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STABILITY OF A FUNCTIONAL EQUATION IN COMPLEX BANACH
SPACES

PRATAP MONDAL !, T.K. SAMANTAZ §

ABSTRACT. Using fixed point technique, in the present paper, we wish to examine gen-
eralization of the Hyers-Ulam-Rassias stability theorem for the functional equations

fQ2z +iy) + f(z+2iy) =4f(z +iy) + f(z) + f(y) (0.1)

and

fQ2z +iy) — fliz —2y) = —4f(iz —y) + f(z) = f(—y) (0.2)
in complex Banach spaces.
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1. INTRODUCTION

An intriguing and famous talk presented by Stanislaw M.Ulam [10] in 1940 trigger-
ing the study of stability problems for various functional equations. In his talk, Ulam
discussed a number of important unsolved mathematical problems. Among them, a ques-
tion concerning the stability of group homomorphisms seemed too abstract for anyone to
reach any conclusion. In the following year, Donald H.Hyers [5] was able to give a partial
solution to Ulam’s question that was the first significant breakthrough and step toward
more solutions in this area. Since then, a large number of papers have been published
in connection with various generalizations of Ulam’s problem and Hyers’s theorem. In
1978, Themistocles M.Rassias [9] succeeded in extending the result of Hyers’s theorem
and his exciting result attracted a number of mathematicians who began to be stimulated
to investigate the stability problems of several functional equations. Due to influence of
S.M. Ulam, D.H. Hyers in the work of Th.M. Rassias regarding the study of stability
problems of functional equations, the stability phenomenon proved by Th.M. Rassias is
termed as the Hyers-Ulam-Rassias stability thereafter. For the last thirty five years many
results concerning the Hyers-Ulam-Rassias stability of various functional equations have
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been obtained and a number of definitions of stability have been introduced in various
aspects [1, 3, 4, 6, 7, 8]. The functional equation

fle+y)+flz—y)=2f(x)+2f(y) (1.1)

is known as quadratic functional equation because, every solution of this functional equa-
tion is a quadratic function. Particularly in 2002, Chang and Kim [2] analyzed the func-
tional equation

fQRz+y)+ flz+2y)=4f(z+y)+ f(z)+ f(y) (1.2)

in Banach spaces, which is also a quadratic and equivalent to (1.1). Furthermore they
investigated the general solution and generalized Hyers-Ulam stability of (1.2). Following
the equation (1.2), in this paper, we have considered the equations (0.1) and (0.2) in
complex plane. In fact, it is proved in this paper that both the equations (0.1) and (0.2)
can be reduced to the equation (1.2) and the equation (1.2) can also be reduced to the
equation (0.1) if we further assume that f(iz) = f(z)and also the equation (1.2) can
be reduced to the equation (0.2) on the assumption f(iz) = — f (). Accordingly, in
the next, our goal is to present some of the most important developments in this area
about the functional equation (0.1) and equation (0.2) in complex Banach spaces in the
spirit of Hyers-Ulam-Rassias stability theorem via fixed point technique.

2. PRELIMINARIES

We adopted a definition and a theorem which will be needed in the sequel.

Definition 2.1. Let X be a non-empty set. A function d : X x X — [0, o] is called
a generalized metric on X if d satisfies

(i) d(x,y) =0 ifand only if z = y;

(i) d(x,y) =d(y,z) foral x,y € X;

(wi)d(z,y) <d(z,z)+d(z,y) forall x,y,z € X.

Theorem 2.2. (The fixed point alternative theorem, [11])
Let (X,d) be a complete generalized metric space and let J : X — X be a strictly
contractive mapping with Lipschitz constant 0 < L < 1, that is,

d(Jz,Jy) < Ld(z,y),

forall x,y € X.
Then for each © € X, either

d(J"z, J" ) = oo

or,
d(J"z,J" ) <00 Vn > n,

for some non-negative integers ng. Moreover, if the second alternative holds then
(1) the sequence {J"™x} converges to a fixed point y* of J;
(2) y* is the unique fized point of J in the set

Y ={ye X : d(J™x,y) < 0};
(3)d(y,y*) < (ﬁ)d(y,Jy) forall y €Y.
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3. PROPERTIES THE FUNCTIONS SATISFYING (0.1) AND (0.2).
Throughout this section, we consider that X and Y are complex vector spaces.
Result 3.1. A function f : X — Y satisfies

fQ2z +iy) + f(z + 2iy) =4f(z +iy) + f(z) + f(y) (3.1)
forall x y € X, then the function f : X — Y is quadratic, i.e.,

fQRz+y)+ flz+2y)=4f(z+y)+ f(z)+ f(y)
forall x,y € X. If a mapping f : X — Y s quadratic and f(ixz) = f(—x) holds
for all x € X, then the mapping f : X — Y satisfies (3.1)

Proof. Let f : X — Y satisfy (3.1).
Putting y = iz in (3.1) we have

flz) + f(—z) =4f(0) + f(z) + f(iz)

je, f(—2) = f(iz)
e, f(iz) = f(zx) forall z € X.
Hence

fQ2r +iy) + f(oz+ 2iy) =4f(z +iy) + f(z) + f(y)
=4f(z+iy) + f(z) + f(iy) (3.2)
for all x,y € X. Putting iy = z in (3.2), we have

fQRr+z)+ f(e+22)=4f(x+2)+ f(z)+ f(2)

forall x, z € X.

Conversely let a quadratic mapping f : X — Y satisfies f(iz) = f(—=z) for all
x € X. Then

fQ2x +idy) + f(o+2iy) =4f(z +iy) + f(z) + f(iy)

=4f(z+iy) + f(z) + f(y)
forall x,y € X. Hence f : X — Y satisfies (3.1) O

Result 3.2. A function f : X — Y satisfies

fQRe+iy) = fliz=2y) = -4f(iz—y)+ f(z) - f(-y) (33
forall x,y € X, then the function f : X — Y is quadratic, i.e.,

fQRz+y)+ flz+2y) =4f(z+y)+ f(z)+ f(y)
forall x,y € X. If a mapping f : X — Y s quadratic and f(ixz) = — f(x) holds
for all x € X, then the mapping f : X — Y satisfies (3.3)

Proof. Let f : X — Y satisfy (3.3).
Putting y = 0, in (3.3) we have

fQ2z) = fliz) = —4f(iz) + f(x)
f(2z) = =3f(iz) + f(z)

f(=2z) = =3f(—iz) + f(-x) (3.4)
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Also, putting z = 0 and y = « in (3.3) we have

fliz) = f(=22) = —=4f(-2) = f(-2) = =5f (=)
for all z € X.
Therefore using (3.4) we have

fliz) +3f(—iz) = f(-2)==5f(-x)

or,
fliz)+3f(—ix)=—-4f(—x) (3.5)
Now replacing ¢ by —¢ we have
f(—iz)+3f(ix) =—-4f(—x) (3.6)
Solving (3.5) and (3.6) we get f(ix) = — f(x) for all x € X.
Hence
fx+iy)+ f(z+ 2iy) = f(2z +iy) — f(ix — 2y)
= —4f(iz —y)+ f(z) = f(-y)
=4f(x +iy) + f(z) + f(iy), (3.7)
since —f(—y) = —f(i%y) = f(iy) forall y € X.

Putting iy = 2z in (3.7), we have
fQx +2z)+ f(x+2z)=4f(x+2)+ f(x)+ f(2)

forall z, z € X.

Conversely let a quadratic mapping f : X — Y satisfies f(iz) = — f(x) for all
x € X. Then

f(2z +iy) — fliz —2y) = f(22 +iy) + f(z + 2iy)
=4f(z+iy)+ f(z)+ f(iy)
=—4f(iz—y)+ f(z) = f(—-y)

since f(iy) = f(i°y) = —f(i'y) = f(Py) = = f(i?y) = = f(-y)
for all y € X.
Hence f : X — Y satisfies (3.3) O

4. THE HYERS-ULAM-RASSIAS STABILITY OF (0.1) AND (0.2).

Throughout this section, we assume X is a normed vector space and Y is a Banach
space with norm ||.||.

Theorem 4.1. Assume ¢ : X x X — [0, 00) be a mapping such that, for which
0<L<1 '
and let f: X — Y be a mapping with f(—ix) = f(x) satisfying

I(f(2z +iy) + f(z + 2iy) —4f(z+iy) — f(z) = f(y)l

< ¢(z,y) (4.1)
forall x,y € X.
Then there exists a unique quadratic mapping @ : X — Y such that

I (2) = Qo) < 5oy (222 42000, 0) (4.2
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Proof. Step 1.

Consider a generalized metric on the set S := {g/g : X — Y } such that

d(g, h) = mf{c € (0,00): |lg(z) — h(z)] < e (w + 2¢(x,0)) } for all
x,y € X. It is easy to show that (S, d) is a complete metric space.

Now we consider the mapping

J:S — S suchthat Jg(z):= §g(3z) forall z € X.

For afix C € (0,00) and g, h € § such that d(g, h) < C. Since

d(g,h)=inf{ce (0,00):[g(z) - h(z)]

<C (W + 2¢(x,0))}

therefore we find C; such thatd(g, h) < C; < C.
and

lo(a) = (o)l < & (252w v0(e,0)

<C <¢(‘”2”) + 2¢(:c,0)>

1 1 C (¢(3x,—i3z)
“g(3z) — ~h(3 b
= lga(3a) - ghisa)] < § (222
= [Jg(x) = Jn(x)| < CL (225 4 262, 0))
This implies that d(Jg, Jh) < Ld(g, h) forall g, h € S. ,i.e, Jis a strictly contrac-
tive mapping of S with the Lipschitz constant L.
Step 2.
Also note that if we put y = 0 in(4.1) we have

+2¢(3m,0))

If(22) —4f(z)[| < ¢(x,0)
and putting y = —ix in (4.1) we have

o(z, —ix)

If(Bz) —2f(2z) — f(2)] < 5

Therefore

If(B3z) =9f(x)[| <|f(3z) —2f(22) = f(2)l +2[f(22) —4f(z)]

< W+2¢(£70)
Hence
17 (32) — 95 (a) < 5 {28 4o (e 0y
Thus 1
A< (4.3

Also d(Jf,J%f) < Ld(f,Jf) < oo using (4.3)
Therefore we find a natural number ng = 1 such that

d(J"f, ) =d(Jf, J2f) < Ld(f,Jf) < oo

forall n > ng =1
Step 3.
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So we can apply the fixed point alternative theorem and obtain the existence of a mapping
Q@ : X — Y such that the following conditions hold

(i). Q is a point of J; i.e.,
Q(3z) =9Q(x) (4.4)
for allx € X.
The mapping Q is a unique fixed point of J in the set

Y ={geX,d(f,g) < oo}
Thus Q is the unique mapping with satisfying (4.4) and (4.5)
where 3C € (0, co) such that

wu»—QWM§cH¢”g””+2mLo» (4.5)
for all x € X
(ii). d(J"f,Q) < C—>0asn—>oo
where J" f(x ): z)
This implies
L (f(3"x)
g(wlymm (4.6)

forall x € X.
(il). d(f,Q) < 2 d(f,J[f),which implies the inequality

d(f. Q) < g7z
Hence the (4.2) holds.
Also replacing x and y by 3™x and 3™y respectively in (4.1) we obtain

f(2-3"e+i 3"y)  f(3"r+i-2-8"y) 4f(3"x+i3"y)

gn gn
_f@Bmx)  f(3"y)
97’L n

< W (4.7)
taking limit as n — oo the R.H.S. of (4.7) tends to zero as n — oo.
and using (4.6) we get
Q(2z +iy) + Q(z + 2iy) =4Q(z + iy) + Q(z) + Q(y)
forall z,y € X.

SN T f@B™iz)\ s f3rx)\ _

Mo Qi) = fim (£5:52) = lim (H502) = Qo)
for all x € X.
Again by the Result 3.1, the mapping @ : X — Y is a quadratic. O

Corollary 4.2. Letp < 2 and 6 be positive real numbers and f : X — Y be a mapping
satisfying f (ix) = f(x) and

ICf (22 +iy) + f(z 4+ 2iy) —4f(z +iy) — f(z) = )l <0 (=" + [[ylI”)
for all x,y € X. Then there exists a unique quadratic mapping Q : X — Y such that

0 ||x|P
17 () — Qo)) < 20
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Proof. Define ¢ (x,y) = 0 (||z]|” + |ly|[?), and L = 3P~2 then the proof is followed by
Theorem 4.1.
([l

Corollary 4.3. Letp < 1 and 6 be positive real numbers and f : X — Y be a mapping
satisfying f (ix) = f(z) and

ICf (22 +iy) + f(a+ 2iy) —Af(z+iy) — f(z) = fCyl <0 (2P lyl”)
for all ©,y € X. Then there exists a unique quadratic mapping @ : X — Y such that

0 ||(1*”
[f(z) = Q(z)] < 18—_9.0p

Proof. It can be proved in the similar way as Theorem 4.1 by defined
¢(x,y) =0 (|zllP-[lyll”), and L = 322 O
Theorem 4.4. Assume ¢ : X x X — [0, 00) be a mapping such that, for which
0< L <1, ‘
¢(x7 —2$) < 9L¢(%7 —;ac)
and let f : X — Y be a mapping with f(ix) = — f(x) satisfying
1 f(2z +iy) — fliz —2y) +4f(iz —y) — f(z)+ f(—y)l < (=, y)
forall x,y € X.
Then there exists a unique quadratic mapping @ : X — Y such that

1 oz, —ix)
— < 2
I7(0) = Qo) = g (255 + 2000, 0)
Proof. Proof of this theorem is same as that of Theorem4.1 only using
fliz) = —=f(x) forall x € X. O

Conclusion: Though we have seen that both the equations (0.1) and (0.2) can be
reduced to the equation (1.2), one can try to find particular solution of the equations (0.1)
and (0.2). In the next, can we be able to reduce the equation (0.1) to the equation (0.2))
and vice - versa, that is, one can try to find a relation among the solutions of the equations
(0.1) and (0.2).
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