded function f : G — C satisfying the
inequality (12.4) for some § > 0 and for all x,y € G is a solution of the sine
functional equation (12.3).

Proof. Let f be an unbounded solution of the inequality (12.4). If we put x = 0 in
(12.7), it then follows from Lemma 12.4 that

JO) ===y (a)
forany y € G. Now, putx = (u+v)/2and y = (u—v)/2in (12.7). Then, we get
S+ f) =21 ((+v)/2)g(—-v)/2) (b)

for every u,v € G. From Lemma 12.4 and (b), it follows that

fx+y)=flx+y)+ f0)=2f((x+»)/2)g((x +y)/2) (c)

forall x,y € G, and

fx=y)=flx—=y)+ f0) =2f((x—»)/2)g((x —»)/2) (d)
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forany x, y € G. Using (a) and (b) yields
f) =) = fx) + f(=y) =2 ((x = »)/2)g((x + )/2) (e)

for every x, y € G. Now, using (b), (¢), (d), and (e) yields

Sx+y)flx=y)
= 2/ ((x + »)/2)g((x + »)/2)) 2f ((x = ¥)/2)g((x = ¥)/2))
= 2/ ((x + »)/2)g((x = »)/2)) 2f ((x = )/2)g((x + »)/2))
= (f() + W) (fx) = fF()
= f(x)* = f(»)°

forany x,y € G. O

J. Baker [16] and P. Gavruta [114] proved in Theorem 12.2 that, concerning the
superstability of the cosine equation, a function f satisfying the inequality (12.2)
is either a solution of the cosine equation (12.1) or it is bounded by a constant
depending on § only. It is not the case for the sine equation. Indeed, the bounded
functions

fu(x) =nsinx + 1/n

satisfy the inequality (12.4) with § = 3,forall x, y € R and foralln € N. However,
for each & > 0, the inequality | f,, (x)| < & fails to hold true for certain x and n.
The sine functional equation (12.3) can be rewritten as

rorm= (52 - r(552)

For an endomorphism o : G — G of order 2 of the uniquely 2-divisible abelian
group G, G.-H. Kim [216] proved the stability of the following generalized sine
functional equations:

s s = () - (R
f@g = £(
g2 = /(

12.3 Trigonometric Equations with Two Unknowns

So far, we have seen the superstability results concerning the cosine and sine func-
tional equations (12.1) and (12.3). Obviously, there are other equations which are
satisfied by the cosine and sine functions.



12.3 Trigonometric Equations with Two Unknowns 275

L. Székelyhidi [345] introduced the functional equations
flxy) = F)f(y) —g(x)gy) (12.8)

and

flxy) = f(x)g(y) + f(»)gx) (12.9)

for complex-valued functions defined on a semigroup (G, -). We see that the equa-
tions (12.8) and (12.9) describe addition theorems for cosine and sine.

If G is a semigroup and F is a vector space of complex-valued functions on G,
then we say that the functions f, g : G — C are linearly independent modulo F if
Af 4+ ng € Fimplies A = u = 0 for any A, u € C. The vector space F is said to
be invariant if f € F implies that the functions f(xy) and f(yx) belong to F for
each fixed y € G.

L. Székelyhidi [345] presented the following lemma.

Lemma 12.8. Let (G, ) be a semigroup, f,g : G — C be functions, and F be an
invariant vector space of complex-valued functions on G. Suppose that f and g are
linearly independent modulo F. If the functions

x = fxy) = f(x) f(y) + g(0)g(y)

and

x = flxy) = f(yx)

belong to F for each fixed y € G, then [ and g satisfy the functional equation
(12.8) forall x,y € G.

Proof. Let us define

F(x,y) = f(xy) = f(x) f(¥) + 8(x)g(y) (a)
for every x, y € G. Then there are constants A9, A1, A, € C and y; € G with
g(x) = Ao f(x) + A1 f(xy1) + A2 F(x, y1) ()

for each x € G. Using (a) and (b) yields

S ((xy)2) = f(xy) f(2) —g(@)g(xy) + F(xy,2)
= f(x) D)) —g(x)gy) f(2) + F(x, ) f(2)
— Ao f(xy)g(2) — A1 f(xyy1)g(2) — A2 F(xy, y1)g(2) + F(xy,2)
= f()fD) ) —gx)g(y) f(@) + F(x,y) f(2)
— Ao f(x)f(¥)g(@) + Aog(x)g(¥)g(z) — Ao F(x,y)g(2)
— A f(0) f(yy1)g@ + A1g(x)g(yy1)g(z) — A1 F(x,yy1)g(2)
— A2 F(xy, y1)g(2) + F(xy,2)

forall x,y,z € G.



276 12 Trigonometric Functional Equations

On the other hand, it follows from (a) that

f((x)z) = f(x(y2) = f(x) f(y2) — g(x)g(y2) + F(x, yz),

and equating the last two equalities yields

SO @) = Ao f(1)g(R) — A1 f(yy1)gR) — f(¥2))
—g()(g() f(2) —rog(1)g() —Ai1g(yy1)g (@) — g(y2))
= F(x,y2) = F(xy,2) = F(x,9) f(2) + Ao F(x, y)g(2)
+ A F(x, yy1)g(@) + A2 F(xy, y1)g(2).

Using the linear independence of f and g modulo F yields

F(x,yz) = F(xy,z) = F(x,y) f(z) — Ao F(x,)g(2)
— A F(x,yy1)g) — A2 F(xy, y1)g(2).

By the hypotheses, it follows that the left-hand side belongs to F as a function of z
for all fixed x, y € G. Again using the linear independence of f and g modulo F
and the fact that F is an invariant vector space yield F(x,y) = 0 forall x,y € G,
which ends the proof. O

If (G,-) is a semigroup, then the function a : G — C satisfying a(xy) =
a(x) + a(y), forall x,y € G, will be called additive. If a functionm : G — C
satisfies m(xy) = m(x)m(y) forevery x, y € G, then m is said to be an exponential
(see also Section 9.1).

Székelyhidi [345] also contributed to the following lemma.

Lemma 12.9. Let (G, -) be a semigroup, let f,g : G — C be functions, and let F
be an invariant vector space of complex-valued functions on G. If the functions

x = fxy) = f()f(y) + g(0)g(y)

and
x = flxy) = f(yx)
belong to F for each fixed y € G, then we have the following possibilities:

(i) f.g€F;
(it) f is an exponential, and g belongs to F;
(iii) f + g or [ — g is an exponential in F;
(iv) f =22Q2=D""m—QA%2=1)7"1h, g = A(A%2 = 1)"lm — A(A%2 = 1)71p,
where m : G — C is an exponential, b : G — C belongsto F, and A € C is
a constant with \> # 1;
(v) f and g satisfy the functional equation (12.8) forall x, y € G.
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Proof. 1f f and g are linearly independent modulo F, then (v) follows from Lemma
12.8.If g € F, then (i) or (ii) follows from Theorem 9.2. If f € F, then g € F,
hence (i) follows.

Now, we suppose that f and g are linearly independent modulo F, but f, g & F.
Then there exists a constant A % 0 with f = Ag + b and b € F; hence, by the
assumption, the function

x> g(xy) = (1/D)(A% = Dg(y) + Ab())g(x)
belongs to F. By Theorem 9.2 again, we have that
(/M)A =Dg+b=m

is an exponential, which gives (iii) for A> = 1 and (iv) for A? # 1. O

Székelyhidi [345] has proved the stability of the functional equation (12.8) for
complex-valued functions on an amenable group, whereas we have seen the super-
stability phenomena for the cosine equation (12.1) and the sine equation (12.3) (see
Theorems 12.2 and 12.7).

Theorem 12.10. Let (G, ) be an amenable group and let f,g : G — C be func-
tions. The function

(x,y) = f(xy) = f(x) f(y) + g(x)g(y)

is bounded if and only if we have one of the following possibilities:

(i) f and g are bounded;

(ii) f is an exponential, and g is bounded;

(iii) f=04+am+b,g=am~+bor f =am+b, g = (1 —a)m—b, where
a : G — C is additive, m : G — C is a bounded exponential, and b : G — C
is bounded;

(iv) f=A2A2=1)"tm—A%2=1)7"1h, g = AA2 = 1)7'm — A(A% = 1) 1p,
where m : G — C is an exponential, b : G — C is bounded, and A € C is a
constant with M2 #1;

(v) f and g satisfy the functional equation (12.8) forall x,y € G.

Proof. Let F be the set of all bounded complex-valued functions on G. First, we
must prove the necessity. If g is bounded, then we have (i) or (ii) by Theorem 9.2.
If f + g or f —g is abounded exponential corresponding to Lemma 12.9 (iii), then
we have (iii) by using Hyers’s theorem (see [344]). Finally, the remaining follows
from Lemma 12.9. The sufficiency follows by direct calculations. O

We now discuss the stability of the functional equation (12.9). The following
lemma is a modified version of Lemma 12.8 which is applicable to the functional
equation (12.9). The proof of the lemma can be provided by the reader (or see [345,
Lemma 2.1]).
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Lemma 12.11. Let (G, ) be a semigroup, let f,g : G — C be functions, and let
F be an invariant vector space of complex-valued functions on G. Suppose that f
and g are linearly independent modulo F. If the function

x> flxy)— f()g(y) — f(»)g(x)

belongs to F for each fixed y € G, then f and g satisfy the functional equation
(12.9) forallx,y € G.

Lemma 12.12. Let (G, -) be a semigroup, let f, g : G — C be functions, and let F
be an invariant vector space of complex-valued functions on G. If the function

x = flxy) = f(x)g(y) — f(»)gx)

belongs to F for each fixed y € G, then we have the following possibilities:

(i) f = 0and g is arbitrary;
(i) f.g €F;
(iii) g € F is an exponential;
(iv) f=Am—2Ab, g = (1/2)m + (1/2)b, where m : G — C is an exponential,
b : G — C belongs to F, and A € C is a constant;
(v) f and g satisfy the functional equation (12.9) forall x,y € G.

Proof. If f and g are linearly independent modulo F, then (v) follows from Lemma
12.11.

Now, we suppose that there are constants u,v € C (at least one of them is
different from zero) such that uf + vg € F but f,g ¢ F. Then we have g =
(@A)~ f + b with b € F and A # 0. Hence, our hypothesis implies that the
function

x> fy) = (/D) f3) + b)) f(x)
belongs to F for each fixed y € G. From Theorem 9.2 it follows that

(/D) f(y) +b(y) = m(y),

where m : G — C is an exponential, which implies (iv).
If g € Fand f ¢ F, then

x> fxy) = f(x)g(y)

belongs to F for all fixed y € G, and (iii) follows from Theorem 9.2.
If f e Fand f # 0,then g € F.If f = 0, then g is arbitrary. O

Székelyhidi [345] proved the following theorem concerning the stability of the
functional equation (12.9).
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Theorem 12.13. Let (G, ) be an amenable group and let f,g : G — C be given
functions. The function

(x,y) = flxy) = f(x)gy) — f(¥)g(x)

is bounded if and only if we have one of the following possibilities:

(i) f = 0and g is arbitrary;
(i) f and g are bounded;
(iii) f =am+b, g =m, wherea : G — C is additive, m : G — C is a bounded
exponential, and b : G — C is bounded;
(iv) f =Am—2Ab, g = (1/2)m + (1/2)b, where m : G — C is an exponential,
b : G — C is bounded, and A € C is a constant;
(v) f and g satisfy the functional equation (12.9) forall x,y € G.

Proof. Applying Lemma 12.11 with F denoting the set of all bounded complex-
valued functions on G, we see that either one of the above conditions (i), (if), (iv),
(v) is satisfied, or g = m is a bounded exponential. In the latter case, the function

(x, y) = fay)m((ey) ™) = fm(xT1) = f(m(y~)
is bounded. Hence, by Hyers’s theorem (see [344])
Fm(x7") = a(x) + bo(x)

holds true for all x € G, where a : G — C is additive and bg : G — C is
bounded, and our statement follows. (We have excluded the trivial case m = 0,
and we have used the obvious identity m (x)m(x~') = 1, which holds true for any
nonzero exponential.) The sufficiency follows by direct calculations. O

12.4 Butler—Rassias Functional Equation

In 2003, S. Butler [53] posed the following problem:

Problem (Butler). Show that for c < —1 there are exactly two solutions f : R — R
of the functional equation, f(x + y) = f(x) f(y) + csinxsin y.

M. Th. Rassias has excellently answered this problem by proving the following
theorem (see [283]):

Theorem 12.14 (Rassias). Let ¢ < —1 be a constant. The functional equation
fx+y)— f(X)f(y) —csinxsiny =0 (12.10)
has exactly two solutions in the class of functions f : R — R. More precisely,

f(x) =asinx +cosx and f(x) = —asinx + cosx,

where a = \/|c| — 1.
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Proof. Replacing x with x 4+ zin (12.10) yields

f(x+y+2— f(x+2f(y) —csin(x +z)siny =0 (a)

for all x, y, z € R. Similarly, if we replace y with y 4 z in (12.10), then we get

fx+y+2— f(x)f(y +2)—csinxsin(y +z) =0 (b)

forany x, y,z € R.
It follows from (a) and (b) that

Jf(y +2) = fx +2) f(y) + csinxsin(y +2) —csin(x +2)siny = 0,

and hence

FO(f +2) = f(»)f(z) —csinysinz)

+ f() () f(2) +cf(x)sinysinz
—(f(x +2) = f(x) f(2) — esinxsinz) f(y)
— fx) S f@) —cf(y)sinxsinz
+ csinxsin(y +z) —csin(x + z)siny

=) fy+2) - fx+2 /)
+ ¢sinx sin(y + z) — ¢ sin(x + z) sin y

=0 (c)

for every x, y,z € R.
Hence, it follows from (12.10) and (c¢) that

c¢f(x)sin ysinz + ¢ sin x sin(y + z)
— cf(y)sinxsinz — ¢ sin(x + z)sin y
= f)(f(y +2) = f(»)f(2) —csinysinz)
+ f(X)f(y)f(2) +cf(x)sinysinz
—(f(x +2) = f(x) f(z) — csinxsinz) f()
—f(x)f(y) f(2) —cf(y)sinxsinz
+ ¢ sinx sin(y 4 z) — ¢ sin(x + z) sin y
+ f)(= Sy +2 + f() f(2) + csinysing)

+ fO(f(x +2) = f(x) f(2) — e sinx sinz)
=0 (d)

forall x,y,z € R.
If we set y = z = 7/2 in the last equality, then

f(x)— f(r/2)sinx —cosx =0 (e)
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for each x € R. Substituting 7 for x in (d) yields f(w) = —1. If weputx = y =
7r/2 in (12.10), then we obtain

f(@/2)? = f(m) —c =le| -1
and hence
f(@/2) =+|c|-1=a or f(rn/2)=—|c|—1=—a.
Consequently, by (e), we have
f(x) =asinx +cosx or f(x)=—asinx + cosx

forall x € R. O

Based on these historical facts, the equation (12.10) is called the Butler—Rassias
functional equation. It is astonishing that M.Th. Rassias solved the Butler—Rassias
functional equation (12.10) when he was a 16-year-old high school student.

In the following lemma, we will prove that every function f : R — R satisfying
the inequality (12.11) is bounded.

Lemma 12.15. Let ¢ and § be real constants with ¢ < —1 and 0 < § < |c|. Ifa
function f : R — R satisfies the functional inequality

| f(x +y)— f(x)f(y) —csinxsiny| < § (12.11)

forall x,y € R, then
sup| /()] = (1/2) (14 V1+380el)
xXe

holds true.

Proof. As0 < § < |c|, it follows from (12.11) that

=2le[ = fx+y) = f(x)f(y) = 2[c|

for all x, y € R, which is equivalent to the inequality

|f(x +y) = fO) S = 2el

forany x,y € R.

According to Theorem 9.1, f is either an exponential function or bounded. If f
were an exponential function, then it would follow from (12.11) that |¢ sin x sin y| <
6 for any x, y € R, which is contrary to our hypothesis, § < |c|. Indeed, f satisfies

0l = (1/2) (14 VT+8]e])

for each x € R. |
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Based on Lemma 12.15, we can prove the following lemma.

Lemma 12.16. Let ¢ and § be real constants with ¢ < —1 and 0 < § < |c|. If a
function f : R — R satisfies the inequality (12.11) for all x, y € R, then

34 VI 48le

el

| f(x)— f(mr/2)sinx —cosx| <

forall x € R.

Proof. Following the steps from (a) to (d) in the proof of Theorem 12.14 yields

}cf(x) sin y sinz + ¢ sin x sin(y + z)
—cf(y)sinxsinz — ¢ sin(x + z) siny‘
S2HIfOI+1fDI)S

for all x,y,z € R. Setting y = z = /2 and considering Lemma 12.15 end the
proof. O

In the following theorem, we prove the Hyers—Ulam stability of the Butler—
Rassias functional equation (see [179, 186]).

Theorem 12.17. Let ¢ and § be real constants with ¢ < —1 and 0 < § < |c|. If
a function f : R — R satisfies the inequality (12.11) for all x,y € R, then there
exists a solution function fy : R — R of the Butler—Rassias functional equation
(12.10) such that

(3+\/T8|C|)(l+\/|c|——l)+|c|8

/() = fo)] = T

forall x € R.

Proof. Let0 < 6 < |c| and let f : R — R satisfy the inequality (12.11) for all
x,y € R. It follows from Lemma 12.16 that

3+\/1+8|c|8

el

| f(x) — f(mr/2)sinx —cos x| < (a)

forall x € R. Put x = 7 in (a) to get

3+ V148 5. (b)

|f(m) + 1] =
|c]
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Moreover, setting x = y = 7/2 in (12.11) yields
|f(2) = f(x/2)? —¢| < 6.

Combining (b) and (c) yields

34 e + /1+8]c| 5

|f(/2)* +c+1| < el

Witha = /|c| — 1 > 0, we have

[fay2p - a?] < TV g

Assume that f(;r/2) > 0. It then follows from (d) that

<3+|c|+\/1+8|c|8<3+|c|+\/1+8|c|8

/2 =al = =) 1al 0" alc]

Hence, (a) and (e) imply that

| £(x) — a sinx — cos x|
<|f(x) = f(w/2)sinx —cosx| + |(f(m/2) — a) sin x|
j <3+\/T8|C|)<l+\/|c|——l)+|c|8
- lely/lel =1

forall x € R.
Assume now that f(7/2) < 0. It then follows from (d) that

3t lel+ VI+8lel o 3+e]+ VT +8Iel

/D +al = =G —a 0 S ale]

Thus, combining (a) and (f) yields
| £(x) + asinx — cos x|
= |f(x) = f(/2)sinx —cosx| + [(f(r/2) + a) sinx|
j <3+\/T8|c|)(1+\/|6|——1)+|c|8
- lelV/leT=1

for any x € R.

283

(c)

(d)

(e)

(f)
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We define

asinx + cosx (for f(m/2) > 0),

Jolx) = —asinx +cosx (for f(x/2) <0)

forall x € R. In view of Theorem 12.14, both a sin x+cos x and —a sin x+cos x are
solutions of the Butler—Rassias functional equation (12.10). Hence, fy is a solution
function of the Butler—Rassias functional equation. O

12.5 Remarks

R. Ger [121] considered the functional equations (12.8) and (12.9) simultaneously
— more precisely, he considered the system

Sxy) = f(x)gy) + f(y)g(x),

(12.12)
gxy) =g(x)g(y) — f(x)f(»)

and proved that the system is not superstable, but that it is stable in the sense of
Hyers, Ulam, and Rassias.

Theorem 12.18. Let (G, ) be a semigroup and let h, k : G* — [0, 00) be functions
such that the sections h(-, x) and k(x, -) are bounded for each fixed x € G. Assume
that f,g : G — C satisfy the system of inequalities

|f(xy) = f()g(y) — fF(g)| < h(x,y),
lg(xy) —g(x)g(y) + f(X) f(W)] < k(x,y)

forall x,y € G. Then there exists a solution (s, c) of the system (12.12) such that
f — s and g — c are bounded.



Chapter 13
Isometric Functional Equation

An isometry is a distance-preserving map between metric spaces. For normed spaces
E: and E,, a function f : E; — E; is called an isometry if f satisfies the iso-
metric functional equation || f(x) — f(y)|| = |lx — y|| for all x,y € Ej. The
historical background for Hyers—Ulam stability of isometries will be introduced in
Section 13.1. The Hyers—Ulam—Rassias stability of isometries on a restricted do-
main will be surveyed in Section 13.2. Section 13.3 will be devoted to the fixed
point method for studying the stability problem of isometries. In the final section,
the Hyers—Ulam—Rassias stability of Wigner equation |{ f(x), f(»)}| = |{x, y)| on
a restricted domain will be discussed.

13.1 Hyers-Ulam Stability

Throughout this section, assume that § is a positive constant. For normed spaces
(E1. |l - |l1) and (E2. || - |I2), a function f : Ey — Ej is called a §-isometry if f
changes distances at most 4, i.e.,

)= fFOll2— Ix =yl | <8 (13.1)

forall x,y € E;.
In 1945, D. H. Hyers and S. M. Ulam [139] proved the Hyers—Ulam stability of
isometries by making use of a direct method. First, we will introduce their lemmas.

Lemma 13.1. Let E be a complete abstract Euclidean space. Assume that f : E —
E is a §-isometry and f(0) = 0. The limit

I(x) = lim 27" f(2"x) (13.2)

exists forany x € E and I : E — E is an isometry.

Proof. Assume that x is an arbitrary point of £ and let » = |x||. Since f is a
8-isometry, it follows from (13.1) that

S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 285
Analysis, Springer Optimization and Its Applications 48,
DOI 10.1007/978-1-4419-9637-4_13, (© Springer Science+Business Media, LLC 2011
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Il =r[ <8 and [[If(x) = f@O)I—r] <. (a)

If we replace x and y in (13.1) with 0 and 2x, respectively, and set yo = (1/2)
f(2x), then we have
Hyoll —r| = (1/2)5. ()

We consider the intersection of two balls:
Si={yeE||yll<r+38} and S ={y€E||y—2y0l <r+86}.
Then, it holds true that f(x) € S; N S,. Forany y € S1 N S,, we get
Iyl < (r + )2,
Iy = 2y0l* = Iy 1> + 4llyoll*> = 4(y. o) < (r +6)*,

(©)

where (-, -) denotes the inner product on E'. It follows from (a), (b), and (c) that
20y = yoll> = VI + 4llyol* = 4(y, yo) + Iy I* =2 yo0?
< (r+8>+ly1? =2llyol?
< 2(r +8)* = 2llyo?
2(r +8)2 —2(r —8/2)%  (for |x|| > §).

<
= | 2(r + 6)? (for ||x| < §)
[ 68r+(3/2)8%  (for ||x| = 6). @
) 200 +8)2 (for ||x|| < §&).
Since f(x) € S1 N Sy, substituting f(x) for y in (d) yields
_ 2(8l1x1)"* (for [1x]| = 8,
I f(x)—(1/2) f20)| = {25 (for [x] < 8).
Therefore, we have
1f(x/2) = (1/2) f) | < 272k |1x]|'/? + 28 (e)

for all x € E, where we set k = 28'/2. By applying the induction on n, we will
prove that

n—1

If@7"x) =27 fo)ll <272k x| 2 Y 272+ (12748 (f)

i=0

forany x € E and n € N. In view of (e), the inequality ( /) holds true forn = 1.
Assume that (/) is true for some integer n > 0. By dividing the inequality ( /) by
2, we have
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[(1/2) f@7"x) =274 £ ()|

n
< 27FDR2 x| 2y 272 4 (11— 2728

i=1
If we replace x with 27"x in (e), we get
| £ (" Vx) = (1/2) f@7"x) || < 27D 2k |x |12 + 26.
By adding the last two inequalities, we obtain
| £ (70 Vx) =27 f ()

n
< 2—(n+1)/2k||x||1/2 Zz—i/Z + (1 _ 2—(n+1))487
i=0

which proves the validity of (/) forall x € E andn € N.
We will now present that {27” f(2"x)} is a Cauchy sequence. If n and p are any
positive integers, then it follows from ( /') that

127" f(2"x) = 27 D) F 2P ) |
<27 fQTP2MTPx) —27P (2" )|
n+p—1
<kfx|V2 D0 272 4271 - 27F)48
i=n

—0 as n—> oo

for any x € E, which implies that {27" f(2"x)} is a Cauchy sequence. Since E is
complete, we can define a function / : E — E by (13.2).

Finally, it remains to prove that / is an isometry. Let x and y be arbitrary points
of E.Replace x and y in (13.1) with 2" x and 2" y, respectively, divide the inequality

/@) = f@" ) =2"]lx = yll| <

by 2", and take the limit as n — oo. The resultis || /(x) — I(y)| = ||x — y||, which
ends the proof. O

Lemma 13.2. Let E be a complete abstract Euclidean space. Assume that f . E —
E is a §-isometry and f(0) = 0. If u and x are any points of E with |u|| = 1 and
(x,u) =0, then |{ f(x), I(u))| < 368, where (-,-) is the inner product on E and I is
defined by (13.2).
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Proof. For any integer n, we set z = 2"u. Let y denote an arbitrary point of the
sphere S,, of radius 2" and center at z. Then, it holds true that ||y — z||? = ||z||?> and
hence we have (y,u) = 27""1(y, y).

Since f is a §-isometry and ||y — z|| = ||z||, we get

o) = f@I—=1lly—=zl| <8 or [If»)—f@I—lzl| <$

and
[lzll = I fF @] < 6.

By adding the last two inequalities, we obtain

/) = f@I = I f@II] < 28,

Le, | f(y) = f@I = n(y.2) + [ f (@), where [n(y. 2)| < 28.
The last equality may be expressed as

2. f@) = (f3). ) =20l f @ = 7.

If we divide the last equality by 2”1, then we obtain

(fO). 27" f ") = 27D ((f ), fFO)) —?) —nll27" f )]l (a)

Now, let x be any point of the hyperplane (x, u) = 0. If we set y = x + ru with
r=2"— (22" — ||x||2)1/2, then y is a point of the sphere S,:

ly —zl* = (y.y) = 2(y.2) + (z.2)
= (x,x) + 72 =2(x,2) = 2r(u.z) + (z.2)
r> = 2" ) + Jlz)|?

2
= [lzlI*

Moreover, |y — x|| = r — 0 as n — oo. In view of Lemma 13.1, we see that
t = lim 27" f(2"u)
n—>oo

exists and is a unit vector.
Finally, for any ¢ > 0 and » sufficiently large, it follows from (@) that

(f). 0 < ().t =27 F 2" )| + [(f (). 27" f(2"w))]
+ 1) = f(). 27" f(2"w)]|
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= ISl =27" fQ "Wl + (1/2)e
+ 28127 SR M + L () = SOOI S 2w
<e+35(1+¢)
and hence we have
[(f (), 1))| = [(f(x).1)] = 38,
which ends the proof. O

Lemma 13.3. Let E be a complete abstract Euclidean space. Assume that [ : E —
E is a surjective §-isometry and f(0) = 0. Then the I : E — E defined by (13.2)
is also surjective.

Proof. For any z € E, let f~!(z) denote any point whose f-image is z. Then,
f~': E — E is a §-isometry. According to Lemma 13.1, the limit

I*(z) = lim 27" f71(2")

exists, and I * is an isometry of E.
Now, it is obvious that

[2"z= F@" @) = [ £ "2 f 7 2") = f (2" 17 @) |
<2"|27" 72" - I ()| + 6.

If we divide the last inequality by 2" and let n — oo, then we see that z = 1 (1*(z))
for each z € E. Therefore, we conclude that /(E) = E. O

Using the preceding lemmas, Hyers and Ulam proved in [139] that the surjective
isometries of a complete Euclidean space are stable in the sense of Hyers and Ulam.

Theorem 13.4 (Hyers and Ulam). Let E be a complete abstract Euclidean space.
Assume that f : E — E is a surjective §-isometry and f(0) = 0. Then the I :
E — E defined by (13.2) is a surjective isometry, and the inequality

1/ (x) = 1(x)]| = 108
holds true for all x € E.

Proof. For a given x € E\{0}, let M denote the linear manifold orthogonal to x. In
view of Lemma 13.3, I : E — FE is a surjective isometric transformation. Hence,
I(M) is the linear manifold orthogonal to 7(x). Let w be the projection of f(x) on
I(M). Let us define

0 (for w = 0),

(1/[lwll)w  (for w # 0).

=
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According to Lemma 13.2, we see that |(f(x),7)| < 38. Putv = (1/[|x]|)1(x).
Then, v is a unit vector orthogonal to ¢ and is coplanar with f(x) and ¢. Thus, by
the Pythagorean theorem, we have

1£Ce) = TGN = (£, 1) + (Ix] = (), v)*. (a)

Let z;, = 2"x and let w,, denote the projection of f(z,) on I(M). Let us define

P 0 (for w, = 0),
" (1/||Wn||)Wn (for wn # 0).

In either case, we see that (¢,,v) = 0 and [(f(zn),tx)| < 38. If || f(zn)] < 36, itis
obvious that || f(z,) || — [{f(zn),v)| < 38. Assume now that | f(z,)|| > 38. Since

(1—a2)"? > 1—a2forany —1 <o < 1and [{f(zx). ta)] < | )] we have
0 < [If Gl — I{f(zn), V)

= £ @)l = (1 f G)II> = (f @n). tn)?)

= 1@l (1= (1 = (Fe)tn)?/ 1 IP) )

< 1f @IS @) ta) /11 f @) I
= [{f (@), ta)]
< 36.

1/2

Hence, the inequality

[zl = 1{f (), V)| < 48 (b)

holds true since ||z || < || f(zn) | + 6.
Two cases arise: If { f(x),v) > 0, we putn = 0 in (b) and use the identity (a) to
obtain the inequality || f(x) — I(x)| < 56.If { f(x),v) < 0, then for some integer

m > 0 we must have ( f(z,),v) < 0and ( f(2z,,),v) > 0, since ((x), v) is positive
and I(x) = li)m 27" f(zn). Hence, by (b), we get
n—oo

1/ Qzm) = fzm) | = (f22m).v) = (f(zm).v) = 3lzm| — 88.

However, we know that || f(2zn) — f(zm)|| < llzm| + &. Therefore, we obtain
x|l < llzm |l < (9/2)8 and hence

1fG) = 1Coll = 1A+ TN < flxll 48 + [lx]| < 108,

which ends the proof. O
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Hyers and Ulam noticed that Theorem 13.4 is not always true for non-surjective
§-isometric transformations of one Euclidean space into another: We consider a
function f : R — R? defined by

| (x,0) (for x < 1),

f) = (x,clnx) (for x > 1).

It is easy to present that f will be a §-isometry if we choose ¢ in such a way that

8> czmai( (Inx)2/(2x — 2). On the other hand, f cannot be approximated by any
x>

isometry in the sense of Theorem 13.4.
D. G. Bourgin [25] further generalized this result of Hyers and Ulam and proved
the following theorem:

Assume that E1 is a real Banach space and E, belongs to a class of uniformly
convex real Banach spaces which includes the spaces L,(0,1) for p € (1,2) U
(2, 00). For each 6-isometry f : E1 — E, with f(0) = 0, there exists a linear
isometry I : E1 — E3 such that || f(x) — I(x)| < 126 forall x € E;.

Subsequently, Hyers and Ulam [140] studied a stability problem for spaces of
continuous functions:

Let S and Sy be compact metric spaces and let (C(S,-), Il ||oo) denote the space
of real-valued continuous functions on S; equipped with the metric topology. If a
homeomorphism T : C(S1) — C(S3) satisfies the inequality

T ()= T(@)lloo — I f —glloo| <8 (13.3)

forall f,g € C(S1), then there exists an isometry I : C(S1) — C(S2) such that
IT(f) = 1(f)lleo = 218 for each | € C(S1).
Bourgin significantly generalized this result of Hyers and Ulam again (see [26]):

Let S1 and S, be completely regular Hausdorff spaces and let T : C(S;) —
C(S2) be a surjective function satisfying the inequality (13.3) for all f,g € C(Sy).
Then there exists a linear isometry I : C(S1) — C(S2) such that |T(f) —
I(f)lloe =108 for any f € C(S1).

R. D. Bourgin [27] continued the study of stability problems for isometries on
finite-dimensional Banach spaces under the additional assumption that the set of
extreme points of the unit ball in E; is totally disconnected. In 1978, P. M. Gruber
[128] obtained an elegant result as follows:

Theorem 13.5 (Gruber). Let Ey and E, be real normed spaces. Assume that f :
E1 — E; is a surjective §-isometry and I : E1 — E; is an isometry with f(p) =
I(p) for some p € Ev. If || f(x) — I(x)|| = o(|lx||) as || x|| = oo uniformly, then I
is a surjective linear isometry and || f(x)—I(x)| < 56 forall x € E;. Ifin addition
f is continuous, then || f(x) — I(x)| < 36 forall x € E;.

Using Theorem 13.5 and an idea from [356], J. Gevirtz [124] established the
Hyers—Ulam stability of isometries between arbitrary Banach spaces.
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Theorem 13.6 (Gevirtz). Assume that E1 and E, are real Banach spaces. For
each surjective §-isometry f : E1 — Ej, there exists a surjective linear isometry
I : Ey — Ej suchthat || f(x) — I(x)|| <56 forall x € E;.

Proof. We introduce a lemma which will be proved in the last part of this proof:

If f: E1 — E; is a surjective §-isometry, then there exist constants
A and B such that

Pr(%5

Xo + X1

) f(x0) — f(xl)H <24(8|lxo —x1])> +2B8 (@)

forall x¢,x1 € Ej.

Without loss of generality, we assume that /(0) = 0. Applying (a) with xg =
2"+1x and x; = 0 and dividing by 2" *! yield

|27 £(27x) —270HD £ (271 x) | < 27724 (28)|x]) 2 + 27" BS (b)
for any x € E; and n € Ny. It follows from (b) that for all m,n € N,

“ 9N f(2nx) _ 2—(n+m)f (2n+mx) “

n+m—1
< Z ”2—1‘ f(2ix) _ 2—(i+1)f(2i+1x) ”

i=n
<2(V2—1)" a2 (5| ))? + 27D s

— 0 as n — oo.

Thus, {27" f(2"x)} is a Cauchy sequence. Since E; is complete, we can define a
function I : E; — E; by (13.2). Then, we see that /(0) = 0 and

1f() = I < 2(v2 = 1) A@S)1x])) > + 2B5 (©)

for any x € E;. Obviously, || f(x) — I(x)|//|lx|| = O uniformly as || x| — co.
Since f is a §-isometry, we get

127" £ 2"x0) = 27" F@"x0) ]| = lxo — x| <2778

for any xo,x; € E; andn € N. If we let n — oo in the preceding inequality, then
we see that / is an isometry. Moreover, f(0) = 0 = 7(0). In view of Theorem 13.5,
I is a surjective linear isometry and || f(x) — I(x)|| < 56 forall x € E.

We now introduce some terminologies which will be used in the proof of
Lemma (a). A function F : E, — Ej is called an g-inverse of f if

I(feF)(y)—vyll=<e (d)
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for all y € E,. The function f is called g-onfo if it has an e-inverse. Each g-onto
8-isometry will be called an (g, §)-isometry.
We assert that

If f:Ey— E; isan (g 6)-isometry and F is an e-inverse of f,

then F isan (¢ + §,2¢e + §)-isometry. ©

It follows from (d) that

[(Fo f)(x) —x|| < [I(f o Fof)x)=fX)|+d=e+3

for all x € Eq, which proves that F is (¢ 4+ §)-onto. To show that F is a (2¢ + §)-
isometry, let yo, y1 € E». Then it follows from (d) that ||(f o F)(y:) — yi| < e for
i €{0,1}. Since f is a §-isometry, we get

I(f o F)(o) = (f o FY()Il = | F(yo) = Fy) | < 6.

Hence, we obtain

[IIF (o) = FOOIl = lyo — y1ll|
< |IIF(yo) = FyD)Il = I(f © F)(yo) = (f o F)(y)ll|
+ |11 0 F)(yo) = (f o F)(y)ll — llyo — y1ll|

<3+ (f o F)»o)— yoll + I(f o F)(y1) =yl
<&+ 2e.

‘We assert that

Let f1: Ey — E; bean (e1,681)-isometry and f» : E; — E3 be
an (&3, 82)-isometry. Then f> 0 f1 isan (&1 + €2 + 62,81 + 82)- f)

isometry.

It is immediate that f> o f1 is a (8; + &2)-isometry. To prove that f> o f7 is (&1 +
&2 + 62)-onto, let F; be an g;-inverse of f; (i € {0, 1}) and let z € E3, where E3 is
a real Banach space. Then we have

[(f20 fio Fio F2)(z) —Z]
<|(fao fio Fio F2)(z) — (f20 F2)@)| + [|(f2 0 F2)(2) —Z]|
<|(fao fio F10o F2)(2) — (f20 F2) (@) + &2
= |[(fie Fio F2)(2) — F29)[| + 32 + &2
<é&1+ 8 + .
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We will now prove (a). Let xo,x1 € Ey, yi = f(x;) (i € {0,1}), p =
(1/2)(x0 + x1), and ¢ = (1/2)(yo + y1). First, we will assume that yo # yi.
Since f is a (0, §)-isometry, due to (e¢), f has a O-inverse F which is a (8, 6)-
isometry and for which F(y;) = x; (i € {0,1}). We define sequences {gy} and
{Gy} of functions of E, into E, with the following properties:

gk isa (45F1§, 45+1§) isometry and gx (yi) = yi-i, (2)
Gy isa 45t 15-inverse of g and Gi(yi) = y1—i (h)

fori € {0, 1}.Set go(y) = f(Zp—F(y)) forall y € E,. Then, go = fi10 f2, where
f1 = fisa(0,8)-isometry and f>(y) =2p— F(y)isa (8, §)-isometry. In view of
(f), goisa(268,28)-isometry and it permutes yo and y;. Thus, (g) is true fork = 0.
Let G be any function satisfying (k) fork = 0. Now, let g;(y) = G1(y) =2¢q—y
for any y € E,. Obviously, (g) and (%) are satisfied for k = 1. Finally, assuming
that we have go,..., g, and Gy, ..., G, which satisfy the stipulated conditions,
we define g,+1 = gn—1 © gn © Gp—1. Then, g,_; is a (4"§, 4"§)-isometry, g, is
a (471§, 4" T1§)-isometry, and G,_; is a 4"§-inverse of g,—1. In view of (e), we
know that G,—; is a (2-4"§, 3-4"§)-isometry. Hence, it follows from ( f) that g1
isa (3-4"%1§,2.4"T1§)-isometry. Moreover, g,+1 permutes yo and y;. Therefore,
gn+1 satisfies (g) with k = n+ 1. Now, G, +1 is taken to be any function satisfying
(h) withk =n + 1.

We next define a sequence {a,} of points of E, recursively by a; = ¢ and
an+1 = gn—1(ay) forn € N.Letd = (1/2)||yo — y1||. Denoting by B(y, r) the
closed ball of radius r and center y yields

gk(B(ylsr)) C B(yl—i,r +4k+18)

Since a; € B(yo,d)N B(y1,d)and a, = (gn—2 0 gn—3 0-+-0 go)(ay), successive
application of this inclusion with k € {0, 1,...,n — 2} yields

an € B(yo.d +4"8) N B(y1.d + 4"8) C B(q,d + 4"9).
Since the diameter of the last ball is 2(d + 4"§), we conclude that
lan —an—1ll = 2(d +4"5) (i)

for all integers n > 2.
‘We now prove that

lgn(y) = yll = 2llan — || = 2(4" = 1)$ ()

forany y € Eyandn € N. Since g1(y) = 2g—y anda; = ¢, (j) is true forn = 1.
Assuming that () is true for some n € N, it follows from (g), (%), and () that
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lgn+1(») — ¥l
= |[(gn—1°8gn © Gn-1)(y) — ¥
> 1(gn—108n © Gn—1)(¥) — (gn—1 0 Gu—1) W)l
—1(gn=10°Gn=1)(y) — ¥
> [[(gn—1°8&n © Gn—-1)(y) = (gn—1 0 Gn—1)(¥)|| — 4"
> |1(gn © Gn—1)(¥) — Gn—1(¥)|| —2-4"5
> 2llan — Guo1 (Y| — @*H1 —2)8
> 2(|lgn-1(an) — (gn—1 © Gu1)(¥)|| — 4"8) — (4"*1 = 2)§
> 2(llant1 — yll —2-4"8) — (4" —2)8
=2llant1 — y| — 24" - 1)s,

which proves the validity of () forall y € E, andn € N.
It follows from () that

lan+1 —anll = |gn—1(an) — anll > 2llan — an—1| —2-4"716,
which by induction gives
lan — an—1]l = 2" ?|laz —a; || — 4" 6.
Together with (i), this implies that ||a; — a;|| is bounded above by
laz —ai]| <2(27""2d + 1852"72) (k)

for all integers n > 2.
On the other hand, since F is a O-inverse of f, we have

laz —arll = | f(2p — F(9)) — 4|
= ||/ (2p—F(@) —(f o F)(@|
>2|lp—F(@|—$
>2(1f(p) = (f o F)(@)| —8) -6
= 2| f(p) —qll —38.

Hence, it follows from (k) that
If(p) —qll <27 Dd +1852"72 + 2§ ()

for every integer n > 2.

For the moment, we assume that d > 185 and let ¢ satisfy 27/d = 1862/, i.e.,
t = (In4)~'In(d/188) > 0.If we let n — 2 = [t], the greatest integer less than or
equal to 7, then it follows from (/) that
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| f(p) —qll <2d27" +1882" + 28
=3d27" + 28
= 3(188d)"/? + 28
10(8l1x0 — x1)'/* + 25,

IA

since ||[xo — x1]| = ||yo — y1ll =6 = 2d — § = (35/18)d.

On the other hand, if d < 185 (which covers the case yo = y; that was excluded
at the beginning of the proof), then ||yo — y1| < 368 and so || xo — x1| < 376.
Thus, ||x; — p|| < 198 and, consequently, ||y; — f(p)| < 208 (i € {0,1}). Since
q = (1/2)(yo + y1), we have

1/ (p) —qll = /2N f(p) = yoll + (/2] f(p) — y1ll = 208.

Therefore, in either case, we conclude that

1/ (p) —qll < 10(8]lxo — x1]1)"/* + 205,

which proves the validity of (a). O

Moreover, M. Omladi¢ and P. Semrl [259] obtained a sharp stability result for
8-isometries. The proof of the theorem of Omladi¢ and Semrl depends on the fol-
lowing lemma which is an extension of [237, Lemma 3].

Lemma 13.7. Let Eq and E; be real Banach spaces. Assume that f : E1 — E; is
a surjective §-isometry and that n is a positive integer. If there exist x1, ..., x, € E
such that f(x;) # f(x;)fori # j, then for any sufficiently small n > 0O there exists
a bijective function g : E1 — Ej such that || f(x) — g(x)|| < nforall x € E; and

f(xi) = g(xi) fori € {l,...,n}.

Proof. First, we prove that card E1 = card E,. Because f is surjective, it holds true
that card E; > card E,. To show the converse inequality, it suffices to prove that the
density character of E is not larger than that of E,, where the density character of
E is the least cardinality of a dense subset of E7. Let t be such that ¢(¢) < ¢/2 for
all t > 1, where we define

o) = sup |1 /() = fFO = lIx =yl [ Ix =yl = or [ f(x) = fFO =1}

for all ¢ > 0. It then follows that || f(x) — f(y)|| > t/2 whenever ||x — y| > 7.
Let A be a maximal subset of £ such that |x — y|| > 7 for every x,y € A with
x # y. The density character of E; is equal to the cardinality of A and, since
| f(x)— f(»)|| = t/2forall x,y € A with x # y, this cardinal is not larger than
the density character of E5.

Now, let

Ey =E)U---UE;, U UEza,
o
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where the sets E»1, ..., Eaz,, E2y are pairwise disjoint and such that

(i) the diameter of each of them is not larger than the given real number 1 > 0,
(if) their cardinalities are equal to the cardinality of E»,
(iii) f(x;) € Ey; foralli € {1,...,n}.

Define E1; = f~1(Ey) and Ejq = f 1 (Eaq) foralli € {1,...,n} and a.
Then, it follows from (ii) that card Ey; = card E,; for any i € {l,...,n} and
card E1q = card E»4 for all @. Consequently, we can find bijective functions g; :
E1i — Ejjand g : E14 — E2q such that g;(x;) = f(x;). If we define a function
g E1 —> E2 by
gi(x) (for x € Ey;),

X) =
&) ga(x) (for x € Eqy),
then (i) and (iii) yield the desired properties for g. O

Using ideas from [124], Omladi¢ and Semrl [259] proved that the upper bound
56 in Theorem 13.6 can be replaced with 26.

Theorem 13.8 (Omladi¢ and gemrl). Let E1 and E, be real Banach spaces.
If f : E1 — E; is a surjective §-isometry and f(0) = 0, then there exists a unique
surjective linear isometry I : Ey — E5 such that

If(x) = T(x)]| =28 (13.4)
for each x € Ej.

Proof. Choose x,y € E; and assume that f(x), f(y), and f((x + y)/2) are
distinct. If ¢ is a constant larger than §, then Lemma 13.7 implies that there exists
a bijective function g : Ey — E» such that g(x) = f(x), g(y) = f(»), g((x +

y)/2) = f((x+y)/2), and || f(u)—gw)|| < (1/2)(e—6) forallu € E;. Obviously,
g is an g-isometry.
Let us define a sequence of bijective functions /1, : E, — E; by

ho(u) = g(x +y — g (w),
hi(u) = g(x) + g(y) —u,
hp =hp20hy_qo0 h;lz

for all integers n > 2. We also define a sequence of bijective functions
kn =hyohy_jo0---0hy
for any n € Ny. Moreover, we define a sequence {a, } recursively by
ar = (1/2)(f(x) + f(»)) and any1 = hp—1(an) = kn—1(ar)

for every n € N.
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According to the second part of the proof of Theorem 13.6, we can prove that
there exist sequences {pn}, {gn}, {rn}, and {s,} of nonnegative real numbers such
that:

(i) hy, is a (pne)-isometry for all n € Ny;
(ii) ky is a (qn€)-isometry for all n € No;
(iii) ||hn(u) — u| > 2||an — u|| — rpe forany u € E; andn € N;

and moreover
laz — a1ll < 27" 2|ay — an—1]| + sne (a)

for any integer n > 2.
As in [124], we can apply (i), (if), (iii), and (a) to prove that

27 (F32) - 10— r0) =270 P -yl 420428 )

for all n € N. It is not difficult to see that (b) is true also when f(x), f(y), and
f((x + y)/2) are not distinct.
It follows from (b) that

I(x) = lim 27" f(2"x)
n—oo
exists for all x € E; and that [ is a linear isometry. It also implies that
/() = TG < 2(r +3)8 + 2773 x| (c)

forany x € £y andr € N.

We will now prove that / is surjective. Suppose to the contrary that the range of
[ is a proper subspace of E». As it is closed, there exists a z € E» of norm one such
that its distance to the range of / is larger than 1/2. The surjectivity of f implies the
existence of x; € Eq with f(x;) = tz forany t > 0. Recall that f is a -isometry
with £(0) = 0 and observe that |||f(xt)|| — ||x,||| <dyieldst —§ < ||x:|| <t +36.
Thus, we have

IS Cee) = 1Ce) || = tllz = (/D) I (xo)[| > 2/2 (d)

for every t > 0 since (1/t)I(x;) belongs to the range of /. On the other hand, (c)
implies that

I1f(xe) = Tl < 200 4 3)8 + 2773 ||xt|
<2(r +3)8§+ 2773t +6) (e)

forall > 0 and r € N. Combining (d) and (e) yields

t/2 <2(r+3)8+27"3( +6)
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forany t > 0 and r € N.If we set = r2 and then let r — oo, then we get a
contradiction. Hence, I has to be surjective.

Now, we define a function 7" : £y — E; by T = I7lo f. Obviously, T is a
surjective §-isometry with 7°(0) = 0. Thus, we obtain

Tl = lIxl| <8 ()

forall x € E;. By (¢), we have
IT)—x]| = [ 17 (f () =x|| = I /) =TIl < 20 +3)8+ 27" |[x|| (¢)

forall x € E; andr € N.
We now assert that
17 (x) — x| <26 (h)

for each x € E;. Choose an x € E satisfying ||T(x) — x| = a > O and set y =
(1/a)(T(x)—x). Then, we have || y|| = 1. As T is surjective, we can find az, € E;
forevery n € N such that T(x +z,) = x+ay +ny.Sincen = || T(x +2z,)—T (x)]|
and T is a §-isometry, we conclude that

n—38<|zmll<n+3é (i)
forany n € N.

If we replace x in (g) with x + z, and divide the resulting inequality by n, then
we get

I(1/myay +y = (1/m)za] = (1/n)20 +3)§ + 2773 (|x|| +n +5)).

We put r = [ﬁ ] and let n — oo in the last inequality, where [w] denotes the
largest integer not exceeding w, then (i) gives

lim (1/zall)zn = . ()
n—oo
Let ¢ be a real number and define

A = limsup (||x + za |l — l|zall)-

n—00

It now follows from (i) that 1 — g/||z, || > 0 if n is large enough. For such integers
n, it holds true that

Ix + zall = lznll + ¢ = || x + (¢/1zall)zn + (1 — ¢/ lznll)zn |
— (1 =4/llznl)zn |
< |lx + (a/llznll)zn |-
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This implies together with () that
At+q=|x+aqyl

for any g € R. Similarly, we obtain
htg =z timsup (=[x + (a/lzal) 2] ) = =lx + gyl
n—o0

for each ¢ € R. Consequently, we have
A +ql<lx+aqyl (k)

for every g € R.

We will have to consider two special cases. First, we deal with the situation when
x and y are linearly independent. Let us define a functional ¢ on the linear span of
x and y by ¢(x) = A and ¢(y) = 1. It then follows from (k) that |¢| = 1. If we
substitute x + z, for x in (f), then it follows from (k) that

§=lx+ay +ny|—lx+zll
> A4+a+n|—|x+z
>A+n+a—|x+z

for each n € N. Applying (7) to the last inequality, we see that
§=A—|x+zll++8)+a—8>r—(lx+zl —llzll) +a—38

which together with the definition of A implies that 2§ — a > 0. This ends the proof
of (h) in the case that x and y are linearly independent.

Assume now that x = uy for some u € R. In view of (k), we have |A + ¢g| <
| + ¢q| for any ¢ € R. If we put ¢ = —pu in the last inequality, then we get A = .
If an integer n is large enough, then ||x 4+ ay +ny|| = A + a + n. For such integers
n, substituting x + z, for x in (f) and considering (i) and the definition of A yield

§ = |lx +ay +nyll =[x + zal
=a+A—(lIx+zall = llznll) + 71— l|za]l
Z a_(Sv

i.e., a < 26, which proves the validity of (%) in the case that x and y are linearly
dependent.
Since [ is a surjective isometry with /(0) = 0, it follows from (/) that

£ G =T = T (x) — x|l < 28
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forall x € E1.If I’ : E; — E, is another surjective linear isometry satisfying
1’(0) = 0 as well as (13.4), then we obtain

1277 f27x) = I'(x)] <27 Vs
forall x € Ey and m € N. If we let m — oo, then we get [ = I'. O

Moreover, Omladi¢ and Semrl presented that the inequality (13.4) is sharp by
constructing the following example. Define a surjective function f : R — R by

—3x  (for x €[0,1/2]),

FOO=121 (for x ¢10,1/2).

Obviously, f is a 1-isometry. In view of Theorem 13.8, f can be approximated by a
linear isometry / : R — R. There are only two linear isometries, namely, /(x) = x
and /(x) = —x. However, the second one does not approximate f uniformly and
we can easily show that

max | f(x) — x| =2,
xe€R

which proves that the inequality (13.4) is sharp in the one-dimensional case.

On the other hand, G. Dolinar [94] investigated the stability of isometries in
connection with (e, p)-isometry, where a function f : E; — E; is called an (g, p)-
isometry if f satisfies the inequality

7 G = O = llx = yll] < ellx = yII?

for some ¢ > 0 and forall x,y € E;:

Let E1 and E» be real Banach spaces and let 0 < p < 1. There exists a constant
N(p), independent of E1 and E», such that for each surjective (g, p)-isometry f :
E1 — E, with f(0) = 0 there exists a surjective isometry I : E1 — E; satisfying

I f(x) = 1) < eN(p)[x]?
forall x € E;.

He also proved the superstability of isometries. Indeed, it was proved that for
p > 1 every surjective (g, p)-isometry f : E1; — E, from a finite-dimensional real
Banach space E onto a finite-dimensional real Banach space E; is an isometry.

For more general information on the Hyers—Ulam stability of isometries and re-
lated topics, refer to [21,154,237,297,305,307,328, 338,350,352, 355].

13.2 Stability on a Restricted Domain

Let m > 1 be an integer. For each E C R™, H(E) denotes the smallest flat con-
taining E, i.e.,

H(E) = {Xopo+ -+ AmPm | Po.-... pm € E; Ao,.... Am € R;
Aot et A = 1),
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For any integer k € {1,...,m}, the points py, ..., px € R™ are called independent
if H(po,..., px) is k-dimensional. We use the notation d(x, E) for the Euclidean
distance between the point x and the subset E of R™.

In 1981, J. W. Fickett [103] proved the following lemma and applied it to the
proof of the Hyers—Ulam stability of isometries defined on a bounded domain.

Lemma 13.9. Let py, ..., pm—1 be independent points in R™, where m > 2 is an
integer. Define H = H(po, ..., pm—2) and let py, be any point of R™ satisfying
d(pm,H) < d(pm-1, H). Define di = |pm — pi| for everyi € {0,...,m — 2}.
Suppose that 0 < d; < 1fori € {0,...,m—2}, and that d,,— and € are given with
|dm_1 —|Pm—Pm—1 || < eand0 < g < 1. Ifthere exists a point g with |q— p;| = d;
fori €{0,...,m — 1}, then there exists such a q with | pm — q| < 2./

For a given integer n > 2, let S be a bounded subset of R” and let f : § — R”
be a §-isometry. Fickett [103] introduced a construction of isometry 7 : S — R”
which is quite different from the (direct) method of Hyers and Ulam:

(i) We extend the domain S of f to S, the closure of S. For any s € S\ S, we
define fi(s) to be any element of the set

() f({y €S |d(s.y) < 1/m}).
m=1

and let f1(s) = f(s) fors € S. Then it is easy to show that fj is again a
§-isometry. _
(ii) Let k be the dimension of H(S) and choose sg, ..., sx € S to satisfy

|so — 51| = diameter of S,

13.5
d(si, H(so.....si—1)) = sup{d (s, H(so,....si-1)) | s € S} (13.5)

foreachi € {2,...,k}. Note that s, ..., 5§ are independent.
(iii) We define

I(so) = f1(s0).
I(s;) = apoint as close as possible to f7(s;) satisfying

[1(s;) = I(s;)| =|si —sj|for 0 < j <i <k, (13.6)
I(s) = the unique point in H(I(so), s I(sk)) satisfying

[I(s) — I(s;)| = |s —si| for i € {0,...,k}.

Foran S C R”, diam S denotes the diameter of S. Moreover, we define
Ko(§) = K1(8) =8, Ka2(8) =338, Ki() =2782"
for all integers i > 3.

J. W. Fickett [103] proved the Hyers—Ulam stability of isometries on a
bounded domain.
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Theorem 13.10 (Fickett). Let S be a bounded subset of R" and let f : S — R”
be a §-isometry, where 0 < K, (§/diam S) < 1/3. Then the isometry I : S — R”"
constructed by the preceding steps satisfies

| f(s) —1(s)] < Kp+1(6/diam §) - diam S

foralls € S.

Proof. By a homothety argument, we can reduce the general case to the case where
diam S = 1. By induction on m, we prove thatif ty,...,t, € S, with 1, ..., t;—1
independent, satisfy

d(ti. H(to. ... ti—1)) = d(t;, H(to, ....ti=1)) (a)

for all integers i, j with 1 <i < j <m,andif h : {tg,...,tn} — R” is defined
inductively by

h(t;) = a point as close as possible to fi(#;) satisfying
|h(t;)) —h(tj)| =|ti —t;| for 0 < j <i <m,

then
|h(t) — f1t:)] < K (5)
for each integeri € {0, ..., m}.
This claim is true for m € {0, 1}. Let m > 2. We assume that the claim is true for
m-point sets, and let tg, ..., t,,, and & be as described. Then fy, ..., tym—2, tm—1 and
to,...,tm—2,tm each satisfy an m-point version of (a).

Fori € {0,...,m — 1}, we define h(¢;) = h(t;) and

h1(t,) = a point as near as possible to f1(#,,) satisfying
|h1(tm) — h1(t;)] = |tm — ;| for i €{0,....m —2}.

Note that /11 (1) is in H (h(to). ..., h(tm)). By the induction hypothesis, we have

lh1(ti) — f1(t)] = Kim—1(8)
forany i € {0,...,m}. Hence, we get
1A (tm—1) = h1(tm)] = [tm—1 = tm|| < 8 + 2Km—1(8) < 3Km-1(5).
We now apply Lemma 13.9 with pg, ..., pm, dm—1, €, and R™ there equal to

hi(t0), ..., h1(tm), |tm — tm=1|, 3Km—1(8), and H(h(to), e ,h(tm)) togetag €
H(h(to), . ,h(tm)) with |g — h(t;)| = |tm — ti| foreachi € {0,...,m — 2} and

1 — hy(tm)] < 2(3Km-1(8)) "> Thus,
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| f1tm) = h(tm)| < | f1(tm) — 4|
= 1f1(tm) = h1(tm)| + |h1(tm) — 4|
< Kn-1(8) + 2(3Km—1(5)) "/
< Km(8).
which ends the proof of our first claim.

Now, let s € S be arbitrary. By (13.5) and (13.7), we may apply the preceding
steps withm =k + 1,10 = so,...,tk = Sk, tm = s, and h = I to conclude that

11(s) = f1(s)] = Ki+1(8) < Kn+1(8)
foralls € S. O
Let (G, +) be an abelian metric group with a metric d (., -) satisfying
dix+z,y+z) =d(x,y) and d(2x,2y) =2d(x,y) (13.7)
forall x, y,z € G. Moreover, we assume that for any given y € G the equation
X+x=y

is uniquely solvable. We here promise that 27!y or y/2 stands for the unique so-
lution of the above equation and we inductively define 2~ +1y = 21 (2_" y) for
each y € G andn € N. We may usually write 27" x instead of x /2" foreachx € G
and n € N. The second condition in (13.7) also implies that

d(x/2,y/2) = (1/2)d(x, y)

forall x,y € G.
S.-M. Jung [178] applied a direct method and proved the Hyers—Ulam stability
of isometries on a restricted domain.

Theorem 13.11. Let E be a subset of G with the property that
0cE and 2x € E forallx € E andk € N

and let F be a real Hilbert space with the associated inner product (-, -). If a function
f + E — F satisfies the inequality

[1/G) = fO) = d(x. y)| = ed(x.y)”

for some ¢ > 0,0 < p < l and for all x,y € E, then there exists an isometry
I : E — F that satisfies

1/ (x) = I(x) = fO)
2(1=p)/2

< P EIE] max {\/4.58, 28} max {d(x,O)p, d(x, 0)(1+1’)/2} (13.8)

forall x € E. For 0 < p < 1, the isometry I is uniquely determined.
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Proof. 1f we define a function g : E — F by g(x) = f(x) — f(0), then we have

llg(x) — gl = d(x.y)| < ed(x,y)?

(@)

forany x,y € E. With y = 0 and y = 2x separately, the inequality (a) together

with (13.7) yields

gl —d(x,0)| < ed(x,0)7,
lg(x) = g2x)[| = d(x,0)| < ed(x.0)7,

respectively.
It follows from (b) that

A(X)? < g0)])? < (d(x,0) + ed(x,0)?)?
and
lg(x) — g2x) 1> = lg(x)II> + llg2x)[1> — 2(g(x). g(2x))
< (d(x,0) + ed(x,0)?)>,
where we set

(for d(x,0) < &'/1=7),

A) = d(x,0) —ed(x,0)? (for d(x,0) > ¢!/(0=P).

(b)

(c)

(d)

If d(x,0) > (1/2)e'/0=P) then A(2x) = d(2x,0) — ed(2x,0)? and A(2x)? <

llg(2x)||?. Hence, it follows from (13.7), (¢), and (d) that

2]lg(x) - (1/2)g2x)|1?
=2[g()? + (1/2)1820)I” — 2(g(x). (2x))

= g1 + (Ig)I? + g 20)II* = 2(g(x). (2x))) — (1/2) | g (20) >

< 2(d(x,0) + ed(x,0)?)* — (1/2)(d(2x, 0) — ed(2x,0)?)*
=4s(1 4277 d(x,0)'"7 4 267 (1 — 22P7V)d (x, 0)*7

= (4 427" 4+ 26d(x,0077 (1 = 227 V))ed (x,0)'+7

< (4427 +2277(1 - 2207 ))ed (x,0)' 17

< 9ed(x,0)! 17,
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On the other hand, for d(x,0) < (1/2)e'/(1=P) it analogously follows from (c)
and (d) that

2]lg(x) = (1/2)g(2x) 1% < 2(d(x.0) + ed(x,0)?)* < 8¢2d(x,0)?.
Hence, we have
lg(x) — (1/2)g(2x)|| < C max {d(x,0)?, d(x,0)1 P/} (e)

for all x € E, where we set C = max {\/4.58, 28}.
The last inequality implies the validity of the inequality

n—1
lg(x) —27"g(2"x)|| < € max {d(x,0)7, d(x,0)!+P/2} % 271 (0=p)/2 ()
i=0

for n = 1. Assume now that the inequality (f) is true for some n € N. It then
follows from (13.7), (e), and (/) that

”g(x) _ 2—(n+1)g(2n+1x) H
<llg(x) —27"g(2"x)|| + [27"g(2"x) — 27" T Vg (2" 1x) ||

n—1
< C max {d(x,0)?, d(x’o)(l+p)/2} Zz—i(l—p)/z
i=0
+27"C max {d(2"x,0)7, d(2"x,0)! TP/2}

n
< Cmax {d(x,0)?. d(x,0)1TP/2} ¥ " =i1=p)/2,
i=0

which implies the validity of () forall x € E andn € N.
For given m,n € N with n > m, we use (13.7) and (/) to verify

127" g(2"x) =27 g (2"x)]|
=27 g@"x) — 27" Mg 2" x) |

n—1

< C max {d(x,0)?, d(x, 0)(1+p)/2} Z y—i(1=p)/2
i=m

—0 as m — oo.

Thus, {27"g(2"x)} is a Cauchy sequence for any x € E. Let us define a function
I:E— Fby
I(x) = lim 27" g(2"x). (2)
n—>00
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If we substitute 2" x and 2"y for x and y in (a), divide the resulting inequality
by 2", and consider the case that n goes to infinity, then we see that / is an isometry.
The inequality ( /'), together with (g), presents that the inequality (13.8) holds true
forany x € E.

Assume now that 0 < p < land I’ : E — F is an isometry satisfying the
inequality (13.8). Based on our assumption p > 0, it then follows from (13.8) that
I’(0) = 0. Since

17"(x) = ') = d(x. )

forall x, y € E, it follows from (13.7) that
[1'2x) = I'(0)|| = d(2x,x) = d(x,0) = [[I"(x)]

and
I1'2x)|| = d(2x,0) = 2d(x,0) = 2|[I"'(x)||.

Hence, we have

117@x) = I"(0)1? = 11" @0) |12 = 2(1'2x). ' () + [ (0)1? = 1" ()11

Thus, we get
" @O GOl = (1'(2x). I'(x))
ie.,
I'(2x) = 2I'(x) (h)
for any x € E. Assume that
275 (2Fx) = I'(x) (i)

for all x € E and some k € N. Then, by (%) and (i), we obtain
kD (25 x) = 27F 1 (2Fx) = I (),

which implies that, for 0 < p < 1, the equality (i) is true for all x € E and all
k € N.

For some 0 < p < 1 and for an arbitrary x € E, it follows from (13.8) and (i)
that

11(x) = I'(x)|| = 27%|1(2Fx) — I'(2%x)|
1 2.20=-p)/2

= k )4 k (1+p)/2
< R 1Cmax {d(2¥x,0)7, d(2*x,0) !
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2G-p)/2
< 27k(1=p)/2 1C max {d(x,O)p, d(x, 0)(1+”)/2}

2(1-p)/2 _
— 0 as k — oo.

This implies the uniqueness of / for the case 0 < p < 1. O

It would be interesting to compare the previous theorem with [335, Theorem 1]
because the function f involved in Theorem 13.11 is a kind of asymptotic isometry.
The following corollary may be proven by use of Theorem 13.11 or in a straight
forward manner. Indeed, it is an immediate consequence of [335, Proposition 4].

Corollary 13.12. Let G and F be a real normed space and a real Hilbert space,
respectively. Assume that a function f : G — F satisfies f(0) = 0and f (ka) =
2% £(x) forall x € G and k € N. The function f is a linear isometry if and only
if there exists a 0 < p < 1 such that

/) = fOI = llx =yl = O(llx = y17)

as ||x|| = oo and ||y| — oc.

Jung [178] also proved the Hyers—Ulam stability of isometries on a restricted
domain for the case p > 1.

Theorem 13.13. Let E be a subset of G with the property that
0cE and 27 %x € E forallx € E andk € N

and let F be a real Hilbert space with the associated inner product (-, -). If a function
f 1+ E — F satisfies the inequality

/G = fO) = d(x. y)| < ed(x.y)”

for some ¢ > 0, p > 1, and for all x,y € E, then there exists a unique isometry
1 : E — F such that

I£(x) = 1(x) = f(O)
2(p-1)/2

= So-na g max (24/2, 26} max {d(x,0)?, d(x,0)1+P)/2}

forany x € E.

Corollary 13.14. Let G and F be a real normed space and a real Hilbert space,
respectively. Suppose a function [ : G — F satisfies f(0) = 0 and f (ka) =
2% £(x) forall x € G and k € N. The function f is a linear isometry if and only
if there exists a p > 1 such that
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£ ) = fFDI = llx = yll| = O(llx — yII7)

as ||x|| = O0and|y| — 0.

For more general information on this subject, we refer the reader to [176, 188].

13.3 Fixed Point Method

Recently, Cadariu and Radu [57] applied the fixed point method to the proof of the
Hyers—Ulam stability of the Cauchy additive functional equation. Using their idea,
S.-M. Jung could present a short and simple proof for the Hyers—Ulam—Rassias
stability of isometries whose domain is a normed space and range is a Banach space
in which the parallelogram law holds true (see [182]).

Theorem 13.15 (Jung). Let E| be a normed space over K and let E; be a Banach
space over K in which the parallelogram law holds true. Assume that § : E; —
[0, 00) is an even function such that there exists a constant L, 0 < L < 1, with
8(2x) <2L?8(x) (forall x € Ey),
x|l < L28(x) (for all x € Ey with ||x]|| < 1), (13.9)
x| > L?8(x) (for all x € E; with || x| > 1),
and that
lim 27"5(2"x) =0 (13.10)
n—o0
forall x € Ey. If a function f : E; — E; satisfies

[1£G) = FOD = llx = yll] < 8(x =) (13.11)
forall x,y € Eq, then there exists an isometry I : E1 — E, such that

1+ L2
1—-L

I/ (x) = f(0) = T = v (x) (13.12)

forall x € Eq, where

() = (l/\/l + 2L2)(||x|| + 8(x)) (for ||x|| < 1),
(/L) /llx]|8(x) (for |lx|| = D).

The I is the unique isometry satisfying (13.12) and I (2x) = 21(x) for any x € E;.

Proof. First, we will prove that

Vv (2x) < 2Ly (x) (a)
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forall x € Eq. If ||x|| > 1, then (a) immediately follows from the first condition of
(13.9). If || x|| < 1/2, then the first and second conditions of (13.9) imply that

~ 2(1—L) - 20-L) o0
2L (x) waxﬁz;Tijfguﬁ@)Ihmzzifijfguzﬂﬂ lx]) =0

Now, let 1/2 < ||x|| < L,i.e., ||2x| > 1.1t then follows from the first two conditions
of (13.9) that

1
V(Y = [12x][8(2x)

4L2 4L2 L2
< ol
1
SR —PTF 8
2 MW + T
— )
< Tt + o I
— )
< o (Il + 507
= V()

forall x € E;.
Let us define
={h: Ey - E> | h(0) =0}

and introduce a generalized metric on X as follows:
d(hy, hy) = inf{C € [0, o] ’ 1h1(x) —ha(x)]| < C¥(x) forall x € El}.

Then, it is easy to prove that (X, d) is a generalized complete metric space (see
the proof of [189, Theorem 3.1] or [57, Theorem 2.5]). We now define an operator
A:X — X by

(Ah)(x) = (1/2)h(2x)

forallh € X and x € E;.

We assert that A is a strictly contractive operator. Given /1,5, € X, let C €
[0, 0] be an arbitrary constant with d(h1,h2) < C. From the definition of d, it
follows that

71 (x) = ha(x)[| = Cr(x)

for each x € E;. By the last inequality and (a), we have
[(AR1)(x) = (Ah2) ()| = (1/2)[|h1(2x) — h2(2x)[| = (1/2)C ¥ (2x) < CLY(x)

for all x € E;. Hence, it holds true that d(Ahy, Ahy) < CL,i.e., d(Ahy, Ahy) <
Ld(hl, hz) for any /’11, /’lz € X.
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If we set g(x) = f(x) — f(0) for any x € Eq, then it follows from (13.11) that
lg(x) =gl = llx = yll| = 8Cx =) (b)

forall x,y € E;.
Now, we can apply the parallelogram law to the parallelogram

(Ag)(x) — g(x)

(Ag)(x)

and we conclude that
2[[(A)(x) — g()I* + 2[(A) () I> = 2(Ag)(x) — g(X)[I* + [lg(x)]1?

forany x € E;. Since (Ag)(x) = (1/2)g(2x), it follows from the last equality and
(b) that

2[l(Ag)(x) —g(®)[? = llg2x) —gMII* + g — (1/2)llg(2x) |12
2(lxll +8(x))” = (1/2)lg@x)]1? ()

IA

foreach x € E;.
If ||x|| < 1, then it follows from (c) that

20(Ag)(x) — g@)II? < 2(lIx + 8(x))?
or equivalently
[(Ag)(x) — g(x)| < V14 2L2y(x) (d)

for all x € Eq with ||x|| < 1.If ||x|| > 1, then it follows from (13.9), (b), and (c)
that

20(A) () — )17 < 2(lx]l + 8(x))* — (1/2)]|g2x)|>
< 2(llx] + 8(x0))* = (1/2)(|2x]| - 8(2x))*
< 2(lIx]) + 8(0))* = (1/2)2]1x]| —2L?8(x))?
= 4(1 + L?)||x[|8(x) + 2(1 — L*)§(x)?
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) 1—L*
< 41+ L) 30 + 25— e 8)

1412\
=2( 7 )IIXIIS(X)-

Hence, it follows that
[(Ag)(x) =gl < (1+ L?)y(x) (e)
for all x € Eq with ||x|| > 1. In view of (d) and (e), we conclude that
d(Ag.g) =1+ L (f)

According to Theorem 2.43 (i), the sequence {A" g} converges to a fixed point
I of A, 1i.e., if we define a function I : E; — E, by

I(x) = lim (A"g)(x) = lim 27"¢(2"x) (&)
n—>00 n—>00
for all x € Eq, then [ belongs to X and [/ satisfies
I1(2x) = 21(x) (h)
for any x € E;. Moreover, it follows from Theorem 2.43 (iii) and ( /') that

1 1+ L?
d(Ag.g) < :
opdhe o =37

dg. 1) =

i.e., inequality (13.12) holds true for every x € Ej.

If we replace x with 2"x and y with 2"y in (D), divide by 2" both sides of the
resulting inequality and let n go to infinity, then it follows from (13.10) and (g) that
[ is an isometry.

Finally, it remains to prove the uniqueness of 1. Let I’ be another isometry sat-
isfying (13.12) and (&) in place of 7. If we substitute g, I, and 0 for x, x*, and n¢
in Theorem 2.43, respectively, then (13.12) implies that

1+ L2
1—L

d(A"g, I')=d(g. 1) < < oo.

Hence, I’ € X* (see Theorem 2.43 for the definition of X*). By (%), we further
have I'(x) = (1/2)1'(2x) = (AI')(x) forall x € Ey,i.e., I is a “fixed point” of
A. Therefore, Theorem 2.43 (ii) implies that I = [’. O
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We notice that the parallelogram law is specifically true for norms derived from
inner products. It is also known that every isometry from a real normed space into
a real Hilbert space is affine (see [15]). Since the isometry / satisfies /(0) = 0
(see the proof of Theorem 13.15), the following corollary is a consequence of
Theorem 13.15.

Corollary 13.16. Let E1 and E, be a real normed space and a real Hilbert space,
respectively. Given any 0 < p < 1, choose a constant € with 1 < ¢ < 217P and
define a function § : E; — [0, 00) by

8(x) = el x|

for all x € Ey. If a function [ : E1 — E; satisfies the inequality (13.11) for all
X,y € Ey, then there exists a unique linear isometry I : E; — Ej such that

1+¢
e~ /e

I/ () = f(0) = I(0)|| = ¥ (x)

forall x € Eq, where

sy = § VETEFD(Uxl +ellxl?)  or il <),

ellx||+2/? (for |Ix| = D).

We simply need to put L = ¢~'/2 in Theorem 13.15 to prove Corollary 13.16.

Similarly, Jung proved the following theorem and corollary.

Theorem 13.17. Let E1 be a normed space over K and let E» be a Banach space
over K in which the parallelogram law holds true. Assume that § : E1 — [0, 00) is
an even function such that there exists a constant L, 0 < L < 1, with

28(x) < L28(2x) (forall x € Ey),
x|l = &(x) (for all x € Ey with ||x|| < 1),
x|l < L28(x) (forall x € Ey with |x| > 1),

and
lim 2"6(27"x) =0

n—00

for all x € Ey. If a function [ : E1 — E; satisfies the inequality (13.11) for all
x,y € Ej, then there exists an isometry I : E1 — E, such that the inequality
(13.12) holds true for all x € Ey, where

(1/L) /llx[I8(x) (for lIx] < 1),

YO VTFRR) (I + 800)  Gor vl = .

The I is the unique isometry satisfying (13.12) and 1(2x) = 21(x) for any x € E;.
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Corollary 13.18. Let E1 and E; be a real normed space and a real Hilbert space,
respectively. For a given p > 1, choose constants €1 and €2 with 0 < g1 <1 <
g2 < 2771 and define a function § : E; — [0, 00) by

el x||? - (for [lx| < 1),

e2flx[|” (for |Ix]| = 1)

§(x) =

for all x € Ey. If a function [ : Ey — E, satisfies the inequality (13.11) for all
X,y € Ey, then there exists a unique linear isometry I : E1 — E; such that

1+ &
If(x) = f0) = I(x)] = mw(x)

forall x € Eq, where

_ | e x| P2 (for [lx]l < 1),

VOO VaTe T2l + eallxl?) Gor lxl = 1),

13.4 Wigner Equation

Let E; and E, be real or complex Hilbert spaces (we denote the scalar field by K)
with the inner products and the associated norms denoted by (-, -) and || - ||, respec-
tively.

A function f : E; — E; is called inner product preserving if it is a solution of
the orthogonality equation

(), f(¥) = {x.y) (13.13)

for all x, y € E;. We can present that f satisfies (13.13) if and only if it is a linear
isometry. Similarly, f : £y — Ej is a solution of the functional equation

(f(), f(3) = (¥, x), (13.14)

for every x,y € Ej, if and only if f is a conjugate-linear isometry, i.e., f is an

isometry and f(Ax + uy) = A f(x) + @ f(y) forany x,y € Ey and A, u € K.
Functions f, g : E1 — E; are called phase-equivalent if and only if there exists

a function o : E; — S such that g(x) = o(x) f(x) for each x € E;, where we set

S={zeK|[z| =1}
A functional equation

[(F ). SO = [{x. y). (13.15)
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for any x, y € Ej, is called the Wigner equation (or the generalized orthogonality
equation) because it first appeared in the book by E. P. Wigner [358]. The following
theorem plays a crucial role in Wigner’s time reversal operator theory.

Theorem 13.19 (Wigner). If a function f : E1 — E; satisfies (13.15), then [ is
phase-equivalent to a linear or a conjugate-linear isometry.

The “mathematical” proof of this theorem can be found in [317,329]. The Hyers—
Ulam stability of the Wigner equation has been proved, in a more general setting, in
[65]. For the real case, a more elementary proof was given in [64]:

Let E be a real Hilbert space with dim E > 2. If a function f : E — E satisfies
the inequality

(£, fON = Kx )l = 6 (13.16)

forall x,y € E and some § > 0, then there exists a solution function I : E — E
of the Wigner equation (13.15) such that

If(x) = I(x)]| < V8

forany x € E.

Let ¢ and d be given constants, where ¢ > 0 (¢ # 1) and d > 0. From now on,
we denote by D a subset of £ defined by

{x € Ey||lx]| =d} (for 0 <c<1),
{xeEi||x| <d} (for c>1)

if there is no specification. We will exclude the trivial case D = {0}. We consider a
function ¢ : E¥ — [0, o0) satisfying the property

m+l}lnioocm+”<p(c_mx,c_"y) =0 (13.17)

forall x,y € D.

In order to define a class of approximate solutions of the Wigner equation, we
introduce the functional inequality

G, FON =[x )| < (. p) (13.18)
forall x, y € D. Let us define a functional sequence { f, } by

Ju(x) =" f(c™"x) (13.19)
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for any x € E;. Then, it easily follows from (13.18) that
Ix[I? = " (e x 7 x)
= [(fm (X)), fu (X))
< Ix]I® + " (e x. ¢ " x) (13.20)

for any x € D and m,n € Ny. In particular, if we set m = n in (13.20), then we
have

[x]12 = e o(c™x, 7" x) < || fn()]? < [x]? + "¢ x,c"x). (13.21)

With these considerations, J. Chmielinski and S.-M. Jung [66] proved the Hyers—
Ulam—Rassias stability of the Wigner equation on a restricted domain.

Theorem 13.20 (Chmielinski and Jung). Let E| and E, be real (or complex)
Hilbert spaces. If a function [ : E1 — E, satisfies (13.18) with the function ¢ :
E 12 — [0, 00) satisfying the property (13.17), then there exists a solution function
I : E1 — E5 of the Wigner equation (13.15) such that

1/ ) =100 = velx, x)

forall x € D. The function I is unique up to a phase-equivalent function.

Proof. The right-hand-side inequality in (13.21) and property (13.17) imply that
the sequence { f, (x)} is bounded for any x € D. Thus, there exists a subsequence
{ /1,0 ()} of { fn(x)} weakly convergent in E5 (cf. [241, Theorem 2]). Next, we
choose 07, (x) € S such that

01,0 { S, (0 (), f(x)) = 0.

As S is compact in K, we can find a convergent subsequence {ox,, (x)}. We will
now write {0, (x)} instead of {o%,, ()}. Then, we have

(00 (%) frew () (), f(x)) =0

which together with (13.20) gives us

(00(X) fr, o) (X)), f(X))
= [0 (x) fiey o) (%), ()]
= (S (¥), f(2))]

> |Ix|I* - ckn (x)tp(c_k”(x)x,x). (a)
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Since the sequence {0, (x) fk, (x)(x)} is weakly convergent, we can define
Sx(x) = w-lim 0y, (X) fie,, (x) (%)
n—>o0

for each x € D. It follows from (13.18) that

[1{0m (X)) fien () (). 00 (P) fiew ) D] — [{x. )|

< Ckm(x)+kn(y)(p(c_km (x)X,C_k" (J’)y) (b)

forany x,y € D and m,n € Ny. Forafixed y € D and n € Ny, we define

@(2) = (2,00 () fien () ()
for every z € E». Then, we have o € E and we can write (b) as
[1000m (X) fiem 0y G| =[x, )] < Fm T (¢ Thm D ¢ hn 0Dy,

Letting m — oo, we get

[l (f() | =[x, )| = 0

and then
(00 (D) fien ) (0)s S| = 1{x, ¥)] (c)

forallx € D.
For a fixed x € D, we define a functional 8 from the dual space E by

B2) = (z, fu(x))

for any z € E», and then (c) can be expressed as

|B(0n () fie i ()] = €. )]

Letting n — oo, we get from the definition of f that

1B(fsM)] = [(x. ¥,

ie.,
[(fe ). S| = 1{x. ») (d)

forevery x,y € D.
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From (13.21) and (a), we obtain
1o (%) fie () (x) = f ()17
= [low (%) fieu 00y (O + 1 F O = 29 (0 (x) iy ) (x)s f (X))
< ||X||2 + Can(x)(p(C_k” (x)x, C_k" (x)x)

I + o, x) = 2] + 2R D (T P )
forall x € D.Letus fix x € D.If fi(x) # f(x), then we define

Jx(¥) — f(x) >
) = Sl

forall z € E,. Obviously, y € EJ and ||y|| = 1. Thus,

y(@) = <z

|7 (00 (%) fioy 00y (¥) = f ()]
= llon (%) frw ) (x) = F (|

< \/Can(x)gp(c_kn (x)x7 c_kn(x)x) + gp(x’ x) + 2Ckn(x)¢(c_kn(x)x, _x) .

Letting n — oo and using property (13.17) yield |y (fx(x) — f(x))]| < Veo(x, x).
Hence,

[/ (x) = fO = Volx. x) (e)

for any x € D. (Obviously, the last inequality also holds true if fi(x) = f(x).)
Now, we have to extend f, from D to the whole E. Putting

n(x) =min{n € No | ¢™"x € D}

for each x € E1\{0}, we define

("™ fu(eOx)  (for x € E1\{0}).
I(x) = 0 (for x = 0). )

Ifx =0o0ry =0,then (/(x), I(y)) = (x,y) = 0.Forx, y € E1\{0}, we have

(1G0T = [[e"® fu(e™ D), ") fu(e™Py))|
= X)) +n(y) |<f* (c"™®x), fi (c_"(y)y))|

= X)) |<c_”(")x, C—n(y)y)|

(. )]s
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i.e., I satisfies the Wigner equation (13.15). Moreover, if x € D, then n(x) = 0
and hence /(x) = fi(x). It then follows from (e) that

I (x) = fF()I = Volx, x)

foreach x € D.
It now suffices to prove the uniqueness of /. Suppose that 17,1, : E; — E»
satisfy the assertion of the theorem, i.e., that both are solutions of (13.15) such that

I1; (x) — f(X)|| < Vo(x,x) forall x € D and i € {1,2}. Then

111(x) = 2(0)]| = 2v¢(x. x)

forevery x € D.In view of Theorem 13.19, there exist two linear or conjugate-linear
isometries 71, T» : E1 — E, and functions 01, 0> : E1 — S such that

I1(x) =01(x)T1(x) and I>(x) = 02(x)T>2(x)

forany x € E;. Letus fix x € E;. As before, let n(x) be the smallest nonnegative
integer such that c ™™ x € D. For n > n(x), we have ¢ ™"x € D and hence

dp(c™"x,¢7"x) = | L1(cT"x) = L(c )|
= |lo1(c™"X)T1 (c7"x) — 02 (c " x) Ta(c " x)|?
= [Tic™ 0 + [T2(c 0|
=20 ({01 (™" X) T1 ("), o2(c™"x) Ta(c " x)))

> 2[le ™" x> = 2[(T1(c™"x), Ta(c " x))]

= 2¢72M|x[1? = 2¢ (T (x), T2 (x))].

Therefore, we have
1x]1? = 2¢*"p(c ™" x, ¢ x) < [{T1(x), T2(x))] (&)

forall x € E1 and n > n(x).
Assume that 77 (x) and T>(x) were linearly independent for some x € Ej\{0}.
Then, we would have

(T1(x), T2(x)] < [T @[T = [lx]1?

i.e., there would exist £ € [0, 1) such that | (T (x), T»(x))| = £||x||?. This together
with (g) would give

X1 =2¢*" (™" x, ¢ 7" x) < &lx?
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and consequently

(1 =5)lx]* = 2¢p(c™"x, ")
for any n > n(x). Due to (13.17), the right-hand side of the above inequality tends
to zero as n — 00, a contradiction. Thus, the vectors 77 (x) and 75 (x) are linearly
dependent for any x € E;.

Assume now that 77 (x) = 075(x) and |o| # 1 for some x € E;\{0}. Without
loss of generality, we can assume that || < 1. Once again, it would follow from

(g) that

Ix1% = 2¢*"p(c™"x, ¢ 7" x) < {T1(x), T2(x))]|
= [{oT2(x), T2 (x))|
= [o]-(T2(x), T2 (x))|
= [o]-x]?

for all n > n(x). Therefore,
(1= [o )] < 2¢>p(c™"x, ¢ %)
for any n > n(x). Letting n — oo, we obtain
(1=lal)llx|I* < 0,

a contradiction. Thus (defining 0(0) = 1) we have proved that for any x € E; there
exists o(x) € K such that |o(x)| = 1 and T7(x) = o(x)T>(x). This implies

I1(x) =01(x)T1(x) = 01(x)o(x)T2(x) = %Iz(x)

for any x € Ej, which means that /; and I, are phase-equivalent and ends the
proof. O

Let o(x,y) = e||x||?||y||? with & > 0. Then
(e mx e y) = ec T x| 2|y P

foreachm,n € N. Foreither0 < ¢ < land p < lorc > 1 and p > 1, the right-
hand side of the above equality tends to zero as m +n — oo; i.e., ¢ satisfies (13.17).
Thus, by applying Theorem 13.20, we can easily prove the following corollary.

Corollary 13.21. Assume either that p < 1 and D = {x € Ey | ||x| = d}
(d >0)orthatp > 1and D = {x € Er | |Ix|| < d} (d > 0). If a function
f : Ey — Ej satisfies the inequality

(@) SON] =1 )] < ellx 171y 117
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forall x,y € D, then there exists a solution function I : E; — E, of the Wigner
equation (13.15) such that

() = 1) < Ve l|x]”
for each x € D. The function I is unique up to a phase-equivalent function.

If we put p = 0 in Corollary 13.21, then we obtain the Hyers—Ulam stability of
the Wigner equation.

Corollary 13.22. If a function f : E1 — E, satisfies the inequality (13.16) for all
x,ye D= {x e E1 | |Ix|| = d} (d > 0), then there exists a solution function
I : Ey — E, of the Wigner equation (13.15) such that

I f(x) = I(x)]| < V8

for any x € D. The function I is unique up to a phase-equivalent function.

In the following theorem, we prove the Hyers—Ulam—Rassias stability of the or-
thogonality equation.

Theorem 13.23. Let E1 and E» be real (or complex) Hilbert spaces. If a function
f : Ey — E, satisfies the inequality

(G0, f(D)) = (x.9)] = o(x. p) (13.22)

forany x,y € D and ¢ : E} — [0, 00) satisfies (13.17), then there exists a unique
linear isometry I : E1 — E, such that

If(x) = 1) = Velx,x) (13.23)
forallx € D.
Proof. We define f,(x) = ¢" f(c™"x) and observe that
Ix[1? = " o™ x, ¢ 7" x) < R((fn(x), fu (X))
< Xl + " (™ x, ¢ T"x)

for all x € D. Using these inequalities, we present that

[ fm (x) = fu ()|

< e2mp(emx, c7Mx) + (e x, ¢ X) 4 2eMm (e x, ¢ X)
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forall x € D. Theright-hand side tends to zero as m,n — o0. Since E5 is complete,
we may define

felx) = lim £ (x)

for any x € D. Now, using (/) in the proof of Theorem 13.20, we extend fi to /
defined on E; and prove that [ satisfies (13.13) and (13.23).

If I’ also satisfies the assertion of the theorem, then (due to linearity of I’ and
(13.23))

11'(x) = fu()| < c"Veolc™x,c"x) >0 as n — oo

for all x € D. Therefore,
I'(x) = lim fy(x) = fi(x)
n—>oo

for each x € D, which implies that I = [’ on Ej. O

On the other hand, S.-M. Jung and P. K. Sahoo [207] proved the superstability of
the Wigner equation on restricted domains under some strong conditions imposed
on the control function:

Given an integer n > 2 and positive real numbers ¢ # 1 and d, we define

{x eR" | ||x]| =d} (for 0<c<1),

D, =
{x e R | ||x| < d} (for ¢ > 1),

where || - || denotes the usual norm on R” defined by
Xl = v/ {x.x)
with the usual inner product (-, -) defined by

(x,y) =x1y1 +x2y2 + -+ Xpyn

for all points x = (x1,...,x,) and y = (y1,..., yn) of R”.
Suppose ¢ : R” x R" — [0,00) is a symmetric function which satisfies the
following conditions:

(i) There exists a function ¢ : [0, 00)> — [0, c0) such that p(x, y) = ¢ (|||, [ v]))
forall x,y € R”,;
(ii) Forall x,y € R”

(/e ) = 0 =)

either as [A| = oo (for0 < ¢ < I)oras |A| = O (forc > 1);
(iii) If both |A| and || are different from 1, then for all x, y € R”,
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)

either as [Apu| — oo (for0 < ¢ < 1)oras |Au| — 0 (forc > 1).

Inc Inc
In[A] Infpul

(1/aaotix. ) = o

Under these notations and conditions, Jung and Sahoo [207] proved the supersta-
bility of the Wigner equation on restricted domains.

Theorem 13.24. [f a function f : D, — R" satisfies the inequality (13.18) for all
X,y € Dy, then f satisfies the Wigner equation (13.15) for all x, y € Dy,.

They also proved the superstability of the orthogonality equation on restricted
domains.

Theorem 13.25. If a function f : D, — R” satisfies the inequality (13.22) for all
X,y € Dy, then f satisfies the orthogonality equation (13.13) forall x,y € D,,.

Moreover, S.-M. Jung [177, 183] and Th. M. Rassias investigated the Hyers—
Ulam stability of the orthogonality equation (13.13) on a closed ball in R3. Here,
we introduce a result of Rassias:

If a function f : D — D, defined on a closed ball D C R? of radius d > 0 and
with center at the origin, satisfies f(0) = 0 and

(f(x), f(0) = (x. ) =6

for some 0 < § < min{1/4, d2/17} and for all x,y € D, then there exists an
isometry I : D — D such that

1448 (for d < /17 /2),

—1
76e) = I < (5d +3)V§  (for d > V17/2)

forany x € D.






Chapter 14
Miscellaneous

One of the simplest functional equations is the associativity equation. This functional
equation represents the famous associativity axiom x - (y - z) = (x - y) - z. Sec-
tion 14.1 deals with the superstability of the associativity equation. In Section 14.2,
an important functional equation defining multiplicative derivations in algebras will
be introduced, and the Hyers—Ulam stability of the equation for functions on (0, 1]
will be proved. The gamma function I' is very useful to develop other functions
which have physical applications. In Section 14.3, the Hyers—Ulam—Rassias stabil-
ity of the gamma functional equation and a generalized beta functional equation will
be proved. The Hyers—Ulam stability of the Fibonacci functional equation will be
proved in the last section.

14.1 Associativity Equation

The associativity axiom x - (y - z) = (x - y) - z plays an important role in definitions
of algebraic structures. The functional equation

F(x,F(y.2)) = F(F(x,y).2)

is called the associativity equation.
The aim of this section is to solve the functional inequality

|F(kx,kF(y.2)) — F(kF(x,y).kz)| <. (14.1)

where § is a given positive constant and the variables x, y, z, and k run over [0, 00).
C. Alsina [4] presented that the functional inequality (14.1) is superstable.

Theorem 14.1 (Alsina). Let a function F : [0,00)> — [0,00) be given with
F(0,x) = x forall x > 0. If F satisfies the inequality (14.1) for all x, y,z,k > 0,
then F satisfies the equation

F(kx,kF(y.2)) = F(kF(x,y).kz) (14.2)

forallx,y,z,k > 0.

S.-M. Jung, Hyers—Ulam—Rassias Stability of Functional Equations in Nonlinear 325
Analysis, Springer Optimization and Its Applications 48,
DOI 10.1007/978-1-4419-9637-4_14, (© Springer Science+Business Media, LLC 2011
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Proof. Let u > 1 be fixed. Putting k = u" (n € N), x = 01in (14.1), and dividing
the resulting inequality by u” yield

|F(y.2) —u "F@"y u"z)| <u™"$.
Hence, we get
F(y,z) = lim u "FW"y,u"z) (a)
n—oo

for any y,z > 0 and any u > 1. It follows from (@) that
F(y,2) = lim «"F(u "y, u"z) (b)
n—o00

fory,z>0andu < 1.
Using (14.1) and (a) yields

|F(x, F(y.2)) — F(F(x,y).2)|
= lim 27"|F(2"x,2"F(y.2)) — F(2"F(x.y).2"2)|

n—00

< lim 27"§
n—o0

=0

for all x, y,z > 0, where the associativity of F' follows.
Using this and (a) yields

|F(kx,kF(y.2)) — F(kF(x,y).kz)|
= lim |k "F (k" 'x k" F(y.2)) =k " F (K"t F(x, ), k"*'2)|

n—o0
=k | lim k=D E (k" k" E(y, 2))
~ im k_("+1)F(k"+1F(x,y),k”“z)‘
n—o00
=k |F(x, F(y.2)) — F(F(x.y).2)|
=0

forevery x, y,z > 0 and k > 1. Hence, (14.2) holds true whenever k > 1.
Similarly, using (b) and the associativity of F' we show that (14.2) holds true for
0<k<l. O

Moreover, Alsina [4] showed that if we fix k = 1, the superstability fails to hold
true for the associativity equation. It still remains open whether the associativity
equation is stable.
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14.2 Equation of Multiplicative Derivation

Let X be an infinite-dimensional real (or complex) Banach space. By B(X) we
mean the algebra of all bounded linear operators on X. We denote by F(X) the
subalgebra of all bounded finite rank operators. A subalgebra A of B(X) is said
to be standard if A contains F(X). Let A be a standard operator algebra on X. A
function f : A — B(X) is called a multiplicative derivationif f(AB) = Af(B)+
f(A)B forall A, B € A.

We introduce an important functional equation which defines multiplicative
derivations in algebras:

Sxy) =xf(y) + f(x)y. (14.3)

P. Semrl [327] obtained the first result concerning the superstability of this equa-
tion for functions between operator algebras. Here, we introduce a Hyers—Ulam
stability result presented by J. Tabor [349] as an answer to a question by G. Maksa
[239].

Theorem 14.2 (Tabor). Let E be a Banach space, and let a function f : (0,1] —
E satisfy the inequality

If(xy) =xf(y) = f(x)yl =8 (14.4)

for some § > 0 andforall x,y € (0, 1]. Then there exists a solution D : (0,1] - E
of the equation (14.3) such that

I/ (x) = D(X)|| < (4e)$

for every x € (0, 1].
Proof. Let us define a function g : (0, 1] — E by

glx) = f(x)/x
for each x € (0, 1]. Then g satisfies the inequality

llg(xy) —g(x) =g = 8/(xy)
for any x, y € (0, 1]. Define a function G : [0,00) — E by G(v) = g(e™"). Then
IG( +v) = Gw) = G)|| < §e"* (a)

for every u, v > 0, which implies that

G +v) = Gu) =G| =< 8e
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forall u,v € [0, ¢) with u + v < ¢, where ¢ > 1 is an arbitrarily given constant.
According to Lemma 2.28, there exists an additive function 4 : R — E such

that
G () — A@)|| < 3eS

forevery u € [0, ¢). If we let ¢ — 1 in the last inequality, we then get
IG(uw) — AW)|| < 3ed ()
for every u € [0, 1]. Moreover, it follows from (a) that
IG@u+1) = Gu) — G(D)] < §e*,
IGu+2)—Gu+1)—G()| < e t?,
1Gu+ k) —Gu+ k.— 1) — G| < fe Tk

for each u € [0, 1] and k € N. Summing up these inequalities, we obtain

G+ k) — G(u) — kG(1)|| < Se - e"FF (c)

foru € [0,1] and k € N.
Letv > 0 and let k € Ny be given with v — k € [0, 1]. Then, by (b) and (c),
we have
[6GO) =AW = IGV) = G(v—k) —kG(1)]|
+ G —k) — AW —k)|| + | —A(k) + kG|
< 8e-e" 4 30e + k||A(1) — G(D)|
< §e-e" 4+ 35e + 35ev
< 8e(e’ + 3(1 +v))

< 4ge-e".
This and the definition of G imply that
lg(x) — A(=Inx)| < 48e-e™"* =48e/x

for x € (0, 1], 1.e.,
[ f(x)/x —A(=Inx)| < 4de/x (d)

for all x € (0, 1]. If we put D(x) = xA(—Inx) for x € (0, 1], we can easily check
that D is a solution of (14.3). This and (d) yield that

1/ (x) = D) = [/ (x) —xA(=Inx)|| < (4¢)8

for each x € (0, 1]. O
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Similarly, Z. Pales [260] proved that the functional equation (14.3) for real-valued
functions on [1, 0o) is stable in the sense of Hyers and Ulam. Moreover, he remarked
that the equation (14.3) has a stronger property, i.e., a superstability on [1, c0).

14.3 Gamma Functional Equation

The gamma function
oo
I'x) = / et ldr,
0

for x > 0, appears occasionally in the physical applications. The gamma function is
especially very useful to develop other functions which have physical applications.
It is well-known that the gamma function satisfies the functional equations

fx+1)=xf(x) (14.5)
forall x > 0,
p—1
[ /(G+k)/p) = @m)W/2@=Dpli2=x f(x)
k=0

forany x > O and p € N, and

f(x) f(1 —x) = a(sinwx) ™!

for each x € (0, 1).

The functional equation (14.5), however, is the most well-known among them
because it is the simplest and the most remarkable. For convenience, we call the
equation (14.5) the gamma functional equation.

Let R°® = R\{0,—1,—2,...} and let a function ¢ : R® — [0, c0) satisfy

00 J
o(x) =Y o+ ) [[lx+il" <o (14.6)
j=0 i=0

for all x € R°.
S.-M. Jung [160] proved the Hyers—Ulam—Rassias stability of the gamma func-
tional equation (14.5) (cf. [5, 168]).

Theorem 14.3 (Jung). Assume the function f : R° — R satisfies the functional
inequality
[f(x + 1) =xf(x)] = ¢(x) (14.7)
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for all x € R°. Then there exists a unique function G : R°® — R which satisfies the
gamma functional equation (14.5) for all x € R® and the inequality

|f(x) =G| = P(x) (14.8)

for every x € R°.

Proof. Let x be an arbitrary element of R°. First, we use induction on n to prove
that

n—1—j

Zsﬂ(erJ) [] k+i+jl. @

i=1

n—1
|f(x +m) = f) [ +0)| <

=0

0
for any n € N, where we define 1_[|x + i| = 1 conventionally. The inequality (a)
i=1
immediately follows from (14.7) for the case of n = 1. Assume that (a) holds true
for some integer n > 0. Using (14.7) and (a), we obtain for n + 1

fa+n+ D)= f)[]x+1)
i=0
SfG+n+ D)= (x+n)f(x+n)

n—1
f+n) = fe [+
i=0
n—1 n—1—j
<eG+m+lx+nd o+ [[ lx+i+l
j=0 i=1

+ |x + n|

n—1

_<p(x+n)+Z<p(x+])l_[|x+z+J|

Jj=0 i=1

—Z¢(x+1)1‘[|x+z+1|

i=1

which ends the proof of (a).
If we divide both sides in (a) by |[x(x + 1)---(x +n — 1)|, we get

n—1 J
<> e+ N[+ )
j=0 i=0

for every n € N. By using (14.7) and (14.6), we have forn > m > 0

n—1
‘f(x +n) [+ = )

i=0

m—1 n—1
'f(x +m) l_[(x +i)' = fx +n) H(x +i)7!

i=0 i=0
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m—1 m
=|fx+m [Je+D)" = fx+m+D][x+D)7!
i=0 i=0
m m+1
+ fa+m+D[[e+DT = fa+m+2) [Jx+D)7
i=0 i=0
n—2 n—1
+ f(x+n—1)1_[(x+i)_1—f(x—i—n)l_[(x—H)_1

i=0 i=0
n—1
>

J
A+ Dfa+ )= fa+ i+ D[+l
i=0

IA

~

J
< Y e+ ND[]Ix+il™"

j=m i=0

= 3

N

— 0 as m — oo.

Therefore, the sequence

n—1

fa+n [+

i=0

is a Cauchy sequence, and we can define a function G : R° — R by

n—1
G(x) = nli)ngof(x +n) H(x +i)7 L
i=0

In view of (b) and (14.6), the inequality (14.8) is true. By the definition of G we can
easily verify that G satisfies (14.5) for its domain of definition:

n—1
G(x+1):nli_)ngof(x—l—n—l—l)l_[(x—i-i—i-l)_l
i=0

=x lim f(x+n+1) [+
i=0
= xG(x).

Assume now that G’ : R° — R is another function which satisfies (14.5) and
(14.8). It follows from (14.5) that

n—1 n—1
GX)=Gx+m[[x+D7" and GC') =G x+m[]ex+i)" (o)

i=0 i=0
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for each n € N. By (¢), (14.8), and (14.6), we obtain

n—1
Gx)=G' ()| = [Gx+n) =G x+m)|[[Ix+il"
i=0
n—1
< 20(x +n) [ [ lx+il™
i=0
[ee) n+j
=2 ox+n+ )] lx+il™"
j=0 i=0
00 J
=2 o+ DI +il™
j=n i=0
— 0 as n — oo,
which implies the uniqueness of G. O

The condition in (14.6) for ¢ is not very strong. By the ratio test for convergence
of infinite series, we can easily demonstrate that almost all functions ¢ : R°® —
[0, 00) which are familiar to us, for example, ¢(x) = §, ¢|x|?, ¢ In|x|, c exp (|x]),
etc., satisfy the condition (14.6).

Even though a function G : R° — R satisfies the gamma functional equation
(14.5), G is not necessarily equal to the gamma function I" on (0, 00). If G is loga-
rithmically convex on (0, co) and satisfies the gamma functional equation (14.5) for
x > 0 and G(1) = 1, then G necessarily equals the gamma function I" on (0, co)
(see [208]).

We will now introduce a new functional equation

Sx+p.y+q) =v(xy)fx,y). (14.9)

The gamma functional equation and the beta functional equation are special cases
of this functional equation (14.9).

In the rest of this section, we investigate the Hyers—Ulam stability of the func-
tional equation (14.9). Indeed, K.-W. Jun, G.-H. Kim, and Y.-W. Lee [148] proved
the following theorem.

Theorem 14.4 (Jun, Kim, and Lee). Let §, p, and q be positive real numbers
and let ny be a nonnegative integer. If a function f : (0,00)> — R satisfies the
inequality

lfx+p.y+q)—vx, ) f(x,y)] <6 (14.10)

forall x,y > ng and if the function ¥ : (0, 00)? — (0, 00) satisfies

oo I 1
\y(x,y)—gj.]:[ow(ij’qu) <00 (14.11)
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for all x,y > nq, then there exists a unique solution G : (0,00)> — R of the
Sfunctional equation (14.9) with

| f(x,y) = G(x,y)| < ¥(x,y)s (14.12)

for any x,y > ny.

Proof. Forany x,y > 0andn € N, we define

1
o V(x+ijp.y +jq)’

Py(x.y) = f(x +np.y +nq) ]_[

By (14.10), we have

[Pri1(x,y) — Pu(x,y)
=|f(x+np+p.y+ng+q)

n
1
—Y(x+np.y+nq)f(x+np.y+nq) . :
|jl:IOW(X+Jp,y )

n

1
<$
- H Yx+jp.y+Jjq) @

Jj=0

forall x,y > ngpandn € N.
We now use induction on 7 to prove

n—1 i

1Pu(x.y) = e <8 ]

i=0j=0

1
V(x+jp.y+Jjq)

()

forall x, y > ng and n € N. In view of (14.10), the inequality () is true forn = 1.
Assume that the inequality (b) is true for some integer n > 0. Then, it follows from
(a) and (b) that

[Prs (6, 9) = FOO D= [Bnaa (6, 9) = P (X, p)[ [P (X, y) = (%, )]

=531

=5 <o (X+JP y+ija)

which ends the proof of (b).
We claim that { P, (x, y)} is a Cauchy sequence. Indeed, for any m,n € N with
n > mand x, y > ng, it follows from (14.11) and (@) that

n—1

|Pu(x.y) = Pu(x. )| < D |Piga(x. ) = Pi(x.y)]

i=m



334 14 Miscellaneous

n—1 i
1
<94 . .
Z,:ME[O Y(x+jp.y+Jjq)

— 0 as m — oo.

Hence, we can define a function Gy : (n9, o0)?> — R by
Go(x,y) = lim P,(x,y).
n—>oo
Since Pu(x + p.y +¢) = ¥(x,y) Put1(x, y), we have

Go(x + p,y +q) = ¥(x,y)Go(x,y) (c)

for all x, y > ng. In view of (14.11) and (b), we get

|Go(x, y) = fOx, )| = lim [Pn(x,y) = f(x, )]

oo i 1
SN Sy

Pl p.y+jq)

= W(x,y)s
for any x, y > ng. If Gy : (no, 00)2 — R is another function which satisfies

Gi(x+p,y+q) = ¥(x,y)G1(x,y) and [Gi(x,y)—f(x,y)] = W¥(x,y)d (d)

for any x, y > ny, then it follows from (14.12), (c), and (d) that

[Go(x,y) — Gi(x, )
n—1

=|Go(x +np.y +nq) — Gi(x +np.y +ng)| [ |
=0

1
v(x+jp.y+Jjq)

n—1 1

<26W(x +np,y +nq) l_[ - -
jmo Yt jpy+j9)

oo i 1
=22 11 Y(x+jp.y+Jjq)

i=n j=0

—0 as n — o0

for any x, y > no, which implies the uniqueness of Gy.
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Finally, we extend the domain of Gy to (0, 00)2. For 0 < x, y < ng, we define
k-1

1
G(x,y) = Go(x +kp,y +kq) [ | :
aeo WX +np.y +nq)

where k is the smallest natural number satisfying both the inequalities x 4+ kp > ng
and y + kg > ny. It then holds true that G(x + p, y + ¢q) = ¥ (x, y)G(x, y) for all
x,y > 0and G(x,y) = Go(x, y) for any x,y > ng. Thus, the inequality (14.12)
holds true for all x, y > np. O

In the following corollary, we prove the Hyers—Ulam stability of the gamma func-
tional equation (14.5). We can compare this corollary with Theorem 14.3 or [5].

Corollary 14.5. Let § be a positive constant and let ng be a nonnegative integer. If
a function f : (0,00) — R satisfies the inequality

lfx+ 1) —xf(x)| =<8

for all x > ny, then there exists a unique solution G : (0,00) — R of the gamma
Sfunctional equation (14.5) such that

[f(x) —G(x)| < ed/x
forall x > ny.

Proof. We apply Theorem 14.4 (for a single-variable case) with p = 1 and ¥ (x) =
x. For any x > 0, we have

S | 1 1
25 z(l/x)(1+x+1+(x+1)(x+z)+'”)

i=0 j=0
< (1 1+1 ! !
<{1/x)(1+ +5+§+“'
=e/x.

Then, the sequence

oo i 1
;}:[Ox+j

converges to W(x) and ¥(x) < e/x for any x > 0. Hence, we complete the proof
by using Theorem 14.4. O

Jun, Kim, and Lee have also proved the stability of the functional equation (14.9)
in the sense of Ger (see [148]).
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Theorem 14.6. Let p and q be positive real numbers and let ny be a nonnegative
integer. Let f : (0,00)2 — (0, 00) be a function that satisfies the inequality

foe+py+a

T S ‘ = ¢y

forall x,y > ng, where ¥ : (0,00)? — (0, 00) is a function such that

oo i
1
W(x, =E || - — <
() s Y+ iy +j9)

forall x,y > ng and ¢ : (0,00)> — (0, 1) is a function such that

a(x.y) =Y In(l—g(x+ip.y+iq)) < oo,

i=0
9]

Bx.y) =Y In(l+@(x+ip.y+ig) <oo
i=0

forall x,y > ng. Then there exists a unique solution G : (0,00)% — (0, 00) of the
functional equation (14.9) with

eV < G(x, y)/f(x,y) < PO

for any x,y > ny.

For more detailed information on the stability results of the functional equation
(14.9), we refer the reader to [217,219, 234-236].

14.4 Fibonacci Functional Equation

The Fibonacci sequence is one of the most well-known number sequences. Let us
denote by F,, the nth Fibonacci number for any n € N. In particular, we will define
Fo := 0. It is well-known that the Fibonacci numbers satisfy the equation

Fp=F,—1+ F—

for all integers n > 2 (ref. [225]). From this famous formula, we may derive a
functional equation

fx)=fx—-1)+ f(x-2), (14.13)

which may be called the Fibonacci functional equation. A function f : R — R will
be called a Fibonacci function if it is a solution of the Fibonacci equation (14.13).
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The reader is referred to the recent book by M. Th. Rassias [284] providing a
self-contained and rigorous presentation of some of the most important theorems
and results from Number Theory with a wide selection of solved Olympiad-caliber
problems.

In this section, for fixed real numbers p and g with ¢ # 0 and p? — 4g # 0, we
generalize the Fibonacci functional equation (14.13) into

Jx)=pf(x—1)—qf(x=-2) (14.14)

and prove its Hyers—Ulam stability in the class of functions f : R — E, where E
is a real (or complex) Banach space.

By a and b we denote the distinct roots of the equation x> — px + g = 0. More
precisely, we set

a=(1/2)(p+Vp2—4q) and b= (1/2)(p —/p>—4q).

Moreover, for any n € Z, we define

a — p"

Un = Un(p.q) = -

If p and q are integers, then {U, (p, q)} is called the Lucas sequence of the first kind.
It is not difficult to see that

Un+2 = pUn+1 —qU, (14.15)

for all integer n. For any x € R, [x] stands for the largest integer that does not
exceed x.

S.-M. Jung [185] investigated the general solution of the generalized Fibonacci
functional equation (14.14).

Theorem 14.7. Let E be either a real vector space if p> — 4q > 0 or a complex
vector space if p*> — 4q < 0. A function f : R — E is a solution of the functional
equation (14.14) if and only if there exists a function h : [—1,1) — E such that

F(x) = Upgerh(x = [x]) — qUpgh(x — [x] = 1). (14.16)
Proof. Since a + b = p and ab = ¢, it follows from (14.14) that

fG)—af(x =) =b(f(x = 1) —af(x-2)).

(a)
fG)=bf(x—1) =a(f(x—1)=bf(x-2)).
By mathematical induction, we can easily verify that
f)—af(x=1)=b"(f(x —n)—af(x —n—1)). ®

f)=bf(x=1) =a"(f(x—n)=bf(x —n—1))
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for all x € R and n € Nj. If we substitute x + n (n > 0) for x in (b) and
divide the resulting equations by b” resp. a”, and if we substitute —m for n in the
resulting equations, then we obtain the equations in (b) with m in place of n, where
m € {0,—1,-2,...}. Therefore, the equations in () are true for all x € R and
neZz.

We multiply the first and the second equation of (b) by b and a, respectively. If
we subtract the first resulting equation from the second one, then we obtain

J(x) = Upt1f(x =n) —qUp f(x —n —1) (c)

forany x € R and n € Z.
If we put n = [x] in (c), then

f(x) = U1 f (x = [x]) —qUp f (x — [x] = 1)

for all x € R.

We know that 0 < x —[x] < l and —1 < x —[x]—1 < 0. If we define a function
h:[-1,1) > Ebyh := f]|[-1,1), then we see that f is a function of the form
(14.16).

Assume now that f is a function of the form (14.16), where h : [-1,1) — E is
an arbitrary function. Then, it follows from (14.16) that

F(xX) = Upgrh(x = [x]) = qUpgh(x — [x] = 1),
fx = 1) = Ugh(x = [x]) = qUpx—1h(x — [x] = 1),
f(x =2) = Upp-1h(x — [x]) = qUpg—2h(x = [x] = 1)

for any x € R. Thus, by (14.15), we obtain

f)=pf(x—=1)+qf(x=2)
= (U+1 = pU + qUpx—1)h(x — [x])
—q(Upx) — pUg=1 + qUp—2)h(x — [x] = 1)
= 0,

which ends the proof. O
Remark 1. Tt should be remarked that the functional equation (14.14) is a particu-

n

lar case of the linear equation Zpif(gi (x)) =0 with g(x)=x—landn = 2.
Moreover, a substantial part of lthg proof of Theorem 14.7 can be derived from the-
orems presented in the books [227,229]. However, the theorems in [227,229] deal
with solutions of the linear equation under some regularity conditions, for example,
the continuity, convexity, differentiability, analyticity, and so on, while Theorem
14.7 deals with the general solution of (14.14) without regularity conditions. In-
deed, the proof of Theorem 14.7 is simple and straightforward.
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We now denote by @ and b the distinct roots of the equation x> — px +¢g = 0
satisfying |a| > 1 and 0 < || < 1.

S.-M. Jung [185] proved the Hyers—Ulam stability of the generalized Fibonacci
functional equation (14.14) and J. Brzdek and S.-M. Jung have proved a more gen-
eral theorem (ref. [44]).

Theorem 14.8 (Jung). Let (E, |- ||) be either a real Banach space if p*> —4q > 0
or a complex Banach space if p?> — 4q < 0. If a function f : R — E satisfies the
inequality

/() —pf(x—D+qf(x=2)[| <6 (14.17)

for all x € R and for some § > 0, then there exists a unique solution function
F : R — E of the generalized Fibonacci functional equation (14.14) such that

la| — 1P| 8
la = b (Jal —1)(1 - 15])

[ f(x)— F)| < (14.18)

forall x € R.

Proof. Analogously to the first equation of (@) in the proof of Theorem 14.7, it
follows from (14.17) that

| f) —af(x =1 =b(f(x— 1) —af(x—2))| <8

for each x € R. If we replace x with x — k in the last inequality, then we have

lfx—k)—af(x—k=1)=b(f(x—k—1)—af(x—k-2)| <8

and further

|6 (f(x = k) —af(x —k = 1))
— D (fx—k =) —af(x —k —2))| < |b*s (a)

forall x € R and k € Z. By (a), we obviously have
|/ —af(x=1) =b"(f(x —=n) —af(x —n = 1)
n—1
<> P (fx—k) —af(x —k 1))

k=0

— VN (fx—k -1 —af(x—k-2)|
n—1
<> b3 (b)
k=0

foreveryx e Randn € N.
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For any x € R, (a) implies that the sequence {b"(f(x —n) —af(x —n — 1))}
is a Cauchy sequence. (Note that 0 < |b| < 1.) Therefore, we can define a function
Fi:R — E by

Fi(x) = nli)n;ob”(f(x —n)—af(x—n— 1)),
since E is complete. In view of the definition of F}, we obtain
pFi(x —1) —qFi(x —2)
= (p/b)nli_{gob"“(f(x —(n+1)—af(x—@n+1)—1)
= (g/b?) lim B"F2(f(x = (n +2)) —af(x — (1 +2) — 1))

= (p/b)F1(x) — (¢/b*) F1(x)
= Fi(x) (¢

forall x € R, since b> = pb — g. If n goes to infinity, then () yields

If(x) —af(x = 1) = Fi(x)| < (d)

1 —1p]

for every x € R.
On the other hand, it also follows from (14.17) that

| fC)=bf(x =1 —a(f(x =D =bf(x-2)| <.

Analogously to (a), replacing x with x +k in the above inequality and then dividing
by |a|* both sides of the resulting inequality, we have

la™(f(x + k) =bf(x + k= 1))
—a "N (fx+k—1)=bf(x +k-2)| < la|™*s (e)

forall x € R and k € Z. By using (¢), we further obtain
a ‘”(f(x +m) —bf(x+n—1) = (f(x) =bf(x = D)|
< Z la™(f(x + k) =bf(x + k — 1))
a TN (f(x+k =1 =bf(x +k—2))|

<Y lal™s )
k=1

forx e Randn € N.

On account of (e), we see that the sequence {a ™" (f(x +n) —bf(x +n—1))}is
a Cauchy sequence for any fixed x € R. (Note that |a| > 1.) Hence, we can define
a function F> : R — E by
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Fa(x) = lim a7 (f(x +n) —bf(x +n—1)).
n—0o0

Using the definition of F, yields

pFa(x — 1) —gFa(x —2)

= (p/a) lim a_("_l)(f(x +n—1)—=bf(x+(n—1)—1))
n—oo
—(q/a®) lim a "D (f(x +n—2)—bf(x + (n—2)—1))
n—o00

= (p/a)Fa(x) — (q/a*) F2(x)
= F>(x) (2

for any x € R. If we let n go to infinity, then it follows from ( /) that

[F2(x) — f(x) + bf(x = D =

" a1

(h)

for each x € R.
By (d) and (), we have

Hf(x)— (bfaﬂm— bfg&(x))H

— _|bla| H b—-a)f(x)— (bF1(x) — an(x)) H

ﬁ||bf(x) —abf(x = 1) =bF (x|

IA

+ L R - af () + abf(x— 1]
@]
_ lal=15] 5 0

= la—=b| (la] = 1)(1—1b])

for all x € R. We now define a function F : R — E by
b a

b—a b—a

for all x € R. Then, it follows from (c¢) and (g) that

F(x) = Fi(x) — Fa(x)

pF(x —1)—qF(x —2)

pb
b;aFl(x—l)—b
= —b_a(pFl(x— 1)—qF1(x—2))—ﬁ(pF2(x— 1) — gF>(x — 2))
b a
= b_aFl(x)_b_a

= F(x)

b
P he- - A=) + 75

—a b—a

Fa(x —2)

F>(x)

for each x € R, i.e., F is a solution of (14.14). Moreover, by (i), we obtain the
inequality (14.18).
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Now, it only remains to prove the uniqueness of F. Assume that F, F/ : R — E
are solutions of (14.14) and that there exist positive constants C; and C, with

[f(x) = F(x) =C1 and || f(x) = F'(x)] < C2 ()

for all x € R. According to Theorem 14.7, there exist functions 2, 7" : [-1,1) — E
such that

F(x) = Upg41h(x = [x]) — qUpgh(x — [x] = 1),
F'(x) = Up41h' (x — [x]) — qUh/ (x — [x] = 1)

for any x € R, since F and F’ are solutions of (14.14).
Fix at with 0 < ¢ < 1. It then follows from () and (k) that

(k)

|Uns1(h(t) = B (1)) + Un(qh'(t — 1) — gh(t — 1)) ||
= | (Un+1h(t) = qUph(t = 1)) = (Un+1h' (1) — qUyh' (1 = 1))
=|[[F(n+1)—F'(n+0)
<IF+t)— fa+ )|+ f(n+1)— F'(n+1)
<C+G

foreachn € Z, i.e.,

an+1 _bn+1 a” n

ey O-HO)+ T

< 1+ G

(gh'(t = 1) — qh(t = 1)) ” 0

for every n € Z. Dividing both sides by |a|" yields

a—(b/a)*b ,
T(h(t) — @)+

< (C1 + Gy)lal™

1—®/a)"
(g = )~ qh(i ~ 1))H

and letting n — oo, we obtain
a(h@t) —=h' (1)) +q(K'(t—1)—h@ —1)) =0. (m)
Analogously, if we divide both sides of (/) by |b|* and let n — —o0, then we get
b(h(t)y—h'(t)) +q(h'(t = 1) = h(t — 1)) = 0. (n)

By (m) and (n), we have

(a q)( h(t) — (1) )_ 0)
b qg)\WEt—-1)—h(—-1) _(0‘
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Since aq — bg # 0 (where both a and b are nonzero and so g = ab # 0), it should
hold true that
h@t)—h@)=hWt—-1)—h@t—-1)=0

forany t € [0, 1), i.e., h(t) = h'(¢) for all ¢t € [—1, 1). Therefore, we conclude
that F(x) = F'(x) for any x € R. (The presented proof of uniqueness of F is
somewhat long and involved. Indeed, the uniqueness can be obtained directly from
[48, Proposition 1].) O

Remark 2. The functional equation (14.14) is a particular case of the linear equa-
tions of higher orders and the Hyers—Ulam stability of the linear equations has been
proved in [48, Theorem 2]. Indeed, J. Brzdek, D. Popa, and B. Xu have proved an
interesting theorem, from which the following corollary follows (see also [46,353]):

Let a function f : R — E satisfy the inequality (14.17) for all x € R and for
some § > 0 and let a,b be the distinct roots of the equation x*> — px + q = 0.
If lal] > 1,0 < |b| < 1, and |b| # 1/2, then there exists a solution function
F :R — E of (14.14) such that

48
1]|2[b] -1

[ f(x)—F)| < lal = (14.19)

forall x € R.
If either 0 < |b| < 1/2 and |a| > 3/2 —|b| or 1/2 < |b| < 3/4 and |a| >
(5—6|b|)/(6—8|b|),then
46 8 la| — |b] ]
> > .
[2la| — 1][216] = 1| = (lal = 1)(1 = [b]) ~ la =b] (Ja| —1)(1—|b])

Hence, the estimation (14.18) of Theorem 14.8 is better in these cases than the
estimation (14.19).

Remark 3. As we know, {U, (1, —1)},=12,... is the Fibonacci sequence. So if we set
p = land ¢ = —1 in Theorems 14.7 and 14.8, then we obtain the same results as
in [184, Theorems 2.1, 3.1, and 3.3].
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