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Homogeneity is superstable

By JACEK TABOR (Krakéw) and JOZEF TABOR (Krakéw)

Abstract. Let X be a set, (Y,d) a metric space, G a semigroup with unit. We
assume that G acts on X and Y, respectively. Given a mapping g : G X X — Ry we
consider the following condition for mappings f from X into Y:

d(f(az),af(z)) < g(a,z) for a € G,z € X.

We prove that under suitable assumptions on g and the acting of G on Y the mapping
f is homogeneous, i.e.

flaz) =af(z) for a € G,z € X.

A topological version of the problem for mappings from a vector space into a topological
vector space is considered, too.

0. Let E; be a real vector space, F5 a real normed space and let
e € [0,00). In [3] JOZEF TABOR considered the problem of stability of
linear mappings from FE; into F,. It has been proved there that every
mapping f : F1 — FEs satisfying the condition

(1) If(ax) —af(x)| <e for a €R, z € F;

is homogeneous.

This result raised the following question asked by K. BARON during
the seminar of R. GER (Katowice, October 1992):

Is it true that every solution of the inequality

(2) [f(ex) —af(@)| <ela] for aeR, x e E

is homogeneous?
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It turns out that conditions (1) and (2) are equivalent. For the proof
it is sufficient to replace in (1) and (2) a by + and z by az for a # 0 and
to note that (1) implies f(0) = 0. But the problem can be generalized.
Then it becomes interesting though we known the answer to the original
question of K. BARON.

Both conditions (1) and (2) mean that the expression f(ax)—af(x) is
suitably bounded. Therefore some kinds of boundedness will be involved in
their generalizations. We shall use the notion of a metric space in the first
generalization and the notion of a topological vector space in the second
one.

1. We begin our considerations with the most general result.

Lemma. Let X be a set, Y a Hausdorff topological space and let
g1 : X —X,92:Y =Y, f: X —Y beany mappings. If g5 is continuous
then the following conditions are equivalent:

(i) 92(f(2)) = f(g1(x)) for =z € X,
(ii) there exists a sequence of mappings f, : X — Y such that

(3) nlir%o fulz) = f(z) for x€ X
and
(4) Tim go(fa(@) = fo1 (@) for v € X.

ProoF. To obtain (ii) from (i) we need only to put f, := f. Now
suppose that (ii) holds. Making use of (4), (3) and continuity of go we
obtain

flo1(x)) = nhjgo 92(fu(x)) = g2(f(z)) for z € X.

As one expects, the continuity of g, is an essential assumption in the
Lemma.

Ezample. Take X =Y = [0, 1], d — the usual metric,

1 for y =0
—z f 0,1 =
gi(@) =z forze[0,1], g2(y) {y2 for y € (0,1]
for x € [0,1)

forx =1

0 for x € [0, 1]
1 forx =1

)= { a@={;

Then (3) and (4) hold but (i) does not.
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Before we prove the next theorems we need to recall some definitions
and to establish some notations.

Let X be a set and G a semigroup with the unit 1. We say that G
acts on X if we are given a mapping F' : G x X — X such that

F(3,F(a,x)) = F(Ba,z) for a,0€G, z€ X,
F(l,z) =2 for z € X.

We write ax instead of F(a, z).
By R we denote the set of non-negative real numbers, K stands for
the real or complex field and by 0° we mean 1.

Theorem 1. Let X be a set, (Y, d) a metric space, G a semigroup with
unit acting on X and Y, respectively. We assume that for each o € G the
mapping Y > y — ay is continuous. Let g : G x X — R, be a given
mapping and let f: X — Y satisfy the following condition:

(5) d(f(az),af(x)) < gla,z) for a€G, x€X.

If there exists a sequence «,, of invertible elements of G such that
(6) nli_)rglog(aan, (an) ') =0 for a €G, z€X,

then

flaz) =af(x) for a€G, € X.

PROOF. Inserting into (5) acq, and (a,) 'z in place of a and =z,
respectively, we obtain

d(f(ax), alanf((an) ') < glaan, (a,) " tz) for a € G,z € X,neN,
whence by (6) we have
(7) lim o(anf((an) ') = flaz) for a € G,z e X.

n—oo

Taking o = 1 we obtain from (7)
(8) lim o, f((an) '2) = f(z) for z€ X.

n—oo

Fix an a € G. We put
fa(@) == anflan))'a) foraze X,
g1(z) :=ax forxe X,
92(y) :=ay foryeY.
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Then (8) means that f, satsifies (3) and by (7) it satisfies (4). By the
Lemma we obtain

fg1(®)) = g2(f(x)) for ze X,
i.e.
1 flaz) = af(x) for x€ X.
This completes the proof.

Corollary 1. Let X be a normed space, L(X) the semigroup of con-
tinuous linear operators on X with the composition as a binary operation
and let p1,ps € Ry, p1 # pa. Let k: X — Ry be a given mapping such
that

9) k(Ax) < ||A||P*k(x) for Ae L(X), v € X.

If a mapping f : X — X satisfies the condition

(1) [f(Az) = Af@)]| < AP k(z) for A€ L(X), z€ X,
then there exists an o € K such that

f(x)=ax for ze€X.

ProOOF. We put

g(A,z) = ||A||P k(z) for A€ L(X), z€ X,
A, =a,l,

where I denotes the identity mapping, «, = % if p1 > po and a,, = n if
p1 < p2. Then (10) means that condition (5) is satisfied. By (9) we have
forz e X

9(AAn, (An)"'2) = [|[AAL P k((An) o) <
< [JAIP AP [ (An) = P2 k() = AP o [P P2 E(2) —— 0,

which means that condition (6) holds. By Theorem 1 we obtain
(11) f(Az) = Af(x) for A€ L(X), x€ X.

We are going to prove that for each x € X there exists an a € K such
that f(z) = az. Inserting into (11) x = 0, A = 2] we obtain that
f(0) =0 = a0 for « € K. Now suppose for the proof by contradiction that
there exists an x € X, x # 0 such that f(z) # ax for each @ € K. Then z
and f(z) are linearly independent and therefore there exists an A € L(X)
such that Af(z) = 0 and Az = z. Now applying (11) we obtain that
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f(x) = 0, which gives a contradiction. We have just proved that for each
x € X there exists an o € K such that f(z) = ax. We need to prove yet
that o does not depend on x. Let x1,22 € X, z1 # 0, 22 # 0, 1 # 29 and
let f(x1) = aqzq, f(x2) = asxs. Take an A € L(X) such that Az; = xs.
Then by (11) we obtain

1Ty = OélA(iL'l) = A(alazl) = Af((lfl) = f(AIEl) = f((L‘z) = X9 .
Hence a1 = aio, which completes the proof.

Corollary 2. Let K be a real or complex field and let p,p1,p2 € Ry,
p # p2. Let X be a vector space over K, Y a normed space over K and let
k: X — Ry be a given mapping such that

(12) k(ax) < |aP?k(z) for a € K, z € X.

If a mapping f : X — Y satisfies the condition

(13) | f(azx) —|a|P f(z)]] < |a|P*k(z) for a € K, z € X,
then

(14) flaz) =|a|Pf(z) for a€e K, x € X.

PROOF. An acting of K on X is the multiplication by scalars whereas
an acting of K on Y is defined by the formula

axy:=|aPy for a € K, yeY.

We put
g(a,z) = |a|Prk(x) for a € K, z€ X.

Then (13) means that condition (5) is fulfilled. We take av,, = % if p1 > pa
and «a,, = n if py < p2. Then by (12) we obtain for a € K, = € X:

glaan, (an) @) < o] an [P P2k(z) —— 0,
n— 00

which proves that condition (7) is satisfied. By Theorem 1 we obtain
flaz) =ax f(z)=|a|Pf(z) for a€e K, x € X.

It is obvious that in Corollary 2 X and Y may be replaced by their
subsets X7 and Y7 such that KX, C X; and KxY; C Y7, respectively. We
also note that the function f of the form (14) satisfies condition (13) for
any function k. Hence assuming (12) we get equivalency of (13) and (14).
For p =1 condition (14) means the absolute homogeneity of f. Therefore
by applying condition (13) we can weaken the definitions of a norm and a
seminorm.
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Corollary 3. Let K,p1,p2, X, Y,k be as in Corollary 2. If a mapping
f X — Y satisfies the condition

| flax) — af(x)| < |afPk(x) forae K, z€ X,

then
flaz)=af(x) forae K, x€X.

PRrROOF. The proof runs similarly as that of Corollary 2.

Similarly as before, X and Y in Corollary 3 may be replaced by
their subsets X; and Y; closed with respect to multiplication by scalars.
Putting in Corollary 3 p1 = 1, po» = 0, k(z) = € we obtain that each
mapping f : X — Y satisfying (2) is homogeneous. This gives a positive
answer to the question of K. BARON. Similarly, setting in Corollary 2
p=1,p1 =1, ps =0, k(z) = € we obtain an analogous result concerning
absolute homogeneity. Inequality (2) may be interpreted as some kind of
approximate homogeneity. Similarly the inequality

|f(ax) — |a|f(x)| <ela| for a eR, x € X

may be treated as an absolute approximate homogeneity. Then, according
to the terminology introduced by R. GER [1], our results mean that the
equation of homogeneity as well as the absolute homogeneity are super-
stable.

2. Inequality (2) can be considered not only in a normed space but
in a topological vector space as well. For this purpose we have to rewrite
condition (2) in a different form. Denote

Vi={zeX:|z|| <e}.
Then (2) can be written as
flax) —af(z) e aV for a €R, z€ X.
Now it is clear that the condition
flaz) —af(z) € g(a,z)V for a €R, z € X,

where V' C X and g maps R x X into R, generalizes condition (2).

We recall that a subset V' of a topological vector space over K is called
bounded if for each neighrbourhood U of zero there exists an r € K \ {0}
such that rV C U (cf. [2]).
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Theorem 2. Let X be a vector space over K,Y a topological vector
space over K and let X; and Y; be subsets of X and Y, respectively,
such that KX; C X1 and KY; C Y7. Let V C Y be a bounded set and
g : KxY; — K a mapping such that there exists a sequence «, of non-zero
elements of K such that

(15) lim g(aan, (a,) 'z) =0 for a € K, v € X;.
If a mapping f : X1 — Y; satisfies the condition

(16) flaz) —af(z) € g(a,z)V  for a € K, z € X1,
then

(17) flaz) =af(x) for a€ K, z€ X;.

PROOF. We have by (16)

f(anz) € f(:L‘)—FMV for z € X7, neN.
ay, ap,
Thus
gf(oznx) € af(x)+ gg(ozn,ac)V for ae K, v € X;, neN.

This condition and (16) yield

= f(an) — f(az) € “—glan,2)V — gla,2)V

n n

for ae K, x € X1, neN.

1

Now replacing a and = by aw,, and («,,)” 'z respectively, we obtain

af(x) - f(Oé(B) S ozg(ozozn, (Oén)_lfﬂ)v - g(aanv (O‘n)_lx)v
for a e K, r € X1, n€N.

Since V is bounded, this condition and (15) imply (17).
Modifying slightly the proof of Theorem 2 we obtain the following
topological analogue of Corollary 2:

Theorem 3. Let X,Y, X,Y1,V,g,, be as in Theorem 2 and let
p € Ry. If a mapping f : X1 — Y; satisfies the condition

flaz) —|o|P f(z) € g(a,z)V  for a € K, x € X1,
then
flaz) =|a|Pf(z) for a€ K,z € X;.
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