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‘We prove the stability of some equations of a single variable, including a non-
linear functional equation, a linear functional equation as well as a Volterra
integral equation, by using the weighted space method. Our results generalize
and extend some recent theorems given in this field, with simplified proofs.
Several direct applications of these results are also obtained.

1. INTRODUCTION

The study of the functional equations stability originated from a question of
S. M. Uram ([39], 1940) in a talk at the University of Wisconsin, concerning the
stability of group homomorphisms.

In 1941 D. H. HYERS [24] gave an affirmative answer to the question of ULAM
for Cauchy functional equation in Banach spaces. The result of D. H. HYERS was
generalized in 1950 by T. AoKI [3] for approximately additive mappings and in
1978 by TH. M. Rassias [36] for approximately linear mappings. G. L. FORTI
[15] extended in 1980 a part of TH. M. RASSIAS’s result for a general class of
functional equations. Independently, P. Gavruta [20] obtained a generalization
of TH. M. RAss1AS’s theorem, by replacing the Cauchy differences by a control
mapping ¢ satisfying a very simple condition of convergence. These papers were
provided a lot of influence in the development of what is now known as generalized
Hyers-Ulam-Rassias stability of the functional equations.
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Some results and informations which complete the history of the subject are
described in the papers [33], [5], [19], [35], [12], [21], [26], [32], [14], [17], [18]
and [31]. Also, we refer the reader to the expository papers [16] and [37] or to the
books [13], [25] and [28].

It should be noted that almost all proofs in this topic used the direct method
(of Hyers): the exact solution of the functional equation is explicitly constructed
as a limit of a sequence, starting from the given approximate solution. On the
other hand, in 1991 J. A. BAKER [4] used the Banach fixed point theorem to
give Hyers-Ulam stability results for a nonlinear functional equation. In 2003, V.
RADU [34] proposed a new method, successively developed in 7, 8, 9], to obtain
the existence of the exact solutions and the error estimations, based on the fixed
point alternative. Subsequently, these results were generalized by D. MIHET [30],
L. GAVRUTA [22] and L. CADARIU and V. RADU [11].

Our main purpose is to study the generalized stability for some nonlinear
functional equations by using the weighted space method, considered in [23] for the
first time. Actually, we prove in Theorem 1 the generalized Hyers-Ulam stability
of the single variable functional equation

y(x) = F (2, y(x),y (n(x)))

Thereafter, we show that the theorem extends some results in [10], [23] and [4].
As a consequence of Theorem 1, the generalized Hyers-Ulam stability for the linear
equation

y(x) = g(x) -y (n(x)) + h(z)

is highlighted in the next section. Moreover, as direct applications of our theorem
for this linear equation, we obtain several results given in [4] and [9]. Notice that
in all these equations y is the unknown function and the other ones are given
mappings. In the last section of the paper we discuss the generalized Hyers-Ulam
stability for a general class of the nonlinear Volterra integral equations in Banach
spaces.

We recall that the weighted space method consists of the use of a classical
mathematical result in a space endowed with a weighted distance. Specifically, in
this paper, the Banach’s fized point theorem is the classical result used to obtain
the stability of the equations above-mentioned.

2. THE GENERALIZED HYERS-ULAM STABILITY OF A
NONLINEAR EQUATION

In this section we obtain the generalized Hyers-Ulam stability results for the
nonlinear equation

1) y(z) = F (2,y(x),y (n(z)))

by using the weighted space method. A function y : S — X, is the unknown, S is a
nonempty set, (X, d) is a complete metric space, F': SXx X xX — X andn:S — S
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are given functions. Moreover, we prove that some results of the stability given in
[4], [10] and [23] can be obtained directly from the following theorem:

Theorem 1. Suppose that there exists L € [0,1) such that the mappings A\, pn: S —
[0,00) satisfy

(2) A@)e(x) + px)e(n(z)) < Le(z), Vo €5,

for some given function ¢ : S — (0,00). Suppose also that the given mapping
F:58x X xX — X satisfies

(3) d (F(z, u(z), u(n(z))), F(z,v(z), v(n(z))))
< Mz)d(u(z), v(x)) + p(x)d(u(n(z)), v(n(z))),
for all x € S and for all u,v € X.
If y: S — X is a fired mapping with the property
(4) d(y(x), F(z,y(x),y(n(z)))) < p(z), Vo €S,
then there exists a unique yo :S — X such that
yO(‘T) = F(%?JO(I)»ZIO(W(QU)))NQ? €S

and the inequality

(®) d(y(z), yo(x)) <
holds for all x € S.

Proof. Let us consider the set

s sy @)
y.—{u.S%X.meg () < }

Then Y is a complete metric space with the weighted metric
(@), o)
P =sm 0w
Now, define the (nonlinear) mapping
(Tw) () := F(z, u(z), u(n(z))).
For u,v € Y, by using (3) and (2), we have
d((Tu)(x), (Tw)(2)) _ Ax)d(u(@),v(z)) + p(x)d(u(n(z)), v(n(z)))

() - plx)
oy @@ () dul(). o)
M Tow T N T et
< p(u,v) - ()\(z) + p(x) ('0((;7((;))) < Lp(u,v).
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On the other hand, by using (4), we obtain

d((Tu)(),y(z)) _ d((Tu)(2), Ty)(z))  d(Ty)(z),y(x))
o(x) - o(x) o(x)
It results that if w € Y, then Tu € Y, so T : Y — Y is well-defined. Also, we
obtain that p(Tu,Tv) < Lp(u,v), hence T is a strictly contractive self-mapping of
Y, with the constant L < 1.
We can apply the Banach’s fixed point theorem on the weighted space ) and
we obtain the existence of a mapping yo : S — X such that:

< Lp(u,y)+ 1 < 0.

(1)  yo is the unique fixed point of 7', that is

yo(x) = F(z,y0(2), yo(n(z))), = € S;
(ii)  p(T™y,yo) — 0, which implies

n—oo

yo(x) = lim (I"y)(z),Vz € 5;

n—00

1
(i)  p(y,yo0) < 1—7” (y, Ty), which implies the inequality
(4. 90) <
P Y0) = T
that is, the estimation relation (5) holds. O

It is easy to see that the above theorem extends the recent result in [10].
Actually, if we take in Theorem 1 a particular form of the given mapping F' (here
denoted by G) and if the mappings A and p are constants, we obtain the generalized
Hyers-Ulam stability for the nonlinear equation

y(x) = G(y(x),y(n(x))).

Corollary 2 (CADARIU, MOSLEHIAN, RADU [10], Theorem 2.2). Suppose that S
is a nonempty set, (X, d) is a complete metric space, n: S — S and G : X x X — X
are given mappings, A, p are nonnegative real numbers and the following condition
is verified:

(6) d(G(&u), G(t,v)) < Ad(s,t) + pd(u,v), Vs, t,u,ve X.

Let y : S — X be a p—solution, for some given function ¢ : S — (0,00), that is
(7) a(y(@),G(y(@),y(n(@))) < pla), Vo es.

Suppose also that, for some L € [0,1),

(8) peon(@) +A-ple) < L-p(x), Yees
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Then there exists a unique function yg : S — X such that

yo(x) = G (yo(x), yo(n(x))), Ve € S

and

) a(v@)w@) < 2 vees

As a direct consequence of Theorem 1, the generalized Hyers-Ulam stability
result proved in [23] for the nonlinear equation

(10) y(z) = F(z,y(n(x)))

can be obtained. In fact, if we consider a nonempty set S, a complete metric space
(X,d), the given functions n: S — S, F: Sx X - X, ¢: 5 — (0,00), Mz) =0

and p(x) = SLDU(?S)) in Theorem 1, we have:

(
Corollary 3 (P. GAVRUTA, L. GAVRUTA [23], Theorem 2.1). Suppose that there
exists L € [0,1) such that

pn(x)) - d(F(z,u(n(z))), F(z,v(n(z)))) < L-p(z) - du(n(z)), v(n(z))),

holds for all x € S and for all u,v € X.
If the mapping vy : S — X has the property

d(y(x), F(z,y(n(x)))) < ¢(x), Vo €S,

then there exists a unique yo: S — X such that

yo(l') = F(~77=y0(77(95)))7 Vz €S,

and the inequality

holds for all x € S.

It should be noted that the following Hyers-Ulam stability result [cf. (BAKER
[4], Theorem 2) or (AGARWAL et al. [1], Theorem 13)] for the nonlinear equation
(10) it is obtained directly, from the above Corollary, by taking ¢(x) = d > 0:

Corollary 4. Let S be a nonempty set and (X, d) be a complete metric space. Let
ben:S — S and F:SxX —Y some given mappings and 0 < L < 1. Suppose
that

d(F(z,u), F(z,v)) < L-d(u,v), Vz € S,Vu,v € X.

If y : S — X has the property
d(y(z), F (z,y (n(x)))) < 6, Vo €5,
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with a fized constant § > 0, then there exists a unique mapping yo : S — X which
satisfies both the equation

y(x) = F(z,y (n(x))) Ve € S
and the inequality
0
d(y(ﬂﬁ)’yo(ﬂﬂ)) < E,VIJ es.

3. THE GENERALIZED HYERS-ULAM STABILITY OF A LINEAR
FUNCTIONAL EQUATION

In this section we emphasize the significance of Theorem 1. In fact, if

F(z,y(x),y (n(x))) = g(x) -y (n(x)) + h(z),

the equation (1) becomes

(11) y(x) = g() -y (n(x)) + h(z),

where g, 7, h are given mappings and y is the unknown function. The above equation
is called linear functional equation and was intensively investigated by Kuczma,
CHOCZEWSKI and GER [29]. They obtained some results concerning monotonic,
regular and convex solutions of (11).

In what follows we prove a generalized Hyers-Ulam stability result for the
equation (11), as a particular case of Theorem 1.

Let us consider a nonempty set S, a real (or complex) Banach space X,
endowed with norm the || - || and the given functions n: S — S, g: S — R (or C)
and h: S — X.

Theorem 5. Suppose that there exists L € [0,1) such that the functions A\, : S —
[0,00) satisfy

(12) A@)e(x) + px)p(n(z)) < Le(z), Vo €5,

for some fized mapping ¢ : S — (0,00). Suppose also that the given function
F:8x X xX = X verifies

(13) (lg(@)] = p(@)) - [fu(n(z))) — vn@@)|| < A@)|lu(z) = v(@)]],

for all x € S and for all u,v from S into X.
If y: S — X has the property

(14) ly(z) — g(@)y(n(z)) — h(@)]| < ¢(z), Vo €S,

then there ezists a unique mapping yo : S — X defined by

n— oo

yo(z) = h(z)+ lim [ y(n"(x)) - 1:[ g9 (n'(x)) + i <h (@) T (ni(z))> ,
i=0 j=0 i=0
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for all x € S, which satisfies the equation
y(@) = g(x) -y(n(x)) + h(z),Vz € S
and the inequality

(15) o)~ ()l < 2 vae s

Proof. We consider in Theorem 1 the metric d on X, given by d(u,v) = ||u — v||
and the function F (z,y(z),y (n(z))) := g(x) - y(n(x)) + h(z),Vx € S, with g,n, h
as in the hypotheses of Theorem 5. Applying Theorem 1, there exists a unique
mapping yo which satisfies the equation (11) and the estimation (15). Moreover,

yo(w) = lim (T"y)(x),Vzx € S,

where
(T"y)(x) = g(z) - (T""y) (n(x)) + h(z)
=g(z) - g(n(x)) - (T"2y)(n?

whence, for all x € S,

(1) (&) = ha) 40" @) T o (') + 3 <h o7+ @) 1o (77’(96))) o

i=0 =0

It is easy to see that we can obtain the generalized stability result given in
[9] (see also [38]) for the linear functional equation (11), by taking in Theorem 5

Az) =0 and p(z) = i(nfg))

Corollary 6 (CADARIU, RADU [9], Theorem 5.1). Let us consider a nonempty set
S and a real (or complex) Banach space X. Suppose thatn: S — S h:S — X and
g:S — R (or C) are given mappings. If y : S — X satisfies

lly(z) — g(z)y (n(z)) — h(z)]| < ¢(z), Vo €5,

with some fized mapping ¢ : S — (0,00) and there exists L € [0,1) such that

l9(2)| - ¢(n(z)) < Lo(z),Vz € 5,

then there exists a unique mapping yo : S — X

yo(x) = h(z)+ lim | y(n"(z)) - 1:[ g (n'(x)) + i <h (@) - 19 (ni(x))> ;
i=0 i

n—0o0
=0

for all x € S, which satisfies both
the equation
yo(x) = g() - yo(n(x)) + h(z),Vz € §
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and the inequality
o)~ ()l < L vae s

If o(z) = 6 > 0 in the above Corollary, then we obtain the Hyers-Ulam
stability result of BAKER ([4], Theorem 3) (see also (AGARWAL et al. [1], Theorem
7)) for the linear equation (11):

Corollary 7. Let us consider a nonempty set S and a real (or complex) Banach
space X. Suppose thatn : S — X, g: S = R (or C) and h : S — X are given
mappings. If y: S — S satisfies

ly(z) = g(x)y (n(x)) — h(z)|] <6, Vo €S,
with a fized constant § > 0 and there exists L € [0,1) such that
lg(x)| < L,Vx €S,
then there exists a unique mapping yo : S — X defined by

n—1 n—2 J
o) — b+ tim [ £ @) - Lo +z( -ng(x») |
1=0 )

n—o00

for all x € S, which satisfies
yo(x) = g(x) - yo(n(x)) + h(z), Vo € S

and

1f(z) = yo@)l| < T, Ve € 5.

4. THE STABILITY OF THE NONLINEAR VOLTERRA
INTEGRAL EQUATIONS

In this section we obtain the generalized Hyers-Ulam stability for a general
class of the nonlinear Volterra integral equations in Banach spaces, by using the
weighted space method. Also, we prove that some stability theorems given in [2]
and [23] for these integral equations are consequences of our result.

Let us consider a Banach space X over the (real or complex) field K, an
interval I = [a,b] (¢ < b) and the continuous given functions L : I x I — [0, 00)
and ¢ : I — (0,00). We denote by C(I,X):={f:1 — X, f is continuous} and by
[| - || the norm on the Banach space X.

The result of stability for the nonlinear Volterra integral equation

(16) y(z) = h(z) + )\/x Gla t,y(t))dt, ¥z € T,

(y : I — X is the unknown function, h : I - X and G : [ X I x X — X are
continuous given mappings and A is a fixed nonzero scalar in K), can be read as
follows:
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Theorem 8. Suppose that there exists a positive nonzero constant « such that

(17) /“ Lz, t)p(t)dt < ap(z), Vo e I.

Suppose also that G : I x I x X — X is a continuous function, which satisfies
(18) [|G(z,t, u(t) =G (=, t, v(t)|| < L(z,t)-[|u(t)—v(t)||,Vz,t € I,Yu,v € C(I, X).

If the continuous mapping vy : I — X has the property

(19) Hy(r) — h(z) - A/ G(m,t,y(t))dtH <@)Veel
and if
A < é

then there exists a unique yo € C(I,X) such that
yo(x) = h(z) + )\/ G(z,t,yo(t))dt, Vx € 1

and the inequality

(20) Ivte) - wolll < Z5) o veer

holds.

Proof. We apply the Fized point theorem of Banach on the space Y := C(I, X).
In fact, if we consider the weighted metric

i) = sap L))

)

then (Y, d) is a complete metric space.
Now, define the operator T: Y — Y

T

(Tu)(z) := h(z) + )\/ G(z,t,u(t))dt.

a

From the relations (17) and (18) it results that T is strictly contractive op-
erator on Y. Indeed, for any u,v € Y we have:

Al

J (G, t,u(t)) — Gz, t,0(t))) dtH
d(Tu,Tv) = sup =

xzel (P(x)
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x

J L, t) - |lu(t) = o(t)]|dt

= W o)
[ L(a,t) - () - 1O (t )v(t)ll a
= |\ sup £ i
zel QD(Z’)

L(z,t) - p(t)dt

2 —&

[|u(t) = v(@)]

< [A] - sup - sup
tel o(t) zel o()

< a- |\ -d(u,v).

Therefore T is a strictly contractive self-mapping of Y, with Lipschitz constant
alA] < 1.
On the other hand, by using (19), we have that d(y, Ty) < 1.

We can apply the Banach’s fized point theorem on the complete metric space
Y and we obtain the existence of a mapping yo € Y such that:

(1)  yo is the unique fixed point of T, that is
x
yo(x) = h(z) + )\/ G(z,t,yo(t))dt, Vx € I;
a
(#3) d(T™y,yo) — 0, which implies
n— 00

yo(z) = lim (T"y)(z),Vx € I;

n—oo

1
(131)  d(y,yo) < md (y, Ty), which implies the inequality

1

d < -
(yayO) = 1*|)\|'Ot’

hence the estimation relation (20) is true. X

As a direct consequence of Theorem 8, the Hyers-Ulam stability result recent
proved in [2] by M. AKKOUCHI for the integral equation (16) it is obtained. Actu-
ally, we consider a Banach space X over the (real or complex) field K, I = [a, b] an
interval (a < b), the continuous given functions h: I — X and ¢ : I — (0,00) and
a fixed scalar A in K. We also denote by C(I,X) :={f:I — X, f is continuous}. If
we take in Theorem 8 L(x,t) =L and a« = K - L (K, L are fixed nonzero positive
constants), we obtain:

Corollary 9 (AxkkoucHl [2], Theorem 4.1). Suppose that there exist positive con-
stants K, L, with 0 < |\ KL < 1 such that

/ pt)dt < Ko(z), Yo € 1.



136 Liviu Cadariu, Laura Gavruta, Pagc Gavruta

Suppose also that G : I x I x X — X is a continuous function, which satisfies
[|G(z, t,u(t)) — Gz, t,v(®))|| < L-||u(t) —v(@)||,Vz,t € I,YVu,v e C(I, X).

If the continuous mapping vy : I — X has the property

Hy(x) ~a) =2 [ Gt gty

<o,
then there exists a unique yo € C(I,X) such that

@) =h(o) 4 [ Glatan(t)dt, Ve 1
and the inequality

ly(@) — yo(@)]] < % veel

holds.

Also, it is necessary to mention that our Theorem 8 extends another recent
result in [23], where Hyers-Ulam stability for the following nonlinear Volterra in-
tegral equation

(21) y(x) = h(z) + /I flt,y(t)dt, Ve e I

is proved (y : I — C is the unknown function, h : I - Cand f: I xC — C

are given mappings). Indeed, if we denote by C(I) the space of all complex-valued

continuous functions on I and if we take in Theorem 8
[t y(®)

G(z,t,y(t)) = > L(z,t) := |\ -L() and a=

B
Al
we obtain the generalized Hyers-Ulam stability for the nonlinear integral equation

(21):

Corollary 10 (P. GAVRUTA, L. GAVRUTA [23], Theorem 3.1). Assume that there
exist a positive constant 8 € (0,1) such that the continuous mapping ¢ : I — (0,00)
satisfies

/z L(t)p(t)dt < By(x), Vo € 1.

Suppose also that L : I — [0,00) and f : I x X — X are continuous functions,
which satisfy

[f(t,u(t) — f(t,v(t)] < L) - Ju(t) —v(t)],Vt € I,Yu,v € C(I).
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If the continuous mapping y : I — C has the property
x
o) i) [ s po)a] < o) v e
a
then there exists a unique yo € C(I) such that

yo(z) = h(z) + /w fltyo(t))dt, Ve e I

and

ly(@) — yo(e)]| < f(_x)ﬁ

REMARK 11. Some particular cases of the above Corollary was obtained in [27]. See also
[6].

, Vo e 1.
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