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APPROXIMATION OF ALMOST EULER-LAGRANGE
QUADRATIC MAPPINGS BY QUADRATIC MAPPINGS

JOHN MICHAEL Rassias, HARK-MAHN KiM! AND EUNYOUNG SON

ABSTRACT. For any fixed integers k,l with kl(l — 1) # 0, we es-
tablish the generalized Hyers—Ulam stability of an Euler—Lagrange
quadratic functional equation
ko +1y) + f(kz — ly) + 201 = DK f(x) — Lf (y)]
=I[f(kx +y) + f(kz — y)]

in normed spaces and in non-Archimedean spaces, respectively.

1. Introduction

In 1940, S.M. Ulam [22] at the Mathematics Club of the University of
Wisconsin has presented the question concerning the stability of group
homomorphisms: when a solution of an equation of group homomor-
phism, differing slightly from a given one, must be near to the exact
solution of the given equation. In 1941, Hyers [9] gave an affirmative
answer to Ulam’s problem for the case of approximate additive mappings
on Banach spaces. In 1950, Aoki [1] has extended the Hyers-Ulam sta-
bility theorem for unbounded controlled functions. This stability result
for approximate additive mappings has been further generalized and re-
discovered by Rassias [19] in 1978 and by P. Gavruta [7] in 1994.

The quadratic function f(z) = cx? satisfies the functional equation

(1.1) fl+y)+ fle—y) =2f(x) +2f(y)

and therefore the equation (1.1) is called the quadratic functional equa-
tion. Every solution of equation (1.1) is said to be a quadratic mapping.
The Hyers—Ulam stability theorem for the quadratic functional equation
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(1.1) has been established by Skof [21] for mappings f : E1 — Eo where
FE is a normed space and FE» is a Banach space. The result of Skof has
been further generalized by Czerwik [4], Rassias [20], Borelli and Forti
[2]. During the last three decades, a number of papers and research
monographs have been published on various generalizations and appli-
cations of the Hyers—Ulam stability of several functional equations, and
there are many interesting results concerning these stability theorems of
several functional equations [5, 8, 10, 12, 13].

In particular, Rassias investigated the Hyers—Ulam stability for the
relative Euler—Lagrange functional equation

(12)  flaz +by) + f(bz — ay) = (a® + ) [f(2) + f(y)]

in the references [16, 17, 18].

For any fixed integers k with k # 0,1, Kim et al. [14] investigated
the generalized Hyers—Ulam stability of the Euler-Lagrange quadratic
functional equation

(1.3) flkx +y) + f(kx —y)
=k[f(z+y) + f(x —y)]+2(k - Dkf(z) - f(y)]

in normed spaces and in non-Archimedean normed spaces. In addition,
the authors [15] have established the generalized Hyers-Ulam stability
of the Euler-Lagrange quadratic functional equation

(1.4) flkz +ly) + f(kx — ly)
=Kl[f(x+y)+ flea—y)]+2(k=D)[kf(z) —1f(y)]

in fuzzy Banach spaces, where k,[ are nonzero rational numbers with
k # l. Combining the equation (1.3) with (1.4), we arrive at the following
functional equation

(1.5) flkz +1y) + flkz — ly) + 20 = DK f(z) = Lf (y)]
= [f(kx +y) + flkx —y)],

and the authors [3] recently have established the generalized Hyers—Ulam
stability of the equation in fuzzy Banach spaces. In this paper, we are
going to investigate the generalized Hyers—Ulam stability of the equation
(1.5) in normed spaces and in non-Archimedean normed spaces for any
fixed nonzero integers k,l with [ # 1.
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2. Stability of (1.5) in Banach spaces

In this section, let X be a normed space and Y a Banach space. For
notational convenience, we would like to define an operator Dy ;f(x,y)
as

Dyaf(z.y) = flka+1ly) + flkz —ly) +2( = k> f(x) = Lf (y)]
—lf(kx +y) + f(kz — y)]

for all x,y € X, where k, [ are fixed nonzero integer numbers with k(I —
1) # 0. Before taking up the main subject, we remark that a mapping
f: X — Y between linear spaces satisfies the Euler—Lagrange functional
equation (1.5) if and only if it satisfies the equation (1.1), and so, f is
quadratic [3]. Now, we introduce a stability theorem for an approximate
Euler-Lagrange quadratic mapping of the equation (1.5).

THEOREM 2.1. Suppose that a mapping f : X — Y with f(0) =0
satisfies the inequality

(21) HDk,lf(may)H 51/1(1’711)7 z,y € X,
and the perturbing function v : X? — [0, 00) satisfies
= (klz, Ky
i=0

Then there exists a unique quadratic mapping Q1 : X — Y, defined by

(2.3) Q1(z) = Tim LD

n—oo 2n

, x € X,

which satisfies the approximation

1 V(K 0)
(24) \|f<x>—c21<x>||g2k2|l_1|§ o TEX.

Proof. Putting y := 0 in (2.1) and dividing by 2k?|l — 1|, we obtain
f(kz) ¥(,0)
2. — —_—
(25) H A Ty

for all x € X. Using the induction argument on the positive integers n,
we may obtain

(k")
k2n

(2.6) Hf(:v) 1

n—1 ;
| b(kiz,0)
< . X.
‘_2k2|l—1\§ A
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Now, it follows from (2.6) that for any positive integers m>mn >0,

fkma)  f(&") | || fE™T ) f(kM)
k?m 2n o kQ(m n+n k2n
B . f(k‘m_nk‘nﬂj)
kzn Fk"2) — =
m—n—1
bk, 0)
2. <
( 7) — 2k2l—1’ Z /-6‘2 i+n)
for all x € X. Since the right-hand side of the inequality (2.7) tends

to 0 as n — o0, a sequence {f(’g;z)} is Cauchy in the Banach space Y.

Therefore, we may define a mapping @1 : X — Y as

Qi(z) = lim D

n—o0 2n

, T € X.

Letting n — oo in (2.6), we lead to the approximation (2.4).
Replacing (z,y) by (k"z, k™y) in (2.1) and dividing by k%", we obtain
1
k.Qn
Taking the limit as n — oo, we see from (2.2) and (2.3) that the mapping
Q1 satisfies the equation (1.5) and so it is quadratic.

To prove the uniqueness of quadratic mapping () satisfying the ap-
proximation (2.4), let us assume that there exists a quadratic map-
ping @} : X — Y which satisfies the estimation (2.4). Then, we have
Q1(k"z) = k*Qq(x) and Q| (k"z) = k*Qj(x) for all z € X and all
n € N because they are quadratic mappings. Hence, it follows from
(2.4) that

1Q1(x) — Q1 ()] = k,%”@l(knl') = Qi (k")

Dt f (" k)| < Lo (Ke, k), 2,y € X.

< o 1@k ) = FEm)l| + £ (k") = Q4 (k™) |
1 2. (ki 0)
< : Vn e N
_k2|l—1\; A
which tends to zero as n — oco. This completes the proof. O

The following theorem is an alternative stability result concerning
the stability of functional equation (1.5) controlled by the perturbing
function .
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THEOREM 2.2. Suppose that a mapping f : X — Y with f(0 0

) =
satisfies the inequality (1.5) and the perturbing function ¢ : X% — [0, 00)
satisfies the following condition

(2.8) kaw(k”kﬂ) < o0, T,y € X.

Then there exists a unique quadratic mapping Q2 : X — Y, defined as

@2(z) = lim kz”f( 2), v e X,

n—oo

which satisfies the estimation

2.9 k%) ( X.

29) @) = Qo) < = 1‘2 Y(:20), we
Proof. 1t follows from (2.5) that

|£@) & S (L 0),

] < g

which yields the following functional inequality

Jro- st

27010 ( 2
‘—2k2|l 1\27‘7 U550

for all x € X. The remaining assertions go similarly through the proof
of Theorem 2.1, and thus we omit the proof. O

Now, we obtain a corollary of Theorem 2.1 in the complete normed
space (Y, || - ||) under the uniformly bounded condition of perturbing
term Dy f(x,y).

COROLLARY 2.3. Let ¢ be a nonnegative real number and |k| > 1. If
a mapping f: X — Y with f(0) = 0 satisfies the inequality

[Draf(z,y)ll <&, x,yeX,
then there exists a unique quadratic mapping () : X — Y which satisfies
the equation (1.5) and the inequality

g
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3. Stability of (1.5) in non-Archimedean spaces

Let K be a field equipped with a function, so called, non-Archimedean
valuation | - |, from K into [0, o) satisfying the following conditions:

(a) |r|, = 0 if and only if r = 0;

(b) |rslo = [r[v]s]v;

(c) the strong triangle inequality, namely, |r + s|, < max{|r|y,|s|,}
for all 7, s € K. In this case, it is said that the pair (K, |- |,) is a non-
Archimedean field. Then, it is clear that |1|, =1=|—1]|, and |n|, <1
for all integers n.

Now, let Y be a vector space over the non-Archimedean field K with
a non-trivial non-Archimedean valuation | - |,. Then a function || - ||, :
Y — [0, 00) is called a non-Archimedean norm if it satisfies the following
conditions:

(a) ||z]ly = 0 if and only if x = 0;

(b) |lrz|ly = |r|v]|z||y for all x € Y and all r € K;

(c) the strong triangle inequality, namely,

[+ yllo < max{[z,, [lyll}

for all z,y € Y. In this case, the pair (Y, ||||») is called a non-Archimedean
normed space, and we mean that a non-Archimedean normed space
(Y, || - |lv) is complete if and only if every Cauchy sequence in Y is con-
vergent in the space Y by the norm || - ||,. It follows from the strong
triangle inequality that

[2n = zmlo < max{|[zj11 = zjlly :m < j <n—1}

for all z,,, z,, € Y and all m,n € N with n > m. Therefore, a sequence
{zy} is a Cauchy sequence in non-Archimedean normed space (Y, | - ||»)
if and only if the sequence {z,+1 — x,} converges to zero in the space
(Y, || - [lv). Now, we will investigate the generalized the Hyers-Ulam
stability problem for the functional equation (1.5) in a complete non-
Archimedean normed space Y. In this section, let X be a vector space
and Y a complete non-Archimedean normed space.

THEOREM 3.1. Let ¢ : X? — [0,00) be a function such that

{w(kix, 0)

(3.1) Uy (z) = nh_}IEO max TRE

:0§i<n} < o0,

k", k"
lim (k" k"y)

0
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for all x,y € X. If a mapping f : X — Y with f(0) = 0 satisfies the
inequality

(3.2) [Draf (@, y)llo < v(z,y), z,y€X,
then there exists a quadratic mapping ()1 : X — Y, defined as

(3.3) Qi) = tim L0

n—ooo k2n

, rE€X,

which satisfies the equation (1.5) and the approximation

1
(3.4) [f(z) = Qi(2)[ly < m‘l’l(l‘) r e X.

Moreover, if

(K, 0)
[k

for all x € X, then @, is a unique quadratic mapping satisfying (3.4).

= lim limmax{ :m§j<m+n}20

Proof. Putting y := 0 in (3.2) and dividing by [2[,[l — 1|,|k|2, we

arrive at

Y(z,0)
3.5 vS TET T g
(3.5) || F@)lo < G

for all z € X, where |k|, < 1 is a non-Archimedean valuation. Replacing
x by k" in (3.5) and dividing by |k|?"
H fk" ) f(k"z) Y(k"z,0)

o [2loll = ol K

flkx)

L2n+2 L2n z€X.

Since the right-hand side of the inequality (3.6) tends to 0 as n — oo,
a sequence {Jc (g;z)} is Cauchy in the complete non-Archimedean space
(Y, || - ||v). Therefore, we may define a mapping Q; : X — Y as

kn
J(k"z) r e X.

9

Q1(z) = lim

n—ooo  k2n

Using the induction argument and the strong triangle inequality, we may
figure out

f0) L [90)
B, = Tl = 1Lk R

for all x € X. Letting n — oo in the last inequality, we lead to the
approximation (3.4).

Hf(w)

:0§i<n}
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Next, we have to show that the mapping ()1 defined above satisfies
equation (1.5). Replacing (z,y) by (k"z, k™y) in (3.2), and then dividing

the resulting inequality by |k|?", it follows that

1
[R5
Taking the limit as n — oo, it follows from (3.1) and (3.3) that
DyiQ1(z,y) =0, z,y€ X.

Therefore, the mapping ()1 satisfies the equation (1.5) and so it is qua-
dratic.

In the last, we now prove the uniqueness of the quadratic mapping
@1 satisfying the inequality (3.4). Let us assume that there exists a
quadratic mapping @] : X — Y which satisfies the inequality (3.4).
Then, we have Q1(k™z) = k*™Q1(x) and Q) (k™z) = k*™Q’ () for all
x € X and all m € N. Hence, it follows from (3.4) that for all z € X

[Q1@) — Q@)= s [QuK™) — QLK™ )]l

k5™

| D f (K", E"y)|lo < (k"x, k™y), xz,y€ X.

1
e

< max {|QuK™) — £ ), (K7 2) — QLK) |, }

k5™

1 . (k™ iz, 0) ‘
S LI 1R ———:0<
=20l = 1o K2 nlgngomax{ ‘k‘%(m—i—i) 0<i<n

1 : Y(kiz,0) ‘
N m&g&omax Wﬁméj <m-+n

1 \I/l(k'm$)
= , VmeéeN,
2[u[l = 1o|kl5  [KI5™

which tends to zero as m — oo. This completes the proof. O

The following is an alternative stability theorem of Theorem 3.1 in
the complete non-Archimedean normed space (Y, || - ||,).

THEOREM 3.2. Let ¢ : X? — [0,00) be a function such that

— T 2, L Ay . ;
(3.7) Uy(x):= nh_)rgomax{|k|v w(ki,()) 1<i < n} < o0
li k|21 LYy
Jim (R ) 0

for all z,y € X. If a mapping f : X — Y with f(0) = 0 satisfies the
inequality (3.2) for all x,y € X, then there exists a quadratic mapping
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Q2 : X — 'Y, defined by
(3.8) @2(z) = lim k2”f( 2), T€X,

n—oo
which satisfies the equation (1.5) and the approximation

39 1@ = Q@ < e X,

Moreover, if lim;_, oo ‘]{3’12)[\1/2(%) =0 for all x € X, then Q2 is a unique
quadratic mapping satisfying (3.9).

Proof. Noting the inequality (3.5), we figure out

1

101 =17 (D), < =i

2., (*
k|24 (k,o) z€X.
Replacing z by 7% in (3.10) and multiplying it by |k:|12,(n_1), we have

HW Df(k;n 1) — K (%) )= MW% (k” )

for all x € X. Since the right-hand side in the last inequality tends
to 0 as n — oo, the sequence {k*"f(:%)} is Cauchy in the complete
non-Archimedean space (Y, || - ||,). Therefore, one can define a mapping
Q2: X =Y by

Qa(z) = lim kz”f( o), zEX.

n—o0

Using induction on positive integers n, one obtains that

If(x) = k2" f (= max { [k[20(,0) 1 1 < i < n}

Mo <
k1 = 2Ll — 1, [k[2 ki’

for all x € X. Letting n — oo in the last inequality, we arrive at the
approximation (3.9) near f.
The remaining assertions are similar to those of Theorem 3.1. O

As a corollary of Theorem 3.2, we obtain the following stability result
in the complete non-Archimedean normed space (Y, ] - ||,) under the
uniformly bounded condition of perturbing term Dy, f(z,y).

COROLLARY 3.3. Let € be a nonnegative real number and |k|, < 1.
If a mapping f: X — Y with f(0) = 0 satisfies the inequality

HDk,lf(x7y)H’U S g T,y € X7
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then there exists a unique quadratic mapping () : X — Y which satisfies
the equation (1.5) and the approximation

1]

[14]
[15]
[16]
17]

(18]

13
| f(x) = Qx)]v < m, Tz e X.
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