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PERIODIC ORBITS OF SINGULAR RADIALLY SYMMETRIC
SYSTEMS

SHENGJUN LI 12, WULAN LI3 AND YIPING FU !

ABSTRACT. We study the existence of periodic orbits of planar radially sym-
metric systems with a singularity. These orbits have periods which are large
integer multiples of the period of the forcing, and rotate exactly once around
the origin in their period time. The proof is based on the use of topological
degree theory and a fixed point theorem in cones.

1. INTRODUCTION

In the paper [11], Fonda and J.Urena have studied the periodic, subharmonic
and quasi-periodic orbits for the radially symmetric system

T

(1.1) i+ f(t, ) 0, xecR?\{0},

|z
where f € C((R/TZ) x (0,00),R) may be singular at the origin. As mentioned in
[10], many phenomena of the nature obey to laws of (1.1), such as the Newtonian
equation for the motion of a particle subjected to the gravitational attraction of a
sun which lies at the origin. Setting p(¢) = |x(¢)|, they proved the following result:

Theorem 1.1 Suppose that f(t,p) > 0 for ¢t € [0,T],p > 0 and satisfies the
following conditions:

(A1) lim f(t,p)/p=0, fora.e.t €R.
p—r00

1

1e(R) and some number ro > 0

(Ag) There exists some function h € L
such that

|f(t, p)] < h(t)p, on R x [rg, +00].

Then, there exists a connect set C of T-radially periodic solutions of (1.1) which
goes from zero to infinity.

We look for solutions x(t) € R? which never attain the singularity, in the sense
that

x(t) #0, foreveryt e R.

Using the same idea in [8], we may write the solutions of (1.1) in polar coordinates

(t) = p(t)(cos ¢(t),sin o(t)).

2000 Mathematics Subject Classification. Primary 34C25.
Key words and phrases. Periodic orbits, singular radially symmetric systems, topological de-
gree theory, fixed point theorem in cone.
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Then we have the collisionless orbits if p(t) > 0 for every t. Moreover, equation
(1.1) is equivalent to the following system

2
12) {ﬁ;ﬂum—;zm
pe = i,

where p is the angular momentum of z(¢). Recall that p is constant in time along
any solution.

If = is a T-radially periodic, then p must be T-periodic. We will prove the
existence of a T-periodic solution p of the first equation in (1.2). We thus consider
the boundary value problem

ﬁ+f(tvp):%°2”
(1.3) {pm):pg% p(0) = p(T).

Let ;= 0, (1.3) can be written the singular T-periodic problem
(1.4) B+ f(tp) = 0.

The question about the existence of non-collision periodic orbits for scalar e-
quations and dynamical systems with singularities has attracted much attention
of many researchers over many years. See[5, 7, 12, 13, 15, 24]. Usually, the proof
is based on variational approach [1, 2, 6, 16, 22], the method of upper and lower
solutions [3, 21], some fixed point theorems [19, 26, 27, 28, 29] or the topological de-
gree theory [17, 18, 23, 30]. In particular, several existence results for the following
scalar differential equation

(1.5) Z+alt)r = f(t,x)
has been established in [23, 25, 27]. Note that (1.5) is a nonlinear perturbation of
Hill equation

Z+a(t)r=0.
Moreover, it has been found that a particular case of (1.5), the Ermakov—Pinney
equation, plays an important role in studying the Lyapunov stability of periodic
solutions of Lagrangian equations [20].

Our main motivation is to obtain by the above papers [9, 17, 27], by the use of
topological degree theory and a well-known fixed point theorem in cones, we prove
the existence of large-amplitude periodic orbits whose minimal period is an integer
multiple of T, and rotate exactly once around the origin in their period time.

The rest of this paper is organized as follows. In Section 2, some preliminaries
are given. In Section 3, , we give the main results.

2. PRELIMINARIES
We say that the scale linear equation
(2.1) i4a(t)r =0

is nonresonant if its unique T-periodic solution is the trivial one. When (2.1)
is nonresonant, as a consequence of Fredholm’s alternative, the nonhomogeneous
equation

#+a(t)r = h(t)

394 SHENGUJUN LI et al 393-401
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admits a unique T-periodic solution which can be written as

x(t):/o G(t,s)h(s)ds,

where G(t, s) is the Green’s function of (2.1), associated with periodic boundary
conditions

(2.2) z(0) =z(T), (0)=x(T).

Throughout this paper, we always assume that the following standing hypothesis
is satisfied:

(H) a(t) is a continuous T-function and the Green’s function of (2.1) is positive
for all (¢,s) € [0,T] x [0,T].

In other words, the strict anti-maximum principle holds for (2.1)-(2.2). It is prove
n [25] that if a(t) satisfies a > 0 and A;(a) > 0, then condition (H) is satisfied;

here the notation a = 0 means that a(t) > 0 for all ¢ € [0,7] and a(t) > 0 for ¢ in
a subset of positive measure, A, (a) denotes the first anti-periodic eigenvalue of

2+ (M+a(t)z =0
subject to the anti-periodic boundary conditions
z(0)+z(T)=0, z(0)+x(T)=0.

Now we make condition (H) clear. When a(t) = k?, condition (H) is equivalent
to saying that 0 < k? < A\ = (n/T)?, where \; is the first eigenvalue of the
homogeneous equation z” + k?z = 0 with Dirichlet boundary conditions z(0) =
z(T) = 0. For a non-constant function a(t), there is an LP-criterion proved in [25].
To describe these, we use || - ||; to denote the usual L9-norm over (0,7) for any
given exponent ¢ € [1,00]. The conjugate exponent of ¢ is denoted by p : % + % =1.
Let M(q) denote the best Sobolev constant in the following inequality

C||u||2 < ||u/||2 for all w € Hy(0,T).
The explicit formula for M(q) is

1-2/q 2
2m 2 ['(1/q)
M- { 7w () (raptt) o fri<e<w,
%, for g = oo,
where I'(+) is the Gamma function of Euler. Let us define
(23) A={a€ L?[0,T]:a > 0,]al, < M(2¢) for somel<p <40}

Lemma 2.1[25] Assume that a(t) € A, then (2.1) satisfies the standing hypoth-
esis (H), i.e, G(t,s) > 0 for all (¢,s) € [0,T] x [0,T].

Remark 2.2 If p = 1, condition ||a||, < M(2q) can be weakened to |jal|; <
M(c0) = 4 by the celebrated stability criterion of Lyapunov. In case p = oo, condi-
tion ||all, < M(2q) reads as |la]joc < M(2) = 72, which is a well known criterion for
the anti-maximum principle used in related literature. In this case,|all, < M(2q)
can be weakened to a(t) < 72.

Under hypothesis (H), we always denote

(2.4) M = max G(t,s), m= min G(t,s), o=
0<s,t<T 0<s,t<T

Thus M >m>0and 0 <o < 1.

=3
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In order to prove our results, we need two preliminary results. The first one is a
well-known fixed point theorem in cones, which can be found in [14].

Theorem 2.3 Let X be a Banach space and K a cone in X. Assume Q4,5 are
open subsets of X with 0 € 2,05\ Qy. Let

T:KnN (QQ\Ql) — K
be a continuous and completely continuous operator such that
(i) |Tz| < ||=| for x € K NOQy;
(ii) There exist ¢ € K {0} such that « # Ta + A\ for x € K N0z and A > 0.

Then T has a fixed point in K N (s \ ©21). The same conclusion remains valid if (i)
holds on K N 09y and (ii) holds K N 0.

In applications below, we take X = C[0,T] with the supremum norm || - || and
define

K={zeX:z(t)>0forallt €[0,T] and min > olz|}.
0<t<T

where o is as in (2.4).
One can readily verify that K is a cone in X. Define an operator T': X — X by

T
(Tx)(t):/o G(t,s)F(s,x(s))ds

for x € X and ¢ € [0,T], where F : [0,T] x R — [0, 00) is continuous and G(t, s) is
the Green’s function of (2.1).

Lemma 2.4 T is well defined and maps X into K. Moreover, T' is continuous
and completely continuous.

Proof It is easy to see that T is continuous and completely continuous since F’
is a continuous function. Thus, we only need to show that T'(X) C K. Let x € X,
then we have

0<z<T 0<z<T

min (Txz)(t) min /0 G(t,s)F(s,x(s))ds

Y

m/OT F(s,z(s))ds
=oM /OT F(s,z(s))ds

T
> GOISnmaSXT/O G(t,s)F(s,x(s))ds

= of|T|.
This implies that T'(X) C K and the proof is completed.
To state the second preliminary result, we recall some notation and terminology
from [9]. Let X be a Banach space of functions, such that C'([0,7]) € X C

C([0,TY), with continuous immersions, and set X, = {p € X : minp > 0}.
Define the following two operators:

D(L) = {p € W*'(0,T) : p(0) = p(T), p(0) = p(T)},

(2.5) L:D(L)c X — LY0,T), Lp=p,
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and
N:X,— Ll(O,T), (Np)(t) = _f(t7p(t))

Taking o € R not belonging to the spectrum of L, (1.5) can be translated to the
fixed problem

p=(L—ol) Y (N —ol)p.

We will say that a set 2 C X is uniformly positively bounded below if there is a
constant § > 0 such that min p > § for every p € €. we need the following theorem,
which has been proved in [9)].

Theorem 2.5 Let €2 be an open bounded subset of X, uniformly positively
bounded below. Assume that there is no solution of (1.5), on the boundary 02,
and that

deg(I — (L —oI)™ (N — o1),Q,0) # 0.

Then, there exists a k1 > 1 such that, for every integer k > ki, systems (1.1)
has a periodic solution x(¢t) with minimal period kT, which makes exactly one
revolution around the origin in the period time k7. The function |zx(t)| is T-
periodic and, when restricted to [0, 7], it belongs to Q. Moreover, if y; denotes the
angular momentum associated to xy(t), then

lim p, = 0.
k—o0

3. MAIN RESULTS

In this section, we state and prove the main results. First we recall that A
denotes the set defined by (2.3).

Theorem 3.1 Suppose that there exist a(t) € A and 0 < r < R such that

(Hy) —a(t)p < f(t,p) <o/r—1/or, ¥p € [or,T],

(Hz) f(t,p) >0, Vp € [oR,R].
Then, equation(1.4) has a T-periodic solution, and there exists a k; > 1 such that,
for every integer k > ki, system (1.1) has a periodic solution with minimal period
kT, which makes exactly one revolution around the origin in the period time k7.
Moreover, exist constant C' > 0 (independent of p and k) such that

1
ol < |zk(t)] < C, for every t € R and every k > ky,

and, if py denotes the angular momentum associated to zy(t) then
lim p, = 0.
k—o0
Now we begin by showing that Theorem 3.1, and use topological degree theory.
To this end, we deform (1.4) to a simpler singular autonomous equation
| 1
p+ 70 ——-=0.
r P

where r is as in Theorem 3.1.
In order to apply Theorem 2.5, we consider the p = 0 and study for 7 € [0, 1],
the following homotopy equation

(3.1) p+ ft,p;m) =0, 7€[0,1],
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associated to periodic boundary conditions

p(0) = p(T),  p(0) = p(T),
where
P
f(tvp; T) = Tf(tap) =+ (1 - T)(ﬁ -
Note that f(t, p; 7) satisfies the conditions:
(H1) f(t,p;7) +alt)p 20, Vp € [or, R],
(HY) f(t,p;7) <0,Vp € [or,r] and f(t,p;7) >0, Vp € [oR, R).
uniformly with respect to 7 € [0,1]. We need to find a priori estimates for the
possible positive T-periodic solutions of (3.1). The important point to be proved is
the following.
Proposition 3.2 Suppose that there exist a € A and 0 < r < R such that
f(t, p;7) satisfies (H}) and (H}). Then, equation (3.1) has at least one T-periodic
solution.

Proof The existence is established using Theorem 2.3. To do so, let us write
equation (3.1) as

1
P

p+at)p=f(t p1)+alt)p.
Define the open sets
Q={peX:pll<r, Q={peX:|pll <R}
Let K be a cone defined by (2.5) and define an operator on K by

T
- / G(t,5) [ (5. p(s); ) + at)p] ds.

Clearly, ® : K N (Qg\Q,.) — C[0,T] is continuous and completely continuous since
f:]0,T] x [or, R] x [0, 1] is continuous. Also we have ®(K) C K.

By the first inequality of condition (H}), we have f(t, p;7) 4+ a(t)p > a(t)p, Vp €
[or,r]. Let ¥ =1, so 1 € K. Now we prove that

(3.2) p#Pp+ Ap, Vpe KNOQ, and X > 0.
Suppose not, that is, suppose there exist po € K N 9Q,. and \g > 0 such that pg

DPpo+ Not. Now since pg € KNI, then po(t) > ol|po|| = or. Let u = H[IOII% po(t).

Then we have

po(t) = (@p0)(£) + Ao
/Gts (5, p0(5); ) + a(s)po(5)]ds + Ag
>/ G(t, $)a(s)po(s)ds + Ao

>,u/ G(t,s)a(s)ds + Ao = 1+ Ao,

note fOT G(t,s)a(s)ds = 1. This implies pr > p + Ao, a contradiction. Therefore,
(3.2) holds.
On the other hand, by the second inequality of condition (Hj), we have

f(t,p;7) +alt)p < alt)p, Vpe€[oR, R
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Now we prove that
(3.3) [Pz < ||z, x€ KnNoQg.

In fact, for any p € K N 0Qg, we have

T
(©2)(0) = [ Glt.5)[1(5. (s ) + als)p(s)) ds
0T
</ G(t, s)a(s)p(s)ds

—Jo
T
< / G(t.)a(s)ds - maxx p(6) = ol

Therefore, ||®p|| < ||p||, that is, (3.3) holds.

It follows from Theorem 3.3, (3.2) and (3.3) that ® has a fixed point p € K N
(Qr\Q,), the proof is finished. [J

Proof of Theorem 3.1 Now, from Proposition 3.2, this fixed point is a positive
solution of (3.1) satisfying r < ||z|| < R.

Notice the boundary condition p(0) = 4(T). Integrate (3.1) from 0 to T', we get

T T
/ Bt)dt = / F(t, plt); 7)dt = 0.
0 0

Thus || f(t, p(t); 7)|l1 = 2||f T (t, p(t); 7)||1. Since p(0) = p(T'), there exists t; € [0, T
such that p(¢;) = 0. Therefore
t
/ p(s)ds
ty

/0 (s, pls); 7)| ds = 2 / £+ (5, p(s); 7)] ds

) = .t =
Al o?%XT‘p(” Jnax,

IN

T

<2 [ falo)n(s)lds
0

< 2R|a|s == H.

where f*(t, p(t); 7) = max{ f(t, p(t); 7). 0}.
Define the linear operator L as in (2.5) and the Nemytzkii operator

N, : X. — L'(0,7),

(Nzp)(t) = =f(t, p(t); 7),
(3.1) also can be translated to the fixed problem
(3.4) p=(L—ol) Y (N, —al)p,

since L — oI is invertible.
Take C' = max{1/r, R, H} and let the open bounded in X be

1
QZ{pGX:5<p(t)<C’ and |p(t)| < C forallt € [0,T]}.

Obviously, €2 is an open subset of C1[0,T], and equation (3.4) has no solutions on

9.

399 SHENGUJUN LI et al 393-401



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 22, NO.3, 2017, COPYRIGHT 2017 EUDOXUS PRESS, LLC

8 SHENGJUN LI, WULAN LI AND YIPING FU

In order to compute the degree, we consider equation (3.1). By homotopy in-
variance of degree, the degree has to be the same for every 7 € [0,1]. Therefore,
we consider the equation (3.1) with 7 = 0, that is the equation

.1 1
Pt 5p——=0,
r p
which is equivalent to the system
. 1
Y = F(Y) = (u,’;—),
2 p
where Y = (p, u).

It is easy to know that F' has a unique zero (po,uo) and the determinant of Ja-
cobian matrix satisfies |Jr(po, ug)| > 0. By Lemma the result of Capietto, Mawhin
and Zanolin [4], the Leray-Schauder degree of I —L ™! N (p, -) is equal to the Brouwer
degree of F) i.e.,

1
dL(I - L_lN(l'L7 5 )a 970) = dB(F7 (67
By Theorem 2.1, the proof of Theorem 3.1 is thus completed.

It is a direct consequence of Theorem 3.1 taking r and R small and big enough,
respectively. We obtain

Corollary 3.3 Assume that the following two conditions hold:

(Hs) lim f(¢,p)/p = —o0, uniformly for ¢t € [0,77],
p—0+

C)x(=C,C)) =1

(Hy) ET f(t,p)/p = 400, uniformly for t € [0, 7]
p s

Then problem (1.1) has the same conclusion of Theorem 3.1.
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Abstract. Let A and B be real ternary Banach algebras. An additive mapping S : (A,[ Ja) — (B,[ ]B) is

called a ternary Jordan homomorphism if ([z,z,z]4) = [S(z), S(z), S(x)]p for all z € A.

In this paper, we investigate the stability and superstability of ternary Jordan ring homomorphisms in ternary
Banach algebras by using the fixed point method.

1. INTRODUCTION

Ternary algebraic operations were considered in the 19th century by several mathematicians. Cayley [5] who
introduced the notion of cubic matrix which in turn was generalized by Kapranov, Gelfand and Zelevinskii in
1990 [13]. As an application in physics, the quark model inspired a particular brand of ternary algebraic systems.
There are also some applications, although still hypothetical, in the fractional quantum Hall effect, the non-
standard statistics (the anyons), supersymmetric theories, Yang-Baxter equation, etc, (cf. [1, 26]).

The comments on physical applications of ternary structures can be found in [2, 8, 9, 21, 22, 23, 26].
Let A and B be ternary Banach algebras. An additive mapping S : (A, []a) — (B, [ ]B) is called a ternary ring

homomorphism if
C‘}([xv Y, Z]A) = [C\}(J?), %(y)v C‘}(Z)]B

for all ,y,z € A. An additive mapping I : (A,[]a) — (

o
W
S~—
=
o
=
 —
D
[}
&
+
[e]
=
=
I
=
o
—
]
=
o
I
=
=.
=
o
=
o
=
]
=
o
=
kel
E
7]
B
e

for all x € A.
We say that a functional equation (Q) is stable if any function g satisfying the equation (Q) approximately is
near to true solution of (Q). Also, we say that a functional equation is superstable if every approximately solution

is an exact solution of it.

92010 Mathematics Subject Classification. Primary 39B52; 39B82; 46B99; 17A40.
YKeywords: stability, superstability, ternary Jordan ring homomorphism; ternary Banach algebra.
9*Corresponding uuthor: dyshin@uos.ac.kr (Dong Yun Shin).
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The study of stability problems originated from a famous talk given by Ulam [25] in 1940: “Under what
condition does there exist a homomorphism near an approximate homomorphism?” In 1941, Hyers [12] answered
affirmatively the question of Ulam for additive mappings between Banach spaces. A generalized version of the
theorem of Hyers for approximately additive maps was given by Rassias [20] in 1978. For more details about
various results concerning such problems the reader is referred to [3, 6, 7, 10, 11, 15, 16, 17, 18, 19, 24].

We need the following fixed point theorem.

Theorem 1.1. [14] Suppose that (2,d) is a complete generalized metric space and T : Q — § is a strictly
contractive mapping with the Lipschitz constant L. Then, for any x € €, either

d(T"z, T"2) = 00, Vn >0,

or there exists a positive integer ng such that
(1) d(T"x, T" x) < 0o for all n > ng;
(2) the sequence {T"x} is convergent to a fized point y* of T;
(3) y* is the unique fived point of T in A ={y € Q:d(T™z,y) < co};
(4) d(y,y*) < $2:d(y, Ty) for ally € A.

In this paper, we prove the stability and superstability of ternary Jordan ring homomorphisms in ternary

Banach algebras by using the fixed point method.

2. Stability of ternary Jordan ring homomorphisms

In this section, we establish the stability ternary Jordan ring homomorphisms in ternary Banach algebras.

Throughout this section, assume that A and B are ternary Banach algebras.

Lemma 2.1. [9] Let f : A — B be an additive mapping. Then the following assertions are equivalent
f(la,a,a]) = [f(a), f(a), f(a)] (2.1)
for alla € A, and
f([a,b,c] + [b,c,a] + [c,a,b]) = [f(a), £(b), f(0)] + [f (D), f(e), f(a)] + [f(c), f(a), F(D)] (2-2)
for all a,b,c € A.

Theorem 2.2. Let f : A — B be a mapping for which there exist functions ¢ : A x A — [0,00) and ¥ :
Ax AxA—[0,00) such that

[f(x+y) = flz) = f < (z,y), (2.3)
1f([z,y, 2] + [y, 2, 2] + [z, 2,9]) = [f(2), f(y), F(2)] = [f (W), f(2), f(x)] = [f(2), f(x), f)]l| <¥(x,y,2) (2.4)

for all x,y,z € A. If there exists a constant 0 < L < 1 such that

¢(53) = gete) 23)
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Ty £> <L 9.6
¥ (5:55) < o) (2.6)
for all x,y,z € A, then there exists a unique ternary Jordan ring homomorphism ¥ : A — B
L
g P )
@) = 3@ < g= (@) (27)
for all x € A.
Proof. Tt follows from (2.5) and (2.6) that
o (TYN
Jm 2% (50 50) =0 23
lim 290, 2, ) = 2.

for all z,y,2 € A. By (2.5), lim, 0 2"9(0,0) = 0 and so ¢(0,0) = 0. Letting z = y = 0 in (2.3), we get
£(0) < ¢(0,0) =0 and so f(0) =0.
Let Q@ ={g: A— B, g(0) =0}. We introduce a generalized metric on 2 as follows:

d(g,h) = dy(g,h) = mf{K € (0,00) : |lg(z) — h(=z)[| < Kep(z, ), Vo € A}

It is easy to show that (€, d) is a generalized complete metric space.
Now, we consider the mapping 7" : @ — Q defined by Tg(z) = 2g(5) for all 2 € A and g € Q. Note that, for
all g,h€Q and x € A,

d(g,h) <K = |lg(z) — h(z)| < Ke(z, )

= [120(3) = 2h(5) S 2 K o

rr

272
x €T

= 29(5) = 23l < L K pla,)

)

[\

= d(Tg,Th) <L K.
Hence we show that
d(Tg,Th) < L d(g,h)
for all g, h € 2, that is, T is a strictly contractive mapping of 2 with the Lipschitz constant L.
Putting y = z in (2.3), we get
1f(2z) = 2f(2)]| < ¢(z,x)
for all x € A. So
x T T
-2 (3)]|<e(33) <
Hf(x) F3)l=s¢l53)<
. L
for all z € A, that is, d(f,Tf) < 5 < oo.

Let us denote
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for all x € A since lim,,_,o, d(T™f,3) = 0. By the result in [4] , 3 is a ternary Jordan mapping and so it follows
from the definition of S, (2.4) and (2.9) that

1S, y, 2] + [y, 2, 2] + [z, 2, 9]) — [S(2), S(y), 3(2)

[
@
s
&l
O
P
O

I
&
&
/(,,2
O
%
&

= Jim £ (2715 5+ 27 g )+ 2 )
=21 (gn) o (0) S (G =20 (5e) o () 4 ()1 =20 (50) 7 (32) 7 ()]
< i, 2 (50 e 3) =
and so
S([z,y, 2] + [y, 2, 2] + [2,2,9]) = [S(2), (), S(2)] + [S(1), 3(2), S(@)] + [3(2), S(2), 3(y)]
for all x € A.

According to Theorem 1.1, since § is the unique fixed point of 7" in the set A = {g € Q : d(f,g) < oo}, F is the

unique mapping such that
[f(z) = F(@)| < K oz, )

for all x € A and K > 0. Again, using Theorem 1.1, we have

1 L

and so

@)~ §@) € g5 wloo)

This completes the proof. (]

Corollary 2.3. Let 0,p be nonnegative real numbers with r,p > 1 and % > 1. Suppose that f : A — B is a
mapping such that

1 (& +y) = flz) = I <ol + llyl"),
1 ([ y, 21 + [y, 2, ] + [z, 2,9]) = [f (@), (), £(2)] = [F(y), f(2), f(@)] = [ (2), f (), @I < OClz”-[[yllP-N[=117)

for all x,y,z € A. Then there exists a unique ternary Jordan ring homomorphism § : A — B satisfying

1f(2) = F(2)]| <

4 r
WWH

for all x € A.

Proof. The proof follows from Theorem 2.2 by taking

e, y) = 0(lzl" + llyll"),  &(x,y,2) = 0(l<]|”lyl”[|=[")

for all 2,4 € A. Then we can choose L = 2'~" and so the desired conclusion follows. O
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Remark 2.4. Let f: A — B be a mapping with f(0) = 0 such that there exist functions ¢ : A x A — [0, 00)
and ¥ : A x A x A — [0,00) satisfying (2.3) and (2.4). Let 0 < L < 1 be a constant such that

©(22,2y) < 2Lg(z,y), ¥(2z,2y,22) < 2°Ly(z,y,2)

for all z,y,z € A. By the similar method as in the proof of Theorem 2.2, one can show that there exists a unique
ternary Jordan ring homomorphism § : A — X satisfying
1
_ < -
1£() 8@ < g gyele)
for all x € A. For the case

ez, y) =0 +0(I=l]" + lyll"), ¥(z,y,2) :=5+0(z|” - lyl|” - [|=]]")

(where 6,6 are nonnegative real numbers and r > 0,p < 1 and % > 1), there exists a unique ternary Jordan
ring homomorphism $: A — X satisfying
) 0

15) =8 < gy + gy ol

for all z € A.

3. Superstability of ternary Jordan ring homomorphisms
In this section, we formulate and prove the superstability of ternary Jordan ring homomorphisms.
Theorem 3.1. Suppose that there exist function ¢ : A x A x A — [0,00) and a constant 0 < L < 1 such that
Ty z L
77/1(57575) < 23 (z,y,2)
for all x,y,z € A. Moreover, if f : A — B is an additive mapping such that

(s y, 2] + ly, 2, 2] + [2,2,9]) = [F(2), £ (), f(2)] = [f(9), £(2), f(@)] = [ (2), f (@), F)l < ¢ (2,9, 2)

for all x,y,z € A, then f is a ternary Jordan ring homomorphism.
Proof. The proof of this theorem is omitted as similar to the proof of Theorem 2.2. O

Corollary 3.2. Let 0,1, s be nonnegative real numbers withr > 1 and s > 3. If f : A — B is an additive mapping
such that

1f ([, y, 2]+ [y, 2, 2] + [z, 2,9]) = [£(2), £ (), F(2)] = [ (v), £(2), f(@)] = [ (), f @), F)IIl < Ozl|” + [|ylI* +[]=]]")

for all x,y,z € A, then f is a ternary Jordan ring homomorphism.
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Remark 3.3. Let 6,r be nonnegative real numbers with » < 1. Suppose that there exists a function v :
Ax AxA—[0,00) and a constant 0 < L < 1 such that

V(27,2y,22) < 22Lap(z,y, 2)

for all x,y,z € A. If f: A — B is an additive mapping such that

||f([£L‘,y7Z} + [y7z,m] + [z,x,y]) - [f(m)nf(y)?f(z)] - [f(y)ﬂ f(Z),f(l’)} - [f(Z), f(x)mf(y)”' < w(xvywz)

for all z,y,z € A, then f is a ternary Jordan ring homomorphism.
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Approximate controllability of fractional
impulsive stochastic functional differential
inclusions with infinite delay and fractional

sectorial operators

Zuomao Yan* and Xiumei Jia

January 30, 2016

Abstract: In this paper, the approximate controllability of fractional impul-
sive stochastic functional differential inclusions with infinite delay and fractional
sectorial operators is considered. By using the stochastic analysis, the fractional
sectorial operators and a fixed-point theorem for multi-valued maps, a new set of
necessary and sufficient conditions are formulated which guarantees the approx-
imate controllability of the fractional impulsive stochastic system. The results
are obtained under the assumption that the associated linear system is approx-
imately controllable. Finally, an example is also given to illustrate the obtained
theory.

2000 MR Subject Classification: 34A37; 60H15; 26A33; 93B05; 93E03

Keywords: Approximate controllability; Fractional impulsive stochastic
functional differential inclusions; Infinite delay; Fractional sectorial operators;
Fixed point theorem

1 Introduction

The notion of controllability has played a central role throughout the history of
modern control theory. Moreover, approximate controllable systems are more
prevalent and very often approximate controllability is completely adequate in
applications; see [1-3]. Therefore, various approximate controllability problems
for different kinds of dynamical systems have been investigated in many pub-
lications; see [4,5] and references therein. The fractional differential equations
has received a great deal of attention, and they play an important role in many
applied fields, including viscoelasticity, electrochemistry, control, porous media,
electromagnetic and so on. In recent years, several papers have studied the
approximate controllability of semilinear fractional differential systems with-
out delay and infinite delay (see [6-9]). As a result of its widespread use, the
approximate controllability of stochastic systems have received extensive atten-
tion. More recently, there are very few contributions regarding the approximate
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controllability of fractional stochastic control system. For example, Sakthivel
et al. [10], Kerboua et al. [11], Muthukumar and Rajivganthi [12], Farahi and
Guendouzi [13].

Impulsive partial functional differential equations or inclusions have become
an active area of investigation due to their applications in fields such as me-
chanics, electrical engineering, medicine biology (see [14]). Recently, the ap-
proximate controllability for some fractional impulsive semilinear differential
systems have been studied in several papers. For example, Liu and Bin [15]
studied the approximate controllability for a class of Riemann-Liouville frac-
tional impulsive differential inclusions. Balasubramaniam et al. [16] derived
sufficient conditions for the approximate controllability of impulsive fractional
integro-differential systems with nonlocal conditions in Hilbert space. Chalisha-
jar et al. [17] discussed the approximate controllability of abstract impulsive
fractional neutral evolution equations with infinite delay in Banach spaces. How-
ever, besides impulse effects and delays, stochastic effects likewise exist in real
systems. For semilinear impulsive stochastic control systems in Hilbert spaces,
there are several papers devoted to the approximate controllability (see [18,19]).
Zang and Li [20] obtained the approximate controllability of fractional impul-
sive neutral stochastic differential equations with nonlocal conditions by using
Krasnoselskii-Schaefer-type fixed point theorem.

Motivated by the researches mentioned previously, in this paper we con-
sider the approximate controllability of a class of fractional impulsive stochastic
functional differential inclusions with infinite delay in Hilbert spaces of the form

°D*N(z¢) € AN (z¢) + Bu(t) + F(t,xt)d%it)7 (1)
a€ (0,1),teJ=10,b],t+#tg,

I’():QDEB, (2)

Ax(ty) = Ix(ze,), k=1,...,m, (3)

where the state x(-) takes values in a separable real Hilbert space H with inner
product (-,-)g and norm || - || . Here D% is the Caputo fractional derivative
of the order @ € (0,1) with the lower limit zero, A is a fractional sectorial
operator defined on (H, || - ||#). Let K be another separable Hilbert space with
inner product (-,-)x and norm || - |k . Suppose {w(t) : t > 0} is a given K-
valued Wiener process with a covariance operator () > 0 defined on a complete
probability space (€2, F, P) equipped with a normal filtration {F;};>0, which
is generated by the Wiener process w. The control function v € L%(J,U),
a Hilbert space of admissible control functions, p > 2 be an integer, and B
is a bounded linear operator from a Banach space U to H. The time history
x4 1 (—00,0] — H given by :(6) = x(t+60) belongs to some abstract phase space
B defined axiomatically; F, G, I (k =1,...,m), N() = ¥(0) — G(t,¢),v € B,
are given functions to be specified later. Moreover, let 0 < t; < --- < t,,, < b,
are prefixed points and the symbol Az (t;) = z(t{) — z(t; ), where z(¢;) and
z(t}) represent the right and left limits of x(t) at ¢ = t;, respectively. The
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initial data {p(t) : —oo < t < 0} is an Fp-adapted, B-valued random variable
independent of the Wiener process w with finite second moment.

To the best of our knowledge, the approximate controllability of fractional
impulsive stochastic functional differential inclusions with infinite delay and
fractional sectorial operators and the form (1)-(3) is an untreated topic in the
literature. To close the gap in this paper, we study this interesting problem.
Sufficient conditions for the approximate controllability results are derived by a
fixed-point theorem for multi-valued maps combined with the stochastic analysis
and the fractional sectorial operators. The known results appeared in [15-20]
are generalized to the fractional impulsive stochastic systems settings and the
case of infinite delay.

The rest of this paper is organized as follows. In Section 2, we introduce
some notations and necessary preliminaries. In Section 3, we give our main
results. In Section 4, an example is given to illustrate our results.

2 Preliminaries

Let (2, F, P) be a complete probability space with probability measure P on €
and a normal filtration {F;}+>0. Let H, K be two real separable Hilbert spaces
and we denote by (-, ) g, (-, )k their inner products and by || - ||g, | - ||k their
vector norms, respectively. L(H, K) be the space of bounded linear operators
mapping K into H equipped with the usual norm || - || and L(H) denotes
the Banach space of bounded linear operators from H to H. Let {w(t) : t > 0}
denote an K-valued Wiener process defined on the probability space (Q, F, P)
with covariance operator ). We assume that there exists a complete orthonormal
system {e,, }>2 ; in K, a bounded sequence of nonnegative real numbers {\, }52 ;
such that Qe,, = A\,e,,n =1,2,..., and a sequence 3,, of independent Brownian
motions such that

(w(t),e) = Z m<€n,€>ﬁn(t), ec K,telJ,
n=1

and F; = F, where F}* is the o-algebra generated by {w(s) : 0 < s < t}.
Let LY = Lo(Ko, H) be the space of all Hilbert-Schmidt operators from Kj to

H with the norm || ¢ H%g: Tr((¥QY?)(Q/?)*) for any ) € L. Clearly for

any bounded operators ¢ € L(K, H) this norm reduces to || ¢ ||ig: Tr(ypQuy™*).

Let LP(F,, H) be the Banach space of all F,-measurable pth power integrable
random variables with values in the Hilbert space H. Let C([0, b]; LP(F, H)) be
the Banach space of continuous maps from [0,b] into LP(F, H) satisfying the
condition sup,c ; E || 2(t) ||} < oc.

We use the notations P(H) is the family of all subsets of H. Let us introduce
the following notations:

Pa(H) ={z € P(H) : z is closed}, Ppq(H) = {x € P(H) : x is bounded},

Pew(H) ={z € P(H) : x is convex}, P.p(H)={x € P(H): xis compact}.
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Consider Hy : P(H) x P(H) — R™ U {oo} given by

Hd(g, E) = max { sup d(a, E), sup d(g, d)},
acA beB

where d(A,b) = inf, _7d(a,b),d(a, B) = inf;_zd(a,b). Then, (Pya.ci(H), Hq) is
a metric space and (Pq(H), Hq) is a generalized metric space. In what follows,
we briefly introduce some facts on multi-valued analysis. For more details, one
can see [21,22].

A multi-valued map ® : J — Py (H) is said to be measurable if for each
x € H, the function Y : J — R™T defined by Y (t) = d(z,®(t)) = inf{d(z, 2) :
z € ®(t)} is measurable.

® has a fixed point if there is x € H such that € ®(x). The set of fixed
points of the multi-valued operator ® will be denoted by Fix®.
Definition 2.1. A multi-valued operator ® : H — P, (H) is called:

(a) ~-Lipschitz if there exists 4 > 0 such that

Hy(®(x), ®(y)) < vd(z,y), =,y € H.

(b) a contraction if it is y-Lipschitz with v < 1.

In this paper, we assume that the phase space (B, || - ||g) is a seminormed
linear space of Fy-measurable functions mapping (—oo, 0] into H, and satisfying
the following fundamental axioms due to Hale and Kato (see e.g., in [23]).

(A) If 2 : (—o0,0 +b] — H, b >0, is such that z|[, ;4 € C([o,0 +b], H) and
Zs € B, then for every t € [0, 0 + b] the following conditions hold:

(i) = is in B;
(i) | 2(t) o< H || = |55
(i) || 20 s K(t — o)sup{l| 2(s) I 0 < s < £} + M(t - 0) || 7o |15
where H > 0 is a constant; K, M : [0,00) — [1,00), K is continuous
and M is locally bounded, and H, K, M are independent of z(-).

(B) For the function x(-) in (A), the function ¢t — z; is continuous from [0, o+b)
into B.

(C) The space B is complete.

The next result is a consequence of the phase space axioms.
Lemma 2.1. Let = : (—o0,b] — H be an F;-adapted measurable process such
that the Fo-adapted process zo = ¢(t) € LY(Q,B) and z|jy € PC([0,b], H),
then
|2 < ME || ¢ 5 +Ko sup E || a(s) [la,
0<s<b

where Kp = sup{K(t) : 0 <t < b}, M, = sup{M(t) : 0 <t < b}.
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We introduce the space PC formed by all F;-adapted measurable, H-valued
stochastic processes {x(t) : t € [0,b]} such that z is continuous at ¢t # tg,
z(ty) = z(t;) and x(t{) exists for all k = 1,...,m. In this paper, we always
assume that PC is endowed with the norm

1
|z llpc= (sup E || x(t) [I5)>.
0<t<b

Then (PC, || - ||pc) is a Banach space.
Definition 2.2 ([24]). The fractional integral of order v with the lower limit
zero for a function h € L1(J, H) is defined as

. 1 Eoh(s) .
Ith(t)l“(v)/o (t—8)1_7d7 t>0,v>0

provided the right side is point-wise defined on [0, c0), where I'(+) is the gamma
function.

Definition 2.3 ([24]). The Riemann-Liouville derivative of order v with the
lower limit zero for a function h € L'(.J, H) can be written as

DIht) = — Y [ ™5 e i~ 0n—1 '
() F(nfv)dtn/o G—sprin® t2Onmisys<n

Definition 2.4 ([24]). The Caputo derivative of order « for a function h €
LY(J, H) can be written as

D] h(t) = D} (h(t) — h(0)), t>0,0<vy<1.
Next, we are ready to recall some facts of fractional Cauchy problem.
°Dix(t) = Ax(t), t>0, (4)

IOZQDEBa (5)

where A is linear closed and D(A) is dense.
Definition 2.5 ([25]). A family {S,(¢) : ¢ > 0} C L(H) is called a solution
operator for (4)-(5) if the following conditions are satisfied:

(a) Su(t) is strongly continuous for ¢ > 0 and S, (0) = I.
(b) Sa(t)D(A) C D(A) and AS,(t)p = Sa(t)Ap for all p € D(A),t > 0.
(¢) Sa(t)y is a solution of (4)-(5) for all ¢ € D(A),t > 0.

Definition 2.6 ([24]). An operator A is said to be belong to e®(M,w) if the
solution operator S, (-) of (4)-(5) satisfies

[ Sa(®) lLm< Me®t, t>0

for some constants M > 1 and w > 0.
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Definition 2.7 ([24]). A solution operator S, (-) of (4)-(5) is called analytic if
it admits an analytic extension to a sector g, = {\ € C—{0} : arg A < 0y} for

some 6y € (0, 5]. An analytic solution operator is said to be of analyticity type
(0o, wp) if for each § < 0y and w > wy there is an M = M (0, w) such that

| Sa(t) o< MeRet ey,

Set
e“(w) = U{ea(M,w) M > 1}, e% = U{ea(w) tw >0},

and A%(0g,wg) = {A € e* : A generates an analytic solution operator S,
of type (6o, wo)}.

Remark 2.3 ([25, Theorem 2.14]). Let a € (0,2). A linear closed densely
defined operator A belongs to A%(0y,wp) if and ounly if A* € p(A) for each
A € Ygyrz(wo) ={C—{0} : |arg(A —wo)| < o+ 5} and for any w > wp, 8 < Oy
there is a constant C' = C(,w) such that

o— « O
| AT TR(AY, A) [l < [y

for A € Zgo+%.
According to the proof of Theorem 2.14 in [25], if A € A%(y, wp) for some
6o € (0,7) and wg € R, the solution operator for the Eq. (4)-(5) is given by

1
Sa(t) = —/Fe’\t)\a‘lR()\a,A)d/\

211
for a suitable path I'. Next, a mild solution of the Cauchy problem
°Dfaz(t) = Az(t) + f(t), teJ,

To =€ 67
can be defined by

2(t) = Sa(t)p + / To(t - ) f(s)ds,

where

T.(t) = i/re”R(Aa,A)dA

T

for a suitable path I" and f : J — H is continuous.
Lemma 2.2 ([25]). If A € A%(0p,wp) then

| Sa(t) |y < Me®t, || Ta(t) < Cet (1 +7)
for every t > 0,w > wqy. So putting

Mg = sup || Sa(t) 2y My := sup Ce*'(1+t*71),
0<t<b 0<t<b
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we get i )
| Sa(t) locn< Ms, || Ta(t) |lom <t My,

Based on the above consideration, we introduce the definition of mild solu-
tion for (1)-(3).
Definition 2.8. Let A € A%(6p,wo) with 6 € (0,5] and wy € R. An Fi-
adapted stochastic process x : (—oo0,b] — H is called a mild solution of the
system (1)-(3) if g = ¢ € B satisfying z¢ € LY(Q, H), x| 4 € PC, and

where f € Sp, = {f € LP(J,LY) : f(t) € F(t,z;) a.e. t € J}.

Let z(t; ¢, u) denotes state value of the system (1)-(3) at time t corresponding
to the control u € L-(J,U). In particular, the state of system (1)-(3) at ¢ =
b, x(b; ,u) is called the terminal state with control v and the initial value .
Introduce the set B(b; ,u) = {z(b; ¢, u),u(-) € L’-(J,U)} is called the reachable
set of the system (1)-(3), where L-(J, U) is the closed subspace of L-(J xQ,U),
consisting of all Fi-adapted, U-valued stochastic processes.

Definition 2.9. The system (1)-(3) is said to be approximately controllable on
the interval J if B(b;p,u) = LP(Fp, H), where B(b;p,u) is the closure of the
reachable set.

It is convenient at this point to define operators

b
o / Sulb—$)BB*S:(b—s)ds, 0<7<b,

b
b= / Sa(b—8)BB*S%(b — s)ds,
0

R(a,T%) = (aI +T%)"! R(a,T}) = (al +TY) " for a > 0,

where B* denotes the adjoint of B and S} (t) is the adjoint of S,(¢). It is
straightforward that the operator I'” is a linear bounded operator.

Lemma 2.4 ([3]). For any &, € LF(Fy, H) there exists ¢ € LI-(Q; L*(0,b; LY))
such that Z, = EZy, + f(f B(s)dw(s).
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Now for any a > 0 and &, € LP(F}, H) we define the control function
S*T*(b—t)(al +T%)~" [Eib + fob o(s)dw(s)

~5u[6(0) - G(0. )] - (0.1

—B*T:(b—t) [y (al +T2) "1 Su(b— ) f(s)dw(s), te [0,t1],
S*T*(b—t)(al +TH)~! [Eﬁcb + f(f o(s)dw(s)

=Sa(b)[¢(0) — G(0,9)] — G(b,xp)

2(t) = —B*T3(b—t)(al +T%) " 8o (t —t1) 11 (24,)
—B*Tx(b—t) [y (al +T2)"1Sa(b — s)f(s)dw(s), t€ (t1,ta],

St o

S*T*(b—t)(al +TH) ™! [E:ib + f(f o(s)dw(s)

~$a0)[6l0) - GO0.5)] - Glba)
—B*Ty(b—t) 3o (al +T2) 7' Sa(t — t) (21,
—B*Tx(b—t) [y (al +T8)71Sa(b — s)f(s)dw(s), t€ (tm,b],

where f € Sp, = {f € LP(J, L) : f(t) € F(t,z;) a.e. t € J}.
Lemma 2.5 ([26]). For any p > 1 and for arbitrary L3-valued predictable
process ¢(-) such that

o 5| [ o] "< v [E 1060 7)1 e 0,000

s€10,t]

In the rest of this paper, we denote by M; =|| B ||z, C, = (p(p — 1)/2)P/2.
Our main results are based on the following lemma.

Lemma 2.6 ([27]). Let (H,d) be a complete metric space. If & : H — P, (H)

is a contraction, then Fix ® # 0.

3 Main results

In this section we shall present and prove our main results. Let us list the
following hypotheses.

(H1) The function G : J x B — H is continuous, and there exists a positive
constant Lg such that

E | G(t, 1) = G(t, ) < Lo || Y1 — 2 I3
for t € J, 91,99 € B.
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(H2) The function F : J x B — P, (L3) is a multifunction such that (-, ¢) —
F(t, ¢) is measurable for each ¢ € B.

(H3) There exists a function I(t) € Ls (J,RT),q € (0, ) such that
EHY(F(t, ¢1), F(t,02)) <1(t) || o1 — b2 I
for t € J, ¢1,¢2 € B, and
dP(0, F(t,0)) < (t)
for a.e. t € J.

(H4) The functions Iy : B — H are continuous and there exist constants cy
such that

E | (1) = In(vh2) 1< cu | b1 — 92 Il
for Y1, € B,k=1,...,m.

(H5) For each 0 < t < b, the operator aR(a,T%) — 0 in the strong operator
topology as @ — 0% i.e., the linear differential Cauchy problem corre-
sponding to system (1)-(3) is approximately controllable on J.

Theorem 3.1. Let A € A%(0y,wo) with Oy € (0,%] and wo € R. If the as-
sumptions (H1)-(H4) are satisfied, then the system (1)-(3) has at least one mild
solution on J, provided that

m 1—q
~ ~ 1— q
AP—1RP [LG PS4+ O NP ()
b S ; p=T p(]. _ O[) + 1— q

x pp(a—1/2)—q 1] 2

L4 (J,RT)

| ren] <1

Proof. We introduce the space By of all functions = : (—oo,b] — H such that
xo € B and the the restriction x|j ) € PC. Let| - || be a seminorm in By, defined
by
1
o=l 2o lls +( sup || 2(s) [5)7, =€ By.
0<s<b

We consider the multi-valued map ® : B, — P(B;) by ®x the set of p € By

such that
5 (0[¢(0) - G0, )] + Gt )
+ Jo Ta(t — s)Bug(s)ds + [y T (t — s) f(s)dw(s), t e [0,t],
Sa(t)[(0) = G(0, )] + G(¢, 21)
+Sa(t - 1)]1 (:Etl)
p(t) = + o Salt = 5)Bus(s)ds + [y Salt — 5)f(s)dw(s), t € (tr,ta],

+ 2o hey Salt — te) I(zy,)
+ [o Salt — 5)Bul(s)ds + [y Sa(t — 8)f(s)dw(s), t€ (tm,b],
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where f € Sp, = {f € LP(J,LY) : f(t) € F(t,x;) a.e. t € J}.
For ¢ € B, we define ¢ by

. (1), —o0 <t <0,
P(t) = { 5 (00(0),  0<t<h

then @ € By. Set z(t) = y(t)+ @(t), —oo < t < b. It is clear to see that x satisfies
Definition 2.8 if and only if y satisfies yp = 0 and

Sa(t)[(0) — G(0,9)] + G(t, yt + 1)
+ [y Talt — $)Bul(s)ds + [o To(t — ) f(s)dw(s),  te€[0,t],
Sa(t)[e( ) G(0,9)] + G(t,yt + 1)
+Sa(t —t1) 1(yt1 +§0t1)
y(t) = + [y Salt — (s)ds + [o Sa(t — ) f(s)dw(s),  t€ (tr,ta),

wa@—wahcww+@>
+ Z;;nzl Sa(t - tk)Ik(ytk =+ @tk)
+ [5 Salt — s)Bul(s)ds + [} Salt — s)f(s)dw(s),  t € (tm,b],

where
S*T*(b—t)(al +T%)1 {Emb—i-fo s)dw(s)
-sawwm—amwn—aauﬂ
—B*Tx(b—t) [y (al +T2)~'T, (bf $)f(s)dw(s), te[0,t],
S*Tr(b—t)(al +T5)~ {Emb + fo s)dw(s)
=5 0)[6(0) - G(0. )] ~ (0. 1)

uy(t) = —B* Ty (b—t)(al +T2)7"Sa(t —t1)I1(z4,)
—B*Ti(b—t) [P (al +T) 1T, (b—s)f(s)dw(s), € (t1,ta),

S*Tr(b—t)(al +T)~ {Emb + fo s)dw(s)

SAMﬂmwaﬂﬂ@uﬂ
—B*T5(b—t) Yopy (al +T5) 71 Sa(t — t) I (24,
—B*T:(b—t) [ (al +T2) 1T (b — s) f(s)dw(s),

~

€ (tm, b,

and f € Sp, ={f € LP(J,LY) : f(t) € F(t,ys + @s) a.e. t € J}.
Let B) ={y € By : yo =0 € B}. For any y € BY,

1 1
|y lb=Ilvo lls +( sup [l y(s) [5)7 = (sup [l y(s) [I)?,
0<s<b 0<s<b

10
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thus (By, || - [|s) is a Banach space. Define the multi-valued map & : B) — P(B;)
by ®y the set of p € BY such that p(t) = 0,t € [—00,0] and

_Soz(tt)G(Ov </7) + G(tv Yt + @f) .

+ Jo Ta(t — s)Bug(s)ds + [, Ta(t — s) f(s)dw(s), t € [0,t],
=Sa(t)e(0) + Gty + ¢1)

+Sa(t - tl)Il(ytl + 95151)
pt) =4 o Salt = s)Bul(s)ds + [y Tu(t — s) f(s)dw(s), t € (tr,ta],

~Sa(D)p(0) + Glt.y + @)
+ Z;cnzl Sa(t - tk)Ik(ytk + @tk)
+ [7 Salt — s)Bul(s)ds + [y Talt — s) f(s)dw(s), t€ (tn,b],

where f € Sg,. Obviously, the operator ® has a fixed point if and only if
operator ® has a fixed point, to prove which we shall employ Lemma 2.6. For
better readability, we break the proof into a sequence of steps.

Step 1. We show that (®y)(t) € Pu(BY).

Indeed, let ) (t) — y* (1), (7u)nzo € (Dy)(t) such that 5o (t) — p.(t) in
BY. Then p.(t) € BY and there exists f, € Sy such that, for each t € [0,14],

Pn(t) = —Sa(t)G(0, ) + G(t, ™ + &1)

+/O To(t — s)Bug ) (s)ds + /0 To(t — 8) fu(s)dw(s),
where
b ~
ulon(t) = BUT2(b — t)(al +T5)"! [Ezb + [ ds)auts

0

~Sa()[pl0) — C0.0)] — by + @)]

—B*Tr(b—1t) /b(aI +TO I, (b — 8) fu(s)dw(s).

0

Using the fact that F has compact values and (H3) holds, we may pass to a
subsequence if necessary to obtain that f, converges to f. in LP([0,t1], L9),
hence, f. € Spy+. Then, for each ¢ € [0, ],
ﬁn(t) - ﬁ*(t) = _Sa(t)G(()? 30) + G(tvy; + ¢t>
t t
+/ Ty (t — s)Buy.(s)ds + / To(t — 8) fr(s)dw(s),
0 0

where

b ~
ug. (t) = S*Tr(b—t)(al + T() ™" {Ea}b + /O o(s)dw(s)

11
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S (B)[p(0) — G(0, )] — Glbyi + sbb)}

b
—B*T;(b—t)/o (al +T2)71Su(b — ) fu(s)dw(s).

Similarly, for each t € (tx,tx+1],k =1,...,m, we have
k
n(t) = =Sa(t)G(0,0) + Gty + @) + D Salt — t) Ly + &1,)
=1

+/O To(t — s)Bug ) (s)ds + /0 To(t — 8) fu(s)dw(s),

where
b ~
W (t) = ST3(b — )(al + ) [Ex + [ ds)auts
0

—5a(B)[(0) — G(0, )] — b,y + @b)}

k
—B*Ti(b—t)(al + TN Sot — t) Ly + &1,)

K
i=1

b
—B*Tx(b—1) / (al +T2) 7T (b — 5) fuls)dw(s).
0
Using the fact that F' has compact values and (H3) holds, we may pass to a

subsequence if necessary to obtain that f,, converges to f. in LP([ty,tr41], L9),
hence, f. € Spy+. Then, for each t € [ty, tis1],k=1,...,m,

pn(t) = pu(t) = =Sa(t)G(0,9) + G(t,y; + ¢1)

k
+ Salt =t Li(y;, + @)
i=1

+/0 Ty (t — s)Buy.(s)ds + /o To(t — 8) fr(s)dw(s),
where

ug. (t) = S*T5(b—t)(al + )™ [Ei;b + /O B(s)dw(s)

52 )[p(0) — G0, )] — b,y + @)}
k

—B*T*(b—t)(al +T%)! Z Salt —t) Li(y;, + @)

i=1

b
BT (b — t)/ (I +T)"1Ta(b — 5) £, (s)duw(s).

0

12
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Therefore, p.(t) € (Py)(t) and (Py)(t) € Pu(BY).

Step 2. We show that (®y)(t) is a contractive multi-valued map for each
y(t) € By.

Let t € [0,¢1] and y(t),9(t) € BY and let p(t) € (®y)(t). Then there exists
f € Sry such that

plt) = —Saft)G(O, @)+ Gty + @t)t
+/O To(t — s)Buy(s)ds + /O To(t — 8)f(s)dw(s).
From (H3), there exists v(t) € F(t, g + @) such that
E N () = o) o< 1) I ye = 9 Il -
Consider A : [0,t,] — P(L3), given by
At) ={o() € H: B f(t) = v(®) [7g< 1) | ye — G 13-

Since the multi-valued operator W (t) = A(t) N F(t, §: + $+) is measurable (see
[28], Proposition II1.4), there exists a function f(¢), which is a measurable se-
lection for W. So, f(t) € F(t,4; + @) and

E | ft) = F0) 7= 1) [ ye = e |15 -
For each t € [0,¢,], we define
p(t) = =Sa(t)G(0,¢) + G(t, §t + &r)
¢ ¢ .
+/O Ta(t—s)Bug(s)der/O Wt — 5)F(s)dw(s).
Then, for each t € [0, 4], we have

E | p(t) = pt) I
<TIE || Gty + G) — Gt 9 + ¢1) |5y

3 1EH/ Blu(s) — u?(s)]ds Z
+r78 | [ 2= 91500 - Flduts) H

<3 'Lg |y — 9 %

t
IV / (t = )P VE || Blug(s) — ug(s)] |l ds

_ t ) 2/p qp/2
+3p—1cpM;:[ / [(t _PeE | f(s) - f(s) M ds]
O 2

<3P Ly — e I

13

421 Zuomao Yan et al 409-431



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 22, NO.3, 2017, COPYRIGHT 2017 EUDOXUS PRESS, LLC

1 1o,/ o .
Fo M S [ )0 - e L - e
0

b
OB [0 =) g~ e dT] s
0

t
+3p710pt’f/2‘1M§/ (t = )P Vi(s) || ys — s I ds
0

< 'KP'Le ly—9 I}

- 1 t
ror g it [ e - ope Lo
0

b 1—q
p/2=1y7p pla—1) AP
s ([0 ar) 1 lasle- ol

t B 1—q
+3p—1K§cpt§’/Q—1M;< / (t—s) (1—q1)ds>
0

ol L PPN a2
. 1 1
<3PUKP( Lo+ 20 ' MPMP — 2~ _pwle-DHl
- b<G+ T ar ™t 2pla—1)+1 “

p/2—1 37 I—q 1 1)+1
v () e,

1
pl—a)+1—gqg e (J’RJ“)]

1~ 1—gq 1-¢
+3P T RPC P N ()
b=PiL T\p(l—a)+1—gq

pla—1)+1—q AP
xth 10,3 ey ) 0=

Similarly, for each ¢ € (tg,tx41),k = 1,...,m. Let y(t),§(t) € By and let p(t) €
(®y)(t). Then there exists f € Sp, such that

k

=1

+ /Ot To(t — ) Bul(s)ds + /Ot To(t — 5) f(s)dw(s).
From (H3), there exists v(t) € F(t, 4 + ¢¢) such that
E N f(8) = o) o< 1) I ye =9 [l -
Consider A : (tg,tr41] — P(LY), given by
At) =A{o() € H: E | f(t) = v(®) [7o< 1) | e — G I}

Since the multi-valued operator W (t) = A(t) N F(t, §: + $¢) is measurable (see
[28], Proposition II1.4), there exists a function f(¢), which is a measurable se-

14
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lection for W. So, f(t) € F(t, i + @) and
E | f(t) = F(0) 7= 1) [ ye — e |15 -

For each t € (tg,tgt1],k = 1,...,m, we define

k

Jr/o To(t — s)Bug(s)ds + /0 To(t — s) f(s)dw(s).

Then, for each t € (tg,tr41],k =1,...,m, we have

E || pt) — pt) I
<APE || Gty + @) — Gt 9 + @) |y

k P
+4p_1E Z Sa(t - tl)[Il(yt, + 9575@) - Il(gh + @tz)]
=1 H
t p
+ar1E / To(t - 5)Blu(s) — ul(s)]ds
0 H
t R P
#1191 (s) - H)duts)
0 H
<4 'La |l ye — 3¢ |I%
~ k
AP R ME S T E | Ly, + ) — L, + 24) 1%
i=1

t
+37 7 MR (s — tk)”*l/ (t = )" VE || Blug(s) —ug(s)] || ds
0

) " A 2/p qp/2
+4P=1C, MP [/ [(t — s)p(a_l)E Il f(s)— f(s) |€/0:| ds}
0 2
k

<AL |y — G I HAP TR TINE S el e, — G,
1=1

- 1 t
MM (- 07 [ (6= 90— s)pe
0

p
B

k
« [LG e — g0 1% R0 S e | s — e, I
=1
B b
Gyt = 02N [ (b= VU | gr e I dr | ds

0
t

AP NC (b — 1) N / (t— P DI(s) || gs — s |15 ds

15
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k
<KL ||y — g I} +4PT KRR TIME Y ey =911
i=1
~ 9y 1 t
+12p*1K§M%lepE(tk+1 —t),)P ! / [(t — s)(b— s)|Ple=D
0
k
X [LG + kpflMg Zci + Cp(tiy1 — tk)”/HM%

i=1

b . 1—q
X(/(b—f)p(lq)d7> el ]ds ly -3
0 La(J,Rt)

t . 1—q
+4P T KPCy (1 — tk)p/le/;(/ (t — s) = >ds)
0

x|,

AP
NPT

k
. . 1
<APTUKY (L + R TIME Y e+ 3P M M — (b — )P
b S T 1

i=1 a
X;b%(a—l)-ﬂ [LG + kp—lj\}_[g zk: ¢
2p(a—1)+1 P

. 1—q 1=q
C (tenr —t VP21 — - 4
Tl — 1) "\p(l—a)+1-¢

wpple—1)+1-q || l ||L<11(JR+):|

- 1—gq 1=q
KPCp(tyrr — ty)? > ME | ——
+Ky Cp(tht1 — tr) " pi-a)+1—¢q

— ¢, )pla=1)+1—q —qP
(b1 — t4) 10,3 ey ) D01
Thus, for all ¢ € [0, 5], we have
lp=plE<Lily—al}
and o ~
Hy(®y,@9) < L[y -7 ly,

where

m 1—q
- . N 1—
L=4"1KP [Lg—f—m” 'ME E ci+CpZM§<p(1 ql—q)

i=1 —a)+
- 1 pr(2a—1)
p(a—1/2)—q p—1 20 20—
<b T |L;(J,R+)] [1—1—3 TEOYRES 2p<a—1>+1} <1

Hence, ® is a contraction on BY. In view of Lemma 2.6, we conclude that ® has
at least one fixed point y* € BY. Let x(t) = y*(t) + @(t),t € (—o00,b]. Then, =

16
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is a fixed point of the operator ®, which implies that z is a mild solution of the
problem (1)-(3) and the proof of Theorem 3.1 is complete.

Theorem 3.2.  Assume that assumptions of Theorem 3.1 and (H5) are
satisfied and {T,(t) : t > 0} is compact. Moreover, if F is uniformly-bounded,
then the system (1)-(3) is approzimately controllable on J.

Proof. Let z%() be a fixed point of ® in B;,. By Theorem 3.1, any fixed point of
® is a mild solution of the system (1)-(3). This means that there is 2% € ®(a®),
that is, there is f € SF 4« such that

01060, )+ Gl
+ [3 Tult — 8)Bula(s)ds + [J Tu(t — 5) f(s)dw(s), te€[0,t],
a(t)lp(0) ( 90)}+G(t$t)+5(t—t1)1(t)
29(t) = + [y Salt = 8)Buga(s)ds + [y Sa(t = ) f(s)dw(s), t€ (tr,ta],
Sa(t) [80(0) —G(0,9)] + G(t,z})
2k Sall tk)lk(xtk)
—i—fo (t — s)Bula ds—i—fo (t—s)f(s)dw(s), t€E (tm,b],
where

ST (b —t)(al +T8)~ [Exb+f0 (5)dw(s)

~$a0)[6(0) - GO.5)] - Glba)

~B*T:(b—t) [i(al +T)7'S, (b— $)f(s)dw(s), t€0,t],
S*T*(b—t)(al +T8)~ [Eacb + fo s)dw(s)

7Sa(b)g0(0) - G(Oa QD)] - G(bv xb)

ug(t) = ~B*Tr(b—t)(al +T) 1S, (t — t1) 1 (x4,)
—B T3 (b — 1) [y (al +T8)7'Sa(b— ) f(s)dw(s), € (t1,ta],

S*T*(b—t)(al +T%)~ [Exb + fo s)dw(s)

—5a(0)p(0) = G(0, )] = G(b, x)

—B*T5(b— 1) 3o (al +T3) 7 St — ty) (24, )
—B*Tx(b—t) [y (al +T2)1Sa(b — ) f(s)dw(s), t€ (tm,b].

By using the stochastic Fubini theorem, it is easy to see that

2%(b) = Sa(D)[p(0) — G(0,0)] + G(b,af) + Y Salb— ti)Ii(af,)
k=1

b b
—|—/O Sa(b— s)Buga(s)ds + /0 Sa(t — 8) f(s)dw(s)

17
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b
— & —a(al + T4 [Eazb + [ de)uls) - Sa0)e(0) - Go.)

—G(b, a-;g)] —a) (al +T) 7' Sa(b— te)Ix(xr,)
k=1

b
—a / (aI +T2) 180 (b — ) (s)du(s).

By the assumption that the sequences {f(s)} is uniformly bounded on J. Thus
there is a subsequence, still denoted by {f(s)} that converge weakly to say
f**(s) in LY. Now, the compactness of T, (t),t > 0 which implies that T, (b —
s)[f(s) — f**(s)] — 0. Also, by (H5), for all t € J, a(al +T%)~! — 0 strongly as
a— 0% and || a(aI+T?%)~1 ||< 1. Thus, for t € [0, 5], by the Lebesque dominated
convergence theorem it follows that

E |l a*(b) — & |5
< 5 7'E | a(al +T5) " [Bd, — Sa(0)[¢(0) = G(0,0,0)] = G(b,77)] |77

Za(aI +T2) 7180 (b — ti) In(zs,)
k=1

b B P/2
+5P—1E(/ | a(al +T5) 7 o(s) |13 d8>
0

+5P71E

H

b /2
+5p1E( [ atar 4+ - 9156 - £ 1 ds)

b p/2
+5HE( [ atar + 1) o 957 6) 1, ds)

0
—0 asa—0T.

So xz%(b) — Zp holds, which shows that the system (1)-(3) is approximately
controllable and the proof is complete.

4 Application

Consider the fractional impulsive partial stochastic neutral functional differen-
tial inclusions in the following form

2

DN (z)(x) € 55 N(2)(2) +alt, x)

o2
+/t l~)1(t7sft,x,z(s7x))ds$, (6)
h 0<t<bh0<x <,
z(t,0) = z(t,m) =0, 0<t<b, (7)

18
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2(7—733):90(7—737)7 TS0,0S{BSTQ (8)

tr
AZ(tk,IC) :/ nk(sftk)z(svx)dsa k= 1a2,"'ama (9)

—0o0
where Dj* is a Caputo fractional partial derivative of order 0 < a < 1, and
@(-) is a real function of bounded variation on [0,b]. w(t) denotes a standard
cylindrical Wiener process in H defined on a stochastic space (Q, F, P). In this

system,
t

N(z)(z) = 2(t,z) — / b1(s —t)z(s,x)ds.

— 00
Let H = L?([0,7]) with the norm || - || and define the operators A : D(A) C
H — H by Aw = " with the domain

D(A) :=={w € H : w,w are absolutely continuous, w” € H,w(0) = w(w) = 0}.

It is well known that A is the infinitesimal generator of an analytic semigroup
(T'(t))t>0 in H. Furthermore, A has a discrete spectrum with eigenvalues of
the form —n?,n € N and corresponding normalized eigenfunctions are given

by z,(z) = \/g sin(nz). In addition {x, : n € N} is an orthonormal basis for

H, Tty =>,", e t(y, xp)ay for all y € H, and every ¢t > 0. From these
expressions it follows that (T'(¢)):>0 is a uniformly bounded compact semigroup,
so that R(A\, A) = (A — A)~! is a compact operator for all A € p(A) i.e. A €
AX(6°,W0).

Let r > 0,1 < p < oo and let h: (—o00, —r] — R be a nonnegative measurable
function which satisfies the conditions (h-5), (h-6) in the terminology of Hino
et al. [29]. Briefly, this means that h is locally integrable and there is a non-
negative, locally bounded function v on (—oco, 0] such that A(¢€ +7) < v(€)h(r)
for all £ < 0 and 0 € (—o0,—r) \ N¢, where Ng C (—o0,—r) is a set whose
Lebesgue measure zero. We denote by PC, x LP(h, H) the set consists of all
classes of functions ¢ : (—00,0] — H such that ¢ _ € PC([-r,0], H), ¢()

is Lebesgue measurable on (—oco, —7), and & || ¢ ||? is Lebesgue integrable on
(=00, —r). The seminorm is given by

—r 1/p
lola=_sw_ el +( [ i@ lerar)
—r<7<0 —00
The space B = PC,. x LP(h, H) satisfies axioms (A)-(C). Moreover, when r = 0
and p = 2, we can take H = 1, M(t) = y(—t)"/? and K(t) = 1+(f£)t h(r)dr)'/?,
for t > 0 (see [29, Theorem 1.3.8] for details).
Additionally, we will assume that

(i) The function b; : R — R, is continuous, and L, = (LOOO (b}L((z)))z ds)% < 00,

(ii) The function by : R* — R, is continuous and there exist continuous func-
tions aj : R — R, j = 1,2, such that

|81(t,575€,y)| < a'l(t)a’2(8)|y|a (ta S,Qf,y) € R4a

19
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and

|l~)1(t757x7y1) - 61(t7$7$7y2)|
<ar(t)az(s)lyr —v2l,  (t,s,2,01), (L5, 2,92) € R*
with L, = (fi)oo Mds)% < 00.
(iii) The functions n; : R — R,k = 1,2,...,m, are continuous, and L, =
2
(fi)oo Ol 16)3 < o0 for every k=1,2,...,m,

h(s)

Take ¢ € B = PCy x L2(h, H) with ¢(0)(z) = (0, z), (0, ) € (—c0,0] x B.
Let G:[0,b] x B— H, F :[0,b] x B— P(H) be the operators defined by

N(@)(x) = ¢(0,2) = G(t, ¢)(2),

0
G(t,0)(x) = / by (s)(s, )ds,
0
F(t.0)(w) = [ Biltos, o (s,

Also defining the maps I and B by

0
L)) = / n(s)(s, 2)ds, (Bu)(t)(x) = ilt, ).

— 00

Using these definitions, we can represent the system (6)-(9) in the abstract
form (1)-(3). Moreover, for any ¢ € [0,b],1, 11 € B, we have that E || G(t,¢) —

G(t, ) IP< Lo || ¥ =41 [, E | F(t,¢) = F(t,¢1) |P< L | ¢ — 1 |5, £l
Ii(¢) = Iy(¢1) IP< (Lp)P || ¥ — 41 |5, B =1,2,...,m, and F is bounded linear
operators with E || F |} 3 ;)< L, where Lg = (L), L = (|| a1 [loo L1)P.
Further, we can impose some suitable conditions on the above-defined functions
to verify the assumptions on Theorem 3.2. Hence by Theorems 3.2, the system
(6)-(9) is approximately controllable on [0, b].
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HYERS-ULAM STABILITY OF GENERAL ADDITIVE MAPPINGS IN
C*-ALGEBRA

GANG LU, GUOXIAN CAI, YUANFENG JIN*, AND CHOONKIL PARK

ABSTRACT. In this paper, we prove that the generalized Hyers-Ulam stability of homo-
morphisms in C*-algebras and Lie C*-algebras and also of derivations on C*-algebras
and Lie C*-algebras for an 4-variable additive functional equation

1. INTRODUCTION AND PRELIMINARIES

The stability problem of functional equations originated from a question of Ulam [2§]
concerning the stability of group homomorphisms. Hyers [I1] gave a first affirmative
partial answer to the question of Ulam for Banach spaces. Hyers’ Theorem was gener-
alized by Aoki [I] for additive mappings and by Th.M. Rassias [19] for linear mappings
by considering an unbounded Cauchy difference. The paper of Rassias has provided a
lot of influence in the development of what we call generalized Hyers-Ulam stability of
functional equations. A generalization of the Th.M. Rassias theorem was obtained by
Gavruta [9] by replacing the unbounded Cauchy difference by a general control function
in the spirit of Th.M. Rassias’ approach. The stability problems for several functional
equations or inequations have been extensively investigated by a number of authors and
there are many interesting results concerning this problem (see [2]-[8],[10], [12]-[L4],
18] 217, [22]- [27], [29]).

We recall a fundamental result in fixed point theory.

Let X be a set. A function d : X x X — [0,00] is called a generalized metric on X if
d satisfies

(1) d(x,y)=0 if and only if x=y;
(2) d(x,y)=d(y,x) for all z,y € X;
(3) d(z,2) < d(z,y) +d(y, z) for all z,y,z € X.

Theorem 1.1 (see[6],[7]). Let (X,d) be a complete generalized metric space and let
J : X — X be a strictly contractive mapping with Lipschitz constant L < 1. Then for

2010 Mathematics Subject Classification. Primary 39B62, 39B52, 46B25.
Key words and phrases. additive functional equation; Hyers-Ulam stability; fixed point; derivation
on C*-algebras and Lie C*-algebras.
*Corresponding author: jinyuanfengl976@hotmail.com(Y. Jin).
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each given element x € X, either
d(J"z, J"z) = 0o (1.1)

for all nonnegative integers n or there exists a positive integer ng such that
(1) d(J"z, J"z) < 0o, fir all n > ny;
(2) the sequence {J"x} converges to a fized point y* of J;
(3) y* is the unique fired point of J in the set Y = {y € X|d(JNoz,y) < co};
(4) d(y.y*) < t2zdly, Jy) forally €Y.

By the using fixed point method, the stability problems of several functional equations
have been extensively investigated by a number of authors(see[5][6] [16][17]).

This paper, using the fixed point method, we prove the generalized Hyers-Ulam stabil-
ity of homomorphisms in C*-algebras and of derivations on C*-algebras for the general
Jensen-type functional equation. And, we prove that the generalized Hyers-Ulam stabil-
ity of homomorphisms in Lie C*-algebras and of derivations on Lie C*-algebras for the
following additive functional equation:

fldxy + azxg + bxs + cxy) + f(axy + dxgy + cxs + bry)
+ f(bxy + cxg + dxs + axy) + f(cxy + bxy + axs + dxy) (1.2)
=(d+a+b+c)f(x; +x9 + 23+ 14)

Here a, b, c and d are real numbers with a+b+c+d # 0. Throughout the paper, assume
that kisa+ b+ c+d.

2. STABILITY OF HOMOMORPHISMS AND DERIVATIONS IN C*-ALGEBRAS

Throughout this section, assume that X is a C*-algebras with norm || - [[x and that
Y is a C*-algebra with norm || - ||y.
For a given mapping f : X — Y, we define
Fuf(zy, 29,23, 24) =
pf(dxy + axg + bxs + cxy) + pf (axy + deg + cxs + bry)
+ pf(bxy 4 cxg + dxs + axy) + pf(cxy + bxg + axs + dxy)
—(d+a+b+co)f(p(z + 22+ x5+ 24))

(2.1)

forall y € T':={v e C:|v|=1} and zy,--- , 7, € X.

Note that a C-linear mapping H : X — Y is called a homomorphism in C*-algebras
if H satisfies H(zy) = H(z)H(y) and H(z*) = H(z)* for all z,y € X. Now we prove
the Hyers-Ulam stability of homomorphisms in C*-algebras for the functional equation

F.f(z,y)=0.
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Theorem 2.1. Let a,b,c and d be fixed nonzero real numbers. Let f : X — Y be an
mapping for which there exists a function ¢ : X* — [0,00), such that

| Fuf (21, 22, 03, 4) ly < (1, T2, 73, 24), (2.2)
[f(zy) = @) W)y < (2, 2,9,9), (2.3)
1f(@*) = f(@)|ly <oz, z,2,2) (2.4)

for all y € TV .= {v € C: |v| = 1} and all vy, 79,23, 24,2,y € X. If there exists an
0 < L <1 such that p(x1,xe,x3,74) < %Lgp (%xl, %l’g, %1'3, %334) for all x1, 9, 23,24 €
X, d,a,b,c,ay € R with 4 < |k|, then there ezists a unique C*-algebra homomorphism
H: X =Y such that

4 T T T T
—H < _L(rrrr 9.
7@ = H@ly < g2 (377 1) (2.5)
forallx € X.
Proof. Tt follows that ¢(z1, 2, 3, z4) < @Lgp (%xl, %[Eg, %l’g, %1:4) that
A (kY (k) (k) (R
jlilalo W(p( TR TR T Pt =0 (2.6)
for all x,y € X.
Consider the set
A={g: X ->Y} (2.7)
and introduce the generalized metric on A:
d(g,h) = nf{C € R, : ||g(z) — h(z)|ly < Cy <f rr f) Vz € X1, (2.8)
) J— 4’ 47 4’ 4 )

It is easy to show that (A, d) is complete.
Now we consider the linear mapping .JJ : A — A such that

Io(a) = o (o) (29)
for all z € X.
By Theorem 3.1 of [6]
d(Jg,Jh) < Ld(g, h) (2.10)
for all g,h € A.

Letting p =1 and 21 = 29 = 3 = 4 = v in ([2.2)), we get

() e

for all z € X.
Hence d(f, Jf) < ﬁ.
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By Theorem [I.1], there exists a mapping H : X — Y such that
(1) H is a fixed point of J, that is,

é’H (k ) = H(z) (2.11)
for all z € X. The mapping H is a unique fixed point of J in the set
B={geA:d(f,g) < oo} (2.12)

This implies that H is a unique mapping satisfying ([2.24]) such that there exists
C € (0, 00) satisfying

T T T
H(x)— < — =, =, = 2.1
|H@) = f@)ly < Ce (377 7) (2.13)
for all x € X.
(2) d(J"f,H) — 0 as n — oo. This implies the inequality
.4 (k)"z
lim — =H 2.14
i or (U5) = i 2.14)
for all x € X.
(3) d(f, H) < 25d(f, Jf), which implies the ineqgality
4
d(f,H) < ———— (2.15)
[KI(1—L)

This implies that the inequality (2.5 . holds.
Next, we show that H(x) is additive map.

|H (dzy + axy + brs + cxg) + H(azy + dxg + cxs + bry)
—|—H(b£L‘1 + cxo + dxs + aa;4)
+H(cxq +bry+ axs +dry) — (d+a+ b+ c)H(xy + x2+ x5 + z4) ||

) 4l (/{Z)l

= lliglo ‘ |k;|l (T(dxl + axy + brs + CiL‘4)>
4l (k)l

+Wf < 1 (axy + dxg + cxs + b:v4)>

+_f (%(bxl + cxy + dws + am4>>
l
+4_f (%(cg]l + bxy + axs + d934)>

(d+a+b+c)4—l ((k)l(x1+x2+x3+x4 )H

4!t k) k) k) k)
< lim —¢ (( >a:1,( )xQ,(4I)x3,(4l)x4>:0
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Therefore, the mapping H : X — Y is Cauchy additive.
By a similar method with above, we may get

pH () = H(ua)

for all 4 € T! and all # € X. Thus one can show that the mapping H : X — Y is
C-linear.

It follows from (2.3))that
[H (zy) — H( JH (y)

Iy
() 7 (5 ()|

-t [t
) 4 k2n k)" kn
()1 ()
41" k)" "y (k)"
a1 (5 )
for all x,y € X. So
H(zy) = H(x)H(y) (2.16)

for all z,y € X.
It follows from (2.4 that

IFat) oyl =t [

)-1(5)

/(%

< o o] (B e e B0y

for all z € X. So
H(z*) = H(x)"
for all z € X.

Thus H : X — Y is C*-algebra homomorphism satisfying (2.5)), as desired.
Il

Theorem 2.2. Let a,b,c and d be fixed nonzero real numbers. Let f : X — Y be a
mappmg for which there exists a function ¢ : X* — [0,00) satisfying (2.2 (-) (-) and
. If there exists an L < 1 such p(x1, %9, x3,24) < |k,|Lg0( x1, Z:cg, ng, 433'4) for all
x1, %o, w3, x4 € X with |k| < 4, then there exists a unique C*-algebra homomorphism
H: X =Y such that

1 T T T T
1f@) = H@) < =7 (777 1)

forallx € X.
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Proof. Consider the set
A={g: X =Y}

and introduce the generalized metric on A:

T T x T
d = inf R — < — =, =, = X 2.1
(9.h) = inf{C € Ry [lg(a) = ha)ly < Cp (7. 7.7 7) Ve € X} (217)
We consider the linear mapping J : A — A such that
k| (4
=—g| - 2.1
Jg(w) =79 (7 (2.18)
for all x € X.
It follow from (22.2) that
k(4 1 2z xx
A < o=z 2 .
Hf(x) 1 <k“’)H —4“0(k’k’k’k> (2.19)
for all z € X. Hence d(f,Jf) < 1.
The rest of the proof is similar to the proof of Theorem [2.1] ([l

Recall that a C-linear mapping 0 : X — Y is called a derivation on X satisfies
d(zy) = d(x)y + xd(y) for all z,y € X.

Theorem 2.3. Let a,b,c,d be the fixed real numbers. Let f : X — 'Y be an mapping for
which there exists a function ¢ : X* — [0,00), such that

||F/—Lf(x17 T2, T3, 'T4)HY S So(xla T, T3, x4)7 (220)

1 (@y) — f(@)y —2fW)lly < e(@,2,9,), (2.21)
for all p € T' := {v € C: |v| = 1} and all x1, 29,73, 24,7,y € X. If there exists an
L < 1 such that p(xy, 9, x3,14) < mch (%xl,%
with |k| > 4, then there exists a unique derivation 6 : X — X such that

1) = 6@l < mr—pe (351 1) (222)

4. 4
Ty, 1. T3, Ea:4) for all x1,x9, 23,24 € X

forallz € X.

Proof. Tt follows from (1, e, x3,24) < %‘L(p (%ml, %xg, %1'3, %m) that

ROMGEOROBE

for all x1, 29, 23,24 € X.
Consider the set

4
K|

lim
j—00

A={g: X - X}

and introduce the generalized metric on A:

d(g,h) = inf{C € R, : ||g(x) — h(z)|| < Oy (— z % f) Wz € X}
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It is easy to show that (A, d) is complete.
Now we consider the linear mapping J : A — A such that

for all x € X.
By Theorem 3.1 of [6]

d(Jg,Jh) < Ld(g, ) (2.23)

for all g, h € A.
Letting p =1 and 1 = 2o = x3 = x4 = x in ([2.2]), we get

4 k
‘ Ef (Zx) - f(x)
for all z € X.

Hence d(f, Jf) < ﬁ
By Theorem [I.1], there exists a mapping § : X — Y such that

(1) ¢ is a fixed point of J, that is,

< 1 (x T T x>
LAYV

4 [k
—0-x) = 2.24
ké (4x> d(z) (2.24)
for all z € X. The mapping J is a unique fixed point of J in the set
B={ge€ A:d(f,g) < oo} (2.25)

This implies that § is a unique mapping satisfying (2.24)) such that there exists
C € (0,00) satisfying

r T
_ < Lo s '
6@ = f@)ly <o (3.577) (2.26)
for all z € X.
(2) d(J"f,0) — 0 as n — oo. This implies the inequality
N (k)"
7}1_{20 T < yE ) =(x) (2.27)
for all x € X.

(3) d(f,0) < 2£d(f,Jf), which implies the ineqality

1
d(f,H) < ———. (2.28)
|k[(1—L)
This implies that the inequality (2.22)) holds.
The rest of the proof is similar to the proof of Theorem [2.1] O
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Theorem 2.4. Let a,b,c,d be the fixed real numbers. Let f: X — 'Y be an mapping for
which there exists a function ¢ : X* — [0,00), such that

||Fuf(l’1,$2,x3,l‘4)||y S QO(I‘l,I’Q,fL‘g,I;l), (229)

1f(xy) — f(@)y —2fW)lly < oz, 2,9,y), (2.30)

for all p € T' := {v € C : |v| = 1} and all x1, 29,73, 24,2,y € X. If there exists an
L < 1 such that o(x1, 29, 73,74) < =L (%ml, %xg,ﬁxg,, %m) for all x1,x9, 23,24 € X

|K|
with |k| < 4, then there exists a unique derivation 6 : X — X such that
1 rTr T
_ <~ (222 ? 2.31
17 =@l < 3—p5% (5 1 7 %) (2:31)
forallz € X.
Proof. The proof is similar to the proof of 2.3 O

3. STABILITY OF HOMOMORPHISMS IN LIE C*-ALGEBRAS

A C*-algebra C, endowed with the Lie product
_ Ty —yx
I:x7 y] T T

on C, is called a Lie C*-algebras(see[5],[15]).

Definition 3.1. Let X and Y be Lie C*-algebras. A C-linear mapping H : X — Y is
called a Lie C*-algebras homomorphism if H([z,y]) = [H(x), H(y)] for all z,y € X.

Throughout this section, assume that X is a Lie C*-algebras with a norm || - ||x and
B is a Lie C*-algebras with a norm || - ||y.

Now, we prove the generalized Hyers-Ulam stability of homomorphisms in Lie C*-
algebras for the functional equation D, f(xx1, 22, 23, 24) = 0.

Theorem 3.2. Let a, b, c,d be the fived real numbers. Let f : X — 'Y be an mapping for
which there exists a function ¢ : X* — [0, 00), such that

| Fuf (1, 0, w3, w4) ||y < (21, 29, 23, 24), (3.1)
||f([ar,y])— [f(x)vf(y)]HY < gO((L’,ZL’,y7y), (32)
for all y € TV .= {v € C: |v| = 1} and all vy, 79, 23,24, 2,y € X. If there exists an

0 < L <1 such that p(x1,xe,x3,74) < %Lgp (%xl, %232, %.’L’g, %334) for all x1, 19, 23,24 €

X with |k| > 4, then there exists a unique derivation H : X — X such that

fL’IL‘fL’ZL‘)

1) - H@ly < e (3775 (33)

forallx € X.
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Proof. By the same method as in the proof of Theorem [2.1] we can get the mapping
H: X — Y given by
’Vl kn
H(z) = lim Wf (4—”15)
for all x € X. Thus it follows from [3.2khat
k2 k™ k™
1 (el = () 7 ().

2n
’k’Qn
e 4217, kn kn 0
1m — T, — =

1 ([, y]) — [H(z), Hy)llly = lim

Y

for all z,y € X, and so

H([z,y]) = [H(x), H(y)]
for all x,y € X. Therefore, H : X — Y is a Lie C"*-algebras homomorphism satisfying
This completes the proof. U

Theorem 3.3. Let a,b,c,d be the fixed real numbers. Let f: X — Y be an mapping for
which there exists a function ¢ : X* — [0, 00), such that

|Fuf(z1, 22, 23, 24) ||y < (21, 22, 23, T4), (3.4)

Hf([xvy]) - [f(a:)a f(y)]HY < go(:r;,:c,y,y), (35)

for all p € T' := {v € C : |v| = 1} and all x1, 29,73, 24,2,y € X. If there exists an
0 < L <1 such that p(x1,xe,23,74) < ‘legp( T, IZ$2, ’ng, 41:4) for all 1,9, 23,24 €
X with |k| < 4, then there exists a unique derivation H : X — X such that

1 T T T T
15 = H@ly < =5 (5 50 F) (3.6)

forallz € X.

Proof. By the same method as in the proof of Theorem we can get the mapping

H: X — Y given by
H = lim —
(z) = Yim kn

for all z € X. Thus it follows from [B.5that
|k|2n 42n 4n 4n
(. 9) — [HG), By = Yo S N7 (le)) = (£ () o f (5
2n n n
< lim %] %) (—x, 4—y) =0

N—00 42n
kn " kn

Y

for all z,y € X, and so

H([z,y]) = [H(x), H(y)]
for all x,y € X. Therefore, H : X — Y is a Lie C*-algebras homomorphism satisfying
This completes the proof. O
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4. STABILITY OF DERIVATIONS IN LIE C*-ALGEBRAS

Definition 4.1. Let X be a Lie C*-algebra. A C-linear mapping § : X — X is called a
Lie derivation if 6([z,y]) = [6(x),y] + [z, d(y)] for all z,y € X.

Throughout this section, assume that X is a Lie C*-algebra with a norm || - || x.
Finally, we prove the generalized Hyers-Ulam stability of derivations on Lie C*-algebras
for the functional equation D, f(z1, z2, x5, 4) = 0.

Theorem 4.2. Let a,b,c,d be the fixed real numbers. Let f: X — Y be an mapping for
which there exists a function @ : X* — [0, 00), such that

||Fuf(.171,$2,$3,$4)”y S Q0($1,l’2,x3,$4), (41)

Hf([ajay]) - [f(x),y] - [x>f<y)]HY < cp(w,x,y,y), (4'2)

for all y € TV .= {v € C: |v| = 1} and all vy, 79,23, 24,2,y € X. If there exists an
0 < L <1 such that p(x1,xe,x3,74) < %L(p (%xl, %xg, %1'3, %m) for all 1,29, 23,24 €
X with |k| > 4, then there exists a unique derivation 6 : X — X such that

l‘l’l‘l’)

1) = 6@y < e (5173 (43)

forallz € X.

Proof. By the same method as in the proof of Theorem [2.1, we can get the mapping

0: X — Y given by
4n n
d(z) = lim —f (i—nx)

for all z € X. Thus it follows from (. 2that
[0([z,y]) = [0(x),y] — [z, 5(y)]lly

— fim ||y <%[m,y1) - {f (gx> gyl - [gx’f (gyﬂ

n—»00 |k|2n

11m —xr. — et
< A

n—00 |k|2n

Y

for all z,y € X, and so
o[z, y]) = [6(x),y] + [z, 6(y)]
for all z,y € X. Therefore, 0 : X — X is a Lie C*-algebras homomorphism satisfying

[4.3] This completes the proof. O

Theorem 4.3. Let a,b,c,d be the fixed real numbers. Let f: X — 'Y be an mapping for
which there exists a function ¢ : X* — [0,00), such that

||Fuf(£l?1,$2,l'3,l'4)”y S Q0($1,l’2,x3,$4), (44)

Hf([ajay]) - [f(x),y] - [l’, f(y)]HY < cp(w,x,y,y), (45)
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for all p € T' := {v € C : |v| = 1} and all 21,29, 73,24, z,y € X. If there exists an

0 < L <1 such that p(z1,x2, 3, 14) < %Lg@ (%xl, %:1:2, %l’g, %:1:4) for all x1, 9, 23,14 €

X with |k| < 4, then there ezists a unique derivation § : X — X such that

1 T T T T
1f(z) = o(z)[ly < m@ (E’ PR E) (4.6)
forallx € X.

Proof. By the same method as in the proof of Theorem we can get the mapping

0: X — Y given by
Ow) = Jm o\
for all z € X. Thus it follows from [4.5 that
10([z,y]) — [H(x),y] — [x, H(y)]lly

- | (o) - [ (52) 2] - [ ()

n—oo 421

k2n 4n 4n
ghmH gp( ):o

_:C JE—
n—oo 42n kn ’kn

Y

for all z,y € X, and so

o(lz, y]) = [6(x),y] + [z, 6(y)]
for all x,y € X. Therefore, § : X — X is a Lie C*-algebras homomorphism satisfying
This completes the proof. 0
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A Higher Order Multi-step Iterative Method for Computing the Numerical
Solution of Systems of Nonlinear Equations Associated with Nonlinear PDEs
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Abstract

The main focus of research in the current article is to address the construction of an efficient higher order multi-step
iterative methods to solve systems of nonlinear equations associated with nonlinear partial differential equations (PDEs)
and ordinary differential equations (ODEs). The construction includes second order Frechet derivatives. The proposed
multi-step iterative method uses two Jacobian evaluations at different points and requires only one inversion (in the
sense of LU-factorization) of Jacobian. The enhancement of convergence-order (CO) is hidden in the formation of
matrix polynomial. The cost of matrix vector multiplication is expensive computationally. We developed a matrix
polynomial of degree two for base method and degree one to perform multi-steps so we need just one matrix vector
multiplication to perform each further step. The base method has convergence order four and each additional step
enhance the CO by three. The general formula for CO is 3s — 2 for s > 2 and 2 for s = 1 where s is the step number.
The number of function evaluations including Jacobian are s + 2 and number of matrix vectors multiplications are
s. For s-step iterative method we solve s upper and lower triangular systems when right hand side is a vector and 1
pair of triangular systems when right hand side is a matrix. It is shown that the computational cost is almost same for
Jacobian and second order Frechet derivative associated with systems of nonlinear equations due to PDEs and ODE:s.
The accuracy and validity of proposed multi-step iterative method is checked with different PDEs and ODEs.

Keywords: Multi-step, Iterative methods, Systems of nonlinear equations, Nonlinear partial differential equations,
Nonlinear ordinary differential equations

1. Introduction

A valuable discussion can be found about Frechet derivatives in [1]. We will show that why higher order Frechet
derivatives are avoided in the construction of iterative methods for general systems of nonlinear equations and why
there are suitable with for a particular class of systems of nonlinear equations associated with ODEs and PDEs. To
make things simpler, consider a system of three nonlinear equations

F(y) = [AW), L&) D] =0, ey
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fayyaz.ahmad@upc.edu (Fayyaz Ahmad), mahmood.arshad35@yahoo. com (Arshad Mahmood), ealaidarous@kau.edu.sa (Eman S.
Al-Aidarous)
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where y = [y, y2, y3]T. The first order Frechet derivative (Jacobian) of (1) is

0 dy, 0

o 0}}; afi 6?; . fii fiz fiz

F(y) = N e HL1 2 3 ()
s dfs dfs| s f fn
Oyy 0y, 0ys

Next we proceed for the calculation of second-order Frechet derivative. Suppose h = [, ks, h3]7 is a constant vector.

(1 fir + hafia + ha fis3]
F'(yh = |k for + hyfor + M3 fo3 ] 3
711 f31 + haf3z + hs fr3 ]
(i fin fiz]|h]] Sizt fis fis ||
F'Wh = |fi oo fss||BB|+2|fr2 Pz fos||luhs|. “4)
A o frzsl 143 2 iz frzllhohs

Clearly the computational cost for second-order Frechet derivative is high in the case of general systems of nonlinear
equations. Many systems of nonlinear equations associated with PDEs and ODEs can be written as

®

F(y)=Ly) + f()+w=0,
F(y)=Ay + f(y) +w =0,

where A is the discrete approximation to linear differential operator L(-) and f(-) is the nonlinear function. If we write
down the second-order Frechet derivative of (5) by using (4) we get

EACHEN 0 0 |[n]
0 fOn) 0 0 ||
F'(yh>=| O 0 () 0 (|1 (6)
0 0 0 S owllh]
For the further analysis , we introduce some notation. If a = [a;, a3, ,--- ,a,]T and b = [by, by, ,--- ,b,]" are
vectors then the diagonal matrix of a vector and point-wise product we define as
a 0 0 --- O
0 ar 0
diag(a) = , a®b =diaga) b = [a1b,, abs,--- ,a,b,]". 7
0O 0 O a,

For the motivation of readers we list some famous nonlinear ODEs and PDEs and their first- and second-order
derivatives in scalar and vectorial forms (Frechet derivatives). Let D, and D, are the discrete approximations of
differential operators in spatial and temporal dimensions and u is the function of spatial variables and in some cases
temporal variable is also taken. We also introduce a function 4 which is independent from u and I;, I, are identity
matrices of the size number of nodes in temporal and spatial dimensions respectively.
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1.1. Bratu problem

The Bratu problem is discussed in [2] and it is stated as

fw)=u" + 2" =0, u(0) = u(l) =0,
d
Wy 4 ae,

2du
df@) 5
W”l = Ae'h .
F(u) = D2u + 2" =0,
F'h =D?h + A" Oh,
F' = D? + A diag(e"),
F’h? = 2¢" o h%.

®)

The closed form solution of Bratu problem can be written as

() = —21 cosh((x — 0.5)(0.59))
U = 08 T L sh(0.250) ) 9)
0 = V2acosh(0.256).

The critical value of A satisfies 4 = +/44.sinh(0.256,). The Bratu problem has two solution, unique solution and no
solution if A < 4., 4 = A, and A > A, respectively. The critical value A, = 3.51383071912516.

1.2. Frank-Kamenetzkii problem
The Frank-Kamenetzkii problem [3] is written as
7 1 ’ u ’
u' +—-u + " =0, u' (0) =u(l) =0,
x
1
Fu) =D’u+ -0Du+ 1" =0,
X
1
Fh=Dh+-0Dh+1e"0h, (10)
X
X
F’h? = 2¢" o h’.

1
F =D+ diag( )Dx + A diag(e"),

The Frank-Kamenetzkii problem has no solution (4 > 2), (4 = 2) and two solution (2 < 2). The closed form solution of
(10) is given as

¢ = log(2(4 —D)+4202- /l)),

(4 —D)+2202= /1))
¢y = log e )
3 (11)
(x) = log(L)
! A+ e x?)?)
16!
100 = o ()

1.3. Lane-Emden equation

The Lane-Emden equation is classical equation [4] which is introduced in 1870 by Lane and later Emden (1907)
studied it. Lane-Emden equation deals with mass density distribution inside a spherical star when it is in hydrostatic
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equilibrium. The lane-Emden equation for index n = 5 can be written as

2
u’ + ;u’ +1u’ =0, u(0) =1, u’(0) =0,

1
Fu)=D’u+ -oDu+1v’,
: X

I
Fh=Dh+-0Dh+5u’0h, (12)

X

7 2 . 1 . 4
F’' = D’ + diag| — |D, + 5 diag(u®),
X

F’h? =20 v’ o h2.

The closed form solution of (12) can be written as

2\"%
u(x)=(1+%) . (13)

1.4. Klien-Gordan equation

Klien-Gordan equation is discussed and solved in [5].

Uy = Cllge + f(1) = p, —o0 < x <00, >0
F(w) = (D} - Du + f(w) - p,
F'h=(D?-c*DHh+ f'(w)oh, (14)

F = D? - ¢’D? + diag(f’(u)),
F//h2 — f”(u) 10 h2,

where f(u) is the odd function of u and initial conditions are
b O = b
u(x,0) = g1(x) (15)
uy(x,0) = g2(x).

We have calculated the second-order Frechet derivatives of four different nonlinear ODEs and PDEs. Clearly the
computational cost of second-order Frechet derivatives are not higher than first-order Frechet derivatives or Jacobians.
So we insist that the second-order Frechet derivatives for particular class of ODEs and PDEs are not expensive as they
are in the case of general systems of nonlinear equations. The main source of information about iterative methods
is the manuscript written by J. F. Traub [6] in 1964. Recently many researchers have contributed in the area of
iterative method for systems of nonlinear equations [7—16]. The major part of work is devoted for the construction
iterative methods for the single variable nonlinear equations[17]. According to Traub’s conjecture if we use n function
evaluations, then the maximum CO is 2" in the case of single variable nonlinear equation but for multi-variable case we
do not have such claim. In the case of systems of nonlinear equations the multi-steps iterative methods are interesting
because with minimum computational cost we are aimed to construct higher-order convergence iterative methods.
For the better understanding we can divide multi-steps iterative methods in two parts one is called base method and
second part is called multi-steps. In the base method we construct an iterative method in way that it provides maximum
enhancement in the convergence-order with minimum computational cost when we perform multi-steps. Malik et. al.
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[18] proposed the following multi-step iterative method (MZ)) :

MZ,

Number of steps =m2
CO =2m
Function evaluations =m+
Inverses =2
Matrix vector multiplications =1
Number of solutions of systems

of linear equations

when right hand side is matrix =1
when right hand side is vector =m-

2

1

1

Base-Method —

(m — 2)-steps —

F'(x)¢1 = F(x)
2
yi = Xl— §¢1
W= (3F () - F(x)
WT = 3F'(y,) + F'(x)

1
Yo =X— ZT¢]
fors=1,m-2
Wo,.1 = F(ys1),
Y2 = Y51 — ¢s+l,
end

In [19] F. Soleymani and co-researchers constructed an other multi-step iterative method (FS):

FS =

Number of steps =m>2
CO =2m
Function evaluations =m+1
Inverses =2
Matrix vector multiplications =2m-3
Number of solutions of systems

of linear equations

when right hand side is matrix =1
when right hand side is vector =m-1

Base-Method —

(m — 2)-steps —

F'(x)p) = F(x)
2

yi= Xl— §¢1
W= (3F () - F(x)
WT =3F'(y,) + F(x)
Y2 =x- T,
fors=1,m-2

F (X1 = F(ysr1),

Ys+2 = Y541 — T2¢s+l s
end

H. Montazeri et. al. [20] developed the more efficient multi-step iterative methods (HM):

HM =

2. The proposed new multi-step iterative method

Number of steps =m2x2
CcO =2m
Function evaluations =m+1
Inverses =1
Matrix vector multiplications =m
Number of solutions of systems

of linear equations

when right hand side is matrix =1
when right hand side is vector =m-1

We proposed a new multi-step iterative method (MZ,):

449

Base-Method —

(m — 2)-steps —

F'(x)¢, = F(x)
2
yi=x-— §¢1
Fx)T =F(y)
9

—T2)¢1

23
y2=x—(§l—3T+8

fors=1,m-2

F ()51 = F(y;+1),
5

3
51- ET)¢X+1,

Ys+2 = Y541 — (2

end
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Number of steps =mzx2 F(x)¢1 = F(x)

p— 7 77 4
CO =3m-2 F'(x)¢, =F (x - §¢1)¢%
Function evaluations =m+?2 3
Inverses = Base-MethOd — 3y =X- (¢1 + §¢2)
Matrllx .VGCFOI” Fx)T = F(y))

MZ, = { multiplications =m 7 700 3
Number of solutions y2=Xx= (EI —6T+ ET )(¢1 * §¢2)
of systems of linear fors=1,m-2
equations when F'(X)¢s:2 = F(ys11),

. o . (m — 2)-steps —
right hand side is matrix = 1 Voi2 = Ysal — (2[ - T)¢H2,
right hand side is vector = m end

We claim that the convergence-order of our proposed multi-step iterative method is

2 =1,
Co = " (16)
In—2 m>2,

where m is the number of steps of MZ,. The computational costs of MZ; and FS are high because both methods use
two inversions of matrices. The multi-step iterative method HM use only one inversion of Jacobian and hence is a
good candidate for the performance comparison. For further discussion we will not consider MZ; and FS methods. We
presented comparison between MZ, and HM in Tablel and 2. The Table 1 tells us if the number of function evaluations
and number of solutions of system of linear equations are equal then the performance of MZ, in terms of convergence-
order is better than HM when number of step of MZ, are grater or equal to four. When the convergence-orders of both
iterative methods are equal then we can see from Table 2 that the computation effort of HM is always more than that of
MZ, for m > 2. The performance index to measure the efficiency of an iterative method to solve systems of nonlinear
equation is defined as

p = COTm. an
In Table 3 we provided the computational cost of different operation and Table 4 shows the performance index as

defined in (20) for a particular case when HM and MZ, have the same convergence-order. Clearly the performance
index of MZ, is better than that of HM.
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Table 1: Comparison between multi-steps iterative method MZ, and HM if number of function evaluations and solutions of system of linear equations
are equal.

MZ, HM M7, HM M7, HM Difference
m=>=2) m=2) m=2) m=3) (m=m) m=m+1) MZ,-HM

Number of steps m m 2 3 my m; + 1 1
Convergence-order 3m—-2 2m 4 6 3m; -2 2(my + 1) m; —4
Function evaluations m+2 m+1 4 4 m; +2 m; +2 0

Solution of system

of linear equations when

right hand side is vector m m-—1 2 2 m m 0
Solution of system

of linear equations when

right hand side is matrix 1 1 1 1 1 1 0
Matrix vector

multiplications m m 2 3 my m;+ 1 -1

Table 2: Comparison between multi-steps iterative method MZ, and HM if convergence-orders are equal.

MZ, HM Difference
m=>1) (m>=1) HM-MZ,

Number of steps 2m 3m—1 m—1
Convergence-order bm—-2 6m-2 0
Function evaluations 2m+2 3m m—2

Solution of system

of linear equations when

right hand side is vector 2m 3m m
Solution of system

of linear equations when

right hand side is matrix 1 1 0

Matrix vector

multiplications 2m 3m—1 m—1
7
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Table 3: Computational cost of different operations (the computational cost of a division is three times to multiplication).

LU decomposition

Multiplications Divisions | Total cost
nn-12n-1) | n(n-1) n(n—l)(2n—1)+3n(n—l)
6 2 6 2
Two triangular systems (if right hand side is a vector)
Multiplications Divisions | Total cost
nn—1) n nn—1)+3n
Two triangular systems (if right hand side is a matrix)
Multiplications Divisions | Total cost
n(n-1) n’ n*(n—1) + 3n?

Matrix vector multiplication

n2

Table 4: Comparison of performance index between multi-steps iterative methods MZ, and HM.

Iterative methods HM MZ,
Number of steps 5 4
Rate of convergence 10 10
Number of functional
evaluations 6n 6n
The classical efficiency
index 21/(611) 2]/(6n)
Number of Lu
factorizations 1 1
Cost of Lu

-DH2n-1 -1 -DH2n-1 -1
factorizations n(n )6( n-D +3 nn—1) n(n )6( n—1) + 3n(n )
Cost of linear systems dn(n—- 1D +3n) +n*(n—1)+3n> 4nn-1)+3n) +n’(n—1)+3n>
Matrix vector multiplications 5n? 4n?
Flops-like efficiency
index 101/ (35 1202+ %) 101/ (38 112+ 2n)

8
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3. Convergence Analysis

In this section, we will prove that the local convergence-order of MZ, is seven for m = 3 and later we will establish
a proof for the convergence-order of multi-step iterative scheme MZ,, by using mathematical induction.

Theorem 3.1. Let F : T’ C R" — R”" be sufficiently Frechet differentiable on an open convex neighborhood T of
x* € R" with F(x*) = 0 and det(F’(x*)) # 0. Then the sequence {X;} generated by the iterative scheme MZ, converges
to X" with local order of convergence seven, and produces the following error equation

ewr1 = Ley” + O(e), (18)
p-times
——
where e, = X, — X", & = (e, €, - ,€) and L = =2060C5 — 618C3C; +260/9C5Cy +26/3C3C,Cy —30C;C,C3C5 —
p-times

— N ———
6C3C3C; — 100C3C3C, — 20C5C; is a p-linear function i.e. L € L(R",R",--- ,R") and Le;’ € R".

Proof. LetF : T C R" — R" be sufficiently Frechet differentiable function in I'. The gth Frechet derivative of F at

g-times

v eR" g > 1, is the g — linear function F9(v) : R"R"---R" such that F9W)(u;, us, - - - ,ug) € R" . The Taylor’s

series expansion of F(x;) around x* can be written as:
F(x;) = Fx" + x, — x") = Fx* + e), (19)

* Jyax 1 yaxt 1 *
= F(x') + F'(x)ey + 7, F(x Yer? + §F<3>(x e’ + 0 (ef), (20)
1/ * 1 ’ *\ 1’ * 1 7 kN *

= F'(x")(e; + SF &) 'F(x e + PO 'FOXYe’ +0(ef) ). Q1)
= Cl(ek + Czek2 + C3ek3 +0 (ei) ), (22)

1
where C; = F/(x*) and C, = —'F'(X*)_IF ®)(x*) for s > 2. From (22), we can calculate the Frechet derivative of F:
S

F/(x) = C (I +2Ce + 3Cse” + 4Cse” + O (e}) ), (23)
where I is the identity matrix. Furthermore, we calculate the inverse of the Jacobian matrix
F/(x)”" = (I-2Cae,+(4C3 —3C3)eg +(6C5C, +6C,C3 -8C3 —4Cy Jej +(8C4C2 +9C3 +8C,C4—5Cs - (24)
12C5C3 - 12C,C5C;, - 12C3C5 + 16C3 e} + (24C5C3 + 24C3C3 + 24C3C5Cy +24C,C5C3 +
10C5C; +12C4C;3 +12C3C4 + 10C,Cs — 6C6 — 16C,C3 — 18C3C, — 18C;C,C3 — 16C,C4Cy —
18CyC3 - 16C3Cy — 32C3)e; + (32C4C3 + 64C5 — 48C5C; + 12C,C + 16C3 + 15C;Cs +

15C5C;3 +12C4Cy —24C4C,C;3 —24C4C5C, —20C5Cs —24C,C3C,4 — 24C,C4C3 +32C3Cy —
20C,C5C; + 36C3C3 — 20C5C3 + 32C5C4C, + 32C,C4C; + 36C,C35C, + 36C,C3C,C5 +
36C5C3 —7C; —24C;3C,Cy —27C; - 24C3C4C, +36C3C,C3C5 + 36C;C5C5 —48C5C;C5 —
48C3C5C, — 48C5C5 - 48C,C5C3 el + O (¢]) )7
By multiplying F'(x,)”" and F(x;), we obtain ¢
1 = e~ Caef +(2C3 —2C3)e] +(—3C4 —4C3 +3C3C, +4C,C)ef +(—4Cs —6C3C3 - 6C,C3C, - (25)
8C3Cs + 8C3 +4C,4Cy + 6C3 + 6C,Cy)e; + (= 5Cs + 12C5C; + 16C3C5 + 12C3C5C;, +

12C,C5C3 - 8C4C3 - 9C2C, - 12C5C,C;3 — 8C,C4Cy — 12C,C3 - 12C3C4 - 16C5 +5C5C, +
8C4C3 +9C3Cy + 8C,Cs)ef + O e]).
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The expression for ¢, is the following:
$2 =2Cae; + (- 8C3 + 10/3C3)ej + (26C3 — 38/3C5C, — 12C,C5 + 100/27C,)ef + (26)
( —364/27C,Cy — 18C5 — 416/27C4C, + 116/3C5C; + 36C2C3C, + 122/3C5C3 +
2500/729Cs—76C3 e +(—106C,C3C3~298/3C3CC, ~344/3C3C5 +1282/27C3Cy+

140/3C,C5 + 1106/27C,C4C, — 118C3C3 + 1364/27C4C5 — 10664/729C,Cs —
520/27C3C4—544/27C4C3~12290/729C5C,+54C3Cy+184/3C3C,C3+6250/2187Cq+

208C3)ef + O e]).
The expressions for y;, T, y» and y3 in order are
Y1 - X = =2C¢f +(10C] = 3C3)e} + (- 23/9C4 = 35C3 + 16C5C; + 14C,C5 )ef + (—278/243Cs — 27)
55C3C3—48C,C3Cy-50C3C3+106C3+172/9C4Co+21/9C3+128C,Cy Jep+(147C,C3 G+

137C5C3C, +156C5C5—533/9C5C4—58C,C5 —481/9C,C4C, +165C;C5 —610/9C4C5 +
3388/243C,Cs + 179/9C;Cy4 + 200/9C,4C5 + 4930/243C5C, — 72C5C, — 80C;3C,Cs +
520/729Cs - 296C3 )ef + O (€] ).

T = I-2Cye; - 3Cse} + (6C5C, — 4C4 + 20C3 €] + (12C3C3 +20C,C5C, +28C3C5 - 110C; + (28)
8C4Cy +9C3 +26/9C,C4 — 5Cs)e} +( — 180C3C3 — 156C3C5 — 136C3C5C, — 134C,C5C3 +
18C;3C,C5 +200/9C2C4C,) +24C,C5 + 68/3C5C4 +432C5 + 10C5C, + 12C4C; + 12C3Cy +
1874/243C,Cs - 6Cs)e; + (- 112C4C3 — 1456C5 + 1050C5C3 + 9788/729C,Cs + 16C5 +

15C3Cs+15C5C3+12C6Cy —24C4C3C, +3028/243C3Cs +142/9C,C3Cy +184/9C,C4 C3 —
1474/9C3C4+5000/243C,CsC,—164C5C3-454/3C3C4C,—1220/9C,C4C5—144C,C3C, -
196C,C;C,C3-222C3C5-7C7+20/3C3C2C4—26/3C3C4C,~240C;5C,C3C,-258C5C5C +
562C3C5C3 + 546C3C5C; + 624C3C5 + 690C,C5C3)ef + O (e]).

Y2 =X =(=5C5Cy + 13/9C, - 103C3 — C2Cs)e + (= 104/9C,Cy - 21/2C3 - 80/9C4C; — (29)
148C3C3-100C,C3C,—109C; C3+937/243C5+666C3 ) +(869C, C3C3+873C3C3 Co+
954C3C3 — 1133/9C3Cy — 124C,(C3) — 895/9C,C,4C; + 1074C;5C3 — 1114/9C,C3 -
715/27C,Cs — 238/9C;C4 — 178/9C4C5 — 3575/243C5C, — 75C5C; — 158C;5C,Cs +
4894/729Cs — 1990C3 )€ + (3632/3C4CJ +420C5 — 4958C5C5 — 30616/729C,Cs —
404/9C3 - 7343/162C5Cs — 16001/486C5C5 — 15620/729C6C, — 1580/9C4C,C;5 —
580/9C4C5C, — 18334/243C3Cs — 761/9C,C5Cy — 847/9C,C4C5 + 1074C3Cy —
19556/243C,CsC,+1118C3C2-35410/243C5C3)+8924/9C5C,4C,+3038/3C,C,C3+
1040C,C3C; + 1262C,C3C,C5 + 1390C3C3 + 63418/6561C; — 919/9C3C,Cy —
165/2C3-589/9C3C4Co+1331C3C,C3C,+1542C5C5C3—2678C5C3C5-2886C5 C3Co—
2881C3C; — 3871C,C3C3 )e] + O (ef ).

¥3 — X" = (=2060C5—618C5C3+260/9C3C4+26/3C3C2C4-30C3C,C3C,~6C;C3C3-100C3C3Co - (30)
20C5Cs)ef + O(ef).

10
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O

Theorem 3.2. The multi-step iterative scheme MZ, has the local convergence-order 3m — 2, using m(> 2) evaluations
of a sufficiently differentiable function ¥, two first-order Frechet derivatives ¥' and one second-order Frechet derivate
F” per full-cycle.

Proof. The proof is established from mathematical induction. For m = 1, 2, 3 the convergence-orders are two, four
and seven from (27), (29) and (30) respectively. Consequently our claim concerning the convergence-order 3m — 2 is
true form = 2, 3.

We assume that our claim is true for m = g > 3, i.e., the convergence-order of MZ, is 3¢ — 2. The gth-step and
(g — Dth-step of iterative scheme MZ, can be written as:

Frozen-factor = 21 - T)F'(x)"", 3D
Y¢-1 = Y4-2 — (Frozen-factor) F(y,_»), (32)
Yq = ¥g-1 — (Frozen-factor) F(y,_;). (33)

The enhancement in the convergence-order of MZ, from (g — 1)th-step to gth-stepis 3¢ —2) - (3(¢g—-1)-2)=3.
Now we write the (g + 1)th-step of MZ;:

Yq+1 = Yq — (Frozen-factor) F(y,). e

The increment in the convergence-order of MZ,, due to (g + 1)th-step, is exactly three, because the use of the Frozen-
factor adds an additive constant in the convergence-order[19]. Finally the convergence-order after the addition of the
(g + Dth-stepis3g—2+3 =3g+ 1 =3(qg+ 1) — 2, which completes the proof. O

4. Numerical Testing

For the verification of convergence-order, we use the following definition for the computational convergence-order
(COO):

log(I1Xg+2 = X" [leo/I1Xg1 = X" [leo
C ~ ( a* at )’ 35)
108(I%g41 = X*[loo /11Xy — X[l

where Max(|X,+> —X"|) is the maximum absolute error. The number of solutions of systems of linear equations are same
in both iterative methods when right hand side is a matrix so we will not mention it in comparison tables. The main
benefit of multi-step iterative methods is that we invert Jacobian once and then use it again and again in multi-steps
part to get better convergence-order for a single cycle of iterative method. We have conducted numerical tests for four
different problems to show the accuracy and validity of our proposed multi-step iterative method MZ,. For the purpose
of comparison we adopt two ways (i) when both iterative methods have same number of function evaluations and
solution of systems of linear equations (ii) when both schemes have same convergence order. Tables 5, 7 and 8 show
that when we number of function evaluations and solutions of systems of linear equation are equal and the convergence
order of MZ, is higher than ten then our proposed scheme show better accuracy in less execution time. On the other
hand if convergence-order of MZ, is less than ten then the performance of HM is relatively better. For the second
cases when we equate the convergence-orders the execution time of MZ, are always less than that of HM because
HM performs more steps to achieve the same convergence-order. Tables 6, 9 and 10 shows that MZ, achieve better
or almost equal accuracy with less execution time. We have also simulated one PDE Klein-Gordon and results are
depicted in Table 11. As we have commented if the convergence-order is less ten the performance of HM is better
and it is clearly evident in Table 11 but the accuracy of MZ, is comparable with HM. The numerical error in solution
due to MZ, is shown in Figure 1 and Figure 2 corresponds to numerical solution of Klein-Gordon PDE. In the case of
Klein-Gordon equation by keeping the mesh size fix, if we increase the number of iterations or either number of steps
both iterative method can not improve the accuracy.

11
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Table 5: Comparison of performances for different multi-step methods in the case of the Bratu problem when number of function evaluations and
number of solutions of systems of linear equations are equal in both iterative methods.

Iterative methods MZ, HM
Number of iterations 1 1
Size of problem 200 200
Number of steps 32 33
Theoretical convergence-order(CO) 94 66
Number of function evaluations per iteration 34 34
Solutions of system of linear equations per iteration 32 32
Number of matrix vector multiplication per iteration 32 33
A
IIx; — X"lo I 3.62¢e—-156 7.55¢-110
2 478e—-142 2.31e-98
3 391e-50 4.05e¢-35

Execution time 23.48 24.0

Table 6: Comparison of performances for different multi-step methods in the case of the Bratu problem when convergence orders are equal in both
itrative methods.

Iterative methods MZ, HM
Number of iterations 1 1
Size of problem 250 250
Number of steps 120 179
Theoretical convergence-order(CO) 358 358
Number of function evaluations per iteration 122 180
Solutions of system of linear equations per iteration 120 178
Number of matrix vector multiplication per iteration 120 179
X = X lco, (A =1) 3.98e —235 3.98e —235
Execution time 59.67 70.22
12
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Table 7: Comparison of performances for different multi-step methods in the case of the Bratu problem when number of function evaluations and
number of solutions of systems of linear equations are equal in both iterative methods.

Iterative methods M7, HM
Number of iterations 3 3
Size of problem 250 250
Number of steps 3 4
Theoretical convergence-order(CO) 7 8
Computational convergence-order(COC) 6.75 7.81
Number of function evaluations per iteration 5 5
Solutions of system of linear equations per iteration 3 3
Number of matrix vector multiplication per iteration 3 4
IX; — X"l 8.44¢ — 150 3.92¢ - 161
Execution time 63.75 64.66

Table 8: Comparison of performances for different multi-step methods in the case of the Frank Kamenetzkii problem when number of function
evaluations and number of solutions of systems of linear equations are equal in both iterative methods.

Iterative methods MZ, HM
Number of iterations 3 3
Size of problem 150 150
Number of steps 3 4
Theoretical convergence-order(CO) 7 8
Computational convergence-order(COC) 7.39 8.64
Number of function evaluations per iteration 5 5
Solutions of system of linear equations per iteration 3 3
Number of matrix vector multiplication per iteration 3 4
IIx; — X"l 421e—-126 3.21e- 149
Execution time 16.10 16.68

Table 9: Comparison of performances for different multi-step methods in the case of the Frank Kamenetzkii problem when convergence orders are
equal in both iterative methods.

Iterative methods MZ, HM
Number of iterations 1 1
Size of problem 150 150
Number of steps 80 119
Theoretical convergence-order(CO) 238 238
Number of function evaluations per iteration 82 120
Solutions of system of linear equations per iteration 80 118
Number of matrix vector multiplication per iteration 80 119
X% — X||co, (A = 1) 6.46¢ — 116 3.95¢ — 99
Execution time 19.89 28.21
13
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Table 10: Comparison of performances for different multi-step methods in the case of the Lane-Emden equation when convergence orders are equal.

Iterative methods M7, HM
Number of iterations 1 1
Size of problem 100 100
Number of steps 30 44
Theoretical convergence-order(CO) 88 88
Number of function evaluations per iteration 32 45
Solutions of system of linear equations per iteration 30 43
Number of matrix vector multiplication per iteration 30 44

Xy — X"[loo 1.95¢ —34 2.64e - 37
Execution time 3.01 3.53

Table 11: Comparison of performances for different multi-step methods in the case of the Klien Gordon equation , initial guess u(x;,t;) = 0,

/ /2
u(x,t) = §sech(k(x — vt), k = %, d= —k, c=1,y=1,v=05,k=0.5,n, =170, n; = 26, x € [-22, 22], ¢ € [0, 0.5].
v b%

Iterative methods MZ, HM
Number of iterations 1 1
Size of problem 4420 4420
Number of steps 4 4
Theoretical convergence-order(CO) 10 8
Number of function evaluations per iteration 6 5
Solutions of system of linear equations per iteration 4 3
Number of matrix vector multiplication per iteration 4 4
Steps
Xy — X"l 1 324e—-1 4.1le-1
2 7.51le-3 2.62¢-3
3 2.70e -5 2.63¢-5
4 559 -7 43% -7
Execution time 94.13 80.18
14
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x 10

Error

0.5

0.3

0.2

x-axis 400 t—axis

Figure 1: Absolute error plot for multi-step method MZ; in the case of the Klien Gordon equation , initial guess u(x;, t;) = 0, u(x, t) = dsech(k(x - vt),

/ 2
K= L,&: —k,c:l,y:l,v:O.S,k:O.S,nX: 170, n; = 26, x € [-22, 22],t € [0, 0.5].
22 ¥

numerical

u

0.3

0.2

x—axis t-axis

Figure 2: Numerical solution of the Klien Gordon equation , x € [-22, 22], ¢ € [0, 0.5].
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5. Conclusions

The inversion of Jacobian is computationally expensive and multi-step iterative methods can provide remedy to it by
offering good convergence-order with relatively less computational cost. The best way to construct a multi-step method
is to reduce the number of Jacobian and function evaluations, inversion of Jacobian, matrix-vector and vector-vector
multiplications. Higher-order Frechet derivatives are computationally expensive when use them for the solution of
systems of nonlinear equations but for a particular of ODEs and PDEs we could use them because they are just diagonal
matrices. Our proposed scheme MZ, shows good accuracy when we perform more and more multi-steps and it also
depends on the nature of problem sometime. The computational convergence-order of MZ, is also calculated in some
examples and it agrees with theoretical proved convergence-order.
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QUADRATIC p-FUNCTIONAL INEQUALITIES IN FUZZY NORMED
SPACES

JI-HYE KIM AND CHOONKIL PARK*

ABSTRACT. In this paper, we solve the following quadratic p-functional inequalities
NG +)+ S ~3) = 27(0) ~ 21(3).0 (0.1)
(oo (552) 21 (552) g6 10) o
where p is a fixed real number with |p| < 1, and
N (27 (B5E) w21 (552) - 1@ - 1).t) (0.2)
> N (p(f(x +y) + flz — y) — 2f(z) = 2£(y)) . 1)

where p is a fixed real number with [p| < 3.
Using the fixed point method, we prove the Hyers-Ulam stability of the quadratic p-
functional inequalities (0.1) and (0.2) in fuzzy Banach spaces.

1. INTRODUCTION AND PRELIMINARIES

Katsaras [21] 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 [13, 24, 52]. In particular, Bag and Samanta [2], following Cheng and
Mordeson [8], gave an idea of fuzzy norm in such a manner that the corresponding fuzzy metric
is of Kramosil and Michalek type [23]. They established a decomposition theorem of a fuzzy
norm into a family of crisp norms and investigated some properties of fuzzy normed spaces [3].

We use the definition of fuzzy normed spaces given in [2, 28, 29] to investigate the Hyers-Ulam
stability of quadratic p-functional inequalities in fuzzy Banach spaces.

Definition 1.1. [2, 28, 29, 30] Let X be a real vector space. A function N : X x R — [0, 1] is
called a fuzzy norm on X if for all z,y € X and all s,t € R,
(N1) N(z,t) =0 for t < 0;
(N2) x = 0 if and only 1fN(:v t) =1 for all t > 0;
(N3) N(cz,t) = N(x 5 1 |) if ¢ # 0;
(Na) N(z +y,s+1t) >min{N(z,s), N(y,1)};
(N5) N(z,-) is a non-decreasing function of R and lim;_,o, N(z,t) = 1.
(Ng) for x # 0, N(z,-) is continuous on R.

The pair (X, N) is called a fuzzy normed vector space.
The properties of fuzzy normed vector spaces and examples of fuzzy norms are given in
27, 28).

2010 Mathematics Subject Classification. Primary 46540, 39B52, 47TH10, 39B62, 2650, 47540.

Key words and phrases. fuzzy Banach space; quadratic p-functional inequality; fixed point method; Hyers-
Ulam stability.
*Corresponding author: Choonkil Park (email: baak@hanyang.ac.kr).
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Definition 1.2. [2, 28, 29, 30] Let (X, N) be a fuzzy normed vector space. A sequence {z,} in
X is said to be convergent or converge if there exists an x € X such that lim,, oo N(z,—2,t) =1
for all t > 0. In this case, z is called the limit of the sequence {x,} and we denote it by N-
limg, oo T, = .

Definition 1.3. [2, 28, 29, 30] Let (X, N) be a fuzzy normed vector space. A sequence {zy}
in X is called Cauchy if for each € > 0 and each t > 0 there exists an ng € N such that for all
n > ng and all p > 0, we have N (2, 4p — 2y, t) > 1 —¢.

It is well-known that every convergent sequence in a fuzzy normed vector space is Cauchy. If
each Cauchy sequence is convergent, then the fuzzy norm is said to be complete and the fuzzy
normed vector space is called a fuzzy Banach space.

We say that a mapping f : X — Y between fuzzy normed vector spaces X and Y is
continuous at a point zyp € X if for each sequence {z,} converging to zp in X, then the
sequence {f(zy)} converges to f(zg). If f : X — Y is continuous at each z € X, then
f:X — Y is said to be continuous on X (see [3]).

The stability problem of functional equations originated from a question of Ulam [51] con-
cerning the stability of group homomorphisms.

The functional equation f(z+y) = f(x)+ f(y) is called the Cauchy equation. In particular,
every solution of the Cauchy equation is said to be an additive mapping. Hyers [17] gave a
first affirmative partial answer to the question of Ulam for Banach spaces. Hyers’ Theorem was
generalized by Aoki [1] for additive mappings and by Th.M. Rassias [40] for linear mappings by
considering an unbounded Cauchy difference. A generalization of the Th.M. Rassias theorem
was obtained by Gavruta [14] by replacing the unbounded Cauchy difference by a general
control function in the spirit of Th.M. Rassias’ approach.

The functional equation f(x+y)+ f(z—y) = 2f(z)+2f(y) is called the quadratic functional
equation. In particular, every solution of the quadratic functional equation is said to be a
quadratic mapping. The stability of quadratic functional equation was proved by Skof [50] for
mappings f : By — Es, where E; is a normed space and FEs is a Banach space. Cholewa
[9] noticed that the theorem of Skof is still true if the relevant domain FE; is replaced by
an Abelian group. Czerwik [10] proved the Hyers-Ulam stability of the quadratic functional
equation. The functional equation f (L;“y) +f (:CQ;y) =3f(x)+ %f(y) is called a Jensen type
quadratic equation. The stability problems of several functional equations have been extensively
investigated by a number of authors and there are many interesting results concerning this
problem (see [4, 18, 20, 25, 36, 37, 38, 41, 42, 44, 45, 46, 47, 48, 49]).

Gildnyi [15] showed that if f satisfies the functional inequality

12f(2) +2f(y) = f(z —y)| < [f(z +y)ll (1.1)

then f satisfies the Jordan-von Neumann functional equation

2f(x) +2f(y) = f(z +y) + f(z —y).

See also [43]. Fechner [12] and Gildnyi [16] proved the Hyers-Ulam stability of the functional
inequality (1.1). Park, Cho and Han [35] investigated the Cauchy additive functional inequality

1) + fy) + FI < [[f(x+y + 2] (1.2)

and the Cauchy-Jensen additive functional inequality

I£) + Flo) + 26 ) < |27 (52 +2) (1.3
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and proved the Hyers-Ulam stability of the functional inequalities (1.2) and (1.3) in Banach
spaces.

Park [33, 34] defined additive p-functional inequalities and proved the Hyers-Ulam stability
of the additive p-functional inequalities in Banach spaces and non-Archimedean Banach spaces.

We recall a fundamental result in fixed point theory.

Let X be a set. A function d : X x X — [0,00] is called a generalized metric on X if d
satisfies

(1) d(z,y) =0 if and only if z = y;

(2) d(z,y) = d(y,z) for all z,y € X;

(3) d(z,2) < d(z,y) +d(y, z) for all z,y,z € X.

Theorem 1.4. [5, 11] Let (X, d) be a complete generalized metric space and let J : X — X
be a strictly contractive mapping with Lipschitz constant L < 1. Then for each given element
x € X, either
d(J"z, J" ) = oo

for all nonnegative integers n or there exists a positive integer ng such that

(1) d(J"z, J"tz) < oo, Vn > ng;

(2) the sequence {J"z} converges to a fixed point y* of J;

(3) y* is the umque fixed point of J in the set Y = {y € X | d(J™x,y) < co};

(4) d(y,y*) < 1rd(y, Jy) for all y € Y.

In 1996, G. Isac and Th.M. Rassias [19] were the first to provide applications of stability
theory of functional equations for the proof of new fixed point theorems with applications. By
using fixed point methods, the stability problems of several functional equations have been
extensively investigated by a number of authors (see [6, 7, 22, 27, 31, 32, 38, 39]).

In Section 2, we solve the quadratic p-functional inequality (0.1) and prove the Hyers-Ulam
stability of the quadratic p-functional inequality (0.1) in fuzzy Banach spaces by using the fixed
point method.

In Section 3, we solve the quadratic p-functional inequality (0.2) and prove the Hyers-Ulam
stability of the quadratic p-functional inequality (0.2) in fuzzy Banach spaces by using the fixed
point method.

Throughout this paper, assume that X is a real vector space and (Y, N) is a fuzzy Banach
space.

2. QUADRATIC p-FUNCTIONAL INEQUALITY (0.1)

In this section, we prove the Hyers-Ulam stability of the quadratic p-functional inequality
(0.1) in fuzzy Banach spaces. Let p be a real number with |p| < 1. We need the following
lemma to prove the main results.

Lemma 2.1. Let f: X — Y be a mapping such that
N(f(z+y)+ f(z - )—2f(3?)—2f( );t) (2.1)

oo (75 r(75) - 10) )

forall x,y € X and allt > 0. Then f is quadratic.
Proof. Assume that f: X — Y satisfies (2.1).

Letting z = y = 0 in (2.1), we get N(2f(0),£) > N (p(2£(0)),£) = N (2f(0), ;) for all
t > 0. By (N5) and (Ng), N(f(0),t) =1 for all ¢ > 0.
It follows from (N2) that f(0) =
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Letting y = x in (2.1), we get N(f(2x) —4f(z),t) > N (0,t) =1 and so f(2x) = 4f(z) for
all z € X. Thus

£(3) = 3@ (22)

for all z € X.
It follows from (2.1) and (2.2) that

N(f(z+y)+ flz —y) —2f(z) — 2f(y),t)
>N (o (2 (55Y) + 2 (552) - 1) - 1) )

= N (5o (Fla )+ Fla —y) - 2 (@) ~ 2(w) 1)

2
=N (fle+9)+ fa =) - 2@ -2/ ). 1)
for all t > 0. By (N5) and (Ng), N(f(z+y) + f(r —y) —2f(x) —2f(y),t) =1 for all £ > 0. It
follows from (Ns) that f(z +y) + f(x —y) = 2f(x) + 2f(y) for all z,y € X. O

Theorem 2.2. Let ¢ : X? — [0,00) be a function such that there exists an L < 1 with

olx.y) < T (20,29)
forallz,y € X. Let f : X =Y be an even mapping satisfying f(0) = 0 and
N(f(z+y)+ f(z —y) = 2f(x) = 2f(y),1) (2.3)

Zmin{N <p <2f <$;y> +2f (wgy) _f(:c)—f(y)> ,t> Hwt(:vy)}

for all z,y € X and all't > 0. Then Q(x) := N-lim, o 4"f (5%) exists for each v € X and
defines a quadratic mapping Q : X — Y such that

4 —4L
N (@) = Q) > i e (2.4
forallx € X and all t > 0.
Proof. Letting y = x in (2.3), we get
N(f (22) = 4 @).0) 2 s (25)

for all z € X.
Consider the set
S={g: X >Y}

and introduce the generalized metric on S:

d(g,h) = inf {,u € Ry : N(g(z) — h(z), ut) , Ve e X, Vt > 0} ,

>7
T t+ ez, )

where, as usual, inf ¢ = +o00. It is easy to show that (S,d) is complete (see [26, Lemma 2.1]).
Now we consider the linear mapping J : S — S such that

x
Jg(x) =4y (2>
for all z € X.
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Let g,h € S be given such that d(g,h) = . Then

N(g(z) — h(z),et) > m

for all x € X and all ¢ > 0. Hence

N(Jg(z) — Jh(z), Let) —-<N<%g(§>—4h(g),Ld)—_N<?(;)——h<;>,isa

Lt Lt t
1 4 _
THe5.5)  F+ie@a) t+e@)
for all z € X and all ¢ > 0. So d(g, h) = € implies that d(Jg, Jh) < Le. This means that

d(Jg, Jh) < Ld(g, h)

for all g,h € S.

It follows from (2.5) that N (f( )—4f (%), % ) > m for all z € X and all ¢t > 0. So
d(f,Jf) < %

By Theorem 1.4, there exists a mapping () : X — Y satisfying the following:

(1) Q is a fixed point of J, i.e.,

Q(3) = 30 (26)

for all z € X. Since f: X — Y iseven, Q : X — Y is a even mapping. The mapping Q is a
unique fixed point of J in the set

M={geS:d(f,g) < oo}

This implies that @ is a unique mapping satisfying (2.6) such that there exists a u € (0, 00)
satisfying

N — t —_—
(&) = Qa)opt) >
for all x € X;
(2) d(J™f,Q) — 0 as n — oo. This implies the equality

N- Jim 4 () = Q)

n—oo
for all z € X
(3) d(f, Q) =7 d(f,Jf), which implies the inequality
L

This implies that the inequality (2.4) holds.

By (2.3),
V(e (r(53) o () 2 () 20 (30)) )

ol (o (o (539 +20 (5581 (3) 1 (8) ) ot
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for all xz,y € X, all t > 0 and all n € N. So

(e ((52) 0 (552) ar () () |
o oo o (522 +20(52) 1 (2) /() ) )

_t
for all z,y € X, allt > 0 and all n € N. Since lim,, 0o —5—— = 1 for all x,y € X and all
0 mt+gme(@y)
t>0,

N(Q(z+y) +Qz —y) —2Q(z) — 2Q(y),t)
>N (p (2Q <x;y> +2Q (x ; y) - Q(z) - Q(y)) nf)

for all z,y € X and all ¢ > 0. By Lemma 2.1, the mapping () : X — Y is quadratic, as
desired. 0

Corollary 2.3. Let 8 > 0 and let p be a real number with p > 2. Let X be a normed vector
space with norm || - ||. Let f : X — Y be an even mapping satisfying

N(f(z+y) + flx—y) —2f(x) — 2f(y),1)
2 min N (p (27 ("57) 427 ("57) ~ 10~ 10) ) g T

for all x,y € X and all t > 0. Then Q(x) := N-lim, ;04" f(57%) ewists for each v € X and
defines a quadratic mapping Q : X — Y such that

N(f(z) = Q(z),t) =

(28 — 4)t
(20 — )t + 20z ||

forallx € X.

Proof. The proof follows from Theorem 2.2 by taking ¢(z,y) := 0(||z||P +||y||?) for all z,y € X.
Then we can choose L = 2277, and we get the desired result. O

Theorem 2.4. Let ¢ : X? — [0,00) be a function such that there exists an L < 1 with
Ty
<dLyp|—=,=
p(z,y) < 4Ly (2, 2)

for all z,y € X. Let f : X — Y be an even mapping satisfying f(0) = 0 and (2.3). Then
Q(z) := N-limy 00 ﬁf (2"z) exists for each x € X and defines a quadratic mapping Q : X —
Y such that
(4 — ALYt
N — t) >

for all z € X and all t > 0.

(2.7)

Proof. Let (S,d) be the generalized metric space defined in the proof of Theorem 2.2.
It follows from (2.5) that

for all x € X and all t > 0. So d(f,Jf) < %. Hence d(f,Q) < ﬁ, which implies that the
inequality (2.7) holds.
The rest of the proof is similar to the proof of Theorem 2.2. ]
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Corollary 2.5. Let 6 > 0 and let p be a real number with 0 < p < 2. Let X be a normed
vector space with norm || - ||. Let f : X — Y be an even mapping satisfying

N(f(z+1) + f(z —y) — 2£(x) — 2/ (), 1)
x xr — t
Zmi“{ ( (2f( ﬂj)”f( 2y>‘f@)‘f(y))’t)’t+e<||xup+||yup>}

for all z,y € X and all t > 0. Then Q(z) := N-lim, o 3 f(2") exists for each x € X and
defines a quadratic mapping Q : X — Y such that

N (f(z) = Q(x),1) =

(4 — 2°)t
(4—20)t + 20|z ||

forallx € X.
Proof. The proof follows from Theorem 2.4 by taking o(x,y) := 0(||z||P +||y||?) for all z,y € X.
Then we can choose L = 2°~2, and we get the desired result. O

3. QUADRATIC p-FUNCTIONAL INEQUALITY (0.2)

In this section, we prove the Hyers-Ulam stability of the quadratic p-functional inequality

(0.2) in fuzzy Banach spaces. Let p be a real number with |p| < 1. We need the following

lemma to prove the main results.

Lemma 3.1. Let f: X — Y be a mapping such that

N (21 (50) w2 (B5Y) - 1) - £t (3.1)

> N(p(flz+y)+ flz—y) —2f(x) = 2f(y)) 1)
forallxz,y € X and allt > 0. Then [ is quadratic.
Proof. Assume that f: X — Y satisfies (3.1).
Letting z = y = 0 in (3.1), we get N(2£(0),£) > N (p(2£(0)),t) = (zf( ), %) for all

t > 0. By (N5) and (Ng), N(f(0),t) =1 for all ¢ > 0.
It follows from (N2) that f(0) =

Letting y = 0 in (3.1), we get N (4f (3) — f(x),t) > N (0,t) =1 for all t > 0 and so
T 1
1(3) =@ (32)

for all z € X.
It follows from (3.1) and (3.2) that

V(%

) (558) s s

=N (3l )+ 5@ ) - 1) - Sw).t)
N (Tl + 1o~ - 21(0) 250,20

> N (p(f(+9) + £ —y) — 20(x) ~ 2(0).
=N (fle+9)+ fo =) ~2f(@) -2/ ). )

for all t > 0. By (N5) and (Ng), N(f(z+y) + f(zr —y) —2f(x) —2f(y),t) =1 for all £ > 0. It
follows from (N2) that f(z +y) + f(x —y) = 2f(x) +2f(y) for all z,y € X. O
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Theorem 3.2. Let ¢ : X? — [0,00) be a function such that there exists an L < 1 with

L
plw,y) < 7o (22, 2y)
forallz,y € X. Let f : X — 'Y be an even mapping satisfying

N (21 (55) v (B5Y) - 1) - 1wt (33

. t
2mln{N(P(f(in‘i‘y)"’f(l‘_y)_2f(x)_2f(y))’t)’t‘ﬂp(%y)}

for all z,y € X and allt > 0. Then Q(x) := N-lim, oo 4" f (5%) exists for each v € X and
defines a quadratic mapping Q : X — Y such that

N (f(z) = Qx),t) =

forallx € X and all t > 0.

(1— L)t
(1 —L)t+ ¢(x,0)

(3.4)

Proof. Letting x =y = 0 in (3.3), we get N(2f(0),t) > N (p(2f(0)),t) = N (2f(0), ﬁ) for all
t > 0. So f(0) =0.

Letting y = 0 in (3.3), we get

N <4f <:”> - f(g;),t> >t (3.5)
2 t+ ¢(x,0)

for all x € X.

Consider the set

S:={g: X ->Y}
and introduce the generalized metric on S:
t
d(g,h) = inf R, : N —h t)y> —— Ve e X,Vt >0
(0.) = int {10 € R s Nlga) = h(a). ) > (s, Yo € X¥0 >0

where, as usual, inf ¢ = +o00. It is easy to show that (S,d) is complete (see [26, Lemma 2.1]).
Now we consider the linear mapping J : S — S such that

Jg(x) = 4g (g)

for all z € X.
Let g,h € S be given such that d(g,h) = . Then

N —h(x),et) > ——
for all x € X and all ¢ > 0. Hence

N(Jg(z) — Jh(z),Let) = N (49 (2) —4h (;) ,Let) - N <g (;) —h (g) : ist)

Lt Lt
T T t

> =
T O H+e(30) T E+fe@ 0 te0)
for all z € X and all ¢ > 0. So d(g, h) = € implies that d(Jg, Jh) < Le. This means that
d(Jg, Jh) < Ld(g, h)

for all g, h € S.
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It follows from (3.5) that

N (f(x) —4f (;’f) vt) = tJrsDt(fv,O)

forallz € X and all ¢ > 0. So d(f,Jf) <1.
By Theorem 1.4, there exists a mapping () : X — Y satisfying the following;:
(1) @ is a fixed point of J, i.e.,

Q(3) = 10 (36)

for all x € X. Since f: X = Y iseven, @ : X — Y is an even mapping. The mapping Q is a
unique fixed point of J in the set

M={geS:d(f,g) < oo}.

This implies that @ is a unique mapping satisfying (3.6) such that there exists a u € (0, 00)
satisfying
N(f(x) — t —_—
(@) = Q@) 2
for all x € X;
(2) d(J™f,Q) — 0 as n — oo. This implies the equality

N- Jim 4 () = Q)

n— o0
for all z € X;
(3) d(f, Q) =7 d(f,Jf), which implies the inequality
1
1) <
This implies that the inequality (3.4) holds.
By (3.3),

(o (o (520) o0 (52) 1 (2) o (2)) o0
{1552 01 (2) o

()
v (Qf(”y) 1(5) () -7 () ) |
2o (o (1 (52) <1 (552) -2 (3) - () ) )

t

for all x,y € X, all t > 0 and all n € N. Since lim,,_, ﬁ =1 for all z,y € X and all
4mn 4mn
t>0,

N (2e(2) +2(55Y) - o) - Qw1
> N (p(Q (x4 1) + Qz — ) ~ 20(x) ~ 2Q(1)). )

for all z,y € X and all £ > 0. By Lemma 3.1, the mapping @ : X — Y is quadratic, as
desired. ]
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Corollary 3.3. Let 8 > 0 and let p be a real number with p > 2. Let X be a normed vector

space with norm || - ||. Let f: X — Y be an even mapping satisfying
N (27 () v (B5Y) - 1) - £t
. t
> min {N (p(f(-%' +y) + f(fL' - y) - 2f([E> - Qf(y)) 7t) ’ t+ Q(Hpr + ”y‘p)}

for all z,y € X and all t > 0. Then Q(x) := N-lim, ;4" f(57%) ewists for each v € X and

defines a quadratic mapping Q : X — Y such that
2P — 4yt
N (@)~ Q). 1) > oo

(2P — 4)t + 2r0||z||P

forallx € X.
Proof. The proof follows from Theorem 3.2 by taking ¢(z,y) := (||z||? +||y||?) for all z,y € X.
Then we can choose L = 227P, and we get the desired result. O

Theorem 3.4. Let ¢ : X? — [0,00) be a function such that there exists an L < 1 with
Ty
<d4Lyp|—=,=
p(r,y) <4Le (2, 2)
for all x,y € X. Let f : X — Y be an even mapping satisfying f(0) = 0 and (3.3). Then
Q(x) := N-lim, 0 %nf (2"x) exists for each x € X and defines a quadratic mapping Q : X —
Y such that

(1—-1L)t
N - t) > 3.7
(&) = Q) > T (37)
forall z € X and all t > 0.
Proof. Let (S,d) be the generalized metric space defined in the proof of Theorem 3.2.
It follows from (3.5) that
1
N ——f(2x),Lt) > —————
(1) = jr@n.1t) > ey
for all z € X and all ¢ > 0. So d(f,Jf) < L. Hence
1
P
a5Q) <
which implies that the inequality (3.7) holds.

The rest of the proof is similar to the proof of Theorem 3.2. O
Corollary 3.5. Let 8 > 0 and let p be a real number with 0 < p < 2. Let X be a normed
vector space with norm || - ||. Let f: X =Y be an even mapping satisfying

Tty r—y
N (21 (55) + 1 (55Y) - £ - )
t
> muin { N o (f (x + ) + £ (2~ ) ~ 27(x) ~ 2 (1)) 1), }
t+0(l=(” + [ly[IP)

for all z,y € X and all t > 0. Then Q(z) := N-lim,_, 4 f(2"x) exists for each x € X and

defines a quadratic mapping Q : X — Y such that
4 — 2PVt
N (f(x) = Qa).t) = —— 2

(4 —2P)t + 2P0)||z||P

forallx € X.
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Proof. The proof follows from Theorem 3.4 by taking ¢(x,y) := 0(||z||P +||y||P) for all z,y € X.

Then we can choose L = 2°~2, and we get the desired result. O
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The Quadrature rules of the fuzzy Henstock — Stieltjes
integral on a infinite interval

Ling Wang*
School of Information Engineering, Gansu Institute of Political Science and Law,
Lanzhou, Gansu 730070, P.R. China

Abstract: In this paper, the calculating methods for the fuzzy Henstock-Stieltjes integral on a infinite
interval are proposed. It includes quadrature rules and the error estimates such as the midpoint-type
rule, trapezoidal-type rule, Simpson’s formula, —fine quadrature rules, their error estimates, and so on.
Finally, an example is given to illuminate the effectiveness the methods proposed in this paper.
Keywords: Fuzzy numbers; Fuzzy Henstock-Stieltjes integral; calculating methods

AMS subject classifications. 26E50; 28E10.

1 Introduction

It is well known that the notion of the Stieltjes integral for fuzzy-number-valued functions was orig-
inally proposed by Nanda [1] in 1989. Many generalizations of the fuzzy Riemann-Stieltjes integral
were considered by scholars [2, 3, 4]. In 1998, Wu [5] proposed the concept of fuzzy Riemann-Stieltjes
integral by means of the representation theorem of fuzzy-number-valued functions, whose membership
function could be obtained by solving a nonlinear programming problem, but it is difficult to calculate
and extend to the higher-dimensional space. In 2006, Ren et al. introduced the concept of two kinds
of fuzzy Riemann-Stieltjes integral for fuzzy-number-valued functions [3, 4] and showed that a continu-
ous fuzzy-number-valued function was fuzzy Riemann-Stieltjes integrable with respect to a real-valued
increasing function. To overcome the limitations of the existing studies and to characterize continuous
linear functionals on the space of Henstock integrable fuzzy-number-valued functions, the concept of the
Henstock-Stieltjes integral for fuzzy-number-valued functions was defined and discussed in 2012, and some
useful results for this integral were shown, such as the integrability, the continuity and the differentiability
of the primitive, numerical calculus of the integration, the convergence theorems, and so on. The integral
for fuzzy-number-valued functions on a infinite interval, as a expectation of fuzzy random variable, was
originally investigated by Puri and Ralescu in 1986 [6]. In their opinion, a fuzzy random variable as
a fuzzy-number-valued function and the expectation E(X) of a fuzzy random variable X equals to a
fuzzy integral E(X) = [ X or set-valued integral of X,. In 2007, the concept of the fuzzy Henstock
integral on infinite interval was proposed and discussed in order to solve the expectation E(X) of a fuzzy
random variable X which distribution function has some kinds of discontinuity or non-integrability by
Gong and Wang [7]. After that, the Henstock-Stieltjes integral for fuzzy-number-valued functions on
infinite interval which is an extension of the usual fuzzy Riemann-Stieltjes integral on infinite interval
was investigated by Duan in 2014 [8], and several necessary and sufficient conditions of the integrability
for fuzzy-number-valued functions are given by means of the Henstock-Stieltjes integral of real-valued
functions on infinite interval and Henstock integral of fuzzy-number-valued functions on infinite interval.
In this paper, we shall discuss the calculating methods for the fuzzy Henstock-Stieltjes integral on a
infinite interval: one is to calculate directly by the fuzzy Henstock-Stieltjes integral on a infinite interval,
including quadrature rules and the error estimates such as the midpoint-type rule, trapezoidal-type rule,
Simpson’s formula, d—fine quadrature rules and their error estimates; another is to calculate by using
the equivalent characteristic of fuzzy Henstock-Stieltjes integrability, whose membership function could
be obtained by solving a nonlinear programming problem.

"The work is supported by the Natural Scientific Fund of China (11161041)
* Tel.:+8618693076970, E-mail: 18693076970@163.com
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2 Preliminaries

Fuzzy set @ € E' is called a fuzzy number if @ is a normal, convex fuzzy set, upper semi-continuous
and supp u = {x € R | u(z) > 0} is compact. Here A denotes the closure of A. We use E' to denote the
fuzzy number space [1-6].

Let @, 9 € E',k € R, the addition and scalar multiplication are defined by

[G+ 0]\ = [a]x + [0]x,  [ka]x = K[d]y,

respectively, where [@]) = {z : u(z) > A} = [uy,u;], for any X € [0, 1].

We use the Hausdorff distance between fuzzy numbers given by D : E' x E! — [0, 4+00) as follows
[1-6]:

D(u,0) = sup d([a],[0]x) = sup max{|uy, —vy],|ul —vil},
A€[0,1] A€E[0,1]

where d is the Hausdorff metric. D(ﬁ, ) is called the distance between @ and .

Recall, also, that a function f : [a,b] — E' is said to be bounded if there exists M € R such that
|/ (x)|| = D(f(x),0) < M for any = € [a,b]. Notice that here ||f(zo)|| does not stand for the norm of E'.

Definition 2.1 [7,8,9]. R denote the generalized real line, for f defined on [a,+00], we define
f(+00) =0, and 0 - (+00) = 0.

Let § : [a,+00] — R™T be a positive real function. A division P = {[z;_1,%;];&} is said to be d-fine,
if the following conditions are satisfied:
(Da=z¢p <21 < ... <xp_1 =b< xp=400;
(2)§l € [xi—lyxi] - O(ﬁl)az = 1727 ey 1
where O(&) = (& — 6(&),& +0(&)) for i =1,2,...,n — 1, and O(&,) = [b, +00).

For brevity, we write T' = {[u, v]; £}, Where [u, v] denotes a typical interval in T and £ is the associated
point of [u,v].

Definition 2.2 [8]. Let o : [a, +00] — R be an increasing function. A fuzzy-number-valued function
f (x) is said to be fuzzy Henstock-Stieltjes integrable with respect to a on [a, 00| if there exists a fuzzy
number H € E' such that for every ¢ > 0, there is a function §(z) > 0 on [a,+00] such that for any
d-fine division T = {[z;—1, z]; &}y, we have

n

D(Y lel:) — alwi-1)]f(&), H) < e
i=1
We write (FHS) f+oo z)da = H and (f,a) € FHS[a, +00]. i

The definition of fe FHS(—00,a] is similar. Naturally, we define fe FHS(—o0,400) iff f €
FHS(—o00,a] and f € FHS[a,+00), and furthermore

+oo a +oo
(FHS) / F(@)dda = (FHS) /_ F@)dda + (FHS) / F(@)dda

— 00

For brevity, we always assume that « : [a, +00] — R is an increasing function.

Lemma 2.1[8]. Let a : [a,+oc] — R be an increasing function and let f : [a, +00] — E'. Then the
following statements are equivalent:

(1) (f,a) € FHS[a,+00] and (FHS) [ f(z)da = A;

(2) for any A € [0,1], f, and f/\ are Henstock Stieltjes integrable with respect to « on [a, +o0] for
any A € [0, 1] uniformly (§(z) is independent of A € [0,1]), and

+oo 400 +oo
(F1S) [ Faaoly = (#13) [ £ @ao, (79) [ 5 @)dal

(3) For any b > a, f € FHS[a,b), hm f f(x)da as a fuzzy number exists and

lim /bf(x)da—/:oo f(x)da.

b—+oo J,
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3 Quadrature rules of the Henstock-Stieltjes integral for fuzzy-number-valued functions on
infinite interval

We shall use the modulus of oscillation for a fuzzy-valued function to discuss the quadrature rules
of expectations for fuzzy random variables in this section. For the numerical calculus of fuzzy integral,
there were some discussions by the fuzzy Riemann integral, improper fuzzy Riemann integral, using
the probabilistic Monte Carlo method, and the quadrature rules for fuzzy Henstock integral on a finite
interval[l, 3, 4]. However, the calculus above will be restricted when the distribution function of a random
variable on (—o0o, +00) or the distribution function of a random variable has some kind of discontinuity
or non-integrability. Furthermore, fuzzy Henstock integral is convenient for numerical calculus since
it is a Riemann-type integral. Since a fuzzy random variable is a measurable fuzzy-valued function
f : (=00,+00) — E1, therefore without loss of the generality, we only discuss the quadrature rules of
Henstock integrals for the measurable fuzzy-valued functions on [a,+00). For a fuzzy-valued function,
since its Henstock integrability implies measurability, for brevity we always assume that the fuzzy-valued
functions discussed are measurable throughout this section. ~

Definition 3.1[7, 10]. Let f : [a, +00) — E' be a bounded mapping. Then the function Wia,400) (f5°) :
R {0} — RT,

w[a,Jroo)(f? §) = Sup{D(f(x), f(y)) tT,Y € [CL, +00), [z —y| < 5}

is called the modulus of oscillation of f on [a, +00).
Theorem 3.1[7] Obviously, the following statements hold:

(1) D(f(2), f(9)) < Wia,100) (f |2 = y]), Vo, y € [a, +00) for any w,y € [a, +-00);

(ii) Wia,+oo)( 1, 9) is nondecreasing mapping in ¢ and nonincreasing in a;

(i) @, 4o0)(f,0) = 0;

(iV) Wia,+00)(f5 61 + 02) < Wig to0) (f01) + Wig,+00) (f, 52) for any 61,82 > 0;

(V) Wiayto0) (f>10) < n[g 100 (f, ) for any 6 > 0,n € N;

(Vi) Wiatoo) (f, AD) < (A g, 1o0) f,9) for any 6 > 0, > 0.

Theorem 3.2 Let f € FHS[a,+00) be a bounded function, and « : [a,4+00] — R an increasing

function. Then for any division 7" : a = 29 < 21 < ... < Tp—1 = b < x, = +00 and any point
& € rim1,x4),i=1,2,3,...,n— 1, and &, = +o0, we have

n n—1

+oo B N
D(/ F@)da, o) = oim1)] F(&) < lalmi) = a(@i) Wi,y o (> 2 — zic1) + o,

1

i=1 %

where ay, stands for || ;" f(z)dal|g or [,7°||f(2)| grda, and ap — 0 (b — +00).
Proof. The subinterval including +oo is denoted by [b, +o0](zp—1 = b,z, = 400), according to

the additivity of interval for fuzzy Henstock-Stieltjes integral, we have f;_oo f(x)da = f; f(x)doz +
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fb+oo f(z)de, and

+o00 n

D( f(x)da,y ala;) — alzi1)] (&)

@ i=1

b _ n—1 N +oo +oo
< D( / f@)da, ) o) — a(xi-1)] (&) + D( / f(z)da, /b f(&)da,)
a i=1
n—1

b

-~ +OO ~
< lole) — alw)letea(Foai— i) + D[ fla). 0o

i=1

< Z[OJ(CIH,) - a($i_1)]W[xi717zi](f, ZTi — xi—l) + ay,
i=1

where f(fn) = 0. By Lemma 2.1, a;, — 0 when b — +oc.
The proof is complete.

Taking in Theorem 3.2 n=2,z1 =& =& =x;n=2,x1=x,&1 =u,&=vandn=4,21 = a,x2 =
8,61 = u,& = v,{3 = w respectively, we obtain the midpoint-type, trapezoidal-type and Simpson’s
inequalities in some sense with its error estimations as follows.

Corollary 3.1 Let f € FFHS[a,+00) be a bounded function. Then
(i)

+o0

D( f(@)da, [a(d) — a(a)lf(2)) < [a(@) = a(@)]wjaq (f, 2 —a) + [a(b) — al@)]wyy (f,b— ) +

a

for any b > a and z € [a, b];

(i)

for any b > a and x € [a,b],u € [a,z],v € [z, b];
(i)
oo - - -
D(/a f(@)da, [a(Br) — ala)lf(u) + [a(B2) — a(B)]f (v) + [a(b) — a(B2)]f (w))
< (1) — a(@)wpea)(f, 81 — ) + [a(B2) — a(Bu)]ws, 5, (f, B2 — B1)
+ [a(b) — a(Ba)|wg, 5y (f, b — B2) +

for any b > a, o, 8 € [a,b], and u € [a, 1], v € [B1, B2], w € [B2,b], where o, stands for || fb+°° f(@)da m
or ;roo | f(z)||grda, and o, — 0 (b — +00).
Corollary 3.2 Let f € FHS[a,+00) be a bounded function. Then

()
+oco ~a+b
([ fw)dala®) - a@]F(52)
< [0(8) ~ a(@)lotan (7. "5 ) + o
< [a(6) = a(@)efy 0 (F, ) + a0
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(iii)

oo a = a a z.a a =
D([ " Fw)daa(* ) ~ a@lf(@ + a5 ~ aCAIFE L) + la®) - a(“ L))

< 02 5) — al@)ug oy (F, 5 + (U 52) — 00D psass s (F, 25
+[a(b)—a(a+2b ~b—a

3 )]W[%Qbﬁ](f, 3 ) + Qp,

where ay, stands for || [, f(z)dal||g or [,7°°||f(z)| grda, and ap — 0 (b — +00).

Using Theorem 3.2, we can also obtain another numerical calculous of Henstock-Stieltjes integrals
with error estimations.

Corollary 3.3 Let f € FHS[a,+00) be a bounded function. Then

(1)
+oo n B
DY / F@)da, S lale:) — alzi))F(E))
a i=1
< [a(b) — a(@)wiagy (F, ITI) + o
< [a(b) — a@))wparo0) (F ITI) + et
(2)
+oo n 5
DY / Fa)da, S lale:) — alzi))F(E))
a i=1
n—1
< NS iy (Fr 1 — w6-1) +
=1
n—1
< (DD wio o0y (fr i = 2im1) + o
=1

(3) If a : [a,b] — R is an increasing function satisfying a € C''[a, +00], then

+oo n _
D[ Fa)da, Y fae:) - alwin)]F(6)

i=1
n—1 ~

< M|T| Zw[a,b}(f,xz‘ —xi 1)+
i=1

for any division T : a = 29 < 1 < ... < Tp—1 = b < x, = 400 and any point & € [z;_1,2;],1 =

1,2,..n — 1 &, = +oo, where o, stands for || [;™° f(z)da| g or [;"°|f(2)||mda, ap — 0 (b — +o00),
IT|| = max{z;—z;—1 : i = 1,2,...n—1} denotes the modulus of division T', ||a(T)|| = max{a(z;)—a(x;—1) :
i=1,2,..n— 1}, and M is the bound of « on [a, b].
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Proof. By using Theorem 3.2 and Theorem 3.1, (1) and (2) are obvious. We only prove that (3)
holds. In fact, we have

n

+oo N
DY / Fa)da, S lale:) — alz D) F(E))

=1

n—1
< Z[a(fﬂi - a(xi—l)]w[:vi,1,xi](f7 T — 1) + oy
i=1

n—1
= o/ (G (@i — i)Wy (Fr i — mii1) + oy
i=1
n—1 ~
< M|TD " way(Frzi — zic1) +
=1
n—1 ~
< M||T|| Zw[a,Jroo)(fvxi — Ti-1) + Q.
i=1

4. )— fine quadrature rules of the Henstock-Stieltjes integral for fuzzy-number-valued
functions on infinite interval

Definition 4.1 Let S, = 3. [a(z;) — a(zi_1)]f(&) be a quadrature rule and 6 : [a,+00] — RT.
i=1
Sy is said to be a d—fine quadrature rule, if & € [x;—1,2;] C O(&),i = 1,2,...,n, where O(&;) =
(& —0(&),& +9(&)) fori=1,2,...,n—1, and O(&,) = [b, +0).

We can deduce expressions for the remainder of §—fine quadrature rules by using Theorem 3.2 and

Theorem 3.1(ii,v) as follows.
n

Theorem 4.1 Let f € FHS[a,+00) be a bounded function. If S, = 3. [a(z;) — azi_1)]f(&) is a
i=1
d—fine quadrature rule, then

+oo n—1 ~
D(/ f@)de, Sn) <2 (o) — (@i 1)16(€) Wi,y (f5 6(&)) + .
a i=1
Here ay, stands for || [, f(z)da| g or [;7° | f(2)||mda, and a, — 0 (b — +oo).

Theorem 4.2 Let f € FHS[a,+00) be a bounded function, and « : [a,b] — R be an increasing
function such that o € C'fa, +o0]. If S, = 3. [e(z;) — a(wi_1)]f(&) is a d—fine quadrature rule, then

=1
oo n—1 ~
D[ Fla)da$,) < AM Y 660ty (F5(60) + o
a i=1
Here M is the bound of o' on [a,b], a; stands for || fb+o° (x)da| g or f I/ (@)|| g1 da, and a — 0

(b — +00).
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Proof By using Theorem 3.2 and Theorem 3.1(ii,v), we have
+oo
([ flw)da.s,)
a

n—1
<2 Z[a(:c,-) — (@i 1)]6(&)Wia, ) (F,(5)) + o

n—1
<2 Z O/(Cz)(l‘z - l’ifl)é(gi)w[wi—wi] (f’ 5(&)) T

n—1

<4M Z 6(51)("‘}[331—1:01](]?7 6(&)) + Q.

i=1

Corollary 4.1 Let f € FHS[a,+00) be a bounded function, « : [a,b] — R an increasing function
such that o € Cl[a, +oc], M the bound of o’ on [a,b]. Then

(i)

+oo -
D / f(@)da, [a(b) — ala)] f(x))
< AMS(2)wie ) (f, 6(2)) + ou;

for any z € [a,b] such that the quadrature rule [a(b) — a(a)]f(z) is 6—fine;
(i)
+oo |

D( f(z)da, [a(z) — ala)] f () + [a(b) — a(2)]f(v))

a

< 4M[5(u)w[a,x](f~7 5(“) + 5(v)w[:r,b] (fﬂ 6(”))] + Qs

for any z € [a,b],u € [a,z] and v € [z, b] such that the trapezoidal-type quadrature rule [o(z)—a(a)] f(u)+
)

[@(b) — a()]f(v)) is 6—fine;
(iii)

/ [@(B1) = a(a)] f(u) + [a(B2) — a(B)]f (v) + [a(b) — a(B2)]f (w))
< AM[5(w)wpa by (f, 6(w)) + 6(0)wiap) (f, 8(0)) + 6 (w)wpa ) (f, 6(w))] +

for any (1, 02 € [a, b] ;and u € [a, B1],v € [~ﬁ1, Ba], w € [B2,b], such that Simpson’s formula is —fine. Here
ap stands for || f;oo f(z)da| g or f;roo || f(z)||grde, and o — 0 (b — +00).

The following theorem shows that §—fine quadrature rules converge for the bounded Henstock-Stieltjes
integrable functions. }
Theorem 4.3 Let f € FHS[a,+00) be a bounded function. Then there exist functions dy,

M, ~
[a,+00] — R* and a sequence of §,—fine quadrature rules S,, = _[a(z;) — a(z;—1)]f(&) such that
i=1
Sy, converges to [ f(x)da.
Proof. From the definition of Henstock-Stieltjes integrability on infinite interval for all € > 0 there
exists a function § such that for any d—fine division(which can be interpreted as a d—fine quadrature
rule), we have

+oo
D(/ f(x)da, Sy,) < €

Taking € = % in the inequality we obtain that the statement of the theorem holds. The proof is complete.
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Corollary 4.2 Let f € FHS[a,+c0) be a bounded function. Then for any natural number n,
there exist functions 6, : [a,+oc] — RT, b, > a, and a sequence of §,—fine quadrature rules S, =

nf [a(z;) — awi—1)] f(&) such that

=1

+oo
D(/ f(x)da, Sy,) < €

5. Examples

Example 5.1 Let f : [1,+00] — E! be given by

( s, s € [0,1], z is rational,
0, € (—00,0) U (1,400), is rational,
- 11— —55 s € [0,e7*"], z is irrational,

e

0, s € (—o00,0)U (e * 2, +00), x is irrational,
1, s =0, = 400,

0, s € (—00,0) U (0,400),x = +o0,

and a(zr) = .
We could prove that f is (FHS) integrable on [0,400) according to the equivalence of fuzzy (HS)
integrability and uniform (HS) integrability of f, and f)\ Furthermore, fo (z)do = H, and d—fine

quadrature rule S, = 3 [a(z;) — a(z;i_1)]f(&) converges to fuzzy number H which relationship function

=1
is defined by
_ 2 VT
H(S)Z{ L= 7% €05,

0, x is others,

That is to say, H, =0, Hy =(1— )\)g In fact, we note that

A, a is rational, 1, x is rational,
fi(x)=4 0, T = 400, f;‘(a:) = 0, T = +00,
0, x is irrational, (1-— )\)6_352, x is irrational.

Since fyf (z) < e~ fx s fi are Henstock integrable uniformly for A € [0,1] and
“+o0o +o0o f
~(z)da = = = i )da = (1— A) L
=0t =0, [ tena= i [ fiea=0-0Y

It follows that

For any € > 0, we define

i827 fzm,
5(6) =4 =¥ ;
© { 4

otherwise,

where @ = {ry,r9,rs,...} stands for the set of all rational numbers 0n~[0,+oo) and for any d—fine
division T : 1 = 29 < 21 < ... < Zp—1 = b < xy, = +00(&, = 400, f(&,) = (0,0,0)), then S, =

Zl[oz(mi) — a(z;_1)]f(&) a any 6—fine quadrature rule. Note that w[cci_lwi](f, 0(&)) = 1. Then we have

1=
the following results.
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(1) According to Theorem 3.2, we have
D(Sy, H)

< o) = @i )W,y o) (Fr 21 — 2i21) +

= Z[oz(x,) —alzi—1)] + o
=1
=b+ Qp,

where ap, = || fb+°° (x)dal| g1 or f | £ ()| prder, and o, — 0 (b — 4-00). Indeed,

400 B 400 5
ap — /b @) gda= sup { [ (1-Ne ),

xelo,1] Jb

and ap — 0.
(2) According to Theorem 4.2, we have

(Sn, H)

+oo
<25§z orad(FSE) 1 [ F@)delp

=< 42 5(&) + .

i=1
(iii) According to Corollary 4.1, we have
(i)
D((b - 0)f(x), ) < 43(x) +
)

for any z € [0, 5] such that the quadrature rule (b — 0)f(z) is 6—fine;
(ii) ) o
D((x = 0)f(u) + (b—=)f(v), H) < 4(6(u) +6(v)) +

for any = € [0,0],u € [0,z] and v € [z,b] such that the trapezoidal-type quadrature rule (z — 0)f(u) +
(b—x)f(v) is d—fine;
(i)

D((B1 = 0)f(u) + (B2 — B1) f(v) + (b — B2) f(w), H)

<4(6(u) +0(v) + d(w)) + o

for any a,ﬁ G [0,0], and u € [0 af,v € [o, 8], w € [B,b], such that Simpson’s formula is —fine, where
ap = || f x)da| g or f /()| grde, and o, — 0 (b — +00). Indeed,

+oo +oo 5
ap = /b 1@ mda= sup ([ (1—Ne ™),

xelo,1] Jb

and ap — 0.

5. Conclusion

We have discussed the numerical calculus of the fuzzy Henstock-Stieltjes integral for fuzzy-valued
functions on [a, +00). It is well known that the quadrature rules and numerical calculus are restricted
when the distribution function of a random variable is unbounded, defined on (—oo, 400) or have some
kind of non-integrability in the previous papers, however, applying the methods proposed in this paper,
the problems mentioned above are solved. It includes quadrature rules and the error estimates, such as
the midpoint-type rule, trapezoidal-type rule, Simpson’s rule, d— fine formula and their error estimates,
and so on.
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CUBIC AND QUARTIC p-FUNCTIONAL INEQUALITIES IN FUZZY
NORMED SPACES

JOOHO ZHIANG, JEONGHUN CHU”*, GEORGE A. ANASTASSIOU, AND CHOONKIL PARK"

ABSTRACT. In this paper, we solve the following cubic p-functional inequality
N({fQz+y)+f2z—y)—2f(x+y) - 2f(z —y) —12f(x),1) (0.1)
>N (p(1f (o4 8) +4s (2= 8) ~ f@t )~ @ —y) ~ 6/@) 1)

in fuzzy normed spaces, where p is a fixed real number with |p| < 2, and the following quartic
p-functional inequality

N(fQz+y)+ f2x—y)—4f(z+y) —4f(x —y) — 24f(x) + 6f(y),t) (0.2)
>N (p(87 (24 %) +8f (2= 8) —2f(@+y) — 2/ (e —y) — 12f(2) +3/()) , )
in fuzzy normed spaces, where p is a fixed real number with |p| < 2.

Using the fixed point method, we prove the Hyers-Ulam stability of the cubic p-functional
inequality (0.1) and the quartic p-functional inequality (0.2) in fuzzy Banach spaces.

1. INTRODUCTION AND PRELIMINARIES

Katsaras [20] 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, 24, 50]. In particular, Bag and Samanta [2], following Cheng and
Mordeson [8], gave an idea of fuzzy norm in such a manner that the corresponding fuzzy metric
is of Kramosil and Michalek type [23]. They established a decomposition theorem of a fuzzy
norm into a family of crisp norms and investigated some properties of fuzzy normed spaces [3].

We use the definition of fuzzy normed spaces given in [2, 29, 30] to investigate the Hyers-Ulam
stability of cubic p-functional inequalities and quartic p-functional inequalities in fuzzy Banach
spaces.

Definition 1.1. [2, 29, 30, 31] Let X be a real vector space. A function N : X x R — [0, 1] is
called a fuzzy norm on X if for all x,y € X and all s,t € R,

(N1) N(z,t) =0 for t <0;

(N2) x =0 if and only if N(x,t) =1 for all ¢t > 0;

(N3) N(cz,t) = N(x ,ll)lfc;é()

(N4) N(z +y,s+t) > min{N(z,s), N(y,t)};

(N5) N(z,-) is a non-decreasing function of R and lim;_,o, N(z,t) = 1.

(Ng) for z # 0, N(x,-) is continuous on R.

The pair (X, N) is called a fuzzy normed vector space.
The properties of fuzzy normed vector spaces and examples of fuzzy norms are given in [28, 29].

2010 Mathematics Subject Classification. Primary 46540, 39B52, 47H10, 39B62, 26E50, 47540.

Key words and phrases. fuzzy Banach space; cubic p-functional inequality; quartic p-functional inequality;
fixed point method; Hyers-Ulam stability.
*Corresponding author.
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Definition 1.2. [2, 29, 30, 31] Let (X, N) be a fuzzy normed vector space. A sequence {z,} in X
is said to be convergent or converge if there exists an x € X such that lim, o N(z, —x,t) =1
for all ¢ > 0. In this case, z is called the limit of the sequence {x,} and we denote it by
N-lim,, o0 Ty, = .

Definition 1.3. [2, 29, 30, 31] Let (X, N) be a fuzzy normed vector space. A sequence {z}
in X is called Cauchy if for each € > 0 and each ¢t > 0 there exists an ng € N such that for all
n > ng and all p > 0, we have N (2, 4p — pn,t) > 1 —c.

It is well-known that every convergent sequence in a fuzzy normed vector space is Cauchy. If
each Cauchy sequence is convergent, then the fuzzy norm is said to be complete and the fuzzy
normed vector space is called a fuzzy Banach space.

We say that a mapping f : X — Y between fuzzy normed vector spaces X and Y is continuous
at a point zg € X if for each sequence {x,} converging to z¢ in X, then the sequence {f(z,)}
converges to f(zg). If f: X — Y is continuous at each z € X, then f: X — Y is said to be
continuous on X (see [3]).

The stability problem of functional equations originated from a question of Ulam [49]
concerning the stability of group homomorphisms. Hyers [15] gave a first affirmative partial
answer to the question of Ulam for Banach spaces. Hyers’ Theorem was generalized by Aoki
[1] for additive mappings and by Th.M. Rassias [41] for linear mappings by considering an
unbounded Cauchy difference. A generalization of the Th.M. Rassias theorem was obtained by
Gavruta [12] by replacing the unbounded Cauchy difference by a general control function in the
spirit of Th.M. Rassias’ approach. The stability problems of several functional equations have
been extensively investigated by a number of authors and there are many interesting results
concerning this problem (see [7, 16, 19, 21, 22, 25, 37, 38, 39, 43, 44, 45, 46, 47, 48]).

In [18], Jun and Kim considered the following cubic functional equation

fRr+y)+ f(2x —y) =2f(z +y) +2f(z —y) + 12f(x). (1.1)

It is easy to show that the function f(x) = 2 satisfies the functional equation (1.1), which is
called a cubic functional equation and every solution of the cubic functional equation is said to
be a cubic mapping.

In [26], Lee et al. considered the following quartic functional equation

fRr+y)+ f(2x —y) =4f(z +y) +4f(x —y) +24f(x) — 6f(y). (1.2)

It is easy to show that the function f(x) = z* satisfies the functional equation (1.2), which is
called a quartic functional equation and every solution of the quartic functional equation is said
to be a quartic mapping.

Gildnyi [13] showed that if f satisfies the functional inequality

12f(2) +2f(y) = f(z —y)| < [f (= +y)ll (1.3)

then f satisfies the Jordan-von Neumann functional equation

2f(x) +2f(y) = fz +y) + f(z —y).

See also [42]. Fechner [10] and Gildnyi [14] proved the Hyers-Ulam stability of the functional
inequality (1.3). Park, Cho and Han [36] investigated the Cauchy additive functional inequality

1F(2) + F(y) + F < 1f (@ +y + 2] (1.4)
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and the Cauchy-Jensen additive functional inequality

1)+ ) + 27 < [or (25 )H (15)

and proved the Hyers-Ulam stability of the functional inequalities (1.4) and (1.5) in Banach
spaces.

Park [34, 35] defined additive p-functional inequalities and proved the Hyers-Ulam stability
of the additive p-functional inequalities in Banach spaces and non-Archimedean Banach spaces.

We recall a fundamental result in fixed point theory.

Let X be a set. A function d : X x X — [0,00] is called a generalized metric on X if d
satisfies

(1) d(z,y) =0 if and only if z = y;

(2) d(z,y) = d(y,x) for all z,y € X;

(3) d(z,2) < d(z,y) +d(y, z) for all z,y,z € X.

Theorem 1.4. [4, 9] Let (X,d) be a complete generalized metric space and let J : X — X
be a strictly contractive mapping with Lipschitz constant L < 1. Then for each given element
x € X, either
d(J"z, J" ) = 0o
for all nonnegative integers n or there exists a positive integer ng such that
(1) d(J"x, J" ) < oo, Yn > ng;
(2) the sequence {J"z} converges to a fixed point y* of J;
(3) y* is the umque fixed point of J in the set Y = {y € X | d(J™x,y) < co};
(4)

4) d(y,y*) < 27d(y, Jy) for all y € Y.

In 1996, G. Isac and Th.M. Rassias [17] were the first to provide applications of stability theory
of functional equations for the proof of new fixed point theorems with applications. By using
fixed point methods, the stability problems of several functional equations have been extensively
investigated by a number of authors (see [5, 6, 28, 32, 33, 39, 40]).

In Section 2, we solve the cubic p-functional inequality (0.1) and prove the Hyers-Ulam sta-
bility of the cubic p-functional inequality (0.1) in fuzzy Banach spaces by using the fixed point
method.

In Section 3, we solve the quartic p-functional inequality (0.2) and prove the Hyers-Ulam
stability of the quartic p-functional inequality (0.2) in fuzzy Banach spaces by using the fixed
point method.

Throughout this paper, assume that p is a fixed real number with |p| < 2.

2. CUBIC p-FUNCTIONAL INEQUALITY (0.1)

In this section, we solve and investigate the cubic p-functional inequality (0.1) in fuzzy Banach
spaces.

Lemma 2.1. Let (Y, N) be a fuzzy normed vector space. Let f: X — 'Y be a mapping such that
N((fQ2z+y)+ f(2x —y) = 2f(x +y) - 2f(z —y) — 12f(x),1)
Yy Y
> 4 —Z) - — flz—y) — .
>N (p(4f (24 5) +4f (2= 2) —fa+9) — fla—y) —6f@)) 1) (21)
forallx,y € X and ollt > 0. Then f: X =Y is cubic.
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Proof. Assume that f: X — Y satisfies (2.1).

Letting z =y =0 in (2.1), we get N(—14f(0),t) > 1. So f(0) = 0.

Letting y = 0 in (2.1), we get N(2f (2x) —16f(x),t) > 1 and so f(2z) = 8f(z) for all z € X.
Thus

7(5) =3/@ (2:2)

for all z € X.
It follows from (2.1) and (2.2) that

N (fQz+y)+ f(2r—y) = 2f(z +y) — 2f(x —y) — 12f(2),1)
>N (p(af (z+5) +4f (2= 2) = S +y) ~ @~ )~ 6/()) ,t)

:N(f(2x+y)+f(2x—y)—2f(x+y) —2f(x ) —12f(x)’!2;y)
for all ¢ > 0. By (N5) and (Vg),

fRz+y)+ fQRz—y) =2f(x+y)+2f(x —y) +12f(z)
for all x,y € X, since |p| < 2. So f: X — Y is cubic. O

We prove the Hyers-Ulam stability of the cubic p-functional inequality (2.1) in fuzzy Banach
spaces.

Theorem 2.2. Let ¢ : X? — [0,00) be a function such that there exists an L < 1 with

L
plw.y) < Se(22.2y)
forallx,y e X. Let f: X =Y be a mapping satisfying

N(fQz+y)+ f2z—y)—2f(z+y) —2f(z —y) —12f(z),1) (2.3)
Zmin(N<P(4f<$+%)+4f<$—%>—f($+y)—f($—y)—6f($)>at)am»

for all x,y € X and all t > 0. Then C(x) := N-lim, o 8" f (2%) exists for each x € X and
defines a cubic mapping C : X — Y such that

(16 — 16 L)t
N (@) = C) > 5= 6Tt o (2.4
forallxz € X and all t > 0.
Proof. Letting y = 0 in (2.3), we get
N(2f(2x) — 16f(x),t) > (2.5)

~ t+¢(x,0)
and soN(f(:L‘)—Sf (%),%) >t __forallze X.

t+¢(5.0)
Consider the set
S={9: X—->Y}
and introduce the generalized metric on S:
d(g,h) = inf {u € Ry : N(g(z) — h(x), ut) > W, Ve e X,Vt > O} ,
where, as usual, inf ¢ = +o00. It is easy to show that (5, d) is complete (see [27, Lemma 2.1]).
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Now we consider the linear mapping J : S — S such that

Jg(z) :=8g <g)

for all x € X.
Let g,h € S be given such that d(g,h) = . Then

N(g(z) — h(z),et) > "+ o(2,0)

for all z € X and all £ > 0. Hence

N(Jg(z) — Jh(z),Let) = N (Sg (g) —8h (g) ,Let) =N <g (g) —h (g) ,§5t>

Lt Lt "
> 8 > 8
= L o(20) T EhLo(0) t+e0)
for all z € X and all ¢ > 0. So d(g, h) = € implies that d(Jg, Jh) < Le. This means that

d(Jg,Jh) < Ld(g,h)

forall g,h € S.
It follows from (2.5) that

N(f()—8f( ) 1L6>2t+60t($,0)

for all z € X and all t > 0. So d(f,Jf) < &
By Theorem 1.4, there exists a mapping C : X — Y satisfying the following:
(1) C is a fixed point of J, i.e.,

T 1
C (5) = 5C() (2.6)
for all x € X. The mapping C' is a unique fixed point of J in the set

M={ge S:d(f g) < oo}

This implies that C' is a unique mapping satisfying (2.6) such that there exists a pu € (0,00)
satisfying

N -C > —
(7o) = Cl@)t) = oy
for all x € X;
(2) d(J™f,C) — 0 as n — oo. This implies the equality
N- Jim 874 (35) = 0@

for all z € X;
(3) d(f,C) < y=¢d(f,Jf), which implies the inequality

d(f,C) <

This implies that the inequality (2.4) holds.

~ 16 — 16L°
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By (2.3),

e () (5 (552) - (52) - () )
oo (50) o (52) 1 (52) 1 () ).

e,

for all z,y € X, allt > 0 and all n € N. So
n 2x +y T+y T—y x
v (o (o) oo (O) o ()~ () 2 (3) )
2o (s (31 (550 ) 11 (%50 ) -2 (55) -2 (%) -1 (32)) 1)

t
g
&+ Lo(z,y)

t
8n —
Since lim,, Tl oy 1 for all z,y € X and all t > 0,

N(C(2z + y) +C2z—y)—2C(x+y) —2C(x —y) — 12C(x), 1)
> N(p(4C(x + 5) +40(x = §) = C(a +y) — C(z — y) — 6C(a), 1)
for all ,y € X and all ¢t > 0. By Lemma 2.1, the mapping C' : X — Y is cubic, as desired. [

Corollary 2.3. Let 0 > 0 and let p be a real number with p > 3. Let X be a normed vector

space with norm || - ||. Let f: X — Y be a mapping satisfying
N(fQ2z+y)+ f2r —y) = 2f(z +y) - 2f(x —y) — 12f(2),1) (2.7)
> min{N (p <4f (w—l—%) +4f (:1:— g) —flzr+y) — flx —y) —6f(x)) ,t),

t
t+0(]x[P + IIy\p)}

for all z,y € X and all t > 0. Then C(x) := N-lim, o 8" f(5%) exists for each x € X and
defines a cubic mapping C : X =Y such that

2(2" — 8)t
N (f(x) - C(l’),t) > 2(2p _ S)t + 9H$Hp

forallx € X and all t > 0.

Proof. The proof follows from Theorem 2.2 by taking ¢(z,y) := 0(||z||? + ||y||?) for all z,y € X.
Then we can choose L = 2377, and we get the desired result. O

Theorem 2.4. Let ¢ : X? — [0,00) be a function such that there exists an L < 1 with

p(r,y) < 8Ly (5 %)
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forallz,y € X. Let f : X =Y be a mapping satisfying (2.3). Then C(x) := N-lim,_, 8%]" (2"z)
exists for each x € X and defines a cubic mapping C : X —'Y such that
(16 — 16 L)t

N -C t) > 2.8
(1) = C@).0 > G5 16T+ o 0] (28)
forall z € X and all t > 0.
Proof. Let (S,d) be the generalized metric space defined in the proof of Theorem 2.2.
It follows from (2.5) that
1 1 t
N —=f(2x),—=t| > ————
<f(w) Lr(2r), ) > s
for all x € X and all £ > 0. Now we consider the linear mapping J : S — S such that
1
Jg(@) = 2g(22)
for all € X. Then d(f, Jf) < &. Hence
1
d < —
e TS TIA
which implies that the inequality (2.8) holds.

The rest of the proof is similar to the proof of Theorem 2.2. O
Corollary 2.5. Let 8 > 0 and let p be a real number with 0 < p < 3. Let X be a normed
vector space with norm || - ||. Let f: X —Y be a mapping satisfying (2.7). Then C(x) := N-
limy, 00 8%f(2"x) exists for each x € X and defines a cubic mapping C : X — Y such that

2(8 — 20)t

— >
for allz € X and all t > 0.

Proof. The proof follows from Theorem 2.4 by taking ¢(z,y) := 0(||z||” + ||y||?) for all z,y € X.
Then we can choose L = 2P~3 and we get the desired result. (|

3. QUARTIC p-FUNCTIONAL INEQUALITY (0.2)

In this section, we solve and investigate the quartic p-functional inequality (0.2) in fuzzy
Banach spaces.

Lemma 3.1. Let (Y,N) be a fuzzy normed vector space. A mapping f : X — Y satisfies
f(0) =0 and

N(f@Qz+y)+ fx—y) —Af(z+y) —4f(z—y) —24f(2) + 6f(y), 1) (3.1)
>N (p(8f (e +5) +8f (c—5) —2/ @+y) =2 (2 —y) ~12f (@) +3f (1) 1)
forallx,y € X and allt > 0. Then f is quartic.
Proof. Assume that f: X — Y satisfies (3.1).
Letting y = 0 in (3.1), we get N (2f (2z) — 32f(z),t) > N (0,t) = 1 and so
x 1
f <§> = TGﬂx) (3.2)
for all z € X.
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It follows from (3.1) and (3.2) that
N(fQz+y) + f(2r—y) —4f(v+y) —4f(x —y) = 24f(z) + 6/ (y), 1)

2N(p(8f(m+%>+8f<x—%)—2f(:1c—i—y)—2f(x—y)—12f(x)+3f(y)),t)

= N (2 (0 + ) + @0 —y) —4f (@ +y) — 4f (2 = y) = 24f(2) + 6/ (1)) 1)
=V (e )+ 52— ) = 4G ) - 47 ) - 247 + 65 ). )
for all t > 0 and all z,y € X. By (N5) and (Ng),
N(fQRz+y)+ f(2r—y) —4f(x+y) —4f(z —y) —24f(z) +6/(y),t) = 1
for all t > 0 and all z,y € X. It follows from (N3) that
fRx+y)+ fQ2x—y)=4f(z+y) +4f(x —y) +24f(x) = 6f(y)
for all z,y € X. O

We prove the Hyers-Ulam stability of the quartic p-functional inequality (3.1) in fuzzy Banach
spaces.

Theorem 3.2. Let ¢ : X2 — [0,00) be a function such that there exists an L < 1 with

p(z,y) < %90(296,2@
forallz,y € X. Let f : X =Y be a mapping satisfying f(0) =0 and
N(fQ2z+y)+ f(2x—y) —4f(x +y) —4f(x —y) — 24f () + 6/ (y),1) (3.3)
zmin{N (p <8f (m—l—%) +8f <x—%) —2f(x+y)—2f(:c—y)—12f(l’)+3f(y)> ,t),

t
t+¢(x,0) }
for all z,y € X and all t > 0. Then Q(z) := N-lim,_,oo 16" f (2%) exists for each x € X and
defines a quartic mapping Q : X — Y such that

(32 — 32L)t
N — t) > 3.4
forall z € X and all t > 0.
Proof. Let (S,d) be the generalized metric space defined in the proof of Theorem 2.2.
Letting y = 0 in (3.3), we get
t
N (2f(20) — 32f (2) 1) = N (32f (2) — 2/(22), ) > (3.5)

~ t+ ¢(x,0)
for all x € X. Now we consider the linear mapping J : § — S such that

Jg(x) := 16¢ (g)

for all x € X.
Let g,h € S be given such that d(g,h) = . Then

N(g(z) — h(z),et) > m
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for all x € X and all ¢ > 0. Hence
N(Jg(z) — Jh(z),Let) = N (169 (g) — 16h (g) ,Lst) =N <g (g) —h (g) , 1%575)

T+e(50) 7 B+ pe@0)  t+e0)
for all z € X and all ¢ > 0. So d(g, h) = ¢ implies that d(Jg, Jh) < Le. This means that

d(Jg,Jh) < Ld(g,h)

for all g,h € S.
It follows from (3.5) that

N (5@ =167 (5) 55) > 150

for all z € X and all t > 0. So d(f,Jf) < &.
By Theorem 1.4, there exists a mapping @ : X — Y satisfying the following:
(1) Q is a fixed point of J, i.e.,

X

Q (%)= (36)

for all z € X. Since f: X = Y iseven, Q : X — Y is an even mapping. The mapping Q@ is a
unique fixed point of J in the set

M={geS:d(f,g) < oo}

This implies that @ is a unique mapping satisfying (3.6) such that there exists a p € (0,00)
satisfying

N(/(@) = Qa)ot) > s
for all x € X;
(2) d(J"f,Q) — 0 as n — oo. This implies the equality
- 7 (2) -0
for all x € X;
(3) d(f,Q) < T2£d(f, Jf), which implies the inequality

L

This implies that the inequality (3.4) holds.
By the same method as in the proof of Theorem 2.2, it follows from (3.3) that

N(Q(2z +y) + Q(2x — y) — 4Q(z +y) — 4Q(z — y) — 24Q(x) + 6Q(y), 1)
>N (p(3Q v+ 4) +8Q (- ¥) ~2Q@+9) - 200 - ) ~ 12Q() +3Q 1)) 1)

forall z,y € X, allt > 0 and all n € N. By Lemma 3.1, the mapping @ : X — Y is quartic. [
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Corollary 3.3. Let 0 > 0 and let p be a real number with p > 4. Let X be a nmormed vector

space with norm || - ||. Let f: X — Y be a mapping satisfying f(0) =0 and
N(fQ2z+y)+ f(2r—y) —4f(x +y) —4f(x —y) — 24f(2) + 6/ (y),1) (3.7)
zmin{N (p(Sf(x—l—%) +8f (az—%) —2f(:c+y)—2f(:c—y)—12f(l’)+3f(y))775)a

t
t+0(]|=l” + Hpr}
for all z,y € X and all t > 0. Then Q(x) := N-lim, .o 16" f(55) exists for each v € X and
defines a quartic mapping Q : X — 'Y such that

2(2P —16)t
N (f(z) = Q(z),t) > 2(20 — 16)t + 0||z||?

forallxz € X and all t > 0.

Proof. The proof follows from Theorem 3.2 by taking ¢(z,y) := 0(||z||” + ||y||?) for all z,y € X.
Then we can choose L = 24P, and we get the desired result. O

Theorem 3.4. Let ¢ : X2 — [0,00) be a function such that there exists an L < 1 with
Ty
o(z,y) < 16Ly (5, 5)
forallz,y € X. Let f : X — Y be a mapping satisfying f(0) =0 and (3.3). Then Q(x) := N-
limy, 00 m%f (2"x) exists for each x € X and defines a quartic mapping Q : X — Y such
that
(32 — 32L)t

(32 — 32L)t + ¢(x,0)

N (f(z) = Q(x),1) = (3.8)

forallx € X and all t > 0.

Proof. Let (S,d) be the generalized metric space defined in the proof of Theorem 2.2.
It follows from (3.5) that
1 1 t
N ——f2x),=t) > ———
<f(x) 16/ (?%) 35 ) = i+ ¢(x,0)
for all x € X and all t > 0. Now we consider the linear mapping J : S — S such that
1
To(a) = 159/(22)
for all x € X. Then d(f,Jf) < 3% Hence

1
d(f’Q) S Ma

which implies that the inequality (3.8) holds.
The rest of the proof is similar to the proof of Theorem 3.2. O

Corollary 3.5. Let 8 > 0 and let p be a real number with 0 < p < 4. Let X be a normed vector
space with norm || - ||. Let f : X — Y be a mapping satisfying f(0) = 0 and (3.7). Then
Q(x) = N-lim;, 00 lc%f(Z”a:) exists for each x € X and defines a quartic mapping Q : X — Y
such that

2(16 — 2°)t
N (@) = Q1) 2 55— omy ol
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forallx € X.

Proof. The proof follows from Theorem 3.4 by taking ¢(x,y) := 0(||z||? + ||y||?) for all z,y € X.
Then we can choose L = 2P~%, and we get the desired result. O
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A RIGHT PARALLELISM RELATION FOR MAPPINGS
TO POSETS

HEE SIK KIM, J. NEGGERS AND KEUM SOOK SO*

ABSTRACT. In this paper, we study mappings f,g : X — P, where
P is a poset and X is a set, under the relation f||g, of right
parallelism, f(a) < f(b) implies g(a) < g(b), which is reflexive
and transitive but not necessarily symmetric. We prove several
results of the type: if f has property P and f||g, then g has
property P as well, or of the converse type. Doing so permits
us to observe several conditions on mappings and/or groupoids
(X, %), upon which mappings may act in particular ways, which
are of interest in their own right also. The special case f(z) = x
with f || ¢ yielding increasing/non-decreasing mappings g : X — P
brings into focus a number of well-known situations seen from a
different perspective.

1. Introduction.

Y. Imai and K. Iséki introduced two classes of abstract algebras:
BC'K-algebras and BC'I-algebras ([4, 5]).

In the study of groupoids (X, %) defined on a set X, it has also proven
useful to investigate the semigroups (Bin(X), 0) where Bin(X) is the
set of all binary systems (groupoids) (X, *) along with an associative
product operation (X, *)0(X,e) = (X,0) such that x0y = (x *xy) e
(yxz) for all z,y € X. Thus, e.g., it becomes possible to recognize that
the left-zero-semigroup (X, x) with x xy = z for all z,y € X acts as
the identity of this semigroup ([2]). H. F. Fayoumi ([1]) introduced the
notion of the center ZBin(X) in the semigroup Bin(X) of all binary
systems on a set X, and showed that a groupoid (X, e) € ZBin(X) if
and only if it is a locally-zero groupoid.

2010 Mathematics Subject Classification. 20N02, 03G25, 06A06.
Key words and phrases.  (left, right)-parallel, right-parallel-property, left-
(shrinking, expanding), Bin(X), groupoid parallel.
* Correspondence: Tel.: +82 33 248 2011, Fax: +82 33 256 2011 (K. S. So).
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In this paper, we study mappings f,g : X — P where P is a poset
and relations of the type f||g, i.e., f is right-(left-) parallel to g pro-
vided that f(a) < f(b) implies g(a) < g(b) as well, for all a,b € X,
where this condition applies. Since no assumptions about any order
relation on X are made, this relation is a generalization of the special
case X = P and f(x) = z, where a < b implies g(a) < g(b), i.e., g is
an order-preserving mapping. Even in this most general format it is
possible to extract information concerning properties of ||, i.e., f|| f,
and f||g,g||h implies f||h and the fact that f|| g does not imply
g|| f, to demonstrate the one-sided-ness of f||g. At the same time
through the introduction of the groupoid structures (X, %) as elements
of (Bin(X),O), the semigroup of binary systems (groupoids) on X,
mappings f may acquire many different kinds of properties, such as
flzxy) < f(z) for all z,y € X (left shrinking), for example, which
then implies g(z * y) < g(z) for all x,y € X, so that this property
is preserved by parallelism. If P = [0,1] with the usual order, then
f,9: X — P yields the mappings f, g as fuzzy subsets of X and then
the condition f(z % y) > min{f(z), f(y)} implies that if f||g, then
g(x xy) > min{g(x),g(y)} as well, i.e., if f is a fuzzy subgroupoid
of (X,*) and f||g, then g is a fuzzy subgroupoid also. From these
examples it should be clear that many other similar conclusions can
be obtained in this setting, several of which we have provided in the
following.

2. Preliminaries.

Let (X, <) be a poset (partially ordered set), i.e., a set equipped
with a relation < where r < y implies y £ x and x < y,y < z implies
x < z. The relation < as usual means x = y or x < y. For details on
the theory of posets we refer the reader to [3, 4]. In these texts further
references are supplied as well.

Given a non-empty set X, we let Bin(X) denote the collection of all
groupoids (X, *), where % : X x X — X is a map and where *(z,y) is
written in the usual product form. Given elements (X, *) and (X, e)
of Bin(X), define a product “O” on these groupoids as follows:

(X,*)O(X,e) = (X,0)
where
r0y=(z*y)e(y*z)

for any x,y € X. Using that notion, H. S. Kim and J. Neggers proved
the following theorem.
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Theorem 2.1. ([2]) (Bin(X), O) is a semigroup, i.e., the operation
“07 as defined in general is associative. Furthermore, the left- zero-
semigroup is the identity for this operation.

The notion of BCK/BCI-algebras was introduced by Y. Imai and
K. Iséki. An algebra (X, x*,0) of type (2,0) is called a BCI-algebra if
for any x,y,z € X, it satisfies the following conditions:

(D) ((z*y)* (zx2))*(zxy) =0,
(Il) 2 %0 =,
(III) z xy =0 and y *x x = 0 imply = = y.
A BC1I-algebra (X, *,0) is said to be p-semisimple if 0% (0 z) = x
for all z € X.
Theorem 2.2. ([5]) Let X be a BCI-algebra. Then the following
are equivalent: for all x,y,z € X,
(1) X is p-semisimple,
(II) (zxy)*(zxu) = (x*2)* (y*u),
(IIT) 0% (z*xy) =y * x.
For further reference on BC'K/BCI-algebras, we refer to [5].
3. Right(left)-parallelism.

Given a set X and a poset P, we shall consider the set PX consisting
of all functions f : X — P, i.e.,

PX={p|¢:X—=P: a map}

If the order relation on P is denoted by <, then PX has an induced
order f < g, provided f(x) < g(z) for all z € X.

Let f,g € PX. A map g is said to be right-parallel to f if any
a,b € X with f(a) < f(b) it is true that g(a) < g(b), and we denote
this fact by f || g. In this case, f is said to be left-parallel to g.

The following hold for parallelism: for any f, g, h € PX,

) I £,

(ii) if f|| g and g|| h, then f || h
Thus, the relation of “right-parallelism” is both reflexive and transitive
in all cases.

((||7’

Remark. The relation is not symmetric. If P := R, the real
numbers with the regular order, then f(x) := 2* and g(x) := max{0, z}
implies f || g, but not g || f, i.e., @® < b implies max{0, a} < max{0, b}
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but @ = —1,b = —2 implies max{0, —1} = max{0,—2} and (—2)* <
(—1)°.

Proposition 3.1. Let f(e€ PX) be a constant mapping. If g is
right-parallel to f, then g is also a constant mapping.

Proof. Given a,b € X, since f is constant, we have f(a) < f(b).
It follows that g(a) < g(b), since f||g. Similarly, f(b) < f(a) implies
g(b) < g(a), proving the proposition. O

Proposition 3.2. Any function f is left-parallel to a constant func-
tion g : X — P.
Proof. Straightforward. O

Proposition 3.3. Let f : P — P be the identity function. If g is
right-parallel to f, then g : P — P is monotonically increasing.

Proof. Let f : P — P be an identity function and let g be right-
parallel to f. Then, for any a,b € P with a < b, we have f(a) <
f(b). Since fllg, g(a) < g(b). This proves that g is monotonically
increasing. U

Proposition 3.4. Let f : P — P be the identity function. If f is
right-parallel to g, then g(a) < g(b) implies a < b.

Proof. Given a,b € P, since f is right-parallel to g, g(a) < ¢g(b)
implies f(a) < f(b). Since f is an identity function, g(a) <
implies a < b, U

Proposition 3.5. If g is right-parallel to f and f(a) = f(b) for
some a,b € X, then g(a) = g(b).

Proof. f(a) = f(b) implies f(a) < f(b). Since g is right-parallel to
f, we have g(a) < g(3). Similarly, f(b) < f(a) implies g(b) < g(a)
proving the proposition. O]

Proposition 3.6. Let ¢ : P — () be an order-preserving mapping
of posets satisfying the condition: for any o, 3 € P,

ola) < @(B) implies o <
If f,g: X — P are mappings with f || g, then oo f || ¢ og.
Proof. Assume that ¢(f(a)) < o(f(b)) for some a,b € X. Then

fla) < f(b). It follows from f || g that g(a) || g(b). Since ¢ is order-
preserving, we obtain ¢(g(a)) < ¢(g(b)), proving the proposition. [

Proposition 3.7. Let P, be posets, and let f.k : X — P be
maps with f || k and let g,h : Y — @ be maps with g || h. If we

define f x g : X XY — P xQ by (f x g)(z,y) := (f(x),9(y)) and
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kxh: XxY — PxQ by (kxh)(x,y) := (k(x),h(y)), then fxg || kxh.

Proof. Suppose that (fxg)(a,b) < (fxg)(d’, V) for some (a,b), (a', V) €
X xY. Then (f(a),g(b)) < (f(d),g(t))) in P x Q. It follows that
fla) < f(d') and g(b) < g(b'). Since f || k and g || h, we have
fxgll kxh. O

Proposition 3.8. Let f,g : X — P be mappings with f || g. If
fa,ga are restrictions of f and g respectively, where A C X, then

fall ga.

4. Right-parallel-property.

Let f: X — P be amap. A property « is said to be a right-parallel-
property for fif f || g, then g also has the same property.

Proposition 4.1. Constancy is a right-parallel-property.
Proof. See Proposition 3.1. U

Let X := R be the set of all real numbers and let P be a poset. A
map f: X — P is said to be periodic of period p if
fx+p)=f(z)
for all z € X.

Proposition 4.2. Periodicity is a right-parallel-property.

Proof. Assume that f is periodic of period p and f || g. If f(z+p) =
f(z) for all x € X, then f(x 4+ p) < f(z). Since f || g, we have
g9(z +p) < g(x). Similarly, f(z) < f(z + p) implies g(z) < g(x + p),
proving that g(z + p) = g(z) for all z € X. O

Let (X,*) be a groupoid. A map f : X — P is said to be a rank
subalgebra of (X, x) if for all z,y € X,

flx*y) = min{f(z), f(y)}
In this case, (X, ) is said to be a rank-characteristic-groupoid for the

mapping f : X — P. Note that f(z) and f(y) may not be “compara-
ble” in a general poset. We need to also consider the case f(zxy) > f(z)
or f(x*y) > f(y) for further investigation.

Proposition 4.3. Rank-subalgebra is a right-parallel-property.

Proof. Assume that f is a rank-subalgebra of a groupoid (X, %) and
f |l g. Then f(xxy) > min{f(x), f(y)} for all x,y € X. Without loss
of generality, we let f(z xy) > f(x). Since f || g, we have g(z xy) >
g(x), proving the proposition. O
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Proposition 4.4. Let (X,*) and (X,*) be rank-characteristic-
groupoids for f : X — P. If (X,0) := (X,*)0(X, ), then (X,0)
is also a rank-characteristic-groupoid for f.

Proof. Since (X,0) := (X, *)0(X, %), 20y = (x x y) * (y * x) for all
x,y € X. It follows that

f@By) = fl(z*y)*(yx*zx))
min{f(z ), f(y * z)}
min{ f(z), f(y)},

showing that (X, 0) is also a rank-characteristic-groupoid for f. U

>
>

This shows that the rank-characteristic-groupoids for f : X — P
form a subsemigroup with respect to the product O of the semigroup
(Bin(X),0).

Proposition 4.5. The left-zero-semigroup (X, ) is a rank-characteristic-
groupoid for any map f: X — P.

Proof. Given z,y € X, we have
flaxy) = f(z) =z min{f(z), f(y)},
for any map f: X — P. O

A map f: X — P issaid to be strongly bounded above if there exists
an r; € X such that f(x) < f(z;) for all x € X.

Proposition 4.6. Strongly bounded above is a right-parallel-property.

Proof. Let f : X — P be strongly bounded above and let f || g.
Then there exists an z; € X such that f(z) < f(z) for all z € X.
Since f || g, we obtain g(x) < g(x;) for all z € X, proving that g is
strongly bounded above. U

A map f: X — P issaid to be strongly bounded below if there exists
an xg € X such that f(zg) < f(z) for all z € X.

Proposition 4.6’. Strongly bounded below is a right-parallel-property.

A map f: X — P is said to be P-compact if there exist xq, 1 € X
such that f(zo) < f(x) < f(zq) for all z € X.

Proposition 4.7. P-compact is a right-parallel-property.

5. Left-shrinking.

501 HEE SIK KIM et al 496-506



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 22, NO.3, 2017, COPYRIGHT 2017 EUDOXUS PRESS, LLC

A right parallelism relation 7

Given a groupoid (X, *), a mapping f : X — P is said to be left-
shrinking if, for all x,y € X,

flzxy) < f(z)

Similarly, a mapping f : X — P is said to be right-shrinking if, for
all z,y € X, f(r*xy) < f(y). Note that we need to consider the
case f(z*xy) < f(z) or f(rxy) < f(y) for all z,y € X for further
investigation.

Proposition 5.1. If f : X — P is left-shrinking and f || g, then
g : X — P is also left-shrinking.

Proof. 1t f : X — P is left-shrinking, then f(z xy) < f(z) for all
x,y € X. Since f || g, we have g(x*y) < g(x) for all x,y € X, proving
that ¢ is left-shrinking. O

Proposition 5.2. Let (X, *) and (X, %) be groupoids and let (X,0) :=
(X, *)O(X, ). If f : X — P is left-shrinking for (X, *) and (X, ), then
f is also left-shrinking for (X, O).

Proof. Given z,y € X, we have
f@By) = [f((@*y)(y=*z))

IA A
A/k:/—\
8
*

s

proving that f is left-shrinking for (X, O). O
Proposition 5.3. Let (P, <), (Q, <) be posets and let (X, x*), (Y, o)
be groupoids. Define a binary operation ¢ on X XY by
(z,y) o (¢,y) == (zx 2’y o yf).
If we define f x g as in Proposition 3.7 for any left-shrinking maps

f:X - Pandg:Y — Q, then f x g is also left-shrinking for
(X xY,0).

Proof. Given (z,y), (¢/,y') € X x Y, we have

(f xg)((zy)o(@y)) = (fxg)z*a'yey))
= (flzx2'),9(yey))
(f(z),9(y))
(f x g)(z,y),

proving the proposition. O]

IN

Proposition 5.4. Let (X, *) be a left-zero-semigroup. If f : X — P
is right-shrinking, then f is a constant mapping.
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Proof. Given x,y € X, we have f(x) = f(zxy) < f(y), proving that
flz) = f(y) for all x,y € X. O

Proposition 5.5. Let ¢ : (X,*) — (Y,e) be a homomorphism
of groupoids and let f : (Y,®) — P be left-shrinking. Then f o ¢ :
(X, *) — P is also left-shrinking.

Proof. For any z,y € X, we have

(fop)zxy) = [fle(z*y))
= [flp(x) e v(y))
< fle(@))
= (fop)(a),
proving that f o : (X, *) — P is also left-shrinking. O
Proposition 5.6. Let f : (X, %) — P be left-shrinking. If ¢ : P —
Q is order-preserving, then po f: (X, %) — Q is left-shrinking.

Proof. If f: (X,*) — P is left-shrinking, then f(z xy) < f(x) for
all x,y € X. It follows from ¢ is order-preserving that ¢(f(z *y)) <
o(f(x)) for all z,y € X, proving the proposition. O

S

Proposition 5.7. Let ¢ : (X,x) — (Y, e) be a homomorphism of
groupoids and let f,g: (Y,®) — P be mappings. If f is left-parallel to
g, then f o ¢ is left-parallel to g o .

Proof. Let a,b € X such that (f o ¢)(a) < (f o ¢)(b). Then

(f o)
flp(a)) < fe(b)). Since f || g, we have g(p(a)) < g(p(b)), proving
the proposition. O

Given a groupoid (X, *), a mapping f : X — P is said to be left-
expanding (resp., right-expanding) if, for all z,y € X, f(x xy) > f(y)
(resp., f(z xy) > f(x)). Note that f is expanding if and only if f is
both left-expanding and right-expanding.

6. (X, )[f](X,e).
Let (X, *),(X,e) € Bin(X). Given amap f : (X, *) — P, we define
a relation (X, *)[f](X,e) if f(zxy) < f(x ey) for all z,y € X.

Proposition 6.1. If (X, *)[f](X,e) and (X, e)[f](X,*), then f(x x
y) = f(rey) forall x,y € X.

In fact, f(x) # f(y) is possible.

Proposition 6.2. Let (X, x)[f](X,e). If f is left-shrinking for
(X,e), then f is also left-shrinking for (X, *).
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Proof. For any z,y € X, we have
flexy) < flzeoy) < f(z)
O
Proposition 6.3. Let (X, *)[f](X,e). If f || g, then (X, x)[g](X, o).

Proof. Let (X, *)[f](X,e). Then f(zxy) < f(zey) for all z,y € X.
Since f || g, we obtain g(x*y) < g(zey), proving the proposition. [J

Theorem 6.4. If (X, e)[f](X,©), then
(X, #)B(X, &)[f](X, %)B(X, o)
for all (X, ) € Bin(X).

Proof. Let (X,0;) := (X, %)0(X,e), i.e., z0y = (zxy)e(y*x) for all
x,y € X, and let (X, 0y) := (X, %)0(X, ), i.e., 20y = (zxy) o (yxx)
for all z,y € X. If (X, e)[f](X,©), then f(z ey) < f(zoy) for all
x,y € X. It follows that

9(xBiy) = [f((zxy)e(yxx))
< fl@xy)o(y*a
= [f(z0y),
proving that (X, *)0(X, e)[f](X, *)0(X, o) O

7. Groupoids parallelism.

Let (X, %), (X,e) € Bin(X) and let (X, <) be a poset. A groupoid
(X, e) is said to be right parallel to a groupoid (X, *) with respect to
the poset (X, <) if x(a,b) < *(a’,V') implies o(a,b) < o(d', V'), ie
axb < a b implies aeb < a’ ob'. We denote it by (X, x*) || (X,e).
Note that (X, %) || (X,e) and (X, e) || (X, V) implies (X, *) || (X, V).

Example 7.1. Let (X, @) be a trivial groupoid, i.e., zey = t for some
t € X, for all x,y € X. Then (X, x) || (X,e) for all (X,x*) € Bin(X).
In fact, if axb < a' b, thenaeb=t<t=ad el

A groupoid (X, *) is said to be <-commutative if a x b < a’ x b’ then
bxa < b xd. Clearly, if (X, *) is commutative, i.e., z xy = y x = for
all z,y € X then it is <-commutative. A groupoid (X, *) is said to be
strictly <-commutative if axb=a'*xb' then bxa =10V xd’.

Example 7.2. Let < be the diagonal relation, i.e., z < y if and
only if z = y, for all z,y € X. If a groupoid (X, *) is strictly <-
commutative, then it is <-commutative.
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A groupoid (X, x) is said to be <-ordering if + < 2’ and y < ¢/
implies x x y < 2/ %y (and y * z <y’ x 2’ also). Let < be the diagonal
relation on X. Then = < 2,y < 3 means x = 2/, y = ¢ and thus for
any groupoid (X, e) whatsoever we have rey = 2'ey’ and xey < 2’ ey/,
whence (X, e) is <-ordering.

Example 7.3. Let (X,*,0) be a p-semisimple BC'I-algebra (or a
medial groupoid). Then (X, *) is <-ordering. In fact, if x < 2/ and
y <9y, then xx2’ =0 =yxy. It follows that (z *xy) * (' x¢/) =
(xx2')* (yxy') =0, proving that z xy < 2’ x y/.

Proposition 7.4. Let (X, *) be a <-ordering groupoid. If (X, x) || (X, e),
then (X, e) is also <-ordering.

Proof. Let © < 2’ and y < /. Since (X, ) is <-ordering, we have
rxy <’ *xy. It follows that z ey < 2’ @3/, since (X, )| (X,e). O

Proposition 7.5. Let (X, x*),(X,e) be <-ordering groupoids. If
(X,0) = (X,*%)0(X,e), then (X,0) is also <-ordering.

Proof. Let © < 2’ and y < 3. Then zxy < 2’ %y, y*xx <
y' * ', since (X, *) is <-ordering. Since (X, e) is <-ordering, we obtain
(xxy)e(y*xz) < (' xy')e(y *2’), ie., x0Oy < yOzx. This proves that
(X,0) is also <-ordering. O

Theorem 7.6. Let (X,*) be a <-commutative groupoid and let
(X,e) be a <-ordering groupoid. If (X,0) = (X,*)0(X,e), then
(X, ) [ (X, D).

Proof. If axb < da' % ¥, then bxa < V xd, since (X,*) is <-
commutative. Since (X, e) is a <-ordering groupoid, we obtain (a*b)e
(bxa) < (a' V) e (V) *d),ie., adb < d'0b, proving the theorem. [
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Abstract

This paper studies boundary value problems of nonlinear fractional differential equa-
tions and inclusions, of order ¢ € (1, 2] with generalized three-point boundary conditions.
Some existence and uniqueness results are obtained by using a variety of fixed point
theorems. Some illustrative examples are also discussed.
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1 Introduction

Fractional derivatives provide an excellent tool for the description of memory and hereditary
properties of various materials and processes, see [27]. These characteristics of the fractional
derivatives make the fractional-order models more realistic and practical than the classical
integer-order models. As a matter of fact, fractional differential equations arise in many
engineering and scientific disciplines such as physics, chemistry, biology, economics, control
theory, signal and image processing, biophysics, blood flow phenomena, aerodynamics, fitting
of experimental data, etc. [22, 27, 28, 29]. In recent years, there are many papers dealing
with the existence of solutions to various fractional differential equations. For some recent
development on the topic, see [1]-[13] and the references therein.

Recently, the existence of positive solutions was studied for generalized second order
three-point boundary value problems for equations or systems, see [14], [20], [21], [26], and
the references cited therein.

Here, in the first part of this paper, we discuss the existence and uniqueness of solutions
for a boundary value problem of nonlinear fractional differential equations of order ¢ € (1,2]
with generalized three-point boundary conditions given by

{ ‘Dix(t) = f(t,z(t), 0<t<l, 1<q<2
(1.1)

z(0) = Bz(n), =z(1) = az(n),
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where ¢D? denotes the Caputo fractional derivative of order ¢, f : [0, 1] xR — R is continuous,
and a, 8,n are constants with 0 < n < 1and 1 — 8+ (8 — a)n # 0. Here, C = C([0,1],R)
denotes the Banach space of all continuous functions from [0, 1] — R endowed with a topology
of uniform convergence with the norm denoted by || - ||.

Some new existence and uniqueness results are proved for the boundary value problem
(1.1), by using a variety of fixed point theorems. Thus, in Theorem 3.1 we prove an existence
and uniqueness result by using Banach’s contraction principle, in Theorem 3.3 we prove the
existence of a solution by using Krasnoselskii’s fixed point theorem, while in Theorem 3.6
we prove the existence of a solution via Leray-Schauder nonlinear alternative. In Theorem
3.9 we prove an existence and uniqueness result by using a fixed point theorem of Boyd and
Wong [15] for nonlinear contractions. Some illustrative examples are also discussed.

In the second part of this paper, we study the following generalized three-point boundary
value problem for fractional differential inclusions

{ ¢Diz(t) € F(t,xz(t)), 0<t<l1l, 1<q<2,

2(0) = Bz(n), (1) = ax(n),

where DY denotes the Caputo fractional derivative of order ¢, F' : [0,1] x R — P(R) is a
multivalued map, P(R) is the family of all non-empty subsets of R, and «, 3,7 are as in
problem (1.1).

For the problem (1.2), the aim here is to establish existence results when the right hand
side is convex as well as nonconvex valued. In the first result, Theorem 4.8, we prove the
existence of solutions for the problem (1.2), when the right hand side has convex values, via
Leray-Schauder nonlinear alternative for Kakutani maps and F' satisfying a Carathéodory
condition. In the second result, Tleorem 4.16, we shall combine the nonlinear alternative
of Leray-Schauder type for single-valued maps with a selection theorem due to Bressan and
Colombo for lower semicontinuous multivalued maps with nonempty closed and decomposable
values. Finally, in the third result, Theorem 4.20, we shall use the fixed point theorem for
contraction multivalued maps due to Covitz and Nadler.

It is worth mentioning that, the methods used are standard, however their exposition in
the framework of problems (1.1) and (1.2) is new.

(1.2)

2 Preliminaries

Let us recall some basic definitions of fractional calculus [22, 29].

Definition 2.1 For a continuous function g : [0,00) — R, the Caputo derivative of fractional
order q is defined as

1 t
‘Dig(t) = ] /0 (t—s)" g (s)ds, n—1<qg<nn=][q+]1,

I'(n—gq
where [q] denotes the integer part of the real number q.

Definition 2.2 The Riemann-Liouville fractional integral of order q is defined as

1 t s
P90 = 5 f, g 170
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provided the integral exists.

Definition 2.3 The Riemann-Liouville fractional derivative of order q for a continuous func-
tion g(t) is defined by

() = — d\" [" g(s) _
200 = =g () [ =St =

provided the right hand side is pointwise defined on (0, 00).

Lemma 2.4 For a given g € C([0,1],R) the unique solution of the boundary value problem

{ Dix(t)=g(t), 0<t<1l, 1<q<2,
z(0) = Bx(n), x(1) = az(n),

s given by

L )91 g(s)ds (B=1)t—pn [ _ ) 1g(s)ds
o) =g [ =g+ Ef P [ty

T
B@( pit (" | .
+ o — t/ _1
N A —8) T lg(s)ds, 0<t<1,
AT ) (n—s)"""g(s)
where A=1— 4+ (8 —a)n #0.
Proof. For some constants ¢y, c; € R, we have
t (t . S)q—l
z(t) =1%(t) —co—art = | —=—~—g(s)ds — co — c1t. (2.2)
0 I'(q)
T(n—s)!
We have 2(0) = —cg, z(n) = Wg(s)ds —cp — c1n and thus from the first boundary
0

condition we have L

W—D%+Mq=ﬂAHﬁHjMQ®- (2.3)

Also from the second boundary condition we get

—g)a1 1 _ g)a-1
(= 1)co + (an —1)c; = a/o?7 %g(s)ds - /0 (1F(q)>g(s)ds. (2.4)

From (2.3), (2.4) we find ¢g, ¢; and substituting in (2.2) we obtain the solution (2.1). O

3 Existence results-Differential Equations

In view of Lemma 2.4, we define an operator F': C — C,C = C([0, 1], R) by

(Fz)(t) = 1“(141)/0 (t — S)qllf(t,x(s))ds
(B—1)t—pn -
+AF(q)/o (L= o1 ale))ds (3.1)
M ! —g)7 1 z(s))ds
O [ atonas, 0<e<
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For convenience, let us set

1 1
)‘IZK sup (8 — 1)t — fBnl, )\2:K sup |8+ (o — B)t|
‘ ’ t€(0,1] ’ ‘ te(0,1]
and )
A=——"——(14+ A Aon?). 3.2

3.1 Existence result via Banach’s fixed point theorem

Theorem 3.1 Assume that f : [0,1] Xx R — R is a continuous function and satisfies the
assumption

(Al) |f(t,l’)*f(t,y)| SL‘I‘*y‘,VtG [Ovl]a L>07 :E?yGR

with L < 1/A, where A is given by (3.2). Then the boundary value problem (1.1) has a unique
solution.

M
T IA we show that F'B, C B,,
where B, = {z € C : ||z|| < p} and F defined in (3.1). For = € B,, we have

Proof. Setting sup;cjo 1) [f(t,0)| = M and choosing p >

! t g1 M 1 — )77 f(s,2(s))|ds
Il < s (s [0 sea+ g [0 -9t s

ﬁ ! — )T Y f(s. 2(s s
i o= o s atelas)

L t —s)? 1 s, x(s)) — f(s S S
< Q}éﬁ}{uq)/o“ YU f (s, 2(s)) — F(5,0)] + (5, 0)]) ||d
A1 11 g-1 0 0))d
i /0 (1= )Y f(s,2(s)) — F(,0)] + | (5, 0)])ds
ﬁ ! _ )t s.xz(s)) — f(s s S
s [ =9 s 0(60) = 0) + 5.0

1 ' — ) 1gg A 1 —5)97 s
< (o) sy Lo [t ol [

2 [ opash

(Lp+ M)
(1 4+ A1+ Xon?) = (L M)A <p.

Now, for z,y € C and for each t € [0, 1], we obtain

— su 1 t —5)at x2(s)) — f(s,y(s))|ds
[(F2)(t) = (Fy)@)] < p}{r(q)/o(t JIf(E, 2(s)) — f(s,y(s))ld

te(0,1
A1

! -1
i /O (1= )T f(t,2(5)) — f(s,(s))|ds
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ri =) - s uteplas)
I'(q) Jo 7 ’
< Lz —y| sup {1/t(t—s)qlds+)\1/1(1—s)q1ds
- tejo) LI'(@) Jo I'(q) Jo
Ao /’7 . }
+—— n—s) " ds
I'(q) Jo ( )
L
< —_— q _ — _
S Tt D I+ M+ n?) |z —y| = LA[[z — y||,

where A is given by (3.2). Observe that A depends only on the parameters involved in the
problem. As L < 1/A, therefore F' is a contraction. Thus, the conclusion of the theorem
follows by the contraction mapping principle (Banach fixed point theorem). O

Example 3.2 Consider the following generalized three-point fractional boundary value prob-

lem
1 |z

cDY2x(t) = . telo,1],
"0 = G or T+ e 0,1} .
=50 (7). s =20 (5 Y
z(0) =gz (), e)=2x().
Here, ¢ =3/2, f=1/2, a=2, n=1/4 andf(tx)—#ﬂ WeﬁndA—l)\—
y 4 = ) - 9 =4 1= ) ) _(t+9)21+|l" _87 1=
2 1
5,A2 = 16 and A = 3— As |f(t,x) — f(t,y)| < —|x — y|, therefore, (A4;) is satisfied with
3/ 81
1 2
L= T Further, LA = W < 1. Thus, by the conclusion of Theorem 3.1, the boundary

value problem (3.3) has a unique solution on [0, 1].

3.2 Existence result via Krasnoselskii’s fixed point theorem

Theorem 3.3 (Krasnoselskii’s fized point theorem)[24]. Let M be a closed, bounded, convex
and nonempty subset of a Banach space X. Let A, B be the operators such that: (i) Axr+ By €
M whenever x,y € M; (ii) A is compact and continuous; (iii) B is a contraction mapping.
Then there exists z € M such that z = Az + Bz.

Theorem 3.4 Let f : [0,1] x R — R be a continuous function and the assumption (Aj)
holds. In addition we assume that

(A2) |f(t,x)| < u(t), V(t,z)€[0,1] xR, and p € C([0,1],RT).

If
L

I'(g+1)

then the boundary value problem (1.1) has at least one solution on [0, 1].

(M + Xon?) < 1, (3.4)
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Proof. Letting sup,cpo 17 [p(t)| = [|pll, we fix

o ul
T > m(l + A1+ >\277q)7
and consider Br = {x € C : ||z|| <T}. We define the operators P and Q on Br as
(Pa)(t) = /Ot “‘F(“;))q_lf(s,x(s))ds, 0<t<1,
_B-t=pn [t
@)(t) = Fgp [t ato)is
B+ (a—p)t " -1
+AF@)/D (m—s)T " f(t,x(s))ds, 0<t<1.

[ _
T B find that < ———(14+ A Aon?) < 7.
or x,y € Br, we fin a ”Px—I_QyH_I‘(q—&-l)( + A1+ Aon?) <T

Thus, Px + Quy € Br. It follows from the assumption (A;) together with (3.4) that Q
is a contraction mapping. Continuity of f implies that the operator P is continuous. Also,
44l

P is uniformly bounded on B as ||Pz|| < ————
y T H H — F(q—i— 1)

. Now we prove the compactness of the

operator P. _
In view of (A1), we define sup; zycp1]x 5, |f(t,z)| = f, and consequently we have

|(P2)(t) — (Po)(t2)]| = Hr(lq) [ =9 = 0 - ateyas
L " N z(s))ds
G / (ty — )07 f (2, 2(5))d
7

——|2(ty — t1)? + t — 12

F(q+1)’(2 1) +1 2‘?

which is independent of x. Thus, P is equicontinuous. Hence, by the Arzela-Ascoli Theorem,
P is compact on Br. Thus all the assumptions of Theorem 3.3 are satisfied. So the conclusion
of Theorem 3.3 implies that the boundary value problem (1.1) has at least one solution on

[0, 1]. O

3.3 Existence result via Leray-Schauder Alternative

Theorem 3.5 (Nonlinear alternative for single valued maps)[19]. Let E be a Banach space,
C' a closed, convex subset of E, U an open subset of C and 0 € U. Suppose that F : U — C' is
a continuous, compact (that is, F(U) is a relatively compact subset of C) map. Then either
(i) F has a fived point in U, or (ii)Jthere is a u € OU (the boundary of U in C) and X € (0,1)
with u = AF(u).

Theorem 3.6 Let f:[0,1] x R — R be a continuous function. Assume that:

(As) There exist a function p € C([0,1],R"), and ¢ : RT — RT nondecreasing such that
[f(t, o) < p)d([z])), V(t z) € [0,1] x R;
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(A4) There exists a constant M > 0 such that
M

{14 A1+ Aon?}

> 1.

llpllv (M)
(g +1)

Then the boundary value problem (1.1) has at least one solution on [0, 1].

Proof. Consider the operator F': C — C defined by (3.1).
We show that F' maps bounded sets into bounded sets in C([0,1],R). For a positive
number p, let B, = {z € C([0,1],R) : ||z| < p} be a bounded set in C([ 1], R). Then,

' 1
(Fa)(t) < r<1q>/0<t_s>q1|f<u:c< ))\dSJFF)E;)/o(l—S)qllf(tw(S))\dS
+FA<Z> /0n<n—s>q—1|f<t,x<s>>rds
' 1
< r(ch) /0<t—s>q Lp(s)p <||m|r>ds+9(;> /0 (1 - )7 p(s)(la]]) ds
+FA<;) /0 (0 — sy p(s)p(lle])) ds
Hzrﬂ(r;pﬂ\ D) (14 a4 Ay
Hence
ol < \IJ(?W( >) (14 A+ g}

Next we show that F' maps bounded sets into equicontinuous sets of C'([0,1],R). Let ¢/, ¢" €
[0,1] with ¢ < ¢” and = € B,, where B, is a bounded set of C([0,1],R). Then we have

1 " g-1 T 3—L ’ I g)at x(s))ds
o | = s — g [ = ()

L1 M\It” t’!/ $)ILE(t, 2 (s))ds
o= BT — ¢ 5\|t" t/|/ $)IVf (8, 2 (s))ds

(Fa)(t") = (Fa)(t)] =

lpllv(p ) "\l (¢ _ )41 ds [pllv(p) " _ a1y

< p@/o’(t YL~ (¢ — )1V |ds + ()/ﬂu j-ld
Bl =Dl =71 el — it~
AT (qg+1) AT (qg+1) )

Obviously the right hand side of the above inequality tends to zero independently of x € B,
as t” —t' — 0. As F satisfies the above assumptions, therefore it follows by the Arzel4-Ascoli
theorem that F': C([0,1],R) — C([0,1],R) is completely continuous.
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Let x be a solution. Then for ¢ € [0, 1], and using the computations in proving that F' is
bounded, we have

[z(B)] = [A(Fz)()
1
< <1>/ (=) stolds + s [0 5750 (sl
/\ o §)a-1 2(s)ds
()/ (n— )71 £(t, 2(s))ld
< W{1+A1+A2nq}
and consequently Iz
x <1
lIpllw (=)
T LA’

In view of (A4), there exists M such that ||z| # M. Let us set
U={xe€C(0,1,R) : [|z|| < M + 1}.

Note that the operator F : U — C([0,1],R) is continuous and completely continuous. From
the choice of U, there is no x € 9U such that x = AFz for some A € (0,1). Consequently,
by the nonlinear alternative of Leray-Schauder type (Theorem 3.5), we deduce that F' has a
fixed point z € U which is a solution of the problem (1.1). This completes the proof. O

3.4 Existence result via nonlinear contractions

Definition 3.7 Let E be a Banach space and let F' : E — E be a mapping. F is said to be a
nonlinear contraction if there exists a continuous nondecrasing function ¥ : RT™ — R such
that ¥(0) = 0 and ¥ (&) < & for all £ > 0 with the property: |Fx—Fy| < ¥(||lz—yl||), Vz,y€
E.

Lemma 3.8 (Boyd and Wong)[15]. Let E be a Banach space and let F' : E — E be a
nonlinear contraction. Then F' has a unique fixed point in E.

Theorem 3.9 Assume that:

(4s) 1f(t,2) — f(t,y)] < h(t)m, t €01, z,y >0, where h: [0,1] — R is
continuous and
I g—1 Mo [? —1 A2 [T -1
= [ (1= 8)  h(s)ds + 21 — )T Lp(s)ds + 2 — §)9"Lh(s)ds.
H F(q)/o (1—35) (s) S+F(q)/0 (1—ys) (s) S+F(q)/0 (n—s) (s)ds

Then the boundary value problem (1.1) has a unique solution.

Proof. Consider the operator F' : C — C given by (3.1). Let the continuous nondecreasing
function ¥ : RT — RT satisfying ¥(0) = 0 and ¥(¢) < £ for all £ > 0 defined by ¥(§) =
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H* h
75, V¢ > 0. Let x,y € C([0,1],R). Then |f(s,z(s)) — f(s,y(s))] < (S)\I’(Hx —y|) so
H* +¢ H+
that
I - |[z(s) —y(s)|
Falt) - Py(®)] < g [ (= b ds
I'(q) Jo H* + |z(s) — y(s)]
A1 /1 1 |(s) — y(s)]
+—— | (1—=5)7""h(s) ds
I'(q) Jo H* + |z(s) — y(s)|
A2 /” 1 () — y(s)]
+ (n—s)T"h(s) = ds,
I'(q) Jo H* + |z(s) — y(s)]
for t € [0,1]. Then ||[Fx — Fy| < ¥(||x — y||) and F is a nonlinear contraction and it has a
unique fixed poitn in C([0, 1], R), by Lemma 3.8. O
Example 3.10 Let us consider the boundary value problem
¢ 3/2 t|z|
D= x(t) = , 0<t<l,
1+ |z (3.5)
1 1 1 )
z(0) = 3% <4> , (1) =22 <4> .
t|z|

Here, ¢ = 3/2,8 = 1/2,a = 2,n = 1/4 and f(t,x) = . We choose h(t) = 1+t

1+ |z

:‘ t(lx] —[yl) < 4Dz —y|
T+ Jol + 1ol + 2lly]| = 797 + [z —

Thus, the conclusion of Theorem 3.9 applies and problem (3.5) has a unique solution.

and find that H* = 7.97. Clearly ‘f(t, x) — f(t, y)‘

4 Existence results-Differential Inclusions

Definition 4.1 A function x € C%([0,1],R) is a solution of the problem (1.2) if x(0) =
Bx(n), £(1) = ax(n), and exists a function f € L'([0,1],R) such that f(t) € F(t,z(t)) a.e.
on [0,1] and

¢ v 1
o) = F(lq)/o (t—s)q_lf(s)ds+W/0 (1— )11 f(s)ds
—i-iﬂ +A(?(;)ﬁ)t /On(n — 5)7 L f(s)ds.

4.1 The Carathéodory case

In this subsection, we are concerned with the existence of solutions for the problem (1.2)
when the right hand side has convex values. We first recall some preliminary facts.

For a normed space (X, || - ||), let Py(X) = {Y € P(X) : Y is closed}, Pp(X) = {Y €
P(X) :Y is bounded}, Pp(X) = {Y € P(X) : Y is compact}, and P, o(X) ={Y € P(X) :
Y is compact and convex}.
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Definition 4.2 A multi-valued map G : X — P(X) :
(i) is convex (closed) valued if G(z) is convex (closed) for all x € X;

(i) is bounded on bounded sets if G(B) = UyepG(x) is bounded in X for allB € Py(X) (i.e.
supep{sup{ly| : y € G(z)}} < o0);

(iii) is called upper semi-continuous (u.s.c.) on X if for each xo € X, the set G(xg) is a
nonempty closed subset of X, and if for each open set N of X containing G(xg), there
exists an open neighborhood Ny of xo such that G(Ny) C N;

(iv) is said to be completely continuous if G(B) is relatively compact for every B € Py(X);

(v) has a fived point if there is x € X such that x € G(z). The fixed point set of the
multivalued operator G will be denoted by FizG.

Remark 4.3 It is known that, if the multi-valued map G is completely continuous with
nonempty compact values, then G is u.s.c. if and only if G has a closed graph, i.e., x, —
Tuy Yn = Yuy Yn € G(xy) imply y. € G(z4).

Definition 4.4 A multivalued map G : [0;1] — Py(R) is said to be measurable if for every
y € R, the function
tr—d(y,G(t) = nf{[ly — z[| : 2 € G()}

18 measurable.

Definition 4.5 A multivalued map F : [0,1] x R — P(R) is said to be Carathéodory if

(i) t — F(t,x) is measurable for each x € X;

(ii) x — F(t,z) is upper semicontinuous for almost all t € [0, 1];
Further a Carathéodory function F is called L'— Carathéodory if
(iii) for each o > 0, there erists o, € L'([0,1],RT) such that

I1E (@, )| = sup{|v] : v € F(£,2)} < @alt)
for all |z|| < « and for a. e. t € [0,1].
For each y € C(]0,1],R), define the set of selections of F' by
Spy = {v e L'([0,1],R) : v(t) € F(t,y(t)) for a.e. t € [0,1]}.
The consideration of this subsection is based on the following fixed point theorem ([19]).

Theorem 4.6 (Nonlinear alternative for Kakutani maps).[19]. Let E be a Banach space, C
a closed convex subset of E, U an open subset of C and 0 € U. Suppose that F : U — Py (C)
is a upper semicontinuous compact map. Then either (i) F has a fized point in U, or (i)
there is a uw € OU and X\ € (0,1) with u € \F (u).
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The following lemma will be used in the sequel.

Lemma 4.7 (/25]) Let X be a Banach space. Let F : [0,T] x X — Pepo(X) be an L'—
Carathéodory multivalued map and let © be a linear continuous mapping from L'([0,1], X)
to C([0,1],X). Then the operator

©0Sp:C([0,1],X) = Py (C([0,1],X)), z+— (B0 Sp)(z)=0(Sry)
is a closed graph operator in C([0,1], X) x C([0,1], X).
Theorem 4.8 Assume that (A4) holds. In addition we suppose that the following conditions
(Hy) F:[0,1] x R — P(R) is Carathéodory and has nonempty compact convez values;

(H2) there exists a continuous nondecreasing function v : [0,00) — (0,00) and a function
p e C([0,1],R") such that

1t 2)llp = sup{ly| - y € F(t,2)} < p@)¢(llzll) for each (¢, x) € [0,1] X R,
are satisfied. Then the boundary value problem (1.2) has at least one solution on [0, 1].

Proof. In order to transform boundary value problem (1.2) into a fixed point problem,
consider the multivalued operator Q : C([0,1],R) — P(C([0,1],R)) defined by

h e C(]0,1,R) : \
L N s
o @, o
Qzx) = _ B-1)t—FBn RV PYRS
ht) = § + AT(0) /97(1 )21 £ (s)d
+W/o (=)' f(s)ds, 0<t<1, |

for f € Sg. Clearly, according to Lemma 2.4, the fixed points of €2 are solutions to boundary
value problem (1.2). We will show that €2 satisfies the assumptions of the nonlinear alternative
of Leray-Schauder type. The proof consists of several steps.

As a first step, we show that Q is convex for each x € C([0,1],R). This step is obvious
since SF, is convex (F has convex values), and therefore we omit the proof.

Next, we show that Q maps bounded sets into bounded sets in C([0,1],R). For a positive
number p, let B, = {z € C([0,1],R) : ||z|| < p} be a bounded set in C([0,1],R). Then, for
each h € Q(x),x € B, there exists f € Sg, such that

- b t —8)17 L f(s)ds —(,6’—1)15—577 1 — )17 f(s)ds
M) = g | = es+ Eg s [ (e
o — n
+W/O (n—s)"" f(s)ds,

Then, as in Theorem 3.6, we have

t 1
()| %Aa—w*mmw+k1£u—w*mw@

T'(q) I'(q)
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A2 /77 —1
+— n—s)"|f(s)|ds
Kl RUEDI O]
[plled=l)
{1+ A+ Aan?).
Thus,
Ipllv(p)
hl| < ———= {1+ X\ Aol .
| H_F(q—{—l){ + A1+ Ao}

Now we show that Q maps bounded sets into equicontinuous sets of C([0,1],R). Let ¢/,t" €
[0,1] with ¢’ < t” and = € B,, where B, is a bounded set of C([0,1],R). For each h € Q(z),
we obtain, as in Theorem 3.6,

1

(") —h(t)] < | / (" — 8)17 — (¢ — )Y f(s)ds + —— / (" — 5)0 f(s)ds

I'(q) I(q) Ju
O e N 0 et et
Al(g+1) AT(g+1) '

Obviously the right hand side of the above inequality tends to zero independently of x € B,

as t” —t' — 0. As Q satisfies the above three assumptions, therefore it follows by the Arzeld-
Ascoli theorem that  : C([0,1],R) — P(C([0,1],R)) is completely continuous. In our next
step, we show that Q has a closed graph. Let x,, — x., h, € Q(zy) and h,, — h.. Then we
need to show that h, € Q(x,). Associated with h,, € Q(z,), there exists f,, € Sg, such that
for each t € [0, 1],

_ b t — L ($)ds w 1 VR
m(0) = i [ s+ LI gt ga
o — n
+5+A(F(q)ﬁ)t/0 (n— )9 fu(s)ds, te0,1].

Thus we have to show that there exists f, € Sg,, such that for each ¢ € [0, 1],

1 _ 1 (9)ds (B-1)t—pn ! —$\1F (8)ds
o — n
+ +A(F(q)ﬁ)t /0 (n =)' fula)da

Let us consider the continuous linear operator © : L'([0,1],R) — C([0,1],R) given by

t v 1
el = o [ st S [ et
S [ s

Observe that

Vont) — ha(t)] = Hr(lq) [ =97 00) - £ 90ds
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(5—1)t—577/1 -1
1—s)¢ n(8) — fi(8))ds
e | = ) = 60D

B+ (a—=p)t [" G0 (§)— F.(s))ds
AT [ = ) — (s

+

+ — 0,

as n — oo. Thus, it follows by Lemma 4.7 that © o Sg is a closed graph operator. Further,
we have hy,(t) € ©(SFy,). Since z, — x, therefore, we have

L e avge s B DE=B [
n() = f /0 (t= L) + P /0 (1— )7 f(s)d
N Pl KBRS

for some fi € Spg,.
Finally, we discuss a priori bounds on solutions. Let x be a solution of (1.2). Then there
exists f € LY([0,1],R) with f € Sg, such that, for ¢t € [0, 1], we have

_ 1 ! _Sq—l $)ds (5—1)t_ﬁ"7 ! _Sq—l $)ds
b = s | s+ Eg [ (e
B+ (a—p)t [" -1
e [ sy

In view of (Hz), and using the computations in second step above, for each ¢ € [0, 1], we
obtain

1 t_sqfl $)lds 7)‘1 1 — )Y f(s)|ds
< g | s+ s [a= sl
Rl ! —8)47 Y f(s)|ds
g [ oo

[plle=]) ¢
m{1+/\1+)\2n }

| (t)

Consequently, we have

]

<1.
2l (=) -
m {1 + )\1 + )\277(]}

In view of (Ay), there exists M such that ||x| # M. Let us set
U={zeC(0,1,R) : [Jz|| < M + 1}.

Note that the operator Q : U — P(C([0,1],R)) is upper semicontinuous and completely
continuous. From the choice of U, there is no = € OU such that x € pQ(x) for some
u € (0,1). Consequently, by the nonlinear alternative of Leray-Schauder type (Theorem 4.6),
we deduce that Q has a fixed point 2 € U which is a solution of the problem (1.2). This
completes the proof. O
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Example 4.9 Consider the following fractional boundary value problem

cD32¢(t) € F(t,z(t)), 0<t<1,

20 =32 (3) s =2 (3) (11)

Here, ¢ = 3/2,6 =1/2, a =2, n=1/4 and F : [0,1] x R — P(R) is a multivalued map

3
given by x — F(t,x) = {x||§|+3 +2t3 41, ’x:ﬂl +t+1]. For f € F, we have |f| <
jz? 3 |z| )
max + 2t° 4+ 1, +t+1) <4, x € R. Thus, ||F(t,x = su Ty €

F(t,z)} <4 =pt)Y(|z|), zeR,with p(t) =1, ¥(]|z||) = 4. Further, using the condition
(A4) we find that M > 21.092278. Clearly, all the conditions of Theorem 4.8 are satisfied. So
there exists at least one solution of the problem (4.1) on [0, 1].

4.2 The lower semi-continuous case

As a next result, we study the case when F' is not necessarily convex valued. Our strategy to
deal with this problems is based on the nonlinear alternative of Leray Schauder type together
with the selection theorem of Bressan and Colombo [16] for lower semi-continuous maps with
decomposable values.

Definition 4.10 Let X be a nonempty closed subset of a Banach space E and G : X — P(E)
be a multivalued operator with nonempty closed values. G is lower semi-continuous (l.s.c.) if
the set {y € X : G(y) N B # 0} is open for any open set B in E.

Definition 4.11 Let A be a subset of [0,1] x R. A is L ® B measurable if A belongs to the
o—algebra generated by all sets of the form J x D, where J is Lebesque measurable in [0, 1]
and D is Borel measurable in R.

Definition 4.12 A subset A of L'(]0,1],R) is decomposable if for all z,y € A and measurable
J C [0,1] = J, the function xx7 + yxj—g € A, where x7 stands for the characteristic
function of J.

Definition 4.13 Let Y be a separable metric space and let N : Y — P(L'([0,1],R)) be a
multivalued operator. We say N has a property (BC) if N is lower semi-continuous (I.s.c.)
and has nonempty closed and decomposable values.

Let F :[0,1] x R — P(R) be a multivalued map with nonempty compact values. Define
a multivalued operator F : C([0,1] x R) — P(L([0, 1], R)) associated with F as

F(z) = {w e L'([0,1],R) : w(t) € F(t,z(t)) for a.e. t € [0,1]},
which is called the Nemytskii operator associated with F.

Definition 4.14 Let F : [0,1] xR — P(R) be a multivalued function with nonempty compact
values. We say F is of lower semi-continuous type (l.s.c. type) if its associated Nemytskii
operator F is lower semi-continuous and has nonempty closed and decomposable values.
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Lemma 4.15 ([16]) Let Y be a separable metric space and let N : Y — P(L*([0,1],R)) be a

multivalued operator satisfying the property (BC). Then N has a continuous selection, that is,
there exists a continuous function (single-valued) g : Y — L'([0,1],R) such that g(x) € N(x)
for every x € Y.

Theorem 4.16 Assume that (A4), (H2) and the following condition holds:
(Hz) F:[0,1] x R — P(R) is a nonempty compact-valued multivalued map such that

(a) (t,z) — F(t,x) is L ® B measurable,

(b) x +—— F(t,z) is lower semicontinuous for each t € [0,1].

Then the boundary value problem (1.2) has at least one solution on [0, 1].

Proof. It follows from (Hs3) and (Hsz) that F' is of L.s.c. type. Then from Lemma 4.15, there
exists a continuous function f : C2([0,1],R) — L([0,1],R) such that f(z) € F(z) for all
x € C([0,1],R).

Consider the problem

{ cDix(t) = f(z(t)), 0<t<1, 1<q<2, (4.2)

2(0) = Ba(n), (1) = ax(n)

in the space C2([0, 1], R). It is clear that if 2 € C?([0, 1], R) is a solution of the problem (4.2),
then z is a solution to the problem (1.2). In order to transform the problem (4.2) into a fixed
point problem, we define the operator {2 as

{ —L t — )L f((s))ds (—/Cl)t Bn [ 5)7—1 Nds
“0 I(Q)(/o (t) )n f(a(s)d AT (q) /0 (1—8)"" f(x(s)d
71; S q-1 (s S
AT'(q) /0(77 )T f(x(s))ds, 0<t<1

It can easily be shown that Q is continuous and completely continuous. The remaining
part of the proof is similar to that of Theorem 4.8. So we omit it. This completes the proof.
O

4.3 The Lipschitz case

Now we prove the existence of solutions for the problem (1.2) with a nonconvex valued right
hand side by applying a fixed point theorem for multivalued map due to Covitz and Nadler
[18].

Let (X,d) be a metric space induced from the normed space (X;| -|). Consider Hy :
P(X) x P(X) = RU{oo} given by Hi(A, B) = max{sup,c4 d(a, B),supycp d(A,b)}, where
d(A,b) = inf,cad(a;b) and d(a, B) = infycp d(a;b). Then (P (X), Hg) is a metric space
and (P (X), Hy) is a generalized metric space (see [23]).

Definition 4.17 A multivalued operator N : X — Py(X) is called:
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(a) y—Lipschitz if and only if there exists -y > 0 such that

Hy(N(x), N(y)) < 7d(z,y) for each z,y € X;

(b) a contraction if and only if it is y— Lipschitz with v < 1.

Lemma 4.18 (Covitz-Nadler) [18]. Let (X,d) be a complete metric space. If N : X —
P, (X) is a contraction, then FixN # ().

Definition 4.19 A measurable multi-valued function F : [0,1] — P(X) is said to be inte-
grably bounded if there exists a function h € L1([0,1], X) such that for allv € F(t), ||v| < h(t)
for a.e. t €[0,1].

Theorem 4.20 Assume that the following conditions hold:

(Hy) F :[0,1] x R = Pp(R) is such that F(-,z) : [0,1] = P.,(R) is measurable for each
r € R;

(Hs) Hq(F(t,z), F(t,z)) < m(t)|lx — z| for almost all t € [0,1] and z,z € R with m €
C([0,1],R") and d(0, F(t,0)) < m(t) for almost all t € [0,1].

Then the boundary value problem (1.2) has at least one solution on [0, 1] if

[[rm|

—— {1+ X + X0} < 1.

Proof. We transform the problem (1.2) into a fixed point problem. Consider the set-valued
map Q2 : C([0,1],R) — P(C([0,1],R)) defined at the begining of the proof of Theorem 4.8.
It is clear that the fixed point of €2 are solutions of the problem (1.2).

Note that, by the assumption (Hy), since the set-valued map F'(-,x) is measurable, it
admits a measurable selection f : [0,1] — R (see Theorem III.6 [17]). Moreover, from
assumption (Hs) |f(t)| < m(t) + m(t)|z(t)|, i.e. f(-) € L([0,1], X). Therefore the set Sp is
nonempty. Also note that since Sp, # 0, Q(x) # 0 for any x € C([0,1],R).

Now we show that the operator ) satisfies the assumptions of Lemma 4.18. To show
that Q(z) € Py((C[0,1],R)) for each z € C([0,1],R), let {up}n>0 € Q(x) be such that
Up, — u (n — o00) in C([0,1],R). Then u € C([0,1],R) and there exists v, € Sg, such that,
for each t € [0, 1],

_ 1 ' —5)T Ly, (s)ds (B=1)t—pn 1 —5)9 L, (s)ds
wlt) = g [ =i+ Eg e [t s

B+ (a—p)t [" _ 01y (s)ds
vl RUE T

As F has compact values, we may pass onto a subsequence (if necessary) to obtain that
vy, converges to v in L!([0,1],R). Thus, v € S and for each t € [0, 1],

¢ v 1
() = u(t) = F(lq) /0 (t—s)q—lu(s)ds+w /0 (1= 5)7Lu(s)ds
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Brla—pt [T a
+Zw@)l<n 1Ly (s)ds.

Hence, u € Q(x) and () is closed.
Next we show that € is a contraction on C(]0,1],R), i.e. there exists v < 1 such that

Hy(Q(z), (7)) < 9|lx —z|| for each z,z € C([0,1],R).

Let x,z € C([0,1],R) and h; € Q(z). Then there exists vy (t) € F(¢,z(t)) such that, for each
t€[0,1],

b t —8) ty(s)ds —(6—1)t—5n 1 —8) Lty (s)ds
m) = g [ = onas+ g [t e

Brla—pt 1
+ZE@)A<n 0Ly (s)ds.

By (Hg), we have Hg(F(t,z), F(t,z)) < m(t)|xz(t) — Z(t)|. So, there exists w € F(t,z(t))
such that vy (t) — w| < m(t)|z(t) — z(t)|, te[0,1].

Define U : [0,1] — P(R) by U(t) = {w € R : |v1(t) — w| < m(t)|x(t) — z(t)|}. Since
the multivalued operator U(t) N F'(t,Z(t)) is measurable (Proposition II1.4 [17]), there exists
a function ve(t) which is a measurable selection for U. So va(t) € F(t,z(t)) and for each
t € [0,1], we have |v1(t) — va(t)| < m(t)|z(t) — z(t)|.

For each t € [0, 1], let us define

_ b t — 5)T Ly (s)ds —(5—1)t—577 1 — 5)9 Ly (s)ds
i) = g [ = s ats)ds + Eo [ g
o — n
+3+A(F(q)ﬁ)t/o (n — 5)9 ug(s)ds.
Thus,
t 1
ha(t) - ha(t)] < &@A@—Wﬂm@—wN®+Q;AO—W”M@—W®W
+§;[ﬂn—@qWM$—w@Wh
IIWEI(HIil)ﬂ:H {14 A+ Ao}
Hence,
I ol < PRI vy

Analogously, interchanging the roles of x and Z, we obtain

1 < Iz —=|
Hy(Qz2), Q7)) <~vllzx—= 71+)\+)\q
1(922). (%) < e - 2] < FEET )
Since 2 is a contraction, it follows by Lemma 4.18 that {2 has a fixed point x which is a
solution of (1.2). This completes the proof. O
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Remark 4.21 The results of this paper can easily to be generalized to boundary value prob-
lems for fractional differential equations and inclusions with deviating arguments and gener-
alized three point boundary conditions. Thus we can study, by similar methods and obvious
modifications, the following boundary value problem for fractional differential equations

Diz(t) = f(t,z(o(t))), 0<t<l, 1<q<2,
z(t) = Bz(n), —-r<t<0 (4.3)
(1) = ax(n),

where DY denotes the Caputo fractional derivative of order q, f : [0,1] xR — R is continuous,
—r = minyp 1) 0(t), o : [0,1] = [~r, 1] is continuous with o(t) < t,Vt € [0,1] and a, 3,1 are
constants with 0 < n < 1 and 1 — B+ (B — a)n # 0, or the corresponding boundary value
problem for fractional differential inclusions

¢Dix(t) € F(t,z(o(t)
z(t) = px(n), —r<
z(1) = az(n),

where “DY denotes the Caputo fractional derivative of order q, and F : [0,1] x R — P(R) is
a multivalued map, P(R) is the family of all subsets of R.

), 0<t<1 1<q<2,
t<0 (4.4)

Remark 4.22 [t is obvious that the methods used in this paper can be applied to other types
of nonlocal boundary value problems. For example for the following four point boundary value
problem
{ cDiz(t) = f(t,z(t)), 0<t<l, 1<qg<2
2(t) = aw(€),  x(1) = Baln),

where o, 3,€,n are constants with 0 < &,n < 1 and A := a(fn—1) — (8 —1)(a€ — 1) # 0.
The solution of the problem (4.5) is given by

! _Sq_l o — — 3 _3‘1_1
x(t) :/0 (tr)f(S,:C(s))dst (5 1)75A ﬁn—i—l]/o €3 )

(4.5)

f(s,z(s))ds

(9) I'(q)
Blag —1—at] [7(n—s)?
+ A /0 e f(s,z(s)) ds
at—af+1 (1 (1—-s)!
A /0 T J&e))ds, 0<t<t
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QUADRATIC p-FUNCTIONAL INEQUALITIES IN FUZZY BANACH
SPACES

CHOONKIL PARK AND SUN YOUNG JANG*

ABSTRACT. In this paper, we solve the following quadratic p-functional inequalities

N (et 9+ oy - 2@ 20w - (2 (FF2) + 2/ (FF2) - 1@ - 1) .¢)

" Ty’ O

where p is a fixed real number with p # 2, and

N (2f (F5Y) +2f (F5Y) ~ 1@ = F@) — p Gl + ) + S = y) = 2/ (@) — 2 () ot
>t
Tt e, y)

where p is a fixed real number with p # %

Using the fixed point method, we prove the Hyers-Ulam stability of the quadratic p-
functional inequalities (0.1) and (0.2) in fuzzy Banach spaces.

(0.2)

1. INTRODUCTION AND PRELIMINARIES

Katsaras [21] 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 [13, 24, 52]. In particular, Bag and Samanta [2], following Cheng and
Mordeson [8], gave an idea of fuzzy norm in such a manner that the corresponding fuzzy metric
is of Kramosil and Michalek type [23]. They established a decomposition theorem of a fuzzy
norm into a family of crisp norms and investigated some properties of fuzzy normed spaces [3].

We use the definition of fuzzy normed spaces given in [2, 28, 29] to investigate the Hyers-Ulam
stability of quadratic p-functional inequalities in fuzzy Banach spaces.

Definition 1.1. [2, 28, 29, 30] Let X be a real vector space. A function N : X x R — [0, 1] is
called a fuzzy norm on X if for all z,y € X and all s,t € R,
(N1) N(z,t) =0 for t < 0;

(cx,t) = N(=x, f?') if ¢ #0;

)

(N3) N

(N4) N(z 4+ y,s+t) > min{N(z,s), N(y,t)};

(N5) N(z,-) is a non-decreasing function of R and limy;_,o, N(z,t) = 1.
)

The pair (X, N) is called a fuzzy normed vector space.
The properties of fuzzy normed vector spaces and examples of fuzzy norms are given in
27, 28].
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Key words and phrases. fuzzy Banach space; quadratic p-functional inequality; fixed point method; Hyers-
Ulam stability.
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Definition 1.2. [2, 28, 29, 30] Let (X, N) be a fuzzy normed vector space. A sequence {z,} in
X is said to be convergent or converge if there exists an # € X such that lim,,_,oc N(zp,—2z,t) =1
for all t > 0. In this case, z is called the limit of the sequence {x,} and we denote it by N-
lim,, o0 Tn, = .

Definition 1.3. [2, 28, 29, 30] Let (X, N) be a fuzzy normed vector space. A sequence {z}
in X is called Cauchy if for each € > 0 and each ¢ > 0 there exists an ng € N such that for all
n > ng and all p > 0, we have N(zp1p — 2, t) > 1 —c.

It is well-known that every convergent sequence in a fuzzy normed vector space is Cauchy. If
each Cauchy sequence is convergent, then the fuzzy norm is said to be complete and the fuzzy
normed vector space is called a fuzzy Banach space.

We say that a mapping f : X — Y between fuzzy normed vector spaces X and Y is
continuous at a point zg € X if for each sequence {z,} converging to x¢ in X, then the
sequence {f(x,)} converges to f(zg). If f : X — Y is continuous at each = € X, then
f:X — Y is said to be continuous on X (see [3]).

The stability problem of functional equations originated from a question of Ulam [51] con-
cerning the stability of group homomorphisms.

The functional equation f(x+vy) = f(z)+ f(y) is called the Cauchy equation. In particular,
every solution of the Cauchy equation is said to be an additive mapping. Hyers [17] gave a
first affirmative partial answer to the question of Ulam for Banach spaces. Hyers’ Theorem was
generalized by Aoki [1] for additive mappings and by Th.M. Rassias [40] for linear mappings by
considering an unbounded Cauchy difference. A generalization of the Th.M. Rassias theorem
was obtained by Gavruta [14] by replacing the unbounded Cauchy difference by a general
control function in the spirit of Th.M. Rassias’ approach.

The functional equation f(x+y)+ f(z—y) = 2f(z)+2f(y) is called the quadratic functional
equation. In particular, every solution of the quadratic functional equation is said to be a
quadratic mapping. The stability of quadratic functional equation was proved by Skof [50] for
mappings f : By — FE3, where E; is a normed space and FE5 is a Banach space. Cholewa
[9] noticed that the theorem of Skof is still true if the relevant domain Ej is replaced by
an Abelian group. Czerwik [10] proved the Hyers-Ulam stability of the quadratic functional

equation. The functional equation f (%) +f (%) = 1f(z) + 3 f(y) is called a Jensen type

quadratic equation. The stability problems of several functional equations have been extensively
investigated by a number of authors and there are many interesting results concerning this
problem (see [4, 18, 20, 25, 36, 37, 38, 41, 42, 44, 45, 46, 47, 48, 49]).

Gilanyi [15] showed that if f satisfies the functional inequality

12f(z) +2f(y) = fz =yl < [If(z + y) (1.1)

then f satisfies the Jordan-von Neumann functional equation

2f(x) +2f(y) = fle+y) + flz—y)
See also [43]. Fechner [12] and Gilanyi [16] proved the Hyers-Ulam stability of the functional
inequality (1.1). Park, Cho and Han [35] investigated the Cauchy additive functional inequality
1f (@) + f(y) + ) < 1f(z+y+ 2 (1.2)

and the Cauchy-Jensen additive functional inequality

£ + )+ 26 < o (52 42| (1.3

and proved the Hyers-Ulam stability of the functional inequalities (1.2) and (1.3) in Banach
spaces.

Park [33, 34] defined additive p-functional inequalities and proved the Hyers-Ulam stability
of the additive p-functional inequalities in Banach spaces and non-Archimedean Banach spaces.
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We recall a fundamental result in fixed point theory.
Let X be a set. A function d : X x X — [0,00] is called a generalized metric on X if d
satisfies
(1) d(x,y) = 0 if and only if x = y;
(2) d(z,y) = d(y,x) for all z,y € X;
(3) d(z,2) < d(z,y) +d(y, z) for all z,y,z € X.

Theorem 1.4. [5, 11] Let (X, d) be a complete generalized metric space and let J : X — X
be a strictly contractive mapping with Lipschitz constant L < 1. Then for each given element
x € X, either
d(J"z, J" ) = oo

for all nonnegative integers n or there exists a positive integer ng such that

(1) d(J"z, J" ) < oo, Vn > ng;

(2) the sequence {J"x} converges to a fixed point y* of J;

(3) y* is the umque fixed point of J in the set Y = {y € X | d(J™x,y) < co};

(4) d(y,y*) < 27d(y, Jy) for all y € Y.

In 1996, G. Isac and Th.M. Rassias [19] were the first to provide applications of stability
theory of functional equations for the proof of new fixed point theorems with applications. By
using fixed point methods, the stability problems of several functional equations have been
extensively investigated by a number of authors (see [6, 7, 22, 27, 31, 32, 38, 39]).

In Section 2, we solve the quadratic p-functional inequality (0.1) and prove the Hyers-Ulam
stability of the quadratic p-functional inequality (0.1) in fuzzy Banach spaces by using the fixed
point method.

In Section 3, we solve the quadratic p-functional inequality (0.2) and prove the Hyers-Ulam
stability of the quadratic p-functional inequality (0.2) in fuzzy Banach spaces by using the fixed
point method.

Throughout this paper, assume that X is a real vector space and (Y, N) is a fuzzy Banach
space.

2. QUADRATIC p-FUNCTIONAL INEQUALITY (0.1)

In this section, we prove the Hyers-Ulam stability of the quadratic p-functional inequality
(0.1) in fuzzy Banach spaces. Let p be a real number with p # 2. We need the following lemma
to prove the main results.

Lemma 2.1. Let f: X — Y be a mapping satisfying f(0) =0 and

f+w) + fo—9) -2 —210) =p (20 (F52) 421 (552) - 1) - 1)) (2)

forallx,y € X. Then f: X — Y is quadratic.

Proof. Replacing y by x in (2.1), we get f(2z) —4f(x) = 0 and so f(2z) = 4f(x) for all x € X.
Thus

far o)+ fa—y) - 2@ -200) = p(2F () +2f (5L) - @) - )

2
= L@ ty) + fle—y) — 2/(@) — 2f ()
and so f(z+y)+ f(x —y) =2f(x) + 2f(y) for all z,y € X, as desired. O

Theorem 2.2. Let ¢ : X2 — [0,00) be a function such that there exists an L < 1 with

L

529 CHOONKIL PARK et al 527-537



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 22, NO.3, 2017, COPYRIGHT 2017 EUDOXUS PRESS, LLC

C. PARK, S. Y. JANG

forallz,y € X. Let f : X =Y be a mapping satisfying f(0) =0 and
N(f(z+y)+ f(z —y) = 2f(x) = 2f(y) (2.2)
<2f<x—|—y> +2f (azgy> f(l“)f(y))at)zw

for all z,y € X and allt > 0. Then Q(x) := N-lim, 4" f (5%) exists for each x € X and
defines a quadratic mapping Q : X — Y such that

(4 — 4L)t
N (f(z) - Q(x),t) = 4D+ Lo(e.2) (2.3)
forallx € X and all t > 0.
Proof. Letting y = x in (2.2), we get
N (f (20) — 4f(2),0) = (2.4)

t+ (v, z)

for all z € X.
Consider the set

S={g: X ->Y}

and introduce the generalized metric on S:

d(g,h):inf{,ue]RJr:N(g(a:)—h(a:),,ut) VJ:GX,W>O},

_t+g0(x x)’

where, as usual, inf ¢ = +o00. It is easy to show that (5, d) is complete (see [26, Lemma 2.1]).
Now we con51der the linear mapping J : S — S such that

x
Jg(z) =4y (2>
for all z € X.

Let g,h € S be given such that d(g,h) = . Then
N — h(z),et) > ————
(9(e) (o). <1) = s

for all x € X and all £ > 0. Hence

N(Jg(z) — Jh(z),Let) = N (49 (;”) — 4h (g) ,Lst) =N (g (g) —h (;) , ist)

Lt Lt
T T t

Bre(9) ~ Fthela)  t+ea)
for all z € X and all £ > 0. So d(g, h) = ¢ implies that d(Jg, Jh) < Le. This means that
d(Jg, Jh) < Ld(g, h)

for all g,h € S.
It follows from (2.4) that N (f( ) —4f (%), % ) > m for all z € X and all t > 0. So
d(f,Jf) < %

By Theorem 1.4, there exists a mapping () : X — Y satisfying the following;:
(1) Q is a fixed point of J, i.e.,
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for all z € X. Since f: X — Y iseven, Q : X — Y is a even mapping. The mapping Q is a
unique fixed point of J in the set

M={geS:d(f,g) < oo}

This implies that @ is a unique mapping satisfying (2.5) such that there exists a u € (0, 00)
satisfying
N(f(z) — Q(z), ut) > ———
(@) = Qa)opt) >
for all x € X;
(2) d(J™f,Q) — 0 as n — oo. This implies the equality

N- Jim 4 () = Q)

n—oo
for all z € X;
(3) d(f, Q) —7d(f,Jf), which implies the inequality
L
Q) <

This implies that the inequality (2.3) holds.

By (2.2),
)-s(z)-o (2

el Co) o ))
o (r () v (5t) 2 (5) 7 () ) = v
)

for all x,y € X, allt > 0 and all n € N. So
() 1 () (5) - 2)
t
( (Qf(2n+1) * f<2"+1> _f(;) _f<2y”>)>t> - 4%+%%n<p(w,y)

for all z,y € X, all t > 0 and all n € N. Since lim,, ﬁ =1 for all z,y € X and all
t>0, n
Qe +9) + Qe —1) - 20) ~200) = » (20 (T3 2) +20 (52 - Q) - Q)
for all x,y € X. By Lemma 2.1, the mapping @ : X — Y is quadratic, as desired. O
Corollary 2.3. Let 8 > 0 and let p be a real number with p > 2. Let X be a normed vector
space with norm || - ||. Let f: X — Y be a mapping satisfying f(0) =0 and
Tty r—y
N (fla+9)+ f - ) - 20) ~26) - (26 (T52) + 2 (T52) - @) - ) ) ot
t

>
— t+0([llP + [lylP)

for all z,y € X and all t > 0. Then Q(x) := N-lim, ;04" f(5%) exists for each v € X and

defines a quadratic mapping Q : X — 'Y such that
2P — 4t
N (F(e) - Q). t) > o

(2P — 4)t + 20||x||P

forallx € X.
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Proof. The proof follows from Theorem 2.2 by taking ¢(z,y) := 0(||z||P +||y||?) for all z,y € X.
Then we can choose L = 2277, and we get the desired result. O

Theorem 2.4. Let ¢ : X? — [0,00) be a function such that there exists an L < 1 with
'y
<dLp|—-,=
o(z,y) < ¢<2,2>
forallz,y € X. Let f: X — Y be a mapping satisfying f(0) =0 and (2.2). Then Q(x) := N-

limy, 00 4%f (2"x) exists for each x € X and defines a quadratic mapping Q : X — Y such
that

(4—4L)t
(4 — 4L)t + p(z, )

N (f(x) = Q(x),t) =

forallx € X and all t > 0.

(2.7)

Proof. Let (S,d) be the generalized metric space defined in the proof of Theorem 2.2.
Now we consider the linear mapping J : S — S such that

To(a) = 39 (20)

for all x € X.
It follows from (2.4) that

1 1
N —f(2x), ) > ——
(#) = Jr@n.5t) = s
for all x € X and all t > 0. So d(f,Jf) < %. Hence d(f,Q) < ﬁ, which implies that the
inequality (2.7) holds.
The rest of the proof is similar to the proof of Theorem 2.2. O

Corollary 2.5. Let 6 > 0 and let p be a real number with 0 < p < 2. Let X be a normed
vector space with norm || - ||. Let f : X — Y be amapping satisfying f(0) = 0 and (2.6).
Then Q(z) := N-lim, 4%]"(2"33) exists for each © € X and defines a quadratic mapping
Q: X =Y such that

(4 —27)t

N (f(z) = Q(x),t) > (4 —27)t + 20| z||P

forallx € X.
Proof. The proof follows from Theorem 2.4 by taking ¢(z,y) := 6(||z||? +||y||?) for all z,y € X.
Then we can choose L = 2P~2, and we get the desired result. O

3. QUADRATIC p-FUNCTIONAL INEQUALITY (0.2)

In this section, we prove the Hyers-Ulam stability of the quadratic p-functional inequality
(0.2) in fuzzy Banach spaces. Let p be a real number with p # % We need the following lemma
to prove the main results.

Lemma 3.1. Let f : X — Y be a mapping satisfying f(0) =0 and

2 (F52) +2f (132) - £@) 1) = (a4 9) + fo = 9) ~ 20(a) = 26(0)) (31

forallx,y € X. Then f: X — Y is quadratic.
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Proof. Letting y = 0 in (3.1), we get 4f (%) — f(z) = 0 and so f(2z) = 4f(x) for all z € X.
Thus

@) = 35—~ 1@ - 1) = 20 (5 0) w21 (U0) - 1@) - 1)

2 2
= p(f(@+y)+ flz—y)—2f(z) —2f(y))
and so f(z+vy)+ f(xr —y) =2f(x) + 2f(y) for all z,y € X, as desired. O

Theorem 3.2. Let ¢ : X2 — [0,00) be a function such that there exists an L < 1 with

L
pla,y) < 7o (22,2y)
forallz,y € X. Let f : X — Y be a mapping satisfying f(0) =0 and

N (27 (S5 + 2 (F5Y) - £@) — £@) - p Tl ) + S - ) - 20 (a) - 2 W) 1)
2 o

for all z,y € X and allt > 0. Then Q(x) := N-lim, o 4"f (5%) exists for each x € X and
defines a quadratic mapping Q : X — Y such that

(3.2)

(1- L)t

N (f@) = Q)t) > T 33
forallxz € X and all t > 0.
Proof. Letting y = 0 in (3.2), we get
T t
o (3) o)z .

for all z € X.
Consider the set
S={9: X->Y}

and introduce the generalized metric on S:

d(g,h) = inf {u €Ry : N(g(z) — h(x), ut) , Vo e X,Vt > 0} ,

>_
T t+¢(z,0)

where, as usual, inf ¢ = +o00. It is easy to show that (.5, d) is complete (see [26, Lemma 2.1]).
Now we consider the linear mapping J : S — S such that

Jg(x) == 4g (g)

for all z € X.
Let g,h € S be given such that d(g,h) = . Then

N —h t)y > ——m———
for all z € X and all ¢ > 0. Hence

N(Jg(z) — Jh(z),Let) = N (49 (;) — 4h (;) ,Let) =N <g (;) —h <;) , iet)

Lt Lt ;
1 > 1 _
Ly (2,00 ~ L+ Lop@,0) t+e(z,0)

Vv
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for all z € X and all £ > 0. So d(g, h) = ¢ implies that d(Jg, Jh) < Le. This means that
d(Jg,Jh) < Ld(g. h)

forall g,h € S.
It follows from (3.4) that

N <f(x) —4f (;) vt) = m

for all z € X and all ¢ > 0. So d(f,Jf) < 1.
By Theorem 1.4, there exists a mapping @) : X — Y satisfying the following;:
(1) @ is a fixed point of J, i.e.,
x

Q(3) = 10 (3.5)

for all x € X. Since f: X = Y iseven, @ : X — Y is an even mapping. The mapping Q is a
unique fixed point of J in the set

M ={geS:d(f g) < oo}
This implies that @ is a unique mapping satisfying (3.5) such that there exists a u € (0, 00)
satisfying

N(f(z) — Q(x),ut) > "+ o(.0)

for all x € X;
(2) d(J"f,Q) — 0 as n — oo. This implies the equality

N- lim 4°f (5 ) = Q@)

for all x € X;
(3) d(f,Q) < t2zd(f, Jf), which implies the inequality

a(f,Q) < —

1-L°
This implies that the inequality (3.4) holds.
By (3.2),

e 520 () 1 (2) 1 ()
() (52 ()

t
,t> > an
)> a + e (2,y)

for all z,y € X, all t > 0 and all n € N. Since lim,,_, # =1for all x,y € X and all
t>0, o
T4y r—vy
20("52) +2("5Y) - Q@) - QW) = (@ + 1) + @z ) - 2Q(0) ~ 20(w))
for all z,y € X=. By Lemma 3.1, the mapping @) : X — Y is quadratic, as desired. O
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Corollary 3.3. Let 8 > 0 and let p be a real number with p > 2. Let X be a normed vector

space with norm || - ||. Let f: X — Y be a mapping satisfying f(0) =0 and
e () v2r (U5Y) - 1w - £ (3.6
t

—p e+ y) + @ =) = 20(@) = 2fW) ) 2 g

for all x,y € X and allt > 0. Then Q(x) := N-lim, 04" f(57%) ewists for each v € X and

defines a quadratic mapping Q : X — 'Y such that
2P — 43t
N (&) - Qa).t) > o

(2P — 4)t 4 2P0)||x||P

forallx € X.
Proof. The proof follows from Theorem 3.2 by taking ¢(z,y) := 0(||z||P +||y||?) for all z,y € X.
Then we can choose L = 2277, and we get the desired result. O

Theorem 3.4. Let ¢ : X2 — [0,00) be a function such that there exists an L < 1 with
ry
<AdLp|(—-,=
p(z,y) < 4Ly <2, 2)
forallz,y € X. Let f : X =Y be a mapping satisfying f(0) =0 and (3.2). Then Q(z) := N-

limy, 00 4%]‘" (2"x) exists for each x € X and defines a quadratic mapping Q : X — Y such
that

(1- L)t
(1— L)t + ¢(z,0)

N (f(x) = Q(x),t) =

forall z € X and all t > 0.

(3.7)

Proof. Let (S,d) be the generalized metric space defined in the proof of Theorem 3.2.

Now we consider the linear mapping J : S — S such that
1
Jo(a) = 1o (20)

for all z € X.
It follows from (3.4) that

N (o) - 4720 It) = ;(x,m

for all z € X and all ¢ > 0. So d(f,Jf) < L. Hence

d(f,Q) <

which implies that the inequality (3.7) holds.
The rest of the proof is similar to the proof of Theorem 3.2. U

1-L’

Corollary 3.5. Let 6 > 0 and let p be a real number with 0 < p < 2. Let X be a normed
vector space with norm || - ||. Let f : X — Y be a mapping satisfying f(0) = 0 and (3.6).
Then Q(z) := N-lim, e 4= f(2"2) exists for each x € X and defines a quadratic mapping
Q: X =Y such that

(4 —2P)t

N (f(z) — Q(z),t) > (4 — 2P)t + 2°0)|| ||

forallxz € X.
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Proof. The proof follows from Theorem 3.4 by taking ¢(x,y) := 0(||z||P +||y||P) for all z,y € X.
Then we can choose L = 2P~2, and we get the desired result. O
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Abstract. The purpose of this paper is to prove that some common fixed point theorems for
cyclic contractions are equivalent to the counterpart of noncyclic contractions in the same setting.
Our results improve and complement several results for cyclic contractions established in [Fixed
Point Theory Appl., 2013: 256]. Furthermore, an application to the existence and uniqueness
of solution for a class of integral equations is given to illustrate the superiority of the obtained
assertions.
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1. INTRODUCTION AND PRELIMINARIES

Since Banach fixed point theorem (see [1]) appeared in the world, there have been
overwhelming trend in mathematical activities. This theorem presents numerous applica-
tions. For instance, it gives the conditions under which maps (single or multivalued) have
solutions. Fixed point theory itself is a beautiful mixture of analysis (pure and applied),
topology, and geometry. It has been revealed as a very powerful and important tool in the
study of nonlinear phenomena. Over the last several decades, scholars have generalized
this theorem greatly from several directions. Whereas, one of most influential generaliza-
tions is from spaces. Wherein, the fact from usual metric spaces to b-metric spaces is very
popular. b-metric spaces, also called metric type spaces, were introduced in [2] and [3].
Afterwards, a large number of fixed point theorems have been presented in such spaces
(see [4-15]). Recently, scholars cultivate some interests in fixed point theorems for cyclic
contractions (see [15-19]). However, the authors of this paper find that many fixed point
results for cyclic contractions are actually equivalent to those of noncyclic contractions in
the same spaces. Throughout this paper, we obtain some equivalences between cyclic con-
tractions and noncyclic contractions in the setting of b-metric spaces. Moreover, we obtain
some common fixed point theorems without considering cyclic contractions. Further, as an
applications, we cope with the existence and uniqueness of solutions of integral equations.

For the sake of the reader, we recall some well-known concepts and results as follows.
Definition 1.1(]|9]) Let X be a (nonempty) set and s > 1 a given real number. A function
d: X xX —[0,00) is called a b-metric on X if, for all z,y, 2 € X, the following conditions
hold:

(bl) d(z,y) = 0 if and only if x = y;

(b2) d(z,y) = d(y,z);

!'E-mail addresses: mathhhp@163.com (H. Huang); fixedpoint50@Qgmail.com, radens@beotel.rs (S.
Radenovi¢); taleksic@kg.ac.rs (T.-A. Lampert)

538 Huaping Huang et al 538-545



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 22, NO.3, 2017, COPYRIGHT 2017 EUDOXUS PRESS, LLC

(b3) d(z,2) < s[d(z,y) +d(y, 2)].
In this case, the pair (X,d) is called a b-metric space or metric type space. If (X, <) is
still a partially ordered set, then (X, <,d) is called an ordered b-metric space.

Otherwise, for some other definitions in b-metric spaces such as convergence, Cauchy
sequence, completeness, see [8-15] and the references therein.
Definition 1.2(]|22]) A function ¢ : [0, 00) — [0, 00) is called an altering distance function
if the following properties hold:

(1) ¢ is continuous and nondecreasing;

(2) ¢ (t) = 0 if and only if £ = 0.
Definition 1.3(|21]|) Let (X, <) be a partially ordered set, and let A and B be closed
subsets of X with AU B = X. Let f,¢g: X — X be two mappings. The pair (f, g) is said
to be (A, B)-weakly increasing if fr < gfx for all z € A and gy <X fgy for all y € B. In
particular, (f,g) is said to be weakly increasing if fr < gfx and gz <X fgzx for all x € X.
Definition 1.4(|13]) An ordered b-metric space (X, <,d) is called regular if for any non-
decreasing sequence {z,} in X such that z, — x (n — o0), one has z, < z for all
n € N.
Definition 1.5(|16]) Let A and B be nonempty subsets of a metric space (X,d) and
T:AUB — AUB. Then T is called a cyclic map if T (A) C B and T (B) C A.

Shatanawi and Postolache proved the following common fixed point results for cyclic
contractions in the framework of ordered metric spaces.
Theorem 1.6([19]) Let (X, <,d) be a complete ordered metric space, and let A, B be
closed nonempty subsets of X with X = AU B. Let f,g : X — X be (A, B)-weakly
increasing mappings with respect to <. Suppose that

(a) X = AU B is a cyclic representation of X with respect to the pair (f,g), i.e.,
/(A)C B and g(B) C A

(b) there exist 0 < § < 1 and an altering distance function ¢ such that for any
comparable elements x,y € X with z € A and y € B, we have

vd(fz.g0) < 06 (max {d (o). o fa) ) 5 (0 o) + d 0 ) } )

(c) f or g is continuous, or

(¢)) (X, X,d) is regular.

Then f and g have a common fixed point.

It should be noted that cyclic contractions (unlike Banach-type contractions) need
not to be continuous. This concept is an interesting increase in nonlinear analysis. In
addition, Hussain et al. [15] introduced the notion of ordered cyclic weakly (v, ¢, L, A, B)-
contraction and proved the following fixed point results.

Definition 1.7 Let (X, <,d) be an ordered b-metric space, let f,g : X — X be two
mappings, and let A and B be nonempty closed subsets of X. The pair (f, g) is called an
ordered cyclic weakly (1, ¢, L, A, B)-contraction if

(1) X = AU B is a cyclic representation of X with respect to the pair (f,g);

(2) there exist two altering distance functions 1, ¢ and a constant L > 0, such that for
arbitrary comparable elements z,y € X with z € A and y € B, we have

O (s*d (fz,9y)) <O (M (2,y) — o (M, (z,y)) + L (N (x,y)),

where

M (z,y) = max {d (z,y),d(z, fx),d(y,gy), 2% (d(x,gy) +d(y, f:v))} (1.1)
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and

N (z,y) = min{d (y,gy) ,d (z,gy) ,d (y, fx)}. (1.2)

Theorem 1.8 Let (X, <,d) be a complete ordered b-metric space, and let A and B be
closed subsets of X. Let f,g: X — X be (A, B)-weakly increasing mappings with respect
to <. Suppose that

(a) the pair (f,g) is an ordered cyclic weakly (¢, ¢, L, A, B)-contraction;

(b) f or g is continuous.
Then f and ¢ have a common fixed point u € AN B.
Theorem 1.9 Let the hypothesis of Theorem 1.8 be satisfied, except that condition (b) is
replaced by the following assumption:

(b)) (X, =, d) is regular.
Then f and g have a common fixed point u € AN B.

The following lemmas will be utilized in the proof of our main results.
Lemma 1.10(|20]) If some ordinary fixed point theorem in the setting of complete metric
spaces has a true cyclic-type extension, then these both theorems are equivalent.
Lemma 1.11([5]) Let {y,} be a sequence in a b-metric space (X, d) with s > 1 such that

d (yrw yn—i-l) S )\d (yn—la yn)

for some A € [0,1), and each n =1,2,.... Then {y,} is a Cauchy sequence in (X, d).
2. MAIN RESULTS

In this section, following the trend mentioned above, we extend such considerations
to the simpler equivalent results so that we can enlarge, in a unified manner, the class of
problems that can be investigated.

Theorem 2.1 Let (X, <, d) be a complete ordered metric space, and let f,g: X — X be
the weakly increasing mappings. Suppose that

(a) there exist 0 < 6 < 1 and an altering distance function ¢ such that for any
comparable elements x,y € X, we have that

Y(d(fz,gy)) < d¢(max{d(z,y),d(z, fr),d(y, gy), %(d(x,gy) +d(y, fr))});

(b) f or g is continuous, or
(c) (X, =,d) is regular.
Then f and g have a common fixed point.
The proof of Theorem 2.1 is trivial because we have the following:
Theorem 2.2 Theorem 1.6 is equivalent with Theorem 2.1.
Proof Putting A = B = X in Theorem 1.6, we obtain Theorem 2.1. In other words,
Theorem 1.6 implies Theorem 2.1. The proof for the converse is same as in [20-21]. Namely,
we depend on Lemma 1.10. O]
In the sequel, we announce the following noncyclic case result.
Theorem 2.3 Let (X, <, d) be a complete ordered b-metric space, and let f,g: X — X
be the weakly increasing mappings. Suppose that there exist altering distance function v
and ¢, and the constants € > 1, L > 0 such that

U (s°d(fr,9y)) < (M (2,y)) — ¢ (Ms (2,9)) + Ly (N (,y)) (2.1)

for all comparable x,y € X, where M (x,y) and N (x,y) are given by (1.1) and (1.2),
respectively. If either f or g is continuous, or the space (X, =<, d) is regular, then f and g
have a common fixed point.
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Proof Choose xy € X and construct a sequence {z,} as follows:

Topt1 = fron, Top+2 = GTon+1-
Since (f, g) is weakly increasing, then
T 3Ty Zx3 =X XLy XXy X

If 25, = x9,41 OF Toyy1 = Tonyo for some n, then the proof is trivial and hence we omit it.
Now we assume that z,, # x,; for all n. We shall only prove that

d(xp, Tpy1) < M (Tp_1,T,), (2.2)
for all n = 1,2, ..., where A € |0, %) Indeed, by (2.1), it establishes that

Y (s °d (Tans1, Tany2)) = ¥ (s °d (fr2n, gTant1))
< Y (Mg (@2n, Tont1)) + Lp (N (2on, Tant1))

where M, («T2n>x2n+1> = mnax {d (1’2n,$2n+1),d(l’2n+1,$2n+2)} and N($2n,$2n+1) = 0.
Hence, it is not hard to verify that

s °d (Tony1, Tang2) < d(Topn, Tani1) - (2.3)

Similarly, we obtain that
5 °d (Tan, Tony1) < d (Tan-1, Ton) - (2.4)

Uniting (2.3) and (2.4), ones have (2.2).
Now by Lemma 1.11, we demonstrate that {z,} is a Cauchy sequence and therefore
there exists € X such that z,, — = as n — oco. Thus

lim x5, = lim fx,, = x. (2.5)
n—oo n—oo
In view of x9, — x, without loss of generality, assume that f is continuous. Then

lim fxzy, = fx. (2.6)

n—oo

It follows immediately from (2.5) and (2.6) that x = fux.
Further, by using z < = we can prove that the condition (2.1) implies the existence of
common fixed point of f and g. Indeed, put z = y in (2.1) it follows that

¥ (sd(fx, gr)) <O (M (2, 7)) — ¢ (M (2, 7)) + Ly (N (2, 7))

Now that M,(x,z) = d(x, gx) and N(x,y) = 0, one has

U (s*d(fz,g2)) <P (d(x,g7)) = ¢ (d(z, g7)) + L -0 <9 (d(z,g2)),

which means that
sed (fz, g2) = 5°d (z, gr) < d (2, 92).

Consequently, x = gz (because € > 1).
The assumption of continuity of one of the mappings f or g can be replaced by the
condition that b-metric space (X, <, d) is regular.
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In fact, let (X, <,d) be regular. Via the mentioned above, we can construct an increas-
ing sequence {z,} in X such that x,, — x (n — o0) for some x € X. Then x, =< z for all
n € N. We shall have to show that fr = gx = x.

First, we have

%d (x,g92) < d(x,xon11) + d(fron, gx). (2.7)
By (2.1) we get
(G (Ssd (fom g]?)) <@ (MS (x2n7 I)) + L1 (N (Jfgn, I)) )

where

M, (530, 7) = max {d (o, 2)  d (23m, omss) » d (2, g) , LE2029%) A& Ton1) } (2.8)

2s

and
N (xQny I) = min {d (I’, gl’) ’ d (ZL‘Zn; gl’) ) d (ZE, x2n+1)} : (29)
Letting n — oo in (2.8) and (2.9) and using

d (xQnagx) + d (I, :L‘Zn—i-l) < d(l’gn,l‘) + d(l‘,gl’) + d($7x2n+1)
25 - 2 25 ’

we obtain lim,,_,., M (x9,, ) = d(x, gz) and lim,_, N (29,,2) = 0. Further, we deduce
that

T (5% (e, 92)) < (T M, (a0, )) 4+ L0 (0) = (d(z,92)).

n—o0

Since v is nondecreasing, we arrive at

lim s°d (fxo,, gx) < d(z,gx). (2.10)
n—o0
Now (2.7) and (2.10) imply that gz = z. Similarly, we claim that fz = . O

Remark 2.4 Theorem 2.3 improves and generalizes the main results of [15] (also see
Theorem 1.8 and Theorem 1.9 ) in several directions. For one thing, the constant ¢ > 1
is arbitrary and is not only limited to € = 2 stated by Theorem 1.8 and Theorem 1.9.
This probably brings us more convenience in applications. For another thing, Theorem 2.3
dismisses the cyclic representation. In addition, the proof Theorem 2.3 is much simpler
than the one of Theorem 1.8 and Theorem 1.9.

Finally we announce the main result of this paper:
Theorem 2.5 Theorem 1.8 together with Theorem 1.9 is equivalent to Theorem 2.3 in
case of ¢ = 2.
Proof For all details and explanations see [20], [21] and the proof of Theorem 2.1.

3. APPLICATION

By using Theorem 2.3, we shall consider the existence of solutions for the following
integral equation with an unknown function wu:

u(t):/o Gt s) f(s,u(s))ds, t € [0,T], (3.1)

where T" > 0 is a constant, f : [0,7] x R — R, G : [0,7] x [0,T] — [0,00) are given
continuous functions.
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Denote X = C'[0, T be the set of real continuous functions on [0, 7] and let d : X x X —
R* be given by

d(u,v) = max |u(t) —v(t)|*, Yu,veX.

0<t<T

It is easy to check that (X, d) is a complete b-metric space with parameter s = 2. We
endow X with the partial order given by

r=ysax(t)<y(t) forallte[0,T].
Validly, (X, <X,d) is regular.
Define a mapping 7 : X — X by

Tu(t) := /o G(t,2) f(z,u(2))dz, t€]0,T],

then u is a solution of the given equation (3.1) if and only if it is a fixed point of T. We
shall prove that T has a fixed point under the following assumptions.

(i) For all z € [0,7T], f (z,.) is a decreasing function, that is, z,y € R,z > y implies
fz2) < f(zp);

(ii) There exists a constant v > 0 such that

r 10
max G(t,z)dz < ——
0<t<T J, 21\/_

(iii) For all z € [0, 7] and for all comparable z,y € X,
0<|f (2.2 (2) ~ f(2y(2))]
< (vmax (2 =y (P e () = TP Iy ()~ Ty (P
2(2) =Ty ) + |y (z) = T <z>|2}>%

J (3.2)

(iv) There exists a constant ¢ € (1, 2224

Theorem 3.1 Under the conditions (i)- ( V) the equation (3.1) has a solution z* € X.
Proof First of all, if x < y, then by (i), we have

Ty (t) =Tz (t) :/0 G(t,2)[f(zy(2) = f(z2(2)]dz >0, t€]0,T].

That is, Tx < Ty. This means that T is increasing.
By virtue of (3.2), we have that

f (zo2) = f (z,9))
< fymax{d (z,y),d(x,Tx),d(y,Ty),

d(xz,Ty)+d(y,Tx) }
1 :
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Then for all ¢t € [0,7] and all comparable z,y € X, by (ii) and (3.3), we speculate that

d(Tx. Ty) = Tx (t) — Ty ()]
(Tx,Ty) tg&¥]|x() y (t)]

= mx ([ GG ) -1 G @) dz)2

t€[0,T]
1 d(z,Ty)+d(y, T
< ﬂmax {d(l’,y),d(ijx)’d(y’Ty), (xy y) 1’ (y7 ZL‘)} '

— 441

By (iv), it follows that % < 2% = Sis, thus all the conditions of Theorem 2.3 are satisfied
where 1, ¢ are identity mappings and T'= f = g, L = 0. So T has a fixed point u(t) € X,
that is, the integral equation (3.1) has a solution u(t) € X = C'[0, 7. O
Remark 3.2 In the above application we use ordinary fixed point theorem, while Corollary
2 of [15] uses cyclical-type fixed point result. Actually, these both results are equivalent,
then our approach has an advantage because we use the conditions (i)-(iv), while in Corol-
lary 2 of [15] authors utilize the conditions (4.2)-(4.7) as well as two subsets A; and As.

Also, our application shows that their main result is not applicable.
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A FIXED POINT METHOD TO THE STABILITY OF A JENSEN
FUNCTIONAL EQUATION IN INTUITIONISTIC FUZZY 2-BANACH
SPACES

CHOONKIL PARK, EHSAN MOVAHEDNIA*, GEORGE A. ANASTASSIOU, AND SUNGSIK YUN*

ABSTRACT. In this paper, we recall the notion of intuitionistic fuzzy 2-normed space intro-
duced in [1] and using the fixed point method, we investigate the Hyers-Ulam stability of the
following functional equation

21 () + 1 () + 1 (L50) = 1@) + 1) 8

in intuitionistic fuzzy 2-Banach spaces.

1. INTRODUCTION

The concept of the stability for functional equations was introduced for the first time by Ulam
in 1940 [2]. He proposed the famous Ulam stability problem for a metric group homomorphism.
In 1941, Hyers [3] solved this stability problem for additive mappings subject to the Hyers
condition on approximately additive mappings in Banach spaces. In 1951, Bourgin [4] treated
the Ulam stability problem for additive mappings. Subsequently the result of Hyers was
generalized by Rassias [5] for linear mapping by considering an unbounded Cauchy difference.

The functional equation f(z+y)+ f(x —y) = 2f(z) +2f(y) is called a quadratic functional
equation. In particular, every solution of the quadratic functional equation is said to be a
quadratic mapping. The Hyers-Ulam stability problem for the quadratic functional equation
was proved by Skof [6] for mappings f : X — Y, where X is a normed space and ) is a Banach
space.

In 1984, Katsaras [7] defined a fuzzy norm on a linear space to construct a fuzzy vector
topological structure on the space. Later, some mathematicians have defined fuzzy norms on
a linear space from various points of view [8, 9]. In particular, in 2003, Bag and Samanta
[10], following Cheng and Mordeson [11], gave an idea of a fuzzy norm in such a manner that
the corresponding fuzzy metric is of Kramosil and Michalek type [12]. They also established
a decomposition theorem of a fuzzy norm into a family of crisp norms and investigated some
properties of fuzzy normed spaces. Recently, considerable attention has been increasing to the
problem of fuzzy stability of functional equations. Several various stability results concerning
Cauchy, Jensen, simple quadratic, and cubic functional equations have been investigated [13,
14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24].

2010 Mathematics Subject Classification. 47540, 54A40, 46540, 39B52, 47H10.

Key words and phrases. Intuitionistic fuzzy 2-normed space; Fixed point; Hyers-Ulam stability; Jensen func-
tional equation,
*Corresponding author.
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Quite recently, the stability results in the setting of intuitionistic fuzzy normed space have
been studied in [25, 26, 27, 28]; respectively, while the idea of intuitionistic fuzzy normed space
was introduced in [29].

2. PRELIMINARIES

Definition 2.1. Let X' be a real linear space of dimension greater than one and let ||-,-|| be a
real-valued function on X x X satisfying the following condition:

(1) [z, yll=lly, =[] for all x,y € X;

(2) ||z, y|| = 0 if and only if x,y are linearly dependent;

(3) lloce,yll = lod |2, ]| for all 7,y € X and € R;

@) |2,y + 2l < |z, yll + ||z, 2| for all x,y,z € X.
Then the function ||-,-|| is called a 2-norm on X and the pair (X, ||-,-||) is called a 2-normed
linear space.

Definition 2.2. A binary operation * : [0,1]x[0,1] — [0, 1] is a continuous t-norm if * satisfies
the following conditions:

(1) * is commutative and associative;

(2) * is continuous;

(3) ax1=a for all a € [0,1];

(4) a*xb < cxd, whenever a < c and b <d for all a,b,c,d € [0, 1].

Example 2.1. An example of continuous t-norm is
a * b= min{a, b}.

Definition 2.3. A binary operation < : [0,1] x [0,1] — [0,1] is a continuous t-conorm if o
satisfies the following conditions:

(1) © is commutative and associative;

(2) ¢ is continuous;

(3) ao0=a for all a € [0,1];

(4) aob < cod, whenever a < c and b <d for all a,b,c,d € [0, 1].

Example 2.2. An example of continuous t-conorm is
a ¢ b= max{a, b}.

Definition 2.4. Let X be a real linear space. A fuzzy subset p of X x X x R is called a fuzzy
2-norm on X if and only if for all x,y,z € X, and t,s,c € R,

(1) p(z,y,t) =0 for all t <O0.

(2) u(z,y,t) =1 if and only if x,y are linearly dependent for all t > 0.

(3) u(z,y,t) is invariant under any permutation of x,y.

(4) p(z,cy,t) = p(x,y, |t—|) for allt >0 and ¢ # 0.

(5) p(x + z,y,t+ 8) > p(x,y,t) * pu(z,y,s) for allt,s > 0.

(6) u(z,y,.) is a non-decreasing function on R and

Jim (2, y,t) =1

Then p is said to be a fuzzy 2-norm on a linear space X, and the pair (X, ) is called a fuzzy
2-normed linear space.
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Example 2.3. Let (X, ||-,-||) be a 2-normed linear space. Define
t .
ean Y120
iz, y,t) =
0 ift<0,
where z,y € X and t € R. Then (X, pn) is a fuzzy 2-normed linear space.

Definition 2.5. Let (X, pu) be a fuzzy 2-normed linear space. Let {x,} be a sequence in X.
Then {xy} is said to be convergent if there exists x € X such that

lim p(z, —z,y,t) =1

n—oo

forallt >0 and ally € X.

Definition 2.6. Let (X, ) be a fuzzy 2-normed linear space. Let {x,} be a sequence in X.
Then {zy} is said to be a Cauchy sequence if

nangO W(Zpqp — Tn,y,t) =1
forallt >0, allye X andp=1,2,3,---.

Let (X, ) be a fuzzy 2-normed linear space and {z,} be a Cauchy sequence in X. If {x,}
is convergent in X then (X, u) is said to be a fuzzy 2-Banach space.

Definition 2.7. Let X be a real linear space. A fuzzy subset v of X x X x R such that for all
x,y,z € X, and t,s,c € R,

,y,t) =1 for all t < 0.

(2) v(z,y,t) = 0 if and only if x,y are linearly dependent for all t > 0.

(3) v(x,y,t) is invariant under any permutation of x,y.

(4) v(z,cy,t) =v(x,y, |t7|) for allt >0, ¢ #0.
(5) v(

(6) v(

Jim v(z,y,t) =0

Then v is said to be an anti fuzzy 2-norm on a linear space X and the pair (X,v) is called an
anti fuzzy 2-normed linear space.

Definition 2.8. Let (X,v) be an anti fuzzy 2-normed linear space and {z,} be a sequence in
X. Then {xy,} is said to be convergent if there exists x € X such that

nh—>Holo v(zy, —xz,y,t) =0

forallt >0 and all y € X.

Definition 2.9. Let (X,v) be an anti fuzzy 2-normed linear space and {x,} be a sequence in
X. Then {z,} is said to be a Cauchy sequence if

nl;rglo U(ZTpyp — T, y,t) =0

forallt >0, alye X andp=1,2,3,---.
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Let (X,v) be an anti fuzzy 2-normed linear space and {z,} be a Cauchy sequence in X. If
{z,,} is convergent in X then (X,v) is said to be an anti fuzzy 2-Banach space.
The following lemma is easy to prove and we will omit it.

Lemma 2.1. Consider the set L* and operation <~ defined by
L* = {(z1,29) : (x1,22) €[0,1]% and z1 + 29 < 1}

(1,22) <px (Y1,02) =21 <Y1, T2 > Y2
or all (x1,x2), (y1,y2) € L*. Then (L*,<p+) is a complete lattice.
Il L*. Th L* < ) lete latti

Definition 2.10. A continuous t-norm 7 on L = [0,1)? is said to be continuous t-representable
if there exist a continuous t-norm x and a continuous t-conorm < on [0, 1] such that, for all
T = (CEl,xQ),y = <y17y2) €L,
T(z,y) = (21 * y1, T2 0 Y2).

Definition 2.11. Let X be a set. A function d: X x X — [0,00] is called a generalized metric
on X if and only if d satisfies:

(My) d(z,y) =0z =yVo,ye X

(MQ) d(:v,y) = d(y7x) any ekXx

(M3) d(x,2) < d(x,y) +d(y, z) Va,y,z € X

Theorem 2.1. ([30]) Let (X,d) be a complete generalized metric space and J : X — X be a
strictly contractive mapping with Lipschitz constant L < 1. Then, for all x € X, either

ATz, T ) = 0o
for all nonnegative integers n or there exists a positive integer ng such that
(a) d(J"x, T x) < 0o for all n > no;
(b) the sequence {J"x} converges to a fixed point y* of J;
(¢) y* is the unique fized point of J in the set Y ={y € X : d(J™x,y) < co};
(d) d(y,y*) < 27 d(y, Ty) for ally € Y.
This theorem was used by Cadariu and Radu (see [31, 32, 33, 34]) and then others to obtain

the applications of fixed point theory in stability problems (cf. [24, 35, 36, 37, 38, 39, 40, 41,
42, 43)).

Definition 2.12. A 3-tuple (X, p,.,T) is said to be an intuitionistic fuzzy 2-normed space(for
short, IF2NS) if X is a real linear space, and p and v are a fuzzy 2-norm and an anti fuzzy
2-norm, respectively, such that v(x,y,t) + u(z,y,t) < 1, 7 is continuous t-representable, and

Pup : X XX xR = L*

pIMV('CCv Y, t) = (/j’(xa Y, t)? V(‘Ta Y, t))
s a function satisfying the following conditions, for all x,y,z € X, and t,s,a € R,
(1) puv(z,y,t) =(0,1) = 0r= for all t <O.
(2) puv(z,y,t) = (1,0) = 11+ if and only if x,y are linearly dependent, for all t > 0.
(3) purlaz,y,t) = puv(z,y, ﬁ) for allt >0 and a #0
(4) puv(z,y,t) is invariant under any permutation of ,y.
) pup(®+2,y,t +8) 2L T(pup(@,Y,1), P (2, Y, 8)) for all t,s > 0.
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(6) puv(x,y,.) is continuous and
W py (2, y,t) = O+ and lim py,(2,y,t) = 1-
Then p,,. is said to be an intuitionstic fuzzy 2-norm on a real linear space X .
Example 2.4. Let (X, ||-,-||) be a 2-normed space,
7(a,b) = (a1b1, min(az + by, 1))

be continuous t-representable for all a = (ay,a2),b = (b1,b2) € L* and p,v be a fuzzy and an
anti fuzzy 2-norm, respectively. We define

t T,y
| sl )

t+mllz, y||" t +mlz, yl
for allt € RT and m > 1. Then (X, py,,T) is an IF2NS.

Definition 2.13. A sequence {xy} in an IF2NS (X, p,.,T) is said to be convergent to a point
ze X if

nh—>Hclo p#,y(xn —x,y,t) =1p+

forallt >0 and all y € X.

Definition 2.14. A sequence {x,} in an IF2NS (X, p,.,T) is said to be a Cauchy sequence
if for any 0 < e <1 and t > 0, there exists ng € N such that

pp,,u(xn —Tm, Y, t) 2L (1 — € 6)
for alln,m > ng and all y € X.

Definition 2.15. An IF2NS space (X, pu.,T) is said to be complete if every Cauchy sequence
in (X, puw,T) is convergent. A complete intuitionistic fuzzy 2-normed space is called an intu-
itionistic fuzzy 2-Banach space.

3. HYERS-ULAM STABILITY OF THE FUNCTIONAL EQUATION (1) IN IF2NS: AN ODD
MAPPING CASE

Using the fixed point alternative approach, we prove the Hyers-Ulam stability of the func-
tional equation (1) in intuitionistic fuzzy 2-Banach spaces for an odd mapping case.
Let X, ) be real linear spaces. For a given mapping f : X — ), we define

Df(e,y) = 2f <”y) +f (‘””‘y> T (y‘””) — F@) - 1),

2 2 2
Lemma 3.1. Let X,Y be real linear spaces. An odd mapping f : X — Y satisfies
T + xr — -
o (T3) + 1 (5572) +1(155) = 1@ +5w )

if and only if it is Jensen additive.

Proof. Assume that f : X — ) satisfies (2). Since f is odd, we have f(—z) = —f(x) for all

x,y € X. It follows from (2) that 2f a:T—i-y = f(z) + f(y) for all z,y € X.

Conversely, assume that f : X — ) is Jensen additive. Then it is easy to show that f
satisfies (2). O
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Theorem 3.1. Let X be a real linear space, (Z, p;W, 7') an intuitionistic fuzzy 2-normed space
andlet ¢ : X x X = Z,p0: X x X — Z be mappings such that for some 0 < o < 2

p,/u,v (¢(2x7 2y)7 90(2‘737 2y)) t) 2L p,/u,u (Oéqb(l", y)’ QD(:C, y)v t) (3)

for allz,y € X and t € RT. Let (Y, puw,T) be a complete intuitionistic fuzzy 2-normed space.
If € : X x X = Y is a mapping such that {(2z,2y) = éf(m,y) forallz,y e X and f: X = Y
s an odd mapping such that

puw(Df (@), &(,y),t) > p), (D, 1), 0(x,y),1) (4)
for all x,y € X,t > 0, then there is a unique additive mapping A : X — Y such that

A )~ A €0.0.0 21 sl (900,000,002 1) )
Proof. Putting y = 0 in (4), we have
oo (21 (5) = F@),€@,0),) 210 0l (8(2,0), 9(,0),1). (6)
Replacing = by 2 in (6), we have
s (2F(@) — F22),622,0).8) 21 1, (6(22,0).(22.0).1). )
It follows from (3), (7) and the property of & that
s (10 - L8 e(00.8) 210 4, (6(20.0), 002200, 21)

/ aQ
2L Puv (2¢($,0),90($,0),t)

for all x € X and t > 0.
Consider the set Q2 = {g: X — Y} and define a generalized metric d on 2 by

d(g, h) = inf {c € RT : py,(g(x) — h(@),&(x,0),) L+ p),,(ch(2,0), o(x,0),1) }
for all z € X and ¢t > 0 with inf () = co. It is easy to show that (£2,d) is complete (see [44]).

2
Define J : X — X by Jg(z) = g(2x) for all z € X. Now, we prove that .J is strictly

a?

contractive mapping of 2 with the Lipschitz constant

Let g,h € E be given such that d(g, h) < e. Then

Pu,v (g(x> - h(.’L’),(S(.%,O),t) ZL* P;hy(f(ﬁ(w,())a@(xao)at)
forall z € X and ¢ > 0. So

Pu.v (Jg(a:) - Jh(x)7§(x70>vt) = Puv (g<2{L‘) - h(2x),§(2x, 0)7 zt)

2
21t (002200 020.0). 24) =10 (S ed(2.0) (.01

, —t
o

551 CHOONKIL PARK et al 546-557



J. COMPUTATIONAL ANALYSIS AND APPLICATIONS, VOL. 22, NO.3, 2017, COPYRIGHT 2017 EUDOXUS PRESS, LLC

FUNCTIONAL EQUATION IN INTUITIONISTIC FUZZY 2-BANACH SPACES
a2

Then d(Jg, Jh) < > d(g,h) for all g,h € Q. It follows from (7) that

a2<
— < o0
2

a(f, Jf) <
It follows from Theorem 2.1 that there exists a mapping A : X — ) satisfying the following:
(1) Ais a fixed point of J, that is,
A(2z) = 2A(x) (8)
(2) The mapping A is a unique fixed point of J in the set
A={he:d(g,h) <o}

This implies that A is a unique mapping satisfying (8).

(3) d(J"f,A) — 0 as n — oo. This implies that

- f2Mr)
T
for all z € Xi
(4) d(f,A) < ﬁd(f, Jf) with f € A, which implies the inequality d(f, A) < 23‘22. So

—a?
P (1(0) = A2 60)8) 2 o (002,005,002

This implies that the inequality (5) holds.

It remains to show that A is an additive mapping. Replacing z and y by 2"z and 2"y in
(4), respectively, we get

1 t
Puw <2an(2”:c, 2"y), £(2"x, 2"y), 2n> > P, (02", 2%y), (2", 2"y), t) .

By the property of {(z,y), we have

1 1 t
Pu,v <2an(2nx’ 2”2/)7 J{('ma y>7 2,1) >rLx PL,V (¢(2nx7 2ny)7 90(271'7;7 2ny)’ t) .

Thus

1 2™t
o (e DI 7). 60 0) 200 s (02727 020,29, 2 )
/ n 2" t / aQn
ZL* pu,y a qﬁ(x,y),(p(a:,y), W =L* pu,y 2T¢(x>y)790($7y)7t .

As n — oo, we have
pM,V(DA(‘T7 y)? €($, 9)7 t) >+ 1L*-
Thus A is an additive mapping, as desired. O
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Corollary 3.1. Let X be a linear space, (Z,p,,,,7') be an IF2N-space, (¥, py,T) be a com-
plete IF2N-space, p be real number and z9,z1 € Z. If £ : X x X — Y is a mapping such that
£(2x,2y) = %f(m,y) forallz,y € X and f : X — Y is an odd mapping such that

pua(Df (@), §(@,),t) =1 o, (27 + [lyll7)20, 21, 1)

for};zllha:,y eX,t>0and0<p< %, then there exists a unique additive mapping A : X — Y
such that

2 — 2%
sl 1(0) = A, E@.01.0) 21 sl (Il 20 25 20)

forallz € X and t > 0.

Proof. Let ¢, : X x X — Z be defined by ¢(z,y) = (||z||” + |ly[|") 20 and ¢(z,y) = z1. Then
the result follows from Theorem 3.1 by taking o = 2P. (]

Corollary 3.2. Let X be a linear space, (Z,p;%l,, 7') be an IF2N-space, (Y, puy,T), be a com-
plete IF2N-space and let zg,z1 € Z. If f: X — Y is an odd mapping such that

pu,V(Df(x7 y)? 5(513, y)v t) ZL* PL,V(GZ(L 21, t)
for all x,y € X,t > 0, then there exists a unique additive mapping A : X — Y such that
,O,u,y(f(x) — A(x),&(z,0),t) > P;W(GZO, z1,t)
forallz € X andt > 0.

Proof. Let ¢, : X x X — Z be defined by ¢(z,y) = 20 and ¢(z,y) = z1. Then the result
follows from Theorem 3.1 by taking o = 1. U
4. HYERS-ULAM STABILITY OF THE FUNCTIONAL EQUATION (1) IN IF2NS: AN EVEN

MAPPING CASE

Using the fixed point alternative approach, we prove the Hyers-Ulam stability of the func-
tional equation (1) in intuitionistic fuzzy 2-Banach spaces for an even mapping case.

Lemma 4.1. Let X, be real linear spaces. An even mapping f : X — Y satisfies

2f<x;y>+f(xgy>+f<y;x>=f@%+ﬂw (9)

if and only if it is Jensen quadratic.
Proof. Assume that f : X — ) satisfies (9). Since f is even, we have f(—z) = f(z) for all

xz,y € X. It follows from (9) that 2f (T) +2f <$;y> = f(z)+ f(y) for all z,y € X.
Conversely, assume that f : X — ) is Jensen quadratic. Then it is easy to show that f
satisfies (9). O

Theorem 4.1. Let X be a real linear space, (Z, p;W, 7') an intuitionistic fuzzy 2-normed space
andlet ¢: X x X = Z,0: X x X — Z be mappings such that for some 0 < a® < 4

p;,u (¢(25E7 2y)7 (,0(21’, 2y)7 t) 2L p;,y (Oé(JS(l’, y)’ QO(ZE, y)a t) (10)

for allz,y € X and t € RT. Let (Y, puw,T) be a complete intuitionistic fuzzy 2-normed space.
If £ : X x X — Y is a mapping such that £(2x,2y) = éf(x,y) forallz,ye X and f: X — Y
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is an even mapping satisfying f(0) = 0 and (4), then there is a unique quadratic mapping
Q: X — Y such that

4—a?
p#ﬂ’(f(x) - Q(x),f(:v, 0)7t) 2L p;;,y <¢($,0), 90(33’0)7 2t> (11)

«@
forallz € X andt > 0.
Proof. Putting y = 0 in (4), we have

o (45 (5) = (@) 6@,0),8) 21+ o), (6(w,0), p(2,0).1) . (12)
Replacing = by 2z in (12), we have

puy (4f () — f(22),£(22,0),t) 2L~ p),, ($(22,0),(22,0),1). (13)
It follows from (10), (13) and the property of & that

o (10 = L6 0010) 21 g, (02000 0020.0), 21

2

> p,/u,u (CZQZ)(LU,O),QO(JI,O),t)

for all z € X and t > 0.
Consider the set Q = {g : X — Y} and define a generalized metric d on Q as in Theorem

3.1.
2
Define J : X — X by Jg(z) = g(4$) for all z € X. Now, we prove that J is strictly

contractive mapping of €2 with the Lipschitz constant O‘TZ.
Let g, h € E be given such that d(g,h) < e. Then

Pu,v (g(ZL‘) - h(l‘),f(l’,O),t) >L p;ﬁy(ﬁgb(ZE,O),g@(l‘,O),t)
for all x € X and t > 0. So

P (o) = Th(e), €(2.0),8) = p (9(20) — 1(20). (20,0 21 )
062
ZL* p;,y (EQS(Z:E? 0)? 90(21:’ O)a §t> =L* p;;,y <46¢)(ZL‘, 0)7 SO(ZL‘, 0)? t) .

2 2
Then d(Jg, Jh) < % d(g, h) for all g,h € Q. It follows from (13) that d(f,Jf) < % < 00.

It follows from Theorem 2.1 that there exists a mapping @) : X — ) satisfying the following:
(1) Q is a fixed point of J, that is,

Q(2z) = 4Q(x) (14)
(2) The mapping @ is a unique fixed point of J in the set
A={he:d(g,h) < oo}
This implies that @ is a unique mapping satisfying (14).
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(3) d(J"f,Q) — 0 as n — oco. This implies that
f(2"x)

T
for all x € Xi
M)ﬂﬁQ)§ijﬂﬁJﬁthfeAﬂmMﬁmMMHMHMWMMyMﬁQ)§ﬁ%;%
, 4—a?
Puy (f({E) - Q($),€($,O), t) 2L Puy ¢($, 0)7 QD(ZE’ 0)7 a2 t).
This implies that the inequality (11) holds.
The rest of the proof is similar to the proof of Theorem 3.1. O

Corollary 4.1. Let X be a linear space, (Z,pL,y,T’) be an IF2N-space, (Y, puy,T) be a com-
plete IF2N-space, p be real number and 29,21 € Z. If £ : X x X — Y is a mapping such that
£(2x,2y) = %{(m,y) forall z,y € X and f: X — Y is an even mapping satisfying f(0) = 0
and

o (DF (1), €@, 1), 8) 210 ol (2 + 91720, 21,1
forallx,y e X, t >0 and 0 < p < 1, then there exists a unique quadratic mapping Q : X — Y
such that

, A—4p
(@) = Qo 008) 2 Ay (ol 250

forallx € X and t > 0.

Proof. Let ¢, : X X X — Z be defined by ¢(z,y) = (||z]|P + ||y||P) 20 and ¢(z,y) = 21. Then
the result follows from Theorem 4.1 by taking o = 2P. O

Corollary 4.2. Let X be a linear space, (Z,p;“,, 7') be an IF2N-space, (Y, puv,T), be a com-
plete IF2N-space and let zp,z1 € Z. If f : X — Y is an even mapping satisfying f(0) = 0
and

qu(Df(.'L', y)? f((ﬂ, y)7 t) ZL* pL,y(GZ(L 21, t)

for all x,y € X,t > 0, then there exists a unique quadratic mapping @ : X — Y such that

p,u,l/(f('x) - Q(l’),f(.%’,(]),t) 2L p;;,y(ez(]azlv?’t)
forallz € X and t > 0.

Proof. Let ¢, : X x X — Z be defined by ¢(z,y) = 20 and ¢(z,y) = z1. Then the result
follows from Theorem 4.1 by taking a = 1. O
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and vice versa. Also we prove the topology generated by a modular (with
a certain property) coincides with the topology generated by a random
norm, and so in some situations the study of modular spaces reduces to
the study of random normed spaces.

AMS: 47H09; 47H10; 39B82.

Keywords: modular spaces; random normed spaces; topology.

1 Introduction

Orlicz and Birnbaum generalized the Lebesgue function spaces LP and the
theory of Orlicz spaces inspired Nakano [1] to develop the theory of modular
spaces. This was generalized by Musielak and Orlicz [2]. For a good introduction
to the theory of Orlicz spaces we refer the reader to Krasnoselskii and Rutickii [3].
In this paper, we show that a modular could induce a random norm and vice versa
and also we show that the topology generated by a modular (with a certain prop-

erty) coincides with the topology generated by a random norm.

2 Modular spaces

We start with a brief introduction to modular spaces (see [4-6,8,9]).
Let X be a vector space over F (R or C). A functional p : X — [0,00] is

called a modular, if for f, g € X, we have for any o € F:
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3
(1) p(f)=0if and only if f = 0;
(i) p(f) = p(f) whenever |a = 1.
(ii1) p(af + Bg) < p(f) + p(g) whenever a, 3 >0 and a+ 5 = 1.
If p is a modular in X, then the set defined by
X,={heX: /l\ig%p()\h) =0} (2.1)

is called a modular space.

Definition 2.1. Let X, be a modular space. The sequence {f,},en in X, is

said to be p—convergent to f € X, if p(f, — f) = 0, as n = oo.

The following definition plays an important role in the theory of modular

function spaces.

Definition 2.2. Let X, be a modular space. We say that p has the (2-property

if p(z,) — 0 implies p(Az,) — 0 for A > 0; here z, is a sequence in X,.

For example it is easy to see that p(z) = In(1+ ||z||) and p(z) = exp(||z||) — 1

have the Q-property (see [4]).

3 Random normed spaces

Definition 3.1. A triangular norm (shorter t-norm) is a binary operation on

the unit interval [0, 1], i.e., a function 7" : [0, 1] x [0,1] — [0, 1] such that for all
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a,b,c € [0, 1] the following four axioms are satisfied:
(T1) T'(a,b) =T(b,a) (: commutativity);
(T2) T(a,(T(b,c))) =T(T(a,b),c) (: associativity);
(T3) T'(a,1) =a (: boundary condition);

(T4) T(a,b) < T(a,c) whenever b < ¢  (: monotonicity).

The commutativity of (T1), the monotonicity (T4), and the boundary con-
dition (T3) imply that, for any t-norm 7" and z € [0, 1], the following boundary

conditions are also satisfied:

T(x,1)=T(l,z) = x,

T(z,0) =T(0,z) = 0,

and so all the t-norms coincide on the boundary of the unit square [0, 1]2.
The monotonicity of a t-norm 7" in its second component (T4) is, together
with the commutativity (T1), equivalent to the (joint) monotonicity in both

components, i.e., to

T(x1,11) < T(x2,y2) whenever x; < zy and y; < yo. (3.1)

Basic examples are the Lukasiewicz t-norm 77,

Tr(a,b) =max(a+b—1,0), Va,b € [0,1]

and the t-norms Tp, Ty, Tp, where

Tp(a,b) = ab,
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Ty(a,b) := min{a, b},
min(a,b), if max(a,b)=1;
Tp(a,b) ==
0, otherwise.

If, for two t-norms 7 and T3, the inequality T} (x,y) < Ty(x,y) holds for all
(z,y) € [0,1]%, then we say that T} is weaker than T, or, equivalently, that T is
stronger than 7T5.

As a result of (3.1), we obtain

T(x,y) <T(z,1) ==z,

T(z,y) <T(Ly) =y
for each (z,y) € [0,1]?. Since trivially T(z,y) > 0 = Tp(z,y) for all (z,y) €
(0,1)%, for an arbitrary t-norm T, we get

TDSTSTMJ

i.e., Tp is weaker and T); is stronger than any other {-norm, and also since

Tr, < Tp we obtain the following ordering for the four basic t-norms

Tp <Tp, <Tp <Ty.

Throughout this paper, A" is the space of distribution functions that is, the
space of all mappings F': RU{—o00,00} — [0, 1], such that F is left-continuous,
non-decreasing on R and F(0) = 0.

Now D™ is a subset of AT consisting of all functions F € A% for which

[7F(+00) = 1, where [~ F(z) denotes the left limit of the function f at the point
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x, that is, [7 F(z) = lim;_,,- F'(t). In particular for any a > 0, ¢, is the specific

distribution function defined by

Definition 3.2. [10] A random normed space (briefly, RN-space) is a triple
(X, u, T), where X is a vector space, T is a continuous t-norm, and y is a mapping
from X into DT such that, if u, denotes the value of u at z € X, the following
conditions hold:

(RN1) p(t) = eo(t) for all ¢t > 0 if and only if = = 0;
(RN2) poe(t) = <%> forallz € X, t>0, a #0;
>

(RN3) prgsy(t +5) > T(p(t), ptyy(s)) for all xz,y € X and ¢, s > 0.

Definition 3.3. Let (X, 1, T) be an RN-space. A sequence {z,} in X is said
to be convergent to x in X if, for every € > 0 and A > 0, there exists a positive

integer N such that i, .(€) > 1 — A whenever n > N.

Definition 3.4. Let (X, pu,T) be an RN-space. We say that p has the Q*-
property if pu, (1) — 1 implies p,, (t) — 1 for ¢ > 0; here z, is a sequence in

X.

Theorem 3.5. [11] If (X, u,T) is an RN-space and {x,} is a sequence such

that x, — z, then lim,, . p, (t) = pz(t) almost everywhere.
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Example 3.6. [12] Let (X, ||.||) be a normed linear space. Define

0, if t <0;
Mz(t) =

t .
e ift > 0.

Then (X, u, Tp) is a random normed space.
Example 3.7. [12] Let (X, ||.||) be a normed linear space. Define

0, ift<0:
() it >o.

Then (X, u, Tp) is a random normed space.
Example 3.8. [13] Let (X, || - ||) be a normed linear space. Define

max{1 — el 0}, if ¢t > 0;

t
Nr(t) =
0, if t<0.

Then (X, p, T1) is a RN-space (this was essentially proved by Musthari in [14];

see also [15]).

Definition 3.9. Let (X, u,T) be an RN-space. We say that p has the Q-

property if p,(1) = 1 implies z = 0.

It is easy to see that that the RN-spaces in Examples 3.6, 3.7, 3.8 have the
Ql-property (and also the Q*-property).

For more results on RN-spaces and similar spaces refer [16]- [21].
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4 Main results

Theorem 4.1. Let (X,pu,T) be a RN-space with the Q'-property. Define a

function
¢ :[0,1] — [0, +0o0]
such that
(1) ¢ is continuous and p(0) = +oo and p(1) = 0;
(2) @ is strictly decreasing on [0, 1];
(3) ©(T(a,b)) < ¢(a)+ ¢(b) for all a,b € [0, 1].

Let p(x) = ¢(pe(1)) for x € X. Then, X, is a modular space.

Proof. Let (X, u,T) be an RN-space with the Q!-property and let ¢ be a function
satisfying (1)—(3).

(i) Let x € X. The Q'-property of i together with (RN1) imply

0=p(x) = p(a(1)) = pa(1) =1 <=2 =0.

(ii) is clear. (iii) Let z,y € X and «, 5 > 0 and a + 8 = 1. Then (note (RN3),

(2) and then (RN2),(3))

plax +By) = o(Haztsy(l))

IN

Pl (froz(), 15, (5))]

IN

P(pz(1)) + @(y(1))
= px) +py).
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9
Now, for x € X (note (RN2)),
li tx) =i 1)) =1 ! =p(1)=0
t%M@—gw%Aﬁjgwuzm = (1) =0,
so, X, is a modular space. O

Example 4.2. Let X be a normed linear space and let (X, u,Tp) be the

random normed space in Example 3.6. Let

+oo, ifu=0;
p(u) =
Ini if0<u<l.

The function ¢ satisfies conditions (1)—(3) in Theorem 4.1. Now Theorem 4.1
guarantees that ¢(u,(1)) = In(1+ ||z||) is a modular (note it is also easy to check

this directly).

Theorem 4.3. Let X, be a modular space. Let T' be a continuous t-norm.
Define a function
Y : [0, 400] — [0,1]
such that
(1) 4 is continuous and (0) =1 and ¢ (+00) = 0;
(2) 4 is strictly decreasing on [0, +00];
(3) ¥(a+b) > T(W(a), (b)) for all a,b € [0, +00).

Let

0, if t<0;

v(p (%)), if t>o0.
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10
Then, (X, u,T) is a RN-space.

Proof. (RN1). For ¢ > 0 and # € X we have yu,(t) = 1iff ¢(p (%)) = 1iff
p(%)=0iff 2 =0.

(RN2). For t > 0 and z € X we have for o # 0 (note (ii))

fox(t) = ¢ (p (?)) = <p (ﬁ)) = [l (I%I) :

(RN3). For t,s > 0 and x,y € X we have (note (iii) and (3))

et ) = o (o(552))

Example 4.4. Let X be a normed linear space. Consider the modular
p(x) =In(1+[z]),

for x € X. Let ¢(t) = exp(—t) for t € (—o0,+00). Then the function satisfies

conditions (1)—(3) in Theorem 4.3. Consider the t-norm 75 and

0, if A <0;
pz(A) =

e =Y (e (5). o<

Now Theorem 4.3 guarantees that (X, u, Tp) is an RN-space.
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Now, we consider the topology induced by a modular.

Theorem 4.5. (1). Let (X, u, Tp) be a RN-space with the Q*-property and the
Q'-property. Let 7, be the topology induced by the random norm u. Then, there

exists a modular which induces a topology which coincides with 7, on X.

(2). Let (X,,p) be a modular space with the Q-property and let T, be the topology
induced by the modular p. Then there exists a random norm p which induces a

topology which coincides with 7, on X.

Proof. (1). Let (X, u, Tp) be a RN-space. Let ¢ be as in Example 4.2 and let
p(x) = ¢(p(1)) for x € X. Then, from Theorem 4.1, p is a modular. Now, let
{z,} be a sequence in (X, p, T),) converging to z in X, i.e., u,, .(t) tends to 1
for ¢ > 0 (so in particular i, (1) tends to 1). Then, p(z, — =) = @z, —2(1))
tends to 0, i.e., {z,} converges to z in the sense of Definition 2.1.

Next let {x,} be a sequence converging to z in X in the sense of Definition
2.1 with modular p (here ¢ is as in Example 4.2 and p(x) = ¢(u,(1)) for x € X)
i.e., p(tz,—2(1)) tends to 0. Then u,, (1) tends to 1. Now since p has the
*-property, then for ¢ > 0 we have that u,, () tends to 1 i.e., {z,} converges
to x in the sense of Definition 3.3.

Now, let A be an open set in (X, u, Tp). Put B = A°. We show B is a closed
set in (X,, p). Let z be an element in the closure of B in (X, p). Then there
exists a sequence {x,} in B with z,, converging to = in the sense of Definition 2.1

with modular p. Now from the above z,, converges to x in the sense of Definition
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3.3. Now since B is a closed set in (X, u, Tp) then x € B. Thus B is a closed set
in (X,,p) so A is an open set in (X,, p). A similar argument show that if C is

an open set in (X,, p) then C' is an open set in (X, i, Tp).

(2). Let (X,, p) be a modular space with the Q-property. Let ¢ be as in Example
4.4. Then Theorem 4.3 guarantees that (X, u, Tp) is a RN-space (here p is as in
Theorem 4.3). Now, let {z,} be a sequence in (X, p) converging to = in X, i.e.,
p(x, — x) tends to 0. Now since p has the Q-property, then for ¢ > 0 we have
that iz, —.(t) =¥ (p (2572)) tends to 1, i.e., {z,} converges to z in the sense of

Definition 3.3.

Next let {x,} be a sequence converging to x in X in the sense of Definition
3.3 1.6, fa,—a(t) =¥ (p (£572)) tends to 1 for t > 0 (here ¢ is as in Example 4.4

and p is as in Theorem 4.3). Then p (@) tends to 0 for ¢ > 0 so in particular

p(x, — x) tends to 0 i.e., {x,} converges to x in the sense of Definition 2.1.

Now, let A be an open set in (X, p). Put B = A°. We show B is a closed set
in (X, pu,Tp). Let & be an element in the closure of B in (X, u, Tp). Then there
exists a sequence {z,} in B with x, converging to = in the sense of Definition
3.3 with random norm p. Now from the above x, converges to = in the sense
of Definition 2.1. Now since B is a closed set in (X, p) then € B. Thus B is
a closed set in (X, u,Tp) so A is an open set in (X, pu, Tp). A similar argument

show that if C'is an open set in (X, y, Tp) then C' is an open set in (X,,p). O
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Abstract. In this paper, we investigate the Ulam-Hyers stability of C*-ternary 3-Jordan homomorphisms for the functional
equation

flar+aa,y s,z +22) = > @iy, )

1<i,5,k<2

in C*-ternary algebras.

1. INTRODUCTION

Ternary algebraic operations were considered in the 19th century by several mathematicians and physicists such as Cayley
[8] who introduced the notion of cubic matrix which in turn was generalized by Kapranov, Gelfand and Zelevinskii [14]. As
an application in physics, the quark model inspired a particular brand of ternary algebraic systems. The so-called Nambu
mechanics which has been proposed by Nambu [11] in 1973, is based on such structures. There are also some applications,
although still hypothetical, in the fractional quantum Hall effect, the non-standard statistics (the anyons), supersymmetric
theories, Yang-Baxter equation, etc, (cf. [15, 16, 26]).

The comments on physical applications of ternary structures can be found in [1, 6, 14].

A C*-ternary algebra is a complex Banach space, equipped with a ternary product (z,v, z) — [z, y, 2] of A% into A, which
is C-linear in the outer variables, conjugate C-linear in the middle variable, and associative in the sense that [1:, ¥, [z, u, v]] =
(2. [y, 2,0, 0] = [[@,9,2], u,v], and satisfies |[z,y, 21l| < llz] - Iyl - =0, e, 2]l = o] (see (3, 28)).

Every left Hilbert C*-module is a C*-ternary algebra via the ternary product [z,y, 2] := (z,y)z.
Let A and B be two Banach ternary algebras. An additive mapping H : (A,[ ]a) — (B,[ ]B) is called a ternary ring

homomorphism if
H([z,y,2]a) = [H(x), H(y), H(2)]5

for all x,y,z € A. An additive mapping H : (A,[]a) — (B,[]B) is called a Jordan homomorphism if
H(lz,z,x]a) = [H(z), H(z), H(x)]5

for all z € A.
Definition 1.1. Let A and B be C*-ternary algebras. A 3-linear mapping H : A x Ax A — B over C is called a C*-ternary

3-homomorphism if it satisfies
H([z1,y1, 21), [x2, y2, 22], [23, 93, 28]) = [H (21,22, 23), H(y1,¥2,y3), H (21, 22, 23)]

92014 Mathematics Subject Classification. Primary 39B52; 39B82; 46B99; 17A40.
OKeywords: Ulam-Hyers stability; 3-additive mapping; 3-Jordan homomorphisms; C*-ternary algebra.
0*Corresponding author.
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for all z1,y1,21,22,y2, 22, T3,Yys, 23 € A. A 3-linear mapping H : A Xx A x A — B over C is called a C*-ternary algebra

3-Jordan homomorphism if it satisfies
H([x7 x? x]? [y7 y? y}? [Z7 Z7 Z]) = [H('/L‘7 m’ m)7 H(y7 y? y)7 H(Z7 Z? Z)}

for all z,y,z € A

The study of stability problems originated from a famous talk given by Ulam [27] in 1940: “Under what condition does
there exist a homomorphism near an approximate homomorphism?” In the next year 1941, Hyers [13] answered affirmatively
the question of Ulam for additive mappings between Banach spaces. Then, Aoki [4] considered the stability problem with
unbounded Cauchy differences. A generalized version of the theorem of Hyers for approximately additive maps was given
by Rassias [20] in 1978. Let X and Y be real or complex vector spaces. For a mapping f: X x X x X — Y | consider the

functional equation:

flxi+ 2,91 +y2, 21 + 22) = Z f(@i,y5, 2k) (1.1)

1<i,5,k<2
In 2006, Park and Bae [19] showed that a mapping f : X x X x X — Y satisfies the equation (1.1) if and only if the mapping

f is 3-additive. We investigate the Ulam-Hyers stability in C*-ternary algebras for the 3-additive mappings satisfying (1.1).
The stability problems of several functional equations have been extensively investigated by a number of authors and there

are many interesting results concerning this problem (see [2, 7, 9, 10, 17, 18, 21, 22, 23, 24, 25, 29, 30]).

2. Ulam-Hyers stability of C*-ternary 3-Jordan homomorphisms
The following lemma was proved in [5].

Lemma 2.1. Let X and Y be real or complex vector spaces. Let f: X x X x X — Y be a 3-additive mapping such that
fQx, py,vz) = Auvf(z,y, 2)for all \,p,v € Ty :={A € C: |A| =1} and all z,y,2 € X. Then f is 3-linear over C.

Using the above lemma, one can obtain the following result.

The following lemma was proved in [5].

Lemma 2.2. Let X and Y be complex vector spaces and let f: X x X x X — 'Y be a mapping such that

FO@s 4+ Az, py1 + pyo, v +vze) = MY (@5, 20) (2.1)

1<i,5,k<2

for all \,p,v € Ty and all x1,x2,Yy1,y2, 21,22 € X. Then f is 3-linear over C.

Lemma 2.3. Let A and B be two Banach ternary algebras. Let f : A — B be an additive mapping. Then the following
assertions are equivalent
H([z, z, 2], [y, y, 9l [2, 2, 2]) = [H (2, 2, 2), H(y,y,y), H(z, 2, 2)] (2.2)
for all z,y,z € A.
Hf(([&"hmzws] + [w2, 23, 21] + [, 21, 22]), ([Y1, Y2, ys] + [y2, y3, 11] + [y3, 91, 32]),

([z1, 22, 23] + [22, 23, 21] + [Z3721,2’2]))
(2.3)
= (f([w17$27$3] + ['T27x37x1] + [$3,$1,$2]), f([y17y27y3] + [y27y37y1] + [y37y17y2])7
f([z1, 22, 23] + [22, 23, 21] + [ZS»ZhZZ)) Iz,

for all x1,x2,x3,y1,Y2,Ys3, 21, 22,23 € A.
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Proof. The proof is similar to the proof of [12, Lemma 2.1]. If we replace z,y, z by 21 + z2 + 3,41 + Y2 + y3,21 + 22 + 23

in (2.2), respectively, then we can easily obtain (2.3).

For the converse, if we replace x1,x2, 3 by x, y1,y2,ys by y and z1, 22, 23 by z in (2.3), we can easily obtain (2.2). O

From now on, assume that A is a C*-ternary algebra with norm ||.||4 and that B is a C*-ternary algebra with norm ||.|| 5.

For a given mapping f: A x A X A — B, we define

Diuw F(®1, 22, 91,92, 21, 22) i= fQAm1 + Avo, piyr + pya, vz1 +vz2) — M > f(@i, 45, 28) (2.4)

1<4,5,k<2

Theorem 2.4. Let p,q,7 € (0,00) withp+q+7r <3 and 0 € (0,00), and let f: Ax AXx A— B be a mapping such that

DX f (@1, 2,41, Y2, 21, 22) | B < 0 max{|[za]|a, |22 4}’ - max{[[ya ][4, [ly2]la}? - max{|[z1]|a, [|22]]a}", (2.5)

Hf(([xl,xz,xs] + [x2, x3, 21]) + [23, 21, 2]), ([Y1, Y2, 3] + (2, y3, 1] + [y3, y1,v2]), ([21, 22, 23] + [22, 23, 21] + [23721722]))

—(f([whwmfﬂs] + [x2, w3, 21] + [23, T1, 2]), f([y1, y2, ys] + [y2, ys, v1] + [y3, 41, y2]), (2.6)

3
f[z1, 22, 23] + [22, 23, 21] + [23>Z1722))HB <O (il - llyill% - ll211)

i=1
for all X\, u,v € Ty and all x1,x2,%3,Y1,Y2, Y3, 21, 22, 23 € A. Then there exists a unique C*-ternary 3-Jordan homomorphism
H:AxAxA—B
0 p q r
1f(z,y,2) — H(z,y,2)||lB < 8_anﬂﬂh Myl - 1120 (2.7)
for all z,y,z € A.

Proof. By the same reasoning as in the proof of [5, Theorem 2.3], there exists a unique 3-additive mapping H : AXxAXxA — B
satisfying (2.7). By Lemma 2.1, the 3-linear mapping H : A x A x A — B is given by

H(\x, py,vz) ;== lim 8if(2n/\x,2”uy, 2"vz) = lim /\uygif(2”x,2”y,2”z) = \uvH(z,y,2)
n—oo &M n—oo n

for all \,u,v € Ty and all z,y, z € A.
It follows from (2.6) that

1 (1,2, @) + (w2, 2a,04] + [0, 2, w2]), (s v, ya) + sy, ] + sy, val), (21, 22, 20] + [z, 20, 2] + [z, 20, 22]) )

— (B rm ) + 2,0, m2) + [o 0, 2a]), Bl vo,us] + [y, vs. 0]+ [y, on,9e]), B[, 22,20 + (2220, m] # L2 1,22))
= nli_?;o Sinﬂf(([Q"acl7 2" w0, 2" ws) + [2" 22, 2" w3, 2" 21 ] + [2" 23, 2" 21, 2" 22]),

(2"y1, 2" y2, 2" ys] + [2"y2, 2" ys, 2" y1 ] + [2"y3, 2" Y1, 27 y2]), ([27 21, 2" 22, 2" 23] + [2" 22, 2" 25,2 21] + [2" 23, 2" 21, anz]))

- (]”([2”31:17 2" 0, 2" ws] + [2" 22, 2" 3, 2" 11 ] + [2" 23, 2" 1, 2" 22]),

F2%y1, 2" y2, 2%y3] + [27y2, 2" y3, 2"y ] + [27ya, 271, 2" y2]), F([27 21,27 20, 2" 23] + [2" 22,27 23,27 21] 4 [27 23,27 21, 2n22)) [P
n—oo N

3
. 0
< limoo Sl -yl - =0 =0
1=1
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for all x1,T2,T3,Y1,Y2,Y3,21,22,23 € A. So
H(([Ilzﬂf%%] + [w2, z3, 21] + [T3, 21, 2]), ([y1, Y2, y3] + (Y2, ys, 1] + [y3, Y1, 92]), ([21, 22, 23] + [22, 23, 21] + [Zs,zlyzz]))

= (H([Z’lwzws] + [22, 3, 1] + [z3, 21, T2]), H([y1, Y2, ys] + [y2, y3, y1] + [y3, y1, y2]), H([21, 22, 23] + [22, 23, 21] + [23, 21»22)) 5
for all xr1,%2,T3,Y1,Y2,Ys3, 21, 22,23 € A.
Now, let T: A x A x A — B be another 3-additive mapping satisfying (2.7). Then we have
1
HH(zvya z) — T(x7y>z)||B = 87||H(2nx72ny’2nz) - T(an72ny72nz)‘|3
1 n n n n n n 1 n n n n n n

< gnllH (272, 27y, 272) = f(2"2, 2%, 2%2)|| s + ol £ (272, 2%y, 272) = T(2"2, 27y, 272) | 5
o(ptat+r=3)nt+ig » . ,
WHIHA Myl - 1121,

which tends to zero as n — oo for all z,y,z € A. So we can conclude that H(z,y,z) = T(x,y,z) for all z,y,z € A. This
proves the uniqueness of H.

Thus the mapping H : A — B is a unique C*-ternary 3-Jordan homomorphism satisfying (2.7). d

Putting p = ¢ = r = 0 and 0 = ¢ in Theorem 2.3, we obtain the Ulam stability for the 3-additive functional equation

(1.1).
Corollary 2.5. Lete € (0,00) and let f: AX A x A — B be a mapping satisfying

||D)\aM,Vf(‘T17w2aylay27zlvz2)||B S 57

||f(([1‘179027»’83} + [w2, 23, 21] + [23, 21, 22]), ([Y1, Y2, Y3] + [Y2, ¥, y1] + [ys, y1, y2l), ([21, 22, 23] + [22, 23, 21] + [23721»@]))
- (f([xlam%m?)] + [22, 23, 1] + [23, 21, 22]), f([Y1, Y2, y3] + Y2, y3, v1] + [y3, y1, 42]),
f([z1, 22, 23] + [22, 23, 21] + [23721722)>||B < 3e
for all \, u,v € Ty and all x1, 2, x3,Y1,Y2, Y3, 21, 22, 23 € A. Then there exists a unique C*-ternary 3-Jordan homomorphism

H:AxAxA—B

||f(:c,y7 Z) - H(I7yaZ)HB S

3| ™

for all x,y,z € A.

Theorem 2.6. Let p € (0,3) and 6 € (0,8), and let f : Ax Ax A — B be a mapping such that

2
D2 f (@1, @2, 91,92, 21, 22) |8 < 0 (laall% + Ilwell + [12311%), (2.8)

=1
|\f(([$179327$3] + [x2, z3, 21]) + [23, 21, 22]), (Y1, Y2, y3] + [Y2,y3, 1] + (U3, y1,v2]), ([21, 22, 23] + [22, 23, 21] + [23721,22]))

- (f([fﬂlax%xs] + (w2, w3, 21] + [3, 21, @2]), f([Y1, y2, 3] + [y2, y3, v2] + [ys, y1,92]), f([21, 22, 23] + [22, 28, 21] + [23531722))”3
3
<0 (lwill% + llyilly + llzil%)
= (2.9)
for all \, u,v € Ty and all x1,x2,x3,Y1,Y2, Y3, 21, 22, 23 € A. Then there exists a unique C*-ternary 3-Jordan homomorphism
H:AxAxA—B

20 .
1,y 2) = H(z,y,2)ll5 < g5 (el + lyl% + 1=]%)
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for all x,y,z € A.
Proof. The proof is similar to the proof of Theorem 2.4. a

Theorem 2.7. Let p,q,r € (0,00) withp+q+1r <3, s€(0,3) and 0,n € (0,00), and let f : Ax Ax A — B be a mapping
such that

IDx o f (@1, 2,91, Y2, 21, 22) | B < 0 max{|[a1[[ 4, |24}’ - max{[[ya[la, [ly2[la}? - max{||z1]|a, [[z2]] 4}

2 (2.10)
A1) (lwalla + llyilla + 1lz:01%),

=1

Hf(([l’hﬂ?%ﬂ??)] + [z2, z3, 21] + [®3, 21, 22]), ([y1, Y2, ¥3] + (Y2, y3, 1] + (Y3, y1,y2]), ([21, 22, 23] + [22, 23, 21] + [23721,22]))

—(f([-Tl,iUQ,LES] + [3327333,331] + [$3,$171’2])7f([y1»y27?43} + [y27y37y1] + [y37y17y2])7 (211)

2

3
flz1, 22, 23] + [22, 23, 21] + 23, 21»22)) Iz <6 (il - lyalld - lzalla) + 0> (il + lyalli + llzlls)

i=1 i=1
for all X\, u,v € Ty and all x1,x2,x3,Y1,Y2, Y3, 21, 22, 23 € A. Then there exists a unique C*-ternary 3-Jordan homomorphism

H:AxAxA—B

0 r 27] s s s
1f(@,y,2) = H(z,y. 2|8 < g Il -yl - 2l + o= (lwilla + llyalla + ll=ill%)
for all z,y,z € A.
Proof. The proof is similar to the proof of Theorem 2.4. O

Theorem 2.8. Letp € (0,3) and 0 € (0,8), and let f : AXAX A — B be a mapping satisfying (2.8), (2.9) and f(0,0,0) = 0.

Then there exists a unique C™*-ternary 3-Jordan homomorphism H : A x A x A — B such that

||f(ac,y,z) _H(x7y7z)‘|3 < % _38

(% + lyll% +11211%)

forall z,y,z € A.

Theorem 2.9. Letp,q,r € (0,00) withp+q+r > 3, s € (0,3) and 0,n € (0,00), and let f : Ax Ax A — B be
a mapping satisfying (2.10), (2.11) and f(0,0,0) = 0. Then there exists a unique C*-ternary 3-Jordan homomorphism
H:AxAxA— B such that

6 21 s
If(2,y,2) — H(z,y,2)|lz < anni Myl - Nzl + m(\lwilli + llyilla + lz1%)

for all x,y,z € A.
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