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Abstract

This paper deals with the Ulam-Hyers stability of a quadratic functional equation

o(2=15) = el -9+ ale =) - Ja - )

using direct and fixed point methods in fuzzy normed space.
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1. INTRODUCTION

One of the most interesting questions in the theory of functional analysis concerning
the Ulam stability problem of functional equations is as follows: when is it true that
a mapping satisfying a functional equation approximately must be close to an exact
solution of the given functional equation?
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In 1940, Ulam [29] posed the famous Ulam stability problem. In 1941, Hyers [12]
solved the well-known Ulam stability problem for additive mappings subject to the
Hyers condition on approximately additive mappings. He gave rise to the stability
theory for functional equations. In 1950, Aoki [2] generalized Hyers’ theorem for
approximately additive functions. In 1978, Rassias [25] provided a generalized version
of Hyers for approximately linear mappings. In addition, Rassias [24, 27] generalized
the Hyers stability result by introducing two weaker conditions controlled by a product
of different powers of norms and a mixed product-sum of powers of norms, respectively.

The functional equation

flat+y) +f@—y) =2f(x)+2f(y) (1.1)

is said to be quadratic functional equation because the quadratic function f(x) = az?

is a solution of the functional equation (1.1).

This paper established the Ulam-Hyers stability of a quadratic functional equation

i(o-157) =5l - talo - - Jatz-n) (D

using the direct and fixed point methods in fuzzy normed space.

2. PRELIMINARIES

A.K. Katsaras [17] defined a fuzzy norm on a vector space to construct a fuzzy vector
topological structure on the space. Some mathematicians have defined fuzzy norms on
a vector space from various points of view [11, 19, 35]. In particular, T. Bag and S.K.
Samanta [6], following S.C. Cheng and J.N. Mordeson [8], gave an idea of fuzzy norm
in such a manner that the corresponding fuzzy metric is of Kramosil and Michalek type
[18]. They established a decomposition theorem of a fuzzy norm into a family of crisp
norms and investigated some properties of fuzzy normed spaces [7].

We use the definition of fuzzy normed spaces given in [6] and [22, 23, 24, 25].

Definition 2.1. Let X be a real linear space. A function N : X x R — [0, 1](the
so-called fuzzy subset) is said to be a fuzzy norm on X if for all z,y € X and all
s, t e R,

(F1) N(z,c)=0forc<0;

(F2) x =0ifandonlyif N(z,c) = 1forall ¢ > 0;

(F3) N(ca,t)=N <g; L) if ¢ # 0;
(F'4)

el
F4) N(x+y,s+1t) >min{N(x,s), N(y,t)};
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(F5) N(z,-)is a non-decreasing function on R and lim;_,. N (z,t) = 1;
(F6) forx # 0, N(x,-)is (upper semi) continuous on R.

The pair (X, V) is called a fuzzy normed linear space. One may regard N (X, )
as the truth-value of the statement the norm of x is less than or equal to the real number
t.

Example 2.2. Let (X, || - ||) be a normed linear space. Then

t
Nty = i+l
0, t<0, reX

t>0, relX,

is a fuzzy norm on X.

Definition 2.3. Let (X, N) be a fuzzy normed linear space. Let x,, be a sequence in X.
Then z,, is said to be convergent if there exists z € X such that lim N(z, —z,t) =1
n—oo

for all ¢ > 0. In that case, x is called the limit of the sequence z,, and we denote it by

N — lim z,, = x.
n—o0

Definition 2.4. A sequence x,, in X is called Cauchy if for each ¢ > 0 and each ¢ > 0
there exists 7 such that for all n > ng and all p > 0, we have N (z,,4, — 2,,t) > 1 —e.

Definition 2.5. Every convergent sequence in a fuzzy normed space is Cauchy. If each
Cauchy sequence is convergent, then the fuzzy norm is said to be complete and the
fuzzy normed space is called a fuzzy Banach space.

Definition 2.6. A mapping f : X — Y between fuzzy normed spaces X and Y is
continuous at a point x if for each sequence {z,} covering to z, in X, the sequence
f{x,} converges to f(z) . If f is continuous at each point of 2y € X then f is said to
be continuous on X.

The stability of various functional equations in fuzzy normed spaces were investigated
in [3, 4, 15, 21, 22, 23, 24, 25, 29, 32].

Hereafter throughout this paper, assume that X, (Z, N’) and (Y, N') are linear space,
fuzzy normed space and fuzzy Banach space, respectively. We use the following
abbreviation for a given function f : X — Y by

Y+ z) 1 1

Dyfoans) =a (o= 152 ) = J alo =)+ alo =) + qa: —)

forall x,y, z € X.
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3. FUZZY STABILITY RESULTS: DIRECT METHOD

Now, we investigate the generalized Ulam-Hyers stability of the functional equation
(1.2) in fuzzy normed space using direct method.

Theorem 3.1. Let ¢ € {—1,1} be fixed and let ¥ : X* — Z be a mapping with
0< (9) <1
N (¥ (2°2,2°y,2°2) ,r) > N (d°9 (x,y, 2),71) 3.1
forall x,y,z € X and all d > 0 and
nh_}r& N (9 (22, 2"y, 2" 2) , 4"r) = 1 (3.2)

forall z,y,z € X and all v > 0. Suppose that a mapping q : X — Y satisfies the
inequality

N(Dq(I,y,Z),T)ZN/<T9<I,y7Z>7T‘) (33)

forall x,y,z € X and all r > 0. Then the limit

Q(z) = N — lim a(2"2)

n—oo 4N

(3.4)

exists for all z € X and all r > 0 and the mapping () : X — Y is a unique quadratic
mapping satisfying (1.2) and

N (Q(Z) - Q(z)v T) > N’ (79(07 Bz Z)v T’4 - d|> (3.5

forall z € X and all r > 0.

Proof. First assume ¢ = 1. Replacing (z,y, z) by (0, —z, z) in (3.3), we get
N (q(22) — 4q(2),r) = N"(9(0, =z, 2),7) (3.6)

for all z € X and all » > 0. Replacing z by 2"z in (3.6), we obtain

on+1
N (% —q(22), %) > N (0(0,~2"2,2"2,7) G

forall z € X and all » > 0. Using (3.1), (F'3) in (3.7), we arrive

q(2"t1z) W T , r
N (T —q(2 Z%z) > N (79(07—2;27 d_”) (3.8)
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forall z € X and all » > 0. It is easy to verify from (3.8), that

¢(2"2)  q(2"z) v / .
N ( 92(n+1)  92n 92 .92n > N (19(07 —z,2), d_”> 3.9
holds for all z € X and all » > 0. Replacing r by d"r in (3.9), we get
q(2n+1z) q(2nz) dr r
N ( 22(n+1) N 22n 7 92(n+1) > N’ (19(07 % Z)a T) (3.10)
forall z € X and all » > 0. It is easy to see that
n—1 . .
q(2"2) q(27'2)  q(2'x)
22n - Q(Z) = Z |: 22(i+1) B 92i (3.11)
=0

for all z € X. From equations (3.10) and (3.11), we have
N (qf;z) —q(2), ni Qi:n)
i=0
> min U { 232:1 - Q(QQ;Z)’ 25(2-1:)}
> min U {N" (90, —z,2),7)}
=0

> N (9(0,—z,z2),7) (3.12)

for all z € X and all » > 0. Replacing z by 2™z in (3.12) and using (3.1), (F'3), we
obtain

n—1 ;
q(2"mz)  q(2m2) d'r . r
N ( 22(ntm)  92m ’Z 92(i+m) > N (ﬁ(()» —2,2), d_m> (3.13)

for all z € X and all » > 0 and all m,n > 0. Replacing r by d"r in (3.13), we get

m+n—1
g(2mz)  g(2m2) S dir
N ( 22(n+m) o 922m ) Z 22i = NI (,19(07 —Zz, Z)7 T) (314)

i=m

forall z € X and all » > 0 and all m,n > 0. Using (F'3) in (3.14), we obtain

q(2""z)  q(2"2) , r
N < 22(n+m) - 22m , T Z N 19(07 —Z, Z)) Zm+n71 d (315)

i=m 22(i+1)

forall z € X and all r > 0 and all m,n > 0. Since 0 < d < 22 and » _ (§> < 00,
1=0
q(2"2)

22n

the cauchy criterion for convergence and (F'5) implies that { } is a Cauchy
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sequence in (Y, V). Since (Y, N) is a fuzzy Banach space, this sequence converges to
some point Q)(z) € Y. So one can define the mapping () : X — Y by

B . q(2"2)
Q@) =N - lm =

for all z € X. Letting m = 0 in (3.15), we get

27’l
N (q<22f) - q(Z),r) > N' | 90, —2, 2), —— (3.16)
7%
=0

for all z € X and all > 0. Letting n — oo in (3.16) and using (F'6), we arrive
N (q(2) = Q(2),7) > N" (9(0, =z, 2),7(2* = d))

forall z € X and all » > 0. To prove () satisfies the functional equation (1.2), replacing
(x,y, z) by (2"z,2"y, 2"z) in (3.3), respectively , we obtain

1

N (2—an(2%, 2y, 2"2), r) > N' (9(2"z, 2"y, 2"z), 2°"r) (3.17)
forall» > O and all z,y, z € X. Now,
Y+ z 1 1
V(Q(o-157) - 5@+ Q) + Q- n)r)

. y+z 1 n y+z r
> _ - — _
i (@ (=57 ) = g (7 (= 157)) 5)

N (=500~ )+ 550 (@ (2 - 2)

Tr—z 2209 Tr—z 5 |

(-

(~300 =1+ gt 2" e =) 1 )
N (3000 - g =) 2.

(

%q (zn <x_ y;rZ)) B 2212(](2” (5 — 2))
_221”2q{2” (z—y))+ 221”4(1(2" (z—v), g)} (3.18)

forall z,y,z € X and all » > 0. Using (3.17) and (F'5) in (3.18), we arrive
+z 1 1
V(Q(o-157) - (@24 Q- ) + QL - w)r)
> min {1,1,1,1, N' (9(2"z, 2"y, 2"z), 2*"r) }

> N (9(2"z, 2"y, 2"2),2°"r) (3.19)
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forall z,y,z € X and all » > 0. Letting n — oo in (3.19) and using (3.2), we see that

N(Q (x—y;z) —%(Q(w—z)+@<x—y>)+i@(z—y)m) — 1 (3.20)

forall z,y,z € X and all » > 0. Using (F2) in the above inequality gives

Q- 157) =5 (@ -2+ Q- ) - QG- )

2 2

for all x,y, 2 € X. Hence, () satisfies the quadratic functional equation (1.2). In order
to prove (Q(z) is unique, let ()'(z) be another quadratic functional equation satisfying

(1.2) and (3.5). Hence,
2n / 2n
V@) - Q) = (HE2 - L )

s in{ (A2 02 1)y (422 Q) 1Yy

22n 22n ? 2 22n 22n ) 2
22n(22 —
> N (19(0, —ony 9ny), M)

2
r 22722 — d)
> N[ 9(0, — _—
- ( ( ) Z’ Z)? 2dn >
for all z € X and all » > 0. Since
22n(92 _ (
i F2(2—d)

2n (92 __
lim N’ <19(0, —2,2), M) =1.

n—00 2dm

:OO’

we obtain

Thus
NQ() - Q),r) = 1
forall z € X and all » > 0, hence Q(z) = @’(2). Therefore Q)(z) is unique.

For ¢ = —1, we can prove the result by a similar method. This completes the proof of
the theorem. [

From Theorem 3.1, we obtain the following corollaries concerning the Ulam-Hyers
stability for the functional equation (1.2).

Corollary 3.2. Suppose that a mapping q : X — Y satisfies the inequality
N (Dy(z,y,2),7)
N'(e,r),

> o Nl + Myl + 12017} ), s#2 (321
N (e{ll=ll*lyll* 211" + (2l + [yl + 1217}, r) s s # 3
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forall z,y,z € X and all r > 0, where €, s are constants. Then there exists a unique
quadratic mapping () : X — Y such that

N’ (e, 3r),
N (q(z) = Q(z),7) > & N'(2¢||z|]°, r|2* — 2°]), (3.22)
N’ (26||Z||3S,T|22 — 23S|)

forall z € X and all r > 0.

4. FUZZY STABILITY RESULTS: FIXED POINT METHOD

In this section, the authors present the generalized Ulam-Hyers stability of the
functional equation (1.2) in fuzzy normed space using fixed point method.

Now we will recall the fundamental results in fixed point theory.

Theorem 4.1. (Banach’s contraction principle) Let (X, d) be a complete metric space
and consider a mapping T : X — X which is strictly contractive mapping, that is

(Al) d(Tz,Ty) < Ld(x,y) for some (Lipschitz constant) L < 1. Then,
(i) The mapping T has one and only fixed point x* = T (x*);
(ii)The fixed point for each given element x* is globally attractive, that is

(A2) lim, ., T"x = x*, for any starting point x € X;
(iii) One has the following estimation inequalities:

(A3) d(T"z,x*) < ﬁ d(T"z, T"z),V n >0,V z € X;

(A4) d(z,2*) < 1 d(z,2%),V z € X.

Theorem 4.2. [20](The alternative of fixed point) Suppose that for a complete
generalized metric space (X, d) and a strictly contractive mapping T : X — X with
Lipschitz constant L. Then, for each given element x € X, either

(B1) d(T"z, T""'z) =00 V n >0,

or

(B2) there exists a natural number ng such that:

(i) d(T"z, T 'x) < oo foralln > ng ;

(17)The sequence (T™x) is convergent to a fixed point y* of T

(14i) y* is the umqueﬁxed point of T inthe setY = {y € X : d(T"z,y) < oo};

() d(y*,y) < & d(y, Ty) forally €Y.
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In order to prove the stability results we define the following:
0; 1s a constant such that

and €2 is the set such that
Q={glg: X =Y, 9(0)=0}.

Theorem 4.3. Let ¢ : X — Y be a mapping for which there exist a mapping
Y : X3 — Z with the condition
lim N’ (O (pfa, ply, pfz), 1i'r) =1 4.1
n— oo

forall x,y,z € X,r > 0 and satisfying the functional inequality
N(Dq(.%’,y,Z),T') EN/ (79(33,y,2’),7“) (42)

forall x,y,z € X,r > 0. If there exists L = L(i) > 0 such that the function
z 2
— = 19 <07 a0 _> )
z = 7(2) 53
has the property

Lr(p
N’ (M,T) =N (y(z),r),Vz€ X,r>0. 4.3)
M
Then there exists unique quadratic mapping Q : X — Y satisfying the functional

equation (1.2) and

N (4(z) - Q(2).r) = N’ ( L=

1-L

v(z),r) Vze X,r>0. (4.4)

Proof. Let d be a general metric on €2, such that

d(g,h) =inf{K € (0,00)|N (9(z) — h(z),7) > N'(¢(2),Kr),z € X,r > 0}.

1
It is easy to see that (€2, d) is complete. Define 7' : Q@ — Q by T'g(2) = ﬁg(éiz), for
all z € X.Forg,h € Q,wehaved(g,h) < K
= N (g(z) — h(2),r) > N' (Kv(z2),r), V2€ X,r >0

52 52

N (g(éiz) — h@z),r) > N’ (Kfy(éiz),éfr) , Vz2eX,r>0
N (Tg(z) —Th(z),r) > N'(KLy(z),r), Vz€ X,r >0

b 4 1
Q.
~
N

D

/q\.

S

NN

=

IA A

h

=~

<
=

4.5)
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for all g,h € 2. There fore T is strictly contractive mapping on €2 with Lipschitz
constant L. Replacing (x,y, z) by (0, —z, z) in (4.2), we get

N (Q(2Z> - 4Q(z)= T) > N (19(07 % Z), T) (46)

for all z € X,r > 0. Using (F3) in (4.6), we arrive

N (q(2222) —q(z2), 7‘) > N’ (19(0, —2z,2), 227“) 4.7)

for all z € X, r > 0 with the help of (4.3) when ¢ = 0, it follows from (4.7), we get

22
=  d(Tqq <L=L"=L" (4.8)

Y (WZ) - q<z>,r) > N (Ly(2),7)

Replacing z by 5 in (4.6), we obtain

Vw3 ) (D)) e

for all z € X, r > 0 with the help of (4.3) when ¢ = 1, it follows from (4.9), we get

= N(a) -24(5) ) 2N () 0)
=  d(q,Tq)<1=L"=L" (4.10)

Then from (4.8) and (4.10), we can conclude
d(q,Tq) < L' < 0.

Now from the fixed point alternative in both cases, it follows that there exists a fixed
point ) of 7" in €2 such that

Q(z) = N — lim 1(2%2)

k—o0 22k

. Ve X,r>0 4.11)
Replacing (z,y, z) by (d;z, 6y, 6;2) in (4.2), we arrive
1 ) .
N (WDq“m@%@ZW) > N’ (0(0:2,0:y.0:2), 67"r) @.12)

forallr >0andall z,y,z € X

By proceeding the same procedure as in the Theorem 3.1, we can prove the mapping,
Q@ : X — Y satisfies the functional equation (1.2).
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By fixed point alternative, since () is unique fixed point of 7" in the set

A ={q € Q|d(q,Q) < o0},

therefore () is a unige function such that

N (q(z) = Q(2),7) = N" (Kv(2),7) (4.13)

forall z € X,r > 0and K > 0. Again using the fixed point alternative, we obtain

d(q,Q) < Ld(q,TCJ)

—1-L
1—i
= d <
(0,Q)< 17
Ll—i
= N(q(z) — Q(2),r) > N’ (1 Lv(z),r) (4.14)
for all z € X and r > 0. This completes the proof of the theorem. ]

From Theorem 4.3, we obtain the following corollary concerning the stability for the
functional equation (1.2).

Corollary 4.4. Suppose that a mapping q : X — Y satisfies the inequality

N (D, (2,y,2).7)
N (e,),
> & N (eIl + Tyl + 1=l ). S£2 (@415)
N (e Ll Il + (el + gl + 112113 r), s #

forall z,y,z € X and all r > 0, where €, s are constants. Then there exists a unique
quadratic mapping () : X — Y such that

N’ (¢e,3r),
N (q(z) = Q(z),7) = & N’ (2¢||z|]°,2* — 2°|r), (4.16)
N’ (26l 2% = 2%)r)

forall z € X and allr > 0.

Proof. Setting

6’
Oz, y,2) = ellzll* + Iyl + =),
e {IlP Myl 1zl + 1]+ [yl + (=[]}
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for all x,y, z € X. Then,
N’ (9(5}x, 67y, 67 2), 6;"7)

(
€
!
N —62n,r>,
i

€ n s n, || n_||s
=q N (105" + |67yl I* + 110" ]| )J‘),

2n
0;

€ n .S S7,,||S n_||s n s n s n s
N sz 07l y 117 + 1072117 + aiel [P + eyl + {21 }7“)

— las n — oo,
= — las n — oo,

— las n — oo.

Thus, (4.1) is holds. But we have v(z) = v (07 %, g) has the property

N’ (L%fy(éiz),r) > N'(y(z),r) Vze€ X,r>0.

Hence
N' (e, 1),
z z
N ((2),m) = N (9(0,5.5) 7) = 3 N (2 |J2l°, 7).
2°2 ! 1-3 3
N (62 1|2 S,r).
Now,

I T 9 ( N/ (5;27(:6)’ 7”)’
N’ (%’y(@z),r) =< N

! 2 3s
N 52 ﬁ>||5iz|| 77"), | V(53 2(2),7)

forall z € X and all > 0. Hence the inequality (4.3) holds either, L = 2572 for s < 2
ifi=0and L =2%%fors > 0ifi=1.
Casel: L =22fors<2ifi=0

Vo) - Q0 2 N (e (25 ) @) = (26l )

Case2: L =2%>%fors>2ifi=1

Va2 - Q0 2 N (e (7 ) 1@ ) = (26l s ).

Similarly, the inequality (4.3) holds either, L = 272 if i = 0 and L = 2% if i = 1 for
condition (i) and also the inequality (4.3) holds either L = 23~2 for s < % if + = 0 and
L = 2273 for s > 2 if i = 1 for condition (iii). Hence the proof is complete. O

2 1 ss—
3 )bl ). =8 N ),
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