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Abstract. Analogous functional equations are studied by substituting in the Cauchy (linear) func-
tional equation the addition with the maximum operation, to be called maximum preserving func-
tional equations. The Hyers-Ulam stability problem thus is posed. We propose some sufficient
conditions to solve it.
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1. INTRODUCTION

The most famous functional equation by Cauchy and known as linear functional
equation reads:
fx+y) =0+ 1) (1.D
We would point out that equation (1.1) has been investigated for many spaces and in
various perspectives such as its stability which has been intensively considered in the
literature. The stability problem was first posed by M. Ulam (see [31]) in the terms:
”Give conditions in order for a linear mapping near an approximately linear mapping
to exist.”
Given two Banach algebras E and E’ a transformation f : E — E  is called §-
linear if

If x+y)=f ) =f I <4, (1.2)

for all x, y € E. The stability problem (of equation (1.1)) can be stated as follows.
Does there exist for each ¢ € (0, 1) some § > 0 such that to each §-linear transform-
ation f : E — E’ there corresponds a linear transformation / : E — E’ satisfying
the inequality || / (x) —/ (x)|| < & for all x € E? This question was answered in the
affirmative by Hyers [15]. Ever since various problems of stability on various spaces
have come to light. We shall just list few of them: the stability of linear functional
equation [4, 6], quadratic and cubic functional equations [8,20,23,25,27,30], Jensen
and Cauchy-Jensen functional equations [ 18], pexiderial functional equation [24,29],
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non-Archimedian functional equation [17], functional differential equation [21], de-
rivations and linear functions [5,22], entropy equation [9—12], functional inequalities
[7,13,14,16,19,26,28].

Since the Cauchy linear functional equation (1.1) is an addition preserving equa-
tion, its Hyers-Ulam stability problem can be extended to the so-called maximum
preserving functional equation, where the addition operation in (1.1) is replaced with
the maximum operation on a given Banach lattice. The object of the present article
is thus to formulate and solve some stability problems for this equation.

The motivation of studying the stability of maximum preserving functional equa-
tions lays in the optimal average (see [ 1-3], say) which, as a cone-related functional,
is semi-homogeneous, maximum preserving and continuous from below (cf. [1]).

2. THE MAIN RESULTS

We would like to point out the similitude between the present communication and
the result in [4].

If B is a Banach lattice, then 81 will stand for its positive cone, i.e. Bt =
{xeB:x=0}={|x|: x € B}.

Given two Banach lattices X and ¥ we say that a functional F : X — ¥ is cone-
related if F (X)) ={F (|x|):x e X} C ¥*.

Some Properties. Let be given two Banach lattices X and ¥ and, a cone-related
functional F : X — Y.

P1. Maximum Preserving Functional Equation: F (|x|V |y|) = F (|x)V F (|y])
for all members x, y € X.

P2. Semi-homogeneity: F (o |x|) = «F (]x|) for all x € X and every number
a € [0, 00).

P3. Continuity From Below On The Positive Cone: The identity nl;ngo F (xp) =

r ( lim xn) holds for every increasing sequence (x,) C X .
n—o0

P4. For any increasing sequence (x;) C XV the inequality hereafter holds
FQ" FQ"
im tim £ i i £
n—>00 k—o00 on k—>o00n—>00 on

2.1

provided that the limits exist.

We should note that the maximum preserving functional equation is known as a
Jjoin homomorphism in Lattice Theory.

Remark 1. Given two Banach lattices X and ¥ let a cone-related functional F :
X — ¥ satisty property P1. Then the following statements are valid.

(1) F(xvy|) < F(|x])V F(|y]) for all members x, y € X.
(2) The semi-homogeneity implies that F (0) = 0.
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(3) F is an increasing operator, in the sense that if x, y € X are such that |x| <
|v], then F (x]) < F (|y]).

Theorem 1. Let be given a continuous function p : [0, co) — (0, 00) and two
Banach lattices X, and Y. Consider a cone-related functional F : X — Y for which
there are numbers ¥ > 0 and o € [0, 1) such that

F F
£ (el nly) - 2OECD @)

1% + 11y 1

forall x,y € X and v, € R™. Then there is a unique cone-related mapping T :

X — Y which satisfies properties P1, P2 and inequality
17 AxD—FAxDIl _ 29

[l 1* T2

H <9 2.2)

(2.3)

for every x € X.
Moreover, if I is continuous from below, then in order that T be continuous from
below it is necessary and sufficient that F enjoy property P4.

Each of the following theorem is a variation of the above result.

Theorem 2. Let be given a continuous function p : [0, o0) — (0, o0) with p (0) =
0 and, two Banach lattices X, and Y. Consider a cone-related functional F : XX — Y
for which there are numbers ¥ > 0 and « € [0, 1) such that

F F
| lxlv 1))~ 2OEGDYnR@E L)

1 + 11y

forallx,y € X and t, n € RY. Then there is a unique cone-related mapping T : X —
Y which satisfies properties P1, P2 and inequality (2.3) is valid for every x € X.
Moreover, if F is continuous from below, then in order that T be continuous from
below it is necessary and sufficient that F enjoy property P4.

H <9 (2.4)

Theorem 3. Let be given a continuous function p : [0, oo) — (0, 00) and, two
Banach lattices X and Y. Consider a cone-related functional F : X — Y for which
there are numbers ¥ > 0 and « € [0, 1) such that

HF (tp(r)lxlvrip(n)lyl) (D F (xDVvnp(m) F(y))

p(@)vp(m) p()Vp(n)
Il + [y 11

forallx,y € X andt, n € RY. Then there is a unique cone-related mapping T : X —
Y which satisfies properties P1, P2 and inequality (2.3) is valid for every x € X.
Moreover, if F is continuous from below, then in order that T be continuous from
below it is necessary and sufficient that F enjoy property P4.

H <9 (2.5)
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Theorem 4. Let be given a continuous function p : [0, oo) — (0, co) with p (0) =
0 and, two Banach lattices X and Y. Consider a cone-related functional F : X — ¥
for which there are numbers ¥ > 0 and « € [0, 1) such that

H F (rp(t)lxlvrm(n)lyl) _w@F(xDvapmF (y)

p(t)+p(m) p(t)+p(m)
[l l1* + 11y 1*

forallx,y € X and t, n € RY. Then there is a unique cone-related mapping T : X —
Y which satisfies properties P1, P2 and inequality (2.3) is valid for every x € X.
Moreover, if F is continuous from below, then in order that T be continuous from
below it is necessary and sufficient that F enjoy property P4.

o s

We point out that the proof of Theorem 1 can be suitably adapted to show the
validity of Theorems 2, 3, 4.

It is worth to ask the question: Under what conditions inequalities (2.2) and (2.4)-
(2.6) hold true? The answer is formulated in the following results without proof,
because of their easiness (in fact, only the triangle inequality of the norm is needed
to check their validity).

Lemma 1. Let be given a continuous function p : [0, o0) — (0, 00) and, two
Banach lattices X and Y. Consider a cone-related functional F : XX — Y and define
the functional F. : X — Y by F.(x) = F(x) Ac, where c € Y. Let a € (0, 1)
be some number, Yo C YT be some non-empty subset and consider the following 4
quantities:

wp sy sup IEeGIRIVAD = F Glx[valyD
ce€Yo 1,m€[0,00) x,yeX X%+ NIy 1

L]

(@ F(xDvapmFe(y) _ o F (xDVvapm) F(y)) H

sup sup sup p()vVp() p(t)vp(n)
ce¥Yo ,m€[0,00) x,yeX IxI®+ Iy
F. F,
HFC (r]x|vnly|) — 2L gﬁ(crlgzllzr(g) (D H
sup sup sup
ce¥ 1,n€[0,00) x,yeX Ix)|% + 11y 1*
and
F F
|7 (elxlv o]y — 2QEGEDmpmr |
sup sup '
7,7€[0,00) x,yeX (1% + 1y I1*

If any three of them are simultaneously finite, then the fourth is also finite.

Lemma 2. Let be given a continuous function p : [0, o0) — (0, 00) and, two
Banach lattices X; and Y. Consider a cone-related functional F : X — Y and define
the functional F. : X — Y by F.(x) = F(x)Ac, where c € YT. Let a € (0, 1)
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be some number and Yo C Y+ some non-empty subset and consider the following 4
quantities:

wp s sup MEECIVAYD=F lxlvalyD]
ceYot,n€[0,00) x,yeX ”x”a + ”y”a

’

tp(@ Fe(IxDvap(m Fe(y)) rp(r)F(IXI)Vnp(n)F(IyI) H

sup sup sup p(@)+p(n) p(@)+p(n)
ceYo 7,n€[0,00) x,yeX ”x”a + ”y”a
‘ _ 2@ Fc(x)vnpm) Fe(ly) H
sup sup sup p(@)+p(m)
ceYy 1,n€[0,00) x,yeX ”x”a + ”y”a
and
_p@F(xDvap@mF(yD
sup sup HF(T|X| vyl FIGETIC) H
,n€[0,00) x,yeX ”x”a + ”y”a

If any three of them are simultaneously finite, then the fourth is also finite.

Lemma 3. Let be given a continuous function p : [0, o0) — (0, 00) and, two
Banach lattices X, and Y. Consider a cone-related functional F : X — Y and define
the functional F. : X — Y by F.(x) = F(x)Ac, where c € YT. Let a € (0, 1)
be some number and Yy C Y+ some non-empty subset and consider the following 4
quantities:

tp@x|vapmIyl) _ p@lxIvap )yl
HFC( 2OV D) ) F ( Ve )H

sup sup sup
ce€Yy 1,7€[0,00) x,yeX ”x” + ”y”

(D Fe(Ix)vapm Fe(ly)) rp(r)F(IxI)Vnp(n)F(lyl) H

sup sup sup p(T)Vp(m) _ _ p(@Vp(n)
ce¥Yy 7,m€[0,00) x,y€X 1™+ 1yl
HFC (rp(r)lxl\/np(n)lyl) (D) Fe(|x])vap(m Fe(y)) H

sup sup sup p(t)vp(n) s i} p(™)vp(m)

ceYo 1,m€[0,00) x,yeX ”x” + ”y”

and
HF (rp(r)lxlvrzp(n)lyl) _ @F(x)vap(mF(y)) H
sup sup p(@)Vp(n) 4 _ p(D)Vp(n)
7,m€[0,00) x,y€X [xI® + 1yl

If any three of them are simultaneously finite, then the fourth is also finite.
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Lemma 4. Let be given a continuous function p : [0, o0) — (0, 00) and, two
Banach lattices X, and Y. Consider a cone-related functional F : X — Y and define
the functional F. : X — Y by F.(x) = F(x)Ac, where c € YT. Let a € (0, 1)
be some number and Yy C Y+ some non-empty subset and consider the following 4
quantities:

‘ F (rp(r)lxl\/np(n)lyl) _F (rp(r)IXIVHp(n)IyI) H
¢ p(0)+p() p(0)+p(n)
sup sup sup
ceYoy 1,n€[0,00) x,yeX ”x” —+ ”y”

() Fe(xDvapmFe(yD) _ o(@)F (x)Vvnp@m) F(y)) H

sup sup sup p(™)+p(n) _ _ p(™)+p)
ceYy 1,n€[0,00) x,yeX ”x” + ”y”
‘Fc (w(r)lxl\/np(n)lyl) (@) Fe(x)vap() Fe(y)) H
sup sup sup p(t)+p(m) s ] p(0)+p(n)
ceYoy 1,m€[0,00) x,yeX ”x” + ”y”
and
H F (rp(r)lxlvrzp(n)lyl) rp(t)F(IxI)Vnp(n)F(lyl) H
sup sup p(@)+p(n) 4 p(T)+p(n)
,n€[0,00) x,yeX ”x” + ”y”

If any three of them are simultaneously finite, then the fourth is also finite.

3. PROOF OF THEOREM 1

Proof. We first show by induction that for any fixed x € X,

F n
| 2GD — F )|

< Zzﬂ‘” D (3.1)

I

whenever n € IN. In fact, for n = 1 the statement is obvious by choosing t =1 =2
and x = y in inequality (2.2). Suppose the statement is true for n = k. Let us prove
it for n = k 4+ 1. In fact, let 2x replace x and n = k in inequality (3.1) and observe
that

FED _ F 2]x)

k—1
<'l9' 2[((1—1).
2] = ;
Hence
F(2k+D
%—%F@M) ( 1)k 1 [(a—1) Ha=1)
o— o— o—
e <9207 D3 "2 <0Zz

=0 =1
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The triangle inequality yields

F (2(k+1) |x|)
2k+1

—F(x)| < — F(|x])

=

(k+1)
FEEOR) rep| | rew
2k+1 2 2

k k
<[ 9> 27 4y x| = x)* Y 27D,
j=1 j=0
We have just shown the validity of inequality (3.1) for every n € N. Since the geo-

(0.0]
metric series »_ 2lle—1) — 2_22a, (0 <o < 1), we obtain that
1=0

HF(Zznlxl)_F(lxDH 9 . 1 -
< 0<a<l. .
E Ca- U= G2

Next, note that for all m > n > 0 and making the change of variable y = 2" x we have

[ F (2 xl) =27 F (2" )| = 27 27 E (2 ] - F (2 ) =
29
2-2¢%

() 20
=270

=27 2 @7 ) = FyD] =27 5 g Iyl =

Consequently, passing to the limit yields,
lim ||27"F (2" |x[) —27"F (2" |x])|| = 0.

n—o0

Since ¥ is a Banach space, we can thus conclude that the sequence (%) C
YT converges in the ¥-norm. Now, define the mapping 7 : X — ¥ by
o FQIxD
T(|x]):= Jlim TR (3.3)
Clearly, T is a cone-related operator. Let us show that 7' is maximum preserving.
In fact, letting t = n = 2" in (2.2) yields

|F Q" (xIvIyD)=2"(F (xD v E Ay | = & (Ix1* +1v1%) -
Substituting x with 2" x and y with 2 y in this last inequality one can get
| F (4" (xl v IpD) =2" (F (2" 1xl) v F (2" [p) | <279 (I + 11w 1)
which yields
47| F (4" (x| v IyD)=2" (F 2" Ix]) v F (2" [y])) | =
=47 F (4" (x| v [yD) =27 (F (2" [x) v F (2" y]) | <2729 (Jx]1* + [y ]1) -
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Consequently, passing to the limit yields
17 (x[vIyD=T(xDVv T (yDIl = 0.
X,y € X or equivalently
T(x[vIiyD=T(xhvT(y].

X,y € X, because

lim 47" F (4" |z]) = lim 27" F (2"|z]). z € X.

n—>00 m-—00
Next, we show the validity of the identity T (o |x|) = «T (|x|) for all x € X and every

number « € [0, co). In fact, in inequality (2.2) choose 1 = 7, ¥ = 0 and substitute
2"t for 7 to observe via Remark 1/(2) that

| F @ clxl)=2"cF (x| <0 ).
For all x € X and every number « € [0, c0). This inequality can be transformed as
|F (477 |x])=2"<F (2" |x])| < 92" ||x|*
if we replace x with 2 x. Consequently,
F@lx)  FQ"x] H
n

< 292—71(2—01) ”x”a )
4 2 =

Hence on the one hand,
. F4"t|x]) . F(2"|x])
lim ———= =1 lim —on

n—o00 4qn n—o0

=T (]x])

and on the other hand by changing the variable z = tx
- F@'rx)) . F(4"z])
lim —————— = lim —m

Jim L = lim =T (Iz) =T (c]x]).
Therefore, the semi-homogeneity holds true. In the next step taking the limit in
(3.2) yields (2.3). Further, let us show the unicity. In fact, assume the existence of
another such cone-related functional G such that § :={x € X : G (|x|) # T (|x])} #
@. Then (2.3) implies the existence of some ¢y > 0 and B € [0, 1) such that for each
xes,

1G (x) =T (x| < Do llx]1”. (34
One can easily deduce from the semi-homogeneity of G and 7" that kx € & for every
k € N whenever x € §. Taking into account (3.4) one can easily deduce by the
triangle inequality and the semi-homogeneity that

1G (1) =T (XDl = = IG (nx) =T (nx DIl < ¥ 9 1| * + 0P 9o || ]1P

which would imply in the limit that |G (|x|) — T (|x])|| =0, or equivalently G (|x|) =
T (Jx|). This would mean that x € & implies x ¢ &, or equivalently § N 8§ = &,
i.e. & = &, a contradiction, indeed. Finally, let us prove the moreover-part. In
fact, assuming that F satisfies property P4, pick arbitrarily an increasing sequence
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(Ixx) € X+ with limit |x| € Xt. Then by (3.3), the monotonicity of 7" and the
continuity from below of F' we have

F(n F(n
fim tim G D () < T () = dim D
k—oon—>00 21 k—o00 n—00 n
o e FQIxeD)
= lim lim ——.
n—00 k—00 n
Thus
F (" F ("
fim fim ZC D vy = tim tim LD (3.5)
k—oon—>00 n n—>00k n

By the conjunction of both inequalities (2.1) and (3.5), it follows that operator T
is continuous from below. To end the proof of the moreover-part we simply note that
the reverse conditional is trivial. Therefore, we can conclude on the validity of the
argument. U
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