Commun. Korean Math. Soc. 26 (2011), No. 1, pp. 99-113
DOI 10.4134/CKMS.2011.26.1.099

SEVERAL STABILITY PROBLEMS OF A QUADRATIC
FUNCTIONAL EQUATION

IN Goo CHO AND HEE JEONG KOH

ABSTRACT. In this paper, we investigate the stability using shadowing
property in Abelian metric group and the generalized Hyers-Ulam-Rassias
stability in Banach spaces of a quadratic functional equation,

flzr + 22+ 23+ 24) + f(—21 + 22 — 23 + 24)

+f(—x1 + 22 +x3) + f(—22 + 23 + 74) + f(—T3 + T4 + 21)

4
+f(—x4+x1 +22) = 5Zf(zi).

i=1
Also, we study the stability using the alternative fixed point theory of
the functional equation in Banach spaces.

1. Introduction

In 1940, the problem of stability of the above functional equations was orig-
inated by Ulam [15] as follows: Under what condition does there exist an
additive mapping near an approximately additive mapping?

The first partial solution to Ulam’s question was provided by D. H. Hyers [7].
Let X and Y are Banach spaces with norms ||-|| and ||-||, respectively. Hyers
showed that if a function f : X — Y satisfies the following inequality

[f(z+y) = flz) = fly)ll <e
for all € > 0 and for all z,y € X, then the limit
a(z) = lim 27" f(2"z)
n—oo
exists for each z € X and a : X — Y is the unique additive function such that
[f(x) —a(x)|| <€
for any x € X. Moreover, if f(tz) is continuous in ¢ for each fixed « € X, then

a is linear.
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100 IN GOO CHO AND HEE JEONG KOH

Hyers’ Theorem was generalized in various directions. In particular, thirty
seven years after Hyers’” Theorem, Th. M. Rassias provided a generalization of
Hyers’s result by allowing the Cauchy difference to be unbounded; see [10]. He
proved the following theorem: if a function f : X — Y satisfies the following
inequality

1@ +y) — f@) = fWIll < o=l” + [ly]*)
for some 8 > 0, 0 < p < 1, and for all z,y € X, then there exists a unique
additive function such that
20

1£(2) — a@)] < 5=

for all z € X. Moreover, if f(tz) is continuous in ¢ for each fixed z € X, then
a is linear.

Th. M. Rassias result provided a generalization of Hyers Theorem, a fact
which rekindled interest in the study of stability of functional equations. Tak-
ing this fact into consideration the Hyers-Ulam stability is called Hyers-Ulam-
Rassias stability. In 1990, Th. M. Rassias during the 27th International Sym-
posium on Functional Equations asked the question whether an extension of
his theorem can be proved for all positive real numbers p that are greater or
equal to one. A year later in 1991, Gajda provided an affirmative solution to
Rassias’ question in the case the number p is greater than one; see [5].

During the last two decades several results for the Hyers-Ulam-Rassias stabil-
ity of functional equations have been proved by several mathematicians world-
wide in the study of several important functional equations of several variables.
Gavruta [6] following Rassias’s approach for the unbounded Cauchy difference
provided a further generalization.

The quadratic function f(z) = cz?(c € R) satisfies the functional equation

(1.1) fle+y) + fle—y) =2f(z) +2f(y).
Hence this question is called the quadratic functional equation, and every so-
lution of the quadratic equation (1.1) is called a quadratic function.

A Hyers-Ulam stability theorem for the quadratic functional equation (1.1)
was proved by Skof [12] for functions f : X — Y, where X is a normed space
and Y is a Banach space. Cholewa [2] noticed that the theorem of Skof is still
true if the relevant domain X is replaced by an Abelian group. In [3], Czerwik
proved the Hyers-Ulam-Rassias stability of the quadratic functional equation.
Recently, Tabor proved the general stability result for functional equations in
the case when the target space is a metric group (with some local divisibility
condition); see [13].

Consider the following 3-dimension quadratic functional equation:

flety+2)+fl@—y)+fly—2)+ flz—2) =3f(x) +3f(y) +3f(2).
Recently, the 3-dimensional quadratic functional equation was investigated by

Bae and Jun [1]. Also, Najati and Park introduced new Euler-Lagrange type
of functional equation; see [9].

[Eds
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In this paper, we will investigate the stability in metric group and the gen-
eralized Hyers-Ulam stability of a 4-dimensional quadratic functional equation
as follows:

fler+zo+as+x4) + f(—21 + 22 — 23 + 24) + f(—21 + 22 + 23)
+ f(—ra+xs+a4)+ f(—23+ 24+ 1) + f(—24 + 21 + 22)

4
= 5Zf(xi).

Also, we study the stability using the alternative fixed point of the functional
equation in Banach spaces.

Lemma 1.1. Let X,Y be vector spaces. If a mapping f : X — Y satisfying
f(w1+ 22 + 23+ 24) + f(—21 + 22 — 23 + 24) + f(—71 + 72 + 73)
+ f(=22 + 23+ 34) + f(—23 + T4 + 1) + (T4 + 21 + 72)

4
= 5Zf(l’z')

for all x1,x0, 23,24 € X, then f has the following properties:

(1) f£(0) = 0.
(2) f(z) = f(—x) for allz € X.
(3) f is a quadratic mapping.

(1.2)

Proof. (1). Let 1 = x9 = x3 = ¢4 = 0. Then 6 f(0) = 20£(0), that is, f(0) = 0.
(2). Let 1 = z, and x2 = 23 = x4 = 0. By (1), we have 3f(z) + 2f(—z) =
5f(z). Hence the desired result is obtained. (3). Let 21 = x,22 = y, and
z3 = x4 = 0. Then 2f(z +y) + 2f(z — y) = 4f(2) + 4f(y). Thus f(z +y) +
flx—y)=2f(z)+2f(y), as desired. O

2. Stability using shadowing property

In this section, we will investigate the stability of the given functional equa-
tion based on the ideas from dynamical systems. Before we proceed, we would
like to introduce some basic definitions concerning shadowing and key concepts
to establish the stability; see [13].

Let us fix some notations which will be used throughout this section. We
denote N the set of all nonnegative integers, X a complete normed space and
B(x, s) the closed ball centered at « with radius s and let ¢ be given.

Definition 2.1. Let 6 > 0. We say that a sequence (zy)ren is a 6-pseudoorbit
(for @) if
d($k+1, (b(xk)) < ¢ for k € N.

A 0-pseudoorbit is called an orbit.
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Definition 2.2. Let s, R > 0 be given. We say that ¢ : X — X is locally
(s, R)-invertible at xg € X if

Yy € B(¢(xo0), R), 3z € B(xo,s) : ¢p(z) =y.
If ¢ is locally (s, R)-invertible at each x € X, then we say that ¢ is locally
(s, R)-invertible.

For a locally (s, R)-invertible function ¢, we define a function ¢!
B(¢(x0), R) = B(xo,s) in such a way that ¢, (y) denote the unique = from
the above definition which satisfies ¢(x) = y. Moreover, we put

lippe ™! = sup lip(é.)),
To€

where lip(¢;,') is the lipschitz constant of ¢ !.

Theorem 2.3 ([14]). Let ! € (0,1),R € (0,00) be fized and let ¢ : X — X
be locally (IR, R)-invertible. We assume additionally that lipg(¢~t) < 1. Let
d < (1—=1)R and let (zx)ken be an arbitrary 0-pseudoorbit. Then there exists
a unique y € X such that

d(xk,¢"(y)) < IR for k € N

Moreover,

)
1-1
Let (X,*) be a semigroup. We denote kz to be g *--- %z, where z € X

—

d(zx, 9" (y)) <

for k e N.

k
and k € N. Then the function || - || : X — R is called a (semigroup) norm if it
satisfies the following properties:

(1) for all x € X, ||z|| > 0.
(2) for all x € X,k € N, ||kx|| = E||=]|.
(3) for all z,y € X, ||z|| + |ly|| > ||z * y|| and also the equality holds when
x =y, where * is the binary operation on X.
Note (X, #,]||-||) is called a normed group if X is a group with an identity
e, and it additionally satisfies that [|z|| = 0 if and only if x = e.
We say that (X, x*,]||-||) is a normed (semi)group if X is a (semi)group with
anorm ||-||. Now, given an Abelian group X and n € Z, we define the mapping
[nx]: X — X by the formula

[nx](x) :=nz for z € X.

Also, we are going to need the following result. In recent years, Lee et al.
showed the next lemma by using Theorem 2.3.

Lemma 2.4 ([8]). Letl € (0,1),R € (0,00),6 € (0,(1 —I)R),e > 0,m €
N,n € Z. Let G be a commutative semigroup and X a complete Abelian metric
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group. We assume that the mapping [nx]| is locally (IR, R)-invertible and that
lipgp([nx]™t) <. Let f : G — X satisfy the following two inequalities

N

Hzaz‘f(bilxl-F"'-Fbinxn) ‘ <eforxzy,...,z, €G,
i=1

[|f(mz) —nf(z)|| < 6 forz € G,

where all a; are endomorphisms in X and b;; are endomorphisms in G. We
assume additionally that there exists K € {1,..., N} such that

K N
16
(2.1) ; p(ai)d < (1-1) i:;rl pai) 37—

Then there exists a unique mapping F : G — X such that
F(mz) =nF(x) for z € G,

and

1f(z) - F(z)|| < 1% forzed.

Moreover, F satisfies
N
ZaiF(bilxl + o4 b, xn) =0 forxy,...,x, €G.
i=1
Now, we are ready to prove our functional equation as follows: for the given

mapping f : X — Y, we define

Df(x1, w0, 23, 24) := f(x1+ 22+ 23+ 24) + f(—21 + 22 — 23 + 24)
+ f(=21+ 22+ 23) + f(—22 + 23 + 24)
(2.2) + f(—x3 + s+ a1) + f(—zs + 21 + 29)

4
-5 flx:)
i=1
for all z1, 2o, 23,24 € X.

Theorem 2.5. Let R > 0, let G be an Abelian group, and let X be a complete
normed Abelian group. Let ¢ < & be arbitrary and let f : G — X be a

152
mapping such that
(2.3) [IDf(z1,...,z4)|| <&
forall x1,..., 24,2 € G. Then there exists a unique mapping F : G — X such

that
F(4z) = 16F(x),



104 IN GOO CHO AND HEE JEONG KOH

F(Il+$2—|—I3—|—I4)—|—F(—131+$2—I3+I4)+F(—1‘1—|—1‘2+933)

24 + F(—zo+ a3+ 24) + F(—23+ 24 + 1) + F(—24 + 21 + 22)
2.4

4
= 5ZF(Z‘1),
i=1 1
Fz) - <=
1F(@) - F@ll < 15
forallxzy,... x4,z € G.
Proof. By letting 1 = --- = x4 = 0 in the equation (2.3), we have
[14f(0)]] <,
that is, || f(0)|| < 3. Now, by putting z; = --- = x4 = x in (2.3),

[1f(42) + f(0) = 16f ()] <e.

Since [|f(0)|| < &, we have || f(4z) — 16f(z)|| < 12¢ for all z € G. To apply

Lemma 2.4 for the function f, we may let

1 15
= —5=2=2
1677 14°
a4y =---=ag =tidx,ar = --- = a;1 = —didy,

K =6, and N = 11.
Then we have
K N 15
2.5 < I—ZR, li aidg 1—lR,€+ li az—glR
25) S<U-DR Y lple)i U -DR et 3 lla)7

Hence all conditions of Lemma 2.4 are satisfied, and thus we conclude that
there exists a unique mapping F : G — X such that

F(4z) = 16F(x),

F(zy + 2o+ a3+ x4) + F(—21 + 20 — 23 + 24) + F(—21 + 22 + 23)
+ F(—zo+ a3+ 24) + F(—x3 + 24 + 71) + F(—24 + 21 + 22)

4
=5Y Flx),
i=1

and also we have

16 1
_ < = = .
[|F(x) — f(z)]| < T 146 for all z1,...,24,2 € G O

Theorem 2.6. Let R > 0, let G be an Abelian group, let X be a complete
normed Abelian group, and let f : G — X be a mapping. Suppose that [14x] is
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locally (%,R) -invertible and [2x] is locally (§7R) -invertible. If f satisfies the
following equation
f(w1 + 22 + 23+ 34) + f(—21 + 22 — 23 + 24) + f(—21 + T2 + 23)

+ f(—x2 + w3+ 24) + f(—23 + 24 +21) + f(—24 + 21 + 22)

@26
=9 Z f(z:)
i=1
forall x1,...,x4 € G, then f is a quadratic even mapping.
Proof. By letting x1 = --- = x4 = 0 in the equation (2.6), we have

14f(0) = 0.
By the uniqueness of the local division by 14, we get f(0) = 0. Also, setting
21 =xz,2, =0 (k=2,...,4) and by the uniqueness of the local division by 2,
we have f(z) = f(—z) for all z € G, that is, f is even. By the uniqueness of
the local division by 2 and letting 1 = z, 22 = y, z3 = x4 = 0, we have
fle+y)+ fle—y)=2f(x) +2f(y)
for all z,y € G, that is, f is a quadratic mapping, as desired. O

The direct application of Theorems 2.5 and 2.6 yields the following corollary.

Corollary 2.7. Let R > 0, let G be an Abelian group, and let X be a complete
normed Abelian group. Lete < ZTRQ be arbitrary and let f : G — X be a function
satisfying equation (2.3). Suppose that [14x] is locally (%,R) -invertible and
[2x] is locally (%,R) -invertible. Then there exists a quadratic even mapping

F:G — X such that 1
F(x) — < —e.
IF@) = f@l < 7
3. Hyers-Ulam-Rassias stability

Throughout in this section, let X be a normed vector space with norm ||-||
and Y be a Banach space with norm ||| .

Theorem 3.1. Let f : X — Y be an even mapping satisfying f(0) = 0 for
which there exists a function ¢ : X* — [0, 00) such that

b1, 29, T3, 24) = Z4_j¢(2jx172jx272jx372jx4) < 00,
=0

(3.1) |Df(x1, 22,23, 24)| < (@1, 22, 23, 24)

for all x1,x9,23,24 € X. Then there exists a unique 4-dimensional quadratic
mapping Q : X =Y such that

(32) 7@~ Q@) < $3(x,,0,0)
forallz € X.
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Proof. Letting z1 = 29 = x and 23 = 24 = 0 in the equation (3.2), we have

H2f(23?) - 8f(.7;)|| < ¢($,$,0,0)

for all z € X. Then we write

3) |10)- 1760 < gotwa0.0
for all z € X.
Then
1 T X .
(3 =) o] (4 -

d
é (i) ¢ (2%2,2%2,0,0)

for all x € X and all positive integer d. Hence we have

(3.4 H (5) reo- (i)dﬂz%)

for all x € X and all positive integers s,d with s < d.
Hence we may conclude that the sequence {(1)° f(2°z)} is a Cauchy se-

IN

d—1

<lz 1 j¢(2jx 272,0,0)
_8 4 ) M

j=s

quence. Since Y is complete, the sequence {(i)s f(2°z)} converges in Y for
all x € X. Thus we may define a mapping @ : X — Y via

aw - i (1) 1w

for all z € X. Then

: 1 ° S S S S
IDQ(z1, x2, x5, 24)|| = lim () IDf (2°21,2%x9,2% 23, 2°24)]|
s—oo \ 4
. I
< lim (=] ¢(2°z1,2%29,2%23,2%24)
s—oo \ 4
=0
for all z1,...,24 € X. Lemma 1.1 induces that @ is a quadratic mapping. Also,

by letting s = 0, and d — oo in the equation (3.4), we have the equation (3.2).
Now, let @’ : X — Y be another quadratic mapping satisfying the equation
(3.2). Then for all x € X

Q) - @l = (7) Q@) - @2

< (3) U@ - rEol+1Q @0 - f @)

2.473
<

< - $(2°2,2°2,0,0) — 0
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as § — 00. Thus we may conclude that such a quadratic mapping @ is unique.
O

Theorem 3.2. Let f : X — Y be an even mapping satisfying f(0) = 0 for
which there exists a function ¢ : X* — [0, 00) such that

o0
o(x1, 22,23, T4) 1= Z4j¢(2_jx172_jx272_jx372_jx4) < 00,
j=1
||Df(m1,x2,x3,x4)|| < ¢($1,x2,x3,x4)
for all x1,x9,23,24 € X. Then there exists a unique 4-dimensional quadratic
mapping Q : X =Y such that

1£() - Q)| < 56(z,,0,0)
forallx € X.

Proof. In the proof of Theorem 3.1, if x is inductively replaced by %z, then we
have

r

| f(z) =47 f(27"2)|| < %24%(2—%, 2792,0,0)

j=1

for all z € X. The remains follow from Therorem 3.1. O

Corollary 3.3. Let p # 2 and 0 be positive real numbers, and let f : X —Y
be an even mapping satisfying f(0) =0 and

4
IDf (1,22, 23, 2) | <0 [la])”
i=1
for all x1, x5, x3,24 € X. Then there exists a unique 4-dimensional quadratic
mapping Q : X — Y such that

1f(z) = Qz)]| <

p
T ol

forallx € X.

Proof. Let
4

¢($17 T2,x3, .'1,'4) = HZ Hlep .
i=1
Let p < 2. Applying to Theorem 3.1, we have the desired result. Now, let
p > 2, similar to the previous case applying to Theorem 3.2. Il

Theorem 3.4. Let f : X — Y be an even mapping satisfying f(0) = 0 for
which there exists a function ¢ : X* — [0, 00) such that

(35) 5(1'17‘%2;‘%33‘%4) = Z472j¢(4j$174jx274jx334jx4) < 00,
7=0



108 IN GOO CHO AND HEE JEONG KOH

(36) ||Df<.’1}]_,$2,$3,$4)|| S ¢<$1,l‘2,$3,.’1]4)

for all x1,x9,x3,24 € X. Then there exists a unique 4-dimensional quadratic
mapping Q : X — Y such that

(37) 17@) ~ Q@) < 1(a,,7,7)
forallz € X.

Proof. Letting 1 = z2 = 23 = x4 = x in the equation (3.6), since f(0) = 0,
we have

[ (4x) = 16/ (2)|| < oz, z, z, x)

for all z € X. Hence we have
1
. — —f(4
(35) |10) - a0

for all z € X. Then

[OFCROMTS

1
< —
= 16(25(])7%',33,33)

B 12d
~\4

1 1 2d
< — (= 4% 49 4% 47
<55 (3) olnateate

for all x € X and all positive integer d. Hence we have

<}1) f ) - (i)f (472)

for all x € X and all positive integers s,d with s < d.
Hence we may conclude that the sequence {(%)25 f(4°z)} is a Cauchy se-

(@) - o 7 (491 2)

d—1

1 nN%
§16_Z<4) ¢(4jx,43z,4jx,4jx)

J=s

(3.9) |

quence. Since Y is complete, the sequence {(%)28 f (4%x)} converges in Y for
all z € X. Thus we may define a mapping @ : X — Y via

2s
Q) =t (1) sea)
for all z € X. Then

) 1 2s
[[DQ(x1, z2, 73, 24)|| = lim <4) [|[Df (4°x1,4°20,4%13,4%24) ||

IN
5.

2s
1 X .
(4) ¢(4s$1,48$274‘5x3746$4)

for all z1,...,24 € X. Lemma 1.1 induces that @ is a quadratic mapping. Also,
by letting s = 0, and d — oo in the equation (3.9), we have the equation (3.7).
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Now, let @’ : X — Y be another quadratic mapping satisfying the equation
(3.7). Then for all x € X

Q@) - Q)] = (1) 1Q (%) - @ (4°2)]

4
1 2s
< (1) Uews) - @l +1Q @wa) - fwa)
2472 ~
< T ¢ (4°x,4°x,4°x,4°x) — 0
as s — 0o. Thus we may conclude that such a quadratic mapping @ is unique.

O

Theorem 3.5. Let f : X — Y be an even mapping satisfying f(0) = 0 for
which there exists a function ¢ : X* — [0,00) such that

o0

(}5(.%‘1,:132,!@3,.’154) = Z42jgz5(4_jm1,4_jx2,4_jx3,4_jx4) < 00,
j=1
IDf(z1, 22,73, 74)|| < (21,2, T3, T4)

for all x1,xo,x3,24 € X. Then there exists a unique 4-dimensional quadratic
mapping Q : X — Y such that

forallxz € X.

Proof. In the proof of Theorem 3.4, if x is inductively replaced by ix, then we
have

r—1
| f(2) =4 f(A"2)|| < 4P (4w, 4 0, 47w, 47 n)
j=1
for all x € X. Similar to Theorem 3.4, the proof follows. O

Corollary 3.6. Let p # 2 and 0 be positive real numbers, and let f : X =Y
be an even mapping satisfying f(0) =0 and

4
IDf (1,22, 23,00)] < 03 |

=1

for all x1,xo,x3,24 € X. Then there exists a unique 4-dimensional quadratic
mapping Q : X =Y such that

0
1) = QW < = el

forallz € X.
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Proof. Let
4

¢((E1, T2,X3, 1'4) = 02 H‘TIHP :
i=1
It is easy to check that when p < 2, apply to Theorem 3.4 or when p > 2, apply
to Theorem 3.5 ]

4. Stability using alternative fixed point

In this section, we will investigate the stability of the given 4-dimensional
quadratic functional equation (2.2) using the alternative fixed point. Before
proceeding the proof, we will state theorem, the alternative of fixed point.

Theorem 4.1 (The alternative of fixed point [4], [11]). Suppose that we are
given a complete generalized metric space (Q,d) and a strictly contractive map-
ping T : Q — Q with Lipschitz constant L. Then for each given x € ), either
d(T"z, T" " 2) = 0o for allm > 0,

or there exists a natural number ng such that

(1) d(T"z, T"x) < oo for all n > ng;

(2) The sequence (T"x) is convergent to a fized point y* of T}

(3) y* is the unique fized point of T in the set

A={yeQ|dT™z,y) < oo}
(4) dly.y*) < y1pd(y, Ty) for ally € A.
Now, let ¢ : X™ — [0,00) be a function such that

lim PN 21, ., A Ey,)

=0

forallxl,...,xnEX,Where)\i:2ifi:0and)\i:%ifizl.

Theorem 4.2. Suppose that an even mapping f : X — Y satisfies the func-
tional inequality

(41) ||Df(1‘1,...,$4)||S¢(I1,...,IE4)

forall zy,...,24 € X and f(0) = 0. If there exists L = L(i) < 1 such that the
function

(4.2) 2 $(@) = 6lx,2,0,0)

has the property

(1.9 v <zt (5)

for all x € X, then there exists a unique quadratic mapping Q : X — Y such
that the inequality

(4.4) 1f(2) = Q)] <

()
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holds for all x € X.
Proof. Consider the set
Q={glg: X =Y, g(0)=0}
and introduce the generalized metric on §2,
d(g,h) = dy(g,h) = mf{K € (0,00)|[lg(x) — h(z)| < K¢(x),x € X}

It is easy to show that (2, d) is complete. Now we define a function T :  — Q
by

1
Ty(z) = 1790\2)
for all x € X. Note that for all g,h € Q,
d(g,h) <K = |g(z) = h(z)| < K¢(z) for all z € X,

1 1 1

= ‘ pg(m) - Ph(m) < PKz/)(xia:) for all z € X,
1 1

= ‘ FQ()\M) - Fh()\ix) < LKY(z) for all z € X
i i

= d(Tg,Th) < LK.

Hence we have that
d(Tg.Th) < Ld(g, h)

for all g,h € Q, that is, T is a strictly self-mapping of 2 with the Lipschitz
constant L. By setting x1 = x5 = x and x3 = x4 = 0, we have the equation
(3.3) as in the proof of Theorem 3.1 and we use the equation (4.3) with the
case where ¢ = 0, which is reduced to

(45) 1) - 11 < Jueen < vt

for all z € X, that is, d(f,Tf) < L = L' < co. Now, replacing = by %x in the
equation (4.5), multiplying 4, and using the equation (4.3) with the case where
i = 1, we have that

7@ —22 (5)] = v

for all # € X, that is, d(f,Tf) <1 = LY < co. In both cases we can apply
the fixed point alternative and since lim,_, o d(T" f, Q) = 0, there exists a fixed
point @ of T in ) such that

(4.6) Q(z) = lim fiz)

n—oo )\?T
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for all z € X. Letting x; = Afa; for j = 1,...,4 in the equation (4.1) and
dividing by A?",

[Df N1, Awa) |

IDQ(z, ... ,x,)| = lim

r—00 )\%Txl
~ r—oo A?Txl
i
=0

for all xq,...,z4 € X; that is, it satisfies the equation (1.2). By Lemma 1.1,
the @ is quadratic. Also, the fixed point alternative guarantees that such a @
is the unique mapping such that

1/ (2) = Q)] < Kip(x)

for all x € X and some K > 0. Again using the fixed point alternative, we have

1
< — TF).
d(f,Q) < 7= d(£.T)
Hence we may conclude that

Ll—i
d(f7 Q) S ﬁv

which implies the equation (4.4). O
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