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ABSTRACT: In the present paper, we discuss the Hyers-Ulam stability of the equation 41 (f (x)) = & f (x) in a Banach
space. By constructing a uniformly convergent sequence of functions, we prove that if one can find an approximate
solution of such an equation, then there must be a unique solution close to the approximate solution.

KEYWORDS: Hyers-Ulam stability, iterative equation, Banach space

MSC2010: 39B82 39B12 47H99

INTRODUCTION

The study of stability of functional equations origi-
nated from a question of Ulam [1] concerning the
stability of group homomorphisms. The question is
stated as follows.

Given a group G; and a metric group G,
with metric p(-,-). Given € > 0, does there
exist a & > 0 such that if f : G; —» G, satis-
fies p(f(xy), FOIF()) < & for all x,y € Gy,
then a homomorphism h : G; — G, exists with
p(f(x),h(x)) < € for all x € G;?

The problem for Cauchy equation in Banach
space was solved by Hyers [2] in 1941.

In this paper, we consider the problem for iter-
ative equation in Banach space. Let C(X,X) be the
set of all continuous self-mappings on a topological
space X. For any f € C(X,X), let f™ denote the
m-th iterate of f, ie., f™ = fo f™1 f0=id,
m = 1,2,.... Equations having iteration as their
main operation, that is, including iterates of the
unknown mapping, are called iterative equations. It
is one of the most interesting classes of functional
equations [3, 4], because it includes the problem of
iterative roots [3], i.e. finding some f € C(X,X)
such that f" is identical to a given F € C(X,X).

As a natural generalization of the problem of
iterative roots, iterative equations of the following
form

Mf () +Af2(xX)+ -+ A, () =F(x) (1)

for x € I = [a,b], are known as polynomial-like
iterative equations. Here n = 2 is an integer, A; € R,
i=1,2,...,n, F:I — Ris a given mapping and f :
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I — I isunknown. As mentioned in [5], polynomial-
like iterative equations are important not only in the
study of functional equations but also in the study of
dynamical systems. For instance, such equations are
encountered in the discussion on transversal homo-
clinic intersection for diffeomorphisms [6], normal
form of dynamical systems [7], and dynamics of a
quadratic mapping [8]. Some problems of invari-
ant curves for dynamical systems also lead to such
iterative equations [9].

Note that the polynomial-like iterative equation

Zaifi =F,

where Zi a; =1, is a particular case of (1).

A successful approach to deal with this equation
with the use of a fixed point method was introduced
by Zhang [10] in 1987. The idea of the proof
of the main theorem in [10] is the construction
of a structural operator. Following this idea, we
construct an operator to prove the main theorem in
this work.

In [11], a higher dimension case, where the
domain of F is a compact convex subset of R", was
treated. Tabor [12] generalized the domain in [11]
to an arbitrary closed subset of a Banach space. In
this paper, we will allow operator coefficients, and
use the Zhang’s method [10] to discuss the following
equation.

GF(f(x)=Ff(x)
In this work, we will consider the Hyers-Ulam
stability of (2). As an example, we will discuss
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the stability of a polynomial-like iterative equation.
For more details in Hyers-Ulam stability of iterative
equations, please refer to [13].

THE MAIN RESULT

As our results are based on the Banach contraction
principle, we first need to describe the space on
which our results will take place.

Let X be a Banach space. For a function f : S —
X, where S is a subset of X, we put

I1f llsup == Sugllf(S)ll,
k(f) := Lip(f —id),

where Lip denotes the Lipschitz constant. One can
easily notice that ||-||5,, defines a metric (which can
possibly attain +00) by the formula dg,(f,g) :=
”f —& ”sup'

Let V be a closed subset of X. We define

AWV)={f :VoX|floy=1dlay, |If —idllg, < o},

K (V)={fex (V)| k(f)s<m} form=0.

The space (¢ (V), dy,) is a complete metric space,
and #,,(V) is a closed subset of (V).

Now we are ready to present our main tool to
be used further on. We first recall some lemmas.

Lemma 1 ([12]) Letf:g’flag2 € %(V); fl(v) cv
and g;(V) C V.
(1) IfLip(f) < oo, then

”f ofl —& oglnsup
SLip(£) If1 — &1llsup + I1f — &llsup -

(ii) We assume that f and g are invertible and
Lip(f ') < co. Then

176l <1261 ~ s

Lemma 2 ([12])
(i) Let f,g e #(V), and g(V) C V. Then fog e
A (V) and

k(fog) < (1 +k(f)(1+k(g)—1.

(i) Let f € A (V) be such that k(f) < 1.
f(v)ycv.

(iii) Let f € # (V) besuchthatk(f)<1. Thenf '€
A (V) and

Then

1

-1 _
k(fH < =
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Lemma 3 ([12]) Let f €4 (V) be such that k(f)<1.
Then f~' € (V) and

1 1
Lip(f7) < 1= ()’

Now we present the main result of this work.

Theorem 1 Let m € (0,1) be given. Let F,% :

Hy(V) — A (V) be fixed. Let
kg :=sup{k(Zf): f € %,(V)} and
kg = sup{k(9f) : f € H(V)}.
Suppose that
(P1) (1+kz)/(1—ky)<1+m,

(P2) Lip(ZF)+Lip(¥) < 1—kg.
For any & > O, if there is a g € K,,,(V) such that

”(g(g)og_g(g)“sup < 6:
then (2) has a unique solution f in #,,(V), with

1 13}
1—ky —Lip(F)—Lip(¥)
Proof: By condition (P2), k(¥(f)) <1 for f €

An(V). We construct a sequence {f,} ¢ # (V) of
functions as follows. Take f;, = g first, then define

fi() = (G ) o F(f))(),

We claim that f, € #;,(V) for any positive integer s,
and will prove by induction.

First f, = g € X#,(V), we assume this is true
for an integer s, then by the first and the third
inequalities in Lemma 2, we have

k(for1) = k(G 0 Z(£))
SA+kga)1+ks)—1
< M _
1 - kg
which means that f,,; € (V).
Subsequently, we show that the inequality

1 _
fs = fiallgup < WMS '5 4
—ky

”f_g“sup < (3)

Vxe€V,seN.

1<m,

holds fors =0,1,2,..., where M = %tip(%)' We
prove this inequality by induction as well. First,

1= follp = [|[(4(eN 7" 0 Z(&)— 5],
<Lip((9(2) D IZ(g)—9(g) o gllsp
<Lip((9(g)™)-5

1
0.
1_k(g
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Suppose that (4) holds for an integer s. Then, for the
integer s + 1, by Lemma 1 and Lemma 3, we have

||fs+1 _fs”sup

1 [CARL AR CTTAN Xt (A8 I
1
< 1—ky 7 (fs) —g(fs—l)”sup
S8 |(CZEA) e 7Y
< Lip(Z) +Lip(¥)

ST 1ok, 1fs = fimallgup <

M?®5.

1—ky

We claim that {f;}°/ is a Cauchy sequence, since for
any two positive integers s and t with s > t, we have

”fs _ftHsup < ”fs_fs—lnsup +eeet ||ft+l _ft”sup

1
< (M16 + M35+ -+ M'S)
1_k(g
5 M'-Mf
S 1—-ky 1-M

By conditions (P1) and (P2), 0 < M < 1, it follows
that
Ifs—fellsp — 0, as s>t — oo.

As A, (V) is a closed subset of £ (V), {f;}°, con-
verges uniformly in %, (V). Let

Jim, fi =

Clearly, f € A4;,(V). From
1Z ()= %) o fllaup = Um 1 () = G(£) 0 fillsup
= lim |9(f)o(4(F) " oF (=94 (f)of [

< lim Lip(49) - [(4(£) " o Z(f)— £
< slirglo Lip(¥)-M*6 =0,

sup
we know that f is a solution of (2). Furthermore,
as M = —Llp(‘?_z]:p(g), we have

||f _g”sup = Sl_l)rglo “fs _f0||5up

< sl*i)rglo{”fs_fsflnsup +eet ”fl_fO”sup}

< lim n (M 4+ M2 4. 4+1}6
1
S S,
(1—kg)(1—M)

" 1—ky—Lip(Z)—Lip(¥)
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This proves (3) in Theorem 1.

Concerning uniqueness, we assume that there
is another solution ¢ € #,,(V) for (2), such that
ll¢ —gll < &, where ¢ > 0 only depends on 6. By
Lemma 1, it follows that

If = llsup =[[(GUEN T Z()~(4($D) "o Z($)]

< 175 9l (9 =990,
£
< PV g =M = Bl
9

that implies

However, M < 1, this implies that ||f — ¢|ls,, =0,
ie. f=¢. |
Corollary 1 Let m € (0,1) be given. Let F € #,,(V)
and ¢ : #,,(V) — A (V) be fixed, and
ky :=sup{k(9f): f € A, (V)}.

We assume that

1+ k(F)

1+m

For any & > 0, if there is a g € K,,,(V) such that

<1—ky and Lip(¥)<1—ky.

||‘;4(g) Og_F“sup < 6:
then the equation

(9(f)of)x)=F(x) for xeV
has a unique solution f in #,,(V) with

! 5
1—ky—Lip(¥9)
STABILITY OF SERIES-LIKE ITERATIVE
EQUATION

By £(V) we denote the Banach space of bounded
linear operators on X with the operator norm. We
assume that a sequence {L;}°, C £(X) is given
such that

iLi=id and iLiofi=F, (5)
i=1 i=1

for f,F e #,(V),L; € £(X),i eN.
Define, for m € (0,1),

||f _g“sup <

W(m) = > Il (1 +m) T —1).

i=1

The proof of the following theorem is similar to that
of Theorem 2 in [12].
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Theorem 2 Let m € (0,1). Let V be a nonempty
closed subset of a Banach spaces X, and let F € # (V).
If

1+m)(1—W(@m))>1+k(F)

then for any g € #,,(V) with

where O is a constant, there exists a unique solution
f e, (V)of (5) such that

L 5
—W(m)—mwW((m)

”f_g“sup <
Proof: Put
(o]
P ::ZLiapH
i=1

First, we show that for each ¢ € 2#,,(V') the function
P o is well defined, that is to say we need to show

that limsupy. , oo D ycicn ”Ligoi_l(x)H =0.
For any two functions ¢,y € #,(V), by
Lemma 1, we have

D G

i—1_
<Z|| =1

W(m)

||<P Yllsup

i = llsup - (6)

From the first inequality given in the assumption
of this theorem, it follows that 210:1 IL;]] < oo. For
a fixed function ¢ € #,,(V), we have

lim sup Z HL i 1(x)”

k;n—oo k<i<n

< limsup Z HL (o (x)— x)H

kn—oo 1 icn

+limsup > (1L x|

k,n—00 k<i<n

m+1 i

) 14+m)—t—1
< limsup E L
kn—=00 ki1

”Li” ”(p_id”sup :

By the definition of W(m), we obtain that the se-

e _
quence {% IL;11}2, is convergent, so

m+1

lim sup
k,n—»oo i=k+1

(1+m)'1—1

IL: 1l —idllsy, = O,

which means that () is a well-defined function.
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For ¢,y € #,,(V), by (6) we get

If ¢ = id, then @y = ZizlLiidl =1id. Thus,
we have [|Py—idly, = |P¢—P(d)ly, <
T —idllyy = "H2k(p) < W(m),
consequently that 2 ¢ € X (V).

By applying Lemma 2, we have k(o) < (1 +
k() —1. As ¢ € #,,(V), we obtain that k(¢) <
m, then we have k(™)) < (1+k(p)) ' —1<(1+
m)~! — 1. For any two points x,y € V, we obtain
that

(2 @(x)—x)— (2 p(y)—y)l

< ILA | =)~ )y

i=1

< IL N k(™) lx =yl
i=1

— o= llsup -

and

< ILA (@ +m) T =1) x|

i=1
Sw(m)llx—yll,
and therefore
kep < W(m).
Also we have
W(m) m—k(F) < m+ mk(F)

Lip(#) < m(1+m) = m(1+m)

1+k(F)

= T+m S1-W(m)<1l—kyp.
So we have
1 < m

1—kgp —Lip(®) m—W(m)—mW(m)

By Corollary 1, we get the conclusion. m|

Example 1 Consider the following iterated equa-
tion
Li(f2() + Ly(f(x)) =F(x) for x€V, (7)
where L, L, € 4(X), and L, + L, = id. Assume that
1 <M =]||L,]| <1, and take m = 2(&=—1) < 1. If
k(F) < 2(1—M)?, then W(m) =m||L,| and
1+m)(1-W(m)) = (1+m)(1—mlL,])
=14+m—m(+m)| L
=1+m(1—(1+m)M)
=1+ 2(1—M)*> 1+k(F).

So (7) has Hyers-Ulam stability.
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