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Abstract

In 1968 S.M. Ulam proposed the problem: “When is it true that by changing a little the hypotheses of
a theorem one can still assert that the thesis of the theorem remains true or approximately true?” In 1978
P.M. Gruber proposed the Ulam type problem: “Suppose a mathematical object satisfies a certain property
approximately. Is it then possible to approximate this object by objects, satisfying the property exactly?”
In this paper we solve the generalized Ulam stability problem for non-linear Euler-Lagrange quadratic
mappings satisfying approximately a mean equation and an Euler-Lagrange type functional equations in
quasi-Banach spaces and p-Banach spaces.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

A definition of stability in the case of homomorphisms between groups was suggested by
a problem posed by S.M. Ulam [21] in 1940: Let (G, *) be a group and let (G», ¢, d) be a metric
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group with the metric d(-,-). Given ¢ > 0, does there exist a §(¢) > 0 such that if a mapping
h : G1 — G satisfies the inequality

d(h(x*y),h(x)oh(y)) <§
for all x, y € G1, then there is a homomorphism H : G| — G with
d(h(x), H(x)) <e€

for all x € G1? In other words, if a mapping is almost homomorphism then there is a true ho-
momorphism near it with small error as much as possible. If the answer is affirmative, we would
call that the equation H(x x y) = H(x) © H(y) of homomorphism is stable. The concept of sta-
bility for a functional equation arises when we replace the functional equation by an inequality
which acts as a perturbation of the equation. Thus the stability question of functional equations
is that how do the solutions of the inequality differ from those of the given functional equa-
tion? In 1941 D.H. Hyers [5] solved this problem for linear mappings. In 1951 D.G. Bourgin [2]
was the second author to treat the Ulam problem for additive mappings. T.M. Rassias [18] suc-
ceeded in extending the result of Hyers by weakening the condition for the Cauchy difference.
In 1982 J.M. Rassias [9] extended Hyers result [5] by weakening the pertinent inequality con-
trolled by a product of powers of norms. The stability problems of several functional equations
have been extensively investigated by a number of authors and there are many interesting re-
sults concerning this problem. A large list of references can be found, for example, in the papers
[4,9,10,19] and references therein. In 1978 according to P.M. Gruber [4] this kind of stability
problems is of particular interest in probability theory and in the case of functional equations
of different types. Furthermore we quote that these stability results can be applied to mathe-
matical statistics, stochastic analysis, algebra, geometry as well as psychology and sociology.
We wish to note that stability properties of different functional equations can have applications
to unrelated fields. For instance, Zhou [22] used a stability property of the functional equation
f(x—=y)+ f(x+y) =2f(x) to prove a conjecture of Z. Ditzian about the relationship between
the smoothness of a mapping and the degree of its approximation by the associated Bernstein
polynomials.

It is well known that a mapping f between real vector spaces satisfies the following quadratic
functional equation

JE+EN+fa=y)=2f@x)+211) (1.1)

for all x, y if and only if there is a unique symmetric biadditive mapping B such that f(x) =
B(x, x) for all x, where B is given by B(x, y) = ;ll(f(x +y) — f(x —y)) (see [6]). A stability
problem for the quadratic functional equation (1.1) was solved by a lot of authors [3,8,19]. In par-
ticular, we note that J.M. Rassias introduced the Euler—Lagrange quadratic mappings, motivated
from the following pertinent algebraic equation

laixi + axxa|* + laoxy — arxa|* = (af +a3)[Ix11? + x2 ). (1.2)

Thus the second author of this paper introduced and investigated the stability problem of Ulam
for the relative Euler—Lagrange functional equation

flarxy +azx2) + flazx — arxz) = (af +a3)[ f(x1) + f(x2)] (1.3)

in the publications [11-13]. In addition J.M. Rassias [13] generalized the above algebraic equa-
tion (1.2) to the following equation
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mimalayxi + axxa|? + lmaazxy — myarxa|* = (miai +maa3)[malxi|* +my|x2)?].
Therefore the coauthor of this paper introduced the general pertinent Euler—Lagrange quadratic
mappings via his paper [14] and investigated the stability problem of Ulam for the following
generalized functional equation of (1.3)

mimyQ(aixy + azxz) + Q(moazxy —miayxy)
= (miaf +maa3)[m2Q(x1) +m1 Q(x2)] (1.4)

for all vectors x1,x2 € X with X a normed linear space and Y a Banach space, and any fixed
pair (ag, az) of nonzero reals and any fixed pair (m, my) of positive reals. Analogous quadratic
mappings were introduced and investigated through J.M. Rassias’ publications [15-17]. There-
fore these Euler—Lagrange mappings could be named generalized Euler—Lagrange mappings and
the corresponding Euler—Lagrange equations might be called generalized Euler—Lagrange equa-
tions. Before 1992 these mappings and equations were not known at all in functional equations
and inequalities. However, a completely different kind of Euler-Lagrange partial differential
equations is known in calculus of variations. Therefore we think that our introduction of Euler—
Lagrange mappings and equations in functional equations and inequalities provides an interesting
cornerstone in analysis. Already some mathematicians have employed these Euler—Lagrange
mappings.

If AABC is a triangle in an inner product space and / is the interior point of the side BC with
a|BI| =b|CI| for some a, b € N, then we see that the following geometric identity

a?|AB|? + ab| AC|* = (a + b)(all AT|> + b|ICT|?).

Employing the above identity, we obtain a functional equation,

(a+b)aQx)+(a+b)b0O(y)=Q(ax +by)+abQ(x —y), (1.5)

of which geometric interpretation leads to (1.5) on the triangle AABC with a|BI| = b|CI|
for the point I in the side BC [7]. In particular, if @ = b in (1.5) then Eq. (1.5) reduces to the
quadratic functional equation (1.1). On the other hand, if either E is the exterior point of the half-
line BC witha |CE| = b|BE]| or E is the exterior point of the half-line CB with alEB|=b|EC|,
then the corresponding geometric equation gives similarly rise to a functional equation

(a—=b)bQ(y) + Qax —by) =ala —b)Q(x) +abQ(x —y) (1.6)

for all x, y € X, and for a mapping Q : X — Y and given positive integers a, b € N (a > D) [7].

We note that functional equations (1.3) and (1.5) are special cases of (1.4). In this paper, us-
ing the direct method and ideas inspired by [14], we are going to solve the generalized Ulam
stability problem for non-linear Euler—Lagrange quadratic mappings f : X — Y, satisfying
approximately an Euler—Lagrange mean equation and an Euler—Lagrange quadratic functional
equation (1.4) controlled by a nonnegative function and a constant

(my +ma)(mia} + maa3)
m = >

mimy + 1

As results, we obtain the generalized theorems of the results in the papers [7,11,12,15,17].
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2. Stability of (1.4)

Let X be a normed linear space and Y a Banach space throughout this paper unless we give
some specific reference. Then consider a non-linear mapping Q : X — Y satisfying the funda-
mental Euler—Lagrange functional equation

2 2 mi 2 m2
mimyQ(aix) +m1 Q(maazx) = m0m2Q<m—0a1x> + mgm Q(m—oazx) 2.1
with
mimy + 1 (m1 + ma)(mia} + maa3)
myi=———, m:=
mi +my mymy +1

for all x € X, and any fixed nonzero reals a; and any fixed positive reals m; (i =1, 2). A non-
linear mapping Q : X — Y is called generalized Euler-Lagrange quadratic if the mapping Q
satisfies Eqs. (2.1) and (1.4). They say that the non-linear mappings 0 : X — Y, and 0 : X — Y
are 2-dimensional Euler—Lagrange quadratic weighted means of first, and second form if

mgma Q(Gkarx) +mgmi Q (G2 arx)

0(x) =

’

2 2
mimy(myaj + maay)
and

mimQ(a1x) + Q(maazx)
mz(mlaf + mza%)

0(x) =

hold for all x € X, respectively.
Note that the fundamental functional equation (2.1) is equivalent to the Euler—Lagrange
quadratic mean functional equation

0(x)=0(x) (2.2)
for all x € X. Moreover, note that in the case of Egs. (1.4) and (2.1) are of the form

0(x) = 0(x)=Q0(x) (2.3)
for all x € X.

Lemma 2.1. (See [14].) Let Q : X — Y be a generalized Euler-Lagrange quadratic mapping
satisfying Eq. (1.4). If m # 1, then Q satisfies the equation

00)=0,  Q(m"x)=m>Q(x) (2.4)

forall x € X and all integers n € 7.

For notational convenience, given a mapping f : X — Y we define a generalized Euler—
Lagrange difference operator Dy, 5, of Eq. (1.4) as

Dyl f(x1,x2) i=mymy f(a1x1 + azxx2) + f(maazx) —myaixz)

— (myaf +maa3)[ma f (x1) +my f(x2)].
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which is called the approximate remainder of the functional equation (1.4) and acts as a pertur-
bation of the equation for all vectors x1, x» € X, and any fixed pair (a1, a2) of nonzero reals and
any fixed pair (m1, m>) of positive reals.

Now we will investigate under what conditions it is then possible to find a true general-
ized Euler—Lagrange quadratic mapping Q near an approximate generalized Euler—Lagrange
quadratic mapping f.

Theorem 2.2. Assume that f : X — Y is a mapping for which there exist mappings ¢1 : X> —
[0, 00) and 1 : X — [0, 00) such that the Euler—Lagrange functional inequality

|Dg5 f )| <erx,y) 2.5)

holds for all x, y € X and
mi myp
”m%mzf(mx) +my f (maarx) — m(z)mzf<—a1X> - m3m1f<—azx> ’
mo mo
< Yi1(x) (2.6)
forall x € X. Suppose that

(ml + mZ)(mlal + m2(12)

mimy + 1
and the series
00 . .
) p1(m'x,m'y) Y1 (m'x)
Dy (x, y) =X;T Wi (x) —Z g @.7)
1=

converge forall x,y € X.
Then the limit

f(m"x)

n—>oo men

Q) =

exists for all x € X, and Q : X — Y is the unique generalized Euler—Lagrange quadratic map-
ping satisfying Eq. (1.4), that is, D,‘f}l’f’,flz 0 (x,y) =0, the fundamental functional equation (2.1)
and mean functional equation (2.2) such that

0 1 1
1(x )+ (D](mlalx mzazx>+ 1(x)

lf@) — 0| <

mma  m’mima mo  mo mommma
mzm% +1
myma(m? — 1)

0,0
holds for all x € X, where || f (0)| < Gyt

(HO) (2.8)

Proof. Observe that the functional inequality (2.6) can be written by

170 - Foo | < 4150 __ N (2.9)

myma(mya? +mpa?)  mommimy

for all x € X. Substitution of x = y =0 in inequality (2.5) yields that

lmima f(0) + £(0) — mom(m; +m2) £(0)]| < 1(0,0),
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or

¢1(0,0)
(myma +1)(m — 1)

Moreover substituting y = 0 in inequality (2.5), one concludes the functional inequality

[mima f(aix) + f(maazx) — mom[ma f(x) +mi f(0)]|| < @1(x,0),

lr O] <

or
§01(X 0) m1||f(0)||
|70 = Fo] < . (2.10)
m2 my
In addition replacing x, y in inequality (2.5) by ";‘l;” , mzuzx respectively, one gets the func-

tional inequality

miay maay
‘mlmzf(mx)+ £(0) —mom[m2f< o ) 1f( )]H
S%(mlalx, mzazx),
mo mo

f(mx)
m

or

- fx)

l

Using the functional inequalities (2.9)—(2.11) and the triangle inequality, we have the basic in-
equality

1
5 [sm(mlalx, mrflaz >+ ||f(0)|}] @.11)

m mimy mo

(mX)
’f(x) .y ‘
(mX)
<Jr@ = Fw]+ 7w - Feol + Hf(x)— ! ‘
IR ma maay \ i@ (m*mi + DI f O]
mommy  m2mimy mo mo mommim? m2mims
=ex), VxelX. (2.12)
Now substituting 7/ x for x in (2.12) one gets the inequality
fmix)  fm/tlx) | e(mix)
m2 g2G+D | TS 2
which yields the following general functional inequality
f(m x) < E(m/x)
j=0
n—1 i
@1(m’x,0) 1 miay ;  mpa
< - . / 9 /
jz_(:)[mornmzmzf + m2mimom?i o1 mo mx mo mx

Y1 (m/x) N (m*m? + l)llf(O)II]

mommmaom?2J m2mymom?2J
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for all x € X and all nonnegative integer n. We claim that a sequence {g, (x) | n € N} of mappings

gn(x) = % converges for all x € X. In fact, for any nonnegative integers n, [ with n > [, we

figure out by (2.13) and triangle inequality

_ fm" il x)

n—I[—1
1
100 = gn ()| < 57| f (%) = —5=5=

< 1 Z e(mim'x)
m2l S 2l 4 m2J
Jj=0

71 .

[ ¢1(m/x,0) 1 miay ;  maay
iz >+ — 591 m'x, m'x

- mommom=J memimom=J mo mo

J=l

Y1 (m/x) N (m*m3 + DI £ O]

mommmom?2J m2mimom?2J

+

i|—>0 as | — oo,

which shows that {g, (x)} is a Cauchy sequence in Y. Therefore we see that a mapping O : X — Y
defined by

0(x) = lim L")

n—oo mpm2n

exists for all x € X. Taking the limit as n — oo in (2.13), we find that the mapping Q near the
approximate mapping f : X — Y of Eq. (1.4) satisfies the inequality (2.8).

In addition, we claim that the mapping Q satisfies Eq. (1.4) for all x, y € X. In fact, it is clear
from (2.5) that the following inequality

1
m2n

! g1 (m"x, m"y)

|| Dal,az (mnx, mny) H < mzn

my,m3

holds for all x, y € X and all n € N. Taking the limit n — oo, we see from (2.7) and the definition
of Q that Q satisfies the equation

Dy 5, Q(x, y) =0,

my,mjz

that is, Q is a generalized Euler—Lagrange quadratic mapping satisfying Eq. (1.4). Moreover,
from (2.6), (2.7) and (2.9), one proves that

= — 1 = —
86— B = fim [ F"s) - 7o)
Y1 (m"x)

< lim =0,
n—00 mlmg(mla% + mga%)mz’l

completing the proof that Q satisfies the fundamental functional equation (2.1) and so the mean
functiongll equation (2.2).

Let Q : X — Y be another generalized Euler—Lagrange quadratic mapping satisfying the
equation

D53, O(x, ) =0

mij,ma
and the approximate error bound

451(16,0)_’_ 1 q§1(mlalx m202x>+ Y (x,0)

mommy  m2mima mo  mo

|fx) — 0| <

mommmo

mi+1
i slrol (2.14)

mima(m? —
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for all x € X. To prove the above-mentioned uniqueness we employ Lemma 2.1, so that

Q) =m™2"Q(m"x),  O)=m "2 Q(m"x)
hold for all x € X and all n € N. Thus the triangle inequality and inequalities (2.8), (2.14) yield
the inequality
1

m2n

low - 00| = 5 [0(n"s) - o)

< s (lQ(m™x) = f(m"x) | + | £ (m"x) = O(m"x) )

g2|:<I>1(m”)c,0) N 1 (Dl(mlalm"x mzazm”x)

mommam?2*  m2mimam?t mo " mo

Wi (m"x, 0) m?m? + 1
mommmom?  mima(m? — 1)m?"

sl
for all x € X and all n € N. Therefore from n — 00, one establishes

0(x) — Q(x)=0

for all x € X, completing the proof of uniqueness. The proof of Theorem 2.2 is now com-
plete. O

Theorem 2.3. Assume that f : X — Y is a mapping for which there exist mappings ¢ : X 2
[0, 00) and ¥y : X — [0, 00) such that the Euler—Lagrange functional inequality

| D@ £, 3| < @a(x.y) (2.15)

holds for all x, y € X and
2 2 mi 2 mj
mimy f(a1x) + my f (maazx) —mgma f | —aix | —mgm f| —axx
mq mg
< Y2 (x) (2.16)
for all x € X. Suppose that

_ (my+mo)(mai + maa3
._ mimy + 1

)
<

O<m

and the series

o0 o
. X y : X

Dy (x,y) = ZmZ’(pz(ﬁ, ﬁ>, Wy (x) = Zm2l Wz(ﬁ) (2.17)

i=1 i=1
converge forall x,y € X.
Then the limit
O(x)= lim mZ"f<i>
n—>oo

ml‘l

exists for all x € X, and Q : X — Y is the unique generalized Euler—Lagrange quadratic map-
ar,az

ping satisfying Eq. (1.4), that is, Dy, Q(x,y) =0, the fundamental functional equation (2.1)
and mean functional equation (2.2) such that
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Dy (x, 0) miay  moap ¥, (x)
| fe) =00 < e — X, —2x )+
m mmg m<mimy my mo mommimy
mzm% +1

| O] (2.18)

mima(1 —m?)
holds for all x € X, where | f 0)]| < G20 —.

Proof. Using the same argument as those of (2.9)—(2.13), we obtain the crucial inequality

Hf(x)—mf< )H m82<;>, (2.19)

where

& (x) =

mommy  m2mima my m’ mgy m momm1na

025, )+ 1 (mlalﬁ mzaz£>+ V2 (2)

+ (m*m7 + D f O

m2mmo

Vx e X,

which induces similarly

n 2] 2i
X ©2(=7,0) m=/ miay x mpyax X
”f(x)—mz" (—n)HSE |: ml® 7y 5 <,02( ] 1_]_’ 2 2—j>
m = mommip m-mimy mgy m mo m
2j i
m* Yo (25) N m* (m*m7 + l)IIf(O)II]

m2mims

(2.20)
mommimy
forall x € X and all n € N.
Utilizing the last functional inequality (2.20) and the similar argument to the corresponding
proof of Theorem 2.2, we obtain the conclusion of this theorem. O

We observe that if m; =my =1, then mg =1 and

(0= O E@D 7).

al—i—a2

il

Thus one has the generalized Ulam stability problem for Eq. (1.3) if m = a% + a% # 1 and the
corresponding series (2.7) or (2.17) converges. In turn, note that if m; =1, m > 0, then mg =1
and

J:‘(x) _ ma f(a1x) + f(maazx) — ).

mg(al + mzaz)

Thus they have the generalized Ulam stability problem for the equation
ma f(arx1 + axx2) + f(maazxy — arxz) = (ai +maa3)[maf (x1) + f(x2)]

ifm= a% + mza% # 1 and the corresponding series (2.7) or (2.17) converges.

In particular, given ¢; (x, y) := c¢1 and ¥; (x) := ¢, for some nonnegative constants c1, 3 in the
main theorems, one gets the result of J.M. Rassias [14]. As a special case, if one takes m| := a,
my :=b, ay := —1, ap := 1 and switches x with y, and then considers ¢;(y, x) := ¢(x, y) in
Theorem 2.2, then one has the following corollary.
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Corollary 2.4. Assume that  : X — Y is a mapping for which there exist mappings ¢ : X> —
[0, 00) and ¥ : X — [0, 00) such that the Euler—Lagrange functional inequality

| £ (ax +by) + abf (x — y) — (a + b)af (x) — (a +b)bf )| < p(x, y)

holds for all x, y € X and any fixed positive integers a, b and

ab+1)? a+b a+b
a2bf(—x)+af(bx)— ( a+b> |:bf<—<ab+1>ax) +af<(ab+1)bx)i|H

< y(x)
for all x € X. Suppose that the series
00 i i 00 i
. p(m'x,m'y) , Y (m'x)
D)= Y EIEID gy
=0 i=0
converge for all x, y € X, where m := %.
Then the limit
m"x
Q)= lim At 5 )
n—oo

exists for all x € X, and Q : X — Y is the unique generalized Euler—Lagrange quadratic map-
ar,a

ping satisfying Eq. (1.5), that is, Dy, 1, O(x,y) =0, the fundamental functional equation (2.1)
and mean functional equation (2.2) such that

@ (0, x) (ab + 1)? o (a+b)bx  (a+bax
(a+b)b ' ab(a+ b)* ab+1 ~ ab+1

W (x) [(a + b)*a* + (ab+ 1)?]

ab(a+b)  ab[(a+b)* — (ab+ 1)2]

[f)— 0| <

|

holds for all x € X, where || f(0)|| < %~

Corollary 2.5. Assume that f : X — Y is a mapping for which there exist nonnegative reals cy,
¢y and positive reals p1, pa, v such that the Euler—Lagrange functional inequality

|D& £, )| < crllxlP![ylIP?

holds for all x,y € X and

2 2 mi 2 m2 r
myma f (a1x) + my f (maazx) — momy f g 1% ) — mym f o 2% <l
forall x € X.
Then there exists a unique generalized Euler—Lagrange quadratic mapping Q : X — Y satis-
fying Eq. (1.4), that is, D,‘;,‘l’f‘,ﬁz Q(x,y) =0, the fundamental functional equation (2.1) and mean
functional equation (2.2) such that
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cilmiai|Plmaay| P2 ||x || P1FP2 com||x]|”
mlmzmgl+p2(m2—mpl+p2) momimoy(m2—m’)’

ifm>1,r<2and p1+ pr <2
(orm <1, r>2and p1 + p2 > 2),

cilmyay|Plmaap|P2 || x||P1HP2 com]|x]|”
m]mzmgl+1’2(mp1+p2_m2) momyma(m’ —m?2)’

|f)— 0w <

ifm<1,r<2andp1+pr<?2

(orm>1, r>2and p1 + pr>2)
holds for all x € X.

Proof. Take account of ¢; (x, y) := c1||x||P!]|y||’? and ¥;(x) := c2|lx||" and then apply Theo-
rems 2.2 and 2.3 for each cases. O

Corollary 2.6. Assume that f : X — Y is a mapping for which there exist nonnegative reals cy,
¢y and positive reals pi, pa, r such that the Euler—Lagrange functional inequality

| D f e | <er (P + 11y1172)
holds forall x,y € X and

2 2 mi 2 ma
mimy f(a1x) +my f(maazx) —mgma f m—a]x —mgmy f m—azx
0 0

forall x € X.

Then there exists a unique generalized Euler—Lagrange quadratic mapping Q : X — Y satis-
fying Eq. (1.4), that is, Dzll’flnzlz (x,y) =0, the fundamental functional equation (2.1) and mean
functional equation (2.2) such that

‘ <eallx)l”

| £ =0
cim|x|P1 cilmya |P1]|x||P1 cilmaay|P2||x||P2 com|lx||”
moma(m?—mP1) mlmzmgl (m2—mP1) mlmzmg2 (m2—mP2) momima(m>—m’)’
< ifm>1, andr, p1,pr <2 (orm <1, andr, p1, p2 > 2),
= cim|lx||P1 cilmyay |P1|x||P1 cilmaap|P2 || x||P2 com|lx||”

moma(mPL—m?) " mymom{t (mP1—m2)  mymam{? mP2—m?2) | momyima(m"—m?)’
ifm<1, andr, p1,p2 <2 (orm > 1, andr, p1, p2 > 2)
holds forall x € X.

Proof. Take account of ¢;(x,y) := c1(||x]||”* + ||¥||P?) and v;(x) := cz||x||” and then apply
Theorems 2.2 and 2.3 for each cases. O

2 2
Now, in the next theorem we consider a singular case m := (ml+mfn)1(2;ij]+m2a2)
rems 2.2 and 2.3.

=1 of Theo-

Theorem 2.7. Assume that f : X — Y is a mapping for which there exists a mapping 3 : X> —
[0, 00) such that the Euler—Lagrange functional inequality

| Do, f @ )| < @3(x,y) (2.21)
holds for all x, y € X. Suppose that

e (mi +ma)(miai +mya3)

mimy + 1
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2-dimensional vectors (m1,m2), (as, ay) are linearly dependent, and that the series

.
s(x 'y x .
Dy, =3 BORE sy (@%(x y>—2121<p3< ) lflz<1)

i=0

converges for all x, y € X, where | := ay + as is given with [* #0, 1.
Then there exists a unique generalized Euler—Lagrange quadratic mapping Q : X — Y satis-
fing Eq. (1.4), that is, Dy);5%, Q(x, y) =0, such that

P3(x.x) [FAQ 12

5w - oe] < { mat e T
I EIE ) [FAQI iF12 <1

mimal2 ' mymy(1—12)° ’

holds for all x € X. The mapping Q : X — Y is given by

0(x) = lim fil;x), ifI2 > 1 (Q(x)znlirgolz"f<lin>, if12<1).

Moreover, if there exists a mapping Y3 : X — [0, 00) for which the mapping f satisfies ap-
proximately the following fundamental functional equation as follows

2 2 mi 2 m2
”mlmzf(CHX) +my f(maarx) — momzf( alX) — mgfﬂlf( azX) ‘ <Y3(x)
mo mo

and

U=y ¢3l(21;x), 2> 1 <W3(x) = 212’%(%), if1? < 1)
i=1

i=0
converges for all x € X, then the mapping Q : X — Y satisfies further the fundamental functional
equation (2.1) and mean functional equation (2.2).

Proof. Note that

2
mimy+1 mia;+a 2
=12 =@ +a)
mimy miai

according to mpay = ma; and

(ml +m2)(m1a1 +m2a2)
mimy + 1

Replacing y by x in (2.21), we obtain
@3(x, x) £ Ol

mimy mymy

| £ax) =2 f)| <

which yields the following crucial functional inequality

n n—1 iy i
Hf(lzx) _J,(X)Hg 1 lzzgog(lx,lx)+||f(0)|| 21
n mimy

120 ’

”f(x) lznf( )” mlmzﬂzm[“(ﬂ ,,>

] if12 <1
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for all x € X and all nonnegative integer n. Applying the similar argument to the proof of Theo-
rems 2.2 and 2.3 to the last functional inequality for each two cases, one has indeed the desired
results. O

3. Stability of (1.4) in quasi-Banach spaces
We recall some basic facts concerning quasi-Banach spaces and some preliminary results.

Definition 3.1. (See [1,20].) Let X be a linear space. A quasi-norm || - || is a real-valued function
on X satisfying the following:

(1) |lx]l =0 forall x € X and ||x|| =0 if and only if x = 0.
2) |[Ax]l = |A|-|lx]| forall A € R and all x € X.
(3) There is a constant K such that ||x + y|| < K(||x]| + ||y forall x, y € X.

The smallest possible K is called the modulus of concavity of || - ||. The pair (X, || - ||) is
called a quasi-normed space if | - || is a quasi-norm on X. A quasi-Banach space is a complete
quasi-normed space.

A quasi-norm || - || is called a p-norm (0 < p < 1) if

lx +yI” < Ixl? + lIyl?
for all x, y € X. In this case, a quasi-Banach space is called a p-Banach space.

Clearly, p-norms are continuous, and in fact, if || - | is a p-norm on X, then the formula
d(x,y) :=|lx — y||? defines an translation invariant metric for X and | - ||” is a p-homogeneous
F-norm. The Aoki—Rolewicz theorem [1,20] guarantees that each quasi-norm is equivalent to
some p-norm for some 0 < p < 1. In this section, we are going to prove the generalized Ulam sta-
bility of mappings satisfying approximately Eq. (1.4) in quasi-Banach spaces, and in p-Banach

spaces, respectively. Let X be a quasi-normed space and Y a quasi-Banach space. Let K > 1 be
the modulus of concavity of || - || throughout this section.

Theorem 3.2. Assume that f : X — Y is a mapping for which there exist mappings ¢1 : X 2
[0, 00) and Y1 : X — [0, 00) such that the Euler—Lagrange functional inequality

| Dz, £ o | < @r(x, y)
holds for all x,y € X and

2 2 mi 2 my
myma f(a1x) +my f(maazxx) —moma f| —aix | —mgmy f| —azxx
mo mo
<Yi1(x) (3.1
for all x € X. Suppose that

2 2
mo— (m +m2)(mlal +m2(12) - \/?
mimy + 1

and the series
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o . . o .
K'gi(m'x,m'y) K'¢1(m'x)
Pix,y)i=) — o, W)= (3:2)
i=0 i=0
converge forall x,y € X.
Then the limit
f(m"x)

n—>oo mn

Q) =

exists for all x € X, and Q : X — Y is the unique generalized Euler—Lagrange quadratic map-
ping satisfying Eq. (1.4), that is, D,a,,ll’fl,,%z Q(x,y) =0, the fundamental functional equation (2.1)
and mean functional equation (2.2) such that

K3 D1(x,0) n K3 ¢1<m1a1x m202x> n K3W1(x)

[fx)— 0| <

mommy m2mims mo  mo mommima
K>m*mi + D) f O]
3.3)
myma(m? — K)
#1(0.0)
holds for all x € X, where || f(0)] < m
Proof. Using the functional inequalities (2.9)—(2.11) and the property of quasi-norm || - ||, we
have the basic inequality
f (mX) f (mX)
Hf(x)— K[ f0) = F@| + K| Fe) -
= = f(mx)
<K|f@) - Fo + K| fe) - f(x>|| + K| F) -
<K%s(x), VxeX, (3.4)

where €(x) is defined as in (2.12). From the functional inequality (3.4), we show by applying
a standard procedure of the induction argument on 7 that

n—2 K n—1
‘ Z( ) m'x +K2<m2> s(m"_lx) 3.5)

for all x € X and all n > 1, which is considered to be (2.12) for n = 1. In fact, we figure out by
the inequality (3.5),

f(m x)

Hf(x) —

f(m"“x)

|ron - L8050
f(mx) fmx)  fm"x)
<o Lo - L]

<Ke() + — [K3Z( ) i+]x)+K2<%>n18(mnx):|
_K3Z< ) mx—l—Kz(anz)ns(m"x) (3.6)

which yields (3.5) for n + 1. Thus one obtains that for all nonnegative integers n, [ with n > [
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‘ 1 Fm™ "t mlx)

f(mlx) D

K3 "J3? Kie(m'tix) K2 K" 'le(m"1x)

man m?2!

H fm'x)  f(m"x)
m?2!

-l — m2i m2l m2m—I-1)
=
K312 Kiem/x) K2 K" le(m"1x) 37
KTy K e G7)
j:

which tends to zero by (3.2) as /| — oo.
Therefore a mapping Q : X — Y given by

n
0(x) = lim f(m2 Y rex,
n—oo mh

is well defined. Thus passing the limit n — oo in (3.5), we have the inequality (3.3). To prove
the uniqueness, let Q' be another mapping satisfying (3.3). Then we get by Lemma 2.1 that
Q' (m"x) =m* Q' (x) for all x € X and all n € N. Thus we have

[0 - 0] < (K[ Qn"x) = 5 (n"x) | + K | £ (") = @)

2K*®(m"x,0 2K4 mia moa
< 1( )+ 2nd)]< 141, M2 2mnx)

mommom?2" m2mimom m mo
2K (m"x)  2K*(m*m? 4+ D] fO)]

mommnmaom?" mimo(m? — K)m?n

(3.8)

for all x € X. Taking the limit as n — oo, then we conclude that Q(x) = Q'(x) for all x € X.
The rest of the proof of this theorem is omitted as similar to the corresponding that of Theo-
rem2.2. O

Theorem 3.3. Assume that f : X — Y is a mapping for which there exist mappings ¢» : X*> —
[0, 00) and > : X — [0, 00) such that the Euler—Lagrange functional inequality

| Do f @ )| < ga(x, y) (3.9)
holds for all x, y € X and

2 2 mi 2 my
”mlmzf(a1X) +my f(maazx) — mom2f<m—alx) - m0m1f<m—a2x> ”
0 0

< Ya(x) (3.10)
for all x € X. Suppose that

(my +ma)(miai +moa3) 1
= < —

0<m
mima + 1 VK

and the series

Br(x,y)i= Y Kim2i¢2<%, %) W)=Y K’ﬁﬂ"%(%) (.11)

i=1 i=1

converge forall x,y € X.
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Then the limit

O(x) = lim m2f<i>
n—00 m

exists for all x € X, and Q : X — Y is the unique generalized Euler—Lagrange quadratic map-
ar,az

ping satisfying Eq. (1.4), that is, Dy, |\, Q(x,y) =0, the fundamental functional equation (2.1)
and mean functional equation (2.2) such that

K2¢2(x,0)+ K? o (mlalx m2a2x>+ K2, (x)

mommy m2mimo

[f)— 0| <

mo  mo mommmo

K3(m*m3 4+ D fO)
mimo(1 — Km?2)

(3.12)

holds for all x € X, where

¢2(0,0)

lrOl< G D=y

Proof. Applying the same argument as that of (3.5)—(3.6) to (3.4), we obtain the crucial inequal-
ity

n—1
Hf(x) —m? <%> H <Ky Kim2i82(%) + K"+1m2"52<%) (3.13)
i=l1

for all x € X and all n € N, where &, (x) is defined as in (2.19).
Utilizing the last functional inequality (3.13) and the similar argument to the corresponding
process (3.7)—(3.8) of Theorem 3.2, we obtain the conclusion of this theorem. 0O

Remark 3.4. It will be interesting to investigate the stability problem of Ulam for the case of m
with 1/«/? < m < VK in view of Theorems 3.2 and 3.3.

We now investigate the general Ulam stability problem for the functional equation (1.4) in
p-Banach spaces.

Theorem 3.5. Let X be a quasi-normed space and Y a p-Banach space. Assume that f : X — Y
is a mapping for which there exist mappings @1 : X* — [0, 00) and ¥ : X — [0, 00) such that
the Euler—Lagrange functional inequality

D5, )| < @r(x, y)
holds for all x, y € X and

2 2 mi 2 my
mimy f(a1x) +my f(maazx) — mgmy f m—oalx —mym1 f m—oazx <Yr(x)
2 2
for all x € X. Suppose that m := (m1+m;3fZ;ill+m2a2) > 1 and the series
00 i i 00 i
. @1(m'x,m'y)? . Y1(m'x)P
P1(x,y) =2;T ¥ (x) ZX(EW (3.14)

1= 1=

converge forall x,y € X.
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Then the limit
fm"x)

Q (x) - nli>ngo mzn

exists for all x € X, and Q : X — Y is the unique generalized Euler—Lagrange quadratic map-
ar,a

ping satisfying Eq. (1.4), that is, Dy, 1, Q(x,y) =0, the fundamental functional equation (2.1)
and mean functional equation (2.2) such that

D(x,0) 1 miay  mpap 1 (x)
D X, x)+—
(momma)P — (m>myma)? (mommym2)P

mo mo
(m>Pmy” + l)llf(O)II”}””

1) — 0@ <[

3.15
mim% (m?r — 1) (3.15)
holds for all x € X, where
#1(0,0)
| F O] < :
(mymy +1)(m — 1)
Proof. Using the functional inequalities (2.9)—(2.11) and the property of quasi-norm || - ||, we
have the basic inequality
f(mx)|” = = = = f(mx) P
Hf(x) | <lF@=F@ +[F = FO|" +]F0 - =3
< ( ®1(x,0) n mlllf(O)II)” + Y1 (x)P
(mommy) my (mommm2)?
1 mia;  moap P
9 0 9
S e m—— (wl( v x)+||f< )II)
p1(x,0)? 1 miay  maaz \”
X . X
(momma)?  m2mimar ¥\ Tmg " Tmo
p 2P, 2P 41 0)Il?
Vi(x) (m=Pm =P + D) f(O)| Vi € X, (3.16)
(mommimy)P m2Pmfmb

Thus one obtains from the last inequality that for all nonnegative integers n, [/ with n > [

fmlx)y  fm"x)|?

m2l - m2n

-1 ; j

<nZ fmx) — fnitlx)|P
S 2 l m2 m2G+1)

Jj=

n—1 j

m’x,0)? 1 may oma ;A\

<Z|: p1( p)sz+ . . sz(m( nix, 2 2mfx>

j=l (momm2)Pm (m=mymz)Pm o o

Y1 (m! x)P (m*Pmy?P 4+ D] £ (0)[|? (3.17)
(momm1m2)Pm2jp mmefmngJ'p s .

which tends to zero by (3.14) as [ — co. Therefore a mapping Q : X — Y given by
f(m"x)

man

0(x) = lim , xeX,
n—>oo
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is well defined. Letting / := 0 and then passing the limit 7 — oo in (3.17), we have the inequality
(3.15). To prove the uniqueness, let Q' be another mapping satisfying (3.15). Then we get by
Lemma 2.1 that Q'(m"x) = m* Q' (x) for all x € X and all n € N. Thus we have

o - 0'®]”
mznp{HQ(m x) = £ (") |” 4 [ £ (") = @' (m"2) | "}

0 Jx.0)P 1 . - \?
<ZZ[ @1(m'x,0) . ' (pl(mlalm,x’mwzrn,x)

— | (momm2)Pm2/P— (m*mym2)Pm*iP "\ myo mo
Y1 (m!x)P m*Pmi*” + DI f O
(mommmo)Pm?2ip m2Pmmf m2ip

for all x € X and all n € N. Taking the limit as n — 00, then we conclude that Q(x) = Q’(x) for
all x € X.

The rest of the proof of this theorem is omitted as similar to the corresponding that of Theo-
rem22. O

Theorem 3.6. Let X be a quasi-normed space and Y a p-Banach space. Assume that f : X — Y
is a mapping for which there exist mappings > : X* — [0, 00) and vry : X — [0, 00) such that
the Euler—Lagrange functional inequality

| Dol £, 9| < o2(x,y)
holds for all x, y € X and

|

forall x € X. Suppose that

2 2 mi 2 ma
mima f(a1x) +my f (maazx) — mOsz<—a1X) — mym f(—a2x> ' < Ya(x)
my mo

(my +ma)(mial + mzaz)
mimy + 1

O0<m:=

and the series

2pi X M b 2pi b
B (x, y) —Zm Pm(—l%) S 16)) —Zm P wz( ) (3.18)

i=1 i=1

converge forall x,y € X.
Then the limit

0(x) = lim m2"f<in)
n— 00 m

exists for all x € X, and Q : X — Y is the unique generalized Euler—Lagrange quadratic map-
ping satisfying Eq. (1.4), that is, Dfnll’?niz Q(x,y) =0, the fundamental functional equation (2.1)
and mean functional equation (2.2) such that

D;r(x,0) 1 mia; mpap Y5 (x)
Hf(x) - Q(x)” S [(MOmmz)” (m%mymy)P ( mo * mo x) * (mommymy)P
2p ;2P pl/p
(m“Pm; p+1)||f(0)|| :| (3.19)
mim?% (1 —m?2p)
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holds for all x € X, where

¢2(0,0)
(mimy+1)(1 —m)’

lrof <

Proof. Now by the similar argument to the functional inequalities (3.16) and (3.17), we get

s () = ()
mzjf(%) _ m2(./+1>f(#)

<)
n 2pj P 2pj p
m X m mia; X mody X
< [ (o) T (e x maas x
(momma)P mJ (m*mmy)P moy mJ my ml

p

p

j=l+1

j=l+1
m2pi X p N m2pi (m2pm12p + DI fO]* (3.20)
(mommym2)P mli m2Pm?m? :

for all x € X and all integers [, n withn > 1 > 0.
It follows from (3.18) and (3.20) that a sequence {m?" f (%)} is Cauchy sequence for all
x € X. Since Y is complete, we may define a mapping O : X — Y by

. 2n X
O(x)= lim m f(—)
m— 00 mn
for all x € X. Letting / = 0 and taking the limit as n — oo in (3.20), one has the inequality (3.19).

The rest of the proof goes through by the same way as that of Theorem 3.5. This completes
the proof. O

Remark 3.7. The result for the case K = 1 in Theorem 3.2 (Theorem 3.3) is the same as the
result for the case p = 1 in Theorem 3.5 (Theorem 3.6).
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