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On a functional inequality related to the stability problem
for the Golab—Schinzel equation

By JACEK CHUDZIAK (Rzeszéw)

Abstract. We determine all unbounded continuous functions satisfying the
inequality
|f@+yf(x) = f2)f(y)| <e forz,y eR,

where ¢ is a fixed positive real number. As a consequence we obtain that in
the class of continuous functions the Golab—Schinzel functional equation is super-
stable.

1. Introduction

The Gotab—Schinzel functional equation

fle+yf(z)) = f(@)f(y) forz,yeR, (1)

where f : R — R is the unknown function, is one of the most intensively
studied equations of the composite type. Some information concerning (1),
recent results, applications and numerous references one can find in [1]-[6]
and [8]-[12]. At the 38th International Symposium on Functional Equa-
tions (2000, Noszvaj, Hungary) R. GER raised, among others, the problem
of Hyers-Ulam stability of (1) (see [7]). Motivated by this problem, we
consider the inequality

[f@+yf(@) = f(@)f(y)| <e forz,yeR, (2)
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where € is a fixed positive real number. We determine all unbounded
continuous solutions of (2). As a consequence we obtain that in the class
of continuous functions the equation (1) is superstable.

2. Auxiliary results

For the proof of our main results we need few lemmas.

Lemma 1. Assume that a function f : R — R satisfies (2). Then:
(i) either f(0) =1 or f is bounded;
(i) F@+yf@) = fy+2fu) <2 forz,yeR; (3)
(iii) if f is bounded above then f is bounded.
PROOF. (i) Putting y = 01in (2), we get |f(z)||1 — f(0)] < e for z € R.
Whence either f(0) =1 or f is bounded.
(ii) This follows immediately from (2).

(iii) Suppose that f is unbounded. Then there exists a sequence (z, :

n € N) of real numbers such that lim, . |f(x,)| = oco. Using (2) we
obtain that f(z, + z,f(7,)) > f(z,)? — ¢ for n € N. Consequently f is
unbounded above. U

Lemma 2. Assume that f : R — R is a continuous function satisfy-
ing (2). Fix a z € R\ {0} and define the function ¢, : R — R by

V. (x) =z + 2f(x) forz €R. (4)
(i) If v, is bounded then
f(a:):l—g for z € R. (5)
(ii) If f(2) = 0 and 1, is unbounded below (above), then
|f(x)| <e forxze(—o0,z] (x€|z,00),resp.). (6)
(i) P (z) = YL(2) + 2f ($2(2))  formeN. (7)

(iv) If there exists a q := lim, .~ ¥,(2)", then f(q) = 0.
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PROOF. (i) Assume that 1, is bounded. From (4) it follows that

f@) = 2(:(a) —2) forweR,

so using (2), one can obtain

zig‘zwz (a} + %(wz(l’) a x)) — Y (), (y) + (¢, (y) —2)| < ¢

for x,y € R. Since 9, is bounded, this means that ¢,(y) —z = 0 for y € R,
which implies (5).

(ii) Assume that f(z) = 0 and %, is unbounded above. Since v, is
continuous and v, (z) = z, we have [z,00) C 9,(R). Moreover, taking in
(2) y = 2z, we obtain |f(¢,(x))| < € for z € R. Hence we get (6). In the
case when ), is unbounded below, the proof is analogous.

(iii) This follows immediately from (4).

(iv) This results at once form (iii). O

Lemma 3. Assume that f : R — R is a continuous function satisfying
(2) and I € {(—00,0),(0,00)}. If there is a z € I with f(2) = 0, then f;
is bounded above.

PROOF. We present the proof in the case I = (0,00) only. Assume
that f(z) = 0 for some z € (0,00). Let a function ¢, be defined by (4). If
1, is bounded above (say, by a constant p), then from (4) it results that
f(z) < = for 2 € R. Hence f|( ) is bounded above. If ¢, is unbounded
above, then according to Lemma 2(ii), we get f(z) < e+ max{f(t) : t €
[0, 2]} for = € (0, 00), so again f|(,cc) is bounded above. O

Lemma 4. Assume that f : R — R is a continuous function satisfying
(2) and I € {(—00,0),(0,00)}. Then either f|; is bounded above or there
exists a k € I such that

flx) > kx forxel. (])

PRrROOF. Similarly as in the proof of the previous lemma, we consider
only the case I = (0,00). Suppose that J|(0,00) 18 unbounded above. Then
from Lemma 1(i) and Lemma 3 it follows that f(0) = 1 and f(z) # 0 for
(0,00). Hence, by the continuity of f,

f(x) >0 forxz e (0,00). 9)
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We divide the remaining part of the proof into two steps.
STEP 1. We show that

f(z)>1 forz e (0,00). (10)

Suppose that (10) does not hold. Whence, according to (9), there is a
z € (0,00) such that f(z) € (0,1). Let the function 1, be defined by (4).
Consider a sequence (¢7(z) : n € N). According to (7) and (9), we obtain
that the sequence is strictly increasing. Moreover, it is unbounded. In-
deed, if it were bounded, then it would exist ¢ := lim, .~ ¥7(z). Hence,
by Lemma 2(iv), f(¢) = 0, which contradicts to (9). Now, we define a
sequence of intervals (I, : n € N U {0}) as follows: Iy := [0,z2], I,, :=
[771(2),97(2)] for n € N. Since the sequence (¥)2(z) : n € N) is un-
bounded, we get

o
U 1. = [0,). (11)
n=1

Furthermore, for every n € NU {0}, we have

n—1
fl@) S Mf(z)"+e)  f(2)} forzely, (12)
=0

where M := sup{f(z) : z € [0,2]}. In fact, for n = 0 (12) trivially holds
(we adopt the convention 3!, = 0). If (12) occurs for a n € N'U {0},
then taking an x € I,41 = [¢)7(2),%""!(2)] and using the continuity of
1., we obtain that x = 1, (¢) for some t € I,,. Whence, in view of (2) and
(12) (for n), we obtain

Fl2) = P () = F(t+ 2£(1) < FO)F(2) +¢
< MfG)" 42y ()

=0

Now, using (12), for every n € NU {0}, we have

fl@) < Mf(2)"+e> f(z)) <M+ for x € I,.
=0

_c
1—f(z)

Thus, in view of (11), fjj,0) is bounded above, which yields a contradic-
tion.
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STEP 2. Since f|(g,00) is unbounded above, there is a p € (0,00) with
f(p) > 1+ €. Define the function h, : [0,00) — R by h,(z) = p + zf(p)
for z € [0,00). Consider a sequence (hy(p) : n € N) and note that

hy(p) =pY_ f(p)" forneN. (13)
=0

Hence, the sequence (hy(p) : n € N) is strictly increasing and unbounded.
Let Iy := [0,p] and I,, := [h2~!(p), h'(p)] for n € N. Then (11) occurs.
Furthermore, using (10), similarly as in the previous step, one can show

that for every n € NU {0}

n—1
f@) = fp)" =) f(p)' forzel, (14)
=0

Fix an z € (0,00). In view of (11), z € I,, for some n € NU {0}. Hence
x < hy(p), so according to (13) and (14), we get

f(z) > fp)" —¢ Z?:_ol (p)’ > 1-ed = [0
x = hi(p) T op S f)
_ ) -(+¢)
T aw Y
Therefore (8) holds with &k := %&)ﬂ) > 0. O

Lemma 5. Assume that f : R — R is an unbounded continuous
function satisfying (2). Then either

flz) <M forz € (—o0,0] (15)

and
f(x) > ka for x € (0,00) (16)

with some M € R and k € (0,00); or
f(x) > sz for xz € (—o0,0) (17)

and
flx) <M forx€|0,00) (18)

with some M € R and s € (—00,0).
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PROOF. According to Lemma 4, it is enough to show that exactly one
of functions f|(_,0) and f|(0,c0) is unbounded above. From Lemma 1(iii),
it follows that at least one of them is unbounded above. Suppose that both
f)(=00,0) @nd f|(0,00) are unbounded above. Then, on account of Lemma 4,
there exist k € (0,00) and s € (—00,0) such that (16) and (17) occur.
Moreover, in virtue of Lemma 1(i), f(0) = 1. Since f is continuous, it
implies that there is a d > 0 such that f(x) > d for x € R. Fix an 2o € R

with f(zg) > 1. Then f(:cg)f(—f(@o)) > 1+ €. On the other hand, in

view of (2), we get

Lo

’1 ~ feolf <‘f<xo>>’ - ‘f 0) = flelf (v&ﬂ!

— ’f <xo + <—%> f(aro)> — f(zo0)f <_f?;:)0)>’ <e,

which yields a contradiction. (|

Lemma 6. Assume that f : R — R is an unbounded continuous
function satisfying (2). Then there exists a p € R such that f(p) = 0.

PROOF. Suppose that f(z) # 0 for z € R. Since f is continuous and,
in view of Lemma 1(i), f(0) = 1, this implies that f(z) > 0 for x € R.
According to Lemma 5, either (15) and (16); or (17) and (18) hold. Since
the proof in both cases is similar, assume that (15) and (16) occur. Then,
on account of (16), we have z — £ f(z) < 0 for z € (0,00). Hence, in view
of (15) f(z — £ f(z)) < M for = € (0,00). On the other hand, from (16)
it follows that f(—1 + zf(—%)) > -1+ kf(—4)z for z > W_%) Thus
limg—o0 |f(— % +2f(—2)) — f(z — 1 f(2))| = oo, which contradicts (3). O

3. Main results

Theorem 1. A function f : R — R is an unbounded continuous
solution of (2) if and only if there exists a non-zero real constant a such
that either

flz)=14azx forzxeR (19)
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or

f(z) = max{1l + ax,0} forx € R. (20)

PROOF. It is obvious that for every non-zero real constant a, the
function f given by (19) or (20), is an unbounded continuous solution
of (2). Assume that f is an unbounded continuous function satisfying (2).
Then, according to Lemma 1(i) and Lemma 6, f(0) = 1 and there is a
p € R\ {0} such that f(p) = 0. Assume that p < 0 (if p > 0, the proof
is similar). Then, in view of Lemma 3 and 5, we have (15) and (16). Let
z := max{z € (—00,0] : f(z) = 0} and 9, be given by (4). Then z < 0
and

f(x) >0 forz € (z0). (21)

If 4, is bounded then, in virtue of Lemma 1(iv), f has the form (19) with
a:= —%. Assume that 1, is unbounded. If ¢, were unbounded above, then
in virtue of Lemma 2(ii), we would have |f(z)| < e for = € [z, 00), which
contradicts to (16). Whence 9, is unbounded below and bounded above
(say, by a constant w). Consequently, in view of (4) and Lemma 2(ii), we
have

f(x) > forz € R (22)

z
and

|f(z)] <e forax e (—o0,zl. (23)

We divide the remaining part of the proof into three steps.

STEP 1. We prove that
1
lim @) _ (24)

r—00 I z
Suppose that (24) does not hold. Then, according to (22), there are a
constant ¢t > 0 and a sequence (x, : n € N) of positive real numbers such
that lim,, .o z,, = oo and

fn)

1
>——+t forneN. (25)
T, z

1—tz

. z b f z
im [ ——+=x —_ =00
n—oo \ 1 — tz " 1—tz ’

Since 2z < %5 < 0, according to (21), we get f ( z ) > 0. Thus
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so in virtue of (16), we obtain lim, .. f (ﬁ +xnf (ﬁ)) = 00. On

the other hand, in view of (25), we have

z z
:L‘n—l——l_tzf(:cn)<xn+1_tz

<—l—|—t>l‘n:0 for n € N.
z

Hence, using (15), we get f (l‘n + ﬁf(wn)) < M for n € N. Conse-
quently,

. z z z
nh—{go ‘f <1 —tz +anf <1 — tz>> -/ <xn + 1-— th@n))‘ %
which contradicts to (3).
STEP 2. We show that

flx)=1- % for x € (z,00). (26)
Fix a y € (2,00). From (2) and (24) it follows that
1
Jim TEEITE) gy TD gy = Ly 1)
and
Tlim. <1+y@> —1- g £ 0.

Thus lim, (1 + y@) = limy ooz + yf(x)) = 00, so according to

(24) and (27), we obtain

ftyf@) P )

x
2 1500 1‘—|—yf(;(;) T 560 1+y@ y_z.

Hence f(y) =1 — £, which proves (26).
STEP 3. We prove that

f(z)=0 forx € (—o0,z]. (28)

For z = z (28) trivially occurs. Fix a y € (—o0, z). According to (2) and
(23), we have f(x+yf(x)) < e+e? for x € (—o0, 2]. Moreover, using (26),
we get

x+yf(a:):a:+y<1—g):(1—%)x+y<<1—%>z+y:z<0
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for z € (z,00). Hence, in view of (15), f(x +yf(z)) < M for x € (z,00).
Consequently, f(z + yf(z)) < max{e + 2, M} for z € R, so taking into
account (3), we obtain that f(y+xzf(y)) < max{3s+e?, M +2¢} for x € R.
Now, if f(y) were different form 0, we would have that f is bounded above,
which contradicts to Lemma 1(iii). Therefore f(y) = 0, which proves (28).

Finally, from (26) and (28) it follows that f has the form (20) with
a:= —%, which completes the proof. ]

It is easy to check that for every non-zero real constant a, the function
f given by (19) or (20) is a continuous solution of (2). Therefore, we can
reformulate Theorem 1 in the following way:

Theorem 2. If f : R — R is a continuous function satisfying (2),
then either f is bounded or f is a solution of (1).

Remark 1. Note that the idea of the introduction of the function v,
(cf. (4)) to a given solution f of (1), as well as the idea of the determination
of the set of all possible zeroes of f have already been used in the study
of the Golab—Schinzel equation (cf. e.g. [5], [10], [11]).
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