athematical
nequalities
& Papplications

Volume 7, Number 3 (2004), 419-428

FUNCTIONAL INCLUSIONS ON SQUARE-SYMMETRIC
GRUPOIDS AND HYERS-ULAM STABILITY

DORIAN PopA

(communicated by Z. Pdles)

Abstract. In this paper we prove that a set-valued map F : X — Py(Y) that satisfies the inclusion
F(x*y) C F(x) ¢ F(y) under suitable conditions admits exactly one selection f : X — Y that
satisfies the equation f(x *y) = f(x) of (v), where (X,x) and (¥,o) are square-symmetric
grupoids and ¢ is the extension of ¢ to Py(Y). This result is in connection with Hyers-Ulam
stability of functional equation and generalizes a result of Z. Gajda and R. Ger.

1. Introduction

In 1941 D.H. Hyers [4] proved the following theorem:

THEOREM. Let X be a linear normed space, Y a Banach space, € a positive
number and f : X — Y a function that satisfies the inequality

[Fx+y) =f) =fIl < e ()

forevery x,y € X. Then there exists a unique additive function g : X — Y such that

If (x) —g()ll < & 2)
forevery x € X.

This was a first answer given to a problem proposed by S.M. Ulam at the Wisconsin
University in 1940 and it represents the starting point of the Hyers-Ulam stability theory
of functional equations. The subject was later strongly developed by many authors,
especially during the last 35 years. We recall that very important contributions at this
subject were brought by G.L. Forty [2], Z. Pdles [7], [8], [9], T.M. Rassias [11], J. Riitz
[12], L. Székelyhidi [14]. An interesting connection between the stability of the Cauchy
functional equation and subadditive set-valued functions was established by Z. Gajda
and R. Ger [3]. They observed that if f satisfies the inequality (1), then the set-valued
map F: X — Py(Y),

F(x) =f(x) + B(0,¢), xe€X, (3)
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is subadditive and the function g from the relation (2) is an additive selection of F.
(Po(Y) denotes the collection of all nonempty subsets of ¥ and B(0, €) is the closed
ball with centre 0 and radius € in Y).

Now one may ask under what conditions a subadditive set-valued map admits an
additive selection. An answer to this question is given in [3]. Furthermore this result
was generalized by the author [10], who considered a class of generalized subadditive
set-valued maps. Some interesting results concerning subadditive and subquadratic
set-valued maps were obtained by W. Smajdor [13].

The purpose of this paper is to give a stability result for the functional inclusion

F(xxy) CF(x)0OF(y), x,yeX, 4)

where (X, *) and (Y,¢) are square-symmetric grupoids and ¢ is a square-symmetric

operation on Py(Y) determined by <. J. Ritz [12] pointed out the role of square-

symmetry for the stability of functional equations. Z. Pdles [9] and Z. Péles, P. Volkmann

and R.D. Luce [8] obtained nice results on stability on square-symmetric grupoids. In

our paper we shall use some ideas and terminology from [9]. Let us recall some of them.
A binary operation * on X is called square-symmetric if

(xxy)* (xxy) = (x*x)* (y*y)

for all x,y € X. A grupoid endowed with a square-symmetric operation is called
square-symmetric. It is obvious that a commutative semigroup is a square-symmetric
grupoid.

An operation * : X X X — X is square-symmetric if and only if the function
o, : X — X given by

o.(x) =x*x, x€X (5)

is an endomorphism of (X,x). The grupoid (X,x) is called divisible if o, is an
automorphism of (X, *). The triple (Y,x,d) is called a metric grupoid if (Y, *) is a
grupoid, (¥,d) is a metric space and the operation * is continuous with respect to the
topology of (Y,d). For a nonempty set ¥ we denote by Py(Y) the collection of all
nonempty subsets of Y. If (¥,d) is a metric space then clY denotes the collection of
all nonempty and closed subsets of Y. If (¥, - ||) is a linear normed space then

c(Y) :={A| A € Py(Y), Ais convex set},
cclY .= {A| A € Py(Y), Ais closed and convex set},
cc(Y) :={A| A € Py(Y), Ais convex and compact set}.

For anonempty subset A of a metric space (Y, d) the diameter of A is the extended
real number 6(A) defined by

O0(A) = sup{d(x,y)| x,y € A}.

Let (¥,p) be a metric space. The Lipschitz modulus of a function f : ¥ — Y is
the smallest real extended number L with the property

d(f (x),f (y)) < Ld(x,y), x,y€Y. (6)
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We denote the Lipschitz modulus of f by Lipf .
Recall that a selection of a set-valued map F : X — Py(Y) is a single valued
function f : X — Y with the property f (x) € F(x) forevery x € X.

2. Main results

Let (Y,0,d) be a metric grupoid. We define an operation ) on Py(Y) putting
AOB={xlx=aob,ac A b e B} (7)

Suppose in what follows that the defined operation ¢ satisfies the condition:
forall € > 0 there exists 1) > 0 such thatif 6(A),8(B) < n, A,B € Py(Y), then

S(AOB) < ¢ (8)

Letus remark that if ¢ is square-symmetricon Y, then ¢ isnotnecessary square-
symmetric on Py(Y). For the square-simmetry of ¢ it suffices that the operation ¢
satisfies the condition of bisimmetry introduced by J.Aczél (see[1]). Hence the following
lemma holds.

LEMMA 1. Let (Y,©) be a grupoid that satisfies the condition
(x1oy1) o (x20y2) = (x10x2) © (y1 ©y2) )
Sorevery x1,x2,y1,y2 € Y.Then o is an increasing endomorphismof (Po(Y), ¢, C).
Proof. Let A,B € Py(Y). We have to prove that

06(AQ B) = 06(A) O 06(B).

Let x € 0o(A O B). Then there exist aj,a, € A, by, by € A such that x = (a; 0 by) ©
(az © by) . Taking account of the condition (9) it follows x = (a; ¢ az) ¢ (b © by) €
oy (A) O O'Q(B) . Hence oy (A O B) C op (A) O op (B) .

The reverse inclusion can be proved analogously. Let A,B € Py(Y), A C B. We
prove that

G()(A) C O'Q(B).

Let x € 0 (A). Then there exist a1, a, € A such that x = a; 0a; € B B, hence

G()(A) C O'Q(B). ]

Now we can give the first stability result of this paper.

THEOREM 1. Let (X,*) be a square-symmetric divisible grupoid, (Y,o,d) a
complete metric bisymmetric divisible grupoid and (A, ) a divisible subgrupoid

of (Po(Y), ©).

Suppose that F : X — A is a set-valued map that satisfies:
F(xxy) CFx)OF(y), x,y€eX (10)

Iif
0," o Fooj(x) €cl(Y) (11)
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forevery x € X and every n € N and
lim &(F o 0% (x))Lip(c;") =0 (12)

n—oo

for every x € X, then there exists a unique selection f : X — Y of F that satisfies the
relation

flxxy)=fx)of(y), xyeX (13)

Proof. Existence. For y = x the relation (10) becomes
F(o.(x)) C 06(F(x)), x€X,
and replacing x by o”(x), n € N, we get
Foo'(x) C oy 0Fod(x). (14)

Now taking into account that oy, is increasing, it follows that o ! is increasing
too, and by (13) we get

0," T oFoo ! (x) Coy"oFodl(x), xeX. (15)

Let x € X be fixed. Define the sequence of sets (F,(x)),>0 by

Fy(x) = 0,"0oFooy(x), n=0. (16)
The sequence (F,(x)),>0 is decreasing, in view of relation (15).
We prove that
lim §(F,(x)) =0. (17)
We have

O(Fu(x)) = sup{d(u,v) : u,v € F,(x)}.
Let u,v € 65" o Fool(x). Then
os(u) € Fool(x) and o4(v) € Fool(x).
Denote 0} (u) = s, 04(v) =t, s,t € Fool(x). Then
d(u,v) =d(oy"(s),0,"(¢)) < Lipoy "d(s,t) < Lipog, "6(F o o (x))

and
O(Fu(x)) < Lipo, "0(F o 0l (x)). (18)
By (12) and (18) we obtain lim &(F,(x)) = 0. Then

() Falx) (19)

n=0

is a singleton, in view of the Cantor theorem. Denote by f (x) the single element of this
intersection.
The function f : X — Y is a selection of F', since

f(x) € Fo(x) = F(x) for every x € X.
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Now we prove that f satisfies the equation (13).
Let us prove first that

Fo(xxy) CF,(x) O F,(y), x,y€eX,n>0. (20)
Replacing x by of(x) and y by o}(y), n > 0,in
Flxxy) CF(x)OF(y)
we get
Foo,(xxy) C(Foo,(x)¢(Foo,(y), n=0, (1)
in view of the square-symmetry of *. Since o, " is an increasing automorphism by
(21) it follows

0y " 0o Fooy(x+y) C (0y"0Foo;(x)0(0y" o F*0p(y),

hence the relation (20) is proved.
By (20) we get

d(f (xxy).f (x) o f () < 8(Falx) O Fuly)), n >0 (22)
and taking account of the condition (8) we obtain
d(f (exy).f (x) o f (v)) = 0,

if n tends to infinity in (22). Hence f satisfies (13).
Uniqueness. Suppose that there exist two selections f,g of F that satisfy the

relations f( ) £ f( )
xxy)=Jx)ofly
g(rey) =gl ogly) * Y EX .
By (23), we get
fool(x)=o0lof(x) . xeX, neN, (24)

gooy(x) = o50g(x)
and taking into account that f, g are selections of F
f ool(x) € Foo’(x)
gool(x) € Fool(x)

Let x € X be fixed. Then

d(og of (x), 05 0 g(x)) = d(f o 0i(x),g 0 0%(x))
<O6(Fodl(x), xeX.

Let o of(x) =s, olog(x) =t, s,t € FoFl(x). We have f(x) = o,"(s),

8(x) = 0."(t) and
d(f (x),8(x)) = d(0."(s), 05" (1))
< Lipoy "d(s,t) < Lipog,"6(F o 0, (x)), n>=0.
Taking account of (12) it follows
lim Lipo,"8(F oo, (x)) =0

n—o0

, xe€X,neN. (25)

hence f (x) = g(x). O
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THEOREM 2. Let (X, *) be a square-symmetric divisible grupoid and (Y,¢,d) a
metric bisymmetric grupoid. Suppose that F : X — Py(Y) is a set-valued map that
satisfies the relation

F(xxy) CFx)OF(y), x,yeX (26)
If
Tim 8(F o 07" (+))Lip(c?) = 0 (27)

forevery x € X, then F is single valued and
Flxxy)=F(x)oF(y), x,y€X (28)

Proof. By the relation (26) we get
F(o.(x)) C 0o(F(x)), x€X,
and replacing x by 0" !(x), n € N, we obtain
Foo,"(x) CosoFoo," '(x), x€X,
and taking into account that oy, is increasing
opoFo O'*_n(X)CO'nglOFOO'*_n_l(x), xeX (29)
Let x € X be fixed. The sequence of sets (F,(x)),>o defined by
Fy(x) =03 0Fo0,"(x), n=0,

is increasing. Then (8(F,(x)))a>0 is an increasing sequence of nonnegative numbers.
As in the proof of Theorem 1 we obtain

O(Fu(x)) < Lipoyd(F o 0, "(x))
and taking account of (27) it follows
lim 6(F,(x)) = 0.

n—oo

Then 6(F,(x)) = O for every n € N, hence F,(x) is single valued for every
n € N and Fy(x) = F(x) satisfies the relation F(x*xy) = F(x) o F(y), x,y € X. O

The following results are consequences of the previous theorems.
Suppose that Y is a Banach space over R and ¢ is defined by

xoy=px+qy, x,yel, (30)

where p,g € R are given numbers.
The triple (Y,, || - ||) is obviously a metric groupoid that satisfies condition (9).
Then for every U,V € Py(Y) the operation ¢ is defined by

UOV =pU+qV, (31)

where + from the right hand side of (31) denotes the usual sum of two sets in a linear
space.
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COROLLARY 1. Let (X, ) be a square-symmetric divisible groupoid, Y a Banach
space over R, p,q € R, p+ q # 1. Suppose that F : X — ¢(Y) is a set-valued map
such that

F(xxy) CpF(x) +qF(y), xy€X, (32)
and the following conditions are satisfied:

(i) Fool(x) €cl(Y), xe X, ne N;

(ii) there exists M > 0 such that

S(F(x)) <M, xeX.

Then there exists a unique selection f : X — Y of F such that

f(x*y) :[)f(x) +(’Zf(y)7 x,y€X. (33)

Proof. Let A = ¢(Y). Then o,(U) = (p + q)U forevery U € c(Y), op is an
automorphism of (c(Y), ¢) for p+¢g # 0 and o(x) = (p+q)"x, x€ X, n€ Z,
with

Lipoy =|p+4q|", nelZ.
1)If [p+¢q| > 1 then

oy,"oFooy(x)= Fool(x) €clY)

1
P +aq)r

forevery n € N and

O0(Fool(x))Lip(o,") < xeX,neN

lp + g™’

By Theorem 1 it follows that there exists a unique selection f of F that satisfies
(33).
2)If [p+4¢| <1 then

Lip(a})8(Foo,"(x)) <Mp+gq|", xeX,n €N,
hence, in view of Theorem 2, F is single valued and satisfies the equation
F(xxy) =pF(x) +qF(y), x,y€X,

so that is its own selection. [

COROLLARY 2. Let (X, *) be a square-symmetric divisible grupoid, Y a Banach
space over R, p,qg € R, p+q > 1 and B € cc(Y). Suppose that F : X — c(Y)
satisfies the general linear inclusion

F(x*y) CpF(x)+qF(y)+B, xy€X (34)

and the following conditions are satisfied:
(i) Fool(x) ecl(Y), xe X, ne N;
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(ii) there exists M > O such that
S§(F(x)) <M, xeX.
Then there exists a unique function f : X — Y such that
1
x) e F(x)+ ——B, x¢cX,
F0) € F0) g

and
flxy)=pf(x)+aqf (v), xyeX
Proof. Let G : X — c(Y) be defined by
1
Gx)=F(x)+ ——B, xecX
() = F() + -
We prove that
G(x*y) C pG(x) +4G(y), xy€X.
Indeed, using the convexity of B, we get
1
ptqg—1
p+q
ptqg—1
C (F()+ ! B) + (F()+ ! B)
X _ X _
b ptqg—1 1 ptqg—1

=pG(x) + qG(y), x,yeEX.

G(xxy) =F(xx*y)+

= pF(x) + qF(y) +

We have

Goo,(x)=Foo,(x)+ B e cl(Y)

ptq—1
forevery x € X and every n € N, in view of the compactness of B, and

L__5)

&Goﬂ@ﬂéﬁWOﬂ@»+;I;fT

1
<M+ ——8(B), xeX,neN.
ptqg—1

By the Corollary 1 it follows that there exists a selection f of G such that

f(x*y):pf(x)+Qf(y)> x,y €X,

hence f (x) € F(x) + ;=B forevery x € X. [J

REMARK 1. The particular case p = g = 1 in Corollary 1 leads to the stability
result of R.Ger and Z. Gajda [3].

The previous results leads to the following stability result of the general linear
equation.
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COROLLARY 3. Let (X, *) be a square-symmetric divisible grupoid, Y a Banach
space over Rand B € ccl(Y). Assume that p,q € R, p+q>1,and b€ Y.
Let g : X — Y be a function such that

gxxy) —pg(x) —qg(y) —b€B, x,y€X (35)

Then there exists a uniquely determined function h : X — Y such that

h(x*y) = ph(x) +gh(y) +b, xycX, (36)

and |
x) —h(x) € —B. 37
80— ) € )

Proof. Define the set-valued map F : X — ccl(Y)
1
F(x) =g(x)+ ———A, x€X,
() =) +

where A := b+ B € ccl(Y). We have
_
ptg—1
C pg(x)+ +A+———A
pg(x) + qg(v) Pyp—
p+q
= x) + +
pg(x) +qg(y) Pp—

= pF(x) +qF(y), x,yeX

Flxxy) = glxxy)+

By Corollary 1 it follows that there exists a uniquely determined selection
f : X — Y of F that satisfies (33). The function 4 : X — Y given by
1

——— b, x€X,
pt+qg—1

h(x) = f (x)
satisfies (36) and (37). O

REMARK 2. For the particular case when B is the closed ball of center 0 and radius
€, in Corollary 3 one obtains a stability result proved by Z. Péles [9].

Acknowledgement. The author thanks to the referee for his observations and
suggestions.

REFERENCES

[1] J. ACZEL, Lectures on functional equations and their applications, Academic Press, 1966.
[2] G. L. ForTI, Hyers-Ulam stability of functional equations in several variables, Aequationes Math.
50(1995), 143-190.



428

3]
[4]
[5]
[6]
[7]
8]
]

[10]
(11]

(12]

[13]
(14]

DORIAN PoPA

Z. GAIDA, R. GER, Subadditive multifunctions and Hyers-Ulam stability, Numerical Mathematics
80(1987), 281-291.

D. H. HYERS, On the stability of the linear functional equation, Proc. Natl. Acad. Sci. USA 27(1941),
222-224.

D. H. HYERS, G. ISAC, TH. M. RASSIAS, Stability of functional equation in several variables, Birkhduser
Boston, 1998.

M. KUCZMA, An introduction to the theory of functional equations and inequalities, Cauchy’s equation
and Jensen inequality, Warszawa-Krakov-Katovice, 1985.

Z. PALES, Generalized stability of the Cauchy functional equation, Aequationes Math. 56, no. 3(1998),
222-232.

Z. PALES, P. VOLKMANN, R. D. LUCE, Hyers-Ulam stability of functional equations with square-
symmetric operation, Proc. Natl. Acad. Sci. USA 95(1998), 12772-12775.

Z. PALES, Hyers-Ulam stability of the Cauchy functional equation on square-symmetric grupoids, Publ.
Math. Debrecen 58/4(2001), 651-666.

D. Popa, Additive selections of (o, B) -subadditive set-valued maps, Glasnik Mat. 36(2001), 11-16.
TH. M. RASSIAS, On the stability of linear mappings in Banach spaces, Proc. Amer. Math. Soc. 72(1978),
297-300.

J. RATZ, On approximately additive mappings, General Inequalities 2 (E. F. Beckenbach, ed.), Interna-
tional Series in Numerical Mathematics, vol. 47, Birkhiduser, Basel-Boston, 1980, 233-251.

W. SMAJDOR, Subadditive set-valued functions, Glasnik Mat. 21(1986), 281-291.

L. SZEKELYHIDI, A note on Hyers’s theorem, C. R. Math. Rep. Acad. Sci. Canada VIII(1986), 127-129.

(Received April 1, 2003) Dorian Popa

Technical University

Department of Mathematics

Str. C. Daicoviciu 15

3400 Cluj-Napoca

Romania

e-mail: Popa.Dorian@math.utcluj.ro

Mathematical Inequalities & Applications



