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ABSTRACT. In this paper, we show that the stability of Cauchy set-valued functional equations and of Jensen set-
valued functional equations can be derived from the stability of the corresponding equations in single-valued version.
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1. INTRODUCTION

In the sequel, N,Ny, R and R, denote the set of positive integers, the set of nonnegative
integers, the set of real numbers, and the set of nonnegative real numbers, respectively. For
two nonempty sets X and Y, YX denotes the class of all functions from X into Y.

Given a groupoid (G, o), the binary operation o is square-symmetric if

2(aob)=2a02b foralla,be .

Here 2a := aoa forall a € G. It is clear that every commutative semigroup is a square-
symmetric groupoid but the converse is not true. (In fact, let G := N be equipped with a binary
operation a o b := a + 2b for all a,b € G. Then (G, o) is a square-symmetric groupoid and
o is not associative.) Recall that a groupoid (G, o) is divisible if for each a € G there exists a
unique element o’ € G such that 2a’ = a. For convenience, we will write % := a’ or 1a := d'.
To simplify the notation, for each « in a groupoid G := (G, o) and each n € Ny, we write
2% := a and 2""'q := 2(2"a). If, in addition, G is divisible, then we also write 5 := a and
ST = % (2%) alln € Np.
Lemma 1.1. Suppose that (G, o) is a square-symmetric groupoid. Then, the following assertions are
true.

(1) 2"(aob) =2"a02"b forall a,b € G and all n € Ny.

(2) S=(aob) =2 oL foralla,b € Gandall n € Ny provided that G is divisible.

From now on, we assume that:
o G :=(G,0)and H := (H, ) are square-symmetric groupoids;
e (H,d) is a complete metric space such that = is continuous, that is,
limpg 00 d(ug * v, u * v) = 0 whenever limy_, oo d(ug, u) = limg_, oo d(vg,v) = 0;
e v:G x G — Ry isa function.

Received: 25.02.2020; Accepted: 31.05.2020; Published Online: 31.05.2020
*Corresponding author: Satit Saejung; saejung@kku.ac.th
DOI: 10.33205/cma.729765

96



Stability of Some Functional Equations on Certain Groupoids 97

To study the stability of a Cauchy functional equation, we define the following class:

C(GH, ) = {f € HO 1 d(f(woy), f(@) « f(y) < play) forall 2,y € G}.
Now, we introduce the stability concept of a functional equation as follows.

Definition 1.2. The Cauchy functional equation from G into H is said to be -stable if the class
¢(G, H, p) satisfies the following property:

there exists a function ® € RS such that for every f € €(G, H, ) there exists a
unique function F' € € (G, H,0), that is, F(z oy) = F(x) = F(y) forall x,y € G,
such that

d(F(z), f(z)) < ®(z) forallz € G.
In this case, we also say that the class € (G, H, ¢) is p-stable with respect to ®.

In 1940, Ulam [17] proposed a problem concerning the stability of the Cauchy functional
equation from a group G into a metric group H. A year later, Hyers [10] was the first mathe-
matician who answered Ulam’s problem if G and H are Banach spaces. Many generalizations
of Hyers’ result have been studied [1, 8, 9, 15]. Inspired by the notion of square-symmetry,
Péles et al. [12] and Kim [11] proved some stability results of the Cauchy functional equa-
tion from square-symmetric groupoids into metric square-symmetric groupoids based on the
control function proposed by Gavruta [9].

We now recall the following conditions given by Kim [11]. A triplet (G, H, ¢) satisfies

Condition (K1): if the following two conditions hold:

(Kla) H := (H, ) is divisible;

(K1b) there exists a real number v > 0 such that d(§, §) < vd(u,v) for all u,v € H and
P(z,y) =2 prg V¥ e(2F 2, 2%y) < o forall z,y € G;

Condition (K2): if the following two conditions hold:

(K2a) G := (G, o) is divisible;

(K2b) there exists a real number v > 0 such that d(2u, 2v) < vd(u,v) for all u,v € H and
Pz, y) =Y 1o (%, %) < ocoforallz,y € G.

The following stability result was proved by Kim [11].

Theorem K. If (G, H, ) satisfies either Condition (K1) or Condition (K2), then the Cauchy functional
equation from G into H is p-stable. Moreover, the class € (G, H, ) is p-stable with respect to ®, where

() = {’ygo(:ﬂ, x) if (G, H, p) satisfies Condition (K1);

~@(a,x) if (G, H, ) satisfies Condition (K2);

forallx € X.

The authors were informed by the referee that Theorem K with Condition (K1) is related to
the result of Forti [7].

Remark 1.3. According to Theorem K, for each f € € (G, H, ), the function F' € (G, H,0) is
uniquely determined by

F( limy o0 5% f(282) if (G, H, ) satisfies Condition (K1);
xr ==
limy o0 27 f (&)  if (G, H, ) satisfies Condition (K2);

forall z € X.
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A concept of set-valued functions in Banach spaces have been developed in the last decades.
The result concerning the set-valued functional equation (a functional equation whose solu-
tions are set-valued functions) seems to be pioneered by Aumann [3] and Debreu [2]. We recall
the following: Suppose that X := (X, || - ||) is a real normed space. We define

P(X):={A: Aisasubset of X};
BCC(X) :={A e P(X)\{@} : Aisbounded, closed, and convex}.

For each A, B € BCC(X) and X € R, we define:

A®B:=cl{a+b:a € Aand b € B} (cl := the closure);

M :={la:a€ A};

H(A, B) := max{sup,c 4 infoep ||a — b||, supyc g infaca |ja — b[|};
diam A := sup, 44 |la —a'[|.

It is worth mentioning that in the definition of @ the closure is needed because {a + b : a €
A and b € B} does not necessarily belong to BCC(X) if A, B € BCC(X) [14, Theorem 2.1].

By using the fixed point alternative method proposed by Diaz and Magolis [6], Park et al.
[13] proved some stability results of the Cauchy functional equations from a real normed space
X into a complete metric commutative semigroup (BCC(Y'), &), where Y is a Banach space.

In this paper, we first show that the results of Park et al. [13] for the Cauchy functional
equation from a real normed space X into (BCC(Y'),®) (where Y is a Banach space) is a con-
sequence of Theorem K. In addition, inspired by the work of Kim [11], we prove the stability
results of the Jensen functional equations by using a modified Brzdek’s fixed point theorem
[16]. We also point out that the stability result of Jensen set-valued functional equations can
be derived from that of the corresponding on certain groupoids. Roughly speaking, we obtain
the stability result of the Cauchy “set-valued” functional equation and that of the Jensen “set-valued”
functional equation from the corresponding results of the “single-valued” version.

2. MAIN RESULTS

2.1. Stability of Cauchy set-valued functional equations via that of Cauchy single-valued
functional equations. We first recall the following properties.

Lemma 2.1. Let X be a real normed space. Suppose that A, B,C, D € BCC(X) and A\, n € Ry.. Then,
following assertions are true.

(a) A® B € BCC(X)and MA € BCC(X).

(b) MA@ AB=AA®B)and (A + p)A = A& pA.

(0 HA® C,B® D) < H(A,B)+H(C, D).

(d) |diam A — diam B| < 2H(A, B).

(e) H(AA,AB) = AH(A, B).

(f) If X is a Banach space, then (BCC(X), &, H) is a complete metric divisible commutative semigroup

(see [5]).

We obtain the following proposition as a consequence of Lemma 2.1(d).

Proposition 2.2. Suppose that X, Y are two real normed spaces and f : X — BCC(Y') is a function.
Then, the following assertions are true.
(i) If limgoo diam f (2Fz) /2% = 0 for all z € X, then F(z) := limy_,oo f(2%2)/2% is single-
valued for all x € X.
(i) If limj_oo diam 2 f (2/2%) = 0 for all x € X, then F(z) := limj_,o0 2 f (x/2%) is single-
valued .
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By using Lemma 2.1(f), we obtain the main results of Park et al. [13, Theorems 2.2 and 2.3]
as a consequence of Theorem K.

Corollary 2.3. Suppose that X is a real normed space and Y is a real Banach space. If there exists
L € (0, 1) and one of the following conditions is satisfied:

(1) p(z,y) <2Lp (£, %) forall z,y € X;

2 o(z,y) < $o(2z,2y) forall z,y € X,

then the Cauchy functional equation is p-stable in the class of set-valued functions € (G, H, ). More-
ovet, the class € (G, H, ) is p-stable with respect to ®, where

D(z) == 35z #(x,0) if (1) holds;
T L . i
525 (7,0) if (2) holds;
forall x € X. In addition, if f € €(X,BCC(Y), ) and there exist positive real numbers M and o

such that: diam f(z) < M||z||* forall x € X, where o € (0, 1) if (1) holds; or o € (1, 00) if (2) holds,
then the set-valued function F given by Remark 1.3 is single-valued.

2.2. Stability of the Jensen functional equations and some results for Jensen “multi-valued”
functional equations. Throughout this subsection, we assume that a square-symmetric groupoid
G := (G, o) has an identity eg. We define the following two classes of functions (we remark
that in the second class the divisibility of G is required):

,_ d2f (zoy), f(2x) x f(2y)) < ¢(x,y) forall z,y € G and
21(G H,p) = {feHG. f(eg)*f(:r)Zf( V= f(2) f(eq) forall z € G }

o(G,H,p) = HE - (Qf( )7f() ()) o(x,y) forall z,y € G and }
- 7 {fe f(eG)2 x f(z) = f(x) = f(x) x fleg) forallz € G

We now introduce the stability notion of the Jensen functional equations as follows.

Definition 2.4. The Jensen functional equation of the first (second, resp.) kind from G into H is
said to be ¢-stable if the class _#1(G, H, ) (_#2(G, H, @), resp.) satisfies the following property:
there exist a function ® € RY such that forevery f € _#1(G, H, @) (f € #2(G, H, ),
resp.) there exists a unique function ' € _#,(G,H,0) (F € #5(G, H,0), resp.), that
is, 2F(z oy) = F(2z) x F(2y) forall z,y € G 2F(5Y) = F(x) * F(y) for all

x,y € G, resp.), such that

d(F(z), f(z)) < ®(x) forallz € G.
In this case, we say that the class _#1(G, H, ¢) (_72(G, H, @), resp.) is p-stable with respect to ®.

Brzdek [4] proved a fixed point theorem for the stability result of the Cauchy functional
equation on a commutative semigroup. Later, Saejung and Senasukh [16] modified Brzdek’s
fixed point theorem and also proved some stability results of some functional equations on
restricted domains. The proof of the following fixed point theorem is similar to the one given
by Saejung and Senasukh [16], so it is omitted.

Theorem 2.5. Suppose that X is a nonempty set and (Y, d) is a complete metric space. Suppose that
T:YX 5 YXand 0: X — X are mappings and there exists « € R* such that

d(T€)(x), (Tp)(z)) < ad(€(0(x)), w(0(x))) forall &, p € Y™¥andall x € X.
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If there exists a mapping ¢ : X — Y such that

2.1) Zd Tro) (), (TF ) (2)) < 0o forall z € X,

then T has a fixed point ) € YX such that
d(y(z), p(x)) <e*(z) forallz € X.
Moreover, (x) = limy— o0 (T ) (z) forall x € X.

As a consequence of our fixed point theorem (Theorem 2.5), we first obtain the following
stability result of the Jensen functional equation of the first kind.

Theorem 2.6. If (G, H, ) satisfies either Condition (K1) or Condition (K2), then the Jensen functional
equation from G into H is yp-stable. Moreover, the class #1(G, H, p) is @-stable with respect to ®,
where

L&(x,eq) if (G, H, ) satisfies Condition (K2);

o (x) {’y@(x,eg) if (G, H, ) satisfies Condition (K1);
x) =
~

forall x € X.
Proof. We first suppose that (G, H, ¢) satisfies Condition (K1). Let f € _#1(G, H, ¢) be given.
Set X := (G,+) and Y := (H, *,d). Define mappings 7 : YX — YX and 6 : X — X by
1
(T¢)(z) == 55(%) and 6(z) =2z

forall ¢ € YX and all 2 € X. We also let o := ~. For each &, 1 € YX and each 2 € X, we see
that

d((TE) (), (Tu)(2)) <d(§(22), p(22)) = ad(§(6(x)), u(0)(2))-
We show that the following inequality holds for all n € Ny;
(22) d2(T"f) (@ oy), (T"f) 2z) « (T"f) (2y)) < "¢ (2"z,2"y) forallz,y € X.

The case n = 0 is trivially true. Suppose that (2.2) is valid for some k£ € Ny. Let z,y € X.
Because of Condition (K1), we have

4 (ATH1F) (o) (T 1) (20) » (TH15) (20)
— (5T 1) (200 2). 5(TH) (220)) 5741 220)

< v(YFe(28(22),2%(2y)) = AF T (25 e, 2K y).

This shows that (2.2) is valid for all n € Ny for all z € X.
Let k € Ny and = € X be given. We have

Zd ’Tk ), (TFHL ) (2 <’yZ’ygp xeG

It follows from Theorem 2.5 that 7 has a fixed point F' : X — Y such that
d(F(z), f(z)) <e*(z) <vp(x,eq) forallx € X.

Moreover, F(z) = limy o0 (7% f)(2) = limp—o0 57 f(2"2) for all z € X. The continuity of * and
(2.2) imply that
2F (xoy) = F(2z) * F(2y) forallz,y € X.
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We finally prove the uniqueness part. To prove this, suppose that there exist a function
F e #,(G,H,0)and a constant C' > 0 such that

d(F(z), f(z)) < C@(z,eq) forallz e X.
For each k£ € Ny and each z € X, we first note that
1 ~ 1 ~
F(z) = o F (2%) and P(x) = 5 F (2%2).
We consider

d(F(x), F(x)) <d (;,cF (2Fz) ,Q%f (2%)) +d (;;f (2Fz) ,Q%f (2%))

<A+ 025z, e0) = (v+C) D Ao (2w, eq) .
i=k

By letting k — oo, we get F(z) = F(z).
With the similar method, we can prove the result if (G, H, ¢) satisfies Condition (K2). O

Remark 2.7. According to Theorem 2.6, foreach f € #,(G, H, ¢) the function F' € _#,(G, H,0)
is uniquely determined by f as in Remark 1.3.

The following two examples show that the bound ®(z) in Theorem 2.6 is optimal in some
particular cases.

Example 2.8. Let G := (Ry,+) and H := (R, +,d), where d(z,y) := |z —y| forall z,y € H, and
[+ G — H be defined by f(z) := /x forall z € G. We see that

d(2f(x 0y), f(20) * F(2y)) = |2V F§ — VEr — /2| := play) forall,y € G.

Then f € _#1(G, H, ) and (G, H, ¢) satisfies Condition (K1) with v = % For each z € G, we
also note that

P, 0) = Z ik F2,0) = Z:?_k/%(a%()) = (24 V2)(x,0).

=0
Note that F'(z) = 0 and <I>(m vo(x,0) = /x = f(z) forallz € G.

Example 2.9. Let G := (R,+), H := (R,+,d) (where d is defined as in Example 2.8), and
f : G — H be defined by f(z) := z? for all z € G. We see that

d2f(z oy), f(2x) * £(2y)) = 2(x —y)? := ¢(x,y) forallz,y € G.
Then f € #5(G, H, ) and (G, H, ) satisfies Condition (K2) with v = 2. For each z € G, we

note that -
sz (55:0) = D27 ¢ (@,0) = (x,0).
k=1

Note that F(z) = 0 and ®(z) = +5(z,0) = 3¢(z,0) = 22 = f(z) forall z € G.

By using Theorem 2.6, we obtain the following stability result given by Park et. al. [13,
Theorems 3.4 and 3.5] as a consequence.

Corollary 2.10. Suppose that X is a real normed space and Y is a real Banach space. If there exists
L € (0, 1) and one of the following conditions is satisfied:

(1) ¢(z,y) <2Lp (%£,%) forall z,y € X;
) o(z,y) < Lo(22,2y) forall z,y € X,



102 J. Senasukh and S. Saejung

then the Jensen functional equation is @-stable in the class of set-valued functions #5(X,BCC(Y), ¢).
Moreover, the class _#2(X,BCC(Y'), v) is p-stable with respect to ®, where

L2, 0) if (1) holds;
o) = {Ew(z,O) if (2) holds;

forall x € X. In addition, if f € #2(X,BCC(Y), v) and there exist positive real numbers M and o
such that: diam f(z) < M||z||* forall x € X, where o € (0, 1) if (1) holds; or o € (1, 00) if (2) holds,
then the set-valued function F' given by Remark 1.3 is single-valued.

Proof. Let (G,0) := (X,+) and (H,*,d) := (BCC(Y),®,H). We define ¢y : G x G — Ry by
Y(z,y) == p(2z,2y) forall z,y € G. It is easy to see that

e if (1) holds, then (2%, 2*y) < (2L)**1p(z,y) forall z,y € G and all k € Ny;
o if (2) holds, then ¥ (&, %) < (L/2)* " ¢(x,y) forall z,y € G and all k € N,.

It follows that (G, H, ) satisfies Condition (Ki) if (i) holds where i=1, 2. It follows from Theo-
rem 2.6 that the class _#>(X, BCC(Y), ¢) is -stable with &. O

Final remark: The stability of set-valued functional equations inherited by that of the single-
valued corresponding equations on appropriate structures.
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